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ABSTRACT

Infection with influenza A viruses (IAV) may lead to seasonal epidemics among all age groups
mainly affecting bronchial epithelial cells of the upper respiratory tract. A viral infection is
initially sensed by components of the innate immune system, leading to a swift production of
pyrogenic cytokines to mount an anti-viral immune response. However, systemic inflammation
is accompanied by fever and further results in altered behavioral routines, such as reduced ap-
petite and social isolation, implying a disturbed brain homeostasis that may precede neurolog-
ical disorders. Previous experimental studies reported about dysregulation of microglial cells,
increased expression of inflammatory cytokines, and compromised hippocampal neuronal mor-
phology causing impaired cognition in mice upon influenza infection. However, characteriza-
tion of microglia activation and underlying processes of behavioral alterations remained un-
addressed. Utilizing a murine infection model with a non-neurotropic IAV strain that mimics
the disease progression in humans, this study demonstrates that an infection-induced peripheral
immune response is trailed by a temporally disturbed expression of blood-brain barrier-associ-
ated proteins. Although histological examination of brains from IAV-infected mice displayed
no noticeable pathological effects, in-depth characterization of microglial cells via flow cytom-
etry highlighted an increased surface expression of major histocompatibility complex classes I
and II, cluster of differentiation (CD) 80, and F4/80 upon infection. Gene expression analysis
of lysosomal proteins, scavenger receptors, and complement factors further deciphered an in-
creased capacity of microglia-mediated synaptic pruning in [AV-infected mice. Finally, a novel
multiplexed flow cytometry-based approach was established and applied to scrutinize previ-
ously described neurological alterations. Notably, quantitative analysis of synaptosomes iso-
lated from cortex and hippocampus revealed a significant reduction of the vesicular glutamate
transporter 1 (VGLUT1), thereby highlighting a dysbalance in excitatory neurotransmission in
[AV-infected mice. In summary, the present study highlights the disturbed CNS homeostasis
indicated by distinct microglia activation and altered glutamatergic neurotransmission as a re-
sult of the peripheral infection-induced systemic inflammation, further underlining the im-

portance of the body-brain axis.
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1. INTRODUCTION

The brain is an exceptional organ that is able to process and store large amounts of information
but also to facilitate social interactions and behavior. Although the development and function
of the brain have been intensely studied over the last decades, many aspects of brain pathology
still remain unclear. For example, the underlying mechanisms of behavioral alterations induced
by peripheral infections are not fully explained. As such alterations are hypothesized to act as
triggering events leading to certain neuropsychiatric disorders or neurodegenerative diseases,

more research is required to better understand and control these processes.

1.1. THE CENTRAL NERVOUS SYSTEM

In higher vertebrates, the central nervous system (CNS) forms a bilateral and symmetrical,
highly specialized complex that comprises of the brain and the spinal cord. While the spinal
cord is the most caudal part of the CNS and responsible for the transduction of sensory infor-
mation from the body to the brain and vice versa, the brain exerts a tremendous number of tasks
that include, but are not limited to — memory, sensation, communication, and movement [1]. It
is believed that the ability to quickly process and interpret sensory information provides an
evolutionary advantage to the organism by facilitating a better adaption and response towards
environmental challenges [2]. In this regard, the human brain presumably represents the most
complex organ found in nature and its structure can be subdivided into seven major parts, i.e.
the medulla oblongata, pons, cerebellum, midbrain, diencephalon, and cerebrum. The cerebrum
is composed of two hemispheres that each contain an outside layer, the cerebral cortex, and

three subjacent structures: the basal ganglia, the hippocampus, and the amygdaloid nuclei [3].

Given its importance, the CNS is particularly protected in mammals. While the brain resides in
the cranial cavity of the skull being secured from physical damage, the spinal cord extends
through the spinal canal of the vertebral column beginning with cervical vertebrae at the neck

and terminating in the sacral region [4].
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1.1.1. BARRIERS OF THE CENTRAL NERVOUS SYSTEM

In addition to the protection offered by the skull and spine, the CNS is guarded by specialized
blood vessels of the blood-brain barrier (BBB) and the blood-cerebrospinal fluid barrier
(BCSFB), and a series of distinct membrane layers that form the meninges. Together, these
physical and vascular barriers shield the brain from entering pathogens and other exogenous

threats, such as blood-borne toxic metabolites.

1.1.1.1. MENINGES

In mammals, the spinal cord and brain are sheathed by three protective membranes, collectively
named the meninges: the dura mater, arachnoid mater, and pia mater [5, 6] (Figure 1). The dura
mater represents the outer meningeal membrane with close proximity to the inner skull and is
composed of the periosteal and the meningeal layer. The dura mater is a thick membrane, highly
innervated and vascularized [7]. For example, it harbors the dural venous sinuses that collect
blood flowing from the brain to the heart, but also lymphatic vessels that run along the dural
sinuses and the middle meningeal artery [8, 9]. Importantly, blood vessels of the dura mater
contain capillary segments and postcapillary venules that are fenestrated and mostly lack tight
junctions, i.e. zipper-like structures formed between neighboring cells that exclude any extra-
cellular space by forming protein complexes of membrane, cytoplasmic, and cytoskeletal pro-
teins [4, 10, 11]. Therefore, the dura vessels are permeable for blood-derived molecules up to
45 kilodalton (kDa) and immune cells, such as innate lymphoid cells, dendritic cells, macro-
phages, and T cells [7]. The dura envelops the middle meningeal layer, the arachnoid mater,
which in combination with the pia mater forms the leptomeninges. The arachnoid mater is char-
acterized by a spider web-like structure of delicate trabeculae that project onto the pia mater
(Figure 1). The subarachnoid space is a cavity filled with the cerebrospinal fluid (CSF) and
comprising of leptomeningeal blood vessels [4]. In addition, the outer cell layer of the arachnoid
mater forms an impermeable barrier that restricts the free diffusion of blood-derived molecules
from the fenestrated vasculature of the dura mater into the CSF [7]. For that reason, arachnoid
barrier cells express the tight junction proteins Claudin-11 and E-Cadherin but also a variety of
efflux and solute transporters that participate in the solute clearance out of the CSF [12]. Finally,
the pia mater is the innermost meningeal membrane composed of a single fibroblast layer in
close proximity to the glia limitans of the brain parenchyma [12] and similar to the dura mater,

the pia mater is highly vascularized. However, pial blood vessels express tight junction proteins
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Occludin and Claudins in addition to adherens junctions, and thus establish a semipermeable
barrier that regulates the free movement of immune cells but allows the CSF to enter perivascu-

lar spaces of brain-penetrating arteries [4, 12, 13].

Skull
Dura mater
Arachnoid mater
Subarachnoid

Cranium BN - T
Meninges

~ space
~ Pia mater
Brain

Ventricular space

—— Stromal space

—— CP epithelium
Endothelial cell

Fenestrated capillary

Endothelial cell
Astrocyte
Pericyte

Capillary lumen

Basal lamina

Figure 1: Barriers of the CNS.

The brain is an exceptional organ that requires a particular protection. In addition to the skull, the brain is guarded
by the distinct membrane layers of the meninges, and the specialized vasculature of the BBB and the BCSFB. The
meninges comprise of the dura mater and leptomeninges that are formed by the arachnoid and pia mater. In addi-
tion to lymphatic vessels, the dura mater contains fenestrated blood vessels permeable for blood-derived molecules
and immune cells. The arachnoid mater is characterized by a spider web-like structure that projects onto the pia
mater thereby shaping the subarachnoid space, which is filled with the CSF. The pia mater is the innermost me-
ningeal membrane and in close proximity to the glia limitans of the brain parenchyma. The BBB is responsible for
the maintenance of a homeostatic brain microenvironment and is formed by a continuous layer of specialized
endothelial cells sealed by tight junctions. Capillary vessel walls closely interact with pericytes and are almost
entirely covered by astrocytic end-feet to further fortify the barrier. The BCSFB represents a highly vascularized,
secretory tissue formed at the Choroid Plexus in all brain ventricles. The BCSFB is key producer of the CSF,
which nourishes the brain, provides buoyancy, and acts as a fluid cushion to protect the brain from injury. (adapted
from [4, 14, 15])

Even though the meninges are meant to prevent pathogens from entering the brain, they them-

selves are not immune to infection. For example, viruses and bacteria can induce meningitis,
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which is driven by resident meningeal immune cells and infiltrating leukocytes and often results
in acute and long-term neurological impairments [12]. Furthermore, the meninges have been
shown to play an important role in the course of multiple sclerosis (MS) and experimental au-
toimmune encephalomyelitis, providing an entry site for autoreactive effector T cells and B

cells on their way to the brain parenchyma [12].

1.1.1.2. THE BLOOD-BRAIN BARRIER

Along with the meningeal membrane layers, the protection and homeostasis maintenance of the
CNS is mediated by the BBB. As the proper function of neurons within the brain is dependent
on a specific, highly regulated microenvironment, the BBB which is formed by a specialized
microvasculature ensures the optimal chemical composition of the brain parenchyma [16] (Fig-
ure 1). For that reason, BBB endothelial cells limit movement of neurotoxic plasma molecules
and cells between the blood and the brain [4, 17, 18], while further providing energy substrates

in form of glucose and oxygen to meet the brain’s high energy consumption [19].

The unique properties of the BBB rely on its microvasculature that is formed by a continuous
layer of specialized endothelial cells tightly sealed by tight junctions. For example, endothelial
cells of the BBB express the tight junction proteins zonula occludens-1 (ZO-1), Claudin-1, -3,
-5, -12, and Occludin [16, 20-22]. At the capillary level, blood vessels closely interact with
pericytes that can induce the expression of barrier-specific genes in endothelial cells, such as
transferrin receptor or excitatory amino acid transporter (EAAT) 3 gene expression [23]. Fur-
thermore, both arteriolar and capillary vessel walls are almost entirely covered by astrocytic
end-feet [24], fortifying the barrier function via the induction of the Sonic hedgehog signaling
pathway in endothelial cells [18, 24, 25]. Next to the variety of tight junction proteins, endo-
thelial cells of the BBB express a range of different transporters, receptors, and ion channels to
orchestrate the bi-directional exchange of molecules between blood and brain. This includes
carbohydrate transporters, substrate-specific carriers, and adenosine triphosphate (ATP)-bind-
ing cassette transporters for an active efflux of substrates from brain to blood [18]. In addition,
the interconnection of neurons, astrocytes, cells of the BBB (endothelial cells, myocytes, peri-
cytes) and extracellular matrix components within the so-called neurovascular unit is able to
control the vasodilation of cerebral arteries, arterioles, and capillaries in order to regulate the

rate of cerebral blood flow and oxygen delivery to the brain [26].
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In the light of the many tasks to be performed by the BBB, it becomes clear that disturbance or
disruption would largely influence the CNS homeostasis. In this regard, systemic inflammation,
injuries or stroke have been shown to reduce expression BBB-associated tight junction proteins
Occludin and ZO-1 [27], resulting in an elevated transcellular permeability for cytokines, chem-
okines or immune cells from the blood the brain parenchyma [18]. Moreover, infection of BBB
endothelial cells with adenovirus or West Nile virus can reduce expression [28] or cause deg-
radation of tight junction proteins [29] while inducing C-C motif ligand 2 (CCL2) release [28,
30]. In addition, a growing body of evidence suggests the role of the BBB in neurodegenerative
diseases such as Alzheimer’s disease (AD) and MS. In AD patients and mouse models of AD,
expression of the BBB transporter Glucose transporter 1 and the low density lipoprotein recep-
tor-related protein 1 (LRP1) is reduced, resulting in energy deficiency of neurons and the dis-
turbed efflux of amyloid-f from brain to blood [24]. In MS, breakdown of the BBB is associated
with the expression of adhesion molecules E- and P-selectin in endothelial cells, allowing the
initial capture and rolling of leukocytes in capillaries and postcapillary venules. In addition,
adhesion as well as trans- or paracellular diapedesis of CNS-infiltrating leukocytes is further
facilitated by endothelial expression of intercellular adhesion molecule-1 (ICAM-1) and vascu-
lar cell adhesion molecule-1 (VCAM-1), that ultimately interact with corresponding lympho-
cyte function-associated antigen-1 (LFA-1) and very late antigen-4 (VLA-4) expressed on au-

toreactive immune cells [18].

1.1.1.3. THE BLOOD-CEREBROSPINAL FLUID BARRIER

When addressing the barriers of the brain, research focus has often been laid on the BBB while
paying less attention to its more permeable counterpart, the BCSFB [31] (Figure 1). Formed at
the Choroid Plexus (CP), the BCSFB represents a highly vascularized, secretory tissue found
within all brain ventricles [14, 32] that functions as a key producer of the CSF [31, 33]. The
CSF, which nourishes the brain and contains various signaling molecules important during
brain development [14], serves as a fluid cushion for the brain and spinal cord, protecting the
CNS from injury [32]. Furthermore, the CSF provides buoyancy [34], thus reducing the effec-
tive weight of the human brain parenchyma from 1.5 kg to 50 g in order to shield it from being

crushed by its own mass [31].

The CP is composed of polarized cuboidal epithelial cells that form a monolayer around a core
of stroma cells and a capillary endothelium [14]. Different types of cell junctions between ad-

jacent cells of the CP epithelium form the basis for the BCSFB to prevent the unregulated entry
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of molecules from the systemic circulation into the CSF [14]. For example, CP epithelial cells
express tight junction proteins such as Occludin, Claudins 1-6, 9-12, 19 and 22, and ZO proteins
1-3 that regulate paracellular diffusion through the BCSFB. Moreover, adherens junctions at
the basolateral membrane further ensure the apicobasal polarity and cellular interaction of CP
epithelial cells [33]. In addition to the CP epithelium being convoluted and protruding into the
ventricular lumen, the apical surface of CP epithelial cells contains microvilli which help to

extend the surface area of th CP [31, 32]

Although the CP surface extension is rather small when compared to the total surface area of
the BBB, the BCSFB demonstrates a high transport rate accounting for up to 80 % of the total
CSF production [31]. The fenestrated capillaries of the CP are permeable to water and small
molecules up to 12 nm [ 14, 31], thus promoting a rapid provision of substrates to the CP stroma
[32]. However, as the CSF is not simply an plasma ultrafiltrate [31], its secretion into the ven-
tricular lumen depends on the expression of various transporter proteins by the CP epithelial
cells. This includes several ion channels, aquaporin, glucose transporters, ATP-binding cassette
transporters, and members of the solute carrier super-families [33]. Furthermore, sympathetic
and parasympathetic innervation of the CP is thought to influence the blood flow and secretion

of the CSF [14].

Ultimately, the CSF contains a range of nutrients and metabolites important for CNS functions.
However, its role extends beyond a simple nourishment of the brain: The CSF is also home to
hormones and signaling molecules [14]. Flowing through the interconnected network of ven-
tricles spanning the CNS or upon entering the parenchyma via the glymphatic system, the CSF
can promote long-range signaling to distinct brain regions, altogether affecting CNS develop-
ment, steady state functions, and neuroinflammation [32]. In this context, the CP has been
shown to release pro-inflammatory cytokines interleukin-(IL)-1 and tumor necrosis factor
(TNF) into the ventricular lumen in response to administration of lipopolysaccharides (LPS),
1.e. cell wall components of gram-negative bacteria, in murine models of sepsis. Simultane-
ously, activation of the CP further modifies its barrier integrity via downregulation of Occludin
expression and upregulation of matrix metalloproteinases 8 and 9, which in turn degrade Clau-
din family proteins as integral components of tight junction protein complexes [11, 33]. In com-
bination with increased expression of chemokines, such as CCL2 and C-X-C motif ligands
(CXCL) 9-11 that attract blood-borne leukocytes, the CP may act as an entrance gate for im-

mune cells into the CNS and contributor of neuroinflammation [33].
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1.1.2. CELLS OF THE CNS

1.1.2.1. NEURONS AND SIGNAL TRANSDUCTION

Neurons and glia cells form the fundamental basis of the brain and are indispensable for its
functionality. It is estimated that the human brain harbors up to 10'! neurons [35] which form
neural circuits of more than 100,000 km length [2], and assumingly, this complexity of the
neural circuitry plays a key role in the ability of the brain to process large amounts of sensory

information [2].

Commencing in the developing mammalian brain, neuronal cells form cellular networks by
giving rise to axons and dendrites, i.e. specialized cellular branches that allow the communica-
tion with other cells. Dendrites are arrays of short fibers that mediate the reception of electro-
chemical input signals from other neurons, whereas axons are long connecting fibers that facil-
itate the transmission of such signals to other cells [36] (Figure 2). By forming growth cones at
their tips, axonal processes are able to elongate away from the cell soma and, when reaching a
new target, a synapse is formed by the dendrite and the growing axon [37]. Synapses are spe-
cialized, asymmetric intracellular junctions that form the information-processing networks of
the brain by forwarding a fast-traveling, electric intracellular signal: the action potential [3, 38].
Uniformly among various species, chemical synapses display a similar structure comprising of
a pre-synaptic terminal, a post-synaptic specialization, and an interstitial space forming the
“synaptic cleft” (Figure 2). Noteworthy, Cadherins and immunoglobulin-domains facilitate the
tight adhesion of pre- and post-synaptic compartments, contributing to synapse formation [39,
40]. The pre-synapse contains several scaffolding proteins of the cytomatrix, e.g. Bassoon and
Piccolo, that establish the molecular and structural organization of the pre-synaptic active zone
[41, 42]. In addition, pre-synaptic nerve terminals harbor synaptic vesicles that fuse with the
plasma membrane upon arrival of the action potential to release their content of neurotransmit-
ters into the synaptic cleft [41]. Synaptic vesicles at the pre-synapse can be identified by several
membrane proteins, such as Synaptophysin (Syp), or the vesicular glutamate transporter 1
(VGLUTTI) and the vesicular y-aminobutyric acid (GABA) transporter (VGAT), that fill the
synaptic vesicles with neurotransmitters [40, 41]. At the post-synaptic neuron, the neurotrans-
mitters bind to corresponding neurotransmitter receptors allocated and clustered at the post-

synaptic density. Here, scaffolding proteins form a dense network of multi-protein complexes
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in order to provide a target structure for chemical signal transduction [41]. Of note, post-syn-
aptic scaffolding proteins located at excitatory synapses differ from those at inhibitory synap-
ses. For example, post-synaptic density protein 95 (PSD-95), sarcoma homology 3 and multiple
ankyrin repeat domains protein 2 (SHANK?2), and members of the Homer protein family play
an important role in promoting spine morphology, stability, and function [43]. Correspondingly,
Gephyrin has been described to function as a scaffolding protein that allocates and stabilizes

inhibitory synaptic receptors at the inhibitory synapse [44].

Altogether, synapses process the transmitted information during the transfer as the frequency
and length of the action potential is computed into specific reactions of the post-synaptic neu-
rons [40]. Excitatory neurotransmission is realized by binding of glutamate to ligand-gated ion
channels (LGICs) such as the oa-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA)- or N-methyl-D-aspartic acid (NMDA )-receptors, allowing the rapid influx of cations
into the post-synaptic neuron. Thus, its membrane potential will depolarize, bringing it closer
to the threshold of firing an action potential. In contrast, fast inhibitory neurotransmission me-
diated by GABA binding to its GABAAa receptors, which are permeable to negatively charged
anions and counteract the depolarizing effects of glutamatergic signal transmission to decrease

the likelihood of the post-synaptic neuron to fire an action potential [3, 38].

Besides LGICs, certain neurotransmitters can also bind to G-protein—coupled receptors
(GPCRs) that transduce electrochemical neurotransmission into slower but long-lasting, intra-
cellular biochemical responses with neuromodulatory effects [3, 38]. The neurotransmitters do-
pamine and serotonin signal via GPCRs and are involved in several neuronal functions. For
example, dopamine has been shown to regulate reward and motivation [45, 46], whereas sero-
tonin influences sleep, mood, aggression, and appetite [47]. After their release into the synaptic
cleft, neurotransmitters are quickly removed by neurotransmitter transporters to minimize the
time of interaction with neurotransmitter receptors, hence allowing short and specific synaptic
signals [3, 38]. While the re-uptake of neurotransmitters may occur mainly at the pre-synaptic
axon terminal, neurons are further supported by surrounding non-neuronal glia cells [3, 38]. Of
note, a fine-tuned balance of excitatory and inhibitory neurotransmission is crucial for neuronal
viability as the accumulation of glutamate at the synaptic cleft can result in excitotoxicity. Glu-
tamate uptake in neurons is mediated by glutamate transporters EAAT2, and transporter ex-
pression can be disturbed by inflammation. Consequently, the impaired recovery of glutamate
has been shown to be a hallmark of neurodegenerative disorders such as MS, AD, amyotrophic

lateral sclerosis (ALS), and Parkinson’s disease (PD) [48].
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Figure 2: Cellular interactions in the CNS.

In the mammalian brain, neurons form intracellular networks via chemical synapses that allow a rapid signal trans-
duction. Proper function of neurons is facilitated by support from different subsets of glial cells: oligodendrocytes,
astrocytes, and microglial cells. While oligodendrocytes form myelin sheaths necessary for a fast conduction of
neuronal action potentials, astrocytes support neurons in many ways such as by supplying nutrients, clearing of
glutamate from the synaptic cleft or by releasing neurotrophic factors. Microglial cells represent the innate immune
cells and macrophage population of the brain. Next to various housekeeping tasks, these cells also act as the first
line of defense. The tripartite synapse describes the synapse structure formed by the pre- and post-synaptic neuron
in collaboration with astrocytic end-feet. Synaptic vesicles at the axon terminal of pre-synaptic neurons are loaded
with neurotransmitters. Upon release into the synaptic cleft, neurotransmitters are sensed by specific ligand-gated
ion channels or G-protein-coupled receptors on the membranes of the post-synaptic neurons. Glutamate transport-
ers on astrocytic end-feet quickly remove remaining glutamate from the synaptic cleft. (adapted from [49])

In addition to being modulated by neurotransmitter signaling, neuronal functions are further
regulated by neurotrophins. Neurotrophins, or neurotrophic factors, describe a family of se-

creted proteins that orchestrate the development, maturation, differentiation and survival of
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neurons, thus playing an essential role during the formation of the CNS [50]. The family of
neurotrophins comprises of nerve growth factor (NGF), brain-derived neurotrophic factor
(BDNF), neurotrophin (NT)-3, and NT-4. All neurotrophic factors are initially synthesized as
precursors, i.e. pro-neurotrophins, that still contain the N-terminal domain which is subse-
quently cleaved to produce the mature form of the neurotrophin [51]. While all mature neuro-
trophins signal via their corresponding members of the tyrosine kinase receptor (Trk) family
[52], pro-neurotrophins have shown a high affinity towards the p75 neurotrophin receptor
(p75N™®) [50]. The important roles of mature NGF (mNGF) and mBDNF have been extensively
studied over the last decades and highlighted their effects not only on brain development and
neuronal survival, but also on nociception (MNGF) [53] or promotion of glutamate release
while reducing GABAa-mediated signaling in the CNS (mBDNF) [52]. In contrast, pro-neuro-
trophin signaling via the p75™™® has been demonstrated to elicit apoptosis [54] and expression
of the receptor in the adult brain is associated with neuronal damage or degeneration [55]. Alt-
hough pro-neurotrophin-mediated effects as a whole have yet not been fully elucidated, recent
data indicate that pro-neurotrophins furthermore regulate excitability of neurons [56] and a
dysbalanced neurotrophin/pro-neurotrophin ratio is assumed to play a role in major depression

[57, 58].

1.1.2.2. OLIGODENDROCYTES

Despite neurons often being recognized as the most important cells of the brain, their function
highly relies on the metabolic and functional support by glial cells and for this reason, the ratio
of neurons:glia cells in human brains is estimated to be approximately 1:1 [59]. Oligodendro-
cytes represent a subset of these glia cells and their key feature is the insulation of neuronal

axons by forming the multispiral membrane myelin [60, 61].

Oligodendrocytes derive from a population of self-renewing oligodendrocyte progenitor cells
that remains persistent throughout life, allowing the maintenance of myelin plasticity or reac-
tion to damage [62]. During brain development, oligodendrocytes extend their processes to-
wards nearby axons to generate lipid-rich myelin sheaths, which enable the fast conduction of
neuronal action potentials [3, 36, 60] (Figure 2). The myelin sheaths represent structures of
compacted cytoplasmic membranes that contain high levels of saturated, long-chain fatty acids,
glycosphingolipids, and cholesterol. The compaction of lipid bilayers is facilitated by myelin

basic protein, which tightly binds two adjacent cytosolic membrane surfaces together upon its
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self-polymerization. To support efficient diffusion of metabolites with the myelin sheaths, oli-

godendrocytes form gap junctions that are permeable to ions and small molecules [63].

Of note, the role of oligodendrocytes has recently been shown to encompass more functions
than simply insulating axons. For example, oligodendrocytes contribute to ion homeostasis by
providing a large number of potassium channels underneath the myelin sheaths [17] and fur-
thermore, they release trophic factors, e.g. ciliary neurotrophic factor and insulin-like growth
factor-1, being important for neuronal survival and axonal integrity [36, 64]. Overall, our cur-
rent understandings highlight the important role of oligodendrocytes in mammalian brains in
facilitating circuit function, and loss of oligodendrocytes or demyelination of grey and white
matter in the CNS are hallmarks of neurodegenerative diseases such as MS [63, 65]. Here, MS
lesion formation is mediated by cells of the adaptive immune system, including B and T cells
reactive to myelin antigens. Myelin loss is accompanied by impaired axonal transport, sensory

loss and limited mobility [65].

1.1.2.3. ASTROCYTES

Astrocytes represent another subset and the largest fraction of glia cells [59]. They are charac-
terized by a star-shaped morphology with various thin processes that form a close connection

to virtually all cell types within CNS and, more importantly, to synapses [3, 17, 66].

Synaptogenesis describes the process of synapse formation and maintenance and is one hall-
mark of brain development. During synaptogenesis, proliferating astrocytes seed across paren-
chyma while promoting the generation of new glutamatergic, GABAergic, and cholinergic syn-
apses by neurons via the release of synapse-modifying signals, including thrombospondin and
transforming growth factor-f [3, 17, 67, 68]. Synapses are then further strengthened and stabi-
lized, or alternatively negatively regulated by additional mediators released by astrocytes [17].
Moreover, astrocytes are capable of eliminating weak or excessive synapses at the end of syn-
aptogenesis through multiple Epidermal Growth Factor-like domains 10-, apolipoprotein E-,

and glial Mer receptor tyrosine kinase-driven phagocytic pathways [17, 69, 70].

In the adult brain, astrocytic execute numerous tasks that range from the support of neurons
with nutrients and metabolites to the regulation of blood flow through their interaction with
endothelial cells of the BBB [71] (Figure 1). They maintain synaptic signal transduction by
perpetuating the homeostatic concentration of the neurotransmitters via glutamate transporters

EAATI1 and EAAT2 on their cell membranes [72], allowing a rapid uptake of glutamate from
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the synaptic cleft and preventing excitotoxicity of neurons [3, 17] (Figure 2). Subsequent to
glutamate uptake, astrocytes can convert glutamate to glutamine which is then transferred back
to neurons to serve as a precursor of glutamate [3]. Interestingly, astrocytes themselves express
neurotransmitter receptors, such as AMPA [3] or GPCRs, which not only sense neuronal activ-
ity but induce intracellular Ca** signaling pathways [73]. Moreover, astrocytes carry antioxidant
mechanisms to protect neurons from oxidative damage caused by reactive oxygen species
(ROS) as metabolic by-products of high energy production [71]. Astrocytes are further capable
of releasing BDNF, which modulates synapse transmission [70] as well as the development and

survival of neurons [3].

As important astrocyte function is for maintaining the steady state of the brain, their dysfunction
has been described as contributing factors to various neurodegenerative diseases including AD
[74], PD, and ALS [75]. During inflammatory conditions, reactive astrocytes can be character-
ized by hypertrophy and the release of pro-inflammatory mediators, e.g. IL-1p, IL-6, TNF [75],
and complement factors [76]. While the morphological change of astrocytes further results in
diminished synaptic contacts, disturbed synaptic functions [75], and impaired glymphatic func-
tionality [77], the reported impairment in glutamate removal from synaptic clefts causes addi-

tional neuronal death via excitotoxicity during progression of AD [74].

1.1.2.4. MICROGLIA AND FUNCTION

Although microglial cells are typically coined as the brain-resident macrophages, they are not
of neuroectodermal but hematopoietic origin and derive from erythromyeloid progenitor cells
of the extra-embryonic yolk sac during embryogenesis [78, 79]. Upon arrival in the brain, mi-
croglial progenitor cells spread across the entire parenchyma where they remain as a long-lived,
self-renewing population throughout life [17, 80, 81]. Here, they are in charge of brain homeo-

stasis and synaptogenesis.

In the developmental brain, microglia play an important role during the establishment of the
neuronal architecture, as they efficiently engulf dead or excessive cells [81, 82] or limit neuron
numbers by phagocytosing neural precursor cells [17, 80]. In the adult brain, microglia are
spatially distributed within the parenchyma and form a tile-like network of cells that display a
highly ramified morphology with numerous thin processes, continuously scanning their sur-
rounding environment [79, 83, 84] while closely interacting with synapses [85, 86] (Figure 2).

Thereby, microglia have been shown to actively contribute to learning and memory in the CNS
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by refinement of neuronal circuits [80, 81] or strengthening of synapses via the release of
BDNF, an important regulator of synaptic plasticity [87]. In order to detect disturbances in the
CNS homeostasis, microglia express a set of receptors to recognize chemokines, cytokines [79],
or subtle changes in their chemical microenvironment, such as release of ATP by dying cells
[88]. Furthermore, microglia express the fractalkine receptor C-X3-C motif receptor 1
(CX3CR1) that binds to neuronal C-X3-C motif ligand 1 (CX3CL1, fractalkine) and promotes

microglial chemotaxis [69, 89].

In addition, microglia harbor the complement receptor 3 (CR3), which represents an important
mediator of synapse removal by phagocytosis, a process also referred to as synaptic pruning.
Microglia-mediated synaptic pruning has been shown to be essential for the maturation of syn-
aptic inputs [69] and relies on the mechanisms of the classical component pathway: On the one
hand, synapses and neurons that expose phosphatidylserine become tagged by complement
components Clq and C3, which then act as “eat-me” signals for microglial cells [17, 69, 89].
On the other hand, neuronal expression of the CD47 receptor, which inactivates microglia by
binding to signal regulatory protein-a, acts as a “don’t-eat-me” signal shown to protect tagged

synapses from phagocytosis [89, 90].

Hence, it becomes evident that the appropriate development of a complex structure such as the
brain relies on a fine-tuned process of synaptic pruning. Indeed, previous studies have shown
that aberrant or insufficient removal of synapses is associated with neurodevelopmental disor-
ders such as autism spectrum disorder (ASD), schizophrenia, and epilepsy [69]. For example,
previous studies indicated that reduced elimination of post-synaptic spines is a feature of ASD,

whereas schizophrenia correlates with excessive phagocytosis of mature synapses [91, 92].

Finally, as the major parenchymal-resident immune cell population in the brain, microglia also
represent the first line of defense in the CNS. To this end, microglia are able to detect pathogen-
associated molecular patterns and endogenous danger signals via a set of pattern recognition
receptors (PRRs) such as nucleotide-binding oligomerization domain (NOD)-like receptors,
triggering receptor expressed on myeloid cells (TREMs), and toll-like receptors (TLRs) [93].
Binding of ligands to these receptors results in a swift activation of microglia that undergo a
morphological change by retracting their processes and becoming more amoeboid and migra-
tory [94]. Furthermore, these cells orchestrate neuroinflammation by the release of cytokines,
e.g. IL-1B, IL-6, TNF [79], ROS and nitrogen species (NOS), and chemokines that attract pe-

ripheral immune cells to the site of inflammation [93, 94]. Although acute inflammation of the
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CNS driven by activated microglia may be deleterious, it has been described as a physiological
response with tight regulation and repair mechanisms. However, prolonged activation of mi-
croglia is thought to result in reoccurring synaptic pruning as the ability of microglia to differ-
entiate between live and dead neurons was found to be impaired [89]. Moreover, microglia-
released ROS are toxic to neurons and induce inflammatory stress in these cells, which in turn
expose more phosphatidylserine to become tagged for pruning by complement factors [89, 92].
As microglia activation is considered a hallmark of several neuropathologies such as AD [95]
and PD [96], the role and function of microglia in neurodegeneration has been extensively stud-

ied [79, 97].

1.1.3. IMMUNOSURVEILLANCE OF THE CNS

For many decades, the CNS was considered as an immune-privileged site, shielded by its bar-
riers and only equipped with parenchymal microglia as tissue-resident immune cells. The pres-
ence of peripheral leukocytes was perceived as a pathological consequence of acute inflamma-
tory responses within the CNS or neurodegenerative diseases, and thus considered detrimental
[77, 98]. Over the last years, several discoveries have helped to change this narrative and con-
tributed to an evolved understanding of the immunosurveillance of the CNS: While the brain
parenchyma is indeed restricted to peripheral immunity during steady state, the CNS border
regions harbor a broad range of peripheral immune cells contributing to homeostasis but also
mediating protection against pathogens. For example, the dural and subdural meninges, CP, and
perivascular space have been shown to be constantly populated by border-associated macro-
phages (BAMs), T and B cells, mast cells, monocytes, natural killer cells, innate lymphoid cells,
dendritic cells, and granulocytes etc. [77, 99]. Of note, the distribution of immune cells across
the CNS border regions is heterogeneous, given that specific subsets patrol or reside at preferred
locations, such as the perivascular spaces being mostly occupied by mast cells and BAMs [100].
Furthermore, as the CSF is drained to the deep cervical lymph nodes via the lymphatic vascu-
lature of the meninges [4], it is constantly sampled [77]. Therefore, the meninges serve as a
crucial neuro-immunological interface at which blood-borne T cells may circulate and interact
with antigen-presenting cells [98] to constantly surveil the brain for pathological content in

order to maintain homeostasis [100].

Besides exerting a protective role, peripheral immune cells in the healthy CNS have been shown

to be important for normal brain function. Although the full extent of immune-CNS interaction
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is not entirely elucidated, previous studies have shown the beneficial effects of B cells in pro-
moting oligodendrogenesis and myelination of axons during brain development [101]. In addi-
tion, interferon (IFN)-y and IL-4 derived from meningeal T cells affect social behavior [102]
as well as learning and memory [103], suggesting a strong connection between meningeal im-
munity and neuronal function. Hence, the homeostasis of the CNS is achieved by a balance
between a regulated immune cell activation and pathogen control that, if disturbed, may result
in pathology and tissue damage, as seen in MS. Here, the interplay of various immune cell
subsets, including autoreactive T and B cells, as well as monocytes and macrophages has been
shown to drive neuroinflammation and -degeneration [98]. Yet, in other neuropathologies adap-
tive immunity has been shown to exert protective effects, such as enhancing microglial phago-
cytosis of amyloid-f via cytokine and chemokine release in murine models of AD [104] or
providing supportive neuroprotection in ALS [105]. In addition, CNS-specific, [FN-y-releasing
CD4" T cells were described to orchestrate the infiltration of monocytes into the brain paren-
chyma through the CP upon brain injury [106]. Furthermore, the CP’s structural permissiveness
for transepithelial leukocyte trafficking [107] provides an educative gate for these recruited
monocytes, that locally differentiate to macrophages while acquiring an anti-inflammatory phe-

notype [106] and assist microglia in clearance of debris form the damaged CNS [108].

1.2. INFLUENZA A VIRUS INFECTIONS

Infections with influenza viruses in humans accumulate in annual epidemics, i.e. “influenza
seasons”, with up to 50 million cases in the European Union [109], thus representing a signifi-
cant cause for morbidity and mortality [110]. Influenza viruses belong to the family of Or-
thomyxoviridae [111] that comprises of the types A, B, C, and D [112] with influenza A virus
(IAV) and influenza B virus representing the predominant circulating genera during the influ-
enza season 2019/20 in Germany [113]. In addition to epidemics, influenza viruses are able to
cause pandemics, however all pandemics within the last century were induced by different var-

iants of IAV.

IAV is an enveloped single-stranded, negative-sense ribonucleic acid (RNA) virus with a ge-
nome segmented into 8 viral molecules organized into ribonucleoproteins. The viral genome
segments encode for subunits of the RNA polymerase, the viral glycoproteins haemagglutinin
(HA) and neuraminidase (NA), viral nucleoprotein (NP), the matrix protein and membrane

protein, the non-structural protein 1 (NS1), and nuclear export protein [112, 114]. Typically,
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variants of IAV are subtyped based on the antigenic properties of the surface proteins HA and
NA, important mediators of viral tropism and release of new virions from the host cell [114].
In humans, IAV mainly infects bronchial epithelial cells of the upper respiratory tract by bind-
ing of HA to glycoproteins with terminal a-2,6-linked sialic acid [114]. Upon its release into
the cytoplasm, transcription and replication of viral RNA occur in the nucleus of the host cell,
whereas translation of the resulting messenger RNAs (mRNAs) into viral proteins takes place
in the cytosol. Finally, new virions assemble from newly formed viral ribonucleoproteins, viral
transmembrane proteins, and the host cell membrane. The release of IAV particles results in
cell death and is mediated by NA-dependent cleavage of remaining sialic acid residues on the

plasma membrane in order to prevent the retention of new virions at the cell surface [112, 114].

An important feature of influenza viruses is their ability to evade pre-existing immunity in hu-
mans by introducing point mutations into their genome as a consequence of an absent proof-
reading mechanism during RNA replication. Eventually, changes in the amino acid sequences
of HA and NA alter the antigenic properties of new viruses to bypass an antibody-mediated
immunity, thus being the causative of seasonal epidemics [114, 115]. Moreover, as IAV has a
large reservoir of species and can circulate in humans, pigs or migratory birds [112], substantial
changes in the viral epitope may arise from antigenic shift: In cells simultaneously infected with
different virus strains, reassortment of IAV genome can occur due to its segmented nature,

thereby leading to the emergence of a new pandemic subtype [114, 115].

1.2.1. IMMUNE RESPONSE TO IAV INFECTIONS

In order to infect and replicate within host cells, IAV first has to overcome the host’s innate and
adaptive immune system. As a first barrier, the epithelial cells of the upper respiratory tract are
covered with viscous mucus, which traps IAV with its high amount of glycosylated proteins.
Mucociliary clearance then removes the virus before it can infect the underlying cells [116]. In
addition, a set of PRRs consisting of TLRs, retinoic acid inducible gene (RIG)-I, and the nucle-
otide-binding domain, leucine-rich repeat family, pyrin domain-containing 3 (NLRP3), is ca-
pable of sensing viral RNA, thereby facilitating the release of cytokines and chemokines to
recruit innate immune cells, to induce an antiviral state, and to regulate adaptive immunity [116,
117]. The group of TLRs to recognize either double-stranded or single-stranded RNA com-
prises TLR3, TLR7, and TLRS8 and their activation results in downstream induction of the tran-

scription factors nuclear factor-xB (NF-kB) and interferon regulatory factors (IRFs) 3 and 7
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[116, 117]. Upon sensing cytosolic viral RNA, RIG-I-mediated activation of the mitochondrial
antiviral-signaling protein (MAVS) also leads to NF-xB and IRF3 pathway induction, culmi-
nating in the release of pro-inflammatory cytokines IL-1f3, IL-6, IL-8, IL-12, TNF, and
type I IFNs [116, 117]. In addition, the release type I IFNs mediates the expression of a plethora
of [IFN-stimulated genes (ISGs) that limit viral replication and promote an immune alertness in
neighboring cells [117]. Furthermore, the presence of cytosolic viral RNA can trigger the for-
mation of NLPR3 inflammasome in bronchial epithelial cells, which results in the secretion of

IL-1P and IL-18 but also elicits pyroptosis [117].

Eventually, the replication and spread of IAV in the respiratory tract leads to the recruitment
and activation of innate immune cell subsets, such as monocytes, macrophages, neutrophil gran-
ulocytes, natural killer T cells, and mucosal-associated invariant T cells [110]. In turn, these
cells release pro-inflammatory cytokines that attract other leukocytes and enhance activity of
antigen-presenting cells [118]. As a result, the early innate immune response transits to an adap-
tive immune response promoted by T cell-mediated and antibody-mediated humoral immunity.
On the one hand, virus-specific CD4" helper T cells and CD8" cytotoxic T cells are important
producers of pro-inflammatory IFN-y and regulatory IL-10, but also necessary for the direct
elimination of virus-infected cells [112, 118]. Furthermore, CD4" helper T cells facilitate the
formation and maintenance of long-lived CD8" memory T cells that provide heterosubtypic
immunity to future influenza virus infection as they preferentially recognize epitopes of more
conserved internal viral proteins presented via MHC class-I molecules [110, 118]. On the other
hand, the activation of B cells and induction of the germinal center reaction in secondary lym-
phoid organs results in the generation of long-lived plasma cells that secrete large amounts of
virus-neutralizing antibodies. In addition, the emergence of memory B cells provides long-term
protection against re-infection with the virus [119, 120]. However, the released antibodies
mainly target viral HA and NA and may lose specificity to new IAV variants as antigenic drift
particularly affects the head domain of HA. Thus, individuals may acquire several influenza

infections throughout life [112].

1.2.2. INFECTION-INDUCED BEHAVIORAL AND NEURONAL ALTERATIONS

In infected hosts, the initiation of an anti-viral immune response is often accompanied by sys-
temic responses and symptoms that include fever, nausea, fatigue, reduced social interactions,

anorexia, and weight loss [121, 122]. In the past, these alterations have been coined with the
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term “sickness behavior” and were demonstrated to be a consequence of pyrogenic cytokines
(IL-1B, IL-6, and TNF) released by activated immune cells during the acute phase response
[121, 123]. Although it has become clear that this response is carefully regulated in order to
adjust both systemic metabolism and immunometabolism to impair replication of the pathogen
[122], the complete process of afferent immune-to-brain signaling has not been fully under-
stood. In this context, important roles were ascribed to the circumventricular organs (CVOs) of
the CNS, the vagus nerve, and endothelial cells of the BBB [123, 124]. CVOs are densely vas-
cularized regions of the brain that lack of a functional BBB [125, 126]. Thus, CVOs were de-
scribed as the sensory organs of the brain as their resident sensory neurons can become exposed
directly to circulating cytokines which then are transduced into neuronal signals [123, 125]. In
addition, the vagus nerve as the major afferent pathway was shown to be an important compo-
nent of the neuro-immune communication owning to its capability to sense peripherally pro-
duced cytokines [121]. Furthermore, several studies have illustrated the role of endothelial cells
of the BBB in response to circulating cytokines in the bloodstream: On the one hand, endothe-
lial cells express transporters to convey blood-borne cytokines into the brain parenchyma [ 126,
127]. On the other hand, pyrogenic cytokines stimulate the BBB endothelium to produce and
release prostaglandin E2 into the brain [121, 122], a critical mediator of fever and sickness
behavior that may further promote the production of inflammatory molecules by microglia and

astrocytes [124].

In consideration of infection-induced behavioral alterations and disturbance of brain homeosta-
sis, it has been proposed that systemic inflammation may precede the onset of neurological
disorders such as depression [128]. Of note, the risk of developing depression is increased upon
IAV infection [129] and various experimental studies in animals have described morphological
differences in microglial cells, neuronal alterations, increased expression of inflammatory cy-

tokines, and impaired cognition in mice upon influenza infection [130, 131].
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1.3. AIMS OF THIS STUDY

Influenza A virus represents a dominant fraction of the current variants of circulating influenza
that can cause annual epidemics and even pandemics. Infections with IAV affect all age groups
and are mainly restricted to the respiratory tract. Despite cough and fever represent typical
symptoms of AV infection, they also correspond to sickness behavior. In line, previous exper-
imental animal studies have indicated an effect of IAV infection on CNS homeostasis. Yet, the
role of microglia activation as well as the underlying processes of behavioral alterations re-
mained unaddressed. Moreover, the IAV strains utilized in previous experiments either show

low prevalence or neurotropic features.

Hence, this study utilized a low-dose infection with a non-neurotropic IAV strain that mimics

the disease progression in humans to:

1. Characterize microglial cell activation and expression of activation-induced genes in
the cortex and hippocampus at different time points after [AV infection.

2. Obtain profound knowledge on neuronal alterations at the synapse level.
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2. MATERIALS AND METHODS

2.1. MATERIALS

2.1.1. TECHNICAL EQUIPMENT

Table 1: List of technical equipment

Equipment Model Manufacturer

-20 °C freezer profi line Liebherr, Germany

80 °C freezer HERA freeze ThermoFisher Scientific,
Germany

Analytical balance A120S Sartorius, Germany

Autoclave VX-65 Systec, Germany

Balance MXX-5001.3 Denver Instruments, USA

Benchtop centrifuge

Hettich 1000

Hettich, Germany

Benchtop centrifuge

accuSpin Micro
17R

Thermo Scientific, Germany

Benchtop centrifuge Ministar VWR, Germany
Benchtop homogenizer BeadBug 6 Benchmark Scientific Inc., USA
Benchtop tissue processor TP1020 Leica, Germany
Biological safety workbench Safe 2020 ThermoFisher Scientific,
Germany
Centrifuge Megafuge 40R ThermoFisher Scientific,
Germany
ThermoFisher Scientific
T™ 4
Cryostat CryoStar™ NX50 Germany
Drilling machine SBE 2000 Metabo, Germany
Drying Cabinet 400 Memmert, Germany
Flow cytometer FACS Canto [I™ BD Biosciences, Germany
Flow cytometer LSR Fortessa BD Biosciences, Germany
Flow cytometer with au- Attune NxT ThermoFisher Scientific,
tosampler Germany
Gel electrophoresis Power Pac 200 Bio-Rad, Germany
power supply
Gel electrophoresis system Mighty Small™ II ~ Hoefer Inc., USA
Gel electrophoresis transfer cell ~ Trans-Blot SD Bio-Rad, Germany
Ice machine AF 103 Scotsman Ice System, Italy
Imaging system ChemiDoc XRS+ Bio-Rad, Germany
Magnetic stirrer RCT IKA®-Werke, Germany
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Equipment Model Manufacturer

Microplate reader SpectraMax M5 Molecular Devices LLC., USA

Microscope Axiovert 200 Zeiss, Germany

Microscope TSC SPS§ Leica Microsystems, Germany

Microscope Olympus VS120 Olympus Life Science, USA

Microtome HM 3555 ThermoFisher Scientific,
Germany

PCR workbench UVC/T-M-AR Kisker Biotech, Germany

pH meter SevenEasy Mettler Toledo,Germany

Real-Time PCR LightCycler 96® Roche, Germany

Refrigerator MediLine Liebherr, Germany

Shaker DOS-10L neoLab®, Germany

Spectral flow cytometer Sony SP6800 Sony Biotechnology, USA

Spectrophotometer NanoDrop 2000 ThermoFisher Scientific,
Germany

Standing centrifuge Avanti J-E Beckman Coulter, USA

Stereo microscope Stemi 305 Zeiss, Germany

Thermomixer Comfort Eppendorf, Germany

Transmission electron micro- LEO 912 Carl Zeiss, Germany

scope

Ultracentrifuge Sorvall WX ThermoFisher Scientific, Ger-
many

Ultracentrifuge rotor TH-660 ThermoFisher Scientific,
Germany

Ultramicrotome Ultracut E Reichert-Jung, Germany

Vortexer VF2 IKA®-Werke, Germany

Water p u.rlﬁc.:atl(.)n system with Integral 10 Merck, Germany

electrodeionization

Waterbath 1083 GFL, Germany

2.1.2. LABORATORY UTENSILS
Table 2: List of laboratory utensils
Utensils Manufacturer

96-well plate (flat-bottom)

Greiner bio-one, Germany

96-well plate for LC480

Biozym, Germany

Adhesive clear qPCR seal

Biozym, Germany

Aluminum foil

Carl Roth, Germany

Autoclave bags

Carl Roth, Germany

Cannulas 18G, 20G, 22G, 26G

Braun, Germany

Cell strainer 70 um

BD, Germany

Centrifugation tube 15/50 ml

Greiner bio-one, Germany

Coverslips 22x22 mm

Carl Roth, Germany

Dounce homogenizer 17 ml, “Elvehjem” Size 23

Kontes Glass Co., USA

Dounce homogenizer 2 ml

Sartorius, Germany

Dounce homogenizer 7 ml, “Tenbroeck”

Kontes Glass Co., USA
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Utensils Manufacturer

Flask 50, 100 ml Schott, Germany

Gloves Ansell, Malaysia

Ice bucket Sigma-Aldrich, Germany
Microliter syringe Hamilton Bonaduz AG, Switzerland
Mortar and pestle (porcelain, glazed) Carl Roth, Germany

Mr. Frosty™ freezing container Thermo Scientific, Germany
Multi-channel pipette Eppendorf, Germany
Neubauer counting chamber Marienfeld Superior, Germany
Nitrocellulose membrane Protran 0.45 um GE Healthcare, USA

Parafilm “Nescofilm” Alfresa Pharma corp., Japan
Pasteur pipette Brand, Germany
Peel-A-Way® embedding molds Sigma-Aldrich, Germany

Petri dishes Greiner bio-one, Germany
Pipettes 2.5, 10, 20, 100, 200, 1000, 5000 pl Eppendorf, Germany
Pipetting aid “accu-jet® pro” Brand, Germany

Reaction tube holder Carl Roth, Germany
Round-bottom polystyrene test tubes 5 ml Corning Life Sciences, Germany
Safe-lock tube 1.5 ml Sarstedt, Germany

Safe-lock tube 2 ml Eppendorf, Germany

Scalpel Feather, Japan

Serological pipettes 10/25 ml Greiner bio-one, Germany
SuperFrost Plus™ slides Thermo Scientific, Germany
Surgical instruments Fine Science Tools, Germany
Syringe-driven 0.22 pum sterile filter Merck, Germany

Syringes 1, 20 ml BD, Germany
Ultracentrifugation tubes 5 ml Sorvall Instruments, USA
Vacutainer BD, Germany

Vein catheter “Insyte Autoguard” BD, Germany

2.1.3. CHEMICALS AND COMPOUNDS

Table 3: List of chemicals and compounds

Chemical Company
1 ™

10X Zinc Fixative (formalin free) BD Pharmingen™,
Germany

30 % acrylamide/bisacrylamide Roth

Rotiphorese® Gel 30 (37.5:1)

Acetic acid Carl Roth, Germany

Amersham Low Molecular Weight calibration kit GE Healthcare, USA

Ammoniumperoxodisulfate Honeywell Fluka™, USA

Attune 1X focusing fluid ThermoFisher Scientific,
Germany

Attune 1X shutdown solution ThermoFisher Scientific,
Germany
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Chemical

Company

Attune 1X wash solution

ThermoFisher Scientific,
Germany

BashingBeads lysis tubes

Zymo Research, Germany

BioWhittaker® 10X PBS
without Ca?"/Mg**

Lonza, Germany

Bovine serum albumin (BSA)

Sigma-Aldrich, Germany

Bromophenol blue

Sigma-Aldrich, Germany

Citric acid

Carl Roth, Germany

cOmplete™, EDTA-free Protease Inhibitor Cocktail

Sigma-Aldrich, Germany

Dimethyl sulfoxide

Carl Roth, Germany

DPBS with Ca**/Mg**

Gibco, Germany

Dulbecco's phosphate-buffered saline (DPBS),
without Ca?"/Mg?*

Gibco, Germany

Durcupan ACM Honeywell Fluka™, USA
Epredia™ Histoplast Paraffin Fisher Scientific, Germany
Ethanol (EtOH) 96 % Fischar, Germany

Ethylenediaminetetraacetic acid (EDTA)

Sigma-Aldrich, Germany

FACS clean

BD Biosciences. Germany

FACS flow BD Biosciences, Germany
FACS rinse BD Biosciences, Germany
Fetal bovine serum (FBS) Gibco, Germany

FMA4-64 ThermoFisher Scientific,

Germany

Formvar/Carbon-supported copper grids

Sigma-Aldrich, Germany

Glucose

Sigma-Aldrich, Germany

Glutaraldehyde

Santa Cruz Biotechnology,
Germany

Glycerol

Carl Roth, Germany

Hank’s balanced salt solution (HBSS)

ThermoFisher Scientific,
Germany

Hematoxylin solution

Carl Roth, Germany

HEPES IM

ThermoFisher Scientific,
Germany

Hydrochloric acid

J.T. Baker, Germany

Hydrogen peroxide Carl Roth, Germany
IGEPAL CA-630 Sigma-Aldrich, Germany
Isoflurane CP Pharma, Germany
Isopropanol Carl Roth, Germany

Ketamine 10 %

Serumwerk Bernburg,
Germany

Liquid barrier marker

Carl Roth, Germany

Liquid nitrogen

Air Liquide, Germany

Methanol Sigma-Aldrich, Germany
Methyl butane Carl Roth, Germany

Na-deoxycholate Sigma-Aldrich, Germany
NaF Sigma-Aldrich, Germany
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Chemical

Company

Normal goat serum (NGS)

ThermoFisher Scientific,
Germany

Osmium tetroxide

Sigma-Aldrich, Germany

PageRuler™ Plus Prestained Protein Ladder

ThermoFisher Scientific,
Germany

Paraformaldehyde (PFA) solution 4 %

Santa Cruz Biotechnology,
Germany

Percoll

GE Healthcare, Germany

Ponceau S

Sigma-Aldrich, Germany

ProLong™ Gold Antifade mountant with DAPI

CST, USA

Protein Assay Dye Reagent

Bio-Rad, Germany

Restore™ PLUS Western blot stripping buffer

ThermoFisher Scientific,
Germany

RNAlater

ThermoFisher Scientific,
Germany

Rompun (Xylazine) 2 %

Bayer, Germany

Roti Histol

Carl Roth, Germany

Roti-Block

Carl Roth, Germany

SDS-PAGE electrophoresis buffer 10x Tris/Glycine/SDS

Bio-Rad, Germany

SDS-PAGE transfer buffer 10x Tris/Glycine

Bio-Rad, Germany

Silica beads 300/1000 nm

Creative Diagnostics, USA

Sodium azide

Carl Roth, Germany

Sodium cacodylate trihydrate

Sigma-Aldrich, Germany

Sodium dodecyl sulfate (SDS)

Carl Roth, Germany

Sucrose Sigma-Aldrich, Germany
TEMED Sigma-Aldrich, Germany
Tissue-Tec® O.C.T.™ compound Sakura Finetek, Germany
TRIS Carl Roth, Germany

Triton X-100

Carl Roth, Germany

Trypan blue 0.5 % (w/v)

Biochrom, Germany

Tween 20

MP Biomedicals, Germany

UltraComp eBeads™ compensation beads

ThermoFisher Scientific,

Germany

UltraPure™ DNase/RNase-free water ThermoFisher Scientific,
Germany

UltraPure™ SDS solution, 10 % ThermoFisher Scientific,
Germany

Vidisic EDO eye ointment with carbomer

Bausch&Lomb, USA

Zombie NIR™ fixable dye

BioLegend, USA

B-Mercaptoethanol

ThermoFisher Scientific,
Germany
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2.14. Kits

Table 4: List of used kits

Kit Company

All-Prep DNA/RNA Mini Kit Qiagen, Germany

FoxP3/Transcription Factor Staining Kit ThermoFisher Scientific,
Germany

LEGENDplex™ mouse inflammation panel BioLegend, USA

Power SYBR® Green RNA-to-CT™ 1-Step Kit ThermoFisher Scientific,

Germany

SuperSignal™ West Femto chemiluminescent substrate ThermoFisher Scientific,
Germany

SuperSignal™ West Pico PLUS chemiluminescent substrate ThermoFisher Scientific,
Germany

TagMan® RNA-to-CT™ 1-Step Kit ThermoFisher Scientific,
Germany

VECTASTAIN® ABC-HRP Kit Vector Laboratories, USA

2.1.5. BUFFERS
Table 5: List of buffer solutions
Buffer name Ingredients

30 % Sucrose PBS
30 % (w/v) Sucrose

10 % (v/v) Xylazine (with Rompun
2 %, 10 mg/kg bodyweight)

20 % (v/v) Ketamine (with Ketamine
10 %, 100 mg/kg bodyweight)

Anesthesia cocktail (Ketamine/Xylazine)

10 mM Citric acid
Antigen retrieval buffer 0.1 % (v/v) Tween 20
pH 6.0

PBS
Blocking and permeabilization buffer 0.2 % (v/v) Triton X-100
5% NGS

10 mM HEPES
320 mM Sucrose

Buffer A Protease inhibitors
pH 7.4
SET buffer

Cryo buffer 5 % (v/v) DMSO
HBSS

Dissection buffer 13 mM HEPES

0.68 % (w/v) Glucose
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Buffer name

Ingredients

EM fixation buffer [

100 mM Cacodylate buffer
2.5 % (w/v) PFA

2.5 % (w/v) Glutaraldehyde
pH 7.4

EM fixation buffer II

100 mM Cacodylate buffer
1 % (w/v) Osmium tetroxide
pH 7.4

FACS buffer

PBS
2 % (v/v) FBS
0.1 % (w/v) NaN3

Isotonic Percoll 100%

90 % (v/v) Percoll stock
10 % (v/v) 10X PBS

Isotonic Percoll 70%

70 % (v/v) Isotonic Percoll
30 % (v/v) DPBS without Ca**/Mg*"

Isotonic Percoll 30%

30 % (v/v) Isotonic Percoll
70 % (v/v) DPBS without Ca*'/Mg*"

PER solution

10 % (w/v) ammoniumperoxodisulfate

Ponceau S staining solution

0.2 % (v/v) Ponceau S
3 % (v/v) Acetic acid

Primary antibody staining buffer

PBS
0.1 % (v/v) Triton X-100

RIPA lysis buffer

Protease inhibitors

50 mM TRIS/HCI1

150 mM NaCl

1 % (v/v) IGEPAL CA-630
0.25 % (w/v) Na-deoxycholate
1 mM NaF

pH 7.4

SDS-PAGE loading buffer

125 mM TRIS/HC1

2 % (v/v) SDS

10 % (v/v) Glycerol

2.5 % (v/v) B-Mercaptoethanol
1.5 mM Bromophenol blue
pH 6.8

Secondary antibody staining buffer

PBS
0.1 % (v/v) Triton X-100
1 % NGS

Separating gel buffer

375 mM TRIS/HCI
pH 8.8

SET buffer

320 mM Sucrose
1 mM EDTA

5 mM TRIS/HCI
pH 7.4

Stacking gel buffer

250 mM TRIS/HCI
pH 6.8

TBST buffer

99.0 % (v/v) TBS
0.1 % (v/v) Tween 20
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Buffer name Ingredients
1.37 M NacCl
Tris-buffered saline (TBS) 200 mM TRIS/HC1
pH 7.6
Washing solution PBS

0.1 % Tween 20

2.1.6. PRIMERS

2.1.6.1. TAQMAN® GENE EXPRESSION ASSAYS

Table 6: List of TagMan® gene expression assays used for RT-qPCR

Protein Gene Assay ID

BDNF Bdnf Mm04230607 sl
Clqga Clga MmO00432142 ml
C3 C3 MmO01232779 ml
CCL2 Ccl2 Mm00441242 ml
CD36 Cd36 MmO00432403 ml
CD68 Cdo6s Mm03047343 ml
Claudin-5 Cldn5 MmO00727012 sl
HPRT Hprt Mm01545399 ml
IDO Idol Mm00492586 sl
IFN-p Ifnbl MmO00439552 sl
IFN-y Ifng MmO00801778 m1l
IGTP Igtp MmO00497611 ml
IL-1PB 111D Mm00434228 ml
IL-6 116 MmO00446190 ml
iNOS Nos?2 Mm00440485 m1
IRGM1 Irgml Mm00492596 m1
NGF Ngf MmO00443039 ml
p75NTR Ngfr Mm01309638 m1l
TNF Inf MmO00443258 ml
TREM-2 Trem?2 Mm04209422 ml
TrkB Ntrk2 MmO00435422 ml
VGLUTI Slc17a7 MmO00812886 ml
Z0-1 Tipl Mm00493699 ml

2.1.6.2. SELF-DESIGNED PRIMERS

Table 7: List of self-designed primers used for RT-qPCR

Protein Gene Species  Primer Sequence (5'to 3')

Claudinl  Clang M Fw ACTCCTTGCTGAATCTGAACAGT
audin- " musculus Ry GGACACAAAGATTGCGATCAG

CXCL9  Cxcl9  Mus Fw GAGTTCGAGGAACCCTAGTG
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Protein Gene Species  Primer Sequence (5' to 3')
musculus Rv AACTGTTTGAGGTCTTTGAGG
Mus Fw AACTGCATCCATATCGATGAC
CXCLIO  Cxell0 culus Ry GTGGCAATGATCTCAACAC
HPRT o Mus Fw GCTATAAATTCTTTGCTGACCTGCTG
pr musculus Rv AATTACTTTTATGTCCCCTGTTGACTGG
VXD Ve Mus Fw TCACCAGAGTGCAAGTGAGG
* musculus Rv CATTCTCCCTCTGCCACATT
Mus Fw GTCCTGTTTGGTGCCTGAAT
RSAD2  Rsad2 C us Rv GCCACGCTTCAGAAACATCT
Nucleo- o Influenza Fw GAGGGGTGAGAATGGACGAAAAAC
protein Avirus Ry CAGGCAGGCAGGCAGGACTT

2.1.7. ANTIBODIES

2.1.7.1.

ANTIBODIES FOR HISTOPATHOLOGY

Table 8: List of primary antibodies used for histopathology

Primary Antibody (Clone)

Dilution Reference

Company

Anti-mouse CD11b (298G2HS5)  1:100 HS-384 117 Synaptic Systems, Germany
Anti-mouse IBA1 (134G9) 1:500 HS-234 017 Synaptic Systems, Germany
Anti-mouse MAP2 (198A5) 1:500 188 011 Synaptic Systems, Germany
Anti-mouse NeuN (Rb350D3) 1:2000 266 008 Synaptic Systems, Germany

Table 9: List of secondary antibodies used for histopathology

Secondary Antibody Dilution Reference Company

Biotinylated anti-guinea pig  1:150 106-065-003  Jackson ImmunoResearch, UK
Biotinylated anti-mouse 1:120 115-065-146  Jackson ImmunoResearch, UK
Biotinylated anti-rabbit 1:120 712-065-153  Jackson ImmunoResearch, UK
Biotinylated anti-rat 1:150 712-065-153  Jackson ImmunoResearch, UK

2.1.7.2.

ANTIBODIES FOR IMMUNOFLUORESCENCE CONFOCAL MICROSCOPY

Table 10: List of primary antibodies used for confocal microscopy

Primary Antibody (Clone)

Dilution Reference

Company

Anti-mouse IBA1 (polyclonal)

1:200

HS-234 004

Synaptic Systems, Germany

Anti-mouse TMEM119 (28-3)

1:200

ab209064

Abcam, UK
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Table 11: List of secondary antibodies used for confocal microscopy

Secondary Antibody Fluorochrome Dilution Reference  Company
, . ThermoFisher Scien-
F(ab")2 goat anti- 1:500 A24514  tific,
mouse IgG (H+L)
Germany
ThermoFisher Scien-
Goat anti-guinea pig 6Ai$xaFluor® 1:1000 A21450 tific,
Germany
ThermoFisher Scien-
Goat anti-rabbit ggxaﬂuor@ 1:1000  A32732  tific,
Germany
2.1.7.3. ANTIBODIES FOR FLOW CYTOMETRY
Table 12: List of fluorochrome-conjugated antibodies used for flow cytometry
Antibody (Clone) Fluorochrome Dilution Company
Anti-mouse CD11b (M1/70)  APC 1:200 eBioscience™, USA
Anti-mouse CD11b (M1/70)  Brilliant Violet™ 605  1:80 BioLegend, USA
Anti-mouse CD45 (30-F11) eFluor™ 450 1:200 BioLegend, USA
Anti-mouse CD80 (16-10A1) PerCP/Cy5.5 1:66 BioLegend, USA
Anti-mouse CD86 (GL-1) Brilliant Violet™ 421  1:50 BioLegend, USA
Anti-mouse CX3CRI1 ) .
(SAO11F11) PE/Cy7 1:1333 BioLegend, USA
Anti-mouse F4/80 (BMS) Brilliant Violet™ 510  1:50 BioLegend, USA
Anti-mouse F4/80 (BMS) Brilliant Violet™ 605 1:66 BioLegend, USA
(Agl;t)l-mouse FeyII/II receptor 1:50 BioLegend, USA
Anti-mouse MHC I (28-14-8) FITC 1:200 eBioscience™, USA
Anti-mouse MHC II (I-A/I-E) ™ ) .
(M5/114.15.2) PE/Dazzle594 1:500 BioLegend, USA
2.1.7.4. ANTIBODIES FOR FLOW SYNAPTOMETRY
Table 13: List of primary antibodies used for flow synaptometry
Primary Antibody Dilution Reference = Company
Anti-mouse Gephyrin 1:50 ab136343 Abcam, UK
Anti-mouse GluR1 1:500 ABN241 Sigma-Aldrich, Germany
Anti-mouse Homer1 1:200 MAB6889  R&D Systems, USA
Anti-mouse Synaptophysin 1:2000 101 004 Synaptic Systems, Germany
Anti-mouse VGLUTI1 1:1000 135 303 Synaptic Systems
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Table 14: List of secondary antibodies used for flow synaptometry

Secondary Antibody Fluorochrome Dilution Reference Company

Goat anti-chicken ~ AlexaFluor® 546 1:1000  Al1o40  LncrmoFisher Scien-
tific, Germany

. . ] ThermoFisher Scien-

Goat anti-guinea pig ~ AlexaFluor® 647 1:200 A21450 tific, Germany

Goat anti-mouse AlexaFluor® 405 1:200 A31553 ThermoFlsher Scien-
tific, Germany

Goat anti-rabbit AlexaFluor® 488  1:4000 ab150081  Abcam, UK

2.1.8. SOFTWARE

Table 15: List of software used for data processing, graphical illustration and statistical analysis

Software Version Company
Adobe Illustrator 25.4.1 Adobe Inc., USA
Adobe InDesign 16.4 Adobe Inc., USA
Adobe Photoshop 22.5.1 Adobe Inc., USA
Attune NxT Software 3.1.2 ThermoFisher Scientific, Germany
DigitalMicrograph® 2.5 Gatan Inc., USA
FlowJo 10.5.3 FlowJo LLC., USA
GraphPad Prism 7.04 GraphPad Software, USA
ImageJ Wlth FLI 1.53c NIH, USA
distribution
LAS X Life Science 3.4.2.18368 Leica Microsystems, Germany
LEGENDplex™ Data 8.0 .
Analysis Software BioLegend, USA
Lighteycler 96 Software 1.1.0.1320 Roc;he Diagnostics International Ltd.,
Switzerland
Olympus VS-ASW %7952 5Bu11d Olympus Life Science, USA
Quantity One 4.2 Bio-Rad, Germany
4.03 The R Foundation for Statistical
R . .
Computing, Austria
R Studio 1.2.5042 RStudio Inc., USA
Softmax Pro 4.0 Molecular Devices LLC., USA
Sony Spectra Analyzer 2.0.2.14140 .
Software Sony Biotechnology, USA
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2.2. METHODS

2.2.1. ANIMAL HUSBANDRY

All experiments were conducted with female 8 weeks-old, specific-pathogen-free C57BL/6JR;]
mice purchased from Janvier Labs (France). Groups of 4 to 5 animals were housed in individ-
ually ventilated cages with a 12-hour day/night cycle and access to food and water ad libitum.
All animal care was in accordance with institutional guidelines and experimental protocols were

approved by the Landesverwaltungsamt of Saxony-Anhalt, Germany.

2.2.2. ANIMAL MODEL OF INFLUENZA VIRUS INFECTION

The murine model of Influenza A virus infection was established by infection of mice with the
mouse-adapted, laboratory IAV strain PR8/A/34(H1N1) kindly provided for this study by Prof.
Dr. Dunja Bruder. In brief, Madin-Darby canine kidney cells were inoculated with the virus
and incubated at 35 °C and 5 % CO: for 24 hours. Then, the cell culture supernatant was col-
lected, centrifuged at 14,000 x g for 10 min to remove cell fragments and debris, aliquoted and

stored in -80 °C until use [132].

C57BL/6JRj mice were deeply anesthetized by intraperitoneal injection of ketamine (1 %)-
xylazine (10 mg/ml) and ointment was applied to keep eyes hydrated. Next, each mouse was
held with the ventral side up, the head tilted back slightly, and intranasally infected dropwise
into each nostril. The experimental group received a 0.32-fold of the median tissue culture in-
fection dose (TCID)so of IAV that was determined elsewhere [133], diluted in 25 pl of phos-
phate-buffered saline (PBS) using a microliter pipette. Animals of the control group received

25 ul of PBS only.

2.2.3. COLLECTION OF BLOOD SERUM

To collect blood serum, mice were first deeply anesthetized with isoflurane and fixed to a dis-
section board with the ventral side up. Next, the peritoneal cavity was opened by an incision
that was further extended anteriorly to the sternum and transversally to the lateral costal arch.

Then, blood was taken from the inferior vena cava using a 1 ml syringe with 26G cannula and
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incubated at 37 °C for 10 minutes (min). Subsequently, samples were centrifuged at 1,500 x g

for 10 min, the serum supernatant was collected and stored at -80 °C.

2.2.4. COLLECTION OF BRONCHOALVEOLAR LAVAGE FLUID

Following the collection of blood serum, bronchoalveolar lavage (BAL) fluid was isolated by
puncturing the trachea and careful insertion of a vein catheter. BAL was performed by injection
of 1 ml ice-cold PBS through the catheter with a 1 ml syringe and subsequent collection of the
lavage fluid. The BAL fluid was spun down at 420 x g for 10 min and stored at -80 °C until
further use.

2.2.5. BRAIN COLLECTION

For brain extraction, the diaphragm was carefully punctured and removed to expose the thoracic
cavity. The right atrium was cut open and the mice were perfused intracardially through the left
ventricle with 60 ml of ice-cold Dulbecco’s phosphate-buffered saline (DPBS) with Ca?*/Mg**.
Then, animals were decapitated, the skull exposed carefully, and opened using chirurgical scis-
sors. The brain was extracted and placed on petri dishes before dissection into olfactory bulb,
cortex (CTX), and hippocampal formation (HPF) according the Allen Mouse Brain Atlas [134].
Samples were stored either in PBS-filled reaction tubes and placed on ice for subsequent cell
isolation, or reaction tubes filled with 1 ml RNAlater solution for isolation of ribonucleic acid
(RNA). Samples designated for Western blot analysis or isolation of synaptosomes were snap
frozen in liquid nitrogen. Brain tissue stored in RNAlater solution or snap frozen samples were

kept at -80 °C until further use.

To collect brains designated for histopathological or immunofluorescence (IF) microscopical
examination, mice were anesthetized and processed as described above. Perfusion was per-
formed through the left ventricle of the heart with 40 ml sterile PBS followed by 20 ml of 4 %
paraformaldehyde (PFA) solution. After decapitation, brains were extracted carefully and post-
fixed in 4 % PFA (see 2.1.3) for 4 h (IF) or 24 h (histopathology) before being transferred to
30 % sucrose solution (see 2.1.5). After 48 h, brain samples for histopathology were moved to
PBS + 0.1 % NaN3, whereas samples for IF were placed in embedding molds and covered with

Tissue-Tek® O.C.T.™ compound. Finally, brains within embedding molds were slowly frozen
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in 2-methylbutane previously pre-cooled in liquid nitrogen and frozen samples were kept in -

80 °C until processing.

2.2.6. IMMUNE CELL ISOLATION FROM BRAIN TISSUE

Freshly isolated brain samples were minced with a scalpel and mechanically homogenized in a
2 ml dounce homogenizer with 2 ml of dissection buffer (see 2.1.5). The cell suspension was
then sieved through a 70-um cell strainer placed on a 50 ml centrifugation tube. Subsequently,
the dounce homogenizer was rinsed twice with 1 ml dissection buffer, the rinse fluid collected
and added to the sample homogenate before centrifugation with 400 x g at 4 °C for 20 min.
Next, the supernatant was discarded and the cell pellet resuspended in 10 ml of 70 % isotonic
Percoll (see 2.1.5). Carefully, 10 ml of 30 % isotonic Percoll (see 2.1.5) were layered on top of
the cell suspension followed by 5 ml of DPBS without Ca?>*/Mg?". The samples were then cen-
trifuged in swing-out buckets with 800 x g at 4 °C for 35 min using the lowest acceleration and
no brake, thus allowing the separation of cellular debris and cells along the discontinuous Per-
coll gradient. After centrifugation, remaining erythrocytes will be on the bottom of the centrif-
ugation tube, whereas leukocytes and brain resident immune cells can be found in the
30 %/70 % isotonic Percoll interphase. Myelin, which resides at the DPBS/30 % isotonic Per-
coll interphase was then first removed with a pipette to facilitate the subsequent collection of
cells from the 30 %/70 % Percoll interphase. Harvested cells were transferred to 50 ml centrif-
ugation tubes and washed once with 30 ml of DPBS, followed by an additional washing step
with 5 ml fluorescence-activated cell sorting (FACS) buffer (see Table 5 in 2.1.5) at 400 x g,
4 °C for 10 min. Finally, the cell count was determined using a Neubauer counting chamber

and immune cells were immediately processed further for flow cytometric analysis.

2.2.7. CYTOKINE IMMUNOASSAY

Cytokine levels in blood serum and BAL fluid samples were analyzed in collaboration with the
research group of Prof. Dr. Dunja Bruder at the HZI Braunschweig (Germany) using the
LEGENDplex™ Mouse Inflammation Panel (see 0) according to the manufacturer’s instruc-
tions. Samples were acquired with a LSR Fortessa flow cytometer and resulting data were fur-

ther analyzed with the LEGENDplex™ Data Analysis Software 8.0 (see 2.1.8).
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2.2.8. ISOLATION OF RIBONUCLEIC ACID

Tissue samples in RNAlater solution were transferred to BashingBeads lysis tubes filled with
lysis buffer of the AllPrep DNA/RNA Mini Kit (see 0) and subsequently homogenized in the
BeadBug benchtop homogenizer (three sets of 30 s shaking with 4350 bpm followed by 30 s
pause). Tissue homogenate was then further processed according to the manufacturer’s instruc-
tions and concentration of isolated RNA was determined using a NanoDrop 2000 spectropho-
tometer. Sample aliquots were diluted to a concentration of 30 ng/ml in RNase-free water and

stored at -80 °C until further use.

2.2.9. QUANTITATIVE REVERSE TRANSCRIPTION PCR

Semi-quantitative reverse transcription polymerase chain reaction (RT-qPCR) was used to de-
termine the gene expression levels of cytokines, inflammatory mediators, tight junction pro-
teins, neurotrophins as well as neurotrophin receptors, synapse-associated proteins, and com-
plement system proteins. Samples were analyzed in duplicates using 30 ng of isolated RNA
with either TagMan® gene expression assays (see Table 6 in 2.1.6.1) or Power SYBR® Green
and self-designed primer pairs (see Table 7 in 2.1.6.2). Primer pairs were initially designed
using the open Primer-BLAST tool [135] provided by the National Center for Biotechnology
Information (Bethesda, MD, USA). Search for Optimal primers was carried out based on final
PCR product size, spanning of an exon-exon junction, and minimal unintended mismatches.
Selected primers were synthesized by TIB MOLBIOL (Berlin, Germany) and initially tested
for successful amplification. Finally, primers were used in a final concentration of 100 nM.
PCR was carried out using a LightCycler® 96 set to the following configuration of thermal-

cycling parameters shown in Table 16 below:

Table 16: Thermal-cycling parameters for RT-qPCR

Temperature Duration
Reverse transcription 48 °C 30 min
Polymerase activation 95 °C 10 min
Denaturation 95 °C 15s 55 cveles
Annealing / Extension 60 °C 60 s Y

In case of the SYBR® green RT-qPCR, amplification was followed by a melting curve analysis.

Gene expression of hypoxanthine phosphoribosyltransferase 1 (Hprf) was used as reference and
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relative target gene mRNA levels were calculated by the ratio target gene / reference gene and

subsequently normalized to mean values of the control group.

2.2.10. QUANTIFICATION OF VIRAL NUCLEOPROTEIN

The amount of viral mRNA copies of IAV nucleoprotein in brain samples was determined by
RT-gPCR using 600 ng of isolated RNA and Power SYBR® Green with self-designed primers
(see Table 7 in 2.1.6.2). To allow the absolute quantification of viral load, a standard curve was
first generated using a reference plasmid standard with known numbers of IAV NP copies per
microliter (1.5 x 10" to 1.5 x 10%) [133]. PCR was carried out using a LightCycler® 96 set to
the configuration of thermal-cycling parameters shown in Table 17 below and the reaction was

followed by a melting curve analysis.

Table 17: Thermal-cycling parameters for quantification of IAV nucleoprotein

Temperature Duration
Reverse transcription 48 °C 30 min
Polymerase activation 95 °C 10 min
Denaturation 95 °C 5s
Annealing 60 °C 10s 55 cycles
Extension 72 °C 5s

2.2.11. HISTOPATHOLOGY AND IMMUNOFLUORESCENCE MICROSCOPY

2.2.11.1. HISTOPATHOLOGY

Histopathology of mouse brains was carried in collaboration with Synaptic Systems (Gottingen,
Germany) and samples were isolated and prepared as stated in section 2.2.5. Using an automatic
tissue processor, brains were first dehydrated in 1X Zinc fixative for 4 h followed by incubation
in ethanol at concentrations increasing from 70 % to 100 % and Roti Histol for 2 h, respectively.
Subsequently, brains were embedded in paraffin and sagittal sections were cut at 3-um thick-
ness. Next, brain slides were mounted on microscopic slides and de-paraffinized using Roti
Histol and alcohol at concentrations decreasing from 100 % to 70 % for 2 h respectively, fol-
lowed by washing steps in distilled water and PBS. After antigen retrieval at 97 °C for 30 min
and blocking of unspecific binding and endogenous peroxidase activity with blocking and per-

meabilization buffer (see Table 5 in section 2.1.5) supplemented with 3 % hydrogen peroxide,
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slides were washed three times with washing solution and stained with primary antibodies
against CD11b, IBA1, MAP2, and NeuN (see Table 8 in section 2.1.7.1) in primary antibody
staining buffer (see Table 5 in section 2.1.5) at room temperature for 1 h. Subsequently, slides
were washed three times and incubated with matching, biotinylated secondary antibodies at
room temperature for 30 min (see Table 9 in 2.1.7.1). After a final washing step, slides were
developed using VECTASTAIN® ABC-HRP Kit (see Table 4 in 0). The reaction was stopped
by three washing steps in distilled water and samples were counterstained with hematoxylin
before another washing step with tap water and distilled water. Finally, samples were dehy-
drated in alcohol at increasing concentrations, propanol, and Roti Histol for 2 h, respectively,
before mounting of the cover slip. For histological examination, sections were imaged and an-
alyzed using an Olympus VS120 virtual-slide-microscope equipped with an Olympus VC50
camera and a 40X objective, and Olympus VS-ASW imaging software (see Table 15 in 2.1.8).

2.2.11.2. IMMUNOFLUORESCENCE

For the preparation of cryosections from frozen brain samples embedded in Tissue-Tec®
O.C.T.™ compound, samples were first placed in a cryostat set to a working temperature
of -12 °C at least 24 h prior to sectioning. Then, sagittal sections of 20-um thickness were
transferred to SuperFrost Plus™ microscopy slides, air-dried for 1 h and fixed in acetone
at -20 °C for 8 min. Subsequent antigen retrieval was performed as described above (see
2.2.11.1) and slides were then incubated with blocking and permeabilization buffer (see Table
5 in section 2.1.5) supplemented with unconjugated F(ab")2 goat anti-mouse IgG (H+L) anti-
body (see Table 11 in section 2.1.7.2) at 4 °C for 2 h. Slides were rinsed three times with wash-
ing solution for 10 min and incubated with primary antibodies against IBA1 and TMEM119
(see Table 10 in section 2.1.7.2) in primary antibody staining buffer at 4 °C overnight. On the
next day, slides were rinsed again three times with washing solution and incubated with match-
ing secondary antibodies (see Table 11 in section 2.1.7.2) in secondary antibody staining buffer
(see Table 5 in section 2.1.5) protected from light at room temperature for 1 h. After final a
washing step, coverslips were mounted using ProLong™ Gold antifade mountant with 4',6-
diamidino-2-phenylindole (DAPI), dried in the dark for 24 h and the borders sealed with nail
polish. To image immune cells in the brain tissue, z-stacks of 1-pum step length were generated
with a Leica TSC SP8 confocal laser scanning microscope equipped with a 20X objective.
Composite images were generated using ImageJ with Fiji distribution [136] (see Table 15 in

section 2.1.8).
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2.2.12. FLOow CYTOMETRY

Immune cells were isolated from cortex and hippocampal formation as described in the text
(see 2.2.6) and immediately processed further for flow cytometric analysis. First, cells of each
sample were plated in a 96-well plate with FACS buffer and incubated with anti-FcyIII/II re-
ceptor antibody to block unspecific antibody binding, combined with Zombie NIR™ fixable
dye (see Table 12 in section 2.1.7.3) for discrimination of dead cells at 4 °C for 20 min. Without
washing, cells were stained in the dark with fluorochrome-conjugated antibodies (see Table 12)
at 4 °C for 30 min. Accordingly, Fluorescence-Minus-One (FMO) controls were implemented
to determine the level of autofluorescence for each fluorochrome-conjugated antibody. Follow-
ing the incubation, the wells were filled up with 150 ul FACS buffer and the plate was centri-
fuged at 400 x g, 4 °C for 10 min. The supernatant was discarded and cells were fixed in the
dark using 4 % PFA at 4 °C for 20 minutes. Next, cells were washed again with 200 ul FACS
buffer and centrifuged at 400 x g, 4 °C for 10 min. Finally, cells were resuspended in 110 pl
FACS buffer and stored at 4 °C until flow cytometric analysis. Samples were acquired using a

Sony SP6800 spectral flow cytometer.

2.2.13. SYNAPTOSOME PREPARATION

2.2.13.1. ISOLATION AND STORAGE

Synaptosomes were isolated from cortex and hippocampal formation according to previous
protocols but with minor modifications [137]. First, snap frozen tissue samples were thawed on
ice in 1 ml of buffer A solution (see Table 5 in section 2.1.5) with protease inhibitors. Thereaf-
ter, samples in buffer A solution were transferred to a 17 ml dounce homogenizer and filled up
a total of 5 ml buffer A solution. Then, samples were homogenized with 5 to 7 strokes using a
matching pestle attached to a drilling machine set to 500 to 700 rpm. The homogenate was then
placed in a 12 ml centrifugation tube (tube A) and centrifuged at 1,000 x g, 4 °C for 10 min.
After collecting the supernatant from tube A in a new 12 ml centrifugation tube (tube B), the
remaining pellet in fube A was resuspended in 5 ml buffer A, homogenized again in a 17 ml
dounce homogenizer and transferred back to tube A. Following another centrifugation at
1,000 x g, 4 °C for 10 min, the supernatant in tube A was combined with the supernatant in fube
B, whereas the pellet was discarded. Tube B was then centrifuged at 12,000 x g, 4 °C for 15 min,

the supernatant discarded and the pellet consisting of the crude membrane fraction was washed
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in 5 ml of buffer A solution. The tube was centrifuged again at 12,000 x g, 4 °C for 15 min and
the pellet resuspended in 700 pl of buffer A. A discontinuous sucrose gradient consisting of
layers with 1 ml of 1.2 M, 1.0 M, and 0.85 M sucrose, respectively, was carefully set up in a
fresh ultracentrifugation tube and the crude membrane pellet resuspended in buffer A solution
was placed on top. Next, the ultracentrifugation tubes were sealed, inserted into a swing-out
rotor and centrifuged without brake at 80,000 x g, 4 °C for 2 h. Thereafter, debris was first
removed from the 0.85 M/1.0 M sucrose interphase. This step was followed by the collection
of synaptic material from the 1.0 M/1.2 M sucrose interphase, which was placed into a new
ultracentrifugation tube and filled up with 3 ml Sucrose-EDTA-Tris (SET) buffer [138] (see
Table 5 in section 2.1.5). The tube was centrifuged at 100,000 x g, 4 °C for 1 h and the super-
natant discarded. The remaining pellet was washed again in 3 ml of SET buffer and centrifuged
at 100,000 x g, 4 °C for 30 min. Finally, the supernatant was discarded, the pellet resuspended
in 1000 ml Cryo buffer (see Table 5) and transferred to 1.5 ml safe-lock tubes. Synaptosome
samples were placed into a Mr. Frosty™ isopropanol freezing container and slowly cooled to

and stored in -80 °C until further use [138].

2.2.13.2. ELECTRON MICROSCOPY

In order to visualize isolated synaptosomes via transmission electron microscopy (EM), frozen
synaptosome samples were prepared according to published protocols [139] but with slight
modifications: Samples were thawed in a water bath at 37 °C and centrifuged at 14,000 x g for
10 min to remove sucrose-containing buffer. The supernatant was gently removed using a mi-
croliter pipette and the pellet subsequently resuspended in EM fixation buffer I (see Table 5 in
section 2.1.5) and stored in the refrigerator overnight. On the next day, synaptosomes were
centrifuged at 14,000 x g for 10 min, the supernatant gently removed and the pellet resuspended
in EM fixation buffer II (see Table 5) and incubated for 30 min. Then, the pellet was centrifuged
again at 14,000 x g for 10 min and washed with distilled water before being dehydrated step-
wise in a graded series of ethanol ranging from 50 % to 100 % for 5 min, respectively. Finally,
the synaptosomes were centrifuged at 14,000 x g for 10 min, the supernatant discarded and the
pellet within the safe-lock tube embedded in Durcupan ACM dripped carefully into the tubes.
The sample was allowed to polymerize at 70 °C for 3 days before being sectioned in an ultra-
microtome. Here, the tip of the tube containing the complete block of Durcupan was cut to
generate ultrathin slides of 50 to 70 nm that were collected on Formvar-coated slot grids of

copper. The slides were then examined at the Leibniz Institute for Neurobiology (Magdeburg,
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Germany) with a LEO 912 transmission electron microscope and the synaptosomes imaged
with a MegaScan™ 2K CCD camera using the DigitalMicrograph® software (see Table 15 in
section 2.1.8).

2.2.13.3. SDS-PAGE AND WESTERN BLOTTING OF SYNAPTIC PROTEINS

To quantify the abundance of synaptic proteins, aliquots of frozen synaptosomes were prepared
for sodium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) and subsequent
Western blot analysis. First, samples were thawed in a water bath at 37 °C and centrifuged for
10 min at 14,000 x g to facilitate the removal of sucrose-containing buffer. The resulting pellets
were resuspended in radio-immunoprecipitation assay (RIPA) lysis buffer (see Table 5 in sec-
tion 2.1.5) containing protease inhibitors and lysed for 30 min at 37 °C. The homogenates were
then centrifuged at 100,000 x g, 4 °C for 30 min, the supernatants collected, and the pellets
discarded. Protein concentrations were determined by Bradford assay using 10 ul of sample
lysate, the Protein assay dye reagent, and the SpectraMax M5 microplate reader. Then, 50 pg
of protein per sample were incubated in SDS-PAGE loading buffer at 96 °C for 5 min and
loaded onto a polyacrylamide gel. The electrophoresis was carried out at room temperature with
a constant voltage of 80 V for the stacking gel (4 % polyacrylamide) and 120 V in the separating

gel (10 % polyacrylamide) using a semi-dry electrophoresis chamber.

Table 18: Polyacrylamide gel composition used in SDS-PAGE

4 % Stacking gel 10 % Separating gel
30 % acrylamide /
bisacryla}r,nide 335l 2000 pl
Stacking gel buffer 1250 pl -
Separating gel buffer - 3000 pl
dH,O 845 ul 900 pl
10 % SDS solution 25 60
PER solution 20 30
TEMED 5 12

After a total of 2 h run time, gels were placed into a transfer chamber and separated proteins
were transferred to nitrocellulose membranes with a pore size of 0.45 pm using a constant volt-
age of 15V for 60 min. Next, membranes were stained with Ponceau S staining solution (Table
3 in 2.1.3) to verify the proper transfer of proteins, washed with acetic acid and subsequently
incubated with 5 % skimmed milk powder in Tris-buffered saline (TBS, see Table 5 in section

2.1.5) for 60 min to block unspecific binding. Then, membranes were rinsed with TBST buffer
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(see Table 5) and incubated with the primary antibody rabbit anti-mouse VGLUT]1 (dilution
1:2000, #135 303, Synaptic Systems, Germany) at 4 °C overnight. Following incubation, mem-
branes were rinsed again with TBST buffer and incubated with a matching HRP-conjugated
secondary antibody goat anti-rabbit (dilution 1:20000, #111-035-144, Jackson Immu-
noResearch Europe Ltd.) at room temperature for 2 h. Membranes were washed thoroughly
with TBST buffer to remove unbound secondary antibodies and finally, protein bands were
revealed by chemiluminescence assay in a ChemiDoc XRS+ imaging system. Densitometric
analysis of blotted protein bands was performed using Imagel with Fiji distribution [136] (de-
noted in Table 15 in section 2.1.8).

2.2.14. FLOW SYNAPTOMETRY

2.2.14.1. SAMPLE PREPARATION

Aliquots of frozen synaptosomes were thawed in a water bath at 37 °C and centrifuged for
10 min at 14,000 x g to remove sucrose-containing buffer. The supernatant was removed care-
fully using a microliter pipette and pellets were resuspended in 100 pl 1X Fixation buffer of the
FoxP3/Transcription Factor Staining Kit (see Table 4 in section 0). Upon incubation on ice for
45 min, samples were centrifuged again for 10 min at 14,000 x g and the supernatant removed.
The pellets were resuspended in 200 ul SET buffer (see Table 5 in section 2.1.5) and aliquots
of 5 ul per sample were added to 45 ul of 1X Permeabilization buffer (of the FoxP3/Transcrip-
tion Factor Staining Kit) supplemented with 10 % normal goat serum (NGS) and incubated in
the refrigerator overnight. On the next day, primary antibodies against Gephyrin, glutamate
receptor 1 (GluR1), Homerl, Synaptophysin, and VGLUT]1 (see Table 13 in section 2.1.7.4)
were added to the synaptosomes and incubated on ice for 45 min. Thereafter, 200 ul of 1X
Permeabilization buffer supplemented with 10 % NGS were added to the tubes which were then
centrifuged at 14,000 x g, 4 °C for 10 min. The supernatants were carefully aspirated and the
synaptosomes resuspended in 50 pl of 1X Permeabilization buffer supplemented with 10 %
NGS. Matching secondary antibodies were added (see Table 14) and the tubes incubated on ice
in the dark for 45 min. Accordingly, Fluorescence-Minus-One (FMO) and isotype controls were
implemented to determine the level of autofluorescence for each fluorochrome-conjugated an-
tibody. Secondary antibody staining was stopped by addition of 200 ul of 1X Permeabilization
buffer supplemented with 10 % NGS and samples were centrifuged with 14,000 x g at 4 °C for
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10 min. Supernatants were aspired and synaptosomes resuspended in 100 ul SET buffer. Fi-
nally, the styryl dye FM4-64 was added to a final concentration of 0.2 pg/ml [138] and the

synaptosomes were stored on ice in the dark until measurement.

2.2.14.2. ADJUSTMENT OF FLOW CYTOMETER

Synaptosomes were acquired with the Attune NxT Flow Cytometer (ThermoFisher) equipped
with 405 (violet), 488 (blue), 561 (yellow-green), and 633 nm (red) lasers. Voltages for for-
ward-scatter light (FSC), side-scatter light (SSC) and fluorescence detection channels were set
as follows: FSC 400 V, SSC 500 V, violet laser detection channel (VL)-1 400 V, blue laser
detection channel (BL)-1 400 V, BL- 3 380 V, yellow-green laser detection channel (YL)-1
400 V, red laser detection channel (RL)-1 440 V, whereas not required detection channels re-
mained de-activated. To allow the optimal acquisition of synaptosomes, less sensitive FSC-
triggered detection of events was replaced by fluorescence-triggered detection of FM4-64 in
BL3 with a threshold level set to 0.3 x 10? to neglect FM4-64-negative events [138]. To reduce
coincident particle detection, the flow cytometer was operated at the lowest flow rate with
12.5 pul/min combined with adequate dilution of samples in SET buffer prior to the acquisition
to establish an event rate below 300 events/s. Furthermore, red-fluorescent silica beads with a
diameter of 300 nm and 1000 nm were measured to allow a size discrimination of FM4-64-
positive events in the FSC channel during data analysis using FlowJo software (see Table 15 in

section 2.1.8).

2.2.15. STATISTICAL ANALYSIS

Relative bodyweight between groups was compared by multiple #-test with Holm-Sidac post-
hoc correction. Cytokine concentrations in BAL fluid and blood serum were compared by one-
way ANOVA with Holm-Sidak post-hoc correction. Data from flow cytometry, flow synap-
tometry, and RT-qPCR were compared by Student’s #-test with Welch’s correction and multiple
t-test with Holm-Sidac post-hoc correction. Statistical analysis of Western blot data was per-
formed by one-way ANOVA with Holm-Sidak post-hoc correction. All tests were carried out
in GraphPad Prism 7 (GraphPad Software, CA, USA) and R (version 4.0.3) [140] with “lattice”
package [141] (see Table 15 in section 2.1.8). Data shown is representative of three independent
experiments. In all cases, results are presented as arithmetic mean and were considered signif-

icant, with p <0.05.
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3. RESULTS

3.1. INFLUENZA A VIRUS INFECTION CAUSES A STRONG INFLAM-

MATION IN THE LUNGS

In order to characterize the effect of peripheral infection on the homeostasis of the CNS in
detail, mice were infected with a sublethal dose of the non-neurotropic, mouse-adapted influ-
enza A virus strain HIN1/PR8/34 as described elsewhere [133]. Over the course of infection,
the relative bodyweight of animals was monitored. BAL fluid was taken for cytokine measure-
ment 0, 1,2,3,4,5,7,9, and 11 days post-infection (dpi), whereas blood serum was collected
0,2,4,6,9,and 11 dpi (Figure 3). Brains of infected mice were isolated on 7, 10, 14, and 21
dpi and used for FACS, histopathological and IF microscopy, RNA isolation with subsequent
PCR, and synaptosome isolation for Western blotting and flow synaptometry (FSM) (as de-

scribed with more detail in chapter 2.2).

WB WB

FSM FSM Figure 3: Experimental design of murine IAV infection

JAV inf. FACS FACS  FACS model.
(HIN1) IF HIISFTO HsTo In this study, female 8 weeks-old C57BL/6JRj mice were in-
¢ PCR PCR  PCR PCR fected intranasally with a sub-lethal dose of influenza
vV v v A/PR8/A/34(HINT1) and sampled between 7, 10, 14, and 21
Brain | I f I I post-infection (dpi) for PCR, flow cytometry (FACS), histo-
0 710 14 2dpi pathological (HISTO) and immunofluorescence (IF) micros-
BAL fluid }——————————— copy, Western blot (WB) or flow synaptometry (FSM) anal-
012345 7 9 11dpi ysis. Furthermore, cytokine concentrations in blood serum
and BAL fluid were determined between 0 and 11 dpi.

Serum ——+——— —
0 2 4 6 9 1dpi

(adapted from [142])

When compared the relative bodyweight of non-infected controls, IAV-infected mice started to
lose weight between 4 and 5 dpi (Figure 4). By day 7 (non-infected 100.8 + 0.7 % vs. [AV-
infected 89.8 £ 1.9 %, p < 0.05) and day 8 (non-infected 102.2 = 0.6 % vs. IAV-infected
86.7 £2.5 %, p <0.001) there was a significant decrease in bodyweight of HIN1-infected mice
compared to the mock-infected control group. Starting 9 dpi, infected mice recovered, as indi-
cated by increasing relative bodyweight that reached initial values by 14 dpi (non-infected
107.9 £ 0.7 % vs. [AV-infected 102.9 + 1.9 %, p <0.81).
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t-tests with Holm-Sidak post-hoc correction. Significant
differences are indicated by * (p < 0.05, *** p < 0.001).
(adapted from [142])

Next to the course of bodyweight, the levels of cytokines and chemokines were monitored in

the BAL fluid of non-infected and IAV-infected C57BL/6JRj mice (Figure 5a-h).
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Figure 5: Cytokine levels in bronchoalveolar lavage fluid increase upon IAV infection in mice.

Cytokine levels in BAL fluid collected from lungs of IAV-infected C57BL/6JRj mice on 0, 1, 2, 3,4, 5,7, 9, and
11 dpi were determined by cytokine immunoassay. Upon 5 dpi, significantly increased concentrations of GM-
CSF, IFN-f, IL-1p, and IL-6 were observed in the BAL fluid of I[AV-infected mice. Upon 11 dpi, cytokines sharply
declined. Graphs depict the cytokine concentration in pg/ml on each sampling day. Dashed vertical lines indicate
the time points of flow cytometric analysis. Dashed horizontal lines indicate the detection limit of each cytokine
in the cytokine immunoassay, respectively. Statistical analysis was performed using one-way ANOV A with Holm-
Sidak post-hoc correction and data are shown as mean = SEM. Significant differences are indicated by * (p <0.05,
**%% p<0.0001). (adapted from [142])

Here, IFN-B (Figure 5b, 55.7 + 8.9 pg/ml, 3 dpi, p<0.50) and IL-6 (Figure S5e,
185.1 £ 46.7 pg/ml, 3 dpi, p <0.35) already showed an increase 3 dpi while a significant in-
crease (p <0.0001) was observed for GM-CSF, IFN-B, IL-18, and IL-6 5 dpi, indicating the
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onset of inflammation and adaptive immunity in the lungs. In this context, GM-CSF (Figure
Sa, 23.3 £ 5.5 pg/ml, 7 dpi, p <0.0001), IFN-y (Figure 5c, 4297.4 + 558.4 pg/ml, 7 dpi,
p <0.0001), IL-6 (Figure 5e, 580.6 £ 113.8 pg/ml, 7 dpi, p <0.0001), and IL-10 (Figure 5g,
88.5+£19.7 pg/ml, 7 dpi, p < 0.0001) reached their maximum concentration 7 dpi, whereas IFN-
B (Figure 5b, 204.9 + 30.6 pg/ml, 9 dpi, p <0.0001), IL-1P (Figure 5d, 30.0 + 3.5 pg/ml, 9 dpi,
p <0.0001), CCL2 (Figure 5f, 170.6 = 111.2 pg/ml, 9 dpi, p <0.05), and TNF (Figure 5h,
86.8 = 61.0 pg/ml, 9 dpi, p <0.05) peaked on 9 dpi. Upon 11 dpi, the cytokine concentrations
in the BAL fluid displayed a sharp decline to their initial values.

3.2. PERIPHERAL IAV INFECTION ALTERS HOMEOSTASIS OF BBB
AND CNS

Next to the BAL fluid, cytokine levels were further determined in the blood serum during the
course of IAV infection (Figure 6a-h). Here, concentrations of IFN-y (Figure 6c,
156.0 + 34.4 pg/ml, 6 dpi, p <0.0001) and IL-6 (Figure 6e, 37.7 + 11.5 pg/ml, 6 dpi, p < 0.003)
were found significantly elevated 6 dpi. Similar to the observations made in the BAL fluid,
levels of TNF (Figure 6h, 5.4 = 1.1 pg/ml, 9 dpi, p <0.0582) displayed an increase upon IAV
infection that was close to significance 9 dpi. However, when compared to the magnitude of
cytokine concentrations observed in the BAL fluid, overall levels of IFN-y, IL-6, and TNF in
the blood serum remained at much lower values. Although deviations from their baseline values
were observed, serum concentrations of GM-CSF (Figure 6a), IFN-B (Figure 6b), IL-1p (Figure
6¢), CCL2 (Figure 6f), and IL-10 (Figure 6g) did not correlate with their levels in the BAL fluid
and remained without significant difference. Finally, all monitored concentrations returned to

their steady state 11 dpi.
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Figure 6: Cytokine levels in blood serum of I1AV-infected mice.

Cytokine levels in blood serum of IAV-infected C57BL/6JRj mice were determined by cytokine immunoassay on
0,2,4,6,9,and 11 dpi. Upon 6 days post AV infection, significantly increased cytokine concentration in the
serum could be observed for IFN-y and IL-6. Graphs depict the cytokine concentration in pg/ml on each sampling
day. Dashed vertical lines indicate the time points of flow cytometric analysis. Dashed horizontal lines indicate
the detection limit of each cytokine in the cytokine immunoassay, respectively. Statistical analysis was performed
using one-way ANOVA with Holm-Sidak post-hoc correction and data are shown as mean + SEM. Significant
differences are indicated by * (p < 0.05, **** p <0.0001). (adapted from [142])

Previously, numerous studies have highlighted the ability of systemic infections, or simply the
administration of pathogen-mimicking endotoxin or polyinosinic:polycytidylic acid
(poly[L:C]), to alter the homeostasis of the brain and induce sickness behavior [130, 143—145].
Due to the observed increase in cytokine levels in BAL fluid and blood serum, this study aimed
to investigate related effects in the CNS. Thus, different time points were chosen based on initial
results: 7 dpi (first day of significantly different relative bodyweight), 10 dpi (last day of sig-
nificantly different relative bodyweight), 14 dpi (restoration of initial relative bodyweight), and
21 dpi (to evaluate potential long-term effects of IAV infection). First, gene expression of cy-
tokines 111b (IL-1B), 116 (IL-6), Tnf (TNF), and Cc/2 (CCL2) in the cortex (CTX) and hippo-
campal formation (HPF) during the acute phase of IAV infection was measured by reverse
transcription qPCR (RT-qPCR) analysis (Figure 7a-d). In comparison to non-infected controls,

no significant differences were observed in either of the examined brain regions.
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Figure 7: Cytokine and chemokine gene expression levels in cortex and hippocampus of IAV-infected mice.
Brains were isolated from non-infected (white bars) and infected mice (black bars) as described above and dis-
sected into cortex (CTX) and hippocampal formation (HPF) according to the Allen Mouse Brain Atlas [134]. RNA
was isolated and used to analyze gene expression levels of IL-1B ({11b), IL-6 ({I6), TNF (Tnf), and CCL2 (Ccl2)
during the acute and late phase of IAV infection (7-10 dpi). No significant differences in the gene expression of
the analyzed genes were observed during the course of infection. Relative gene expression was examined by RT-
qPCR as described above and expression of target genes was normalized to the expression level of Hprt. Subse-
quently, normalization of the relative expression was performed to the means of non-infected animals and is indi-
cated as fold change. Data are shown as mean + SEM and groups were compared via Student’s ¢-test with Welch’s
correction. (adapted from [142])

Next, the presence of viral nucleoprotein as an indicator for its replication was assessed in cor-
tex, hippocampus, and olfactory bulb 7 and 10 dpi to exclude direct viral effects in the CNS of
[AV-infected mice (Figure 8a). Noteworthy, viral nucleoprotein was not detectable in the ex-
amined brain regions, which is in line with previous reports that have shown IAV/PR8/34 to be
non-neurotropic [130, 131]. In contrast, gene expression levels of Ifnbl (IFN-) were elevated
in the cortex 10 dpi (p <0.055) and significantly increased by 14 dpi (Figure 8b). Similarly,
mRNA levels of /fng (IFN-y) showed a trend towards an increase in the cortex of [AV-infected
animals10 dpi, albeit without reaching significance (Figure 8c, p < 0.18). Typically, the induc-
tion of interferons often results in a plethora of immune responses ranging from the establish-
ment of an anti-viral state in neighboring cells to modulation of the adaptive immunity. To test
whether the observed alterations of IFN-3 and IFN-y gene expression accumulated in induction
of ISGs, RT-qPCR was utilized to assess mRNA levels of the guanosine triphosphate (GTP)
hydrolase enzymes (GTPases) Irgml (IRGM1) and Igtp (IGTP) next to antiviral Mx2 (MX2)
or Rsad? (RSAD2) (Figure 8d-g). No differences were observed in Mx2 and Rsad? gene ex-
pression in the cortex and hippocampus of IAV-infected mice. However, gene expression levels
of Irgm1 displayed a significant increase in the cortex 10 dpi, thus supporting previous findings

of an Ifng induction upon IAV infection in this brain region.
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Figure 8: Gene expression levels of interferons and interferon-stimulated genes are altered in brains of IAV-
infected mice.

Cortex (CTX), hippocampal formation (HPF), and olfactory bulb were isolated from non-infected (white bars) and
IAV-infected mice (black bars) and used for gene expression analysis. (a) Brain regions were tested for the pres-
ence of AV nucleoprotein mRNA during the acute (7 dpi) and late phase of AV infection (10 dpi). Viral nucle-
oprotein remained undetectable at all time points. (b, c) Gene expression levels of type I (/fnb1) and type Il inter-
ferons (Ifng) were examined by RT-qPCR during IAV infection (7-14 dpi) and revealed a significant upregulation
in the cortex 14 dpi. (d-g) Induction of interferon-stimulated genes was analyzed during the late phase of IAV
infection (10-14 dpi). In the cortex of IAV-infected mice, levels of IrgmI were significantly elevated 10 dpi. Data
are shown as mean = SEM and groups were compared via Student’s z-test with Welch’s correction. Significant
differences are indicated by * (p < 0.05). (adapted from [142])

Under homeostatic conditions, trafficking of nutrients, metabolites, leukocytes, or pathogens to
the CNS is highly regulated by its barriers, such as the BBB, or BCSFB located in the CP [18,
107]. The expression of tight junction proteins such as ZO-1, Claudin-1, and Claudin-5 [22,
146] allow the formation of a tightly sealed, continuous layer of endothelial cells that forms the

BBB [16] with low paracellular and transcellular permeability [20, 147, 148].

Previous studies have shown, that in addition the induction of an anti-viral state, type I and type
IT interferons can have stabilizing and destabilizing effects on the barrier properties of the BBB
by modulating the expression, downregulation, or internalization of tight junction proteins
[149—-151]. Moreover, IFN-y signaling promotes the expression of lymphocyte chemoattract-
ants by endothelial cells of the BBB. Therefore, gene expression of barrier-associated tight
junction proteins Cldnl (Claudin-1), Cldn5 (Claudin-5), Tjpl (ZO-1), and the chemokines
CXCL9 and CXCL10 was examined in brains of mice during the acute phase of IAV infection
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(Figure 9a-e) [152—154]. Although levels of Cldni (Figure 9a, CTX, p < 0.25, 10 dpi) and of
the chemokines Cxcl9 and Cxcl10 did not show a clear trend towards IAV infection-induced

changes, Cldn5 and Tjp1 displayed a significant reduction in cortex and hippocampus 7 dpi.
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Figure 9: Gene expression levels of blood-brain barrier-associated proteins are temporally reduced upon 1AV
infection.

(a-c) Gene expression of blood-brain barrier-associated proteins Claudin-1 (Cldnl), Claudin-5 (Cldn5) and ZO-1
(TjpI) was examined in cortex (CTX) and hippocampus (HPF) of non-infected (white bars) and IAV-infected
animals (black bars) during the acute (7 dpi) and late phase of IAV infection (10 dpi). Here, a significant reduction
in the expression level was determined for Claudin-5 and ZO-1 7 dpi. (d, e) Level of chemokine mRNA expression
was assessed for Cxcl/9 and Cxcl10 during the course of IAV infection (7-14 dpi) but displayed not alteration. Data
are shown as mean = SEM and groups were compared via Student’s z-test with Welch’s correction. Significant
differences are indicated by ** (p < 0.01, *** p <0.001). (adapted from [142])

Taken together, peripheral infection with the influenza A virus led to high local concentrations
of GM-CSF, IFN-B, IFN-y, IL-1B, IL-6, IL-10, CCL2, and TNF in the lungs and high levels of
IFN-y and IL-6 in the blood serum. This observation was followed by an increased gene ex-
pression of IFN-B and IFN-y in the brain combined with a reduction of tight junction proteins

Claudin-5 and ZO-1, suggesting an impaired functionality of the BBB and BCSFB and a neu-

roinflammatory response.
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3.3. HISTOPATHOLOGY DOES NOT REVEAL CHANGES IN BRAINS

OF MICE INFECTED WITH IAV

Consecutively, histopathological examination was conducted using sagittal paraffin sections
prepared from non-infected and [AV-infected animals in order to evaluate the inflammatory
condition of the CNS. First, paraffin sections were stained against the cytoskeleton-associated
protein microtubule associated protein 2 (MAP2) being localized in the dendrites of healthy
neurons [155]. Previously, several studies have highlighted its rapid degradation upon brain
injury, thus making it a common marker used to study neurodegeneration [156, 157]. When
compared to non-infected controls, no structural differences of neuronal cells or appearance of
damaged areas were detectable in the brains of IAV-infected mice 14 or 21 dpi (Figure 10a, c).
These initial observations were confirmed by detailed examination of the cortex and hippocam-
pus regions with higher magnification (Figure 10c¢). In addition, paraffin sections were stained
against the neuronal nuclei (NeuN) protein, which shows high immunoreactivity to most post-
mitotic neuronal cell types [158], hence representing an established and widely used biomarker
for diagnostic histopathology [159] (Figure 10b, d). In line with the previous observations of
MAP?2 staining, no obvious structural differences were observed in mouse brains upon periph-
eral IAV infection (Figure 10b). Further, both cortex and hippocampus revealed no changes in
the density of neuronal nuclei 14 or 21 dpi when compared to non-infected controls (Figure

10d).
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Figure 10: Histopathological examination of neuronal cells in brain tissue upon IAV infection.

Sagittal paraffin sections from brains of non-infected and IAV-infected mice were prepared as described above
and examined upon immunohistochemical staining against neuronal markers MAP2 (a) or NeuN (b). No obvious
changes or neuronal lesions were detectable upon IAV infection. (c, d) Left panels show the cortex (CTX) and
right panels display the hippocampus (HPF) upon 40X magnification. Scale bars = 50 pm. (adapted from [142])

Of note, neuronal damage upon brain injury often elicits activation of microglial cells [160].
Under homeostatic conditions, microglial cells represent the majority of the brain’s immune
cell population and perform a variety of tasks in order to shape the neuronal network and main-
tain tissue homeostasis [83, 161, 162]. During steady state, microglia can be characterized by a
highly ramified morphology with numerous thin processes continuously surveilling the brain

parenchyma and intensely interacting with neighboring cells [79, 84]. When encountering path-
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ogen- or damage-associated molecular patterns, these cells become activated, retract their ex-
tensions and become highly mobile while migrating towards the sites of inflammation [83]

where they accumulate and efficiently phagocytose dead cells or debris [82, 160].

In order to visualize changes in microglia homeostasis and localization, paraffin sections were
stained against ionized calcium binding adapter molecule 1 (IBA1) and the CR3 subunit
CD11b, both well-known to label microglial surfaces and to be upregulated upon their activa-
tion [69, 162, 163] (Figure 11). In line with the previous analysis of neuronal markers MAP2
and NeuN, no differences were observed in histopathological examination of microglia in
brains of IAV-infected mice: IBA1" cells retained a ramified morphology in the cortex and
hippocampus and no formation of inflammatory foci was detectable (Figure 11a, ¢) 14 or 21
dpi. Similarly, CD11b" cells in brains of infected mice did not differ in morphology and size

when compared to non-infected controls (Figure 11b, d).
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Figure 11: Histopathological examination of microglial cells in brain tissue upon IAV infection.

Sagittal paraffin sections from brains of non-infected and IAV-infected mice were used for histopathological ex-
amination upon immunohistochemical staining against immunological markers IBA1 (a) or CD11b (b). No differ-
ences were observed in the number and morphology of IBA1- and CD11b-positive cells. (c, d) Left panels show
the cortex (CTX) and right panels display the hippocampus (HPF) upon 40X magnification. Scale bars = 50 pm.
(adapted from [142])

Nonetheless, surface expression of IBA1 and CD11b is not exclusive to microglial cells only
but also a feature of infiltrating monocytes or border-associated macrophages. Therefore, a pre-
vious study suggested the cell surface protein transmembrane protein 119 (TMEMI119) as a
new microglia-specific marker that is not expressed by perivascular macrophages or infiltrating
myeloid cells [164]. In the light of decreased gene expression of barrier-associated proteins,

this study aimed to confirm whether the cells observed during histopathological examination
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indeed represent microglia. Thus, immunofluorescence microscopy of cryosections was em-

ployed together with co-staining for TMEM119 and IBA1 (Figure 12a).

CTX

HPF

Figure 12: Immunofluorescence microscopical analysis of microglia morphology.

Cryosections of brains from non-infected and IAV-infected mice were prepared and stained against IBA1 and
TMEM119 prior to fluorescence microscopy. (a) Panels show representative images of microglial cells co-stained
with IBA1 and TMEM119 upon 20X magnification. White arrows indicate strongly overlapping signals of cellular
processes in both detection channels. However, signal intensity was stronger for IBA1 and allowed a more detailed
morphological evaluation than TMEM119. (b) Microglial cell morphology was investigated by staining of cryo-
sections from non-infected (top panels) and IAV-infected mice (middle and bottom panels) against IBA1 in cortex
(CTX, left panels) and hippocampus (HPF, right panels) using a 20X objective. Inserts on bottom right corners
show selected microglial cells with higher detail. In non-infected controls and infected animals 10 and 14 dpi,
microglia morphology and ramification remained unchanged. Scale bar = 50 um. (adapted from [142])
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Although a robust expression of TMEM119 and a substantial overlap of signal between IBA1
and TMEM119 were detected, TMEM119 did not allow a detailed evaluation of microglia mor-
phology as it was rather present on their cellular processes but not the soma. However, it al-
lowed for the conclusion that the majority of IBA1-positive cells in the investigated samples
constitute of microglia. Hence, cryosections from non-infected and IAV-infected mice were
further used to compare microglia morphology in the cortex and hippocampus with more detail
(Figure 12b). Coherent with the previous histological observations of paraffin sections, micro-
glia in the cortex and hippocampus retained their ramified morphology with thin extensions

after 10 and 14 dpi.

In summary, histopathology and IF microscopy revealed no obvious evidence of pathological

changes in neuronal or microglial cells in the brain 10, 14, and 21 dpi.

3.4. FLOW CYTOMETRIC CHARACTERIZATION OF IMMUNE CELLS
IN THE CNS REVEALED DISTINCT ALTERATIONS UPON AV

INFECTION

In the last decades, microglial cells were described to switch from a resting and anti-inflamma-
tory phenotype to a proinflammatory, activated phenotype upon sensing inflammatory stimuli.
However, a growing body of evidence generated from transcriptome and proteome analyses has
shown that transformation of microglia occurs as a continuum [79] and that these cells possess
a much more diverse phenotypic spectrum with multidimensional activation profiles that man-
ifest depending on the surrounding microenvironment [165, 166]. In this context, post-mortem
analysis of microglial morphology from cortex samples revealed the simultaneous presence of
ramified, primed, reactive, and amoeboid phenotypes in the absence of neurological or inflam-
matory illness [167], thus raising the question about a direct correlation of morphology and
activation of microglial cells during pathology [79]. In order to characterize the influence of
peripheral IAV-infection on microglial activation in more detail, immune cells were isolated
from brains of non-infected and [AV-infected mice and their phenotypes were analyzed via
multiparametric flow cytometry (Figure 13). First, the overall immune cell subsets in the brain
were subjected to unsupervised ¢-distributed stochastic neighbor embedding (#~-SNE) to obtain
an unbiased impression on the present cell populations. This algorithm utilizes machine learn-

ing and probability distribution to perform a nonlinear reduction of dimensions in order to allow
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the visualization of high-dimensional flow cytometric data in a two-dimensional plot. In brief,
similar datapoints will be clustered together, whereas different datapoints will be mapped fur-
ther apart [ 168, 169]. For cells isolated from brains of non-infected and IAV-infected mice, this
process ultimately resulted in three major clusters (Figure 13a) that displayed distinct surface
expression levels of CD45, CD11b, CX3CR1, and MHC class II as indicated by a yellow-to-
orange color code and showed minor differences in the expression of MHC class I, CD8O0,

CD86, and F4/80.
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Figure 13: Unsupervised clustering reveals three major immune cell subsets in brains of IAV-infected mice.
Immune cells from cortex and hippocampus of non-infected and IAV-infected mice were isolated as described
above. Cells were analyzed by flow cytometry and subsequently subjected to unsupervised clustering using the
t-distributed stochastic neighbor embedding (#~-SNE). The clustering resulted in three distinct populations. (a) Clus-
ters formed by #-SNE were first identified by manual gating (see panels [b-¢] below) and further compared for the
surface expression of different markers. Differences were observed in the surface expression of CD45, CD11b,
CX3CR1, and MHC class II. (b-e) Representative gating strategy used to identify previously generated clusters.
First, cells were selected based on their size and granularity in the forward scatter (FSC-A) and side scatter (SSC-
A) plot (b). Then, dead cells were excluded by only selecting events negative for the live/dead dye Zombie NIR
(c) and living cells were further compared by FSC-H and FSC-A to discriminate the singlets (d). (e) Finally, single
cells were separated by their expression of CD45 and CD11b into brain-resident CD45°"CD11b" microglial cells,
recruited CD45MCD11b", and CD45MCD11b” immune cells. (adapted from [142])

In accordance with previously published data [170], a subsequent manual gating approach re-
vealed that cells within the three different clusters consisted of brain-resident microglial cells

(CD45""CD11b") and peripheral immune cell subsets of lymphoid CD45"CD11b" and myeloid
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CD45MCD11b" origin (Figure 13b). Further, applying the manual gating provided information
on the frequency of each cell population within the different brain regions and samples. When
comparing the frequencies of microglial cells, CD45"CD11b, and CD45"CDI11b" cells be-
tween non-infected and IAV-infected animals 7 dpi, a significant increase was detected for
CD45MCD11b" cells (Figure 14b, non-infected: 0.58 + 0.18 %, IAV-infected: 1.41 £ 0.24 %).
With progressing infection, this difference manifested for CD45MCD11b" cells in the cortex
(Figure 14e, non-infected: 0.06 + 0.02 %, [AV-infected: 0.12 + 0.02 %) and became also ap-
parent for CD45"CD11b" in the hippocampus (Figure 14f, non-infected: 0.5 = 0.19 %, IAV-
infected: 1.13 £ 0.13 %) of [AV-infected mice 10 dpi. Upon 14 dpi, the fraction of
CD45MCD11b" cells returned to levels of non-infected controls in cortex (Figure 14h, non-in-
fected: 0.12 = 0.02 %, IAV-infected: 0.14 + 0.02 %) and hippocampus (non-infected:
0.2 £0.04 %, IAV-infected: 0.25 + 0.07 %), whereas the CD45"CD11b" cell population re-
mained elevated in the cortex (Figure 14i, non-infected: 0.24 + 0.03 %, [AV-infected:
0.4 £ 0.02 %) of infected mice. Nevertheless, microglial cells constituted by far the largest pop-
ulation of immune cells at all time points and thus confirmed previous data obtained by immu-

nofluorescence microscopy and histopathology.
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Figure 14: Frequency of immune cell subsets is altered upon IAV infection.

(a-c) Bar charts show the frequencies of isolated immune cells from whole brains of non-infected (white bars) and
[AV-infected mice (black bars) 7 dpi. (d-i) Plots depict the region-specific immune cell frequencies in cortex
(CTX) and hippocampus (HPF) of non-infected (white bars) and IAV-infected mice 10 and 14 dpi. Upon IAV
infection, a significant increase in CD45MCD11b* and CD45"CD11b" immune cells was observed in the brain.
Data are shown as mean = SEM and groups were compared via multiple #-tests with Holm-Sidac post-hoc correc-
tion. Significant differences are indicated by * (p < 0.05, ** p < 0.01, *** p <0.001). (adapted from [142])

Next to the differentiation of immune cell subsets by flow cytometry, the surface expression of
immunological markers was analyzed for microglial cells in the cortex and hippocampus 10
and 14 dpi (Figure 15). Here, median fluorescence intensities (MFI) of several immunological
markers were found at different levels 10 dpi, translating into an overall increased microglia

activation. Microglial cells of infected mice expressed higher levels of MHC I and II, CDS&O0,
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and F4/80, whereas expression of the fractalkine receptor CX3CR1 was reduced. Upon 14 dpi,
microglial activation was still evident in both examined brain regions with significantly in-
creased MFIs of MHC I and F4/80 and decreased MFIs of CX3CR1, respectively. However, the
alterations were not as pronounced as before, suggesting a return to baseline levels after reso-

lution of peripheral IAV infection.

MHC | 0.4 Figure 15: Flow cytometric characterization of microglial cells reveals
MHC Il increased activation status in IAV-infected mice.

0.2 Microglial surface expression of MHC I, MHC II, CD80, CD86, F4/80, and
chao 0 CX3CR1 was determined by flow cytometry in cortex (CTX) and hippo-
CD86 campus (HPF) of non-infected and mice infected with IAV on 10 and 14
F4/80 02 dpi. Data indicate an increased surface expression of MHC I and II, CD80,

04 and F4/80 by microglial cells 10 and 14 days after IAV infection. Relative

CX,CR1 . . . .
3 expression was calculated by normalizing the median fluorescence inten-

10 14 - 10 14 sity of respective markers to their overall mean and the resulting heatmap
X HPF plot was created using R with “lattice” package. (adapted from [142])

In addition to the analysis of MFIs, percental changes in the fractions of microglia expressing
the measured surface markers were determined (Figure 16). Similar to the previously observed
alterations upon infection, significantly more microglia expressed MHC I and II, CD80, and
F4/80 in the cortex, whereas in the hippocampus MHC I and F4/80 increased 10 dpi (Figure
16a-f). Thereafter, frequencies of activated microglia declined 14 dpi and only remained sig-
nificantly changed for F4/80-expressing microglia in the cortex of [AV-infected mice (Figure

16Kk).
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Figure 16: Detailed phenotypical characterization of microglial cells.

Histogram plots display the frequencies of microglial cells expressing MHC I, MHC II, CD80, CD86, F4/80, and
CX3CRI1 in cortex (CTX) and hippocampus (HPF) of non-infected (without tint) and TAV-infected mice (black
tint) 10 dpi (a-f) and 14 dpi (g-1) in correspondence to fluorescence-minus-one (FMO) controls (grey tint). In line
with the higher MFIs shown above, a larger fraction of microglial cells expressed MHC I and II, CD80, and F4/80
upon IAV infection. Dashed vertical lines indicate cutoff of background fluorescence and numbers show percent-
age of cells expressing the surface marker. Data are shown as mean £ SEM and groups were compared via Stu-
dent’s t-test with Welch’s correction. Significant differences are indicated by * (p < 0.05, ** p < 0.01,
X% p <0.0001). (adapted from [142])

Taken together, multiparametric flow cytometric analysis of immune cells from brains of [AV-
infected mice supported the previous findings of an altered BBB by revealing an elevated num-
ber of recruited peripheral immune cells in the brain parenchyma. Furthermore, activation of

brain-resident microglia was increased upon IAV infection and remained elevated until 14 dpi.
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3.5. DYSREGULATION OF SYNAPTIC PRUNING UPON IAV INFEC-

TION-INDUCED MICROGLIA ACTIVATION

Microglial cells have been described to shape neuronal connections via pruning of excessive
synapses [84, 89], a process which several studies have highlighted to be a hallmark of different
neurological disorders [69, 171, 172]. Here, the phagocytosis of synapses by microglia is me-
diated by “eat me” signals expressed by neurons, that tag synapses for microglial engulfment
[69, 161]. Interestingly, inflammatory stress has been hypothesized to increase exposure of such
signals by neurons [89]. In this context, it remains noteworthy that influenza infection has been
shown to cause cognitive dysfunction, leading to an altered neuronal architecture in mice [130].
Given the increased microglial activation observed in brains of IAV-infected mice, the question
arose whether microglia-mediated synaptic pruning could also be reactivated. Therefore, the
gene expression of phagocytosis-associated receptors was analyzed in the cortex and hippo-

campus upon influenza infection (Figure 17).

Upon 10 dpi, the gene expression of the scavenger receptor Cd36 and lysosomal-associated
protein Cd68 remained unaffected in both cortex and hippocampus, however, their expression
was significantly increased upon sustained pro-inflammatory triggers seen 14 dpi (Figure 17a,
b). Next to the upregulation of specific microglial receptors, synaptic pruning further requires
expression of complement components to tag synapses [173]. Hence, mRNA levels of Clga
and C3 were assessed consequently. Similar to phagocytosis-associated receptors, complement
factors showed a likewise increase 14 dpi in cortex and hippocampus, providing the prerequi-
sites for synapse elimination (Figure 17e, f). In contrast, mRNA levels of Trem?2, an innate
immune receptor implicated in cell activation and phagocytosis [174], and the inducible nitric

oxide synthase (Nos?2) remained unaffected upon IAV infection (Figure 17c, d).
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Figure 17: Expression levels of phagocytosis-associated genes and complement factors is increased upon 1AV
infection.

Gene expression of phagocytosis-associated genes (a-c), inducible nitric oxide synthetase (d), and complement
factors was measured by RT-qPCR in cortex (CTX) and hippocampus (HPF) of non-infected (white bars) and
IAV-infected mice (black bars) during the late phase of infection (10-14 dpi). Upon 14 dpi, a significant increase
in the gene expression of Cd36, Cd68, Clga, and C3 was observed in the brain. Data are shown as mean + SEM
and groups were compared via Student’s z-test with Welch’s correction. Significant differences are indicated by *
(» <0.05, ** p <0.01, **** p <0.0001). (adapted from [142])

In conclusion, the data presented suggest the dysregulation of synaptic pruning and altered syn-

aptic function following IAV infection.

3.6. TEMPORALLY DYSREGULATED GLUTAMATERGIC SYNAPSE
TRANSMISSION AND NEUROTROPHIN GENE EXPRESSION FOL-

LOWING RESOLUTION OF PERIPHERAL IAV INFECTION

Besides the dysregulation of synaptic pruning, neuroinflammation is linked to the release of
cytokines such as IFN-y which is capable of interfering with cellular homeostasis of neurons
and even neurotransmission [175]. Due to the significant increase of interferon-stimulated
genes in the brains of IAV-infected mice, it remained to be determined whether peripheral in-
fection with IAV may also affect synapse function. To this end, the gene expression of the pre-

synaptic VGLUT1 (Slc17a7) was characterized over the course of infection (Figure 18). When
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compared to non-infected samples, gene expression of VGLUT]1 did not differ significantly 10
and 14 dpi, however, mRNA levels tended to decrease 14 dpi (p < 0.29). When assessing the
expression levels 21 dpi to address possible long-term effects of IAV infection, the expression

of Slc17a7 significantly increased, indicating an overcompensatory response.

2_0_3101737 :XGLUT” Figure 18: Gene expression of VGLUT1 is disturbed upon IAV infection.

- Gene expression of the pre-synaptic VGLUT1 (Sici7a7) was assessed by RT-qPCR
in brains of non-infected (white bars) and IAV-infected mice (black bars) during the
late phase of infection (10-14 dpi) and 21 dpi. Data are shown as mean + SEM and
groups were compared via Student’s #-test with Welch’s correction. Significant dif-
ferences are indicated by ** (p < 0.01). (adapted from [142])
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To further assess whether the altered VGLUT1 gene expression negatively affects glutama-
tergic synapse transmission, this study directly addressed VGLUT1 protein levels at the synapse
level by taking advantage of synaptosomes, i.e. sealed pre-synaptic nerve terminals often con-
taining opposite post-synaptic elements. Upon adaption of pre-existing synaptosome isolation
protocols using discontinuous density gradient centrifugation [137], the isolated synaptosomes
were first pictured via transmission electron microscopy (Figure 19a, b): The imaged synapto-
somes show single fragments of membranes and intact pre-synapses adjacent to thickened post-
synapses with total diameters of 350-700 nm. Furthermore, pre-synaptic sides contain zero to
one mitochondrion and many small, clear synaptic vesicles, whereas post-synaptic densities
and the synaptic cleft are well noticeable. Next, proteins were isolated from synaptosome sam-
ples of non-infected and IAV-infected animals to determine protein levels of VGLUTI1 by
Western blot analysis (Figure 19c, d). Here, levels of VGLUT1 were diminished 14 dpi
(» <0.09) and significantly reduced 21 dpi, thus confirming previous findings by RT-qPCR.
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b Figure 19: Western blot analysis of VGLUTI from
Pre-synapse isolated synaptic particles.
Synaptosomes were isolated from whole brain ho-
mogenate of non-infected and IAV-infected mice as
described above and used for further analysis. (a)
Panel shows representative picture of isolated synap-
tosomes captured via transmission electron micros-
copy. Red arrows indicate intact synapses consisting
of pre- and post-synaptic compartments. Scale bar =

Post-synapse 500 nm. (b) Graphical illustration of selected synap-
tosome in (a). Pre-synaptic compartment contains
d synaptic vesicles and mitochondria, post-synaptic do-
¢ veLum in harbors the region of high post tic densit
2.0- " Whole brain (SNS) main harbors the region of high post-synaptic density
. Vit - - 12 1 2 2 With d%fferent. struf:tural prptelps. nghllghted struc-
154 ° VGLUTA ﬁ - ‘ tures aim to visualize localization of different synap-

tic proteins under physiological conditions. (c-d)
Western blot analysis of pre-synaptic vesicular gluta-
mate transporter VGLUT1 in synaptosomal fractions
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Rel. express.
-
o
1

0.5 of whole brain homogenate from non-infected and
[AV-infected mice 14 and 21 dpi. Bar charts display

0.0 the relative optical density of the protein bands in (d)
AV int. W upon normalization to abundance of f-Actin. Values

were further normalized to the mean of the non-in-
fected group and compared by one-way ANOVA
with Holm-Sidak pos¢-hoc correction. Data are shown
as mean = SEM and significant difference is indicated
by * (p <0.05). (adapted from [142])

Thus far, protein levels in synaptosomes have been mostly analyzed in batches [138] and only
few studies are known to employ quantitative approaches [176, 177]. To allow the quantitative
comprehension of synaptic protein abundance within individual synapses, flow synaptometry
was established as a novel, flow cytometry-based approach to perform high-throughput analysis

of synaptosomes.

Reportedly, synaptosomes are rather small with diameters from 0.5-2 pum [178, 179]. In the
light of conventional flow cytometers displaying poor resolution of forward-scatter light signals
for objects of such small scale, certain measures became necessary to allow the detection and
size discrimination of synaptosomal events (Figure 20). First, a size gate ranging from
300-1000 nm was established by utilizing red-fluorescent silica beads with defined diameters
(Figure 20a). To overcome the limitations caused by low detector sensitivity, the lipophilic
styryl dye FM4-64 that becomes highly fluorescent when bound to lipid bilayers was used to
label cellular components (Figure 20b). Thus, signal noise caused by inorganic residues in the
buffer and objects small enough to pass through the 0.22-um pores of conventional sterile filters
could be excluded by replacing the standard FSC-triggered detection with a fluorescence-trig-
gered detection in BL3 of the flow cytometer (Figure 20c) [138]. Subsequently, only FM4-64-

stained events within the established size gate were examined for the presence of VGLUTI

63



RESULTS

(Figure 20d). Finally, synaptosomes isolated from whole brains of non-infected and [AV-in-
fected mice were compared and revealed a significant reduction of VGLUTI1" events 21 dpi,

whereas no differences appeared 14 dpi (Figure 20e).
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Figure 20: Characterization of pre-synaptic VGLUTI in IAV-infected mice by flow synaptometry.
Synaptosomes from whole brain homogenate of non-infected and IAV-infected animals were subjected to flow
synaptometry which revealed a significant reduction of VGLUT1" events 21 dpi when compared to non-infected
controls. (a-d) Panels depict the basic flow cytometer settings and the representative gating strategy used. (a) At
first, a size gate of 300-1000 nm was established in the FSC channel by utilizing fluorescent silica beads with
specific diameters. (b) Then, the styryl dye FM4-64 was applied to synaptosomal preparations to label biological
membranes, thus allowing the replacement of FSC-triggered detection by fluorescence-triggered detection in BL3
with a threshold set to 0.3x10° (c). (d) Events positive for the dye FM4-64 and within the size range of 300-
1000 nm were then gated for their signal of VGLUT1. (e) Bar charts show the frequency of VGLUT1" events in
the brains of non-infected (white bars) and IAV-infected animals (black bars) 14 and 21 dpi. Upon 21 dpi, the
frequency of VLGUT 1" synaptosomes was significantly reduced. Data are shown as mean = SEM and groups were
compared via Student’s #-test with Welch’s correction. Significant differences are indicated by *** (p < 0.001).
(adapted from [142])

Thus, these findings confirmed the previous Western blot analysis results that also indicated a
significant reduction of VGLUT]1 in IAV-infected mice 21 dpi, but at higher sensitivity and a
reduced variance between samples. Given the substantial changes of VGLUT]I, the next step
was to narrow down the synaptosome analysis onto the specific brain regions of cortex and
hippocampus of [AV-infected mice (Figure 21). Therefore, the staining panel was expanded by
specific markers for the pre-synapse (Syp, Figure 21b) and post-synapse to allow the analysis

of intact synaptosomes while simultaneously differentiating between excitatory (Homer1) and
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inhibitory synapses (Gephyrin) (Figure 21c). When compared to non-infected mice, no differ-
ences in the frequency of excitatory Syp Homerl" or inhibitory Syp"Gephyrin" synaptosomes

were observed in cortex and hippocampus of infected animals 14 dpi (Figure 21d, e).
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Figure 21: Flow synaptometry reveals altered glutamatergic signaling upon IAV infection.

Synaptosomes were isolated and analyzed by flow synaptometry to reveal a significant loss of
Syp"Homer1"VGLUT 1" synaptosomes in the cortex and hippocampus 21 dpi. (a-c) Panels show representative
gating strategy used for synaptosome samples. (a) First, FM4-64" events were gated for 300-1000 nm size in the
FSC channel. (b) Next, only Synaptophysin® (Syp*) objects were selected and further discriminated by their ex-
pression of post-synaptic Homerl (Syp Homerl1", i.e. excitatory synapses) or Gephyrin (Syp*Gepyhrin®, i.e. in-
hibitory synapses) to ensure analysis of intact synaptosomes (c). (d-f) Bar charts display the frequencies of synap-
tosomes from cortex (CTX) and hippocampus (HPF) of non-infected (white bars) and IAV-infected animals (black
bars) 14 and 21 dpi. Upon 21 dpi, the frequency of Syp"Homer1" synaptosomes was significantly increased in the
cortex of infected mice, whereas the frequency of Syp Gepyhrin™ synaptosomes from inhibitory synapses was
increased in the hippocampus. (f-g) Synaptosomes from excitatory synapses were further characterized by their
expression of pre-synaptic VGLUT1 (Syp*Homer1 "VGLUT1%) and post-synaptic AMPA receptor subunit GluR1
(Syp'Homer1"GIuR1"). In line with the findings shown in Figure 20 above, the frequency of
Syp Homer1 "'VGLUT 1" synaptosomes was strongly reduced in the cortex and hippocampus upon IAV infection.
In contrast, no differences were observed for Syp"Homer1"GluR 1" synaptosomes. Data are shown as mean + SEM
and groups were compared via Student’s #-test with Welch’s correction. Significant differences are indicated by
*(p <0.05, ** p<0.01, ¥*** p <0.001). (adapted from [142])

Upon 21 dpi, an increased frequency of Syp Homerl" synaptosomes was detected in Cortices
of infected mice, whereas Syp'Gephyrin® synaptosomes from inhibitory synapses were signif-
icantly more abundant in the hippocampus. Moreover, the fractions of excitatory synapses pos-
itive for either VGLUT1 or AMPA receptor subunit GluR1 were determined among the popu-

lation of Syp"Homerl" synaptosomes to evaluate whether AV infection affects glutamatergic
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signaling at both pre- and post-synapses (Figure 21f, g). Here, results from the cortex and hip-
pocampus of IAV-infected animals 14 dpi were consistent with previous findings in Western
blot analysis (see Figure 19) or flow synaptometry of whole brain homogenate (see Figure 20)
and did not differ from non-infected controls. In contrast, a substantial loss of
Syp'Homerl "VGLUT1" synaptosomes was detected in the cortex and hippocampus 21 dpi,
whereas frequencies of Syp Homerl GluR 1" synaptosomes from either cortex or hippocampus

were not significantly altered in the course of an IAV infection.

Previously, studies using the viral mimic poly(I:C) to induce peripheral inflammation have dis-
covered changes in the glutamatergic signaling and synapse transmission [180] with analogies
to pathophysiological inflammation-induced depression, where low levels of the neurotrans-
mitter serotonin are assumed to play a major role. As serotonin levels mainly rely on tryptophan
availability which is in turn limited by the activity of indoleamine 2,3-dioxygenase (IDO) as a
part of the kynurenine pathway [181, 182], and IDO being inducible via IFN-y, IL-1f, and IL-6
[183—185], or upon IAV infection [186], this study aimed to characterize mRNA levels of Ido
in brains of mice upon IAV infection (Figure 22). In the cortex and hippocampus, abundance
of Ido mRNA transcripts did not show an increase upon IAV infection and remained below the

detection limit in particular samples.

Ido Figure 22: Gene expression of indoleamine 2,3-dioxygenase is not altered in brains
upon IAV infection.
° Gene expression of indoleamine 2,3-dioxygenase (/do) was determined by RT-qPCR
in cortex (CTX) and hippocampus (HPF) of non-infected (white bars) and IAV-in-
% 9 ° fected mice (black bars) during the late phase of infection (10-14 dpi). Data are shown
as mean + SEM and groups were compared via Student’s #-test with Welch’s correc-
tion.
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Finally, the question remained to be addressed whether the evident synaptic changes might, at
least in part, be the result of impaired neurotrophin levels. These proteins act as important me-
diators of neuronal survival and differentiation in the CNS and therefore play a crucial role
during the development of the brain and in synaptic plasticity [54, 187]. Previously, it has been
shown that neuroinflammation is able to alter the levels of neurotrophins and patients with neu-
rodegenerative disorders often display reduced neurotrophin concentrations in their brain [ 188].
Hence, neurotrophin gene expression was determined by RT-qPCR in cortex and hippocampus

0, 10, 14, and 21 dpi (Figure 23). The levels of brain-derived neurotropic factor (Bdnf) and
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nerve growth factor (Ngf), both important mediators of neuronal differentiation and survival,
remained unchanged until 14 dpi (Figure 23a, b). Upon 21 dpi, expression of Bdnf showed a
substantial reduction in cortex and hippocampus, whereas mRNA levels of Ngf were signifi-
cantly increased in the hippocampus. Furthermore, the expression of the BDNF-specific neu-
rotrophin receptor TrkB (Ntrk2) was significantly elevated in both brain regions 21 dpi (Figure
23c). The pan-neurotrophin receptor p75N® (Ngfi), known to be differentially expressed during

various neurodegenerative diseases [50, 189], remained unaltered throughout the course of AV

infection (Figure 23d).
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Figure 23: Gene expression of neurotrophins upon IAV infection.

(a, b) Gene expression levels of neurotrophins BDNF (Bdnf) and NGF (Ngf) as well as neurotrophin receptors
TrkB (Ntrk2) and p75NTR (Ngfi) were analyzed in cortex (CTX) and hippocampus (HPF) of non-infected (white
bars) and IAV-infected animals (10-21 dpi). Upon 21 dpi, a significant reduction of BDNF mRNA levels was
detected in the cortex and hippocampus of IAV-infected animals. In contrast, gene expression levels of NGF and
TrkB were substantially increased. Data are shown as mean £ SEM and groups were compared via Student’s z-test
with Welch’s correction. Significant differences are indicated by ** (p < 0.01, *** p < 0.001, **** p < (0.0001).
(adapted from [142])

Altogether, this work is able to demonstrate the change in mRNA levels of type I interferons
and BBB-associated proteins, such as Claudin-5 and ZO-1, upon peripheral inflammation
caused by IAV infection. In addition, flow cytometric characterization of microglial cells re-
vealed an increased surface expression of MHC I and II, CD80, and F4/80, whereas no obvious
morphological differences were detected in histopathological examination of sagittal brain sec-
tions. Moreover, an altered microglia activation status was further indicated by elevated gene
expression levels of phagocytosis-associated proteins CD36 and CD68, and complement fac-
tors C1Qa and C3. By establishing a new high-throughput approach to analyze and quantify
protein levels in single synapses, this study revealed an increased frequency of inhibitory syn-
apses, and diminished VGLUTT in excitatory synapses following IAV infection. Finally, the
detection of a disturbed gene expression of the neurotrophins BDNF and NGF, and the neuro-
trophin receptor TrkB further pointed towards an altered homeostasis of the CNS upon IAV

infection.
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Infections with influenza A virus affect all age groups and accumulate in annual epidemics.
Usually, the infection is associated with “flu symptoms” including fever, cough, and a sore
throat but also induces symptoms of sickness behavior such as reduced social interactions, an-
orexia and weight loss [121, 190]. Accordingly, several studies utilizing models of LPS-induced
sepsis or the application of the viral mimic poly(I:C) have ascribed this altered behavior and
disturbed brain homeostasis to pyrogenic cytokines released during the acute phase response
[122, 130, 143—145]. In contrast to infections with neurotropic pathogens that have been shown
to induce neuroinflammation and neurological manifestations, such as Plasmodium falciparum
[191], Toxoplasma gondii [192, 193], or West Nile virus [194], neuroinflammatory effects of
respiratory IAV infection remain largely elusive. Previously, cases of behavioral alterations in
the form of narcolepsy [195] and the development of major depression [129] have been linked
to IAV infection in humans, while animal experiments further complemented the picture by
illustrating an impaired hippocampal neuron morphology and cognition in the presence of neu-
roinflammation in mice [130, 131]. Overall, various findings suggest the body-brain axis as
link between peripheral infection and the development of neuropsychiatric disorders, however,

the underlying mechanisms remain unknown.

4.1. INDUCTION OF SYSTEMIC INFLAMMATION BY IAV CAUSES

DISTURBANCE OF BBB AND BRAIN HOMEOSTASIS

Therefore, this study aimed to investigate alterations in the CNS upon mild infection with IAV,
representing the majority of human cases. To this end, the murine experimental model in com-
bination with the mouse-adapted laboratory strain PR8/A/34(H1N1) was utilized during the
experiments. Previously, the genetic host background has been demonstrated to be crucial for
the susceptibility against influenza virus infection [196]. The report further indicated that
C57BL/6J mice, although lacking the important host defense gene Mx/, are resistant to infec-

tion with PR8/A/34(HIN1) and consequently, suitable to mimic a human course of infection.
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Accordingly, an elevated concentration of cytokines in lungs and sera was monitored during
the first days of infection. Particularly, increased levels of IFN-f, IL-1B, and IL-6 in the lungs
5 dpi point out a strong activation of the innate immune response followed by high levels of
IFN-y 7 dpi, which coincided with a prominent loss of bodyweight indicating sickness behavior
in these mice. These data are in line with previous observations [133] and are the result of a
cellular and humoral immune response by the adaptive immune system, facilitated by cytotoxic
CDS8" T cells, and IFN-y-producing natural killer and CD4" T helper cells that lead to dimin-
ished viral burden in the lungs [197].

In addition, enhanced cytokine levels were detected in the blood serum of mice during the
course of AV infection. Although the magnitude was lower when compared to cytokine con-
centrations in the lungs, IFN-y and IL-6 displayed significant increases when compared to non-
infected controls. This observation confirms, that the inflammatory effects of an IAV-mediated
infection of the respiratory tract are not restricted to this local environment alone but cumulate
in a systemic inflammation. Similarly, the induction of peripheral inflammation through admin-
istration of LPS, poly(I:C) or IAV has been shown to cause elevated serum levels of IL-6 and
TNF, which led to increased expression of inflammatory cytokines in the brain [130, 198-200].
This immune-to-brain signaling is thought to be dependent on the vagus nerve, CVOs, or en-
dothelial cells of the BBB that transport cytokines into the CNS [123, 124, 127, 128]. In addi-
tion, a recent study has demonstrated that cerebral endothelial cells are early responders to acute
systemic inflammation and display the induction of immediate early response genes and the
NF-kB pathway [201]. Altogether, it is hypothesized that high serum titers of pro-inflammatory
cytokines IL-1p, IL-6, and TNF may induce a mirrored response in the brain via the activation
of astrocytes and microglial cells [202, 203] which are then able to release IL-1p, IL-6, and
TNF in return [75, 79]. Consequently, mRNA levels of //1b, 116, Tnf, and Ccl2 were assessed
in brains of mice during the course of IAV infection. Here, cytokine gene expression did not
differ in cortex or hippocampus when compared to non-infected controls. However, the assays
performed are representative for brain homogenate and thus do not translate into cell-specific
activation of astrocytes or microglia. In addition, microglial cells have been shown to form a
spatially heterogeneous population in the adult brain [204] and this study investigated the cortex
and hippocampus. Hence, it remains to be addressed if microglia and astrocyte subsets respond

differently to acute systemic inflammation in other brain regions upon IAV infection.

Although no change in the gene expression of pyrogenic cytokines was detected, a moderate

but significant increase of type I interferons (/fnb1) and the IFN-y-inducible GTPase Irgm I was
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found in the cortex of infected mice 10 dpi. Of note, the present data and other previous studies
could show that IAV PR8/A/34(HIN1) lacks the ability to infect the brain [130, 131]. Previous
reports have demonstrated that microglia are producers of type I interferons upon activation
[202, 203]. Noteworthy, the magnitude of Ifnb1 expression levels remained considerably low
and did not lead to a more restricted permeability of the BBB as observed in other studies [205,
206]: Here, treatment of brain capillary endothelial cells with IFN-3 in vitro increased the tran-
sendothelial electrical resistance while inhibiting paracellular diffusion of inulin and sucrose
[205]. Similarly, intraperitoneal injection of IFN-f3 prevented infiltration of neutrophils and de-
creased gene expression of matrix metalloproteinase 9 in a model of ischemic brain injury
[206]. In contrast, the gene expression of BBB-associated tight junction proteins Claudin-5 and
Z0-1 was diminished in [AV-infected mice 7 dpi, shortly after serum levels of IFN-y peaked.
The dysregulated state of BBB and BCSFB was further indicated by the marginally increased
frequencies of peripheral immune cells that were detected in cortex and hippocampus between
7 and 14 dpi. These results are in line with a recent report demonstrating the ability of exoge-
nous IFN-y to induce the internalization of Occludin by epithelial cells in vitro [207]. Similarly,
a different study assigned IFN-y a central role in the cytokine network in rabies virus-infected
mouse brains, leading to enhanced BBB permeability via downregulation of Claudin-5, Oc-
cludin, and ZO-1 gene expression upon infection [208]. Although IFN-y is further able to pro-
mote the expression of chemokines CXCL9 and CXCL10 by the BBB and BCSFB [175, 209],
gene expression of Cxc/9 or Cxcl10 in the brain homogenate of IAV-infected mice revealed no
difference in contrast to a previous report on poly(I:C)-induced release of CXCL10 by brain
endothelial cells. In the latter study the authors associated the induction of sickness behavior in
mice with BBB- and BCSFB-derived CXCL10, further leading to aggravated hippocampal syn-
aptic plasticity via CXCR3 signaling in neurons [145]. Of note, both poly(I:C) and IAV infec-
tion result in RIG-I signaling cascade induction with downstream activation of MAVS and in-
duction of NF-xB and IRF3 [116, 117]. However, only IAV is able to avoid immune responses
by directly interfering with cellular signaling pathways or host gene expression that ultimately
disturb induction of interferons and antiviral proteins. For example, the viral NS1 can interfere
with RIG-I signal transduction and the resulting IFN-mediated antiviral response [210-212].
Thus poly(I:C)-induced inflammation can only partially translate into effects observed in the
IAV infection model of this work. Altogether, further investigation of the contribution of brain
endothelial and epithelial cells to chemokine and cytokine release upon IAV infection is re-

quired. In line with previous reports, such investigations could scrutinize transcriptome analysis
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from primary or purified brain endothelial cells to disentangle their role in transducing periph-

eral inflammation into the brain upon IAV infection [145].

4.2. TAV INFECTION DOES NOT RESULT IN OBVIOUS HISTO-

PATHOLOGICAL CHANGES

Although the altered expression of IFN-f and ISGs in the brain could suggest the onset of neu-
roinflammatory processes upon peripheral infection with IAV, histological examination using
IBA1, CD11b, NeuN or Synaptophysin did not show noticeable inflammatory foci in cortex
and hippocampus of infected mice. Still, it is noteworthy to mention, that the use of other anti-
bodies might allow the visualization of microglial activation via microscopy. In this respect,
microglia number and their ramified morphology remained unaltered throughout the course of
IAV infection which partially collides with data of Jurgens et al. [130] showing increased IBA1
staining and reduced ramification of microglia already 7 dpi. However, those findings may just
be the result of a different genetic background (BALB/c vs. C57BL/6JRj) and a higher IAV
inoculation dose as both loss of bodyweight and locomotive activity of mice appeared at least
2 days earlier than in the present study, using only 0.32 TCIDso of IAV to induce the infection.
Presumably, the immune system responds proportionally to the infection dose and in the exper-
iments of this work, animals had only a mild loss of bodyweight and did not succumb to the
infection. However, whether the indirect activation of brain-resident cells by peripheral chal-
lenge is similarly proportional to the severity of the acute systemic inflammation, i.e. a higher
inoculation dose, is an interesting point that awaits further elucidation. Noteworthy, astrocytes
can also respond to inflammatory stimuli and astrogliosis indicated by increased expression of
glial fibrillary acidic protein is a hallmark of various CNS pathologies [213]. Furthermore, as-
trocytes have been proposed to quickly react to LPS-induced systemic inflammation given that
their end-feet, being in close proximity of blood vessels, express cytokine receptors [214]. In
addition, a previous report has shown that intracellular Ca®" levels in astrocytes increase upon
stimulation with prostaglandin E2 [215], which is produced and released by BBB endothelial
cells in response to pyrogenic cytokines [122]. Therefore, the time and extent of astrocyte acti-
vation may precede microglia activation and thus represent an important question to be ad-
dressed in future studies. To this end, astrocytes may be either characterized by IF microscopy

using anti-GFAP staining, or as recently described, by flow cytometry using GFAP in combi-
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nation with C3 and glutamate-aspartate transporter [216]. Altogether, a more quantitative anal-
ysis of the astrocyte activation state during the initial and acute phase of IAV could help to
expand the existing paradigm of systemic inflammation-induced alteration of CNS homeosta-

sis.

4.3. SYSTEMIC INFLAMMATION INDUCES DELAYED MICROGLIAL

CELL ACTIVATION

Besides morphological changes, microglia activation can appear on multidimensional scale
[165, 166] and includes a continuum of altered gene expression, migration, metabolism, and
functional changes, such as phagocytosis [79]. Indeed, detailed investigation via flow cytome-
try detected no difference in microglia frequency upon IAV infection, arguing against microglia
proliferation as the result of reactive microgliosis and further supporting the previous observa-
tions from histological examination. However, a significant region-specific activation of mi-
croglia was observed as indicated by increased surface expression of MHC I and F4/80 10 dpi
and 14 dpi. Altogether, these results support a delayed onset of microglia activation following
a peripheral immune response. Moreover, the data suggest that IAV infection induces a rather
subtle and short-term inflammation in the brain, which might remain unnoticed using common
histopathological approaches. Intriguingly, when mice infected with IAV PR8/A/34(HIN1)
were assessed for possible long-term effects 30 dpi, no signs of neuroinflammation were appar-
ent at all [131]. Similar observations have been made in a recent study where the transcriptome
of activated microglia in an LPS-induced sepsis model was indistinguishable from microglia of

PBS-treated controls when compared four weeks after treatment [217].

Yet, the number of markers used within this work to determine the microglial activation status
via flow cytometry was limited and does not allow a comprehensive evaluation with respect to
the proposed continuum of microglia activation. In this context, a study using the combination
of single-cell RNA sequencing and multicolor flow cytometry to detect downregulated home-
ostatic features and upregulation of inflammatory genes in microglia upon LPS treatment re-
vealed unexpected heterogeneity in their transcriptomes [170]. Although all microglial cells
responded similarly to acute systemic inflammation with increased expression of Ccl2, Tnf or
G protein-coupled receptor 84 (Gpré4), t-SNE clustering revealed a microglia subset less sen-

sitive to inflammatory stimuli, an observation that was not made in the present study. However,
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in contrast to a single-dose LPS, IAV infection yields in a multi-facetted, ongoing systemic
inflammation that could lead to a more homogeneous activation pattern of microglia. Therefore,
a multi-omics characterization of microglial cells across different brain regions would provide
more detailed information to this question by addressing either the transcriptome, cell surface
properties, or the extent of epigenetic modification in order to unravel the high dimensionality

of microglia activation upon IAV infection.

4.4. MICROGLIAL ACTIVATION COULD LEAD TO INCREASED SYN-

APTIC PRUNING

A growing body of evidence has emphasized the connection between inflammation-induced
activation of microglia and the recurring pruning of synapses in neurological disorders [69, 171,
172]. Therefore, the expression of genes related to phagocytosis and synaptic pruning was an-
alyzed in this study. In brains of IAV infected mice, mRNA levels of Cd36 and Cd68 were
found upregulated, proposing a higher phagocytic capacity of microglial cells. Besides the pre-
requisite of activated microglia, synaptic pruning is depending on components of the classical
complement cascade which tag synapses for a possible elimination [173, 218]. For example,
complement factors can bind to extracellular phosphatidyl serine on neurons which is exposed
at higher levels upon stress [219, 220]. In this context, a previous study has shown that micro-
glial engulfment of synapses is particularly dependent on the phagocytic receptor CR3 binding
to its ligand C3 and disruption of CR3 signaling in microglia resulted in impaired remodeling
of developing synapses [221]. In line with increased mRNA levels of phagocytosis-associated
genes, gene expression of complement components C/ga and C3 was also found increased in
[AV-infected animals, altogether suggesting the dysregulation of synaptic pruning. Of note,
experimental approaches utilizing cell-specific genetic ablation have recently identified micro-
glial cells as the main source of C1QA in the CNS in a mouse model of AD [222]. Thus, the
data presented by this work furthermore illustrate the activation microglia but moreover high-
light the contribution of astrocytes which have been associated with the release of C3 upon
induction of NF-«xB signaling [223]. Intriguingly, these results were apparent only 14 dpi, indi-
cating once again temporary repercussions in the nervous system upon peripheral inflammation.
Still, whether neuronal morphology and the number of synapses is indeed impaired in brains of
[AV-infected mice cannot be answered by gene expression analysis alone but requires addi-

tional and more sophisticated experimental approaches. For example, whether synapses indeed
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undergo recurring pruning by activated microglia may be analyzed via co-staining of phagocy-
tosis-associated proteins, such as CD68, with microglial cell markers and synaptic proteins, and
the consequent IF microscopical analysis of overlapping signals. Alternatively, microglial en-
gulfment of synapses can be studied using experimental ex vivo phagocytosis assays, e.g. by
incubating microglia isolated from brains of IAV-infected mice with fluorescence-labeled syn-
aptosomes and subsequent flow cytometric analysis. Furthermore, it remains important to con-
firm the tagging of synapses by components of the complement system, such as C1QA and C3,
using either microscopic or flow synaptometric approaches. Finally, changes in neuronal mor-
phology in the course of mild IAV infection as seen in this work could be addressed by Sholl
analysis to quantify the number of dendritic branches at a given distance from the soma in order

to better evaluate alterations in the dendritic complexity.

4.5. ESTABLISHMENT OF FLOW SYNAPTOMETRY

The elevated mRNA levels of /rgm in combination with reduced gene expression of Sicl7a7
implied adverse effects of [AV infection on synapse integrity. In this regard, recent reports have
demonstrated impairment of synaptic function upon infection-induced neuroinflammation.
Here, the immune response in the brain was accompanied by the release of pro-inflammatory
cytokines IL-1p, IL-6, TNF, but also IFN-y, which subsequently resulted in diminished levels
of Synaptophysin, EAAT2 as well as AMPA and NMDA receptor subunits [224, 225]. To
gather more detailed information about synaptic alterations, this work focused on studying the
properties of synapses themselves and detected a significant loss of pre-synaptic VGLUT] in
isolated synaptosomes from whole brain homogenate 21 dpi, suggesting that the systemic in-
flammation driven by peripheral IAV infection causes a functional disturbance in excitatory
neurons in mice. This assumption is supported by previous reports showing altered hippocam-
pal neuron morphology and cognitive impairment, as indicated by decreased dendritic spine
density and spatial learning in the Morris water maze [130, 131]. However, Western blot anal-
ysis only revealed a holistic view on total protein levels but did not allow a comprehensive and
quantitative analysis of individual events. Therefore, a novel flow cytometry-based approach
to analyze synaptosomes derived from cortices and hippocampi was established in this study,

allowing the quantification of the composition of individual, intact synapses.

To date, investigation of isolated synaptosomes represents a convenient tool to study the func-

tion and physiology of synapses freed from their surrounding environment [178]. However,
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only few studies have utilized flow cytometric approaches to assess synaptosomes and in most
cases only make use of one synaptic component [177, 226, 227]. Other reports focused on sort-
ing of synaptosomes derived from fluorescent neurons [176] or applying mass cytometry and
mass-coupled antibodies [228]. However, the profound technique presented in this study offers
an easy-to-use alternative to previous approaches as it demonstrates that simple multiplexing is
feasible using a conventional isolation procedure and standard flow cytometer. To this day, no
other studies have shown to extend previous attempts of flow synaptometry by simultaneously
quantifying the relative abundance of pre- and post-synaptic components in synaptosomes from
different types of neurons and different brain regions. Moreover, choosing flow synaptometry
over conventional Western blot enables to focus specifically on intact synapses, resulting in a
high sensitivity while requiring only small amounts of sample material. In addition, high-
throughput acquisition allows the characterization of a large number of samples within the same

session and thus facilitates a high robustness of data compared to Western blot analysis.

4.6. SYSTEMIC INFLAMMATION CAUSES ALTERED NEUROTRANS-

MISSION

Consequently, flow synaptometry was able to detect compelling effects on pre-synaptic glu-
tamatergic signaling in both cortex and hippocampus 21 dpi, while the proportion of inhibitory
synapses was increased in the hippocampus. Of note, disturbance of the excitatory/inhibitory
balance has been proposed to be a crucial feature in schizophrenia [69] but so far, the impact of
local inflammation on the balance of excitatory/inhibitory neurotransmission has not been fully
elucidated. Recently, in vitro studies have either reported decreased glutamatergic but not GA-
BAergic neurotransmission [229, 230], or only decreased GABAergic neurotransmission in re-
sponse to application of pro-inflammatory cytokines [231]. In this context, a report has demon-
strated that LPS-induced neuroinflammation in aged mice resulted in the delayed loss of
VGLUT2'PSD-95" excitatory synaptic puncta in the hippocampus while VGAT'Gephyrin®
puncta remained unaffected, suggesting a response specific to excitatory synapses only [232].
In contrast, a different report using treatment of primary hippocampal neurons with conditioned
medium obtained from poly(I:C)-stimulated microglia discovered a reduction of VGAT" syn-
apses and strong disruption of perineuronal nets [233]. Altogether, the data gathered thus far
are conflicting and require further elucidation. Hence, it remains to be addressed, whether the

increased frequency of inhibitory synaptosomes detected in the brains of IAV-infected mice in
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this work could reflect a loss of glutamatergic synapses as described before. Moreover, the
results obtained in this study only reflect the relative abundance of Gephyrin™ synapses but not
their functional properties with respect to VGAT protein levels or GABA receptor expression.
To this end, future studies addressing the balance of excitatory/inhibitory neurotransmission
upon AV infection require further analysis of VGAT levels in synaptosomes upon IAV infec-
tion using flow synaptometry, but also electrophysiological recordings to assess possible dif-
ferences in the neuronal network activity. In addition, the determination of a total synapse abun-
dance via analysis of dendritic spine density is necessary to evaluate changes in synaptic plas-

ticity upon IAV infection.

Similar to the effect of inflammation-induced changes on the homeostasis of inhibitory synap-
ses, little is known about the direct consequences of peripheral infections or inflammation on
glutamate homeostasis. A recent report utilizing the viral mimic poly(I:C) discovered elevated
extracellular glutamate levels and synaptic transmission in the hippocampus, suggesting a
dysregulation of excitatory synaptic transmission as cause for the development of hippocampal
hyperexcitability [180]. Alternatively, different underlying mechanisms have been associated
with respect to pathophysiological inflammation-induced depression. Here, low levels of the
neurotransmitter serotonin are assumed to play a major role and rely mainly on tryptophan
availability which is in turn limited by the activity of indoleamine 2,3-dioxygenase (IDO) as a
part of the kynurenine pathway [181, 182]. IDO is inducible via IFN-y, IL-1, and IL-6 [183—
185], as well as upon IAV infection [186]. Degradation of tryptophan occurs through IDO in
peripheral organs such as liver, intestine, and spleen [234] but also in brain-resident microglia,
astrocytes or recruited monocytes [190, 235]. Additionally, altered levels of serotonin have
been associated with a modulation of glutamatergic and GABAergic neurotransmission by al-
tering the release of glutamate and GABA at the pre-synaptic side while further suppressing
long-term potentiation (LTP) via inhibition of NMDA glutamate receptor activation [236]. Alt-
hough an upregulation of IDO mRNA levels in the brains of [AV-infected mice was not detect-
able in this work, studies using LPS-induced depressive-like behavior models pointed towards
a particular role of the kynurenine pathway metabolites rather than altered brain levels of sero-
tonin [237]. Blood-derived metabolites of the kynurenine pathway can enter the brain via large
neutral amino acid transporter and cause excitotoxic effects [238]. For example, levels of quin-
olinic acid, which functions as NMDA agonist, are elevated upon peripheral inflammation

[190] and were found responsible for LPS-induced depression [239]. Thus, the observed change
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in glutamatergic neurotransmission in the presented study might be a consequence of dysregu-

lated serotonin levels or the underlying tryptophan metabolism.

Next to adverse effects on glutamatergic neurotransmission, IAV infection led to an altered
expression of neurotrophins and their receptors. In line with these observations, previous re-
ports also discovered reduced expression levels of BDNF and glia cell-derived neurotrophic
factor in brains of IAV-infected mice [130, 240], as well as models of poly(I:C) and LPS ad-
ministration demonstrating reduced expression of BDNF, TrkB, and NGF in hippocampi and
cortices of mice [200, 241]. BDNF has been shown to be an important trophic factor that me-
diates neuronal survival, dendrite development, and synaptogenesis in an autocrine manner
[242, 243]. Unsurprisingly, decreased BDNF levels are associated with the development of de-
pressive symptoms [244-247] and have been further shown to modulate glutamatergic synaptic
transmission by affecting pre-synaptic Ca*" levels and glutamate release as well as phosphory-
lation of post-synaptic NMDA receptors [248]. Of note, studies have shown that glutamate re-
ceptor activity has a reciprocal effect on neurotrophin production, indicating a strongly inter-
twined relationship [200]. Besides its effect on neurons, aggravated BDNF signaling has been
moreover implied with reduced microglial cell proliferation and overall density [249]. In the
present work, changes in BDNF gene expression remained undetected until 21 dpi, however,
this late disturbance may cause sustained interference with microglia homeostasis. As a result,
the increased mRNA levels of TrkB could act as a countermeasure to the reduced BDNF levels
in order to maintain sufficient BDNF signaling. Next to BDNF, expression of NGF has also
been shown to be influenced by inflammation and several studies have reported increased levels
of NGF at sites of inflammation [250-252]. In this context, the role of NGF signaling appears
to be polyvalent: On the one hand, NGF can potentiate the endogenous expression of pro-in-
flammatory cytokines and induce survival of immune cells, such as monocytes, neutrophils,
and B cells. On the other hand, NGF promotes tissue repair and enhanced production of anti-
inflammatory IL-10 [252]. Hence, the increased levels of NGF that were observed in the brains
of mice could act as another indicator of the subtle and short-term inflammation caused by IAV

infection.

In line with this, gene expression levels of p75N® remained unchanged in brains of IAV-in-
fected mice. Previously, several reports have shown upregulation of the p75N™ upon neuroin-
flammation [50, 189, 192]. Yet, the detrimental effects of p75N™®-mediated signaling are de-

pendent on pro-neurotrophins, such as proNGF and proBDNF. Under homeostatic conditions
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and subsequent to initial synthesis, pro-neurotrophins become processed by protein convert-
ases, Furin, and matrix metalloproteases [54, 189] which have not been studied in this work.
Thus, the effect of IAV infection-induced respiratory inflammation on the neurotrophin/pro-

neurotrophin balance awaits further elucidation in future studies.

4.7. DISTURBANCE OF GLUTAMATERGIC NEUROTRANSMISSION IS

LINKED TO PATHOPSYCHOLOGICAL CHANGES

Notably, inflammation-mediated dysbalance of glutamatergic signaling has been described as
a central mechanism in several neurologic disorders such as schizophrenia [253], ASD [254],
obsessive-compulsive disorder [255] or mood disorders, and further as a comorbidity in ather-
osclerosis or theumatoid arthritis [256]. Overall, the present study shows that peripheral IAV
infection is followed by temporal effects (disturbed expression of BBB-associated genes, acti-
vation of microglia, increased gene expression of complement components, dysbalanced glu-
tamatergic neurotransmission and neurotrophin gene expression) in the brain, however, without
direct manifestation in neurodegenerative processes, as shown by histopathological examina-
tion of neuronal markers. Nevertheless, these findings contribute to the understanding how pe-
ripheral inflammation affects CNS integrity. Of note, re-infection of humans with influenza is
likely to occur in intervals of 10 to 20 years [257] and accumulating effects in the brain could
result in neurological implications [258]. In this respect, a growing body of evidence supports
the connection between systemic inflammation and epigenetic changes in microglia [259], how-
ever with different possible outcomes. On the one hand, repeated LPS treatment of mice in-
duced a sustained inflammatory phenotype in microglia involving the classical complement
system and its associated phagosome pathway, finally culminating in the loss of dopaminergic
neurons in the substantia nigra as a hallmark of PD [260, 261]. On the other hand, studies re-
ported the induction of immune tolerance in microglial cells upon repeated LPS administration,
which resulted in reduced deposition of amyloid-§ in AD transgenic mice [262] and the down-
regulation of inflammatory NF-kB signaling [217]. Yet, how LPS administration compares to
ongoing peripheral inflammation caused by IAV infection with orchestrated secretion of cyto-
kines by innate and adaptive immune cells is not known. Furthermore, it remains to be ad-
dressed whether priming and activation by microglia via peripheral stimulation is beneficial or

detrimental. It still appears plausible that, as a consequence, synergistic effects of multiple pe-
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ripheral infections acquired throughout life could lead to a previously unappreciated contribu-
tion in the development of chronic neuroinflammation, contributing to the initiation and pro-
gression of neuropsychiatric or neurodegenerative diseases such as major depression, AD or
PD [263, 264]. Studies on sickness behavior in humans have shown that these behavioral alter-
ations overlap with symptoms of inflammation-induced depression, suggesting that maladap-
tive, chronic immune activation can precede depression [265, 266]. Correspondingly, previous
reports identified AV infection as a risk factor for PD or the development of PD-like symptoms
[267-269].
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5. SUMMARY AND OUTLOOK

Infections with influenza A virus can re-occur throughout life and are accompanied by inflam-
mation of the respiratory tract and the periphery, and further include symptoms of sickness
behavior. In addition to previous observations, this work has demonstrated that respiratory in-
fection with IAV PR8/A/34(HINI) results in the chronologically separated disturbance of the
BBB and BCSFB, distinct activation of microglia, dysbalanced glutamatergic neurotransmis-

sion and neurotrophin gene expression (Figure 24).

Neurons

+81c17a7

Influenza A
(H1N1)

)

Synaptosomes

Figure 24: Graphical summary.

In mice, infection with IAV leads to inflammation in the respiratory tract and shortly after to increased serum
levels of pro-inflammatory cytokines IL-1p, IL-6, and IFN-y. The systemic inflammation is accompanied by a
temporally disturbed gene expression of BBB-associated proteins. In the CNS, microglial cells upregulate the cell
surface markers F4/80, MHC I, and MHC 11, indicating the activation of the brain-resident macrophages upon IAV
infection. In addition, increased gene expression of Cd68, Clga, and C3 suggests dysregulated synaptic pruning
while reduced mRNA levels of Slc/7a7 point towards altered synapse properties. Analysis of synaptosomes via
flow synaptometry detected a significant reduction of VGLUT1 in the pre-synaptic terminals of excitatory synap-
ses, thereby revealing detrimental effects of IAV infection on glutamatergic synapse transmission.
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Furthermore, these data highlight the connection between peripheral inflammation and the im-
mune cell homeostasis of the brain as a result of the body-brain axis, which in turn may influ-
ence neuronal integrity. The characterization of synaptosomes via flow synaptometry as a novel
approach enabled to gain further insight into the mechanisms involved in the development of
neuronal alterations described by previous studies before. In addition, flow synaptometry may
be applied to various other research domains in a future perspective, thus offering an additional
tool, besides immunofluorescence microscopy and histological examination, to quantitatively

assess the synapse integrity.

Still, some questions remain unanswered and should be addressed by future studies. For once,
the role of brain endothelial and epithelial cells as transducers of inflammation from the periph-
ery to the brain upon IAV infection is still unclear. Moreover, the contribution of astrocytes
needs to be explored with greater detail with respect to their time and extent of activation. As
it appears plausible that astrocytes may become activated during the initial phase of AV infec-
tion, earlier time points have to be considered. In addition, more knowledge is needed to under-
stand the effects of re-infections, even with multiple pathogens acquired over a lifetime, on the
homeostasis of microglial cells and their epigenetic changes. Although no pathological short-
term effects were noticeable, long-term effects could include a more responsive microglial phe-
notype and thus need to be elaborated with focus on neuronal alterations. Finally, gaining more
insight into the underlying mechanisms of the body-brain axis will provide further understand-

ing of the development of certain neuropsychiatric diseases and neurodegenerative disorders.
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