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Chapter 1

Introduction

All living cells have an inherent need for exogenous metabolites to cover their
energetic needs, and to provide building block for biosynthesis." The same is true
for immune cells. What has been largely underappreciated over the last decades,
is how the availability of metabolites to immune cells can directly impact their
immunological function, activation, and differentiation.” This growing field, called
immunometabolism, has been gaining popularity in recent years.2?

This thesis focuses on the study of the metabolic requirements of T cells during
their activation. T cell activation is part of the adaptive immune response, which is
mounted by antigens presented on the surface of antigen-presenting cells (APCs)
that in turn are recognised by specific T cell receptors (TCRs) on the surface of T
cells. The binding of the TCR to the presented antigens, in combination with relevant
costimulatory signals, forms the basis of the activation and differentiation of T cells,
from quiescent cells to highly specialised effectors/orchestrators of the anti-pathogen
immune response.*

In response to the TCR binding, a plethora of signalling cascades inside the T
cells are stimulated to mount the appropriate immune response.>® This includes a
substantial metabolic reprogramming to, amongst others, support their increased
growth and proliferation during the clonal expansion phase, and their conversion from
small featureless cells to large effector cells.”® Quiescent, naive T cells maintain low
biosynthetic levels and their cellular energy demands are mostly maintained by the
tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHQOS, Figure 1A).°
Conversely, effector T cells have a large biosynthetic burden where the synthesis of
nucleotides, amino acids, and fatty acids for DNA, proteins, and lipids, respectively,
are needed.'® Therefore, these T cells will upregulate their aerobic glycolysis, which
will dwarf the contribution of OXPHOS to their metabolism (Figure 1B). Aerobic
glycolysis generates energy faster, albeit less efficient, than OXPHOS, and is an
important source for essential biosynthetic building blocks.’

The metabolic reprogramming of T cells is further supported by an increased uptake
of exogenous nutrients such as glucose, amino acids, and fatty acids (FAs, Figure
1B). The local concentration of these nutrients in the cell’s direct microenvironment
is therefore a key factor in the activation of T cells. Low or high availability of these
nutrients can directly modulate T cell activation and thus the immune response.'-'5
The cellular uptake of exogenous glucose and amino acids in T cells is defined
by well-known, distinct membrane transporters, such as GLUT1 for glucose, and
the LAT-family of solute carriers for the amino acids.'®'® The expression of these
transporters is therefore closely linked to the uptake of the nutrients, and thereby
also to T cell activation.™'® It has been demonstrated that the knockout of these
nutrient transporters impairs T cell survival and effector differentiation, highlighting
their importance for proper T cell function.’®'® However, transporter levels are not
the only determining factor in how much nutrient a cell takes up. The competing
transporter activity of its surrounding cells and other factors affecting local nutrient
concentrations also determine the uptake (and hence activation) of T cells.®
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B) Activated T cell metabolism
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Figure 1: Metabolic pathways that support T cells. A) Quiescent T cells break down glucose,
via glycolysis, or fatty acids, via fatty acid B-oxidation (FAO), to acetyl coenzyme A (CoA).
Acetyl-CoA enters the tricarboxylic acid (TCA) cycle in the mitochondria, which generates
reducing equivalents for oxidative phosphorylation (OXPHOS) through several enzymatic
reactions. Complex V in the electron transport chain generates ATP, the molecular currency
of energy in the cell, from OXPHOS. B) Activated T cells undergo metabolic reprogramming,
where aerobic glycolysis becomes increasingly important for ATP production. The uptake
of extracellular nutrients such as glucose, fatty acids, and amino acids are also increased.
Additionally, products of the TCA cycle form important precursors for the synthesis of several
complex biomolecules which are needed for activation and proliferation. For example,
citrate is transported from the mitochondria to the cytoplasm where it is converted to acetyl-
CoA. Acetyl-CoA is the basis of fatty acid synthesis (FAS), leading to the biosynthesis of
cellular lipids. Simultaneously, acetyl-CoA supports the production of farnesyl pyrophosphate
(farnesyl-PP) via the mevalonate pathway, a precursor for cholesterol biosynthesis. The figure
is made with BioRender.

T cells also require FAs during their activation.'® However, the uptake, intracellular
transport, and function of this class of nutrients is much less defined. While there have
been indications that FAs can enter T cells via passive diffusion?!, the contribution
of transporters such as CD36, fatty-acid binding proteins (FABPs), or fatty acid
transport proteins (FATPs) appears to be significant to control cellular FA uptake.? In
addition to FA uptake, T cells also cover their FA need by de novo fatty acid synthesis
(FAS), complicating the matter further.?
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FAs are important for a number of physiological pathways in cells. They can be
used as energy storage, as energy substrates that are degraded via lipolysis and
fatty acid B-oxidation (FAO), or as structural membrane components in the form
of phospholipids and cholesterol.?* Additionally, they can play important roles in
intracellular signal transduction?®, as messengers between cells®, or as modulators
of gene transcription.?” However, changes in FA homeostasis and lipid storage can
also lead to the accumulation of free FAs (FFAs) in cells, causing lipotoxicity.?® The
complexity and diversity of FA biology, as well as its importance for T cell function
and activation, highlights the relevance of studying this class of biomolecules.

This Chapter will further focus on current knowledge of FA uptake and metabolism
in different T cell subsets, emphasising the importance of the correct function and
regulation of FA-related metabolic pathways for these essential immune cells. Extra
attention will be given to the immunomodulatory FA oleic acid (OA), as this is one
of the better-studied examples of a FA that is key during T cell activation. Lastly, the
molecular tools to study exogenous FA uptake will be discussed.

Fatty acid and lipid metabolism in different T cell subsets

During metabolic reprogramming upon activation, effector T cells upregulate
their FA-related anabolic pathways, including de novo FAS, accompanied by the
aforementioned switch to aerobic glycolysis (Figure 1B). The increase in FAS
supports the production of cellular lipids, such as ceramides and phospholipids, to
sustain increased proliferation and growth.?® The biosynthesis of other cellular lipids
such as isoprenoids, cholesterol, and cholesterol derivatives is also upregulated in
effector T cells.?® The biosynthetic precursors of these lipids are products of the
mevalonate pathway. It is therefore unsurprising that the knockout of the key enzyme
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase (HMGCR) from this
pathway ablates proper effector T cell functions.®® At the same time, T cells take up
exogenous lipids and cholesterol, either as FFAs', or from low-density lipoprotein
(LDL) particles via the LDL receptor (LDLR), which is upregulated in early activating T
cells.® The expression of LDLR is essential for the early activation of effector T cells,
highlighting that the endogenous lipid and cholesterol biosynthesis is insufficient to
cover the cell’'s metabolic needs during differentiation.®'

During the early activation of CD4+ effector T cells, FA metabolism is governed by
two distinct signalling pathways' resulting from the activation of mammalian target
of rapamycin complex 1 (mTORCH1). This leads to the activation of the transcription
factors peroxisome proliferator-activated receptor gamma (PPARYy) and that of sterol
regulatory element-binding protein 1 (SREBP1), which upregulate the expression
of genes related to FA uptake and de novo FAS, respectively.” If either of these
two signalling pathways are inhibited, the T cells suffer from reduced activation
and proliferation, indicating that both FA uptake and FAS are essential for proper
activation of effector T cells.'”> SREBPs have also been implicated as essential
for the metabolic reprogramming and activation of CD8+ T cells, by regulating the
lipid biosynthesis program, further supporting the essential role of these metabolic
pathways for effector T cell differentiation.>?

The picture is further complicated by the differential reliance on FA uptake and FAS

10
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by the different T cell subsets. After activation, CD4+ effector T cells can turn into
different sub-types, each with their own function in the immune system.* To support
their immunological functions, T helper 1 (Th1), Th2, and Th17 cells show unique
changes in FA metabolism. Th17 cells are heavily dependent on de novo FAS, and
inhibition of the rate-limiting enzyme, acetyl-coenzyme A carboxylase 1 (ACC1)
leads to a decline in the differentiation of this T cell subset.®*% De novo FAS is
also important for Th1 and Th2 differentiation, but to a lesser extent than for Th17
cells.®5% Interestingly, the expression of PPARy has been shown to be important
for the function and proliferation of Th2 cells.?”* This could indicate that the uptake
of exogenous FAs plays a more important role for Th2 cells, contrary to Th17 cells
where de novo FAS plays a bigger role. However, the precise roles of FA uptake and
FAS to the biology of T cell subsets remains to be fully elucidated. Regulatory T cells
(Tregs), which can suppress immune responses in an antigen-specific manner®,
show a particularly intriguing lipid uptake and FAS phenotype.?® Tregs show low
levels of glycolysis.“*#! Yet, they are not metabolically quiescent.®® They show an
increased FA uptake, and use FAO to support their immunosuppressive functions
(Figure 1), distinguishing them other T cell subsets.®%4? The role of this difference
compared to effector T cells is, as of yet, unknown, nor is it known whether this
could be exploited therapeutically, for example in treatments aimed to reactivate the
immune system to fight cancer.*344

After the end of the effector phase, T cells can form long-lasting memory cells that
can reactivate quickly in response to encounters with the same antigen.*® These
memory T cells (both central and peripheral) are different again in their metabolic
behaviour. They are metabolically quiescent, but instead of breaking down glucose
to fuel OXPHOS, memory T cells rely heavily on catabolic FAO (Figure 1A).17946
This utilisation of FAO is believed to support memory T cell persistence and longevity
by providing a stable ATP source®, and increasing mitochondrial spare respiratory
capacity.*” Additionally, it is believed that FAO yields less oxidative damage to the
cells, minimising the damage the cells accumulate over their (long) lifetimes.*®

An example — the myriad of roles of oleic acid in T cell function

Oleic acid (OA) is a monounsaturated non-essential FA (C18:1, w-9, Figure 2).4°
It comprises 13% of the circulating FFAs in the blood stream®, with its serum
concentration being between 30 uM and 3.2 mM in healthy adults.5' Its main dietary
source is olive oil (of which OA constitutes ~70%)%?, and like most other dietary FAs,
OA can be stored in lipid droplets, metabolised by FAO, or used in the biosynthesis
of other lipids.5?

\/\/\/\/:\/\/\/\)J\OH
Figure 2: Structure of the monounsaturated fatty acid oleic acid (C18:1, w-9).
In addition to the purely metabolic properties, OA has been described to have direct
immunomodulatory properties, and it is often described as anti-inflammatory.5+-%¢ OA

treatment has been shown to influence immunological functions in diseases like

11
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asthma®, sepsis®, and cancer.5°-%4

In an ovalbumin-induced BALB/c asthma mouse model, for example, daily oral
administration of 250 mg/kg OA has been shown to reduce symptoms in vivo by
reducing cytokine secretion, reducing the amount of inflammatory cells presentin the
lung, and alleviating the overall pathological changes in the lung (such as epithelial
cell proliferation, inflammatory cell infiltration, and mucus hypersecretion).5”

In an experimental sepsis mouse model, the daily oral administration of 0.28 mg
OA was also shown to mitigate inflammation by increasing production of the anti-
inflammatory cytokine IL-10, as well as decreasing production of the pro-inflammatory
cytokines IL-13 and TNFa.%® OA also decreased systemic corticosterone levels, as
well as decreasing neutrophil migration and accumulation at the site of infection.
These factors were likely contributing to the increased bacterial clearance observed
upon treatment with OA, and could indicate a beneficial effect of OA on sepsis
outcome.®®

Rather surprisingly, OA has also been implicated in a beneficial reduction in cancer
progression and growth in cancer types such as pancreatic cancer®, esophageal
cancer®, lung carcinomas®'?, tongue squamous cell carcinomas®, and human
hepatocellular carcinoma cells®. The molecular mechanism is not known, but
changes in autophagy and apoptosis have been suggested as possible mechanisms
for the anti-tumour effect of OA.62-54

Since OA appears to impact the immune system in a wide variety of ways, and shows
beneficial effects in its combat of multiple diseases, a more in-depth understanding
of the cellular and molecular basis of these immunomodulatory effects are needed.
Since T cells are important contributors of the immune system, and represent cells
of the adaptive immune system, the uptake and use of OA by T cells is described
below.

Oleic acid affects T cell proliferation, metabolism, and differentiation

OA has been shown to increase the rate of T cell proliferation both in vitro and in
vivo.8% However, at high concentrations, OA decreased both T cell proliferation and
viability via apoptosis®®’°, indicating a dose-dependent effect of the FA. A proposed
mechanism for the increased proliferation of OA-treated T cells is the incorporation
of OA into membrane lipids, such as phosphatidylcholine, which appears to facilitate
an increased calcium flux through the membrane.®” There were no indications of
exogenous OA altering metabolic pathways such as glycolysis and OXPHOS,
suggesting OA is not used as a catabolic energy source. No changes in T cell
receptor (TCR) signalling were detected either.%” However, the exposure of T cells to
OA did significantly increase the expression of several genes related to FAO, as well
as genes related to cholesterol biosynthesis and de novo FAS.” This could indicate
that OA serves as a substrate to generate acetyl-CoA, which can in turn be fed into
biosynthetic pathways generating cholesterol, and long-chain FAs.™

There is further evidence that the metabolic reprogramming of OA-treated T cells
appear to be the driving force of the differentiation into specific T cell subsets after
exposure to OA.”" This is supported by the upregulated production of several key

12
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cytokines upon treatment of cells with OA. IL-9, the signature cytokine of a Th9
subset, was upregulated in T cells upon treatment with 30 ug/mL of OA in vitro, as
was IL-17A, the cytokine produced by Th17 cells. Treatment of cells in vitro with
exogenous OA also increased production of IL-5, IL-13, and the transcription factor
GATAZ3, which are all associated with the Th2 subset.”" OA-treated T cells were also
shown to significantly increase their production of IL-2, IFN-y, and TNF-q, as well as
IL-4 and IL-10.%657 This could indicate an enrichment of the Th1 and Th2 subsets.”
These results highlight a connection between OA uptake, cellular metabolism, and
the differentiation of T cells into pro-inflammatory subsets. However, the broad
subset of Th-types observed to be upregulated upon OA treatment suggest that it is
a general factor in differentiation.

Regarding the immunosuppressive Treg subset, there is conflicting evidence for
the role of OA in their activation. Both the decrease in Treg population upon OA-
treatment®® 7!, and an increase in Treg differentiation’, have been reported. It was
also shown that OA-treatment resulted in the enhanced suppressive function of
Tregs.” Since Tregs generally rely on FAO-driven OXPHOS to generate energy for
their suppressive functions®475, it could be the case that OA uptake amplified these
metabolic pathways, which in turn increased FOXP3 expression and phosphorylation
of STAT5.7 This in turn enhanced the suppressive function of the OA-treated Tregs.

Although different papers describe different specific outcomes of the differentiation
of T cells exposed to OA, it is clear that this FA has the potential of modulating T cell
differentiation in either a pro- or anti-inflammatory manner. However, determining
the exact outcome is influenced by the experimental setup, and still requires further
research.

Molecular tools to study the uptake of exogenous fatty acids

Although there are substantial indications that OA, and other FAs, have strong
immunomodulatory effects, it is still difficult to study the effect of FA uptake on cellular
phenotype at a single-cell level.

To measure FA uptake, a FA molecule needs to be modified in a way that allows
its detection and quantification. The most traditional way to achieve this would be
to use C or *H radioactively labelled FAs (Figure 3).7%7° The major advantage of
this method is that the chemical modification of the FA is negligible, as the atomic
composition of the isotope-labelled lipid is identical to that of the unlabelled lipid.”
However, this method not only requires specialised laboratory setups, personnel
training, and protective equipment, there are also no methods by which the uptake
data from these experiments can be correlated to the biology of a single cell.”®

In order to obtain single cell data on FA uptake, several fluorescently labelled FAs
were developed, where the FAs were covalently modified with a fluorophore such as
BODIPY prior to FA uptake (Figure 3).2-%° This allowed for the major breakthrough
of single cell FA studies, as it allowed the study of FA uptake by fluorescent
microscopy®®® and flow cytometry.8'#28 Unfortunately, the modifications used in
these experiments significantly alter FA structure (Figure 3), which in turn impacts
their biochemical properties, uptake, and cellular distribution patterns.® There have

13
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e.g. been observations of fluorescently labelled universal FA probes accumulating in
specific organelles or cellular compartments.7:8

Several other methods have been developed for measuring the uptake of FAs in vivo
and in vitro. A bioluminescent FA probe was developed, where a long-chain FA was
bound to luciferin via a cleavable linker.2® Upon cellular uptake, the cleavable linker
could be hydrolysed by intracellular glutathione which in turn released luciferin.
By addition of the enzyme luciferase, luciferin emitted detectable light that was
proportional to the FA uptake.®® Another FA probe has been developed were FA
uptake in T cells can be quantified using a FA-quantum dot conjugate (FA-Qdot).®
Although both these FA probes have been demonstrated to be applicable in vivo,
their large sizes could still lead to mismatched uptake and distribution patterns
compared to the native FA molecules.8¢

Bc_ OH

Palmitic acid-13C \g/

BODIPY-palmitic acid

Figure 3: Structures of radioactively (palmitic acid-"*C) and fluorescently (BODIPY-palmitic
acid) labelled fatty acid analogues, using palmitic acid (C16:0) as an example.

Applying bioorthogonal (click) chemistry to explore fatty acid uptake

The aim of this thesis is to combine the favourable properties of radiolabelling
(small labels) with the single-cell compatibility of fluorophore-labelled FAs using
bioorthogonal chemistry. The term bioorthogonal chemistry, sometimes also referred
to as click chemistry, was initially coined for the work started by Bertozzi in 2000
for labelling of cell surface glycans.®® The approach consists of the introduction
of a small, biologically inert group into a biomolecule of interest. Then, after any
biological phenomenon under investigation is complete, this group is reacted using
chemistry that is selective for the introduced group and unreactive with all other
chemistry found in the biological system.®** The biomolecule of interest can thereby
be covalently labelled with a reporter molecule (e.g. a fluorophore, Figure 4). This
approach has been highly successful for studying a wide variety of biomolecules
(such as proteins, DNA, RNA, carbohydrates, and lipids).*®* Many excellent review
articles have been published describing different bioorthogonal click reactions and
their biological applications.®>=8 The approach has also been extensively extended
to the study of FA biology.887.9-10" |n the remainder of this Chapter, the bioorthogonal
investigations of FA biology, which are relevant for this thesis, will be discussed.

14
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O+ :+>@ — O+ 0

Figure 4: The principles of bioorthogonal (click) chemistry. A small chemical modification
is introduced into the biomolecule of interest (diamond shape), allowing for a selective click
reaction with a reporter molecule (e.g. a fluorophore, F). The figure is made with BioRender.

Bioorthogonal FA probes can be fitted with a bioorthogonal group, either through
labelling of the fatty acid head group, or of the acyl tail. However, the former
approach'®2, will remove the key acid moiety that lends the molecules their name.
Here the focus will therefore lie on those approaches that label the FA acyl tail.
Two bioorthogonal groups have been mainly used for tail-labelling: azides'%*-'%8, and
alkynes®101.105-11" gt the w-position (Figure 5A). Since this renders the carboxylic
acid moiety in its native state, these bioorthogonal FAs can be incorporated into
endogenous biological processes such as phospholipid biosynthesis and protein
lipidation, and the click reaction can be used to detect or visualise them86.100.112

The azide and alkyne modifications allow for detection via the copper(l)-catalysed
alkyne-azide cycloaddition (CuAAC), where the reporter molecule contains the
opposite modification, e.g. FA alkyne modification with an azide reporter molecule,
or vice versa (Figure 5B)."® CuAAC is widely used due to its relatively fast
reaction kinetics, low unspecific reactivity, and the synthetic availability of alkyne
and azide modifications to be incorporated into biomolecules.®*** However, the
major disadvantage of this reaction is the employment of cytotoxic copper(l) ions,
which means CuAAC is not live cell nor in vivo compatible.®*-% Of the two groups,
the alkyne is the better bioorthogonal label in FAs, as its lipophilicity is similar to
that of the native, terminal ethyl group. The azide is more polar, thereby reducing
the amphiphilic nature of the bioorthogonal FA analogue compared to the parent
molecule. Interestingly, the alkyne/azide FAs have not yet been used to study FA
uptake by activating immune cells.

A o] . o] P
N=N=N
Ho Ho g
Fatty acid azide Fatty acid alkyne
B

R1—N:IJ\rl:l:l + R2 — >

Cu(l) Fg:/

Figure 5: Structures of A) general bioorthogonal fatty acid analogues with terminal azide
or alkyne modifications, and B) the copper(l)-catalysed azide-alkyne cycloaddition (CuAAC)
reaction.
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One downside of the CuAAC is that the copper catalyst used is toxic to cells,
requiring the fixation of the cells prior to the click reaction."'® The copper catalyst is
also incompatible with many fluorophores used in routine flow cytometry panels.''
These problems were negated by the development of the inverse electron-demand
Diels-Alder (IEDDA) reaction — the reaction between an electron-poor diene, such
as a tetrazine, and a strained or electron-rich dienophile — as a novel click reaction
(Figure 6)."1%"¢ This reaction has opened up a world of live-cell compatible chemistry
with exceptionally fast reaction kinetics.% Since tetrazines absorb light at 500-530 nm,
they have an added benefit of quenching fluorophores with absorbance wavelengths
in a similar range.'” This presents an advantage for live-cell applications, where the
resulting tetrazine-conjugated fluorophores only become fluorescent upon successful
IEDDA ligation (Figure 6). This turn-on effect reduces background fluorescence and
protects live cells from being destroyed by several washing steps.%

R

R@| + XAg\':I:SH . ~ X /:\

Figure 6: The inverse electron-demand Diels-Alder (IEDDA) reaction between an electron-
rich dienophile and an electron-poor diene (here represented by a tetrazine-conjugated
fluorophore).

While the IEDDA reaction has been used to study lipid biology before'®'®, its
application to FA uptake has not been previously explored. This thesis describes
the development of sterculic acid (StA) (Figure 7A) as a bioorthogonal FA analogue
of OA. Contrary to the already established bioorthogonal OA analogues oleic acid
alkyne (OAalk, Figure 7B) and oleic acid azide (OAaz, Figure 7C), StA was shown
to react with tetrazines via an IEDDA reaction, therefore highlighting it as a live-cell
compatible alternative to the azide- and alkyne-modified OA analogues (Chapter 2).

4§ \/\/\/\A/\/\/\)J\
OH

Sterculic acid (StA)
B 0]

= T OH
Z Oleic acid alkyne (OAalk)

C 0]

N /\/\/\/\/;/\/\/\)J\OH

Oleic acid azide (OAaz)

Figure 7: Structures of bioorthogonal oleic acid analogues A) sterculic acid (StA), B) oleic
acid alkyne (OAalk), and C) oleic acid azide (OAaz).
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Furthermore, StA was demonstrated as a versatile bioorthogonal OA analogue
which could be incorporated into a plethora of methods to detect in vitro uptake and
metabolism of OA in dendritic and T cells. This includes methods such as live-cell
confocal imaging (Chapter 2), identification of post-translationally oleoylated proteins
by mass spectrometry (Chapter 3), as well as the connection between phenotypic,
transcriptomic, and proteomic differences, and a differential OA uptake at a single-
cell level (Chapter 4).
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Chapter 2

Abstract

In the field of lipid research, bioorthogonal chemistry has made the study of lipid
uptake and processing in living systems possible, whilst minimising artefacts on their
biology resulting from pendant detectable groups. To allow the study of unsaturated
free fatty acids in live cells, this Chapter reports the first use of sterculic acid, a
naturally occurring 1,2-cyclopropene-containing fatty acid, as a bioorthogonal probe
that can be reacted in the live-cell compatible Inverse Electron-Demand Diels-
Alder Reaction (IEDDA). The fatty acid can be readily taken up by dendritic cells
without toxic side-effects, and it can subsequently be visualised using a IEDDA
reaction with quenched tetrazine-fluorophore conjugates. This reaction can also be
integrated into a multiplexed bioorthogonal reaction workflow by combining it with
two sequential copper-catalysed azide-alkyne cycloaddition reactions. This allows
for the simultaneous study of uptake and incorporation of multiple biomolecules in
the cell by multimodal confocal imaging.

This chapter is adapted from the publication:

K. Bertheussen, M. van de Plassche, T. Bakkum, B. Gagestein, I. Ttofi, A. J. C.
Sarris, H. S. Overkleeft, M. van der Stelt, S. |. van Kasteren, Angew. Chem. Int.
Ed. 2022, 61.
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Introduction

Lipids serve a myriad of roles in biology; as a catabolic carbon source', components
of cellular and organellar membranes?, post-translational protein modifications?,
and signalling molecules*. The study of their contributions in biology is complicated
by their lack of direct genetic encoding, their inherent lipophilicity, and the fact that
chemical modifications, e.g. with pendant fluorophores, can severely alter their
structure and biochemical properties.®

As a result, major efforts have gone into applying bioorthogonal chemistry to the
study of lipid biochemistry. By introducing small terminal alkynes and azides in fatty
acid tails®'", phospholipids'>'3, sphingolipids™, and cholesterol'®", it has been
possible to study lipids with only minimal modifications compared to the endogenous
molecules. This strategy reduces the chances of the modifications affecting the native
function of the lipid and has successfully been used to study lipid localisation'12.13.17,
metabolism™ 16, and trafficking'®%°, as well as post-translational lipidation of proteins
(reviewed by Distefano and co-workers?'). However, the downside of labelling lipids
with alkynes/azides has been the lack of live-cell compatible chemistries that can be
used with low background reactivity and fast reaction rates.?>2 Another complicating
factor when performing bioorthogonal ligation on lipids is imposed by the hydrophobic
environment in which the probes reside. Optimising the fluorescent reaction partners,
particularly for live-cell imaging, is thus necessary.

In 2008, the groups of Fox and Weissleder reported the inverse electron demand
Diels-Alder (IEDDA) reaction — the reaction between an electron-poor diene, such
as a tetrazine, and a strained or electron-rich dienophile — as a new bioorthogonal
reaction.?*#? This reaction was considered highly favourable for live-cell use due to
its high reaction rates and the fluorescence quenching properties of the tetrazine
(reviewed by Bernardes and co-workers®). The most used dienophile, trans-
cyclooctene (TCO), is a relatively large modification compared to terminal alkynes or
azides?, but has been used successfully to label, among others, the Golgi-membrane
with a TCO-modified ceramide probe.?2° However, for most lipids where chemical
modifications to the structure can largely affect their function, smaller dienophiles
are needed.>'® An important advance in the application of the IEDDA reaction to live-
cell studies of lipid function, was the development of sterically minimal dienophiles.
To this end allyl-thiols were reported by Bernardes and co-workers.*® However,
these proved to have rather slow reaction kinetics (< 0.002 M-'s™"). Devaraj and co-
workers®', and Prescher and co-workers®? simultaneously reported cyclopropenes,
so-called MiniTags, as minimal reactive dienophiles®**34. These cyclopropenes were
incorporated into the head groups of phospholipids and were capable of reacting
with rate constants of up to 13 M-'s™" in an IEDDA reaction®!, whilst only being slightly
larger than alkynes and azides?’. However, since the modifications were made in the
phospholipid head groups, they could not be used to study fatty acid biology and the
modification of proteins with fatty acids. Still, the above-mentioned properties make
them an attractive alternative to TCO. Cyclopropenes are also reported to have
been incorporated into glycans®*%, lignin polymers®, and nucleotides®, combined
with live-cell IEDDA reaction and imaging, emphasising their applicability as a
bioorthogonal probe.
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As discussed by Row and Prescher, it is often useful to look to nature for new
bioorthogonal probes, as even rare motifs presentin natural products indicate stability
and compatibility in living systems.?” In light of this, Nunn’s 1952 discovery® of the
plant metabolite sterculic acid (StA), a carbocyclic fatty acid® found in the kernels
of Sterculia foetida, was intriguing. This 18-carbon cis-unsaturated lipid contains
a naturally occurring 1,2-substituted cyclopropene-ring at C9-C10. In plants, it is
synthesised by addition of a methylene unit to the double bond of oleic acid (18:1,
cis-9), followed by enzymatic dehydrogenation to yield the cyclopropene ring.* It
was not known whether this molecule could be used in live-cell compatible labelling
chemistry as a bioorthogonal oleic acid analogue, but it is known to be biologically
stable and represents a minimal structural modification of one methylene group
compared to the parent oleic acid structure. Furthermore, all previously described
bioorthogonal IEDDA applications have been explored for cyclopropenes with 1,3-
, 3,3- or 1,2,3-substitution patterns®'*24', whereas there has been no report of a
1,2-substituted cyclopropene as a bioorthogonal probe.

Here, the use of StA as a bioorthogonal probe was assessed for its reaction kinetics,
short-term toxicity, and live- and fixed-cell imaging capability. It was shown that the
fatty acid was readily taken up by dendritic cell lines and could be used for live-
cell microscopy by reaction with a tetrazine-fluorophore conjugate (Figure 1). The
reaction was furthermore explored in a multiplexed reaction setup.*? Multiple groups
have previously described that it is possible to combine up to three bioorthogonal
ligation reactions in a triple mutually orthogonal system, which allows the tracking
of multiple bioorthogonally labelled biomolecules in a single sample.**** Previous
efforts in the group have focussed on the multiplexing of two copper-catalysed
azide-alkyne cycloaddition (CuAAC) reactions.*¢ Here, it was explored whether StA
also proved compatible with the CuAAC reactions, allowing a triple-click labelling
strategy. These experiments all indicate that StA is a valuable reagent to study fatty
acid uptake in immune cells.
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Figure 1: Schematic overview of A) the inverse electron-demand Diels-Alder (IEDDA) reaction
between sterculic acid and a quenched tetrazine-fluorophore conjugate. B) the approach
to label dendritic cells with sterculic acid, followed by an IEDDA reaction with tetrazine-
fluorophore conjugates to allow for live-cell confocal imaging. The figure is partially made with
BioRender.

Results & Discussion

To assess whether StAcould be usedinalive-cellIEDDAreaction, alibrary of tetrazine-
conjugated turn-on fluorophores was designed and synthesised by Dr. Merel van de
Plassche (Figure 2). The full description of the synthesis and characterisation of all
compounds can be found in the publication by Bertheussen et al.*” Tetrazines have
a broad absorption spectrum, which peaks around 515 nm, meaning it can efficiently
quench fluorescent dyes of wavelengths <550 nm via fluorescence resonance energy
transfer (FRET).34° Therefore, tetrazine-fluorophore conjugates are so-called turn-
on fluorophores, where their fluorescent intensity increases upon ligation, and
their reaction with StA can be readily quantified. Two different green fluorophores,
BODIPY and Alexa Fluor 488 (AF488) were selected, and ligated to three differently
substituted tetrazines (H-, methyl- or pyridyl-substituted), because of the spectrum
of reactivity and stability they covered.®® Additionally, the tetrazines were attached
to the BODIPY core at two different distances, as previous research has shown
that decreasing the distance between the fluorophore and the tetrazine can improve
the quenching effect.’"® It has been suggested that the improved quenching effect
occurs via an alternate mechanism, through-bond energy transfer (TBET), and not
FRET.52 Photophysical characterisations of the tetrazine-fluorophore conjugates 1-8
can be found in Figure S1 and Table S1.
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1. R, =Me 4.R, = Me
2.R; =Pyr 5.R, = Pyr
3.Ry=H 6.R,=H

Figure 2: Structures of tetrazine-fluorophore conjugates 1-8 that were synthesised by Dr.
Merel van de Plassche (full synthesis is described in the publication by Bertheussen et al.*’)

To investigate the fluorescence turn-on of the synthesised fluorophores 1-8 upon
reaction with StA, the fluorophores were incubated with StA in either PBS, DMSO/
H,O (1:1, v/v) or complete RPMI 1640 medium augmented with 10% fetal calf serum,
and the fluorescent signal was measured over time (Figures 3 and S2). In line with
previous reports, the two BODIPY-tetrazine conjugates 7 and 8 showed the highest
turn-on ratio in PBS, followed by BODIPY FL-tetrazine conjugates 4 and 5.5"52 |t
was also found that H-substituted tetrazine 6, and pyridyl-substituted tetrazines 5
and 8 reacted faster than methyl-substituted tetrazines 4 and 7, in agreement with
the observations of the Hilderbrand group.®® This is also reflected in the second-
order rate constant for these reactions, which are calculated for tetrazines 4-5 and
7-8 that display turn-on effects in PBS (Table S1). Surprisingly the H-substituted
tetrazine 6 showed little turn-on in PBS. It has previously been suggested that
H-substituted tetrazines can be too unstable to be used in biological applications.**
Stability assessment of the tetrazine library in PBS (Figure S3A) indeed confirmed
that 6 was prone to degradation over time. It was therefore possible that the reaction
between StA and 6 cannot go to completion because of competition with hydrolytic
degradation and unquenching of the H-substituted tetrazine. This is further supported
by the observation that the relative fluorescent intensity (RFU) of tetrazines 1-3
and 6, all showing little turn-on in PBS, at the starting point is high compared to
the maximum RFU measured (Figure S3B). Also, tetrazines 1 and somewhat 2
show decreased stability over time, which could partially explain their low turn-on
ratios. However, all AF488-tetrazine conjugates 1-3 showed very little quenching
by the pendant tetrazines (Figure 3). This is difficult to explain, as non-sulfonated
analogues such as difluorinated-fluorescein are reported to show good turn-on.5'
A possible explanation for this could either be poor resonance energy transfer*,
photo-induced electron transfer®®, or “energy transfer to a dark state” that have been
reported to be important quenching mechanisms for longer bond-length tetrazines.*
Some loss of fluorescence, likely due to photobleaching, was also observed for 7
and 8. In DMSO/H,O or complete medium little-to-no turn-on was observed for all
the fluorophores (Figure S2). For turn-on measurements in DMSO/H,O, this could
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be explained by the high intrinsic fluorescence for almost all the fluorophores (except
8) in the solvent, as shown in Figure S3B.
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Figure 3: Average turn-on ratio of tetrazine-fluorophore conjugates 1-8 upon reaction
with sterculic acid in PBS at 25 °C. All conditions were measured in triplicate, and standard
deviations are indicated.

Due to the capricious turn-on behaviour of the tetrazine-fluorophore conjugates,
all of conjugates were assessed in a live-cell imaging experiment with StA (Figure
S4). In contrast to the cell-free medium results discussed above, 4-8 all exhibited
successful ligation after uptake of StA by DC2.4 dendritic cells®. This cell line was
chosen due to its excellent imaging properties and previous experience in using
it as an in vitro model cell line for optimising bioorthogonal chemistry.®® The Alexa
Fluor-based dyes 1-3 were unable to react with StA in live cells. This is likely due to
the hydrophilic nature of these fluorophores, caused by their sulfonation pattern, not
allowing them to diffuse over the hydrophobic plasma membrane. This is in line with
previously reported data.>*° Fluorophore 7 showed the brightest labelling with the
lowest background fluorescence, allowing for imaging at lower laser intensities. As
this leads to less bleaching of the sample, 7 was deemed to be the best fluorophore
for live-cell imaging (Figure 4A). During live-cell labelling, H-, methyl- and pyridyl-
substituted tetrazines give equally bright fluorescent signals, and the substituent on
the tetrazine core thereby appears to not make a difference.
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Live cells: 7 Fixed cells: 6

+StA

-StA

Figure 4: Confocal imaging of DC2.4 cells incubated with sterculic acid (+StA, 50 uM) or
without the probe (-StA). A) Live-cell imaging of labelled cells visualised with fluorophore
7 (5 uM). B) Fixed-cell imaging of labelled cells visualised with 6 (5 uM). The samples were
washed after metabolic incorporation of StA and after ligation with the fluorophore-tetrazines
and were imaged at >4 distinct locations in the same well. DNA was counterstained with
Hoechst 33342 (blue) for reference. Scale bars represent 10 um.

To evaluate whether StA was also able to react with the tetrazine-fluorophore
conjugates in fixed cells, the entire fluorophore library was also tested on fixed
and permeabilised cells (Figure S5). Consistent with the results found in live cells,
fluorophores 4-6 were able to visualise the localisation of StA. As opposed to the
live-cell imaging, 1-3 showed labelling in fixed and permeabilised cells. However,
the intensity of the signal of 1 and 2 was too low to be detected at the same laser
settings as 4-6. Upon increased laser intensity, these fluorophores also showed
signal over background (Figure S6). The signals of 7 and 8 were the brightest of
the library, but showed oversaturated spots in fixed cells, which could originate from
precipitation of the fluorophores under the reaction conditions. A general trend seen
from the tetrazine library in fixed cells is that the H-substituted tetrazines give the
brightest signal, followed by the pyridyl tetrazines. Fluorophore 6 was deemed to be
the best alternative for fixed cells, due to its bright and consistent labelling (Figures
4B & S5), despite showing low turn-on in PBS (Figure 3). A direct comparison
between the turn-on study and cellular imaging is difficult, due to differing conditions
in the two situations. In the turn-on study, there is an excess of StA reacting with
the fluorophores, whereas the concentration of StA after metabolic incorporation
for cellular imaging is the limiting factor, leading to an excess of the fluorophores
instead. In addition, unreacted and potentially degraded fluorophore was routinely
washed away before imaging, reducing the background signal, while this was not
possible for the turn-on study.

In addition to the fluorophore library, StA was also shown to react with the
commercially available (sulfo-)Cy5 tetrazine in a similar manner, allowing its use in
a fixed-cell confocal imaging experiment (Figure S7). Use of the Cy5 fluorophore
shows a similar labelling pattern as described for the other tetrazine-fluorophore

34



Live-Cell Imaging of Sterculic Acid by Bioorthogonal Reaction with Tetrazine-Fluorophore Conjugates

conjugates, even though it has no turn-on effect.

While unreacted fluorophore was routinely washed away from both live- and fixed-
cell samples prior to confocal imaging to minimise background signal, sample
preparation and preservation, especially for live-cell imaging, would benefit from
the reduction of washing steps. Therefore, it was showed that the turn-on effect of
fluorophores 4-5 and 7-8 upon ligation with StA was sufficient for wash-free live-cell
imaging without any detectable background signal (Figure S8).

The metabolic fate of StA after uptake is not known, but in both live and fixed cells
StA was observed throughout the cells, except for in the nucleus (Figure 4). Since
exogenous free fatty acids can be readily incorporated into phospholipids and other
cellular lipids via an acyl coenzyme A intermediate®!, this could indicate that StA
is incorporated into plasma and organellar membranes. This is in keeping with
StA serving as a mimic for oleic acid, which is known to be found ubiquitously in
membrane lipids.®? In fixed cells (Figure 4B), which are displayed as maximum
intensity projections, it also appears that the fluorescent signal is stronger in the
endoplasmic reticulum (ER). This can be explained by the incorporation of the
free fatty acids into phospholipids through Lands’ cycle and the Kennedy pathway,
which occur mainly at the ER.5® However, this would need to be verified by co-stain
experiments with an ER marker.

Multiplexing of bioorthogonal reactions is growing in popularity, meaning more
complex systems can be studied simultaneously.’* Previous work has, among
other things, shown that two CuAAC reactions can be combined in the same
sample.*® Here, it was explored whether the StA ligation could be included in
this workflow, allowing three biomolecules to be simultaneously visualised by
multimodal fluorescent imaging. DC2.4 cells were metabolically labelled with the
alkyne-containing thymidine analogue 5-ethynyl-2’-deoxyuridine (EdU)®, the azide-
containing palmitic acid analogue 15-azidopentadecanoic acid (azido palmitic acid,
azPA) and StA, after which the cells were fixed before performing the corresponding
bioorthogonal reactions with AZDye 555 azide, AZDye 647 alkyne, and compound
5, respectively (Figures 5 and S9). The facile inclusion of StA in both live-cell and
multi-click workflows — with good signal-to-noise ratios for all three click reactions
indicates that StA does not have detectable cross-reactivity with the CUAAC reagents
or cellular components. This means that StA can be used in combination with other
click chemistries, allowing for the simultaneous study of multiple biomolecules.

As a note of caution, StA has been reported to be an inhibitor of the enzyme stearoyl-
CoA desaturase 1 (SCD1) which catalyses the transformation of saturated fatty
acids such as stearic or palmitic acid to their monounsaturated counterparts oleic or
palmitoleic acid, respectively.®® Lowered activity of SCD1 has been linked to various
cellular responses such as ER stress, autophagy, and apoptosis®, which in turn
poses the question if the addition of StA would be toxic to the cells by its inhibiting
effect on SCD1. To ensure that this was not the case, DC2.4 cells were incubated
with a concentration range of StA and cell viability after 24 h was measured by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Figure
S10). No significant decrease of DC2.4 cell viability was observed for concentrations
of StA up to 50 uM and at higher concentrations there was no difference with
vehicle-induced toxicity. This further strengthens the applicability of StA as a novel
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bioorthogonal analogue of oleic acid. Nevertheless, inhibition of SCD1 should be
considered in future use StA, and other cyclopropene-modified lipids.

|
4 +StA
|

Figure 5: Confocal imaging of triple-bioorthogonally labelled DC2.4 cells incubated with
A) 5-ethynyl-2'deoxyuridine (EdU, 10 uM, yellow) for 20 h, followed by sterculic acid (StA,
50 uM, green) and azido palmitic acid (azPA, 100 uM, red) simultaneously for 1 h. The
probes were visualised with AZDye 555 azide, compound 5, and AZDye 647 alkyne (all
5 uM), respectively. B) The cells were incubated without probes and treated in the same
triple-click manner as described above to show the background signal. The samples were
washed between each metabolic incorporation and between each respective bioorthogonal
reaction and were imaged at 3 distinct locations in the same well. DNA was counterstained
with Hoechst 33342 (blue) for reference. All scale bars represent 10 um

-azPA
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Conclusion

Here, the first use of sterculic acid, a non-toxic 1,2-substituted cyclopropene-
containing fatty acid, for studying lipids in both live and fixed cells has been reported.
The cyclopropene moiety readily reacts with the library of tetrazine-fluorophore
conjugates, allowing the study of fatty acid localisation by confocal microscopy. This
reaction can occur in a mutually orthogonal manner with two subsequent CUAAC
reactions, allowing the study of multiple biomolecules simultaneously. The use
of sterculic acid, means that unsaturated lipids can now be visualised using live-
cell microscopy; a sorely needed addition to the available tools for these elusive
biomolecules.
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Materials & Methods

General. Sterculic acid (#26735) was purchased from Cayman Chemical and stored
as 10 mM or 100 mM stock solutions in DMSO at -20°C. Azido palmitic acid (#1346)
was purchased from Click Chemistry Tools (now VectorLabs) and stored as 10 mM or
50 mM stock solutions in DMSO at -20°C. 5-ethynyl-2’-deoxyuridine (EdU, #900584)
was purchased from Sigma Aldrich and stored as a 10 mM stock solution in DMSO
at -20°C. The tetrazine-fluorophore conjugates 1-8 were synthesised in-house (as
described in the publication by Bertheussen et al.#”), and were stored as 2 mM stock
solutions in DMSO at -20°C. The other fluorophores (sulpho-)Cy5 tetrazine (#1189),
AZDye 555 azide (#1287), AZDye 647 alkyne (#1301) were all purchased from Click
Chemistry Tools (now VectorLabs), and stored as 2 mM stock solutions in DMSO at
-20°C.

Mammalian cell culture. DC2.4 cells were cultured in RPMI 1640 culture medium
(Gibco, #31870025) supplemented with 10% FCS, GlutaMAX (2 mM), sodium
pyruvate (1 mM), 1x non-essential amino acids (NEAA, Thermo Fisher Scientific),
penicillin (100 1.U./mL), streptomycin (50 pyg/mL), and 2-mercaptoethanol (50 uM,
Thermo Fisher Scientific), and incubated at 37 °C, 5% CO,,. The cells were grown to
70-80% confluency and passaged every 2-3 days by trypsinisation.

Measuring turn-on of the tetrazine-fluorophore conjugates. Dilutions of the
fluorophores 1-8 (2 pM) and StA (10 yuM, Cayman Chemical) were prepared in
three solvents; PBS, DMSO/H,O (1:1, v/v), and phenol red-free RPMI 1640 culture
medium (Thermo Fisher Scientific) supplemented with 10% FCS, GlutaMAX (2 mM),
pyruvate (1 mM) and 1x NEAA. The solvents were analysed one at a time by adding
50 pL of the fluorophore dilutions in triplicate in a black 96-well plate, followed by
addition of 50 pL StA dilution or 50 pL only solvent (negative control). This gives
final concentrations of 1 uM fluorophore, and 5 uM StA. The plate was immediately
scanned for fluorescence on a CLARIOstar plate reader (BMG LABTECH) with
excitation/emission at 477-14/530-40 and dichroic filter 497. Fluorescence was
measured once every 60 sec for 120 min. The results were processed and plotted
in GraphPad Prism version 9.3.1 showing the turn-on ratio between the sample
and negative control, as an average of the triplicated samples and with indicated
standard deviations.

Reaction kinetics between tetrazine-fluorophore conjugates and sterculic
acid. To calculate the second-order rate constants (k,) for the reaction between
tetrazines 1-8 and StA, the data assembled for the turn-on measurements (described
earlier) were used and a previously published procedure was followed.®” After
having subtracted background fluorescence values from the data, each curve was
capped at its initial plateau, after the exponential phase, to prevent photobleaching
from affecting the calculations. Each replicate (n=3) was processed separately
for the whole analysis. Since the experiment was performed under pseudo first-
order conditions, the pseudo first-order rate constant k,” was determined using the
‘One phase decay’ regression in GraphPad Prism version 9.3.1 on the data points.
The second-order rate constant was then calculated as k,= k,7c and standard
deviations were calculated for the replicates.

StA?
Preparation of live-cell samples. For microscopy, 6x10° DC2.4 cells were seeded
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per well on an 8-well chamber slide (Ibidi) and allowed to attach for 2 h. The cells
were incubated with StA (50 uM) or no probe (negative control) for 1 h in complete
medium (as described above) with 0.1% fatty acid-free BSA (Sigma Aldrich) instead
of FCS. Cells were washed with fresh medium x3, followed by incubation with the
respective fluorophores 1-8 from the tetrazine library (5 yM) in complete medium
for 1 h. For Figures 4A and S4, the cells were washed with fresh medium x3 after
fluorophore ligation to remove unreacted probe, and DNA was counterstained
with Hoechst 33342 (5 pg/mL, Sigma Aldrich) in PBS for 5-10 min followed by
washing with PBS x3. For Figure S8, labelling medium was aspirated and DNA was
immediately counterstained with Hoechst 33342 (5 pg/mL, Sigma Aldrich) in PBS
for 5-10 min without washing steps. Each incubation step was done at 37 °C, 5%
CO,. All samples were directly imaged in phenol red-free DMEM (Sigma Aldrich)
supplemented with GlutaMAX (2 mM), sodium pyruvate (1 mM), penicillin (100 I.U./
mL), and streptomycin (50 ug/mL), by confocal microscopy (see below).

Preparation of fixed-cell samples. The same protocol was followed as for live-cell
imaging (described above) until the point of incubation with StA, after which the cells
were fixed with 4% paraformaldehyde (PFA) in PBS for 30 min at room temperature.
After fixation the cells were washed with PBS followed by glycine (20 mM) in PBS
to quench unreacted aldehyde. The cells were permeabilised with 0.01% saponin in
PBS for 20 min and washed with PBS x2. The permeabilised sample was incubated
with the tetrazine-fluorophore conjugate library (1-8, 5 uM) or (sulpho-)Cy5 tetrazine
(20 pM) in PBS for 1 h, followed by washing with PBS x2 and blocking with 1% BSA
in PBS for 30 min. DNA was counterstained with Hoechst 33342 (2 yg/mL) in PBS
for 5-10 min. The incubation steps were done at room temperature and separated
by intermediate washing steps with PBS. The cells were then imaged directly in
glycerol/DABCO mounting medium to minimise photo bleaching.

Preparation of triple-labelled sample. For microscopy, 6x10° DC2.4 cells were
seeded per well on an 8-well chamber slide (Ibidi) and allowed to attach for 3 h.
The triple metabolic labelling started with incubating the cells with EAU (10 pM) in
complete medium for 20 h, followed by washing with PBS x2. Then a metabolic label
cocktail containing StA (50 uM) and azido palmitic acid (100 uM) in medium with 0.1%
fatty acid-free BSA (Sigma Aldrich) instead of FCS, was added to the sample and it
was incubated for 1 h. The sample was washed with fresh medium x1 and PBS x1
and fixed in 2% PFAin 0.1M phosphate buffer pH 7.2 at room temperature overnight.
Fixation solution was aspirated, and sample was washed with PBS and glycine (20
mM) in PBS, and permeabilised with 0.01% saponin in PBS for 20 min. The sample
was first reacted with fluorophore 5 (5 uM) in PBS for 1 h, followed by AZDye 555
azide (5 pM) in copper-click cocktail (1 mM CuSO,, 10 mM sodium ascorbate, 1
mM THPTA ligand, 10 mM amino-guanidine, 0.1 M HEPES pH 7.2) for 1 h and
finally AZDye 647 alkyne (5 uM) in copper-click cocktail for 1 h. All bioorthogonal
reactions were performed with intermediate washing steps with PBS x2, and after
the reactions unreacted fluorophores were blocked with 1% BSA in PBS for 30 min.
DNA was counterstained with Hoechst 33342 (2 pg/mL) in PBS for 5-10 min and the
sample was imaged directly in glycero/DABCO mounting medium.

Confocal microscopy. All slides were imaged on an AR1 HD25 confocal microscope
(Nikon), equipped with a Ti2-E inverted microscope, LU-NV Series laser unit, and
CFI1 Plan Apo Lambda 100x/1.45 oil objective. Hoechst, the tetrazine-fluorophore
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conjugates, AZDye 555, and AZDye 647 and (sulpho-)Cy5 were excited using the
405 nm, 488 nm, 561 nm, and 647 nm laser lines, respectively, and images were
acquired using the Resonant scanner and DU4 detector (495LP (450/50), 560LP
(525/50), 640LP (595/50)). Poisson noise was immediately removed from the
images by the built-in Nikon Denoise.ai software. Z-stacks were acquired from the
fixed-cell and triple-labelled samples with 0.20-micron steps and are all presented as
maximum intensity projections. Brightness and contrast were adjusted for all samples
using Imaged. Brightness and contrast were adjusted identically for samples that are
directly compared to each other to make sure the relative intensity between the
samples remain the same.

Assessing the cytotoxicity of sterculic acid. A 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay was performed to ensure the
concentration of StA used in the following experiments was not cytotoxic. In a
96-well plate (Sarstedt), 1x10° DC2.4 cells were seeded per well and allowed to
attach for 2 h. Serial dilutions (1:2) of StA (stock concentration 10 mM in DMSO) in
complete medium, in the range of 12.5-200 uM, were prepared. These were added
in triplicate, together with the appropriate controls and blanks and incubated for 24
h. The cells were spun down (300 g, 5 min) and the culture medium was replaced
with complete medium containing MTT (0.5 mg/mL). The plate was incubated for 3
h and spun down at (300 g, 5 min) before the medium was aspirated. The formed
formazan crystals were dissolved in DMSO, and the plate was incubated for 2 min
with 400 rpm shaking. All incubation steps were done at 37 °C, 5% CO,,. Absorbance
was measured at 570 nm on a CLARIOstar plate reader (BMG LABTECH). The data
were normalised against cells that had no StA added, and the normalised standard
deviations are given.
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Supplementary Figures & Tables
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Table S1: Characterisations of the photophysical properties of tetrazine-fluorophore
conjugates 1-8, and their kinetics upon reaction with sterculic acid. Absorption maximum (A_, )
and extinction coefficient (E ) of the tetrazine-fluorophore conjugates (1 uM) in DMSO/H,O
(1:1) and PBS. Second-order rate constants (k,) for the conjugates (1 uM) upon reaction with
sterculic acid (5 uM) in PBS.

A -1
Fluorophore D/It/EI!bSSC()?I-rE)O EBT\)/(Ig\éI)/I?ITO : /\a;;ségm) Emex S\é‘écmﬂ k2 (M's™")
(1:1) (1:1)
1 500 58000 492 48000 ND
2 500 45000 492 36000 ND
3 500 39000 494 39000 ND
4 506 60000 506 34000 125 + 41
5 508 28000 506 16000 660 + 28
6 506 43000 506 24000 ND
7 500 59000 500 26000 658 + 14
8 502 82000 500 26000 328 + 36
DMSO/H,0 (1:1) Medium
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Figure S2: Average turn-on ratio of tetrazine-fluorophore conjugates 1-8 upon reaction
with sterculic acid in DMSO/H,O (1:1, v/v) or complete medium at 25°C. All conditions were
measured in triplicate, and standard deviations are indicated.
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Figure S3: Further insight into the stability and turn-on ability of tetrazine-fluorophore
conjugates 1-8. A) Stability of the fluorophores (10 uM) in PBS at RT for 10 h as measured
by LCMS. The integral of the peak at 0 min was set as 100%. B) Each fluorophore (1 uM)
was reacted with sterculic acid (5 uM) in PBS and DMSO:H,0O (1:1) at RT, and the fluorescent
intensity at the start-point of measurement (RFU,) is compared to the maximum fluorescent
intensity (RFU ). RFU, . for each fluorophore is set to 100%.
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Figure S4: Confocal live-cell imaging of tetrazine-fluorophore conjugate library (1-8). DC2.4
cells were incubated with sterculic acid (+StA, 50 uM) or no probe (-StA) for 1 h, followed by
click reaction with the respective fluorophore (all 5 uM) for 1 h. Images are presented as single
slices. All samples were routinely washed after metabolic incorporation of sterculic acid and
after ligation with the fluorophores and were imaged with minimum 4 technological replicates.
DNA was counterstained with Hoechst 33342. All scale bars represent 10 um.
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Figure S5: Confocal fixed-cell imaging of tetrazine-fluorophore conjugate library (1-8). DC2.4
cells were incubated with sterculic acid (+StA, 50 uM) or no probe (-StA) for 1 h, fixed and
permeabilised, followed by click reaction with the respective fluorophore (all 5 uM) for 1 h.
Images are presented as maximum intensity projections of z-stacks. All samples were routinely
washed after metabolic incorporation of sterculic acid and after ligation with the fluorophores
and were imaged with minimum 4 technological replicates. DNA was counterstained with
Hoechst 33342. All scale bars represent 10 um.
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Figure S6: Confocal fixed-cell imaging of fluorophores 1-2 with higher laser power. DC2.4
cells were incubated with sterculic acid (+StA, 50 uM) or no probe (-StA) for 1 h, fixed and
permeabilised, followed by click reaction with the respective fluorophore (5 uM) for 1 h. Images
are presented as maximum intensity projections of z-stacks. All samples were washed after
metabolic incorporation of sterculic acid and after ligation with the fluorophores. DNA was
counterstained with Hoechst 33342 (blue). All scale bars represent 10 um.

(sulpho)-Cy5 Tz
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Figure S7: Confocal fixed-cell imaging with (sulpho-)Cy5 tetrazine. DC2.4 cells were
incubated with sterculic acid (+StA, 50 uM) or no probe (-StA) for 1 h, fixed and permeabilised,
followed by click reaction with (sulpho-)Cy5 tetrazine (20 uM) for 1 h. Images are presented as
maximum intensity projections of z-stacks. All samples were routinely washed after metabolic
incorporation of sterculic acid and after ligation with the fluorophores and were imaged with 4
technological replicates. DNA was counterstained with Hoechst 33342 (blue). All scale bars
represent 10 um.
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Figure S8: Confocal live-cell imaging without washing steps after ligation between sterculic
acid and fluorophores 4-5 and 7-8. DC2.4 cells were incubated with sterculic acid (+StA,
50 uM) or no probe (-StA) for 1 h, followed by a wash step to remove excess sterculic acid,
and click reaction with the respective fluorophore (all 5 uM) for 1 h. DNA was counterstained
with Hoechst 33342, and samples were imaged directly without further wash steps. Images
are presented as single slices and were imaged with minimum 3 technological replicates.
Fluorophores 7-8 were imaged at a lower laser intensity than 4-5. DNA was counterstained
with Hoechst 33342 (blue). All scale bars represent 10 um.
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Chapter 2

Figure S9: Confocal imaging of triple-labelled sample with all respective controls. DC2.4 cells
were incubated with EAU (10 uM) for 20 h, followed by sterculic acid (StA, 50 uM) and azido
palmitic acid (azPA, 100 uM) for 1 h, or the respective combination of these probes. The cells
were then fixed and permeabilised, followed by a triple-click strategy. All samples were first
clicked with fluorophore 5 (5 uM) for 1 h, followed by two subsequent CuAAC reactions with
AZDye 555 azide (5 uM) and AZDye 647 alkyne (5 uM) for 1 h each. All samples were routinely
washed between each metabolic incorporation and between each respective bioorthogonal
reaction and were imaged with 3 technological replicates. Images are presented as maximum
intensity projections of z-stacks. DNA was counterstained with Hoechst 33342 (blue) as a
reference. All scale bars represent 10 um.
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Figure S10: Toxicity of sterculic acid (StA), as assessed by MTT assay. DC2.4 cells were
incubated with given concentrations (uM) of StA in DMSO (labelled StA), or the corresponding
amount of DMSO (ranging from 0.125-2%) without StA (labelled DMSOQ) for 24 h. Absorbance
was measured at 570 nm. Absorbance values were measured in triplicate and normalised to
an untreated control. Standard deviations are indicated.
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Chapter 3

Abstract

Protein lipidation is a cellular process which increases protein diversity, and is
important for correct protein function, signalling, transportation, and regulation.
Protein lipidation has also been shown to be necessary for the correct functioning
of the innate and adaptive immune responses. By incorporating a bioorthogonal
modification in the fatty acyl chain of fatty acids, global protein lipidation patterns can
be studied. In this Chapter, sterculic acid (StA) is used as a bioorthogonal probe to
study protein oleoylation (the modification of proteins with oleic acid) in dendritic cell
line DC2.4. Alibrary of tetrazine-modified biotin molecules was synthesised and tested
for their cell-permeability and reactivity with StA. Here, tetrazines 17 and 19 were
identified as cell-permeable and were compared to biotin-PEG4-tetrazine in a pull-
down chemical proteomics approach. Different proteins were identified as oleoylated
with the three compounds. It is suggested that the physicochemical properties of
the compounds, as well as spacer length between the tetrazine and biotin moieties,
influence which proteins are detected. Several proteins with known immunological
functions were found to be oleoylated, including proteins (e.g. SLC15A3) for which
this modification had not previously been reported.

Parts of this chapter are adapted from the publication:

K. Bertheussen, M. van de Plassche, T. Bakkum, B. Gagestein, I. Ttofi, A. J. C.
Sarris, H. S. Overkleeft, M. van der Stelt, S. |. van Kasteren, Angew. Chem. Int.
Ed. 2022, 61.
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Introduction

Homo sapiens has a surprisingly low number of open reading frames (ORFs) in its
genome. However, these approximately 20,000 genes form the basis for over one
million proteins.' Multiple processes exist that increase the diversity and complexity
of the proteome, compared to the original genetic information. Alternative splicing
is one of these mechanisms, where a single gene can give rise to multiple mRNA
transcripts, and thereby also different proteins with distinct structures and functions."
Proteins can also undergo various chemical modifications, which — as the name
would suggest — are modifications on the peptide structure that are introduced after
translation. Many distinct post-translational modifications (PTMs) exist, among
others acetylation, phosphorylation, ubiquitination, glycosylation, and lipidation, and
they are all important for the correct folding, function, signalling, and transportation
of the modified proteins.?

Proteins canbe modified withanumber oflipids, such asfattyacids (FAs)?, cholesterols*,
isoprenoids (such as farnesyl or geranylgeranyl)®, or glycosylphosphatidylinositol-
anchors (GPl-anchors).® These lipid molecules are covalently linked to cysteine,
lysine, threonine, or serine sidechains, or the C- or N-terminus of the protein, via
thioester, amide, thioether, or ether linkages.?” Protein lipidation is associated with
increased hydrophobicity of the target protein, which can be essential for regulating
protein configuration, trafficking, stability, and localisation. Due to their increased
hydrophobicity, lipidated proteins are often associated with biological membranes,
where the lipid tail is embedded in the lipid bilayer.”

Protein lipidation, and especially the reversible S-palmitoylation modification, has
been implicated in several functions in both innate and adaptive immunity, where it
is responsible for the clustering of various important immune molecules to cellular
membranes.? In innate immunity it has been shown that S-palmitoylation is important
for the correct function and localisation of important innate immune receptors
such as Toll-like receptor 2 (TLR2)°, and MyD88 (a signalling adapter protein
for TLRs)." Stimulator of interferon genes (STING) is a signalling protein that is
involved in the immune response to DNA in the cytosol. Upon activation, STING
is also S-palmitoylated, which leads to the activation of nuclear factor-xB (NF-«xB)
and interferon regulator factor 3 (IRF3), which in turn results in the production of
proinflammatory cytokines and type-I interferons."

There are also several examples of the importance of S-palmitoylation in the T-cell
receptor (TCR) signal transduction pathway of adaptive immunity.? It has been
shown that TCR coreceptors CD4 and CD8 are S-palmitoylated, and that this is
necessary for the correct clustering of the TCR complex and downstream signalling
subunits (such as Src family protein tyrosine kinase Lck)."*'® Lck itself can also be
S-palmitoylated, a PTM that is required for its correct plasma membrane localisation,
CD4 association, and downstream signalling.¢-®

Although these examples emphasize the importance of S-palmitoylation as an
immunomodulating regulator, a proteome-wide understanding of how protein
lipidation affects immune cell function, and activation, is still lacking. There is also
little information about other forms of protein lipidation, and how they affect immune
cell function. To elucidate this intricate balance on a global level, appropriate
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chemical tools are needed that allow the selective retrieval of the lipidated part of the
proteome under different biological conditions.

Bioorthogonal, or click, chemistry could serve this purpose.? Most bioorthogonal
modifications of lipids have been applied to the modification of lipid headgroups.
This offers selectivity for which lipid class the analogue will be incorporated into.
There have e.g. been reports of the phospholipid class phosphatidylcholine (PC)
being labelled in this way.’® De novo PC biosynthesis occurs via the Kennedy
pathway, where an activated choline molecule is coupled to diacylglycerol to form
PC. The alkyne- and azide-containing choline analogues propargylcholine?® and
azidocholine?', respectively, have successfully and selectively been shown to label
up to 50% of the cellular pool of PC (Figure 1A).

However, since lipids react with proteins via their hydrophilic head groups, a
modification in that part of the molecule will result in an impaired ability to lipidate
proteins. To this end, strategies where the bioorthogonal modifications are instead
located in the fatty acyl chain have been developed.? Perhaps the most studied
bioorthogonal variants of this sort, are lipids modified with an alkyne®2?-2° or azide30-%*
moiety at the w-position of the fatty acyl chain (Figure 1B). This ensures a more
global labelling of cellular lipids such as triglycerides, phospholipids, and glycolipids.
However, these modifications also allow the study of different forms of protein
lipidation (e.g. palmitoylation, myristoylation, or prenylation).? This approach has
aided in the discovery of many new palmitoylated proteins in mammalian cells®22-3536,
as well as implicating the relevance of certain palmitoylated proteins in diseases like
cancer¥, and bacterial or viral infections.3®

Farlessis known about the more obscure PTM, protein oleoylation (the modification of
proteins with oleic acid). This PTM has previously been studied with alkyne-modified
oleic acid analogues®, but although protein oleoylation has been shown to occur in
multiple proteins®**!, not much is known about this PTM on a proteome-wide level.
In Chapter 2 of this thesis, it was described how the addition of sterculic acid (StA)
to dendritic cell line DC2.4, and the subsequent labelling with tetrazine-fluorophore
conjugates, led to a fluorescent signal visible throughout the entire cell. This led to the
conclusion that cellular membranes (including organellar membranes) were labelled
with StA. However, it also posed the question if proteins could be labelled with the
oleic acid analogue, StA, as a PTM, and if this bioorthogonal oleic acid analogue
could be used to study protein oleoylation by chemical proteomics in immune cells.
In this Chapter, by applying a library of tetrazine-modified biotin molecules, it was
found that proteins can indeed be modified with StA as a PTM. It was further shown
that tetrazine-modified biotins with different physicochemical properties influenced
which proteins were detected as oleoylated. In addition, the comparison of live-
cell versus cell lysate labelling also yielded different protein oleoylation patterns.
Interestingly, several of the detected proteins are known to have key immunological
functions, for example, the important immunoregulatory channel protein SLC15A3
was found to be differentially oleylated in these experiments. SLC15A3 has never
been shown to be lipidated before, and therefore a novel regulatory mechanism of
this protein involving protein oleoylation, is proposed.
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Figure 1: Bioorthogonal modifications present in A) the lipid head group; allow for the metabolic
incorporation of for example propargylcholine, which upon reaction with diacylglycerol (DAG)
forms phosphatidylpropargylcholine, and subsequent labelling via a click reaction with
an azide-tagged reporter group (star)?®°, or B) the fatty acyl chain; allow for the metabolic
incorporation of an alkyne-tagged fatty acid into a fatty acylated protein, and subsequent
labelling via a click reaction with an azide-tagged reporter group (star).%?>-?°

Results & Discussion

Proteins can be modified with sterculic acid at a post-translational level

Here, it was first explored whether proteins can be covalently modified with StA as
a PTM. DC2.4 cells were incubated with StA followed by cell lysis and click reaction
with the cell-impermeable tetrazine-modified fluorophore 3 (Figure S1A, see Chapter
2). The proteins were resolved by SDS-PAGE, and the gel was fluorescently imaged
(Figure 2A). However, since lipidated proteins are inherently more hydrophobic*?,
and the lipid tail often resides in biological membranes*®, a live-cell click approach
with the cell-permeable quenched tetrazine-modified fluorophore 7 (Figure S1B, see
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Chapter 2) was also performed. In this approach, the hydrophobic fluorophore 7
could pass through cell membranes and react with the lipid in its naturally occurring
location, whereafter the cells were lysed, and the proteins were resolved by SDS-
PAGE (Figure 2B). In both cases fluorescent protein bands were visible. This
indicates that a number of proteins were covalently modified with StA. Comparing
the two approaches, it was clear that which proteins were labelled, differed under
the different labelling conditions (lysate or on live cells), as indicated by the distinct
labelling patterns. Upon LPS stimulation, the lipidation patterns appeared to become
brighter compared to lipidation of non-stimulated DCs (Figure 2). This could indicate
that protein lipidation is increased upon DC maturation but could also be caused by
an increased uptake of StA by the mature DCs and subsequently more labelling of
proteins by this FA analogue compared to native FAs.

A Click-on-lysate B Click on live cells
StA + - o+ - + - o+ - StA + - o+ - + - o+ -
3 + - 7 + -
LPS - - + + - -+ o+ LPS - -+ o+ - -+ o+
|
o 2|

Fluorescence Fluorescence

I '

Figure 2: Proteins can be modified with sterculic acid (StA) as a post-translational modification.
DC2.4 cells were immature or matured with LPS (100 ng/mL) for 24 h and treated with StA
(100 uM) for 20 h. A) The cells were harvested and lysed before IEDDA reaction with tetrazine-
modified fluorophore 3 (10 uM) or vehicle for 2 h at RT. B) Live cells were subjected to IEDDA
reaction with tetrazine-modified fluorophore 7 (10 uM) for 2 h at 37°C, before being harvested
and lysed. All lysates were resolved on SDS-PAGE (12.5% acrylamide gels) and were
measured for in-gel fluorescence. Coomassie staining served as a protein loading control.

Chemical synthesis of library of tetrazine-modified biotin molecules

To further investigate these observed differences in lipidation pattern, a pull-down
chemical proteomics approach was developed (Figure 3). A set of tetrazine-modified
biotin molecules were designed and synthesised (as described below), which could
be applied for the click reaction with StA. After StA uptake in DC2.4 cells (Figure 3A),
the different tetrazine-modified biotins were added to the samples at different points
in the protocol, either to the live cells or to the cell lysate (Figure 3B). The tetrazine
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moiety could react with StA, whereas the biotin moiety allowed for pull-down of the
lipidated proteins with streptavidin beads, followed by on-bead trypsin digestion and
identification of the peptides by LC-MS/MS (Figure 3C). Thereby proteins that were
modified with StA as a PTM could be quantitatively identified.

(A) Sterculic acid labelling )

% o %
B B WOH % o

Sterculic acid
Proteins > StA-labelled
proteins

Dendritic cell
. J

(B1) Click-on-lysate )
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/&\ f y i%a S

B2) Live-cell click

R—<\ />— %
@\ Cell- permeable biotin *\ Cell lysis ?ﬁ; g

J
. )
C) Pull-down proteomics
O O .
rVr | ° '-.-': .
i L A
Lk {oon A g
T — g o ooedf o0 o
]
1 |
Streptavidin Data analysis
pull-down LC-MS/MS y

Figure 3: lllustration of the pull-down proteomics approach to study protein lipidation with
sterculic acid (StA) in a dendritic cell line (DC2.4). The approach consists of A) StA labelling
of proteins, followed by B) click reaction with tetrazine-modified biotins in lysate (1) or on live
cells (2), and C) pull-down proteomics. The figure is made with BioRender.
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To this end, several hydrophobic tetrazine-modified biotins (16-21 and 29-31) were
synthesised (Scheme 1) and compared to the hydrophilic biotin-PEG4-tetrazine
(Figure S1C) for their cell permeability under live cell conditions. For 16-21 and
29-31, two different spacer lengths were chosen between the tetrazine and biotin
moieties. One contains only the valeric acid moiety of biotin and is a short spacer
(Biotin, Scheme 1). The other spacer contains an additional lysine group and is a
medium length (LC-Biotin, Scheme 1). The synthesis of 16-21 (Scheme 1A) was
based on the synthesis of previously published BODIPY-FL tetrazine conjugates.*45
Instead of the BODIPY fluorophores, a biotin moiety was coupled to the amine
function of the tetrazines.

The synthetic route started from 4-(aminomethyl) benzonitrile of which the free amine
was protected with a tert-butyloxycarbonyl (Boc) group using di-tert-butyl dicarbonate
and DIPEA, yielding compound 9. This compound was converted into N-Boc-
protected aminoalkyl-tetrazines 10-12 by a Lewis acid-catalysed condensation
of the nitrile with hydrazine, followed by oxidation with sodium nitrite under acidic
conditions.*® The protected amine of tetrazines 10-12 was deprotected using HCI/
dioxane, and tetrazines 13-15 were immediately coupled to either the commercially
available biotin or LC-biotin via an NHS coupling, resulting in tetrazine-modified
biotins 16-21. These compounds were all poorly soluble in DMSO, with solubility
decreasing with increasing spacer length (19-21). Compounds 16-21 were attempted
dissolved at 30 mM (in DMSO), but only 16-18 were soluble at this concentration.
Compounds 19-21 were first soluble in DMSO at 10 mM concentrations.

To improve the solubility of these compounds, another set of tetrazine-modified
biotins (29-31) were designed and synthesised (Scheme 1B). These compounds
lacked the benzylic ring of 16-21 in an attempt to increase their solubility, while still
retaining their cell-permeability. This synthetic route started with the Boc-protection
of 3-aminopropionitrile to form 22. Thereafter, similarly to the previous synthesis,
the conversion into N-Boc-protected aminoalkyl-tetrazines 23-25, followed by
deprotection into tetrazines 26-28, was performed. Lastly, an NHS coupling to biotin
resulted in the tetrazine-modified biotins 29-31. As expected, the solubility of these
compounds had improved compared to that of 16-21.
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Scheme 1: The synthesis of hydrophobic tetrazine-modified biotins 16-21 and 29-31. A) a)
Boc,0, NaOH, H,0, quant.; b) ) hydrazine monohydrate, Zn(OTf),, formamidine acetate/
acetonitrile/2-cyanopyridine, 60-80°C; 1) NaNO,, AcOH/DCM (1:1, v.:v), 9-33% over two steps;
c) 4 M HCI in dioxane, anhydrous DCM, 90-100%.; d) NHS-biotin/NHS-LC-biotin, DIPEA,
DCM, 40-73%. B) a) Boc,O, anhydrous DCM, 98%,; b) I) hydrazine monohydrate, Zn(OTf)./
Ni(OTf),, formamidine acetate/acetonitrile/2-cyanopyridine, 20-60°C; Il) NaNO,, AcOH/DCM
(1:1, v:v) or 4 M NaNO,, 2 M HCI, 2-22%, c) 4 M HCI in dioxane, anhydrous DCM, 93-100%;
d) NHS-biotin, DIPEA, DCM, 38%-73%.
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Testing permeability and reactivity of tetrazine-modified biotin library

To verify if the tetrazine-modified biotins were cell-permeable and could react with
StA, live DC2.4 cells preloaded with StA were reacted with 16-21, 29-31, or biotin-
PEG4-tetrazine. After the click reaction, any unreacted compound was washed
away, and the cells were fixed and permeabilised. The addition of a streptavidin
AZDye 647 conjugate was used to fluorescently label the biotin molecules that had
entered the cells and reacted with StA. Lastly, the cells were imaged by fluorescence
widefield microscopy (Figures 4 & S2).

-StA
17 ..
19 ..
PEG4..

Figure 4: Fluorescent microscopy verifies that compounds 17 and 19 are cell-permeable and
reactive with StA. Biotin-PEG4-tetrazine (PEG4) is used as a negative control. To allow uptake
of the fatty acid, DC2.4 cells were incubated with sterculic acid (+StA, 100 uM) or vehicle
control (-StA) for 1 h. The respective tetrazine-modified biotins (200 uM) were then added
and incubated for 4 h, before unreacted compound was washed away. The cells were fixed
and permeabilised, and a streptavidin AZDye 647 conjugate (grey) was added to visualise the
location of the reacted biotins. The nuclei were counterstained with Hoechst 33342 (blue) for
reference.

+StA

Compounds 17 and 19 showed detectable labelling over background, indicating that
these two compounds are cell-permeable and able to react with StA. As expected,
biotin-PEG4-tetrazine showed no signal in live cells, likely due to its hydrophilic
PEG-spacer making it cell-impermeable (Figure 4). The rest of the compounds did
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not show detectable labelling over background in live cells (Figure S2), indicating
that these compounds are either cell-impermeable, or unable to react with StA.

The click reaction with the tetrazine-modified biotins 16-21 and 29-31 was
also performed on fixed and permeabilised cells. The rationale was that the cell
permeation with detergent after fixation would negate any cell-permeability
factors for the probes. Therefore, a fluorescent signal would be expected from all
compounds that can react with StA (Figure S3). Compounds 17 and 19, as well as
biotin-PEG4-tetrazine, showed detectable labelling over background. In addition, 29
and 30 showed labelling in the StA sample, indicating that they are StA reactive.
Control samples showed no labelling of StA in live and fixed cells if the tetrazine-
modified biotins were not present (Figures S4 & S5), as well as if the compounds
were added and immediately washed away (Figures S6 & S7). This indicates that
true signal-over-background was observed in Figures 4, S2, and S3. Based on these
results, compounds 17 and 19 were credited with sufficient cell-permeability and StA
reactivity qualities for further proteomic analysis.

Identification of oleoylated proteins with mass spectrometry

Compounds 17 and 19 were selected for the live-cell approach of pull-down chemical
proteomics (outlined in Figure 3). However, due to the precious nature of these
compounds, the mass spectrometry methodology was first optimised on lysates with
biotin-PEG4-tetrazine. To this end, LPS-matured or untreated immature DC2.4 cells
were incubated with StA to allow for its incorporation as a PTM. After cell lysis, the
click reaction with biotin-PEG4-tetrazine was performed, and the modified proteins
could be isolated with streptavidin beads. After on-bead enzymatic digestion,
peptides from the lipidated proteins were detected by mass spectrometry and
analysed. When biotin-PEG4-tetrazine was applied in this click-on-lysate approach
in immature DC2.4 cells, 242 proteins were identified as significantly enriched with
StA (Figure 5A), compared to control. For mature DC2.4 cells that were stimulated
with LPS, 246 significantly enriched proteins were detected over control (Figure 5B).
The UniProt protein database categorises protein entries into specific subsets based
on for example biological function or cellular localisation.*” As annotated by UniProt
keyword KW-0472 77 (32%) and 83 (34%), respectively, of the identified proteins are
known to be membrane proteins.

When comparing the StA-enriched proteins between LPS-treated mature and
untreated immature DCs, 3 proteins were significantly enriched in the mature
DC samples, and 2 proteins in the immature sample (Figure 5C). It is not clear
whether these proteins are detected due to changes in their expression levels,
increased protein lipidation, or a combination of these two factors. However, of the
upregulated proteins, two (CD14%4° SLC15A3%-52) are known to be upregulated
upon LPS stimulation, but nothing has been reported on their change in lipidation
status. The downregulated protein TMEM176B, has also previously been shown
to be downregulated in DCs upon LPS stimulation.5®*%* These results validate the
described method as a robust way to study protein lipidation as a PTM, and again
indicates that StA can be incorporated as a PTM in proteins.
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Figure 5: Proteomic analysis of proteins modified with sterculic acid (StA) in DC2.4 cells by
chemical proteomics. DC2.4 cells were immature or matured with LPS (100 ng/mL) for 24
h and treated with StA (10 uM) for 20 h. The cells were harvested and lysed, before IEDDA
reaction with biotin-PE G4-tetrazine (200 uM) on the lysate. Shown are volcano plots of proteins
identified in pull-down experiments in A) immature DC2.4 cells. B) LPS-matured DC2.4 cells.
Proteins with a fold change >2 and p-value <0.05 are considered specifically enriched and
are highlighted in black. C) Differentially StA-expressed proteins (DEPs) between mature and
immature DC2.4 cells. LFQ-values of StA-enriched proteins were compared and proteins with
significantly higher or lower LFQ abundance between the two conditions are marked in red
and blue, respectively.

Next, the pulldown protocol was applied to live cell labelling. Mature and immature
DCs were labelled with StA for 20 hours at 10 uM, prior to the addition of 17 and
19, followed by lysis, streptavidin-mediated retrieval, and mass spectrometry. For
compound 17, only 6 proteins were found to be StA-enriched inimmature DCs (Figure
6A) and 10 proteins were found to be StA-enriched in mature DCs (Figure 6B).
Of the enriched proteins, 2 (33%) and 2 (20%) proteins, respectively, were known
membrane proteins (as annotated by UniProt keyword KW-047247). Surprisingly, a
completely different set of proteins than with the click-on-lysate approach with biotin-
PEG4-tetrazine was retrieved for compound 17 in both mature and immature DCs
(Table S1 & Figure S8).
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For compound 19, 11 proteins were found to be StA-enriched in immature DCs
(Figure 6C) and 17 proteins were found to be StA-enriched in mature DCs (Figure
6D). Of the enriched proteins, 8 (73%) and 13 (76%) proteins, respectively, are known
to be membrane proteins (as annotated by UniProt keyword KW-047247). Only two
proteins that were found to be significantly StA-enriched with 19 in immature DCs,
were also detected with biotin-PEG4-tetrazine, whereas three common proteins
were found in mature DCs (Table S1 & Figure S8).
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Figure 6: Proteomic analysis of proteins modified with sterculic acid (StA) in DC2.4 cells by
chemical proteomics. DC2.4 cells were immature or matured with LPS (100 ng/mL) for 24 h
and treated with StA (10 uM) for 20 h. IEDDA reaction with 17 or 19 (200 uM) was performed
on live cells, before the cells were harvested and lysed. Shown are volcano plots of proteins
identified in pull-down experiments in A) immature DC2.4 cells with compound 17. B) LPS-
matured DC2.4 cells with compound 17. C) immature DC2.4 cells with compound 19. D) LPS-
matured DC2.4 cells with compound 19. All proteins with a fold change >2 and p-value <0.05
are considered specifically enriched and are highlighted in black.

The lower numbers of StA-enriched proteins that were detected with the live-cell
approach compared to the click-on-lysate approach could be caused by the need for
17 and 19 to diffuse through intact cells before encountering StA-lipidated proteins. It
could also be affected by the hydrophobicity and poor solubility of the cell-permeable
compounds 17 and 19, causing them to be sticky. This could lead to more unspecific
binding events, and thereby more noise in the MS data. In addition, the spacer
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lengths between the biotin and tetrazine moieties in 17 (~13 A) and 19 (~22 A) are
considerably shorter than the PEG4 spacer (~29 A) of biotin-PEG4-tetrazine. These
shorter spacers could lead to steric hindrance when the biotin-labelled proteins bind
to the tetrameric streptavidin beads, impacting the number of proteins that can be
pulled out. However, since the longer spacer in 19 also led to poorer solubility of
the compound, further research is needed to fine-tune this relationship between
solubility, cell-permeability, and spacer length.

The low amount of overlap between proteins detected with compound 19 and
biotin-PEG4-tetrazine could indicate that tetrazine-modified biotins with different
physicochemical properties might be preferential for certain proteins. As annotated
by UniProt keyword KW-04724, ~75% of the proteins that were found to be StA-
enriched with 19, are known to be bound to or associated with membranes. For
biotin-PEG4-tetrazine only ~30-35% of the StA-enriched proteins are known to be
membrane proteins. Since membrane proteins generally are more hydrophobic than
soluble proteins*?, and StA is likely embedded in the membrane as a lipid anchor®,
it could be that the more hydrophobic tetrazine-modified biotin (19) is more likely to
react with these proteins. However, for compound 17 which is also more hydrophobic,
only ~20-30% of the StA-enriched proteins are membrane proteins (as annotated by
UniProt keyword KW-047247). This could be explained by the shorter aliphatic linker
between the hydrophilic biotin moiety and the reactive tetrazine moiety, making
it more difficult for the tetrazine to reach StA embedded in the membranes. For
compound 17, a completely unique set of StA-enriched proteins were detected that
were found with neither 19 nor biotin-PEG4-tetrazine, suggesting there might be an
interesting application for this compound after all (Figure S8). It is not known which
exact molecular properties of the tetrazine-modified biotins are responsible for the
described discrepancies, and this would need to be elucidated by further research.

Previous research has highlighted an important role of protein lipidation in the
regulation of a large number of immunological proteins.'2%%% From the significantly
StA-enriched proteins that were detected with 17, 19 and biotin-PEG4-tetrazine, all
proteins with a reported immunological function (as annotated by UniProt keyword
KW-039147) are listed in Tables S2, S3, and S4, respectively. In addition, the proteins
that are known to be lipidated (as annotated by UniProt keyword KW-04494") or
membrane proteins (as annotated by UniProt keyword KW-047247) are marked.
Several immunological proteins that have not been reported to be lipidated, or even
membrane-bound, were identified using the described pull-down method. Most notably
is SLC15A3, a transmembrane amino acid transporter located in endolysosomal
membranes, that has not before been reported to be lipidated. Several recent reports
have highlighted the important role of SLC15A3 in modulating anti-viral innate
immune responses, among others in a TLR4-mediated inflammatory response®, or
by inducing type | and type Il interferon responses via STING-mediated signalling
pathways®. SLC15A3 has also been implicated in the escape of bacterially derived
components from the endolysosomal system to the cytosol, which in turn activates
the NOD2 signalling pathway.5' SLC15A3 was also found to be upregulated in mature
DCs (Figure 5C), again implicating its importance in modulating immune responses.
Considering the powerful regulatory role protein lipidation can have, the oleoylation
of SLC15A3 could therefore be a novel regulatory mechanism of this important
immunomodulatory protein. However, the exact mechanism behind this regulation is
not known, and further research is necessary to shine light on this complex interplay.
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Conclusion

Here, it has been shown that proteins can be modified with StA as a PTM. This
was confirmed by labelling StA-modified proteins with a fluorophore and resolving
the proteins by SDS-PAGE, as well as labelling the proteins with tetrazine-modified
biotins and performing pull-down chemical proteomics. A library of tetrazine-modified
biotins was synthesised and assessed for their cell-permeability, as well as reactivity
with StA. Two compounds (17 and 19) showed sufficient permeability and reactivity
and were used in a live-cell click pull-down proteomics approach. This approach was
compared to a click-on-lysate approach with biotin-PEG4-tetrazine. It appears that
both the timing of the IEDDA reaction, and the physicochemical properties of the
tetrazine-modified biotins affect which lipidated proteins are detected. The current
research could not fully elucidate the underlying mechanisms of these discrepancies,
and further research is needed to understand this. Several proteins with known
immunological functions, that have never been reported to be lipidated, were also
identified. The important innate immunoregulatory protein SLC15A3 was shown to
be lipidated for the first time, indicating that this could be a regulatory mechanism
for its activation.
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Materials & Methods

Chemical synthesis

General

All reactions were performed using dried glassware and reagent grade solvents. All
commercially available reagents used were obtained via Sigma-Aldrich and Merck
and were used as received. Anhydrous solvents were prepared by keeping activated
4 A molecular sieves in the solvents for at least 24 h. Flash chromatography was
performed silica gel 60 (0.04-0.063 mm). TLC analysis was conducted on Merck
aluminum sheets and silica gel 60 F254 sheets. TLC analyses were visualized
using 254 nm UV absorption and by using ninhydrin staining followed by charring
at ~150 C. 'H and "*C NMR spectra were recorded using the Bruker AV Liquid 400
MHz and Bruker AV WB 400 MHz spectrometer. Samples were measured in CDCI,,
MeOD DMSO-D, or D,O. Chemical shifts (5) are reported in ppm compared to either
trimethyl silane (0 ppm) or the solvent residual peak as internal standard. Coupling
constants are reported in Hz. Assigning individual signals of the final compounds
was aided by HH-COSY.

9: tert-butyl (4-cyanobenzyl) carbamate

Di-tert-butyldicarbonate (22 mmol, 4.80 g, 1.1 eq) and
(Q{N NaOH (60 mmol, 2.40 g, 3 eq) were added to 40 mL H,O.
BocH (4-aminomethyl)-benzonitrile (20 mmol, 3.37 g) was added

and the reaction was stirred overnight at RT. The precipitate
was filtered and concentrated under reduced pressure to yield compound 9 as a
white solid (4.11 g, 17.7 mmol, 89%).

'H NMR (400 MHz, CDCl,) 5 7.61 (d, J = 8.3 Hz, 2H, CH____), 7.38 (d, J= 8.3 Hz,
2H, CH,_ ), 5.03 (s, TH, NH), 4.36 (d, J = 6.3 Hz, 2H, CH,), 1.45 (s, 9H, CH

3 Boc)'

8C NMR (101 MHz, CDCI,) § 146.8 (C_ _ ,ui0) 144.7 (C_ o0 compony) 1325 (CH ),
127.9 (CH, i), 118.9 (C, ) 1112 (€. ), 801 (C. ), 44.3 (CH,), 28.4-27.5
(CHS Boc

22: tert-butyl (2-cyanoethyl) carbamate

/\/NHBoc3-Amino propionitrile (10 mmol, 0.70 g) and Boc,O (12 mmol, 2.76
NC mL, 1.2 eq.) were added to 20 mL anhydrous DCM. The reaction
was stirred overnight at RT. The organic layer was washed with water and brine,
dried over MgSO, and filtered. The organic layer was concentrated under reduced
pressure to yield compound 22 as a clear oil (1.67 g, 9.8 mmol, 98%).

'H NMR (400 MHz, CDCI,) 5 5.05 (s, 1H, NH), 3.40 (q, J = 6.3 Hz, 2H, CH,), 2.60 ,
J=6.3Hz, 2H, CH,), 1.45 (d, J = 1.6 Hz, 9H, CH,,_). °C NMR (101 MHz, CDCl,) 5
118.3(C,... ), 80.3 (C, ), 36.9 (CH,), 28.4-27.5 (CH, ), 19.1 (CH,).

q nitrile q tBu 3 Boc
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e
N

General tetrazine synthesis (10-12 and 23-25)

/,N 1N /,N
N\N]\l N\N/\p\l/ N\N
BocHN BocHN BocHN
10. 11. 12.

NZ I
N N N N
N= 3 N= Y N=
BocHN/\)\\N’LI BocHN/\)\\N’ BocHN/\)\\N’LI
23. 24, 25.

The N-Boc protected carbonitrile (compound 9 or 22; 1 eq.) was added to a
pressure tube. To this tube a Lewis acid catalyst (Zn(OTf), or Ni(OTf),; 0.25 eq.), the
corresponding carbonitrile (acetonitrile, formamidine acetate or 2-cyanopyridine; 5
eq.) and 64% hydrazine monohydrate (50 eq.) were added. If required, dry dioxane
(1.6 mL/mmol) was added as an additional solvent and the pressure tube was
sealed. The reaction mixture was heated and stirred overnight. After cooling down to
RT the rubber seal was carefully punctured to release the NH, gas. For oxidation of
the dihydrotetrazines, two different procedures were used as described below. After
oxidation, column purification yielded tetrazines 10-12 and 23-25 as pink solids.

Procedure A: The suspension was slowly added to a mixture of AcOH/DCM (1:1,
v:v, 20 mL/mmol). Next, NaNO, (20 eq.) was added over a period of 30 minutes.
When gas formation ceased, the mixture was concentrated under reduced pressure,
and the resulting mass was redissolved in EtOAc. The organic layer was washed
three times with H,O and three times with NaHCO, (sat.) and subsequently dried
over MgSO,, filtered, and concentrated in vacuo.

Procedure B: The suspension was added to an aqueous 4M NaNO, solution (80 eq.,
20 mL/mmol). Next, aqueous 2M HCI (120 eq., 60 mL/mmol) was added dropwise
until gas formation had ceased. The mixture was further diluted with aqueous 0.1M
HCI (50 mL/mmol) was added, and the product was extracted three times with EtOAc
(50 mL/mmol). The organic layer was dried over MgSO,, filtered and concentrated
under reduced pressure.

10: tert-butyl (4-(1,2,4,5-tetrazin-3-yl)benzyl)carbamate

Compound 9 (5 mmol, 1.16 g), Zn(OTf), (1.25 mmol, 0.455 g, 0.25 eq) formamidine
acetate (50 mmol, 5.20 g, 10 eq) and 64% hydrazine monohydrate (250 mmol,
12.1 mL, 50 eq) were used. The reaction was stirred overnight at 60°C. Oxidation
procedure A was performed and column purification (1% -> 5%, EtOAc in DCM)
yielded 10 as a pink solid (128 mg, 0.4 mmol, 9%).

'H NMR (400 MHz, CDCI,) § 10.22 (s, 1H, tetrazine-H), 8.60 (d, J = 8.1 Hz, 2H, CH
o) 753 (d, J=8.1Hz, 2H, CH ____ ), 4.98 (s, 1H, NH), 4.46 (d, J = 6.2 Hz, 2H,
CH,), 1.48 (s, 9H, CH, . ). *C NMR (101 MHz, CDCL) & 166.4 (C_, ), 161.3
(C 157.9 (CH ,.....), 144.8 (C ), 130.7 (C 128.7 (CH

q Boc carbonyl)’ tetrazine q aromatic q aromatic)’ aromatic)’
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128.3 (CH 44.5 (CH,), 28.5 (CH

aromatic)’ 3 Boc)'

11: tert-butyl (4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)carbamate

Compound 9 (2 mmol, 0.464 g) was dissolved in acetonitrile (10 mmol, 0.522 mL,
5 eq) in a pressure tube. Zn(OTf), (0.5 mmol, 0.182 g, 0.25 eq) and 64% hydrazine
monohydrate (100 mmol, 4.84 mL, 50 eq) were added and the reaction was stirred
overnight at 80°C. Oxidation procedure A was performed and column purification
(2% -> 10%, EtOAc in DCM) yielded 11 as a pink solid (197 mg, 0.7 mmol, 33%).

'H NMR (400 MHz, CDCl,) 5 8.51 (d, J=8.4 Hz, 2H,CH ____.),7.48(d, J=8.4 Hz,
2H,CH ), 5.21 (s, 1H, NH), 4.43 (d, J = 6.1 Hz, 2H, CH,), 3.09 (s, 3H, CH,),
1.48 (s, 9H, CH, ). *C NMR (101 MHz, CDCI,) 5 167.2 (C ), 163.9 (C, o)
156.1 (C >, 144.1 (C, romatie): 1308 (Cyromaic)s 128. 128.1 (CH
aromatic)’ : qBoctBu) 44.4 (CH ) 28 S (CH3 Bo:)’ 21.2 (CH )

itetram ne

q Boc carbonyl aromatlc)

12: tert-butyl (4-(6-(pyridin-2-yl)-1,2,4,5-tetrazin-3-yl)benzyl)carbamate

Compound 9 (2 mmol, 0.464 g) was dissolved in 2-cyanopyridine (10 mmol, 0.962
mL, 5eq) in a pressure tube. Zn(OTf), (0.5 mmol, 0.182 g, 0.25 eq) and 64% hydrazine
monohydrate (100 mmol, 4.84 mL, 50 eq) were added and the reaction was stirred
overnight at 80°C. Oxidation procedure A was performed and column purification
(2% -> 20%, EtOAc in DCM) yielded 12 as a pink solid (213 mg, 0.6 mmol, 29%).

1H NMR(4OOMHz CDCI,)58.97 (d, J= 0.9 Hz, 1H, CH _ ), 8.69 (d, J=1.1 Hz, 1H,
),865(d,2H, CH ) 8.00 (td, J=7.8,1.8 Hz, TH, CH__ ), 7.57 (dd, J =

4812Hz1HCHp)754(dJ 8.2Hz,2H,CH __),5.12 (s, 1H, NH), 4.46 (d,
J=6.1 Hz, 2H, CH,), 1.49 (s, 9H, CH, ). °C NMR (101 MHz, CDCI,) 5 164.3 (C,

tetrazme) 163 5 (C tetra: zme) 156 1 (Cq Boc carbonyl) 151 0 (CH ) 150 4 (Cq pyr. ) 144 7 (C
aromatlc) 137 6 (Cﬁ' pyr. 130 6 (Cq aromatlc) 8 (CH aromatlc) 128 2 (CH aromatlc) 126 5 (Cl_i
) 1240 (CH ), 80 4(C, goe ) 445 (CH ), 28.5 (CH, ).

23: tert-butyl (2-(1,2,4,5-tetrazin-3-yl)ethyl)carbamate

Compound 22 (1 mmol, 0.170 g), formamidine acetate (5 mmol, 0.521 g, 5 eq.),
Zn(OTf), (0.25 mmol, 0.090 g, 0.25 eq.) and dry dioxane (1.5 mL) were added to a
pressure tube. 64% Hydrazine monohydrate (50 mmol. 2.42 mL, 50 eq.) was added
dropwise and the reaction was stirred for 3 days at RT. Oxidation procedure B was
performed, and column purification (5% EtOAc in DCM) yielded product 23 as a pink
oil (6 mg, 0.02 mmol, 2%).

'H NMR (400 MHz, CDCI,) 6 10.24 (s, 1H, tetrazine-H), 5.01 (s, 1H, NH), 3.84 - 3.72
(m, 2H, CH,), 3.57 (dd, J=6.9, 5.4 Hz, 2H, CH,), 1.38 (s, 9H, CH

3 Boc)'

24: tert-butyl (2-(6-methyl-1,2,4,5-tetrazin-3-yl)ethyl)carbamate

Compound 22 (1.65 mmol, 0.280 g), acetonitrile (19 mmol, 1 mL, 11 eq.), nickel
triflate (0.25 mmol, 0.090 g, 0.15 eq.) and dry dioxane (2.6 mL) were added to a
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pressure tube. 64% hydrazine monohydrate (76 mmol, 2.4 mL, 50 eq.) was added
dropwise and the reaction was stirred overnight at 60°C. Oxidation procedure A was
performed with 13 equivalents of NaNO,. Column purification (3% > 10% EtOAc in
DCM) yielded product 24 as a pink oil (7 mg, 0.03 mmol, 3%).

'H NMR (400 MHz, CDCL,) & 5.02 (s, 1H, NH), 3.74 (td, J = 6.6, 5.5 Hz, 2H, CH,),
3.51 (t, J = 6.2 Hz, 2H, CH,), 3.06 (s, 3H, CH,), 1.38 (s, 9H, CH, _). °C NMR (101
MHz, CDCL) & 67.2 (C, ), 38.4 (CH,), 35.5 (CH,), 28.4 (CH,), 21.2 (CH

tBu 3 Boc)'

25: tert-butyl (2-(6-(pyridin-2-yl)-1,2,4,5-tetrazin-3-yl)ethyl)carbamate

Compound 22 (1 mmol, 0.17 g), 2-cyanopyridine (5 mmol, 0.49 mL, 5 eq.) and
zinc triflate (0.25 mmol, 0.09 g, 0.25 eq.) were added to nitrogen flushed flask.
Hydrazine monohydrate (50 mmol, 2.5 g, 50 eq.) was added and the mixture was
stirred overnight at 60°C under nitrogen atmosphere. Oxidation procedure B was
performed and column purification (30% - 65% EtOAc in pentane) yielded product
25 as a pink oil (68 mg, 0.2 mmol, 22%).

"H NMR (400 MHz, CDCI,) 5 8.96 (d, J = 4.7 Hz, 1H, CH _ ), 8.65 (d, J=8.0 Hz, 1H,
CH_ ), 7.99(td, J=7.8,1.9Hz, 1H,CH ), 7.57 (t, J=6.3 Hz, 1H, CH ), 4.34 (dt,
J=17.9,3.9 Hz, 2H, CH,), 3.56 — 3.47 (m, 2H, CH,), 1.25 (s, 9H, CH, ,"). “C NMR
(101 MHz, CDCL,) § 151.4 (CH _ ), 137.9 (CH , ), 127.0 (CH ), 124.5(CH , ), 86.4
(C. ..., 33.1 (CH,), 30.2 (CH,), 28.4 (CH

q Boc 3, Boc)'

General Boc-deprotection (13-15 and 26-28)

N
NcN\l N’/Nj/ NGNW/Q
C|'\/©)\\N,Ll C|'\/©)\\N,l\l cl '\/©)\\N,Ll
+ + +
HN HN HaN
13, 14. 15.

N/
|
. N . N i Nl
cl N=™) Cl N=S cl N*
H3ﬁ/\)\\N’L‘ H3ﬁ/\)\\N’ H3N/\)\\N’L‘
26. 27. 28.

The Boc-protected tetrazine was dissolved in dry DCM (1 mL/30 mg) and 4M
HCI in dioxane (1 mL / 30 mg) was added to the reaction mixture dropwise. The
reaction was stirred for 2h at RT under N, atmosphere. The suspension was
centrifuged, and the supernatant was removed. The pellet was washed two times
via resuspension in 10 mL dry dioxane. The pellet was then resuspended in 5 mL
dry dioxane and concentrated under reduced pressure yielding compounds 13-15
and 26-28 as colored N-Boc deprotected ammonium chloride salts. 'H NMRs of
synthesized compounds were consistent with previously reported NMR results of
these compounds. Low concentrations and the instability of compounds 13-14 and

26-28 caused not all '*C NMRs to be recorded.
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13: (4-(1,2,4,5-tetrazin-3-yl)phenyl)methanamonium chloride

Compound 10 (0.1 mmol, 0.027 g) was used and resulted in the N-Boc deprotected
product 13 as a pink hydrochloride salt (12 mg, 0.06 mmol, 55%).

'H NMR (400 MHz, MeOD) & 10.39 (s, 1H, tetrazine-H), 8.68 (d, J = 8.6 Hz, 2H, CH
), 7.75(d, J=06 Hz 2H, CH___ ), 4.28 (s, 2H, CH,). *C NMR (101 MHz,
MeOD) 5 168.4 (C_.._ ), 167.7 (CH ) 157.4 (C_ o mic)r 143.0 (C_ rie): 130.9
(CH ), 43.9 (CH,

q tetrazine

129.8 (CH

tetrazine q aromatic

aromatic) aromatic

14: (4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)methanamonium chloride

Compound 11 (0.1 mmol, 0.03 g) was used and resulted in the N-Boc deprotected
product 14 as a pink hydrochloride salt (21 mg, 0.09 mmol, 87%).

H NMR (400 MHz, MeOD) & 8.62 (d, J = 8.5 Hz, 2H, CH 7.74 (d, J = 8.4 Hz,
2H,CH,_ ), 4.28 (s, 1H, NH), 3.05 (s, 3H, CH,).

aromatic)’

aromatic

15: (4-(6-(pyridin-2-yl)-1,2,4,5-tetrazin-3-yl)phenyl)methanamonium
chloride

Compound 12 (0.082 mmol, 0.03 g) was used and resulted in the N-Boc deprotected
product 15 as a purple hydrochloride salt (24 mg, 0.08 mmol, 96%).

"H NMR (400 MHz, MeOD) & 9.16 (d, J = 8.1 Hz, 1H, CH _ ), 9.08 (d, J = 4.6 Hz,
1H, CH , ), 8.80 (d, J= 8.4 Hz, 2H,CH ____),8.76 (dd, J="8.0, 1.6 Hz, 1H,CH _ ),
8.27 - 852 (m, 1H, CH _ ), 7.82 (d, J=86 Hz, 2H, CH ), 432 (s, 2H, CH,). ¥C
NMR (101 Mz, MeODJ 165.9 (C,y), 1617 (C 147.0 - 146.8 (m, CH
C,,,). 140.1(C_ . .), 133.5 (C 31.2 (CH 1269(c"h
) 43.9 (CH,).

aromatic

q tel trazme)

), 130.4 (CH

q tetrazme

q aromatic q aromatlc) aromatic r

26: (4-(1,2,4,5-tetrazin-3-yl)phenyl)methanamonium chloride

Compound 23 (13 umol, 3 mg) was used and resulted in the N-Boc deprotected
product 26 as a pink hydrochloride salt (2 mg, 0.01 mmol, 93%).

'H NMR (400 MHz, MeOD) & 10.44 (s, 1H, tetrazine-H), 3.80 — 3.71 (m, 2H, CH,),
3.67 (d, J = 10.4 Hz, 2H, CH,).
27: 2-(6-methyl-1,2,4,5-tetrazin-3-yl)ethan-1-amonium chloride

Compound 24 (0.031 mmol, 7.3 mg) was used and resulted in the N-Boc deprotected
product 27 as a pink hydrochloride salt (7 mg, 0.04 mmol, quant.).

28: 2-(6-(pyridin-2-yl)-1,2,4,5-tetrazin-3-yl)ethan-1-amonium chloride

Compound 25 (0.034 mmol, 0.01 g) was used and resulted in the N-Boc deprotected
product 28 as a pink hydrochloride salt (9 mg, 0.04 mmol, quant.).
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H NMR (400 MHz, MeOD) 5 9.13 (d, J = 8.1 Hz, 1H, CH
CH ). 8.74 (t, 1H,CH ), 8.24 (t, J = 6.7 Hz, TH, CH
CH,), 3.73 (t, J = 6.9 Hz, 2H, CH,).

) 9.07 (d, J=5.5Hz, 1H,
), 3.92 (t, J = 6.9 Hz, 2H,

pyr

General synthesis biotin-tetrazines (16-21 and 29-31)

NZ |
’/N ’/N \
pﬁw o
NH NH
z Z_NH
X0 X0
17 18.

The NHS-biotins were dissolved in DCM after which the tetrazine ammonium salt
(1.2 eq.) and DIPEA (2 eq.) were added. The reaction mixture was stirred for 3h at
RT for tetrazines 13-15 and stirred for 24h at RT for tetrazines 26-28. Completion
of the reaction was checked with LC-MS and the mixture was concentrated. After
purification by HPLC all fractions containing the product were pooled and lyophilized,
which yielded the biotin-tetrazines 16-21 and 29-31 as pink solids. Final compounds
were obtained in small amounts causing *C NMR signals to be too weak to be
measured for some of the compounds.

16: N-(4-(1,2,4,5-tetrazin-3-yl)benzyl)-5-(2-oxohexahydro-1H-
thieno[3,4-d]imidazol-4-yl)pentanamide

NHS-biotin (0.046 mmol, 0.016 g) was dissolved in 2.4 mL DCM. Compound 13
(0.055 mmol, 0.012 g, 1.2 eq) and DIPEA (0.092 mmol, 0.016 mL, 2 eq) were added
to the reaction mixture. After purification compound 16 was obtained as a pink solid
(14.0 mg, 0.03 mmol, 73%).

'H NMR (400 MHz, DMSO-D,, HH-COSY) 6 10.58 (s, 1H, tetrazine-H), 8.49 (d, J =
6.1Hz, 1H,NH _ . ), 8.46(d, J=83Hz,2H,CH ) 7.563(d, J=8.4 Hz, 2H, CH
aromatic)» 0-44 (8, TH,NH ), 6.36 (s, 1H, NH ), 4.39 (d, J=6.0 Hz, 2H, CH,), 4.33
-4.27 (m, 1H,CH ), 4.17 -=4.09 (m, 1H, CH . ), 3.14 - 3.07 (m, 1H, CH ),
2.82(dd, J=12.5,5.1 Hz, 1H, CH, . ), 2.57 (d, J=21.2 Hz, 1H, CH ,2.19(t, J
=7.4Hz, 2H,CH, ), 1.68-1.26 (m, 6H, CH
HRMS: calculated for C,;H,,N,O,S [M+H]+ 414.17; found 414.17138

19" 24

2 biotin)
2 Iinker)'
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17: N-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)-5-(2-oxohexahydro-1H-
thieno[3,4-d] imidazol-4-yl) pentanamide

NHS-biotin (0.073 mmol, 0.025 g) was dissolved in 3.75 mL DCM. Compound 14
(0.087 mmol, 0.021 g, 1.2 eq) and DIPEA (0.145 mmol, 0.025 mL, 2 eq) were added
to the reaction. After purification compound 17 was obtained as a pink solid. (16.3
mg, 0.04 mmol, 53%).

'H NMR (400 MHz, DMSO-D,) 5 8.47 (t, J = 6.0 Hz, 1H, NH ___), 8.42 (d, J = 8.4
Hz, 2H,CH ), 7.51(d, J=83Hz, 2H,CH ), 6.44 (s, 1H, NH,_ ), 6.36 (s,
1H NH, ) 4'38 (d, J= 6.0 Hz, 2H, CH,), 4.30 {dd. 1H, CH,_. ), 4.16 —4.09 (m, 1H,
CH,_ ). 310 (dt, J= 8.7, 5.6 Hz, 1H, CH ,_ ), 2.99 (s, 3H, CH,), 2.82 (dd, J = 12.5,
5.1 Hz, 1H, CH,, . ), 2.67 (q, J= 1.8 Hz, 1H, CH, . ), 2.18 (t, J = 7.4 Hz, 2H, CH,
), 167—1 29 (m, 6H, CH, ,mker) 5C NMR (101 Mz, DMSO-D,) 5 175.8 (C
biotin)’ 1632 carbon Iamlde) 1482 ) 1446 (thetrazme) 1347 (C
(CH 12% (CH ),120. 3% C..o ),611(CH, ), 59.2(CH ),
. (CH, ,,.). 25.3 (CH, ..), 11.6 (CH,).

aromatlc aromatlc
HRMS: calculated for C N,O,S [M+H]+ 428.19; found 428.18794

linker/? q carbonyl

q arol matlc)

55.5 (CH

tetrazine

2 biotin 2 linker/? 2 linker

) 526 (CH, ), 41:8°(CH,), 31.3
20 26

18: 5-(2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-N-(4-(6-(pyridin-
2-yl)-1,2,4,5-tetrazin-3-yl)benzyl)pentanamide

NHS-biotin (0.065 mmol, 0.022 g) was dissolved in 3.2 mL DCM. Compound 15
(0.079 mmol, 0.024 g, 1.2 eq) and DIPEA (0.131 mmol, 0.023 mL, 2 eq) were added
to the reaction mixture. After purification, compound 18 was obtained as a purple
solid. (12.7 mg, 0.03 mmol, 40%).

"H NMR (400 MHz, DMSO-D,, HH-COSY) & 8.92 (d, J = 4.5 Hz, 1H, CH _ ), 8.57 (d,
J=79Hz, 1H,CH ), 853 (d, J = 8.4 Hz, 2H CH ), 8.49(d, J= 80 Hz, 1H,
NH__),8.15 (td, J£7.8,1.8 Hz, 1H, CH ), 7.72 (ddd, J = 7.6, 4.7, 1.2 Hz, 1H, CH

), 756 (d, J = 8.4 Hz, 2H, CH ) 644 (s, 1H, NH ), 6.37 (s, 1H, NH __ ),
o), 417 = 4.09 (m, 1H, CH

4y41 (d, J = 5.9 Hz, 2H, CH,), 4.34=4.27 (m, 1H, CH
), 2.83 (dd, J = 12.5, 51 Hz, 1H, CH, ), 2.58 (d,

), 3.16 —3.07 (m, 1H, CH
J=12.5Hz, 1H, CH ), 1.66 —1.31 (m, 6H, CH,

biotin

), 220 (t, J=7.4 Hz, 2H, CH

2 biotin 2 linker/?

). ®C NMR (101 MHz, DMSO-D,) & 172.4 (cq crvony b )» 1632 (C, tmzme) 150 6
(CH,,) 146.6 (C_, ), 145.2 (C _° ), 137.9 (CH 3. 130.2 (C_ . ) 128.2 (CH
. 37128.0 (CH'. ), 124.0 (CH ). 611 (CH ), 59.3 (CH'y), 55. 5 (CH o
419 (CH,), 33.5 (CH, . _),28.1 (CH,, ), 254 (CH, ).

HRMS: calculated for C,,H, N,O,S [M+H]+ 491.20; found 491.19836
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z—
\

z-Z
z=2Z
\
z-Z
z=2Z
\

Z_

z=2Z

HN HN HN

19: N-(4-(1,2,4,5-tetrazin-3-yl)benzyl)-6-(5-(2-oxohexahydro-1H-
thieno[3,4-d]imidazol-4-yl)pentanamido)hexanamide

NHS-LC-biotin (0.075 mmol, 0.034 g) was dissolved in 3.75 mL DCM. Compound 13
(0.090 mmol, 0.020 g, 1.2 eq) and DIPEA (0.150 mmol, 0.026 mL, 2 eq) were added
to the reaction mixture. After purification, compound 19 was obtained as a pink solid.
(23.8 mg, 0.05 mmol, 60%).

'H NMR (400 MHz, DMSO-D,) & 10.58 (s, 1H, tetrazine-H), 8.47 (d, J = 3.3 Hz, 2H,
CH_,_. ). 845(tJ=19Hz 1H,NH_ ) 7.76 (t J=56Hz, 1H,NH ), 7.53 (d,
J=83Hz, 2H,CH ), 6.42(s, 1H,NH,_ ), 6.36 (s, 1H,NH _ ), 4.39(d, J=6.0
Hz 2H, CH,), 4.29 (dd, J = 7.8, 4.9 Hz, 1H, CH , . ), 4.12 (dd, J = 7.8, 4.4 Hz, 1H,

), 3.08 (dt, J=8.7, 5.8 Hz, 1H, CH __ ), 3.01(q, J= 6.6 Hz, 2H, CH, ), 2.81
2.58 (s, 1H, CH, linker), 2.17 (t, J = 7.4 Hz, 2H,
CH,  ),204(t J=74Hz 2HCH, ) 1.67—119 (m, 12H, CH, ). "C NMR
(101 MHZ’ DMSO_DG) 6 172.4 (Cq carbon: Iamlde) 171 9 (Cq carbonyl amlde) 1655 (CH tetrazine)’
1628 (Cq carbon Ibiotin) 145 1 (Cq aromatlc ’ { 4 (Cq aromatlc) 128 (CH aromatlc) 1279 (CH
aromatic) ©1- ¢ bion)» 99-2 (CH ), 85.5 (CH . ), 41.9 (CH,), 38.4 (CH ), 35.4
( 2I|nker) 35 3 (CHZ Imker) 29 O 25 1 (CHZ Imker)

HRMS: calculated for C N,O,S [M+H]+ 527.26; found 527.25596

blotln

( J=125,5.1Hz, 1H, CH, ),

2 linker

biotin 2 linker:

25 35
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20: N-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)-6-(5-(2-oxohexahydro-
1H-thieno[3,4-d]imidazol-4-yl)pentanamido)hexanamide

NHS-LC-biotin (0.083 mmol, 0.038 g) was dissolved in 4.15 mL DCM. Compound 14
(0.1 mmol, 0.025 g, 1.2 eq) and DIPEA (0.167 mmol, 0.029 mL, 2 eq) were added
to the reaction mixture. After purification compound 20 was obtained as a pink solid.
(23.2 mg, 0.04 mmol, 52%).

'H NMR (400 MHz, DMSO-D,) 5 8.46 (d, J=5.9 Hz, 1H,NH ___ ), 8.42(d, J=8.3 Hz,
2H,CH__ ), 7.76(t, J=56Hz, 1H,NH ), 7.51(d, J=8.2Hz, 2H,CH__ ),
6.42 (s, TH,NH . ), 6.36 (s, 1H,NH ), 4.38 (d, J = 6.0 Hz, 2H, CH,), 4.29 (dd, J
=7.7,49Hz,1H,CH ), 4.12(dd, J=7.8,4.4 Hz, 1H,CH ), 3.11 = 3.05 (m, 1H,
CH,), 3.02(dd, 2H, CH,, ), 2.99 (s, 3H, CH,), 2.81 (dd, J = 12.5, 5.1 Hz, 1H, CH,
soin)s 2:56 (d, J = 12.8 Hz, 1H, CH, ), 2.17 (t, J=T7.4 Hz, 2H, CH, ), 2.03 (t, J =
7.4 Hz, 2H, CH,, ), 1.59—1.20 (m, 12H, CH, ). *C NMR (101 MHz, DMSO-D,)
6 172.4 (Cq carbon Iamide)’ 1719 (Cq carbonyl amide)’ 1671 (C tetrazine)’ 1632 (Cq tetrazine)’ 1628
(Cq carbon Ibiotin)’ 1146 (Cq aromatic)' 1304 (Cq aromatic)’ 128% (CH aromatic)’ 1275 (CH

611 (CH ... ), 59.2 (CH .. ), 55.5 (CH ...}, 41.9 (CH,), 38:4 (CH

), 35.3 (CH, ), 29.0-25.1 (CH, ), 20.9 (CH,).

HRMS: calculated for C,.H,,N,O,S [M+H]+ 541.27; found 541.27139

26" 37

2 linker

aromal ic)’
), 35.4°(CH,

2 linker

linker 2 linker

21: 6-(5-(2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanamido)-
N-(4-(6-(pyridin-2-yl)-1,2,4,5-tetrazin-3-yl)benzyl)hexanamide

NHS-LC-biotin (0.062 mmol, 0.028 g) was dissolved in dry DCM (3.1 mL). Compound
15 (0.075 mmol, 0.022 g, 1.2 eq.) and DIPEA (0.124 mmol, 0.022 mL, 2 eq). were
added to the reaction mixture. After purification compound 21 was obtained as a
purple solid. (15.0 mg, 0.02 mmol, 40%).

'H NMR (400 MHz, DMSO-D,) 6 8.92 (ddd, J=4.7,1.8,0.9 Hz, 1H, CH _ ), 8.57 (dt,
J=8.0,1.1Hz,1H,NH __ ), 8.56-8.51 (m,2H,CH _ ) 8.48(t, J=6.0 Hz, 1H,
CH ) 815(td, J=7.8,18Hz, 1H,CH ) 7.77 (t, J=5.6Hz, 1H,NH . ) 7.72
(dd(f, J=76,47,12Hz,1H,CH ), 7.56 (d,J=83Hz,2H,Ch __ ), 6.43 (s, 1H,
NH _ cbioin), 6-36 (s, TH,NH ), 4.41(d, J=6.0Hz, 2H, CH,),4.29 (dd, J=7.7,
49Hz,1H,CH . ), 4.11(dd, J=7.8,44Hz, 1H,CH ), 3.12-3.05 (m, 1H, CH
vioin)» 3-01 (0, J=6.6 Hz, 2H, CH, ), 2.80 (dd, J=12.4,5.0 Hz, 1H, CH, . ), 2.70
—-2.64 (m, 1H, CH, . ), 2.53 (d, J = 8.8 Hz, 3H, CH,), 2.18 (t, J = 7.4 Hz, 2H, CH,
inker)» 2:04 (8, J=7.4Hz, 2H, CH, ), 1.65-1.19 (m, 12H, CH, ). *C NMR (101
MHz, DMSO-D,) & 176.1, 172.5, 171.9, 162.1, 151.6, 150.7, 145.2, 139.7, 130.2,
128.2, 128.0, 61.1, 59.2, 55.5, 41.9, 31.7, 28.1, 26.2, 25.4, 25.1.

HRMS: calculated for C, H,,N,O,S [M+H]+ 604.28; found 604.28255

30" '38
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N
N I

29: N-(2-(1,2,4,5-tetrazin-3-yl)ethyl)-5-(2-oxohexahydro-1H-thieno[3,4-d]
imidazol-4-yl)pentanamide

NHS-biotin (0.01 mmol, 3.5 mg) was dissolved in dry DCM (0.7 mL). Compound 26
(0.012 mmol, 2 mg, 1.2 eq.) and DIPEA (0.021 mmol, 3.6 yL, 2 eq.) were added to
the reaction mixture. After purification compound 29 was obtained as a pink solid
(1.4 mg, 0.004 mmol, 38%).

'H NMR (400 MHz, D,O, HH-COSY) & 10.39 (s, 1H, tetrazine-H), 4.59 (t, 1H, CH
vioin)» 441 (t, TH, CH ), 3.77 (t, 2H, CH,), 3.55 (t, J = 6.3 Hz, 2H, CH,), 3.33 - 3.22
(m, 1H, CH,, ), 2.98 (dd, 1H, CH, . ), 2.76 (d, J = 13.1 Hz, 1H, CH ), 214 (1, J
=7.3Hz, 2H, CH ), 1.78 = 1.22 (m, 6H, CH, . ).

HRMS: calculated for C,,H,,N,O,S [M+H]+ 352.16; found 352.15587

147 22

2 biotin
2 linker:

30: N-(2-(6-methyl-1,2,4,5-tetrazin-3-yl)ethyl)-5-(2-oxohexahydro-1H-
thieno[3,4-d]imidazol-4-yl)pentanamide

NHS-biotin (0.026 mmol, 8.9 mg) was dissolved in dry DCM (1.8 mL). Compound
27 (0.031 mmol, 5.4 mg, 1.2 eq.) and DIPEA (0.052 mmol, 9 uL, 2 eq.) were added
to the reaction mixture. After purification, compound 30 was obtained as a pink solid
(7.0 mg, 0.02 mmol, 73%).

'H NMR (400 MHz, D,0) & 4.59 (dd, J = 7.8, 5.2 Hz, 1H, CH,_), 4.39 (dd, J = 8.2,
4.4 Hz, 1H, CH, ), 3.74 (q, J = 5.2 Hz, 2H,CH,), 3.48 (t, J = 6.4 Hz, 2H, CH,), 3.27
(dt, J = 9.5, 5.0 Hz, 1H, CH,_, ), 3.02 (d, J = 1.7 Hz, 3H, CH,), 3.00 — 2.93 (m, 1H,
CH, o) 2.75 (d, J = 13.1 Hz, 1H, CH,, ), 2.13 (t, J = 7.2 Hz, 2H, CH, ), 1.77
— 1.18 (m, 6H, CH,,,)-*C NMR (101 MHz, D,0) & 167.8, 62.1 (CH ,,_,.), 60.3 (CH
), 55.3 (CH ,,,), 39.7 (CH,).

biotin)

biotin biotin)
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HRMS: calculated for C,.H,,N.,O,S [M+H]+ 366.17; found 366.17139

15" 24

31: 5-(2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-N-(2-(6-(pyridin-
2-yl)-1,2,4,5-tetrazin-3-yl)ethyl)pentanamide

NHS-biotin (0.033 mmol, 0.011 mg) was dissolved in dry DCM (2.2 mL). Compound
28 (0.039 mmol, 9.3 ug, 1.2 eq.) and DIPEA (0.065 mmol, 11 uL, 2 eq.) were added
to the reaction mixture. After purification compound 31 was obtained as a pink solid
(3.3 mg, 0.01 mmol, 35%).

'H NMR (400 MHz, D,0)5 8.70 (s, 1H, CH o) 852 (d, J=8.0Hz, 1H,CH ), 8.09
(t J=7.9Hz, 1H,CH ) 7.66 (s, 1H,CH ) 4.29 (s, 1H,CH ), 4.10 (s, 1H, CH
viotin)» 3-70 (d, J=16.9 F—Iz, 2H, CH,), 3.48 (s, 2H, CH,), 2.97 (s, 1H, CH, . .), 2.77 —
2.59 (m, 1H,CH, . ), 2.561 =237 (m, 1H,CH . ), 1.99 (t, J= 6.9 Hz, 2H, CH
1.47-0.90 (m, 6H, CH, )

HRMS: calculated for C,;H,.N,O,S [M+H]+ 429.18; found 429.18243

19" '25

biotin 2 Iinker)’

Biological experiments

General. Sterculic acid (StA) was purchased from Cayman Chemical (#26735),
and stored as 10 mM or 100 mM stock solutions in DMSO at -20°C. The tetrazine-
fluorophore conjugates 3 and 7 were synthesised in-house (see Chapter 2 of this
thesis), and were stored as 2 mM stock solutions in DMSO at -20°C. Biotin-PEG4-
tetrazine was purchased from Conju-Probe (#CP-6001), and stored as an 80 mM
stock solution in DMSO at -20°C. The other biotin-tetrazines (16-21 and 29-31) were
synthesised in-house as described above, and stored as 10 mM stock solutions
in DMSO at -80°C. Streptavidin AZDye 647 (Monovalent) labelling reagent was
purchased from Abcam (#ab272190), and stored as delivered at 4°C.

Culturing of DC2.4 cells. DC2.4 cells were cultured in RPMI 1640 culture medium
(Gibco, #31870025) supplemented with 10% FCS, GlutaMAX (2 mM), sodium
pyruvate (1 mM), 1x non-essential amino acids (NEAA, Thermo Fisher Scientific),
penicillin (100 1.U./mL), streptomycin (50 pg/mL), and 2-mercaptoethanol (50 uM,
Thermo Fisher Scientific), and incubated at 37°C, 5% CO,. The cells were grown to
70-80% confluency and passaged every 2-3 days by trypsinisation.

SDS-PAGE analysis of protein lipidation with sterculic acid. 3.4x10° cells
were seeded per well in a 6-well plate (Sarstedt) and allowed to attach for 20 h
at 37°C, 5% CO,. Half the samples were stimulated with LPS-EB Ultrapure (100
mg/mL, InvivoGen) in fresh culture medium, while the other half got refreshed
culture medium. All dishes were incubated 24 h at 37°C, 5% CO,, and washed with
medium x2. StA (100 uM) or DMSO vehicle (0.1%) in fresh culture medium were
added to the dishes and incubated for 20 h at 37°C, 5% CO,. The click-on-live-cell
samples (Figure 2B) were washed with medium x2 before 10 uM of fluorophore
7 in fresh culture medium was added. The cells were incubated for 2 h at 37°C,
5% CO,. Medium was aspirated and all cells were washed with PBS x2, harvested
by scraping in ice-cold PBS, and centrifuged at 1000 g, 5 min. Supernatant was
aspirated and cell pellets were lysed by resuspension in cold lysis buffer (sucrose
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(250 mM) and MgCI, (1 mM) in PBS supplemented with 1x EDTA-free protease
inhibitor (Roche)). Samples were incubated 10 min on ice with occasional vortexing,
followed by sonication (Qsonica Q700 Microplate Sonicator, 2 x 10 s pulses, 10%
amplitude, 0°C). Protein concentrations were measured by Qubit assay (Invitrogen)
according to the manufacturer’s protocol, and all samples were adjusted to 1 mg/mL
in 10 pL lysis buffer. 5 pL of 3x concentrated click-mix (30 pM fluorophore 3 in PBS)
were added to the click-on-lysate (Figure 2A) samples to give a final fluorophore
concentration of 10 yM. Samples were incubated in the dark at RT for 2 h, before
addition of 5 pL 4x Laemmli buffer (without 2-mercaptoethanol) to all samples and
incubation at RT for 20 min to ensure all proteins were completely denatured.
The samples were resolved by SDS-PAGE (12.5% acrylamide gel, +80 min, 175
V) alongside protein marker (PageRuler Plus, Thermo Fisher Scientific) until the
bromophenol blue had just come off the gel. In-gel fluorescence was measured in
the AlexaFluor 488- Cy3-, and Cy5-channels on a Chemidoc MP imaging system
(Bio-Rad), before subsequent staining with Coomassie, followed by destaining and
imaging as a loading control.

Microscopy to verify cell-permeability of biotin-Tzs. 7x10* DC2.4 cells were
seeded per well in a flat-bottom 96-well plate. The plates were incubated at 37°C,
5% CO, overnight to let the cells attach. StA (100 pM) or DMSO vehicle (0.1%) in
fresh culture medium were added to the dishes and incubated for 1 h at 37°C, 5%
CO,. All wells were washed with medium x2. For the live-cell click reaction, wells
were treated with biotin-tetrazines 16-21 and 29-31 (200 yM), biotin-PEG4-tetrazine
(200 uM) or DMSO vehicle (2%) in medium for O h or 4 h at 37°C, 5% CO,,. All live-
click samples were washed with medium x3, followed by PBS x3. All wells were
fixed with 4% PFA in PBS for 30 min. Samples were stored in 0.5% PFA in PBS
for maximum one week at 4°C until further processing. All wells were washed with
PBS x1, followed by glycine (20 mM) in PBS x1. The cells were permeabilised with
saponin (0.01%) in PBS for 15 min and washed with PBS x2. All wells were blocked
with BSA (1%) in PBS for 1 h. For the fixed-cell click reaction, wells were at this point
treated with biotin-tetrazines 16-21 and 29-31 (200 uM), biotin-PEG4-tetrazine (200
pUM) or DMSO vehicle (2%) in BSA (1%) in PBS for 0 h or 4 h at 37°C. The fixed-
click samples were washed with BSA (1%) in PBS x6, and all wells were stained
with streptavidin AZDye 647 (1:3000) at RT for 1 h. All wells were washed with PBS
x4, before counterstaining the nuclei with Hoechst 33342 (2 ug/mL) in PBS for 10
min. The wells were washed with PBS x1 and glycerol/DABCO mounting medium
was added. The samples were imaged with the 20x objective of an EVOS M7000
Imaging System (Thermo Fisher Scientific), using the DAPI and Cy5 channels.

Chemical proteomics on StA-treated DC2.4 cells. 7.5x10° DC2.4 cells were
seeded in 6 cm dishes in triplicate and allowed to attach for 20 h at 37°C, 5% CO.,,
Cells were then either treated with LPS-EB Ultrapure (100 ng/mL, InvivoGen) or
vehicle (PBS) in fresh medium for 24 h. Cells were then washed with medium twice
and StA (10 pM) or vehicle (0.1% DMSO) was added. After 20 h of incubation, the
medium was aspirated. Live-cell click samples were washed with fresh medium x2,
before adding compound 17 or 19 (200 uM) diluted in fresh medium, and incubating
the samples at 37°C, 5% CO, for 4 h to allow the compounds to react with StA. After
the click reaction, the samples were washed with fresh medium x2 followed by DPBS
x2. Simultaneously, the samples to be clicked-in-lysate were washed with DPBS x2,
and all samples were harvested by scraping in ice-cold DPBS. Cells were pelleted by
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centrifugation (1000 g, 5 min), supernatant was aspirated and cell pellets were lysed
by resuspension in cold lysis buffer (Sucrose (250 mM) and MgCl, (1 mM) in PBS
with 2x EDTA-free protease inhibitor (Roche)). Cells were lysed by vortexing followed
by sonication (Qsonica Q700 Microplate Sonicator, 2x10 s pulses, 10% amplitude,
0°C). Protein concentration was measured by Qubit Protein assay (Invitrogen) and
all samples were adjusted to the lowest protein concentration. To assist membrane
solubility, 0.1% Triton X-100 was added to the click-on-lysate samples followed by
click reaction with biotin-PEG4-tetrazine (200 uM) at 37°C for 4 h. The volume of all
samples was adjusted to 520 yL with PBS and proteins were precipitated by addition
of MeOH (666 L), CHCI, (166 uL) and MilliQ (150 uL), vortexing after each addition.
After spinning down (1500 g, 10 min) the upper and lower layer were aspirated and
the protein pellet was resuspended in MeOH (600 pL) by sonication (Qsonica Q700
Microplate Sonicator, 2 x 10 s pulses, 10% amplitude). The proteins were spun down
(20 000 g, 5 min) and the supernatant was discarded.

The proteins were redissolved in 500 yL PBS containing 0.5% SDS and 5 mM
DTT by heating to 65°C for 15 minutes, allowed to cool to RT and alkylated by
addition of IAA (15 pL, 0.5 M) for 30 min. Excess IAA was quenched with DTT (5
uL, 1 M) and samples were transferred to Eppendorf tubes containing 500 uL PBS
and 25 pL prewashed Pierce™ High Capacity Streptavidin Agarose slurry (Thermo
Fisher Scientific). Samples were agitated (1000 rpm) for 2 h to ensure binding to the
beads, which were then spun down (3.000 g, 2 min). Supernatant was discarded
and beads were washed with PBS containing 0.5% SDS (3X) and PBS (3X). Beads
were resuspended in MilliQ, transferred to Protein LoBind tubes (Eppendorf), spun
down (3000 g, 2 min) and supernatant was discarded. The beads were resuspended
in digestion buffer (200 yL, 100 mM Tris pH 7.8, 100 mM NaCl, 1 mM CaCl,, 2%
(v/v) acetonitrile, sequencing-grade trypsin (Promega, 0.25 ug)) and incubated while
shaking overnight (16 h, 37°C, 1000 rpm). Beads were spun down (3000 g, 2 min)
and supernatant containing tryptic peptides were transferred to new Protein LoBind
tubes. The beads were washed with a 10% formic acid solution (100 pL), which
was transferred to the previously isolated peptides. Peptides were desalted using
C18 StageTips preconditioned with 50 yL MeOH, 50 uL of 0.5% (v/v) FA in 80%
(v/v) acetonitrile/MilliQ (solution B) and 50 uL 0.5% (v/v) FA in MilliQ (solution A) by
centrifugation (600 g, 2 min). The peptides were washed with solution A (100 pL, 800
g, 3 min) and eluted into new Protein LoBind tubes using solution B (100 uL, 800
g, 3 min). Samples were concentrated using an Eppendorf SpeedVac (Eppendorf
Concentrator Plus 5301 or 5305) and stored at -80°C until measurement.

Nano-LC-MS settings for pull-down samples. Desalted peptide samples were
reconstituted in 25-35 pyL LC-MS solution (97:3:0.1 H,0, ACN, FA) containing 10
fmol/uL yeast enolase digest (cat. 186002325, Waters) as injection control. Injection
amount was titrated using a pooled quality control sample to prevent overloading
the nanoLC system and the automatic gain control (AGC) of the QExactive mass
spectrometer. The desalted peptides were separated on a UltiMate 3000 RSLCnano
system set in a trap-elute configuration with a nanoEase M/Z Symmetry C18 100
A, 5 ym, 180 pm x 20 mm (Waters) trap column for peptide loading/retention and
nanoEase M/Z HSS C18 T3 100 A, 1.8 um, 75 pm x 250 mm (Waters) analytical
column for peptide separation. The column was kept at 40°C in a column oven.
Samples were injected on the trap column at a flow rate of 15 pyL/min for 2 min
with 99% mobile phase A (0.1% FA in ULC-MS grade water (Biosolve)), 1% mobile
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phase B (0.1% FA in ULC-MS grade acetonitrile (Biosolve)) eluent. The 85 min LC
method, using mobile phase A and mobile phase B controlled by a flow sensor at
0.3 pL/min with average pressure of 400-500 bar (5500-7000 psi), was programmed
as gradient with linear increment to 1% B from 0 to 2 min, 5% B at 5 min, 22%
B at 55 min, 40% B at 64 min, 90% B at 65 to 74 min and 1% B at 75 to 85 min.
The eluent was introduced by electro-spray ionization (ESI) via the nanoESI source
(Thermo Fisher Scientific) using stainless steel Nano-bore emitters (40 mm, OD
1/32”, ES542, Thermo Fisher Scientific).

The QExactive HF was operated in positive mode with data dependent acquisition
without the use of lock mass, default charge of 2+ and external calibration with LTQ
Velos ESI positive ion calibration solution (88323, Pierce, Thermo Fisher Scientific)
every 5 days to less than 2 ppm. The tune file for the survey scan was set to scan
range of 350 — 1400 m/z, 120,000 resolution (m/z 200), 1 microscan, automatic gain
control (AGC) of 3e6, max injection time of 100 ms, no sheath, aux or sweep gas,
spray voltage ranging from 1.7 to 3.0 kV, capillary temp of 250°C and an S-lens
value of 80. For the 10 data dependent MS/MS events the loop count was set to
10 and the general settings were resolution to 15,000, AGC target 1e5, max IT
time 50 ms, isolation window of 1.6 m/z, fixed first mass of 120 m/z and normalized
collision energy (NCE) of 28 eV. For individual peaks the data dependent settings
were 1.00e3 for the minimum AGC target yielding an intensity threshold of 2.0e4 that
needs to be reached prior of triggering an MS/MS event. No apex trigger was used,
unassigned, +1 and charges >+8 were excluded with peptide match mode preferred,
isotope exclusion on and dynamic exclusion of 10 sec.

In between experiments, routine wash and control runs were done by injecting 5 ul
LC-MS solution containing 5 pL of 10 fmol/uL BSA or enolase digest and 1 pL of 10
fmol/uL angiotensin Il (Fluka, Thermo)/oxytocin (Merck) to check the performance of
the platform on each component (nano-LC, the mass spectrometer (mass calibration/
quality of ion selection and fragmentation) and the search engine).

Data processing of pull-down samples. Raw files were analysed with MaxQuant
(Version 2.0.1.0). The following changes were made to the standard settings of
MaxQuant: Label-free quantification (LFQ) was chosen with an LFQ minimal ratio
count of 1. Match between runs and iBAQ quantification was enabled. Searches
were performed against a Uniprot database of the Mus Musculus proteome (UPID:
UP000000589, downloaded April 13", 2022) including the internal standard (yeast
enolase P00924). The “proteinGroups.txt” file was used for further analysis in
Microsoft Excel, and R Statistical Software® (Version 4.3.0). StA-enriched proteins
were selected by filtering the proteins for detection by 2+ unique peptides, not found
in the reverse decoy FASTA file. At most 1 missing LFQ value in the positive samples
(+StA) was allowed, and missing values were imputed with the average value of the
two remaining measurements. In cases where three values were missing from the
negative samples (DMSO vehicle), the missing values were imputed with a negligible
small number to allow for further processing and statistical calculations. Significantly
StA-enriched proteins were determined using the empirical Bayes method in the
Limma package®® (Version 3.58.1) in R, and these proteins were determined to have
a 2-fold difference between average LFQ values between StA- or vehicle-treated
samples with an adjusted p-value of <0.05.
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Supplementary Figures & Tables
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Figure S1: Structures of A) fluorophore 3 from Chapter 2, B) fluorophore 7 from Chapter 2,
C) biotin-PEG4-tetrazine.
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Figure S2: Fluorescent microscopy to verify cell-permeability of tetrazine-modified biotins
16-21, 29-31, and biotin-PEG4-tetrazine in live DC2.4 cells. To allow uptake of the fatty acid,
the cells were incubated with sterculic acid (+StA, 100 uM) or vehicle control (-StA) for 1 h.
Then the respective tetrazine-modified biotins (200 uM) were added and incubated for 4 h,
before unreacted compound was washed away. The cells were fixed and permeabilised, and
a streptavidin AZDye 647 conjugate (grey) was added to visualise the location of the reacted
biotins. The nuclei were counterstained with Hoechst 33342 (blue) for reference.
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Figure S3: Fluorescent microscopy to verify reactivity to sterculic acid (StA) of tetrazine-
modified biotins 16-21, 29-31, and biotin-PEG4-tetrazine in fixed DC2.4 cells. To allow uptake
of the fatty acid, the cells were incubated with StA (+StA, 100 uM) or vehicle control (-StA) for
1 h. The cells were fixed and permeabilised before the respective tetrazine-modified biotins
(200 uM) were added and incubated for 4 h. Unreacted compound was washed away, and a
streptavidin AZDye 647 conjugate (grey) was added to visualise the location of the reacted
biotins. The nuclei were counterstained with Hoechst 33342 (blue) for reference.
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Figure S4: Control fluorescent microscopy to ensure there is no background fluorescence
when the tetrazine-modified biotins 16-21, 29-31, and biotin-PEG4-tetrazine are not added
to live DC2.4 cells. To allow uptake of the fatty acid, the cells were incubated with sterculic
acid (+StA, 100 uM) or vehicle control (-StA) for 1 h. Then vehicle control (for the tetrazine-
modified biotins) was added and incubated for 4 h. The cells were fixed and permeabilised,
and a streptavidin AZDye 647 conjugate (grey) was added to visualise the background
fluorescence. The nuclei were counterstained with Hoechst 33342 (blue) for reference.
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Figure S5: Control fluorescent microscopy to ensure there is no background fluorescence
when the tetrazine-modified biotins 16-21, 29-31, and biotin-PEG4-tetrazine are not added
to fixed DC2.4 cells. To allow uptake of the fatty acid, the cells were incubated with sterculic
acid (+StA, 100 uM) or vehicle control (-StA) for 1 h. The cells were fixed and permeabilised,
and the vehicle control (for the tetrazine-modified biotins) was added and incubated for 4 h. A
streptavidin AZDye 647 conjugate (grey) was added to visualise the background fluorescence.
The nuclei were counterstained with Hoechst 33342 (blue) for reference.
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Figure S6: Control fluorescent microscopy to ensure there is no background fluorescence
when the tetrazine-modified biotins 16-21, 29-31, and biotin-PEG4-tetrazine are added to
live DC2.4 cells but immediately washed away. To allow uptake of the fatty acid, the cells
were incubated with sterculic acid (+StA, 100 uM) or vehicle control (-StA) for 1 h. Then
vehicle control (for the tetrazine-modified biotins) was added and incubated for 4 h. The cells
were fixed and permeabilised, and a streptavidin AZDye 647 conjugate (grey) was added to
visualise the background fluorescence. The nuclei were counterstained with Hoechst 33342
(blue) for reference.
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Figure S7: Control fluorescent microscopy to ensure there is no background fluorescence
when the tetrazine-modified biotins 16-21, 29-31, and biotin-PEG4-tetrazine are added to
fixed DC2.4 cells but immediately washed away. To allow uptake of the fatty acid, the cells
were incubated with sterculic acid (+StA, 100 uM) or vehicle control (-StA) for 1 h. The cells
were fixed and permeabilised, and the vehicle control (for the tetrazine-modified biotins)
was added and incubated for 4 h. A streptavidin AZDye 647 conjugate (grey) was added to
visualise the background fluorescence. The nuclei were counterstained with Hoechst 33342
(blue) for reference.
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Table S1: List of gene names of the proteins that were found to be significantly enriched
with sterculic acid (StA) in immature or mature DC2.4 cells, using compounds 17 or 19. The
proteins that were also found to be significantly StA-enriched with biotin-PEG4-tetrazine are

underlined.

Compound 17 in
immature DC2.4s

Compound 17 in
mature DC2.4s

Compound 19 in
immature DC2.4s

Compound 19 in
mature DC2.4s

Fbxo4
Dbnl
Lilrb4
Tp53bp1
Hnrnpd
Ppp2r2a/b/d

Fbxo4
Rpl26
Kif15
Fam129b
Mocos
Morc3
Gceat
Rars2
Rps13
Srsf4/6

Gk
Tpent
Vadac2
Apc2
Ptprj
Myo1g
Ckap4
Slc23a2
Rpl5
Mmd2
Lbr

Gk
Tpent
Vadac2
Piscr1
Rabbc
Myo1c
Cds2
ThI3
Tmem38b
Rdh11
Syk
Rec2
Npm1
Pigu
Mtap
Sfxn1
Atplat
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Figure S8: Venn diagrams showing overlap in proteins that were found to be sterculic acid-
enriched with compounds 17, 19, or biotin-PEG4-tetrazine in immature and mature DC2.4
cells.

Table S2: Significantly sterculic acid-enriched proteins with known immunological functions (as
annotated by UniProt keyword KW-0391#), that were detected by compound 17 in immature
or mature DC2.4 cells. Whether the proteins are known to be lipidated (as annotated by
UniProt keyword KW-0449*") or membrane proteins (as annotated by UniProt keyword KW-
0472%), is also indicated (with x).

Immature Mature
Lipidated = Membrane Lipidated Membrane
Dbnl X Morc3
Lilrb4 X

Table S3: Significantly sterculic acid-enriched proteins with known immunological functions (as
annotated by UniProt keyword KW-0391#), that were detected by compound 19 in immature
or mature DC2.4 cells. Whether the proteins are known to be lipidated (as annotated by
UniProt keyword KW-0449*") or membrane proteins (as annotated by UniProt keyword KW-
0472%), is also indicated (with x).

Immature

Mature

Lipidated

Membrane

Lipidated

Membrane

Myo1g

X

Syk

X
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Table S4: Significantly sterculic acid-enriched proteins with known immunological functions
(as annotated by UniProt keyword KW-0391%), that were detected by biotin-PEG4-tetrazine in
immature or mature DC2.4 cells. Whether the proteins are known to be lipidated (as annotated
by UniProt keyword KW-0449*) or membrane proteins (as annotated by UniProt keyword
KW-0472%), is also indicated (with x).

Immature Mature
Lipidated Membrane Lipidated Membrane
Cd14 X X Cd14 X X
Smpdi3b X X Smpdi3b X X
Bst2 X X Bst2 X X
Mavs X X Mavs X X
Lat2 X X Lat2 X X
Slc15a3 X Slc15a3 X
Mcoln2 X Mcoln2 X
Ctnnbl1 Ctnnbl1
Bag6 Bag6
Ppp6c Irak4
Polr3c
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Chapter 4

Abstract

T cells undergo rapid metabolic reprogramming during activation to support the high
energy demands of cell growth and proliferation. This metabolic shift is supported by
the uptake of exogenous nutrients from the cells’ environment. For certain nutrients,
such as glutamine and glucose, the uptake mechanisms and biological effects of
high or low uptake are well understood. This is less the case for fatty acids, where
neither the uptake mechanism nor the precise biological effects of uptake have
been characterized. Here this problem is addressed using bioorthogonal chemistry:
by exposing splenocytes to sterculic acid, a bioorthogonal analogue of oleic acid,
followed by fluorescent-activated cell sorting, a method was developed to multiplex
nutrient uptake with phenotypic, proteomic, and transcriptomic differences on a
single-cell level. Cells with a high uptake of exogenous sterculic acid took on a more
effector-like phenotype and metabolism compared to low-uptake cells. Additionally,
these cells upregulated the expression of key genes and proteins related to glucose
metabolism, fatty acid synthesis, and the mevalonate pathway, also indicating a
more effector-like state. These effects became more pronounced if the T cells were
activated in vitro with aCD3/aCD28 antibodies prior to sterculic acid uptake.
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Introduction

Upon activation, T cells undergo a rapid metabolic reprogramming to support their
increased cell growth and proliferation. During the activation process, quiescent
T cells, which mainly rely on catabolic metabolism and oxidative phosphorylation
(OXPHOS) for their energy supply, shift their metabolism towards aerobic glycolysis
and anabolism to support their high energetic and biosynthetic demands.'3

Interestingly, this metabolic shift is heavily supported by an increased uptake of
exogenous nutrients such as glucose and amino acids.* The uptake of exogenous
free fatty acids (FFAs) are known to be essential for the activation and survival of
several T cell subsets.®” While fatty acids (FAs) in quiescent T cells are prone to
degradation via fatty acid oxidation (FAO) to fuel ATP production via OXPHOS, T
cells upregulate de novo fatty acid synthesis and fatty acid uptake upon activation.®
Furthermore, activated T cells are known to upregulate other lipid biosynthetic
pathways such as cholesterol biosynthesis, to support their increased need for
membrane components.2 Amore detailed description of the metabolic reprogramming
of T cells upon activation can be found in Chapter 1.

Previous work has shown that the exposure of T cells to oleic acid (OA) affects
their survival, proliferation, activation, and differentiation.®'> However, since the use
of the native form of OA in these experiments does not allow for the detection of
intracellular OA, limited information about the actual cellular OA uptake on a single-
cell level could be gathered. Additionally, it could not be determined if the observed
effects were a result of extracellular exposure of OA in the culture medium, or cellular
uptake of OA.

This thesis has demonstrated the effective manner by which the bioorthogonal OA
analogue, sterculic acid (StA), can be used to study fatty acid uptake in cells. In
this Chapter, the uptake of StA in primary cells isolated from mouse spleens was
explored at a single-cell level. Murine splenocytes are a heterogenous population of
immune cells, but contain a large portion of T cells (~30-35%).'%'" It was therefore
envisaged that the detection of StA, using the mild inverse electron-demand Diels-
Alder (IEDDA) reaction, could be used to distinguish cells with a high and low FA
uptake within the heterogenous splenocyte mixture. The focus was to identify factors
governing the ability of a cell to take up FAs during activation. Differences between
populations after short pulses of FA uptake, at times before or after activation, were
deemed to be the most informative, rather than examining the phenotype of the cells
long after immune activation to determine the functional effect of FA uptake on later
phenotypes.

With these proof-of-principle experiments, the uptake of StA was monitored on
a single-cell level by fluorescent detection with flow cytometry. Simultaneously,
proteomic and transcriptomic differences between cells with differential StA uptake
were explored. The transcriptomic differences were investigated using single-cell
RNA sequencing (scRNAseq), to gain further insight into how the heterogeneous
splenocyte population responded to the uptake of exogenous StA.
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Results & Discussion

As a strategy to multiplex OA uptake with phenotypic and multiomic information, a
workflow was developed where murine splenocytes were exposed to StA (Figure 1).
In order to do this, the method described in Chapter 2 of this thesis was re-developed:
Splenocytes — isolated from fresh mouse spleens by mechanical homogenization®
— were incubated with a short pulse of StA (Figure 1A) and the cyclopropene group
was used to perform an inverse electron-demand Diels-Alder (IEDDA) click reaction
with fluorophore 7 (Figure 1B).

The cells were analysed by flow cytometry and a variation in fluorescent signal
spanning one order of magnitude was observed in a single sample (Figure S1A),
suggesting highly heterologous fatty acid uptake in this complex mixture of immune
cells. In addition, the same experiment was performed after first activating the T
cell population within the splenocytes. Incubation with aCD3/aCD28 antibodies'®
overnight, prior to lipid uptake analysis, would allow a comparative exploration of
the fatty acid uptake in both naive and activated T cells in comparison — all within
the complex mixture of other immune cells of the spleen — to investigate potential
differences in the response upon activation. Upon T cell activation with aCD3/
aCD28, the variation in fluorescent signal during flow cytometry increased to almost
two orders of magnitude (Figure S1B).

Todetermine whetherany cell-type intrinsic factors were responsible for the differences
in lipid uptake, the high and low uptake cells were isolated by fluorescence-activated
cell sorting (FACS, Figure 1C). The fluorescence of 7 was used to separate the
highest and lowest quartile of cells based on StA uptake for further analysis of their
metabolism, transcriptomes, and proteomes (Figure 1D).
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Figure 1: lllustration showing an overview of the workflow from A) sterculic acid uptake
in murine splenocytes, B) inverse electron-demand Diels-Alder (IEDDA) reaction, C)
fluorescence-activated cell sorting (FACS), and D) the subsequent analysis methods. The
figure is made with BioRender.

Phenotypic differences between T cells with differential StA-uptake

To focus initially on a smaller subset of cells from the complex splenocyte mixture,
the highest and lowest quartile of StA uptake in CD3+/CD4+ T cells were sorted by
FACS according to the gating strategies shown in Figure S1. The well-known T cell
activation markers CD44 and CD62L2°?' were also included in the antibody panel.

Upon analysis of the cells with differential StA-uptake by flow cytometry, it was
apparent that the size of the high-uptake cells was larger than the low-uptake cells,
based on median forward scatter (FSC), for both naive (Figures 2A & 2B) and
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activated (Figures 2C & 2D) CD3+/CD4+ T cells. The activated T cells also showed
increased cellular granularity, as measured by median side scatter (SSC), upon high
StA-uptake (Figures 2C & 2D). However, no difference in cellular granularity was
observed for the naive T cells (Figures 2A & 2B). Increased cell size and granularity
is known to occur in T cells upon activation??2®, and the increased cell size has
(partially) been attributed to an increase in activity of mammalian target of rapamycin
(mTOR), a key regulator of many facets of cellular metabolism.?* Therefore, these
results could indicate that the high-uptake T cells are in a more effector-like state
than the low-uptake cells, and that the differentiation of these cells affect their ability
to take up exogenous FAs.
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Figure 2: CD3+/CD4+ T cells with high StA-uptake are larger and more granulated than low-
uptake cells, especially when activated. A) Forward scatter (FSC) and side scatter (SSC) plots
of the low- and high-uptake populations of naive T cells, and subsequent B) quantification of
the median FSC and SSC (based on 5 biological replicates). C) Forward scatter (FSC) and
side scatter (SSC) plots of the low- and high-uptake populations of activated T cells, and
subsequent D) quantification of the median FSC and SSC (based on 3 biological replicates).
Unpaired, two-way, student’s T test. *=P < 0.05, **=P<0.01, **=P<0.001

Upon further investigation of the FACS data it became clear that there was a shift
in the expression of the CD44 and CD62L markers in the high-uptake population
compared to the low-uptake population of naive T cells, (Figure 3A). Upon
quantification of the median fluorescence intensity (MFI), a trend of increased CD44
expression is observed, while CD62L expression was significantly decreased at the
cell surface in the high-uptake population (Figure 3B). Again, this indicates that the
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cells in the high-uptake population are in a more activated state than the low-uptake
population. For the activated T cells, all cells were activated by a aCD3/aCD28
antibody cocktail prior to StA uptake and FACS. Interestingly, a similar pattern was
observed for the activated T cells where a trend towards increased expression of
CD44 and decreased expression of CD62L at the cell surface was observed (Figures
3C & 3D). This suggests that the T cell population after in vitro activation is still a
heterogeneous mixture of T cell subsets, and that the high StA-uptake population
appears to be dominated by more effector-like T cells. This is in accordance with the
previous observation of increased cell size (and granularity) of high-uptake T cells.
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Figure 3: CD3+/CD4+ T cells with a high StA-uptake show increased expression of CD44 and
decreased expression of CD62L, compared to low-uptake cells, indicating T cell activation. A)
Plots showing CD44 & CD62L expression of low- and high-uptake populations of naive T cells,
and subsequent B) quantification of median fluorescence intensity (MFI) of CD44 & CD62L
expression (based on 3 biological replicates). C) Plots showing CD44 & CD62L expression
of low- and high-uptake populations of activated T cells, and subsequent D) quantification
of median fluorescence intensity (MFI) of CD44 & CD62L expression (based on 3 biological
replicates). Unpaired, two-way, student’s T test. * = P < 0.05.
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Following cell sorting of CD3+/CD4+ T cells by FACS, the metabolic energetics of
cells with low and high uptake of StA were also examined. The oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR) were measured using a
Seahorse analyser?, to assess changes in mitochondrial respiration and glycolysis,
respectively. From these data, the percentage-wise reliance of these cells on oxidative
phosphorylation (%OXPHOS) and glycolysis (%Glycolysis) were determined (Figure
4).

The metabolic energy map (Figure 4A) provides valuable insights into the metabolic
phenotypes of both naive and activated splenocytes and their T cell subsets. For
naive cells, both low- and high-uptake populations exhibit a quiescent metabolic
phenotype. However, low-uptake cells appear more quiescent compared to their
high-uptake counterparts. In contrast, the mixed, unsorted splenocyte population
displays a more energetic phenotype, characterised by an overall higher metabolic
capacity. Upon activation, the metabolic energy map reveals notable changes to the
T cells energy profiles. Low-uptake T cells, while retaining a predominantly quiescent
phenotype, show an increase in glycolytic capacity. High-uptake T cells exhibit an
increase in both glycolytic and overall energetic capacities. Similarly, the mixed,
unsorted splenocyte population demonstrates a more energetic phenotype, while
maintaining a balance between glycolytic and oxidative pathways. These metabolic
characteristics of naive and activated T cells are in line with what is known from
previous literature.?6-2°

For naive cells (Figure 4B), low-uptake T cells show a minimal reliance on glycolysis,
with approximately 3.3% of their energy resulting from glycolytic pathways. In
contrast, high-uptake cells present with a significantly greater glycolytic reliance at
around 66%. This increased glycolytic reliance of high-uptake T cells corresponds
with the previous observations that these cells exist in an inherently more effector-
like state than the low-uptake T cells.

In the activated cells (Figure 4C), the low-uptake T cells display a significant increase
in glycolytic capacity compared to their naive counterparts, rising to approximately
46.3%. High-uptake T cells maintain a similar reliance on glycolysis as in their naive
state, at around 47.8%, reflecting a metabolic phenotype characterised by an almost
equal reliance on glycolysis and OXPHOS. Interestingly, no change in the glycolytic
reliance for the high-uptake cells was observed here, indicating that the in vitro
activation of these cells somehow overrides the metabolic differences observed in
the naive state.

While naive cells show a more pronounced shift between OXPHOS and glycolysis,
it's important to note that their energy maps display smaller differences between
low and high uptake conditions. This apparent contradiction is due to the overall low
metabolic output (both mitochondrial and glycolytic ATP) in naive cells. Although the
shift seems minor in absolute terms, it represents a significant percentage of the total
ATP output. In contrast, activated cells present a different scenario. The apparent
difference in energy maps between low and high uptake conditions primarily reflects
the lower overall ATP production in low uptake cells, rather than fundamentally
different metabolic patterns. Both high and low uptake activated cells maintain similar
levels of OXPHOS and glycolysis. However, high uptake cells generate substantially
more ATP, indicating higher metabolic activity.

108



Phenotypic and Multiomic Differences Between T cells with a Differential Sterculic Acid Uptake

A
Energy Map (Basal Rates)
700
AN /
AN 7
. 650 N ’—f—‘ -
e N /
,°_ - ¥V Spleen (activated)
f N V¥ Low (activated)
© AN e High (activated)
Q 600 Spl i
£ 400 ¢+ AN y @ Spleen (naive)
£ & Low (naive)
3 550 N - High (naive)
£ ~ -
e e
f'-; 300 )
© RN
c
S 250+ - N
H - N
B 2004 S ~
& 6T
e
o N
< — N
S 40 _
2 N
- N
20 -] e
— ~N
E2 . b
07T T T e T T T ¥
0 100 200 300 400 500
glycoATP Production Rate (pmol/min/Cell x10/6)
B Nai C .
aive T cells Activated T cells
100+ 100+ 100+ 100+
80 4 80 4 80+ 80
2 [ a [ .?
260 Q 60 2 60 Q 604
] o [ o
ES x > 3
O 40 2 404 O 40 2 %
= = = 3
20 20 4 204 204
0 T T 0 T T 0 T T 0 T T
Low High Low High Low High Low High

Figure 4: Metabolic bioenergetics of CD3+/CD4+ T cells following StA uptake and cell sorting
to high (pink) and low (blue) uptake. A) Energy map, MitoATP versus GlycoATP of the naive
and activated cells. B) Naive T-cell high and low uptake of StA showing % glycolysis reliance,
and % OXPHOS (Wilcoxons). C) Activated T-cell high and low uptake of StA showing %
glycolysis reliance, and % OXPHOS (Wilcoxons).
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Proteomic differences between T cells with differential StA-uptake

It has already been suggested that CD4+ T cells with a high StA uptake have a
more effector-like phenotype compared to low-uptake cells. This is exemplified by
increased cell size (Figure 2), increased CD44 expression (Figure 3), decreased
CD62L expression (Figure 3), as well as increased metabolic activity (Figure 4).
To investigate if these phenotypic differences were rooted in differences at the
proteomic level, a chemical proteomics approach was applied to study the T cells
with a differential StA uptake. Similarly to the metabolic energetics, CD4+ T cells with
differential StA uptake were sorted by FACS (Figure S1). The sorted cells were then
lysed to isolate the cellular proteins, followed by tryptic digestion of the proteins into
shorter peptide chains, and LC-MS/MS analysis.* The processed proteomics data
were analysed using R Statistical Software.?' Proteins were identified as significantly
up- or downregulated in the high-uptake population if they had a log2 fold change >1
or <-1, respectively, as well as a p-value <0.05. To further investigate the metabolic
bioenergetic shifts that were observed, proteins linked to metabolic alterations were
focused upon.

At a first glance, the principal component analysis (PCA) based on the results from
the naive CD4+ T cells shows that the four replicates were quite different from each
other (Figure 5A). Instead of the high- and low-uptake samples clustering together,
there is a stronger tendency of the replicates clustering together. This indicates
that most of the variance in the data is between replicates, and not between the
experimental conditions (low- or high-uptake). Keeping this limitation in mind, the
samples were assessed further, and a total of 4141 unique proteins were detected
in the naive samples. However, only 23 proteins were differentially expressed (22
upregulated and 1 downregulated in the high-uptake population, Table S1). The
heatmap (Figure 5B) and volcano plot (Figure 5C) show the expression levels of
the differentially expressed proteins (DEPs). The low number of DEPs could be
explained by the discrepancies observed in the PCA.
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Figure 5: Proteomics results from naive CD3+/CD4+ T-cells, A) principal component analysis
(PCA), B) heatmap, C) volcano plot. Red = upregulated, blue = downregulated. Based on 4
biological replicates.

Among the DEPs, a few of the proteins were known to be involved in the proliferation
and differentiation of CD4+ T cells. CDK1 and CD74 were upregulated in the high-
uptake population (Figure 6A), where cyclin-dependent kinase 1 (CDK1) is a known
regulator of the cell cycle, which drives cells through the G2 phase and mitosis.*?
In T cells, the CDK cascade has been proposed as a potential link between cell
division and T cell differentiation via the phosphorylation of immunologically relevant
transcription factors.?® The upregulation of this protein in high StA-uptake T cells
could indicate that the cells were in a more proliferative state than the low-uptake
cells. While CD74 is mainly known as the invariant chain34, which plays an important
role in antigen presentation, recent research has also highlighted its role in T cell
biology.®>-%" It has been shown to act as a receptor for the pleiotropic cytokine
macrophage migration inhibitory factor (MIF), and is upregulated on the surface of
activated CD4+ T cells supporting their migration.?® CD74 has also been shown to
be upregulated on tumour-infiltrating Tregs, where it facilitates accumulation and
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function of these cells via stabilising FOXP3 expression.® The upregulation of
CD74 in high-uptake CD4+ T cells could thereby indicate an increased proportion
of activated cells, and potentially also Tregs, in this population. This is in line with
previously observations from this Chapter.

Additionally, F-box only protein 7 (FBXO7), a known cell cycle regulatory protein®, is
downregulated in the high StA-uptake CD4+ T cells. The downregulation of FBXO7
has previously been shown to increase glycolysis in CD4+ T cells*!, which could help
explain the observed increase in glycolysis in the high-uptake population (Figure
4B).

Looking at the other DEPs, no metabolic proteins related to glycolysis, the tricarboxylic
acid (TCA) cycle, or lipid metabolism, as annotated by UniProt*? keywords KW-0324,
KW-0816, and KW-0443, respectively, were detected in the naive samples. The
UniProt protein database categorises protein entries into specific subsets based on
for example biological function or cellular localisation.? From the pathway analysis
(Figure 6B), using the clusterProfiler package*® in R, it is clear that the proteins that
were upregulated in the high-uptake T cells are mainly involved in chromosome
condensation and segregation. This indicates that the high-uptake cells were in
a more proliferative state where the chromosomes are duplicated and separated
during mitosis, compared to the low-uptake cells.
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Figure 6: Proteomics results from naive CD3+/CD4+ T-cells, A) box plots of differentially
expressed proteins that are involved in T cell biology, B) pathway analysis of all upregulated
proteins (using the clusterProfiler package® in R). Based on 4 biological replicates.

This data suggests two things. Firstly, the biology that underpins the changes in
FA uptake in the naive population may be stochastic in nature, rather than being
fully reliant on pre-existing phenotypic differences between the cells. The second
observation is that the naive cells that take up more FA are in higher state of cell
division, suggesting the presence of background T cell replication even in naive
unstimulated populations.

The same cell sorting and proteomic approach was applied to CD4+ T cells that had
been activated in vitro using aCD3/aCD28 antibodies prior to StA uptake. The PCA
following subsequent examination of the activated CD4+ T cells, shows a better
separation between the low- and high-uptake conditions, and a better clustering
of the respective replicates (Figure 7A). This is also reflected in the heatmap
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(Figure 7B) and volcano plot (Figure 7C) where it is apparent that more proteins
were differentially expressed than for the naive samples. Of in total 4956 unique
proteins that were detected, 358 were differentially expressed for the activated cells.
Of the DEPs 204 were downregulated and 154 were upregulated in the high-uptake
samples (Table S2).
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Figure 7: Proteomics results from aCD3/aCD28-activated CD3+/CD4+ T-cells, A) principal

component analysis (PCA), B) heatmap, C) volcano plot. Red = upregulated, blue =
downregulated. Based on 3 biological replicates.

Several proteins involved in cellular metabolism were identified as differentially
expressed in the activated CD4+ T cells (Figure 8A). This includes HK2 and IRF4
which are involved in glucose metabolism. Hexokinase 2 (HK2) is the first rate-limiting
step of glucose metabolism, phosphorylating glucose to glucose-6-phosphate.*
Upon T cell activation, HK2 is known to be upregulated to support the increased
metabolic requirements of these cells.***" Interferon regulatory factor 4 (IRF4) has
been implicated as an important transcription factor involved in the differentiation of
T cell subsets upon activation, as well as controlling the metabolic shift of activated
T cells.*®%" |t has even been proposed that IRF4 controls the expression of glycolytic
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enzymes, there among HK2.48

Several proteins involved in fatty acid synthesis were also upregulated in the high
StA-uptake, activated T cells (Figure 8A). The three proteins ATP citrate lyase (ACL,
encoded by the gene ACLY), acetyl-CoA carboxylase (ACC1, encoded by the gene
ACACA), and fatty acid synthase (FAS, encoded by the gene FASN) catalyse the
de novo biosynthesis of palmitic acid from citrate, a product of the TCA cycle.5>%3 All
three proteins were upregulated in the high StA-uptake T cells. The genes encoding
these proteins have previously been reported to be upregulated in activated T
cells®®% thereby supporting the current observations that the high-uptake CD4+ T
cells take on a more activated phenotype.

The high StA-uptake T cells thereby appear to have an increased flux through
glucose metabolism (as indicated by the upregulation of IRF4 and HK2), potentially
to fuel the production of citrate and subsequent de novo fatty acid synthesis (via
ACL, ACC1 and FAS), which fits the observations of the metabolic extracellular flux
experiments (Figure 4).

Additionally, a number of proteins of the mevalonate pathway, where mevalonate
is formed from HMG®®, were found to be upregulated in the high-uptake CD4+ T
cells (Figure 8A). In the mevalonate pathway acetyl-CoA is turned into dimethylallyl
pyrophosphate (DMAPP), which is further metabolised into geranyl pyrophosphate
(GPP) and farnesyl pyrophosphate (FPP) via the enzyme farnesyl pyrophosphate
synthase (FDPS).%%%" FPP is a precursor for multiple other biosynthetic pathways
such as cholesterol®, ubiquinone®®, and dolichol® biosynthesis, as well as protein
prenylation.®' The proteins hydroxymethylglutaryl (HMG)-CoAsynthase 1 (HMGCS1),
phosphomevalonate kinase (PMVK), and isopentenyl-diphosphate delta isomerase
1 (IDI1) are all involved in different parts of this pathway. The mevalonate pathway
is important for T cell activation and differentiation because it leads to increased
cholesterol biosynthesis®?%3 ensuring sufficient production of an indispensable
membrane component, especially during proliferation. Additionally, cholesterol is
enriched in the immunological synapse and is essential for its proper function.®4-6¢
The upregulation of key enzymes in this pathway therefore further supports that
high-uptake CD4+ T cells are more effector-like cells than the low-uptake cells.

The pathway analysis of DEPs in activated CD4+ T cells (Figure 8B), using the
clusterProfiler package® in R, showed an upregulation of pathways involved in
ribosomal biogenesis and protein translation in the high-uptake cells. This indicates
a large general biosynthetic focus of these cells, which also fits with the previously
described observations that the high-uptake cells were in a more effector-like or
activated state.
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Figure 8: Proteomics results from aCD3/aCD28-activated CD3+/CD4+ T-cells, A) box plots of
significantly upregulated proteins that are involved in glucose metabolism, fatty acid synthesis,
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Single-cell RNA sequencing of splenocytes with differential StA-uptake

To complement the chemical proteomics data, and to gain further insight into how
different immune cell subsets react to differential StA uptake, a single-cell RNA
sequencing (scRNAseq) approach was also developed, using the 10x Genomics
platform.®” scRNAseq was chosen over bulk RNAseq due to the heterogeneity of the
splenocyte population. However, since the splenocytes had to undergo an IEDDA
click reaction prior to FACS, it was essential to ensure that the click reaction did not
impact the integrity of the unstable RNA molecules.

Therefore, cells were treated with StA (or DMSO vehicle), before IEDDA reaction
with fluorophore 7 was performed on either live, or fixed and permeabilised cells.
The total cellular RNA was isolated from these samples and separated on agarose
gel to visualise RNA integrity. Since cellular RNA consists mainly of ribosomal RNA
(rRNA, 80-90%), the 28S and 18S rRNA subunits are the two bands that will be
visible on the agarose gel, in a 2:1 ratio. When isolating RNA from fixed cells, a
slight shift in the bands were visible compared to live cells, but there was no visible
change in RNA integrity upon addition of StA, or after the IEDDA click reaction
(Figure S2A). In contrast, the addition of oleic acid analogues containing alkyne or
azide modifications (Figure S2D), and subsequent copper-catalysed azide-alkyne
cycloaddition (CUAAC), showed visible RNA degradation (Figure S2B). To determine
which component of the CUAAC mixture caused this degradation, each component
was tested individually (Figure S2C). Only upon addition of the complete CuAAC
mixture to the cells, RNA degradation occurred, implying that the active copper(l)
species in the mixture, which is only present after reduction with sodium ascorbate,
is responsible for the degradation. These results further demonstrate the benefits of
using the IEDDA click reaction when studying unstable biomolecules such as RNA.

Taking advantage of the demonstrated RNA integrity after IEDDA click reaction,
the scRNAseq approach was applied to study the transcriptomic differences on
a complete splenocyte level, between the sorted high and low StA-uptake cells.
The gating strategies for sorting naive and aCD3/aCD28 activated splenocytes are
shown in Figure S3.

The populations with the lowest and highest quartile of StA uptake, which were
collected by FACS, were analysed using a 10x Genomics scRNAseq workflow in
collaboration with the Leiden Genome Technology Center (LGTC). Upon quality
control of the sequencing data, it was discovered that one sample, the high-uptake
sample from naive splenocytes, had significantly higher RNA counts per cell than the
other samples (Figure S4). In fear of the high RNA counts from this sample skewing
the data, the high- and low-uptake samples from naive splenocytes were omitted
from the remaining analysis. Further analysis was only performed on the high- and
low-uptake samples from activated splenocytes.

The cells from the samples with activated splenocytes were clustered based on their
gene expression. The resulting UMAP highlights substantial differences between the
low- and high-uptake samples (Figure 9), where certain cell clusters are differentially
present in the different uptake conditions.
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Figure 9: UMAP showing cell clustering based on gene expression from high- and low-StA
uptake samples of activated splenocytes. The data is based on scRNAseq results.

Identification of the immune cell subsets corresponding to each cluster was done
according to expression of relevant marker genes (Tables 1 & S3). This highlights
that B cells (clusters 2-4, 6, 10-11) were mainly present in the low-uptake sample,
whereas certain T, NKT, or NK cell clusters were mostly present in the high-uptake
samples (clusters 5, 8-9, 12, 14, 18) or equally present in both low- and high-uptake
samples (clusters 0-1, 13).

Table 1: Immune cell subsets corresponding to clusters identified from the scRNAseq analysis
(from Figure 2). Relevant marker genes for the identification can be found in Table S3.

Cluster Subset Cluster Subset Cluster Subset
0 CD4+ T cells 8 CD8+ T cells 16 CD8+ T cells
1 CD8+ T cells 9 CD8+ T cells 17 Mixed
2 B cells 10 B cells 18 CD4+ T cells
3 B cells 11 B cells 19 Monocytes
4 B cells 12 CD8+ NKT cells 20 Mixed
5 NK cells 13 CD4+ NKT cells 21 Monocytes
6 B cells 14 CD4+ Treg 22 NK cells
7 Mixed 15 Monocytes 23 Monocytes
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From the FACS data, it was clear that the activated cells, and especially those taking
up large amounts of StA, were larger (as seen by FSC) and more granulated (as
seen by SSC), than the naive and low-uptake cells (Figures 10A & 10B). Since the
activated high-uptake population consists of a larger portion of NK cells and CD8+
T cells, and these cell types are known to match this morphology?23, this could
help explain these differences. The low-uptake population consists of more B cells,
which were not targeted by the aCD3/aCD28 activation, and could therefore explain
why these cells appear smaller and less granulated. When the splenocytes were
activated, the BODIPY signal is more widely distributed (Figure 10C), implying that
there is more spread in the StA-uptake in these cells than for the naive splenocytes.
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Figure 10: High-uptake cells are bigger and more granulated, especially in activated
splenocytes. Based on forward scatter (FSC) and side scatter (SSC) of cells after sorting
them into high- and low-StA uptake populations for scRNAseq of A) naive splenocytes, B)
aCD3/aCD28-activated splenocytes, C) Histogram showing the BODIPY signal (indicating
StA uptake) of naive or activated splenocytes (according to the gating strategies shown in
Figure S2).

The focus of this section is on lymphocytes, and more specifically T cells, NKT cells,
and NK cells. Superimposing the expression of the genes encoding the subunits of T
cell co-receptor CD3 (CD3E, CD3D, and CD3G) onto the scRNAseq UMAP (Figure
11A), shows that different T cell subsets (CD4+, CD8+, Treg), as well as NKT cell
subsets (CD4+, CD8+) express this pan T cell marker. Performing the same overlay
with the T helper cell marker CD4 (CD4, Figure 11A), highlights the same clusters
that were identified as CD4+ in Table 1, validating that approach. Focusing on the
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clusters containing T, NKT, and NK cells (Figure 11B), again emphasises that NK
cells, regulatory T cells (Tregs), and certain CD8+ T and NKT cell subsets were
mainly present in the high-uptake population, CD4+ T cells and certain subsets of
CD8+ T cells were similarly present in both, whereas CD4+ NKT cells were mainly
present in the low-uptake population.
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Figure 11: Subsections of the scRNAseq UMAP showing A) clusters expressing the genes
encoding CD3 subunits (CD3E, CD3D, CD3G) and CD4, B) zoom-in on clusters of interest
containing T, NKT, and NK cell (lymphocyte) subsets.
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All the highlighted lymphocyte subsets can be categorized by their own distinct
metabolic features to support their immunological functions. Conventional CD4+ or
CD8+ T cells change their metabolic requirements upon activation.*®-"* While naive
or memory T cells rely heavily on FAO and OXPHOS to support their energetic
needs, they undergo a switch to a highly glycolytic state, with increased de novo
fatty acid synthesis, upon activation and differentiation into effector T cells. All these
T cell subsets were included in the CD4+ and CD8+ clusters in Figures 9 & 11, and
the wide metabolic range of these T cell subsets can explain the spread in observed
StA-uptake by these cells.

NK cells are known to rely heavily on fatty acid uptake and FAO to fuel their effector
functions’™, which could explain why they were mainly detected in the high StA-
uptake population. Previous research has also put fatty acid uptake and FAO at
the centre of Treg differentiation and function.”*"® This is further supported by the
localisation of Tregs mainly in the high StA-uptake population (Figures 9 & 11). While
NKT cell development has been reported to require lipids’’, and de novo fatty acid
synthesis is implicated in maintaining NKT cell homeostasis’, not much is known
about the uptake and metabolism of exogenous fatty acids in this cell type. No
logical explanation can therefore be given to the observed discrepancy in StA-uptake
between CD4+ (low uptake) and CD8+ (high uptake) NKT cells (Figures 9 & 11).

After selecting the clusters containing the lymphocyte subsets of interest, the focus
was shifted to the expression of key metabolic genes involved in lipid metabolism
and glycolysis in these clusters. These metabolic pathways were chosen because
they are known to be differentially expressed, and utilised, by different lymphocyte
subsets.?2° The expression of the relevant genes can be seen in Figures S5 & S6
and Figures S7 & S8, for lipid metabolism and glycolysis, respectively. It became
clear that the expression of most of the genes were equally distributed across
clusters, and show little differential expression based on differential StA uptake.
However, some differentially expressed genes could be detected. For genes involved
in fatty acid metabolism, FASN, HMGCR, and CCR5 appear to be upregulated in
the high-uptake cells (Figure 12A). This upregulation occurred across almost all the
lymphocyte subsets (Figure 12B).

As previously explained, FASN encodes the enzyme fatty acid synthase (FAS)
which catalyses the de novo synthesis of palmitic acid (C16:0) from acetyl-CoA and
malonyl-CoA.” De novo fatty acid synthesis, and FASN specifically, has been shown
to be necessary for the metabolic reprogramming of activated T cells.%8 HMGCR
encodes HMG-CoA reductase, the enzyme catalysing the rate-limiting step of the
mevalonate pathway, where mevalonate is formed from HMG.*® HMGCR has been
shown to be indispensable for T cell survival®® and activation®!, and has also been
shown to play a significant role in the cytotoxic activity of NK cells.®2 The upregulation
of FASN and HMGCR could therefore indicate that the high StA-uptake cells were
in a more activated state than the low-uptake cells. These results are in line with the
observations that were made when looking at the proteomic differences between
high and low StA-uptake populations (Figure 8A).

CCR5 encodes CC chemokine receptor 5, a receptor that can bind a number of
chemokines such as CCL3, CCL4, and CCL5.8 In NK and NKT cells, where this
gene is mainly expressed (Figure 12B), CCR5 has been shown to be important for
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proper trafficking and function of these cells.348°
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Figure 12: Differentially expressed genes related to lipid metabolism from scRNAseq in the
high- and low-uptake populations of T, NKT, and NK cells (lymphocytes), represented as violin
plots. A) pooled data from all the relevant lymphocyte clusters, B) showing the data for the

lymphocyte clusters separately.

For the scRNAseq data presented here, it is important to note that the high-uptake
cells were overrepresented in some clusters (e.g. CD8+ T cells, CD8+ NKT cells,
and NK cells). This results in fewer data points for the low-uptake cells and could
skew the data in the direction of genes appearing upregulated in the high-uptake
cells. It can therefore not be said with certainty that the mentioned proteins were
upregulated.
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When focusing on genes involved in glycolysis, LDHA, SREBF1, PIK3CA, and AKT2
appear to be upregulated in the high StA-uptake cells (Figure 13A). The upregulated
genes were observed in almost all the lymphocyte subsets (Figure 13B).

LDHA encodes the enzyme lactate dehydrogenase A (LDHA) which is responsible
for the last step of glycolysis where pyruvate is converted to lactate.®® The deletion
of LDHA has previously been shown to suppress glycolysis rates, as well as T
cell proliferation and differentiation.®” Similarly, effector T cells showed increased
expression of LDHA, as a result of phosphoinositide-3-kinase (PI3K) signalling.8®
Here, the increased expression of LDHA could indicate an increased effector-like
function of the high StA-uptake cells. This is further supported by the upregulation
of PIK3CA and AKT2, genes encoding the catalytic PI3Ka subunit, and RAC-
beta serine/threonine-protein kinase (AKT2), respectively. The PI3K-AKT axis has
been implicated as an important signalling pathway for metabolic reprogramming
in activating and differentiating T cells®-%, and could explain the upregulation of
LDHA, as well as indicating that the high-uptake cells have undergone this metabolic
reprogramming into proliferating, highly glycolytically active cells. Interestingly, it
appears that PIK3CA is downregulated in high StA-uptake Tregs, in contrast to all
the other lymphocyte clusters where it is upregulated (Figure 13B). The reliance
of Treg function and differentiation on PI3K is debated, and PI3K has been shown
to both inhibit and support the development of this T cell subset.®™* Therefore, it
is not clear what the downregulation of PIK3CA in Tregs mean for their function in
this case. In addition, it is not clear why only PIK3CA, and not PIK3CB and PIK3CD
encoding the PI3K B and & subunits, respectively, is differentially expressed in this
data (Figure S8), especially since PIK3CD is known to be the most prevalent subunit
class in T cells.® It is also not clear why AKT2 is differentially expressed, but not
its isoforms AKT1 and AKT3 (Figure S8).% Downstream targets of the PI3K/AKT
pathway, such as MTOR, FOXO1, and MYC%, were also not differentially expressed
upon StA uptake in this experiment.

SREBF1, a gene downstream of the PISK/AKT signalling pathway®*°, also plays
an important role in the metabolic reprogramming in the activation phase of T cells.®
The gene encodes the transcription factor sterol regulatory element-binding protein
1 (SREBP1), that induces the expression of all genes involved in de novo fatty acid
and cholesterol synthesis.®%.'0" The upregulation of this gene could help explain the
observed increase in FASN and HMGCR (Figures 12A & 12B) that was described
earlier. In addition, SREBF1 has also been shown to influence the expression of
glycolysis-related genes'%>'% and could together with the increase in LDHA, PIK3CA,
and AKT2 indicate that the high-uptake cells were more glycolytically active, and
thereby more activated or effector-like, in line with the previous results discussed in
this Chapter.

Thereby, the upregulation of the metabolic pathways appeared to be the result of
increased expression of the PI3K-AKT signalling pathway, which in turn caused an
upregulation of transcription factor SREBP1, known to modulate both glycolysis and
lipid biosynthetic pathways.8104-107
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Figure 13: Differentially expressed genes related to glycolysis from scRNAseq in the high-
and low-uptake populations of T, NKT, and NK cells (lymphocytes), represented as violin
plots. A) pooled data from all the relevant lymphocyte clusters, B) showing the data for the
lymphocyte clusters separately.

Since the scRNAseq data were based on only one biological replicate, it was not
possible to do statistics on the expression levels of the relevant genes. To verify
and strengthen the results, more replicates would be necessary. Due to cost- and
time-restraints, this was not possible to accomplish within the scope of this project.
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However, the results from the scRNAseq are in line with what was previously
observed with proteomics, where glucose metabolism (via HK2), fatty acid synthesis
(via ACL, ACC1, and FAS), and the mevalonate pathway (via FDPS, HMGCS1,
PMVK, and IDI1) were also upregulated in the activated, high-uptake CD4+ T cells.
This strengthens the observations made by the two different methods, increasing the
reliability of the data.

While the metabolic energetics, as determined by Seahorse extracellular flux
analysis, showed a significant increase in glycolytic reliance only in the naive high
StA-uptake cells (Figures 4B & 4C), proteomics (Figure 8A) and scRNAseq (Figures
12 & 13) also indicated an increased flux through glycolysis, as well as fatty acid
synthesis and the mevalonate pathway, which are derived from side products from
glucose metabolism. In combination, this could indicate that also the in vitro aCD3/
aCD28 activated cells showed increased glycolytic activity upon high StA-uptake.

This proof-of-principle Chapter has highlighted a connection between increased
exogenous FA uptake, and increased metabolic activity and an effector-like
phenotype. Previously, genes involved in de novo FA synthesis (ACACA, FASN)
and the mevalonate pathway (HMGCR, HMGCS1, FDPS), as well as their regulator
SREPF1, have been reported to be upregulated in CD4+ T cells treated with OA."™
However, a lot is still unclear as to the exact mechanism behind these observations.
Firstly, no changes in known fatty acid transport proteins such as CD36'% or fatty acid-
binding protein 5 (FABP5)'%° were detected in neither the scRNAseq data (Figure S6),
nor the proteomics data (Tables S1 & S2). It is therefore not clear how exogenous
StA is taken up by the cells. Additionally, these experiments cannot determine if the
increased effector-like phenotype of the high-uptake cells is an inherent property, or
if it is a response to the increased FA availability in the culture medium of the cells.
Since the cells in most cases are pulsed with StA for only 15 minutes, the former
is deemed most probable. However, further research is necessary to support this
hypothesis.

Conclusion

In this Chapter, a workflow for multiplexing the uptake of bioorthogonal OA analogue,
StA, with single-cell analytical methods like flow cytometry, and a multiomics
approach, was developed. Populations of naive T cells and T cells activated in
vitro with aCD3/aCD28, with a high uptake of StA, were shown to take on a more
effector-like phenotype compared to low StA-uptake cells. This was demonstrated
by increased cell size, increased CD44 expression, decreased CD62L expression,
increased glycolytic activity, as well as the upregulation of key metabolic pathways
of effector T cells. Key genes involved in glycolysis, fatty acid synthesis, and the
mevalonate pathway were upregulated in high StA-uptake splenocytes, as detected
by scRNAseq. This analysis was focused on T, NKT, and NK cells. In addition,
proteins in the same pathways were upregulated in CD4+ T cells as determined
by proteomics, indicating robust results. It is not clear whether certain cells take up
more exogenous StA because of an inherently more effector-like state, or if the high
StA-uptake is induced by the increased availability of FAs in the culture medium.
Further research is necessary to answer these questions.
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Materials & Methods

General. Sterculic acid was purchased from Cayman Chemical (#26735), and stored
as 10 mM or 100 mM stock solutions in DMSO at -20°C. Oleic acid-alkyne (#9004 12E)
and oleic acid-azide (#900415C) were purchased from Avanti, and stored as 10 mM
stock solutions in DMSO at -80°C. Oleic acid was purchased from Sigma Aldrich
(#01383), and stored as 100 mM stock solution in DMSO at -80°C. AZDye 488
alkyne (#CCT-1277) and AZDye 488 azide (#CCT-1275) were purchased from Click
Chemistry Tools (now VectorLabs), and stored as 2 mM stock solutions in DMSO at
-20°C. Fluorophore 7 was synthesised in-house (see Chapter 2 of this thesis), and
was stored as 2 mM stock solution in DMSO at -20°C. The murine RNase inhibitor
was purchased from New England Biolabs (#M0314L), and stored as delivered at
-20°C. Zombie NIR Fixable Viability kit was purchased from BioLegend (#423105),
and stored as delivered at -20°C. DNase | was purchased from Thermo Fisher
Scientific (#90083), and stored as delivered at -20°C. PE/Dazzle 594 anti-mouse
CD3 antibody was purchased from BioLegend (#100246), and stored as delivered at
4°C. APC anti-mouse CD4 antibody was purchased from BioLegend (#100516), and
stored as delivered at 4°C. eFluor450 anti-mouse CD44 antibody was purchased
from Invitrogen (#48-0441-82), and stored as delivered at 4°C. PE-Cyanine7 anti-
mouse CD62L antibody was purchased from Invitrogen (#25-0621-82), and stored
as delivered at 4°C.

DC2.4 cell culturing. DC2.4 cells were cultured in RPMI 1640 culture medium
(Gibco, #31870025) supplemented with 10% FCS, GlutaMAX (2 mM), sodium
pyruvate (1 mM), 1x non-essential amino acids (NEAA, Thermo Fisher Scientific),
penicillin (100 1.U./mL), streptomycin (50 pyg/mL), and 2-mercaptoethanol (50 uM,
Thermo Fisher Scientific), and incubated at 37°C, 5% CO,. The cells were grown to
70-80% confluency and passaged every 2-3 days by trypsinisation.

Splenocyte isolation, stimulation and culturing. Spleens were harvested from
naive C57BL/6 mice. To obtain a single-cell suspension of splenocytes, the spleens
were minced with the flat end of a syringe plunger over a 70 um cell strainer. The
strainer was washed with single-cell suspension buffer (SCSB, 2% FCS and 1 mM
EDTA in PBS), and the process was repeated until no more red tissue was visible in
the strainer. The cells were pelleted at 300 rcf and 4°C for 10 min, the supernatant
was discarded, and the cells were resuspended in 2 mL ACK lysis buffer (Thermo
Fisher Scientific) per spleen, to remove red blood cells. After 5 min in the lysis
buffer, cold PBS was added until 40 mL and the cells were pelleted at 500 rcf and
4°C for 5 min. The supernatant was discarded, and the cells were resuspended in
SCSB and passed over a 40 um cell strainer. The cells were pelleted at 300 rcf and
4°C for 10 min, the supernatant was discarded, and the cells were resuspended
in splenocyte medium (RPMI 1640 culture medium (Capricorn Scientific, #RPMI-
HXA) supplemented with 10% FCS, GlutaMAX (2 mM), penicillin (100 [.U./mL),
streptomycin (50 pg/mL), and 2-mercaptoethanol (50 uM)). The cells were counted
using a haemocytometer before seeding. For experiments using solely unstimulated
splenocytes, the cells were seeded directly for the respective experiments (see
below).

For experiments using both stimulated and unstimulated splenocytes, half the wells
of a Nunc™-treated 6-well plate (Thermo Fisher Scientific) were coated with Ultra-
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LEAF purified anti-mouse CD3¢ antibody (BioLegend, 5 ug/mL) in sterile PBS for 2
h at 37°C. After 2 h the antibody was removed, and 15x10° cells were seeded per
well in 5 mL complete splenocyte medium supplemented with Ultra-LEAF purified
anti-mouse CD28 antibody (BioLegend, 3 upg/mL) and recombinant murine [L2
(PeproTech, 10 U/mL). For unstimulated control cells, 15x108 cells were seeded per
well in 5 mL complete splenocyte medium supplemented with recombinant murine
IL2 (PeproTech, 10 U/mL). All cells were incubated at 37°C, 5% CO, overnight. The
next day, the activated and naive cells were scraped, combined in separate tubes
and centrifuged at 300 rcf for 10 min. The cells were resuspended in fresh splenocyte
medium before being counted using a haemocytometer and seeded for experiments
(see below).

Cell sorting of naive splenocytes for proteomics and Seahorse analysis. Three
spleens were harvested, and splenocytes were isolated (as described above) to
yield ~400-500x108 unstimulated cells. These cells were seeded evenly over the
wells of three Nunc™-treated 6-well plates (Thermo Fisher Scientific) in 2 mL fresh
splenocyte medium per well. To each well, 2 mL sterculic acid (200 yM) in splenocyte
medium was added, to give a final sterculic acid-concentration of 100 uM. The cells
were incubated at 37°C, 5% CO, for 15 min, to allow for uptake of the fatty acid. All
wells were harvested, combined in 50 mL tubes, and washed with fresh medium
(x1) and PBS (x1). Each washing step consisted of spinning down (300 rcf, 5 min),
aspirating supernatant, and resuspending in wash solution. After the last wash,
the cells were resuspended in PBS supplemented with fluorophore 7 (1 uM) and
incubated on ice for 35 min, to allow the fluorophore to react with sterculic acid.
The cells were washed with cold PBS (x2), where each washing step consisted of
spinning down (300 rcf, 5 min, 4°C), aspirating supernatant, and resuspending in
wash solution. To perform a viability staining, the cells were resuspended in 750 pL
of HBSS (Gibco, #14025092) supplemented with Zombie NIR (BioLegend, #423105,
1:500) and DNase | (Thermo Fisher Scientific, #90083, 30 U/mL), and incubated
at RT for 15 min. The rest of the antibody cocktail was diluted in 250 yL HBSS
and added to the cells to give a final volume of 1 mL. The following antibodies and
dilutions (calculated with 1 mL final volume) were used: PE/Dazzle 594 anti-mouse
CD3 (1:800), APC anti-mouse CD4 (1:400), eFluor450 anti-mouse CD44 (1:200),
and PE-Cyanine7 anti-mouse CD62L (1:1000). The cells were incubated at RT for
an additional 25 min, before addition of 10 mL FACS buffer (PBS with 0.2% BSA and
2 mM EDTA) and centrifugation at 300 rcf, 5 min. The cells were then washed with
FACS buffer (x2), before being resuspended in ~1.5 mL FACS buffer. The samples
were transported on ice and sorted using a BD FACS Aria Il 4L (BD Biosciences, San
Jose, CA, USA), following the gating strategy shown in Figure S1A. The experiment
was repeated minimum as biological triplicates.

Cell sorting of activated splenocytes for proteomics and Seahorse analysis.
Three spleens were harvested, and splenocytes were isolated and activated (as
described previously). Subsequently, the same protocol as for sorting naive
splenocytes (described above) was used, except for the PE/Dazzle 594 anti-mouse
CD3 antibody which was diluted at 1:200 instead of 1:800. The FACS gating strategy
is shown in Figure S1B. The experiment was repeated as biological triplicates.

Seahorse analysis. 1-2x10° sorted low- and high-uptake cells were used to perform
the Seahorse Real-Time ATP Rate Assay. Inhibitors and uncouplers were prepared
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in XF assay media, supplemented with 5mM D-(+)-glucose for sequential addition at
the appropriate final concentrations of oligomycin A (1.8 uM), and antimycin A (2 uM)
(all Sigma-Aldrich). Cells were placed in a non-CO2 incubator at 37°C for 1 h prior to
the assay. Basal respiration (OCR) and extracellular acidification rate (ECAR) were
measured by the Seahorse Biosciences XFe24 Extracellular Flux Analyser (Agilent
Technologies, Santa Clara, CA, USA). Oxygen consumption rates (OCR) and ECAR
were measured and analysed using the Agilent online analysis tool. Values recorded
were normalised to cell numbers seeded. Baseline readings were established, and
the effects of specific inhibitors and uncouplers on OCR and ECAR were assessed
using repeated measures ANOVA and plotted as bar charts, and scatter plots. Error
bars indicating standard deviation were included to illustrate variability within the
data.

Preparation of sorted samples for proteomics. From the sorted cells (described
above), 2x10° cells of each population were taken for total-digest proteomics. The
samples were spun down at 300 rcf, 5 min, 4°C, and the supernatant was aspirated.
The cell pellets were plunge frozen and stored at -80°C until further processing.
Upon thawing of the samples, they were resuspended in 15 L lysis buffer (250
mM sucrose, 5 mM EDTA, 1x cOmplete™ protease inhibitor (Roche) in PBS). The
samples were lysed by sonication (Qsonica Q700 Microplate Sonicator, 4x10 s
pulses, 10% amplitude, 0°C). Protein concentration was measured by Qubit Protein
assay (Invitrogen) according to the manufacturer’s protocol, and all samples were
found to contain ~4 pg of protein. The proteins were precipitated by adding 500 pyL
cold (-80°C) acetone, vortexing, and incubating the samples at -80°C for 1 h. The
samples were spun down at 20 000 rcf, 15 min, 4°C, and the supernatant was poured
off. To wash, 300 pL acetone was added to each sample, followed by vortexing and
sonication (2x10 s pulses, 10% amplitude, 0°C). The samples were incubated at
-80°C overnight, before being spun down at 20 000 rcf, 15 min, 4°C. The supernatant
was poured off, and the samples were airdried for 2 min to ensure all the acetone had
evaporated. To redissolve and denature the proteins, 20 uL urea (8 M) in NH,HCO,
(100 mM), pH 8 was added, and the samples were shaken for 30 min at 37°C, 1000
rom. The proteins were then reduced by addition of dithiothreitol (DTT, 5 mM) and
the samples were shaken for 15 min at 65°C, 800 rpm. The samples were cooled
down before addition of iodoacetamide (IAA, 10 mM) and incubation for 30 min at RT
in the dark, to acetylate all proteins. Unreacted IAA was quenched by addition of DTT
(7 mM). All samples were diluted with 170 uL CaCl, (1 mM) in NH,HCO, (20 mM)
to ensure urea concentrations <1 M. All samples were transferred to Protein LoBind
tubes (Eppendorf), and sequencing-grade trypsin (Promega, 0.2 ug) was added.
The trypsin digestion mixture was shaken at 37°C, 1000 rpm overnight, before being
quenched by addition of 5 yL 50% trifluoroacetic acid (TFA) in MilliQ. Peptides were
desalted using Empore™ C18 StageTips (CDS Analytical) preconditioned with 50
ML MeOH, 50 pL of 0.05% (v/v) TFA in 60% (v/v) acetonitrile/MilliQ (solution B) and
50 pL 0.05% (v/v) TFA in MilliQ (solution A) by centrifugation (600 rcf, 2 min). The
peptides were washed with solution A (100 uL, 800 rcf, 3 min) and eluted into new
Protein LoBind tubes using solution B (100 pL, 800 rcf, 3 min). The samples were
concentrated using an Eppendorf SpeedVac (Eppendorf Concentrator Plus 5301 or
5305) and stored at -80°C until measurement. Upon measurement, desalted peptide
samples were reconstituted in 40 uL LC-MS solution (97:3:0.05 MilliQ, acetonitrile,
TFA).
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LC-MS/MS measurements. Peptides (prepared as described above) were separated
via nanoflow reversed-phase liquid chromatography using a nanoElute 2 LC system
(Bruker Daltonics) coupled to a timsTOF HT mass spectrometer (Bruker) with 0.1%
FA (solution A) and 0.1% FA/99.9% ACN (solution B) as the mobile phases. The
samples were loaded on a trap column (PepMap C18, 5 mm x 0.3 mm, 5 ym, 100 A,
Thermo Scientific) followed by elution and separation on the analytical column
(PepSep C18, 25 cm x 75 ym, 1.5 um, 100 A, Bruker) kept at 50 °C using a gradient
of 2 - 25% solvent B in 25 min, 25 - 32% B in 5 min, 32 - 95% B in 5 min and 95% B
for 10 min at a flow rate of 300 nL/min. Peptides were introduced to a TimsTOF HT
(Bruker Daltonics) using a 20 um ID fused silica emitter (Bruker Daltonics) installed
in a nano-electrospray ion source (CaptiveSpray source, Bruker Daltonics) with
spray voltage set to 1500 V.

For DIA acquisition, peptides were analysed with a TimsTOF HT (Bruker Daltonics)
running in DIA-PASEF mode. The DIA-PASEF method was optimized for the
specific sample type using the py_diAlD tool."® The method covered an ion mobility
range from 1.35 to 0.7 Vs cm-2 and an m/z range of 300 to 1300, using 10 DIA-
PASEF scans with two isolation windows per scan, resulting in a cycle time of 1.1
s. Collision energy was linearly decreased from 59 eV at 1.6 Vs cm-2 to 20 eV at
0.6 Vs cm-2. For all experiments the ion mobility dimension was calibrated linearly
using three selected ions of the Agilent ESI LC/MS Tuning Mix [m/z, 1/K0: (322.0481,
0.7318Vscm-2), (622.0289, 0.9848Vscm-2), (922.0097, 1.1895Vscm-2)]. Mass
calibration was performed with sodium formate in HPC mode.

Proteomics data analysis. The raw files were analysed using DIA-NN (version
1.8.1). Searches were performed against a UniProt database of the mouse proteome
(UPID: UP000000589, downloaded 17" March 2024).#2 The output file “report.
unique_genes_matrix.tsv” from DIA-NN was used for further analysis in R Statistical
Software.®! At most 1 missing value in either the low- or high-uptake samples were
allowed, and missing values were imputed with the average value of the remaining
measurements. In cases where all values were missing from either the low- or high-
uptake samples, the missing values were imputed with a negligible small number
to allow for further processing and statistical calculations. Significantly differentially
expressed proteins were determined using the empirical Bayes method in the Limma
package'" (Version 3.58.1) in R, and the significant proteins were determined to
have a 2-fold difference between the expression levels of low- and high-uptake
samples with an adjusted p-value of <0.05. Pathway analysis was performed using
the clusterProfiler package in R.#®

Checking integrity of RNA by 1% agarose gel after click reactions. 1x106 DC2.4
cells were seeded per well in 6-well plates, and incubated at 37°C, 5% CO,, overnight
to allow the cells to attach. The samples shown in Figures S2A & S2B were treated
with either sterculic acid (50 uM), oleic acid-alkyne (50 uM), oleic acid-azide (50 yM)
or DMSO-vehicle (0.5%) in fresh DC2.4 medium for 1 h at 37°C, 5% CO,, followed by
a wash with DC2.4 medium x1 and PBS x1. The samples shown as “Live” in Figure
S2A were reacted with fluorophore 7 (5 pM) or DMSO vehicle (0.25%) in fresh DC2.4
medium for 1 h at 37°C, 5% CO,. The medium was aspirated and the cells were
resuspended in 500 uL TRIzol reagent (Invitrogen) per well, before being transferred
to 1.5 mL Eppendorf tubes. The samples were plunge frozen in liquid nitrogen and
stored at -80°C until further processing. Simultaneously, the samples shown as
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“Fixed” in Figures S2A & S2B were fixed with 4% PFA in PBS for 15 min at RT. The
fixed cells were washed with PBS x2, and permeabilised with PBS supplemented
with saponin (0.1%) and RNase inhibitor (40 U/mL). After permeabilization, the cells
were again washed with PBS x2, followed by click reaction with complete IEDDA
cocktail, complete CuAAC cocktail, or DMSO vehicle (0.25%) in PBS for 1 h at
RT in the dark. The IEDDA cocktail consisted of fluorophore 7 (5 uM) in PBS. The
complete CUAAC cocktail consisted of CuSO, (1 mM), sodium ascorbate (10 mM),
THPTA ligand (1 mM), amino-guanidine (10 mM), HEPES pH 7.2 (100 mM), and
AZDye 488 alkyne/azide (5 uM). The fixed cells were then washed with PBS x2,
before addition of 500 pL TRIzol reagent (Invitrogen) per well. The fixed cells were
scraped to loosen them from the plate and transferred to 1.5 mL Eppendorf tubes.
To all the fixed samples, proteinase K (40 U/mL, New England Biolabs, #P8197S)
was added, and the samples were incubated at 56°C for 1 h, followed by 10 min at
RT and 5 min on ice. All fixed cell samples were plunge frozen in liquid nitrogen and
stored at -80°C until further processing.

For the samples shown in Figure S2C, a similar protocol was followed as described
above. The only differences were that there was no oleic acid analogues added to
these samples, and the separate components of the CUAAC cocktail (diluted in 100
mM HEPES, pH 7.2) were also added to the cells.

All the prepared samples were thawed, 100 uL chloroform was added to each, and
they were vortexed vigorously for 15 s. After centrifugation at 20 000 rcf for 5 min,
the supernatant (aqueous phase, ~200 uL) was transferred to new tubes. To the new
tubes, 100 pL chloroform was added, they were vortexed vigorously, and spun down
at 20 000 rcf for 5 min. The supernatant (~180 pL) was transferred to new tubes,
180 pL isopropanol was added, and the samples were vortexed. RNA precipitation
occurred by incubating the samples for 20 min at RT, followed by centrifugation at 20
000 rcf for 15 min. The pellets were washed twice with ethanol (70%), and airdried
for 5 min. RNA isolated from live cells was reconstituted in 15 pL MilliQ, whereas
RNA from fixed cells was reconstituted in 10 yL MilliQ. The RNA concentration
was measured with a DeNovix DS-11 spectrophotometer, and 1 uyg RNA from each
sample was mixed with RNA loading dye (Thermo Fisher Scientific, #R0641, 1x)
supplemented with GelRed and loaded on 1% agarose gels in TAE buffer. As a
reference, RiboRuler High Range RNA ladder (Thermo Fisher Scientific, #SM1821)
was also added to the gels. The gels were run at 80 V for 45 min and were imaged
on a Chemidoc MP imaging system (Bio-Rad).

Cell sorting of splenocytes for single-cell RNA sequencing. One spleen was
harvested, and the splenocytes were isolated and stimulated as described above.
The stimulated cells were scraped from the 6-well plate and counted using a
haemocytometer. 8x10° cells were seeded in 800 pL splenocyte medium in one
well of an uncoated 12-well plate. To the same well, 800 pL sterculic acid (50 pyM)
in splenocyte medium was added, to give a final sterculic acid-concentration of
25 pM. The cells were incubated at 37°C, 5% CO, for 1 h, to allow for uptake of
the fatty acid. The cells were harvested, transferred to a 15 mL tube, and washed
with fresh medium (x2). Each washing step consisted of spinning down (300 rcf, 5
min), aspirating supernatant, and resuspending in wash solution. The cells were
resuspended in 1.6 mL fresh medium supplemented with fluorophore 7 (1 uM) and
seeded in a well in an uncoated 12-well plate. The cells were incubated at 37°C, 5%
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CO, for 1 h, to allow the fluorophore to react with sterculic acid, followed by being
harvested, transferred to a 15 mL tube, and washed with fresh medium (x1) and PBS
(x1). To perform a viability staining, the cells were resuspended in 1 mL Zombie NIR
(1:1000) in PBS, and incubated at RT for 20 min. After staining, two washing steps
with fresh medium (x1) and PBS (x1) were performed. The cells were fixed with 2%
paraformaldehyde (PFA) in PBS for 30 min, before unreacted PFA was quenched
with PBS supplemented with glycine (20 mM) and RNase inhibitor (40 U/mL). A last
wash with FACS buffer was performed, before the cells were resuspended in 600
WL FACS buffer supplemented with RNase inhibitor (40 U/mL). The samples were
transported on ice and sorted using a BD FACS Aria Ill 4L (BD Biosciences, San
Jose, CA, USA), according to the gating strategy shown in Figure S3.

scRNAseq workflow & data analysis. 4x10° cells of the low and high StA-uptake
populations were collected by FACS (as described above) and were handed over to
the Leiden Genome Technology Centre (LGTC) for processing, measurement, and
data analysis. The samples were analysed using the Chromium Fixed RNA Kit (10x

Genomics).
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Supplementary Figures & Tables
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Figure S1: Example of FACS gating strategy for proteomics and Seahorse analysis of A)
naive splenocytes, B) aCD3/aCD28-activated splenocytes.
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Table S1: List of significantly up- and downregulated proteins (in the high-uptake population)

after proteomics analysis of naive CD3+/CD4+ T cells upon high or low uptake of StA.

Upregulated

Downregulated

Cd74
Ncapg
Ncapd2
Cdk1
Ncaph
Kif2c
Swap70
Pygm
Kif4
Pid4
Incenp
Tbc1d4
Supt20h
Mafg
Dut
Rbfa
Top2a
Marcksl1
Stmn1
Smc2
Anxa2
Dhfr

Fbxo7

133



Chapter 4

Table S2: List of significantly up- and downregulated proteins (in the high-uptake population)
after proteomics analysis of aCD3/aCD28-activated CD3+/CD4+ T cells upon high or low
uptake of StA. The table continues on the next page.

Upregulated Downregulated
Mapkapk5 Dut Rps25 FbxI22 Plp2 Tra2b
Smad4 Btf3 Ipo5 Irf1 H1-5 Dok2
Mtg2 Psat1 Pdcd2 Rnf13 Cd3d Atp2a1
Tsnaxip1 Srm Shmt2 Ifngr1 Pecam1 Kdsr
Kcna6 Rps17 Ddx3x Depdc1b S100a6 Tmub1
Heatr9 Cdca7 Acaca Pkp1 Anxa1 Krt17
Maff Gpatch4 Nudt5 Endod1 Gimap3 Ngo2
Cops7a Impdh2 Noc2| Ifit1bl1 Phf11b Cap2
Fem1aa Rpl22 Rps11 Frmd4b Cox6c Fam98c
Zc3h7b Stard4 Aimp2 Krt4 Ahnak Syne3
Uqcc6 Ifrd2 Hells Adap1 Trafd1 Tiam1
Ccdc97 Cyp51a1 Grwd1 Tmem71 Prkab1 Eeig1
Nexmif Rps3 Gemin8 H2-DMb2 Cnst Cd247
Akirin2 Smyd5 Surf2 Mbtd1 Hide1 Rasa3
Zeb1 Znhit3 Aprt Trbv19 Cd48 SlIc28a2
Smg7 Colgalt1 Acly Ifit2 Fgd3 Tgm2
KIhl9 Nolc1 Dph6 Ecm1 Sp100 Hmgn1
Ctnna1 Hk2 Rrp15 Cdkn1b Dsp Ets1
Dhrs11 Fdps Prss59 Aldh3a2 Dop1b
Aasdhppt Snrpb Qasl2 H2bc14 HsdI2
Pprc1 Fasn S100a4 ligp1 Znf710
Trim26 Larp4 Vmn2r3 Tmem245 H2bc3
Pmf1 Spin4 Cep76 Cybc1 Tm9sf3
Crcp Eif4a1 Ing1 Chdh Cyria
Sar1b Rpsa Krt76 Kif1b Vps13c
Ccdc127 Eif4e2 Cd3e H2-M3 Nfatc2ip
Polr2d Nob1 Lamtor5 Hist1h2bp Arl6ip4
Tatdn2 Abcf2 Sell 114r Itgh3
Lhpp Psmg4 Cirbp Fbxo6 Trbv1
Gga2 Hspbp1 Rtp4 Cd47 Elmo2
Crabp2 Gzmb SIfn5 Trim14 Tdrp
Arl1 Dohh Pdcd4 S100a11 Kctd12
Snapc1 Heatr3 Hba Ubac2 H2ax
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Upregulated (cont.) Downregulated (cont.)
Atf6 Hat1 Dapl1 Krt5 Elf1
Nedd9 Aven Try10 Sipa1l1 Dennd1c
Gal3st4 Mrto4 Krt16 Mdm?1 Creb1
Ogfod1 Cluh Nucks1 Saraf Sigirr
Bcat1 Pcna Dpys Cmc2 Rcsd1
Hmgcs1 Mtrr Ifit1 Cytip Cds4
Kpna2 Ppat Krt42 Zbtb2 As3mt
Eif5a Acbd6 H2bc26 Irf7 Map3k3
Lss Rpap2 S100a13 Ifi203 Sfxn3
Znhit6 Znrd2 Ighg1 Itm2b Galm
Znf583 Ltv1 Sun2 Sh3bgrl Zbp1
Ntmt1 Fam98a Ltb Amacr Ccdc71
Ybx3 Mthfd2 Casp1 Tma7 Gvin1
Psmb5 Rps24 Clec2d Mndal Itgb7
Rpl2211 Rps23 H1-2 Cd3g Anxa5
Cdc45 Dtd2 Trp53i11 Alb Gbp7
Psmg3 Orc6 Ms4a6b Bles03 Fchsd1
Sifn2 Nufip1 Epsti1 H1-0 Plgrkt
Dnajc15 Edrf1 Ifi204 Anxa2 Ddah2
Eeflakmt4 Acsl4 Inppl1 Znf551 Col4a2
Fpgs Naa50 Cd74 Cmpk2 Rab22a
Pmvk Cdc123 H1-1 Cstb Tmx4
Idi1 Rpl35 Tbc1d8b Vkorc1 Fam3c
Mak16 Rplp0 Abcg3 Arid5a Coq9
Etf1 Ipo4 Ephx1 Atp2a3 Myo15a
Nap1I1 Hypk Hist2h2bb Cfap20 Zfp512b
Uck2 Ubap2 Abraxas1 Lmna Smarca2
Pabpc4 Cks2 Gimap1 Srsf2 Hmgb2
Ttc27 Irf4 H2bu2 Sting1 Esyt2
Rpl30 C1d Adgre5 Gsn Gbp9
Gxylt1 Pwp1 Stat2 Capg Rnf169
Mcm10 Rps12 Krt12 Pafah1b3 Arhgef18
Pla2g12a Serpinb6b Ctse Msh3 Hsd11b1
Aen Umps Ptms Sit1 Igtp
Cars1 Bim Srd5a3 Zfp362 Hp1bp3
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more feature and RNA counts than the other samples.
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Table S3: Immune cell subsets corresponding to clusters identified from the scRNAseq
analysis (from Figure 2). The immune cell subsets were determined based on expression of
relevant marker genes from the scRNAseq data.

Cluster Immune subset Relevant marker genes
0 CD4+ T cells CD3E, CD3D, CD3G, CD3z, CD4
1 CD8+ T cells CD3z, CD8A, CD8B1
2 B cells CD19, IGHM, IGHD, IGHE
3 B cells CD19, IGHM, IGHD, IGHE
4 B cells CD19, IGHM, IGHD, IGHE
5 NK cells CD16, CD27, CD161, KLRK1, NCR1
6 B cells CD19, IGHM, IGHD, IGHE, IGHG
7 Mixed (T & Bcells)  CD3Z, CD4, CD8B1, CD19, IGHD, IGHE
8 CD8+ T cells CD3Z, CD8A, CD8B1
9 CD8+ T cells CD3Z, CD8A, CD8B1
10 B cells CD19, IGHM, IGHD, IGHE
11 B cells CD19, IGHM, IGHG
12 CD8+ NKT cells CD3Z, CD8A, CD16, CD161, CD122, KLRK1
13 CD4+ NKT cells CD3Z, CD4, CD161, CD122, KLRK1, NCR1
14 CD4+ Treg CD3Z, CD4, FOXP3
15 Monocytes CD68, CD172A, CD86, CD40, CD80
16 CD8+ T cells CD8A, CD8B1
17 Mixed CD8A, CD8B1, CD161, CD122, KLRK1, NCR1
18 CD4+ T cells CD3Z, CD4
19 Monocytes CD11B, CD14, CD16, CD68, CD172A, CD40, CD80
20 Mixed CD3Z, CD4, CD8A, CD8B1
21 Monocytes CD11B, CD14, CD16, CD172A, CD80
22 NK cells CD56, CD49B
23 Monocytes CD68, CD172A
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Figure S5: Gene expression distribution from scRNAseq of genes related to lipid metabolism.
The expression distribution is highlighted in clusters containing all T, NKT, and NK cells.
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Figure S7: Gene expression distribution from scRNAseq of genes related to glycolysis and
glucose metabolism. The expression distribution is highlighted in clusters containing all T,
NKT, and NK cells.
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Chapter 5

Summary

The cellular metabolism of immune cells constitutes an important part of their proper
function and activation.! Using T cells as an example, this phenomenon is highlighted
by the metabolic reprogramming that occurs in these cells upon activation. The
metabolism of quiescent T cells mainly revolves around catabolic pathways where
glucose (for naive T cells) or fatty acids (for memory T cells) are broken down to
feed the tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHOS)
pathways to generate energy via mitochondrial respiration.2 Upon activation and
differentiation, effector T cells shift their metabolism from mitochondrial respiration
to aerobic glycolysis. Glycolysis is an important pathway to generate building
blocks for the synthesis of complex biomolecules, so the metabolic reprogramming
is accompanied by a shift towards anabolic pathways, generating the necessary
biomaterials for increased growth and proliferation.® The metabolic reprogramming
is further supported by an increased uptake of exogenous nutrients, such as glucose,
amino acids, and fatty acids (FAs). The availability of these nutrients in the cell’'s
environment is essential for the proper activation and differentiation of effector T
cells.*® The ability to unravel this complex interface between the immune system
and cellular metabolism relies on the development of appropriate chemical tools. The
aim of this thesis was to develop sterculic acid (StA) as a bioorthogonal analogue
of the immunomodulatory FA oleic acid (OA), and to use this as a tool to study the
uptake of StA in different immune cells.

Chapter 1 gave a detailed description of the current understanding of T cell
metabolism and how it is connected to their immunological functions. A special
focus was given to FA and lipid metabolism, explaining how pathways like fatty acid
B-oxidation (FAQ), fatty acid synthesis (FAS), and FA uptake are regulated in different
T cell subsets. Furthermore, a deep dive into the function of the monounsaturated
OA (C18:1, w-9) as an immunomodulatory FA was given, where OA has been
shown to influence immunological functions in diseases like asthma, sepsis, and
cancer. Specifically for T cells, OA has been shown to affect their proliferation,
metabolism and differentiation. Chapter 1 continues by describing molecular tools
that are available for studying cellular uptake of exogenous FAs. Historically, either
radioactively or fluorescently labelled FAs have been used for this purpose, but
here it is suggested that bioorthogonal chemistry is more suitable for studying FA
uptake. By incorporating a small chemical modification with a unique bioorthogonal
functional group into the FA molecule, treating cells with this bioorthogonal FA
analogue, and subsequently adding a reporter molecule (e.g. a fluorophore) with
the complementary functionality, the FA analogue is covalently labelled in the cells.
Chapter 1 proposed the naturally occurring plant metabolite StA as a novel live-cell
compatible bioorthogonal analogue of OA and hypothesised that the cyclopropene
moiety of StA would allow for an inverse electron-demand Diels-Alder (IEDDA)
reaction with a tetrazine modified reporter molecule.

Chapter 2 described the initial exploration of StA as a bioorthogonal OA analogue.
It focused on a library of eight quenched tetrazine-conjugated fluorophores and
evaluated their abilities to react with StA via an IEDDA reaction. Their stability, as
well as their turn-on ratio and reaction kinetics, were evaluated upon ligation with
StA. These assays indicated that the IEDDA reaction between StA and the tetrazine-
conjugated fluorophores could occur with varying efficiency in solution. Subsequently,
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it was demonstrated by confocal microscopy that StA could be taken up by live cells,
and the IEDDA reaction could be successfully performed on either live or fixed cells.
Fluorophore 6, a BODIPY FL-based conjugate with a H-substitution on the tetrazine,
was deemed best for fixed-cell imaging, whereas fluorophore 7, a BODIPY-based
conjugate with a methyl-substitution on the tetrazine, was deemed best for live-cell
imaging. The turn-on ratio of fluorophore 7 was sufficient to perform live-cell confocal
imaging without washing away unreacted fluorophore, a big advantage to reduce
cell loss during washing steps. Lastly, the labelling of StA in cellulo was multiplexed
with two other bioorthogonal reactions to label several biomolecules simultaneously,
emphasising the strength and flexibility of this novel bioorthogonal OA analogue.

Chapter 3 further delved into the diversity of StA as a bioorthogonal OA analogue
by investigating its incorporation into proteins as a post-translational modification
(PTM). Protein lipidation as a PTM is important for correct protein function, signalling,
transportation and regulation, and can also have immunomodulatory properties. It was
shown by fluorescent gel electrophoresis that StA could be incorporated into proteins
as a PTM, and that the protein lipidation could be visualised by IEDDA reaction
with tetrazine-conjugated fluorophores. However, the detected proteins depended
on which fluorophore was used and whether the IEDDA reaction was performed
on live cells or on cell lysate. To further investigate these observed differences
in lipidation pattern, a pull-down chemical proteomics approach was applied. A
library of cell-permeable tetrazine-modified biotin molecules were synthesised with
different spacer lengths and substitutions on the tetrazine, and was compared to the
commercially available, cell-impermeable biotin-PEG4-tetrazine. With fluorescent
microscopy, it was demonstrated that biotins 17, with a short spacer and methyl-
substituted tetrazine, and 19, with a longer spacer and H-substituted tetrazine, were
cell-permeable and reactive with StA. Comparing the lipidated proteins that were
recovered with 17, 19, or biotin-PEG4-tetrazine in a pull-down chemical proteomics
approach showed little to no overlap between detected proteins. This further
supported the previous observation that the timing of the IEDDA reaction makes a
difference, but it also implied that chemical properties of the biotin molecules, such
as spacer length, could also influence the pool of proteins that were detected. The
developed method detected several proteins with known immunological functions,
that have never been known to be lipidated as a PTM. Among them is SLC15A3, a
transmembrane amino acid transporter with immunomodulatory properties. These
results could indicate modification with OA as a novel regulatory mechanism for this
protein.

In Chapter 4, the use of StA as a bioorthogonal OA analogue was applied to study
the uptake of exogenous FAs in a heterogeneous, primary T cell population. After
StA uptake and IEDDA reaction with fluorophore 7, the cells were differentiated
based on low or high uptake of StA by fluorescence-activated cell sorted (FACS).
Comparing the low- and high-uptake populations with each other revealed remarkable
phenotypic, metabolic, proteomic, and transcriptomic differences. The high-uptake
cells took on a more effector-like phenotype with larger and more granulated cells,
increased expression of CD44, and decreased expression of CD62L, compared to
the low-uptake cells. These differences were observed in naive T cells as well as
in vitro activated T cells. It was also demonstrated that the high-uptake cells are
more metabolically active than the low-uptake cells, in line with existing literature
about effector T cell metabolism. The metabolic differences were also reflected
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on a proteomic and transcriptomic level where key proteins and genes involved
in glycolysis, fatty acid synthesis and the mevalonate pathway were significantly
upregulated in the high-uptake cells. The upregulation of these pathways is closely
connected to the metabolic reprogramming that occurs during effector T cell
differentiation (described in Chapter 1) and further supported the observation that
high StA-uptake T cells exhibited a more effector-like state. However, it could not be
determined if the high-uptake cells are inherently dispositioned for a more effector-
like state, or if this is induced by increased availability of FAs in the culture medium.

In conclusion, this thesis reports the first use of StA as a bioorthogonal analogue
of OA. StA was readily taken up in vitro by a plethora of immune cells and could
react with tetrazine-modified reporter molecules (e.g. fluorophores) via an IEDDA
reaction, presenting a non-toxic, live-cell compatible alternative to other commonly
used bioorthogonal reactions. The versatility of this approach allowed for multiplexing
with other bioorthogonal reactions, permitting the simultaneous study of multiple
biomolecules. The workflow could further be adapted and applied to study the
lipidation of proteins as a PTM, as well as to investigate phenotypic and multiomic
differences between T cells with a differential StA-uptake. The adaptability of the
workflow emphasises its strength and applicability as a chemical tool to study FA
uptake.

Future Prospects

Effects of different spacer lengths on pull-down of oleoylated proteins

In Chapter 3, a library of cell-permeable tetrazine-modified biotins were synthesised.
Of these, compounds 17 and 19 were found to be cell-permeable and reactive with
StA. However, the compounds had two different spacers between the biotin moiety
and the tetrazine, with either a short (~13 A, biotin) or medium (~22 A, LC-biotin)
spacer length (Figure 1A). These cell-permeable biotins were compared to the cell-
impermeable biotin-PEG4-tetrazine which has a long (~29 A) spacer between the
biotin and tetrazine moieties (Figure 1A). In the chapter it was postulated that the short
and medium spacer lengths of 17 and 19 could lead to increased steric hindrance
upon binding of the tetrameric streptavidin beads during pull-down, leading to fewer
proteins being detected. This effect was not observed for biotin-PEG4-tetrazine,
further supporting the hypothesis that spacer length plays a role in protein retrieval.

In view of these findings, an expansion of the library of cell-permeable tetrazine-
modified biotins is envisioned, where an additional spacer length similar to that of
PEG4 is added (Figure 1B, LC-LC-biotin). However, increasing spacer length also
appeared to negatively impact the compounds’ solubility, so this would need to be
optimised further. A cell-impermeable biotin-PEG2-tetrazine could also be used as
a control, since it also has a medium spacer length (Figure 1B). If a drastic drop in
detected proteins occurs compared to biotin-PEG4-tetrazine, spacer length is likely
implicated, and a longer spacer would lead to less steric hindrance.
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Figure 1: Structures of biotin molecules with different spacer lengths. A) biotin, LC-biotin and
biotin-PEG4, B) biotin-PEG2 and LC-LC-biotin.

Incorporating fatty acid uptake into the single-cell RNAseq workflow

Chapter 4 described how information about fatty acid uptake was multiplexed with a
single-cell RNA sequencing (scRNAseq) workflow by using StA. Cells were treated
with StA, and subsequent IEDDA reaction with a fluorophore, before being sorted
into high- and low-uptake populations by FACS. The two resulting populations were
subjected to scRNAseq and were compared to each other. However, this strategy
requires a sorting step during which information of nutrient uptake per individual cell
is lost, preventing the correlation of sequencing information to nutrient uptake on a
per-cell basis.

A different strategy was therefore also attempted, with the idea that the StA-uptake
information could be incorporated directly as a readable parameter in the scRNAseq
workflow. For this purpose, an oligonucleotide barcode system was developed
that was inspired by the TotalSeq™ B barcoding technology. This technology was
developed to be compatible with 10x Genomics’ scRNAseq platform and consists of
an antibody conjugated to the 5’ end of an oligonucleotide (Figure 2A). The antibody
is specific for a cell surface marker of interest, and the oligonucleotide firstly consists
of a capture sequence which is implemented in the 10x Genomics workflow. In
addition, a PCR handle is included for amplification, as well as the barcode sequence
itself which is unique to each TotalSeq™ B antibody used.

The newly developed oligonucleotide described here consisted of a TotalSeq™
barcode conjugated to a methyltetrazine at the 5’ end, rather than to an antibody
(Figures 2B & 2C). This would allow for it to react in an inverse electron-demand
Diels-Alder (IEDDA) click reaction to StA, thereby allowing the quantification of StA
in the same sequencing run that would analyse the per-cell transcriptome.

The initial experiments with the tetrazine-conjugated oligonucleotide were performed
with the murine dendritic cell line DC2.4, which had been prelabelled with StA,
before being fixed and permeabilised. The perforation of the cell membrane allowed
for the tetrazine-conjugated oligonucleotide to enter the cells to react with StA. As
a negative control, cells prelabelled with native OA were used. After the IEDDA
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reaction, unreacted oligonucleotide was washed away. The cells were then prepared
according to 10x Genomics’ provided instructions, and the PCR product was
analysed on an Agilent Bioanalyzer chip. Unfortunately, no substantial difference in
the amount of PCR product was observed between the StA- and OA-treated cells
(Figure 2D). Some optimisation was attempted. For example, by increasing the cell
numbers, or increasing the number of wash steps after the IEDDA click reaction.
However, nothing appeared to affect the amount of PCR product detected in the StA
sample compared to the OA sample (data not shown).

It was hypothesised that since FAs are not covalently crosslinked upon fixation
with paraformaldehyde, and the water solubility of StA is massively increased upon
click reaction with the oligonucleotide, the entire StA-oligonucleotide complex could
potentially be washed away during the wash steps after the click reaction. It is
also not known what effect the conjugation of the oligonucleotide to the tetrazine
has on its reactivity with cyclopropenes, and it is possible that the kinetics of the
tetrazine-conjugated oligonucleotide are so slow that one hour incubation for the
click reaction was not sufficient. It was shown in Chapter 3 that the addition of bulky
groups to the tetrazine can largely impact its ability to react with StA. Due to these
major unanswered technological questions, as well as time- and cost-constraints,
this approach was abandoned for the time being.

Although the initial tests with the tetrazine-conjugated oligonucleotide in combination
with StA did not show positive results, it would be interesting to try this approach with
other nutrients, e.g. amino acids, that are covalently crosslinked upon fixation. This
would remove the uncertainty of washing away the nutrient after IEDDA reaction with
the oligonucleotide and would better demonstrate the feasibility of the approach.

Effects of starvation prior to fatty acid uptake

To build further on the data described in Chapter 4, there are several new angles
that could be interesting to explore. T cells undergo metabolic reprogramming upon
activation, which renders effector T cells reliant on uptake of exogenous nutrients
(see Chapter 1). Upon nutrient deficiency, for example by metabolic competition for
glucose in the tumour microenvironment, effector T cell differentiation and function
are negatively impacted.®'® Glucose deficiency could also skew T cell differentiation
in favour of regulatory T cells over effector T cells." While the StA uptake in Chapter
4 was performed in complete culture medium, it would be interesting to see how the
T cells would react to starvation, e.g. by using glucose-depleted culture medium,
prior to StA uptake, and if this would affect the observed effector-like state of the
high-uptake T cells (see Chapter 4).
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Figure 2: A) TotalSeq™ B feature barcoding technology developed for antibody labelling of
surface markers to be implemented into the 10x Genomics workflow. B) TotalSeq™ B-inspired
oligonucleotide barcode with tetrazine modification at 5 end, and the oligonucleotide
sequence. C) Structure of 5’ tetrazine modification on the oligonucleotide. D) example of PCR
results after StA uptake and IEDDA reaction with the tetrazine-modified oligonucleotide.
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Further classifications of T cell subsets upon differential FA uptake

It would also be interesting to further analyse and classify which T cell subsets are
present in the high and low StA-uptake populations after FACS (see Chapter 4). The
cytokine production of the two different populations could be analysed by enzyme-
linked immunosorbent assays (ELISAs), or the populations could be subjected to
further flow cytometry analysis with a more elaborate and thorough antibody panel.
This could help determine the present T cell subsets in more detail and further verify
if the high-uptake population contains a higher proportion of effector T cells.

To investigate the differentiation potential of the high and low StA-uptake populations
of naive splenocytes, the cells could be activated in vitro with aCD3/aCD28 antibodies
after FACS. After the in vitro activation, a similar combination of ELISAs and flow
cytometry as described above could be applied to determine which T cell subsets
are predominantly present, and if there are differences between cells with differential
FA uptake capacities.

Multiplexing nutrients in the single-cell RNAseq workflow

In Chapter 2 it was demonstrated that the IEDDA reaction with StA can be multiplexed
with other bioorthogonal reactions and used to study multiple biomolecules at once.
This could be extrapolated to the scRNAseq workflow described in Chapter 4, where
a second bioorthogonal nutrient analogue, and subsequent bioorthogonal reaction,
could be added. The bioorthogonal amino acid analogue azidohomoalanine, which
has been shown to mimic glutamine uptake in T cells'?, could for example be used.
However, a bioorthogonal reaction must be chosen that does not utilise a copper
catalyst, since the copper catalyst was shown to degrade RNA (Chapter 4, Figure
S2). For this purpose, a strain-promoted azide-alkyne cycloaddition (SPAAC)" or
Staudinger ligation™ could be used, although some further optimisations would
be necessary to incorporate this into the scRNAseq workflow. Since T cells also
increase their amino acid uptake upon differentiation into effector T cells (see
Chapter 1), itis likely that cells with a high FA uptake will also show a high amino acid
uptake. However, there could be populations of cells with a high FA uptake combined
with a low amino acid uptake and vice versa. It would be interesting to determine
which phenotypic, metabolic, and transcriptomic profile these cells have, and what
differentiate them from the other T cell populations.
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Materials & Methods

General. Sterculic acid was purchased from Cayman Chemical (#26735), and
stored as 10 mM or 100 mM stock solutions in DMSO at -20°C. Oleic acid was
purchased from Sigma Aldrich (#01383), and stored as 100 mM stock solution in
DMSO at -80°C. The murine RNase inhibitor was purchased from New England
Biolabs (#M0314L), and stored as delivered at -20°C. The RNase-free PBS (10x)
was purchased from Thermo Fisher Scientific (#J62851.AP) and stored as delivered
at room temperature (RT). The PBS was diluted to 1x with MilliQ water prior to use.
The custom-made oligonucleotide sequence with a 5’ tetrazine modification (Figures
2B & 2C) was ordered from Biomers.net. Upon delivery, the oligonucleotide was
dissolved in MilliQ water (1 mM), and stored at -20°C.

DC2.4 cell culturing. DC2.4 cells were cultured in RPMI 1640 culture medium
(Gibco, #31870025) supplemented with 10% FCS, GlutaMAX (2 mM), sodium
pyruvate (1 mM), 1x non-essential amino acids (NEAA, Thermo Fisher Scientific),
penicillin (100 1.U./mL), streptomycin (50 pyg/mL), and 2-mercaptoethanol (50 uM,
Thermo Fisher Scientific), and incubated at 37°C, 5% CO,. The cells were grown to
70-80% confluency and passaged every 2-3 days by trypsinisation.

Click reaction with ssDNA barcode modified with tetrazine. 2.5x10% DC2.4 cells
were seeded per 60 mm dish, and incubated at 37°C, 5% CO, overnight to allow the
cells to attach. The samples were treated with either sterculic acid or the native oleic
acid (50 yM) in fresh DC2.4 medium, and incubated for 1 h at 37°C, 5% CO,, to allow
for uptake of the FAs. The cells were washed with fresh medium x1, followed by
PBS x1, before they were scraped in PBS and transferred to Eppendorf tubes. The
cells were spun down at 400 rcf for 5 min, and were fixed in 4% PFA in PBS for 15
min at RT. The cells were spun down at 400 rcf for 5 min, before unreacted PFA was
quenched with PBS supplemented with glycine (20 mM) and RNase inhibitor (40 U/
mL). The cells were spun down at 900 rcf for 5 min, and washed with RNase-free PBS
x1 before permeabilisation with RNase-free PBS supplemented with saponin (0.1%)
for 15 min at RT. The tubes were filled up with RNase-free PBS before being spun
down at 850 rcf for 5 min. The custom-made tetrazine-conjugated oligonucleotide (5
MM, see Figures 2B & 2C) in RNase-free PBS, supplemented with RNase inhibitor
(40 U/mL), was added to the cells and reacted for 1 h at RT with shaking (800 rpm).
The cells were spun down at 850 rcf for 5 min and was washed with RNase-free
PBS between 2 and 5 times. The cells were resuspended in RNase-free PBS and
was transported on ice to collaborators from the Leiden Genome Technology Center
(LGTC) at Leiden University Medical Center (LUMC). The samples were thereafter
prepared according to the 10x Genomics user guide (CG000477), until having been
analysed on an Agilent Bioanalyser (see results in Figure 2D).
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Chapter A

Nederlandse Samenvatting

Bio-orthogonale technieken voor het bestuderen van de
vetzuuropname in immuuncellen

Het cellulaire metabolisme van immuuncellen vormt een belangrijk onderdeel van
hun functie en activatie. Aan de hand van T-cellen wordt dit fenomeen geillustreerd
door de metabole herprogrammering die optreedt bij activatie van deze cellen.
Het metabolisme van rustende T-cellen bestaat voornamelijk uit katabole routes,
waarbij glucose (voor naieve T-cellen) of vetzuren (voor T-geheugencellen) worden
afgebroken om de tricarbonzuurcyclus en oxidatieve fosforylering te voeden,
waarmee energie wordt gegenereerd via mitochondriale respiratie. Na activatie en
differentiatie schakelen effector-T-cellen hun metabolisme om van mitochondriale
respiratie naar aerobe glycolyse. Glycolyse is een belangrijke route voor de aanmaak
van bouwstenen die nodig zijn voor de synthese van complexe biomoleculen. Deze
metabole herprogrammering gaat daarom gepaard met een verschuiving naar
anabole routes, die de noodzakelijke biomaterialen produceren voor verhoogde groei
en proliferatie. De metabole herprogrammering wordt verder ondersteund door een
verhoogde opname van exogene nutriénten, zoals glucose, aminozuren en vetzuren.
De beschikbaarheid van deze nutriénten in de extracellulaire omgeving is essentieel
voor de correcte activatie en differentiatie van effector-T-cellen. Het ontrafelen van
dit complexe samenspel tussen het immuunsysteem en het cellulaire metabolisme
vereist de ontwikkeling van de juiste chemische hulpmiddelen. Het doel van dit
proefschrift was om sterculinezuur te ontwikkelen als een bio-orthogonaal analoog
van het immunomodulerende vetzuur oliezuur, en dit te gebruiken als hulpmiddel om
de opname van sterculinezuur in verschillende immuuncellen te bestuderen.

Hoofdstuk 1 geeft een gedetailleerde beschrijving van de huidige kennis over
het metabolisme van T-cellen en de relatie met hun immunologische functies.
Hierbij werd speciale aandacht besteed aan vetzuur- en lipidenmetabolisme,
met uitleg over hoe processen als vetzuur béta-oxidatie, vetzuursynthese en
vetzuuropname worden gereguleerd in verschillende T-cel-subtypen. Vervolgens
wordt ingegaan op de rol van het enkelvoudig onverzadigde oliezuur (C18:1, w-9)
als immunomodulerend molecuul, dat invioed heeft op immuunfuncties bij ziekten
zoals astma, sepsis en kanker. Voor T-cellen specifiek is aangetoond dat oliezuur
hun proliferatie, metabolisme en differentiatie beinvioedt. Daarnaast worden
moleculaire hulpmiddelen beschreven die gebruikt worden om de opname van
exogene vetzuren te onderzoeken. Traditioneel werd dit gedaan met radioactief of
fluorescent gelabelde vetzuren, maar hier wordt voorgesteld dat bio-orthogonale
chemie geschikter is voor dit doel. Door een kleine chemische modificatie met een
unieke bio-orthogonale functionele groep in het vetzuur aan te brengen, cellen met dit
analoog te behandelen en vervolgens een rapporteermolecuul (bijv. een fluorofoor)
toe te voegen met de complementaire functionaliteit, kan het vetzuuranaloog
covalent worden gelabeld in de cel. Hoofdstuk 1 stelt het plantaardige metaboliet
sterculinezuur voor als een nieuw, ‘live-cell’-compatibel bio-orthogonaal analoog van
oliezuur, en veronderstelt dat de cyclopropeenring van sterculinezuur een ‘inverse
electron-demand Diels-Alder’ (IEDDA)-reactie mogelijk maakt met een tetrazine-
gemaodificeerd rapporteermolecuul.

Hoofdstuk 2 beschrijft de eerste verkenning van sterculinezuur als bio-orthogonaal
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oliezuur-analoog. Een bibliotheek van acht ‘quenched’ tetrazine-geconjugeerde
fluoroforen werd getest op hun vermogen om via een IEDDA-reactie met
sterculinezuur te reageren. Hun stabiliteit, ‘turn-on’-ratio en reactiesnelheid werden
geévalueerd. Deze testen toonden aan dat de IEDDA-reactie tussen sterculinezuur
en de fluoroforen met verschillende efficiéntie kon plaatsvinden in oplossing.
Vervolgens werd met confocale microscopie aangetoond dat sterculinezuur door
levende cellen kan worden opgenomen en dat de IEDDA-reactie succesvol kon
worden uitgevoerd op zowel levende als gefixeerde cellen. Fluorofoor 6 (een op
BODIPY FL gebaseerd conjugaat met H-substitutie op de tetrazine) bleek het meest
geschikt voor gefixeerde cellen, terwijl fluorofoor 7 (een op BODIPY gebaseerd
conjugaat met methylsubstitutie op de tetrazine) het meest geschikt was voor
levende cellen. De ‘turn-on’-ratio van fluorofoor 7 was zelfs hoog genoeg om ‘live-
cell’ confocale microscopie uit te voeren zonder niet-gereageerde fluorofoor uit te
wassen, wat een groot voordeel is om verlies van cellen tijdens wasstappen te
voorkomen. Tot slot werd aangetoond dat het labelen van sterculinezuur in cellen
kon worden gecombineerd met twee andere bio-orthogonale reacties om meerdere
biomoleculen gelijktijdig te labelen, waarmee de veelzijdigheid van dit nieuwe
oliezuur-analoog werd benadrukt.

Hoofdstuk 3 gaat dieper in op de diversiteit van sterculinezuur als bio-orthogonaal
oliezuur-analoog door te onderzoeken of het kan worden ingebouwd in eiwitten
als posttranslationele modificatie (PTM). Eiwitlipidatie als PTM is belangrijk voor
een correcte eiwitfunctie, signaaloverdracht, transport en regulatie, en kan ook
immunomodulerende eigenschappen hebben. Met fluorescente gelelektroforese
werd aangetoond dat sterculinezuur in eiwitten kan worden ingebouwd, en dat
deze lipidatie kan worden gevisualiseerd via een IEDDA-reactie met tetrazine-
geconjugeerde fluoroforen. De gedetecteerde eiwitten verschilden echter
afhankelijk van de gebruikte fluorofoor en of de reactie werd uitgevoerd in
levende cellen of in cellysaten. Om deze verschillen verder te onderzoeken, werd
een ‘pull-down’ chemoproteomicsbenadering toegepast. Een bibliotheek van
cel-permeabele tetrazine-gemodificeerde biotine-moleculen met verschillende
spacerlengtes en substituties op de tetrazine werd gesynthetiseerd en vergeleken
met de commercieel beschikbare, cel-impermeabele biotine-PEG,-tetrazine. Met
fluorescentie-microscopie werd aangetoond dat biotines 17 (met een korte spacer
en een methylsubstitutie op de tetrazine) en 19 (met een langere spacer en een
H-substitutie op de tetrazine) cel-permeabel waren en reageerden met sterculinezuur.
Vergelijking van de gelipideerde eiwitten die met 17, 19 of biotine-PEG,-tetrazine
werden geisoleerd, toonde weinig overlap tussen de gedetecteerde eiwitten. Dit
bevestigde dat het moment van de IEDDA-reactie van invloed is, maar suggereerde
ook dat de chemische eigenschappen van de biotine (zoals de spacerlengte)
de detectie van verschillende eiwitten beinvioeden. Met deze methode werden
verschillende eiwitten met bekende immunologische functies gedetecteerd die niet
eerder als gelipideerd bekend stonden, waaronder SLC15A3, een transmembraan
aminozuurtransporter met immunomodulerende eigenschappen. Dit kan wijzen op
een nieuw regulatiemechanisme voor dit eiwit via oliezuur-modificatie.

Hoofdstuk 4 beschrijft het gebruik van sterculinezuur als bio-orthogonaal oliezuur-
analoog om de opname van exogene vetzuren te bestuderen in een heterogene,
primaire T-celpopulatie. Na opname van sterculinezuur en IEDDA-reactie met
fluorofoor 7 werden cellen op basis van lage of hoge sterculinezuur-opname
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gescheiden met ‘fluorescence-activated cell sorting’ (FACS). Vergelijking van de
populaties metlage en hoge opname onthulde opvallende fenotypische, proteomische
en transcriptomische verschillen. De cellen met hoge opname vertoonden een meer
effectorachtig fenotype, met grotere en meer gegranuleerde cellen, verhoogde
expressie van CD44 en verlaagde expressie van CD62L. Deze verschillen werden
waargenomen in zowel naieve als in vitro geactiveerde T-cellen. Bovendien bleken de
cellen methoge opname een hogere metabolisch activiteit te hebben, overeenkomstig
met bestaande literatuur over effector-T-celmetabolisme. De metabole verschillen
kwamen ook tot uiting op proteomisch en transcriptomisch niveau, waarbij belangrijke
eiwitten en genen betrokken bij glycolyse, vetzuursynthese en de mevalonaatroute
significant waren opgereguleerd in de cellen met hoge opname. Deze opregulatie
sluit nauw aan bij de metabole herprogrammering die optreedt tijdens effector-T-
celdifferentiatie (zoals beschreven in Hoofdstuk 1), en ondersteunt de observatie
nog verder dat T-cellen met hoge sterculinezuur-opname een meer effectorachtige
toestand vertonen. Het kon echter niet worden geconcludeerd of deze cellen van
nature voorbestemd zijn tot een effectorachtig profiel, of dat dit wordt geinduceerd
door een verhoogde beschikbaarheid van vetzuren in het medium.

Concluderend rapporteert dit proefschrift het eerste gebruik van sterculinezuur
als bio-orthogonaal analoog van oliezuur. Sterculinezuur werd in vitro gemakkelijk
opgenomen door diverse immuunceltypen en kon reageren met tetrazine-
gemodificeerde rapporteermoleculen (zoals fluoroforen) via een IEDDA-reactie,
waarmee een niet-toxisch, ‘live-cell’-compatibel alternatief wordt geboden voor
andere bio-orthogonale reacties. De veelzijdigheid van deze aanpak maakte
‘multiplexing’ met andere bio-orthogonale reacties mogelijk, waardoor gelijktijdige
studie van meerdere biomoleculen kon plaatsvinden. De workflow kon bovendien
worden aangepast om eiwitlipidatie als PTM te onderzoeken, evenals de fenotypische
en multi-omische verschillen tussen T-cellen met verschillende sterculinezuur-
opname te bestuderen. De flexibiliteit van deze methode benadrukt haar kracht en
bruikbaarheid als chemisch hulpmiddel voor de studie van vetzuuropname.
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