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ABSTRACT

B cells are responsible for specific antibody production. To produce antibodies, they
recognize and internalize antigen (ag), cleave it into peptides, load the peptide-
antigens (pAg:s) onto major histocompatibility complex II (MHCII) and traffic the
pAg-MHCII to the plasma membrane, to receive proliferation-promoting signals
from helper T cells. During the antigen processing, B cells have to process also the
MHCII complex. Immature MHCII complexes are bound with an invariant chain (Ii)
which protects the peptide-binding groove of the MHCII. On the endosomal
pathway, Ii is clipped into shorter moieties with Cathepsin S (CatS). CatS leaves a
short i tail to protect MHCII until a pAg, ready to replace Ii, is encountered. The Ii-
pAg exchange is induced with a class II accessory molecule (DM). Despite the
biochemical processes in the pAg-MHCII presentation being well described,
compartments and proteins guiding the events are not reported in detail in B cells.

In this work, the endosomal compartments associated with antigen processing
and MHCII maturation are described. This study reports B cells to possess a fast
track for ag processing and pAg presentation. The fast track consists of previously
unrecognized early peptide-loading compartments (eMIICs), which locate close to
the plasma membrane and possess the proteins needed for antigen processing and
pAg presentation in B cells, such as MHCII, CatS, DM and degrading activity.

This study also characterizes classical peptide loading compartments, MIICs.
This work shows that MIICs possess several proteins of the endosomal pathways
such as early, late, lysosomal and recycling-linked proteins. Interestingly, this study
also suggests that (macro)autophagosomes, together with Rab7, might have an
important role in ag processing and pAg presentation in B cells. Inhibitors of
autophagy and Rab7 decrease pAg-MHCII presentation in B cells. Also, boosting
Rab7 activity with constitutively active Rab7 mutation was found to increase pAg-
MHCII presentation.

Together, these findings show that B cell antigen processing can occur in several
pathways which might be coordinated together. These findings may provoke new
insights and tools to modulate and tone antigen processing in B cells.

KEYWORDS: B cell, Endosomal pathway, Antigen processing, Rab-proteins,
MHCII presentation, Rab7, macroautophagocytosis
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TIVISTELMA

B-solut ja niistd erilaistuneet plasmasolut tuottavat vasta-aineita. Tété varten B-solut
kasittelevét taudinaiheuttajista 14ht6isin olevia antigeeneja (ag), pitkdn jatkumon
lapi. B-solut tunnistavat antigeenin, ottavat antigeenin siséénsé ja késittelevét sen
peptidi-antigeeniksi (pAg). pAg sidotaan major histocompatibility complex II
(MHCIID)-molekyyliin ja kuljetetaan takaisin solukalvolle, jossa B-solu esittelee
pAg-MHCII kompleksin T-soluille saadakseen erilaistumiskdskyn. Antigeenin
késittelyn lisdksi B-solut kisitteleviat myos MHCII:n. Erilaistumaton MHCII ei sido
itseensd pAg:a vaan MHCII:ta suojaava molekyyli, invariant chain (Ii), tdytyy ensin
lyhentdd katepsiini-S:n avulla. Kun Ii on pilkottu, tarvitaan class II
accessory -molekyyli, DM, joka edesauttaa pAg sitoutumaan MHClII:een. Edelleen
on jadnyt epéselvéksi, missd solun sisdisisséd rakentaissa antigeenin hajottaminen ja
pAg:m sitominen MHCII:n tapahtuu, tai mitka proteiinit néitd tapahtumia ohjaavat.

Kuvaamme téssé ty0ssd antigeenin hajottamiseen ja MHCII:n kypsymiseen
liittyvid kalvorakenteita. Osoitamme, ettd ag-késittely ja pAg esittely voi olla hyvin
nopeaa varhaisissa antigeenia késittelevissi kalvorakkuloissa, eMIIC:ssa. eMIIC:t
odottavat solukalvon alapuolella antigeenin sisddnottoa. eMIIC:ssa toimivia
molekyylejd ovat muun muassa MHCII, katepsiini-S sekd DM. Naméa molekyylit
pystyvét hajoittamaan materiaalia kalvorakkuloissa. Taten eMIIC:t sisdltdvit useita
antigeenin hajottamiseen ja pAg:n esittelyyn tarvittavia molekyylejd. Kuvaamme
myo0s pAg:n késittelevan kalvorakkulan, MIIC:n piirteitd. Naytdmme, ettd MIIC:ssi
on useita proteiineja eri kalvorakkuloiden rakenteista. Mielenkiintoista on my®os se,
ettd autofagosomit vaikuttavat olevan tarkeédssd roolissa. Tutkimuksessa esitetéén,
ettd autofagosomien tai Rab7:n toiminnan rajoittaminen vahentdd pAg-MHCII
esittelyd, kun taas Rab7 aktivointi vaikuttaa parantavan pAg-MHCII esittelya.

Esitimme, ettd antigeenin késittelyd tapahtuu useissa erilaisissa kalvorakkula-
reiteissd, jotka saattavat toimia yhdessd. Loytdmme voi my0s tuoda uusia
nidkemyksid antigeenin késittelyreittien hallitsemiseksi B-soluissa.

AVAINSANAT: B-solu, solun sisdinen kalvorakkolakuljetus, vasta-aineen
kasittely, Rab-proteiinit, MHCII esittely, Rab7 makroautofagosytoosi
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1 Introduction

All animals are constantly under a threat. The threat can lurk outside or inside of our
bodies, and our bodies need to be constantly ready to battle for health and wellbeing.
For instance, our skin and bones are ready to take on hits and shocks to protect vital
inner organs from physical stress. On the other hand, our nasal cavities try to protect
the respiratory tract from infections caused by polluted air, by filtering the air with
nasal hairs. Despite all the precautions, quite often pathogens invade the host.
Pathogens have developed ways to cheat all the blocks and firewalls in the body and
get ready to cause chaos and disorder.

Equally often the threats are not coming from outside but are mistakenly created
by the host himself. Such examples are malignant cells which develop rarely but
constantly in the body. Luckily in most cases, malignant cells are spotted but
occasionally, they become unstoppable and may turn into tumors. In the lucky cases,
how are the threats then spotted by the body? Our body contains billions of
protecting cells which are known as immune cells. Immune cells are constantly alert
in our organs and hoover around to seek targets for destruction. They travel in the
blood vessels, as well as in lymphatic vessels and lymphoid organs. When an
immune cell encounters a pathogen or a malignant cell, it must destroy the target —
either alone or by alerting more troops.

Immunity is divided into two categories: innate and adaptive immunity which
consist of different types of cells. Innate immunity is the immune system which an
individual is born with. Innate immune cells recognize common pathogen-associated
structures, and some of them can destroy the target by engulfing the pathogenic
invader. Macrophages are an example of these phagocytic leucocytes. Adaptive
immunity, on the other hand, is trained throughout the lifetime of the host. Adaptive
immunity is composed of B and T cells. Adaptive immune cells recognize specific
antigenic structures. When they encounter one, they alert the whole immune system
for an efficient immune response. An important part of adaptive immunity is
antibodies that are produced against specific antigenic structures by B cells.

The antibody production is a result of a long cascade of events. At first, B cells,
whose plasma membranes are enriched by antigen-specific B cell receptors (BCRs),
encounter their cognate antigen. B cells recognize the antigen with their BCRs.

13
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Typically, B cells spot the antigen on a membrane of another cell, such as antigen
presenting cells of the innate arm of the immune system. Yet, B cells recognize also
soluble antigens floating in the bloodstream, lymph or other tissues. Importantly,
every B cell recognizes only one type of antigen which is specific for its BCR.

Upon antigen recognition, B cells bind to the antigen with their BCRs. Antigen-
BCR bond is rigid and after binding the molecules are internalized as a complex. The
internalized antigen is processed in intracellular compartments into shorter moieties
called peptide-antigens (pAg). The antigen processing into peptides occurs in the
endosomal-compartments, and the pAg:s are trafficked back to the plasma
membrane from so the called peptide-antigen loading compartments, MIICs.

MIICs are characterized by their expression of Lysosomal Associated Membrane
Protein 1 (LAMP1) and Major Histocompatibility Complex II (MHCII). Before the
pAg trafficking back to the plasma membrane, pAg:s are loaded to MHCIIs. The
pAg loading to MHCII is a joint effort of several proteins and molecules that are
carefully inhibiting or prohibiting pAg loading to the MHCII. The joint effort acts
also as a security step to prevent B cells from binding with wrong antigens, such as
autoantigens. The security is guaranteed by enveloping the pAg binding groove in
MHCII with a molecule called invariant chain (Ii). Ii conjugates with MHCII
immediately after MHCII is released from the endoplasmic reticulum, and as long
as MHCII is bound to the Ii, or its remaining, no peptides can bind to the pAg binding
groove in MHCII. Along MHCII maturation, Ii is clipped shorter with different
proteins and molecules until [i remaining is replaceable with the correct pAg. After
the exchange, the pAg-MHCII complex is sent to the plasma membrane to recruit T
cells for an immunological response.

After processing and loading pAg to the MHCII, the pAg-MHCII complex is
trafficked to the plasma membrane, to be presented for a cognate helper T cell. The
cells form an immunological synapse and if the immunological synapse is strong
enough, the T cell will also provide a stimulus for the B cell, after which the B cell
can start proliferation processes. After several proliferation steps, B cells will
differentiate into either memory B cells or antibody producing plasma cells. Again,
it should be noted, that one memory B cell will remember only one type of antigen,
and an antibody producing plasma cell will produce antibodies against only one type
of antigen. Plasma cells can produce enormous amounts of antibodies. Freely
floating antibodies bind to the pathogenic structures and guide pathogens for further,
rapid destruction via marking them for the phagocytic cells, for instance. Memory B
cells, on the other hand, create immunological memory. Memory B cells can live
decades waiting for the pathogen to invade the host again, and when it does, memory
B cells are ready to produce a fast and efficient immune response to destroy the
pathogen.

14



Introduction

Antibody production is widely utilized in vaccination therapies. With
vaccination, the host is exposed to a small amount of the target antigen. The antigen
will provoke the immune system, and vaccine antigen specific memory B cells will
be formed. When the individual is exposed to the same antigen, in other words, to
the same disease again, the immune system is ready to act immediately. The adaptive
immune system will be alerted for a fast and efficient immune response, and thus the
host might fully avoid the disease outbreak. Occasionally, the immune system can
mistakenly targets non-toxic substances which can cause hypersensitivities, also
known as allergies. Autoimmune diseases are also caused by dysfunction in the
adaptive immune system as in autoimmune diseases, host own, healthy cells are seen
as pathogenic and are targeted for destruction. Notably, if too few antibodies are
produced, it can hint at severe diseases described as immunodeficiencies.
Immunodeficiencies can be fatal if they are not diagnosed or treated properly.

Despite the fact that the adaptive immune responses and B cell activation have
undisputed roles in autoimmune diseases and health, little is known about which
molecular mechanisms are guiding the antigen processing phases initiating the cell
proliferation and differentiation. In this doctoral thesis, antigen processing was
studied over time and space. We utilized fascinating imaging modalities with
sophisticated analysis tools to characterize intracellular compartments in antigen
processing and identified a novel compartment, early MIIC (eMIIC) to participate in
antigen processing and to provide a plausible site for fast antigen processing and pAg
presentation. We characterized eMIICs to possess several proteins involved in
endosomal trafficking and degradation. Also, macroautophagosomes were reported
to participate in antigen processing and presentation together with Rab7. Indeed, our
work proposes Rab7 to have an essential role in pAg presentation — with or without
association with macroautophagosomes remains to be further investigated.

15



2

2.1

Literature review

Immune system

The purpose of the immune system is to protect individuals from diseases and it
consists of innate and adaptive immunity. While innate immunity is something the
individual is born with, adaptive immunity develops throughout life. The immune
system is one of the best examples of homeostatic balance as its fast responses to
changing environmental demands are essential for individual health. For instance,
the immune system responds to threats by altering and tuning different immune cell
subpopulations and their activation to always provide the best possible shield

Figure 1.
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Literature review

(Garcillan et al. 2018). All the immune cells proliferate from hematopoietic stem
cells. In the first proliferation steps, hematopoietic stem cells proliferate into either
myeloid or hematopoietic progenitor cells, as described in Figure 1. Myeloid
progenitor cells are created much more numerous than hematopoietic progenitor
cells. This is greatly due the erythrocyte production, as hundreds of billions of
erythrocytes are produced each day from the myeloid progenitor cells. (Jackson,
Ling, and Roy 2021; Kato and Igarashi 2019; Zehentmeier and Pereira 2019)

2.1.1 The innate immune system

As described in Figure 1, innate immune cells are proliferated from myeloid
progenitor cells. Innate immune cells include dendritic cells, mast cells, natural killer
cells, granulocytes and macrophages. In health, the innate immune cell profile is
typically constant but during a sickness and in elderly life, erythropoiesis is slower
and more leucocytes are produced from the myeloid progenitor cells. (Jackson et al.
2021; Kato and Igarashi 2019; Zehentmeier and Pereira 2019)

The innate immune system is alarmed when innate immune cells recognize
pathogenic motifs known as pathogen-associated molecular patterns (PAMPs) or
damage associated molecular patterns (DAMPs). DAMPs are generated passively by
a dying cell, or actively by a living but damaged cell.. (Lee et al. 2021) PAMPs and
DAMPs are recognized by pattern recognition receptors (PRRs). PRRs are divided
into four distinct groups from which the most common example are Toll-like —
receptors that occupy the plasma membrane of immune cells. (Jentho and Weis
2021)

Innate immune cells aim to destruct the pathogen or damaged cell typically by
phagocytosis. Macrophages are the most classical example of phagocyting cells, and
they are referred to as professional phagocytic leucocytes. Macrophages seek
pathogenic structures or damaged cells by migrating around the body. When they
encounter a pathogen, they bind to it by PRRs and engulf the target. Endocytosed
material is trafficked along the endosomal pathway towards its final degradation in
acidic lysosomes. Along the endosomal pathway, useful material, such as receptors,
are continuously recycled back to the plasma membrane while useless material will
be fully destroyed. (Hartenstein and Martinez 2019; Kirchenbaum et al. 2019) The
endosomal pathway and its compartments are described in detail in chapter 2.2.2.

Classically, it is thought that innate immunity does not form immunological
memory. Nevertheless, in recent years some evidence of the immunological memory
in innate immune cells has been reported (Jentho and Weis 2021). To draw a full
picture of the memory capacity of innate immunity, more studies are still needed.

17
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21.2 The adaptive immune system

Adaptive immune cells, B and T cells are small lymphocytes with a large nucleus.
They are proliferated from hematopoietic progenitor cells as described in Figure 1.
Adaptive immune cells are pathogen-specific, and they create sophisticated,
specialized and efficient immune responses toward recognized antigens. T and B
cells can cause efficient immune responses independently, but their cooperation is
essential for the most efficient immune responses.

T cells consist of cytotoxic (CD8+) and helper (CD4+) T cells. Cytotoxic T cells
can directly eliminate infected cells by releasing cytotoxic granules in the cell
whereas helper T cells have an essential role in guiding and boosting B cell
proliferation, for example. Both T cell types can also produce cytokines which lead
to magnified immunological responses. Despite B cells being responsible for
antibody production, B cell proliferation from the progenitor B cell to an antibody
producing plasma cell is regulated by CD4+ T cells. T cells also coordinate immune
responses and proliferation of the other professional antigen presenting cells (APC),
which are dendritic cells and macrophages. After an antigen encounter, APCs form
an immunological synapse with T cells to present the acquired antigen. If the antigen
presentation is sufficient, the T cell provides a stimulus back to the APC, after which
the APC can continue to proliferate. (Cruse, Lewis, and Wang 2004; Kirchenbaum
et al. 2019; Shaw et al. 2018) Immunological synapse is described in greater detail
in chapter 2.1.3.4.

2.1.2.1 B cell development

B cells develop from hematopoietic stem cells (HSCs) as described in Figure 1 and
their development begins already in utero. B lymphopoiesis, which is simplified in
Figure 2, is a long proliferation cascade. During the Pro- and Pre-B cell maturation
phases, cells undergo a random process of variable diversity joining (VDIJ)
recombination for the heavy (H) chain of the BCR to generate unique pre-BCRs
expressing slightly but critically different IgH chains and surrogate light (L) chains.
Pre-BCR signaling further promotes L chain rearrangement which, when successful,
turns receptors into functional BCRs expressed in immature B cells. Immature B
cells leave the bone marrow and travel to the secondary lymphoid organs. (Hystad
et al. 2007; Jackson et al. 2021)

The final maturation step from immature B cells to memory B cells or antibody
producing plasma cells occurs after the cell has encountered an antigen. The
maturation is illustrated in Figure 3. During the maturation, B cells undergo somatic
hypermutation (SHM) to create point mutations in the antigen binding sites of the
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Figure 2. B lymphopoiesis. A B cell undergoes a random process of variable diversity joining
(VDJ) recombination for the heavy (blue) and the light (magenta) chains of the B cell
receptor (BCR) to generate unique BCRs. Pre-BCR signaling further promotes light
chain rearrangement which turns receptors into functional BCRs expressed in immature
B cells..

BCR. SHM is induced by a DNA mutator, activation-induced cytidine deaminase
(AID) (Yu and Lieber 2019). AID expression is promoted by NF-kB binding to the
Aicda gene and NF-kB on the other hand can be activated by receptor binding on the
plasma membrane. Notably, NF-kB can be targeted via several downstream
signaling proteins too, naming one of our key proteins, Rab7 (described in chapter
2.2.2.4) as one (Yan et al. 2020)

After the final maturation step, B cells can produce antibodies with improved,
very high affinity. Importantly one should note that one B cell can recognize only
one type of antigen but together all the B cells recognize billions of different
antigens. Yet, for an even broader battlefront, B cells can also switch the class of the
immunoglobulins they produce. This happens via class switch recombination (CSR)
where the constant heavy chain proportion of the BCR is changed into IgG, IgE or
IgA. Thus, the affinity and specificity of the produced antibody will remain the same
but the molecules interacting with the released antibodies, change. CSR is guided by
several factors, naming AID and cytokines as examples. Notably, defected CSR
causes limited humoral immunity and thus lethal infections may occur. (Cruse et al.
2004; Stavnezer and Schrader 2015; Yu and Lieber 2019) The overall antibody
variety is always influenced by both extrinsic and intrinsic signals. (Cruse et al. 2004;
Hystad et al. 2007; Jackson et al. 2021; Nufez et al. 1996).
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Figure 3. B cell maturation after an antigen encounter. An immature B cell encounters an
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antigen in the secondary lymphoid organs. The antigen encounter promotes the B cell
to undergo somatic hypermutation (SHM) which creates point mutations in the antigen
binding sites of the BCR (red stripes). Mature B cells create immunological memory with
memory B cells and provide antibodies with plasma B cells.

Antigen processing in B cells

The goal of a B cell is to proliferate into an antibody producing plasma cell or a
memory B cell. To achieve the goal, B cells have undergone complex maturation
phases before and after an antigen encounter. To create antigen specific antibodies,
B cells have initially processed the antigen. The antigen processing can be divided
into four phases:

20

antigen recognition and engagement with the BCR
antigen internalization and processing into peptide-antigens (pAg)

pAg loading into major histocompatibility complex (MHC) class II
(MHCII)

pAg-MHCII trafficking and presenting on the plasma membrane for
cognate, helper T cells.
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2.1.3.1 Antigen recognition and engagement with B cell receptors

2.1.3.1.1 The structure of a B cell receptor

B cell plasma membrane possesses BCRs of certain, unique characteristics. BCRs
are antigen recognizing structures. BCRs consist of heavy and light chains. The
heavy chain links the BCR to the plasma membrane and has short intracellular
motifs. Light chains are fully extracellular, and they are bound to the heavy chain
with disulfide bridges. BCR is closely associated with the secondary components Iga
and IgP. These secondary components have longer intracellular tails than BCR and
the tails contain immunoreceptor tyrosine-based activation motifs (ITAMs). Iga and
Igp have a crucial role in the induction of intracellular signaling cascades as antigen
binding to BCR phosphorylate ITAMs.

The antigen binding site in the BCR is at the tip of the BCR, on the variable
region. Variable regions are located on the tip of y-shaped BCR regions called
F(ab’)2-region. F(ab’)2-regions are identical to each other. The leg of the BCR is
called Fc-region and it consists solely of a heavy chain. The constant heavy chain

Antigen binding sites

N %%/ ~ O«f F(ab'), region

Iga
9B

Fc region
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ITAMs

Figure 4. B cell receptor and its secondary components. A B cell receptor (BCR) recognizes
the antigen with its variable regions F(ab’)2-molecules. F(ab’)2 region consists of heavy
and light chains linked together with disulfide bonds (DB) whereas the Fc region, which
is the body of the plasma membrane bounding immunoglobulin, consists of heavy
chains only. The BCR activation induces intracellular phosphorylation in the
immunoreceptor tyrosine-based activation motifs (ITAMs) of the BCR secondary
components Iga and Igp.
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region, which covers the Fc region and proportion of the F(ab’)2 region, determines
the immunoglobulin type. (Kuokkanen, Sustar, and Mattila 2015; Kurosaki,
Shinohara, and Baba 2010) BCR, with its secondary components, is illustrated in
Figure 4.

2.1.3.1.2 BCR dependent activation

B cells extract antigen by pulling it from the presenting surface. The antigen-BCR
binding causes actin cortex remodeling and actin then provide strength and support
for the mechanical pulling of the antigen (Natkanski et al. 2013; Spillane and Tolar
2016). The actin cortex remodeling itself, on the other hand, can lead to intracellular
signaling too (Mattila et al. 2013; Treanor et al. 2011).

The needed pulling force correlates with the rigidity of the surface where the
antigen is presented. For instance, cells need more force when antigen is ripped from
the glass bead than on the membrane of antigen presenting cell (APC). (Spillane and
Tolar 2016; Tolar 2017) B cells can also use enzymatic degradation by secreting
lysosomal substrates to the internalization site to facilitate antigen acquisition
(Reversat et al. 2015; Saez et al. 2019; Spillane and Tolar 2016; Yuseff et al. 2011).
This is utilized especially when the pulling forces are not strong enough for the
antigen ripping (Spillane and Tolar 2016).

When the antigen is presented from a surface, B cells form an immunological
synapse (IS) with the antigen site, as described in Figure 5. The phenomenon
consists of recognition (A), spreading (B) and contraction (C) phases. In the first

A B C

Q}/ Actin Y B-cell receptor ¥ Antigen Microcluster == cSMAC

Figure 5. B cell immunological synapse fomation. (A) A B cell recognizes the membrane-
tethered antigen with its B cell receptors (BCRs) and binds to the antigen. (B) The B cell
spreads over the antigen presenting surface to gather as much antigen as possible. The
B cell forms signaling antigen-BCR microclusters. (C) The B cell trafficks microclusters
to a central position which is void of actin. Yet, actin supports the antigen pulling and
internalization from the formed central SMAC (cSMAC). (Revised from Kuokkanen et
al., 2015)
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phase, the B cell recognizes the antigen on the surface and binds to the antigen with
BCRs. After the initial recognition, B cells generate dynamic actin protrusions to
find more antigen particles. The B cell spreads over the antigen presenting surface
for gathering maximal antigen amount. After the maximal spreading, the B cell
gathers so-called antigen-BCR microclusters to the central supramolecular activation
complex (cSMAC) for internalization. cSMAC is void of larger actin structures and
thus internalization is easier. Additional molecules, which are essential for further
downstream signaling, are recruited to the cSMAC. This includes CD19, which
functions as a positive co-receptor for B cell activation. (Bolger-Munro et al. 2019;
Depoil et al. 2008; Kuokkanen et al. 2015; Mattila et al. 2013; Tolar 2017)

When the antigen is presented to B cells in soluble form, cells need the least
force and actin cortex remodeling is not in a major role in the antigen-BCR
internalization (Spillane and Tolar 2016). Yet, soluble activated cells trafficks
antigen-BCR complexes into similar BCR clusters with CD19, as in an
immunological synapse, and similar downstream signaling occurs. (Adler et al.
2017; Depoil et al. 2008). Nevertheless, in the secondary lymphoid organs, antigens
presented on an APC, can induce strong B cell activation also at very low densities,
whereas soluble antigens in a B cell zone need to be in higher concentration to induce
equal B cell activation. Yet, soluble activation is commonly used in vitro assays as
it is an easy approach and highly controllable. (Yuseff and Lennon-Duménil 2015)

2.1.3.2  Antigen internalization and processing into peptide-antigens

B cells internalize antigen-BCR complexes rapidly after the activation, mainly
through clathrin-dependent endocytosis (Chaturvedi et al. 2013; Stoddart, Jackson,
and Brodsky 2005). Clathrin-dependent endocytosis is a type of micropinocytosis
and it is described in more detail in chapter 2.2.1.

Antigen-BCR complexes are internalized into endosomes, which are
intraluminal vesicles described in more detail in chapter 2.2.2. In the endosomes,
antigen-BCR complexes undergo biochemical changes, such as BCR ubiquitination.
BCR ubiquitination drives antigen-BCR complexes to be delivered for further
endosomal processing (Katkere, Rosa, and Drake 2012) and interestingly, BCR
ubiquitination indeed, promotes endosomes to turn into more degradative
compartments called late endosomes (Adler et al. 2017; Satpathy et al. 2015).

The endosomal compartments in antigen trafficking are not described in detail
but it is well-established that antigen is ultimately trafficked into MIICs. MIICs are
described as compartments where antigens could be degraded into peptides and
where pAg is loaded to the MHCII. MIICs indeed contain many accessory proteins
needed for peptide-antigen loading to MHCII such as Cathepsin-S (CatS) and

23



Marika Runsala

MHCII, class II accessory molecule (DM). These molecules will be described in
more detail below.

MIICs possess lysosomal associated membrane protein 1 (LAMP1) and thus
LAMP1, which is described in more detail in chapter 2.2.2, is often used as a marker
for MIICs in B cells. Typically, MIICs are reported to localize in the perinuclear
region, and they are seen as specialized endosomes. (Avalos and Ploegh 2014)
Already 30 years ago Peters and Tulp found that MIICs were missing mannose 6-
phosphate yet containing LAMP1, which made them distinct from early endosomes,
late endosomes and lysosomes (Peters et al. 1991; Tulp et al. 1994). Nevertheless, a
lot is still to be discovered in MIICs as the compartments are not thoroughly
characterized, as many of the other endosomal structures are.

2.1.3.3 Major histocompatibility complex (MHC) class Il in peptide-
antigen presentation

MHCII, which is a heterodimer with a slightly bigger o subunit (33-35kD) and a
smaller subunit (25-30 kD), has a key role in pAg presentation in B cells. MHCII is
synthesized in the endoplasmic reticulum (ER) (Lindner 2017), as described in
Figure 6. Immediately after the release from the ER, MHCII molecules form trimers
and bind with an enveloping molecule, invariant chain, known also as CD74. Ii forms
a surrounding triangular cage around the MHCII trimer and prevents MHCII from
binding with antigens.. (Lindner 2017)

MHCII-Ii complexes are targeted to the plasma membrane or into different
endosomal compartments. The destination is determined by MHCII-Ii sorting
motifs. MHCII-Ii contains two sorting motifs which can act independently. Notably,
the sorting motifs recognize clathrin adaptor proteins which promote the trafficking
to the plasma membrane. From the plasma membrane, MHCII-Ii is targeted to early
endosomes and gradually trafficked towards late endosomal compartments too. On
the other hand, the invariant chain is not only a passive envelope for MHCII but also
shapes the morphology of the endosomes. For instance, li can even delay MHCII
transition through the endosomal compartments. (Lindner 2017; Pieters, Bakke, and
Dobberstein 1993; Schroder 2016; De Silva and Klein 2015)

In B cells, MHCII-Ii is rich in MIICs as MIICs are the compartments where also
pAg is loaded on the MHCII. MHCII-Ii processing is a long cascade of proteolytic
events in which MHCII is released from the Ii cage by degrading the Ii. The li
degradation is a joint effort of several molecules which function either
simultaneously or in a cascade. Below, li degradation is described in a detail.
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Figure 6. Major histocompatibility complex class Il (MHCIl) with its binding partners
invariant chain (li) and peptide-antigen (pAg). MHCII (gray) and li (red) are
synthesized in the endoplasmic reticulum (ER). Immediately after MHCII has been
synthesized, it forms dimers and binds with li. li is synthesized excessively compared to
MHCII synthetization. li, or its remaining, CLIP, occupies the antigen binding groove
(shaded dot in MHCII) until a correct pAg (green) has been processed. pAg replaces
the CLIP and binds to MHCII. Finally, mature pAg-MHCII is trafficked to the plasma
membrane to be presented for helper T cells. li cleaving to CLIP requires several
molecules to collaborate and the process occurs in compartments called MHCII
containing endosomes (MIICs). Notably, pAg loading to the MHCII molecules also
occurs in MIICs.

CLIP remaining

Invariant chain degradation in B cells

Ii degradation begins from the Ii tail. Western blots have revealed that at the first,
the full length, 33 kDa Ii is clipped into 22 kDa leupeptin-induced protein (LIP)
fragment, by protease asparagine endopeptidase (AEP). Further, half of the LIP
fragment is degraded and the 10 kDa Ii tail remaining, called small leupeptin induced
protein (SLIP), is formed. The LIP — SLIP transformation happens with the help of
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unspecified cysteine proteases. (van Kasteren and Overkleeft 2014; Lindner 2017,
Watts 2004)

Nevertheless, the next clipping phase which produces only 23 amino acid long
fragments, called class Il-associated invariant chain peptide (CLIP), is well
described in B cells. The degradation from SLIP to CLIP is induced by cysteine
protease Cathepsin S (CatS). (van Kasteren and Overkleeft 2014; Lindner 2017;
Watts 2004). CatS is highly expressed in B cells. CatS gets activated at low pH and
its main task is the SLIP-CLIP degradation. CatS is also capable to promote other
protein degradation in different endosomal compartments which may have a role in
the antigen degradation, but for that, further studies are yet needed. (Verma, Dixit,
and Pandey 2016; Wilkinson et al. 2015)

In the final MHCII-Ii maturation step, the CLIP is removed from the MHCII
antigen binding groove. The CLIP removal is catalyzed by DM (human leukocyte
antigen DM (HLA-DM) and murine H2-M). DM regulates self and foreign peptide
antigen loading on MHCII molecules in all antigen presenting cells. In more detail,
despite DM being a MHCII-like molecule, it does not bind peptides itself. DM
induces transient conformational changes in MHCII which further catalyzes CLIP
dissociation. Notably, DM also helps in the selection of the binding peptide as it can
repeatedly induce conformational changes for the same MHCII molecule until the
optimal peptide is found. Furthermore, DM is regulated by DO (human leucocyte
antigen DO (HLA-DO) and murine H2-O). DO is a highly similar molecule to DM,
but it targets DM itself instead of MHCII. Thus, DO can prevent DM from
functioning and inhibit pAg-MHCII conjugation. (Dembharter et al. 2019; Jiang et al.
2019; Mellins and Stern 2014; Pierre et al. 1996; Welsh and Sadegh-Nasseri 2020)

2.1.3.4  Targeting the peptide-antigen presentation on MHCII

As described above, pAg presentation results from the collaboration of several
factors, and many more are yet to be distinguished. On the other hand, the process
can also be tuned by even more numerous players. For instance, milder immune
responses could be achieved by directly targeting MHCII, but also by decreasing the
endosomal pH, which leads to Ii chain retention in the SLIP form. As a result, less
mature pAg-MHCII complexes are formed. (Guo-Ping et al. 1999; Kuipers et al.
2005; Rupanagudi et al. 2015)

Similarly, targeting actin may alter pAg-MHCII presentation as the molecule
docking to the plasma membrane is dependent on actin. One of the most puzzling
players for pAg-MHCII presentation is DO. Increasing DO activity inhibits CLIP
replacement when the pAg is DM sensitive but apparently, when the pAg is DM
insensitive, DO increases the CLIP replacement. Overall, DO activity and the DM-
DO relationship are yet under intensive study. Modulating DM/DO activity will alter
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the pAg-MHCII presentation, but to understand the full picture, more studies are still
needed. (Mellins and Stern 2014; Paul et al. 2011; Schroder 2016; Welsh, Song, and
Sadegh-Nasseri 2019).

In a conclusion, MHCII and pAg-MHCII presentation have significant roles in
health and disease. MHCII on B cells contributes to the development, differentiation
and effector functions of helper T cells. MHCII on B cells is linked to the
development of autoimmune diseases such as multiple sclerosis and systemic lupus
erythematosus. MHCII is also essential for B cell activation, proliferation and
differentiation. (Giles et al. 2015; Molnarfi et al. 2013) MHCII and pAg-MHCII
presentation can also act as therapeutic target sites but yet, but more detailed studies
are needed.
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2.2 Endosomal system

Organisms and cells self-regulate their internal conditions to adapt to changing
external challenges. The self-regulation loop, called homeostasis, equilibrates
numerous processes: cargo and nutrients transport, nutrients processing, receptor
trafficking, and cellular signaling, too. To maintain normal, healthy physiology,
homeostatic mechanisms need to be controlled and re-toned constantly. Notably,
homeostatic imbalance might induce different diseases. (Billman 2020; Garcillan et
al. 2018) To maintain healthy homeostasis, cells are constantly not only sensing but
also internalizing, processing and degrading different cargo such as nutrients and
receptors. These processes are carried out by the endosomal system.

2.2.1 Endocytosis

Endocytosis is a common term for the internalization of different molecules,
particles, fluids, or receptors, for instance. In this chapter, any of the internalized
material will be referred to as cargo. Endocytosis is essential for cell homeostasis
and it provides the site for nutrient uptake. Cells can internalize cargo classically in
three different ways: micropinocytosis, phagocytosis and macropinocytosis.
Micropinocytosis is the most used internalization method for BCR and antigen in B
cells.

Micropinocytosis (pinocytosis hereafter) describes endocytosis through small
plasma membrane invaginations which produce small (0.1 — 0.2 um in diameter)
primary endocytic vesicles. Pinocytosis is a way for cells to endocytose fluids and
dissolved small molecules. Clathrin-mediated endocytosis, which is described
below, is an example of micropinocytosis. Other pinocytosis mechanisms are
caveolin-dependent and clathrin/caveolin-independent endocytoses. (Hartenstein
and Martinez 2019; Mayor and Pagano 2007; Mellman 1996) Pinocytosis and other
internalization pathways are described in Figure 7.

2211 Clathrin-mediated endocytosis

A clathrin unit is a triskelion and it can form up to hundreds of square nanometres of
clathrin lattices (CLL) by joining with three other clathrin units. Clathrin-mediated
endocytosis is based on the curving of the CLL. There are two distinct models on
how CLL turns into invagination, the first model describes curvature to occur when
the CLL area is large enough (constant area model) and the other one suggests that
CLL invagination deepens at the same time as the CLL area grows (constant
curvature model). Both models lead to the same result: a drop-like plasma membrane

28



Literature review

Phagocytosis

/N Particle Micropinocytosis

SV XL 'S Clathrin- Caveolin-
4y t K dependent  dependent  Cathrin- and caveolin-independent

Macropinocytosis

)

3
>

<
L 3
€ -
LELYS G

Figure 7. Internalization pathways in cells. Large particles are taken in by phagocytosis.
Internalized material enters into late endosomes and lysosomes (LE/LYS). Fluids are
engulfed for internalization via macropinocytosis. Phagocytosis and macropinocytosis
are dependent on actin remodeling. Smaller cargo, such as receptors can be
internalized via clathrin- and caveolin-dependent and independent ways. Both clathrin
and caveolin pits are cut with dynamin and the internalized vesicles are rapidly uncoated
and fused with early endosomes. Cargo, such as some integrins and Rab5, can be
internalized also without clathrin or caveolin coating and the cut of the pit can happen
with or without dynamin. Cargo can be also internalized into tubular structures. (Revised
from Pagano 2007)
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invagination that is supported by CLL. (Haucke and Kozlov 2018; Sochacki and
Taraska 2019) The invagination can be notably deep and form tunnel-like structures
up to one micrometer (Hartenstein and Martinez 2019). Finally, the neck of the
invagination is cut with the help of dynamin (Cocucci, Gaudin, and Kirchhausen
2014) to form an endosome with neutral pH. Clathrin dissociates rapidly from the
newly formed vesicle. The vesicle size is 60 — 200 nm external diameter, depending
on the cell type. (Haucke and Kozlov 2018; Kirchhausen, Owen, and Harrison 2014;
McMahon and Boucrot 2011). Clathrin-mediated endocytosis is illustrated in Figure
7.

22.1.2 Phagocytosis and macropinocytosis

Macromolecules and large (>0.5 um in diameter) energy-rich particles are
internalized via phagocytosis or macropinocytosis. Phagocytosis and
macropinocytosis are schematically described in Figure 7.

Most, if not all, cells are capable to phagocytose and some immune cells, such
as phagocytic leucocytes, are highly active in phagocytosis. Macrophages are one of
the best examples of phagocytic cells as their target is to eliminate damaged cells or
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pathogens by phagocytosis. In phagocytosis, cells engulf the target with plasma
membrane (PM) protrusions and reseal the PM. After resealing, endocytosed cargo
is captured in a newly formed vesicle. (Hartenstein and Martinez 2019; Mayor and
Pagano 2007)

Macropinocytosis resembles phagocytosis. In macropinocytosis, the plasma
membrane forms ruffles to “swallow” high volumes of extracellular fluids. The
major difference between macropinocytosis and phagocytosis is in the induction of
the internalization: phagocytosis is induced only by ligand-receptor interactions
whereas macropinocytosis does not need a receptor interaction with ingestible cargo.
Both phagocytosed and macropinocytosed cargo are trafficked through, maturating
endosomal network until reaching the final destination in either phagolysosomes or
endolysosomes for degradation. (Hartenstein and Martinez 2019; Mayor and Pagano
2007)

222 Endosomal trafficking

Endosomal trafficking lays the base for cell homeostasis. As all internalized cargo,
including nutrients, plasma membrane proteins, viruses, and bacteria, as well as
antigen-BCR complexes, is targeted to endosomes, endosomes can be seen as one of
the master regulators in eukaryotic cells.

Immediately after the internalization, cargo is trafficked to an endosome to begin
its journey along endosomal pathways. Typically, endosomes form long structural
cascades, and pathways, where they constantly evolve, mature, or associate with
other compartments. The classical endosomal pathway is simplified in Figure 9.
Normal endosomal trafficking is essential for health, as several severe diseases, such
as Parkinson's disease or Amyotrophic lateral sclerosis, are linked to altered
endosomal trafficking. (Huotari and Helenius 2011; Schreij, Fon, and McPherson
2016; Scott, Vacca, and Gruenberg 2014) In B cells, the structural cascade for
antigen and pAg trafficking has remained uncharacterized. Nevertheless, classical
endosomal compartments and proteins could be postulated to have a role in antigen
trafficking.

2.2.21 Small GTPases

Classical proteins functioning along endosomal pathways are Small GTPases. Rab-
proteins are related to Arf, Ran, Ras and Rho protein families, and they are the largest
Ras subfamily consisting of more than 70 proteins. Rab-proteins regulate endosomal
trafficking, transportation and endosomal fusions. As with all small GTPases, Rab-
proteins cycle between active and inactive states, this small GTPase cycle is
illustrated in Figure 8. (MacKiewicz and Wyroba 2009) Activated Rab-proteins are
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Figure 8. Small GTPases cycle. Inactive guanosine diphosphate (GDP) is switched into active
guanosine triphosphate (GTP) form with the help of guanine nucleotide exchange factor
(GEF). Active, GTP form is switched off by GTPase-activating proteins (GAPs).

anchored to the lipid bilayer by their C-terminus, and they recruit various effector
proteins to the endosomes or organelles they are bound to. Inactive Rab-proteins, on
the other hand, can be found in the cytosol. During the switch from active to inactive
state, Rab-proteins undergo drastic conformational changes. The active state is called
the guanosine triphosphate (GTP) state and the inactive state is known guanosine
diphosphate (GDP) state. The activation, GDP-GTP switch, is promoted by various
guanine nucleotide exchange factors (GEFs) and on the other hand inactivation,
GTP-GDP conversion, is triggered by GTPase-activating proteins (GAPs). (Homma,
Hiragi, and Fukuda 2021; Stenmark 2009; Wandinger-Ness and Zerial 2014)

Small GTPases contain 200-250 amino acids, and they are divided into different
subfamilies that share high sequential identities. For instance, one of the well-studied
Rab-proteins, Rab5 has three isotypes, RabSA, B and C which share up to 95%
sequence identity. The isoforms can have both overlapping and isoform-specific
functions and responses. For instance, in our example, Rab5A delays growth factor
receptor trafficking and regulates pinocytosis, whereas Rab5C is important in plasma
membrane protrusions, for instance. (P. . Chen et al. 2014; Homma et al. 2021)

2222 Early endosomes and Rab5

Early endosomes are the first players along the long structural cascade of the
endosomal pathway. Newly formed internalized vesicles and internalized cargo is
guided to the early endosomes. Early endosomes are described as busy sorting
stations with heterogenous composition, function and localization. A couple of
minutes after the cargo has entered the EE, its further destination is already
determined. The cargo is guided for further processing or it is recycled back to the
plasma membrane. Receptors are the most typical example of the internalized
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material that is recycled. (Huotari and Helenius 2011; Scott et al. 2014; Solinger et
al. 2020)

The recycling-linked proteins, such as Rab4, Rab11 and retromer complexes are
enriched in the tubular extensions of EEs multilobular structures. From the end of
the tubules, recycling endosomes (RE) are pinched out while the EE body contains
some vacuolar domains with neutral or slightly acidic pH of 6-7. EEs are 100-500
nm in diameter and most of them stay close to the plasma membrane. (Huotari and
Helenius 2011; Scott et al. 2014; Solinger et al. 2020)

Early endosomes are surrounded by lipid bilayers. The lipid bilayer is enriched
in phosphoinositide phosphatidylinositol 3-phosphate (PI(3)P). EEs also possess
early endosomal antigen 1 (EEA1) that binds to PI(3)P via its C terminus and to
Rab5 in its N-terminus. EEAL1 is a transmembrane protein that has a long cytosolic
tail. The long EEAT tail senses the surrounding for encountering partners. When it
finds Rab5 anchored to the membrane of another endosome, EEA1 reaches it and
collapses. The collapse draws Rab5 containing endosome to the instant vicinity of
the EEA1 containing vesicle and their fusion may begin. Endosomes can also fuse
without the EEA1 collapse, by forming a direct bond between proteins in the
neighboring endosomes. (Homma et al. 2021; Marat and Haucke 2016; Murray et al.
2016) Early endosomal fusions are essential for endosomal maturation as by the
fusions, EEs become more acidic. (Hartenstein and Martinez 2019; Huotari and
Helenius 2011; Scott et al. 2014)

Despite that Rab5 is classically described as functioning in early endosomal
trafficking phases, it is having several effector proteins covering the whole
endosomal range. Rab5 is essential for normal cargo internalization, endosomal
fusions and trafficking of different proteins from Golgi to lysosomes. Notably, Rab5
is found also on phagosomes (described in detail in chapter 2.2.3) which are
classically seen as degradation factories. (Wandinger-Ness and Zerial 2014)

2223 Recycling endosomes and Rab11

To maintain plasma membrane surface homeostasis, nearly 80% of the endocytosed
cargo is recycled back to the plasma membrane. Thus, the endosomal recycling
system is greatly coordinating the cell surface composition. Proteins coordinating
the recycling events are not found only from the tubular ends of the sorting
endosomes, such as early endosomes, but they are found also in autophagosomes
and even in the trans-Golgi network. (Ferro, Bosia, and Campa 2021; Puri et al.
2018; Redpath et al. 2019; Yeo et al. 2016)

The recycling system is highly dynamic and heterogenous and it can be
coordinated by numerous different Rab-proteins naming the most classical ones,
Rab4 and Rabl1 as examples. Previously, Rab4 was reported as a marker for fast
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recycling endosomes which would traffic cargo mainly from the early endosome. At
the same time, Rabll was reported as a protein involved in slow recycling
endosomes which would recycle cargo from the perinuclear region and from late
endosomal compartments. (Van Der Sluijs et al. 1991; Ullrich et al. 1996)
Nowadays, the complexity of endosomal pathways is recognized and Rab4 and
Rabl11 are known to overlap on different endosomal pathways (Takahashi et al.
2012)

Defected recycling system can lead to various severe diseases, such as
Alzheimer’s disease (Buggia-prévot et al. 2014), Parkinson’s disease (O’sullivan
and Lindsay 2020) or cancer (Mellman and Yarden 2013). All the mentioned
diseases have a link to Rab11, which is one of the main coordinators for endosomal
recycling. It has in total three isoforms, Rab11a, Rab11b and Rab25. Rabl1la and
Rab11b share nearly 90% sequential identity, whereas with Rab25, the identity is
less than 70%. (Kumar and Lukman 2018). Commonly, recycling-linked diseases
are caused by the essential isoform of Rabl1a (Ferro et al. 2021; Puri et al. 2018;
Yeo et al. 2016).

2224 Late endosomes and late endosomal proteins Rab7, Rab9 and
LAMP

Late endosomes are typically round or oval and their size is 250 — 1000 nm in
diameter. The pH in late endosomes is more acidic than in early endosomes,
approximately 5.5 and the endosomes contain several intraluminal vesicles which
are 50 -100 nm in diameter. Late endosomes occupy the perinuclear area where they
form larger late endosomal bodies. Often LEs possess Rab7, LAMPs and Rab9,
among others. (Huotari and Helenius 2011; Mellman 1996)

Late endosomes are matured from the vacuolar domains of early endosomes.
How the tubular domains, containing for example Rabl1, are separated from the
maturing late endosome, is not fully understood. Nevertheless, dynein-mediated
pulling forces and vesicle fission are reported to occur during the endosomal
separation. (Huotari and Helenius 2011; Wandinger-Ness and Zerial 2014)

During EE maturation into LE, Rab5 is replaced by Rab7. Similar maturation
happens also in phagosomes. EE maturation into LE is seen as a sequential cascade.
For instance, due to Rab5 GEF (RABGEF1/RABEXY) activity, the Rab5 level on
the endosomal membrane reaches its peak. After high Rab5 concentration, Rab5
GEF is eliminated by SAND-1/Monl which also recruits Rab7 to the endosomal
membrane. On the membrane, Rab7 interacts with CORVET/HOPS complex which
is also a Rab7 GEF and Rab7 concentration is increasing in turn. (Huotari and
Helenius 2011; Wandinger-Ness and Zerial 2014)
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LEs increase the number of intraluminal vesicles (ILVs) which have several
functions. At first, ILVs isolate signaling receptors from the cytosol and thus the
receptors are silenced. ILVs are also more acidic as they contain phospholipid bis-
phosphate, and they are not protected by glycosylated proteins. Thus, ILVs are
thought to promote lipid and protein hydrolyses and serve as a starting point for
lysosome formation. (Huotari and Helenius 2011) LE cannot be distinguished from
lysosomes at the molecular level since they both express the same characteristic
proteins, but they can be distinguished by their physical properties and ultrastructure.
In contrast to LEs, lysosomes are electron-dense structures featuring high gradient
density. (Scott et al. 2014)

Rab7 and Rab9, which are both located in late endosomes, originate from the
same Rab7 subfamily. In eucaryotes, the subfamily consists of two isoforms each:
Rab7A/Rab7B and Rab9A/Rab9B. Yet, some lower species express more isoforms.
Rab9 proteins diverged from Rab7 proteins hundreds of millions of years ago during
the metazoan era. Even though Rab7 and Rab9 are sharing some overlapping
functions, they have important individual functions as well. (MacKiewicz and
Wyroba 2009)

LAMPI is reported to localize in MIICs in B cells and it is a classical protein in
LEs too. LAMP1 belongs to the family of lysosome-associated membrane proteins
together with LAMP2, LAMP3, UNC-46 and CD68. LAMPs are important for late
endosomal, lysosomal and autophagosomal acidification. LAMPs are also
transporting hydrolases into endosomes, and they can regulate membrane fusions.
Yet, LAMPs are not stable components in late endosomal membranes, but they are
constantly newly synthesized. LAMPs also have another interesting role in natural
killer and cytotoxic T cells, where it protects the T cell plasma membrane from the
extracellular site while the cell is releasing lytic granules to destroy the target.
(Cheng et al. 2018; Kuchitsu and Fukuda 2018; Wilke, Krausze, and Biissow 2012)

2.2.2.5 Lysosomes

Already more than a hundred years ago, Elie Mechnikoff found that endocytosed
material was degraded in internal, acidic environment (Mellman 1996). Nowadays
we know that this degradation occurs in lysosomes. Lysosomes are the endpoint for
internalized cargo. Interestingly, studies have shown that Rab5 is essential for early
and late endosome formation but lysosomes are formed normally also in Rab5
silenced cells. (Hatoyama et al. 2021)

Lysosomes (LYS) fuse with late endosomes or phagosomes. In LE, the cargo to
be degraded is packed in ILVs which increase in number after lysosomal fusion. The
trafficking to lysosomes is unidirectional and recycling is not occurring from the
lysosomes as they do not possess recycling proteins. LYSs are commonly round
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vesicles, but they can be also tubular as in dendritic cells and macrophages which
professionally internalize and degrade a large amount of cargo, such as pathogens or
malignant cells. pH in LYS is approximately 4.5, and they contain more than 70
different degradative enzymes. LY Ss are highly dependent on nutrient availability.
In fed cells, LY Ss are significantly smaller in size (size in diameter 100—500 nm) but
much more numerous compared with starved cells (size in diameter 0.5-1.5 um). In
starved conditions, LY Ss are also localized in more peripheral areas than in fed cells.
(Hipolito, Ospina-Escobar, and Botelho 2018; Huotari and Helenius 2011; Xu and
Ren 2015)

The endosomal pH is decreased by V-ATPases, which are complex proton
pumps adjusted on the endosomal membrane. V-ATPases generate positive
membrane potential inside the endosome which further increases the influx of
counter ions such as Cl- and cational (Ca2+, Na2+, etc) efflux. (Huotari and Helenius
2011) Degradation in lysosomes is not only caused by the low pH, but they also
contain lysosomal cysteine proteases such as cathepsin C, L and S. Lysosomal
cysteine proteases function most efficiently under low pH conditions. CatS has an
important role in the MHCII mediated antigen presenting and processing, as
described in detail in chapter 2.1.3.3. (Drobny et al. 2022; Turk, Turk, and Turk
2000) An important part of the lysosomal function is lysosomal exocytosis. In

(fast)RE

Figure 9. Classical cargo trafficking pathway. Classically cargo is described as trafficking via
maturing endosomes. Internalized cargo is at first guided to early endosomes (EE)
which can be marked with EEA1 or Rab5. From the EE cargo can be trafficked back to
the plasma membrane via recycling endosomes (RE). Recycling endosomes possess
classically Rab4 and/or Rab11. Classically Rab11 has been linked to slow recycling
which would occur from the compartments along the later pathway, localizing close to
the nucleus. Rab4, on the other hand, has been linked to fast recycling from the cell
periphery. Cargo can be trafficked also to late endosomes (LE) which are expressing
some or all of the next mentioned proteins: Rab7, LAMP1 and/or Rab9. LE matures
into lysosomes (LYS) which are capable of degrading endosomal cargo. LYS contains
Rab7 and LAMP1.
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lysosomal exocytosis, the ILV content is released to the extracellular space. Natural
killer and Cytotoxic T cells are active in lysosomal exocytosis as they eliminate
pathogens or malignant cells by infecting them with lysosomal granules. (Casey,
Meade, and Hewitt 2007; Van der Sluijs, Zibouche, and van Kerkhof 2013) The
composition of exocytic granules was studied by Casey et al. and 9% of the identified
proteins were hydrolases, such as cathepsins and lysosomal acids. Interestingly,
nearly one-fourth of the identified proteins were small GTPases or other vesicular
and trafficking-linked proteins. Thus, exocytic granules have remainings from the
whole path of endosomal trafficking. (Casey et al. 2007)

2.2.3 Macroautophagy

Macroautophagy (autophagy hereafter) is a process where the cell engulfs
cytoplasmic content for degradation. This “self-eating” is an evolutionarily
conserved process and it is essential for cell survival. Autophagy helps cells to adapt
to changing environments and to maintain homeostatic balance. Autophagy is also
induced by different stressed conditions such as nutrient deprivation or DNA
damage, for example. Defects in autophagy are linked to many pathological
conditions such as cancer, heart diseases, different neurodegenerations and even
aging.(Chang 2020). Macroautophagy is essential also for B cell proliferation,
survival and humoral immune responses as described below in chapter 2.2.3.3.

2.2.3.1 Macroautophagosomal maturation

Autophagosomes are matured through a sequential process, beginning from
omegasomes and ending to autolysosomes. The maturation cascade is described
in Figure 10. Classically, autophagosome formation begins from the PI(3)P, which
can conjugate autophagosomal protein microtubule-associated protein 1 light chain
3 (LC3), enriched ER subdomains. The ER subdomain forms and releases, an
omega-shaped (€2) membrane structure. This membrane structure is the
autophagosome precursor called omegasome. As the omegasome further matures
and bends into a cup shape, it is known as a phagophore. (Feng et al. 2014a; Hayashi-
Nishino et al. 2009; Kucera, Borg Distefano, et al. 2016; Lamb, Yoshimori, and
Tooze 2013; Yléd-Anttila et al. 2009). Interestingly, autophagosomal proteins have
been shown to interact with clathrin heavy chain too, which suggests that also plasma
membrane could act as a membrane source for autophagosome formation
(Ravikumar et al. 2011).

Phagophores engulf cytosolic content during their elongation and maturation,
until their closure. During the closure, the ends of the phagophore are joined together
and a round double membraned structure, called the autophagosome, is formed.
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Figure 10. Autophagosomal maturation. Autophagosomal maturation is a sequential process.
Classically, the autophagosomal precursor, omegasome (Q) is formed from the
extensions of the endoplasmic reticulum (ER). Omegasome elongates and curves at
the same time as it engulfs cytoplasmic content. In this stage, they are called
phagophores. When phagophores enclose, they become autophagosomes.
Autophagosomes can fuse directly with the lysosomes (LYS) to form autolysosomes or
fuse first with a late endosome (LE) to form an amphisome. In amphisomes,
autophagosomal and late endosomal/lysosomal sites are separated by the inner
membrane of the autophagosome. When amphisome becomes more acidic with the late
endosomal/lysosomal fusions, the inner autophagosomal membrane is degraded and
the lytic content reaches the autophagosytosed material. Autophagosomes receive also
internalized material (IM) from the classical endosomal pathway as early endosomes
(EE), late endosomes (LE) or lysosomes (LYS) fuse with the autophagosome or
amphisome. Revised from Zhao & Zhang, 2019.

Autophagosomes continue maturation and fuse with freshly internalized material,
early endosomes or late endosomes. The fusion event with a late endosome decreases
the pH in the autophagosome and the fused structure is known as an amphisome. The
autophagic site in the amphisome is partially isolated from the endosomal site. In
practice, amphisomes contain two fused vesicles, one possessing autophagosomal
characteristics and the other one possessing late endosomal characteristics. The
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different sites in amphisomes are partially isolated by the inner autophagosomal
membrane. Thus, amphisomes have special characteristics under EM too. (Shibutani
and Yoshimori 2014; Zhao and Zhang 2019) In the final fusion phase, amphisomes
fuse with lysosomes to form autolysosomes. In autolysosomes, the inner autophagic
membrane is degraded by lysosomal hydrolases. Finally, the hydrolytic content of
the lysosome reaches autophagocytosed, cytoplasmic content for total
degradation(Feng et al. 2014b; Lamb et al. 2013; Nakatogawa et al. 2009) Notably,
autophagosomes can also fuse with the plasma membrane (Zhang et al. 2015).

2.2.3.2  Cargo trafficking in autophagosomes

As described above, autophagosomal maturation is a multi-step process.
Autophagosomes can fuse with many different endosomal compartments from
lysosomes to freshly internalized cargo. Autophagosomes can indeed fuse with the
internalized cargo immediately after internalization, even before the internalized
vesicle expresses EEA1. Internalized cargo can end up in autophagosomes also from
early endosomes after the fusion of the autophagosome and early endosome.
Interestingly, cargo can be also loaded to autophagosomes from different endosomes
without a stable fusion. (Cai et al. 2021; Pankiv et al. 2010) This is called a kiss-and-
run —fusion and it has been described even more typical fusion type than a complete
fusion between autophagosomes and lysosomes (Jahreiss, Menzies, and Rubinsztein
2008).

Notably, autophagosomes fuse with late endosomes and lysosomes which
typically localize in the perinuclear region. Rab7, which is a typical late endosomal
and lysosomal marker, has been shown to be essential for the perinuclear
autophagosome gathering and the perinuclear localization of the autolysosomes. On
the other hand, Rab7 has been suggested to be needed also for the final cargo
degradation along the autophagosomal pathway (Eskelinen 2005). As LC3
expression correlates with the extent of autophagosomes (Kabeya et al. 2003;
Shibutani and Yoshimori 2014) and it binds with a Rab7 effector, FYCO1, (Cai et
al. 2021; Pankiv et al. 2010) it is interesting to speculate if Rab7 is promoting
autophagosomal — late endosomal fusions.

2.2.3.3 Macroautophagosomes in immune cells

Not only does autophagy has important roles in external and internal cargo
trafficking but it is also essential for immune cell proliferation, survival and humoral
immune responses. For example, CD8+ helper T cells are not able to mature
normally if a key autophagy-linked protein, Atg7, is deleted (Puleston et al. 2014).
Also, Bla B cells which are found in peritoneal and pleural cavities and which are
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the major source of [gM, require autophagy. B1 B cells are initially generated during
fetal and neonatal life, and they are not under constant replenishment from
hematopoietic stem cells as the other B cells. Thus, for B1 B cells self-renewing
through autophagy, is essential for their survival. (Clarke et al. 2018) Yet, plasma
cells, which have high autophagic flux, require autophagy for survival. Also, mice
deficient in another autophagic protein, Atg5, have defective antibody responses and
diminished numbers of long-lived antigen-specific plasma cells. (Pengo et al. 2013)

Despite defected autophagy being reported to cause severe immune cell failures,
a comprehensive understanding of the root causes is not yet resolved.

2234 Canonical and non-canonical autophagy

Classically, autophagy has been described as a conserved endosomal process in
which a set of autophagy related (ATG) proteins are sequentially recruited to an
autophagosomal precursor, to produce a functional, mature autophagosome. This
hierarchical process is called canonical autophagy. Notably, non-canonical
autophagy has recently been recognized as another form of autophagy and it has been
suggested to have a role in B cell MHCII presentation too. In non-canonical
autophagy, functional autophagosomes are formed in the absence of different ATG-
proteins which were previously seen as essential proteins in autophagy. (Codogno,
Mehrpour, and Proikas-Cezanne 2012)

The canonical autophagosome formation involves four stages: initiation,
nucleation, elongation and closure and recycling. The different stages are
orchestrated by different proteins, molecules and complexes. The initiation is
dependent on ULK1. Nucleation is dependent on BECLIN1-complex. Elongation
and closure are dependent on ATGS, ATG7 and LC3 and finally, recycling is
dependent on ATG9. (Codogno et al. 2012)

In recent years, normal autophagy has been reported occurring also without some
of the key proteins and molecules described in canonical autophagy. For instance,
non-canonical autophagocytosis can bypass initiation machinery ULK1 and begin
the initiation with ATG16L1. (Miinz 2022)

On the other hand, Nishida et al. showed that mice lacking ATGS5 and ATG7
(essential for canonical elongation and closure) can yet form normal
autophagosomes and autolysosomes. In their study, Rab9 was suggested to induce
autophagosome formation from the autophagosomal precursors. (Nishida et al.
2009). To support the suggestion, Rab9 was also reported conjugating
autophagosomal key protein LC3 and ATGY (essential in canonical recycling) to
autophagosomal membranes (Urbanska and Orzechowski 2021). Rab9 is indeed an
interesting candidate for a mnon-canonical autophagy coordinator as its
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overexpression also increases non-canonical autophagocytosis. (Mareninova et al.
2022).

Notably, canonical and non-canonical pathways can function simultaneously
too. Both of them can also direct cargo to the pAg-MHCII presentation through
MIICs. (Urbanska and Orzechowski 2021) Interestingly, recent studies report non-
canonical autophagocytosis to promote the pAg-MHCII presentation and on the
other hand, attenuate MHCI presentation. Also, phagosomes created via non-
canonical pathways maintain internalized antigens for a longer period. (Keller et al.
2017; Loi et al. 2016; Yamamoto et al. 2020) Yet, to gain a comprehensive
understanding of the importance and even therapeutic potential, of non-canonical
and canonical autophagocytosis in B cells, more studies are required.
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Aims

The aim of this study was to understand antigen processing pathways in B cells and
to build a comprehensive map of the structures and proteins involved in the process.

1.

To follow antigen internalization, trafficking, degradation and to draw a
comprehensive map of the compartments involved in the process, and to
characterize peripheral, rapid antigen processing compartments in activated
B cells.

To understand slow antigen processing in the perinuclear region of a B cell
and to investigate the roles of macroautophagosomes and late endosomal
proteins Rab7 and Rab9 in the process.
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4 Materials and Methods

41 Cells

In the studies, mouse and human B cell lines and mouse T cell hybridoma cells were
used. Some of the studies were conducted also with mouse primary B cells. All the
cells were cultured in complete RPMI 1640 with 2.05 mM L-glutamine (cRPMI)
supplemented with 10% fetal calf serum (FCS), 10 mM HEPES, 4 mM L-glutamine,
50 puM B-mercaptoethanol and 100 U/ml penicillin-streptomycin if not stated
otherwise.

411 A20D1.3 B cells (I, II)

Most of the studies were done with A20D1.3 cells. A20D1.3 cells are A20 mouse
lymphoma cells that stably express hen egg lysozyme (HEL) specific IlgM BCR
(D1.3) (Williams et al. 1994). Cells can be activated either with a real antigen (HEL)
or by cross linking BCRs with mouse anti-IgM. A20D1.3 cells were a kind gift from
Prof. Facundo Batista (the Ragon Institute of MGH, MIT and Harvard, USA).

4.1.2 A20D1.3 cells stably expressing Rab7CA, Rab9CA or
LifeAct (I1)

GFP-Rab7a-CA and GFP-Rab9a-CA stable cell lines were generated as described
below (4.4.1). The cells were cultured in cRPMI supplemented with 0.55 mg/ml
G418 (Geneticin 418 Sulphate, Calbiochem). GFP-LifeAct expressing A20D1.3
cells were a kind gift from Prof. Facundo Batista (the Ragon Institute of MGH, MIT
and Harvard, USA).

413  1E5T cells (Il

1E5 T cells stably express a HEL!%-11¢ peptide presented in MHCII 1-A¢ (Adorini et
al. 1993). The cells were a kind gift from Prof. Facundo Batista (the Ragon Institute
of MGH, MIT and Harvard, USA).
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41.4 Primary B cells (I, II)

B cells were isolated from the spleens of 2—5 -month-old male and female MD4 mice
(C57BL/6-Tg(IghelIMD4)4Ccg/J, The Jackson Laboratory) using a negative
selection kit (StemCell Technologies, 19854). Cells were left for recovery for 1 h
before starting experiments. B cells originated from this mouse strain recognize
HEL.

Experiments were approved by the Ethical Committee for Animal
Experimentation in Finland. All the animal studies were performed according to the
3R-principle (animal license numbers: 7574/04.10.07/2014, KEK/2018-2504-
Mattila, 10727/2018) wunder regulation of the Finnish Act on Animal
Experimentation (62/2006).

4.2 Plasmids (1, II)

The plasmids used in the study were purchased from Addgene or they were kindly
provided by Prof. Johanna Ivaska.

Table 1. Plasmids used in the experiments.

Plasmid Mutation site Origin Catalogue nr
GFP Rab5a WT Addgene 31733
GFP Rab5a CA Q79L A gift from prof. lvaska -

GFP Rab5 DN N3S, N133l, S210N Addgene 28048
GFP Rab7a WT Addgene 12605
GFP Rab7a CA Q67L A gift from prof. lvaska -
EGFP Rab7 DN T22N Addgene 28048
GFP Rab9 WT Addgene 12663

GFP Rab9 CA Q66L A gift from prof. lvaska -
GFP Rab9a DN S21N Addgene 12664
GFP Rab11 WT Addgene 12674
EGFP Rab11 CA Q70L A gift from prof. Ivaska 49553
GFP Rab11 DN S21N Addgene 12678
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4.3 Antibodies and other compounds (I, II)
Table 2. Antibodies and other compounds used in the experiments.
Antibody Dilution Provider Catalogue nr
Anti-lgM-biotin 10 pg/ml Southern Biotech 1021-08
6 nm Gold rat anti-mouse IgM 1:650 Jackson Immuno 115-195-075
research
Donkey anti-mouse IgM 10 pg/ml Jackson Immuno 715-295-140
RRX/AF647 research 715-605-140
Donkey anti-mouse IgM F(ab’): 5-10 pg/ml Jackson Immuno 715-546-020
fragment 488/RRX/647 research 715-296-020
715-546-020
Hen Egg Lysozyme 5-10 pg/ml Sigma-Aldrich L6876
Biotin 1-10 pg/ml | Thermo Fisher Scientific 21338
Rabbit-anti-Rab5 1:150 CST 3547
Rabbit-anti-Rab6 1:200 CST 9625
Rat-anti-MHCII 1:50 Santa Cruz Sc-59322
Mouse-anti-EEA1 1:50 Santa Cruz Sc-6415
Mouse- anti-Rab7 1:100 Santa Cruz Sc-376362
Rabbit-anti-Rab7 1:100 CST 9367
Rabbit-anti-Rab9 1:150 CST 5118
Rabbit-anti-Rab11 1:200 CST 5589
Rat-anti-LAMP1 1:100 DSHB 1D4B
Rabbit-anti-Cathepsin S 1:100 LSbio LS-B16887
Rabbit-anti-Cathepsin S 1:50 Santa Cruz Sc-271619
Rat-anti-H2-M 1:250 BD Biosciences 552405
Rat-anti-GFP-488 1:150 BioLegend 338002
Rabbit-anti-LC3a/b 1:100 CST 4108
Anti-PCM1-AF647 1:100 Santa Cruz Sc-398365
Mouse-anti-IL-2 4pg/ml Nordic Biosite 503804
Biotin mouse-anti-IL-2 1pg/ml Nordic Biosite 503702
ExtrAvidin-AP (alkaline 1:5000 Sigma-Aldrich E2636
phosphatase)
FAST pNPP substrate tablet Sigma-Aldrich N2770
LysoTracker Deep Red 125nM Sigma-Aldrich L12492
DQ-Ova 1:10 Thermo Fisher Scientific D12053
EZ-Ling Maleimide-PEG2-Biotin 1:10 Thermo Fisher Scientific 21901BID
Fibronectin 4 pg/mi Sigma-Aldrich F4759
Donkey-anti-rabbit IgG (H+L) 1:500 Thermo Fisher Scientific A21206
AlexaFluor 488/555/647 A31572
A31573
Donkey anti-goat IgG (H+L) 1:500 Thermo Fisher Scientific A11055
AlexaFluor 488/555 A21432
Mouse anti-rat IgG Fcy Fragment 1:500 Jackson Immuno 212-545-104
Specific AlexaFluor 488/RRx/647 Research 212-295-104
212-605-104
Goat-anti-mouse IgG Fcy 1:500 Jackson Immuno 115-545-205
subclass 1 AlexaFluor Research 115-295-205
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4.4 Transfections (I, II)

Transfections were done according to previously reported (Sustar, Vainio, and
Mattila 2018). In short, 4 x10° A20D1.3 cells were resuspended in 180 pl of 2S
transfection buffer (pH 7.2) containing 180 mMNa,HPO./ NaH,PO4, 50 mM sodium
succinate, 15 mM MgCl,, 15 mM HEPES and 5 mM KCI. 4 (or 2+2) pg of plasmid
was added per 4 x10° cells, and they were transfected in 0.2 ¢m gap width
electroporator cuvettes with an AMAXA Electroporator program X-005
(BioSystem).

After the transfection pulse, cells were immediately transferred in to 4 ml of
+37°C cRPMI supplemented with 10% of FCS and incubated (37°C, 5% CO») for 4
hours before the experiments.

4.4.1 Stable clones (Il)

For stable cell lines, A20D1.3 cells were transfected as mentioned above. The cells
were left to recover over night in 5% CO; at 37°C after which they were seeded 2—5
000 cells per well on a 96-well plate, in 100 pl of cRPMI supplemented with
0.55 mg/ml G418.

GFP-expressing populations were enriched and sorted with Sony SH800 Cell
Sorter.

4.5 anti-lgM and HEL activation (I, II)

Cells were activated with 10 pg/ml of surrogate antigen, donkey anti-mouse-IgM-
F(ab), (anti-IgM activation) or with 5 pg/ml of real antigen HEL conjugated with
atto-633 (HEL activation). Donkey anti-mouse-IgM-F(ab), was conjugated with
Alexa Fluor 647, Rhodamine Red-X or Alexa Fluor 488. Activation solution
contained 2% FCS-PBS in flow cytometer experiments and 10% FCS-PBS in SDCM
microscopy experiments.

4.6 DQ-Ova activation (I, Il)

A20D1.3 cells were incubated with 10 pg/ml Biotinylated HEL for 10 min on ice
and washed with PBS. After the wash, the cells were incubated with either Alexa
Fluor 633 conjugated Streptavidin (Streptavidin-633) or pure Streptavidin, on ice for
5 min. Biotin-streptavidin treated B cells were again washed with PBS and stained
for the final time with biotinylated DQ-Ovalbumin on ice for 5 min and washed. As
a final outcome, BCRs were linked with a sandwich of Biotin(HEL)-
Streptavidin(633/pure)-Biotin(DQ-Ova). Cells were activated in 5% CO,, 37°C for
desired time points.
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4.7 Microscopy

4.7.1 Spinning disk confocal microscopy (SDCM) (1, 11)

Spinning disk confocal microscopy was used as a fast, low-phototoxic imaging
modality for 3D imaging and live cell imaging. Cells were seeded for activation
either on 12- wells PTFE diagnostic slides (Thermo Fisher Scientific, 10028210), 8-
wells IBIDI uncoated p-slides (IBIDI, 80806) or MatTek dishes (35 mm glass-
bottom dishes, TIRFM quality, P35G-0.170-14-C, MatTek Corporation).

4711  PFA fixation (I, Il)

12-wells slides were coated with 1 pg/ml fibronectin for 30 min, at room temperature
(RT) after which 50 000 cells in 20 pl, were seeded per well and activated in 5%
CO,, 37°C for desired time points. Activated cells were permeabilised and blocked
with blocking buffer (5% donkey serum, 0.3% Triton X-100 in PBS) for 1 h at RT
after which the cells were fixed with 4% PFA 10 min RT. After fixation, samples
were stained with primary antibodies in staining buffer (1% BSA, 0.3% Triton X-
100 in PBS) at +4°C, overnight.

Primary stainings were followed by PBS washes and incubation with the
secondary antibodies for 1 h in PBS at RT. Samples were mounted with
FluoroMount-G containing DAPI (Thermo Fisher Scientific, 00495952) and sealed
with a microscope slide.

4.71.2 Methanol-Acetone fixation (1)

8-wells slides were coated with 22.4 pg/ml CellTak in the pH 8.0 for 1 h at RT, after
which the slides were air-dried. 300 000 cells were seeded in 250 ul per well and
activated in 5% CO,, 37°C for desired time points. Activated cells were fixed with
50:50 acetone—methanol for 20 min at -20°C. Permeabilization was accomplished
with acetone 5 min at -20°C, after which the cells were blocked with 5% donkey
serum in PBS for 1 h at RT. After the blocking, samples were stained with primary
antibodies in staining buffer (1% BSA in PBS) at 4°C, overnight

Primary staining was followed by PBS washes and incubation with the secondary
antibodies for 1 h in PBS, at RT. Samples were mounted using 300 pl of
FluoroMount-G containing DAPI (Thermo Fisher Scientific, 00495952).
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4713 Life cell imaging (I, I1)

MatTek dishes were coated 30 min with 1 pg/ml fibronectin at RT after which cells
were placed on the dishes for settle. Cells were placed in the pre-heated (37°C)
SDCM chamber and imaged with continuous capturing on Photometrics Evolve 10
MHz Back [lluminated EMCCD camera (512x512 pixels, 1x1 binning).

Lysotracker (1)

Cells (1x10%ml) were labeled with 125 nM LysoTracker Deep Red (Thermo Fisher
Scientific, 1.12492) for 1 h in 5% CO,, 37°C, washed with PBS and resuspended in
cRPML. Cells were then activated with 10 ug/ml of donkey anti-mouse-IgM antibody
conjugated to Alexa Fluor 488 on ice for 10 min, washed with cold PBS and
continued to imaging.

MHCII internalization (1)

Cells were labeled on ice with anti-MHCII conjugated to Alexa Fluor 488 and 10
pl/ml donkey-anti mouse-IgM conjugated to RRx for 5 min and washed with cold
PBS. Cells were resuspended in cold imaging buffer and seeded on four-well MatTek
dishes on ice. After seeding, cells were activated at 37°C inside the environmental
chamber of the microscope and imaged immediately.

4714 Image acquisition and processing (l, II)

The images were acquired using a 31 CSU-W 1 spinning disk equipped with 405, 488,
561 and 640 nm laser lines and 510-540, 580-654 and 672—712 nm filters and 63x
Zeiss Plan-Apochromat objective. Hamamatsu sCMOS Orca Flash4 v2 |C11440-
22CU (2048%2048 pixels, 1x1 binning) was used to image fixed samples.
Photometrics Evolve 10 MHz Back Illuminated EMCCD (512x512 pixels, 1x1
binning) camera was used in live cell imaging and in DQ-Ova imaging.

Images from the fixed samples were deconvoluted with Huygens Essential
v16.10 (Scientific Volume Imaging, The Netherlands, http://svi.nl), using the CMLE
algorithm, with a signal-to-noise ratio of 20 and 40 iterations. For SRRF, 20-50
images were acquired from one single plane using time-lapse mode and processed
in Fiji ImageJ using the SRRF module

4.7.2 Transmission electron microscopy (EM) (1, I1)

Transmission electron microscope was used to study antigen internalization and
intracellular structures of activated A20D1.3 cells.
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A20D1.3 cells were activated together with 20 ug/ml anti-IgM-F(ab’),-647 and
goat anti-mouse IgM conjugated with 6 nm colloidal-gold (1:650, Jackson
ImmunoResearch, 115-195-075), in EM imaging buffer. The imaging buffer
contained 10% FCS, 5.5 mM D-Glucose, 0.5 mM CaCl, and 0.2 mM MgCl, in PBS.
Activated cells were placed on 4 pg/ml fibronectin coated glass coverslips for 15 or
75 min. The cells were fixed with 2% glutaraldehyde (EM grade, Sigma-Aldrich,
G7651) in 0.1 M sodium cacodylate buffer with pH 7.4, for 30 min at room
temperature. The fixed cells were washed twice for 3 min with 0.1 M sodium
cacodylate buffer, with pH 7.4.

The samples were processed for EM as described in (Jokitalo et al. 2001). In
short, 60-nm-thick sections parallel to the cover slip were cut using a Leica EM
Ultracut UC7 ultramicrome (Leica Mikrosysteme GmbH, Austria). The electron
micrographs were post stained with uranyl acetate and lead citrate and imaged with
a Jeol JEM 1400 transmission electron microscope (Jeol Ltd., Tokyo, Japan)
equipped with a bottom mounted CCD camera (Orius SC 1000B, Gatan Inc.,
Pleasanton, CA) and Jeol JEM-1400 Plus equipped with an OSIS Quemesa bottom-
mounted CCD camera (EMSIS, Germany), both operating at 80 kV.

4.7.3 Structure illumination microscopy (SIM) (1, II)

Structure illumination microscopy was used to study endogenous proteins in
activated primary B cells. The cells were seeded in 0.5% FCS-PBS on 4 pg/ml
fibronectin coated MatTek dishes (35 mm glass-bottom dishes, TIRFM quality,
P35G-0.170-14-C, MatTek Corporation) and activated for desired time points in 5%
CO,, +37°C. After activation, the samples were mounted with Vectashield (Vector
Laboratories) before imaging with DeltaVision OMX super-resolution system.

DeltaVision OMX V4 was equipped with 60x SIM Olympus Plan Apo N
objective (NA 1.42) and 405, 445, 488, 514, 568, 642 nm lasers and corresponding
filters for DAPI, CFP, Alexa488, YFP, Alexa 568 and Cy5 with optical sectioning
of 0.125 pum steps. Images were captured with three PCO Edge Front illuminated
sCMOS (1024x1024 pixels) and processed with OMX Acquisition v3.70 and
softWoRx Deconvolution v7.0.0.

4.8 Flow cytometer (I, I1)

Flow cytometer analysis on BD LSR Fortessa was used to study antigen
internalization, pH assessment and GFP-Rab-expressions. BD LSR Fortessa was
equipped with 405, 488, 561 and 640 lasers with corresponding filters and a software
BD FACSDiva™ v8. The data was analyzed using FlowJo v10 (Tree Star).
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4.8.1 Antigen internalization (I, II)

Cells were stained on ice with biotinylated anti-mouse IgM or house-made
biotinylated HEL in PBS, for 10 min. Stained cells were incubated in +37°C with
5% CO,, for desired time points. Activation was followed by streptavidin-633
staining on ice for 20 min. Streptavidin-stained cells were washed with PBS and kept
on ice before analyzes with a flow cytometer. When GFP-expressing cells were
studied, only GFP-expressing cells were selected for the analysis.

4.8.2 pH assessment (l)

Cells were stained with both anti-mouse-IgM-FITC and anti-mouse-IgM-F(ab’).-
647 (5 pg/ml each) for 10 min on ice and washed with ice cold PBS. Washed cells
were incubated at 37°C with 5% CO; for desired time points. Cells were kept on ice
until analyzing with flow cytometer.

4.9 Image analysis and statistical analysis (I, II)

Several different colocalization parameters were studied: Mander’s colocalization
coefficiences, Pearson correlation and Overlap coefficiences. Also, particle analysis
was utilized to study several parameters: vesicle number, size, distance from the
microtubule organisation center, MTOC, total and mean intensities.

4.9.1 Particle analysis with MATLAB R2018b (I, II)

Deconvoluted 3D stack SDCM images of activated and MTOC stained B cells were
analyzed for the antigen particles in MATLAB R2018b (MathWorks). At the first,
binary masks were created for the antigen signal from 3D images using Otsu-
thresholding. Antigen vesicles were 3D segmented utilizing region props function
and only objects inside the binary mask were kept for the particle analysis. MTOC
channel was segmented in the same way detecting the brightest intensity value as the
MTOC. Antigen vesicle distances were measured from the 3D centroid positions to
the MTOC centroid position.

4.9.2 Particle analysis with Huygens Essential (II)

Rab7 and Rab9 particle analysis was done from deconvoluted SDCM images, with
Huygens Essential version16.10 (Scientific Volume Imaging, The Netherlands,
(http://svi.nl). The cells were thresholded for Rab7/Rab9 channel such that the
dimmest 5% of the channels intensities were considered as background. Signal
outside the thresholded particles were cleared from both channels of Rab7/Rab9 and
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DQ-Ova. After clearing the outside intensities, the DQ-Ova intensity was studied
inside the Rab7/Rab9 particles.

4.9.3 Colocalization analysis with Huygens Essential (1, Il)

Colocalization analysis were performed with Huygens Essential version 16.10
(Scientific Volume Imaging, The Netherlands, http://svi.nl), using optimised
automatic thresholding.

494 Statistical analysis and illustrations (I, Il)

Statistical significances were calculated using unpaired Student’s t-test assuming
normal distribution of the data or one way Anova. Statistical values are denoted as:
*P<0.05, **P<0.01, ***P<0.001, ****P<(0.0001. Graphs were created in GraphPad
Prism 6 (GraphPad Software, La Jolla, CA). Figure formatting was done on Inkscape
v.092.2.

4.10  Antigen presentation measured by ELISA (II)

Secretion of IL-2 was measured as ELISA-system from 96-well plates which were
pre-treated for the IL-2 capturing as described below: ELISA 96-wp (Microlon 600,
Bio-One 675061) wells were coated with 25 ul of 4 pg/ml anti-IL-2 in PBS, for 1 h
at 37°C. Coated wells were blocked with 150 pl of blocking buffer (1% BSA in PBS)
for overnight at 4°C after which the 1L-2 containing supernatant was transferred to
the PBS washed IL-2-capturing wells.

For IL-2 secretion, B cells (A20D1.3 cells, or A20D1.3 cells stably expressing
GFP-Rab7CA/GFP-Rab9CA/GFP-LifeAct, or A20D1.3 cells inhibited with 60 uM
CID106770 or 1 uM Wortmannin) were at the first incubated with 5 pg/ml of HEL
for 1 h at 37°C in cRPMI. After the activation, cells were washed with PBS and
resuspend in cRPMI. Activated B cells were mixed with 1E5 T cells (ratio 2:1) on
96-wp and placed in 5% CO; at 37°C for 17 hours.

IL-2 secretion was measured fron the IL-2 capturing plates (described above) by
placing 50 ul of the IL-2 supernatant per well. The plates were incubated for an hour
(at 37°C), washed with 0.05% Tween-20-PBS and 50 ul of biotin-conjugated anti-
IL-2 was added to the wells. The plates were incubated for 1 h at room temperature
and washed with PBS and the IL2-sandwich formation was topped with blocking
buffer containing ExtrAvidin Alkaline Phosphatase (1:5000, Sigma-Aldrich,
043M4771) and again the plate was incubated 1 h at RT. The plate was washed for
the final time and the wells were supplemented with 50 pl of pNPP (SIGMAFAST
p-Nitrophenyl phosphatase tablets, Sigma-Aldrich®, N2770). The optical density
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was measured at 405 nm (Multiscan, Thermo Scientific, Skanlt Software, vs. 3.1.0.4)
after 20-30 min. Samples were run in triplicates. All the samples were normalised
to the control samples.

4.10.1 B cell preparation for the peptide-antigen presentation

To inhibit Rab7 activity, CID1067700 (Merck, #SML0545) was added to the
A20D1.3 cells 1 h before the cells were activated with the antigen, at the
concentration of 60 pM. Rab inhibitor was kept on the cells throughout the
experiment because its reversible nature.

To inhibit PI(3)P activity with irreversible Wortmannin (Sigma-Aldrich®,
M5273), the inhibitor was added to the A20D1.3 cells 1 h before the cells were
activated with the antigen. Wortmannin was kept on the cells only during the B cell
activations. Wortmannin was used in the concentration of 1 pM.

Table 3. Summary of the used inhibitors.

Inhibitor Target Conc. Reversibility | During During
B cell B-Tcell
activation activation
CID1067700 Rab7 60 pM Reversible Yes Yes
Wortmannin PI(3)P activity 1M Irreversible Yes No
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5 Results

5.1 Rapid antigen processing in the B cell
periphery (1)

To draw a comprehensive picture of antigen processing in B cells, we followed the
intracellular migration of fluorescently labeled antigens with various endosomal
markers in B cells. As antigens, we utilized either the surrogate antigen a-IgM
F(ab’), fragments, or hen egg lysozyme (HEL), which was specifically recognized
by a transgenic BCR, D1.3, in the A20 B cell line. These A20D1.3 cells were used
as the model B cell in most of the experiments. The antigens were either conjugated
with fluorescent probes, or the fluorescent probe was linked to the antigen via
biotinylation-streptavidin after the activation, or the probe became fluorescent after
degradation. As fluorescently tagged antigens can be tracked under a microscope or
a flow cytometer (FACS), we utilized the setup to study antigen trafficking and
localization in B cells.

5.1.1 Antigen traffics to a perinuclear pocket within an hour

First, we imaged activated B cells, which were processed for fluorescence imaging,
under a spinning disc confocal microscope (SDCM). We found that the majority of
the antigen was clustered to a perinuclear region within 60 min after the B cell
activation (I, Fig. 1a). We noticed similar antigen gathering in MD4 mouse primary
B cells within 30 min (I, Fig.1b). We were able to quantify antigen vesicle number
and the mean distance from the Microtubule Organisation Centre (MTOC) with a
MATLAB-based 3D analysis (I, Fig. 1c). We saw a clear decrease in the antigen
vesicle number, and in the mean distance from the MTOC (I, Fig. 1d, e) revealing
that antigen is gathered to a perinuclear region along the activation. The shift was
also visible when we plotted the values of vesicle numbers and mean MTOC
distances by their distribution (I, Fig. le). When we imaged B cells that were
activated with a surrogate antigen for 75 min under an electron microscope (EM),
we saw a drastic change in the nuclear appearance: the nucleus was indeed forming
a nuclear pocket that was occupied with several types of multi-vesicular
compartments resembling late endosomes (Adler et al. 2017; Lankar et al. 2002;
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Unanue, Turk, and Neefjes 2016; Vascotto et al. 2007). Surprisingly, shortly after
the activation (15 min), the antigen was again found in similar multilobular vesicles
but close to the plasma membrane. (I, Fig. 11, Fig. S1) The findings raise the question
if antigen processing could start already shortly after the activation, in the perinuclear
compartments.

5.1.2 Early and late endosomal Rab-proteins colocalizing
with antigen

As Rab-proteins orchestrate numerous endosomal phenomena, including cargo
trafficking and endosomal fusions (Huotari and Helenius 2011; Mellman 1996), we
next studied early and late endosomal Rab-proteins in activated and resting B cells.
Rab5 is typically decorating early endosomal (EE) compartments, whereas late
endosomes (LE) are occupied by Rab7 and Rab9, and finally, Rab11 is a marker for
recycling endosomes (RE) (Huotari and Helenius 2011; Zhao, Codogno, and Zhang
2021; Zhao and Zhang 2019). We decided to utilize these markers to map the
endosomal maturation and processing route in B cells.

We activated B cells with a fluorescently tagged a-IgM for different time points
after which fixed the cells and proceeded to immunostainings, with the above-
mentioned endosomal markers. The samples were mounted for fluorescence imaging
with SDCM, images were deconvoluted to gain better resolution, and colocalization
with Rab-proteins and antigen was studied with the Huygens image analysis program
(I, Fig. 2a,b; S3a,b). We saw that the Mander’s colocalization coefficiency (M2) of
the antigen and any of the markers, increased over time whereas the antigen
colocalization with a control, a Golgi-specific transport protein Rab6, remained low
(I, Fig. 2¢).

10 min after the activation, antigen colocalization with the Rab-proteins was
approximately 40-55%. Late endosomal and lysosomal Rab7 had the lowest
colocalization level with the antigen, early endosomal marker Rab5 and late
endosomal marker Rab9 possessed approximately 50% colocalization with the
antigen, whereas the highest colocalization was seen with antigen and recycling
endosomal marker Rabl11. (I, Fig. 2¢) As the Mander’s colocalization coefficiency
(M2) revealed, shortly after the activation, only approximately half of the antigen
colocalized with the endosomal markers.

We next tested how large portion of the antigen is internalized within 10 min of
the activation. Thus, we studied the antigen internalization with a microscope, and
with Flow Cytometer (FACS) assay (I, Fig. S2). We saw with the SDCM that
approximately 40% of the antigen was internalized 10 min after the antigen and on
the other hand, nearly 80% of the antigen was internalized within 60 min (I, Fig.
S2c). The finding strongly correlated with FACS analysis which showed similar
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results on antigen internalization (I, Fig. S2d). Also, the EM analysis revealed that
some antigen remained on the cell membrane after 15 min of the activation (I, Fig.
S1a). The internalization assay suggested that some of the antigen signal in SDCM
originates from the antigen trapped on the plasma membrane which decreases the
Mander’s colocalization coefficiency (M2, antigen overlap with the Rab-proteins).
Thus, we were able to conclude that most of the internalized antigen colocalize with
endosomal Rab-proteins already shortly after the activation. Notably, both antigen
internalization and its colocalization with Rab-proteins increased over time (I, Fig 2,
Fig. S2).

Next, we took an advantage of the super-resolution imaging tool called super-
resolution radial fluctuation (SRRF) which is based on image post-processing
analysis of signal fluctuation (Gustafsson et al. 2016). By SRRF imaging the axial
resolution was improved significantly and we saw clear differences between the
colocalization of different Rab-proteins with the antigen. Especially 45 min after the
activation, late endosomal Rab7 and Rab9 showed more prominent colocalization
with the antigen than Rab5 and Rab11 which were more scattered. (I, Fig 2d, Fig.
S5) 10 min after the activation, the Mander’s colocalization coefficiency (M2) was
modest with the antigen and Rab5, Rab7 or Rab9 and low with Rab11. 45 min after
the activation M2 was the highest with Rab7, Rab9 and Rabll whereas
colocalization with Rab5 remained low. (I, Fig 2e) The low colocalization of the
antigen and the control (Rab6) confirmed the accuracy of the analysis used.

Together these SDCM and SRRF imaging, and the image analysis, led us to
suggest that antigen is trafficked into a wide variety of endosomes possessing
different characteristics.

51.3 Antigen trafficks to atypical compartments possessing
both early and late endosomal markers

Early and late endosomal markers can also be distinguished by their EEA1 or
LAMP1 expression, respectively (Huotari and Helenius 2011). Interestingly,
LAMP1 is also described to be expressed in MHCII peptide-loading compartments
(MIICs) in B cells (Aluvihare et al. 1997; Unanue et al. 2016). To complement the
antigen trafficking map in B cells, we studied antigen colocalization with EEA1 and
LAMP1, using SDCM (I, Fig. 3a,b; S3c,d; S6a). We saw a high Mander’s
colocalization coefficiency (M2) with both, LAMP1 and EEA1, in any of the studied
time points. On the other hand, when we considered also the intensity of the labeled
proteins and utilized the Pearson correlation of EEA1/LAMP1 with the antigen, we
saw that the EEA1 colocalization with the antigen decreased over time whereas
LAMP1 colocalization with the antigen increased. (I, Fig. 3¢)
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We again utilized SRRF imaging too (I, Fig. 3d). SRRF imaging revealed that
EEAI colocalization with the antigen was approximately 40% in both early and late
activation time points whereas LAMP1 colocalization with the antigen increased
from approximately 25% to 45% along the activation (I, Fig. 3e).

Interestingly, when we studied the colocalization of EEA1 and LAMP1 in resting
cells and in short or late activation time points, we noticed a peak in their correlation
10 min after the activation (I, Fig. 3f). We also studied the colocalization of early
and late endosomal markers in pairs: EEA1/Rab7, EEA1/Rab9 and Rab5/LAMPI1 in
resting cells and 10 min after the activation. This analysis revealed activation
inducing a significant increase in the colocalization of the EE/LE markers (I, Fig.
S6b). When we inspected EEA1, LAMP1 and antigen by 3D image rendering, we
noticed triple colocalizations in vesicles with different structures (I, Fig. 3g).

Together these findings led us to speculate that the antigen could be trafficked in
atypical endosomes containing both, early and late endosomal markers. To support
the finding of the existence of atypical EE/LE compartments in B cell antigen
trafficking, we transfected A20D1.3 cells with a green fluorescent protein (GFP) -
fused Rab5a, loaded the cells with low pH-indicator LysoTracker and activated the
cells. The cells were followed with SDCM from the activation, and we were indeed
able to see that the internalized antigen was instantly trafficked to peripheral vesicles
expressing Rab5, and containing LT signal too. (I, Fig. 3h; Movie 1; Fig. S6c).

514 Antigen is trafficked to degradative compartments
shortly after the activation

To study if the atypical endosomes containing both, early and late endosomal
markers, could also degrade received antigen, we linked biotinylated antigen, a-IgM
and HEL, via streptavidin link with biotinylated DQ Ovalbumin (DQ-Ova) (I, Fig.
4a). DQ-Ova is a densely packed probe which is, by default, self-quenched and
becomes fluorescent only when the probe is degraded. With this mean, we were able
to study antigen degradation. We saw with flow cytometric analysis that DQ-Ova
intensity was increased over time in the activated B cells, whereas the cells treated
with DQ-Ova alone did not possess increased fluorescent signal (I, Fig. 4b). The DQ-
Ova signal in activated A20D1.3 cells was visible already 20 min after the activation,
yet the DQ-Ova intensity continued increasing throughout the activation, and was
finally the highest in DQ-Ova-HEL activated A20D1.3 cells (I, Fig. 4b,c). DQ-Ova-
HEL intensity was also visible under a SDCM 20 min after the activation (I; Fig 4c).

As CatS is responsible for modifying MHCII for pAg-MHCII binding (van
Kasteren and Overkleeft 2014; Lindner 2017; Watts 2004), we studied antigen
colocalization with CatS with SDCM and SRRF imaging (I, Fig. 4c,d). The imaging
revealed that the colocalization of CatS and antigen was modest yet persisting in
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both early and late activation time points (I, Fig. S6d). Next, we again took an
advantage of life cell imaging to answer the question if antigen traffics to degradative
compartments shortly after the activation. We loaded A20D1.3 cells with LT,
activated the cells with a-IgM and followed the cells under SDCM. We indeed saw
a very strong colocalization of LT and antigen already 1-5 min after the activation
(I, Fig. 4e; Movie 2). We also saw that the antigen fused with LT vesicles
immediately after the internalization (I, Fig. 4f; Movie 3). In addition, we studied the
antigen degradation capacity utilizing FITC-conjugated antigen. FITC is a
fluorophore unstable under acidic pH whereas AlexaFluor-fluorophores are highly
stable in acidic environment. By following A20D1.3 cells activated with a mixture
of a-IgM-FITC and a-IgM-AlexaFluor647 with FACS, we saw a clear decrease in
FITC conjugated antigen already 5-15 min after the activation, yet 647-signal
remained stable (I, Fig. S6e). Together these findings suggested that antigen is
internalized shortly or even immediately after the activation into degradative
compartments that could facilitate antigen processing into pAg.

5.1.5 Antigen colocalizes with MHCI| fast after the
internalization

To conclude whether the antigen could be processed into pAg and loaded to MHCII
shortly after the activation, we studied MHCII colocalization with the antigen. We
saw a punct colocalization with antigen and MHCII, in the cell periphery 10 min
after the activation and they colocalized 30 min after the activation in the perinuclear
region too. (I, Fig. S6f). However, the analysis was challenged by the density of the
MHCII signal in the cytosol. To improve the image resolution, we utilized Structured
[Nlumination Microscopy (SIM) and studied MHCII-antigen colocalization in
A20D1.3 cells activated for 15 min. The SIM imaging verified the high
colocalization of MHClI-antigen (I, Fig. 5a).

As the vesicular MHCII can be originated either from the plasma membrane or
it can be received from the endoplasmic reticulum (ER), we decided to pre-label
MHCII on the plasma membrane with anti-MHCII conjugated with AF488
(sMHCII) before cell activation. After the cells were activated and fixed, the cells
were also labeled for total MHCII with MHCII-AF647 (1, Fig. 5b). We saw under
SDCM that the internalized antigen colocalized with both surface and ER originated
MHCII (I, Fig. 5c). Internalized antigen showed high colocalization with MHCII
when we inspected them under a SDCM in live imaging (I, Fig. 5d; Movie 4).

H2-M promotes the release of the final shield of MHCII, CLIP fragment, and is
thus also promoting pAg binding to MHCII (Dembharter et al. 2019; Jiang et al.
2019). To support our hypothesis of pAg loading occurring in the same MHCII
positive, atypical endosomes, we immunostained activated A20D1.3 cells for H2-M.
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The samples were imaged with SCDM and SRRF. We found antigen colocalizing
with H2-M in both 10 min and 45 min activation time points (I, Fig 5e; S6d). This
suggested that the pAg loading could occur in the same atypical endosomes.

5.1.6 Rab-protein responses to B cell activation

As we wanted to draw a more detailed picture of the antigen processing and peptide-
antigen (pAg) loading in B cell activation, we decided to study later antigen
processing phases in activated B cells. First, we studied the localization of Rab7 and
Rab9, among other Rab proteins, in resting and activated A20D1.3 cells. The cells
were processed for immunofluorescence stainings with different Rab-proteins and
Microtubule Organisation Centre (MTOC) (I, Fig. S4a). We studied the distribution
of the Rab proteins from the MTOC and found interesting differences between late
endosomal Rab7 and Rab9. We studied the relationship between the Rab7+ / Rab9+
endosomes close to the MTOC and in the cell periphery (I, Fig.S4b), and we saw
that Rab7 was clustered towards the MTOC after the activation while being more
dispersed in the resting state. Rab9, on the other hand, remained dispersed under any
of the studied conditions. (I, Fig. S4c). Rab9 had also more endosomes than Rab7 (1,
Fig. S4d), and the Rab9 endosome count did not fluctuate during the activation,
whereas Rab7 endosomes did (Fig. S4d). This could suggest that the Rab7 vesicles
get fused during the B cell activation, depending on the antigen processing phase.

5.2 Rab7 and autophagosomes in late phases of B
cell antigen processing (I1)

Inspired by these differences in the localization and behavior of Rab7 and Rab9, we
next wanted to examine their potentially differential roles in ag-processing. To
understand in more detail the later phases of antigen processing in B cells, we next
concentrated on late endosomal proteins Rab7 and Rab9. Utilizing sophisticated
image analysis, live cell imaging, cognate B and T cell lines and B cells expressing
mutant versions of Rab7/Rab9, we suggest Rab7 to have an important role in the
antigen processing and peptide-antigen presentation in B cells. Interestingly, also
autophagosomal machinery seem to associate with these processes.

5.2.1 Late endosomal Rab7 and Rab9 responses to B cell
activation

Next, to gain an understanding of the potential differential localization of Rab7 and
Rab9, with respect to antigen, we inspected them in MD4 mouse primary B cells. A
super-resolution microscopic approach was required, as the endosomal compartment

57



Marika Runsala

is very small in primary mouse B cells, which is challenging their visualization. The
cells were activated for 10, 20/30, or 60 min with a-IgM, processed for
immunostaining with Rab7 or Rab9 and imaged with Structural Illumination
Microscope (SIM). We detected quite similar, yet partial, accumulation of Rab7 and
Rab9. (11, Fig. 1a-d, S1a,b) To support the finding we proceeded to live cell imaging.
We transiently expressed both, green fluorescent protein (GFP)-fused Rab7a and
mCherry-fused Rab9a in A20D1.3 cells. We followed resting or activated A20D1.3
cells with Spinning Disk Confocal Microscope to evaluate if they occupy the same
endosomes. We noticed that Rab7 and Rab9 were largely expressed in the same
compartments and the colocalization modestly decreased after the activation. (II, Fig.
Slc,d; Moviel,2)

Following live cell imaging we proceeded to systematic immunofluorescence
analysis on Rab7 and Rab9 localization and colocalization with proteins linked to
the antigen processing. Here, the A20D1.3 B cell line was again used, as it allowed
imaging with SDCM greatly facilitating the data collection as compared to SIM.
Cells were either resting or activated for 10, 30, or 60 min before proceeding for
immunofluorescence sample preparation and imaging with SDCM. While the
colocalization between Rab7 and Rab9 was the highest in resting cells and the lowest
60 min after the activation, it was at quite a high level in all time points (II; Fig.
2a,b), in concordance with the live cell imaging data. After studying the correlation
of Rab7 and Rab9 during the B cell activation, we were curious to characterize Rab7
and LAMPI1, which are described to be present in peptide-antigen loading
compartments (Pierre et al. 1996) and CatS responsible for MHCII maturation
(Honey and Rudensky 2003). We found LAMPI to colocalize with Rab7 and Rab9
on the same, high level in any of the conditions (II, Fig. 2¢,d). Interestingly, Rab7
colocalization with CatS was constantly relatively high whereas Rab9 colocalization
with CatS significantly increased upon activation (II, Fig. 2e,f). The findings led us
to speculate that Rab7 and Rab9 would have at least partially different roles in
antigen processing.

5.2.2 Rab7* vesicles are more active in antigen processing
than Rab9* vesicles

We next examined if Rab7- and Rab9-enriched compartments would have different
degradation capacities by linking degradation-sensitive probe DQ-Ova to HEL
(described in the first publication, Fig. 4a), which A20D1.3 cells recognize as a
specific antigen. We activated A20D1.3 cells with DQ-Ova-HEL for 60 min,
proceeded with endogenous immunostaining with Rab7 or Rab9, and imaged the
samples with SDCM. We found a partial colocalization throughout the cells (I, Fig.
3a). Interestingly, when we inspected the central clusters where the DQ-Ova-antigen
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was gathered, we noted that some DQ-Ova signal appeared to be excluded from the
Rab7+ /Rab9+ compartments (II, Fig. 3b). When we measured with Huygens
analysis program DQ-Ova intensity in Rab7 and Rab9 positive endosomes, we found
nearly three times higher DQ-Ova signal in Rab7 possessing endosomes (11, Fig. 3c).
Also, the overlap coefficiency of DQ-Ova was significantly higher with Rab7 than
Rab9 compartments (II, Fig. 3d). This data suggested that antigen degradation occurs
at the higher extent in Rab7 positive endosomes than in Rab9 positive endosomes,
although a significant fraction of the antigen also appeared to localize to a
compartment lacking these late endosomal Rab markers.

5.2.3 Antigen is trafficked to the perinuclear clusters with
LC3 and H2-M

Rab7 and Rab9 are reported to possess divergent roles in the endosomal pathway
(Dong et al. 2013; Huotari and Helenius 2011; Kucera, Borg Distefano, et al. 2016;
Lombardi et al. 1993; Mellman 1996). One of the special roles of Rab7 is in
macroautophagosome maturation (Jager et al. 2004). Macroautophagosomes
(autophagosomes hereafter) degrade cargo in the cytosol (Kawabata and Yoshimori
2020) and on the other hand, autophagy is recently described in antigen presentation
(Miinz 2021), thus we speculated if Rab7 would participate in antigen processing
through autophagosomes. We inspected the perinuclear region in activated A20D1.3
cells 75 min after the activation with Electron Microscope (EM). Among other
endosome types, we often also found antigen in phagophore and autophagosome-
like compartments. (II, Fig. 4g,h, S5)

Next, we continued immunofluorescence studies and stained activated A20D1.3
cells with Autophagosome-linked protein LC3 (II, Fig. 4a). We found antigen
colocalization with LC3 to increase over time and a very high colocalization was
detected in the antigen clusters in the perinuclear region (II, Fig. 4b-c). We yet
inspected whether the perinuclear LC3-antigen gathering could induce pAg-
presentation and as H2-M promotes pAg loading to the mature MHCII (Demharter
etal. 2019; Jiang et al. 2019), we studied antigen colocalization with H2-M. To study
this, we activated A20D1.3 cells with a-IgM for 10 or 60 min and proceeded for
immunofluorescence stainings with H2-M (Il, Fig. 4d). We analyzed the Mander’s
colocalization coefficiences with H2-M and antigen (II, Fig. 4f). Importantly and
similarly to LC3, we saw a strong H2-M—antigen colocalization in the large antigen
clusters in the cell perinuclear region (II, Fig. 4e) and thus we were able to suggest
that autophagosomes might have an interesting role in antigen processing and pAg
loading in B cells.
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524 Rab7 may coordinate perinuclear gathering of antigen

To study if Rab7 or Rab9 would coordinate antigen trafficking to the perinuclear
region, we expressed GFP-Rab7 or GFP-Rab9, with mutations generating
constitutively active (CA) and dominant negative (DN) forms, in A20D1.3 cells.
First, we analyzed the mutated cells for their capability to internalize antigen and
saw normal antigen internalization (II, Fig S4b). Next, we activated the GFP-
expressing cells with fluorescently tagged a-IgM, proceeded the cells for
immunostaining, and stained the cells for Microtubule Organisation Centre (MTOC)
(II; Fig. S2a). We analyzed antigen vesicles with the particle analysis tool on
MATLAB and found that Rab7CA cells had a higher antigen vesicle count than the
control cells which expressed only EGFP (II, Fig. S2c). Interestingly, Rab7CA
expressing cells gathered antigen vesicles closer to the MTOC than control or
Rab9CA expressing cells (II, Fig. S2b). Curiously, Rab7DN cells showed a similar,
more clustered antigen gathering phenotype as Rab7CA but notably, Rab7DN
expressing cells also had fewer antigen vesicles and the antigen vesicles were larger
whereas the antigen in the Rab9CA expressing cells was otherwise comparable to
Rab7CA cells (I, Fig. S2c,d). Also, antigen intensity was the same in all the GFP-
expressing cells (II, Fig. S2e).

As some of the antigen stays trapped in small clusters on the cell membrane
(reported in the first publication, Fig. S2) and various small peripheral vesicles also
persist in the later time points after activation, the particle analysis is complicated
and sometimes challenging to interpret. To gain a better understanding of the antigen
positioning in the mutants, we decided to analyze the largest 10% of the antigen
vesicles. This analysis revealed that Rab7CA expressing cells had the vesicles
carrying the bulk of the antigen nearly 0.5 pm closer to the MTOC than control cells
(II; Fig. S3a,b). When we plotted the antigen distance distribution, we saw that
Rab7CA had a higher proportion of antigen vesicles within the radius of 1.5 pm from
the MTOC as compared to the control or Rab9CA cells (11, Fig. S3c).

5.2.5 Rab7 regulates peptide antigen presentation

Finally, we wanted to investigate if Rab7 has a direct impact on pAg presentation.
This can be conveniently studied utilizing cognate B and T cell lines such as
A20D1.3 and 1E5 T cells. 1E5 T cells recognize a HEL peptide presented in the
MHCII molecule (Adorini et al. 1993) into which A20D1.3 cells can load the
processed peptide after HEL-activation (Williams et al. 1994). We tried to create
A20D1.3 cell lines that would stably express GFP-Rab7 or GFP-Rab9 with their WT,
CA and DN mutants. Unfortunately, we succeeded to generate only cell lines
expressing constitutively active mutants of them. We tried to create A20D1.3 cell
lines that would stably express GFP-Rab7 or GFP-Rab9 with their WT, CA and DN
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mutants. Unfortunately, we succeeded to generate only cell lines expressing
constitutively active mutants of them. We performed pAg presentation assay with
GFP-Rab7CA, GFP-Rab9CA and GFP-LifeAct (control) expressing A20D1.3 and
studied the IL-2 secretion of 1E5 T cells. We saw a significant enhancement in the
IL-2 secretion, indicative of stronger pAg-presentation, in cells expressing Rab7CA
compared to Rab9CA and control cells expressing LifeAct-GFP (II, Fig. 4a). The
antigen internalization was normal with all the mutants when inspected by FACS (I,
Fig. S4b).

We also utilized a reversible Rab7-specific inhibitor, CID1067700 (CID), which
binds to the nucleotide-binding pocket of the Rab7-GTP and thus prevents Rab7 to
switch into the active state (Agola et al. 2012; Lam et al. 2016). We again noted that
the antigen internalization was normal with CID (II, Fig. S4c) and performed an IL-
2 secretion assay. CID treatment drastically decreased the IL-2 secretion in T cells
(IL, Fig 4b). Together this suggested that T cell activation is regulated by Rab7.

To further analyze if the decreased IL-2 secretion in CID-inhibited A20D1.3
cells was correlated with the role of Rab7 for the classical endosomal maturation, or
if it was linked to the macroautophagosome maturation and macroautophagosomes
role in the pAg-presentation, we utilized Wortmannin inhibition. Wortmannin is
widely reported as an inhibitor for macroautophagocytosis as it inhibits
phosphatidylinositol-3-phosphate (PI(3)P), which is a specific lipid molecule for
autophagosomal membrane formation (Obara et al. 2008) and macroautophagosome
precursor formation (Axe et al. 2008). Again, we found that the antigen
internalization was normal with Wortmannin inhibition (II, Fig. S4c), and again, the
inhibited A20D1.3 cells induced significantly decreased IL-2 secretion (II, Fig. 4c).

Together the findings suggest that both, Rab7 and macroautophagosomes have
essential roles in antigen processing and pAg-presentation in A20D1.3 cells.
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B cells are an essential part of the immune system by producing all antibodies and
by creating immunological memory. Erroneous antibody production can cause
several different autoimmune diseases, such as systemic lupus erythematosus
(Rupanagudi et al. 2015), multiple sclerosis (Stroupe 2018) and rheumatoid arthritis
(Karlsson 2005). In autoimmune diseases, B cells are producing inappropriate
antibodies which attack the host’s own system and cause constant inflammation with
abnormal cell death.

Before B cells can proliferate and differentiate into antibody producing plasma
cells or memory B cells, they have undergone several changes. The first, B cells have
recognized and internalized antigen which they process into peptide antigens (pAg)
in complex endosomal pathways. pAg:s are conjugated with Major
Histocompatibility Complex class II (MHCII) and the pAg-MHCII complex is
transported to the plasma membrane, to request T cell help. (Adler et al. 2017;
Avalos and Ploegh 2014; Lankar et al. 2002; Unanue et al. 2016; Watts 2004; West,
Lucocq, and Watts 1994) In this work, we provided a comprehensive picture of the
antigen processing routes in B cells. We utilized a broad range of microscopic and
analysis tools to map endosomal compartments and their properties, involved in
antigen processing.

B cells not only need to process antigen but they also need to modulate MHCII
for the pAg-MHCII presentation. MHCII is never roaming freely in the endosomal
system but it is protected from wrong and too low-affinity antigen binding with the
Invariant chain (Ii) shield. Thus, B cells need to process the i at the same time as
the antigen. Ii is cleaved with CathepsinS in B cells, CatS clips i into CLIP, which
is a short tail of Ii. CLIP will protect MHCII from the inappropriate antigen binding
until DM releases CLIP and promotes pAg to bind in the MHCII antigen binding
groove. (Adler et al. 2017; Driessen et al. 1999; Karlsson 2005; Vascotto et al. 2007)
We reported MHCII with its associate proteases and proteins to localize in the same
endosomes as the antigen that is destinated for internal antigen processing.

Notably, we propose that B cells have an endosomal fast track for antigen
processing. This fast track is composed of early antigen processing compartments
which we called eMIICs. We see acidic vesicles constantly roaming beneath the
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plasma membrane, ready to capture the internalized antigen immediately. eMIICs
contain all the needed components for both, antigen processing and pAg loading to
MHCII molecules.

Helper T cells produce stimuli, [L-2 secretion when they recognize successful
pAg-MHCII compartments on the B cell plasma membrane. The stimuli act as
permission for proliferation and further activation for B cells. The magnitude of IL-
2 secretion correlates with the specificity and strength of the pAg-MHCII bond
(Cruse et al. 2004). We showed, for the first time, that by tuning Rab7 or
macroautophagosome activity in B cells, pAg-MHCII presentation efficiency can be
modulated.

6.1 Characteristics of MIICs

LAMP1 and MHCII localization have been described as characteristics of peptide
antigen loading compartment (MIIC) in antigen presenting cells (Adler et al. 2017,
West et al. 1994). Our findings were in consensus with the earlier literature as we
also reported significant colocalization of LAMP1, MHCII and antigen in later
activation time points (I, Fig.3d,e; I, Fig.S6f). As expected, LAMP1 had a high
colocalization with late endosome associated Small GTPases Rab7 and Rab9 too (11,
Fig. 2c¢,d). Thus, Rab7 and Rab9 can be guiding the antigen trafficking and
processing in the MIICs, in B cells.

6.2 Atypical early endosomes

As we wanted to characterize B cell antigen trafficking and processing pathway in
detail, we mapped the colocalization of internalized antigen with different
endosomal proteins that are classical characteristics for certain endosomal
compartments reported in other cell types. For instance, Rab5 and early endosomal
antigen 1 (EEA1) are classified as markers for early endosomes and LAMP1, Rab7
and Rab9 are present in late endosomes or lysosomes, and Rab11 marks recycling
endosomes. (Huotari and Helenius 2011; Wandinger-Ness and Zerial 2014). As early
antigen processing phases in B cells are not studied extensively, we were curious to
learn how antigen is trafficked and processed in B cells over time.

Thus, we activated B cells with fluorescently labeled antigen, let B cells traffic
and process antigen at different times and proceeded for immunofluorescence
staining with the above-mentioned proteins. By this, we were able to map the antigen
trafficking and processing pathway over time in B cells.

We saw that already 5 min after the activation, the antigen displayed a significant
colocalization with early endosomal Rab5 and recycling Rabl11 (I, Fig. 2¢). The
interesting finding of Rab11 acting in early receptor trafficking steps was previously
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reported by Redpath. Redpath et al reported that endocytosed T cell receptors (TCRs)
enter immediately after the internalization into Rabl la+ compartments which also
possess Rab5. They found TCRs inside Rabl1a positive endosomes within 3 min
after the activation, and the same TCRs were found again back on the plasma
membrane 3 min later. In B cells, BCR internalization and trafficking are not fully
understood and it is yet under debate if some of the BCRs are recycled back to the
plasma membrane and only part of them would end up in degradation after
activation. Thus, in the early activation phases, Rabl1 could function in BCR
recycling in B cells too, as the total in-and-out —TCR trafficking time was only 6 min
in T cells. (Redpath et al. 2019)

5 min after the activation, the antigen showed a significant colocalization with
late endosomal Rab9 and Rab7 in peripheral antigen-containing endosomes, as well.
This finding led us to speculate that peripheral antigen-containing endosomes would
possess both, early and late endosomal characteristics. On the other hand, antigen
internalization through an immunological synapse (IS) also recruits late endosomal
compartments to the synapse site. LEs/LYSs in the IS site help B cell internalizes
antigen as they secrete lysosomal content to the IS (Saez et al. 2019; Yuseff et al.
2011). In the presented studies, the importance of microtubule organization center
(MTOC) reorganization towards the IS, was highlighted. As described, microtubules
would function as a route for lysosomes to traffic to the cell periphery. Nevertheless,
in soluble activation MTOC reorganization is not reported as the antigenic stimulus
is received homogenously on the plasma membrane. Notably, Rab7 positive
endosomes can yet be trafficked bi-directionally: towards and outward the MTOC
(Cai et al. 2021; Pankiv et al. 2010). Thus, Rab7 could be recruited and trafficked to
the cell periphery to help in antigen internalization, also when activated with soluble
antigens. It would be highly interesting to study if similar lysosomal exocytosis also
occurs after soluble activation.

When we studied the colocalization of late and early endosomal markers
(Rab7/Rab9/LAMPI1 together with Rab5/EEA1) shortly after the activation, we did
indeed saw them to be located in the same endsomes (I, Fig. 3f,g; I, Fig S6b). We
also studied the colocalization of lysosomal and early endosomal markers in living
cells, by visualising EEs with Rab5-GFP expression and LEs/LYSs with
LysoTracker (LT). We indeed saw Rab5-GFP positive vesicles positive for LT
which suggest that early endosomes in B cells can also have lysosomal activity as
LT is fluorescent only in acidic organelles (I, Fig. S6¢). Typically, Rab5" vesicles
are converted into Rab7" at the same time as the early endosome matures into more
acidic LE or LYS. Classically, Rab5 and Rab7 are seen in the same endosomes only
transiently (Rink et al. 2005; Vonderheit and Helenius 2005). Notably, also EEA1 is
not typically reported to colocalize with late endosomal Rab7 (Vonderheit and
Helenius 2005). Yet, new insight on EE to LE maturation has been reported by
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Skjeldal et al. They suggest that EEs are formed de novo from a maturing endosome.
In their model, Rab5 is polarised on one side of the maturing endosome at the same
time as Rab7 conquers larger membrane proportion on the endosome. Finally, the
fully polarised Rab5 gathering is released from the endosome membrane, and it
forms a new early endosome after the releasement. In the de novo -model, early and
late endosomal proteins can localize in the same endosome for up to 10 min while
the whole maturing time would be approximately 25 min. (Skjeldal et al. 2021) Thus,
based on the de novo —theory, the endosomes possessing both early and late
endosomal characteristics in B cells can also refer to slowly maturing endosomes.
Yet, when reflected to the common literature, our findings suggest that B cells are
possessing atypical endosomes, containing both early and late endosomal
characteristic.

6.3 Novel antigen degradation compartments,
eMIICs

We further characterized the atypical early endosomes for antigen degradation
capability. We stimulated Rab5-LT expressing B cells (described above) with
antigen and followed antigen trafficking in living cells. We saw indeed that Rab5-
LT endosomes trafficked also antigen shortly after the activation (I, Fig. 3h, movie
1). When we followed antigen internalization, we were able to show that antigen was
trafficked to LT+ endosomes immediately after the internalization (I, 4e,f; I, movies
2-3).

We further demonstrated that eMIICs can possess degradative nature, by
analyzing DQ-Ova signaling in the activated and resting cells, with a flow cytometer
(I, Fig. 4b) and with a microscope (I, Fig. 4c). DQ-Ova is a tightly packed probe that
is fluorescent only when the compound is degraded into short moieties. While B cells
subjected to DQ-Ova alone did not significantly degrade DQ-Ova, DQ-Ova
conjugated with antigen, was efficiently degraded. We further showed that antigen
ends in acidic organelles in B cells already 5 min after the activation by studying
fluorescently unstable antigen and its diminishment with a flow cytometer (I, Fig.
S6e). Together these findings suggest that antigen processing begins already in the
atypical early endosomes which we decided to call early peptide antigen loading
compartments, eMIICs.

We also saw clear punct antigen colocalization with macroautophagosomal
(hereafter autophagosome) marker LC3, in eMIICs (11, Fig. 4a). LC3 localization in
early endosomal compartments is expected to some extent as autophagosomes
mature also gradually. They have early, late and lysosomal phases. In the early
autophagosome phases, Rab5 is having an important role as it guides autophagosome
maturation by recruiting lysosomal Rab7 to the compartment. Rab5 functions in the
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phagophore closure too (M. Chen et al. 2014; Jéger et al. 2004; Zhou et al. 2017).
Interestingly, autophagy has been recently reported as a new player to guide early
events in B cell activation too. BCR activation is described to switch
autophagocytosis on (Arbogast et al. 2019; Martinez-Martin et al. 2017). When we
inspected electron microscope images from 15 min after activation (I, S1a), we were
able to conclude that antigen was also found in doughnut-shaped endosomes that
could resemble autophagosomes. Interestingly, also according to Martinez-Martin,
the accumulation of autophagosomal proteins in B cells produces doughnut-shaped
endosomes which are filled with internalized antigen (Martinez-Martin et al. 2017).
Taking all together, we suggest that autophagosomes or autophagosome-related
processes can have a role in early antigen processing phases.

6.4 MHCII maturation in eMIICs

We reported MHCII to localize in eMIICs (Fig. S6f). Moreover, we reported MHCII
to be internalized together with the antigen from the plasma membrane (I, Fig. Sa-
d). The simultaneous internalization of antigen and MHCII could lead to rapid pAg
loading to the MHCII complex. Nevertheless, as the immature MHCII cannot bind
with a pAg as such, we also studied proteins involved in the maturation of MHCII.

When MHCII is released from the endoplasmic reticulum it is immediately
shielded with the Invariant chain (Ii). As it trafficks through Golgi, the Ii stays tightly
on the molecule. (Roche and Furuta 2015) For pAg loading, Ii in immature MHCII
molecule needs to be cut into a short i tail called CLIP. Ii clipping is done by CatS
in B cells (Guo-Ping et al. 1999). Thus, we studied CatS localization in activated B
cells, and we found it indeed to localize in the eMIICs (I, Fig.4d). This finding
suggests that MHCII maturation can occur also in eMIICs.

When we studied CatS together with Rab7 and Rab9, we found it to colocalize
strongly with both of the late endosomal markers (II, Fig.2f). Interestingly, only
Rab7 showed a strong colocalization with CatS in resting cells, suggesting that Rab7
and CatS function constantly together in B cells whereas Rab9 would be recruited
into the MIICs after the activation. Notably indeed, Rab9 has been reported as one
of the proteins guiding MHCII-Ii trafficking from Golgi to endosomes (Kucera,
Bakke, and Progida 2016). Thus, the sudden Rab9 appearance in MIICs after
activation (II, Fig. 2f), can also hint at the duty of Rab9 in MHCII transportation.

We also studied DM expression in eMIICs. DM is a catalytic protein for CLIP
replacement with pAg. As DM was also present in the eMIICs (I, Fig. 5e), we
concluded that pAg loading to the mature MHCII molecules can also occur in the
eMIICs.

We tried to create different functional experiments to stop antigen processing
after different activation time points to further show degradation capacity in eMIICs
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only. For instance, we tried several inhibitors and endosome ablation to target later
endosomal pathway, but as inhibitors often target several sites, definitive
conclusions were difficult to make. Nevertheless, taken together our results suggest
that eMIICs possess all key components for antigen processing and pAg presentation
in B cells. eMIICs may serve as an alternative fast track for antigen processing and
pAg-MHCII loading in B cells, in addition to classical route via MIICs.

6.5 Structural changes in the late activation phases
in B cells

We continued our studies on antigen processing in later phases and noted that the
nucleus reforms to form a nuclear pocket possessing several different types of
endosomes after the activation. The reason for nuclear deformation after the
activation is not understood. Yet, fresh findings in our group have reported several
nuclear proteins to be enriched in the vicinity of the plasma membrane after B cell
activation (Awoniyi et al., submitted) and thus, nuclear reformation might serve a
specific function and not only form due to the restricted cytoplasmic area in B cells.

The internalized antigen reaches the perinuclear region within an hour (I, Fig.
la-e; II, Fig. S1a) and it is found in several types of endosomes (I, Fig. 1f). Antigen
trafficking to a perinuclear region is often reported in B cells (Barroso et al. 2015;
Pierre et al. 1996) and it can be seen as a typical phenomenon when B cells are
activated with soluble antigens.

6.6 Late antigen processing phases and
autophagosomes

We studied late antigen processing phases using the same endosomal markers as we
used to study eMIICs. We saw increased colocalization with recycling marker Rab11
and late endosomal markers, Rab7 and Rab9, while the colocalization with early
endosomal marker Rab5 was modest. (I, Fig. 2e). Nevertheless, we did have some
challenges in imaging the perinuclear region, as the endosomes are extremely small
and tightly organized. The difficulties in gaining high enough resolution caused
challenges to determine the correct colocalization. We decided to utilize image post-
processing with deconvolution or super-resolution radial fluctuation (SRRF), which
led us to the conclusion that all the proteins present in eMIICs were also present in
the perinuclear region. Despite we studied colocalizations from deconvoluted high-
resolution images, we yet had moderate resolution. EM imaging revealed that the
antigen-containing endosomes were typically 120300 nm in diameter (I, Fig. 1f,
Sla,c) being thus below the diffraction limit of light. Also, the SRRF imaging
method revealed that the colocalization of the antigen with any of the studied
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markers was decreased when the image resolution was increased (I, Fig. 2¢ vs. Fig
2e). This can lead to a situation where the real colocalization is lower than reported.
Nevertheless, as we were especially interested in comparing colocalization in
different time points and between different proteins, the possible increase in the
colocalization would not change the conclusion that antigen colocalization with
endosomal markers increases over time. The greatest increase in the colocalization
was with autophagosomes (II, Fig. 3b), and as autophagocytosis is classically
described as a way to clear useless material, the finding was surprising. Yet, Schmid
et al. have described that LC3 decorates multivesicular compartments with MHCII
and LAMP2, in dendritic cells. Schmid et al. reported that when antigens were
targeted to autophagic degradation in dendritic cells, the dendritic cells induced
enhanced T cell activation. (Schmid D 2007). Thus, we further speculated that
autophagosomes can have a special role in antigen processing and pAg loading in B
cells too.

We were yet curious to understand if autophagosomes are essential for antigen
processing and pAg presentation in B cells. Thus, we decided to inhibit
macroautophagosome formation with Wortmannin. Wortmannin is widely reported
as an inhibitor for autophagocytosis as it inhibits Phosphatidylinositol-3-phosphate
(PI(3)P) formation through PI3K (Arcaro and Wymann 1993). PI(3)P is on a specific
lipid molecule for autophagosomal membranes (Obara et al. 2008) and it is essential
for omegasome (precursor of autophagosome) formation (Axe et al. 2008). One
should yet note, that Wortmannin inhibits the whole PI3K/Akt pathway, which on
the other hand, controls some of the key aspects of B cell differentiation, for instance.
Thus, as Akt has a complex role in B cells, inhibition of the Akt pathway may
enhance some B cell responses while it silences others (Limon and Fruman 2012).
Nevertheless, B cell inhibition with Wortmannin did indeed decrease pAg-
presentation measured by IL-2 secretion by cognate T cells, in half. Thus, we
conclude that autophagocytosis is one of the key players in antigen processing and
pAg-presentation.

Autophagosomes can possess several different roles in B cell maturation and
antigen processing. For instance, ATGS seems to be essential for efficient antigen
internalization from antigen presenting surfaces, yet soluble antigen internalization
is independent on ATGS5. On the other hand, ATGS is suggested to guide late
endosome trafficking toward PCM1 (Arbogast et al. 2019). PCM1 localizes in the
perinuclear region in the later activation phases (I, Fig. 1), and in the synapse site
when the antigen is presented from an antigen presenting membrane (Yuseff et al.
2011). Others have also reported that autophagosomes constantly deliver cytosolic
and nuclear antigens onto MIICs and autophagosomes fuse with MIICs frequently
in dendritic cells too (Schmid D 2007). Thus, despite we were able to suggest that
autophagosomes have an important role in the antigen processing pathway, more
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studies are needed to find a conclusion if the autophagosomal role is to regulate the
classical endosomal pathway or if autophagosomes can also independently process
antigens and load them onto MHCII.

6.7 Rab7 in B cell antigen processing and pAg
presentation

Typically, late endosomes and lysosomes are more numerous in the perinuclear area
whereas early endosomes are dispersed in the cell periphery (Huotari and Helenius
2011; Zhao et al. 2021; Zhao and Zhang 2019). Despite Rab7 and Rab9 being both
described as late endosomal proteins, they had different patterns in the B cells. We
saw Rab9 being more dispersed than Rab7, especially in the late activation phases
(I, Fig. S4c; II, Fig. S2-S3). When we compared Rab7 and Rab9 in more detail, we
learned that Rab7 vesicles degrade antigen more efficiently than Rab9 vesicles (II,
Fig. 2). The more efficient degradation in Rab7" endosomes can be caused by lower
intraluminal pH, higher presence of other degrading components in the endosome,
or by being expressed in different organelles. To support the last-mentioned option,
we did see that the Rab7-Rab9 colocalization was decreased significantly in the late
phases of antigen processing (II, Fig. 1b) thus pointing toward partially different
roles in antigen processing and pAg-loading in B cells.

To study in more detail the partially different roles of Rab7 and Rab9, we created
B cell lines transiently expressing GFP-Rab7 or GFP-Rab9 with their wild type
(WT), constitutively active (CA) and dominant negative (DN) mutants. By studying
antigen trafficking in the mutants with particle analysis tools, we saw that Rab7CA
expressing cells had internalized antigen vesicles closest to the MTOC after an hour,
whereas GFP-Rab7DN and GFP-Rab7WT cells with all the Rab9 mutants had
antigen as dispersed as the control cells (I, Fig.S2-S3). Thus, we postulated that
Rab7 guides antigen trafficking to the perinuclear region.

When we took stable, and equally bright GFP-Rab7CA and GFP-Rab9CA
expressing B cells under inspections, we found Rab7CA expressing cells induced
clearly stronger pAg-presentation (II, Fig. S4a). Unfortunately, despite several trials,
we were not able to create cell lines that would have expressed DN mutants (or WT)
of Rab7 or Rab9. Interestingly, Rab9 is reported to promote alternative
autophagocytosis which can create autophagosomes and autolysosomes without
association with the core autophagosomal machinery (Urbanska and Orzechowski
2021). Despite Rab9 being an essential protein in alternative autophagocytosis, it is
not needed in canonical autophagocytosis (Nishida et al. 2009). Thus, it is exciting
to speculate if Rab7CA and Rab9CA differentially promote autophagosomal
pathways and thus, the cells express different pAg-presentation levels too.
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Further, we utilized a novel Rab7-specific inhibitor, CID106770 (Agola et al.
2012; Lam et al. 2016) to inhibit Rab7 activity in B cells. We saw a drastic decrease
in pAg-presentation in Rab7 inhibited B cells (II, Fig. S4b). As the IL-2 secretion in
Rab7 inhibited cells was approximately half of the IL-2 secretion in autophagosome
inhibited cells, we concluded that Rab7 has several roles in B cell antigen processing
and presentation, and is not important only for autophagosome maturation. Together,
our findings strongly suggest that Rab7 plays an essential role in B cell antigen
processing and presentation, with and without macroautophagosomes.
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With expertise in immunology, a good understanding of high and super-resolution
imaging and curiosity to combine these two fields, we decided to tackle the long-
standing question of antigen processing pathways in B cells. In this thesis, we have
been able to draw a comprehensive picture of the antigen processing pathways
(illustrated in Figure 11) in B cells combining molecular biology, immunology and
bioimaging.

7.1 Rapid antigen processing in the B cell
periphery ?)

In this study we show, for the first time, a comprehensive map of endosomal
compartments involved in antigen processing in B cells. We show antigen to traffic
through early and late endosomes, and to associate with markers for recycling
endosomes too. We noted cell activation to lead to nuclear deformation and antigen
gathering to a nuclear pocket. We reported several endosomal proteins, especially
late endosomal proteins, to occupy the perinuclear region, with the antigen. The
colocalization of internalized antigen with late endosomal markers increased in the
perinuclear peptide antigen loading compartments, MIICs over time. Interestingly,
we found similar compartments also in the cell periphery waiting for the antigen to
be internalized. At the same time, the peripheral MIICs were positive also for early
endosomal proteins and thus, we named them as early MIICs, eMIICs.

We showed, with colocalization analysis and live cell imaging eMIICs to contain
the key proteins and molecules needed for successful antigen processing and peptide-
antigen loading to MHCII. Notably, we suggest that MHCII molecules for the
peptide antigen loading could originate also from the plasma membrane, at the same
time as the antigen is internalized. This could facilitate rapid pAg presentation and,
perhaps, tune the peptide repertoire loaded on the MHCII.
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7.2 Rab7 and autophagosomes in late phases of B
cell antigen processing (1)

In this study, we inspected MIICs in detail. We concentrated especially on late
endosomal proteins Rab7 and Rab9. We show that in the later activation phases Rab7
and Rab9 are partially in distinct compartments in B cells, and moreover, they seem
to have divergent roles in B cell antigen processing. We show Rab7" vesicles to
possess more efficient degradation activity and capacity than Rab9" vesicles.
Interestingly, T cell responses were modulated via Rab7. Expressing constitutively
active Rab7 in B cells, we were able to induce a stronger T cell response than with
the corresponding Rab9 CA expressing B cells, or with the control cells. Notably,
when we inhibited Rab7 activity in B cells, we induced drastically impaired T cell
response too.

We also propose another, alternative pathway for antigen processing in B cells.
We report antigen to localize in macroautophagosomal structures too, and to have
very high colocalization with a macroautophagosomal marker LC3. Notably, LC3
localizes in the same perinuclear region as H2-M. H2-M on the other hand facilitates
peptide antigen loading for MHCII presentation. Interestingly, inhibition of
autophagosomes with Wortmannin induces impaired T cell response. Thus we
suggest that both Rab7 and macroautophagy have important roles in antigen
processing and peptide antigen presentation in B cells.

As both macroautophagocytosis and Rab7 can be targeted with inhibitors or
activators (Agola et al. 2012; Lam et al. 2016; Thellung et al. 2019), the findings
reported in this thesis may lead to further therapeutical investigations. By modulating
the efficiency of peptide-antigen presentation in B cells, T cell-mediated immune
responses can be tuned. Here, we propose Rab7 and macroautophagocytosis as two
novel candidates that targeting could potentially allow to modulate immune
responses.
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- Figure 11 The antigen processing pathways proposed in this
Y @ study. The path illustrated on the left side suggests an interesting
Ag-BCR l-MHCII role for early endosomal peptide antigen (pAg) loading
compartments, eMIICs. eMIICs possess many key components

? pAg-MHCII %. Golgi for ag processing and pAg-loading onto immature Major
.// histocompatibility complex II (Ii-MHCII). From eMIICs, pAg-

MHCII can be trafficked fast to the plasma membrane (PM). In

o
S emic ‘ MIIC B cells, eMIICs mature into MIICs, from where pAg-MHCII can
be trafficked to the PM with recycling endosomes (RE). The
¢ RE . LYS other pathway takes an advantage of (macro)autophagosomes
(AP), which are constantly expressing autophagosomal protein
LC3 (black dotted lines). Interestingly, APs have naturally Ii-
aP Q 4,'-@ PP MHCII on their membranes, as their precursors, omegasomes
S (Q), are formed from the membrane of the endoplasmic reticulum
(ER). Q-matures into phagophores (PP) which may gather key
AP AL components, such as CatS and DM, for the ag processing and
pAg-MHCII. Both pathways may end up in the final degradation
- o3 in either lysosomes (LYS) or autolysosomes (AL). Yet, it remains

to be studied whether these two pathways co-operate or if their
activities could be separately modulated.

73



Acknowledgements

This work was carried out at the University of Turku and Turku Biosciences. I am
grateful that I have had the opportunity to become a member of the Medical Faculty
and moreover, a member of Turku Biomedical Imaging team. I would like to thank
my mentors in Biomedical imaging, Pekka Hénninen and John Eriksson: you
introduced me to the fascinating world of imaging which never ceases to amaze me.

Moreover, I want to express my gratitude to the Central Imaging Core and
especially to Markku Saari, Jouko Sandholm, and Ketlin Adele. You were always
ready to help, to brainstorm, and you encouraged me to keep on going when obstacles
seemed too high.

Dear emeritus professor Ari Helenius, I wish every young doctoral student could
hear your motivational speech. You indeed inspired me with your wisdom,
intelligence and experience. I will never forget your kindness and warmth.

Dear professor Johanna Ivaska, you are an exceptional scientist. You are one of
the most respected scientists in Finland and yet, you always have time to confront
young scientists with kind words and positivity. Dear follow-up committee
members, I feel extremely lucky that [ was able to share this journey with you.

I am forever grateful that associate professor Jane Zhi Chen accepted the
invitation to be the opponent at the dissertation, thank you!

Dear professor Julia Jellusova and docent Annika Meinander, thank you for your
help in improving the thesis!

I am grateful that I have had the privilege to work with the best research group
in Turku! Dear group leader Pieta Mattila, you have succeeded in finding colorful B
cell people, with a variety of expertise. You have created a solid research team,
which is an amazing achievement! Congratulations! I want to thank all the previous
and current colleagues in the Lymphocyte Cytoskeleton Group. Especial thanks I
appoint to my previous supervisor doctor Elina Kuokkanen. Thank you for your
kindness, guidance and words of wisdom.

I want to thank Turku Doctoral Programme of Molecular Medicine (TuDMM)
for the financial support and help. Thank you, Eeva Valve and Outi Irjala for helping
in the doctoral studies — from the very first day until the last one.

74



Acknowledgements

I want to thank my previous colleagues in the department of microbiology. The
research we conducted years back was interesting, inspiring, multi-dimensional and
novel. Catharina Alam, Raine Toivonen and Arno Hénninen, with you, I spent the
first years of my scientific career. And to be honest, you are the triplet that drew me
into biomedical science. Thank you!

I want to thank my previous colleagues in the DIPP/TEDDY/TrialNet research
too. Family Simell, thank you for showing me how lovely, yet one of the world's
leading Type 1 diabetes research communities is created with respect, appreciation
and kindness. I will never forget the atmosphere you created. Thank you!

I want to thank my student fellows in Biomedical Imaging. Dudes, I will always
remember you with warmth! Thank you for the happy days! I want to thank
especially Henok Karvonen: thank you for the glorious master’s years and thank you
for your company, help and support during my doctoral studies too. I hope I do not
have to ever miss you.

I want to thank all the fellow candidates whom I shared enjoyable days with, and
had inspiring scientific and not-so-scientific discussions. I am also grateful for the
never-ending source of novel reagents which our group had not yet purchased. These
thanks go especially to Pranshu Sahgal and Martina Lerche!

I want to thank our working community at PerkinElmer Wallac Oy. I am
extremely happy to work with you. You have encouraged me when combining these
two jobs have felt like a mission impossible, and you have offered me another cup
of coffee when you have seen that it is more than needed. You are exceptional team
players and a great bunch of good friends!

Last but not least, I thank my family. During these years, we have climbed
several mountains and the journey has not been easy. Mika, you have been walking
beside me from the beginning and you are walking beside me in the end as well. It
tells about true commitment and love. Thank you! I am also so blessed to have three
kids, Jooa, Verneri and Ronja, who are made of steel but yet, have rousing hearts.
We have been counting for the days when I can give you all the time in the world.
You have been waiting for so long, with such resilience and patience, and I am happy
to say: wait no longer!

22 August 2022
Marika Runsala

75



References

Adler, Lital N., Wei Jiang, Kartik Bhamidipati, Matthew Millican, Claudia Macaubas, Shu chen Hung,
and Elizabeth D. Mellins. 2017. “The Other Function: Class II-Restricted Antigen Presentation by
B Cells.” Frontiers in Immunology 8(MAR):1-14.

Adorini, Luciano, JC Guery, S. Fuchs, V. Ortiz-Navarrete, G. J. Himmerling, and F. Momburf. 1993.
“Processing of Endogenously Synthesized Hen Egg-White Lysozyme Retained in the Endoplasmic
Reticulum or in Secretory Form Gives Rise to a Similar but Not Identical Set of Epitopes
Recognized by Class II-Restricted T Cells.” The Journal of Immunology 151(7):3567-86.

Agola, Jacob O., Lin Hong, Zurab Surviladze, Oleg Ursu, Anna Waller, J. Jacob Strouse, Denise S.
Simpson, Chad E. Schroeder, Tudor 1. Oprea, Jennifer E. Golden, Jeffrey Aubé, Tione Buranda,
Larry A. Sklar, and Angela Wandinger-Ness. 2012. “A Competitive Nucleotide Binding Inhibitor:
In Vitro Characterization of Rab7 GTPase Inhibition.” 4ACS Chemical Biology 7(6):1095-1108.

Aluvihare, Varuna R., Amine A. Khamlichi, Gareth T. Williams, Luciano Adorini, and Michael S.
Neuberger. 1997. “Acceleration of Intracellular Targeting of Antigen by the B-Cell Antigen
Receptor: Importance Depends on the Nature of the Antigen-Antibody Interaction.” EMBO
Journal 16(12):3553-62.

Arbogast, Florent, Johan Arnold, Philippe Hammann, Lauriane Kuhn, Johana Chicher, Diane Murera,
Justine Weishaar, Sylviane Muller, Jean Daniel Fauny, and Frédéric Gros. 2019. “ATGS5 Is
Required for B Cell Polarization and Presentation of Particulate Antigens.” Autophagy 15(2):280—
94.

Arcaro, A. and M. P. Wymann. 1993. “Wortmannin Is a Potent Phosphatidylinositol 3-Kinase Inhibitor:
The Role of Phosphatidylinositol 3,4,5-Trisphosphate in Neutrophil Responses.” Biochemical
Journal 296(2):297-301.

Avalos, Ana M. and Hidde L. Ploegh. 2014. “Early BCR Events and Antigen Capture, Processing, and
Loading on MHC Class II on B Cells.” Frontiers in Immunology S(IMAR):1-5.

Axe, Elizabeth L., Simon A. Walker, Maria Manifava, Priya Chandra, H. Llewelyn Roderick, Anja
Habermann, Gareth Griffiths, and Nicholas T. Ktistakis. 2008. “Autophagosome Formation from
Membrane Compartments Enriched in Phosphatidylinositol 3-Phosphate and Dynamically
Connected to the Endoplasmic Reticulum.” Journal of Cell Biology 182(4):685-701.

Barroso, Margarida, Heidi Tucker, Lisa Drake, Kathleen Nichol, and James R. Drake. 2015. “Antigen-
B Cell Receptor Complexes Associate with Intracellular Major Histocompatibility Complex
(MHC) Class II Molecules.” Journal of Biological Chemistry 290(45):27101-12.

Billman, George E. 2020. “Homeostasis: The Underappreciated and Far Too Often Ignored Central
Organizing Principle of Physiology.” Frontiers in Physiology 11(March):1-12.

Bolger-Munro, Madison, Kate Choi, Joshua M. Scurll, Libin Abraham, Rhys S. Chappell, Duke Sheen,
May Dang-Lawson, Xufeng Wu, John J. Priatel, Daniel Coombs, John A. Hammer, and Michael
R. Gold. 2019. “Arp2/3 Complex-Driven Spatial Patterning of the BCR Enhances Immune
Synapse Formation, BCR Signaling and b Cell Activation.” ELife 8:1-40.

Buggia-prévot, Virginie, Celia G. Fernandez, Vinod Udayar, Kulandaivelu S. Vetrivel, Aureliane Elie,
Jelita Roseman, Verena A. Sasse, Margaret Lefkow, Xavier Meckler, Sohinee Bhattacharyya,
Manju George, Satyabrata Kar, Vytautas P. Bindokas, T. Parent, Lawrence Rajendran, Hamid

76



References

Band, Robert Vassar, and Gopal Thinakaran. 2014. “A Novel Function for EHD Family Proteins
in Unidirectional Retrograde Dendritic Transport of BACEl and Alzheimer’s Disease A
Production.” Ceel Reports 5(6):1552—63.

Cai, Cui Zan, Chuanbin Yang, Xu Xu Zhuang, Ning Ning Yuan, Ming Yue Wu, Jie Qiong Tan, Ju Xian
Song, King Ho Cheung, Huanxing Su, Yi Tao Wang, Bei Sha Tang, Christian Behrends, Siva
Sundara Kumar Durairajan, Zhenyu Yue, Min Li, and Jia Hong Lu. 2021. “NRBF2 Is a RAB7
Effector Required for Autophagosome Maturation and Mediates the Association of APP-CTFs
with Active Form of RAB7 for Degradation.” Autophagy 17(5):1112-30.

Casey, Tammy M., Josephine L. Meade, and Eric W. Hewitt. 2007. “Organelle Proteomics:
Identification of the Exocytic Machinery Associated with the Natural Killer Cell Secretory
Lysosome.” Molecular and Cellular Proteomics 6(5):767—-80.

Chang, Natasha C. 2020. “Autophagy and Stem Cells: Self-Eating for Self-Renewal.” Frontiers in Cell
and Developmental Biology 8(March):1-11.

Chaturvedi, Akanksha, Rebecca Martz, Davis Dorward, Michael Waisberg, and Susan K. Pierce. 2013.
“Endocytosed B Cell Receptors Sequentially Regulate MAP Kinase and Akt Signaling Pathways
from Intracellular Compartments.” Nature Imunology 12(11):1119-26.

Chen, Min, Monica Jeongsoo Hong, Huanhuan Sun, Lei Wang, Xiurong Shi, Brian E. Gilbert, David
B. Corry, Farrah Kheradmand, and Jin Wang. 2014. “Essential Role for Autophagy in the
Maintenance of Immunological Memory against Influenza Infection.” Nature Medicine
20(5):503-10.

Chen, Pin L., Kristine Schauer, Chen Kong, Andrew R. Harding, Bruno Goud, and Philip D. Stahl. 2014.
“Rab5 Isoforms Orchestrate a ‘Division of Labor’ in the Endocytic Network; Rab5c Modulates
Rac-Mediated Cell Motility.” PLoS ONE 9(2):1-9.

Cheng, Xiu Tang, Yu Xiang Xie, Bing Zhou, Ning Huang, Tamar Farfel-Becker, and Zu Hang Sheng.
2018. “Revisiting LAMP1 as a Marker for Degradative Autophagy-Lysosomal Organelles in the
Nervous System.” Autophagy 14(8):1472-74.

Clarke, Alexander J., Thomas Riffelmacher, Daniel Braas, Richard J. Cornall, and Anna Katharina
Simon. 2018. “Bla B Cells Require Autophagy for Metabolic Homeostasis and Self-Renewal.”
The Journal of Experimental Medicine 215(2):399—413.

Cocucci, Emanuele, Raphaél Gaudin, and Tom Kirchhausen. 2014. “Dynamin Recruitment and
Membrane Scission at the Neck of a Clathrin-Coated Pit.” Molecular Biology of the Cell
25(22):3595-3609.

Codogno, Patrice, Maryam Mehrpour, and Tassula Proikas-Cezanne. 2012. “Canonical and Non-
Canonical Autophagy: Variations on a Common Theme of Self-Eating?” Nature Reviews
Molecular Cell Biology 13(1):7-12.

Cruse, Julius M., Robert E. Lewis, and Huan Wang. 2004. “Antigen Presentation.” Immunology
Guidebook 267.

Demharter, Samuel, Bernhard Knapp, Charlotte Deane, and Peter Minary. 2019. “HLA-DM Stabilizes
the Empty MHCII Binding Groove: A Model Using Customized Natural Move Monte Carlo.”
Journal of Chemical Information and Modeling 59(6):2894-99.

Depoil, David, Sebastian Fleire, Bebhinn L. Treanor, Michele Weber, Naomi E. Harwood, Kevin L.
Marchbank, Victor L. J. Tybulewicz, and Facundo D. Batista. 2008. “CD19 Is Essential for B Cell
Activation by Promoting B Cell Receptor-Antigen Microcluster Formation in Response to
Membrane-Bound Ligand.” Nature Immunology 9(1):63-72.

Dong, Bo, Ken Kakihara, Tetsuhisa Otani, Housei Wada, and Shigeo Hayashi. 2013. “Rab9 and
Retromer Regulate Retrograde Trafficking of Luminal Protein Required for Epithelial Tube
Length Control.” Nature Communications 4:1312-58.

Driessen, Christoph, Rebecca A. R. Bryant, Ana Maria Lennon-Duménil, José A. Villadangos, Paula
Wolf Bryant, Guo Ping Shi, Harold A. Chapman, and Hidde L. Ploegh. 1999. “Cathepsin S
Controls the Trafficking and Maturation of MHC Class II Molecules in Dendritic Cells.” Journal
of Cell Biology 147(4):775-90.

77



Marika Runsala

Drobny, Alice, Susy Prieto Huarcaya, Jan Dobert, Annika Kluge, Josina Bunk, Theresia Schlothauer,
and Friederike Zunke. 2022. “The Role of Lysosomal Cathepsins in Neurodegeneration:
Mechanistic Insights, Diagnostic Potential and Therapeutic Approaches.” Biochimica et
Biophysica Acta (BBA) - Molecular Cell Research 1869(7):119243.

Eskelinen, Eeva Liisa. 2005. “Maturation of Autophagic Vacuoles in Mammalian Cells.” Autophagy
1(1):1-10.

Feng, Yuchen, Ding He, Zhiyuan Yao, and Daniel J. Klionsky. 2014a. “The Machinery of
Macroautophagy.” Cell Research 24(1):24—41.

Feng, Yuchen, Ding He, Zhiyuan Yao, and Daniel J. Klionsky. 2014b. “The Machinery of
Macroautophagy.” Cell Research 24(1):24—41.

Ferro, Elsi, Carla Bosia, and Carlo C. Campa. 2021. “Rab11-Mediated Trafficking and Human Cancers:
An Updated Review.” Biology 10(1):1-15.

Garcillan, Beatriz, William A. Figgett, Simona Infantino, Ee Xin Lim, and Fabienne Mackay. 2018.
“Molecular Control of B-Cell Homeostasis in Health and Malignancy.” Immunology and Cell
Biology 96(5):453-62.

Giles, Josephine R., Michael Kashgarian, Pandelakis A. Koni, and Mark J. Shlomchik. 2015. “B Cell-
Specific MHC Class II Deletion Reveals Multiple Non- Redundant Roles for B Cell Antigen
Presentation in Murine Lupusl.” Journal of Immunology 196(6):2571-2579.

Guo-Ping, Shi, Jose A. Villadangos, Glenn Dranoff, Clayton Small, Gu Lijuan, Kathleen J. Haley,
Richard Riese, Hidde L. Ploegh, and Harold A. Chapman. 1999. “Cathepsin S Required for Normal
MHC Class II Peptide Loading and Germinal Center Development.” Immunity 10(2):197-206.

Gustafsson, Nils, Sidn Culley, George Ashdown, Dylan M. Owen, Pedro Matos Pereira, and Ricardo
Henriques. 2016. “Fast Live-Cell Conventional Fluorophore Nanoscopy with ImageJ through
Super-Resolution Radial Fluctuations.” Nature Communications 7:1-9.

Hartenstein, V. and P. Martinez. 2019. “Phagocytosis in Cellular Defense and Nutrition: A Food-
Centered Approach to the Evolution of Macrophages.” Cell and Tissue Research 377(3):527—-47.

Hatoyama, Yuki, Yuta Homma, Shu Hiragi, and Mitsunori Fukuda. 2021. “Establishment and Analysis
of Conditional Rabl- and Rab5-Knockout Cells Using the Auxin-Inducible Degron System.”
Journal of Cell Science 134(24).

Haucke, Volker and Michael M. Kozlov. 2018. “Membrane Remodeling in Clathrin-Mediated
Endocytosis.” Journal of Cell Science 131(17):1-10.

Hayashi-Nishino, Mitsuko, Naonobu Fujita, Takeshi Noda, Akihito Yamaguchi, Tamotsu Yoshimori,
and Akitsugu Yamamoto. 2009. “A Subdomain of the Endoplasmic Reticulum Forms a Cradle for
Autophagosome Formation.” Nature Cell Biology 11(12):1433-37.

Hipolito, Victoria E. B., Erika Ospina-Escobar, and Roberto J. Botelho. 2018. “Lysosome Remodelling
and Adaptation during Phagocyte Activation.” Cellular Microbiology 20(4):1-8.

Homma, Yuta, Shu Hiragi, and Mitsunori Fukuda. 2021. “Rab Family of Small GTPases: An Updated
View on Their Regulation and Functions.” FEBS Journal 288(1):36-55.

Honey, Karen and Alexander Y. Rudensky. 2003. “Lysosomal Cysteine Proteases Regulate Antigen
Presentation.” Nature Reviews Immunology 3(6):472-82.

Huotari, Jatta and Ari Helenius. 2011. “Endosome Maturation.” The EMBO Journal 30(17):3481-3500.

Hystad, Marit E., June H. Myklebust, Trond H. Bg, Einar A. Sivertsen, Edith Rian, Lise Forfang, Else
Munthe, Andreas Rosenwald, Michael Chiorazzi, Inge Jonassen, Louis M. Staudt, and Erlend B.
Smeland. 2007. “Characterization of Early Stages of Human B Cell Development by Gene
Expression Profiling.” The Journal of Immunology 179(6):3662-71.

Jackson, Thomas R., Rebecca E. Ling, and Anindita Roy. 2021. “The Origin of B-Cells: Human Fetal
B Cell Development and Implications for the Pathogenesis of Childhood Acute Lymphoblastic
Leukemia.” Frontiers in Immunology 12(February):1-10.

Jéger, Stephanie, Cecilia Bucci, Isei Tanida, Takashi Ueno, Eiki Kominami, Paul Saftig, and Eeva Liisa
Eskelinen. 2004. “Role for Rab7 in Maturation of Late Autophagic Vacuoles.” Journal of Cell
Science 117(20):4837-48.

78



References

Jahreiss, Luca, Fiona M. Menzies, and David C. Rubinsztein. 2008. “The Itinerary of Autophagosomes:
From Peripheral Formation to Kiss-and-Run Fusion with Lysosomes.” Traffic 9(4):574-87.

Jentho, Elisa and Sebastian Weis. 2021. “DAMPs and Innate Immune Training.” Frontiers in
Immunology 12(October):1-9.

Jiang, Wei, Lital N. Adler, Henriette Macmillan, and Elizabeth D. Mellins. 2019. “Synergy between B
Cell Receptor/Antigen Uptake and MHCII Peptide Editing Relies on HLA-DO Tuning.” Scientific
Reports 9(1):1-17.

Jokitalo, Eija, Noemi Cabrera-Poch, Graham Warren, and David T. Shima. 2001. “Golgi Clusters and
Vesicles Mediate Mitotic Inheritance Independently of the Endoplasmic Reticulum.” Journal of
Cell Biology 154(2):317-30.

Kabeya, Yukiko, Noboru Mizushima, Takashi Ueno, Akitsugu Yamamoto, Takayoshi Kirisako,
Takeshi Noda, Eiki Kominami, Yoshinori Ohsumi, and Tamotsu Yoshimori. 2003. “Erratum: LC3,
a Mammalian Homolog of Yeast Apg8p, Is Localized in Autophagosome Membranes after
Processing (EMBO Journal (2000) 19 (5720-5728)).” EMBO Journal 22(17):4577.

Karlsson, Lars. 2005. “DM and DO Shape the Repertoire of Peptide-MHC-Class-II Complexes.”
Current Opinion in Immunology 17(1):65-70.

van Kasteren, Sander I. and Herman S. Overkleeft. 2014. “Endo-Lysosomal Proteases in Antigen
Presentation.” Current Opinion in Chemical Biology 23:8-15.

Katkere, Bhuvana, Sarah Rosa, and James R. Drake. 2012. “The Syk-Binding Ubiquitin Ligase c¢-Cbl
Mediates Signaling-Dependent B Cell Receptor Ubiquitination and B Cell Receptor-Mediated
Antigen Processing and Presentation.” Journal of Biological Chemistry 287(20):16636—44.

Kato, Hiroki and Kazuhiko Igarashi. 2019. “To Be Red or White: Lineage Commitment and
Maintenance of the Hematopoietic System by the ‘Inner Myeloid.”” Hematologica 104(10):1919—
27.

Kawabata, Tsuyoshi and Tamotsu Yoshimori. 2020. “Autophagosome Biogenesis and Human Health.”
Cell Discovery 6(1).

Keller, Christian W., Monica Loi, Svenja Ewert, Isaak Quast, Romina Theiler, Monique Gannaggé,
Christian Miinz, Gennaro De Libero, Stefan Freigang, and Jan D. Liinemann. 2017. “The
Autophagy Machinery Restrains INKT Cell Activation through CDI1D1 Internalization.”
Autophagy 13(6):1025-36.

Kirchenbaum, Greg, Jodi Hanson, Diana Roen, and Paul Lehmann. 2019. “Detection of Antigen-
Specific T Cell Lineages and Effector Functions Based on Secretory Signature.” Journal of
Immunological Sciences 3(2):14-20.

Kirchhausen, Tom, David Owen, and Stephen C. Harrison. 2014. “Molecular Structure, Function, and
Dynamics of Clathrin-Mediated Membrane Traffic.” Cold Spring Harbor Perspectives in Biology.

Kucera, Ana, Oddmund Bakke, and Cinzia Progida. 2016. “The Multiple Roles of Rab9 in the
Endolysosomal System.” Communicative & Integrative Biology 9(4):e1204498.

Kucera, Ana, Marita Borg Distefano, Axel Berg-Larsen, Frode Skjeldal, Urska Repnik, Oddmund
Bakke, and Cinzia Progida. 2016. “Spatiotemporal Resolution of Rab9 and CI-MPR Dynamics in
the Endocytic Pathway.” Traffic 17(3):211-29.

Kuchitsu, Yoshihiko and Mitsunori Fukuda. 2018. “Revisiting Rab7 Functions in Mammalian
Autophagy: Rab7 Knockout Studies.” Cells 7(11).

Kuipers, Hedwich F., Paula J. Biesta, Tom A. Groothuis, Jacques J. Neefjes, A. Micke Mommaas, and
Peter J. Van Den Elsen. 2005. “Statins Affect Cell-Surface Expression of Major Histocompatibility
Complex Class II Molecules by Disrupting Cholesterol-Containing Microdomains.” Human
Immunology 66(6):653—65.

Kumar, Ammu Prasanna and Suryani Lukman. 2018. Allosteric Binding Sites in Rabl1 for Potential
Drug Candidates. Vol. 13.

Kuokkanen, Elina, Vid Sustar, and Pieta K. Mattila. 2015. “Molecular Control of B Cell Activation and
Immunological Synapse Formation.” Traffic 16(4):311-26.

79



Marika Runsala

Kurosaki, Tomohiro, Hisaaki Shinohara, and Yoshihiro Baba. 2010. “B Cell Signaling and Fate
Decision.” Annual Review of Immunology 28:21-55.

Lam, Tonika, Dennis V. Kulp, Rui Wang, Zheng Lou, Julia Taylor, Carlos E. Rivera, Hui Yan, Qi
Zhang, Zhonghua Wang, Hong Zan, Dmitri N. Ivanov, Guangming Zhong, Paolo Casali, and
Zhenming Xu. 2016. “Small Molecule Inhibition of Rab7 Impairs B Cell Class Switching and
Plasma Cell Survival To Dampen the Autoantibody Response in Murine Lupus.” The Journal of
Immunology 197(10):3792-3805.

Lamb, Christopher A., Tamotsu Yoshimori, and Sharon A. Tooze. 2013. “The Autophagosome: Origins
Unknown, Biogenesis Complex.” Nature Reviews Molecular Cell Biology 14(12):759-74.

Lankar, Danielle, Héléne Vincent-Schneider, Volker Briken, Takeaki Yokozeki, Graga Raposo, and
Christian Bonnerot. 2002. “Dynamics of Major Histocompatibility Complex Class II
Compartments during B Cell Receptor—-Mediated Cell Activation.” The Journal of Experimental
Medicine 195(4):461-72.

Lee, Sun Min, Paul Kim, Jinsuh You, and Eui Ho Kim. 2021. “Role of Damage-Associated Molecular
Pattern / Cell Death Pathways in Vaccine-Induced Immunity.”

Limon, Jose J. and David A. Fruman. 2012. “Akt and MTOR in B Cell Activation and Differentiation.”
Frontiers in Immunology 3(AUG):1-12.

Lindner, Robert. 2017. “Invariant Chain Complexes and Clusters as Platforms for MIF Signaling.”
Cells 6(1):6.

Loi, Monica, Anne Miiller, Karin Steinbach, Jennifer Niven, Rosa Barreira da Silva, Petra Paul, Laure
Anne Ligeon, Assunta Caruso, Randy A. Albrecht, Andrea C. Becker, Nicolas Annaheim, Heike
Nowag, Jorn Dengjel, Adolfo Garcia-Sastre, Doron Merkler, Christian Miinz, and Monique
Gannagé. 2016. “Macroautophagy Proteins Control MHC Class I Levels on Dendritic Cells and
Shape Anti-Viral CD8+ T Cell Responses.” Cell Reports 15(5):1076-87.

Lombardi, Daniela, Thierry Soldatil, Markus A. Riederer, Yukiko Goda, Marino Zerial, and Suzanne
R. Pfeffer. 1993. “Rab9 Functions in Transport between Late Endosomes and the Trans Golgi
Network.” The EMBO Journal 12(2):677-82.

MacKiewicz, Pawe and Elbieta Wyroba. 2009. “Phylogeny and Evolution of Rab7 and Rab9 Proteins.”
BMC Evolutionary Biology 9(1):1-19.

Marat, Andrea L. and Volker Haucke. 2016. “Phosphatidylinositol 3-phosphates—at the Interface
between Cell Signaling and Membrane Traffic.” The EMBO Journal 35(6):561-79.

Mareninova, Olga A., Dustin L. Dillon, Carli J. M. Wightman, Iskandar Yakubov, Toshimasa
Takahashi, Herbert Y. Gaisano, Keith Munson, Masaki Ohmuraya, David Dawson, Ilya Gukovsky,
and Anna S. Gukovskaya. 2022. “Rab9 Mediates Pancreatic Autophagy Switch From Canonical
to Noncanonical, Aggravating Experimental Pancreatitis.” Cmgh 13(2):599-622.

Martinez-Martin, Nuria, Paula Maldonado, Francesca Gasparrini, Bruno Frederico, Shweta Aggarwal,
Mauro Gaya, Carlson Tsui, Marianne Burbage, Selina Jessica Keppler, Beatriz Montaner, Harold
B. J. Jefferies, Usha Nair, Yan G. Zhao, Marie Charlotte Domart, Lucy Collinson, Andreas
Bruckbauer, Sharon A. Tooze, and Facundo D. Batista. 2017. “A Switch from Canonical to
Noncanonical Autophagy Shapes B Cell Responses.” Science 355(6325):641-47.

Mattila, Pieta K., Christoph Feest, David Depoil, Bebhinn Treanor, Beatriz Montaner, Kevin L.
Otipoby, Robert Carter, Louis B. Justement, Andreas Bruckbauer, and Facundo D. Batista. 2013.
“The Actin and Tetraspanin Networks Organize Receptor Nanoclusters to Regulate B Cell
Receptor-Mediated Signaling.” Immunity 38(3):461-74.

Mayor, Satyajit and Richard E. Pagano. 2007. “Pathways of Clathrin-Independent Endocytosis.”
Nature Reviews Molecular Cell Biology 8(8):603—12.

McMahon, Harvey T. and Emmanuel Boucrot. 2011. “Molecular Mechanism and Physiological
Functions of Clathrin-Mediated Endocytosis.” Nature Reviews Molecular Cell Biology 12(8):517—
33.

Mellins, Elizabeth D. and Lawrence J. Stern. 2014. “HLA-DM and HLA-DO, Key Regulators of MHC-
II Processing and Presentation.” Current Opinion in Immunology 26(1):115-22.

80



References

Mellman, Ira. 1996. “Endocytosis and Molecular Sorting.” Annual Review of Cell and Developmental
Biology 12(1):575-625.

Mellman, Ira and Yosef Yarden. 2013. “Endocytosis and Cancer.” Cold Spring Harbor Perspectives in
Biology 5(12).

Molnarfi, Nicolas, Ulf Schulze-Topphoff, Martin S. Weber, Juan C. Patarroyo, Thomas Prod’homme,
Michel Varrin-Doyer, Aparna Shetty, Christopher Linington, Anthony J. Slavin, Juan Hidalgo,
Dieter E. Jenne, Hartmut Wekerle, Raymond A. Sobel, Claude C. A. Bernard, Mark J. Shlomchik,
and Scott S. Zamvil. 2013. “MHC Class II-Dependent B Cell APC Function Is Required for
Induction of CNS Autoimmunity Independent of Myelin-Specific Antibodies.” Journal of
Experimental Medicine 210(13):2921-37.

Miinz, Christian. 2021. “The Macroautophagy Machinery in MHC Restricted Antigen Presentation.”
Frontiers in Immunology 12(February):1-7.

Miinz, Christian. 2022. “Canonical and Non-Canonical Functions of the Autophagy Machinery in MHC
Restricted Antigen Presentation.” Frontiers in Immunology 13(March):1-8.

Murray, David H., Marcus Jahnel, Janelle Lauer, Mario J. Avellaneda, Nicolas Brouilly, Alice Cezanne,
Hernan Morales-Navarrete, Enrico D. Perini, Charles Ferguson, Andrei N. Lupas, Yannis
Kalaidzidis, Robert G. Parton, Stephan W. Grill, and Marino Zerial. 2016. “An Endosomal Tether
Undergoes an Entropic Collapse to Bring Vesicles Together.” Nature 537(7618):107-11.

Nakatogawa, Hitoshi, Kuninori Suzuki, Yoshiaki Kamada, and Yoshinori Ohsumi. 2009. “Dynamics
and Diversity in Autophagy Mechanisms: Lessons from Yeast.” Nature Reviews Molecular Cell
Biology 10(7):458-67.

Natkanski, Elizabeth, Wing-yiu Lee, Bhakti Mistry, Antonio Casal, Justin E. Molloy, and Pavel Tolar.
2013. “B Cells Use Mechanical Energy to Discriminate Antigen Affinities.” Science
340(6140):1587-90.

Nishida, Yuya, Satoko Arakawa, Kenji Fujitani, Hirofumi Yamaguchi, Takeshi Mizuta, Toku
Kanaseki, Masaaki Komatsu, Kinya Otsu, Yoshihide Tsujimoto, and Shigeomi Shimizu. 2009.
“Discovery of Atg5/Atg7-Independent Alternative Macroautophagy.” Nature 461(7264):654-58.

Nufiez, C., N. Nishimoto, G. L. Gartland, L. G. Billips, P. D. Burrows, H. Kubagawa, and M. D. Cooper.
1996. “B Cells Are Generated throughout Life in Humans.” Journal of Immunology (Baltimore,
Md. : 1950) 156(2):866-72.

O’sullivan, Mary J. and Andrew J. Lindsay. 2020. “The Endosomal Recycling Pathway—at the
Crossroads of the Cell.” International Journal of Molecular Sciences 21(17):1-21.

Obara, Keisuke, Takeshi Noda, Kaori Niimi, and Yoshinori Ohsumi. 2008. “Transport of
Phosphatidylinositol 3-Phosphate into the Vacuole via Autophagic Membranes in Saccharomyces
Cerevisiae.” 537-47.

Pankiv, Serhiy, Endalkachew A. Alemu, Andreas Brech, Jack Ansgar Bruun, Trond Lamark, Aud
@vervatn, Geir Bjorkey, and Terje Johansen. 2010. “FYCOI Is a Rab7 Effector That Binds to LC3
and PI3P to Mediate Microtubule plus End - Directed Vesicle Transport.” Journal of Cell Biology
188(2):253-69.

Paul, Petra, Tineke Van Den Hoorn, Marlieke L. M. Jongsma, Mark J. Bakker, Rutger Hengeveld,
Lennert Janssen, Peter Cresswell, David A. Egan, Marieke Van Ham, Anja Ten Brinke, Huib Ovaa,
Roderick L. Beijersbergen, Coenraad Kuijl, and Jacques Neefjes. 2011. “A Genome-Wide
Multidimensional RNAi Screen Reveals Pathways Controlling MHC Class II Antigen
Presentation.” Cell 145(2):268-83.

Pengo, Niccolo, Maria Scolari, Laura Oliva, Enrico Milan, Federica Mainoldi, Andrea Raimondi,
Claudio Fagioli, Arianna Merlini, Elisabetta Mariani, Elena Pasqualetto, Ugo Orfanelli, Maurilio
Ponzoni, Roberto Sitia, Stefano Casola, and Simone Cenci. 2013. “Plasma Cells Require
Autophagy for Sustainable Immunoglobulin Production.” Nature Immunology 14(3):298-305.

Peters, Peter J., Jacques J. Neefjes, Viola Oorschot, Hidde L. Ploegh, and Hans J. Geuze. 1991.
“Segregation of MHC Class II Molecules from MHC Class I Molecules in the Golgi Complex for
Transport to Lysosomal Compartments.” Nature 349(6311):669-76.

81



Marika Runsala

Pierre, Philippe, Lisa K. Denzin, Craig Hammond, James R. Drake, Sebastian Amigorena, Peter
Cresswell, and Ira Mellman. 1996. “HLA-DM Is Localized to Conventional and Unconventional
MHC Class II-Containing Endocytic Compartments.” Immunity 4(3):229-39.

Pieters, J., O. Bakke, and B. Dobberstein. 1993. “The MHC Class II-Associated Invariant Chain
Contains Two Endosomal Targeting Signals within Its Cytoplasmic Tail.” Journal of Cell Science
106(3):831-46.

Puleston, Daniel J., Hanlin Zhang, Timothy J. Powell, Elina Lipina, Stuart Sims, Isabel Panse,
Alexander S. Watson, Vincenzo Cerundolo, Alain RM Townsend, Paul Klenerman, and Anna
Katharina Simon. 2014. “Autophagy Is a Critical Regulator of Memory CD8+ T Cell Formation.”
ELife 3(3):2014-16.

Puri, Claudia, Mariella Vicinanza, Avraham Ashkenazi, Matthew J. Gratian, Qifeng Zhang, Carla F.
Bento, Maurizio Renna, Fiona M. Menzies, and David C. Rubinsztein. 2018. “The RAB11A-
Positive Compartment Is a Primary Platform for Autophagosome Assembly Mediated by WIPI2
Recognition of PI3P-RAB11A.” Developmental Cell 45(1):114-131.e8.

Ravikumar, Brinda, Kevin Moreau, Luca Jahreiss, Claudia Puri, and C. David. 2011. “Europe PMC
Funders Group Plasma Membrane Contributes to the Formation of Pre- Autophagosomal
Structures.” 12(8):747-57.

Redpath, Gregory M. 1., Manuela Ecker, Natasha Kapoor-Kaushik, Haig Vartoukian, Michael Carnell,
Daryan Kempe, Maté Biro, Nicholas Ariotti, and Jérémie Rossy. 2019. “Flotillins Promote T Cell
Receptor Sorting through a Fast Rab5-Rabll Endocytic Recycling Axis.” Nature
Communications 10(1):1-14.

Reversat, Anne, Maria Isabel Yuseff, Danielle Lankar, Odile Malbec, Dorian Obino, Mathieu Maurin,
Naga Venkata Gayathri Penmatcha, Alejandro Amoroso, Lucie Sengmanivong, Gregg G.
Gundersen, Ira Mellman, Frangois Darchen, Claire Desnos, Paolo Pierobon, and Ana Maria
Lennon-Duménil. 2015. “Polarity Protein Par3 Controls B-Cell Receptor Dynamics and Antigen
Extraction at the Immune Synapse.” Molecular Biology of the Cell 26(7):1273-85.

Rink, Jochen, Eric Ghigo, Yannis Kalaidzidis, and Marino Zerial. 2005. “Rab Conversion as a
Mechanism of Progression from Early to Late Endosomes.” Cell 122(5):735-49.

Roche, Paul A. and Kazuyuki Furuta. 2015. “The Ins and Outs of MHC Class II-Mediated Antigen
Processing and Presentation.” Nature Reviews Immunology 15(4):203-16.

Rupanagudi, Khader Valli, Onkar P. Kulkarni, Julia Lichtnekert, Murthy Narayana Darisipudi, Shrikant
R. Mulay, Brigitte Schott, Sabine Gruner, Wolfgang Haap, Guido Hartmann, and Hans Joachim
Anders. 2015. “Cathepsin S Inhibition Suppresses Systemic Lupus Erythematosus and Lupus
Nephritis Because Cathepsin S Is Essential for MHC Class 1I-Mediated CD4 T Cell and B Cell
Priming.” Annals of the Rheumatic Diseases 74(2):452—63.

Saez, Juan José, Jheimmy Diaz, Jorge Ibafiez, Juan Pablo Bozo, Fernanda Cabrera Reyes, Martina
Alamo, Frangois Xavier Gobert, Dorian Obino, Maria Rosa Bono, Ana Maria Lennon-Duménil,
Charles Yeaman, and Maria Isabel Yuseft. 2019. “The Exocyst Controls Lysosome Secretion and
Antigen Extraction at the Immune Synapse of B Cells.” Journal of Cell Biology 218(7):2247-64.

Satpathy, Shankha, Sebastian A. Wagner, Petra Beli, Rajat Gupta, Trine A. Kristiansen, Dessislava
Malinova, Chiara Francavilla, Pavel Tolar, Gail A. Bishop, and Bruce S. Hostager. 2015.
“Systems-Wide Analysis of BCR Signalosomes and Downstream Phosphorylation and
Ubiquitylation.” Molecular Systems Biology 11(810):1-22.

Schmid D, Pypaert M. &. Miinz C. 2007. “MHC Class II Antigen Loading Compartments Continuously
Receive Input from Autophagosomes.” Immunity 26(1):79-92.

Schreij, Andrea M. A., Edward A. Fon, and Peter S. McPherson. 2016. “Endocytic Membrane
Trafficking and Neurodegenerative Disease.” Cellular and Molecular Life Sciences 73(8):1529—
45.

Schréder, Bernd. 2016. “The Multifaceted Roles of the Invariant Chain CD74 - More than Just a
Chaperone.” Biochimica et Biophysica Acta - Molecular Cell Research 1863(6):1269-81.

82



References

Scott, Cameron C., Fabrizio Vacca, and Jean Gruenberg. 2014. “Endosome Maturation, Transport and
Functions.” Seminars in Cell and Developmental Biology 31:2-10.

Shaw, David M., Fabrice Merien, Andrea Braakhuis, and Deborah Dulson. 2018. “T-Cells and Their
Cytokine Production: The Anti-Inflammatory and Immunosuppressive Effects of Strenuous
Exercise.” Cytokine 104(October 2017):136—42.

Shibutani, Shusaku T. and Tamotsu Yoshimori. 2014. “A Current Perspective of Autophagosome
Biogenesis.” Cell Research 24(1):58—68.

De Silva, Nilushi S. and Ulf Klein. 2015. “Dynamics of B Cells in Germinal Centres.” Nature Reviews
Immunology 15(3):137-48.

Skjeldal, Frode Miltzow, Linda Hofstad Haugen, Duarte Mateus, Dominik M. Frei, Anna Vik Redseth,
Xian Hu, and Oddmund Bakke. 2021. “De Novo Formation of Early Endosomes during Rab5-to-
Rab7a Transition.” Journal of Cell Science 134(8).

Van Der Sluijs, Peter, Michael Hull, Ahmed Zahraoui, Armand Tavitian, Bruno Goud, and Ira
Mellman. 1991. “The Small GTP-Binding Protein Rab4 Is Associated with Early Endosomes.”
Proceedings of the National Academy of Sciences of the United States of America 88(14):6313—
17.

Van der Sluijs, Peter, Mallik Zibouche, and Peter van Kerkhof. 2013. “Late Steps in Secretory
Lysosome Exocytosis in Cytotoxic Lymphocytes.” Frontiers in Immunology 4(NOV):1-7.

Sochacki, Kem A. and Justin W. Taraska. 2019. “From Flat to Curved Clathrin: Controlling a Plastic
Ratchet.” Trends in Cell Biology 29(3):241-56.

Solinger, Jachen A., Harun Or Rashid, Cristina Prescianotto-Baschong, and Anne Spang. 2020.
“FERARI Is Required for Rabl1-Dependent Endocytic Recycling.” Nature Cell Biology
22(2):213-24.

Spillane, Katelyn M. and Pavel Tolar. 2016. “B Cell Antigen Extraction Is Regulated Byphysical
Properties of Antigen Presenting Cells.” Journal of Cell Biology 2(1):1-19.

Stavnezer, Janet and Carol E. Schrader. 2015. “Ig Heavy Chain Class Switch Recombination:
Mechanism and Regulation.” Journal of Immunology (Baltimore, Md. : 1950) 193(11):5370-78.

Stenmark, Harald. 2009. “Rab GTPases as Coordinators of Vesicle Traffic.” Nature Reviews Molecular
Cell Biology 10(8):513-25.

Stoddart, Angela, Antony Jackson, and Frances Brodsky. 2005. “Plasticity of B Cell Receptor
Internalization upon Conditional Depletion of Clathrin.” Molecular Biology of the Cell
16(November):2339-48.

Stroupe, Christopher. 2018. “This Is the End: Regulation of Rab7 Nucleotide Binding in
Endolysosomal Trafficking and Autophagy.” Frontiers in Cell and Developmental Biology
6(OCT):1-15.

Sustar, Vid, Marika Vainio, and Pieta K. Mattila. 2018. “Visualization and Quantitative Analysis of the
Actin Cytoskeleton Upon B Cell Activation.” 243-57.

Takahashi, S., K. Kubo, S. Waguri, A. Yabashi, H. W. Shin, Y. Katoh, and K. Nakayama. 2012. “Rab11
Regulates Exocytosis of Recycling Vesicles at the Plasma Membrane.” Journal of Cell Science
125(17):4049-57.

Thellung, Stefano, Alessandro Corsaro, Mario Nizzari, Federica Barbieri, and Tullio Florio. 2019.
“Autophagy Activator Drugs: A New Opportunity in Neuroprotection from Misfolded Protein
Toxicity.” International Journal of Molecular Sciences 20(4).

Tolar, Pavel. 2017. “Cytoskeletal Control of B Cell Responses to Antigens.” Nature Reviews
Immunology 17(10):621-34.

Treanor, Bebhinn, David Depoil, Andreas Bruckbauer, and Facundo D. Batista. 2011. “Dynamic
Cortical Actin Remodeling by ERM Proteins Controls BCR Microcluster Organization and
Integrity.” Journal of Experimental Medicine 208(5):1055—-68.

Tulp, Abraham, Desirée Verwoerd, Bernhard Dobberstein, Hidde L. Ploegh, and Jean Pieters. 1994.
“Isolation and Characterization of the Intracellular MHC Class II Compartment.” Nature
369(6476):120-26.

83



Marika Runsala

Turk, Boris, Dusan Turk, and Vito Turk. 2000. “Lysosomal Cysteine Proteases: More than
Scavengers.” Biochimica et Biophysica Acta - Protein Structure and Molecular Enzymology
1477(1-2):98-111.

Ullrich, Oliver, Sigrid Reinsch, Sylvie Urbé, Marino Zerial, and Robert G. Parton. 1996. “Rabl1
Regulates Recycling through the Pericentriolar Recycling Endosome.” Journal of Cell Biology
135(4):913-24.

Unanue, Emil R., Vito Turk, and Jacques Neefjes. 2016. “Variations in MHC Class 1l Antigen
Processing and Presentation in Health and Disease.” Annual Review of Immunology 34(1):265-97.

Urbanska, Kaja and Arkadiusz Orzechowski. 2021. “The Secrets of Alternative Autophagy.” Cells
10(11):1-15.

Vascotto, Fulvia, Delphine Le Roux, Danielle Lankar, Gabrielle Faure-André, Pablo Vargas, Pierre
Guermonprez, and Ana Maria Lennon-Duménil. 2007. “Antigen Presentation by B Lymphocytes:
How Receptor Signaling Directs Membrane Trafficking.” Current Opinion in Immunology
19(1):93-98.

Verma, Sonia, Rajnikant Dixit, and Kailash C. Pandey. 2016. “Cysteine Proteases: Modes of Activation
and Future Prospects as Pharmacological Targets.” Frontiers in Pharmacology T(APR):1-12.
Vonderheit, Andreas and Ari Helenius. 2005. “Rab7 Associates with Early Endosomes to Mediate

Sorting and Transport of Semliki Forest Virus to Late Endosomes.” PLoS Biology 3(7):1225-38.

Wandinger-Ness, Angela and Marino Zerial. 2014. “Rab Proteins and the Compatmentalization of the
Endosomal System.” Cold Spring Harbor Perspectives in Biology 6(11):a022616.

Watts, Colin. 2004. “The Exogenous Pathway for Antigen Presentation on Major Histocompatibility
Complex Class Il and CD1 Molecules.” Nature Immunology 5(7):685-92.

Welsh, Robin A. and Scheherazade Sadegh-Nasseri. 2020. “The Love and Hate Relationship of HLA-
DM/DO in the Selection of Immunodominant Epitopes.” Current Opinion in Immunology 64:117—
23.

Welsh, Robin, Nianbin Song, and Scheherazade Sadegh-Nasseri. 2019. “What to Do with HLA-DO/H-
20 Two Decades Later?” Immunogenetics 71(3):189-96.

West, Michele A., John M. Lucocq, and Colin Watts. 1994. “Antigen Processing and Class Il MHC
Peptide-Loading Compartments in Human B-Lymphoblastoid Cells.” Nature 369(6476):147-51.

Wilke, Sonja, Joern Krausze, and Konrad Biissow. 2012. “Crystal Structure of the Conserved Domain
of'the DC Lysosomal Associated Membrane Protein: Implications for the Lysosomal Glycocalyx.”
BMC Biology 10.

Wilkinson, Richard D. A., Rich Williams, Christopher J. Scott, and Roberta E. Burden. 2015.
“Cathepsin S: Therapeutic, Diagnostic, and Prognostic Potential.” Biological Chemistry
396(8):867-82.

Williams, G. T., C. J. G. Peaker, K. J. Patel, and M. S. Neuberger. 1994. “The a/b Sheath and Its
Cytoplasmic Tyrosines Are Required for Signaling by the B-Cell Antigen Receptor but Not for
Capping or for Serine/Threonine-Kinase Recruitment.” Proceedings of the National Academy of
Sciences 91(January):474-78.

Xu, Haoxing and Dejian Ren. 2015. “Lysosomal Physiology.” Annual Review of Physiology 77:57-80.

Yamamoto, Keisuke, Anthony Venida, Julian Yano, Douglas E. Biancur, Miwako Kakiuchi, Suprit
Gupta, Albert S. W. Sohn, Subhadip Mukhopadhyay, Elaine Y. Lin, Seth J. Parker, Robert S. Banh,
Joao A. Paulo, Kwun Wah Wen, Jayanta Debnath, Grace E. Kim, Joseph D. Mancias, Douglas T.
Fearon, Rushika M. Perera, and Alec C. Kimmelman. 2020. Autophagy Promotes Immune Evasion
of Pancreatic Cancer by Degrading MHC-1. Vol. 581. Springer US.

Yan, Hui, Maria Fernandez, Jingwei Wang, Shuai Wu, Rui Wang, Zheng Lou, Justin B. Moroney,
Carlos E. Rivera, Julia R. Taylor, Huoqun Gan, Hong Zan, Dmytro Kovalskyy, Dongfang Liu,
Paolo Casali, and Zhenming Xu. 2020. “B Cell Endosomal RAB7 Promotes TRAF6 K63
Polyubiquitination and NF-KB Activation for Antibody Class-Switching.” The Journal of
Immunology 204(5):1146-57.

84



References

Yeo, Jeremy C., Adam A. Wall, Lin Luo, and Jennifer L. Stow. 2016. “Sequential Recruitment of Rab
GTPases during Early Stages of Phagocytosis.” Cellular Logistics 6(1):1-12.

Yla-Anttila, Péivi, Helena Vihinen, Eija Jokitalo, and Eeva Liisa Eskelinen. 2009. “3D Tomography
Reveals Connections between the Phagophore and Endoplasmic Reticulum.” Autophagy
5(8):1180-85.

Yu, Kefei and Michael R. Lieber. 2019. “Current Insights into the Mechanism of Mammalian
Immunoglobulin Class Switch Recombination.” Critical Reviews in Biochemistry and Molecular
Biology 54(4):333-51.

Yuseff, Maria Isabel and Ana Maria Lennon-Duménil. 2015. “B Cells Use Conserved Polarity Cues to
Regulate Their Antigen Processing and Presentation Functions.” Frontiers in Immunology
6(MAY):1-7.

Yuseff, Maria Isabel, Anne Reversat, Danielle Lankar, Jheimmy Diaz, Isabelle Fanget, Paolo Pierobon,
Violaine Randrian, Nathanael Larochette, Fulvia Vascotto, Chantal Desdouets, Bertrand Jauffred,
Yohanns Bellaiche, Stéphane Gasman, Francois Darchen, Claire Desnos, and Ana Maria Lennon-
Duménil. 2011. “Polarized Secretion of Lysosomes at the B Cell Synapse Couples Antigen
Extraction to Processing and Presentation.” Immunity 35(3):361-74.

Zehentmeier, Sandra and Jodo P. Pereira. 2019. “Cell Circuits and Niches Controlling B Cell
Development.” Immunological Reviews 289(1):142-57.

Zhang, Min, Samuel J. Kenny, Liang Ge, Ke Xu, and Randy Schekman. 2015. “Translocation of
Interleukin-1p into a Vesicle Intermediate in Autophagy-Mediated Secretion.” ELife 4:1-23.
Zhao, Yan G., Patrice Codogno, and Hong Zhang. 2021. “Machinery, Regulation and
Pathophysiological Implications of Autophagosome Maturation.” Nature Reviews Molecular Cell

Biology 22(11):733-50.

Zhao, Yan G. and Hong Zhang. 2019. “Autophagosome Maturation: An Epic Journey from the ER to
Lysosomes.” Journal of Cell Biology 218(3):757-70.

Zhou, Fan, Shenshen Zou, Yong Chen, Zhanna Lipatova, Dan Sun, Xiaolong Zhu, Rui Li, Zulin Wu,
Weiming You, Xiaoxia Cong, Yiting Zhou, Zhiping Xie, Valeriya Gyurkovska, Yutao Liu, Qunli
Li, Wenjing Li, Jie Cheng, Yongheng Liang, and Nava Segev. 2017. “A Rab5 GTPase Module Is
Important for Autophagosome.” PLoS Genetics 13(9):1-24.

85



N2

TURUN
YLIOPISTO
UNIVERSITY
OF TURKU

Painosalama, Turku, Finland 2022

ISBN 978-951-29-8965-2 (Print)
ISBN 978-951-29-8966-9 (PDF)

ISSN 0355-9483 (Print)
ISSN 2343-3213 (Online)




	ABSTRACT
	TIIVISTELMÄ
	Table of Contents
	Abbreviations
	List of Original Publications
	1 Introduction
	2 Literature review
	2.1 Immune system
	2.1.1 The innate immune system
	2.1.2 The adaptive immune system
	2.1.2.1 B cell development

	2.1.3 Antigen processing in B cells
	2.1.3.1 Antigen recognition and engagement with B cell receptors
	2.1.3.1.1 The structure of a B cell receptor
	2.1.3.1.2 BCR dependent activation

	2.1.3.2 Antigen internalization and processing into peptide-antigens
	2.1.3.3  Major histocompatibility complex (MHC) class II in peptide-antigen presentation
	Invariant chain degradation in B cells

	2.1.3.4 Targeting the peptide-antigen presentation on MHCII


	2.2 Endosomal system
	2.2.1 Endocytosis
	2.2.1.1 Clathrin-mediated endocytosis
	2.2.1.2 Phagocytosis and macropinocytosis

	2.2.2 Endosomal trafficking
	2.2.2.1 Small GTPases
	2.2.2.2 Early endosomes and Rab5
	2.2.2.3 Recycling endosomes and Rab11
	2.2.2.4 Late endosomes and late endosomal proteins Rab7, Rab9 and LAMP
	2.2.2.5 Lysosomes

	2.2.3 Macroautophagy
	2.2.3.1 Macroautophagosomal maturation
	2.2.3.2 Cargo trafficking in autophagosomes
	2.2.3.3 Macroautophagosomes in immune cells
	2.2.3.4 Canonical and non-canonical autophagy



	3 Aims
	4 Materials and Methods
	4.1 Cells
	4.1.1 A20D1.3 B cells (I, II)
	4.1.2 A20D1.3 cells stably expressing Rab7CA, Rab9CA or LifeAct (II)
	4.1.3 1E5 T cells (II)
	4.1.4 Primary B cells (I, II)

	4.2 Plasmids (I, II)
	4.3 Antibodies and other compounds (I, II)
	4.4 Transfections (I, II)
	4.4.1 Stable clones (II)

	4.5 anti-IgM and HEL activation (I, II)
	4.6 DQ-Ova activation (I, II)
	4.7 Microscopy
	4.7.1 Spinning disk confocal microscopy (SDCM) (I, II)
	4.7.1.1 PFA fixation (I, II)
	4.7.1.2 Methanol-Acetone fixation (II)
	4.7.1.3 Life cell imaging (I, II)
	Lysotracker (I)
	MHCII internalization (I)

	4.7.1.4 Image acquisition and processing (I, II)

	4.7.2 Transmission electron microscopy (EM) (I, II)
	4.7.3 Structure illumination microscopy (SIM) (I, II)

	4.8 Flow cytometer (I, II)
	4.8.1 Antigen internalization (I, II)
	4.8.2 pH assessment (I)

	4.9 Image analysis and statistical analysis (I, II)
	4.9.1 Particle analysis with MATLAB R2018b (I, II)
	4.9.2 Particle analysis with Huygens Essential (II)
	4.9.3 Colocalization analysis with Huygens Essential (I, II)
	4.9.4 Statistical analysis and illustrations (I, II)

	4.10 Antigen presentation measured by ELISA (II)
	4.10.1 B cell preparation for the peptide-antigen presentation


	5 Results
	5.1 Rapid antigen processing in the B cell periphery (I)
	5.1.1 Antigen traffics to a perinuclear pocket within an hour
	5.1.2 Early and late endosomal Rab-proteins colocalizing with antigen
	5.1.3 Antigen trafficks to atypical compartments possessing both early and late endosomal markers
	5.1.4 Antigen is trafficked to degradative compartments shortly after the activation
	5.1.5 Antigen colocalizes with MHCII fast after the internalization
	5.1.6 Rab-protein responses to B cell activation

	5.2 Rab7 and autophagosomes in late phases of B cell antigen processing (II)
	5.2.1 Late endosomal Rab7 and Rab9 responses to B cell activation
	5.2.2 Rab7+ vesicles are more active in antigen processing than Rab9+ vesicles
	5.2.3 Antigen is trafficked to the perinuclear clusters with LC3 and H2-M
	5.2.4 Rab7 may coordinate perinuclear gathering of antigen
	5.2.5 Rab7 regulates peptide antigen presentation


	6 Discussion
	6.1 Characteristics of MIICs
	6.2 Atypical early endosomes
	6.3 Novel antigen degradation compartments, eMIICs
	6.4 MHCII maturation in eMIICs
	6.5 Structural changes in the late activation phases in B cells
	6.6 Late antigen processing phases and autophagosomes
	6.7 Rab7 in B cell antigen processing and pAg presentation

	7 Conclusions
	7.1 Rapid antigen processing in the B cell periphery (I)
	7.2 Rab7 and autophagosomes in late phases of B cell antigen processing (II)

	Acknowledgements
	References


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /PageByPage

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.7

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails true

  /EmbedAllFonts true

  /EmbedOpenType true

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts false

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages false

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth 8

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /FlateEncode

  /AutoFilterColorImages false

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages false

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth 8

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /FlateEncode

  /AutoFilterGrayImages false

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages false

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /SUO <>

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [510.236 720.000]

>> setpagedevice




 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 7.087 x 10.000 inches / 180.0 x 254.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20220826142505
       720.0000
       Blank
       510.2362
          

     Tall
     1
     0
     No
     1910
     350
     QI2.9[QI 2.9/QHI 1.1]
     None
     Left
     4.2520
     0.0000
            
                
         Both
         75
         AllDoc
         94
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     93
     143
     142
     143
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: before current page
     Number of pages: 2
     Page size: same as current
      

        
     Blanks
     0
     Always
     118
     2
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20220602145951
       311.8110
       Blank
       255.1181
          

     LAST-1
     Tall
     1289
     415
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsCur
     BeforeCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     Page size: same as current
      

        
     Blanks
     0
     Always
     118
     1
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20220602145951
       311.8110
       Blank
       255.1181
          

     LAST-1
     Tall
     1289
     415
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsCur
     AfterCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1910
     350
    
     QI2.9[QI 2.9/QHI 1.1]
     None
     Left
     8.5039
     0.0000
            
                
         Both
         75
         AllDoc
         94
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     0
     146
     145
     146
      

   1
  

 HistoryList_V1
 qi2base





