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Preface to ”A Meeting of Minds: In Recognition of
the Contributions of Randall J. Cohrs”

Randy Cohrs was a major contributor to the field of alphaherpesvirus latency, especially of
varicella zoster virus. His work extended from his deep compassion for afflicted patients and their
families and took him to the cutting edge of the molecular mechanisms of virus transcription control.
He helped to introduce practicable therapies and vaccines to the clinic. He coupled his work with
patient samples to in vitro systems and advanced next-generation sequencing techniques to bring
clarity to the control of alphaherpesvirus gene expression in disease.

Randy also worked outside the herpesvirus field, both to share information and to learn from
the work of others on various virus models. He wanted to know what others thought and he went to
extraordinary measures to make it possible for them to share their work. While particularly focused
on students (of all ages and disciplines), he trained everyone he met in the art of communication.
He practiced that and forced others to practice it as well. To that end, Randy’s contributions to
science extend well beyond his chosen field. Whether it was the International Herpes Workshop,
the Rocky Mountain Branch of the American Society for Microbiology, the Rocky Mountain Virology
Meeting, or, his favorite, the Colorado Alphaherpesvirus Latency Society, he dedicated himself
fully to scientific communication. The results have come to play in many fields as a result of his
introduction of diverse persons and personalities in convivial and, for him, joyous interactions.
He was a magnanimous, kind and charitable man who broke down all the barriers to scientific

communication as often as he possibly could.

Charles Grose, Ravi Mahalingam, and Joel Rovnak
Editors
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Randall Cohrs established the Colorado Alphaherpesvirus Latency Society (CALS)
in 2011. The main function of CALS was to support an annual meeting of investigators
interested in herpesvirus latency and reactivation. Randall Cohrs died on 30 July 2021. In
memory of Randy, we have assembled a Festschrift of articles written by virologists who
attended CALS, as well as the Rocky Mountain Virology Association and the International
Herpesvirus Workshop. Randy received his PhD degree from Southern Illinois University;
the title of his doctoral thesis in the department of microbiology was “The molecular
biology of Herpesvirus sylvilagus”. Thereafter, he moved to Colorado and later accepted a
faculty position in the Department of Neurology at the University of Colorado School of
Medicine. As a member of the Don Gilden laboratory, he devoted his career toward the
study of transcription, latency and pathogenesis of varicella-zoster virus. In mid-career, he
developed an interest in organizing scientific meetings. Based on knowledge acquired from
that responsibility, he established CALS in 2011, specifically to bring together what he called
a disjointed assemblage of virologists with shared interests in viral latency. CALS was a
success. In this Festschrift, his friends and colleagues have submitted their contributions.
The authors come from virology research centers in several countries, including the United
States, the United Kingdom, the Netherlands, Germany, France, Switzerland, Israel, India,
China and Japan. The viruses include, besides varicella-zoster virus and herpes simplex
virus, cytomegalovirus, dengue virus, and coronavirus

1. Introduction to Festschrift

Randall Cohrs was the president of the Colorado Alphaherpesvirus Latency Society
(CALS). The main purpose of CALS was to share scientific insights and foster collaborative
research efforts among the gathered virologists. After his unexpected death in 2021, we
have assembled a Festschrift in memory of Randy and his numerous achievements. Scien-
tists who attended CALS, as well as Randy’s friends and colleagues from other virology
meetings, were invited to contribute an article.

2. The Life of Randall Cohrs

Randy was a child of the American tall grass prairie. This massive ecosystem encom-
passes most of the states of North Dakota, South Dakota, Nebraska, Kansas, Iowa as well
as sections of Illinois west and south of Chicago. The prairies formed 10,000 years ago and
were once home to millions of bison. Long after the bison disappeared, Randy was raised in
Illinois. The land is dotted with small villages and medium-sized towns, interspersed with
thousands of acres of farmland. In turn, the farmland is crisscrossed by thousands of miles
of train tracks. Even as a child, Randy always wanted to know more about how things
worked. Randy enjoyed high school, where he enrolled in all the science classes; but he
also won a letter for high achievement in cross-country running. Like all teenagers, he also

Viruses 2022, 14, 915. https:/ /doi.org/10.3390/v14050915 1

https:/ /www.mdpi.com/journal/viruses



Viruses 2022, 14, 915

had a variety of summer and after-school jobs, such as a short-order cook, a groundskeeper
and even a cemetery caretaker. However, he never passed up a chance to go fishing.

After high school, he spent both his undergraduate and microbiology graduate college
years at Southern Illinois University (SIU) in Carbondale, Illinois. He always described
these years as fulfilling. He obtained his Ph.D. degree under the mentorship of Professor
Hassan Rouhandeh on 20 March 1985. The title of his doctoral thesis was “The molecular bi-
ology of Herpesvirus sylvilagus”. Experimental infection with Herpesvirus sylvilagus produces
clinical and histopathologic changes in its natural host, the cottontail rabbit (Sylvilagus
genus), that are similar to those observed in humans acutely infected with Epstein—Barr
virus (infectious mononucleosis). Randy’s most important Ph.D. research publication was
a paper in the Journal of Virology, entitled Herpesvirus sylvilagus: Polypeptides of virions and
nucleocapsids [1]. As expected, his thesis was one of the thickest on the shelf in the library
(Figure 1). Randy was especially proud when colleagues at his former department asked
him to give a special seminar for the SIU graduate students.

IR W

Figure 1. Photographs of Randall Cohrs during his career. (A). Graduation ceremony at Southern
Illinois University in 1985. (B). Taking a break at a virology meeting in 2008. (C). Randy dressed as
Santa Claus for a favorite children’s event in Lakewood, Colorado, in 2013.

Randy moved to Colorado soon after graduation in order to be closer to his family
who had moved there while Randy was in college. He accepted a post-doctoral position at
the AMC Cancer Research Center in Lakewood, Colorado, with Professor Opendra Sharma,
to study the role of vitamin E and the stability of RNA in cancer cells [2]. Soon afterward, he
met Terri Carpenter; Randy and Terri were married on 3 January 1987, and they remained
inseparable ever after. In 1989, when Don Gilden, Abbas Vafai and Ravi Mahalingam
were looking for a RNA expert to investigate varicella zoster virus transcription, Randy
Cohrs was their first choice. Randy was successfully recruited to a research-track faculty
position in the Department of Neurology at the University of Colorado Health Sciences
Center [3]. Therefore, except for the 4 years at the AMC Cancer Center, Randy would
devote the rest of his scientific career to the study of herpesviruses (Figure 1). Randy was a
very hard worker and was always focused on his next paper, grant or collaboration. His
passion to understand basic biological processes was infectious. He also had insatiable
thirst for other scientific fields such as astronomy, higher physics, and mathematics. Further,
Randy easily engaged with the younger generation, infusing them with a curiosity for
science. One of his frequently cited first-authored papers that drew considerable attention
at virology meetings was a collaborative study funded by the National Aeronautics and
Space Administration entitled Asymptomatic reactivation and shed of infectious varicella zoster
virus in astronauts [4]. Another important first-authored paper entitled Comparison of virus
transcription during lytic infection of the Oka parental and vaccine strains of varicella-zoster virus
determined that viral IE62 (ICP4 homolog) was not the sole determinant of attenuation
in the live varicella vaccine strain Oka [5]. Randy was also a member of the team that
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discovered the varicella-zoster virus latency-associated transcript [6]. Each of the authors
of the current article were fortunate to have written one or more articles with Randy [7-9].
At the seventh annual meeting of the Rocky Mountain Virology Club in 2007, Kathryn
Holmes, from the University of Colorado, summoned Randy, Tony Schountz and Joel
Rovnak from across the room to the business meeting, already in progress, and conferred
upon them the administrative duties of procuring snacks and beverages for the next
meeting. Two years later, Randy and Joel volunteered to run the meeting and Tony set up
the website. At the same time, they established the Rocky Mountain Virology Association
(RMVA), a 501(c)3 corporation. The RMVA could accept tax-free donations, but more
importantly, RMVA could apply for support from the National Institutes of Health (NIH).
From 2010 forward, the annual RMVA meeting held at the scenic Colorado State University
Mountain Campus has been partially funded by the National Institute of Allergy and
Infectious Diseases. With this NIH support, the organizers invited distinguished speakers
from around the country. This change expanded the RMVA from a small regional meeting
to one with national status. During these meetings, nothing excited Randy as much as
making connections between investigators across a broad range of fields (Figure 2).

Figure 2. The Rocky Mountain Virology Association meeting in 2019. The photo shows several
virologists at the meeting taking a hike in the mountains around the Colorado State University
conference center during an afternoon recess. Randy, as usual, is at the center of an active discussion
along the trail. Besides Randy, those in the picture include Laura Ashton, Carmen Ledesma-Feliciano,
Christie Mayo, Amy MacNeill, Jasmine McCoy, Lee Fortunato, Sven Heinz, Joel Baines and Joel
Rovnak. The meeting was held in late September when the golden leaves on the aspen trees are
most beautiful.

3. Colorado Alphaherpesvirus Latency Society

For a brief moment in this commentary, we introduce some pop-psychology to explain
Randy’s enthusiasm for organizing virology meetings. There has been considerable research
into the traits acquired by children in a family, based on their birth order. Almost everyone
agrees that the first-born child is typically a high achiever. Randy was the middle child,
having both an older and a younger brother. Randy had the archetypical persona of a
middle child, including being a people-pleaser, thriving on friendships, having a large social
circle, and playing the role of peacemaker. We believe that these characteristics gave him the
ability, along with the valuable experience acquired from supervising the RMVA meeting,
to establish the Colorado Alphaherpesvirus Latency Society (CALS) in 2011 (together with
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Don Gilden). We consider CALS to be one of the crowning achievements of Randy’s career.
For nine consecutive years (2011-2019) until halted by the COVID-19 epidemic, CALS
was held annually in mid-May at the Christiania Hotel in Vail, Colorado. CALS began
as a meeting of 40 scientists interested in latency of alphaherpesviruses, but expanded
to 70 when Don and Randy were able to secure rooms in the nearby Tivoli Lodge for
additional participants. The rules were simple: submit an abstract, and give a 10 min
talk followed by a 10 min discussion. The sessions over 2 days were divided into themes
relevant to latency. Each CALS session had one guest speaker; the speaker at the 2019 CALS
was the Nobel laureate Stanley Prusiner [10]. At night, the group meandered through the
village to a restaurant. Randy always held his fireside chat on Friday evening after dinner.
Randy carried out all these activities so many times with such a passion that his scientific
influence was felt well beyond the varicella and herpes world.

4. Anecdotes

Each author will present below an anecdote about Randy, which provides more insight
into his persona both inside and outside the world of science.

4.1. From Charles Grose

Both Randy and I lived similar childhoods. We talked about trains, not model toy
trains but real trains. Both of us were raised on the prairie, where trainspotting was a
popular game for children. When a train was first seen or when a train whistle was heard
miles away, he walked to the tracks to be only a few feet away when the 200-ton locomotive
rumbled past him. The engineers always waved. As his first scientific experiment, he placed
penny coins on the tracks and waited to see which became the widest after being crushed
by the locomotive. Randy’s favorite railroad was the Soo line because of its weird name,
a phonetic abbreviation of the Minneapolis, Saint Paul and Sault Sainte Marie railroad
(French word Sault = Soo in English). When Randy moved to Colorado, he switched his
allegiance to the scenic Denver and Rio Grande Railroad. Joel later told me that Randy
liked Joel’s office because Joel could hear sounds of passing trains from his office.

4.2. From Ravi Mahalingam

In the late 1970s, both Randy and I were graduate students at SIU in microbiology
and chemistry, respectively. Later, we were colleagues working together on varicella-zoster
virus latency and reactivation in the same department at the University of Colorado School
of Medicine. Having had the privilege of interacting closely with Randy for the past
4 decades, I noticed that the five words that Randy used most often was “how can I help
you”. Whether it was a person that he met in the street for the first time or a longtime
acquaintance, Randy was always finding ways to help them when there was a need. I can
never forget how Randy carried my hand carriage with the broken wheel up the hill to
my room in Regensburg, Germany, and when he rolled my 3-year-old son in his stroller
throughout the museums in Washington, DC. Additionally, Randy had a knack of making
friends independent of language and cultural barriers. I remember him spending more
than an hour with a total stranger (who did not know English), whom he bumped into
during his visit to India. Randy’s passion for life and curiosity to learn will be missed.

4.3. From Joel Rovnak

Randy and I spent hours brain-storming transcription regulation and working out
chromatin immune precipitation protocols. He was an early proponent of next-generation
sequencing and did everything he could to promote the core sequencing capacity at the
University of Colorado School of Medicine and to support investigators with the skills to
analyze sequence data. To that end, we spent a lot of time selecting guest speakers from
the sequencing and transcription fields for our virology meetings, more than one of whom
lamented that they were not virologists and questioned why were we inviting them to
a virology meeting. They came to the meetings and came back again and again. One of
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Randy’s greatest joys was introducing people who would never meet otherwise. He knew
that they needed to meet and just had not realized it yet.

5. The Final Day

On Friday, 30 July 2021, Randy was working late in the laboratory as usual. Just before
he left, he arranged meetings the next day with students and colleagues to practice talks for
a meeting on Monday. While driving home he must have known something was amiss with
his health, because he took care to pull over to the side of the highway out of traffic, one
last act of consideration for others. The impact of his death extends far and wide. Randy
is buried in Golden, Colorado, at the historic Golden Cemetery, Section 238. Graciously,
the journal VIRUSES has given his friends and colleagues an opportunity to assemble a
Festschrift by which to recognize and remember the legacy of Randy Cohrs.
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It is my privilege to have a mentor cum friend like Prof. Randall Cohrs, who played
a significant role in mentoring me and moulding me into the scientist and mentor that I
am today. I first met Randy at the 9th International Symposium on Neurovirology held
in 2009 in Miami, FL, USA. Cohrs’s then mentor and dear friend Dr. Donald H Gilden
introduced me to him. Randy being a kind and generous human, we became friends in no
time. Although by training and practice, he was a Herpes virologist and I was a Corona
virologist, we often found ourselves discussing science over coffee. Our friendship made
me realize that friendship knows no boundaries of age, ethnicity, language, and the branch
of science you chose to pursue.

Thad the chance to meet Randy again in 2010 when I was invited to deliver a grand
round lecture at the Department of Neurology, University of Colorado by Dr. Gilden.
Randy was a very compassionate human being; and this meeting further strengthened
our friendship.

Randy was a mentor to me; he taught me an essential skill for a scientist in this era:
networking and conducting meetings. In 2013, Randy encouraged me to apply for the
Indo-US science and technology forum (IUSSTF) American Society for Microbiology (ASM)
professorship award. We wrote the grant together, which was funded, and Randy served
as my mentor for the program. This was our first venture into collaboration together and
a very successful one, highlighted on the International Society of Neurovirology (ISNV)
and Indo-US website (Figure 1). This collaboration gave me a sense of trust and confidence
in my mentor and myself. I found myself discussing my challenges as a scientist with
Randy, to which he would always have something thoughtful to add. Randy’s mentorship
helped me publish a few articles with him in journals like PLoS ONE [1] and Clinical
Immunology [2] based on the Affymetrix microarray analyses combined with a multiplex
protein array system for cytokines and chemokines, which for the first time highlighted the
robust upregulation of various innate immune genes that are mainly involved in antiviral
immune response, phagolysosome maturation, and MHC class-II expression in murine
[-coronavirus infected chronically inflamed tissues. My wholehearted thanks to him on
behalf of me and my student, for his immense help and contribution in this project which
also led to the Ph.D. thesis of Dr. Kaushiki Biswas, her gratitude towards Dr. Cohrs is
evident from her anecdote quoted below (Box 1).

Viruses 2022, 14, 1124. https:/ /doi.org/10.3390/v14061124 7
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Noteworthy News

r. Jayasri Das Sarma (pictured right),

Associate Professor, Department of Biological
Sciences, Indian Institute of Science Education
and Research-Kolkata, India and Dr. Randall
Cohrs (pictured left), Research Professor,
University of Colorado, Denver School of
Medicine have received the 2013 ASM-IUSSTF
Indo-US Research Professorship Award to
develop a bi-lateral research relationship between India and the US.
They propose to establish a multiplex array analysis of differentially

expressed host genes involved in innate immunity
and demyelination in mice following mouse
hepatitis virus infection. Evidence of molecular
pathways driving microglial activation in (MHV)
infection will advance the understanding of
mechanisms by which viral-induced demyelination
can occur through innate immune activation. This
program is managed by the American Society for
Microbiology (www.asm.org) and generously supported by the Indo-
US Science and Technology Forum (www.indousstf.org).

Figure 1. ASM-IUSSTF Indo-US Research Professorship award. The ASM-IUSSTF Indo-US re-
search Professorship award for the year 2013 was awarded to Dr. Jayasri Das Sarma, with Dr. Cohrs

as her mentor. The news was highlighted in the ISNV newsletter.

Box 1. Anecdote from Dr. Kaushiki Biswas, Assistant Professor at Department of Biological Sciences,

Presidency University, Kolkata, India

him as a co-author [2].

T'had the privilege to meet Prof. Randall ] Cohrs when I was a Ph.D. student, during the Indo-US
symposium on Viral Infections of the Nervous System, 2014 at Gurgaon, India. I was working in
the laboratory of Prof. Jayasri Das Sarma and was in my final year of Ph.D. As he was eager to
interact with the young minds, an exclusive interaction session was arranged for us where we got
the opportunity to have a direct meeting with him on a round table. Prof. Cohrs interacted with all
the students and research scholars with curiosity and patience. He illuminated us with his profound
knowledge of viruses and mentored us to a career in science. When I'look back, I want to thank him
for his thoughtful gesture, which also reflects a part of his persona. All throughout my PhD career
his scientific publications on viruses acted as a reference and guiding path to my work. He had also
provided his scientific insights into my PhD dissertation. I am proud to share a publication with

In 2014, one of my BS-MS students, Mr. Jibin Sadasivan (Box 2), received the Du Pré
grant, which was awarded to young MS researchers from the Multiple Sclerosis Interna-
tional Federation (MSIF), United Kingdom, to make short visits to established MS research
centres outside of their own country. Randy was his host for the program. Jibin was indeed
overwhelmed by Randy’s mentorship style, reflected in his testimony.

Box 2. Anecdote from Mr. Jibin Sadasivan, Graduate Student at University of British Columbia,

Vancouver, Canada

I'met Randy in 2014 when I was doing a short internship in his lab at the University of Colorado.
Moving to a new country for the first time wasn’t easy, but Randy made sure that I had a smooth
transition and that I did not feel left alone during my time there. He drove me to the lab every day
and took me on short trips to Denver and Boulder on weekends. He made sure that I got souvenirs
and pictures from the places we visited together. After my internship, we stayed in touch, and he
continued to mentor me as I moved to grad school. Randy was a passionate mentor, a fantastic
friend, and an inspiration to many of us, personally and professionally. I will be forever honoured
and grateful to have had the opportunity to know him and work with him.
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Prof. Gilden urged me to host the Indo-US bilateral symposium in India; this would
facilitate cultural exchange in addition to science communication. With his support, we
hosted a symposium in 2014 in New Delhi with Dr. Pankaj Seth (Indian Host), myself
(Indian Co-Host) and Randy (US-Host), and Dr. Lynn Pullium (US Co-Host). The meeting
received a great response. Dr. Randall Cohrs, Dr. Ravi Mahalingam, and others presented
their work. Dr. Donald Gilden delivered a plenary lecture on temporal arteritis, which the
audience received with overwhelming enthusiasm. My students got a chance to interact
with Randy here for the first time, and they were overwhelmed with Randy’s easy-going
nature and the vital perspective that he gave them on their research projects. After this
meeting, our group of scientists took a golden triangle tour to the cities of Agra, Jaipur, and
Delhi to experience the culture of these Indian cities (Figure 2).

rqrournns-".

Iy

Figure 2. Meeting in mind and travel in heart. Virologists on a tour of the golden triangle after the
Indo US bilateral symposium held in India in 2014. (A) Visit to the Taj Mahal. (B) Traditional Indian
welcome of guests with garland. Besides Randy, the picture includes Dr. Stanley Perlman, Dr. Susan
Wiess, Dr. Donald Gilden, Dr. Howard Lipton, Mr. Ed, Ms. Audry Gilden, Mrs. Pam Lipton, Dr.
Kathryn Iacono, Dr. Jayasri Das Sarma, and Ms. Kimberly Dine.

Prof. Donald Gilden was also looking forward to the next Indo US bilateral symposium
I hosted in 2016, but he could not attend the meeting due to his sad demise. Dr. Cohr
continued to support my endeavours to conduct meetings. He was the Co-PI for the
Bioanalytical tools and techniques workshop (BAW) 2018, held around the Indian festival
of Colours, Holi (Figures 3 and 4). This festival celebrates the eternal and divine love
of Radha Krishna and signifies the triumph of good over evil. Randy enjoyed playing
Holi with colours, and “work hard, play hard” was his slogan for the students during
this meet. The students thoroughly enjoyed his company during the festival and the
meeting (Figure 5). Randy also urged me to apply for ASMCUE 2017, where I received
the American Society for Microbiology Undergraduate Leadership Award. In 2019, he
invited me to the 19th Rocky Mountain Virology Association Meeting, held at a captivating
and picturesque Mountain Campus of Colorado State University at the Pingree Park. He
gave me an opportunity to deliver the invited opening presentation on the protective role
of Ifit2 during neurotropic virus infection, followed by a keynote lecture by Dr. W. Ian
Lipkin. Randy was always up-to date with the current advances in Virology and was an
enthusiastic for hosting people with upcoming and important studies.
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Figure 3. The Bioanalytical tools and techniques workshop (BAW) 2018. Under the mentorship of
Dr. Cohrs, we hosted the workshop, which received a great response. The picture depicts the entire
group that attended BAW 2018, with Randy and me in the centre, along with Dr. Ravi, Dr. Seth, Dr.
Brent, Dr. Patricia, and Dr. Sue.

Figure 4. Fun times at BAW 2018. (A) COVID biology lab (IISER Kolkata) group with Dr. Cohrs and
Dr. Ravi Mahalingam. (B,C) Fun outing to a nearby waterfall during the workshop. (C) Randy, Dr.
Palmer and Dr. Seth dressed in traditional Sikkim attire. (D) Randy and Dr. Seth’s performance at
the cultural program.
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Figure 5. Soaked in colour. (A) Randy covered in Holi colours. (B) When a colleague becomes your
dearest friend and brother; Dr. Ravi Mahalingam and Randy playing with Holi colours. (C) Randy
enjoying Holi with the students during BAW 2018.

Randy was certainly a great leader. His leadership quality is evident from how he
established and successfully conducted meetings for the Colorado Alpha Herpesvirus
Latency Society (CALS) and led the European Society for Translational Medicine as the
Vice-president and Rocky Mountain Virology Association (RMVA) as president.

In 2020, amidst the pandemic, we hosted the Indo US bilateral symposium in virtual
mode on COVID biology, which hosted many experts from the field and led to interesting
discussions on the outbreak and evolution of coronaviruses. He taught me that to be a
good scientist, it is crucial to be a good mentor. The last meeting that I hosted with his
guidance was the National Association of Biology Teachers (NABT) meeting in 2021, titled

11
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“Tips for Teaching Science in a Pandemic: Ways to Lessen the Stress on both Students and
Educators”. This series was presented under the banner of NABT and supported by the
Indian Institute of Science Education and Research (IISER Kolkata), the Indian Institute of
Science (IISc Bangalore), the University of Colorado-School of Medicine and Northwestern
Connecticut Community College, USA. Randy was very enthusiastic about having insights
regarding the rich Indian tradition of learning and education that prevails since ancient
times, The Gurukul System. The Gurukul System is a residential schooling system whose
origin dates back to around 5000 BC in the Indian subcontinent. It was more prevalent
during the Vedic age where students were taught various subjects and about how to live a
cultured and disciplined life. Gurukul was actually the home of the teacher or Acharya and
was the centre of learning where pupils resided until their education was completed. At
the Gurukul, all were considered equal, and the guru (teacher) as well as shishya (student)
resided in the same house, following a system of stages of life discussed in Hindu texts of
the ancient and medieval eras. These four stages are: Brahmacharya (student), Grhastha
(householder), Vanaprastha (forest walker/forest dweller), and Sannyasa (renunciate). The
Asrama system is one important facet of the Dharma concept in Hinduism. Randy was
overwhelmed with the practicality of this four stages of life.

In 2020, IUSSTF forum commenced a call-for-proposal for a collaborative effort involv-
ing scientists from India and US to explore the therapeutic targets to reduce SARS-CoV-2
infectivity. With the Principal Investigator from the US, Dr. Maria Nagel, I formed a group
of scientists including Randy, who worked together to explore the efficacy of Azadirachta
indica A. Juss (Neem) bark extract in restricting 3-Coronaviral infection and replication.
Randy played an active role in this project, and his experience in virology helped us
throughout the project [3] (Figure 6). It is deeply saddening that we lost Randy. He was an
inspiration and kept us all motivated.

Leveraging reverse genetics strategies to study structure-function interplay of virus host
attachment spike protein to design therapies for COVID-19

Indo-U.S. Virtual Networks for COVID-19
Anti-B-coronaviral activity (Press Release)
of NBE g
— 2
Dr. UUW"”\ Neogi Dr. Lucky Sarkar Prof. Debnath pal

S

Karolinska
Institutet

o ;Zham @]’ School of Medicine|

Dr. Maria Nagel

UNIVERSITY

HOOL OF - =8 Prof. Randall Cohrs

' | MEDICINE | ' I
2 Prof. Mike Koval B
§ & LA
> :
v

Dr. Abhishiek Bose

4 m\ shotiacharys, B }_ 22 EMORY

|__\ Souvik Karmakar, College of Medicine
i JIRF UNIVERSITY of FLORIDA

Prof. David Bloom

5 el o \ / Dr. Arunava Roy

Santosh K. Dr. Chayan Dr. Pracheta  Prof. Arup Banerjee
Shamal, JRF  ghattacharjee Sengupta

Figure 6. The Indo-US virtual network project. The picture depicts the entire team of scientists
from India, US, and other parts of the world working together to understand the anti-f3-coronaviral
activity of NBE. Randy was a significant part of the group, and his absence will be felt forever.
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The testimonies from all the students signify the friendly and warm personality of Dr.
Cohrs (Box 3). His sad demise is a great loss for all of us. Randy was a genuine, kind, and
compassionate person, and an inspiration to many. In his honour, at the BAW 2022 that I
will be hosting, I am organizing a “Professor Randall J. Cohrs Memorial Lecture”. I shall
miss his guidance and presence, and I hope that he continues to support us in spirit. All
my current students and alumni miss you Randy! However, we know that you are always
with us.

Box 3. Anecdotes from Students and Alumni of my Lab who met Prof. Randall Cohrs

Dr. Lucky Sarkar, Post-Doctoral Fellow, Florida Research & Innovation Center, Cleveland Clinic, Florida,
USA.

During my Ph.D. days, in February 2018, while working under Prof. Jayasri Das Sarma at IISER
Kolkata, I had the privilege of interacting with Prof. Randall J. Cohrs in an International INDO-US
Biological and Analytical Workshop, Gangtok, India. Before that, I had heard a lot about his work,
personality, knowledge, and sense of humour from my mentor Prof. Das Sarma. Undoubtedly,
he had a great love not only for Science but also for different cultures and traditions. He used
to resemble our Bengali polymath and Nobel Laureate Rabindranath Tagore. He was always en-
thusiastic about meeting young research minds and take part in cultural programs like dance or
music. He also encouraged me to participate in cultural programs like NABT and other national
and international platforms. I was fortunate enough to work in an IUSSTF-funded virtual net-
working grant on COVID-19 since the pandemic struck the world. Since April 2020, we have been
working hard on our project “Azadirachta indica A. Juss (Neem) bark extract and its Nimbin isomers
restrict 3-Coronaviral infection and replication”, and drafting our manuscript together with other
collaborators from India, USA, and also from Sweden. However, we suddenly lost such an eminent
scientist and a humble soul one year before our paper was published in Virology, Elsevier, 2022. Dr.
Cohrs has made one of the most tangible contributions to my research life. We miss you, Sir.

Dr. Abhishek Bose, Post-Doctoral Fellow, Department of Genetic Medicine at Weill Cornell Medicine, New
York, USA.

During the PhD period, I was fortunate enough to get several chances to meet Dr. Randall Cohrs
and it was my absolute privilege and honour to know him from a close distance. We met in the
Indo -US science and technology forum (IUSSTF) conference and the BAW-bioanalytical methods
workshop organized by Prof. Das Sarma in 2018. In the meeting, I not only got a chance to discuss
Science but also interacted with Prof. Cohrs like a friend. Not only was he a renowned virologist
and neurologist, but also one who would make us feel at home with his warm smile and jovial
nature. He took active part in the cultural program organized as a part of the conference and also
met and dressed like the local people of Sikkim. Later, when I joined a post-doctoral position in
IUSSTF networking project on COVID-19 with Prof. Das Sarma, we enjoyed Prof. Cohrs’s presence
as a collaborator of the team, where he provided thoughtful scientific insights to steer the project
at its inception. Also, he made an appearance in our spiritual forum “Kathanubhuti”, where he
listened to the glories of Indian cultural heritage and slokes from Srimad Bhagavat Gita with deep
interest and shared his spiritual knowledge and love for the Hindu religion. His inclusive and kind
nature will keep him alive bright as sunshine, among all of us, who remain inspired by him. We
miss you Prof. Cohrs (fondly known as Randy), as a teacher, friend and philosopher, as someone I
will always look up to. My prayers for you and for your loving family.

Funding: Dr. Cohrs was a co-investigator for the Indo-US Science and Technology Forum Virtual
Network project for COVID-19. Our previous collaboration was supported by American society FOR
Microbiolgy(ASM)- Indo-US Science and Technology Forum(IUSSTF) Professorship award.

Institutional Review Board Statement: Not applicable.

Acknowledgments: I thank all my current students and alumni for helping me write this obituary,
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standing and fond memories with Cohrs.
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Abstract: Dengue viruses (DENVs), serotypes 1-4, are arthropod-borne viruses transmitted to
humans by mosquitoes, primarily Aedes aegypti. The transmission cycle begins when Ae. aegypti
ingest blood from a viremic human and the virus infects midgut epithelial cells. In studying viruses
derived from the DENV2 infectious clone 30P-NBX, we found that when the virus was delivered
to female Ae. aegypti in an infectious blood meal, the midgut infection rate (MIR) was very low.
To determine if adaptive mutations in the DENV2 envelope (E) glycoprotein could be induced to
increase the MIR, we serially passed 30P-NBX in Ae. aegypti midguts. After four passages, a single,
non-conservative mutation in E protein domain II (DII) nucleotide position 1300 became dominant,
resulting in replacement of positively-charged amino acid lysine (K) at position 122 with negatively-
charged glutamic acid (E; K122E) and a significantly-enhanced MIR. Site directed mutagenesis
experiments showed that reducing the positive charge of this surface-exposed region of the E protein
DII correlated with improved Ae. aegypti midgut infection.

Keywords: dengue viruses; Aedes aegypti; adaptive mutation

1. Introduction

Dengue viruses (DENVs) (Flaviviridae, Flavivirus) are the most medically important
arboviruses infecting humans today. It has been estimated that 390 million DENV infections
occur annually, of which 96 million cause frank dengue disease [1] ranging from self-
resolving dengue fever to life-threatening dengue hemorrhagic fever and dengue shock
syndrome (DHEF/DSS).

DENVs are maintained in nature in a mosquito-to-human transmission cycle. The
primary mosquito vector, Aedes aegypti, is ubiquitously distributed throughout the tropics
and is increasingly expanding beyond the tropics [2,3]. Vaccine development has been
complex and problematic [4] and no specific anti-viral treatment is available. Thus, control
of transmission by mosquito vectors is an integral facet in dengue disease reduction.
Multiple steps are required for the transmission of mosquito-borne viruses to vertebrate
hosts. Mosquitoes are exposed to the virus when ingesting an infectious blood-meal from a
viremic host. The crucial initial step in the transmission cycle is infection of and replication
within midgut epithelial cells. Although putative midgut cell receptor proteins have
been shown to bind DENVs, they have not been characterized [5,6], and receptor-binding
domain(s) on DENV structural proteins are not well-defined. After amplification and
spread in infected midgut cells, virus must disseminate into the hemocoel to infect and
further amplify in secondary target tissues including the salivary glands. The transmission
cycle is completed when a salivary gland-infected mosquito inoculates a new host with
virus during probing to seek her next blood-meal. The 10-to 14-day interval between initial
infection of the midgut epithelium and ability of the mosquito to transmit the virus in the
saliva is the extrinsic incubation period [7,8]. Four genetically and antigenically distinct
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DENYV serotypes (DENV1-4) comprise the DENV serocomplex. Mature virus particles
have a single-stranded positive-sense RNA genome (~11 kb) encapsidated in a protein core
surrounded by a host-derived lipid bilayer anchoring 180 copies each of the virus-encoded
membrane (M) protein and envelope (E) glycoprotein [9]. The E protein is arranged in an
icosahedral scaffold of 90 homodimers that lie parallel to the virion surface. The flavivirus
E protein, a Class II fusion protein, is responsible for host cell attachment and entry and
virus envelope fusion with cellular endosomal membranes. The DENV2 E protein 2 A
crystal structure has been solved [10], revealing three distinct structural domains (DI, DII
and DIII) that correlate with three previously described antigenic domains (C, B and A)
defined by monoclonal antibody (MAb) mapping [11-14]. Domains I and II consist of
linearly discontinuous amino acid sequences connected by four peptide strands that form a
molecular hinge, which permits the translocation and insertion of the flavivirus-conserved
DII fusion peptide into the host cell endosomal membrane to bring about virus-mediated
cell membrane fusion [10]. DII also is involved in E protein homodimerization in the
mature virion. DIII is an immunoglobulin-like structure connected to DI and has host-cell
receptor binding properties [15].

Although it has been shown that different strains or genotypes of a single DENV
serotype can exhibit differential specificity for infection of the same Ae. aegypti strain [16-18],
to date there has been limited research focusing on DENV genetic determinants that influ-
ence infection of mosquitoes.

We have conducted studies to define the genetic determinants of the E gene/protein
involved in infection of mammalian cells, using DENV2 strain 16681 derived from the
infectious cDNA clone pD2/IC-30P-NBX (30P-NBX) [15,19,20]. We have also shown that
DENV2 30P-NBX infects and replicates efficiently in various tissues outside the midgut
of Ae. aegypti RexD strain mosquitoes after intrathoracic (IT) inoculation. However, in-
fection of the midgut epithelium after introduction of virus by infectious blood-meal is
inefficient [15]. The average midgut infection rate (MIR) for 30P-NBX in Ae. aegypti RexD
in a large number of trials was 33.79%, compared to an average MIR of 78.74% for our
standard laboratory strain DENV2 Jamaica 1409 (J1409) [21]. Given the importance of the
E protein in determining DENV cell tropism/initiating infection, and that 30P-NBX has a
relatively low infection rate after oral infectious challenge but not after IT inoculation, we
hypothesized that mosquito midgut infection determinants are located in the E protein and
that 16,681 had undergone mammalian cell culture-adaptive changes during multiple cell
culture passages before preparation of the infectious cDNA clone that reduced its ability
to infect midgut epithelial cells. Comparison of E protein AA sequences shows that there
are nine differences between strains 16681 and J1409 and all except three of these, R120T,
Q131L and T170], are conservative. We noted that each time 30P-NBX was presented in
a blood meal a small proportion of infectious clone-derived viruses efficiently initiated
midgut infection, so in this study, we serially passaged 30P-NBX in Ae. aegypti RexD
strain mosquitoes by oral infection to select for and identify E protein genetic adaptations
conferring efficient midgut epithelial cell growth. We confirmed the importance of selected
E protein domain II amino acid (AA) sequences in midgut infection by constructing and
phenotyping 30P-NBX mutants.

2. Methods and Materials
2.1. Cell Culture and Viruses

Vero (African green monkey kidney epithelial) cells were grown at 37 °C in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS). C6/36 (Aedes
albopictus larval) cells used for virus phenotyping experiments were grown in Ye-Lah
medium [22] and C6/36 cells used for propagation of virus to infect mosquitoes were
grown in Leibovitz L-15 infection medium containing 2% FBS, non-essential amino acids,
penicillin-streptomycin, and L-glutamine, both at 28 °C. Both Vero cells and C6/36 cells
are standard cell lines that have been used in our laboratories for a number of years.
They were purchased from American Type Culture Collection (ATCC) (Vero CCL-81;
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C6/36 CRL-1660), and expanded by culturing in the media indicated. Aliquots of the
expanded cultures were preserved in liquid nitrogen. After a given cell line had been
recovered from liquid N, and passed for experimental use no more than 20 times, it was
discarded and replaced by a newly-recovered aliquot.

DENV2 strain 16681 was first isolated from the serum of a dengue hemorrhagic
fever/shock syndrome (DHF/DSS) patient in Bangkok, Thailand, in 1964 [23]. The strain is
a member of the DENV2 Asian 1 genotype and since isolation has been passaged multiple
times in BS-C-1 cells, six times in LLC-MK2 cells, once in a rhesus macaque monkey, and
twice in Toxorhynchites amboinensis mosquitoes [23,24]. The virus was additionally passaged
once in Vero cells, twice in LLC-MK2 cells, and four times in C6/36 cells before construction
of the infectious cDNA clone pD2/IC-30P-A [24]. The infectious cDNA clone was modified
to facilitate introduction of site-specific mutations into the E gene and DENV2 derived from
this infectious clone is termed 30P-NBX and exhibits the same phenotypes in mammalian
and invertebrate cell cultures as parental strain 16681.

DENV?2 strain Jamaica 1409 (J1409) was isolated from a human with dengue fever
(DF) in 1983 and is a member of the American/Asian genotype. Strain J1409 was plaque-
purified in LLC-MK?2 cells and passaged extensively (>25 times) in C6/36 cells [25-28]
before construction of the infectious cDNA clone (J1409-ic) by Pierro and colleagues [27].
After transfection and virus recovery in C6/36 cells, infectious clone-derived virus J1409
was passaged once in C6/36 cells for use in this study.

To introduce selected mutations into the E gene of infectious cDNA clone 30P-NBX, the
QuikChange® Lightning Site-directed Mutagenesis kit (Stratagene, Santa Clara, CA, USA)
was used per the manufacturer’s instructions. Engineered mutations for this study were
targeted to DII of the E protein to produce mutants KK122/123EE and R120T. Resulting
recombinant cDNA was amplified and used as a template for transcription of infectious
DENV?2 genomic RNA. In vitro transcription for transfection of Vero and C6/36 cells was
performed as described previously [19,22,24] using the AmpliScribe™ T7 kit (Epicentre
Technologies, Madison, WI). Positive-sense vVRNA was transfected into Vero and C6/36
cells using a Bio-Rad Gene Pulser Xcell system (Bio-Rad, Hercules, CA, USA) as described
previously [19]. Medium harvested from transfected Vero cells (day 12 post infection (PI),
designated V-0) or C6/36 cells (day 14 PI, designated C-0) was centrifuged to remove
cell debris, supplemented with 20% FBS, and stored at —80 °C. Aliquots of V-0 and C-0
were used to infect naive Vero and C6/36 cells to produce V-1 and C-1 seeds, respectively.
Genome ¢cDNA of V-1 and C-1 seeds were fully sequenced to evaluate their genomic
stability as described previously [19].

2.2. Assay of Virus Growth Kinetics in Cell Culture

Twelve- to fourteen-day growth curves were performed to investigate mutant virus
growth kinetics in various cell types. Duplicate cell cultures were infected with each virus
at a multiplicity of infection (MOI) of 0.001. Virus genomic equivalents were measured
by RT- quantitative (q)PCR using 3'-NCR primers and probes and the iScript™ One-Step
RT-PCR Kit (Bio-Rad, Hercules, CA, USA) as previously described [29], and samples were
assayed for infectious virus by TCIDsq in C6/36 cells.

2.3. Infectious Virus Titration by 50% Tissue Culture Infectious Dose

Infectious virus end-point assays were performed in C6/36 cells with detection of
virus antigen by ELISA as described previously [19]. C6/36 cells in 96-well plates were
infected with 10-fold serial dilutions of virus and maintained for seven days at 28 °C with
5% CO,. Cells were fixed with cold acetone and virus antigen was detected by ELISA
using DENV2 polyclonal antiserum. Absorbance was read at 405 nm and 630 nm and the
difference was expressed as the delta optical density (AOD). AOD values 2-fold or greater
than the negative control were considered positive. Virus titers were calculated by the
method of Reed and Muench [30].
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2.4. Aedes aegypti Mosquito Oral Infection by Artificial Blood-Meal

Ae. aegypti RexD strain mosquitoes (RexD) are a laboratory colony originating
from Rexville, Puerto Rico. Ae. aegypti Chetumal strain mosquitoes are a more recently-
established laboratory colony originating from Chetumal, Mexico [17]. They exhibit
significantly higher midgut infection and dissemination rates for DENV2 J1409 than
RexD mosquitoes [8]. All mosquitoes were reared from eggs and maintained as adults
at 28 °C, 80% relative humidity with a photocycle of 12 h light: 12 h dark. Adult female
mosquitoes were maintained in one-pint cartons with organdy covering and given water
and sugar until infection. To prepare DENV2 for infectious blood-meals, C6/36 cells were
infected at a multiplicity of infection (MOI) of 0.001 and maintained for 12-14 days with
a medium change at 7 days. Infected cells were scraped into the medium, which was
mixed with an equal volume of defibrinated sheep blood and supplemented with ATP to
a final concentration of 1 mM. Adult female mosquitoes 4-6 days post-emergence were
starved for 24 h, deprived of water for 4 h, and exposed to the infectious blood-meal
for 45 min using a 37 °C water-jacketed glass feeding device with a hog-gut membrane.
Virus titers in the blood-meals for all experiments ranged from 6.2 to 9.2 log1g TCIDsp /.-
Previous studies with 30P-NBX and E protein mutant viruses showed no correlation
between virus titers in this range and midgut infectivity (data not shown). Fully engorged
mosquitoes were selected and maintained for 7 days, when midguts were dissected in
PBS, fixed in 4% paraformaldehyde in PBS overnight, and analyzed for virus antigen via
immunofluorescence assay (IFA) to determine midgut infection rates. Each oral infection
experiment was repeated at least three times with at least 19 mosquito midguts analyzed per
experiment. To investigate mosquito infection rate kinetics, assays of dissected mosquito
midguts and head tissues were performed every two days for 14 days post blood-meal
(PBM). Virus antigen was detected in midguts and head squashes to determine infection and
dissemination rates by IFA. Experiments were repeated three times and 17-30 mosquitoes
were dissected at each time-point PBM.

2.5. DENV?2 Passage in Aedes aegypti Mosquito Midguts

Infectious virus derived from DENV2 strain 16,681 infectious cDNA clone 30P-NBX,
30P-NBX-derived DIII FG loop mutants 382VEPGA and VEP382RGD (382RGD) [15], and
DENV?2 strain J1409 infectious cDNA clone (J1409) [27] were serially passaged in Ae. aegypti
RexD midguts and amplified in C6/36 cells. To start the passage experiment, virus was
amplified in C6/36 cells and an aliquot of the cell-virus suspension was incorporated into
an infectious blood-meal as described above. The remaining cell-virus suspension was
stored at —80 °C for titration and sequencing of the DENV E gene. RexD mosquitoes were
challenged with the infectious blood-meal and fully engorged mosquitoes were maintained
for 10 days. Mosquito midguts were dissected and placed into 4% paraformaldehyde for
IFA analysis to determine MIRs (19-36 mosquitoes) or pooled on dry ice for trituration (at
least 20 mosquitoes). Midguts were triturated in L15 infection medium and filtered through
a 0.2 pm membrane syringe filter. The filtrate was placed directly onto naive C6/36 cells
to start the next passage. Four passages were completed for each virus and the complete
passage series was repeated once for 30P-NBX.

2.6. Indirect Immunofluorescence Assay (IFA) of Mosquito Tissues

Midgut and head squash IFAs were performed as described previously [31]. Virus
antigen in midguts and head tissues was detected using flavivirus E protein DII group-
reactive mouse MAb 4G2 (HB-112, ATCC, Manassas, VA, USA) in wash buffer (PBS, 0.05%
Triton X-100) or PBS, respectively. Secondary antibody was ImmunoPure biotin-labeled
goat anti-mouse IgG (Thermo Scientific, Waltham, MA, USA) with 0.005% Evan’s Blue
counter-stain, followed by streptavidin-fluorescein (GE Healthcare, United Kingdom).
MIRs and head tissue infectivity (dissemination) rates were determined by dividing the
number of virus antigen-positive midguts or head squashes by the total number analyzed.
The relative infection intensity (RII) ratio is a quantitative measure of infection intensity
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in the midgut [31] in which positive midguts were scored on a scale of 0.5 to 4, where
0.5 denotes less than 25%, 1 denotes 25%, 2 denotes 50%, 3 denotes 75%, and 4 denotes
100% of the midgut surface area is positive for viral antigen. The RII ratio was determined
by adding the infection intensity scores of all positive midguts in a treatment group and
dividing by the total number of positive midguts. Student’s ¢ tests (p-value < 0.05) were
performed using Excel 2007 and chi-square analysis (p-value < 0.05) was carried out
using SAS 9.1.

2.7. Envelope Glycoprotein Gene Sequencing

DENV2 RNA was isolated from infected C6/36 cell cultures with the QIAamp Viral
RNA Isolation Kit (Qiagen, Germantown, MD, USA), and the E gene was amplified using
the Titan One-Step RT-PCR system (Roche, Indianapolis, IN, USA) per the manufacturer’s
instructions. PCR products were gel extracted using QIAquick Gel Extraction kit (Qiagen)
and Sanger sequencing reactions were performed using ABI Prism BigDye Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems, Carlsbad, CA, USA) at the Centers for Disease
Control and Prevention, Fort Collins, CO. Sequences were analyzed using Lasergene
Seqman (DNASTAR, Madison, WI, USA).

3. Results
3.1. Serial Passage of DENV?2 in Aedes aegypti Mosquito Midguts

Infectious clone-derived DENV2 with four different E gene sequences were serially
passed in Ae. aegypti mosquitoes to determine if adaptation to allow efficient midgut
infection would result from the selection of virus genomes with enhancing mutations;
the focus of our study was on the E gene due to its importance in initiating infection.
DENV2 strain 16681 infectious cDNA clone-derived virus (30P-NBX); 30P-NBX-derived
viruses with FG loop (DIII) deletion or mutation, 382VEPGA and VEP382RGD, which
we had previously shown to decrease or not affect MIRs, respectively [15]; and DENV2
infectious clone J1409-ic-derived virus (J1409) were serially passaged by oral infection of
Ae. aegypti RexD strain mosquitoes. Pre-passage virus MIRs of 30P-NBX and mutant virus
VEP382RGD were similar, while mutant virus 382VEPGA had a significantly lower MIR
and J1409 had a significantly higher MIR compared to 30P-NBX (Figure 1).

Each clone-derived virus was amplified in C6/36 cells, provided to RexD mosquitoes
in an infectious blood-meal (SP0), and serially passaged four times (SP1-4) in mosquito
midguts with amplification in C6/36 cells after each passage as described in Materials and
Methods. Any increases in the rate of infection of midgut epithelial cells were assumed to
result from mutations that occurred in the E gene during midgut infection since the E gene
of 30P-NBX has been shown to be genetically stable during successive passages in C6/36
cells [29]. SPO MIRs were similar to average MIRs previously determined for each virus
(Table 1); 30P-NBX SP0 MIR fell within the range found in many previous determinations
(data not shown). The MIRs of 30P-NBX and mutant VEP382RGD significantly increased
after one passage in RexD midguts and in both cases, this increase correlated with a mixed
nucleotide (nt) population of adenylic acid (A, parental) and guanylic acid (G, mutation)
in consensus sequences at E gene position 1300. A transition from A to G causes a non-
conservative AA change from lysine (K) to glutamic acid (E) in E protein DII at position
122 (K122E) (Table 1 and Figure 2). No other consistent nucleotide changes were seen in
the remainder of E gene coding regions of genomes recovered from passaged virus. As
revealed by consensus sequencing, four passages of 30P-NBX in mosquito midguts were
required before E completely substituted K at position 122, while for mutant VEP382RGD,
only two passages were required before this complete AA change occurred (Table 1). Two
independent serial passage experiments were completed for 30P-NBX in RexD midguts and
the second experiment yielded the same results (data not shown). In contrast, 382VEPGA
and J1409 MIRs did not demonstrate any significant changes after four serial passages
in mosquito midguts and no nt sequence changes were found in their E genes. Mutant
382VEPGA was lost after four passages and there was insufficient VRNA present in SP4
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samples for sequencing. Our finding that a single AA mutation located in DII of the E
protein appeared to significantly enhance mosquito midgut infection was unexpected.

100%

80% I

60%

40% I

20%

0%

30P-NBX  VEPGA RGD J1409-ic
DENV2 mutant.

Figure 1. DENV2 MIRs in Ae. aegypti RexD mosquito midguts. RexD mosquitoes were orally
challenged with each virus, maintained for seven days until midguts were dissected, and MIRs
were determined by IFA. Data are the average of at least three experiments and significance was
determined by comparison with 30P-NBX via student’s f test (* p-value < 0.05).
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Figure 2. DENV2 E protein structure and location of relevant AAs in DII (A) Top-down view of the
DENV2 E protein homodimer with DI in red, DII in yellow, and DIII in blue in lower left monomer.
AAs examined (T120, K122, and K123 in green) and discussed (K63, K64, N124, E126, and K128 in
magenta) in this study are specified. Note, AA 120 is threonine in the published DENV2 E protein
structure [10]. (B) Side-view of the DENV2 E protein homodimer. (C) Top-down view of the space-
filling model of the DENV2 E protein homodimer to show surface-exposed AAs, which are colored
the same as in A. Protein structures were obtained from the protein database bank (DENV2 E protein
homodimer ID: 1oan) and were rendered in Polyview-3D.

3.2. Verification of Adaptation-Mutant Phenotype by Site-Directed Mutagenesis to Construct E
Protein DII Mutant Viruses

The AA sequence of DENV2 16,681 (30P-NBX) E protein DII was aligned with those
of other DENV2 genotypes, other DENV serotypes and other arthropod-borne flaviviruses.
AA sequence alignments showed that there is considerable sequence conservation in
DENV2, but sequence variability in other flavivirus DII AA 120 to 130 (Table 2). Comparison
of E protein AA sequences revealed nine differences between strains 16,681 and J1409, only
one of which occurs in this region. DENV?2 strain 16,681 is the only flavivirus shown with
positively-charged arginine (R) at position 120 All of the other DENV2 strains, including
strain J1409, have uncharged threonine (T) at this position (Table 2). This difference is
noteworthy due to the surface exposed location of T120 on the E protein and its close
proximity to positively-charged KK122/123 (Figure 2). To determine if AA mutation K122E
in DII of the DENV E protein was responsible for enhanced midgut infection, we introduced
this and other potentially relevant mutations into the parental 30P-NBX genome by site-
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directed mutagenesis. After mutagenesis, RNA was transcribed in vitro and transfected
into C6/36 cells (C-0) and virus produced was used to infect naive C6/36 cells (C-1).
Mutant KK122/123EE, which had previously been developed, was able to replicate after
both transfection and one passage in C6/36 cells as evidenced by detectable viral antigen
in cells. Consensus sequencing of the C-1 virus genome showed the expected full length
genome sequence (Table 3), demonstrating that these mutations had no effect on infectivity
of or replication in C6/36 cells. Mutant virus RNA also was transfected into Vero cells
(V-0) and resulting virus was used to infect Vero cells (V-1). Full-length genome sequencing
of KK122/123EE V-0 virus showed a partial reversion from E at position 123 to K, while
E at position 122 remained unchanged. V-1 genome consensus sequencing revealed a
complete reversion to K at position 123 while E at position 122 remained unchanged
(Table 3). Recovered V-1 virus contained the mutation selected in Ae. aegypti midgut serial
passage experiments with no other differences in the virus genome sequence compared to
30P-NBX (K122E), and was used as virus seed in all subsequent phenotypic studies. Virus
recovery and genome sequencing showed that K123 was essential for replication in Vero
cells, although either K123 or E123 was tolerated in C6/36 cells.

Interestingly, J1409 (T120, KK122/123) did not accrue any adaptive mutations during
passage in mosquito midguts. Site-directed mutagenesis was used to introduce mutation
R120T into the E protein of 30P-NBX (mutant designated R120T). Mutant R120T replicated
in both C6/36 cells and Vero cells without alterations in genome sequence after both
transfection and one virus passage (Table 3).

Growth kinetics of parental and mutant viruses K122E and KK122/123EE were ana-
lyzed by infecting duplicate cell cultures with each virus at a MOI of 0.001 and measuring
virus genomic equivalents in medium by RT-qPCR or infectious virus by TCIDsy, as de-
scribed in Methods, every two days. Growth kinetics for both mutants were similar to
30P-NBX in C6/36 cells (Figure 3A), corroborating the transfection data and the ability of
these viruses to replicate efficiently in this cell type. Interestingly, 30P-NBX consistently
caused more cytopathic effects (CPE) in the form of syncytium formation, cell rounding,
and cell detachment than K122E in the C6/36 cells routinely used to amplify virus for
oral infection experiments (data not shown). In Vero cells grown at 37 °C, mutant K122E
replicated similarly to 30P-NBX and had equivalent virus genome titers, in contrast to
mutant KK122/123EE, which showed no virus RNA replication (Figure 3B). Sequencing
virus RNA at the conclusion of the growth curves showed K122E was genetically stable,
while there was not enough KK122/123EE viral RNA recovered from Vero cell medium
for sequencing at the conclusion of the experiment. Growth kinetics of mutant R120T in
Vero and C6/36 cells were determined by titrating infectious virus released into medium
by TCIDs (Figure 3C,D). R120T reached similar peak titers as 30P-NBX in both cell types,
but peak titer was reached more rapidly than 30P-NBX in Vero cells (Figure 3D). Due to the
apparent inability of mutant KK122/123EE to replicate at 37 °C, its temperature sensitivity
was investigated by comparison of growth in Vero cells at 28 °C and 37 °C (Figure 3E).
No apparent virus replication occurred at 37 °C up to day 2 PI in this experiment, as
seen previously (Figure 3B). However, at 2 days PI, KK122/123EE began to replicate at a
more rapid rate at 37 than at 28 °C, and this continued from days 4-8 PI. After day 8, the
rate of virus replication became similar at the two temperatures and virus genome titers
were similar by day 12 PI at both temperatures. Virus genome sequencing revealed no
additional nucleotide changes in mutant KK122/123EE after replication at 28 °C, while
mutant KK122/123EE grown at 37 °C partially or fully (results from duplicate cultures)
reverted from E123 to K123. We attribute the difference from results shown in Figure 3B
to a random mutation that changed E123 to K123 and was thereafter selected for more
rapid growth. These results suggest that initial mutation is a stochastic event, followed by
selection of mutants with a growth advantage. The results shown in Figure 3B,E suggested
that lysines at both positions 122 and 123 of the E protein are not tolerated for replication at
37 °C. Interestingly, reversion of only AA 123 and not AA 122 occurred in the transfection,
passage, and growth curve assays.
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Table 2. E protein DII AA sequence alignment of DENV2 and other flaviviruses.

DENV2 E Glycoprotein AA Position

Virus Strain € ~ ® o o = o o +« 1n e ©~ o o o
= = = =82 = & &8 = = = =2 & =5 & =3
DENV2 Genotypes
Asian 1 16681 cC A M F R ¢ K K - -2 N M E G K V V
PUO-218 T
M1 T I
Asian 2 New Guin C T K
PL046 T I
CTD113 T K
Asian/Amer Jamaica 1409 T
13382-Tizimin T
American PR159 T I
Ven2 T I
Cosmo SL714 T I
CAMR5 T I
Sylvatic IC80-DAKAr578 T L K
P8-1407 T L
Other Mosquito-Borne Flaviviruses
DENV1 16007 K K vV T K L I
DENV3 PhMH-J1-97 K Q L E S I
DENV4 Thailand /1985 K S S G K 1 T N L
YFV Asibi K A S S L F E
JEV Nakayama K T S K A I R T I
MVEV NG156 K T S S S A A R L 1
WNV NY99 K S T K A 1 R T I
SLEV Laderle K N K A T T !
Tick-Borne Flaviviruses
TBEV Neudoerfl V K A A E A K K K A T H Y
POWV LB K E E E A K K A V H Y
Positively-charged AAs in DENV2 strain 16681 sequence are in bold. Blank spaces indicate AA is identical
to that in DENV2 strain 16681. 2 Tick-borne flaviviruses have 2 AA inserted between positions 123-124 of
mosquito-borne viruses.
Table 3. Transfection and infection by 30P-NBX E protein DII mutants in C6/36 or Vero cells.
. C6/36 Cells Vero Cells
h}[/;rt:;t C-0/C-1? Virus C-0/C-1/E Protein V-0/V-12 Virus V-0 E Protein V-1 E Protein
Recovery Sequence Recovery Sequence Sequence
KK122/123EE +/+ Unchanged ? +/+ KlZprrzf SVZ‘?K/ E Kufiﬁ :;1331(
R120T +/+ Unchanged ? +/+ Unchanged ? Unchanged ?

2 Transfection (C-0 or V-0) and recovered virus passage (C-1 or V-1) was considered positive if virus antigen was
detected in cells by IFA. b Sequencing verified that recovered virus genomes contained the introduced mutations
and had no additional changes in the genome. © Mutants with partial reversions (part. rev.) or full reversions (full
rev.) in the E protein gene are specified.
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Figure 3. Virus growth kinetics in C6/36 and Vero cells. C6/36 cell cultures at 28 °C (A) and
Vero cell cultures at 37 °C (B) were infected with DENV2s at an MOI of 0.001 and medium was
sampled every two days for 14 or 12 days. Data presented are geometric mean titers (in log;g genome
equivalents/mL) from duplicate flasks determined by RT-gPCR. C6/36 cell cultures at 28 °C (C)
and Vero cell cultures at 37 °C (D) were infected with 30P-NBX and R120T at a MOI of 0.001 and
infectious virus in medium was measured by TCIDs every two days for 14 days. The data presented
are geometric means (in logjo TCIDsg/mr,) from duplicate flasks. (E) Duplicate Vero cell flasks were
infected with mutant KK122/123EE and maintained at 37 °C or 28 °C. Titers were determined by
RT-gPCR. Virus RNA was sequenced at the end of the growth curve to verify the status of engineered

mutations. Mutant KK122/123EE retained the mutated sequence at 28 °C but the sequence partially
or fully reverted to E123 at 37 °C.
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3.3. Phenotypic Properties of E Protein DII Mutants in Ae. aegypti Mosquitoes

To verify that mutation K122E in E protein DII, which was selected during 30P-NBX
serial passage in Ae. aegypti midguts, was responsible for enhanced midgut infection and
replication, constructed mutants K122E as well as KK122/123EE and R120T were presented
to adult female mosquitoes in infectious blood-meals and MIRs were determined at 7 DPM.
Mutant viruses each had significantly higher MIRs [K122E (81.8%), KK122/123EE (81.9%)
and R120T (79.6%)] than 30P-NBX (33.8%) in RexD mosquitoes. (Figure 4A) Complete
genome sequences showed that the only difference in deduced AA sequences between
K122E and 30P-NBX recovered from mosquitoes was at position 122, confirming that this
mutation alone was responsible for the enhanced infection rates that developed during
serial passage. Significantly increased MIRs of mutants KK122/123EE and R120T than
parental 30P-NBX implicated reduction in surface-exposed, positively charged AAs in
E protein DII in increased efficiency of midgut infection (see Figure 2). To determine if
30P-NBX MIRs were higher in a more susceptible Ae. aegypti strain, mosquitoes from
the Chetumal colony were provided with infectious blood-meals containing 30P-NBX
and mutants K122E and R120T. Although 30P-NBX had higher MIRs (38.85% compared
to 33.79% in RexD), K122E and R120T also had significantly higher MIRs compared to
30P-NBX in Chetumal mosquitoes (Figure 4B). Four independent challenge experiments
were conducted, each completed at least one month apart. Completing all experiments
concurrently would have utilized mosquito eggs that were oviposited by the same parents.
Also, all of the extrinsic environmental factors would have been similar for each of the
repetitions, which might further bias our results. Conducting replicate experiments at
different times reproduced our previously observed general experimental variation in MIRs
by 30P-NBX and other DENV2 strains, as seen in Table 1.
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Figure 4. Virus MIRs and relative infection intensity (RII) ratios in Ae. aegypti RexD mosquito
midguts (A) and Chetumal mosquito midguts. Mosquitoes were orally challenged with each virus,
maintained for seven days until midguts were dissected, and MIRs and RII ratios were determined by
IFA. In (B), 30p-NBXa and 30P-XNXb are data for internal controls for K122E and R120T, respectively.
Data are the average of at least three experiments and significance of MIR (*) and RII ratio (**)
differences were determined by comparison with 30P-NBX using student’s f test (p value < 0.05).

IFA analysis of infected mosquito midguts to determine MIRs also showed that on
average, in RexD infections by K122E, KK122/123EE, and R120T, DENV2 E antigen was
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30P-NBX

K122E

RII

detected over a significantly greater area of the entire midgut at all times PBM than in
mosquitoes infected with 30P-NBX. To express this difference, a measurement of relative
midgut infection intensity, the RII ratio, was developed as described in the Methods section
and illustrated in Figure 5. Mutants consistently had higher Rlls than 30P-NBX (Figure 5)
Our observations suggested that K122E initiates infection in a higher proportion of cells
and spreads more rapidly and efficiently in the mosquito midgut than 30P-NBX.

Day 4 Day 8 Day 12
0.5 0.5 1

2

Figure 5. Demonstration of RII ratios in infected midguts from the time course experiment. RexD
mosquitoes were orally challenged with 30P-NBX or K122E, midguts were dissected every other
day for 14 days, and virus antigen was detected by IFA. Proportions of midguts displaying virus
antigen (green) are representative of typical infection intensity seen for day 4 (left), day 8 (middle),
and day 12 (right) PBM.

To determine if the more efficient and robust midgut infection by mutant K122E
resulted in a higher infection rate in secondary mosquito tissues, implying a higher trans-
mission rate, virus dissemination from the midgut was investigated. IFA analysis for
DENV2 E antigen in head tissues from mosquitoes in which MIR and RII had been deter-
mined showed that both K122E and 30P-NBX began to escape the midgut at four days PBM.
However, K122E had a significantly higher infection rate in head tissues than 30P-NBX by
day six PBM, continuing until the end of the time course (observations not shown). Thus,
mutant K122E both infects and disseminates from a higher proportion of mosquito midguts
than 30P-NBX.

4. Discussion

In this study we demonstrated that single amino acid replacements/changes in DII
of the DENV2 E protein of a virus with low MIR can result in significantly enhanced
infection of Ae. aegypti mosquito midguts. Serial passage of 30P-NBX in RexD mosquitoes
identified an adaptive mutation in DII of the E protein at position 122 from positively-
charged lysine to negatively-charged glutamic acid (K122E) that correlated with increased
infection rates in mosquito midguts. Incorporation of this mutation into the infectious
clone recapitulated the results of the serial passage experiment, showing that this single AA
mutation was solely responsible for the enhanced infectivity phenotype. We also showed
that an alternative single mutation of spatially proximate positively-charged AA R120 to
uncharged T significantly enhanced mosquito midgut infection compared to the parent
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virus. To our knowledge this is the first time mosquito infection determinants have been
mapped to DII of the DENV E protein.

Time course experiments in mosquitoes showed that mutant K122E initiated infection
in a significantly higher proportion of mosquitoes than 30P-NBX as early as two days post
blood-meal (PBM), suggesting that early stage events such as attachment and/or entry
were enhanced by the K122E mutation. The specific cellular receptor(s) for DENVs in either
human or mosquito target tissues and receptor-binding domains on DENV structural pro-
teins for these receptor(s) is/are unknown. It is possible that mutant K122E and 30P-NBX
have different attachment affinities for a specific primary or ancillary receptor, thus con-
tributing to differences in infectivity rates. In addition, mosquitoes were challenged with
virus that was maintained at 37 °C and this higher temperature might have resulted in
virion structural /conformational changes [32] that promoted enhanced receptor affinity in
mutants K122E and R120T [33], as well as accelerated attachment and entry kinetics in the
mosquito midgut that affected MIRs. Maintaining the blood-meal at a temperature of 28 °C
or lower may help elucidate whether temperature differentially affects receptor-binding
affinities or internalization of the two viruses.

DIII of the flavivirus E protein is widely accepted to have receptor binding properties
and the FG loop (AAs 381-386) specifically was proposed to bind to mosquito cells. This
was further suggested by the absence of this loop structure in the tick-borne viruses.
Previously we showed that deletion of the FG loop AAs 382-385 (VEPG) attenuated virus
infection in mosquito midguts as well as in Vero cells. Mutation of the FG loop AA sequence
382-384 from VEP to RGD did not significantly affect MIRs, suggesting that the FG loop
structure itself and not the AA sequence is important for midgut infection [15]. Due to
our focus on E protein functions required for midgut infection in this study, we included
mutant viruses 382VEPGA and VEP382RGD in the serial passage experiments to determine
if deletion or alteration of this DIII motif would place selective pressure on the E protein to
acquire mutations that would compensate for these changes. Serial passage of 382VEPGA
in mosquito midguts did not select for any enhancing adaptive mutations and the virus
was lost between the third and fourth passages. Although this virus was able to infect
mosquito midguts and secondary tissues in the first passage (albeit at a significantly lower
rate than 30P-NBX), our inability to continuously passage 382VEPGA in midguts indicated
that the presence of the FG loop is vital to the transmission cycle of the virus in vivo and
no compensatory changes in other domains could rescue its loss. In contrast, mutant
VEP382RGD acquired the K122E mutation more rapidly than 30P-NBX, after only two
passages in mosquito midguts. This may suggest that the RGD substitutions imposed
greater selective pressure for the K122E mutation. Additionally, multiple passages of wild
type DENV2 strain 16681 in Vero cells resulted in a mixed K122K/E population (C.Y-H.
Huang, unpublished data). These findings at first suggested that replacement of a positive
charge at AA 122 was primarily a primate cell culture-adaptive mutation for DENV2, but
the results of this study show the K122E mutation is also relevant to invertebrate systems.
Whatever the selective pressure, it appears that reduction of the number of positively
charged AAs in this region of DII constitutes a mutational hot spot in the E protein of
DENV2 strain 16681.

The high MIR of ]J1409 may have precluded selective pressure for this DENV2 strain to
accumulate mutations during passage in mosquito midguts. DENV2 E protein AA sequence
alignments showed that strain 16681 has R120 while all other DENV2 strains, including
J1409, have T120 (Table 3). The close proximity of AA120 to AA122 (Figure 2) suggests that
replacement of a positively-charged AA at position 120 may have a similar effect to K122E
and indeed, mutant R120T had a significantly higher MIR than 30P-NBX, showing that this
AA substitution alone could also result in the increased midgut infectivity phenotype. Strain
16,681 has been extensively passaged in various mammalian and invertebrate systems since
isolation and the positively-charged R120 could be the result of those passages. This is
in agreement with findings that showed passage of DENV2 strain PUO-218 in cultured
mammalian BHK-21 cells selected for a T120K change that resulted in higher binding
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capacity for glycosaminoglycans (GAGs) and reduced neurovirulence in mice [34]. The
high MIR resulting from mutation R120T in 30P-NBX may explain why J1409 did not
accrue any adaptive mutations in the E gene during midgut passage and similarly, the
absence of R120 in other DENV2 strains may explain why E122 is not present in any natural
isolates. A reduction in total surface-exposed, positively-charged AAs in this region of
E protein DII appears to be a critical requirement for mosquito midgut infection, thus
accounting for low MIRs for 30P-NBX, with R120/K122/K123 in its DII sequence, in even
highly susceptible Chetumal strain mosquitoes. Reduced DII positive charge density is also
tolerated in mammalian cells, as shown by the ability of K122E to replicate in Vero cells
as efficiently as 30P-NBX. Nevertheless, engineering double mutations K122E and K123E
while retaining R120T rendered the virus unstable in Vero cells at 37 °C (Figures 3B and 4).
Interestingly, the double mutant was able to infect a significantly higher proportion of
mosquito midguts than 30P-NBX, suggesting that KK122/123EE facilitates infection and is
stable during replication in midgut cells at 28 °C.

Reduction of positive charge density on the E protein DII surface also could alter
E protein monomer or homodimer stability. For example, two phenotypically distinct
DENV2s with an E protein AA difference at position 62 were isolated from K562 and
C6/36 cells inoculated with serum from the same DHF patient [35]. The virus isolated
from C6/36 cells had E62 and could not bind to and infect B lymphocytes, whereas virus
isolated from K562 cells had K62 and was able to bind to and efficiently infect B cells. The
K562 cell-derived virus was capable of infecting C6/36 cells but with low efficiency. AA 62
is located in close proximity to AAs 122 and 123 at the homodimer interface (Figure 2) and
Kinoshita et al. [35] speculated that K (compared to E) at this position causes high electro-
static repulsive effects with its sister AA on the opposite monomer, causing a loosening
effect favorable to B cell binding. However, K122, K123, and R120 do not appear to have
such close proximity to their equivalent AAs on the opposite monomer (Figure 2) so it is
less likely that electrostatic repulsion affects these AAs to the same extent.

It also is possible that E protein DII mutations affect conformation and stability during
virion assembly and maturation. DENV midgut infections generally start at a few foci of
infection and spread laterally from each infected cell either by direct cell-to-cell transfer
at the edges of a focus or by budding out of cells and diffusing short distances to infect
local cells [8]. RII ratios in the midgut for mutant K122E were significantly higher than for
30P-NBX as early as day four PBM, showing that K122E causes an extremely productive in-
fection that spreads rapidly and eventually encompasses the entire tissue. 30P-NBX midgut
infections remain relatively restricted by comparison. Mutations on the exposed surface of
DII may stabilize the E protein during assembly and maturation through the trans-Golgi
pathway, helping to produce a higher infectious virus to particle ratio. Prestwood et al. [34]
suggested that the N124D/K128E mutant virus produced a higher PFU to particle ratio
than the parent virus in BHK-21 cells. Perhaps a similar phenomenon occurs in mosquito
midgut cells.

Although the most potent and serotype-specific neutralizing anti-DENV monoclonal
antibodies (MAbs) bind to epitopes on E protein DIII, both murine and human neutralizing
MADbs have been mapped to DII epitopes [36,37]). The neutralizing MAb-binding region
of DII is variable among the DENV serotypes and other flaviviruses (Table 3) and AA
mutations in this region have been shown to create flavivirus MAb neutralization escape
variants for DENV, JE, MVE, TBE, and YFV (summarized in [38]), suggesting that the AA
sequence variability among flaviviruses in this region of the E protein may be reflective of
enhanced immune pressure in the vertebrate host.

DENV2 are suggested to have evolved only recently from sylvatic DENV2 main-
tained in nature in a cycle between non-human primates and canopy-dwelling Aedes spp.
Mosquitoes [39,40]. Phylogenetic analysis of DENV2 E proteins suggested that a L122K
mutation (Table 3) was predicted to have accompanied DENV2 E protein evolution to
the Ae. aegypti-human cycle, possibly due to immune selection [38—41]. Most of the AA
mutations proposed to correlate with emergence of endemic/epidemic DENV1-4 from

29



Viruses 2022, 14, 1569

References

sylvatic progenitors were located in DIII, so it is unclear from the phylogenetic analysis
whether the L122K change occurred independently or in combination with changes in DIIL
If this mutation was necessary for the transition from the sylvatic to the human cycle, it
could explain why no natural DENV2 endemic/epidemic isolates have mutations of K122.

The epidemiological implications of our findings are highlighted by the dissemination
data from the time course experiment. Head tissue IFA analysis, used as a surrogate
for transmission potential, showed that K122E disseminated from the mosquito midgut
in a higher proportion of mosquitoes than in 30P-NBX. Even though this may correlate
more with higher MIRs and/or higher proportion of infected midgut cells (RII) than with
increased dissemination capacity over 30P-NBX virus, the ability of this mutant virus
to disseminate from the midgut and infect secondary tissues is clearly greater than 30P-
NBX. It will be interesting to see if mutant K122E can infect field-caught or genetically
diverse laboratory strain Ae. aegypti mosquitoes as efficiently as the laboratory colonized
strains used in this study. Increases in viral fitness that increase transmission rates by
mosquitoes and produce higher viremia titers in humans can lead to genotype and strain
displacements [42—45]. Given that the K122E mutation does not result in fitness costs for
replication in mammalian cells, the epidemic potential of a virus that accumulates this
point mutation would likely be high.

We have shown for the first time that single AA mutations in DII of the DENV2 E
protein can significantly enhance infection of Ae. aegypti mosquitoes. Natural mosquito
isolates of DENV2 should be monitored for variations in gene sequence at this surface-
exposed region of DII and could provide biological markers for virus emergence in the
future. Inclusion of arginine at position 120 in DII of live-attenuated DENV2 vaccine
viruses with the predominant KK122-123 sequence in addition to attenuating mutations
could reduce the transmission potential of vaccine viruses from vaccinees. Investigation of
the contribution of this AA region to protective immunity, DENV transmission, and viral
pathogenesis in mammals merits further attention.
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Abstract: We encountered two cases of varicella occurring in newborn infants. Because the time
between birth and the onset of the illness was much shorter than the varicella incubation period,
the cases suggested that the infection was maternally acquired, despite the fact that neither mother
experienced clinical zoster. Thus, we tested the hypothesis that VZV frequently reactivates asymp-
tomatically in late pregnancy. The appearance of DNA-encoding VZV genes in saliva was used as
an indicator of reactivation. Saliva was collected from 5 women in the first and 14 women in the
third trimesters of pregnancy and analyzed at two different sites, at one using nested PCR and at
the other using quantitative PCR (qPCR). No VZV DNA was detected at either site in the saliva of
women during the first trimester; however, VZV DNA was detected in the majority of samples of
saliva (11/12 examined by nested PCR; 7/10 examined by qPCR) during the third trimester. These
observations suggest that VZV reactivation occurs commonly during the third trimester of pregnancy.
It is possible that this phenomenon, which remains in most patients below the clinical threshold,
provides an endogenous boost to immunity and, thus, is beneficial.

Keywords: VZV; reactivation; latency; saliva; salivary VZV DNA

1. Introduction

Extreme stress, such as space flight, may cause varicella zoster virus (VZV) to reactivate
from latency (in persons who have had varicella or have been vaccinated against it) without
producing symptoms. This phenomenon was reported to occur in 50-65% of astronauts
during and after short- and long-duration spaceflights [1,2] and in 17% of children who
were immune to VZV and stressed by hospitalization in an intensive care unit (ICU) [3].
These reports employed the transient presence of VZV DNA in the saliva as an indication
of viral reactivation. In part because the screening of saliva for the presence of VZV DNA
is available only on a research basis, it is not clear what the incidence and prevalence
are of asymptomatic reactivations of VZV in individuals who are immune to varicella.
Although the frequency with which asymptomatic VZV reactivation occurs is unknown,
published data imply that VZV DNA is rarely, if ever, detected in the saliva of healthy,
young individuals [4].
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We encountered two newborn infants who developed varicella just after birth, a
timeframe that is much shorter than the incubation period for varicella. These observations
suggested that VZV was passed from the mother to the fetus prior to delivery. Because
neither mother displayed varicella or zoster, it was likely that asymptomatic reactivations
of VZV occurred in late pregnancy and provided the virus that completed the varicella
incubation period perinatally. Because the varicella in the newborn infants was mild,
maternally derived immunity was also transferred and ameliorated the infection. These
observations led us to ask whether the asymptomatic reactivation of VZV occurs frequently
in pregnancy. To answer this question, we determined whether VZV DNA could be
detected in the saliva of a group of pregnant women in the absence of symptoms, as has
been reported in astronauts [1,2]. We also determined whether other herpesviruses might
reactivate in pregnancy.

Case 1. This infant was born at Columbia Presbyterian Hospital in New York City
in 2018. His mother, a 37-year-old healthy woman presented in active labor at 36 weeks
of pregnancy. Her antenatal period was significant only for vaginal candidiasis. She had
no history of febrile illnesses or rashes in the antenatal period and no chronic medical
conditions. She recalled experiencing chickenpox in childhood and had not experienced
clinical zoster. Her serum varicella IgG level was positive prior to pregnancy. Her male
baby was delivered by Caesarean section for nonreassuring fetal heart rate with a rupture
of membranes at delivery. The APGAR scores were 8 and 9; the infant’s weight was
3295 g. The infant was hypoglycemic and hypothermic shortly after delivery. Ampicillin
and gentamicin were administered after blood cultures were obtained. The postnatal
examination revealed a mild, diffuse, pustular rash with scattered petechiae. Dermatology
was consulted; the differential diagnosis included systemic bacterial or viral infection and
transient neonatal pustulosis. On day one of life, bacterial and fungal blood and skin
cultures were obtained and were found to be negative. VZV and herpes simplex virus
(HSV) cultures from skin lesions were obtained and were found to be negative. Acyclovir
60 mg/kg/dose IV was administered since the infant was thought possibly to have a
neonatal HSV infection. Direct fluorescent antigen (DFA) tests from the skin lesions then
tested positive for VZV and negative for HSV. The polymerase chain reaction (PCR) tests
obtained from skin lesions were positive for VZV and negative for HSV. A diagnosis of
varicella was made in the infant, although there was no obvious exposure of the baby to
VZV. A lumbar puncture was not performed. The diagnosis of varicella was made in the
infant, and treatment with acyclovir was continued for a week. The infant’s rash improved,
and the baby appeared entirely well on a follow-up visit.

Case 2. This 39-week, 1-day-old male infant was born via Cesarian section due to
failure to progress at Pro Medica Russell ]. Ebeid Children’s Hospital in Toledo, Ohio, in
June 2021. The pregnancy was complicated by gestational hypertension. He presented with
vesicular lesions on his right cheek in the first 24 h after birth. Subsequently, a mild rash
was noted on his trunk that was thought to be erythema toxicum. Neonatal HSV infection
was suspected, but a PCR test on a lesion on the cheek was negative for HSV DNA. It
was positive, however, for VZV DNA (tested at ProMedica Laboratories, as well as in the
laboratory at Columbia). As part of routine prenatal testing, his mother was found to have
a positive IgG immunoassay for VZV IgG in her first trimester of pregnancy. She recalled
experiencing varicella as a child. Except for the rash, the baby appeared well. New lesions
developed on day four of life. By day six, all the lesions had crusted, and no further lesions
developed. VZV IgG testing was positive on the infant. The mother was asymptomatic
throughout the illness of her infant but reported that an aunt who babysat her daughter
experienced shingles prior to the delivery. The infant was discharged and went home at
11 days of age.
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2. Methods

We performed a prospective observational study in order to determine if we could
identify evidence of the asymptomatic reactivation of VZV in pregnancy. Pregnant subjects
from different trimesters in pregnancy who received prenatal care at our institution were
approached and consented to participate in our study. The subjects were recruited from
3 general areas: obstetric ultrasound, the antepartum unit, and the labor and delivery unit.
The subjects were excluded if they had any signs or symptoms of COVID-19 infection or
other viral illness. Saliva was collected with commercial kits for this purpose obtained
from Omnigene-oral Genotek (Ottowa, ONT, Canada), as described previously [5]. Nested
PCR was employed at Columbia University for the detection of VZV DNA, as previously
described. Real-time PCR was performed at NASA [1], as well as at Columbia University.
This study was approved by the Institutional Review Board at Columbia University Irving
Medical Center (AAAS6203), Institution Review Board at Johnson Space Center, NASA;
Study ID: Pro2773, and the University of Toledo College of Medicine and Life Sciences.

3. Results

Saliva samples were obtained from 19 pregnant women. These women ranged in
age from 25 to 46 years (mean 35). Their ethnic backgrounds were varied and included
White (n = 9), Black (n = 4), Hispanic (n = 5), and Asian (n = 1). Ten patients provided
a history of having experienced varicella in childhood; three did not, and six could not
recall. Three remembered having received the live attenuated varicella vaccine and did
not have a history of varicella. Most patients were healthy at baseline; however, two
patients had a chronic medical condition: one had cystic fibrosis, and one had systemic
lupus erythematosus. Samples were obtained from five women in the first trimester of
pregnancy (weeks 9-12), and fourteen from women in the third trimester (weeks 25-40;
average 34 weeks).

The saliva from the patients was independently assayed in two different laboratories:
at Columbia and at NASA. From the Columbia laboratory, 11/12 (92%) third-trimester
patients were found to have VZV DNA in their saliva by nested PCR. In the NASA
laboratory, 7/10 (70%) were positive by real-time PCR. Their viral loads ranged from
508 to 1128 copies/mL with a mean + SE of 717 + 84 copies/mL saliva. Ten saliva samples
were tested at both sites; the results agreed in 8/10 samples (80%). Two third-trimester
patients had positive saliva samples at Columbia but negative tests at NASA. Saliva from
5/5 women in the first trimester were negative by qPCR at Columbia; 2/2 tested were
negative at NASA. At NASA, no reactivation of HSV or cytomegalovirus (CMV) was
identified in saliva from nine patients by qPCR.

In summary, at Columbia, of 12 women who were studied in weeks 25-40, 11/12
had positive saliva for VZV DNA (92%) using nested PCR. At NASA, of 10 patients
studied in weeks 25-40, 7/10 (70%) were positive for VZV DNA by qPCR. In five women
whose saliva was studied during the first trimester for VZV DNA, 0/5 were positive
(Supplementary Materials).

4. Discussion

We became interested in whether the reactivation of VZV in pregnancy was common
or not after observing two newborn infants with varicella. One reported infant was born at
Columbia. The other was encountered 3 years later because the medical team responsible
for the care of this infant had heard about the original Columbia patient and brought their
patient to the attention of the Columbia physicians. The silent reactivation of VZV is of
particular interest because it is a potential stimulant of maternal immunity to VZV. It is
interesting that VZV was reactivated in the setting of decreased immunity in pregnancy,
which is thought to occur so that the mother does not reject her fetus. Immunity to VZV,
however, was not so diminished in the pregnant women that clinical zoster was able to
occur. Reactivation was only identified in women during late pregnancy.
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It is not fully understood why immunity to varicella persists for years, both in individ-
uals who have experienced clinical varicella and also in those who have been vaccinated.
Two theories exist [6,7]: One is that VZV may periodically and spontaneously reactivate
from latency (with or without symptoms), leading to what is termed as internal boosting.
The other is that periodic exposure to VZV in persons with varicella is required to maintain
immunity, which is called exogenous boosting [8]. The demonstration of the asymptomatic
reactivation of VZV from latency, therefore, has importance for vaccination programs, as
well as being an interesting phenomenon in which newborn infants can, on rare occasions,
develop mild varicella from their mothers.

The diagnosis of neonatal varicella in the first infant in this report led us to begin to
determine whether the reactivation of VZV could be identified in late pregnancy, when
an incipient mother presumably becomes at least somewhat immunocompromised. The
second infant was born 3 years later, after the study was underway, at a different hospital.
Both cases were demonstrated to be due to VZV by the PCR of skin specimens at Columbia.
There is no question about the diagnosis of VZV in these infants. It was, at first, suspected
that each baby might have a herpes simplex virus (HSV) infection, but HSV was not detected
in either one by PCR, ruling out this possibility. The babies were treated appropriately with
acyclovir and recovered. The course of their varicella was mild, as would also be expected,
due to the presence in the infants of maternal antibodies to VZV (but not enough to prevent
the clinical infection of the infants) and antiviral therapy.

When these young babies were diagnosed with varicella, it was clear that the VZV
had to have come from their mothers, who themselves had no symptoms of VZV infection.
The shortest possible incubation period of varicella is 7 days, so postnatal exposure was not
possible. The phenomenon of varicella in 1- to 3-day old infants was described previously
in three newborns many years ago [9]. In all the instances, the illness in the baby was mild.
It was concluded that the mother had to be the source of the virus, but the mechanism
by which this might have transpired was neither clear nor was it even discussed in older
publications. We now postulate that the reactivation of VZV occurred in these mothers, who
must have experienced an asymptomatic form of herpes zoster similar to that described in
astronauts [1,2].

In the current study, we found that the silent reactivation of VZV during pregnancy
was common. This was shown independently in two different laboratories. There was close
agreement between the two laboratories for women in the third trimester (92% reactivation
at Columbia vs. 70% at NASA). Nested PCR is more sensitive than qPCR, so this result
was not unexpected. It is of interest that the saliva samples of five women tested in early
pregnancy were negative for reactivation by gPCR at both laboratories.

In addition to the rare cases of clinical varicella in neonates who were born to healthy
mothers that we described, other data suggest that VZV from healthy mothers can cross
the placenta. About 20 years ago, VZV was reported in the cerebrospinal fluid (CSF) of two
neonates with neurologic abnormalities and no history of rash. These infants were born
to healthy mothers who completed normal pregnancies [10,11]. It was reasoned that the
virus that infected the children might have been derived from a reactivation of maternal
VZV during pregnancy leading to viremia, which was asymptomatic in the mothers but,
nevertheless, crossed the placenta to enter the infants who, as a result, developed serious
neurological abnormalities. More recently, the transfer of VZV DNA from 61 pregnant
mothers to approximately one-third of their infants was reported in a study of sera obtained
from pregnant women and their infants [12]. In these cases, however, there were no
associated symptoms in the infants.

We found no evidence in our study on saliva of reactivation of HSV or cytomegalovirus
(CMV) in the pregnant women we described. We expected that we might find reactivation of
other herpesviruses, such CMV and HSV, which reactivate along with VZV in astronauts [2],
but we did not.

About 50 years ago, Hope-Simpson proposed the hypothesis that VZV could reactivate
from latency to cause zoster [6]. In addition, Hope-Simpson also proposed that VZV would
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periodically reactivate silently, liberating an amount of the virus that was too low to cause
clinical disease but would, nevertheless, lead to episodes of asymptomatic viremia. His
idea was that these asymptomatic reactivations would boost an individual’s immunity to
the virus. Despite this mechanism, however, immunity could still wane as a function of age,
leading to the manifestation of clinical zoster [6]. Implicit in Hope-Simpson’s hypothesis
was that the silent reactivation of VZV could stimulate immunity to the virus. At the time
of Hope-Simpson’s publication, humoral immune responses were recognized, but cellular
immunity to VZV had not yet been described. At that time, moreover, Hope-Simpson
was unable to provide data to verify that his postulated asymptomatic reactivation of
VZV actually did occur. Usually, in 70% of people over a lifetime, cellular immunity
prevents VZV from reactivating and causing clinical zoster [13]. When cell-mediated
immune function declines, however, as it does in the elderly, VZV may reactivate in
neurons that project to the skin, causing symptomatic zoster with a classical skin rash [14].
This occurrence is well-known, but it is not evidence of the asymptomatic reactivation
of VZV.

The periodic silent reactivation of VZV without symptoms that Hope-Simpson pos-
tulated could be a critical factor in the maintenance of long-term immunity to VZV. After
primary infection, VZV becomes latent in peripheral neurons, including those of the enteric
nervous system (ENS) [5,7]; moreover, reactivation in enteric neurons would be a strategic
location to stimulate immunity because the gastrointestinal tract is the largest organ of
the immune system in the body [15]. Since enteric neurons do not project to the skin, the
reactivation of VZV in the gut can occur in the absence of skin lesions and, often, without
provoking symptoms [5,16]. It is, thus, important to recognize and understand silent VZV
reactivation because it may play a role in maintaining long-term immunity to VZV. Not
only does wild-type VZV become latent after primary infection, but so also does the vOka
strain of the live attenuated varicella vaccine [7,17].

Some epidemiological investigators assumed that exogenous exposure to circulating
wild-type VZV is critical for the maintenance of immunity to VZV and built computer
models to predict what would happen if VZV ceased to circulate and epidemics of varicella
no longer occurred [8]. These models predicted that epidemics of zoster and a loss of
immunity to varicella would be the inevitable long-term outcomes of decreased exposure
to circulating wild-type VZV. The assumptions, however, that formed the basis of the dire
predictions of the computer models did not include the possible effects of silent reactivation
of VZV with the stimulation of immunity by endogenous exposure to VZV (endogenous
boosting). Fortunately, enough time has passed since the licensure of the live attenuated
VZV vaccine in the US, its nearly universal use, and the virtual disappearance of circulating
VZV in the USA to ask whether the predicted epidemics of zoster have occurred. In fact,
there is no convincing evidence that the incidence of zoster is greater in countries that
routinely vaccinate against varicella than in those that do not [18]. Laboratory evidence of
immunity to VZV in older adults is similar in countries that do or do not routinely use a
varicella vaccine [19,20]. The incidence of zoster in cloistered nuns and monks who are not
exposed to children and their epidemics of varicella, moreover, is not different from that in
the general population [21]. The failure of the disastrous spread of zoster to occur suggests
that endogenous boosting is important in maintaining immunity to VZV. It is, therefore,
important to document instances of inapparent VZV reactivation. Such occurrences may
be more frequent than is appreciated. Clearly, stress can reactivate VZV without symptoms,
as has been reported in astronauts during and after space travel [1,2]. The reactivation
of VZV without symptoms could be common due to the stresses of late pregnancy and
delivery. Mothers are young and ought to have healthy, well-functioning immune systems.
Such a group might be expected to have sufficient cellular immunity to prevent reactivated
VZV from reaching the threshold necessary to manifest clinical zoster. In most cases, their
immunity would also be sufficient to protect the fetus. The rare escape of reactivated VZV
from immune surveillance might give rise to neonatal varicella, but in most instances,
VZV reactivation during late pregnancy is probably beneficial to the mother and even to
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her child. The event would be silent and asymptomatic, but immunity to VZV, including
protection against zoster, would receive a boost.
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//www.mdpi.com/article/10.3390/v14071438/s1.
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Abstract: Varicella-Zoster virus (VZV) is a pathogenic human herpes virus that causes varicella
(“chicken pox”) as a primary infection, following which it becomes latent in neuronal cells in human
peripheral ganglia. It may then reactivate to cause herpes zoster (“shingles”). Defining the pattern of
VZV gene expression during latency is an important issue, and four highly expressed VZV genes
were first identified by Randall Cohrs in 1996 using cDNA libraries. Further studies from both his
and other laboratories, including our own, have suggested that viral gene expression may be more
widespread than previously thought, but a confounding factor has always been the possibility of
viral reactivation after death in tissues obtained even at 24 h post-mortem. Recent important studies,
which Randall Cohrs contributed to, have clarified this issue by studying human trigeminal ganglia at
6 h after death using RNA-Seq methodology when a novel spliced latency-associated VZV transcript
(VLT) was found to be mapped antisense to the viral transactivator gene 61. Viral gene expression
could be induced by a VLT-ORF 63 fusion transcript when VZV reactivated from latency. Prior
detection by several groups of ORF63 in post-mortem-acquired TG is very likely to reflect detection
of the VLT-ORF63 fusion and not canonical ORF63. The contributions to the VZV latency field by
Randall Cohrs have been numerous and highly significant.

Keywords: varicella-zoster; virus; latency; gene expression; ganglion; autopsy

1. Introduction

The issue of which viral genes are expressed during Varicella-Zoster virus (VZV)
latency in human ganglia has been addressed by several groups over the last few decades.
VZV is a ubiquitous pathogenic human herpes virus that causes varicella (“chicken pox”)
as a primary infection. Then, after a highly variable latent period in neurons in human
trigeminal ganglia (TG), dorsal root ganglia (DRG) and peripheral autonomic ganglia,
the virus may reactivate, either spontaneously or following various triggering factors to
produce herpes zoster (“shingles”), which is a very painful vesicular rash occurring in a
dermatomal distribution [1,2]. Herpes zoster may sometimes be followed by post-herpetic
neuralgia (PHN), which causes severe pain in the affected dermatome that may prove
highly resistant to all therapy [2]. It has been established that during the process of VZV
latency the virus is located predominantly in neurons in the affected ganglia [3].

Professor Randall Cohrs of Colorado University made significant contributions to
the investigation and our understanding of VZV transcription during human ganglionic
latency. This question is important as knowledge of the extent of VZV gene transcription is
essential for a better understanding of the mechanism of VZV latency—especially as the
biological functions of some of the VZV genes are known [4]. In an early study, Cohrs and
his colleagues [5] constructed a cDNA phage library from poly(A)+ RNA obtained from
latently infected human ganglia obtained at autopsy within 24 h of death and detected
VZV-specific inserts by PCR. Using this then-innovative technique they detected VZV gene
21-specific sequences in the ganglionic samples. This was followed up two years later [6]
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by the detection of VZV genes 21, 29, 62 and 63 from a human ganglia cDNA library,
consistent with the previously reported detection of VZV genes 29 and 62 by another group
using Northern blot analyses [7]. This was the first report of VZV gene 63 transcription
during latency, and expression of this viral transcript has become a key hallmark of VZV
latency. These four VZV latency-associated transcripts were also found to be present in post-
mortem human TG in an extensive subsequent study in [8] using PCR in situ hybridisation
technology, when it was also found that VZV gene 4 was also detectable in a few subjects.
Three years later, in a collaboration between the laboratories of Dr Cohrs and the author, it
was reported that both transcription and translation of VZV gene 66 could be demonstrated
in latently infected human TG [9]. In view of this novel finding, it was suggested that the
prevention of immediate-early (IE) 62 import to the nucleus by VZV 66-pk phosphorylation
is one possible mechanism by which VZV latency is maintained.

One of the key problems with these types of study is that it is possible that viral
reactivation may occur as a result of the death of the individual itself. This is an inevitable
concern with any ganglionic specimen obtained at post-mortem around 24 h after death,
which is the case with most of these studies. For this reason, it has long been suspected
by some experts in the field that the extent of viral transcription detected in such studies
may reflect possible viral reactivation as well as true viral latency. A clear indication of
this possibility was provided by a subsequent study from Dr Cohr’s laboratory. This
study used a multiplex reverse transcription (RT)-PCR assay that allowed the rapid and
sensitive detection of transcripts corresponding to all 68 unique varicella-zoster virus
(VZV) open reading frames (ORFs) in five amplification reactions [10]. It was found that,
while the detection of VZV gene 63 transcripts was the most frequently detected, a total of
10 viral transcripts were detected—including ORFs 4, 11, 29, 40, 41, 43, 57, 62, 63 and 68.
This represented the expression of IE, early and late VZV transcripts, which was highly
suggestive of some degree of VZV reactivation as well as genuine latency. The recent report
of Depledge and colleagues [11] obtained post-mortem ganglia within about 6 h after the
death of the individuals—a much earlier time than before, thereby avoiding the potential
problem of possible viral reactivation having taken place. They detected only two viral
transcripts using a highly sensitive enriched RNA-Seq method. As well as detecting VZV
ORF 63, which was expected, these workers also detected a spliced latency-associated
VZV transcript (VLT) that mapped antisense to the viral transactivator gene 61 [11]. These
findings are considered further below. It is significant that Dr Cohrs was an author on this
manuscript, reflecting his underlying desire to obtain the most accurate picture possible of
a biological process.

In order to obtain further evidence of VZV reactivation, as well as latency, in post-
mortem TG tissues obtained at 24 h after death, we carried out a comprehensive and
systematic study of all 68 transcripts using a nested PCR stratagem.

2. Materials and Methods
2.1. Tissues and RNA Extraction

Four human ganglionic tissues (trigeminal ganglia—TG) were kindly donated and
arbitrarily designated 524, 527, S35 and S36 by the Medical Research Council HIV Brain
and Tissue Bank in Edinburgh, Scotland, with appropriate ethical clearance. All tissues
were obtained at autopsy at around 24 h after death (and not earlier than this). To our
knowledge, all four subjects—who were totally anonymised—were immunocompetent and
had no recent history of herpes zoster. As depicted in Figure 1, the total cellular RNA was
extracted from the four human trigeminal ganglia samples using the commercial reagent
RNABee (ams Biotechnology), purified through a silica-membrane RNeasy spin column
(Qiagen) and DNase-treated (Ambion). As a quality control check for the presence of
genomic contamination in the RNA preps, standard end-point PCRs were performed on
the four ganglionic cDNAs using (3-actin intron spanning primers which yield different-
sized genomic and cDNA PCR products (Figure 1).
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Fourganglionictissuesamples and VZV infected MeWo Cells

!

Preparation of total cellular RNA

RNeasy column purification

!

DNase treatment

!

Quality Control : B actinintron spanning primers to assay for genomic contamination of RNA preps

!

Random hexamer primed cDNA synthesis

!

Primary HotStart PCR (35-45 cycles) of ganglionic cDNA and corresponding ORF VZV-MeWo cDNAS

!

Quality Control : Column purification of primary PCR

!

Secondary HotStart PCR (30-35 cycles) of variable amount of primary PCR template

!

Identification of candidate ORFs

!

‘ Quality control: nested PCRs of candidate ORFs, ORF63 (positivecontrol) and ‘

ORF21 and Cos7 [negative controls)

!

‘ Nested gel electrophoresis identification of 12 ORFs — Confirmed by sequencing ‘

Figure 1. Flow chart depicting key stages in the nested PCR analysis to identify VZV genes expressed
in ganglionic tissue.

2.2. Nested RT-PCR Assays

Nested PCR is an established and powerful technique for detecting very low abun-
dance transcripts. A comprehensive and systematic Hot start-based nested PCR screen of
the 68 ORFs catalogued at the inception of the study was undertaken. A Hot start approach
minimizes non-specific amplification and primer dimer formation by suppressing enzy-
matic Taq activity until the first denaturation step has been reached. Due to the combined
high cycle number employed, (65-80), the nested PCR process is also highly susceptible
to template contamination sourced from a VZV laboratory environment. To minimize
this potential contamination, nested PCRs were set up in a Class II tissue culture hood
using dedicated molecular biology enzymes/chemicals and UV-irradiated plasticware
and pipettes. Figure 1 highlights the key stages in a flow chart format of the nested PCR
stratagem adopted to screen for VZV ORF genes expressed in ganglionic tissue. Random
hexamer primed cDNAs were synthesized using the SuperScript Il reverse transcription kit
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(ThermoFisher Scientific, Waltham, MA, USA). Hot start primary PCRs (JumpStart RedTaq
Reaction Mix Sigma) with the outer primers were routinely performed on 5 ng ganglionic
cDNAs. ¢cDNA prepared from VZV-infected MeWo cells provided a positive control for the
amplification of correctly sized primary PCR products for each ORF (Figure 1). Following
electrophoretic analysis of the primary PCR runs, only those ORF samples with a clean
background indicative of the absence of non-specific priming were selected to assay for
secondary amplification. Using the inner primer pairing, a Hot start (35-45) cycle was
performed on an aliquot of the primary PCR product (JumpStart RedTaq Reaction Mix
Sigma) and purified using a MSB SpinPCRapace column (Invitek). The synthesis of a
correctly sized single secondary PCR product is determined in part by the combination of
the primary PCR template load and cycle number. Accordingly, secondary Hot start PCRs
comprised of a reduced cycle number (30-35) were tested on a variable amount of purified
primary PCR product ranging from 2.5 to 25% (Figure 1). The predicted size differences
between the primary and the smaller-sized secondary PCR products were confirmed by
2-3% agarose gel electrophoresis. For these workflow reasons, nested PCRs were initially
performed on small batches of up to four ORFs. Positive-scoring secondary PCRs were
repeated (n > 5). As a final quality control check for each latency candidate, a contempora-
neous nested PCR was set up comprised of the candidate OREF, the latency hallmark gene
ORF6 as a positive control, ORF21 encoding a nucleocapsid protein and Cos7 cDNA as a
representative of a non-human non-neuronal cell type were included as negative controls
for VZV gene expression (Figure 1).

3. Results

The outcome of this systemic nested PCR of 68 VZV ORFs screen revealed that 12 tran-
scripts were detected in ganglionic tissue as evidenced by gel electrophoresis identification
of a correctly sized single secondary PCR product and confirmed by sequencing (Eurofins
UK). These are listed in Table 1, correlating ORF activity in each of the four ganglionic
samples. Proof of concept of the nested PCR paradigm is illustrated in Figure 2 for ORF63,
depicting the 386 bp primary product generated from VZV-infected MeWo cell cDNA
and the smaller nested 326 bp PCR fragment. Nested ORF21, Cos7 and water controls
were negative.

500
400

300
200

100

Figure 2. Gel analysis of nested PCR. Nested PCR of ORF 63. Primary PCR amplifies a 386 bp product
which yields a 326 bp fragment following a secondary PCR nested run. Nested ORF21, nested Cos7
and nested water controls were negative.
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Table 1. Activity profile of VZV transcripts detected in the current study.

Donor Designated Ganglionic

Samples
Classic ORFs Proposed Function S24 S27 S35 S36
ORF4 IE Transcriptional activator - + + +
ORF21 E Replication in culture - - - -
ORF29 E Transcriptional modulator + - + +
ORF40 L Encapsidation - - - -
ORF62 IE Transcriptional activator + - + -
ORF63 IE Transcriptional activator + + + +
ORF66 E Protein kinase—Unknown - - - -
Nagel et al. [10]
ORF11 Tegument protein - - + +
Essential for growth in
ORF4l culture—UI%known B + + +
Essential for growth in
ORF43 culture—Unknown - - B -
ORF57 Unknown - + - +
ORF68 Glycoprotein - - - -
Novel candidates
ORF32 Substrate for ORF47 + - + +
ORF37 L Glycoprotein - - + +
ORF42 Unknown + - + -
Dispensable for
ORF58 replication—Unknown - - * -
ORF60 L Protein kinase—viral replication - - + +

This panel of 12 active genes was comprised of ORFs 4, 29, 62 and 63—all members of
the initial grouping of “classic” latency genes [6,8]—and ORFs 11, 41, and 57, described in
the Nagel study [10]. In addition, we report on the activity of a novel cohort comprised
of ORFs 32, 37, 42, 58 and 60. However, the activity profile (Table 1) described here raises
two main further issues. The first concerns the variation in ORF activity between the four
ganglion samples, in that samples 524 and S27 had much less “genetic latency activity”
than S35 and S36, while only ORF63—the hallmark latency gene—was active in all samples.
The second issue concerns the failure to replicate key published findings. Most notably, we
could not detect the classic ORFs 21, 40 and 66 in addition to the ORFs 43 and 68 identified
by Nagel and colleagues [10].

4. Discussion

Since the pioneering work of Randall Cohrs in 1996 on latent VZV gene expression
using cDNA libraries, our knowledge of this process has progressed considerably until
the present time. It is noteworthy that Dr Cohrs was a co-author on several of these
new analyses over the last 25 years—a testament to his commitment to defining the most
accurate analyses of this process and not merely adhering strictly to fixed scientific dogma.
It has become clear that latent VZV gene expression is even more restricted than had been
previously thought.

In this overview of the subject, we also report some of the findings in our own
laboratory—results which clearly demonstrate the widespread VZV gene expression that is
detected when human ganglion samples are obtained many hours after death. An interpre-
tation of such findings could be that both true viral latency and also viral reactivation as a
consequence of the death of the individual had occurred—a view which is consistent with
the study of Nagel et al. [10], where 10 VZV transcripts were detected using a multiplex
RT-PCR method, though in neither this nor our own studies were primers targeting the
VLT used. The detection of VZV transcripts corresponding to immediate early, early and
late VZV genes is possibly suggestive of a degree of viral reactivation. However, it is not
all certain that the virus is truly reactivating at these late stages, i.e., regaining the ability
to replicate its genome and/or spread to new cells, since there is no definite evidence for
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this. An obvious difficulty is in relating the predicted function of the novel transcripts that
we detected with the latent VZV condition. ORFs 37 and 60 are late genes encoding Glyco-
proteins H and L, respectively [12], while ORF 42 may be involved in the encapsidation
process [13]. The candidacy of the other two transcripts is less of an issue in this regard, as
ORF 32 encodes a small polypeptide with unknown function [14], and ORF 58 encodes a
nuclear phosphoprotein [15]. At this juncture, it is uncertain whether these ORFs remain
“latency candidates” that justify further experimentation or if they can only be classified as
transcripts detected in latent tissue and are more likely to be representative of low-level
VZV reactivation. Overall, the evidence suggests that the latter possibility is true.

Recent evidence has been based on analyses of human ganglia obtained as early as
6 h after death, which should preclude the possibility of viral reactivation, combined with
the application of advanced gene sequencing methodology. Thus, Depledge et al. [11]
reported their detection of only two VZV transcripts when they used a very sensitive and
enriched RNA-Seq technique on autopsied TG obtained much earlier after death (~6 h)
than had been the case in previous studies. As expected, they detected ORF 63 in these
ganglia, and detection of this transcript has long been considered to be a hallmark of
VZV latency [16]. However, they also detected a novel spliced latency-associated VZV
transcript (VLT) that was found to be mapped antisense to the viral transactivator gene
61 [11]. No other VZV transcripts were detected in these tissues. This group also found that
VLT is expressed in human TG neurons and encodes a protein which could be detected
in both productively infected cells and herpes zoster skin lesions [11]. Moreover, their
subsequent studies revealed that viral gene expression could be induced by a VLT-ORF
63 fusion transcript when VZV reactivated from latency [17]. The VLT-ORF63 transcripts
appear to be key regulators of the transition of the virus from latency to reactivation. This
important study provides the first meaningful investigation of why VLT expression is
consistently detected and ORF63 expression intermittently detected in latently infected
human ganglia harvested with short post-mortem intervals. The authors concluded that
the prior detection by several groups of ORF63 in post-mortem-acquired TG reflected the
detection of the VLT-ORF63 fusion rather than canonical ORF63 [17]. It is relevant that VZV
small noncoding RNAs antisense to the VLT enhance replication, possibly by regulating its
expression [18].

It makes sense at present to focus on the functionality of the VLT, which is clearly a
very important novel latency transcript. The fact that the VLT and the VLT-ORF 63 fusion
transcripts were the only ones detected so soon after death adds greatly to their significance.
Regarding the data presented here, we think it likely that if TG are analysed around 24 h
after death, then it is inevitable that a degree of viral reactivation will have already occurred,
and this presumably explains why so many VZV transcripts representing all three classes
of VZV genes are so frequently detected at these later post-mortem times.
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Abstract: Primary simian varicella virus (SVV) infection and reactivation in nonhuman primates
is a valuable animal model in the study of varicella zoster virus disease [varicella (chickenpox)
and herpes zoster (shingles)]. To understand SVV pathogenesis in skin, we inoculated 10 rhesus
macaques with SVV, resulting in varicella rash. After the establishment of latency, eight of the
monkeys were immunosuppressed using tacrolimus with or without irradiation and prednisone
and two monkeys were not immunosuppressed. Zoster rash developed in all immunosuppressed
monkeys and in one non-immunosuppressed monkey. Five monkeys had recurrent zoster. During
varicella and zoster, SVV DNA in skin scrapings ranged from 50 to 107 copies/100 ng of total DNA
and 2-127 copies/100 ng of total DNA, respectively. Detection of SVV DNA in blood during varicella
was more frequent and abundant compared to that of zoster. During varicella and zoster, SVV
antigens colocalized with neurons expressing (-III tubulin in epidermis, hair follicles, and sweat
glands, suggesting axonal transport of the virus. Together, we have demonstrated that both SVV
DNA and antigens can be detected in skin lesions during varicella and zoster, providing the basis
for further studies on SVV skin pathogenesis, including immune responses and mechanisms of
peripheral spread.

Keywords: simian varicella virus; varicella; zoster; skin pathogenesis

1. Introduction

Varicella zoster virus (VZV) typically causes childhood varicella (chickenpox), es-
tablishes latent infection in multiple ganglia along the neuraxis, and reactivates decades
later to produce herpes zoster (shingles), predominantly in the elderly. Varicella presents
as a disseminated vesicular/macular/papular skin rash; in contrast, zoster appears as a
unilateral dermatomal-distribution vesicular rash corresponding to the ganglia associated
with the affected dermatomes. Due to VZV’s restricted host range, dissecting mechanisms
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through which VZV spreads to multiple organs, including skin, during primary infection
and reactivation has been challenging. Using a SCID-hu mouse model of VZV pathogene-
sis, T lymphocytes have been shown to transport virus to skin from lymph nodes during
primary infection [1]. However, it is unclear how VZV is transported from ganglia to
multiple organs, including skin, during zoster. Earlier comparative studies of peripheral
blood mononuclear cells (PBMCs) during varicella and zoster revealed that, viremia occurs
at a much lower magnitude during zoster, despite abundant VZV DNA and virions de-
tected in zoster vesicles [2-5]. Zoster skin lesions have been clinically categorized into four
stages (erythematous, vesicular, pustular, and ulcerative), VZV spreads to the epidermis
via sensory nerves during the erythematous stage and then to the dermis in the vesicular
stage [6]. Further, virus antigens have been found mostly around the isthmus and less
often near the bulb of the hair follicle [7]. Lymphocytes surrounding blood vessels have
also been shown to contain VZV immediate early protein 63 (IE63), but not other structural
proteins [8]. The selective detection of VZV antigens has also been reported following
immunohistochemical analysis of biopsied skin samples from varicella and zoster [9]. Most
studies related to VZV infection in skin have been performed on human skin biopsies
because VZV is an exclusively human pathogen. Simian varicella virus (SVV) infection
in non-human primates (NHP) has served as a useful model since its pathological and
immunological features are similar if not identical to VZV infection in humans [10]. Upon
experimental inoculation in rhesus macaques, SVV produces varicella, establishes latent
infection, and can be reactivated via immunosuppression [11,12]. We previously showed
that SVV antigens can be detected in sweat glands in zoster skin [13]. In this report, we
extend our studies by analyzing skin scrapings and fixed skin samples (for SVV DNA and
antigens, repectively), from the same rhesus macaques during both varicella and zoster.

2. Materials and Methods
2.1. Ethis Statement

Rhesus macaques that were used in this study were all housed at the Tulane National
Primate Center (TNPRC) in Covington, LA. All animal housing, care, and research were
performed in compliance with The Guide for the Care and Use of Laboratory Animals
(National Research Council), the Animal Welfare Act guidelines, and the guidelines at the
TNPRC, accredited by the Association of the Assessment and Accreditation of Laboratory
Animal Care. Protocols were approved by the Institutional Animal Care and Use Committee
of Tulane University (The Assurance Number A4499-01; Protocol Title: Varicella Virus
Latency and Reactivation in the Nonhuman Primate, IACUC Protocol #PO177R3, 25 Oct
2021). All procedures were conducted by highly qualified veterinarians.

2.2. Monkeys

Ten male SVV-seronegative rhesus macaques were housed in the Tulane National
Primate Center (TNPRC) in Covington, LA, and used for all experiments. The age, sex,
and weight of each monkey are listed in Table 1. During acute infection and reactivation,
monkeys from this study were housed in the same room, either in single or dual cages.
During the immunsuppression and reactivation phase, treated monkeys, shown to be
behaviorally compatable, were pair-housed with other treated monkeys. The two untreated
monkeys, LT27 and LE91, were also pair-housed. A paraformaldehyde-fixed paraffin-
embedded skin sample from a rhesus macaque that developed a fulminant SVV infection
53 days after irradiation (kind gift from From Dr. Steven Shipley) and an uninfected SVV-
sero negative monkey (R110368) purchased from Primate biologicals (Bethesda, MD, USA)
were used as positive and negative controls.
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Table 1. List of monkeys used in this study.

. Primary Reactivation
Group Monkey Age? Sex Weight Infection
ID (Kg) (dpi®) Treatment Dpx ¢/mpi 4
. K192 4.0 M 9.9 7 Ae 84
KG58 42 M 9.5 9 A 63
LB56 6.7 M 8.2 9 Bf 45
LT26 43 M 43 9 B 66
) LK67 47 M 8.1 9 B 42
LR16 44 M 8.3 9 B 10
LR42 4.4 M 8.0 9 B 56
LR70 4.4 M 9.2 9 B 45
3 LT27 43 M 8.3 9 Cs 3.84d
LE91 6.6 M 10.5 7 C -
control B321 3.0 M 5.9 Dh Ef 56
control R110368 5.0 M uJ NA ¥ NA NA

2 Years. P Days post-inoculation. € Days post-immunosuppression. d

tacrolimus, prednisone. f B-Tacrolimus. & C-Not immunosuppressed, h D-time of natural primary infection
unknown, ! E-Irradiation, | Unknown, ¥ Not applicable.

months post inoculation, ¢ A-Irradiation,

2.3. Acute SV'V Infection and Establishment of Latency

A deltaherpesvirus strain of wild type-SVV isolated from a naturally infected monkey
(Erythrocebus patas) was propagated in rhesus fibroblasts (Frhl-2) (ATCC, Manassas, VA,
USA) and a virus stock was prepared as described previously [14]. SVV-seronegative
monkeys were inoculated intratracheally with 2.4-5 x 10° plaque forming units (pfu) of
wild type-SV V-infected Frhl-2 cells. All monkeys were monitored following anesthesia by
physical exam and blood collections every 3 to 7 days with skin scrapings and punch biopsy
(4 mm) samples from skin collected upon the appearance of typical varicella rash lesions.
All ten monkeys developed a typical varicella rash within 7-9 days post-inoculation (dpi)
and monitoring continued until the establishment of latency confirmed by the absence of
SVV DNA in PBMCs for two consecutive weeks.

2.4. Immunosuppressive Regimens

Eight months after primary infection, establishment of SVV latency in KI92 and KG58
(group 1, Figure 1) was confirmed (absence of detectable SVV DNA in two consecutive
bleeds) and immunosuppresion phase was initiated with transport of the two monkeys in
a van (3-h round trip) from the TNPRC in Covington, LA, USA to the School of Veterinary
Medicine, Radiation Oncology facility at Louisiana State University in Baton Rouge, LA.
They were anesthetized and exposed to a single dose of 200-cGy total body X-irradiation,
then treated daily with oral tacrolimus (Prograf; 500 ug; 80 ug/kg of body weight/day) and
prednisone (2 mg/kg/day) until virus reactivation was confirmed, and they were eutha-
nized 2-3 months post-zoster (Figure 1). Two months after primary infection, establishment
of latency was confirmed in group 2 animals: LB56, LT26, LK67, LR16, LR42, and LR70
(Figure 1). Immunosuppresion consisted of daily treatment with oral tacrolimus (Prograf;
Sandoz Inc., Princeton, NJ, USA) 80-240 pg/kg of body weight/day) until SVV reactivation
was confirmed, and they were euthanized 2-3 months post-zoster. Group 3 monkeys, LT27
and LE91, were infected with SVV but not immunosuppressed or transported (Figure 1).
These monkeys were also monitored for viral reactivation. All animals were monitored by
physical exams every 7 days, and blood samples were collected weekly until reactivation
and collected again during euthanasia.
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Figure 1. Experimental Design. The monkeys were divided into three groups. Two rhesus macaques
(Group 1—KI92 and KG58) were intratracheally inoculated with 5 x 10 5 pfu of SVV and developed
varicella rash 7-9 days post-inoculation (dpi). Eight months’ post-inoculation (mpi), both monkeys
were exposed to X-irradiation (200 cGy) and daily oral treatment with tacrolimus (80 ug/kg/day) and
prednisone (1 mg/kg/day) for the duration of the experiment. KI92 and KG58 developed zoster rash,
91- and 63-days post-immunosuppression treatment (dpx), respectively. KG58 had recurrent zoster at
107 dpx. KI92 and KG58 were euthanized 108 and 107 dpx, respectively. Six rhesus macaques (group
2—LB56, LT26, LK67, LR16, LR42, and LR70) were intratracheally inoculated with 2.4 x 10 5 pfuSVy,
and all developed varicella rash between 7-9 dpi. Two months later, all six monkeys were treated
with tacrolimus (80 ug/kg/day) daily for the duration of the experiment. All six immunosuppressed
monkeys developed a zoster rash at indicated dpx (numbers above, unfilled arrowheads). Monkeys
LB56, LK67, LR16, and LR42 had recurrent zoster, as indicated by multiple unfilled arrowheads. All
six monkeys were euthanized at the indicated dpx. Two rhesus macaques (group 3—LT27 and LE91)
were intratracheally inoculated with 2.4 x 10° pfu of SVV, and both developed varicella rash by nine
dpi. Neither were immunosuppressed. One of the monkeys (LT27) developed zoster rash 3.8 mpi.
Group 3 monkeys were euthanized 8 mpi. DNA extracted from skin scrapings obtained at the time
of zoster from monkeys in all three groups were analyzed for the presence of SVV DNA by qPCR.
Euthanasia is indicated by vertical lines on the right end of the lines. The numbers at the end of the
lines indicate the time (dpx (groups 1-2) or mpi (group 3)) of euthanasia.

2.5. Determination of Anti-SVV Antibody Levels

Anti-SVV antibody titers in serum obtained from all monkeys prior to SVV inoculation
and during the time of monitoring after inoculation until euthanasia were determined
using a plaque reduction neutralization test (PRNT) as described previously [12].

2.6. Collection and Analysis of Blood Samples for SVV DNA by gPCR

Blood samples collected from monkeys at multiple times following SVV inoculation
and immunosuppression were processed using a Ficoll gradient to isolate PBMCs and a
commercial DNA extraction kit per manufacturer’s instructions (Qiagen, Germantown,
MD, USA), followed by quantitative PCR (qPCR) for SVV DNA in PBMCs as described
previously [15].

2.7. DNA Extractions from Skin Scrapings and gqPCR Analysis

During physical examinations, anesthetized monkeys demonstrating typical varicella
lesions on the skin were identified and photographed. Single lesions were scraped using a
scalpel and resuspended in 500 pL of PBS and frozen at —80 °C until DNA extraction. After
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thawing, cell suspensions were centrifuged at 20,000x g for 10 min at room temperature
and the pellets were resuspended in 180 uL of ATL buffer (DNA extraction kit, Qiagen) and
20 uL proteinase-k and processed. The samples were incubated overnight at 56 °C to ensure
optimal and complete lysis. DNA was extracted using Qiagen DNeasy Blood and Tissue kit
according to the Quick-Start Protocol for tissues. In the final step, DNA was eluted using
70 uL of AE buffer and quantitated before qPCR using a Nanodrop spectrophotometer
(ThermoFisher, Waltham, MA, USA). The DNA samples were analyzed by qPCR using
primers specific for SVV open reading frame (ORF) 61 as described previously [11]. Briefly,
limited dilutions of cloned SVV bacmid (containing 5000, 1000, 100, 50, 10, 5 and 1 copies
of virus DNA in a background of 100 ng of salmon sperm DNA) was used in real-time
qPCR using primers specific for SVV ORF61 generate a standard curve [16]. The number of
copies of SVV DNA in the unknown samples were determined by comparing the C; values.
The Cr values for real-time PCR ranged from 33.8 (min) to 37.6 (max). The standard curve
was linear between 1-5000 copies of SVV bacmid which was used in real-time qPCR. We
performed 3 different PCR assays on each DNA extraction. A sample is considered positive
only if two out of three independent PCRs are positive for SVV DNA.

2.8. Harvesting and Processing of Skin Samples for Immunohistochemistry

Typical papular/vesicular lesion of varicella or zoster rash in each monkey was
identified. A 4-mm punch biopsy was obtained from an area different from the one used
for DNA extraction. The tissues were fixed in 10% Zinc-formalin (Z-fix) (Analtech, Battle
Creek, MI, USA), processed, and paraffin-embedded.

2.9. Immunohistochemistry

Formalin-fixed, paraffin-embedded (FFPE) skin sections (5 pm) were deparaffinized
in xylene and ethanol for 15 min each. The sections were then rhydrated using graded
ethanol washes and washed once with water. They were then subjected to antigen retrieval
in citrate buffer (10 mM Sodium Citrate pH 6.0 and 0.05% Tween20). The citrate buffer
was pre-heated in a steamer for 10 min, and the slides were submerged in the hot buffer
and incubated on the benchtop for 5 min. The sections were then imunostained using the
ImmPRESS kit along with Vector NovaRED substrate kit (Vector Laboratories, Burlingame,
CA, USA) per the manufacturer’s instructions. The primary antibody was either rabbit
polyclonal antibody raised against SVV IE63 protein (1:7000 dilution), Rabbit polyclonal
antibody raised against SVV nucleocapsid (1:25,000 dilution), or Rabbit polyclonal antibody
raised against SVV glycoproteins H and L (gH + L; 1:5000) (a generous gift from Dr. Wayne
Gray). Normal rabbit serum (at the same dilution as the primary antibody) was used as
a control. Following the first staining, some of the sections were washed with PBS for
5 min and processed using ImmPRESS Horse Anti-Rabbit IgG polymer kit, peroxidase
along with Vector Blue substrate Kit, Alkaline phosphatase (Vector Laboratories) as per
the manufacturer’s instructions. The primary antibody was a Mouse anti-f-III tubulin
antibody (STEM CELL Technologies, Kent, WA, USA) at 1:500 dilution. Mouse IgG2a (BD
Biosciences, Franklin Lakes, NJ, USA) at a dilution of 1:500 was used an isotype control.
Positive controls consisted of skin sections from an acutely infected immunosuppressed
rhesus macaque (B321) immunostained for SVV and B-III tubulin, which were observed
under a microscope during substrate color reactions. Some of the sections were counter-
stained using hematoxylin (1:10 dilution of stock) for 2 min. The slides were then mounted
using glass coverslips with ProLong Gold Antifade Mountant (Life Technologies, Eugene,
OR, USA) and imaged using an Olympus BX46 light mircoscope and CellSens Software
(Olympus, Center Valley, PA, USA). Each staining was repeated at least three times to
ensure reproducibility.
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3. Results
3.1. Primary SVV Infection in Rhesus Macaques, Establishment of Latency,
and Immunosuppression

Three groups of SVV-seronegative Indian rhesus macaques were used in this study
(Table 1 and Figure 1). They were inoculated intratracheally with wild-type SVV as de-
scribed in the methods. All 10 monkeys developed varicella rash between 7-9 dpi and
resolved thereafter. Monkeys in group 1 were inoculated with 5 x 10° pfu/monkey whereas
monkeys in groups 2 and 3 were inoculated with 2.4 x 10° pfu/monkey. The difficulty in
using consistent amounts of virus in the inoculum is due to challenges in growing SVV at
high titers and batch-to-batch variation. Thus, it is possible that the differences in infection
are associated with differences in the quantity of virus inoculated, but this is unlikely given
that all infected monkeys developed rash.

Earlier we demonstrated that in thesus macaques [11,17], lack of viremia is a consistent
marker for the establishment of latency. Eight month’s post infection (mpi), establishment
of latency was confirmed in the two monkeys in group 1 (KI92 and KG58). They were then
immunosuppressed with a single dose of X-irradiation and a combination of tacrolimus and
prednisone administered daily for the duration of the experiment and were monitored for
reactivation. Two months after primary infection, establishment of latency was confirmed in
the six monkeys in group 2 (LB56, LT26, LK67, LR16, LR42, and LR70) and the two monkeys
in group 3 (LT27 and LE91). Group 2 monkeys were treated with tacrolimus daily for the
duration of the experiment. Two monkeys in group 3 (LT27 and LE91) were not treated
with immunosuppressants (Figure 1). All ten monkeys were monitored for reactivation.

3.2. Skin Rash during Varicella and Zoster

The extent of varicella rash was mild in three monkeys (K192, LR42 and LE91), moder-
ate in two monkeys (LB56, LR16) and extensive in five monkeys (KG58, LT26, LK67, LR70,
and LT27) (Table 2). At different times following immunosuppression, monkeys in all three
groups developed zoster. A representative image of skin rash during varicella and zoster
in LR42 (group 2) is presented in Figure 2. In all SVV-infected monkeys, the extent of rash
during varicella was more pronounced with multiple lesions spread throughout the body
compared to zoster, which was minimal and more localized. Unlike zoster in humans,
which occurs as a dermatomal rash, both immunosuppressed and non-immunosuppressed
monkeys developed zoster rash in multiple regions of the body.

Table 2. Severity of varicella (7-9 dpi) rash and detection of SVV DNA in skin scrapings.

Grou Monkey Severity 2 SVV ORF 61 DNA
p D y (Copy #/100 ng)

" K192 2+ NAP
KG58 4+ NA
LB56 3+ 50
LT26 4+ 5 x 10°

) LK67 4+ 1 x 10°
LR16 3+ 310
LR42 2+ 6 x 104
LR70 4+ 2 x 10°

3 LT27 4+ 1 x 107
LE91 2+ 4 x 10°

2 The type and severity of the rash is graded as macular, papular, vesicular, and hemorrhagic. Scoring parameters
are based on number of lesions with 2+ = 6-10; 3+ = 11-20; 4+ = >21. P Not available.
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varicella (9 dpi) zoster (63 dpx)

Figure 2. Skin rash after varicella and zoster in monkey LR42 (group 2). Varicella skin rash was seen
in the torso nine days after SVV inoculation (dpi; left image). Zoster skin rash was seen on the torso
63 days after immunosuppression (dpx) with tacrolimus treatment (right image). The location of the
vesicles is indicated by blue arrowheads.

In group 1, KI92 and KG58 developed zoster 91 and 63 dpx, respectively (Figure 1).
In group 2, all monkeys developed zoster between 10-66 dpx. In group 3, LT27, one of
two non-immunosuppressed monkeys also developed zoster 3.8 mpi, possibly due to unre-
lated reduction in SVV-specific cell mediated immunity, which has been documented [13].
The other control monkey (LE91) did not develop zoster. In several of our studies, we
have observed that besides immunosuppression there is a possibility that transportation,
single-cage housing, and repeated removal from cages for sample collection triggered SVV
reactivation [12,13,15]. One of the two monkeys in group 1 (KG58) and four (LB56, LK67,
LR16 and LR42) of the six monkeys in group 2 had recurrent zoster (rash appearing one
week or more after initial zoster rash had cleared). Recurrent zoster in KG58 occurred at
the time of necropsy (107 dpx).

3.3. Detection of SVV DNA in Skin Scrapings during Varicella

DNA extracted from skin scrapings obtained during varicella in groups 2 and 3 were
analyzed using real-time qPCR for the presence of SVV DNA (Table 2). During varicella,
SVV DNA copy numbers in skin scrapings ranged from 50 to 1 x 107 copies/100 ng.
Although substantial amounts of SVV DNA were detected in most of the monkeys, the
quantity of SVV DNA in skin, in general, did not always correlate with the extent of
varicella rash.

3.4. Detection of SVV DNA in PBMCs during Varicella and Immunosuppression

DNA extracted from sequential blood samples obtained from monkeys in all 3 groups
during primary infection and later during immunosuppression, were analyzed for viremia
using real-time qPCR for SVV DNA. We performed three different PCR assays on each
DNA sample. Any DNA sample is considered positive only if two out of three PCRs are
positive for SVV DNA During varicella, viremia peaked at 7 dpi in all monkeys, except
KI92 where 26 copies of SVV DNA /100 ng) were detected at 4 dpi (Table 3). In group 1,
low level viremia was detected up to 64 dpi and was not detectable at later times after the
establishment of latency (data not shown). In groups 2 and 3, viremia was absent in all by
42 dpi, confirming the establishment of latency. The highest quantity of SVV DNA among
all 10 monkeys was detected in both skin scraping and PBMCs of LT27 (group 3) during
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varicella (Tables 2 and 3). It is possible that the detection of SVV DNA at 4 dpi could be
due to input virus.

Table 3. Viremia during varicella.

SVV ORF 61 DNA Copy #/100 ng ?

Group Molrgey Days Post-Inoculation
4 7 9/10 11 14 21 29/30 42 64
1 KI92 26 4 6 20 0 0 0 NAPb 1
KG58 78 161 20 12 2 1 NA 3
LB56 0 95 0 NA 0 0 0 0 0
LT26 21 103 9 NA 0 0 0 0 0
’ LK67 0 103 31 NA 9 17 6 0 0
LR16 7 36 8 NA 0 0 0 0 0
LR42 7 282 40 NA 7 3 0 0 0
LR70 21 128 16 NA 0 0 0 0 0
3 LT27 0 414 47 NA 0 0 0 0 0
LE91 0 23 0 NA 0 0 0 0 0

2 All samples done in triplicates and averaged. ® Not available.

Unlike primary infection, detection of SVV DNA in PBMCs from groups 1 and 2 after
treatment and immunosuppression was very sparse (Table 4). Low levels (2-10 copies/100 ng)
of SVV DNA were detected three weeks after immunosuppression in five of the eight
immunosuppressed monkeys (groups 1 and 2). In monkeys LK67 and LR42 (group 2),
3/12 and 3/13 sequential samples, respectively revealed low levels (3-10 copies/100 ng) of
SVV DNA.

Table 4. Viremia during SVV reactivation.
SVV ORF 61 DNA Copy #/100 ng ?
Group Mo;]\)key Days Post-Immunosuppression Treatment (dpx)

Pre 5/7 12/14 19/21 28 35 42 49 56 63 70 84 112
] K192 0 0 0 2 0 3 0 0 0 0 0 0 NA b
KG58 0 0 0 0 0 0 0 0 0 0 0 NA

LB56 0 0 0 0 0 0 0 0 0 NA 0 0 0

LT26 0 0 0 0 0 0 0 0 0 0 0 0 0

5 LK67 0 0 0 8 3 0 0 6 0 NA 0 0 0
LR16 0 0 0 3 0 0 0 0 0 NA 0 0 NA

LR42 0 0 0 10 0 0 0 0 5 0 0 0 3

LR70 0 0 0 0 0 0 0 0 0 NA 0 2 3

Months post infection (mpi)

2 22 24 2.6 3 32 3.4 3.6 3.8 41 43 4.8 5.7

3 LT27 € 0 0 0 0 0 0 0 7 0 0 0 4 0

LE91 € 0 0 0 6 0 0 0 0 0 0 0 0 6

2 All samples done in triplicates and averaged. ® Not available. © Not immunosuppressed.

3.5. SVV-Specific Antibody Response during Varicella and Zoster

Humoral response to SVV was measured using a plaque reduction (number of plaques)
neutralization assay in all 3 groups of monkeys at multiple times following SVV inoculation
and immunosuppression (Table 5). Anti-SVV antibody titers are expressed as the serum
dilution that neutralized at least 80% of the SVV plaques compared to control cultures. In
group 1, SVV-specific antibodies were detected 2 weeks post-inoculation and remained high
during the establishment of latency until 70 dpi, when immunosuppression was initiated.
At 14 dpx, both KI92 and KG58 showed decreases in their antibody levels that remained
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low even following zoster (KI92, 91 dpx and in KG58, 63 and 107 dpx; Figure 1). In group 2,
all six monkeys had high antibody responses during acute infection (1:160 and 1:320) by
14 dpi that remained >1:80 at the start of immunosuppression. After immunosuppression,
four of the monkeys (LB56, LT26, LK67, LR16) showed increased antibody levels around
the time of zoster while two (LR42, LR70) remained stable (Table 5 and Figure 1). In group
3 after inoculation, LT27 had stable antibody titers (1:160-1:320) until they decreased to
1:80 at 3.8 mpi, when this monkey developed zoster and increased to 1:1280 at the time of
euthanasia. In LE91, the SVV-specific antibody levels peaked at 1:80 at 14 dpi but declined,
and without any zoster occurance, remained low through the course of the experiment.

Table 5. Neutralizing antibody titers during varicella and zoster.

Anti-SVV Antibody Titer ?

Group Monkey Dpi P Dpx ¢
ID PRE Necropsy
14 28 70 14 42 56 70

1 K192 <1:10 1:160 1:160 1:320 1:40 1:80 NAd 1:40 1:40

KG58 <1:10 1:160 1:160 1:320 1:160 1:160 NA 1:40 1:80
LB56 <1:10 1:160 1:160 1:160 1:160 1:80 1:320 1:160 1:320
LT26 <1:10 1:160 1:160 1:640 1:320 1:320 1:640 1:320 1:640
’ LK67 <1:10 1:160 1:80 1:80 1:80 1:160 1:160 1:80 1:160
LR16 <1:10 1:160 1:80 1:160 1:80 1:80 1:160 1:80 1:160
LR42 <1:10 1:320 1:320 1:160 1:320 1:320 1:320 1:160 1:320
LR70 <1:10 1:160 1:80 1:160 1:160 1:160 1:160 1:160 1:320

Months post inoculation (mpi)

PRE 0.5 1.0 2.3 2.5 3.4 3.8 43 8.0
3 LT127¢ <1:10 1:320 1:320 1:160 1:320 1:160 1:80 f 1:80 1:1280

LE91 ¢ <1:10 1:80 1:40 1:20 1:40 1:20 1:40 1:20 1:40

2 Anti-SVV antibody titers are expressed as the serum dilution that neutralized at least 80% of the SVV plaques.
compared to control cultures. ® Days post-inoculation. ¢ Days post-immunosuppression. ¢ Not available. ¢ Not
immunosuppressed. f Time of zoster.

3.6. Detection of SVV DNA in Skin Scrapings during Zoster

Typical zoster lesions were carefully observed, photographed, scraped, DNA extracted,
and analyzed by qPCR for the presence of SVV DNA. The samples were analyzed in tripli-
cate and scored as positive only if two out of three PCRs contained SVV DNA. Details about
the SVV DNA-positive skin scrapings obtained during immunosuppression are presented
in Table 6. Seventeen skin scrapings collected from eight monkeys during zoster contained
SVV DNA. Monkey KI92 (group 1) had the highest number copies (127 copies/100 ng) in
skin scrapings obtained at 91 dpx. Copies of SVV DNA in the rest of the monkeys ranged
from 2-38 copies/100 ng. Skin scraping from the non-immunosuppressed monkey LT27
(group 3) with zoster contained 10 copies/100 ng. While LR42 had SVV DNA-positive skin
scrapings, as well as PBMCs at 56 dpx, and LT27 was viremic at 49 dpx and had positive
SVV DNA-positive skin scrapings soon after. During the reactivation phase, only 2 out
of 11 blood samples that contained SVV DNA correlated with the occurrence of skin rash,
suggesting subclinical reaction.

3.7. Detection of SVV Antigens in Skin and Colocalization of SVV Antigens with a Neuronal
Marker during Varicella and Zoster

Sections of zinc-formalin-fixed paraffin-embedded skin biopsies obtained before SVV
inoculation, during varicella, during and zoster were analyzed by immunohistochemistry
using rabbit polyclonal antibodies specific for SVV IE63 protein or SVV nucleocapsids and
a mouse monoclonal antibody specific for B1II-tubulin (neuronal marker). Representative
analysis of biopsied skin from monkey LK67 (group 2) before inoculation, nine dpi and
42 dpx are presented in Figure 3. Skin biopsy from monkey LK67 pre-inoculation did
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not show positive staining with rabbit anti SVV63 or mouse anti-pIII-tubulin antibodies
(Figure 3A). SVV IE63 protein was detected in hair follicles (Figure 3B,C, arrows) in skin
biopsies from LK67 at both nine dpi and 42 dpx. SVV IE63 protein was also detected in the
epidermis and colocalized with BIII-tubulin in skin biopsy from LK67 at 42 dpx (Figure 3C,
arrowhead). The concentrated BIII-tubulin colocalizing with SVV IE63 protein suggested
hyperinnervation at the site of rash. Mixture of normal rabbit serum and isotype mouse
IgG2a control antibodies did not show any positive staining with skin biopsies from LK67
at pre-inoculation, nine dpi, and 42 dpx (Figure 3D,E,F).

Table 6. Detection of SVV DNA in skin scrapings during zoster.

SVV ORF 61 DNA Copy #/100 ng ?

Group M(;Bkey Days Post-Reactivation (dpx)
10 42 45 49 56 © 63 66° 70 91 107
1 K192 127
LB56 1 6 16,9
LT26 1,6
9 LK67 2 3 5
LR16 6 4
LR42 2 12 38
LR70 3
Months post inoculation (mpi)
3.8
3 LT27 € 10

2 All samples done in triplicates and averaged. ® Samples from two locations were analyzed. € Not immunosuppressed.
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Figure 3. Immunohistochemical analysis of varicella and zoster skin rash from the same rhe-
sus macaque. Sections of biopsied, zinc formalin-fixed, paraffin-embedded skin samples before
inoculation with SVV (pre-inoculation), 9 dpi (days post-inoculation) and 42 dpx (days post-
immunosuppression) from rhesus macaque LK67 (group 2) was analyzed using dual-color staining.
Rabbit polyclonal antibodies against SVV IE63 protein (red) and mouse monoclonal antibody directed
against human p-III tubulin (blue) were used as described in methods to identify the presence of
virus antigen and its proximity to nerve endings. Normal rabbit serum and mouse anti IgG2a were
used as negative controls (D-F). SVV IE63 protein was not detected in the pre-inoculation biopsy (A),
but was found in hair follicles during varicella and zoster and in the epidermis during zoster
(B, arrows). B-III tubulin was found to colocalize with SVV IE63 protein (C, arrowhead) in the
epidermis during zoster. (Magnification, x100).
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A section of fixed skin obtained at necropsy from a rhesus macaque (B321) with acute
SVV infection and generalized, fulminent varicella rash, after irradiation served as a positive
control. The skin was analyzed using rabbit anti-SVV IE63 antibody and mouse monoclonal
antibody specific for BIII-tubulin. SVV IE63 protein and pIII-tubulin were found to be
colocalized in the epidermis (Figure 4A, inset), suggesting axonal spread of virus during
varicella. Analysis of skin from monkey KI92 (group 1) at 91 dpx revealed colocalization of
SVV and neuron-specific marker in sweat glands (Figure 4B, inset), also suggesting axonal
transport of SVV to sweat glands and hair follicles during SVV reactivation. Analysis of an
adjacent section of the same skin samples with rash from monkey KI92 using a mixture
of rabbit polyclonal antibodies specific for SVV gH + L revealed the presence of the SVV
antigens in the same sweat glands and hair follicle (Figure 4C). SVV gH + L were also seen
in other areas of the skin including the epidermis. A mixture of normal rabbit serum and
isotype mouse IgG2a did not show positive staining in another adjacent section of skin from
monkey KI92 (Figure 4D). While SVV IE63 protein was absent in biopsied skin from the
uninfected control rhesus macaque (R110368), hair follicles were positive for the neuronal
marker BIII-tubulin (Figure 4E). SVV gH + L-specific antibodies did not show any positive
staining in the skin section from the uninfected control monkey R110368 (Figure 4F).

Figure 4. Colocalization of SVV antigen and BIII-tubulin in skin sweat glands during zoster. Sections
of biopsied, zinc-formalion-fixed, paraffin-embedded skin samples from (A) an acutely infected
immunosuppressed rhesus macaque (B321; SVV-positive control), (B-D) from rhesus macaque K192
(group 1) 91 dpx (days post-immunosuppression), and (E,F) an uninfected SVV-seronegative rhesus
macaque (R110368) were analyzed by immunohistochemistry. Rabbit polyclonal antibodies against
SVV IE63 protein (red) (A,B,E), SVV gH + L, and (C) mouse monoclonal antibody directed against
human B-III tubulin (blue; A,B,E) were used as described in methods. Nerve bundles containing
BIII-tubulin are identified by arrowheads in panel B. Normal rabbit serum by itself (F) or with mouse
anti IgG2a antibody (D) were used as negative controls. Colocalization of SVV IE63 protein with
B-III tubulin can be seen in epidermis during acute infection (A, inset) and in sweat glands and hair
follicles during reactivation (B, inset). SVV gH + L antigens can also be seen in sweat glands in
an adjacent section (C, thin arrows). B-III tubulin, but not SVV IE63, protein can be seen in sweat
glands and hair follicle in skin from an uninfected monkey (E, inset). Normal rabbit serum along
with mouse anti IgG2a antibody on skin from zoster in monkey KI92 (D) or using rabbit anti SVV
gH + L on skin section from the uninfected monkey (F) did not show any staining. Section in panel F
was counterstained with hematoxylin. (Magnification, x100, inset x600).
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Table 7. Detection of SVV DNA and antigens in skin of rhesus macaques during varicella and zoster.

Acute Antiserum
- . Reactivation
Group MDY Uninfected 00 I“f;‘:i‘)"“ @pximpi®) SV Ns\;l‘cfl‘e?o- I
Capsid
R110368 SVV-Pb NR ¢ NR - - +
K192 NA 4 91 + + +
! KG58 NA 107 + + +
SVV- - - +
9 + - +
LB56 4 * * i
49 + - +
56 + - +
SVV- - - +
9 + - +
LK67 42 * * *
49 NA NA NA
70 NA NA NA
SVV- - - +
2 9 + - +
LR16
10 + + +
45 NA NA NA
SVV- - - +
9 + + +
LR42 56 * . i
63 + + +
70 + + +
SVV- - - +
LR70 9 * - *
45 + + +
SVV- - - +
3 LT27 9 * * -
382 + + +

2 Months post primary infection. b SVV- denotes sero-negative animal. ¢ Not relevant. d Not available. ©
Background staining seen. +, denotes a positive antibody reaction.

Results of immunohistochemical analyses of skin sections from all three groups of
monkeys before SVV inoculation, during varicella, and zoster using antibodies specific for
SVV IE63, SVV nucleocapsid, and III-tubulin are presented in Table 7. Overall, the SVV
IE-63 protein was detected more readily than the virus proteins within the nucleocapsid. As
expected, the neuronal marker (B1II-tubulin), but not SVV-specific antigens, was detected
in skin sections from the uninfected control monkey (R110368). The neuronal marker was
found and colocalized with SVV IE63 protein in skin in 7/8 monkeys during varicella,
and 7/8 monkeys during zoster, further confirming the neuronal route of virus transport
during varicella, as well as zoster. Supplementary results (Figure S1) show the presence of
SVVIE63 protein in close proximity to nerve bundles and colocalizing with III-positive
cells in epidermis in skin from monkeys during varicella as well as zoster. Some of the
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robust staining in the epidermis may be due to cross-reactivity with beta tubulin class II
which is present in epidermal keratinocytes.

In monkeys KI92 and KG58 (group 1), skin samples during varicella were not available,
but zoster skin sections contained both SVV IE63 protein and proteins associated with SVV
nucleocapsid. Detection of both SVV proteins (Table 7) and DNA (Table 6) in skin from
KI92 during zoster suggested the presence of replicating virus, although skin samples for
immunohistochemistry and SVV DNA qPCR were obtained from different areas of the skin.
Biopsied skin during varicella rash (nine dpi) was obtained from five monkeys in group 2
(LB56, LK67, LR16, LR42, and LR70) and LT27 in group 3. SVV IE63 (an immediate-early
gene) protein was detected in all six monkeys, whereas SVV nucleocapsid-specific antigens
were found only in two (LR42 and LT27) of the six monkeys, likely due to higher level
of expression of immediate-early genes. In two of the monkeys (LK67 (49 and 70 dpx)
and LR16 (45 dpx)), biopsies were not available, but skin scrapings were found to contain
SVV DNA (Table 6). During zoster, both SVV IE63 protein and proteins associated with
nucleocapsids were detected in in 9/12 skin biopsies obtained from eight monkeys across
all three groups. Taken together, our detection of SVV DNA in skin scrapings and SVV
antigens in biopsies from all monkeys at various times, including during recurrent zoster,
provided convincing evidence that SVV is associated with both varicella and zoster rash.

4. Discussion

Like VZV infection in humans, SVV causes varicella becomes latent, and reactivates to
produce zoster in NHPs. Key findings in the report are summarized in Figure 5. Viremia and
the extent of rash varied among the 10 monkeys (Table 2), probably due to the differences in
their antiviral response. Peak viremia and varicella rash occurred at the same time (7-9 dpi)
in all monkeys except one (KI92), in which peak viremia occurred at four dpi (Table 3).
Extensive rash was seen during varicella (Figure 2), due to the hematogenous virus spread
as indicated by high viremia (Table 3) [18]. There was not a complete correlation between
the severity of varicella rash and SVV DNA in skin scrapings (Table 2). However, this
observation was likley due to differences in sampling as scrapings and biopsies were
obtained from from distinct single lesions, mostly from different areas of the body. Once
establishment of latency is confirmed by the absence of detectable virus DNA in blood
for two consecutive weeks, immunosuppression was initated. A limitation of this study
is that animals were immunosuppressed with a combination of tacrolimus, irradiation,
and steroids to trigger reactivation. In humans, reactivation occurs with a decline in cell
mediated immunity (CMI) associated with aging and in the setting of immunosuppression
such as seen in cancer and transplant patients treated with similar therapies (tacrolimus,
irradiation, steroids). Because we could not indefinitely age the animals and wait for
reactivation, our model immune suppresses to decrease VZV-specific CMIL

Monkeys in groups 1 and 2 were immunosuppressed at eight and two mpi, respec-
tively, after viremia was absent for two weeks. Viremia following immunosuppression and
during zoster was intermittent and much lower than viremia during primary infection,
probably due to reduced hematogenous spread of virus and increased axonal spread follow-
ing reactivation from individual ganglia (Table 4). Skin rash during zoster was also much
less extensive compared to varicella (Figure 2). Lack of detectable viremia during zoster
compared to varicella despite the presence of virus DNA in skin rash vesicles in humans
have been documented [2]. As observed before, no significant changes in SVV-specific
antibodies were observed in immunosuppressed monkeys during zoster, suggesting that
humoral response is unlikely to play an important role in virus reactivation [12,13,15,19].
However, in one monkey (LT27, group 3) that was not immunosuppressed, we noticed a
reduction in the virus-specific antibodies at the time of zoster, the reason for which remains
unclear (Table 5). In the other non-immunosuppressed monkey (LE91-group 3), the anti-
body response after inoculation was low likely due to the relatively low-level viremia seen
at seven dpi (Table 3).
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Rhesus macaques
(10
J SVV DNA detection
- - - blood (10/10): 4-64 dpi; 4-414 copies/100ng
anary SVV infection skin (8/10): 7-9 dpi; 50-1x107 copies/100ng
Varicella 7-9 dpi
(10/10) SVVantigendetection
skin (10/10): colocalization with nerve endings

l

SVV DNA detection
Immunosuppression blood (5/8): 20-112 dpx; 2-10 copies/100ng
(8) skin (7/8):10-91 dpx; 1-127copies/100ng
Zoster 10-91 dpx (8/8) SVVantigendetection
skin (7/8): 10-107 dpx; colocalization with nerve endings

SVV DNA detection
" " blood (2/2): 60-172 dpi; 4-7 copies/100ng
No immunosuppression skin (1/2): 86 dpi; 10copies/100 ng
2)
: SVV antigendetection
Zoster 4.5 mpi1 a2 skin (1/2) : 86 dpi; colocalization withnerve endings

Figure 5. Summary of findings in this report. Ten rhesus macaques were inoculated with SVV.
All of them developed varicella 7-9 dpi. SVV DNA (4—414 copies/100 ng) was detected in blood,
4-64 days post infection (dpi) in all 10 monkeys. SVV DNA (50-1 x 107 copies/100 ng) was detected
in skin scrapings in 8 of 10 monkeys, 7-9 dpi. Analysis of biopsied skin samples, during varicella,
revealed colocalization of SVV antigens with nerve endings in all 10 monkeys. Establishment of
latency was confirmed by the absence of SVV DNA in blood. Eight of latently infected monkeys were
immunosuppressed. Zoster rash developed in all monkeys 10-91 days post immunosuppression
(dpx). SVV DNA (2-10 copies/100 ng) was detected in blood, 20-112 dpx, in 5 of 8 monkeys. During
zoster (10-91 dpx), 1-127 copies of SVV DNA (per 100 ng) were detected in skin scrapings. In the
affected skin, SVV antigens were found to be colocalized with nerve endings. In two monkeys were
not immunosuppressed, SVV DNA (4-7 copies/100 ng) was detected 60-172 dpi. One of the two
non-immunosuppressed monkey developed zoster, 4.5 mpi (months post infection). SVV DNA
(10 copies/100 ng) and antigens was detected in skin scrapings during zoster (86 dpi). SVV antigen
was found to be colocalized with nerve endings. Abundance of SVV DNA and antigens in skin was
substantially higher during varicella compared to zoster. SVV infection and reactivation in rhesus
macaques serves as an extremely useful model to study varicella and zoster in humans.

Our detection of SVV DNA in skin scrapings from all eight immunosuppressed
monkeys at various times provided convincing evidence that presence of SVV corrlates
with zoster rash. Recurrent zoster seen in seven out of eight immunosuppressed monkeys
from groups 1 and 2 confirmed our earlier observation and what has been found in humans
during VZV reactivation [13,20,21]. Monkey KI92 (group 1) had substantially higher copies
of SVV DNA in skin scraping at 91 dpx (127 copies/100 ng) possibly due to the

Multiple modes of immunosuppression used, compared to only tacrolimus-treated
monkeys in group 2 (Table 6). Detection of higher quantities of SVV DNA in zoster skin
(91 dpx in KI92 and 70 dpx in LR42; Table 6) in the absence of viremia at these times
(Table 4) further supports the notion of axonal spread of SVV during reactivation. Earlier,
we documented that during varicella, SVV enters the ganglia before the appearance of
skin rash [22]. Colocalization of SVV antigens with the neuronal marker in skin, along
with high level of viremia, suggests either simultaneous hematogenous spread and axonal
transport of virus to skin or spread of infection between keratinocytes during varicella. On
the other hand, detection of minimal viremia, as well as SVV DNA in skin rash combined
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with colocalization of SVV antigen with the neuronal marker, supports the idea of virus
being transported preferentially via the axonal route from the ganglia to the skin during
reactivation and zoster.

While we detected SVV IE63 protein in all the varicella and zoster skin biopsies,
proteins associated with SVV nucleocapsids were not detectable in two varicella and three
zoster skin biopsies. Detection of some, but not other, VZV proteins in skin biopsies
from varicella and zoster in humans has been reported [9]. Selective detection of VZV
IE63 protein compared to glycoproteins in early zoster lesions has also been attributed
to the reduced abundance of glycoproteins and preferential resistance of IE63 protein to
proteolysis [23]. During zoster in humans, VZV gC has been found in axons and Schwann
cells in skin biopsies [9], and VZV IE63 protein and glycoproteins have been seen in dermal
nerves and perineurial dendrocytes [23]. SVV antigens were found to be colocalized with
the neuronal marker in most, if not all, of the skin samples analyzed. Our detection of
SVV antigens associated primarily with sweat glands and hair follicles was very similar
to VZV antigens in human skin during zoster [6-8,23-25]. Together, our results show that
compared to primary SVV infection (varicella), SVV causes a milder skin rash and less
viremia during zoster. In addition, SVV DNA and antigens can be detected in both skin
scrapings and biopsies. Huch et al. [26] showed that during zoster in humans, Langerhans
and plasmacytoid dendritic cells are strongly associated with VZV antigen-positive cells in
skin. The lack of availability of rhesus specific reagents have hampered the progress in this
area. Our future studies will include identification of antibodies that cross react with NHP
skin to understand the role of immune cells in controlling zoster rash, as well as neuronal
subtypes that are involved in pathological manifestations, such as postherpetic neuralgia.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/v14061167/s1, Figure S1: Detection of SVV IE63 protein and
BIII-tubulin in epidermis and nerve bundles in skin during varicella and zoster in rhesus macaques.
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[C ISR AENT

Abstract: HLA-B*57:01 is an HLA allelic variant associated with positive outcomes during viral
infections through interactions with T cells and NK cells, but severe disease in persons treated with
the anti-HIV-1 drug abacavir. The role of HLA-B*57:01 in the context of HSV infection is unknown.
We identified an HLA-B*57:01-restricted CD8 T-cell epitope in the ICP22 (US1) protein of HSV-2. CD8
T cells reactive to the HSV-2 ICP22 epitope recognized the orthologous HSV-1 peptide, but not closely
related peptides in human IFNL2 or IFNL3. Abacavir did not alter the CD8 T-cell recognition of
the HSV or self-derived peptides. Unexpectedly, a tetramer of HSV-2 ICP22 epitope (228-236) and
HLA-B*57:01 bound both CD8 T cells and NK cells. Tetramer specificity for KIR3DL1 was confirmed
using KIR3DL1 overexpression on non-human primate cells lacking human KIR and studies with
blocking anti-KIR3DL1 antibody. Interaction with KIR3DL1 was generalizable to donors lacking the
HLA-B*57:01 genotype or HSV seropositivity. These findings suggest a mechanism for the recognition
of HSV infection by NK cells or KIR-expressing T cells via KIR3DL1.

Keywords: CD8 T cell; T-cell epitope; NK cell; KIR3DL1; HLA-B*57:01; herpes simplex virus

1. Introduction

Class  HLA molecules are fundamentally important in the immune control of viral
infections by activating CD8 T cells and interacting with natural killer (NK) cells. The
class I allelic variant HLA-B*57:01 is classified as a Bw4 family member and has been
associated with improved disease outcomes for HIV/AIDS. The superior virologic control
of HIV-1 is associated with the HLA-B*57:01 genotype [1], HLA-B*57:01-restricted CD8
T-cell responses [2], and specific T-cell receptor (TCR) sequence attributes [3]. At the same
time, the expression of the killer cell immunoglobulin-like receptor (KIR), KIR3DL1—an
inhibitory receptor on NK cells—in HLA-B*57:01 positive persons is associated with the
elite control of HIV-1 and, potentially, increased NK function [4,5].

HLA-B*57:01 is also associated with drug hypersensitivity reactions, particularly to
abacavir, a medication used to treat HIV-1 [6]. Alterations in HLA-bound peptide con-
formation have been hypothesized as abacavir can bind in the peptide-binding groove
of HLA-B*57:01. This may elicit inappropriate CD8 T-cell activity that manifests itself as
severe hypersensitivity. The effect is dependent on the properties of the peptide C-terminus,
whereby peptides ending with small hydrophobic residues, such as isoleucine, leucine, and
valine, potentially become neo-epitopes in the presence of abacavir. Peptides ending in
large hydrophobic residues, such as phenylalanine or tryptophan, may also lose binding,
and, as a consequence, the recognition of pathogen peptides may be reduced [7,8].

Viruses 2022, 14, 1019. https:/ /doi.org/10.3390/v14051019 67

https:/ /www.mdpi.com/journal/viruses



Viruses 2022, 14, 1019

While peptides complexed with HLA class I activate T cells through TCR engagement,
they can also interact with immune cells via KIR. There are at least 17 known functional
members of the polymorphic KIR family. These can be activating (S type, for short cyto-
plasmic tail, containing an immunoreceptor-tyrosine activating motif (ITAM)) or inhibitory
(L type, long cytoplasmic tail, containing an inhibitory ITIM motif) [9]. KIR are expressed
by both NK cells and a subset of T cells. Inhibitory KIR reduce the activation of NK cells
in the presence of their appropriate HLA ligand. Along with other HLA allelic variants
sharing the Bw4 determinant, HLA-B*57:01 appears to have specificity for KIR3DL1. Most
persons possess one or two functional copies of either KIR3DL1, [9-11] or KIR3DS1, an
activating variant of KIR3DL1 that can occur at the same location in the KIR locus on
human chromosome 19 [12]. KIR3DLI has many allelic variants that encode different
protein sequences with differing expression levels on the cell surface, which impacts the
strength of NK cell inhibition [9,13]. The specificity of the interaction with HLA-B*57:01
may depend on the amino acid residue 166 of KIR3DL1 (which is a leucine in the common
allele KIR3DL1*001) [14,15] and can be blocked with the KIR3DL1-specific monoclonal anti-
body (mAb) DX9. KIR3DS1 has a contrasting amino acid (arginine) at the corresponding
residue shown to modulate HLA-Bw4 binding [15]. The interaction of HLA-B*57:01 with
KIR3DL1/DS1 residue 166 is further influenced by the HLA-B*57:01-bound peptide, specif-
ically peptide position 8 (P8). For example, KIR3DL1 binding is abrogated if epitope P8 is
a negatively charged (aspartic acid or glutamic acid) amino acid and KIR3DS1 binding is
favored if epitope P8 is an aromatic amino acid (tryptophan, phenylalanine or tyrosine) [16],
consistent with a structural role for peptides in modulating HLA-KIR interactions.

NK cells are large CD3-negative lymphocytes that are defined phenotypically by the
cell surface expression of CD56 and/or CD16. Both markers vary in expression depending
on the function and level of differentiation of the NK cells. The two major populations of
NK cells, defined as CD56P"8M and CD5691™, represent less differentiated, higher-cytokine-
producing NK cells and more differentiated, more cytotoxic NK cells, respectively [17].
More prevalent in blood than CD56Prisht NK cells, CD564M NK cells are more likely to
express KIR.

NK cells have long been recognized as being functionally important for host defense
against herpesvirus infections, including HSV species in particular. In 1989, Biron et al.
reported severe herpes infections in a patient with phenotypic NK cell absence [18], later
related to mutation in GATA2 [19]. Since then, several other rare mutations have been
reported in persons with quantitative or qualitative NK cell deficiencies, which make
subjects susceptible to herpesviruses (reviewed in [20]). A lower level of activating receptors
on CD56%™ NK cells has been suggested as a potential correlate with HSV severity [21].
These reports emphasize the significance of defining how NK cells can sense HSV and
mechanisms that could counteract HSV recognition.

During the study of HLA-B*57:01-restricted CD8 T cells that react to human herpesvirus-
2, the major causative agent of genital herpes, we identified a viral peptide epitope that
can activate CD8 T cells. Unexpectedly, a complex of this newly discovered HSV-2 epitope
with HLA-B*57:01 also interacted with NK cells. We show that interaction with NK cells is
mediated through KIR3DL1 binding, and that a sub-population of CD8 T cells, including
from persons without HSV infection or HLA-B*57:01, can also bind to HLA-B*57:01-peptide
via KIR3DL1.

2. Materials and Methods
2.1. Subjects and Specimens

Subjects seropositive for HSV-2 were recruited to the University of Washington Virol-
ogy Research Clinic. The study was approved by the University of Washington Institutional
Review Board (IRB STUDY00004400) and participants provided written informed consent.
Class I HLA typing was performed at the Puget Sound Blood Center (now Bloodworks)
or by PCR-based genotyping [22]. Peripheral blood mononuclear cells (PBMC) were iso-
lated using Lymphoprep (Cosmo Bio USA, Carlsbad, CA, USA) and cryopreserved at
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10 x 10° cells/mL/vial in 10% DMSO (Fisher, Hampton, NH, USA), 40% human serum
(Valley Biomedical, Winchester, VA, USA), and 50% RPMI-1640 (Hyclone, Logan, UT, USA).
Epstein-Barr virus (EBV) strain B95-8 was used to immortalize B lymphocyte continuous
lines (B-LCL) from PBMC [23]. HSV-1 and HSV-2 seropositivity was assessed by serum
Western blot [24].

Bulk T-cell lines were generated from HSV-2 reactive CD8 T cells, as previously
described [25]. In brief, subject-specific monocyte-derived dendritic cells were generated
from adherent PBMCs using IL-4 and GM-CSF [26] and were combined with an equal
number (2 x 10°) of UV-irradiated (Stratalinker XL.1000, 180,000 ) HeLa cells that were
uninfected (mock) or infected overnight with HSV-2 strain 186 (MOI 2.5). After incubation
for 4 h at 37 °C/5% CO,, 1 x 10° negative-selected (STEMCELL EasySep Human CD8 T
Cell Isolation Kit) autologous CD8 T cells were added per well. T cells were harvested
after 18-20 h of incubation and stained with anti-CD3-ECD (UCHT1, Beckman Coulter,
Brea, CA, USA), anti-CD8-FITC (3B5, Thermo Fisher Scientific, Waltham, MA, USA), anti—
CD137-APC (4B4-1, BD Biosciences, San Jose, CA, USA), and 7-AAD (BD Biosciences).
Live (7-AAD negative), single CD3+ CD8+ CD137+ lymphocytes were sorted from HSV-
2-exposed PBMC using a BD Biosciences FACS Aria II (University of Washington Cell
Analysis Facility, Seattle, WA, USA).

Sorted cells were expanded by stimulation with 1.6 ug/mL phytohemagluttinin P
(PHA, Remel, San Diego, CA, USA), in the presence of 2 x 10°/mL y-irradiated (3300 rads)
allogeneic PBMC, for 2-3 weeks (37 °C, 5% CO,) in a T-cell medium (TCM) containing
RPMI-1640, 4% human serum, 4% defined fetal bovine serum (Hyclone, Logan, UT, USA),
2 mM L-glutamine (Hyclone), and 100 U/mL penicillin/streptomycin (Gibco). Natural IL-2
(nIL-2, 32 U/mL, Hemagen, Columbia, MD, USA) was added after 48 h and replenished
with fresh TCM twice weekly. Polyclonal T-cell lines were further expanded using anti-CD3
as published [27] and the resultant T-cell lines were cryopreserved.

2.2. Antigens

Vero cells infected with HSV-2 (strain 186) stocks were harvested when cytopathic
effect reached 80%, disrupted by sonication, and the cellular debris removed by low-speed
centrifugation. The supernatant was aliquoted and stored at —80 °C. Each HSV-2 open
reading frame (ORF) was cloned into Gateway™ pDONR221 (Invitrogen, Grand Island,
NY, USA), as previously described [28,29]. HSV-2 ORFs were subcloned to pDEST103 [30]
for the eukaryotic intracellular expression of eGFP-HSV-2 fusion proteins.

Targeted HSV-2 ICP22 (US1) peptides (8-10 amino acids) were designed using the
algorithmic prediction of HLA binding [31] (Table 1). Sequence variants for an immuno-
genic HSV2-US1 (228-236) peptide RTRLGPRTW were identified for HSV-1 (HSV1-US1
(232-240), RaRLaPRTW), and for human IFNL3 (IFNL3 (76-84), RsRLfPRTW) and human
IFNL2 (IFNL2 (76-84), hsRLfPRTW) using BLASTP (BLAST®, NCBI) with search limits set
to HSV-1 or human. Each HSV and human peptide was predicted to be an avid binder to
HLA-B*57:01 [31] (not shown). Peptides (Sigma, >70% pure) were reconstituted in DMSO.

2.3. Identification of HLA-B*57:01 Restricted CD8 T-Cell Responses to HSV-2 Proteins

Artificial APC (aAPC) expressing HLA-B*57:01 and individual HSV-2 ORFs were
used to detect CD8 T-cell responses in CD8 T-cell lines enriched for HSV-2 reactivity.
Briefly, HSV-2 ORFs cloned into pDEST103 (100 ng/well) and empty p103 negative control
plasmids were co-transfected, in duplicate, with pcDNA3.1 constructs encoding HLA-
B*57:01 (100 ng/well) into COS-7 cells as previously described [30]. After 48 h, T cells
(1 x 10° in TCM) were added and co-cultures incubated for 24 h at 37 °C. PHA (1.6 ug/mL)
were used as a positive control. Secreted IFN-y in supernatants was measured by ELISA [30].
In brief, high binding ELISA plates (MICROLON™ 600) were coated overnight at 4 °C with
mouse anti-human IFN-y mAb (clone 2GI, Thermo Fisher, Waltham, MA, USA) and blocked
with Tris-buffered saline (TBS) containing 0.1% bovine serum albumin (BSA) for 1 h at room
temperature. Supernatants were added to blocked plates for 2 h at room temperature after
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washing with PBS-Tween (Dulbecco’s phosphate-buffered saline (PBS, Corning) containing
0.1% Tween-20 (Fisher Scientific, Waltham, MA, USA)), after the incubation of the plates
for 2 h at room temperature. After washing, detection antibody (mouse anti-human IFN-
y-Biotin conjugate, clone B133.5, Thermo Scientific, Waltham, MA, USA) was added for
2 h at room temperature, plates washed, and avidin-horse radish peroxidase (HRP) added
for 30 min at room temperature. TMB substrate (KPL) was added to the washed plates
and reactions stopped after 10 min with 1M phosphoric acid (Fisher Scientific). Results are
reported as absorbance (ODy50) and determined using a Wallac Victor® plate reader (Perkin
Elmer, Waltham, MA, USA). Responses to HSV-2 proteins were considered positive if both
ODys5¢ values were greater than 0.15 and at least 2-fold higher than negative controls.

Table 1. Peptides tested for reactivity with polyclonal HSV-2-reactive CD8 T-cell lines.

AA Position in

Peptide Name Species Gene/ORF Protein Protein Peptide Sequence
HSV2-US1 (36-45) HSV-2 us1 ICP22 3645 PSSSESEGKP
HSV2-US1 (50-59) HSV-2 us1 ICP22 50-59 ESSSTESSED
HSV2-US1 (55-64) HSV-2 us1 ICP22 55-64 ESSEDEAGDL

HSV2-US1 (105-114) HSV-2 us1 1CP22 105-114 DASDGWLVDT
HSV2-US1 (158-167) HSV-2 us1 1CP22 158-167 PASLPGIAHA
HSV2-US1 (228-236) HSV-2 us1 ICP22 228-236 RTRLGPRTW
HSV2-US1 (295-304) HSV-2 usi1 ICP22 295-304 STSDDEISDA
HSV2-US1 (350-359) HSV-2 us1 ICP22 350-359 WTSEEGSQPW
HSV2-US1 (366-375) HSV-2 us1 ICP22 366-375 DTSSAERSGL
HSV1-US1 (232-240) HSV-1 us1 1CP22 232-240 RaRLaPRTW *
IFNL3 (76-84) Human IFNL3 IFNL3 (IL28B) 76-84 RsRLfPRTW *
IFNL2 (76-84) Human IFNL2 IFNL2 (IL28A) 76-84 HsRLfPRTW *

* Variant amino acids different from peptide HSV2-US1 (228-236) are shown in lower case.

Epitope mapping in ICP22 was performed using autologous B-LCL as antigen-presenting
cells. Equal numbers (1 x 10%) of B-LCL and CD8 T cells were combined with individual
peptides in TCM and incubated at 37 °C for 20-24 h. Peptides were screened at a final con-
centration of 1 pug/mL each peptide and <0.3% DMSO. For titration, a log10 dilution series
was used between 1 ug/mL and 0.1 pg/mL. An equivalent concentration of DMSO served
as a negative control, while PHA (1.6 ug/mL) was used as a positive control. Medium
alone (MED) controls were additionally included in some experiments. To investigate if
HLA-B*57:01 restricted T-cell reactivity to HSV2-US1 (228-236) would be influenced by
abacavir, T cells were combined with B-LCL that were pre-treated with abacavir (10 ug/mL)
or left untreated for 24 h [32]. HSV2-US1 (228-236) and related variant peptides (Table 1)
were added at 1 ug/mL, and cultures incubated at 37 °C for 24 h. Peptide-driven T-cell
activation was determined by measuring IFN-vy in cell supernatants by ELISA [33]. The
HSV2-US1 (228-236) epitope was uploaded to the Immune Epitope Database (Epitope
ID 9063706).

2.4. Detection of T-Cell and NK-Cell Binding by B*57:01 Tetramer Containing HSV2-US1 (228-236)

To confirm the HLA-restriction of the HSV2-US1 (228-236) RTRLGPRTW peptide, a
custom PE-conjugated peptide-HLA-B*57:01 tetramer (ImmunAware, Horsholm, Denmark),
termed B57-RTR, was tested for binding to HSV-2-specific CD8 T-cell lines and PBMC. The
specificity of B57-RTR tetramer for binding KIR3DL1 was assessed using COS-7 cells that
overexpressed KIR3DL1. In brief, 100 ng of either pReceiver-M02:KIR3DL1 (EX-A1726-
MO02, Genecopoeia) or pReceiver-M02:eGFP (negative control, EX-EGFP-M02, Genecopoeia)
expression plasmids were transfected into COS-7 cells in 96-well plates using 0.5 uL
Fugene 6 (Promega, Madison, WI, USA) as per the manufacturer’s instructions. After
48 h, trypsin-harvested cells were pre-incubated for 30 min at room temperature in FACS
buffer (Dulbecco’s phosphate-buffered saline (PBS), 1% BSA, 0.01% NaN3) with 5 ug/mL
mAb DX9 (Invitrogen, Waltham, MA, USA) or an isotype (mouse IgG1) control antibody
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(Biolegend, San Diego, CA, USA), washed, and then stained with B57-RTR (or mock stained
with FACS buffer) for 30 min at room temperature. Binding was evaluated using a BD
Canto II flow cytometer (University of Washington Cell Analysis Facility, Seattle, WA, USA)
and Flow]Jo Version 10 (for Mac, BD, Franklin Lakes, NJ, USA).

Tetramers were also used to stain T-cell lines (3 x 10%) or PBMC (1 x 10°) for 30 min at
room temperature in the dark, after staining for 20 min with LiveDead (Near-IR, Invitrogen)
and before staining for 30 min with anti-CD3-ECD (UCHT1, Beckman Coulter, Burea, CA,
USA), anti-CD8-FITC (3B5, Thermofisher, Waltham, MA, USA), anti-CD56-APC (HCD56,
Biolegend, San Diego, CA, USA), and anti-CD16-PacificBlue (3G8, Biolegend, San Diego,
CA, USA) in FACS buffer. For some experiments, anti-KIR3DL1-AlexaFluor700 antibody
(DX9; Biolegend, San Diego, CA, USA) was included prior to staining with tetramer. For
other experiments, cells were pre-incubated for 30 min with the unconjugated DX9 antibody
or the isotype control antibody (as above), before staining with B57-RTR. Stained cells were
fixed in PBS containing 1% formaldehyde. Data were acquired using a four-laser BD Canto
I flow cytometer (University of Washington Cell Analysis Facility, Seattle, WA, USA) and
analyzed using FlowJo Version 10.

3. Results
3.1. HLA-B*57:01-Restricted CD8 T Cells Recognize HSV-2 Proteins

HSV-2 specific CD8 T cells were isolated from the PBMC of two subjects with the
HLA-B*57:01 genotype by selecting activated (CD137mi8h) cells after HSV-2 antigen was
cross-presented by monocyte-derived dendritic cells. The specific recognition of individual
HSV-2 proteins presented by HLA-B*57:01 was determined by measuring IFN-y responses
to aAPC expressing only this HLA allele (Figure 1A). Several HSV-2 ORFs were antigenic.
Both T-cell lines reacted to US1 and UL39, while single subjects reacted to UL7, US8, and
UL46. Responses to ICP22 (the protein product of ORF US1) were decoded using peptides
predicted to bind HLA-B*57:01. This identified the amino acids 228-236, abbreviated RTR,
as CD8 T-cell antigens for both subjects (Figure 1B,C). The peptide remained active at
concentrations as low as 10 ng/mL (Figure 1C).

Since HLA-B*57:01 is associated with hypersensitivity reactions to abacavir, we as-
sessed whether abacavir has any impact on CD8 T-cell activation by RTR, or by sequence-
similar peptides from HSV-1 or human interferon lambda (Table 1). We observed the
cross-recognition of the HSV-1 cognate peptide, but not the interferon-derived peptides.
Abacavir did not alter peptide-driven responses (Figure 1D).

3.2. HLA-B*57:01:US1 Tetramer Binds to Both T Cells and NK Cells

We constructed a tetramer of RTR and HLA-B*57:01 to confirm the HLA-B*57:01
restriction of the T-cell response to ICP22 (Figure 1). Unexpectedly, the B57-RTR tetramer
was bound by both CD3P T cells, and by CD3"8 cells in PBMC from subject 12. To
determine the phenotype of the CD3"¢8 cells, we co-stained PBMC with NK cell markers
and observed the binding of B57-RTR to CD3"¢¢ NK cells that were positive for the NK
markers CD56 and/or CD16 (Figure 2).

Since other HLA-B*57:01-peptide ligands can bind KIR3DL1 on NK cells [34], we
examined if the B57-RTR tetramer could bind to KIR3DL1. Tetramer binding to KIR3DL1
was confirmed by flow cytometry using COS-7 cells transfected with KIR3DL1, while COS-7
cells transfected with negative control (EGFP) expression plasmid did not bind B57-RTR
(Figure 2A). Furthermore, tetramer binding was blocked by pre-incubating transfected COS-
7 cells with anti-KIR3DL1 mAb DX9, but not with an isotype control antibody, supporting
a direct KIR3DL1 interaction with the HLA-B*57:01:US1 peptide complex.
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Figure 1. (A) T-cell lines generated from CD8 T cells activated (CD137"8") following exposure to
HSV-2 cross-presented antigen were screened for their protein specificity. An expression library
representing all HSV-2 ORFs was co-transfected with HLA-B*57:01 into COS-7 cells to generate
artificial antigen-presenting cells (aAPC). HSV-2-specific CD8 T-cell lines were exposed to aAPC
and activation measured by IFN-y secretion. HSV-2 ORFs that generated responses are labeled.
(B) An epitope at HSV-2 ICP22 (ORF US1) aa 228-236 (sequence RTRLGPRTW; abbreviated RTR)
was detected by testing predicted HLA-B*57:01 binding peptides. (C) RTR peptide was active to
10 ng/mL for T-cell lines from both subjects. (D) Exposure to abacavir (10 pg/mL) did not alter the
recognition of RTR or the homolog from HSV-1 (HSV1-US1 (232-240)), and did not reveal activation
in the presence of peptides with similar sequences in human IFNL3 (76-84) RsRLfPRTW or IFNL2
(76-84) hsRLfPRTW. MED, medium alone; PHA, phytohemagluttinin P. Alternative amino acids
are shown in lower case. All tests were performed in duplicate with raw data indicated and means
shown as bars (A,B,D) or with means shown as symbols and standard deviations shown as error
bars (C).
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Figure 2. B57-RTR tetramer binds NK and T cells in a KIR3DL1-dependent and -independent manner.
(A) B57-RTR tetramer binds COS-7 cells transfected with KIR3DL1, but not to cells transfected with a
negative control expression plasmid. The interaction was blocked by anti-KIR3DL1 antibody DX9 but
not an isotype control. (B) Gating scheme showing CD8 T cells (CD3P°SCD8P°%) and NK cells (CD3"¢8
and (CD56P°® and/or CD16P°%)) subsets within PBMC lymphocytes. (C) B57-RPR tetramer binding
of CD8 T cells and NK cells (from (B)) was compared in the presence or absence of DX9 fluorescently
conjugated antibody. DX9 stained discrete subsets of both CD8 T and NK cells and largely inhibited
tetramer binding. A modest frequency (0.13%) of CD8 T cells, but only a few NK cells, remained
tetramer-positive in the presence of DX9. The CD56 and CD16 phenotypes for B57-RTR tetramer
positive (red gate) and DX9-positive events (gray gate) are shown. Note: Tetramer or DX9 gated
events are plotted using contour plots with outliers shown. In these overlay graphs, event frequencies
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are scaled within the population applied to a grey DX9 or red tetramer layer, and are thus are
meaningful for comparing phenotypes but are not quantitative. “Tet” and “tetramer” refer to
fluorescent B57-RTR tetramer. (D) Gating scheme to separate HSV-2-specific CD8 T-cell lines into
CD56"6 and CD56P% populations. (E) Both HSV-2-specific CD8 T-cell line subsets (from (D)) bound
B57-RTR tetramer, but binding was not reduced by DX9, consistent with tetramer binding through
TCR. Throughout, numbers indicate the percentage of cells in the indicated gate(s).

To further differentiate tetramer binding to KIR3DL1 and TCR, we probed PBMC
from subject 12 with B57-RTR tetramer and AlexaFluor700-conjugated DX9 (Figure 2B,C).
DX9, when used alone, showed about 0.7% of CD8 T cells and 3.4% of NK cells were
KIR3DL1 positive (DX9 only plots, Figure 2C). Similarly, nearly 1% of CD8 T cells and 4.7%
of NK cells bound B57-RTR when used alone (tetramer only plots, Figure 2C). Co-staining
revealed that 0.13% of tetramer-positive CD8 T cells were DX9-negative, supporting an
interaction with CD8 T cells that lack KIR3DL1, presumably via TCR (tetramer and DX9
plots, Figure 2C). These B57-RTRP®* DX9"¢¢ CD8 T cells were CD56"°6CD16"°¢, while
most B57-RTR"8 DX9P% CD8 T cells were CD564™ and/or CD169™, suggesting KIR3DL1
expression occurs primarily on T cells with an NK-cell-like phenotype. Only a few NK
cells were B57-RTRP®* in the presence of DX9, consistent with binding of B57-RTR to NK
cells mediated by KIR3DL1. When used alone, DX9P% and B57-RTRP°* NK cells shared
the same phenotypes—predominantly CD56P% (dim and bright) with varying levels of
CD16—consistent with binding to the same population of NK cells.

To evaluate whether B57-RTR tetramer binding to enriched, expanded HSV-2-specific
CD8 T-cell lines was mediated by KIR3DL1 or TCR interactions, we preincubated CD8
T-cell lines from subjects 5 and 12 with DX9 or isotype control antibody before staining with
tetramer. The evaluation of CD56 and CD16 was included to assess the expression of these
markers in cell lines originally sorted as T cells (CD3-positive). Little CD16 expression was
observed, but some CD8 T cells expressed CD56 (Figure 2D), consistent with an activated
phenotype [35]. Only a small decrease in tetramer staining was observed in the presence of
DX9 compared to isotype control in CD8 T cells without NK markers (10-12% reduction in
binding) or with NK markers (7-8% reduction), supporting the CD8 T-cell recognition of
B57-RTR through TCR rather than KIR3DL1 (Figure 2E).

3.3. KIR3DL1 Binding Is Independent from HLA-B*57:01 Genotype or HSV-2 Antigen Experience

We next tested whether HSV-2 infection or HLA-B*57:01 genotype were necessary for
the interaction of B57-RTR with NK cells. NK cell binding was evaluated using PBMC of
three subjects: 1) one HSV-seronegative subject without prior exposure to the HSV-2 RTR
epitope, 2) one HSV-2 seropositive subject that did not possess the HLA-B*57:01 allele, and
3) HSV-2 seropositive subject 5 (Figure 1) from which the B57-RTR epitope was identified.
Tetramer binding was assessed for cells pre-incubated with DX9, isotype control antibody,
or no blocking antibody. NK cells were gated by flow cytometry as in Figure 2B. The B57-
RTR tetramer bound >4% of NK cells from each subject, suggesting independence from HLA
type or prior antigenic exposure (Figure 3A). DX9 blocked tetramer binding for all three
subjects tested, confirming interaction with NK cell KIR3DL1. The phenotype of tetramer-
positive NK cells from samples stained with no blocking antibody was compared to the
tetramer negative cells. We observed that B57-RTR tetramer-positive NK cells had a lower
proportion CD16"¢8CD568Mt cells than did the tetramer-negative cells (Figure 3B; Chi test,
p <0.0001 for all subjects). This is consistent with CD56P"8h* NK cells lacking KIR expression,
since CD564im (KIR-suppressed) NK cells upregulate CD56 upon activation [17,35].
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Figure 3. (A) B57-RTR tetramer binds gated NK cells in PBMC regardless of HLA type and HSV
infection status in a KIR3DL1-dependent manner. Subject characteristics are displayed at left. Gating
of NK cells as in Figure 2B. (B) Comparison of CD16 and CD56 expression between B57-RTR tetramer-
positive and tetramer-negative NK cells from each donor. Contour plots show NK subpopulations of
CD56P18MCD16"8 (light blue), CD564™CD16M8/4im (dark blue), CD564™CD16P8M (purple), and
CD56"8CD16P"8M (red) populations. Piecharts show relative proportions of each subpopulation
within B57-RTR tetramer-positive or tetramer-negative NK cells in matching colors. Tetramer-positive
NK cells had fewer CD56"118MCD16"8 NK cells (light blue) relative to tetramer-negative NK cells.

4. Discussion

The HLA-Bw4 allele HLA-B*B57:01 can be advantageous in the control of viral dis-
ease, as evidenced in detail for HIV-1, but is detrimental for persons receiving abacavir.
Understanding the mechanism(s) by which HLA-B*57:01 benefits control of viral infections,
whether through TCR-mediated activation of T cells or by tuning of HLA-KIR interactions,
is of medical importance. In this paper, we show that HLA-B*57:01 complexed to a peptide
epitope from the HSV-2 ICP22 protein (encoded by ORF US1) can activate CD8 T cells, and
also bind with NK cells in a KIR3DL1-dependent manner. This indicates that the sensing
of the same viral peptide may independently influence two cell populations to modulate
HSV-2 infection.

This is the first known example of KIR3DL1 binding by an HLA-bound human
herpesvirus peptide, but HLA-B*57:01 interactions are known for other viral systems.
Several epitopes from HIV-1, including the TW10 epitope from HIV-1 Gag, when complexed
with HLA-B*57:01 can bind KIR3DL1 [34]. A similar finding was described for an HLA-
B*57:01-restricted CD8 T-cell epitope in dengue virus NS1 [36]. Circulating NK cells from
persons with severe dengue that bound the B57-NS1 tetramer were activated ex vivo,
consistent with a functional role in vivo. Similar to our present report, NK cells binding the
B57-NS1 tetramer had an intermediate CD56 (CD564i™) expression [36], consistent with the
expected phenotype of a mature NK cell that expresses KIR [17,37]. A study examining NK
phenotypes in subjects with recurrent HSV-2 showed no skewing of NK cells to a highly
differentiated or terminal effector phenotype, suggesting HSV-2 peptides have no influence
on KIR engagement, albeit the HLA-types of the study subjects were unknown [37]. As
KIR3DL1 is expressed by a subset of both NK and T cells, multiple levels of immune
crosstalk are plausible during HSV infection. For example, KIR3DL1 positive NK cells
could be modulated by HSV-2 infection as a manifestation of trained immunity [38]. The
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study of large cohorts of HLA-B*57:01-positive persons with and without HSV-2 infection
will be required to evaluate this. Dynamic changes in KIR3DL1-expressing NK or T cells
during primary infection or reactivation of HSV-2 are also possible and could be studied
using serial sampling. Our findings could permit deeper scrutiny at the HLA-KIR genotype
level of the impact of HSV-2 infection on NK function.

At this time, the potential roles for viral peptide-HLA interactions with KIR3DL1-
expressing lymphocytes are speculative. KIR3DL1 ligation is thought to inhibit NK cell
activation. Therefore, the interaction of HLA-B*57:01 complexed to the HSV-2 RTR peptide
on the surface of HSV-2 infected cells could prevent NK cell activation, and thus facilitate
immune escape from NK cell host defense. Counterbalancing this, profound reduction
in cell surface HLA class I expression via the inhibition of a transporter associated with
antigen processing (TAP) by HSV [39] decreases HLA interactions with inhibitory KIRs and
thus increases the susceptibility of infected cells to NK cell killing [40]. HLA alleles (and
their peptides) differ in their dependence on TAP for transport to the cell surface [41,42]
and in the degree they are impacted by virally encoded HLA-reducing genes [43]. It is,
therefore, of interest to determine how strongly HSV-1 and HSV-2 inhibit HLA-B*57:01 on
the cell surface. Adding complexity, CD8 T cells as well as NK cells can express KIR3DL1
(Figure 2C). Thus, B57-RTR could provide a general inhibitory signal to CD8 T cells with
diverse TCRs, contributing to broad immune escape. In addition, the extracellular domains
of KIR3DL1 and KIR3DS1 are largely identical. Prior work shows that viral peptide bound
to HLA-B*57:01 can bind KIR3DS1 [16], albeit other data suggest KIR3DS1 binds poorly
to HLA-B*57:01 [15], whereby the binding ability of either receptor is influenced by the
peptide composition. As KIR3DS1 contributes to lymphocyte activation, future work on
the potential interaction of HLA-B*57:01 with KIR3DS1 could reveal active NK- or T-cell
sensing of HSV-infected cells.

T cells are thought to mediate abacavir toxicity in persons with an HLA-B*57:01 geno-
type [7]. Abacavir can occupy a pocket in the peptide-binding groove of HLA-B*57:01 to
displace the C-terminal amino acid of bound peptide. This could lead to the formation of
neo-epitopes that had not participated in negative selection in the thymus and, thus, auto-
reactivity. Abacavir binding can also cause the loss of CD8 T-cell responses to pathogens,
as recently observed for a HLA-B*57:01-restricted epitope from the gamma-herpesvirus
Epstein—Barr virus (EBV) [8]. A similar observation has been made for the antibiotic flu-
cloxacillin, which also generates hypersensitivity reactions related to CD8 T cells, albeit by a
mechanism that appears to increase self protein-derived neo-epitopes by modifying lysine
residues within peptide sequences [44]. Arguably, altered conformations of self peptides
could also impact interactions between HLA-B*57:01 and KIR3DL1, as proposed for other
KIR types [45]. For instance, if an altered epitope prevents the KIR3DL1-mediated inhibition
of NK cells or KIR3DL1-positive T cells, an undesired auto-reactive response could ensue.
Arguing against this, there are no reports of abacavir toxicity correlating with KIR alleles
or haplotypes. The incomplete penetrance of abacavir toxicity in HLA-B*57:01-positive
persons remains unexplained and could be related to a combination of KIR variation and
viral infection. In our study, we included a peptide from HSV-1 orthologous to the HSV-2
RTR epitope and sequence-related peptides in human IFNL2 and IFNL3. CD8 T-cell lines
cross-reacted with the HSV-1 peptide, but not the self-peptides. No change in reactivity
was observed to any peptide in the presence of abacavir, suggesting that these particular
HSV-2-specific CD8 T cells may not participate in abacavir-induced hypersensitivity. Since
epitope-specific CD8 T cells occur as a polyclonal swarm within-person [46], studies of
RTR-specific clonal T cells with defined TCRs could uncover modulation by abacavir. We
have not yet examined the effect of abacavir on the interaction between HLA-B*57:01-RTR
and KIR3DL1 to examine the possibility that the drug influences KIR3DL1 function.

In summary, both TCR on CD8 T cells, and the KIR3DL1 molecule, can bind to
complexes of HLA-B*57:01 and a peptide epitope that we newly identified in the HSV-2
ICP22 protein encoded by gene USI. The specificity of binding was confirmed by the
heterotopic expression of KIR3DL1 in human KIR-negative non-human primate COS-7
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cells, and by blocking with the KIR3DL1-specific DX9 mAb. NK cells are known to play an
important role in host defense against HSV, but further work will be required to determine if
the molecular interaction reported in this paper has functional consequences for recognition
or escape from cells including NK cells and KIR-expressing T cells in persons with diverse
KIR haplotypes.
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Abstract: Locked-nucleotide analog antagonists (LNAA) to four varicella zoster virus small non-
coding RNA (VZVsncRNA 10-13) derived from the mRNA of the open reading frame (ORF) 61
gene individually reduce VZV replication in epithelial cells and fibroblasts. To study the potential
roles VZVsncRNA 10-13 have in neuronal infection we generated two recombinant VZV; one in
which 8 nucleotides were changed in VZVsncRNA10 without altering the encoded residues of ORF61
(VZVsncl0MUT) and a second containing a 12-nucleotide deletion of the sequence common to
VZVsncRNA12 and 13, located in the ORF61 mRNA leader sequence (VZVsncl12-13DEL). Both were
developed from a VZV BAC with a green fluorescent protein (GFP) reporter fused to the N terminal
of the capsid protein encoded by ORF23. The growth of both mutant VZV in epithelial cells and
fibroblasts was similar to that of the parental recombinant virus. Both mutants established productive
infections and experimental latency in neurons derived from human embryonic stem cells (hESC).
However, neurons that were latently infected with both VZV mutant viruses showed impaired ability
to reactivate when given stimuli that successfully reactivated the parental virus. These results suggest
that these VZVsncRNA may have a role in VZV latency maintenance and/or reactivation. The
extension of these studies and confirmation of such roles could potentially inform the development
of a non-reactivating, live VZV vaccine.

Keywords: varicella zoster virus; latency; reactivation; human neuron culture; non-coding RNA

1. Introduction

Human Herpesvirus-3 or Varicella-Zoster virus (VZV) is a neurotropic alphaher-
pesvirus that causes varicella (chickenpox) after primary infection, and then establishes a
life-long latent infection of peripheral ganglionic neurons [1]. Reactivation from latency in
response to poorly defined stimuli and/or immune decline results in the development of
reactivation disease, usually manifesting as painful Herpes Zoster (shingles; HZ). HZ is
frequently complicated, most often by chronic pain states extending beyond the resolution
of the infection termed postherpetic neuralgia or PHN [2]. Most non-human species and
cells derived from them do not support full productive VZV infection, except the guinea
pig whose cells were used to attenuate a clinical virus (Parent of Oka or POka) and generate
the vOka vaccine strain [3]. The human-specificity of VZV infection and consequent lack of
animal models has hampered the study of VZV latency and reactivation. This is in contrast
to the ready in-vitro and in-vivo experimental infection of rodent and rabbit neurons by the
related alphaherpesvirus herpes simplex that has allowed myriad studies of these processes
for HSV1/2.
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However, three recent experimental developments have permitted the advancement
of our understanding of these clinically important processes. The first was the development
of models of human neuronal infection, such as human ganglionic tissues in culture or
grafted to severe compromised immunodeficient mice (SCID-hu DRG mice (reviewed
in [4]). The second was the development of experimental models using human stem cell-
derived neurons that recapitulate VZV latent infection in-vitro that can be experimentally
reactivated [5]. The use of these models has revealed, for instance, that the vaccine strain
vOKka, infects neurons latently but is impaired for reactivation [6]. They have also been
used to demonstrate that the Jun N- terminal kinase (JNK) pathway contributes to the
lytic/latent decision process [7]. The third important advance was the discovery of a
family of novel transcripts termed VLT in human ganglia obtained from VZV seropositive
individuals at death. These are positionally and directionally similar to the herpes simplex
virus (HSV) latency-associated transcript (LAT) and latency transcripts reported for other
neurotropic alphaherpesviruses [8]. Multiple splice variants of VLT are found in cultured
cells productively infected with VZV and evidence has been presented that unlike LAT of
HSV, some spliced variants of VLT can encode proteins. It is still not clear how VZV VLT
and the long-studied HSV LAT contribute to the infection of neurons, the latent state, and
reactivation from it.

A focus of recent research has been the potential role of virally and host-encoded
small non-coding RNAs (sncRNA), particularly microRNA (miR). Of the nine human
herpesviruses, seven have been reported to express miRNA, with at least 29 miRNAs
being reported to be encoded by HSV-1 [9]. The roles of several HSV-1 miRNAs have been
evaluated for their potential contribution to productive and latent infection of neurons and
the lytic/latent decision process (i.e., [10], reviewed in [11]). In addition to miRNA, other
small RNAs such as sncRNA have been reported to be expressed in mammalian cells that
can also regulate gene expression at the transcriptional level [12].

The encoding of many miR by the human herpesviruses, and especially the alphaher-
pesviruses HSV1 and HSV2, led us to search for sncRNA in VZV. We first predicted that
24 20-24 nt small non-coding sncRNA (VZVsncRNA to be encoded by the VZV genome [13]
from bioinformatic analysis of NGS data of small (>200 nt) RNA in VZV-infected cells. Stem-
loop reverse-transcriptase quantitative TagMan PCR (SL-rt-qPCR) detected 23 of 24 of these
sncRNA in multiple infected cell types in culture [14]. Transfection of locked nucleotide
analog antagonists (LNAA) to several of the VZV-encoded small RNA sequences (VZVs-
ncRNA) significantly reduced viral spread, suggesting that the predicted VZVsncRNA may
have roles in VZV infection.

More recently, we found that LNAA directed to VZVsncRNA10-13, 4 VZVsncRNA
that are encoded by the mRNA for the ORF61 gene and opposite to the putative VZV
latency-associated transcript VLT, consistently reduced both the viral spread and plaque
number [15]. LNAA-mediated inhibition of VZV sncRNA12 not only decreased viral
replication but also resulted in a significant increase in VLT levels expressed during lytic
infection. ORF61 encodes a protein that is the VZV homolog of HSV ICP0, a pro-lytic non-
specific transactivator that functions in part to counteract intrinsic and innate responses to
HSV infection through an E3 ubiquitin ligase activity [16]. Much stronger anti-viral effects
were observed when combinations of antagonists to these four VZVsncRNA were found in
the epithelial cell-line ARPE-19 and in primary human fibroblasts [17].

In view of the proposed roles of miR encoded by LAT in HSV1 reactivation, we here
experimentally address the possibility that VZVsncRNA10-13 may influence VZV latency
and reactivation. Two VZV mutant BACs were generated in which the sequences encoding
for VZVsncRNA10 and VZVsncRNA12/13 were altered without changing the coding
of ORF61 using BAC recombineering methods. The two VZV mutant viruses derived
appeared not to result in significant differences in productive infection of either ARPE19
cells or in cultured neurons when compared to their parent VZV. Both mutant viruses
also established experimental latency in hESC-derived neurons including the silencing
of lytic gene expression, the expression of VLT RNAs, and the presence of viral genomes

82



Viruses 2022, 14, 1015

detected by PCR. When neurons latently infected by both VZVsncRNA mutant viruses were
challenged with stimuli that experimentally reactivate VZV, their reactivation appeared
impaired compared to cultures of the neurons latently infected with the parental VZV.
These data are consistent with the possibility that these VZVsncRNA, which are encoded
opposite to VLT, may have a role in the VZV latency/reactivation switch.

2. Materials and Methods
2.1. Cells

MeWo (human melanoma cell line ATCC HTB-65) were cultured in DMEM, containing
10% FBS, 2 mM glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin, and 0.25 pug/mL
amphotericin B. ARPE19 (human retinal pigmented epithelium (ATCC CL4000) were
maintained in DMEM F12 with the glutamine and antibiotics.

2.2. Neuronal Differentiation from hESC

The human embryonic stem cell (hESC) line H9 (WA09 (WiCell Madison WI, USA))
was maintained on murine embryo fibroblast line (ATCC CRL-1503) in Nutristem (Bio-
logical Industries, Israel) medium and differentiated into neurons using a modification
of the agarose microwell method of Birenboim et al. [18]. Briefly, hRESC were dissociated
with Accutase (Sigma-Aldrich, St. Louis, MO, USA), and 1 x 10° cells were seeded into
256-well agarose microwell dishes made from silicone molds (Sigma-Aldrich). The cells
aggregated for 4 days in the molds in a medium consisting of GMEM (Gibco/Life Tech-
nologies, Carlsbad, CA, USA) 1% penicillin/streptomycin (Biological Industries (BI), 1%
L-glutamate (BI) 1% pyruvate (BI) 10% KSR—knockout serum replacement (Gibco) 1%
non-essential amino acids (BI) 0.1 um mercaptoethanol (Sigma-Aldrich), containing bone
morphogenetic protein (BMP)4 inhibitors SB431542 (10 uM) and dorsomorphin (2 uM)
(Tocris Bioscience). The aggregates were then fed for an additional 10 days in a medium
lacking the BMP4 inhibitors. The aggregates were then plated on coverslips or wells of
24 well plates coated with polylysine/laminin or tissue culture plates in a differentiation
medium consisting of DMEM/F12 with neural growth and survival factors NGF, BDNE,
NT3, and GDNF (Alomone Labs) and B27 supplement (Gibco). Approximately 10-20 ag-
gregates were plated on each coverslip/well. Dividing cells were eliminated from the
cultures 2 days after seeding using mitotic inhibitors 24 uM 5-fluorodeoxyuridine (F0503,
Sigma-Aldrich) and 0.6 uM cytosine arabinoside (C6645, Sigma-Aldrich) added 4 days
after plating. Twenty-four uM Uridine (U3750, Sigma-Aldrich) was added to offset the
toxicity of the fluordeoxyuridine ([19,20]). Cultures were maintained for a total of 21 days
after removal from the molds. Immunofluorescent staining for neurofilament proteins was
performed with antibody 2H3 (NF-M) deposited to the Developmental Studies Hybridoma
Bank by Jessell, TM. and Dodd, ]., and Sigma-Aldrich (Merck) N4124 (NF-H).

2.3. Generation of VZV Mutant in VZVsncRNA

The two VZV mutant viruses were generated using a bacterial artificial chromosome
(VZV BAC) based on the parent Oka (POka strain [21], that contained EGFP fused to the
N terminus of ORF23 (VZVORF23GFP) detailed previously [12] and housed in the E. coli
strain G51783 (kind gift of G Smith Northwestern University, Chicago, IL, USA). GS1783
contains heat-inducible expression of the A red recombination genes and an arabinose
inducible expression of the homing enzyme Iscel. Briefly, primers developed to contain the
sncRNA10 mutant or sncRNA 12/13 deletion were used to amplify a kanamycin resistance
cassette from the plasmid pEGFP KAN-in [13] using the primers listed in Table 1.
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Table 1. Oligonucleotides used for making mutant viruses.

S.N. Primer Name Primer Sequence (5’ —3')
CTTTACTCGGATGGCTTGATGATCAACTTGCGGACTGTACCAGCCTGAGATAGTCG
1 VZVsncRNATOMUTEW AACCAACAAAAATGTTGATATAGGATGACGACGATAAGTAGC
GCCCGTAAATACCTATATAGTTTAATATCAAACATTTTTGTTGGTTCGACTATCTC
2 VZVsncRNATOMUTREV AGGCTGGTACAGTTCCGCAAGTCAGGGTAATGCCAGTGTTAC
5 SNCI1213DelEW GCTACCGCCCGCTAATATGGTATCCATGGTAACAACTGGCTGTATTCTACCAAACA
< CGTAGCAGAACTGAGGATGACGACGATAAGTAGG
. SNC1213delRev TCACAATTTAGAACGCATGGCAGTTCTGCTACGTGTTTGGTAGAATACAGCCAG

TTGTTACAGGGTAATGCCAGTGTTAC

The amplification products were PCR amplified and then recombined into VZV BAC
GFP23 after electroporation as detailed previously [21] and modified by Erazo et al. [22].
Colonies selected on LB-agar plates containing kanamycin + chloramphenicol were then
screened for correct insertion by RFLP analyses and then subjected to a second recombina-
tion event concurrent with arabinose induction of the expression of IScel to counterselect
for loss of the kanamycin resistance cassette. Clones were again screened for removal of
the cassette by RFLP analyses and sequencing across the junctions. Selected colonies were
stored as 50% glycerol stocks.

Mutant VZV (VZVsncl0OMUT and VZVsncl12-13DEL) were derived from the BACs
following transfection of BAC DNA into MeWo cells using Lipofectamine 3000 (Thermo-
Fischer Scientific, Waltham, MA, USA), as detailed in [22]. The viruses were verified for
homogeneity of green fluorescence, which was found to be stable over extensive passaging
so that all plaques remained GFP positive. Cell-free and debris VZV for infection were
generated as detailed previously [5].

2.4. Stem-Loop Tagman qPCR for VZVsncRNA Quantification and Detection

The expression of the VZVsncRNA was carried out by Stem-loop TagMan qPCR as
detailed previously [13]). In brief, small (<200 nt) RNA obtained from ARPE19 cells infected
with cell-free VZV were extracted using the Hybrid-R kit (Geneall, Seoul, Korea). Primers
were designed using published algorithms [23] and the probe used was LGC Biosearch
Technologies # DLO-RFB-5 (Middlesex, UK)) (Table 2). cDNA for VZVsncRNA10mut or
VZVsncRNA12-13 as well as hsa-mir26 were prepared in separate reactions using MMLV
reverse transcriptase (Promega, # M1701). RNA was treated with DNase (AMPD1, Sigma-
Aldrich). All qPCR reactions were performed in triplicate and results were averaged to
compensate for pipetting errors. Human hsa-mir26 shows little variation in expression
between cells infected and uninfected by multiple viruses [4] and was used to normalize
the expression of small RNA.

Table 2. Primers used for detecting transcripts in VZV-infected cells by qRT-PCR.

ORF FW Primer Sequence (5’ —3) Rev Primer Sequence (5’ —3)
ORF31 CCGTGGGATTATTGGTTTTG CGACGGTTCAGTGTTTTGTG
ORF61 AAAGCCTGACTTTTTGGGGT CAAACCTGGACCTGGAAAGA
ORF63 ATTGAGGCGCCGAATGTTC CTTCACCACCATCATCAGATACG

GAPDH CACATGGCCTCCAAGGAGTAA TGAGGGTCTCTCTCTTCCTCTTG
VLT exon 3—4 TGGACGATCACGGTAGTCCT CGGAAAAACCATGCCGTGTT

2.5. qRT-PCR for Viral Transcripts

Total RNA was extracted using the Hybrid-R kit for large RN A /small RNA (Geneall,
Seoul, Korea) from hESC-derived neurons that were mock-infected or infected with 100 PFU
of cell-free VZV23GFP, VZVsncl0MUT or VZVsncl12-13DEL Infections were monitored
using GFP expression indicating productive infection for 7 days, or from neurons infected

84



Viruses 2022, 14, 1015

with 100 PFU of cell-free VZV23GFP, VZVsnc10MUT or VZVsnc12-13DEL ACV for 10 days
and without ACV for 15 days that did not express GFP (latently infected). RNA was treated
with DNase (AMPD1, Merck, Darmstadt, Germany). For the cDNA synthesis, 3 g of total
RNA was reverse transcribed using an oligo dT primer and Moloney murine leukaemia
(M-MMLV) reverse transcriptase (# M1701; Promega, Madison, WI, USA). Negative control
samples were obtained by performing the same cDNA synthesis reaction in the absence
of reverse transcriptase. Three independent biological experiments were performed, and
qPCR was performed in triplicates for each target. Primer- probe- probe sets for the VZV
genes ORF 61, ORF 63, ORF 31, and VLT3F-4R sequence are listed in Table 1. Results are
shown as averages with error bars representing the SEM.

2.6. Latency/Reactivation Experiments

After a minimum of 21 days of terminal differentiation of neurons into cultures that
contained extensive axonal outgrowth, cells were pre-treated with acyclovir (ACV, 400 uM)
for 24 Hrs, and then incubated with cell-free VZV (VZVsncRNA10 or VZVsncRNA12-
13DEL and VZV23GFP). Cultures were exposed to 100 PFU of the virus in the presence
of 400 uM of ACV and centrifuged at 180 g for 10 min, followed by incubating for a
period of 2 Hr. at 37 °C. After the removal of the virus, the neurons were maintained
in the presence of ACV for 10 days with daily media changes. Media without the ACV
was then used to maintain the cultures for up to 2 weeks post-infection, with media
changes every 3 days. Cultures were examined regularly over the incubation period
for GFP expression microscopically, but no GFP fluorescence was observed. After two
weeks, latently infected wells were subjected to a reactivation stimulus involving treating
the neurons with LY294002 hydrochloride (10 uM, Tocris, CAT. #1130) and phorbol ester
phorbol 12-myristate 13-acetate (PMA) (40 ng/mL) and were incubated at 33 °C for 5d.
Reactivation of virus in live cultures was detected as GFP fluorescence representing the
expression of ORF23. Three biological repeats of latency experiments each with 3 latently
infected wells were carried out for each mutant with parallel VZVGFP23 controls. To
confirm that GFP expression corresponded to reactivation including production of infective
virions, 7d after application of the chemical stimuli the neurons were harvested and seeded
on naive ARPE19 cells, and infectious foci were observed using GFP fluorescence.

2.7. Multistep Growth-Kinetics

The multistep growth kinetics of VZVsncRNA10 or VZVsncRNA12-13DEL and VZV23GFP
viruses were determined by inoculating ARPE19 cells with 1000 PFU of VZV debris-fraction.
Infected cells were subsequently trypsinized at 2 h (“time 0”) or 1, 2, 3, 4, and 6 dpi,
serially diluted, and titrated by seeding 10-fold dilutions of harvested cells onto fresh
ARPE19 monolayers. Seven days after seeding, viral plaques were fixed with 4% (w/v)
paraformaldehyde containing crystal violet for 30 min and plaques were counted.

3. Results
3.1. Construction of VZV with Synonymous Mutation of VZVsncRNA10 and Deletion in the
Overlap Region between VZVsncRNA 12&13

Transfection of LNAA antagonists to VZVsncRNA10, 12, and 13, singly or in combina-
tions, significantly reduces VZV productive infection. This suggests that the VZVsncRNA
themselves modulate lytic infection by VZV [15]. In order to further study the roles of these
VZVsncRNA in VZV infections, two recombinant VZV mutants’ viruses were derived in
the background of a VZV BAC that contains a GFP reporter gene fused to ORF23, previ-
ously shown capable of establishing lytic infections in hESC-derived human neurons and
model VZV latency and experimental reactivation ([6,24]). The BACs were generated by
Ared-mediated recombineering methods used in our laboratories [25]. The VZVsncRNA10
was mutated by changing 8 nt without altering the ORF61-encoded amino acid sequence,
yielding a virus termed VZVsnc10MUT. The second recombinant VZV contained a deletion
of 12 of the nucleotides common to VZVsncRNA12 and 13 that are located immediately
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upstream of the ORF61 coding sequence and presumably lies in the ORF61 mRNA non-
coding leader. VZV derived from this BAC was termed VZVsnc12-13DEL (Figure 1A,B).
All mutated sequences were confirmed in the BACs by sequencing across the junctions.

(A) vir
Y a PE | VvV E p l__om:s1

(B) vzvsncRNA10 : UAU TAA CCC GAA AUU GUA GAG CCU
VZVVsncRNA1OMUT: UAC CAG CCU GAG AUA GUC GAA CCA

'
i

$0T)

ZTVYNYIUSAZA

(C) VZVsncRNA12: UUGGAUGEEEGGACAUUAGAAUACAGCCAG
VZVsncRNA13: GELLGGACAL AAUACAGCCAG

(S8¥Y0T-95

1R, U, — Illr{s U4 TR{ 125,125 bp
|

VZVsncRNA9

Figure 1. Genomic localization of VZVsncRNA10, VZVsncRNA12 VZVsncRNA13 expression and
mutagenesis (A) depicts the region of the VZV genome containing the VZVsncRNA studied. Ar-
rowheads indicate the VZVsncRNA coded by the lower viral DNA strand and deriving from a
right to left primary transcript that is predicted to encode ORF61. (B) Mutations introduced into
VZVsncl0MUT: the upper sequence shows the original sequence while the lower sequence shows
the synonymous mutations introduced by mutagenesis highlighted in yellow. (C) Sequences of
VZVsncRNA12 (purple letters) and VZVsncRNA13 (orange letters) deleted in VZVsnc12-13DEL 1
are indicated with a strikeout. The portion of VZVsncRNA12 and VZVsncRNA13 that overlap is
highlighted in gray. The sncRNA is shown in the correct direction.

Both mutation strategies resulted in BACs that yielded viable VZV. Initial charac-
terization of the mutant VZV was performed by infecting ARPE19 cells with each virus,
extracting RNA at 5 dpi, and subjecting it to Tagman stem-loop quantitative reverse tran-
scriptase PCR (SL-qRT-PCR) for the sncRNA, using primers matching the native and
mutated sequences [13]. As expected, VZV sncRNAmutl10 infected cells did not show any
expression of VZVsncRNA10, while cells infected with VZV derived from the parental
BAC showed strong expression (Figure 2A). In addition, stem-loop primers directed to the
mutated sequence did not result in PCR amplification from RNA of cells infected with the
mutant virus (or the parent virus) suggesting that either the mutated sequence was not
expressed as an alternative sncRNA or that it was rapidly degraded in the host cells. Similar
assays of RNA from cells infected with VZVsnc12-13DEL indicated complete abrogation of
expression of both VZVsncRNA12 and VZVsncRNA 13 compared to parent control virus
when sncRNA12 and 13 specific primers were used (Figure 2B), and these also detected
abundant levels in another pOka-derived virus, VZV66GFP (Figure 2 and Refs. [13,14]).
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Figure 2. VZVsncRNA10OMUT and VZVsncRNA12-13DEL do not express the corresponding sncRNA
in VZV-infected cells. ARPE19 cells were infected with a cell-free virus from VZV23GFP (parental
virus), VZVsnc12-13DEL, or VZVsncRNA1OMUT. RNA size-selected for <200 nt was extracted
at 5 dpi and VZVsncRNA10, VZVsncRNA1OMUT, VZVsncRNA12, and VZVsncRNA13 expres-
sion was assayed by SL-qRT-PCR. (A) shows the expression of VZVsncRNA10 for infections with
VZVsncRNA10mut and parental virus and (B) shows the expression data for VZVsncRNA12 and
VZVsncRNA13 in cultures infected with VZVsncRNA12-13DEL and parent viruses. Expression is
normalized to cellular miR26, whose expression has been shown not to be affected by viral infec-
tion [4].
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3.2. Growth Rates of VZVsnc10MUT and VZVsnc12-13DEL Are Similar to Those of Their
Parental Virus in ARPE-19 Cells

As mentioned above, antagonizing VZVsncRNA10,12 and 13 with LNAA reduced
viral spread and generation of infectious viruses [15]. This raised the possibility that mutat-
ing their sequences could affect viral replication. We therefore conducted growth curve
analyses for the mutants after a cell-free infection with a cell-free viral “debris” fraction
(cellular debris derived from VZV-infected cells containing high-titers of infectious virus
but no living cells [5]). The growth curves were generated from standard plaque assays
and compared to those obtained from the parental VZVGFP23 virus. Both VZVsnc10MUT
(Figure 3A) and VZVsnc12-13DEL (Figure 3B) displayed similar replication kinetics over
a 6d period yielding a slight but not significant increase in infectious virus production in
comparison to those of the parental VZV23GFP.

A
1x108
1x10° 1x107
E 1x10° = 1x10°
5 £
£ 1x10° 5 1x10°
= & pao
2 w10t ——VZV23GFP 1 ~——VZV23GFP
= 5 o 1x10°
] 1x10 +~—VZVsnc10mut ; 1x10? ~+=\VZVsnc12-13DEL
5 1x10t s
% > 1x10!
1x10° 1x10°
o 1 2 3 4 6 0 1 2 3 4 6
day post infefction day post infefction

Figure 3. VZVsncl0OMUT or VZVsnc12-13DEL growth curves compared to VZVGFP23 in lytically
infected ARPE-19 cells. ARPE19 cells were infected with VZVsncRNA10mut or VZVsnc12-13DEL
debris [5] and subsequently harvested from one well by trypsinization. Cells were then serially
diluted and titrated for time 0 (0 h) or subsequent times into fresh monolayers of ARPE-19 cells. At
7 dpi, the cells were fixed and stained for 30 min, and the plaques were counted on dried and stained
plates to give values of viral yield in PFU. (A) Represents the growth of VZV23GFP compared to
VZVsncRNA10mut and (B) represents the growth of VZV23GFP compared to VZVsnc12-13DEL.
n = 3 independent experiments for each mutant virus.

3.3. VZVsnclOMUT and VZVsnc12-13DEL Can Productively Infect Human Embryonic Stem
Cell-Derived Neurons

We next addressed the question of whether neurons, the reservoir of latent VZV after
varicella, supported productive infection by recombinant viruses with mutations in ORF61-
derived VZVsncRNA. Human embryonic stem cell (hESC)-derived neurons were made
using agarose micromolds (as described previously [18]) and then matured for 1 month on
coverslips in 24-well plates. Neuronal cultures were then exposed to 100 PFU of cell-free
VZVsnclOMUT, VZVsnc12-13DEL or VZV23GFP and neuronal infection was monitored
by observing GFP fluorescence microscopically indicating the synthesis of VZVORF23
capsid protein. An extensive, spreading productive infection was observed for all three
viruses, shown at 7 dpi in Figure 4A-C. As expected, no fluorescence was observed in
mock-infected neurons (Figure 4D). This result indicates that the mutation/deletion of
these VZVsncRNA does not prevent infection leading to viral replication of VZV in human
neurons. Unfortunately, the heterogenous nature of our hESC-derived neuron cultures
in terms of both number and neuronal phenotypes precludes performing growth curve
analyses for the mutant viruses in neurons as we did in ARPE19 cells and fibroblasts.
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Figure 4. hESC-derived neurons are productively infected by recombinant VZV lacking expression of
VZVsncRNA10 and VZVsncRNA12 and 13. Panel A-D show merged images of GFP fluorescence and
phase contrast. Neurons differentiated for 21d were infected with cell-free VZV23GFP, VZVsnc10MUT
or VZVsncl2-13DEL virus. Extensive productive infection of neurons was observed at 5 dpi for
VZVsncl0MUT (A), VZVsnc12-13DEL (B) and VZV23GFP (C) as shown by expression of ORF23GFP.
(D) Shows neurons in a mock-infected well. Arrowheads indicate neurites and asterisks indicate
clusters of neuronal cell bodies. Scale Bar = 100 mm.

3.4. VZV Mutated for VZVsncRNA Derived from the mRNA for ORF61 Can Establish
Experimental Latency in hESC-Derived Neurons

VZVsncRNA10-12 are derived from the mRNA for ORF61 and would be complemen-
tary to the recently identified VLT transcript expressed in cadaveric dorsal root ganglia
of VZV- seropositive individuals. VLT has positional and antisense activities similar to
other herpesvirus latency-associated transcripts and has been implicated to be involved in
neuronal latency and/or reactivation [26]. In order to determine if a latency-like infection
could be established by the mutant VZV in neurons, we used a model previously used by
us [6] and others [27] in which acyclovir (ACV) treatment is used to inhibit lytic replication
after infection of neuronal cultures with a cell-free virus.

Neurons were infected in the presence of ACV and cultured a further 10d in its
presence. ACV was then withdrawn, and the cultures maintained an additional 15d. As a
positive control for neuronal infection, some wells of neurons were infected without ACV
treatment. At the end of the incubation period RNA was extracted from the neurons and
the expression of transcripts for ORF61, ORF31, ORF63, and VLT exons 3—4 were measured
by qRT-PCR (Figure 5).
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Figure 5. VZV mutant in VZVsncRNAs establishes experimental latency in hESC-derived neurons.
(A) hESC-derived neurons were infected with 100 PFU of cell-free VZV. Latent infections were
obtained by treatment with ACV (see methods for exact protocol). In the absence of ACV, all three
viruses infected neurons productively (see Figure 4). RNA was harvested at 5 dpi from the wells
not treated with ACV and at 25 dpi from presumably latently infected neurons in wells treated
with ACV and lacking GFP expression. RT-qPCR analysis for IE transcripts ORF61 and ORF63, late
transcript ORF31, and transcripts of VLT exons 3 and 4 of VLT VLTexon3—4 (4) was then performed.
(A) VZVsncl0mut productively infected neurons (left 4 sets of bars) when not treated with ACV.
ACV-treated latently infected wells (right 4 sets of bars) expressed very low levels of ORF61 and late
transcript ORF31 consistent with our previous report [6]. The only transcripts detected at higher
levels were those of VLT exons 3 and 4 of VLT (VLTexon3—4) (4) and a portion of ORF63 that is co-
expressed with VLT [7] consistent with the establishment of latency. N = 3 independent experiments.
(B) RT-qPCR analysis of ACV-untreated, productively infected (left 4 sets of bars) and ACV-treated,
latently infected (right 4 sets of bars) neurons infected with VZVsnc12-13DEL revealed the same
expression patterns of transcripts as observed for infections with VZVsncl0mut. That is, neurons
productive infected with VZVsnc12-13DEL expressed all 4 tested transcripts at high levels, while
the latently infected neurons only expressed transcripts expected to be present in latency. Results
show the average expression levels from 3 independent experiments normalized to the expression
of GAPDH.

Neurons that did not receive ACV treatment were productively infected by all three
viruses and expressed all 4 of the transcripts assayed for. In contrast, neurons that were
infected in the presence of ACV showed greatly reduced expression of lytic RNAs from
ORF31 and ORF61 while the RNAs for latency associated ORF63 and VLT were expressed
at relatively high levels. The primers for ORF63 identified the portion of the transcript
known to be also expressed as a fusion with VLT [8]. This data indicates that the mutant
viruses were able to establish experimental latency in a manner indistinguishable from the
parental virus and other recombinant VZV used in our laboratory.

3.5. VZV Mutated in VZVsncRNA10 or Loss of VZVsncRNA12/13 Display Impaired
Reactivation from Latency

After determining that the mutant viruses established latency in our model, latently
infected neurons were treated with stimuli that we previously found to elicit reactivation
and the generation of infectious viruses [6]. Neurons latently infected with VZVsnc10MUT,
VZVsncl12-13DEL and VZV23GFP were maintained for 15d after ACV withdrawal and
did not show GFP fluorescence. These cultures were then treated with LY294002 (10 M)
and phorbol ester phorbol 12-myristate 13-acetate (PMA) (40 ng/mL) and were incubated
at 33 °C for a further 5 days. Reactivation of the virus in live cultures was followed by
observation of GFP fluorescence indicating the expression of ORF23.

In three independent experiments, neurons infected with parental virus VZV23GFP
expressed GFP in 1/3 of wells (3 wells GFP+ of 9 latently infected wells) of latently infected
neurons (Figure 6A), consistent with results using a VZV expressing GFP fused to ORF66 [6].
In contrast, expression of GFP was only observed in one well in one of three experiments
(that is, in 1 well GFP+ of 9 latently infected wells) with neurons latently infected with
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VZVsncl0OMUT (Figure 6B). No GFP expression indicating reactivation was observed in
9 wells containing neurons latently infected with VZVsnc12-13DEL and given reactivation
stimuli in the three experiments (Figure 6C).

Figure 6. VZVsncl0OMUT and VZVsnc12-13DEL are impaired for induced reactivation in hESC-
derived neurons. Experimental latency was established in hESC-derived neurons using ACV treat-
ment as described in [6] and the Methods. Ten to 15 days after ACV withdrawal there was no
spontaneous reactivation as observed by lack of GFP fluorescence indicating production of the
ORF23GFP fusion protein. The neurons then received a reactivating stimulus of P3K-inhibitor and
PMA as detailed in the methods. Panels show a site of reactivated infection for VZV23GFP (A) which
were detected in 3 wells of 9 infections performed in parallel to infection with the viruses mutant
for VZVsncRNA. (B) The only well-containing neurons infected latently with VZVsnc10MUT that
reactivated in three experiments including a total of 9 latently infected wells. No reactivation was
observed in any of the 9 wells infected with the VZVsnc12-13DEL virus (C). (D) shows neurons in a
mock-infected well receiving the reactivation stimulus. Three independent experiments for each virus
VZV23GFP, MZVsncl0MUT, or VZVsnc12-13DEL were performed each including 3 wells infected
with each virus. Size bar = 100 um.

In order to confirm that the observed GFP expression from capsid protein ORF23
corresponded to complete reactivation including generation of the infective virus, we
harvested neurons 5d after application of the chemical stimuli to the neurons and seeded
them on naive ARPE19 cells and monitored for the appearance of GFP-fluorescent foci of
infection and cytopathic effect indicating a productive infection. Only re-seeded neurons
that expressed GFP after receiving a reactivation stimulus were able to establish loci of
infection, these eventually developed into plaques evident after crystal violet staining (not
shown). Taken together, these results are consistent with the hypothesis that VZVsncRNA
are involved in the reactivation of latent VZV.

4. Discussion

It has become clear that many biological processes are modulated by non-protein-
coding RNA, particularly short RNAs. The short recognition sequence of these RNAs
results in their ability to target multiple genes for regulation. miR is the most studied of
these types of molecules, and it has been long known that viruses of the herpesvirus family
encode many miR. The discovery that the HSV-1 LAT RNA encoded several miRNAs
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resulted in numerous studies to examine how they may regulate the expression of viral
and host genes and the processes involved in lytic/latent decisions. miRNA have now
been identified from multiple regions of HSV-1, and miRNA is encoded not only by LAT
but also by transcripts of ICP0. Despite intense study, it is not yet known how these miR
contribute to HSV-1 latency/reactivation [28]. Several miRNA loci have been deleted
with minor or no effects, while mutation/deletion of other HSV-1 miRNA has influenced
reactivation in rodent neurons infected with HSV-1 [29]. Most of the small non-coding RNA
in VZV-infected cells and that encoded opposite to the VZV putative latency-associated
transcript, VLT, are not predicted to fold into miR with current software tools. However,
two sncRNA without classical miR structure have recently been reported to also be encoded
by the HSV LAT, and these may affect the expression of the HSV receptor HVEM [30].

We have previously reported that chemically antagonizing these VZVsncRNA has
significant effects on VZV replication and that combining several antagonists with them
has stronger, additive effects. It was therefore somewhat surprising to not find significant
effects on VZV replication in two cell lines infected with the VZV deletion or synonymous
mutations viruses. It must be noted that the deletion of many VZV genes results in little
to no effect on viral replication in cells in conventional monolayer cell culture, but when
analyzed in the context of infection of human tissues in the SCID-Hu model, or in 3D
in-vitro models such as intact skin these deletions have significant and dramatic effects on
viral replication. Experiments are underway examining these and other VZV mutated in
additional VZVsncRNA in such models.

The location of VZVsncRNA10-13, along with the observation that HSV LAT-derived
miR may play a role in latent infection/reactivation, stimulated our analyses into their
possible roles in VZV latency and reactivation, using our hESC-derived neuron model. We
reproducibly found that the two sncRNA mutant viruses were able to initiate infection
and replicate productively in neurons and establish a latency-like state using ACV. When
recombinant pOka-based virus expressing GFP is used for modeling latency, 1/3 of latently
infected cultures (shown by in-situ hybridization for VZV DNA or VZV transcripts at long
time periods after removal of virus/ACYV) reactivate when the appropriate stimulus is
provided [6]. This reactivation was productive, as evidenced by the generation of GFP-viral
fusion protein and its spread over time to additional neurons, but also by the and the ability
of the reactivated neurons to infect naive ARPE19 cells. In the present study, we found
that synonymous mutations in VZVsncRNA10 reduced the ability of VZV to reactivate
in response to a stimulus, while deleting 12 nt common to VZVsncRNA12-13 eliminated
reactivation altogether. Ideally, the specificity of these effects should be tested by restoring
the VZVsncRNA by transfection of agonists. Unfortunately, transfection to neurons is
not experimentally feasible. An alternative method of introduction of the VZVsncRNA
sequences would be the development of AAV expressing them, and current experiments
our laboratory are working out details of providing VZVsncRNA sequences with AAV
serotypes that infect neurons (see [26] in this volume).

We still do not know the mechanism of action of the VZVsncRNA that do not seem
to be miR, and additional studies will be necessary to elucidate how they exert their
effects on reactivation and other aspects of VZV infection. We have observed that ORF61
and one of the VLT transcripts appear to be present at approximately the same levels in
productively and latently infected neurons infected with the mutant VZV as in the parental
virus (Figure 5). However, because the mutations introduced are in ORF61 and its 5'UTR, it
is important to determine the effects of the mutations on ORF61 protein expression and
localization as well as other VLT transcripts, and experiments addressing these issues
now ongoing.

The current varicella-zoster vaccine given to children results in latent infection of
peripheral neurons that can reactivate, albeit at a lower frequency than that of wild-type
virus strains. Recent experiments in vitro [6] and the clinical experience show that vOka is
impaired for reactivation, and usually results in milder disease when it occurs. However,
our findings that deletion of 12 nt that are not required for viral replication and establish-
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ment of an immune response, but which can apparently abrogate reactivation, suggest
the deletions generated could form the basis of a safer vaccine strain virus that is able to
replicate in order to generate an immune response but unable to reactivate. The strategy
of developing a VZV vaccine by making mutations modulating neuronal infection was
recently published [31], utilizing a VZV mutant for ORF7, previously shown to impact
VZV replication in skin and neurons [32]. This recent study demonstrates the interest and
importance of developing safer vaccines for HZ and varicella disease.
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Abstract: Combined in silico, in vitro, and in vivo comparative studies between isogenic-recombinant
Mouse-Hepatitis-Virus-RSA59 and its proline deletion mutant, revealed a remarkable contribution of
centrally located two consecutive prolines (PP) from Spike protein fusion peptide (FP) in enhancing
virus fusogenic and hepato-neuropathogenic potential. To deepen our understanding of the underly-
ing factors, we extend our studies to a non-fusogenic parental virus strain RSMHV2 (P) with a single
proline in the FP and its proline inserted mutant, RSMHV2 (PP). Comparative in vitro and in vivo
studies between virus strains RSA59(PP), RSMHV2 (P), and RSMHV2 (PP) in the FP demonstrate
that the insertion of one proline significantly resulted in enhancing the virus fusogenicity, spread,
and consecutive neuropathogenesis. Computational studies suggest that the central PP in Spike
FP induces a locally ordered, compact, and rigid structure of the Spike protein in RSMHV2 (PP)
compared to RSMHV2 (P), but globally the Spike S2-domain is akin to the parental strain RSA59(PP),
the latter being the most flexible showing two potential wells in the energy landscape as observed
from the molecular dynamics studies. The critical location of two central prolines of the FP is essential
for fusogenicity and pathogenesis making it a potential site for designing antiviral.

Keywords: 3-Coronavirus; mouse hepatitis virus-A59/MHV-A59; mouse hepatitis virus-2/MHV2
spike protein; fusion peptide/FP; cell-to-cell fusion (fusogenicity); neuropathogenesis; hepatitis;
demyelination; structural rigidity

1. Introduction

Fusion peptide (FP) is one of the functional segments of virus-host attachment spike
protein that is important for viral fusion to either host cell plasma membrane or endosomal
membrane [1,2]. During the initial stage of the fusion cascade, spike protein unfolds and
extends to expose FP to the target membrane for anchoring via the fusion core domain [3,4].
Mounting evidence from a large body of literature highlights that FP is a valuable target for
the development of pan-CoV therapeutics owing to its conserved nature and contribution to
mediating the fusion of the viral and host cell membrane, and driving its fusion mechanism
across the coronavirus (CoV) family [5-12]. The ongoing COVID-19 pandemic highlights
the immediate requirement to develop effective therapeutics against the existing human-{3-
coronavirus, SARS-CoV-2, and other infectious coronavirus strains, or those emerging in the
near future [13-15]. While a lot of work has been done on SARS-CoV-2, its highly infectious
nature limits its regular laboratory use. Limited experimental evidence, therefore, exists
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for human -coronavirus, but alternate evidence from prototype murine-f3-coronavirus
may shed some light on the understanding of the intricate mechanism of the FP-mediated
fusion process and its associated pathogenesis [16,17].

Two very closely related strains of murine-f-coronavirus MHV-A59 and MHV?2 differ
in their fusogenic properties and hepato-neuropathogenesis [18-22]. MHV-A59 is highly
fusogenic and causes acute hepatitis, meningoencephalomyelitis with chronic progressive
demyelination concurrent with axonal loss and is denoted as a neurotrophic strain [22,23].
In contrast, non-neurotropic strain MHV-2 sharing 91% genome identity with MHV-A59,
and 83% pairwise spike sequence identity, causes only meningitis and is unable to invade
the brain parenchyma. A series of detailed comparative in vitro and in vivo studies pre-
viously demonstrated that spike protein is one of the major determinants of cell-to-cell
fusion, viral infectivity, viral antigen spread, and its consequent neuropathology, demyeli-
nation, and axonal loss [18,19,21,24]. Target RNA recombination using a reverse genetic
system engineering two isogenic spike gene recombinant strains of MHYV, RSA59, and
RSMHV2 have given interesting insight. The spike gene recombinant strain of MHYV,
RSA59 where the spike gene was replaced from parental neurotropic and demyelinating
strain MHV-A59, and RSMHV2 where the spike gene was derived from parent hepatotropic
non-demyelinating strain MHV2 share the same genetic background except for the spike
gene [21,25]. Both RSA59 and RSMHV?2 can efficiently infect neurons but RSA59 can spread
from neuron to neuron more specifically from gray matter to white matter following axonal
transport and can release at the nerve end to directly infect oligodendrocytes in the white
matter through cell-to-cell fusion [26,27]. Thus, RSA59 can evade the immune system,
silently infect white matter oligodendrocytes, and cause moderate to severe demyelina-
tion. In contrast, RSMHV2 as mentioned earlier can infect the neuron but is impaired in
axonal transport and cannot reach the white matter oligodendrocytes. Impaired axonal
transport and lack of cell-to-cell fusion properties contribute to impaired demyelination
in RSMHV?2. Previous studies have demonstrated that RSA59 can reach the optic nerve
via retrograde axonal transport and cause optic neuritis including neuron inflammation,
demyelination, and axonal loss [24,28]. In contrast, RSMHV2 was unable to follow retro-
grade transport and thus was unable to induce optic neuritis. Retrograde axonal transport
of RSA59 is also known to damage retinal ganglionic cells as a consequence of cell-to-cell
fusion, whereas RSMHV?2 is impaired in causing retinal ganglionic cell loss due to lack
of retrograde axonal transport and infection to retinal ganglionic cells [24,28]. Another
seminal study combining exogenous spike protein trafficking as well as in vivo and in vitro
viral spread and dissemination demonstrated that irrespective of the presence of known
murine-coronavirus viral entry receptor CEACAM]1, spike protein by itself can initiate the
fusion process [17,29]. Different strains of CoV induce differential cell-to-cell fusion and are
responsible for the differential pathogenicity and disease severity. In summary, the spike
protein plays a vital role in CoV-induced cell-to-cell fusion and pathogenesis. To delineate
the minimum essential motif required for fusogenicity, studies were targeted to the FP of
the S2 domain of the spike protein owing to its key role in early events in cell-to-cell fusion
necessary for intercellular viral spread. Two consecutive central proline residues in the FP
domain were identified to play a crucial role in the event of the fusion process. In one of the
previous studies, it has been demonstrated by generating a proline deletion mutant that a
proline deletion or insertion in the FP may significantly alter murine CoV(m-CoV) induced
fusogenicity, viral antigen spread, infectivity, and its consequent neuropathological event,
demyelination, and axonal loss [17].

We had previously demonstrated that the deletion of single proline from the centrally
located double prolines in the FP of fusogenic and demyelinating strain RSA59 (PP) led to
the loss of fusogenicity due to the loss of structural rigidity around the FP neighborhood
from the lack of double prolines [16,17]. In this study, we add one proline at the center of the
FP of fusion impaired non-demyelinating strain RSMHV2 (P) and investigate whether only
two consecutive prolines with the parental neighboring amino acids within a membrane
environment are sufficient to provide the rigidity required for syncytia formation. We,
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therefore, generated a mutant RSMHV2 (PP) in which one proline was added to RSMHV2
(P) and compared with RSA59 (PP) and RSMHV?2 (P). Comparative studies reveal that
RSMHV2 (PP) can induce cell-to-cell fusion, spread through the neuron, and can occasion-
ally reach the white matter and thus can induce discrete myelin loss, but is unable to form
a concentrated demyelinating plaque. An increased ability to cause cell-to-cell fusion, viral
antigen spread, and consecutive myelin loss could be due to the increased rigid structure
induced by one additional proline in the FP neighborhood but it was restricted as compared
to RSA59 (PP). Previous in silico studies had identified the cause to be the transformation
of the FP structure from helix-turn-helix-turn-helix in RSA59 (PP) to a helix-loop-helix in
RSA59 (P). We find the same in this study from the comparison of RSMHV2 (PP) versus
RSMHV?2 (P). With the local torsional flexibility, the secondary structure of RSMHV2 (PP)
is identical to RSA59 (PP). Two prolines are required for efficient viral spread from the
brain to the spinal cord and from the brain to the retina via the optic nerve to the eye
by retrograde axonal transport. Altered rigidity of the FP may contribute significantly to
cell-to-cell fusion and viral spread which may help in designing the therapeutic strategies
for anti-pan-CoV.

2. Materials and Methods
2.1. Viruses

A recombinant isogenic demyelinating strain of RSA59 (PP) and non-demyelinating
strain RSMHV?2 (P) expressing enhanced-Green Fluorescent Protein (EGFP) have been used
for understanding spike mediated fusogenicity and hepato-neuropathogenesis in our series
of previous studies [25,26,30]. Briefly, RSMHV2 (PP) expressing EGFP was engineered
by inserting one additional proline through quick-change site-directed mutagenesis com-
bined with targeted RNA recombination next to the existing central proline of the parental
RSMHV2 (P) FP of spike protein [21,31]. The plasmids were isolated and linearized. Syn-
thetic RNA was obtained using an in vitro transcription kit. The synthetic capped RNA
as a donor and fMHYV as a recipient virus were subjected to targeted RNA recombination
methods [25]. The resultant recombinant strains were selected and sequenced for verifica-
tion. Overall, the viruses are isogenic recombinant strains of MHV-A59 expressing EGFP
but differ in spike gene, where RSA59 (PP) possesses spike gene of the parental strain of
MHV-A59, RSMHV2 (P) possesses spike gene of the fusion impaired non-demyelinating
parental strain of MHV2 and mutant RSMHV2 (PP) also possesses the spike gene of the
fusion impaired non-demyelinating parental strain of MHV2 with one proline insertion
in the FP.

2.2. Isolation and Enrichment of Primary Neuron from Neonatal Day 0 Mouse Brain

Whole brains were harvested from day 0 pups and meninges were carefully removed
from brain tissue. Homogenized brain tissues were incubated in a rocking water bath
set at 37 °C for 30 min in Hanks’ balanced salt solution (Gibco), containing 300 pg/mL
DNase I (Sigma, Tokyo, Japan) and 0.25% trypsin (Sigma). Enzyme-dissociated cells were
triturated in the presence of 0.25% FBS, followed by a wash and centrifugation (300x g for
10 min). The pellet was again resuspended in Hanks’ balanced salt solution and passed
through a 70-pm nylon mesh. A second wash and centrifugation (300x g for 10 min)
were performed, and finally, the cell pellet was diluted to 10° cells/mL with (DMEM)
containing 1% HEPES, 1% penicillin, 1% streptomycin, 1% non-essential amino acid, 1%
L-glutamine, 10% FBS. Cells were plated on PolyDiLysin and Laminin (PDL/Lam) coated
culture plates and allowed to adhere for 1 day in a humidified CO, incubator at 37 °C. After
24 h, all non-adherent cells were removed, and cells were switched to a serum-free, growth
medium (Neurobasal medium containing B27). The purity of isolated neuronal cells was
determined by double-label immunofluorescence with neuronal marker anti-MAP2 and
astrocyte marker anti-GFAP (glial fibrillary acidic protein).
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2.3. Maintenance of Secondary Cells in Culture

L2 is a murine lung epithelial cell line (CCL-149) and Neuro2a is a mouse neuroblas-
toma cell line (CCL-131) that was obtained from the American Tissue Culture Collection
(ATCC). DBT is a mouse astrocytic delayed brain tumor cell line (JCRB1580) that was
obtained from the Japanese Collection of Research Bioresources Cell Bank. Neuro2A cells
were cultured in Minimum Essential Medium (MEM) containing 10% FBS and DMEM
containing 7.5% NaHCOj3, 1M HEPES, 1% penicillin, 1% streptomycin, 1% non-essential
amino acid, 1% L-glutamine, 10% FBS was used to maintain for L2 and DBT cells. All the
cells were maintained in continuous culture up to 5 passages for experimentation. Cells
were cultured on etched coverslips as per requirement.

2.4. Viral Infection in Primary Neuronal Cells, Lung Epithelial Cells L2, Neuroblastoma Cells
Neuro2A, and Astrocytoma Cells DBT

Confluent monolayers of primary neurons were infected with 2 MOI and, L2, Neuro2A
cells, and DBT cells were infected with 0.5 MOI of RSA59 (PP), RSMHV2 (P), and RSMHV2
(PP) inoculum prepared in respective media containing 2% FBS. Infected cells were incu-
bated with the virus at 37 °C in a humidified incubator with 5% CO, for 1 h 15 min with
intermittent rocking at 15 min intervals for efficient viral adsorption. The viral inoculum
was discarded and the infected cells were cultured with their respective growth medium
in presence of 5% CO; at 37 °C. After 8 h, 12 h, 16 h, and 24 h post-infection infected cells
were either processed for studying viral antigen spread and syncytia formation by EGFP
fluorescence or immunofluorescence colocalizing viral antigen with different neuroglial
cell-specific markers.

2.5. Immunofluorescence on Cultured Cells

Infected cells were washed with 1X PBS containing Ca?* and Mg?*, fixed in 4% PFA,
washed with 1X PBS, and then mounted on glass slides using Mowiol 4-88 mounting
media with DAPIL. For neuron enrich primary culture characterization, cells were permeabi-
lized with Triton X-100 in PBS. The cells were incubated with a blocking solution of PBS
containing Triton X-100 and goat serum (GS). The cells were then incubated with primary
antibodies rabbit anti-MAP2 (neuron marker), mouse anti-NFM (neuron marker), mouse
anti-GFAP (astrocyte marker), at dilution 1:200 and mouse anti-H8H9 (same as anti-GalC,
matured oligodendrocyte marker) at dilution 1:50 prepared in PBS/GS/Triton X-100 for
1 h. The antibodies used with their source and dilutions are tabulated in Table 1. The
primary antibody labeled cells were then washed thrice with 1X PBS for 5 min and then
incubated with respective secondary antibodies prepared in PBS/GS/Triton X-100 for 1 h,
as specified in Table 1. The fluorescence-labeled cells were carefully washed with PBS
carefully avoiding exposure to light and then mounted. The slides were then observed
for EGFP fluorescence. Images were acquired with a Nikon eclipse Ti2 epifluorescence
microscope with Nikon DS-Qi2 coupled camera and analyzed using Image] software.

2.6. Quantification of RSA59 (PP), RSMHV?2 (P), and RSMHV2 (PP) Induced Cell-to-Cell Fusion
In Vitro

The merged images of EGFP and DAPI channels were used for the quantification.
The mean nuclei per syncytium formed in Neuro2A cells were quantified by counting the
number of DAPI-stained nuclei inside the EGFP expressing syncytia. A total of 30 frames of
20x images were taken from three independent experiments for every time point for each
strain of the virus. Randomly selected 25 syncytia were considered for precise quantification
of nuclei stained with DAPI within a syncytium and graphically presented for L2 and
Neuro2A cells. As the syncytia formed by RSA59 (PP) in DBT were very big, the size of
each nucleus was determined and used to calculate the number of nuclei in each syncytium
by using software algorithms. The syncytia formed by RSMHV2 (P) and RSMHV2 (PP)
were not distinct, thus clusters of infected cells were considered as syncytia for DBT cells.
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Like in Neuro2A, each cluster was cropped out and the nuclei from the DAPI channel was
counted. Image] 1.52 g (Fiji) software was used for quantification.

2.7. Inoculation of Mice

Four-week-old MHV-free C57BL /6] mice were intracranially inoculated with a 50%
LD50 dose of 20,000 PFU/mL RSA59 (PP), RSMHV2 (PP), or 100 PFU/mL RSMHV2
(P) as previously described [16,30]. Mice were monitored for the signs and symptoms
of disease and possible mortality. Mock-infected groups received PBS with 0.75% BSA
and were housed in the same conditions as infected groups. On days 3, 5, and 6 (acute
stage) and day 30 (chronic stage) p.i., mice were anesthetized, transcardially perfused
with PBS followed by 4% PFA, and successively the brains, spinal cords, and livers were
harvested. Six mice (N = 6 in two experiments) were inoculated in each infection group
for histopathological analysis on days 3, 6, and 30. Three mice (N = 3) were used for each
infection group alongside mock-infected mice for immunofluorescence analysis on day
5 p.i. spinal cord cryosections.

2.8. Histopathological Analyses

Mice were sacrificed at days 3, 6, and 30 p.i. and perfused transcardially with PBS
followed by 4% paraformaldehyde (PFA) in PBS. Liver, brain, and spinal cord tissues
were harvested, postfixed in 4% PFA overnight, tissues were transferred to 70% ethanol
and processed for tissue routine paraffin sectioning. Five um thick longitudinal liver
sections, sagittal brain sections, and cross-sections of spinal cord tissues were prepared for
further histological and immunohistochemical analysis. Liver and spinal cord (cervical,
thoracic and lumbar) tissue sections were processed for H&E and Luxol Fast Blue (LFB)
staining, respectively. Liver and spinal cord pathology were blindly analyzed by two
other investigators.

2.9. Immunohistochemical Analysis and Quantification of Viral Antigen

Serial sagittal sections of the brain and cross-sections of spinal cord tissues were
stained using the avidin-biotin-immuno-peroxidase technique (Vector Laboratories,
Burlingame, CA, USA) with 3, 3’ diaminobenzidine (DAB) as substrate and anti-N
antibody as primary antibody, which was a kind gift from Dr. Julian Leibowitz of
Texas A&M, College Station, Texas. The degree of viral antigen staining in different
neuroanatomic regions of infected mice brain tissues was evaluated based on the scoring
scale; score 0: no apparent viral antigen staining; 1: very small foci of viral antigen-
positive cells; 2: widespread but small foci of viral antigen-positive cells; 3: widespread
large foci of viral antigen-positive cells. To quantify anti-viral staining in the spinal cord,
Fiji (Image] 1.52 g) software was used [32]. Image analysis was performed using the
basic densitometric thresholding features of Fiji. The image was first captured at 10x
magnification which allowed the entire section of the spinal cord to be visualized within
a single image frame. The RGB image was color-deconvoluted into three different colors
to separate the DAB-specific staining. The background labeling was also subtracted from
all images, and then the contrast was slightly enhanced to improve the resolution. The
perimeter of the spinal cord was digitally outlined, and the area was calculated in pm?.
A threshold value was defined for each image. The magnitude of viral staining was
defined as the percentage area of staining (ratio of target-stained area to total selected
area multiplied by 100), as previously described [17]. Two other investigators blindly
analyzed all the sections following the above-described method.

2.10. Immunofluorescence on Spinal Cord Cryosections

Spinal cord tissues harvested on day 5 p.i.were fixed in PBS containing 4% PFA for
8 h and then placed in PBS containing 10% sucrose at 4 °C overnight and subsequently
transferred to PBS containing 30% at 4 °C for 24 h. Tissues were embedded in OCT medium
(cryomatrix) and coronally sectioned at 8um with the aid of a cryotome (Thermo Scientific,
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Waltham, MA, USA). Sectioned tissues were placed on the charged slides and kept at
—80 °C till the time of immunofluorescence. Frozen sections were immunofluorescently
labeled as previously described [27,30,33]. Briefly, sections were postfixed with ice-cold
95% ethanol for 20 min and washed with PBS at room temperature for 10 min followed by
incubation with 1M glycine in PBS for 1 h to reduce nonspecific cross-linking, and 1 mg/mL
NaBH4 for 10 min to decrease autofluorescence at room temperature in a humidified
chamber. The sections were again PBS washed thrice for 5 min each before being incubated
with a blocking solution containing 2.5% goat serum in PBS (GS) and 0.5% triton-X-100
in PBS for 1 h at room temperature. Incubation of sections with primary antibodies;
virus-specific anti-nucleocapsid (anti-N) and anti-MAP2 prepared in GS at 1:50 and 1:200
dilutions respectively were done overnight at 4 °C. The section was then PBS washed
thrice for 5 min before incubation with secondary antibodies as mentioned in Table 1. All
incubations were carried out in a humidified chamber. Tissue sections were then washed
with PBS thrice for 5 min and subsequently mounted with Mowiol 4-88 mounting medium
containing DAPI. A green channel was used to visualize the viral antigen. MAP2 staining
was viewed in the red channel. Visualization and images were acquired with a Nikon
eclipse Ti2 epifluorescence microscope with Nikon DS-Qi2 coupled camera and processed
with Image J (Fiji) software.

Table 1. Antibodies and respective dilutions used for immunofluorescence.

Primary Antibody Dilution Secondary Antibody Dilution
Rabbit polyclonal Anti-MAP2 (Sigma) 1:200 Alexa fluor 568 Donkey Anti Rabbit (Invitrogen) 1:800
- . . FITC Goat Anti Mouse IgG (Jackson .
Mouse monoclonal Anti-NFM (Sigma) 1:200 immunoresearch, West Grove, PA, USA) 1:250
- . . FITC Goat Anti Mouse IgG (Jackson .
Mouse monoclonal Anti-GFAP (Sigma) 1:200 immunoresearch, West Grove, PA, USA) 1:250
Anti-H8H9 (same as anti-Gal C) (mouse .
monoclonal antibody against mature 1:50 . FITC Goat Anti Mouse IgG (Jackson 1:250
Oligodendrocytes) [34] immunoresearch, West Grove, PA, USA)
Anti-N (anti-nucleocapsid of MHV) (Gift .
from Dr. Julian Leibowitz of Texas A&M, 1:25 FITC Goat Anti Mouse IgG (Jackson 1:250

College Station, TX)

immunoresearch, West Grove, PA, USA)

2.11. Detection of Demyelination and Quantification

Spinal cord (cervical, thoracic and lumbar) tissue sections were processed for Luxol
Fast Blue (LFB) staining to detect myelin loss. Total white matter area and areas with myelin
loss (marked by a plaque of no LFB stain within white matter) were determined on day 30
RSA59 (PP), RSMHV2 (P), and RSMHV2 (PP) p.i. mice. Four-six LFB-stained spinal cord
cross-sections from each mouse were randomly selected and analyzed using Fiji software
(Image] 1.52 g) [17]. The total number of mice in each group was 5-6. The total perimeter
of the white matter regions in each cross-section was outlined and calculated by adding
up the dorsal and ventrolateral white matter areas in each section. The total perimeter of
the demyelinated regions was also outlined and added for each section separately. The
percentage of spinal cord demyelination per section per mouse was obtained by dividing
the total area of the demyelinating plaque over the total area of the calculated white matter
and then multiplied by 100, as previously described [17].

2.12. Structure Modeling and Molecular Dynamics Simulation of RSMHV2 (PP)

The structure of the trimeric fusion domain of RSMHV2 (PP) was obtained through
homology modeling using MODELLER with RSA59 (PP) as the template [35]. All-atom
MD simulation of this modeled structure was performed with GROMACS 5.1.4 using the
CHARMM force field with cmap following the protocol previously described [17]. The
simulated region of the RSMHV2 (PP) fusion domain, residues 909-1154 of each chain,
corresponds to the same region of RSMHV2 (P) previously studied. The structure was
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centered in a cubic box with a dimension chosen by GROMACS to ensure a distance
of 1 nm between the protein edge and box face. The system was solvated with water.
Na* and Cl~ ions were added to neutralize the charge on the protein and ensure a final
concentration of 0.1 M. Periodic boundary condition in all directions was applied. The
system was energy minimized with the steepest descent algorithm, and the minimization
was stopped when the maximum force in the system dropped below 1000 kj mol~! nm~".
This was followed by equilibration under NVT and NPT ensembles for 2 ns each. Berendsen
thermostat at a temperature of 300 K and Parrinello-Rahman barostat at 1 atm was used in
the simulations [36,37]. The production MD was run for 500 ns with a time step of 2 fs with
frames saved every 10 ps yielding 50,000 frames for analysis.

The comparative analysis of this MD trajectory with the previous simulations [17]
was done with MD DaVis, an analysis tool developed in-house (https://github.com/
djmaity /md-davis, accessed on 18 January 2022). First, the free energy landscapes were
calculated using root mean square deviation and radius of gyration following the protocol
of Tavernelli et al., 2003 [38]. The free energy landscapes of the full trajectory showed
that the systems were still evolving for the first 100 ns. Therefore, the trajectory from
100-500 ns was used for replotting the free energy landscapes and subsequent analysis.
Next, the secondary structure was calculated with the GROMACS do_dssp tool. The
percentage of frames for which a specific secondary structure was observed was calculated
at each residue location. The torsional flexibility was also calculated, defined as the circular
standard deviation of the ¢ and 1) backbone torsional angles. Finally, the hydrogen bonds
with the central prolines in the FP were calculated with the GROMACS hbond tool and the
percentage of frames with the hydrogen bonds was tabulated.

2.13. Statistical Analysis

The data from syncytia formation in the cultured cells was computed and analyzed
as described above. Unpaired Student’s t-test was used to compare two strains of virus at
each time point p.i. The level of significance for viral antigen and LFB staining in different
neuroanatomic regions and spinal cord sections were calculated using one-way ANOVA
followed by Tukey’s multiple comparisons test. All data were plotted and analyzed using
GraphPad Prism 6.01 software. The level of significance and the means are presented in a
scatter-bar diagram. A p-value < 0.05 was considered statistically significant and presented
as * p. The standard error of the mean (SEM) was presented with each mean as an error bar
in the plots.

3. Results
3.1. Sequence Comparison between RSA59 (PP), RSMHV?2 (P), RSMHV?2 (PP) Fusion Peptide

The mutant RSMHV2 (PP) was generated by adding one proline to FP by site-directed
mutagenesis and targeted RNA recombination as discussed in the “Material and Meth-
ods”. The entire FP of RSA59 (PP), RSMHV2 (P), and RSMHV2 (PP) were sequenced and
compared with the known predicted MHV-A59 FP sequence (gene bank accession number:
9629812) and MHV2 (gene bank accession number: AF201929) FP within the spike gene
fusion domain (Figure 1A). A consensus sequencing was carried out by RT-PCR of viral
mRNA amplified from RSA59 (PP), RSMHV2 (P) and RSMHV2 (PP) infected L2 cells [17].
The FP sequence of RSA59 (PP) and RSMHV?2 (P) was identical to the published sequence
of our previous work [17]. RSMHV2 (PP) FP sequence was identical to RSMHV2 (P) with
an addition proline in the FP (Figure 1B).
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Figure 1. Sequence comparison of fusion peptide and fusogenic properties of RSA59 (PP),
RSMHV2 (P), and RSMHV2 (PP) in L2 cells. Schematic of the S2 subunit of coronavirus Spike
gene, showing cleavage site (CS), FP, heptad repeat 1 (HR1), heptad repeat 2 (HR2), transmembrane
domain (TM), and intracellular tail (IC) (A). FP region of RSA59 (PP), RSMHV2 (P), and RSMHV2
(PP) sequences are aligned using ClustalW tool, dashed lines show central double proline (PP) or
single proline (P) in RSA59 (PP), RSMHV2 (PP), and RSMHV2 (P), respectively (B). A monolayer of
L2 cells was infected with RSA59 (PP), RSMHV2 (P), and RSMHV2 (PP) at MOI 0.5. The cells were
incubated for 16 h at 37 °C with 5% CO,, fixed with 4% paraformaldehyde, and mounted in DAPI
containing mounting media. Epifluorescence microscopy was performed, and images were acquired
and further processed using Image J (Fiji) software. The green fluorescence is the intrinsic viral EGFP
that is incorporated into the genome. Images of DAPI (blue) and EGFP (green) were merged to
construct the images presented. RSA59 (PP) and RSMHV2 (PP) infection cause syncytia formation
(C,E) but RSMHV?2 (P) infection rarely formed syncytia (D). The mean nuclei per syncytium were
quantified and scatter-bar plotted (F). Experiments were repeated five times. Significance level was
taken at p < 0.05 following unpaired t-test analysis. **** p < 0.00001.

3.2. Divergent Fusogenicity of RSA59 (PP), RSMHV2 (P), and RSMHV?2 (PP) in L2 Cells
Cell-to-cell fusion property (fusogenicity) of RSA59 (PP), RSMHV2 (P), and RSMHV2
(PP) was examined in the confluent culture of L2 cells at an MOI 0.5. RSA59 (PP), RSMHV2
(P), and RSMHV2 (PP) significantly differ in their fusogenic and cytopathic properties.
Briefly, upon RSA59 (PP) infection, L2 cells started to fuse as early as 8 h and formed
profuse syncytia which started to increase in size with time until 16 h post-infection (p.i.)
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(Figure 1C). Beyond16 h p.i., most of the giant syncytia started to dissolve as all of the
infected cells had lysed. In contrast, RSMHV2 (P) infected individual cells rarely formed
syncytia even 24 h after p.i., only a few infected cells (2-3) formed a cluster as observed
previously (Figure 1D) [17]. Interestingly, infection of RSMHV?2 (PP) with two consecutive
prolines in the FP significantly increased the size of the multinucleated cluster of cells
denoted as syncytia formation, as compared to RSMHV2 (P) (Figure 1E). The growth
curve performed for RSMHV2 (P) and RSMHV2 (PP) until 24 h starting from the point of
adherence (0 h) is identical hence depicting that no significant alteration in viral replication
and growth can be observed after the addition of one proline (Figure S1). The experiments
were repeated 5 times under the same conditions, and in most of the cases, distinctive
multinucleated syncytia were observed to be formed by RSMHV2 (PP), which is different
from RSMHV?2 (P), but on the other hand, the number of multinucleated cells in the syncytia
are much less compared to RSA59 (PP). The quantification of the fusion index as discussed
in “Material and Methods” was plotted in a scatter-bar diagram (Figure 1F).

3.3. RSA59 (PP), RSMHV?2 (P), and RSMHV2 (PP) Differ in Their Neuronal Tropism, Spread
through Neuron and Syncytia Formation in Primary Neuronal Culture, Neuroblastoma Cell Line,
Neuro2a, and Delayed Brain Tumor (DBT), Astrocytoma Cell Lines

Mixed neuroglial cultures enriched in primary neurons as discussed in “Material and
Methods” were immunolabeled with anti-MAP2 antibody (neuron marker), anti-NFM
antibody (neuron marker), anti-GFAP antibody (astrocyte marker), anti-H8H9 antibody
(matured oligodendrocyte marker). Cells were counterstained with DAPI (nuclear stain).
Intrinsic EGFP fluorescence denotes viral antigen. Visual manual counting of immunos-
tained cells revealed that 65-70% of the cells in the culture are MAP2 positive indicating
neurons (Figure 2D). Neurofilament neuronal staining frequently showed colocalization
with MAP2 (Figure 2A). Inmunostaining of the culture with astrocyte marker GFAP and
differentiated oligodendrocyte marker H8HO revealed that some cells are astrocytes and
oligodendrocytes, respectively (Figure 2B,C). Visual manual counting of immunostained
cells showed that 15-20% cells are GFAP positive astrocytes and 8-10% cells are HSH9
positive oligodendrocytes. Scatter-bar diagram in (Figure 2D), depicts the percentage of
different neuroglial cells in the mixed neuroglial culture. These primary neuron enriched
cultures were infected with RSA59 (PP), RSMHV2 (P), and RSMHV2 (PP) at an MOI of
2, and after 24 h p.i. cells were stained with neuronal marker MAP2 and counterstained
with DAPI Colocalization of intrinsic viral-EGFP fluorescence with neuronal markers
revealed that a large number of MAP2+ neurons are infected, forming profuse syncytia.
RSMHV2 (P) can infect neurons at a much lower efficiency. In contrast, the efficiency to
infect neurons is significantly increased in RSMHV2 (PP). Moreover, colocalization studies
revealed that RSA59 (PP) can infect neurons and also can spread through neurons to cause
cell-to-cell fusion (Figure 2E-I). RSMHV2 (P) has limited ability to infect neurons and even
if it infects the viral antigen spread is significantly restricted in the culture (Figure 2J-N).
The infectivity and the viral spread increased in RSMHV2 (PP) compared to RSMHV2 (P)
but remains much less for RSA59 (PP) as also observed in L2 cell infection (Figure 20-S).
Detailed quantification of differential neuronal tropism has been depicted in a scatter-bar
diagram (Figure 2T). In summary, the results demonstrate that the addition of one proline
significantly increases the neuronal tropism and viral antigen spread in RSMHV2 (PP) com-
pared to its parental strain RSMHV?2 (P), still, the addition of one proline in the backbone
of RSMHV?2 (P) was not able to match the ability to infect neuron, viral antigen spread and,
cell-to-cell fusion as observed in RSA59 (PP).
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Figure 2. Characterization and infection of primary neuronal culture with RSA59 (PP), RSMHV2
(P), and the one proline added mutant RSMHV2 (PP). Mixed neuroglial culture enriched in primary

neuron immunolabeled with anti-MAP2 antibody (Red; neuronal marker), anti-NFM antibody (Green;
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neuron marker) (A), anti-GFAP antibody (Green; astrocytic marker) (B), anti-H8H9 antibody (Green;
matured oligodendrocyte marker) (C). Cells were counterstained with DAPI (Blue; nuclear stain).
(D), Visual manual counting of immunostained cells revealed that culture consists of 65% MAP2
positive neurons. Primary neuronal cultures were infected with RSA59 (PP) (E-I), RSMHV2 (P)
(J-N), and RSMHV2 (PP) (O-S) at an MOI of 2, and after 24 h p.i. cells were stained with MAP2
and counterstained with DAPI. Representative images of the cells infected with the virus are shown
where the EGFP panel shows the virus-infected cells, MAP2 channel denotes neurons in the culture
and colocalization shows that the neurons were infected with the virus. The merged panel depicted
the neurons are EGFP positive hence infected with the virus and DAPI represents the nucleus. Higher
magnification images of the colocalization are highlighted in insets. (T) Colocalization of MAP2 and
EGFP was represented in a scatter-bar plot. Experiments were repeated two times (N = 2) with three
replicates per experiment per virus (n = 6). Significance level was taken at p < 0.05 following unpaired
t-tests analysis. * p < 0.05, *** p < 0.001.

The differential neuronal tropism of RSA59 (PP), RSMHV2 (P), and RSMHV2 (PP)
were further confirmed in Neuro2a, neuroblastoma cells in continuous culture. Detailed
immunofluorescence characterization revealed that 95% of Neuro2a cells in culture are
NFM/MAP2 positive (data not shown), demonstrating homogeneity of neuronal cells
in culture. Briefly, 85-90% of confluent Neuro2a cells were infected with RSA59 (PP),
RSMHV?2 (P), and RSMHV2 (PP) at 0.5 MOL Time kinetic studies of cell-to-cell fusion from
12-24 h revealed that RSA59 (PP) profusely infected Neuro2a cells in culture and started
to form syncytia as early as 12 h p.i. which increased with time to form giant syncytia as
shown in Figure 3A-D until 24 h p.i. RSMHV2 (P) and RSMHV2 (PP) showed individually
infected cells at 12 h but not many obvious multinucleated cells were observed in any of
the infected cultures (Figure 3E,I). Whereas, after 16 h p.i. RSMHV2 (P) showed 2—4 cells in
the cluster, no obvious syncytia were observed (Figure 3EG). The rate of syncytia formation
did not alter much even after 24 h p.i. (Figure 3H). In contrast RSMHV2 (PP) at 16 hp.i.
formed multinucleated moderate size syncytia comprising 10-15 nuclei (Figure 3],K). The
size and number of the syncytia did not increase at 24 h p.i. in infected cells (Figure 3L).
A scatter-bar diagram of the mean number of nuclei or cells per cluster clearly shows
the significant difference in the size of the syncytia between RSA59 (PP) with RSMHV2
(P) or RSMHV2 (PP) at 12 h,16 h, and 24 h p.i. (Figure 3M). But the differences between
RSMHV2 (P) and RSMHV2 (PP) were maximum and significant only at 16 h p.i. (Figure 3M).
Time kinetics studies in Neuro2a further confirmed that RSA59 (PP) with RSMHV2 (P)
and RSMHV2 (PP) differ in their neuronal tropism, viral spread, and syncytia formation.
Further, these studies confirm that the addition of one proline in RSMHV2 (PP) significantly
increases the efficiency of syncytia formation compared to parental strain RSMHV2 (P), but
is significantly less able to form syncytia compared to RSA59 (PP).

Our observations in the neuron-enrich primary culture as well as neuronal cell line,
Neuro2a culture where the addition of one proline in RSMHV2 (P) significantly increased
syncytia formation though smaller in size and fewer in number than the syncytia observed
in RSA59 (PP) prompted us to investigate the fusogenicity of RSMHV2 (PP) in astrocytoma
Delayed Brain Tumor (DBT) cells. The DBT cells are known to be frequently used for the
productive replication of different MHV strains. Confluent monolayers of DBT cells were
infected with RSA59 (PP), RSMHV2 (P), or RSMHV2 (PP) at MOI 0.5. Similar to Neuro2a
cells, RSA59 (PP) started forming giant syncytia as early as 8 h p.i. in the DBT cell line
(Figure 4A), and that significantly increased in size and number by 12 h p.i. (Figure 4B),
and right after that started to dissolve due to profuse viral replication. Like neuronal cell
infection, RSMHV2 (P) and RSMHV2 (PP) can efficiently infect DBT cells in culture, which
increases with time between 8 h-12 h p.i. At 8 h p.i. no multinucleated cell clustering was
observed either in RSMHV2 (P) or RSMHV2 (PP) infected culture (Figure 4C,E). Clustering
of multinucleated cells was significantly observed in the RSMHV2 (PP) cluster at 12 h p.i.
(Figure 4F); whereas, RSMHV2 (P) infected cells still failed to form clusters (Figure 4D).
The size and number of RSMHV2 (PP) clustering remained low as compared to RSA59 (PP)
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clustering. Quantification of the mean number of cells per syncytium at 8 h and 12 h p.i.is
depicted in a scatter-bar diagram (Figure 4G).

16h Inset 16h

24h

RSMHV2 (P) RSA59 (PP)

RSMHV2 (PP)

e

M 130 —= e RSA59 (PP)
s :fgi — e : v RSMHV2 (P)
g 100 s RSMHV2 (PP)
>
2 80+ —_—

2 60~
D
S 40— o
=
= 20-
S 207
'é 1549 : ns
2 10+ r—
[ — A
- ik
=

0

12h 16h 24h

Figure 3. Comparison of syncytia formation in Neuro2a cell infected by RSA59 (PP), RSMHV2
(P), and the one proline added mutant RSMHV?2 (PP). Neuro2a cells were infected with RSA59 (PP),
RSMHV2 (P), and RSMHV?2 (PP) at 0.5 MOI. The green fluorescence is due to EGFP that is integrated
into the viral genome. Images of DAPI (Blue) and EGFP (Green) were merged to construct the final
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images presented here; (A-D) panels are from RSA59 (PP) infected Neuro2a cells at 12 h (A) 16 h,
(B,C) is a magnified image of 16 h, (D) at 24 h, respectively. Panel E-H shows Neuro2a cells infected
by RSMHV2 (P), (E) at 12 h, (F) 16 h, (G), is a magnified image of 16 h, (H) at 24 h, respectively.
Arrowheads indicate 1-2 cells in a cluster. (I-L) show Neuro2a cells infected by RSMHV2 (PP) where
(D) is 12 h p.i., (J) at 16 h, (K) magnified 16 h, and (L) 24 h p.i, respectively. The mean nuclei per
syncytia were counted and plotted in a scatter bar (M). Experiments were repeated three times (N = 3)
with three replicates per experiment per virus per time point p.i (n = 9). Significance level was taken
at p < 0.05 following unpaired t-test analysis. * p < 0.05, **** p < 0.0001; ns means not significant.
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Figure 4. Effect of double proline on the fusogenic ability of RSA59 (PP), RSMHV2 (P), and
RSMHV2 (PP) in DBT cell line. DBT cells were infected with RSA59 (PP), RSMHV2 (P), and
RSMHV2 (PP) at an MOI of 0.5. Viral Antigen is denoted by EGFP fluoresc