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ABSTRACT

The damaging mechanisms of cytosolic antigen targeting auto-antibodies and
alleviating mechanism of intravenous immunoglobulin treatment (IVIG) in many
neurological autoimmune diseases is not well known. TRIM21/R0O52, which is itself a
frequently auto-antibody targeted cytosolic antigen, a part of the innate and humoral
immune system, intra-cellular FCgamma receptor (with a very high affinity) and viral
defense and immune response regulator may play a role. This research investigated the
time (20 and 60 min, 4, 24 and 48 hr) and the immune-response group (naive and 24 hr
LPS incubated (LPSI)) based changes of the 1gG and TRIM21/R052 levels in the 19gG-
incubated HMC3 microglial cells with FCM and confocal microscopy. The FCM results
show: a) In both groups, the MFI of 1gG changes were negligible until a sharp rise in the
48th hour. b) The MFI of TRIM21/R052 was significantly higher in LPSI and dropped
in the first 20 min with the IgG stimulation but raised in the naive group. After 20 min
the changes of the TRIM21/R052 levels changed parallelly in the both groups but, it was
always significantly higher in LPSI (levels rose again after bottoming in the range of 60
min-4 hr) c¢) Cells (21% in naive group and 30% in LPSI) became TRIM21/R052(-) at
the 48h. d) The confocal microscopic views show i) the abundance of the TRIM21R052
in the both groups were dropped at the 48 hour while increasing the 1gG levels ii) Up to
the 48th hour, IgG greens were always accompanied by a very dense TRIM21/Ro52 red,
while the 48-hour images showed emerging individual and numerically more green areas.
These results suggest that time and the state of the microglial cell dependent bidirectional
relation between IgG and TRIM21/R0O52. At the beginning, IgG looks to trigger a phasic
TRIM21/R052 level increase (only if it is not already high), then the self destruction
process of the 1gG bound TRIM21/Ro52 becomes more effective. After 4 hr, some cells
(probably due to the mRNA expression) show over compensation of the TRIM21/R052
levels while the rest depleted and IgG accumulation without TRIMZ21/R052
colocalization becomes visible. The IgG - TRIM21/Ro52 colocalization was highly
probable continued with proteasomal degradation. The higher MFI of 1gG in the LPSI,
may be interpreted as the immune stress is a factor facilitating antibody internalization.
The findings also suggest microglial cells should have an antibody absorption role in the
CNS.

Keywords: IVIG, IgG, Microglia, TRIM21, Ro52, Autoimmune diseases
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OZET

Bir¢ok ndrolojik otoimmiin hastalikta hiicre i¢i antijeni hedef alan otoantikorlarin
hasar verme ve intravendz immiinoglobulin tedavisinin (IVIG) hafifletme mekanizmalar1
1yi bilinmemektedir. Bu konuda TRIM21/R0O52 (Siklikla oto-antikor hedefli bir hiicre ici
antijen, dogustan ve humoral bagisiklik sistemlerinin bir pargasi, ¢cok yiiksek afiniteli FC
gamma reseptori, viral savunma ve bagisiklik tepkisi diizenleyicisidir) rol oynayabilir.
Bu aragtirma, IgG ile inkiibe edilen HMC3 mikroglial hiicrelerinde IgG ve TRIM21/R052
seviyelerinin zamana (20 ve 60 dk, 4, 24 ve 48 sa) ve bagisiklik tepkisi grubuna (naif ve
24 sa LPS ile inkiibe (LPSI)) bagh degisikliklerini FCM ve konfokal mikroskopi ile
inceledi. FCM sonuglari sunlarina gore: a) Her iki grupta da IgG degisikliklerinin MFT'si
48. saatte keskin bir yiikselise kadar ihmal edilebilir diizeydeydi. b) TRIM21/Ro52'nin
MFT'si LPSI'de 6nemli 6l¢iide daha yiiksekti ve IgG stimiilasyonu ile ilk 20 dk diistii,
ancak naif grupta yiikseldi. 20 dk’dan sonra TRIM21/R052 seviyelerindeki degisiklikler
her iki grupta da paralel olarak degisti ancak LPSI'de her zaman anlamli derecede
yiiksekti (seviyeler 60 dk - 4 saat araliginda dibe vurduktan sonra tekrar yiikseldi) c)
48’inci saatte hiicreler (naif grupta %21ve LPSI'de %30) TRIM21/Ro52(-) oldu. d)
Mikroskop goriintiileri sunu gostermektedir: 1) her iki gruptaki TRIM21R052 bollugu
48’inci saatte diigerken IgG seviyeleri artt1 i1) 48’inci saate kadar IgG yesillerine her
zaman ¢ok yogun bir TRIM21/Ro52 kirmizist eslik etti 48 saatlik goriintiilerde ortaya
cikan bireysel ve sayisal olarak daha fazla yesil alan goriildii. Bu sonuglar, IgG ile
TRIM21/R0O52 arasinda mikroglial hiicrenin durumuna ve zamana bagh c¢ift yonlii
iliskinin oldugunu gostermektedir. Basglangigta 1gG, fazik bir TRIM21/Ro52 seviyesi
artisin1 tetiklemeye calisir (ancak zaten yiiksek degilse), daha sonra IgG'ye bagh
TRIM21/Ro52in kendi kendini yok etme siireci daha etkili hale gelir. Dort saat sonra,
bazi hiicreler (olast mRNA ekspresyonuna bagli olarak) asir1 TRIM21/Ro52 telafisi
digerleri ise yoksunlugu gosterdi ve TRIM21/Ro52 esligi (kolokalizasyon) olmadan IgG
birikimi gorliniir hale geldi. IgG - TRIM21/Ro52 esligininin proteozomal bozulma ile
devam etmesi kuvvetle muhtemeldir. LPSI'de IgG'nin daha yiiksek MFT'si, bagisiklik
stresinin antikor i¢sellestirmesini kolaylastiran bir faktor oldugu seklinde yorumlanabilir.
Bulgular ayn1 zamanda mikroglial hiicrelerin CNS'de antikor emiliminde rol oynamasi

gerektigini de One siiriiyor.

Anahtar Kelimeler: IVIG, IgG, Microglia, TRIM21, Ro52, Otoimmiin hastaliklar
XV



1. Introduction

In this thesis, the relationship between immunoglobulin-G (IgG) and Tripartite
motif-containing protein 21 (TRIM21/Ro52) of microglial cells (naive and with
lipopolysaccharide (LPS) stimulated) was investigated. 1gG is the most abundant
immunoglobulin in the human body, and if it is auto-reactive, it is one of the main reasons
for autoimmunity [1]. On the other hand, it is a treatment material for autoimmune
diseases (AID) (by intravenous administering IgG pool from healthy people to patients
(IVIG)) with positive outcomes for a significant percentage of patients [1]. TRIM21/R052
(as we will discuss) seems a critical role player in many steps of the mechanisms of AlDs
[2]. Microglia, the CNS cells with their roles changing broadly, may harm hosts during
autoimmunity [3]. Here, the following items are taken into focus around the
TRIM21/R052. The dynamic nature of the immune system in the periphery and the CNS,
meeting points of AIDs (including neuro-immunologic diseases), and the possible

backgrounds of the genetic research results about AIDs.

1.1. Autoimmune disease (AID) - Epidemiological view

Since single-cell organisms, defense has been an essential requirement for
survival. Although defense (immune) systems have developed and become more complex
with the evolution of living species, possibly the most fundamental rule has not changed
threat detection. AID is the condition in which the immune system perceives the elements
(epitope) of the living being as a threat and harms them [4]. There are many defined
autoimmune diseases (nearly 100 distinct AIDs) [4]. Depending on what the immune
system perceives as a threat, the disease can affect almost any organ, one or more than
one organ, and cause varying symptoms ranging from occasional discomfort to death [4].

Although significant developments in medicine, pharmacy, and health (especially
vaccine) technologies have a tremendous positive impact on the epidemiological data of
infectious diseases, the situation is different regarding AIDs [4]. There is a steady
decrease in the incidence of infectious diseases (i.e., measles, mumps, tuberculosis,
hepatitis-A). On the other hand, immune & allergic disorders (i.e., asthma, rhinitis, atopic
dermatitis, multiple sclerosis, type 1 diabetes, Crohn's disease) have steadily risen over
the past decades, especially in westernized/ developed countries [5-7]. The estimated
2019 AID incidence in the USA is between 5 to 8% (depending on the assumptions),
which refers to 15 to 20 million [7]. According to the study by Lerner and friends (2015),

1



the rise rates of annual incidences are 7.1% for rheumatic, 6.3% for endocrinological,
6.2% for gastrointestinal, and 3.7% for neurological AIDs [6].
Epidemiological studies also point to the multifactorial nature of AlDs, i.e., race, genes,
geographic conditions, socioeconomic status, childhood infections, breeding conditions,
environmental factors [5,7] sex [8]. For example: a) Diabetes Mellitus type 1 (T1D)
associated HLA alleles -DR3 and DR4-DQB1*0302- ratio and also the incidence of T1D
is low in Japan [5] b) The prevalence of Multiple Sclerosis and T1D are higher in northern
Europe and lower in eastern Europe than central Europe [5]. Similarly, there is a
difference in the frequency of Multiple Sclerosis (MS), T1D, and asthma between high-
income (Gross National Product per Capita >18000EU/year) and low-income (Gross
National Product per Capita <14000EU/year) countries in favor of low-income countries
[5]. c) Breeding in a specific pathogen-free environment is reported as an almost doubling
factor of T1D incidence [5]. d) according to the statistical study in Denmark, the
prevalence of almost all AIDs diseases (except Guillain Barre Syndrome and T1D),
whether equal or high, in females. Especially, differences are huge for some diseases
(endometriosis, Sjogren's syndrome (SS), autoimmune thyroiditis, systemic lupus
erythematosus (SLE), primary biliary cirrhosis, thyrotoxicosis, and systemic sclerosis)
[8]. ) Roberts & Erdei reported considerable heterogeneity for racial groups and the
selected 22 AID distribution but also changed profiles by region-race combinations [7].
So many factors are underlying how the immune system's sensitivity evolves into
AlIDs. Probably due to the sophisticated and dynamic structure of the immune system and
the fact that the immune system, in addition to the defensive task, also undertakes repair
and maintenance functions opposite to the defense's destructive nature.

1.2. Immune system basics and the first ground for AlDs.

The immune system is complex, from proteins to cells, organs, and their interactions with
organs [3,9]. Skin, our largest organ, is included in the immune system as a physical
barrier between the body and pathogens surrounding it [3,9]. Chemical and antibacterial
barriers, i.e., saliva, tears, stomach acid, mucus, are closing the gap in the organs which
do not have a sufficient physical barrier, i.e., eyes, mouth, stomach, and airways [3,9]. In
addition, autonomic nervous systems that trigger mechanical cleaning functions such as
coughing and sneezing support these chemical barriers [3,9].

Pattern recognition receptors (PRRs), the part of the evolutionary older (innate) immune

system in which the innate immune cells (i.e., dendritic cells, macrophages, monocytes,
2



neutrophils, and epithelial cells) express, are sensitive to molecules typical for the
pathogens [10]. PRRs are also sensitive to molecules specific to the host's cell damage
because cleaning the dead cells is another task of the immune system [10,11]. The PRRs
sensitive to pathogens (i.e., bacterial, viral, fungal) such as lipopolysaccharide (LPS),
mannose, RNA, fungal glucans, and chitin [11] are called pathogen-associated molecular
patterns (PAMPs). The PRRs which sensitive to endogenous stress signals (i.e., heat,
extracellular ATP, "intracellular proteins, such as high-mobility group box 1 (HMGB1),
histones, S100 proteins, heat-shock proteins (HSPs), and plasma proteins, like fibrinogen,
Gce-globulin, and serum amyloid A [12]") are called damage-associated molecular
patterns (DAMPS).

There are many types of PRRs, membrane located (i.e., Toll-like receptors (TLRs-
1,2,4,5,6 [12,13]) and C-type lectin receptors), cytoplasmic (i.e., NOD-like receptors
(NLRs) and RIG-I-like receptors (RLRs), TLR-3,7,8,9 [13]) or secreted (i.e., "pentraxins
C-reactive protein and pentraxin 3; the collections mannose-binding protein and
surfactant proteins A and D; H-ficolin; serum amyloid A; and the complement
components C3 and C5)" (sited from [14]).

Once any pathogen (i.e., bacteria, viruses, parasites) enters the body, the type of immune
response they trigger depends on the molecules sensed by what type of PRRs [15]. On
the other hand, as we will mention later, there are also defense mechanisms against the
pathogens which can escape from PRRs.

The immune system's first response is mostly inflammation and is initiated by resident
cells (i.e., macrophages, dendritic cells, epithelial cells, and mast cells) cited from [14,15].
Secretion of histamine, bradykinin, serotonin [16], leukotrienes, and prostaglandins [17]
triggers pain receptors, vasodilation of the blood vessels around the infection, and attract
phagocytes, especially neutrophils [11-13]. Neutrophils, the most abundant leukocyte in
humans, mobilize to the inflammation zone via chemoattractants (i.e., IL-8) and have the
ability to kill microbes rapidly through the granulocytes [18]). The PRR activation
activates programmed cell death pathways and clears infected or damaged cells [19]. As
we will mention later, replacing the dead nerve cells is impossible in contrast with the
other cells in our body; therefore, the defense strategy of the central nervous system
(CNS) differs. Besides the innate immune system, the humoral /adaptive immune system,
which is based on antibody production, also interferes, but its' nature makes it slower but
specific [20].



In summary, the immune system keeps pathogens out with the help of physical and
chemical barriers, and when the pathogens can reach the body face innate immunity. The
pathogens, which have a structural component within the sensing spectrum of PRRs, (for
example, the gram-negative bacteria has LPS on the membrane, which is characteristic of
that stimulates TLR4), face the quick response of the innate immune cells [12,13]. The
molecules resulting from the stress or death of the host cells in the infected area also
trigger innate immunity. Once the innate immunity is triggered, the secreted agents cause
the flow to the zone, accumulation, and proliferation of the immune cells. The residuals
of the attacked pathogens and dead host cells are transported by antigen-presenting cells
(APCs) through the lymphatics to the lymph nodes. T and B cells with receptors
recognizing the introduced antigens in the lymph nodes are formed and begin circulating
[21]. However, a selection process will enable the T and B cells that may occur against
the host's antigens in the lymph nodes to undergo apoptosis in the node [21]. Errors in

this selection mechanism create the first ground for forming AID (Figure 1.1.)
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Figure 1.1 The initiation of immune responses. PRRs often initiate the innate immune

response by sensing pathogen-specific molecules that can enter the body with pathogens

and/or the stress/death molecules the infection creates in cells. Inflammation is mostly

the first consequence of an immune response. Chemotactic agents provide immune cell

flow to the region, while cytokines enhance the proliferation of immune cells and

interactions. APC cells carry the antigens they collect to the lymph nodes through the
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lymphatic system. In the lymph nodes T and B cells develop receptors against antigens
carried to the lymph nodes and release systemic circulation, which is subject to the
attraction of the chemotaxis. On the other hand, within the lymph nodes, the T or B cells
that develop against host antigens undergo apoptosis. This mechanism sometimes does

not work properly, and the initial ground for forming AID is formed.

1.3. CNS immune system, not isolated, but restricted and integrated with the
periphery

CNS was known as a hermetically sealed structure, isolated from the peripheral
immune system by the blood-brain barrier (BBB), without a lymphatic system, and
“Under normal physiological conditions, the CNS presents a low expression of MHC
Class 1l molecules. Therefore, resident brain cells do not present specific antigens to
lymphocytes” [22]. In 1947, Medawar showed that the existence of primed peripheral
lymphocytes resulted in graft rejection in the brains of animals while naive animals
(lymphocytes not primed) did not; obviously, the T cells sensitized in the periphery were
passed through the BBB and reached the graft in the brain [22]. Besides, the CNS is not
an entirely immune privilege zone; the regeneration disability of neurons makes CNS a
sensitive zone to excessive immune responses. Accordingly, the BBB and the choroid
plexus epithelial cells maintain the CNS homeostasis and keep the CNS, not as a fully
sealed but restricted zone [23]. Animal studies show that systemically injected IgG in
intact animals detected 0.009+0.001% of injected dose in the cortex [24]. As we will
discuss later, the potential amount of 1gG passes the BBB may be higher but may be
subject to degradation.
CNS has many immune tools besides BBB against pathogens but also against potentially
detrimental peripheral immune agents. The microglial cells and astrocytes (phagocytic
cells) act as the first line of defense against the pathogens passed into the cerebrospinal
fluid (CSF) [22].
Microglial cells, astrocytes, and endothelial cells also express inflammation suppressors
such as transforming growth factor beta (TGF-), galectin-9, and Fas ligand (FasL) [22].
The immunoglobulin G (IgG), which successively passes BBB, is subject to a dynamic
reverse flow [25]. The capillary endothelial cells that express Fc receptor neonatal
(FcRn), which mediate clearance of CSF from successive 1gG passing through the BBB,

are carried out through 'reverse transcytosis' from the brain to the blood [25]. As we will



discuss later, our experiment suggests a neutralization pathway of the BBB passing or
CNS-borne antibodies.

CNS is an immunologically restricted zone but interacts with peripheral immune systems
in health and disease conditions [26].

The following factors turn the CNS into a kind of functional virtual secondary lymphoid
organ a) meningeal lymphatic vessels surrounding the brain [24], b) meningeal
macrophages and other antigen presentation cells (APC) in the subarachnoid space (SAS)
surveying the CSF antigens c) soluble antigens transported through the cribriform plate
of the ethmoid bone -appropriately sized channels for APC passage- to nasal mucosa
hosting deep cervical lymph nodes exist [26]. Besides the microglial cells [3],
microvessel-associated dendritic cells (DC) [27], astrocytes, and brain perivascular
macrophages (PVM) are APC populations in the CNS. PVM are, as their name suggests,
brain resident myeloid (debated) cells that migrate from the yolk sac into the brain early
in development [28]. PVMs contribute to BBB integrity by restricting the passage of
macromolecules over ten kDa into the brain in healthy conditions in diseased status
leading to BBB disruption [28]. PVMs express MHC-I1 more evidently in diseased status,
i.e., under conditions of interferon y (IFN-y) treatment and CD40 treatment [28§].

In addition to above mentioned olfactory & meningeal lymphatic clearance pathways,
there are two known pathways: glymphatic and intramural perivascular pathways. PVMs
directly access the 3rd and fourth lymphatic routes [28]. They can phagocytose large
particles and may facilitate intramural perivascular drainage indirectly through the
regulation of smooth muscle cell tone [28]. In disease conditions, P\VMs have several
effects. They increase BBB permeability, post-stroke demyelination, and granulocyte
recruitment, promote VEGF expression, promote neurological dysfunction, maintain
brain glucose uptake activate the secretion of chemokines for monocyte/macrophage
recruitment in autoimmune diseases (AIDs) [28]. They also improve neurocognitive
function by promoting AP clearance, facilitating leukocyte infiltration in Infectious
diseases [28].

Lymphocyte infiltration to CNS also happens, and lymphocytes around veins are a marker
of immune reaction in CNS parenchyma [29]. Interestingly it is reported that in
experimental allergic encephalomyelitis (EAE) research, the T cells activated and specific
for autoantigens are more prone to infiltrate the CNS rather than resting T cells [30]. This
observation may be because naive T cells preferentially circulate through lymphoid

organs [31]. The fate of lymphocytes infiltrated into CNS is varied; suppression of the
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inflammation by T-Cell apoptosis is reported as a general feature of CNS (as mentioned
above, microglia and astrocytes are possibly highly effective), but after the elimination
of targeted antigens [30]. On the other hand, infiltrated T cells also may proliferate as
organ-specific autoreactive T cells depending on the different specificities [30]. The
specificities vary (i.e., mainly the HLA-DR15 haplotype is reported in Multiple Sclerosis
(MS) patients as a factor of activation and "auto proliferation™ of the autoreactive CD4+
T Cells by memory B Cells.[31], accumulation of DC [27], the presence of APCs[32])
The autoantibodies detection (Yahr et al., 1954) in CSF of MS patients was the
first connection between autoimmune neurological diseases (AIND) and B cells in
CSF[15]. Other autoantibodies connected AINDs followed (i.e., neuromyelitis optica,
myelin oligodendrocyte glycoprotein antibody-associated disorder, anti-N-methyl-d-
aspartate  (NMDA) receptor encephalitis) [33]. Corcione et al. reported B cell
differentiation in secondary lymphoid organs of CNS [34]) and Ig-secreting plasma cells
in CSF as a result of favorable microenvironmental conditions in MS and other
inflammatory CNS patients in parallel with their oligoclonal Ig bands [35]. CXCL12 and
CXCL13 in CSF were also reported (with their ligands CXCR4 and CXCR5 (CXCR5
facilitates B cell homing) on malignant lymphocytes in "primary CNS lymphoma
confined to the CNS in the absence of systemic disease™ [34].
In summary, CNS should be sterile, and the immune reactions should be as much as
possible non-inflammatory due to neurons' lack of regeneration capacity. For this
purpose, BBB and choroid plexus try to keep pathogens and peripheral immune agents
away. On the other hand, CNS is in connection with the peripheral immune system via
lymphatic drains, and (as a result of this communication or independently) obviously, B
and T cells not only enter but also home and activate. B and T cell's existence in the CNS
happens (most probably) thanks to a highly interactive microenvironment with the CNS-
specific cells (i.e., microglia, PVM), and sometimes the successful antigen clearance
(with or without destruction of CNS cells) may result with apoptosis of lymphoid cells.

However, it may sometimes continue with CNS autoimmunity (Figure 1.2).
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Figure 1.2. Immune System of CNS. A) Coronal view of the brain. B & C) (Schematic
views of some neuro immunologic details from the skull to the cerebral cortex). In the
dura mater under the skull, there are dural sinuses, veins (which may go out of the skull
or go into the subarachnoid space), lymphatic vessels (i.e., draining immune cells, excess
fluid and small molecules to cervical lymph nodes), arachnoid granulation villi (serving
as a one-way gate from CSF to the bloodstream). There may be peripheral immune cells
and other items (e.g., bacteria, viruses, antibodies) within the dura mater, depending on
several factors (e.g., conformity of the tight junctions on the veins). The para ventricular
macrophages and meningeal macrophages are resident macrophages serving as first-line
immune cells between arachnoid and pia mater together with dendritic cells. Glia limitans
and astrocytes form a second blood and immune barrier. Despite BBB, peripheral immune
cells infiltrate CNS and may harm the neurons and/or glia. Oligodendrocytes form the
insulation sheets (i.e., myelin) of neurons. Myelin is one of the main targets of
autoimmunity-generating cells. Microglial cells are phagocytic cells and play an
important role in synaptic pruning and brain architecture. They survey the brain and
proliferate in case of an immune attack. The intensity difference of the microglia is shown
between pathologic and nonpathologic zones. Under an immune reaction state, the
morphology of the microglial cells also changes. Microglial cells are self-renewing cells;
immune reactions lead them to proliferate. Microglial cells can harm neurons through
phagocytosis under inflammatory conditions. Microglial cells also clean plaques through
phagocytosis. Macrophages may infiltrate into CNS and create damage and inflammation,
but also they may become tumor-associated macrophages. D) Schematic cross-sectional
view of the capillaries of the CNS.

1.4. Glial cells

Glial cells are a group of non-neural cells with different origins and tasks in the
central and peripheral nervous systems [36]. The CNS glial cells are the macro glial cells
(Astrocytes -the most abundant type of glial cells-, Oligodendrocytes, Ependymal cells,
Radial glial cells, Pituicytes, Tanycytes) and microglial cells [37]. The PNS glial cells are
Schwann cells (provide myelination to axons) [38], satellite cells (regulate the external
chemical environment of sensory neurons and sympathetic and parasympathetic ganglia)
[39], and enteric glial cells [40].

1.4.1. Astrocytes
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Astrocytes are essential parts of the BBB. They surround the endothelial cells of
brain vasculature with pericytes and maintain tightly regulated cellular, ionic, and
molecular transfer from blood to the brain [41]. Thus maintain CNS (as much as possible)
pathogen and immune cells free, hormonal levels, and ionic homeostasis of CNS [41].
Astrocytic aquaporin 4 (AQP4) water channels enable the flow of CSF towards the
intracranial vein by the pressure wave generated by the arterial pulse [41]. This flow,
called glymphatic, transports extracellular proteins, excess fluid, and metabolic waste
products like lymphatics. "Astrocytes also actively participate in synapse homeostasis
through phagocytosing synapses, neuronal debris, axonal mitochondria, and pathological
protein aggregates. In addition, it has also been suggested that astrocytes may regulate
microglial phagocytosis by secreting molecules such as IL-33 and C3" (cited from [42]).
Astrocytes are also APCs and "under inflammatory conditions, express all subunits of IL-
12/1L-23" and interact with T cells. [43].

The post-mortem studies of Rostami et al. show antigen-presenting astrocytes and
activated T-cells in the PD brains, highlighting the astrocytes' role in chronic
inflammation [44]. The T cell modulation ability of the astrocytes puts them into focus
for MS and chronic CNS inflammatory diseases in general [45]. The factors affecting
astrocyte functionality reflecting neuronal immunity (i.e., the Astrocyte-microglia
interactions under the existence of the AQP4 antibodies) are shown as a factor of the
evolving neuromyelitis optica lesion [46]. An animal study shows that altered astrocytic
characteristics of T1D patients affect neurotransmitter dynamics and result in abnormal
neuronal activities [47].

One of the critical agents in the CNS, the influx and efflux that should be under
strict control, is glutamate [48] because glutamate is the most abundant excitatory
neurotransmitter in the vertebrate nervous system and amino acids in the human body
[49]. The neurons cannot synthesize glutamate and GABA from glucose and need
glutamine for glutamate or GABA production [49]. Astrocytes either synthesize
glutamate from glucose from BBB or most of the glutamate (GABA as well) of the
extracellular space secreted by neurons, convert them to glutamine, and release them back
to synaptic cleft [50]. In summary, astrocytes are one of the critical cells of the whole

brain and synaptic cleft homeostasis with immunologic roles.

1.4.2. Oligodendrocytes
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Oligodendrocytes are the critical cells of the quality of the electrical signal transfer
through the axons [51]. The myelin sheath they produced insulates by wrapping axons,
and demyelination causes multiple sclerosis (MS), one of the prevalent neurological
diseases with underlying autoimmune and/or genetic, environmental, viral (i.e., Epstein-
Barr virus (EBV)) factors [52]. "Oligodendrocytes use lactate as a source of energy and
as a precursor of lipids" [53], and they "oxidize lactate at a higher rate than that observed
for neurons and astrocytes, and their rate of lipid synthesis from lactate was at least 6-
fold higher than that found in astrocytes or neurons” [53].

Oligodendrocytes are subject to differentiation, and new studies suggest oligodendrocytes
are not passive cells during myelination defects and Immune Oligodendrocytes (ImOL),
differentiated by proteasomal inductions, may be linked to neuroinflammation [54].
Oligodendrocytes express MHC-II by induction with the combination of IFN-y and
dexamethasone (within the physiological range of CSF), interestingly not with IFN-y
stimulation alone [54].

In (2018), Falcdo et al. reported upregulated immune cell myriad proteins in the spinal
cords of EAE-induced mice [54]. These and further results suggest that oligodendrocytes
as functional APCs [54]. Postmortem MS patient studies also show increased Imol
phenotype [54].

The oligodendrocyte precursor cells, also known as NG2-glia, "immature cells with high
proliferative capacity and widely distributed throughout the gray and white matter in the
postnatal and adult brain, where they make 5-8 of the glial cells population™, are crucial
in demyelinating pathologies [55]. NG2-glia cells have AMPA, GABA, and glutamate
receptors, and they also have other functions and interactions that need to be uncovered
[55].

The glutamate receptors (GIuR), which oligodendrocytes have, make them
vulnerable to neurotoxicity, and GABA receptors emerge as a balancing factor similar to
neurons, so the GABA receptor agonists protect oligodendrocytes against over-excitatory
stimulation [56]. MHC-II expression by oligodendrocyte precursor cells is reported in
vitro during co-culturing with CD45+ microglial cells [54].

If we put them together under inflammatory conditions, oligodendrocyte precursor cells
may differentiate as ImOL instead of mature oligodendrocytes, and these differentiated
oligodendrocytes as immune cells (with questions) may act as phagocytic APC cells and

may contribute with T cells to the myelin destruction [54].
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1.4.3. Ependymal cells

Ependymal cells are ciliated, cuboidal cells lining the ventricles and spinal canal
in direct contact with CSF [57]. The oscillations of cilia are believed to help CSF
circulation [57]. They are mitotically active cells [57]. Although they have many essential
functions in development, in the adult brain, the main task of the ependymal cells is
electrolyte and solute transfer between brain parenchyma and CSF [57]. As the intensive
hormonal activity possible requires some specialized interactions, ependymal cells of the
hypothalamus and infundibulum are specialized and called Tanycytes [58].
Studies with injured spinal cord IL-17A knockout and IL-17A neutralized with antibodies
mice suggest ependymal cells positively affect axonal growth and functional recovery by
secreting neurotrophic factors, which does not happen under IL-17A existence [59].
An animal study shows defective ciliary oscillation of ependymal cells after (NF-xB)
signaling is reported as a probable worsening reason for the “certain types of neonatal and

childhood hydrocephalus associated with hemorrhages and infections™ [60].

1.4.4. Microglia

Microglia are believed to originate from "a unique, and transient RUNX1+ /cKit+ /CD45-
erythromyeloid progenitor population in the embryonic yolk sac" and after the
establishment of the BBB remains isolated [61]. "Microglia, unlike most other
hematopoietic lineages, renew slowly at a median rate of 28% per year, and some
microglia last for more than two decades” [62]. They do not need any progenitor
recruitment for renewal [63]. An interesting peripherally derived macrophage infiltration
into CNS (in humans, "after lethal whole-body irradiation and bone marrow
transplantation™) is reported in the case of microglial deficiency as compensation and then
develops ramifications similar to those of microglia [64].

Microglia are multifunctional intrinsic immune cells of the CNS [65], and they
are "the major cell type expressing MHC class Il in the human white matter" [66]. Their
existence in brain regions changes between 0.5-16.6% (microglia/total cell) [67]. Like
other immune cells, microglia have PRRs that make them highly sensitive to their
microenvironment [68]. They may respond to microenvironments with pro or anti-
inflammatory phenotypes. However, instead of two opposite phenotypes, they can be in
a phenotype in a broad spectrum in response to any chemical or proteinaceous stimuli

[68]. PRRs are not the only phenotype specifiers; hormones and neurotransmitters are
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also influencers [66]. Phenotyping can be region specific (i.e., "cerebellar microglia may
behave differently from those in the thalamus, neocortex, and hippocampus” (animal
study) [69]).

Microglia express TLRs and react to invading bacteria and viruses [70]. TLRs
(except TLR3) express proinflammatory cytokines through Myd88 related pathway [70].
However, there are also Myd88 independent pathways [70]. "MyD88- independent
pathway is associated with the induction of interferon (IFN)-inducible genes and
maturation of dendritic cells” [70]. Age is another factor affecting TLRs expression and
microglial cell phenotypes accordingly [70]. Stimuli like hypoxia, bacteria, viral agents,
kainic acid, a-synuclein, and amyloid beta are reported as upregulating factors of TLRs
expression in microglia [70]. Neurodegenerative diseases like AD, amyotrophic lateral
sclerosis (ALS), and PD are also reported as upregulating factors of TLRs expression in
microglia [70]. The contradictory reports about TLR activation and microglial cell
pathological AP uptake [70] are probably because of the -both ends sharp- nature of
inflammation. Polymorphism may always be a reason for the unbalanced reactions, and
TLR2 polymorphism is reported as a factor of PD [71]. On the other hand, the report
about TLR2 upregulation "in the chronically LPS-stimulated SOD1 transgenic mouse
model of ALS" [m10] may be the cumulative effects of the inflammatory conditions
and/or consistent TLR2 ALS relation. TLR4 activation studies are also contradictory, and
the critical question is the same when the inflammation turns from beneficiary to
detrimental [70].

One of the factors for microglia quiescence after inflammation (similar to other
immune system cells) is IL-10, and microglia have IL-10 receptors (IL-10R) [72]. Laffer
et al. reported the "loss of IL-10 promotes differentiation of microglia to an M1
phenotype” [73]. IL-10 may be expressed as Shemer et al. suggested through the
"Ly49D+ NK cells and neutrophils” in the CNS or as Wu reported astrocytes and
microglial cells themselves might express IL-10 in response to proinflammatory stimuli
(of the leptomeninges -in the experiment of Wu) [74]. There are many similarities
between microglia and macrophages. Kozicky et al. reported IL10 expressing monocytes
with LPS+IgG costimulation [75].

Microglia have an essential role in brain structure through synaptic pruning; the
agents (i.e., fractalkine, purine, and complement signaling) interfere with this process
[69].
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1.5 CNS and autoantibodies against surface receptor
Lack of neuronal regeneration capacity is not the only phenomenon that makes CNS
Immune strategies distinct from the peripheral immune system, but also excitotoxicity is
another vital feature. Excessive or prolonged exposure to excitatory neurotransmitters
causes unbalanced calcium homeostasis, oxidative stress, and mitochondrial
perturbations, which end with neuroinflammation or apoptosis [76]. Moreover, inflamed,
injured, went apoptosis neurons may lead to new consecutive excitotoxicity [76].
Long-term misregulation of neurotransmitters leads to neuroinflammation or cell
death and can affect neuronal connections, synaptic architecture, and gene
expressions.[77]. As a result of this fact, the autoantibodies targeting neurotransmitter
receptors affect neuronal health.
One of the first autoantibodies found to cause autoimmune neuronopathy, cerebellar
degeneration, and encephalitis is targeting N-methyl-D-aspartate (NMDA) receptors[78].
As a functional requirement, the neurotransmitter receptors are cell surface antigens, and
it is known that autoantibodies in CSF bind them [78]. Within this group, besides NMDA
receptors, we can mention Voltage-gated potassium channel (VGKC) complex antibodies
[79], AMPA receptors [80], Voltage-gated calcium channels VGCC) [81], Glycine
receptors [78], Metabotropic glutamate receptor 1 (mGIluR1) [82]. As shown in Table 1.1,
the frequent surface receptor autoantibodies may cause a wide range of neuronal or

psychiatric diseases and may have associations with peripheral diseases.

Table 1.1 Disorders caused by surface receptor autoantibodies.

Targeted Disorders Reported Associations | Reference

Receptor

AMPAR limbic encephalitis and | lung, breast, or thymic | [80],[85]

psychiatric symptoms tumors

GABAB limbic encephalitis, severe | lung cancer [85,86]
receptors seizures or status epilepticus,

cognitive impairment

Glycine encephalomyelitis, myoclonus, | - [87,89]

receptors | exaggerated startle responses,
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diplopia, ataxia, hyperekplexia,

rigidity, muscle spasms

mGIuR1 cerebellar ataxia, cognitive and | Hodgkin lymphoma [82]

memory impairments

NMDAr catatonia, agitation, seizures, | viral etiology, ovarian | [83],[84]
problems of consciousness, | teratoma
movement  dysfunctionality,

autonomic instability

VGCC Lambert—Eaton ~ myasthenic | paraneoplastic with or | [89]
syndrome, cerebellar | without  neurological
degeneration disorders

1.6. CNS and cytosolic antigen autoantibodies

Understanding the mechanism of action of the surface receptor autoantibodies is
relatively easy. They are bound to their target and create deprivation of the surface
receptors. For example, the neuron (itself) endocytosis the antibody-bound NMDA
receptors [90]. However, in worse examples, a cell destruction process starts.
Autoantibodies do not target only surface receptors but also cytosolic antigens, and how
the cytosolic antigen destruction happens and the facilitating or restricting factors of
destruction are still unclear.

As an example, the autoantibodies against Anti-Glutamic acid decarboxylase (GAD)
affect the Gamma-aminobutyric acid (GABA) -the primary inhibitory neurotransmitter in
the nervous system- expressing neurons and cause heterogenic neurodegenerative
diseases [91-93]. Autoantibodies against GABA (GABA-ab) are also one of the main
reasons for type 1 diabetes (T1D) with or without neurodegeneration [91-93].
Interestingly, serum positivity of GABA-ab is possible in healthy individuals, and
titrations are not correlated with disease severity [92].

As GAD is a cytosolic antigen, autoantibodies should find them in the cell, and there are
in vitro [94] and in vivo [95] experiments that have already shown that. Hampe et al.
incubated GADG65 expressing AF5 cell line (an immortalized rat CNS cell line) with
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monoclonal GAD-ab for four hours at 37°C. Flow cytometry and confocal microscopic
analysis show that dose and time-dependent antibody uptake happens [94]. Hampe did
not report GAD destruction in the cells. They reported that the intrathecal human GAD-
ab injected rats showed dose-dependent and epitope-specific motor and cognitive
function deficiencies. However, they did not report if there were any GAD destruction
clues in the rats' brain slices [94].

Gresa-Arribas et al. incubated live rat hippocampal neurons for 24 hours at 37°C with
GAD-ab containing cerebellar ataxia, stiff person syndrome (SPS), limbic encephalitis
(LE) with epilepsy patients CSF and they could not demonstrate the GABA-ab
internalization [92]. On the other hand, within the same experiment, they used NMDR-
ab positive CSF as the positive control of their methodology, and they were able to show
NMDAR-ab internalization [92].

Chang et al. immunized GAD-Enhanced green fluorescent protein (EGFP) expressing
mice with human GAD, and animals became GAD-ab positive. They lost some GAD-
EGFP-expressing cells in the brainstem without observing behavioral abnormality [95].
However, they reported an unexpected observation. They conducted an in vitro
internalization assay with the neuronal culture of GAD-EGFP mice and serum of GAD-
immunized or PBS-immunized mice. Antibodies in the serum of GAD-immunized mice
bound densely to GAD-EGFP expressing neuronal surfaces. In contrast, PBS-immunized
mice antibodies did not. They also could not see antibodies inside the cells, although they
reported GAD-EGFP dismissal [95].

Underneath these controversial reports can be the same reason for the heterogeneous
characteristics and the differentially affected brain zones in GABA-ab-related diseases.
In summary, the autoantibodies against intracellular antigens do not make the same
impact on all neurons (even though they may be the same type of neurons) at the same
level, and there are obstacles hindering stable observations of uptaken antibodies. We
should consider some major parameters to understand the fate of intracellular antigen-
targeted autoantibodies. In quest of these parameters, it may be helpful to look from a

broader perspective at AIDs in general.

1.7. SLE and SS: A kind of meeting point for AIDs
Statistical data highlight comorbidities of AIDs. The study of Eaton and friends
reports SS and SLE showing the high odds ratio comorbidities within the list of

researchers AIDs. SLE and SS do not only show high ratio comorbidity with each other.
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They also show comorbidity with the same diseases pernicious anemia, dermatomyositis,
scleroderma, chronic hepatitis, autoimmune hemolytic anemia, primary biliary cirrhosis,
seropositive rheumatoid arthritis, dermatopolymyositis, and wegener granulomatosis
(Figure 1.3) [8]. Shared serological autoantibodies (see Figure 1.4) of SS and SLE
patients [96] point to the possible underlying reasons for the high comorbidity between
SLE and SS exhibit. From these shared serological features (ANA, Anti-Ro52/Trim21,
anti-La, anti-dsDNA, anti-Sm, anti-ribosomal P protein, antiphospholipids, anti-c2M3,
rheumatoid factor, cryoglobulins, low C3, and C4 complement fractions) [96]. We
focused on the protein Ro52/Trim21 not only because it is the target of common
antibodies of these two distinct diseases but also (within the other reasons which will be
mentioned) it is reported as the highest affinity Fc receptor in humans. Here, let us note
that rheumatoid factor, actually another common autoantibody between SLE and SS, is

targeting the Fc portion of Igg.
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Figure 1.3 Odds ratios of comorbidities with SLE and SS. The figure is adapted from [8]
(“Table 2 Comorbidity of 31 autoimmune diseases in Denmark: numbers of co-occurring

cases above the diagonal, pairwise odds ratios below the diagonal”).
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Figure 1.4 Shared serological autoantibodies of SS and SLE patients. The figure is

adapted from [96] (“Table 1 Main serological features observed in pSS and SLE”).

1.7.1. Susceptibility loci of SS and SLE.

The R0o52/Trim21 protein is an important intersection point between SS and SLE.

However, the Ro52/Trim21 gene is not among either the over 40 susceptibility loci of
SLE [97,99] or the susceptibility loci of SS [99] (see Figure 1.5). To establish a
connection between reported common susceptibility genes and shared autoantibodies, we
looked closely at the functions of the related proteins.
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Figure 1.5 The leading susceptibility loci of SLE and SS. Major histocompatibility
complex class 1l (MHC I1), Signal Transducer and Activator of transcription (STAT) 4
(STAT4), Interferon Regulatory Factor (IRF5), B Lymphoid Tyrosine Kinase (BLK),
TNFAIP3-interacting protein (TNIP) are the shared leading susceptibility loci of SLE
and SS. The figure is inspired by [97-99]

1.7.1.1. Interferon regulatory factor (IRF) 5

IFR5 is "the most strongly and consistently associated SLE loci identified" (cited
from 100). IRF5, like the other members of the IRF family (nine members (IRFs 1-9) in
mammals) involved in signaling for virus responses as their name suggests regulating
interferon production [101]. However, new studies suggest a shift from being a member
to a central regulator of cellular inflammatory responses [101]. IRF5 ( assisted by RelA,
the subunit of NFKB [102]) mediates the expression of IL-6, IL-12, IL-23, and TNF-
alpha [101]. Under inflammatory conditions, high IRF5 expression is reported in
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monocytes, macrophages, B cells, and DCs [101] and adipose tissue as a novel adipose
tissue marker for metabolic inflammation [103].

There are many isoforms of IRF5 (V1-11) in humans[101]. IRF5 isoforms can be

grouped into three (1-A, 1-B,1-c) according to their transcriptional functions, and the
group 1-B (v2, v9, v10) cause overexpression of IRF5 and linked to SLE [101].
Animal studies show that IRF5 plays a role in B-cell development and function, and
"murine  models of lupus lacking the IRF5 gene showed reduced ANA,
glomerulonephritis, and pathogenic autoantibody production™ [100]. It is reported that
"IRF5 is constitutively localized to the nucleus of human SLE memory B cells and that
activation of healthy donor B cells results in IRF5 nuclear localization™ [100]. The role
of IRF5 is in addition to cytokine expression, "differentiation, autoantibody production,
and have identified a pro-effector B cell gene program that IRF5 regulates” [100]. Thus
overexpression of IRF5 leads to B-cell pathology similar to SLE [100]. In contrast, the
overexpression and deficiency of IRF5 are reported to cause impaired functions of B-cell
[104].

The central role in inflammation of the IRF5 put the manipulation methods of
IRF5 expression (i.e., sSiRNA, CRISPR/Cas9, adenoviral delivery) into the target of
researchers, the efforts are whether in the direction of maintaining high expression
(mainly against tumors) or repression against detrimental allergen reactions [102]. One
of these methods is the IRF5 degradation through E3-ubiquitin ligase TRIM21/R052.
"Following toll-like receptor 7 (TLR7) activation, TRIM21 mediates degradation of IRF5
in an isoform-specific manner, that is, it targets isoforms v1/v5, but isoforms v2/v3 are
resistant” (cited from [102]). Remember that the isoforms v2, v9, and v10 are reported in
correlation to IRF5 overexpression.

Another manipulation method of IRF5 expression in the focus of researchers is kinase
inhibitors [101]. "Several kinases including RIP2 from the receptor-interacting protein
(RIP) kinase family, and TAK1, IKKalpha, IKKbeta, IKKepsilon and TBK1 