UNIVERSITAT ZU LUBECK

From the Institute of Anatomy
of the University of Lubeck
Director: Prof. Dr. med. Jurgen Westermann

“Analyzing the dynamics of the T cell receptor repertoire

within different compartments of the murine spleen”

Dissertation
for Fulfillment of
Requirements
for the Doctoral Degree
of the University of Libeck

from the Department of Natural Sciences

Submitted by
Lisa-Kristin Schierloh

from Elmshorn

Lubeck 2023



First referee: Prof. Dr. med. Jirgen Westermann
Second referee: Prof. Dr. med. vet. Jennifer Hundt

Date of oral examination: 21.10.2024

Approved for printing. Libeck, 25.10.2024



Abstract

Effective humoral immunity is ensured by the tightly regulated interaction between T and B
lymphocytes at different sites within secondary lymphoid organs (SLOs). Accordingly, the
diversity of the local T cell receptor repertoire (TCR-R) has major effects on the immune
response, as the highly variable T cell receptor (TCR) determines the T lymphocyte’s
specificity. However, little is known about the definite distribution of the TCR-R at these sites
of interaction and its implications for a T cell dependent B cell response since recent research
mainly dealt with the analysis of blood or whole SLOs instead of their distinct compartments.
Hence, we asked if the TCR-Rs of T cell zone (TCZ) and B cell zone (BCZ) already differ at
the naive state and whether this affects the reaction to a blood-born antigen. Since antigen
challenge results in the development of germinal centers (GCs), we further asked if the TCR-R
of T follicular helper (Tfh) cells as characteristic T lymphocyte subset within this compartment
holds special features and can also be exchanged between compartments. Aside from this,
we monitored the current sleep status as further aspect that might have an effect on the
underlying TCR-R as well as the predominant milieu. We therefore combined the precise
isolation of TCZ, BCZ and GC from splenic cryosections of C57BL/6J mice by laser
microdissection and deep sequencing of the CDR3 region of the TCR, both under steady-
state conditions and after injection of sheep red blood cells (SRBC).

Analysis of the TCR-R within splenic TCZ and BCZ in unimmunized mice revealed that though
the BCZ only harbors about 7 % of T lymphocyte numbers compared to those in the TCZ, they
give rise to approximately 16,000 different TCR clonotypes (i.e. one third of TCZ clonotype
numbers). The majority of these clonotypes is showing “public” characteristics while a minority
present in fractions of highest copy number is holding more “private”-like features. Challenging
the TCR-R of both compartments by injection with SRBC results in the induction of a “private”
immune response with accumulating antigen-specific clonotypes displacing the former
dominating naive rather “public” ones. Though starting on different levels, this shifting effect
can be similarly seen for the TCR-R of both TCZ and BCZ. During the peak of reaction 7 days
post immunization, Tth cells within the GC hold several thousands of antigen-specific “private”
clonotypes. We did not only find the majority to proliferate but also detected Tth cells with same
TCR sequences in compartments proximal to the GC of origin as well as in distantly located
TCZ and BCZ and even in another GC. Accordingly, these antigen-specific Tth cells are likely
able to migrate between anatomical locations by entering into circulation, thus shaping the
underlying TCR-R and facilitating an effective immune response. However, short-term sleep
deprivation did not affect the afore analyzed parameters of the TCR-R though sleep restriction
dampened the immunization-induced increase in the expression of genes associated with T

cell signaling, cell adhesion, and thus cell trafficking during the peak of GC reaction.




Taken together, we for the first time revealed an extensive insight into the TCR-R distribution
within the splenic compartments by using an in-depth analysis tool. The knowledge we gained

can be of consequence for further investigations regarding the biological role of the TCR-R.




Zusammenfassung

Effektive humorale Immunitat wird gewahrleistet durch die streng regulierte Interaktion
zwischen T- und B-Lymphozyten an verschiedenen Stellen innerhalb sekundar lymphatischer
Organe (SLOs). Demzufolge hat die Diversitét des lokalen T-Zellrezeptor-Repertoires grof3en
Einfluss auf die Immunantwort, da der hoch variable T-Zellrezeptor die Spezifitat der
T-Lymphozyten bestimmt. Uber die genaue Verteilung des T-Zellrezeptor-Repertoires an
diesen Interaktionsorten und seine Auswirkungen auf eine T-Zell abhangige B-Zellantwort ist
jedoch wenig bekannt, da sich bisherige Analysen hauptséchlich mit Blut oder ganzen SLOs
anstelle einzelner Kompartimente befasst haben. Deshalb haben wir uns gefragt, ob sich das
T-Zellrezeptor-Repertoire der T-Zellzone und B-Zellzone bereits im naiven Zustand
unterscheidet und ob dies die Reaktion auf ein Antigen beeinflusst. Da die Konfrontation mit
einem Antigen in der Entstehung von Keimzentren resultiert, haben wir uns dartiber hinaus mit
der Frage beschaftigt, ob das T-Zellrezeptor-Repertoire von follikularen T-Helferzellen
(Tfh-Zellen) als charakteristische T-Lymphozytensubpopulation in diesem Kompartiment
besondere Eigenschaften aufweist und auch zwischen Kompartimenten ausgetauscht werden
kann. Zusatzlich haben wir den Schlafstatus als weiteren Faktor untersucht, der einen Effekt
auf das zugrundeliegende T-Zellrezeptor-Repertoire sowie das vorherrschende Milieu haben
kann. Hierfir kombinierten wir die préazise lIsolation von T-Zellzone, B-Zellzone und
Keimzentrum von  Gefrierschnitten der Milz von C57BL/6J-Mausen  mittels
Lasermikrodissektion und die Sequenzierung der CDR3pB-Region des T-Zellrezeptors —
sowohl unter naiven Bedingungen als auch nach der Injektion von ,sheep red blood cells*
(SRBC).

Die Analyse des T-Zellrezeptor-Repertoires von T-Zellzone und B-Zellzone der Milz
unimmunisierter Tiere ergab, dass die B-Zellzone, obwohl sie im Vergleich zur T-Zellzone nur
ca. 7 % der Anzahl an T-Lymphozyten enthalt, ungefahr 16.000 verschiedene T-Zellrezeptor-
Klonotypen beinhaltet und somit ein Drittel der Klonotypenanzahl der T-Zellzone. Die Mehrheit
dieser Klonotypen zeigt sogenannte ,public Charakteristika, wahrend eine Minderheit in
Fraktionen hochster Kopienanzahl eher ,private“-&hnliche Merkmale aufweist. Die
Konfrontation des T-Zellrezeptor-Repertoires beider Kompartimente mit der SRBC-Injektion
bewirkt die Induktion einer ,private® Immunantwort, bei der akkumulierende Antigen-
spezifische Klonotypen die zuvor dominierenden naiven, eher ,public’ Klonotypen verdrangen.
Obwonhl das Ausgangslevel unterschiedlich ist, kann dieser Umverteilungseffekt sowohl beim
T-Zellrezeptor-Repertoire der T-Zellzone als auch in der B-Zellzone beobachtet werden.
Wahrend des Reaktionshéhepunkts sieben Tage nach Immunisierung weisen die Tfh-Zellen
im Keimzentrum mehrere Tausend Antigen-spezifische ,private” Klonotypen auf. Wir konnten
nicht nur zeigen, dass die Mehrheit proliferiert, sondern entdeckten auch Tfh-Zellen mit

gleichen T-Zellrezeptor-Sequenzen in Kompartimenten nahe des Ausgangskeimzentrums




sowie in entfernt liegenden T-Zellzonen und B-Zellzonen und sogar in anderen Keimzentren.
Somit scheinen diese Antigen-spezifischen Tfh-Zellen die Fahigkeit zu besitzen, durch Eintritt
in die Zirkulation zwischen anatomischen Orten zu migrieren und auf diese Weise dort das
zugrundeliegende T-Zellrezeptor-Repertoire zu formen und eine effektive Immunantwort zu
fordern. Einen Einfluss von kurzzeitigem Schlafentzug auf die zuvor analysierten Parameter
des T-Zellrezeptor-Repertoires konnten wir allerdings nicht feststellen, obwohl
eingeschrankter Schlaf den Immunisierungseffekt auf die Expression von Genen, welche in
T-Zellsignaling, Zelladhdsion und somit Zellwanderung involviert sind, am Héhepunkt der

Keimzentrumsreaktion abschwacht.

Zusammengefasst konnten wir mithilfe unserer detaillierten Analyse zum ersten Mal einen
umfangreichen Einblick in die Verteilung des T-Zellrezeptor-Repertoires innerhalb der
Kompartimente der Milz liefern. Dieses Wissen kann fur weitere Untersuchungen in Bezug auf
die biologische Rolle des T-Zellrezeptor-Repertoires von grundlegender Bedeutung sein.
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1. Introduction

1.1. The immune system

The immune system is the body’s defense against invading pathogens like e.g. bacteria and
viruses, as well as other harmful foreign substances, thereby also functioning as a control
machinery for own tissues to prevent abnormal cell growth. Thus, a complex network of
specialized cells, tissues and organs executes a series of coordinated events to both protect
the individual against disease and to prevent the loss of self-tolerance. These main tasks
involve recognizing potentially infectious agents, fulfilling effector functions to eliminate the
infection, regulating the immune response to prevent overflowing reactions and building
memory for long-lasting protective immunity. Accordingly, the immune system comprises two
specialized domains that successively take effect as defense mechanism: the innate and the
adaptive immune system [1-3].

Physical and chemical barriers like skin and oral or intestinal mucosa form the first line of
defense against invading pathogens. Once the barriers are overcome, they are faced with
components of the complement system as well as macrophages and neutrophils that sense
characteristic surface patterns (i.e. pathogen-associated molecular patterns) and start to lyse
or phagocytize the foreign agents, respectively. Hence, inflammation is induced by secretion
of cytokines or complement fragments that enables the extravasation of further immune cells
into the infected tissue. Innate immunity starts immediately after infection, but its wanting
specificity faces the problem of missing certain pathogens that are not sensed by the pattern

recognition receptors of rudimentary immune cells [1-3].

This is the timepoint where the adaptive immune system comes into play. Although it takes
days to successfully initiate this defense mechanism, it scores with its efficient recognition of
antigens by specific lymphocyte receptors. The adaptive immune system thus mainly consists
of two types of lymphocytes that represent cellular and humoral immunity, respectively: T cells
that function by direct cell contacts and B cells that produce antibodies to fight against
infections. T lymphocytes are unable to detect antigens themselves, thus requiring the
presence of antigen presenting cells (APCs) like dendritic cells (DCs) or B lymphocytes. DCs
ingest antigen and present peptide fragments on their major histocompatibility complex (MHC).
By getting in touch with T cells that recognize the presented peptide with their cognate T cell
receptor (TCR), the APC initiates the lymphocyte’s activation. Activated T lymphocytes then
start to expand and become effector cells after second antigen encounter. Depending on their
differentiation, these effector T cells are either able to directly eliminate virus-infected cells or
to activate macrophages or B lymphocytes to disarm bacteria or produce antigen-specific
antibodies, respectively. Accordingly, one of the fundamental components of adaptive

immunity is the T cell dependent B cell response that relies on the complex interplay between




T and B cells. This effective interaction takes place in secondary lymphoid organs (SLOSs),
which serve as gathering places for immune cells and antigens, thus facilitating the generation

of effective immune responses [1-3].
1.1.1. The spleen as SLO

SLOs including lymph nodes, Peyer’s patches, tonsils, and the spleen, are structures
organized to generate and coordinate immune responses by accumulation of lymphocytes and
presentation of encountered antigen. While Peyer's Patches function to mount effective
immune responses against pathogens invading the gastrointestinal tract, tonsils build a
defense against ingested or inhaled pathogens. Furthermore, lymph nodes are distributed
along the whole body and served by lymphatic vessels, thus covering the interception of
antigens present in the tissue of their respective drainage area [2-5]. The spleen, known as
the largest contiguous SLO, scans the blood for foreign pathogenic antigens and abnormal
cells that have entered via the splenic artery located directly below the capsule [6, 7]. It is
arranged of two functional regions, the red and the white pulp. While the red pulp functions to
filter and remove damaged blood cells, the white pulp harbors different types of lymphocytes
that are compartmentalized in anatomically distinct areas. T lymphocytes are mainly centered
around a central arteriole, thus forming a compartment named as periarteriolar lymphoid
sheath (PALS). This T cell zone (TCZ) is surrounded by accumulating B lymphocytes that form
several follicles. During an ongoing immune response, the interaction of T and B cells gives
rise to another, well-organized compartment within the B cell follicle, the germinal center (GC).
The marginal zone that aside from B lymphocytes also contains specialized macrophages,
forms the border between red and white pulp and hence represents a transition between the

innate and the adaptive immune system [3, 4].
1.1.2. The T cell dependent B cell response

The T cell dependent B cell response is a complex and tightly regulated process that involves
several distinct phases of antigen presentation and cell interaction. It is targeted on the
production of extremely effective antibodies to fight infections. Furthermore, a second hallmark
is the ability for creating immunological memory, i.e. resting memory T and B lymphocytes that

speed up a secondary immune response when re-encountering their antigen [1, 8].

Naive T lymphocytes circulate via the blood stream in search of their specific antigen, thereby
continuously entering SLOs and scanning DCs in the TCZ. These immune cells are able to
take up and process antigen, subsequently presenting small peptide fragments on their MHC
class Il molecules. Upon encountering with DCs, the engagement of the TCR with the cognate
peptide-MHC complex (pMHC) triggers T cell activation, that is further facilitated by various
co-stimulatory molecules. Once activated, antigen-specific T lymphocytes that bear cluster of

differentiation (CD) 4 co-receptor undergo clonal expansion and differentiation into different




subsets. Activated T cells may either leave the SLO and adopt effector functions in peripheral
tissues upon secondary encounter or they stay to interact with B lymphocytes. Like DCs,
B cells are also able to take up, process and present antigen. In the B cell follicle, they take up
unprocessed foreign antigen that is presented by follicular dendritic cells (FDCs) or a
specialized subtype of macrophages residing e.g. in splenic marginal sinus, and express the
peptide fragments on their MHC class Il molecules. When relocated to the TCZ border, the
B lymphocyte might thus cause a secondary contact between the activated T cell and its
cognate antigen, finally inducing the differentiation into an effector T cell. This lymphocyte in
turn produces cytokines that activate the respective B cell to proliferate, thus becoming either
a short-lived plasma cell in extrafollicular foci or returning to the B cell zone (BCZ) to induce
the development of secondary lymphoid follicles with GCs. During the precise coordinated
machinery of the GC reaction, B cells are forced to become high-affinity antibody producing
plasma cells or memory B cells. In this process, a specialized subtype of CD4* T lymphocytes
takes over critical functions and will be examined more closely in section 1.3.1: T follicular
helper (Tth) cells [1, 2, 8, 9].

1.2. T lymphocytes

T cells play a pivotal role in adaptive immune responses, orchestrating a diverse array of
immune reactions against pathogens, tumors, and self-antigens. Their function is based on

their uniqgue, membrane bound TCR [2].
1.2.1. The T lymphocyte receptor

The T lymphocyte’s antigen receptor is a highly variable heterodimer consisting of an a and a
B polypeptide chain that are linked by a disulfide bond (Figure 1A). A minority of T cells are
also bearing an alternative heterodimeric receptor built by y and & chains, but in this study we
will only focus on a: TCRs [1, 2]. Each TCR chain consists of an amino-terminal variable
region (i.e. the site of antigen-recognition) and a constant region that segues into stalk segment
and transmembrane region to finally end in a short cytoplasmatic tail. Contrary to the B cell
receptor (BCR), the TCR does not bind antigen by itself. It requires the presentation of
processed short antigenic peptide fragments on MHC molecules on the surface of APCs. As
the TCR recognizes features of both presented antigenic peptide and MHC complex, its
specificity is determined by this unique combination. The domain by which the TCR contacts
both components is termed complementary determining region (CDR) 3. This hypervariable
region is one of the key determinants of TCR diversity and arises from the random
recombination of certain gene segments during T cell development. Whereas two additionally
CDRs (CDR1 + CDR2) are completely coded by the variable (V) gene segment and primarily
interact with the MHC complex, the CDR3 domain spans the joining region of V, diversity (D)

and joining (J) gene segment, with the D segment only occurring in the B chain. These DNA




fragments are multiply encoded in the respective chain locus and are randomly rearranged
during a process called somatic recombination (Figure 1B) [1, 2, 10]. For the B chain, RAG
(i.e. recombination-activating gene) enzymes first catalyze the combination of D and J gene
segment to which in two consecutive steps a V and a constant (C) segment are added. In the
a chain, V and J segment are directly combined without further placing a D segment in
between. At the segment joining side, additional nucleotides can be inserted or deleted, thus
further increasing the variability of the resulting TCR chain [1, 2]. Together with the combination
of aand 8 chain, this process during T cell development results in a huge diversity of potentially
generated TCR sequences that are theoretically said to reach more than 10*° unique TCRs,
with only about 2 x 107 or 2 x 10° being simultaneously realized in a human’s or mouse’s

repertoire, respectively [10-12].

A B
Vo Vg Vi Dy Jg CyDy Jg Gy
A 1 I A 1
}0 f L I e O s B 1 |
o
3 _"'"'“:I:"_ :I:"_ —
] w mm— i 5| mw I 11 = Lo . [
Jo Jp
CB \\‘\ c [',?Rs l /,c ;/.
\ ¥ 4
— Vg Jo — Cp
N N
TCR, TCR,

Figure 1. Structure and development of the TCR.

(A) The T cell receptor (TCR) consists of two polypeptide chains, mostly a and B chain. Each chain is composed
of a constant and a variable part that is assembled out of single segments. (B) During somatic recombination in
a T cell's maturation process, these variable (V), diversity (D), joining (J) and constant (C) segments that are
multiply encoded on the respective gene locus, are randomly rearranged and additional nucleotides (N) inserted
or deleted at the joining sites. The thusly hypervariable complementary determining region 3 (CDR3) that spans
this joining region likely determines TCR specificity. Scheme exemplarily illustrates development of TCRp chain,
following graphical layout of [13].

1.2.2. Development and differentiation of T lymphocytes

The development of the TCR repertoire (TCR-R) occurs within the thymus, a specialized
primary lymphoid organ [3]. T lymphocyte progenitors without expressed co-receptors
developed from hematopoietic stem cells in the bone marrow migrate here for primary
maturation. After TCR generation, T cells further undergo a series of distinct selection
processes, termed positive and negative selection, which shape the functional repertoire of

mature T cells [14]. Positive selection ensures that T cells expressing TCRs with moderate




affinity for self-MHC molecules survive, while those with insufficient or excessive affinity are
eliminated. This applies to T lymphocytes expressing both co-receptors CD4 and CD8, i.e.
representing a double positive state. In addition, a first lineage commitment of these cells takes
place. There are two classes of MHC molecules that differ in both structure and expression,
resulting in a MHC restriction for the respective TCR and a single positive state of the
lymphocyte. Accordingly, CD4* T cells are specific for MHC class Il molecules while CD8*
T cells interact with MHC class | molecules [1, 2]. As a hext step, negative selection eliminates
T cells with high affinity for self-antigens presented by self-MHC molecules, preventing the
development of autoimmune responses and thus maintaining self-tolerance [14]. Taken
together, these selection processes ensure that the mature T cell repertoire is diverse, self-
tolerant, and capable of mounting effective immune responses against foreign pathogens. The
thusly formed naive T lymphocytes are able to leave the thymus and migrate to SLOs for
encountering antigen and further differentiation [1, 3].

As mentioned above, during maturation two types of naive T lymphocytes are generated: CD4*
T helper (Th) cells and CD8* cytotoxic T cells. Cytotoxic T cells interacting with MHC class |
molecules expressed on all cells bearing a nucleus are especially responsible for eliminating
virus-infected and tumor cells and play a critical role in cell-mediated immunity. They are armed
with the ability to directly kill infected or cancerous cells through the release of cytotoxic
molecules such as perforin and granzymes [1-3]. On the other hand, Th cells that only
recognize antigenic peptides presented by MHC class Il molecules expressed on a specialized
type of cells, i.e. APCs like DCs and B cells, mainly take over help functions for other immune
cells like macrophages or B lymphocytes [1-3]. The CD4* Th cells can further differentiate into
various functional subsets, including amongst others Thl, Th2, Th17, and regulatory T (Treg)
cells (Figure 2) [15-18]. These subsets exhibit unique cytokine profiles and effector functions,
enabling tailored immune responses to combat specific pathogens. Factors affecting the
differentiation of CD4* T lymphocytes into the different subsets are said to be both the cytokine
milieu during activation and the TCR signaling strength [19-22]. Although these lymphocytes
are producing different kinds of cytokines themselves, they retain a certain type of plasticity
that allows them to take over features of other lineages [15, 21-23]. Of particular importance
within the CD4" T cell lineage are Tth cells, which play a crucial role during the GC reaction in

the T cell dependent B cell response [23].
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Figure 2: CD4* T lymphocyte subsets.

Upon activation, lineage commitment of CD4* T lymphocytes takes place. Depending on the predominant
cytokine milieu, T cells differentiate into subsets that are characterized by both specific transcription factor and
cytokine secretion. Graphical layout in the style of [24] and [25], partly generated by using [26]. Bcl6 — B cell
lymphoma 6; CD — cluster of differentiation; FoxP3 — forkhead box protein P3; IFN — interferon; IL — interleukin;
RORyt — RAR-related orphan receptor y; T-bet — T-box expressed in T cells; TGF — transforming growth factor;
Th =T helper cell; Tth =T follicular helper cell; Treg — regulatory T cell.

1.3. The GC reaction

The GC is a specialized compartment in SLOs that originates in B cell follicles during a humoral
immune response. It serves as a power station for the development of high-affinity antigen-
specific antibodies. GCs are mainly composed of proliferating B lymphocytes, but also harbor
specialized T cells, macrophages and FDCs. Two functional areas can be distinguished by
means of the packing density of contained cells, namely the light zone (LZ) and the dark zone
(DZ), in which different steps of the GC reaction take place (Figure 3). These sub
compartments are surrounded by a peripheral mantle zone that mainly consists of resting
B cells [1, 27, 28].

As mentioned in section 1.1.2, in the course of a T cell dependent B cell response,
B lymphocytes that recognize by FDCs or macrophages within the follicle presented antigen
with their BCR, internalize the foreign particle and start to present antigenic peptide fragments
on their MHC class Il molecule [1]. This process induces the expression of C-C motif
chemokine receptor CCR7, which navigates the B lymphocyte to the TCZ border where the
ligand CCL21 is highly expressed [29]. In turn, a specialized subset of CD4" T lymphocytes,




i.e. Tth cells, upregulates CXCRS5 (i.e. C-X-C motif chemokine receptor type 5) upon activation
and starts to migrate to the follicle border, attracted by the C-X-C motif chemokine CXCL13
that is expressed by FDCs [1, 28, 30]. The regulated migration of both cell types to the
boundary increases the chance of interaction between appropriate T and B lymphocytes.
Receiving T cell help results either in a primary focus of clonal B cell expansion or in the
development of GCs. Together with their appropriate Tth cells, these activated B lymphocytes
return to the follicle center and start to undergo cycles of proliferation and affinity maturation
[1, 8, 27, 28].

GC B cells, former named centroblasts, extensively proliferate in the DZ that is located
proximal to the TCZ. The highly expressed chemokine CXCL12 there retains those CXCR4
expressing lymphocytes in this area. Besides the increased division rate in the DZ, B cells
undergo diversification of their BCR. This process called somatic hypermutation induces point
mutations in the variable region of immunoglobulin (Ig) genes, resulting in alterations of the
respective amino acid sequence that consequently affects both antigen specificity and affinity
[1, 2, 28]. Instead of a normal mutation rate of one base pair (bp) change per 10%° bp, the
enzyme activation-induced deaminase (AID) introduces one point mutation per 102 bp per cell
division [1, 30]. Accordingly, the altered BCR will have an effect on the B cell’s ability to bind a
certain antigen, thus regulating the lymphocyte’s fate. Mutations with a negative impact will
result in the apoptosis of the respective B cell by tingible body macrophages, while
B lymphocytes that received mutations that led to an improved BCR affinity are forced to
clonally expand. After some cycles of proliferation and mutation, those B cells reduce their
expansion rate, downregulate CXCR4 expression and move towards the GC LZ. Here,
selection of the now termed centrocytes takes place by FDCs and Tfh cells. The newly
assembled BCR is tested for its ability to bind antigen presented by FDCs. Appropriate
B lymphocytes thus receive survival signals to undergo additional rounds of proliferation and
mutation in the DZ. Furthermore, B cells also compete for limited Tfh cell help to experience
additional co-stimulatory signals. Thereby, B lymphocytes with higher affinity of their BCR to
bind the respective antigen as well as presenting the processed peptides to Tth cells have an
advantage over lower affinity B cell clones, thus receiving more positive selection signals. By
means of the repetitive rounds of proliferation, mutation and selection, called cyclic-reentry,
and thus bidirectional migration between DZ and LZ, both affinity and specificity of positively
selected B cells is continuously refined. Competition between B lymphocytes causes an
increased average affinity over time and effectuates that sometimes the clonal burst results in
GCs being harbored by descendants of only a few single B cells. When these high-affinity
B lymphocytes now exit the GC, they are forced to become a long-lived plasma cell, whereas
clones with slightly lower affinity can still take the path of memory B cells. Moreover, since GCs

are said to be open compartments, B lymphocytes can spread across other GCs, thus




increasing the overall efficiency of the affinity maturation process. In addition to affinity
maturation, B lymphocytes also experience isotype switching. While early stages of the
antibody response are dominated by IgM antibodies, especially IgG is becoming the
predominant antibody class later. Taken together, the aim of the GC reaction is to achieve
long-lived plasma cells producing high-affinity antibodies with maximum specificity against
foreign pathogens while simultaneously maintaining self-tolerance and preventing overflowing

of the immune response [1, 2, 23, 27, 28].
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Figure 3: The GC reaction.

At the follicle border, interaction of cognate T and B cells takes place. Receiving co-stimulatory signals forces
the B lymphocyte to return to the follicle to induce germinal center (GC) formation. In the GC dark zone, the
B cell undergoes cycles of somatic hypermutation (SHM) and proliferation before migrating to the light zone
where affinity selection of the mutated B cell receptor (BCR) occurs. While B cells with too low affinity for the
antigen presented on follicular dendritic cells (FDCs) undergo apoptosis, the remaining lymphocytes receive
survival signals to compete for the limited help of T follicular helper (Tfh) cells. Higher affinity B lymphocytes
that are favored during interaction with Tth cells can now re-enter the dark zone for further expansion and
mutation or they can exit the GC to become an antibody-producing plasma cell or a memory B cell.
Figure adapted from [31].

1.3.1. T follicular helper lymphocytes

Tfh cells are of particular importance within the CD4* T cell lineage and play a crucial role in
the T cell dependent B cell response [16, 23]. They are amongst others characterized by the
expression of transcription factor B cell lymphoma 6 (BCL6), programmed cell death protein
PD1 and chemokine receptor CXCRS5, which guides their migration to the B cell follicles within
SLOs. BCL6 is also highly expressed in GC B cells and suppresses BLIMPL (i.e. B lymphocyte
induced maturation protein 1) as main regulator for effector and plasma cell differentiation [23,
32, 33]. Tth cell differentiation is initiated in the TCZ by DCs producing interleukin 6 (IL6) that




increases IL21 production of T lymphocytes. Secretion of IL6 and IL21 in turn activates a
signaling cascade to enhance BCL6 expression. Co-stimulatory signals like inducible T cell
costimulator (ICOS) signaling received by interaction of T lymphocytes and DCs further
strengthens the autocrine IL21 production and thus Tfh cell differentiation. Hence, Tth cell
conditioning due to follicular niches follows the principle of chance escape, i.e. getting away
from an IL2-rich area that forces BLIMP1 induction and thus effector cell lineage, and chance
encounter, i.e. staying in and being primed by an IL6-rich follicle surrounding [23, 30, 32-36].
Besides the cytokine milieu, TCR signaling strength is also said to affect T cell differentiation,
with strong TCR signaling forcing Tfh cell development. However, Tfh cells, especially when
present in GCs, are polarized the most, but still maintain a certain degree of plasticity that

facilitates adopting characteristics of other T cell lineages [23, 24, 36].

Tfh cells that migrate to the follicle border experience a second antigen encounter when
meeting cognate B lymphocytes that were likewise recruited to the boundary. Receiving
activation signals from these T lymphocytes is important for further B cell differentiation and
co-stimulatory signals form appropriate B lymphocytes are in turn essential for the Tfh cells.
Especially CD40 and ICOS take over crucial functions in maintaining and strengthening
lymphocyte differentiation and GC development during a T cell dependent B cell response. By
interaction of CD40 on B lymphocytes and CD40L expressed on activated Tth cells, both T cell
growth and B cell proliferation can be increased. This contact-depending help during the
immunological synapse drives the B cell response and causes the expression of further co-
stimulatory molecules as well as cytokine secretion. In addition, ICOS expressed on Tth cells
encountering ICOSL presented by B lymphocytes facilitates the maintenance of entangled
contacts between both lymphocytes and thus the exchange of additional co-stimulatory
signals. This entanglement during formation of the immunological synapse between T and
B cell allows an effective, specific and sensitive cytokine transfer despite short cell contacts.
By doing so a selective and individual T cell help for antigen-specific B lymphocytes during the
GC reaction can be ensured, thus regulating the competition of B cells of different affinity and
consequently both affinity maturation and differentiation. Accordingly, the interplay between
co-stimulatory signals and secretion of specialized cytokines by Tfh cells illustrates the critical
function of this T cell subtype in mediating B cell maturation and consequently the generation
of long-lived humoral immunity [23, 28, 30, 36, 37].

1.4. The antigen SRBC

To study such T cell dependent B cell responses in the spleen, the antigen of choice should

fulfill certain requirements to mimic invading pathogens.

Sheep red blood cells (SRBC) are heterologous erythrocytes that are often used as thymus-

dependent antigen to induce a T cell dependent immune response. Depending on application




site and dose, different types of immune responses can be generated. While high dosed
injection of SRBC applied intravenously induces a humoral immune response, subcutaneous
injection was shown to provoke a cellular one. Dose-dependency was especially illustrated by
the so called delayed-type hypersensitivity (DTH) model. Here, primary intravenous injection
of low dosed SRBC (10°) resulted in a cellular immune response after subcutaneous DTH
triggering, whereas intravenous injection of high doses (10°) induced a humoral immune
response [6, 38, 39].

Due to the multitude of studies using SRBC as antigen, the time course of antigen
accumulation, uptake and presentation is well described. Intravenous injection of this non-
replicating antigen effectuates that antigen uptake is timely restricted since blood-born
antigens reach the spleen within seconds and are cleared from circulation within one hour.
Furthermore, SRBC do not require adjuvants to induce an immune response and offer many
different epitopes, thus ensuring antigen specificity of recruited T lymphocytes. Taken together,
high dosed SRBC-injection is advantageous to directly and quickly induce a CD4* T cell
dependent B cell response that is not disturbed by prolonged release of antigen or adjuvants
[6, 39-44].

1.5. Sleep

Sleep is defined as a regularly occurring reversible state of inactivity and reduced
responsiveness, in some degree comparable to a weakly pronounced unconsciousness.
However, it is not a passive condition at all. The functions of sleep are multifarious: During
sleep, energy storages are refilled, macromolecules synthesized and thus cell growth
advanced as well as damaged cells repaired. In addition, it also effectuates memory formation
and fulfills important tasks for an efficiently operating immune system (see section 1.5.1) [45-
51]. Sleep is thereby associated with changes in neurophysiological, vegetative, and endocrine
parameters, with characteristic patterns of distinct brain and body activity occurring during the
different stages of sleep. For example, in contrast to slow wave sleep (SWS) that is
accompanied with a reduced metabolic rate but still measurable muscle tonus, the so called
rapid eye movement (REM) sleep is actually named for its typical eye fluctuations. Episodes
of dreaming are mainly limited to this phase which is further characterized by suppressed

muscle motion but increased brain activity almost comparable to wakefulness [46-49, 52].

According to the two-process model by Borbély [53], regulation of the sleep-wake cycle is
subjected to both homeostatic and circadian components. Whereas the homeostatic
component determines that the need for sleep increases after prolonged wakefulness, the
circadian system mainly modulates the timing of sleep independent from the awake episode
[46, 47]. Circadian rhythms thereby describe regularly occurring oscillations of biological

parameters within approximately 24 hours (h). They are endogenously generated and
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regulated by an “internal clock” consisting of the suprachiasmatic nuclei in the hypothalamus
and numerous so called clock genes in the periphery but can be entrained to the environment
by external stimuli like light or temperature. Besides body temperature and secretion of certain
hormones the sleep-wake cycle is the most prominent circadian rhythm in humans. Moreover,
sleep itself acts in concert with the “internal clock” in regulating the rhythms of other body
parameters. For example, levels of growth hormone are elevated during sleep while cortisol

levels are highest directly after the sleeping phase [45, 46, 52].

Considering the manifold spheres of sleep, it is no wonder that sleep deprivation can have
severe consequences. Apart from alterations in memory, perception and concentration that
e.g. can increase the probability of accidents, sleep deprivation is also associated with a higher
risk for weight gain up to obesity, diabetes type II, hypertension and myocardial infarctions [51,
52, 54-57]. Accordingly, the relationship between sleep and the immune system is of prime

importance.
1.5.1. Sleep and the immune system

There is a bi-directional relationship between sleep and the immune system, with immune
parameters affecting sleep and sleep influencing immune responses [47, 58]. For example,
immune activation during an infection on the one hand results in an increased need for sleep
and accordingly enhanced sleep duration and intensity but can on the other hand also cause
sleep disruptions when infections are overflowing. It is said that pro-inflammatory cytokines
like interferon (IFN) y or IL2 increase the amount of non-REM (NREM) sleep, i.e. sleep stages
one to three including SWS. Anti-inflammatory cytokines like IL4 or IL10 in contrast dampen
NREM sleep. In particular, cytokines IL1, tumor necrosis factor (TNF) and IL6 are rumored to
regulate the sleep-wake cycle, with IL1 and TFN promoting sleep while too much IL6 is rather
prejudicial. Accordingly, infections are able to alter sleep, whereas in turn healthy sleep affects
various immune parameters, thus e.g. improving host defense mechanisms and outcome of

vaccination responses [45-47, 52].

Experimental studies comparing the impact of sleep deprivation with regular sleep found out
that sleep reduces the number of circulating leukocytes while promoting their distribution to
other tissues, with e.g. higher numbers of T cells found within lymph node or spleen [52, 59,
60]. By especially facilitating the redistribution of APCs and T lymphocytes to SLOs and e.g.
causing a shift towards increased Thl cell activity, sleep enhances the chance of interaction
and thus formation and efficiency of an immunological synapse. Thereby, the specific cytokine
milieu predominant during SWS is extremely suited to favor and support APC — T cell
interactions. This consequently promotes lymphocytes activation, proliferation and
differentiation and thus the induction of an effective adaptive immune response including the

formation of memory T and B cells. Hence, sleep does not only support psychological memory
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consolidation but also the formation of immunological memory [52, 59]. Besides effects on
distribution, activation and proliferation of immune cells, sleep furthermore increases the
number of antigen-specific T lymphocytes and antibody titers following vaccination, e.g. shown
for vaccinations against influenza, hepatitis A and B virus [61-63]. Thus, sleep does not only
affect infection outcome but also the response to vaccination and hence is beneficial for both

the innate and the adaptive immune system.

As a result of the strong regulatory interaction between sleep and the immune system, sleep
restriction can stimulate inflammatory immune responses that can result in the emergence of
infections or various diseases [46, 47, 64]. For example, sleep-deprived individuals are more
prone to pulmonary infections or have an increased risk for cardiovascular diseases [46, 65].
In addition, prominent chronic infections that are associated with sleep disturbances are e.g.
human immunodeficiency virus (HIV) or hepatitis C [46-48]. The correlation between sleep

disorders and autoimmune diseases is moreover subject of today’s research as well [46, 66].
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1.6. Study aims

The T cell dependent B cell response represents an important part of the adaptive immune
system. The precisely regulated interaction between T and B lymphocytes at different sites
within SLOs thus facilitates the formation of effective humoral immunity. Although B cells are
the source of antibodies to fight infections, T lymphocytes are pivotal in orchestrating those
functions. As the highly variable TCR determines the T lymphocyte’s specificity, the diversity
of the TCR-R has major effects on the immune response. Despite this critical role, there are
still questions remaining regarding its distribution within SLOs. By now, recent research mainly
dealt with the analysis of blood or whole SLOs instead of their distinct compartments, with only
a few studies focusing on the receptor repertoire of T lymphocytes within the TCZ. However,
little is known about the TCR-R in the B cell follicle. Accordingly, we want to shed light on the
distribution of the T lymphocytes’ receptor repertoire within compartments of SLOs that are
organized to generate effective immune responses. Choosing the spleen and its compartments
for analysis, we’re covering the largest contiguous SLO that is also easily reached by a blood-
born antigen. Thus, challenging the present repertoire with inducing a T cell dependent B cell
response finally results in the development of GCs that let us turn our attention to Tfh cells as
characteristic T lymphocyte subset here. Since interaction of T and B cells requires detailed
regulation of their migrational movements to specific locations, questioning the ability of
Tfh cells to distribute within splenic compartments will be of note. Regarding the strong
interaction between sleep and the immune system, we finally wondered in which way the
parameters of the T cell dependent B cell response will be affected by short-term sleep
deprivation, in particular the predominant TCR-R in the splenic compartments.

In detail, we want to address the following questions:

1. Does the TCR-R within splenic TCZ and BCZ differ at the naive state?
2. How does the TCR-R within splenic TCZ and BCZ respond to the injection of a
multiepitopic blood-born antigen (i.e. SRBC)?
3. Analyzing the TCR-R of Tth cells during the GC reaction:
a. How is the TCR-R of Tth cells within the GC structured?
b. Are Tth cells able to distribute to other locations?
4. Analyzing the impact of sleep on the T cell dependent B cell response:
a. Does short-term sleep deprivation affect the regulation of key functions of T and
B lymphocytes?

b. Does short-term sleep deprivation affect the predominant TCR-R?

13



2. Materials and Methods
2.1. Materials
2.1.1. Antibodies

Antibodies used for immunohistochemical and immunofluorescence staining are denoted in
Table 1.

Table 1: Utilized antibodies.

Antibody Manufacturer

Alexa Fluor 488 rat anti-mouse CD4 monoclonal BioLegend, USA
antibody (GK1.5)

Alexa Fluor 594 rat anti-mouse/human Ki67 BioLegend, USA
monoclonal antibody (11F6)

Biotin hamster anti-mouse TCRf chain BD Biosciences, Germany
monoclonal antibody (H57-597)

Biotin rabbit anti-rat IgG polyclonal antibody BIOZOL, Germany
ExtrAvidin®-Alkaline Phosphatase Sigma-Aldrich GmbH, Germany
ExtrAvidin®-Peroxidase Sigma-Aldrich GmbH, Germany
Normal Mouse Serum Thermo Fisher Scientific, USA
Rat anti-mouse CD45R (B220) monoclonal BD Biosciences, Germany

antibody (RA3-6B2)

Rat anti-mouse Ki67 monoclonal antibody BioLegend, USA
(16A8)

2.1.2. Primer

Sequences, concentrations and NCBI accession number or ID of used primers for quantitative
real-time PCR (gRT-PCR) are denoted in Table 2. Primer for housekeeping genes were
purchased from biomers.net GmbH, Germany, while TagMan assays were received from
Thermo Fisher Scientific, USA.

Table 2: Utilized oligonucleotides.

Concentration Accession Number

Primer Sequence (MM) or ID

. for 5'GATGCTCCCCGGGCTGTATT 0.25
Bactin o,  5GGGGTACTTCAGGGTCAGGA 0.25 NM_007393
b4galtl TagMan MmO00480753 m1l
cd40lg TagMan Mm01303060 m1

ciita TagMan Mm00482914 ml




for

5'GACGGCCGCATCTTCTTGT

0.25

gapdh o, 5CACACCGACCTTCACCATTTT 0.25 NM_008084.3
for 5'GCTTTCCCTGGTTAAGCAGTAC 0.25
hprt oy 5'CCAACAACAAACTTGTCTGGAATTC 0.25 NM_013556
icoslg TagMan MmO00497237_ml
for 5'CCAAGCCAGCCTTCATTCTTG 0.125
minS1 oy 5TAACGCTTAGCTCGACCACTCTG 0.125 NM_138660.2
stégall TagMan MmO00486119 m1l
zap70 TagMan MmO00494260_m1

2.1.3. Reagents and Kits

Reagents and kits for the experiments are denoted in Table 3.

Table 3: Utilized reagents and Kkits.

Name

Manufacturer

Acetic acid 100 %

Carl Roth GmbH & Co. KG, Germany

Acetone 99.8 %

Carl Roth GmbH & Co. KG, Germany

Agarose peqGOLD

VWR International GmbH, Germany

Agilent RNA 6000 Pico Kit

Agilent Technologies Inc., USA

Agquatex

Merck KGaA, Germany

Bovine Serum Albumin (BSA) (IgG-free)

Sigma-Aldrich Inc., USA

Chloroform 99 %

Carl Roth GmbH & Co. KG, Germany

Diethyl pyrocarbonate (DEPC)

Sigma-Aldrich Inc., USA

N,N-Dimethylformamide

Sigma-Aldrich Inc., USA

1,4-Dithiothreitol (DTT) 0.1 M

Sigma-Aldrich Inc., USA

5x DNA Loading Buffer Blue

Bioline Reagents, UK

DNase |

Thermo Fisher Scientific, USA

dNTP Mix 10 mM each

Thermo Fisher Scientific, USA

Ethylenediaminetetraacetic acid (EDTA)

Sigma-Aldrich Inc., USA

Ethanol 99.8 %

Carl Roth GmbH & Co. KG, Germany

Fast Blue RR Salt

Sigma-Aldrich Inc., USA

Fast Red RR Salt

Sigma-Aldrich Inc., USA
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Formaldehyde 37 %

Merck KGaA, Germany

Formamide 99 %

Sigma-Aldrich Inc., USA

Glycerol 99.5 %

Sigma-Aldrich Inc., USA

Hoechst Dye (33258)

Thermo Fisher Scientific, USA

Hydrochloric acid 37 %

Sigma-Aldrich Inc., USA

HyperLadder 100 bp

Bioline Reagents, UK

innuPREP RNA Mini Kit 250

Analytik Jena, Germany

Isoflurane Baxter

Baxter Deutschland GmbH, Germany

Isopropanol 99.95 %

Carl Roth GmbH & Co. KG, Germany

Levamisole

Sigma-Aldrich Inc., USA

Liguid DAB + substrate chromogen system

Agilent Technologies, Inc., USA

Liquid nitrogen

University Medical Center Schleswig-
Holstein, campus Libeck, Germany

Methanol 99.9 %

Carl Roth GmbH & Co. KG, Germany

MinElute Gel Extraction Kit (250)

QIAGEN GmbH, Germany

Mineral Qil

Biotech, Ireland

MiSeq Reagent Kit v2 300 cycles

llumina INC, USA

Mowiol 4-88

Sigma-Aldrich Inc., USA

MTBIvc reagent system (i1-18)

iRepertoire Inc., USA

Multiplex PCR Kit

QIAGEN GmbH, Germany

Naphthol AS-MX phosphate

Sigma-Aldrich Inc., USA

OneStep RT-PCR Kit

QIAGEN GmbH, Germany

Paraformaldehyde (PFA)

AppliChem GmbH, Germany

PerfeCTa NGS Quantification Kit

Quantabio, USA

PhiX Control v3

llumina INC, USA

QuantiFluor RNA System

Promega Corporation, USA

Qiazol Lysis Reagent

QIAGEN GmbH, Germany

Random Hexamer Primer

Thermo Fisher Scientific, USA

Revert Aid 5x buffer

Thermo Fisher Scientific, USA

Revert Aid H-RT (200 U/UL)

Thermo Fisher Scientific, USA
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RNeasy Plus Universal Mini Kit QIAGEN GmbH, Germany

Roti-GelStain Carl Roth GmbH & Co. KG, Germany
Sheep red blood cells (SRBC) in Alsever’s solution Labor Dr. Merk, Germany

Sodium azide (NaN3z) Sigma-Aldrich Inc., USA

Sodium chloride (NaCl) Carl Roth GmbH & Co. KG, Germany
Sodium hydroxide (NaOH) Carl Roth GmbH & Co. KG, Germany
SYBR Green PCR Master Mix Thermo Fisher Scientific, USA
TagMan Universal PCR Master Mix Thermo Fisher Scientific, USA
Tissue freezing medium Leica Instruments GmbH, Germany
Toluidine blue Merck KGaA, Germany

Tris base Sigma-Aldrich Inc., USA

Trisodium citrate Sigma-Aldrich Inc., USA
Triton-X-100 Carl Roth GmbH & Co. KG, Germany
Tween 20 Serva Electrophoresis GmbH, Germany

2.1.4. Solutions and Buffers

Solutions and buffers for the experiments are denoted in Table 4.

Table 4: Utilized solutions and buffers.

Name Composition

APAAP-substrate 0.5 mM Naphthol AS-MX phosphate, 250 mM
N,N-Dimethylformamide, 1 mM Levamisole, Tris
Buffer 0.1 M

DEPC-H20 0.1 % DEPC in Aqua bidest.

Fast Blue staining solution 3 mM Fast Blue RR Salt, APAAP-substrate

Fast Red staining solution 1.5 mM Fast Red RR Salt, APAAP-substrate

Immunofluorescence blocking solution 5 % BSA, 5 % normal mouse serum, PBS

Library dilution buffer (TrisHCI) 10 mM Tris, 0.1 % Tween 20, laboratory grade
H20, pH adjusted to 8.5

NaOH (1 M) 1 M NaOH, laboratory grade H20

PBS 2.5 mM KCI, 1.5 mM KH2PO4, 140 mM NacCl, 6.5

mM Na2HPO4, laboratory grade H»0O, pH
adjusted to 7.25




PFA 4 % 4 % PFA in PBS

TAE Buffer 40 mM Tris base, 20 mM acetic acid, 1 mM
EDTA, laboratory grade H20, pH adjusted to 7.6

TBS-Tween 50 mM Tris base, 0.05 % Tween 20, 0.8 %

NaCl, laboratory grade H20, pH adjusted to 7.6

Toluidine blue solution (0.1 %)

0.1 % Toluidine blue, 1 % Methanol, 15 %
Ethanol in DEPC-H20O

Tris Buffer (0.1 M)

0.1 M Tris base, laboratory grade H20, pH
adjusted to 8.2

2.1.5. Consumables and operating materials

Consumables for the experiments are denoted in Table 5.

Table 5: Utilized consumables and operating materials.

Name

Manufacturer

CryoPure Tube 1.6 ml

Sarstedt AG & Co., Germany

Gauge needle 16/18 size

B. Braun SE, Germany

Gloves, Touch N Tuff gloves

Ansell, Belgium

Gloves, Micro-Touch

Ansell, Belgium

Gloves, Roti Protect, nitrile

Carl Roth GmbH & Co. KG, Germany

MembraneSlide 1.0 Pen NF

Carl Zeiss Microscopy GmbH, Germany

MicroAmp Optical Adhesive Film

Thermo Fisher Scientific, USA

MicroFine Insuline syringes 1 ml

BD Biosciences, Germany

Microtube 500

Carl Zeiss Microscopy GmbH, Germany

Omnifix 1 ml Syringes

B. Braun SE, Germany

PARAFILM M

Sigma-Aldrich Inc., USA

Pipette tips 10/20/100/200/1000 pl

Nerbe plus, Germany

Reaction tubes 0.2/0.5/1.5/2/5 ml

Sarstedt AG & Co., Germany

Reaction tubes 15/50 ml

Nerbe plus, Germany

Safe Seal Tubes 1.5 ml

Sarstedt AG & Co., Germany

Scalpel blades

Dimeda Instrumente GmbH, Germany

Surgical instruments (stainless steel)

Superfrost Plus Microscope Slides

Thermo Fisher Scientific, USA




Thermanox coverslips

Thermo Fisher Scientific, USA

96 Well Multiply® PCR Plates

Sarstedt AG & Co., Germany

2.1.6. Instruments

Devices used for the experiments are denoted in Table 6.

Table 6: Utilized instruments.

Name

Manufacturer

ABI PRISM 7900 HT

Applied Biosystems, Germany

AccuBlock Digital Dry Baths

Labnet International INC, USA

Agilent 2100 Bioanalyzer

Agilent Technologies Inc., USA

Agilent Pico Chips

Agilent Technologies Inc., USA

AxioCamHR digital camera

Carl Zeiss Microscopy GmbH, Germany

AxioCamIC

Carl Zeiss Microscopy GmbH, Germany

Axiophot optical microscope

Carl Zeiss Microscopy GmbH, Germany

Axiovert 200M

Carl Zeiss Microscopy GmbH, Germany

Calibration slide universal

Carl Zeiss Microscopy GmbH, Germany

Centrifuge 5417R (Rotor: F-45-30-11)

Eppendorf AG, Germany

EBOX VX5

VILBER LOURMAT GmbH, Germany

Eppendorf Research plus/reference pipettes

Eppendorf AG, Germany

Fluorescence microscope BZ-X

Keyence GmbH, Germany

FTSS 355-50

CryLaS GmbH, Germany

Galaxy Mini Microcentrifuge

VWR International GmbH, Germany

Heraeus Megafuge 1.0 R (Rotor: 75002704)

Thermo Fisher Scientific, USA

Humidity chamber

Sigma-Aldrich Inc., USA

Hyrax Cryostat C50

Carl Zeiss Microscopy GmbH, Germany

IKA MS3 basic

IKA works INC, USA

Leica Cryostat CM3050 S

Leica Biosystems, Germany

MiniSpin Plus Centrifuge (Rotor: F-45-12-11)

Eppendorf AG, Germany

MiSeq System

Illumina INC, USA

Neubauer improved counting chamber

Glaswarenfabrik Karl Hecht GmbH, Germany
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PALM MicroBeam Carl Zeiss Microscopy GmbH, Germany

PerfectBlue Gel System Mini L VWR International GmbH, Germany
PowerPac Basic Power Supply Bio-Rad Laboratories Inc., USA

Power Supply LNG 350-6 Economy Line Heinzinger electronic GmbH, Germany
Primus 96 Plus Thermal Cycler Eurofins Genomics GmbH, Germany
Scales, Kern 440-51N Kern & Sohn GmbH, Germany

Scales, OHAUS® Adventurer™ AR0640 Ohaus GmbH, Germany

StepOne Plus Real-Time PCR System Thermo Fisher Scientific, USA
Thermo Mixer C Eppendorf AG, Germany

Titramax 100 VWR International GmbH, Germany
Quantus Fluorometer Promega Corporation, USA

Vacuum Centrifuge Concentrator 5301 (Rotor: Eppendorf AG, Germany
F-45-48-11)

Vortexer Merck Eurolab Merck KgaA, Germany

2.1.7. Software
Software for data generation, processing, analysis and visualization is denoted in Table 7.

Table 7: Utilized software.

Name Developer

ABI 7900 HT detection System 2.4 Applied Biosystems, Germany

Adobe Photoshop CS 8.0.1 Adobe Systems Incorporated, USA
Apache Commons Text 1.4 Apache Software Foundation, USA
AxioVision 4.9.1.2 Carl Zeiss Microscopy GmbH, Germany
Clono Suite Institute of Anatomy, University of Lubeck,

Germany [67]

Eclipse IDE Eclipse.org Foundation Inc., Canada

FASTX Barcode splitter Hannon Lab, Howard Hughes Medical Institute,
USA

GraphPad Prism 5.0 GraphPad Software, Inc., USA

ImageJ 1.52a National Institutes of Health, USA

Java 8.0 Oracle Corporation, USA




KIEL Markus Schilhabel, Institute of Clinical Molecular
Biology, Kiel University, Germany

Microsoft Excel 16.0 Microsoft Germany GmbH, Germany
Microsoft Word 16.0 Microsoft Germany GmbH, Germany
Microsoft PowerPoint 16.0 Microsoft Germany GmbH, Germany
MITCR Pirogov Russian National Research Medical

University, Russia [68]

OLGA 124 Joseph Henry Laboratories, Princeton
University, USA [69]

PALMRobo 4.8 Carl Zeiss Microscopy GmbH, Germany

Pear 0.9.8 The Exelixis Lab, Heidelberg Institute for
Theoretical Studies, Germany [70]

Python 3.10.5 Python Software Foundation, USA

R4.2.2 R Foundation for Statistical Computing, Austria

(R Core Team 2022)

R Packages: dplyr, emmeans, ggplot2, readr,
readxl, rio, rlist, rstatix, openxlIsx, stats, stringr,

tidyverse
R Studio 2022.12.0 R Foundation for Statistical Computing, Austria
(R Core Team 2022)
Step One Software 2.3 Thermo Fisher Scientific, USA
2.2. Methods
2.2.1. Animal experiments
2.2.1.1. Mice

8- to 12-week-old female C57BL/6J mice were obtained from Charles River Laboratories or
Janvier and kept in the central animal facility of the Universities of Lubeck or Tibingen,
respectively. The mice were housed in groups of four to five animals per cage under a 12 h
light — 12 h dark cycle (50 lux) and had ad libitum access to food and water. Room temperature

and humidity were kept constant at approximately 20 °C and 50-60 %, respectively.

All experiments were conducted in accordance with the German Animal Welfare Act and
approved by the Animal Research Ethics Board of the respective Ministry of Environment (Kiel,
Germany, no. 72-5/15 and 25-3/18; Stuttgart, Germany, no. M11/14).

2.2.1.2. Immunization

SRBC were washed twice in PBS and centrifuged for 10 minutes (min) at 700g. Subsequently,

cells were counted to obtain a concentration of 10° cells per 200 pl PBS and this suspension
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was injected into the tail vein of the mice about 1.5 h before the switch to the light cycle. To
not disturb the animals’ circadian rhythm, the injection procedure was carried out under dim

red light. Control mice were injected with 200 ul PBS only.
2.2.1.3. Sleep deprivation

For sleep deprivation experiments half of the SRBC- and PBS-injected C57BL/6J mice were
kept awake by gentle handling for the first 6 h of their sleeping phase, i.e. at the beginning of
the light cycle. New stuff to investigate like paper towel or chocolate paper was put in the cage
every 10 to 15 min to keep the mice awake. When mice adopted a sleeping posture, their nest
was disturbed or they were gently touched with a plastic pipette. After 6 h of sleep restriction
the mice were allowed to recover for the rest of the light phase. Control animals of both groups

were free to sleep during the whole period without any disturbances.
2.2.1.4. Tissue isolation

Mice were sacrificed 3, 4, 7 or 10 days (d) after injection of SRBC or PBS by exposure to an
overdose of inhaled isoflurane followed by total blood withdrawal or cervical dislocation.
Spleens and mesenteric lymph nodes (mins) were taken, snap frozen in liquid nitrogen and
finally stored at -80 °C until further analysis.

2.2.2. Histological analysis

For immunohistochemical staining and laser microdissection splenic cryosections were
prepared using the Leica CM3050 S or the Hyrax C50 cryostat. At a temperature of -20 °C
serial sections of 12 ym thickness were mounted on glass or membrane-covered slides,
respectively. For immunofluorescence staining, the thickness of the serial sections was

reduced to 7 um. All slides were dried at room temperature for 2 h before further processing.
2.2.2.1. Toluidine blue staining

The membrane-covered slides for laser microdissection were stained with toluidine blue
afterwards. For this, the sections were fixed in 75 % ethanol for 2 min before being washed in
DEPC treated water. Finally, the slides were incubated in 1 % toluidine blue solution and then
washed twice using DEPC treated water and dehydrated by 99,8 % ethanol. After drying the

stained slides were stored at -80 °C.
2.2.2.2. Ki67/B220 staining

As a control staining, cryosections on glass slides were stained for proliferating cells and
B cells using the markers Ki67 and B220, respectively. First, cryosections were fixed using
chloroform and acetone for 10 min each at room temperature. After purging for 10 min in TBS-
Tween, fixation for 45 min in 4 % PFA at 4 °C and a subsequent washing step for another

10 min in TBS-Tween, the primary anti-mouse Ki67 antibody was applied overnight. Unbound
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antibodies were washed away by TBS-Tween (10 min at room temperature) before the
samples were incubated with the secondary biotinylated anti-rat IgG antibody for 30 min. After
purging in TBS-Tween for 10 min again, ExtrAvidin Alkaline Phosphatase was added for
30 min, followed by a further washing step. To visualize proliferating cells, we applied Fast Red
staining solution for 25 min. After the next washing step, the primary anti-mouse B220 antibody
was added for 1 h and remaining substances were washed away afterwards. The secondary
biotinylated anti-rat IgG antibody was applied for 30 min then. Following purging in TBS-Tween
for 10 min, the samples were incubated with ExtrAvidin Alkaline Phosphatase for 30 min and
washed again. To visualize B lymphocytes, we used Fast Blue staining solution for 10 min.
After the last washing step, the slides were finally covered using Aquatex and cover slips and

stored in the dark at room temperature.
2.2.2.3. TCRB/B220 staining

As a control staining and to assess the number of T cells in different splenic compartments,
cryosections on glass slides were stained for T and B lymphocytes using the markers TCRf3
and B220, respectively. First, cryosections were fixed using a methanol-acetone solution (1:1)
for 10 min at -20 °C. After purging for 10 min in TBS-Tween, the primary biotinylated anti-
mouse TCRp antibody was applied for 1 h. Unbound antibodies were washed away by TBS-
Tween (10 min at room temperature) before the samples were incubated with ExtrAvidin
Peroxidase for 30 min. After purging in TBS-Tween for 10 min again, DAB substrate was added
for 5 min to visualize T cells. After the next washing step, the primary anti-mouse B220
antibody was added for 1 h and remaining substances were washed away afterwards. The
secondary biotinylated anti-rat IgG antibody was applied for 30 min then. Following purging in
TBS-Tween for 20 min, the samples were incubated with ExtrAvidin Alkaline Phosphatase for
30 min and washed again. To visualize B lymphocytes, we used Fast Blue staining solution for
25 min. After the last washing step, the slides were finally covered using Aquatex and cover

slips and stored in the dark at room temperature.

Examination of the splenic sections stained for TCRB and B220 was performed using the
Axiophot light microscope. The ImageJ software was then used to quantify the number of
T lymphocytes present in the different splenic compartments. A calibration slide was used to
adjust the right magnification by means of the function “Set scale”. Using the functions
“‘Rectangle” and “Measure”, selections with a known area were transferred in TCZ, BCZ and
GC regions. Within these sectors, TCR positive cells were separately counted and number
of T cells denoted in relation to an area of one mm? after averaging over several representative
compartments per animal. In addition, these counts were further used for extrapolating the
frequency of T lymphocytes present in our sequencing samples. Therefor the T cell counts per

mm? were put in relation to the total area of TCZs, B cell follicles and GCs isolated via laser
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microdissection and then doubled in order to consider the cryosections’ thickness of 12 pym,

as lymphocytes are said to have an average size of 6 to 8 um [71].
2.2.2.4. Immunofluorescence staining

To assess the number of proliferating T cells within the different splenic compartments,
cryosections were stained in a humid chamber for proliferating cells and CD4* T lymphocytes
using the markers Ki67 and CD4, respectively. First, cryosections were fixed using 4 % PFA
in PBS for 10 min at room temperature. After three washes with PBS, 0.5 % Triton-X-100 in
PBS was used to permeabilize the tissue. Sections were again washed in PBS and
subsequently blocked in blocking solution containing 5 % BSA and 5 % normal mouse serum
in PBS for 1 h at room temperature. Both antibodies were applied at a concentration of 1:25 in
blocking solution at 8 °C overnight. On the next day sections were washed, counterstained
with Hoechst Dye (1:10,000 in PBS) and cover slipped with Moviol.

Examination of the splenic sections stained for Ki67 and CD4 was performed using the
Keyence microscope. The ImageJ software was then used to quantify the number of
proliferating T lymphocytes present in the different splenic compartments. A calibration slide
was used to adjust the right magnification by means of the function “Set scale”. Using the
functions “Rectangle” and “Measure”, selections with a known area were transferred in TCZ,
BCZ and GC regions. Within these sectors, cells positive for both Ki67 and CD4 were
separately counted and their number denoted in relation to an area of one mm?2 after averaging
over several representative compartments per animal. In addition, these counts were further
set in relation to the total number of CD4* T cells within the corresponding area to obtain the

relative number of proliferating T lymphocytes for all compartments analyzed.
2.2.3. Laser microdissection

To analyze the different splenic compartments, we used the Zeiss Axiovert 200M PALM
Microbeam System to precisely isolate TCZ, BCZ and GC from cryosections stained with
toluidine blue. Control stained slides were used to ensure correct identification. Compartments
were marked using PALM Robo Software (version 4.8) and then dissected by a pulsed UV
laser. Isolated tissues were sampled in tubes whose lids were wetted with inert mineral oil, and
lysis buffer was added afterwards. For deep sequencing, separated compartments were
dissected and 200 ul Lysis solution RL (Analytik Jena) per tube was added, while
compartments were pooled and lysed in 300 pl QIAzol Lysis Reagent (Qiagen) for gene
expression analysis. An isolated area of at least one million um? per compartment was required
to facilitate further processing. Therefor up to three slides per animal covering 15 stained serial
sections each were used for dissection and sampled in individual tubes. After incubation for

30 min at room temperature the samples were swirled, spun down and then stored at -20 °C.
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2.2.4. Gene expression analysis
2.2.4.1. RNA isolation

For gene expression analysis total RNA was isolated from dissected samples using the
RNeasy Plus Universal Mini Kit (Qiagen). One to three single tubes per sample were pooled
and filled to 900 pl QlIAzol Lysis reagent. After swirling for 1 min, the samples were sheared
using a disposable syringe. 100 uyl gDNA Eliminator Solution were added, followed by swirling
for 15 seconds (sec). After addition of 180 pl chloroform, the samples were swirled for 15 sec,
incubated for 3 min and spun for 15 min at 12,0009 at 4 °C. The upper hydrous phase was
then transferred into a new tube and the same volume of 70 % ethanol was added. Half of the
solution was applied to a RNeasy Mini spin column, centrifuged for 15 sec at 6,000g and the
flow through discarded. This step was repeated with the second half of the solution. Afterwards
two washing steps were conducted using 700 ul of Buffer RWT and 500 ul of Buffer RPE with
subsequent centrifugation for 15 sec at 6,000g and flow through refusal each. Finally, another
500 ul of Buffer RPE were added and spun for 2 min at 6,000g before the column was
transferred to a new tube for drying for 1 min at 12,000g. To elute the bound RNA, the column
was transferred into a new tube and 40 pl of RNase-free water were applied on the filter and
centrifuged for 1 min at 6,000g. To increase the RNA vyield, the previous step was repeated by
re-applying the filtrate on the filter and spinning it down again. The sample volume was then

reduced to 11 pl via evaporation in a vacuum centrifuge for around 15 min at 240g and 60°C.
2.2.4.2. RNA quantification

To quantify the RNA concentration, 1 ul of the dispensed RNA was diluted 1:100 with 1x TE
buffer. 100 pl QuantiFluor RNA dye solution (1 ul dye diluted 1:1000 with 1x TE buffer) was
then added and mixed carefully. After incubation for 5 min at room temperature in the dark, the

RNA concentration was measured using the Quantus Fluorometer.

In addition, the quality of the extracted RNA was randomly tested using the Agilent RNA 6000
Pico Kit. For this purpose, the samples had to be diluted with RNase-free water to adjust a
concentration in the range of 200 to 5,000 pg/ul. All reagents and used chips were kindly

provided by the Department for Infectious Diseases and Microbiology (University of Liibeck).

To prepare the gel, 550 ul of RNA gel matrix were pipetted into a spin filter, centrifuged for
10 min at 1,500g at room temperature and stored as 65 pl aliquots at 4 °C. Then 1 ul RNA dye
concentrate was added to an aliquot of filtered gel, thoroughly mixed and centrifuged for 10 min
at 13,0009 at room temperature. 9 yl of this gel-dye mix were loaded on a RNA Pico Chip that
was placed on the chip priming station of the Agilent 2100 Bioanalyzer. After closing the
priming station, the plunger of the prepared syringe was pressed down for 30 sec. The clip
was released then and after another 5 sec the plunger was slowly pulled back to the 1 ml

position. Afterwards 9 ul gel-dye mix were pipetted into two more wells. After adding 9 ul RNA
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conditioning solution into the designated well, 5 pyl of RNA marker were pipetted in all eleven
sample wells and the well marked with the ladder symbol. Here 1 pl of the aliquoted ladder
was added as well. Finally, the samples were loaded on the chip (1 ul each) and after mixing
for 1 min at 2,400 rpm using the IKA vortexer, the run was started on the prior cleaned Agilent

2100 Bioanalyzer instrument.
2.2.4.3. cDNA synthesis

To transcribe the isolated RNA into complementary DNA (cDNA), a mastermix containing the
following reagents per sample was prepared: 4 ul RevertAid 5x buffer, 1 ul ANTP mix (10 mM
each), 1 yl random hexamer primer (250 ng/ul), 3.5 pul RNase-free water and 0.5 pl RevertAid
Reverse Transcriptase (200 U/ul). 10 pl of this mastermix were then added to the remaining
10 ul of the RNA sample and incubated for 10 min at room temperature. Reverse transcription
of messenger RNA (mMRNA) into cDNA was in progress for 1 h at 42 °C and stopped by
incubation at 70 °C for 10 min. The transcribed cDNA was stored at -20 °C until further
progressing.

2.2.4.4. gRT-PCR

For gene expression analysis, qRT-PCR was performed using the StepOnePlus System. First,
5 ul of transcribed cDNA (diluted 1:10 with laboratory grade water) were loaded on a 96 well
plate. 15 yl mastermix containing the following reagents were added afterwards: 2 ul primer-
(probe)-mix (used concentrations denoted in Table 2), 10 yl SYBR Green PCR Master Mix or
TagMan Universal PCR Master Mix and 3 pl laboratory grade water. Samples were run in
technical duplicates under the conditions shown in Table 8. If SYBR Green based reagents
were used an additional dissociation step to generate a melting curve was conducted at the

end.

Table 8: Used conditions for qRT-PCR.

Temperature Time Number of cycles
Initial dengtU(atlon and 95 °C 10 min 1
activation
Denaturation 95 °C 45 sec 50
Annealing and elongation 60 °C 1 min
Dissociation curve 95 °C 15 sec 1
(optional) 60-95 °C 15 sec per 0.5 °C

To analyze the relative expression of several genes, the ACT method was used. First, for each
sample the cycle of threshold (CT) was determined via the Step One software. This threshold
denotes the cycle where the specific fluorescence signal stands out against the background
noises. The geometric mean (geomean) of the CT values of four independent housekeeping

genes, Bactin, gapdh (i.e. glyceraldehyde 3-phosphate dehydrogenase), min51 (i.e. metastatic
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lymph node 51) and hprt (i.e. hypoxanthine phosphoribosyltransferase), was used as

reference. The relative expression of target genes was then denoted as:

2ACT - 2((geomean(reference genes) — CT(target gene)).

2.2.5. Deep sequencing
2.2.5.1. RNA isolation

For deep sequencing, total RNA was isolated from dissected samples using the innuUPREP
RNA Mini Kit (Analytik Jena). One to three single tubes per sample were pooled and filled to
700 pl Lysis solution RL. For analysis of mins, five 12 pl thick cryosections were stored in 700
Ml Lysis solution RL and processed likewise. After swirling for 1 min, the samples were sheared
using a disposable syringe. After addition of 700 pl 70 % ethanol, half of the solution was
applied to a Spinfilter R, centrifuged for 1 min at 10,000g and the flow through discarded. This
step was repeated with the second half of the solution. Afterwards two washing steps were
conducted using 500 pl of Washing solution with high salt (HS) and 700 ul of Washing solution
with low salt (LS) concentration with subsequent centrifugation for 1 min at 10,000g and flow
through refusal each. Finally, the column was transferred to a new tube for drying for 2 min at
12,000g. To elute the bound nucleic acids, the column was transferred into a new tube and
60 pl of RNase-free water were applied on the filter and centrifuged for 1 min at 6,000g. To
increase the RNA yield, the previous step was repeated by re-applying the filtrate on the filter
and spinning it down again. The sample volume was then reduced to 8 pl via evaporation in a

vacuum centrifuge for around 25 min at 240g and 60 °C.
2.2.5.2. DNA digestion

To digest genomic DNA, 1 ul 10x DNase reaction buffer and 1 ul DNase | were carefully
interspersed with the nucleic acid solution. After incubation for 15 min at room temperature
1 ul Stop solution was added and subsequently incubated for 10 min at 70 °C to terminate the
reaction. Finally, 1 pl of the sample was used for quantifying the RNA concentration using the

Quantus Fluorometer (see 2.2.4.2).
2.2.5.3. Amplicon rescued multiplex PCR

TCR sequencing libraries were prepared using an amplicon rescued multiplex PCR with two

consecutive PCR steps.

Using the Qiagen One-Step-RT-PCR-Kit, reverse transcription and multiplex-nested PCR were
performed in the first step, with gene-specific primers targeting the TCRB V and C segments.
A mastermix of 5 yl 5x Buffer, 1 yl dNTPs, 1 yl Enzyme Mix and 2.5 yl MTB-x-Primer containing
barcodes was added into precooled tubes. A total amount of 200 ng RNA was applied and
filled up with RNase-free water to 15.5 pl to obtain a total solution of 25 ul per sample. For the

negative control, only 1.5 ul of MTB-x-Primer were used and instead of the probe, 16.5 pl
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RNase-free water were added to the mastermix. Reverse transcription and first PCR were run

under the following conditions:

Table 9: Reverse transcription and multiplex-nested PCR.

Temperature Time Number of cycles

Reverse transcription 50 °C 40 min 1
Denaturation 95 °C 15 min
Denaturation 94 °C 30 sec

Annealing 60 °C 2 min 15
Elongation 72 °C 30 sec

Denaturation 94 °C 30 sec 10
Elongation 72 °C 2 min

Final elongation 72 °C 10 min 1

For the next exponential amplification PCR step, using the Qiagen Multiplex PCR Kit, 1 ul PCR
product was added to 2.5 yl communal lllumina primer, 9 ul laboratory grade water and 12.5 pl

multiplex PCR mastermix. Amplification was conducted under the following conditions:

Table 10: Amplification PCR.

Temperature Time Number of cycles
Initial denaturation 95 °C 15 min 1
Denaturation 94 °C 30 sec
Annealing 55°C 30 sec 40
Elongation 72 °C 30 min
Final elongation 72 °C 5 min 1

2.2.5.4. Gel electrophoresis

Gel electrophoresis was performed to verify correct amplification during amplicon rescued
multiplex PCR. 8 g agarose was dissolved in 400 ml 1x TAE buffer at 95 °C to receive a 2 %
gel. 1 pl Roti GelStain per 10 ml gel solution was added after cooling down to 60-65 °C and
the solution was poured into a gel-tray. 25 ul of the second PCR product cDNA was mixed with
6 ul 5x DNA Loading Buffer Blue and loaded onto the gel. In addition, 5 pl HyperLadder (100-
1,000 bp) was filled into the first lane to estimate product size. Electrophoresis was performed
by 110 Volt for 40 min and gel was monitored under minimal exposure of UV light, capturing a
photo using the EBOX VX5. Positively amplified samples were expected to show a product
band at approximately 280 bp with corresponding negative controls only holding considerably
smaller unspecific bands (see example in Figure 4). Correct samples were cut out, weighted,

and stored at -20 °C until further processing.
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Standard

Figure 4. Representative PCR product gel.

2 % agarose gel showing correct amplification of splenic compartment samples, i.e. T cell zone (TCZ), B cell
zone (BCZ) and germinal center (GC), with product bands at approximately 280 bp. For corresponding no
template (NT) controls, only small unspecific bands were detected. bp — base pairs.

2.2.5.5. DNA gel extraction

DNA gel extraction was performed using the MinElute Gel Extraction kit (Qiagen). The
weighted gel slices were dissolved in buffer QG (volume (ml) = weight (mg) x 3) for 10 min at
50 °C in a thermomixer. Isopropanol was added (volume (ml) = weight (mg) x 1) and mixed
with the sample. 700 pl of the mixed sample solution was then transferred to a spin column to
allow binding of the DNA at 12,0009 for 1 min. Flow through was discarded and two washing
steps were conducted. First, the column was washed using 500 pl buffer QG at 12,0009 for
1 min and after discard of flow through, the samples were incubated with 750 pl buffer PE for
3 min before spinning at 12,000g for 1 min again. The flow through was discarded again and
the column was dried at 12,000g for 1 min. To elute the bound DNA, the column was
transferred into a new collection tube and incubated with 10 pl buffer EB for 1 min before
centrifugating at 12,000g for 1 min again. Eluted samples were stored at -20 °C until further

processing.
2.2.5.6. Sequencing library quantification

Using the PerfeCTa NGS Quantification Kit, the concentration of TCR sequencing libraries
was determined by gRT-PCR. Samples were stepwise diluted 1:10,000 with 1x Dilution buffer,
and 4 pl of this dilution were then added to a 96 well plate already containing a master mix of
10 pl PerfeCTa SYBR Green SuperMix, 0.6 pl lHlumina Primer Mix and 5.4 pl laboratory grade

29



water. In addition, 4 pl of standards 1-5 and 4 pl laboratory grade water as negative control
were added into the lowest row of wells. Probes were run in technical duplicates on the ABI
PRISM 7900 under the following conditions:

Table 11: PCR conditions for sequencing library quantification.

Temperature Time Number of cycles
Initial denaturation 95 °C 5 min 1
Denaturation 95 °C 20 sec
Annealing 60 °C 30 sec 35
Elongation 72 °C 45 sec
Dissociation curve 95°C 15 sec 1
60-95 °C 15 sec per 0.5 °C

Amplification results were analyzed using the ABI 7900 detection system, with a standardized
baseline setting from three to eight and a threshold set to 0.2. By means of standard
amplification curves, the CT values of each sample were converted to the raw concentration,
and taking both standard and amplicon fragment length as well as dilution factor into account,

the absolute library concentration was calculated as:
library concentration (nM) = raw concentration (pM) X 1.52 x 10,000

Considering both molecular size and weight of the samples, probes were normalized to a

library concentration of 2 nM using library dilution buffer.
2.2.5.7. Next-Generation Sequencing

The TCR sequencing libraries were analyzed using lllumina MiSeq platform and MiSeq
Reagent Kit v2 (300 cycles). Deep sequencing was performed by combining six individual
samples bearing a unique barcode in one library. For this, 5 ul of each individual 2 nM sample
were combined for building the sample pool. 5 pl of this sample pool were denatured by 5 pl
0.2 M NaOH for 5 min at 25 °C and filled up with 990 ul HT1 buffer afterwards. PhiX Control
was used as internal sequencing control. To obtain a 10 pM PhiX library, 2 pl of PhiX 10 nM
stock solution were diluted with 3 pl library dilution buffer, denatured by 5 pl 0.2 M NaOH for
5 min at 25 °C and diluted with appropriate amounts of HT1 buffer. For sequencing, 510 pl of
the 10 pM sample pool and 90 pl of 10 pM PhiX library were loaded into the MiSeq reagent
cartridge. The flow cell that was stored in buffer in the fridge was rinsed using laboratory grade
water. Sequencing was conducted as 150 bp paired-end sequencing using Illlumina PE Read
1/2 Sequencing Primer and FASTQ files were supposed to be generated. Individual
sequencing runs were assessed based on PhiX sequencing quality, density of clusters (k'mm?)
and the cluster passed filter (%). Runs displaying a cluster density of 750 k/mm? + 150 k/mm?

and a cluster past filter rate > 90 % were categorized as successful sequencing runs.
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2.2.5.8. Data processing

Two separate FASTQ files, containing information of forward and reverse read, respectively,
result from each sequencing run. Using the software ClonoCalc (version 2.1) and the
embedded links to FASTX Barcode splitter and programs KIEL and PEAR, data
demultiplexing, processing and TCR detection were performed. The received assembled reads
were used by MIiTCR to extract TCR sequences that were mapped against murine TCR gene
locus. Finally, tables containing detailed information about the TCR of the respective sample
were given as result, i.e. CDR3 nucleotide sequence, CDR3 amino acid sequence, read count,

read frequency, VDJ segment usage and number of nucleotide insertions (see example in

Figure 5).

Read.count| Percentage | CDR3.nucleotide.sequence | CDR3.amino.acid.sequence |V.segments
T6233|0.0469427454052047 |GCCAGCAGTACTACTGGGGGGATTCAAMACACCTTGTAC ASSTTGGIONTLY TREV19
29051|0.0178890204605171 |GCCAGCAGGTACTGGGGGGCCCAAGACACCCAGTAC ASRYWGAQDTQY TRBV14
24025|0.014794110927814 |GCCAGCAGTTGGACTGGGGGGATGGACACCCAGTAC ASSWTGGMDTAQY TRBV14
22260|0.0137072594902451 |GCCAGCTCTCTCGAATCGGGGGGCAGTGGCACCGGGCAGCTCTAC |ASSLESGGSGTGALY TRBV12-2
20312|0.0125077203398858 |GCAAGCAGCTTAGAGGGACAGCTCTCTGAACAGTAC ASSLEGQLSEQY TRBV16

Figure 5. Representative sequencing output table.
Exemplary output table containing detailed information about the T cell receptor (TCR) sequences that are found
in the respective sample. Shown are first entries of the five most frequent sequences, specifying copy number
(= read count), percentaged frequency, nucleotide and amino acid sequence of complementary determining
region 3 (CDR3) as well as used variable (V) gene segment.

2.2.5.9. Data evaluation

Most data analysis was conducted using the open-access statistical software R (version 4.2.2),
when not specified otherwise. A list of all R packages for this study can be seen in Table 7.

After excluding non-functional sequences, each data set contained up to two million nucleotide
sequences that are coding for a large number of different amino acid sequences. In the
following, unique CDR3B amino acid sequences are denoted as clonotype to which V and J
segment of the coding nucleotide sequence (= clone) with highest frequency is assigned. In
addition, the frequency of each individual clonotype is termed copy number and can be
determined by summing up the values of all coding nucleotide sequences. Be aware that
clonotypes still can differ in sequences outside the CDR3 region or in their a chain since these
analyses are restricted to CDR3B TCR sequences only. Furthermore, the amino acid or
nucleotide sequence length is determined as number of amino acids or nucleotides within the

noted CDR3p region, respectively.

To assess the homogeneity or diversity of the present TCR sequences, we calculated indices
that were developed by Martin Meinhardt during his doctoral thesis on the basis of the

commonly used Simpson index [72, 73] and are already published in [74].
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The Repertoire Homogeneity Index (RHI) is defined as

with x denoting a clonotype in a TCR-R data set X,
Q the set of all possible TCR[B sequences,

R C Q x Q asimilarity criterion of two sequences and
1(-) the indicator function.

The RHI thus reflects the probability by which a randomly sampled pair of clonotypes within a
data set is similar in respect of the similarity criterion R, with R given a flexible definition of
similarity within a variety of sequence parameters. Here, we have chosen the Levenshtein
distance (LD) as similarity criterion, implying that two clonotypes are similar if LD of their
CDR3p regions is at maximum one, i.e. the number of conversion steps to transfer one
sequence into another by displacing one amino acid at a time [75, 76]. The calculation of RHI.p
was performed in Java with the required software developed using Eclipse IDE for Java
Developers and the Apache Commons Text library being applied.

Furthermore, due to the degeneracy of the genetic code, an amino acid sequence can be
encoded by a multitude of different nucleotide sequences. To assess this variety in the TCR-R,
the Coding Diversity Index (CDI) is defined as

CDI(X) =~ 3 Dy (x)

For each clonotype x in a TCR-R data set X that is encoded by several nucleotide sequences

2o x™) first the Nucleotide Coding Simpson Index (Dxc) is defined as

My (D) 2
DNc(x):l_Z )

— \ Vx (x) ’

with  vx(x) denoting the copy number of the clonotype.
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As Dnc(Xx) quantifies the coding diversity of the clonotype X, the mean values of these indices
result in a measurement of the heterogeneity of the nucleotide coding of the total clonotypes
in X, thus given the CDI(X).

In addition, we used OLGA (Optimized Likelihood estimate of immunoGlobulin Amino-acid
sequences, version 1.2.4), a free python 2.7 software, to compute the generation probability
(Pgen) of amino acid and nucleotide CDR3B sequences from a generative model of V(D)J
recombination [69]. Pgen thus is the sum of occurrence probabilities of all possible
recombination events resulting in a given nucleotide sequence, as well as further summing up
the probabilities of all single nucleotide sequences leading to an amino acid sequence [69, 77].
As the ClonoCalc software we used for generating the TCR sequence data files cuts of the
conserved cysteine and phenylalanine in the V and J region, respectively, we had to modify
the V and J gene anchors in the python code for OLGA to be able to compute Pgen for our data
sets.

Finally, to compare the TCR-R between two samples, we calculated the Jaccard index [78] as

|AnN B|

JAB) =g

with A denoting all TCRp clonotypes of sample A and B representing all TCR[ clonotypes of
sample B. Thus, the ratio of sequences being identical between the two samples is divided by
the number of sequences that are exclusively present in only one of the samples. Accordingly,
the clonal overlap between two TCR-R ranges from 0 (= no TCR sequences shared) to 1

(= all sequences shared, i.e. an identical repertoire).

Jaccard indices determined between different compartments and animals were further used
for multidimensional scaling analysis to visualize the level of similarity within the data set.
Thereby, higher clonal overlap between the compartments’ TCR sequences results in

clustering, while repertoire differences cause separation between the analyzed compartments.

All parameters were applied both on the total data set and on TCR sequences that were
grouped in ten categories according to their frequency (log. of their copy number), i.e. using

the fractioning strategy introduced by Meinhardt et al. [74].
2.2.6. Data visualization and statistics

Most data were visualized using GraphPad Prism (version 5.0). Scatterplots and Clustering
analysis were illustrated using the open-access statistical software R (version 4.2.2). In
addition, R software was also used for statistical analysis of all data sets. A list of all R

packages used in this study is shown in Table 7.
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gRT-PCR data were denoted by median and interquartile ranges and ANOVA including Holm’s
method as post-hoc test was performed for evaluating differences between analyzed groups.
Deep sequencing data were presented as arithmetic mean + standard deviation and analyzed
using Mann-Whitney-U for unpaired or its analog, Wilcoxon signed-rank test, for paired

samples. Statistical significance is denoted as * p < 0.05, ** p < 0.01 and *** p < 0.001.
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3. Results
3.1 The TCR-R of splenic TCZ and BCZ in naive mice

We first focused our analyses on the TCR-R of naive mice where we compared the repertoire
found in splenic TCZ and BCZ. Since T cells are also present in B cell follicles (Figure 6A), we
used the determined numbers of on average 16,000 and 1,100 T cells per mm?2 TCZ or BCZ,
respectively (Figure 6B), to estimate the total number of T cells found in our samples isolated
out of splenic cryosections (Figure 6C). Using deep sequencing to characterize the TCR-R,
e.g. to determine the number of unique TCRs present in the different compartments, we
focused on the CDR3 region of the TCR chain as this variable domain spans the joining
region of the V, D and J segments and the subsequent nucleotide additions, and thus is the
site of antigen recognition that determines the TCR specificity. A set of T cells bearing identical
CDR3pB chains on the amino acid level is thus referred to as a clonotype. Accordingly, we
detected on average 54,000 different T cell clonotypes in the TCZ but only about 16,000
different T cell clonotypes in the BCZ (Figure 6D). With other words, while 15 times more
T cells were found in the TCZ compared to the BCZ, this ratio was extenuated to a 3-fold
difference in clonotype number.
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Figure 6: Analyzing the TCR-R of splenic TCZ and BCZ in naive mice.

(A) Representative cryosection of a naive spleen stained for B cells (blue, B220) and T cells (brown, TCRp) to
indicate clear structured splenic compartments, i.e. T cell zone (TCZ) and B cell zone (BCZ). Magnification
highlights incidence of T cells in B cell follicle and (B) cryosections were quantified with Image] to assess those
numbers. Splenic compartments were isolated to perform deep sequencing of the complementary determining
region 3 (CDR3) B chain, (C) number of analyzed T cells was extrapolated and (D) number of detected T cell
clonotypes was determined to analyze the T cell receptor repertoire (TCR-R). Displayed are means and standard
deviations for PBS-injected mice (n = 8) and data were analyzed using Mann-Whitney-U, with ** p < 0.01
indicating significant differences between TCZ and BCZ.

3.1.1 With respect to the TCZ, the TCR-R of BCZs features more “public” characteristics

We further analyzed these T cells by determining various parameters of the underlying TCR-R.
Calculating both length and generation probability of the CDR3B amino acid sequences
provides details about their origination. According to this, TCR sequences with fewer
nucleotide additions and a consequently shorter CDR3 amino acid sequence length are
predicted to be closer to the germline and therefore more likely to be generated. Within the
B cell follicle, we found a higher generation probability (Pgen) (Figure 7A) as well as a reduced
sequence length of T cell clonotypes (Figure 7B) compared to their counterparts in the TCZ.
To obtain information about the relationship between these clonotypes, we determined the
probability by which two TCR sequences are similar, i.e. differing in at most one amino acid,
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by using the repertoire homogeneity index on the basis of Levenshtein distance (RHIwp). An
increase in value consequently reflects a homogenization of the underlying TCR-R as found in
the BCZ, indicating a higher sequence similarity and thus appearance of sequence families
here (Figure 7C). In addition, we computed the coding diversity index (CDI). This index
describes the heterogeneity of nucleotide coding of the CDR3 amino acid sequences, with
usage of different nucleotides leading to high values, while homogenization is represented by
data that show a tendency towards 0. Contrary to our expectations, TCR amino acid
sequences present in the B cell follicles were coded by only a few dominant nucleotide
sequences, resulting in a reduced CDI value (Figure 7D). Finally, we also found V and J
segments differentially used by T cell clonotypes of TCZ and BCZ (Figure 7E+F). Taken
together, most of these parameters indicate that the TCR-R in the B cell follicle is mainly built
by clonotypes holding “public” characteristics.
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Figure 7: The TCR-R differs between splenic TCZ and BCZ of naive mice.

Deep sequencing of the complementary determining region 3 (CDR3) B chain of splenic compartments was
performed, i.e. T cell zone (TCZ) and B cell zone (BCZ). (A) Generation probability, (B) mean length and (C)
homogeneity of CDR3 amino acid sequence, (D) heterogeneity of nucleotide coding as well as distribution of
used (E) V and (F) J segments were determined to analyze the T cell receptor repertoire (TCR-R) in naive mice
after injection of PBS (n = 8). Displayed are means and standard deviations and data were analyzed using Mann-
Whitney-U, with * p < 0.05 and ** p < 0.01 indicating significant differences between TCZ and BCZ. aa — amino
acids; CDI — coding diversity index; Pgen — generation probability; RHIp — repertoire homogeneity index based
on Levenshtein distance.
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3.1.2 Fractioning the T cell clonotypes according to their copy number reveals that also

“private” features can be detected in high copy clonotypes of BCZs

To investigate even small changes in the underlying repertoire, we grouped the detected T cell
clonotypes into ten fractions according to their frequency (log: of their copy number) and

analyzed these categories separately.

For the TCZ we found the expected distribution pattern of many clonotypes with only few
copies and just a few clonotypes that occur in large copy numbers. A similar pattern was found
in the B cell follicle, but with fewer clonotypes being detected in general (Figure 8A).
Nevertheless, no significant difference between TCZ and BCZ could be detected for T cell
clonotypes with highest frequency (last three fractions). Interestingly, the effects found for the
total repertoire were particularly reflected in fractions of low copy numbers. T cell clonotypes
showed a higher generation probability, a reduced sequence length and more homogenous
sequences in the BCZ than in TCZ here. However, oppositional effects were found for high
copy clonotypes, where the TCR sequences present in the B cell follicle had a reduced
probability of being generated, were longer and more heterogenous than in the TCZ. The
repertoire found in the medium fractions exhibited a crossover between these two effects
(Figure 8B-D). In addition, nucleotide coding was reduced for all fractions in the BCZ, even
though the values likewise increased with copy number for both compartments (Figure 8E).
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Figure 8: Low copy T cell clonotypes reflect differences found in the total repertoire, while also
“private” features can be detected in high copy clonotypes within BCZs.

Deep sequencing of the complementary determining region 3 (CDR3) B chain of splenic compartments was
performed, i.e. T cell zone (TCZ) and B cell zone (BCZ). (A) Number of detected T cell clonotypes, (B) generation
probability, (C) mean length and (D) homogeneity of CDR3B amino acid sequence as well as (E) heterogeneity
of nucleotide coding were determined to analyze the T cell receptor repertoire (TCR-R) in naive mice after
injection of PBS (n = 8). Clonotypes are grouped in fractions according to their frequency (log, of their copy
number). All fractions shown in the left panel are presented separately in the right panel to show more details.
Displayed are means and standard deviations. Within each fraction data were analyzed using Mann-Whitney-U,
with * p < 0.05 and ** p < 0.01 indicating significant differences between TCZ and BCZ. aa — amino acids; CDI
— coding diversity index; Pgen — generation probability; RHIp — repertoire homogeneity index based on
Levenshtein distance.
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Furthermore, differences in V segment usage were also nearly exclusively present for T cell
clonotypes with low or medium copy numbers (Figure 9A+B), but not for high frequent ones
(Figure 9C).

low
A 60

204 *

et i o BRI N

R T S P S R SN T, S

*

i
oo

KUK

Figure 9: High copy T cell clonotypes do not differ in V segment usage for TCZ and BCZ.
Deep sequencing of the complementary determining region 3 (CDR3) B chain of splenic compartments was
performed, i.e. T cell zone (TCZ) and B cell zone (BCZ). Distribution of used V segments was determined to
analyze the T cell receptor repertoire (TCR-R) in naive mice after injection of PBS (n = 8). Clonotypes are grouped
in fractions according to their frequency (logx of their copy number). Fractions of (A) lowest (equivalent to
fractions 1-4 in Figure 8, (B) medium (equivalent to fractions 5-7 in Figure 8) and (C) highest copy number
(equivalent to fractions 8-10 in Figure 8) are separately shown. Displayed are means and standard deviations.
Within each panel data were analyzed using Mann-Whitney-U, with * p < 0.05 and ** p < 0.01 indicating
significant differences between TCZ and BCZ.

3.1.3 Compartments within the same spleen show a higher clonal overlap

We extended our analyses of the receptor repertoire to T cells of distinct compartments,
because we were interested to know to what extent the TCR-R diversity differs between
compartments of different mice compared to compartments of the same spleen. Therefore, we
estimated the Jaccard index as a measure of similarity both between compartments of different
animals (“between”) and within distant zones of the same slice (“within”), with the calculated
value representing the percentage of clonal overlap (1 = all TCR sequences shared; 0 = no
TCR sequences shared).
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In the TCZ, high copy T cell clonotypes showed a higher Jaccard index both within and
between compartments, but almost no significant difference in the clonal overlap of the
predominant TCR-R could be detected between TCZs from the same mouse and those of
different animals (Figure 10A). In contrast to that we found a higher amount of diversity
between BCZs of different mice than within the same spleen. While the clonal overlap
remained at low levels throughout all fractions for different animals, it was increased within the

fractions of numerically dominant clonotypes for “within” comparisons (Figure 10B).
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Figure 10: Clonal overlap is higher between compartments within the same spleen.

Deep sequencing of the complementary determining region 3 (CDR3) B chain of splenic compartments was
performed, i.e. T cell zone (TCZ) and B cell zone (BCZ), with two independent compartments each being isolated
to analyze the T cell receptor repertoire (TCR-R) in naive mice after injection of PBS (n = 8). Jaccard index
indicating clonal overlap (1 = 100 %; 0 = 0 %) was determined for T cell clonotypes in (A) TCZ and (B) BCZ,
both between different animals ("between”) and within distant zones of the same mouse (“within”). Clonotypes
are grouped in fractions according to their frequency (log. of their copy number). All fractions shown in the left
panel are presented separately in the right panel to show more details. Means and standard deviations are
displayed and within each fraction data were analyzed using Mann-Whitney-U, with * p < 0.05, ** p < 0.01 and
*** p < 0.001 indicating significant differences for indices measured between or within animals.
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3.2 The effect of immunization on the TCR-R in splenic TCZ and BCZ after SRBC-
injection

Immunization is known to have a strong impact on the composition of lymphocytes that are

recruited into a T cell dependent B cell response, raising the question how this might variably

affect the TCR-R of splenic compartments. To investigate if an antigen challenge influences

both distribution and diversity of the TCR-R in the different splenic compartments, we

compared the TCR specificities of naive and immunized mice 3, 4, 7 and 10 d after injection

of SRBC, using the aforementioned parameters.
3.2.1 Overall immunization effects on the TCR-R can be detected at late timepoints

For the TCZ, the total number of different T cell clonotypes notably decreased 7 d after SRBC-
injection (Figure 11A, left panel). Furthermore, immunization induced a noticeable shift in the
distribution of clonotypes towards fewer low copy clonotypes that already started earlier in both
compartments (Figure 11A+B, right panel), although we did not detect any significant
differences in the total number for the B cell follicle (Figure 11B, left panel). In addition,
multidimensional scaling revealed that TCR sequences in TCZs and B cell follicles form two
independent clusters, even if BCZs were scattered to a greater extent in general (Figure 11C).
Especially for the TCZ one could see that 7 d after immunization these compartments diverged
from their cluster, showing a growth in variance between the different animals that already
slightly started after 3 d.
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3.2.2 Fractioning the T cell clonotypes according to their copy number reveals early

immunization effects in high copy clonotypes present in the TCZ

To analyze these shifts in the predominant TCR-R in more detail, we used our fractioning

strategy to separately look at the different categories.

Although we could not detect any differences in the total TCR-R in the TCZ at early stages,
immunization already resulted in more different clonotypes occurring in highest copy number
3 d after SRBC-injection here (Figure 12A, left panel). In addition, both generation probability
(Figure 12B, left panel), homogeneity (Figure 12D, left panel) and nucleotide coding (Figure
12E, left panel) of CDR3 amino acid sequences were reduced, as well as mean sequence
length increased for high copy clonotypes (Figure 12C, left panel). The T cell clonotypes
showed a similar distribution for all fractions in the B cell follicle, though on a lower level (take
notice of the different scaling), but almost no significant differences between naive and
immunized animals could be detected (Figure 12A-E, right panel). Thus, all parameters are
pointing towards a beginning “private” immune response 3 d after SRBC-injection starting in
the TCZ.

44



A TCZ BCZ
15000 6000

] -- PBS
S - SRBC
2 10000 4000+
L]
o
]
§ 5000 2000-
a
5
£ # #
0- 0

B 1.5:40°% 8.0>10°%
#

6.0<10°0

1.0x10-51
#

40107
5.0x10°5

2.0:10°°

12.04

Pgen

o

s 2

-
m
o

*

11.51

11.0 11.04

mean CDR3 length [aa]
P
!
£ 3
*

-
e
w
-
=]
w

D 25:10°2 8.0:10°3

-2
ELiL 6.0x101

1.5:102-
. 4040

1.0:02-
2.0x10"% 4

5.010°%

0- 1]

0.4 0.2
02 041

— 0.0
MV o W@ PN AR R A o

log; (copy number) log; (copy number)

*

RHI p

CDI
J
3
£y

Figure 12: Immunizations alters the TCR-R of high copy clonotypes in the TCZ 3 d after SRBC-
injection.

Deep sequencing of the complementary determining region 3 (CDR3) B chain of splenic compartments was
performed, i.e. T cell zone (TCZ) and B cell zone (BCZ). (A) Number of detected T cell clonotypes, (B) generation
probability, (C) mean length and (D) homogeneity of CDR3B amino acid sequence as well as (E) heterogeneity
of nucleotide codings were determined to analyze the T cell receptor repertoire (TCR-R) in naive mice or 3 days
(d) after SRBC-injection (n = 8 each). Clonotypes are grouped in fractions according to their frequency (log, of
their copy number). Displayed are means and standard deviations. Immunization effects within each fraction
were analyzed using Mann-Whitney-U and displayed as #. aa — amino acids; CDI — coding diversity index; Pgen
— generation probability; RHI p — repertoire homogeneity index based on Levenshtein distance.
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3.2.3 Immunization induces a shiftin the TCR-R of TCZ and BCZ 7 d after SRBC-injection

7 d after immunization the effects that are characteristic for a “private” immune response,
known to be induced by injection of a high dosage of SRBC, were even more pronounced. In
the TCZ immunization induced a noticeable shift towards high copy clonotypes, while the
overall number of different T cell clonotypes was reduced (Figure 13A, left panel). Like in naive
mice, generation probability increased with growing copy number but was still significantly
lower after SRBC-injection here (Figure 13B, left panel). In addition, we detected a drop in
CDR3B amino acid sequence length for numerically dominant clonotypes, but they
nevertheless remained slightly longer than at the naive state in the top fractions after
immunization (Figure 13C, left panel). Repertoire homogenization measured by RHI p followed
the same pattern with overall more homogenous high copy TCR sequences, but a reduced
level compared to PBS after SRBC-injection (Figure 13D, left panel). Finally, immunization
induced homogenization of nucleotide coding for CDR3B amino acid sequences of reacting
T cell clonotypes, even if a higher degree of heterogeneity was also detected for clonotypes
that occur in high copy numbers (Figure 13E, left panel). However, when separately looking at
the T cell clonotypes that only appear in low copy numbers, oppositional effects were detected.
After immunization, TCR sequences had a higher generation probability and a shorter mean
length than at the naive state here (Figure 13B+C, left panel). In addition, higher values for
RHIpo were also found after SRBC-injection in low fractions (Figure 13D, left panel). All effects
detected for T cell clonotypes in the TCZ were also present in the B cell follicle, but on a lower
level (take notice of the different scaling) (Figure 13A-E, right panel). Consequently, high
frequent T cell clonotypes are featuring “private” characteristics, while low copy TCR
sequences are more prone to “public” properties, resulting in the same patterns for both TCZ

and B cell follicle.
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Figure 13: Immunizations induces a shift in the TCR-R of TCZ and BCZ 7 d after SRBC-
injection.

Deep sequencing of the complementary determining region 3 (CDR3) B chain of splenic compartments was
performed, i.e. T cell zone (TCZ) and B cell zone (BCZ). (A) Number of detected T cell clonotypes, (B) generation
probability, (C) mean length and (D) homogeneity of CDR3B amino acid sequence as well as (E) heterogeneity
of nucleotide codings were determined to analyze the T cell receptor repertoire (TCR-R) in naive mice (n = 8) or
7 days (d) after SRBC-injection (n = 6). Clonotypes are grouped in fractions according to their frequency (logz
of their copy number). Displayed are means and standard deviations. Immunization effects within each fraction
were analyzed using Mann-Whitney-U and displayed as #. aa — amino acids; CDI — coding diversity index; Pgen
— generation probability; RHI p — repertoire homogeneity index based on Levenshtein distance.
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3.3 The TCR-R during the GC reaction

During an ongoing T cell dependent B cell response, proliferation of T and B cells causes the
formation of GCs within B cell follicles (Figure 14A). For the generation of high-affinity
antibodies, B lymphocytes need the help of a specialized subset of T cells found in GCs,
namely Tfh cells. Thus, we determined those numbers and the underlying TCR-R and
compared it to the other splenic compartments. About 3,600 T cells were counted per mm? in
the GC, and thus approximately twice as much as found in the B cell follicle after immunization
(Figure 14B). In addition, we used the determined numbers to estimate the total number of
T cells found in our samples isolated out of splenic cryosections. No difference between BCZ
and GC could be detected here, whereas much more T cells were present in the samples
isolated from single TCZs (Figure 14C). Using deep sequencing we characterized the
underlying TCR-R and determined the number of T cell clonotypes present in the different
compartments 7 d after immunization. We detected about 11,000 different T cell clonotypes
for on average 19,000 T cells present in the BCZ sample, while we found only 2,000 different
T cell clonotypes for on average 12,500 T cells sampled from GCs surrounding a single TCZ
(Figure 14D).
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Figure 14: A multitude of Tfh cells is located in GCs surrounding a single TCZ.

(A) Representative cryosection of an immunized spleen stained for B cells (blue, B220) and proliferating cells
(red, Ki67). Magnification highlights clear structured splenic compartments, i.e. T cell zone (TCZ), B cell zone
(BCZ) and germinal center (GC). (B) Cryosections stained for B cells and T cells were quantified with Image] to
assess number of T cells. Splenic compartments were isolated to perform deep sequencing of the complementary
determining region 3 (CDR3) B chain, (C) number of analyzed T cells was extrapolated and (D) resulting number
of detected T cell clonotypes determined to analyze the T cell receptor repertoire (TCR-R). Displayed are means
and standard deviations 7 days (d) after SRBC-injection (n = 6) and data were analyzed using Mann-Whitney-
U, with * p < 0.05 indicating significant differences between compartments. Tfh — T follicular helper cell.

3.3.1 The TCR-R of Tfh cells shows mainly “private” characteristics

Using the afore introduced parameters we further analyzed the TCR-R of these Tfh cells in the
GC compared to the other splenic compartments. In total, Tth cell clonotypes were significantly
fewer, had both an equal generation probability and CDR3p amino acid sequence length, as
well as a higher homogeneity and the same nucleotide coding level compared to the repertoire
of surrounding B cell follicles (Figure 15A-E, left panel). Fractioning the TCR-R reveals that

GC clonotypes were indeed on an overall lower level than T cell clonotypes of the other
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compartments but showed a noticeable shift towards high copy clonotypes (Figure 15A, right
panel). Generation probability also only slightly increased with growing copy number but was
still significantly lower compared to TCZ and BCZ here (Figure 15B, right panel). However, the
drop in CDR3B amino acid sequence length for numerically dominant clonotypes that was
striking for T cell clonotypes of TCZ and B cell follicles was diminished for the GC. Here, TCR
sequences showed an almost constant length cross all fractions (Figure 15C, right panel).
Finally, both repertoire homogenization and heterogeneity of nucleotide coding were
significantly reduced in the TCR-R repertoire of GCs (Figure 15D+E, right panel). Interestingly,
when separately looking at the T cell clonotypes that only appear in lower copy numbers,
oppositional effects were detected for RHI.p and CDI. TCR sequences in the GC had higher
values of homogenization and were more diversely nucleotide coded than their counterparts

present in the other compartments here (Figure 15B, D+E, right panel).

Nevertheless, despite the variances in fractions of lowest copy number, highlighting the effects
of a “private” immune response is even more pronounced in GC high frequent T cell clonotypes

than for B cell follicles.
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Figure 15: The TCR-R within GCs shows mainly “private” characteristics when compared to
surrounding BCZs and TCZ.

Deep sequencing of the complementary determining region 3 (CDR3) B chain of splenic compartments was
performed, i.e. T cell zone (TCZ), B cell zone (BCZ) and germinal center (GC). (A) Number of detected T cell
clonotypes, (B) generation probability, (C) mean length and (D) homogeneity of CDR3f amino acid sequence
as well as (E) heterogeneity of nucleotide coding were determined to analyze the T cell receptor repertoire
(TCR-R) 7 days (d) after SRBC-injection (n = 6). Clonotypes are analyzed in total (left panel) or grouped in
fractions according to their frequency (log; of their copy number) (right panel). Displayed are means and
standard deviations. Data were analyzed using Mann-Whitney-U, with * and + displaying differences between
GC and BCZ or GC and TCZ, respectively. aa — amino acids; CDI — coding diversity index; Pgen — generation
probability; RHI,p — repertoire homogeneity index based on Levenshtein distance.
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3.3.2 Tth cells proliferate within the GC

When taking a closer look at the number of different T cell clonotypes in the GC, we found no
significant difference between 4, 7 and 10 d after SRBC-injection, i.e. beginning and peak of
GC development, respectively (Figure 16A). This clearly revealed that a multitude of different
Tfh clones were found in GCs surrounding one single TCZ, occurring in frequencies with partly
more than 1,000 copies. Accordingly, many clonotypes were detected in the high copy fractions
with a maximum increase 7 d after immunization (Figure 16B). To further analyze these hints
pointing towards proliferation of Tfh cells within GCs, we quantified immunofluorescent stained
splenic cryosections (Figure 16C). Counting the humber of GC T cells that were positive for
both T cell marker CD4 and proliferation marker Ki67 demonstrates that more than 70 % of

Tth cells are proliferating (Figure 16D).
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Figure 16: Most Tfh cells proliferate within the GC.

Deep sequencing of the complementary determining region 3 (CDR3) B chain of germinal centers (GCs) was
performed. Numbers of detected T cell clonotypes were determined to analyze the T cell receptor repertoire
(TCR-R) 4 (n =8), 7 (n = 6) and 10 (n = 4) days (d) after SRBC-injection (A) in total or (B) grouped in fractions
according to their frequency (log; of their copy number). (C) Representative cryosections highlighting GC area
stained for T cells (green, CD4) and proliferating cells (red, Ki67) were quantified with Image] to assess (D)
number of proliferating T follicular helper (Tfh) cells within GCs. For (A), (B) and (D) means and standard
deviations are displayed. Numbers above the graph indicate percentage of proliferating CD4* T cells. CD — cluster
of differentiation.

3.3.3Tfh cells can be detected in compartments outside the GC, holding “public”
characteristics

It is commonly accepted that T cells can enter the circulation and migrate to infected tissues
or other lymphatic organs. Since we found clear evidence that Tfh cells are proliferating within
the GC, which seems to be also limited in size, we hypothesize that these cells are able to

migrate to other splenic compartments as well.

To answer this question, we did not only isolate one TCZ and the adjacent B cell follicles and

GCs, but also analyzed a second, separated set of TCZ, BCZs and GCs from serial splenic
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sections. To investigate possible migration patterns, we had to switch from amino acid
sequence level (= T cell clonotype) to nucleotide sequence level (= T cell clone). Only if two
TCR sequences have identical nucleotide sequences and VJ segment usage, they can be
related. Hence, each Tfh cell clone was tested to be either exclusively present in the GC (GCi,)
or also found in at least one of the remaining compartments (GC.ou). Most of GC-affiliated
Tth cell clones (also named GC clones here) were resident only in the original GC.
Nevertheless, 20-30 % of GC clones could be identified in other compartments in the course
of GC reaction (Figure 17A-C, left panel). This partition applied not only to high copy clones
but was observable throughout all fractions (Figure 17A-C, right panel). Thus, it is reasonable

to restrict further analyses on the total repertoire.
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Figure 17: Tfh cell clones can be detected outside the GC.

Deep sequencing of the complementary determining region 3 (CDR3) B chain of germinal centers (GCs) was
performed. Each T follicular helper (Tfh) cell clone was tested to be either exclusively present in the GC (GCi,)
or also found in other splenic compartments (GC.out). (A) Total percentage (left panel) and number (right panel)
of Tfh cell clones grouped in fractions according to their frequency (log, of their copy number) within GCs
classified as “GCin"” or “GC.out” Were assessed (A) 4 (n = 8), (B) 7 (n = 6) and (C) 10 (n = 4) days (d) after
SRBC-injection. Displayed are means and standard deviations. Data were analyzed using Mann-Whitney-U, with
* p < 0.05 and ** p < 0.01 indicating significant differences between Tfh cell subgroups.

We further analyzed these two identified subgroups of Tfh cell clones at the peak of GC

reaction (i.e. 7 d after SRBC-injection) to characterize the underlying TCR-R using our toolkit

of standard parameters. GC clones also present outside the original GC (= GC.ou clones) were
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determined to have a higher generation probability (Figure 18A), a reduced nucleotide
sequence length (Figure 18B) and an increased copy number (Figure 18C) compared to their
residential counterparts (= GCi, clones). Thus, these clones seem to hold special features that
are characteristic for “public” clones. In addition, we also found differences in the distribution
of V and J segments with those antigen-specific “public”-like Tth cell clones preferentially using
e.g. segments V3 and J2-7 (Figure 18D+E).
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Figure 18: Tfh cell clones found outside the GC hold “public” characteristics.

Deep sequencing of the complementary determining region 3 (CDR3) B chain of germinal centers (GCs) was
performed. Each T follicular helper (Tfh) cell clone was tested to be either exclusively present in the GC (GCi,)
or also found in other splenic compartments (GC.out) and thus assigned in subgroups. For each subgroup (A)
generation probability, (B) mean length and (C) copy number of CDR3B nucleotide sequences as well as
distribution of used (D) V and (E) J segments were determined 7 days (d) after SRBC-injection (n = 6). Displayed
are means and standard deviations. Data were analyzed using Mann-Whitney-U, with * p < 0.05 indicating
significant differences between Tfh cell subgroups. nt — nucleotides; Pqen — generation probability.

3.3.4 Allocation of GC associated clones highlights the distribution of antigen-specific
T cell clones

In the next step, we analyzed how these “public”-like Tfh cell clones contribute to the different
splenic compartments and determined the percentage of those GC..u: clones in adjacent BCZs
and TCZ as well as in distantly located compartments (Figure 19A, right panel). 40 % of
GC clones were found in the surrounding B cell follicles (BCZ1) while only 30 % could be
detected in the near TCZ (TCZ1). A lower amount of Tfh clones was identified in distant TCZ
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and BCZs (TCZ2 and BCZ2, respectively), and we also determined that 30 % of these clones
were present in the min. Surprisingly, 40 % of Tfh clones of the original GC could be noted for

a second set of GCs (GC2) as well.

We wondered if this allocation is only due to the fact that these GC clones are considered to
be a “public” subgroup. Therefore, we used the same criterion for grouping T cell clones of
BCZs and TCZ. T cell clones present in the B cell follicle were predominantly resident in the
original BCZ (BCZi») while around 15 % of these clones were also found in other compartments
(BCZ:ouw) (Figure 19B, left panel). The percentage of T cell clones exclusively present in the
TCZ (TCZn) was even higher with only 10 % being identified outside (TCZ+ou) (Figure 19C, left
panel). However, when looking at their appearance in all compartments, the distributional
pattern clearly differs between GC, BCZ and TCZ clones (Figure 19A-C, right panel). The
lowest amount of TCZ clones was detected in GCs, regardless of being close or distant to the
original TCZ. While 20-30 % of T cell clones found in the TCZ were also identified in a second
TCZ and in different BCZs, even up to 50 % were determined outside the spleen in the min
(Figure 19C, right panel). The distribution of T cell clones identified from B cell follicles
illustrates a pattern in between (Figure 19B, right panel). Even though a similar ratio of resident
and shared T cell clones could be found for all splenic compartments, their distribution
definitely differs.

To complement this finding, we further determined the generation probability of the different
clonal subgroups within all compartments and detected the following pattern: The probability
of sequences being generated was highest for min and TCZs and followed by B cell follicles,
regardless of being near or distantly located to the compartment of origin. Clones present in
GCs held the lowest Pgen levels. Surprisingly, this pattern was independent of whether the
T cell clones were determined of GCs, BCZs or TCZ (Figure 19D-F). Thus, for T cell clones
identified from TCZ and BCZ, generation probability of detected sequences could mostly
account for the observed distributional pattern (Figure 19E-F), whereas the opposite

distribution was identified for GC clones (Figure 19D).
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Figure 19: Allocation of Tfh cell clones highlights the distribution of antigen-specific T cell
clones, independent of generation probability.

Deep sequencing of the complementary determining region 3 (CDR3) B chain of splenic compartments was
performed, i.e. T cell zone (TCZ), B cell zone (BCZ) and germinal center (GC), with two independent
compartments each being isolated. Left panel: Each T cell clone was tested to be either exclusively present in
(A) GC (GGCi), (B) BCZ (BCzp) or (C) TCZ (TCZ;) or also found in other splenic compartments besides their
original one (GCsout, BCZ+out and TCZ4oyt, respectively). Right panel: Percentage of T cell clones outside original
GC, BCZ and TCZ, respectively, found in near or distant compartments (marked with number 1 or 2, respectively)
or in mesenteric lymph node (min). (D)-(F) For each subgroup the generation probability of the respective
CDR3B nucleotide sequences were determined. Displayed are means and standard deviations 7 days (d) after
SRBC-injection (n = 6). Data were analyzed using Mann-Whitney-U, with * p < 0.05 indicating significant
differences between T cell subgroups (A-C, left panel) or T cell clones found in neighboring compartments (A-C,
right panel, and D-F). Pqgen — generation probability.
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3.4 Analyzing the molecular composition of splenic compartments during a

T cell dependent B cell response

The previous results have shown that different T cell clonotypes are recruited into the splenic
compartments and that immunization affects the diversity of the underlying TCR-R. We
wondered what parameters might influence these effects in TCZ, BCZ and GC. To pursue this
question, it will be beneficial to first evaluate the functional state of relevant cell types and the
underlying splenic milieu before further analyzing the impact of sleep on the T cell dependent

B cell response.

Thus, we assessed the mRNA-expression of a set of genes that are involved in key functions
of T and B lymphocytes by gRT-PCR to characterize the molecular composition of the splenic
compartments both in the naive state and during a T cell dependent B cell response against
SRBC.

To assess antigen presentation, we examined the mRNA-expression of the gene for class Il
MHC transactivator (ciita) as the master control factor for the expression of MHCII genes. T cell
activation was analyzed via the gene of the zeta chain associated protein kinase (zap70)
coding for a part of the TCR signaling machinery. In addition, the co-stimulatory molecules
cluster of differentiation 40 ligand (cd40lg), which is expressed by activated T cells, and
inducible T cell costimulator ligand (icoslg), which is expressed by APCs, were determined to
monitor cell-cell interaction. Finally, the mRNA-expression of (-1,4-galactosyltransferase 1
(b4galt1) and ST6 B-galactoside a-2,6-sialyltransferase 1 (st6gal1), which are coding for
enzymes involved in glycosylation processes, was measured to investigate modifications of

key molecules as well as trafficking of lymphocytes involved in the immune response.
3.4.1 Immune cell interaction is reduced 3 d after SRBC-injection

In the naive state, the relative mRNA-expression of ciita was highest in the BCZ, while we
detected an increased expression of zap70 in the TCZ here (Figure 20A). Overall levels of
cd40lg were higher in the TCZ as well, whereas icoslg-expression was increased in the B cell
follicle (Figure 20B). For the glycosylation markers b4galt1 and st6gal1 no difference between
the splenic compartments could be determined (Figure 20C). These effects of
compartmentalization also stayed robust 3 d after SRBC-injection. However, two-way ANOVA
revealed a significantly reduced expression of both cd40lg and icoslg here, demonstrating a
decreased interaction of immune cells after immunization (Supplement Table 1 and Figure
20B).
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Figure 20: The expression of genes involved in the T cell dependent B cell response during
the first proliferation period 3 d after SRBC-injection.

Mice were injected with either PBS or SRBC, and splenic cryosections were subjected to laser microdissection
3 days (d) later. mRNA-expression levels of genes involved e.g. in (A) activation, (B) interaction and (C)
modification of T and B lymphocytes were assessed by gRT-PCR in splenic compartments, i.e. T cell zone (TCZ)
and B cell zone (BCZ). Boxplots show medians and interquartile ranges, whiskers indicate minima and maxima
(n = 5 per group). Data were analyzed by two-way ANOVA (see Supplement Table 1 for details), with * indicating
significant differences between compartments. Significant immunization effects are displayed as #.
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3.4.2 Immunization increases expression of genes involved in activation, interaction

and modification of T and B lymphocytes 7 d after SRBC-injection

7 d after immunization, the former observed differences in mRNA-expression levels between
splenic compartments were still detectable for ciita, zap70, cd40lg and icoslg (Figure 21A+B).
In addition, b4galt1-expression was increased in the TCZ, while the relative mRNA-expression
of st6égal1 showed higher levels in the B cell follicle (Figure 21C). In contrast to the 3 d timepoint
where we found no significant differences between naive and immunized animals, expression
levels of both ciita and zap70 were significantly increased 7 d after SRBC-injection (Figure
21A). The same was also true for cd40lg where a significant interaction between compartment
and immunization status was demonstrated by two-way ANOVA (Supplement Table 2 and
Figure 21B, left panel). An immunization-induced expression increase could also be detected
for both icoslg (Figure 21B, right panel) and for the glycosylation markers b4galt1 and st6gal1
(Figure 21C).
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Figure 21: Immunization increases the expression of genes involved in the T cell dependent B
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cell response during the GC reaction 7 d after SRBC-injection.

Mice were injected with either PBS or SRBC, and splenic cryosections were subjected to laser microdissection
7 days (d) later. mRNA-expression levels of genes involved e.g. in (A) activation, (B) interaction and (C)
modification of T and B lymphocytes were assessed by qRT-PCR in splenic compartments, i.e. T cell zone (TCZ),
B cell zone (BCZ) and germinal center (GC). Boxplots show medians and interquartile ranges, whiskers indicate
minima and maxima (n = 5 per group). Data were analyzed by two-way ANOVA (see Supplement Table 2 for
details), with * indicating significant differences between compartments. Significant immunization effects are

displayed as #.
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3.5 The effect of sleep on a T cell dependent B cell response

3.5.1 Sleep deprivation dampens the immunization-induced effects on T cell sighaling

and modification

As injection of high dosed SRBC induced changes in the expression of a diverse set of genes
that were still detectable 7 d afterimmunization, we wondered about whether sleep deprivation
might affect these functions. To investigate this, we injected mice with either PBS or SRBC
1.5 h prior to the sleeping phase and then allowed them to sleep normally (“sleep”) or subjected
them to 6 h of sleep deprivation (“awake”). mRNA-expression of the aforementioned genes

was assessed in the different splenic compartments 7 d later using qRT-PCR.

Three-way ANOVA revealed a significant effect for sleep(deprivation) 7 d after immunization
for two genes, zap70 and b4galt1 (Supplement Table 3 and Figure 22A+B). Here, we also
found a significant interaction with the immunization status, highlighting that the effect for
sleep(deprivation) was only detected after SRBC-injection and not in the naive state. Thus, we
could determine that 6 h of sleep deprivation at the beginning of the sleeping phase decreased
both zap70- and b4galt1-expression and so lowered the immunization-induced expression

changes back to naive like levels (Figure 22A+B).
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Figure 22: Sleep deprivation dampens immunization-induced expression changes in genes
involved in TCR signaling and glycosylation 7 d after SRBC-injection.

Mice were injected with either PBS or SRBC 1.5 hours (h) prior to the sleeping phase and were allowed to sleep
normally (“sleep”) or subjected to 6 h of sleep deprivation (“awake”). mRNA-expression levels of genes for (A)
T cell receptor (TCR) signaling and (B) glycosylation were assessed by qRT-PCR in splenic compartments, i.e.
T cell zone (TCZ), B cell zone (BCZ) and germinal center (GC) 7 days (d) after immunization. Boxplots show
medians and interquartile ranges, whiskers indicate minima and maxima (n = 5 per group). Data were analyzed
by three-way ANOVA (see Supplement Table 3 for details) and a significant interaction for sleep(deprivation)
and immunization is displayed as $. Arrows highlight sleep deprivation-induced reduction of immunization effect.
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3.5.2 Sleep deprivation does not affect the TCR-R recruited into an immune response

Due to the fact that zap70 and b4galtl are coding for proteins that are involved in important
T cell functions, we further wondered if sleep deprivation might also have an effect on the
composition of the TCR-R. Hence, we compared the repertoire found in splenic compartments
of SRBC-injected mice with normal sleep (“sleep”) to that of sleep-deprived animals (“awake”).
As before we determined the number of detected T cell clonotypes (Figure 23A), their
generation probability (Figure 23B), mean CDR3 sequence length (Figure 23C) and repertoire
homogeneity (Figure 23D) as well as heterogeneity of nucleotide coding (Figure 23E). No
differences in the TCR -R of mice with normal sleep and those with sleep deprivation could be

observed in the splenic compartments 7 d after immunization.
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Figure 23: Sleep deprivation does not alter the TCR-R in splenic compartments 7 d after

immunization.

Deep sequencing of the complementary determining region 3 (CDR3) B chain of splenic compartments was
performed, i.e. T cell zone (TCZ), B cell zone (BCZ) and germinal center (GC). (A) Number of detected T cell
clonotypes, (B) generation probability, (C) mean length and (D) homogeneity of CDR3 amino acid sequence
as well as (E) heterogeneity of nucleotide codings were determined to analyze the T cell receptor repertoire
(TCR-R) in naive mice (n = 8) or 7 days (d) after injection of SRBC in mice with normal sleep (“sleep”) or sleep
deprivation (“awake”) (n = 3 each). Clonotypes are grouped in fractions according to their frequency (log, of
their copy number). Displayed are means and standard deviations. Within each fraction data were analyzed for
effects of sleep(deprivation) using Mann-Whitney-U. aa — amino acids; CDI - coding diversity indeX; Pgen
— generation probability; RHI p — repertoire homogeneity index based on Levenshtein distance.
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4. Discussion

With this study we want to shed light on the distribution of the TCR-R in different splenic
compartments and its implications for a T cell dependent B cell response. We therefore asked
if the TCR-R of TCZ and BCZ already differs at the naive state and whether this affects the
reaction to a blood-born antigen. Since a T cell dependent B cell response forces the
development of GCs, we further asked if the TCR-R of Tfh cells holds special features and can
also be exchanged between compartments. Aside from this, we monitored the current sleep
status as further aspect that might have an effect on the underlying TCR-R as well as the

predominant splenic milieu.
4.1. The TCR-R of splenic TCZ and BCZ differs in naive mice

Our results have shown that T cells are not only found in splenic TCZ, but also to a lower
amount (~ 1/15) in the B cell follicle of unimmunized mice, which is in agreement with former
studies [7, 79-81]. Since we have calculated a 3-fold difference in clonotype number between
the two compartments — with overall less varying T cell clonotypes detected in the BCZ —
already under steady-state conditions, the diversity of the underlying TCR-R in B cell follicles
is absolutely reduced (Figure 6).

4.1.1. The TCR-R of BCZs mainly features more “public” characteristics with respect to
the TCZ

These clonotypes seem to hold features of so called “public’ clonotypes, resulting in
remarkable differences in sequence characteristics compared to their counterparts detected in
the TCZ (Figure 7).

“Public” clonotypes are usually known to occur in higher frequencies and have fewer nucleotide
additions and thus a shorter CDR3 sequence length, accompanied with a skewed or restricted
VJ segment usage. These amino acid sequences are typically coded by many different
nucleotide sequences and appear in families of related sequences or encompassing shared
sequence motifs, thus resulting in an overall more homogeneous repertoire. Those high
frequent “public” clonotypes are said to develop due to biases in recombination processes,

favoring the generation of certain sequences [12, 40, 74, 77, 82-84].

What could be the reasons leading to the detected differences in the naive repertoire of TCZ
and BCZ? Factors differentially affecting the diversity of the TCR-R might be variances in
migration patterns of T cells or a different CD4*/CD8* T cell ratio in TCZ and BCZ. In addition,
different retention periods or local proliferation might also be drivers of diversification between

splenic compartments [5, 40, 77, 85]. These options will be discussed in the following section.

Lymphocytes continuously circulate through the blood to migrate between different lymphatic

and non-lymphatic organs, resulting in an exchange of almost all T cells present in an individual
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per day (~ 500 x 10°) [5, 85]. By stochastically trafficking between and randomly walking within
tissues, they scan their environment for cognate antigen [81, 85-87]. Under steady-state
conditions, random migration should outpace other criteria like e.g. local proliferation, thus
diversity is simply a matter of chance [40, 85]. If there is free exchange between splenic
compartments and T cells just randomly enter and exit B cell follicles, the TCR-R in the BCZ
should reflect the repertoire found in TCZ with all their characteristics, so that such profound

differences were hardly possible.

Although naive CD4" T cells are found to migrate almost twice as fast as CD8" T cells to and
within lymph nodes, no differences in their anatomical localization or intranodal migration
behavior were found so far [87, 88]. A similar distribution of both lymphocyte subsets can be
noted for both splenic TCZ and BCZ, with CD4" T cells far exceeding the amount of CD8"
T cells [7]. Hence, it seems to be unlikely that this ratio accounts for the differences found in
the TCR-R.

If differential migration or entry rate does not result in the detected repertoire pattern, variable
proliferation pattern or retention periods could be the cause. Naive T cells randomly enter the
B cell follicle, and most of them constantly leave the tissue as they do not find a suitable
antigen. But if cognate antigen is presented, T cells bearing the right TCR are retained and
accumulate in this area [5, 85, 86, 88]. It is likely that B lymphocytes bearing small peptides of
endogenous antigen on their MHC make contacts with some T cells, resulting in their activation
and retainment. It has been postulated that “public” clonotypes are associated with self- or
self-like antigen classes [12, 82, 89], therefore especially clonotypes holding those features
might be forced to stay within the B cell follicle. While a potpourri of T cell clonotypes with
various characteristics is present in the TCZ, the BCZ repertoire is mainly built by TCR
sequences with “public” properties that were preferentially retained. Hence, those dwell time
differences can account for the higher generation probability, shorter mean CDR3 sequence
length, and overall more homogenous repertoire with a skewed V segment usage in the BCZ
(Figure 7).

4.1.2. Fractioning the T cell clonotypes according to their copy number reveals that also

“private” features can be detected in high copy clonotypes of BCZs

In a former study we already have shown that fractioning the TCR-R is an efficient method to
investigate even small changes that could be missed when looking only at the T cell clonotypes
in total, because observations might be dominated by those clonotypes making up the majority
of the predominant repertoire [74]. Hence, we grouped the detected T cell clonotypes into ten
fractions according to their frequency (log. of their copy number) and analyzed these

categories separately (Figure 8).
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Both in TCZ and BCZ we detected a rise with copy number in T cell clonotypes holding “public”
characteristics. Since the aforementioned biases in recombination processes are resulting in
a higher probability of being generated for those sequences, a correlation of high abundance
and “publicness” [77], and thus the observed accumulation in fractions containing clonotypes
with highest copy number, is not surprising. Furthermore, the distribution of T cell clonotypes
within the BCZ supports our theory of selectively accumulating and expanding T cells with
“public” features here. T cell clonotypes are rarely found in fractions of lowest copy number,
thus T cells are unlikely to just randomly accumulate within the B cell follicle without being

activated or started to proliferate.

Interestingly, the pattern found for the total repertoire is only expressed for T cell clonotypes
appearing in low or medium copy numbers, which make up the majority of TCR sequences
(> 90 % of T cell clonotypes) in both compartments (Figure 8 and Figure 9). In contrast to that,
the more frequent T cell clonotypes in the BCZ show characteristics that resemble “private”

sequences compared to their counterpart in the TCZ.

“Private” clonotypes represent the analog to “public”’ clonotypes, with usually more nucleotide
additions and thus a longer CDR3 sequence length. These amino acid sequences are typically
coded by only one dominant nucleotide sequence and do not show shared sequence motifs,
thus resulting in an overall more heterogenous repertoire [74, 89]. They are said to have a
lower probability of being generated, resulting in a variability in copy number they occur with
[12, 40, 74, 82, 84, 89]. Those “private” clonotypes are moreover associated with all categories
of antigens [12, 82, 89].

Finding T cell clonotypes of highest copy number with more “private” characteristics in the
B cell follicle compared to the TCZ might give a hint to a selective advantage. Most immune
responses, even to endogenous or environmental antigens that are presented in the BCZ, are
composed of a mixture of both “private” and “public” TCR sequences [90]. Recognizing their
cognate antigen results in the activation and expansion of the respective T cell [90, 91]. Thus,
T cells with “private” features of their TCR can be likewise activated and forced to proliferate
after antigen recognition, which is beneficial compared to naive “public” clonotypes without
antigen engagement. Hence, even if not being as much “public” than others, i.e. not inherently
occurring in large numbers, proliferation results in the accumulation of these clonotypes in
fractions of highest copy number. Thus, T cell clonotypes of highest frequency can be found
both within “public” and “private” sequences [74, 82]. Compared to the BCZ, where proliferating
T cells have been detected in the naive state (Supplement Figure 1B) and thus also providing
an explanation for the overall reduced CDI (Figure 7D), almost no activation and consequent
proliferation is seen in the TCZ (Supplement Figure 1A). Consequently, only T cell clonotypes
having a higher probability of being generated per se, i.e. holding “public” features, manage to

reach high frequencies here.
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Comparing the TCR-R between compartments of different animals to that within TCZ or BCZ
of the same mouse confirms this theory (Figure 10). In the TCZ the Jaccard index increases
with copy number, thus showing a higher overlap for those T cell clonotypes that are defined
to hold “public” characteristics. “Public” clonotypes are also known to be more likely shared by
individuals, since they have an overall higher probability of being independently generated at
different locations [74, 77, 84]. Thus, the repertoire overlap found for the T cell clonotypes of
the TCZ is in range with the sharing level observed in mice and humans for “public” sequences
[77, 82]. As seen in a former study by Textor et al. [40], almost no difference could be detected
when comparing naive TCZs of the same mouse or between different animals. Thus, finding
same TCR sequences in different compartments is just a consequence of “publics” amounting
for the majority of high copy T cell clonotypes within the TCZ. In contrast to that, the clonal
overlap does not increase with raising copy number when comparing BCZs of different animals
(Figure 10B). The B cell follicle is composed of a smaller number of T cells than the
corresponding TCZ, thus reducing the chance that the same TCR sequence occurs in both
compartments, as “publicness” and associated sharing probability also depend on sample size
[77, 92]. In addition, we have shown that high copy clonotypes within the BCZ show “private”
characteristics, which are known to be realized only in a few individuals at a given timepoint
[74, 84]. Hence, the probability of being independently generated and retained in the B cell
follicles of at least two mice is considerably lower for the more “private” T cell clonotypes found
here. On the other hand, comparing two BCZs within the same mouse shows the former
mentioned increase in overlap for high copy clonotypes. Within the same animal, even “private”
T cell clonotypes that we supposed to proliferate, are able to exchange between different
compartments, resulting in the occurrence of similar TCR sequences in more than one single
BCZ.

To conclude, at steady-state conditions, the majority of T cell clonotypes within the naive B cell
follicle generally holds more “public” characteristics, which might be due to the presentation
and subsequent recognition of endogenous antigen, whereas the repertoire found in the naive
TCZ is composed of a sequence mixture of non-activated T cells. Nevertheless, also a minority
of T cell clonotypes showing more “private” features is present in the BCZ, which presumably
likewise responds to e.g. environmental antigen, resulting in subsequent proliferation. This
differential accumulation might account for the difference in the TCR-R between TCZ and BCZ

in naive mice.
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4.2. The effect of immunization on the TCR-R in splenic compartments after SRBC-
injection

Since the TCR-R already differs between TCZ and BCZ in naive animals, we wondered if these

variances result in differences during an immune reaction. To locally induce a T cell dependent

immune response in the spleen, which is exclusively mediated by CD4* T cells, we used
intravenous injection of high dosed SRBC [6, 39, 93].

4.2.1. Immunization induces a shift and the expansion of “private” clonotypes in the
TCR-R of TCZ and BCZ

As shown before for whole splenic slices, SRBC-injection results in an immune response that
is mainly built by “private” T cell clonotypes [41, 74, 94]. Due to activation and subsequent
proliferation of antigen-specific T cells, the diversity of the underlying TCR-R decreases over
time, resulting in the accumulation of those “private” T cell clonotypes (Figure 11). As the
amount of responding T cells usually is very low compared to the total number of T cells present
in an individual, even after expansion antigen-specific T cells might not outstrip non-reacting
clonotypes in frequency, making their detection in an heterogenous population a challenge.
Thus, we took advantage of the fact that the used parameters are very sensitive to measure
even minimal alterations in sequence characteristics which are caused by displacements

within the repertoire due to expanding antigen-specific clonotypes [74, 91].

The aforementioned effect of accumulating “private” T cell clonotypes can first be noticed 3 d
after immunization in the fraction of highest copy number within the TCZ (Figure 12), when
T cell proliferation and IL4 expression is known to peak in the SRBC-model [39, 91]. However,
the impacts of immunization are more pronounced after 7 d (Figure 13): The overall decrease
in clonotype number but shift to higher copy number fractions confirms the expansion and thus
accumulation of reacting SRBC-specific T cells. As in the naive repertoire, clonotypes of
highest frequency are holding more “public’-like properties, revealing that even in a so called
“private” immune response those clonotypes can accumulate alike. However, compared to
PBS, changes in sequence characteristics towards “private” characteristics here clearly
demonstrate that “private” SRBC-specific T cells replace the former predominance of naive
“public” ones [74, 89]. Recognizing their cognate antigen facilitates their expansion, gaining a
selective advantage over naive “public” T cell clonotypes that only reach higher frequencies
due to being more likely generated in general. In addition, the immune response not only
effectuates the enrichment of specific sequence features for high copy clonotypes, but also in
the low copy fractions a difference between PBS- and SRBC-injected mice could be detected.
In contrast to T cell clonotypes of highest frequency, the repertoire existing of low copy number
clonotypes seems to be more “public” after induction of the immune response, shown e.g. by

a decrease in CDR3 sequence length and a simultaneous rise in generation probability. Thus,
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it is likely that accumulation of expanding SRBC-specific T cell clonotypes with “private”
characteristics in higher copy numbers represses the former predominant naive clonotypes,
so that their “public” properties can only be detected in lower frequencies [74]. Interestingly,
these effects are not exclusively found within the TCR-R of the TCZ, but also for the B cell
follicle, where all alterations happen on a lower level, presumably representing the differences
in the prevalent overall degree of “publicness” between these compartments. Since “private”
TCR sequences are known to share less similarities with other sequences, they are found to
soften cluster structures of “public” networks [89]. This can be confirmed by our cluster
analysis, where TCZs 7 d after SRBC-injection drift off their former cluster. Thus, immunization
induces a heterogenization of the underlying TCR-R, revealing an overall scattered pattern as
found for the BCZ (Figure 11C).

To sum up, the former heterogenous naive population that was built of a mixture of TCR
sequences with variable frequencies changes as response to the presented foreign antigen to
a different composite. Though being still heterogenous, this repertoire is mainly made up by

“private” T cell clonotypes that replace the former predominant ones.
4.2.2. The TCR-R of Tfh cells during the GC reaction

During the course of the immune response, interaction of antigen-specific T and B lymphocytes
induces the development of GCs within the B cell follicles as early as 4 d post injection (p.i.),
which reaches a peak around 7 to 10 d [95, 96]. These well-defined structures not only contain
B cells undergoing cycles of proliferation, but also T cells that drive their selection to high-
affinity antibody producing plasma cells [23, 28, 36]. Within the GC, we detected about 3,600
T cells/mm?, which is in line with a former study using a different mouse strain [81]. However,
for the first time these numbers were quantified in comparison to other splenic compartments
at the peak of GC reaction (Figure 14). While the TCZ naturally accommodates the highest
number of T lymphocytes, GCs were colonized by twice as many T cells than the adjacent
BCZs. Giving the free exchange seen between TCZ and BCZ, these lymphocytes are likely to
be recruited from surrounding follicles and retained to take part in the GC reaction where they
deliver help to cognate B cells [23, 27, 79]. To analyze the underlying TCR-R of GCs in detall
for the first time, we pooled compartmental samples that belong to an anatomical unit, i.e. an
individual TCZ with surrounding B cell follicles and GCs. Thus, on average 2.6 + 1.0 (mean
and standard deviation) GCs that encompass a single TCZ were sampled, containing about
12,500 T cells. Although this is in the same magnitude as T cells sampled from B cell follicles,
fewer T cell clonotypes could be detected here. However, the GC is not monoclonal either. A
multitude of different TCR sequences highlights the heterogeneity of this splenic population,
which interestingly is in the same range as the repertoire induced in an autoimmune skin
disease model within GCs of popliteal lymph nodes [97]. Thus, it is likely that almost all TCRs

of reacting antigen-specific T lymphocytes are represented in the GC repertoire [96, 97], which
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in our case comprises about 2,000 SRBC-specific T cell clonotypes. Accordingly, the effects
of the “private” immune response induced by injection of SRBC are even more pronounced
here than already seen for TCZ and BCZ (Figure 15). Both RHIp and CDI stayed at a very low
level, and almost no alterations in sequence length and generation probability were visible for
high copy Tfh cell clonotypes. This confirms our finding of mainly antigen-specific Tth cells

bearing characteristics of “private” clonotypes within the GC.

However, for low copy clonotypes we detected a rise in repertoire homogeneity and nucleotide
coding. These T cell clonotypes were also tested to show sequence similarities to TCR
sequences of highest copy number (data not shown). Though a TCR generally has its unique
specificity, it can respond to a variety of ligands in different extents [73, 98]. Thus, these TCRs
might also show cross reactivity to the presented peptides, since SRBC offer a multitude of
different epitopes [42, 43, 91, 93]. Due to the fact that clonal expansion depends on TCR
signaling strength and T cell clonotypes reacting to peptides they are not absolutely specific
for are known to have a lower affinity of their TCR [91], they are at a disadvantage over higher
affinity SRBC-specific T cell clonotypes while taking part in a clonal competition. As continuous
selection forms the TCR-R of GCs, Tth cells holding “private” features are overall dominating
and are repressing these lower affinity T cell clonotypes to low copy number fractions.

However, the underlying cause is not exclusively clarified yet.
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4.3. Allocation of Tfh cell-like clones outside the GC highlights the distribution of

activated antigen-specific T cell clones

In the history of T cell biology research, most studies have focused on characterizing different
CD4* T cell subsets on the basis of secreted cytokines or the expression of surface molecules
and transcription factors [15, 99]. For example, Thl cells are characterized by production of
IFNy, while Th2 cells preferentially secrete IL4 and IL10. IL10 is also known to be produced by
Treg cells that show a pronounced expression of transcription factor FoxP3 (i.e. Forkhead box
protein P3), whereas Thl7 cells primary use IL17 and IL21 [15, 21, 25].

Tfh cells are typically defined by the BCL6* CXCR5" PD1" phenotype but are also known to
adopt cytokine profiles that are prominent for other lineages [20, 36, 96, 100, 101]. However,
both phenotype and function are plastic features since TCR signaling, co-stimulation and local
cytokine milieu affect the differentiation of CD4* T cells, resulting in the same cell type showing
different phenotypic profiles in different compartments [19, 36, 101-103]. Thus, e.g. Yeh et al.
[100] found out that to some extent up to 65 % of T lymphocytes bearing the GC-like phenotype
are not resident within the GC. Research during the last few years has provided evidence for
T lymphocytes with Tth cell-like characteristics at different anatomical locations, e.g. lymph
node follicle, tonsils, or even circulating in the blood, indicating that the phenotype likely
overestimates the true Tth cell population within the GC [96, 100, 102-106].

We therefore combined laser microdissection and deep sequencing to accurately analyze the
Tth cell repertoire, as the TCR does not change with cellular localization or differentiation [102,
103]. By precisely isolating the GC compartment, it is possible to quantify the definite number
of Tfh cell clonotypes that are resident within the GC, and in addition to keep information about
the microenvironment they were sampled from. Consequently, the local distribution of T cell
clonotypes remains undisturbed and potential loss of cells due to conventional isolation

techniques and thus biases in the TCR-R can be avoided [91].
4.3.1. Tth cells proliferate within the GC

During the GC reaction, B lymphocytes are known to extensively expand while undergoing
cycles of proliferation and affinity maturation [27, 28]. However, little is known about the
proliferative potential of Tth cells within the GC. Some studies suggest that only pre-Tfh cells
are able to proliferate and stop expanding before GCs have fully developed [19, 100]. In
contrast to that, Merkenschlager et al. [95] found the expression of proliferation marker Ki67
to be increased for T cells bearing the phenotype of Tfh cells in lymph nodes. In addition, their
expression paralleled that of GC B cells and their expansion was shown to be controlled by
guality of TCR signaling and interaction with B lymphocytes in response to antigen exposure.
Hence, these analyses are giving a hint towards the capability for proliferation of Tfh cells

during the peak of GC reaction, though not definitely demonstrating that the analyzed
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proliferating Tth cells are indeed located in the GC. Our analysis of the TCR-R of Tth cells now
highlights that there is also a grown number of GC clonotypes occurring in high copy number
fractions (Figure 16B), which is accompanied by a reduced nucleotide coding (Figure 15E).
This likewise points towards proliferation, as the copy number that is assigned to a T cell
clonotype depends both on its mRNA-load, that will rise due to activation, and on the number
of T cell siblings bearing the same TCR, and thus being coded by the same nucleotide
sequence [82]. Further quantification of splenic cryosections that were immunofluorescently
stained for both T cell marker CD4 and proliferation marker Ki67 finally revealed that more
than 70 % of Tth cells found within the GC are indeed proliferating (Figure 16C+D).

4.3.2. GC clones likely exchange between different splenic compartments

Given the theory that Tfh cell numbers have to be limited to present optimal help to GC B cells
[24, 107, 108], the extent of Tfh cells proliferating in the GC is surprising. Hence, we asked if
Tfh cells are able to exit the GC and migrate to other anatomical locations where they might
likewise take over effector functions. Our methodical approach therefore enables the isolation
of two distantly located anatomical units, each containing a single TCZ with surrounding B cell
follicles and GCs. Thus, we are even able to determine the relationship between the
predominant T cell clonotypes of the different splenic compartments. For this reason, we also
switched from amino acid sequence level (= T cell clonotype) to nucleotide sequence level
(=T cell clone). Due to the degeneracy of the genetic code, T cells bearing the same TCR
amino acid sequence do not necessarily have the same underlying nucleotide sequence, and
thus no statement can be made about a potential relationship. Indeed, during our analyses we
figured out that e.g. 50 % of T cell clonotypes within the BCZ do not share the same nucleotide
sequence as Tfh cell clonotypes within the GC, though carrying an identical TCR on the amino
acid level (data not shown). That is why for further investigations we defined that only T cell
clones having both the same TCR nucleotide sequence and VJ segment usage can be related

at all.

To answer the question of potential migrational behavior of GC Tfth cells, we defined two
subsets of Tfth cell clones according to their compartmental distribution (Figure 17): Tth cell
clones that were exclusively present in the GC of origin (GCin), and T cell clones that were also
found in at least one other splenic compartment in addition to the original GC (GC.ou). In fact,
about 80 % of Tth cell clones were resident in the GC whereas 20 % of GC clones were also
identified outside. This subgrouping on a clonal basis provides a more accurate picture of the
diverse Tfh cell population, while it also confirms the finding by Yeh et al. [100] of GC resident
and GC-like migrating Tfh cells that were based on the expression of surface marker CD90. In
their study they also mentioned that migrating Tfh-like cells are able to expand continuously.
In accordance with this outcome, we found GC..y clones occurring with an overall higher copy

number than GC resident ones, illustrating their predominance for activation and thus
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expansion (Figure 18C). However, T cell clones that we detected both within and outside the
GC showed a higher generation probability, a shorter CDR3 sequence length, and an altered
VJ segment usage compared to their GCi, counterparts, with all parameters indicating “public”

characteristics (Figure 18).

This finding of “public’-like features for T cells within and outside the GC immediately raises
the question if this distribution is just a matter of chance, with T cells within different splenic
compartments developing independently from each other. Due to biases in recombination
processes, certain TCR sequences are favored to be more likely generated than others and
thus having a higher chance of autonomously developing at different locations. These
sequences are known to more likely feature “public’ properties [12, 77, 82, 84]. Thus, the
overall naive TCR-R of the spleen might be that wide-ranging so that antigen-driven selection
results in same T cell clones being present in different compartments [97]. However, the
features of “public’-like T cell clones are not as pronounced here as seen e.g. for the naive
repertoire within TCZ and BCZ, and the GC is also known to harbor mainly SRBC-specific
Tfh cells with “private” properties, especially for high copy clones where we likewise can
distinguish between T cell clones in- and outside the GC (see sections 4.1 and 4.2).
Furthermore, even when comparing T cell clones of GCs that are only present in one additional
compartment with those occurring in the totality of compartments analyzed, despite a
significant difference in copy number, no discrepancy in their generation probability can be
measured here (Supplement Figure 2). If the occurrence of “GC clones” in other compartments
is indeed just a matter of being considered a “public” subgroup, we would have expected the
generation probability of the TCR sequences that are present in all compartments to be
considerably increased. That is why it is rather unlikely that biases in recombination processes
and thus generation probability can exclusively account for finding T cell clones with common
TCR sequences both within and outside the GC. Therefore, we expect the allocation of GC
Tth cell-like clones within different splenic compartments to more likely result from exchange

between anatomical locations.

For that matter, recent studies have started to illustrate that the Tth cell repertoire undergoes
dynamic changes during the GC reaction [95, 96]. We hypothesized that Tfh cells leave the
GC and migrate to other compartments, resulting in the detection of overlapping TCR
sequences between the analyzed samples. Therefore, we further investigated the clonal
distribution of the defined GC.ou subset, of which 30 % to 40 % were detected within
neighboring follicles and the adjacent TCZ (Figure 19A). We thereby confirmed and further
extended a former study of Shulman et al. [96] who analyzed Tfh cell dynamics in murine
popliteal lymph nodes. Using photoactivation experiments they have shown that Tfth cells are
able to leave the GC and emigrate to neighboring follicles and adjacent GCs within 1 d. In

contrast to our analysis, they only rarely detected GC cells migrating to the TCZ. However, the
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time frame to analyze photoactivated T cells is very limited [96]. Thus, we can complementarily
show that T cell exchange between GCs and neighboring splenic compartments is still
measurable 7 d p.i. and thus during the peak of GC reaction. In addition, Merkenschlager et al.
[95] compared the distribution of polyclonal Tth cell clones in two halves of the spleen 7 d after
immunization with 4-hydroxy-3-nitrophenylacetyl-ovalbumin (NP-OVA). By purification and
sorting of isolated T cells they have noted that Tfh cells from distant splenic halves share
multiple TCR sequences. However, no exact statement was made about the specific
compartments that the shared clones were detected in. We now confirmed that GC clones
were not only present within neighboring compartments but can be also found in TCZ and
BCZs as well as GCs located distantly (Figure 19A). Interestingly, we also detected about 30 %
of GC,out clones outside the spleen, attending the min-repertoire. Since SRBC are a blood-
born antigen that induces a quick and locally restricted immune response in the spleen [6, 39,
40, 93], the detection of antigen-specific T cell clones in other lymphatic tissues like the min is
only possible when lymphocytes have entered circulation. Thus, this finding also indicates that
T cell exchange between distantly located splenic compartments must take place via the blood.
Textor et al. [40] already found the number of SRBC-specific TCR sequences identified in the
TCZ also expanding in the blood after immunization. They hypothesized that T cell clones
proliferating in the TCZ in response to antigen exposure egress to the blood to reach other
TCZs. Thus, it is likely that also Tth cells exit the GC via the surrounding BCZ into the TCZ,
from where lymphocytes can egress into circulation by the splenic venous system. In fact,
recent research points towards the existence of circulating Tfh cell subsets [102-106]. Their
true descendance is not fully clarified yet, but at least some of them are most likely clonally
related to GC Tfh cells. Thus, it can be also hypothesized that some of the former GC Tth cells
emigrate to build a pool of circulating memory Tfh cell that can become activated Tfh cells
again after rechallenge [104, 109]. In addition, Tth cells that have left the GC and entered the
circulation can likewise join lymphatic tissue again, thus arriving through branches of the
central artery and the marginal zone in the splenic TCZ and passing the B cell follicle to finally

immigrate into another GC.

Taken together, we conclude that after proliferation within the GC some Tfh cells emigrate to
execute effector functions at other locations, even in a distantly located GC. Thereby they
might also adopt a circulating profile to facilitate their exchange via the blood, by this likewise
enabling their detection within min. Our analysis highlights that resident and migrating GC

Tth cells might even be distinguishable on a clonal basis.

However, we can not finally exclude the possibility that instead of showing emigrating
GC clones, progenies of T cells that have been activated elsewhere, e.g. in the TCZ,
separately migrated to distantly located compartments and even independently entered

different GCs [97, 102]. In addition, migratory movement might already occur before T cells
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have finally differentiated and even before mature GCs have formed [97, 103, 110].
Differentiation of Tfh cells is a multi-step process, requiring the interaction with both DCs and
B lymphocytes to finally become a GC Tfh cell. Accordingly, not all antigen-specific T cells are
forced to become a Tfh cell, and furthermore, not every pre-Tfh cell might complete its
differentiation [19, 36, 97, 100, 101, 103]. These lymphocytes might likewise adopt effector
functions outside the GC, albeit sharing the TCR sequence with their “siblings” inside.
Nevertheless, many aspects like e.g. a strong proliferation capacity are in favor for the ability
of GC Tfh cells to migrate to other anatomical locations. To finally determine the real extent of
emigrating and immigrating Tfh cell clones, experiments using barcoding of sequenced TCRs

should be added in the future.

4.3.3. Distribution of antigen-specific T cell clones is rather independent of generation
probability

To further contextualize the finding of T cell exchange between different splenic compartments,
we did not only analyze Tth cells of GCs, but also investigated T cell clones occurring in BCZs
and TCZ. As done for the TCR-R within the GC, the same criterion was used for grouping
T cell clones of BCZs and TCZ to define two clonal subsets (Figure 19B+C): T cell clones that
were exclusively present in the BCZ or TCZ of origin (BCZi,and TCZ,, respectively), and T cell
clones that were also found in at least one other splenic compartment in addition to the original
one (BCZ.ou and TCZ.ou, respectively). Interestingly, almost the same ratio of exclusively
resident and shared T cell clones was detected for all comparisons. However, when looking at
their appearance in the other compartments, the distributional pattern of T cell clones from
BCZs and TCZ clearly contrasts the allocation found for GC clones. While the lowest
percentage of BCZ.ouw and TCZ:ou clones was determined for GCs, more T cell clones were
found in TCZ and BCZs, regardless of being close or distantly located. The highest number of
TCZ and BCZ clones was detected outside the spleen in the min-repertoire. Thus, it is likely
that the opposing distributional pattern of especially TCZ clones follows from differences in the
overall composition of T cells present in these compartments. To further investigate this aspect,
we analyzed the generation probability of the different clonal subgroups within all
compartments, with the found pattern surprisingly being almost the same for GC, BCZ and
TCZ clones (Figure 19D-F). While the detected pattern is in line with the distribution of T cell
clones identified from BCZ and TCZ, top and bottom levels of Pgen are contrary to the found
clonal allocation of GC Tth cell clones. We thus expect this allocation within different splenic
compartments to be mostly independent of generation probability, consequently highlighting
the distribution of antigen-specific T cell clones that are known to account for the majority of
Tfh cells within the GC. Accordingly, about 1,200 T cell clones of the GC have the ability for
migrating unlimitedly to other anatomical locations, resulting in their overall uniform distribution.

However, this competency does not apply for all T cell clones. In contrast to the GC, the TCZ
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harbors a multitude of different T lymphocytes, with GC clones and thus in our case SRBC-
specific ones making up only a minor part of the repertoire (~ 1 % of T cell clones within the
TCZ). Thus, the allocational pattern found for clones identified from the TCZ likely shows how
T cells generally distribute within splenic compartments according to their probability of being
generated. In accordance with this finding, the distribution of T cell clones originally detected
in the BCZ illustrates a pattern in between, as this compartment is already containing more
antigen-specific T cells with an overall increased proliferation capacity than the adjacent TCZ
(Supplement Figure 1B). However, more analyses have to be performed to confirm this

hypothesis.
4.3.4. Dynamics in the TCR-R during the GC reaction — summing-up the highlights

The GC represents distinctive features among the compartments of lymphatic tissues. Besides
harboring a multitude of B lymphocytes undergoing cycles of proliferation and affinity
maturation, it also contains T cells that deliver help and provide selection signals to cognate
B cells. For splenic GCs, we quantified twice as many T cells than for the adjacent BCZs,
however given rise to only a fifth in number of different clonotypes. With about 2,000 different
T cell clonotypes with mainly “private™like characteristics detected within the GC, we
nevertheless highlighted the polyclonality of this repertoire. In addition, we showed that the
majority of these antigen-specific Tfh cells are able to proliferate and a minor part of the
expanding T cell clones might also exit the GC. Our findings imply that these emigrating
GC clones enter the circulation to finally arrive at distantly located splenic compartments and
even in another GC, where they can likewise adopt effector functions. Thus, the detection of
T cell clones within different compartments that share the same TCR with GC Tth cell clones
highlights the distribution of antigen-specific T cells, that we showed to be independent of

generation probability.

Taken together, our findings highlight that analyzing GC Tth cells on a clonal basis provides a
detailed insight into the dynamic changes occurring during the GC reaction and even reveals

that Tth cells are likely able to migrate between anatomical locations.
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4.4. The effect of sleep on a T cell dependent B cell response

Our findings so far have shown that the repertoire of T lymphocytes is affected by both
environmental and genetic stimuli, i.e. in our case the compartment they are located in and
their functional status as immunization forms the diversity of the underlying TCR-R. Previous
research indicates that also sleep has an important regulatory effect on the immune system,
both the innate and the adaptive part, and that sleep deprivation consequently leads to its
impairment [reviewed in 46, 59]. Studies investigating the impact of sleep on various immune
parameters detected e.g. alterations in cytokine levels and distribution of leukocytes [60, 62,
111-113]. In addition, in their study about sleep boosting immunological memory after
vaccination, Lange et al. [63] mention that the formation of the immunological synapse
determines both quantity and quality of an immune response, thus representing a critical
regulatory checkpoint that might be influenced by sleep. Since this formation takes place in
SLOs like lymph nodes or spleen, it will be advantageous to analyze the effect of sleep on the
site of impact.

We therefore asked if short-term sleep deprivation affects a T cell dependent B cell response
within splenic compartments, and thus might especially influence the immunization-induced

changes in the underlying TCR-R.
4.4.1. Analyzing key molecules involved in the immune response

Hence, we first started our analysis under steady-state conditions by monitoring the mRNA-
expression of a set of genes that are involved in key functions of T and B lymphocytes,

commencing at 3 d when first alterations in the TCR-R had been identifiable.

4.4.1.1. Shortly after immunization-induced activation of lymphocytes, cell interactions

are reduced during the first proliferation period 3 d after SRBC-injection

To assess lymphocyte activation, we determined the expression levels of ciita and zap70.

The class || MHC transactivator CIITA is a complex, short-lived protein that is expressed on
APCs like DCs or B lymphocytes. It is the master regulator of the expression of MHC class |l
genes and also acts as a transcription factor for many other immunologically important genes
[114-116]. Fundamental downstream functions include the presentation of antigenic peptides

and the consequent activation and proliferation of cognate T lymphocytes [64, 115].

As the TCR engages with the specific pMHC complex, signal transduction within the T cell is
activated. Since the TCR has no intrinsic enzymatic activity, signaling is based on additional
molecules [14, 117]. By forming an immunological synapse between the pMHC and the TCR
complex, including co-receptors like CD3 and CD4, the lymphocyte-specific protein tyrosine
kinase Lck is positioned near this complex [117-120]. Lck is thus forced to phosphorylate the

tyrosines of immunoreceptor tyrosine-based activation motifs (ITAMs) of the zeta chain,
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consequently setting up a docking site for ZAP70. ZAP70 is a tyrosine kinase that usually
exists in an autoinhibited form in the cytoplasm, but ITAM phosphorylation results in the
recruitment of ZAP70 to the TCR complex, where it is also activated and stabilized by
phosphorylation via Lck. Activated ZAP70 consequently phosphorylates downstream
molecules like linker of activated T cell (LAT), thus continuing this signaling cascade and

causing the activation of the T lymphocyte [117-119, 121, 122].

Both in the naive state and 3 d after SRBC-injection, we only detected differences in the
compartmental distribution of cells expressing ciita and zap70, i.e. APCs and T lymphocytes,
respectively, but no effects of immunization (Figure 20A and Supplement Table 1). It might be
reasonable that both ciita and zap70 expression returned to baseline levels once the first
activation period is completed, as presentation of antigenic peptides and subsequent triggering
of TCR signaling usually debuts early after antigen uptake, presumably within the first 24 h
[107]. In addition, especially the expression of MHC class Il genes is regulated strongly
depending on the cell’s immunological status, and it e.g. has been shown that the expression
of ciita is actively silenced during the terminal differentiation of B lymphocytes into antibody
producing plasma cells [114, 116]. Thus, 3 d after immunization with SRBC when T cell
proliferation is known to peak in the TCZ and also expansion of B cells reaches its first
maximum [91, 123], mRNA-expression of activation markers might be already flattened.

The interaction of T cells and APCs is not restricted to the entanglement of TCR and pMHC.
Different co-stimulatory molecules are involved in forming the immunological synapse as well
as in initiating and maintaining a humoral immune response [37, 124, 125]. Thus, we assessed
the mRNA-expression of two genes coding for important co-stimulatory molecules, cd40lg and

icoslg.

CD40 is constitutively expressed on APCs like DCs, B cells and macrophages, while its ligand,
the transmembrane protein CD40L, also known as CD154, is transiently expressed on
primarily activated T cells, especially the CD4* subset [91, 107, 126-128]. Like CD40L, ICOS
is induced on activated T lymphocytes, while it contacts with ICOSL that is constitutively
expressed on APCs [93, 99, 124, 125, 129, 130]. Whereas CD40-CD40L interactions provide
contact-dependent help, ICOS-ICOSL interactions ensure the entangled mode of the
immunological synapse with short but extensive surface engagement between both cell types.
Accordingly, a positive feedback loop between CD40L- and ICOS-dependent signals promotes

the functional exchange of stimulatory signals [23, 36, 129].

Interestingly, while the differences detected between TCZ and BCZ are likely caused by the
different numbers of c¢d40Ig or icoslg expressing cells within the compartments, the mRNA-
expression levels of these co-stimulatory molecules were significantly reduced 3 d after SRBC-

injection compared to the naive state (Figure 20B and Supplement Table 1).
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Since expression of CD40L is directly regulated as response of TCR activation, its maximum
MRNA-level is already reached within 6 h of constant stimulation [107]. Accordingly, the
expression returned back to baseline levels after 12 h, as above all a high degree of mRNA
decay shortly after T cell activation was noted [107], that still is reflected in the detected decline
3 d p.i. Furthermore, ICOS-ICOSL engagement is known to directly affect the differentiation of
T lymphocytes and thus their bipolarization into Tth cells or effector T cells [99, 130]. Our
findings of reduced mRNA-expression of both markers ¢d40lg and icoslg at this time point
might consequently not only reflect a decline in cell interactions during the proliferation period,
but also provide evidence for the differential status of the predominant lymphocytes. As both
timing and level of induced signaling affects the fate of T and B cells [126, 130, 131], it might
be assumed that expression rates are lowered to primarily induce a first wave of SRBC-specific
effector lymphocytes. We in fact not only noticed a significant reduction for cd40Ig and icoslg,
but also for Tfh cell migration marker CXCRS5 gene cxcrb (data not shown), whose induction is
regulated by ICOS signaling [130]. Priming of T cells by DCs initiates signaling of ICOS that in
turn induces the induction of BCL6, the major transcription factor of Tfh cells. BCL6 thus inhibits
the expression of PR domain zinc finger protein 1 (prdm1) gene that is coding for the BCL6-
antagonist and major transcription factor of effector T and B cells, BLIMP1. In addition, it also
promotes the induction of CXCRS and hence both differentiation and subsequent migration of
Tth cells into the follicle [130]. As minimized ICOS-signaling, as seen 3 d after SRBC-injection,
impedes BCL6-induction and thus differentiation of Tth cells, T lymphocytes might be primarily
pushed into the effector cell lineage. In accordance with this, not only icoslg and cxcrd6 mRNA-
expression was significantly reduced, but we also found a tendency for increased expression
of effector lineage marker prdm1 3 d after immunization that became significant one day later

(data not shown).

Another important modification tool for humoral immune responses is glycosylation. This
enzymatic process defines the post-translational modification of surface glycans where
glycosyltransferases build glycosyl linkages between these polysaccharides and other
molecules like proteins or lipides [132-134]. We therefore analyzed the mRNA-expression of
genes coding for two important glycosyltransferases which are transferring galactose and sialic

acid to glycans, respectively, i.e. b4galt1 and st6gali.

We do not detect any differences in the compartmental distribution of their mMRNA-expression,
neither in the naive state nor 3 d after SRBC-injection (Figure 20C and Supplement Table 1),
as both enzymes are constitutively expressed in most tissues and thus are not specific to
certain types of immune cells [135, 136]. Nevertheless, the diverse repertoire of glycans can
be changed as response to environmental and genetic stimuli and thus during development,
activation and differentiation of all possible cell types [132, 133]. It is highly linked to the

function of immune cells and consequently involved in the regulation of key sites in T cell and
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B cell biology. Glycosylation not only effectuates post-translational modifications of TCR and
BCR and hence is involved in selection processes during thymocyte development, the
consequent discrimination of self and non-self, as well as modifications of antibodies, but also
modifies cell-cell-interactions by affecting cell adhesion and trafficking as well as the stability
of the immunological synapse [132-134, 137-141]. These functions do not depend on a specific
type of glycan, but rather rely on the corresponding glycoprotein and their interaction with other
molecules [133]. However, the fact that b4galt1- and st6galt1-expression and thus the
induction of glycosyltransferases that are known to affect cell contacts by regulating their
adhesion capability are showing constant levels 3 d p.i. as well, further confirms the former
assumption that the interaction between immune cells is reduced during the proliferation

period.

4.4.1.2. Immunization facilitates activation, interaction and modification of T and
B lymphocytes during the GC response 7 d after SRBC-injection

While we detected a decline in immune cell activation and interaction 3 d after SRBC-injection
by analyzing the mRNA-expression of genes coding for key molecules of T and B lymphocytes,
deep sequencing revealed that immunization already started to form the underlying TCR-R,
resulting in profound alterations a few days later. Accordingly, we did not only find major
changes in the TCR-R during the peak of GC reaction at 7 d, but also detected differences in
the expression of all genes analyzed. Due to the fact that the GC reaction is known to be the
driver of the ongoing T cell dependent B cell response that requires both successful activation
of and effective interaction between T and B lymphocytes [23, 27, 28, 36], immunization with
SRBC induces a significant increase in mRNA-expression levels here (Figure 21 and

Supplement Table 2).

While the priming of T lymphocytes first primarily takes place by DCs when cognate B cells
are still rare, the increased number of antigen-specific B lymphocytes due to extensive clonal
expansion within the GC causes a transition in presenting antigenic peptides to appropriate
T cells [100, 101, 126, 130]. Accordingly, a higher amount of ciita is found especially in the
BCZ, hence inducing the expression of MHC class Il genes. As B lymphocytes co-localize with
Tfth cells, engagement of pMHC and TCR complex results in the activation of T cells by
stimulating TCR signal transduction [126], seen in increased zap70 mRNA-levels. Increased
TCR signaling and thus zap70-expression is of course not only limited to Tth cells, but also
present for T lymphocytes accumulating in the TCZ. While priming and activation of T and
B cells can be independent of CD40 and ICOS, co-stimulatory signals are important to
maintain, pursue and strengthen humoral immune responses, i.e. Tfth cell differentiation, B cell
expansion and consequent GC formation and affinity maturation [81, 126, 130, 131]. In contrast
to the first proliferation period 3 d after immunization with SRBC, cd40lg- and icoslg-expression

are significantly increased during the GC reaction, emphasizing the importance of T cell —
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B cell interactions here [93, 126]. In addition, restimulation of T cells with cognate antigenic
peptides is known to stabilize CD40L’s transcript stability and thus prevents the
aforementioned decay occurring shortly after activation [107]. Furthermore, CD40L-mediated
stimulation is particularly crucial when antigen availability fades at later stages of the immune
response [127]. Absence of CD40/CD40L or ICOS/ICOSL thus results in smaller and less
efficient GCs as well as impaired development of Tfh cells and GC B cells [91, 93, 99, 123,
126]. In addition, increased mRNA-levels for genes coding for glycosyltransferases that are
known to maodify cell interactions underly these findings. Via BAGALT1 galactosylated glycans
are commonly recognized by selectins, thus promoting both adhesion, interaction and cell
trafficking [132, 138, 139, 142, 143]. The expression of b4galtl was indeed shown to correlate
with adhesion of CD4" T cells [142], which is in line with increased levels found especially in
the TCZ. ST6GAL1 also promotes cell adhesion and communication but is also known to
modulate the threshold of BCR activation by providing sialylated ligands for CD22, an inhibitory
receptor for BCR signaling [132, 139, 141]. Aside from that, the inflammatory grade correlates
with the degree of sialylated Ig antibodies [132, 141]. Hence, ST6GAL1 plays a pivotal role in
B cell biology, likely explaining the increased expression of stégall in the BCZ during the peak
of GC reaction.

Taken together, after initial activation of lymphocytes, the interaction of immune cells seems
to be flattened during the first proliferation period of a primary immune response against SRBC,
whereas an ongoing GC reaction requires extensive contact-dependent help between T and
B lymphocytes. Accordingly, activation of and interaction between these cells is significantly
increased at the 7 d timepoint, resulting in their clonal expansion that we are also able to see

in our analysis of the TCR-R.

4.4.2. Short-term sleep deprivation dampens important T cell functions like TCR

signaling and trafficking during the peak of GC reaction

As we now gained detailed knowledge about how immunization influences key molecules of a
T cell dependent B cell response within the different splenic compartments, we were able to

go a step further by analyzing the impact of sleep on these parameters.

We therefore subjected mice to 6 h of sleep deprivation after SRBC-injection, and thus during
the time of formation of the immunological synapse [37, 41], to monitor if the current sleep
status impacts both the predominant splenic milieu and the underlying TCR-R that is induced
by immunization. Previous studies have shown that neither injection nor sleep deprivation
induces significant levels of stress [41], thus the results obtained in this work are rather the

consequence of being sleep-deprived than representing methodical artifacts.

While no differences in the expression of genes that are relevant for key functions of T and

B cell biology were detected in the naive state or 3 d p.i. (data not shown), sleep deprivation
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resulted in changes at the peak of GC reaction. The immunization-induced increase in
expression of zap70 and b4galtl that was present at 7 d, was lowered back to naive like levels

in sleep-deprived animals (Figure 22 and Supplement Table 3).

By reducing expression levels and thus likely also diminishing the amount of functional protein,
sleep deprivation might have profound effects on various T cell features occurring downstream
of ZAP70 and BAGALT1 functions. These findings can be added to previous work mentioning
an effect of sleep deprivation on both distribution and function of T cells. It has been predicted
that sleep facilitates the recruitment of lymphocytes to SLOs, thus supporting the interaction
of APCs with cognate T cells [52, 59, 60, 111, 112]. Impaired leukocyte trafficking, as indicated
by a reduced expression of b4galtl for sleep-deprived animals, might consequently result in
fewer cells being found within the spleen compared to normal sleep and thus impeding the
formation of an immunological synapse here [134, 139]. In line with this, a few studies detected
an increased number of circulating T cells and thus a reduced tissue homing after sleep
deprivation [60, 62, 111-113]. In addition, ZAP70 is also involved in the control of the
T lymphocytes mobility and of the formation of functional immunological synapses [119, 120].
Reduced zap70-expression and thus impaired T cell signaling after shortened sleep duration
might consequently show that sleep not only affects the development of the immunological
synapse but also its functions [119]. As both ZAP70 and B4GALT1 are involved in processes
causing the activation and thus also proliferation of T lymphocytes [117, 120, 142], minor levels
might likewise lead to a reduction in important downstream functions. A lowered proliferation

capability after sleep deprivation was indeed noticed by some studies [144, 145].

Furthermore, deficiency of functional tyrosine kinase ZAP70 and galactosyltransferase
B4GALT1 is known to fatally impact various parameters of a T cell dependent B cell response
that might boost serious diseases. For example, mice deficient for ZAP70 or lacking functional
proteins due to mutations do not only show severed T cell signaling with e.g. reduced Ca?*
concentrations, but it has also been shown that T cell development is blocked, resulting in
dysfunctional CD4* or absent peripheral CD8* T cells as well as augmented autoreactive
T lymphocytes [117-119, 121]. Accordingly, abnormal levels of ZAP70 can be related to
autoimmune diseases [121]. As cell — cell interactions are important for a multitude of different
lymphocyte functions, and its decrease might hence cause serious consequences, BAGALT1-
defiency was shown to result in reduced recruitment of leukocytes and thus impairment of both
acute and chronic inflammatory responses [132, 142, 146]. In addition, decelerated growth and
increased lethality of mice with knockout mutations highlight the importance of glycosylation
for a variety of immune functions [136], and abnormal levels of BAGALT1 as well as mutations
in the respective gene are even able to induce the pathology of certain diseases [132, 147].

Thus, reducing the duration of sleep periods might cause similar consequences.
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However, though we are not able to make a statement about the continuing effects yet, finding
changes in the mRNA-expression of functionally important genes that are even still noticeable

7 d after merely short-term sleep-deprivation, is impressive.

4.4.3. Short-term sleep deprivation does not affect the TCR-R recruited into the immune

response

Detecting flattened expression levels in sleep-deprived mice for zap70 and b4galtl which are
coding for proteins regulating crucial T cell features, legitimates to additionally investigate if

short-term sleep deprivation might also have an effect on the composition of the TCR-R.

Despite thoroughly checking TCZ, BCZ and GC separately and using our in-depth analysis
tool of both fractioning the clonotypes according to their copy number and determining
sensitive sequence parameters, we did not detect any differences in the underlying TCR-R
between sleep-deprived mice and control animals, neither 3 d (data not shown) nor 7 d after
SRBC-injection (Figure 23). Immunization likewise reduced the number of different T cell
clonotypes and induced a shift to high copy number fractions with same changes in sequence
characteristics occurring for both groups, i.e. high copy “private” SRBC-specific T cells
replacing the former predominant “public’ naive lymphocytes (confer section 4.2). Thus, we
have to assume that short-term sleep deprivation does not affect the TCR-R in this manner,

thereby confirming our previous findings for whole splenic slices [41, 94].

However, it might be quite possible that T lymphocytes at the peak of GC reaction are rather
affected by qualitative changes than by quantitative ones. We can not entirely exclude the
possibility that the affinity of the T cell clonotypes might be affected by sleep, even though this
might be at least slightly visible in their distribution throughout the fractions within the GC.
Another possibility would be that sleep deprivation only changes the functional state of the
responding T lymphocytes and thereby e.g. facilitating their transition into a state of
unresponsiveness. The induction of this phenomenon called anergy is known to be strongly
dependent on TCR signaling strength and thus on signal transduction via functional ZAP70,
as it shall prevent peripheral autoreactive cells [121]. In accordance with this, ZAP70-
deficiency is associated with dysfunctional CD4" T cells [117-119] which might be possible
here as well since these lymphocytes might share the same TCR sequence like functional

ones and thus impeding their detection with our analysis tool.

Furthermore, the effects induced by short-term sleep deprivation might be too subtle to be
found within the whole repertoire, and the high dosed injection of SRBC might even mask
possible dampening effects. This has already been noted as ceiling effect by Tune et al. [41]
even though they have only analyzed whole splenic sections instead of separately looking at

different compartments with more specific analytical methods.
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However, although finding changes in the mRNA-expression of genes induced by sleep
deprivation that are still measurable 7 d later, the effect might not be one-to-one transferable
to functional differences occurring on the protein level and thus possibly effecting the
repertoire. There are of course more options possible, like post-translational modifications that
might affect the final outcome of this immune response, and even the presence of other
molecules that might take over corresponding effector functions to compensate dampening

effects.

In addition, finding different changes when inverting the order of sleep deprivation and
immunization [94] highlights the complexity of regulatory mechanisms that control a T cell
dependent B cell response and thus possible checkpoints sleep might be able to affect.
Consequently, addressing effects of sleep on the immune system is a complicated field of
research, with minimal changes in study protocols resulting in profound differences. Duration
of sleep deprivation period, timepoint and location of sampling as well as type of immunization
are some of many factors that strongly influence the potential outcome [reviewed in 46].
Accordingly, it is hard to directly compare studies analyzing sleep effects and many different
results can be found, reaching from no effects on lymphocytes to impaired reaction to
pathogens after sleep deprivation [148-152]. While humans can be easily asked to stay awake
for whole nights, extending the sleep deprivation periods in mice might result in the induction
of stress and thus a complication in correctly working out possible effects of sleep. This of
course might be a small disadvantage in our study since 6 h of sleep deprivation might be too

short to induce measurable effects e.g. in the TCR-R.

But taken together, our analysis indicates that even short-term sleep deprivation affects certain
aspects of a T cell dependent B cell response during the peak of GC reaction and further
investigations like e.g. focusing on T cell subsets like Tfh cells or their migrational pattern might

reveal more insides into the exact regulatory mechanisms.
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4.5. Concluding remarks and perspectives

For the first time, our studies reveal an extensive insight into the TCR-R of splenic
compartments both within the naive state and after immunization with a complex,
non-replicating blood-born antigen. Using an in-depth analysis tool, we were not only able to
characterize the different T cell clonotypes present within the TCZ, but also to demonstrate
that the repertoire of the BCZ, consisting of both “public’ and “private” TCR sequences, is
similarly affected by injection of high dosed SRBC. Although we already have shown for whole
splenic slices that SRBC cause the induction of T cell clonotypes with mainly “private”
characteristics [41, 74, 94], the results are not one-to-one transferable to compartmental
analysis. Even the repertoire found for the TCZ, though containing the largest number of
T lymphocytes and thus being the most suitable for comparisons, does not fully reflect the
results detected in former studies [41, 74, 94]. This clearly emphasizes the importance of
locally analyzing splenic compartments to get an entire picture of the TCR-R that is recruited
into an immune response. In addition, while we so far simply tested the parameters for size
dependency and used the fractioning strategy to prevent biases, further extensive analyses
like e.g. statistical simulations should proof the whole extent of size versus biological effect.
However, we also highlight that the GC, though being limited in size, harbors a multitude of
antigen-specific Tfth cells. These lymphocytes are also able to migrate to other compartments
and even enter distantly located GCs, thus shaping the underlying TCR-R and facilitating a
polyclonal immune response. Furthermore, one might argue that these findings are only due
to the use of SRBC as antigen that offers a huge number of different epitopes to respond at
[42, 43, 91, 93]. But injecting mice with ovalbumin (OVA) solved in alum, and thus a
substantially smaller antigen [153, 154], also results in an immune response that is primarily
built by “private” T cell clonotypes that show the same characteristical sequence patterns within

the splenic compartments (data not shown).

The knowledge we gained by analyzing both the TCR-R and the predominant
microenvironment of the splenic compartments as well as the basic hints towards Tfh cell
migrational behavior can be of consequence for further investigations, e.g. regarding
autoimmune diseases that are known to play a major role in today’s society. A diverse TCR-R
is important to ensure sufficient protection against invading pathogens, but autoimmunity likely
results in its restriction [155-158]. One of the most common neuro-inflammatory diseases in
early adulthood is multiple sclerosis (MS) with inflammation, demyelination and axonal loss of
the central nervous system (CNS) as typical hallmarks [159-161]. T lymphocytes are one of
the key players in MS, as myelin-specific T cells become reactivated by recognition of its self-
antigen in the CNS, triggering the recruitment of innate immune cells that can mediate the
aforementioned axonal damage [160-162]. In the spleen, phenotypic changes of autoreactive

T cells take place, which allow them to transgress the blood-brain-barrier, representing an
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important step in the course of disease [162-165]. In addition, these lymphocyte infiltrates
within the CNS sometimes also are involved in forming kind of tertiary lymphatic organs at later
disease stages [166-168]. Therefore, it can be of note to transfer our fundamental knowledge
about the TCR-R within the splenic compartments and its ability to exchange due to migration
of antigen-specific lymphocytes to those ectopic lymphoid structures in experimental
autoimmune encephalomyelitis (EAE), an MS animal model [161, 169], thereby testing for
possible checkpoints to interfere in the course of disease. Transferring our specific analyzing
methods to other anatomical locations might moreover be advantageous for disease therapies
as clinical alterations can be identified very early, thus e.g. helping to prevent relapses in MS
or ensuring lower pharmaceutical dose rates. Furthermore, as sleep disorders and an
increased risk of developing autoimmune diseases are supposed to be associated [66, 170,
171], our findings regarding the impact of shortened sleep duration on parameters influencing
the T cell dependent B cell response within the spleen might be as well useful to be considered

for future investigations.
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5. Supplement

Supplement Table 1: Statistical results of gene expression analysis, investigating possible
effects of compartment and immunization status 3 d after SRBC-injection.

Gene Tested effect p-value
ciita immunization 0.072
compartment 0.00000001
interaction 0.449
zap70 immunization 0.125
compartment 0.00000291
interaction 0.516
cd40lg immunization 0.036
compartment 0.0000000000682
interaction 0.272
icoslg immunization 0.000409
compartment 0.0000279
interaction 0.118
b4galtl immunization 0.307
compartment 0.114
interaction 0.743
stégall immunization 0.119
compartment 0.096
interaction 0.544

Two-way ANOVA was performed for each gene. Significant p-values highlighted using bold print.

Supplement Table 2: Statistical results of gene expression analysis, investigating possible
effects of compartment and immunization status 7 d after SRBC-injection.

Gene Tested effect p-value
ciita immunization 0.031
compartment 0.0000668
interaction 0.589
zap70 immunization 0.043
compartment 0.000815
interaction 0.193
cd40Ilg immunization 0.000435
compartment 0.000444
interaction 0.008
icoslg immunization 0.002
compartment 0.005
interaction 0.508
b4galtl immunization 0.012
compartment 0.002
interaction 0.484
stégall immunization 0.00016
compartment 0.061
interaction 0.651

Two-way ANOVA was performed for each gene. GC compartment excluded from calculations.
Significant p-values highlighted using bold print.




Supplement Table 3: Statistical results of gene expression analysis, investigating possible
effects of compartment, immunization, and sleep status 7 d after SRBC-injection.

Gene Tested effect p-value
zap70 immunization 0.046
compartment 0.000000181
sleep(deprivation) 0.011
interaction
immunization — compartment 0.195
interaction
immunization — sleep(deprivation) 0.029
within PBS 0.843
within SRBC  0.001
interaction
compartment — sleep(deprivation) 0.112
interaction
immunization — compartment — sleep(deprivation) 0.187
b4galtl immunization 0.014
compartment 0.000000175
sleep(deprivation) 0.033
interaction
immunization — compartment 0.173
interaction
immunization — sleep(deprivation) 0.02
within PBS 0.798
within SRBC  0.002
interaction
compartment — sleep(deprivation) 0.948
interaction
immunization — compartment — sleep(deprivation) 0.931

Three-way ANOVA was performed for each gene. GC compartment excluded from calculations.
Significant p-values highlighted using bold print.
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Supplement Figure 1: Proliferating T cells in TCZ and BCZ of naive and immunized mice.
Splenic cryosections were immunofluorescently stained for T cells (CD4*) and proliferating cells (Ki67).
Quantification with Image] was performed to assess number of proliferating T cells in T cell zone (TCZ) and
B cell zone (BCZ) for (A) naive and (B) immunized mice 7 days (d) after SRBC-injection (n = 4 each). Displayed
are means and standard deviations. Numbers above the graphs indicate percentage of proliferating CD4* T cells.
CD — cluster of differentiation.
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Supplement Figure 2: Distribution of GC clones is independent of generation probability.

Deep sequencing of the complementary determining region 3 (CDR3) B chain of splenic compartments was
performed, i.e. T cell zone (TCZ), B cell zone (BCZ) and germinal center (GC), with two independent
compartments each being isolated. Each T follicular helper (Tfh) cell clone was tested to be also present in at
least one of the remaining compartments and thus denoted as “GC..ut"”. Those clones were further divided into
subgroups according to their distribution: Tfh cell clones only occurring in one single compartment besides GC
of origin on the one hand, and Tfh cell clones found in all six compartments analyzed on the other hand. (A)
Percentage of Tth cell clones found in these subgroups in relation to total number of Tfh cell clones found outside
the GC (GCsout), (B) generation probability, (C) mean length and (D) copy number of respective CDR3p
nucleotide sequences as well as distribution of used (E) V and (F) J segments were determined 7 days (d) after
SRBC-injection (n = 6). Displayed are means and standard deviations. Data were analyzed using Mann-Whitney-

U, with * p < 0.05 indicating significant differences between Tfh cell subgroups. nt — nucleotides; Pgen
— generation probability.
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