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1. Summary

The role of B cells in pathophysiology of multiple sclerosis has been of great interest to wide
array of researchers after the introduction of B cell depleting therapies demonstrated significant effects
on central nervous system inflammation. In particular memory B cells have been suggested as an
important subset. In multiple sclerosis patients both T and B cells aggregate in perivascular cuffs and
the meninges of the central nervous system and are associated with areas of demyelination causing
disability of the patients. Clonal expansion of T and B cells intrathecally suggests specific responses
are driving the inflammation, but collaboration between the cell types have been suggested to be
dysregulated. ldentifying the disease driving agent or process is therefore a major goal. ldentifying

ways to target the pathogenic cells is another.

In this thesis, | discuss the potential of idiotopes as drivers of this dysregulated T-B
collaboration. Idiotopes are epitopes derived from immunoglobulin variable regions, and thus the B
cell receptors themselves. It has previously been demonstrated that T cells specific to idiotopes can
initiate and drive pathological immune responses. In multiple sclerosis idiotope-specific T cells were
demonstrated in two patients, suggesting such a mechanism could be relevant to investigate further.
Due to the vast diversity of immunoglobulin repertoires, particularly among mutated variable regions,
this has been a challenge to pursue in more patients. The work presented herein addresses this, by
using bioinformatic prediction tools to identify potentially antigenic idiotopes in multiple sclerosis

patients.

By using neural network prediction tools built by collaborators, we were able to identify key
areas of multiple sclerosis patient immunoglobulin heavy chain variable regions with predicted high
affinity for human leukocyte antigen class Il molecules. These were associated with areas of high
likelihood for endosomal processing. The predictions were further investigated and validated using in
vitro assays in order to identify key factors in immunoglobulin degradation and in order to identify
autologous, idiotope-specific T cells. Our findings suggest that multiple sclerosis patients have a
repertoire of idiotope-specific T cells, responding to immunoglobulin heavy chain variable region
peptides. All in all, the results suggest idiotopes participate in the dysregulated T-B collaboration

occurring in multiple sclerosis.

This thesis further addresses how idiotope-driven T-B collaboration fits with current and
previous knowledge of multiple sclerosis immunopathology and how this aligns with our current
understanding of therapeutic mechanisms of action. Finally, I discuss the implications of our findings
in both healthy immune regulation and potentially in dysregulation occurring in other auto-immune

diseases.
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5. Introduction

5.1 The immune system

The human innate and adaptive immune systems are results of millions of years of evolution
resulting in a vast array of cells, molecules and mechanisms designed to protect us from pathogens and
other foreign challenges the body may encounter (1, 2). The innate immune system is our first line of
defense, and consists of a limited set of barriers, and germline encoded cells and proteins capable of
initiating immune responses rapidly based on limited pattern recognition systems discriminating self
from non-self (3). The adaptive immune system consists of two main cellular lineages, T and B cells,
capable of recognizing, adapting- and responding to, and remember a vast repertoire of antigenic
determinants present on pathogens, albeit after a slower primary response (1). The main leukocytes of
these two systems are all derived from bone marrow resident multipotent hematopoietic stem cells
(Figure 1). Importantly, the systems do not work in isolation, but rather as a symphony orchestra while
responding to foreign threats, or causing auto-immune conditions (3).

Multipotential hematopoietic

stem cell
(Hemocytoblast)

v v

Common myeloid progenitor Common lymphoid progenitor

1 T T
: 00 © D) @ [ ]

Small lymphocyte

Erythrocyte  Mast cell Natural killer cell
Myeloblast (Large granular lymphocyte) /
° l l l T lymphocyte B lymphocyte
°
Megakaryocyte ‘3 @ w @
Basophil Neutrophil Eosinophil Monocyte .
Il l Plasma cell
Thrombocytes . . .
n Innate immune system . Adaptive immune system
Macrophage

Figure 1. The hematopoiesis of the human immune system
All leukocytes, and even erythrocytes and thrombocytes, are descendants of common multipotent hematopoietic
stem cells. The leukocytes are classified as members of the adaptive or innate immune system.
(After M. Haggstrom and A. Rad, 2009. Accessed 09.08.2019,
url: https://commons.wikimedia.org/wiki/File:Hematopoiesis_simple.svg. Modifications in red.
Licensed as CC BY-SA 3.0, https://creativecommons.org/licenses/by-sa/3.0/)



5.2 B cell development and the B cell receptor

B cells develop from lymphoid progenitors to mature (naive) B cells in the bone marrow.
During development from multipotent stem cells to mature B cells, the cells assemble what is known
as the B cell receptor (BCR) (4). This receptor consists of two identical heavy chains (IGH) and two
identical kappa or lambda light chains (IGK/L) with variable and constant regions (Figure 2). During
development, immature B cells undergo several complex steps to assemble the variable regions
(reviewed in (5), (6) and (4)), including sequential deoxyribonucleic acid (DNA) recombination of
Variable (V), Diversity (D) and Joining (J) genes in heavy chain and afterwards V and J genes in light
chain, as well as junctional insertions or deletion of nucleotides between the genes (7). The B cells
avoid dual BCR expression by allelic exclusion of the non-utilized IGH and IGK or IGL genes (3).
Final receptors are either immunoglobulin (Ig)M or IgD, due to alternative splicing of heavy chain

RNA, causing the variable region to be paired with either p or 6 constant exons (Figure 2) (3).

(8) V segments D segments 1 segments
BCR,,., ~40 BCR, 2 BCR,, 6

Constant

Junctional nucleotide

" | VDI recombination
addition/deletion

COR1 CDRZ _COR3
Somatic hypermutation ) AAAA
Isotype class switch Transcription
recombination RNA processing &
(BCR only) > (I T T

TRENDS in Immunclogy

Figure 2. B cell receptor and diversification of antigen receptor repertoires.

Left panel: Mature B cells express B cell receptors (BCR) made up by heavy and light chains with variable and
constant regions. Right panel: The BCR and T cell receptor (TCR) develop through similar mechanisms,
including V(D)J recombination, junctional insertions and deletions. BCRs can additionally undergo somatic
hypermutation as well as isotype class switch after exiting the bone marrow. (Note: Various estimates of number
of V, D and J genes are reported, numbers in this reprinted figure may conflict more recent publications.) Right
panel: Reprinted from Trends in Immunology Vol 35, Issue 12, J.J.A. Calis, B.R. Rosenberg, “Characterizing
immune repertoires by high throughput sequencing: strategies and applications”, pages 581-590 (8),
with permission from Elsevier (© 2014).

Humans have at least 51 functional IGH V-, 25 D and 6 J genes. Similarly, IGK and IGL
repertoires consists of 30-40 V and 4-5 J functional genes (4, 9). The random combination of these,



along with junctional diversity is the basis of a calculated potential diversity of up to 10*2 theoretical
BCR variants (8). Considering there are less than 10° circulating naive B cells in the peripheral blood
(5 L) of adults (10), the likelihood of identifying two identical BCR from such a repertoire in a single

blood sample (8 mL), would be miniscule.

A broad diversity of BCRs ensures immune competence against a vast array of pathogens, but
it also potentially allows reactivity towards autoantigens. Thus, a process known as central tolerance is
necessary to drastically reduce the number of autoreactive B cells exiting the bone marrow (reviewed
in (11)). Upon assembling the heavy and light chain, forming a functional BCR, the B cell may cease
any further alterations and continue maturation if it receives sufficient signaling. This is called positive
selection. If the BCR instead does not receive sufficient signaling (incomplete receptor, unsuccessful
heavy-light pairing) or receives too strong a signal through the BCR (indicating autoreactivity in the
bone marrow environment), it may continue light-chain rearrangements (receptor editing) (12, 13) or
undergo apoptosis (clonal deletion) (14). During receptor editing, the B cell attempts to rearrange the
light chain until it finds a functional and non-autoreactive heavy-light chain pairing, and by doing so
may escape apoptosis (15). As B cells progresses from immature to mature the proportion of
autoreactive cells drop, but not completely. When they exit the bone marrow, some mature naive B
cells are still autoreactive (multiple studies, summarized and presented jointly in (16)), and are

subjected to peripheral tolerance inducing mechanisms.

Because of central tolerance and other mechanisms, the final variation of BCRs is not entirely
random and not as rich as theoretically possible. Studies have shown that the usage of IGHV/D/J-,
IGKV/J-and IGLV/J genes is heavily biased towards certain genes, and that these biases are
surprisingly consistent across individuals (reviewed in (17)). A great example, relevant to this thesis is
the biased usage of IGHV genes, where IGHV3 family genes represents nearly half of the peripheral
blood BCR repertoire, followed by IGHV1 (approx. 20%) and IGHV4 (approx. 15%) (18). This biased
family pattern was later shown to persist in naive and memory B cell subsets, albeit with some
changes at gene level (9). Additionally, the enzyme controlling nucleotide insertions, terminal
deoxynucleotidyl transferase (TdT), has a G-nucleotide preference causing a bias towards G/C
insertions, and A/T rich sequences seems to be more susceptible to deletions (19). All of these
processes occur already early in fetal life (20), even the IGHV3 bias is observed as early. The bias is
not limited to humans, as similar usage of IGHV3-like genes was also observed in other jawed

vertebrates, implying a possible evolutionary role (21).

The mechanisms described above restricts the BCR repertoire somewhat, and diversity of
mature naive BCR repertoires was imputed to approximately match the number of circulating naive B
cells (<10°) (9). Still, BCR variability does not end after bone marrow development but is rather

expanded during a process called somatic hypermutation, addressed in section 5.4.
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5.3 T cells — receptors and tolerance

Similar to the B cells and BCRs, T cells have their own distinct T cell receptors (TCRs). The
receptor structure is, however, different and made up by off or y8* dimers (Figure 2). The af T cells
are divided into cluster of differentiation (CD)4* or CD8" subsets, the former has TCRs recognizing
peptides on human leukocyte antigen (HLA) class Il and the latter on HLA class | presented by
antigen presenting cells (APC). T cells start their development from lymphoid progenitors in the bone
marrow, but emigrate to the thymus as immature thymocytes for final maturation (3). While in the
thymus, the TCR variable regions are assembled in a similar fashion to the BCR, including VDJ
recombination and nucleotide insertions and deletions. Just like in B cells, receptor rearrangements are
done sequentially, first the VV, D and J genes of the TCR 3 chain are assembled while the thymocytes
are in the subcapsular zone, and secondly the cells move to the thymic cortex, where V and J genes of
the a chain are assembled (3). Due to high numbers of V, D and J genes the potential repertoire is
immense. However, it is severely limited by tolerance-inducing mechanisms including positive and

negative selection?.

As the thymocytes move into the thymic cortex, they express both CD4 and CD8 (double
positive cells), but this changes after the first step of selection processes in the thymus (22).
Thymocytes interact with APCs known as cortical thymic epithelial cells (cTECs), with specialized
proteolytic pathways (including “thymoproteasome” subunit 35t in mice and humans (23, 24) and
endosomal cathepsin VV/L2 in humans and L in mice (25, 26)), generating “private” antigens (22).
Thymocytes that interact and recognize HLA-I presented peptides on cTECs continue differentiation
to single positive CD8" T cells, and thymocytes that recognize HLA-II presented peptides become
CD4* T cells. Single positive cells move on from this positive selection to the thymic medulla, while

thymocytes without functional TCRs at this stage die from neglect (27).

Negative selection of autoreactive thymocytes occur both in the cortex (28, 29) and the
medulla by dendritic cells (DCs) and medullary TECs (mTECs), and is an essential process to avoid
autoimmunity (22). The mTECs are jointly capable of expressing and presenting a vast array of tissue
restricted antigens, made possible by expression of autoimmune regulator protein (AIRE), causing
promiscuous expression of genes and thus proteins that otherwise would not be presented in the
thymus (30). In addition, these cells are able to “spread” the antigens to DCs in the microenvironment
(31), causing a certain redundancy to the system. The DCs are also the main presenters of exogenously
derived antigens, either acquired in the periphery or sampled from the serum (32). Unlike the cTECs,

MTECs and DCs utilize conventional proteolytic pathways and enzymes to generate peptides for HLA

148 T cells have different properties than the more conventional af T cells and will not be discussed further in this thesis.
2 Most research available on T cell tolerance stems from mouse models primarily, but several findings have later been

confirmed for humans. Below is a short summary of tolerance inducing mechanisms based on knowledge from both mice and
humans.
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presentation, and thus the peptide repertoire presented by mTECs reflect what T cells may encounter
in the periphery (22). Finally, the thymus is also home to a limited number of B cells with an antigen
presenting phenotype, also expressing AIRE, that likely participate in negative selection of T cells (33,
34). The presentation of autoantigens has three possible outcomes for the thymocytes: 1) Cells with
low auto reactivity in the medulla may exit the thymus as naive CD4* or CD8" cells. 2) Cells with
TCRs interacting too strongly to presumed autoantigens undergo apoptosis. 3) Cells that not quite
belong in either of these groups may become what is known as regulatory T cells (Treg), a repertoire
of T cells with tolerogenic functions. The mechanism by which these cells arise in the thymus is still
up for debate, but seems to be a result of both TCR to peptide:HLA (pHLA) affinity and the pHLA
avidity (density) in the thymus (reviewed in (35)).

The estimated number of unique TCRs in circulating T cells (<107) do not cover the estimated
spectrum of possible epitopes they need to recognize (>10'2%) (36-38). However, the T cell receptor
only interacts with parts of the epitopes, the T cell exposed motifs (TCEM?®) (39), as others are
“hidden” in the HLA groove (40, 41). Despite tolerance, T cells are inherently cross-reactive,
potentially cross-reacting to thousands of epitopes (36, 42, 43), although limited by the repertoire of
peptides that fit and bind to self-HLA in vivo.

In circulation and upon antigen experience, naive CD4* T cell may differentiate further
depending on the conditions of activation. Subsets can be identified by expression of certain surface
markers, cytokines or transcription factor, and have different functions (44). For instance, the Th1 and
Th17 subsets are considered pro-inflammatory, due to expression of tumor necrosis factor (TNF),
interferon gamma (IFN-y) or interleukin (IL-)17 (45), while Tregs* with suppressive capabilities are
recognized by expression of transcription factor forkhead box (Fox)p3 and transforming growth factor
beta (TGF-p) (46).

5.4 B cells as antigen presenting cells — T-B collaboration and affinity maturation

In humans, mature, naive B and T cells enter the blood after exiting the bone marrow or
thymus. The cells find their way to the spleen, lymph nodes or mucosal lymphoid tissue only to be
activated upon meeting their cognate antigens (4, 47). B cells are exceptional APCs, capable of rapidly
capturing and internalizing external antigens with their BCR, degrade these in the endolysosomal
system and present them to CD4* T cells on HLA class Il molecules (47-49), steps leading to what is
known as T-B cell collaboration (Figure 3) (50). Such T-B collaboration is the basis of clonal selection

theory (51) and a cornerstone among immunological paradigms today (52). As each T- or B

3 See methods section 8.3.3 for more on TCEM
4 Peripheral induction of Tregs is also possible, but distinction from those generated in the thymus is
challenging (46).
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lymphocyte only has one version of a TCR or BCR, only cells (clones) with cognate receptors

recognize the antigen and are activated.

Memory B cell

Antibody secreting cell

Figure 3. T-B cell collaboration
B cells are professional antigen presenting cells, presenting proteins recognized by their BCR and digested in the
endolysosomal system on HLA class I molecules for CD4* T cells. Upon interacting with specific T cells, a
cascade of intercellular interactions and signalling is initiated, triggering maturation and/or activation of both cell
types. For the B cells, this includes affinity maturation and class switch, as well as differentiation to antibody
secreting effector cells or memory cells.

The endolysosomal systems of B cells and other professional APCs are specialized to generate
epitopes to bind and be presented on HLA class Il molecules. To achieve this, the enzymes and
process involved can neither be too destructive, nor too restrictive when it comes to degradation (53).
Mixtures of cysteine, serine and aspartyl cathepsins (A, B,C,D,E, F, G, H,K, L, O, S, V, W and X),
legumain and reducing enzyme gamma-interferon inducible thiol reductase (GILT) ensures this in
professional APCs (47, 54). Upon BCR:antigen ligation, antigen and BCR are brought into the
endolysosomal compartments of the B cells rapidly, and approximately 1000x more efficiently than
simple endocytosis (47). At gradually increasing acidity they are subject to the endolysosomal
proteases. Simultaneously, HLA class Il with bound invariant chain (li) enters the same compartments
and prepares to receive antigenic epitopes, by gradually trimming li to CLIP (li remnant peptide) and
exchange it for a potential antigenic epitope at the proper pH (47). Upon ligation, the final pHLA class

Il complex is brought to the cell surface for presentation®. The exact fate of BCRs in the

5 For the sake of simplicity HLA-DM and HLA-DO are omitted from this abbreviated recount of endolysosomal
events. This does not imply in any way they are irrelevant. Also, the term MIIC (endolysosomal compartments
with MHCII) is sometimes used inconsequentially and is avoided here (47, 55).
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endolysosomal systems remains poorly described, even though it was shown fragments of BCR are

presented on HLA class Il (see section 5.5).

When the B cell presents antigens to cognate CD4* T cells in lymph nodes® or other lymphoid
tissue, it may receive “help”, inducing further maturation processes in germinal centers (56). The
signals are received through costimulatory receptors including CD80, CD86 and CD40, that interact
with the T cell alongside the pHLA:TCR interaction (3). The amount of help depends on the amount
of antigen processed and presented in addition to presence of cognate T cells, and thus the B cells with
receptors of better affinity for the relevant antigen receive more help (57, 58). Upon enough stimuli
the B cells may undergo isotype switching’, exchanging constant regions of IgM and IgD with more
specialized isotypes and subtypes, including either 1gGi.4, IgE or IgAa-2, each with different
immunological attributes and/or structure (3, 60). Simultaneously, activation-induced cytidine
deaminase (AID) mediates a localized mutational activity within the IGHV region (61, 62). Since
further T cell help is still dependent on presentation of antigen, the B clones with the mutations
increasing affinity, are preferentially selected for causing expansion of B cells with high affinity
BCRs. These processes are called class switch recombination and affinity maturation, and results in
either antibody secreting plasma blasts, plasma cells (effector cells) or memory B cells (Figure 3) (63).
Upon new antigenic stimuli, these populations may either neutralize the antigen (antibodies secreted
from plasma cells) or be reactivated to induce new clonal expansion (memory cells) (63). Finally,
because of the mutations introduced into the already diverse IGHV regions, there can be near infinite

possible variations of the BCR.

5.5 Idiotypes and idiotopes

The term idiotype originated when researchers found unique antigenic determinants on
immunoglobulins that were not allotypes (variations in the constant chains), capable of generating
anti-idiotypic antibodies (64, 65). The idiotype of an antibody or BCR corresponds to the variable
regions (66). The term was made famous and became widely used upon Niels Jerne’s immune network
theory, claiming the immune system is a functional network of idiotypic and anti-idiotypic antibodies
(67). For this he was he was awarded a split Nobel Prize in Physiology in 1984 (68). Later however,

the subject fell out of favor and is often frowned upon today as a theory without substance (69, 70).

Idiotopes on the other hand, are epitopes derived from the variable regions (71), with potential
to induce a T cell response (72-75). Such idiotopes may be presented by B cells spontaneously or
during an activated state such as antigen driven response (76-80). Due to the variability of
immunoglobulin variable regions, the list of potential idiotopes in any individual is near endless. Still,

it seems T cells are largely tolerant to germline IGHV sequences (74, 81), while mutational activity

® In lymph nodes, these are known as T follicular helper cells (Tfh)
" B cell activation and/or class switch may occur independently from T cell help as well (3, 59).
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can break tolerance (74). It was suggested mutations could increase major histocompatibility complex
(MHC) affinity, or generate MHC presented epitopes unknown to the T cell repertoire. Such loss of
tolerance represents a potential for error in classic T-B collaboration, as the BCR and bound antigen
are both subject to the same degradation pathways in a near 1:1 molecular ratio, and it was further
suggested it could lead to inappropriate T-B collaboration (Figure 4) (82, 83). This was later
confirmed in mouse models, where interaction between idiotope-specific T cells and B cells with
immunogenic idiotopes initiated germinal center reactions, isotype class switch and production of IgG
towards self-antigens caused states of autoimmunity in the mice (80, 84-86). Recently it was shown
that several human B cell lymphomas present idiotope peptides on their HLA class Il surface
molecules (87, 88), and the mutations involved have encouraged use of the term “neoantigens” when
referring to potential immunogenic idiotopes® (88, 89). Even though presentation of idiotopes on
HLA/MHC class Il molecules have been thoroughly shown across multiple cell lines, human tissues
and mouse models (76, 88, 90, 91), it remains unclear where and how these are processed
intracellularly. Two paths have been proposed for B cells, one is that immunoglobulin chains are
retained in endoplasmic reticulum/Golgi apparatus could be the source (82); the other is the classic
endolysosomal pathway the BCR enters upon antigen ligation (49, 77), as was recently elegantly

demonstrated to occur in naive B cells in a mouse model (92).

Figure 4. Idiotope-driven T-B cell collaboration.
“Unlike classical T-B cell collaboration (A) (...),
idiotope-driven T-B cell collaboration (B) is an unlinked
response. A BCR of any specificity (including self) is
brought into the endosomal pathway (1), the BCR
processed by endosomal proteases (2) and fragments
from the variable region presented on HLA class Il
molecules (3). An idiotope-specific CD4+ T cell may help
the B cell in a non-linked mechanism (4). All of steps 1-4
must occur for idiotope-driven T-B cell collaboration to
take place and may result in differentiation of B cells into
immunoglobulin G (IgG) secreting cells (5) . Modified
figure and text from Paper | — Hgglund et al. (2017)
Front. Immunol. 8:1255) (93). CC-BY 4.0.
(https://creativecommons.org/licenses/by/4.0/)

A

Because the immunoglobulin repertoires are immense, research into idiotope-driven T-B
collaboration has for long been restricted to cell- or mouse models with limited T and B cell
repertoires. These models are excellent for describing cell-cell interactions and allow good control of
the experiment, but only partly describe the complexity of a full-scale immune system. The past

decade has spawned high-throughput technology capable of mapping our immune repertoires with

& Typically used regarding B-cell malignancies.
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increasing depth and accuracy (38, 94, 95), allowing deeper investigation into how idiotope-driven
responses may influence the systems. Bremel and Homan developed bioinformatic prediction tools
specifically to investigate the immunogenicity of sequenced IGHV repertoires, and found that certain
areas of IGHV are associated with a predicted higher affinity to HLA class Il molecules, and further
suggested tolerance could be determined by the occurrence of TCEM?® (39). Tools like these may

allow identification and classification of potential immunogenic idiotopes in large IGHV repertoires.

5.6 Brain immunosurveillance

The human nervous- and immune systems, products of evolution, are both “highly
sophisticated ” and “specifically destined for interaction with the environment” (96).
Neuroimmunologists might also state they were destined to interact with each other. The mammalian
central nervous system (CNS) has lymphatic drainage, capable of transporting immune cells and/or
antigens, which was identified in the brain, and described anatomically and functionally by two
independent groups in 2015 (97, 98), and later also for the medulla (99). In the brain, the main
lymphatic vessels run along the dural venous sinus, communicating with cerebrospinal fluid (CSF) in
the subarachnoid space, and drains to the deep cervical lymph nodes (100). Prior to this the brain was
generally considered a more or less immune privileged site, even though prior observations indicated
otherwise (101). Peripheral immune cells enter the CNS compartments mainly in one of three ways
(Figure 5): 1) into CSF through the choroid plexus capillaries (102-104); 2) partly across the blood-
brain-barrier, into perivascular (Virchow-Robins) spaces; or 3) across the blood-meningeal-barrier
(105). During homeostasis, this is limited to a few memory CD4* T cells and monocyte-derived
macrophages entering through choroid plexus epithelium and patrolling the CSF and perivascular
spaces, together monitoring the CNS for foreign substances in addition to the parenchymal microglia
(100). In order to invade the CNS parenchyma, cells must additionally traverse the glia limitans, but it
seems few peripheral immune cells do so in healthy individuals (100). A recent study has identified
tissue resident memory CD4* and CD8* T cells in normal appearing white matter of recently deceased

individuals, which may have entered during inflammatory episodes (106).

® See methodological section 8.3.3 for further discussion on TCEM.
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Figure 5. CNS immunosurveillance
“Scheme of the nondiseased brain, depicting anatomical structures and cells involved in ensuring tissue
integrity. (...) CSF is produced in the choroid plexus (which has a blood—-CSF barrier), bathes the brain,
contains T cells and flows both in the parenchyma and in the subarachnoid area, which comprises arteries and
the perivascular space. Whereas the CSF drains back to blood circulation, immune cells and proteins in CSF
may be drained primarily through meningeal lymphatic structures to reach deep cervical lymph nodes (...)”
Figure and abbreviated text by Prinz and Priller (100). Reprinted by permission from Springer Nature Customer
Service Centre GmbH: Springer Nature, [Nature Neuroscience, 20, 136-144 (2017) doi:10.1038/nn.4475],
© 2017.
5.7 Multiple sclerosis
In multiple sclerosis (MS) a combination of environmental, genetic and stochastic factors
causes the immune system to launch attacks on the CNS, causing loss of neurological functions of
heterogeneous nature (107) and thereby limiting the patient’s capability to interact with the
environment. MS is widely considered a “chronic inflammatory, demyelinating and neurodegenerative

disease affecting the CNS” (108).

The Norwegian nationwide prevalence was estimated to be 203 / 100,000 (109), possibly
increasing (110), and local studies have estimated incidences ranging from 8 to 11 / 100,000, affecting
females over twice as frequent as males (111-113). These numbers are among the highest in the world

(114, 115), and as the disease onset typically hits at around 20-40 years of age, MS is an important
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cause for non-traumatic neurologic disability in young adults (108, 116). Because MS is a lifelong

disease, it therefore represents a considerable socioeconomic burden (116).

Clinically, MS has classically been classified as either relapsing remitting (RRMS) or primary
progressive (PPMS) phenotypes at onset (107). The former represents near 90% of the patients, who
experience a disease with repeated subacute, inflammatory insults (relapses), causing neurological
deficits that correspond to the lesions’ locations, followed by part- or full recovery of function. The
latter presentation is more uncommon, and presents as slow, progressive loss of function, without the
classic relapses. After years of active disease, relapsing forms may progress into secondary
progressive MS (SPMS) (107). Recently investigators have argued for a different, and perhaps more
clinically relevant classification of progressive disease, taking into account the inflammatory activity
and deeming the disease as active or non-active, with or without progression (117).

Both relapsing and progressive MS have the same core diagnostic criteria: Dissemination in
time and space, as determined clinically and/or radiologically (magnetic resonance imaging, MRI),
with additional para-clinical examinations (oligoclonal bands [OCB], dissemination in time only) as
described by the 2017 revised McDonald criteria (118). A diagnosis of RRMS can be established after
two clinical relapses with distinct locations and separation in time, or one clinical relapse and
objective evidence of more lesions on MRI of varying age®® or presence of oligoclonal bands as a
measure of time dissemination. Progressive MS can be established if one year of disability progression
is accompanied by two out of the following: One or more T2-hyperintense lesion at typical locations'?,
two or more T2-hyperintense lesions in the spinal cord, or demonstration of OCB in CSF (118).
Importantly, in both subtypes the clinical history and examination is the most important to establish a

diagnosis.

Risk factors for MS include genetic and environmental factors. Recently the International
Multiple Sclerosis Genetics Consortium (IMSGC) published a comprehensive genetic map of risk
genes associated with MS (119), describing more than 200 risk loci accounting for up to 48% of
genetic contribution to MS. By using gene ontology annotation, researchers have further found the
majority of these genes are associated with peripheral immune cells and microglia (119, 120). Of the
peripheral immune cells, risk genes are expressed in T cells, B cells, monocytes and NK cells,
reaffirming'? potentially important roles for all of these in MS immunopathology. Still, the strongest
genetic risk contribution are HLA genes, and in particular HLA-DRB1*15:01 with odds ratio (OR) ~3
for MS for carriers (119, 121, 122), which has caused extensive investigations into potential disease

specific epitopes that could drive a pathogenic T-B collaboration. On the other hand, some HLA class

10 MR criteria utilizes location and characteristics of lesions found in T2 sequences or as contrast (Gadolinium)
enhancing on T1 during acute inflammation with loss of blood brain barrier integrity.

11 esions are typically periventricular, cortical and/or juxtacortical or infratentorial. Lesions in the spinal cord
are typically “short”, unlike those of neuromyelitis optica (108).

12 potential pathological roles for these cells were previously described by other studies, see section 5.8.
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| alleles are protective, including HLA-A*02:01 in particular (OR ~0.6) (123). Of note, IGHV/DJ
genes and immunoglobulin allotype genes were not investigated fully in these genome wide
association studies (GWAS) for technical reasons. Even so, the genetics does not fully explain the risk
for MS. In monozygotic twins the concordance rate is only 25% (124), implying an environmental
and/or stochastic contribution to risk. The strongest environmental risk factors associated with MS are
smoking, low vitamin D levels, Epstein Barr virus (EBV) infection and obesity (125). Interestingly,
having more than one of these risk factors these factors seemingly cause a combined extra increase in

risk to develop MS, and they are all associated with effects on the immune system (126).

5.8 The immunopathology of multiple sclerosis

The immunopathology of MS is complex, and our understanding incomplete. Several forms of
studies have contributed to our knowledge of the immune systems’ contribution to pathology. Besides
the previously mentioned GWAS, histopathological studies have shown leukocytes accumulate in
perivascular spaces around post-capillary venules in the CNS, as well as meningeal infiltrates on the
cortical surface in all forms of the disease (127-130). Upon investigation, these accumulations are
dominated by CD8* T cells and B cells, followed by macrophages and CD4* T cells (127), and
inflammatory disruption of the blood brain barrier allows cells to enter into parenchyma (131). In and
around these accumulations there is demyelination, oligodendrocyte death, and neurodegenerative
changes including axonal loss corresponding to lesions observed on MRI (132, 133). Immunogenetics
studies have further demonstrated that the T and B cell populations from meninges, parenchyma and
CSF are clonally expanded and related (134-136), and dynamically exchange with the blood and deep
cervical lymph nodes (137-141). In the case of B cells, CSF IgG (found as OCBs) can be matched to
IGHV transcripts sequenced from B cells in the CSF of MS patients (134, 140). Despite the cellular
accumulations and cell clonality findings indicating some form of ongoing T-B collaboration,
researchers have not been able to sort out what initiates this inflammatory response, and/or what

sustains it afterwards (132).

There is no lack of theories of what drives MS. Most of the evidence above points towards an
autoimmune disease mechanism. However, a common autoantigen for all patients with MS has yet to
be established, for both T cells (142, 143) and B cells (143). This makes MS an outlier in a wider
group of autoimmune inflammatory diseases of the CNS, including anti-neuronal encephalitides (144)
(i.e. anti-NMDA?® receptor encephalitis), anti-MOG?*? encephalomyelitis (145) or neuromyelitis optica
(146) (anti-AQP4* associated disease). Some argue there may be methodological reasons for failing

to find the autoantigens, others argue there may be more than one to find.

13 NMDA - N-methyl-D-aspartate, MOG- myelin oligodendrocyte glycoprotein, AQP4 — aquaporin 4.
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Others again have suggested infectious cause for disease. And due to the epidemiological
association, EBV has been studied thoroughly in this regard. EBV infects naive, germinal center- and
possibly memory** B cells, and allow transformation from naive/germinal center B cells to memory B
cells, including class switch and somatic hypermutation (147). The virus remains latent within the
memory B cell repertoire in vivo upon infection. Some have suggested viral reactivation within the
CNS causes disease (148), a claim that remains controversial and contended to this day (148, 149).
Other have suggested EBV contributes by inducing cross reactivity (150) or by expanding repertoires
of autoreactive B cells (Pender’s hypothesis) (151). However, as with autoantigens, experimental

verifications remain inconclusive (152).

5.8.1 Idiotope-driven T-B collaboration in multiple sclerosis

Based on the evidence provided by genetics, histopathology, in vitro and ex vivo studies etc.
(section 5.8), as well as lessons learnt from how the immune system responds to effective therapies
(section 5.9), pathogenic T-B collaboration seems to be a key element of MS immunopathology.
Given the intimate relationship between the BCR and antigen during ligation and B cell activation, a
potential role for idiotopes in autoimmune disease seems likely. The subject has previously been
investigated in mice, which developed systemic lupus erythematosus (SLE)-like disease upon
idiotope-driven T-B collaboration (80, 84). Idiotopes has further been suggested as potential drivers or
contributors to the pathology human SLE (153), rheumatoid arthritis (154), microscopic polyangiitis
(155) and B cell lymphomas (87, 88, 156).

Inspired by the lack of a common autoantigen in MS patients and by investigations into
idiotope-driven T-B mechanisms in other diseases, Holmgy et al. attempted to stimulate peripheral
blood mononuclear cells (PBMC) taken from MS patients with autologous CSF 1gG, and found that
14/21 responded with proliferation of HLA-DR restricted T cells, more than what was the case for
myelin basic protein, autologous serum IgG (5/21) or with control patients with other inflammatory
neurological diseases (4/17 and 3/17 for CSF and serum IgG, respectively) (157). This spawned
follow-up studies demonstrating that CSF derived DR restricted T cell clones recognized specific
mutated idiotopes within CSF derived monoclonal antibody (mAb) variable regions, causing secretion
of inflammatory cytokines (158, 159). Further it was shown how such idiotope-specific CD4* T cells
could induce oligodendrocyte apoptosis (160). These experiments provided evidence of a potential
role idiotope-driven T-B collaboration in MS, and a coherent hypothesis of potential disease-related
mechanisms was described in 2009 (161). According to this, B cell IGHV mutations acquired during
affinity maturation create immunogenic idiotopes that are presented to T cells, and cause idiotope-
specific T cells to drive and sustain the intrathecal synthesis of IgG in MS. The theory is generally

compatible with missing general autoantigens, HLA risk associations, immunogenetic observations,

14 Shown to occur in vitro, possibly also applies in vivo.
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types of cells involved, mechanism of action for available therapies (see below), but was unable to
fully answer the reason for CNS localization (161). The theory was additionally hard to either verify

or falsify in multiple individuals because of the vast variation of T and B cell repertoires.

5.9 Therapeutic aspects for multiple sclerosis

The therapeutic landscape for MS has changed drastically over the past 20 years, ranging from
only a few options (glatiramer acetate and beta-interferons) available for clinicians initially, to a full
range spectrum of therapeutic agents (162). These include®® the random copolymer glatiramer acetate
(Copaxone®, Copemyl®), beta-interferons (Rebif®, Plegridy®, Avonex®, Betaferon®), anti-
lymphoproliferative teriflunomide (Aubagio®), dimethyl fumarate (Tecfidera®), S1P-1 receptor
blocker fingolimod (Gilenya®), cytotoxic adenosine analogue cladribine (Mavenclad®), type 11
topoisomerase inhibitor mitoxantrone (Novantrone®)*®, the anti-CD20 mAbs rituximab (Rixathon®,
Mabthera®) and ocrelizumab (Ocrevuz®), the anti-integrin natalizumab (Tysabri®) and the anti-
CD52 alemtuzumab (Lemtrada®) (Figure 6). In addition autologous hematopoietic stem cell
transplantation is an option in severe and therapy-resistant MS (163).
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Figure 6. Available disease modifying therapies have various effects on the immune system
The therapies used in MS varies from random copolymers, receptor/enzyme blockers, cytokine analogues and
toxic nucleosides to specific monoclonal antibodies. While some therapeutic agents have several effects on more
than one cell type, other are more specific in their mechanisms of action (162, 164). S1P — Sphingosine-1-
phosphate, VLA-4 - very late antigen 4 (a4B1-integrin)

15 List limited to those available to Norwegian clinicians.
16 Rarely used because of potentially severe side effects upon accumulated dose.
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In addition to the changes in sheer availability, there has also been a shift in treatment
philosophy. Most clinicians previously followed a step-wise approach using low-risk and low-efficacy
drugs primarily, followed by escalation to stronger agents upon treatment failure, that also have
increased risk of severe adverse effects (165). More recently, clinicians have started to appreciate the
need to treat early and efficiently to achieve better long term for the patients (evidence reviewed in
(166) and (167)).

Despite evidence that these drugs have several different mechanisms of action on the immune
system (164), it has also been argued that one common mechanism may explain the effect of all. Baker
et al. suggested memory B cells are the primary target of all available therapeutic agents in one way or
another (168), and further argued for an entirely memory B cell centric pathophysiology (169). The
relative depletion or inhibition of blood memory B cells also corresponded to the level of
inflammatory activity (168), while also affecting numerous other immune cell subsets in more than
one direction. Therapies that have failed clinical trials either did not affect or actually stimulated the
very same subset (170), further strengthening the argument for their pathological role. However, a
definite mechanism of how the memory B cells induce and maintain the inflammation seen in MS has

remained unclear.

Even though preventive therapies have evolved, the way we treat acute relapses have been
standing relatively still. Patients are upon diagnosis of acute relapses offered oral or intravenous
steroids, causing faster but not necessarily more complete remission (171). If steroids fail and
symptoms are severe, patients may be offered plasma exchange (172). At least one study is

investigating a new agent to treat relapses (173).
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6. Aims

This thesis aimed to address the relevance of idiotope-driven T-B collaboration in MS and
identify strategies to find and potentially target pathogenic B cells contributing to this type of cell
interactions.

e Asthe immune repertoire, even in the CSF of MS patients, is quite immense, identifying
the relevant idiotopes have remained a challenge. For idiotope-driven T-B collaboration to
occur and potentially generate pathogenic responses we hypothesized the following steps
had to occur: First, the immunoglobulin or BCR has to be internalized and processed in the
endolysosomal system. Second, resulting peptides has to bind to the patient’s HLA class Il
molecules. And third, HLA presented idiotopes need to trigger a T cell response; the T
cells cannot be tolerant to the idiotope. A primary objective was thus to assess

bioinformatic tools for identifying idiotopes fulfilling these criteria.

e Detailed knowledge of BCR or immunoglobulin degradation is lacking in literature. Our
predictive models indicated a possible relevant contribution by cysteine cathepsins in
degrading IGHV. As HLA presentation of idiotopes depends on intracellular processing,
we aimed to understand how key proteases participate in degradation of IgG, as a model
for the BCR.

o Idiotope-specific T cells had been identified previously, using time consuming setups that
did not allow initial phenotyping of reactive cells. Guided by our bioinformatic prediction
tools we sought to identify whether more patients do have similar idiotope-specific
responses, classify these and confirm whether the bioinformatic methods were capable of

correctly identifying them.

e The relevance of idiotopes in MS rests on the premise that B cells have undergone affinity
maturation to diversify the BCRs, making them potential targets for intolerant T cells in
the CNS. Recent studies have argued memory B cells in circulating blood are major targets
of all available treatment options for MS. We sought to clarify whether the same is true
intrathecally, for a commonly used oral disease modifying treatment option (dimethyl

fumarate).
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7. Summary of papers
7.1 Paper |

By utilizing a combination of different bioinformatic prediction models, including predictions
for HLA affinity and cathepsin processing trained using publicly available datasets, we investigated
the potential immunogenicity of BCR IGHV repertoires in patients with MS, compared to patients
with other inflammatory neurological diseases (OIND). Key findings were high predicted affinities of
idiotopes to disease-associated HLA-DRB1*15:01, and a generally high predicted affinity for
complementarity determining region (CDR) 3 derived idiotopes for HLA-DR and DQ in general. A
similar variability was not found for HLA class | molecules. Additionally, we identified areas in the
framework region (FW) with higher affinity and that these were associated with high probability of
cleavage by cysteine cathepsins. Different IGHV families were predicted to differential degradation,
due to structural differences. IGHV4 in particular was predicted vulnerable to cathepsin S. Average
rarity of TCEM in the BCRs were found to be higher in MS patients than in OIND patients in some
IGHV positions. By combining these outputs, we found that 42% of highly transcribed IGHV
sequences in MS patients have at least one idiotope with high predicted HLA-DR affinity, high
probability of cathepsin cleavage and contain rare TCEM.
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Figure 7. Graphical summary — Paper |

“Proportion of immunoglobulin heavy chain variable (IGVH) fragments that were predicted to have the
potential to engage in idiotope-driven T-B cell collaboration. (...) ” Each mode of prediction is highlighted by

T-B collaboration figure. “The upper panels show the proportion of fragments at each complementarity
determining region 3 (CDR3) relative position that fulfils each criterion. The lower panel shows the proportion

that fulfils all criteria. Nearly all fragments inhabiting all three features occur in the CDR3 region (yellow
shading).” Modified figure and text from Paper | — Haglund et al. (2017) Front. Immunol. 8:1255 (93).
CC-BY 4.0 https://creativecommons.org/licenses/by/4.0/)
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7.2 Paper Il

In this paper we sought to validate the cathepsin predictions made in paper I. This was done by
first assessing the accuracy of cathepsin cleavage prediction models!’ by using monomeric CNS
proteins that also are known or potential substrates for cathepsins. Cathepsins S, L or B were mixed
individually with substrates and sampled after several time points under similar conditions as the
dataset used for training the models. We found that higher predicted probability of cleavage was
clearly associated with higher occurrence of cleavages. Secondly, we assessed whether the predictions
also were as accurate for tetrameric 19gGs, and found accuracy was reduced. We hypothesized this
reduction may be a methodological issue, as the nanoliquid chromatography mass spectrometry
(nLCMS) used may not detect all cleavages in the larger 1gGs. Finally, we described in detail the I1gG
degradation patterns by the three cathepsins, identifying a varying activity across different acidities,
and confirmed that these cathepsins degrade variable regions differently, while simultaneously

degrading the constant regions similarly across six different 1gGs.
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Figure 8. Graphical summary — Paper 11
Monoclonal 1gGs and recombinant CSF proteins were subject to in silico and in vitro processing to predict and
detect cleavage activity by cysteine cathepsins. Predicted results were compared to actual mass-spectrometry
detected cleavages, and cleavages were mapped within the proteins. (Figure from Paper |1 - Hgglund et al
(2019), Int. J. Mol. Sci., 20(19), 4843. (174). CC-BY 4.0. (https://creativecommons.org/licenses/by/4.0/)

17 Same model as used in paper I, trained on publicly available datasets.

25



7.3 Paper 111

We utilized the predictive models described in papers | and 11, including predicted HLA-DR
affinities and cathepsin cleavage, to guide selection of potentially immunogenic idiotopes and negative
controls from the CSF IGHYV repertoire described in paper I. Nine of the patients had available
cryopreserved PBMC, sampled simultaneously as the lumbar puncture. The predicted idiotope
peptides were synthesized and used to identify T cells specific for these in a flow cytometry-based
activation assay, detecting expression of CD154 (CD40L) as the designated activation marker after
stimulating the PBMC for 12 hours. We identified idiotope-specific memory T cells, frequently
expressing C-C chemokine receptor (CCR) 6, in all patients assessed, in some patients we detected
multiple robust responses. The idiotope peptides generating a response were derived from CDR3
related peptides, predicted to be released by cathepsins S or B expressed in B cells, and were
associated with mutations that could influence affinity or cathepsin cleavage. The findings indicate

that these MS patients all have idiotope-specific memory T cells, capable of entering the CNS.
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Figure 9 Graphical summary — Paper 111
“Flow cytometry based idiotope-specific T cell activation assay. A) IGHV amino acid sequences from nine MS
patients were run through predictive models to identify likely antigenic idiotopes based on HLA class Il affinity,
cathepsin cleavage and frequency classification (FC) of T cell exposed motifs (TCEM). B) 500,000 PBMC were
stimulated with synthetic idiotope peptides predicted to be stimulatory, tolerogenic or inert as well as positive
and negative controls for 12 hours in presence of anti-CD40 antibodies. B cells or other professional APCs with
idiotope peptides bound to their HLA class Il receptor may activate cognate CD4* T cells. C) CD4*CD45RO™
memory T cells specifically activated by idiotope peptides were detected by surface expression of CD154,
upregulated upon TCR stimulation. The example shows a detected memory T cell response to an idiotope
peptide. ” Figure and text from Paper 111 - Hgglund et al., manuscript (2020)
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7.4 Paper IV

We compared the B cell populations in blood and CSF of patients treated with either dimethyl
fumarate (DMF) or other alternatives (glatiramer acetate, beta-interferons or no therapy) in a cross-
sectional, explorative study. We found a reduced population of memory B cells in the blood during
DMF therapy, thereby confirming other studies finding the same, and further found the reduction
correlated with treatment duration. In CSF the absolute count of mononuclear cells was significantly
lower in DMF treated than the others, and there was also a disproportionate decrease in plasmablasts.
The study thus supports a potential B cell depleting mechanism of DMF but does not answer whether
the effect of the drug is mainly on circulating or intrathecal B cells. As the study was explorative with
a limited number of included patients, further studies to confirm our findings are necessary.
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Figure 10: Graphical summary — Paper 1V
Changes detected with flow cytometry of CSF and blood B cells in DMF-treated MS patients compared to
control group. Figure also illustrates differences in blood and CSF concentration of DMF metabolite
monomethyl fumarate (MMF). A modified figure was first presented on the poster P1214 “Dimethyl fumarate
alters the composition of B cells in the blood and cerebrospinal fluid of patients with multiple sclerosis ”,
(Heglund et al.) presented at the ECTRIMS congress, Berlin, Oct 12, 2018.
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8. Methodological considerations

8.1 Study populations (Papers I, 111, 1V)

Paper I and 11 both utilize the same base study population, consisting of patients recruited at
Akershus University Hospital and Oslo University Hospital. Recruitment and collection of patient
materials was completed prior to the start of this PhD period. Patients either had clinically isolated
syndrome (CIS) or RRMS according to the 2010 McDonalds criteria (175), or other inflammatory
neurological disease (OIND). Patients with CIS were later confirmed to progress to RRMS. Three of
the MS patients had received immunomodulating treatment prior to inclusion into the study, the others
were treatment naive. Patients donated both CSF and blood used to isolate mononuclear cells or
PBMC, respectively.

Paper IV investigated a different cohort of 28 MS patients previously recruited at the above-
mentioned hospitals, participating in a different study (176). All patients had MS according to the
2010 McDonalds criteria (175), one was classified as SPMS, while the others were RRMS patients.
Patients were divided into groups based on the mode of treatment.

8.2 Immunosequencing immunoglobulin variable regions (Papers I, I11)
Immunosequencing of IGHV (utilized in paper | and 111) was performed prior to the start of
this project (140). Available MS and OIND patient samples from both PBMC and CSF were
sequenced using Adaptive Biotechnologies Immunoseq protocol (94, 140), designed to sequence the
FW3, CDR3 and part of FW4 region, while also minimizing polymerase chain reaction (PCR) bias
with an optimized mixture of primers and computational adjustment of residual bias. The protocol
utilized cDNA from ribonucleic acid (RNA) transcripts in the patient samples and could thus give
indication of IGHV transcript abundance. The result was IGHV sequences spanning 110-130 bp,
which further were analyzed using international immunogenetics information system (IMGT)/High V-
quest (177) to allow translation to amino acid structure, imputed mutations and classification by IGHV
family. The sequences did not cover FW1, CDR1, FW2 or CDR2, nor did they cover any light chain

variable regions.

Subsequent assessment of IGHV immunogenicity thus had certain limitations, including a
systematic bias towards FW3 or CDR3 derived idiotopes, and negligence for idiotopes in other IGHV
or IGHK/L regions that could not be assessed. Still, this area has the highest variability (as reviewed in
sections 5.2 and 5.4) and was perhaps the most relevant to investigate. As we had indication of
transcript abundance, this could also factor into selection of idiotopes. Additionally, the possibility of
PCR and/or sequencing errors could cause false positive or negative results in later analysis, but in this

case several of the frequent transcripts were also confirmed to match with CSF IgG in the patients
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(140). Throughout the thesis, the amino acid marking peptide starts or cleavage positions in variable

regions are mainly given as number of amino acids relative to the cysteine of CDR3.

8.3 Bioinformatics and machine learning for in silico prediction models (Papers I,

I, 1)

Machine learning is a term covering all methods machines (computers) learn from data. This
includes supervised learning like classification, regression and ranking, unsupervised learning like
clustering and principal components analysis and reinforcement learning (178). Neural networks can
be used for supervised learning, but unlike linear and logistic regression or other classic functions, the
neural network learns without being told what shape the data should have (the function it should
follow). The neural network learns from the data, and teaches itself what shape the function has, and is
often termed deep learning. As nature is complex, the need for complex models is immense in
medicine, and deep learning neural networks provide new ways forward (179, 180). Examples of use
include classification and pattern recognition of images in radiology (181) and more relevant for my
topic, prediction of epitopes in immunology (a comprehensive list of examples can be found in (182)).
Recently, powerful and open algorithms utilizing mainstream graphic processor units (i.e. Google’s
Tensorflow, https://www.tensorflow.org/) have become available to the public, allowing anyone with

sufficient knowledge to train advanced neural networks in their office or at home.

8.3.1 Neural network prediction of HLA affinity

The predicted peptide HLA affinity is an important tool for limiting selection to relevant
epitopes to assess in vitro. As briefly mentioned above, several tools of predicting epitopes exist and
all include prediction of HLA affinity using neural networks or other predictive models. For this thesis
we have collaborated with Robert D. Bremel and E. Jane Homan in ioGenetics LLC. They had
developed an HLA affinity prediction model utilizing principal component analysis of amino acid
physical properties data (Figure 11), and known affinities expressed as In(IC50)*8 for input (183, 184).
The affinities were procured from the immune epitope database (IEDB) (185). During analysis the
first three principal components explained 90% of the variance and was used for further analysis. The
first component was correlated with hydrophobicity or polarity, the second with size and the third
possibly with electric charge (184). As their system was built using a commercially available software
(JMP®), predictions could be performed on desktop computers instead of supercomputers. However,
the procedure does not limit itself to this platform, and may be utilized in context of other frameworks

as well.

18 Affinity for HLA molecules is typically reported as IC50 (half maximal inhibitory concentration), a
quantitative measure indicating how much of the substance is needed to inhibit binding by 50% in competition
binding assays. Lower values indicate higher affinity. Values used for training, and thus for output, were natural
logarithms (In) of IC50.
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Figure 11. Principal components of amino acid physiochemical properties
All twenty amino acids have distinct physiochemical properties. Based on 31 data points for each amino acid,
Bremel and Homan performed principal components analysis and found that the first 11 principal components
(y-axis) explained 99% of the variability (x-axis), as shown in the left panel. The first three explain

approximately 90%, and the right panel shows the relationship between the first two, explaining 83% of

variability. Both affinity and cathepsin cleavage prediction models utilized the first three principal components
as input values for training and predictions.

8.3.2 Neural network prediction of cathepsins cleavage

In protease cleavage assays, eight amino acids, four before and four after a potential cleavage
site are typically labelled as PAP3P2P1 | P1’P2°P3°P4’, where | is the cleavage site in the cleavage site
octamer and the numbers indicate the relative distance from it. Some enzymes have clear preferences
for certain amino acids in certain positions; Trypsin cleaves when lysine or arginine is in position P1
(186) while legumain prefers aspartic acid or asparagine in P1 (187). Cysteine cathepsins however, are
much less specific and rather promiscuous when it comes to amino acid preferences (examples can be
found in the MEROPS?® database (188)). Predicting these enzymes’ activity is thus tougher than for

specific enzymes and require models that can be trained without fully knowing the enzymes’ substrate
specificity.

Similar to how HLA-affinity prediction algorithms were developed, ioGenetics also
developed a way to utilize principal component analysis of amino acid physical properties data (Figure
11) to predict cathepsins cleavage probability (189), a method that was further validated in paper II.
Importantly and unlike the HLA-affinity models using continuous IC50 values, the input and output

for this model were binary, using cleave or non-cleaved as input to estimate a probability between 0

19 MEROPS is a comprehensive database of peptidases and their activities.
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and 1 that cleavage would occur. Instead of using the typical 9-mer (for HLA-I) or 15-mers (HLA-II)
as input peptides, the algorithm used cleavage site octamers. However, the actual neural network
ensembles used for prediction were limited to assessing the cleavage dipeptide P1P1” due to technical

limitations.

The models were trained with data from proteomic identification of protease cleavage site
(PICS) assays, where trypsin or GluC predigested proteome libraries were digested with cathepsins S,
L or B and assessed using nLCMS to identify cathepsins cleavage sites (190). As GluC and trypsin
have dissimilar cleavage site preferences, bias introduced by pre-cleavage was reduced, but not
eliminated from the training set. Additionally, the input dataset did not cover every possible cleavage

site octamer or even all possible P1P1’ dipeptides, and trained models could be limited by this as well.

8.3.3 T cell exposed motifs

In the context of a peptide-HLA complex, only parts of the bound peptide will be “visible” to
interacting T cells, while other parts will be “hidden” in the HLA groove. The exposed parts, the
TCEM, are different for HLA-I and HLA-II bound peptides. Using data from Rudolph et al (40) and
Calis et al (41), three patterns of TCEM were deduced by Bremel and Homan (39). TCEM I include
residues 4, 5, 6, 7, 8 of a 9-mer in the context of HLA-I, and TCEM lla and TCEM IIb includes
residues 2, 3,5, 7,8and -1, 3, 5, 7, 8 of a 15-mer with a 9-mer core in the context of HLA-II (Figure
12). Importantly, TCEMIla/b were constructed with data from presentation on HLA-DR, and
interpretations in context of other HLA-types should be mindful of this.

TCEM lla TCEM IIb

Figure 12. T cell exposed motifs

“Two T cell exposed motifs (TCEM) in context of

peptide:HLA-DR binding. TCEM lla consists of amino

acids 2,3,5,7,8 and TCEM lIb of -1,3,5,7,8 in a 9-mer
TCR

core of 15-mers (-3,-2,-1,1,2,3,4,5,6,7,8,9,+1,+2,+3).
The non-linear 5-mer TCEM are the deduced sequences
T cell receptors (TCR) may interact with, as the other
L, D LR Q. D LR amino acid residues remain hidden in the HLA-groove.
NSLY AEDM - Peptide NSVLMS  AEDM There are theoretically 3.2 million (20°) of each type. ”

Figure and text from Paper 111 — Haglund et al.,
manuscript (2020).
HLA-DR

The frequency of TCEM occurrences within the human proteome (UniProt without IGHV

(191)), human microbiome (from the National Institute of Health Human Microbiome Project (192))
and for two different IGHV databases (DeWitt et al. (9), and Johansen et al. (140)) were calculated
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and expressed as frequency classes (FCs), as first shown by Bremel and Homan (39). This is a reverse
log2 scale, where FC 0 (1/2°=1) indicates the motif occurs in every IGHV sequence, and FC 21 (1/2%)
indicates it occurs approx. once every 2 million IGHV sequences. For proteome and microbiome

occurrences, Johnson Sl transformation of log2 values were used.

Unlike previous calculations that utilized full length IGHV sequences (39), FCs were for this
work calculated using databases with only part of the IGHV sequence (9, 140), but with a much larger
repertoire (see section 8.2). This caused the FC range to extend, ranging from 0 — 22, as opposed to 0 —

16 previously.

8.4 In vitro cathepsin cleavage (Paper I1)

The in vitro cleavage assays utilized were primarily designed to mimic the conditions for the
training dataset (190), in order to both assess actual cathepsin activity and cleavage prediction
accuracy. These conditions included an acidic environment, reducing agent dithiothreitol (DTT), a
cathepsin and a substrate mixed at human body temperature, representing a very simplified model of
the human endolysosomal system (see section 5.4). An important difference from the training set was
that we utilized whole proteins, not predigested, as substrates to assess cathepsin activity. As we only
had predictive models available for cysteine cathepsins S, L and B, we limited testing to these even
though assessing other cathepsins could be equally relevant. We set up conditions with differing pH
and timing in order to detect potential qualitative differences in activity over time or acidity.

Cathepsins S, L and B are all key enzymes in professional APCs (47, 193, 194).

Using therapeutic mAbs (IgG) alone as validation tools for cathepsins cleavage prediction had
issues. By utilizing multiple 1gG with highly similar constant regions and dissimilar variable regions
we could demonstrate reproducibility as constant regions were expected to be degraded similarly
across 1gG. However, the regions also would serve as redundant regions in statistical validation.
Additionally, the large size of 1gGs could potentially influence results (see section 8.5). Thus, the
choice to use CNS proteins, in addition to 1gG, as substrates had justification. Cysteine cathepsins
have been detected in resident brain cells including microglia in addition to traditional APCs and also
have implied roles in neurodegenerative disorders and aging (195). Substrates synuclein has been
investigated in Parkinson’s disease, Tau in Alzheimer’s disease and myelin basic protein in MS (195,
196). The choices were therefore made to include these four proteins/isoforms with non-redundant
known sequences that could be encountered by B cells or other APCs within the same tissue or lymph

drain area, and also was available as purified, recombinant versions.

8.5 Nano liquid chromatograph mass spectrometry (Paper I1)
We utilized nLCMS to detect the vast array of peptides that may result from in vitro

cathepsins cleavage assays. During this process, digested proteins are run through liquid
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chromatography separation, before the fragments are analyzed by mass spectrometry, allowing very
reproducible, sensitive detection of complex peptide mixes using small volumes and low
concentrations (197). Results have to be analyzed using bioinformatic software, to interpret and align
the results according to their position in the original protein, allowing a qualitative assessment of

where the peptides originated from in the substrates.

An important and relevant limitation of NLCMS is the inability to detect larger, undigested
fragments, typically of size >40 amino acids. In our setup, where the goal was to detect cleavage sites
inflicted by cathepsins, this weakness could lead to an experimental bias of detecting only cleavages
occurring in closer proximity to ends or cleavage “hot-spots”, a bias that could increase with

increasing protein size, or in proteins wholly or partly resistant to degradation.

8.6 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (Paper I1)
Techniques involving sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) are commonly used to denature and separate proteins based on size and charge (198, 199).
Proteins disulfide bonds are reduced with inclusion of DTT in the Laemmli buffer, and the sample
heated in presence of an anionic detergent (SDS) to denature them and enable gel separation (199).
Alternatively, samples can be run without DTT for “non-reducing” conditions. The objective in this
paper was to identify residual substrate (IgG) after cleavage with cathepsins, and to assess the
effectiveness of DTT at various pH. We utilized commercially available Laemmli buffer (Bio-Rad,
CA, USA), DTT (Sigma-Aldrich, MO, USA) and 4-20% Criterion™ TGX gels (Bio-Rad). Gels were

stained using Coomassie blue G-250 (Bio-Rad) after electrophoresis run to visualize bands.

The cathepsins cleavage assays already incorporated DTT in smaller concentrations than
required for SDS-PAGE, thus reducing conditions were introduced prior to SDS-PAGE experiments.
We therefore ran three negative controls, one from the original substrate batch in non-reducing
conditions and the cleavage assay negative controls (no cathepsins) under both reducing and non-
reducing conditions. By qualitatively assessing the bands arising from reduction of the tetramer IgG
(light chain is approx. 25 kDa, heavy chain approx. 50 kDa and full size 150 kDa) we could assess

effectiveness of both cathepsins cleavage and DTT reduction at various pH.

Tweaking gel gradients and concentrations, as well as choice of staining method can influence
sensitivity at various protein sizes. Importantly, this particular setup was designed to complement the
nLCMS results, by detecting larger residual bands, and not smaller oligopeptides that resulted from

cleavage.
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8.7 T cell activation assays (Paper I11)

8.7.1 Selection and use of idiotope peptides

We sought to identify CD4" T cells responding to predicted idiotopes from CSF BCRs of MS
patients. Idiotopes were selected based on the three assumptions required for idiotopes to generate
immune responses (processing, presentation and intolerance), using the bioinformatic models

developed for paper I. Potential 15-mer idiotopes used for the assay was divided into three categories.

¢ Idiotopes with high predicted HLA-DR affinity, high probability of cleavage and high
FC = deemed “stimulatory”.

¢ Idiotopes with high predicted HLA-DR affinity, high probability of cleavage and low
FC - deemed “tolerogenic”.

e Idiotopes with low predicted HLA class Il affinity, low probability of cleavage with
either low or high FC > deemed “inert”.

The first two categories were idiotopes private to the individual and represent the presumed
positive ones, as T cells responsive to processed and HLA-presented idiotopes seemed likely.
However, it had been suggested that frequently occurring motifs could generate tolerance among the T
cells (39), and thus the split by FC. The third category was a fixed set of idiotopes selected across

patients and representing a control group, with no expected responses from T cells.

The predictive models used for selection were imperfect. Determining cathepsin cleavage
probability utilized a liberal approach with relatively low cut-off probabilities at each end, also
allowing predicted cuts adjacent to the core 15-mer. The lowered cut-offs were consistent with
cleavages observed also at sites with lower probability in Paper Il. On the other end the model was
limited by only assessing probabilities for one cathepsin at a time. We picked idiotopes cut by either
cathepsin S, L or B at both ends +- 3 amino acids. Thus, the assumptions do not account for mid-
peptide cleavage, but this was intentional, as HLA-1I groove binding could potentially protect from
degradation (200). Second: This model did not include peptides with predicted cut by one cathepsin on
one end, and a different on the other, as could be suspected to occur from other data (88). Third, the
models did not include all relevant proteases. For instance, expression data indicates cathepsin H in
particular could be relevant, as well as (but not limited to) cathepsins A, D, E, and legumain. Fourth,
Cathepsin B is also a carboxypeptidase, which potentially can influence results by carboxy-end

trimming post mid-protein cleavage.

Before use, the idiotope peptides had to be dissolved. The endosomal compartment upon
activated cell status is a reducing environment, as GILT expression is upregulated to allow breaking
disulfide bonds of antigens (201, 202). Loss of GILT expression disrupts antigen presenting

capabilities of APCs (203). However, in our assay we could not be certain the peptides would enter the
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endosomal pathway, but instead possibly bind to surface HLA class I molecules directly. To avoid
oxidation that would likely not occur in vivo, we opted to avoid usage of dimethyl sulfoxide (DMSO)
to dissolve the peptides, which is a known oxidative agent (204). We also dissolved the peptides
immediately prior to use, as prolonged exposure to basic solutions may be oxidative as well (as per the

manufacturer Mimotopes’ instructions).

8.7.2 Detecting specific T cells

Peptide-specific CD4" T cells were detected utilizing a CD154 (CD40L) surface expression
assay. This assay utilizes the upregulation of CD154 on T cells as an early (6-18 hours) response after
antigenic stimuli. Conditions of the assay were designed according to previous optimization studies
(205, 206). As CD154 is quickly downregulated upon interaction with CD40 on APCs we utilized
anti-CDA40 to block this. A total of 500,000 PBMCs from each patient were stimulated for 12 hours
with either idiotope peptides, a viral peptide pool (Epstein Barr nuclear antigen (EBNA)-1) and anti-
CD3/CD28 as positive controls, or human insulin peptide pool or no stimulation as negative controls
(see also Figure 9).

Unlike T cell proliferation assays utilizing carboxyfluorescein succinimidyl ester (CFSE) or
3H-thymidin-incorporation, CD154 detection method allows immediate phenotyping of specific cells.
This may reduce the risk of including cells that undergo bystander activation and avoids potential
phenotype changes induced by continuous activation and cell divisions (207). An alternate approach of
the same assay is to utilize intracellular staining of CD154 (205), however the required Brefeldin A
interfered with surface expression of other relevant markers and resulted in inaccurate phenotyping in
pilot experiments. Use of HLA tetra-/penta/dexa-mers would perhaps be an even better option (208),
but because of variability in HLA class Il alleles among the patients, this also represented a substantial

increase in cost and was discarded.

8.7 Flow cytometry panels (Papers 111, 1V)

Multicolour flow cytometry is a cornerstone method in cellular phenotyping. By staining cells
with specific antibodies conjugated to fluorescent substrates, they can be sorted by population based
on surface and/or intracellular protein expression profiles (209). This allows not only classification of

cells by subset, but also by function.

The flow cytometry performed for paper |11 were all done using a FACS Canto Il (BD
Biosciences), with a three-laser setup (407 nm - violet, 488 nm — blue and 633 nm - red), with eight
available detectors. Fluorochromes were chosen by assigning bright fluorochromes to presumed low-
expressed markers (i.e. CD154, CCR6, CXCR3) and moderate to dim fluorochromes to markers with
distinct expression (i.e. CD3, CD4, CD8, CD14). Fluorochrome compensation was calculated

automatically prior to acquiring data, using a commercially available kit (Invitrogen Ultra
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Compbeads). Due to severe spill-over between the two violet laser detectors, we chose to only utilize

one, and designated our priority marker (CD154) to this. The dimmest fluorochrome (APC-H7) was

assigned as dump channel, including markers for CD14, CD8 and Near-IR Live/Dead kit. Gating for

populations with unclear delineations in these experiments were set according to fluorescence minus
one (FMO) samples (CCR6, CXCR3, CD45R0) or negative controls (CD154). The full panel,

including descriptions of filters and lasers used can be found in Table 1.

Table 1 — Surface markers and fluorochromes used in Paper |11

. Marker Clone
Laser BP Filter LP | Fluorochromes | Marker .
Brightness (cat. #)
407 nm 510/50 502 Not used
(Violet)
450/50 BVv421 CD154 Brightest (B[')I' EQ;&;LBG)
. 11A9
585/42 556 PE CXCR3 Bright (BD 560619)
. UCHL1
488 780/60 735 PE-Cy7 CD45RO Bright (BD 337168)
(Blue) 670 SK3
655 PerCP-Cy5.5 CD4 Moderate (BD 566316)
530/30 502 FITC CD3 Moderate (Bg%g-srém)
660/20 APC CCR6 Bright (BD 2(5:8633)
CD14 MoP9
633 nm APC-HY (BD 560180)
LIVE/DEAD™
Fixable Near-IR (L-34959)

The fluorochrome panel for paper IV was primarily designed to detect and phenotype IgG*

naive and memory B cells, as well as plasma cells and plasmablasts in blood and CSF. The markers
included anti-CD19, anti-CD27, anti-CD38, anti-CD138, anti-HLA-DR, Ki-67 and anti-1gG (B cell
phenotyping), CD3 and CD14 (dump channel), and finally also markers for 1gG allotypes. Thus, the

panel did not include markers for IgD that could discriminate class-switched and unswitched memory

cells?® (176). The flow-cytometry data was acquired using an LSRFortessa (BD Biosciences), with
four lasers (405-, 488-, 561- and 640-nm).

8.8 Ethics and data management

The collection of patient materials for papers I, 111 and 1V was approved by the Regional

Ethical Committee South East (2009/23 S-041 43a) and the local Data Protection Officers at Akershus

20 1gG- cells could potentially be B cells with other isotypes.
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University Hospital and Oslo University Hospital. Paper 11 did not use patient materials. All patients

recruited gave their oral and written informed consent before being included into the studies.

In papers I, 111 and 1V patients underwent lumbar puncture during inclusion of the study.
Lumbar puncture is a standard part of the diagnostic workup before setting the diagnosis MS or
differentials. It is a relatively uncomplicated procedure performed by the clinician but is not without
potential side effects. The most frequent is spinal headache, which is of inconvenience to the patient
and rarely dangerous. Much less frequently, more serious infections or bleedings may occur. Most
included patients were included during diagnostic workup, and only underwent one lumbar puncture.
Some volunteered to undergo lumbar puncture specifically for the study. The materials collected for
papers I, 111 and 1V have been subject to multiple studies, thereby maximizing the output from patient

contributions. The Ethical Committee approved these procedures.

Some experiments (Papers 111 and 1V) required the use of samples stored in a research
biobank. These were securely stored in non-identifying, coded containers at the Department of
Immunology and Transfusion Medicine, University of Oslo, administered by senior research group

personnel. The group has approval for this biobank from the Norwegian Directorate of Health.

All sensitive data from these studies are coded and safely stored at secure servers (UIO, TSD-
Services for Sensitive Data). Patient identification keys are stored on password-protected and
encrypted disk-drives, locked away in a physical safe to which only authorized members of the

research group have access.

8.9 Statistics

This thesis analyzed data in various forms and shapes, and the variation in statistical tests
reflects this. Throughout the thesis, either IMP® (SAS Institute, Cary, NC, USA) or STATA v 14.1
(StataCorp LLC, TX, USA) were used for analyzing data, performing statistical tests and generating

graphical outputs.

In all studies, the significance level vas set to 5%. In cases with two groups, few samples and
non-normal distributions (Paper I\V) we utilized non-parametric 2-sample Wilcoxon exact test?. To
assess differences across multiple groups (Paper I and 1) we utilized analysis of variance (ANOVA),
and when variance was not homogenous, we used Welch’s test. Differences between groups were
determined with Tukey-Kramer HSD. In some cases, the distributions were not following normal
distribution, but using Welch’s ANOVA was still deemed adequate after consulting with a
collaborating statistician, due to sample sizes. Thus, a non-parametric alternative like Kruskal-Wallis
did not yield results different from Welch’s ANOVA.

21 Sometimes referred to as Wilcoxon Rank Sum test or Mann-Whitney U test.
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In papers | and 111 we had to resort to more complex models. In paper | we sought to compare

the predictive outputs after analyzing IGHV repertoires from MS and OIND patients. Various
comparisons were performed, including FW3 vs CDR3, MS vs OIND at each CDR3 relative position
and highly transcribed sequences vs sequences with low transcription at each CDR3 relative position.
To achieve these tests, the datasets were sorted and split accordingly, as described in detail in Paper I.
However, the data was multilayered as each patient had varying amounts of transcripts, some with
more clones than others and we also were uncertain of intra-transcript dependencies?, we had to
utilize models that controlled for this. The solution was utilizing multilevel linear mixed models to
also assess cluster effects on the data. As some of the data required multiple testing, adjustment with
the Benjamini-Hochberg procedure was utilized (210). The false discovery rate was set at 20%, as this
primarily was an exploratory study with the intention to provide insights into further studies.
Paper Il also utilized a simpler mixed-model to analyze chemokine expression differences between
unactivated and activated T cells within the same sample. This helped to control for differences that
could be driven by individuals with multiple T cell responses, drowning those with fewer responses.
All use of mixed-models were done in collaboration with a collaborating statistician.

In both paper I, 11 and 111 standardization procedures were used to improve comparability.
Paper I and 111 utilized Johnson SI standardization to bring HLA-affinity prediction values on a
comparable scale, as In (IC50) values may vary across HLA-types and alleles. Johnson Sl transforms
data to make the mean zero, thereby allowing “ranking” of the affinity predictions, which was
particularly useful in paper I11 when selecting idiotope peptide candidates. Paper Il instead used z-
standardization of number of observed cleavages to adjust for differences in protein sizes (for CNS

proteins) and/or concentrations used (for IgGs) in the experiments

22 At each CDR3 relative position, the previous and next 15-mer overlapped with 14 amino acids.
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9 Discussion

9.1 Memory B cells as therapeutic targets in multiple sclerosis

Interest in the B cells role in MS pathophysiology has had a massive surge since the
introduction of anti-CD20 therapies for MS (211-213), as is evident from several recent and thorough
reviews on the matter (168, 169, 214-217). Before this, investigations into the multiple potential roles
of T cells dominated the field (217). Still, B cells have also previously been a recognized part of MS
immunopathology, much due to the presence OCB in spinal fluid of patients with MS (218, 219)
making it a hallmark for the disease and even included in the most recent diagnostic criteria (118), but
also due to discovery of ectopic B cell follicles resembling germinal centers in MS patients’ meninges
(129). Potentially pathological B cells are believed to exchange dynamically between blood and CSF
(134, 137-140), but cells expressing required chemokine receptors are more likely to enter the CNS or
CSF when the blood-brain barrier is not disrupted by inflammation (216). Memory B cells are
enriched for activated leukocyte cell adhesion molecule (ALCAM) important for their CNS entry, in
addition to the chemokine receptors (220). Memory B cells are also depleted or functionally impaired
in blood upon using currently available therapies for MS (Figure 13) (168, 221), supporting a key
pathological role for this subset of B cells. Unlike naive cells, memory B cells, does not rapidly
repopulate the peripheral blood after depletion (222).
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Figure 13. “Different therapies applied in MS preferentially target distinct cell stages along the B cell lineage.
Schematic representation of the stages of B cell maturation and differentiation (...). Therapies used or
considered in patients with MS are shown in orange rectangles at left. Blue rectangles indicate B cell-lineage
stages thought to be affected by the different treatments (...). Atacicept, which is the only one of these therapies
that exacerbates rather than limits MS attacks, is also the only one that relatively spares memory B cells. These
results from in vivo patient exposures to various immunological interventions support the view that key
pathogenic B cells involved in the development of new MS attacks reside in the memory B cell pool. iNOS,
inducible nitric oxide synthase. ” Figure and abbreviated text reprinted by permission from Springer Nature
Customer Service Centre GmbH: Springer Nature, from “Reassessing B cell contributions in multiple sclerosis”
by Li, R., Patterson, K.R. & Bar-Or, A. Nat Immunol 19, 696-707 (221). © 2018.

39



Despite the positive effects of anti-CD20 therapies, depleting B cell numbers in both blood
and CSF (223), rituximab has been shown to only cross the blood brain barrier in very small quantities
(224). Rituximab molecular size and constant regions shares high similarity to other cell depleting
mAbs used for MS (alemtuzumab, ocrelizumab) (sequences available in Paper I1), indicating blood to
CSF transfer of these likely resembles that of rituximab. For mAbs, any intrathecal effect may differ
negatively from blood because of lacking complement factors or effector cells (225). Still, intrathecal
effects of other available therapies on B cell subsets have remained poorly described. In paper 1V we
sought to illuminate this for one of the small molecular therapies, DMF, that had previously been
shown to reduce memory B cell numbers in the periphery (226-229). The active metabolite of DMF,
monomethyl fumarate had been shown to cross the blood-brain barrier and reach approximately 15%
of plasma concentration (230), indicating a potential of intrathecal effect in addition to systemic, a trait
shared with the more potent cladribine (231). Our study confirmed the previously demonstrated effects
of DMF on blood B cells and further demonstrated that the effects also translates into the CSF, as we
observed a significant drop in mononuclear cells and relative drop in plasmablasts. The relative
number of memory cells were unchanged, but as the total mononuclear count dropped, the absolute
count of memory B cells likely was reduced as well, although not as much as the plasmablasts (Paper
V).

Besides memory B cells, plasmablasts and plasma cells are the other main subsets of B cells in

CSF of MS patients (232). Studies have shown these are clonally related and persist over time along
with oligoclonal bands in the CSF (134, 233, 234). Importantly, the specificity of antibodies, plasma
cells and plasmablasts seemed to be not one, but included both viruses (235) and autoantigens related
to oligodendrocytes, astrocytes and neurons (236-238), intracellular debris (239) or simply unknown.
Even though studies indicate there likely is an antigen-driven response, these findings seem
incompatible with there being a single B cell autoantigen that defines MS. Some of the studies could
be compatible with the hypothesis of idiotope-driven pathology, driven by autoantigen:BCR ligation,

where B cells recognize an autoantigen, while T cells recognize a BCR idiotope (92, 161).

Our understanding of the pathological roles of memory B cells in MS remains incomplete
(170, 221). Among several proposed roles in pathological interactions with the CNS (reviewed in
(221)), antigen presentation and T-B collaboration are likely key in triggering inflammation. Recently
it was shown that memory B cells causes brain homing memory CD4* T cells to autoproliferate, and
that this activation is inhibited in individuals receiving B cell depleting therapies, indicating a
dysregulated T-B collaboration in MS patients (240). However, our understanding of the classic T-B
collaboration may be flawed, as it may be more complex than how it typically is presented in
textbooks (92). Below I will present evidence gathered by us and others on idiotope-presentation and
related T cell responses that may improve our understanding of T-B collaboration in MS, but also

potentially in other auto-immune diseases with B cells as key players.
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9.2 Using bioinformatics to learn about the immunoglobulin variable regions

Throughout this thesis, models and predictions of T-B collaboration are used to predict and
describe how these cells interact with each other. In this regard, it is important to remember that these
models are products of their training sets, in this case publicly available datasets on HLA affinities
(IEDB, (185)), enzyme activities (190) and TCEM frequencies (9, 39). Interpretation should always be
mindful of the limits of the training sets, as these are transferred as limits to the model%. Good
examples are how the cathepsin prediction models does not include all enzymes present in
endolysosomal systems?* (47), that TCEMs were imputed based on presentation on HLA-DR, not -DP
or -DQ (39), or that HLA-affinity predictions were limited to the first three principal components of
amino acid physiochemical properties for computational reasons. The observed patterns described may
disappear, change or become clearer with renewed or more extensive training datasets, and we
therefore rely on validating experiments or support in existing literature in order to draw conclusions
from the predicted patterns. The models used may be utilized to analyze large quantities of aligned
sequences and look for patterns, as we have done in Paper | and Ill, or single proteins as we did in
Paper Il. In order to understand the strengths of and weaknesses of the former for analyzing the

immunoglobulin variable regions, 1’1l start by using examples from the literature on the latter.

Anti-drug antibodies (ADA) towards therapeutic mAbs may become an issue in patients
treated with repeated infusions, as ADA may neutralize or remove the effect of mAb therapy (241).
Such generation of ADA towards mAbs is dependent on T-B collaboration, and the epitopes are likely
from the variable regions of the mAbs (242). For some humanized and chimeric mAbs the epitopes
were mapped to confirm this (243, 244). In natalizumab, a mAb used for blocking cell extravasation, a
single epitope was identified as responsible for ADA responses, and the epitope was localized in the
FW2-CDR2 of the light chain using both HLA class Il elution experiments and T proliferation assays
(243). An important part of the work was use of NetMHClIspan 3.2 (245), another affinity prediction
neural network model also trained using IEDB data (185), however the authors did not include
predictions of cathepsin processing. To illustrate some key points, | have used data from Paper Il and
the publication describing the epitope and utilized ioGenetics predictions models for illustration
(Figure 14).

23 Some limits were also discussed in the Methodological considerations section.
24 Of particular interest is cathepsin H, an aminopeptidase expressed in B cells.
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Figure 14. Natalizumab light chain processing, presentation and recognition
Upper panel shows standardized affinity predictions for various HLA-DR alleles for all possible 15-mers in
natalizumab light chain (lower value indicates higher affinity). Layered over are the observed presented HLA-
class II “consensus” peptide (red) spanning position -49 to -37 of the light chain, and the T cell epitope
generating proliferation (purple) (243). Lower panel shows the predicted probabilities of cleavage by cathepsin S
or B. Layered over are the unique peptides (orange) found after incubating Cathepsin S with natalizumab at pH
625 (Paper I1). CDR regions are labelled according to IMGT standards, and the positions given as relative to the
cysteine of CDRS3.

From this data we may learn several features. One, the light chain of natalizumab has several
areas of predicted high affinity and high probability of cleavage, yet only one area was identified upon
HLA class Il elution experiments (243). Thus, predictions alone cannot tell us all, but perhaps limit
investigations to a few areas of interest. Interestingly, areas of higher probability for cleavage “flank”
areas of high predicted affinity. Two, cathepsin S alone with natalizumab seemingly destroys the
relevant epitope, yet it is presented as whole on natalizumab-specific EBV-transformed B clones after
incubation. This may seem confusing, but is in agreement with literature describing how HLA class Il
binding may protect from epitope destruction (200). Thus, combining affinity and cleavage prediction
metrics may be useful for epitope prediction. Three, if we compare these findings to which peptides
were found after incubating DCs with infliximab or rituximab, we find the very same pattern of HLA
class Il presentation, matching prediction patterns, and for rituximab also T cell responsiveness
towards epitopes of the same location (244). These examples are only of three different

immunoglobulin light chain variable regions. Albeit not human variable regions, one might sense there

25 No light chain peptides were found at pH 6 after incubation with cathepsin B. Unfortunately, we did not run
cathepsin B experiments at pH 4 and 5 for natalizumab.
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are certain patterns to how immunoglobulin variable regions are processed and presented, and that
these patterns may be picked up by prediction models if we interpret them wisely. Also, as these were

mADbs and not BCRs, they may not necessarily reflect how BCRs are processed in B cells.

9.3 On IgG and BCR processing and presentation, in silico, in vitro and in vivo

In paper 11 we described how key cysteine cathepsins, known to be present in professional
APCs (193), degrade monoclonal 1gG in patterns determined by their structure in vitro. Due to the
high similarity in structure to the BCR (246), we can impute this might be similar for the BCR as well.
This makes particular sense upon BCR ligation, as there is no simple explanation to how endosomal
cysteine cathepsins or GILT could differentiate between antigen and BCR?. However, as our study
did not address this directly, so we could not say this for certain. While it is not frequently discussed in
literature, there can be little doubt that the BCR indeed can be and is processed by B cells (76, 82, 92).
Among the first peptides eluted from MHC class Il were peptides derived from constant regions of
IgG2a (78). It is clear presentation of immunoglobulin derived peptides occurs constitutively in certain
cell lines and B cell malignancies (72, 76, 87, 88) and upon BCR ligation (92), but whether the
intracellular location and mode of degradation are the same is not clear.

Available scientific literature may provide some answers. For instance, in a study investigating
the HLA class Il peptide repertoire after loading DCs with polyclonal intravenous immunoglobulin
(Ivlg), they found massive presentation of peptides derived from both heavy and light variable regions
in particular (247). This indicated endosomal processing of exogenous IgG. In the same experiment,
elution was performed using unloaded PBMCs as well, and the authors found preserved presentation
of idiotopes from the variable regions?’. The PBMCs were not sorted, so it’s unclear whether the
eluted idiotopes came from came from B cells or other APCs (247). Another group utilized
lymphomas with completely sequenced heavy and light variable regions and found these also present
immunoglobulin variable region peptides in a surprisingly similar manner (87, 88). Others again have
eluted HLA class 11 peptides from APC rich cell populations, and also found idiotope peptides from
the very same IGHV locations in cells from the thymus (90), bronchoalveolar lavage samples (91) and
synovia of patients with rheumatoid arthritis (248). In the immune epitope database (IEDB),
immunoglobulin fragments are a frequent finding in HLA class 11 elution datasets (185), but CDR3

idiotopes are frequently missing because immunosequencing rarely is performed in parallel.

Our in silico predictions and in vitro experiments indicate cathepsins S and B in particular
may be important for degrading both heavy and light chains of IgG and BCRs. The fact that idiotope
peptides from the heavy chain FW3 and light chain FW2-CDR2 locations described above were not

frequently found in our peptides dataset after cathepsin cleavage in vitro can be explained by how

% Occam’s razor
27 From both heavy (FW3) and light chain (FW2-CDR2 area (see section 9.2))
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Mean probability for Cathepsin S/B cleavage

binding to HLA-DR can protect key epitopes from degradation (200). Not surprisingly, our data from
Paper | and paper Il indicated the areas in question (i.e. heavy chain idiotope peptides starting approx.
-20 to -18 amino acids from cysteine of CDR3) are high affinity areas, and also associated with

predicted cathepsin cleavage sites at both the amino-and carboxy-ends (Figure 15), thus matching the

observations of presented idiotopes described above.
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Figure 15. Areas with high affinity and high probability of cleavage in IGHV.

Mean predicted probability for cleavage by cathepsins S and B (bars, left y-axis), overlayered with the
proportion of HLA-DR alleles with predicted high affinity binders (red line, right y-axis) at the given CDR3-
relative position (x-axis). Areas with conserved high prediction for cleavage are indicated vertically. Areas with
conserved high affinity peptides are indicated horizontally. The figure was first presented on the poster
“Immunogenicity of immunoglobulin variable regions”, by Hgglund et al. at the 27" European Charcot meeting,
and is based on data from Paper 11 (174) and Bremel and Homan (39).

In paper I11, three of the idiotope peptides generating memory T cell responses spanned this
specific FW3 area, indicating T cells are exposed to these sequences in vivo?. Based on the available
HLA class Il elution datasets, it seems endogenous and exogenous 1gG are degraded and presented
similarly, and the pattern of degradation is compatible with the predicted roles of HLA class Il binding
and available cathepsin processing predictions. These findings feed into the question already asked

28 Although, cross reactivity cannot be excluded.
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many years ago: When the BCR is degraded and presented in vivo, how is the T-B collaboration
regulated to withstand such presentation (74, 82, 83, 85, 249)?

9.4 A question of tolerance

Presentation of IGHV derived idiotopes seemingly poses a regulatory “problem” for the
immune system (74, 82, 83, 249). The results from papers I-111, considering the other research
described, suggest it is a common occurrence. Yet not all humans develop B cell intolerance, thus the
immune system must have found a way out of the conundrum. It was hypothesized that germline
sequences would be associated with T cell tolerance (reviewed in (249)). This is compatible with
theories of central tolerance (35), as both thymic B cells, and DCs that potentially present circulating
immunoglobulin is present (22, 33). Because mTECs do not undergo VVDJ recombination?, they likely
do not participate in tolerization towards immunoglobulin variable regions. With this in mind, T cell
tolerization is likely boosted due to placental transfer of IgG from maternal blood (250). Even though
the naive IGHV repertoire is vast, the presented IGHV peptide-repertoire would effectively be limited
to areas of high affinity to the individual’s HLA class Il molecules and corresponding cathepsin
activity (Figure 15). Thus, presented idiotope peptides from germline (non-CDR3) variable regions,
that effectively have low TCEM FC values (39), would be associated with tolerance. As we could
identify memory T cell responses towards such idiotope peptides (low FC, but 3 out of 5 were mutated
FWS3 peptides) in paper I1l, we can speculate that deletion as a central tolerance mechanism is not
complete, and that perhaps thymus derived or peripherally induced Tregs are important for tolerance
towards IGVH. In line with this, FW3 idiotope peptides were eluted from HLA class Il molecules
from human thymus (90), but in transgenic mice clonal deletion of idiotope-specific T cells was only
achieved after introducing high doses of monoclonal IgG containing a well described idiotope (81). If
we apply the avidity model of central tolerance (35), the diversity of IGHV combined with the
constant presentation of certain IGHV regions by a limited thymic cell repertoire, is perhaps enough to
generate a low to intermediated density of pHLA presentation of IGHV, potentially causing some

degree of thymic Treg induction.

What about the CDR3 region then? Our data from paper I, which confirmed findings in an
independent dataset (39), indicated that the CDR3 region has consistently a predicted high affinity for
HLA-DR and -DP alleles in particular (see Supplementary Figure S6 in paper I). This is noteworthy
by itself, as the randomness of VVDJ recombination and somatic mutations imply affinity should stay
around the average. For HLA-A and -B alleles the CDR3 idiotope affinities were predicted so, but for
HLA-DR it was consistently predicted to be high. We have not analyzed the overall impact of

mutations on this metric, but in Paper 111 we suggest HLA-affinity increase may have been a factor

29 Not to our knowledge.
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influencing mutations in idiotope peptides with memory T cell responses®. Due to the high variation
of CDR3 we cannot expect a similar tolerization towards idiotope peptides derived from this region, as
is evident also from results in Paper Il where most of the memory T cell responses observed were
towards CDR3-derived idiotope peptides. In vivo however, this does not necessarily translate to
intolerance towards the full immunoglobulin molecule, as multiple peptides from the same IGHV may
be released in presented simultaneously upon degradation (87, 88). Thus, potentially stimulatory
CDR3 fragments may have to compete for HLA binding with other idiotope peptides from high
affinity regions (Paper | and Figure 15). If the B cells present idiotope peptides, the presence of
tolerogenic idiotope peptides may be enough to quench a pathogenic immune response towards CDR3

idiotopes in vivo.

9.5 The IGHV as a regulatory unit

Viewing immunoglobulins as regulatory for the immune system in nothing new (251).
Immunoglobulins or BCRs may contribute by diversifying the TCR repertoire (252). Use of Ivig® in
various inflammatory disorders have been shown to induce expansion of peripheral pTregs®? in vivo
(253) and in vitro (254, 255) and in mouse models of inflammatory diseases (256-258). Several
mechanisms of action have been proposed®, including various pathways of inducing pTregs (259).
Some have suggested that the mechanism is simply impairing antigen presenting capacity of APCs, as
Ivlig potentially outcompete other antigens for presentation (260), but that does not explain the
expansion of Tregs. Of particular interest is how one group suggested the Treg induction may be
caused by epitopes in the constant region, namely Tregitopes® (261, 262), constant region derived
peptides predicted and confirmed in vitro to have high affinity for human HLA-DR alleles and to
activate Tregs (261). The term has later been expanded to apply to epitopes from all parts of IgGs
(262), and it was suggested that Tregitopes indeed is the active ingredient of lvlg (263). However,
incubating human DCs with lvlg causes massive presentation of idiotopes from the variable regions
and only rarely the originally described Tregitopes (247), seemingly casting doubt whether constant
region Tregitopes are the effectors in humans. In this context, both B cells that are cognate to foreign
IgG and DCs that accumulate 1gG through Fc-receptor uptake can participate in idiotope-driven

activation of cognate T cells.

As idiotopes from the variable regions are the main presented peptides by DCs with various
HLA-DR alleles incubated with Ivlg (247), a finding in line with what was otherwise described in

sections 9.2 and 9.3, it is also likely idiotope peptides are the main mediators of pTreg expansion

%0 |diotope-driven clonal selection.

31 Therapeutic Ivlg consists mainly of 1gG, with subclass-distribution near natural distribution.

32 Also known as iTreg — inducible Treg

33 Not all are discussed here.

3 QOriginally described as hTregitope 289 and hTregitope 167, based on their location in the sequence.
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observed. These observations are consistent with what has previously been predicted for IGHV
peptide-TCR interactions (39). In line with this, it was found that variable region idiotopes, including
two from the region spanning -20 to -4 before CDR3, were among the peptides inducing the largest
variance in CD4* T cell proliferation assays upon tetanus toxoid stimulation (247). Suppression was
not significantly different from the control, while 40 nmol/mL Ivlig was. However, the relevant
idiotope peptides were only tested at 4 nmol/mL and Ivig at 4 nmol/mL was not significantly
suppressive either (247). Interestingly, the authors also suggested the lack of constant region Tregitope
presentation upon endosomal degradation, could be due to overly active degradation of this region,
and this is indeed what we found when we examined how IgG is cleaved by cathepsin S, L and B at
various pH (Paper 1), cathepsins which also are expressed in DCs (47, 193, 194).

Findings that were shown in Paper I, but not discussed, were changes to TCEM FC and HLA-
affinity in FW3. From Figure 8 in Paper |, the FC of MS patient FW3 region idiotopes on average
seems higher than OIND, and the differences are higher than what was seen in CDR3. Likewise,
differences between blood and CSF IGHV FWa3 idiotopes are higher in MS patients than in OIND,
when it comes to TCEM FC (Figure 7 in paper I). FC is associated with mutations, as rarer variations
introduced by changes causes increase in FC. Thus, we impute mutations are causing the rise in FC,
which again is consistent with previous investigations into mutations in these particular sequences
(140). Surprisingly, the proportions of predicted high affinity idiotopes for HLA-DR alleles at
positions -20 and -5 relative to cysteine of CDR3 were predicted substantially lowered in MS patients.
Further subgrouping showed that this difference was not driven entirely by differences in IGHV gene
family usage, but was present for both IGHV3 and IGHV4, the families dominating the repertoires
(Figure 16). This might suggest that mutations in the FW3 region could cause loss of affinity towards
HLA-DR alleles, thereby reducing a possible regulatory response as described above. Somewhat
conflicting with this idea was how some of the idiotope peptides with T cell responses in paper Ill
were indeed from the FW3, but these must have been among the sequences with retained high affinity
for HLA-DR®. Whether this phenomenon is specific for MS or any antigen-driven response is not

clear and should be evaluated further.

3 Because selection criteria were predicted -1.5 Johnson standardized affinity or higher affinity.

47



0,75
0,5
0,25

0,75
0,5
0,25

0,75
0,5
0,25

0,75
0,5
0,25

19 Aq Apwey AHSDI

0,75
0,5
0,25

0,75
0,5
0,25

0,75
0,5
0,25

Proportion fragments with predicted HLA-DRB affinity under -1.5

-25 -20 -15 -10 -5 0
CDR3 relative position of IGHV fragment

—MS —OIND

Figure 16. Predicted HLA-DR affinity for CSF derived idiotopes in MS and OIND patients
Proportion of IGHV idiotopes at each given CDR3-relative position with a Johnson Sl standardized predicted
affinity for patient specific HLA-DR alleles below -1.5 (high affinity binders). Data are the same as HLA-DR
data from Figure 10 of paper I (93), but split by sequence IGHV family. Red circles mark areas of notable
difference. Error bars indicate 95% confidence intervals, no formal mixed model test of FW3 region differences
between MS and OIND have been performed.

9.6 Reevaluation of idiotope-driven T-B collaboration hypothesis in multiple
sclerosis

The original hypothesis of idiotope-driven T-B collaboration in MS was rather simple:
memory B cells (having undergone affinity maturation) enter the CNS and randomly encounter
idiotope-specific T cells that provide help upon interacting with idiotopes presented on HLA class 1l
molecules, potentially generating an inflammatory response (157-161). Potentially immunogenic
idiotopes could have been generated during previous affinity maturation processes, during classic T-B

collaboration.
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In paper | we described how idiotopes from the IGHV CDR3 region were highly likely to be
antigenic in MS patients, consistent with the hypothesis. However, the same basic pattern was also
observed for patients with OIND, and high affinity of CDR3 idiotopes for HLA-DR alleles had also
been established in an unrelated dataset (39). We have further shown that predicted affinity and
cleavage patterns in FW3 also show a consistent pattern (Figure 15). This may indicate the increase in
affinity may be a general phenomenon, and not necessarily related to MS. While previous studies
indicated CSF 1gG from MS patients triggered T cells to proliferate more than in OIND patients (157)
and that idiotope peptides from these could induce oligodendrocyte death (160), it could still be
memory CD4* T cell responses towards IGHV idiotope peptides like those observed in Paper I,
could also be found in OIND or other patients. The presence of idiotope-specific T cells does not
necessarily translate to in vivo immunogenicity. Still, based on newer knowledge of how IgG is
processed and presented in endolysosomal systems (247) (Paper 1) and how the T cell responsiveness
were mapped to specific idiotopes on CSF IgGs (158, 159), we can argue the observed proliferation
likely was due to presentation of idiotope peptides.

The original hypothesis further argued that immunogenic idiotopes may result from mutations
causing increased affinity, which is consistent with our observation in paper 111 where most idiotope
peptides that generated memory T cell responses were associated with mutations with a predicted
positive effect on HLA-DR presentation. It is also consistent with predictions made about the
immunogenicity of the CDR3 region in paper I. However, the biggest prediction differences between
MS and OIND patients were not observed in CDR3, but rather in FW3 (Figure 16). If we consider the
potential regulatory role of IGHV, as described above, it could also be that mutations in FW3 causes
loss of affinity for HLA-DR, thereby also potentially causing a loss of regulatory potential in the same
IGHV sequences. Such a loss could clear the way for presentation of immunogenic idiotopes from the
CDR3 region, and provide an explanation for the previously observed differences in observed T cell
proliferation upon stimulation with CSF IgG (157), and perhaps also generally impaired Treg
responses observed in MS patients (264). It could also provide a link to EBV infection, as EBV is
known to introduce mutations into infected B cells (161, 265). Perhaps mutations into FW3 regions
reduce regulatory control of EBV infected memory B cells, thereby creating an immune evasion
mechanisms for the virus, while simultaneously generating a susceptibility to auto-immune diseases
like MS and SLE (152). For humans such a mechanism could lead to improved responses to infectious
disease and an evolutionary advantage, forming a human-virus symbiosis. This could also serve as an
idiotope-extension of Pender’s hypothesis®® (151), and a systematic investigation into EBV mutations’

influence on prediction metrics could further illuminate this.

36 See section 5.8
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Genomic risk studies support antigen-presenting functions are associated with MS risk, and
the T and B cells involved are enriched for these genes (119). However, due to incomplete knowledge
of genomic variation within the IGHV genes, the GWAS studies may not fully have elucidated risk
contribution of this region (266). If indeed idiotope presentation is always part of conventional T-B
collaboration, as suggested recently (92), this may be a huge hole in knowledge of genetic risk of MS.
Genetic interactions on protein level may apply, as we found that MS risk allele HLA-DRB1 15*01
were among the DR alleles with highest predicted affinity for CSF derived IGHV idiotopes in general
(93). It is known that some IGHV genes are associated with more effective binding to certain
microbial antigens, thereby being influenced by evolutionary pressure (266). In a similar manner it is
not unlikely that some IGHV genes may be associated with CNS auto-antigen affinity in MS, as
certain IGHV genes are associated with other auto-immune disease (267, 268). Idiotope-driven T-B
collaboration could provide a bridge between HLA class Il presenting, auto-reactive B cells that are
driven by idiotope-specific T cells, an unlinked immune response, as has been seen in mouse models
(84, 86). Somewhat contradicting possible IGHV gene risk association is the finding that central B cell
tolerance mechanisms seem intact in MS, and that it is instead defects in peripheral tolerance that
generates auto-reactive B cells (264). This last finding is also in line with the observed clinical
response to B cell depleting agents, as it is mainly the memory repertoire that remains depleted long
term, while new naive cells enter the blood much quicker (168). The studies presented herein therefore
does not sufficiently explain the reason for a CNS location of the idiotope-driven T-B collaboration,

but the tools provided may help in investigating this further.

9.7 A revised T-B collaboration to explain multiple sclerosis and other
autoimmune diseases

In light of evolutionary theory, consistent traits observed in biology should have a reasonable
explanation in evolution. Selection of HLA-types and likely also IGHV genes are results of
generations of selection pressure by infections mainly (269). The predicted interactions between HLA
class 11 molecules and IGHV regions in endolysosomal systems, described by Homan and Bremel
(39), and re-evaluated in this thesis suggest a possible co-evolution of these gene families due to
idiotope-driven T-B collaboration. Based on the observations described above, including a premise of
idiotopes being presented in context of BCR ligation and T-B collaboration (92), | postulate the
following regarding idiotope-driven T-B collaboration in context of B-cell mediated auto-immune

diseases:

1. The IGHV CDR3 is always immunogenic®’

- Tolerance may occur, but the immune system is not built for CDR3 tolerance (249).

37 These premises have been discussed previously by others than me (249).
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2. The IGHV germline non-CDR3 is always tolerogenic?®.

- Tolerance is more likely, non-CDR3 IGHYV has predicted preserved high affinity
areas and cathepsin cleavage spots, as well as more preserved TCEM.

-The preserved areas may be due to evolution, possibly to ensure IGHV tolerance and
may be enough to generate central and/or peripheral tolerance.

3. If aB cell is exposed to foreign antigen, the combined immunogenicity of CDR3
and the foreign antigen causes adequate T cell responses, thereby maintaining
dual memory.

- T cells should not be tolerant to foreign antigens. Upon ligation, the BCR is
degraded and presented along with the antigen (92).

- Given 1) T cells may respond to both.

- Given 2) some of these peptides may also initiate counterbalancing idiotope-specific
Treg responses.

4. If a B cell is exposed to self-antigen, the combined tolerogenicity of non-CDR3
IGHYV and self-antigen is enough to quench an immune response in healthy
individuals.

- T cells should be tolerant to self-antigens. Central tolerance may cause clonal
deletion of self-antigen specific T cells (35).

- Tregs specific for either self-antigen or non-CDR3 IGHV could in healthy
individuals quench a pathogenic immune response, despite immunogenicity of CDRS3.

5. Balance in 4) may be shifted due to unfortunate changes in non-CDR3 IGHV.

- If HLA class affinity for non-CDR3 IGHV idiotopes is lost or reduced, responses
given 3) and 4) may be unbalanced.

- Mutations also may cause loss of T cell tolerance upon HLA-presentation®’.

- Heritable traits (i.e. certain IGHV and HLA gene combinations) may contribute.

- Unbalanced responses may potentially cause auto-immune disease.

Our findings support ways T cells may be largely tolerant towards the naive repertoire of
IGHV, as some defined IGHV regions are predicted to always be presented, allowing for idiotope-
specific regulatory T cells to develop (33, 35, 249), or perhaps be deleted (81, 270). However, it also
opens up possibilities how loss of tolerance may occur. For instance: Introduction of mutations that
change affinity and/or cathepsins activity may shift or suppress regulatory T cell activity. Mutations in
CDR3 may introduce new epitopes, with higher affinity for HLA, outcompeting regulatory ligands,

potentially causing autoimmunity, as predicted in paper | and followed up on in paper I1l. Of note, the

51



discovery of CCR6" idiotope-specific T cells® for FW3 idiotope peptides in paper 111 does not falsify
this, as CCR6" Tregs have also been described (271).

If we consider the postulates a joint hypothesis, it should also be testable (272). While the
evidence described previously both predict and show that IGHV idiotopes are presented frequently by
B cells and other APCs, it has not been proven definitely that this “always” occurs during T-B
collaboration. This would be an important first step and is potentially falsifiable. However, doing so
would be a monumental effort, as it theoretically would require simultaneous single cell sequencing
and immunopeptidomic analysis of B cells extracted from relevant tissues. With time and technology
improvements we may eventually be capable. Given consistent presentation, the next step would be to
identify idiotope-specific pro-inflammatory CD4* T cells and Tregs in healthy individuals (Postulates
1) and 2)), which should be achievable with current technology (273, 274). Finally, 3), 4) and 5) could
be investigated using bioengineered BCRs/IgGs containing alterations in non-CDR3 or CDR3 that
suppress presentation presumed regulatory or stimulatory idiotopes. Such alterations may prove
difficult to introduce experimentally into BCRs, as changes may change stability or affinity of the
BCR, thereby prohibiting ligation and efficient presentation.

Understanding these mechanisms is likely important for our understanding of autoimmune
diseases” immunopathology. In MS specifically, it seems all the prerequisites for idiotope-driven T-B
collaboration are present, including predicted cleavage and high affinity of CDR3 associated epitopes
(Paper 1), presence of idiotope-specific T cells in the periphery (Paper I11), and mutated hon-CDR3
regions that reduce predicted affinity of potentially regulatory idiotopes. The disease may therefore
continue to serve as a model to idiotope-driven T-B collaboration further, but other autoimmune
diseases should be probed as well. In addition, investigating other species than mice and humans for
possible idiotope-driven mechanisms preserved through evolution might be a feasible approach to

identify undescribed mechanisms.

10 Conclusion

The work of this thesis confirms it is possible to predict antigenic idiotopes from human
IGHV using high-throughput immunosequencing combined with HLA-affinity and cathepsin cleavage
neural network prediction models. In doing so it also further supports the hypothesis that a
dysregulated idiotope-driven T-B collaboration is occurring in the CNS of MS patients, which is
consistent with current knowledge of genetic and environmental risk for MS and also current insights
into the most relevant immune cells and how these operate in MS. Following these findings, the thesis

also encourages further investigation into general idiotope-driven T-B collaboration.

38 Frequently, CCR6* CD4" T cells are associated with at Th17 phenotype.
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11 Future perspectives

Idiotope-driven T-B collaboration may be more extensive and impact the immune system in
more ways than what comes across in classic immunology textbooks. But having read this thesis,
perhaps it is easier to accept the existence of idiotope-specific T cells in vivo, considering the
combination of affinity predictions, cathepsin processing and antigenic attributes that IGHV possess,
as described above and in Papers I-111. To some, all this may seem unreasonably complex. But
consider this: ldiotope-presentation during T-B collaboration is indeed a simple explanation; what else

could happen to BCRs in the endosomal system during B cell activation?

Importantly the work described herein only uses approximated models for antigen
presentation. In particular the list of enzymes involved could and should be extended upon future
work. Others have utilized minimal models for endosomal systems, limited to cathepsins S, B and H,
as well as HLA-DR and —-DM (200), which could be a great example to follow for investigating
degradation of 1gG and BCRs further. In such a system HLA binding would provide protection from
cleavage, and potentially confirm the areas of IGHV with likely presentation, after endosomal
processing. Such a model could also allow for specific inhibiting agents to be utilized, that would
otherwise not be usable in a cellular system, and also the system could allow generation of datasets for

improved training of neural network epitope predictors.

The described patterns of increased affinity in FW3 and CDR3 of IGHV should also be
investigated further, to perhaps support the hypothesis of idiotope-affinity as a factor in T-B
collaboration. For instance, datasets utilizing known HLA class Il types in conjunction with presorted
naive and memory immune repertoires (9, 275), could provide materials to analyze differences
between naive and memory sets in silico. Likewise, any affinity changes in other parts of IGHV

should be investigated in light of potential regulatory potential.

The patterns described may also be of interest to pharmaceutical companies and researcher
developing therapeutic mAbs, as assessing and amending immunogenicity based on these at early
stages using in silico methods of mAb variable regions perhaps may contribute to cheaper
development, better long-term treatment responses and perseverance. Knowledge presented here, of
which regions are presented consistently and how mAbs are degraded is therefore useful for

therapeutic mAb development.

It remains to be demonstrated that idiotope-driven T-B collaboration occurs within the CNS in
MS patients. If technological advancements and tissue availability allows it, this should be
investigated in perivascular and meningeal T and B cell aggregates seen in MS. Also, the role of EBV
as a potential idiotope deregulator, introducing mutations into both non-CDR3 and CDR3 IGHV

regions should be investigated.
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As previously described, the search for idiotopes in patients in this project was limited by the
small area of IGHV sequenced in the original dataset. In any attempt to replicate or expand upon this
work colleagues should utilize datasets including full BCRs (heavy and light chains), as can be
achieved from single cell sequencing (276). Identification of any T cells responsive to idiotopes,
should be followed up by tracking of these T cells into the CNS using TCR sequencing technology
(141) to confirm the potential of these interacting. The CD154 activation assay allows sorting of
reactive T cells in flow cytometry cell sorters, thus providing a population of cells to sequence from
PBMC, and to search for in the CSF*. Finally, a systematic approach to identify possible Tregs
specific for IGHV framework regions should be attempted.

39 Alternatively: HLA class 11 tetramers could also be used similarly.
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Memory B cells acting as antigen-presenting cells are believed to be important in mul-
tiple sclerosis (MS), but the antigen they present remains unknown. We hypothesized
that B cells may activate CD4+ T cells in the central nervous system of MS patients by
presenting idiotopes from their own immunoglobulin variable regions on human leuko-
cyte antigen (HLA) class Il molecules. Here, we use bioinformatics prediction analysis of
B cell immunoglobulin variable regions from 11 MS patients and 6 controls with other
inflammatory neurological disorders (OINDs), to assess whether the prerequisites for such
idiotope-driven T-B cell collaboration are present. Our findings indicate that idiotopes
from the complementarity determining region (CDR) 3 of MS patients on average have
high predicted affinities for disease associated HLA-DRB1*15:01 molecules and are
predicted to be endosomally processed by cathepsin S and L in positions that allows
such HLA binding to occur. Additionally, complementarity determining region 3 sequences
from cerebrospinal fluid (CSF) B cells from MS patients contain on average more rare
T cell-exposed motifs that could potentially escape tolerance and stimulate CD4* T cells
than CSF B cells from OIND patients. Many of these features were associated with prefer-
ential use of the IGHV4 gene family by CSF B cells from MS patients. This is the first study
to combine high-throughput sequencing of patient immune repertoires with large-scale
prediction analysis and provides key indicators for future in vitro and in vivo analyses.

Keywords: multiple sclerosis, idiotope, B cell, T cell, bioinformatics, immunoglobulin heavy variable,
immunosequencing, immunoglobulin

INTRODUCTION

Multiple sclerosis (MS) is a chronic inflammatory, demyelinating, and neurodegenerative disease
of the central nervous system (CNS), thought to be mainly mediated by the immune system (1).
Although T cells as mediators of disease have been investigated thoroughly over the years, recent
trials of B cell targeted therapies (i.e., rituximab and ocrelizumab) point to these cells as equally

Abbreviations: APC, antigen-presenting cell; BCR, B cell receptor; CDR, complementarity determining region; mAb, mono-
clonal antibody; ¢/mTEC, cortical/medullary thymic epithelial cell; CI, confidence interval; CNS, central nervous system; CSE
cerebrospinal fluid; FC, Frequency class; FW, framework; HLA, human leukocyte antigen; ICso, the half maximal inhibitory
concentration; IgG, immunoglobulin G; IGHV, immunoglobulin heavy variable; MHC, major histocompatibility complex; MS,
multiple sclerosis; OIND, other inflammatory neurological disease; TCEM, T cell-exposed motif.
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important contributors (2, 3). Notably, depleting B cells in the
periphery has a substantial effect within the CNS (4). It is also
possible that other approved therapies for MS act by depleting
or prohibiting CD19%, CD27* memory B cells from invading
the CNS (5). In MS, B cell immunoglobulin heavy chain vari-
able (IGHV) repertoires suggest that clonally expanded plasma
cells in the brain and cerebrospinal fluid (CSF) are derived from
peripheral B cells that have matured in cervical lymph nodes
(6-8). Hence, it seems that peripheral memory B cells play an
important role in MS immunopathology.

The mechanisms by which memory B cells induce pathology
could involve antibody production or secretion of cytokines (9).
However, B cell-depleting therapies targeting CD20 ameliorate
disease before reducing immunoglobulin G (IgG) production
(10), which is therefore not likely their main mechanism.
Whereas the discovery of intrathecal Ig production in the
CNS is an old one (11), a common antigenic determinant has
yet to be discovered. However, B cells in MS lesions (12) and
CSF (13-17) have evidently undergone somatic hypermutation
indicating T cell help, suggestive of a possible antigen being
involved with B cells as antigen-presenting cells (APC) (18). We
have proposed an alternative hypothesis to explain how T-B cell
collaboration in absence of a common antigen can result in
intrathecal IgG production (19). It was shown that B cells present
endogenously processed variable region fragments (idiotopes)
on major histocompatibility complex (MHC) class II molecules
(20, 21). T cells can specifically recognize this idiotope-MHC
complex, resulting in a T cell response (22, 23). Such an interac-
tion between idiotope* B cells that present idiotope-MHCII and
idiotope-specific CD4* T cells is named idiotope-driven T-B
collaboration (21, 24, 25) (Figure 1). An important feature of
idiotope-driven T-B collaboration is that unlike conventional
antigen-linked T-B collaboration (26, 27), it is unlinked in the
sense that while the B cell can recognize any (self) antigen, the
T cell recognizes a different antigen (idiotope-MHCII). Thus,
B cells of theoretically any specificity, including self-specificity,
can be helped by idiotope-specific CD4* T cells to develop into
IgG producing plasma cells (25). Consistent with this idea,
endogenous idiotopes were eluted from MHC II molecules on
B cells (28, 29), and idiotope-driven T-B cell collaboration has
been shown to drive the development of autoimmune disease in
transgenic mice (30).

Extending idiotope driven T-B collaboration to humans, we
have previously demonstrated that human leukocyte antigen
(HLA)-DR restricted CD4* T cells from blood and CSF of MS
patients can recognize multiple idiotopes within the comple-
mentarity determining region 3 (CDR3) and mutated framework
(FW) regions on autologous CSF IgG (31-33), showing that
MS patients have a repertoire idiotope-matched T-B cell pairs.
Idiotope-specific CD4* T cells specifically recognized idiotopes
presented by autologous Epstein Barr virus transformed CSF
B cells, suggesting that B cells can process and present their
endogenous idiotopes on HLA class II molecules (33), and they
are also induced to kill oligodendrocytes upon activation (34).

Further large-scale investigations into this mechanism in
MS have been hampered by overwhelming numbers of possible
IGHYV region idiotopes. High-throughput sequencing now offers

>

FIGURE 1 | Idiotope driven T-B cell collaboration. In a classical T-B cell
collaboration (A), an exogenous antigen bound to the B cell receptor (BCR)
is brought into the endosomal pathway (1), processed by proteases (2), and
fragments of the antigen presented on human leukocyte antigen (HLA) class
I molecules (3). A CD4* T cell specifically recognizing this exogenous antigen
provides help to the B cell (4). (B) In idiotope driven T-B cell collaboration, a
BCR of any specificity (including self) is brought into the endosomal pathway
(1), the BCR processed by endosomal proteases (2) and fragments from the
variable region presented on HLA class Il molecules (3). An idiotope-specific
CD4+* T cell may help the B cell in a non-linked mechanism (4). All of steps
1-4 must occur for idiotope-driven T-B cell collaboration to take place and
may result in differentiation of B cells into immunoglobulin G (IgG) secreting
cells (5).

a possibility to characterize the immune repertoire in unprec-
edented depth and detail (35) and has triggered a rapid growth of
bioinformatic approaches for diagnostic and research purposes
(36), including methods to assess possible immunogenicity of
B cell variable region sequences (37).

There are several prerequisites for idiotope-driven T-B cell
collaboration: the idiotopes would need to undergo endosomal
processing; the processed idiotope fragments must have suf-
ficient affinity for HLA class II molecules; and they must be
sufficiently rare to avoid T cell tolerance (Figure 1). In this article,
we combined high-throughput sequencing of the B cell receptor
(BCR) transcriptome with in silico prediction analysis to assess
whether these prerequisites exist in the intrathecal compartment
of MS patients.

MATERIALS AND METHODS

Patients

In this study, we included 11 relapsing-remitting MS patients
and six patients with other inflammatory neurological disorders
(OINDs), recruited at Akershus University Hospital and Oslo
University Hospital. All patients (except MS-11) and the proce-
dures for PBMC isolation, RNA extraction and cDNA preparation
have been described previously (7). The cDNA sequencing was
performed by Adaptive Biotechnologies using the immunoSEQ
level assay (38), with resulting 130bp sequences spanning the
IGH-VD]J region.
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Multiple sclerosis patients were either treatment naive or
treated with first-line therapies (MS-2, MS-3, and MS-4), while
OIND patients were untreated at the time of lumbar puncture.
All MS patients and one OIND patient had oligoclonal IgG bands
in CSE A summary of patient and sample characteristics are
shown in S1 in Supplementary Material.

All participants provided written informed consent for partici-
pation. The study was approved by the Committee for Research
Ethics in the South-Eastern Norwegian Healthy Authority
(REK Ser-@st S-04143a), the Norwegian Social Science Data
Services (no. 11069) and the review boards at AHUS and OUS.

Genotyping for HLA-A, HLA-B, HLA-DRB1, HLA-DQA1,
HLA-DQBI1, HLA-DPA1, and HLA-DPBI was performed with
four-digit resolution at the Department of Immunology and
Transfusion Medicine at Oslo University Hospital, by utilizing a
combination of sequence-specific primer- and sequencing based
typing technologies. For some patients (MS-1, 3, 5, 8, OIND-1,
5, and 6), we used the strong linkage disequilibrium with HLA-
DPBI to deduce their likely DPA1 alleles (39). HLA types are
shown in Table 1.

Preparation of Datasets

After removing non-productive sequences, IGHV amino acid
sequences were deduced using the ImMunoGeneTics (IMGT)
database and the IMGT/High-V-Quest analysis tool (version
3.3.4) (40, 41). This analysis identified additional non-productive
sequences that were removed. IGHV transcripts comprising
more than 0.5% of total reads within each compartment were
designated “highly transcribed” Finally a single FASTA file
containing all the IGHV sequences with tagged information
consisting of patient code, compartment, frequency rank and
tag describing whether it was highly transcribed was prepared.
These sequences are deposited online at http://doi.org/10.6084/
m9.figshare.5035703.

An extensive public dataset of IGHV nucleotide sequences
from three healthy individuals (42, 43) was obtained online
(http://datadryad.org/resource/doi:10.5061/dryad.35ks2). ~ The
corresponding IGHV amino acid sequences were deduced
according to IMGT standards, and used for further analysis.

The compiled patient dataset of IGHV amino acid sequences
was submitted to EigenBio (WI, USA) for processing and pre-
diction analysis. Each sequence was given a unique general
identifier (gi), and sequences with exact matching amino acid
sequence within each patient were identified and given a clonal
identifier for statistical purposes. Every possible 15-mer and
9-mer (denoted as IGHV fragments) were derived from each
IGHV amino acid sequence, and indexed according to their
N-terminus CDR3-relative position as determined by IMGT
standards (44), designating cysteine 104 at the start of CDR3 as
position 0. This indexing process resulted in extensive databases
of overlapping IGHV fragments offset by one single amino acid,
and provided a basis for systematic comparison of fragments in
the FW3 and CDR3 regions across MS and OIND patients, and
healthy individuals.

Cathepsin Cleavage Probabilities
Peptidase cleavage by cathepsins S, L, and B was predicted with
neural network models developed using datasets from Biniossek
et al. (45), by methods described previously (46). In short, all
IGHYV sequences were converted into sequential octamers using
the P4P3P3P1-P1’ P2’ P3’ P4’ convention with the scissile bond
designated as the bond between amino acid 4 and amino acid 5
designated P1P1’. The neural network ensembles each produce
a probability of cleavage of the scissile bond ranging from 0
(uncleaved) to 1 (cleaved). An ensemble median cleavage prob-
ability of >0.8 was set as the prediction threshold for the analyses.
Endosomal enzymes digest proteins into peptides of varying
lengths and a peptide 15-mer is commonly presented on HLA

TABLE 1 | Patients HLA types.

HLA class | alleles

HLA class Il alleles

Patient HLA-A HLA-B DRB1 DQA1 DQB1 DPA1 DPB1
MS-1 02:01 + 02:01 15:01 + 44:02 13:02 + 15:01 01:02 + 01:02 06:02 + 06:04 01:03/05 + 01:03/05° 04:01 + 04:01
MS-2 02:01 + 02:01 07:02 + 27:05 01:01 + 15:01 01:01 + 01:02 05:01 + 06:02 01:03 + 01:08 04:01 + 04:02
MS-3 03:01 + 25:01 07:02 + 18:01 15:01 4+ 15:01 01:02 + 01:02 06:02 + 06:02 01:08/05 + 01:03/05° 04:01 + 04:01
MS-4 03:01 + 24:02 07:02 + 35:01 01:01 + 15:01 01:01 + 01:02 05:01 + 06:02 01:03 + 01:08 02:01 + 20:01
MS-5 02:01 + 30:01 13:02 + 44:03 07:01 + 15:01 01:02 + 02:01 02:02 + 06:02 01:08/05 + 01:03/05° 04:01 + 04:01
MS-6 03:01 + 32:01 07:02 + 08:01 03:01 + 13:01 01:03 + 05:01 02:01 + 06:03 01:03 + 02:01 01:01 + 04:01
MS-7 24:02 + 69:01 35:01 + 44:02 11:04 + 15:01 01:02 + 05:05 03:01 + 06:02 01:03 + 01:08 04:01 + 04:02
MS-8 01:01 + 31:01 07:02 + 15:01 15:01 4+ 15:01 01:02 + 01:02 06:02 + 06:02 01:03 + 01:03° 02:01 + 02:01
MS-9 25:01 + 31:01 18:01 + 44:03 07:01 + 08:01 02:01 + 04:01 02:02 + 04:02 01:03 + 01:08 02:01 + 04:01
MS-10 03:01 + 29:02 35:01 + 45:01 01:01 + 04:05 01:01 + 03:08 03:02 + 05:01 01:03 + 01:03 04:01 + 04:02
MS-11 02:01 + 02:01 15:01 + 40:01 04:04 + 11:01 03:01 + 05:05 03:01 + 03:02 01:03 + 02:02 02:01 + 05:01
OIND-1 01:01 + 68:01 08:01 + 35:08 03:01 + 15:01 01:02 + 05:01 02:01 + 06:02 02:01/02/03:02 + 01:03° 01:01 + 03:01
OIND-2 01:01 + 02:05 08:01 + 50:01 03:01 + 07:01 02:01 + 05:01 02:01 + 02:02 01:03 + 01:03 04:02 + 104:01
OIND-3 01:01 + 01:01 08:01 + 08:01 03:01 + 03:01 05:01 + 05:01 02:01 + 02:01 02:01 + 02:01 01:01 + 14:01
OIND-4 02:01 + 02:01 15:01 4+ 27:05 01:01 + 04:01 01:01 + 03:01 03:02 + 05:01 01:03 + 01:03 04:01 + 04:02
OIND-5 03:01 + 68:01 07:02 + 44:02 07:01 + 15:01 01:02 + 02:01 02:02 + 06:02 01:03/03:01/04:01 + 02:012 04:02 + 11:01
OIND-6 01:01 + 01:01 08:01 + 08:01 03:01 + 03:01 05:01 + 05:01 02:01 + 02:01 02:01/02/03:02 + 1:03/03:01/04:012 01:01 + 04:02
2Deduced by DPBT1 linkage disequilibrium.
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class II (47). However, the HLA class II molecules display
peptides of widely varying lengths. In an effort to simulate this
process, a “fuzzy logic” system was devised where peptide exci-
sion probability was determined by examining the simultaneous
cleavage probabilities from the N-terminus minus three amino
acids to the C-terminus plus three amino acids. Thus, the pro-
cess generates predicted excised peptides ranging from 15 to 21
amino acids. The cutoffs for this “fuzzy logic” excision prediction
were intentionally lowered to avoid under-prediction. If the
maximum probability of cathepsin cleavage at either terminal
was >0.5 and simultaneously had a probability of >0.25 on the
other end, that would lead to an “Excision” call.

HLA Affinity Predictions

For each CSF-derived 9- and 15-mer peptide, we predicted the
affinity for 37 HLA class I and 28 class II molecules using pre-
viously described models (37, 48, 49). The neural network
ensembles used for affinity predictions were developed using
public datasets of allelic affinities [half-maximal inhibitory con-
centration (ICs) units] from http://www.iedb.org (downloaded
June 2012). The alleles for which affinities were predicted are
shown in S2 in Supplementary Material. Predicted affinities are
either presented as the natural logarithm of ICs, [In(ICs)] or a
Johnson SI standardized value of In(ICs,) within patient and com-
partment. Standardization was performed to bring the predicted
values onto an equal scale for comparative and/or illustrative
purposes. In previous publications using such predictions, stand-
ardizations were performed within protein, as all peptides within
a protein may compete with each other in terms of HLA affinity
(37, 46). For the current publication, the IGHV sequences were
shorter, and there is also a possibility of HLA affinity competition
between different IgG molecules, hence the overall within patient
standardization.

T Cell-Exposed Motifs (TCEMs)

In a peptide-HLA (pHLA) complex, some amino acids of the pep-
tide will be exposed to T cells (TCEM), and others will be oriented
inwards toward the HLA molecule (groove-exposed motif). For a
15-mer peptide in a pHLA complex, we numbered the amino acid
residues from —3 to 12. Utilizing the work of Rudolph et al. (50)
and Calis et al. (51), as previously described (37) three different
types of non-continuous TCEM were deduced and designated
TCEM I (amino acid residues 4, 5, 6, 7, 8 of a 9-mer), TCEM
IIa (2, 3, 5, 7, 8 of a 15-mer with a core 9-mer), and TCEM IIb
(-1, 3, 5,7, 8 of a 15-mer with a core 9-mer). The latter two are
relevant for HLA class II predictions, the former for HLA class I
predictions. Analysis of the models of Rudolph et al. (50) indi-
cate that TCEM Ila or TCEM IIb motifs occur in approximately
equal proportions of TCR:IMHC class II structures. All possible
TCEM patterns were identified for all IGHV fragments.

Rare IGVH sequences may escape tolerance and be stimula-
tory under the right circumstances (52). TCEM frequencies are
unequally distributed in the IGHV region and also elsewhere
in the proteome as some motifs occur far more frequently than
others (37). Their frequency in the IGHV region can be assessed
by assigning a frequency class (FC), which is a reverse log2 scale
where FC 0 (1/2°) corresponds to “occurring in every IGHV

sequence” and FC 21 (1/2*) to “occurring once every approx.
2 million sequence” (37). In this study, we considered a TCEM
with FC above 16 (once every 65,536 sequence) as rare.

To compare the mean FC of our patients TCEMs, we com-
piled a FC classification system using a public database of 37
million unique BCRs spanning the FW3 and CDR3 from
memory and naive B cells from three healthy donors published
by Dewitt et al. (42, 43), consistent with a previously published
classification based on 56,000 sequences from Genbank (37).
The IGVH sequences of this database are of the same length
and were established with similar technology as those from our
patients, thereby minimizing technical or disease-related bias.
All TCEMs occurring in the dataset were assigned a FC class
based on their mean patient and compartment-specific —log2
frequencies.

The FC as a measure of presumed likelihood for IGVH
sequences to escape tolerance does not take into account the
possible occurrence of similar TCEMs elsewhere in the human
proteome or in the gut microbiome. While the human proteome
is common for patients, and can to some degree be accounted
for, the gut microbiome displays variations across populations
and ages (53). For this publication, we used databases of TCEM
occurrences in the human proteome (assembled from UniProt,
with removal of Ig variable regions) (54) and microbiome (from
NIH Human Microbiome Project Reference Genomes database)
(55) as described previously (56), by searching for all 3.2 million
possible variations of each TCEM.

Each TCEM occurs at a characteristic frequency in proteomes.
These frequencies were then normalized to a zero mean unit
variance scale using Johnson SI scale transformation of log2
frequency values.

Validation of Prediction Analyzes

We have previously derived two monoclonal antibodies from
CSF B cells of two MS patients (CSF mAbs), and demonstrated
that one idiotope from each of these mAbs (pMS1 and pMS2)
was both processed, presented on HLA class II molecules and
recognized by cloned CD4* T cells in vitro (32, 33). These were
therefore suitable for validation of the prediction analyzes.
Cathepsin cleavage, HLA affinity, and TCEM occurrence
were predicted as for the main dataset. The FC was calculated
using a previously described dataset comprising the complete
IGVH region (37, 56). Idiotope pMS1-VHI1 was presented on
DRB1*13:02 and pMS2-VH3 on DRB1*13:01 encoded HLA
molecules. As these have identical amino acid sequences, the
affinity for DRB1*13:02 was predicted for both peptides.

Statistics
All predictive models were built by EigenBio using JMP® soft-
ware version 12.1/13.0 (SAS Institute, Cary, NC, USA), by script
processing. STATA v 14.1 (StataCorp LLC, TX, USA) and JMP®
12.1 were used for statistical analyses. Plots were created in JMP®
12.1. All plots displaying CDR3 relative positions are cropped to
include ~99% of the IGHV fragments.

For bioinformatics processing purposes, to avoid end-effects
in various algorithms, we added a standard immunoglobulin
signal peptide and three amino acid sequence (“DTR”) to the
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beginning, and a 26 amino acid sequence derived from the IgG1
constant region (“GTLVTVSSASTKGPSVFPLAPSSKST?) at the
end of each IGHV sequence. Parts of these were retained as des-
cribed below for the comparative statistical analyses. Our IGHV
fragments were indexed by the position of the first cysteine
determining the start of the CDR3 region, and changes due to
mutations in the CDR3 region could influence both TCEM and
affinity predictions at indexed positions even prior to position 0.

For statistical testing, we created three subsets of the IGHV
sequences from our patients. For comparison of differences
in mean FC and mean HLA affinities between MS and OIND
patients within the CDR3, we used a subset limited to fragments
with approximately half of the amino acids of the IGHV-
fragment within the CDR3. This subset contained fragments
starting at indexed position —7, and ended in the position where
the fragment would contain eight amino acids of the added
constant region. A second subset containing FW3 (spanning
approximately amino acid 73-104 by IMGT numbering) and
CDR3 regions were compared within MS and OIND patients.
For this purpose, we used the patients dataset, with the addi-
tion of the “DTR” amino acid sequence at the start and “GTL”
amino acid sequence at the end, and defined fragments as being
influenced by CDR3 changes similarly as above, with a cutoff at
position —7. In the third subset, we used a similar approach as
for the second subset, and included the blood-derived sequences
for comparisons between blood and CSFE. No extra amino acid
sequences were attached to the sequences of this dataset.

In the first subset, the differences between patients and con-
trols, between low and high FC within patients and controls, and
between IGHV4 and the other IGHV families were assessed by
estimating the multilevel mixed effects model for each outcome
variable. A multilevel approach was chosen because the data
exhibit a three-level hierarchical structure, with levels for patient,
relative CDR3 position, and clone. The intraclass correlation coef-
ficient was calculated to assess the cluster effect on each level.
The cluster effect was highest at patient-level for all variables.
Clone-level demonstrated negligible or no cluster effect and was
therefore not taken into account. Adjustment for cluster effect
on CDR3 relative position-level caused convergence problems.
Therefore, the differences between the categories were assessed
by estimating a linear mixed model with fixed effects for factor
variable and random intercepts for patients at each relative
CDR3 position separately. Benjamini-Hochberg adjustment for
multiple testing was applied within each outcome variable with
acceptable false discovery rate (FDR) set to 20% (57).

In the second subset, the cluster effect on protein clone-level
was also negligible or zero, and hence ignored. The cluster effect
on patient- or relative position-level or both were present for
most variables. A linear mixed model with fixed effect for fac-
tor defining the region was estimated. Random effects for either
patients or relative position were included in the model. For
variables with cluster effect on both levels, random effects for
relative position nested within the patient were assessed, but as
these were negligible only the models with single random effect
were estimated.

No cluster effect on protein clone-level was found in the third
subset. Intrapatient correlations were close to zero or not present.

Consequently, comparisons between blood and CSF within
patients and controls as well as within IGHV families for patients
and controls separately were performed by independent samples
t-test at each relative CDR3 position, and p-values were further
adjusted for multiple testing by Benjamini-Hochberg procedure.
As this was an exploratory study also aiming to guide further
studies on the proposed mechanism, the FDR was set at 20%.

Finally, generalized linear models with random effects for
patients were estimated to assess the differences in number of
IGHYV sequences containing fragments meeting a set of idiotope
criteria between MS and OIND groups, as well as between highly
transcribed IGHV sequences and other sequences.

The results are reported as mean differences between the
groups with the corresponding 95% confidence intervals (Cls)
and p-values.

RESULTS
IGHV Transcripts

From all patients a total of 1,812,920 IGHV amino acid sequences
were deduced after removing non-productive transcripts, with a
mean of 3,552 (95% CI 1,399-5,706) sequences obtained from
CSF and 125,180 (95% CI 78,262-172,100) from blood. The
mean CDR3 lengths of CSF sequences were 15.55 amino acids
(95% 15.5-15.6, n = 25,556) for MS patients and 15.25 amino
acids (95% CI 15.20-15.29, n = 34,833) for controls (p < 0.001,
independent samples t-test). For blood, the corresponding
lengths were 15.48 (95% CI 15.48-15.49, n = 1,551,154) for
MS and 16.03 (95% CI 16.01-16.04, n = 201,377) for controls
(p < 0.001, independent samples t-test). The IGHV gene fam-
ily usage is shown in Table S3 in Supplementary Material. As
reported previously by us and others (7, 58), there was a prefer-
ential use of IGHV4 in CSF from MS patients.

Most IGHV sequences and transcripts used in this project
were previously published (7). However, in the present study
we also included exceedingly rare sequences for the purpose of
creating a thorough database of TCEM, resulting in a higher total
number than previously described (7).

Cathepsin Cleavage

Due to the IGHV4 bias in CSF among the MS patients, we
first investigated whether the predicted pattern of cathepsin
cleavage differed across IGHV families. An analysis of variance
by IGHV family yielded significant variations (Welch ANOVA
F(6, 951.32/951.49/949.68) for cathepsins S, L, and B, respectively,
p < 0.0001 for all). Cathepsin S was predicted to preferentially
cleave IGHV4 derived sequences, cathepsin L was predicted
preferentially to cleave those from IGHV5, and cathepsin B to
preferentially cleave those from IGHV?7. Interestingly, cathepsin
S was also predicted to cleave IGHV3 sequences least efficiently
(Figure 2; Table S4 in Supplementary Material).

As CDR3 is most diverse and therefore hypothesized to be
the main source of immunogenic idiotopes, we further inves-
tigated whether the cathepsins were likely to release CDR3
fragments (Figure 2B). All three cathepsins displayed a similar
overall pattern of cleavage sites in FW3 and at the start of CDR3.
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FIGURE 2 | Prediction of cathepsin cleavage. Cathepsin cleavage sites in
immunoglobulin heavy chain variable (IGHV) transcripts were predicted with
neural-net models. (A) Mean summarized numbers of predicted cleavage
sites (>0.8 probability for cleavage) for transcripts of all IGHV families are
shown as solid black lines and distributions as outlier box plots with whiskers
covering first and third quartile +1.5%(interquartile range). For each cathepsin,
IGVH families not connected by the same letter are significantly different
(Tukey Kramer HSD). (B) The proportion of transcripts with >0.8 probability
of cleavage for each complementarity determining region 3 (CDR3) relative
position. The CDRS3 relative position aligned with the cleavage site at
P1-P1’. CDR3 is marked with yellow shading.

Notably, cathepsin L was predicted to cleave almost all IGHV
sequences before or after the cysteine marking the start of CDR3.
Cathepsins S and B showed less pronounced peaks for cleavage
at the same positions.

We next investigated whether these patterns differ across IGHV
families (Figure 3; S5 in Supplementary Material). The previously
identified hotspot for predicted cathepsin L activity at the CDR3
start was consistently found for all IGHV families. For cleavage
of IGHV4 by cathepsin L and S, there were also two hotspots in
FW3. No hotspot was identified for cathepsin S for IGHV3. As
cathepsins S and L are endopeptidases that recognize octamers
within the peptide, cleavage at these hotspots would effectively
block other cleavages in the immediate vicinity. Therefore, these
hotspots probably represent the most likely cleavage sites.

HLA Affinities

Different HLA molecules may display different binding affinities
for IGHV fragments. Analyzing all CSF IGHV fragments together,
fragments from CDR3 had consistently higher predicted affinities
for HLA-DR and -DP than fragments from FW3 (Figure S6 in
Supplementary Material). While DRB1*15:01 was among the
DR molecules with the highest mean standardized affinities for
CDR3-derived fragments, the same was not true for the linked
DQA1*01:02-DQB1*06:02 among DQ molecules. In general, the
predicted patterns of affinities for different HLA class II mol-
ecules were similar between MS and OIND patients (not shown).
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FIGURE 3 | Distribution of cleavage probabilities by complementarity
determining region 3 (CDRB3) relative position. Cathepsin cleavage sites in
immunoglobulin heavy chain variable (IGHV) sequences were predicted with
neural-net models. The distributions of predicted probabilities for cleavage
(range 0-1) are shown for IGHV3 and 4 (see S5 in Supplementary Material for
IGHV1, 2, and 5-7). Sites with predicted probability >0.8 are considered to
have high probability for cleavage. The CDR3 region is marked with yellow
shading and the CDRS relative position is aligned with the cleavage site at
P1-P1".

We next investigated the IGVH sequences from CSF for
binding affinity to MS-associated HLA molecules (Figure 4).
CDR3 fragments from MS patients had higher predicted affin-
ity compared to FW3 fragments for DRB1*15:01 and to a lesser
extent for DQAI1*01:02-DQB1*06:02, but lower affinity for
A*02:01 (p < 0.001 for all, S7 in Supplementary Material). After
correcting for intraclass correlations at patient-level, there were
no significant differences between the MS and OIND patients
in predicted affinity for these HLA molecules for any IGHV
fragment in vicinity of the CDR3. Similarly, no significant differ-
ences were detected for MS or OIND patients when comparing
highly transcribed to other IGHV sequences (data not shown).
However, IGHV4 family fragments from MS and OIND patients
had higher predicted affinity for DRB1*15:01 than other IGHV
fragments at almost every position within the CDR3 (Table S8B
in Supplementary Material). For DQA1*01:02-DQB1*06:02 and
A*02:01, the results were similar to those for DRB1*15:01, except
for IGHV4 where both higher and lower mean affinities were
predicted within the CDR3 (Tables S8C,D in Supplementary
Material).

Because each patient did not carry all HLA alleles, we
extracted the affinity predictions for those carried by each
individual. For heterozygous patients, we used the allele with the
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FIGURE 4 | Immunoglobulin heavy chain variable (IGHV) fragment affinities
for multiple sclerosis (MS)-associated human leukocyte antigen (HLA)
molecules. Binding affinities of cerebrospinal fluid (CSF) IGHV fragments were
predicted for HLA-A*02:01, HLA-DRB1*15:01, and HLA-DQA1*01:02-
DQB1*06:02 with neural-net models. Mean Johnson Sl standardized values
of In(ICso) were calculated for each CDR3 relative position, with low values
indicating higher affinity. Yellow shade indicates the CDR3 region. Each error
bar is constructed using a 95% confidence interval of the mean.

highest predicted affinity (Figure 5). In general, the standardized
predicted affinities were very similar for DR and DP, with high
predicted affinity in CDR3 for both MS and OIND patients. For
DQ on the other hand, only OIND patients followed this pattern.
This most likely reflects that MS patients more frequently carry
DQA1*01:02-DQB1*06:02, which we previously showed did not
display the highest affinities within the CDR3.

TCEM Patterns
From all possible IGHV fragments (n = 52,566,906) we identified
TCEM I, IIa and IIb and created databases of TCEM occur-
rences. We identified approximately 1.5 million unique TCEM
of each pattern from a theoretical maximum of 3.2 million. These
overlapped >98% with the TCEMs in the dataset derived from
healthy individuals by DeWitt et al. (42), which could therefore
be used for frequency classification in our dataset (Table 2).
Different occurrences of TCEM between populations and
compartments could point to a selection process. The results
of cluster analysis performed on pairwise correlations for the
summarized occurrences of TCEM Ila in blood and CSF for
each patient group are shown in Figure 6. The TCEM patterns
of IGHV sequences from CSF of MS patients differed from those
in blood and also from those of the OIND patients. There were
two notable exceptions; TCEM from CSF of OIND-4 clustered
consistently with that in CSF of MS patients. This patient was
the only OIND patient with oligoclonal IgG bands (OCB) and
IGHV4 dominance in the CSE The other exception was MS-6,
from whom the TCEM in CSF clustered with that in blood.

Transformed In(IC50)
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CDR3 relative position of IGHV fragment start
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FIGURE 5 | Immunoglobulin heavy chain variable (IGHV) fragment affinities
for patient-specific human leukocyte antigen (HLA) molecules. Binding
affinities of IGHV fragments were predicted for patient-specific HLA A, B, DR,
DR, and DQ molecules (listed in Table 1). Results are presented as mean
Johnson SI standardized values of In(ICso) for each complementarity
determining region 3 (CDR3) relative position, with low values indicating high
affinity. For heterozygous patients with two sets of predictions for one HLA
molecule, we used the lowest standardized In(ICsq). Yellow shade indicates
the CDR3 region.

TABLE 2 | Number of unique TCEM identified in each dataset.

Patient dataset® Healthy BCR dataset Overlap (%)°
TCEM | 1,448,203 2,747,840 98.64
TCEM lla 1,439,194 2,736,223 98.62
TCEM lIb 1,403,685 2,710,199 98.64

aCombination of blood and CSF derived IGHV fragments from both MS and OIND
patients.

bPercentage of TCEM identified in the patients, also identified in the DeWitt et al.
healthy BCR set.

Notably, MS-6 was one of two MS patients with dominant
IGHV3 use in CSE. TCEM I and IIb displayed similar patterns as
TCEM Ila (data not shown). Corresponding results were found
using standardized (z transformed) TCEM occurrences (S9 in
Supplementary Material).

We next performed cluster analysis on pairwise correlations
of TCEM occurrences by compartment and IGHV family.
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FIGURE 6 | Hierarchical cluster analysis of T cell-exposed motifs (TCEMs) by patient and compartment. The occurrences of all TCEM lla in immunoglobulin heavy
chain variable (IGHV) fragments were identified and summarized by patient and compartment in patients with multiple sclerosis (MS, MS 1-11), other inflammatory
neurological disorders (OINDs, OIND 1-6), and in three healthy individuals (D1-3). Pairwise correlation coefficients were calculated for all possible pairs, and
displayed as hierarchical cluster matrix. Blood samples from all individuals cluster together with OIND cerebrospinal fluid (CSF) samples (red), while MS CSF
generally cluster differently (blue, green and orange). The two exceptions (MS-6 C and OIND-4 C) are marked with boxes. For D1-3, N denotes naive B cells from
blood, and M denotes mature B cells from blood. For MS and OIND, B at the end of the identification code denotes blood and C denotes CSF.

This revealed clustering on IGHV family level (510 in Supplemen-
tary Material), implying that either dominance of IGHV4 or
relative lack of IGHV3 could be driving the differences in TCEM
patterns. This also suggests that differences in number of IGHV
sequences were not driving the TCEM clustering, as could be
suspected because CSF samples generally clustered together.
Similar results were obtained when analyzing samples by IGHV
family, patient-ID and compartment. Again the samples clustered
mainly by IGHV family and secondly by compartment (data not
shown).

Frequency Classifications
As CSF IgG is more mutated than IgG from blood (7, 12, 15,
59), the TCEMs of IGHV sequences from CSF could be rarer

than those from blood. We therefore compared FC distributions
in blood vs. CSF (Figure 7; Tables S11A-F in Supplementary
Material). Although most pronounced among the MS patients,
the mean FC of TCEMs from the CDR3 was significantly higher
in CSF at nearly every CDR3 relative positions for all three
TCEM for both patient groups. The mean FC was also signifi-
cantly higher in CSF for each IGHV family analyzed separately
(data not shown).

Our analyzes predicted that CDR3 fragments were both likely
to be released by cathepsins and to bind HLA class IT molecules
with higher affinities than FW3 fragments. Hence, we analyzed
whether the CDR3 region generated more rare TCEMs. The
CDR3 regions of CSF from both MS and OIND patients gen-
erated on average more rare TCEM than FW3 (p < 0.001 for
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FIGURE 7 | Frequency of T cell-exposed motifs (TCEMs)—differences
between blood and cerebrospinal fluid (CSF). Mean frequency class (FC) of
TCEMSs [-log2 values with 95% confidence interval (Cl)] in immunoglobulin
heavy chain variable (IGHV) fragments were calculated for all
complementarity determining region 3 (CDR3) relative positions and
compared between blood and CSF. High FC indicates rare TCEMs. In both
multiple sclerosis (MS) and other inflammatory neurological disorders (OINDs)
patients, fragments from CSF carry significantly more rare TCEMs than
fragments from blood (p < 0.001, mixed-model comparisons, see Tables
S11A-C in Supplementary Material for details). Yellow shading indicates
CDRS3.

all TCEMs), probably driven by greater diversity in the CDR3
(Table S12 in Supplementary Material).

Because rare motifs are expected to be most likely to escape
tolerance (52), we also tested whether CDR3 fragments from
MS patients contain on average rarer motifs than those from
OIND patients. After correcting for intra-class correlations in
a multilevel hierarchical mixed model and multiple testing,
the MS patients had significantly higher FC than the OIND
patients at several CDR3 positions (Figure 8A; Tables S13B-D
in Supplementary Material). This was most evident for TCEM I
and Ila.

As IGHV4 family bias was found in MS CSF samples (Table S3
in Supplementary Material), we compared the FC of sequences
carrying IGHV4 to other IGHV families (Figure 8B). Differences
in FC between IGHV families were most pronounced prior to
position —7. For CDR3, we found statistically higher FC at nearly
all positions for sequences carrying IGHV4 than for sequences car-
rying any other IGHV family (Tables S13E-G in Supplementary
Material). Thus, it seems that IGHV4 possess all the assumed
prerequisites for T cell stimulation.

Summarized Attributes

To identify IGVH sequences most likely to engage in idiotope-
driven T-B cell collaboration, we devised an “idiotope score”
identifying IGHV fragments with both high patient-specific
HLA-DRBI standardized affinity [In(ICs) < —1.5]; TCEM 11
(aorb) FC > 16; and predicted fuzzy cut “Excision” by cathepsin S
(Figure 9). Although many IGHV fragments fulfill one of these
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FIGURE 8 | Frequency of T cell-exposed motifs (TCEMs) in immunoglobulin
heavy chain variable (IGVH) fragments from cerebrospinal fluid (CSF)—
differences between patient groups and IGVH families. Mean frequency class
(FC) of TCEMs [—log2 values with 95% confidence interval (Cl)] in CSF IGHV
fragments were calculated for all CDR3 relative positions, and differences are
shown (A) between multiple sclerosis (MS) and other inflammatory
neurological disorders (OINDs), and (B) by the IGHV families. High FC
indicates rare TCEMSs. Yellow shading indicates CDR3.

criteria relatively few fulfill all, and these almost exclusively reside
in the CDR3 region. In a few peaks in the CDR3, almost 10% of
the IGHV fragments fulfilled all criteria. Among the MS patients,
the highly transcribed CDR3 fragments in CSF were generally
most likely to carry all these traits (Figure 10). Moreover, in MS
patients highly transcribed IGHV sequences were more likely
than others to carry at least one IGHV fragment with these
attributes (OR = 1.39, p = 0.01 unadjusted model). However, after
adjusting for cluster effect on patient-id-level the difference was
no longer significant (OR = 1.24, p = 0.11). For OIND patients,
we found no significant difference in unadjusted (OR = 1.20,
p = 0.38) or adjusted models (OR 1.25, p = 0.29). Among highly
transcribed IGHV sequences, 42% from the MS patients and 34%
from the OIND patients carried at least one fragment fulfilling
all criteria (OR = 1.41, p = 0.16; adjusted on patient-id-level:
OR = 1.40, p = 0.27).
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FIGURE 9 | Proportion of immunoglobulin heavy chain variable (IGVH)
fragments that could engage in idiotope-driven T-B cell collaboration. The
idiotope score identifies IGHV fragments most likely to engage in idiotope-
driven T-B cell collaboration in context of human leukocyte antigen (HLA)-DR
molecules [excised: predicted 15-mer release by cathepsin S; high affinity:
patient-specific Johnson standardized In(ICsc) for HLA-DRB1 < —1.5; rare:
frequency class (FC) of T cell-exposed motif (TCEM) > 16]. The upper panels
show the proportion of fragments at each complementarity determining
region 3 (CDRB) relative position that fulfills each criterion. The lower panel
shows the proportion that fulfills all criteria. Nearly all fragments inhabiting all
three features occur in the CDR3 region (yellow shading). Error bars indicate
95% confidence interval of the mean.

TCEM in the Human Proteome

and Gut Microbiome

By plotting the mean Johnson standardized frequencies of
TCEM found in the human proteome and gut microbiome in a
similar fashion as the immunoglobulin FC scale, we found that
the CDR3 regions generate TCEM that generally occur rarely
in both the gut microbiome and the human proteome (S14 and
S15 in Supplementary Material). There was a significantly lower
standardized mean occurrence of TCEM in the CDR3 than FW3
for both gut microbiome (p < 0.001) and the human proteome
(p < 0.001). Hence it seems that somatic hypermutation and
recombination in the CDR3 is capable of generating TCEM that
are rare, both in the healthy IGHV repertoire and in the human
proteome and gut microbiome.

onstrated in vitro that each VH region of these CSF mAbs carry
an idiotope (pMS1-VH1 and pMS2-VH3) that was processed by
APCs, and presented on DRB1*13:01/13:02 molecules to CD4*
T cells which specifically recognized the particular idiotope
(32, 33). As shown in Figure 11 prediction analysis anticipated
that both peptides were likely to be cleaved at positions allowing
for presentation by the relevant HLA-DR molecule, and that they
would bind their restriction element (DRB1%¥13:01/13:02) with
high affinity. The FCs had to be calculated for the complete VH
region and are therefore not directly comparable to those used
for the complete dataset, but nevertheless shows that the TCEM
associated with these idiotopes are rare.

DISCUSSION

We have hypothesized that idiotope-driven T-B cell collabora-
tion may drive the intrathecal immune response in MS (19, 33).
Although proof of concept studies have provided some evidence
compatible with this hypothesis (31-33), the immense diversity
of the immune repertoire have previously precluded further
analyses. Here we combined high-throughput sequencing of
IGHYV transcripts with in silico prediction analyses to assess
whether the requirements for such T-B cell collaboration exist.
Our findings indicate that idiotopes from the CDR3 regions of
MS patients on average have high affinities for disease associated
HLA-DRB1*15:01 molecules and are predicted to be endoso-
mally processed by cathepsin S and L in positions that allows
such HLA binding to occur. Additionally, CDR3 sequences from
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FIGURE 11 | In vitro validation of in silico prediction analyses. The peptides (A) pMS1-VH1 and (B) pMS2-VH3 are derived from V regions of immunoglobulin G (IgG)
produced by cerebrospinal B cells of two multiple sclerosis (MS) patients and have been shown in vitro to be processed and presented on human leukocyte antigen
(HLA) DRB1*13:01/13:02 molecules to idiotope-specific CD4+ T cells. Cathepsin cleavage, HLA affinity and T cell-exposed motif (TCEM) occurrence were predicted
as for the main dataset, for each position within the immunoglobulin heavy chain variable (IGHV) transcript. The frequency classes (FCs) were obtained using a
dataset comprising the full length VH region, and are therefore not directly comparable to those calculated for the main dataset. The cysteine at the start of
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CSF B cells from MS patients contain on average rarer TCEM
that could potentially stimulate non-tolerant CD4* T cells, than
corresponding sequences from OIND patients. Many of these
features were associated with the previously described IGHV4
gene family bias (7, 58, 59) of CSF B cells in MS, indicating a pos-
sible explanation for this previously unexplained predominance.
The IGHV gene family distribution with IGHV3-gene family
dominance in blood also correlated with previously published
results from healthy individuals (37, 42, 60).

Cathepsins S and L are essential for antigen presentation
on MHC class II molecules (61, 62), including both processing
of invariant chain (Ii) and preparation of protein fragments
expressed on MHC class II molecules (63). Cathepsin S was
shown to be particularly important for endosomal processing in
B cells, dendritic cells and macrophages, while cathepsin L was
essential for the Ii chain processing in cortical thymic epithelial
cells and in macrophages (64, 65). Both these cathepsins are
therefore likely relevant for endosomal processing of idiotopes.
Cathepsin S was also implicated in MS by early expression studies
suggesting a possible disease association (66), but this has not
been replicated in more recent GWAS studies (67). The cathepsin
S (CTSS) gene was further reported to be associated with treat-
ment responses of both glatiramer acetate and IFN-beta (68).
It was shown that cathepsin S could cleave myelin basic protein
as a possible mechanism of action (69), and a cathepsin S-like
helminthic protease was efficient in cleaving IgG (70). Even
earlier publications showed that human lysosomal proteases can
cleave IgG at acidic and to a lesser extent at neutral pH (71).

Cathepsin S and L have similar cleavage patterns in general (72).
Our cleavage predictions are in line with these findings and indi-
cate that cathepsin S especially may be important for endosomal
processing of BCRs in a way that allows idiotopes of the CDR3
region to be released.

Three observations point to CDR3 as crucial for generation of
idiotopes capable of stimulating CD4* T cells: First, cathepsins
S and L both displayed high probability of cleavage around the
CDR3 start; second, these cleavage spots were immediately
followed by regions with high predicted affinity for HLA class
II molecules; and third, the same region was associated with
relatively high mean FC values for all TCEM, implying high
likelihood for T cell stimulation.

It has been shown that IGHV fragments from endogenous
IgG are indeed processed and presented on MHC II molecules
(20). However, while the effects of cathepsin S and L on foreign
antigens and li-chain have been well characterized (73), there
have been no specific studies to our knowledge on how human
cathepsins S and L act on Ig variable regions in endosomal condi-
tions. The predictive models were built on data from proteomic
identification of cleavage sites assays (45), where cleavage sites are
readily available in preprocessed polypeptide cocktails (45, 46).
Native IgG molecules, on the other hand, contain disulfide bonds
that could interfere with cathepsin activity (74). Future studies
addressing these questions would be important for validating
our predictions.

B cells are likely to play a role as APCs in MS (18), but which
antigens they present are unclear. B cells are capable of processing
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and presenting their own Ig, as demonstrated almost 30 years ago
in mice (20, 22), and recently shown to occur in large scale on
HLA class II molecules in humans with mantle cell lymphoma
(75). Such presentation would normally be enhanced by BCR
stimulation, which activates B cells and induces proper antigen
presentation potential (76). An alternative way for the B cell to
upregulate their HLA class II expression and antigen presenting
potential, was shown in mice to occur through CD40 stimulation
in the thymus (77), as thymus B cells upregulated AIRE, HLA
class IT and CD80 in a CD40 dependent (and BCR independent)
mechanism. It is not known whether B cells from the CNS or
CSF of MS patients express AIRE.

Our results of predicted high affinity for HLA class I mol-
ecules for CDR3-derived fragments are consistent with findings
in the Genbank IGHV dataset from healthy donors, including
the different patterns observed for HLA-DQ (37). Notably
peptides derived from the CDR3/FW3 region studied here
were recently shown to be extensively presented on HLA class
IT in human mantle cell lymphoma B cells, and also recognized
by idiotope-specific CD4* T cells (75). Interestingly, for the
single lymphoma patient with available HLA data and T cell
specificity (75), our predictions confirmed high affinity of the
eluted VH peptide to HLA-DRB1¥04:01 molecules [predicted
In(ICs0) = 3.69, SD = 0.69]. Along with our results, this implies
that the diversity of this region either generates on average
higher affinity peptides, or that some idiotopes are selected for
their affinity to HLA class II. As our sequences did not span the
whole Ig variable region, we were unable to compare affinities
for peptides derived from CDR3 and FW3 with those derived
from CDRI, —2 and other FW regions. However, the recent
results from human mantle cell lymphoma suggest that the most
relevant part of the Ig molecule for idiotope-driven T-B cell
collaboration were included in this study (75).

The concept of idiotope-driven T-B cell collaboration is
founded on an idea of lack of tolerance for the IGHV region, but
it is not fully known to which extent such tolerance occurs (52).
Central T cell tolerance is mediated through positive and negative
selection within the thymus, with help of cortical and medullary
thymic epithelial cells (mTECs) as well as dendritic cells (78).
During negative selection T cells are exposed to self-peptides
by mTECs with help of promiscuous gene expression regulated
by the autoimmune regulator AIRE protein, leading to either
clonal deletion or induction of regulatory T cells (78). However,
V (D) ] recombinations of the IGHV genes only occur in B cells,
and mTECs presumably are unable to present the huge number
of idiotopes resulting from this process. Yet it was shown that
T cells are likely tolerant to germline-encoded (non-mutated)
IGHYV regions (23, 79). It is possible that this could be mediated
through circulating Ig, as very high concentrations of monoclonal
Ig can induce tolerance through clonal deletion in the thymus
(80, 81). Recent studies have found that both naive and class-
switched B cells in the thymus of mice are of peripheral origin
and capable of AIRE-induced antigen presentation (77, 82), even
without BCR stimulation. This could provide another explana-
tion as to how B cells can generate tolerance in the thymus, but
the studies did not investigate to what extent such B cells present
their own IGHV regions. Also, only a few B cells are present in

the thymus at any time (77), providing a relatively small pool of
BCRs to generate tolerance.

Our study utilizes TCEM as a model for how TCR interact
with pHLA. Rudolph et al. described how only a few amino acid
residues of the peptide in a pHLA complex interact with TCRs
(50). These observations were then used to deduce the atomic
contacts of motifs exposed to T cells (37). As HLA class Il TCEMs
are non-linear, matching TCEM can appear in context of both
high and low affinity peptides. The TCEM model is applicable to
any protein in a pHLA complex, and we expect TCEM occurring
in the human proteome to be associated with tolerance if they
are presented in context of HLA (56). A logarithmic scale of
TCEM frequency classification (FC system) was developed and
described for an IGHV repertoire from healthy individuals, and it
was shown that each TCEM has a characteristic frequency of use.
Some TCEM occur very frequently in IGHV regions (low FC),
while others are incredibly rare (high FC) (37). The observation
that some TCEM are present in every single, second, fourth, etc.,
IGHYV sequence could possibly explain why relatively few thymic
B cells may induce central tolerance for a substantial proportion
of the IGHV repertoire (37). In agreement with previous findings
of high diversity in transcribed CDR3 regions from CSF B cells
(7), we found here that the CDR3 sequences from CSF contained
on average quite rare TCEM, compatible with high likelihood of
escaping tolerance. Moreover, the finding that CSF B cells have
higher mean FC (more rare) TCEM than blood B cells is compat-
ible with the notion that B cells are selected into the intrathecal
compartment for their ability to stimulate idiotope-specific
T cells. Finally, our comparison of TCEM in the IGHV sequences
and the human proteome and gut microbiome found that CDR3-
derived IGHV fragments more frequently carried TCEM that
were rare in both these compartments, again suggesting that they
would be more likely to escape tolerance. It was previously shown
that neither the gut microbiome nor the human proteome cover
the entirety of TCEM diversity (56), allowing for occurrence of
many TCEM unique to the IGHV regions.

In agreement with the recently discovered lymph drainage of
the CNS (83), B cells in the brain of MS patients seem to mature
in cervical lymph nodes (8), and B cells in the CSF are clonally
related to those in blood (7, 59). B cells may also proliferate
within ectopic lymphoid follicles within the CNS of MS patients
with long-standing disease (84). Hence, maturation necessary
for idiotope-driven T-B cell collaboration could occur both in
the periphery and within the CNS (8, 59). Such maturation may
increase CDR3 variability and influence any of the parameters
investigated in this study, for instance mutations that generate rare
TCEM could also influence HLA affinity or cathepsin cleavage.

There are several limitations to this study. The number of
included patients was quite low. Most importantly the findings
in silico study needs to be further validated in vitro. In this study,
the controls were restricted to OIND patients. To address whether
the proposed mechanism drives the intrathecal synthesis of
oligoclonal IgG in MS, MS patients without evidence of this
phenomenon could be informative. Such patients are however
rare, and can be hard to identify as the absence of two or more
OCB bands by routine methods not necessarily rules out
intrathecal synthesis of oligoclonal Ig (85-88). Moreover, the
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proposed hypothesis does not exclude that individuals without
intrathecal synthesis of oligoclonal IgG have a repertoire
of idiotope-matched T-B cell pairs, but rather that a break
of immune tolerance against self-IgG leads to dysregulated
idiotope-driven T-B cell collaboration (19). This corresponds
to other candidate autoantigens in MS, as myelin-specific T cells
in the blood of healthy individuals are a frequent finding (89).
Moreover, T cell responses against self-IgG is not unique for
MS, but have previously been shown in patients with other
inflammatory diseases such as systemic lupus erythematosus
(90-92), granulomatosis with polyangiitis (Wegener’s granu-
lomatous) (93), and rheumatoid arthritis (94).

CONCLUSION

The overwhelming complexity of the immune repertoire calls
for novel approaches to chart the interactions between immune
receptors. This is the first work combining high-throughput
sequencing of the IGHV transcriptome with in silico predictions
analysis for T cell activation in a human disease. We predict that
the three proposed prerequisites (successful endosomal process-
ing, high HLA class II affinity and sufficiently rare TCEM) for
idiotope-driven T-B cell collaboration are likely to occur in the
CDR3 region in the CSF of MS patients, with as many as 42%
of the highly transcribed IGHV sequences possess at least one
segment with these features.
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Time

Disease Previous or Number since CSF Albumin 10G
ID Sex Age Diagnosis duration ongoing of relanse ocCB® cell ratio _:wmx
(months)? treatment relapses b count®
(months)
MS-1 F 29 RR-MS* 14 None 1 14 + 3 4 0.85
IFN B 1a
MS-2 F 33 RR-MS 156 (48 months) 5 60 + 1 5.1 0.81
MS3 F 36 RR-MS 66 Mﬁw %mw 4 33 " 3 3.8 17
MS-4 F 63 RR-MS 23 A_an_“_o_w_ ﬁr_wv 1 23 " 1 3.6 0.68
MS-5 F 27 RR-MS 6 None 4 4 + 2 3.8 1.2
MS6 F 33 RR-MS* 23 None 1 23 + 3 35 0.55
MS-7 M 33 RR-MS 48 None 3 3 + 10 17 0.9
MS-8 F 42 RR-MS 64 None 2 20 + 1 55 0.94
MS-9 F 34 RR-MS 2 None 1 2 + 25 6 2.93
MS-10 F 42 RR-MS 35 None 2 18 + 11 3.2 1.06
MS-11 F 20 RR-MS 13 None 2 1 + 10* 4.8* 1.2*
OIND-1 M 45 Aseptic meningitis 1 None N/A N/A - 17 8 0.48
OIND2 M 28 _Aseptic 0 None N/A N/A - 40 18.7 0.64
meningoencephalitis
OIND-3 M 39 Neurosarcoidosis 13 None N/A N/A - 75 31 0.65
OIND-4 M 42 Polyradiculitis 7 None N/A N/A + 10 8 0.88
OIND-5 F 45 Aseptic meningitis 0 None N/A N/A - 14 3 0.48
OIND-6 M 48 Neurosarcoidosis 16 None N/A N/A - 20 26 0.46

S1 - Subject characteristics at time of sample collections

F: female; M: male; RR-MS: relapse-remitting multiple sclerosis; OIND: other inflammatory neurological disease; IFN: interferon; GA: glatiramer acetate

% since first symptom, ® Oligoclonal bands (OCB) positive indicates presence of >2 CSF specific 1gG bands on isoelectric focusing, ¢ number of mononuclear cells per
microliter CSF, ¢ Patients MS-1 and MS-6 had clinically isolated syndrome at inclusion, but later developed definite RR-MS. *values are from a 1 month prior
sampling. The sample from which we acquired cells for sequencing was stopped after 2 mL due to accidental bleeding.



S2 — List of human leukocyte antigen (HLA) alleles included in the
prediction analyses

HLA class | HLA class 11
A B DRB DP DQ

01:01 07:02 1*01:01 DPA1*01:03-DPB1*02:01 DQA1*01:01-DQB1*05:01
02:01 08:01 1*03:01 DPA1*01:03-DPB1*04:02 DQA1*01:02-DQB1*06:02
02:02 15:01 1*04:01 DPA1*01:03-DPB1*04:01 DQA1*03:01-DQB1*03:02
02:03 15:03 1*04:04 DPA1*02:01-DPB1*01:01 DQA1*04:01-DQB1*04:02
02:06 18:01 1*04:05 DPA1*02:01-DPB1*05:01 DQA1*05:01-DQB1*02:01
03:01 27:05 1*07:01 DPA1*03:01-DPB1*04:02 DQA1*05:01-DQB1*03:01
11:01 35:01 1*08:02

23:01 40:01 1*09:01

24:02 40:02 1*11:01

24:03 44:02 1*12:01

26:01 44:01 1*13:02

29:02 51:01 1*15:01

30:01 53:01 3*01:01

30:02 54:01 3*02:02

31:01 57:01 4*01:01

32:01 58:01 5*01:01

33:.01

68:01

68:02

69:01



S3 - IGHYV characteristics

Unique IGHV family usage (%0)
IGHV (N) CSF Blood

ID CSF  Blood| 1 2 3 4 5 6 71 2 3 4 5 6 7
MS-1 98 238951| 306 31 337 316 00 10 00253 52 482 120 68 08 17
MS-2 241 264,483| 386 54 407 108 37 04 04 |225 34 542 143 49 07 00
MS-3 417 118547| 305 98 132 458 00 05 02|199 42 461 204 83 11 00
MS-4 109 235356| 64 92 394 376 55 18 00272 39 411 137 136 05 00
MS-5 1,409 157,163| 41 101 138 707 06 04 04 |291 48 405 135 98 06 17
MS-6 3,409 110489| 233 38 463 185 58 22 00 |249 45 430 163 98 15 0.1
MS-7 2,753 117,643| 228 55 314 341 42 20 00|215 60 428 215 71 10 01
MS-8 1432 35456| 31 50 122 791 03 01 03271 51 468 125 57 11 16
MS-9 14,413 158631| 29 90 132 744 03 01 00 |220 44 468 166 80 06 16
MS-10 617 105514 10.7 55 389 407 39 03 00 |217 34 514 160 63 12 00
MS-11 658 8921|125 61 397 343 61 03 11| 94 18 582 160 119 20 0.7
OIND-1 10,247 -1 151 31 534 219 54 11 00| - - - - - - -
OIND-2 4,115 -1 206 35 551 153 37 07 10| - - - - - - -
OIND-3 8,283 -1 208 34 471 227 52 07 01| - - - - - - -
OIND-4 5091 5978 48 26 225 674 20 07 00199 49 520 152 62 17 01
OIND-5 266 122444| 147 23 489 184 150 04 04 216 39 512 144 80 09 00
OIND-6 6831 72,955| 171 32 513 224 54 05 00 |288 37 448 154 65 08 00




S4 — Cathepsin cleavage of IGHV transcripts

Cathepsin S Cathepsin L Cathepsin B

Number Mean LCI UCI Mean LCI UCI Mean LCI UCI
IGHV 1 7921 2.63 260 2.66 3.83 3.80 3.86 3.08 3.04 3.11
IGHV 2 3035 2.39 2.34 244 352 347 358 3.97 391 4.02
IGHV 3 21865 154 152 156 4.78 476 4.80 3.04 3.02 3.06
IGHV 4 24966 3.80 3.78 3.82 6.25 6.24 6.27 3.18 3.16 3.20
IGHV 5 2098 3.40 3.34 3.46 7.41 735 7.47 350 3.43 3.56
IGHV 6 430 241 228 254 459 445 472 2.26 2.11 2.41
IGHV 7 74 276 244 3.07 5.04 471 537 4.89 453 5.25

L/UCI — Lower and upper 95% confidence interval



S5 — Distribution of cleavage probabilities

Supplementary Figure S5
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Cathepsin cleavage sites in immunoglobulin heavy variable (IGHV) transcripts were
predicted with neural-net models. The distribution of predicted probabilities for cleavage
(range 0-1) for Cathepsin S, L and B are shown for IGHV families 1, 2 and 5-7. The cut-off
lines are set at 0.8, above which is considered a high probability for cleavage. The
complementarity determining region (CDR) 3 region is marked with yellow shading and the
CDRa3 relative position is aligned with the cleavage site at P1-P1°.

CDR3 is marked with shading. Cathepsin L shows high predicted probability of cleavage at
the CDR3 start for all IGHV families. All cathepsins have predicted several hotspots in the
framework (FW) 3 region.



S6 - IGHV fragment affinities for HLA class | and Il molecules

Supplementary Figure S6

Transformed In(IC50)

-30 %23

A*0101 —A*2301 —A*3101
—A*0201 —A*2402 —A*3201

A*0202 —A*2403 —A*3301

A*0203 —A*2601 —A*6801

A*0206 —A*2902 —A*6802

A*0301 —A*3001 —A*6901
—A*1101 —A*3002

20 -15

B*0702 — B*4001 == B*5401
B*0801 — B*4002 —B*5701
B*1501 — B*4402 —B*5801
B*1503 — B*4403
B*1801 — B*4501
B*2705 — B*5101
B*3501 — B*5301

0 50 5 10
CDRa relative position of IGHV fragment start

DRB1*0101 —DRB1%0901  DPA1*0103-DPB1*0201  DQA1*0101-DQB1*0501
DRB1*0301 —DRB1*1101 ~— DPA1*0103-DPB1*0402 —DQA1*0102-DQB1*0602
DRB1*0401 —DRB1*1201 ~ DPA1*0103-DPB1*0401 — DQA1*0301-DQB1*0302
DRB1*0404 == DRB1*1302 — DPA1*0201-DPB1*0101 —DQA1*0401-DQB1*0402
DRB1*0405 —DRB1*1501 —DPA1*0201-DPB1*0501 ——DQA1*0501-DQB1*0201
DRB1*0701 —DPA1*0301-DPB1*0402 — DQA1*0501-DQB1*0301

~DRB1*0802

Binding affinities of CSF IGHV fragments from all patients were predicted for HLA

molecules listed in Supplementary Materials S2. Results are presented as mean Johnson Sl
standardized values of In (ICs) calculated for each CDR3 relative position (N-terminus of a
15-mer in the case of HLA class Il and a 9-mer in the case of HLA class 1), bringing the
different predictions to a comparable scale. Low values indicate higher affinity. Yellow shade

indicates the CDR3 region.



S7 - Mean In (ICx) affinities for selected HLA molecules

Supplementary Figure S7
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Binding affinities of IGHV fragments were predicted for HLA-A*02:01, HLA-DRB1*15:01
and HLA-DQA1*01:02-DQB1*06:02 with neural-net models. We compared the CDR3 vs
FWa region by splitting the transcripts at CDR3 relative position -7. Mean predicted In (1Csp)
by region (CDR3 and FW3) and by disease are shown as outlier box plots with whiskers
covering 1% and 3" quartile -/+ 1.5*(interquartile range). Table S7 shows the adjusted means
used for statistical testing.



Supplementary Table S7

HLA DQA1*01:02-

HLA DRB1*15:01 DQB1*06:02 HLA A*02:01
ICC (%) ICC (%) ICC (%)
Patient-level - 4.38 -
CDR3 relative position 3.76 1.74 1.11
transcript clone-level - - -
Mean difference 0.96 0.07 -0.21
MS LCI 0.95 0.07 -0.22
UCI 0.97 0.08 -0.2
p-value <0.001 <0.001 <0.001
Adjusted for cluster  Unadjusted for cluster  Adjusted for cluster
effect: effect effect:
CDR3 relative CDR3 relative
position position
ICC (%) ICC (%) ICC (%)
Patient-level - - 0.7
CDRS relative position 3.1 2.49 -
transcript clone-level - - -
Mean difference 0.86 -0.75 0.21
OIND | ¢ 0.85 -0.76 0.20
UCI 0.86 -0.74 0.21
p-value <0.001 <0.001 <0.001

Unadjusted for
cluster effect

Adjusted for cluster
effect

CDRa3 relative position

Unadjusted for
cluster effect

ICC - Intra class correlation, L/UCI — Lower and Upper Confidence interval



S8 — Statistical tests of affinity for disease associated HLA molecules

Supplementary Table S8a — Intra class correlation on patient level

DQA1_0102-DQB1_0602 DRB1_1501 A_0201
RelPos ICC (%) RelPos ICC (%) RelPos 1CC (%)

-7 21,0 -7 11,2 -7 28,0
-6 20,0 -6 9,3 -6 6,7
-5 19,8 -5 10,4 -5 18,4
-4 7,9 -4 17,8 -4 13,5
-3 23,6 -3 9,4 -3 20,1
2 8,1 2 9,7 2 25,3
-1 15,9 -1 9,2 -1 14,6
0 8,2 0 9,9 0 54
1 6,5 1 7,7 1 14,8
2 19,6 2 13,8 2 10,9
3 10,1 3 8,9 3 12,4
4 14,2 4 7,0 4 9,3
5 10,6 5 10,1 5 14,9
6 15,9 6 12,9 6 7,8
7 19,3 7 15,5 7 11,6
8 13,8 8 16,3 8 11,1
9 20,6 9 13,8 9 15,4
10 14,1 10 14,7 10 26,3
11 19,2 11 16,2 11 17,0
12 12,3 12 13,2 12 8,4
13 13,6 13 12,3 13 14,0
14 12,8 14 14,6 14 15,3
15 15,3 15 17,0 15 12,7
16 14,6 16 20,2 16 11,4
17 15,1 17 18,2 17 17,2
18 13,4 18 18,1 18 14,7
19 20,1 19 22,9 19 21,3
20 20,7 20 24,2 20 22,0
21 18,9 21 22,7 21 21,4
22 20,0 22 20,6 22 22,2
23 38,5 23 36,6 23 25,8
24 21,9 24 17,5 24 34,0
25 38,2 25 31,5 25 17,9
26 19,7 26 22,2 26 36,7
27 43,3 27 44,1 27 17,7
28 13,5 28 35,0 28 32,2
29 70,1 29 52,4 29 59,2
30 0,0 30 66,0 30 0,0

ICC=lIntra class correlation



Supplementary Table S8b — Mean difference in predicted affinity (In (1C50) for HLA-

DRB1*15:01 for IGHV4 fragments compared to other IGHV families

DRB1_1501 IGHV_family 4 vs others

RelPos Mean diff

7 -0,122
6 -0,104
5 -0,066
-4 0,006
3 0,022
2 -0,079
1 -0,136
0 -0,074
1 -0,065
2 -0,128
3 -0,034
4 -0,007
5 -0,043
6 -0,064
7 0,113
8 -0,095
9 -0,107
10 -0,096
11 -0,098
12 -0,076
13 -0,042
14 0,046
15 -0,044
16 -0,084
17 -0,108
18 -0,069
19 -0,010
20 0,158
21 0,044
22 0,192
23 0,405
24 -0,622
25 -0,112
26 0,491
27 -0,137

LCl=Lower confidence interval. UCI=upper confidence interval. ICC=Intra class correlation

p-value
0,000
0,000
0,000
0,467
0,028
0,000
0,000
0,000
0,000
0,000
0,006
0,564
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,001
0,001
0,003
0,000
0,000
0,010
0,761
0,000
0,504
0,037
0,002
0,067
0,714
0,195
0,841

LCI
-0,135
0,118
-0,079
-0,011
0,002
-0,098
-0,158
-0,096
-0,090
-0,152
-0,058
-0,031
-0,067
-0,088
0,136
0,118
-0,129
-0,117
0,121
-0,101
-0,067
0,019
-0,073
0,118
-0,149
-0,122
-0,071
0,080
-0,085
0,012
0,150
-1,289
0,711
-0,252
1,476

ucl
-0,011
-0,090
-0,053
0,023
0,041
-0,059
-0,114
-0,053
-0,041
-0,104
-0,010
0,017
-0,020
-0,041
-0,090
-0,073
-0,084
-0,074
-0,074
-0,051
-0,016
0,073
-0,015
-0,050
-0,067
-0,017
0,052
0,236
0,173
0,373
0,660
0,044
0,487
1,235
1,203

Benj.-Hoch. Estimated

SIGN adj

*
*

*

SIGN

*
*

*

* ¥ ¥ ¥ ¥ ¥ *

* ¥ ¥ ¥ ¥ ¥ ¥ ¥ *¥ * *

*

*

Black stars indicate significant differences. Red stars indicate significant differences after correction for multiple
testing (20% FDR, Benjamini-Hochberg)
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Supplementary Table S8c — Mean difference in predicted affinity (In (1C50) for HLA-
DQA1*01:02-DQB1*06:02 for IGHV4 fragments compared to other IGHV families

DQA1_0102-DQB1_0602 IGHV_family 4 vs others

RelPos

W 00O N O U & W N - O

N NN NRNNNDNRRRRR B B R R
O U D WNEFP O WOoNOoO U A WN EFKL O

27

Mean diff
-0,414
0,083
0,163
0,071
-0,069
0,031
0,059
0,099
0,001
0,063
0,130
0,048
0,067
0,156
0,010
0,056
0,108
0,062
0,041
0,054
0,040
-0,056
0,024
0,063
-0,057
0,047
0,156
-0,421
0,143
0,451
0,601
0,842
0,286
0,702
0,195

p-value
0,000
0,000
0,000
0,000
0,000
0,011
0,000
0,000
0,944
0,000
0,000
0,000
0,000
0,000
0,343
0,000
0,000
0,000
0,003
0,000
0,014
0,002
0,240
0,008
0,067
0,199
0,000
0,000
0,083
0,000
0,000
0,033
0,487
0,128
0,814

LCI

-0,432
-0,103
-0,186
-0,094
-0,094

0,007
0,036
0,077

-0,024

0,039
0,108
0,026
0,046
0,134

-0,011

0,034
0,085

-0,087
-0,068

0,025
0,008

-0,091
-0,016

0,017

0,118
0,118
0,239
0,527
0,304
0,689
-0,908

0,066

0,521
-1,607
-1,426
LCl=Lower confidence interval. UCI=upper confidence interval. ICC=Intra class correlation

ucl
-0,397
-0,062
-0,140
-0,049
-0,045
0,055
0,083
0,120
0,023
0,086
0,152
0,070
0,088
0,178
0,031
0,078
0,131
-0,037
-0,014
0,084
0,071
-0,020
0,063
0,110
0,004
0,025
-0,073
0,316
0,019
0,213
-0,294
1,618
1,092
0,203
1,816

Benj.-Hoch. Estimated

SIGN adj

SIGN

Black stars indicate significant differences. Red stars indicate significant differences after correction for multiple

testing (20% FDR, Benjamini-Hochberg)
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Supplementary Table S8d — Mean difference in predicted affinity (In (1C50) for HLA-

A*01:02 for IGHV4 fragments compared to other IGHV families

A_0201 IGHV_family 4 vs others

RelPos Mean diff

-7 -0,514
-6 -0,059
-5 -0,203
-4 -0,104
-3 0,003
-2 -0,077
-1 -0,009
0 0,054
1 0,039
2 0,060
3 0,116
4 0,013
5 -0,013
6 -0,043
7 -0,052
8 0,101
9 -0,051
10 -0,363
11 -0,181
12 -0,041
13 0,004
14 -0,343
15 -0,235
16 -0,024
17 -0,012
18 -0,287
19 -0,704
20 -0,008
21 -0,149
22 -0,458
23 0,308
24 0,440
25 0,202
26 -0,207
27 -1,440

LCl=Lower confidence interval. UCI=upper confidence interval. ICC=Intra class correlation

p-value
0,000
0,000
0,000
0,000
0,860
0,000
0,412
0,000
0,000
0,000
0,000
0,373
0,436
0,007
0,003
0,000
0,019
0,000
0,000
0,127
0,892
0,000
0,000
0,567
0,827
0,000
0,000
0,936
0,276
0,036
0,285
0,545
0,794
0,827
0,426

LCI
-0,521
-0,067
0,222
0,132
-0,026
-0,109
-0,029
0,042
0,024
0,037
0,090
-0,016
-0,046
-0,075
-0,086
0,064
-0,094
-0,408
-0,228
-0,093
-0,055
-0,410
-0,308
-0,105
0,117
-0,420
-0,867
-0,200
-0,417
-0,885
-0,256
-0,986
-1,313
-0,063
-4,983

ucl
-0,507
-0,052
-0,185
-0,076
0,032
-0,045
0,012
0,066
0,055
0,083
0,142
0,042
0,020
-0,012
-0,018
0,138
-0,009
-0,318
-0,134
0,012
0,063
-0,275
-0,161
0,057
0,094
-0,154
-0,550
0,185
0,119
-0,030
0,871
1,866
1,717
1,649
2,104

Benj.-Hoch. Estimated

SIGN adj

*
*
*

*

SIGN

*

*
*
*

*

¥ ¥ ¥ ¥

¥ ¥ ¥ ¥ ¥

*

Black stars indicate significant differences. Red stars indicate significant differences after correction for multiple
testing (20% FDR, Benjamini-Hochberg)
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S9 — Hierarchical clustering of Z-standardized TCEM occurrences

Supplementary figure S9a - Hierarchical clustering of Z-standardized TCEMI
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The occurrences of all TCEM (x axis) in IGHV transcripts were identified and summarized by
patient and compartment in patients with MS (MS 1-11), and OIND (OIND 1-6) and three
healthy individuals (D1-3). The figures S9a-c are the results of hierarchical clustering analysis
with Wards’ method of the Z-standardized occurrences within patient and compartment for all

three TCEM patterns. N=Naive B cells from blood, M=Mature B cells from blood. In each

patient B at the end of the identification code denotes blood and C denotes CSF.
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Supplementary Figure S9b - Hierarchical clustering of Z-standardized TCEMIla
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Supplementary Figure S9c - Hierarchical clustering of Z-standardized TCEMIIb
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S10 - Hierarchical clustering of pairwise correlations of T cell exposed
motif occurrences within each compartment and IGHV family

Supplementary Figure S10

MODODMODMOMOMOMO 0.08
TN NffsSsaNYY 0.1302
SSSS35S3SS8S55:88 0.1803
I I I I T T ITIII I I II :
CRoRCRoRCRORCRCRCRCRCRCRORC! 0.2304
E— 0.2805
0.3306
*IGHV1, B
*IGHV1, C | 8-‘5‘832
*IGHV3, B — :
*IGHV3, C ) | 8'222?
*IGHV7, B =
*IGHV7, C )
*IGHV4, B
*IGHV4, C ) |
*IGHV®6, B -
*IGHV6, C )

*IGHV2, B
*IGHVZ, C

We identified all possible T cell exposed motifs (TCEM) Ila in IGHV transcripts and counted
their occurrences in blood and cerebrospinal fluid (CSF) and within each IGHV family. B
denotes blood- and C denotes CSF derived IGHV transcripts. Hierarchical clustering analysis
with Wards’ method of pairwise correlation coefficients shows that clustering occurs on
IGHV family level. The pairwise metric analysis can only be computed if a TCEM is present
in both samples and the observed correlations are thus not attributable to differences in
sample size.
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S11 — Comparison of mean FC in blood and CSF at CDR3 relative positions

Supplementary Table S11a - Mean difference of TCEMI frequency class between blood
and CSF in MS patients

MS; Blood vs CSF mean(0)-mean(1)

RelPos

O 00 NOU B WNEL O

NNNNNNNNNRRRRRRR R R
0O NV A, WNERER OWOVOONOOOUEBEWNPRELO

29

LCl=Lower confidence interval. UCI=upper confidence interval. ICC=Intra class correlation

Mean diff
-3,850
-2,857
-2,976
-3,348
-2,060
-2,765
-1,736
-2,126
-2,839
-2,752
-2,026
-3,521
-3,707
-4,565
-4,416
-4,616
-2,726
-2,825
-1,094
-0,788
-0,546
-0,510
-0,988
-0,148
-0,635
-0,562
-0,430
-0,102
-0,308
0,141
0,040
-0,239
-0,854
-1,478
-2,088
-2,336
-2,251
-2,130
-2,466
-2,123
-2,218
-2,783
-3,140
-2,367
-2,887
-1,932
-4,330
-2,550
-0,559
-0,140
1,353
0,259
0,014
-1,433
-2,417
-2,338
-2,162
-2,441
-1,876
-1,440
-1,449
-1,054

p-value
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,026
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,252
0,819
0,043
0,740
0,987
0,140
0,011
0,012
0,023
0,007
0,039
0,116
0,121
0,349

Lal
-4,492
-3,503
-3,416
-3,596
2,215
-2,883
-1,835
2,203
-2,902
-2,813
2,078
-3,567
-3,754
-4,612
-4,462
-4,661
-2,768
-2,868
-1,134
0,823
-0,582
-0,540
-1,023
0,176
-0,668
-0,592
-0,465
0,141
-0,350
0,102

0,005

0,272
-0,894
-1,526
2,143
-2,397
-2,320
-2,207
-2,550
2,214
2,322
-2,909
-3,309
-2,587
-3,150
2,312
-4,865
-3,360
-1,515
-1,339
0,044

-1,269
-1,681
-3,338
-4,270
-4,170
-4,021
-4,224
-3,656
-3,233
-3,279
-3,260

ucl
-3,208
2,211
-2,535
-3,101
-1,905
-2,648
-1,636
-2,049
-2,775
-2,601
-1,973
-3,475
-3,660
-4,517
-4,371
-4,571
-2,683
-2,782
-1,053
-0,753
-0,511
-0,480
-0,953
-0,119
-0,603
-0,531
-0,394
-0,063
-0,267
0,181
0,074
-0,205
-0,815
-1,431
-2,033
-2,274
-2,183
-2,054
-2,383
-2,033
-2,114
-2,656
-2,971
-2,147
-2,625
-1,551
-3,796
-1,740
0,397
1,059
2,663
1,786
1,709
0,471
-0,563
-0,506
-0,303
-0,659
-0,097
0,353
0,382
1,153

Benj.-Hoch. Estimated
SIGN adj

* X X X X *

*

SIGN

*

® X K K K R X X X X K ¥ X X X R X X K X %X X X K X X ¥ X X X % ¥

* X %X %

* X %X %

* Ok X %X X % %

* %X X X%

Black stars indicate significant differences. Red stars indicate significant differences after correction for multiple
testing (20% FDR, Benjamini-Hochberg)
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Supplementary Table S11b - Mean difference of TCEMIla frequency class between

blood and CSF in MS patients

MS; Blood vs CSF mean(0)-mean(1)

RelPos Mean diff
-32 -3,289
-31 -2,234
-30 1,511
-29 -3,668
-28 -2,333
-27 -1,838
-26 -1,645
-25 -1,676
-24 -4,679
-23 -4,231
-22 -2,875
21 -4,787
-20 -1,834
-19 -4,385
-18 -3,327
-17 -2,876
-16 -2,534
-15 -1,206
-14 -1,261
-13 -0,566
-12 0,514
-11 -1,337
-10 -0,545

-9 -0,140
-8 0,214
-7 0,136
-6 -0,620
-5 -0,110
-4 -0,479
-3 -0,276
-2 -0,435
-1 -0,796
0 -1,253
1 -1,381
2 -1,583
3 -1,349
4 -1,342
5 -1,580
6 -2,081
7 -1,813
8 -1,923
9 -2,523
10 -1,992
11 -2,352
12 -2,304
13 -2,652
14 -3,966
15 -2,262
16 -1,865
17 -2,553
18 -0,609
19 -2,626
20 -1,362
21 -2,670
22 -3,396
23 -1,345
24 -2,776
25 -1,154
26 -0,779
27 -1,672
28 -1,985
29 -1,542

LCl=Lower confidence interval. UCI=upper confidence interval. ICC=Intra class correlation

p-value
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,026
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,819
0,334
0,000
0,096
0,004
0,000
0,122
0,001
0,119
0,297
0,023
0,018
0,129

LCI
-4,021
-2,851
-1,970
-3,937
-2,487
-1,964
-1,742
-1,743
-4,750
-4,292
2,928
-4,845
-1,875
-4,429
-3,374
2,919
2,575
-1,239
-1,297
-0,603
-0,551
-1,366
0,577
-0,166
0,256
0,096
-0,652
-0,144
0,510
0,311
-0,471
-0,833
-1,296
-1,427
-1,632
-1,399
-1,396
-1,641
-2,150
-1,893
-2,022
-2,641
-2,150
-2,556
-2,458
-3,005
-4,465
-3,023
-2,766
-3,686
-1,845
-4,043
-2,966
-4,465
-5,149
-3,052
-4,402
-2,606
-2,243
-3,113
-3,628
-3,535

ual
-2,557
-1,616
-1,052
-3,400
-2,178
-1,713
-1,553
-1,608
-4,607
-4,170
-2,822
-4,729
-1,793
-4,340
-3,280
-2,832
-2,493
-1,173
-1,225
-0,528
-0,478
-1,309
-0,514
-0,114
-0,173
0,176
-0,587
-0,077
-0,447
-0,242
-0,400
-0,759
-1,211
-1,335
-1,534
-1,298
-1,287
-1,519
-2,012
-1,733
-1,829
-2,404
-1,833
-2,147
-2,061
-2,299
-3,468
-1,502
-0,964
-1,421
0,626
-1,209
0,242
-0,875
-1,644
0,361
-1,150
0,298
0,685
-0,230
-0,341
0,451

Benj.-Hoch. Estimated

SIGN adj
*

* X X X%

*

SIGN
*

* X K X X X X % ¥

* K K K K R X X X X K K X X X %X ¥

* K K K K R X X X X K K X X X %X ¥

* X % %

*

Black stars indicate significant differences. Red stars indicate significant differences after correction for multiple
testing (20% FDR, Benjamini-Hochberg)
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Supplementary Table S11c - Mean difference of TCEMIIb frequency class between

blood and CSF in MS patients

MS; Blood vs CSF mean(0)-mean(1)

RelPos Mean diff

32 -3,289
31 -2,475
-30 -2,094
29 -4,395
28 -1,738
-27 -2,019
-26 -2,498
-25 -1,625
24 -4,417
-23 -3,981
-22 -3,309
221 -5,093
-20 -1,681
-19 -4,501
-18 -1,346
-17 -2,696
-16 -2,884
-15 -1,130
-14 -2,290
-13 -0,331
12 -1,248
-11 -1,436
-10 -0,453
9 -0,852
-8 -0,136
-7 0,048
-6 -0,618
-5 0,345
-4 -0,492
-3 -0,642
-2 -0,766
-1 -0,870

0 -0,858

1 -1,031

2 -1,165

3 -1,082

4 -1,191

5 -1,300

6 -1,892

7 -1,568

8 -1,892

9 -1,926
10 -1,589
11 -1,840
12 -2,088
13 -1,587
14 -3,032
15 -1,574
16 -1,892
17 -1,760
18 -0,395
19 -3,145
20 -1,018
21 -1,919
22 -2,848
23 -1,473
24 -2,702
25 -0,709
26 -0,838
27 -1,679
28 -1,583
29 -1,763

LCl=Lower confidence interval. UCI=upper confidence interval. ICC=Intra class correlation

p-value
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,007
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,458
0,000
0,165
0,234
0,001
0,063
0,000
0,334
0,262
0,016
0,037
0,046

Lal
-3,992
-3,067
-2,494
-4,672
-1,901
2,143
-2,589
-1,693
-4,489
-4,035
-3,366
5,153
-1,718
-4,549
-1,393
2,738
2,923
1,162
2,328
-0,368
-1,284
-1,464
-0,489
0,883
0,177
0,013
0,650
0,309
0,522
0,676
-0,800
-0,906
0,898
-1,074
-1,210
-1,129
-1,243
-1,358
-1,957
-1,641
-1,978
2,028
1,722
-2,009
2,286
-1,873
-3,438
2,196
2,639
2,715
-1,437
-4,384
2,455
-3,579
-4,445
-3,028
-4,180
2,147
2,303
-3,048
-3,071
-3,495

ual
-2,586
-1,883
-1,694
-4,117
-1,576
-1,896
-2,408
-1,557
-4,345
-3,927
-3,253
-5,033
-1,644
-4,452
-1,299
-2,655
-2,845
-1,098
-2,252
-0,294
1,212
-1,407
-0,418
-0,821
-0,096
0,083
-0,586
0,382
-0,462
-0,608
-0,732
-0,834
-0,817
-0,988
-1,119
-1,034
-1,139
1,242
-1,827
-1,495
-1,807
-1,823
-1,455
-1,671
-1,889
-1,299
-2,625
-0,952
-1,146
-0,805
0,648
-1,906
0,420
-0,260
-1,251
0,081
-1,224
0,729
0,627
-0,310
-0,095
-0,031

Benj.-Hoch. Estimated

SIGN adj
*

* X X%

*

* %%

SIGN
*

* X K X X X X % ¥

* K K K K R X X X X K K X X X %X ¥

* K K K K R X X X X K K X X X %X ¥

* X % %

*

*

Black stars indicate significant differences. Red stars indicate significant differences after correction for multiple
testing (20% FDR, Benjamini-Hochberg)
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Supplementary Table S11d - Mean difference of TCEMI frequency class between blood

and CSF in OIND patients

RelPos

O 00 NOUL D WNEL O

NNNNNNNNNRRRRRR R B B R
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29

LCl=Lower confidence interval. UCI=upper confidence interval. ICC=Intra class correlation

. OIND; Blood vs CSF mean(0)-mean(1)

Mean diff
-0,624
-0,161
-0,147
-0,452
-0,737
-0,554
-0,602
-0,707
-0,657
-0,828
-0,871
-0,762
-0,942
-1,134
-1,610
-1,491
-1,567
-1,059
-1,129
-0,535
-0,433
-0,402
-0,241
-0,623
-0,338
-0,570
-0,531
-0,655
-0,520
-0,536
-0,331
-0,229
-0,225
-0,494
-0,750
-0,952
-1,193
-1,352
-1,268
-1,212
-1,128
-1,064
-1,022
-0,847
-0,876
-0,883
-1,196
-1,540
-1,673
-2,399
-2,861
-2,872
-1,986
-1,823
-1,282
-1,440
-2,000
-1,579
-1,608
-0,314
-0,261
-0,495
-0,090

p-value
0,092
0,388
0,388
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,011
0,009
0,001
0,010
0,004
0,596
0,665
0,437
0,903

LCI
-1,350
-0,526
-0,480
-0,688
-0,919
-0,675
-0,700
-0,797
-0,734
-0,892
-0,930
-0,813
-0,988
-1,179
-1,657
-1,537
-1,612
-1,101
-1,172
-0,574
-0,467
-0,436
-0,271
-0,658
-0,366
-0,602
-0,561
-0,690
-0,557
-0,575
-0,368
-0,261
-0,256
-0,530
-0,794
-1,004
-1,250
-1,416
-1,339
-1,291
-1,216
-1,165
-1,145
-0,998
-1,065
-1,118
-1,482
-1,892
-2,101
-2,909
-3,485
-3,586
-2,793
-2,712
-2,272
-2,519
-3,146
-2,775
-2,693
-1,477
-1,443
-1,748
-1,542

ual
0,102
0,205
0,186
0,216
-0,555
-0,434
-0,505
-0,617
-0,581
-0,765
-0,812
-0,711
-0,897
-1,089
-1,563
-1,446
-1,522
-1,017
-1,087
-0,496
-0,399
-0,367
0,212
-0,589
-0,310
-0,538
-0,501
-0,620
-0,483
-0,497
-0,294
0,196
-0,193
-0,457
-0,706
-0,901
-1,135
-1,288
-1,198
-1,134
-1,040
-0,963
-0,900
-0,696
-0,686
-0,649
0,911
-1,187
-1,244
-1,888
-2,237
-2,157
-1,178
-0,933
-0,292
-0,362
-0,854
-0,383
-0,522
0,849
0,922
0,758
1,361

Benj.-Hoch. Estimated
SIGN

SIGN adj
*

LR R A A ¥ KX X X X X X X X % * Ok X X X X X X X ¥ * Ok X X R X X X % ¥

* X X%

*

R OR XX R X X K R X K K X K R K X K X X K X X K K X K K X X K K X K X X K X X K K X X X X X X X ¥ *

* X X X %

Black stars indicate significant differences. Red stars indicate significant differences after correction for multiple
testing (20% FDR, Benjamini-Hochberg)
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Supplementary Table S11e - Mean difference of TCEMIIa frequency class between

blood and CSF in OIND patients

OIND; Blood vs CSF mean(0)-mean(1)

RelPos
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29

LCl=Lower confidence interval. UCI=upper confidence interval. ICC=Intra class correlation

Mean diff
-0,218
-0,071
-0,561
-0,877
-0,710
-0,509
-0,715
-0,457
-1,076
-1,318
-1,107
-1,485
-0,630
-1,402
-1,146
-1,240
-0,956
-0,403
-0,476
-0,632
-0,617
-0,457
-0,489
-0,302
-0,591
-0,468
-0,516
-0,303
-0,396
-0,252
-0,436
-0,449
-0,616
-0,706
-0,839
-0,839
-0,823
-0,707
-0,797
-0,804
-0,790
-0,945
-1,106
-1,229
-1,626
-1,910
-2,337
-2,358
-3,288
-3,002
-2,456
-2,759
-2,323
-1,379
-2,031
-1,228
-1,328
-0,638
-0,426
0,124
-0,157
-0,186

p-value
0,309
0,672
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,024
0,014
0,216
0,405
0,823
0,807
0,786

Lcl
-0,637
-0,401
-0,808
-1,088
-0,833
-0,613
-0,802
-0,524
-1,146
-1,377
-1,158
-1,542
-0,670
-1,447
-1,192
-1,282
-0,996
-0,435
-0,511
-0,669
-0,653
-0,485
-0,520
-0,328
-0,631
-0,505
-0,547
-0,334
-0,426
-0,285
-0,469
-0,484
-0,655
-0,750
-0,886
-0,886
-0,875
-0,765
-0,863
-0,883
-0,884
-1,061
-1,250
-1,480
-1,845
-2,178
-2,674
-2,767
-3,776
-3,605
-3,144
-3,545
-3,182
-2,316
-2,969
-2,293
-2,387
-1,652
-1,429
-0,964
-1,414
-1,536

ual
0,202
0,259
-0,314
-0,666
-0,588
-0,405
-0,628
-0,389
-1,006
-1,259
-1,055
-1,429
-0,591
-1,357
-1,100
-1,197
0,916
-0,370
-0,441
-0,595
-0,580
-0,429
-0,459
-0,275
-0,551
-0,431
-0,484
-0,272
-0,366
-0,220
-0,403
-0,414
-0,576
-0,663
-0,792
-0,792
-0,771
-0,649
-0,731
-0,725
-0,695
-0,828
-0,961
-1,050
-1,460
-1,643
-2,000
-1,949
-2,799
-2,400
-1,769
-1,973
-1,464
-0,441
-1,092
-0,163
-0,269
0,375
0,578
1,212
1,101
1,163

Benj.-Hoch. Estimated
SIGN adj SIGN

*
* X K X X X X %

*
® X K K K K X X K X K X X K X % ¥

*
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Black stars indicate significant differences. Red stars indicate significant differences after correction for multiple
testing (20% FDR, Benjamini-Hochberg)
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Supplementary Table S11f - Mean difference of TCEMIIb frequency class between

blood and CSF in OIND patients

OIND; Blood vs CSF mean(0)-mean(1)

RelPos Mean diff
-32 -0,092
-31 0,115
-30 -0,685
-29 -0,867
-28 -0,698
-27 -0,466
-26 -0,778
-25 -0,555
-24 -1,006
-23 -1,065
-22 -1,152
-21 -1,653
-20 -0,554
-19 -1,493
-18 -0,703
-17 -1,081
-16 -0,696
-15 -0,574
-14 -0,907
-13 -0,377
-12 -0,743
-11 -0,578
-10 -0,553

-9 -0,417
-8 -0,566
-7 -0,259
-6 -0,481
-5 -0,274
-4 -0,364
-3 -0,326
-2 -0,534
-1 -0,472
0 -0,535
1 -0,600
2 0,611
3 -0,622
4 -0,668
5 -0,634
6 -0,719
7 0,701
8 -0,613
9 -0,705
10 -0,870
11 -0,952
12 -1,341
13 -1,421
14 -1,841
15 -1,873
16 -2,479
17 -2,305
18 -2,083
19 -2,798
20 -1,725
21 -1,429
22 -1,734
23 -0,574
24 -1,043
25 0,437
26 -0,014
27 -0,198
28 -0,459
29 -0,219

LCl=Lower confidence interval. UCI=upper confidence interval. ICC=Intra class correlation

p-value
0,649
0,474
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,224
0,035
0,371
0,978
0,711
0,421
0,714

Lcl
-0,491
-0,200
-0,903
-1,086
-0,828
-0,570
-0,862
-0,620
-1,076
-1,118
-1,206
1,711
-0,590
-1,541
-0,748
1,122
-0,735
-0,605
-0,945
-0,414
-0,779
-0,605
-0,588
-0,447
-0,604
-0,291
-0,512
-0,309
-0,392
-0,358
-0,565
-0,506
-0,573
-0,641
-0,655
-0,668
-0,718
-0,688
-0,781
-0,773
-0,697
-0,807
-0,992
-1,101
-1,521
-1,640
-2,114
-2,208
-2,879
-2,810
-2,659
-3,472
-2,506
-2,258
-2,561
-1,500
-2,010
-0,523
-0,981
-1,246
-1,581
-1,398

ual
0,306
0,430
-0,466
-0,648
-0,567
-0,362
-0,695
-0,489
-0,936
-1,012
-1,098
-1,595
-0,518
-1,444
-0,657
-1,040
-0,658
-0,542
-0,870
-0,341
-0,707
-0,550
-0,517
-0,386
-0,527
-0,226
-0,450
-0,241
-0,335
-0,295
-0,503
-0,439
-0,497
-0,560
-0,568
0,576
-0,619
-0,579
-0,657
-0,629
-0,530
-0,604
-0,748
-0,803
-1,161
-1,203
-1,568
-1,539
2,079
-1,799
-1,507
2,124
0,943
-0,600
-0,907
0,352
-0,076
1,398
0,953
0,850
0,663
0,959

Benj.-Hoch. Estimated
SIGN adj SIGN

*
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Black stars indicate significant differences. Red stars indicate significant differences after correction for multiple
testing (20% FDR, Benjamini-Hochberg)
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S12 — Comparison of mean FC in the CDR3 vs FW3

Supplementary Figure S12a —Mean frequency of T cell exposed motifs in IGHV
transcripts.

20

-
v

Frequency class of
TCEM |

Frequency class of
TCEMIla

Frequency class of
TCEMIIb

40 35 30 25 20 15 10 -5 0 5 10 15 20
CDR3 relative position

We identified all TCEM in our patients CSF IGHV fragments, and used TCEM occurrences
in three healthy individuals to generate a —log2 based FC for each TCEM. Mean frequency
class (FC) of all patients in the dataset is displayed for all CDR3 relative positions. Low
values represent frequent TCEM. Each error bar is constructed using 1 standard deviation
from the mean. The CDR3 relative position refers to first N-terminus amino acid of a 15-mer
in the case of TCEM Il and a 9-mer in the case of TCEM I.
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Supplementary Figure S12b —Mean frequency class of CDR3 vs FW3 derived fragments

in IGHV transcripts
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We compared the mean FC of CDR3- vs FW3-derived fragments by splitting the transcripts at
CDR3 relative position -7. Mean FC by region (CDR3 and FW3) and by disease are shown as

outlier box plots with whiskers covering 1% and 3" quartile -/+ 1.5%(interquartile range).

Supplementary Table S12 shows the adjusted means used for statistical testing
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Supplementary Table S12 - TCEM Frequency class mean difference in FC in FW3 vs

CDR3
FCfor TCEM I FCfor TCEMIla FC for TCEM llb
ICC (%) ICC (%) ICC (%)
Patient-level - - -
CDRa3 relative
position - - -
transcript clone-
level - - -
MS Mean difference -5.81 -7.99 -7.46
LCI -5.83 -8.01 -7.49
UCl -5.78 -7.97 -7.44
p-value <0.001 <0.001 <0.001
Unadjusted for Unadjusted for Unadjusted for cluster
cluster effect cluster effect effect
ICC (%) ICC (%) ICC (%)
Patient-level 1.2 1.19 1.27
CDR3 relative
position - 6.53 5.82
transcript clone-
level - - -
OIND Mean difference -6.75 -8.83 -8.31
LCI -6.77 -8.84 -8.32
ucCl -6.73 -8.81 -8.29
p-value <0.001 <0.001 <0.001

Unadjusted for
cluster effect

Unadjusted for
cluster effect

Unadjusted for cluster
effect

ICC — Intra class correlation, L/UCI — Lower and Upper Confidence interval
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S13 — Statistical tests of mean FC of TCEMs

Supplementary Table S13a — Intra class correlation of FC on patient level

TCEM_I TCEM_lla TCEM_IIb
RelPos ICC (%) RelPos ICC (%) RelPos ICC (%)
-7 23,6 -7 15,8 -7 13,6
6 214 -6 22,5 -6 19,9
5 19,2 5 21,8 5 15,5
4 14,2 4 13,8 4 14,6
-3 11,0 -3 10,3 -3 24,2
) 14,9 -2 11,4 -2 13,6
-1 20,9 -1 8,2 -1 12,4
0 12.0 0 21,6 0 15,0
1 12.0 1 9,1 1 6,4
3 14.4 2 11,5 2 11,4
3 16.2 3 13,9 3 18,4
A 117 4 14,7 4 17,5
c 160 5 18,0 5 16,9
6 30 6 9,7 6 14,1
; 108 7 10,5 7 18,8
2 08 8 10,7 8 15,0
’ 9 13,2 9 11,0
9 99 10 14,0 10 10,2
10 10,9 11 8,1 11 12,1
11 8,4 12 7,2 12 7,0
12 10,7 13 9,6 13 9,5
13 83 14 8,0 14 10,5
14 124 15 11,2 15 12,3
15 10,5 16 12,8 16 13,6
16 14,1 17 13,4 17 12,9
17 12,7 18 10,1 18 8,2
18 11,3 19 9,0 19 14,1
19 16,6 20 32,7 20 28,4
20 17,9 21 16,5 21 19,0
21 6,9 22 21,0 22 13,9
22 29,1 23 24,3 23 28,8
23 26,3 24 25,3 24 29,2
24 30,4 25 29,2 25 32,5
25 37,8 26 25,0 26 27,6
26 40,0 27 0,0 27 10,3
27 29,2 28 31,6 28 36,5
28 26,3 29 57,8 29 55,0
29 0,0 30 0,0 30 0,0

ICC=lIntra class correlation



Supplementary Table S13b — Mean difference in FC of TCEMI motifs between MS and

OIND patients

RelPos Mean diff
-7 0,636
-6 0,381
-5 0,031
-4 0,006
-3 -0,397
-2 -0,441
-1 -0,342
0 -0,019
1 0,336
2 0,690
3 0,874
4 0,674
5 0,697
6 0,896
7 0,447
8 0,440
9 0,254
10 0,277
11 0,239
12 0,322
13 0,212
14 0,339
15 0,165
16 0,166
17 0,084
18 0,070
19 0,075
20 0,154
21 0,094
22 0,809
23 0,406
24 0,235
25 -0,583
26 -0,148
27 -0,016

p-value
0,163
0,411
0,943
0,984
0,038
0,063
0,318
0,928
0,134
0,013
0,008
0,003
0,039
0,032
0,016
0,008
0,101
0,074
0,033
0,014
0,042
0,009
0,178
0,322
0,571
0,623
0,702
0,413
0,522
0,028
0,269
0,510
0,261
0,847
0,987

LCl
-0,257
-0,528
-0,809
-0,596
-0,772
-0,906
-1,012
-0,425
-0,103
0,144
0,233
0,233
0,036
0,077
0,085
0,115
-0,050
-0,027
0,019
0,064
0,008
0,084
-0,075
-0,163
-0,207
-0,208
-0,308
-0,215
-0,195
0,087
-0,314
-0,464
-1,600
-1,654
-1,994

uci
1,529
1,290
0,871
0,608
-0,022
0,025
0,328
0,388
0,775
1,237
1,516
1,116
1,358
1,715
0,808
0,765
0,557
0,582
0,459
0,580
0,417
0,595
0,406
0,495
0,376
0,348
0,457
0,523
0,384
1,530
1,126
0,935
0,433
1,358
1,962

SIGN adj

*

*

* ¥ ¥ %

¥ ¥ ¥ ¥ ¥

LCl=Lower confidence interval. UCI=upper confidence interval. ICC=Intra class correlation
Black stars indicate significant differences. Red stars indicate significant differences after correction for multiple

testing (20% FDR, Benjamini-Hochberg)

SIGN

¥ ¥ ¥ ¥ ¥ ¥ ¥

¥ ¥ ¥ *
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Supplementary Table S13c — Mean difference in FC of TCEMIla motifs between MS

and OIND patients

RelPos Mean diff
-7 -0,118
-6 0,258
-5 0,067
-4 -0,229
-3 -0,031
-2 -0,034
-1 0,241
0 0,611
1 0,348
2 0,462
3 0,141
4 -0,099
5 0,593
6 0,260
7 0,044
8 0,437
9 0,104
10 0,394
11 0,340
12 0,041
13 0,474
14 0,219
15 0,211
16 0,375
17 -0,045
18 0,099
19 -0,097
20 -0,205
21 0,271
22 0,641
23 -0,024
24 0,354
25 -0,207
26 0,708
27 -1,000

p-value
0,717
0,568
0,873
0,287
0,853
0,854
0,052
0,146
0,034
0,030
0,640
0,762
0,000
0,177
0,839
0,023
0,697
0,125
0,005
0,756
0,000
0,080
0,202
0,036
0,838
0,569
0,576
0,743
0,379
0,064
0,962
0,470
0,760
0,317
0,220

LCI
-0,755
-0,629
-0,757
-0,651
-0,360
-0,394
-0,002
-0,213
0,027
0,046
-0,449
-0,741
0,533
0,117
-0,385
0,059
-0,419
-0,109
0,100
0,217
0,239
-0,026
-0,113
0,025
-0,480
-0,241
-0,436
-1,433
-0,333
-0,036
-1,016
-0,606
-1,535
-0,679
-2,598

ucl
0,520
1,145
0,892
0,192
0,298
0,326
0,485
1,434
0,670
0,879
0,730
0,543
0,654
0,636
0,473
0,815
0,627
0,896
0,580
0,299
0,708
0,465
0,534
0,726
0,390
0,439
0,243
1,022
0,875
1,318
0,968
1,315
1,121
2,095
0,598

SIGN adj

LCl=Lower confidence interval. UCI=upper confidence interval. ICC=Intra class correlation
Black stars indicate significant differences. Red stars indicate significant differences after correction for multiple

testing (20% FDR, Benjamini-Hochberg)

SIGN
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Supplementary Table S13d — Mean difference in FC of TCEMIIb motifs between MS

and OIND patients

RelPos Mean diff
-7 -0,041
-6 0,247
-5 -0,261
-4 -0,173
-3 0,394
-2 0,167
-1 0,288
0 0,383
1 0,140
2 0,371
3 -0,066
4 -0,139
5 0,586
6 0,414
7 0,359
8 0,703
9 0,303
10 0,263
11 0,244
12 0,059
13 0,439
14 0,089
15 0,136
16 0,303
17 -0,130
18 -0,024
19 0,085
20 -0,105
21 0,129
22 0,590
23 -0,188
24 -0,330
25 -0,498
26 0,811
27 -1,635

p-value
0,865
0,517
0,369
0,432
0,385
0,443
0,131
0,152
0,215
0,068
0,867
0,720
0,092
0,134
0,373
0,006
0,134
0,145
0,242
0,628
0,000
0,600
0,480
0,152
0,953
0,879
0,757
0,848
0,722
0,041
0,775
0,654
0,585
0,336
0,041

LCl
-0,515
-0,500
-0,831
-0,605
-0,495
-0,260
-0,086
-0,140
-0,081
-0,027
-0,843
-0,897
-0,096
-0,128
-0,431
0,201
-0,094
-0,090
-0,165
-0,180
0,208
-0,244
-0,242
-0,111
-0,439
-0,334
-0,451
-1,177
-0,581
0,025
-1,478
-1,770
-2,284
-0,843
-3,203

ucl
0,432
0,994
0,308
0,259
1,283
0,595
0,663
0,906
0,361
0,770
0,710
0,619
1,268
0,957
1,150
1,206
0,701
0,616
0,653
0,298
0,671
0,422
0,515
0,718
0,413
0,286
0,620
0,967
0,839
1,154
1,101
1,110
1,287
2,465
-0,067

SIGN adj

LCl=Lower confidence interval. UCI=upper confidence interval. ICC=Intra class correlation
Black stars indicate significant differences. Red stars indicate significant differences after correction for multiple

testing (20% FDR, Benjamini-Hochberg)

SIGN
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Supplementary Table S13e — Mean difference in FC of TCEMI motifs between IGHV4

and other IGHV family fragments

RelPos Mean diff
-7 -0,954
-6 -1,188
-5 -0,890
-4 -0,679
-3 -0,709
-2 -0,567
-1 -0,414
0 -0,040
1 0,152
2 0,156
3 0,306
4 0,188
5 0,401
6 0,483
7 0,232
8 0,273
9 0,188
10 0,292
11 0,309
12 0,217
13 0,037
14 0,042
15 -0,002
16 -0,067
17 0,200
18 -0,092
19 0,071
20 0,037
21 -0,039
22 0,011
23 -0,166
24 0,036
25 0,318
26 0,184
27 -0,112

p-value
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,153
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,250
0,178
0,942
0,090
0,000
0,118
0,284
0,652
0,770
0,955
0,516
0,937
0,530
0,815
0,958

LCI
-1,010
-1,250
-0,955
-0,746
0,771
-0,621
-0,463
-0,094
0,090
0,086
0,233
0,113
0,329
0,414
0,168
0,213
0,129
0,236
0,251
0,157
-0,026
-0,019
-0,069
-0,144
0,110
-0,207
-0,059
0,123
-0,298
-0,373
-0,667
-0,862
-0,675
-1,353
-4,307

uci

-0,897
-1,125
-0,824
-0,613
-0,647
-0,513
-0,366
0,015
0,214
0,225
0,379
0,262
0,473
0,551
0,295
0,334
0,246
0,349
0,367
0,277
0,099
0,103
0,064
0,010
0,291
0,023
0,202
0,197
0,221
0,395
0,335
0,935
1,312
1,721
4,082

SIGN adj

*

¥ ¥ ¥ X X X X ¥ * ¥ ¥ ¥ ¥ ¥ ¥

* ¥ ¥

LCl=Lower confidence interval. UCI=upper confidence interval. ICC=lIntra class correlation
Black stars indicate significant differences. Red stars indicate significant differences after correction for multiple

testing (20% FDR, Benjamini-Hochberg)

SIGN

*

* ¥ ¥ ¥ ¥ ¥

¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ *
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Supplementary Table S13f — Mean difference in FC of TCEMIla motifs between IGHV4

and other IGHV family fragments

RelPos Mean diff
-7 -0,890
-6 -0,070
-5 -0,530
-4 -0,192
-3 -0,654
-2 -0,301
-1 0,187
0 0,140
1 0,187
2 0,117
3 0,022
4 0,110
5 0,308
6 0,299
7 0,142
8 0,102
9 0,132
10 0,311
11 0,029
12 -0,093
13 0,059
14 0,155
15 0,023
16 0,084
17 -0,136
18 0,071
19 0,632
20 -0,158
21 -0,123
22 0,491
23 -0,784
24 -0,142
25 0,347
26 -0,465
27 -0,839

p-value
0,000
0,017
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,533
0,002
0,000
0,000
0,000
0,003
0,000
0,000
0,414
0,014
0,142
0,000
0,611
0,099
0,036
0,372
0,000
0,197
0,484
0,050
0,029
0,850
0,674
0,694
0,738

LCI
-0,953
-0,127
-0,585
-0,241
-0,705
-0,352
0,135
0,081
0,123
0,051
-0,046
0,042
0,239
0,232
0,075
0,033
0,063
0,242
-0,041
-0,167
-0,020
0,073
-0,065
-0,016
-0,264
-0,085
0,443
-0,398
-0,467
-0,001
-1,487
-1,614
-1,270
-2,779
-5,744

uci
-0,827
-0,013
-0,475
-0,142
-0,603
-0,250
0,239
0,199
0,251
0,183
0,089
0,179
0,377
0,366
0,210
0,170
0,201
0,381
0,100
-0,019
0,137
0,237
0,110
0,185
-0,009
0,227
0,820
0,082
0,221
0,982
-0,082
1,329
1,963
1,849
4,067

SIGN adj

*

¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ X X ¥ X *

*

LCl=Lower confidence interval. UCI=upper confidence interval. ICC=Intra class correlation
Black stars indicate significant differences. Red stars indicate significant differences after correction for multiple

testing (20% FDR, Benjamini-Hochberg)
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*
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Supplementary Table S13g — Mean difference in FC of TCEMIIb motifs between

IGHV4 and other IGHV family fragments

RelPos Mean diff
-7 -0,486
-6 -0,209
-5 -1,436
-4 -0,107
-3 -0,450
-2 0,162
-1 0,075
0 -0,378
1 0,107
2 -0,054
3 -0,121
4 0,177
5 0,199
6 0,320
7 0,285
8 0,299
9 0,178
10 0,150
11 -0,046
12 -0,089
13 -0,040
14 0,439
15 -0,069
16 0,038
17 0,140
18 -0,212
19 0,475
20 -0,359
21 -0,734
22 0,472
23 -1,195
24 0,419
25 1,108
26 -1,142
27 -1,344

p-value
0,000
0,000
0,000
0,000
0,000
0,000
0,004
0,000
0,000
0,084
0,000
0,000
0,000
0,000
0,000
0,003
0,000
0,000
0,194
0,015
0,306
0,000
0,130
0,471
0,033
0,010
0,000
0,005
0,000
0,101
0,003
0,653
0,276
0,390
0,591

LCI
-0,541
-0,266
-1,493
-0,155
-0,503
0,112
0,024
-0,436
0,049
0,116
-0,185
0,110
0,132
0,255
0,219
0,232
0,112
0,082
-0,115
-0,161
-0,118
0,358
-0,158
-0,065
0,011
-0,374
0,267
-0,610
-1,093
-0,092
-1,977
-1,410
-0,885
-3,748
-6,249

uci
-0,431
-0,152
-1,378
-0,060
-0,397
0,212
0,126
-0,321
0,165
0,007
-0,057
0,243
0,266
0,385
0,351
0,366
0,245
0,218
0,023
-0,018
0,037
0,520
0,020
0,142
0,268
-0,050
0,684
-0,108
-0,376
1,036
-0,414
2,248
3,101
1,464
3,532

SIGN adj

*

¥ ¥ ¥ ¥ ¥ ¥ ¥

¥ ¥ ¥ ¥ ¥ ¥ ¥ *

*

¥ ¥ ¥ ¥ ¥ *

*

LCl=Lower confidence interval. UCI=upper confidence interval. ICC=lIntra class correlation
Black stars indicate significant differences. Red stars indicate significant differences after correction for multiple

testing (20% FDR, Benjamini-Hochberg)

SIGN

*

* Ok ¥ ¥ ¥ ¥ ¥ ¥

¥ Ok ¥ ¥ ¥ ¥ ¥ x

* ¥ ¥ ¥ ¥

32



S14 — TCEM occurrences in the gut microbiome vs IGHV fragments

Supplementary Figure S14 — TCEM occurrence in the gut microbiome assigned to
patients IGHV TCEMs
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We compared the Johnson standardized occurrence of TCEM in gut microbiome of CDR3- vs
FWa3-derived fragments by splitting the transcripts at CDR3 relative position -7. Mean
Johnson standardized occurrence by IGHV region and by disease are shown as outlier box
plots with whiskers covering 1% and 3" quartile -/+ 1.5*(interquartile range). Supplementary
Table S14 shows the adjusted means used for statistical testing. Figure S14 shows the mean
Johnson standardized occurrence in gut microbiome in IGHV transcripts by their CDR3
relative positions (first N-terminus amino acid of a 15-mer in the case of TCEM Il and a 9-
mer in the case of TCEM ). Each error bar is constructed using 1 standard deviation from the
mean.
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Supplementary Table S14 - Gut microbiome TCEM frequencies in FW3 vs CDR3

Johnson Sl

Johnson Sl transformed Johnson Sl
transformed transformed TCEM
TCEM lla
TCEM | frequency f I1b frequency
reguency
ICC (%) ICC (%) ICC (%)
Patient-level 1.03 1.23 -
CDRS relative
position 2.84 4.12 3.76
Transcript clone
level - - -
MS Mean difference 1.78 0.67 0.53
LCI 1.76 0.66 0.52
uUcCl 1.79 0.68 0.54
p-value <0.001 <0.001 <0.001
Adjusted for cluster  Adjusted for cluster ~ Adjusted for cluster
effect effect effect
CDRa3 relative CDRa3 relative CDRa3 relative position-
position-level position-level level
ICC (%) ICC (%) ICC (%)
Patient-level 0.34 - -
CDR3 relative
position i 3.53 i
Transcript clone- ) ) )
level
OIND  Mean difference 0.84 0.81 0.72
LClI 0.84 0.80 0.72
ucCl 0.85 0.81 0.72
p-value <0.001 <0.001 <0.001
Adjusted for cluster Unadjusted for Unadjusted for cluster
effect cluster effect effect
Patient-level

ICC — Intra class correlation, L/UCI — Lower and Upper Confidence interval

34



S15 - TCEM occurrences in the human proteome vs IGHV fragments

Supplementary Figure S15 — Mean Johnson standardized TCEM counts in the human
proteome assigned to patients IGHV fragments TCEMs
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We compared the Johnson standardized occurrence of TCEM in human proteome of CDR3-
vs FW3-derived fragments by splitting the transcripts at CDR3 relative position -7. Mean
Johnson standardized occurrence by IGHV region and by disease are shown as outlier box
plots with whiskers covering 1% and 3" quartile -/+ 1.5*(interquartile range). Supplementary
Table S15 shows the adjusted means used for statistical testing. Figure S15 shows the mean
Johnson standardized occurrence in human proteome in IGHV transcripts by their CDR3
relative positions (first N-terminus amino acid of a 15-mer in the case of TCEM Il and a 9-
mer in the case of TCEM ). Each error bar is constructed using 1 standard deviation from the
mean
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Supplementary Table S15 - Human proteome TCEM frequencies in FW3 vs CDR3

Johnson Sl Johnson Sl
transformed transformed Johnson Sl
TCEM | TCEM lla transformed TCEM
frequency frequency I1b frequency
ICC (%) ICC (%) ICC (%)
Patient-level 1.49 - -
CDRa3 relative
position 2.71 3.17 3.86
transcript clone-
level - - -
MS Mean difference 0.76 0.14 0.25
LCI 0.75 0.13 0.24
UClI 0.76 0.15 0.26
p-value <0.001 <0.001 <0.001
Adjusted for Adjusted for Adjusted for
cluster effect cluster effect cluster effect
CDRa3 relative CDRa3 relative CDRa3 relative
position position position
ICC (%) ICC (%) ICC (%)
Patient-level 0.34 - 0.35
CDR3 relative
position - 2.69 3.2
transcript clone-
level - - -
OIND
Mean difference 0.66 0.29 0.20
LCI 0.65 0.28 0.19
UClI 0.66 0.30 0.20
p-value <0.001 <0.001 <0.001
Unadjusted for Adjusted for Adjusted for

cluster effect

cluster effect
CDR3 relative

position

cluster effect
CDRS3 relative
position

ICC — Intra class correlation, L/UCI — Lower and Upper Confidence interval
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Abstract: Cysteine cathepsins are critical components of the adaptive immune system involved in the
generation of epitopes for presentation on human leukocyte antigen (HLA) molecules and have been
implicated in degradation of autoantigens. Immunoglobulin variable regions with somatic mutations
and random complementarity region 3 amino acid composition are inherently immunogenic. T cell
reactivity towards immunoglobulin variable regions has been investigated in relation to specific
diseases, as well as reactivity to therapeutic monoclonal antibodies. Yet, how the immunoglobulins,
or the B cell receptors, are processed in endolysosomal compartments of professional antigen
presenting cells has not been described in detail. Here we present in silico and in vitro experimental
evidence suggesting that cysteine cathepsins S, L and B may have important roles in generating
peptides fitting HLA class II molecules, capable of being presented to T cells, from monoclonal
antibodies as well as from central nervous system proteins including a well described autoantigen.
By combining neural net models with in vitro proteomics experiments, we further suggest how such
degradation can be predicted, how it fits with available cellular models, and that it is immunoglobulin
heavy chain variable family dependent. These findings are relevant for biotherapeutic drug design
as well as to understand disease development. We also suggest how these tools can be improved,
including improved machine learning methodology.

Keywords: cathepsin; endosome; endolysosome; protease; B cell; antigen presenting cell; bioinformatics;
in silico model; protease cleavage prediction

1. Introduction

The endosomal system of antigen presenting cells (APCs) is home to cysteine cathepsins (B, C, F, H,
K, L,O,S,V, W and X), serine cathepsins (A and G), aspartyl cathepsins (D and E), legumain (asparagine
endopeptidase, AEP), and gamma-interferon inducible thiol reductase (GILT) [1-3]. The expression
differs with maturation and activation status of APCs [1,4]. B cells are increasingly investigated as
APCs for CD4* T cells, as their APC functions have been connected to disease pathophysiology [1,5-7].
Upon activation, the B cell receptor (BCR) and bound antigen are internalized, the antigen is degraded
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in the endolysosomal system and the resulting fragments of both may bind to major histocompatibility
complex (MHC) class II for presentation on the cell surface [1,8-10].

Cysteine cathepsins have previously been implied in aging and neurodegenerative disorders
and have been detected in microglia, astrocytes, or neurons, in addition to traditional APCs [11].
Further, neuroinflammation is increasingly investigated in what is traditionally considered
neurodegenerative disorders [12]. Several central nervous system (CNS) proteins are associated
with disease and are either known or potential targets for cysteine cathepsins, including amyloid
beta and Tau (Alzheimer’s disease), alpha-synuclein (Parkinson’s disease), and myelin basic protein
(MBP, multiple sclerosis) [11].

Monoclonal antibody (mAb) drugs are increasingly being used and developed as therapy for
cancer, inflammatory, autoimmune, and other diseases [13,14]. They consist of immunoglobulins
(Igs) with constant regions of varying isotypes and allotypes, and variable antigen binding regions
of either mouse, human, or humanized origin, which make them inherently immunogenic [15,16].
Development of antibodies towards mAbs is dependent on degradation of Igs by B cells and T cell
help [17]. Similar mechanisms have been demonstrated in mice models [18,19].

Observed immunogenicity of therapeutic mAbs could not fully be explained by human leukocyte
antigen (HLA)-affinity and T cell epitope predictions alone [20]. Upon internalization of BCR-Ig
complexes human GILT allows reduction of disulfide bonds [21-23], and endolysosomal proteases
likely participate in further degradation of the Igs [24]. In murine bone-marrow derived APCs
(non-B cells), cathepsins B and S were important for degrading F(ab’),, after internalization via the
FcyR [25]. We have previously described how cysteine cathepsins S, L and B were predicted to cleave
human Ig variable regions in specific patterns, and suggested specific roles for these in the degradation
of Igs and possibly BCRs allowing presentation of potentially immunogenic fragments on HLA class
II [26,27]. Of these cathepsins, S and B are well expressed in B cells, while all three are expressed in
monocytes and microglia [1,4,28,29].

While processing and presentation of internalized antigens are frequently investigated, the fate of
BCRs upon activation remains poorly described. Still, it has been demonstrated in mice that B cells
process and present fragments from their own BCRs on surface MHC class II molecules [10,30,31].
More recently such presentation was found to be extensive in human B cell lymphomas [32,33]. It is
likely that cysteine cathepsins degrade both antigen and BCR alike. As Igs and BCRs share common
structures [34], understanding degradation of Igs including mAbs could improve our understanding
of BCR fragment presentation on HLA class II.

As with other antigens, understanding processing and presentation of Ig requires estimates of
processing in the endo-lysosome compartment. Here we present in silico and in vitro experimental
validation for cathepsins activity prediction models using CNS proteins including a well described
autoantigen (MBP), as well as six therapeutic mAbs. The results suggest that cysteine cathepsins S, L
and B effectively degrade both CNS proteins and immunoglobulin G (IgG) in specific and predictable
patterns in acidic and reducing conditions simulating endolysosomal compartments.

2. Results

2.1. Prediction Platform Validation: In Silico Evaluations

Cathepsin peptidases have the ability to cleave many different cleavage site octamers (CSOs) and
each enzyme family has activity on substrates that is strongly dependent on the amino acids upstream
and downstream of the scissile bond. During the development of the prediction platform it was found
that a single general scheme that encompassed all (i.e., 400) different scissile bond dipeptides was not
achievable. Thus, an approach was developed wherein each unique P1P1’ scissile bond dipeptide has
its own set of neural network (NN) ensembles; each scissile dipeptide in a protein is computed with a
neural network ensemble specific for that dipeptide and each cathepsin has several hundred different
ensembles. Although the in silico cross-validation of our prediction model platform had previously
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demonstrated an approximately 90% true positive and 10% false positive rate [35], in an effort to
simplify the process here we additionally compared the accuracy to a different machine learning model
(support vector machine—SVM) (Supplementary Figure S3), used for binary prediction models such as
cleave/no cleavage in the case of cathepsins. In this evaluation, the scissile bond-specific NN ensembles
out-performed the SVM in predicting the number of cleavages, indicating that the original NN model
is adequately suited for protease cleavage prediction.

2.2. Prediction Platform Validation: In Vitro Findings Compared to In Silico Predictions on CNS Proteins

Although training of the NN ensembles employed the best practices available for the task, the size
of the training sets is small in comparison to those typically used for large scale artificial intelligence
and machine learning. The accuracy of the NN models for full sized proteins had not previously been
assessed and the original training set comprised fragments of proteins of partially digested human
cells [36]. As different mAbs contain largely similar protein structures, using these alone for validation
would cause redundancy in testing. Therefore, we tested the validity of the predictions for full size
CNS proteins that may be degraded by cells expressing the cysteine cathepsins (recombinant myelin
basic protein [rMBP]-2, rtMBP-6, Tau, or a-synuclein), using in vitro experiments at pH 6, as described
in the Method section. To evaluate quality of samples, peptides by sample were clustered using
Ward’s method (Supplementary Figure S4), showing high similarity between samples with the same
protein and cathepsin and no or very few peptides detected in negative controls (30 h incubation).
This indicates both lack of impurities or cross-contamination, and sparse spontaneous degradation.
The peptide size distribution from different incubation times (Figure 1) indicated substantial cathepsin
induced cleavage of the substrates already after 6 h. All cathepsins generated peptides of comparable
lengths, ranging from 6 to 45 amino acids, with more than 40% falling into an HLA class II fitting range
of 11-20 amino acids after 24 h of cleavage.

Next, we sought to compare predictions to observed cleavage of the CNS proteins. We quantified
and standardized the number of observed cleavages at every CSO after 24 h of incubation with
either cathepsin S, L or B using the nano-liquid chromatography mass spectrometry (nLCMS results).
The CSOs for all proteins were combined into a single dataset, along with the prediction model cleavage
probabilities for the same CSOs. All CSOs were classified by their cleavage probability into grouped
ranges (0-0.19, 0.2-0.39, 0.4-0.59, 0.6-0.79, and 0.8-1) and the groups were compared to identify any
correlation between cleavage probability and standardized cleavage observations (Figure 2). Of note,
CSOs with a low predicted cleavage probability (<0.20) vastly outnumber the other binned groups and
reflect the combinatorial effects of the flanking amino acids. The neural net model performed well
for cathepsin S and L predictions, as higher predicted probability for cleavage was associated with
higher number of cleavages. Also, for over 63% of CSOs with the highest probabilities of cleavage,
we observed at least one cleavage. The cathepsin B model underperformed, with a relatively high
number of cleavages observed when not predicted (0-0.2 probability). This could possibly be related
to its joint endo- and carboxypeptidase capabilities [37]. Such a property will inherently influence the
prediction accuracy. This phenomenon is illustrated in Supplementary Figure S5, where the observed
number of cleavages for rMBP-2 is plotted by relative maximum distance to a high predicted probability
(>0.8) cleavage site. A slight curve-shift to the left could be observed for cathepsin B, but not for L or S,
consistent with possible combined endo- and carboxypeptidase activity of cathepsin B.
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Figure 1. Peptide lengths resulting from in vitro cathepsin digestion of central nervous system proteins.
Distribution of peptide lengths after digestion of alpha-synuclein (aSyn), recombinant myelin basic
protein (rMBP) isoforms 2 and 6, and tau with either cathepsin B, L, or S at 6, 24, or 30 h at pH 6.
Each data point represents one identified peptide at the given time point. Black lines with annotations
indicate the mean size of peptides. Purple and green areas indicate peptide sizes fitting HLA class I
and II, respectively. * aSyn 6-h sample for cathepsin L was lost due to technical error.
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Figure 2. Comparison of predicted and observed cleavage of CNS proteins. All potential cleavage site
octamers (CSOs) within alpha-synuclein, recombinant myelin basic protein isoforms 2 and 6, and tau
were binned into ranges of 0.2 based on the predicted cleavage probability (X-axis). Intra-protein
z-standardized number of observed cuts after 24 h at corresponding CSOs are depicted on the Y-axis.
The p-values indicate Welch ANOVA significance for cathepsin B/L/S (F(4, 1.53/13.03/12.24)) and
differing letters indicate binned groups that have significant difference in mean number of observed
cleavages (Tukey-Kramer, HSD). Whiskers are outlier box-plots.
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2.3. Cysteine Cathepsins Degrade Immunoglobulins In Vitro

As the NN models performed adequately on peptide cocktails (in silico tests) as well as full sized
proteins (in vitro tests), it seemed likely that our previous predicted effects of cathepsins on Igs or BCRs
could be relevant [26]. To examine if these cathepsins efficiently degraded Igs, we followed the same
procedure as described above for CNS proteins, mixing the mAbs rituximab, natalizumab, alemtuzumab,
adalimumab, ocrelizumab, or infliximab individually with each cathepsin at pH 6. Unlike for the CNS
proteins, cathepsin S yielded significantly more nLCMS detectable IgG peptides than cathepsins L or
B (Figure 3A). The size distributions of IgG peptides were compatible with both HLA class I and II
grooves and did not seem to vary much between the different mAbs (Figure 3B). This indicates that
single cathepsins can generate IgG fragments for presentation on HLA, and that the cathepsin S, known
to be expressed in B cells more than cathepsins L [1], is superior in this function at pH 6.
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Figure 3. Digestion of monoclonal antibodies at pH 6 by cathepsins S, L and B. Detected peptides
after digestion of 1200 nM alemtuzumab, rituximab, natalizumab, or 2400 nM adalimumab, infliximab,
or ocrelizumab with either cathepsin B, L, or S at 6, 24, or 30 h at pH 6. (A) Cathepsin S yields
significantly more detectable peptides than cathepsins L and B at pH 6, after 24 h of incubation.
The bars indicate average number of peptides detected. Significance as determined by ANOVA
testing and Tukey—Kramer HSD (different red letters indicate significant difference between groups).
(B) Distribution of peptide lengths (x-axis). Each data point represents one identified peptide at the
given time point. Black lines with annotations indicate the mean size of peptides. Purple and green
areas indicate peptide sizes fitting HLA class I and II, respectively. The length range is cropped to
display 99% of the peptides.

As the size distribution of IgG peptides were compatible with HLA presentation, we went on
to investigate from which regions these peptides were derived, focusing mainly on cathepsin S.
The primary protein structures of the heavy and light chains of all six mAbs (Table S1) were utilized
to align the identified peptides to the corresponding amino- and carboxy-end cleavage locations.
Figure 4A,C display a relatively fixed pattern of degradation for constant regions of both heavy and
light chains. A small cleavage location shift was observed for natalizumab heavy chain, due to the
inherent sequence difference between IgG4 and IgGl. Interestingly, the heavy constant 2 regions
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seemed to be most sensitive to cleavage across the mAbs. Thus, the cathepsins demonstrated a
capability of cleaving a variety of CSOs consistently across several mAbs. Cleavages observed for
the variable regions contrasts this, as patterns differed between the mAbs (Figure 4A,C). A notable
difference was the higher number of observed cleavages and cleavage positions in heavy chains for the
chimeric infliximab and rituximab compared to the other mAbs, which carry humanized or human
variable regions (Figure 4C,D).
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Figure 4. Observed pattern of cathepsin S cuts in monoclonal antibodies. The monoclonal antibodies
adalimumab, alemtuzumab, infliximab, natalizumab, ocrelizumab, and infliximab were incubated with
cathepsin s for 24 h at pH 6. Non-standardized number of observed cuts in light (A/B) and heavy
chains (C/D) identified by nano-liquid chromatography mass spectrometry. Cuts are presented by their
location in sequence (A/C) or summarized by region (B/D). For alignment purposes, the variable region
position is assigned by the relative position of P1” in the cleavage site octamer to the cysteine (0) of
CDR3. The constant regions are aligned to start at position 30.
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2.4. Neural Net Prediction Accuracy for Immunoglobulin Cathepsin Cleavage

Based on the above results cleavage within the variable region is likely important for the
immunogenicity of therapeutic mAbs. As the model can be used to individually assess the likelihood
for such cleavage, we assessed the peptide distribution qualitatively, compared to predicted cleavage
sites for alemtuzumab heavy chain variable and constant region 2 (Figure 5). Notably, many peptides
seem to be derived from longer fragments and either start or end at a predicted cleavage site, but not
necessarily a site with high probability of cleavage (>0.8). A larger pool of unique peptides was
detected after 30 h than after 6 h (Figures 3B and 5).
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Figure 5. Detected peptides overlap with predicted cleavage sites. Predicted cleavage probability
(x-axis) by cathepsin S in variable (upper panel) and constant heavy 2 (CH2) (lower panel) region
of alemtuzumab. The vertical bars indicate the predicted position of P1” of a P1-P1’ cleavage bond,
and thus the first amino acid after a cut. Horizontal bars each indicate unique peptides detected starting
ata P1’ and ending at a P1, as identified by nLCMS after 6 (blue), 24 (green), and 30 (purple) hours.

As with the CNS proteins, we further tested statistically the predictive models” accuracy for
Ig variable region cleavage at pH 6 in a binned analysis. Cathepsin S predictions performed well,
with high cleavage probability being associated with higher number of cleavages but were not as
accurate as for the CNS proteins (Figure 6). For instance, only 45-50% of high probability cleavage
sites had at least one cleavage observation. In addition, peptides found from the shorter IgG light
chain seemingly fit better with predictions than heavy chain. This and the patterns shown in Figure 5
indicated that longer fragments resulting from incomplete cleavage, with lengths exceeding nLCMS
method limitation, potentially remained undetected. Not surprisingly, the accuracy for cathepsins
B and L was not as good as with cathepsin S, given fewer peptides on which to base the analysis
(Supplementary Figure S6).
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Figure 6. Evaluation of cleavage accuracy for monoclonal antibody variable regions. Cleavage probability
by cathepsin S for all possible cleavage site octamers (CSOs) within (A) heavy and (B) light chain variable
regions of rituximab, infliximab, ocrelizumab, natalizumab, alemtuzumab, and adalimumab were binned
into ranges of 0.2 (X-axis). Intra-chain z-standardized number of observed cuts after 24 h at pH 6 are
depicted on the Y-axis. p-values indicate Welch ANOVA significance (F(4, 5.16/9.05) for heavy and light
respectively), and differing red letters indicate significant differences between groups (Tukey—Kramer,
HSD). Whiskers are outlier box-plots.

2.5. Influence of pH on Cathepsin Activity

The pH optimum for cathepsins differs. Moreover, DTT reducing efficiency wanes at low
pH [38], offering less reduction of IgG disulfide bonds that also could influence degradation patterns.
We therefore further tested digestion by cathepsins S, L and B at pH 4 and 5 in addition to pH 6
(using only 1:100 enzyme to substrate ratios). Cathepsins L and B generated more peptides at lower
pH, while pH had little influence on peptide yield for cathepsin S (Figure 7). Similar results were
obtained for infliximab (Figure S8). The cathepsins also showed a relatively conserved cleavage pattern
across multiple pHs for adalimumab, best illustrated by cathepsin S (Supplementary Figure S7) due to
its preserved activity at pH 6. However, cathepsin L and B also display high levels of similarities when
comparing pH 4 to pH 5 results (Supplementary Figure S7). As predictive models were built using
datasets generated at pH 6, we did not test prediction accuracy at pH 4 and 5.

To assess whether DTT activity in fact was reduced at low pH, we performed sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) assays to assess residual mAb multimer
structures. Negative samples were run with both reducing and non-reducing running buffers to
account for reduction occurring in cleavage assay as well as the SDS-PAGE assay. It is evident that
DTT activity was far more potent at pH 6 than pH 4, as several larger structures remained intact
at pH 4 (Figure S9A). These likely reflected various combinations of heavy- and light chains sized
75 kDa (heavy + light), 100 kDa (2x heavy), 125 kDa (2x heavy + light), and 150 kDa (full IgG).
Another observation was that bands around 50 kDa (heavy) and 25 kDa (light) were still abundant at
pH 6, indicating incomplete degradation of these even in presence of reducing conditions, both for
cathepsin incubated samples and negative control samples. The loss of multimeric structures was
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time dependent, as demonstrated for ocrelizumab at pH 5 in Supplementary Figure S9B. Apart from
cathepsin L at pH 4, only small differences were observed between cathepsin samples and negative
controls for all pHs, implying that a considerable amount of heavy and light chains remained intact

even after cathepsins processing.
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Figure 7. Adalimumab digestion by cathepsin S, L and B at pH 4, 5, and 6. Distribution of peptide
lengths after digestion of 2400 nM adalimumab with either cathepsin B, L, S at 6, 24, or 30 h at pH 4,
5, or 6. Each data point represents one identified peptide at the given time point. Black lines with

annotations indicate the mean size of peptides. Purple and green areas indicate peptide sizes fitting

HLA class I and II, respectively. (Note: For pH 6, the data for cathepsins S and B are the same as in

Figure 3B).

The cathepsins require reduction by e.g., DTT for activation but are also capable of auto-catalytic
activation at acidic pH [37,39,40]. We observed that cathepsin activity was present despite loss of DTT
efficiency, which indicated that the cathepsins most likely were auto-catalytically activated at acidic
pH. Also, results indicate that cathepsins did not fully degrade the IgGs, which is compatible with a
limited proteolytic activity for optimal generation of epitopes [41].
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2.6. Immunoglobulin Heavy Variable Gene Family Determines Different Cleavage Patterns

Differences in amino acids patterns between the different IGHV families could likewise modulate
the cathepsin cleavage patterns and thus be critical for immunogenicity of therapeutic mAbs.
Previous data indicated that the immunoglobulin heavy variable (IGHV) family may dictate differences
in degradation [26], and our findings here confirmed that such differences may be predicted to some
extent. Thus, we sought to identify differences and/or similarities by using a previously assembled
Ig variable region library [42], and plotting mean predicted cleavage probabilities for all CSOs using
the C-terminal cysteine of CDR3 as an alignment to coordinate the relative position of P1” (Figure 8).
The mean probability of cleavages for cathepsin S clearly demonstrated different patterns of degradations
by IGHV family, although some features were preserved. Notably, at CDR3 relative position —26,
there was a preserved high probability for a cathepsin S cleavage site across all IGHV families, that was
also consistently identified for all mAbs assessed with cathepsin S in vitro (Figures 4 and 8). In addition,
a less pronounced but consistent increase in probability for cathepsin S cleavage across IGHV families
was observed at the beginning of CDR3 (Figure 8). IGHV 3 had the lowest predicted cathepsin S
probabilities for cleavage in the framework 3 region, consistent with our previous findings [26].

>

Mean probability for Cathepsin S cleavage
YAH \
AH 19WI

-100

o

o I!l '-_;:,I.‘l_go.lungo l. J| soL‘JJ;:!’ ”I;.O lJlII.Z!JJL

-101

Mean probability for Cathepsin B cleavage

l ,LJ,.I_an.L.Tl.,.S
-10 0
CDR3 centered P1' position

Figure 8. Predicted cleavage patterns of IGHV families using GenBank IGHV set. Approximately
16,000 curated IGHV sequences were divided by their V-family and analyzed with the cathepsin
cleavage models. All possible cleavage site octamers (CSO) for each IGHV were aligned according
the relative position of P1’ to the CDR3 (yellow) region cysteine (x-axis). Mean predicted probability
for CSO cleavage at each position by cathepsin S (A) or cathepsin B (B) is shown on the y-axis.
Superimposed are aligned IGHV peptides described by Khodadoust et al. (31), eluted from HLA class
II of mantle cell lymphoma: MCLO065 (purple) and MCL052 (red).
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To investigate the validity of these assessments, we further compared the cathepsin B and S
cleavage prediction data with those reported from IGHV-derived peptides eluted from HLA class II
on lymphoma cells from two patients with mantle cell lymphoma [33]. As the full IGHV sequences
of these clones were not available, we assembled the most complete IGHV sequence possible from
each cell line (MCLO052 and MCLO065) and aligned them using the International Immunogenetics
Information System (IMGT) database standards and assigned the assembled sequences to an IGHV
family [43]. Then, the peptides were aligned according to the CDR3-relative position and compared
to the observed cleavage pattern with predicted output of GenBank sequences as well as the mAb
cleavage assays (Figure 8). Notably, many identified cleavage sites from the lymphoma IGHV peptides
could be explained by either cathepsin B or S activity. For instance, cleavage around CDR3-relative
position —26 for MCL052 (IGHV3) is compatible with cathepsin S protease activity, as it is evident from
both the GenBank set and observed cuts in IGHV3-carrying mAbs (ocrelizumab and adalimumab).
Likewise, consistent cleavage around position —5 can be explained by cathepsin B activity for IGHV3.
Notably, several predicted cleavage sites confirmed by our in vitro studies were not identified in
these peptides, possibly indicating a protective role of HLA class II binding. Compatible with this,
IGHV 15-mers starting around CDR-3 relative positions —40, —20, and -5, as well as within the CDR3,
was previously predicted to have high affinity for HLA-DR molecules [26,42].

3. Discussion

We hypothesized that CNS proteins and Ig variable regions are degraded in predictable patterns
by cysteine cathepsins S, L and B in endolysosomal compartments of APCs [26]. Here, we have
demonstrated such degradation patterns in vitro, showing how these cathepsins all degrade CNS
proteins and IgGs into peptides sized to fit in HLA class II under conditions resembling the
endolysosomal compartments. Further, we have validated in silico neural net models that can
predict the pattern of such proteolysis.

The endolysosomal compartments are acidic and reducing [3], allowing proteases to degrade
most foreign and self-proteins. Cathepsin L and S have both been attributed key importance in
degrading class II-associated invariant chain peptide (CLIP) and preparing MHC class II for antigen
binding, as well as antigen processing in general [1,2]. Several cathepsins are found in CNS cells [28],
and cathepsin S and B in particular have suggested roles in neurodegenerative diseases [44]. It has been
shown that cathepsin S has an important role in degradation of MBP [45], and we identified several
peptides investigated for their potential immunogenicity (MBP;3_3p, MBP131-155, and MBP46-170) [46],
or associated cleavage sites, after cleavage with cathepsins L or S. Another variant, MBPg3 99 was both
predicted and found to be destroyed by cathepsins S and L, as has also been described previously [45].

With heterogeneous degradation cleavage patterns [36] and presence in antigen presenting
cells [1], a potential role for cathepsins S, L and B in degrading diverse Igs seemed likely. In this
study, we confirmed that these cathepsins cause IgGs to be degraded in a pattern determined by their
structure, as is evident from a fixed degradation pattern of constant region, and differing patterns in
the variable regions.

Therapeutic mAbs are generally designed to minimize immunogenicity [47], yet anti-drug
antibodies remain problematic. IgG antibodies make up the majority of anti-drug antibodies [48],
and generation of such antibodies requires T cell help [17,19]. Due to the diversity of variable regions
of heavy and light chains, we assume that the immunogenic T cell epitopes are derived from the
variable regions, and several tools exist to make predictions to find them [49]. However, as data
on Ig processing has been lacking, assumptions on processing are frequently absent in these tools.
Here, we showed that cathepsins expressed by B cells efficiently generate epitopes from IGHV regions.
Interestingly, chimeric antibody heavy chain variable regions were particularly prone to degradation,
possibly contributing to their higher immunogenicity [20]. Parallel to this, it was shown that peptides
introduced into human heavy constant 2 regions were more effectively presented on MHC II in mice
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than peptides inserted into the other domains [50], consistent with the observed higher number of
cleavages within this region (Figure 4C).

We and others have previously suggested that mutations in the IGHV region could break T-cell
tolerance towards B cell receptors in vivo, leading to autoimmune disease [27,51-53]. Any small change,
be it introduced by mutation or by design, could influence cathepsin cleavage patterns, and thus
which IGHV peptides are presented. We have further attempted to model likelihood of such T-cell
responsiveness to IGHV variable regions, using a combination of HLA class II affinity and cleavage by
either cathepsin S, L or B [26]. However, the results of this study were based on in vitro experiments,
that are not necessarily directly comparable to full-scale intracellular processing, and do not encompass
the full complexity of the endolysosomal compartments. The intracellular machinery resulting in HLA
class II presentation is intricate, involving a suitable cell activation state, endosomal environment,
multiple cathepsins, GILT, HLA class II, and HLA-DM [54]. Protection from digestion by HLA class II
binding may be particularly relevant. Nevertheless, several studies have published epitope libraries
(www.iedb.org, [55]) demonstrating that peptides from Igs and/or BCRs are presented frequently on
different APC’s HLA class II molecules [56-59], and a few also performed IGHV sequencing to achieve
an optimal search database [32,33]. Interestingly, IGHV peptides derived from dendritic cells loaded
with therapeutic intravenous Igs [57] share similarities with IGHV peptides derived from self BCR in
lymphomas [32,33], suggesting a similar mechanism of degradation.

It has been suggested that predicted cathepsin cleavage patterns did not explain HLA class
IT eluted IGHV peptides from the lymphomas [32]. This assessment may not have accounted for
differential degradation of the IGHV families, nor the predicted high affinity for HLA-DR molecules of
peptides in the framework 3 region [26,42]. We found that several HLA class II eluted IGHV peptides
could be explained by either cathepsin B or S (Figure 8). Likewise, another group eluted HLA class
II bound peptides from DCs incubated with infliximab or rituximab, and found several peptides
compatible with both our predicted pattern and our observed peptides after cleavage with individual
cathepsins [60]. Cleavage sites not explained by cathepsins described here, are likely the result of other
endosomal proteases, including cathepsin H, as demonstrated for other substrates in more complex
in vitro models [54], or legumain cleaving aspartic or asparagine bonds [61,62].

Based on the nLCMS results alone, one could presume that the IgGs were completely degraded
by cathepsins, particularly at lower pH values. Yet, SDS-PAGE experiments unveiled a significant
amount of heavy and light chains with relatively high molecular weights remaining after in vitro
cathepsin processing. Additionally, cathepsin degradation may potentially have rendered some larger
fragments that were not detected by gel analysis, due to differences in size and/or cleavage position.
Even with the high sensitivity of a mass spectrometer, it is not possible to detect every cleavage site
due to detection restrictions of the nLCMS instrument (typically 6-40 amino acid peptides). We also
assume that identification of degradation close to a free carboxyl- or amino-end will be somewhat
overestimated compared to that in the middle of large structures. This will skew the nLCMS output,
and potentially explain a poorer prediction accuracy for the heavy chains. In complete endolysosomal
systems of APCs, these restrictions may not apply, as different cathepsins likely work in tandem under
reducing and increasingly acidic conditions to ensure proper degradation. In vitro models including
multiple cathepsins [54], or unbiased HLA-elution assays accounting for both processing and HLA
binding [33,63], can generate training sets further improving cleavage accuracy prediction of neural
net models.

Cathepsin-generated epitopes are likely important for eliciting anti-drug antibodies, and the
knowledge of these mechanisms is therefore important in the design of future therapeutic mAbs.
Specific insight into B cell expressed cathepsin degradation of IgGs, as shown here, can supplement
traditional epitope-mapping tools.
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4. Methods

4.1. Cathepsin Cleavage Predictions

It is common practice to consider the amino acid contacts in a CSO, comprising + 4 amino acids
from the scissile bond, as the peptide contact region of a peptidase [64]. Cleavage occurs between
amino acids 4 and 5 of the CSO. We have previously described the conversion of amino acid sequences
into matrices of principal components of the physical properties of the amino acids as the input
layer of neural networks [65,66]. For this study prediction of cleavage probability for cathepsin
S, L and B were done with neural network models as described previously [26,35], trained using
proteome derived-peptide library datasets from Biniossek et al. [36]. The method used was analogous
to one used to predict peptide affinities for HLA class I and II [65,66]. In brief, neural net ensembles
for each cathepsin were trained using principal components of amino acid physical properties of
the CSO (Figures S1 and S2) to predict the cleavage probability of a peptide bond P1-P1’ of any
P4P3P2P1-P1'P2’P3’P4’ octamer. Amino acid sequences were converted to 3-row matrices using
the first three principal components that comprises approximately 90% of the variance in a range
of different physical properties commonly used in structural biology [66]. The output of the neural
networks ranged between 0 (low-) and 1 (high) probability for cleavage. Pseudo code for the training
process is given in Figure S2 and derivation of the activation functions of the neural networks were done
with the “Neural” platform of JMP® (SAS Institute, Cary, NC, USA). As the input is the primary amino
acid sequence of proteins, once derived, the activation functions can be used to make predictions of any
protein divided into sequential potential CSO. More details can be found in the supplemental section
of an earlier publication [35], but are similar to those in common use in artificial intelligence modeling.

Predictions for cathepsin S, L and B cleavage were computed for every potential CSO in all
substrates described below, as well as for 16.000 IGHV sequences previously curated from GenBank [42].
For IGHV sequences, family was assigned according to IMGT [43], and CSO P1’ positions were indexed
and aligned by their relative position to the cysteine marking the beginning of CDR3 (position 0).

4.2. Cathepsins and Substrates of the In Vitro Cleavage Assays

In this study we used recombinant human cathepsin S (UniprotKB P25774), L (UniprotKB P07711),
and B (UniprotKB P07858) from R&D Systems (Biotechne, Minneapolis, MN, USA). The two types of
substrates in this study were proteins derived from the central nervous system and therapeutic mAbs.
The CNS proteins were rMBP isoform 2 (Uniprot KB P02686-2) and a variant of isoform 6 (P02686-6)
(LSBio, Seattle, WA, USA); recombinant alpha synuclein (x-synuclein) isoform 1 (P37840-1, rPeptide,
Watkinsville, GA, USA), and microtubule-associated protein tau (Tau) isoform Tau-F (P10636-8,
rPeptide, Watkinsville, GA, USA). The therapeutic mAbs were alemtuzumab (Lemtrada®, Genzyme,
Cambridge, MA, USA), natalizumab (Tysabri®, Biogen, Cambridge, MA, USA), rituximab (Rixathon®,
Sandoz, Holzkirchen, Germany), ocrelizumab (Ocrevus®, Roche, Basel, Switzerland), adalimumab
(Humira®, Abbvie, North Chicago, IL, USA), and infliximab (Inflectra®, Pfizer, New York, NY, USA).

The cathepsins were mixed with substrate at ratios of 1:100 or 1:300 (w/w) in 50 mM sodium
phosphate, 200 mM NaCl, 5 mM EDTA, and 4 mM dithiothreitol (DTT) at pH 4, 5, or 6. Substrate
concentrations were 1200 or 2400 nM, to extensively exceed the mass spectrometry detection limit.
Samples were incubated at 37 °C, on a shaker plate at 300 rpm for up to 30 h. Aliquots were incubated
for 6, 24, or 30 h, and immediately frozen at —20 °C to stop catabolic activity. For each substrate, a
negative control without cathepsin was run parallel to the experiments.

4.3. Nano Liquid Chromatography Mass Spectrometry and Related Software for Data Processing

All machines, equipment and software used for nLCMS were from Thermo Fisher Scientific
(Waltham, MA, USA) unless otherwise stated.

The instrument performing nL.C separation was a nano EasyLC1000, equipped with Accucore
150-C4 pre- and analytical columns (0.3 X 5 mm and 0.075 x 150 mm) used in a vented 2-column setup.
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Mobile phases (MPs) were 0.1% formic acid in HyO (MPA) and 0.1% formic acid in acetonitrile (MPB).
Loading solution was also MPA and a volume of 5 uL of sample was injected at the flowrate 3 pL/min
for every analysis. The mass spectrometer (MS) acquisition was turned on after injection and during
acquisition the analytical flow rate was constant at 400 nL/min, being initially isocratic with 1% MPB
for 1 min, before MPB was ramped up from 1% to 50% in 10 min and then from 50% to 70% in 2 min.

Mass spectrometry was performed with a QExactive Orbitrap with a heated electrospray ionization
source operated at +2 kV. Data was acquired in a data-dependent manner by the following parameters:
resolution of 70,000 in MS and 17500 in MS/MS, scan range from 350-1350 m1/z, AGC target of 1e6 for
MS, and 1e6 for MS/MS, top 7 selected for fragmentation, dynamic exclusion of 5 s, and exclusion of
unknown charge.

Method setup and data acquisition was controlled by the Xcalibur™ software (version 2.2),
while data processing and identification of peptides was performed using MaxQuant version 1.6.1.0
with the built in Andromeda search engine (freeware available at maxquant.org) [67]. Peptide false
discovery rate was set to 0.01, and a mass tolerance of 5 ppm and 25 ppm was used in MS and
MS/MS, respectively. Cleavage specificity was set to unspecific and methionine oxidation, N-terminal
acetylation and asparagine deamidation were used as variable modifications, though no modified
variants were detected.

The full sequences for substrates were acquired from the Uniprot database [68], and from the
IMGT 2D/3Dstructure mAb-database or patent filings [69]. In some cases, the constant regions were
imputed from existing literature [16]. The mAb sequences used are listed in Supplementary Table S1.

4.4. SDS-PAGE

SDS-PAGE was run under reducing or non-reducing conditions with one pg of select samples to
assess residual IgG fragments with sizes exceeding the optimal nLCMS detection range (about >40
amino acid length). We utilized 4-20% Criterion™ TGX (Bio-Rad, Hercules, CA, USA) gels and
Laemmli sample buffer (Bio-Rad, Hercules, CA, USA) with or without 50mM 1,4-dithiothreitol
(DTT, Sigma-Aldrich, St. Louis, MO, USA) prepared according to the manufacturer’s instructions.
Gels were stained with Coomassie blue G-250 (Bio-Rad, Hercules, CA, USA) and photographed using
ChemiDoc™ XRS+ with Image Lab™ software version 6.0.0 (Bio-Rad, Hercules, CA, USA).

4.5. Statistics

All statistical analyses and graphics were performed in JMP® Pro 14.1 (SAS Institute, Cary, NC,
USA). For statistical testing of number of cleavages across proteins, intra-protein z-standardization of
observed cleavage frequencies was used to improve comparability across substrates of differing lengths
and/or concentrations. The accuracy of the models was only evaluated statistically for conditions
emulating the conditions of the training sets (35). Unless otherwise stated, figures depict the cleavage
position as the P1” of the CSO, indicating the position of the first amino acid after cleavage. For graphic
output purposes the position of P1’ was assigned relative to the cysteine at the start of CDR3 for
variable regions and constant regions were aligned to start at position 30.

5. Conclusions

Using mass spectrometry proteomics techniques, we have demonstrated that NN ensembles
derived using the principal components of physical properties of amino acids flanking the scissile bond,
can predict in vitro proteolysis of both CNS proteins and mAbs by cathepsins S, L and B. While the
constant regions of Igs follow a highly reproducible pattern of degradation, variable regions display
differing patterns that are related to their IGHV family structure. This knowledge may be essential for
understanding immune responses against both endogenous Igs and BCRs as well as therapeutic mAbs.
As NN training is an ongoing process the CSO peptides in this study will enable re-training of the NN,
improving their accuracy. These results further suggest that directed efforts towards expanding the
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knowledge base regarding the specificity and expression patterns of peptidases involved in antigen
presentation is warranted.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/19/4843/s1.
Proteomics data from cathepsin cleavage assays can be found at: https://doi.org/10.6084/m9.figshare.9777725.
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Abbreviations

APC antigen presenting cell

BCR B cell receptor

CDR3 complementarity determining region 3

CNS Central nervous system

CSO cleavage site octamer

HLA human leukocyte antigen

Ig immunoglobulin

IegG immunoglobulin G

IGHV immunoglobulin heavy variable

mAb monoclonal antibody

MHC major histocompatibility complex

NN neural network

nLCMS nano liquid chromatography mass spectrometry
rMBP recombinant myelin basic protein

SDS-PAGE sodium dodecyl sulphate-polyacrylamide gel electrophoresis
SVM support vector machine
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