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Abstract: While investigating a signal of adaptive evolution in humans at the gene LARGE, we
encountered an intriguing finding by Dr. Stefan Kunz that the gene plays a critical role in Lassa virus
binding and entry. This led us to pursue field work to test our hypothesis that natural selection acting
on LARGE—detected in the Yoruba population of Nigeria—conferred resistance to Lassa Fever in
some West African populations. As we delved further, we conjectured that the “emerging” nature of
recently discovered diseases like Lassa fever is related to a newfound capacity for detection, rather
than a novel viral presence, and that humans have in fact been exposed to the viruses that cause such
diseases for much longer than previously suspected. Dr. Stefan Kunz’s critical efforts not only laid the
groundwork for this discovery, but also inspired and catalyzed a series of events that birthed Sentinel,
an ambitious and large-scale pandemic prevention effort in West Africa. Sentinel aims to detect and
characterize deadly pathogens before they spread across the globe, through implementation of its
three fundamental pillars: Detect, Connect, and Empower. More specifically, Sentinel is designed to
detect known and novel infections rapidly, connect and share information in real time to identify
emerging threats, and empower the public health community to improve pandemic preparedness
and response anywhere in the world. We are proud to dedicate this work to Stefan Kunz, and eagerly
invite new collaborators, experts, and others to join us in our efforts.

Keywords: pandemic preemption; pandemic response; diagnostic tools; bioinformatics; genomic
surveillance; infectious disease; Lassa virus; Lassa fever; Ebola; LARGE

1. Background

In 2007, our team set out to investigate an intriguing hypothesis, catalyzed by the
research of Dr. Stefan Kunz, about the potentially ancient origins of Lassa virus. Lassa
virus is the cause of a viral hemorrhagic fever known as Lassa fever and a category A
bioterror threat. Despite its deadly nature and designation as an “emerging” infectious
disease, we had reason to believe, based on our investigations of the human genome, that
Lassa virus had circulated for millennia in Nigeria, conferring a selective pressure on
human populations. Our work pursuing this hypothesis has led to a multidisciplinary,
multinational viral genomics research program, and eventually our creation of Sentinel:
an ambitious and innovative pandemic prevention effort now being piloted in West and
Central Africa. Here we describe the history and principle behind Sentinel.

It began as a signal of human adaptation, connected to a gene called LARGE. As
part of a genome survey of human variation in Europe, Asia, and Africa with the Interna-
tional Haplotype Map Consortium, Dr. Pardis Sabeti’s team had developed methods for
investigating signals of recent (within the last ~10 k years) natural selection in the human
genome [1]. The team identified the locus surrounding LARGE as the strongest signal
of recent selection in the survey; the signal was only visible in the African portion of the
data, which came from the Yoruba people in Nigeria. From the literature, we learned that
LARGE is a glycosylase that post-translationally modifies α-dystroglycan. This led us to a
paper by Kunz, Michael Oldstone, and colleagues showing that LARGE’s modification of
α-dystroglycan, the cellular receptor for Lassa virus, was critical for efficient virus binding
and entry to mammalian cells [2,3]. Knocking out the gene encoding LARGE greatly
tempered Lassa virus’s ability to infect cells. Taken together, these observations raised
the possibility that polymorphisms in LARGE were under positive selection because they
disrupted the protein’s function, thereby preventing Lassa virus entry into host cells and
conferring resistance to Lassa fever. This realization further led us to hypothesize that
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Lassa virus may in fact have ancient origins, but circulated unnoticed in part due to genetic
resistance to the virus in populations where Lassa fever is endemic.

To test this hypothesis, we had to collect fundamental information about the virus
such as its age, geographic location, as well as the range and length of time that it had been
circulating in affected zones. In particular, since the common variant in LARGE appeared
to arise within the last 10,000 years, dating the age of the virus was essential to identifying
the virus as a potential driver of natural selection for the gene.

We obtained the first pieces of evidence to support our hypothesis when we learned
that the first geographic location in which Lassa fever was initially discovered was Nigeria
in 1969 [4], where the signal of selection was also detected. We also learned that Lassa fever
is endemic to West Africa [5]. In subsequent investigations of other global populations, we
found that the signal of natural selection at LARGE was only present among populations
in which Lassa fever was known to be present [6]. Today, Lassa fever is estimated to afflict
100,000–300,000 people each year, hospitalize 100,000, and kill 5000, although diagnostic
testing remains limited and estimates vary widely [7]. Intriguingly, however, natural
resistance to Lassa fever in parts of West Africa is common, with 50–90% of individuals
showing mild or no symptoms when infected, while others suffer a complicated course
that can lead to fever, encephalitis, deafness, and death [5]. It was unknown, however,
why Lassa fever infection in some individuals was asymptomatic, while others developed
severe disease.

To examine differential susceptibility to Lassa fever in individuals, the age and diver-
sity of the virus, and whether Lassa virus was driving natural selection for thousands of
years, we would need to study the genomes of both the virus and patients affected by it.
We believed that with new tools to assay genetic variation across the human genome, we
could examine and characterize any genetic evidence of resistance to Lassa fever, a study
which we then set out to perform.

2. Studying Lassa Fever in Nigeria

Investigating a poorly understood, category A virus in rural Nigeria would require us
to overcome many challenges. Study of Lassa virus and other high containment (biosafety
level (BSL) 4) pathogens is complicated due to their lethality, lack of effective treatment,
potential for aerosol transmission, and bioterror use, requiring rigorous precautions by
highly trained teams. Moreover, at the time of our research, these diseases often appeared
as sporadic outbreaks in remote settings, where infrastructure and transportation were
lacking. However, with increased globalization and an ever-expanding human population,
the need for large-scale research initiatives on BSL-4 pathogens remains acute [8,9]. Further,
as only one BSL-4 lab exists in the entire region of West Africa [10] even today, transnational
partnerships are critical to allow ongoing investigation of BSL-4 pathogen samples.

In order to study Lassa virus, Dr. Sabeti teamed up with Dr. Christian Happi, a
colleague from previous studies on malaria, who had just begun doing viral research in
Edo State, Nigeria, in the heart of the Lassa fever endemic zone in Nigeria. The nearby
Irrua Specialist Teaching Hospital (ISTH) in Irrua, Nigeria was also the site of an upcoming
government-funded center of excellence for Lassa fever, which at the time did not have
diagnostics or treatment available onsite for the virus. Together, Happi and Sabeti’s team
established a partnership with ISTH in 2008, to develop diagnostics capacity onsite and
facilitate acquisition of Ribavirin, the WHO essential therapeutic for Lassa fever.

ISTH treats ~16,000 patients each year, 80% of whom suffer from febrile illness [11,12].
The region suffers annual outbreaks of Lassa fever, but due to the lack of diagnostic tools or
local capacity for surveillance, as well as the inaccessibility of clinics in remote regions, most
local Lassa fever cases had gone undetected or were misdiagnosed as similarly presenting
acute febrile illnesses. Drs. Happi and Sabeti worked alongside the Bernard Nocht Institute
to establish on-site PCR diagnostics able to detect Lassa virus in patient blood, and to help
source Ribavirin for the hospital. Rapid and accurate diagnostics led to more informed
treatment plans for patients with Lassa fever, which facilitated an overall improvement



Viruses 2021, 13, 1605 5 of 11

in community engagement and health outcomes. The surrounding communities began
hearing many stories of successful Lassa fever detection and recovery, and the site quickly
became a referral center for patients with undiagnosed febrile illness within hundreds
of kilometres.

Early in our work, we also gleaned an important insight after a man brought his young
son to the hospital, where doctors diagnosed him with Lassa fever and successfully treated
him. During a follow up investigation into the prevalence of Lassa virus in the patient’s
village, Dr. Happi learned that the child’s mother, cousin, and neighbor had all succumbed
to what appeared to be the same mysterious illness. In total, more than 20 members of that
community who had died exhibited classical symptoms of clinical Lassa fever, without
inciting any alarm or broader action by the public health community. One explanation for
this may have been the fact that none of the deceased sought help from the nearby hospital,
which previously lacked both diagnostic tests for Lassa fever, and sufficient capacity to
treat the disease. Overall, the experience led us to contemplate the countless individuals
who succumb to Lassa fever and other underdiagnosed diseases [13].

Based on findings from genetic and epidemiologic studies, we wrote a perspective
entitled ‘Emerging Disease or Diagnosis?’ suggesting that we wrongly label some viruses
as novel or rare, not because they truly are, but because we lack the necessary tools in the
relevant places to detect them [9]. Our analysis of Lassa virus genomes suggested that
the virus had been circulating for at least half a millenia in West Africa [14]. Contrary to
popular belief, viral hemorrhagic fevers often exhibit nonspecific symptoms, like fever,
nausea, headache, and malaise, which can complicate diagnosis. Without access to accurate
diagnostics, healthcare workers are stymied in determining the etiology of fever, and many
wrongly presume that malaria, typhoid, or shigella is responsible [9]. In the worst case
scenario, lives are lost as a result of misdiagnosis, as in a 1989 Lassa fever outbreak in
two Nigerian hospitals, which took the lives of 22 people [15]. This work led us to the
realization that in many parts of the world, we are largely blind both to the prevalence of
known infectious diseases and to the appearance of new threats. As we develop and equip
local healthcare workers with proper diagnostic tools, however, we can detect areas of
higher prevalence and subsequently develop more effective treatments, vaccines, surveil-
lance tools, and research capacity where they are most needed, instead of awaiting the
next outbreak.

3. ACEGID: Laying the Groundwork for Local Surveillance and Outbreak Response

Like Kunz, we began our work on Lassa virus with the goal of conducting molecular
biology research on the mechanisms behind viral transmission and human resistance to
Lassa fever disease. But to enable this research, we quickly recognized that responding
to the basic diagnostic needs on the front line would be critical. More broadly, we also
recognized that a sustained partnership between communities and their local healthcare
clinics establishes trust, while the improved capacity of healthcare workers to detect and
treat common diseases encourages more individuals to seek tests when needed, thereby
increasing the number of samples available for important research [9].

As we continued to work with our partners at ISTH in Nigeria—and later extending to
the Kenema Government Hospital (KGH) in Sierra Leone—to set up affordable diagnostics
for routine use, we were able to establish this positive feedback loop, in which the higher
number of diagnostic samples we collected at the point of care enabled us to conduct
genomic sequencing efforts to identify and characterize other circulating viruses in the
region. As new viral threats emerged, we were then able to quickly establish accurate
diagnostics onsite to better serve communities. Since then, ISTH and KGH have become
reference centers for management of viral hemorrhagic fevers in their respective regions.
They have successfully detected more cases and saved more lives, thereby raising national
awareness around these diseases. For example, in 2012 the Nigerian Federal Ministry of
Health declared an increase in the number of suspected Lassa fever cases, an example of a
possible “emergence of diagnosis”; with nearly 1000 cases reported by 41 local government
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agencies in 23 States [9]. These reports enabled rapid response measures by the government
and public health community.

By standardizing and implementing this virtuous cycle as a broader system, we can
ultimately build a much needed global surveillance capacity, strengthened by ongoing
collaboration and trust between communities, local healthcare workers, hospitals like
ISTH and KGH, and public health decision makers. These efforts have the potential to
immediately benefit affected communities where certain diseases are endemic, while also
helping to identify, monitor, and characterize emerging pathogens before they cause a
regional outbreak or global pandemic.

As a first step in realizing this kind of collaborative surveillance model in West Africa,
we merged these ideas into one blueprint, which laid the groundwork for our launch of
the African Center of Excellence for Genomics of Infectious Disease (ACEGID). Based at
Redeemer’s University in Ede, Nigeria, ACEGID has built a network of partners in West
Africa, including ISTH, KGH, and the Université Cheikh Anta Diop de Dakar in Senegal,
supported by partners at Tulane University, and funded by the NIH Human Heredity and
Health Africa Initiative and the World Bank. Its mission is organized into five specific
mandates, including: (1) building research capacity among African scientists in genomics
and molecular biology; (2) empowering researchers to apply genomic tools and data toward
containing and defeating infectious diseases; (3) generating a curriculum to promote and
support high-quality genomics research for the purpose of improving global health; (4)
fostering a vibrant, collaborative, international research community, dedicated to high-
quality, relevant, ethical, and responsive genomic research; and (5) engaging individuals
and communities in outbreak prevention, education, and local public health practice, while
also supporting clinical care and building a surveillance network for global health threats.

Just as we launched ACEGID in March 2014, however, Ebola began spreading through
West Africa [8,16]. The outbreak went undiagnosed for months, reaching multiple countries,
and mutating in ways that likely increased its infectivity [17–19]. By May, our KGH team,
under the leadership of Dr. Humarr Khan, found itself on the frontlines of the local
response efforts in Sierra Leone. We witnessed firsthand how a lack of proper diagnostics,
particularly in remote areas, prevented healthcare workers from accurately determining
the source of an infection, allowing it to spread far beyond local public health capacity. The
outbreak eventually took 11,000 lives [16], including Dr. Khan and other members of our
team who contracted Ebola while caring for patients. This served as a painful reminder of
the deep need to detect and contain the broad range of deadly viruses that threaten the
region every year.

ACEGID went on to make critical contributions in the response to the Ebola outbreak,
the Zero Malaria campaign, regional efforts to reduce the burden of Lassa fever and other
infectious diseases, and more [20]. When the first case of Ebola arrived at the Lagos
International Airport in 2014, our team at Redeemer’s diagnosed it, and helped stop a
potentially devastating outbreak in its tracks [21]. Together, we have equipped over one
thousand West African scientists with the education, training, and resources needed to
monitor, study, and treat dangerous pathogens in their own region.

4. A New Approach to Pandemic Preparedness

The success of ACEGID laid the foundation for Sentinel, a pandemic preemption
system designed to detect and characterize deadly pathogens before they spread across
the globe. This initiative, supported by the TED Audacious Prize, was funded one month
before the declaration of the COVID-19 outbreak as a pandemic.

Sentinel is organized around three core pillars, Detect, Connect, and Empower
(Figure 1), that are as fundamental to preempting a pandemic as they are to respond-
ing to one that has already begun. More broadly, these pillars are interoperable and
essential to supporting a public health system that can prevent a wide range of infectious
diseases. The needs the pillars address remain as pressing today as they did when we
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conceived Sentinel, despite a year of vigorous public health effort to combat COVID-19.
We describe the needs, as well as Sentinel’s response to them, in depth below.
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Figure 1. Sentinel will detect pathogens in any setting, from remote rural clinics to hospitals, and unknown pathogens
will be identified and characterized at regional genome centers. Through a cloud-based system, Sentinel will share
this information and connect healthcare workers, researchers, and disease control officials to track and predict threats.
Finally, Sentinel will empower all stakeholders through a codified pandemic preemption system that can be scaled around
the world.

5. Sentinel Pillar #1: Detect

Sentinel envisions a three-tiered approach to improving diagnosis and surveillance
of viral infectious diseases. The first tier aims to detect the most likely pathogens at the
point of care, using rapid, affordable diagnostic tests for the highest priority pathogens
in a region. The second tier is designed to diagnose illnesses not covered by the point-
of-care tests, and requires developing the capacity in local hospitals to identify a wide
range of viruses in-house. The final tier relies on regional genomic sequencing centers to
identify novel viruses and monitor known viruses; the resulting sequences can be useful
for tracking changes to viruses, for monitoring spread of viral variants, and for developing
new diagnostics and vaccines [22].

This approach places high demands on diagnostic technology. In the case of viral
sequencing, the technology is already well-developed; the need is for creating sequencing
capacity in places where it is currently unavailable, which is no easy task in itself. The
technology can still benefit from enhancement, however, to increase scale, reduce cost, and
improve sensitivity. The other tiers require new diagnostic technologies. The point-of-care
tests, in particular, require the development of tests for many more viruses, tests that are
rapid, affordable, and easy to use in settings with limited resources. Our team has already
invested in a number of detection technologies to achieve these goals, focusing on CRISPR-
based diagnostics that are sensitive, field-deployable, and rapidly programmable for a
range of different pathogens. These CRISPR-based technologies can also be multiplexed to
test for numerous viruses simultaneously in a single sample [23,24]. We are well aware,
however, that the field of diagnostics is currently experiencing rapid changes: recent
breakthroughs include novel point-of-care antigen capture technologies, nanotechnologies,
and advances in isothermal amplification methods. Given the current pace of innovation,
our goal is not to settle on a single technology in advance, but to have Sentinel serve as an
innovation hub that can allow multiple technologies, including our own, to be piloted and
optimized, retaining the flexibility to deploy the best technologies as they emerge.
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6. Sentinel Pillar #2: Connect

In addition to improving our diagnostic arsenal, Sentinel aims to address another key
challenge in pandemic prevention: the ability to connect various sources of diagnostic
and surveillance data, and to share that information in real time with those who need it
to guide critical public health strategy. Through Sentinel we are building tools to address
these needs at multiple levels, from symptom surveillance of individuals, to diagnostic and
clinical data integration by healthcare workers, to genomic surveillance data. Ultimately,
we envision a future in which all of these data streams are themselves connected in real
time, providing a holistic picture of known and emerging threats.

For years, our team has been developing tools and collaborating with others to make
this vision a reality. Many of our solutions to data connectivity are cloud-based, mobile,
and able to function in low connectivity environments. For example, the CommCare
mobile app from Dimagi provides a means for frontline workers or individuals to share
symptoms and diagnostic data and convey critical information between geographically
separated clinics and labs in a way that is robust to intermittent and unreliable internet
connectivity. Cloud genomic analysis platforms like Terra and DNAnexus bring strong
compute resources and community-curated analysis pipelines to labs anywhere in the
world, via a web-accessible interface. Powerful visualization tools of patient, epidemiologic,
and genomic data sets, developed by Fathom, bring real time insights from field-generated
data to those coordinating responses at the national level.

Our strategy operates on a number of principles, including incentivizing the sharing
of quality data, creating easy-to-use, participatory, and flexible systems for collecting and
sharing data, and building community trust in the tools that inform outbreak response. By
adapting these principles to the specific needs of each level, we aim to ensure a continuous
ability to access and analyze each input of data. Given the resource limitations of the
regions where Sentinel will operate, many of these tools are designed for use by scientists,
laboratory staff, and public health workers with limited computational experience or
on-site hardware resources.

Ultimately, Sentinel’s aim is to integrate each of these tools to enable data movement
across an interoperable and secure data ecosystem that empowers all of the stakeholders
in the surveillance system. While our team is presently working to further develop and
integrate our own existing suite of information tools, future efforts for integration of the
broader global catalog of information tools will require new funding initiatives, as well
as combined private and public sector efforts to expand Internet connectivity and mobile
data service to remote regions across the globe.

7. Sentinel Pillar #3: Empower

Pandemic preemption requires diagnostic and informatics technologies, but the tech-
nology is futile unless it is used and the results integrated into clinical care and public health
decision-making. A successful system must include every stakeholder, from government
and public health officials, to frontline healthcare workers and scientists, to individual
patients and communities. Distributed local capacity and individual agency are critical
to stopping a pandemic. But limited funding, community awareness, and support for
capacity building often prevent the broad and equitable deployment of existing tools and
the timely development of new ones.

Recognizing the importance of sustainability through local ownership, we regard
training as paramount for building capacity in genomic sequencing, diagnostics, bioinfor-
matics, and advanced genomic surveillance among local healthcare workers and laboratory
scientists. Sentinel employs a train-the-trainers approach, organized through ACEGID, to
generate sustainable and long-term capacity for use of Sentinel tools and implementation
of each pillar. Leveraging our 10+ years of educational experience in West Africa, we aim to
train 800 additional local healthcare workers and laboratory scientists to use our diagnostic
and surveillance tools in pursuit of the Detect and Connect goals.
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Sentinel also acknowledges the need for deep and longstanding partnerships to
form integrated regional and global networks of experts and communities fully versed in
pandemic preparedness and preemption. We know firsthand that this work is complex
and challenging, and that our approach is only one of a myriad of efforts to support
improved infectious disease diagnostics and surveillance. Having piloted this system in
Nigeria and developed extensive partnerships through this work, we plan to grow our
existing network and presence in Africa through cooperation with stakeholders like the
Nigeria CDC, Africa CDC, and regional WHO offices in order to fulfill our role within this
multi-stakeholder effort. As we anticipate the additional challenges that might arise over
time, we will continually work to integrate into existing healthcare systems and empower
local stakeholders, to understand and overcome reasons for resistance to our technologies,
and to eventually build community trust, and encourage broad buy-in over time. Our
proposed national innovation hubs in Nigeria, Senegal, and Sierra Leone serve as national
genomics reference labs. The labs are closely connected to their respective national public
health agencies and broader communities, which will ultimately drive rapid and strong
local responses to outbreaks.

8. Remembering Dr. Kunz in Our Work Today

Over one year into the COVID-19 pandemic, Sentinel’s focus on pandemic preemption
continues to remain critically relevant. Dr. Stefan Kunz, whose groundbreaking work
ignited our interest in Lassa fever, and led us onto a path towards new possibilities in
genomic surveillance and our collective understanding of infectious disease, opened the
potential for collaborative pandemic preemption efforts in Nigeria and beyond. There is
still however much to do, and our path has not been a straightforward one. Our starting
hypothesis, that variants in or around LARGE contribute to resistance to Lassa fever,
remains an open question. We are still working to answer it, and to uncover other potential
resistance variants. But the work has been complicated by multiple outbreaks, political
instability, and violence at our hospitals, as well as the ongoing logistical challenges. Even
as we have continued to pursue these efforts, we have also been responding to the more
urgent priorities around infectious disease response on the ground. Nevertheless, as
Sentinel matures, we are continuing on with this important research.

In the spirit of Dr. Kunz and his commitment to driving cutting-edge science and
impactful partnerships for the improvement of global health, we remember the countless
individuals who have worked alongside us, many of whom are still with us today, and
some of whom we have tragically lost over this past decade. To honor their extraordinary
contributions to public health and infectious disease research, we are proud to dedicate
this work to Stefan Kunz, as well as our late colleagues who served on the frontlines of the
Ebola response in Sierra Leone, including Alex Moigboi, Mohammed Fullah, Mbalu Fonnie,
Vandi Sinnah, Alice Kovoma, S. Humarr Khan, Jacob Adu George Buanie, and Mohammed
“Pa” Sow. Their tireless sacrifice, generosity of spirit, and unwavering dedication to their
communities laid the groundwork for ongoing efforts to ensure that every individual has
the right to health and quality care. As we continue to fight against infectious disease in
West Africa and beyond, we remain grateful to them and the many partners who have
made Sentinel possible, and we eagerly invite new collaborators, experts, and others to
join us.
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