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Introduction

General Characteristics of Hantaviruses

Orthohantaviruses (hantaviruses) are a diverse group of viruses that can be
found anywhere in the world. There are two main groups of hantaviruses: New World
hantaviruses, which are found in the Americas, and Old World hantaviruses, which are
mostly found in Europe and Asia. Many of these viruses are classified as zoonotic
pathogens and are typically transmitted by rodent species, although there is increasing
evidence that these viruses may circulate in multiple other taxa, including the orders
Chiroptera and Soricomorpha (1). While most zoonotic hantaviruses are thought to pose
little risk of onward transmission in humans, there is some evidence that Andes virus, a
hantavirus found in South America, has the ability to be transmitted between humans
(2). Hantaviruses pose a major threat to global health and are considered by many as
potential pandemic pathogens. Importantly, there is also evidence that hantavirus-

related disease may increase due to climate change and its impacts (3).

At the molecular level, hantaviruses are enveloped, segmented, negative sense,
single stranded RNA viruses, about 80-120 nanometers in diameter (4). The hantavirus
genome is made of three RNA segments, named small (S), medium (M), and large (L).
Viral infection is mediated by the hantavirus Gn/Gc glycoproteins, which are encoded by
the M segment. Hantaviruses typically target endothelial cells and have the largest
impact on lung and kidney tissue. In humans, beta integrins and DAF/CD55 have been
identified as potential receptors for all hantavirus types. However, protocadherin 1 has

recently been identified as an essential component in virus entry for New World


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7101103/
https://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0005705
https://pubmed.ncbi.nlm.nih.gov/33886400/

hantaviruses as well (5). Hantavirus receptors in reservoir species have not been

identified.

Hantaviruses are known to cause two distinct disease types: hantavirus
cardiopulmonary syndrome (HCPS) and hemorrhagic fever with renal syndrome
(HFRS). New World hantaviruses, such as Sin Nombre virus and Andes virus, cause
HCPS, while Old World hantaviruses like Hantaan virus and Seoul virus cause HFRS.
Hantaviruses have an incubation period of 1-8 weeks (6), after which they start to cause
initial symptoms. Hantavirus infections primarily present with high fever, headache,
hypotension, and abdominal pain for about seven days. This first stage is similar in both

New World and Old World hantavirus infections.

In cases of HFRS, there are many associated secondary symptoms that vary by
virus type. For example, blurred vision is associated with Puumala virus, while internal
bleeding is more associated with Dobrava and Hantaan virus. The most common
symptoms during the second phase of HFRS, termed the oliguric phase, are decreased
urine production, acute kidney injury (marked by increases in serum creatine and urea),
and bradycardia. HFRS-associated mortality is associated with organ failure, renal
insufficiency, or septic shock. In cases of HCPS, the secondary phase is called the
cardiopulmonary phase, which is characterized by cough, elevated heart rate, breathing
irregularities, and severe hypotension. Death from HCPS is usually caused by
pulmonary edema or septic shock. In both HCPS and HFRS, thrombocytopenia is a

common indicator of hantavirus infection, and can be indicative of disease severity (7).


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6881143/#:~:text=In%20vitro%20studies%20have%20implicated,World%20and%20New%20World%20hantaviruses
https://www.cdc.gov/hantavirus/hfrs/index.html
https://pubmed.ncbi.nlm.nih.gov/37105214/

New World Hantaviruses

The most common New World hantaviruses are Sin Nombre virus in North
America and Andes virus in South America, both of which cause hantavirus
cardiopulmonary syndrome (HCPS) and have a mortality rate between 40% and 50%.
Although the first major outbreak in the Americas occurred more than 30 years ago,
there are still no treatments or vaccines for New World hantaviruses. This is mostly due
to the fact that hantaviruses are severely understudied in many areas of the world. For
example, in several countries in South and Central America, very little is known about
hantavirus infections, despite many New World hantaviruses circulating in South and
Central American countries. In fact, hantavirus publications during the last 40 years
have mainly been produced by the United States, China, and Europe (8), even though
South America may have a higher disease burden, indicated by its 25 hantavirus
genotypes and many reservoir species (9). Besides Andes virus, other New World
hantaviruses that have been found in South and Central America include Playa do Oro
virus in Mexico, Choclo virus in Panama, Laguna Negra virus in
Argentina/Panama/Bolivia, Araraquara virus in Brazil, Rio Mamore virus in Bolivia/Peru,
and Oran virus in Argentina (10). These viruses are maintained in nature by several
different rodent species, most of which belong to the Oligoryzomys genus. However,
hantaviruses have also been detected in several species of bats in Brazil (11), including
Carollia perspicillata (Seba’s short-tailed bat), which has been shown to harbor

Araraquara virus (12).


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9526533/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3503106/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2863364/
https://www.ncbi.nlm.nih.gov/pmc/articles/pmid/36477881/
https://www.nature.com/articles/s41598-018-27442-w

In the United States, Sin Nombre virus is the most common New World
hantavirus, causing approximately 20-50 total reported cases of HCPS every year (6)
(Figure 1). This virus circulates in Peromyscus maniculatus (the North American deer
mouse), and is transmitted via respiration of feces, urine, or saliva of the reservoir
species. Because deer mice are the transmission vectors for this virus, HCPS is also
more commonly reported in Western and Midwestern states, where deer mice are most
often found. There are also several other pathogenic New World hantaviruses that have
been found in the United States, including New York virus, Black Creek Canal virus, and

Bayou virus.
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Figure 1: Reported cases of hantavirus infection in the United States 1993-2021 (cdc.gov)



Old World Hantaviruses

Old World hantaviruses are less deadly than New World hantaviruses, with
mortality rates between 1% and 15% (13). However, these viruses are more widespread
and are responsible for a greater number of infections. In fact, Old World hantaviruses
are responsible for hundreds of thousands of infections annually across Europe, Africa,
and Asia (7). Hantaan virus, which was the first hantavirus to be discovered in 1976, is
now responsible for the most hantavirus infections worldwide. This virus is currently
found across Korea, China, and Russia. Puumala virus, Dobrava virus, and Amur virus
are also known to cause significant disease in Europe and Western Asia. Seoul virus,
another Old World virus, is the only hantavirus found worldwide. Like New World
hantaviruses, Old World hantaviruses are harbored and transmitted by several species
of rodents, including mice, rats, and voles. There is also evidence that hantaviruses

across Africa and Asia are harbored by bat and shrew species (14).

Unlike New World hantaviruses, there are several Old World hantavirus vaccines
that are used in China and Korea. The first vaccine was developed against Hantaan
virus in Korea, and is derived from inactivated virus particles. Despite its ability to
induce seroconversion in human patients, this vaccine has shown limited capacity to
protect against hantavirus disease progression. China also uses an inactivated virus
vaccine for Hantaan virus and Seoul virus. These vaccines have been shown to be

effective and induce immunity for up to 33 months (15).


https://archpublichealth.biomedcentral.com/articles/10.1186/s13690-022-00973-5#:~:text=More%20than%20200%2C000%20cases%20of,species%20%5B10%2C%2011%5D
https://www.sciencedirect.com/science/article/abs/pii/S0168170213004814?via%3Dihub).

Objective

Although our understanding of hantaviruses has improved in recent years, our
knowledge of these pathogens is still very limited. More specifically, hantavirus research
needs to be improved in three main areas: medicine, epidemiology, and molecular
biology. In medicine, many hantavirus infections are not diagnosed or reported due to
poor physician awareness. Because hantavirus infections can have a broad range of
presenting symptoms, these infections are not often tested for, and can be
misdiagnosed or missed entirely. In order to develop better systems for reporting and
treating hantavirus infections, it is essential that health care workers are trained on the
risk factors, vulnerable population demographics, and full range of symptoms
associated with hantavirus infections. Secondly, it is essential that we conduct research
to locate and track reservoir species for hantaviruses. The first step in disease
prevention is risk reduction, and managing disease vectors for these viruses could
serve as an important tool for reducing disease transmission and preparing local public
health systems for potential outbreaks. Lastly, advancing our understanding of the
hantavirus life cycle and virus-host interactions is an important step in developing
vaccines and treatments for hantavirus-related diseases. One significant obstacle we
currently face in this area is a lack of in vitro tools for hantavirus research. In particular,
the lack of suitable cell lines for laboratory work has hindered out ability to study
hantaviruses in conditions that mimic its natural state in reservoir species. Developing
these cell lines would fill a major gap in this research and equip researchers the tools
they need to create preventative vaccines and treatment options for hantavirus

infections. In this report, | review and summarize multiple research projects that seek to



improve our understanding of hantaviruses in medicine, epidemiology, and molecular

biology.

Part One: Expanding the Criteria for Hantavirus Symptomatology in Medicine

Background

Despite the longstanding surveillance of HCPS as a reportable, communicable
disease in the United States, there are several crucial aspects of hantavirus infection
and clinical presentation that remain poorly understood. Outside the United States,
many countries do not have surveillance systems to track hantavirus infections, so the
lack of information regarding hantavirus symptomatology and prevalence is even more
pronounced. In recent years, there has been increasing evidence that the presenting
symptoms of hantavirus infections may be more diverse than originally thought.
Additionally, it is likely that many cases of HCPS and HFRS are misdiagnosed or
unreported, due to lack of physician awareness, and limited access to medical are in

rural communities where hantavirus-related diseases are most common.

Historically, hantavirus infections are associated with flu-like symptoms (such as
headache, fever, myalgia, abdominal pain, back pain, joint pain, and nausea), followed
by progressive respiratory distress in cases of HCPS and renal dysfunction or failure in
cases of HFRS. In some cases, both the lungs and the kidneys may be impacted at the
same time (16). However, in the last few years there has also been mounting evidence
that hantaviruses may affect other organ systems outside the renal and respiratory

system.
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Methods

To investigate the typical symptoms that physicians associate with hantaviruses,
five practicing physicians were interviewed regarding the markers they recognize as
indicative of a hantavirus infection. Subsequently, a literature review was conducted to
gather information on atypical symptomatology that has previously been reported for
hantavirus infections. This review summarizes several different medical case reports
that cited instances of hantavirus infections primarily affecting the liver, heart, and
central nervous system. Finally, recommendations were formulated with the goal of

improving the recognition and treatment of hantavirus infections.

Results

During interviews, practicing physicians reported symptoms associated with
hantavirus infections that were consistent with the literature and consisted mainly of
thrombocytopenia, fever, headache, hemoconcentration, respiratory failure, and renal
failure (Figure 2). However, these physicians also indicated that they had very little
experience with confirmed cases of hantavirus infections, which remains a major barrier
to improved knowledge of hantavirus-related diseases. Many indicated that because of
the non-specific, mild nature of the initial symptoms hantaviruses cause, they would be
unlikely to test for hantavirus unless symptoms worsen. In some cases, they may also
recommend against hospitalization. Notably, infectious diseases specialists were the

most familiar with the clinical features of hantaviruses infection.
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Physician specialty

Location of practices

Identified symptoms

Pulmonology

Infectious Diseases

Internal Medicine

Infectious Diseases

Infectious Diseases,
Internal Medicine

Salt Lake City Utah, Bend
Oregon

Dartmouth New Hampshire,
Bend Oregon

Salem Oregon, Redmond
Oregon, Bend Oregon

Denver Colorado, lowa City
lowa, Sioux Falls South
Dakota, Bend Oregon

Bend Oregon, Fresno
California, Oklahoma City
Oklahoma

Thrombocytopenia, pulmonary edema, capillary
leakage, internal bleeding, hemoconcentration,
leukocytosis

Thrombocytopenia, fever, renal failure, bleeding,
clotting, shock, cough, respiratory failure

If patient does not improve after 24-48 hours in
hospital, impaired pulmonary and renal function,
call in specialists

Fever, shortness of breath, cough,
hemoconcentration, thrombocytopenia, headache,
myalgia

Fever, respiratory distress, radiographic
abnormalities, hemoconcentration,
thrombocytopenia, lymphocytosis

Figure 2: Recognized symptoms of hantavirus infection, as reported by practicing physicians in
pulmonology, infectious disease, and internal medicine.

Atypical Symptoms Associated with Hantavirus Infections

Hepatic Manifestations

Old World hantaviruses have been shown to cause damage to the liver, although

this is typically in conjunction with renal manifestations. However, in some cases

hepatitis has been the primary symptom in hantavirus infection (16). Additionally,

hantavirus infection has been shown to exacerbate autoimmune cholangitis, which

typically results in disrupted bile flow and jaundice (17). These findings are likely due to

the immune response to hantavirus infection, rather than the infection itself. This

presentation is easily confused with other infections, such as hepatitis virus infections

and leptospirosis (15).
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Cardiac Manifestations

Cardiac involvement in Old World hantavirus infections is well documented but
not well recognized. Bradycardia (18) and myocarditis (19) are the most common
cardiac symptoms associated with hantavirus infections, and may present as the
primary symptom in many cases following an unspecific phase, especially when the
causative agent is Puumala virus. Generally, cardiac involvement in hantavirus
infections is thought to be related to vascular leakage in pulmonary vessels. This

leakage leads to increased pulmonary pressure and cardiac distress (20).

Neurological symptoms

Perhaps the most important pathophysiological effect of hantavirus infections
apart from typical pulmonary and renal manifestations is the impact these viruses have
on the brain. Although it is not commonly reported, there have been many cases of
hantavirus infections with neurological involvement. These cases include instances of
encephalitis (25) (26), blurred vision (21), vertigo (22), central nervous system (CNS)
lesions (23) (24), acute encephalopathy (27), epileptic seizures (28), and Guillain-Barre
Syndrome (29). Although most neurological manifestations have been reported in
instances of Old World hantavirus infections, both New World and Old World
hantaviruses have been found to impact the nervous system. Nervous system
involvement is often reported in conjunction with pulmonary and renal manifestations,

but not always.
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Puumala virus has been found to impact the CNS quite frequently, although the
associated symptoms are usually mild, such as headache, vertigo, and blurred vision.
More severe symptoms include confusion, spontaneous loss of vision, seizures, and
CNS hemorrhage (24). Seoul virus has also been known to cause CNS hemorrhage, in
addition to viral encephalitis (25), (26). Several suspected Hantaan virus infections in
China have also been complicated by neurological symptoms similar to those observed
in Puumala virus infections, and seizures have been reported in cases of Dobrava virus
infection (27). For New World hantaviruses, Andes virus has been shown to cause
encephalitis in rare instances (28), and Sin Nombre virus has been linked to cases of
seizures, spinal cord edema, and severe altered mental status both in the presence and

absence of pulmonary manifestations (29), (30).

Neurological symptoms have also been reported after patients have recovered
from hantavirus infections. In some cases in the United States, survivors of HCPS have
shown cognitive impairment up to one year after recovering from infection (31).
Additionally, several patients with Old World hantavirus infections have developed
Guillen-Barre syndrome after infection. This syndrome has resulted in muscle

weakness, back pain, and numbness in the chest, abdomen, and extremities (32).

Conclusion

Although the surveyed physicians were generally aware of the symptoms
associated with HCPS and HFRS, they did not appear to have any knowledge of
hepatic, cardiac, or neurological symptoms associated with hantavirus infections. In

areas where instances of hantavirus infection are particularly prevalent, this may result
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in missed diagnoses and underestimated reporting. In turn, this hinders efforts to reduce
risk factors associated with hantavirus infection and reduces the amount of information
available to the public related to hantavirus transmission and presentation. Therefore, it
is vital that practicing physicians in multiple specialties are informed about atypical
hantavirus symptomatology, particularly in areas where hantaviruses and their disease
vectors are known to be present.
Part Two: Studying Factors that Influence Hantavirus Epidemiology in the
Palouse
Background

Hantaviruses cause one to five cases of reported HCPS every year in
Washington, and about one annual case of reported HCPS in Idaho (6). This disease
has been documented in the Palouse grassland ecoregion (Palouse) for several
decades and has caused severe disease and mortality in both Eastern Washington and
Western Idaho (34), (35), (36). This is mainly due to the presence of the North American
deer mouse (Peromyscus maniculatus), a known generalist rodent and synanthropic
species in the Palouse that harbors Sin Nombre virus. It is known that Sin Nombre virus
can be contracted from deer mice excrement, such as urine, feces, or saliva. However,
the epidemiological risk factors associated with hantavirus transmission is limited,
particularly for the deer mouse, in anthropogenic landscapes. Thus, we performed a

case-study in the Palouse grassland ecoregion.

The Palouse is an agricultural ecosystem (agroecosystem) which depends
heavily on agriculture, and consists of crop farms, cattle ranches, and natural areas.

Because of this, many areas of the Palouse have been transformed into

15



agroecosystems, which are known to be an important aspect of anthropogenic land use,
as they provide resources for both humans and wildlife. Although deer mice are known
to live in several different environments, they are especially well-adapted to domestic
environments and often share spaces with humans due to their synanthropic behavior
(33). This creates opportunities for contact with humans and increases the risk for
zoonotic disease spillover (37). Additionally, agroecosystems can provide resources for
rodent populations, such as food and protection from predators. This can lead to higher
population densities in agricultural centers (38), which have also been found to harbor
populations of deer mice with higher hantavirus seroprevalence than that of mice living
in native habitats (39). These relationships suggest that landscape types in the Palouse

region may have an impact on deer mice populations and hantavirus distribution.

Generally, hantavirus epidemiology is poorly understood, which has made it
difficult to elucidate the factors that contribute to virus circulation and shedding in native
rodent populations. This is a large obstacle that prevents us from identifying vulnerable
communities and adjusting local public health systems to better recognize and treat
hantavirus infections. Because the Palouse region is heavily dependent on agriculture, it
is important to understand how these activities can influence rodent populations and
hantavirus circulation. Studying how human-modified areas of the Palouse landscape
may reveal drivers of rodent abundance and is the first step to understand the potential

of zoonotic spillover in this region.
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Methods

Sites in Eastern Washington and Western Idaho were selected for sampling
based on the density of native landscape surrounding them. This study was conducted
over the course of two summers. During the first summer, a total of seven sites were
selected. Catherine Grady et al, later expanded this to fourteen sites in 2023. Although
all sampling areas included cattle and crop farms, the sites in Western Idaho were more
connected to natural forest than the sites in Eastern Washington. This method of site
selection utilized a block design, where similar groups of sites were sampled in two
geographic areas that differed only in their connection to native landscapes (Figure 3).
This strategy allowed us to study the effect of agricultural areas on rodent populations in
comparison to native areas. For each site, three sets of 30 Sherman traps were set out
in the late evening in 10 meter x 10 meter grids with bait made from peanut butter, soy
wayx, rolled oats, peanut butter powder, raisins, and wild bird seeds. The traps were then
checked 12-16 hours afterward for rodents and were reset again in the evening. This
was repeated for three days in order to allow the rodents to habituate to the traps and to
determine capture-recapture rates. During the first summer, two sampling sessions
were conducted four weeks apart. The next summer, Catherine Grady et al, completed

one sampling session with a greater number of sites.

After a successful trap, rodents were anesthetized with isopropanol and ear
tagged for identification and for capture-recapture. Subsequently, body measurements,
sex, and age were recorded. Blood, fecal, saliva, and external parasite samples were

also collected. Blood collection was conducted using submandibular vein or saphenous
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vein puncture. During the first summer, all rodents were released at the collection site
after awakening from anesthesia. During the second summer on the third day of
sampling, rodents were humanely euthanized following American Veterinary Medical
Association guidelines. All rodent handling and sample collection was conducted with
full body suit and N-95 mask protection. All contaminated surfaces were also sterilized
with 5% microchem solution and ethanol after handling. After collecting all samples,
species identification was confirmed for each captured rodent via cytochrome b PCR.
Samples collected during the first summer used RNA extraction and Sin Nombre virus-
specific, probe-based, g-RT PCR for hantavirus detection. Samples collected during the
second summer were analyzed using a Sin Nombre virus-specific ELISA serology

assay.

@ Washington 2

W Farm Sites for Washington
and Idaho
Date: 10 August 2023
Anna Catherine Grady

Figure 3: Sky view of the selected sites for sampling in Eastern Washington and Western Idaho
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Results

A total of 208 rodents were caught and sampled throughout the two-year study.
102 were from sites that were more connected with natural landscape, and 106 were
from sites in a more heterogeneous landscape that were better connected with
agricultural activities. The most common rodent that was caught was Peromyscus
maniculatus, the reservoir species for Sin Nombre virus. Other sampled species
consisted of mouse, vole and chipmunk species such as Neotamias minimus, Mus
musculus, Tamias townsendii, Tamias amoenus, Lemmiscus curtatus, Microtus oregoni,
Microtus pennsylvanicus, and Zapus princeps. Samples from the first summer all tested
negative for Sin Nombre virus g-RT PCR. Of 90 tested serum samples from 2023
(tested by Dr. Seifert using an enzyme-linked immunosorbent assay), 21 individuals

tested seropositive for exposure to SNV nucleocapsid protein.

Conclusion

During the first summer, we did not find any g-RT PCR positive samples;
however, only seven sites and 87 rodents were sampled, which does not provide
enough information about the Palouse to draw conclusions. Previous studies
investigating hantavirus prevalence among mouse populations in the United States
have sampled a significantly higher number of rodents. For example, one study
conducted in Montana sampled 390 rodents over two years at two separate sites (40),
and another captured 426 rodents at two sites in California over the course of five years

(41). It is also likely that hantavirus prevalence in the Palouse is concentrated in specific
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patches based on resource abundance and habitat preference of deer mice, rather than

evenly distributed across the region. During the second summer, 119 rodents were

captured, and hantavirus detection was conducted via serology. These samples yielded

several positive samples. Of those samples, significantly higher mouse seroprevalence

was observed in crop and cattle areas than in natural habitats (Figure 4). This supports

the hypothesis that agricultural activity may positively correlate with hantavirus
prevalence. This is likely due to higher numbers of rodents in the same area, and

subsequent rodent-to-rodent transmission of hantavirus. These findings may have

implications for future hantavirus studies and may help to uncover distribution patterns

of hantaviruses in other agricultural regions in the United States.

Expected Observed Expected Observed
0,
78.9% e 78.9%
95.5%

27.8%

21.1%

Agricultural
Land
(N=54)

Natural
Area
(N=22)

Figure 4: Results of a Fisher's Exact test on anti-SNV nucleocapsid protein seroprevalence in a subset of
PEMA samples from 2023. p-value = 0.02943
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Part Three: Developing in vitro Tools for the Study of Hantaviruses

Background

Our knowledge of hantavirus biology and tropism is also severely limited, which
has impacted our ability to develop vaccinations and treatments for hantavirus-related
diseases. One of the reasons for this is the lack of in vitro tools to study and recover
wildtype virus. In order to better understand how hantaviruses work on a cellular level, it
is essential to mimic natural virus-host interactions in a controlled environment. These
studies would allow for observation and analysis of hantavirus behavior, which may then
lead to the development of strategies to inhibit virus replication and transmission.
Currently, laboratory studies of hantaviruses are rarely able to accomplish this. In fact,
many current isolates of Sin Nombre virus that are available for research were isolated
many years ago and have been regularly grown on Vero EG6 cells, which are derived
from the African green monkey. As the Vero-EG6 cell line is defective in the interferon
pathway, Vero-adapted isolates of Sin Nombre virus are unlikely to be representative of

hantaviruses circulating in wild rodents.

To address this aspect of hantavirus research, the Lab of Function Viromics and
Molecular Ecology and Zoonotic Pathogens Lab at Washington State University Paul G
Allen School for Global Health have been collaborating to develop novel cell lines that
can be used for hantavirus growth and study. The goal of this project is to create new
tools that can help researchers grow hantaviruses under conditions that mimic virus
replication in reservoir species. In order to do this, hantavirus reservoir species were

first selected as source species to isolate and grow cells in vitro. Two species were
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selected for cell propagation: Peromyscus maniculatus (PEMA) which is the primary
reservoir species for Sin Nombre virus in North America, and Carollia perspicillata
(CAP) which has been shown to harbor Araraquara virus. Hantavirus growth on PEMA
cells has been attempted before unsuccessfully, but this study differed in that the cells
were isolated from fetal mouse tissue, which lack a strong antiviral immune response.

This is the first report of primary cells generated from Carollia perspicillata bats.

Methods

Isolation and characterization of cell lines

Frozen aliquots of tissue derived from target host species were shipped to the
Lab of Functional Viromics from collaborators at Rocky Mountain Labs in Montana and
Washington State University Vancouver. Isolated cell types included brain and kidney
tissue from P. maniculatus, and brain, kidney, and lung tissue from C. perspicillata.
Tissue was first degraded enzymatically with trypsin and with physical grinding to break
up tissues and release individual cells. Separated cells were then distributed to several
cell culture flasks in DMEM F12 media supplemented with antibiotics, non-essential
amino acids, alpha-ketoglutarate, antifungal agent, sodium pyruvate, and 12% fetal
bovine serum (FBS). Over the next several days, media was continuously replaced, and

cells were observed for growth.

Once cells had sufficiently expanded, they were detached from their flasks with
trypsin and diluted to eight cells/mL in media. This dilution was then distributed to three
96 well plates, 100 pL per well. In this format, zero to two cells were placed in separate

wells. These individual cells were then observed over several days for morphology and
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ability to divide. The cells that were best able to grow were selected for expansion into
6-well plates and cell culture flasks. These cells were then characterized for growth
kinetics, transfectability, and survival. Growth kinetics and survival were measured by
maintaining cell lines in cell culture flasks and noting the average confluency increase
each day. The maximum confluency of each cell line was also noted, in addition to the
maximum number of passages each cell line could undergo before the cells stopped
dividing. Transfectability was observed by first cloning and expanding three plasmids,
each expressing a different fluorescent molecule. All three plasmids were then
combined and diluted to six different concentrations. These dilutions were used to
transfect cells using polyethylene in a 24-well plate format. Expression of fluorescent
molecules was then observed using fluorescence microscopy 24 and 48 hours post

transfection.

Analysis of viral entry into novel cell lines

After initial characterization, a panel of vesicular stomatitis virus (VSV)
pseudotype particles were made to mimic hantavirus cellular entry. Briefly, six
hantavirus glycoprotein plasmids were cloned and propagated in E coli, after which they
were used to transfect 293T cells. VSV particles lacking the glycoprotein gene were
then used to infect the transfected cells. During budding, VSV particles acquired the
expressed glycoproteins expressed on the cell surface, creating a replication
incompetent VSV particle with hantavirus glycoproteins (Figure 5). These particles were
used to infect novel cell lines, and viral entry was measured using a luciferase reporter

assay. Four Old World hantavirus pseudotypes (Hantaan, Dobrava, Puumala, and
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Seoul virus) and two New World hantavirus pseudotypes (Sin Nombre and Andes virus)
were tested. The most promising cell line candidates were then taken for further
development such as immortalization and wildtype virus infection. Dr. Letko followed up
on these experiments by repeating the hantavirus entry assays on primary cells and
immortalizing CAP kidney and brain cell lines using Cas9-mediated knockout of the p53

gene. Dr. Letko also completed a viral entry assay on these immortalized cells.

VSVAg+VSV-g
(seed particles) VSVAg+

Dgg (pseudotges)
S
SR) 5%
Measure
9 |:>Iuciferase
for cell entry

293T cells target cells

(Letko et. al, 2020; Nature Microbiology)

Figure 5: Visual representation of VSV pseudo type production. Plasmids encoding the glycoprotein of the
target virus are used to transfect 293T cells, after which VSV particles lacking a glycoprotein gene are
used to infect these cells. This produces VSV pseudotypes bearing the glycoprotein of the target virus,
which also produces genetic information encoding green fluorescent protein and luciferase.

Growth of full hantavirus on novel cell lines

Two cell lines were selected as promising candidates for hantavirus growth:
immortalized CAP kidney cells and primary PEMA kidney cells. These cell lines were
then infected with wildtype hantavirus in a biosafety level 3 (BSL3) environment. Briefly,
cells were plated in a 6-well format and transported to a BSL3 laboratory. Hantaviruses,
including an isolate of Sin Nombre virus from the Center of Disease Control (CDC

SNV), and four g-RT PCR-positive field samples, were then thawed and diluted. Two
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mL diluted virus was then added to each well of plated cells and centrifuged at low
speed for one hour. Supernatant was then removed, and media was replaced with 2%
FBS media. At days 0, 8, and 13, 50 yL of supernatant was taken from each well of
infected cells and diluted in 175 yL DNA/RNA shield. After day 13, the remaining
volume in each well was transferred to a new tube and frozen at -80 degrees Celsius.
The samples diluted in DNA/RNA shield were used for magnetic bead RNA extraction,
and detection of Sin Nombre virus was completed using probe-based, Sin Nombre virus

specific, g-RT PCR.

Detection of cytopathic effect

In a follow-up experiment, the same cells were infected with CDC SNV and
Hantaan virus as described above. On days 8 and 13, cells were visualized under the
microscope for cytopathic effect. Images were captured and results were recorded for

each well of infected cells.

Results

Isolation and characterization of cell lines

Tissue was successfully degraded into individual cells, most of which were
unable to grow. However, there were populations of fibroblasts that grew quite quickly.
Initially, many cell types and morphologies were distinguishable within each cell culture
flask. However, after single cell clones were separated, homogenous cell monolayers
began to grow with consistency. PEMA brain cells showed a thin, branching

morphology. These cells created a weblike structure and were typically evenly spaced
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in the flask. PEMA kidney cells were much more compact and smaller, creating pockets
of dense cell monolayers that expanded into each other (Figure 6). CAP brain cells also
showed a branching morphology but were more compact that PEMA brain cells. CAP
kidney cells grew quite well and were also very compact and grid-like. CAP lung cells

grew in close proximity to each other, and had a large, curved morphology (Figure 7).

Peromyscus brain cells  Peromyscus kidney cells

Figure 6: Images of cells isolated from brain and kidney tissue of Peromyscus maniculatus.
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Figure 7: Images of cells isolated from lung, brain and kidney tissue of Carollia perspicillata

Both PEMA brain and kidney cells were able to grow to full confluency. However,
PEMA kidney cells were able to grow significantly faster and survive longer. On the
other hand, PEMA brain cells grew very slowly but were more transfectable than kidney
cells (Figure 8). CAP cells differed from PEMA cells in that they grew quickly and were

able to survive several passages. Among the CAP cells, the kidney and lung cells grew

26



the fastest. However, the kidney cells grew to a greater confluency and survived for a
longer time. The brain cells grew at a slower rate and did not survive very long. All cells

were equally transfectable (Figure 9).

Peromyscus brain cells Peromyscus kidney cells
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Figure 8: Characteristics of novel cell lines derived from Peromyscus maniculatus. Radar plots describe
maximum passage number cell line can survive, the survival time (in weeks), maximum confluency
(expressed as a percentage, multiplied by 10), growth rate (expressed in percent confluency increased
per day, multiplied by 10), and transfectability (expressed in the percentage of cells that express
transfected markers).
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Figure 9: Characteristics of novel cell lines derived from Carollia perspicillata. Radar plots describe
maximum passage number cell line can survive, the survival time (in weeks), maximum confluency
(expressed as a percentage, multiplied by 10), growth rate (expressed in percent confluency increased
per day, multiplied by 10), and transfectability (expressed in the percentage of cells that express
transfected markers).
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Analysis of viral entry into novel cell lines

Viral entry behavior was analyzed in all primary cell types and in immortalized
CAP cells. In primary PEMA cells, both the brain and kidney cells were permissive to
cellular entry by all six tested hantavirus pseudotypes. In fact, cellular entry was similar
to that of Vero cells, the standard cell line that is currently used in most hantavirus
research. Notably, the PEMA kidney cells were more permissive to infection by all
hantaviruses than the PEMA brain cells, particularly for Sin Nombre virus (Figure 10).
Primary CAP cells were also permissive to entry from all six hantavirus pseudotypes.
However, entry was not as successful as in PEMA cells or in Vero cells. Primary CAP
cells were most permissive to New World hantavirus pseudotypes, and kidney/lung cells
were most permissive to Old World hantavirus pseudotypes (Figure 11). Interestingly,
the viral entry assays conducted on the immortalized version of the CAP cells yielded
very positive results. Viral entry was significantly boosted compared to the experiments
done with primary cells. Notably, both immortalized cell types were very permissive to
Dobrava, Hantaan, and Andes virus. The immortalized CAP brain cells were also very
permissive to Sin Nombre virus pseudotypes, and performed similarly to Vero cells for

all six hantavirus pseudotypes (Figure 12).
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Figure 10: Viral entry phenotypes on primary cells derived from Peromyscus maniculatus. All cell types
were permissive to all six hantavirus pseudotypes.
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Figure 11: Viral entry phenotypes on primary cells derived from Carollia perspicillata. All cell types were
permissive to all six hantavirus pseudotypes.
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Figure 12: Viral entry phenotypes on immortalized cells derived from Carollia perspicillata. All cell types
were permissive to all six hantavirus pseudotypes, and entry was more successful than what was
observed in primary cell lines derived from the same species.
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Growth of full hantavirus on novel cell lines

Complete hantaviruses were used to infect three different cell lines, after which
Cq values from g-RT PCR data was used to estimate relative concentrations of Sin
Nombre virus grown on each cell type. After analyzing g-RT PCR data, it was found that
PEMA kidney cells, but not immortalized CAP kidney cells, were able to grow SNV
CDC. However, the observed growth was not as pronounced as in Vero cells (Figure
13). For three of the four tested field samples, virus growth failed on all three cell lines.
However, g-RT PCR data indicated that the third field sample may have grown on

immortalized CAP kidney cells, but not PEMA or Vero cells (Figure 14).

SNV CDC Isolate
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20 CAP Kidney
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Figure 13: Growth curve of Sin Nombre virus isolate supplied by the CDC (SNC CDC) on primary PEMA
kidney cells, immortalized CAP kidney cells, and Vero cells, expressed as Cq values from g-RT PCR.
SNV CDC grew successfully on PEMA and Vero cells, but not on CAP cells. Negative controls were at or
below the limit of detection (LOD).
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Figure 14: Growth curve of Sin Nombre virus field sample on primary PEMA kidney cells, immortalized
CAP kidney cells, and Vero cells, expressed as Cq values from g-RT PCR. Field sample grew on
immortalized CAP kidney cells, but not on PEMA cells or Vero cells. Negative controls were at or below
the limit of detection (LOD).

Detection of cytopathic effect

During another experiment in the BSL3 laboratory, immortalized CAP kidney
cells were infected with Hantaan virus. To check for cytopathic effect associated with
virus infection and cellular destruction, images of cell monolayers were captured on
days 8 and 13. On both days, visible cytopathic effect was apparent on the immortalized
CAP kidney cells, which is rarely seen in hantavirus infections (Figure 15). This may

indicate that Hantaan virus is able to successfully replicate on these cells.
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Figure 15: Observed CPE in immortalized CAP kidney cells after 13 days of Hantaan virus infection.

Conclusion

As a result of these experiments, several different cell lines have been developed
or are currently in development. For many of these cells, promising data have been
produced supporting the hypothesis that these cells are permissive to hantavirus
infection and can grow several different kinds of hantaviruses in the lab. As this work
progresses, it is our hope that many of these cell lines will be used by researchers
around the world, and that they may reliably enable us to study natural virus-host
interactions and recover hantavirus isolates from the field and the clinic. Such work is
vital for the development of hantavirus vaccines and treatments, especially for New
World hantaviruses, which pose a greater threat to human health and cannot currently

be treated.
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