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Simple Summary: Elephant endotheliotropic herpesvirus-hemorrhagic disease (EEHV-HD) is one of
the most important viral infectious diseases in young Asian elephants (Elephas maximus). To date,
in vitro isolation or propagation of EEHV has so far unsuccessful. Findings in the present study
suggest that the U937 cells, a cell line derived from the human myeloid leukemia patient, can be
used to isolate and propagate EEHYV in vitro. Replication of EEHV in the U937 cells is determined
by the presence of EEHV DNA polymerase antigens in the infected cells. However, the replication
in these cells was shown to be restricted and observed only in the early passages of virus infection.
Although EEHV replication in U937 cells has only occurred in the early passages, our findings have
shed some light on the feasibility of using this cell line for further in vitro EEHV isolation.

Abstract: Elephant endotheliotropic herpesvirus (EEHV) infection is known to cause acute fatal
hemorrhagic disease, which has killed many young Asian elephants (Elephas maximus). Until recently,
in vitro isolation and propagation of the virus have not been successful. This study aimed to
isolate and propagate EEHV using continuous cell lines derived from human and/or animal origins.
Human cell lines, including EA. hy926, A549, U937, RKO, SW620, HCT-116 and HT-29, and animal
cell lines, including CT26.CL25 and sp2/0-Agl4, were investigated in this study. Mixed frozen tissue
samples of the heart, lung, liver, spleen and kidney obtained from fatal EEHV1A- or EEHV4-infected
cases were homogenized and used for cell inoculation. At 6, 24, 48 and 72 h post infection (hpi),
EEHV-inoculated cells were observed for cytopathic effects (CPEs) or were assessed for EEHV
infection by immunoperoxidase monolayer assay (IPMA) or quantitative PCR. The results were
then compared to those of the mock-infected controls. Replication of EEHV in the tested cells was
further determined by immunohistochemistry of cell pellets using anti-EEHV DNA polymerase
antibodies or re-inoculated cells with supernatants obtained from passages 2 or 3 of the culture
medium. The results reveal that no CPEs were observed in the tested cells, while immunolabeling for
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EEHYV gB was observed in only U937 human myeloid leukemia cells. However, quantitation values
of the EEHV terminase gene, as well as those of the EEHV gB or EEHV DNA polymerase proteins in
U937 cells, gradually declined from passage 1 to passage 3. The findings of this study indicate that
despite poor adaptation in U937 cells, this cell line displays promise and potential to be used for the
isolation of EEHV1 and EEHV4 in vitro.

Keywords: elephant endotheliotropic herpesvirus; isolation; cell culture; in vitro

1. Introduction

Elephant endotheliotropic herpesvirus (EEHV) is an enveloped, linear dsDNA virus classified
in the subfamily Betaherpesvirinae, genus Proboscivirus. This virus has so far been divided into
8 different genotypes including EEHV1A, EEHV1B and EEHV2 to EEHV7 [1,2]. According to the
findings of previous reports, EEHV1 and EEHV4 are known to be the most common causes of acute
fatal hemorrhagic disease especially in young to juvenile Asian elephants (Elephas maximus) [1,3,4].
It has been postulated that mucosal secretion from asymptomatic elephants to one another is a major
route of transmission [5-7]. Ulceration at the oral cavity and laryngeal areas, along with massive
hemorrhaging and edema of the internal organs and subcutaneous tissues, are some of the commonly
associated pathological outcomes of this disease [3,4,6]. Treatment of EEHV-infected calves with
antiviral medication, such as famciclovir or acyclovir, at the early stages of infection along with
supportive therapy, has been reported to be successful in only some cases [3,8-10]. Currently, there are
no available vaccines, specific preventive protocols or alternative treatments that have been found to
be effective against this disease. This could be due to the fact that the isolation and propagation of
EEHYV were not found to be successful in vitro.

Virus isolation is recognized as just one of the “gold standard” methods that are used to
diagnose several types of viruses, for which alternative diagnostic methods must be compared [11-14].
In pharmacological studies, direct antiviral drug testing requires a laboratory cell culture model
for the growth and propagation of the virus [15,16]. The cell culture model is needed for the study
of virus-cell interaction and host cellular response research [17,18]. However, despite the fact that
the common method for virus isolation is cell culture inoculation [19], previous studies have shown
that the culturing of EEHV has been unsuccessful in several cell lines or primary cells including
those of the African green monkey kidney (Vero and MARC-145 (Meat Animal Research Center-145)),
baby hamster kidney-21 (BHK-21), rabbit kidney-13 (RK-13), Mardin-Darby canine kidney (MDCK),
Mardin-Darby bovine kidney (MDBK), human rectal tumor (HrT-18G), equine endothelial cells,
equine dermal cells, embryonated chicken fibroblasts, primary bovine embryo lung cells and human
foreskin fibroblasts [1,4,20,21]. However, although a recent study has demonstrated that EEHV could
be cultivated in vitro using elephant fibroblast (ENL-2) cells, the virus was unable to be propagated
beyond passage 3 [20]. These findings have brought attention to the feasibility of the hypothesis that
the isolation of EEHV may be achieved in vitro using susceptible cell culture models.

Similar to other herpesviruses, it has been speculated that EEHV is able to evade host immune
responses and become persistent in infected elephants [22]. However, the cell types that are targeted by
the virus during persistent infections remain to be determined [22]. Interestingly, our recent report has
shown that monocytes/macrophages, endothelia and epithelia of the alimentary tracts of elephants are
targeted and serve as the predominant cell types that are favored for EEHV infection and replication
during the acute phase of infection [23]. This finding brings promise to the speculation that these cell
types may be used for in vitro EEHV isolation. Thus, the present study aimed to isolate and propagate
EEHV using various cell lines originating from the epithelia of the intestines, as well as by using the
endothelia and monocytic lineage cells of humans or murine.
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2. Materials and Methods

2.1. Preparation of EEHV1A and EEHV4 Inoculum

Preparation of the EEHV inoculums was accomplished by following the method previously
described [20] with slight modifications. Briefly, mixed frozen tissue samples (taken from the lungs,
liver, heart, spleen and kidneys) of elephant calves that died due to EEHV1A or EEHV4 infection in
the year 2018 were obtained and used in the present study. Tissue samples were chopped into small
pieces and then homogenized in Roswell Park Memorial Institute medium, (RPMI)-1640 medium,
along with a homogenizer. They were then centrifuged at 2090x g for 10 min at 4 °C. The supernatant
was collected and then filtered through a 0.22 pm filter membrane. Filtrated fluid was then collected as
the inoculum and kept at —20 °C for use in further studies.

2.2. Cell Lines and Culture Media

A total of 9 cell lines were used in this study. These were comprised of the human umbilical cord
endothelial cell line (EA.hy926), human lung carcinoma cell line (A549), human myeloid leukemia
cell line (U937), human colon carcinoma cell line (RKO), human colon carcinoma from lymph node
metastatic sites cell line (SW620), human colorectal carcinoma cell line (HCT116), human colorectal
adenocarcinoma cell line (HT-29), mouse colon carcinoma cell line (CT26.CL25) and mouse myeloma
cell line (Sp2/0-Ag14, all obtained from the American Type Culture Collection (ATCC), Manassas,
VA, USA). Culture media for the U937 and CT26.CL25 cells were comprised of RPMI-1640 medium,
while media for the other cell lines were comprised of Dulbecco’s Modified Eagle’s Medium (DMEM).
Media were supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% antimicrobial (10,000 U/mL
of Penicillin G, 10,000 pg/mL of Streptomycin and 25 ug/mL of Amphotericin B, obtained from Carlsbad,
CA, USA) and then used as complete media. Cells were maintained under standard culture conditions
comprised of 37 °C and 5% COs,.

2.3. Cell Inoculation

Cells were grown in 96- and 24-well microtiter plates until they reached 70% confluency.
Inoculation was done in each well with prepared EEHV1A or EEHV4 inoculums for 60 min at
room temperature (RT) as has been previously described [24]. Briefly, 100 uL or 300 puL of the inoculum
was added to the 96- or 24-well microtiter plates, respectively. After 1 h, supernatants were discarded,
replaced with complete medium and maintained at 37 °C in 5% CO,. The medium alone was used
instead of the inoculums to serve as the mock-infected control. Cytopathic effects (CPEs) of the
EEHV-inoculated cells were observed daily under an inverted light microscope and then compared to
the mock-infected controls. At 24, 48 and 72 h post inoculation (hpi), the culture medium was collected.
Subsequently, cells in 96-well plates were fixed with 4% buffered formalin at RT for 15 min, while
cells in 24-well plates were collected as cell pellets and fixed with formalin. Media were quantified
for the EEHV genome using qPCR, while fixed cells were processed for analyzing EEHV infection
by immunoperoxidase monolayer assay (IPMA), immunofluorescence or immunohistochemistry,
as described below. Cell lines that supported EEHYV infection were then used to create EEHV virions
by serial passaging, as described below.

2.4. Viral Serial Passaging

To obtain progeny viruses from the EEHV-inoculated cells, serial passage of EEHV was made
on the monolayer of the selected continuous cell line in a T25 flask, as previously described [25].
Briefly, supernatants at day 3 of the EEHV1A- or EEHV4-inoculated cells were collected, stored at
—80 °C and labeled as viral passage 1. To create viral passage 2, 1 mL of the EEHV passage 1 was then
used to inoculate a T25 flask of the fresh cells that were used to inoculate viral passage 1, as described
earlier. Subsequently, the supernatant was collected on day 3 after inoculation and labeled as viral
passage 2, which was then used to create viral passage 3, respectively. To determine and compare the
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degree of infectivity among EEHV passages 1, 2 and 3, they were used to inoculate selected cells which
were then harvested on day 3 of the post-inoculation period. These cells were centrifuged at 2090x g
for 10 min to collect cell pellets and were then fixed with 10% buffered formalin. EEHV infection in
these cells was determined by immunohistochemistry using the polyclonal antibody against the EEHV
DNA polymerase (DNAPol), as described below.

2.5. Quantitative PCR

The supernatant of EEHV1A-inoculated, EEHV4-inoculated and mock-infected controls obtained
from each time point of viral passage 1 were subjected to DNA extraction using NucleoSpin DNA
II Kits (Macherey-Nagel GmbH, Duren, Germany) according to the manufacturer’s instructions.
Viral terminase-specific primers were used to quantify the number of viral copies obtained from the
extracted DNA when compared with the standard curved, as has been previously described [26].
PCR was performed using a SensiFast SYBR®Hi-ROX kit (Bioline, Luckenwalde, Germany) coupled
with an ABI7300 thermocycler (Applied Biosystems, Foster, CA, USA). The absolute quantitative values
were calculated based on the threshold cycles (Ct) of the terminase genes that were obtained from the
extracted DNA samples. These values were then compared to the known standard DNA template and
presented as viral genome copies (vgc)/mL as has been previously described [27]. Experiments were
done in triplicate, and all data were obtained and analyzed as described below.

2.6. Immunoperoxidase Monolayer Assay (IPMA)

IPMA of EEHV-inoculated cells was performed in 96-well plates as has been previously
described [28]. Briefly, after cells were fixed with 4% formalin for 15 min at RT, they were washed
3 times with 0.25% (v/v) Triton X-100 in PBS (0.25% PBST) for 5 min each. Thereafter, cells were
incubated with 1% (w/v) bovine serum albumin (BSA) for 15 min, and the washing steps were then
repeated prior to incubation with primary rabbit anti-EEHV gB (1:500) antibody [6] for 1 h at RT.
After the antibody solution was removed, cells were washed with PBS and incubated with normal goat
serum (1:5 in PBS) for 30 min at RT. Secondary HRP conjugated goat anti-rabbit antibody (1:200) was
then applied for 1 h at RT, followed by the 3,3’-diaminobenzidine (DAB) substrate in order to develop
the relevant signals. Plates were then dried, and photos were taken under an inverted light microscope.

2.7. Immunofluorescence

Immunofluorescent staining of the EEHV-inoculated cells was done using the method previously
described [6]. Briefly, the cultures were fixed with 4% (v/v) paraformaldehyde for 15 min at RT and
treated with 0.25% (v/v) Triton X-100 in PBS (0.25% PBST) for 15 min. The cells were then incubated
with 1% (w/v) bovine serum albumin (BSA) in PBST for 30 min at RT, followed by incubation with
specific primary antibodies diluted with 1% (w/v) BSA in 0.25% PBST at 37 °C for 2 h. The primary
antibody was rabbit polyclonal anti-EEHV gB (1:500; [6]). The secondary antibody was incubated for
45 min at RT with FITC-conjugated goat anti-rabbit antibodies (Jackson ImmunoResearch, Suffolk,
UK) at a dilution of 1:200. The nuclei were counterstained using bisbenzimide (Sigma-Aldrich, Merck,
Darmstadt, Germany) for 10 min at RT. The cultures were then analyzed, and photos were taken under
an inverted fluorescent microscope.

2.8. Immunohistochemistry (IHC)

To determine the replication of EEHV in selected cells, cells were infected with supernatants
obtained from passages 1, 2 or 3 of the EEHV-inoculated cells. The cells were then harvested in 1.5 mL
tubes and centrifuged at 2090 g for 5 min to collect cell pellets. Thereafter, cells were fixed with 4%
formalin, processed for paraffin-embedded tissue and subjected to immunohistochemistry as has been
previously described [6,23]. The primary antibody was rabbit polyclonal anti-EEHV DNA polymerase
(1:800 in PBS; [23]). Normal rabbit serum was used instead of the primary antibody and served as the
negative control. Immunolabeling positive cells were examined using a light microscope.
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2.9. Data Analysis

All data were analyzed and presented in a descriptive analysis using GraphPad Prism 5 (GraphPad
Inc., La Jolla, CA, USA).

3. Results

3.1. Cytopathic Effects (CPEs) of EEHV-Inoculated Cells

At 24, 48 and 72 hpi, there were no obvious CPEs in the EEHV-inoculated cells when compared to
the mock-infected controls (Figure 1). EEHV gB immunolabeling was also not detected in A549, HCT116,
EA hy926, HT-29, RKO, CT26.CL25, SW620 and Sp2/0-Ag-14 cells (data not shown). Even though
CPEs were not seen in the U937 cells (Figure 2a), the EEHV gB antigen was detected in U937 cells in
both EEHV1A-inoculated and EEHV4-inoculated cells by immunofluorescense (Figure 2b). Expression
of EEHV gB was observed in the cytoplasm of U937 cells at up to 60% of the inoculated cells at 72 hpi
(Figure 2b). These results indicate that EEHV1A and EEHV4 were tethered to the U937 cells.

EEHV Mock EEHV Mock

Figure 1. Cell morphology of the A549, HCT116, EA.hy926, HT-29, RKO, CT26.CL25, SW620 and
Sp2/0-Ag-14 cells after being inoculated with the EEHV inoculum. At 72 hpi, there were no obvious
cytological changes to the EEHV-inoculated cells when compared with the mock-infected control.
Scale bars ~200 pm. EEHV: elephant endotheliotropic herpesvirus.
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Figure 2. Cell morphology, immunolabeling for EEHV gB and determination of EEHV terminase genes
in the U937 cells after inoculation with EEHV. At 72 hpi, although no cytological changes were observed
in the U937 cells (a), immunolabeling for the EEHV gB was shown to be positive by immunofluorescence
in the EEHV-inoculated group (b). Quantitative PCR presented as viral genome copies (vgc/mL) of the
U937 cell culture supernatant at 24, 48 and 72 hpi indicated that there was a reduction of EEHV in both
the EEHV1A-inoculated and EEHV4-inoculated cells (c). Scale bars in (a) ~200 pm, in (b) ~300 um.

3.2. Quantification of EEHV Genome in U937 Cell Supernatant

To quantify the EEHV genome in the U937 culture media at each time point, supernatants were
collected on days 1, 2 and 3 after inoculation. The absolute number of EEHV terminase genes in the
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supernatants was then determined using qPCR. As is shown in Figure 2¢, the copied numbers of the
EEHYV terminase genes in the supernatant gradually declined on days 2 and 3 post inoculation when
compared to day 1. These results indicate that EEHV can enter U937 cells; however, the infection was
restricted which then resulted in a decline of the viral genome in the culture supernatant.

3.3. Detection of EEHV Replication in U937 Cells

To determine whether U937 cells support the infection and replication of EEHV, supernatant from
passages 1, 2 or 3 was inoculated onto naive U937 cells. Cells were then collected and analyzed for
the presence of EEHV DNA polymerase non-structural proteins. As compared to the mock-infected
control (Figure 3a—c), antigens of EEHV DNA polymerase were observed in the U937 cells when they
were inoculated with the EEHV1A or EEHV4 inoculums (Figure 3d—i) indicating viral replication in
these cells. Unfortunately, positive signals of viral DNA polymerase gradually declined in the U937
cells that were infected with passage 2 of EEHV1A (Figure 3d—f) and passage 1 of EEHV4 (Figure 3g—i).
In passage 3, immunolabeling for EEHV DNA polymerase in the EEHV4-inoculated U937 cells was
undetected (Figure 3i). These results indicate that U937 can support EEHV1A and EEHV4 replication
only in their early passages.

Passage 1 Passage 2 Passage 3

EEHVIA  Mock

EEHV4

Figure 3. Representative photomicrographs of U937 cell pellets inoculated with supernatant
obtained from passages 1, 2 and 3 of the EEHV-inoculated U937 cells. Immunolabeling for EEHV
DNA polymerase antibodies was found to be strongly positive in the cytoplasm (inset) of the
EEHV1A-inoculated (d—f) and EEHV4-inoculated (g—i) cells when compared to the mock-infected
controls (a—c). However, immunolabeling in the positive cells for EEHV DNAPol declined in passages
3 and 2 of the EEHV1A- and EEHV4-inoculated groups, respectively. Scale bars ~800 pum.

4. Discussion

Virus isolation using the cell culture system has been extensively used as a standard laboratory
procedure for the propagation of viruses in vitro [12,15,16] (Kabelo et al., 2020; Meister et al., 2019;
Taylor, 2013). This procedure has not only produced progeny viruses, but it can also be used to study
in vitro viral pathogenesis in the pursuit of alternative therapeutic medications or for the control of
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these viruses [12,15,17,18] (Kabelo et al., 2020; Meister et al., 2019; Pringproa et al., 2015; Wu et al,,
2017). In EEHV, however, isolation and propagation of viruses using the cell culture system have
not been successful thus far. Interestingly, our recent report has demonstrated that endothelial cells,
bone marrow cells, monocytes/macrophages, salivary gland cells and epithelia of the intestinal tracts
are favored for EEHV1A and EEHV4 replication in vivo [23] (Guntawang et al., 2020). These findings
bring attention to the fact that these cell types may be used as target cells for the propagation of
EEHV in vitro. Furthermore, since betaherpesviruses, such as human cytomegalovirus (HCMYV),
have been shown to efficiently infect and be replicated in the adenocarcinoma lung epithelial cell
line [29] (Vitenshtein et al., 2016), we then recruited a range of the cell line that was derived from
endothelial, monocyte/macrophages, bone marrow and the epithelia of the alimentary tract and lungs
for a closer investigation of EEHV infection in this study.

Findings in the present study indicating that EEHV DNA polymerase antigens were present in
U937 cells strongly suggest that this cell line is favored for in vitro EEHV infection and replication.
The U937 cell is a pro-monocytic cell line that is derived from human myeloid leukemia patients [30]
(Stockbauer et al., 1983). This cell line can be differentiated into macrophages and dendritic cells [30-32]
(Chanput et al., 2015; Kabel et al., 1983; Stockbauer et al., 1983). Previous studies have shown that
U937 cells can act as a potential target of several viruses, such as herpes simplex virus type 1 (HSV-1),
human immunodeficiency virus (HIV) and Dengue virus (DENV) [33-35] (Moriuchi et al., 1998;
Puerta-Guardo et al., 2010; Tenney and Morahan, 1987). Depending on viral species, infection in
U937 cells requires different cellular receptors for viral attachment and entry. In betaherpesviruses,
such as HCMYV, infection and replication of viruses in host cells require specific receptors including
platelet-derived growth factors (PDGFs) and integrins [36-39] (Kabanova et al., 2016; Sinzger and
Jahn, 1996; Soroceanu et al., 2008; Wang et al., 2005). Although it remains unknown what receptors
in elephant cells are required for EEHV infection, the fact that PDGFs are ubiquitous and expressed
in U937 cells [40,41] (de Bruin et al., 2004; Savikko and von Willebrand, 2001) has brought this cell
line significant attention as a promising tool for in vitro EEHV cultivation. However, it remains to be
determined why EEHV infection in U937 cells was restricted and why it was only supported in the
early passages of virus infection.

It has been shown that cell lines derived from endothelia, as well as intestinal and lung epithelia,
failed to propagate EEHYV in vitro [1,4,20] (Ossent et al., 1990; Pavulraj et al., 2019; Richman et al., 1999).
However, infection and propagation of EEHYV in the cell lines, such as that of the ENL-2 cells, has been
recently demonstrated despite the fact that it remains to be determined why infection is restricted
and occurred only in the early passages [20] (Pavulraj et al., 2019). In view of the recent findings, it
also remains unclear why the EEHV progeny virus was declined in passages 2 and 3 and did not
produce productive infection in U937 cells. Several possibilities may account for why this occurred.
One possibility is that during the growth process in living cells, the virus requires the proteins of host
cells for replication. The specific proteins in elephant host cells may also be necessary for the replication
of EEHV1A and EEHV4. Moreover, the fulfillment of the adaptation of EEHVs in human host cells
may have been inhibited by interspecies differences. To analyze and explain these hypotheses, further
studies are required. In summary, although EEHV internalization and replication in U937 cells only
occurred in early passages, the findings of this study shed some light on the feasibility of using this cell
line for further in vitro EEHV isolation.
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Abbreviations

ATCC American Type Culture Collection
BHK-21 Baby hamster kidney-21

BSA Bovine serum albumin

CPEs Cytopathic effects

DAB 3,3’-diaminobenzidine

DENV Dengue virus

DMEM Dulbecco’s Modified Eagle’s Medium
DNAPol  DNA polymerase

EEHV Elephant endotheliotropic herpesvirus
FBS Fetal bovine serum

FITC Fluorescein isothiocyanate

HIV Human immunodeficiency virus

HPI Hours post infection

HrT-18G ~ Human rectal tumor

HSV-1 Herpes simplex virus type 1

IHC Immunohistochemistry

IFA Immunofluorescence assay

IPMA Immunoperoxidase monolayer assay

MARC-145 Meat Animal Research Center-145

MDB

K Mardin-Darby bovine kidney

MDCK Mardin-Darby canine kidney

PBS Phosphate-buffered saline

PBST Triton X-100 in PBS

PDGFs Platelet-derived growth factors

RK-13 Rabbit kidney-13 (RK-13)

RPMI Roswell Park Memorial Institute medium

RT Room temperature
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