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Streszczenie

Koronawirusy mogg stanowi¢ powazne zagrozenie dla zdrowia publicznego, czego
przyktadem jest miniona pandemia COVID-19 oraz rosnaca liczba przypadkéw tzw. dtugiego
COVID i towarzyszacych im powiklan neurologicznych. Mechanizmy neurotropizmu
koronawirusow i neuropatogenezy w obrebie osrodkowego uktadu nerwowego (OUN) pozostaja,
jednak, nie do konca poznane. Czeste mutacje w obrgbie genomu koronawirusow, szczegolnie w
podjednostce biatka S, wpltywaja na zmiane tropizmu i ich transmisj¢ migdzygatunkows, co
podkresla potrzebg prowadzenia dalszych badan nad ich patogennoscia. Neurotropowy szczep
JHM mysiego wirusa zapalenia watroby (MHV-JHM) oraz ,,zapomniany” szczurzy wirus
sialodacryoadenitis (SDAV) stanowiag dobre modele badawcze umozlwiajgce realizacje
zatozonych celow prezentowanej rozprawy doktorskiej. Celem rozprawy doktorskiej byto
zbadanie mechanizmoéw interakcji MHV-JHM oraz SDAV z komorkami OUN — neuronéw,
mikrogleju i astrocytow, poprzez: (i) okreslenie efektow zakazenia komorek, poprzez ustalenie
rodzaju i czasu pojawienia si¢ efektu cytopatycznego; (ii) zbadanie roli cytoszkieletu neuronéw;
(ii1) okreslenie roli VCP podczas replikacji i uwalniania wiriond6w potomnych z neuronow; (iv)
okreslenie profilu cytokin i chemokin produkowanych przez astrocyty i mikroglej w odpowiedzi
na zakazenie (v) ocen¢ wplywu zakazenia na produkcje reaktywnych form tlenu i zywotno$¢
komorek. Do realizacji postawionych zatozen badawczych uzyto klasycznych i nowoczesnych
technik wykorzystywanych w wirusologii. Obserwacja zmian morfologicznych cytoszkieletu
neuronéw (filamenty aktynowe, mikrotubule) po zakazeniu MHV-JHM zostata przeprowadzona
przy uzyciu mikroskopii konfokalnej, a wptyw inhibitorow cytoszkieletu (cytochalazyna D,
latrunkulina A, noskapina i nokodazol) na replikacje wirusa zostat oceniony technikg RT-qPCR.
Role biatka zawierajacego walozyne (VCP) w cyklu replikacyjnym SDAV w neuronach zbadano
wykorzystujac wysokoprzepustowa mikroskopie konfokalng (Operetta® CLS™ Revvity™, Array
Scan XTI ThermoFisher™), technike western blot, obrazowanie przyzyciowe komorek
(JuLI™Br NanoEnTek) oraz traktowanie neuronéw inhibitorem Eeyarestatyng [ (Eerl).
Odpowiedz komoérkowa i1 produkcje reaktywnych form tlenu (ROS) przez mikroglej i astrocyty
zbadano za pomocg cytometrii przeptywowej, mikroskopii konfokalnej, panelu
immunologicznego (Luminex™ xMAP technology) do analizy 48 cytokin i chemokin oraz
klasycznego testu ELISA. Przeprowadzone badania jakosciowe i iloSciowe pozwolily na
zaobserwowanie istotnych wynikow. Replikacja MHV-JHM w neuronach pierwotnych byta
efektywna i prowadzita do zmian morfologicznych zaobserwowanych jako kondensacja
filamentow aktynowych w postaci pier§cieni podbtonowych, licznych struktur nanorurek (TNT)
oraz struktur mikrotubularnych cystern zlokalizowanych w neurytach. Analiza RT-qPCR
wykazata, ze inhibitory noskapina i nokodazol znaczaco ograniczajg replikacje¢ wirusa w

neuronach. Po raz pierwszy wykazano, ze SDAV produktywnie replikuje si¢ w neuronach mysich



in vitro, prezentujac trzy rézne CPE. Poziom VCP byl istotnie podwyzszony podczas zakazenia,
a zastosowanie inhibitora Eerl w stgzeniu 5 pM/mL w systemie postinkubacji skutkowato
statystycznie istotnym obnizeniem miana SDAV oraz widocznym nagromadzeniem antygenu
wirusowego w okolicy podbtonowej wspotwystepujacego z antygenem VCP. Miesigczna
obserwacja pierwotnej hodowli mikrogleju i astrocytow zakazonej SDAV i MHV-JHM wykazata,
ze zakazenie wzmagalo apoptoze w ciggu pierwszych 2 godzin po zakazeniu a efekt ten
utrzymywat si¢ do 672 godzin po zakazeniu. Zakazenie MHV-JHM powodowato najwyzszy
wzrost poziomu ROS we wczesnych godzinach po zakazeniu, natomiast zakazenie SDAV - w
p6ézniejszych etapach replikacji. Podczas analizy profilu produkowanych cytokin i chemokin
zauwazono zmiany w produkcji cytokin i chemokin IL-6, IL-18, IL-33, MCP-1, MIP-1 beta i
MIP-2 alfa po zakazeniu MHV-JHM. Natomiast zakazenie SDAV zwigkszyto produkcje IL-1 alfa,
IL-6, IL-10, IL-18, IL-19, IL-23, IL-28, IL-33, MCP-1, MCP-3, MIP-1 alfa, MIP-1 beta, MIP-2
alfa, TNF alfa. Podsumowujac wyniki przedstawione w niniejszej rozprawie doktorskiej
wykazano, ze zarbwno MHV-JHM, jak i SDAV produktywnie replikuja si¢ w pierwotnych
hodowlach neuronéw, mikrogleju i astrocytow, bez koniecznosci wczesniejszej adaptacji. Po
zakazeniu MHV-JHM, filamenty aktynowe sa wykorzystywane do sktadania i uwalniania
wirionow  potomnych, podczas gdy mikrotubule uczestnicza w  transporcie
wewnatrzkomérkowym. Dodatkowo, zakazenie MHV-JHM promuje powstawanie nanorurek
(TNT) taczacych sasiednie neurony, co prawdopodobnie stanowi mechanizm rozprzestrzeniania
si¢ wirusa w o$rodkowym ukladzie nerwowym z pominigciem odpowiedzi komoérkowej na
zakazenie. Podczas replikacji SDAV, VCP jest niezbgdne do sktadania i uwalniania wirionow
potomnych z neurondw. Zakazenie obydwoma wirusami wywotato podwyzszong produkcj¢ ROS
utrzymujaca si¢ przez caly miesigc trwania zakazenia. Zarowno mikroglej, jak i astrocyty
aktywnie produkowaly cytokiny i chemokiny prozapalne, jednoczesnie hamujac produkcje
czynnikow przeciwzapalnych. Dhlugotrwale zaburzona odpowiedz immunologiczna moze
przyczynia¢ si¢ do przewlekltych uszkodzen OUN obserwowanych podczas zakazen

koronawirusowych.

Slowa kluczowe: neuropatogeneza, neurodegeneracja, OUN, koronawirus, MHV-JHM,

SDAV
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Abstract

Coronaviruses might pose a serious threat to public health, as was demonstrated
by the past COVID-19 pandemic and the increasing number of long COVID cases and
accompanying neurological complications. The mechanisms of neurotropism and
neuropathogenesis of coronaviruses within the central nervous system (CNS) remain,
however, insufficiently understood. Frequent mutations within the coronavirus genome,
particularly in the S-protein subunit, alter tropism and their interspecies transmission,
highlighting the need for further research concerning their pathogenesis. The neurotropic
JHM strain of Mouse Hepatitis Virus (MHV-JHM) and the ‘forgotten’ Rat
Sialodacryoadenitis Virus (SDAV) provide a good research model to achieve the set
objectives of the presented dissertation. The aim of the dissertation was to investigate the
mechanisms of MHV-JHM and SDAV interactions with CNS cells - neurons, microglia
and astrocytes, by: (i) characterising the effects of cell infection, by determining the type
and timing of the appearance of the cytopathic effect; (ii) investigating the role of the
neuronal cytoskeleton; (ii1) determining the role of VCP during replication and release of
progeny virions from neurons; (iv) determining the profile of cytokines and chemokines
produced by astrocytes and microglia in response to infection (v) assessing the effect of
infection on reactive oxygen species production and cell viability. Classical and modern
techniques used in virology were applied to achieve the set research objectives. The
observation of morphological changes in the cytoskeleton of neurons (actin filaments,
microtubules) after MHV-JHM infection was carried out using confocal microscopy, and
the effect of cytoskeleton inhibitors (cytochalasin D, latrunculin A, noscapine and
nocodazole) on virus replication was assessed using RT-qPCR. The role of valosin-
containing protein (VCP) in the SDAV replication cycle in neurons was investigated using
high-throughput confocal microscopy (Operetta® CLS™ Revvity™, Array Scan XTI
ThermoFisher™), western blot technique, cell live imaging (JuLI™Br NanoEnTek) and
treatment of neurons with the inhibitor Eeyarestatin 1 (Eerl). The cellular response and
production of reactive oxygen species (ROS) by microglia and astrocytes were examined
by flow cytometry, confocal microscopy, an immunoassay panel (Luminex™ xMAP
technology) for the analysis of 48 cytokines and chemokines and a classical ELISA. The
qualitative and quantitative studies carried out allowed significant results to be observed.
MHV-JHM replication in primary neurons was productive and led to morphological

changes observed as condensation of actin filaments in the form of submembrane rings,
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numerous tunnelling nanotube (TNT) structures and microtubular cisternae structures
located in neurites. RT-qPCR analysis showed that the inhibitors noscapine and
nocodazole significantly hinder virus replication in neurons. For the first time, SDAV was
shown to replicate productively in mouse neurons in vitro, presenting three different CPE.
VCP levels were significantly elevated during infection, and treatment with the Eerl
inhibitor at 5 puM/mL in the post-incubation system resulted in a statistically significant
reduction in SDAV titres and accumulation of viral antigen in the submembranous region
co-occurring with VCP antigen. Monthly observation of primary cultures of microglia
and astrocytes infected with SDAV and MHV-JHM showed that infection increased
apoptosis within the first 2 hours post-infection and this effect persisted until 672 hours
post-infection. MHV-JHM infection caused the highest increase in ROS levels in the early
hours after infection, while SDAV infection caused the highest increase in ROS levels in
the later stages of replication. When the profile of cytokines and chemokines produced
was analysed, changes in the production of the cytokines and chemokines IL-6, IL-18,
IL-33, MCP-1, MIP-1 beta and MIP-2 alpha were noted after MHV-JHM infection. In
contrast, SDAV infection increased the production of IL-1 alpha, IL-6, IL-10, IL-18, IL-
19, IL-23, IL-28, IL-33, MCP-1, MCP-3, MIP-1 alpha, MIP-1 beta, MIP-2 alpha, and
TNF alpha. In summary, the results presented in this dissertation demonstrate that both
MHV-JHM and SDAV replicate productively in primary cultures of neurons, microglia
and astrocytes, without the need for prior adaptation. Upon MHV-JHM infection, actin
filaments are used to assemble and release progeny virions, while microtubules are
involved in intracellular transport. In addition, MHV-JHM infection promotes the
formation of tunnelling nanotubes (TNTs) connecting neighbouring neurons, which is
likely to be a mechanism for virus spread in the central nervous system bypassing the
cellular response to infection. During SDAV replication, VCP is essential for the assembly
and release of virions from neurons. Infection with both viruses resulted in elevated ROS
production sustained throughout the month-long infection. Both microglia and astrocytes
actively produced pro-inflammatory cytokines and chemokines, while limiting the
production of anti-inflammatory factors. A long-term impairment of the immune response
may contribute to the chronic central nervous system (CNS) damage observed during

coronaviral infections.

Keywords: neuropathogenesis, neurodegeneration, CNS, coronavirus, MHV-JHM,
SDAV
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1. Wykaz publikacji bedacych podstawa rozprawy doktorskiej
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materiatéw z konferencji mi¢dzynarodowych (Komunikaty Ministra Nauki z dnia

1 grudnia 2021 r., 17 lipca 2023 r., 05 stycznia 2024 r.).
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MNiSW2023: 140)
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2. Wykaz skrotow

ACE2
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CAND

CCoV

CD11b

Ceacam-1

ChRCoV
HKU24

COVID19

CRS
EHV-1
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GBS
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HCoV
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enzym przeksztatcajacy angiotensyne 2
(ang. angiotensin converting enzyme 2)

filamenty aktynowe (ang. actin filaments)
aparat Golgiego (ang. Golgi apparatus)
koronawirus bydlecy (ang. bovine coronavirus)

zespot zaburzen neurokognitywnych zwigzanych z
COVID-19 (ang. coronavirus associated neurocognitive
disorder)

psi koronawirus (ang. canin coronavirus)

klaster roznicowania 11b (ang. cluster of differentiation 11b)

czasteczka adhezji komorkowej 1

(ang. carcinoembryonic antigen-related cell adhesion
molecule 1)

chinski koronawirus szczura domowego

(ang. China Rattus Coronavirus HKU24)

choroba wywotana przez SARS-CoV-2

(ang. coronavirus disease 2019)

zespoOt wyrzutu cytokin (ang. cytokine release syndrome)
konski herpeswirus typu I (ang. equine herpesvirus type I)

koci koronawirus (ang. feline coronavirus)

jednostki tworzace ognisko

(ang. fluorescence focal forming unit)
izotiocyjanan 5 fluorosceiny

(ang. fluorescein 5(6)-isothiocyanate)
dehydrogenaza 3-fosforanu gliceraldehydu

(ang. glyceraldehyde 3-phosphate dehydrogenase)

zespot Guillaina-Barrégo (ang. Guillain-Barré syndrome)

kwasne biatko widkienkowe gleju

(ang. glial fibrillary acidic protein)

ludzki koronawirus (ang. human coronavirus)



HCoV-229E
HCoV-HKU1
HCoV-NL63
HCoV-0C43
HHV 1
HHV-2
IF
IFN
IL
JP
Kpz
M1
M2

mAb

MAPK

MERS-CoV

MHV

MHV-59
MT
MVH-JHM

NeuN

NF-xB

NFC

ludzki koronawirus szczep 229E

ludzki koronawirus szczep HKU1

ludzki koronawirus szczep NL63

ludzki koronawirus szczep OC43

ludzki herpeswirus typu 1 (ang. human herpesvirus type 1)
ludzki herpeswirus typu 2 (ang. human herpervirus type 2)
filamenty posrednie (ang. intermediate filaments)
interferon

interleukina (ang. interleukin)

jodek propidyny (ang. propidium iodide)

kilo par zasad

wspotczynniki Mander’a 1 (ang. parameter Mander's 1)
wspotczynniki Mander’a 2 (ang. parameter Mander' s2)

przeciwcialo monoklonalne (ang. monoclonal antibody)

kinaza biatkowa aktywowana mitogenem
(ang. mitogen-activated protein kinase)

koronawirus bliskowschodniego zespotu niewydolnos$ci
oddechowe;j

(ang. Middle East respiratory syndrom coronavirus)
mysi koronawirus zapalenia watroby

(ang. mouse hepatitis virus)

mysi koronawirus zapalenia watroby szczep 59
mikrotubule (ang. microtubules)
mysi koronawirus zapalenia watroby szczep JHM

jadrowe biatko neuronalne (ang. neuronal nuclear protein)

jadrowy czynnik transkrypcyjny NF kappa B

(ang. nuclear factor kappa-light-chain-enhancer of activated
B cells)

grupa nitrofuranowa (ang. nitrofuran group)
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biatko NOD 3 - podobne, zawierajace domene pirynowa

NLRP3
(ang. NOD-like receptor family, pyrin domain containing 3)
NRF2 jadrowy czynnik erytroidalny 2
(ang. nuclear factor erythroid 2-related factor 2 gene)
ORF-6 otwarta ramka odczytu 6 (ang. open reading frame 6)
OUN osrodkowy uktad nerwowy
PASC zespot nastgpstw zdrowotnych po przechorowaniu COVID-
19 (ang. postacute sequal of COVID-19)
PCC wspotczynnik korelacji Pearson’a
(ang. Pearson correlation coefficient)
PHEV wirus epidemicznej biegunki §win
(ang. porcine epidemic diarrhea virus)
PRC szczurzy koronawirus Parker’a (ang. Parker’s rat
coronavirus)
Rbd domena wigzaca receptor (ang. receptor binding domain)
RCoV szczurzy koronawirus (ang. rat coronavirus)

RCV-BCMM szczurzy koronawirus szczep BCMM

RCV-CARS szczurzy koronawirus szczep CARS

RCV-NJ szczurzy koronawirus szczep NJ
RCV-W szczurzy koronawirus szczep W
Rh-BatCoV
HKU2 koronawirus nietoperzy Rhinolophus HKU2
ROS reaktywne formy tlenu (ang. reactive oxide species)

PCR w czasie rzeczywistym z reakcja odwrotne;j

RT qPCR transkrypcji
(ang. quantitative reverse transcription polymerase chain

reaction)
SADS zespot ostrej biegunki §win
(ang. swine acute diarrhea syndrome)
SARS- CoV-2 koronawirus ci¢zkiego ostrego zespolu oddechowego 2

(ang. severe acute respiratory syndrome coronavirus 2)

SARS-CoV  koronawirus ciezkiego ostrego zespotu oddechowego



SDAV

Tau
TNT

USUV
VCP/p97

VZV
WGA
XTT

ZIKV

szczurzy koronawirus zapalenia gruczolow s§linowych
1 weztow chtonnych (ang. sialodacryoadenitis virus)

jednostka zwigzana z tubuling (ang. tubulin associated unit)
nanorurki (ang. tunneling nanotubes)

wirus Usutu (ang. Usutu virus)

biatko zawierajgce walozyng (ang. valosin containing
protein)

wirus krowianki (ang. variocella zoster virus)
aglutynina kietkéw pszenicy (ang. wheat germ agglutinin)
test oceny cytotoksycznosci

wirus Zika (ang. Zika virus)
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3. Wstep i uzasadnienie podjecia tematu

Rodzina Coronaviridae nalezy do rzedu Nidovirales. Sktada si¢ ona z dwoch
podrodzin: Letovirinae 1 Orthocoronavirinae. Na podstawie badan genetycznych
1 serologicznych do Orthocoronavirinae zalicza si¢ cztery rodzaje: alfa-, beta-, gamma- i
deltakoronawirusy. Do rodzaju betakoronawirusOw nalezy wirus mysiego zapalenia
watroby (MHYV, ang. mouse hepatits virus) oraz szczurzy koronawirus zapalenia
gruczotow Slinowych 1 weztow chtonnych (SDAV, ang. sialodacryoadenitis virus),
podobnie jak SARS-CoV i SARS-CoV-2 (Walker i in., 2020). Wiriony koronawirusow sg
pleomorficzne lub kuliste, o $rednicy 80-220 nm. Pokrywa je otoczka, a na ich
powierzchni wystepuje charakterystyczna ‘korona’ zbudowana z peplomerow
(Fehr i Perlman, 2015; Kanso 1 in., 2020). Genom sktada si¢ z pojedynczej czasteczki
liniowego, jednoniciowego RNA o dodatniej polarnosci i wielkosci od 25 do 31 kpz.
Proces replikacji zachodzi w cytoplazmie. Koronawirusy zawierajg cztery gtéwne biatka
strukturalne, ktorymi sg: biatko kolca (S), biatko otoczki (E), biatko blonowe (M),
nukleoproteina (N). U niektorych betakoronawirusoéw, takich jak np. MHYV, wystepuje
piate biatko - esteraza hemaglutyniny (HE) (B. Chen i in., 2025; Kazi i1 in., 2005;
Langereis i in., 2012; Mallick i Duttaroy, 2021). Wirusy te zakazaja gtéwnie ptaki i ssaki,
powodujac liczne choroby uktadu oddechowego, nerwowego, narzagdow wewnetrznych
czy uktadu pokarmowego. Do choréb wywotywanych przez koronawirusy zwierzgce
naleza m.in.: zakazne zapalenie oskrzeli u ptakdéw; zakazne zapalenie otrzewnej kotow;
epidemiczna biegunka $win, czy wirusowe zapalenie zotadka 1 jelit u bydta. Najbardziej
interesujace, z medycznego punktu widzenia, sg wirusy grup alfa oraz beta, do ktorych
nalezg wszystkie znane gatunki zakazajace Iludzi (odpowiednio do rodzajow
alfa-koronawiruséw: HCoV-229E 1 HCoV-NL63 oraz beta- koronawiruséw: HCoV-
0C43, HCoV-HKUI, SARS-CoV i SARS-CoV-2)(Haake 1 in., 2020; Ji, 2021; Kenney i
in., 2021).

Obraz ludzkich koronawirusow jako stosunkowo niegroznych patogenow zmienit
si¢ wraz z pojawieniem si¢ w 2002 roku w chinskiej prowincji Guangdong nowego
gatunku ludzkiego koronawirusa — SARS-CoV (Drosten i in., 2003; Ksiazek i in., 2003).
Zostal on nazwany od nazwy zespolu chorobowego wirusem SARS (ang. severe acute
respiratory syndrome). Wysoka $miertelno$¢ (~ 10%) oraz bardzo wysoka zarazliwos¢
patogenu doprowadzily do znaczacego wzrostu zainteresowania podrodzing

Coronavirinae. Liczne prace pokazaty, Ze istnieje olbrzymia grupa wirusow zwierzgcych,
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ktére potencjalnie moga przekroczy¢ barier¢ gatunkowa (H. Wang i in., 2007). W
zwigzku z tym nie bylo zaskoczeniem, ze w 2012 roku pojawit si¢ kolejny odzwierzgcy
koronawirus zakazajacy ludzi — MERS-CoV (ang. Middle East respiratory syndrome
coronavirus) (Hijawi i in., 2013; Zaki i in., 2012). Warto jednak zauwazyc¢, iz poczatkowy
zapal naukowcOw ostabt po stwierdzeniu, ze zakazenia koronawirusem SARS
ograniczone byly do jednego sezonu. Prace nad nowymi lekami przeciwwirusowymi i
szczepionkami nie zostaly niejednokrotnie doprowadzone nawet do etapu badan
przedklinicznych 1 po dekadzie badan mozna stwierdzi¢, ze nie opracowano zadnych
nowych form terapii (Chiou i in., 2005; Gomersall i in., 2004; Pearson, 2005; Z. Yang i
in., 2005). Ceng tego zaniedbania populacja na calym §wiecie zaptacita w 2020 roku. Ten
rok stal si¢ data rozpoczynajaca pandemi¢ nowego wirusa SARS-CoV-2, ktoéry w
nastepstwie rozprzestrzeniania si¢ powodowat (i wcigz powoduje) chorob¢ COVID-19 u
ludzi. Nowy koronawirus SARS-CoV-2, wywolujacy ostry zespot oddechowy, zostal po
raz pierwszy zidentyfikowany w grudniu 2019 r. w Chinach (Zhu i in., 2020). Od
wybuchu pandemii rézne zrodla szczegdlowo opisywaly objawy i skutki zakazenia,
koncentrujac si¢ gtownie na powiktaniach oddechowych (V’kovski i in., 2021). Badacze
poczatkowo dotozyli wszelkich staran do stworzenia szczepionki, ktéra moglaby
ograniczy¢ zastraszajaca liczbg ofiar $miertelnych SARS-CoV-2 (Krammer, 2020; Lamb,
2021; Sahin i in., 2021). Z ogromnym sukcesem stworzono szczepionki oparte na
technologii mRNA (np. Moderna, Pfizer-BioNTech) oraz wektorowe (np. AstraZeneca,
Johnson&Johnson). Dzigki nim, miedzy grudniem 2020 r. a marcem 2023 r., w 34 z 54
panstw/terenow uwzglednionych w analizie szczepionek przeciwko COVID-19
zmniejszono liczbg zgonow ogdtem o 59% (zakres 17-82%), co szacuje si¢ na okoto 1 do
6 milionow uratowanych istnien ludzkich wsréd osob w wieku 25 lat lub starszych (96%
w wieku 60 lat lub starszych, a 52% w wieku 80 lat lub starszych; pierwsze dawki
przypominajace uratowaty 51% istnien ludzkich, a 60% uratowano w okresie dominacji

wariantu Omicron) (Meslé i in., 2024; Thibault Fiolet 1 in., 2021).

Pomimo tak wielkiego sukcesu, stopniowo pojawiato si¢ coraz wigcej doniesien
0 ogoblnoustrojowym dzialaniu wirusa, w szczegdlnosci na uktad nerwowy u pacjentéw
po przebytym zakazeniu. Czestymi neurologicznymi objawami zakazenia SARS-CoV-2
sg bole gtowy oraz zanik wechu 1 smaku. Mniej powszechne objawy, ktére notowano to:
drgawki, udar i pojedyncze przypadki zespét Guillaina-Barrégo (GBS, ostre zapalenie

demielinizacyjne ze wspoélistniejacg aksonalng neuropatia ruchowsg) (Kujawska i in.,

20



2023; Mendonga Filho i in., 2023; Robert Weissert, 2023; Whittaker i in., 2020).
Diagnozowane coraz czesciej, dlugotrwate powiktania neurologiczne jako efekt
zakazenia SARS-CoV-2, obligowaly do zintensyfikowania badan nad neurotropizmem
1 neuropatogennosciag koronawirusow. W efekcie opisano nowy zbidér objawow
chorobowych okreslany zbiorczo jako zespot dtugiego COVID-19 (ang. long COVID-19
syndrome) lub PASC (ang. post-acute sequelae of COVID-19). Termin ten odnosi si¢ do
objawéw klinicznych (najczesciej wymienianych: zmeczenie, oslabienie, dyspenia,
,mgla moézgowa”, ansomia, dysgeuzja, zawroty glowy, bole migsni i stawow), ktore
rozwijaja si¢ w trakcie lub po zakazeniu COVID-19 i trwajg przez co najmniej 12 tygodni.
W sumie opisano ponad 200 r6znych kombinacji objawow, ktorych pacjenci moga
doswiadcza¢ (Jarrott i in., 2022; Krahel i in., 2024; Merhavy i in., 2024). Ze wzgledu na
brak specyficznych testow dla tego zespotu, dlugi COVID jest obecnie diagnozowany na
podstawie wywiadu i badania zdrowia fizycznego (Meo i in., 2025). Z tego powodu
trudno jest odrézni¢ dtugi COVID od wtornego zakazenia SARS-CoV-2 lub aktywacji
wirusOw pozostajacych w stanie latencji, takich jak wirus opryszczki (HHV-1, ang.
human herpesvirus type 1) czy wirus ospy wietrznej (VZV, ang. varicella zoster virus)
(Barton i in., 2007; Mayla i in., 2025; Tome i in., 2025). Z tego samego powodu zaburzen
neurokognitywnych zwigzanych z COVID (CAND, ang. coronavirus associated
neurocognitive disorder) nie mozna tatwo oddzieli¢ od innych zaburzen poznawczych,
zarowno nowych, jak 1 wcze$niej wystepujacych u pacjentow (Panagea i in., 2025;
Watson i in., 2013). W tym celu, niezb¢dne wydawalo si¢ by¢ stworzenie nowych modeli
in vitro, odpowiednich do badania molekularnych mechanizméw neuropatogennosci

koronawirusow.

Warto wskazaé, iz jednym z lepiej poznanych przedstawicieli Coronaviridae jest
mysi wirus zapalenia watroby. Szczepy MHV charakteryzuja si¢ szerokim tropizmem, a
pojedyncze izolaty wywotuja zakazenia uktadu oddechowego, pokarmowego lub
nerwowego (Weiss 1 Leibowitz, 2011). Najchetniej badanymi sg szczepy neurotropowe
ze wzgledu na ich zdolnos¢ do wywolywania ostrego zapalenia mézgu oraz rdzenia
kregowego, z lub bez przewleklej demielinizacji aksonalnej (Bender i Weiss, 2010).
W kontekscie pandemii wywolanej przez innego przedstawiciela betakoronawirusow —
SARS-CoV-2, MHV okazuje si¢ by¢ doskonalym modelem do badania patogenezy,
w tym tropizmu i wirulencji, jak rowniez odpowiedzi immunologicznej gospodarza na

zakazenie (MHV byt juz wczesniej stosowany jako model dla SARS-CoV) (Matthews 1
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in., 2002; Sanclemente-Alaman i in., 2020). Ponadto, z uwagi na fakt, ze zakazenie
SARS-CoV-2 powoduje objawy neurologiczne, w tym znaczne uszkodzenia
osrodkowego uktadu nerwowego (OUN), szczepy MHV-A59 1 MHV-JHM moga by¢
wykorzystane jako model do zbadania mechanizmoéw wnikania wirusa do OUN
i wynikajacej z tego odpowiedzi immunologicznej gospodarza. Najwazniejsze
podobienstwa migdzy zakazeniem MHV u myszy a zakazeniem SARS-CoV-2 u ludzi
obejmujg: ich powinowactwo do opuszki wechowej (MHV-A59) i nablonek pecherzykow
phucnych (MHV-1), rozprzestrzenianie si¢ do mézgu powodujace objawy neurologiczne
(MHV-A59, MHV-JHM), rozw6j mikro zakrzepéw w watrobie (MHV) lub w mozgu
(SARS-CoV-2) oraz zdolno$¢ do modyfikacji odpowiedzi immunologicznej (Boylan i in.,
2023; Korner i in., 2020). Majac na wzgledzie wyzej wymienione cechy mysiego
koronawirusa oraz jego znaczne podobienstwo do SARS-CoV-2 oraz SARS-CoV mozna
wnioskowac, ze stanowi on bardzo dobry model badawczy do projektowania nowych
srodkéw leczniczych, ochrony osobistej czy poznawania szlakéw molekularnych
interakcji wirus-komorka in vitro. Dodatkowo uzyskane wyniki badan prezentowanych
W niniejszej rozprawie mozna ze znacznym prawdopodobienstwem zastosowac¢ w celu
poszerzania wiedzy do prewencji powiktan po zakazeniu SARS-CoV-2. Co wiecej, w
kontekscie badan nad MHV-JHM, nie ma wyczerpujacych doniesien na temat znaczenia
cytoszkieletu komoérkowego w zakazeniach przebiegajacych w OUN, a w szczegdlnos$ci
tych poruszajacych temat regulacji motoryki cytoszkieletu podczas wnikania wirusa do
komorki oraz uwalniania wiriond6w potomnych. Brakuje réwniez informacji na temat
wykorzystania 1 udziatu filamentéw aktynowych, mikrotubul czy neurofilamentow

posrednich w przebiegu zakazenia MHV-JHM (Wen i in., 2021).

Drugim koronawirusem, ktory zostal wykorzystany jako model badawczy, to
szczurzy koronawirus — SDAV. Wirus ten jest czynnikiem etiologicznym wywotujacym
czeste zakazenia wsrod szczurow laboratoryjnych (Bhatt 1 in., 1977; Jacoby, 1986; Maru
1 Sato, 1982). Objawy kliniczne zakazenia obejmujg zapalenie §linianek 1 gardta wraz z
obrzekiem, Swiattowstret oraz zmniejszong ptodnos$¢, a nawet encefalopati¢ (Kojima i in.,
1983; Percy i in., 1991). Nalezy podkresli¢, ze SDAV i inne gatunki szczurzych
koronawiruséw naleza do tego samego rodzaju, co wysoce epidemiczne/pandemiczne
1 najbardziej patogenne koronawirusy cztowieka, takie jak SARS-CoV, MERS-CoV czy
SARS-CoV-2. Wszystkie znane koronawirusy szczurOw naleza do rodzaju beta.

Betakoronawirusy obejmuja  pie¢  podrodzajéw:  Embecovirus,  Hibecovirus,
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Merbecovirus, Nobecovirus i Sarbecovirus. Gatunki podrodzaju Embecovirus zakazajace
szczury to SDAV, PRC (szczurzy koronawirus Parker’a), RCV-BCMM (szczurzy
koronawirus szczep BCMM), RCV-W (szczurzy koronawirus szczep W), RCV-NJ
(szczurzy koronawirus szczep NJ), RCV-CARS (szczurzy koronawirus szczep CARS)
i nowy ChRCoV HKU?24 (chinski koronawirus szczura domowego) (Walker i in., 2020).
Biorac pod uwage analiz¢ proteomiczng sekwencji biatka kolca (S), ktore charakteryzuje
si¢ wysoka zmiennoscia, wystepuje 86,3% podobienstwa do sekwencji izolowanych od
MHV-JHM, 65% do HCoV-HKU1 i HCoV-OC43 oraz 40,3% do MERS-CoV i 37,7% do
SARS-CoV-2 (UniProt Blast). Doniesienia te potwierdzaja stuszno$¢ wyboru tego
szczepu do badan nad neuropatogennoscig koronawiruséw oraz poglebienia wiedzy na

temat tego gatunku, ktérego uzycie w badaniach zostato istotnie ostatnio zaniedbane.

Znaczna wigkszo$¢ danych literaturowych o SDAV pochodzi z lat 80. 1 90.
Jedynie nieliczne badania zostaly opublikowane we wczesnych latach 2000 (na
podstawie: pubmed.ncbi.nlm.nih.gov). Zaskakujaco ich tematyka nie jest zwigzana z
neuropatogenezg. Tym samym brak jest informacji na ten temat w kontekscie zakazenia
szczurzym koronawirusem. Warto tutaj podkresli¢ fakt, iz glownym gospodarzem
zakazenia jest szczur (Compton, 2021; Jacoby, 1986). Szczury zamieszkuja duze
aglomeracje miejskie, powodujac znaczne zagrozenie epidemiczne. W przeciwienstwie
do najczesciej wskazywanego rezerwuaru i wektora SARS-CoV-2 - nietoperza, szczury
wystepuja licznie na catym $wiecie, a nie jedynie w rejonach tropikalnych czy
subtropikalnych (Zhang 1 in., 2021). Fakt ulatwionej zdolno$ci koronawiruséw do
przekraczania bariery gatunkowej oraz obecnosci gospodarza powszechnie
wystepujacego w bliskim otoczeniu cztowieka podkre§la konieczno$¢ prowadzenia
dalszych badan nad charakterystyka zakazen wywolanych przez SDAV. Szczegdtowa
analiza dostgpnej na ten czas literatury opisujacej SDAV zostala zamieszczona w artykule
przegladowym stanowigcym pierwsza publikacje wchodzaca w sktad cyklu
prezentowanej rozprawy doktorskiej (Bartak 1 in., 2021).

Zaproponowany model in vitro, ktory zostal specjalnie wystandaryzowany,
zaprojektowany 1 z sukcesem uzywany przez zesp6l Cymerys i wsp. (2010-2020)
(Cymerys, Chodkowski, 1 in., 2019; Cymerys i in., 2010, 2013, 2020; Cymerys,
Kowalczyk, 11n., 2019) pozwoli uzupetni¢ wiedze na temat interakcji betakoronawirusow
z komorkami OUN, tym samym umozliwi zbadanie roli cytoszkieletu (neuronow,

astrocytow) 1 odpowiedzi prozapalnej na zakazenie wirusem (mikroglej, astrocyty).
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Co wiecej, myszy szczepu BALB/c (H-29), z ktorych zostanie pozyskana hodowla
pierwotna, od lat stosowane s3 jako laboratoryjne zwierzeta modelowe. Dodatkowo
wykazuja one wrazliwo$¢ na zakazenie MHV-JHM jak i SDAV (Kojima i in., 1980;
Matthews 1 in., 2002; Percy i in., 1986). Warto doda¢, iz w pracach nad
neuropatogenno$cig wiruséw, w szczeg6lnosci koronawirusoOw, prowadzonych in vitro

niezwykle rzadko wykorzystywane sg pierwotne komorki nerwowe.

Podsumowujac braki literaturowe dotyczace zagadnienia zakazen o$rodkowego
uktadu nerwowego przez wspomniane gatunki koronawiruséw oraz wysoki potencjat
zoonotyczny SDAV, postanowiono podja¢ si¢ wyzwania poszerzenia wiedzy w tym

zakresie, wykorzystujac model hodowli pierwotnej in vitro komorek OUN.
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4. Cel, zakres pracy i hipotezy badawcze
W rozprawie przedstawiono nast¢pujace cele badawcze:

1. Zbadanie mechanizmow interakcji MHV-JHM i1 SDAV z komoérkami OUN in
Vitro:
i. Okreslenie efektow zakazenia neurondw, mikrogleju i astrocytow, poprzez
ustalenie rodzaju i czasu pojawienia si¢ efektu cytopatycznego.
ii. Rola cytoszkieletu komorek nerwowych podczas przebiegu zakazenia MH V-
JHM.
iii. Charakterystyka uwalniania wiriondow potomnych SDAV z komorek
nerwowych.
2. Okreslenie profilu cytokin wydzielanych przez komoérki astrocytow i mikrogleju
podczas zakazenia MHV-JHM i1 SDAV.
3. Wplyw zakazenia MHV-JHM oraz SDAV na produkcj¢ reaktywnych form tlenu i

zywotno$¢ astrocytow 1 mikrogleju.

W zwigzku z tym sformulowano hipoteze badawcza, ktora zaklada, ze (i)
cytoszkielet komorek nerwowych jest niezbedny do replikacji koronawirusow w OUN
(ii) zmiana ekspresji biatek komoérkowych takich jak VCP, jest niezbgdna podczas
replikacji 1 uwalniania z komorki (iii) zakazeniu towarzyszy produkcja cytokin
prozapalnych i przeciwzapalnych, ktorych poziom moze by¢ zalezny od intensywnosci i
czasu trwania zakazenia (iv) dtugotrwate zakazenie mikrogleju i astrocytow prowadzi do

zwigkszenia produkcji reaktywnych from tlenu 1 zmiany Zywotnosci tych komorek.

Zakres pracy doktorskiej obejmuje nastepujace zadania badawcze:

1. Namnozenie MHV-JHM 1 SDAV oraz okreslenie miana zakaznego
wirusow — odpowiednio TCIDso i PFU/mL, na modelu pierwotnej hodowli
mysich neurondw, astrocytow i mikrogleju in vitro.

2. Wykonanie testow cytotoksycznosci w celu ustalenia stosowanych stezen
inhibitorow 1 cytostatykow do okreslenia udziatu cytoszkieletu w
zakazeniu oraz mechanizmu uwalniania wirionow potomnych.

3. Ocena wplywu zakazenia MHV-JHM i SDAV na komoérki OUN poprzez
przyzyciowg obserwacje hodowli i analize preparatow mikroskopowych,

okreslajac efekt cytopatyczny (CPE).
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4. Okreslenie wpltywu zakazenia MHV-JHM na cytoszkielet (mikrotubule,

filamenty aktynowe) komodrek nerwowych in vitro oraz zbadanie udziatu
poszczegbdlnych jego elementow podczas replikacji MHV-JHM przez
zastosowanie odpowiednich inhibitorow — nokodazolu, noskapiny,
palitakselu, latrunkuliny A, cytochalazyny D, zaburzajacych synergi¢
cytoszkieletu.

Okreslenie sposobu uwalniania wiriondow potomnych z komorek
nerwowych w zakazeniu SDAV poprzez zbadanie roli biatka
zawierajacego walozyne (VCP, ang. valosin-containing protein) i
zastosowanie inhibitora udziatu VCP w procesie degradacji biatek
zaleznego od retikulum endoplazmatycznego (ERAD) w systemie pre- i
postinkubac;ji.

Oznaczenie profilu cytokin produkowanych w przebiegu zakazenia
dhlugoterminowego MHV i SDAV. Okre$lenie poziomu reaktywnych form
tlenu (ROS) 1 ocena procesu apoptozy astrocytow i mikrogleju po

zakazeniu.



5. Materialy i metody badan

Przedstawiona sekcja zostata opisana w sposob syntetyczny 1 zgodny z zadaniami
badawczymi, gdyz szczegdlowy opis metod i materiatdéw zostat zawarty w artykutach
sktadajacych si¢ na dysertacje. Kazda z metod wraz z materiatami zostata podzielona na

etapy, ktore odbywaly si¢ w czasie pracy nad poszczegdlnymi publikacjami:

Pierwszym etapem badan bylo okreslenie efektow zakazenia komorek OUN in
vitro. Hodowla pierwotna do zbadania zakazenia o etiologii koronawirusowej zostata
pozyskana z embriondéw mysich (stadium rozwoju E17) (neurony) oraz oseskow
(mikroglej i astrocyty) myszy szczepu BALB/c (H-2%). Procedure wykonano zgodnie z
opracowaniem zespotu Cymerys i wsp.(Cymerys, Chodkowski, i in., 2019; Cymerys i in.,
2010, 2012, 2014, 2020; Cymerys, Kowalczyk, 1 in., 2019), ktéry badat EHV-1, HSV-1
oraz HSV-2. Dla potwierdzenia uzyskania odpowiedniego stosunku komérkowego oraz
do oceny morfologii komoérek za kazdym razem przeprowadzono analiz¢ jakosciowa
metodami immunofluorescencji bezposredniej z zastosowaniem markeréw NeuN dla

neuronow, GFAP dla astrocytow 1 CD11b dla mikrogleju.

Wirusami uzytymi w badaniach byly MHV-JHM oraz SDAV szczep 682.
Koronawirus mysi, szczep neurotropowy MHV-JHM (VR-76513™, ATCC®) namnozono
w linii komérkowej mysich hepatocytow (NCTC, CCL-9.1™, ATCC®). Mediane dawki
zakaznej hodowli tkankowej (TCIDso) ustalono przy uzyciu metody Spearmana-Kérber
(Kérber, 1931). Wszystkie badania przeprowadzono z uzyciem wirusa na poziomie
drugiego pasazu i miana 107® TCIDso/mL. Drugi wykorzystany koronawirus,
Sialodacryoadenitis szczep 682 (dalej wspominany jako SDAV), uzyskany zostat dzigki
uprzejmosci prof. Susan Compton z Uniwersytetu w Yale w Stanach Zjednoczonych
i namnozony w komoérkach nabtonka ptuca szczura (L-2, CCL-149™, ATCC®). Miano
ustalono metoda Gaertnera (Gaertner 1 in., 1993). Wszystkie badania przeprowadzono z
uzyciem wirusa na poziomie trzeciego pasazu i miana 10%® PFU/mL. Przygotowane
zawiesiny wirusowe przechowywano w temperaturze -80°C do momentu wykorzystania

w badaniach.

Zakazenie hodowli komorkowych zawiesing MHV-JHM lub SDAV
przeprowadzono z godzinng adsorbcjg wirusa. Kolejno zawiesine odciggano i dodawano
swiezy plyn hodowlany przeznaczony dla odpowiedniej hodowli komoérkowej. Zakazone

hodowle komorkowe inkubowano w warunkach i w czasie zgodnych z potrzebami
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kazdego z do$wiadczen. Do obserwacji efektu zakazenia (ocena CPE, ang. cytopathic
effect) hodowli pierwotnej mysich neuronow, astrocytéw i mikrogleju wirusem MHV-
JHM lub SDAV wykorzystywano system do przyzyciowej obserwacji komorek Juli™Br
(Real-time cell growth analysis system; NanoEnTek Inc). Umozliwia on monitorowanie
w czasie rzeczywistym zmian zachodzacych w hodowli, bez narazania na zmiang
warunkow mogacych powodowaé zaburzenia w ocenie poziomu pokrycia hodowli
1 zywotnosci komorek. Dodatkowo stosowano  technik¢  barwienia
immunofluorescencjnego antygenu wirusowego i biatek komorkowych oraz obrazowania
za  pomoca mikroskopii  konfokalnej  klasycznej 1  zautomatyzowanej

wysokoprzepustowe;.

Drugi etap badan zostat poswiecony okresleniu wplywu zakazenia MHV-JHM
na poszczegoélne elementy cytoszkieletu neurondow hodowanych in vitro. W celu
okreslenia roli danej struktury cytoszkieletu oraz jej udzialu w replikacji uzyto
inhibitoréw, ktore zaklocaty prawidtowe funkcjonowanie badanych elementow
cytoszkieletu. Byly to toksyny produkowane m.in. przez bakterie lub grzyby. Do
filamentéw aktynowych uzyto inhibitoréw: latrunkulina A (Sigma Aldrich®) oraz
cytochalazyna D (Sigma Aldrich®), a do mikrotubuli: nokodazol (Sigma Aldrich®),
noskapina (ThermoFisher®), paklitaksel (ThermoFisher™) oraz iwermektyna (Sigma
Aldrich®). Pierwotne hodowle neuronéw, po zréznicowaniu (dziefi 14) i na odpowiednim
poziomie pokrycia hodowli (min. 70%), byly poddawane pre- i1 postinkubacji
inhibitorami (nokodazolem 30uM/mL; cytochalazyng D 10uM/mL; latrunkuling A
10uM/mL; noskaping 75uM/mL; palitakselem 10uM/mL. Podczas metody preinkubac;ji,
komorki inkubowano przez 1 godzing z pozadanym inhibitorem w temperaturze 37°C,
5% COz2, a nastgpnie zakazano. Po zakazeniu ptyn hodowlany zastgpiono $wiezym.
W metodzie postinkubacji komorki zakazano MHV-JHM przez 1 godzing w temperaturze
37°C, 5% CO». Nastgpnie komoérki pozostawiano do inkubacji w $wiezym plynie
hodowlanym zawierajacym wymienione inhibitory (Ryc. 1). W przypadku analizy
jakosciowej efekt oceniano za pomoca mikroskopii konfokalnej (ocena morfologiczna
zmian w cytoszkielecie komorkowym po zakazeniu MHV-JHM) oraz ilosciowo przy
pomocy techniki RT-qPCR (startery zostaly uwzglednione w Tabeli 1) (poziom replikacji
MHV-JHM przed uzyciem inhibitoréw i po traktowaniu komorek). Aby upewnic sig, ze
obserwowany efekt nie wynika z oddzialywania cytotoksycznego inhibitorow, Zywotno$¢

komorek okreslono testem XTT (Roche, Cell Proliferation Kit II).
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metoda
preinkubaciji

inhibitor
metoda

postinkubacji

zakazenie hodowli
komorkowej

a8 = E 1 godz.
— T

komoérkowej

adsorbcja wirusa

g 1 godz.
5% O g 37°C

usuniecie inhibitora ——»
zakazenie hodowli

usunigcie zawiesiny wirusa
dodanie $wiezego ptynu =
hodowlanego z inhibitorem -

adsorbcja wirusa

!l! usunigcie zawiesiny wirusa

dodanie $wiezego
z 1godz.  plynu hodowlanego

5% &37'()

inhibitor

inkubacja

5% gsrc

inkubacja

5% Q&“'C

Rycina 1. Schemat przedstawiajacy metodg pre- oraz postinkubacji z inhibitorami

komoérkowymi.

Tabela 1. Startery 1 sekwencja sondy wykorzystane do RT-qPCR.

Starter Sekwencja AC_000192.1 zakres regionu Dlugo$é produktu
MHV_L_full TTGGCTTGTGAGTGACGCCTG 28571 -28 591

MHV_R_full GCGCATACACGCAATTGAACAT 39376 -29 355 were

MHV L v2 GTATGGTATGTGGGGCAGATTA 28 906 — 28 927

MHV R v2 GTTTAATAGACGCAAGGAAGGC 28 993-28 972 e
Probe 5" 6-FAM 3°

TAMRA AGTCGCAGTGTGTTTGATGGTCACC 28935 -28 959 Nie dotyczy

Trzeci etap badan dotyczyl scharakteryzowania procesu uwalniania wirionéw

potomnych SDAV z neuronéw hodowanych in vitro. Do realizacji tego etapu postuzylo

istotne w procesie replikacji 1 uwalniania wiriondw potomnych z endosomow VCP (Q.

Wang i in., 2010). Dodatkowo sprawdzono wplyw inhibitora, Eeyarestatyny I (Eerl),

oddziatujgcego na VCP na szlaku ERAD (w st¢zeniu 5 pM/mL 1 25 pM/mL ustalonym w

teScie XTT (Roche, Cell Proliferation Kit II, w systemie wyzej opisanej pre- i

postinkubacji (Ryc.1)) na wydajno$¢ uwalniania wirionow potomnych z komorki.

Analiza jakoSciowa zakazenia zostala oceniona za pomoca mikroskopii konfokalnej

(analiza morfologiczna komoérek po zakazeniu SDAV oraz odzialywania z VCP) i
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przyzyciowego systemu monitoringu hodowli komodrkowej (ocena morfologiczna
1 zywotno$ci komorek pierwotnych neuronéw po miesigcu od zakazenia SDAV), oraz
ilosciowo przy pomocy techniki analizy wysoko przepustowej z wykorzystaniem
mikroskopéw Operetta® CLS™ (Revvity™) oraz Array Scan XTI (ThermoFisher™).
Do analizy uzyto programu HCS studio software (wersja 2.0) do wyznaczenia obszarow
z pozadang immunofluorescencja (w tym jednostek tworzacych ognisko FFU/mL) oraz
Harmony software (wersja 4.9) do wyliczenia ilo$§¢ antygenu wirusowego SDAV
1 antygenu VCP przed uzyciem inhibitoréw i po traktowaniu komorek (okreslona jako
srednia fluorescencja zliczana ze wszystkich komorek w dotku hodowlanym lub ilo$ci
punktéow korespondujacych z sygnalem odpowiedniego antygenu na pojedyncza

komorke).

Ostatni czwarty etap badan zostal poswigcony odpowiedzi komorkowej, a w
szczegolnosci wyrzutowi cytokin stanowigcych gtowny element neuropatogenezy chordb
o etiologii wirusowej. Astrocyty, najliczniejsze komorki w OUN, sa heterogeniczne
1 wielofunkcyjne, a niedawno odkryto, Zze sa czesciag glejowego ukladu limfatycznego
(glimfatycznego) OUN, podobnie jak mikroglej (Domingues i in., 2016). W tym etapie
zbadany zostal wptyw zakazenia MHV-JHM i1 SDAV na mikroglej i astrocyty hodowane
in vitro poprzez analiz¢ produkcji ROS, cytokin i chemokin oraz $mierci komoérek, w
przebiegu miesiecznego zakazenia. W tym celu wykorzystano metody jako$ciowe -
mikroskopi¢ konfokalng (analiza morfologii pierwotnej hodowli i okreslenie fenotypu
przy uzyciu markeréw dla komorek OUN — GFAP dla astrocytow, NeuN dla neuronow
1 CD11b dla mikrogleju oraz ocena produkcji ROS po zakazeniu MHV-JHM 1 SDAV)
oraz metody ilosciowe - cytometri¢ przeplywowa (ocena fenotypu pierwotnej hodowli
komorkowe; w 7 1 14 dniu hodowli oraz ocena Zywotnosci, $mierci komorki
1 wytwarzanych ROS po miesigcu od zakazenia), wysokoprzepustowy test
immunologiczny (ProcartaPlex™ Mouse Immune Monitoring Panel, 48plex,
ThermoFisher™) dla 48 cytokin i chemokin odczytany przy pomocy systemu Luminex®
(Tabela 2) oraz klasyczny test ELISA dla wybranych cytokin (IL-4, IL-5, IL-6, IL-10 IL-
17, TNF alfa, Mouse DuoSet®, RiD Systems) z ptynu pobranego znad hodowli podczas

miesigcznego zakazenia mikrogleju i astrocytow.
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Tabela 2. Lista 48 biatek sktadajacych si¢ na zestaw ProcartPlex™ Mouse

Immune Monitoring Panel (Thermofisher™).

Typ Lista

BAFF, G-CSF (CSF-3), GM-CSF, IFN alfa, IFN gamma, IL-1 alfa, IL-1
beta, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12p70, IL-13, IL-
15/IL-15R, IL-17A (CTLA-8), IL-18, IL-19, 1L-22, 1L-23, IL-25 (IL-
17E), IL-27, IL-28, IL-31, IL-33, LIF18, M-CSF, RANKL, TNF alfa

Cytokiny

ENA-78 (CXCL5), Eotaxin (CCL11), GRO alfa (CXCL1), IP-10
Chemokiny (CXCL10), MCP-1 (CCL2), MCP-3 (CCL7), MIP-1 alfa (CCL3), MIP-1
beta (CCL4), MIP-2, RANTES (CCL5)

Czynniki/ regulatory ] )
Betacelulina (BTC), Leptin, VEGF-A

wzrostu

Receptory IL-2R, IL-7R alfa, IL-33R (ST2)

Analiza statystyczna i graficzne opracowanie wynikéow

W kazdym, z prezentowanych artykutow oryginalnych wyniki zostaty poddane
analizie statystycznej jednoczynnikowg lub dwuczynnikowg analizg wariancji (ANOVA)
z testem post-hoc (Tukey lub Dunnet) oraz przy uzyciu testdéw nieparametrycznych
Kruskal-Wallis i Friedman z testem post-hoc (Dunn) lub niesparowanym testem t
studenta z wykorzystaniem granicznej wartosci p 1 korekty wielokrotnych poréwnan
Sidak-Bonerroni. Analizy zostaly wykonane przy pomocy programu GraphPad™
(wersja, 9.4.0 (453), GraphPad Software Inc.). Kazdy z eksperymentow byt wykonany
przynajmniej w trzech powtdrzeniach biologicznych i technicznych. Wyniki uzyskane dla
komorek zakazonych byly porownywane do komodrek niezakazonych, podobnie, jesli
komorki byly traktowane zwigzkami wptywajacymi na replikacje wiruséw, zmiany
porownywano mi¢dzy grupami traktowanymi i nietraktowanymi. Roznice statystyczne
uwazano za wysoce istotne przy p < 0,001, za istotne dla p < 0,05 1 p < 0,01 oraz jako

nieistotne dla p > 0,05.
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Tabela 3. Zestawienie wykorzystanych przeciwciat i barwnikéw uzytych do badan w

prezentowanych trzech publikacjach oryginalnych.

Struktura
Nazwa Producent Stezenie
barwiona/marker
I rzgdowe mAb mysie anty— SARS-
CoV/SARS-CoV-2 Spike Protein S2 (1A9) wirus, biatko kolca ) 111l rzedowe Ab
. K ThermoFisher™
11 rzedowe Ab kozie anty—mysie Alexa Fluor | (Podjednostka S2) 1:250
488
I rzgdowe mAb mysie anty—-SARS/SARS-
CoV-2 N protein I rzedowe Ab 1:200
II rzgdowe Ab:
¢ wirus, biatko N N II rzgdowe Ab
a) kozie anty—mysie AlexaFluor™ nukleokapsydu (N) ThermoFisher 2) 1:500
488 ’
b) kozie anty—mysie TexasRed b) 1:1000
mAb. mysie anty-GFAP — Alexa Fluor 488 astrocyty ThermoFisher™ 1:100
(koniugat)
mADb mysie anty-CD11b — APC (koniugat) mikroglej ThermoFisher™ 1:100
[ rzgdowe Ab
I rzgdowe mAb mysie anty-CNP 1:100
; _mvsi oligodendrocyty ThermoFisher™ '
1614r72¢d0we Ab kozie anty-mysie Alexa Fluor I rzedowe Ab
1:250
[ rzgdowe Ab
I rzgdowe mAb mysie anty-NeuN 1:100
: _ : neurony ThermoFisher™
1614r7zqdowe AD kozie anty-mysie Alexa Fluor 11 rzgdowe Ab
1:250
Falloidyna — TRITC (koniugat) F-aktyna Sigma-Aldrich 500 pg/mL

I rzgdowe mAb krélicze anty—beta-tubulin
I

I rzedowe Ab 1:200

beta-tubulina IIT Sigma Aldrich
II rzedowe Ab kozie anty-krolicze Texas Red I rzgdowe Ab 1:2000
I rzedowe
I rzgdowe mAD krélicze anty-VCP 1:500 TF
11 rzedowe Ab kozie anty-krolicze Texas VCp ThermoFisher™ 1:1000 WB
Red™.-X II rzedowe
1:500
I rzgdowe mAb mysie anty-GAPDH . 1 11 rzedowe Ab
II rzgdowe krolicze anty-mysie-HRP GAPDH ThermoFisher™
‘ 1:5000 WB
(koniugat)
reszty N-acetylo-D-
Aglutynina kielkow pszenicy -wheat germ glukozaminy i kwasu
agglutinin (WGA) — Alexa Fluor™ 647 sialowego ThermoFisher™ 10pg/mL
(koniugat)
(btony komérkowe)
Hoechst 33258 jadro komorkowe ThermoFisher™ lpug/mL
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6. Najwazniejsze wyniki badan

6.1. Publikacja I

Bartak, M., Baska, P., Chodkowski, M., Tyminska, B., Banbura, M. W., i Cymerys,
J. (2024). Neurons cytoskeletal architecture remodeling during the replication cycle
of mouse coronavirus MHV-JHM: a morphological in vitro study. BMC veterinary
research, 20(1), 18. https://doi.org/10.1186/s12917-023-03813-y

W pierwszym artykule oryginalnym zrealizowane zostaty pierwsze cztery zadania
badawcze dotyczace MHV-JHM. Celem badania byta charakterystyka morfologiczna
mikrofilamentow aktynowych i1 mikrotubul oraz sprawdzenie wplywu wybranych
zwigzkow chemicznych zaburzajacych ukiad cytoszkieletu komorkowego na zakazenie
MHV-JHM w pierwotnych neuronach pochodzacych od myszy Balb/c(H-d?). Obserwacja
morfologii (mikroskopia konfokalna, przyzyciowa ocena zywotnosci neuronow) zostata
poprzedzona analizg ilo§ciowa (RT-qPCR) weryfikujaca poziom replikacji wirusa (ilo$¢
kopii/pg RNA) przed i po potraktowaniu komoérek inhibitorami wptywajacymi na
dystrybucje¢ filamentéw aktynowych i mikrotubul.

Wyniki badan zwigzanych z filamentami aktynowi oraz ich udziatem w zakazeniu
MHV-JHM potwierdzity nieprzewidywalng natur¢ rodziny Coronaviridae. W
poczatkowe] fazie zakazenia zaobserwowano dynamiczng reorganizacje F-aktyny
(filamenty aktynowe), ktora czeSciowo ulatwiata wniknigcie wirionow MHV-JHM do
ciala neuronu (somy) (Publikacja I, Ryc. 4, 5, 6). W 2 godz. p.z., zaobserwowano
kondensacje filamentéw aktynowych w postaci pierscieni podbtonowych (Publikacja I,
Ryc. 5A, a" zielony grot strzatki; Ryc. 6A, biata gwiazdka) 1 jej rozluZnienia w strefie
okotojadrowej (Publikacja I, Ryc. 5A, a”, biata gwiazdka; Ryc. 6A, zblta strzatka).
Zauwazalne byly réwniez liczne antygeny wirusowe w dlugich wypustkach zwanych
filopodiami (Ryc. 5A, a”, bialy grot strzalki) oraz nagromadzenie si¢ antygenu
wirusowego w obszarze okotojadrowym (Publikacja I, Ryc. 5A, a’, zotty kwadrat, zielony
grot strzalki). Liczne zmiany w morfologii komorek zostaty zaobserwowane po 24 godz.
p.z, po pelnym cyklu replikacyjnym wirusa. Neurony pierwotne po zakazeniu MHV-JHM
tworzyly liczne polaczenia migdzykomorkowe w postaci podtuznych filamentow
aktynowych, stuzacych prawdopodobnie do transportu czastek wirusowych (Publikacja
I, Ryc. 5B, b’, biate groty strzalek). Co wigcej, dostrzezono liczne struktury nanorurek
(TNT, ang. tunneling nanotubes), w ktorych obserwowano antygeny MHV-JHM, przez
caly okres zakazenia (Publikacja I, Ryc. 5B, b” zielone groty strzatek, zotty kwadrat).
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Mozna byto wyrdzni¢ struktury cienkich mostow i grubszych potaczen TNT (Publikacja
I, Ryc. 5B, b’, b, biale groty strzatek) Co ciekawe, najwigksza liczba tych struktur
aktynowych pojawita si¢ po 168 godz. p.z. (Publikacja I, Ryc. SE, e, bialy grot strzafki,
70ty kwadrat). Inne zaobserwowane zmiany morfologiczne obejmowaly: zmniejszenie
liczby dlugich wypustek na rzecz krétkich (Publikacja I, Ryc. 5C, ¢’, ¢”, biale gwiazdki)
1 tworzace si¢ obwodowe widkna naprezeniowe w postaci silnie skondensowanych
wilokien F-aktyny po 48 godz. p.z. (Publikacja I, Ryc. 5C, ¢’, ¢, z6lte groty strzalek)
oraz defragmentacja sieci wiokien aktynowych z wystepujacag silnie skondensowang
F-aktyng w miejscach duzego nagromadzeniem antygenu wirusowego, obecnego w
regionie okotojadrowym po 72 godz. p.z. (Publikacja I, Ryc. 5D, d’, d”’). Prawidlowa
dynamika struktury filamentéw aktynowych zostata przywrdcona po 168 godz. p.z.
(Publikacja I, Ryc. 5SE). Zaobserwowano w tym czasie ciekawe struktury wskazujace na
efekt cytopatyczny w postaci tak zwanej ,,sieci pajeczej” (Publikacja I, Ryc. SE, e, z6tty
kwadrat), w ktorych nie doszto do depolimeryzacji aktyny oraz klasycznych syncytiow
(Publikacja I, Ryc. SE, e”, zotty grot strzalki). Znaczna liczba struktur TNT, taczyta ze
soba dwie odlegte komorki nerwowe shuzac jako swoista droga dla przemieszczajacego
si¢ antygenu wirusowego (Publikacja I, Ryc. 7A, a”, biale strzatki). Analiza kolokalizacji
ilosciowej antygenu wirusowego i struktury TNT podczas catego zakazenia wykazata
wysokie wartosci (PCC = 0,73 £ 0,18; M1 = M2 = 0,93), podkreslajac istotnos¢ tej
struktury w przebiegu zakazenia MHV-JHM (Publikacja I, Ryc. 8).

Analogicznie przeprowadzono analize ilosciowa RT-qPCR, aby potwierdzi¢ role
cytoszkieletu aktynowego w zakazeniu MHV-JHM 2z uzyciem inhibitoréw -
cytochalazyny D i latrunkuliny A (Publikacja I, Ryc.11). Te dwa inhibitory, zmieniajace
polimeryzacj¢ aktyny, nie wplyngly na wydajnos¢ wnikania wirusa do komorki
(po 2 godz. p.z.), oraz efektywnos¢ replikacji MHV-JHM w 24 godz. p.z. w poréwnaniu
do komorek zakazonych nietraktowanych. W pdzniejszych etapach zakazenia — po 72
godz. p.z., efekt obnizajacy wydajnos¢ replikacji MHV-JHM byt widoczny przez spadek
o trzy logarytmy liczby kopi wirusa po zastosowaniu cytochalazyny D w postinkubacji
(6,1x10%) i latrunkuliny A w preinkubacji (8x10%), w poréwnaniu do kontroli

nietraktowanej (1,2x107).

Analizujgc wyniki badan dotyczacych udzialu mikrotubul w zakazeniu MHV-
JHM w neuronach, dowiedziono, ze odgrywaja one niezwykle istotng role podczas

zakazenia. Interpretacja zdje¢ z mikroskopu konfokalnego pozwolita dostrzec
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przemieszczajace si¢ wiriony (antygen biatka nukleokapsydu) migdzy neuronami w
dhugich wypustkach aksonalnych i neurytach, juz po 2 godz. p.z. (Publikacja I, Ryc.10A,
zielone groty strzatek i1 zotty prostokat). Co ciekawe, w 48 godz. p.z. (Publikacja I, Ryc.
10C, ¢’, ¢ 261ty kwadrat, z6tte 1 biale groty strzatek) 1 w 72 godz. p.z. (Publikacja I, Ryc.
10D, d zotte i zielone groty strzatek) obecno§¢ MHV-JHM wyraznie wplyneta na
zaburzenie uktadu mikrotubul, prowadzac do ich depolimeryzacji, degradacji komoérek
1 tworzenia syncytiow (Publikacja I, Ryc.10C, ¢”, ¢”, zotty kwadrat, biate groty strzatek).
Pomimo tych zmian, komorki nadal byty zdolne do transportu wirionoéw potomnych.
Neurony wcigz wytwarzaly dlugie wypustki, a wiriony gromadzity si¢ w
charakterystycznych strukturach cystern zlokalizowanych w neurytach (Publikacja I,
Ryc. 10D, d”, fioletowe groty strzalek). W czasie 168 godz. p.z. antygen wirusowy wciaz
byl obecny w duzych ilosciach 1 wspotwystepowat ze strukturami mikrotubul, ktére
pozostaly nienaruszone, a komorki nie ulegty degradacji (Publikacja I, Ryc. 10E, e’, ),

w poréwnaniu do komorek niezakazonych (Publikacja I, Ryc. 8).

Wyniki otrzymane z analizy obrazéw z mikroskopu konfokalnego zostaly
potwierdzone przez RT-qPCR, podobnie jak w przypadku analizy cytoszkieletu
aktynowego. Po pre- i postinkubacji z czynnikiem depolimeryzujacym mikrotubule —
nokodazolem, czynnikiem = stabilizujagcym — noskaping oraz paklitakselem,
zaobserwowano znaczne ograniczenie poziomu replikacji MHV-JHM (Publikacja I,
Ryc.11). Najbardziej obiecujace wyniki uzyskano podczas postinkubacji z noskaping w
72 godz. p.z., gdzie nastapit spadek o cztery logarytmy (7,6x10%), w poréwnaniu do
kontroli nietraktowanej zakazonej (1,2x107) oraz stosujac preinkubacje z nokodazolem
(2,3x10%) w 168 godz. p.z., gdzie nastapit spadek o szes¢ logarytméw, w poréwnaniu do

kontroli pozytywnej (10'°).

Podsumowujac, badanie potwierdzilo, ze MHV-JHM w czasie tygodniowego
zakazenia nie powoduje degradacji komodrek pierwotnej hodowli neurondéw mysich, 1
wpltywa na strukture cytoszkieletu od momentu wniknigcia wirusa az do uwolnienia
wirionow potomnych (Publikacja I, Ryc. 3). Struktury TNT, sg wykorzystywane podczas
transportu mie¢dzy-komorkowego MHV-JHM, unikajacego uaktywnienia odpowiedzi
komorkowej. Dzigki zastosowaniu inhibitorow aktyny stwierdzono, ze cytoszkielet
aktynowy odgrywa istotniejszg role przy sktadaniu 1 wychodzeniu wirionow potomnych
z neuronéw. Natomiast mikrotubule petnig gldwna role w wewnatrzkomorkowym

transporcie wirionoOw MHV-JHM do miejsca replikacji, a nastgpnie migdzy komorkami.
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Odkrycie to zostalo potwierdzone dzigki zastosowaniu inhibitoréw noskapiny

1 nokodazolu, ktére skutecznie zmniejszyty replikacje MHV-JHM w neuronach.
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6.2. Publikacja II

Bartak, M., Krahel, W. D., Chodkowski, M., Grel, H., Walczak, J., Pallepati, A.,
Komorowski, M., i Cymerys, J. (2024). ATPase Valosin-Containing Protein (VCP)
Is Involved During the Replication and Egress of Sialodacryoadenitis Virus (SDAV)
in Neurons. International journal of molecular sciences, 25(21), 11633.
https://doi.org/10.3390/ijms252111633

W drugim artykule oryginalnym zrealizowane zostaly pierwsze trzy zadania
badawcze dotyczace SDAV oraz zadanie pigte. W celu ustalenia, w jaki sposob SDAV
uzyskuje dostep do neurondéw i jak nastgpnie je opuszcza, skupiono si¢ na matej
czasteczce, ATPazie, biatku zawierajacym walozyne (VCP, ang. valosin containing
protein). VCP jest znane ze swojej funkcji w proteasomalnej degradacji biatek, w tym
biatek pochodzenia wirusowego, za posrednictwem ubikwityny. Do sprawdzenia
hipotezy o potencjalnym wpltywie VCP na replikacje i uwalnianie si¢ wirionow
potomnych SDAV, zastosowano wysokoprzepustowa mikroskopi¢ konfokalng
(Operetta® CLS™ i Array Scan XTI HCS). Okre$lono miano wirusa (FFU/mL), ilo$¢
antygenow wirusowych (Srednia fluorescencji oraz liczba punktow sygnatu
fluorescencyjnego antygenu wirusowego na komorke) oraz ilo§¢ biatka VCP ($rednia
fluorescencji oraz liczba punktow sygnatu fluorescencyjnego antygenu VCP na
komorke). W celu ustalenia wzglednej produkcji VCP zastosowano rowniez analizg
Western blot. Przeprowadzono obrazowanie w czasie rzeczywistym komorek zakazonych

SDAV (JuliBR™) i analiz¢ morfologii komorek w mikroskopie konfokalnym.

Jako pierwsza przeprowadzono analize¢ przyzyciowa hodowli pierwotnych
neuronow, ktéra umozliwita potwierdzenie zakazenia SDAV i produktywna replikacje
bez konieczno$ci adaptacji. Jest to pierwsza tego typu obserwacja zakazonych przez
SDAV mysich neuronow pierwotnych in vitro. Obecno$¢ wirusa wykryto w postaci
syncytialnego, ogniskowego oraz rozproszonego efektu cytopatycznego (Publikacja II,
Ryc. 1A, czerwone strzatki). Warto$¢ miana wirusa byta wysoka i1 osiggata warto§¢ PFU
= 10° oraz logl10 FFU/mL = 2,193 + 0,15 (Publikacja II, Ryc. 2A, B). Istotnym jest, Ze
obserwacj¢ zakazonej pierwotnej hodowli neuronow prowadzono przez miesigc (672
godziny), w czasie ktdrego nie zanotowano drastycznego obnizenia zywotno$ci
neurondw, a pierwszy, syncytialny efekt cytopatyczny, pojawit si¢ po 276 godz. p.z. Drugi
efekt replikacji SDAV w neuronach - efekt cytopatyczny ogniskowy, odnotowano po 454
godz. p.z., przy jednoczesnym obnizeniu pokrycia hodowli neuronéw do 83% w

porownaniu do punktu poczatkowego monitorowania zywotnosci (97,66%) (Publikacja
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II, Ryc. 1A,B, czerwone strzatki). Hodowla neurondéw po 628 godz. p.z., utrzymata
pokrycie na poziomie 23,9%. Po 672 godz. p.z. nastapil nagly spadek do poziomu 6%,
natomiast nadal widoczne byly neurony, charakteryzujace si¢ poprawng morfologig.
(Publikacja II, Ryc. 1A, B, pomaranczowa strzatka). Po ustaleniu wykorzystywanego
miana wirusowego przeprowadzono ilosciowa ocene replikacji SDAV w neuronach w
ciggu 24 godzin z uwzglednieniem czaséw od 0 do 4 godzin dla przesledzenia kinetyki
transportu wirusa do komoérek. Zastosowano wysokoprzepustowa mikroskopie
konfokalng 1 pomiar $redniej intensywnosci fluorescencji odpowiadajacej znakowanemu
biatku nukleokapsydu (N) SDAV (Rycina 3A, B). Analiza wykazala, ze w poréwnaniu z
komoérkami ocenianymi w 0 godz. p.z. (czas po adsorpcji wirusa do komorki)
zaobserwowano wysoce istotny statystycznie (*** p < 0,001) wzrost Sredniej
intensywnos$ci fluorescencji po 24 godz. p.z. (n=400), potwierdzajacy skuteczne
wniknigcie SDAV do neuronéw oraz zakonczenie pelnego cyklu replikacyjnego wirusa
(Publikacja II, Ryc. 3B). Analiza morfologiczna zdj¢¢ z mikroskopu konfokalnego, po 24
godz. p.z., umozliwita obserwacj¢ antygenu wirusowego zlokalizowanego w okolicy
podblonowej neuronéw oraz przemieszczajacego si¢ wzdhuz neurytéw do sasiednich

komorek (Publikacja I1, Ryc. 4C, a, biale strzatki).

Kolejnym etapem tego badania byto sprawdzenie roli VCP w replikacji SDAYV, co
rozpoczeto od okreslenia jego poziomu (intensywno$¢ fluorescencji) w zakazonych
komorkach pierwotnych neuronach, przez 24 godziny w odniesieniu do komorek
niezakazonych (Publikacja I, Ryc. 5A, B). Zaobserwowano wysoce istotny statystycznie
(** p < 0,01) wzrost $redniej intensywnosci fluorescencji odpowiadajacej VCP po 24
godz. p.z., co moze sugerowaé zwickszong produkcje tego biatka w neuronach w wyniku
zakazenia SDAV (Publikacja II, Ryc. 5B). Podobng zalezno$¢ zauwazono po analizie
morfologicznej zdje¢ konfokalnych, gdzie intensywna fluorescencja odpowiadajaca
sygnatowi biatka VCP wspoélwystgpowala z sygnatem emitowanym przez biatko
wirusowe w obszarze okotojadrowym (Publikacja II, Ryc. 4C, zotta strzatka).
Przeprowadzona analiz¢ Western blot potwierdzita zmiang¢ w ilosci VCP podczas
24-godzinnego zakazenia. Odnotowano istotny statystycznie (* p < 0,05) wzrost
wzglednej produkcji VCP w komorkach zakazonych (12 + 1,1), w poréwnaniu do
komorek kontrolnych niezakazonych (9 + 0,98) (Publikacja II, Ryc. 7C, D).
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Nastepnie, po zaobserwowaniu tej zalezno$ci, istotne byto sprawdzenie roli VCP w
procesie replikacji SDAV, ze szczegdlnym uwzglednieniem etapu jego zaangazowania
podczas wewnatrzkomorkowej syntezie wirionéw potomnych. W tym celu zastosowano
inhibitor VCP — Eeyarestatyn¢ [ (Eerl), w systemie pre- i postinkubacji (Ryc.1).
Relatywny poziom produkcji biatka po inkubacji z Eerl spadl, istotnie statystycznie
(p < 0,05), w obu metodach inkubacji, w porownaniu do pozytywnej zakazonej kontroli
(preinkubacja z Eerl o stezeniu 5 uM/mL (10 £ 1,1 vs. 12 £ 1,1), 25 uM/mL (9 £ 0,95 vs.
12 £ 1,1) 1 postinkubacja z 5 uM/mL (8,7 £ 0,4 vs. 12+ 1,1) 125 uM/mL (5 £ 1,0 vs. 12
+ 1,1)) (Publikacja II, Ryc. 7C, D). IloSciowa analiza wysokoprzepustowej mikroskopii
konfokalnej (Operetta® CLS™) ujawnita wysoce istotny statystycznie (*** p < 0,001)
wzrost poziomu VCP w grupie kontrolnej zakazonej, nietraktowanej inhibitorem Eerl, po
24 godz. p.z. w poréwnaniu do komorek kontrolnych niezakazonych (29,96 + 9,35 vs.
9,52 + 6,1) (Publikacja II, Ryc. 8C). Istotny statystycznie spadek (** p < 0,05) w
porownaniu do kontroli pozytywnej wystapit jedynie po postinkubacji z 5 uM/mL Eerl
po zakazeniu (29,96 £+ 9,35 vs. 14,61 + 4,19) (Publikacja II, Ryc. 8C). W pozostatych
warunkach inkubacji nie zaobserwowano istotnych zmian poziomu produkcji VCP, co
moze wynikaé z dzialania Eerl, jego powinowactwa do retikulum endoplazmatycznego
oraz braku mozliwosci oddziatywania z VCP zlokalizowanymi w innych organellach lub
cytoplazmie W kontekscie analizy ilo$ci sygnalu korespondujacego z biatkiem N SDAV
po traktowaniu Eerl zaobserwowano wysoce istotny statystycznie (** p < 0,01) spadek
liczby punktoéw sygnatu na komoérke w metodzie preinkubacji 25 pM/mL (69,07 + 12,5)
Eerl oraz postinkubacji z 5 pM/mL (63,17 = 11,5) Eerl, w poréwnaniu do kontroli
pozytywnej (zakazonej, nietraktowanej) (153,87 + 26,7) (Publikacja II, Ryc. 8&B).
Wskazuje to na prawdopodobny udzial VCP w p6zniejszym etapie replikacji — podczas
uwalniania strukturalnych biatek wirusowych z retikulum endoplazmatycznego.
Interesujaca obserwacja, potwierdzajaca rolg VCP w pdznych etapach replikacji wirusa
byto nagromadzenie sygnalu antygenu wirusowego w obszarze pod btonowym neuronu
po postinkubacji z 5 uM/mL Eerl (Publikacja II, Ryc. 6B, b’, d’), biate strzatki).
Co ciekawe, podczas morfologicznej analizy zdje¢ z mikroskopu konfokalnego, nie
wykryto obecnosci antygenu wirusowego w wypustkach komérkowych, jak to miato
miejsce w nietraktowanych komorkach zakazonych (Publikacja II, Ryc. 4C, biale
strzatki). Tym samym wydajniejszy efekt hamujacy sktadania wiriondw potomnych
wystapit podczas stosowania metody postinkubacji z inhibitorem Eerl (Publikacja II,

Ryc. 6,7, 8, 9).
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Ostatni etap badania stanowit potwierdzenie skuteczno$ci metody postinkubacji z
Eerl i obnizenia efektywnosci replikacji SDAV. W tym celu poczatkowo wyznaczono
miano SDAV, po inkubacji z inhibitorem Eerl w stezeniach 5 uM/mL 1 25 pM/mL, a
nastepnie wykorzystano zebrany po 24 godz. p.z. ptyn hodowlany znad komorek, aby
sprawdzi¢, czy hamowanie VCP przez Eerl wptywa na uwalnianie wirionéw potomnych
SDAV z neuronéw (Publikacja II, Ryc. 9A, B). Analiza potwierdzita hipoteze, wskazujac,
ze powtorne mianowanie wykazato wysoce istotne statystycznie (*** p < 0,001)
zmniejszenie miana wirusa. Zastosowanie Eerl w stezeniu5 uM/mL spowodowato spadek
log10 FFU/mL o 0,840 logarytmu w rozcieficzeniu 107 (1,96 £ 0,53 nietraktowane do
1,12 +£ 0,41 traktowanego 5 uM/mL Eerl) (Publikacja II, Ryc. 9B, d’).
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6.3. Publikacja I1I

Bartak, M., Krahel, W. D., Gregorczyk-Zboroch, K., Chodkowski, M., Potarniche,
A. V., Dlugosz, E., Krzyzowska, M., i Cymerys, J. (2025). Cytokine Profile Analysis
During Sialodacryoadenitis Virus and Mouse Hepatitis Virus JHM Strain Infection

in Primary Mixed Microglia and Astrocyte Culture-Preliminary Research. Cells,
14(9), 637. https://doi.org/10.3390/cells14090637

Trzecia praca oryginalna, sktadajaca si¢ na cykl rozprawy, stanowi wypehienie
ostatniego zadania badawczego, ale rOwniez swoiste poréwnanie natury obu wirusow
bedacych przedmiotem tej dysertacji. Celem niniejszego badania bylo sprawdzenie
wpltywu dwoch zwierzecych betakoronawiruséw - Mouse Hepatitis Virus (MHV) 1 Rat
Sialodacryoadenitis Virus (SDAV) na mikroglej 1 astrocyty hodowane in vitro,
ze szczegblnym uwzglednieniem analizy poziomdéw produkceji cytokin i chemokin
wydzielanych przez te komorki w odpowiedzi na zakazenie. Szczep JHM mysiego
koronawirusa jest neuropatogenny, natomiast SDAV charakteryzuje si¢ wysokim
potencjatem zoonotycznym 1 neurotropowym, ktdry zostal potwierdzony w opisywane;j

dysertacji.

Pierwszym etapem badania bylo sprawdzenie zdolno$ci SDAV do zakazenia
mikrogleju 1 astrocytow. Obserwacja wybarwionych immunofluorescencyjnie
preparatow w mikroskopie konfokalnym potwierdzita obecno$¢ antygenu wirusowego
SDAV i MHV-JHM, zaréwno w astrocytach jak i mikrogleju (Publikacja III, Ryc. 1A).
Jednoczesnie sprawdzono réwniez zdolnos¢ MHV-JHM do zakazenia tych samych
komorek. W tym przypadku udato si¢ rowniez zauwazy¢ charakterystyczny dla
MHV-JHM efekt cytopatyczny w postaci syncytium po 72 godz. p.z (Publikacja III, Ryc.
1 B, biaty kwadrat).

Docelowe badanie byto prowadzone przez miesiac, dlatego waznym etapem byto
sprawdzenie zywotnosci komorek (okreslenie poziomu apoptozy/nekrozy) po zakazeniu
SDAV 1 MHV-JHM. Oba wirusy indukowaly apoptoz¢ w mikrogleju i astrocytach, co
potwierdzita analiza z uzyciem techniki cytometrii przeptywowej 1 znakowania komorek
anneksyng V-FITC oraz jodkiem propidyny (JP) (Publikacja III, Ryc. 2A, B). Barwienie
to pozwolito okresli¢ komorki znajdujace si¢ w stanie wczesnej apoptozy (anneksyna V-
FITC+/JP-), p6znej apoptozy (anneksyna V-FITC+/JP+), czy nekrozy (anneksyna V-
FITC-/JP+), lub nieapoptotycznym (anneksyna V-FITC-/JP-). MHV-JHM wywotywat
wczesng apoptoze juz w ciggu 2 godz. p.z., utrzymujac podwyzszony poziom przez caly

miesigczny okres zakazenia (Publikacja III, Ryc. 2A). Komorki zakazone SDAV
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wykazywaty podobna wczesng odpowiedz apoptotyczng, przy istotnym wzroscie pdznej
apoptozy w 48 1 168 godz. p.z. (Publikacja III, Ryc. 2B). Warto podkresli¢, ze komorki
nekrotyczne wystepowaty w nieznacznej liczbie po zakazeniu SDAV, w przeciwienstwie
do niewielkiego wzrostu obserwowanego po miesigcu zakazenia MHV-JHM (Publikacja

111, Ryc. 2A, B).

Kolejny etap badan stanowila analiza ilo$ci wytwarzanych reaktywnych form
tlenu (ROS). W tym celu wykorzystano barwienie immunofluorescencyjne z uzyciem
barwnika CellROX Green. Kontrole negatywng stanowily komorki nie zakazone a
pozytywna komorki traktowane nadtlenkiem wodoru (H20»). Badania wykazaty szybki
1 istotny wzrost produkcji ROS w odpowiedzi na zakazenie zarbwno MHV-JHM, jak
1 SDAV, co potwierdzono cytometrig przeptywowa (% wydzielanych ROS) oraz analizg
zdje¢ konfokalnych (poziom calkowitej fluorescencji w komorce, CTCF) (Publikacja III,
Ryc.3, 4). Zakazenie MHV-JHM indukowato istotny wzrost poziomu ROS juz po 2 godz.
p.z., ktéory utrzymywat si¢ na wyzszym poziomie niz w komorkach kontrolnych
niezakazonych, przez co najmniej tydzien (Publikacja III, Ryc. 3A, B). Zakazenie SDAV
prowadzito do produkcji ROS, juz po 2 godzinach od zakaZenia i utrzymywania
podwyzszonego poziomu ROS przez caly okres zakazenia (do 1 miesigca), w poréwnaniu
do kontroli (Publikacja III, Ryc. 4A, B). Analiza zdj¢¢ konfokalnych wykazata obecno$¢
ROS w zakazonych komorkach, a analiza iloSciowa ujawnita wysoce istotny wzrost
poziomu CTCF. Po zakazeniu MHV-JHM najwyzsza fluorescencj¢ ROS obserwowano
po 72 godzinach, natomiast w przypadku SDAV — po 96 godzinach od momentu
zakazenia (Publikacja III, Ryc. 3C, D, 4C, D). Poziom fluorescencji ROS w komorkach
zakazonych MHV-JHM, po 72 godzinach oraz SDAV, po 96 i 168 godzinach byt
poréwnywalny lub wyzszy niz w dodatniej kontroli niezakazonej, traktowanej H-O:
(Publikacja III, Ryc. 3D, 4D). Utrzymujaca si¢ produkcja ROS sugeruje przedtuzajacy
si¢ stan stresu oksydacyjnego w zakazonym mikrogleju 1 astrocytach, co moze nasila¢

stan neurozapalny 1 przyczynia¢ si¢ do rozwoju zapalenia mozgu (encefalopatii).

Ostatni etap badan stanowito okreslenie profilu cytokin i chemokin wydzielanych przez
mikroglej 1 astrocyty w odpowiedzi na zakazenie SDAV i MHYV, podczas miesigcznej
inkubacji z wirusem (672 godziny). Przeanalizowano 48 cytokin, chemokin oraz innych
biatek istotnych w odpowiedzi zapalnej osrodkowego uktadu nerwowego. Uzyta metoda
(ProcartaPlex™ Mouse Immune Monitoring Panel; system Luminex) bazuje na

konwencjonalnym tescie ELISA w formacie wysokoprzepustowym — kazda metalowa
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kulka optaszczona jest czterdziestoma o$mioma przeciwcialami specyficznymi dla
kazdego z analitow (Publikacja III, Ryc. 5, 6, 7). Kontrolg stanowil ptyn zebrany znad
hodowli niezakazonej. Wyniki wykazaty, ze we wczesnych etapach zakazenia (od 2 godz.
p.z.) SDAV indukuje w mikrogleju i astrocytach znacznie szerszy profil cytokin
i1 chemokin, w poréwnaniu do MHV-JHM (Publikacja III, Ryc. 6A, 7A). Wykazano, ze
zakazenie SDAV prowadzi do istotnego statystycznie wzrostu poziomu takich cytokin
jak: BTC, G-CSF, IFN alfa, IFN gamma, IL-1 alfa, IL-1 beta, IL-3, IL-6, IL-7, IL-10, IL-
13, IL-15, IL-23, IL-28, IL-33, leptyna, MCP-3, RANKL oraz VEGF-A. W pdzniejszej
fazie replikacji (od 72 godz. p.z.) zakazenie oboma wirusami promowato znaczny wzrost
poziomu cytokin i chemokin, przy czym zakazenie SDAV skutkowalo w utrzymaniu
wyzszego poziomu cytokin w poréwnaniu do MHV-JHM (Publikacja III, Ryc. 6D-G,
7D-G). Po miesigcu od zakazenia MHV-JHM, najbardziej znaczacy wzrost stezenia
biatek zaobserwowano w przypadku ENA-78, G-CSF, GM-CSF, IL-6, IL-33, MIP-2 alfa
oraz VEGF-A (Publikacja III, Ryc. 6G). Warto podkresli¢, ze w tym czasie po zakazeniu
z SDAV indukowane byty cytokiny takie jak IL-1 alfa, IL-10, IL-19, IL-23 oraz IL-28,
ktore nie byly istotnie podwyzszone w zakazeniu MHV-JHM (Publikacja III, Ryc. 7G).
W kontekscie produkeji chemokin, oba wirusy indukowaly istotny wzrost kluczowych
chemokin, takich jak IP-10, RANTES, MIP-2 alfa, ENA-78, MCP-1 alfa i RANKL dla
MHV-JHM oraz Eotaxin, ENA-78, Gro alfa, IP-10, RANTES, RANKL, MCP-3 i MIP-1
alfa dla SDAV. Wysoki poziom IL-6 prawdopodobnie indukowal produkcj¢ IL-10 oraz
VEGF-A, co moglo sprzyja¢ regeneracji komorek na wczesnym 1 pdéznym etapie
zakazenia (Publikacja III, Ryc. 6, 7, 8). Ograniczona indukcja cytokin przeciwzapalnych,
takich jak IL-4 i IL-10, w wyniku zakazZenia koronawirusem moze stanowi¢ potencjalne
wyjasnienie nasilonej odpowiedzi zapalnej obserwowane;j podczas

tzw. ,,burzy cytokinowe;j”.
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7. Dyskusja

Koronawirusy staly si¢ zagrozeniem dla ludzkos$ci od wybuchu epidemii SARS w
2003 roku (Matejuk i Ransohoff, 2020). Tematem wcigz wzbudzajagcym emocje wsrod
badaczy 1 epidemiologdw jest fakt, ze wszystkie zakazenia o etiologii koronawirusowej
ludzi sa wynikiem przekroczenia bariery migdzygatunkowej ludzie-zwierzeta (Ye i in.,
2020). W czasach, kiedy jeszcze nie przewidywano, ze ewolucja tego patogenu potoczy
si¢ w stron¢ globalnej pandemii COVID-19, pierwsze wzmianki o pokonaniu bariery
gatunkowej przez koronawirusa i zakazeniu cztowieka miaty miejsce w 1975 roku na
Batkanach (Apostolov i in., 1975). Na famach Lancet opisano patologiczne segmentalne
i ogniskowe zmiany stwierdzone w kigbuszkach 1 kanalikach nerkowych w
pooperacyjnych probkach biopsji nerek od siedmiu pacjentéw z klinicznie potwierdzong
endemiczng (batkanska) nefropatig. Nefropatia batkanska wystgpowata prawie wytacznie
u osob, ktore mialy bliski kontakt ze zwierzetami gospodarskimi - $winiami. Dalsza
analiza potwierdzita obecnos$¢ koronawirusow w probkach, ktore zostaty wyizolowane
od $win, co potwierdzito zwigzek zakazenia koronawirusem odzwierzgcym i powiazang
z tym endemiczng nefropatia u ludzi (Apostolov i in., 1975). Ponad 60% chordb
zakaznych u ludzi jest wywotywanych przez patogeny wspoétdzielone z dzikimi lub
domowymi zwierzetami. Organizmy wywotujace choroby odzwierzece obejmujg te,
ktore wystepuja endemicznie w populacjach ludzkich lub enzootycznie w populacjach
zwierzat, z czgstym przenoszeniem migdzygatunkowym na ludzi (Karesh i in., 2012).
Rosngca w ostatnim czasie liczba nowych gatunkéw koronawiruséw jest niepokojaca ze
wzgledu na bliskie podobienstwo genetyczne migdzy koronawirusami, ktérych
gospodarze sg daleko spokrewnionymi zwierzgtami. Takie skoki migdzygatunkowe moga
powodowac¢ niekontrolowane wybuchy choréb odzwierzgcych. Przyktady obejmuja: (i)
FCoV i CCoV w grupie alfakoronawirusoéw; (ii) MHV, SDAV, inne gatunki RCoV,
HCoV-0OC43, BCoV 1 PHEV; SARS-CoV-1, SARS-COV-2 i MERS-CoV w grupie
betakoronawiruséw; (ii1) IBV, TCoV, oraz nowe gatunki ptasich koronawiruséw w grupie
gammakoronawirusOw (Dhama i in., 2020; Woo i in., 2009). Nie tak dawno, w 2018 r.,
naukowcy opisali i zdiagnozowali przyczyng $§mierci okoto 25 000 swin (w 2016 roku) z
powodu zespotu ostrej biegunki §win (SADS) w poludniowych Chinach. Czynnikiem
etiologicznym SADS okazal si¢ koronawirus HKU-2, ktérego nosicielem jest nietoperz
podkowcowaty (Rhinolophus) (Gong 1 in., 2017; Zhou i in., 2018). Nietoperze

podkowcowate s3 wyjatkowym 1 efektywnym rezerwuarem, tzw. ,naczyniem
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mieszajacym” do przekraczania bariery migdzygatunkowej dla koronawirusow z rodzaju

alfa i beta, (Latinne i in., 2024).

W przypadku gryzoni, odnotowano, ze 13 z 79 dzikich szczurow wedrownych
(Rattus norvegicus) wytworzyto przeciwciata przeciwko SARS-CoV-2 (IgG- lub IgM-
pozytywne), a u czgsci osobnikdéw potwierdzono trwajace zakazenie (RT-qPCR). Badanie
zostalo przeprowadzone w Nowym Jorku na populacji miejskich szczuréw a wyniki
zrodzilty obawy o mozliwos$ci utworzenia nowego rezerwuaru zwierzgcego 1 ryzyka
wtoérnej zoonozy (Y. Wang i in., 2023). Podobne badanie przeprowadzono pod katem
wirusa SDAV jako modelu transmisji SARS-COV-2 migdzy dzikimi szczurami,
w wyniku, ktorego odkryto, ze dalsze rozprzestrzenianie wirusa bylo mozliwe przez
seropozytywne, wczesniej zakazone lub zaszczepione osobniki (Zeiss 1 in., 2021).
W innym badaniu dowiedziono, ze dziko zyjace myszy (Mus musculus) nie byty wrazliwe
na zakazenie SARS-CoV-2. Jedynie w warunkach laboratoryjnych poprzez zwigkszenie
powinowactwa wigzania wirusowej domeny receptorowej (RBD ang. receptor binding
domain) do mysiego wariantu receptora ACE-2 (mACE2) oraz jedynie w przypadku
uzycia wariantu SARS-CoV-2 B.1.351(wariant brytyjski, Alfa) mozliwe (Pan1in., 2021).
Biorac pod uwage mozliwos¢ koronawiruséw do skokéw migdzygatunkowych, dzieki
mozliwos$ci adaptacji strukturalnej do receptoréw gospodarza (m.in. modyfikacje RBD,
zmienno$¢ podjednostki S2 biatka kolca), persystencji zakazenia oraz wysokiej
zakaznos$ci, wyniki zamieszczone w tej pracy stanowig poszerzenie stanu wiedzy na temat
betakoronawiruséw gryzoni — MHV-JHM oraz SDAV w konteks$cie koncepcji jednego

zdrowia (ang. One Health Approach) oraz modelu neurozakazenia.

Coraz bardziej niepokojace wydaja si¢ by¢ czestsze zakazenia osrodkowego
uktadu nerwowego o etiologii koronawirusowej jak np. wspomniany wczesniej zespot
dhlugiego COVID-19 (Panagea 1 in., 2025) lub niedawno udokumentowany przypadek
zakazenia persystentnego SARS-CoV-2 u 92 letniej pacjentki (Valkov 1 in., 2024).
W opublikowanych badaniach z wykorzystaniem MHV-JHM oraz SDAV udowodniono,
ze oba wirusy w hodowlach pierwotnych neuronéw oraz mikrogleju i astrocytow ulegaja
replikacji przez miesigc od zakazenia, nie doprowadzajac do catkowitego zniszczenia
komoérek w hodowli (Publikacja 1, II, III). Nasuwa si¢ pytanie, jakie mechanizmy
molekularne in vitro wplywaja na utatwiong neurozjadliwos$¢ i zachowanie gospodarza
we wzglednie dobrym stanie? Pierwsza odpowiedzig moga by¢ mechanizmy zwigzane z

wnikaniem wirusa 1 transportem bialek wirusowych do miejsca replikacji.
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Jak powszechnie wiadomo, jednym z pierwszych waznych etapow jest zlokalizowanie
receptora komorkowego gospodarza 1 przylaczenie si¢ odpowiednich biatek
powierzchniowych wirusa. W przypadku koronawiruséw jest to gtownie strukturalne,
fuzyjne, biatko kolca (S), a u niektorych betakoronawirusow jak, MHV i1 SDAV
dodatkowo, biatko esterazy hemaglutyniny (HE). Bialka te roéwniez stanowig
0o zmienno$ci wirulencji, tropizmie komoérkowym a nawet zakresie gospodarza
(Y. Wang 1 in., 2020). Skupiajgc si¢ na dwoch wspomnianych gatunkach, receptorem
0 najwyzszym powinowactwie wigzania z MHV-JHM jest Ceacamla, a w przypadku
SDAV s to reszty kwasu sialowego powierzchniowych glikoprotein i glikolipidow
(Gagneten 1 in., 1996). Dotychczas nie wyodrebniono konkretnego receptora
w przypadku SDAV. Pomimo, ze w tej pracy nie przedstawiono wynikow dotyczacych
powyzszego zagadnienia, s3 one zawarte i analizowane w otrzymanym przeze mnie
grancie (Preludium20, nr. 2021/41/N/NZ6/04383) dotyczacym ,,zapomnianego”
szczurzego koronawirusa SDAV 1 wptywu zakazenia na OUN. W procesie wnikania
wirusa do komorki oraz p6zniejszego transportu bialek wirusowych uczestnicza elementy
cytoszkieletu komorkowego (filamenty aktynowe (AF), mikrotubule (MT) i filamenty
posrednie (IF)). W kontek$cie wnikania wirusow do komodrki najwazniejsza rolg
odgrywaja struktury MT, poniewaz sg one zaangazowane we wsteczny transport czastek
wirusa, zwlaszcza w strefie okotojadrowej, oraz AF, ktore s3 zaangazowane w ruch
w regionie podbltonowym, transport migedzykomorkowy, wejScie 1 wyjscie wirionow
(Wen 11n., 2021). W I publikacji badawczej sktadajacej si¢ na cykl rozprawy doktorskiej
udowodniono, ze AF pelnig istotng rol¢ w procesie transportu wiriondw potomnych
MHV-JHM, miedzy komoérkami (w strukturach TNT) oraz aktywnie uczestnicza
w uwalnianiu wiriondw potomnych z neuronéw. Podobne zjawisko, okreslone jako
tzw. ,,serfowanie antygenu wirusowego” zostato opisane u innych przedstawicieli RNA
wirusOw takich jak wirus Coxaskie 1 ludzki papillomawirus typu 16 (HPV-16) (Huang i
in., 2007; Schelhaas 1 in., 2008)) oraz u DNA wiruséw np.: herpeswirusow (HHV-1,
HHV-2, EHV-1) i1 adenowirusow (Bartak i in., 2022; Cymerys i in., 2013; Dixit i in.,
2008; Meier 1 Greber, 2004; Stonska i in., 2021). W pdzniejszych etapach zakazenia,
filamenty aktynowe promuja wydostawanie si¢ wirusa poprzez zageszczanie i odbudowe
struktur widokien napr¢zeniowych oraz tworzenie licznych TNT (168 godz. p.z). Takie
zjawisko zostalo wczes$niej opisane podczas zakazenia innymi koronawirusami - IBV

(wirus zakaznego zapalenia oskrzeli) i SARS-CoV. Mechanizm ten jest niezbedny
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podczas sktadania wiriondw potomnych i ich uwalniania z komorki (Ng i in., 2004; J.

Wang i in., 2009).

Jak wynika z przeprowadzonych badan, mikrotubule wydaja si¢ by¢ kluczowa
strukturg komorkowa uczestniczacg w transporcie wewnatrzkomorkowym MHV-JHM do
miejsca replikacji. W przypadku wigkszosci wirusow RNA wczesne etapy wnikania do
komorki nastepuja wzglednie szybko, a replikacja rozpoczyna si¢ wkrotce po wejsciu do
cytoplazmy. Jednak nawet w przypadku tych wirusow MT odgrywaja wazng role w
szlaku endocytarnym i wydostawaniu si¢ nowych wirionéw po ukonczeniu cyklu
replikacyjnego (Naghavi i Walsh, 2017). Podobne wyniki uzyskano podczas zakazenia
MHV-JHM komorek pierwotnych neurondéw hipokampa szczura i w komorek OBL-21
(hodowle opuszki wechowej myszy CD.1) (Pasick 1 Dales, 1994). Co wigcej zwigzek
migdzy wysokim neurotropizmem i rola MT mozna upatrywaé w szczegdlnej interakcji
migdzy biatkiem tau (ang. tubulin associated unit) a biatkiem nukleokapsydu MHV-JHM.
Komplementarno$¢ aminokwasowa obu biatek pokrywata si¢ w 44% podobienstwa i 22%

identycznosci w strukturze (Kalicharran i Dales, 1995; Pasick i Dales, 1994).

Pozostajac przy zagadnieniu transportu wirusa do miejsca replikacji 1 wyjscia
z komorki, w drugiej publikacji badano biatko zawierajace walozyne (VCP) i jego role
w replikacji SDAV. Udziat biatka VCP w zakazeniach wirusowych jest tematem
niezwykle ciekawym i dotychczas poznanym dla pikornawiruséw (Arita 1 in., 2012; T.
Wang i in., 2017; Wu i in., 2016), flawiwirusow (Phongphaew i in., 2017; Yi i in., 2016;
Yi 1 Yuan, 2017) 1 koronawirusow (IBV, HCoV 229E, HCoV OC43) (Cheng i in., 2021;
Wong i in., 2015), jako czynnik o dziataniu pro- i antywirusowym. W przeciwienstwie do
wczesniejszych nieudanych prob zakazenia mysich komoérek nerwowych in vitro
(Bhatt 1 in., 1972), udato si¢ doprowadzi¢ do zakazenia pierwotnych neuronéw mysich
uzyskanych z myszy Balb/c bez konieczno$ci adaptacji wirusa, z widocznym efektem
replikacji w postaci ogniskowego 1 syncytialnego CPE. Efekt cytopatyczny SDAV
w neuronach dostrzezono po 276 godz. p.z. Natomiast w badaniach na linii komoérkowej
LBC (komorki ptuca szczura) CPE pojawia si¢ po 48 godz. p.z., w postaci ognisk
litycznych (Hirano, 1990). Potencjalnym wytlumaczeniem dla pojawienia si¢ efektu
syncytialnego po zakazeniu SDAV moze by¢ dziatanie biatka kolca (S), ktore jest znane
ze swoich witasciwosci fuzogennych, a szczego6lnie podjednostki S2, ktora destabilizuje
btony komoérkowe inicjujac tym samym ich faczenie (Buchrieser i in., 2020; Mihaescu i

in., 2024). Inne wytlumaczenie moze taczy¢ si¢ z zaobserwowanym przy zakazeniu
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MHV-2 mechanizmem tworzenia si¢ syncytiow w wyniku fragmentacji i rearanzacji
aparatu Golgiego (AG), bez konieczno$ci udziatu biatka kolca (Lavi i in., 1996).
Wynikiem wspierajacym to wnioskowanie, moze by¢ brak tworzacych si¢ syncytiow
1 ognisk litycznych, po miesigcu od zakazenia neuronéw SDAV, po zastosowaniu

inhibitora Eerl, ktory posrednio wptywa na dziatanie aparatu Golgiego.

Zakazenie SDAV prowadzito réwniez do wzrostu ilosci VCP w neuronach, juz po
24 godz. p.z, co moze wskazywac, ze SDAV indukuje produkcj¢ tego biatka w neuronach.
Wytlumaczeniem tego zjawiska moze by¢ zwigzane z wymaganym przez koronawirusy
odpowiednim $rodowiskiem do replikacji, ktore jest tworzone przez DMV, ktore
pochodza od EDEMosomow (pgcherzykow powstajacych z blony retikulum
endoplazmatycznego, zawierajacych regulatory szlaku ERAD). Szczegdlnie podczas
zakazenia betakoronawirusami, komorka intensyfikuje tworzenie EDEMosomow,
aby zapobiega¢ wzmozonemu gromadzeniu si¢ biatek wirusowych w retikulum
endoplazmatyczne, a w konsekwencji prowadzi¢ do zwigkszenia aktywnosci ERAD
1 wptywac na uwalnianie bialek strukturalnych wirusa (Movaqar 1 in., 2021; Noack i in.,
2014; Reggiori i in., 2010, 2011). Co ciekawe zupeklnie odwrotny efekt, obnizenie
produkcji VCP, wynikalo z zakazenia monocytéw czltowieka przez SARS-CoV
1 HCoV-229E (Hu i in., 2012). Wigcej odpowiedzi przyniosto zastosowanie inhibitora
VCP, Eerl. Eerl jest substancja, ktora wykazuje powinowactwo do retikulum
endoplazmatycznego ze wzgledu na swoja domen¢ aromatyczng. Wykazano, ze Eerl
oddziatuje z VCP zlokalizowanym w retikulum endoplazmatycznym poprzez grupe
zawierajacg nitrofuran (NFC). VCP obecny w tym obszarze jest czescig ERAD, szlaku
zwigzanego z degradacjg bialek (Q. Wang 1 in., 2010; Yi 1 Yuan, 2017).
W przeprowadzonym badaniu nie obserwowano wptywu inhibitora na zahamowanie
wnikania SDAV do neurondéw oraz produkcji samego VCP. Moze to by¢ spowodowane
dzialaniem Eerl, jego powinowactwem do retikulum endoplazmatycznego
1 niezdolnoscig do interakcji z VCP zlokalizowanymi w innych organellach lub w
cytoplazmie (Tabata i in., 2021). Tej hipotezie przychyla si¢ rdwniez obserwacja
obnizonej ilo$ci antygenu wirusowego w komorkowych wypustkach oraz duza ilo$¢
antygenu wirusowego Ww regionie podbltonowym po postinkubacji z Eerl,
w przeciwienstwie do pozytywnej kontroli. Mozna spekulowaé, ze zachodzi tutaj
zjawisko tzw. ,homeostazy bialek wirusowych”, ktére kontroluje ilo§¢ sktadowanych

bialek strukturalnych SDAV w zakazonych neuronach przez system ERAD modulowany
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przez inhibitor Eerl (Tabata i in., 2021). Inne badania wykazaly, ze podawanie
ksantohumolu lub eeyarestatyny I spowodowato obnizenie miana wirusa Zika (ZIKV)
1 wirusa Usutu (USUV) w zakazonych komorkach. Odkrycie to jest zgodne z kluczowa
rolag VCP podczas wewnatrzkomoérkowych etapdéw cyklu replikacji wirusa (Rodrigo i in.,
2022). W przypadku SDAV nie zaobserwowano istotnego ograniczenia miana wirusa po
ponownym zakazeniu hodowli plynem zebranym znad komorek traktowanych
inhibitorem Eerl (obnizenie o 0.84 logarytmu). Jednak miesieczna obserwacja
przyzyciowa tej hodowli wykazala brak prezentowanego przez SDAV efektu
cytopatycznego i nienaruszong morfologi¢ neuronéw, co moze by¢ dowodem na dziatanie
ograniczajace nie tyle replikacje, ale réwniez sktadanie wirionow potomnych SDAV.
Mozna réwniez spekulowaé, ze poprawna homeostaza proteolityczna wplywa na

ograniczenie uwalniania wiruséw z neurondéw (Chu 1 in., 2023).

Odpowiadajac na postawione powyzej pytanie, neurotropizm SDAV i MHV-JHM,
zmiany w cytoszkielecie oraz zachwianie proteostazy w neuronach, potencjalnie
skutkujace wystgpieniem stresu siateczki endoplazmatycznej moze prowadzi¢ do
neurodegeneracji spowodowanej wytwarzaniem neurotoksyn przez obecny w komodrkach
OUN stres oksydacyjny i wyrzut czynnikéw prozapalnych (Damon J. DiSabato i in.,
2016). W zwigzku z tym, kolejnym celem badawczym bylo sprawdzenie jak zakazenie
MHV-JHM 1 SDAV wptywa na komorki odpowiedzialne za ochrong¢ neurondow —
mikroglej 1 astrocyty. Pierwsza wazng obserwacja opisang w publikacji III, byla
utrzymujaca si¢ miesigc po zakazeniu, na bardzo wysokim poziomie, ilo$¢ reaktywnych
form tlenu (ROS). Ciagla produkcja ROS sugeruje przedtuzony stan stresu
oksydacyjnego w zakazonym mikrogleju 1 astrocytach, co potencjalnie wplywa na
zaostrzenie neurozapalenia i pojawienie si¢ objawow encefalopatii (Reshi 1 in., 2014).
W przypadku SARS-CoV-2 spekuluje si¢, ze utrzymujacy si¢ wysoki poziom ROS
zwigzany jest posrednio lub catkowicie z aktywacjg NF-kB 1 inflamasomu NLRP3, dazac
do wyrzutu cytokin 1 wystgpienia niewydolnosci oddechowej (Mehta i1 in., 2020).
W innych badaniach nad SARS-CoV-2 i1 ramka odczytu ORF6, stwierdzono, ze
w ludzkich komorkach nerki (HEK-293T) i ptuca (A549) cztowieka, zakazenie moduluje
wewnatrzkomorkowa rownowage redoks, wptywajac na szlak sygnalowy jadrowego
czynnika erytroidalnego 2 (NRF2) i1 kinazy aktywowanej mitogenami p39 (MAPK),
a produkcja bialka wt-ORF6 negatywnie wplywa na homeostaz¢ redoks komorek,

prowadzac do wzrostu produkcji ROS, wraz ze spadkiem produkcji biatka NRF2
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i ekspresji kontrolowanych przez niego gendéw. Uruchomienie tego mechanizmu

prowadzito do wzrostu replikacji SARS-CoV-2 (De Angelis i in., 2023).

W trzecim artykule cyklu opisany zostat panel 48 cytokin, chemokin i innych
czynnikow wydzielanych w odpowiedzi na zakazenie. Wykazano, ze zakazenie SDAV
prezentuje znacznie bardziej rozbudowang odpowiedz komorkowa i statystycznie istotny
wzrost liczby cytokin i chemokin niz MHV-JHM. W szczeg6lno$ci we wezesnym okresie
zakazenia SDAV znacznie wzbudzito produkcje BTC, G-CSF, IFN alfa, IFN gamma, IL-
1 alfa, IL-1 beta, IL-3, IL-6, IL-7, IL-10, IL-13, IL-15, IL-23, IL-28, IL-33, Leptyny,
MCP-3, RANKL, i VEGF-A. Warto zauwazy¢, ze zakazenie SDAV po miesigcu
indukowato cytokiny, takie jak IL-1 alfa, IL-10, IL-19, IL-23 i IL-28, ktore nie byly
znaczaco podwyzszone w zakazeniu MHV-JHM. Natomiast zakazenie MHV-JHM
wptywalo na wzrost ENA-78, G-CSF, GM-CSF, IL-6, IL-33, MIP-2 alfa, and VEGF-A.
Za teorig o wystgpieniu wyrzutu cytokin (termin burzy cytokinowej jest pomijany
celowo, gdyz badania byly prowadzone na hodowli komoérkowej) przemawiaja wyniki
badania nad SARS-CoV-2, ktore wykazaly, ze zwigzana z COVID-19 burza cytokinowa
(CS) charakteryzuje si¢ podwyzszonym poziomem IL-1 beta, IL-6, CXCL10, TNF alfa,
IFN gamma, MIP 1 alfai 1 beta, a takze MCP-1, GM-CSF, VEGF i IL-10 (Dharra i in.,
2023). Podobnie badania przeprowadzone na astrocytach typu I zakazonych MHV-A59
ujawnily wzrost produkcji cytokin - IL-1 alfa, IL-1 beta, IL-2, IL-15, IL-13, IL-17,
wszystkich trzech interferonow i TNF alfa. Co ciekawe zakazenie MHV-A59 wplyneto
na obnizenie produkcji cytokin przeciwzapalnych - IL-4 1 IL-10, moze stanowié
potencjalne wyjasnienie zwiekszonej odpowiedzi zapalnej obserwowanej podczas ,,burzy
cytokinowej” (Lavi 1 Cong, 2020). Podobny wzorzec podwyzszonej produkcji
prozapalnych 1 obniZzenia poziomu cytokin przeciwzapalnych zaobserwowano
w prezentowanych badaniach, zaréwno w przypadku MHV-JHM, jak i SDAV. Tym
samym mozna domniemac, ze w pierwotnej hodowli mikrogleju i astrocytéw doszto do
wystgpienia zespolu wyrzutu cytokin (CRS), ktory wplynat na zmiang fenotypu
astrocytow i1 mikrogleju na formy reaktywne (A2 i M2). Dokladna analiza tego zjawiska
nie zostata przeprowadzona w tej publikacji, niemniej jednak warto doda¢, ze fenotypu
komorek glejowych moze zmieni¢ si¢ w wyniku zakazenia wirusowego w aktywowane
astrocyty 1 mikroglej, ktére moga by¢ neurotoksyczne (fenotyp Al astrocytow 1 fenotyp
M1 komorek mikrogleju) lub neuroprotekcyjne (fenotyp A2 astrocytow i fenotyp M2
komorek mikrogleju) (Kwon i Koh, 2020). Towarzyszy temu wydzielanie IL-1 alfa, IL-1
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beta, IL-6 i TNF oraz CCL-2, CX3CL1, CXCL10, GM-CSF i IL-1, co w efekcie moze
doprowadzi¢ do neurozapalenia a nastepnie neurodegeneracji (Colonna i Butovsky, 2017,

Ding i in., 2021).

Trwajacy stan prozapalnych w zakazeniu MHV-JHM 1 SDAV byl rowniez
wzmocniony indukcja produkcji kluczowych chemokin zwigzanych z odpowiedzig
przeciwwirusowa. Obejmowaty one IP-10, RANTES, MIP-2 alfa, ENA-78, MCP-1 alfa
1 RANKL dla MHV-JHM oraz eotaksyne, ENA-78, Gro alfa, IP-10, RANTES, RANKL,
MCP-3 i MIP-1 alfa dla SDAV. Wysokie wartosci chemokin sg czesto skorelowane
z ciezkos$cig przebiegu choroby wirusowej. Wysokie wartosci IP-10, MCP-1 I MIP-2 alfa
sa ztym prognostykiem w rokowaniach pacjenta podczas COVID-19 (Y. Chen i in.,
2020). Co ciekawe, IP-10 wptywa rowniez na regulowanie produkcji innych cytokin czy
chemokin takich jak: MCP-3, MCP-1, MIP1 alpha, RANTES, MIP-2 alpha, GRO alpha,
IL-7, IL-6, and IFN gamma (Y. Chen i in., 2020; Gudowska-Sawczuk i Mroczko, 2022;
Madhurantakam 1 in., 2023; Y. Yang i in., 2020). Takg zalezno$¢ mozna réwniez
zauwazy¢ w odniesieniu do MHV-JHM, jak i SDAV. Jedyne porownanie, ktore zostato
opisane w przypadku zakazenia SDAV to badanie przeprowadzone przez Miura i wsp.
(2007), ktore wykazato, ze komorki pecherzykow phucnych typu I zakazone PRC
(szczurzy koronawirus Parker’a) i SDAV indukowatly produkcje chemokin CINC-2
(GRO), CINC-3 (MIP-2), LIX (ENA-78), MIP-3 alfa i fraktalkiny zar6wno 6 godzin, jak
1 24 godziny po zakazeniu (Miura i in., 2007). W innym badaniu dotyczacym SDAY,
zidentyfikowano chemokiny MCP-1, LIX (ENA-78) 1 IP-10, ktorych poziom wzrdst

znaczaco po 12 dniach od zakazenia (Funk 1 in., 2009).
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8. Podsumowanie i Wnioski

Wyniki przedstawione w niniejszej rozprawie stanowig istotny wklad w rozwdj
nauki w dziedzinie weterynarii oraz w realizacj¢ koncepcji ,,Jednego Zdrowia”. Jedng z
zasad tej koncepcji jest zapobieganie chorobom odzwierzgcym, co jest obecnie
powaznym wyzwaniem na catym $wiecie w zakresie chorob o etiologii wirusowe;j
(Rajeev iin., 2020). Warto rowniez przypomnie¢ jak bliskie jest podobienstwo sekwencji
biatka kolca SDAV do MHV-JHM (86,3%), HCoV-HKU1, HCoV-OC43 (65%) MERS-
CoV (40,6%), oraz SARS-CoV-2 (37,7%). Wyniki zaprezentowane w tej rozprawie

doktorskiej, dotyczace SDAV sa najnowszymi doniesieniami na temat zakazenia w OUN.

Postawione hipotezy okazaly si¢ by¢ poprawne: (i) cytoszkielet komorek
nerwowych jest niezbedny do replikacji koronawirusOw neurotropowych. Zmiany jego
struktury zachodza na kazdym etapie zakazenia wirusowego, a zastosowanie czynnika
destabilizujacego elementy cytoszkieletu wptywa istotnie na zahamowanie wydajno$ci
replikacji MHV-JHM, (ii) Inne struktury komoérkowe, aparat Golgiego oraz retikulum
endoplazmatyczne i obecne w strukturach ERAD VCP, sg powigzane z replikacja SDAV
w  OUN modulujac  mechanizmy neuropatogenno$ci oraz neurotropizmu
betakoronawirusow, (iii) zakazeniu SDAV i MHV-JHM towarzyszy produkcja cytokin
prozapalnych z rownoczesnym hamowaniem cytokin przeciwzapalnych ulegajaca
zmianom podczas miesi¢cznego zakazenia, a (iv) dlugotrwate zakazenie mikrogleju i
astrocytow prowadzito do zwigkszenia produkcji reaktywnych from tlenu i zmiany
zywotnosci tych komorek. Pytania, na ktore nie udato si¢ odpowiedzie¢ w pelni lub tylko
czgsciowo beda kontynuowane w ramach grantu Preludium 20 1 innych przyszitych

projektow.

Whnioski jakie wyciagnigto podczas badan przeprowadzonych w ramach

prezentowanego doktoratu to:

1. MHV-JHM oraz SDAV replikuja si¢ produktywnie w hodowli pierwotnej
neurondw, mikrogleju 1 astrocytéw bez koniecznos$ci adaptacji.

2. Cytoszkielet aktynowy neurondow jest wykorzystywany do skladania i
uwalniania wiriondw potomnych MHV-JHM, za$ mikrotubule uzywane sa
W procesie transportu wewnatrzkomorkowego.

3. Zakazenie MHV-JHM w pierwotnych neuronach indukuje tworzenie
dlugich potaczen migdzykomoérkowych (TNT) stuzacych do
rozprzestrzeniania zakazenia miedzy komoérkami z pominigciem
aktywacji uktadu immunologicznego.
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4. W procesie skladania i uwalniania wirionéow potomnych SDAV z
neuronow istotng rol¢ petni biatko zawierajace walozyne (VCP).

5. Produkcja cytokin i chemokin prozapalnych w mikrogleju 1 astrocytach
oraz ograniczenie wytwarzania cytokin przeciwzapalnych podczas
zakazenia MHV-JHM 1 SDAV moze sugerowa¢ wystgpienie syndromu
wyrzutu cytokin (CRS).

6. Utrzymujacy si¢ w przebiegu miesi¢cznego zakazenia MHV-JHM i SDAV
wysoki poziom reaktywnych form tlenu (ROS) prawdopodobnie wptywa
na zaostrzenie neurozapalenia.
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Abstract: Sialodacryoadenitis virus (SDAV) is known to be an etiological agent, causing infections in
laboratory rats. Until now, its role has only been considered in studies on respiratory and salivary
gland infections. The scant literature data, consisting mainly of papers from the last century, do
not sufficiently address the topic of SDAV infections. The ongoing pandemic has demonstrated,
once again, the role of the Coronaviridae family as extremely dangerous etiological agents of human
zoonoses. The ability of coronaviruses to cross the species barrier and change to hosts commonly
found in close proximity to humans highlights the need to characterize SDAV infections. The main
host of the infection is the rat, as mentioned above. Rats inhabit large urban agglomerations, carrying
a vast epidemic threat. Of the 2277 existing rodent species, 217 are reservoirs for 66 zoonotic diseases
caused by viruses, bacteria, fungi, and protozoa. This review provides insight into the current state
of knowledge of SDAV characteristics and its likely zoonotic potential.

Keywords: SDAV; rat infections; coronaviruses; zoonoses

1. Introduction

Recently, research interest has turned to animals known to be sources of zoonoses,
including primates and other companion animals [1]. The outbreak of the new coronaviral
pandemic in 2020 multiplied the quantity of research concerning animals, such as horseshoe
bats (Rhinolophus spp.), fruit bats (Rousettus aegyptiacus), bank voles (Myodes glareolus), and
raccoons, as well as cats, dogs, ferrets, mink, and other livestock such as pigs and cows.
Most of the studies were performed to evaluate if these animals are capable of ACE2
expression, the major SARS-CoV-2 human cell entry receptor [2-6].

The majority of articles have been oriented on bats, but there is a need to focus on rodents,
primarily rats. Rodents have been recognized as reservoirs or carriers for several zoonotic
viruses, causing, for example, hemorrhagic fever with renal syndrome, Omsk hemorrhagic
fever, Apoi virus disease, lymphocytic choriomeningitis virus (LCMV), Western equine
encephalitis, and hepatitis E cowpox [7,8]. Notably, Rattus spp. thrive in urban areas and are
so well-adapted to close cohabitation with people that they are rarely found in habitats devoid
of humans. Rats can be found in almost every corner of every city on Earth, and humans are
more likely to interact with them than any other wildlife species [9].

Considering this, in the present review, we will describe the current state of knowledge
on Sialodacryoadenitis virus (SDAV), its characteristics and potential zoonotic threat.

2. Rat Coronaviruses: The Origin
2.1. Discovery

The first report on the new member of the coronavirus family appeared in the 1960s,
as the laboratory rats had been experiencing destructive sialoadenitis, dacryoadenitis, and
transmission disease of the lower respiratory tract [10-13]. After an outbreak in laboratory rats,
possibly antigenically related to mouse hepatitis virus (MHYV), agents were found in rat sera
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by the team of Hartley in 1964 [14,15]. This discovery was confirmed by Jonas et al. in their
study of a pathogenic agent, then recognized as virus-like particles in an electron-microscopic
examination of the infected salivary glands of rats [10]. Further studies conducted by the team
of Parker, led to the isolation of Parker’s rat coronavirus (RCV-P) from the lungs of asymp-
tomatic rats [16]. A second newly recognized strain causing sialoadacryoadenitis (SDA) was
also antigenically related to MHV and the rat coronavirus of Parker [17]. Subsequent studies
evaluated several other strains such as Japanese isolates, causative agent of rat Sialoadenitis
(CARS) [18,19]; and U.S. isolates RCV-BCMM, RCV-W [20], and RCV-NJ [21].

2.2. Sialodacryoadenitis Virus: Transmission, Clinical Signs of Infection, and Diagnosis

Experimental studies demonstrated that RCoVs (rat coronaviruses) can remain infectious
when dried on solid surfaces [22]. Spread of the infection is relatively easy and can occur by
direct contact with infected individuals or by aerosol. There is no evidence for intrauterine
transmission. Morbidity frequently reaches 100% among conventionally housed rats [23].

Rat coronaviruses can cause two types of infection: asymptomatic or symptomatic,
with tissue tropism to salivary glands, lacrimal glands, Harderian glands, and respiratory
epithelium. Moreover, there are two models of infection. The first type develops in breeding
colonies (virus present endemically), where an epizootic develops in young non-immune
individuals who develop conjunctivitis lasting up to a week [24]. The second type is
associated with the sudden onset of episcleritis in naive rats from weaning to adulthood.
Within this clinical picture, the symptoms persist for up to 2 weeks and, as with the herpes
virus, complications may lead to keratitis and megaloglobus. Other frequently observed
signs of SDAV infection include edema of the submaxillary salivary glands, nasal, and
ocular discharge (characteristically porphyrin stained), lacrimation, photophobia, corneal
opacities, corneal ulcers, and cervical swelling due to inflammation. Moreover, ancillary
effects may include transient anorexia and weight loss and disruption of estrus [25-29].

SDAYV and other RCoVs are today detectable by immunohistochemical techniques and
serological tests, e.g., multiplex fluorescent immunoassay (MFI) with IFA confirmation, ELISA.
Prior to seroconversion, especially in the case of an outbreak, histological examination of the
Harderian glands and the submaxillary and parotid salivary glands may be necessary [30].
In addition, molecular diagnostic RT-PCR for the M gene (membrane glycoprotein gene),
N gene (nucleocapsid gene), and pol gene are performed from a fragment of infected tis-
sue, feces, or oral or cage swabs to confirm the initial diagnosis [31-33]. Individuals that
are diagnosed as positive are quarantined or eliminated. Quarantine also includes animal
rooms, which should be disconnected from use for at least 5-8 weeks. Since SDAV is highly
contagious, personnel handling quarantined animals may become an important risk factor for
transmission, because virus particles can be transmitted on protective clothing [23].

3. Characteristics
3.1. The General Classification

Coronaviruses, along with toroviruses, roniviruses, arteriviruses, and mesoniviruses,
belong to the order Nidovirales (‘nido” means ‘nest’), so named because of the nested
subgenomic RNAs generated during the replication cycle [34]. The Nidovirales order
exhibits enveloped, non-segmented positive-sense RNA viruses. The characteristic features
include a highly conserved genomic organization, expression of non-structural protein
(NSPs) genes by ribosomal frameshifting, and several unique, non-conventional enzymatic
activities encoded within the large replicase. The viruses with the largest capacity to
cause epidemics and pandemics among the eight suborders of the order Nidovirales are the
Cornidovirineae. In the Cornidovirineae suborder there is one family, Coronaviridae, divided
into two subfamilies: Letovirinae and Orthocoronavirinae [35].

The Coronaviridae family comprises the largest RNA viruses, in terms of genome
length (~30,000 nucleotides) and virion size (spherical, 80-180 nm in diameter). They
infect birds and mammals, causing numerous diseases of the respiratory system, nervous
system, internal organs, or digestive system. The Orthocoronavirinae subfamily is further
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divided into four genera: Alpha-(14 subgenera and 19 species), Beta-(5 subgenera and
14 species), Delta-(3 subgenera and 7 species), and Gamma-(3 subgenera and 5 species)
coronaviruses [36]. From a medical point of view, the most interesting are viruses of
the Alpha and Beta genera, which contain human-infecting viruses (alpha-coronaviruses:
HCoV-229E and HCoV-NL63, and beta-coronaviruses: HCoV-OC43, HCoV-HKU1, and
SARS-CoV, MERS-CoV, and SARS-CoV-2). There are currently seven known human coro-
naviruses, almost all of them are zoonotic in origin and capable of breaking the species
barrier. Of the animal coronaviruses (CoVs), alphacoronaviruses and betacoronaviruses
infect only bats and other mammals, while gammacoronaviruses and deltacoronaviruses
infect birds, and some of them can also infect marine mammals [37]. Among the most
common are PEDV, porcine epidemic diarrhea virus; TGEV, transmissible gastroenteritis
coronavirus; FCoV, feline coronavirus; MHYV, mouse hepatitis virus; FIPV, feline infectious
peritonitis virus; and IBV, infectious bronchitis virus (chicken). CoVs cause a wide variety
of diseases in animals, and their ability to be rapidly transmitted among livestock and
companion animals led to significant research on these viruses in the second half of the
20th century [38] (Figure 1).

Figure 1. Taxonomy graph of the Coronaviridae family. Own work based on ICTV 2020 [36]. Abbreviations: alpha-
coronaviruses: HCoV-NL63 (human coronavirus NL63), HCoV-229E (human coronavirus 229E), TGEV (transmissible
gastroenteritis coronavirus), FIPV (feline infectious peritonitis virus), bat-CoV-HKU2 (Rhinolophus bat coronavirus HKU2),
bat-CoV-HKUS8 (Rhinolophus bat coronavirus HKUS8), PEDV (porcine epidemic diarrheal virus), PRCV (porcine respiratory
coronavirus); Betacoronaviruses: HCoV-OC43 (human coronavirus OC43), HCoV-HKU1 (human coronavirus HKU1), SARS
(severe acute respiratory syndrome coronavirus), MERS (Middle East respiratory syndrome coronavirus), SARS-CoV-2
(Severe acute respiratory syndrome coronavirus -2), MHV (mouse hepatitis virus), SDAV (sialodacryoadenitis virus),
bat-CoV- HKU4 (Tylonycteris bat coronavirus HKU4), bat-CoV-HKUS (Pipistrellus bat coronavirus HKU5), CRCoV (canine
respiratory coronaviruses), ECoVs (equine coronaviruses), BCoVs (bovine coronaviruses), PHEV (porcine haemaggluti-
nating encephalomyelitis virus); Gammacoronaviruses: IBV (infectious bronchitis virus), TuCoV (turkey coronaviruses);
Deltacoronaviruses: CoV HKU11 (bulbul CoV HKU11), CoV HKU12 (thrush CoV HKU12), CoV HKU 13 (munia CoV
HKU13), CoV HKU16 (white-eye CoV HKU16), CoV HKU19 (night heron CoV HKU19), CoV HKU20 (wigeon CoV HKU20),
CoV HKU21 (moorhen CoV HKU21).
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3.2. The Rat Coronaviruses

To date, all known rat coronaviruses belong to the Beta genus. Betacoronaviruses
contain five subgenera: Embecovirus, Hibecovirus, Merbecovirus, Nobecovirus, and Sarbecovirus.
Members of the subgenera Embecovirus include SDAV, PRCV, RCV-BCMM, RCV-W, RCV-NJ,
RCV-CARS, and novel ChRCoV (China Rattus Coronavirus) HKU24 [36,39]. The ChRCoV
isolated from Norway rats in China represents the murine origin of Betacoronavirus 1. The
significance of this discovery lies in the fact that it is a distinct species and not derived from
either an avian or bat host, forming the basis of a new lineage of A Beta-CoV (A CoVs),
of which rodents are the principal host. ChRCoV HKU24 represents the murine lineage
of Betacoronaviruses 1, with the possibility of interspecies transmission from rodents to
other mammals. This transmission occurred before the appearance of the human HCoV
coronavirus OC43 in the late 19th century [40]. It is also important to point out that
the SDAV and other species of the rat coronaviruses belong to the same genus as the
highly epidemic/pandemic and most pathogenic CoVs for humans, such as SARS-CoV,
MERS-CoV, SARS-CoV-2, and others [37] (Figure 2).

Figure 2. The neighbor-joining tree involves 26 amino acid sequences of spike glycoprotein of betacoronaviruses. The tree
was constructed using the p-distance model and 1000 bootstraps in the MEGA X. 10.2.6. The SDAV is indicated in purple.

3.3. Virion Structure and Biological Functions of Proteins

The architecture of a SDAV virion, as in all coronaviruses, is spherical with a diameter
ranging from 80 to 180 nm, as confirmed by tomography and cryo-electron microscopy [10].
It consists of a genomic core made up of non-segmented, positive sense, ssSRNA stabilized
by a nucleocapsid protein and surrounded by a viral membrane envelope. The most char-
acteristic feature of all coronaviruses is the presence of tentacle-shaped spikes, emanating
from the surface of the virion and giving it the appearance of a corona, hence the name.
CoVs have a helically symmetric nucleocapsid, which is rare among positive sense RNA
viruses and much more common in negative sense RNA viruses [41-43]. As Barker et al.
(1994) and Yoo et al. (2000) described, SDAV contains four major coronaviral structural
proteins and one present only in a few species of CoVs. These are the spike (S), membrane
(M), envelope (E), nucleocapsid (N) proteins, and hemagglutinin esterase (HE), all of which
are encoded at the 3/ end of the viral genome [42,43] (Figure 3).
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Figure 3. Schematic structure of SDAV virion. Own work based on [42—44].

The homotrimer protein S is the main molecule that binds the virus to the cell surface
and is responsible for membrane fusion and entry of the viral genome into the cell. Conse-
quently, it is responsible for SDAV infection, and its gene regions are highly variable and
heterogeneous, which determines the change of virulence and tissue tropism. The S protein
of SDAV is type I transmembrane N-linked glycosylated protein (149.6 kD), consisting of
1357 amino acids. It is cleaved by host proteases (TMPRESS2, furin) into two subunits: the
S1 and S2 [45-48]. Comparing its sequence to MHV-A59 and MHV-JHM, it has relatively
low similarity (76.6%), which comes from additional sequences in the N-terminal half of
the S-protein gene of SDAV [43]. Numerous studies have shown that changes in the genes
encoding the S protein or related factors can alter CoV virulence, tissue tropism, host range,
or host immune response [49].

The second crucial structural protein of SDAV is protein M, a monomer composed of
three hydrophobic domains strongly linked to the viral envelope [50]. The M protein of
SDAV is 228 aa and 26 kD in size [43]. It has a short N-terminal ectodomain (extracellular
domain), modified by glycosylation and C-terminal endodomain situated in the interior
of the virion or on the cytoplasmic site of the intracellular membrane [41,51]. The role of
protein M is to promote membrane curvature by adapting the membrane region for virion
assembly and the uptake of structural protein residues. However, its role in folding virus-
like-particles (VLPs), requires the participation and simultaneous expression of protein E.
In addition, the M protein participates in the interaction with RNA, by carrying the genomic
packaging signal [52].

Small membrane protein (E), made of 88 aa and 10.1 kD, is classified as a homopen-
tamer and is present in small amounts in the virion [53]. It cooperates with protein M
during morphogenesis and virion assembly. It also interacts as a viroporin in the host
membrane to form pentameric protein-lipid pores that allow ion transport [54].

The nucleocapsid protein (N), the only one present in the helical nucleocapsid, has a
size of 454 aa and 49.4 kD and is almost 97% similar to the MHV N protein [55]. Its role is to
engage in the replication process by forming homodimers and homo-oligomers, by binding
genomic RNA and packaging it, thus forming nucleocapsid. It is also responsible for
inhibiting the translation process in the host cell ribosomes. In addition, it collaborates with
proteins M and E in the folding and budding process of the newly assembled virions [56]. In
other murine coronavirus, such as MHV-JHM, the nucleocapsid protein has been confirmed
to be an important enhancer and determinant of neurovirulence [57].

The fifth major structural protein, haemagglutinin esterase (HE), anchored to the viral
membrane envelope of SDAV, can bind sialic acid residues on surface glycoproteins and
glycolipids. It has acetyl esterase activity and is a homodimer of a size of 439 aa and
49kD [43]. The HE lectin domain contributes to virion attachment and simultaneously
enhances sialate-O-acetylesterase activity toward clustered sialoglycotopes. The SDAV
HE is highly conserved compared to the MHVs. The HE protein is only present in some



Viruses 2021, 13, 1995

6 of 15

embecoviruses (MHYV and other rodent CoVs, BCoV, HCoV-OC43, HKU1) [58,59]. It has
been postulated that HE is an essential protein for viruses within the betacoronavirus-1
species, including bovine coronavirus (BCoV) and HCoV-OC43 [60-62], but for MHV-JHM,
MHV-S, and MHV-DVIM it is a non-essential protein [63-65]. Its role is more like an
additional /supporting binding molecule, an addition to spike protein [66].

3.4. Cell Infection and Virus Replication

In rats and mice, SDAV can infect a wide range of cell types, such as the epithelial cells
of respiratory airways, mononuclear cells in lymphoid organs, or CNS cells (neurons and
astroglia) [19,67,68]. Entry receptor of SDAV has not yet been conclusively confirmed [69].
Unlike closely related viruses (MHV-JHM, MHV-S), SDAV and other RCoVs do not enter
cells via CEACAM]1 (carcinoembryonic antigen-related cell adhesion molecule 1) receptor
or its isoforms [70].

What further distinguishes SDAYV, and the other embecoviruses mentioned in Table 1,
from other coronaviruses are two surface proteins that allow attachment to the host
cell [71-78]. An essential clue in the context of the mechanism of SDAV entry into the cell
and binding to the cell receptor was described by Gagneten et al. (1996) [70]. Among other
results, the paper showed that only Parker RCV (RCV-P) expresses the haemagglutinin-
esterase glycoprotein, which has acetyl-esterase activity. Therefore, SDAV, unlike RCV-P,
exhibits the ability to bind to host cell receptors via S glycoprotein. In contrast, RCV-P
can bind to the host cell via both haemagglutinin-esterase glycoprotein and spike pro-
tein [70]. However, further studies have not been carried out to determine the mechanism of
SDAV entry. SDAV probably utilizes the mechanism used by human Betacoronaviruses-1
HKU1 and OC43 and binds via a spike protein to sugar-based receptor-determinates
4-O-acetylated sialic acids (4-O-Ac-Sias) attached as terminal residues to glycan chains on
glycoproteins and lipids (forming glycoconjugates) [79]. Whereas HE, a sialate-O-esterase
with a specific lectin domain attached to 4-O-Ac-Sia, acts as a receptor-destructive en-
zyme [44,78]. The hemagglutinin esterase protein promotes virus spread and entry in vivo
by facilitating reversible virion attachment to O-acetylated sialic acids [80,81]. In the case
of another representative of the embecoviruses, bovine coronavirus, HE activity at the end
of replication results in the destruction of intracellular and surface receptors, facilitating
the release of progeny virions from the infected cell [44].

After viral S and HE protrusions bind to glycan glycoconjugate receptors on the
host cell membrane, fusion with the membrane of endocytic vesicles and virus entry
into host cells occurs [49,79]. Most CoVs’ spike proteins are cleaved; however, there
are coronaviruses (FIPV, BCoV, MHV-Y, MHV-2) that fuse with cells without cleavage of
S protein. In the case of SDAYV, S protein undergoes proteolytic cleavage to two subunits:
S1 and S2. The interesting fact is that the cleavage recognition sequence (HRARR) is
identical to that of MHV-Y, which is not cleaved [43,82]. In fact, the cleavage of the spike
(S) protein occurs at two different points of the infection cycle in CoVs. The first, usually
induced by furin, results in the separation of the receptor-binding domain (RBD) from the
fusion protein S. Following binding of the virion to the receptor, a second proteolytic cut
by TMPRRS?2 protease, cathepsin, or another occurs. This allows the S2’ fusion peptide
to be exposed, thus, it fuses the viral envelope with the cellular membrane, ultimately
introducing RNA into the cytoplasm [83]. This process occurs directly on the plasma
membrane or via endosomal vesicles and is always triggered by receptor binding [84].
However, this mechanism differs between coronaviruses species and strains and also
depends on cell type. The MHV-JHM strain is capable of fusion at neutral pH but was also
found in endosomal vesicles (by endosomal pathway) [85]. Recent studies have shown
that MHV-JHM uses either the endosomal or the non-endosomal pathway, depending
on the cell type. After fusion of the viral envelope with the endosome membrane, the
viral genome is released into the cytoplasm. It has been shown that for MHV-4, the fusion
is dependent on low pH, which is necessary to mature vesicles to late endosomes and
subsequently set up an infection [85,86].
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The next step of viral replication is translation of the replicase gene from virion
genomic RNA. In the case of SDAV, the complete replicase gene sequence is thought to
be as yet undiscovered [43]. However, the region of the replicase gene was described by
Stephensen et al., 1999, while developing a consensus PCR assay for coronaviruses [87].
Two overlapping open reading frames (ORF) encode replicase genes: replla and replb,
which express large polyproteins: ppla and pplab. For these two polyproteins to be
expressed, the virus uses a slippery sequence (5'-UUUAAAC-3') and a pseudoknot RNA,
which causes a ribosomal frameshift from repla to rep1b ORF (-1 frameshift). This process
lasts until the unwinding of the RNA pseudoknot and the encountering of the repla stop
codon, or pseudoknot blocks the ribosome from further elongation resulting in a stop at
the slippery sequence, causing a -1 frameshift before extended translation into rep1b, which
produced pplab polyprotein [88]. These polyproteins ppla and pplab are co-translationally
and post-translationally processed into the individual non-structural proteins (nsps). Ppla
and pplab contain the nsp 1-11 and 1-16, respectively, forming the viral replication
and transcription complex. Proteolytic cleavage of these polyproteins into sixteen nsps
is possible by two cysteine papain-like protease (PLP1, PLP2) and chymotrypsin-like
protease. These non-structural proteins are then assembled into replicase-transcriptase
complex (RTC) and dedicated to viral RNA synthesis [§9-91]. With the formation of RTC
and an environment suitable for RNA synthesis, the process of viral RNA replication and
transcription of subgenomic mRNAs begins. The created microenvironment consists of
viral replication organelles of characteristic perinuclear double-membrane vesicles (DMVs),
convoluted membranes (CMs), and small open double-membrane spherules (DMSs) [69].
The whole replication process is initiated by synthesizing a full-length negative-sense
genomic RNA, the template for producing a new positive-sense genomic RNA. Therefore,
the generated fragments are then used for translation to produce more nsps and RTCs or
packaged into new progeny virions. Notably, the transcription process of coronaviruses
is a discontinuous viral transcription that involves the production of a set of nested 3'-
and 5'-terminal subgenomic RNAs (sgRNAs) [92]. During negative-strand RNA synthesis,
the RTC interrupts transcription against a transcriptional regulatory sequence (TRS) at
the 3’ end and restarts upon encountering a TRS-L leader sequence at the 5" end. The
initiated re-synthesis of RNA in the TRS-L region results in the final negative-strand sgRNA
formation, by attaching a copy of the negative-strand leader sequence to the nascent RNA
strand. These strands are used as templates for the production of the characteristic nested
subgenomic positive sense mRNA. The sgmRNA positive sense is successively used for
the translation of structural and accessory proteins (spike protein (S), envelope protein (E),
membrane protein (M), nucleocapsid protein (N), and hemagglutinin esterase (HE)) [93-95].
These proteins are transported to the endoplasmic reticulum and then to the ERGIC
compartment (endoplasmic reticulum-Golgi intermediate compartment), where after the
entry of viral RNA, the formation of mature virions occurs. The virions are transported
in secretory vesicles to the vicinity of the cell membrane, where their exocytosis occurs,
as with most coronaviruses (Figure 4). For SDAV, the mechanism of egress has not been
clearly described, but for MHY, it is known to utilize the lysosomal trafficking pathway
with antigen presentation. Intriguingly, some of the produced and unused S-proteins
are transported to the surface of the cell membrane, allowing the connection of several
neighboring cells, and thus easier propagation of the infection without going into the
extracellular space and alarming the immune system [96-98].
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Figure 4. The scheme of SDAV replication: own work based on available knowledge. (1) SDAV HE probably mediates weak
interactions with abundant host cell surface sialates, keeping the virus concentrated on cells before connecting S protein
with the still unknown cell receptor. (2) S-glycoproteins then bind to protein receptors and are proteolytically activated (by
cutting with specific proteases: TMPRESS2 or furin) into two subunits, S1 and S2, to conformations that induce membrane
fusion. (3) Virus—cell fusion involves S binding to sialic acids. The likely route of entry into the cell is cell-virus fusion
associated with S-protein connections to sialic acids. Connections to host cell receptors may not be required for this process,
thus allowing distribution, beginning with the binding of viral protein S (RBD/S1) on the host cell receptor, driving a
conformational change in the S2 subunit and facilitating its fusion with the plasma membrane and ultimately the release of
viral genome (+ ssRNA) into the cytoplasm. However, the route by which SDAV enters the cell is still unknown and also
can be mediated by acidified endosomes. (4) Promptly, the translation produces nonstructural ppla and pplab co-terminal
polyproteins (ppla and pplab) that are proteolytically cleaved and assembled into a functional replicase-transcriptase
complex: RTC. (5) Viral RNA synthesis produces copies of gRNA, as well as a nested set of sgRNA. This is possible by
discontinuous transcription of a negative-sense RNA intermediate. (6) Following replication and sgRNA synthesis, various
structural and accessory proteins are translated into the endoplasmic reticulum (ER) and (6a) then assembled as virion in
the endoplasmic reticulum-Golgi intermediate component (ERGIC), along with viral genomes encapsulated by N protein
budded into membranes of the ERGIC. (7) Then, virions are transported in vesicles and exit cells via exocytosis.

Table 1. Examples of viruses expressing the O-acetylesterases. Based on [44,99].

Family Genus Species Substrate *

Human coronavirus OC43
Bovine coronavirus Neu5,9A¢,

Hemagglutinating
Coronavirus encephalomyelitis virus

Coronaviridae Mouse hepatitis virus Neu4,5Ac,
Puffinosis coronavirus Neu4,5Ac,
Sialodacryoadenitis virus Neu4,5Ac,

. Porcine torovirus
Torovirus . . n.d.
Bovine torovirus
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Table 1. Cont.

Family Genus Species Substrate *
Isavirus Infectious salmon anemia virus Neu4,5Ac,
Orthomyxoviridae Influenza C virus Influenza C virus Neu5,9Ac,

(2-8-linked, GL)

Influenza D virus Influenza D virus Neu5,9A¢,

* Abbrevations: Neu5,9Ac2 (5-N-acetyl-9-O-acetyl neuraminic acid); Neu4,5Ac2 (N-Acetyl-4-O-acetylneuraminic
acid); GL (glycolipids).

3.5. Genomic Structure and Gene Functions

Until the 2000s, little was known about SDAV structural proteins. The only knowledge
available was based on serological tests, without a concrete distinction between specific
proteins. However, the first trial was attempted in 1993 by Kunita et al., on obtaining the
complete nucleotide sequence of the N gene of SDAV-681 and establishing its similarity
to other coronaviruses [55]. Additionally, it was known that antibodies specific for the
structural proteins (spike protein, nucleocapsid protein, and membrane protein) of MHYV,
could recognize SDAV and PRCV using the immunoblot technique [42]. The next attempt
was made in 2000 to characterize the remaining structural proteins and genome structure
of SDAV by the team of Yoo et al. [43]. They sequenced the 3’ terminal 9.8 kb of the SDAV
genomic RNA. During the research, using specially designed primers based on several
coronaviral sequences, it was possible to generate seven cDNA fragments by RT-PCR
cDNA cloning, which represented the 3’ terminal of the genome [43]. By amplifying
various fragments, they confirmed the coding sequences for S, M, and N structural proteins
and non-structural proteins, NS2 and HE gene in nine major open reading frames (ORFs),
as is shown in the Figure 5. The coding sequence for 12.6k (ORF5a, non-structural protein),
M (membrane-associated protein), and 7b (ORF7b, small internal ORF) is present in the +1
frame. The encoding sequence for polymerase 1b is present in the +2 frame, as well as genes
for 15k (15k nonstructural protein), S (spike protein), and sM (small membrane protein).
The other sequence for NS2 (nonstructural protein NS2), HE (hemagglutinin-esterase) and
N (nucleocapsid protein) is placed in +3 frame. The NS2 gene absent in the MHV-JHM Wbl
variant is present in SDAV. In contrast to the HE gene region of MHV-JHM; MHV-4; MHV-
DIVM, the SDAV HE nucleotides are highly conserved and exhibit low (58%) homology
with other coronaviruses (BCV or OC43) but maintain a relatively high MHV amino acid
identity (91%). In contrast to a previous statement in research by Gangneten et al., 1990,
the HE protein is expressed by SDAV and maintained as in BCV, HCoV OC43, MHV-
JHM, MHV-4, MHV-DVIM, and human Influenza type C [70]. Moreover, in small internal
ORF (ORF7b) and the untranslated 3’ region (UTR), 298 encoding amino acids with a
polyadenylated tail have been recognized. Additionally, each protein gene identified a
short intergenic consensus sequence [43].

Figure 5. Genome structure and ORFs in the 3’ end 9.8 kb of SDAV viral genome. Own work based on [43].

In 2002, the method of detecting rodent coronaviruses, including SDAV, was improved
by fluorogenic RT-PCR, known as Real-Time PCR/TagMan PCR. Besselsen and colleagues
designed a novel reverse transcriptase PCR procedure using an internal fluorogenic hy-
bridization probe to detect MHV and RCVs. The reaction utilized selected fragments from a
genome segment of M protein highly conserved among all coronaviruses [33]. This method
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improved detection and in vitro quantitative analysis assays for SDAV research; previously
invented by Yoo et al., 2000 [43].

3.6. SDAV Propagation and Role of In Vitro Studies

Until recently, SDAV had been mainly used in the evaluation of alveolar epithelial cell
response to infection. The team of Miura et al. (2007) detected the ability of uninfected
alveolar type I epithelial cells to produce chemokines as a response to IL-1 produced
by SDAV /RCoV-P-infected cells and leading to pulmonary inflammation [100]. Further
research by Funk et al. (2009) provided insight into SDAV-infection induced chemokine
expression in alveolar type I, type II, and airway epithelial cells. They confirmed the im-
portance of SDAV as a model for the early events of innate immune response to respiratory
CoVs infections of natural hosts, and they also detected that type I epithelial cells stand
as a primary target of SDAV infection and the crucial role of CXC chemokine expression
following infection and innate immune response cell influx [68].

As currently known, SDAV in vitro propagation is possible in established cell lines,
such as murine fibroblasts L-2(Percy) cells, subclone L2P-41.a, LBC cells, RCV-9, and in
primary rat kidney cell cultures (RKCC). In other frequently used cell lines (VERO, Hep-2,
NTCT 1469, BHK-21), infection is not possible [15,28,70,101-104]. For purification and
plaque assay, L-2cells, L2P-41.a, and LBC are often used [100,101]. The virus samples can
be stored at —60 °C for 7 years, but according to research by Jacoby et al. (1975), they can
become less infectious when stored at —20 °C [11,105].

4. Conclusions

Despite many commonalities with zoonotic coronaviruses of the genus Betacoron-
aviruses, there is a notable lack of interest in rat coronavirus SDAV. When considering
SDAV in the context of a potential zoonosis, and not just an enzootic laboratory threat, the
insufficient knowledge of the entire replication cycle after entry into the organism must be
taken into consideration. Information on the entry receptor and the surface interaction with
the host cell is still unclear. Indeed, on the basis of the information presented in this review,
it is tempting to speculate that most of the processes are identical or very similar to other
representatives of embecoronaviruses and betacoronaviruses. However, the high capacity
of this family for transient mutations in the hypervariable region of the main structural
glycoprotein, the S-spike protein, may lead to another crossing of the inter-species bar-
rier, as happened in 2019 in Wuhan with Sars-CoV-2 [38]. Information about the possible
SDAV infection of mice was confirmed in the 1970s by the teams of Parker (1970) and
Bhatt (1972) [16,17]. The growing number of new coronaviruses recently is worrying, due
to the close relationship between coronaviruses and distantly related animals. Such inter-
species jumps can cause uncontrolled outbreaks of zoonoses. Examples include: (i) FCoV
and CCoV in the alphacoronaviruses group; (ii) MHV and the aforementioned SDAV; other
RCoVs or HCoV -OC43, BCoV and PHEV; SARS -CoV-1, SARS-COV-2, and MERS-CoV in
the betacoronaviruses group; (iii) IBV, TCoV, Asian leopard cat coronavirus and new avian
coronaviruses in the gammacoronaviruses group [38,106,107].

Symptomatic SDAV infection is currently relatively easy to control under laboratory
conditions [108]. When infection occurs and it is confirmed by PCR tests, infected animals
can be eliminated. However, mild or asymptomatic infections can become a problem,
providing ideal conditions for the virus to mutate. Poorly maintained hygienic conditions
in mouse or rat cages and inadequate management of potentially infectious waste could
contribute significantly to undesired SDAV transmission. This problem was highlighted in
a work of de Bruin et al. (2016). A systematic review revealed that through the transfer
of soiled bedding (mainly spread by the oral and fecal route), infection is effectively
transmitted in cases of mouse hepatitis virus (MHV), mouse parvovirus (MPV), and
Theiler’s mouse encephalomyelitis virus (TMEV). Unfortunately, in the context of SDAV
infection or other infectious agents (minute virus of mice (MVM), Sendai virus (SeV),
murine rotavirus (EDIM)), insufficient data are available for evaluation [108].
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At this time, only studies on respiratory infections caused by SDAV have been de-
scribed. More studies should be conducted to identify the mechanism of virus—cell interac-
tion on different cell models. In vitro CNS-SDAV model studies are still lacking, and based
on recent studies concerning SARS-CoV-2, it appears that this virus (SDAV) may cause
significant changes in the central nervous system, as in other CoVs [18,67,109].

Based on actual knowledge and general properties of coronaviruses a main question
can be asked. If SDAV a possible threat to humans? Considering the algorithm and risk
of zoonotic potential designed by Palmer et al. in 2005, there are three crucial stages in
the transmission of a pathogen, which comprise the levels of potential risk [110]. The
risk of cross species transmission and exposure of humans to an infected host is relatively
substantial. The high capacity of coronaviruses to mutate within the genome, especially
the S-protein subunit (spike), leads to rapid adaptation and transmission among multiple
hosts. The facts of the facilitated potential of coronaviruses to cross the inter-species barrier
and being a host commonly found near humans highlights the need for further research
into the characterization of SDAYV infections.
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Abstract

ing factors.

Nowadays, the population is still struggling with a post-COVID19 syndrome known as long COVID, including a broad
spectrum of neurological problems. There is an urgent need for a better understanding and exploration of the mecha-
nisms of coronavirus neurotropism. For this purpose, the neurotropic strain of mouse hepatitis virus (MHV-JHM) origi-
nating from the beta-coronavirus genus, the same as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
has been used. The role of the cytoskeleton during virus replication in neurons in vitro was determined to understand
the mechanisms of MHV-JHM neuroinfection. We have described for the first time the changes of actin filaments
during MHV-JHM infection. We also observed productive replication of MHV-JHM in neurons during 168 h p.i. and syn-
cytial cytopathic effect. We discovered that the MHV-JHM strain modulated neuronal cytoskeleton during infection,
which were manifested by: (i) condensation of actin filaments in the cortical layer of the cytoplasm, (i) formation

of microtubule cisternae structures containing viral antigen targeting viral replication site (jii) formation of tunneling
nanotubes used by MHV-JHM for intercellular transport. Additionally, we demonstrated that the use of cytoskeletal
inhibitors have reduced virus replication in neurons, especially noscapine and nocodazole, the microtubule shorten-
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Introduction

One of the most tricky and unpredictable family of
viruses, Coronavirideae, again has forced scientists to
investigate crucial stages of viral replication [1]. During
the replication cycle, the cytoskeleton plays an essential
role and takes part in infection. In healthy, uninfected
cells, these dynamic arrays and their associated motor
proteins are responsible for the processes of prolifera-
tion, migration, differentiation, apoptosis, and intake
and transport of cargo by the cell [2]. The cell’s scaffold
comprises actin filaments (AFs), microtubules (MTs), and
intermediate filaments (IFs). In the context of pathogen
invasion, the most crucial role is played by the structures,
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MTs, as they are involved in the retrograde transport of
viral particles, especially in the perinuclear zone, and AFs
involved in the movement in the sub-membrane region,
cell to cell transport, the entry and egress of virions [3].
Actin is the most abundant protein in eukaryotes. It
forms a monomeric and spherical form called globu-
lar actin (G-actin), not found outside of myosin, and
polymerized in the form of filaments (F-actin) [4]. Actin
filaments are prominently accumulated in the sub-mem-
branous region of the cell at its periphery (cell cortex AF).
They are capable of forming shorter protrusions such as
lamellipodia, membrane ruffle, bladders, and long ones
such as filopodia, microvilli, or podosomes (looser bun-
dles) and organized in parallel stress fibers (tightly packed
bundles) [4, 5]. Actin filaments also form tubular F-actin-
rich structures called TNTs (tunneling nanotubes). They
connect the cytoplasm of neighboring and/or distant
cells by mediating efficient intercellular communication.
They are a kind of long cytoplasmic bridges with the
ability to maintain homeostasis in the physiological pro-
cesses of the cell. Unfortunately, viral particles and other
pathogens use these formations at early or late stages of
the life cycle, promoting viral spread. The usage of TNTs
has been documented for a diverse group of viruses such
as retroviruses, vaccinia virus, influenza A virus, human
metapneumovirus, human herpes virus type I, and severe
acute respiratory syndrome coronavirus 2 to promote
viral entry, virus trafficking, and cell-to-cell spread. Espe-
cially neuron-neuron transfer of pathological Tau protein
assemblies and prion-like proteins in neurodegenerative
diseases [6-9].

Microtubules are ultrathin structures, unbranched
cylinders made of alpha and beta-tubulin heterodimers
that form the wall of protofilaments. In all eukaryotes,
they are responsible for essential functions in the cell:
segregation of chromosomes into daughter cells at cell
division as a significant component of the mitotic spin-
dle, for transport of vesicles and organelles within the
cytoplasm, the highly asymmetric morphology of neu-
rons and, together with MTs and IFs, for maintaining
the dynamic spatial organization of the cytoplasm in the
cell [4, 10-12]. Microtubules are distributed in the cyto-
plasm in the form of evenly spaced clusters. They form
the axons and dendrites of neurocytes, the cytoplasmic
protrusions of cells, e.g., fibroblasts, and the pseudopodia
in protozoa. Nerve cells are particularly rich in microtu-
bule bundles of the interphase cytoplasm. The structure
of the cytoskeleton in neurons is extremely dynamic and
is involved in axon transport and proliferation. Micro-
tubules originate at sites called microtubule organiza-
tion centers (MTOCs), including centrosomes. These
structures are where the beginning of microtubule con-
struction occurs. These centers are common organelles
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present in the perinuclear region, as well as Golgi Apart
(GA). MTOC:s are suspected of determining the proper
location of GAs [4, 13]. Significant is the fact of interac-
tion of microtubules with actin filaments which is possi-
ble due to the presence of MAP (microtubule associated
proteins) molecules. The level of its phosphorylation
influences the formation of branched structures of the
cytoskeleton and 3D networks [14]. Moreover, the role
of these connections and the MAP molecule is signifi-
cant in viral infection. Many viruses have encoded their
own MAPs to manipulate MT networks directly. These
are human immunodeficiency virus type 1, Kaposi’s sar-
coma-associated herpesvirus, Epstein-Barr virus, Afri-
can swine fever virus, human herpes virus type 1, murine
norovirus, murine coronavirus [15-23].

As early as 1970, it was discovered by electron
microscopy that viral particles localize within cytoskel-
etal elements, and the effect on cross-linking architec-
ture negatively affects viral replication [24]. Why is it
important to know about the changes occurring in the
cytoskeleton of cells? Especially in the context of cells
of the nervous system, the dysfunction that occurs, the
distortion of the architecture of the cytoskeleton leads
to severe diseases, including neurodegenerative diseases
such as Alzheimer, Parkinson, amyotrophic lateral sclero-
sis, tauopathies, Huntington’s disease, and Charcot Marie
tooth disease [25-27]. The situation is more serious when
changes in the cytoskeleton are induced by neurotropic
viruses such as some coronaviruses, including the titular
MHV-JHM and another well-known beta-coronavirus
representative, SARS-CoV-2. Since 2020 cases of com-
mon neurological symptoms have been reported, includ-
ing loss of smell and taste. Less common symptoms were
seizures, stroke, and isolated cases of Guillain-Barre
syndrome (GBS, acute demyelinating inflammation with
coexisting axonal motor neuropathy) [28-30]. Accord-
ing to a recent study, long-term effects caused by SARS-
CoV-2 infection include a significant decrease in the
brain’s gray matter, changes in markers of damage to
tissue connected to the primary olfactory cortex, and a
significant reduction in overall brain volume in affected
patients [31].

Diagnosed, with increasing frequency, long-term
neurological complications due to SARS-CoV-2 infec-
tion oblige scientists to intensify research on the neu-
rotropism and neuropathogenicity of coronaviruses. For
this purpose, it seems necessary to create new in vitro
models suitable for studying the molecular mechanisms
of coronavirus neuropathogenicity. One of the coronavi-
ruses that has already contributed to neurodegeneration
research is mouse hepatitis virus, specifically the JHM
strain (MHV-JHM) [32-34]. A broad spectrum of tissue
tropism characterizes MHV strains, and single isolates
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Fig. 1 Schematic presentation of MHV-JHM entry and transport.
Possible events occurring during virion transport in the cytoskeleton.
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cause respiratory, gastrointestinal, or CNS diseases [35].
The pulmonary (polytropic) strains of MHV: MHV-1,
MHV-2, MHV-3, MHV-JHM (MHV-4), MHV-A59, and
MHYV-S, replicate initially in the respiratory and olfactory
epithelium of the nasal cavity, then develop viremia and
spread to the lungs, liver, bone marrow, brain, lymphoid
tissue, and reproductive organs. Enterotropic strains,
such as MHV-D, MHV-DVIM, MHV-Y, and MHV-R],
mainly infect the gut and can spread to the liver, lym-
phoid tissue, and spleen [36-38]. Neurotropic strains
are the most studied due to their ability to cause acute
encephalomyelitis with or without chronic axonal demy-
elination [34, 37, 39].

Considering various virus-cytoskeleton relationships
presented above and the still unknown facts about the
interaction of coronaviruses with cytoskeletal struc-
tures (especially in nerve cells), we have attempted to
characterize the morphological characteristics of micro-
filaments and microtubules and to check the effect of
selected chemicals affecting the disruption of cytoskel-
etal distribution on the efficiency of MHV-JHM infection
in primary neuron cells derived from Balb/c(H-d?) mice

(Fig. 1).

Methods

Primary neuronal cell culture

Balb/c(H-2%) mice were used to establish the primary
culture of murine neurons using the method by Cymerys
et al. [40]. Balb/c mice aged 6—8 weeks were purchased
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from Animal House of Mossakowski Medical Research
Institute Polish Academy of Sciences (Warsaw) and were
handled in accordance with the guidelines regarding the
use and care of laboratory animals. All actions involving
live animals were performed according to Polish Local
Ethics Committee guidelines and conformed to applica-
ble international standards. Pregnant female mice (16—-19
days post mating) were sacrificed in general anesthesia
induced with 2%-3% isoflurane in an induction chamber
(MiniVac Complete Anesthesia Systems, Harvard Appa-
ratus). After sedation mice were sacrificed by cervical
dislocation. Fetuses were removed and decapitated for
brain collection. Then isolated cerebral hemispheres from
fetal’ brains were washed three times in cold HBSS solu-
tion (10x Hanks Buffer; Life Technologies Waltham MA,
USA) and treated with 2,5% EDTA-free trypsin solution
at 37°C in 5% CO, for 15 min. Again, cells were washed
three times in a warm HBSS solution after incubation
and mechanically homogenized using a pipette. After
suspending and counting, cells were plated onto poly-L-
lysine or poly-D-lysine with laminin-coated coverslips for
immunofluorescent staining and without for RT-qPCR
replication analysis at a density of 5x10* neurons per
well (3.6 cm?). Primary murine neurons were cultured in
B-27 Neuron Plating Medium, consisting of the neuroba-
sal medium, B-27 supplement, 200 mmol/l of glutamine,
10 mmol/l of glutamate, and penicillin/streptomycin
antibiotics (1%) with 5% supplement of fetal bovine (5%)
and 5% equine serum (5%) (Gibco Life Technologies,
Waltham MA, USA). To avoid propagation of non-neural
cells, cultures were maintained in a growth medium sup-
plemented with 10 uM cytosine B-D-arabinofuranoside
(after 3 days for 24 h) (Sigma-Aldrich, Darmstadt, Ger-
many). Subsequently, the medium was removed and
replaced with Neuron Feeding Medium (B-27 Neuron
Plating Medium without glutamate; Life Technologies
Waltham MA, USA). In such conditions, neurons were
maintained for the next 8 days prior to analysis, infection,
and treatments with inhibitors at 37°C with 5% CO,.

MHV-JHM maintenance

Mouse coronavirus (MHYV, mouse hepatitis virus), neu-
ropathological strain MHV-JHM [ATCC-VR-76513] was
propagated and in mouse hepatocyte cell line [NCTC,
ATCC-CCL-9.1]. The median tissue culture infectious
dose (TCID,;) was calculated using the Spearman-Kér-
ber method [41]. Aliquots were stored at -70°C. All stud-
ies were conducted with the virus stock at the second
passage level and titer of 10”® TCIDy/mL.

Primary cell culture infection
Primary neuronal cell cultures were infected with MHV-
JHM strain (MOI=1.25) for 60 min at 37°C. After
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incubation, the inoculum was removed, washed with
PBS, and a fresh culture medium was added. Subse-
quently, infected cells were incubated for 2, 24, 48, 72,
and 168 h at 37°C with 5% CO,.

Inhibitors and cell viability assay (XTT)

Mouse hepatocytes (ATCC-CCL-9.1) were cultured in a
96-well plate at 10,000 cells/well and incubated until fully
confluent (24 h) at 37°C and a 5% CO,-enriched atmos-
phere. After full confluence was achieved, the culture
fluid was aspirated, and a suspension of each serine pro-
tease and cytoskeletal inhibitors (Table 1) were added at
a volume of 100 pl per well. The cultures were incubated
for 24 h at 37°C and in an atmosphere enriched with 5%
CO,. After incubation, 50 pl of XTT labeling mixture
(Roche, The Cell Proliferation Kit II (XTT), Darmstadyt,
Germany) was added to each well. After a 4-h incubation
(37°C, 5% CO,), a reading was taken at A=450 nm, sub-
tracting the background measured at 600 nm. Individual
assays were performed in 3 replicates, and the average
absorbance value for each dilution was calculated, fol-
lowed by the calculation of the percentage of viable cells
compared to the positive control (assuming 100% viable
cells for the absorbance value of the positive control).

Immunofluorescence staining and imaging

The immunofluorescence method was used to visual-
ize cell structures and viral antigen. After incubation in
desired infection time, primary neuronal cell cultures
were washed twice in PBS (Sigma-Aldrich, Darmstadt,
Germany), then fixed in 4% PFA (paraformaldehyde,
ThermoFisher, Waltham MA, USA) for 30 min. After
fixation, the cells were washed twice with PBS solution
and further incubated with 0.5% Tween/PBS solution for

Table 1 Inhibitors of cell cytoskeleton used in the study
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10 min at room temperature. Following, the cells were
washed twice with PBS solution. The F-actin filaments
were stained with 50 puL of TRITC-labelled phalloidin
conjugate (500 pg/mL; Sigma-Aldrich) and incubated
for 60 min in a wet chamber. Likewise, microtubules
were stained for 60 min in a wet chamber with indirect
immunofluorescence with Anti-B-Tubulin III antibody
produced in rabbit (dilution 1:200, Sigma Aldrich, Darm-
stadt, Germany) and then visualized with a secondary
antibody, Texas Red goat anti-rabbit IgG (dilution 1:2000,
Sigma- Aldrich, Darmstadt, Germany) for 60 min. The
presence of viral antigen was determined by indirect
immunofluorescence, using SARS-CoV/SARS-CoV-2
Spike Protein S2 Monoclonal Antibody (1A9) (Ther-
moFisher, Waltham MA, USA, dilution 1:250) incubated
overnight at 4°C. To visualize the viral antigen, Alexa
Fluor 488 anti-mouse IgG was used for 60 min, RT. Addi-
tionally, cell nuclei were stained with Hoechst 33258
(ThermoFisher, Waltham MA, USA) for 2 min, RT. After-
ward, coverslips were mounted on microscope slides
using ProLong Gold Antifade Mounting Medium (Ther-
moFisher, Waltham MA, USA). Images were acquired in
a confocal microscope (Fluoview FV10i, Olympus, War-
saw, Poland), saved in 24-bit.tiff format, and analyzed
using FV10i software (Olympus), ImageJ2 (NIH Image,
version 1.53q, Bethesda, MD, USA), and Adobe Photo-
shop CS6 software (Adobe Systems Incorporated, ver.
23.4.1, San Jose, CA, USA).

Cell treatment method with cytoskeleton-interfering
inhibitor drugs

Primary neuron cells after maturation (day 14) and at
proper confluence level (min 70%) were pretreated or
post-treated with nocodazole 30pM/mL; cytochalasin D

Substance Form Therapeutic effect/treatment
Nocodazole benzimidazole substituted at position 2 by a (methoxycarbonyl)  antineoplastic agent, a tubulin modulator, an antimitotic,
amino group and at position 5 by a 2-thienoyl group and a microtubule-destabilizing agent and an inhibitor of various
cancer-related kinases.

Noscapine phthalide isoquinoline alkaloid from Papaver somniferum analgesic, antitussive, disruption of the dynamics of microtubule
assembly, the inhibition of mitosis and tumor cell death, noscap-
ine does not affect microtubule polymerization, antiviral activity
by inhibition of Mpro protease.

Paclitaxel a tetracyclic diterpenoid from the bark of the Taxus brevifolia a mitotic inhibitor used in cancer chemotherapy, an antineoplas-

Latrunculin A
none moiety from Latrunculia magnifica

Cytochalasin D

16-membered bicyclic lactone attached to the rare 2-thiazolidi-

cell-permeable fungal toxin; from Zygosporium mansonii

tic agent, a microtubule-stabilizing agent, and an antineoplastic
agent.

impacts actin polymerization, microfilament organization,

and microfilament-mediated processes.

potent inhibitor of actin polymerization; disrupts actin microfila-
ments; activates the p53-dependent pathways; inhibits smooth
muscle contraction.
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10uM/mL; latrunculin A 10uM/mL; noscapine 75uM/
mL; Taxol 10uM/mL, all dissolved in DMSO 1%. During
the pre-treatment method, cells were incubated for 1 h
with the desired drug at 37°C, 5% CO, cells, then infected
with MHV-JHM. After infection, the medium was
replaced with a fresh culture medium. In the post-treat-
ment method, cells were infected with MHV-JHM for 1 h
at 37°C, 5% Co,. Then the cells were washed and left for
incubation in a fresh medium containing the listed drugs.
Primary neuronal cell cultures were further incubated for
2, 24, 48, 72, and 168 h. Cellular and supernatant frac-
tions from appropriate periods were collected in RLT
buffer (Qiagen, Germantown, MD, USA), stored at -20°C,
and later used for RNA isolation and reverse transcrip-
tion quantitative real-time PCR (RT-qPCR) analysis.

RNA isolation and reverse transcription quantitative
real-time PCR (RT-qPCR)

Primer design and construction of standard for RT-qPCR
RNA from infected and control cells was isolated using
RNeasy Mini Kit (Qiagen, Germantown, MD, USA) fol-
lowed by ¢cDNA 1st synthesis using random hexamer
primer (RevertAid First Strand c¢cDNA Synthesis Kit,
ThermoFisher). Product spanning a particular region
of the MHV genome (Gen Bank No. AC_000192.1) was
amplified using MHV_L_full and MHV_R_full primers
(Table 2), followed by electrophoresis and gel extraction.
The extracted DNA fragment was used for reamplifica-
tion and cloned in E. coli using pGEM®-T Easy Vector
System (Promega), and recombinant plasmid pGEM-T/
MHV_1 was achieved. RT-qPCR (in the total volume of
12 pl) with primers MHV_L_v2 (0.9 pM), MHV_R_v2
(0.9 uM), and probe (0.2 uM) (Table 2) was performed
on cDNA from both infected and control cells, as well as
on plasmid pGEM-T/MHV_1 construct using TagMan "
Gene Expression Master Mix (ThermoFisher, Waltham
MA, USA). The PCR was performed as follows 50°C — 2
min, 95°C- 10 min, 45X (95°C — 15 s, 60°C — 1 min).

Measurement of MHV copies in samples using RT-qPCR

RNA was isolated from cells using RNeasy Mini Kit (Qia-
gen, Germantown, MD, USA), followed by RNA con-
centration measurement using Synergy H1 Microplate

Table 2 Description of primers used during RT-gPCR
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Reader (BioTeK) and cDNA 1st synthesis using random
hexamer primers (RevertAid First Strand cDNA Syn-
thesis Kit, ThermoFisher, Waltham MA, USA). The
c¢DNA was diluted 40 X in water. In parallel control buffer
(CON_buf) was prepared by mixing all necessary rea-
gents for RT reaction except from RNA, dNTPs, and
random hexamer primer: 14 pl of water, 4 pl of reaction
buffer (5% concentrated), 1 pl of RNA inhibitor and 1 pl
of Reverse Transcriptase (RevertAid First Strand cDNA
Synthesis Kit, ThermoFisher, Waltham MA, USA) were
mixed and incubated 25°C — 5 min, 42°C - 60 min and
70°C — 5 min. The mixture was diluted 40 x, and CON_
buf was achieved. The RT-qPCR was performed in 12 pl
prepared as follows: 6 pl of 2x TagMan'" Gene Expres-
sion Master Mix (ThermoFisher, Waltham MA, USA),
2.16 pl of primers mix MHV_L_v2 and MHV_R _v2 (5
UM each), 1.2 ul of probe (2 uM) and 0.64 pl of water were
mixed resulting in mixture volume of 10 pl. The mixture
was added to the plate wells, and 2 pl of 40 X cDNA was
added as matrices. To achieve a standard curve, pGEM-
T/MHV_1 was diluted in CON_buf to achieve 1ES,
1E7, 1E6, 1E5, 1E4, 1E3, 1E2 and 33 copies per 2 pl and
used as matrices for RT-qPCR. The PCR was performed
as follows: 50°C — 2 min, 95°C - 10 min, 45X (95°C — 15
s, 60° C — 1 min). Additionally, each plate contained a
sample with cDNA from infected and control cells serv-
ing as positive and negative controls, respectively. Each
reaction was performed in triplicate in MicroAmp""
Optical 96-Well Reaction Plate with Barcode using a
thermocycler.

Real-time cell growth analise JuLi™Br

To determine the cellular growth and morphology of pri-
mary neurons infected with MHV-JHM, the JuLI"™Br
Live Cell—system for bright-field analysis (NanoEnTek,
Seoul, Korea 2015) was used. When cultured neurons
reached about 80% confluency, cells were infected with
MHV-JHM as previously described. Images were cap-
tured for 168 h with 30 min intervals. The results were
obtained and analyzed using JuLI"™Br PC software.
Uninfected cells were used as a negative control. All
images were captured at a X 40 magnification.

Primer Sequence AC_000192.1 covering region  Product length
MHV_L_full TTGGCTTGTGAGTGACGCCTG 28571 -28591 806 bp
MHV_R_full GCGCATACACGCAATTGAACAT 39376-29355

MHV_L_v2 GTATGGTATGTGGGGCAGATTA 28906 - 28 927 88 bp
MHV_R_v2 GTTTAATAGACGCAAGGAAGGC 28993-28972

Probe 5" 6-FAM 3" TAMRA

AGTCGCAGTGTGTTTGATGGTCACC

28935-28959 Not applicable
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Statistical analysis

The results were statistically evaluated by one-way
or two-way analysis of variation (ANOVA) using the
Tukey multiple comparisons test or multiple unpaired
t test using threshold p value with the Siddk-Bonerroni
multiple comparisons correction method. All experi-
ments were done at least in triplicate. These analyses
were performed using GraphPad Prism™ version 9.4.0
(453) for macOS software (GraphPad Software Inc., San
Diego, CA, USA). Statistical differences were interpreted
as significant at p <0.05, highly significant at p<0.01,
extremely significant at p<0.001, and insignificant at
p>0.05.

To analyze the colocalization of the fluorescence sig-
nal derived from TNTs and the viral antigen during
the study, a minimum 100 confocal images were used.
Images were analyzed using the Fiji BIOP JACoP plug-
in. The parameters analyzed were two channels, green
fluorescence corresponding to the viral antigen and
red fluorescence for the F-actin. The quantitative inter-
pretation of pixel correlation coefficients in the form of
threshold parameters of Pearson’s correlation coefficient
(PCC) and Manders’ correlation coefficient (M1 and M2)
of global statistical analysis were considered for statisti-
cal analysis, considering pixel intensity distributions from
fluorogram plots [42]. The degrees of correlation were
indicated as perfect for values near + 1; strong for values
between +0.50 and + 1; medium for values between + 0.30
and + 0.49, and low for values below +0.29.

Results

MHV-JHM productively replicates in neurons

The number of copies of viral RNA were determined
from the suspension of cells and media from each time
post-infection (Fig. 2). In the positive control of neuron
cells infected with MHV-JHM, the number of copies
per ug RNA has been increasing logarithmically. At the
start, after 2 h p.i.,, the virus copies were at 5.30x 10° per
ug RNA. Then, 24 h p.i. values increased to 1.03x10®
copies/pg RNA when the complete replication cycle
occurred. At 48 h p.i., values decreased by two logarithms
(5.60%10°) and gradually raised, reaching its peak —
6.48 x10° at 168 h p.i. On the other hand, the morpho-
logical analysis done with JuLi" Br live imaging showed
that neurons infected with MHV-JHM did not drastically
change the confluence of the culture nor the appear-
ance of cells (Fig. 3). During the 168 h of infection, the
lower density of cell culture was observed, but the abil-
ity to form long protrusions or neuritis were present
until the assay’s end. Therefore, there was no visible CPE,
and cells did not undergo lysis. The confluence level had
been raised until 96 h post infection (92.55%) and started
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to drop after 120 h p.i., reaching the final confluence of
64.06% at 168 h p.i. (Fig. 3, graph).

MHV-JHM controls the dynamic processes of the actin
cytoskeleton

The effect of MHV-JHM on the cytoskeletal structure of
primary cultured mouse neurons manifested in the form
of changes in the distribution of filaments.

The first changes could be seen as early as 2 h p.i,
where, compared to the control (Fig. 4) even arrange-
ment of stress filaments (Fig. 5A, aja” yellow arrowheads),
excessive condensation of actin in the submembranous
region (Fig. 5A,a” green arrowhead; Fig. 6A, white aster-
isk) and its thinning in the zone close to the cell nucleus
(Fig. 5A,a", white asterisk; Fig. 6A, yellow arrow) were
noted. Also, the presence of penetrating/moving viral
antigens in the long filopodia (Fig. 5A,a’, white arrow-
head) and the accumulation of virion antigen was cap-
tured in the perinuclear area, which is the site of target
replication in the cytoplasm (Fig. 5A,a; yellow box, green
arrowhead).

The changes have worsened at 24 h p.i. When produc-
tive replication occurred, neurons formed many inter-
cellular connections in the form of longitudinal actin
filaments - tunnelling nanotubes, to transport viral par-
ticles to neighbour cells (Fig. 5B, b’ white arrowheads).
It is possible to distinguish the formation of thin TNT
bridges and long thicker ones (Fig. 5B, b}b” white arrow-
heads). In the area marked by the yellow box, the progeny
virions were present, moving across the bridge from one
cell to another (Fig. 5B, b” green arrowheads). Peripheral
stress fibres in the form of highly condensed structures
were still visible (Fig. 5B, b, b” yellow arrowheads), and a
large amount of viral antigen localized in the perinuclear
region (Fig. 5B, b} yellow box, green arrowhead) with a
much-diluted structure was still clearly visible.

Interesting morphological changes begin to occur on
the second day after infection, where neurons clearly
have lost their ability to form long protrusions (Fig. 5C,
¢;c”). Instead, shorter filopodia appeared (Fig. 5C, c,c”
white asterisk). Also, the structure of the stress fibres has
again become highly polarized fibres in which the viral
antigen was present (Fig. 5C, c;c” green arrowheads and
yellow arrowheads).

Complete rearrangement and loss of the proper struc-
ture of actin filaments and their local defragmentation
occurred at 72 h p.i. (Fig. 5D, d}d”). The viral antigen was
predominantly present in the perinuclear space where
the actin structure has been polymerized (Fig. 5D, d’ yel-
low boxes green arrowheads).

Interestingly, 1 week after infection, the structure of
the actin cytoskeleton has restored. (Fig. 5E, eje”). Stress
fibres (Fig. 5E, €’ yellow arrowheads), TNTs (Fig. 5E,¢’,
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Fig. 2 RT-gPCR analysis of MHV-JHM viral RNA copies per pg during 168 h p.i. in murine neurons

yellow box, white arrowhead), and lamellipodia (Fig. 5E,
e’ yellow box, white asterisk) could be distinguished.
However, further examples of the cytopathic effect in the
form of spiderweb-like structure (Fig. 5E, €’ yellow box)
and cell syncytia (Fig. 5E, e” yellow arrowhead) appeared.
The moving viral antigen have been still present in the
actin protrusions (Fig. 5E, e” yellow box, green arrow-
head). These actin structures were noticeable through-
out the infection cycle but were best and most visible 1
week after infection. Such as numerous long actin pro-
trusions and nanotubes in which the moving viral anti-
gen was present (Fig. 7A,B,C; white arrow). A tunneling
nanotubule connected two nerve cells transmitting viri-
ons between them (Fig. 7A a”; white arrow). The quanti-
fication colocalization analysis of viral antigen and TNTs
structure throughout the infection exhibited strong val-
ues (PCC=0.73+0.18; M1=M2=0.93) (Fig. 8). Moreo-
ver, interesting spiderweb-like structures appeared with
local highly polarized filaments and complete absence or
depolarization (Figs. 6B and 7C; green boxes and yellow
arrows).

Another interesting phenomenon was also observed.
The formation of actin structures, highly polarized fila-
ments forming a circle, was noted during infection at
early and late time post infection (Fig. 6A,B). At 2 h p.i,,
the filaments were polarized in the perinuclear and sub-
membrane area (Fig. 6A, white asterisk; yellow arrows)
while at 168 h p.i., a significant condensation of polarized
actin filaments were visible, forming a ring-like form in

submembrane area (Fig. 6B, white asterisk, yellow arrow).
In these structures, high number of viral particles were
noted (Fig. 6A,B; green arrows).

MHV-JHM modulates microtubule structure and uses
during transport
Microtubules are less involved in virus entry into the
cell. In contrast, MTs in neurons facilitate viral trans-
port along the neuron’s cell body and axonal terminals.
This can be seen as early as 2 h p.i. as viral particles were
moving ‘surfing’ inside MTs (Fig. 10Aa”). In the box high-
lighted in yellow, attention was drawn to the accumu-
lation of viral antigen in the perinuclear space and its
presence in the neurite (Fig. 10Aa’; yellow box, and green
arrowheads). Also, viral antigen was visible in perinuclear
area (Fig. 9Aa’; yellow box, and green arrowheads).

Progressive accumulation of viral antigen was observed
after the first day after infection. On images, it was mani-
fested as yellow fluorescence present mainly in the soma
region (Fig. 10Bb; yellow box, green arrowhead). The dots
of green fluorescence present in numerous dendrites
likely represented progeny virions moving between neu-
rons (Fig. 10Bb; yellow box, green arrowheads). Early
syncytium formation was also detected after 24 h p.i.
(Fig. 10Bb’, green and white arrowhead).

Compared to control (Fig. 9), microtubule architec-
ture changes occurred after 48 h p.i. Microtubules radi-

’ »

ated toward the forming syncytium (Fig. 10Cc;c’, yellow
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Fig. 3 Real-time cell growth analysis of MHV-JHM infected primary murine neurons performed by using live image move analyser JuLi"'Br. Cultures
were observed from initial seeding for 168 h. The generated graph shows the percentage of cells’confluence level [%)] during complete analysis
[hours]. All images were recorded every 5 min and analysed monolayer confluence. Objective magnification x40
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Fig. 4 Actin cytoskeleton network morphology of non-infected primary murine neurons. Various forms of actin fibres structures were presented
and highlighted by white arrowheads: tunnelling nanotube (main image), filopodium (a) and longitudinal actin fibres (), stress fibres (b), peripheral
stress fibres (c), lamellipodium (d), and growth cone (e). Indirect and direct immunofluorescence staining; merge images: actin filaments - red; cell

nuclei — blue. Microscope magnification 60x, scale 20 um

square, yellow arrowheads, white arrowhead) were
noted. On the first image, a loss of dendrites, axons
and a pronounced rounding of the neuron cell were
seen (Fig. 10Cc’). In places, as captured in the second
photo, a long protrusion is present in which the progeny
virion was moving (Fig. 10Cc’, yellow arrowhead, green
arrowheads).

On the other hand, on the third day after infection, a
restoration of the neurons’ ability to form protrusions
was observed (Fig. 10Dd;d’; yellow arrowheads). How-
ever, compared to control (Fig. 9), the structure of MTs
became depolymerized, facilitating the distribution of
viral proteins (Fig. 10Dd}d’ yellow arrowheads). The
second picture showed strong condensation of microtu-
bules at the site of viral antigen and formation of bulges
in dendrites - a possible site of release of progeny virus
(Fig. 10D,d’; yellow square, green arrowheads). Syncytia
at 72 h p.i. were still present with a clear ring of viral anti-
gen around fused cell nuclei (Fig. 10D,d’; yellow squares,
white arrowheads).

Interestingly similar to what was described for actin
filaments, 1 week after infection, there was no loss of cel-
lular protrusions, microtubule structure was similar to
that present in control (Fig. 8) with well-defined polym-
erization (Fig. 10E,e}, yellow arrowheads). Viral antigen
was still present and expressed by bright fluorescence in
each neuronal cell (Fig. 10E,e’ green arrowhead; e” green
arrowhead, yellow box, green arrowhead), especially in

the perinuclear space of the soma (Fig. 10E,e’ yellow box;
e” green arrowhead). The cultured primary murine neu-
rons were not degraded after 168 h p.i. MHV-JHM.

Effect of specific cytoskeleton inhibitors on MHV-JHM
replication

Reverse transcriptase real-time PCR was applied to detect
viral RNA in neuronal cells pre-treated and post-treated
with actin and microtubule inhibitors to determine their
effect on virus replication. The following substances were
used: cytochalasin D 10uM/mL; latrunculin A 10uM/
mlL; paclitaxel 10uM/mL nocodazole 30uM/mL; noscap-
ine 75uM/mL. Both treatment methods had a significant
effect on replication. Starting from 2 h p.i. there were
visibly higher levels of viral RNA copies than in control
untreated cells (2.02x 10°) (Fig. 11A). After 24 h p.i., the
viral copies decreased by at least 2 logarithms. The actin
cytoskeleton inhibitors — cytochalasin D and latruncu-
lin A had a similar effect on replication inhibition, but
post-treatment method had better results. Compared
to the positive control, viral RNA copies were at a level
of 10, whereas after applying actin depolymerization
agents, latrunculin A and cytochalasin D, the values had
reached level of copies 107 in pre-treatment and 10° in
post-treatment. Cytochalasin (pre-treatment 7.47 x 107;
post-treatment 4.04 X 10°), latrunculin A (pre-treatment
1.38x10% post-treatment 1.25x10°). Approximate val-
ues were detected for microtubule destabilization agents
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Fig. 5 Primary culture of murine neurons infected with MHV-JHM virus. Representative confocal images of neurons obtained at 2 (A,aja"), 24
(Bb)b"), 48 (C,cic"), 72 (Dd,d"), and 168 h p.i (E.e)e"). Green arrowheads point to the presence of viral antigens in actin structures. Yellow arrowheads
show areas of changes in f-actin filaments resulting from MHV-JHM infection. White arrowheads point to tunnelling nanotube (TNTs) structures.
White asterisk show lamellipodia. Yellow boxes indicate the overlapping presence of actin filaments fluorescence with viral antigen and magnified
area. Indirect and direct immunofluorescence staining; merge images: actin filaments - red; cell nuclei - blue; viral antigen - green. Microscope
magnification 60x, scale 20 um
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Fig. 6 Primary culture of murine neurons infected with MHV-JHM virus. Representative confocal images of neurons obtained at 2 h p.i. (A) and 168
h p.i (B). White asterisk represents the occurrence of a F-actin ring structures — juxtanuclear ring (A) and submembranous ring (B); green boxes show
magnified areas; green arrows indicate viral antigen; double yellow arrows show juxtanuclear ring and single yellow arrow points submembrane
ring. Indirect and direct immunofluorescence staining; merge images: actin filaments - red; cell nuclei - blue; viral antigen - green. Microscope

magnification 60x, scale 20 um and 10 ym

(Fig. 11B). In 48 h p.i. there was no spectacular effect
both from actin and microtubular inhibitors. Overall
positive control viral RNA copies were at a relatively high
level of 10® (1.13x 108) logarithm. After incubation best
results were obtained for latrunculin A post-treatment
(2.45x10° (Fig. 11C). On the contrary, 72 h p.i. with
extreme significance, microtubule shortening noscapine,
post-treatment (7.6 x 10%), decreased viral replication by
4 logarithms compared to untreated control (1.2x 107).
Similar results were obtained with post-treatment actin
depolymerizing cytochalasin D (6.1x10%. Other pair
of actin and microtubule inhibitors, latrunculin A, and
paclitaxel, arrested viral replication on levels of 8.0x 10*
pre-treatment, 1.6x10° and 1.7x10° pre-treatment,
5.9% 10° post-treatment as followed (Fig. 11D). Overall,
the viral replication levels drop happened at 168 h p.i.
where levels decreased by 6 logarithms after usage of
post-treatment (6.3x10% and pre-treatment (2.3x10%
incubation with nocodazole. Control untreated cells,
infected with MHV-JHM (168 h p.i.), have reached
value of 10'°, Other microtubule inhibitors - noscapine

and post-treatment actin depolymerization substations
cytochalasin D, and latrunculin A have blocked replica-
tion by 2/3 logarithm (Fig. 11E).

Discussion

Several works have examined and confirmed the cell’s
cytoskeleton’s significant role in the virus entry into the
cell and in the further stage of the replication cycle, cul-
minating in the assembly and release of progeny virions.
Much is already discovered in the context of coronavi-
ruses, but unknown areas still leave doubts. We have
delved into this topic, not least because of the increas-
ingly reported cases of long-Covid in the CNS [43—45].
As is well known, MHYV, especially neurotropic strains,
e.g., JHM, A549, are well suited as models for SARS-
CoV-2 [34]. Moreover, morphological, and molecu-
lar analysis of the effect of MHV-JHM infection on the
cytoskeleton of primary neurons adds to the knowledge
of beta-coronaviruses. Our study confirmed that MHV-
JHM in 1 week infection period does not destroy neu-
ronal cells and manipulate the cytoskeleton from entry
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Fig. 7 Primary culture of murine neurons infected with MHV-JHM after 168 h p.i.. Representative confocal images of specific filamentous actin

structures — tunnelling nanotubes (TNTs) (a,a)a’}b,b;c; white arrows); depolymerised (b'yellow arrow) and highly polymerised rings structures (b

"

yellow arrows) spider-web-like actin structures (c,c”yellow arrows). Green boxes indicate magnified area. Indirect and direct immunofluorescence
staining; merge images: actin filaments - red; cell nuclei - blue; viral antigen - green. Microscope magnification 60x, scale 30 um and 20 um

until viral shedding. What is more important MHV-JHM
uses tunnelling nanotubules as a cell-to-cell transport
route avoiding immune response and direct receptor
binding.

During neuroinfection, the cytoskeleton plays a very
significant role. In our study, we presented a morphologi-
cal and quantitative analysis verifying the level of viral
replication after treating cells with substances that affect
the distribution of actin filaments and microtubules.
There is little information available on the utilization of
the neural cell cytoskeleton by MHV-JHM. The avail-
able literature has focused more on the role of microtu-
bules during intracellular transport than actin filaments.
Microtubules have been shown to play an important role
in intraneuronal transport in primary culture cells of rat
hippocampal neurons and OBL-21 cells (olfactory bulb
cultures of CD.1 mouse) [46]. Moreover, the team of
Pasick et al. 1994 and Kalicharran and Dales, 1995 proved

that there is a special interaction between Tau protein
and MHV-JHM nucleocapsid protein [23, 46]. The amino
acid complementarity of the two proteins overlapped at
44% similarity and 22% identity in structure. This homol-
ogy probably influences such high neuropathogenicity
and tropism of the virus through the interaction of MTs
with MHV-JHM N protein. Some a-coronaviruses like
TGEV (transmissible gastroenteritis coronavirus), HCoV-
NL63 (human coronavirus NL63), and HCoV-229E
(human coronavirus 229E) were proven to interact with
their S and M proteins directly or indirectly with tubu-
lin [47]. In our study, we confirmed the dominant role of
microtubules during MHV-JHM infection. We already
observed at 24 h p.i. moving viral particles between neu-
rons in long axonal protuberances and neurites (Fig. 10B,
green arrowheads and yellow boxes). On the other hand,
at 2 h p.i. (Fig. 10A, a” yellow box) and 72 h p.i. (Fig. 10D,
d” yellow and green arrowheads), MHV-JHM disrupted
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Fig. 8 Colocalization analysis of viral antigen present

inside tunnelling nanotubule structures. Histograms compared
correlations of TNTs with MHV-JHM antigen from the 2 h p.i. until 168
h p.i with uninfected cells (mock-infected) showing Pearson’s
correlation coefficient (PCC) and Meander’s coefficients (M1 and M2)
from =100 cells (data represented as mean +SEM from TNTs
structurers). The degrees of correlation were indicated as perfect

for values near + 1; strong for values between +0.50 and + 1; medium

for values between +0.30 and +0.49, and low for values below +0.29.

Obtained with JACoP BIOP analysis
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microtubules’ architecture, leading to their depolym-
erization, cell degradation, and syncytia formation
(Fig. 10C, D yellow arrowheads). However, some cells
were still able to transport progeny virions (Fig. 10C, D
green arrowheads). Neurites did not disappear, and viri-
ons accumulated in characteristic cisternae (Fig. 10D,
purple arrowheads). At 168 h p.i., the viral antigen was
still present in large amounts and colocalized with the
structures of the microtubule, which were intact, and the
cells were not degraded (Fig. 10E). Similar results were
obtained by Pasick et al. where viral antigen were present
in large amounts after 48 h p.i. Virions located in a lin-
ear position were moving along axons and have formed
microtubules into cisternae structures [46]. On the other
hand, a study by Biswas and Sarma [48], using demyeli-
nating strains of MHV - RSA59 and non-demyelinating
RSMHV?2 in the infection of Neuro2a cells, showed that
viral transport took place in axonal terminals as early
as 4h 15 min p.i. in the case of RSA59 and RSMHV2 in

Fig. 9 Microtubule network morphology of non-infected primary murine neurons. Various forms of 3-tubulin rich structures were presented
and highlighted by white boxes: dendrite (a), soma (b), tubulin bundles (c), and axon growth cone (d). Indirect and direct immunofluorescence
staining; merge images: B-tubulin- red; cell nuclei - blue. Microscope magnification 60x, scale 10 um

(See figure on next page.)

Fig. 10 Primary culture of murine neurons infected with MHV-JHM virus. Representative confocal images of neurons obtained at 2 (A,a,a"),

24 (B,b)b"), 48 (C,cic), 72 (Dd,d"), and 168 (Ee/e") hours post infection. Green arrowheads point the presence of viral antigens in actin structures;
Yellow arrowheads show areas of changes in B-tubulin resulting from MHV-JHM infection. White arrowheads point to syncytia formation. Purple
arrowheads indicate cisternae microtubule structures. Yellow boxes indicate the overlapping presence of -tubulin fluorescence with viral antigen.
Indirect and direct immunofluorescence staining; merge images: 3-tubulin - red; cell nuclei - blue; viral antigen - green. Microscope magnification
60x, scale 20 um
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Fig. 10 (See legend on previous page.)
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Fig. 11 The effect of pre-treatment and post-treatment incubation with cytoskeletal inhibitors on MHV-JHM replication in primary murine neurons
culture. Presented time points: 2 h (A), 24 h (B), 48 h (C), 72 h (D), 168 h (E). Viral RNA was quantified by RT real-time PCR. Data are presented

as the mean =+ standard deviation (SD) (n=3). Two-way Anova tests were used to analyse statistical significance compared with the untreated
control: ¥, significant (P < 0.05); **, highly significant (P<0.01); and ***, extremely significant (P<0.001)
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general, up to 36 h p.i. when the cells lysed. Syncytia were
present as early as 9 h p.i. in Neuro2a cells upon RSA59
infection [48]. We also detected syncytium formation by
MHV-JHM after 24 h p.i. as a cytopathic effect in pri-
mary murine neurons (Fig. 10B, b’ white arrowhead),
contrary to the previous finding by Bender et al. [49].
Thus, it proves that direct cell-to-cell spread in neurons
may be the top way of virion spread because of its effi-
ciency and no engagement with cell-membrane-specific
receptors [50, 51]. Also, after a week of infection, we
observed the renovation of the cytoskeletal structure of
neurons and an increase in proliferation. Generally, infec-
tion with MHV may lead to Tau phosphorylation by gly-
cogen synthase kinase-33-dependent mechanism, which
disrupts MT stabilizing ability causing brain damage but
not neurons death [52, 53]. The results were observed by
analysis of confocal microscopy images were confirmed
by RT-qPCR. After pre-, and post-treating with microtu-
bules depolymerizing agent — nocodazole, a stabilizing
agent — noscapine, and paclitaxel, we have observed suc-
cessful limitation in MHV-JHM replication (Fig. 11). This
indicates that disrupted MTs distribution, mostly in late
hours post infection (a significant number of RNA cop-
ies decreased at 72 h p.i.) had a highly statistical effect
on the virus’s ability to replicate in primary murine neu-
rons. The best results were obtained by noscapine 72 h
p.i. post-infection treatment by three logarithms drops
and nocodazole pre-treatment by six logarithms drop
(Fig. 11). In other viruses, the replication of sindbis virus,
vesicular stomatitis virus, and human herpes virus type I,
was quantified by the titre (plaque forming units/ml; pfu/
ml) produced in cells treated with three anti-microtubule
drugs (colchicine, noscapine, or paclitaxel) and none of
these drugs affected the replication [54]. In the case of
MHV-A59 and MHV-2 treatment with colchicine, vin-
blastine did not affect fusogenic properties and thus rep-
lication in 36 h p.i. in Neuro2a cells and fibroblasts [438,
55].

To our knowledge, no publications considered
changes in actin filament during MHV-JHM infection
in neurons. We have observed dynamic rearrangement
of F-actin which led to facilitated MHV-JHM entry
into the soma (Fig. 5). It is well known that microfila-
ments participate in virion surfing after the virus binds
to a target cell [54]. In our study, as early as 2 h post
infection, the filament condensation in the form of sub-
membranous rings were seen (Fig. 5A,a” green arrow-
head; Fig. 6). These structures, which can be sites of
viral entry, were also present after IPEC-]J2 cells infec-
tion with PEDV (Porcine epidemic diarrhoea virus) and
TGEV (Transmissible gastroenteritis coronavirus) [56].
The first changes appeared 2 h p.i., where excessive con-
densation of actin in the submembranous region and its
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thinning in the zone close to the cell nucleus (Fig. 9A,
green arrows) were noted. We also captured the pen-
etrating/moving viral antigens in the long filopodial
protuberance (Fig. 9A, white arrowhead) and the accu-
mulation of virion antigen in the perinuclear area. The
changes worsened at 24 h p.i. when productive replica-
tion occurred. Neurons formed numerous intercellular
connections in the form of longitudinal actin filaments,
probably forming tunnelling nanotubes for transport-
ing viral particles. The use of TNTs and their important
involvement in intercellular transport during SARS-
CoV-2 infection has recently been discovered. The
enhanced ability to form TNTs and the movement of
viral antigen within the bridges were investigated on a
coculture model of African green monkey kidney Vero
E6 cell and human neuroblastoma (SH-SY5Y) cells [57].
In our study conducted on primary murine neurons,
numerous TNT structures were seen and the move-
ment of MHV-JHM antigen within TNTs throughout
the infection period were noted. Interestingly, the larg-
est number of this actin structures appeared after 168
h p.i. which may be an important sign especially in the
treatment or research for the pathology of long-COVID
and the changes that coronaviruses cause in the central
nervous system.

Peripheral stress fibres in the form of highly con-
densed fibres were visible, and a large amount of viral
antigen localized in the perinuclear region (Fig. 9B,
white arrowheads) with a much-diluted structure
was still clearly visible. Like in microtubule structure,
proper actin filaments dynamics were restored after
168 h p.i. (Fig. 9E). During later hours post infection,
characteristic juxtanuclear rings were observed. Again,
in PEDV and TGEV infected IPEC-]2 cells, juxtanuclear
rings support viral genome replication and protein syn-
thesis [56]. Actin filaments also promote viral egress
by thickening and restoring stress fibres structures,
as we noted. Such phenomenon occurred during IBV
(Infectious Bronchitis Virus) and SARS-CoV infection
and proved essential during virus budding and assem-
bly of viral particles [31, 58, 59]. To confirm the role
of the actin cytoskeleton in MHV-JHM infection, we
have used cytochalasin D and Latrunculin A treatment
(Fig. 11). These two actin polymerization inhibitors
did not influence the entry of the virus, thus the rep-
lication ability of MHV-JHM after 2 h p.i., but in later
stages of replication, the inhibitory effect was visible by
three logarithms decreased after 168 h p.i. In a study by
Yeung 2021, BafAl and cytochalasin D, which impair
endosomal acidification and endosomal-lysosomal sys-
tem, respectively, were proven to inhibit the infection
of the SARS-CoV-2 virus [60].
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In conclusion, here, we showed that neuronal actin
cytoskeleton is likely used during MHV-JHM infec-
tion, which we confirmed by morphological analysis.
Its role is not essential in the process of viral penetra-
tion but crucial in cell-to-cell transport of progeny viri-
ons. This type of viral transport permits infected cells
to hide from immune system response and allows more
effective viral spreading. Our studies show that the pri-
mary role in the intracellular transport of MHV-JHM
virions to the site of replication and then between cells
is played by microtubules. This finding was confirmed
after using noscapine and nocodazole inhibitors, which
effectively reduced MHV-JHM replication in neurons.
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Abstract: Sialodacryoadenitis virus (SDAV) has been identified as the etiological agent responsible
for the respiratory system and salivary gland infections in rats. The existing literature on SDAV
infections is insufficient to address the topic adequately, particularly in relation to the central nervous
system. In order to ascertain how SDAV gains access to neuronal cells and subsequently exits, our
attention was focused on the small molecule valosin-containing protein (VCP), which is an ATPase.
VCP is acknowledged for its function in the ubiquitin-mediated proteasomal degradation of proteins,
including those of viral origin. To ascertain the potential influence of VCP on SDAV replication
and egress, high-content screening was employed to determine the viral titer and protein content.
Western blot analysis was employed to ascertain the relative expression of VCP. Real-time imaging of
SDAV-infected cells and confocal imaging for qualitative morphological analysis were conducted.
The Eeyarestatin I (EerI) inhibitor was employed to disrupt VCP involvement in the endoplasmic
reticulum-associated protein degradation pathway (ERAD) in both pre- and post-incubation systems,
with concentrations of 5 uM/mL and 25 uM/mL, respectively. We demonstrated for the first time
that SDAV productively replicates in cultured primary neurons. VCP expression is markedly elevated
during SDAYV infection. The application of 5 uM/mL Eerl in the post-treatment system yielded a
statistically significant inhibition of the SDAYV yield. It is likely that this modulates the efficacy of
virion assembly by arresting viral proteins in the submembrane area.

Keywords: SDAV; VCP; primary neurons; virion assembly; ERAD; eeyarestatin I

1. Introduction

Rodents are the most diverse and most abundant order of mammals in the world;
they account for about 43% of mammalian species. Belonging to rodents, rats mainly
inhabit urban areas, which is associated with their frequent interaction with humans. These
animals are reservoirs of viruses, including coronaviruses, and thus pose a potential threat
of zoonotic transmission. To date, two human-infecting coronaviruses, HCoV-HKU1 and
HCoV-OC43, have been reported that are likely derived from rodent coronaviruses [1,2].
Following the One Health approach, viruses that cause rat infections should be studied
more to better understand the nature of coronaviruses that are potentially dangerous
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to humans [3,4]. Sialodacryoadenitis virus (SDAV) is the aetiological agent of frequent
respiratory infections in laboratory rats [5-7]. Clinical signs of infection include salivary and
lacrimal gland inflammation and pharyngitis, photophobia, intermandibular edema, and,
in some cases, reduced fertility. SDAYV is antigenically related to the mouse hepatitis virus
(MHV) serogroup [8] and can cause CNS infection and encephalopathies (documented only
by in vivo studies) [9,10].

The viral replication cycle is a complex process in which the interactions of pathogen
structures with host cell components are crucial. Identifying the proteins and other
molecules present in cells that are important during viral entry, multiplication, and release
are critical regarding potential zoonotic transfer. One protein that has been extensively
studied in the context of viral infections due to its ubiquitous presence in cells and involve-
ment in many cellular processes is valosin-containing protein (VCP). VCP belongs to the
family of ATPases associated with diverse cellular activities (AAA+). It is expressed in
different cells and is a highly conserved protein in all eukaryotes. It also occurs under other
names—p97 in mammals, Cdc48 in yeast, CDC-48 in Caenorhabditis elegans, and Ter94 in
Drosophila melanogaster [11-13]. It is mainly localized in the cytosol but is also present on
the membranes of organelles such as endosomes, cell nucleus, endoplasmic reticulum, and
Golgi apparatus [14]. VCP participates in numerous cellular processes, and the full range of
VCP-related functions is still emerging [11]. VCP’s segregase activity and role in targeting
proteins for degradation are best characterized. Both processes make essential contributions
to maintaining cellular homeostasis. Eliminating abnormal proteins, organelles, and granu-
lar compartments is crucial for the proper function of neurons [15-18]. VCP also participates
in endoplasmic reticulum-associated degradation (ERAD) [19], ribosome-associated protein
quality control (RQC) [20], and mitochondria-associated degradation (MAD) [21]. The VCP
is a promising target for clinical research in cancer treatment [22,23]. Although further
research is necessary, recent reports indicate that the VCP inhibitor Eeyarestatin I (EerI)
has shown promising results in the treatment of multiple myeloma and acute myeloid
leukemia. In particular, the Eerl-derived compound CB-5083 has demonstrated favourable
synergistic effects when combined with other anti-leukemia drugs, including cytarabine
and venetoclax [24]. This targeted therapy may be primarily based on the induction of
apoptosis in tumour cells and the unfolded protein replication (UPR) pathway [22,25]. An-
other compound, VP20, has been demonstrated to inhibit tumour progression by inhibiting
the NF-«B signalling pathway in the context of malignant multiple myeloma [26]. Another
finding proved that targeting VCP with EerI in non-small cell lung carcinoma (NSCLC)
restored p53 and NFB levels and ameliorated the growth and tumorigenicity, improving
clinical outcomes [27]. In the case of experimental treatment of idiopathic epilepsy, VCP
inhibition by Eerl without stress induction, together with folding enhancement, represents
a new strategy to restore the proteostasis of misfolding-prone GABAA receptors [28].

Considering the numerous functions performed in the cell and the widespread occur-
rence of VCP, the involvement of this protein during viral infections has begun to be studied.
VCP has been shown to be utilized by various families of viruses, both with genomes in
the form of RNA and DNA, during entry, replication, and exit from cells [29-32]. The
protein likely mediates endosomal vesicle fusion through interactions with early endosome
antigen 1 (EEA1), clathrin, and syntaxin 5 [33-35]. It is also possible that VCP controls
the multimerization state of viral proteins during entry into the host cell [29,36]. The way
viruses likely utilize VCP during the initial stages of infection has been best described in
the family Flaviridae, whose cell entry is mediated by clathrin- and dynamin-dependent en-
docytosis [37-40]. VCP was also shown to be involved in the release of gammacoronavirus
Infectious Bronchitis virus (IBV) and Human alphacoronavirus 229E (HCoV-229E) from en-
dosomes [41]. The application of VCP-specific siRNA resulted in the accumulation of these
viruses in the early endosomes of infected cells. This suggests the involvement of VCP in
the acidification of the environment for envelope—-membrane fusion and in the reprocessing
and degradation of the nucleocapsid protein, which may indicate an important role for
VCP in the infection of all coronaviruses [29,42]. Another process in which VCP is involved
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is the viral replication in cells. A disrupted replication process due to VCP inhibition has
been observed in the case of infection with viruses of the Togaviridae family, including
Chikunguya virus (CHIKV), Semliki Forest virus (SFV), and o’'nyong'nyong virus (ONNV),
or in case of flavivirus, Zika virus [40,43]. Studies indicate that VCP inhibition at different
time points during infection with the human coronaviruses HCoV-229E and HCoV-OC43
resulted in reduced levels of RNA replication. In addition, these coronaviruses were found
to affect proteins involved in the cell cycle through VCP [44]. Reduced replication levels
were also observed when SARS-CoV-2-infected cells were treated with a VCP inhibitor [45].
The impact of VCP function in the late stage of infection during viral release was studied
using the Rift Valley Fever virus (RVFV). RVFV has been found to utilize VCP, probably
when moving viral glycoproteins into the Golgi apparatus and releasing virions from
cells [46].

As mentioned above, VCP plays a role in the viral infection cycle at various stages,
including receptor binding and entry, replication, and viral egress. This is primarily through
its enzymatic activity. In addition, viruses can use VCP to exploit innate and adaptive
immune responses, leading to chronic infections and virus-induced diseases [29]. The
ubiquitous presence of VCP in cells, coupled with its involvement in the replication cycle
of viruses from several families, including Coronaviridae, suggests that VCP may also
be a critical factor during SDAV infection. It is essential to understand the molecular
mechanisms underlying the potential proviral role of VCP, including the proteins that
interact with SDAYV, in order to develop effective therapies that target functions that inhibit
the proviral action of VCP. The precise role of VCP during SDAV replication in cells,
particularly in neurons, remains to be fully elucidated. In the research presented here, we
have taken on this task.

2. Results
2.1. SDAV Cytopathic Effect in Cultured Neurons

An analysis of primary neuronal cultures of BALB/c mice showed that SDAV infection
causes focal and diffuse cytopathic effects in the neurons, during which the cell shape
changes and vacuolization and lysis occur, resulting in the formation of plaques. This
gradual process is shown in Figure 1. What is worth mentioning is that the initial cytopathic
effect (CPE) in primary neurons started to occur at 276 h post-infection (h p.i.) (Figure 1A,
red arrow) by syncytium formation. After 454 h p.i. it was possible to distinguish two
growing plaques, but the cell culture confluence was still 82% (97,66% before infection,
Figure 1B). The progressive changes started to appear after 577 h p.i. when more plaques
were formed (Figure 1A, red arrow), and cells’ confluence decreased to 78,5% (Figure 1B).
Within a few hours, there was visible cell degradation along with extensive plaque forma-
tion. These events resulted in decreasing cell confluence to 23,9% after 628 h p.i. (Figure 1B).
It was notable that some neurons survived the infection (Figure 1A, orange arrow). Their
activity was sustained until the end of the assay three days later.

The Determination of fluorescent focus units (FFU) in cultured primary neurons
was performed using Array Scan XTI (ThermoFisher™, Waltham, MA, USA). Figure 2B
shows images from individual wells of a 96-well plate where primary neurons infected
with 10-fold dilutions of SDAV (10°-10~°) were cultured. SDAV titer was determined as
log10 FFU/mL = 2.193 % 0.15 (Figure 2A).
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Figure 1. Real-time cell growth analysis of SDAV-infected primary murine neurons performed by
live image movie analyzer JuLi"™Br (NanoEnTek, Seoul, Republic of Korea). Cultures were observed
for 672 h post-infection (h p.i.). Red arrows indicate the process of creating the cytopathic effect (CPE)
in the form of plaques. The Orange arrow represents surviving neurons (A). The generated graph
shows the percentage of cells” confluence level [%] during the whole analysis [hours]. Images were
taken every 10 min and analyzed for monolayer confluence (B). Objective magnification x40.
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Figure 2. Virus titer is defined as log10 FFU/mL in neurons infected with 10-fold dilutions of SDAV
stock solution (A). Representative images of individual wells of a 96-well plate seeded with primary
neuron cells infected with 10-fold dilutions of SDAV. SDAV nucleocapsid protein (green), cell nuclei
(blue) (B). Array Scan XTI (ThermoFisher™, Waltham, MA, USA), x5 magnification.

2.2. Evaluation of SDAV Replication in Primary Murine Neurons

The visualization of SDAV nucleocapsid proteins and cellular structures in primary
neuron cells made it possible to assess viral replication using high-content image analysis.
An analysis of the images showed the presence of signals corresponding to the nucleocapsid
protein inside infected cells (Figure 3A). No signal specific to the nucleocapsid protein was
observed in control cultures. In images showing 0 h p.i,, 0.5 h p.i, 2h p.i,, and 4 h p.i.
cells, a similar intensity of green signal was observed. Images taken of 1 h p.i. and 18 h p.i.
neurons showed higher levels of green fluorescence compared to the aforementioned
post-infection times. The highest increase was observed in images showing 24 h p.i. cells
(Figure 3A). A quantitative analysis was performed on an average of 400 cells per field
of view. When comparing the mean fluorescence intensity corresponding to the SDAV
nucleocapsid protein at different times after infection (0—24 h p.i.) to that of the negative
control, a highly statistically significant increase in fluorescent intensity was detected at
all tested times (Figure 3B, blue asterisk). The smallest increase was observed at 0 and
0.5 h p.i., while the largest increase was seen at 24 h p.i. Comparison to 0 h p.i. showed a
statistically significant increase only at 18, 24 h p.i. (Figure 3B, black asterisks).

Analyzing the morphology of SDAV-infected neurons, virus antigens can be seen in
the area of the cell’s membrane and moving inside neurites after 24 h p.i. (Figure 4C(a)),
white arrows). Furthermore, it is visible that the signal corresponding to the VCP antigen
is in close affinity with the virus antigen (Figure 4C(b), yellow arrow, and white arrows).
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Figure 3. Representative images for each time point after SDAV infection (024 h). Cell nuclei (blue),
SDAV antigen (green). Magnification x10 (A). Mean fluorescence intensity corresponding to virus
protein as a function of time after infection of primary neuron cells (B). Negative control—uninfected
cells. Data from three independent experiments are shown as mean + SD. One-way ANOVA,
*p <0.05, *** p < 0.001. Blue asterisk—comparison to uninfected control; black asterisk—comparison
toOhp.i.
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Figure 4. Representative confocal images of primary neurons morphology after infection with SDAV
for 24 h (A). Merged image of SDAV antigen (green), VCP (blue), cell nuclei (yellow), cell membrane
(magenta) (B). Closeup image of SDAV antigen moving inside cell protrusion (C(a)). Closeup of viral
antigen in close affinity of cell nuclei and possible colocalization with VCP (whitish fluorescence)
(C(b)). Magnification x 60, scale bar 20 um. Olympus FV10i.
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2.3. Levels of VCP in SDAV-Infected Neurons

Similarly, an HCS analysis of the mean fluorescence intensity signal of VCP antigen in
the control and cells infected from 0 to 24 h showed interesting results. In the time from 0
to 18 h p.i., there was no significant increase in antigen levels compared to the uninfected
control (Figure 5A,B). A rise in the mean intensity of the red fluorescence signal (VCP
antigen) was observed in images taken 24 h p.i. A highly significant increase was detected
in the quantitative analysis compared to the positive, uninfected control (Figure 5A). This
was also observed in qualitative observation as a bright fluorescence signal of VCP antigen
in the perinuclear area (Figure 4C, yellow arrows).

Figure 5. Representative images for each time point after SDAV infection (024 h). Cell nuclei (blue),
VCP antigen (red). Magnification x10 (A). Mean fluorescence intensity corresponding to VCP as a
function of time after SDAV infection of primary neuron cells (B). Negative control—uninfected cells.
Data from three independent experiments are shown as mean + SD. One-way ANOVA, ** p < 0.01.
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2.4. Evaluation of the Contribution of VCP to the SDAV Replication Cycle in Cultured
Primary Neurons

The potential involvement of VCP in the SDAV replication cycle was assessed by
visualizing infected cultures untreated (Figure 4B) or treated with EerI (Figures 6 and 7A,B)
and by quantitative analysis of the spot count/cell of the VCP and N protein antigens in Eerl-
treated cultures compared to infected controls not treated with the inhibitor (Figure 8B,C).

Figure 6. Representative confocal images of primary neurons morphology after infection with SDAV
for 24 h treated with 5 uM/mL Eerl and control nontreated. Merged image of SDAV antigen (green),
VCP (orange), cell nuclei (blue), and cell membrane (magenta) (A,B; a—d are regions zoomed in and
shown as a’-d’). Closeup image of SDAV antigen in the perinuclear area possibly correlating with
VCP (whitish fluorescence) (B(a’,c”)). Closeup of viral antigen trapped in the submembrane region
along with VCP (B(b’,d")). Magnification x60, scale bar 20 um. Operetta CLS (Revvity™, Waltham,
MA, USA).
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Figure 7. Representative images of neurons 24 h p.i. with SDAV. Cells were treated with 5 uM/mL
and 25 pM/mL Eerl in pre-incubation and post-incubation methods. Positive control—infected cells,
untreated with Eerl. Cytoplasm (magenta), VCP antigen (blue), SDAV nucleocapsid protein (green).
FV10i (Olympus), magnification x40, scale bar 20pum (A,B). Representative Western blot image for
VCP followed by densitometric semi-quantification of relative VCP expression in infected neurons
(SDAV+), pre- or post-incubated with VCP Eerl inhibitor (5 uM/mL or 25 uM/mL separately),
compared to non-infected control (SDAV—). Acquired in Image Lab™ Software v6.0.1 (Bio-Rad,
Hercules, CA, USA) (C). Data from three independent experiments are presented as mean + SD (D).
Non-parametric, Friedman test, followed by post hoc group comparison test, * p < 0.05.

The SDAV antigen is located in the outer cell membrane region after incubation with
5 uM/mL Eerl (Figure 6B(b’,d’); white arrows). Nevertheless, in non-treated cells, the virus
antigen is detected moving in cell protrusions (Figure 4C(a), white arrows). Interestingly,
there is a noticeable, possible colocalization of VCP with SDAV antigens seen as bright
magenta fluorescence (Figure 6B(c’,d’), yellow and white arrows).

The analysis of morphological alterations in cells revealed no abnormalities after
administering 5 uM/mL and 25 uM/mL Eerl for 24 h p.i. However, notable alterations in
the intensity of the viral antigen and VCP fluorescence signals were observed following the
treatment with both inhibitor concentrations, particularly in the post-incubation method.
The fewest changes were observed in cultures that had been pre-incubated with 25 uM/mL
Eerl. In these cultures, the intensity of the fluorescence of the viral antigen and VCP
was found to be similar to that observed in the control cells that had not been treated
(Figure 7A,B). Western blot analysis demonstrated a statistically significant (p < 0.05)
increase in VCP expression 24 h p.i. (12 & 1.1) in comparison to the uninfected control cells
(9 £ 0.98) (Figure 7C,D). Following incubation with Eerl, a statistically significant (p < 0.05)
decrease in VCP expression was observed in both incubation methods when compared to
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the positive infected control. Pre-incubation with 5 uM/mL (10 1.1 vs. 12 £ 1.1), 25 uM
(9 £0.95vs. 12 £ 1.1), and post-incubation with 5 uM/mL (8.7 £ 0.4 vs. 12 £ 1.1), 25 uM
(5£1.0vs. 12 + 1.1) indicated a statistically significant (p < 0.05) drop in VCP expression.
A decrease in VCP expression in comparison to the uninfected control was only observed
for the post-incubation method at the 25 uM/mL concentration level (9 &+ 0.98 vs. 5 & 0.90).

Figure 8. High-content imaging screening spot detection analysis of SDAV nucleocapsid and VCP
antigen 24 h p.i in neurons. Representative images for infected untreated cells (positive control) and
cells treated with EerI inhibitor at concentrations of 5 uM/mL and 25 uM/mL in the pre-incubation
and post-incubation system. Cell nuclei (blue), viral antigen (green), VCP (red signal). Operetta®
CLS™ (Revivity™, Waltham, MA, USA), x40 magnification (A). Quantitative analysis corresponding
to the nucleocapsid protein of SDAV (B) and VCP (C) depending on the incubation method and
inhibitor concentration using Harmony™ 4.9 software (Revvity™, Waltham, MA, USA) spot detecting
protocol. Negative control—non-infected cells, positive control—infected, untreated cells. Data from
three independent experiments are presented as mean + SD. Two-way ANOVA, ** p < 0.01 (to
positive control) or *** p < 0.001 (to negative control).



Int. J. Mol. Sci. 2024, 25, 11633

12 of 23

The visualization of infected cultures treated with Eerl along with quantitative analysis
was performed using Operetta® CLS™ and Harmony™ (Revvity™, Waltham, MA, USA)
(Figure 8A—C). A quantitative analysis was performed for approximately 400 cells present
in the field of view. The spot count of AlexaFluor™ 488 (N protein) and AlexaFluor™
647 (VCP) signals in Eerl-treated cultures was compared to the infected, non-Eerl-treated
neurons (positive control) after 24 h p.i. Changes in spot count number per cell correspond-
ing to the nucleocapsid protein were detected for both incubation methods (5 tM/mL or
25 uM/mL) compared to positive control (153.87 + 26.7) (Figure 8B). A highly statistically
significant (** p < 0.01) decrease in the spot count of N protein occurred in pre-incubated
25 uM/mL (69.07 = 12.5) and post-incubated 5 pM/mL (63.17 & 11.5) Eerl-treated neurons
(Figure 8B).

Interestingly the spot number of VCP increased extremely statistically significantly
(*** p < 0.001) after SDAV infection (29.96 + 9.35) compared to the uninfected, untreated
control (9.52 & 6.1) (Figure 8C). After treatment with Eerl, a highly significant statistical
decrease (** p < 0.01) in the spot count of VCP was observed only in the post-incubation
method with 5 pM/mL Eerl (14.61 & 4.19). The decreasing trend of the VCP number
was observed after SDAV infection compared to the positive control. The VCP number
increased in all conditions when compared to the negative control (Figure 8C).

The changes in SDAV titer following treatment with Eerl were evaluated using high-
content analysis (HCA), with the results expressed as logl0 FFU/mL. To evaluate the
efficacy of the employed treatment, the SDAV was initially titrated with the EerI inhibitor
at concentrations of 5 uM/mL and 25 uM/mL in a post-incubation system (chosen based
on previous promising results) for 24 h p.i. (Figure 9A(c)). Subsequently, prior to analysis,
the cell media was collected and utilized for a second titer analysis to ascertain whether
Eerl influenced SDAYV egress from neurons (Figure 9A(d)).

Figure 9. High-content analysis for SDAV nucleocapsid antigen after post-incubation with Eer] at
concentrations of 5 uM/mL and 25 uM/mL (HCS™ studio software v2.0 spot detector protocols,
ThermoFisher®). Schematic representation of the procedure (A; c,d represent analysis steps with
respective results shown in ¢’,d’). Mean fluorescent signal intensity of spots detected for virus antigen
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in the function of 10-fold dilutions of SDAV stock solution (B(c’)). Mean fluorescent signal intensity of
spots detected for virus antigen in the function of 10-fold dilutions of previously infected cell media
to test the hindering effect of the Eerl inhibitor on the release of SDAV progeny virions (B(d")). Data
from three independent experiments are presented as mean + SD. Two-way ANOVA, ** p < 0.01,
***p < 0.001.

A highly statistically significant (** p < 0.01) decrease in log10 FFU/mL occurred in a
concentration of 5 uM/mL Eerl by 0.278 logarithms in dilution 10° and 0.270 logarithms in
dilution 103 compared to the non-treated virus (dilution 10°: 5.39 + 0.81 non-treated vs.
5.03 +0.29 5 uM/mL treated and 1073: 2.19 + 0.51 non-treated vs. 1.90 + 0.51 5 uM/mL
treated) (Figure 9B(c’)). Interestingly, an extremely significant decrease (*** p < 0.001) in
log10 FFU/mL appeared in the second round of viral tittering with collected cell media
(Figure 9B(d”)). Again, the best results were obtained after incubation with 5 uM/mL Eer],
where a 0.840 logarithms drop in dilution 103 was observed (1.96 & 0.53 non-treated vs.
1.12 + 0.41 5 uM/mL treated).

To assess the morphology of cells and the potential manifestation of CPE following
SDAV infection, a post-incubation method utilizing EerI at a concentration of 5 uM/mL
was performed. This employed additional real-time growth analysis over a 672 h interval
(Figure 10). During the course of the infection, the formation of small plaques was observed,
though they did not evolve into larger plaques (Figure 10A, red arrows). The level of cell
confluence remained above 94% throughout the entire recording span, indicating that Eerl
had a limiting effect on the egress of SDAV progeny virions (Figure 10B).

Figure 10. Real-time cell growth analysis of SDAV-infected primary murine neurons post-incubated
with EerI at a concentration of 5 uM/mL performed by live image move analyzer JuLi™Br. Cultures
were observed for 672 h p.i. Red arrows indicate the process of creating the CPE (A). The generated
graph shows the percentage of cells” confluence level [%] during the whole analysis [hours]. Images
were taken every 10 min and analyzed for cell confluence (B). Objective magnification x40.
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3. Discussion

The Sialodacryoadenitis virus, a highly infectious pathogen that causes infections in
rats, poses a potential threat to humans and other animals due to possible interspecies trans-
fer. Cases of mutation of the genome of various coronaviruses leading to the acquisition of
the ability to infect new species have been documented [4]. It is now known that VCP can
be a pro- or antiviral factor. Its effect has so far been verified for picornaviruses [32,46,47],
flaviviruses [48-50], and coronaviruses (IBV, HCoV 229E, HCoV OC43) [41,43]. For this rea-
son, the present study decided to carry out research to gain a better understanding of SDAV.
We decided to target valosin-containing protein, knowing its crucial role in cell metabolism
and viral replication. A successful in vitro multiplication of the Sialodacryoadenitis virus
has so far been found in a few established lines (L2p, LBC) and a primary culture of rat
kidney cells [5,51-53]. An attempt to multiply SDAV in mice brain cells” primary culture
was unsuccessful [5], despite studies showing brain lesions in neonatal CD-1, CWF mice,
and W1 Wistar rats infected with SDAV [10].

For the first time, we demonstrated SDAV replication in the primary neuron cul-
ture of BALB/c mice without previous adaptation. Focal and diffuse cytopathic ef-
fects were shown in primary neurons (Figure 1A, red arrows). The PFU = 10° and
log10 FFU/mL = 2.193 + 0.15 obtained in the study are comparable to those obtained
by Gaertner et al. (1992) [54] (Figure 2). The onset of plaque formation was observed
at 276 h p.i. (Figure 1A, red arrows), while in the case of the infected LBC established
line, defined plaques were visible after 48 h p.i. [55]. This may be an indication of the
movement of SDAV virions between neurons without cell destruction. An analysis of
SDAV replication in primary neuron cells derived from BALB/c mice was carried out
based on the Harmony (Revvity™, Waltham, MA, USA) algorithm’s calculation of the
average fluorescence intensity corresponding to the SDAV nucleocapsid protein (Figure 3).
Compared to cells analyzed at 0 h p.i. (after cell entry), there was an extremely statistically
significant (*** p < 0.001) increase in the mean fluorescence intensity at 24 h p.i., confirming
the effective penetration of SDAV into mouse neurons and the completion of a full SDAV
replication cycle. To explore the role of VCP in SDAV replication, we first examined VCP
levels in uninfected and SDAV-infected primary neurons. We reported a highly statistically
significant increase (** p < 0.01) in mean fluorescence intensity corresponding to VCP
24 h p.i., which may suggest increased production of this protein in neurons resulting from
SDAV infection (Figure 5). Similar results were obtained from Western blot analysis, where
there was a statistically significant (* p < 0.05) increase in relative VCP expression in infected
cells (12 £ 1.1) in comparison to the uninfected control cells (9 = 0.98) (Figure 7C,D).

The effect on VCP expression was studied before in the context of SARS-CoV and
CoV-229E infection. It was shown that 24 h p.i. VCP expression in human monocytes
for both coronaviruses decreased [56], contrary to our results. Coronaviruses require a
suitable environment for replication to take place, which is created, among other things, by
DMVs, which are thought to originate from EDEMosomes—vesicles that arise from the
endoplasmic reticulum membrane and contain regulators of the ERAD pathway. It has been
shown that during betacoronavirus infection, there is increased formation of EDEMosomes.
This may be related to the prevention of the accumulation of viral proteins in the ER, as
regulators contained in EDEMosomes may increase ERAD activity and thus affect the
release of viral structural proteins [57-60]. It is possible that the increase in the mean
fluorescence corresponding to VCP and protein relative expression, one of the components
of ERAD, is related to the activation of ERAD by regulators contained in EDEMosomes
(Figures 5 and 7C,D).

To further explore the role of VCP in SDAV replication, we used Eeyarestatin I (EerI),
a VCP inhibitor, and checked its effect on SDAV-infected primary neurons. Eerl is a
substance that shows affinity for the endoplasmic reticulum due to its aromatic domain.
Eerl has been shown to interact with VCP located within the endoplasmic reticulum via
a nitrofuran-containing group (NFC). The VCP present in this area is part of ERAD, a
pathway associated with protein degradation [50,61]. In high-content screening analysis
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(Operetta CLS, Revvity™, Waltham, MA, USA) of the spot count/cell of the VCP antibody
signal, an extremely statistically significant (** p < 0.001) increase in the infected, non-
treated control was observed 24 h p.i. compared to uninfected neurons (29.96 + 9.35
vs. 9.52 £ 6.1, respectively) (Figure 8C). The statistically significant decrease compared
to the positive control occurred only in 5 puM/mL Eerl post-treatment (29.96 £ 9.35 vs.
14.61 £ 4.19, respectively) (Figure 8C). No statistically significant changes were observed
under other incubation conditions. This may be due to the action of Eerl, its affinity for the
endoplasmic reticulum, and its inability to interact with VCPs located in other organelles
or in the cytoplasm [62]. In addition, an overall higher spot count/cell (Figure 8C) and a
higher relative expression (Figure 7C,D) of VCP in infected neurons, both untreated and
treated with Eerl, suggest its important involvement in SDAV virion assembly. In the
context of the SDAV N protein signal after Eerl treatment, a highly statistically significant
(** p < 0.01) decrease in the spot count/cell was observed for 25 uM/mL pre-incubation
(69.07 £ 12.5) and 5 uM/mL post-incubation (63.17 = 11.5) compared to the positive control
(153.87 £ 26.7) (Figure 8B). This indicates the likely involvement of VCP at a later stage
of replication, during the release of viral proteins from the endoplasmic reticulum. An
interesting observation that confirms the VCP role at later stages of viral replication was
the accumulation of the viral antigen signal in the submembrane areas of neurons after
post-incubating with 5 uM/mL (Figure 6B(b’,d"), white arrows). No presence was detected
in cell protrusions like it was seen in the untreated infected control (Figure 4C, white
arrows). Here, we can speculate that a similar phenomenon of “viral protein homeostasis”
described by Tabata et al. (2022) [62] played a role by controlling the amount of each
SDAV protein in virus-infected cells by the ERAD system modulated by the Eerl inhibitor.
Another study demonstrated that the administration of either Xanthohumol or Eeyarestatin
I resulted in a reduction in Zika virus (ZIKV) and Usutu virus (USUV) titers in infected
cells. This finding aligns with the crucial role of valosin-containing protein (VCP) during
the intracellular stages of the viral replication cycle. Of particular interest, the research also
revealed a previously unappreciated direct antiviral activity of Eeyarestatin I against virus
infectivity (virucidal activity). However, this activity was exclusive to Eeyarestatin I, and
not observed with Xanthohumol [63]. Concluding the results, we noticed a better effect
in reducing virus yield by using the post-incubation method (Figures 6-9). To evaluate
the efficiency of this treatment, the SDAV was initially tittered with the Eerl inhibitor at
concentrations of 5 uM/mL and 25 uM/mL and, again, using a collected cell medium (after
24 h course of infection) to ascertain whether VCP inhibition by Eerl influenced SDAV
egress from neurons (Figure 9A,B). The analysis confirmed our hypothesis, indicating that
the second titer showed an extremely statistically significantly (*** p < 0.001) reduction in
the virus titer.

The usage of 5 uM/mL decreased log10 FFU/mL by 0.840 logarithms in dilution 103
(1.96 £ 0.53 non-treated vs. 1.12 £ 0.41 5 uM/mL treated) (Figure 9B(d’)). This outcome
prompted the decision to conduct the final analysis using only a concentration of 5 pM/mL
in the post-treatment system. The real-time observation of neuronal growth following
treatment and infection with SDAV for 672 h demonstrated a minimal cytopathic effect and
a sustained cell confluence of no less than 94% (Figure 10). A comparison of the results of
the same analysis conducted without prior incubation with EerI confirmed the effect of VCP
on the assembly and release of SDAV progeny virions. In cells that had not been treated and
that had been infected for 672 h, the level of confluence dropped to an incomplete 6%, and
a significant cytopathic effect was observed, manifesting as plaques and cell vacuolization
(Figure 10).
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4. Materials and Methods
4.1. Primary Neuronal Cell Culture

Balb/c (H29) mice were used to establish the primary culture of murine neurons using
the method by Cymerys et al. (2010; 2016) [64,65]. Pregnant female mice (16-19 days post-
mating) were sacrificed, and fetuses were removed and decapitated for brain collection.
Then, isolated cerebral hemispheres from fetal brains were washed three times in cold HBSS
solution (10x Hanks Buffer; Life Technologies Waltham, MA, USA) and treated with 2.5%
EDTA-free trypsin solution at 37 °C in 5% CO, for 15 min. Again, after incubation, cells
were washed three times in a warm HBSS solution and mechanically homogenized using a
pipette. After suspending and counting, cells were plated onto poly-L-lysine-coated wells
or poly-D-lysine with laminin-coated coverslips. Primary murine neurons were cultured
in B-27 Neuron Plating Medium, consisting of the neurobasal medium, B-27 supplement,
200 mmol/L of glutamine, 10 mmol/L of glutamate, 1% penicillin/streptomycin antibiotics
with 5% supplement of fetal bovine, and 5% horse serum (Gibco Life Technologies, Waltham,
MA, USA). To avoid propagation of non-neural cells, cultures were maintained in growth
medium supplemented with 10 uM cytosine 3-D-arabinofuranoside (after 3 days for 24 h)
(Sigma-Aldrich, Darmstadt, Germany). Subsequently, the medium was removed and
replaced with Neuron Feeding Medium (B-27 Neuron Plating Medium without glutamate;
Life Technologies Waltham, MA, USA). In such conditions, neurons were maintained for
the next 8 days before analysis, infection, and incubation with inhibitor at 37 °C with
5% COs.

4.2. SDAV Infection and Calculation of Viral Antigen Signal Using High-Content Analysis

The virus used in the study, Sialodacryoadenitis virus strain 681, was provided cour-
tesy of Professor Susan Compton, Yale University, USA. The strain was isolated in 1976
at Yale [66,67]. A rat L2 lung epithelial cell line (CCL-149™, ATCC®, Manassas, VA, USA)
was used to multiply and determine the viral titer (PFU/mL = 10° using the method
by Gaertner et al. (1993)) [54]. Viral titer in primary murine neurons was assessed by
the fluorescent focus units (FFU). Cells were seeded in 96-well plates (at a density of
5 x 103 cells/well) and infected with 10-fold dilutions of the SDAV (from 10°-107° in
twelve replicates). After 1 h of incubation in 5% CO,, 37 °C, the virus suspension was
aspirated, and a fresh growth medium was added. At 24 h post-infection (h p.i.), cells were
fixed in 3.7% paraformaldehyde (PFA) in PBS (ThermoFisher™, USA) for 15 min at room
temperature (RT). Next, the cells were permeabilized with 0.5% Tween (Sigma-Aldrich) in
PBS (15 min, RT) and blocked with 1% bovine serum albumin (BSA, Sigma-Aldrich) in PBS
(30 min, RT) to prevent nonspecific binding. Next, SDAV nucleocapsid proteins were visual-
ized by incubation with mouse-SARS/SARS-CoV-2 monoclonal primary antibody specific
for N protein (ThermoFisher™) (1:250 dilution, 1 h, 37 °C) and AlexaFluor™ 488 Goat
anti-Mouse IgG secondary antibody (ThermoFisher™) (1:500 dilution, 1 h, RT). Cell nuclei
were visualized for cell localization with Hoechst 33,258 (ThermoFisher™) (2 pg/1 mL,
3 min, RT). The fluorescent signals were detected via high-content analysis (Array Scan
XTI, ThermoFisher™, Waltham, MA, USA) at x 10 magnification. The number of infected
cells in each well was automatically obtained from 9 images per well (approx. 10,000 cells)
using HCS studio software version 2.0 spot detector protocols. How the algorithm worked
is shown in Figure 11. Results were presented as the number of spots detected (AlexaFluor
488™) corresponding to virus antigen in log10 FFU/mL [68,69].
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Figure 11. Representative images of SDAV-infected primary neurons presenting how the algorithm
for detecting the spot-protein area of the SDAV nucleocapsid works. (A) Overlay of green signal
(AlexaFluor™ 488, SDAV N protein) and blue signal (Hoechst 33258, cell nuclei), (B) non-blue
signals (cell nuclei) from which the algorithm determines the cell area, (C) green lines represent cell
areas, and red dots represent the detected viral antigen: Array Scan XTI (ThermoFisher™, USA),
magnification x5.

4.3. Real-Time Imaging of SDAV Cytopathic Effect in Primary Neurons

To determine the cellular growth and morphology of primary neurons infected with
SDAV and incubated with VCP inhibitor, the JuLI"™Br Live Cell-system for bright-field
analysis (NanoEnTek, Seoul, Republic of Korea) was used [70]. When cultured neurons
reached about 90% confluency, cells were infected with undiluted SDAV suspension (10°),
as previously described. Images were captured for 672 h with 10 min intervals. The results
were obtained and analyzed using JuLi™Br PC v1.01. software. Uninfected cells were
used as a negative control. All images were captured at x40 magnification.

4.4. Cell Treatment with VCP-Interfering Inhibitor

Eeyarestatin I (Eerl, Sigma-Aldrich®) was used to determine the potential use of VCP
by SDAV in the replication cycle. It is a membrane-penetrating substance that preferentially
localizes near the endoplasmic reticulum. Eerl causes inhibition of the ERAD pathway
through an irreversible interaction with VCP. Cell viability after Eerl treatment was detected
by XTT assay (data not shown) (The Cell Proliferation Kit II (XTT), Roche, Basel, Switzer-
land). EerI concentrations were chosen by XTT assay results and literature data [63,71,72].
The potential use of VCP by SDAV was investigated by treating primary neuron cultures
with Eerl before and after virus infection (pre-incubation and post-incubation, respectively).
All analyses of Eerl-treated cultures were performed in triplicates in a 96-well plate and
Nunc™ systems. Positive controls were infected cells not treated with Eerl. Noninfected
cells were negative control. Pre-incubation consisted of adding EerI diluted in culture
medium (5 pM/mL and 25 pM/mL, 1 h, 5% CO,, 37 °C) to uninfected primary neuron
cultures, aspiring the Eerl media, adding the SDAV to the cell culture (1 h, 5% CO,, 37 °C),
and replacing inoculum with fresh medium. Post-incubation, on the other hand, consisted
of infecting the primary neuron culture with the SDAV (1 h, 5% CO,, 37 °C), washing of
the SDAYV, and adding Eerl in growth medium (5 uM/mL and 25 uM/mL, 24 h, 5% CO,,
37 °C). After 24 h, cultures were fixed and prepared for visualization as described above.

4.5. SDAV Titration After Eerl Treatment Using High-Content Analysis

To determine the outcome of Eerl treatment on viral titer, we repeated viral titration
using focus forming assay. Primary neuron cultures were post-incubated with 5 uM/mL or
25 uM/mL Eerl and fixed after 24 h of incubation (5% CO,, 37 °C). As described above,
fluorescence staining of N protein and cell nuclei and high-content screening were carried
out. To evaluate the efficacy of the employed treatment, the SDAV was initially titrated
with the Eerl inhibitor at concentrations of 5 uM/mL and 25 pM/mL in a post-incubation
system for 24 h p.i. Subsequently, prior to analysis, the cell media was collected and utilized
for a second titer analysis to ascertain whether Eerl influenced SDAV egress from neurons.
A schematic representation is shown in Figure 9A, which was made with Biorender [73].
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4.6. Immunofluorescence Staining for Morphology Analysis of SDAV Infected Neurons

The immunofluorescence method was used to visualize cell structures and viral
antigens. After pre-incubation and post-incubation with 5 uM/mL or 25 uM/mL Eerl,
primary neuronal cell cultures were washed twice in PBS (Sigma-Aldrich, Darmstadt,
Germany), then fixed in 4% PFA (Thermo Fisher, Waltham, MA, USA) for 10 min at
24 h p.i. After fixation, the cells were washed twice with PBS solution and incubated with
1% Tween/PBS solution for 5 min at room temperature. Cells were then washed twice
with PBS solution. After blocking with 1% BSA /PBS for 15 min, the cells were incubated
with a 1:250 dilution ratio of primary antibody specific for SARS-CoV-2 Nucleoprotein
(N) (Mouse mAb) (Thermo Fisher Scientific, Waltham, MA, USA) overnight at 4 °C. The
unbound antibody was removed by washing with PBS three times. Then, the Goat anti-
Mouse IgG (H + L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (Thermo
Fisher Scientific, USA), was used at a 1:1000 dilution ratio for 1h at room temperature.
VCP was visualized by incubation with rabbit anti-VCP primary monoclonal antibody
(ThermoFisher™) (1:500 dilution, overnight, 4 °C) and Texas Red™-X secondary goat anti-
rabbit IgG antibody (ThermoFisher™) (dilution 1:500, 1 h, RT). To stain the cell membranes,
cells were incubated with wheat germ agglutinin (WGA) conjugate, AlexaFluor™ 647
(ThermoFisher™) (10 pg/mL, 1 h, RT). Additionally, cell nuclei were stained with Hoechst
33,258 (Thermo Fisher, Waltham, MA, USA) for 2 min, RT. Afterward, cover slips were
mounted on microscope slides using ProLong Gold Antifade Mounting Medium (Thermo
Fisher, Waltham, MA, USA). Images were acquired in a confocal microscope (Fluoview
FV10i, Olympus, Japan), saved in 24-bit .tiff format, and analyzed using FV10i v4.1 software
(Olympus), Image]2 (NIH Image, v1.53q, Bethesda, MD, USA), and Adobe Photoshop CS6
software (Adobe Systems Incorporated, v23.4.1, San Jose, CA, USA). During data processing
to improve visualization of the structures, the fluorescence signals were changed to the
following colours: Texas Red™—blue; AlexaFluor™ 647—purple; Hoechst™—yellow.

4.7. High-Content Imaging System for Quantitative SDAV Nucleoprotein and Valosin-Containing
Protein (VCP) Detection

The high-content screening was performed on cells in the 96-well plate with two
methods. First, screening was performed without treatment (uninfected and 0, 0.30, 1, 2, 4,
18,24 h p.i.) to assess the level of proteins. Second, it was performed with pre-treatment
and post-treatment (5 uM/mL or 25 uM/mL Eerl, 24 h p.i.) in order to check the VCP
involvement in SDAV replication. Fluorescent staining was carried out as described in the
confocal imaging section.

The images were acquired using the Operetta CLS high-content imaging system
(Revvity™, Waltham, MA, USA), equipped with an x40 water objective lens. The exposure
time for each channel was customized to optimize the signal-to-noise ratio, ensuring clear
and accurate data capture. Illumination intensity was adjusted for optimal fluorescent
signal capture, and at least 400 cells were analyzed per condition, providing a robust dataset
for downstream analysis.

The analysis of cellular images was conducted using the Harmony 4.9 software
(Revvity™, Waltham, MA, USA). This process involved a sequence of segmentation and
feature extraction steps designed to quantify specific protein distributions within cells. The
Hoechst channel was selected, and Harmony’s built-in algorithm was used to perform
automatic nuclei segmentation. Parameters were adjusted to accurately detect the nuclei,
ensuring that objects of irregular shapes were recognized correctly. WGA conjugated to
AlexaFluor™ 647 (ThermoFisher™) was used to stain the cell membrane and cytoplasm.
Alexa647 channel was employed to detect cytoplasmic regions surrounding the nuclei.
Noise reduction techniques, such as Gaussian filtering, were applied to enhance signal-
to-background contrast. Using Harmony’s segmentation algorithms, the cytoplasm was
segmented by expanding outward from the previously segmented nuclei. Careful parame-
ter tuning was conducted to prevent cytoplasmic overlap between adjacent cells. Objects
touching the image boundary were excluded from further analysis to avoid artifacts from
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incomplete cell structures. Spot detection algorithms in Harmony were utilized to locate
distinct fluorescent spots corresponding to VCP and SDAV proteins. Parameters such as
spot size, intensity threshold, and minimum distance between spots were optimized for
precise detection. The total number of spots per cell was calculated.

4.8. VCP Expression Analysis by Western Blot

Murine primary neuron cells were cultured and treated accordingly (5 uM/mL or
25 uM/mL Eerl post- and pre-treated for 24 h p.i.). Cell lysates were prepared with cell
lysis buffer (N-PER™ Neuronal Protein Extraction Reagent, Thermo Scientific™, USA)
and protease inhibitor (Halt™ Protease Inhibitor Cocktail, Thermo Scientific™, USA).
Protein content was measured using Micro BCA™ Protein Assay Kit (Thermo Scientific™,
USA), and protein samples were prepared using an equal amount of protein, 4x Laemmli
Sample Buffer (Bio-Rad, USA) and 2-mercaptoethanol. Protein samples were heated
at 95 °C for 10 min and equally loaded and separated on 12% polyacrylamide gels by
electrophoresis (Mini-PROTEAN Tetra Cell, Bio-Rad, USA) in the following conditions: 80 V
for 15 min, followed by 120 V for 85 min and then transferred to polyvinylidene difluoride
(PVDF) 0.45 um membranes (Immobilon® P Membrane, Merck Millipore, Burlington, MA,
USA) using wet-blotting system (Bio-Rad, USA) and 330 mA for 1h in cooling conditions.
Membranes were blocked after transfer for 30 min in 5% skim milk in TBS-Tween 20 (TBS-T)
buffer at room temperature and incubated overnight with primary antibodies at 4 °C. The
following day, membranes were washed 5 times for 5 min in TBS-T buffer and placed in
secondary antibodies conjugated with horseradish peroxidase for 1 h at room temperature.
After incubation, membranes were washed again using the same protocol, and proteins
were visualized with an ECL kit (Clarity™, Bio-Rad, USA) using ChemiDoc Touch Imaging
System (Bio-Rad, USA) using signal accumulation mode (SAM) with the same settings
for each membrane (Bio-Rad, USA). Densitometry was performed using images acquired
after the exact same time of exposure in Image Lab™ Software v6.0.1 (Bio-Rad, USA).
Each target protein band intensity was compared to the intensity of the GAPDH protein
band (loading control). Expression is presented as a relative protein expression (target
protein/loading control). All antibodies used were diluted in blocking buffer, and the
following dilutions were used: anti-VCP (1:1000, #MA3-004, Invitrogen, ThermoFisher,
USA), anti-GAPDH (1:5000, #MA5-15738, Invitrogen, ThermoFisher, USA). Secondary
HRP-conjugated antibodies were used, including anti-mouse (1:5000, #31450, Invitrogen,
ThermoFisher, USA). Antibodies were freshly prepared and used once.

4.9. Statistical Analysis

The results were statistically evaluated by one-way or two-way analysis of varia-
tion (ANOVA) using Tukey’s multiple comparisons test or multiple unpaired t-test using
threshold p-value with the Sidak-Bonerroni multiple comparisons correction method. For
Western blot analysis, the non-parametric Friedman test, followed by a post hoc group
comparison test, was used. All experiments were performed at least in triplicate. These
analyses were performed using GraphPad Prism™ version 9.4.0 (453) for macOS software
(GraphPad Software Inc., San Diego, CA, USA). Statistical differences were interpreted as
significant at p < 0.05, highly significant at p < 0.01, extremely significant at p < 0.001, and
not significant at p > 0.05.

5. Conclusions

In addition to its multiple roles in regulating cellular homeostasis, particularly in
nervous system cells, the ATPase valosin-containing protein is an important host factor in
viral infections. It remains unclear in which critical replication points VCP is used by SDAV.
However, the results of our study have provided insight into the important role of the
VCP in the assembly and release of progeny virion. We have shown for the first time that
SDAV infection in neurons enhances VCP expression, which explains the use of ATPase
in the viral replication cycle. In addition, using an Eerl inhibitor that targets the role of
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VCP in the ERAD system results in an apparent reduction in viral titer. These changes are
particularly evident in the second round of titers replicated from the cell medium after the
first infection cycle. What is more, based on confocal image analysis, we can conclude that
Eerl influences the SDAV capability of viral protein assembly and egress from the cell by
“trapping” the virions in the submembrane area.
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Abstract: The Coronaviridae family has again demonstrated the potential for significant
neurological complications in humans during the recent pandemic. In patients, these
symptoms persist throughout the infection, often lasting for months. The consequences
of most of these post-infection symptoms might be linked with abnormal cytokine pro-
duction and reactive oxygen species (ROS) expression, resulting in neuron damage. We
investigated the effect of infection with the Mouse Hepatitis Virus (MHV) JHM strain
and Sialodacryoadenitis Virus (SDAV) on a primary microglia and astrocyte culture by
analysing ROS production, cytokine and chemokine expression, and cell death during
one month post infection. For this purpose, confocal microscopy, flow cytometry, and a
high-throughput Luminex ProcartaPlex immunopanel for 48 cytokines and chemokines
were utilised. The replication of MHV-JHM and SDAV in microglia and astrocytes has
increased the production of pro-inflammatory cytokines and inhibited the production of
anti-inflammatory cytokines. The cytokine expression induced by the two viruses differed,
as did their detection after infection. SDAV infection resulted in a much broader cytokine
response compared to that of MHV-JHM. Both viruses significantly increased ROS levels
and induced apoptosis in a small percentage of the cells, but without necrosis.

Keywords: SDAV; MHV-JHM; microglia; astrocytes; ROS; apoptosis; cytokine release
syndrome

1. Introduction

The havoc that the Coronaviridae family has once again presented in the form of a
historically catastrophic pandemic can still be observed in humans in the form of intractable
and critical neurological complications. A multitude of neuropsychiatric symptoms was
observed, i.e., impaired cognition, altered attention, reduced consciousness, seizures, and
abnormal movements [1]. Patients experience persistent or new symptoms after a 4-week
acute phase, often lasting many months [2-4]. These events have led to deterioration in
patients with neurodegenerative diseases such as Alzheimer’s disease (AD) or Parkinson’s
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disease (PD) [5,6]. However, information on the connection between infection and amy-
otrophic lateral sclerosis (ALS), frontotemporal dementia (FITD), or Huntington’s disease
(HD) is still limited [4,5,7-9]. The rationale for long-term COVID-19 lies in the course
of infection and the immune response. The events in glial cells, particularly microglia
and astrocytes, are critical to the subsequent development of neuropathy [10-12]. Sig-
nificant cytokine output is a particular and important consequence of most COVID-19
infections. This phenomenon is referred to as cytokine release syndrome (CRS), a systemic
inflammatory response triggered by infections, drugs, antibody-based immunotherapies,
chemotherapeutic agents, and graft-vs.-host disease. The description of CRS provides a
more balanced presentation of symptoms in patients with elevated cytokine production
and clinical manifestations [13,14].

During an emergency state such as a viral infection, crosstalk between microglia
cells and central nervous system (CNS) resident cells, including neurons, astrocytes, and
oligodendrocytes, comes into action as a specific anti-pathogen barricade. Microglia and as-
trocytes are especially able to recognise invading pathogens by cellularly sensing pathogen-
associated molecular patterns (PAMPs) using pattern recognition receptors (PRRs) [13,15].
In turn, they react by producing an array of inflammatory factors, including cytokines,
resulting in oxidative stress, which triggers neuroinflammation [16,17]. The recognition of
viruses by microglia via toll-like receptors (TLRs), RIG-I-like receptors (RLRs), and cGAS-
STING pathways triggers the rapid production of interleukin 6 (IL-6), tumour nercosis
factor alpha (TNF alpha), IL-1 beta, and interferon gamma (IFN gamma), which in turn
activate astrocytes through direct viral detection or damage-associated molecular patterns
(DAMPs) such as high mobility group box 1 protein (HMGB1) [12,18-21].

Among many cytokines, the most crucial ones in terms of viral infection are IFNs, IL-8,
IL-6, IL-1, granulocyte and macrophage colony-stimulating factor (GM-CSF), TNF alpha,
IL-18, IL-12, IL-2, and IL-23. Furthermore, these cytokines are involved in the induction
of an immune response-type Th1/TCL with the purpose of eliminating infected cells and
extracellular viruses, while cytokines such as IL-4, IL-10, IL-13, IL-37, and transforming
growth factor beta (TGF beta) modulate the immune response to a Th2 and Th17 phenotype,
which produce immunomodulatory and anti-inflammatory actions [22]. Moreover, in the
infection course, various cytokines are produced by innate and adaptive cells that can
be infected or activated. In filovirus infection, IL-1 beta, IL-5, IL-8, and IL-18, as well as
various chemokines like macrophage inflammatory protein-1 alpha (MIP-1 alpha) and MIP-
1 beta, monocyte chemoattractant protein 1 (MCP-1), and IFN gamma-inducible protein 10
(IP10), among others, are produced [23]. In influenza virus infection, TNF alpha, IL-1 alpha
and beta, and IL-6 and IL-8 are produced [24-26], and hepatitis C virus can promote the
expression of IL-6, IL-8, MIP-1 alpha, MIP-1 beta, and IL-1 [27], while rotavirus can induce
the production of IFN, IL-8, IL-6, IL-1, TNF alpha, IL-18, IL-12, IL-2, and IL-23 [28-30].
Murine Hepatitis Virus strain A59 (MHV-A59) brain infection elevates five proinflammatory
cytokines: TNF alpha, IL-1 beta, IL-6, IL-12p40, and IL-15 [31,32]. The cytokine signature
differs when coronavirus infects the brain compared to when the virus stays outside the
central nervous system [33].

The glia consists of microglia (immune cells), oligodendrocytes and astrocytes (of
neural origin). These cells differ in their activity and the role they play in the homeostasis
of CNS [34]. Microglia are the resident mononuclear phagocytes of the CNS that originated
from yolk-sack, accounting for 5-12% of cells in the adult mouse brain [35] and 0.5-16.6% of
cells in the adult human brain [36]. The activation of microglia in the CNS is heterogenous,
with two opposite phenotypes—pro-inflammatory M1 and anti-inflammatory M2 [37].
Polarisation towards the M1 phenotype occurs upon exposure to brain-invading pathogens,
cellular debris, and pro-inflammatory cytokines (IFN gamma and TNF alpha). This leads
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to the production of pro-inflammatory cytokines (TNF alpha, IL-1 beta, IL-6, and IL-2),
chemokines, nitric oxide (NO), reactive oxygen species (ROS), reactive nitrogen species
(RNS), and superoxide. The induction of M2 phenotype is caused by anti-inflammatory
cytokines (IL-4 and IL-13), leading to the production of anti-inflammatory IL-10, TGF beta,
insulin-like growth factor 1 (IGF-1), fibroblast growth factor (FGF), and colony-stimulating
factor 1 (CSF-1) [38—42]. The M1 phenotype can be switched to the M2 phenotype by
many factors [43]. Similarly to microglia, astrocytes, supporting cells of the CNS, can
also be polarised into a pro-inflammatory, neurotoxic Al type and neuroprotective A2
type [44,45]. Crosstalk between astrocytes, microglia, and neurons, based on neuro-immune
communication, is fundamental to brain homeostasis [46—48].

In the present study, we investigated the effect of two animal batacoronaviruses—
Mouse Hepatitis Virus (MHV) and rat Sialodacryoadenitis Virus (SDAV) on a mixed
primary culture of microglia and astrocytes in vitro, with a particular focus on analysing
the expression levels of cytokines secreted in response to infection. MHV strain JHM (MHV-
JHM) is neuropathogenic, and SDAV possesses high zoonotic and neurotropic potential. To
date, SDAV research has not considered the importance of CNS infections. Few publications
confirmed the possibility of brain infection by SDAV [49], but no molecular pathway has
been researched yet. MHV-JHM, on the other hand, is a well-known reference model
for neuropathogenic diseases. The demyelination observed in MHV-JHM infection is
also considered immune-mediated. While microglia are crucial for initiating the immune
response, their continued activation can lead to excessive inflammation that damages not
only virus-infected cells but also uninfected oligodendrocytes and neuronal cells [32,50-53].

2. Materials and Methods
2.1. Primary Mixed Microglia and Astrocyte Culture

Mixed microglia and astrocyte cell cultures were obtained from the whole brains of
neonatal BALB/c mice. The blood vessels and meninges were carefully removed from the
brain. Then, the whole mice brains were pooled together, washed with cold phosphate-
buffered saline (PBS), and digested with a 2.5% trypsin EDTA-free solution for 15 min at
37 °C. Again, after incubation, the cells were washed five times in a warm PBS solution
and mechanically homogenised using a pipette. Subsequently, the homogenate was filtered
through a 70 pM cell strainer (BD Biosciences, Franklin Lakes, NJ, USA) into a 50 mL conical
tube. After suspending in cell medium and counting, the cells were plated onto poly-D-
lysine-coated flasks (at a density of 3 x 10* cells/25 cm? flask). The mixture was then
cultured in Dulbecco’s modified Eagle’s/F12 medium with GlutaMAX (DMEM/F12), sup-
plemented with 10% FBS, 10,000 units/mL penicillin-streptomycin mix (ThermoFisher™,
Waltham, MA, USA). The cell culture was incubated at 37 °C with 5% CO,. The medium
was replaced after one day and supplemented with 5 ng/mL murine recombinant gran-
ulocyte and macrophage colony-stimulating factor (GM-CSF) (Sigma-Aldrich, St. Louis,
MO, USA). Next, the cells were utilised for experimentation after two weeks of culture,
consisting of 40% CD11b+ cells and 60% GFAP+ cells [54].

The growth of the cell cultures was monitored using a CKX53 inverted microscope
(Olympus™, Warsaw, Poland). To determine the phenotype of the cells, the cells were
stained during their culture (days 7 and 14 of incubation) using specific markers ap-
propriately selected for each population analysed. The following antibodies were used:
mouse anti-CD11b APC-conjugated (for microglia; ThermoFisher™), mouse anti-GFAP,
Alexa Fluor 488-conjugated (for astrocytes; ThermoFisher™, Waltham, MA, USA), mouse
anti-CNP (for oligodendrocytes; ThermoFisher™, Waltham, MA, USA), and mouse anti-
NeuN (for neurons; ThermoFisher™, Waltham, MA, USA). The samples were analysed by
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confocal microscopy (FluoView FV10i and FV10-ASW 3.0 Viewer software, Olympus™,
Warsaw, Poland).

2.2. Viruses

The mouse coronavirus (MHV, Mouse Hepatitis Virus) neuropathological strain MHV-
JHM [VR-76513™, ATCC®, Manassas, VA, USA] was propagated in a mouse hepatocyte cell
line [NCTC, CCL-9.1™, ATCC®, Manassas, VA, USA]. The median tissue culture infectious
dose (TCIDsp) was calculated using the Spearman-Kéarber method [55]. Aliquots were
stored at —80 °C. All studies were conducted with the virus stock at the second passage
level and a titre of 10”8 TCIDs,/mL.

Sialodacryoadenitis Virus strain 682 (SDAYV, courtesy of Prof. Susan Compton, Yale
University, New Haven, CT, USA) was propagated in rat lung epithelium [L-2, CCL-149™,
ATCC®, Manassas, VA, USA]. The plaque-forming units (PFU) were established via plaque
assay [56]. All studies were conducted with the virus stock at the third passage level and a
titre of 106® PFU/mL.

MHV-JHM or SDAV stock was added to the cell culture and incubated for 1 h (37 °C
with 5% COy,). The virus suspension was aspirated, and a fresh growth medium was added.
Infected cultures were incubated for 224, 48, 72, 96, 168, and 672 h at 37 °C with 5% CO,
according to the experimental needs. In the case of 672 h of infection (1 month), cell media
were added if needed to maintain the culture (about 0.5 mL for a 6-well plate and 50 pL for
a 96-well plate to keep the medium level at 2 mL and 200 pL appropriately).

2.3. Immune Response Profiling

Conditioned cell media from mixed glial cell cultures (collected at 2, 24, 48, 72, 96,
168, and 672 (1 month) hours post infection (h p.i.)) infected with MHV and SDAV were
analysed for their production of 48 cytokines, chemokines, growth factors/regulators, and
soluble receptors (presented in Table 1) simultaneously for efficient immune response
profiling using Luminex xXMAP technology (ProcartaPlex™ Mouse Immune Monitoring
Panel, 48plex, ThermoFisher™, Waltham, MA, USA). All samples were incubated in a
96-well Solid Polystyrene Microplate (Corning®, New York, NY, USA), and during the
washing process, a magnetic 96-well separator (Ambion™ 96-well Magnetic-Ring Stand,
ThermoFisher™, Waltham, MA, USA) was used following the manufacturer’s instructions.

Table 1. List of the soluble immune factors included in this study.

Type Target List

BAFF, G-CSF (CSFE-3), GM-CSE, IEN alpha, IFN gamma,
IL-1 alpha, IL-1 beta, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9,
Cytokines: IL-10, IL-12p70, IL-13, IL-15/IL-15R, IL-17A (CTLA-8),
IL-18, IL-19, IL-22, IL-23, IL-25 (IL-17E), IL-27, IL-28, IL-31,
IL-33, LIF18, M-CSE, RANKL, TNF alpha

ENA-78 (CXCL5), Eotaxin (CCL11), GRO alpha (CXCL1),

Chemokines: IP-10 (CXCL10), MCP-1 (CCL2), MCP-3 (CCL7), MIP-1
alpha (CCL3), MIP-1 beta (CCL4), MIP-2, RANTES (CCL5)
Growth factors/regulators: Betacellulin (BTC), Leptin, VEGF-A
Soluble receptors: IL-2R, IL-7R alpha, IL-33R (ST2)

This system contains bead set markers with varying ratios of two different fluo-
rophores coupled to monoclonal antibodies directed against various cytokines, chemokines,
growth/regulatory factors, and soluble receptors. The protein of interest was bound to a
monoclonal antibody on a bead (after 24 h incubation), and a secondary detection antibody
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specific to the molecule of interest was added (2 h incubation). The colour-coded beads
were read on a MAGPIX® system (Luminex Corporation, New York, NY, USA) using
two lasers. One laser is used to identify the bead and thus the protein of interest, while the
other is used to detect the amount of detection agent on the bead and thus the amount of
soluble protein of interest. In addition, a standard curve in duplicate has been provided by
the manufacturer for each experiment. A five-parameter logistic curve was then generated,
and the standard recovery was calculated using the following equation: (observed concen-
tration/expected concentration) x 100. A desired recovery range was between 70% and
130%. Any sample outside this range was considered impure. A sample was considered
positive if it exceeded the limits of detection as defined by the manufacturer’s specifications.
Data acquisition was performed using the MAGPIX® instrument and xXMAP® component
software v. 4.2. A data analysis was performed using xPONENT® software ver. 4.3 for
Luminex instruments.

2.4. ELISA

An immunoenzymatic ELISA (Mouse DuoSet®, R&D Systems, Minneapolis, MN,
USA) was used to analyse the cytokines expressed in the primary mixed glia culture
infected with SDAV and MHV-JHM for 2, 24, 48, 72, 96, and 168 h. The expression levels
of IL-4, IL-5, IL-6, IL-10, IL-17, and TNF alpha were analysed according to the procedure
outlined by the manufacturer. Briefly, monoclonal antibodies for the tested cytokines
were diluted to yield concentrations of 4 pg/mL for IL-4 and IL-10, 2 pg/mL for IL-6
and IL-17, 1 pg/mL for IL-5, and 800 ng/mL for TNF alpha. To prepare the standards,
seven 2-fold serial dilutions were performed at concentrations of 1000-15.6 pg/mL for IL-4,
IL-6, and IL-17 and at concentrations of 2000-31.2 pg/mL for TNF alpha, IL-5, and IL-10.
Previously prepared test samples—mixed glia cells cultured in 6-well plates (uninfected
cells—control and infected cells)—were transferred into 1.5 mL tubes and centrifuged for
5 min at 1200 rpm. Then, 50 pL of the supernatant (test samples) and standards was applied
to 96-well plates previously coated with antibodies. The plates were incubated overnight
at 4 °C. After incubation, the plates were washed with 0.05% Tween/PBS (3x). Secondary
antibodies were prepared and diluted in 1% BSA /PBS to give concentrations of 250 ng/mL
for IL-4 and IL-10, 75 ng/mL for IL-6, 50 ng/mL for IL-5 and IL-17, and 37.5 ng/mL for
TNF alpha. Then, 50 pL of II-antibodies was applied per well and incubated for 2 h at
room temperature. After this time, they were washed in 0.05% Tween/PBS (3x). In the
next step, 50 pL of the streptavidin-HRP conjugate (diluted 1:40 in 1% BSA/PBS) was
applied and incubated in the dark for 20 min at room temperature. After incubation with
the conjugate, the plates were washed again with 0.05% Tween/PBS (3x). Then, 50 uL
of a 1:1 H,O, /TMB solution was applied and incubated for 20 min at room temperature.
After incubation, 50 puL of 2 M HpSO4 was applied to stop the reaction. Optical density
readings at 450 nm and 570 nm were measured using a Synergy H1 plate reader (BioTek
Instruments™, Winooski, VT, USA).

2.5. Confocal Microscopy Analysis of SDAV and MHV-JHM Infection

Control and SDAV- or MHV-JHM-infected cells (2, 24. 48, 72, 96, 168, and 672 (1 month)
h p.i.) were washed with PBS and fixed with 3.7% PFA for 15 min at room temperature. Af-
ter washing with PBS, the cells were incubated at room temperature with 0.1% Tween/PBS
for 15 min. Next, the cells were washed twice with PBS and then incubated with BSA /PBS
for 30 min at RT. For phenotyping, the following antibodies were used: mouse anti-GFAP,
Alexa Fluor 488-conjugated (astrocytes, diluted 1:100 in BSA /PBS); mouse anti-CD11b
APC-conjugated (microglia; diluted 1:100 in BSA /PBS); mouse anti-CNP mAb (oligoden-
drocytes; diluted 1:100 in BSA /PBS); and mouse anti-NeuN mAb (neurons; diluted 1:100
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in BSA/PBS). Following 1 h of incubation, secondary antibody Alexa Fluor 647 (goat
anti-mouse; diluted 1:250 in BSA /PBS) was added. The viral antigen was visualised by
mouse anti-SARS/SARS-CoV-2 mADb specific for N protein (diluted 1:200 in BSA /PBS)
and incubated for 1 h at 37 °C. After this time, the cells were washed twice in PBS, and
secondary antibody AlexaFluor™ 488 (goat anti-mouse; diluted 1:500) or TexasRed (goat
anti-mouse; diluted 1:1000) was added (1 h, in the dark, RT). Next, the cells were washed
twice with PBS, followed by staining with phalloidin/TRITC solution (500 ng/mL) for
1h in the dark at RT to visualise the actin filaments. After incubation, the cultures were
washed twice with PBS. An amount of 1 pg/mL of Bisbenzimidine/Hoechst 33258 dye was
used to visualise the cell nuclei (2-3 min, RT). All the antibodies and fluorochromes were
purchased from ThermoFisher™ (Waltham, MA, USA). Then, the slides were rinsed twice
with PBS and once with deionised water. The slides were mounted using Prolong Gold
Antifade Reagent (ThermoFisher™, Waltham, MA, USA). Image acquisition was performed
with a FluoView FV10i confocal microscope (Olympus™, Warsaw, Poland), equipped with
a 60 x water-immersion objective. The images were processed using the FV10-ASW 3.0
Viewer software (Olympus™, Warsaw, Poland) and then converted to 24-bit TIFF files.

2.6. ROS Detection

The ROS levels in the mixed glial cell culture were assessed from 2, 24, 48, 72, 96,
and 168 h to 1 month post-infection with SDAV and MHV-JHM. The negative control
was uninfected cells, while the positive control was 1 mM H,O;-treated cells (1 min, RT).
The cells were incubated in culture fluid supplemented with fluorogenic probe CellROX®
Green Reagent (5 pyM/mL, 30 min, 37 °C; ThermoFisher™, Waltham, MA, USA), measuring
oxidative stress in live cells [57]. Then, the cells were washed with PBS, stained with
Hoechst 33542, and fixed with 3.7% PFA /PBS for 15 min in RT. After fixation, the cells
were washed twice with PBS and mounted with Prolong Gold Antifade Reagent. The
slides were analysed using a FluoView FV10i confocal microscope (Olympus™, Warsaw,
Poland) equipped with a 60x water-immersion objective. The images were processed
using the FV10-ASW 3.0 Viewer software (Olympus™, Poland) and then converted to
24-bit TIFF files.

The Image J/Fiji (ver. 2.14.0/1.54p, NIH Image, Bethesda, MD, USA) tool was used
to quantify ROS expression. TIFF files were converted to 16-bit greyscale images. Then,
the region of interest (ROI) was selected using the polygon tool for each cell, and a scale
from pixels to pum was set up. This was followed by measuring the ROI of each cell to
obtain specific parameters, such as the area, mean, integrated density, and raw integrated
intensity. Additionally, independent blinded counts were performed around each cell ROI
for manual quantitation. The obtained parameters were used to calculate Corrected Total
Cell Fluorescence (CTCF) = Integrated Density — (Area of selected cell x Mean fluorescence
of background readings).

2.7. Flow Cytometry

Flow cytometry was used to measure apoptosis/necrosis and the ROS rate in mixed
glial cells after infection with MHV-JHM and SDAV (2, 24, 48, 72, 96, 168 h, and 1 month
p-i.) using Dead Cell Apoptosis Kits with Annexin V for Flow Cytometry (ThermoFisher™,
Waltham, MA, USA) and the CellROX™ Green Flow Cytometry Assay Kit (ThermoFisher™,
Waltham, MA, USA). Infected cells (10* cells/mL) and proper controls were stained accord-
ing to the manufacturer’s protocols. Samples were analysed by Cytoflex LX cytometer (BD
Biosciences, Franklin Lakes, NJ, USA) to specify the proportion of necrotic cells (Annexin
V-FITC— /PI+), early apoptotic cells (Annexin FITC+/PI—), late apoptotic cells (Annexin
V-FITC+/PI+), and non-apoptotic cells (Annexin V-FITC— /PI—), and the presence of ROS+
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cells. Calculations were performed with CellQuest Pro™ analysis software ver. 5.2.1 (BD
Biosciences, Franklin Lakes, NJ, USA). The experiments were performed in triplicate.

2.8. Statistical Analysis

The results were statistically evaluated by two-way or one-way analysis of variation
(ANOVA) using the Dunnet or Tukey multiple comparison test. The non-parametric
variables were assessed using the Kruskal-Wallis test with the post hoc Dunn test. All
experiments were performed at least in triplicate. These analyses were performed using
GraphPad Prism™ version 9.4.0 (453) for macOS software (GraphPad Software Inc., San
Diego, CA, USA). Statistical differences were interpreted as significant at p < 0.05 (*), very
significant at p < 0.01 (**), highly significant at p < 0.001 (***), and not significant at p > 0.05.

3. Results
3.1. SDAV Infection of Primary Mixed Microglia and Astrocyte Cells

To carry out the planned analyses, we first optimised the primary culture of astrocytes
and microglia so that, after 14 days of growth, the cell ratio reached 40% microglia to
60% astrocytes (Figure 1A). The cells were infected with SDAV to check the possibility
of infection of astrocytes and microglia. Observation of the 72 h infection using confocal
microscopy showed that the viral antigen (red fluorescence) was initially present in astro-
cyte cells labelled with GFAP antibody (green fluorescence) (Figure 1(Be), white arrows).
The viral antigen (green fluorescence) was detected travelling along the filopodia to reach
nearby microglial cells labelled with CD11b (dark blue fluorescence) (Figure 1(Bf), white
arrows). The viral antigen was present in large numbers and with high fluorescence in
both cell types. We also infected mixed microglia and astrocytes with MHV-JHM as a
better-known model to compare the effect of SDAV infection. After 72 h post-infection
(h p.i.) the MHV-JHM antigen was visible at the cell membrane side of GFAP-labelled
astrocytes (Figure 1(Bg); white arrows). In the CD11b-labelled microglia cells, the MHV
antigen was located in the perinuclear region (Figure 1(Bh); white arrows). A cytopathic
effect in the form of syncytium was visible (Figure 1(Bh), white rectangle).

Figure 1. Cont.
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Figure 1. Representative images of primary astrocytes and microglia cells, uninfected (A) and infected
with SDAV and MHV-JHM for 72 h (B). Cells were cultured for 14 days before each experiment.
Microglia were more abundant than astrocytes during the first 7 days (a,c). After stimulation with
GM-CSE, the ratio of microglia to astrocytes on the 14th day of growth was 40% to 60%, respectively
(b,d). These changes were captured by a light microscope (a,b) and confocal microscope (c,d; green—
GFAP (astrocytes), dark blue—CD11b (microglia), light blue—cell nuclei). After 14 days of growth,
the primary mixed glial culture was infected with SDAV and MHV-JHM for 72 h and labelled
using immunofluorescence (B). A signal corresponding to SDAV and MHV-JHM was found both
in the astrocytes (e,g; green—GFAP (astrocytes), red—SDAV, MHV-JHM, light blue—cell nuclei)
and microglia (f,h; dark blue—CD11b (microglia), green—SDAV, MHV-JHM, red—F-actin, light
blue—cell nuclei). The white arrows show the placement of SDAYV (e,f) or MHV-JHM (g h) in the
cells. The white rectangle shows syncytium formation (h). Microscope CKX53 (a,b) and FluoView
FV10i (¢,d,B) (Olympus™, Poland). Scale bar: 30um.

3.2. FACS Analysis of Cell Death

Annexin V-FITC and PI FACS analyses were performed for the differentiation and
quantitative determination of the percentage of necrotic, viable, and apoptotic cells (early
and late types) after infection with MHV-JHM and SDAV (Figure 2). MHV-JHM induced
apoptosis in the mixed microglia and astrocytes culture within the first 2 h p.i. and persisted
until 672 h p.i. (1 month). The percentage of early apoptotic cells increased significantly
highly (*** p < 0.001) from 2.75% in the uninfected control to 41.20% at 2 h p.i. and
remained at a similar level until one month post infection. The late apoptotic cells increased
non significantly from 3.43% in the control to 10.7% 2 h p.i. and stayed at a similar level
until 168 h p.i. At 672 h p.i., late apoptosis reached 27.6% (*** p < 0.001). Signs of cell
necrosis appear the highest after 1 month of infection with MHV-JHM, reaching 4.43%,
compared to the uninfected control, with 1.88% of necrotic cells (Figure 2A). However, this
increase was not statistically significant. After infection with the SDAV strain, we observed
a similar trend of inducing cell apoptosis. The level of early apoptotic cells increased
highly significantly (**p < 0.001) from 2.75% in the uninfected control cells to 37.8% after
2 h p.i. and remained high until 1 month post-infection, reaching 74.9% (**p < 0.001)
(Figure 2B). The percentage of late apoptotic cells increased statistically significantly only
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after 48 and 168 h p.i. (11.8% and 12.4%, respectively) compared to that in the uninfected
control (3.43%). Necrosis did not occur in the case of SDAV infection in the primary mixed
microglia and astrocyte cultures. A high % of viable cells remained unaffected from 2 to
168 h p.i. (55.1-48.2%); however, a high statistical decrease (** p < 0.001) was observed
after 1 month post-infection (22.1%) compared to that in the uninfected control (91.95%)
(Figure 2B).

Figure 2. The percentage (mean £ SD) of early apoptotic, late apoptotic, necrotic, and non-apoptotic
cells in a mixed primary microglia and astrocyte culture from 2 to 672 h p.i. with MHV-JHM (A) and
SDAV (B) from three independent experiments (ANOVA, *p < 0.05,**p < 0.001).

3.3. ROS Expression

We performed two experiments to investigate reactive oxygen species (ROS) re-
lease in primary mixed microglia and astrocyte cells after infection with MHV-JHM
and SDAV (Figures 3A,B and 4A,B). A quantitative flow cytometry analysis (% of ROS)
was followed by a semi-quantitative examination of confocal microscopy imaging us-
ing corrected total cell fluorescence (CTCF). A flow cytometry analysis revealed a rapid,
highly statistically significant increase in reactive oxygen species 2 h p.i. in cells in-
fected with MHV-JHM (26.48% + 5.12%, *** p < 0.001) compared to the uninfected con-
trol (10.55% =+ 0.61%) (Figure 3B). The highest observed ROS value was after 24 h p.i.
(31.47% +£ 0.46%,*** p < 0.001) compared to that in the uninfected control (10.55% =+ 0.61%)
(Figure 3B). Gradually, the ROS levels decreased but were still significantly higher than
the uninfected control levels, and the values were as follows: after 48 h p.i. with MHV-
JHM, 26.99% £ 4.11% (*** p < 0.001); 72 h p.i., 20.68% =+ 3.84% (** p = 0.004); 96 h p.i.,
18.68% £ 1.68% (* p = 0.019); 168 h p.i., 22.48% =+ 5.22% (*** p < 0.001) compared to the
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uninfected control (10.55% =+ 0.61%) (Figure 3B). The lowest value was noted after 672 h
p-i., where the ROS level decreased insignificantly to 5.34% =+ 0.22% (p = 0.363) compared
to that for the control uninfected cells (10.55% =+ 0.61%) (Figure 3B).

Figure 3. ROS production in mixed primary culture of microglia and astrocyte cells in mock and
MHYV-JHM-infected cells for 2-672 h. ROS levels were obtained from flow cytometry analysis using
CellROX Green (ThermoFisher™) staining (A,B). Representative histograms and dot plots of ROS
levels in uninfected labelled control —, uninfected labelled control + (treated with H,O,), and infected
cells (A). The mean fluorescence intensity (MFI) of ROS-positive cells after MHV-JHM infection for
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2-672 h is presented as mean + SD (n = 10,000 cells) from three independent experiments. ANOVA;
*p <0.05,* p <0.01, ** p <0.001 (B). ROS levels were obtained from confocal microscopy analysis
using CellROX Green (ThermoFisher™) staining (C,D). Representative confocal microscopy images
of MHV-JHM-infected primary mixed microglia and astrocyte cells for 2-168 h. Negative control—
uninfected cells; positive control—cells treated with HyO,. Cell nuclei (blue), ROS (green). Scale bar:
30 um (C). Analysis of ROS fluorescence intensities performed with Fiji software (ver. 2.14.0/1.54p)
described as cell total corrected fluorescence (CTCF), presented as mean + SEM (n = 100 cells), ANOVA;
#**p < 0.001 (D).

Figure 4. ROS production in mixed primary culture of microglia and astrocyte cells in mock and
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SDAV-infected cells for 2-672 h. ROS levels were obtained from flow cytometry analysis using
CellROX Green (ThermoFisher™) staining (A,B). Representative histograms and dot plots of ROS
levels in uninfected labelled control —, uninfected labelled control + (treated with H,O,), and infected
cells (A). The mean fluorescence intensity (MFI) of ROS-positive cells after SDAV infection for 2-672 h
is presented as mean =+ SD (n = 10,000 cells) from three independent experiments. ANOVA; * p < 0.05,
**p <0.01, ** p < 0.001 (B). ROS levels were obtained from confocal microscopy analysis using
a CellROX Green (ThermoFisher™) staining (C,D). Representative confocal microscopy images of
SDAV-infected primary mixed microglia and astrocyte cells for 2-168 h. Negative control—uninfected
cells; positive control—cells treated with H,O,. Cell nuclei (blue), ROS (green). Scale bar: 30 um (C).
Analysis of ROS fluorescence intensities performed with Fiji software (ver. 2.14.0/1.54p) described
as cell total corrected fluorescence (CTCF), presented as mean + SEM (n = 100 cells), ANOVA;
***p <0.001 (D).

Cells infected with SDAV presented the highest abundance of ROS levels after 2 h p.i.
The level of ROS increased highly statistically significantly (33.03% =+ 2.72%, *** p < 0.001)
compared to that of the uninfected control (10.55% = 0.61%) (Figure 4B). The values at 24 h
pi. (16.25 £ 0.85, ***p < 0.001) and 48 h p.i. (14.71 £ 0.08, * p = 0.012) slightly decreased
but were still statistically significantly higher than that for the control uninfected cells
(10.55% =+ 0.61%) (Figure 4B). After 72 h p.i. and 96 h p.i., a highly statistically significant
increase occurred at a constant level of 23.08% =+ 1.96% and 23.06% =+ 1.22% (***p < 0.001),
respectively, compared to that for the uninfected control (10.55% =+ 0.61%) (Figure 4B).
Then, after 168 h p.i. and 672 h p.i., the ROS levels slightly decreased to 17.53 £ 3.06
(***p < 0.001) and 15.31 = 0.45 (** p < 0.005), respectively, compared to previous time
points but remained statistically significantly higher than those for the uninfected control
(10.55% =+ 0.61%) (Figure 4B).

An analysis of the confocal images stained with a fluorogenic probe showed
an evenly distributed signal of ROS in the cells after infection with both viruses
(Figures 3C,D and 4C,D). In the case of MHV-JHM, ROS were uniformly present through-
out the cell from 2 h p.i. to 168 h p.i. (Figure 3C). After a detailed data analysis, we
determined the quantitative value of the probe corresponding to the number of ROS in
the form of corrected total cell fluorescence (CTCEF) (Figure 3D). MHV-JHM infection trig-
gered ROS production from 115.4 & 216.0 in the uninfected control cells to 1547.0 & 1091
(***p < 0.001), after 2 h p.i. This value remained similar until 48 h p.i., where the values
highly statistically significantly increased to 3212.0 £ 2574.0 (** p < 0.001) compared
to the uninfected control (115.4 £ 216.0). The highest rate was observed after 72 h p.i.
(4784.0 & 3700.0) compared to the uninfected control (115.4 £ 216.0).

The ROS distribution after SDAV infection of mixed microglia and astrocytes was
visible on confocal images during all times post-infection. The brightest fluorescence
was present after 96 and 168 h p.i. (Figure 4C). A data analysis revealed that the CTCF
values were nearly similar after 2, 24, 48, and 72 h p.i. (2474.0 £ 1776.0, 2505.0 + 1604.0,
2492.0 £ 1486.0, 2560.0 & 1216.0; *** p < 0.001, respectively) with SDAV, with a highly
statistically significant increase compared to those for the uninfected control (115.4 £ 216.0)
(Figure 4D). The highest values were recorded after 96 h p.i. (3452.0 & 216.0) and 168 h p.i.
(3991.0 & 2177.0) compared to the uninfected control cells (115.4 &+ 216.0).

3.4. Cytokine and Chemokine Expression

The levels of expressed cytokines and chemokines, as well as growth factors and
soluble receptors, were measured after infection with MHV-JHM and SDAV in primary
mixed microglia and astrocyte cells using multiplex technology (Luminex xMAP), analysing
48 proteins crucial for immunomodelling. The results showed changes in both viruses over
the course of the one-month infection period, as visualised by a heat map. In the case of
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MHV-JHM infection, changes in expression (from 0% to 100%) were visible in IL-6, IL-18,
IL-33, ENA-78 (CXCL5), GRO alpha (CXCL1), IP-10 (CXCL10), MCP-1 (CCL2), MIP-1 beta
(CCL4), MIP-2 alpha (CXCL2), RANTES (CCL5), and TNF alpha (Figure 5A). However,
SDAV infection increased the protein expression of IL-1 alpha, IL-6, IL-10, IL-18, IL-19,
IL-23, IL-28, IL-33, ENA-78 (CXCL5), GRO alpha (CXCL1), IP-10 (CXCL10), MCP-1(CCL2),
MCP-3(CCL3), MIP-1 alpha (CCL3), MIP-1 beta (CCL4), MIP-2 alpha (CXCL2), RANTES
(CCL5), TNF alpha, and Leptin (Figure 5B).

Figure 5. Heat map showing the cytokine concentrations secreted by primary mixed microglia and
astrocyte cells after infection with MHV-JHM (A) and SDAV (B) from 2 to 672 h. Colours are assigned
according to the relative, normalised scale of expression. The scale ranges from 0 to 100% (lowest to
highest concentration in a row).

More detailed changes in expression pattern post-infection, shown as concentra-
tion [pg/mL], were revealed by statistical analysis of the obtained protein concentra-
tion compared to the mock. After 2 h p.i. with MHV-JHM, a statistically highly
significant increase compared to the mock (*** p < 0.001) was observed for G-CSF
(196.0 £ 17.73; 9.54 4 4.65), IL-2R (23.09 £ 0.4; 3.15 + 0.65), IL-33R (121.8 £ 14.32; 0.0), LIF
(465.5 +194.1; 60.55 £ 21.77), and RANKL (39.88 & 20.98; 8.35 & 2.35). Statistically very
significant (** p < 0.01) and statistically significant (* p < 0.05) results were obtained for
BAFF (109.9 £ 32.71; 17.63 & 4.62), IL-1 beta (57.74 4+ 17.27;23.19 £ 8.07), IL-7 (43.42 + 9.6;
7.12 £+ 3.18), IL-23 (476.3 & 58.99; 152.2 4 51.47), IL-28 (522.5 £ 183.3; 182 £ 63.01), IL-
31 (152.4 +£17.71; 71.12 £ 22.24), and VEGF-A (832.10 & 93.61; 15.92 & 2.80) (Figure 6A).
At 24 h p.i., most cytokines, chemokines, and growth factors remained at the same
level as at 2 h p.i.,, but new statistically highly significant increases were observed
for IL-12 (53.41 £ 8.66; 13.77 + 2.3), IP-10 (801.3; 80.02 £ 14.71), and RANTES (860.2;
127.0 £59.98). Statistically very significant (** p <0.01) and statistically significant
(* p <0.05) results were obtained for GM-CSF (122.5 £ 5.96; 69.73 £+ 13.45), GRO al-
pha (2606.0 £ 631.1; 131.6 & 17.85), IFN gamma (4.806 £+ 0.71; 1.69 + 0.49), IL-1 alpha
(327.5 £ 37.48; 87.74 +45.21), IL-1 beta (46.50 & 3.75; 23.19 £ 8.07), IL-3 (3.52 + 0.42;
1.39 + 0.38), IL-6 (11,168.0 £ 1806.0; 912.2 £ 83.72), IL-12 (53.41 £ 8.66; 13.77 & 2.30), II-
13 (28.25 £ 1.29; 10.29 £ 3.77), IL-15 (88.71 £ 5.97; 35.04 + 10.80), IL-17A (65.94 £ 5.63;
27.59 + 4.19), IL-18 (2936 £ 204.7; 1465.0 & 456.5), IL-22 (75.52 & 7.47; 46.10 &+ 10.59), IL-
27 (12.49 £+ 1.36; 4.5 + 1.11), IL-28 (544.9 &+ 62.92; 182.9 £ 63.01), IL-31 (147.9 £+ 12.58;
7112 + 22.24), IL-33 (1642.0 + 252.6; 718.7 £ 490.9), MIP-2 alpha (2527.0 + 416.4;
112.2 4 48.98), and TNF alpha (608.0 &+ 47.51; 221.2 + 65.15) (Figure 6B). At 48 h p..
MHV-JHM significantly increased the protein expression for only Eotaxin (3.4 4= 3.01; 0.0),
IL-5 (61.63 £ 11.45; 25.69 + 6.74), IL-17A (63.06 £ 6.3; 27.59 & 35.29), IP-10 (583.3 £ 63.34;
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14.71 + 4.52), MIP-1 beta (987.3 £ 128.8; 59.89 & 28.34), MIP-2 alpha (1892.0 + 366.6;
112.2 + 48.98), and RANTES (718.6 4 23.37; 127.0 = 59.62) (Figure 6C). However, highly sig-
nificant (*** p < 0.001) and very significant (** p < 0.01) statistical increases were observed
for almost all proteins after 72 h p.i. The highest increase in concentration was observed
for ENA-78 (3661.0 & 642.9; 621 + 177.6), GRO-alpha (7253.0 + 286.8; 131.6. £ 17.85), IFN-
gamma (4.784 £ 0.61; 1.69 £ 0.49), IL-1 beta (48.35 & 3.09; 23.19 + 8.07), IL-3 (3.94 & 0.92;
1.39 £ 0.38), IL-6 (13,941.0 & 959.60; 912.2 4 83.72), IL-12 (56.27 + 7.85; 13.77 + 2.30), IL-15
(86.99 £ 9.83; 35.04 £ 10.80), IL-18 (2866.0 + 239.6; 1465.0 + 456.5), IL-19 (329.0 + 43.38;
118.7 £ 19.69), IL-23 (497.50 £ 60.68; 152.2 4 51.47), IL-33 (1778.0 & 405.4; 718.7 + 490.9),
LIF (205.6 £ 8.23; 60.55 + 21.77), MCP-3 (205.6 + 8.23; 223.5 £ 33.83), MIP-1 beta
(1046.0 £ 552.80; 59.89 + 28.34), MIP-2 alpha (2553.0 £ 366.6; 112.2 £ 48.98), and TNF
alpha (559.3 £ 61.83; 221.2 £ 65.15) (Figure 6D). After 96 h p.i. with MHV-JHM, sta-
tistically very significant (** p < 0.01) and statistically significant (* p < 0.05) results
were obtained only for MIP-lalpha (1095.0.0 £ 346.40; 246.9 & 65.28) and MIP-1 beta
(1095 + 346.40; 59.89 £ 28.34) (Figure 6E). At 168 h p.i., protein expression was simi-
lar to that at 72 h p.i., with almost all proteins being highly significant (*** p < 0.001),
very significant (** p < 0.01) or (* p < 0.05) upregulated. The most significant changes in
expression were observed for BAFF (109.9 & 32.71; 17.63 £ 4.62), ENA-78 (2185.0 £ 253.7;
621 £ 177.6), IFN alpha (53.50 £ 3.38; 17.82 £ 7.19), Leptin (2135 + 460.6; 1022 + 1632.1),
MCP-1 alpha (1095.0.0 & 346.40; 246.9 £ 65.28), MCP-3 (1164.0 & 164.90; 223.5 £+ 33.83),
MIP-1 beta (1532 + 967.40; 59.89 + 28.34), MIP-2 alpha (2163 + 366.6; 112.2 + 48.98),
RANKL (205.4 + 207.10; 8.35 & 2.35), and VEGF-A (273.20 £ 45.16; 15.92 + 2.80) (Figure 6F).
Finally, after one month p.i. with MHV-JHM, all of the cytokines, chemokines, and growth
factors were still significantly increased compared to the mock. The greatest changes were
observed for ENA-78 (3237.0 & 1024.0; 621 & 177.6), G-CSF (156.20 £ 26.38; 9.54 + 4.65),
GM-CSF (616.50 + 66.73; 69.73 £+ 13.55), IL-6 (13,941.0 £ 83.72; 15,590 + 4491), IL-33
(1827.0 £ 262.5; 718.7 £ 490.9), MIP-2 alpha (3361 £ 378.81; 112.20 £ 48.98), and VEGF-A
(695.00 +£ 516.20; 15.92 + 2.80) (Figure 6G).

SDAV infection of primary microglia and astrocytes revealed slightly different pro-
tein expression. After 2 h p.i., a statistically highly significant increase compared to
mock (*** p < 0.001) was observed for betacellulin (224.90 £+ 35.99; 85.02 + 7.39), G-
CSF (402.8 + 275.90; 2.81 + 1.39), IFN alpha (59.54 + 6.21; 18.33 + 3.44), IFN gamma
(4.58 £ 0.58; 1.30 £ 0.08), IL-1 alpha (245.5 £ 6.81; 44.02 =+ 6.81), IL-1 beta (93.39 £ 34.13;
23.92 4 3.87), IL-3 (3.78 £ 0.49; 0.99 + 0.14), IL-6 (13,400.00 £ 3749; 912.20 + 83.72), IL-7
(62.24 £+ 17.92; 10.55 + 2.37), IL-10 (460.5 £ 183.40; 26.15 £+ 1.92), IL-13 (33.79 £ 3.08;
741 + 0.72), IL-15 (86.93 + 9.84; 26.82 £ 0.87), IL-23 (476.30 £ 58.99; 129.90 + 9.56),
IL-28 (604.80 + 48.53; 155.40 + 41.10), IL-33 (1794.00 £ 256.00; 529.40 £ 97.05), Lep-
tin (1453.00 £ 348.10; 468.40 £ 41.09), MCP-3, (1030 £ 254.10; 277.80 + 32.41), RANKL
(41.35 £5.99; 6.68 + 0.68), and VEGF-A (817.60 £ 366.0; 101.00 £ 5.11). Statistically very
significant (** p < 0.01) and statistically significant (* p < 0.05) results were obtained for
BAFF (136.60 + 29.64; 17.80 £ 2.72), IL-4 (8.51 & 0.75; 3.48 &+ 0.22), IL-12 (28.56 + 3.76;
7.54 £+ 1.14), IL-18 (2659 + 285.70; 1148 £ 111.7), IL-19 (477.6 £ 66.11; 126.4 £+ 32.87),
IL-27 (13.26 4 1.55; 4.43 £ 0.66), IL-31 (152.40 £ 17.71; 46.57 &+ 1.76), M-CSF (15.99 =+ 4.04;
3.40 £ 0.46), and TNF alpha (340.30 £ 106.70; 38.23 + 4.62) (Figure 7A). At 24 h p.i. with
SDAYV, the concentration of most cytokines, chemokines, and growth factors decreased, but
only a few remained significantly elevated: Eotaxin (1.39 £ 0.70; 0.00 & 0.00, (* p < 0.05)),
IL-6 (4509.00 £ 2010.00; 912.20 £ 83.72, (*** p < 0.001)), IP-10 (780.5 4= 173.78; 16.34 + 3.96,
(** p < 0.01)), RANTES (810.10 + 131.30; 170.10 & 70.05, (** p < 0.01)), and TNF alpha
(423.10 + 110.20; 38.23 + 4.62, (** p < 0.01)) (Figure 7B).After 48 h p.i. with SDAYV, only
IL-17A (59.87 £ 6.83; 15.20 + 1.61), MIP-1 beta (982.2 £ 310.20; 58.72 £ 9.73), and RANTES
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(748.9 £ 39.83; 170.10 £ 70.05, (** p < 0.01) showed significant increases in protein ex-
pression (Figure 7C). Interestingly, highly significant (*** p < 0.001) and very significant
(** p < 0.01) statistical increases were observed for almost all proteins after 72 h p.i. The
greatest change in concentration was observed for BAFF (208.80 + 28.49; 17.80 + 2.72), Eo-
taxin (5.69 £ 1.05; 0.00 = 0.00), G-CSF (97.67 £ 8.80; 2.81 £ 1.39), GRO alpha (4060 + 955.50;
131.60 £ 17.85), IFN gamma (4.03 £ 0.34; 1.30 £ 0.08), IL-6 (6126.00 = 1062.00; 912.2 + 83.72),
IL-12 (28.43 £ 2.71; 7.54 + 1.14), IL-15 (79.38 £+ 5.77; 26.82 £+ 1.95), IL-17A (61.66 + 3.50;
15.20 £ 1.61), IL-18 (2966.00 + 221.00; 1148 + 111.70), IL-22 (75.92 £ 8.65; 33.11 + 4.46),
IP-10 (661.90 + 64.25; 16.34 £ 3.96), Leptin (1940.00 + 169.20; 468.40 £ 41.09), MCP-3
(922.5.50 4 303.30; 277.80 = 32.41), MIP-1 beta (1131.0 & 386.40; 58.72 +£ 9.73), MIP-2 alpha
(2627.00 + 164.70; 172.2 &+ 79.46), RANTES (815.20 + 105.80; 170.10 + 70.05), and TNF
alpha (577.80 £ 45.75; 38.23 £ 4.62). Statistically significant changes in expression were
also observed for IL-3 (3.26 £ 0.55; 0.99 + 0.14), IL-9 (43.28 + 2.39; 29.70 + 2.48), IL-10
(117.3 £ 16.85; 26.15 £ 1.92), IL-23 (391.70 +£ 26.09; 129.9 £ 9.56), IL-28 (491.80 + 12.62;
155.40 £ 41.10), and LIF (220.30 & 17.15; 81.76 £ 10.92) (Figure 7D). After 96 h p.i. with
SDAV, the protein expression pattern remained similar to that at 72 h p.i., but only a few
proteins changed. Statistically highly significant (*** p < 0.001) increases were observed
only for BAFF (305.20 £+ 153.50; 17.80 + 2.72), IL-7 (60.98 + 23.70; 10.55 £ 2.37), IL-9
(72.36 £ 34.69; 29.70 £ 2.48), IL-10 (298.70 £ 151.00; 26.15 £ 1.92), IL-13 (36.03 £ 12.18;
741 £ 0.72), and 1I-17A (70.36 £ 11.91; 15.20 £ 1.61). Other cytokines and chemokines with
very significant increases (** p < 0.01) were ENA-78 (3385.00 £ 562.70; 469.00 + 67.43), Eo-
taxin (2.52 £ 1.63; 0.00 = 0.00), IFN gamma (4.03 £ 0.34; 1.30 & 0.08), IL-13 (63.32 £ 22.31;
23.92 + 3. 87), IL-4 (12.34 £ 7.12; 3.48 + 0.22), IL-12 (32.58 £+ 10.96; 7.54 £ 1.14),
IL-28 (599.30 + 240.50; 155.40 + 41. 10), IL-31 (159.50 + 27.89; 46.57 £+ 1.76), leptin
(2202.00 =+ 641.40; 468.40 + 41.09), and MCP-3 (770.60 £ 229.90; 277.80 & 32.41). Finally,
other proteins were elevated statistically significantly (* p < 0.05): IFN alpha (55.02 4= 13.29;
18.33 & 3.44), IL-5 (78.99 % 24.36; 19.70 £ 2.57), IL-18 (2673 4 222.80; 1148 + 111.7), IL-19
(317.1 = 55.83; 126.4 £ 32.87), 11-23 (463.60 £ 226.10; 129.9 + 9.56), IL-33 (1652.00 £ 448.70;
529.40 £ 97.05), IP-10 (605.70 & 141.80; 16.34 &+ 3.96), RANKL (41.35 & 5.99; 6.68 & 0.68),
and TNF alpha (371.10 £ 195.70; 38.23 + 4.62) (Figure 7E). At 168 h p.i., protein ex-
pression was only very significantly increased (** p < 0.01) or significantly increased
(* p £ 0.05) for a few datasets. The most significant change in expression was found
for BAFF (52.69 £ 6.21; 17.80 + 2.72), ENA-78 (3410.00 £ 484.40; 469.00 £ 67.43), GM-
CSF (109.80 =+ 8.622; 6.51 £ 4.46), GRO alpha (2232 + 751.60; 131.60 =+ 17.85), IFN alpha
(51.57 £ 8.68; 18.33 =+ 3.44), IL-1 alpha (123.70 £ 36.74; 44.02 £ 6.81), IL-5 (70.87 £ 13.67;
19.70 +£ 2.57), IL-15 (86.93 £ 9.84; 26.82 £ 1.95), IL-17A (59.93 £ 5.85; 15.20 + 1.61), IL-19
(391.30 £ 59.78; 126.4 £ 32.87), IL-23 (381.60 £ 49.21; 129.9 £ 9.56), IL-27 (11.96 + 3.37;
443 £ 0.66), IL-33 (1579.00 £ 317.60; 529.40 £ 97.05), MIP-1 beta (696.50 + 142.60;
58.72 £+ 9.73), and RANTES (572.30 £ 31.60; 670.6 £+ 70.05) (Figure 7F). Finally, after
one month p.i. with SDAV, most of the cytokines, chemokines, and growth factors were
significantly increased compared to the mock. The greatest highly significant (*** p < 0.001)
changes were observed for ENA-78 (6467.00 & 1908.00; 469.00 £ 67.43), IL-4 (3.48 £ 0.22;
10.41 £ 1.88), IL-12 (35.38 + 6.38, 7.54 + 1.14), IL-19 (1456.00 £ 69.00; 126.40 + 32.87), IL-27
(14.77 £1.49; 4.43 + 0.66), Leptin (2426 + 216.1; 468.4 & 41.09), MIP-2 alpha (2645.00 + 404.4;
172.2 £ 79.46), RANKL (21.84 + 1.39; 6.68 & 0.68), and VEGF (396.6 & 106.40; 101.00 & 5.11)
(Figure 7G).
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Figure 6. MHV-induced cytokine, chemokine, and growth factor expression [pg/mL] in infected
(2672 h) primary microglia and astrocyte cells. Bar plots indicate the concentration change of
expressed 48 protein markers in a single biological replicate (n = 6 for each group), shown as
mean + SD (A-G). Statistical data are shown in Supplementary File S1.



Cells 2025, 14, 637 17 of 27

Figure 7. SDAV-induced cytokine, chemokine, and growth factor expression [pg/mL] in infected
(2-672 h) primary microglia and astrocyte cells. Bar plots indicate a concentration change in expressed
48 protein markers in a single biological replicate (n = 6 for each group), shown as mean =+ SD (A-G).
Statistical data are shown in Supplementary File S1.
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The next step was performing a classical ELISA for representative cytokines important
for viral infection—IL-4, IL-5, IL-6, IL-10, IL-17, and TNF alpha. The anti-inflammatory
cytokine IL-4 levels were significantly decreased in SDAV during all time points com-
pared to the control (11.42 £ 1.28, * p < 0.05). For MHV-JHM, a significant decrease was
observed for 24 h p.i. (7.23 £ 0.55, * p < 0.05) and 48 h p.i.; (2.89 + 0.51, ** p < 0.01)
compared to the control (14.43 & 0.17). A nonsignificant increase was only noted at 168 h
p-i. with MHV-JHM (15.39 + 0.55) compared to the control (14.43 =+ 0.17). In the case of
the pro-inflammatory cytokine IL-5, MHV-JHM induced a statistically significant increase
compared to the uninfected cells at all time points. The highest value was observed at
96 h pi. (29.36 + 6.91, *** p < 0.001) and 168 h p.i. (23.93 &+ 3.39, *** p < 0.001) com-
pared to the control (0.00 & 0.00). After infection with SDAYV, the increase in cytokine
concentrations was visible after 24, 48, 72, and 168 h, but the results were not statistically
significant compared to those of the control cells. (Figure 8B). The level of pro-inflammatory
cytokine IL-6 changed after infection with both viruses compared to the mock. A statis-
tically significant increase was observed after 48 h p.i. (1035.92 £ 3.64, * p < 0.05) and
72 h pi. (1017.92 £ 1.80, * p < 0.05) after infection with SDAV compared to the control
(701.62 £ 77.37). After infection with MHV-JHM, a statistically significant increase was
observed after 2 h p.i. (624.24 £ 8.18; * p < 0.05) compared to the control (564.98 £ 1.54)
(Figure 8C). The anti-inflammatory cytokine IL-10 was statistically highly significant after
96 h p.i. (1748.76 £ 398.05, *** p < 0.001) with SDAV and after 72 h p.i. (687.33 £ 214.67,
*** p < 0.001) with MHV-JHM (Figure 8D) in comparison to both controls (199.97 + 14.77,
184.91 + 32.58, respectively). The pro-inflammatory cytokine IL-17 levels were statistically
increased at all time points after SDAV infection. The highest levels were observed at2 h
pi. (0.71 £ 0.09, * p < 0.05), 48 h p.i. (0.71 £ 0.02, *** p < 0.001), and 168 h p.i. (0.81 £ 0.012,
*** p < 0.001) compared to the control (0.14 & 0.003). MHV-JHM infection induced a sig-
nificant change in expression after 2 h p.i. (0.89 £ 0.11, * p < 0.05), 24 h p.i. (0.04 = 0.01,
*p <0.05), and 72 h p.i. (0.13 £ 0.01, * p < 0.05) compared to the control (0.26 & 0.05)
(Figure 8E). During SDAV infection, an increase in TNF alpha expression was observed,
but it was not statistically significant compared to the control (71.42 & 36.38). A statistically
highly significant increase was observed after 2 h p.i. (731.33 4= 40.74, **p < 0.001),24 h p.i.
(495.08 £ 36.58, *** p < 0.001), and 72 h p.i. (440.51 & 44.23, *** p < 0.001) with MHV-JHM
compared to the control (119.62 + 26.20) (Figure 8F).

Figure 8. Cont.
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Figure 8. Concentration of selected cytokines produced by primary mixed microglia and astrocytes
during SDAV and MHV-JHM (2-168 h) infection, analysed by ELISA. Control cells were not in-
fected. Results are presented as the mean of calculated concentration [pg/mL] & SD. Statistics were
determined using ANOVA, * p < 0.05, ** p < 0.01, *** p < 0.001, (A-F).

4. Discussion

There are many studies concerning coronaviral infection outcomes in the brain con-
ducted on patients suffering from long-COVID syndrome. However, we still seek answers
to the underlying molecular reasoning behind serious health complications [58—61]. More
and more research is focused on analysing the immune reaction, seeing abnormalities in
cytokine/chemokine release as a main cause [62]. It is established that several viruses can
induce cytokine storm syndrome/cytokine release syndrome, including, but not limited to,
SARS-CoV-2, Human Immunodeficiency Virus (HIV) (including both AIDS infection and
secondary infection-induced infections/malignancies), Epstein—-Barr Virus (EBV), Human
Herpesvirus 6 (HHV-6), Cytomegalovirus (CMV), various haemorrhagic fever viruses, and
influenza viruses [63-65]. Studying how viruses affect glial cell function to trigger specific
immune responses is important for creating targeted therapeutic strategies. Understanding
the importance of further research on this topic, we have analysed two animal coronavirus
models—MHV-JHM and SDAV—to answer the unknown molecular mechanism of long-
COVID syndrome. Both viruses can infect rodents’ central nervous system (CNS) [50,66]
and cause neurodegeneration [49,50,53,67]. However, little is known about their infection
effect on microglia and astrocytes. Most research has been conducted on the MHV-A59
strain [31,68-70]. Some recent studies on MHV-JHM presented the roles for microglia in
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both demyelination and remyelination in vivo [71-74]. However, there are no data regard-
ing SDAV. Considering this, MHV-JHM and SDAV constitute a good model that we used to
investigate the effects of infection on primary mixed microglia and astrocyte cultures. We
focused on characterising the type of cell death, reactive oxygen species (ROS) production,
and cytokine/chemokine expression in response to infection with each virus. It is worth
underlining that such research was conduct for the first time to reveal the effect of infection
on glial cells and enrich the knowledge about SDAV infection in the CNS.

As mentioned, MHV-JHM was proven to infect microglia in vitro and in vivo [31,68-70].
However, any data considering SDAYV replication in this kind of cell have not yet been de-
scribed. We demonstrated that SDAV could effectively infect primary mixed microglia and
astrocyte cultures. The results showed that viral antigens were present in both cell types
(Figure 1(Be)). Confocal microscopy revealed that the viral antigens were initially present
in the astrocytes and later detected in the microglial cells (Figure 1(Bf), white arrows).

Both MHV-JHM and SDAYV induced apoptosis in the mixed glial cultures, as evidenced
by Annexin V-FITC and PI FACS analyses. MHV-JHM triggered early apoptosis within
2 h p.i., sustaining increased levels throughout the one-month infection (Figure 2A). Cells
infected with SDAV displayed a similar early apoptotic response, significantly increasing
late apoptosis at 48 and 168 h p.i. (Figure 2B). Notably, necrosis was minimal in the
SDAV-infected cells, contrasting with a slight increase observed after one month p.i. with
MHV-JHM (Figure 2A,B). In comparison, previous studies confirmed that MHV-JHM
induces caspase-mediated apoptosis in oligodendrocytes and the damage of myelin sheath
in the CNS. This suggests one of the underlying mechanisms for the pathogenesis of MHV-
induced demyelinating diseases in animals, along with the activation of the Fas signalling
pathway [75,76]. On the other hand, SARS-CoV-2 infection in microglia (HMCS3 cell line)
induced the gene expression of antiviral immune and ER stress responses in the early phase
of infection and apoptosis in the late phase of infection by intrinsic and death receptor
(DR)-mediated apoptosis [77]. Data concerning SDAV apoptosis patterns have not been
described so far.

A possible link to the high early apoptosis percentage after infection with MHV-JHM
and SDAV can be due to ROS production by microglia and astrocytes as cell defensive
mechanisms. As Villalpando-Rodriguez and Gibson (2021) suggested, the level and the
type of ROS determine the ability of cells to undergo cell death [78]. Our study demon-
strated a rapid and significant increase in ROS production in response to both MHV-JHM
and SDAV infection, confirmed by flow cytometry and a data analysis of confocal images
(Figures 3 and 4). Infection with MHV-JHM induced a significant increase in ROS produc-
tion levels at 2 h p.i., remaining significantly higher than uninfected control cells until one
week of infection (Figure 3A,B). SDAV infection induced ROS production as early as 2 h p.i.
and maintained elevated levels throughout the infection (up to 1 month) compared to
the control (Figure 4A,B). The confocal microscopic analysis demonstrated the expression
of ROS in the infected cells, and a data analysis revealed a highly significant increase in
CTCF levels. After infection with MHV-JHM, the highest ROS fluorescence was observed
at 72 h p.i., whereas for SDAYV, it was observed at 96 h p.i. (Figures 3C,D and 4C,D). The
levels of ROS fluorescence in the cells infected with MHV-JHM at 72 h p.i. and with SDAV
at 96 h p.i. and 168 h p.i. were nearly as high or higher than in uninfected positive control
cells treated with HyO, (Figures 3D and 4D). The constant ROS production observed in
our study suggests a prolonged state of oxidative stress in the infected mixed primary
microglia and astrocyte cells, potentially exacerbating neuroinflammation and contributing
to encephalitis, mimicking long-COVID effect.

A high-throughput Luminex analysis revealed crosstalk of cytokine and chemokine
signalling following MHV-JHM and SDAV infection of mixed primary microglia and
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astrocytes (Figures 5-8). At the early stages of infection, at 2 h p.i., SDAV infection in-
duced a much broader and more pronounced cytokine response compared to MHV-JHM
(Figures 6A and 7A). We have shown that SDAYV infection triggers statistically significant
increases in the expression levels of betacellulin, G-CSF, IFN alpha, IFN gamma, IL-1 alpha,
IL-1 beta, IL-3, IL-6, IL-7, IL-10, IL-13, IL-15, IL-23, IL-28, IL-33, Leptin, MCP-3, RANKL, and
VEGF-A. At the later replication phase (from 72 h p.i.), both viruses caused a broad increase
in cytokine and chemokine expression; however, SDAV generally maintained a higher
overall level of cytokine expression compared to MHV-JHM (Figures 6D-G and 7D-G).
By one-month p.i., the most significant increases for MHV-JHM were observed for ENA-
78, G-CSF, GM-CSE, IL-6, IL-33, MIP-2 alpha, and VEGF-A (Figure 6G). Notably, SDAV
uniquely induced cytokines like IL-1 alpha, IL-10, IL-19, IL-23, and IL-28, which were not
significantly elevated in MHV-JHM infection (Figure 7G).

Both viruses induced the expression of cytokines like IL-6, IP-10, and TNF alpha, but
the temporal dynamics of their expression varied. MHV-JHM exhibited a more sustained
increase in certain cytokines, such as IL-6 and IL-33, throughout the one-month period.
SDAV presented a more transient response, showing a decrease in most cytokines at
24 h pi. (Eotaxin, IL-6, IP-10, RANTES, and TNF alpha), followed by a resurgence at
later time points. Recent studies on SARS-CoV-2 revealed that COVID-19-associated
cytokine storms (CSs) show elevated levels of IL-1 beta, IL-6, CXCL10, TNF alpha, IFN
gamma, MIP 1 alpha, and 1 beta, as well as MCP-1, GM-CSF, VEGF, and IL-10 [79-81].
A comparison of the present study’s findings with those of related research involving
MHV-A59 reveals the upregulation of several cytokines in type I astrocytes, including
IL-1 alpha, IL-1 beta, IL-2, IL-15, IL-13, IL-17, all three interferons, and TNFE. The absence
of induction of anti-inflammatory cytokines, such as IL-4 and IL-10, due to coronavirus
infection may provide a potential explanation for the heightened inflammatory response
observed during a “cytokine storm” [31]. The same pattern of increased pro-inflammatory
cytokine secretion and depletion of anti-inflammatory cytokines was seen in our results,
both in the case of MHV-JHM and SDAV. Consequently, there is a high probability of the
occurrence of cytokine release syndrome (CRS) in mixed primary microglia and astrocyte
cells. It is known that reactive astrocytes and microglia (pathogen-induced) can express
and secrete crucial cytokines such as IL-1 beta, IL-6, TNF alpha, IL-18, TGF beta, and
IL-10 after acute tissue injury [21,82]. Karki et al. (2021) established a new paradigm for
defining the mechanism of cell death through “PANoptosis” induced by cytokine-mediated
inflammation. Their research proved that increased TNF alpha and IFN gamma levels
resulted in cytokine shock in mice and mirrored cytokine storm syndrome in COVID-19
patients [83]. The increased expression of these cytokines in our study can also be associated
with this mechanism, but in our case, the triggering agent is a viral infection.

Both viruses induced a significant increase in key chemokines. These included IP-10,
RANTES, MIP-2 alpha, ENA-78, MCP-1 alpha, and RANKL for MHV-JHM and Eotaxin,
ENA-78, Gro alpha, IP-10, RANTES, RANKL, MCP-3, and MIP-1 alpha for SDAV. In
comparison, the study by Miura et al. (2007) showed that alveolar type I cells infected with
RCoV-P (Parkers Rat Coronavirus) or SDAV induced the expression of chemokines, CINC-2
(GRO), CINC-3 (MIP-2), LIX (ENA-78), MIP-3 alpha, and fractalkine at both 6 h and 24 h
after inoculation [84]. In a separate study by Funk et al. (2009), the levels of inflammatory
cytokines IL-1 alpha, IL-1 beta, TNF alpha, IFN gamma, and IL-6 in bronchoalveolar lavage
fluid (BALF) did not increase significantly following SDAV infection. However, chemokines
that were upregulated following SDAYV infection of the airway and alveolar epithelial cells
for 12 days were identified. The chemokines that were found to be significant in this study
were MCP-1, LIX (ENA-78), and IP-10 [85]. Chemokines can have multiple functions in
the CNS, from crucial ones like modulation of the activity of microglia and astrocytes to
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maintaining the health of neurons or being involved in common response mechanisms to
viral infection. Elevated levels of these chemokines are often correlated with more severe
disease outcomes. For instance, higher levels of IP-10 and MIP-2 alpha have been associated
with increased disease severity in COVID-19 patients [86,87]. Notably, IP-10 expression can
regulate the synthesis of other biomolecules. These include MCP-3, MCP-1, MIP1 alpha,
RANTES, MIP-2 alpha, GRO alpha, IL-7, IL-6, and IFN gamma [88-93]. This correlation
has been observed in our results for SDAV at all time points and for MHV-JHM at 24, 48,
72, and 168 h p.i. (Figures 6 and 7). Similarly, persisting ENA-78 and MIP-2 alpha levels
throughout the infection of both viruses may indicate amplification of innate immunity by
microglia through the recruitment of neutrophils and monocytes [18,94].

The high level of IL-6 probably induced IL-10 and VEGF-A expression for possible
tissue repair at the initial and late stages of infection (Figures 6-8). On the other hand, we
observed at 2, 96, and 672 h p.i. with SDAV an IL-4 synergy with IL-5 to possibly dampen
neurotoxic Th1/Th17 responses (Figure 7) [18,21]. Significantly high levels of betacellulin
and RANKL expression after one month of infection with SDAV and MHV-JHM may
contribute to astrocyte-mediated repair and T-cell regulation (Figures 6 and 7) [18,21]. Con-
stantly elevated TNF-alpha, IL-1 beta, IL-1 alpha, IFN gamma, and IL-6 levels throughout
infection with both viruses (Figures 6-8) might be linked to sustained apoptosis (Figure 2).
As described before, microglial-derived TNF alpha and IL-1 beta secretion activated as-
trocytes via NF-kB and MAPK pathways, inducing nitric oxide (NO) production through
inducible nitric oxide synthase (iNOS), which may trigger astrocyte apoptosis [11,95,96].
Additionally, persisting IL-1 alpha levels promoted possible reactive astrogliosis via high
ROS generation (Figures 3B,D and 4B,D), as was also confirmed by others [11,96].

In studies conducted on COVID-19 patients, proinflammatory cytokines like IFN
gamma, IL-1, 2, 6, 10, IP-10, (MCP-1), and (GM-CSF) were elevated [97]. The mechanism
behind the excessive production of cytokines is that a deregulated immune system causes
vascular leakage, leading to an increase in the permeability of the BBB, allowing the virus
to enter the CNS, causing neurotoxicity, neuroinflammation, and neurodegeneration by
apoptosis, cell lysis, or disrupting transcriptional pathways [98]. Additionally, the pheno-
type of glial cells can change due to viral infection into activated astrocytes and microglial
cells, which can be neurotoxic (A1l phenotype and M1 phenotype of microglial cells) or
neuroprotective (A2 phenotype and M2 phenotype of microglial cells) [99]. Moreover, it has
been shown that the presence of reactive proinflammatory microglia secreting IL-1 alpha,
IL-1 beta, IL-6, and TNF alpha or exposure to PAMP/DAMP can induce the expression
of proinflammatory genes in astrocytes that trigger neuroinflammation and neurodegen-
eration. Moreover, Al astrocytes secrete CCL-2, CX3CL1, CXCL10, GM-CSEF, and IL-1,
activating pro-inflammatory microglia [44,99-102].

5. Conclusions

This study demonstrated, for the first time, that SDAV can effectively infect primary
murine microglia and astrocyte cells. Both viruses induced a rapid and significant in-
crease in ROS production, with MHV-JHM causing an initial rise, followed by a gradual
decrease. At the same time, SDAV maintained elevated levels throughout the infection.
This prolonged oxidative stress may suggest a contribution to neuroinflammation and
might mimic long-COVID effects. SDAV infection induced a broader and more pronounced
early cytokine response than MHV-JHM. Both viruses caused a broad increase in cytokine
and chemokine expression at later stages, with SDAV generally maintaining higher levels.
Our study thus provides novel insights into the effects of MHV-JHM and SDAYV infection
on primary mixed microglia and astrocyte cultures, offering potential molecular explana-
tions for cytokine release syndrome (CRS). It is also important to recognise that even mild
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inflammation of the cells that act as a protective coating for neurons can interfere with
proper functioning of the central nervous system.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ cells14090637 /s1; Figures S1 and S2: Statistical analysis of cytokine
profile for Figures 6 and 7. Figure S1. MHV-induced cytokine, chemokine, receptor and growth
factor expression [pg/mL] in infected (2-672 h) primary microglia and astrocyte cells. Each dot plot
represents the concentration of one protein from ProcartaPlex™ Mouse Immune Monitoring Panel,
48plex. Results are shown as mean =+ SD, (n = 6 for each time point). Statistics were determined
using a Kruskal—Wallis Test with a Dunn Test post hoc, * p < 0.05, ** p < 0.01, *** p < 0.001.
Figure S2. SDAV-induced cytokine, chemokine, receptor and growth factor expression [pg/mL] in
infected (2-672 h) primary microglia and astrocyte cells. Each dot plot represents the concentration
of one protein from ProcartaPlex™ Mouse Immune Monitoring Panel, 48plex. Results are shown as
mean =+ SD, (n = 6 for each time point). Statistics were determined using a Kruskal—Wallis Test with
a Dunn Test post hoc, * p < 0.05, ** p < 0.01, *** p < 0.001.
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