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ABSTRACT

Primary human and primate brain microvascular endothelial cells were tested for
permissiveness to coronaviruses JHM and 229E. While sub-genomic viral RNAs could be
detected up to 72 hours post-infection, primate cells were abortively infected and neither
virus caused cytopathology. Human cells were non-permissive for JHM but permissive for
229E replication; peak production of progeny 229E and observable cytopathic effects
occurred approximately 22 and 32 hour post-infection, respectively. Using the criterion of
cytopathology induction in infected endothelial cells, 229E was compared to other human
RNA and DNA viruses. In addition, virus induced modulation of intercellular adhesion
molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1) and HLA I was
monitored by immunostaining of infected cells.

Corona- and Related Viruses, Edited by P. J. Talbot and G. A. Levy
Plenum Press, New York, 1995 79



80 G. F. Cabirac et al.
INTRODUCTION

While numerous studies of coronavirus infection in rodents has generated valuable
information on the mechanisms of virus induced CNS disease'"’, the question of coronavirus
CNS disease in humans justifiably remains open. Many viruses with confirmed neurotropic
potential can infect the CNS of the host following primary infection at extra neural sites.
Studies on natural infections of humans and on both natural and experimental infections of
animals indicate that viruses enter the CNS primarily through the vascular endothelium®'©,
Infection of CNS tissue may occur after virus replicates in or is transported through
endothelial cells®. Because of reports linking coronaviruses to human CNS disease''"' and
the observation that peripheral inoculation of JHM into primates results in viral RN A/antigen
expression in areas proximal to CNS blood vessels'* we have chosen to characterize the in
vitro interaction of coronaviruses with both primate and human brain microvascular endo-
thelial cells.

MATERIALS AND METHODS

Cells and Viruses

DBT, WI-38, HCT, Vero and BSC-1 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco/BRL) supplemented with 10% fetal bovine serum (FBS;
Gibco/BRL), 100 U/ml penicillin and 100pg/ml streptomycin. MHV JHM was obtained from
Dr. Steve Stohlman?. JHM was assayed for hemagglutinating activity as previously de-
scribed'. Human coronavirus 229E was obtained from the American Type Culture Collec-
tion (ATCC). Vaccinia (WR strain), herpes simplex type I (HSV-], strain F) and a clinical
isolate of varicella zoster virus (VZV) were generous gifts from Dr. Donald Gilden. Vaccinia,
HSV-I, JHM, 229E and OC43 were propagated and titered on BSC-1, Vero, DBT, WI-38
and HCT cells, respectively. 229E was grown at 34°C and all other viruses at 37°C.
Multiplicity of infection (m.o.1.) stated in this work, in reference to infection of endothelial
cells, is calculated based on infectivity of the specific virus relative to its indicator cell line,
e.g., 229E on WI38 cells.

UV-inactivation of JHM and 229E for use in RNA analysis was as follows. A volume
of virus diluted in 5% FBS medium was placed into a plastic dish so that the depth of liquid
was approximately 2mm. Dishes were placed in ice-H,0 and the inocula were exposed for
15 min to 15 watt 300nm UV-light bulbs placed a distance of Scm from the surface of the
liquid. Prior titration using this set-up showed that infectivity of either JHM on DBT or 229E
on WI38 cells was completely eliminated after 5-10 minutes of UV exposure. Inactivated
inocula were immediately used to infect cells used for RNA analysis.

Rhesus brain endothelial cells (RhBEC) were derived from animals in the breeding
colony at Tulane Regional Primate Research Center (TRPRC) that were normally lost due
to trauma and/or cachexia. Occasionally, control animals from other investigator projects
were sacrificed. Animals of both sex and of all ages (none greater than 10 years of age) were
used. No animals from studies involving infectious agents or drugs were used. Isolation and
propagation of RhBEC was as follows. One-quarter to one-half of a monkey brain was
generally used for this procedure. Brain tissue was stored in RPMI medium containing
antibiotics and processed as soon as possible after collection. Meninges was removed from
the brain and discarded then the tissue was put into approximately 100 ml of Hanks balanced
salt solution in a beaker. The tissue was chopped into small pieces, then cut into fine pieces
against the side of the beaker using a scapel. The resulting pieces were homogenized by
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drawing the suspension in and out of a 10 ml syringe. At this stage the tissue was processed
using a Cellector (Bellco). If a large amount of tissue was used, processing was started with
the 520um screen, otherwise the 280um screen was used. If the 520um screen was used to
start, the material on the screen was discarded and the suspension coming through the screen
was saved for further use; on following screens the liquid coming through the screen was
discarded and the material on screen was collected. When the homogenate became less dense
and the liquid in the Cellector was reduced to approximately 10ml, the 190um screen was
used until the liquid coming through cleared and the small vasculature could be seen sticking
to the screen. The vasculature was rinsed from the 190pm screen (total volume equal to 9
ml) and added to a small beaker. Iml of 1% collagenase/dispase (Boehringer Mannheim)
was added and the mixture incubated at 37°C with constant shaking for 1 hour. After
incubation, 1ml of the suspension was placed into ten 60mm dishes. These were rotated until
the liquid evenly coated the dishes and then the dishes were allowed to incubate a few minutes
undisturbed. 1-2 ml of medium was slowly added to each dish then endothelial growth factor
was added to a final concentration of 100pg/mli. The dishes were incubated overnight at 37°C
then the media discarded and replaced with fresh medium and growth factor. All cultures
were stained with rabbit polyclonal anti-factor VIlI-related antigen (fVIIIRAg) antibody
(Dako) to verify phenotype. All endothelial cells used in this study were grown in Iscove’s
modified Dulbecco’s medium, 20% FBS, 100pug/ml heparin (Sigma; H-3149), 100 U/ml
penicillin and 100pg/ml streptomycin (complete IMDM) supplemented with endothelial cell
growth supplement (ECGS, Sigma; E2759) to a final concentration of 100ug/ml. Culture
medium was changed every three days and confluent monolayers were passaged ata 1:3 to
1:6 split. Cultures were periodically stained for fVIIIRAg to monitor phenotype. All
experiments with the RhBEC were done at or below a passage level of five.

The isolation and characterization of human brain endothelial cells (HBEC) has
previously been described'¢'8. Cells were grown in M199 medium, 25 mM HEPES, 10 mM
sodium bicarbonate, 10% FBS, 100pug/ml heparin, 100 U/ml penicillin and 100ug/ml
streptomycin supplemented with 20 pug/ml ECGS on human fibronectin coated plastics
(Corning). All virus infections were done on confluent HBEC monolayers. All experiments
with the HBEC were done at or below a passage level of four.

One-Cycle Virus Growth Assays

Virus inocula were adsorbed to endothelial cell monolayers at 4°C for 30 minutes,
unabsorbed virus was washed from monolayers by three rinses with cold medium then fresh
medium added to monolayers; the zero time point samples were frozen immediately after
addition of medium. At each time point duplicate or triplicate samples were frozen at -70°C.
Time point samples were thawed and virus assayed on the appropriate indicator cell lines.

RNA Analysis

JHM and 229E inocula used for infection of RhBEC were in DME + 5% FBS. JHM
and 229E were adsorbed at 37°C and 34°C, respectively, to monolayers for 1 hour. The
monolayers were washed twice with warmed complete IMDM then complete IMDM +
100png/ml endothelial cell growth supplement was added. All 229E infected cultures were
incubated at 34°C. Total RNA was extracted from virus infected or mock infected cells by
the single-step method of Chomczynski and Sacchi'®. All reagents used for RNA analysis
were prepared with water obtained from a PhotoCatalytics water system (PhotoCatalytics,
Inc.). This instrument photoxidizes residual organic compounds in feed water not removed
by conventional upstream water purification treatments; eluant water is free of RNases and
therefore does not require diethylpyrocarbonate (DEPC) treatment before use in RNA
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manipulations®. Purified RNA was dissolved in 2mM EDTA and poly A* RNA prepared
using Dynal Oligo (dT),s beads. Poly A* RNA samples were glyoxylated and electrophoresed
on 1.0% agarose gels as described previously?!. RNA was transferred to membranes (Nytran
Plus, Schleicher & Schuell) by electroblotting in 40 mM Tris acetate, | mM EDTA (1X TAE
buffer) at 4°C then immobilized by baking the membrane in a vacuum oven at 70-80°C for
1 hour. The cloned cDNA probes used to detect JHM and 229E RNA were ¢cDNA clones
G344 and L8, respectively?>?*. cDNA was labeled by the random primer method?* with a32P
dATP. Membranes were prehybridized in 50% deionized formamide, 10X Denhardt’s, 2%
SDS, 5X SSPE, and 200pg/ml single-stranded DNA at 44°C for 3 hours. Prehybridization
buffer was removed, the membrane briefly rinsed in warmed hybridization buffer (without
probe) then hybridization buffer containing denatured probe at 1 X 10° cpm/ml. Hybridiza-
tion buffer was 50% deionized formamide, 5X Denhardt’s, 0.2% SDS, 5X SSPE, and
100pg/ml DNA. Hybridization was at 44°C for 16-18 hours. Membranes were washed twice
in 5X SSPE, 0.1% SDS for 15 minutes each, once in 1X SSPE, 0.2% SDS for 15 minutes,
and once in 0.1X SSPE, 0.2% SDS for 15 minutes, all washes done at room temperature. A
final wash was done in 1X SSPE, 1.0% SDS at 60°C for 30 minutes.

Immunohistochemical Staining

Monoclonal antibodies specific for human inter-cellular adhesion molecule 1
(ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), and HLA-I, were obtained from
commercial sources (Genzyme and Becton Dickinson). MAbs J.3.1 specific for JHM
nucleocapsid and 5-11H.6 specific for 229E spike glycoprotein were gifts from Dr. John
Fleming and Dr. Pierre Talbot, respectively. Cells used for staining were grown on either
glass cover slips or 8-chambered plastic slides (Nunc) that were coated with fibronectin
(described above) prior to seeding. Cells were briefly washed in cold serum-free medium,
fixed in -20°C methanol for 10 minutes then washed three times in phosphate-buffered saline
(PBS). Fixed monolayers were incubated with 5% normal goat serum (NGS) in PBS, 0.1%
BSA for 20 minutes followed by primary antibody diluted in PBS, 0.1% BSA, 2% NGS for
1 hour. Monolayers were washed three times for 10 minutes each in PBS, incubated with
gold-cojugated goat anti-mouse antibody (Amersham AuroProbeLM) for 1 hour, washed
three times in PBS then three times in H,O for 5 minute each. Bound, gold-conjugated
antibody was detected by silver staining (Amersham IntenSEM) using the manufacturers
recommended conditions.

RESULTS

Virus Replication on Brain Endothelial Cells and Cytopathic Effects

Standard one-cycle replication assays of JHM or 229E on RhBEC or HBEC showed
that HBEC were permissive for 229E but not JHM and that RhBEC were non-permissive
for both 229E and JHM (Figure 1). Each virus was tested for production of progeny virus
from both RhBEC and HBEC on one animal/patient cell isolate. Peak titers of progeny 229E
from infected HBEC occurred approximately 22 hr p.i.; input infectious JHM or 229E in
RhBEC or JHM in HBEC decayed over the observed time course.

For the coronaviruses tested there was a correlation of CPE to productive infection,
i.e., 229E but not JHM was cytopathic for HBEC and neither virus was cytopathic for
RhBEC. Figure 2 shows mock infected HBEC and 229E infected HBEC, A and B, respec-
tively. 229E induced cytopathology was observable on infected monolayers approximately
32 br p.i.. To compare these coronaviruses to other common human viruses, the brain
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endothelial cells were infected with a number of RNA and DNA viruses. Table 1 shows the
tested viruses that were cytopathic or non-cytopathic for either RABEC or HBEC. Three to
five RhBEC isolates were used to test for CPE induction by each virus (left column); all
virus infections of HBEC (right column) were done on one patient isolate.

Viral Antigen and RNA Production in Infected Cells

Immunostaining of 229E or JHM infected RhBEC monolayers with virus specic
monoclonal antibodies showed that virus antigens were detectable up to 48 hr p.i.. Despite
the presence of viral sub-genomic RNA in the infected cells (see below), the pattern of
staining suggested that these antigens were from input virus and not from de novo synthesis
in the cells; staining of JHM infected HBEC showed the same pattern of antigen as in the
primate cells (data not shown). Staining with 229E specific MAb showed cytoplasmic viral

A

Figure 2. 229E CPE on HBEC and staining of viral antigen A, Mock infected HBEC, B, 229E infected HBEC
~38 hr p 1; C, 229E infected HBEC immunostained showing cytoplasmic viral antigen (~14 hrp 1)
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Table 1. Virus Induced Cytopathology in RHBEC and HBEC

RhBEC*? HBEC®

Cytopathic viruses tested: Cytopathic viruses tested:
Vaccinia Vaccinia
Herpes simplex type 1° Herpes simplex type 1

Varicella zoster virus
Adenovirus types 1 & 7
Echovirus type 9
Coxsackievirus B5
Coronavirus 299E

Non-cytopathic viruses tested: Non-cytopathic viruses tested:
Coronaviruses: Human cytomegalovirus®
JHM Respiratory syncytial virus
SDd Parainfluenza virus type 2
229E Coronaviruses:
0C43 JHM
SD
0C43

2All viruses listed were tested on three to five different animal isolates.

bViruses were tested on one patient isolate only.

°HSV-1 induced CPE was dependent on the animal isolate tested; some
isolates developed no CPE while other isolates were affected.

93D designates putative MS tissue isolate''.

“Towne strain.

All viruses not described in Materials and Methods were obtained from

the American Type Culture Collection and propagated on appropriate

cell lines.

antigen in productively infected HBEC (Fig. 2C). Staining of OC43 infected RhBEC or
HBEC with an OC43 cross-reactive HEV MADb (4E11.3) showed similar pattern of staining
to JHM or 229E non-productively infected cells (data not shown).

Analysis of poly A* RNA extracted from infected RhBEC showed that subgenomic
RNAs were transcribed in both JHM and 229E infected endothelial cells. Figure 3 shows

-

1 235 4.8 6 7 1 2 ok BN
JHM 229E

Figure 3. Northern analysis of RNA from JHM and 229E infected RhBEC. See text for description.
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samples extracted 2, 8 and 24 hours p.i. from endothelial cells (JHM, left lanes 2, 4, 7;229E,
right lanes 2-4). For both JHM and 229E the highest level of these transcripts appears to be
at the 2 hour p.i. time point. Based on a comparison between the amount of RNAs loaded
onto the gel and the autoradiographic signals, the quantities of JHM and 229E RNAs in the
endothelial cells, at time of maximum production, are only 1-5% of the quantities in normal
productively infected cells (DBT+JHM, left lane 1; WI38+229E, right lane 1). Despite the
low levels produced in the endothelial cells, viral RNAs could be detected as late as 72 hours
p.i. (data not shown). These results were repeatable for 229E and JHM with cells isolated
from 2 and 5 different animals, respectively.

Infection of RhBEC with UV inactivated virus showed that production of detectable
viral RNAs in cells was significantly reduced for JHM (lane 5) and 229E (lane 5). Using the
same UV inactivated inocula and running approximately equivalent amounts of RNAs on
the gel, JHM RNA could not be detected in infected DBT cells (JHM, lane 6) and a only a
minor amount of 229E RNA could be detected in infected WI38 (2289E, lane 6). Viral RNAs
could also be detected in JHM infected WI38 cells (JHM, lane 7) and 229E infected DBTs
(229E, lane 7). RNA analysis was not done on virus infected HBEC.

ICAM-1, VCAM-1 AND HLA-I Expression on Infected HBEC

Infected HBEC monolayers were immunostained for [CAM-1, VCAM-1 and HLA-I
to determine if virus can modulate expression of these cell surface antigens (Table 2). It
appeared that there was an increase in ICAM-1 expression in both HSV-1 and 229E infected
HBEC at 14 hr p.i.; vaccinia infected cells maintained base level of ICAM-1 expression.
TNFa caused an expected large increase in ICAM-1 expression. No change in VCAM-1
expression was observed at 14 hr p.i. with the viruses tested. Similarly, HLA-I expression
was not affected by any of the viruses tested or, unexpectedly, by TNFa.

DISCUSSION

Because the reticuloendothelial system clears hematogenous virus during most in
vivo viremic infections the amount of cell-free virus in blood is usually low. Despite this,
the vascular endothelium is the major route for natural CNS infection by viruses. Therefore
to approximate one of the many factors involved in an in vivo CNS virus infection we have
characterized the in vitro interaction of viruses with cultured brain endothelial cells. Cy-
topathology, virus replication and modulation of specific cell surface polypeptides were the
criteria used to characterize coronavirus interaction with RhBEC and HBEC; the coro-
naviruses were also compared to other common human viruses.

Table 2. ICAM-1, VCAM-1 and HLA-I expression on virus

infected HBEC
ICAM-1 VCAM-1 HLA-I
Mock + + +
TNFa +++ ++ +
Vaccinia + + +
HSV-1 ++ + +
229E -+ + +

Cells stained ~14 hr. post-infection/treatment
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The rationale for using brain microvascular endothelial cells for this study is that
there is evidence of endothelial cell phenotype heterogeneity that is dependent on tissue/or-
gan origin. Endothelial cells isolated from specific vascular beds exhibit differences in
expression of a number of markers when cultured in vitro and they maintain these differences
over short-term passage*>?%, In addition, there are also differences in response to virus
infection when comparing tissue/organ specific endothelial cells?®32. Obviously, biological
properties of cultured endothelial cells will not be identical to those of cells in vivo because
of losing the modifying influence of the in vivo milieu. This has been shown for brain
endothelial cells where extracellular matrix proteins, soluble factors released from astrocytes
or even cell-cell contact with astrocytes can alter expression of certain markers. Accurate
in vitro determination of in vivo brain endothelial cell response to virus infections will
probably require culturing the cells in the presence of these various modifying factors.

For JHM and 229E, induction of cytopathology in infected cells was predictive of a
productive infection (see Fig. 1 and Table 1). Interestingly, when looking at the other viruses
tested on HBEC there appeared to be a correlation between virus CPE and incidence of
clinical CNS diseases**. Viruses that are known to cause encephalitis or meningitis produced
cytopathology while viruses not identified as causative agents of CNS infection, ¢.g., RSV,
did not induce CPE. Other than the coronaviruses, we did not confirm that CPE always
indicated a productive infection or that lack of CPE was associated with a non-productive
infection.

While neither JHM or 229E caused RhBEC cytopathology, the detection of viral
sub-genomic RNA species indicates that a percentage of input virions uncoated in a manner
that permitted some transcription of the virus genome. The results obtained from infection
with UV-inactivated virus indicates that these RNAs were not present as a result of packaging
in inoculum virions as demonstrated for BCV3, TGEV?%, and IBV*’. Preliminary immuno-
precipitation experiments with JHM infected RhBEC showed that nucleocapsid was not
synthesized (data not shown). This suggests that at least one block in virus replication in
RhBEC occurs at the step of viral mRNA translation; this result also indicates that N detected
by immunostaining of infected cells was from input virus. Since viral RNAs were detected
in the non-permissive endothelial cells the question of receptor mediated versus non-specific
entry of the viruses needs to be addressed. It is important to note that the stocks of JHM used
for this work did not have hemagglutination activity.

We immunostained ICAM-1, VCAM-1 and HLA-I on infected HBEC as a prelimi-
nary test to determine the effects of 229E on expression of endothelial cell surface antigens
that are important in an immune response. [CAM-1 was the only one of the three cell-surface
polypeptides affected at ~14 hr p.i.; the staining showed that the number of cells expressing
elevated levels of ICAM-1was greater than the number of expected infected cells. This
suggests that for 229E infected HBEC, ICAM-1 elevation was the result of secretion of some
soluble mediator. This would be similar to the observation that CMV infection causes
endothelial cells to secrete IL-1 resulting in upregulation of another adhesion molecule, E
selectin®®. Endothelium surface antigens may be differentially regulated by coronaviruses
depending on the virus and host species since it has been reported that JHM causes a decrease
in ICAM-1 expression on murine brain endothelial cells®.

Endothelial cells play a crucial role in the control of inflammation, coagulation,
leukocyte trafficking, tumor metastasis, and angiogenesis. The endothelium specific modu-
lation of these processes is mediated by both endothelial cell associated molecules and
secreted, soluble factors. During either a nonspecific, acute phase immune response or an
antigen-specific, DTH response the expression of both cell associated and secreted bio-
molecules by the affected endothelial cells can be altered by infecting virus. For coro-
naviruses, a more thorough examination of virus interaction with endothelial cells is
warranted. In addition to the data showing 229E infection of HBEC, the results with JHM
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suggest that other coronavirus strains have the potential to enter endothehal cells and undergo
limited transcription, the possibility exist that endothelium specific factors are modulated
despite a lack of virus replication It will be important to determine the effects of coro-
naviruses on the physiologic or pathophysiologic processes that occur at the CNS endothe-
ltum 1 humans
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