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I. Abstract

Naive CD4" T cells are the precursor cells of all effector T helper cell subsets and they form
the basis of the immunologic memory. These cells provide one of the earliest cellular targets
to modulate T cell activation and differentiation during the development of CD4" T cell
driven immune pathologies such as autoimmune diseases and allergies, which are an in-
creasing problem for the worlds’ societies. Easy accessible cell surface proteins are responsi-
ble for the recognition of and response to signals of other cells or changes in the environ-
ment, therefore, they can be described as interesting targets for immune modulation strate-
gies such as immunotherapy and vaccination. The aim of this dissertation is to characterize
the proteomic cell surface composition of human naive CD4" T cells and their changes during
T cell activation on a multi-omic level to deepen the current knowledge about these im-
portant immune cells and to identify new immune targets for the development of novel im-
mune modulation strategies. Human naive CD4" T cells were isolated and activated with an-
ti-CD3/anti-CD28 in a time course experiment to mimic T cell receptor engagement. The
samples were analyzed via a non-targeted proteomic technique (PAL-gLC-MS/MS), a target-
ed flow cytometry screen and a genome-wide microarray expression analysis coupled to
bioinformatics analyses. All obtained results were combined in the surface atlas of human
naive and activated CD4" T cells. Out of the analyzed multi-omic datasets, the transmem-
brane protein c16orf54 was chosen for further investigations and tools such as monoclonal
antibodies, stable expression systems and murine model organisms were generated. 229 cell
surface proteins were identified and quantified on human naive and activated CD4" T cells by
the proteomic techniques and 927 cell surface protein coding transcripts were detected by
the transcriptomic analyses. 51 of the cell surface proteins are annotated as targets for ap-
proved drugs and further interesting cell surface targets such as solute carrier transport pro-
teins and proteins, which were not described in the context of T cell biology before, like the
transmembrane protein c16orf54, were identified by analyses of the multi-omic datasets.
Newly generated investigational tools revealed that c16orf54 is not only expressed on naive
and activated CD4" T cells within the compartment of immune cells in the blood.

The generated surface atlas of human naive and activated CD4" T cells can be seen as multi-
omic reference guide for CD4" T cell activation, increasing the current knowledge of CD4" T
cell biology. In addition, it provides a rich source of interesting immune targets, which can be
investigated in the context of novel therapeutic strategies aiming to modulate reactions of

the immune system during the development of CD4" T cell driven diseases.
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Il. Zusammenfassung

Naive CD4" T-Zellen sind Vorlduferzellen fiir alle Effektor-T Helferzell-Subtypen und bilden
die Basis flr das immunologische Gedachtnis. Diese Zellen stellen die friihestmaoglich beein-
flussbare zelluldre Zielstruktur dar, um die T-Zell Aktivierung und Differenzierung wahrend
der pathologischen Entwicklung von CD4" T-Zell-bedingten Krankheiten wie Autoimmun-
krankheiten und Allergien zu modulieren. Diese Krankheiten sind ein zunehmendes Problem
fiir die Gesellschaft auf der ganzen Welt. Einfach zugangliche Proteine auf der Zelloberflache
sind dafir zustandig, Signale von anderen Zellen oder des sich verandernden Umfeldes zu
erkennen und aufzunehmen. Aus diesem Grund sind Oberflachenproteine interessante Ziel-
strukturen fiir immunmodulatorische Strategien wie Immuntherapie und Impfung. Ziel der
vorliegenden Dissertation ist die Charakterisierung der Proteinzusammensetzung auf der
Oberfliche von humanen naiven CD4" T-Zellen und deren Verinderung wihrend der T-Zell
Aktivierung basierend auf mehrstufigen Omics-Techniken. Dies soll den derzeitigen
Wissenstand Uber diese wichtigen Immunzellen vertiefen und neue Zielstrukturen identifi-
zieren die fir die Entwicklung von innovativen immunmodulatorischen Strategien dienen
kénnen. Humane naive CD4" T-Zellen wurden isoliert und fiir verschiedene Zeitspannen mit
anti-CD3/anti-CD28 zur T-Zell-Rezeptor Aktivierung stimuliert. Die Proben wurden mittels
einer umfassenden proteomischen Technik (PAL-gLC-MS/MS), einer gezielten durchflusszy-
tometrischen- und einer genomweiten Microarray Expressionanalyse, gekoppelt an Bioin-
formatik, untersucht. Alle Ergebnisse wurden zum Oberflachenatlas fir die naive und akti-
vierte CD4" T-Zelle zusammengefasst. Aus den mehrstufigen Omics-Datensitzen wurde das
Transmem-branprotein c16orf54 fir weitere Untersuchungen ausgewdhlt und es wurden
monoklonale Antikdrper, stabile Expressionssysteme und murine Modellorganismen als
Hilfsmittel zur weiteren Analyse des Proteins hergestellt. Durch die proteomischen Analysen
konnten 229 Oberflichenproteine auf naiven und aktivierten CD4" T-Zellen identifiziert und
quantifiziert werden und durch Transkriptomanalyse wurden 927 Transkripte beschrieben,
die fiir Oberflachenproteine kodieren. 51 dieser Oberflachenproteine sind annotiert als Ziel-
strukturen fiir zugelassene Wirkstoffe, aber auch weitere interessante Zielstrukturen wie
Solute Carrier Transportproteine und Proteine ohne bisherig beschriebenen Zusammenhang
mit T-Zellen, wie das Transmembranprotein c160orf54, konnten identifiziert werden. Durch
Verwendung der neu hergestellten Hilfsmittel zur Analyse des Transmembranproteins
cl6orf54 konnte gezeigt werden, dass dieses Protein nicht nur auf naiven und aktivierten
CD4" T-Zellen innerhalb der Immunzellpopulation im Blut exprimiert wird. Der generierte

Oberflichenatlas fiir humane naive und aktivierte CD4" T-Zellen, basierend auf mehrstufigen
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Omics-Datensatzen, kann als Nachschlagewerk fiir die Aktivierung von CD4" T-Zellen angese-
hen werden und erweitert den derzeitigen Wissenstand zur Biologie von CD4" T-Zellen. Zu-
satzlich beinhaltet der Atlas eine ergiebige Liste von interessanten Zielstrukturen, die im
Kontext von neuen therapeutischen Strategien zur Modulation der Immunreaktion wahrend

der Entwicklung von CD4" T-Zell-bedingten Krankheiten untersucht werden kénnen.
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lll. Introduction

Organisms need a fast-reacting and specific protection system against invading pathogens.
Nevertheless, it is also very important that this protection system is well controlled and does
not overreact in safe and harmless situations. This well-balanced task is essential for the sur-
vival of all living organisms and it is fulfilled by the immune system being composed of or-
gans, tissues and cells - interacting within a complex network inside the body. The immune
system can be divided into an innate and an adaptive part. The innate immune system is
responsible for the first line of defense, reacting against infections upon the very first con-
tact to e.g. microbes at mucosal barriers. This part of the immune system is comprised of
physical (skin) and chemical (antimicrobial agents produced by epithelia) barriers, proteins
circulating in the blood stream (complement system associated proteins), cells with phago-
cytic features like macrophages and neutrophils, antigen presenting cells (APCs) like differ-
ent types of dendritic cells (DCs) and also natural killer (NK) cells.* Recently, a new type of
cell was identified, which is also associated with the innate immune system. These cells were
named innate lymphoid cells (ILCs) and they mirror the functions of T effector cells, but do
not express a T cell receptor.”® The reaction of the innate branch of the immune system is
very fast as it reacts within the first hours upon invasion. However, it represents an unspecif-
ic defense reaction, as the structures that are recognized during infection are common struc-
tures called “pathogen-associated molecular patterns” (PAMPs). PAMPs are shared among
related groups of microbes, leading to the concept that involved immune cells might not be
able to discriminate between different microbes. The innate immune system is also not in-
tended to install long-lasting immunity. However, the components of the innate immune
system can induce inflammation very fast by recruiting and activating cells of adaptive im-
munity, underlining the dependence of the adaptive immune system on the activation of
innate immunity.* The adaptive branch of the immune system fulfills the task of a more spe-
cific defense combined with the aim to create the important long-lasting memory type im-
munity, which should protect the organism when a second contact to an immune invader
takes place. Two different responses of the adaptive immune system, humoral and cell-
mediated immunity, are the key components of this so-called second line of defense, which
gets activated later compared to the innate immune system. Surface structures of extracellu-
lar microbes can be targeted and effectively eliminated by antibodies (humoral immunity).
The cell-mediated part of the adaptive immune system is guided by lymphocytes like Band T
cells. These cells are capable of specifically recognizing processed antigens from invaders

presented on the surface of APCs with their specialized B- and T cell receptors (BCR; TCR)
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leading to subsequent activation by receptor engagement. Another important characteristic
of B and T cells is the high diversity of their specific membrane receptors BCR or TCR,
creating the possibility to discriminate between different determinants or epitopes of many
antigens. This, by definition called, lymphocyte repertoire is created by the variability of an-
tigen-binding sites of the TCR and BCR originating from somatic gene recombination. It gives
the immune system of a single individual the chance to detect and distinguish 10 - 10° dif-
ferent antigenic determinants and fight against a large number of immune invaders. But the
negative side of this great variability is the risk that every novel created receptor might have
the potential to recognize the body’s own “self-antigens” or harmless environmental deter-
minants like allergens. This would lead to unnecessary and dangerous activation of the im-
mune system directed against the autologous system or harmless environmental structures.
Therefore, different mechanisms of tolerance exist, which should protect the body from
such conditions. This balance between fast reaction against harmful invaders and no reac-
tion or tolerance induction against harmless structures needs to be maintained permanent-
ly.> A cell type, which is intensively participating in maintaining this important balance and
creating the immunologic memory, is the naive CD4" T cell (T helper cell) and especially its T
helper cell subsets (Th1, Th2, Th9, Th17, Th22, Tth, Treg), which arise by the activation and

differentiation of the naive CD4" T cell. ®’

1. Naive CD4" T cells — the basis of the immunologic memory

1.1 Development and maturation of human T lymphocytes

T cell development and maturation are very well characterized processes, which were de-
scribed extensively before.®? In brief, naive CD4" T cells arise from hematopoietic stem cells
originating in the bone marrow. These stem cells develop into common myeloid progenitors
or common lymphoid progenitors (CLP) in the bone marrow. Later on, the myeloid lineage
gives rise to erythrocytes, platelets, basophils, eosinophils, monocytes, DCs and neutrophils,
whereas the lymphoid progenitors can develop into B cells, T cells and NK cells (and some
types of DCs). The lymphoid progenitors stay either in the bone marrow to further mature
into the B cell lineage or they migrate to the thymus as T cell precursors. The lineage
commitment inside the bone marrow is guided by cell surface receptors, the accessibility of
distinct genomic loci and involved transcription factors. In case of the T cell lineage, it is the
interplay between Notch-1 and the transcription factor GATA-3, amongst others, which
obliges the lymphoid progenitor to become a T cell precursor.’® Interleukin (IL)-7 is also a

very important key player at this stage, which is needed by the T cell precursors for prolifera-
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tion in the bone marrow and the thymus (Fig. 1). These precursor cells enter the thymus as
immature so-called thymocytes, harboring the TCR genes in their germline composition.
Starting from this double-negative (DN) thymocyte state (no expression of CD3, CD4, CDS,
TCR, C-chain) as pro-T cell, these cells will form either a y6- or an aB-TCR by TCR gene
rearrangement, coordinated by the proteins Rag-1 and Rag-2. The aB-T cells will give rise to
MHC class Il (major histocompatibility complex) restricted CD4" T cells or MHC class | re-
stricted CD8" T cells. During the DN state, the pro-T cells develop into pre-T cells and arrange
and express their pre-TCR. The cells will then transit into the double-positive (DP) state
(CD4*/CD8") and built up a functional TCR complex comprised of a functional ap-TCR, CD3
and C-chain on the cell surface. These DP T cells get in contact with self-antigens in the
thymus, which are induced by the transcription factor AIRE (autoimmune regulator) and pre-
sented on MHC molecules by e.g. epithelial cells. A selection process then takes place at this
stage. DP T cells that do not recognize any “self antigen-self MHC-complex” undergo apopto-
sis. T cells, which bind self-antigens only with low-avidity are positively selected, survive and
become single positive (SP) immature T cells. They can become either CD4" T helper cells, if
they recognize the antigen presented on a MHC class Il molecule, or cytotoxic CD8" T cells, if
they recognize the antigen presented on a MHC class | molecule. DP T cells, which recognize
and strongly bind self-antigens, are dangerous for the autologous system. They can trigger
autoimmune diseases and therefore these cells are negatively selected, meaning that they
undergo apoptosis.® Another described possibility is the generation of natural regulatory T
cells (thymically derived regulatory T cells, tTreg) within this selection process. A potential
slightly higher avidity to self-antigens than the one described for positive selection might
lead to the development of tTregs, which retain central tolerance. The positively selected
and surviving SP T cells leave the thymus as mature naive T cells. They still have not encoun-
tered a foreign antigen, meaning that they are seen as antigen-inexperienced, and they
could be present in the circulation or could be found in peripheral lymphoid organs. Mature
naive T cells can survive for 1-3 months, but they need survival signals to stay viable. These
survival signals originate from low avidity interactions with presented self-antigens and In-
terleukin-7 (IL-7)."*

1.2 Activation and differentiation of human naive CD4" T cells

Naive CD4" T cells recirculate throughout the body via the blood stream to lymphoid organs.
When naive CD4" T cells enter lymphoid organs like the lymph nodes they get in contact with
APCs presenting ingested and processed antigens, potential recognizable by the TCR of the
naive CD4" T cell. A suitable antigen loaded on a MHC class || molecule on the APC and the

following TCR engagement with the T cell is the first signal, which is needed by the naive
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CD4" T cell for its activation. By close interaction, both cells form the immunologic synapse
that is essential to properly exchange communication signals (Fig. 1). CD3 and the T-chain

transduce this signal from the TCR to start the process of T cell activation.*?

Thymus Lymph node

Formation of immunological synapse
and activation of T cell

CD4* CD4* 4 CD28 CD80/CD86
cDb8*  TCR

Th cell differentiation

IL-6, IL-21

Th cell subsets
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transcription factors

T-bet IRF-4
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Th1 Th2 Th9 Th17 Th22 Tth pTreg
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IL-13 IL-21 key cytokines
IL-22
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Figure 1: Development and differentiation of the naive CD4" T cell and plasticity of T helper cell subsets.
Common lymphoid progenitors (CLP) migrate from the bone marrow to the thymus to give rise to DN T cell
precursors (DN= double negative, CD4 /CD8’). These cells mature to DP (double-positive, CD4°/cD8") and then
SP (single positive, either CD4" or CD8") immature T cells and leave the thymus as mature naive T cells. Naive
CD4" T cells can get activated by contact to antigen presenting cells (e.g. dendritic cells) and via additional cyto-
kines from the microenvironment, they can differentiate into different T helper (Th) cell subsets in the lymph
node. These T helper cell subsets are characterized by the expression of signature transcription factors (italic
letters) and secretion of key cytokines, which equip them with distinct functional properties within the immune
defense mechanism. But the different T helper cell subsets are also involved in or even contribute to pathologic
conditions. A certain plasticity between some of the T helper cell subsets was described, which is characterized
by a shift from one subset to another or the formation of a hybrid cell which is able to express transcription
factors and/or cytokines of different T helper cell subsets (arrows indicate the direction of a possible shift).
(Tfh=T follicular helper cell, pTreg=peripheral derived regulatory T cell, IBD=inflammatory bowel disease).
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Co-stimulatory molecules, expressed by the APCs, are additionally necessary for the activa-
tion. Cell surface proteins of the B7-family (CD80, CD86) are expressed on professional APCs
and engage with CD28 expressed on the T cell and deliver the important co-stimulatory sig-
nal (second signal). Activated T cells then express the CD40 ligand (CD40L) on their surface
and bind to CD40, which is mainly expressed on APCs. This contact enhances the expression
of the B7 co-stimulatory molecules on the APC even more and amplifies the T cell activation
(Fig. 1). These reactions on the surface of the T cell also initiate the start of the intracellular
signaling cascade leading e.g. to the activation of the PI3-kinase, the Akt kinase and also the
Ras/ERK MAP kinase pathway. Anti-apoptotic proteins are upregulated and therefore ensure
T cell survival and proliferation. Other co-stimulatory molecules can be CD2**™" and different
integrins, as well as different receptors of the tumor necrosis factor receptor (TNFR) super-
family for example. The activated CD4" T cells then undergo changes in their surface protein
profile and start the secretion of cytokines, which is followed by their proliferation and dif-
ferentiation into effector and memory CD4" T cells. The induction of surface molecules like
CD69, CD25 (IL-2 Receptor a) and CD4O0L as early activation markers, which are expressed

d.**Y” The secretion of IL-2 also starts

within hours up to one day, are already well describe
very early, within the first hours after T cell receptor engagement. IL-2 fulfills autocrine as
well as paracrine functions, by promoting the survival, proliferation and differentiation of
the activated T cell. This process is also called clonal expansion, which means that single an-
tigen specific T cells highly proliferate and increase their frequency from 1 specific naive T
cell in 10° — 10° lymphocytes to 1 specific activated T cell in 100 — 1000 lymphocytes. These T
cells are now developing into T effector cells to eliminate the antigen and help the body to
clear the infection.'®*

These effector T cells can now be divided into different T helper cell subsets with specialized
abilities and functions: Th1, Th2, Th9, Th17, Th22, Tth (T follicular helper cells), pTreg (pe-
ripheral derived regulatory T cells).! The T helper cell subsets can be defined by their
transcription factor profile and the release of specific cytokines. An overview about the dif-
ferentiation possibilities of a human naive CD4" T cell is given in Fig. 1. As stated before, the
T cell needs different signals to get activated (antigen recognition and T cell receptor
engagement, co-stimulatory molecule interaction). To differentiate into a T helper cell sub-
set, a third signal is needed, which is generated by the microenvironment (local derived
factors from tissue, cytokines which are released by the engaged APC). Th1l and Th2 cells
were the first described Th cell subsets.?® Th1 differentiation relies on IL-12 as trigger, which
is derived by the DC, but this process could also be pushed by type | interferons as well as
the cytokines IL-18, IL-23 and IL-27.%! T-bet is the signature transcription factor of Th1 cells?

23,24

and it was demonstrated to be essential for the IFN-y production as Th1 key cytokine™", to

fight against infections emerged by the invasion of intracellular living pathogens®, such as
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Mycobacterium tuberculosis. Thl cells are able to enhance the anti-microbial actions of
macrophages to clear infections. The differentiation into Th2 cells depends on the co-
activation with IL-4, which then leads to signal transduction by STAT6 and induction of
GATA-3 expression, the signature transcription factor of Th2 cells.?® This subset is induced in

27,2 .
28 and medi-

the body to fight against parasitic infections with extracellular living parasites
ates its anti-parasitic actions via the release of IL-4, IL-5 and IL-13, the Th2 key cytokines.?
Th2 cells are capable of stimulating IgE production, recruiting and activating eosinophils and
mast cells to attack the parasites. A combination of the cytokines IL-6, IL-23, and TGF-B leads
to the differentiation of naive CD4" T cells into Th17 cells*®?

expression of RORC2 and STAT3, leading to the secretion of IL-17, I1L-22 and IL-21.>*%" Th17
38-41

, which are characterized by the

cells are key players in infections, which are induced by extracellular bacteria and fungi.
These cells can recruit neutrophils and also monocytes, which in turn take up the microbes
for elimination and are strong inducers of epithelial defense mechanisms.

The next Th cell subset was initially described as IL-9 producing Th2 cell, but this concept was
refined and it was proven that the main source of IL-9 producing cells was a new subset,
which was then named Th9 cell.**** The cytokines IL-4 and TGF-B promote the differentia-
tion into Th9 cells and the described signature transcription factors of this subset are
GATA-3, IRF-4 and PU.1. The current assumption of the Th9 cell function is, as it is for Th2
cells, the defense against extracellular living parasites.*

46-4 . .
%48 and this subset relies

The Th22 cell subset is one of the latest described Th cell subsets
on IL-6 and TNFa for differentiation. These cells are characterized by the expression of IL-22,
but not IL-17 distinguishing them from IL-22 producing Th17 cells. At the moment a signa-
ture transcription factor for these cells cannot be named, it was only shown that the aryl
hydrocarbon receptor (AHR) seems to be important for expression of 1L-22.*” Functionally,
Th22 cells are important for wound repair and maintenance of tissue homeostasis.*®*

Follicular T helper (Tfh) cells are another important subset, located in the follicles of lymph
nodes.”® They can originate from naive CD4" T cells by stimulation with IL-6, IL-21 and IL-12,
but also from already activated T cell subsets that seem to be not fully committed. The dif-
ferentiation into this subset is guided by the contact with activated germinal center B cells
and the engagement of ICOS on the T cell with ICOS ligand on the B cell. Tfh cells secrete IL-
21 as their key cytokine, which is required for the development of the germinal center in the

51-53 54-56

lymph node and the generation of plasma cells. This cell subset is also influencing the

isotype switching reaction in B cells and their signature transcription factor is Bcl-6.>">°

Besides the T helper cell subsets with a clear mission to protect against external harm, regu-
latory T (Treg) cells are part of the CD4" T cell family, but with the mission to preserve the
balance of the immune system between inflammation and tolerance and to prevent auto-

60-62

immunity. Tregs engage different mechanisms to induce tolerance. They secrete IL-10
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and TGF-B as inhibitory cytokines®® or inhibit the activating-capacity of APCs by the direct
interaction of CTLA-4 on the Treg and a B7-molecule on the APC.** Furthermore, they induce
apoptosis in self-reactive effector T cells and by their massive demand on IL-2, they simply
deprive effector T cells of IL-2, which they also need for proliferation and clonal expansion.®
Tregs can be divided into two groups, the thymically derived Tregs (see section 1.1), which

express CD4, CD25 and Foxp3 as their signature transcription factor®®®’

68-70

and the peripheral

_ which differentiate from naive CD4" T cells after con-
71,72

derived regulatory T cells (pTreg)
tact to an antigen in the periphery. pTregs can additionally be subdivided into three
groups, one is the group of T regulatory type 1 (Tr1) cells, characterized by expression of CD4
and CD25 but not Foxp3 and secretion of high levels of 1L-10.”*"
Th3 (expression of CD4, CD25 and Foxp3 and secretion of high TGF-B levels)”>’® and the third
group (CD4*/CD25"/Foxp3’) is also characterized by the expression of CD4, CD25 and Foxp3
but secretes IL-10 as well as TGF-p.””’®
(Tr1)”>"*, TGF-B (Th3)”>’® and TGF-B in combination with IL-2 and retinoic acid are de-
scribed.”?®

These different T helper cell subsets fulfill a variety of tasks due to their different capabili-

The second group is called

To induce regulatory T cells, the cytokines IL-10

ties. Although they are very specialized to act in different infectious situations and support

the immune system to clear infections, they show a high level of plasticity.®

1.3 The concept of T cell plasticity, termination of T cell response and formation of the

immunologic memory

Th cell subsets are defined groups of cells attributed with special transcription factor and
cytokine profiles as well as specialized effector tasks within the immune system. But it was
repeatedly shown that Th cell subsets are able to change their phenotype to adapt to
changes within their microenvironment.?® This adaptive concept of T cell lineage flexibility is
called T cell plasticity (Fig. 1) and is either achieved by conversion of one Th cell subset into a
different Th cell subset or forming a kind of “hybrid-cell”, which is capable of expressing
transcription factors and cytokines of two lineages at the same time. For Th17 cells it was
shown that prolonged culture induces IFN-y production®, the key cytokine of Th1 cells.
During inflammatory as well as normal conditions, a hybrid T cell population, which is pro-

85-89
d.

ducing IFN-y as well as IL-17, can be foun Under the control of IL-4, Th17 cells can also

%31 The Th17/Treg axis is also well described as being

acquire a kind of Th2 phenotype.
highly plastic in both directions, able to shift between an inflammatory and a regulatory
state, pTregs were for example shown to be able to change towards a Th17-like phenotype
under inflammatory conditions in the presence of IL-2 and IL1-B***® or IL-6 and TGF-B.**

Conversely, a murine study proved that Th17 cells can TGF-B-dependent adopt a Trl pheno-
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type with functional capacity to favor the clearance of an inflammation.?>*°

Regarding the
Th1/Th2 axis, studies tended to describe these as more stable subset phenotypes, because
the signature transcription factors of these subsets are suppressing each other”’, but it was
also demonstrated that during viral infections, stable Th2 cells are able to produce IFN-y in
addition to 1L-4. Th2 cells are likewise also able to produce IL-9 under the influence of
TGF-B*, might produce IL-10 like Trl cells®® and by IL-21 stimulation they can adapt a Tfh
phenotype.'® Also in case of Tfh cells, it is possible to speculate about a very plastic pheno-

type, as these cells were shown to be able to express IL-4 during helminth infection'®'%,

but also IFN-y during bacterial infection of the Thl type.'®?

This plasticity concept of
different Th cell subsets, which are shifting towards another, is more likely then definite
terminally differentiated Th cell lineages. This might be a mechanism of the immune system
to quickly adapt to changing situations of infectious and inflammatory conditions in a very
effective way and it would be a mechanism to compensate the decrease of possible de novo

responses due to thymus involution in adulthood.®

A mechanism, which also needs to be very effective, is the generation of a long-term
immunologic memory. Effector T cells of all subsets only survive until the antigen is cleared
and no more survival signals like IL-2 and anti-apoptotic proteins are present anymore. The
reaction is shut down and >90 % of antigen-specific T cells, which originated by clonal expan-
sion, will die by apoptosis. This decline is very important for the homeostasis of the immune
system when the antigen is eliminated.! But the immune system is built up in a way, that
upon a second contact to a pathogen, it reacts faster and more effectively to protect the
body and this is also the basis for vaccination strategies. Memory CD4" T cells are generally
characterized by the expression of CD45R0 and high expression of CD127 (IL-7R) and CD44.
They are a heterogeneous group of different cell subsets, composed of central memory T
cells (Tcm), which are able to circulate through the blood and enter secondary lymphoid or-

gans, effector memory T cells (Tem)'® 104,105 The

and tissue resident memory T cells (Trm).
development of these cells is still not completely understood and different concepts about
this process are discussed in the field, whereas more is known for the CD8" T cell population
than for the CD4" T cell compartment. One theory is that memory T cells develop from effec-
tor memory T cells, which are not dying after the elimination of the stimulating

- 106,107
antigen.'%®*°

Another concept is that effector and memory T cells evolve in parallel to each
other from the naive CD4" T cell upon activation by asymmetric cell division.'®® The im-
portant features of memory T cells, which enables them to survive for months or even years,
is high expression of anti-apoptotic proteins, low proliferation due to slow cycling and recur-

ring IL-7 consumption.log’110
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2. Immune pathologies arising from CD4" T cell failures and related immune-

modulating treatment strategies

All T helper cell subsets have defined roles within the defense mechanisms of the body
against immune invaders. If the T cell development and differentiation is running under per-
fect conditions, the immune system homeostasis is well balanced by clearance of antigens
from dangerous pathogens, installation of long-lasting immunologic memory and tolerance
against self-antigens and harmless molecules such as allergens. But if errors occur during T
cell development or the T helper cell subsets fail to fulfill their designated tasks, T cells con-

tribute to the formation of different immune pathologies (Fig. 1).
2.1 The concept of defective tolerance in autoimmune diseases and allergies

Autoimmune diseases are characterized by a deficit in the establishment or maintenance of
self-tolerance. This deficit leads to a homeostatic imbalance of the immune system between
control and activation, which could be either systemic or organ-specific, depending on the
distribution of the recognized self-antigen, followed by tissue injury. As described before
(section 1.1), during the maturation of T cells in the thymus, T cells are tested for the recog-
nition of self-antigens to identify and eliminate those cells that strongly bind to self-antigens.
If the transcription factor AIRE, which induces the expression of self-antigens within the
thymus, is not expressed or mutated and not functional, T cells with specificity for self-
antigens escape the negative selection process and enter the circulation, where they
systemically cause the autoimmune polyendocrine syndrome (APS). Patients affected by this

. . .. . 111,112
disease show lymphocyte-mediated injury of several endocrine organs

caused by a de-
ficiency in the establishment of central T cell tolerance. Peripheral tolerance is established at
sites of peripheral tissue by different possible mechanism. As described before, T cells need
more than one signal to get activated. If the co-stimulation is missing or CTLA-4 instead of
CD28 on the T cell is engaging with B7-molecules (CD80/CD86) on the APC, this could induce
anergy (functional unresponsiveness) or apoptosis in T cells which bind to presented self-
antigens in the periphery.®* Another mechanism of peripheral tolerance is the capability of
Tregs to suppress the action of other T cells, in this case self-reactive T cells, e.g. by secretion
of suppressing cytokines such as TGF-B and IL-10.2® Autoimmunity might therefore develop
because of deficits during the thymic T cell selection process, apoptosis defects in self-
reactive T cells, malfunction of inhibitory receptors, low numbers of Tregs or functional de-
fects in the Treg compartment. Typical autoreactive T cell mediated (mostly Th1l and Th17
cells) autoimmune diseases are e.g. rheumatoid arthritis, multiple sclerosis, Type 1 diabetes

mellitus and inflammatory bowel disease. Genetic predisposition and environmental factors
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such as infections also contribute to the formation of autoimmune diseases and in all cases

the cause of such diseases could not be attributed to a single factor.

Allergies also display a disease, which is characterized by a type of defective tolerance of the
immune system. Allergic diseases can be manifested as allergic rhinitis (hay fever) or asthma
in the airway compartment, eczematous reactions in skin and food allergies in the gastroin-
testinal tract. Allergens, which are common, per se harmless environmental antigens such as
proteins from house dust mite, food, pollen and animal dander or chemicals like the drug
penicillin, trigger an immune response in allergic patients, although these allergens are not
harmful for the body and should normally be tolerated. Naive CD4" T cells get activated by
allergen-presenting APCs and differentiate into Th2 cells. By secretion of IL-4 and IL-13, the
Th2 cells induce isotype switching to IgE in allergen-specific B cells. IL-5 secreted by Th2 cells
furthermore recruits and activates eosinophils and IL-13 stimulates excessive mucus produc-
tion by epithelial cells.*? IgE then binds to its receptor on mast cells and basophils leading to
cell activation when two specific IgEs at the same time are crosslinked by the allergen. Upon
activation, mast cells secrete lipid mediators, histamine and pro-inflammatory cytokines and
therefore cause vasodilation, vascular leakage, bronchoconstriction, inflammation and tissue
damage in the end — the symptoms of allergic reactions. The underlying pathogenesis of al-
lergy is represented by a complex interplay of genetic predisposition, deviations in the im-

mune system and various environmental factors.
2.2 Immunotherapy — a concept to modulate immune responses

There are two main concepts behind the term immunotherapy, meaning that this type of
therapy should either trigger the immune system to respond against a certain structure or

induce tolerance of the immune system for a certain structure (Fig. 2).

Vaccination, which was already discovered and applied in the 18" century by Edward Jenner,
is an effective strategy to trigger a desired immune response. The idea behind preventive
and therapeutic vaccination is different, but both should result in the initiation of an im-
mune response.

The effectiveness of preventive vaccination was shown by the eradication of several infec-
tious diseases. Vaccines are composed of living attenuated pathogens, inactivated (killed)
pathogens (bacteria or virus) or purified antigens from pathogens in combination with adju-
vants or immunomodulators to activate the T cell response of antigen-specific CD4" T cells.

The most effective vaccines are capable of inducing long-lasting immunologic memory in the
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T and B cell compartment to be able to react very fast upon contact with the vaccine-
targeted pathogen to clear the antigen as effectively as possible.}****

Therapeutic vaccination for cancer treatment is a challenging strategy to trigger immune
responses against a tumor. There are many existing anti-cancer vaccination strategies, based
on different vaccines and delivery methods, which are sometimes combined with adjuvants.
Vaccines could for example be peptides or full-length proteins (identified on the tumor cells)
as epitopes for CD8" cytotoxic T cells, autologous APCs loaded with tumor antigens or DNA
of autologous killed tumor cells. Viruses and autologous APCs are considered to be carriers

for the vaccine.!*®*’

At the moment there are only two FDA approved cancer vaccines
(prostate cancer, melanoma) available in the USA, leaving room to improve vaccination
strategies for cancer therapy (Sipuleucel-T, talimogene laherparepvec (T-VEC),

http://www.cancer.gov).

— auto-antigen-specific
immunotherapy

— allergen-specific
immunotherapy

vaccination

— preventive
vaccination

SR

—»therapeutic}

Ying&Yang Balance
of the Immune System

Figure 2: Balance of the immune system. Several diseases like allergies, autoimmune diseases, infections and
cancer disturb the balance of the immune system by changing the ratio between tolerance and activation. To
reconstitute the balance within the immune system, therapeutic strategies aim to either induce tolerance in
the case of allergy and autoimmune diseases via allergen-/auto-antigen-specific immunotherapy or trigger an
immune response in the case of cancer and infections via therapeutic or preventive vaccination strategies.
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Tolerance inducing immunotherapy against specific auto-antigens or allergens is the second
immunotherapy concept, which could be applied as a therapeutic strategy to treat or even
heal autoimmune diseases and allergies. Regarding the treatment of autoimmunity, strate-
gies to alter the identified pathologic cytokine patterns of the different diseases are current-
ly the focus. But in diabetes mellitus type 1 for example, an innovative research strategy to
induce tolerance with agonistic insulin mimetopes is currently being investigated.''® Aller-
gen-specific immunotherapy (AIT) has already been applied for a long period of time and is
based on desensitization of allergic patients by repeated administration of low doses of al-

.12 The mechanisms of AIT to improve clinical

lergens subcutaneously or orally/sublingua
symptoms are based on the reduction of allergen-specific IgE, the increase of allergen-
specific 1gG4 and the induction of allergen specific regulatory T and B cells. If these points
are achieved via the therapy, the number of Th2 cells and ILC2s, together with their effector
cytokines IL-4, IL-5 and IL-13, decreases and IgE antibody production is lowered leading to a
consecutive reduction of mast cell, basophil and eosinophil activation or at least activation

122-12
to a lower extent. S

Some patients benefit from this kind of immunotherapy, but the
tolerance induction phase takes a long time and many patients stop the therapy for this
reason. Unfortunately, the efficacy of the therapy for each individual patient can still not be
predicted during the treatment.”*® However, the search for efficacy predicting biomarkers is
ongoing and improving.”** These predictive biomarkers are actually urgently needed as a
motivation for the patient to complete the therapy as well as in aiding the physician’s deci-
sion about discontinuing therapy and possibly searching for alternative treatments.

Allergic and autoimmune diseases are a rising problem all over the world, but especially in
westernized countries. The European Academy for Allergy and Clinical Immunology (EAACI)
states that 150 million people are already affected in Europe and this number is still
increasing. A recent analysis of data of the last 30 years also showed that incidence and
prevalence for autoimmune diseases are increasing.”*> New effective therapies need to be
generated to not only treat symptoms by immunosuppression, but to specifically induce

long-lasting tolerance in affected patients and restore the balance of the immune system.

3. The surface proteome of a cell - communication bridge and grateful pool of

target structures for the development of therapeutic strategies

"ome” such as in proteome, transcriptome or genome are datasets derived from so-called
“omics” techniques, which aim for a description, as complete as possible, of its central
molecules of interest like proteins, transcripts or genes. High-throughput methods such as

mass spectrometry, genome-wide microarray expression analysis, RNA-sequencing, or whole
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genome sequencing enable the generation of enormous amounts of data points and are in-
evitable techniques nowadays. Studies focusing on T cell differentiation already investigated
the transcriptome and epigenome of different T helper cell subsets earlier and revealed new
differentiation key drivers for these molecular levels.'***** While the immunologic as well as
proteomic community repeatedly requested proteomic approaches investigating compo-

136137 especially T cell immunology, two drafts of the human

138,139

nents of the immune system
proteome were published in 2014 , Which demonstrated and emphasized on the neces-
sity of large-scale proteomic data. Many proteomic studies interested in T cell biology were

140-142

conducted in the Jurkat T cell line. A first proteomic study on primary human T cells

was published in 2001 and contained 91 proteins, which were identified by metabolic label-

3 Changes of the nuclear

ing, 2D gel electrophoresis and MALDI-TOF mass spectrometry.
proteome of activated human cord blood CD4* T cells upon IL-4 stimulation®**, as well as
changes of the phosphoproteome of human primary CD4" T cells, which were stimulated
with anti-CD3 for 5 min'*®, were also investigated before. These studies were conducted
with whole cell lysates, nuclear extracts or focused on the analysis of the phosphorylation
status of the proteins. Another very interesting cellular compartment to analyze is the cell
surface, as the communication of a cell with its surrounding environment takes place here.
The cell surface proteome is the unity of cell surface proteins. This unity is qualified to rec-
ognize, take up, process and translate signals from the environment of a cell into intracellu-
lar signaling events and to further generate departing signals, which leave the cell through
the cell surface, back towards the environment. Cell surface proteome focusing approaches,
such as the cell surface capture technology’*®, enabled the description of the surface
proteome of stem cells*’, mesenchymal stromal cells**®, murine adipocytes in obesity**® and
B cell lines originating from lymphomas.**° Recently, a descriptive compilation of cell surface
proteome datasets of 78 human and murine cell types, which can be browsed in an open-
access interactive database, was also published.151

It was shown before, that such non-targeted cell surface focusing techniques do not only
present detailed descriptions of cell surface compositions, but are capable of identifying pro-
teins, which could be valuable targets for the development of diagnostic markers or new
therapeutic approaches.”®* An important advantage of cell surface proteins compared to
other intracellular structures is their easy accessibility. Drugs, targeting cell surface mole-
cules do not need to be able to pass the cell membrane to initiate their designated changes
and a variety of possibilities for targeted therapies, depending on the type of cell surface
protein, are given. Recombinant produced cytokines can be administered to target cytokine

133154 Antibodies can target

receptors of T helper cell subsets and induce specific actions.
cytokine receptors to block their accessibility for endogenously produced cytokines (Table 1)

or target cytokines to block their interaction with receptors. Also the class of small
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molecules, which can either serve as agonist or antagonist, is a valuable class of drugs,

capable of targeting cell surface proteins. An overview about currently approved therapeutic

. mouse IgG2a OKT3 (muro- ap!:)roved 1986 transplant
anti-cb3 mAb nomab-CD3) Y rejection
sponsor 2012) ]
. . Thymoglobulin
anti-T cell sera rabbit, anti- . (anti-thymocyte 1998 tra'\nsp?lant
thymoglobulin . rejection
globulin)
anti-IL2R Fieieen | Sl 1998 transplant
(basiliximab) rejection
. humanized o . .
- anti-CD4 mAb 1G4 mAb ibalizumab phase IlI HIV infection
. mouse 1gG2b Begedina (be- regulatory Graft-versus-
ti-CD26 mAb
- ant m mAb gelomab) review (EU) host-disease
CTLA-Fc co- Orenica
stimulatory receptor fusion (abatacept) 2005 RA
blockade o
. humanized . .
- anti-CCR5 mAb lgG4 mAb PRO-140, PA14  phase II/Ill HIV infection
anti-IL-4Ra human IgG4 . atopic dermati-
- mAb mAb dupilumab phase llI tis, asthma
anti-p40 (IL- human IgG1 Stelara (usteki- 2009 psoriasis,
12/IL-23) mAb mAb numab) Crohn’s disease
TN Cimzia (certoli-
anti-TNF IgG1 Fab, 2009 Crohn’s disease
zumab pegol)
pegylated
. human 1gG1 Simponi (goli- psoriatic arthri-
/T cells | criiThEmay "o ] 2008 e
ST EI A e dEeE NIENECE R RA
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?nr:cz :iﬁeﬁfj- humanized Tysabri (natali- 2006 ms
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anti- a4p7/ humanized ulcerative coli-
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receptor disease
. humanized Nucala (mepoli- eosinophilic
- anti-IL-5 mAb IgG1 mAb zumab) 2015 asthma
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anti-IL-5 mAb eI reslizumab review (EU, asthma
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anti-IL-13 mAb human IgG4 tralokinumab phase IlI asthma
mAb
. humanized RoActemra
anti-IL-23 p19 human IgG1 .
- subunit mAb guselkumab phase IlI psoriasis
anti-IL-23 p19 humanized . . .
- subunit lgG1 mAb tildrakizumab phase IlI psoriasis
anti- IL-6 mAb AT ks sirukumab phase llI RA, g'la.nt cell
mAb arteritis
humanized NMO and NMO
anti- IL-6 R mAb SA237 phase IlI spectrum dis-
1gG2 mAb
orders
2015 psoriasis,
anti-IL-17A/A human IgG1 Cosentyx AS, PA, RA
mAb mAb (secukinumab) phase IlI RRms
phase Il AD
anti-IL-17RA human IgG2 regulatory .
- mAb mAb brodalumab review (EU) psoriasis
anti-IL-17A/A; humanized ixekizumab regulatory soriasis
A/F mAb IgG4 mAb review (EU) P

Table 1: List of therapeutic antibodies currently approved/under regulatory review or in phase I/l clinical
trials against cell surface structures on T cells and their secreted products (excluded are antibodies for cancer
therapy). The list provides the target structure of the drug, the type of acting therapeutic molecule, the brand
name (if available) and the name of the active agent, the year of approval (either US or EU) or phase of clinical
trial and the clinical application (status February 2016). (AS=ankylosing spondylitis, Fab=fragment antigen bind-
ing, mAb=monoclonal antibody, ms=multiple sclerosis, NMO=neuromyelitis optica, PA=psoriatic arthritis,
RA=rheumatoid arthritis, RRms=relapsing, remitting multiple sclerosis, AD=atopic dermatitis) (www.fda.gov/;
www.ema.europa.eu/ema; =)

The naive CD4" T cell is the precursor of all effector T helper cell subsets and forms the basis
for the immunologic memory, thus providing one of the earliest cells to target and modulate
during the development of CD4" T cell driven pathologies. As there are still many unmet
needs in the field of CD4" T cell driven diseases such as autoimmune diseases and allergies
and room for improvement of vaccination strategies e.g. in the cancer therapy field, the
generation of a cell surface atlas of human naive and activated CD4" T cells would create a
basis for the development of new therapeutic and vaccination strategies. In addition, the
surface proteome of naive and activated CD4" T cells would give a detailed overview about
proteins located on the cell surface of these important cells of the immune system and de-
scribe how the expression of these proteins changes during early T cell activation, thus en-

larging the current understanding of CD4" T cell biology.
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IV. Aim of the study

T cell driven diseases such as allergies, asthma and autoimmune diseases represent an in-
creasing problem for society. Not only the personal burden for the patients such as dealing
with symptoms and pain or coping with a reduced quality of life is a permanent problem, but
also the costs for the health care systems are a growing problem for social systems.
Therefore, it is a key issue to understand the differences of T cell biology between healthy
individuals and the abnormal state in pathologic manifestations. However, to gain such a
deep knowledge regarding T cell pathologies and to be able to develop effective therapeutic
strategies, we first need to better understand how a healthy T cell network is maintained.
This dissertation focuses on the T cell surface as cellular compartment of interest, because
the cell surface is the line of communication between a cell and its environment. It is re-
sponsible for the exchange of signals by recognizing and responding to intracellular and ex-
tracellular changes. Furthermore, the cell surface proteins, which are located in or associat-
ed with the plasma membrane, are not only receiving signals, they are also responsible and
capable themselves of initiating further signaling events. Cell surface proteins are mostly
easy accessible and different strategies, such as blocking, mimicking and activating, to target
them from outside the system already exist. Therefore, cell surface proteins are valuable
structures regarding the issue of target discovery for drug development.

Thus, the aim of this dissertation is to describe the cell surface protein composition of fresh-
ly isolated human naive CD4"/CD45RA" T cells from healthy blood donors and to describe in
detail how this composition changes during T cell activation. It will combine new and already
well-established quantitative omics technologies coupled to straightforward bioinformatics
analyses, leading to the generation of a cell surface atlas of human naive and activated CD4"
T cells.

The results of this dissertation will assist in gaining a deeper insight into changes happening
during T cell activation on the surface of naive CD4" T cells in a healthy ex vivo system. On
the one hand side it will provide a huge number of cell surface proteins, which are known to
be expressed on T cells. Due to the implementation of non-targeted approaches on the
other hand side, it might also have the potential to identify cell surface proteins, which were
not related to T cell biology before. All results obtained on transcriptomic as well as proteo-
mic level will be combined in a cell surface atlas and this cell surface atlas of naive and acti-

vated CD4" T cells will present a surface reference guide for T cell activation.
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1. Human blood donors and cell isolation
1.1 Ethical statement and study subjects

Voluntary human subjects, taking part in this study (local ethics committee of the Technical
University Munich under ethic board approval number 2877/10), gave their written in-
formed consent to donate peripheral blood. Their total serum immunoglobulin E (IgE) levels
were measured (Dermatology Department, Klinikum rechts der Isar, Miinchen) and the
levels of specific IgE against the common allergens Dermatophagoides pteronyssinus, cat
danders, wheat flour, celeriac, timothy grass, secale cereal, birch, hazel, and mugwort were
checked by radio-allergen-sorbent-test (RAST). Study subjects were declared as non-atopic
when total IgE levels were lower than 50 kU/L, results of the RAST were negative and sub-

jects declared that they do not have a history of atopic diseases.
1.2 Isolation of human naive CD4" T cells and T cell activation

Peripheral blood mononuclear cells (PBMCs) were freshly isolated from heparinized
peripheral blood of human healthy, non-atopic donors by density gradient centrifugation.
The heparinized blood was diluted 1:1 with D-PBS and 25 mL of this dilution were layered on
10 mL of Lymphoprep. This gradient was centrifuged without brake at 975 x g for 15min. The
PBMCs were collected after centrifugation by aspirating the distinct PBMC band at the inter-
face between Lymphoprep and plasma. The mononuclear cells were washed with D-PBS con-
taining 5 mM EDTA at least four times, by repeated resuspension and centrifugation steps
(step 1: 10min at 515 x g, step 2-4: 10min at 290 x g). A magnetic activated cell sorting
(MACS)-based method was used to isolate naive CD4" T cells (Naive CD4" T cell isolation Kit Il
human), which are characterized by the expression of CD45RA and no expression of
CD45RO. In order to calculate the cell number, an aliquot of PBMCs was diluted in a
Trypanblue solution, counted with a Neubauer cell counting chamber and Trypanblue posi-
tive cells were excluded from the total cell number. The cells were resuspended in
autoMACS running buffer (20 pL MACS buffer for 1 x 10’ PBMCs), biotinylated antibody
cocktail was added (5 pL antibody cocktail for 1 x 10’ PBMCs) and incubated for 15min on
ice. The magnetic anti-Biotin beads were added (15 pL anti-Biotin beads for 1 x 10’ PBMCs)
to the PBMC-antibody mix and incubated for 10min on ice to bind the antibody-labeled cells.
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Naive CD4" T cells were isolated by negative selection through an automated magnetic col-
umn (autoMACS, program: DEPLETES). To guarantee a maximum purity of the naive CD4" T
cell population, another purification with a second isolation kit was carried out. Hereby, the
isolated cells from the first step were counted, resuspended in autoMACS running buffer (40
uL MACS buffer for 1 x 10’ T cells) and incubated with magnetic beads coupled to anti-
CD45RO antibody (CD45RO microbeads) (10 uL beads for 1 x 10’ T cells) for 20min on ice.
The cells were washed with D-PBS containing 2 mM EDTA, centrifuged for 10min at 290 x g
and resuspended in autoMACS running buffer (500 puL MACS buffer for 10° cells). Negative
magnetic separation was carried out with the autoMACS (program: DEPLETES). The purity of
the untouched naive CD4" T cell population was analyzed by flow cytometry and the cells
were only used if a purity of at least 95 % was reached (section 2.2).

For experiments regarding the activation of naive CD4" T cells, the wells of a 24-well plate
were coated with 0.75 pg anti-CD3 in 1 mL D-PBS for 3h at 37 °C. Immediately after aspira-
tion of the coating solution, 1 x 10° naive CD4" T cells were seeded in 1.5 mL of AIMV con-
taining 0.75 pg/mL soluble anti-CD28 per well. The cells were incubated at 37 °Cand 5 % CO;
in a humidified incubator.

Regarding the whole genome microarray analysis, 1 x 10° naive CD4" T cells were activated
with the T cell activation/expansion Kit according to the manufacturers’ recommendations
with a bead-to-cell ratio of 1:2 in 1 mL of AIMV medium for 3h.

2. Generation of surface atlas of human naive and activated CD4" T cells

Isolated human naive CD4" T cells of 19 study subjects were used in total to generate and
validate the surface atlas of human naive CD4" T cells. These cells were either taken in their
naive form or activated (see 1.2) for different periods of time. The surface atlas is built on
three pillars (see Fig. 4 in section: Results), containing two proteomic and one transcriptomic
experimental setup coupled to in silico analysis. Details for each pillar are given in the

following sections.
2.1 PAL-gLC-MS/MS

The previously described technology PAL - periodate oxidation and aniline-catalyzed oxime-
ligation®*® (Fig. 3) was adapted for the use of primary human naive CD4" T cells and used to
label and enrich cell surface proteins. To identify and quantify cell surface proteins, the PAL
samples were subjected to quantitative LC-MS/MS (liquid chromatography-tandem mass
spectrometry). Cellular samples of four human subjects (donor D1-D4) were processed and
analyzed with the non-targeted PAL-qLC-MS/MS technique (Fig. 4, blue track). The samples
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of every donor included naive CD4" T cells and naive CD4" T cells activated for 3, 6, 12, 24

and 48h in a time course experiment with anti-CD3/anti-CD28.

2.1.1 Cell surface protein labeling
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Figure 3: Cell surface glycoprotein labeling via PAL (periodate oxidation and aniline catalyzed oxime ligation)
technique. NalQ, is used to oxidize the sialic acid, which is a possible modification of glycosylated cell surface
proteins. Aniline catalyzes the oxime ligation of Aminooxy-Biotin to the aldehyde, which was introduced by
oxidation at the sugar residues. Aminooxy-Biotin forms a covalent bond and therefore a stable linkage to the
glycosylated cell surface protein. This reaction is conducted as a one-pot reaction. (adapted from 159)

All the following steps of this process™’ were carried out at 4 °C on ice. 8 x 10° naive or acti-
vated CD4" T cells of every donor and time point (n= 4 donors, 6 time points of each donor,
48 samples in total) were centrifuged for 10min at 1500 x g directly after the isolation, re-
spectively at the end of the indicated activation time. Cell pellets were washed twice with
1 mL ice-cold labeling buffer (PBS with CaCl2/MgCl2, pH 6.7) and centrifuged at 1500 x g for
10min. After washing, the cell pellets were resuspended in 1 mL of oxidation/biotinylation
mix in an one-pot-reaction, consisting of 1 mM NalO4, 100 uM Aminooxy-Biotin and 10 mM
aniline in labeling buffer. The samples were incubated while rotating in the dark for 30min at
4 °C to oxidize the glycosylation and form the link to Aminooxy-Biotin. To stop the biotinyla-

tion reaction, glycerol was added to a final concentration of 1 mM and samples were
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incubated on the rotator for further 5min at 4 °C. The cells were washed with 1 mL ice-cold
wash buffer (PBS with CaCl,/MgCl,, pH 7.4) and biotinylation labeling efficiency was analyzed
by flow cytometry (Streptavidin-PE staining). The washed cell pellets were resuspended in
250 pL lysis buffer (1 % NP-40, 10 mM NacCl, 10 mM Tris pH 7.6, 2 x EDTA-free complete
protease inhibitor cocktail in ddH20) and stored at -20 °C until the cell membrane fractions
were prepared.

During the establishment of the labeling process of living primary cells, a suitable concentra-
tion of NalO4 needed to be found to guarantee a possible maximum of cell viability and to
show that this treatment does not have adverse effects on the protein expression or the
correct detection of the protein expression. Therefore, different concentrations of NalO4
were tested in the oxidation/biotinylation mix and the effect on cell viability and protein

expression were checked via flow cytometry (section 2.2).

2.1.2 Enzymatic protein digestion and glycopeptide enrichment

The preparation of the cell membrane fractions for mass spectrometry analysis™’, started
with defrosting the lysed cells on ice (approximately 15min in total), complemented by vor-
texing every two minutes. The raw lysates were cleared by centrifugation at 6000 x g at 4 °C
for 10min. While the pellet was discarded, the supernatant was diluted 1:5 in wash buffer. In
parallel, 60 uL of Strep-Tactin beads (Superflow 50 % suspension) per sample were washed
for three times with 500 pL wash buffer and centrifuged at 1000 x g for 1min in LoBind
tubes. The complete sample was transferred to the LoBind tubes containing the prewashed
beads and incubated on a rotator at 4 °C for 2h to enable the binding of biotinylated cell
surface proteins to high-affinity Strep-Tactin beads. To pellet the protein-bead complexes,
the samples were centrifuged at 1000 x g for 1min. All following incubation and washing
steps were conducted in a total buffer volume of 200 uL per sample and the centrifugation
steps were carried out at 2000 x g for 2min (RT). For the first washing step of the beads the
wash buffer was supplemented with 0.2 % NP-40. The second step was carried out with the
wash buffer containing 0.5 % SDS. Then, the beads were incubated in wash buffer (supple-
mented with 0.5 % SDS and 100 mM DTT) for 30min at RT. This was followed by centrifuga-
tion and then the beads were washed with UC buffer (6 M Urea, 100 mM Tris-HCI| pH 8.5).
The beads were incubated in UC buffer (supplemented with 50 mM iodacetamide) at RT for
30min to start the process of alkylation of the proteins. After these incubation steps the
beads were washed with the following buffers: UC buffer, 5 M NaCl, 100 mM Na,COs
pH 11.5, 50 mM Tris-HCI pH 8.5. To digest the proteins, the protein-bead complexes were
resuspended in 40 puL 50 mM Tris-HCl pH 8.5 after the last centrifugation and 1 pg

sequencing-grade modified trypsin was added. This was incubated in a gently shaking



V. Methods 32

Thermomixer at 37 °C overnight. The samples were then centrifuged to collect the tryptic
fraction of the peptides in the supernatant, which were transferred into a new LoBind tube.
The beads were resuspended in 40 pL of the 50 mM Tris-HCL pH 8.5 buffer and centrifuged.
The resulting supernatant was pooled with the first tryptic fraction and the tryptic peptides
were stored at -20 °C. The beads were then washed with 40 uL 1 x G7 buffer and after cen-
trifugation they were resuspended in 20 pL of 1 x G7 buffer. To release the glycopeptides,
500 U of glycerol-free PNGase F were added to each sample and these mixtures were incu-
bated in a gently shaking Thermomixer at 37 °C for 6h. The samples were centrifuged after
the second enzymatic digestion and the supernatant, containing the glycopeptides, was
transferred into a new LoBind tube. 20 pL of 1 x G7 buffer was added to the beads and the
mix was resuspended. After centrifugation, the resulting supernatant was pooled with the
first PNGase F fraction and stored at -20 °C until analysis by mass spectrometry. The tryptic

and the PNGase F fraction were stored and measured separately.

2.1.3 Liquid chromatography - tandem mass spectrometry (LC-MS/MS)

The LC-MS/MS measurement®’ was performed in cooperation with the Research Unit Pro-
tein Science, Helmholtz Center Munich (Dr. Stefanie Hauck and Dr. Christine von Toerne).
The LC-MS/MS analyses were performed as described before®*® on the LTQ-Orbitrap XL Mass
Spectrometer with the following adjustments: To separate the peptides before the separa-
tion by reversed phase chromatography, a nano trap column (300 um inner diameter x
5 mm, packed with Acclaim PepMap100 C18.5 um, 100 A) was used. The reversed phase
chromatography (PepMap, 25 cm, 75 um ID, 2um/100 A pore size) was operated on a RSLC
(Ultimate 3000). A nonlinear 170 min LC gradient from 5 to 31 % of buffer B (98 % acetoni-
trile and 0.1 % formic acid) at 300 nl/min flow rate followed by a short gradient from 31 to
95 % buffer B in 5min and an equilibration for 15min to starting conditions, was chosen. The
10 most abundant peptide ions from the MS prescan were selected for fragmentation in the
linear ion trap, if they were at least doubly charged and exceeded an intensity of at least 200
counts. High-resolution (60,000 full-width half maximum) MS spectra were acquired in the
Orbitrap ranging from a mass of 300 to 1500 Da, during fragment analysis. One microscan
was recorded with fill times in the FT (MS) set to 0.5s and in the lon Trap (MSn) to 0.1s. The
automatic Gain Control (AGC) targets were set to 1 x 10° (MS) and 1 x 10% (MSn),
respectively. The MS proteomics data have been deposited to the ProteomeXchange Con-

sortium™® via the PRIDE partner repository with the dataset identifier PXD001432.
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2.1.4 Database-search and label-free relative quantification of peptides

The database-search and label-free relative quantification of peptides™’ was performed in
cooperation with the Research Unit Protein Science, Helmholtz Center Munich (Dr. Stefanie
Hauck and Dr. Christine von Toerne). The RAW files (Thermo Fisher Scientific) were analyzed
using the Progenesis LC-MS software (version 4.0, Nonlinear Dynamics), as described by
Hauck et al.*®® The following changes were made: The search engine Mascot (Matrix Science,
Release number 2.4) was utilized to identify peptides, assuming tryptic digestion (one
missed cleavage was allowed), a fragment ion mass tolerance of 0.6 Da and a parent ion
tolerance of 10 ppm. Carbamidomethylation was set as fixed modification and allowed vari-
able modifications were methionine oxidation and asparagine or glutamine deamidation.
The spectra were searched against the Ensembl human database (Release 69; 100,607 se-
quences)*®! and the common contaminants keratin and albumin were excluded. The Mascot-
integrated decoy database search was performed by using the Percolator algorithm. An
average peptide false discovery rate of < 1 % was then calculated, when searches were per-
formed with a Percolator score cut-off of 13 and a significance threshold of p < 0.05. The
spectral files and search results were uploaded to the ProteomeXchange platform
(http://www.proteomexchange.org) and have the identifier PXD001432. The peptide as-
signments were re-imported into Progenesis LC-MS and the normalized abundances of all
unique peptides were summed up and allocated to the respective protein (Supplemental
Table S1 and S2).

2.1.5 Data processing and identification of proteins

The data processing and identification of proteins™’ was performed in cooperation with the
Research Unit Protein Science, Helmholtz Center Munich (Dr. Stefanie Hauck and Dr. Chris-
tine von Toerne). Proteins were only added to the high confident cell surface protein dataset
if one of the following criteria was true: (i) protein was identified in either Trypsin or PNGase
fraction with one or more peptides, if the confidence score was > 18, (ii) protein was identi-
fied in both fractions (Trypsin and PNGase) with at least one peptide and a confidence score
> 13. To guarantee stringency for this analysis, the Ensembl human database protein ID of
each identified protein was converted to the respective transcript (ENST) ID. The spectra of
single peptide hits were all manually inspected and a complete collection of these spectra
can be found in the Supplemental Fig. S1. To furthermore verify the identification of cell sur-
face proteins and to remove potential contaminants, only proteins at least annotated as
‘membrane’ or ‘secreted’ in the UniProtKB/Swiss-Prot database®®® were considered for the

cell surface protein atlas. The PAL-gLC-MS/MS approach gave the experimental evidence for
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the localization of these proteins on the cell surface. The proteins already nomenclatured as

CD molecules were also included in the cell surface dataset for further analysis.

2.1.6 Technical validation of PAL-qLC-MS/MS

During the establishment phase of the PAL-qLC-MS/MS technique, the number of cells per
sample, the donor-dependency on expression patterns and the influence of the oxida-
tion/biotinylation one-pot-reaction on protein expression patterns was tested. Samples,
which were obtained during this establishment phase were prepared and already subjected
to LC-MS/MS analysis. The results of this test phase (not shown here) indicated, that it is
possible to identify proteins such as CD11a, CD69, CD62L, which are known to be relevant
for T cell activation, via the MS analysis. Due to the reason that the oxidation-biotinylation
treatment is a harsh chemical process for the cells, a system for a solid technical validation
of the LC-MS/MS-based analysis was set up as follows: In parallel to 2.1.1 (Cell surface pro-
tein labeling), additional cells of the different donors (D1-D4) at the respective time points
during the stimulation time course, were taken to perform a flow cytometry staining (section
2.2) of cell surface proteins which were already identified during the establishment phase of
the PAL-qLC-MS/MS technique. This additional analysis created the possibility to be able to
compare the protein expression pattern obtained by oxidation-biotinylation, followed by MS
analysis and the pattern, which was monitored by a flow cytometry staining. Protein abun-
dances obtained by qLC-MS/MS and mean fluorescence intensity (MFI) monitored by flow
cytometry of the single donors at the respective time points were compared. In addition, the
overall protein expression pattern of the cells of all donors during the stimulation time
course was compared. The via PAL-qLC-MS/MS technique obtained protein abundances
from all donors at all time points were subjected to a Principal Component Analysis (PCA)
with the add-in software XLStat (add-in software for Microsoft Excel), to investigate the

comparability between the different samples.

2.2 Protocols for cell staining and flow cytometry analysis

20,000-150,000 cells per well/per staining were transferred in a 96-well round-bottom plate
and centrifuged (805 x g for 1min) to pellet the cells. The supernatant was discarded and the
cells were washed once with 200 pL flow wash buffer (PBS containing 5 % FCS and 0.02 %
NaN3). The single stain antibodies or antibody staining mixes were prepared on ice and anti-
bodies were diluted in flow wash buffer. The staining was carried out in a total volume of 20
uL per well at 4 °C in the dark for 30min. Then, the cells were washed once with flow wash

buffer and the cell pellet was resuspended in 200-250 L flow wash buffer. 10 plL propidium
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iodide was added per staining as live/dead indicator, immediately before recording the
samples on a BD LSRFortessa flow cytometer in combination with the software BD FACSDIVA
7.0 and analysis with FlowJo Software. If possible, 10,000-20,000 events were recorded per
sample and propidium iodide positive cells were excluded from the analysis. Cells were
measured in single-tubes, except for the flow cytometry-based cell surface screening (sec-
tion 2.2.2) and the testing of hybridoma supernatants (section 3.1.4), for these experiments
the HTS Plate Loader unit of the BD LSRFortessa was used for acquisition.

If Aqua staining was used as the live/dead indicator, the cells were washed twice with ice-
cold PBS and then stained with 100 uL Aqua (1:1000 in ice-cold PBS) at 4 °C in the dark for
30min, before the staining with the respective antibodies. Aqua positive cells were then ex-
cluded from the analysis.

If cells needed to be fixed, they were washed once with flow wash buffer after the staining.
Then the cells were incubated with 100 pL Fix-Solution (BD Cytofix/Cytoperm Kit) at 4 °C in
the dark for 20min. The cells were washed twice with 200 uL of flow wash buffer and kept at
4 °Cin the dark until the measurement.

If a multicolor staining was applied to the sample, a compensation experiment was set up in
advance. Therefore, per antibody, a mixture of 100 uL flow wash buffer with one drop of BD
Comp Beads (Anti-Mouse Ig, K; Anti-Rat Ig, K; depending on the subtype of the antibody),
one drop of Negative control beads and 2-3 plL antibody was prepared and incubated at RT
in the dark for 30min. 2 mL flow wash buffer was added and bead-antibody mixtures were
centrifuged at 200 x g for 10min. The bead pellets were then resuspended in 200 uL fresh
flow wash buffer each and compensation beads were recorded in the compensation setup. If
Aqgua was used, one drop of ArC Amine reactive beads was allowed to adjust to RT for 5min
in a tube. 2 pL of Aqua was added, the mixture was vortexed and incubated at RT in the dark
for 30min. One drop of Negative Control Beads and 2 mL of flow wash buffer was added and
then centrifuged at 200 x g for 10min. The bead pellet was resuspended in 200 pL of fresh
flow wash buffer. The final compensation was then calculated with FACSDIVA 7.0 software

and could be applied for multicolor experiments.

2.2.1 Detailed settings for individual experiments using flow cytometry

Staining of PBMCs was performed on a cell number of 150,000 cells/staining. If isolated T
cells were stained for flow cytometry, the number of cells was adjusted to 100,000
cells/staining. Except the flow cytometry-based cell surface screening (see 2.2.2), consisting
of only one conjugated antibody per staining and due to the limitation of the total available

cell number of one blood donor, the number of cells was adjusted to 20,000 cells/staining.
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Purity and viability of naive T cells after the isolation process was always checked via
CD45RA’/CD45RO" staining of the resulting cell population. During the activation of the
naive CD4" T cells via anti-CD3/anti-CD28 stimulation the activation marker CD69 was moni-
tored to ensure proper activation. The efficiency of oxidation/biotinylation reaction (PAL-
gLC-MS/MS) (section 2.1.1) was measured via Streptavidin-PE antibody staining. Detailed

information for the respective antibodies is listed in Table M2.

2.2.2 Flow cytometry-based cell surface screening and data analysis

This experiment was performed in cooperation with the Institute of Virology, Helmholtz Cen-
ter Munich (Prof. Dr. Michael Schindler and Dr. Herwig Koppensteiner). A targeted cell sur-
face antigen screening, based on monoclonal antibodies and flow cytometry, was performed
with the LEGENDScreen Human Cell Screening (PE) Kit. This kit includes 96 well plates, which
are pre-coated with one lyophilized monoclonal PE-conjugated antibody per well. It contains
332 antibodies against human cell surface antigens and 10 Ig isotype controls (mouse, rat,
hamster). Naive CD4" T cells from 3 different human donors (n=3, D5-D7) were taken in their
naive form and in addition cells were activated with anti-CD3/anti-CD28 for 3 and 24h for
this experimental setting, generating 9 samples (cells of 3 donors, 3 time points each) for
analysis in total. The cells were washed with cold PBS and centrifuged at 290 x g for 10min
directly after isolation, respectively after the end of the stimulation. The cells were resus-
pended in Cell Staining Buffer, included in the kit, and kept on ice. The antibody-coated 96-
well plates were centrifuged at 805 x g for 5min, followed by dissolving the antibodies in
75 uL of ddH20. The plates were then incubated at RT in the dark for 15min. After incuba-
tion, two times 25 pL were transferred from the original 96-well plate to new 96-well plates.
20,000 cells in 75uL volume were then transferred to each well containing 25 ul of dissolved
antibody, resuspended and incubated at 4°C in the dark for 30min. The cells were washed
once with 200 pL cell staining buffer per well and then resuspended in 100 L fixation buffer,
provided in the kit. The cells were incubated at RT in the dark for 15min and then washed
again with 200 pL cell staining buffer. The fixed cells were resuspended in 200 pL cell stain-
ing buffer and kept at 4 °C in the dark until data acquisition.

The resulting data was analyzed using BD FACSDIVA 7.0 and FlowJo Software. Antibody sig-
nals were considered as positive when the MFI was higher than the highest measured Ig iso-
type control. In addition, it was necessary to obtain a positive signal on the cells of at least
two donors (otherwise stated in Table 2), if the protein was considered for the cell surface

protein atlas.
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2.3 Analysis of proteomic results: unsupervised clustering by GProx and Gene ontology

(GO) enrichment analysis and DrugBank target search

The mean ratio of the protein abundance of the four donors between the time points per
protein, which was detected via PAL-qLC-MS/MS, was calculated. These ratios were taken to
perform an unsupervised cluster analysis. Regarding the flow cytometry-based cell surface
screening, the mean fluorescence intensity ratio between the measured time points of the
single proteins of one representative donor, were subjected to unsupervised cluster analysis.
The ratios were uploaded as .txt file into the GProx (The Graphical Proteomics Data Explorer)
open access software, which is based on the fuzzy c-means algorithm as implemented in the

Mfuzz package.'®*'**

The graphical output of this software shows graphs of the proteins de-
pending on their expression pattern. It also calculates a membership value for the single pro-
teins per cluster, which indicates how exactly the expression of one protein fits to the
general expression pattern of the cluster. For the resulting expression clusters of the PAL-
qLC-MS/MS ratios, a Gene Ontology enrichment analysis'®® was performed. The gene names
of the proteins of one cluster, which reached at least a membership value of > 0.6 regarding
this cluster, were uploaded as group to the website of the Generic Gene Ontology (GO) Term
Finder.'®® To summarize and visualize these results, the resulting GO terms of one cluster

were directly transferred to the web-based software REVIGO.'® Within this software, the

III

allowed similarity was set to the predefined value “small”, to guarantee that possible GO
term pairs will be displayed with a semantic similarity less than 0.5.

All proteins, which were identified via PAL-gLC-MS/MS and/or the flow cytometry screen,
were searched as drug targets at the free DrugBank database'®®, using their assigned
UniProtKB accession numbers. Due to the high number of Drug target hits within the group
of solute carrier proteins (SLCs), this group was especially highlighted in Table 4, Fig. 23 and
Fig. 24, using the “R programming language” (www.r-project.org) and the “gplots” package
for data analysis (in cooperation with the Institute of Computational Biology, Helmholtz Cen-

ter Munich, Linda Krause).

2.4 Transcriptomic analysis of naive and activated CD4" T cells

2.4.1 RNA isolation and RNA quality measurement

Naive CD4" T cells of four human blood donors (D8-D11) were isolated (see 1.2). 1 x 10°
naive T cells per donor were activated with anti-CD3/anti-CD28 for 3h (see 1.2) and 1 x 10°
naive T cells per donor were directly resuspended in 350 uL RLT buffer after cell isolation and

frozen at -80 °C until RNA isolation. The T cells which were activated after cell isolation, were
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resuspended in the 24-well plate, transferred to a reaction tube, centrifuged for 10min at
6000 x g, and the cell pellet was resuspended in 350 pL RLT buffer and also stored at -80 °C
until RNA isolation. The RNA isolation was performed according to the manufacturer’s pro-
tocol using the QiaShredder columns and the RNeasy Mini Kit. RNA amount was measured
using the NanoDrop spectrophotometer and RNA quality was measured with the RNA 6000
Nano Kit combined with the Agilent 2100 Bioanalyzer, according to the manufacturer’s pro-

tocol. The obtained RNA Integrity Numbers (RIN) of the samples were >9.

2.4.2 Whole genome microarray and analysis of resulting transcriptomic data

25 pg of total RNA from naive and 3h activated CD4" T cells of four human blood donors (D8-
D11) was amplified and Cy3-labeled according to the manufacturer’s protocol using the 1-
color Low Input Quick Amp Labeling Kit. The Hybridization Kit was used to hybridize the
samples to the SurePrint G3 Human Gene Expression 8x60K microarray. The transcriptomic

1 . .
% and is accessible

dataset was deposited in the NCBI Gene Expression Omnibus (GEO)
through GEO Series accession number GSE61983. Raw data was imported in the GeneSpring
software GX 12.5 and quality control was performed according to the software guidelines.
Transcripts, which were detected in the transcriptomic analysis of the samples of all four
donors either in the naive T cells, the 3h stimulated T cells or under both conditions were

extracted from the GeneSpring software for further analysis.

2.4.3 Sequence mapping, in silico identification of transcripts coding for cell surface proteins

and GO term analysis

This analysis was performed in cooperation with the Department Informatics, Bioinformatics
& Computational Biology i12, Technical University Munich (Dr. Edda Kloppmann and Tatyana
Goldberg). To identify transcripts coding for cell surface proteins or proteins which are close
to the plasma membrane, an in silico analysis was performed. Of a total number of 27,958
human Entrez Gene RNAs, 17,757 microarray probe names were assigned to 14,455 unique
NCBI RefSeq*’® accession numbers by Agilent Technologies. 13,028 of these RefSeq acces-
sion numbers were mapped to their corresponding UniProtKB accession numbers (AC; Uni-
Prot release 2013_10). It is of note that several human UniProt ACs can be assigned to the
same gene name, but to reduce redundancy regarding this fact, the following rule was set: If
available, the reviewed UniProt AC (Swiss-Prot) was chosen, if not the unreviewed AC
(TrEMBL) was taken into account. Therefore, UniProt ACs for 12,263 gene names (Supple-
mental Table S3) could be assigned. After this processing, a remaining redundancy of 29
gene names was still present, relying on the fact that these 29 gene names were assigned to

more than one reviewed UniProt AC. In addition to these 29, we kept 36 unreviewed UniProt
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ACs, based on their prediction as plasma membrane proteins by the following criteria: If
available, the subcellular localization (UniProt_SL) annotation was extracted from the

UniProtKB/Swiss-Prot database.'®® If there was no annotation available, the subcellular

171 in combination with the software

localization was predicted by the software LocTree3
PolyPhobius'’?, which predicts transmembrane helices (TMHs). Proteins were identified as
cell surface proteins as follows (Supplemental Table S3): (a) all experimentally verified and
probable subcellular localizations from UniProt_SL were accepted. Proteins annotated as cell
surface and cell membrane (plasma membrane) were kept; proteins annotated as localized
in the plasma membrane were only retained if they were single- or multi-pass membrane
proteins. If no further information for the proteins localized in the plasma membrane was
available, an additional criterion was that PolyPhobius needed to predict at least one TMH. If
no TMHs were predicted, these proteins were grouped in the section “putative cell surface
proteins”. Membrane proteins, which were annotated as peripheral or lipid-anchored,
needed to fulfill an additional annotation as localized on the extracellular side of the plasma
membrane. Proteins annotated as located on the cytoplasmic side were directly excluded, if
no further information on the localized side was available, the proteins were also assigned to
the group of putative cell surface proteins. (b) If the localization of the protein could not be
annotated due to UniProt_SL annotation the subcellular localization was predicted by Loc-
Tree3, and in addition at least one TMH needed to be predicted by PolyPhobius to classify
this protein as plasma membrane protein. A list containing all genes passing these criteria
were reimported into GeneSpring GX 12.5 software to analyze their transcripts regarding
differential gene expression between the samples of naive T cells and 3h activated T cells.
Therefore, a paired Student t-test filtered for a corrected p-value (p < 0.05, Benjamini-
Hochberg correction) was applied.

A Gene Ontology enrichment analysis was performed on the dataset containing the cell sur-
face protein coding transcripts. All gene names were uploaded as a group to the website of
the Generic Gene Ontology (GO) Term Finder. To summarize and visualize the obtained re-
sults, the GO terms were directly transferred to the software REVIGO. Within this software

IH

the allowed similarity was set to the predefined value “small”, to guarantee that possible GO

term pairs will be displayed with a semantic similarity less than 0.5.
2.5 Combination and correlation of proteomic and transcriptomic datasets

The combination and correlation of proteomic and transcriptomic datasets was performed in

cooperation with the Institute of Computational Biology, Helmholtz Center Munich (Dr. Bet-
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tina Knapp and Linda Krause). The “R programming language and the “gplots” package

were used for data analysis. To be able to combine the omics datasets of the transcriptomic
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and proteomic analysis, the datasets needed to be scaled. Therefore, the mean protein
abundance of the PAL-qLC-MS/MS experiment, respectively the mean of the
measured MFIs of the flow cytometry screen and the corresponding standard deviations
were calculated. The mean was then subtracted from each single value of the corresponding
measurement and then divided by the calculated standard deviation. The transcriptomic
gene expression values, which resulted from the microarray measurement, were log2 trans-
formed as normalization. These scaled datasets were comparable and a two-sided Welch
t-test (p £ 0.01, scaled absolute expression measurement of 2 1) was applied. Differentially
expressed genes/proteins are presented as a heat map.

The correlation of the transcriptomic dataset to the proteomic dataset obtained via PAL-gLC-
MS/MS was calculated on the normalized values for gene expression and protein abun-
dance, using the “R programming language”.’”® The correlation analysis was only performed
on the targets, which could be measured in all four donors via PAL-qLC-MS/MS as well as
RNA level, resulting in 159 correlated targets. The dataset does not come from a normal dis-
tribution, so the rank-based Spearman’s rho statistic was used as a robust way to estimate
the magnitude of association. Corresponding p-values describe the probability of observing a
correlation of this extent (or extremer) under the assumption that there is no correlation.
P-values were adjusted using the procedure by Benjamini and Hochberg, controlling the

false discovery rate.

2.6 Identification and targeted validation of cell surface proteins which were not men-

tioned in the context of T cell biology before

To extract interesting candidates from the cell surface atlas for further studies, an extensive
literature and patent search on http://www.ncbi.nlm.nih.gov/pubmed as well as on
http://www.google.com/patents was performed. The following keywords were used alone
and in combination: T cell [OR] immune cell [AND] activation, differentiation, proliferation
[AND] the recommended protein name listed at UniProtKB as well as at least two of the

alternative names for the protein listed at UniProtKB.

2.6.1 Validation of candidates by gPCR

Naive CD4" T cells were isolated from four further human blood donors (D12-D15) as de-
scribed in section 1.2 and total RNA was isolated (section 2.4.1). The RNA concentration was
measured using the NanoDrop 2000 and cDNA was synthesized in a volume of 20 puL by using
the High-capacity cDNA Reverse Transcription Kit, according to manufacturer’s protocol. The

exon-spanning gPCR primers with an estimated T, at around 58 °C were taken from the
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gPrimerDepot (https://primerdepot.nci.nih.gov) or designed by using Primer3web

17%) and ordered at Metabion International AG, all primers are listed in

(http://primer3.ut.ee;
Material Table M 5. Each gPCR reaction was composed of 30 ng of cDNA, 5 uL of FastStart
Universal SYBR Green Mastermix 2 x (ROX), and each forward and reverse primer at a final
concentration of 400 nM, filled up to a total volume of 10 uL per reaction with DEPC-treated
H,0. The reactions were carried out in 384-well plates on a Viia7 Real-Time PCR System
according to the following protocol: 50 °C (2min), 95 °C (10min); [95 °C (15sec), 60 °C (1min)]
x 40 cycles; melt curve: 95 °C (15sec), 60 °C (1 min), (ramp: 0.05 °C/s), 95 °C (15sec). The
amplifications were carried out in at least technical duplicates and EF-lalpha was used as
control. If relative changes in gene expression were analyzed, the comparative Cr (2"

method was used.

2.6.2 Validation of candidates by Western blot

Naive CD4" T cells of four additional blood donors (D16-D19) were collected (section 1.2) and
protein lysates were prepared for Western blot analysis. Equal protein amounts in lysis
buffer (1 % NP-40, 10 mM NacCl, 10 mM Tris pH 7.6, 2 x EDTA-free complete protease inhibi-
tor cocktail in ddH20)™’ were incubated with NuPAGE LDS Sample Buffer and heated at
95 °C for 10min, loaded on 10 % Bis-Tris protein gels or 4-12 % Bis-Tris Protein Gels and sep-
arated for 1.5h at 120 V using SDS-PAGE gelelectrophoresis in a MOPS SDS running buffer.
The proteins were transferred to a polyvinylidenfluorid (PVDF) membrane using XCell | Blot
Module at 60 V (limited to 500 mA) for 90min. To block unspecific binding sites, an incuba-
tion step in 3-5 % non-fat dry milk in 1 x PBS for one hour was carried out. The primary anti-
bodies (Material Table M 3) were diluted in 3-5 % non-fat dry milk in PBS in a 50 mL reaction
tube and the membranes were incubated at 4 °C overnight, rolling. Three washing steps with
3-5 % non-fat dry milk in PBS (10min each) were done before incubation with the corre-
sponding secondary HRP-linked antibody (Material Table M 4) at 4 °C for 2h, rolling. The
membranes were washed with PBS containing 0.02 % Tween for three times and then incu-
bated with the HRP-substrate Amersham ECL Prime Western Blotting Detection Reagent for
5min. The chemiluminescence of the HRP reaction on all membranes was recorded with an
ECL ChemoCam Imager and ChemoStar software. A positive Western blot assay showed a

band at the expected molecular weight of a protein.
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3. Analysis of transmembrane protein c160rf54, a cell surface protein which

was not described in the context of T cell biology before

The transmembrane protein c16orf54 (named c160rf54) is an uncharacterized human pro-
tein, which is expressed on human naive CD4" T cells and is encoded by the chromosomal
open reading frame 54 on chromosome 16. To investigate this target protein in detail, tools

and expression systems needed to be generated.

3.1 Generation, production and testing of rat and mouse monoclonal antibodies against

human and murine c16orf54

The generation of a monoclonal antibody against c16orf54 was carried out in cooperation
with the Institute of Molecular Immunology (IMI) of the Helmholtz Center Munich (Dr. Elisa-
beth Kremmer and Dr. Regina Feederle). Peptides for the immunization of mice and rats
were chosen based on the extracellular c160rf54 amino acid sequence of human (ORF54S)
and murine (ORF54M) origin, according to the UniProtKB. For immunization, peptides were
coupled via a terminal cysteine to maleimide-activated-ovalbumin. An internal cysteine resi-
due was exchanged against alpha butyric acid (Abu) to avoid cross-coupling of ovalbumin.
Biotinylated peptides served as antigens for antibody testing. The peptides were purchased

from Peps4lS (Heidelberg, Germany):

1) ORF54S-Cys (MPLTPEPPSGRVEGPPAWEAAPWPSLP-Abu-GP-C)

2) ORF54S-eBio (MPLTPEPPSGRVEGPPAWEAAPWPSLP-Abu-GP-Spacer-Biotin)
3) ORF54M (MPVTPQQPSGHTEGLPEPTAEAAVWVVIP-C)

4) ORF54M-eBio (MPVTPQQPSGHTEGLPEPTAEAAVWVVIP-Spacer-Biotin)

3.1.1 Peptide-immunization of rats and mice and hybridoma generation

The IMI applied their standard protocol for the hybridoma cell generation.'”>*’® In brief, to
immunize animals for B cell clone production, approximately 40 pg of the ovalbumin-
coupled peptides were emulsified in an equal volume of incomplete Freund’s adjuvant com-
bined with 5 nmol CpG2006, and injected subcutaneously and intraperitoneally into two
different Lou/C rats and one C57BL/6J mouse. The immune response was boosted intraperi-
toneally and subcutaneously after six weeks with 40 ug peptides without Freund’s adjuvant.
Three days after the boosting injection, cells of the myeloma cell line P3X63-Ag8.653 were
fused with rat or mouse spleen cells according to the standard procedure described by Koh-

177

ler and Milstein.”"" The fused hybridoma cells were cultured in 96-well plates with RPMI



V. Methods 43

1640 medium (supplemented with 20 % FCS, 100 U/mL Pen/Strep, 1 % sodium pyruvate, 1 %
non-essential amino acids, 2 % hybridoma cloning factor, 2 % hypoxantin-aminopterin sup-

plement).

3.1.2 Testing of hybridoma supernatants against biotinylated peptides via ELISA

Hybridoma supernatants were tested by the IMI of the Helmholtz Center Munich in a solid-
phase enzyme-linked immunoassay (ELISA) two weeks after fusion. Biotinylated peptides
were bound to avidin-coated 96-well plates at a concentration of 0.2 pg/mL in 0.1 M sodium
carbonate buffer (pH 9.6) at 4 °C overnight. Irrelevant biotinylated peptides were used as
negative controls. After blocking with PBS (containing 2 % FCS) for one hour at RT, the hy-
bridoma supernatants were added and incubated for 30min. Rat monoclonal antibodies
from the hybridoma supernatants, which bound to the coated peptides, were detected by
using a mixture of HRP-conjugated monoclonal mouse-anti-rat IgG heavy chain antibodies
(anti-lgG1, anti-lgG2a, anti-lgG2b, anti-lgG2c). Respectively, mouse monoclonal antibodies
from the hybridoma supernatants, which bound to the coated peptides, were detected by
using a mixture of HRP-conjugated monoclonal rat-anti-mouse IgG heavy chain antibodies
(anti-lgG1, anti-lgG2a, anti-lgG2b, anti-IgG3). HRP was visualized with ready to use TMB sub-
strate. Hybridoma clones, which were positive in the ELISA screening for any of the peptides
used for immunization (human and/or mouse sequence), were further characterized
regarding their IgG isotype in a second ELISA using anti-light chain antibodies as capture and
HRP-coupled anti-IgG subclass-specific antibodies for detection. The IgG specified hybridoma
supernatants were transferred to the Center of Allergy and Environment for further testing.
Hybridoma cells of positively tested supernatants (anti-human-c16orf54 clones 23H8 and
7F11 and anti-murine-c160rf54 clone 13D2; all rat IgG2c) were cloned at least twice by limit-
ing dilution to obtain stable monoclonal hybridoma cell lines. The supernatants of the sub-
cloned hybridoma cells were tested again via flow cytometry and the purification of these
antibodies was performed on Protein-A-Sepharose 4 Fast Flow columns. Bound IgGs were
eluted with 0.1 M citrate buffer, pH 4.0 and dialyzed three times against PBS. The protein

concentrations of the purified antibodies were spectrophotometrically determined.

3.1.3 Isolation of murine naive CD4" T cells

The spleen of sacrificed C57BL/6 wt mice was isolated and the spleens were manually cut
into small pieces with a scissor. These small pieces were additionally filtered through a
100 um cell strainer with the plunger of a syringe to destroy the tissue connection. The cell
strainer was flushed with 10 mL D-PBS and cells were pelleted by centrifugation (290 x g,
10min, 4 °C). The pellet was resuspended in 10 mL 1 x Ery-Lysisbuffer (0.15 M NH4Cl; 10 mM
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KHCO3; 0.1 mM Na,EDTA; pH 7.2-7.4) per spleen and incubated for 6min at RT. The lysis re-
action was stopped by addition of 10 mL RPMI 1640 medium containing 10 % FCS. The cells
were centrifuged (290 x g, 10min, 4 °C), resuspended in 10 mL autoMACS running buffer per
spleen and filtered through a new 100 um cell strainer. The resulting cell population of
splenocytes was counted (Neubauer counting chamber, see 1.2) and pelleted via centrifuga-
tion (290 x g, 10min, 4 °C). To isolate murine naive CD4" T cells out of the splenocytes the
CD4" CD62L" T cell Isolation Kit Il (mouse) was used. The splenocytes were resuspended in
autoMACS running buffer (400 pL autoMACS running buffer per 10® cells) and incubated
with the Biotin Antibody Cocktail Il (100 pL Biotin Antibody Cocktail Il per 10® cells) for 10min
on ice. AutoMACS running buffer (300 pL per 10® cells) and anti-biotin microbeads (200 pL
per 10® cells) were added and incubated for 15min on ice. 10 mL of autoMACS running
buffer were added and the cells were centrifuged (290 x g, 10min, 4 °C). The cell pellet was
resuspended in autoMACS running buffer (500 pL autoMACS running buffer per 10® cells)
and CD4" T cells were isolated by negative selection through an automated magnetic column
(autoMACS, program: DEPLETES). To specifically enrich the naive CD4*/CD62L" T cells from
this negative selected population, the cells were counted, pelleted and resuspended in
autoMACS running buffer (800 pL autoMACS running buffer per 10° cells). CD62L microbeads
were added (200 pL per 10® cells) and incubated for 15min on ice. After the addition of
10 mL autoMACS running buffer and centrifugation (290 x g, 10min, 4°C), the cells were re-
suspended in autoMACS running buffer (500 pL autoMACS running buffer per 10® cells).
Naive CD4"/CD62L" T cells were enriched by positive selection (autoMACS, program: POSSEL)

of the labeled cells.

3.1.4 Suitability test of hybridoma supernatants (flow cytometry and Western blot)

The via ELISA positive tested hybridoma supernatants were evaluated based on their suita-
bility for the application in flow cytometry and Western blot at the Center of Allergy and
Environment. Information for each hybridoma supernatant included the specific antibody
isotype contained in the supernatant as well as the information if the hybridoma superna-
tant reacted against the human-sequence-, the murine-sequence- or both peptides. There-
fore, murine and human naive CD4" T cells were isolated (section 1.2 and 3.1.3) and stained
for flow cytometry (see section 2.2) with the respective species reacting hybridoma superna-
tants. For the case of the hybridoma supernatants originating from the fusion with rat spleen
cells, the following 3-step staining was performed, all steps on ice and each incubation step
for 30min. 100,000 cells per well were seeded in a 96-well plate and washed with flow wash
buffer. The cells were first stained with 50 pL of the anti-c160rf54 hybridoma supernatants

and then washed once. The second staining step was a 1:10 dilution of hybridoma superna-
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tant containing mouse-anti-rat specific antibodies for the indicated isotype of the antibody
of the anti-c16orf54 hybridoma supernatant (anti-rat-lgG1, anti-rat-lgG2a, anti-rat-lgG2c).
After a washing step, the cells were stained with rat-anti-mouse IgG (H+L) AlexaFlour594
(1:200). In the case of the hybridoma supernatants originating from the fusion with mouse
spleen cells, the following 3-step staining was performed, all steps on ice and each incuba-
tion step for 30min. 100,000 cells per well were seeded in a 96-well plate and washed with
flow wash buffer. The cells were first stained with 50 pL of the anti-c160orf54 hybridoma su-
pernatants and then washed once. The second staining step was a 1:10 dilution of hybrido-
ma supernatant containing rat-anti-mouse specific antibodies for the indicated isotype of
the antibody of the anti-c16orf54 hybridoma supernatant (anti-mouse-lgG1, anti-mouse-
IgG2a, anti-mouse-lgG2b). After another washing step, the cells were stained with mouse-
anti-rat DyLight 594 AffiniPure I1gG (H+L) (1:200). As a negative control the cells were stained
with a hybridoma supernatant containing antibodies against a protein, which is not ex-
pressed on T cells.

Selected hybridoma supernatants, which were suitable for the application in flow cytometry
on human naive CD4" T cells, were also examined about their suitability in Western blot
technique. The general settings for this technique are described in section 2.6.2. Hybridoma
supernatants were tested on cell lysates of human naive CD4" T cells, respectively HEK-293
cell lysates. After blotting the proteins onto the PVDF membrane the single lanes were sepa-
rated from each other to probe the stripes with different hybridoma supernatants (1:10 dilu-
tion). For the second incubation of the stripes, isotype specific HRP-conjugated antibodies
were chosen (1:1000).

3.1.5 Direct labeling of antibody and antibody-peptide competition assay

The purified monoclonal antibody anti-human c16orf54 of clone 23H8* was chosen for di-
rect labeling with a fluorophore for the use in a flow cytometry staining. Therefore, the
Lightning-Link PE-TexasRed Tandem Conjugation Kit was used. 60 pg anti-human cl6orf54
23H8* were diluted with PBS to a total volume of 40 uL and 5 pL LL-modifier were added.
This mixture was transferred to the glass vial containing the lyophilized fluorophore PE-
TexasRed, carefully mixed and incubated at 4 °C in the dark overnight. The next day, 5 uL LL-
guencher were added and the mix was incubated at 4 °C in the dark for further 30min. The
resulting concentration of this labeled antibody, called anti-human c16orf54 23H8* PE-
TexasRed (abbreviated as 23H8*-PE-TexasRed) in the following sections, was 1 mg/mL. To
assess the working dilution of the labeled antibody, naive T cells and PBMCs were stained

with different concentrations together with Aqua as live/dead indicator (section 2.2).
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To test the specificity of the labeled antibody for flow cytometry applications, a competition
assay was carried out. Therefore, equal amounts of cl16orf54 23H8* PE-TexasRed and the
peptide, which was used for immunization of the rats, as well as excess of the peptide (anti-
body:peptide> 1:2-1:400) were diluted in flow wash buffer in a volume of 10 plL and incu-
bated at RT in the dark for 30min. Freshly isolated PBMCs were then incubated in this mix-

ture at 4 °Cin the dark for 30min and measured via flow cytometry.

3.2 Generation of expression systems for recombinant expression of c16orf54

To create cellular model systems constantly expressing c16orf54, different expression vec-

tors were cloned and the cells were stably transfected with the different constructs.

3.2.1 Cloning of different overexpression vectors

Molecular Biology standard procedures such as DNA restriction digestion, ligation, PCR,

plasmid isolation and transformation were performed according to established protocols.'”®

3.2.1.1 Amplification of inserts

RNA from 38 x 10° naive CD4" T cells of one human blood donor was isolated and
transcribed into cDNA (section 2.4.1 and 2.6.1). To amplify the coding region, 80 ng cDNA
were used for each of the five PCR reactions with the following primer combinations (se-
guences in Material Table M 5): cl6orf54 P1 + cl6orf54 P2 resulting in construct
cl6orf54_1; c16orf54_P3 + cl6orf54 P2 resulting in construct cl16orf54_2; c16orf54 P1 +
cl160orf54_P4 resulting in construct c16orf54_3; c16o0rf54_P5 + c160rf54_P6 resulting in con-
struct c16orf54_4; c16orf54_P7 + cl6orf54 P6 resulting in construct c16orf54 5 (10 uM of
each primer per reaction) (overview of constructs Fig. 30 in section: Results). The designed
primers included restriction sites for either Nhel or Xhol (in case of constructs c16orf54 1,
_2and _3) and restriction sites for Xbal or Notl (in case of constructs c16orf54_4 and _5).

The Accu Prime Pfx DNA Polymerase was used according to manufacturer’s recommenda-
tions for the amplification in a volume of 25 pL. The PCR protocol was programmed with the
following conditions: 95 °C (2min); [95 °C (15sec), 55 °C (30sec), 68 °C (45sec)] x 34 cycles;
68 °C (5min), 4 °C hold. The PCR products were loaded with 6 x Loading Dye and ran on a
1.5 % agarose gel. Bands with correct size were excised from the gel and cleaned up by using
the Genelet Gel Extraction Kit according to manufacturer’s recommendation. Each of the

amplicon samples was eluted in 40 uL of ddH,O0.
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3.2.1.2 Ligation and Transformation

To digest the whole amount of the amplicons with the corresponding restriction enzymes to
produce the needed overhangs, c16orf54 1, 2, 3 and 1 pg of pcDNA3.1 were each incu-
bated with 1 uL Nhel (Fast Digest) and 1 pL Xhol (Fast Digest) and 5 pL 10 x Fast Digest Green
Buffer. c16orf54 4, 5 and 1 ug pAcGP67-B were each incubated with 1 pL Xbal (Fast Digest)
and 1 pL Notl (Fast Digest) and 5 pL 10 x Fast Digest Green Buffer. The restriction reaction
mixes were incubated at 37 °C for 30min. The mixes were loaded on a 1.5 % agarose gel. The
bands were excised and the DNA was purified with the Genelet Gel Extraction Kit according
to manufacturer’s recommendation and samples were eluted in 40 uL ddH,0. To ligate the
purified and digested inserts of interest into their corresponding vectors, the DNA amounts
were estimated according to the thickness of the band in the agarose gel before and for the
ligation reaction a ratio of vector to insert of 4:1 was used. 1 uL (5U) T4 DNA Ligase, 2 uL 10 x
Ligase Buffer, ddH,0, vector and insert were mixed and incubated at RT for 2h.

To transform bacteria with the ligated vectors, 50 pL of chemo-competent NEB5alpha, per
ligation reaction mix, were thawed on ice for 10min. 10 L of each ligation reaction mix was
added to the thawed bacteria and this was mixed by pipetting up and down and incubated
for further 30min on ice. Heat shock was performed at 42 °C for 30sec and the transfor-
mation mix was incubated for 5min on ice. 950 pL of SOC-medium were added and samples
were incubated at 37 °C, shaking at 225 rpm for 30min. 50 L of each transformation were
then spread on one Ampicillin (100 ug/mL) containing LB-agarose-plate each, which were

then incubated at 37 °C overnight.

3.2.1.3 Colony PCR and isolation of plasmids

To check whether the plasmid inside the different bacteria clones is correct, a colony-PCR
was performed. Therefore, 5-10 colonies per plate were picked with pipette tips by hand and
each resuspended in 20 uL of ddH,0. 0.5 pL of this cell suspension were mixed with the
T7_Promoter_fw (c160rf54_1, 2, 3) or pAcGP67-B _fw (c160rf54 4, 5), the construct corre-
sponding gene-specific reverse primer (10 uM of each primer per reaction), 10 mM dNTP-
Mix, 10 x Dream Taq buffer and 0.2 uL DreamTaq DNA Polymerase in a total volume of
30 pL. The PCR protocol was programmed with the following conditions: 95 °C (3min); [95 °C
(30sec), 55 °C (30sec), 72 °C (1min)] x 34 cycles; 72 °C (10min), 4 °C hold. The PCR products
were loaded with 6 x Loading Dye and ran on a 1.5 % agarose gel. The clones of each con-
struct, which showed a band on the gel with the correct size, were chosen for amplification.
Therefore, the cell suspensions (picked for colony PCR) of the correct clones were inoculated

in 5 mL of LB-medium (containing 100 pug/mL Ampicillin) and cultured at 37 °C, shaking at
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225 rpm, overnight. To prep the plasmids, the Genelet Plasmid Miniprep Kit was used, ac-
cording to manufacturer’s recommendation. The plasmid concentration was measured with
the NanoDrop spectrophotometer and the correctness of the sequence was confirmed by

sequencing at the company GATC Biotech (Konstanz, Germany).

3.2.2 Expression of c160rf54 in mammalian cells

To transfect HEK-293 cells with the vectors for the different cl6orf54 constructs
(c160rfs54_1, 2, 3), the cells were seeded into 6-well plates at a concentration of 1 x 10° cells
per well and culture medium (DMEM, 10 % FCS, 100 U/mL Pen/Strep) was added up to 4 mL.
The cells were cultured at 37 °Cand 5 % CO; in a humidified incubator overnight. On the next
day, the transfection mix for each construct was prepared. 125 uL Opti-MEM were mixed
with 7.5 uL Lipofectamine 3000 Reagent for each construct. 1.2 ug of each plasmid DNA
from the different constructs was diluted in 125 uL Opti-MEM and 10 pL of P3000 Reagent
was added. The 125 pL Lipofectamine-OptiMEM-Mix and the 125 puL DNA-OptiMEM-P3000
Reagent-Mix were combined, cautiously pipetted up and down and incubated at RT for
5min. This transfection mix was added to the seeded HEK-293 cells (6-well plate). Three days
after transfection, the HEK-293 cells were trypsinized and all cells were seeded into a T25
culture flask and G418 (400 pg/mL) was added to specifically select stable clones. After three
days, the cells were again trypsinized and seeded into a T75 culture flask. Every third day,
the cells were split to keep them subconfluent in culture and every third splitting time, G418
(400 pg/mL) was added to preserve the selection pressure for the stable clones. To preserve
the stable clones permanently, 1 x 10° cells of each construct were resuspended in freezing
medium (70 % DMEM, 20 % FCS, 10 % DMSO) and immediately put into a pre-chilled Mr.

Frosty, kept at -80 °C for one day and afterwards transferred to the liquid nitrogen tank.

3.2.3 Expression and purification of soluble forms of c160rf54 in insect cells

The constructs cl16orf54_4 and _5 were cloned to be expressed as soluble forms in Sf9
(Spodoptera frugiperda) insect cells. Therefore, 1 x 10° Sf9 cells were seeded into a T25 cul-
ture flask with 5 mL of insect cell medium (Insect Xpress) containing gentamicin (10 ug/mL)
at 27 °C. After seeding the cells, they were incubated at 27 °C to become adherent until the
transfection mixes were ready to be transfected. The transfection mix 1 contained 2 pg
plasmid c16orf54 4 or 5 (pAcGP67-B vector), 2.5 pL Baculovirus DNA (0.1 ug/mL, Pro
Green) and 100 pl insect cell medium. The transfection mix 2 contained 100 puL insect cell
medium and 10 pL Cellfectin Il Reagent. Both transfection mixes were combined (one mix for
each construct), vigorously mixed for 15s and incubated at RT for 30min. Insect cell medium

was added to each mix up to 1 mL total volume, the insect cell medium on the cells was re-
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moved and the transfection mix was added. The cells were then incubated for 4h at 27 °C
and the flask was slightly shaken every 30 min. 4 mL of insect medium was added and to
produce high titer virus stocks, the cells were cultured for four to five days. The supernatant
was then centrifuged at 4000 x g for 10min. The clear supernatant, containing the Baculovi-
rus, was used to infect 2.4 x 107 59 cells in a T175 culture flask in a total volume of 20 mL of
insect cell medium and incubated for five days (first amplification). The whole supernatant
was again centrifuged at 4000 x g for 10min. 1 mL of the clear supernatant was again taken
to infect 2.4 x 10’ 5f9 cells in a T175 culture flask in a total volume of 20 mL of insect cell
medium and cultured for five days (second amplification). This supernatant was again centri-
fuged at 4000 x g for 10min and stored at 4 °C in the dark. For protein expression, 1 mL of
the cleared supernatant of the second amplification was used to infect 1.5 x 10%/mL Sf9 cells
in a volume of 400 mL of insect cell medium in a baffled Erlenmeyer flask (volume 2000 mL).
To achieve a high protein expression, these cells were then cultured at 27 °C, shaking at
110 rpm for three days. The supernatant was harvested by centrifugation at 4000 x g for
10min and filtered through a 0.45 um filter. The centrifuged and filtered supernatant was
then applied to a nickel-chelating affinity matrix (HisTrap excel, column volume: 1 mL) after
washing and equilibrating the purification system (AKTA, flow rate 1 mL/min). The column
was washed with 5 CV (column volumes) ddH,0 and then equilibrated with 5 CV PBS (pH 8).
The filtered supernatant was applied to the column. The column was pre-washed with PBS
pH 8 until the UV chromatogram reached baseline levels. Subsequently, the column was
washed with following steps: 5 CV PBS pH 8, with 3 % PBS, 300 mM imidazole (3 % wash),
10 CV PBS pH 8 and a gradient of 3-15 % PBS, 300 mM imidazole (3-15 % wash), 10 CV PBS
pH 8 with 15 % PBS, 300 mM imidazole (15 % wash). The recombinantly produced proteins
were eluted with PBS pH 8 (containing 300 mM imidazole) in 40 x 1 mL fractions. The differ-
ent purification fractions were analyzed via SDS-PAGE combined with Coomassie staining*’®
(protocol for the self-made SDS gels and Colloidal Coomassie staining can be found in the
Material Table M 6). 20 uL of selected fractions (+ 5 pL loading dye) were heated to 95 °C for
10min and 12 pl per fraction were simultaneously loaded on two SDS gels, which were run
at 140 V (constant) for 1h 10min. One of the gels was washed with ddH,0 and then stained
with Colloidal Coomassie solution (two days, de-staining with ddH,0 for 15min) and one gel
was semi-dry blotted onto a PVDF membrane (100 mA constant; 1h 30 min) and proteins

were detected via anti-V5 antibody or Strep-Tactin-AP conjugate.

3.2.4 Immunoprecipitation of recombinant c160rf54

HEK-293 cells (1.5 x 10°) stably expressing the constructs c16orf54_2 or _3 were centrifuged
and the cell pellet was resuspended in 500 puL lysis buffer (1 % NP-40, 10 mM NaCl, 10 mM
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157 and stored at

Tris pH 7.6, 2 x EDTA-free complete protease inhibitor cocktail in ddH20)
-20 °C. After thawing, the lysate was centrifuged at 6000 x g for 10min to remove cell debris.
The immunoprecipitation was performed by utilizing the iba system, containing MagStrep
type 2HC beads and corresponding buffers. 200 uL of each cleared lysate was incubated with
40 pL pre-washed MagStrep type 2HC beads for 1h at 4 °C, rotating. After this, the reaction
tube was placed in a suitable magnet station and the supernatant above the beads was kept
as flow-through (FT) fraction. The beads were washed three times with 200 uL of buffer W
and after washing, the beads were incubated with 50 pL buffer BE for 5min on ice to elute
the bound proteins (fraction IP= immunoprecipitation). The fractions were run on a gel, blot-

ted (section 2.6.2) and probed with anti-c16orf54 23H8*.

3.3 Generation of a CRISPR/CAS mediated knockout mouse

3.3.1 Cloning of vectors containing different sgRNAs

To generate a CRISPR/CAS mediated KO mouse™®, a strategy containing two sgRNAs
targeting upstream and downstream sequences of the transmembrane region of Al467606,
was planned. To select target sites for sgRNAs with minimal off-target effects, the extracted
genomic sequence of the AlI467606 coding exon was subjected to CRISPR Design Tool
(http://crispr.mit.edu/). The sequences of the ordered oligonucleotides, containing over-
hangs to Bbsl digested pbs-U6_chimaericRNA, can be found in Table M5. Oligonucleotides
were dissolved in TE-Buffer (QIAquick PCR purification Kit) at a concentration of 1 pug/uL. To
construct four vectors, each containing one of the sequences for the sgRNA m1 and m3 and
the T7_.m1 and T7_m3, 1 pg of each of the corresponding oligonucleotides:
MCRISPR1_chimA + mCRISPR1_chimB, mCRISPR3_chimA + mCRISPR3_chimB, mT7_CRISPR1-
chimA + mT7_CRISPR1-chimB, mT7_CRISPR3-chimA + mT7_CRISPR3-chimB were combined
in four reactions (100 pL total volume in TE-Buffer for each reaction) and incubated at 99 °C
for 5min. To generate double strand oligonucleotides, the samples were slowly cooled down
to RT by switching off the heating block. To digest the designated vector (pbs-
U6_chimaericRNA)*®, 5 ug of the vector were incubated with 5 pL 10 x NEB 2.1 buffer and
5 pL Bbsl (filled up to 50 uL total volume with ddH,0) at 37 °C for 1.5h. The whole volume of
the digestion reaction was loaded on a 1.5 % agarose gel and run at 120 V for 30min, the
open vector was then gel-purified (section 3.2.1.1) and the concentration was measured via
NanoDrop. The annealed oligonucleotides (chimA + chimB) were then ligated with the vec-
tor. Four ligation reactions were prepared, each consisting of 100 ng of the digested and gel-
purified vector, 1.5 pL of the annealed oligonucleotide-pairs, 1.5 pL 10 x T4 Ligase reaction

buffer and 1 pL of T4 DNA Ligase, in a total volume of 15 pL. The ligation reaction was incu-
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bated at RT for 1h. To reduce a potential background from re-ligated vector, the ligation re-
action was again digested with Bbsl: 3 puL of NEB 2 buffer, 12 pL of ddH,0 and 1 plL of Bbsl
were added to each ligation reaction, incubated at 37 °C for 20min and heat-inactivated at
65 °C for 20min. 1 pL of each ligation reaction was transformed into DH5alpha bacterial cells
and plated on Ampicillin containing LB-plates (section 3.2.1.2). On the next day, three colo-
nies per plate (construct) were picked and cultured in 5 mL LB medium
(100 pg/mL Ampicillin) at 37 °C overnight. Miniprep of these overnight cultures was carried
out with the Macherey Nagel Nucleo Spin Plasmid Kit, according to manufacturer’s recom-
mendation. The sequences of the vectors were confirmed by sequencing (GATC Biotech).
The sequences for the vectors containing mCRISPR1, mCRISPR3 and mT7_CRISPR3 were
correct and a plasmid Maxiprep was performed with the Qiagen Plasmid Maxi Kit, according
to the manufacturer’s protocol. The concentration and quality of the plasmid preparation

was checked via NanoDrop measurement.

3.3.2 In vitro activity test of the different sgRNAs and T7 endonuclease assay

To test the functionality of sgRNAs mCRISPR1 and mCRISPR3, an in vitro experiment with the
murine cell line Neuro-2A was set up. Neuro-2A cells were seeded in a 48-well plate (Starlab)
at a density of 5 x 10* cells in 500 upL culture medium (DMEM, 10 % FCS,
100 U/mL Pen/Strep) per well and cultured at 37 °C and 5 % CO; in a humidified incubator
overnight. On the next day, the medium was changed against 300 pL fresh culture medium.
The plasmids were prepared in a volume of 30 pL Opti-MEM containing (per well): 0.12 ug
pCas9-T2A-GFP, 0.09 ug mCRISPR1 and mCRISPR3. As a negative control, only 0.12 pg pCas9-
T2A-GFP (no sgRNA containing plasmid) was used for transfection. 0.9 pL XtremeGene HP
DNA Transfection Reagent was added to each prepared plasmid sample, mixed by careful
pipetting and incubated at RT for 20min. 30 uL of the transfection mix were added to each
well of the prepared Neuro-2A cells in the 48-well plate. Two days later, the DNA of the
transfected Neuro-2A cells was isolated with the Promega Wizard Genomic DNA purification
Kit, according to manufacturer’s protocol. To check the functionality of sgRNAs, a PCR of the
target region was performed by using the primer pair CRISPR_checkP2 and the DreamTaq
DNA polymerase (section 3.2.1.3) with the following PCR protocol: 95 °C (3min); [95 °C
(30sec), 55 °C (30sec), 72 °C (1min)] x 33 cycles; 72 °C (10min), 4 °C hold. The PCR product
was purified by using the Genelet Gel Extraction Kit according to manufacturer’s recom-
mendation. The DNA concentration was measured via NanoDrop and subjected to a T7 en-
donuclease assay, to check if the sgRNAs cut the DNA in the Neuro-2A cells. Therefore,
600 ng of each sample were mixed with 2 uL NEB buffer 2 (in a total volume of 20 pL, filled
up with ddH,0) and incubated in a PCR machine with the following settings: 95 °C (5min),



V. Methods 52

95-85 °C (ramp: 75 %), 85 °C (30sec), 85-25 °C (ramp: 3 %), 25 °C (30sec), 4 °C hold. 1 pL T7
endonuclease was then added to each of these samples and incubated at 37 °C for 3h. To
check whether the T7 endonuclease detected a mismatch, the samples were loaded on a
1.5 % agarose gel and run at 120 V for 1h.

3.3.3 Generation of T7-PCR templates for in vitro transcription of sgRNAs

To generate T7-PCR templates for the preparation of sgRNAs (T7_sgRNA_ mCRISPR1 and
T7_sgRNA_ mCRISPR3), two different strategies for m1 and m3 needed to be carried out.
The cloning of the vector T7_m3 was successful (section 3.3.1) and therefore 15 ng of this
vector were subjected to one PCR reaction containing 5 x Herculase Il buffer, dNTPs (10 mM
each), 10 uM Primer_T7_Tracr_1 and Primer_T7_Tracr_2, 2 uL Herculase ll, in a total volume
of 100 pL. The cloning of T7_m1 was not successful (section 3.3.1) and therefore a different
pair of vectors needed to be used. 15 ng of the vector containing sgRNA mCRISPR1
(mCRISPR1_chimA + mCRISPR1_chimB) were mixed with 5 x Herculase Il buffer, dNTPs (10
mM each), 10 uM long_Primer_m1_fw and primer Tracr RV, 2 uL Herculase I, in a total vol-
ume of 100 pL. The PCR protocol for both reactions was programmed with the following
conditions: 98 °C (30sec); [98 °C (5sec), 57 °C (15sec), 72 °C (15sec)] x 45 cycles; 72 °C (5min),
4 °C hold. The size of the resulting PCR products was confirmed by loading 5 plL of the sam-
ples on a 2.5 % agarose gel (expected size of the band for T7_sgRNA_mCRISPR1: 133 bp; for
T7_sgRNA_mCRISPR3: 275 bp).

1 plL of the enzyme Dpnl was added to each sample and incubated at 37 °C for 30min. The
enzyme was inactivated at 80 °C for 10min. After this, the PCR products were purified by
using the QlAquick PCR purification Kit combined with the columns of the Qiagen MinElute
PCR Purification Kit, according to the manufacturer’s recommendation. The samples were
each eluted in 10 pL of buffer EB and the concentration was measured with an Eppendorf

BioPhotometer.

3.3.4 In vitro transcription and purification of Cas9 and sgRNAs

To transcribe the T7 templates T7_sgRNA_mCRISPR1 and T7_sgRNA_mCRISPR3 into the
sgRNAs mCRISPR1 and mCRISPR3, the Ambion Mega Short Script Kit was used according to
the manufacturer’s protocol. 3 ug of each template were used in two separate transcription
reactions and they were incubated at 37 °C overnight. After the transcription, 1 pL of Turbo
DNAse (Ambion Mega Short Script Kit) was added to each reaction and this mix was incubat-
ed at 37 °C for 15min to digest the remaining DNA templates. For the purification of the in
vitro transcribed sgRNAs, the Ambion MEGAclear Kit was utilized according to the manufac-

turer’'s recommendation. The purified sgRNAs were resuspended in 40 uL TioEq; injection
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buffer and incubated at 37 °C for 10min to completely solve them. The concentration was
measured on an Eppendorf BioPhotometer and the sgRNAs were stored at -80 °C in aliquots.
The Cas9 mRNA preparation was performed by Dr. Oskar Ortiz from the Institute of
Developmental Genetics (IDG) of the Helmholtz Center Munich. To prepare Cas9-162A
mMRNA for the microinjection, 10 pg of the plasmid pCAG-Cas9-162pA were digested at 37 °C
for 2h with Xbal (2 uL), AsiSI (4 pL) and Ascl (4 pL) in 10 x NEB CutSmart buffer in a total
volume of 100 uL. The digestion reaction was run on a 0.9 % agarose gel, the 4.5 kb band
was excised and this T7-Cas9-162pA in vitro transcription template was purified with the
Qiagen gel extraction Kit, according to manufacturer’s protocol. The DNA concentration was
measured with the Eppendorf BioPhotometer. 1 ug of the T7-Cas9-162pA template was then
in vitro transcribed by using the Ambion mMMESSAGE mMACHINE_T7 Ultra Transcription Kit
and purified with the Ambion MEGAclear Kit, according to manufacturer’s protocol. The
transcribed and purified Cas9 mRNA was dissolved in 30 L of T1gEq 1 injection buffer and the
concentration was determined with the Eppendorf BioPhotometer. The quality of sgRNA
mMCRISPR1, sgRNA mCRISPR3 and Cas9 mRNA was examined by using the Agilent RNA 6000

Nano Kit and samples were analyzed with the Agilent 2100 Bioanalyzer (section 2.4.1).

3.3.5 Embryo microinjection, culture and transfer

The injection aliquots and the pronuclei microinjection were performed by Dr. Oskar Ortiz
from the IDG of the Helmholtz Center Munich. To prepare the sgRNAs and the Cas9 mRNA
for the microinjection, injection aliquots were made as follows: single-use aliquots (30 pL)
contained 25 ng/uL Cas9 mRNA, 12.5 ng/uL sgRNA mCRISPR1 and 12.5 ng/uL sgRNA
MCRISPR3 in T1oEq1 injection buffer. A master mix of 150 uL was prepared for up to 5 mi-
croinjections. This master mix was then filtered using a centrifugal filter and stored in 30 uL
aliquots at -80 °C.

These microinjection aliquots were injected into the pronuclei (male) of one-cell embryos
from female C57BL/6 wt'®>'® and cultured in 50 uM SCR7 (Ligase IV inhibitor) containing
KSOM medium at 37 °C and 5 % CO; in a humidified incubator, overnight. On the next day,
the two-cell embryos were washed in KSOM medium and were transferred into foster

mothers
3.4 Genotyping of mouse lines
To genotype mouse lines, tail biopsies or biopsies from ear clippings were incubated in 50 pL

biopsy lysis buffer at 96 °C for 10min. Samples were briefly vortexed and cooled down to RT.

Another 50 ul biopsy lysis buffer and 0.5 pg Proteinase K were added and incubated at 56 °C
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overnight. On the next day, the samples were vortexed and heat-inactivated at 96 °C for
15min. The samples were centrifuged at 6000 x g for 10min and strored at -20 °C. 1 pL of the
supernatant was used for the genotyping PCR, which was carried out with 12.5 pL EconoTaq
PLUS 2 x Master Mix and 10 uM forward and reverse primer, in a total volume of 25 uL. The
PCR protocol was programmed with the following conditions: 95 °C (3min); [94 °C (30sec),
56 °C (40sec), 72 °C (30-60sec)] x 30 cycles; 72 °C (5min), 4 °C hold. The elongation time
(1 min/kb) was adjusted to the amplicon size of each pair of primers, which can be found in
Material Table M 5.
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VI. Results
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Figure 4: Workflow for the generation of the cell surface atlas of human naive and activated CD4" T cells. This
overview shows how samples were generated and processed for two different proteomic techniques (PAL-gLC-
MS/MS and flow cytometry screen) and one transcriptomic approach (genome-wide gene expression microar-
ray analysis). The combination of the results of these techniques led to an extensive cell surface atlas for hu-
man naive and activated CD4" T cells. Starting with the isolation of untouched naive CD4" T cells from 3-4 hu-
man non-atopic blood donors per technique track (blue, orange, green) and their activation via anti-CD3/anti-
CD28 stimulation in a time course experiment to mimic T cell receptor engagement. The processing steps for
the different techniques and data analysis steps are given in the workflow, as well as the resulting number of
identified cell surface proteins per approach. The combined entries of the two proteomic approaches, as well
as the overlap between the different techniques are shown in the black boxes at the end of the workflow.
(D=donor) (modified after 157)
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The generation of the cell surface atlas of human naive and activated CD4" T cells, which is
described in the presented study, is based on a systematic multi-omic level workflow. This
workflow focuses on two proteomic approaches, but also complements this level with one
transcriptomic approach (Fig. 4).

At the beginning of each of the different techniques (Fig. 4: blue, orange, green), the work-
flow (Fig. 4) started with the isolation of untouched naive CD4" T cells from 3-4 human non-
atopic blood donors (per technique) by magnetic separation. These isolated cells were either
used in their naive state or stimulated with anti-CD3/anti-CD28 in a time course dependent
manner to mimic T cell receptor engagement during an early window of T cell activation
(0-48h). The first proteomic technique is called PAL-gLC-MS/MS (periodate oxidation and
aniline-catalyzed oxime ligation coupled to quantitative liquid chromatography-tandem mass
spectrometry) (Fig. 4, blue track) and achieves the idea of non-targeted and label-free identi-
fication and quantification of cell surface proteins. It is based on the fact that most cell sur-
face proteins are glycosylated. Via this technique it was possible to specifically label,
enrich and purify glycosylated cell surface proteins, which were subsequently identified and
qguantified via mass spectrometry. The second proteomic approach (Fig. 4, orange track) was
a targeted high-throughput flow cytometry screen, which created the ability to test 332
monoclonal antibodies. On the transcriptomic level, a genome-wide gene expression micro-
array coupled to bioinformatics analysis was applied. The results were all combined in the

cell surface atlas of human naive and activated CD4" T cells (Table 2 and Fig. 20).
1.1 Establishment, validation and technical monitoring of PAL-qLC-MS/MS technique

The aim of this study was to adapt the previously described PAL (periodate oxidation and
aniline-catalyzed oxime ligation) technique for cell surface protein labeling and
enrichment™® for the use with primary human T cells and to prepare the samples suitable
for mass spectrometry analysis. The PAL technique is based on the fact that most cell surface
proteins are glycosylated.’®* Periodate is used to oxidize the alcohol groups of the sugar
residues to form aldehydes. Aniline is then catalyzing the reaction in which the aldehyde
forms a stable oxime-linkage to the Biotin-derivate Aminooxy-Biotin (Fig. 3). After this reac-
tion, the glycosylated cell surface proteins are stably labeled with Aminooxy-Biotin, the cells
are lysed and frozen. To then identify the Biotin-tagged cell surface proteins, the PAL-
technique was complemented with quantitative liquid chromatography-tandem mass spec-
trometry (qLC-MS/MS). Therefore, the tagged cell surface proteins were purified and en-
riched via streptavidin beads and the proteins were digested first with Trypsin, followed by a
PNGase F digest. The two enzymatically digested peptide fractions were separately kept and
measured via gLC-MS/MS (Fig. 5).
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Figure 5: Scheme of the PAL-qLC-MS/MS technique. This overview presents the steps of the PAL-qLC-MS/MS
technique. The cells are oxidized and biotinylated via PAL technique (1.) and then lysed (2.). The biotinylated
cell surface proteins are enriched via Streptavidin beads (3.) and purified via centrifugation (4.). The proteins
are first enzymatically digested with Trypsin (5.) and the digested peptides are separated as Trypsin fraction.
The Streptavidin beads coupled to the remaining peptides are incubated with PNGase F as a second enzyme for
digestion (6.) and the resulting peptides separated as PNGase F fraction. Both fractions are analyzed separately
via quantitative liquid chromatography-tandem mass spectrometry (qLC-MS/MS) (7.).

1.1.1 Influence of oxidation and biotinylation process

Oxidation agents like NalO4 are known to be critical for the survival of cells, therefore the

influence of different concentrations of NalO; was tested in terms of cell survival, detection

of protein expression and biotinylation efficiency as an adequate labeling technique (Fig. 6).
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Figure 6: Establishment and validation of PAL-qLC-MS/MS. Different NalO, concentrations in the one-pot
reaction of the PAL-qLC-MS/MS as well as the Biotin labeling efficiency were tested on living human CD4" T
cells, which were activated for 17h with anti-CD3/anti-CD28, and analyzed via flow cytometry. A) Staining of
activated CD4" T cells with Pl to check cell viability upon oxidation treatment (1 mM or 20 mM NalO,).
B) Staining of activated CD4" T cells with anti-CD69 antibody upon oxidation treatment (1 mM or 20 mM
NalQ,4). C) Biotinylation efficiency of cell surface proteins, which were either untreated or treated with NalO,
was checked via Streptavidin-PE staining. The graph presents an overlay of two experiments showing the Strep-
tavidin staining of untreated and treated cells.

1mM and 20 mM of NalO, were tested within the oxidation/biotinylation mix. Naive CD4" T
cells from one human blood donor were activated with anti-CD3/anti-CD28 for 17h. 8x10°
cells each were incubated without NalO,4, with the 1mM or the 20 mM NalO4 containing oxi-
dation/biotinylation one-pot mix and stained for flow cytometry analysis. Fig. 6A shows that
a concentration of 20 mM NalO4 decreased the viability of cells about 39.8 % compared to
1 mM NalO4 treatment, where 20.5 % of the cells are Pl positive (untreated cells exhibit
around 4.4 % of dead cells). The staining for CD69 was performed as a control, because CD69
is a well characterized T cell activation marker, and this showed that a concentration of
20 mM NalO,4 decreases the CD69 expression about 15 % (Fig 6B). These results pointed to a
working concentration of 1 mM NalQg4, but high biotinylation efficiency still needed to be
ensured. A staining of cells with Streptavidin-PE, which were treated with 1 mM NalO4 con-
taining oxidation/biotinylation mix, confirmed a sufficient biotinylation efficiency of 99 %
(Fig. 6C).
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1.1.2 Validation of protein expression via flow cytometry in parallel to PAL-gLC-MS/MS sam-

ple preparation

To ensure that the results of the quantitative protein expression measurements via PAL-gLC-
MS/MS were comparable to the outcome of another validated and widely used technique,
the samples for the generation of the surface glycoproteome (D1-D4) were stained for flow
cytometry analysis, in parallel to sample processing for PAL-gLC-MS/MS. As targets for this
validation staining the known T cell markers CD11a, CD62L and CD69 were chosen, because
they already appeared in the mass spectrometry results during the establishment phase of
the PAL-qLC-MS/MS technique. Fig. 7A shows that the expression pattern of the three pro-
teins during the T cell activation obtained via MS (protein abundance) equals to the pattern
measured via flow cytometry (MFI) (shown for one representative donor). Only a slight dif-
ference between the results of the techniques can be seen for CD69. The expression change
between 12h and 24h of stimulation detected by flow cytometry showed a constant increase
in contrast to the MS result, which described more a static expression state of the proteins

between 12 and 24h of activation.
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Figure 7: Technical monitoring of T cell marker expression during sample preparation for PAL-qLC-MS/MS via
flow cytometry. For the validation of the PAL-gLC-MS/MS technique, a flow cytometry staining of the surface
antigens CD11a, CD62L and CD69 was performed in parallel to sample preparation for PAL-qLC-MS/MS with T
cells of the same donor. A) Protein abundance (PAL-gLC-MS/MS) values and mean fluorescence intensities
(MFI; flow cytometry) are shown for the respective cell surface proteins at the respective time points (one
representative donor). The expression pattern obtained via both techniques over the time course is compara-
ble to each other. B) Histograms of the fluorescence intensity obtained by flow cytometry for the staining of
the respective proteins at the respective time points are shown (one representative donor). (modified after 157)

1.1.3 Assessment of donor variability by comparing the protein expression patterns

To be able to combine the results of the PAL-gLC-MS/MS technique of the four single differ-
ent blood donors, expression patterns needed to be checked for similarity during the activa-
tion process. Therefore, the measured protein abundances of the different blood donors at
the different stimulation time points were subjected to a principal component analysis and

revealed highly concordant protein abundances (Fig. 8A).
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Figure 8: Comparability of the donor samples for PAL-qLC-MS/MS. A) Protein abundances of the samples of
the four donors (D1-D4) at all time points (0, 3, 6, 12, 24, 48h), obtained by PAL-qLC-MS/MS, were subjected to
a Principal Component Analysis (PCA). This analysis grouped the donor samples at the time points (0h, 3-6-12h,
24h, 48h). Principal Component 1 (PC1), explaining 67.31 % of the data variance, divides all 48h samples from
the other time points and PC2, explaining 11.09 % of the variance, separates the Oh samples from the samples
of the remaining time points.157 B) The donor comparability was also assessed via flow cytometry staining dur-
ing the stimulation time course for the surface antigens CD69, CD11a, CD25 and CD62L for three donors (D1-
D3) at the indicated time points (0, 3, 6, 24, 48h), demonstrating that the obtained expression patterns for the
selected surface antigens are comparable between the different donors.

For selected T cell surface markers (CD69, CD11a, CD25, CD62L) the comparability of three of

the donors was in addition assessed via flow cytometry (Fig. 8B), which also proved the
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possibility to combine the datasets obtained for the different blood donors. Fig. 8B shows a
continuous increase of the CD69 signal for the depicted donors, being able to distinguish a
positive and a negative population at 24h. The CD11a expression was low until the increase
between 24 and 48h, as well as the CD25 expression until 24h, also shown for the three do-
nors. CD62L was highly expressed on the naive T cells of all examined donors, rapidly down-
regulated after the start of the activation process, but increased again around the 24h time
point. The results of the flow cytometry staining also showed high concordance between the

donors included in the surface glycoproteome.

1.2 PAL-qLC-MS/MS-based cell surface glycoproteome of human naive and activated CD4"

T cells

To investigate changes in protein expression of the surface composition of human naive
CD4" T cells, these cells were isolated from four non-atopic donors and taken in their naive
state or stimulated with anti-CD3/anti-CD28 in a time course experiment for 3, 6, 12, 24 and
48h. The samples were prepared and measured via the PAL-gLC-MS/MS technique (Fig. 4,
blue track; Fig. 5) and in parallel the technique was validated via flow cytometry (section
1.1.2) as well as the donor comparability was assessed (section 1.1.3). To set up the list of
detected and verified cell surface proteins for the cell surface glycoproteome, the results of
the mass spectrometry measurements, meaning the list of identified peptides converted to

the corresponding proteins, were strategically evaluated.™’

1.2.1 Strategic evaluation of raw gLC-MS/MS results and implementation of Trypsin and

PNGase F fractions into the cell surface glycoproteome

The RAW files (Thermo Fisher Scientific) of the qLC-MS/MS measurement were analyzed
with Progenesis LC-MS software and the sums of the normalized abundances of all unique
peptides were assigned to the respective proteins (Supplemental Table S1 and S2). To calcu-
late the average peptide false discovery rate, a Mascot-integrated decoy database search
combined with the use of the calculated Percolator algorithm was conducted. A peptide
false discovery rate of < 1 % was calculated by performing the searches with a Percolator
score cut-off of 13 and setting the significance threshold to p < 0.05. The search results and
spectral  files have been uploaded to the ProteomeXchange platform
(http://www.proteomexchange.org) and are available with the identifier PXD001432. After
removal of the common contaminants albumin and keratin, all Ensembl human database
protein IDs were converted into the respective transcript IDs (ENST), aspiring highest

possible stringency. Fig. 9 depicts the workflow how proteins from Trypsin and PNGase F
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fractions were further taken into account for or removed from further analysis to generate a
high confident dataset. For this decision tree the number of identified peptides, the identifi-
cation in one or both enzymatic digestion fractions (Trypsin and/or PNGase F), and the as-

signed confidence score are the critical points for each protein.

Import of RAW files into Progenesis-
LC-MS and removal of common contaminants
albumin and keratin

Mascot-integrated decoy database search
using the Percolator algorithm:
peptide false discovery<1%
with Percolator score cut-off of 13, p<0.05

Reimport of peptide assignments
into Progenesis-LC-MS for quantitation

Conversion of Ensembl human database protein ID
into respective transcript ID (ENST)

T

proteins identified only in|| proteins identified in proteins identified in proteins identified in || proteins identified only in
Trypsin fraction: Trypsin fraction: Trypsin and PNGase F ||PNGase F fraction: PNGase F fraction:
peptide = 1 + peptide =2 1 + fraction: peptide =1 + ||peptide =21 + peptide = 1 +
confidence score < 18 confidence score = 18| | confidence score 2 13 || confidence score = 18|| confidence score < 18

manual inspection

| exclusion | of one-peptide hits: | exclusion |

correct peptide annotation

- proteins annotated as “membrane” or “secreted” in the
UniProtKB/Swiss-Prot database
- proteins nomenclatured as cluster of differentiation (CD)

final list of
cell surface glycoproteome

Figure 9: Decision Tree for the analysis of qLC-MS/MS-derived data to assemble the cell surface glycoprote-
ome. This decision tree was built to analyze and evaluate the RAW files (Thermo Fisher Scientific), which were
derived from the qLC-MS/MS measurement, to be able to create the list of detected cell surface proteins with
high confidence.

Fig. 10 summarizes the results after evaluating the protein lists from the different enzymatic
digestion fractions, according to the decision tree of Fig. 9. In total 242 proteins were identi-
fied by PAL-qLC-MS/MS on naive and/or activated CD4" T cells (Fig. 10A). Based on the deci-
sion tree (Fig. 9), 69 proteins were not included into the cell surface glycoproteome (Fig.
10B). 173 of the identified proteins (Fig. 10C) were included in the surface glycoproteome,
based on their subcellular localization (UniProt_SL) annotation, which was given by the Uni-
ProtKB/Swiss-Prot database. The annotation as CD molecule or the UniProt_SL annotation as
“plasma membrane”, “cell membrane” or “secreted” with experimental evidence was al-
ready given for 131 of the 173 cell surface proteins. This surface glycoproteome dataset ex-

pands the so far existing knowledge of plasma membrane-associated localization for the
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remaining 42 proteins by providing experimental evidence due to the PAL-gqLC-MS/MS

approach (Fig. 10D)."’
A) Proteins identified, in total n=242: C) Surface Proteins identified, n=173:
82 127 33 48 101 24
Trypsin PNGase F Trypsin PNGase F

¥ Plasma Membrane
(experimental evidence)

¥ (Cell) Membrane
(experimental evidence)

B) Proteins excluded from surface atlas,
n=69

34 26 9 Secreted (experimental

evidence)

& Membrane (by similarity/

‘ potential)
Trypsin PNGase F

CD molecule

Figure 10: lllustration of the number of identified proteins of the PAL-qLC-MS/MS approach. A) Venn diagram
showing the number of identified proteins in the Trypsin and PNGase F fraction, as well as the number of pro-
teins overlapping both fractions. B) Venn diagram displaying the number of proteins from Trypsin and/or
PNGase F fractions, which were excluded from the cell surface atlas. C) Venn diagram showing the number of
cell surface proteins, which were identified in one or both of the fractions. D) Pie chart illustrating the subcellu-
lar localization distribution of the identified cell surface proteins, which is given by the UniProtkB/Swiss-Prot
database 1(5g7iven as experimental evidence or by similarity to closely related homologs or defined as
potential).

A complete list of the 173 cell surface proteins, which were identified on naive and/or acti-
vated CD4" T cells by PAL-q-LC-MS/MS, is given in Table 2 (marked by a triangle under
“identified via”). This list also provides the information about an alternative name for the
proteins, the respective transcript ID (ENST), the UniProt ID, and the number of peptide
counts. In addition, Table 2 shows if the protein is expressed or is not expressed (letters in
bold) on the naive CD4" T cell.
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CD name Description ENST UniprotID peptide counts i ified via DrugBank
CD2 LFA-2 ENST00000369478 P06729 8 a Proteomic approaches:
CD3D T3D ENST00000300692 P04234 3 a A PAL-qLC-MS/MS
CD3G (1) T3G ENST00000392883 A8MUH3 2 [ o) Flow cytometry surface screen (expressed/not expressed)
CD3G (2) ENST00000532917 P09693 2 a comment: verfied in only one donor (flow cytometry) but either
CD4 T4 ENST00000011653 P01730 6 ® additionally identified via PAL-gLC-MS/MS or known in the
CD5 LEU1 ENST00000347785 P06127 17 [ W | context of T cell biology
CD6 T12 ENST00000313421 P30203 9 [ | no sign = no antibody against this antigen in screening included
CD7 gp40 ENST00000312648 P09564 4 [N |
CD9 MIC3 P21926 ® [1° i Transcriptomic approach:
CD11a ITGAL ENST00000356798 P20701 12 A ©® a transcript annotated/predicted as plasma membrane or
CD15 FUT4 P22083 12 cell surface protein (yes/no)
CD16 FCGR3A P08637 @*x[7 a comment: 1) annotated/predicted as secreted
CD18 ITGB2 ENST00000302347 P05107 17 o a 2) annotated/predicted as located in other cell compartment
CD25 IL2RA ENST00000256876 P01589 1 [ a 3) detected in <4 donor samples
CD26 DPP4 ENST00000360534 P27487 5 [ a 4a) LocTree3: secreted, but TMH>0
CD27 TNFRSF7 ENST00000266557 P26842 4 [ 4b) LocTree3: plasma membrane, but TMH=0
CD28 TP44 ENST00000324106 P10747 3 [ 5) could not be mapped to UniProt AC
CD29 ITGB1 ENST00000302278 P05556 3 [ ] a putative dataset or annotation as "membrane”
CD31 PECAM1 ENST00000563924 P16284 6 A O no sign = no probe for this transcript on the array
CD37 TSPAN26 ENST00000323906 P11049 1
CD38 ADP-ribosyl cyclase ENST00000226279 P28907 4 [ § not yet mentioned in the context of the biology of naive CD4+ T cells before
CD43 PN ENST00000360121 P16150 4 A ©® bold: not expressed on naive CD4+ T cells
CD44 LHR ENST00000263398 P16070-12 13 a italic: expression differences obtained via PAL-qLC-MS/MS and flow cytometry
CD45 PTPRC ENST00000352140 E9PC28 58 [
CD45RA PTPRC [ ] DrugBank: a=approved, e=experimental, i=investigational
CD45RB PTPRC [ ]
CD45R0O [ s
CD46 (1) MCP ENST00000322875 P15529-2 5 A}.
CD46 (2) ENST00000358170 P15529 3
CD47 MERG ENST00000355354 Q08722-3 3 [
CD48 BCM1 ENST00000368046 P09326 21 []
CD49d ITGA4 ENST00000233573 P13612 1 [] a
CD49e ITGAS ENST00000293379 P08648 1 ®
CD49f ITGA6 P23229 [ ]
CD50 ICAM3 ENST00000160262 P32942 6 A ©®
CD52 CAMPATH-1 P31358 ® a
CD53 MOX44 P19397 [
CD54 ICAM1 ENST00000264832 P05362 10 [ a
CD55 DAF ENST00000314754 P08174 2 ® a
CD58 LFA-3 ENST00000369487 P19256 1 [ |
CD59 Protectin ENST00000351554 P13987 3 [
CD61 ITGB3 P05106 %[ 7 a
CD62L SELL ENST00000236147 P14151-2 4 A O
CD63 MLA1 P08962 [ |
CD69 CLEC2C ENST00000228434 Q07108 5 A [ ]
CD71 TFRC ENST00000360110 P02786 18 A [ ] a
CD73 NT5E P21589 %] a
CD74 DHLAG ENST00000009530 P04233 1 A OX[7 i
CD79b IGB P40259 [N |
CD81 TAPA1 P60033 [
CD82 KAI1 ENST00000227155 P27701 6 A ©®
CD83 Q01151 (13
CD84 SLAMF5 ENST00000311224 Q9UIB8 3 A [ ]
CD85j LILRB1 Q8NHL6 k[
CD85k LILRB4 Q8NHJ6 1 |
CD95 FAS (1) ENST00000352159 H7C5Z8 1 A}. n
FAS (2) ENST00000355740 P25445 3 A
CD96 T-cell surface protein tactile P40200 [
CD97 ENST00000242786 P48960 " [ |
CD98 SLC3A2 ENST00000338663 P08195-2 26
CD98LC SLC7A5 ENST00000261622 Q01650 2 a
CD99 MIC2 ENST00000381187 P14209-3 1 []
CD100 SEMA4D ENST00000356444 Q92854 8 A©®
CD101 IGSF2 Q93033 [
CD102 ICAM2 ENST00000418105 P13598 6 []
CD105 ENG ENST00000344849 P17813-2 2 @)
CD107a LAMP1 ENST00000332556 P11279 4 [
CD108 SEMAT7A ENST00000261918 075326 2 [ ]
CD109 CPAMD7 ENST00000287097 Q6YHK3 2 [ )
CD116 CSF2RA P15509 [ a
CD120b TNFRSF1B ENST00000376259 P20333 2 A a
CD126 IL6R P08887 a
CD127 IL7Ra P16871
CD129 IL9R Q01113
CD131 CSF2RB P32927 a
CD132 IL2RG ENST00000374202 P31785 1 A©® a
CD134 TNFRSF4 ENST00000379236 P43489 2 A ©®
CD137 TNFRSF9 Q07011 [
CD138 SDC1 P18827 [
CD144 CDH5 P33151 [ a
CD147 BSG ENST00000333511  P35613 15
CD148 PTPRJ ENST00000418331 Q12913 1 [
CD150 SLAMF1 ENST00000235739 Q13291 4 [ ]
CD152 CTLA4 P16410 [ a
CD153 TNFSF8 ENST00000223795 P32971 2
CD154 CD40LG ENST00000370628 Q3L8U2 1 [ ]
CD156¢ ADAM10 ENST00000260408 Q14672 2 [
CD158a/h KIR2DL1 Q6IST4 [
CD158f KIR2DL5A Q8N109 [
CD162 SELPLG ENST00000228463 Q14242-2 2 A [ ]
CD164 MUC-24 Q04900 [
CD165 SLC38A5 ENST00000317669 Q8WUX1 2 A O B
CD166 ALCAM ENST00000306107 Q13740 2 A O [7
CD172g SIRPG Q9P1W8 [
CD183 CXCR3 P49682 [
CD184 CXCR4 P61073 [ | a
CD196 CCR6 P51684 [ |
CD197 CCR7 P32248 [ ]
CD200 MOX1 ENST00000315711  P41217-2 3 A [ |
CD200R CD200R1 Q8TD46 ]
CD205 Ly75 060449 =
CD218a IL18R1 ENST00000233957 Q13478 2
CD226 DNAM-1 ENST00000280200 Q15762 2 [ |
CD229 LY9 ENST00000263285 Q9HBG7 1
CD230 PRNP ENST00000379440 P04156 1 a
CD235ab GYPA P02724 [ |
CD236 GYPC ENST00000259254 P04921 1 A [ ]
CD243 ABCB1 ENST00000265724 P08183 1 A [ | a
CD245 (p220/240) Dy12, Dy35 Q14207, Q99973
CD257 TNFSF13B QY275 [ | a
CD258 TNFSF14 ENST00000245912 043557 1 A [ |
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CD270 TNFRSF14 Q92956 ®
CD272 BTLA ENST00000334529 _Q7Z6A9 1 A®
CD274 B7HT ENST00000381573_QONZQ7-2 2 A®
CD277 BTNGAT 000481 [
CD278 1COS Q9Y6WS ®
CD298 ATP1B3 ENST00000286371_P54709 9 ®
CD305 LART ENST00000348231 _Q6GTX8 1
CD315 PTGFRN ENST00000393203_Q0P2B2 1 A
CD316 1GSF8 ENST00000314485 _Q969P0 7
CD317 BST2 ENST00000252593 Q10569 3 ®
CD379 SLAMF? ENST00000359331 _QONQ25 7 ®
CD321 F11R ENST00000289779_Q9Y624 2
CD352 SLAMF6 ENST00000368057 _Q96DU3 1 A ®
CD357 TNFRSF18 ENST00000328596_Q9Y5U5 1 ®
CD360 IL21R Q9HBE5 [
CD361 EVI2B ENST00000330927 _P34910 1
ABCCT ENST00000345148 _P33527-4 7 [ ] a
AMICAT ENST00000292067 _Q86YT9-2 3 []
APOC3 § ENST00000227667 _P02656 T A 0
ASPRVA ENST00000320256 _Q53RT3 2 0
ATP1AT§ ENST00000295598 _P05023 2 ] a
B2M ENST00000544417 P61769 2 A O® [7 e
BTN3AZ ENST00000356386_P78410 2 [ ]
BTN3A3 ENST00000244519 000478 2
C100r54 ENST00000394957 _QOH7M9 2 [ ]
C160rf54 § ENST00000329410 Q6UWD8 2 0?2
C5L2, GPR77 Q9P296 ® 17
CALMLS § ENST00000380332_QONZT1 2 A 0
CCR10 000590 (34 |
CFLT ENST00000308162 _P23528 1 07 i
COROTA ENST00000219150 _P31146 2 0
CPM ENST00000338356 _P14384 6
CXCR7 P25106 [ |
DAGT ENST00000308775_ Q14118 7 [ ]
DCD § ENST00000293371_P81605 2 07
ECE1§ ENST00000264205_P42892-4 5 A [ | e
EMB ENST00000303221 _Q6PCB8 2 0
ENOT ENST00000234590 _P06733 1
EROTL§ ENST00000395686 _QOGHE? 1 )
EVIZA§ ENST00000247270 _P22794-2 1
FLVCR1 ENST00000366971__Q9Y5Y0 1 [ ]
GC ENST00000273951_P02774 2 T a
GLG1 ENST00000205061 Q92896 3 a7
GNAIZ ENST00000266027 _P04899 2
GOT2§ ENST00000245206_P00505 7 a
GPA33 § ENST00000367868 Q99795 2
GPRITA ENST00000309180 014626 4 [ ]
HLA-A2 P01892 [ 14 o
HLA-A (1) ENST00000376806 _Q5SRNS 15 A
HLAA (2) ENST00000438861 22 A
HLAB (1) ENST00000412585_P01889 1 A
HLAB (2) ENST00000435618 10 Al®
HLAB (3) ENST00000359635 14 A
HLA-C (1) ENST00000457903 _P04222 17 A o
HLAC (2) ENST00000383323 13
HLA-E ENST00000376630 _P13747 7 [ |
HLA-G ENST00000360323 P17693 2 O "
HYOUT ENST00000404233 _QOYALT 2 K
IL27RA ENST00000263379 _Q6UWBT 2
INHBB § ENST00000295228 _P09529 1 0o
ITGB7 ENST00000267082 _P26010 3 )
LCK ENST00000333070 _P06239 3 ) a
LDLR ENST00000252444 _J3KMZ9 2 [ ] a
NPEP ENST00000231368_Q9UIQ6 1 A [ ]
78 ENST00000376117 Q06643 2 0
MBPR ENST00000000412 _P20645 2 07 a
MPZLT ENST00000359523 095297 T A [ ]
MPZL2 ENST00000278937 060487 1
MSC and NPC ®
Notch 1 P46531 [ |
Notch 2 Q04721 [ |
NPTN § ENST00000287226_Q9Y639 3 A 0v
ORAI ENST00000330079 _Q96D31 7 A [ |
Podocalyxin, TRA-1-81 000592 [
PTPRA ENST00000216877 _P18433 2
PTPRCAP ENST00000326294 Q14761 7 0
RAP1B ENST00000250559 _P61224 1
RNF149§ ENST00000295317 _Q8NCA2 1 0
RPNT ENST00000296255 _P04843 2 0
S100A8 ENST00000368732 _P05109 1 0°
S1PR4 ENST00000246115__ 095977 1 A []
SBSN § ENST00000452271_Q6UWPS 2 0
ST ENSTO0000259608_Q9V3P8 3 [] Table 2: List of all cell surface proteins
SLC12A2 ENST00000262461_P55011 2 [ ] a
SLC12A6 ENST00000290209 Q9UHW9-2 2 [ ] a i ifi i i-
SLCTzA6 ENSTO0000290200_QSUHW 2 H : identified c+)n human naive and/or acti
SLC16A1 ENST00000369626_P53985 1 [] a ; i
SLCToAT ENSTO0000365626 _PE3965 ! : vated CD4" T cells. This table includes
SLC1A4§ ENST00000234256 _P43007 1 07 a ;
SLo1M ENSTDu0Onpsans Fasor 1 F 2 all cell surface proteins detected on
SLC20A1 ENST00000272542 _Q8WUMS 1 [] ; ;
SLC25A3§ ENST00000188376 Q00325 1 & protein level +on human naive and/or
SLC25A5§ ENST00000317881_P05141 1 ) a .
SLC25A6 ENST00000381401 _P12236 1 07 activated CD4" T cells, flagged by the
SLC20A1 ENST00000313248 Q09808 6 A [ ] a : P e
STCoAT ENSTG0000426363 P 1166 5 H : technique, which identified the respec-
SLC2A3 ENST00000075120 _P11169 3 : : :
SCaAT ENSTO0000368657 QOFBHS E 4 tive protein. As far as possible the En-
SLC38A2 ENST00000256689 _Q96QD8 2 ] .
SLC39A14 ENST00000240095 _Q15043-2 2 A [ sembl human database transcript 1D
SLC43A3 ENST00000352187 _Q8NBI5 2 [l . .
SLCA4A2 ENST00000335757 _QBIWAS 5 [ ] 2 and the UniProtKB ID are given for the
SLC4A2 ENST00000392626_P04920-3 4 A . . .
SLCAAT ENST00000454389 _QOY6M7-7 7 [ ] respective protein. If the protein was
SLC5A3 ENST00000381151 _P53794 2 . . .
SLC5A6 ENST00000310574 _Q9Y289 2 2 identified via PAL-gL-MS/MS the num-
SLC6AG ENST00000360861_P31641 7 . . . .
SLCTA1 S ENST00000380752 _P30825 3 2 ber of identified peptides (peptide
SMR3B § ENST00000304915__P02814 1 A O L . .
SRS ENSTO0000011473 _ Q16563 2 . count), is listed. In addition the infor-
TR VD : R mation about the status of the protein
[of
TF ENST00000402696 _P02787 27 0 a as target of a drug is given
TGFBR2 ENST00000295754 _P37173 2 [ | e 157
TMEM2 § ENST00000377044 _QOUHN6 1 7 (DrugBank)_
TMEM30A ENST000002304617 _QONV96 1 []
TRBCA ENST00000570538_P01850 3 e
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1.2.2 Analysis of cell surface protein expression patterns by unsupervised clustering and

Gene Ontology enrichment analysis of resulting expression clusters

To investigate if the 173 proteins (detected by PAL-gLC-MS/MS) exhibit different expression
patterns during the stimulation time course of the naive CD4" T cell, an unsupervised expres-

d.™” The dynamic changes of the protein abun-

sion cluster analysis (Fig. 11A) was performe
dances during stimulation could be grouped into three clusters (Supplemental Table S4).
Cluster 1 (40 proteins) and Cluster 2 (25 proteins) show a fast decrease in expression already
during the first hours of activation. The difference between Cluster 1 and 2 was seen during
the later stimulation time points. The expression pattern of Cluster 1 is marked by a later
increase after the first decrease and the expression level of proteins contained in Cluster 2
stayed low and did not reach the initial expression level seen on the naive CD4" T cells. The
largest cluster is Cluster 3 (108 proteins). The expression level of the proteins belonging to
this cluster is in general low during the first stimulation time points and changes only mar-
ginally in the beginning, but around the 24h time point, the protein expression strongly in-
creases. To characterize the proteins contained in the different clusters on another level
than dynamic expression profiles, a Gene Ontology (GO) Enrichment Analysis was per-
formed. Enriched GO terms, which were overlapping between the proteins contained in one
cluster, were identified via the Generic GO TermFinder algorithm. The software REVIGO was
then utilized to summarize the GO terms as “superclusters” and to visualize the obtained GO
terms as treemaps (Fig. 11B, more details about the GO terms within the “superclusters” are
given in Appendix Fig. A1-A3). Some GO terms, predominantly immune system related GO
terms (e.g. immune system process, response to stimulus), were common between Cluster
1, 2 and 3. But there are also very specific GO terms, which are not shared among all clus-
ters, like e.g. proteins of Cluster 1 are specifically involved in migration and adhesion. Pro-
teins of Cluster 2 shared very specific T cell-related terms like T cell co-stimulation and
activation and proteins of Cluster 3 are mainly involved in transmembrane transport. Fig.
11C shows the expression profiles of selected proteins belonging to the different clusters.
Plotted in one graph and color coded according to the “superclusters” in the treemaps (Fig.
11B), are proteins which share the same GO term heading. In general, most proteins are as-
signed to more than one GO term, but the listed proteins were specifically selected to repre-

sent one specific GO term “supercluster”.
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Figure 11: Unsupervised clustering and Gene Ontology enrichment analysis of the cell surface proteins of
human naive and activated CD4" T cells, identified by PAL-qLC-MS/MS. A) GProX cluster analysis of 173 cell
surface proteins (identified by PAL-qLC-MS/MS) according to their quantitative expression changes (normalized
protein abundances) during the stimulation time course (0, 3, 6, 12, 24, 48h) with anti-CD3/anti-CD28. The
color of each line, corresponding to one protein, represents the membership value of this protein, explaining
how exact the expression of this protein fits to this cluster. Only proteins with a membership value above 0.4
are shown (a table including all membership values for the respective proteins in the different clusters is given
in Supplemental Table S4). B) REVIGO treemaps was used to visualize GO (Gene Ontology) term analysis for the
proteins belonging to the three different clusters with at least a membership value of 0.6. Each single rectangle
is a representation of an enriched GO term and these GO terms are combined as “superclusters” of
loosely connected terms, shown by the different colors. The p-value of the GO term in the underlying GOA
database is visualized by the adjusted size of the rectangles.167 A detailed figure including the GO terms of the
smaller rectangles can be found in the Appendix Fig. A1-A3. C) Expression profiles of selected proteins during
anti-CD3/anti-CD28 stimulation (0, 3, 6, 12, 24, 48h) (n=4, mean +/- SEM), grouped according to their allocated
GO terms and flagged by the related rectangle color. (modified after 7
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1.2.3 Differences and similarities between naive and activated CD4" T cells

To describe the differences between the naive and the anti-CD3/anti-CD28 activated CD4" T
cell, the proteins, which were identified on naive and/or activated CD4" T cells, were
compared. Table 2 provides the information about the presence or absence of a protein on
the naive CD4" T cell in general. Due to the PAL-qLC-MS/MS results there are six proteins
(CD98LC, CD120b, CD218a, CD258, CD272, CD357) which were not detected on naive CD4™ T
cells, meaning that they are expressed at later stimulation time points and are therefore no
cell surface markers for human naive CD4" T cells. Whereas for the expression of further ten
proteins (SBSN, DAG1, Fas-(2), HLA-B-(3), RNF149, S1PR4, SLC1A4, SLC6A6, TNFRSF18,
TNFSF8), the detection by PAL-qLC-MS/MS was different between the naive CD4" T cells of
the four different donors. But these ten proteins were more stably detected among the four
donor samples during later time points of the T cell activation time course.

Fig. 12 provides an overview about the ten proteins, which had the highest measured pro-
tein abundance at every indicated stimulation time point. In general, this figure points out
that the group of the highest expressed proteins is nearly the same at all time points, only a
few proteins differ between the time points. CD45 is the highest abundant protein at every
time point, starting from the naive CD4" T cell to the T cell, which was activated for 48h.
CD44, CD48, HLA-A(2), CD298 and CD98 are also among the ten highest expressed cell sur-
face proteins at all examined time points. This figure also shows the general level of
measured protein abundance between the different time points. It shows that the measured
level is comparable at all time points from 0 — 24h (highest value ranging from 3.8 to 9 x 10°
units), only at 48h the protein abundance is considerable higher for nearly all of the ten

highest expressed proteins (ten highest values ranging from 1.8 to 14 x 10° units).
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Figure 12: Cell surface proteins exhibiting the highest protein abundance (PAL-q-LC-MS/MS) at the depicted
stimulation time points. Overview of the 10 highest expressed cell surface proteins at every examined stimula-
tion time point (0, 3, 6, 12, 24, 48h) (n=4, mean + SEM) during the stimulation time course experiment.
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1.2.4 |dentification and validation of cell surface proteins, which were not co-cited with T cell

biology before

An extensive information search was performed to identify cell surface proteins, which were
not mentioned in the context of T cell biology before.”’ Every cell surface protein (n=173) of
the cell surface glycoproteome has undergone a closer examination by a NCBI PubMed liter-
ature search, a detailed UniProtKB/Swiss-Prot information- as well as a google.com/patent
search. 86 % of the cell surface proteins were already co-cited within T cell biology or at least
immune cell biology linked contexts, supporting the capability of the PAL-qLC-MS/MS tech-

nique to efficiently identify cell surface proteins.

Peptide counts
Protein Description UniprotiD u.f. quantification confidence score | UniProt Keywords2GO
i ) lipid metabolic process, lipid
APOC3 apolipoprotein C-Il| P02656 1 49.94 transport
sodium/potassium- ion transport, nucleotide
ATP1A1 transporting ATPase subunit P05023 2 58.17 bindi port,
inding
alpha-1
c160rf54 chromosome 16 open Q6UWDS 2 53.52 -
reading frame 54
CALML5 calmodulin-like protein 5 QINZT1 2 61.11 ion binding
DCD dermcidin P81605 2 37.72 hydrolase activity
ECE1 ‘:;g]"etqe"”‘com’e”'“g en- P42892-4 5 156.03 ion binding, hydrolase activity
EROIL ERO1-like protein alpha QOBHE7 1 21.64 oxidation-reduction process,
apoptotic process
EVI2A epotroplc viral integration P22794-2 1 17.62 R
site 2A
GOT2 glu@amlc—oxaloacetlc trans- PO0505 1 28.63 I|p|¢_j Franspon, transferase
aminase 2 activity
GPA33 glycoprotein A33 Q99795 2 55.96 receptor activity*
INHBB inhibin, beta B P09529 1 23.13 protein binding
NPTN neuroplastin Q9Y639 3 58.96 cell adhesion
RNF149 ring finger protein 149 Q8NC42 1 14.53 ligase activity, ion binding
SBSN suprabasin QB6UWPS8 2 38.45 -
SLC1A4 solute Carrier Family 1, P43007 1 19.51 alaning, serine, cysteine, and
member 4 threonine transport
SLC25A3 solute Carrier Family 25, Q00325 1 18.72 phosphate ion transmem-
member 3 brane transport
SLC25A5 solute Carrier Family 25, P05141 1 35.3 adenine transport
member 5
SLC4A7 solute Carrier Family 4, QIYBM7-7 7 154.69 Sodium bicarbonate cotran-
member 7 sport
SLC5A3 solute Carrier Family 5, P53794 2 39.79 myo-inositol:sodium ion
member 3 cotransport
solute Carrier Family 5, sodium/multivitamin and
SLC5A6 member 6 Q9Y289 2 65.01 iodide cotransporter
solute Carrier Family 7 cationic amino acids (arginine,
SLC7A1 v 1 P30825 3 90.99 lysine and ornithine) trans-
member 1
porter
SMR3B submaxillary gland andro- P02814 1 19.56 .
gen-regulated protein 3B
SYPL1 synaptophysin-like protein 1 Q16563 2 74.95 transport
. imvolved in multicellular
TMEM2 transmembrane protein 2 Q9UHN6 1 24.65 organismal development

Table 3: Summary of the proteins identified by PAL-qLC-MS/MS, which are not co-cited with T cell biology so
far. Protein names and available description of the proteins, which were not co-cited with T cell biology so far.
Number of identified peptides, which were used for quantification (pep counts u. f. quantification), and related
confidence score resulting from the MS analysis are given, combined with molecular and functional GO terms
provided by the UniProt Keywords2GO database. (* not given as keyword, but PMID:9012807)
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At the time the literature analysis was performed, it revealed that 24 (14 %) of the listed
proteins were not co-cited with “T cell and/ or activation, proliferation, differentiation” be-
fore. A list of these 24 proteins is given in Table 3 with additional information, as far as avail-
able, on the description, the UniProt ID and UniProt Keywords2GO. These 24 proteins were
also included in the unsupervised cluster analysis (section 1.2.2) of the cell surface glycopro-
teome dataset (Supplemental Table S4) and Fig. 13 shows selected representatives of
these 24 proteins grouped in one of the three clusters according to their expression profiles.
Since these proteins were not co-cited with T cell biology before, a validation experiment
with two complementing techniques was set up. On the one hand, all membrane-anchored
proteins were examined at the transcriptional level by gqPCR in the samples of
naive CD4" T cells of four additional donors (D12-D15) (Fig. 14A). On the other hand, valida-
tion on protein level was performed in another four samples of naive CD4" T cells from four
additional collected donors (D16-D19). Western blots with validated antibodies against four
cell surface targets (EVI2A, NPTN, RNF149, TMEM2) were performed and demonstrated
presence on protein level (Fig. 14B). The expression of the remaining cell surface proteins,
which were not co-cited with T cell biology before, could be proven as soon as more

validated antibodies are commercially available.
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Figure 13: Dynamic expression profiles of selected cell surface proteins not co-cited with T cell biology so far.
Expression profiles of selected proteins during anti-CD3/anti-CD28 stimulation (0, 3, 6, 12, 24, 48h) (n=4, mean
+/- SEM), grouped according to their allocation in one of the specific clusters of the unsupervised cluster analy-
sis (GProX, see Fig. 11). (modified after 157)



VI. Results 71

A ATPIA1 B ARSI R
C160rf54 6000 6000 5000 50(\0 6000 bé‘o 6000 bo(\o
CALML5 EVI2A = | TMEM2_1

) RNF149 . TMEM2_2 8
ERO1L vemz_s
EVI2A NPTN S i e

b-Actin wup s S &
D-ACHN - v—

SLC25A3
SLC25A5
SLC4A7
SLC5A3

40

ct values

Figure 14: Expression validation of selected cell surface proteins not co-cited with T cell biology so far. Naive
CD4" T cells were collected from 8 further human blood donors (D12-D19) for validation experiments. A) qPCR
analysis of membrane-anchored (n=20) proteins of newly collected naive CD4" T cells (n=4, D12-D15). Results
are given as ct values of the baseline expression of the protein-corresponding transcripts (mean +/- SEM).
B) Western blot analysis of several selected cell surface proteins (EVI2A, RNF149, NPTN, TMEM2) in samples of
newly collected naive CD4" T cells (n=4, D16-D19). Results are given as images of the Western blots showing
the respective bands of each protein and the housekeeper protein beta-Actin (b-Actin) as loading control
(TMEM2: There are several existing isoforms, detected by one antibody, and via this Western blot analysis,
three isoforms were detected in total with a heterogeneous expression between the biological replicates).
(modified after ')

1.3 Validation and extension of the cell surface glycoproteome via a targeted flow cytome-

try-based cell surface screen

To further verify the cell surface glycoproteome dataset, a flow cytometry-based high-
throughput screening was carried out. This additionally gave the possibility to identify more
cell surface proteins, which were not detected by the PAL-qLC-MS/MS technique.”’ In the
course of this, naive CD4" T cells were collected from three donors (D5-D7) and stimulated in
a time course-dependent manner with anti-CD3/anti-CD28 for 3 and for 24h. These nine
samples were subjected to immunostaining with PE-labeled monoclonal antibodies against
332 known cell surface antigens (Fig. 4, orange track). By utilizing a commercially available

cell surface screening kit, containing 332 monoclonal antibodies and ten controls, 123 cell
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surface markers were detected on the surface of naive and/or activated CD4" T cells (Table

2, marked by a filled circle under “identified via”).

1.3.1 Cluster analysis of protein expression patterns detected via flow cytometry

To analyze, if the 123 proteins (detected by the flow cytometry screen) showed different
expression patterns during the stimulation time course of the naive CD4" T cell, an unsuper-

vised expression cluster analysis (Fig. 15A) was performed.*’
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Figure 15: Unsupervised cluster analysis of the cell surface proteins of human naive and activated CD4" T
cells, identified by the targeted flow cytometry screening panel. A) GProX cluster analysis of all cell surface
proteins (n=123), which were identified via the flow cytometry screening. Clustering is based on the expression
profile of the proteins (mean fluorescence intensity, MFI) during the anti-CD3/anti-CD28 stimulation (0, 3, 24h)
of one representative donor. The color of each line corresponds to one protein, representing the membership
value of this protein, explaining how exact the expression of this protein fits to this respective cluster. Only
proteins with a membership value above 0.4 are shown (a table including all membership values for the respec-
tive proteins in the different clusters is given in Supplemental Table S5). B) Histograms of the measurements of
selected cell surface proteins representing each of the GProX clusters 4-6, detected on naive and/or activated
CD4" T cells, are shown (results from one representative donor). The color frames of the histograms represent
the membership value of the protein to the respective cluster (blue: membership 0.4-0.6; dark green: 0.6-0.8,
light green: 0.8—0.99). Cell surface proteins, which are labeled with an asterisk, were also identified via the PAL-
qLC-MS/MS approach.™’
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The measured mean fluorescence intensity (MFI) (n=2-3) of the detected cell surface pro-
teins was subjected to the unsupervised cluster analysis. This analysis revealed three
different clusters (Fig. 15A) according to the detected expression changes during the anti-
CD3/anti-CD28 stimulation time course (Supplemental Table S5). This result is in agreement
with the result of the cluster analysis of the cell surface glycoproteome (Fig. 11). Fig. 15B
depicts histograms of the stainings with the single PE-labeled antibodies of selected repre-
sentatives for the different clusters, displaying the recorded antibody signals during the T

cell activation of one representative donor.

1.3.2 Comparison of surface glycoproteome and results of the flow cytometry screen and

implementation of flow cytometry screening results into proteomic cell surface atlas

The cell surface glycoproteome, obtained via PAL-qLC-MS/MS, and the results of the flow
cytometry screen were compared for the available time points (0, 3 and 24h of stimulation)
to investigate similarities and differences.

Oh 3h 24h
A Detected proteins (216) Detected proteins (207) Detected proteins (221)

(169) (98) (172) 91) (173) (115)

B divergent trend divergent trend no divergent trend

CD25 CD69 CD25 CD357 legend A

CD54  cp74 CD54

CD71 CD107a CD150 PAL-qLC-MS/MS flow cytometry screen

CD108 CD154 CD71 CD165 legend B

CD134 CcD108 detected (PAL-qLC-MS/MS)

cD258 CcD274 CD319 under threshold (flow cytometry

CD134 screen)
cpb3s7  CD148 CD272 not detected (PAL-qLC-MS/MS)
CD150 CD272 CD258 detected (flow cytometry screen)

Figure 16: Comparison of PAL-qLC-MS/MS and flow cytometry screening panel results. All cell surface pro-
teins detected by PAL-qLC-MS/MS and/or the flow cytometry screening panel were examined according to
their similarity. A) Total number of detected proteins per time point and corresponding technique source are
shown in the colored circles, as well as total numbers of detected proteins per technique. B) Proteins detected
differently between the two techniques are listed in the color corresponding to the technique source, which
identified them in contrast to the other technique, which did not detect the respective protein above the
threshold at the time points Oh and 3h. At the 24h time point there were no divergent trends in the detection
of the proteins between the techniques. (if a protein was detected in the sample of one donor, this was taken
as true for this analysis)

The total number of identified proteins at the different time points is comparable (Oh: 216,

3h: 207, 6h: 221). This is also true for the number of detected proteins per technique
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(Fig. 16A) and the overlap between the techniques, for the three depicted time points.
Divergent trends on the detection of proteins between the techniques could in general be
observed in two different ways. One option is that the protein was detected by PAL-gLC-
MS/MS and an antibody for this target was included in the cell surface screening kit, but the
obtained signal of the antibody staining was under the threshold (Fig. 16B, protein names in
blue). The other option is that an antibody gave a signal above the threshold and in general
this targeted protein was also detected via PAL-qLC-MS/MS, but not at the same time point
as it was detected via the antibody-based analysis (Fig. 16B, protein names in orange). No
divergent trend between the two techniques was observed at the 24h time point. The tar-
gets, which showed opposing detection trends at the 0 and 3h time points, are nearly the
same for both comparisons.

The flow cytometry screening confirmed the expression of 67 cell surface proteins, which
were already detected via PAL-qLC-MS/MS. These screening results extended the list of cell
surface proteins for naive and activated CD4" T cells about 56 proteins, which were uniquely
identified via this technique. Combination of the cell surface glycoproteome and the results
of the flow cytometry screening led to the cell surface atlas of naive and activated CD4" T

cells, containing 229 cell surface proteins measured on protein level.**’

1.4 In silico selection and examination of cell surface protein-coding transcripts based on

the whole genome microarray analysis

To further deepen the analysis of cell surface proteins on naive and activated CD4" T cells, a
broad transcriptomic level was also considered beneath the two proteomic techniques.”’ A
whole genome microarray analysis coupled to in silico selection of cell surface protein coding
transcripts was utilized to investigate the transcriptomic level. Naive CD4" T cells and 3h anti-
CD3/anti-CD28 stimulated T cells from four donors (D8-D11) were subjected to a whole ge-
nome microarray analysis to examine the transcriptomic events during early T cell activation.
Fig 17 depicts a decision tree explaining how the microarray dataset was analyzed. In brief,
among the detected genes of the genome-wide array, transcripts coding for cell surface pro-
teins were selected by bioinformatics analysis. This analysis started by mapping the detected
transcripts to UniProtkKB accession numbers and the collection of subcellular localization
information (UniProt-SL, experimentally verified or probable UniProtKB annotation) about
the mapped proteins, if available. If not available, the subcellular localization of the tran-
script corresponding protein was predicted by LocTree3 (subcellular localization prediction)
and PolyPhobius (transmembrane helix prediction). Following the strict selection criteria of
the decision tree (Fig. 17), extended the cell surface atlas of naive and activated CD4" T cells

about 927 transcripts coding for cell surface proteins (Supplemental Table S3).
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Agilent SurePrint G3 Human Gene Expression 8x60K microarray:
27,958 Entrez Gene RNAs
1
samples: naive (Oh) and activated (3h)
CD4+ T cells (4 donors)
1
GeneSpring software GX 12.5 (Agilent)
quality control performance

Transcripts detected in
4 of 4 donors either in
naive (Oh) or activated (3h) CD4+ T cells

Transcripts detected in
<4 donors either in
naive (Oh) or activated (3h) CD4+ T cells

17,757 microarray probe names
--> assigned to 14,455
unique NCBI RefSeq accession numbers (Agilent)

1
mapping to human UniProtKB accession
numbers (AC):
13,028

1
reduction of redundancy:
back-mapping of UniProtkKB ACs to
12,263 gene names

1
if available:extraction of subcellular localization (UniProt_SL),
if not: prediction of subcellular localization (LocTree3) and
transmembrane helices (PolyPhobius)

| identification of cell surface proteins:|

UniProt_SL (e and p subcellular
localizations):

UniProt_SL (e and p subcellular
localizations):

UniProt_SL (e and p subcellular
localizations):

no UniProt_SL (e and p subcellular
localizations):

plasma membrane

cell surface, cell membrane,

localized in the plasma membrane

additional requirement:

single- or multi-pass membrane proteir
or at least one

peripheral or lipid
anchored membrane proteins
additional required information:
localized on the extracellular side

prediction of subcellular localization

(LocTree3) additional requirement:
at least one

transmembrane helix (PolyPhobius)

transmembrane helix (PolyPhobius)

7\

- no further o5 -
y information y

cell surface/ ) cell surface/ - cell surface/ )
Ia;illlsrzgacbigne lasma membrane putative cell lasma membrane putative cell lasma membrane putative cell
p : p . surface protein P . surface protein p - surface protein
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legend subcellular localizations (UniProtKB_SL):
e = experimentally verified, p = probable

Figure 17: Decision Tree for the identification of cell surface protein-coding transcripts from the genome-
wide transcriptomic microarray analysis. This decision tree was built to analyze the results of the genome-
wide transcription analysis, to be able to in silico identify the detected transcripts coding for cell surface- and
plasma membrane proteins. In addition it is also possible to identify a set of putative cell surface protein-coding
transcripts by following the decision tree.

To get an overview of the entities of the transcriptomic cell surface dataset, a Gene
Ontology (GO) enrichment analysis regarding involvement in biological processes as well as
molecular function was performed. Enriched GO terms, overlapping between the cell surface
protein coding transcripts, were identified with the Generic GO TermFinder algorithm and
combined as “superclusters” and visualized as treemaps (REVIGO) (Fig. 18). The GO term
analysis of biological processes mainly showed general terms of tasks in which a broad varie-
ty of cell surface/plasma membrane proteins could be involved like “signal transduction”,
“lipid transport” or “cell adhesion” in contrast to the very specific immune system related
GO terms which were seen in the analysis of the PAL-qLC-MS/MS data (Fig. 11B). The GO
term analysis of molecular function revealed that one third of the analyzed transcripts
shared “nucleoside-binding”-capacity and another third is involved in “primary active trans-

membrane transporter activity” or in “ATPase activity, coupled”. Both GO term analyses of
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the cell surface protein coding transcripts do not point to an immunological origin of the
sample material.
A. GO-Term Analyis of biological process

biological
function

immune
system process

1. energy coupled proton transmembrane transport against electrochemical gradient

B. GO-Term Analyis of molecular function

nucleoside purine

bindin carbohydrate ribpnucleoside
’ vt triphosphate hydrolase
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) binding catalytic
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organic
cyclic
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nucleoside small
phosphate molecule molecular

binding binding transducer
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heterocyclic
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binding binding ion
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2. intracellular calcium activated chloride channel activity

Figure 18: GO term enrichment analysis of transcripts coding for cell surface- and plasma membrane proteins
from the genome-wide microarray expression analysis. REVIGO treemaps was used to visualize GO (Gene
Ontology) term analysis for the transcripts, which were in silico identified to code for cell surface- and plasma
membrane proteins (n=927). GO term analyses of biological process (A) as well as molecular function (B) were
conducted to get an overview of representative GO terms. Each single rectangle is a representative of an en-
riched GO term (smaller letters) and these representatives are combined as “superclusters” (larger letters) of
loosely connected terms, shown by the different colors. The p-value of the GO term in the underlying GOA
database is visualized by the adjusted size of the rectangles.167
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An analysis of these 927 cell surface coding transcripts, according to differential gene ex-
pression between naive and 3h activated CD4" T cells, displayed a significant differential ex-
pression for 141 genes (Fig. 19). These genes include many targets, which are known to be
relevant for immune system- or even especially T cell related processes (SEMA7A, FASLG,
CD200, TNF, CD69, CD40LG, CTLA4, BTLA).*’
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Figure 19: Gene expression analysis of transcripts coding for cell surface- and plasma membrane proteins.
Transcripts coding for cell surface- and plasma membrane proteins (n=927), which are expressed in human
naive and/or stimulated CD4" T cells, were analyzed concerning their differential expression between their
state as naive and 3h of anti-CD3/anti-CD28 stimulation. The differential expression of all these transcripts is
depicted as a volcano plot (left) indicating the fold change (log,) against the p-value (logio, Benjamini-Hochberg
corrected). The vertical lines depict an absolute fold change of 1.5* (*if multiple probes were measured per
gene, only the highest measured value was included in the analysis) and the horizontal line depicts the correct-
ed significance level of 0.05. 141 of the 927 analyzed transcripts are significantly differential expressed (FC: 1.5,
p-value 0.05 (corrected)) between naive and activated (3h) CD4" T cells. The heat map (right) highlights these
141 significantly regulated cell surface/plasma membrane protein-coding transcripts and depicts their corre-
sponding fold changes in the color code from blue (low expressed) to red (high expressed).157

1.5 Combination and comparison of proteomic and transcriptomic results

To combine and to analyze the overlap between results seen on proteomic and tran-

157
d.

scriptomic levels, the three datasets were compare The investigations on proteomic

(PAL-gLC-MS/MS and flow cytometry screening) as well as transcriptomic level (whole ge-
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nome microarray analysis coupled to bioinformatics) offered the opportunity to gain a deep
insight into the processes happening during naive CD4" T cell activation with anti-CD3/anti-
CD28. The combination of the three datasets described 229 cell surface antigens, measured
on protein level, and 927 transcripts, which encode cell surface proteins. Comparison of the
single entities from the proteomic and the transcriptomic results showed, that 53 % of the
proteins, identified via PAL-gLC-MS/MS and/or flow cytometry, were also found in the tran-
scriptomic cell surface dataset. To increase the transcriptomic cell surface dataset even
more, the strict bioinformatics selection criteria were attenuated. So, in addition a putative
transcriptomic cell surface dataset was created. This additional dataset consists of
transcripts, which encode proteins described as potentially expressed on the extracellular
side of the plasma membrane by the UniProtKB, such as lipid-anchored or peripheral mem-
brane proteins, without any further information on their localization on the extracellular or
intracellular side (Supplemental Table S3, putative). 248 further transcripts potentially en-
coding cell surface proteins, detected in naive and/or activated CD4" T cells, are present in
this putative dataset. By comparing them with the cell surface proteins identified via one or
both of the proteomic techniques, the overlap between transcriptomic and proteomic level
could be increased to 58 % (Table 2, marked by a dashed box under “identified via”). If the
proteins with a localization annotation (UniProtkB) of only “membrane” (no further infor-
mation regarding the subcellular localization) would be additionally included, the overlap
between transcripts encoding cell surface proteins and cell surface proteins measured on

protein level could be increased even more to 83 %.

1.5.1 The surface atlas of human naive and activated CD4" T cells

To provide a clear and comprehensive visual presentation of the collected data containing
the names of all cell surface proteins and the corresponding expression changes during T cell
activation, the cell surface atlas of naive and activated CD4" T cells was generated (Fig.
20)."" Listed here are all the cell surface proteins, which were identified as being present on
human naive and/or activated CD4" T cells on protein level. Corresponding to each proteins’
name, trends of expression change during the activation process measured by PAL-qLC-
MS/MS, flow cytometry screen and the transcript expression measured via the genome-wide
microarray analysis (mMRNA data is independent of prediction or annotation as cell surface
protein of the respective transcript) are shown. Fig. 20 presents a reference, aiming to com-
bine all the results of the proteomic and transcriptomic approaches. This atlas drafts the
numerous surface proteins and CD markers detected on naive and/or activated CD4" T cells,
complemented by the direction of their corresponding expression changes during T cell acti-

vation.
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Figure 20: The surface atlas of human naive and activated CD4" T cells. All cell surface proteins identified on
protein level by the PAL-qLC-MS/MS technique and/or the flow cytometry screen, are depicted in this over-
view. Also shown are the quantitative trends of protein expression changes after stimulation with anti-
CD3/anti-CD28 from 0-3h and 0-24h and their corresponding transcript* expression changes (*if multiple
probes were measured per gene, only the highest measured value was included in the analysis) from 0-3h."’
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1.5.2 Differential expression analysis of the detected targets from the combined data results

of transcriptome and proteome analysis

To be able to select promising surface markers for T cell related functional studies out of the
cell surface atlas, the transcriptomic and proteomic results were scaled and combined to

find targets significantly regulated on both examined levels.”>’

A group of 32 targets,
detected and quantified via at least one proteomic and the transcriptomic technique, could
be specified (Fig. 21). These 32 targets showed significant regulation in at least one of the

techniques for a minimum of one investigated stimulation time point.
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Figure 21: Heat map of cell surface proteins showing significantly different regulation in the analysis of the
combined omics datasets. Proteins, which were identified on transcriptional as well as on protein level (PAL-g-
LC-MS/MS and/or flow cytometry screen) were analyzed according to their differential expression (FC>1,
p < 0.01). 32 cell surface proteins show a significantly differential expression regulation, at least at one of the
stimulation time points in at least one of the techniques. Their corresponding expression levels are depicted in
a color code scale ranging from blue (low) to red (high).157

The largest part of these proteins belongs to the cluster of differentiation (CD), indicating
that their role in T cell activation is mostly characterized. Fig. 21 points e.g. also to EVI2A, a

cell surface marker, which was not co-cited with T cell biology so far (Table 3). In addition,
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the expression of this protein, currently without a known functional role, particularly not T

cell related, was confirmed by Western blot (Fig. 14).

1.5.3 Correlation of PAL-gLC-MS/MS and whole genome microarray analysis

To deepen the understanding of the relationship between the transcripts and the resulting
proteins during early T cell activation, a correlation analysis was performed. By comparing
the entities of the proteomic datasets and the strict transcriptomic dataset it was shown
that 53 % of the targets are overlapping (section 1.5). Spearman’s rank-based coefficient rho
was calculated for the targets, which could be measured in all four donors via PAL-gLC-
MS/MS as well as on the transcriptomic level. This resulted in the possibility to correlate the
expression of 159 targets. Fig. 22A depicts the result of the correlation analysis for the com-
parison of the transcriptomic target expression at the Oh time point (naive CD4" T cell) to the
proteomic expression data at 0, 3, 6, 12, 24 and 48h. The highest association could be found
for the comparison to the Oh proteomic expression (0.612). The correlation to the following
proteomic time points decreases and the second highest association was then shown for the
analysis to the 48h proteomic expression, as a weak negative correlation (-0.314). Fig. 22B
depicts the correlation calculation of the transcriptomic target expression after 3h anti-
CD3/anti-CD28 stimulation (3h activated CD4" T cell) to the proteomic expression data at 0,
3, 6, 12, 24 and 48h. The highest Spearman correlation coefficient was calculated for the
negative correlation to Oh proteomic expression (-0.63). As for Fig. 20A, the second highest
correlation coefficient was calculated for the weak correlation to the 48h proteomic
expression (0.334). Fig 22C shows all spearman correlation coefficients from the previous
analyses (Fig. 22A and B). This points out that the values of the coefficients were the same
for both analyses, but pointing in different directions. The observed correlation coefficients
do not provide evidence for strong correlations between transcriptomic and proteomic
datasets, only a trend can be seen for both transcriptomic expression time points to the Oh
and the 48h proteomic expression time points. The test of the null hypothesis of no correla-
tion led to statistically significant p-values for the association of both transcriptomic

expression time points correlated to 0, 6, 12, 24 and 48h proteomic expression.
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Figure 22: Correlation of proteomic (PAL-qLC-MS/MS) to transcriptomic results (microarray expression analy-
sis). Scaled Quantitative expression values of cell surface proteins, which were detected by PAL-gLC-MS/MS
(n=4, protein abundance) and by the genome-wide microarray expression analysis (n=4, expression values).
A) mRNA values from human naive (0h) CD4" T cells were correlated to each of the stimulation time points,
which were measured by PAL-gLC-MS/MS (0, 3, 6, 12, 24, 48h) and the corresponding spearman correlation
coefficient is given in the respective graph. B) mRNA values from human stimulated (3h) CD4" T cells were cor-
related to each of the stimulation time points, which were measured by PAL-qLC-MS/MS (0, 3, 6, 12, 24, 48h)
and the corresponding spearman correlation coefficient is given in the respective graph. C) A summary of the
calculated spearman correlation coefficients (A, B) at the corresponding stimulation time points (PAL-gLC-
MS/MS). D) The null hypothesis of no association between transcriptomic results (0, 3h) and the proteomic
results (0, 3, 6, 12, 24, 48h) was tested and the corresponding p-value was corrected for multiple testing. The
graph displays the adjusted p-values for the correlation tests at the different time points and shows that the p-
values at the 0, 6, 12, 24 and 48h time points are statistically significant (p<0.05).

1.6 The distribution of members of the SLC (solute carrier transporters) protein family on

naive and activated CD4" T cells

To deepen the understanding of a potential therapeutic background of the targets, which
were identified on the protein level, the proteins were examined about their annotation as

>7 The largest group of cell surface proteins within the cell

drug target (Table 2, DrugBank).
surface atlas is the group of proteins with affiliation to the cluster of differentiation (CD).
They represent 55 % of the 229 proteins, most of them described to be present on different

cells of the immune system and 29 of them are annotated as targets for approved drugs.'®®
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The group with the second highest number of proteins within the atlas is the family of solute
carrier (SLC) transporters. In total, 28 members of this family were identified via the PAL-
qLC-MS/MS approach and they are listed separately in Table 4 with additional information
obtained from UniProt. This protein family is composed of membrane transporters for

different kinds of molecules such as ions, sugars and amino acids.

SLC name | UniProtID | UniProt information DrugBank ID Drug name Drug group Drug actions
Potassium
DB00761 Chioride 1,2 s
SLC12A2 P55011 basolateral Na-K-Cl rter, NKCC1 - -
asolateral Na-K-Cl symporter cc DB00887 Bumetanide 1 i
DB01325 Quinethazone 1 i
| electroneutral potassium-chloride cotrans- potassium

SLC12A6 Q9UHW9-2 porter 3, KCC3 DB00761 chloride 1,2 s
electroneutral potassium-chloride cotrans- potassium

SLC12A7 Q9Y666 porter 3, KCC4 DB00761 chloride 1,2 s

DB00175 Pravastatin 1

DB00415 Ampicillin 1

DB03793 benzoic acid 1

DB00119 pyruvic acid 1,3

DB00345 Aminohippurate 1 s

DB00529 Foscarnet 1 s

DB00563 Methotrexate 1 s
MCT1, monocarboxylate transporter 1 DB00936 salicylic acid 1 s
(lactate, pyruvate, branched-chain oxo acids - -

SLC16A1 P53985 derived from leucine, valine, isoleucin, and | PB03166 acetic acid ! S
ketone bodies acetoacetate, beta- DB00313 valproic acid 1,4 s
hyd butyrat d tat

ydroxybutyrate and acetate) DB00731 Nateglinide 1,4 s
DB00627 Niacin 1,3,4 s
DB01032 Probenecid 1 i
DB04552 Niflumic acid 1 i
DB01440 gamma hydroxy- | 4 g i

butyric acid
DB04398 lactic acid 1 s, i
DB00119 pyruvic acid 1,3 s, i
DB00563 Methotrexate 1 s
SLC19A1 P41440 folate transporter 1
DB06813 Pralatrexate 1 s
neutral amino acid transporter a (alanine,

SLC1A4 § P43007 serine, cysteine, threonine) sodium depend- | DB00160 L-Alanine 1,3
ent
neutral amino acid transporter b (glutamine, DBO0130 L-Glutami 134
asparagine,, and branched-chain and -Glutamine )9, S

SLC1A5 Q15758 adomatic amino acids) sodium-dependent,
may also be activated by insulin DB00174 L-Asparagine 1,3

SLC25A5 § | P05141 ADP/ATP translocase 2 DB00720 Clodronate 1,4 i

SLC25A6 P12236 ADP/ATP translocase 3 DB00720 Clodronate 1,4 i

DB00898 Ethanol 1

DB00900 Didanosine 1

DB00943 Zalcitabine 1

DB00441 Gemcitabine 1 s
equilibrative nucleoside transporter 1 (influx | pgoo544 Fluorouracil 1 s

SLC29A1 Q99808 and efflux of nucleosides), sodium depend- —

ent DB00811 Ribavirin 1 s
DB00987 Cytarabine 1,4 s
DB01033 Mercaptopurine 1 s
DB01073 Fludarabine 1 s
DB00642 Pemetrexed 1,4 in

GLUT-1, facilitated glucose transporter

member 1, constitutive or basal glucose . )

SLC2A1 P11166 uptake, can transport a wide range of DB00292 Etomidate 1 i
aldoses (pentoses and hexoses)

SLC44A2 Q8IWAS5 choline-transporter-like protein2 DB00122 Choline 1,3 s
sodium bicarbonate cotransporter 3 (elec- sodium bicar-

SLC4A7 § Q9YBM7-7 | troneutral sodium-bicarbonate-dependent DB01390 bonate 1 s
cotransporter Na+ : HCO3- 1:1
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SLC name | UniProtID | UniProt information DrugBank ID Drug name Drug group Drug actions

DB00121 Biotin 1,3

sodium-dependent multivitamin transporter,

SLC5A6 § Q9Y289 transports pantothenate, biotin and lipoate in DB00166 Lipoic acid 13
the presence of sodium gabapentin
DB08872 enacarbil 1 s
DB00123 L-Lysine 1,3
high affinity cationic amino acid transporter Arain
SLC7A1§ | P30825 1 (arginine, lysine, ornithine) DB00125 L-Arginine 1,3
DB00129 L-Ornithine 1,3
DB00297 Liothyronine 1

CD98LC, LAT-1, large neutral amino acids

Fransporter smgll subgqit 1, sodium- DB00451 Levothyroxine 1
SLC7A5 | Qo1650 L”:Li’r’;”:r‘f]?;oh;%ggf(f;)"r:gnt;f;;:ﬁ;’g"tfy'rirge DB00509 Dextrothyroxine | 1

sine, Igucine,.arginine, tryptophan when DB01042 Melphalan 1

associated with SLC3A2 DB01235 Levodopa p
SLC38A5 Q8WUX1 Eig)t?dt‘niﬁé)sodium-coupled neutral amino acid transporter 5 (glycine, asparagine, alanine, serine, glutamine and
SLC20A1 Q8WUM9 sodium-dependent phosphate transporter 1, sodium-phosphate symporter
SLC25A3 § | Q00325 phosphate carrier protein
SLC2A3 P11169 t(;;‘;I;(LEJ)'I'—?», facilitated glucose transporter member 3, can also mediate uptake of other monosaccharides (not fruc-
SLC38A1 Q9H2H9 sodium-coupled neutral amino acid transporter 1, cotransport of glutamine and sodium ions 1:1

SLC38A2 Q96QD8 sodium-coupled neutral amino acid transporter 2
SLC39A14 | Q15043-2 zinc transporter zip14, may mediate cellular uptake of nontransferrin-bound iron

SLC43A3 Q8NBI5 purine-selective nucleobase transporter, highly expressed in macrophages

SLC4A2 P04920-3 anion exchange protein2

SLC5A3 § P53794 sodium/myo-inositol cotransporter, prevents high intracellular accumulation of myo-inositol

SLC6A6 P31641 sodium-and-chloride-dependent taurine transporter (taurine and beta-alanine transporter), chloride ions are nec-

cessary for optimal uptake
CD98, 4F2 cell-surface antigen heavy chain, required for function of light-chain amino acid transporters, high
affinity transport of large neutral amino acids

SLC3A2 P08195-2

Table 4: Solute carrier (SLCs) transporters identified via PAL-qLC-MS/MS. This table presents a list of all SLCs
that were included in the cell surface atlas of naive and activated CD4" T cells with additional information
obtained from UniProt and DrugBank. (§=not co-cited with T cell biology so far; Drug group: 1) approved,
2) withdrawn, 3) nutraceutical 4) investigational, 5) illicit; Drug action: i=inhibitor, s=substrate, in=inducer)

These transporters are diversely expressed on naive CD4" T cells. They also exhibit very
distinct expression patterns during the stimulation with anti-CD3/anti-CD28. Fig. 23 and 24
show all SLCs, which were detected on mRNA as well as on protein level (n=27, because
SLC1A4 was detected in less than four donors on mRNA level). It is possible to compare their
relative protein abundance to each other because of the quantitative results of the mass
spectrometry-based measurements. Most of the SLCs have a low expression on the naive
CD4" T cell. SLC4A2, SLC1A5, SLC3A2 (Fig. 23) and SLC44A2 (Fig. 24) are the highest ex-
pressed among the depicted SLCs. All of the SLCs (Fig. 23 and 24), besides SLC44A2, exhibit
their highest expression after 48h stimulation, suggesting them as interesting targets on
activated CD4" T cells. On mRNA level there are three different groups: induced upon stimu-
lation (n=19), no change upon stimulation (n=4) and decrease upon stimulation (n=4). The
comparison of mRNA and protein level again indicated that the expression changes upon
stimulation do not show the same results for all targets (Fig. 23 and 24, each A and B), as
also shown by the correlation of the PAL-qLC-MS/MS results to the corresponding RNA re-
sults (Fig. 22). But still, these proteins are very interesting because many members of this

168
k

family are known targets for supplements and drugs. A DrugBan target search revealed



VI. Results 85

that within the 28 identified SLCs, 16 transporters are registered as drug targets, described
in the following categories: approved, investigational, nutraceutical (some of them were

withdrawn or are illicit, although approved before) (Table 4).
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Figure 23: Expression patterns (1) of solute carrier (SLC) transporters obtained via genome-wide microarray
analysis (A) and PAL-qLC-MS/MS (B). This figure presents the SLCs, which were identified on mRNA (n=4) as
well as on the protein level (n=4), exhibiting an early decrease in protein expression followed by an increase
during the stimulation time course. Shown are boxplots with median and points for the single donor values. To
be able to compare the pattern on mRNA as well as on protein level, the corresponding results are plotted next
to each other.
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Figure 24: Expression patterns (2) of solute carrier (SLC) transporters obtained via genome-wide microarray
analysis (A) and PAL-qLC-MS/MS (B). This figure presents 3 different groups of SLCs, which were identified on
mMRNA (n=4) as well as on the protein level (n=4). Shown are boxplots with median and points for the single
donor values. To be able to compare the pattern on mRNA as well as on protein level, the corresponding re-
sults are plotted next to each other. The first box shows proteins, which do not exhibit any changes in abun-
dance during the first hours of anti-CD3/anti-CD28 stimulation, but increase in expression between 12 and 24h.
The second box illustrates SLCs characterized by an expression increase after 3h of stimulation directly followed
by a decrease until 12-24h. Most of the SLCs exhibit the highest abundance at 48h of stimulation. The third box
shows the three remaining SLCs, which could not be added to any of the previous expression groups.
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2. cl6orf54 — a cell surface protein which was not described in the context of

T cell biology before

As mentioned in section 1.2.4, the non-targeted PAL-qLC-MS/MS approach led to the identi-
fication of 24 cell surface proteins, which were not co-cited with T cell biology at the time of
data collection. For some of them there is no knowledge about the general local distribution
within the human system and also no reference for their potential function, so far.">’ One of
these candidates is the transmembrane protein c16orf54 (abbreviated as c16orf54), which is
encoded by the chromosomal open reading frame 54 on chromosome 16. The predicted
molecular weight of the protein is approximately 25 kDa (UniProtkB). This protein was
demonstrated to be present on human naive CD4" T cells and is characterized by a fast ex-
pression decrease upon stimulation with anti-CD3/anti-CD28. After 6h of stimulation the
protein abundance of c16orf54 was very low compared to Oh and stayed at this level until
24h of stimulation. After this time point the protein abundance increased again and reached
a level similar to that on naive CD4" T cells. On transcriptomic level, this expression pattern
was different. In naive CD4" T cells the transcript of c160rf54 is present and upon stimulation
(3, 6, 12, 24, 48h) with anti-CD3/anti-CD28 it constantly decreases (not shown here).

To be able to further investigate the transmembrane protein c16orf54 in the human and
murine system, monoclonal antibodies against peptides of the extracellular domain of the

protein were generated.

2.1 Suitability screening of anti-mouse- and anti-human c16orf54 antibodies (hybridoma

supernatants) for flow cytometry

The Institute of Molecular Immunology of the Helmholtz Center Munich generated the hy-
bridoma supernatants. The supernatants were tested in an ELISA for the presence of anti-
bodies, which are specific for the human and/or murine peptides, which were used to im-
munize the rats and mice. In a second ELISA the antibody isotype/isotypes in the functional
hybridoma supernatants were determined, trying to exclude the possibility that one hybrid-
oma supernatant contains more than one antibody. Afterwards, the hybridoma superna-
tants were tested in flow cytometry stainings, using a 3-step staining protocol. Murine (Fig.
25) as well as human (Fig. 26) naive CD4" T cells were stained using the hybridoma superna-

tants listed in Table 5 (murine) and Table 6 (human).
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R-2C S 5E10 (-)

R-2C S 13D2 (++)
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Figure 25: Flow cytometry suitability screen of hybridoma supernatants (containing monoclonal antibodies
against c160rf54) for their specificity for murine naive CD4" T cells. To test the generated hybridoma superna-
tants, a flow cytometry staining of isolated murine naive CD4" T cells was performed (87 hybridoma superna-
tants containing antibodies of different rat and mouse 1gG subtypes). Depicted here are two exemplary histo-
grams showing the results of the flow cytometry staining using the supernatant of hybridoma clone R-2C S
5E10, which did not show a positive staining, and R-2C S 13D2 resulting in a positive signal by using them as
primary antibody for the staining procedure. The hybridoma supernatant from clone R-2C 5H3 was used as
negative control, because this supernatant only reacted with the human peptide and not the murine peptide in

rat - a - c160rf54 S R-2C 5H3 + mouse - a - rat IgG2C subtype
+rat - a - mouse IgG (H+L) - AF594 (negative control)

- rat - a - c160rf54 + mouse - a - rat IgG2C subtype
+ rat - a - mouse IgG (H+L) - AF594

the ELISA.

clone rating clone rating clone rating
TF11 - 11B6 - 5D6 -
5H3 - 15F10 - 4H2 -
24F5 - 22G5 - 10A9 -
13D11 - 6A8 - 16A2 -
14H5 - 6B5 - 23A1 -
20G4 - 6H7 - 13D2 ++
17F4 - 7H5 - 4A2 -
23D5 - 5H3 - 15E9 -
24G4 - 3H2 - 16C10 -
8B4 - 13B1 - 6D6 -
14H11 - 5A6 - 4E10 -
4D11 - 6A6 - 23H6 -
12F9 - 15D10 - 16G6 -
22G10 - 24F12 - 24F12 -
7F9 - 6B3 - 15C2 -
6B3 - 1A11 - 16D2 -
13A9 - 8A1 - 3G10 -
19B7 - 14F9 - 6A6 -
2C7 - 5G9 - 31H10 -
12A1 - 3B10 - 28G4 -
16A9 - 24C1 - 30D2 -
7C9 - 1H10 - 27G3 -
1G7 - 13D10 - 30C2 -
23H8 - 5E10 -

1E12 - 24E1 - Color code:

15C12 - 22C4 - rat IgG2A

16F3 - 14C9 - rat IgG2C

15D3 - 22H1 - rat IgG1

1B12 - 17A11 - mouse IgG1

2F5 - 8C1 - mouse IgG2a

6D5 - 24F10 - mouse IgG2b

Table 5: Rating of hybridoma supernatant performance in flow cytometry staining (test on murine cells). The
supernatants of the listed hybridoma clones were tested for their suitability as primary antibodies in flow cy-
tometry stainings. Different antibody isotypes are labeled by a color code. Rating is from “no positive signal” (-)
to “precisely distinguishable positive signal” (++).
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The results of the staining of murine naive CD4" T cells using the hybridoma supernatants
showed, that only the hybridoma clone R-2C 13D2 produced an antibody suitable for the use
in flow cytometry stainings. Afterwards, the Institute of Molecular Immunology started the
subcloning procedure to guarantee the production of a monoclonal antibody. The subcloned
13D2 antibody exhibited similar results in the flow cytometry staining (not shown) and was
therefore purified for further testing.

The test of the supernatants in the flow cytometry staining of human naive CD4" T cells
showed a slightly different result (Fig. 26). In this case it was possible to distinguish three
types of staining intensities, ranging from “no signal” (-) to “precisely distinguishable positive
signal” (++). The rating of all tested hybridoma clones is listed in Table 6. The results for the
(++) clones were confirmed in a second experiment and after this the clones 7F11 and 23H8
were chosen for subcloning and the purification procedure. The subcloned and purified 23H8
(=23H8*) antibody showed a better performance than 7F11* and therefore 23H8* was

chosen for direct labeling with the fluorophore PE-TexasRed.

Reel s eIl R-G1 S 14E12 (+) R-G1 S 15C11 (++)

rat - a - TQL + mouse - a - rat IgG subtype
+rat - a - mouse IgG (H+L) - AF594 (negative control)

R2ASROBTY) rat - a - ¢160rf54 + mouse - a - rat IgG subtype

+rat - a - mouse IgG (H+L) - AF594

2 \

£ ,

5 L B AL I B | .
]

8 10 |02 10 10 102 10

c160rf54 - AF594

Figure 26: Flow cytometry suitability screen of hybridoma supernatants (containing monoclonal antibodies
against c160rf54) for their specificity for human naive CD4" T cells. To test the generated hybridoma superna-
tants, a flow cytometry staining of isolated human naive CD4" T cells (110 hybridoma supernatants containing
antibodies of different rat IgG subtypes) was performed. Depicted here are histograms showing the results of
the flow cytometry stainings from six exemplary hybridoma clone supernatants, which were used as primary
antibodies for the staining procedure. The rating ranges from: “no positive signal” (-), “overlapping positive
signal” (+), until “precisely distinguishable positive signal” (++).
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clone rating clone rating clone rating
12F9 - 7C6 - 7A8 +
13B1 - 8G11 - 7F10 +
13D11 - 14E2 - 15C12 ++
14H11 - 17B6 - 1G7 ++
14H5 - 20A8 - 23H8 ++
15D10 - 4G11 - 7F11 ++
17F4 - 15H9 + 10F7 ++
20G4 - 20G6 + 12E4 ++
23D5 - 1E12 - 15F7 ++
24F5 - 22G5 - 17H9 ++
24G4 - 11B6 + 18E13 ++
4D11 - 15D3 + 1B1 ++
5A6 - 15F10 + 21B1 ++
5H3 - 1B12 + 24G3 ++
6A6 - 2F5 + 6B4 ++
TF11 - 3H2 + 13E12 -
8B4 - 5H3 + 13G10 -
13F11 - 6A8 + 14H10 -
14H6 - 6B5 + 14H6 -
15B3 - 6D5 + 15B9 -
15E4 - 6H7 + 22C9 -
16E9 - 7H5 + 23G5 -
18B7 - 12F6 + 2H6 -
18F6 - 14G6 + 4A6 -
18H8 - 16A3 + 6C12 -
1A4 - 16F4 + 9A10 -
20B7 - 16F8 + 9G8 -
23B11 - 17E10 + 9G9 -
23B3 - 21C4 + 14E12 +
24E11 - 22C5 + 18H8 +
24F2 - 22E1 + 22H5 +
2D6 - 23B11 + 5B4 +
3E3 - 23G10 + 6C2 +
3F2 - 23H7 + 15C11 ++
3F4 - 24G9 + Color code:

4E2 - 2H5 + rat IgG2A

5B10 - 2H6 + rat IgG2C

6F7 - 4B1 ++ rat IgG1

Table 6: Rating of hybridoma supernatant performance in flow cytometry staining (test on human cells). The
supernatants of the listed hybridoma clones were tested for their suitability as primary antibodies in flow cy-
tometry stainings. Different antibody isotypes are labeled by a color code. Rating is from “no positive signal”
(-), “overlapping positive signal” (+), until “precisely distinguishable positive signal” (++).

2.2 Assessment of anti-human c16orf54 antibody specificity and distribution of c16orf54
on human PBMCs

To asses the specificity of anti-human c16orf54 23H8*-PE-TexasRed, a competition assay
was carried out. Anti-c16orf54 23H8*-PE-TexasRed was used alone or pre-incubated with

varying amounts of the peptide, which was used for immunization, for the staining of human
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PBMCs. Fig. 27 depicts the staining signal, which was measured by flow cytometry. A slight
signal decrease is seen between the staining using the antibody only (Fig. 27, left panel) and
an antibody to peptide ratio of 1:1 (middle panel). A 400 x excess of peptide nearly

diminished the signal of the antibody, confirming its specificity for the extracellular part of

cl6orf54.
c160rf54-PE-TexasRed c160rf54-PE-TexasRed:peptide c160rf54-PE-TexasRed:peptide
11 1:400
100 100 = 100 ™
80 80 - 80 =
&0 cii«:::l_‘.,ﬂi- - _- c1t;x£,4+ 50 = c16:;.:|gf44
—_ ] _ [ —
40 40 - 40 =
20 20= 20 =
[ ]
5 o 0 0.
Q
e 0 10* 10° o 1 i 0 16 10°

c160rf54 23H8* - PETexasRed

Figure 27: Antibody-peptide competition staining. To test the specificity of the purified and labeled antibody
clone cl6orf54 23H8*-PE-TexasRed a competition assay coupled to flow cytometry analysis was performed.
Different ratios of antibody:peptide were pre-incubated for 30min at RT and this mixture was used as staining
solution for human PBMCs and analyzed via flow cytometry.

Many proteins are not exclusively expressed on one type of cell, therefore the distribution of
cl6orf54 expression on human PBMCs was checked via flow cytometry. Fig. 28 shows the
results of the flow cytometry analysis of human PBMCs, which were stained with known cell
type specific antibodies and cl16orf54 23H8*-PE-TexasRed. The plots display the gated cell
populations as indicated in each heading (one representative donor). Shown is the gate for
cl6orf54" cells, complemented with the percentages of positive cells within the mother
population. Based on this it seems that only a small percentage of human naive CD4" T cells
is positive for c16orf54 (8 %) and besides this, nearly all B cells (81 %), a fraction of NK cells
(52.5 %) and NKT cells (78 %). Only a small fraction of memory T cells (17.8 %) and cytotoxic
T cells (2.8 %) also expresses c160rf54.
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Figure 28: Flow cytometry staining of human PBMCs to examine c16orf54 expression on lymphocyte sub-
populations. Human PBMCs were stained with specific antibodies against common lymphocyte cell surface
markers (CD3, CD19, CD56, CD4, CD8, CD45RA, CD45R0, CD14) and the purified and labeled antibody c160rf54
23H8*-PE-TexasRed. The plots show the expression levels of c160rf54 on the previously gated cell populations.
(n=3, plots are shown for one representative donor)

To analyze the distribution of the different cell types within the c16orf54" population on a
percentage basis, a different gating strategy was applied, which is illustrated in Fig. 29. In
this analysis the first gate was applied to the c160rf54" cell population and starting from
there, the PBMC subpopulations were gated. The resulting cell population percentages were
calculated for three donors and the lower panel of Fig. 29 depicts how the cell subtypes can
be divided from each other and shows their distribution within the cl6orf54+ cell
population. The major populations carrying c16orf54 were, T cells (CD3") and B cells (CD19%)
(both around 40 %), NK cells (CD56/CD3’) (6 %) and NKT cells (CD56/CD3") (13 %). The in-
cluded staining antibodies also gave the possibility to differentiate T cell subsets within the
cl6orf54+ population, showing that around 2 % were cytotoxic T cells (CD8"), 26 % were
T helper cells (CD4") and around 13 % were CD4*/CD8" double-positive cells. Within the pop-
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ulation of T helper cells there were two more subpopulations to differentiate: naive CD4" T
cells (CD45RA/CD45R0O’) and memory CD4" T cells (CD45R0"). Naive CD4" T cells represent
about 6 % and memory T cells around 15 % of the c160rf54" cell population. The remaining
cell population (11 %) of CD37/CD19/CD56/CD4"/CD45RA" has not been identified so far.

c16orf54*cells T cells (CD3%) T helper cells (CD4%) CD56*cells
5 | c160rf54+ B cells 5]
10 463 10 10
naive T cells E NKT cells
1" 1 239 P 58,3
0
c16orf54+ T cells
c160rf54+ remaining 37.9 é
(o2} 122 < uv‘) NK cells
5 R o - o- a7
o o o T Ty Ty Ty
0 1t 10° 1 16 10
CD45RO c16orf54
lymphocytes
c16orf54*

15,5 +/-0,1%

N

43,5 +/- 4,3% 41,6 +/- 6,6% 19,5 +/- 0,3% 10,9 +/- 3,9%
cbs* cD19* cDs6* remaining

[

53 +/-3,1%
cpsg*

60,6 +/- 4,4%
cb4*

31,7 +1-4,7%
cb4*cDg*

67,2 +/- 9,0%
cb3*

30,9 +/-10,2%
CD3"

92,9 +/-2,2%
cb4*

232 +/-5,4%
CD45RA*

55,3 +/- 3,2%
CD45RO™

87,2 +/-1,7%
CD45RA*

Figure 29: Flow cytometry staining of human PBMCs — gated on c160rf54" cells. Human PBMCs were stained
with the purified and labeled antibody c160rf54 23H8*-PE-TexasRed and specific antibodies against common
lymphocyte cell surface markers (CD3: T cells, CD19: B cells, CD56: NK cells, CD4: CD4+ T helper cell, CD8: cyto-
toxic T cell, CD45RA: naive phenotype, CD45R0O: memory phenotype). The living lymphocyte population was
first gated on c160rf54" cells and starting from this population (15.5 +/- 0.1 %) the percentage of lymphocyte
subpopulations among the c160rf54" cells was examined. The distribution chart shows the percentages of the
respective mother cell populations (n=3, mean +/- SEM). (n=3, flow cytometry plots shown for one representa-
tive donor)

2.3 Suitability screening of anti-human c16orf54 antibody (hybridoma supernatants) for
Western blot

To investigate if the anti-human cl6orf54 antibody is suitable for Western blot and
immunoprecipitation, more control tools needed to be generated. This included the cloning
of expression vectors carrying the c16orf54 coding sequence (Fig. 30). Three different full-
length constructs were designed for the expression in HEK-293 cells, one without any change
to the natural occurring form (_1), one carrying an extracellular Strep-tag (_2) and one carry-

ing an intracellular Strep-tag (_3). Two more constructs, considered for the expression in
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insect cells, consisted only of the intracellular region combined with His- and V5-tag and a
factor Xa cleavage site (_4) or combined with a Strep-tag (_5). The sequences were con-
firmed by sequencing.

HN—m COOH (c160rf54_1)

HN COOH (c160rf54_2)

N,

HN m— COOH (c160rf54_3)

N,

H,N—mHis COOH (c160rf54_4)

Z

H

| COOH (c160rf54_5)

Figure 30: Overview of the constructs for recombinant production of c16orf54. Summary of constructs for
recombinant expression of cl6orf54 in mammalian cell lines (c16orf54_1 — cl160rf54_3) and insect cells
(c160rf54_4, cl6orf54_5). (protein domains: EC=extracellular domain, TM=transmembrane region,
Strep=Strep-tag, His=His-tag, V5=V5-tag, Xa=factor Xa cleavage site)

The Western blot suitability of the generated hybridoma supernatants with specificity for
human c160rf54 was tested on samples of isolated human naive CD4" T cells (Fig. 31A). Used
were the hybridoma supernatants, which already showed suitability for the use in flow cy-
tometry stainings. The supernatant of clone 23H8 showed 3 bands, 7F11, 1B1, 27G3 did not
show any signal, 12E4 and 17H9 both detected four bands, 18E12 showed 6 different bands
and 15C11 one band. After consulting the IMI of the Helmholtz Center Munich, clone 23H8
was chosen as suitable antibody for Western blot application. Fig. 31B depicts the staining of
a Western blot loaded with lysates of naive CD4" T cells of four different donors. The use of
the purified antibody 23H8* leads to the detection of similar bands as the
unpurified hybridoma supernatant, but additionally detects bands in the higher molecular
weight range. Therefore, 23H8* was tested on a blot loaded with cell lysates of untransfect-
ed HEK-293 cells and HEK-293 cells overexpressing c16orf54 (Fig. 31C). This experiment
indicated that the two bands with a molecular weight of around 51 kDa seem to be specific
for c160rf54 under non-reducing conditions.

Fig. 31D shows a blot, which was loaded with fractions of an immunoprecipitation experi-
ment (“flow-through” (FT) fraction, “immunoprecipitated” (IP) fraction). In this immunopre-
cipitation experiment, lysates of HEK-293 cells overexpressing the intracellular Strep-tagged
cl6orf54 (c16orf54_3) were incubated with MagStrep beads to precipitate the protein of
interest. The elution from the beads was done under reducing conditions. Again, two distinct
bands of around 30 kDa (reducing conditions) were detected by antibody 23H8* in both
fractions, indicating that the IP with MagStrep beads was working in general (Fig. 31D). It can
be concluded that the recombinant c16orf54 is detected by 23H8* with two bands of around
51 kDa under non-reducing conditions and of around 30 kDa under reducing conditions. The

immunoprecipitation setting was also carried out with lysates of HEK-293 cells expressing
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the construct carrying the extracellular Strep-tag (c16orf54_2), but in this case, antibody
23H8* could not detect any band on the membrane (not shown here).

A B @ o o o C D
) T 2 2 22 ® - =
£ © 2 §8358 S 3 S o o
p = = = = = = <
k5 5 % 28883 R T ¢ ¢
2 T B [P oy 2 © g e 8
g PT 0 EwTEY S o4 85,5
P @ ® @ -
£ . . 8 -4 $ £6886 Fogg  ¢ale
2 2 £ 3 2 ou<-03 2 £ 3 % 2 3 2 x x 2 I IE
S ®» L N K o m® 2 @2 S 8 ® T ® S W W S -5 T &
D_C\ll\\—\—\—\—\—vEE a © c ¢ ¢ s T T S Ldh b
° 191— 191 —
191 — 97— 97 — 97 —
97 —
64—
64 — - e 64— 64—
51 — 51—
- =8 51— 51—
39 — - 39 —
: 39— 39— { s legend:
38— 28 — ’-’ FT = flow through
28— 28— P = Immuno-
19 — 19— 19 19 — precipitation
14 — 14— 14_ 14 Strep-IP = Streptactin-IP
na + nfa— nja— 23H8* pja — «a23H8"|SN = supernatant
| naive CD4" T cells |
E
kDA SN F-[,,5 8 11 14 17 20 22 23 26 30 35 40 kDA SN FT 10 12 14 16 18 21 23 26 28 30 333640
=~ - : F 250 —
130 —
100 —
70 — F
55 —
35 —
25— - - - .‘.- -
15 —
250 —
130 —
100 —
70 —
55 —
- -~ . -
% " _ .a--.“-'
25 — ‘\ 35 =
25 —

15 —

Figure 31: Western blot analysis of cell lysates of human naive CD4" T cells using monoclonal antibodies with
specificity for c16orf54 and validation of c160rf54_4 and c16orf54_5 expression and purification. Hybridoma
supernatants already positively tested in flow cytometry application were chosen to perform Western blot
analysis. A) Cell lysates of human naive CD4" T cells of one donor were subjected to gel electrophoresis (same
amount in all 11 lanes) and blotted. The membranes were probed with the respective hybridoma clone super-
natants or antibodies against rat IgG subtypes as control. B) Cell lysates of human naive CD4" T cells of four
different random donors were subjected to gel electrophoresis (same amount in all 9 lanes; reducing condi-
tions) and blotted. The membrane was probed with the purified anti-c16orf54 antibody 23H8* as primary anti-
body. C) Cell lysates of HEK-293 cells and HEK-293 cells overexpressing c16orf54 (HEK-293_c160rf54_1) were
subjected to gel electrophoresis and blotted (non-reducing conditions). The membrane was probed with the
purified anti-c16orf54 antibody 23H8* as primary antibody. D) Immunoprecipitation with MagStrep beads was
performed with cell lysates of HEK-293 expressing c16orf54_3. The flow-through (FT) as well as the immuno-
precipitated (IP) fractions were loaded on the gel, blotted and probed with anti-c16orf54 23H8%*.
E) Coomassie staining of the different purified fractions of c16orf54_4 with a molecular weight of around
25 kDA and a Western blot with the same fractions, probed with anti-V5-epitope antibody F) Coomassie stain-
ing of the different purified fractions of c16orf54_5 with a molecular weight of around 25 kDA and a Western
blot with the same fractions, probed with Strep-Tactin-AP conjugate.
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Fig. 31E and F depict the Coomassie staining of the different purified fractions of c16orf54_4
and c16orf54_5 expressed in insect cells, which consist of the intracellular region of c16orf54
and varying tags. The purified fractions were additionally run on a second gel, blotted and
detected using an antibody against the V5-epitope (Fig. 31E) in the case of c16orf54 4 and a
Strep-Tactin-AP conjugate (Fig. 31F) in the case of c16orf54 5. The resulting bands con-

firmed the successful recombinant expression and purification of the c160rf54 constructs.

2.4 Strategy and proof of the in vitro functionality of sgRNAs for CRISPR/CAS-mediated

knockout mice

To examine a potential in vivo function of c16orf54, a strategy to create a knockout mouse
for Al467606, which is the murine homolog of c16orf54, was set up. To create a knockout
mouse, the CRISPR/CAS system, in this case consisting of two sgRNAs targeting the flanking

regions of the transmembrane coding domain of Al467606, was used (Fig. 32).

matching | SgRNA 1 | |ngNA 2 | matching
sequence

sequence

5’UTR Intron Exon 1 Intron 3'UTR

Al467606_deltaTM

Figure 32: Strategy for the generation of CRISPR/CAS mediated knockout mice. This scheme shows the one-
exon structure of Al467606, the murine homologue of the human c16orf54. The coding regions for the extra-
cellular tail, the transmembrane region and the intracellular domain are color coded and named. To effectively
generate a knockout of this region, PAM (protospacer adjacent motif) sequences (shown in yellow) flanking the
transmembrane region on both sides were selected to clone sgRNAs targeting them. If both sgRNAs are func-
tional, they should guide the Cas9 (DNA endonuclease enzyme) to the correct matching DNA sequence. Then,
the Cas9 introduces double-strand breaks on both sides of the coding region of the transmembrane domain,
including a small part of the extracellular- and intracellular tail. The repair mechanisms (non-homologous end
joining or homologous recombination) of the cell promote the new connection of the two loose DNA ends
without the targeted sequence, therefore creating a knockout mutation in the Al467606 gene.

After the cloning procedure of the constructs, they were tested in vitro on the murine cell

line Neuro-2A. DNA was extracted from Neuro-2A cells, which were transfected with
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constructs carrying sgRNA1, sgRNA2, Cas9 and only Cas9 as a control. Primers spanning the
sgRNA-targeted region were used for PCR and the product was gel-purified. The purified PCR
product was then incubated to let the DNA strands hybridize with each other. To find out if
the hybridized strands show a mismatch-loop, which would be the case after a successful
sgRNA targeting and Cas9 cleavage, the DNA was digested with T7 endonuclease. Fig. 33A
shows the results of the T7 endonuclease incubation, confirming that a mismatch was de-
tected by the enzyme only in the samples which were prepared from the cells transfected
with the constructs carrying sgRNAs and Cas9, but not in the sample which was only trans-
fected with Cas9. This reaction proofed the functionality of the sgRNAs in vitro.

For the preparation of the sgRNAs for injection into a zygote, the sgRNAs need to be
transcribed in vitro. For this purpose T7_PCR templates of the sgRNA1 and sgRNA2 were
generated. Fig. 33B shows an agarose gel with bands at the expected sizes of approximately
133 bp for sgRNA1 and 275 bp for sgRNA2 and therefore depicts the proof of the successful
generation of the T7_PCR templates. The sgRNAs were then in vitro transcribed from the T7-
PCR templates in a next step and purified for the injection into a zygote together with the
Cas9 mRNA. A cooperation partner from the Institute of Developmental Genetics from the

Helmholtz Center Munich performed the injection.

1000 bp

500bp

Figure 33: Proof of sgRNA functionality and size-confirmation of T7-PCR templates for in vitro transcription.
A) Neuro2A cells were transfected with only Cas9 (control) or with vectors carrying the sgRNA1, sgRNA2 and
Cas9. T7 endonuclease did only detect a mismatch in the samples, which were transfected with Cas9 and both
sgNAs. B) The size of the T7_PCR templates for in vitro transcription of sgRNA1 and sgRNA2 was checked on an
agarose gel.

28 mice were born, DNA was isolated for genotyping and sequencing revealed that none of
these mice showed a CRISPR/CAS mediated deletion in the target locus of Al467606.
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VII. Discussion

Naive CD4" T cells form the basis of the immunologic memory, they posses the potential to
differentiate into various kinds of T helper cell subsets and shape the actions of the adaptive
immune system. Signals from cells of the innate immune system are recognized, processed
in the T cell signaling network and lead to further signaling events within the immune system
or other parts of the body, such as epithelial layers. An obvious key feature within this signal
processing network is the composition of the cell surface molecules of the T cells, consisting
of proteins, which function as receptors, transporters and adapters. Since it is known that
the early signals, which lead to the activation and polarization of a T cell, essentially
influence the first role and effector functions of the T cell, it is of high interest to gain
insights into the early activation process as precisely as possible. The focus of the presented
work is to show an in depth characterization of the cell surface of the naive CD4" T cell and
to describe the changes happening in this compartment during the early time window of
activation. Another aim was to identify cell surface proteins, which were not described in
relation to T cells before and which therefore might be of interest as targets for the
development of novel therapeutic approaches for various T cell mediated diseases. To be
able to cover a broad T cell activation profile, the activation of the important cell surface
receptors CD3 and CD28 within the T cell receptor complex, was utilized to mimic T cell re-

ceptor engagement.

1. Generation of a cell surface atlas of human naive and activated CD4" T cells

— technical advantages and limitations

In this study a comprehensive surface atlas describing proteins located on the surface of
human naive and activated CD4" T cells is presented. The combination of omics approaches
and high-throughput screening methods allowed an in depth characterization of the cell sur-
face protein composition of human naive and anti-CD3/anti-CD28 activated CD4" T cells. Two
proteomic and one transcriptomic technique were applied to link the transcriptome level to
the proteome level. One mass spectrometry- and one flow cytometry-based approach led to
the identification of 229 cell surface proteins, representing an experimentally verified pool
of proteins which are present on the surface of human naive and/or activated CD4" T cells.
To complement and extend the proteomic results on transcriptome level, a genome-wide
microarray was linked to bioinformatics analysis. This analysis included the search for

subcellular localization annotation based on experimental evidence or the prediction of sub-
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cellular localization to identify transcripts, which encode cell surface proteins. Indeed, in the
naive and/or shortly activated CD4" T cell (3h), 927 genes are expressed which code for pro-
teins localized on the cell surface, 101 of them are also represented in one or both proteo-
mic datasets (Table 2).

The first proteomic dataset is the result of the non-targeted, label-free PAL-q-LC-MS/MS
technique, which is based on the oxidation of sugar residues attached to glycosylated cell
surface proteins. It is known that an oxidation treatment, like it is necessary for the PAL-qLC-
MS/MS technique, could harm the cells by e.g. inducing cell death or introducing artificial
changes in protein expression. This affects especially sensitive primary living cells, as it was
seen by flow cytometry analysis during the establishment phase of the technique. But as the
focus of this project was the examination of freshly isolated, primary human naive and acti-
vated CD4" T cells, the previously described PAL technique®® had to be adapted for the use
of these cells. To guarantee low side effects due to oxidation treatment, different NalO,4 con-
centrations were tested. The results showed that mild oxidation conditions cause death of a
certain percentage of cells. But still, the expression of selected cell surface proteins (such as
CD69), analyzed via flow cytometry, showed similar results for the detected signal intensities
when comparing untreated and 1 mM NalO, treated cells. This means that under mild oxidiz-
ing conditions it is also possible to detect cell surface protein expression that is similar to the
expression on cells, which were not treated with oxidizing agents. This was additionally mon-
itored during the data acquisition via PAL-gLC-MS/MS of the samples (n=4) for the surface
atlas and proved that the PAL-qLC-MS/MS technique leads to results, which are comparable
to the results measured via flow cytometry. Another important aspect of the PAL-gLC-
MS/MS data acquisition for the surface atlas was to analyze if the four different donors
showed comparable results to combine them for further analyses. A Principal
Component Analysis (PCA) of the acquired PAL-qLC-MS/MS data for the anti-CD3/anti-CD28
stimulation time course proved this to be true.

To evaluate the proteins identified via mass spectrometry and to generate a high confident
cell surface dataset, a strict decision tree was built. Proteins, which passed the decision tree,
were evaluated in regards to the number of identified peptides in the Trypsin and PNGase F
fractions as well as the localization annotation of the proteins in the UniProt knowledge

162
base.'®

By following this decision tree, 173 glycoproteins were identified on the surface of
naive and/or activated CD4" T cells with high confidence. Within this set of 173 cell surface
proteins, 54 proteins were identified in the MS analysis via only one peptide. This could indi-
cate low expression or inefficient cleavage by the enzymatic digestion during sample prepa-
ration. One might also speculate that these one-peptide hits could be weaker candidates for
the inclusion into the cell surface atlas. But the MS spectra of all one-peptide hits were man-

ually inspected and could be declared as truly identified.
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Unsupervised clustering gave an insight into the different expression patterns, which were
detected via PAL-gLC-MS/MS during the stimulation time course. The analysis revealed that
three distinct expression profiles could be specified within the dataset and all of them are
characterized by specific immunology-associated Gene Ontology terms. Cluster 1 and 2
(38 % of the proteins), showed a fast downregulation during the first hours of T cell activa-
tion. Lck, CD3, CD4, CD28 and CD44 are cell surface proteins, contained in one of these two

185-1
85189 The fast turnover of cell

clusters, known to be present in the immunological synapse.
surface proteins is in general an important feature, which enables cells to react very early
after receiving any kind of stimulus, a fact that is especially important for proteins located in
the immunological synapse. In contrast to that, Cluster 3 is composed of proteins, which can
be described as late activation markers such as SEMA7A and CD274. They play an important
role as negative regulators within the T cell response, which prevent overshooting reactions
by terminating the T cell activation phase. This was also shown to be an important process
for TCR signal termination, characterized by the clearance or internalization of the engaged
T cell receptor as negative regulation of T cell activation.™®

In addition to the classification of the cell surface glycoproteins into the different expression
clusters, another aim was to assess if it is possible to describe the different early activation
steps of the T cells by specific markers. By comparing the ten highest expressed cell surface
proteins at all examined time points (0, 3, 6, 12, 24 and 48h) it became clear that this is not
possible for the stimulation with anti-CD3/anti-CD28, as these ten highest expressed pro-
teins were mostly the same at all time points. Interestingly, this analysis also showed re-
markable higher protein abundance at 48h for the ten highest expressed proteins, compared
to the other time points. For the in vivo situation, compared to the presented in vitro results,
it was shown before by in vivo live imaging, that the T cells in the lymph node exhibited only

short contacts to DCs around 48h after activation."”*"*

This might allow to speculate that
the activation itself could be completed around this time point, proliferation and expansion
are taking place, which require high amounts of energy involving many cell surface mole-
cules for communication and transmembrane transport of supplements.

An extensive literature search revealed that 86 % of the 173 cell surface glycoproteins,
including the ten highest expressed proteins at all stimulation time points, are associated
with T cell biology or at least known to be involved in the biology of another cell type of the
immune system. This is a strong confirmation for the robustness of the PAL-qLC-MS/MS
approach. Interestingly, this literature search also revealed that 24 of these proteins were
not co-cited with T cell biology at the time of the literature analysis. This situation changed
when Bausch-Fluck et al. recently published a compendium, called the cell surface protein
atlas (CSPA), which is a compilation of mass spectrometry derived datasets.’* This atlas

contains entities for 78 different human and murine cell types, including a T cell population
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specified as CD4"/CD25". This mixed population, containing non-activated naive as well as
memory T cells, clearly differs from the pure naive CD4'/CD45RA’/CD45RO™ T cell
population, which was investigated in the presented study, and in addition Bausch-Fluck et
al. did not focus on the activation process of these cells. Of note is, that 84 proteins, which
were identified in the presented study by the PAL-gLC-MS/MS approach, were confirmed to
be present in the Bausch-Fluck et al. dataset for CD4"/CD25 T cells, delineating that these
cell surface proteins are most likely not specific for the naive, activated or memory type of
CD4" T cell. Interestingly, the Bausch-Fluck et al. dataset for CD4'/CD25 T cells also
included nine markers (ECE1, NPTN, RNF149, SLC1A4, SLC4A7, SLC5A3, SLC7A1, SYPLI,
TMEM?2) of these 24 cell surface proteins, which were not related to T cell biology so far.

Recently, Mitchell et al. published a multi-omic analysis (genome, methylome,
transcriptome, miRNAome, proteome, phosphoproteome) of human naive and resting

memory CD4" T cells of one blood donor.***

They extracted potential cell surface proteins
from their MS-derived dataset, using a stricter version of the bioinformatics strategy of the
presented study (PAL-gLC-MS/MS), applied the same stricter filter to the PAL-gLC-MS/MS
dataset and concluded that the datasets do have an overlap of 104 cell surface proteins.
Additionally, they stated that 42 proteins were only detected by PAL-qLC-MS/MS and 1062
proteins were exclusively present in their dataset. This huge difference in the number of
identified proteins is partly derived from different preparation strategies. The presented
study applied a technique targeting only glycosylated cell surface proteins and the study of
Mitchell et al. analyzed a size-fractionated whole cell lysate without focusing on the extrac-
tion of cell surface proteins during sample preparation. However, Mitchell et al. did not state
within their manuscript, that the presented study used a labeling and purification method,
which is proving that the cell surface proteins identified via MS are expressed on the cell
surface at the time of sample preparation. In contrast, Mitchell et al. identified proteins in a
whole cell lysate and extracted cell surface proteins only on the basis of bioinformatics an-
notation of subcellular localization. Proteins, which Mitchell et al. stated as cell surface pro-
teins, might be localized intracellular at the time of sample preparation. A protein, which is
intended to be expressed on the cell surface, might still be intracellular, as it could just have
been released from the Golgi apparatus or the Endoplasmic reticulum during protein synthe-
sis and post-translational modification and could not certainly be identified as a cell surface
protein within a whole cell lysate.**>**® It is also possible that some of these cell surface pro-
teins are stored inside vesicles at the time of sample preparation. Of note is, that the surface
dataset of Mitchell et al. introduces a large number of additional proteins, which might also
be expressed on the surface of naive CD4" T cells. However, the localization of the proteins
on the cell surface should be proven with a different proteomic technique, such as extracel-

lular antigen staining coupled to flow cytometry analysis. Nevertheless, there will be surface
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proteins, identified by Mitchell et al., which are expressed on the surface of naive CD4" T
cells, not identified by the presented PAL-qLC-MS/MS dataset. But this will be mainly due to
the fact that the method used here is only able to detect glycosylated cell surface proteins
and the method used by Mitchell et al. is able to detect proteins localized in all cellular
compartments.

Currently, there are many techniques available, which are able to investigate cells on a
single-cell level, such as single-cell PCR, flow cytometry or mass cytometry. The PAL-gLC-
MS/MS technique results in datasets, which show the results for a pool of cells (8 x 10° cells)
during the activation time course. The investigated population of naive CD4" T cells (Oh) is
characterized by the expression of CD3, CD4 and CD45RA, no expression of CD45R0™’ and
the population also harbors naive CD4* T cells which are recent thymic emigrants (RTE).'*®
Additionally, the current study showed that not all T cells, which were activated for 17h (Fig.
6B), simultaneously expressed the activation marker CD69 (Fig. 6B). This demonstrates that
there are T cells, which are capable of transforming into the activated state at an early time
point and other T cells which are reacting later to the stimulus of anti-CD3/anti-CD28, as it

1
was also shown before.!®

The starting time point of the CD69 expression separates these
two differentially reacting T cell populations, but there might also be other markers, which
are characteristic for the early- and late-type reacting T cell. The PAL-qLC-MS/MS technique,
as stated before, detects the sum of changes within the activated T cell population at the
different time points and is not able to dissect the changes on single cell level. But as the
PAL-gLC-MS/MS technique is a non-targeted approach, only relying on the glycosylation of
the cell surface proteins, it was possible to detect proteins with this technique, which were
not related to T cell biology before. These findings are initiating the start to specifically in-
vestigate these “novel” described proteins on single cell level during the T cell activation
process, by the staining with a monoclonal antibody coupled to flow cytometry analysis for
example. Maybe, it is possible to then describe the different activated T cell populations
more detailed to better understand the early differences and gain more insights into the
activation/stimulation process in general.

To extend and confirm the PAL-qLC-MS/MS dataset of cell surface glycoproteins by another
proteomic technique, a high-throughput flow cytometry-based surface antigen screening
was conducted, which includes the possibility to investigate the T cells on a single-cell level.
The expression of 332 cell surface proteins was examined by single stainings with monoclo-
nal antibodies. This analysis could confirm the expression of 67 proteins, which were identi-
fied by PAL-gLC-MS/MS before and expanded the proteomic cell surface dataset about
further 56 surface proteins, which were only identified by the flow cytometry screening. By
closer examination and comparison of the proteins identified by PAL-qLC-MS/MS and/or the

flow cytometry screening (samples of time points, which were measured with both tech-
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niques), some divergent detection trends were noticeable at 0 and 3h. In most of the cases,
these differences originate from a positive detection by PAL-gLC-MS/MS technique and a
flow cytometry signal, which was under the strict IgG control threshold. The proteins, which
are affected by these divergent detection trends, are mostly shared between the 0 and 3h
stimulation time point. This observation might be a result of the threshold set for the
evaluation of the flow cytometry results, which was very strict, potentially resulting in a false
negative assumption. Nevertheless, these proteins were included in the cell surface atlas,
because they were detected via PAL-gLC-MS/MS. The combination of these results led to a
dataset containing 229 cell surface proteins in total, identified on protein level on naive
and/or activated CD4" T cells.

Indeed, the outcome of the two different proteomic approaches on the one hand relies on
the glycosylation of the proteins (PAL-gLC-MS/MS) and on the other hand is dependent on
the availability of an antibody (flow cytometry screening). To partially compensate this ob-
stacle, a genome-wide transcriptomic analysis coupled to bioinformatics was conducted to
estimate the potential number of cell surface proteins, which are expressed on mRNA level.
Briefly, transcripts expressed in naive and/or 3h activated CD4" T cells were analyzed
concerning the subcellular localization of the corresponding proteins. Subcellular protein
localization annotation (UniProtKB) as “cell surface” or “plasma membrane” was considered,
when the annotation was experimentally verified. If this was not the case, the subcellular
localization was predicted by using the recently published LocTree3 (accuracy 80 %), sub-
stantiated with the prediction of at least one transmembrane helix. The selection criteria for
the identification of transcripts, which encode cell surface proteins, were stricter than the
analysis of the PAL-qLC-MS/MS dataset to reduce the number of false positives. Because in
contrast to this analysis, the PAL-qLC-MS/MS approach and also the flow cytometry screen-
ing provided direct experimental evidence for the localization of the protein on the cell sur-
face. The outcome of this in silico analysis and prediction of cell surface protein encoding
transcripts, revealed 927 potentially expressed cell surface proteins. This number might

12 who identified 3700 genes, believed

seem low compared to the study of da Cunha et a
to code for human cell surface proteins. The strategy of da Cunha et al. to identify cell sur-
face coding transcripts, is based on the whole sequence of the human genome (National
Center for Biotechnology information build 36.1) coupled to bioinformatics analysis tools.
The number of predicted cell surface coding transcripts, which was identified in the
presented study, is in line with other estimations supposing that approximately 26 % of the
human genes code for cell surface proteins.?’* However, the reduced number of transcripts
in the transcriptomic cell surface dataset presented in the current study appears to be realis-
tic, because this dataset only focused on naive and activated CD4" T cells and the selection

criteria which were utilized were stricter than in the study of da Cunha et al.
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To get more detailed information about the 927 cell surface protein coding transcripts, a GO
term enrichment analysis was performed. The resulting GO terms point to biological
functions, which are generally fulfilled by plasma membrane proteins such as signal trans-
duction or cell adhesion. However, this analysis is not strongly associated with an immuno-
logical function of the transcripts in contrast to the GO term analysis of the cell surface pro-
teins identified via PAL-gLC-MS/MS. To narrow down this group of 927 cell surface protein
coding transcripts, they were examined concerning differential expression in naive and 3h
activated CD4" T cells. A significantly different expression in the two examined states of the
CD4" T cell (0, 3h) was shown for 141 of the transcripts. The ten genes with the highest ex-
pression difference are SEMA7A, FASLG, CLIC4, FFAR3, CD200, TMEMS88, TNF, SLC7A5,
TNFSF14 and CD69. For most of these ten genes, but also for most others of the 141
transcripts, a role in T cell activation and differentiation is described, a fact that
acknowledges the robustness of the cell surface coding transcript filtering approach. Besides
the targets, which are already described as relevant for T cell biology, also other genes such
as FFAR3 (free fatty acid receptor 3) appeared in this analysis. FFAR3 was recently described
in @ murine study as crucial sensor on dendritic cell precursors for short-chain fatty acid
transport’®, and is among the top ten differentially expressed transcripts in shortly
activated human CD4" T cells. Interesting candidates like FFAR3 need to be further investi-
gated concerning their role in the context of T cell activation.

The strength of the transcriptional cell surface dataset can be demonstrated by comparing
the outcome of the proteomic approaches with the transcriptomic results. Indeed, under the
strict bioinformatics selection criteria of the in silico analysis of the transcriptomic results,
53 % of the proteins (PAL-qLC-MS/MS and flow cytometry screen) would have been detected
on transcriptional level and also identified as cell surface protein coding transcripts. When
loosening the strict criteria, meaning the inclusion of proteins annotated as “membrane”
(without further information on localization) and considering the putative dataset of 248
additional transcripts with the subcellular annotation as “lipid anchor” or “peripheral”, this
overlap could be increased to 83 %. On the one hand, these numbers illustrate the limita-
tions of trusting only transcriptional data combined with bioinformatics, as 108 of the de-
tected proteins would have not been identified in the strict transcriptional dataset. This
emphasizes on the necessity of non-targeted proteomic approaches. However, on the other
hand, the cell surface protein coding transcripts of the strict dataset (without the ones over-
lapping the proteomic targets) combined with the putative dataset (n=1074), demonstrate a
large pool of further interesting targets, which of course would first need to be verified on
protein level. The reason why many of the cell surface protein coding transcripts were not
detected on the protein level by one of the two proteomic approaches, might be explained

by the fact that not all existing transcripts are translated into proteins at every time.



VII. Discussion 105

Moreover, also posttranslational modification, translocation and degradation of proteins
need to be considered, as well as the limitation of the PAL-qLC-MS/MS of only detecting gly-
cosylated cell surface proteins. The bioinformatics analysis (UniProtKB) of the strict tran-
scriptomic cell surface dataset suggested a N- or O-glycosylation site for 70 % of the proteins
encoded by these transcripts (Supplemental Table S3). Therefore, the PAL-gLC-MS/MS ap-
proach fails to detect approximately 30 % of the cell surface proteins on the naive and acti-
vated CD4" T cell. However, the combination of the PAL-qLC-MS/MS technique with the flow
cytometry screening and the genome-wide transcriptomic approach is at least partially able
to overcome this limitation. These two additional techniques extend the number of cell sur-
face targets in the cell surface atlas and provide a pool of potential further interesting candi-
dates, which can be evaluated in future studies.

Taken together, the comprehensive cell surface atlas, generated via transcriptomic as well as
proteomic techniques, presents a reference book for the surface profile of human naive and
activated CD4" T cells. It broadly describes the composition of the surface proteins, giving
the possibility to deeply monitor the events happening on the surface during the early time

window of T cell activation.

2. Potential of the cell surface atlas of human naive and activated CD4" T cells

for future studies

How to choose interesting candidate targets for further investigations from large and mostly
descriptive omics datasets is a recurrent question.”" In this work, such a rich pool of targets,
shown to be expressed on the cell surface of naive and/or activated CD4" T cells, is
presented. The strategy of this work to decide which of the targets are of value to be select-
ed as candidates for further investigations, are based on three ideas. One of the ideas was to
combine the findings on transcriptomic and proteomic level and choose targets, which were
identified by both approaches and which were differentially expressed within the stimula-
tion time course. This analysis defined 32 out of 229 cell surface proteins, which showed a
significant difference in expression in at least one of the used techniques at a minimum of
one stimulation time point. Many of these 32 proteins have a defined role in the context of T
cell biology, like CD69, a known T cell activation marker?®, and CD108*** which is known to
be involved in the modulation of inflammation and the T cell mediated immune response. 21
proteins of this group are already affiliated to the Cluster of Differentiation (CD), meaning
that they have a described role within the immune system in general or a specified function
for T cell biology like CD25, the IL-2 receptor. A second group, which is numerically well

represented in this analysis, is the protein family of solute carrier (SLC) transporters. One
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representative of this group is SLC7A5, the central large neutral amino acid transporter,
which is also known as CD98LC. The importance of this transporter for T cells, regarding the
differentiation into effector subsets and clonal expansion upon antigenic T cell receptor
stimulation, was shown in a murine study.’® In the presented study SLC7A5 was among the
top ten significantly different expressed targets on RNA level and was present in the
combined analysis of transcriptomic and proteomic results of human naive CD4" T cells. This
transporter shows a strong upregulation upon anti-CD3/anti-CD28 stimulation in the PAL-
qLC-MS/MS Cluster 3. Additionally, this was also recently shown for CD4*/CD25 T cells.??®?%’
Another interesting target, which resulted from the analysis of the combined
omics datasets, is the protein EVI2A (ecotropic viral integration site 2A, gene name: EVI2A),
also present in the PAL-qLC-MS/MS Cluster 3. The corresponding gene EVI2A is situated to-
gether with EVI2B in a long intron of the NF1 (neurofibromin 1) gene, which was demon-

208,209 The relation

strated to be deleted in some patients suffering from neurofibromatosis.
of the EVI2A locus to the hematopoietic system was shown by the ability of the locus of its
murine homologue EVI2 (homologue of human EVI2A) to act as an integration site for the
Murine Leukemia Virus. Upon infection with this virus and integration into this gene locus, it

is possible that myeloid leukemia develops.?*°

The protein EVI2A, expressed in the human
system, is thought to be able to form a cell surface receptor as homo- or heterodimer with
other proteins (information was obtained from UniProtkB). The protein encoded by EVI2B,
one of the genes in close proximity to EVI2A, was also identified in the present study on
transcriptional as well as protein level. The protein EVI2B, in contrast to EVI2A, was already
affiliated to the Cluster of Differentiation (CD) as CD361, a new B cell marker, at the Human
Leukocyte Differentiation Antigens (HLDA) Workshop in 2010.%*! But it was also shown that
EVI2B is expressed on granulocytes, monocytes, NK cells and T cells, which implies that this
protein might have a general role or function on different cells of the immune system.
Nonetheless, neither EVI2B, nor EVI2A are functionally characterized so far, therefore
further studies are very important to elucidate their function in general and especially their
role in the context of T cell biology.

Nowadays, there are many possibilities to modify protein expression in the different stages
between the transcription of a gene and the generation of the final functional posttransla-
tional modified protein. These modifications can be achieved by numerous modern tools like
RNAinterference, recombinant molecules acting as agonists or antagonists, small molecules
used as inhibitors, substrates or inducers, or therapeutic antibodies. According to the stage,
which shall be targeted, the tool must be precisely selected. Sometimes studies rely on pro-

tein or transcript data only. However, as other studies before?!*2*

, the study presented
here, demonstrated very weak correlation of the expression level of transcript and protein

data. It undermines the notion that relying on only one of these information levels might
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lead to failure. The only point, which can be concluded for naive CD4" T cells by the present-
ed correlation data is, that early transcriptomic expression levels (0 and 3h) are partly re-
flected in early protein expression levels (Spearman correlation coefficient 0.6), but not re-
flected or only very weakly reflected in late protein expression levels (Spearman correlation
coefficient 0.3). This permits to draw the conclusion that transcriptomic as well as proteomic
levels of the target of interest need to be investigated separately to get a clear and complete
picture, like it was performed for the cell surface atlas of naive and activated CD4" T cells.
This comprehensive knowledge is therefore essential to be able to select the correct tool for
modifying the target of interest within the biological system.

Although, it is not very easy to choose candidates for further investigations from large omics
datasets, Mirkowska et al.*>> previously demonstrated the high translational potential of
such datasets, focusing on the description of cell surface proteins. The authors of this study
were able to identify a new diagnostic candidate marker for leukemia by investigating xeno-
grafts from 19 patients with B cell precursor acute lymphoblastic leukemia by the analysis of
cell surface markers. A second study by Strassberger et al.’*’ focused on the analysis of the
surface proteome of myeloid leukemia cell lines. They were able to identify a cell surface
target, which exhibited differential expression between diseased and healthy cells. In
addition, they managed to produce a monoclonal antibody equipped with tumor targeting
properties in vivo, demonstrating the potential for the development of therapeutic strate-
gies based on comprehensive cell surface proteome datasets. The second idea on how to
identify interesting candidate targets in the presented cell surface atlas of naive and activat-
ed CD4" T cells for further investigations, was therefore of pragmatic origin. Thus, the focus
of interest was the discovery of targets for drug development and application. As cell surface
proteins are easy accessible and therefore valuable targets for drugs, all 229 cell surface pro-
teins of the presented cell surface atlas were examined concerning their annotation as drug
target. Regarding antibody-based therapeutic strategies, the presented cell surface atlas
contains 7 proteins, which are targeted by approved therapeutic antibodies. CD52 and
CD152 are targeted by antibodies in the context of cancer therapy, while CD3, CD11a, CD25,
CD49d and CD126 are targeted by antibodies for the therapy of autoimmune diseases
(www.antibodysociety.org, www.immunologylink.com). By considering a very recent publi-
cation on the current pipeline of therapeutic antibodies from the biopharmaceutical indus-
try, it becomes clear that the cell surface atlas of naive and activated CD4" T cells includes
more proteins, which are interesting targets for novel therapeutics. Three antibodies (target-
ing CD274, CD126 or CD4) are in phase 3 clinical trials, whereas antibodies against CD38
(already approved in the United States of America), CD26 and CD319 are already under regu-

155

latory review within the European Union.™> Furthermore, the high translational potential of

the cell surface atlas is also underlined by the results of a DrugBank database search.'®® As it
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is presented in Table 2, 60 of the 229 identified cell surface proteins are targets for approved
(n=51), or experimentally validated/currently under investigation drugs (n=9). A prominent
group within these targets for approved drugs is the solute carrier (SLC) transporter protein
family. This protein family is composed of transporters for all kinds of molecules, such as
amino acids, ions, sugars, and ATP/ADP. On genome-wide transcriptome level, 220 SLC
coding transcripts were detected in naive and/or activated CD4" T cells. The proteins
encoded by 85 of these transcripts are annotated or predicted to have cell surface
localization and, indeed, 28 proteins of this family were confirmed by the PAL-gLC-MS/MS
technique to be expressed on the cell surface. Most of them are only low expressed on the
naive CD4" T cell, but increase in expression during anti-CD3/anti-CD28 stimulation. In most
cases, their highest abundance was detected at 48h of activation, defining them as interest-
ing targets for a later stage of the activation process. Interestingly, 14 of these SLCs are an-
notated as targets for approved drugs (2 more are annotated as targets for approved drugs,
but the drugs were withdrawn). These drugs, targeting the SLCs on activated CD4" T cells,
can now be examined concerning their impact on the T cell fate. To investigate the effect of
already approved drugs on proteins expressed on CD4" T cells, has a high translational po-
tential for the development of therapeutic approaches for T cell mediated diseases. If a posi-
tive or negative effect on activation or even a subset-shifting effect on differentiation of the
CD4" T cells can be achieved by these drugs, this could give rise to new ideas regarding vac-
cination or immunotherapeutic strategies.

The third idea on how to choose interesting targets from the cell surface atlas for further
investigations is to analyze the currently available information about the detected proteins,
as well as their association to T cell biology. As stated previously, an extensive
literature, protein database and patent search revealed that 24 of the 229 detected proteins
were not related to the biology of human naive CD4" T cells and their early activated state at
the time of analysis. This group of proteins consists of members of the SLC family (SLC1A4,
SLC25A3, SLC25A5, SLC4A7, SLC5A3, SLC5A6, SLC7A1), proteins with an annotated function
on cells not belonging to the immune system (APOC3, ATP1A1, CALMLS5, DCD, ECE1, EROI1L,
GOT2, GPA33, INHBB, NPTN, RNF149, SBSN, SMR3B, SYPL1) and proteins, lacking a
functional characterization within the human system (transmembrane protein cl16orf54,
EVI2A, TMEM2). The expression of the membrane-anchored proteins (n=20) of this group
was validated via gPCR. The availability of validated antibodies for Western blot techniques,
allowed the additional confirmation of the expression of four of these targets (EVI2A,
RNF149, NPTN, TMEM2) on protein level. A validation of more of these targets with an al-
ternative protein-detecting technique is pending until more validated detection tools, such
as monoclonal antibodies, will be available. At this stage, these 24 cell surface proteins could

not be specified as new T cell markers. Their expression on protein level should additionally
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be verified by another proteomic technique and the distribution on other PBMC subtypes
needs to be investigated to be able to call them “T cell surface makers”. However, the status
of these 24 proteins, which were not related to T cell biology before the presented study,
changed when Bausch-Fluck et al.*>* published the cell surface protein atlas (CSPA). Within
their dataset of CD4%/CD25 T cells, they verified the presence of nine (ECE1, NPTN, RNF149,
SLC1A4, SLC4A7, SLC5A3, SLC7A1, SYPL1, TMEM?2) of these 24 cell surface proteins. This
additional dataset confirms the presence of these proteins on human T cells and emphasizes
even more that there is a need to investigate their potential as novel drug targets on T cells.
Moreover, functional studies of these proteins are an essential next step to find out in which
way they might be relevant for T cell biology.

Taken together, the three strategies to reveal interesting candidates for further investiga-
tions, pointed to a recurring set of proteins. This set contains the very interesting members
of the SLC family, which are promising candidates for the investigation of the
effects of approved drugs, which are targeting them. But first, for some of them also a
potential novel role in T cell biology needs to be investigated to collect more information. An
interesting candidate for such investigations is also EVI2A, a protein, which was present in
more than one of the target-choosing analyses. But also proteins like the transmembrane
protein c160rf54, another protein without a known function, displays a promising target for

further investigations.

3. c160rf54 — a novel described cell surface protein on cells of the immune

system

The transmembrane protein c16orf54 was discovered on the surface of human naive CD4" T
cells during the PAL-gLC-MS/MS data acquisition. This protein was chosen as a first candi-
date for further investigations from the pool of the 24 cell surface proteins, which were not
described in relation to human T cell biology at the time of data analysis. The only available
information about this protein at the beginning of this work was a murine study by Ferreras
et al’®®, which showed that the murine homologue of cl6orf54 is a target for the
transcription factor RUNX1/AML1 and that it is expressed within the hematopoietic cell
lineage. So, in general, there was only little information available about this protein within
the human system. It is the product of the chromosomal open reading frame 54 on chromo-
some 16. Its predicted molecular weight is 25 kDa and it is supposed to be O-glycosylated?®*’
on its small extracellular domain, which comprises 31 amino acids. The transmembrane re-
gion consists of 21 amino acids, and the intracellular domain is 172 amino acids long and

contains three potential phosphorylation sites, predicted by similarity to the murine and the
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rat homologue.™®® A search for conserved domains or motifs within the amino acid sequence
of this protein via an online search tool (Swiss-Prot)*®?, gave no results. To further character-
ize this protein, we aimed to develop specific monoclonal antibodies. Therefore, a monoclo-
nal antibody directed against the extracellular domain was produced via the
hybridoma-technique in cooperation with the Institute of Molecular Immunology of the
Helmholtz Center Munich. The hybridoma supernatants were validated via flow cytometry
and a peptide-competition staining was able to confirm the specificity of the selected
purified antibody (23H8%*). Beneath the functionality in flow cytometry, the antibody 23H8*
was also tested for its functionality in Western blot. On samples of c16orf54 recombinantly
producing HEK-293 cells, it could be shown that the antibody detects the protein in the
range of 30 kDa under reducing and of 51 kDa under non-reducing conditions.

To get information about the distribution of the transmembrane protein c16orf54 on human
PBMCs, the antibody 23H8* was directly labeled for flow cytometry first. Interestingly,
within the population of PBMCs, around 15.5 % of the cells are positive for c16orf54, the two
main populations among them are T cells (around 43.5 %) and B cells (around 41.6 %). These
results clearly indicate that c160orf54 is not exclusively expressed on T cells, as nearly the
same amount of B cells expresses this marker. By examining specified subpopulations of the
PBMCs, it could also be shown that c160rf54 is not expressed on the whole subpopulation of
a distinct type of cells. Around 80 % of the B cells, 50 % of the NK cells, 78 % of the NKT cells,
17.8 % of the memory CD4" T cells and only 8 % of the naive CD4" T cells express c160rf54.
This fact points to a potential general role of c160orf54 within the population of human
PBMCs, as it is expressed on many of the different cell subsets. However, it seems to sepa-
rate cells within a distinct subpopulation into c160rf54" and c16orf54 cells. During these
investigations, a very recent study was published®?’, which identified c160rf54 (SAIL, surface
antigen in leukemia) as an important target on leukemia patient samples via a mass spec-
trometry-based technique. Spectral counts from these MS results and flow cytometry results
(self-made monoclonal antibody) indicated that c160rf54 is significantly higher expressed in
samples of chronic lymphocytic leukemia (CLL) patients compared to acute myeloid leukemia
(AML), multiple myeloma (MM), and bone marrow mononuclear cells (BMMC) as well as
PBMCs of healthy donors. But the authors also confirmed that this protein is expressed on at
least 10 % of healthy PBMCs, which was also shown in the presented study. By an RNA ISH
(in situ hybridization) assay, Kim et al. investigated c160orf54 expression in normal tissue and
B cell lymphoma samples. Regarding the normal tissue, they showed that cl6orf54 is
moderately expressed in bladder urothelium and lymphoid tissue (lymph node, spleen, tonsil
and thymus), and only very low expressed in epithelial tissue (uterus, pancreas, gallbladder,
cervix, esophagus) and not detectable in other types of epithelial tissue. Interestingly, by

analyzing the samples of B cell ymphomas they could show c160rf54 expression in follicular
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lymphoma and activated B cell (ABC) as well as germinal center B cell (GCB) type of diffuse
large B cell lymphoma (DLBCL). As cancer cells of CLL patients are characterized by immune
suppression ability??!, and as the results of Kim et al. and of the presented study show that
cancer cells of the CLL type®? and only subsets of healthy PBMCs express c160rf54, it might
cautiously be speculated that cl6orf54 could be a marker related to immune response
suppression. But of course, this needs to be proven by a solid experimental system. Efforts
to obtain information about the function of c16orf54 by identifying interaction partners of
this protein were undertaken by performing immunoprecipitation (IP) experiments, but
were not successful, as the 23H8* antibody seems to be not stable enough in buffers which
are frequently used for IP experiments. Recently published datasets on high-throughput pro-
teomic mapping of interaction networks in the human system by Huttlin et al.?*?, accessible
via the database BioGrid*?*, propose IFNA17 (interferon alpha 17), PKP4 (plakophilin-4) and
EFNB1 (ephrin-B1) as interaction partners for c16orf54. However this needs to be proven for
the cells of the immune system. But still, this is a very important point to follow up on, as
e.g. low doses of ephrin-B1 and ephrin-B2 were shown to be able to co-stimulate T cell pro-
liferation induced by anti-CD3, and high doses were shown to block T cell proliferation in a
murine study.’*

To examine a potential in vivo function of c16orf54 and the importance of c16orf54 for the
body, it is of great interest to switch to the murine system, which provides many opportuni-
ties such as knockout (KO) and disease models. Al467606 is the murine homologue of
cl6orf54 and, as stated before, was previously described to be regulated by the
transcription factor RUNX1/AML1.>*® Ferreras et al. also demonstrated that Al467606 is
already expressed during the onset of the development of the hematopoietic system.
Additionally it is expressed on many cells of the hematopoietic lineage in adult mice. To
follow up on this and to gain a deeper insight into the function and importance of the ex-
pression of Al467606, two strategies were followed. The first strategy was to buy sperm for
the creation of a reporter/KO mouse (Al467606_KOfirst, see scheme of the targeting vector
in Appendix Figure A4), containing lacZ as reporter gene for histology and flow cytometry
and a stop codon after the lacZ to be able to breed a total KO mouse. Moreover, the coding
exon of Al467606 is flanked by loxP sites as acceptor regions for Cre-recombinase to be able
to breed a conditional KO mouse in the future. The first generation of these mice
(Al467606_KOfirst) was born and genotyped (Appendix Figure A5), resulting in seven trans-
genic mice, which will first be used to follow Al467606 expression via the lacZ reporter in the
murine development via histology and flow cytometry. This lacZ reporter will then also serve
as positive control for the generated monoclonal antibody 13D2*, which is specific for the
murine homologue of cl6orf54. The second strategy was to create a KO mouse line for

Al467606 in-house, on the basis of collaboration with the Institute of Developmental
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Genetics of the Helmholtz Center Munich. The currently fastest way to generate a KO mouse
is via the CRISPR/CAS system.’?> Therefore, a strategy using two sgRNAs flanking the region,
coding for the transmembrane domain of Al467606, was set up. If selected sgRNAs are
functional, they will target the Cas9 nuclease to the sequence of the transmembrane region
of Al467606 to introduce double-strand-breaks (DSB) on each transmembrane-region-
flanking side. The cellular repair mechanisms would then fuse the loose ends together by
non-homologous end joining or homologous recombination, resulting in a potential frame
shift due to small insertions or deletions (indels). In the end, the protein is not expressed in
the correct way or it is not expressed at all. The functionality of the sgRNAs was proven in an
in vitro test using the murine cell line Neuro-2A. The sgRNAs were in vitro transcribed and
purified for the injection into a zygote to produce the Al467606_ deltaTM_CRKO mouse
(TM=transmembrane). Within the offspring of the first microinjection, there are no mutant
mice. This could be the result of low in vivo efficiency of the sgRNAs or a general technical
problem during the microinjection process. The injection needs to be done again to find out
if the sgRNAs will work in a second attempt. Although the successful in vitro test in the Neu-
ro-2A cell line is a good predictor for the sgRNA activity, it is also possible that the same ac-
tivity cannot be achieved in other cell lines or in mouse embryos. Thus, if a second mi-
croinjection will also not result in the generation of mutant mice, then the reporter mouse
line Al467606_ KOfirst needs to be breed to a total KO, to gain functional insights into an
Al467606 KO mouse model.

Taken together, c160rf54 was detected on naive CD4" T cells during the generation of the
cell surface atlas of human naive and activated CD4" T cells. The establishment of investiga-
tional tools, such as the monoclonal antibodies and the recombinant expression systems, led
to first results concerning the distribution of c16orf54 on human PBMCs, which indicated
that c160rf54 is not a marker, which is specific for T cells, as it is expressed on many cell sub-
sets within PBMCs. Together with very recent literature, showing that c16orf54 is frequently

expressed on patient samples of different blood cancer types such as CLL**

, this might allow
the hypothesis that c16orf54 could be related to a certain immune suppression functionality
of cells in the hematopoietic compartment and confirms the relevance of investigating this
protein in more detail. Following up on three proposed interaction partners of c16orf542%
will raise the opportunity to perform proof of concept experiments by using the novel gen-
erated investigational tools, leading to the possibility to embed c160rf54 into the cellular
signaling network of cells of the immune system. The basis for further functional analyses of
c160rf54 was built by the switch to the murine system and the generation of mutant mouse
lines. One of these mouse lines, which is already established, will give the opportunity of a
reporter system for cl6orf54, a total knockout and a conditional knockout. First, the

phenotpying of the reporter mouse line will provide insights into the distribution of c160rf54
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within the murine system. In the future, one of the total KO models and the conditional KO
model will help to gain insights into the importance of c16orf54 for the murine develop-
ment. Furthermore, different disease models for immune system disorders can be applied to
the mice to gain further functional insights into the regulation of the protein, but also to find
out if cl6orf54 plays any major role within immune diseases and might then be a

promising structure to target for the development of novel therapeutic applications.
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Materials

1. Reagents, media, buffers, enzymes, cell lines and kits

Reagent

Company

1-step Ultra TMB-ELISA substrate

Thermo Fisher Scientific, Darmstadt, Germany

5-Brom-4-chlor-3-indoylphosphat

Sigma-Aldrich, Taufkirchen, Germany

Accu Prime Pfx DNA Polymerase

Invitrogen by LifeTechnologies, Thermo Fisher Scien-
tific, Darmstadt, Germany

Acetone Merck, Darmstadt, Germany
Acetonitrile Sigma-Aldrich, Taufkirchen, Germany
Acrylamid (Rotiphorese Gel 30) Carl Roth, Karlsruhe, Germany
Adjuvant CPG2006 TIB MOLBIOL, Berlin, Germany

Agar AppliChem GmbH, Darmstadt, Germany

Agarose DNA

Biozym Scientific GmbH, Hessisch Oldendorf, Ger-
many

AIMV serum-free medium

gibco by LifeTechnologies, Thermo Fisher Scientific,
Darmstadt, Germany

Albumin from bovine serum (BSA)

Sigma-Aldrich, Taufkirchen, Germany

aluminium-sulfate-(14-18)-hydrate

Sigma-Aldrich, Taufkirchen, Germany

Ambion Mega Short Script Kit

Ambion, Thermo Fisher Scientific, Darmstadt, Ger-
many

Ambion Megaclear Kit

Ambion, Thermo Fisher Scientific, Darmstadt, Ger-
many

Ambion mMESSAGE mMACHINE_T7 Ultra Transcrip-
tion Kit

Ambion, Thermo Fisher Scientific, Darmstadt, Ger-
many

Amersham ECL Prime Western Blotting Detection
Reagent

GE Healthcare, Freiburg, Germany

Aminooxy-Biotin

Biotium Inc., Hayward, CA, USA

Aminopterin

Sigma-Aldrich, Taufkirchen, Germany

Ammoniumpersulfate

Sigma-Aldrich, Taufkirchen, Germany

Ampicillin

Carl Roth, Karlsruhe, Germany

Aniline

Sigma-Aldrich, Taufkirchen, Germany

ArC Amine reactive beads

BD Biosciences, Heidelberg, Germany

Ascl

NEB-New England Biolabs GmbH, Frankfurt a.M.,
Germany

AsiS|

NEB-New England Biolabs GmbH, Frankfurt a.M.,
Germany

autoMACS rinsing solution

Miltenyi Biotech, Bergisch-Gladbach, Germany

autoMACS running buffer

Miltenyi Biotech, Bergisch-Gladbach, Germany

Bbsl

NEB-New England Biolabs GmbH, Frankfurt a.M.,
Germany

BD Comp beads (anti-mouse Ig kappa)

BD Biosciences, Heidelberg, Germany

BD Comp beads (anti-rat Ig kappa)

BD Biosciences, Heidelberg, Germany

BD Cytofix/Cytoperm Kit

BD Biosciences, Heidelberg, Germany
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Bio Non-fat dry milk powder

Heirler Cenovis GmbH, Radolfzell, Germany

CD4+ CD62L+ T cell Isolation Kit I, mouse

Miltenyi Biotech, Bergisch-Gladbach, Germany

CD45R0 microbeads

Miltenyi Biotech, Bergisch-Gladbach, Germany

Cellfectine Il Reagent

Thermo Fisher Scientific, Darmstadt, Germany

Chemo-competent NEB5alpha

NEB-New England Biolabs GmbH, Frankfurt a.M.,
Germany

Coomassie Brilliant Blue - G250

Sigma-Aldrich, Taufkirchen, Germany

Coomassie-Brilliant-Blue R-250

Thermo Fisher Scientific, Darmstadt, Germany

Custom-made c160rf54 peptides for immunization

Peps4Ls, Heidelberg, Germany

D-PBS

gibco by LifeTechnologies, Thermo Fisher Scientific,
Darmstadt, Germany

DEPC-treated water (pyrogen-free)

LifeTechnologies, Thermo Fisher Scientific, Darm-
stadt, Germany

Dimethylformamide

Sigma-Aldrich, Taufkirchen, Germany

Dimethylsulfoxid (DMSO), cell culture grad

Applichem, Darmstadt, Germany

Dithiothreitol (DTT)

Thermo Fisher Scientific, Darmstadt, Germany

DMEM

gibco by LifeTechnologies, Thermo Fisher Scientific,
Darmstadt, Germany

DNA Ligase Buffer (10 x)

NEB-New England Biolabs GmbH, Frankfurt a.M.,
Germany

DNA Loading Dye (6 x)

Thermo Fisher Scientific, Darmstadt, Germany

Dpnl

NEB-New England Biolabs GmbH, Frankfurt a.M.,
Germany

DreamTaq DNA Polymerase, dNTP-Mix

Thermo Fisher Scientific, Darmstadt, Germany

EconoTaq PLUS Master Mix (2 x)

Lucigen, Middleton, WI, USA

EDTA (0.05 %, pH 8)

gibco by LifeTechnologies, Thermo Fisher Scientific,
Darmstadt, Germany

EDTA disodium salt dihydrate

Sigma-Aldrich, Taufkirchen, Germany

EDTA-free complete protease inhibitor cocktail

Roche Diagnostics, Mannheim, Germany

Embryo-tested water

Sigma-Aldrich, Taufkirchen, Germany

Ethanol absolute

Merck, Darmstadt, Germany

Ethidium bromide solution

Sigma-Aldrich, Taufkirchen, Germany

Fast Digest Nhel

Thermo Fisher Scientific, Darmstadt, Germany

Fast Digest Not |

Thermo Fisher Scientific, Darmstadt, Germany

Fast Digest Xba |

Thermo Fisher Scientific, Darmstadt, Germany

Fast Digest Xho |

Thermo Fisher Scientific, Darmstadt, Germany

Fast Digest Green Buffer (10 x)

Thermo Fisher Scientific, Darmstadt, Germany

FastStart Universal SYBR Green Mastermix 2 x (ROX)

Roche Diagnostics, Mannheim, Germany

Fetal calf serum (FCS) Hyclone Il

Perbio Science, Bonn, Germany

Formic acid

Sigma-Aldrich, Taufkirchen, Germany

G418 sulfate 50 mg/mL

gibco by LifeTechnologies, Thermo Fisher Scientific,
Darmstadt, Germany

G7 buffer

NEB-New England Biolabs GmbH, Frankfurt a.M.,
Germany

Gene Expression Hybridization Kit

Agilent Technologies, Santa Clara, USA

Genelet gel extraction Kit

Thermo Fisher Scientific, Darmstadt, Germany

Genelet Plasmid Miniprep Kit

Thermo Fisher Scientific, Darmstadt, Germany

LifeTechnologies, Thermo Fisher Scientific, Darm-

Gentamicin stadt, Germany
Glycerol Sigma-Aldrich, Taufkirchen, Germany
Glycine Sigma-Aldrich, Taufkirchen, Germany
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HEK-293 cell line

ATCC, Manassas, VA, USA

Heparin- Natrium 250.000 U

Ratiopharm, Ulm Germany

Herculase Il Fusion DNA Polymerase

Agilent Technologies, Santa Clara, CA, USA)

Herculase Il reaction buffer (5 x)

Agilent Technologies, Santa Clara, CA, USA)

High capacity cDNA reverse transcription Kit

Applied Biosystems, LifeTechnologies, Thermo Fisher
Scientific, Darmstadt, Germany

HT (hypoxantin-aminopterin) supplement

Life Technologies, Thermo Fisher Scientific, Darm-
stadt, Germany

Hybridoma cloning factor

Capricorn Scientific, Ebsdorfergrund, Germany

Hydrochloric acid (HCI)

Merck, Darmstadt, Germany

Imidazole

Sigma-Aldrich, Taufkirchen, Germany

Insect Xpress protein-free insect cell medium

Lonza, Basel, Switzerland

lodacetamide

Sigma-Aldrich, Taufkirchen, Germany

Isopropanol Carl Roth, Karlsruhe, Germany
KSOM medium Merck Millipore, Darmstadt, Germany
L-Glutamine LifeTechnologies, Thermo Fisher Scientific, Darm-

stadt, Germany

LEGENDScreen Human Cell Screening (PE) Kit

BioLegend, San Diego, CA, USA

Lightning-Link PE-TexasRed Tandem Conjugation Kit

Innova Biosciences, Cambridge, UK

Lipofectamine 3000 Transfection Reagent, P3000
Reagent

Thermo Fisher Scientific, Darmstadt, Germany

LIVE/DEAD® Fixable Aqua Dead Cell Stain Kit, for 405
nm excitation

Molecular probes by LifeTechnologies, Thermo Fish-
er Scientific, Darmstadt, Germany

Low Input Quick Amp Labeling Kit

Agilent Technologies, Santa Clara, USA

Lymphoprep

Fresenius Kabi Norge AS for Axis-Shield PoC AS, Oslo,
Norway

MagStrep type 2HC beads and corresponding buffer
system (Washing buffer W, Elution Buffer BE)

Iba lifesciences, Gottingen, Germany

Methanol

Sigma-Aldrich, Taufkirchen, Germany

MOPS SDS running buffer

NuPAGE Novex, LifeTechnologies, Thermo Fisher
Scientific, Darmstadt, Germany

Neuro-2A cell line (ATCC CCL-131)

Kind gift from AG Krappman, Toxicology, Helmholtz
Center Munich

Naive CD4+ T cell isolation Kit [l human

Miltenyi Biotech, Bergisch-Gladbach, Germany

NEB buffer 2 and 2.1

NEB-New England Biolabs GmbH, Frankfurt a.M.,
Germany

NEB CutSmart Buffer

NEB-New England Biolabs GmbH, Frankfurt a.M.,
Germany

Nitrotetrazolium Blue chloride

Sigma-Aldrich, Taufkirchen, Germany

Non-essentital amino acids (NEAA)

PAA, Linz, Austria

Non-fat dry milk powder

Frema Reform, granoVita, Heimertingen, Germany

NP-40

Sigma-Aldrich, Taufkirchen, Germany

Nucleo Spin Plasmid Kit

Marchery Nagel, Diren, Germany

NuPAGE LDS Sample Buffer

Novex, LifeTechnologies, Thermo Fisher Scientific,
Darmstadt, Germany

NuPage Transfer buffer (10 x)

NuPAGE Novex, LifeTechnologies, Thermo Fisher
Scientific, Darmstadt, Germany

Opti-MEM

gibco by LifeTechnologies, Thermo Fisher Scientific,
Darmstadt, Germany

orthophosphoric acid (85 %)

Sigma-Aldrich, Taufkirchen, Germany

pAcGP67-B vector

BD Biosciences, Heidelberg, Germany
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PBS with CaCl,/ MgCl,

gibco by LifeTechnologies, Thermo Fisher Scientific,
Darmstadt, Germany

pbs-U6_chimaericRNA vector

provided by the IDG (Helmholtz Center Munich), also
used for WB

pCAG-Cas9-162pA

provided by the IDG (Helmholtz Center Munich), also
used for WB

pCas9-T2A-GFP vector

provided by the IDG (Helmholtz Center Munich), also
used for WB

pcDNA3.1 vector

Invitrogen, Thermo Fisher Scientific, Darmstadt,
Germany

PEG 1500

Roche Diagnostics, Mannheim, Germany

Penicillin-Streptomycin

PAA, Linz, Austria

Plasmid Maxi Kit

Qiagen, Hilden, Germany

PNGase F

NEB-New England Biolabs GmbH, Frankfurt a.M.,
Germany

ProGreen Baculovirus DNA

Ab Vector, San Diego, CA, USA

Propidium iodide

Sigma-Aldrich, Taufkirchen, Germany

Proteinase K

Sigma-Aldrich, Taufkirchen, Germany

Qiagen gel extraction Kit

Qiagen, Hilden, Germany

QlAquick PCR purification Kit

Qiagen, Hilden, Germany

rh IL-2 Proleukin

Novartis, Basel, Switzerland

RNA 6000 Nano Kit

Agilent Technologies, Santa Clara, USA

RNeasy Mini Kit for RNA Isolation

Qiagen, Hilden, Germany

RPMI 1640 PAA, Linz, Austria

RPMI 1640 gibco by LifeTechnologies, Thermo Fisher Scientific,
Darmstadt, Germany

SCR7 Xcess Biosciences Inc, San Diego, CA, USA

SDS solution (10 %)

gibco by LifeTechnologies, Thermo Fisher Scientific,
Darmstadt, Germany

Seeblue prestained protein standard

LifeTechnologies, Thermo Fisher Scientific, Darm-
stadt, Germany

Sequencing-grade modified trypsin

Promega, Madison, WI, USA

Sf9 insect cells

Thermo Fisher Scientific, Darmstadt, Germany

SOC-medium

Invitrogen, Thermo Fisher Scientific, Darmstadt,
Germany

Sodium azide (NaNs)

Merck, Darmstadt, Germany

Sodium carbonate (Na,COs3)

Merck, Darmstadt, Germany

Sodium chloride (NaCl)

Carl Roth, Karlsruhe, Germany

Sodium dodecyl sulfate

Sigma-Aldrich, Taufkirchen, Germany

Sodium hydroxide (NaOH)

Merck, Darmstadt, Germany

Sodium periodate (NalO,)

Sigma-Aldrich, Taufkirchen, Germany

Sodium-Pyruvate (C3H3NaOs)

PAA, Linz, Austria

Strep-Tactin Superflow 50 % suspension

Iba lifesciences, Gottingen, Germany

Sulphuric acid (H,SO4)

Merck, Darmstadt, Germany

SurePrint G3 Gene Expression 8x60K microarray

Agilent Technologies, Santa Clara, USA

T cell activation/expansion Kit

Miltenyi Biotech, Bergisch-Gladbach, Germany

T4 DNA Ligase

NEB-New England Biolabs GmbH, Frankfurt a.M.,
Germany

T7-endonuclease

NEB-New England Biolabs GmbH, Frankfurt a.M.,
Germany

TEMED

Carl Roth, Karlsruhe, Germany




Materials

128

Trichloroacetic acid

Merck, Darmstadt, Germany

Tricin

Carl Roth, Karlsruhe, Germany

Tris(hydroxymethyl)-aminomethan

Sigma-Aldrich, Taufkirchen, Germany

Triton X

Sigma-Aldrich, Taufkirchen, Germany

Trizma base (Sigma ultra)

Sigma-Aldrich, Taufkirchen, Germany

Trizma hydrochloride (Sigma ultra)

Sigma-Aldrich, Taufkirchen, Germany

Trypanblue 0.4 % solution

LifeTechnologies, Thermo Fisher Scientific, Darm-
stadt, Germany

Trypsin 0.05 % EDTA

Sigma-Aldrich, Taufkirchen, Germany

Tryptone

AppliChem GmbH, Darmstadt, Germany

Tween 20 detergent

Calbiochem, San Diego, CA, USA

Urea

Sigma-Aldrich, Taufkirchen, Germany

Wizard Genomic DNA purification Kit

Promega, Madison, WI, USA

Wizard Genomic DNA purification Kit

Promega, Madison, WI, USA

Xbal

NEB-New England Biolabs GmbH, Frankfurt a.M.,
Germany

XtremeGene HP DNA Transfection Reagent

Roche Diagnostics, Mannheim, Germany

Yeast extract

AppliChem GmbH, Darmstadt, Germany

Table M 1: List of reagents, media, buffer, enzymes and kits.

2. Antibodies
Antibody Dilution Company
anti-CD3 NA/LE purified (clone 0.75 pg/mL BD Biosciences, Heidelberg, Germany
UCHT1)
ggtiz')chs NA/LE purified (clone 0.75 pg/mL BD Biosciences, Heidelberg, Germany
anti-CD3-PerCPCy5.5 1:100 BD Biosciences, Heidelberg, Germany
anti-CD4-APCCy7 1:20 BD Biosciences, Heidelberg, Germany
anti-CD8-BV711 1:200 BioLegend, San Diego, CA, USA
anti-CD11a-FITC 1:100 BD Biosciences, Heidelberg, Germany
anti-CD14-AlexaFlour700 1:100 BD Biosciences, Heidelberg, Germany
anti-CD19-BV605 1:20 BD Biosciences, Heidelberg, Germany
anti-CD25-PECy7 1:100 BD Biosciences, Heidelberg, Germany
anti-CD45RA-BV450 1:50 BD Biosciences, Heidelberg, Germany
anti-CD45R0-BV650 1:100 BioLegend, San Diego, CA, USA
anti-CD56-PECy7 1:100 BioLegend, San Diego, CA, USA
anti-CD62L-PE-TexasRed 1:100 BD Biosciences, Heidelberg, Germany
anti-CD69-PE 1:100 BD Biosciences, Heidelberg, Germany
mouse-anti-rat IgG2A (hybridoma 1:10 provided by the IMI (Helmholtz Center Munich), also
SN) used for WB
mouse-anti-rat IgG2C (hybridoma 1:10 provided by the IMI (Helmholtz Center Munich), also
SN) used for WB
mouse-anti-rat IgG1 (hybridoma 1:10 provided by the IMI (Helmholtz Center Munich), also
SN) used for WB
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rat-anti-mouse IgG (H+L)-

Streptavidin-PE

1:200 Dianova, Hamburg, Germany
AlexaFlour594
rat-anti-mouse IgG2a (hybridoma 1:10 provided by the IMI (Helmholtz Center Munich), also
SN) used for WB
rat-anti-mouse IgG2b (hybridoma 1:10 provided by the IMI (Helmholtz Center Munich), also
SN) used for WB
rat-anti-mouse IgG1 (hybridoma 1:10 provided by the IMI (Helmholtz Center Munich), also
SN) used for WB
mouse-anti-rat IgG (H+L) Affini- 1:200 Jackson ImmunoResearch, West Grove, PA, USa
Pure -DyLight594

1:100 BD Biosciences, Heidelberg, Germany

Table M 2: List of antibodies used for T cell stimulation or flow cytometry application.

1% Antibody Dilution Company

anti-EVI2a 1:300 proteintech, Rosemont, IL, USA

anti-RNF149 1:150 Sigma-Aldrich, Taufkirchen, Germany

anti-TMEM?2 1:1000 Abcam, Cambridge, UK

anti-NPTN 1:500 Novus biological, Littleton, CO, USA

anti-beta-Actin 1:10000 santa cruz biotechnology, Heidelberg, Germany

V5 epitope tag antibody 1:5000 Invitrogen, Thermo Fisher Scientific, Darmstadt,
Germany

Strep-Tactin AP conjugate 1:4000 iba lifesciences, Gottingen, Germany

Table M 3: List of primary antibodies used for Western blot a

pplication.

2"Antibody

Dilution

Company

goat-a-rabbit

1:3000

santa cruz biotechnology, Heidelberg, Germany

goat-a-mouse

1:2000-1:5000

santa cruz biotechnology, Heidelberg, Germany

mouse-anti-rat IgG2A-HRP

1:1000

provided by the IMI (Helmholtz Center Munich)

mouse-anti-rat IgG2C-HRP 1:1000 provided by the IMI (Helmholtz Center Munich)
mouse-anti-rat IgG1-HRP 1:1000 provided by the IMI (Helmholtz Center Munich)
rat-anti-mouse 1gG2a-HRP 1:1000 provided by the IMI (Helmholtz Center Munich)
rat-anti-mouse IgG2b-HRP 1:1000 provided by the IMI (Helmholtz Center Munich)
rat-anti-mouse IgG1-HRP 1:1000 provided by the IMI (Helmholtz Center Munich)

Table M 4: List of secondary antibodies used for Western blot application.

3. Primer and oligos

Primer/oligo

Sequence (5’ - 3’) (ordered from Metabion International AG, Munich, Germany)

qPCR:
APOC3 fw TTTCAGGGAACTGAAGCCAT
APOC3 rev CTCCCTTCTCAGCTTCATGC
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ATP1A1 fw CCCTTTTTGCCCTTTTTATCA
ATP1A1 rev GGAGCTGCTCTGTGCTTTTC
cl6orf54 fw CTCCAAGCCTGCACCTCTTA
cl6orf54 rev CGGCATCTTGGGTCAGTCC
CALMLS fw GAGTTTCCTTAGCTGGGCCT
CALMLS rev TACAAAAAGGCTTTCTCCGC
CALMLS fwl CAAGGTCTGGAGGCAGAGAG
CALMLS revl CTGCTTTTGTGCTGGGACTC
DCD fw TAACCCTGGGTCTTCACCTG
DCD rev CCCTGGTCTGTGCCTATGAT
DCD fwl CCTGCATTTTCCTTTTGAGC
DCD revl CCTCTTCCTGACAGCTCTGG
ECE fw CCGAGCCTCTCAATCAACTC
ECE rev AATCATCAAGCACCTCCTCG
EF-lalpha fw CTGAACCATCCAGGCCAAAT
EF-lalpha rev GCCCTGTGGCAATCCAAT
EROILL fw TGTAGTCTTGGGAAAAGCCTG
ERO1L rev GAGACAGCGGCACAGAGGT
EVI2A fw GTTTGCTTTTGTTCCAGGAGA
EVI2A rev CAGATTTTGACCAAGCATTTTG
GOT2 fw CTTCAGTGACTCCCAGAATGG
GOT2 rev ATGGCCCTGCTGCACTC
GPA33 fw GGAGTTTCCACAGAGATGGC
GPA33 rev GGCAGAGAAGAAGCAAGACC
INHBB fw TTTCAGGTAAAGCCACAGGC
INHBB rev GCGTTTCCGAAATCATCAG
NPTN fw CACTCTGGCCTTTCTTGGGA
NPTN rev CATTGGTCCAGCGTCAGGAA
RNF149 fw GAATTCCTTTTTGCACCAGC
RNF149 rev GCTACGGGAACATCACCTTG
SBSN fw TGGACAGGGCAACCATCAAA
SBSN rev ATGAAAGGCGTGTTGACCGA
SLC1A4 fw GCTGTTCTGGGTCACGACTT
SLC1A4 rev CCCAAAGAGACGGTGGACT
SLC25A3 fw CCACGAACACCATCCTCTTT
SLC25A3 rev GGTGGGGTCTTAAGTTGTGG
SLC25A5 fw TCTGCAGTGATCTGCTTGCT
SLC25A5 rev TTCAACATGACAGATGCCG
SLC4A7 fw CAGTTCATCCATTTCCGTGA
SLC4A7 rev AAGATGGACGGGAATCTCCT
SLC5A3 fw AAGGTGGTGGTTCGAATCTG
SLC5A3 rev CCACAGGATTGTTTTGGGTC
SLC5A6 fw CTTCCAGCCACAGTCTCACA




Materials

131

SLC5A6 rev TCAGAAAAGGGAGCGATGTT
SLC7A1 fw AGAGGACAGCCTCGATCTTG
SLC7A1 rev GTCTGTCTGTTCGCGATCCT
SMR3B fw TTTGCCGTCTTTCAACTGGC
SMR3B rev AGTTGCCTCTTTGTGTGAGGA
SYPL1 fw ATGGCGCCCAACATCTACTT
SYPL1 rev AAGCAATCCACTCGAGGACC
TMEM2 fw ATAGCCAGATGGGTGACGAC
TMEM2 rev CACCTGAGTTAACGGACGCT
cloning:

cl6orf54_P1

GATCGCTAGCATGCCGTTGACTCCAGAGCCG

cl6orf54_P2

GATCCTCGAGTCAGAACCCCACACTGGTCCG

cl6orf54_P3

GATCGCTAGCATGAGCGCTGAGCCACCCCATT
CGAAAAAGTGACTTCATGCCCTGTGGGC

cl6orf54_P4

GATCCTCGATCATTTTTCGAACTGCGGGTGGC
TCCAGCGCTGAACCCCACATGGTCCGGCCTTC

cl6orf54_P5

GATCTCTAGAGGGATCGAGGGAAGGGAACGC
CTGTTCCGCCGTG

cl6orf54_P6

GATCGCGGCCGCTCAGAACCCCACACTGGTCCG

cl6orf54_P7

GATCCCCGGGAGCGCTTGGAGCCACCCGCAGT
TCGAAAAAGAACGCCTGTTCCGCCGTG

T7_seq_fw TAATACGACTCACTATAGGG (standard sequencing primer of GATC Biotech)
pAcGP67- CTAGTAAATCAGTCACACCAAGG

B_seq_fw

cloning

(CRISPR/CAS):

Zgrg)e rT7EW GTACAAAATACGTGACGTAGAAAG

primer Tracr RV
(IDG)

AAAAAAAGCACCGACTCGGTG

Primer_ GTACAAAATACGTGACGTAGAAAG

T7_Tracr-1

Primer_ AAAAAAAGCACCGACTCGGTG

T7_Tracr-2

mCRISPR CACCGGAGCCCCTCCGTGTGCCCAGA

1_chimA

mCRISPR AAACTCTGGGCACACGGAGGGGCTCC

1_chimB

MCRISPR CACCGGCGGGCGGCGGAACAGGCGTT

3_chimA

MCRISPR AAACAACGCCTGTTCCGCCGCCCGCC

3_chimB

TT;T;'Z'SPR CACCTAATACGACTCACTATAGGGAGCCCCTCCGTGTGCCCAGA
TT;T;RB'SPR AAACTCTGGGCACACGGAGGGGCTCCCTATAGTGAGTCGTATTA
;nz]—i;':'SPR CACCTAATACGACTCACTATAGGGCGGGCGGCGGAACAGGCGTT
mT7_CRISPR

3_chimB

AAACAACGCCTGTTCCGCCGCCCGCCCTATAGTGAGTCGTATTA
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long_Primer_m1
fw

TAATACGACTCACTATAGGAGCCCCTCCGTGTGCCCAGAGTTTAAGAGCTATGCTGGAAACAGC

Genotyping:

CRISPR_checkP1

fw

“fw ATGATGTGCAGTCCCAGTGA
ffe'i PR_checkPl | - cccTTeccTeTTccAGAAT
ffv'VSPR—CheCkPZ AGCCCAGACCTTTGATCTGT
ffe'iPR—CheCkpz GAGCCGTACCAATCCTCAGA
CRISPR_checkP3 | AcTGTCTCATCCTGTGCCAC

(_ZRISPR_checkPS
_rev

TGGGCTCAATCCACAGTTCTC

LacZ_fw AATGATGATTTCAGCCGCGC
LacZ rev CCGCCAAGACTGTTACCCAT
Al467606_1fw ACGGCGAAATCCAAGATTGA
Al467606_1rev TGGGAGAAGGAAAGGACAGC

Table M 5: List of primer names and corresponding sequences.

4. Buffers and stocks (self-made)

Agent Concentration / amount
Ampicillin stock solution

20 mg/ml Ampicillin lg

70 % Ethanol 35 mL
ddH,0 15mL
AP-detection buffer

100 mM Tris 12.11¢
10 mM MgCl, *6 H,0 2.033g
100 mM NacCl 5845¢g
ad ddH,0, pH 9.5 1L
AP-substrate solution

10 x NBT stock solution 125 pL
BCIP stock solution 125 uL

ad AP-detection buffer 12.5mL

APS stock solution

10 % Ammoniumpersulfate 01g
ad ddH,0 1mL
BCIP stock solution

0.5 % 5-Brom-4-chlor-3-indoylphosphat 01lg
Dimethylformamide 100 mL

Biopsy lysis buffer
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10 mM Tris/HCl pH 8.0 (1 M stock) 2 mL
50 mM KCI (1 M stock) 10 mL
0.5 % NP-40 (10 % stock) 10 mL
0.5 % Tween (10 % stock) 10 mL
ad ddH,0 200 mL
Colloidal Coomassie G-250 staining solution
0.02 % Coomassie Brilliant Blue - G250 04¢g
5 % aluminium-sulfate-(14-18)-hydrate 25¢g
10 % Ethanol (96 %) 50 mL
2 % orthophosphoric acid (85 %) 11.75 mL
ad ddH,0 500 mL
Flow wash buffer
D-PBS 450 mL
FCS 50 mL
Sodium azide 0.1 mL
LB medium
1 % Tryptone 10g
0.5 % Yeast extract 5g
0.5 NaCl 5g
ad ddH,0 1L
LB plates (Ampicillin)
LB medium 500 mL
1.5 % Agar 75¢g
100 pg/mL Ampicillin (20 mg/ml) 2.5mL
Microinjection buffer T1Eq 1
5 mM Tris-base (1 M) 40.85 plL
5 mM TRIS-acid (1 M) 209 puL
0.1 mM EDTA (5mM) 500 pL
Embryo-tested water 24.25 mL
NBT stock solution (10 x)
1 % Nitrotetrazolium Blue chloride 05¢g
0.1 M Tris-HCI, pH 9.5 50 mL
TAE buffer (50 x) for agarose gels
2 M Tris 2433 g
50 mM EDTA 146¢
ad ddH,0,, pH 8.5 1L

(used as 0.5 x TAE buffer for agarose gels)

Transfer buffer (semi-dry)

25 mM Tris 3.04¢g
19.2 mM Glycine 144¢g
20 % Isopropanol 200 mL
ad ddH,0, pH 8.3 1L

Tris-Tricin anode buffer A (5 x)
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0.2 M Tris 2423 g
ad ddH,0, pH 8.9 1L
Tris-Tricin cathode buffer C (5 x)

0.5 M Tris 60.57 g
0.5 M Tricin 89.59¢g
0.5 % SDS 5g

ad ddH,0, pH 8.6 1L
Tris-Tricin gel buffer (3 x)

3 M Tris 90.86 g
0.3 % SDS 0.75g
ad ddH,0, pH 8.45 250 mL
Tris-Tricin running gel (10 %)

10 % Acrylamid 10 mL
1 x Tris-Tricin gel buffer (3 x) 10 mL
ddH,0 6.2 mL
1 % Glycerol (87 %) 3.65 mL
0.05 % TEMED 15 L
0.05 % APS stock solution (10 %) 150 pL
Tris-Tricin sample buffer (4 x)

0.2 M Tris 121¢g
48 % Glycerol 24 mL
16 % SDS 88

0.4 M DTT 3.085¢g
0.04 % Coomassie-Brilliant-Blue R-250 0.02g
ad ddH,0, pH 6.8 50 mL
Tris-Tricin stacking gel

4 % Acrylamid 2mL

1 x Tris-Tricin gel buffer (3 x) 5mL
ddH,0 7.9 mL
0.067 % TEMED 10 pL
0.067 % APS stock solution (10 %) 100 pL

Table M 6: List of ingredients for self-made buffers.

5. Consumable material
Material Company

96-well plate round bottom, microtest plate

Sarstedt, Niirnbrecht, Germany

Acclaim PepMap100 C18.5 um, 100 A

LC Packings, Thermo Fisher Scientific, Darmstadt,
Germany

Butterfly needle

Dahlhausen, KéIn; Germany

Cell strainer (0.45 pm, 100 um)

Corning Incorporated (Falcon), Tewksbury, MA, USA
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Centrifugal filter Ultrafree, PFTE

Merck Millipore, Darmstadt, Germany

Crytubes 1.8 mL

Nunc, Roskilde, Denmark

CytoOne TC treated 48-well plates

StarLab, Hamburg, Germany

EDTA-Monovettes

Sarstedt, Niirnbrecht, Germany

Erlenmeyer flask, baffled

Schott, neolab, Heidelberg, Germany

Falcon tubes (15 and 50 mL)

Corning Incorporated (Falcon), Tewksbury, MA, USA

Flow cytometry tubes

Corning Incorporated (Falcon), Tewksbury, MA, USA

HisTrap excel column (Ni-Sepharose)

GE Healthcare, Freiburg, Germany

LoBind tubes

Eppendorf, Hamburg, Germany

NuPAGE Novex Bis-Tris Protein Gels

NuPAGE Novex, Life Technologies, Thermo Fisher
Scientific, Darmstadt, Germany

PepMap, 25 cm, 75 um ID, 2um/100 A pore size

LC Packings, Thermo Fisher Scientific, Darmstadt,
Germany

Pipette tips

Eppendorf, Hamburg, Germany

Pipettes (1, 2, 5, 10 and 25 mL)

Greiner Bio-One, Frickenhausen; Germany

Protein-A-Sepharose 4 Fast Flow coloumns

GE Healthcare, Freiburg, Germany

PVDF membrane Immobilon

Merck Millipore, Darmstadt, Germany

QiaShredder Columns

Qiagen, Hilden, Germany

gPCR plates 384 well

Thermo Fisher Scientific, Darmstadt, Germany

Reaction tubes (0.2, 0.5, 1.5 and 2 mL), sterile

Sarstedt, Niirnbrecht, Germany

Syringe (50 mL)

Braun, Melsungen; Germany

Tissue culture flasks (T25, T75, T175)

Greiner bio-one, Frickenhausen, Germany

Tissue Culture Plates, 24-well flat bottom

Corning Incorporated (Falcon) (#351147), Tewks-
bury, MA, USA

Tissue Culture Plates, 6-well flat bottom

Corning Incorporated (Falcon), Tewksbury, MA, USA

Whatman filter paper

Nunc, Roskilde, Denmark

Table M 7: List of consumable material.

6. Instruments

Instrument

Company

Agilent 2100 Bioanalyzer

Agilent Technologies, Santa Clara, CA, USA)

Akta pure 2511

GE Healthcare, Freiburg, Germany

autoMACS Pro Separator

Miltenyi Biotech, Bergisch-Gladbach, Germany

Automatic pipette Easypet

Eppendorf, Hamburg, Germany

BD LSR Fortessa

BD Biosciences, Heidelberg, Germany

Centrifuge 541R

Eppendorf, Hamburg, Germany

Centrifuge 5424R

Eppendorf, Hamburg, Germany

Centrifuge Megafuge 1R

Heraeus, Hanau, Germany

ChemoCam Imager for ECL Western Blot detection

Intas, Gottingen, Germany

Eppendorf BioPhotometer

Eppendorf, Hamburg, Germany

Eppendorf Centrifuge 5424 R

Eppendorf, Hamburg, Germany
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Eppendorf Centrifuge 5810R

Eppendorf, Hamburg, Germany

Eppendorf MasterCycler pro

Eppendorf, Hamburg, Germany

Eppendorf rotor A-4-81

Eppendorf, Hamburg, Germany

Fraction collector F9-R (Akta)

GE Healthcare, Freiburg, Germany

Gel imager system

Intas, Gottingen, Germany

Incubator

Heraeus, Hanau, Germany

Innova43 Incubator Shaker

New Brunswick Scientific, Eppendorf, Hamburg,
Germany

Liquid nitrogen tank LS6000

Tec-Lab GmbH, Taunusstein, Germany

LKexv 2600 MediLine (+ 4°C)

Liebherr, Biberach an der RiB, Germany

LTQ-Orbitrap XL

Thermo Fisher Scientific, Darmstadt, Germany

Magnetic stirrer RCT basic

IKA Werke, Staufen, Germany

Micro scale

MC1 Research, Sartorius, Gottingen, Germany

Microscope Axiovert 200M

Zeiss, Jena, Germany

Microscope Axiovert 25

Zeiss, Jena, Germany

MilliQ Advantage A10

Merck Millipore, Darmstadt, Germany

Mr. Frosty Freezing Container

Thermo Fisher Scientific, Darmstadt, Germany

Multichannel Pipettes

Eppendorf, Hamburg, Germany

NanoDrop 2000

Thermo Fisher Scientific, Darmstadt, Germany

Neubauer counting chamber

neolab, Heidelberg, Germany

PCR machine TC-412

Techne Inc, Burlington, NJ, USA

pH meter SenTix 81

WTW GmbH, Weilheim, Germany

Pipettes for disposable tips

Eppendorf, Hamburg, Germany

Power Supply Power Ease 300W

LifeTechnologies, Thermo Fisher Scientific, Darm-
stadt, Germany

Precision balance Kern 770

Kern & Sohn GmbH, Balingen, Germany

Premium Non-Frost, (-20 °C)

Liebherr, Biberach an der RiB, Germany

RSLC, Ultimate 3000

Dionex, Thermo Fisher Scientific, Darmstadt, Germa-
ny

Scie-Plas Semi-Dry Blotting Systems

Harvard Apparatus, Holliston, MA, USA

Shaker UnitWist RT

Uni-Equip, Martinsried, Germany

Sterile Hood Thermo Scientific Heraeus Laminar Flow

Thermo Fisher Scientific, Darmstadt, Germany

Thermo Shaker TS100

Kisker Biotech, Steinfurt, Germany

Thermomixer

Eppendorf, Hamburg, Germany

Tube Rotator

VWR International, Darmstadt, Germany

Ultra Low Temperature High Efficiency Freezer
U570HEF, (-80 °C)

New Brunswick Scientific, Eppendorf, Hamburg,
Germany

ViiA 7 Real Time PCR System

Applied Biosystems, LifeTechnologies, Thermo Fisher
Scientific, Darmstadt, Germany

Vortex Genie 2

Scientific Industries, Bohemia, NY, USA

Waterbath

Julabo, Seelbach, Germany

Xcell | Blot Module

Novex, LifeTechnologies, Thermo Fisher Scientific,
Darmstadt, Germany

Xcell Sure Lock Mini-Cell for protein electrophoresis
and Western Blotting

Novex, LifeTechnologies, Thermo Fisher Scientific,
Darmstadt, Germany

Table M 8: List of instruments.
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7. Software and databases

Name

Company/ source/ reference

Adobe lllustrator CS5

Adobe Systems Incorporated, San Jose, CA, USA

Adobe Photoshop CS5

Adobe Systems Incorporated, San Jose, CA, USA

Antibody Society

http://www.antibodysociety.org

BD FACS DIVA 7.0

BD Bioscienes, Heidelberg, Germany

BioGrid

http://thebiogrid.org; 223

ChemBioDraw Ultra 14.0

PerkinElmer, Waltham, MA, USA

ChemoStar

Intas, Gottingen, Germany

CRISPR Design Tool

http://crispr.mit.edu/
Zhang Lab, MIT 2015, MA, USA

DrugBank

http://www.drugbank.ca; 168

European Medicines Agency (EMA)

http://www.ema.europa.eu/ema/

Ensembl human database (Release 69;
100607 sequences)

http://www.ensembl.org/Homo_sapiens/Info/Index; 161

FlowJo Software

http://www.flowjo.com,
Tree Star, Ashland, OR, USA

Generic GO Term Finder

http://go.princeton.edu/cgi-bin/GOTermFinder; 166

GeneSpring software GX 12.5

Agilent Technologies, Santa Clara, USA

Google Patents

http://www.google.com/patents

GProx including Mfuzz package

http://gprox.sourceforge.net; ‘"

Immunology Link

http://www.immunologylink.com

LocTree3

https://rostlab.org/services/loctree2/; 7

Mascot (Matrix Science, Release number 2.4)

http://www.matrixscience.com/mascot_support_v2_4.html
Matrix Science Limited, London, UK

Microsoft Office 2011

Microsoft Corporation, Redmond, WA, USA

NCBI Gene Expression Omnibus (GEO)

http://www.ncbi.nlm.nih.gov/geo/; 169

PolyPhobius

http://phobius.sbc.su.se/poly.html; 172

Primer3web

http://primer3.ut.ee; -

Progenesis LC-MS software (version 4.0)

http://www.nonlinear.com/progenesis/qi-for-proteomics/
Nonlinear Dynamics, Durham, NC, USA

ProteomeXchange Consortium

http://www.proteomexchange.org; 9

PubMed

http://www.ncbi.nIm.nih.gov/pubmed

gPrimerDepot

https://primerdepot.nci.nih.gov

R including gplots package

https://www.R-project.org/; 173

REVIGO

http://revigo.irb.hr; 167

UniProtKB/Swiss-Prot

http://www.uniprot.org; '

U.S. Food and Drug Administration (FDA)

http://www.fda.gov

Table M 9: List of software and databases.




Table of Figures 138
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Figure 1: Development and differentiation of the naive CD4" T cell and plasticity of T
helper cell subsets.

Figure 2: Balance of the immune system.

Figure 3: Cell surface glycoprotein labeling via PAL (periodate oxidation and aniline cata-
lyzed oxime ligation) technique.

Figure 4: Workflow for the generation of the cell surface atlas of human naive and
activated CD4" T cells.
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Figure 9: Decision Tree for the analysis of qLC-MS/MS-derived data to assemble the cell
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Figure 11: Unsupervised clustering and Gene Ontology enrichment analysis of the cell
surface proteins of human naive and activated CD4" T cells, identified by PAL-qLC-
MS/MS.

Figure 12: Cell surface proteins exhibiting the highest protein abundance (PAL-g-LC-MS/MS)
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Figure 13: Dynamic expression profiles of selected cell surface proteins not co-cited with T
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Figure 14: Expression validation of selected cell surface proteins not co-cited with T cell
biology so far.

Figure 15: Unsupervised cluster analysis of the cell surface proteins of human naive and
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Figure 16: Comparison of PAL-qLC-MS/MS and flow cytometry screening panel results.

Figure 17: Decision Tree for the identification of cell surface protein-coding transcripts from
the genome-wide transcriptomic microarray analysis.

Figure 18: GO term enrichment analysis of transcripts coding for cell surface- and plasma
membrane proteins from the genome-wide microarray expression analysis.

Figure 19: Gene expression analysis of transcripts coding for cell surface- and plasma
membrane proteins.

Figure 20: The surface atlas of human naive and activated CD4" T cells.
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analysis of the combined omics datasets.

Figure 22: Correlation of proteomic (PAL-gLC-MS/MS) to transcriptomic results (microarray
expression analysis).

Figure 23: Expression patterns (1) of solute carrier (SLC) transporters obtained via genome-
wide microarray analysis (A) and PAL-qLC-MS/MS (B).

Figure 24: Expression patterns (2) of solute carrier (SLC) transporters obtained via genome-

wide microarray analysis (A) and PAL-qLC-MS/MS (B).
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in vitro transcription.
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Abbreviations

Abbreviation

Description

°C degree Celsius

2D 2-dimensional

A Ampere

A Angstrom

ABC activated B cell

Abu alpha butyric acid

AC accession

AD atopic dermatitis

ADP adenosine diphosphate
AHR aryl hydrocarbon receptor
AIRE autoimmune regulator
AIT allergen immunotherapy
AML acute myeloid leukemia
AP alkaline phosphatase
APC antigen presenting cell

APC (antibody conjugate)

allophycocyanin

APS

ammoniumpersulfate

AS ankylosing spondylitis
ATP adenosine triphosphate
autoMACS automated MACS
Bcl-6 B cell lymphoma 6 protein
BCR B cell receptor
BMMC bone marrow nuclear cells
bp base pair
BV brilliant violet
chromosomal open reading frame 54 on chromosome 16 coding for trans-
cl6orf54 membrane protein c16o0rf54
Cas9 CRISPR-associated protein (RuvC and HNH type nuclease domains)
CcD cluster of differentiation
cDNA complementary DNA
CLL chronic lymphocytic leukemia
CLP common lymphoid progenitor
CRISPR Clustered Regulatory Interspaced Short Palindromic Repeats
CSPA cell surface protein atlas
CTLA-4 cytotoxic T-lymphocyte-associated protein 4
cv column volume
D donor
D-PBS Dulbecco’s phosphate buffered saline
Da Dalton
DC dendritic cell
DEPC diethylpyrocarbonate
DLBCL diffuse large B cell lymphoma
DMEM Dulbecco’s modified eagle medium
DMSO dimethyl sulfoxide
DN double negative
DNA deoxyribonucleic acid
dNTP deoxy-nucleoside triphosphate
DP double positive




Abbreviations

142

DSB Double strand breaks

DTT dithiothreitol

e.g. exempli gratia=for example

EAACI European Academy of Allergy and Clinical Immunology
EB elution buffer

ECL enhanced chemiluminescent

EDTA ethylendiamintetraacetate

EFNB ephrin

ELISA enzyme-linked immunoassay

EMA European Medicines Agency

ENST ensemble transcript

ERK extracellular-signal-regulated kinase
etal. et alli=and others

EVI ecotropic viral integration site

Fab fragement antibody binding

FCS fetal calf serum

FDA Food and Drug Administration
FFAR3 free fatty acid receptor 3

Fig. figure

FITC fluorescein isothiocyanate

Foxp3 forkhead box P3

FT flow through

g gram

gx g force

G418 Geneticin

GATA trans-acting T-cell-specific transcription factor
GCB germinal center B cell

GEO Gene Expression Omnibus

GFP green fluorescent protein

GO Gene ontology

GProx The Graphical Proteomics Data Explorer
gRNA guide RNA

h hour

H+L heavy and light chain

HEK human embryonic kidney

HLDA human leukocyte differentiation antigens
HR Homologous recombination

HRP horse radish peroxidase

IBD inflammatory bowel disease

ICOS inducible T-cell costimulator

IDG Institute of Developmental Genetics, Helmholtz Center Munich
IDG Institute of Developmental Genetics
IFN interferon

Ig immunoglobulin

IL interleukin

ILC innate lymphoid cell

IMI Institute of Molecular Immunology
IP immunoprecipitation

IRF-4 interferon regulatory factor 4

ISH in situ hybridization

k kilo

kb Kilo base pair

KO knockout

L liter

lacz gene encoding beta-galactosidase
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LB Lysogeny Broth

LC-MS liquid chromatography — mass spectrometry
LDS (sample buffer) lithium dodecyl sulfate

m milli

M molar

mAB monoclonal antibody

MACS magnetic activated cell sorting
MALDI-TOF matrix-assisted laser desrption/ionization — time of flight
MAP mitogen-activated protein kinase

MFI mean fluorescence intensity

MHC major histocompatibility complex

min minute

miRNA micro RNA

MM multiple myeloma

MOPS 3-Morpholinopropane-1-sulfonic acid
MS mass spectrometry

ms multiple sclerosis

n nano

n/a not available

NCBI National Center for Biotechnology Information
NEB New England Biolabs

NF1 neurofibromin 1

NHEJ non-homologous end joining

NK natural killer

NKT natural killer T

NMO neuromyelitis optica

Notch neurogenic locus notch homolog protein 1
NPTN neuroplastin

Ova Ovalbumin

p value probability

PA psoriatic arthritis

PAGE polyacrylamide gel electrophoresis
PAL-GLCMS/MS Eive liquid chromatography tandern mass spectrometry. o
PAM Protospacer adjacent motif

PAMP pathogen-associated molecular patterns
PBMC peripheral blood mononuclear cells

PCA principal component analysis

PCR polymerase chain reaction

PE phycoerythrin

Pen/Strep Penicillin/Streptomycin

PerCPCy5.5 Peridinin chlorophyll protein

pH potential hydrogen

Pl propidium iodide

PI3-K phosphatidyl-inositol-3-kinase

PKP plakophilin

pTreg peripheral derived regulatory T cell
PVDF polyvinylidenfluorid

qPCR quantitative PCR

R receptor

RA rheumatoid arthritis

Rag recombination-activating gene

Ras rat sarcoma

RAST radio-allergen-sorbent-test

RefSeq

reference sequence




Abbreviations

144

REVIGO reduce and visualize gene ontology
RIN RNA Integrity Number

RNA ribonucleic acid

RNF ring finger protein

RORC2 RAR-redated orphan receptor

RPMI Roswell Park Memorial Institute medium
RRms relapsing remitting multiple sclerosis
RSLC rapid separation liquid chromatography
RT room temperature

RUNX1/AML1 runt-related transcription factor 1/ acute myeloid leukemia 1 protein
s second

SAIL surface antigen in leukemia

SDS sodium dodecyl sulfate

Sf9 Spodoptera frugiperda

sgRNA single guideRNA

SLC solute carrier

SN supernatant

SP single positive

STAT signal transducer and activator of transcription
T-bet T-box transcription factor TBX21
Tcm central memory T cell

TCR T cell receptor

TE Tris-EDTA buffer

Tem effector memory T cell

TEMED tetramethlethylednediamine

Tfh follicular T helper

TGF-B transforming growth factor beta

Th T helper

Tm melting temperature

™ transmembrane

TMB 3,3',5,5'-Tetramethylbenzidin
TMEM transmembrane protein

TMH transmembrane helix

TNFR tumor necrosis factor receptor
TNFa tumor necrosis factor alpha

Trl T regulatory type 1

Treg regulatory T cell

Tris Tris(hydroxymethyl)aminomethane
Trm tissue resident memory T cell

tTreg thymically derived regulatory T cell
u unit

UniProt_SL UniProt Subcellular Localization
UniProtkB UniProt Knowledge Base

\Y Volt

WB Western Blot

U micro
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Poster presentation at the Meeting of the International Allergy and Immunology Taskforce in
Neuherberg, Germany

Title: “Naive T cell surface proteome”

Feb 2014:

Oral presentation at the 12" EAACI Immunology Winter School 2014 in Brasov, Romania
Title: “The surfaceome of naive T cells: Transcriptional and translational library of the naive T
cell surface”

Poster presentation at the 7" <interact> Symposium 2014 in Munich, Germany

Title: “Transcriptional and translational library of the naive T cell surface - an advanced view
on the early activation process”

Mar 2014:

Oral presentation at the 26" DGAKI Annual Allergy Workshop 2014 in Mainz, Germany
Title: “The surface library of naive T cells - an advanced view on the early activation process”
Sep 2014:

Poster presentation at the 44™ Annual Meeting of the DGfl 2014 in Bonn, Germany

Title: “Applying a systems biologic approach to identify new cell surface markers on naive T
cells potentially involved in the early time window of T cell differentiation”

Oct 2014:

Poster presentation at the 13" Human Proteome Organization World Congress 2014 in Ma-
drid, Spain

Title: “The surfaceome of naive T cells — a proteomic systems approach to identify new cell
surface markers in early T cell activation”

Feb 2015:

Poster presentation at the 13" EAACI Immunology Winter School 2015 in Les Arcs 1800,
France

Title: “The cell surface atlas of human naive CD4" T cells - reference book for monitoring T

cell activation”
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Mar 2015:

Poster presentation at the WIRM IX 2015 in Davos, Switzerland

Title: “The human naive CD4" T cell surface atlas - a reference book for early T cell activa-
tion”

Jun 2015:

Poster and Oral presentation at the EAACI Congress 2015 in Barcelona, Spain

Title: “Identification of new cell surface proteins on human naive CD4" Tcells potentially in-
volved in the early T-cell activation”

Aug 2015:

Invitation as speaker for the group seminar of AG Dr. Carolin Daniel (Immunological toler-
ance in Type 1 Diabetes, Institut fir Diabetesforschung, Helmholtz Center Munich) in Neu-
herberg, Germany

Title: “Generation of the cell surface atlas for human naive and activated CD4" T cells”

Feb 2016:

Poster presentation at the 14™ EAACI Immunology Winter School 2016 in Cortina d’ Ampez-
zo, ltaly

Title: “Solute Carrier (SLC) Transport Proteins Are Diversely Expressed On The Surface Of
Human Naive CD4" T Cells During Early T Cell Activation”

Mar 2016:

Oral presentation at the 28" DGAKI Annual Allergy Workshop 2016 in Mainz, Germany
Title: “Solute Carrier (SLC) transport proteins — early triggers during the activation of human

naive CD4" T cells?”
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Scholarships, Grants and Awards

Scholarship: Fully funded PhD student position of HELENA Graduate School (international
application round of HELENA 2012 - Helmholtz Center Munich) for 3 years (Jan 2013-Jan
2016)

Grant: Travel Grant for the 12" EAACI Immunology Winter School 2014 in Brasov, Romania
Grant: Travel Grant for the 13™ Human Proteome Organization World Congress 2014 in Ma-
drid, Spain

Award: Poster Prize at the 13" EAACI Immunology Winter School 2015 in Les Arcs 1800,
France

Scholarship: Congress Scholarship for the EAACI Congress 2015 in Barcelona, Spain

Award: Poster Prize at the 14™ EAACI Immunology Winter School 2016 in Cortina d’ Ampez-

zo, ltaly
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Figure A 1: REVIGO Treemaps of GO term enrichment analysis of PAL-qLC-MS/MS results — Cluster 1. Proteins
identified via PAL-qLC-MS/MS were grouped into three different GProx clusters and analyzed via GO term en-
richment analysis (GProx membership value > 0.6). The GO terms (biological processes) were summarized by
using REVIGO and visualized as treemaps. Each rectangle can be seen as a single representative of an enriched
GO term. The single repre-sentatives are joined into “superclusters” of terms, which are loosely related, shown
in dif-ferent colors. The adjusted size of the rectangles reflects the p-value of the GO term in the underlying
GOA database.
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Figure A 2: REVIGO Treemaps of GO term enrichment analysis of PAL-qLC-MS/MS results — Cluster 2. See
figure text of Figure AL
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Figure A 3: REVIGO Treemaps of GO term enrichment analysis of PAL-gLC-MS/MS results — Cluster 3. See
figure text of Figure AL
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1 1
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Promoter-Driven Cassette
(L1L2_Bact_P)

Figure A 4: Targeting vector for the production of Al467606_KOfirst. Sperm from mice, which were genetically
modified with this targeting vector for the generation of the mutant mouse line Al467606_KOfirst, was pur-
chased from Baylor College, Houston, TX, USA. (1=5" UTR, FRT=flippase (FLP) recognition site, En2A=splice ac-
ceptor, IRES=internal ribosomal entry site, lacZ=lacZ reporter gene, pA=polyadenylation signal, loxP=Cre re-
combinase acceptor site, hBactP=autonomous promoter, neo=neomycin resistance gene, 2=coding exon) (©
2016 IMPC - International Mouse Phenotyping Consortium)
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Figure A 5: Agarose gel of lacZ genotyping of Al467606_KOfirst mice. The products of the genotyping PCR for
the 15 different mice of the line Al467606_KOfirst (including one negative and one positive control) were load-
ed on an agarose gel to check which of the mice carries the recombined sequence of the targeting vector. The
band with the correct size for the lacZ amplicon is 950 bp long. The Mice 4, 6, 7, 8, 9, 11, and 15 showed the
mutant genotype for the mouse line Al467606_KOfirst.
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Supplement

The supplemental figures and tables are recorded on the attached DVD.

Supplemental Figure S1: Spectra of manual annotation of one-peptide hits.™’

Supplemental Table S1: PAL-qLC-MS/MS: Peptide identification for Trypsin and PNGase F
digested samples.*’

Supplemental Table S2: PAL-qLC-MS/MS: Protein identification for Trypsin and PNGase F
digested samples.*”’

Supplemental Table $3: Bioinformatics analysis of the transcriptomic datatset.*>’
Supplemental Table S4: GProX membership values of all proteins identified via PAL-gLC-
MS/MS to the respective clusters.’’

Supplemental Table S5: GProX membership values of all proteins identified via flow cytome-
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try surface screening to the respective clusters.’



