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A B S T R A C T

The pathogenesis of viral infections involves an immune response by cytokines, causing a deleterious effect on
organ function, in addition to tissue destruction due to viral replication. Clinical symptoms and laboratory
findings of the human coronavirus disease COVID-19, caused by the novel coronavirus SARS CoV-2, indicate
cytokine involvement. Our laboratory showed that an experimental murine coronavirus (MHV-A59) can be
transmitted into the brain by intranasal or intracerebral exposure and that neurovirulence is mediated by cy-
tokine secretion. In this study we investigated which cells in the brain produce cytokines, thus functioning as the
brain's innate immune system. Using tissue cultures of microglia, and clonal populations of astrocytes, we found
that microglia and type I astrocytes (but not types II and III), produced pro-inflammatory cytokines in response
to MHV-A59 infection. A molecularly closely related, non-encephalitic strain of the virus (MHV-2) caused in vitro
infection, but without cytokine induction. Furthermore, immunofluorescence and immunohistochemistry re-
vealed that type I astrocytes and microglia have perivascular foot processes necessary for the formation of the
perivascular glymphatic system, the anatomical site of the brain's innate immune system. Cytokine secretion by
type I astrocytes and microglia, as part of the brain's glymphatic and innate immune system, contributes to the
pathogenesis of an encephalitic coronavirus infection, and indicates the rationale for anti-cytokine therapies for
COVID-19.

1. Introduction

Unlike other organs, the central nervous system (CNS) does not have
a traditional lymphatic system or native lymphocytes. Thus, a viral
invasion of the CNS requires signaling from the CNS's innate immune
system in order to recruit inflammatory cells from the circulation. This
signaling typically involves the secretion of pro-inflammatory cytokines
into the circulation. The identity of these CNS immune cells that are
capable of signaling the immune system is not entirely clear. Microglial
cells are CNS immune cells (Nelson et al., 2002), but astrocytes may
also have immune functions in the CNS (Farina et al., 2007). Astrocytes,
the most abundant cells in the CNS, are heterogeneous and multi-
functional, and were recently discovered to be part of the glial lym-
phatic system (glymphatic) of the CNS (Jessen et al., 2015; Negi and
Das, 2018). Astrocytes are divided into subgroups based on morphology
and function (Seidman et al., 1997; ffrench-Constant and Raff, 1986),
but which subtype of astrocytes forms the glymphatic system and in-
duces CNS innate immune functions is unknown.

A murine tissue culture model system of a CNS infection, that

invokes an immune reaction, was used to identify the CNS glymphatic
and innate immune cells and to test their ability to induce pro-in-
flammatory signaling. Because of their potential immune functions,
microglia, and clonal populations of three subtypes of astrocytes (type I,
II and III), were infected with two murine coronaviruses. Mouse he-
patitis virus strain A59 (MHV- A59), is a neurotropic virus that, with
intracerebral or intranasal injection, causes encephalitis followed by an
inflammatory demyelinating disease in mice similar to the human de-
myelinating disease multiple sclerosis (Lavi et al., 1984a; Lavi et al.,
1984b; Lavi et al., 1988; Lavi et al., 1999). For comparison, similar cells
were infected with another closely related strain of coronavirus (MHV-
2) that lacks the ability to cause encephalitis or inflammatory demye-
lination in mouse brains, despite infection of the same cells in vitro (Das
Sarma et al., 2001b).

In order to correlate functional activities of astrocytes and microglia
with their anatomical structure in the brain, we used im-
munohistochemically stained random sections of human brain to il-
lustrate a proposed structure of the glymphatic innate immune system
of the CNS.
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2. Materials and methods

2.1. Viruses and viral growth curves

Plaque-purified MHV-A59 and MHV-2 were propagated and titrated
on murine L2 cells in DMEM with 10% FBS. Stock viruses had titers of
107–108 pfu/ml. For viral growth curves L2 cell cultures were prepared
in 12 well plates in DMEM with 10% FBS. Confluent monolayers were
infected with each virus (M.O.I. = 1) in duplicate wells and incubated
for 1 h at 37 °C. After absorption, the cells were washed three times
with PBS and then fed with 1.5 ml medium. At the indicated times
(0,5,10,15,20,25 h P.I.), the cells were lysed by three cycles of freeze-
thawing, and the supernatants were removed and viral titer was de-
termined by plaque assay on L2 cells as previously described (Lavi
et al., 1984b).

2.2. Cell lines and virus infections

Clonal permanent cell lines were derived from the American Type
Culture Collection (ATCC, Manassas, VA 20108 USA) based on work
previously described (Alliot and Pessac, 1984). The following cells were
used: type I Astrocytes (ATCC CRL 2541), type II astrocytes (ATCC CRL-
2535), type III astrocytes (ATCC CRL-2534), and microglia cells (ATCC:
CRL 2540). Cells were propagated in culture in Dulbecco's modified
Eagle's medium supplemented with fetal calf serum (FCS; 10% v/v),
4 mM L-glutamine, 100 U penicillin G ml−1 and 100 mg streptomycin
ml−1. The cells were plated on 100 mm plates and cultured at 37 °C
with 5% CO2. When the cells reached approximately 80% confluence,
they were infected by MHV-A59 or MHV-2 (M.O.I. = 2) for 24 h. For
each viral infection, mock-infected cells with virus-free medium were
included as controls.

2.3. Immunofluorescence of cell cultures

Immunofluorescence procedures were performed as previously de-
scribed (Suzumura et al., 1986). Astrocyte cultures were placed on
coverslips, pretreated with 0.01% poly-L-lysine solution (Sigma), in 12-
well plates, at a concentration of 100,000 cells per well. The cell cul-
tures were infected with MHVs (M.O.I. = 2), or sham-infected (virus
free medium) and incubated for 24 h. Cells were rinsed with PBS and
fixed in 4% paraformaldehyde in PBS at 4 °C for 1 h. After rinsing 3
times in PBS for 5 min intervals, cells were permeabilized for 10 min
with 1% TritonX-100 in PBS and washed 3 times with PBS. Cells were
then incubated for 10 min with a blocking solution (10% BSA in PBS)
and washed 3 times in PBS. Cells were incubated with the primary
antibody (anti-GFAP polyclonal antibody from Novus Bio Inc., at 1: 200
dilution) for 1 h at 37 °C or 4 °C over night and then washed with PBS.
Cells were incubated with the secondary antibody (goat anti-rabbit IgG-
555 from Molecular Probes, at 1: 500 dilution) for 1 h at room tem-
perature and washed with PBS 3 times for 5 min intervals. The im-
munofluorescence experiment was performed with one antibody
(GFAP) bound to two chromogens (fluorescein for green and rhodamine
for red). The results were best with green for type II and III astrocytes
and red for type I. The coverslips were inverted onto slides containing
10 μl of mounting media (Vector laboratories). Slides were viewed with
an Olympus BX60 fluorescence microscope.

2.4. Cytokine mRNA detection

Total RNA was isolated from cultured cells using StrataPrep Total
RNA Miniprep kit (Stratagene, La Jolla, CA). The cytokine mRNA ex-
pression levels of the MHVs infected cell cultures were detected using
mouse common cytokine GEArray kit (Super Array Inc. Bethesda, MD).
Each array consists of 96 genes including interferons and interleukins
and tumor necrosis factor as well as control sequences (PUC18 as ne-
gative control; beta-actin and glyceraldehydes 3 phosphate

dehydrogenase (GAPDH) for loading). Bound biotinylated cDNA probe
was detected with alkaline phosphatase-conjugated streptavidin and
CDP-Star chemiluminescent substrate (SuperArray). Images of the
membranes were recorded on x-ray film and were digitally recorded on
a personal densitometer scanner (Molecular Dynamics, Sunnyvale, CA).
Data were further processed with GEArray Analyzer software, cor-
recting for background noise by subtraction of the minimum value and
normalizing to the maximum value of each individual array. Genes
were considered present if the expression level was greater than two
times that of the blank negative control. The signal from expression of
each cytokine gene was normalized to the signal derived from beta-
actin on the same membrane and expressed as cytokine mRNA arbitrary
units. Each group was repeated 3 times with different RNA from se-
parate infections.

2.5. Immunohistochemistry

For anatomical correlation, randomly selected sections of human
brain were analyzed by immunohistochemistry with antibodies against
GFAP and CD68 (Vendor: Dako, Agilent technologies Company, Santa
Clara, CA). The GFAP product is a 6F2 clone used at 1:500 dilution and
the CD68 product is a KP1 clone used in 1:4000 dilution. Sections were
incubated with antibodies and a brown chromogen, and counterstained
with hematoxylin by conventional immunohistochemical automated
procedures.

The human brain sections were derived from cortical areas of non-
diseased adult human brains that were stained for trainee teaching
material of the anatomy and morphology of brain cells. The sections
presented here are representative sections of multiple sections that
showed similar finding in both genders and different age groups. The
sections are anonymous and cannot be traced to specific individuals.
Sections were derived from brains obtained at autopsy and comported
with ethical protocols of the hospital.

3. Results

3.1. Cell cultures

The clonal astrocytic cell cultures, analyzed by immunofluorescence
with GFAP antibodies showed the following features: type I astrocytes
were cells with both thick and thin processes, moderate amount of
cytoplasm and occasional foot processes; type II astrocytes were cells
with small amount of cytoplasm, only thin and long processes and
without foot processes; type III astrocytes were flat with abundant cy-
toplasm and no processes (Fig. 1). The morphology of the cells was
consistent with the previously described morphology of the original cell
cultures (Alliot and Pessac, 1984).

3.2. Viral infections

Infection of type I and type II astrocytes with MHV-A59 and MHV-2
was productive and reached titers of 4–5 Log10PFU/ml. Infection with
both viruses of type III astrocytes was negative. Microglial cells were
infected with both MHV-A59 and MHV-2 and reached a level of 3–4
Log10PFU/ml.

3.3. Cytokine induction

Following infection with MHV-A59, upregulation of proin-
flammatory cytokines was seen in type I astrocytes (Fig. 2A) but not in
type II (Fig. 2B) or type III astrocytes (Fig. 2C). There was no upregu-
lation of cytokine induction in MHV-2 infection compared to sham-in-
fected cultures in all three astrocytic cultures. The significant upregu-
lated interleukin cytokines in MHV-A59 infection of type I astrocytes
were IL1alpha and beta, IL7, IL13, IL15, IL16, IL17, IL17beta, IL18.
There was no significant upregulation of IL3, IL4, IL5, IL6, IL9, IL10,
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IL11, IL12 and IL20.
All interferons (alpha, beta and gamma), and some of the molecules

in the TNF family were upregulated in response to MHV-A59 infection
but not following MHV-2 infection in type I astrocytes. There was no
upregulation of interferons and TNF family molecules in type II and III
astrocytes following infections with MHV-A59 or MHV-2 (data not
shown).

Following MHV-A59 infection of microglia the main interleukin
upregulated was IL6, while all interferons and members of the TNF
molecules cytokines were upregulated compared to sham infection.
None of the cytokines were upregulated following MHV-2 infection of
microglia (Fig. 3).

3.4. Immunohistochemistry on human brain sections

The results in murine tissue culture cells suggested that two types of
cells: microglia and a subtype of astrocytes, participate in immune
functions. This indicates that both murine and human brains have an
anatomical structure designed to provide these immune functions. The
ideal site for these functions is a structure composed by cell types that
have direct relationship with endothelial cells, thus, forming the peri-
vascular glymphatic system. We therefore investigated whether, in
human brain, perivascular astrocytes have the morphology of type I
astrocytes and whether microglial cells also send processes to a peri-
vascular location and participate in the brain glymphatic system. We
selected random images of human brain sections stained with anti-
bodies that identify glial and microglial cells (GFAP and CD68 respec-
tively). These sections, representing the same pattern of anatomical
findings in any human brain, were used to present anatomical struc-
tures that exist in all human brains. We identified small caliber and
capillary blood vessels completely surrounded by GFAP astrocytic foot
processes. Also, intermittent processes of CD68 positive microglial cells
were identified in the perivascular space. Cells of the perivascular
distribution expressed morphological features of type I astrocytes, but
not type II or III (Fig. 4).

4. Discussion

This study investigated immune mediated aspects of the pathogen-
esis of an experimental model of coronaviruses. The coronavirus genus

of viruses belongs to the coronaviridae family of the nidovirales order
that produce a variety of hepatic, enteric, and neurologic diseases in
animals, and upper respiratory and enteric diseases in humans
(Cavanagh, 1997; Lai and Cavanagh, 1997; Lavi et al., 1999; Lavi and
Weiss, 1989). In 2003 a virulent coronavirus infection caused an epi-
demic of severe acute respiratory syndrome (SARS), followed by middle
eastern respiratory syndrome (MERS) (Peiris et al., 2003). In 2019, a
new human coronavirus emerged, named SARS CoV-2, causing the
pandemic of COVID-19. Both the original SARS virus and SARS CoV-2
induce cytokine release mainly IL-6, contributing to a “cytokine storm,”
that exacerbates viral pathogenesis, resulting in a high mortality rate
(Cheung et al., 2005; Channappanavar and Perlman, 2017; Mehta et al.,
2020). The understanding of the pathogenesis of human coronaviruses
is greatly enhanced by studies of experimental animal models of cor-
onaviruses.

MHV-A59 is a member of the coronavirus genus that with in-
tracerebral or intranasal exposure in mice produces a bi-phasic disease
with acute hepatitis, meningitis, and encephalitis followed by chronic
inflammatory demyelinating disease. While the acute phase of the
disease is associated with direct viral replication and antigen expression
in the brain and liver, the chronic, immune-mediated, demyelinating
disease is associated with rare RNA persistence in the brain, without
evidence of direct viral replication or antigen expression.
Demyelination was found to be molecularly controlled by a region in
the S1 portion of the spike glycoprotein gene of MHV-A59, downstream
from the receptor binding domain, based on mutational analysis and
the finding that a single point mutation (Asparagine to Serine in posi-
tion 345 of S gene) abolished demyelination completely (Das Sarma
et al., 2000; Das Sarma et al., 2001a; Fu et al., 2004; Fu and Lavi, 2005).
MHV-2 in comparison, is a hepatotropic virus causing hepatitis, and
mild meningitis without encephalitis, even when inoculated in-
tracerebrally. Neurovirulence and the ability of MHV to cause en-
cephalitis is directly related to its ability to induce pro-inflammatory
cytokines, both in vivo and in vitro (Li et al., 2004). The present in-
vestigation determined that infection with the encephalitic strain MHV-
A59 produced a pro-inflammatory cytokine reaction of the innate im-
mune system mediated by microglia and type I astrocytes. This is in
contrast to the non-encephalitic strain (MHV-2) which did not produce
a cytokine response. It is therefore concluded that a cytokine response
determines the ability of the virus to cause encephalitis.

Upregulated cytokines in type I astrocytes following MHV-A59 in-
fection were IL1 alpha and beta, IL2, IL15, IL13, IL17, all three inter-
ferons and TNF. All of these cytokines are known to be pro-in-
flammatory and some have known innate immune functions, including
maintenance of the blood brain barrier integrity. In general, the cyto-
kine response in type I astrocytes was consistent with a TH1and TH17
response (role in pro-inflammation and autoimmunity). The cytokine
response profile in microglia was primarily involving IL-6, interferons
and TNF. IL-6 in its initial response is also pro-inflammatory; although,
it can also serve at later stages of infection as inducer of IL-10 and anti-
inflammatory reaction. Thus, the profiles of the cytokine response in
both cell types were complementary and aimed at inducing a pro-in-
flammatory reaction that would enable a cellular inflammatory reaction
to enter the CNS and be directed against the invading virus. The lack of
induction of anti-inflammatory cytokines, such as IL-4 and IL-10, due to
coronavirus infection may explain the enhanced inflammatory response
that occurs during a “cytokine storm”.

The finding of a cytokine response originating in type I astrocytes
and microglia suggests that these two cell types form an anatomic
structure responsible for the innate immune response in the CNS. It is
well known that astrocytic foot processes surround brain capillaries and
during development induce endothelial cells to form tight junctions
which are the basis for the blood brain barrier. The immune reaction in
the brain originates in a perivascular structure, known as the glym-
phatic system, because of its similarity to the systemic lymphatic
system. The morphology of the cultured type I astrocytes appears to be

Fig. 1. Murine astrocyte types in tissue cultures. Type I (A), type II (B) and type
III astrocytes (C). Cell cultures were analyzed by immunofluorescence, stained
with GFAP specific antibodies with red chromogen for type I and green chro-
mogen for type II and III. Original magnification x400. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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identical to the morphology of human perivascular astrocytes that send
their foot processes to the blood vessels. The morphology of these
perivascular astrocytes is clearly different from the cultured type II or
type III. In addition, we found immunohistochemical evidence in
human tissue that microglia also send processes that are in close
proximity to endothelial cells, likely participating with astrocytes type I
in the perivascular structure. The combination of the morphological

study with the function of cytokine production suggests that type I
astrocytes and microglia form the perivascular glymphatic system that
is involved in an innate immune reaction by the secretion of cytokines
following a neurotropic encephalitic viral infection. A graphic illus-
tration of the perivascular role of type I astrocytes and microglia in the
blood brain barrier and glymphatic system is shown in Fig. 5.

The experimental murine coronavirus MHV-A59 and the pandemic
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Fig. 2. Interleukin (Il) levels in the three types of astrocytes following infections with MHV-A59 (red)), MHV-2 (yellow) and control (purple). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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human coronavirus SARS CoV-2 have multiple similarities. Infection
with both murine and human coronaviruses induce a proinflammatory
cytokine reaction, most notably involving IL-6. Inhalation of MHV-A59
causes limbic encephalitis (Lavi et al., 1988) and anosmia (loss of smell
and taste) is common in COVID-19 suggesting involvement of the ol-
factory nerves with both viral infections. Central nervous system in-
fection is seen with both murine and human coronaviruses. Acute and
subacute neurologic manifestations of COVID-19 include change in
mental status, amnesia, delirium, encephalitis, stroke and a GBS like

illness (Asadi-Pooya and Simani, 2020; Toscano et al., 2020). Cere-
brovascular disease occurs in about 5% of patients with COVID-19 in-
cluding in those younger than 50 years old. Strokes involve both large
and small vessels, in arterial and venous circulations, in multiple vas-
cular territories. The pathophysiology of the varied cerebrovascular
symptomatology is presumed to be due to cytokine upregulation, coa-
gulopathy and endothelial cell dysfunction (Oxley et al., 2020; Bevrouti
et al., 2020). The RNA viral persistence in patients with COVID-19
(Wang et al., 2020), was similar to rare RNA persistence described in
MHV-A59 infection (Lavi et al., 1984a). Due to differences in organ
affinity, COVID-19 had RNA persistence in the gastrointestinal tract
while MHV-A59 persistence was in the brain. Infection with the cor-
onavirus MHV-A59 is a murine model for the CNS demyelinating dis-
ease, multiple sclerosis. Infection with the coronavirus SARS CoV-2 is
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Fig. 3. Interleukin (Il) levels in microglia following infections with MHV-A59 (red), MHV-2 (yellow) and control (purple). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Human brain sections depicting components of the CNS innate immune
system by immunohistochemistry, GFAP antibody (A, B) and CD68 antibody (C,
D), brown chromogen and hematoxylin counterstain. A. Type 1 astrocyte. x400.
B. Astrocytes surrounding a blood vessel illustrating the relationship between
type I astrocytic foot processes and brain blood vessels. x100. C. Microglial cells
with bipolar cytoplasmic processes. x400. D. Microglial foot processes in close
proximity to the endothelial cells of a brain blood vessel. x200. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 5. An illustration of the cellular components of the blood brain barrier. In
green are endothelial cells of a blood vessel surrounded by the foot processes of
type I astrocytes (light blue). In red are microglia cells also extending foot
processes to the endothelial cells. The glymphatic system is the virtual space
between endothelial cells and foot processes of astrocytes and microglia. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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recently recognized and its long-term neurological consequences, if
any, are as yet unknown. Long term monitoring of patients who sur-
vived COVID-19 is needed to determine if there are any remote neu-
rological effects of the SARS CoV-2 infection.

5. Conclusion

Infection of type I astrocytes and microglia with the murine cor-
onavirus, MHV-A59 results in a proinflammatory cytokine mediated
encephalitis. Type I astrocytes and microglia form the perivascular
glymphatic system, the site of the CNS innate immune system. The
pathogenesis of this murine coronavirus infection mirrors that of
COVID-19. Similarities between murine infection with MHV-A59 and
human infection with SARS CoV-2 include: their affinity for the olfac-
tory system; their spread into the brain causing neurologic symptoms;
their high virulence; their pathogenic dependence on cytokine induc-
tion; and the persistence of their viral RNA in infected organs.
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