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Not many institutions, let alone pharmaceutical companies, are able to cel-
ebrate a 350th anniversary. But Merck was in the enviable position to do just
that. The Curious2018—Future Insight Conference, held in Darmstadt,
Germany, to commemorate Merck’s 350th anniversary, brought together a
special group of scientists under the leadership of Ulrich Betz with the
challenge to think about the future of medical science and how to innovate
for a better future. Three and a half centuries of successfully developing
therapies to benefit humankind provide a unique background to ponder the
future. I was honored to participate in the conference and to provide some of
my ideas on using genomics and advanced phenotype screening for early
detection and even prevention of diseases. I am pleased to see that Ulrich has
brought much of the flavor of the forward-looking presentations into this
book so that many can better understand the challenges of pharmaceutical
development from cognitive diseases to neglected parasitic infections in
Africa.

May 2019 J. Craig Venter
Founder, Chairman and CEO

J. Craig Venter Institute

La Jolla, CA, USA



2018 was an outstanding milestone for the world’s oldest pharmaceutical and
chemical company, Merck, which celebrated its 350th anniversary in that
year. It was also an outstanding year for all involved in the science and
technology workstream of the corresponding special anniversary activities
which among several other projects involved the inauguration of Curious—
Future Insight, one of the world’s most renowned conferences around the
future of science and technology. This book gives the details on how it came
about and provides an overview on the background, content, and outlook of
this initiative, including chapters written by many of its keynote speakers.
The project was started to contribute to securing another 350 years of success
for the company, being aware of the key trends that influence our world,
being in contact with the people that shape the future of science and tech-
nology and to become a part of it. But now today what is Curious—Future
Insight? It is much more than a conference, it involves a new research prize,
the Future Insight Prize, that helps to make visionary dream products
important for the future of humanity a reality, it is a special project involving
bright young talent from innovation hotspots all over the world brain-
storming with retirees in a meeting of the generations for new breakthrough
ideas, and it is, with the Darmstadt Science Declaration, a call to all nations,
societies, and organizations to dedicate more resources to the advancement of
science and technology to solve the global challenges of today and to enable
the dreams of a better tomorrow. It is an initiative open for other partners to
join. It is a bright positive utopian view of the future, a belief that together we
can create a better world for everybody, it is a call to action.

Darmstadt, Germany Ulrich A. K. Betz
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Creating a Better World with Science
and Technology



Stefan Oschmann

It’s been quite some time since I worked in a
laboratory as a scientist. Since then, my profes-
sional career has taken me on a very interesting
journey. Yet, even after decades in executive
management positions, I still enjoy leaving office
and conference rooms behind to interact directly
with researchers, whether in their laboratories or
at conferences. Science still fascinates and ama-
zes me. That is why the Curious 2018 Future
Insight Conference was truly special for me.

In July 2018, around 1000 bright minds gath-
ered in our home town of Darmstadt for the
Curious 2018 Future Insight Conference to discuss
the latest trends in science and technology. The
topics and projects presented were cutting-edge.
They showcased what humanity can achieve. I am
very proud of the fact that we were able to wel-
come some of the world’s most distinguished
scientists and entrepreneurs, among them six
Nobel laureates, including Frances Arnold, the
winner of the Nobel Prize in Chemistry in 2018.

Curious 2018 was one of the highlights of our
company’s 350th anniversary celebrations. At the

The original version of this chapter was inadvertently
published as non-open access. It has now been changed
to open access with the copyright holder name “The
Author(s)”. The correction to this chapter is available at
[https://doi.org/10.1007/978-3-030-16061-6_18]

S. Oschmann (D<)
Chairman of the Executive Board and CEO
of Merck, Darmstadt, Germany

© The Author(s) 2019
U. A. K. Betz (ed.), Curious2018,
https://doi.org/10.1007/978-3-030-16061-6_1

conference and on many other occasions
throughout our anniversary year, people I met
asked me two questions. How has Merck managed
to survive over such a long period of time? And
how do you plan to continue this legacy? Even
though our anniversary is now over, I want to take
this opportunity to address these two questions.

What Has Allowed Merck
to Thrive for 350 Years?

1.1

So what are the factors that have enabled Merck
to grow for more than three and a half centuries?
There is no silver bullet answer to this question.
Certainly, many factors have contributed to our
company’s longevity. However, two stand out.

First, there’s family ownership. In 1668, the
aspiring pharmacist Friedrich Jacob Merck
acquired a pharmacy in Darmstadt. That was the
time when scientists such as Isaac Newton and
Gottfried Wilhelm Leibnitz were revolutionizing
the world of mathematics and science. The first
thinkers of the Enlightenment were challenging
the divine world order and embracing the con-
cept of human self-determination. Ever since this
era, the Merck family has controlled our com-
pany’s development. They successfully steered it
through three and a half centuries, including
several major political and economic crises. This
is a great entrepreneurial accomplishment that
the Merck family can be very proud of.

®

Check for
updates
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The second factor that has greatly contributed
to the longevity of Merck is curiosity. The desire
to learn and discover and to explore the new and
unusual is a core part of our DNA. Hardly any-
one embodies this as well as Emanuel Merck. He
played a central role in the history of our com-
pany. Emanuel Merck took over the Merck
pharmacy in 1816. He not only learned the
pharmacy craft, as was common at the time, but
also received extensive scientific training. His
research focused on the field of phytochemistry,
particularly on alkaloids. Scientific interest in
these highly effective active plant ingredients
increased considerably after Friedrich Wilhelm
Sertiirner had discovered morphine as an active
substance in opium. Compared with the herbal
preparations that were standard at the time, iso-
lated alkaloids offered a decisive advantage:
Physicians could dose them precisely; their effect
in patients became calculable. Emanuel Merck
succeeded in producing highly pure alkaloids
that he provided to pharmacists, scientists, and
physicians for further research. His products
were well-received and demand grew, and soon
he started supplying them to many European
countries. Thanks to Emanuel Merck’s passion
for research and discovery and thanks to his
curiosity, the pharmacy grew to become a
research-driven industrial company.

Another prime example of the importance of
curiosity is the story of liquid crystals. They were
first discovered by an Austrian botanical physi-
ologist in 1888. By the early twentieth century,
Merck had already offered substances with liquid
crystalline properties. Yet, demand was very low
since apart from research, no one could conceive
of any technical, large-scale applications. Even-
tually, the business was ended altogether and the
story could have ended as well, but it didn’t. Fast
forward some decades to the 1960s, when a
Merck scientist attended a scientific conference
on liquid crystals in the USA. He returned con-
vinced of the technology’s economic potential.
Together with a few colleagues, he started to
work on this topic. The team encountered many
skeptics who had doubts about the technology’s
potential. Protected by senior management, they
carried on with their work. With tenacity and
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expertise, our scientists brought a first product
line to market in 1969. This early technology was
far from perfect. To function properly, these
liquid crystals required a temperature of 80 °C.
Eventually, Darmstadt-based researchers suc-
ceeded in mixing liquid crystals that worked at
room temperature—an enormous advance. With
this development, the technology was perfected for
mobile applications. And in the 1990s, the market
was ready: A huge order of 100 kg of liquid
crystals came in from Japan. The reason for this?
Tamagotchis! These handheld digital pets were
very popular back then. Today, liquid crystals are
the central technology in the displays of smart-
phones, computers, and TVs. Merck is the market
leader—a position that we owe to a large degree to
the curiosity of our scientists who pursued their
passion for research and discovery over decades.

1.2 A Vibrant Science
and Technology Company

Today, Merck is a vibrant science and technol-
ogy company with around 52,000 employees in
66 countries around the world.

Our company comprises three distinct busi-
ness sectors, each of which ranks among the
technology leaders in its respective industry.

Our Healthcare business sector helps to create,
improve, and prolong life. We deliver personal-
ized treatments for serious diseases such as
cancer and multiple sclerosis and enable people
to achieve their dream of becoming parents.
Our research activities focus on oncology,
immuno-oncology, and immunology.

Our Life Science business sector empowers the
scientific community. Our tools and solutions
make research simpler, more exact, and help to
deliver breakthroughs more quickly. Our discov-
eries have far-reaching impact, such as assuring
people around the world that the food they eat is
safe and the medicines they take are effective.

Our Performance Materials business sector
helps to literally brighten the world around us
with technologies such as the aforementioned
liquid crystals and OLED materials. Our science
is inside technologies such as semiconductor
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materials that are changing the way we access
and display information and that are making
future mobility safer, homes and devices smarter,
and technology more sustainable.

Our business sectors engage in very different
industries and markets. Yet they are firmly united
by one single factor: science. That’s at the heart
of everything we do. Science drives the discov-
eries we make and the technologies we create.

1.3 Curious Minds Dedicated
to Human Progress

We are curious minds dedicated to human pro-
gress. We believe in science as a force for good,
a force that can help us to make a lasting dif-
ference in the lives of millions of people around
the world.

Curiosity is a fundamental part of our identity.
Yet we know that in order to make a positive
difference in many people’s lives, it must be
firmly anchored in strong values. As majority
owners, the Merck family has always ensured
that Merck is a values-based company. Courage,
achievement, responsibility, respect, integrity,
and transparency shape our daily work, the way
we engage with all our stakeholders and how we
tackle future challenges.

With that in mind, how do we intend to ensure
that our entrepreneurial legacy continues in the
years to come?

Taking a step back and looking at the funda-
mental developments that are shaping our world,
we see that science is having a great impact on
people’s lives. Over the past decades, mankind
has achieved a lot through science. On average,
we now live longer than ever before, global
average life expectancy stands at 72 years. We
are making good progress in fighting HIV,
malaria, and some neglected tropical diseases.
The proportion of people living in extreme
poverty has fallen dramatically over the past
decades—even though the world’s population is
growing steadily. Hundreds of millions of people
have been lifted out of poverty. I see absolutely
no reason why science and technology should

not continue to further improve human life. In
fact, I am convinced that there has never been a
more exciting time for research than today.

Precision medicine can fundamentally change
the way we not only treat but also prevent and
intercept disease. Our understanding of the fun-
damental biological mechanisms of diseases is
growing. Combining new molecular biological
methods with technologies like artificial intelli-
gence (AI) will help us to better understand dis-
ease and to develop entirely new ways of treating
it. Very soon, physicians will be able to tailor
medicines to patient needs even more precisely,
eventually making the “one-size-fits-all” approach
obsolete.

At the same time, we are seeing emerging
players, for example, from the digital world,
entering the healthcare sector. New technologies,
for example, those that connect biological sys-
tems, such as those found in the human body,
with the digital world hold great promise. They
will permit much better monitoring and man-
agement of health.

At the same time, the way R&D works is
changing as well. Equipment costs are falling.
Knowledge is broadly available. The so-called
crowd can be both a congenial co-researcher and
financier. All of this will empower smaller
players who will increasingly have the means to
transform their ideas into real products.

A big driver of this is the fact that more and
more devices are connected with one another and
to the Internet. Thanks to new generations of
microchips and sensors, we are just starting to feel
the impact of the Internet of things (IoT). It will
not only make scientific work easier and faster,
but also transform many more aspects of our daily
lives. It will boost the electronics industry. And it
will help us to generate new data which we can
use to build entirely new business models.

1.4 Pushing the Boundaries
of Possibility

At Merck, we are shaping all these trends and
developments. Our more than 7000 curious
researchers are pushing the boundaries of what’s



possible. Hardly any other company unites so
many disciplines and such broad scientific
expertise under one roof.

In our Healthcare business sector, we are
aiming to become a global specialty innovator.
We want to deliver innovative specialty medici-
nes that make a lasting difference in patients’
lives, for example, new and very precise thera-
pies to fight cancer.

In our Life Science business sector, we seek to
further empower researchers and biotech com-
panies by developing new technologies, for
instance, genome-editing tools. These will give
researchers around the world entirely new ways
to further enhance their understanding of
biology.

In our Performance Materials business sector,
we want to excite our customers with innovative
high-tech solutions. Our technologies enable the
electronics industry to produce faster and smaller
microchips—for instance, specialty chemicals
that allow manufacturers to apply insulating
material and metal layers with the thickness of a
single atom to semiconductor wafers.

We are working hard to drive new technolo-
gies. Yet to ensure lasting entrepreneurial suc-
cess in an era of exponential technological
change, we know that we cannot simply rely on
our established business sectors. We must and
we will go further. Given the very diverse set of
competencies and scientific expertise, we aim to
develop groundbreaking new technologies at the
interfaces of as well as beyond our three business
sectors.

That’s the mission of our new Innovation
Center. Here, we are helping ideas to grow and
turning them into viable new businesses. Merck
employees from all business sectors can team up
with external entrepreneurs to develop innova-
tions beyond our current boundaries. The focus
of our activities lies on three innovation fields:
“Biosensing and Interfaces” focuses on the
interface between the biological and the digital
world. “Clean Meat” is about alternative ways of
meat production that require less resources and
are more sustainable. And “Liquid Biopsy
Technologies” aims to develop new technologi-
cal solutions to overcome unresolved challenges
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in the liquid biopsy workflow as well as new
applications beyond cancer.

Another important way to drive innovation is
through partnerships. As a science and technol-
ogy company, we want to be part of the global
scientific community. This is why we are col-
laborating with leading research institutions such
as the Weizmann Institute in Israel.

But partnerships extend beyond the academic
sector. We are also working closely and devel-
oping new technologies with other leading
technology companies. A prime example is
Syntropy, a new joint venture which we plan to
establish together with Palantir Technologies. Its
goal is to unlock the potential of data in cancer
research to facilitate scientific collaboration.
Much of the vast amount of data that we generate
every day is inaccessible to the researchers who
might benefit from it the most. With Syntropy,
we want to overcome this problem and develop a
new platform that allows scientists to access and
work with other scientists’ data in a secure and
transparent manner. At the same time, scientists
will always have control over their data.

1.5 Making Curiosity Thrive

Curiosity always has and will continue to play a
major role at Merck. As a science and technology
company, we must ensure that it can thrive and
that our researchers have the best possible work
environment.

Therefore, to define curiosity more precisely,
we have developed a model consisting of four
key pillars. According to this model, curiosity
comprises “joyous exploration” or the pleasure
of seeking out new information and of learning
and growing. It also encompasses “deprivation
sensitivity,” the unpleasant state of uncertainty
which persists until we have closed the gap
between what we know and what we want to
know. The third pillar is “stress tolerance,” the
willingness to accept the distress that arises from
exploring uncertain terrain. And lastly, curiosity
of course implies an openness to other people’s
ideas, an appreciation of different perspectives.
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Since curiosity plays a critical role in today’s
fast-paced environment, we surveyed over 3000
workers from China, the USA, and Germany
across five industries. The aim was to gain
insights that will help further unlock the potential
of curiosity to drive innovation. You can find the
detailed results in our “2018 State of Curiosity”
report on our Web site (curiosity.merckgroup.-
com). Our study showed that curiosity is mal-
leable; it can be taught and cultivated. If actively
encouraged and nurtured throughout an organi-
zation, curiosity can accelerate idea generation
and enable us to address global challenges and
change with efficiency and precision. In my
view, that’s good news.

So what are we specifically doing to make
curiosity thrive and provide our R&D staff with
the best possible work environment?

There is no doubt that the days of the genius
working on an idea in solitary confinement in a
laboratory are long gone—if that was ever the
case in the first place. Science is teamwork, and a
company’s duty is to provide scientists with an
environment that allows them to focus on what
matters most: research.

We want scientists to see Merck as a great
place to work. Therefore, we are continuously
looking at ways to help our researchers to deliver
their very best. The steps we have taken in recent
years include measures such as adapting feed-
back mechanisms to the specific environment of
R&D units, opening new career paths for scien-
tists and establishing a company-wide “science
network™ to help our researchers collaborate and
share ideas.

Pushing the boundaries of possibility in our
industries, creating new technology ventures
beyond our current scope and providing our sci-
entists with the best possible work environment
are key in making sure that Merck successfully
continues its more than 350-year history. But as a
values-based company, we know that our
responsibility extends beyond the boundaries of
our business activities. We are convinced that
science and technology will greatly help us to
tackle some of humanity’s greatest challenges in
the years and decades to come.

1.6 Helping Tackle Global
Challenges

These threats are evident. We need to prepare
ourselves for global pandemics. Antimicrobial
resistance poses one of the most pressing global
health challenges. We need to ensure safe and
sufficient nutrition for a world that, according to the
United Nations’ estimates, will be home to almost
10 billion people in 2050. And of course, we are in
desperate need of finding new clean sources of
energy. None of these are core business areas for
Merck. Yet as a science and technology company,
we hold a special responsibility to encourage
research in these fields, which can lead to the
breakthrough technologies we urgently need.

This is why we decided to launch the Future
Insight Prize, which we publicly announced for
the first time at Curious 2018. With the prize, we
want to stimulate innovative solutions to help
solve the global challenges described above. We
intend to grant up to one million euros annually
for the next 35 years. The first Future Insight
Prize will be awarded in summer 2019 to
researchers who have made important contribu-
tions in the field of pandemic preparedness.
Potential award recipients will be selected by a
high-ranking jury of internationally renowned
scientists and executives from Merck and our
cooperation partners worldwide.

1.7 Let’s Unleash the Potential
of Science and Technology

We have every reason to believe that science and
technology will further drive human progress. At
Merck, we want to help shape this change. We
believe that scientific exploration, driven by
curiosity, and responsible entrepreneurship are
key to technological advances that will benefit us
all. Therefore, we will continue to push the
boundaries of what’s possible and to create
opportunities for everyone. This is what drives
us. This is what we work for. So let’s unleash the
potential of science and technology—as curious
minds, dedicated to human progress.
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When I was given the chance to lead the science
and technology workstream of Merck’s 350th
anniversary, it was immediately clear that the
overall theme of the activities should not be to
primarily look back on what great things the
company did in the past 350 years, but rather to
look ahead and to help ensure a bright future for
the organization if not for the next 350 but at
least for the next 35 years. In addition to a clear
future orientation, at the occasion of the 350th
anniversary and being the world’s oldest phar-
maceutical and chemical company, the program
should contain some major aspects going beyond
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boosting the company business but helping
address key challenges of humanity and giving
something back to the world at the occasion of
this phenomenal birthday. And third, the high-
light of the entire program should be a big sci-
ence conference with global impact that brings
together some of the world’s best scientists and
most accomplished entrepreneurs to explore the
future of science and technology what then later
materialized as the Curious2018—Future Insight
Conference. The overall ambition of the science
and technology workstream was summarized in
the following mission statement: “Working with
the best minds in science and entrepreneurship to
realize the dreams of a better tomorrow!”.

The program that was finally put together and
endorsed by Merck management and the Merck
owner family consisted of three consecutive
phases.

The main goal of phase one, the conceive
phase, was to start the thought leadership process
and to define the challenges and dreams of today
and tomorrow. Together with the journals Nat-
ure, Science/AAAS, Harvard Business Reviews
and Technology Forecasting and Social Change,
in total more than 2000 scientists and business
leaders were surveyed. The results were pub-
lished via Harvard Business Reviews Analytical
Services (Breakthrough Innovation in the twenty-
first Century, https://hbr.org/sponsored/2018/03/
breakthrough-innovation-in-the-21st-century)
and in Technology Forecasting and Social
Change (in press 2019).

Contributing to this phase, additional papers
were published such as a review summarizing
technological progress in the past centuries
combined with an outlook into the future (Is the
force awakening? https://www.sciencedirect.
com/science/article/pii/S0040162517309733/pdf
ft?md5=cf000fcaf784353d1db25cc231ele944&
pid=1-s2.0-S0040162517309733-main.pdf) or a
special Nature Outlook on the future of medicine
(The future of medicine, https://www.nature.
com/collections/zfnjwhjjct) as well as a special
edition of Angewandte Chemie (https:/
onlinelibrary.wiley.com/toc/15213773/2018/57/16)
and a special Merck advertorial along with
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presentation of the Technology Breakthrough of
the year 2017 in Science Magazine (Boldly
imagining the next 350 years, http://www.
sciencemag.org/advertorials/boldly-imagining-
next-350-years) and last but not least a review
article about the Merck Innovation Cup that had
run successfully for seven years (An innovators
midsummer dream come true, http:/ www.
europeanbusinessreview.com/an-innovators-
midsummer-dream-come-true/).

Phase number 2, the convene phase, had the
goal to assemble the brightest scientific and
entrepreneurial minds to shape the future. It
involved the flagship science conference Curi-
ous2018—Future Insight along with the
Anniversary Edition of the Merck Innovation
Cup. In total, about 1500 people were coming
together at the occasion of these meetings.

Last but not least, the goal of phase 3, the
realize phase, was to move from curiosity to
action and to set in place the infrastructure,
processes and resources to start implementing the
best ideas and partnership proposals worked out
during the two preceding phases and to initiate
activities to lay the foundation for a successful
future.

At the end of 2018, the 350th anniversary
year, we can now look back at an extremely
successful track record of the science and tech-
nology workstream, and the main key achieve-
ments are:

(1) Curious2018—Future Insight Conference
with > 60 top speakers incl. six Nobel Lau-
reates, 1300 participants, was established as
top global scientific flagship conference on
the future of science and technology.

(2) The Merck Future Insight Prize (http://
futureinsightprize.merckgroup.com  http://
futureinsightprize.emdgroup.com) with

impact for the next 35 years was rolled out
pioneering the dream product concept.

The Darmstadt Science Declaration—Make
Science Not War (http://make-science-not-
war.org) was rolled out and initiated a global
movement to create a bright future with
science and technology.
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(4) The Anniversary Innovation Cup (http://
innovationcup.merckgroup.com, http://
innovationcup.emdgroup.com) for young
talent achieved an all-time high new record
number of applications from all over the
world 2200 and resulted in 15 innovative
project ideas worked out, and 13 of these at
the end of 2018 are being implemented.

(5) The 350th Anniversary Research Grants
achieved the highest response ever from the
scientific community in the history of Merck
(with >1300 research project proposals incl.
from elite universities such as Harvard or
Stanford). Ten grants of up to more than 1
million € each were awarded covering all
Merck businesses (health care, life science,
performance materials and digital).

(6) Ten publications in top journals such as
Nature, Science, Harvard Business Reviews
and Angewandte Chemie were published
covering the 350th anniversary activities.

(7) Surveys with >2000 scientists and business
leaders on future game changers were
performed.

(8) Two international business awards (Stevie
Gold Awards) were won: Manager of the
Year, Innovator of the Year.

As stated before, the Curious2018—Future
Insight Conference was the crown jewel and
flagship of the entire 350th anniversary science
and technology workstream. Together with a
team of Merck internal and external scientists
and managers, a series of key paradigms for the
conference were agreed. First of all, the key goal
was to assemble the best scientists and most
accomplished entrepreneurs from all over the
world based on top achievements and with a high
chance to further shape the progress of science
and technology in the future. The conference
should explore the future of science and tech-
nology with a timeframe of 35 years ahead.
A broad range of topics should be covered, lar-
gely inspired by Merck’s business areas. In the
field “Healthy Lives — new breakthrough thera-
pies and diagnostics,” scientific topics around
pathophysiological mechanisms, disease biology,

1

new breakthrough drugs and diagnostics should
be elucidated. The field “Live reimagined —
synthetic biology and beyond” should look at
topics such as synthetic biology, gene editing and
the biological revolution ahead. The area
“Materials & solutions — chemistry and more”
should mainly focus on new innovative materials
and their applications. The field of “Digitaliza-
tion — the power of in silico” should cover the
most disruptive game changer currently talked
about, and last but not least the field of “Bright
future — new ways of working together” should
provide space for speakers covering topics on
how an ideal innovator organization should look
like, deal with new open innovation approaches
up to completely new areas of science and the
further development of society. Within all
activities, we wanted to clearly focus on a bright
future, a utopian not a dystopian view and on the
power science and technology can exert to create
a bright future. This positive and utopian out-
look, the ambition to connect people from all
over the planet with this unifying mission state-
ment of building a better world and a bright
future with the help of science and technology,
was more or less the red threat for all our
activities, and it even manifested itself in the key
visual that was chosen for the conference, the
bright supernova spreading its light into the
darkness of space!

Rather than just providing a compilation of
lectures, we wanted the conference to also
comprise interactive modules and to provide
ample time and space for networking and dis-
cussions. In the end, the following modules were
implemented:

(1) Plenary keynote lecture
These were the absolute highlights of the
conference. 45 min (incl. Q&A) speaking
slots in front of all attendees (~ 1300).
Usually, such speaker slots were only given
to Nobel Laureates or other famous top sci-
entist such as the genome pioneer Craig
Venter or the CRISPR researcher Emma-
nuelle Charpentier. Speaking slots were
given by invitation only.
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(2) Keynote lecture

These were speaking slots of the same
length, but distributed over three parallel
workstreams. Speaking slots were given by
invitation only.

Barcamp sessions

This innovative module provided speaking
slots of 10 min length and was open for
application.

E-Poster sessions

Electronic posters display sessions around
the conference’s main topic fields, and also
these slots were open for application.
Exhibition
Exhibition
purchased.
Al-workshop
Together with the Fraunhofer Institute for
Intelligent Analysis and Information Systems
and the Fraunhofer Institute for Applied
Information Technology, three interactive
workshops were run around the topic of
artificial intelligence.

Partnering Meetings

Dedicated partnering meetings were orga-
nized with each keynote speaker and panelist
of Curious2018 together with Merck scien-
tists and managers in order to explore
potential collaboration opportunities.
Evening events

Two different evening events were organized
comprising ample networking opportunities
as well as exhibition of top innovative tech-
nologies and gadgets.

Curiosity circle

The curiosity circle was comprised of a
round theater seating setup and was mainly
used for so-called ask-me-all sessions where
keynote speakers made themselves available
to answer general questions going beyond
topics covered in their keynote lecture.

(€))

)

)

booths could be booked/

(6)

)

®)

(€))

A three-day duration of the event was con-
sidered optimal with a start in the afternoon of
day 1 allowing for travel to the location in the
morning, a full-day program at day 2 and an
afternoon end at day 3 to facilitate travel
arrangements back home.
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The most important prerequisite to create a
top conference was to motivate top keynote
speakers to come. First invitations for keynotes
were already sent out in December 2017. For that
purpose, an invitation card with an embedded
screen playing a video was distributed. The
second wave then consisted of a printed paper
invitation card with special Merck pigment. With
only a single exception, all keynote speakers
were not paid a speakers fee but full coverage of
business travel and accommodation was pro-
vided. In that regard, it was of utmost importance
that Curious2018—Future Insight was an inde-
pendent science conference sponsored by Merck
at the occasion of its 350th anniversary, but not
in a strict sense a corporate event!

The well-being of keynote speakers was
always a key priority for the entire organization
committee. This involved full reimbursement of
all travel and accommodation costs as well as
booking of pickups and transfers for airport and
conference transportation. In addition, each
keynote speaker was allocated a personal care-
taker. Caretakers were Merck scientists that were
available to accommodate the keynote speaker at
all times and were available not only for all help
and support required but also acted as personal
capable guides for the conference including
being able to conduct stimulating scientific dis-
cussions with the guests and making contact to
other key guests of interest. All caretakers were
volunteers from the company and were trained in
multiple sessions prior to the event.

In addition to top keynote speakers also hav-
ing capable moderators was a key success crite-
rion for Curious2018.

The full conference program is attached as an
appendix to this chapter.

The conference was also supported by a
welcome address from the Germany Federal
Minister of Education and Research, Anja Kar-
liczek, with the following letter message read at
the Curious2018—Future Insight Conference:

Life is full of challenges and opportunities. For
centuries, science and research have been pro-
ducing new developments to make the world a
better place. Experience has shown that innova-
tions are generated exactly where people from
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different disciplines, companies, institutions and
countries come together and exchange ideas and
knowledge. This diversity can also be found at
Merck where an international team is continuously
trying new paths — whether by using intelligent
materials to improve electronic equipment, moni-
toring the quality of food and medicines, exploring
the possibilities of genetic engineering or treating
cancer. Merck’s 350 years of work are proof of the
good performance of German companies in the
field of research and development. I wish all the
participants a successful 2018 conference with
inspiring discussions and the possibility to further
enhance international cooperation.

The event was also supported by an event app
that allowed participants to communicate and
network. The app also provided an overview of
the agenda, location and special events as well as
organizational messaging.

Key for the success of the conference and its
image as an independent science conference were
clearly also the partnerships with Nature and
AAAS/Science that both organized a panel dis-
cussion at the Curious2018—Future Insight
Conference. The roundtable discussion done
together with AAAS/Science revolved around
the Technology Breakthrough of the year that is
annually elected by Science. Topics covered
were: CRISPR/synthetic biology, artificial intel-
ligence, material sciences, astrobiology and solar
system exploration. The roundtable organized
together with Nature was an extension of the
Nature Outlook published earlier in the year and
focused on the Future of Medicine, covering new
therapeutic modalities such as the microbiome,
personalized medicine and biomarkers as well as
big data, Al and machine learning.

For operational excellence and top logistics,
the collaboration with the event management
agency VOK DAMS was of key importance. The
project team of Merck and VOK DAMS met
weekly for more than 1.5 years to prepare the
event.

All tickets for Curious2018—Future Insight
were given out for free, around one half via a
direct invitation and the other half after an
application process. Overall 50% of attendees
had an academic background from around 150
different institutions, 50% were from a corporate
background, and 40% of attendees were female.
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Regional distribution was 78% from Europe,
16% from America, 5% from Asia and 1% from
Africa/Middle East.

The speakers panel consisted of more than 60
top speakers and panelists from all over the
world, including six Nobel Laureates: Frances H.
Arnold, Nobel Prize in Chemistry 2018; Fraser
Stoddart, Nobel Prize in Chemistry 2016;
Jean-Marie Lehn, Nobel Prize in Chemistry
1987; Joachim Frank, Nobel Prize in Chemistry
2017; Bruce Beutler, Nobel Prize in Physiology
or Medicine 2011; Harald zur Hausen, Nobel
Prize in Physiology or Medicine 2008. Frances
Arnold has actually been allocated the Nobel
Prize in 2018 a few weeks after speaking at the
conference!

Another key highlight of the event was the
rollout of the Future Insight Prize (http:/
futureinsightprize.merckgroup.com and http:/
futureinsightprize.emdgroup.com), by the CEO
of Merck Stefan Oschmann at day 2 of the
conference. The Future Insight Prize was initi-
ated and designed by Ulrich Betz and will be
awarded annually from 2019 onwards to honor
and enable outstanding achievements in science
and technology toward a groundbreaking inno-
vation, enabling the later realization of a dream
product, important for the future of humanity in
the areas of health, nutrition and energy with a
research grant of up to 1 million € sponsored by
Merck. The Future Insight Prize is covered in
detail in the following chapter of this book. The
prize will be given out for the first time in 2019
for work enabling the later realization of the
dream product Pandemic Protector, to protect
humanity from the outbreak of a new viral pan-
demic. In the following years Future Insight
Prizes will be given out on the topics of antibiotic
resistance, food generation and clean energy.

Already at day 1 of the conference, the
Darmstadt Science Declaration was rolled out.
The Darmstadt Science Declaration is a global
call to action to devote more resources to the
advancement of science and technology with the
task to enable humanity to solve the challenges
of today and to realize the dreams of a better
tomorrow. Everybody is cordially invited to sign
this declaration at http://darmstadt-science-
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declaration.org). The call was later also given the
subline “Make Science not War.” Further details
are described in an article in Angewandte Che-
mie (https://onlinelibrary.wiley.com/doi/full/10.
1002/anie.201811929).

The Darmstadt Science Declaration reads in
detail:

We, the signatories, are people of different national
origins, creeds and convictions. We all firmly
believe that human progress is deeply linked to
further advances in science and technology. We
are truly convinced that science is a force for good
which enables us to solve many of mankind’s most
pressing challenges. We believe that huge oppor-
tunities will arise from future science and tech-
nology efforts. Yet we are also very well aware of
the responsibility and accountability we bear for
the new technologies that are realized. We call on
all nations, societies and organizations to devote
more resources to the advancement of science and
technology. We encourage the international com-
munity to join forces in battling debilitating dis-
eases, ensuring sufficient food for a growing world
population, stopping the destruction of our envi-
ronment, and engaging in joint endeavors to elu-
cidate the secrets this fascinating universe holds.
Nothing shall be impossible.

The Curious2018—Future Insight Conference
has received enthusiastic feedback. A partici-
pants’ survey resulted in 98% of participants
agreeing that the event has increased Merck’s
reputation as leading science and technology
company. 97% of all participants rated the
overall experience of the conference as excellent
or very good. In terms of the most important
conference topic, 36% voted for healthy lives—
new breakthrough therapies and diagnostics,
19% for live reimagined—synthetic biology and
more, 19% for bright future—new ways of
working together, 15% for materials and solu-
tions—chemistry and beyond and 12% for digi-
talization—the power of in silico.

The following participants’ statements that
were shared via the survey give a good impres-
sion on the spirit of the event:

I will never see such a line-up of speakers anymore
in my entire life

This was the Woodstock of science.

It will leave a lasting legacy.

The quality of the program was outstanding.
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Impressive inspiring scientific community and
talks. Perfect organization and ideal venue

One of the best Conferences I have ever partici-
pated! Should become an annual event

Probably the next step up in quality is the Nobel
Price Ceremony!

This conference has shown the world, this
350 years old company has recharged with the
future inspiration and driven with curiosity for
future success.

The speaker line-up was unbelievable.

Of the impact that goes beyond the conference: the
Darmstadt science declaration, the future insight
prize, the plan to do the conference ongoing.

It is a groundbreaking conference making you feel
the love, excitement and potential of science and
technology everywhere!

Amazing talks. Never visited a comparable
conference.

This was the best conference I have ever attended.
Congrats to you and your team for organizing such
an amazing, star-packed, thought-provoking and
landmark event in history.

1 am seriously thrilled that the event went so well.
The feedback has been incredible.

You were a superstar at Curious2018.

A once in a lifetime event.

This was the best organized conference I have ever
attended.

The best event I have ever attended.

Grandios event, perfectly organized, huge impact,
congratulations.

Curious2018  was  brilliantly designed and
executed.

Very impressive in all aspects.

Thank you for the most amazing conference I have
attended in recent times. As a recap I have written
a poem to summarize.

I am at a lot of conferences and I can say that this
was by far the most interesting, energetic and
diverse I have witnessed in a long time.

What a stimulating event, it was truly fantastic.
You did an amazing job, I think everyone will
remember it for another 350 years.

Truly a marvelous event. Thanks to Merck, Uli
Betz and the entire team.

Congratulations on both the Curious2018 and the
Innovation Cup. They both were absolutely first
class all the way, brilliantly planned and executed.
The Merck team should be so proud of the event
against so many metrics — not just logistical, but as
a pivotal boost to the culture of multi-disciplinary
collaboration and long term human-centered sci-
entific endeavor, which I personally think marks
Merck out as a very special organization, and very
different in mindset to other big pharmas.

Thank you Uli, it was a great conference and lots
of fun.
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You hosted an amazing event in Darmstadt.

You and your colleagues deserve to be lauded and
praised for your service to science. Please keep up
the good work.

To mobilize such a large number of high quality on
such international base I have not seen yet in my
career, excellent job.

A conference of the highest standards.

The Curious2018 conference paired with the
innovation cup were easily the most stimulating
and exciting experiences of my scientific career
thus far. I really cannot thank you enough.

Such days let us hope for the world and also for
Germany.

It was indeed the most unique event I have atten-
ded in my 20 years on the circuit.

I had a great time there, such an incredibly well
organized meeting!

Congratulations to you Dr. Betz for organizing an
event of such epic proportions. It was definitely
one of the best experiences of my life.

It was truly an amazing experience and one that I
will always remember

Beyond official surveys, the feedback gath-
ered in one-on-one discussions from participants
directly was outstandingly positive too. People
were enthusiastic, inspired by the positive out-
look into the future, by the great science pre-
sented, the presence of so many people that had
provided outstanding contributions to the
advancement of science and technology and by
the enthusiasm of all attendees. My personal
experience from Curious2018—Future Insight
was incredible. Never before in my live have I
been approached by and received congratulations
from so many amazing people. To see the top
presenters on stage, the high-quality science, the
stimulating discussions during the breaks and at
the evening events, the top performance and
enthusiasm of my team as well as the enthusiastic
feedback was just phenomenal, it was a
once-in-a-lifetime experience that I will certainly
cherish for the rest of my life.

The conference together with the associated
Future Insight Prize has received considerable
echo in the media including TV, radio, print and
social. Also Nature magazine has published
a summary: https://www.nature.com/articles/
d42473-018-00168-z.

In addition, most of the presentations given at
Curious2018 were videotaped and are available
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in a media library: https://curious2018.com/
media-library/.

Directly following the Curious2018—Future
Insight Conference the Anniversary Edition of
the Merck Innovation Cup (http://innovationcup.
merckgroup.com  and  http://innovationcup.
emdgroup.com) was conducted, and 15 teams
consisting of 5-6 top graduate students plus one
coach (alumni of previous editions of the Inno-
vation Cup) were working over a week to come
up with new ideas for innovative products solv-
ing key unmet challenges of humanity. The
topics covered were the same as during the
conference, and three teams each were working
on healthy lives, live reimagined, materials and
solutions, digitalization and bright future. Stu-
dents received lectures and coaching from
experienced professionals and retirees in a
meeting of the generations. Teams presented
their project plan at the last day of the Innovation
Cup in front of a jury consisting of Merck
researchers, managers and Merck-external
experts, delegates from venture funds and
accelerators as well as academic scientists. The
presentation in front of the jury is considered a
publication, and all worked-out ideas and project
plans are released in the public domain for
implementation. The winning team was awarded
the Merck Innovation Cup along with 20,000
Euro for a project idea on synthetic biology:
“Plastics to Biologics,” involving a concept to
turn plastics into biologics using engineered
E. coli to produce methionine from PET.

As the Curious2018—Future Insight Confer-
ence was so successful, it will from now on be
conducted bi-annually as an independent science
conference, and the next event will take place in
Darmstadt on July 13-15, 2020. Innovation-
driven organizations from all over the world are
invited to partner and join the initiative. Invited
partners corporations, NGOs, scientific
organizations, philanthropists and in general all
interested individuals.

We have the ambition to grow the conference
into the world’s most renowned gathering on the
future of science and technology covering a
broad range of topics such as health care, drug

are:
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discovery, synthetic biology, nutrition, material
sciences, digitalization, mobility, energy, human
mind and bright future—new ways of working
together, it will be the “Davos” of science and
technology.

Curious2018—Future Insight is bringing the
world’s best scientists and most accomplished
entrepreneurs together to explore the future of
science and technology, to solve the challenges
of today and to enable the dreams for a better
tomorrow, creating a bright future for humanity.
You are invited to be a part of it.

Open Access This chapter is licensed under the terms of
the Creative Commons Attribution-NonCommercial 4.0
International License  (http://creativecommons.org/
licenses/by-nc/4.0/), which permits any noncommercial
use, sharing, adaptation, distribution and reproduction in
any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a
link to the Creative Commons license and indicate if
changes were made.
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Merck is the world’s oldest pharmaceutical and
chemical company and a leading player in sci-
ence and technology. When the company cele-
brated its 350th anniversary in 2018 among other
activities a comprehensive future-oriented pro-
gram around science and technology was set up
with the overall goal not only to support the
further long-term prospering of the company but
also to help boost the further advancement of
science and technology in general and particu-
larly to help applying it to solve some of
humanities biggest problems.

To support that goal a 350th anniversary sci-
ence and technology program was set up consist-
ing of three consecutive phases. The main goal of
phase one, the conceive phase, was to start the
thought leadership process and to define the
challenges and dreams of today and tomorrow.
Together with the journals Nature, Science/
AAAS, Harvard Business Reviews and Technol-
ogy Forecasting and Social Change, in total more
than 2000 scientists and business leaders were
surveyed and more than 10 publications resulted.

The original version of this chapter was inadvertently
published as non-open access. It has now been changed
to open access with the copyright holder name “The
Author(s)”. The correction to this chapter is available at
[https://doi.org/10.1007/978-3-030-16061-6_18]
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Phase number 2, the convene phase, had the goal
to assemble the brightest scientific and entrepre-
neurial minds to shape the future. It involved the
flagship science conference Curious2018—Future
Insight along with the Anniversary Edition of the
Merck Innovation Cup. In total, about 1500 people
were coming together at the occasion of these
meetings. Finally, the goal of phase 3, the real-
ization phase, was to move from curiosity to action
and to set in place the infrastructure, processes and
resources to implement the best ideas and part-
nership proposals worked out during the two pre-
ceding phases and to initiate activities to lay the
foundation for a successful future. For that pur-
pose, the Merck 350th Anniversary Research
Grants and the Future Insight Prize and were
designed and rolled out. While the main purpose of
the 350th Anniversary Research Grants was to
perform mid- and long-term research to benefit the
Merck product pipeline, the main goal of the
Future Insight Prize is to boost scientific and
technological progress globally and to help solve
some of humanities most pressing issues.

What are these problems? Think tanks all over
the world have compiled lists and performed
assessments of the greatest threats to humanity as
we know it such as the Future of Humanity Insti-
tute of Oxford University (https://www.fhi.ox.ac.
uk/), the BBC (http://www.bbc.com/future/story/
20170815-the-greatest-threats-to-humanity-as-we-
know-it) or the Global Challenges Foundation
(https://globalchallenges.org/). Main topics are:
war (nuclear armageddon, bioterrorism, new

17

®

Check for
updates


https://www.fhi.ox.ac.uk/
https://www.fhi.ox.ac.uk/
http://www.bbc.com/future/story/20170815-the-greatest-threats-to-humanity-as-we-know-it
http://www.bbc.com/future/story/20170815-the-greatest-threats-to-humanity-as-we-know-it
http://www.bbc.com/future/story/20170815-the-greatest-threats-to-humanity-as-we-know-it
https://globalchallenges.org/
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16061-6_3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16061-6_3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16061-6_3&amp;domain=pdf
mailto:Ulrich.betz@merckgroup.com
https://doi.org/10.1007/978-3-030-16061-6_3

18

nano-weapons), global pandemic threat via a
newly emerging likely viral pathogen, ecological
collapse/climate change/global warming associ-
ated with overpopulation and food production
issues, a flawed artificial intelligence, emergence
of the next ice age (natural climate change),
eruption of a super-vulcano or a major asteroid
impact. A recent survey conducted with 50 Nobel
Laureates by the Lindau Nobel Laureate Meeting
and Times Higher Education listed as the three
biggest threats: (1) environmental degradation/
overpopulation, (2) nuclear war and (3) infectious
diseases (https://www.dailymail.co.uk/sciencetech/
article-4838392/50-Nobel-laureates-reveal-greatest-
threats-mankind.html).

A key question in prioritizing the areas where
additional stimulation via a special research prize
makes most sense and is able to create the
highest impact, and it is important to sort out the
fields where prospected commercial benefit alone
and market forces are not sufficiently stimulating
progress and where additional incentives and
support structures are required.

In collaboration with Harvard Business
Reviews Analytical Services, we conducted a
survey with 1000 readers of Harvard Business
Reviews which were asked about the anticipated
social and business impact of certain technolog-
ical advances. Interestingly, the top five gap
areas in which social impact is greater than
business impact were: curing cancer, pandemic
preparedness, genetic modification of humans,
food for the world and reversing climate change.

To explore the area further, we organized a
series of scientific advisory boards to elucidate
topics potentially suitable as focus areas for the
planned Future Insight Prize. Finally, after thor-
ough evaluation and assessment, it was decided
that at the occasion of its 350th anniversary,
Merck will sponsor the Future Insight Prize to
stimulate innovative solutions to solve some of
humanities greatest problems and to realize the
dreams for a better tomorrow in the areas of
health, nutrition and energy (Figs. 3.1 and 3.2).

In the area of health, the key issue on how to
achieve a rapid protection from a newly emerging
likely viral infectious disease with pandemic

U. A. K. Betz

Fig. 3.1 Future insight prize logo

Fig. 3.2 Future insight prize trophy

potential should be addressed. Emergence of a
new, potentially lethal infection that is easily
transmitted from person to person is among the
greatest threats to humanity. The risk is increasing
due to global urbanization, ease and speed of tra-
vel, climate change and the possibility of bioter-
rorism. Using current technology, development of
medical countermeasures would be too slow to
prevent many millions, or even billions, of deaths.
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Another field to be tackled in the health area is
combating the problem of multi-drug resistant
bacteria. Antimicrobial resistance threatens the
effective prevention and treatment of an
ever-increasing range of infections. CDC esti-
mates that in the USA, more than two million
people are sickened every year with antibiotic-
resistant infections, with at least 23,000 dying as
a result. There are already high proportions of
antibiotic resistance in bacteria that cause
common infections (e.g. urinary tract infections,
pneumonia, bloodstream infections) in all
regions of the world. A high percentage of
hospital-acquired infections are caused by highly
resistant bacteria such as methicillin-resistant
Staphylococcus aureus (MRSA) or multi-drug-
resistant gram-negative bacteria.

In the area of nutrition, new innovative tech-
nologies to feed a growing world population
should be the field of focus. The projections show
that feeding a world population of >9 billion
people in 2050 would require raising overall food
production by some 70% between 2005 and 2050.
This will only be possible by applying uncon-
ventional highly innovative new technology.

Finally, in the area of energy the problem of
rising CO, levels leading to pronounced climate
change should be addressed via production of
fuel from atmospheric CO,. The reduction of
CO, to useful chemicals has received a lot of
attention as an alternative to the depletion of
fossil resources without altering the atmospheric
CO, balance. As the chemical reduction of CO,
is energetically uphill due to its remarkable
thermodynamic stability, this process requires a
significant transfer of energy. Achievements in
the fields of photocatalysis during the last decade
sparked increased interest in the possibility of
using sunlight for photocatalytic reduction of
CO, for the production of solar fuels.

Rather than just providing a general stimulus
and research funding in the respective areas, we
felt that a vision should be developed for an ideal
outcome that would stimulate creativity world-
wide on how to make it a reality. For that purpose,
the “dream product” concept was developed.
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A dream product is a product that cannot be real-
ized with the current state of science and tech-
nology, but whose existence would be extremely
desirable and which is required to ensure the
long-term survival of humanity. Who is finally
developing, manufacturing and selling the dream
product is not of relevance as long as it is made
available in sufficient quantities and to a reason-
able price worldwide. The Future Insight Prize will
put the vision for ambitious dream products of
global importance for humankind into the world
and will trigger curiosity and creativity worldwide
on how to make this vision a reality. The time-
frame given for such a realization was set to
35 years, as a resemblance to the 350th anniver-
sary of the company. The prize should be given to
people whose work enabled a significant progress
toward making the vision a reality via discovering
new groundbreaking science or via development
of enabling technologies.

In that sense, the work to be conducted can be
termed “visearch” visionary research, focusing
on areas whose further investigation promises to
lead to avenues toward technologies that can then
be utilized to make the visionary dream products
a reality. It is important to note that this can be
basic and applied research! In that sense, it
especially has to be kept in mind that break-
throughs very often originated from the so-called
Pasteur’s quadrant according to the four-
quadrant scheme introduced by Donald Stokes
(Stokes, Donald E. (1997). Pasteur’s Quadrant—
Basic Science and Technological Innovation.
Brookings Institution Press. p. 196. ISBN
9780815781776), seeking fundamental under-
standing of scientific problems, while also having
immediate use for society.

Working together with scientific advisory
boards, definitions for dream products were
compiled covering all four focus areas.

The dream product to achieve a rapid pro-
tection from a newly emerging infectious disease
with pandemic potential is called “Pandemic
Protector” with the following properties: “The
dream product starts with a clinical sample of a
person infected with an unknown pathogen and
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produces an agent to cure the infected person or
to prevent infection of others within a clinically
relevant timeframe.”

The pandemic protector advisory board con-
sisted of Christopher Milne, Daniel Bausch,
James Le Duc, Michael Jacobs and Ron Fouchier
(Fig. 3.3).

Already at the Curious2018—Future Insight
Conference, the topic of pandemic preparedness
and the pandemic protector as the first install-
ment of the Future Insight Prize was covered in a
panel discussion and received outstandingly
positive assessments. The following panelists
were participating: Christopher Milne (Tufts
Center for the Study of Drug Development),
Eileen Farnon (Head Outbreak Investigation
Task Force Institute Pasteur), Justin Sanchez
(Director  Biological —Technologies Office
DARPA), Lothar Wieler (Director Robert Koch
Institute), Nadia T Tornieporth (University of
Applied Sciences and Arts Hannover, Coalition
for Epidemic Preparedness Innovations), Sir
Michael Jacobs (Clinical lead in infectious dis-
eases, Royal Free London NHS Foundation
Trust), Stefan Oschmann (CEO Merck), Subhanu
Saxena (Bill & Melinda Gates Foundation).

The dream product to combat the problem of
multi-drug resistant bacteria is called “multi-drug
resistance breaker” with the following properties:
“The dream product is a series of novel narrow-
spectrum antibacterial agents that are able to
cure any bacterial infection without induction of
drug resistance, empowered by a one hour

(a)

diagnostic test to select the appropriate agent
from this series for an infected patient.”

The multi-drug resistance breaker advisory
board consisted of Deborah O’Neil, Hans-Joachim
Zeiler, Harald Seifert and Stewart Cole (Fig. 3.4).

The dream product to help feed a growing
world population is called “Food Generator”
with the following properties: “The dream pro-
duct converts any non-edible biomass into
readily edible fully nutritional food within one
day without any biohazard.”

The food generator advisory board consisted
of Camille Delebecque, Isha Datar, Kara Bren,
Lolke Sijtsma and Martin Jonikas (Fig. 3.5).

Finally, in the area of sustainable energy and
stopping further climate change the dream pro-
duct should have the following properties: “The
dream product generates a high-energy-density
fuel from renewable energy, water and atmo-
spheric carbon dioxide with an overall negative
carbon dioxide balance.”

The CO,-to-fuel converter advisory board
consisted of Clifford Kubiak, Daniel Nocera,
Ferdi Schiith and Michele Aresta (Fig. 3.6).

The Future Insight Prize will be awarded
annually from 2019 onwards to honor and enable
outstanding achievements in science and tech-
nology toward a groundbreaking innovation,
enabling the later realization of a dream product,
important for the future of humanity in the areas
of health, nutrition and energy. The prize will be
given out for the first time in 2019 for work
enabling the later realization of the dream

Fig. 3.3 Artist’s view of dream product pandemic protector
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Fig. 3.6 6 Artist’s view of dream product CO,-to-fuel generator

product pandemic protector, to protect humanity
from the outbreak of a new viral pandemic. In the
following years, Future Insight Prizes will be
given out on the topics of multi-drug resistance,
food generation and CO,-to-fuel conversion.
The Future Insight Prizes consists of a
research grant of up to 1 million €, the Future
Insight Prize trophy, a keynote lecture at the

annual Future Insight Prize Winner Event plus a
plenary keynote lecture at the Curious—Future
Insight Conference. The research grant can be
used by the recipient for research located in an
area that will provide important input to making
the dream product a reality down the road.
Ownership of developed intellectual property is
not affected by the research grant.
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A jury composed of independent international
experts will screen the global landscape and
identify potential candidates for the Future Insight
Prize. In addition, scientists from all over the
world can propose suitable candidates to the jury.
The jury will then select the final candidates that
will be contacted and encouraged to send in an
application. The jury will then screen all received
applications and select the winner. The winner
will be publicly announced and present their
research at the Future Insight Prize Winner event
and at the Curious—Future Insight Conference.

The winner will be selected according to the
following criteria:

(1) Has the recipient’s work provided important
breakthroughs to enable a later realization of
the dream product?

(2) Is the recipient’s work of utmost scientific
quality recognized by top peer review
journals?

(3) Is there reason to believe that the recipient
will be able to make good use of the prize
money to advance research in this area
further?

The Future Insight Prize Jury is composed of
renowned international scientists and managers,
and currently (status December 2018), it has the
following members:

Angela Belcher, MIT

Benjamin List, Max-Planck-Institute for Coal
Research

Camille Delebecque, Afineur

Carolyn Aldige, Prevent Cancer Foundation
Christina Smolke, Stanford University
Christopher Milne, Tufts

Clifford P. Kubiak, UC San Diego

Daniel Bausch, LSHTM

Daniel Nocera, Harvard University

Daniel Zajfman, President Weizmann Institute of
Science

David Solit, Memorial Sloan Kettering

Dean Radin, California Institute of Integral
Studies

U. A. K. Betz

Deborah O°Neil, Novabiotics

Donald Cleveland, UCSD

Eileen Farnon, Pasteur Institute

Ernst-Ludwig Winnacker, LMU Miinchen

Ferdi Schitz, Max-Planck-Institute for Coal
Research

Hans-Joachim Zeiler, Creative Therapeutics
Harald Seifert, University of Cologne

Isha Datar, New Harvest

Jake Yeston, Editor AAAS/Science

James Le Duc, UTMB

Jef Boeke, NYU Langone Health

Jean-Marie Lehn, College de France, Strasbourg
Jeremy Nicholson, Imperial College London
Joao Monteiro, Editor Nature Medicine

John Gyapong, University of Health and Allied
Sciences, Ghana

Kara Bren, University of Rochester

Kenneth Drazan, President GRAIL

Lolke Sijtsma, University of Wageningen
Martin Jonikas, Princeton University

Mary Voytek, NASA

Matthew Rosseinsky, University Liverpool
Michael Jacobs, RFL. NHS

Nadia Tornieporth, CEPI

Nancy Cox, Vanderbilt University

Nicholas M. Donofrio, IBM Fellow

Peidong Yang, UC Berkeley

Peter Hotez, Baylor College of Medicine, Texas
Peter Piot, LSHTM, London

Ron Fouchier, Erasmus University

Ross Maclean, Precision Value & Health

Rudi Balling, University of Luxembourg
Rudolf Aebersold, ETH Ziirich

Scott Spangler, IBM

Shinichi Akaike, NISTEP Japan

Shyam Sankar, Palantir Technologies

Stefan Oschmann, CEO Merck

Stewart Cole, EPFL
Subhanu Saxena,
Foundation

Toby Bloom, New York Genome Center
Tom Knight, Ginkgo Bioworks

Ulrich Betz, VP Innovation Merck
Ulrich Wiesner, Cornell University
Yang Shao-Horn, MIT

Bill & Melinda Gates



3 Future Insight Prize—From Dream to Reality

The Future Insight Prize was initiated and
designed by Ulrich Betz and officially announced
by the CEO of Merck, Stefan Oschmann, at the
second day of the Curious2018—Future Insight
Conference (http://curious2018.com) and in an
official press release published July 17th:

Darmstadt, Germany, July 17, 2018 — Merck, the
vibrant science and technology company, today
announced a new research prize. The company will
award the “Future Insight Prize” of up to € 1
million annually for the next 35 years. The prize
will be presented to researchers who will make
outstanding contributions to enable innovations
important for the future of humanity in the cate-
gories of health, nutrition and energy.

“As we are discussing the future of science and
technology at the ‘Curious2018 — Future Insight’
conference, this is the right place to announce the
‘Future Insight Prize’. With this award we aim to
stimulate groundbreaking science and innovative
development of key products or technologies, to
bring meaningful visions to life for the benefit of
humanity,” Stefan Oschmann, Chairman of the
Executive Board and CEO of Merck, said when he
announced the prize today at the conference. This
event in Darmstadt, of which Merck is the main
sponsor, is currently being held for the first time
and brings together globally renowned scientists,
among them five Nobel Price laureates.

The new award will be issued for the first time at
next year’s “Curious2019” conference. It will
relate to the health category and a ‘Pandemic
Protector’ — a visionary dream product enabling an
accelerated protection against newly emerging
pathogens. The ‘Pandemic Protector’ should make
it possible to swiftly analyze emerging pathogens,
to generate an agent for disease treatment or pre-
vention, and in doing so protect humanity against
the outbreak of a new, global plague.

A scouting team will monitor scientific activity
worldwide with a view to selecting potential can-
didates for the award. Experts in the relevant fields
are likewise free to propose candidates of their
own. The chosen scientists will be approached and
asked to submit their entry to a jury of distin-
guished scientists and managers, drawn both from
Merck and beyond. The winner of the respective
award should use the prize for further research on
the specific topic.

The Future Insight Prize for the years thereafter
will be awarded for the following three topics:

e 2020: Multi-Drug Resistance Breaker - solving
the problem of antibacterial resistance to mul-
tiple antibacterials (category health)

e 2021: Food Generator — Technology to help
feed the world’s growing population (category
nutrition)

e 2022: CO,-to-Fuel Converter — Generating fuel
by photocatalytic conversion of atmospheric
CO, (category energy)

All future research projects receiving this award
should contribute to laying the scientific and
technological basis for the later realization of
so-called “dream products”, in the first year the
‘Pandemic Protector’. The products envisaged are
visionary products which the prize will catalyze to
become reality. The same principle applies to the
dream products Multi-Drug Resistance Breaker,
Food Generator and CO,-to-Fuel Converter. None
of the awarded projects is meant to be in connec-
tion to or to directly contribute to any of the three
business sectors of Merck. More information and
illustrations are available at http:/futureinsight
prize.merckgroup.com or http://futureinsightprize.
emdgroup.com.

The science conference “Curious2018 — Future
Insight”  (http://curious2018.com), where the
award was announced today, brings together some
of the world’s most accomplished scientists. The
new conference is one highlight of the 350™ an-
niversary year of Merck. More than 35 interna-
tionally renowned scientists — including five Nobel
Prize laureates — are presenting their work and
discussing the future of science and technology
from July 16 to July 18, 2018 in Darmstadt, Ger-
many. The speakers are presenting to an audience
of around 1000 guests from all over the world
topics oriented to the main focal areas of the three
Merck business sectors (Healthcare “Healthy Lives
— new breakthrough therapies and diagnostics”,
Life Science “Life Reimagined — synthetic biology
and beyond”, and Performance Materials “Mate-
rials & Solutions — chemistry and beyond”). Other
conference topics address questions regarding
digitalization (“Vibrant Digital — the power of in
silico”) and new forms of collaboration (“Bright
Future — new ways of working and collaborating”).
Merck is fighting cancer, multiple sclerosis and
other serious diseases. With our Life Science
products we are helping other companies to con-
duct research even more quickly and efficiently.
And we are developing high-tech materials with
which autonomous driving or foldable displays are
becoming reality. We are doing all this in close
partnership with top researchers around the globe.
Therefore, we are very much enjoying this huge
celebration at ‘Curious2018 — Future Insight’
conference of research with the best of the best,” is
how Stefan Oschmann described the concept
behind this new conference.
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The Future Insight Prize is open for expansion
and partners (other corporations, NGOs, aca-
demic research institutions, governments, phi-
lanthropists etc.) are invited to join the concept
and sponsor additional prizes stimulating the
realization of dream products of their choice. At
a “dream board” positioned at Curious2018—
Future Insight conference participants could
propose dream products of their choice, also in a
survey with readers from Nature, Science and
Harvard Business Reviews proposals were col-
lected with some examples given here: Material
to grow food in every kind of environment -
some kind of intelligent soil, a robotic pill that
can target infections and tumor cells, clean up
trash and man-made debris from the oceans, stay
young and healthy for the entire life, smart drugs,
living in our bodies and self-applying according
to individual needs, self-cleaning rooms, a dinner
plate that can analyse and guide your daily intake
of vitamins and nutrients, a tool to collect water
from the air, a human knowledge repository to
restart civilization after a catastrophe and an in
silico predictor to create a drug against each
human genome encoded target.

The Future Insight Prize has received con-
siderable echo in the media and also triggered
enthusiastic statements, and some are given here
as examples:

The Future Insight Prize is great because it sets a
grand challenge and seeks a solution to societies
greatest future needs.

Merck’s idea to launch the Future Insight Prize is
an excellent idea to celebrate the anniversary. In
particular for the ‘pandemic threat’ topic. The
Future Insight Prize is great because it will allow
blue sky research in an area where this type of
research rarely happens but major innovations are
desperately needed.

The Future Insight Prize in Pandemic Protection is
great because it is a clear expression of Merck’s
commitment to society and global health.

The Future InSight Prize is great because it shows
a 350-year old company is thinking about the next

U. A. K. Betz

I applaud your Future InSight prize.

The Future InSight Prize is great because it tackles
issues that matter to us all.

The Future InSight prize is great because with
no/little commercial agenda it is a vehicle to
highlight the importance of the best research
endeavors in key areas that could greatly impact
the future of humankind!

The Future InSight Prize is great because it will
inspire researchers to develop solutions to the
major challenges that humanity will face over the
coming decades.

The Future InSight prize is great because it will
stimulate and acknowledge out of the box thinking in
an effort to cope with one of the most serious threats
i.e. infections caused by multi-drug or more recently
even pan-drug resistant bacterial pathogens.

I applaud you and your colleagues at Merck for
proposing the Future InSight Prize and specifically
for your interests in global pandemic preparedness.
The threat of a new pathogen arising from nature,
or through genetic mutations or intentional cre-
ation, is very real. The Future Insight Prize will
stand alone as recognition of technical excellence
in a field that historically has not received the
attention it so justly deserves.

I am certain that this new Prize will be warmly
welcomed by leaders in global health from around
the world.

Merck’s idea to launch the Future Insight Prize is
an excellent idea to celebrate the anniversary. In
particular for the ‘pandemic threat’ topic. The
Future Insight Prize is great because it will allow
blue sky research in an area where this type of
research rarely happens but major innovations are
desperately needed.

The Future Insight Prize in Pandemic Protection is
great because it offers scientists an incentive to
work towards a long-term vision in an area that
cannot be stimulated by traditional market forces.
It is a clear expression of Merck’s commitment to
society and global health.

The Future InSight Prize is great because it shakes the
core assumptions behind food sustainability, auton-
omy and security by rewarding technologies that will
empower most humans on the planet to have access to
affordable, plentiful and nutritious food.

The Future Insight Prize is great because it shows a
350-year old company is thinking about the next
350 years.

350 years.

The Future InSight Prize is great because it will
foster scientific innovation in areas critical to
humanity’s future.

The Future InSight Prize is great because it sets a
grand challenge and seeks a solution to societies
greatest future needs.

The ambition is not only to get insights into
how the future will look like but to actively shape
it to be bright and peaceful. You can be a part of
it!

Acknowledgements Special thanks go to Stefan Osch-
mann, the Merck board and the Merck ownership family
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that have made the budget available to make the Future
Insight Prize a reality. I am also grateful to the team that
worked with me on the implementation of the Future

Open Access This chapter is licensed under the terms of
the Creative Commons Attribution-NonCommercial 4.0
International License  (http://creativecommons.org/
licenses/by-nc/4.0/), which permits any noncommercial
use, sharing, adaptation, distribution and reproduction in
any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a
link to the Creative Commons license and indicate if
changes were made.
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“This is the first meeting of its kind”, said Ulrich
Betz, vice-president of innovation at Merck
Biopharma in Darmstadt, Germany, as he opened
Curious2018 in July. The conference is one of a
number of celebrations of Merck’s 350th birth-
day, all with the theme “Always curious—
imagine the next 350 years” (see “350 years
young”).

Betz was the driving force behind the con-
ference, which welcomed delegates and speakers
from around the world and across the scientific
disciplines, and was attended by around 1300
participants. Among the speakers were five
Nobel Prize winners, several world-renowned
scientists including Craig Venter, and represen-
tatives of the European Space Agency (ESA) and
the US Defense Advanced Research Projects
Agency (DARPA) among others.

The conference covered topics including
Healthy Lives—new breakthrough therapies and
diagnostics; Life Reimagined—synthetic biology
and beyond; Materials and Solutions—chemistry
and more; Vibrant Digital—the power of in sil-
ico; and Bright Future—new ways of working

This chapter is a reprint from the previously published
advertisement feature on nature.com https://www.nature.
com/articles/d42473-018-00168-z

U. A. K. Betz (<)

Vice President Innovation Merck,
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© Springer Nature Switzerland AG 2019
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https://doi.org/10.1007/978-3-030-16061-6_4

and collaborating. Sessions dealt with human-
ity’s move from the Stone Age (Society 1.0) to
today’s Information Age (Society 4.0) and
looked forward to Society 5.0—a human-centred
technological age. And visitors pondered not just
how the future might look, but also on the best
way to get there (Figs. 4.1, 4.2 and 4.3).

4.1 Sometimes no Strategy Is

the Best Approach

Scientific research, particularly within companies,
is often strategy focused; that means researchers
tend to find only the “known unknowns”.

In contrast, many major discoveries have been
“unknown unknowns”, found through funda-
mental research, an open mind and an ability to
recognize opportunities, said physicist Daniel
Zajfman of the Weizmann Institute of Science in
Rehovot, Israel. Examples include liquid crystals
that today power smartphone displays, X-rays
now routinely used in imaging, and the physics
that led to the global positioning system (GPS).

“Strategy should provide direction, not con-
trol the process”, said Zajfman. “Beyond strat-
egy, we need knowledgeable, curious, passionate
scientists—and we need to give them freedom to
think and the ability to take risks and fail”.

The work of biotechnologist Craig Venter
exemplifies the ethos of curiosity-driven
research. His institute, with laboratories in La
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FUTURE INSIGHT CONFERENCE

Fig. 4.1 Credit Merck KGaA, Darmstadt, Germany

Fig. 4.2 Credit Merck KGaA, Darmstadt, Germany/Eva Speith

Jolla, California, and Rockville, Maryland, has
always valued basic research, and as such has
been involved in a series of firsts—sequencing
the genomes of a free-living organism, a person
and a human microbiome, and creating a
self-replicating synthetic organism.

Venter described how such exploratory
research could still lead to practical applications.
“We can now interconvert genetic and digital
code, and make phages and vaccines”, he said.
“This could mean creating better seasonal flu
vaccines with two or three updates in a year,
‘printing’ off vaccines at home or even DNA
‘transportation’ to Mars within minutes”.

4.2 Small Questions Are Good Too

Curiosity is driven by questions, and the biggest
is how matter became complex, from the ele-
mentary particle to the thinking organism. To
answer it, humans created science, where
“Chemistry bridges physics’ general laws and
biology’s rules of life”, said 1987 chemistry
Nobel Prize winner Jean-Marie Lehn of the
University of Strasbourg in France. “Chemistry
is to science what music is to acoustics”.

The development of technologies such as
cryo-electron microscopy has given chemists and
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Fig. 4.3 Stefan Oschmann, Merck’s Chairman of the Executive Board & CEO, announces the Future Insight Prize.

Credit Merck KGaA, Darmstadt, Germany/Eva Speith

biologists extraordinary resolution, down to the
side chains of amino acids in a protein molecule,
to help answer many of life’s difficult questions.
“We can now see distinct species of molecules in
the same sample”, said 2017 Nobel Prize winner
Joachim Frank, a biophysicist at Columbia
University in New York. “This is a new era in
structural biology”.

Biological chemistry and the manipulation of
living cells have been major drivers in health care
and biotech, which leads Frances Arnold, a chem-
ical engineer at Caltech, to another question:
“Evolution wrote DNA, through a process of
mutation and natural selection”, she said. “We have
altered biology through artificial selection and
genetic modification—but what about chemicals
not found in biology?” Amold has used evolu-
tionary biology techniques to create novel chemi-
cals. Enzymes and whole organisms synthesize

non-natural molecules with an efficiency far greater
than traditional chemical laboratories.

Angela Belcher, a materials chemist at the
Massachusetts Institute of Technology (MIT),
has also captured the power of biology. She uses
modified bacteriophages to create nanomaterials,
such as carbon nanotubes for use in cancer
imaging and theranostics, and flexible materials
for wearable electronics.

Also working in the nanosphere is 2016
Nobel Prize winner Fraser Stoddart, head of the
Stoddart Mechanostereochemistry Group in the
Department of Chemistry at Northwestern
University, who is employing new chemistry to
create nanoscale molecular machines including
motors, rotors, switches and pumps. Stoddart has
advice for the next generation of curious and
creative scientists: “Tackle a big problem—and
do your own thing”.
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350 Years Young
Looking to the Future

Starting as a single pharmacy in Darm-
stadt in 1668, Merck has grown into an
international company with a focus on
health care, life science, and performance
materials. During this time, it has seen
pharmacy shift from an art to a science and
been part of the move to industrial pro-
duction, driven always by curiosity.

Merck will support the development of
creative solutions over the next 35 years
with a new Future Insight Prize. It will
bestow its first award of up to €1 million in
2019, with the goal of pandemic pre-
paredness against emerging viral diseases.

Future prizes will tackle antibacterial
resistance, technology to feed the world’s
growing population, and fuel generation by
photocatalytic conversion of atmospheric
carbon dioxide.

Directly after the conference, Merck
conducted an anniversary edition of its
Innovation Cup, which was contested by
around 80 students from all over the world
who spent a week to learn from Merck
professionals and to develop an idea of
their own into a business plan. The
€20,000 team prize went to the Life
Reimagined team who presented a concept
to turn plastics into biologics using engi-
neered E. coli to produce methionine from
PET.

4.3 Humans, Microbes,
and Medicine

Tropical diseases have historically received scant
attention from biomedical science, despite the
fact that they collectively affect more than a
billion people. Parasitic diseases such as Chagas
disease, schistosomiasis, and leishmaniasis are
spreading across Latin America, and many pre-
ventable diseases are resurging in developed
nations as vaccination rates fall. Antimicrobial

U. A. K. Betz

resistance is rising, and climate change is driving
tropical parasites into temperate zones.

Curiosity can play an important role in what
are otherwise strategic and goal-driven projects,
such as making affordable versions of vaccines
against diseases linked with poverty; developing
better formulations of existing disease targets;
predicting and preventing the spread of disease;
and in considering the interactions of the gen-
ome, microbiome, metabolome, and environ-
ment. What is required is that researchers work
together, across disciplines, using international
networks to exchange data.

And we should not forget the role of educa-
tion and communication, said Peter Hotez, dean
of the National School of Tropical Medicine at
Baylor College of Medicine in Houston, Texas.
Hotez urged scientists “to engage with the public
more, and build scientific literacy into science
and medical training” (Figs. 4.4, 4.5 and 4.6).

4.3.1 Society 5.0
As humans live longer, societies are ageing. And
nowhere is this more apparent than in Japan,
which has the highest proportion of centenarians
on top of a falling birth rate. Shinichi Akaike,
senior fellow, National Institute of Science and
Technology Policy (NISTEP), and Naohiro Shi-
chijo, director of the Centre for Institutional
Research, Tokyo University of Technology,
proposed Society 5.0 to meet these challenges.
Society 5.0 aims to integrate advances in artifi-
cial intelligence (AI), big data processing, and
the Internet of Things (IoT) to resolve societal
challenges such as health care and support for
older people within a human-centred society.
Yoshiyuki Sankai, of robotics company
Cyberdyne, takes a creative approach to realizing
Society 5.0: “Imagine yourself standing in the
future, looking at the present, then create the
technology to make this future”. Sankai’s
cyborg-type HAL (hybrid assistive limb) uses the
“intention signal” derived from the brain to
realize the intended motion of the wearer while
inducing functional regeneration; another version
of HAL provided is Single Joint Type, which is a
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Fig. 4.4 Ulrich Betz, VP of innovation at Merck, opening the conference. Credit Merck KGaA, Darmstadt,

Germany/Eva Speith

compact and easy to use device that could be
attached on both upper limb and lower limb.
Cyberdyne also develops Lumbar Type which
reduces the stress applied on the lumbar region of
manual workers during lift and carry to mitigate
the risk of back injury.

In Society 5.0, Al will also be an important
part of drug discovery and development, said
Scott Spangler of IBM Watson Health. In
research, Al can provide confidence scoring,
validate reasoning and data, and help scientists to
interrogate existing knowledge for new connec-
tions. This can aid target identification, predic-
tion of gene function, and selection of drug
indications.

However, AI’s biggest role isn’t simply to
provide answers—it’s going to be to drive
curiosity by helping researchers ask better ques-
tions. “Al isn’t an oracle”, said Spangler. “It’s an
annoying collaborator that constantly says, ‘what
about...?””.

4.3.2 The Final Frontier

For the really curious scientist, there are
extra-terrestrial questions, starting with our near-
est celestial neighbours. “The Moon is a history
book of our own planet”, said ESA astronaut
Thomas Reiter. “And we might find proof of past
or current life on Mars in the next few years”.

ESA’s planned space missions include the
BepiColombo spacecraft, which will head to
Mercury in October 2018 to investigate the Sun’s
closest planet; and the ExoMars lander, which
will land on Mars in November 2018 to study the
crust, mantle, and core of the planet.

Curious2018 was also the birthplace of the
Darmstadt Science Declaration, a global call to
action to devote more resources to the advance-
ment of science and technology to enable humanity
to solve the challenges of today and to realize the
dreams of a better tomorrow. The declaration can
be signed online at make-science-not-war.org.
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Fig. 4.5 Credit Merck KGaA, Darmstadt, Germany/Eva Speith

Fig. 4.6 Credit Merck KGaA, Darmstadt, Germany/Eva Speith
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The story from Curious2018—Future Insight is
a varied one, picking a route through chemistry,
biology, physics, and technology. From the huge-
ness of outer space to the minutiae of molecular
machines, from the history of pharmacy to health
care in Society 5.0, and like the drone-powered

33

balloons, with their curious three-dimensional
flight and ethereal internal light that were present
during the official welcome ceremony, ideas from
the conference will follow the attendees out of the
lecture theatre and into the laboratories to inspire
the next generation of breakthroughs.
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Over the centuries and millennia, humanity has
made tremendous progress in science and tech-
nology—just compare the complexity of a stone-
age wedge to that of a silicon computer chip.
Without the advancements in food production,
hygiene, and medicine, we would have never
been able to grow the world population to
7.7 billion people as of September 2018. The
achievements are incredible: Modern technolo-
gies allow more or less each person to commu-
nicate with each and every other human being on
the planet at all times, we have available the
entire knowledge of humanity at our fingertips,
antibiotics have tamed the threats of bacterial
infections that haunted us for so long, man-built
machines have left our solar system, we under-
stand the secrets of our genome and the com-
position of matter and energy, and we engineer
organisms and create new species. Nevertheless,

This chapter is adapted from Angewandte Chemie
International ~ Edition  https://doi.org/10.1002/anie.
201811929.

U. A. K. Betz (<)

Vice President of Innovation Merck KGaA,
Darmstadt, Germany

e-mail: Ulrich.betz@merckgroup.com

© Springer Nature Switzerland AG 2019
U. A. K. Betz (ed.), Curious2018,
https://doi.org/10.1007/978-3-030-16061-6_5

despite all this progress, significant challenges
remain to be solved such as fighting debilitating
disease, preventing new global pandemics,
stopping climate change, feeding a growing
world population, achieving access to clean
water for all, stopping global pollution of the
oceans, satisfying the needs for a clean and
sustainable energy source, achieving proper
education and housing for everybody and
ensuring a peaceful coexistence of all humans on
this planet. We will only be able to solve these
challenges with further progress in science and
the development of new superior technologies
applied to the benefit of humanity with strong
ethical values of mutual love and respect. It is the
purpose of the Darmstadt Science Declaration to
underline the importance of this mission and to
create a global movement to make these dreams a
reality.
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And rapid action is necessary. Despite con-
vincing analysis showing that the world has
become a bit better each day, there are signs that
this trend will not go on forever without our
strong continuous efforts. We might have over-
stretched the utilization of the available resour-
ces. There are signs that humanity on earth is
approaching the limits to growth, as first pre-
dicted in a report to the Club of Rome in 1972
that caused worldwide attention. The project that
produced this report officially titled The Limits to
Growth was conducted by D. H. Meadows,
D. L. Meadows, J. Randers, and W. W. Behrens
at the Massachusetts Institute of Technology
(MIT), commissioned by the Club of Rome, and
funded by the Volkswagen Foundation (Ger-
many). Despite a lot of criticism that the first
book received, mainly based on the perceived
simplicity of the used computer simulations, it
could be shown in the regular updates published
since then that the “business-as-usual scenario”
described in the report unfortunately aligns well
with historical data so far. Continuing unchan-
ged, this would finally result in collapse of the
global economy and environment in the first half
of the twenty-first century because of a combi-
nation of increased pollution and exhausted nat-
ural resources, with signs of economic decline
becoming visible some time before. We might
only have a short time window left to discover
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the required technologies required to avoid glo-
bal collapse, and the time to act is now.

Worldwide R&D expenditures in Organisa-
tion for Economic Co-operation and Develop-
ment (OECD) countries totaled an estimated
$1.1 trillion in 2016 and have continuously risen
in the past, apart from a dip after the financial
crisis in 2008. Nevertheless, in its last report the
OECD raised serious concerns about recently
declining public funding for R&D and innova-
tion, indicating that the situation could deterio-
rate further with aging societies. In many OECD
countries, public research funding in 2015 was
already below the level determined for 2000
(e.g., Australia, Finland, France, UK, Italy,
Spain, and the USA). In the USA for example,
government funding flatlined after the 2008 crash
and has declined as a percentage of gross
domestic product from 0.88% in 2009 to 0.62%
in 2015. There are growing pressures on the
developed societies from ageing, global migra-
tion, and climate change issues, and we need to
ensure that these pressures are not making R&D
funding suffer, as it is our only hope to solve
these problems in the future.

Especially in times when we hear dominant
voices asking for an increase in military spend-
ing, it should be clear that more weapons cannot
avoid the outbreak of conflicts for the remaining
resources of our planet. To avoid such conflict
altogether and to enable a great life for each and
every human, new science and technology is
required to fight the root causes and sources of
conflict. What we also urgently need is a positive
outlook, a force countering the increasingly
dystopic views of the future we encounter daily
not only in the news but also in art and literature,
where a utopian view of our future has largely
been replaced by dystopic visions.

With around 1300 participants from all over
the world, a lineup of more than 50 top speakers
and panelists including six Nobel Laureates, the
Curious2018—Future Insight Conference (http://
curious2018.com) brought together in the Sci-
ence City in Darmstadt (Germany), some of the
world’s greatest scientists and most accom-
plished entrepreneurs to jointly explore the future
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of science and technology and to create this
positive and utopian future mindset. Both the
conference and a new research prize (http:/
futureinsightprize.merckgroup.com) were spon-
sored by Merck KGaA Darmstadt, Germany, the
world’s oldest pharmaceutical and chemical
company, on the occasion of its 350th anniver-
sary. On the first day of the conference, the
Darmstadt Science Declaration was rolled out.
The Darmstadt Science Declaration is a global
call to action to devote more resources to the
advancement of science and technology to enable
humanity to solve the challenges of today and to
realize the dreams of a better tomorrow. Every-
body is cordially invited to sign this declaration
(http://darmstadt-science-declaration.org).

The declaration reads: “We, the signatories,
are people of different national origins, creeds
and convictions. We all firmly believe that
human progress is deeply linked to further
advances in science and technology. We are truly
convinced that science is a force for good which
enables us to solve many of mankind’s most
pressing challenges. We believe that huge
opportunities will arise from future science and
technology efforts. Yet we are also very well
aware of the responsibility and accountability we
bear for the new technologies that are realized.
We call on all nations, societies and organiza-
tions to devote more resources to the advance-
ment of science and technology. We encourage
the international community to join forces in
battling debilitating diseases, ensuring sufficient
food for a growing world population, stopping
the destruction of our environment, and engaging
in joint endeavors to elucidate the secrets this
fascinating universe holds. Nothing shall be
impossible.”

The declaration has in the meantime been
signed by thousands, including Nobel Laureates
Frances Arnold, Bruce Beutler, Joachim Frank,
Harald zur Hausen, Avram Hershko, Louis
Ignarro, Jean-Marie Lehn, James Rothman,
Jean-Pierre Sauvage, J. Fraser Stoddart and other
famous scientists such as Craig Venter, Emma-
nuelle Charpentier, or the President of the

Weizmann Institute of Science, Daniel Zajfman
as well as other celebrities such as for example
Wolfgang Ischinger the chairman of the famous
Munich Security Conference. It will be widely
published and brought to the attention of
decision-making bodies all over the world. The
goal is to shape public opinion, to create a global
movement resulting in a change in the allocation
of resources toward research and development, in
an increased attraction of bright young talent to
science and technology and in general in an
optimistic, utopian outlook to ensure the tech-
nologies required for a bright and sustainable
future are made available in time.

It has been argued that the growth of the
human population in a closed ecosystem as our
planet must necessarily come to an end and that
no new technologies can overcome these physi-
cal limits. This, however, is not true, there are no
limits to human growth and new science and
technology will enable us to spread into space
and colonize new planets, the universe is huge.

The movement supporting the Darmstadt
Science Declaration is synergistic with other
global movements that were recently emerging,
such as the “March for Science” (www.
marchforscience.com) or “Fridays for Future”
(www.fridaysforfuture.org).

The Science Declaration is now going across
the world and should be rolled out in all major
cities (e.g., we already did a Paris Science Decla-
ration, Jerusalem Science Declaration, London
Science Declaration) all linking to the central site
for collecting signatures http://make-science-not-
war.org. Activists for science all over the world are
encouraged to launch the science declaration in
their city, link it to the site, and communicate about
it in the social and print media all over the world.

The universe is an incredible place that holds
endless secrets waiting to be uncovered. With all
progress in science and technology, we have just
scratched the surface of what is out there waiting
to be known. What more noble an endeavor
could one imagine than proudly advancing into
the unknown, increasing the understanding of the
universe we are living in and using this


http://futureinsightprize.merckgroup.com
http://futureinsightprize.merckgroup.com
http://darmstadt-science-declaration.org
http://www.marchforscience.com
http://www.marchforscience.com
http://www.fridaysforfuture.org
http://make-science-not-war.org
http://make-science-not-war.org

38 U. A. K. Betz

knowledge to solve the challenges of today, to Nothing will be impossible.

enable the dreams of a better tomorrow and to Join the movement, spread the news, share it
create a good and peaceful life full of love and with you friends all over the world, and sign the
achievement for everybody on this planet and declaration today at: http://make-science-not-
beyond. war.org.
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Science and Technology at Its Best—
Examples from Curious2018 Future
Insight Conference Keynote Speakers
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6.1 Introduction

Manipulating the immune system to produce
health benefits for human beings has had many
successes, from the first vaccines of Jenner and
Pasteur to most recently the use of checkpoint
inhibitors in cancer. The promise of even more
significant health benefits has been tantalizing, but
elusive. This is because while inflammation and
other types of immune involvement are evident in
many diseases, we lacked a detailed enough
understanding of this system to intervene with
therapeutics other than generic treatments (e.g.,
steroids) that have limited effectiveness. Thus, it
became apparent that convenient animal models
were needed in order to understand the principals
of immunity. Many were investigated—rabbits,
guinea pigs, goats, sheep, rats—but the clear
winner was the inbred mouse, which was already
in widespread use by the 1950s and was the
workhorse of the field by the 1980s and 1990s.
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With the critical development of recombinant
DNA methods in the seventies, then later trans-
genics and knockouts, mice became the go-to
species for in-depth studies of the immune system
(as well as other important mammalian biological
systems). Since the turn of the last century, they
have been instrumental in elucidating much of
basic immunology and allowed for seminal dis-
coveries governing what we know about the
immune system, its many components, cell types
and unique mechanisms. These discoveries
include gene rearrangement to create vast reser-
voirs of diversity in antibodies and T cell recep-
tors, the ability of MHC molecules to capture
peptide antigens from degrading proteins and
present them to T cells, and the many signaling
pathways that are key for initiating or blocking
these processes. Almost all we know of basic
immunology therefore has been derived from
inbred mouse studies, but where those models
have been less successful is allowing us to create
accurate models of disease that can be studied for
the development of therapeutics. There are many
models of disease, and many ways to cure or
prevent these diseases have been developed, but
the ones that are feasible to do in humans and lead
to successful treatments have been remarkably
few. It has been reported, for example, that papers
describing methods to prevent type 1 diabetes in
the major mouse model (NOD) are in excess of
300, but we have yet to prevent this disease in a
single human being [1]. Similar successes were
reported regularly in immunological treatments of
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tumors in mice, for decades, but human trials
invariably failed and many dismissed the possi-
bility that such treatments would ever work [2].
Fortunately, the pioneering work of Allison et al.
showing that anti-CTLA4 had promise in treating
mouse tumors by their very novel mechanisms of
attenuating natural tolerance mechanisms does
carry over enough to benefit a significant fraction
of people with certain cancers [3], but the road to
achieving this remarkable success was not
straightforward and benefits only a fraction of
people.

Why have mouse models of disease been so
poor at developing useful clinical treatments? We
don’t know, but there are a number of possibilities
including evolutionary distance, the utilization of
inbred versus outbred mice, and the way models
are designed to yield relatively quick, reproducible
results. But whatever the reasons, it is quite clear
that inbred mice have not been a great success as
disease models that lead easily to human treat-
ments [4]. This is unfortunate, especially as these
models have occupied a large fraction of scientists
interested in translation. This has had the effect of
diverting the attention of the most talented
researchers away from direct human studies to
focus on more tractable mouse models. The situ-
ation is now changing dramatically, if slowly, due
to the fact that studies performed directly in
humans are now much more feasible with the
introduction of new technologies and have more
and more appeal to both translational and basic
science questions. We are therefore poised for a
revolution in human immunology. This will
expedite the use of immunology in the clinic,
because now instead of having to ‘translate’ results
from mouse studies, we will more and more have
direct patient data to guide existing treatment
options and develop new ones. Here, we briefly
outline what has changed and what we can look
forward to.

6.2 New Paradigms
While the existing paradigm of mouse models of

disease is still useful, its relatively low yield and
the ability to get high-quality data from patient
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cohorts mean that there could be substantial
improvements. Chances are there will be signif-
icant differences between murine and human
data, or perhaps they are completely different. In
the former case, it may be that the mouse model
represents only a fraction of patients, which will
help in understanding what it may be good for,
and in the latter case, it would say we need to
look for a new model entirely. A more sweeping
and very different paradigm is the concept of
‘systems immunology,” [5—7] which starts from
the fact that since most of what we can do in
murine studies cannot be done in human beings,
we should develop an entirely new scheme, built
around the advantages of human studies. What
are the advantages? The ready availability of
blood samples, for example, and the fact that
there is a potential wealth of immunological
information in them in the form of the circulating
cell types and communication molecules of the
immune system. While not an ‘immunological
organ’ per se, these cells and molecules in the
blood represent a real-time snapshot of both the
steady state of a person’s immune system as well
as a window on the dynamics that occur after an
intervention. For example, a week after a flu
vaccination B and T lymphocytes specific for flu
antigens surge through the circulating system [8].
Similarly, six days after gluten challenge in
patients with Celiac disease particular T cells
(including gluten specific ones) also mobilize
into the blood and can be analyzed in that time
period [9]. These represent part of the natural
immune response whereby specific lymphocytes
proliferate in localized lymph nodes and then
between six—ten days exit into the circulation to
populate a broader spectrum of lymphoid organs.
In chronic diseases such as MS, the release of
pathogenic T cells seems to be relatively con-
tinuous, as judged by the effectiveness of drugs
such as fingolimod that inhibit egress from
lymph nodes [10]. Another example of how we
might ‘read the blood’ was described recently
with a report showing that depressed levels of
circulating B cells is characteristic of subjects
with a latent M. tuberculosis (Mtb) infection and
especially the finding that a drop in NK cell
levels presaged a descent into active tuberculosis
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(TB) disease [11]. Studies of gene expression
patterns in blood cells have also identified
important indications of other types of infections
and stages on the way to sepsis [12], or the likely
success or failure of a vaccine [13]. But these
studies are just the tip of the iceberg compared to
what we could learn if we were at all systematic
about interrogating patients’ blood across the
whole spectrum of health and disease. The fact
that complete blood counts (CBCs) are still the
standard assay for white blood cells in medicine,
which was introduced in 1959 [14], should be an
embarrassment to the profession, since we now
know that there are hundreds if not thousands of
different cell types [15]. To correct this, we must
have very focused efforts to discover and validate
immune biomarkers that are accurate predictors
of disease trajectories and especially treatment
options in patients. Only data that meets these
criteria will be widely adopted. Especially,
valuable would be a goal we have here at Stan-
ford to develop a cholesterol test-like panel for
immunological health. If achievable, this
immune health panel could identify who is at risk
for a serious infection or even cancer. We have
also seen, in a number of studies, a close corre-
lation between certain inflammatory markers and
cardiovascular diseases [16, 17]. Even disease
risks and related factors that are not typically
thought of immunological may come up in
‘systems immunology’ studies.

6.3 Technological Advances

For many years, there were numerous techno-
logical advances in mouse immunology, but very
few for human work. This was because most of
the advances in immunology came in murine
systems. This then became a self-perpetuating
‘loop” which drew most of the research talent in
the field, even those with medical training,
toward mouse studies. Fortunately, the past ten
years has seen an explosion in new technologies
that have revolutionized the study of human
immunology. Particularly important are those
technologies that can be applied to blood cell
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analysis at the single cell level, since individual
cells are the principal effectors of an immune
response, and so it is important to know both the
variety of cell types and the distribution of cel-
lular activity. For example, earlier work in the
Davis lab showed that most T cells could rec-
ognize a single peptide-MHC on another cell
[18], and later studies showed that this could
result in a full-blown release of cytokines by a
CD4+ T cell [19]. But it was an ‘all or none’
response, meaning that one or two or three
peptide-MHC ligands all gave the same response.
So how do you ‘scale’ a T cell response? By
recruiting more cells with that specificity [19].
This means that in evaluating a response, you
need to know how many cells are not responding
as well as how many are. So, what are these new
technologies?

6.3.1 ‘Deep’ Phenotyping of White

Blood Cells

The development of mass cytometry has been a
key development, and while fluorescence-based
methods have been a mainstay of immunology
(developed by the Herzenbergs here at Stanford
[20]), they reached an effective plateau of 12 or
so colors from about 2000 because of overlap-
ping spectra. Mass cytometry analysis (pioneered
by Garry Nolan also here at Stanford) improved
upon this limitation fundamentally since it relies
on metal labeled antibodies with little or no
overlapping spectra, allowing the use of now 45—
50 different labels, giving vastly more informa-
tion and revealing studies of stem cells [21], T
cells [15, 22], NK cells [23], and B lymphocytes
[24] have all revolutionized our understanding of
cellular complexity in human immunity. The
fluorescence-based cytometry industry may be
fighting back by introducing the next generation
of analyzers that can detect ~28 colors, a major
leap over the status quo; this bar though is still
lower than what the latest mass cytometry
instruments can do. Single cell RNA-seq is also
coming up quickly, and although it is not capable
of cataloging every gene in a given cell, the
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technique can still provide a wealth of informa-
tion on thousands of genes and is clearly superior
to mass cytometry in defining cell types [25, 26].

6.3.2 B and T Cell Responses

B and T cell lymphocytes have a variety of
functions and phenotypes, and thus have bene-
fitted from the above innovations, but special
mention should be made of methods that have
been developed recently to analyze their speci-
ficity and general response repertoire. The ability
to analyze specificity and repertoire first bene-
fitted from high-throughput sequencing methods,
currently dominated by instruments from Illu-
mina and PacBio, which enable routine
sequencing of millions of immunoglobulin and T
cell receptors very economically. These tech-
nologies then enabled high-throughput single T
or B cell receptor sequencing [27, 28], which
revealed major clones that were responding to
tumors or a vaccine. The sequences allowed both
a snapshot of a response, but also an ability to
immortalize the specificity in a cell line or in case
of immunoglobulins to make specific antibodies
recombinantly. In the case of T cell receptors, the
main drivers of T cell specificity are often a
mystery, and thus the yeast display method pio-
neered by Garcia and colleagues [29, 30],
whereby up to a billion randomized peptides
bound to a given MHC molecule can be used to
discover antigens, has been a major resource to
discover antigens in cancer and in any disease
involving T cells. An additional problem with T
cells is the fact that a given peptide-MHC
specificity could have thousands of different T
cell receptors that bind to it. They often though
have sequence motifs in common and here the
analytical solutions developed by the Davis lab
[31], or that of Paul Thomas [32], are enor-
mously useful in focusing on the ability to group
sequences by antigen specificities versus
sequence diversity.

M. M. Davis and R. M. DiFazio
6.4 Conclusion

These new technologies, and others too numer-
ous to list here, are bringing important hope to
studies of the human immune system and will
soon give us ‘actionable intelligence’ that will
allow us to assess a person’s immune health
accurately and assess possible disease risks—
before they develop a disease or succumb to a
common infection like influenza or pneumonia.
We also see persistent signs of a close linkage
between inflammatory pathways and diseases not
previously linked to the immune system [16, 17,
33, Pickman et al., Nat. Med. 2019, in press],
suggesting that immune biomarkers could
greatly improve our ability to detect cardiovas-

cular disease, pre-term birth, and other
health-related problems earlier than now
possible.
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Christopher-Paul Milne

7.1 Introduction

The prospects of a new medicine making it from
the laboratory bench to the pharmacy shelf are
daunting. For each drug that makes it into the
clinic for testing in humans, thousands do not, for
myriad reasons ranging from easy-to-understand
ones such as toxicity in animals to more esoteric
ones such as “druggability” (i.e., simply put, the
likelihood of being able to modulate a target with
a drug). Once in the clinic, the odds are a little
better that a lead compound will emerge as the
target product of a new drug application or bio-
logics’ license application and be approved by
National Regulatory Agencies (NRAs)—those
odds are typically calculated to be about 1 in 10.
Still this is not good news for drug sponsors, who
may spend as long as two decades and over $1
billion USD out-of-pocket to get a new drug to
market. But over the last decade, the news has
become even more daunting. Risks associated
with drug and biologics research and develop-
ment (R&D) have only grown over time, while
rewards are diminishing. Average time before
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follow-on competitors chase a first-in-class drug
into the marketplace shrink each decade by sev-
eral fold, and the percentage of prescriptions
filled by generics doubles decade by decade (now
reaching as high as 90% in many developed
country markets). More telling for the demise of
the traditional blockbuster strategy for achieving
a sustainable return-on-interest (ROI) is that
average sales for new launches were lower by
40% in 2010 from what they were just 5 years
earlier [1] and declined to 2% from the 10%
achieved in 2010 as of 2018 [2]. This new reality
is often heralded as a healthy development for
healthcare cost containment, even though drugs
typically comprise a relatively minor share of the
total bill for health care, for example, 10% in the
USA [3]. However, for those concerned with not
only controlling the escalation of healthcare costs
but also curtailing health risks, these circum-
stances represent a different set of perils. Drugs
that present too difficult a development challenge
or too uncertain a market will not be able to
compete successfully for resource allocation
internally within companies or externally in the
capital marketplace. These perils are particularly
acute in new fields of product development like
regenerative medicine or even a new sub-sector
derived from several existing fields of product
R&D—such as Medical Counter Measures
(MCMs), which are products that may be used in
the event of a potential public health emergency
stemming from a terrorist attack with chemical,
biological, or radiological/nuclear (CBRN)
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agents or a naturally occurring, emerging or
re-emerging infectious disease.

The product sector case example for this
overview of the shifting landscape for new drug
development (including both small molecule and
large molecule drugs, respectively of chemical or
biological origin) will be MCMs, and the regio-
nal focus will be primarily on the USA. Fully
half of new active substances (NASs) approved
globally each year, ownership of the extant R&D
pipeline worldwide (for MCMs and in general),
as well as the end-market for all medicines occur
within the purview of the USA. So as the USA
goes, so goes biopharma world. For example,
historically most of the regulatory innovations of
the twentieth century, such as the Orphan Drug
and Fast Track programs, were first introduced in
the USA and soon emulated by Europe and
Japan, while in the twenty-first century, a number
of emerging market countries (especially those in
the Asia-Pacific region) base their regulatory and
reimbursement evaluations on those conducted in
the USA, especially for breakthrough products,
for which the resources and expertise for devel-
oping the evidence base to make such decisions
(e.g., regulatory science tools and/or real-world
data) are limited in emerging market countries. In
addition, the US National Institutes of Health
(NIH) and the U.S. Food and Drug Administra-
tion (FDA) lead their respective fields of research
and regulation due to the number and expertise of
their staff, the size of their budgets, as well as
global influence and interest.

The remainder of this chapter is comprised of
materials adapted from previous publications
authored by the Center for the Study of Drug
Development at Tufts University School of
Medicine (Tufts CSDD) over a ten-year period
from 2010 through 2019. In addition, there are
occasional infusions of updated commentary to
“connect the dots” of how we got to where we
are today. These publications may be requested
from Tufts CSDD (if originally published
in-house) or through the usual channels for
requesting articles published in the public
domain (permission to reprint the articles having
been granted, where required). The text of the
chapter is structured basically in a chronological
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fashion beginning with Tufts CSDD analysis of
the early era of MCM evolution as a sub-sector
from various extant therapeutic areas. It then
chronicles the changes to the R&D paradigm in
response to the challenges that emerged for both
MCMs and biopharma in general. Finally, it ends
with an exploration of the devolution of the
MCM sub-sector back into its roots in the
infectious disease area as an increase in actual
outbreaks as well as other signals of global vul-
nerability to pandemic threats have minimized
the MCM emphasis on biodefense against a wide
range of CBRN agents in favor of public health
tactics to address humankind’s maladaptation to
a world in which it is constantly assailed by its
microbial competitors and symbionts, or to novel
public health crises of its own making.

7.2 Early Evolution of a New R&D
Sub-sector [4]

Historical Background—Historically, in the
USA, even though the “war on cancer” had been
declared in the early 1970s, awareness of the
chasm between risk and reward in biopharma-
ceutical R&D first became a political issue in the
1980s, initially through advocacy efforts on
behalf of victims of rare diseases. In aggregate,
rare diseases comprise a large “special patient”
population of 20-30 million each in the USA and
European Union and perhaps as many as 400
million worldwide, but this population is spread
over approximately 7000 small disease markets,
and so became therapeutic “orphans” due to the
lack of incentives for product developers willing
to foster R&D programs for these rare condi-
tions. Close on the heels of the economic epi-
phany revealed by the orphaning of rare disease
due to business reasons, the AIDS epidemic
struck. In true epidemic fashion, AIDS quickly
fomented a crisis for a healthcare system in the
USA that had no weapons with which to stem the
bewildering tide of morbidity and mortality,
whereas cancer and HIV were rampant killers in
the 1980s and 1990s, and budget thieves for
healthcare systems as well; today scores of new
medicines have blunted some of their public
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health impact and often have commuted immi-
nent death sentences to chronic disability—with
variable levels of quality of life, but life
nonetheless. Other diseases have now emerged to
take their place; some, such as antibiotic-resistant
infections, are as lethally inexorable as AIDS
once was. Others, such as depression and obe-
sity, kill more slowly but in great numbers across
the spectrum of age ranges, just as cancer once
did, unchecked and with little medical recourse.
The difference over the years was that AIDS, rare
diseases, and cancer developed a vocal and
organized advocacy that affected political
change, which in turn laid the statutory ground-
work on which the USFDA built the designation
programs to address the unmet medical needs of
these special patient populations.

In the early 2000s, a frightening new public
health reality dawned, as it became clear in the
wake of 9/11 that terrorist attacks are a very real
threat that could cause a large number of civilian
casualties. Incidents involving anthrax, a com-
monly occurring bacterium, and sarin, a chemical
toxin from a commonly used family of pesti-
cides, demonstrated the potential for bioterrorists
to use a wide range of CBRN agents in future
attacks. Awareness of naturally occurring pan-
demics has also been increasing. The range of
infectious threats include: emerging infectious
diseases like severe acute respiratory syndrome
(SARS) and avian flu (H5N1); re-emerging dis-
eases like measles, pertussis, and Ebola; “ne-
glected diseases” like tuberculosis, dengue, and
water-borne parasites; and bioterror agents such
as smallpox and anthrax. SARS was the first
severe newly emergent infections of the
twenty-first century and also demonstrated two
significant characteristics of the new plagues:
The first is their potential for significant direct
(i.e., medical and government program costs) and
indirect economic impacts (e.g., Asia-Pacific
economy lost nearly $40 billion); and second,
even relatively quick-kill infections can spread
rapidly due to modern travel and the global
nature of business (i.e., approximately 250 cases
of SARS in 10 countries spread within a few
days from a professor, who had been treating
SARS patients in the Chinese countryside
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and then traveled to a popular hotel in Hong
Kong).

In response to these threats, it became
imperative that a biodefense system of pandemic
and bioterror medical countermeasures (collec-
tively, MCMs) had to be developed. Many of the
identified threats, even from pathogens known to
be highly lethal and transmissible, did not have
optimal or, even sometimes, any treatment
options at all, beyond supportive care. At this
time, however, the research and development of
MCMs was typically viewed as “stagnant or
non-existent” among major biopharma firms. As
a consequence, what little R&D that took place
was at small companies funded by venture cap-
ital with little institutional memory for managing
a product from discovery through licensing to the
marketplace. To this end, the US government
(USG) passed a series of laws to stimulate
countermeasure development that encompassed
programs and funding for basic research,
advanced development of technology, and
acquisition of product for stockpiling in emer-
gencies or prophylactic use by the military and
first responders.

Roles of the Public and Private Sectors—The
shape-shifting of the biodefense industry in the
USA began in 2002, with the Bioterror Act, which
called for development and monitoring of a
stockpile of bioterror countermeasures. Several
years later, BioShield I was passed in order to
create a market for MCMs by setting up a special
reserve fund for the purchase of medical coun-
termeasures to be stored in the strategic national
stockpile (SNS) and available for quick distribu-
tion in the event of an attack. This was soon fol-
lowed by the Pandemic and All-Hazards
Preparedness Act (also known as BioShield II),
which brought both pandemic and bioterrorism
legislation into one bill with the intent of gener-
ating incentives for entry into the business of
biodefense. BioShield II established the
Biomedical Advanced Research and Develop-
ment Authority (BARDA) within the federal
department of Health and Human Services (HHS).
BARDA is the central authority in countermea-
sure development and administers the Biodefense
Medical Countermeasure Development Fund,
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which expands the options for procurement
funding to include milestone payments, awarding
exclusive supplier status, establishment of
domestic manufacturing capacity, and dosing and
administration studies.

Yet even by FY2010, the entire biodefense
allocation comprised only 0.1-1% of the budgets
for the main USG departments responsible for
protecting the public—Health & Human Services
(HHS)—which includes FDA, the Department of
Homeland Security (DHS), and the Department
of Defense (DoD). Biotech and pharmaceutical
companies read the “tea leaves” of these rela-
tively small numbers as indicating that the US
Congress was not serious about investing in the
development of medicines and vaccines against
bioterror threats.

But the USG did want to encourage more
interest from the private sector but was at odds
how to do it. Consequently, it took only tentative
baby steps in that direction. HHS proposed pilot
studies to promote a more synergistic working
relationship among government scientists at
NIH, CDC, FDA, and BARDA. Predictably, the
response from industry and investors was
ho-hum. Guidance on cell-based vaccine pro-
duction was finalized by FDA, but during draft-
ing failed to elicit even a single industry
comment despite being “advertised” in an HHS
press release. With a few exceptions, there was
almost no interest by private investment firms
and funds in biodefense due to its perception as
defense contracting with lower margins, smaller
markets, and one-off product sales. The basic
problem was laid out by Chuck Ludlam, former
top staffer for BIO and Senator Joe Lieberman
(I-Conn) at an Institute of Medicine
(IOM) meeting in 2010":

...firms need “goal line” incentives such as “cash,

tax benefits, patent benefits and liability
protections.”

Near the end of the 2000s, the private sector
MCM pipeline was comprised by somewhat over
a hundred, but less than two hundred companies,
mostly  start-ups and  small/medium-sized

'As reported in the Pink Sheet (Informa subscription
newsletter) on April 12, 2010 at 24.
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enterprises (SMEs). As seen in Fig. 7.1, for Big
Pharma companies with any MCMs in their
pipelines, the total number of products in
development approached 1000, but well short of
10% could be categorized as MCMs. Among
start-ups and SMEs combined, there were
approximately an equal number to Big Pharma of
products in the R&D pipeline overall, but 42%
and 25% respectively were MCMs. Although the
majority of start-up and SME MCM pipelines
were at Phase 1 or earlier, Big Pharma had a
considerable number in later stage development
(over 40%). Thus, although Big Pharma players
in the MCM field were small in number, they
were large on impact. However, even early in the
evolution of the MCM sector, its fortunes as a
whole appeared to be more likely to wax and
wane in sync with the fortunes of the start-ups
and SMEs based on their greater dependence on
and resource commitment to MCMs. The para-
mount question that loomed in the background
was whether MCMs would emerge as a new
business sector under a traditional pharmaceuti-
cal business model or evolve into something
similar to what was at the time still a
shape-shifting biotech business model?

Business Models: Old Paradigm—Under the
traditional market model, there were two basic
strategies for MCMs: the “One drug, one bug,”
or so-called “fixed defenses” approach versus the
development of multi-purpose countermeasures,
so-called  “flexible  defenses,” such as
immunomodulators, better delivery systems, or
prototype vaccines that can be easily tailored to
emerging noxious agents. The flexible defense
strategy is more functional given the unpre-
dictable nature of the threat but also more
economically attractive because flexible broad-
spectrum products will have markets beyond
government purchases.

The MCM product range consisted of: vacci-
nes, therapeutics, diagnostics, immunomodula-
tors, platform technologies (e.g., including some
current or back-burner technologies such as new
methods of drug delivery, specialized enzymes
for decontamination, technologies for faster
design and production of vaccines or antibodies
against new strains or new microbes and
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Big Pharma SMEs Start-Ups
Total number of 833 591 104
products in pipeline
Percent of products 6.8% 25.2% 42.3%
that are MCMs
Percent of products 56.1% 89.3% 100%
in phase 1 or earlier

Fig. 7.1 MCM pipeline snapshot in 2008

products that create molecular barriers to infec-
tion at vulnerable sites like mucous membranes),
as well as antidotes, chemoprotective agents,
ancillary treatments, or prophylactic measures to
mitigate, prevent or treat illness resulting from
intentional bioterrorist attacks with CBRN agents
or naturally occurring pandemic disease.

Traditional Models—“Biotech
Business Models,” an article by L. Paveras,2
discusses the business models being utilized at
the time for biotech R&D:

Business

(1) FIPCO (fully integrated pharmaceutical
company)—brings a product to market after
early identification of lead or acquisition of
promising compound;

(2) RIPCO (royalty income pharmaceutical
company) identifies and takes lead com-
pound through proof-of-concept, then sells
off or partners with other firm, usually Big
Pharma/Biotech;

(3) Technology Platform—develops new tech-
nology and creates specialty line of products
or exploits it through licensing, partnering,
etc.

(4) NRDO—*"no research, development only”—
firms that usually acquire or license-in leads
that Big Pharma/Biotech is not interested in
commercializing in-house;

(5) Product development partnerships (PDPs) or
private—public partnerships (PPPs);

(6) Virtual R&D (e.g., Battelle)—U.S. Depart-
ment of Defense (DoD) preferred providers
who sub-contract out.

2See Paveras, L. “Biotech Business Models,” http://www.
healthonomics.org/2008/01/biotech-business-models.html.

The major operational features of the tradi-
tional models were government push and pull
incentives, mainly the USG (but also the EU
Innovative Medicines Initiative—IMI) as well as
risk-sharing opportunities through Cooperative
Research & Development Agreements (CRA-
DAs in the USA) and consortia. Much of the
fundamental impetus from push incentives derive
from increased funding for basic research to
develop intellectual property (IP) that can be
transferred to private sector companies. Other
push incentives were cost-sparing measures such
as liability protection under vaccine compensa-
tion laws as well as tax credits.

While government expedited development
and review programs can get a product to market
quicker (i.e., push incentive) and market protec-
tion awards can keep it on the market longer (i.e.,
pull incentive), for MCMs the most significant of
the pull incentives was procurement contracts.
Procurement contracts guarantee companies that
countermeasures developed from promising
candidates will be purchased by government
agencies. Other incentives for companies to enter
biodefense apply mostly to SMEs, as explained
by AVI Biopharma President and COO Alan
Timmins®:

“While we’re working with the government on

some specific viruses that are very lethal, we’re

learning a lot about our own technology: how to
apply it, where it works best, where it might not
work so well,” said Timmins. “So we get a lot of

benefit at no cost to us. And we get enhanced
credibility within the marketplace for drugs and

3AVI Biopharma President and COO Alan Timmins as
quoted in the trade magazine Bioexecutive International
(April 2007 at 22-27).
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within the stock market because there’s cachet in
having the government as a partner.”

In related fashion, government incentives are
sufficient to stimulate interest from biotech
companies, for whom an inflow of tens or hun-
dreds of millions of dollars will have a significant
impact. Nevertheless, Senator Lieberman
explains in his testimony before a US Congres-
sional Committee that there are other “benefits”
to USG funding as well*:

The only companies that are likely to accept a
defense contractor model are companies with no
approved products, no revenue from product sales,
and no other source of capital to keep the lights on.
For them government funding is “non-dilution”
capital, meaning it’s a form of capital that does not
dilute the ownership shares of its current share-
holders. Many biotech companies have stock
trading in the low single digits, so they cannot
issue another round of stock that would enrage the
current shareholders. For them this government
funding might validate the scientific platform of
the company, generate some revenue, and hype the
stock.

As a market, MCMs have many weaknesses.
For example, antimicrobials have a shorter pro-
duct life cycle due to the development of resis-
tance. Vaccines are typically administered to
healthy people and so have a higher risk-benefit
threshold, and thus greater litigation exposure.
Overall, MCMs are typically not treatments for
chronic diseases, which offer a repeat sale mar-
ket. In addition, generally speaking there is
dependence on a single customer, often a gov-
ernment agency, and as with all large volume
purchasers, margins are lower. Also, the gov-
ernment can be a difficult and sometimes unre-
liable business partner. For example, there was
the well-publicized Cipro incident when the
government was seen as extorting a low ball
price, while another major problem is cancella-
tions of request for proposals (RFPs).

In order to expand the government market and
attract additional institutional purchasers, devel-
opers must optimize product characteristics such
as: durable storage properties, convenient “kit”

“As quoted by Gronvall, G. K. et al., Flexible Defenses
Roundtable Meeting, http://igcc.ucsd.edu/pdf/1 ALieberman
TestimonyOctober6.pdf.
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packaging with attached patient/prescriber
information and supplies for administration,
minimal need for boosters, as well as a man-
ageable expiration and replacement cycle. Get-
ting products approved and into the medical
armamentarium does not mean that the chal-
lenges are over. In January 2003, the Bush
Administration had a goal of immunizing
500,000 health workers for smallpox within
30 days and 10 million emergency response
personnel within a year, but five years later only
40,000 were actually vaccinated due to problems
with unexpected side effects, worker compensa-
tion issues, and liability concerns. Of the 95
patients who contracted measles during the 2008
outbreak in the USA and were eligible for vac-
cination, 63 were unvaccinated because of their
parents’ philosophical or religious beliefs.

Business Models: New Paradigm—In his
2006 text on the future of biotech, Harvard
Business School professor and economist Gary
Pisano describes various types of technological
innovation (e.g., novel research methods and
tools, novel targets or mechanisms and novel
compound types/treatment modalities/markets),
and the factors that companies with different
types of innovation must consider when planning
a business model.” Pisano explains that there are
four factors that determine whether “a market for
know-how” will succeed or fail: information
asymmetry; specialized assets; tacit (not easily
transferable) knowledge; and intellectual prop-
erty (IP) protection. Continuing IP legal battles
aside, when markets for know-how work, busi-
ness models that involve out-licensing technol-
ogy increase efficiency and can create handsome
returns. When markets for know-how fail, busi-
ness models with vertical integration may be the
most effective strategy, if enough capital is
available and attainable. Is there a market for
know-how in MCMs?

The MCM sector is built on new technology
platforms to identify novel pathogens in the

5Pisano, G. P. Science Business: The Promise, the
Reality, and the Future of Biotech; Harvard Business
Press, Boston, MA, USA. November 2006; ISBN 13:978
1591398400.
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laboratory and in the field, discover novel target
pathways to neutralize or prevent illness as well
as to improve existing ones, and apply this
knowledge to the development and production of
MCMs, i.e., a market for know-how. This is a
new market for know-how different from the one
in which Big Pharma is the acknowledged leader,
like cardiovascular or GI disease markets, where
numerous drugs have been developed and an
infrastructure is in place. Most government
grants for civilian biodefense awarded to the
private sector have gone to biotechs. This has
engendered something akin to a working rela-
tionship between government and the biotech
sector, albeit more like a mutual dependency.
However imperfect, it is a better relationship and
thus more valuable than what had previously
existed between Big Pharma and governments.
In addition, most biotechs in the biodefense field
have specific platform technologies and research
expertise that extends farther upstream in the
R&D continuum than the clinical focus of most
Big Pharma. This results in both information
asymmetry and a disparity of tacit knowledge
between biotech firms and Big Pharma (a
potential competitor and/or buyer) on the one
hand, and between biotech and government (a
potential buyer) on the other.

Some of the work in MCMs could also be
considered specialized assets. These are assets
that are not easily applied to alternative uses.
Once invested in a specialized asset, it is very
difficult to switch gears. The market for
know-how generally does not highly value the
prospects of being locked into an investment for
specialized and limited applications. Indeed,
while some companies with a biodefense core
focus are developing very specialized technol-
ogy, many are working with multi-purpose plat-
forms applicable to various therapeutic areas and
are able to spread risk through collaborations
(now increasingly with Big Pharma and Big
Biotech).

If there is a functioning market for know-how
with the government as the buyer as well as Big
Pharma, but the market is limited, at least as far
as the biodefense MCM space is concerned, there
is a role for integrated business models, such as
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FIPCO, that SMEs with a core MCM focus may
utilize to reach their goals. The MCM market is
complicated by the influence of the government
intervention in the market dynamics by sup-
porting a market for know-how to a limited
extent as well as being a source of capital for
SMEs that adopt a vertical integration approach,
but again to a limited extent. Since the market for
know-how is limited to a cadre of SMEs (and
start-ups that evolve into emerging SMEs) with a
core focus on MCMs (mostly vaccines and
technology platforms), this leaves room for other
business models and sector players to address the
remaining market needs. For fixed defenses, such
as MCMs for some CBRN and known pandemic
threats (e.g., antibiotics, antivirals, and treat-
ments for acute radiation sickness (ARS) and
chemical poisons), it would be Big Pharma,
employing a FIPCO or NRDO model, using
incremental innovation within their existing
portfolios. For diagnostics, specialty pharma or
biotechs are the likely players using FIPCO, or
RIPCO involving partnering or out-licensing to
Big Pharma/Biotech. For flu vaccines, it would
be Big Pharma/Biotech and specialty
pharma/biotech, perhaps in partnership. In addi-
tion, there is a significant role to be played by the
government in both fixed and flexible defenses.
For fixed defenses, the government’s role would
be as purchaser, and a lesser role as provider of
R&D funding, and a limited role as the player of
last resort in product development and manu-
facture. For flexible defenses, the government
would have to play all three roles in order to
generate an effective capacity.

By the end of the 2000s, a US presidential
commission of influential leaders and experts
came to appreciate three crucial realities.® The
first is that “... efforts to address biodefense and
emerging infections are mutually supportive and
that compartmentalizing these efforts is arbitrary
and counterproductive.” The second is an
extension of the first, i.e., the recognition that the
ends and thus the means must go beyond even
pandemics and WMDs (i.e., weapons of mass

®As reported in National Health Security Strategy for the
U.S., Objective 6, December 2009, at 13-14.
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destruction). Among HHS recommendations for
action were that investments should focus on
new technologies or MCMs that could also have
uses in non-public health emergency situations,
and should address the continuum from research
to delivery. Investments should be prioritized to
effectively pursue those countermeasures that
have the greatest potential to improve national
health security, prevent or limit the spread of
disease, limit the clinical impact of a health
incident, and have elements with potential
widespread application even in the absence of a
catastrophic event. Third, somebody has to take
charge.

Update and Commentary—Looking back in
2018, some of what these government and
industry experts proposed actually happened and
improved the overall funding environment for
MCMs, if not the actual performance of the
sector. President Obama implemented a strategy
that combined efforts aimed at addressing both
deliberate and accidental threats to US (and
global) public health and BARDA more or less
became the go-to agency for this initiative. While
it is unclear what exactly was expected in terms
of somebody taking charge, start-ups and SME
biotech companies were recognized as the most
promising candidates to foster development of
new medical countermeasures, and the USG
began to focus its funding and assistance on these
companies. They face serious challenges related
to manufacturing capacity and negotiating the
regulatory labyrinth, according to Battelle’s
Senior Market Manager for Medical and CBRN
Products Russell Coleman. Examples of initia-
tives in place to address these challenges include:
Advanced Development and Manufacturing
capabilities (ADMc), which provides both
development and manufacturing resources to
smaller biotech companies as needed; and the
Medical CBRN Defense Consortium (MCDC),
an organization that aims to help smaller com-
panies who wish to work with the DoD navigate
the process of becoming an approved federal
contractor [5].

Meanwhile, even as Big Government’s atti-
tude toward SMEs began to change, Big Pharma
was undergoing its own change of direction,
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becoming more willing to consider specialty
markets and increasingly investing in historically
unattractive markets like orphan drug develop-
ment and vaccines, and subsequently in MCMs.
Industry formed consortia with the public sector
to address some of the R&D problems inherent in
the field, exemplified by the work of the Alliance
for Biosecurity (formed in 2005, consisting of
approximately 15 member companies to foster
private—public partnerships for MCM develop-
ment) such as the development of appropriate
animal models. In contrast to the field of coun-
termeasures for emerging and little known pan-
demic threats, populated mostly by biotech
start-ups and SMEs, the market for known pan-
demic countermeasures, i.e., for various forms of
flu, has been so far supplied primarily by Big
Biopharma. And business is good! The estimated
global flu market for therapeutics and vaccines
(20% and 80% of the market respectively) is
estimated to be worth $10.2 Billion by 2022 [6].

7.3 Impact Factors for Sector
Building in the Twenty-Teens
(7]

7.3.1 Facilitated Regulatory

Pathways (FRPs)

Broadly speaking, special designation programs
such as those implemented by the USFDA—or-
phan, priority review, accelerated approval, fast
track, breakthrough therapy designation (BTD)
—have been to expedite and sustain development
and facilitate authorization of new medicines for
unmet medical needs through so-called push—
pull incentives. Although generally successful
over time, their success has been confined to
certain therapeutic areas and, within those areas,
certain diseases. Times have changed. The
research and development (R&D) burdens and
public health urgency that acted as an impetus for
the FDA to intervene more actively for certain
disease areas are now broadly experienced across
many disease areas. This betokens the need for
the FDA to make designation and implementa-
tion decisions with a view that reaches beyond
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the immediate horizons of political expediency
and patient advocacy to encompass the broader
expanse of factors that now influence R&D
decisions—public and private sector prioritiza-
tion, new players in the paradigm, and
patient-focused drug development.

Orphan Designation—Among the FRPs, the
Orphan Drug Act was the first “push—pull”
incentive (early 1980s in the USA, 1990s in
Japan, and 2000s in the EU) and has been
arguably the most successful. The push incen-
tives lower the logistical and financial barriers for
entry into the field of R&D for rare diseases (i.e.,
those with a prevalence of 200,000 patients or
less, or unlikely to recoup R&D costs from
market returns) and include waiver of user fees,
technical and administrative assistance by the
FDA’s Office of Orphan Products, and clinical
research grants. Pull incentives increase the
likelihood that if the products reach the market,
there will be sufficient return on investment. Pull
incentives encompass tax credits for as much as
50% of clinical development costs and, most
importantly, the so-called orphan exclusivity that
prohibits the FDA from approving a marketing
application for the same drug that treats the same
condition or illness for 7 years from the date of
approval of the first orphan application, even in
the absence of a patent.

If the measure of success for FDA special
designation programs was the orphan drug pro-
gram, one would have to say that they have
worked very well. Some form of the program has
been adopted worldwide in the major geographic
loci of medicines R&D, and elements of the
push—pull approach have informed incentive
programs for other unmet needs right up until the
present time. The program broke new ground
before the ground was even recognized on a
number of fronts: patient-focused drug develop-
ment, targeting subsets of diseases, and proving
that there was a viable economic model in small
markets—giving birth to the term of niche
blockbusters (i.e., the number of orphan drugs in
the top 200 for US sales increased fourfold over
the 2000s).

Accelerated Approval was another early spe-
cial program in the USA for expedited

55

development. Accelerated approval regulations
were promulgated on December 11, 1992. The
law stipulates that drugs must be intended for
patients with serious illnesses. Moreover, the
data used for the accelerated approval must show
an independently corroborated effect on an as yet
unvalidated surrogate end point that is reason-
ably thought to be predictive of clinical benefit.
Upon completion of Phase 4 trials that confirm a
clinical benefit (i.e., that the “new” surrogate was
indeed predictive of clinical benefit), a traditional
full approval may be awarded. If the confirma-
tory trial does not show that the drug provides
clinical benefit for patients, the FDA has regu-
latory procedures in place that could lead to
removing the drug from the market. If a company
seeks accelerated approval based on restricted
distribution, then it must have clear distribution
restriction practices and provider/user education
programs for the drugs to gain approval.
Priority Review introduced the concept of a
premium for novelty. In 1992, the FDA agreed to
specific goals for improving drug review time by
creating a two-tiered system of review times:
standard and priority reviews. Standard review is
applied to a drug that offers, at most, only minor
improvement over existing marketed therapies.
A priority review designation is given to drugs
that offer major advances in treatment or provide
a treatment for which no adequate therapy exists.
Designation of a drug as “priority” alters neither
the scientific/medical standard for approval nor
the quality of evidence necessary but simply the
amount of time (6 months) that FDA has to
review (i.e., take first action: accept, reject, needs
more work) the marketing application as opposed
to 10 months for an application given a “stan-
dard” review.” The distinction between priority
and standard review times is that additional FDA
attention and resources will be directed to drugs
that have the potential to provide significant
advances in treatment, prevention, or diagnosis,

In the mid-2000s a two-month filing review period was
added to priority and standard review time goals.
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including expansion of indications to a new
subpopulation, such as children.®

Fast Track Designation—can be requested by
the drug sponsor at any time during development. It
allows sponsors to increase their scientific interac-
tion with the FDA through more frequent meetings
and written correspondence, as well as to submit
completed sections of the new drug application to
the FDA for “rolling review” rather than having to
wait until the entire application is complete. In
addition, as the FDA notes on its Web site, most
drugs eligible for fast track designation are likely to
be considered appropriate to receive a priority
review. Therefore, the designation can act as a push
incentive by expediting the development and review
process, lowering the cost burden upfront for
bringing a product to market. It can also act as a pull
incentive by providing the product earlier access to
the market, thus allowing more of the patent life to
run while the product is actually on the market
earning returns rather than during the development
period when investment funds are being “burned”
without replenishment from sales. Fast track was the
most significant factor in a recent study of 20 vari-
ables affecting the likelihood of first-cycle approv-
als, with 78% offast tracks achieving this milestone.
Investment boost seems to be a significant result of
being awarded a fast track designation—an analysis
by a consulting firm showed an 18% increase in
stock valuation on the first day after designation
announcement. A study by the Tufts Center for the
Study of Drug Development confirmed this effect by
demonstrating a statistically significant percentage
of change in stock price (P = 0.03) and upward
difference in stock price (P = 0.04) after designation
was publicized.

8Subsequently, priority review was expanded into the
Priority Review Voucher (PRV) program adopted to
incentivize drug sponsors by awarding an obligation on
the part of the USFDA to consider a drug for priority
review if its sponsor had received a product approval for
another disease indication listed as important to global
health (in three categories: neglected tropical diseases,
rare pediatric diseases, or medical countermeasures). How
much of an incentive it is remains to be seen, especially
for medical countermeasures? Although MCMs were
added to PRV program in 2016 under the twenty-first
century Cures Act, as of the end of FY 2018 only one
PRV has been awarded to Siga Technologies.
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Breakthrough Therapy Designation (BTD)—
The FDA Safety and Innovation Act of 2012
(FDASIA) was the congressional response to
stakeholders’ calls for an upgrade and update to
FDA special designation programs. FDASIA
changes focused on accelerated approval in par-
ticular and, to a lesser degree, on priority review
and fast track, as well as adding a new program,
the Breakthrough Therapy Designation (BTD).
The FDA’s response in turn was the 2014 pub-
lication of a draft guidance on expedited pro-
grams for serious conditions. In the guidance, the
scopes of priority review and fast track were
expanded to include qualified infectious disease
products (QIDP) as directed under the Generat-
ing Antibiotic Incentives Now (GAIN) Act.’

The guidance also broadens the use of accel-
erated approval to “cases in which the advantage
of a new drug over available therapy may not be
a direct therapeutic advantage, but clinically
important improvement from a patient and public
health perspective.” At the same time, the guid-
ance broadens the scope of the empirical evi-
dence of clinical benefit from surrogate end
points, or intermediate clinical end points (e.g.,
ones reasonably likely to predict an effect on
irreversible morbidity and mortality), to include
evidence that may be provided by such evolving
technology as biomarkers and “other scientific
methods or tools.” Like fast track and accelerated
approval, the first level of eligibility for the BTD
is that the drug (or biological drug product) treats
or intends to treat a serious condition. BTD dis-
tinguishes itself somewhat in the second eligi-
bility criteria by requiring clinical evidence as the
quantum of proof, as opposed to fast track, for
instance, in which non-clinical data (or clinical
data) may be used. Similarly, the third arm of
eligibility for the BTD is that the drug demon-
strates substantial superiority over available
therapies on a clinically significant end point,
whereas fast track requires only a demonstration
of the potential to address unmet medical need
and accelerated approval requires that it provides

*With dramatic results—74 QIDP designations awarded
in the first 5 years of the program according to the
General Accounting Office (GAO) of the US Congress.
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both meaningful advantages over available ther-
apies and evidence that reasonably predicts
clinical benefits. The benefits of the BTD are
more expansive than fast track and in fact sub-
sume its features, as well as providing for “in-
tensive guidance on efficient drug development
... beginning as early as Phase 1,” with specific
recognition of advances in clinical trial design,
such as adaptive clinical trials, as well as
evolving technology, such as companion diag-
nostics. Most notably, the BTD offers the spon-
sor “organizational commitment involving senior
managers,” which has been likened to an “all
hands on deck” call for collaborative,
cross-disciplinary engagement by the FDA, not
just at the division level but across all levels of
management.

7.3.2 Prioritization and Access
to FRPs

Cancer, AIDS, and orphan diseases were inten-
tionally the focal point of the FDA’s special
programs in the 1980s and 1990s. However, as
the public health emergency status of these dis-
eases has been addressed to some degree in the
2000s, indeed AIDS and to some degree cancer
have become “chronic diseases,” others have
surged to the forefront, including type 2 diabetes,
depression, heart disease (especially in women),
pandemic flu, and drug-resistant bacteria. For
example, the threat level that AIDS represented
in the 1980s and 1990s now confronts the USA
in the 2000s in a different guise: flu pandemics,
severe acute respiratory syndrome (SARS), and
Clostridium difficile-associated diarrhea. For
example, the cost to the US healthcare system of
infections caused by antibiotic-resistant patho-
gens is $21 to $34 billion per year, with more
than 8 million additional hospital days, whereas
the medical costs of providing lifetime care for
the 1.1 million people living with AIDS are $20
billion per year.

How have the therapeutic areas that represent
these diseases—anti-infective, central nervous
system (CNS), CV, and metabolic/endocrine—
been served by the FDA’s special designation
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programs in the 2000s? It is a very important
question not only for the USA but for the world
as well. Together with oncology, these four
therapeutic areas comprise 75% of the pipeline in
the USA from which 50% of global new active
substances will flow, and they also encompass 13
of the 16 diseases and conditions identified by
the World Health Organization as being global
priorities for public health where there are phar-
maceutical gaps. Yet, while oncology (and, to a
lesser degree, HIV/AIDS) has been well served
in the 2000s, with 38-71% of the FDA’s special
designations (depending on which of the pro-
grams is being considered), the other four major
therapeutic areas noted above have not benefited
to anywhere near the same degree, with only 24—
47% of FDA’s designations being awarded to
them.

7.3.3 Emerging Sponsors
and Paradigm Shift

An analysis of drugs discontinued during devel-
opment from 2001 to 2011 showed that financial
and strategic factors were responsible for 56% of
the discontinuations and safety, efficacy, and
quality considerations for the remainder. This
highlights an important change in the 2000s. In
earlier years, it would have been anathema for
the USFDA to take into consideration the impact
of its programs on the investment community. In
the wake of the new economic reality of limited
resources for drug R&D from both public and
private sources, and the recognition that an
increasing proportion of approved drugs are
owned by venture-backed “emerging sponsors,”
that has all changed. An emerging sponsor is
defined as the sponsor listed on the FDA
approval letter who, at the time of approval, was
not a holder of an approved application. Spon-
sors are still classified as “emerging” even if they
have partnership or parent relationships with
sponsors of a currently approved product. Of
recent new molecular entity/new biological entity
approvals approximately 40% belonged to
emerging sponsors. We know that small com-
panies are more likely to have multi-cycle
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Fig. 7.2 Fate of orphan
product companies from 2007
to 2011
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review, and less likely to garner approvals, with a
50% approval rate as compared with 80% for
medium/large companies, according to an FDA
study. Thus, emerging sponsors need more FDA
assistance, and they benefit from a more struc-
tured process to ensure that discussion of pro-
spects for special designation occurs early in the
development program. A lack of predictability
makes it difficult for sponsors to manage their
portfolio and for small companies, in particular,
to raise additional funds to bring those trials
forward.

It has been shown in studies by the Tufts
Center for the Study of Drug Development and
others that priority review is important to inves-
tors, and consequently fast track is important
because it is a harbinger of likely priority review
and FDA flexibility on risk—benefit at a time
closer to the “valley of death” (i.e., the time
period from late discovery into early clinical
development during which the flow of funds
often dries up). During the congressional testi-
mony on the Advancing Breakthrough Therapies
for Patients Act, it was specifically noted that the
legislation was supported in particular by the
National Venture Capital Association. As with

predecessor incentives, the real benefit of the
BTD may be perceptual. One small company
commenter said that the BTD may provide the
certainty that investors want, whereas an invest-
ment commenter stated that the incentive
structure is changing, moving away from incre-
mentalism, and that breakthrough therapies are
consistent with what insurers are looking for. In
some critical areas, even in the face of daunting
“push” hurdles, “pull” rewards can often be a
sufficient incentive to sustain investment support,
as novel antibiotics may now be considered an
attractive opportunity due to the GAIN Act.
According to a recent newsletter for investors,
the new drug research and development para-
digm shifted rapidly from traditional Big Pharma
to venture capital-backed small companies, with
emerging sponsors becoming increasingly crucial
to the future of innovation, particularly in chal-
lenging areas of R&D. Although smaller com-
panies are often the seedbeds of new products
and platforms for unmet medical needs, the
example of orphan product R&D indicates that
emerging sponsors come and go quickly, and
much of their pipeline is at an early stage of
development.
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For example, Fig. 7.2 details how dramatic a
change orphan drug sponsorship experienced
from 2007 to 2011, losing ~ 150 companies that
were in business at the time of the 2007 baseline
accounting, but gaining ~200 new companies
by 2011. The greatest change occurred among
smaller companies as pharma/small (P/S) and
biotech/small (B/S) have considerably lower
percentages of companies that remained “in the
game” from 2007 to 2011, and yet comprised the
lion’s share of companies new to orphan product
R&D in 2011.

7.3.4 Patient-Focused Drug
Development (PFDD)

Patient-focused drug development is an impor-
tant new construct in the emerging paradigm for
drug development. According to Theresa Mullin,
the FDA’s Center for Drug Evaluation and
Research’s Associate Director for Planning and
Informatics, patient-focused drug development is
a term used by the FDA in describing its efforts
to ensure that the review process benefits from a
systematic approach to obtaining patient per-
spectives on disease severity or unmet medical
need. Expediting development for unmet medical
needs will require a change in philosophy, one
that can be undertaken only with the help of
patient advocates themselves, in line with the
new appreciation for patient-focused (also called
patient-centered) drug development. The thresh-
old for acceptable risk—the stumbling block for
advancing HIV drugs decades ago—must again
be re-evaluated and tailored to the willingness of
patients to enable developers to make drugs (and
of the FDA to review them) that have a narrower
margin between risks and benefits. To this end,
FDASIA allows: patients to participate in “ap-
propriate agency meetings”; conflict-of-interest
caps to be removed to make eligible a broader
swath of stakeholders, such as patient advocates
and consumer representatives; and pilot pro-
grams for patient participation to be put in place
at the Center for Drug Evaluation and Research’s
divisions of oncology, gastroenterology, and
antivirals; the Center for Devices and
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Radiological Health’s offices dealing with
in vitro diagnostics and cardiac devices; and
selected units within the Center for Devices and
Radiological Health and the Center for Biologics
Evaluation and Research.

Update and Commentary—A recent Tufts
CSDD/DIA (Drug Information Association)
study examined patient-centric activities imple-
mented by pharmaceutical, biotechnology, and
contract research organizations, as well as
activities being piloted or in the planning stages.
A global industry survey was conducted across
pharmaceutical, biotechnology, and contract
research organizations, assessing 25 patient-
centric activities within clinical research. Some
of these initiatives involve the use of social
media to engage with patients, or the use of
social listening to monitor study activity.
Twenty-two unique companies responded to the
survey, representing a mix of large, mid-sized,
and small organizations. The most widely adop-
ted patient-centric initiatives, including activities
both implemented and piloted across organiza-
tions, were patient advisory boards (17 compa-
nies), professional panels (16 companies),
lay-language clinical trial results summaries
(13 companies), assessment of the patient-
organization landscape (10 companies), and the
use of home nursing networks (9 companies).
The results suggest that organizations have a
varied approach to the adoption and implemen-
tation of patient-centric initiatives, with more
activities occurring in the planning stages than
are being piloted or implemented. Many factors
affect implementation and adoption, including
buy-in by senior management, organizational
vision, resources, and level of investment [§].

7.4 What Happened to the MCM
Sector from 2008 to 2016? [9]

Beginning in 2008, the Tufts CSDD has rou-
tinely explored the R&D landscape of Medical
Countermeasures, which encompasses biologics,
drugs, devices that may be used for biodefense
against biological, chemical, and radiological
bioweapons, or in the event of naturally
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Fig. 7.3 MCM company, pipeline, and top 5 indications in 2016

occurring emerging and re-emerging diseases,
or natural disasters. CSDD’s most recent review
(see Fig. 7.3) reveals that while some aspects of
the field remain unchanged, there have been
some significant changes as well. Broadly
speaking, companies in the MCM field are
typically  privately owned, small to
medium-sized enterprises (SMEs), with a
biotechnology focus. While more than half of
these companies are headquartered in the USA,
there are now more non-US companies than in
the past (48%). China with 33 companies, the
UK with 12, and Canada and Switzerland, both
with 10 companies, together with the USA’s
144 companies, round out the top five countries.

The most significant change in the landscape is
the size of the MCM pipeline. In 2008, there were
roughly 263 countermeasures in development. By
2016, that number had reached 592. Similarly, in
2008 there were around 133 companies working
on MCMs. In 2016, there were 303. Continued,
steady pipeline growth seems to indicate a posi-
tive impact from programs intended to encourage
and support the development of MCMs, such as
Project BioShield. It was established in 2004,
with an initial budget of $5.6 billion through
FY2013, and since 2006 has been managed by the
Biomedical Advanced Research & Development
Authority (BARDA), the overarching MCM
authority within the U.S. Department of Health &
Human Services. BARDA and Project BioShield
budgets have grown steadily, with budget
increases in 2016 totaling more than $400 mil

USD over their 2015 budgets, signaling to bio-
pharma companies that MCM development is of
continuing interest to the US government (USG).
Much of the USG’s support for SMEs comes in
the form of Broad Agency Announcements
(BAA) and Funding Opportunity Announce-
ments (FOA), which allow smaller companies to
compete for grants, awards, and contracts by
conducting specified research projects.

This support for SMEs is vital as they are
developing 78% of all MCM products currently
in the pipeline. Looking at the numbers a little
differently is also telling. Out of the 2310 total
products in development by Big Pharma (i.e., top
25 biopharma companies), only 3.3% of them are
MCMs. SMEs and start-ups, in contrast, have a
much greater focus on the MCM arm of their
portfolios at 26.5% and 28%, respectively.

Another aspect of the Medical Countermea-
sure landscape worth examining is the relative
role played by Big Pharma, SMEs, and start-ups
in moving products from early development to
later stages. Of the 592 products in development,
488 (82%) are in early stages (Phase 1 or earlier),
but among Big Pharma only 65% of MCMs are
in early development, while among SMEs that
figure rises to almost 85%, and among start-ups
the figure is 100% (almost by definition as
start-ups are typically described as relatively
new, small, privately-funded companies with no
products on the market). Hence, Big Pharma is
important for getting products through later stage
development on the way to market, but the
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translation resides in SMEs and start-ups.

The five most prevalent indications in the
MCMs pipeline provide some insight into a
strong driving factor behind how a company
decides the indications for which they will
develop countermeasures. All five of the most
common countermeasures have applications
other than biodefense. Influenza MCMs are by
far the most prevalent; there are 125 universal
vaccines or vaccines for potential pandemic
threats in production. These countermeasures
alone make up 21% of the MCM pipeline.
A broader look at all influenza products in
development shows rapid growth from 103
products in 2008, to 314 in 2012, to 537 in 2016.
Frequent influenza outbreaks make this rapid and
sustained growth within the pipeline unsurpris-
ing. Periodic pandemics of various strains such
as avian flu, swine flu, and HIN1 and their

interest in universal vaccines that protect against
multiple strains of flu and avoid the need to
respond to the current flu du jour by rushing to
create a new vaccine.

Similar, though less dramatic, trends can be
seen among other top countermeasures which
have also seen recent outbreaks (see Fig. 7.4).
Ebola countermeasures increased from 9 in 2008,
to 30 in 2012, to 76 in 2016. Zika countermea-
sures increased from 6 in 2008, to 9 in 2012, to
41 in 2016. In 2014, Ebola had the largest out-
break in its 40-year history, and similarly in
2015/16, there was the first large outbreak of
Zika. These events demonstrated the urgent and
unmet medical needs for treatment and preven-
tion presented by emerging and re-emerging
infectious diseases (ID) that are naturally occur-
ring, sporadic, and non-biodefense, yet poten-
tially profitable as future outbreaks of these or
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similar diseases are very likely. On the other
hand, biodefense-only countermeasures tend to
be purchased in bulk by governments and placed
in readiness in something like the USG’s
Strategic National Stockpile. Ideally, such
MCMs are rarely or never used, eventually
reaching a target plateau in terms of “market”
growth determined by the requirement to replace
expired stock or expansion in the populations
at-risk. Bacillus anthracis infection (Anthrax)
illustrates this point very well. In 2008, there
were 23 countermeasures being developed. In
2012, there were 34, and by 2016 that number
had essentially plateaued at 37.

Considering the fact that the top five indi-
cations on the list (influenza, Ebola, dengue
fever, Zika, and rabies) comprise over half of
all of the MCMs in development, it is clear that
industry efforts are concentrated on a relatively
narrow stream of the potential threat bandwidth.
These five indications have a total of 332
products currently in development and average
66 countermeasures per indication. The
remaining 57 indications, however, on the U.S.
National Institute of Allergy and Infectious
Diseases (NIAID) list of Emerging Infectious
Diseases and Pathogens have a total of only
289 products currently in the pipeline, averag-
ing 4.5 MCMs per indication (ranging from 0
to 37 per indication). Some very deadly dis-
eases are in this group. Marburg virus, a virus
related to Ebola, currently has only 12 coun-
termeasures in development, 9 of which are still
in discovery. Eastern Equine Encephalitis,
which sees small but recurring outbreaks in the
USA, and whose mortality rate of up to 75%
makes it the deadliest mosquito-borne disease
in North America, has only four MCMs in
development.

Taken as a whole, it appears that while the
budgets and prioritization schemes of govern-
ment departments such as NIAID and BARDA
affect the overall size of the Medical Counter-
measure pipeline, it is current and recent world
events—particularly in the form of emerging and
re-emerging ID and pandemic outbreaks—that
determine which countermeasures experience
pulses in pipeline growth.
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7.5 Key Factors for the Future:
Proving and Paying for Value
[10]

After surviving the “valley of death,” the pre-
carious period that exists between late discovery
and early clinical trials, the next critical juncture
for an innovative product is getting buy-in from
USFDA to award it special status in one of its
facilitated regulatory programs (FRPs), which
expedite development and regulatory review. At
that point, however, the imprimatur of the
USFDA only goes so far to predict future success
after launch. The path to commercial success can
certainly be delayed by obstacles during the
technical process of getting a product through the
hurdles of proving safety, effectiveness, and
product quality, but the last hurdle is always
proving value—to physicians, patients, and
especially third-party payers, both private and
public. A study by Tufts CSDD in the early
2000s showed that technical success and com-
mercial success do not always go hand-in-hand.
That seminal study reported that of 15 major
companies, there was a wide range of correla-
tions between technical and commercial success.
That gap has only become more challenging over
time. Even though the time of development has
remained somewhat static over the last decade,
the cost of development has doubled, and overall
success rates have declined. Thus, the ramifica-
tions of a market failure are much more daunting
than in the previous decade, when only 3 out of
10 marketed products earned enough to pay their
own freight (and generally the sunk costs of the
other products on the market as well).

While the number of “Big Pharma” compa-
nies decreased by half in the 2000s, emerging
sponsors are now responsible for close to half of
novel approvals in the USA as well as ownership
of 80% of the R&D pipeline. For these small,
start-up companies, reaching the market only to
be thwarted by difficult reimbursement condi-
tions or outright rejection for formulary inclusion
can be disastrous for the company as a whole.
Yet, these very companies are often where the
seedbeds of innovation are most fertile, as
mid-sized companies often have limited their
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portfolios to a few therapeutic areas and some
larger companies over time have been abandon-
ing certain therapeutic areas (such as CNS dis-
ease) after experiencing a lack of success or
portfolio realignment due to merger and acqui-
sition or new leadership.

On the commercial side what has to happen to
balance the prospects of success for novel prod-
ucts generated by innovative platforms? Two
concepts must become mainstream precepts—
patient access schemes, more commonly referred
to in the literature as risk-sharing agreements
(RSAs), and real-world evidence (RWE). These
concepts are intertwined and must be integrated
to provide a solution for moving therapeutic
options forward at the speed of science.

Risk-sharing entails agreements in which the
buyer and seller believe that a product is suffi-
ciently promising that it warrants the taking of
certain risks by all parties because of the likeli-
hood of potential benefits, i.e., value to the
patient and thus to the healthcare system
responsible for care and coverage, even if that
benefit may be as barebones as “it’s better than
nothing.” The first fundamental factor involved
in risk-sharing is that all parties actually share the
risk. This is where payers have often been found
wanting, either by requesting too much proof too
early (i.e., pre-approval) or by an unwillingness
to accept any risk at all for an untried product
without regard to regulatory approval or patient
need. As counterproductive as this seems, there
are many examples of this being the case with
urgent medical needs in orphan drugs, personal-
ized medicines, and most recently,
abuse-deterrent formulations (ADFs) for opioids.
In a 2014 study by Tufts CSDD of orphan drugs
approved from 1983 to 2013, 9 out of 10 drugs
had at least one condition restricting reimburse-
ment, whereas for the 11 most expensive orphan
drugs, patient cost-sharing ranged from 20 to
35% for drugs costing on average $400,000
annually. For an early cohort of ten personalized
medicines in 2013, Tufts CSDD found that
payers reimbursed all drugs with variable and
relatively high payer co-insurance and formulary
restrictions, but reimbursement for the compan-
ion diagnostics was limited and highly variable.
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By 2015, product developers still considered
reimbursement to be a 4 out of 5 on an index of
the most challenging factors facing personalized
medicine. The problem is not confined just to
private insurers. For example, the opioid abuse
epidemic in the USA sounded the clarion call for
ADF products. There has been a laudable
response by manufacturers with 25-30 new
applications pending review, 10 approved, and 4
launched by mid-2017, despite the fact that two
years earlier 96% of prescribed opioids were not
ADF products. Nonetheless, coverage by the US
government under the Medicare program ranges
from only 8 to 54% for these four critically
needed products.'®

Payers would say, in their defense, that they
must see proof of clinical utility, i.e., that the
drug, drug—diagnostic combination, or formula-
tion demonstrate statistically robust evidence of
positive outcomes for the patients for a suffi-
ciently high proportion of patients. The problem
is a Catch-22 (i.e., a difficult circumstance from
which there is no escape because of mutually
conflicting conditions). You cannot provide the
quantum of evidence necessary for comparative
effectiveness that payers demand until there are a
sufficient number of patients who have experi-
enced a therapeutic trial of the product in
real-world settings. For this to happen, payers
must assume certain risks a priori. It is a hard
lesson. One that FDA has struggled to learn, but
has finally become reconciled to it as a necessary
regulatory paradox—accepting a certain amount
of uncertainty in order to advance promising new
technologies. Now payers have to “walk a mile”
in the shoes of patients, care-givers, and regula-
tors and take this same “leap of faith.”

Arguably, faith is not a strong point among
public or private payers, and probably we don’t

1%Opioid mismanagement is a worldwide problem—
although 80% of the global supply of opioids is currently
consumed in the USA, it is a growing threat to global
public health. In the EU, prescription opioids cause
three-quarters of overdose deaths of teens and young
adults, aged 15-39 years old. Often unheralded among
the problems related to opioids is that half of all deaths
that occur across the globe each year happen among
people without access to pain medications.
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want it to be. We do want them to be able to
make decisions on the best available evidence at
the earliest point in time to meet an unmet need
as soon as possible. This is where real-world
evidence (RWE) comes into play. RWE is
defined as data regarding the usage, or potential
benefits or risks, of a drug derived from sources
other than randomized controlled clinical trials,
such as observational studies, registries, insur-
ance claims databases, electronic medical
records, wearable devices as well as patient-
centered outcomes studies. The regulators are
beginning to accept that RWE can be a telling
source of evidence to assess the value over time
in the life cycle of a marketed drug, and perhaps
even answer questions that hadn’t been asked
yet, but should have been. However, there is
some reticence to substitute RWE for random-
ized controlled trials (RCTs) as the gold standard
for providing the necessary quantum of proof for
initial approval, although it is gaining credence
as a supplement to pivotal RCTs in this regard. In
fact, FDA’s premier regulatory science experi-
ment—the Oncology Center of Excellence—now
just a year old, works to incorporate RWE among
just a handful of key advances in regulatory
decision-making along with revamping trial
design to eliminate the arbitrary phases 1, 2, 3
structure,  employing  master  protocols,
re-defining trial eligibility criteria in conjunction
with patient advocacy organizations to ensure
representativeness, and reaching out to profes-
sional colleagues outside the agency as well as
external stakeholders to generate better
patient-reported outcomes metrics and instru-
ments. Payers, for their part, have to shake off the
shackles that bind them to a decision process that
requires upfront proof of clinical superiority or
rejection as the only two options for whether or
not to reimburse a new drug (or a sliding scale of
incremental cost-effectiveness that purports to
implement a public health rationale of “greatest
good for the greatest number of people” but is
really thinly disguised rationing). Real-world
evidence in its simplest terms is evidence from
the patient, by the patient, for the patient. If the
system 1is serious about becoming more
patent-centric—as it should be since regulators
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serve the people, and patients are the
end-customer for manufacturers and payers—
then the experience of the broadest swath of
patients in the widest range of practice settings
should inform payer decisions. Who will pay and
how is a different question, and depends on
individual, familial, community, and nation-state
support as well as cultural norms, but the first
threshold is to establish whether a product has
sufficient value to bring this next set of consid-
erations into play.

Through a panoply of government, private,
and individual payer systems, the ingredients
exist to craft fair pricing and coverage solutions
worldwide as much or even more rapidly than in
the USA. Many nation-states in developed
regions have nascent infrastructure or even bur-
geoning programs to provide for a system of
real-world data collection that could provide an
adequate source of RWE. At the same time, RSA
models are not confined to any one global region
but are ongoing initiatives in many countries
(including in China and South Korea according
to a recent ISPOR workshop summary). With the
judicious implementation of RSAs and RWE,
access to novel medicines and a conducive
environment for innovative technology can be a
reality on the short-term horizon not just for a
few countries but many emerging markets, and
from there the rest of the world.

7.6 Global NAS Launches
2013-2017: Trends
and Implications [11]

The term new active substances (NASs) origi-
nated with the European Medicines Agency
(EMA) and is defined as a new product that
contains an active substance that was not previ-
ously authorized, is not related to any other
previously authorized substances, and differs
significantly in safety and/or efficacy. NAS
launches serve as a surrogate measure for eval-
uating innovation trends in chemical and bio-
logical discovery and development in addition to
patent and clinical trial data and generally in
place of other forms of sourcing data such as the
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Total NAS by Therapeutic Area

MNu

Fig. 7.5 Global NAS launches by therapeutic area
2013-2017

country in which the sponsor company is head-
quartered because globalization of the industry
and the marketplace have rendered such data
unreliable for such evaluations. NAS launch data
is a reliable indicator of the sponsor’s target
country and indication because nearly half of all
new drugs are launched in ten or fewer countries,
often with long lags from first launch to subse-
quent launches."'

NAS output during 2013-2017 was quite
variable, ranging from 40 to 60, and averaging
49, a yet substantial increase over the average for
the twenty-oughts at 32 and even the teens
overall at 46. The current cornucopia of NAS
reflects the favorable economic environment as
well as the expansive number of companies and
compounds in the field, over 4000 companies
and over 15,000 drugs in the pipeline. The US
share of first launches worldwide remains domi-
nant at 60-65% during 2013-2017, having
increased steadily from a low point of 45% in
2010 according to FDA. Nonetheless, Asia is a
fast comer. As shown in Fig. 7.5, the NAS out-
put of Japan alone (30) is equal to the entire
output of the EU (33). And when the output of
Japan is added to that of the rest of the
Asia-Pacific region, it is nearly half that of the
USA (65 vs. 74/148, respectively).

Oncology currently makes up 34% of the
global industry pipeline and 23% of NAS from
2013 to 2017. Although the metabolic—endocrine

"Cockburn, 1. et al. Patents and the Global Diffusion of
New Drugs. American Economic Review 2016, available
at http://eprints.lse.ac.uk/65415/.
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category appears in this Figure to be the second
most common therapeutic area for NASs, it is
really a composite category comprised of drugs
for endocrine diseases such as type 2 diabetes
and a broad array of metabolic drugs for con-
genital enzyme deficiencies (i.e., orphan drugs
for rare conditions). Infectious disease repre-
sented by both columns 3 and 4 in Fig. 7.5 is the
second most common therapeutic area among
NAS—a positive trend. However, the fact that
neurological disease (including Parkinson’s and
Alzheimer’s diseases) and cardiovascular dis-
eases trail oncology by a considerable margin is a
negative trend and brings into question the pri-
oritization agenda of both the private and public
sectors. During 2013-2017, oncology, diabetes,
and orphan drugs comprised from 37 to 54% of
the NAS launched worldwide, indicating that
nearly half (46%) of all new drug approvals
worldwide addressed a limited set of the most
significant threats to global public health. For
example, according to the WHO Global Burden
of Disease study published in 2012, they recor-
ded the following Global Death Ranks respec-
tively in 1990 and 2010:

Ischemic heart disease Ist 1st
Stroke 2nd 2nd
Respiratory disease 3rd 4th
Top four cancers 8-24th 5-19th

The USA produces the majority of NAS
overall at around 60%, but the vast majority of
oncology drugs at 82% and infectious disease

Top 4 Regions by Top 4 Therapeutic Areas
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treatments at 65% (see Fig. 7.6). The metabolic—
endocrine field is more evenly divided among the
USA (at just over 50%), Europe and Japan (at
about 20% each), with Japan emphasizing
endocrine drugs for diabetes type 2 and the EU
focusing on enzyme replacement treatments for
orphan conditions.

Significantly, the Asia-Pacific region, in par-
ticular China and India, are the major sources of
vaccines for the worldwide market at 50%. In
sum, the report highlights that while the USA
remains dominant as the source of NAS and
oncology remains the dominant therapeutic area,
change is coming. We see evidence of such
changes, the challenge of infectious disease to
the hegemony of the oncology therapeutic area,
as well as the new role of Asia-Pacific emerging
market powers in R&D and the upsurge of the
metabolic—endocrine therapeutic area worldwide
due to new treatments for diabetes and rare
diseases.

7.7 What the MCM Experience
Portends for Drug
Development in 2020
and Beyond

Taking an overarching perspective at what hap-
pened in the years encompassed by our review of
the MCM experience reveals how the industry
evolved and de-evolved in response to a web of
economic, political, and public health events.
Economically, specialty markets such as targeted
cancer drugs and orphan drugs are outcompeting
generalist disease markets like CVD, respiratory,
and GI because investment dollars respond to the
new shibboleth of “personalized medicine,” and
innovative approaches for serious disease are
better-received by private payers and meeting
unmet medical needs by public payers. Diabetes
is beating the trend inveighing against the gen-
eralist market because it is widespread,
well-covered, and cost-effective. Infectious dis-
ease therapeutics are currently beating the head-
winds of the past because of the push from low
comparative R&D costs along with high success
rates due to recent regulatory incentives.
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Meanwhile, emerging markets’ countries in the
Asia-Pacific region are picking up the slack in
vaccines by building on their capital investment
in manufacturing equipment and facilities and
institutional expertise in generics production.

Politically, industry and the public health
community realized by this time the power that
patient advocacy through groups such as the
American Cancer Society and NORD (National
Organization for Rare Diseases) wielded and the
impact they had had in a few short decades to
focus not only government but industry priori-
ties. This generated a public health lobby from a
consortium of 50 or so mostly public health and
employer groups that successfully stumped for
the GAIN Act with dramatic results. So, what
changed over time from the twenty-oughts to the
twenty-teens was a very real series of pandemic
threats from Swine flu and Bird flu in 20009,
HINT1, Ebola, antimicrobial resistance, etc., and a
diminishing of bioterror concerns, which became
subsumed into a background impetus for MCM
prioritization. Coincident with this and in part
because of it, MCMs devolved from an emerging
stand-alone biodefense sub-sector to merge
instead into the more generalized expansion of
infectious diseases R&D for therapeutics, diag-
nostics, and preventatives.

In terms of public health, there is a growing
realization that HIV/AIDS and many forms of
cancer are now “chronic diseases” and not the
death knell that once sounded such alarm among
both the public and private sectors. While cancer
is still a major priority, heightened attention to
visible threats to the public health such as dia-
betes among an increasingly “older” population
and the vulnerability of the general population to
pandemics in the “global village” have begun to
swing the pendulum back toward a focus on the
unmet needs of the broader population. The
challenge is that the “quick fix” of regulatory
incentives is only a partial fix as it affects only
the middle third of a typical drug’s
several-decade life cycle. It is certainly useful to
shorten development and approval time on
average from approximately 10 years to 7 years
for prioritized products, but those 7 years are
preceded by 7-10 years in discovery and
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followed by 7-10 years of marketing. FRPs are
better than nothing, but oncology has a compet-
itive advantage in corporate decision-making for
resource allotment because it benefits from dec-
ades of previous basic research that have created
an expansive and expanding knowledge base on
which to build future directions and reassess
current ones. Diabetes on the other hand derives
its favorable competitive position versus other
therapeutic areas in the post-launch period
because of the familiarity among providers and
prescribers with the basics of the disease and a
rising prevalence (fast approaching the certainty
of death and taxes), as well as the pharma
industry ROI “comfort level” of addressing a
long-term chronic disease affected by both
metabolic and behavioral factors.

What has to change to enhance our prospects
for a future not driven by commerce and caprice,
but foresight and forbearance? We have been
faced with rumblings for a long time that some-
thing is going to “rock our world.” These pre-
monitory tremors have been cataclysmic events
whose impact was limited or long ago, but now
loom again as the primary threat to the future of
civilization, if not, humankind’s continued domi-
nance of its environment. There are, however,
some who believe that we cannot continue to
depend on the defenses of time, distance...and
luck forever, or even for the foreseeable future.
Just consider how long mankind has been dealing
with the nemesis of pain—the primary antagonist
of quality of life with only variable success. And
even now that success is threatened anew by the
epidemic of opioid addiction, now being recog-
nized as a double-edged Sword of Damocles—a
threat to the teens and young adults of the devel-
oped world due to addiction and overdosing while
fast-becoming a threat to the developing world as
control measures and liability concerns exacerbate
an already dire lack of access to pain medications.

Concern and concerted effort for our health and
prosperity is considered to be the responsibility of
our government as well as each individual. Yet,
our responses to threats that are novel or wide-
spread so far have been too little, too late. We can
no longer afford such nonchalance. We must
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recognize that we are faced with a growing pano-
ply of threats to public health—some at least of an
unknown nature, size, and imminence. We know
there are significant unmet medical needs, but we
don’t know exactly where they are and when they
will reach critical mass...or the “point of no
return.” We do know, however, that if we don’t
begin to hammer together a network of fixed and
flexible countermeasures, our only defenses will
be draconian public health programs such as triage
and quarantine for infectious disease (or rationing
of pain medications in a mostly symbolic attempt
to control addiction).

We have another choice. We can work on
products to identify, treat, and prevent the harm-
ful agents that we know, as well as accelerate and
expand our capacity to identify and combat the
ones we don’t know. It will, however, require
much more commitment, coordination, funding,
and accountability than we have shown so far.
This sounds easy in concept, but the reality is
hard. There is the vexing problem of the tension
between the long-term need for MCMs and the
short-term horizon of our political systems. The
likelihood of an event happening within any one
person’s working (or voting) lifetime is low, but
the likelihood that the consequences of such an
event would be extremely unpleasant is high. It is
a basic paradox inherent in public health pre-
paredness. If you are really good at it...nothing
bad happens! But then complacency and
second-guessing seep in and weaken the resolve
and resource commitment. The way out of this
conundrum is to put people in charge who have a
clear vision of what needs to be done and provide
them the independent authority, resources, and
infrastructure to do it right the first time. We do
not know when the time may come that we will
not have a second chance to avoid cataclysmic
casualties from a contagious super-spreader like
pandemic flu or to play catch-up in a race with an
insidious dealer of death like opioid misman-
agement that should never have been a contest at
all! The ancient Greeks framed the challenge
eloquently and ineluctably: “A society grows
wise only when old men plant trees under whose
shade they will never sit!”
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Subhanu Saxena and lan B. Wilcox

Expanding the Scope of Innovation

Exactly 100 years ago, the 1918 influenza pan-
demic grabbed headlines as the deadly effects of
the outbreak devastated the world for a full year.
The CDC reports that “an estimated one-third of
the world’s population (or ~500 million persons)
were infected and had clinically apparent ill-
nesses during the 1918-1919 influenza pan-
demic. Total deaths were estimated at ~50
million” or about 1 out of every 40 people in the
world population [16].

Just 20 years later, with the invention of the
first influenza vaccine, the fears of another pan-
demic began to wane, and they have continued to
do so over the last 60 years as pharmaceutical
innovations have made the seasonal vaccine
safer, more effective, more affordable, and more
available. A similar story can be told of other
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illnesses that once grabbed headlines for their
capacity to kill with impunity.

Pharma is deservedly celebrated for innova-
tion. In rare diseases, for example, the advances
are astonishing. In 2016 alone, the Food and
Drug Administration received a record 582
requests for orphan drug designation—110 more
than the previous year’s record-setting request.
The agency designated 333 drugs in develop-
ment as orphans in 2016, approving 39 products
—both novel medications and new orphan uses
of already-approved treatments. Both numbers
were dramatically higher than just a decade ago.
Nearly 40% of the new molecular entities
approved over the past five years have initially
been for orphan indications [15]. In oncology, to
take one high-profile therapeutic area, advances
like immunotherapy are giving new hopes to
patients.

This scientific vanguard grabs attention for its
sheer novelty, the cures it delivers and, rightly,
the potential returns it offers investors.

To take a few examples, immunization has led
to the obliteration of smallpox, a 74% reduction
in childhood deaths from measles over the past
decade, and the near-eradication of polio. As
funding for treating malaria has increased tenfold
over the past 12 years, the number of new cases
has declined by 25% globally, and deaths are
down by 42% [2].

HIV is another example. It is a global pan-
demic, with nearly 37 million affected people
around the world—25 million of them in
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Sub-Saharan Africa [3]. But with the help of
existing therapies, it has become a manageable
disease.

We are proud to say that Subhanu’s former
company, Cipla, played a role in this achieve-
ment. In 2001, Cipla introduced the world’s first
recommended 3-in-1 fixed-dose combination
(Stavudine + Lamivudine + Nevirapine) to fight
AIDS. It was made available at less than $1 per
day. The result? The global incidence of HIV has
declined by nearly 40% since 2001, and 17
million people worldwide are receiving
antiretroviral treatment.

We have also seen reductions in vaccine-
preventable diseases, infectious diseases, and
infant mortality [10]. Innovation, when paired
with dire global health needs, yields immense
social good. Clearly, when we invest in con-
fronting even the most fundamental global health
challenges, the entire world benefits.

What the Headlines Aren’t Telling Us

At a time, when the pharmaceutical industry
consistently delivers headline-grabbing medical
advances that cure rare diseases and bring pre-
viously unimaginable treatments to many in
need, millions of people around the world con-
tinue to suffer and die from “old” illnesses
because they have no access to these innovations.
For example:

e One in five children worldwide is not fully
protected by even the most basic vaccines. As
a result, about 1.5 million children die each
year—one every 20 s—from vaccine-
preventable illnesses such as diarrhea and
pneumonia [4].

e An estimated 207 million people suffered
from malaria in 2012, and about 627,000
died. About 90% of the deaths were in
Sub-Saharan Africa, and 77% were among
children under age 5 [2].

¢ Influenza, considered a seasonal annoyance in
the developed world, continues to kill as
many as 646,000 people per year. The
greatest rates of flu deaths are seen in
sub-Saharan African countries, along with
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Eastern Mediterranean and Southeast Asian
countries. Despite World Health Organization
recommendations to use flu vaccination to
help protect people in high-risk populations,
few developing countries have seasonal flu
vaccination programs or the capacity to pro-
duce and distribute seasonal or pandemic
vaccines [6].

Our Vision for Innovation and Global Health

In the face of such realities, we can no longer
overlook fundamental health needs in our global
community as we (and our boards and share-
holders) pursue the latest in medical innovation.
In fact, the human and economic burden of
disease in the developing world is now a
two-tailed adversary—infectious diseases and
non-communicable diseases: heart disease,
stroke, and COPD are among the top ten causes
of death in the developing world, along with
preventable communicable infections [5].To
address these burdens, we need to transform the
industry from a center for developing innovative
products into an engine of global well-being.

As Steven Morgan et al. have argued, “To
describe a product as innovative implies that it
has properties that are worthy of recognition and
reward. The term suggests that the product has a
unique value. However, notions of value are a
matter of perspective... Pharmaceutical products
have no intrinsic value to patients or to society;
rather, their value lies in the health outcomes
they generate” ([11], emphasis ours). Put simply,
without universal patient access to these inno-
vative products, they have no value because their
ability to generate positive health outcomes is
restricted.

For this reason, to truly fulfill our mission, we
need to commit to a parallel track of innovation
in access. Such a track would require us to:

e Redefine “access” as a “none will be denied
approach” that gets both prevention and
treatment to as many patients in need globally
as possible, in contrast to the current
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approach of making medicines available (but
not always patient-accessible) in as many
markets as possible.

e Find sustainable ways to deliver medicines
for prevention and treatment to the patients
that need them most.

e Simplify the process of gaining access to
medicines for patients.

e Provide education for providers and patients
about whom these medicines benefit and why
and how patients can get access to them.

e Expand the measures of success across the
industry: Currently, we ground our metrics in
shareholder returns, so the industry cannot
afford to provide broad access to therapies,
nor can it pursue development in areas that
will not yield a reasonable return. Our boards
must instead measure our success not simply
in revenue and market share growth, but by
assessing the breadth of reach and access to
our products. (See Appendix A: Access
Scorecard).

e Create a pricing structure that aligns with
financial realities in each location.

e Advocate for policy incentives for the
industry to allocate resources/investment in
therapeutic areas that will address diseases in
developing nations—for example, extending
patents on drugs developed in therapeutic
areas that are under-served.

Let us explore this type of innovation in more
depth.

Innovation in the Face of Global Health
Challenges

Despite the progress we noted earlier, sub-
stantial challenges remain. The most pressing
health  challenges today include such
non-communicable diseases as strokes and heart
disease [14]. They also include dangers like the
looming threat of drug-resistant infections that
kill around 700,000 people each year [12].
Infectious diseases like influenza, Zika, and
Ebola present challenges as well, especially in
parts of the world that lack first-rate treatment
centers. Many parts of the developing world still

lack basic sanitation. Worldwide, 36.9 million
people were living with HIV/AIDS at the end of
2017. That same year, 940,000 people died of
AIDS [17].

As we have seen, pharma, endowed with
financial resources and an abundance of brain-
power, can play a role in addressing these global
challenges. Many companies are already taking
action as more organizations have created global
health units that are shaping decision making.

For example, in 1999, The Bill & Melinda
Gates Foundation’s pledged US $750 million in
seed money to launch Gavi, a global Vaccine
Alliance, bringing together public and private
sectors with the shared goal of creating equal
access to new and underused vaccines for chil-
dren living in the world’s poorest countries.
Gavi’s mission is to create access to life-saving
vaccines in the countries that need them the most
by pooling demand for vaccines from the world’s
poorest countries, securing long-term funding,
and shaping vaccine markets [7].

Additionally, leading industry corporations
have launched efforts focused on increasing
access to health care for those who are not get-
ting the vaccines and treatments they need, either
because they cannot afford them, they cannot get
them locally, or they simply do not exist. Such
programs as GSK’s Health for All initiative, The
Novartis Malaria Initiative, and Merck’s Access
to Health Statement of Guiding Principles,
among others, have established a foundation of
access-focused global corporate citizenship that
we can now build upon.

However, to generate the needed health out-
comes, we need to adopt a more access-oriented
approach to innovation.

What are the Next Steps to Innovation?

An access-oriented approach to generating
innovative health outcomes will require progress
in four key areas:

1. We need to redouble our efforts in infec-
tious diseases. Some companies are making
strides. Two recent examples: In 2017,
GlaxoSmithKline announced it will allocate
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80% of its R&D budget to respiratory and
HIV/infectious disease [9]. And this year,
Novartis committed $100 million over five
years toward the elimination of malaria.
Importantly, Novartis CEO Vasant Nar-
asimhan made clear that access was integral to
that commitment: “At the same time, we need
to work to ensure that our innovation reaches
those most in need.” [13] These are good
examples of investments that will yield a
robust return in the form of global health and
social well-being. We need more such com-
mitments to reduce the impact of infectious
diseases on global morbidity and mortality.
For example, multidrug-resistant (MDR) in-
fections are rapidly increasing worldwide, and,
unfortunately, few new antimicrobials capable
of treating these infections are under devel-
opment [8]. And while researchers are actively
engaged in developing treatment and preven-
tion for viruses with recent outbreaks, like
Zika and Ebola, infections with pandemic
potential will continue to emerge. Moreover,
vaccine-preventable infections like seasonal
flu continue to kill because countries lack the
resources and infrastructure for a vaccine
program. All of these are critical areas that
demand our attention.

. We need to adopt a partnership mindset.

Building partnerships within and outside the
industry is essential to expanding access.
These partnerships can take many forms. For
example, when global health is at stake,
companies should share data to promote
life-saving collaboration. They could also
begin to view generic makers as allies in
bringing down costs to developing-world
governments and NGOs. Finally, companies
can partner with other pharma companies,
NGOs, and developing-world governments to
facilitate treatment distribution and access.

To illustrate: When in 1987 Merck pledged to
provide Mectizan, its River Blindness drug,
free of charge to patients in Africa, it was not
acting in isolation. It was a member of the
River Blindness Partnership, along with the
WHO, World Bank, African governments,
and other pharma. (That pledge remains in
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force today.) And when Merck today makes
its Ebola vaccine available pre-licensing to
fight a new flare of the disease in the Congo,
it’s partnering with both the WHO and GAVI,
the vaccine alliance (which has pre-purchased
more than 300,000 doses of the vaccine) [1].

In a more recent example, supported by the
Gates Foundation, nearly 200 countries around
the globe have endorsed a shared vision—known
as the Decade of Vaccines—to extend the ben-
efits of vaccines to every person by 2020 and
thereby save more than 20 million lives. This
international collaboration has generated the
Global Vaccine Action Plan (GVAP), a frame-
work for preventing millions of deaths by 2020
through more equitable access to existing vacci-
nes for people in all communities. Partners in the
program include civil society organizations, the
World Health Organization (WHO), UNICEF,
and the GAVI Alliance. This kind of partnership
is a model for what we can do to achieve positive
healthcare outcomes.

3. We need to examine our business models to
account for global health requirements.
The first two goals cannot be reached without
this radical step. Both innovation and access
come out of an ecosystem in which many
stakeholders participate. These stakeholders
include the companies themselves (their
leaders, boards, private investors, and share-
holders). They also include governments
(both where the companies operate and where
they market), as well as research institutes
and academia, payers and HTAs, NGOs,
philanthropic foundations, and others. It is
time to talk about ways in which pharma can
work with those stakeholders most effectively
to promote global health and a sustainably
profitable pharmaceutical industry. Our com-
panies, and the public, will be better off if we
create our own industry-wide consensus.

4. We need to redefine our thinking about
how corporations measure the success of a
product. Historically, we have measured
availability and profitability. For true inno-
vation to occur, that success must now be
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measured in terms of overall accessibility to a
product. Specifically, the outcome is not only
one of measuring the extent to which we have
distributed the product, but quantifying the
contribution the product/therapy is making to
reducing the overall cost of care and/or
improving health outcomes globally.

Implications for Pharma Leadership

The industry that has brought us cures for
small pox, Hepatitis C, and some of the greatest
advances in health and is working tirelessly
toward cures for cancer, heart disease, Parkin-
son’s disease, and other leading causes of death,
has the opportunity to take the lead in shaping a
path forward of innovative solutions to access
that are affordable and address both acute needs
and growing markets. But as leaders of this
industry, we need to ask ourselves, “What do we
want our legacy to be?”

For decades, our focus has been on our bot-
tom line. We now need to commit our companies
to convene a conversation around our business
model. When we do, we will see that investing in
innovation and providing equitable access for
people all over the world are notr mutually
exclusive. This is not a zero-sum situation. It is
not “or.” It is “and.”

Leaders in the pharma industry are now and
have always been deeply committed to the
well-being of patients. To borrow the mission
statement of the Gates Foundation, we need to be
“impatient optimists working to reduce
inequity.” We can work together to continue to
deliver shareholder value as we also ensure that
the benefits of innovation accrue to as many
people as possible, because, as they say at the
Gates Foundation, all lives have equal value.
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9.1 Introduction

Neglected parasitic infections represent a subset
of the world’s neglected tropical diseases, which
are highly prevalent and mostly chronic and
debilitating infectious diseases that promote
poverty through their harmful effects on both
children and adults [1]. In the early 2000s, the
leading neglected parasitic helminth (worm)
infections affecting sub-Saharan Africa, includ-
ing schistosomiasis, the three major
soil-transmitted infections (ascariasis, human
hookworm infection, and trichuriasis), lymphatic
filariasis, and onchocerciasis were targeted for
intervention through a program of integrated
mass drug administration, using donated drugs
from the major pharmaceutical companies [2].
This program was accelerated through donations
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of praziquantel from Merck in order to target
schistosomiasis, and triggered efforts to develop
a new pediatric formulation of praziquantel,
scheduled to become available in 2022 [3].
Through these interventions, over the last dec-
ade, there have been significant public health
gains for most of Africa’s neglected parasitic
helminth infections, especially in terms of partial
reductions in their prevalence, although the
impact has been much more modest for human
hookworm infection [4]. In parallel, through
anti-malaria drugs and the use of bed nets and
other vector control approaches, there have been
roughly equivalent gains in reducing the preva-
lence and incidence of malaria, Africa’s leading
neglected parasitic infection in terms of the
magnitude of disease incidence and deaths [5].
Ultimately, these gains represent a key compo-
nent for achieving global goals in the area of
sustainable development [6].

A key issue is how to leverage these initial
gains in order to accelerate disease prevalence
and incidence reductions or even to achieve
potential elimination goals and targets? Shown in
Table 9.1 are the most recent estimates for the
prevalence (helminth infections) or incidence
(malaria) of the leading neglected parasitic
infections in sub-Saharan Africa. These estimates
are based on studies conducted by the Global
Burden of Disease Study (GBD) 2016 [7, 8].

It is clear that neglected parasitic infections
remain widespread on the African continent and
especially in sub-Saharan Africa. Indeed, today

75

®

Check for
updates


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16061-6_9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16061-6_9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16061-6_9&amp;domain=pdf
mailto:hotez@bcm.edu
mailto:strych@bcm.edu
mailto:bottazzi@bcm.edu
https://doi.org/10.1007/978-3-030-16061-6_9

76

Table 9.1 Leading neglected parasitic infections in
sub-Saharan Africa

Rank Disease Prevalence or Incidence
in sub-Saharan Africa
1 Malaria 213 million
2 Schistosomiasis 162 million
3 Ascariasis 133 million
4 Hookworm 132 million
infection
5 Trichuriasis 111 million
Onchocerciasis 15 million
Lymphatic 14 million
Filariasis

Prevalence and incidence figures from healthdata.org [8]

malaria, schistosomiasis, ascariasis, hookworm
infection, and ascariasis still represent some of
the most common afflictions affecting people
living in poverty in this region.

9.2 Rationale for Linking Malaria
with Helminth Control

Shortly after the launch of the 2000 Millennium
Development Goals, the studies showing the
geographic overlap and co-endemicity of malaria
and major parasitic helminth infections, promp-
ted calls to integrate the control of all of these
diseases in Africa in a larger and expanded
framework (Fig. 9.1) [9, 10]. Thus, it would be
feasible to link the mass treatments using
anthelminthic drugs with antimalarial drugs and
bed nets, with resultant synergies in the delivery
of these interventions [11]. For example, mass
treatment for parasitic helminth infections can be
combined with intermittent preventive therapy
(IPT) for malaria, in which a full dose of an
antimalarial drug is given as a mass treatment to
a vulnerable target population, such as infants
(IPTi), older children (IPTc), or pregnant women
(IPTp), whether or not they are currently infected
with malaria [9, 11, 12]. In some African set-
tings, it has been shown that combining mass
treatments for worms with IPT can result in
improved clinical outcomes [13]. Similarly, the
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use of insecticide-treated bed nets for malaria
control has the potential to reduce transmission
of mosquito-transmitted helminth infections in
Africa such as lymphatic filariasis [14]. There are
still additional synergies for simultaneous deliv-
eries of interventions for parasitic infections and
HIV/AIDS, as well as bacterial infections and
trachoma [9, 11].

Beyond the convenience of co-delivery, there
are also potential and actual public health bene-
fits for combining the control of parasitic worm
infections and malaria. For example, in areas
where  schistosomiasis and malaria are
co-endemic, the former can result in increases in
malaria incidence, so that mass treatment with
praziquantel can result indirectly in the reduction
of malaria transmission [17].

It has been further noted that malaria, schis-
tosomiasis, and hookworm infection each can
cause anemia via independent pathways—with
hookworm causing intestinal blood loss, schis-
tosomiasis causing both blood loss and inflam-
matory anemia, and malaria causing red blood
cell lysis, splenic sequestration, and dyserythro-
poiesis (Table 9.2) [9, 10, 18, 19]. In some areas
of sub-Saharan Africa, these infections can
combine to produce severe reductions in host
hemoglobin [18-22], which is sometimes refer-
red to as syndemic anemia [2, 9], with one
example being the “agriculture-related anemias”
due to the expansion of the agriculture and the
related increased parasite transmission [23].

The impact of anemia on the health of
developing countries, especially in sub-Saharan
Africa, is tremendous. According to the GBD
2016, iron deficiency anemia alone is responsible
for almost 35 million disability-adjusted life
years, more than double the global disease bur-
den from breast cancer, and four times the global
disease burden from cervical cancer [24].
Another measurement of global anemia from the
GBD 2010 found that it was responsible for more
than 68 million years lived with disability, with
malaria, schistosomiasis, and hookworm
accounting for a significant percentage of the
anemia in Africa [25].
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= Prevalence <« Fig. 9.1 (top) Predicted prevalence of hookworm based

/““;fr‘:? —_ L% on relationships between observed prevalence of infection
A ~f s - ;‘:':;‘% among school-aged children (insert) and satellite-derived
S ‘ [ 20.49.9% environmental data; (middle) map of climatic suitability
= ) 50% + for P. falciparum malaria transmission based on Snow

etal. [15], adjusted for urbanization [16]; and (bottom) map
of geographic overlap of moderate-high hookworm
(prevalence >20%) and P. falciparum transmission. Gray
indicates population density <1 km?. Figure and Fig-
ure Legend reproduced from Ref. [10] (open access source)

Table 9.2 Parasitic disease causes and mechanisms of
anemia in sub-Saharan Africa

Disease Major Major
etiologic agent = mechanisms
of anemia
Malaria Plasmodium Hemolysis
falciparum Splenic
sequestration
Dyserythropoiesis
Human Necator Intestinal blood
Hookworm americanus loss
infection
Schistosomiasis | Schistosoma Chronic
mansoni inflammation
Malaria risk : Schistosoma Blood loss
No haematobium
|| Marginal
| | Seasonal
B Stable

' 9.3 Syndemic Anemia Vaccines

Since 2008, we have proposed the concept of
reducing the global burden of anemia through the
P e development of a multivalent vaccine against
"4’ v hookworm and schistosomiasis [26—-28]. But the
possibility exists of also simultaneously vaccinat-
ing against these two human helminth infections,

"\ . . - .

- \ together with malaria in a “pan-anemia” vaccine.
5 e ; The feasibility of developing a vaccine to
‘(‘-'"7’/‘;’ prevent anemia in Africa is based on three inde-

pendent lines of evidence, namely the develop-

ment and testing of individual and specific
Co-infection distribution

[ None vaccines against malaria, human hookworm
[ ::g: ;:::: m infection, and schistosomiasis, respectively
I Both (Table 9.3). Ultimately, these vaccines could be

combined as a trivalent anemia prevention strat-
egy, possibly then embedded into ongoing pre-
ventive African chemotherapy programs.
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Table 9.3 Current state of neglected parasitic disease
vaccines in clinical development

Disease Vaccines in clinical development

Malaria YES, licensed as Mosquirix in

2015

YES, completing Phase 1 and
advancing to Phase 2

Schistosomiasis

Ascariasis NO, undergoing preclinical
development

Hookworm YES, completing Phase 1 and

infection advancing to Phase 2

Trichuriasis NO, undergoing preclinical
development

Onchocerciasis NO, undergoing preclinical
development

Lymphatic NO

Filariasis

9.3.1 Malaria Vaccine

Progress in the development and licensing of the
first malaria vaccine, known as Mosquirix, has
been reviewed previously [29]. Briefly, the fail-
ure of a World Health Organization (WHO)-led
initiative to control or eliminate malaria by mass
treatment with chloroquine and DDT insecticide
due to emerging resistance led to multiple studies
to develop first-generation malaria vaccines. The
fundamental work showing how irradiated
Plasmodium sporozoites could elicit protective
immunity started several lines of investigative
work, now leading to whole cell experimental
malaria vaccines using either irradiated—or
genetically—modified sporozoites [30]. In par-
allel, the work led by Ruth and Victor Nussen-
zweig on the cloning and expression of a major
sporozoite surface antigen ultimately led to the
development of a recombinant polypeptide-based
vaccine, known as RTS, S [31]. Much of the
development of the RTS, S malaria vaccine was
led by the United States Army and Walter Reed
Army Institute of Medical Research, prior to
downstream development by GlaxoSmithKline
and the Bill & Melinda Gates Foundation [29].
Safety and proof-of-concept trials for efficacy for
the RTS, S malaria vaccine continued throughout
the 1990s and early 2000s, until a multicenter
phase 3 trial in Africa began in 2009 [29]. The
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vaccine was shown to be partially protective and
approved for use in African young children in
2015 under the trade name of Mosquirix [29].
Since then, changes in clinical development,
including the age of first vaccination and delayed
fractional dosing, have been shown to improve
vaccine immunogenicity and possibly protective
efficacy of the vaccine [32, 33]. Accordingly,
additional trials of Mosquirix are planned, some
in  combination with  other childhood
vaccinations.

9.3.2 Human Hookworm Vaccine

Since 2000, the human hookworm vaccine ini-
tiative has been developing a recombinant
protein-based vaccine that targets
americanus, the major hookworm of Africa and
elsewhere globally. The initial approach toward
hookworm vaccine development followed a
somewhat similar path to the RTS,S malaria
vaccine, namely building on scientific evidence
that found immunization with the infective
stages—but in this case third-stage infective
hookworm larvae—is highly protective if the
larvae were first attenuated through ionizing
radiation [34]. This finding led to the discovery
and development of an immunodominant antigen
linked to larval immunization, known as Na-
ASP-2 [34, 35]. In a randomized phase 1 clinical
trial in healthy adult volunteers in the USA,
immunization with recombinant Na-ASP-2 on
alum was found to be both safe and immuno-
genic [36]; however, immunization among adult
volunteers in a hookworm-endemic area of Brazil
was shown to be associated with allergic
responses, due to circulating IgE present in adults
previously exposed to infective N. americanus
larvae [37]. Therefore, an alternative approach
was undertaken to directly interfere with adult
N. americanus blood loss at the site of attach-
ment [26, 38], leading to the development of a
bivalent vaccine comprised of two recombinant
hookworm antigens, known as Na-GST-1 and
Na-APR-1, again adjuvanted with alum, but also
additional immunostimulants [39—41]. To date,
there do not appear to be concerned about

Necator



9 Neglected Parasitic Infections and the Syndemic Anemia ... 79

pre-vaccination IgE among endemic populations,
and phase 1 trials have shown that human vac-
cines prepared from these recombinant antigens
(on alum together with a Toll-like receptor [TLR]
agonist) are both safe and immunogenic [42].
Therefore, there is optimism that this approach
will lead to the development of the first human
vaccine to prevent hookworm-associated blood
loss and anemia [43], which in modeling studies
has been shown to be highly cost-effective and
cost savings compared to annual deworming
depending on the length and level of protection
of the vaccine [44]. The human hookworm vac-
cine is now entering advanced clinical testing led
by the nonprofit product development partner-
ship (PDP) based at Texas Children’s Hospital
Center for Vaccine Development (Texas Chil-
dren’s CVD) in partnership with George Wash-
ington University, the Oswaldo Cruz Foundation
(FIOCRUZ) and a consortium of European and
African organizations through the HOOKVAC
consortium and partnership [45, 46].

9.3.3 Schistosomiasis Vaccine

There are two vaccines that target human schis-
tosomes currently in clinical development, while
a third vaccine is scheduled to begin phase 1
testing. One of these vaccines, the Sm-TSP-2
schistosome vaccine includes a recombinant
extracellular loop of a major tetraspanin surface
antigen from Schistosoma mansoni, the major
cause of intestinal and biliary schistosomiasis in
Africa [26]. It was discovered through an
immunomics approach that paired the proteomic
analysis of the schistosome surface with
immunological screening using pooled sera from
putatively immune individuals living in an
endemic area of Brazil where S. mansoni is
endemic [47, 48]. Texas Children’s CVD has
scaled up production of the recombinant Sm-
TSP-2 antigen formulated on alum (together with
a TLR-4 agonist) [49, 50], which is now com-
pleting phase 1 clinical trials in collaboration
with the NIAID-NIH—supported Vaccine Trial
Evaluation Unit (VTEU) based at Baylor College
of Medicine, George Washington University and

FIOCRUZ. It is projected that the Sm-TSP-2
schistosomiasis vaccine will advance to phase 2
clinical trials in Uganda shortly. In parallel, a
Brazilian-led effort based at FIOCRUZ is testing
the recombinant Sm-14 schistosome vaccine
formulated in a stable emulsion with a TLR-4
agonist [50], while a third vaccine comprised of
the recombinant Sm-p80 enzyme known as cal-
pain has undergone extensive testing in
non-human primates and is expected to soon
enter the clinic [51, 52]. These vaccines are
currently being tested separately, although there
is a downstream possibility of evaluating these
vaccine antigens in combinations.

9.4 Maternal-Child Target Product
Profiles of an Anemia Vaccine

As vaccines for malaria, schistosomiasis, and
human hookworm infections are developed and
introduced across Africa, there will be a
requirement to shape parallel and synergistic
target product profiles (TPPs) for each of these
vaccines. Conceivably, a vaccine may have more
than a single indication. For example, if the goal
is to target anemia, then efforts could be made to
focus on two of the human populations most
susceptible to anemia—children and women of
reproductive age—due to their lower underlying
iron stores relative to other populations
(Fig. 9.2). Following licensure, plans are already
underway to introduce Mosquirix into infant and
preschool-aged populations, while similar plans

* Improvements in neurological
outcomes

* Improvements in cognitive and
intellectual development

Pre-School
Children
Vaccines

* Improvements in maternal
anemia, morbidity, and mortality

¢ Improvements in neonatal
survival

Pregnancy
Vaccines

Fig. 9.2 Potential Maternal-Child TPPs for Syndemic
Anemias
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are in discussion for the human hookworm
infection and schistosomiasis vaccines.

Furthermore, a pediatric anemia vaccine
would be most needed for young children, since
this population has the greatest vulnerability to
long-term cognitive and intellectual deficits from
iron deficiency anemia [53]. In many instances,
young (preschool-aged) children also suffer the
greatest risk of death and other serious sequelae
from parasitic infections [54-56].

A second highly vulnerable population in
terms of anemia is pregnant women, especially in
developing countries, where up to 80% of preg-
nancies are complicated by anemia [57]. Anemia
in pregnancy results from the high iron demands
of the fetus, together with malaria, hookworm,
and schistosomiasis coinfections [18, 58-61]. In
many cases, the anemias from these diseases are
syndemic and result in profound reductions in
host hemoglobin [18]. Yet another clinical con-
sequence is higher maternal morbidity and mor-
tality, as well as in poor neonatal survival and
other outcomes [61]. From the above analysis, it
would be particularly worth accelerating vaccine
development for both of these highly vulnerable
populations.

9.5 New Public-Private Strategic
Alliances

Fundamental to the success in advancing Mos-
quirix through advanced clinical development and
licensure in Africa was the involvement of major
strategic alliances including a multinational phar-
maceutical company (GSK), with expertise both in
conducting and coordinating phase 3 trials, as well
as in the capacity for industrial-scale manufacture
suitable for advanced development and vaccine
introduction. To date, there are no major vaccine
Pharma partners for anthelminthic vaccines, such
as hookworm and schistosomiasis. However, the
Darmstadt, Germany-based Merck and its Life
Sciences Division, MilliporeSigma, have taken a
major interest in the development of the Sm-TSP-2
schistosomiasis vaccine advanced by Texas Chil-
dren’s CVD. The collaboration includes training

P. J. Hotez et al.

and the exchange of technical know-how in pro-
cess development and formulation, as well as
filling knowledge gaps that exist from research and
development to manufacturing. The essential
components of Merck’s involvement include:
(1) Revision of chromatographic processes to
improve yields and purity of the final drug sub-
stance (the recombinant protein); (2) revision of
formulation processes to stabilize the recombinant
protein molecule by altering key buffers and
excipients in the final formulation; and (3) overall
optimizations in  processes to improve
cost-effectiveness and cost savings. This final
component is essential to ensure that the vaccine is
produced at the lowest possible price and safe-
guard access for the poorest people living in
sub-Saharan Africa now atrisk for schistosomiasis
and other parasitic diseases.

The strategic alliance between Merck and
Texas Children’s CVD represents an important
step toward advancing the Sm-TSP-2 schistoso-
miasis vaccine through advanced development
and licensure. The scientific knowledge
exchange from this partnership is catalyzing and
accelerating product development of this
much-needed vaccine and should serve as a
framework for capacity building and the estab-
lishment of self-reliance in vaccine development
and manufacturing around the globe. Interest-
ingly, it also affords a unique opportunity to
assess the feasibility of combining the vaccine
with Merck’s pediatric formulation of PZQ in a
vaccine-linked chemotherapeutic approach dur-
ing early childhood. One potential scenario for
the schistosomiasis (and the human hookworm
vaccine) would be to administer the priming
vaccine doses around the time a preschool-aged
child receives their first dose of an anthelminthic
drug—PZQ in the case of schistosomiasis, and
albendazole in the case of human hookworm.
Still another scenario is the administration of
both schistosomiasis and human hookworm
vaccines around the time of Mosquirix immu-
nization during infancy or preschool-aged years.

Finally, another consideration is the adminis-
tration of the anthelminthic vaccines in young
women of reproductive age in order to achieve
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protective immunity against schistosomiasis and
hookworm infections during pregnancy. This
approach has been used successfully for immu-
nizing against tetanus, diphtheria, and pertussis
in what is known as the Tdap vaccination [62].
By immunizing against hookworm and schisto-
somiasis, however, such an approach could both
reduce maternal morbidity and improve neonatal
survival. Downstream it would be worth exam-
ining the possibility of combining Mosquirix
with the Sm-TSP-2 schistosomiasis vaccine and
the human hookworm vaccine in a multivalent
syndemic anemia vaccine for Africa, for use
during pregnancy.

9.6 Next Steps and Future
Directions

There are some formidable hurdles to bring both
the schistosomiasis and human hookworm vac-
cines up to the same point in development as
Mosquirix. Both anthelminthic vaccines are only
now entering phase 2 trials for the proof of
concept of their efficacy at either preventing
burden of disease in endemic settings or using
controlled human challenge models of infection.
Success in further development will require the
expansion of strategic public—private alliances
including committed industrial and governmental
partners and investors for phase 3 trials, licen-
sure, and vaccine introduction. It is worth noting
that the public health consequences of simulta-
neously preventing all three syndemic anemias of
young children and pregnant women are poten-
tially enormous. Together the anemia from these
neglected parasitic infections represents perhaps
the most significant causes of pediatric malnu-
trition in Africa and one of the most common
serious complications of pregnancy. Success in
the creation of innovative business models and
the application of novel vaccine development
strategies, therefore, represent a highly cost
savings approach to both improve maternal and
child health and save lives of both pregnant
women and their infants.
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Rudi Balling

10.1 Introduction

Curiosity, the intrinsic urge to know and to find out
more about whatever has caught our mind, seems
to be laid down in our DNA. Much has been
written about the evolution and the forces that
drove human evolution. We cannot repeat the
experiment, but try to imagine human mankind
without the trait called “Curiosity”? This trait
seems to be closely associated with genes related
to the dopamine and the dopamine receptor sys-
tem, which in turn we know is connected to per-
sonality traits such as novelty-seeking, exploration
behavior, risk-taking, or reward-expectancy and,
on a more darker side, addiction [10].

At the “Curious” Conference 2018, there was a
plenty of opportunity to witness the phenotypic
spectrum related to curiosity. During the 3-day
conference held on the occasion of the 350th
birthday of the Merck Company in Darmstadt,
Germany, the fruits and prospects of curiosity
unfolded in a stunning way. We are living in an age
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of scientific acceleration, if not revolution, be it the
genomic revolution, the resolution revolution or
the revolution in artificial intelligence. Interest-
ingly, they all seem to come together at or around
the same time, and one is entangled with the other.
Just a decade ago, it was not possible to apply
powerful machine learning algorithms since we
were lacking both computational power and suf-
ficient capacity and infrastructure for data storage.
Moreover, without super-resolution microscopy
or affordable whole-genome sequencing, we
would not have the required data to look into the
architecture and dynamics of living systems.

In 2012, Eric Topol published his bestseller
“The creative destruction of medicine” describ-
ing the dramatic changes that come along with
the application of smartphones and other digital
devices in clinical medicine and health care [21].
Topol borrowed the term “creative destruction”
from Joseph Schumpeter who, in [19], had
described economic transformations that accom-
pany radical innovation. He even called the
process “Schumpeterization.” At the Curious
Conference, one could inhale “Schumpeteriza-
tion.” The talks from the leaders in the field
spanned an incredible breadth, from chemistry
and physics to biology and medicine to artificial
intelligence and robotics. As mentioned, these
disciplines now come together. And they chal-
lenge not only the traditional way of “doing
science” but also the training and education of
the next generation of scientists. We need experts
and we need generalists. We need detail and we
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need abstraction. But foremost, we need coop-
eration between scientists from this wide spec-
trum of disciplines. The conference was a
marvelous demonstration of how interdisci-
plinarity will transform scientific discovery and
innovation.

This paper is not about a comprehensive and
fully inclusive report about the Curious 2018
conference. It is about the spirit and some of the
impressions that the conference conveyed. The
choice of the conference title was certainly
“Spot on.”

10.2 The Resolution-Revolution

The progress in science always hinges upon
progress in technology. It was the increased
optical resolution that transformed astronomy,
cosmology, and later biology and medicine. But
it wasn’t just the higher resolution that made the
difference. It was the necessity to develop new
mathematical tools or new hypotheses following
puzzling observations after the introduction of
new instruments or technologies, particularly
when new data did not fit old paradigms.
Examples are calculus, non-Euclidian geometry,
or the theory of relativity, all of which had their
roots in attempts to explain abnormalities in
planetary motion. One can only speculate how
Anton van Leeuwenhoek must have felt in 1674
when he first observed bacteria in his micro-
scope. At Curious 2018, the report of Joachim
Frank about the latest version and state of the art
of single-particle cryo-electron microscopy felt
like a “Leeuwenhoek Moment”. Seeing is
believing. With a routine resolution of now 3—4
Angstroms, and in many cases of even 2 Ang-
stroms, drug design will enter a new phase.
However, there is more to it. A repeating
theme during the conference was the very rapid
miniaturization and automation that takes place
almost immediately following the establishment
of a proof of principle for new technologies. This
is also the case for single-particle cryo-EM.
Powerful new algorithms now extract at once
many, if not all, realized configurations of a
molecule. It allows us to analyze large ensembles
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of molecules that often go into the millions, and
even detect rare states which would otherwise
almost never be encountered. This permits us to
measure states in a continuum and see how they
are connected. A continuum of density distribu-
tions will eventually lead to detailed maps of
entire energy landscapes.

Single-particle cryo-EM offers new opportu-
nities and stimulus for the development of new
statistical and mathematical approaches. Frank,
for example, described “Manifold embedding”,
where by projecting these manifolds into
low-dimensional subspaces, we get distributions
of the images of the molecules that can be
transformed into Boltzmann relationships and
free energy landscapes [7]. Looking at the
example of a Ca®*-release channel with and
without ligands, one can infer how to get from
one energy state to another and then look at the
dynamics and trajectories taken in response to an
activation signal.

Makoto Fujita gave a nice example about a
technical innovation that overcomes the tradi-
tional limitation of X-ray crystallography, where
the target molecules must be obtained as single
crystals The recently developed “Crystalline
sponge method” does not require crystallization
of the sample [12]. Instead, tiny crystals of por-
ous complexes are provided as a host framework.
The solution of a target is soaked in the porous
complex host crystal in a way that the complexes
can absorb the target molecules. Due to the tiny
size of these crystals, the required sample amount
is only in the nano- to microgram range. Efforts
are now underway for high-throughput automa-
tion that eventually turn crystal-free X-ray crys-
tallography into a machine.

10.3 Pushing the Dimension
Frontier: From Temporal
to Spatial to Distributions

To fully understand the biological systems and
their perturbations in disease, we must develop
multiscale mathematical and computer models to
study the dynamics of the biological systems.
These scales range from the atomic to the



10 Out of Curiosity from Blue Sky Research to Medical Innovation 89

molecular and cellular scale all the way to the
whole organism. Garry Nolan introduced us into
the new era of multiscale pathology, using
multi-dimensional single-cell antibody or tran-
scription readouts [6]. For the first time, we are
able to span from a molecular level all the way
up to the 3D architecture of the spatial organi-
zation of a cell. Nolan’s urge to “get away from
Western Blots” led him to pave the way for the
simultaneous measurement of thousands of
transcripts, dozens, and soon hundreds of pro-
teins and an entire metabolome, initially in tissue
sections, and now in entire 3D reconstructions.
The development of CYTOF already marked a
major shift in cell biology analytics, and now
newly developed technologies move without too
much effort from tissue to atomic scales and
back. And we see the same driving forces:
miniaturization and automation. The newly
obtained insight into subcellular architectures of
cells and corresponding temporal and spatial
information will inform us about new strategies
for drug development and other medical appli-
cations. This was another “Leeuwenhoek
moment” at the conference.

As was described for single-particle-cryo-EM,
it was again the possibility to upscale and par-
allelize the measurements that opened the door to
identify, count, and order the continuum of single
microstates. At this point of time, the focus is
still on the transcriptional level, but this will
certainly change in the future with improved
analytic methods for single-cell proteomics or
metabolomics. We are moving the average val-
ues of these microstates to probabilities or fre-
quency distributions. The huge amount of data
produced in this process motivates the develop-
ment of new mathematical and statistical tools in
order to deconstruct the data and extract the
relevant information. The “Wanderlust” algo-
rithm, based on the concept of pseudotime [16],
is one example of mutual synergistic relation-
ships between data production and data analysis.
B-cell leukemias were used as an example for the
power of the high-resolution, high-throughput,
and high-dimensional data analysis. The objec-
tive was to order B-tumor cells along the path of
B-cell differentiation, all the way from stem cells

to mature B-cells. Despite the fact that tumors
represented different genetic disorders, it was
possible to order the tumor cells according to
their best fit on the differentiation trajectory.
Interestingly, all B-cell diseases clustered at a
couple of places in this trajectory with surpris-
ingly tight distributions. The hope is to infer
whether this ordering can help predicting
relapses.

From a translational medicine perspective, the
key question is whether this information will
predict the best therapies for patients. And
probably even more important, what underlying
molecular mechanism determines the develop-
mental arrest in different B-cell tumors. It
appears that differentiation is a continuous tra-
jectory not a chain of discrete stages. The race is
on to start looking at dynamics of molecular
assemblies, molecular machines, and entire
temporal and spatial trajectories of biochemical
and cellular pathways. However, without the
powerful toolbox of machine learning and Al,
none of this will be possible. And, as mentioned
already, we need the data to provide machine
learning with its power. Large data meets smart
algorithms.

We also heard about exciting developments to
combine temporal with spatial scales. Using
DNA-based barcoding combined with single-cell
subcellular antibody staining, one can not only
follow distributions and migrations within cells
during differentiation or disease processes, but
also trace the binding of proteins to specific
regions of the genome. Gene expression markers
define the niche and the expression of specific
proteins, which reflect the postal codes and
addresses within cells.

We will be able to follow in 3D over time the
movement of single cells and deduct where cells
might be in tissues. The first validation and proof
of principle studies used melanomas, and we can
expect that the integration of temporal and spatial
information, moving from 1D to 5D, will soon be
applied for other diseases and many biological
processes. Cell biology will be studying molec-
ular machines, how they are put together and
how they are integrated into an assembly line.
Cells are looked at as factories with an ensemble
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of assembly lines, workflows, and underlying
control systems. It took quite some time to move
from the invention of the steam engine to the
construction of steamships or the electric gener-
ators. We might be in a similar phase of cell
biology and bioengineering. The difference is the
acceleration. Whereas it took decades to build
iterative generations of steam engines, it is now a
question of years or months to catapult tech-
nologies in life sciences from proof of principle
to reduction to practice.

The next target of even higher resolution is to
go down to single-atom sensitivity, being able to
read every atom in a protein. The necessary tools
are also already at the horizon, with Atomic
Microscope by Projection (AMP) being one of
them [8]. It will still take weeks to read every
molecule in a cell, but it will not come as a
surprise that AMP is already motivating the
development of new machine learning algo-
rithms. Hence, we can expect that eventually we
will move the past this roadblock.

10.4 From Chemistry to Biology
and Back Again

Chemistry can be exciting, as clearly seen by a
number of talks that presented highly innovative
new ways of chemical synthesis. New combina-
tions and successions of chemical reactions and
intriguing catalysts are developed that require a
deep understanding of chemical bonds, down to
the level of quantum chemistry. One of the fields
that exploded in recent years is organo-catalysis.
Benjamin List presented new catalysis concepts
that allow enantio-selective- and complement
bio- and transition metal catalysis. Insight was
given into new catalysts, such as proline, and
important progress in the synthesis of natural
products and pharmaceuticals. His group was
also at the origin of a new approach to asym-
metric catalysis, now known as asymmetric
counter-anion-directed catalysis (ACDC) [14].
Again, as seen before, once a proof of concept
has been obtained, and the objective is to upscale
it to a technical scale. For example, in the field of
Lewis acid catalysis, it was clear that
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considerable progress has been made on this
front. Varrinder Aggarwal described assembly
lines for asymmetric synthesis that are able to
create molecules with tailored shape and talked
about the power of organic borane chemistry [4].
This allows the synthesis of highly efficient and
specific natural product at a level that was
thought impossible just a few years ago.

An equally exciting area is the exploding field
of nanomaterials that can be used for new
applications in life sciences and clinical medi-
cine. Ulrich Wiesner gave us an idea of what to
expect and presented some of the latest devel-
opment in the design and synthesis of completely
new nanomaterials based on silicon [3]. Nano-
materials from silicon can be made with an
extremely small size, even smaller than the renal
cutoff. This then allows their application as
delivery vehicles or when combined with imag-
ing technologies as reporter molecules for
high-resolution clinical imaging. Because of their
small size, silica-based nanoparticles are taken up
by lymph nodes to visualize individual cancer
cells. The objective is to use this resolution to
differentiate, for example, lymph nodes that may
need to be removed within the context of tumor
surgery. The new generation of reporters should
also allow a better molecular-based stratification
of tumors. Apparently, the path to using silica
nanoparticles for drug delivery is more difficult,
but major efforts are also put into this direction.
The extremely small size of nanoparticles
apparently has another advantage. In most cases,
one has to go to micromolecular drug concen-
trations. However, the use of this new generation
of nanoparticles might allow up to 4000 times
less of a drug compared to traditional treatment
regimes.

A lot of efforts are put into the design and
development of new materials that have entirely
new or improved properties such as increased
strength, deformation behavior, or the ability for
self-healing. In many cases, the design of new
materials is inspired by properties found in nat-
ural materials. One such example is human car-
tilage that allows virtually frictionless
mechanical motion within joints, even when they
undergo strong compression. Whereas many
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activities in material design so far had a focus on
attractive interactions. Takuzo Aida presented
new composite hydrogels with anisotropic
mechanical properties [22]. They harnessed the
concept of embedding anisotropic electrostatic
repulsion between negatively charged titan
nanosheets and obtained a hydrogel that deforms
easily under shear forces if applied parallel to the
embedded nanosheets and resists compression
forces that are applied orthogonally. He gave a
number of examples of materials with other
fascinating new properties. One was the devel-
opment of new materials with optical properties
of aqueous colloidal dispersions. This allowed
the introduction of anisotropic magnetic suscep-
tibility of titan-based nanosheets, which might
serve as an optical switch that can be remotely
operated by magnets and light.

One of the world’s most famous engineer of
molecular machines is Fraser Stoddard. He devel-
oped fascinating artificial molecular machines on
the basis of the “mechanical bond” [5]. His concept
of the development of mechanically interlocked
molecular architectures utilize molecular recogni-
tion and molecular self-assembly processes and has
led, for example, to new catenanes and rotaxanes.
These new molecular machines can serve as
molecular pumps, sensors, actuators, amplifiers, or
switches. He compared his efforts to improvements
that took place in the performance of the steam
engine. These went from catalyzing the develop-
ment of electric internal combustion to diesel
engines and all the way up to jetrockets. He pointed
out that often the different phases of improvements
were overlapping.

10.5 Chemistry of the Biological
World

The conference was a wonderful demonstration
where chemistry is heading and the exciting
developments that are underway at the interface
of chemistry and biology. Frances Arnold laid
down her view on how we can learn from the
chemistry of the biological world [1]. No rational
design will ever be possible to come up with the
innovative solutions that nature produces with

the combination of mutation and selection.
Enzymes can look at as genetically encoded
machines that self-replicate, self-assembly, and
self-correct. She called this a “sustainable
chemistry”, and she clearly spelled out the
objective: build a new chemistry as a central
science using the platform of biological chem-
istry. At the core of these developments are
nature’s most powerful tools, mutation, and
selection. Equally important is the transformation
of the biological code into a digital code. Craig
Venter described life as a DNA software system
and the billions of natural gene sequences as a
great library for new proteins and protein func-
tions that might be useful for applications [20].
Frances Arnold called it the “Recoding of life.”
However, she also wanted to go one step further.

Geneticists sometimes say: “The art is in the
assay.” This also holds for setting up new and
innovative screens to select for completely new
functions that even nature did not come up with
and that will expand the horizon and the space of
chemistry of the biological world. It is now
possible to synthesize any DNA that we want,
send the code around in the world, and get the
DNA quickly by mail. The challenge however is
still to anticipate or design the function of new
proteins. This composition problem can be par-
tially circumvented by the design of smart
selection assays that enforce onto the space of
possible proteins and protein function-specific
constraints. Jef Boeke extended this view by
talking about genome writing. His goal is to
develop Sacharomyces cerevesia 2.0 as a testing
ground for building entire new genomes [17].
The strategy is not starting from scratch but
always begins with a living cell and a natural
chromosome. Then step by step the natural
genome is substituted. This overwriting uses a
stepwise substitution of chromosomal regions
walking along each and every chromosome until
the entire genome is replaced.

The heroic effort became clear when he
explained that it took an entire year just to plan
the design. In the meantime, the first fruits are
getting harvested, for example, new insight into
the function of repeats, introns, or other compo-
nents, which they partially or totally removed
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from a genome and the resulting consequences
were analyzed. The comparison of natural and
synthetic chromosomes already pays off. New
yeast strains with different temperature ranges
have been produced. Interspecies diploids with
boosted resistance traits were obtained, and the
chromosome was transferred to completely new
places in the nucleus. We can expect that this
kind of building a synthetic genome will teach us
a lot of new biology. And, similar to the other
areas of new technology development, the power
of automation and miniaturization will become
important. Today we have DNA synthesizers.
Tomorrow we will have cell synthesizers.

10.6 Understanding Diseases—The
Prerequisite for Translation
into Clinical Medicine

Data needs to be transformed into information,
and information needs to be transformed into
knowledge. Despite all the progress in technol-
ogy, our understanding of the complexity of
biological systems, and therefore the real under-
lying mechanisms of disease pathogenesis, is
much more sobering. Jeremy Nicholson gave us
an idea about the current state of the art of
clinical phenotyping [13]. We are still struggling
with the integration of heterogeneous data sets
that can be produced based on the latest omics or
imaging technologies or that consider the wide
spectrum of clinical records. Intelligent knives
and endoscopes capable of analyzing tissue at the
molecular level at the same time that they cut
through it herald the next generation of diag-
nostics. However, a clinical phenotype, be it an
omics signature or a high-resolution image, is a
snapshot and representation of a high-
dimensional underlying molecular network. It
does not give us an explanation for the mecha-
nisms involved. In addition, information such as
whole-genome sequencing might not be as
informative, particularly if used in a clinical
setting. Furthermore, we will need to develop
translational technologies for real-world appli-
cations that allow to accompany and optimize
patient’s journeys. We are still far away from
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reliable predictive disease modeling, and we
urgently need better tools for data visualization.
According to Nicholson, precision medicine
requires precision metrics, a goal which we have
not yet reached.

Whereas a major trend can be observed by
looking at patients and patient material, even in
preclinical settings, a deep mechanistic under-
standing of biological processes and of disease
pathogenesis does require animal models. Bruce
Beutler described his efforts to carry out genome
saturation using chemical mutagenesis in mice
[2]. He reminded us that point mutations are not
the same as gene knockouts, since most of them
do not lead to complete loss of function alleles.
His approach of phenotype-driven mutagenesis
already provides us with a treasure trove for
functional studies and complements nicely with
the work of Emmanuelle Charpentier [11]. She
gave her view on the development and potential
of RNA-programmable CRISPR-Cas9 technol-
ogy that can only be described as transformative.
It is now possible to obtain precise and efficient
engineering or correction of mutations, modula-
tion of gene expression, and marking of DNA in
a wide variety of cell types and organisms. The
uptake within the scientific community and
industry was fulminant and the translation into
clinical applications is underway in full swing.
CRISP-Cas9 technology, however, also raises a
new dimension of ethical questions, which are
not only of a scientific nature. They do require a
scientific understanding of the technology and a
dialogue with society.

10.7 Medicine—Quo Vadis?

There are very high expectations that progress in
new technologies, new materials, and new
insight into biological systems will translate into
clinical medicine. How close are we in our efforts
to improve diagnosis, therapy, or prevention of
diseases? How long does it take curiosity-driven
research to improve patient’s lives? One of the
most successful clinical areas is immunotherapy.
Crystal MacKall described her effort in leverag-
ing the power of immune systems to fight cancer
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by using checkpoint inhibitors, one of the hottest
frontiers in clinical oncology [15]. Despite the
excitement, there are still main challenges ahead,
mostly related to therapeutic resistance and
remission of tumors. One strategy to overcome
therapy resistance is to use bispecific CAR
combinations. However, complete eradication, or
at least limiting the growth of tumors, is still not
there. Tumors still kill, and we have to admit that
we do not yet understand molecular and cellular
mechanisms that underlay the development of
complex biological systems. Diseases can be
looked at as either perturbations of biological
systems or compromised feedback regulations,
with many components and interactions that are
highly nonlinear and operate far from thermo-
dynamic equilibria. Maybe we have to proac-
tively adopt tools of statistical physics and
thermodynamics to better understand the devel-
opment and behavior of tumor cells. Or maybe
we have to invest much more time in first
answering the question that was put forward by
Schrodinger in the 40s: “What is life?” [18].
A large part of this is about emergence and
self-organization—questions of fundamental
research.

10.8 Al and Robotics Will
Transform Medicine

Medical research and health care have to a large
degree developed into data science. Scott Span-
gler made clear that artificial intelligence and
machine learning have had the biggest impact of
all developments. He stressed that integrating
machine learning and Al is no more an option
but a requirement and that it is essential to use all
the data available. Machine learning has been
around for quite some time, but only with the
availability of large amounts of data, of increased
computational power and data storage capacity,
could impact we witness today be reached [9].
He also pointed out the fine balance, with respect
to the development of new machine learning
algorithms, in terms of being very general or very
specific. The goal should be to develop deep
approaches that might not be the most specific

complex algorithms, but are able to be more
broadly applicable and generalizable. We need to
use what we know to extract what we don’t
know. New approaches like graph diffusion will
be important to move into the territory of the
known unknowns and eventually the unknown
unknowns. One of the limitations of machine
learning is that although many of the classifica-
tions and corresponding predictions are becom-
ing much better, machine learning does not come
up automatically with a mechanistic model.
Mechanistic models need validation. With the
increasing availability of data, that eventually
spans longer time periods, we can use older data
to gain confidence in our predictions. From a
medical point of view, we need to have a good
understanding about false positive or false neg-
ative error rates. Information technology and
biotechnology converge.

10.9 Interdisciplinarity

Technology is exciting, but we should not forget
that the Achilles tendon is still the necessity to
relate the results, for example, high-resolution
temporal and spatial information, to clinical
outcome. This is where interdisciplinary coop-
eration comes in again. Interdisciplinarity is
easier said than done. Going out of one’s comfort
zone and crossing the boundaries of the disci-
pline, we were initially trained and require
curiosity. It also needs a certain amount of
risk-taking, and the rewards often need a long
incubation time, with a highly uncertain return of
investment. It needs a blue sky.
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11.1 Introduction
Within the last 100 years, the spectrum of dis-
eases has dramatically changed [1]. In the past,
infectious diseases dominated the scene. Today, a
remarkable increase in life expectancy has led to a
surge of chronic diseases in the general popula-
tion, many of them associated with long periods
of morbidity [2]. As a consequence, early diag-
nosis has become more important in today’s
medicine. Often, clinical signs of a chronic dis-
ease are preceded by changes in preclinical
parameters that can be detected by blood analysis,
imaging techniques or by the measurement of
other biomarkers or surrogate markers that are
indicative of pathophysiological developments.
Despite the enormous progress that has been
made in genomics, in non-invasive imaging and
in the corresponding data analytics, the key
challenge for anticipating disease onset is still the
large heterogeneity between individuals in dis-
ease manifestation, disease progression and
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therapeutic response. Major efforts are therefore
underway to identify meaningful general
biomarkers that allow the early detection and a
mechanism-based stratification of upcoming
diseases on an individual basis. Unfortunately,
the validation of personalized highly predictive
biomarkers has not yet achieved satisfactory
standards [3]. Single parameter biomarkers show
large individual variation and most of the time
have a limited predictive value in terms of clin-
ical outcome [4, 5]. Multifeature biomarkers,
such as gene transcription or metabolomic sig-
natures are currently being tested. Whereas it is
typically not difficult to discriminate between a
healthy and a fully developed diseased state, the
differentiation between a healthy and a
pre-disease state is much harder. High glucose
levels, e.g., can be easily measured and are
indicative of diabetes. However, it is much
harder to detect pre-diabetes when fasting glu-
cose levels are still in the normal range.

11.2 Diseases as Perturbations
of Networks

Biological systems are extremely complex and
can be described as dynamic networks. Networks
are in fact a powerful way to describe complex
systems in terms of their parts (the nodes of the
network) and the interactions among these parts
(the links of the network). These networks are
often composed of a very large number of
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components, which are interacting in a highly
non-linear manner and often operate far from
their thermodynamic equilibrium. However,
biological systems are also highly adaptive as a
result of a multitude of positive and negative
feedback loops that lead to some of the most
fascinating and important characteristics of life,
self-organization and emergence [6]. Adaptation
requires the sensing, identification, integration
and reaction to external and internal stimuli
across many scales. The time scales in which
biological systems operate and react can range
from seconds and minutes to hours, days or
years. In analogy to the description of biological
systems as networks, diseases and their devel-
opment can be described as perturbations of
networks loosing resilience over time and even-
tually tipping into undesired disease states [7].

11.3 Theoretical Background
and Conceptual Framework
of Critical Transitions

A major impetus for the study of complex bio-
logical and disease systems has been derived
from physics, particularly from non-equilibrium
dynamics. Of particular interest are critical tran-
sitions or catastrophic shifts, where a so-called
tipping point is reached and the system rapidly
shifts from one stable state to another qualita-
tively different state. The switch from one state to
another can be a result of either their intrinsic
dynamics, of external forcing and perturbations
or combination of both. Critical transitions occur
when a critical threshold is crossed and reflect the
long-lasting re-organizations of a complex sys-
tem that can subsequently lead to a sudden and
rapid change and a qualitatively different system
state [8, 24].

One of the first models used to unravel
potential universalities of critical transitions was
the 2D—"“Ising model”. This model describes
phase transitions of ferromagnetic material at a
critical temperature [9, 10]. The Ising model is an
idealized statistical-physics model of ferromag-
netic material based on simple interacting mag-
netic spins that nevertheless leads to basic
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insights and features of real magnets such as
phase transitions at a critical point. While math-
ematically simple, this model captures funda-
mental characteristics of phase transitions and is
widely used to model transitions in very diverse
systems like crises in financial markets [11].

External forces like environmental perturba-
tions or changes in the underlying network
structure [7] can lead to a continuous or rapid
shift from one stable state to another.
Well-functioning feedback processes typically
ensure a rapid adaptation response to such
changing environmental conditions in a way that
the system can quickly and reversibly shift
within certain boundaries [12]. Such a region of
resilience indicates a basin of attraction of the
system. However, once a tipping point has been
crossed and a critical transition occurred, the
system state might reach a new qualitatively
different attractor that is rather stable and might
even become irreversible. Reversing to the pre-
vious attractor often requires more energy than
was required in the forward reaction—a phe-
nomenon called hysteresis.

A first biological metaphor used by Conrad
Waddington describes cell differentiation as an
energy landscape in which the relative strengths
of attractors are represented as valleys and hills,
and the trajectory of the development of a system
(or cell) state is considered as the rolling of a ball
from the top to the bottom of this landscape.
Jumping from one valley, or attractor, to another,
requires energy and occurs with a certain prob-
ability [13]. The corresponding probability
function is influenced by a change in the local or
global landscape such as the shape of a valley.
A transition between attractors can occur by
putting more energy into the system either in an
inductive way such as by specific transcription
factors or in a stochastic manner like in sponta-
neous differentiation. The landscape metaphor
explains why small external perturbations can be
sufficient to change a trajectory from one attrac-
tor to another when a system moves closer to a
tipping point, which corresponds to a summit or
branching valleys in the landscape.

The existence of alternative stable system
states and their sudden and dramatic changes has
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also been observed in a wide range of complex
systems such as in ecosystems, climate, financial
markets or in diverse biological systems [14-21].
Such regime shifts can have serious conse-
quences, e.g., for the environment or the health
of a person. Bifurcation theory can be used to
describe the structural changes that occur in the
development of a dynamic system. Based on
system parameters, bifurcation analysis can
identify regimes of unique or multistable attrac-
tors, classify their underlying dynamics into
oscillatory or damped relaxation and predict
transition between them. Dependent on the
response of the system after moving beyond a
tipping point, different classes of bifurcations
have been defined that can lead to multiple
equilibria and attractor states, e.g., saddle-node-,
trans-critical- or Hopf-bifurcations [22, 23].

11.4 Early Warning Signals
of Critical Transitions
in Complex Systems

While bifurcation theory is applicable for sys-
tems that are fully defined by a complete set of
dynamic equations, such a description for
high-dimensional, complex real-world systems is
typically lacking. However, comparisons of the
response of different complex systems have led
to the conclusion that certain generic features of
the underlying network structure might still
indicate whether such a critical threshold exists
[25]. Interestingly, recent investigations suggest
the existence of certain generic indicators that
can be used as an “Early warning signal”
(EWS) that indicates if the system is moving
close to a tipping point [24-27]. The identifica-
tion of early warning signals could help to
develop risk management strategies and initiate
compensatory measures or in an ideal scenario
allow the prevention of an upcoming critical
transitions. For this reason, understanding the
theoretical and mechanistical basis of early
warning signals and the identification of generic
parameters that indicate such shifts are an intense
area of research in many disciplines like in
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climate research, ecology, economics or sociol-
ogy [20, 26, 27]. Although it is now recognized
that dynamics of many complex systems exhibit
some universal properties near critical transition
points (Fig. 11.1), accurate predictions of catas-
trophic shifts remain a challenge.

Empirical and theoretical studies suggest that
the recovery rate at which a system returns to its
initial equilibrium state after a small perturbation
is reducing when a critical transition is approa-
ched [26]. The stability of the attractor (corre-
sponding to the depth of a valley in the energy
landscape) shrinks, and as a result the resilience
of the system decreases. The increased time
needed for recovery might then be used to esti-
mate the distance of the system to a tipping point.
This phenomenon is called “Critical Slowing
Down” (CSD). Critical slowing down might only
apply for systems around their equilibrium point
under conditions of small stochastic fluctuations
[28]. Nevertheless, evidence for CSD has been
found in paleoclimate records in the context of
logistically growing resources such as excessive
grazing, fishing or biomass harvesting [29].
Critical slowing down has also been shown to
indicate the transition of spiking in neurons of
the mammalian cortex [30] and the
self-termination of human seizures [31].

If a system approaches an underlying bifur-
cation, critical slowing down can also be mea-
sured by an increase in the autocorrelation of its
dynamic observables. Larger and stronger cor-
relations are observed between successive states
of the system over time. This increase in auto-
correlation reflects a longer memory for pertur-
bations because it takes more time for the impact
of the external forcing to dissolve [26]. In addi-
tion to the increased recovery time and the
increased autocorrelation, the variance of the
fluctuations of the system is going up due to the
decreased stability of the attractor. In some crit-
ical transitions, the system exhibits flickering
when the intermediately decreased separation of
attractors allows for stochastic back and worth
transitions until the alternative attractor is even-
tually gaining stability and becoming the new
stable state [32]. Therefore, flickering can be



98

R. Balling et al.

Critical

phenotype

distribution

slowing
dow

O Health
Q_ ——
> A ¥FTP
o) ol
5|
RTPe é
£ Y
Disease
Condition

Emerging properties

Fig. 11.1 Temporal and conditional warning signals

considered as an extreme mechanism captured by
an increase in variance. Since both autocorrela-
tion and variance measure rates of change, it is
not surprising that also higher moments, which
quantify the properties of fluctuations, like
skewness and kurtosis, change [33].

11.5 From Physics and Ecology
to Clinical Medicine

So far, research on early warning signals and
critical transitions was mainly carried out in
applications related to theoretical and practical
physics and ecosystems. However, many aging
and chronic diseases are also characterized by a

loss of resilience and a sudden transition from a
healthy to a preclinical disease state and finally to
a clinical state with overt disease symptoms
arising. Catastrophic shifts can, e.g., be observed
during the progression trajectories of acute or
chronic diseases, such as cardiovascular events,
epilepsy or diabetes [34-36].

Key contributions to the study of complex
biological systems were made by Stuart Kauff-
man and his collaborators. They proposed that
cell differentiation can be described as dynamical
attractors of gene regulatory networks and the
development of specific cell types as transitions
between cell fate attractors [37]. Transcript pro-
filing was used to describe the state of a cellular
system as a “Waddington type landscape” with
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the valleys representing attractors. A differentia-
tion process is therefore dependent on its current
state, the architecture of the surrounding land-
scape, but it is also a stochastic process with
Markov-like processes of transition probabilities
reflecting the inherent molecular noise [38].
Disruption of regulatory networks by genetic or
environmental perturbation can lead to changes
in the network topology by rewiring and induce
different cell types or abnormalities in cell dif-
ferentiation as it is seen, e.g., in cancer [37]. The
ability to follow the expression-trajectories of
individual genes during differentiation and dis-
eases processes has opened new opportunities to
identify critical transitions and potential corre-
sponding early warning signals.

A “thermodynamically inspired” approach,
known as surprisal analysis, has been introduced
by Remacle et al. [39] and applied by Zadran et al.
[40] to monitor global miRNA expression in
glioblastoma patients. Instead of using fold-
changes and cutoffs of transcripts, thermody-
namic weights that are proportional to the tran-
script abundance were used, a concept borrowed
from information theory. In this approach, the
most stable balanced transcript distribution is
identified at every stage of the disease, in addition
to the less stable transcriptional networks that
maintain cells away from the balanced state. The
authors were able to identify a glioblastoma-
specific signature that allowed the discrimination
of healthy and glioblastoma patients. Kravchenko-
Balasha et al. [41] extended the thermodynamic-
based approach to proteomic data.

11.6 Dynamic Network Biomarkers

While in many physical and some biological
systems, few quantities can be monitored with
high temporal resolution, complex biological
networks can be typically only characterized at a
few time points but therefore  with
high-dimensional omics readouts. To address this
challenge, Chen et al. [42] developed the concept
of “Dynamical network biomarkers (DNB)” as a
means to identify early warning signals for an
imminent phase transition in the development of
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diseases [43]. Whereas it is generally possible to
identify a disease state from a healthy state, it is
much more difficult to discriminate a pre-disease
state from a healthy state. DNB explores the
information of molecular fluctuations as well as
the correlations between molecules in
high-dimensional gene expression data. Within
the transcriptome of a patient, a subset of tran-
scripts undergoes significant changes that are
indicative of an imminent phase transition.
A specific group of transcripts can be identified
whose average Pearson’s correlation coefficients
(PCC) is drastically increased in absolute value.
When comparing the average PCC of transcripts
between this group and transcripts that are out-
side of this group, PCC drastically decreases in
absolute value. In addition, the average standard
deviations of transcripts in the inner core group
drastically increase, reflecting their higher fluc-
tuation. This group is called by the authors the
“dominant group of the system.” It is a change in
correlation as well as variation of the members of
the dominant group in relation to other subgroups
that is monitored and integrated as a single
composite “critical index” [42, 44]. The elements
of the dominant group behave dynamically in a
strongly collective manner with respect to the
fluctuation as well as the correlation of elements
in a molecular network, which is the basis for
calling the approach “Dynamic network
biomarkers.” Using microarray data from a range
of diseases such as lung injury, liver cancer or
lymphoma cancer, they were indeed able to
detect the critical transition from a healthy to a
pre-disease state [45].

The group of L. Chen was also able to identify
tissue-specific dynamic network biomarkers in
liver, adipose and muscle during type 2 diabetes
development and progression [45]. Recently, the
concept was extended to the analysis of
single-sample dynamic network biomarkers by
integrating the expression from an individual
sample with information on the expression of
every gene from a reference population data set
from which the potentially modified dynamics is
inferred [46].

A major step forward in the attempt to use
transcriptome or proteome data for the analysis
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of diseases progressions is the analysis of
single-cell transcriptomics and proteomics. Moj-
tahedi et al. [47] described cell fate decisions
between the myeloid and the erythroid blood cell
lineage as high-dimensional state transitions.
Using single-cell RNA-Seq data analysis, they
were able to demonstrate that the differentiation
of blood progenitor cells to the erythroid or
myeloid cell lineage is preceded by a destabi-
lization of their high-dimensional gene expres-
sion configuration. The differentiating cells
undergo a critical transition, which was charac-
terized by a new gene expression attractor state.
A quantitative index based on a decrease of
correlation between cells and a concomitant
increase of correlation between genes was
established and found to be a suitable early
warning signal associated with the underlying
critical transition. So-called rebellious cells were
discovered to make the transition into a new
attractor in a stochastic manner. Because of the
high inter-individual variation and because each
patient might have their specific individual dis-
ease trajectory, dynamic network biomarkers
could overcome the problems related to the loss
of the signal in averaged group measurements.

11.7 Extracting Early Warning
Signals from Electronic Health
Records

Within the next years, we can expect that elec-
tronic medical records will become an estab-
lished component of modern healthcare
provision. The information contained in state-
wide or nationwide electronic medical records
bears a tremendous potential to obtain an
improved understanding of disease processes.
Electronic medical records might also be used for
the identification of early warning signals of
critical transitions. The first study of this kind has
recently been published by Jin et al. [48]. Using
electronic health records from the entire state of
Maine, the authors collected a comprehensive
historical longitudinal electronic health record
data set of a cohort of more than 7000 type 2
diabetes patients. Applying a “transition-based
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network entropy methodology” to the cohort’s
clinical records, they succeeded in showing the
existence of a critical transition between a
pre-disease and a type 2 diabetes state.

11.7.1 A Note of Caution

Despite the optimism that critical transitions
might become predictable, there are a number of
caveats that need caution and further research
[49]. For critical transitions in complex systems,
such as the development of a disease, an ice age
or the development of a desert, it is often difficult
to obtain sufficient high-resolution time-series
data that allow a robust prediction of the future
trajectory with currently available methods. In
most cases, the mechanistic process that is
responsible for generating the observed data is
unknown and we cannot describe the underlying
system dynamics to analyze whether one or
several critical or bifurcation points exists at all
or whether past transitions were purely noise
induced and the result of a rare event that pushed
the system over a tipping point [50]. These issues
lead to an inherent uncertainty of tipping point
predictions based on our current understanding
[51] and demonstrate the need to analyze differ-
ent classes of bifurcations and their behavior in
the vicinity of tipping points for the development
for robust EWS.

The complexity of high-dimensional and often
non-linear systems has given rise to some skep-
ticism whether disease-trajectories can be pre-
dicted. This pessimism might be somewhat
warranted in ecological, social or financial sys-
tems. However, we should be much more opti-
mistic for organisms and disease systems.
Biological systems operate within the constraints
of the genome inherited from one generation to
the other and are less free to fill the space of
potential system states as it is the case in the
aforementioned areas. While currently adequate
data sets are still rare, this situation is rapidly
changing. We will be able to extract from mil-
lions of patients generalities and common paths
that guide potential trajectories. At least, we will
have individualized risk scores that have a much
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higher predictability than what is currently
available.

A major challenge in the study of complex
non-linear systems is the heterogeneity in terms
of the underlying systems architecture and the
major external or internal constraints that act on
the complex system under study. We cannot
expect that different complex systems behave in a
similar way and will show system specific char-
acteristics and behavior close to tipping points.
For a systematic understanding of EWS, it will
be therefore essential to develop a systematic
classification of critical transitions, similar to a
“Catalogue of abrupt shifts” that has been
assembled for climate change models [52] and
contrast this with relevant biomedical data. For
disease prediction, dynamical systems theory
strongly suggests the use of personalized longi-
tudinal data that will support the establishment of
more robust individualized risk scores by com-
pensating inter-individual heterogeneity.

11.8 The Next Challenge: Beyond
Correlation—Causal Inference

There is evidence that, in order to achieve an
optimal balance between robustness and flexi-
bility, biological systems operate at the edge of a
critical transition [53]. This “criticality” might
not only allow for the flexibility in responding to
environmental stimuli, but might also be the
basis for the development of the system toward a
pathogenic disease state. Transferring concepts
from physics and ecology to biomedical appli-
cations might be a powerful approach and give us
new insights into the pathogenesis of diseases.
A major goal of modern precision based
medicine is the identification of early risk
markers that help to prevent or ameliorate a
disease long before the disease manifests itself.
The challenges involved, such as the uncertainty
of external forces or the lack of an understanding
of the underlying systems structure, are very
similar to many multi-dimensional adaptive and
complex ecosystems. However, in contrast to
many ecological, social or financial complex
systems, the potential trajectory space of
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biological systems is genetically constrained.
Once we understand the genetic circuitry and
regulation of a biological system, we might be in
a better position to predict the future develop-
ment of the disease trajectory and progression.

For thousands of years, doctors made diag-
nostic and therapeutic decisions on the basis of
their individual and collective experience. Out-
standing doctors were able to recognize specific
symptoms and features in patients and associate
them with the most likely future trajectories of a
disease. The quality of a doctor was depending
on the accuracy and the precision of their diag-
nosis combined with their ability to use diag-
nostic features as an input for their medical and
clinical decisions. The better the input, the better
the output or the outcome for the patient. The
revolution in molecular biology and genetics has
now opened the path not only for a better clas-
sification of diseases but also for a mechanistic
understanding of disease pathogenesis. Time has
come to go beyond correlation analysis of, e.g.,
genes and phenotypes and tackle the much more
difficult frontier of causality. Data-driven
approaches such as machine learning and artifi-
cial intelligence are very successful in classifi-
cation but at the current time do not provide us
with mechanistic insight. The application of
graphical inference methods, e.g., those devel-
oped by Judea Pearl [54, 55] to biomedical data
might provide us with useful mathematical and
modeling tools to move from correlation to
causality in medicine.
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Beyond light emission, harnessing absorbed light
energy to perform useful chemical work is an
alternative route of utilization upon excitation of
SCNC. This route is typically inefficient com-
pared to other competing relaxation pathways,
resulting in low photocatalytic activity in the
absence of co-catalysts.

The capacity to grow a metal domain on the
SCNCs, which forms a semiconductor—metal
hybrid nanoparticle, laid the foundation to over-
come the aforementioned low-efficiency limita-
tion. Semiconductor-metal hybrid nanoparticles
(HNPs) with various shapes, dimensions, and
compositions have already been synthesized.
These HNPs manifest intrinsic charge separation
following the light absorption, which combined
with the inherently reactive nanometal surface,
increases their photocatalytic efficacy signifi-
cantly. Recently, the photocatalytic functionality
was realized for reactive species formation by
HNPs, allowing their implementation in pro-
cesses and systems which benefit from their
tunable features, prolonged activity and the
ability to produce reactive species in high spa-
tiotemporal resolution on demand.
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Here, we introduce SCNC and their virtues,
present the “all in one system” concept for
semiconductor-metal HNPs, and summarize
their emerging photocatalytic functions, includ-
ing as photocatalysts for solar-to-fuel conversion
and as photoinitiators for photo-curing and
biomedical applications, such as phototherapy,
sterilization, and diagnostics.

Introduction
to Semiconductor
Nanocrystals

12.1

Colloidal semiconductor nanoparticles are crys-
talline structures composed of tens to few thou-
sands of atoms with all three dimensions in the
nanometer scale (1-100 nm). In the nano-regime,
semiconductor particles show unique and inter-
esting size-dependent properties, dissimilar to
those of their bulks, offering a new world of
materials which are also broadly applicable in
diverse fields.

Semiconductor materials are defined by hav-
ing an energy band gap, which is small enough to
allow the excitation of electrons from the highest
full energy band (namely the valence band), to
the lowest empty conduction band. Light exci-
tation of the semiconductor results in the for-
mation of an electron-hole pair, an exciton,
which can recombine while emitting a photon
with the characteristic nanocrystals band gap
energy. Figure 12.1a schematically presents the
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energy bands in bulk and in nanocrystals. Bulk
materials possess continuous energy bands with
band gap energy determined by the composition
of the material. Nanocrystals, on the other hand,
are characterized by dense discrete energy states.
As the particles get bigger, the energy states
become denser and the band gap gets smaller. In
dimensions which are smaller than the excitonic
Bohr radius of the material, strong quantum
effects arise from the confinement of the charge
carriers to the finite dimensions of the crystal.
Similar to a particle in a box model, as the
nanoparticle becomes smaller, the band gap
increases. Figure 12.1b shows an example for the
utilization of this phenomenon for controlling the
emission spectra of semiconductor nanoparticles.
During the growth of the nanoparticles, their
band gap energy decreases and the emission
spectrum is shifted to longer wavelengths.
Therefore, the final characteristics of nanocrys-
tals can be adjusted by altering their size, shape,
and composition.

Another important aspect of nanocrystals is
their surface coating. Nanocrystals are typically
covered by organic ligands, which are used dur-
ing their synthesis to control crystal growth,
determine their shape and stabilize them. These
ligands play a crucial role in the solubility, col-
loidal stability, and interactions of the nanocrys-
tals with the surrounding milieu. Therefore,
different ligand exchange and polymer-coating
procedures have been developed. Figure 12.1c
displays a selection of surface-coating approa-
ches, for example, ligand exchange with hydro-
philic thiolate ligands such as mercaptopropionic
acid and dihydrolipoic acid which can be used for
the phase transfer of nanocrystals into water.

In the last three decades, extensive research
was directed to understand how the nanocrystals’
nature, their ligands, and the environment affect
their chemical, optical, and electronic properties.
These studies revealed exceptional inherent
properties of SCNC which give them significant
advantages in specific applications over organic
molecules. For example, Fig. 12.1d exhibits that
nanocrystals have broad absorption with an onset
that depends on their size allowing the excitation
of several different nanocrystals using a single
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illumination source. In contrast, organic dye
molecules have narrow absorption spectrum,
which requires matching the light source’s
wavelength to the absorption spectrum of the
specific dye. Such colloidal quantum materials
have also shown very good photochemical sta-
bility allowing their use in harsh environmen-
tal conditions and in applications which require
long-term excitation [3].

Another advantage of SCNCs stems from the
gigantic absorption cross section of semicon-
ductor nanocrystals in comparison with organic
molecules which provides very high light sensi-
tivity. The difference in the absorption cross
section is even more pronounced for two-photon
absorption, which depends quadratically on the
excitation intensity [4-6]. Two-photon measure-
ments exploit the absorption of two photons with
lower energy, usually in the infra-red. This
allows achieving reduced damage to the excited
sample, higher resolution along the Z dimension,
and increased penetration depth into tissues and
solutions that scatter or absorb photons in the
visible range. The outstanding compatibility of
nanocrystals for two-photon modalities is
specifically important for medical purposes, such
as non-invasive imaging, and as will be elabo-
rated in Sects. 2.3 and 2.4 also for phototherapy
and for high-resolution 3D printing.

Besides these intrinsic traits of semiconductor
nanocrystals, other particular advantages can
originate from the use of nanocrystals with
specific shapes and architectures. For example,
semiconductor quantum rods present linearly
polarized emission that was used to detect chan-
ges in the orientation of labeled biomolecules [7,
8], and was suggested to provide an interesting
approach for energy savings in LCD display
backlights [9].

Introduction
to Semiconductor—Metal
Hybrid Nanocrystals

12.2

The commercialization of nanocrystals as emitting
materials for displays and as fluorescent markers
for imaging along with the developments in their
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Fig. 12.1 a Schematic presentation of nanoparticles’
discrete electronic bands and the continuous bands of bulk
semiconductor. As the nanoparticles get larger, the
discrete bands become denser and the energy band gap
between the valence and conduction bands decrease.
b CdSe SCNCs with different sizes exhibit emission in all
the visible range. Smaller SCNCs have larger band gap
and hence exhibit emission in shorter wavelengths and
vice versa. ¢ The organic surface coating of nanocrystals
can be replaced by ligand exchange, polymer coating, or

syntheses pave the way for future nanocrystal-
based applications. Here, we will present the
concept of semiconductor—metal hybrid nanopar-
ticles, introduce their photocatalytic activities,
and overview their advantages for emerging
utilizations.

In 2004, our group has shown a selective
growth of a metal domain on the apex of semi-
conductor nanorods forming semiconductor—
metal hybrid nanocrystals [10]. This was
achievable by the reduction of metal salt, namely
AuCl; by octadecylamine using the apex of the
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encapsulation to regulate their solubility, colloidal stabil-
ity, interactions, and energy and charge transfer processes.
d Absorption spectra of CdS quantum dots showing broad
absorption covering both UV and VIS ranges. As the
nanoparticles are larger, the absorption onset is shifted to
longer wavelengths. Figure lc, d are republished with the
permission of The Royal Society of Chemistry and are
taken from Tyrakowski and Snee [1] and Veamatahua
et al. [2] respectively; permission conveyed through
Copyright Clearance Center, Inc

nanocrystal as a preferential reactive nucleation
center. Interestingly, a unique feature of intrinsic
charge separation upon light excitation was
observed, with electrons moving to the metal tip
and the holes residing in the semiconductor. This,
combined with the catalytic nature of metallic
nanocrystals, provide high photocatalytic activity
as discussed in detail in Sect. 2.1.

The exceptional hybrid structure along with
the combined and synergistic properties that
stemmed from the nanoscale semiconductor—
metal interface have led to the formation of a new
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Fig. 12.2 Transmission electron microscopy images of
a Au-CdS core/shell dots, scale bar 50 nm, b CdSe/CdS
seeded nanorods with “body decoration” of small gold
nanoparticles, scale bar 20 nm and ¢ CdS nanorods with

research field in the nanomaterials world. To date,
hybrid nanocrystals with various semiconductor
and metal compositions, dimensions, and archi-
tectures (e.g., single tip, dumbbells, core/shell
structures, and body decoration) have been syn-
thesized (see few examples in Fig. 12.2), char-
acterized for their optical and electronic traits and
studied for their photocatalytic activities [11].
One of the main photocatalytic applications that
were widely examined in the last decade is the
green production of fuel by water splitting to
produce hydrogen gas.

12.2.1 Solar Energy for Alternative

Green Fuel

Environmental manufacturing of green fuels is
one of the holy grails of the twenty-first century.
One promising approach to achieve this is by
harvesting solar energy for hydrogen gas gener-
ation via water reduction. The formed hydrogen
can further be reacted in a controlled manner
with oxygen in a suitable fuel cell to provide
electricity while forming back water resulting in
a zero-emission cycle.

Semiconductor—metal hybrid nanoparticles
can be engineered to have band alignment that
will provide sufficient over-potential to reduce
water by photo-excited electrons. This, along
with the possibility to have high light sensitivity
in a wide range of wavelengths, covering the VIS
and UV spectra, plus the high photochemical

4

single gold metal tip, scale bar 10 nm. (a, b) Reprinted
and adapted with permission from Chen Wei-Ta et al. [12]
and Menagen et al. [13], Copyright 2008 American
Chemical Society

stability that can permit extended use of HNPs,
make them good candidates for photocatalytic
production of hydrogen gas.

The generation of hydrogen gas by HNPs, as
well as all forms of their photocatalytic func-
tionality, involves three main steps presented in
Fig. 12.3a: (1) Absorption of light by the semi-
conductor component; (2) Rapid charge separa-
tion, with the electron transferring to the metal
domain; (3) Participation of the charge carriers in
redox reactions, which for H, formation includes
a two-electron reduction of two water molecules
on the catalytic metal. Additional examples of
possible photocatalytic products, such as oxygen
gas and reactive oxygen species, are given in
Fig. 12.3b, c.

Various experiments have been performed to
study how the properties of the HNPs affect their
photocatalytic efficiency, in a search for the
maximal quantum yield. This reductionist
approach is enabled by the achievement of good
control over various features such as the surface
ligands, the metal tip size, its location, and oth-
ers. The studies provide a basis to understand the
role of the various characteristics on the photo-
catalytic functionality and have revealed three
main pillars on which it depends: the HNP
characteristics, their surface coating, and the
environmental conditions.

For hydrogen generation, the semiconductor
and metal compositions should be carefully
selected to have band gap that will allow maxi-
mal coverage of the solar spectrum while
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Fig. 12.3 Schematics of a general photocatalytic pro-
cess. (a) Light excitation of the semiconductor component
excites electron to the conduction band and leaves a hole
in the valence band. Then, fast intrinsic charge transfer of
the electron to the metal domain results in spatial charge
separation allowing the charge carriers to participate in

providing sufficient over-potential above the
water reduction potential. The work function of
metal nanoparticles decreases as their size
increases, and therefore the latter also depends on
the size of the metal tip [15, 16]. This was sug-
gested to result in an exponential decrease in the
water reduction kinetics with decreased metal
island radius. Yet, Fig. 12.4a shows a result
taken from a recent experimental work supported
by a theoretical model, with a non-monotonic
photocatalytic behavior with the change in metal
tip size [17]. This was explained by the presence
of the charge separation step, which has an
opposing size effect on account of increasing
density of states that leads to enhanced charge
separation for larger metal tip sizes.

Another set of experiments revealed the
superiority of HNPs with the semiconductor in
the shape of nanorods relative to spherical dot,

redox reactions. Products of hole mediated oxidized
entities (b) and electron-mediated reduced entities (c).
Republished with permission of John Wiley & Sons, Inc.
Advance Materials 2018 30 (41), 1706697 [14]; permis-
sion conveyed through Copyright Clearance Center, Inc

resulting from the better charge separation in the
former. Interestingly, also here a delicate balance
was described for the optimal nanorods’ length.
For example, comparison of CdSe/CdS core/shell
nanorods with Pt tip, wherein the holes tend to be
localized to the core material have suggested that
the photocatalytic activity of short nanorods is
limited due to strong Coulombic interactions
between the charge carriers, whereas the long
nanorods reduce this effect but can have more
surface defects which can be detrimental for the
photocatalytic activity [18].

The surface of the nanocrystals is another
important aspect affecting the photocatalysis.
Figure 12.4b shows a comparison between
Au-tipped CdS nanorods with diverse surface
coatings showing outstanding photocatalytic per-
formances for polyethyleneimine-(PEI)-capped
HNPs with respect to the previously used thiolate
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Fig. 12.4 Metal tip size and surface coating effect on
hydrogen gas formation by HNPs. a An optimum size for
gold metal tip on CdS nanorods was found resulting from
two opposing observed trends; on one hand, larger metals
enhance charge separation rate but, on the other hand, they
reduce the over-potential required for efficient charge
transfer from the metal for water reduction. In blue are the
experimental results of the amount of hydrogen gas
formation per hour and in red the data after normalization
to the absorption of the semiconductor component on the
HNPs. Reproduced with permission [17]. Copyright 2016
Nature Publishing Group. b HNPs coated with polyethylen-
imine (PEI) show the highest hydrogen gas formation
compared to other examined surface coatings. This result

ligand coatings [19]. This was attributed to a better
passivation of surface traps by PEI which abol-
ishes the main competing relaxation route of hole
trapping that also localizes the electron due to the
Coulomb interactions. As mentioned above, the
surface coating also determines the colloidal sta-
bility of the nanocrystals, which again favors for
polymer coating such as PEI which has multiple
anchoring points to the nanocrystal and provides
enhanced steric stability over the examined
mono-dentate ligands. Moreover, the stability of
PEI coated NCs in acidic pH is also improved in
comparison with thiolate ligands, in which the
thiol-anchoring group becomes protonated and
dissociates from the NC surface [20].

The pH of the solution can also affect the pho-
tocatalytic activity in a reaction-dependent man-
ner. For example, the redox potential of hydroxyl
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% H, QY

was contributed to a better passivation of surface traps by
this polymer. HNPs after ligand exchange with glutathione
(GSH) or after encapsulation with amphiphilic polymer,
poly-styrene-co-maleic anhydride (PSMA) opened with
ethanolamine (EA) or hydrazine (Hyz) show moderate H,
formation. The lowest photocatalytic activities were seen
after ligand exchange with mercapto-alkyl ligands, includ-
ing 11-mercaptoundecanoic acid (MUA), 6-mercapto
hexanoic acid (MHA), 3-mercaptopropionic acid (MPA),
2-mercaptoethanesulfonic acid (MSA), and O-(2-carboxy
ethyl)-O’-(2-mercaptoethyl)heptaethylene glycol (S-PEG).
Republished with permission of John Wiley & Sons, Inc.
Ben-Shahar Y. et al, Small 2014 [19]; permission
conveyed through Copyright Clearance Center, Inc

anion changes with the pH by —59 mV/pH unit, in
agreement with Nernst equation. On the other
hand, the valence and conduction bands energies
were suggested to have different pH dependences.
For example, for CdS coated with mercaptopro-
pionic acid, it was measured to be —33 mV/pH
unit, resulting in a crossover of the hydroxide
oxidation potential and the CdS valence band
energy [21]. This enables to extract the holes for
the oxidation of hydroxide molecules, in strong
alkaline conditions, yielding higher rates of
hydrogen gas production. Even though this
example works specifically for CdS and similar
systems with energy bands which are relatively
close to the redox potential [22], the generality of
enhancing the catalytic activity by the introduction
of sacrificial hole scavengers was widely demon-
strated [23].
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12.2.2 Light-Induced ROS Formation

The developments in the synthesis of hybrid
nanocrystals along with their characterization
and optimization toward photocatalytic hydrogen
generation laid the basis for their utilization as
efficient photocatalysts in additional redox reac-
tions. One family of reactions that holds a great
promise for a wide range of industrial applica-
tions is the light-induced formation of reactive
species in general and of reactive oxygen species
(ROS) in particular.

Electron paramagnetic resonance (EPR) mea-
surements along with colorimetric and fluores-
cence assays have revealed the excitation of
SCNC can lead to the formation of four main
ROS [24]: Superoxide formed by one electron
transfer from the conduction band of the semi-
conductor to molecular oxygen (Fig. 12.3c);
Hydrogen peroxide formed by further reduction
of superoxide in a process involving an addi-
tional electron and two protons (Fig. 12.3c);
hydroxyl radicals produced by the oxidation of
water and hydroxide by the valance band holes
(Fig. 12.3b); and singlet oxygen formed by the
oxidation of superoxide or by energy transfer to a
triplet ground state of molecular oxygen. The
different reactive species can further convert
from one to the other on the surface of the
nanocrystals or in solution. For example,
hydrogen peroxide can thermally decompose to
hydroxyl radicals or can be formed by dimer-
ization of two hydroxyl radicals with opposite
spins on the surface of TiO, [25].

In continuation of the characterization of the
light-induced ROS formation by semiconductor
nanocrystals, researchers have attempted to apply
these photocatalytic activities. For example, the
utilization of nanocrystals as photoinitiators for
photo-curing or as photocatalysts for water
purification and antibacterial applications were
investigated. However, so far the realization of
the semiconductor nanocrystals in these appli-
cations and others was limited mainly due to
dominant competing relaxation modes that
decrease the photocatalytic efficiency.

The introduction of HNPs with notable pho-
tocatalytic activity has opened the path for their
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investigation also for the production of ROS.
Figure 12.5a shows that light excitation of
CdS-Au in water has resulted in significant faster
consumption of molecular oxygen in comparison
with bare nanorods [26]. In-depth inquiry has
revealed that the molecular oxygen was reduced,
by both the CdS nanorods and HNPs, to produce
superoxide. However, in comparison with the
former, the HNPs also yielded a substantial
amount of hydrogen peroxide.

Complementary experiments performed under
argon flow, eliminated the formation of the
reduction products, whereas experiments in the
presence of hole acceptors showed an increase in
their quantities. These indicated that the super-
oxide and hydrogen peroxide were indeed
formed by the reduction of molecular oxygen.
Figure 12.5b demonstrates that parallel investi-
gation of the oxidation capacity has also shown
enhanced production of hydroxyl radicals by
HNPs in comparison with the bare nanorods.
This was attributed to the cancelation of the
radiative relaxation route due to the efficient
charge separation in the HNP systems [26].

The catalytic activity toward reactive species
production, in general, was found to depend,
similar to hydrogen generation, on the composi-
tion of the semiconductor and metal, the
dimensions of the nanocrystals and their surface
coating. However, since, there are several paral-
lel and competing catalytic pathways, the band
alignment engineering, through the composition
and dimensions of the nanocrystals, is also rele-
vant for tuning the specificity of the produced
ROS. For example, Niemeyer et al., showed that
CdSe nanocrystals produce hydroxyl radicals,
whereas CdS nanocrystals produce a higher
amount of hydroxyl radicals and also superoxide
[27]. These results were attributed to the larger
band gap of CdS making it more compatible with
the production of the two reactive species. Fur-
ther experiments with HNPs showed that
CdSe/CdS-Au  core/shell-metal  nanocrystals
produce less hydroxyl radicals than CdS-Au NCs
due to the localization of the holes in the CdSe
seeds in the former [26].

Another important factor that is affected by
the nanocrystal composition and, in turn, affects
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Fig. 12.5 Characteristics of ROS formation by semicon-
ductor nanocrystals. a Enhanced molecular oxygen con-
sumption by HNPs (black) in comparison with bare
nanorods (blue). Reproduced with permission [26].
Copyright 2016, American Chemical Society. b Faster
hydroxyl radical formation by HNPs (black) relative to
nanorods (blue) is observed by terephthalic acid assay.
Control experiments without nanocrystals (purple) or in
the presence of ethanol which is hydroxyl radical
scavenger (orange) showed negligible signals. Repro-
duced with permission [26]. Copyright 2016, American
Chemical Society. ¢ Selectivity dictated by the metal. The
quantum yield for hydrogen peroxide production is higher
for HNPs than bare nanorods. However, Au-tipped HNPs
show significantly elevated QY over Pt-tipped HNPs.
Republished with permission of John Wiley & Sons, Inc.
D. Stone et al., ChemCatChem 2018 [28]; permission

the possible catalytic reactions is the adsorption
energy of different molecular species to the
reactive site. Comparison of the photocatalytic
activities of CdS-Au and CdS-Pt, presented in
Fig. 12.5¢c, has shown significantly higher H,O,
production by the former [28]. This result,
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d EPR data, with 5,5-Dimethyl-1-pyrroline N-oxide
(DMPO) as a radical trapping agent, obtained following
the light excitation of CdS quantum dots coated with
mercapto-acetic  acid (MAA), cysteamine and
2-mercaptoethansulfonic acid (CM) and tiopronin
(TPN), shows different spectra, indicating the surface
coating affects the type and amount of the produced
radicals. Sextet signal (marked with *) corresponds to
DMPO adduct of superoxide radicals (ay = 16 G, ay =
23 G) or DMPO adduct of carbonyl radical for the TPN
spectrum (ay = 15 G, ay =23.25 G) and the quartet
component, marked with a dot, represents hydroxyl
radical signal. Reproduced with permission of The Royal
Society of Chemistry, from Rajendran et al. [29];
permission conveyed through Copyright Clearance Cen-
ter, Inc

which is opposite to the notion CdS-Pt produce
more hydrogen gas than CdS-Au, was attributed
to the stronger binding energy of molecular
oxygen to the platinum surface resulting in
dissociative adsorption and hence less H,0O,
formation.
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The surface coating of the particles also
affects the efficiency and specificity through
several routes. The effect of the surface coating
on reactive species formation by passivation of
surface traps is similar to that observed for
hydrogen generation [26]. However, influences
by other mechanisms such as the accessibility of
the molecular species that participate in the
reactive species formation and the ability of the
reactive species to reach the solution through the
surface coating without further interaction
strongly depend on the specific surface coating
and the involved molecular species. For example,
as shown in Fig. 12.4b, Poly(styrene-co-maleic
anhydride) (PSMA) as surface coating showed
medium capacity for hydrogen generation in
comparison with PEI and thiolate ligands.
However, the production of hydrogen peroxide
by PSMA-coated hybrid nanocrystals was neg-
ligible [26]. Another example is presented in
Fig. 12.5d. EPR experiments done by Rajendran
et al., showed that CdS nanocrystals coated with
mercaptoacetic acid produce superoxide and
hydroxyl radicals, whereas the same particles
coated with tiopronin produce hydroxyl radicals
and carbonyl radicals [29]. The latter was sug-
gested to result from fast interaction of the
superoxide with the capping ligands.

12.2.3 Photo-Curing and 3D Printing

One field that can benefit from the enhanced
reactive species formation by HNPs is
photo-curing in general and 3D printing in water
in particular. Photo-curing is a technique that
uses light to initiate polymerization. This process
is widely used for industrial manufacturing of
decorative and protective coatings, in adhesives
and lately also for 3D printing. Traditionally, it
involves a formulation containing monomers,
additives, and organic photoinitiators that upon
excitation in a narrow range of UV light break
apart to produce reactive species that can attack
the monomers and initiate the radical polymer-
ization chain reaction. The available formulations
are numerous and well established for specific
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applications. Yet, there is a need for new pho-
toinitiators with better and/or distinctive capa-
bilities. This is due to a combination of global
trends and of technological advances, such as
patents landscape, consolidation of companies,
and the push for greener and safer processes and
materials. For example, use of near-UV LEDs
instead of traditional UV light sources can be
much more efficient energetically and also avoids
the use of harmful short wavelengths. Moreover,
there is enhanced development of new applica-
tions, such as photo-curing in dental care and 3D
printing of smart drug capsules or of scaffolds for
tissue engineering that necessitates new materials
and formulations.

One such new growing field, which lacks
suitable photoinitiators, is photo-polymerization
of water-based formulations. This kind of for-
mulations can reduce the possible toxicity of
polymerization in the presence of cells and tis-
sues, and may reduce exposure to fumes that can
carry various hazards, such as toxicity or bad
odor, to name a few. The available commercial
organic photoinitiators cannot address the needs
of this field due to their unfavorable water solu-
bility, limited absorbance in the near-UV-VIS
range, and significant polymerization retardation
by molecular oxygen in aqueous environments.

Recently, we have demonstrated the ability to
overcome these restrictions and benefit from
additional advantages in 3D printing by the use
of semiconductor—-metal hybrid nanocrystals as a
new type of photoinitiators [30]. Water-soluble
HNPs showed, in FTIR measurements, signifi-
cantly higher polymerization capacity of acry-
lamide monomers during excitation at 385 nm in
comparison with Igracure 2959. The HNPs were
used successfully as photoinitiators for the
printing of a 3D Buckyball structure in water
using a commercial digital light processing
(DLP) printer. The printed structure is presented
in Fig. 12.6a, b. The superior two-photon
absorption of the semiconductor nanorod com-
ponent was also employed demonstrating the use
of the HNPs as photoinitiators in high-resolution
two-photon printing. Figure 12.6¢c shows a spiral
structure with few microns width that was printed
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Fig. 12.6 HNPs as photoinitiators for radical polymer-
ization. a Buckyball structure printed in a commercial
digital light processing (DLP) printer in water using HNPs
as the photoinitiators. b Post-printing fluorescence under
UV light due to the addition of green-emitting quantum

in water using a Nanoscribe printer. These were
the first demonstrations for efficient 3D and
two-photon printing with semiconductor-based
nanocrystals as photoinitiators.

The impressive performances were found to
rely on a unique mechanism of action of HNP as
photoinitiators. First, instead of the stoichiometric
production of reactive species by organic pho-
toinitiators, the NCs continuously produce
hydroxyl radicals in water in a photocatalytic
manner. Second, in tandem, they consume the
molecular oxygen which as mentioned above is a
known retarder of polymerization processes. The
NCs also present better flexibility in surface
chemistry enabling to use similar NCs in several
organic and water-based formulations. The large
absorption cross section over a continuous
absorption range with tunable onset residing in the
near-UV-VIS range makes them suitable for
excitation by both traditional UV and new
energy-efficient LED illumination sources. Last
but not least, the long-term stability of the NCs
allows using them as multifunctional agents, for
example, acting both as photoinitiators and as
photocatalysts for post-printing functionalities.

12.2.4 Biomedical Applications

Biomedicine is another large industry that may
significantly benefit from the new capabilities

rods to the formulation. ¢ High-resolution spiral structure
printed with HNPs as photoinitiators in water through
two-photon polymerization process using Nanoscribe
printer. Reproduced with permission [30]. Copyright
2017 American Chemical Society

presented by HNPs. The significant leap toward
the printing of complex structures, models, and
scaffolds in the presence of tissues, cells, and
biomolecules holds a great promise. However,
this is just one implication and three additional
examples from phototherapy, antibacterial
application, and diagnostics will be given below
to highlight the wide potential of the technology.

The initial studies for the use of colloidal
quantum materials for imaging in living systems
have revealed a possible trait in the nature of
cytotoxicity. This was found to depend on the
composition, size, shape, and surface coating of
the nanocrystals which in turn affect their inter-
actions with the surrounding biomolecules, the
internalization pathways into cells and the release
or accumulation in the body. The significant
research that was done on this subject revealed
ways to minimize and even eliminate the cyto-
toxicity, but more importantly, they also descri-
bed the mechanisms that led to the observed
toxicity. One particular mechanism which is of
high relevance to our subject is ROS formation
by the NCs. The cellular damage caused by ROS
formation can turn to be of high value if carried
out purposefully in a controlled manner, for
example, to play a role in the battle against
cancer.

The ability to kill cancer cells with HNPs was
demonstrated in vitro. Twenty-four-hour incu-
bation of HNPs with cells under dark conditions
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did not show toxicity effects, indicating on the
capacity to minimize undesired effects by suit-
able NCs engineering. However, samples of cells
and HNPs exposed to 5 min of excitation during
these 24 h resulted in significant cells death and
showed much less live cells indicating it also
stopped the cells proliferation [26].

Similar results have been shown, in vivo, with
orthotopic tumor mouse model which were
injected with HNPs conjugated to a peptide
delivery agent that targets cancerous cells [31].
Histochemical staining along with measurements
of tumor size in the succeeding days to the
injection have shown significant cell death and
smaller tumor sizes only in mice which were
treated with HNPs conjugated to delivery pep-
tides and were exposed to light, demonstrating
the potential of HNPs for photodynamic therapy
(Fig. 12.7a). Importantly, the examination of
additional samples, taken from the liver, lungs,
spleen, heart, and kidney exhibited insignificant
systemic toxicity. Furthermore, the better com-
patibility of HNPs for two-photon excitation can
allow their use for increasing the tissue depth
possible for non-invasive treatments, giving them
once again an important advantage in compar-
ison with other photodynamic therapy agents.

Analogous to the idea of photodynamic therapy
which kills cancer cells, ROS formation can be used
for bacterial disinfection. This was demonstrated by
incubating Gram-positive and Gram-negative bac-
teria, (Escherichia coli and Staphylococcus aur-
eus, respectively) with ZnO-Au HNPs or ZnO.
Figure 12.7b, c show that ten minutes exposure to
simulated sunlight resulted in much more bacterial
death for the HNP system [32]. This capability
combined with the idea to use HNPs as multifunc-
tional photoinitiators can lead to their use in the
preparation of coatings and structures with
antifouling properties.

The last two examples, phototherapy and
antibacterial applications, can work well under
conditions which result in non-specific ROS for-
mation. However, there are others that require
selectivity, to prevent non-specific effects by the
alternative photocatalytic products. A family of
applications that fall into this category is based on
H,0, formation by HNPs and the ability to
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activate with it peroxidase enzymes. Figure 12.7d
shows turn on—off cycles of light stimulation of
CdSe/CdS-Au HNPs resulting in distinctive
staircase behavior of horseradish peroxidase
(HRP) activity [26]. This enzyme is widely used
in sensors, diagnostics, and biochemical Kkits,
which detect molecules and processes in biologi-
cal systems. For example, HRP secondary anti-
bodies are commonly used in western blot,
immunohistochemistry, and ELISA together with
H,0, and different substrates to form precipitates
or produce colorimetric, fluorescent, or chemilu-
minescent signals. The resolution of the current
assays is limited since the entire biological system
is exposed at once to hydrogen peroxide and since
the latter can harm the cells and tissues. These
limitations can be alleviated by the local and
time-controlled light-induced H,O, formation as
offered by HNPs. Another peroxidase enzyme,
thyroid peroxidase, consumes hydrogen peroxide
during the production of the thyroid hormones.
The ability to produce H,O, on demand by using
HNPs might have a potential for cases in which
physiological malfunctioning requires enhancing
the production of hormones by thyroid
peroxidase.

12.3 Concluding Remarks

The birth of new materials and their growth into
applications is usually challenging and slow. It
requires following a typically slow-learning
curve for better synthesis and materials engi-
neering, carefully characterizing their properties
and then to bring them from the laboratory to the
industrial scale. The commercial applications of
semiconductor nanocrystals in displays and
biomedical kits have already crossed this path,
setting the stage with greater understanding of
the possibilities and obstacles for the next gen-
eration of quantum materials and their applica-
tions. The emerging applications mentioned
herein offer a glimpse to the possible photo-
catalysis processes. Novel photocatalytic and
photo-redox reactions with quantum materials
are becoming more and more common in
research. These, alongside with continuous
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Fig. 12.7 Biomedical applications based on photocat-
alytic semiconductor nanocrystals. a Tumor mouse model
injected with HNPs conjugated to delivery peptide
(RGD) and their excitation with light (PDT) show
significantly smaller tumor size in comparison with other
treatments after 16 days. The results indicate the combi-
nation of the HNPs, delivery peptides, and light stimu-
lation is required for the positive outcome. The other
treatments showed tumor size similar to that seen in mice
injected with phosphate buffer saline (PBS). Reproduced
with permission [31]. Copyright 2017 The Royal Society
of Chemistry. b, ¢ Two lines of bacteria, S. aureus and
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permission from He et al.,, J. Am. Chem. Soc., 2014,
136 (2), pp 750-757 Copyright (2013) American Chem-
ical Society [32]. d Light-induced formation of hydrogen
peroxide allows modulating horseradish peroxidase
(HRP) activity, which follows the turn on and off light
cycles. Inset—the hydrogen peroxide can be formed as a
direct product of HNPs excitation or as a secondary
product after the conversion of superoxide to H,O, by
superoxide dismutase (SOD). Reproduced with permis-
sion [26]. Copyright 2016 American Chemical Society



12 Colloidal Quantum Materials for Photocatalytic Applications

development of nanomaterials, and the intro-
duction of formulations and compounds which
can enhance the catalytic activity and selectivity
bring us toward a greener future in which pho-
tocatalytic quantum materials may have a sig-
nificant role.
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Scott Sprangler

There has been a seismic shift in the last decade
in how we think about what computers are able
to do in our everyday lives. Many tasks that we
thought only humans could perform, such as
those requiring specialized knowledge, sophisti-
cated judgment, and advanced reasoning, we
now see computers taking on more and more.
There are many underlying causes for this shift,
but three primary advances are driving the
revolution.

AI: Why now?

Data growth

160 Zettabytes by 2025
80% Unstructured

13.1 Data Growth

The exponential growth in publicly available
data has been the most important driver of
the cognitive or artificial intelligence revolution
now underway. The bulk of this data is in an
unstructured format, making it challenging
to utilize with traditional data analytics. But, a
cognitive approach can leverage structured
and unstructured data into a knowledge
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representation that is flexible, extendable, and
maintainable over time. Vast data availability is
the fuel that powers the cognitive engine,
allowing it to keep up with a rapidly changing
environment and make sense of complex
situations.

However, exponential data growth is in some
ways problematic. Too much data can be con-
fusing, overwhelming, and obfuscating. It can
lead to greater and greater fragmentation of
knowledge, as scientists and professionals
become ever more specialized and disconnected
in what each knows. This combination of both a
great opportunity and a great human need makes
data growth the most critical phenomenon
explaining the sudden emergence of cognitive
computing as a driver of progress.

13.2 Cloud Computing

The second-most important driver of cognitive
computing today is the emergence of cloud
computing as an architecture for deploying sys-
tems. Because data is constantly growing and
changing over time, it would be impractical and
expensive to deploy new models to every dif-
ferent end system each time the model changes.
Cloud computing and Software as a Service
make it possible to deploy changes rapidly with
minimal cost. Cloud computing also makes it
possible to more easily manage the vastly dif-
ferent computing requirements of training a
model vs. execution of the trained model at
runtime. The flexibility of this architecture makes
it ideally suited to allow machine learning mod-
els to be scaled to whatever the data and runtime
requirements are for each application.

With cloud computing, it is possible to com-
bine local, company-specific learning with glo-
bal, industry-wide models in a seamless way.
This “hybrid” cloud architecture is critical when
you want to utilize highly sensitive data and
expertise to make critical decisions. Cloud
computing allows us to quickly build and realize
the kinds of systems that could only be dia-
grammed before.

S. Sprangler
13.3 Advances in Machine Learning

The least important of the three drivers of cog-
nitive computing adoption today, in my opinion,
is the latest advances in machine learning, often
referred to as “deep learning”. It is not the “new”
algorithms themselves that have enabled their
widespread application and adoption, but the
realization that suitable data now exists with
enough computation to make them practical.
Models can only be as sophisticated as the
richness of the data allow them to be. And if data
is rich enough and the problem sufficiently
complex, then models, or models of models, or
models to the nth power, will be connected in
such a way as to make it possible to simulate that
complexity with a high degree of fidelity.

The so-called advances in machine learning
that have occurred, while necessary, are entirely
predictable and inevitable once data and com-
putational power become readily available. But
models follow from the data, not the other way
around. The mistake that many practitioners and
would-be practitioners make, is to assume that
because a model worked to solve one problem it
will work to solve a different challenge of equal
difficulty. However, this will only be true if the
data for the second problem is as extensive and
as complete as it was for the first.

13.4 The Pitfalls of Complexity

I feel so strongly that deep and simple is far more
essential than shallow and complex.
— Mr. Rogers

Applying cognitive approaches to solving
real-world problems is seldom as straightforward
as following a recipe. It requires, first and fore-
most, a fundamental understanding of the
domain of the problem being solved. This means
understanding the key concepts and the rela-
tionships between those concepts. It then requires
a reasoning strategy that is only as complex as
necessary to capture the relationship between the
key-dependent variable and the independent
features that drive the dependent response.
A reasoning model that is more complex than
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necessary is computationally wasteful and will be
more brittle and less generally applicable as
future data inevitably drifts away from the data
used in training. Deep and simple is the only way
to ensure a model will accurately reflect the best
information available, while not concluding more
than the data warrants.

13.5 Interpolation Versus

Extrapolation

Measured, A
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that if new vocabulary, new entities, or new
relationships have been introduced since the last
time our model was built, then we need to
rebuild it. It also means focusing our discoveries
on the implication of known facts as opposed to
entirely new areas. The more we can rely on
what is known, the more we can be confident
that the predictions being made will bear fruit
when actual validation experiments are
performed.

Understanding interpolation as the goal helps
us to pick the most appropriate problems for

Extrapolated, D o

Measured, B

Interpolated, C

Once we generate a predictive model, there
remains the question of where to apply it. Here,
it is important to remember that a model is only
as good as the context of the data used to
generate it. The points we predict should be
interpolations, not extrapolations. This means

>
X

cognitive computing to solve. We need to stay
away from areas of the universe that are poorly
understood and sparsely charted. There are more
than enough fruitful and significant discoveries
to be made in the space between facts which are
well known and verified.



122

13.6 Confidence Scoring—Knowing
What to Believe

Not every fact that we can extract from existing
knowledge sources will be of equal veracity.
Being able to quantify the confidence, we have in
the facts that make up our knowledge network is
critical to trusting the conclusions we draw from
it, and the models based on it. There are two
primary sources of confidence: direct and indi-
rect. Direct confidence refers to the substantiation
of a fact from multiple information sources. The
more sources repeat a fact, in general, the more
confidence we have in that fact’s truth.

Indirect confidence refers to the confidence we
gain by the consistency of a fact with all the other
facts in our knowledge network. If, for example, a
fact represents a kind of connection between two
different entities, we can observe other facts about
these individual entities and measure the relative
likelihood that the connection between them is
what we would expect. One way to measure this
quantitatively might be through collaborative fil-
tering or matrix factorization approaches.

Principles for Calculating the Confidence of a
Fact

e Frequency of Occurrence (higher frequency ->
more likely to be true).

e Consistency, measured by collaborative
filtering (higher matrix factorization score ->
more likely to be true).

e At the limits:

— Infinite support = 100% confidence
— 1.0 MF = 100% confidence
— 0.0 MF and 1 support = lowest confidence

e P=aMF' - b/S* +c.

e Need to determine a, b, ¢
e experimentally.

e Process: Sample facts with different levels of
Su and MF and determine the observed
P value.

d and

The process shown above is one way to cal-
culate the probability of a given fact observed in
text. It combines two numbers in an equation:
support (S) and matrix factorization score (MF).

S. Sprangler

Coefficients for the equation are calculated by
comparing the extracted facts with manually
curated ground truth. By observing the accuracy
rate at different levels of MF and S, it is possible
to estimate the value of the coefficients and then
use the equation for predicting the probability
that any particular extracted fact is indeed true.

13.7 Explanation of Reasoning

In addition to making accurate predictions with
cognitive approaches, it is also necessary to
explain why the predictions are being made. An
explanation of reasoning and a degree of trans-
parency is necessary if scientists are to gain
sufficient confidence in the results to make the
effort to validate the hypothesis. Furthermore, the
explanation itself must be grounded in the liter-
ature corpus from which the prediction was
derived. This gives scientists a basis upon which
to judge the underlying reliability of the infor-
mation that was used to generate the hypothesis
in the first place.

Bladder cancer example:
top-ranked gene CD4

evidence for

e The entities (pathway, tumor, or condition)
in the rows are connected to the target CD4

e Common genes lists how many targets the
entity shares with the targets or tumor in the
known set of 70 genes associated with blad-
der cancer

o Total genes lists how many genes the entity
is connected to in total

¢ Probability lists the p value of sharing that
many common genes by chance (y° test)

Pathway Common | Total | Probability
genes genes
Immune response 23 383  1.64E-78
T cell 6 80 | 5.46E-27
co-stimulation
Positive regulation 2 12 2.19E-21
of interleukin-2
biosynthetic
process
(continued)
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Pathway Common  Total | Probability
genes genes

Cell surface 10 269  1.08E-20

receptor signaling

pathway

Signal transduction | 18 1071 | 6.78E-14

Positive regulation 2 19 | 9.22E-14

of

calcium-mediated

signaling

In this example, we seek to explain the pre-
dicted connection between the gene CD4 and
bladder cancer. In this case, the total number of
genes being ranked is N = 19687. The number of
genes connected to bladder cancer in the knowl-
edge network is n = 70. The matrix for prediction
is made up of genes on one side and
pathways/conditions/tumors on the other. For the
most similar pathway, “immune response,” the
total number of genes is 383 and the number
shared with bladder cancer is 23. This gives a y
probability of 7*(19,687, 70, 383, 23) = 1.64E-78.
And in fact, the immune response pathway is a
very important pathway involved with this dis-
ease, so the result makes sense biologically.

In the example above, the cognitive system
predicts that the gene CD4 has a connection to
bladder cancer. It uses knowledge about genes
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and their connections to pathways, conditions,
and tumors to make this prediction through
matrix factorization. It then uses connections of
the gene to key pathways known to be associated
with genes connected to bladder cancer as an
explanation for why the hypothesized connection
is likely to be true. The scientist can then eval-
uate the relative strength of these connections to
decide if the hypothesis is indeed valid.

13.8 Behavior Is Rational
and Repeatable

Recommender systems collect the behavior of
many users and use this to make recommenda-
tions based on similarity to the behavior of others.
The basic assumption behind such a model is that
behavior is a rational process that is relatively
stable and consistent over time across many dif-
ferent individuals. To give a simplistic example—
if most individuals who like A also like B, and
you like A, you will probably also like B.

But we can apply this general principal
beyond the realm of predicting individual pref-
erences. In fact, we can use it to predict the
behavior of any entity in our knowledge network,
based on the behavior of entities that are similar
in their overall behavioral pattern.

Non-negative matrix factorization in Predict Relationships

Simplified example: using known connections between genes and diseases to discover new gene-disease associations

Knowledge Matrix: known
connections between genes
and diseases

Gore 1 | Gere2 | Gered Gene N

Matrix

Disssss

y o | o ¢ factorization Cirmees
algorithm

Predicted Matrix: new
values for every connection

el e Pt

Discovered
relationships
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In the figure above, we show how this works,
in practice, to predict new associations between
genes and diseases. In the left matrix, a “1” in a
cell indicates a known association of gene to a
disease and a “0” indicates no known associa-
tion. We then factor the input matrix into two
product matrices that approximate it. The
resulting approximation is shown in the right
matrix. Those cells that were formerly zero and
have a number near 1.0 are considered to be
predictions of an association. In practice, this
means we consider the overall behavior of those
genes to be consistent with other genes that are
associated with the disease. Such an approach
can be used to find new targets for drug inter-
vention or new biomarkers to identify patient
populations.

13.9 The Past Is Validation
for the Future

When we make predictions, such as the gene to
disease prediction above, we often struggle to
know how much faith to put in them. How reli-
able is an association based on similar genes?
One way to measure this is by going back in time
and seeing what we could have predicted at an
earlier date and see how well that corresponds to
what actually occurred.

S. Sprangler

The concept of “leaving-out” from a training
set for validation is common in machine learning.
It refers to the idea of removing some examples
from the known, labeled, data set and including
them with the unlabeled examples. We would
then expect a model trained on the remaining
training set examples to accurately label those that
were left out. Since we know the correct labels for
these excluded examples, we can gain insight into
the accuracy of our model from this result.

To determine which labeled examples to vali-
date with we can add information relating to the
date of each labeled and unlabeled example (e.g.,
date of the first connection to a disease area of
interest). This can then be used as the criteria for
splitting examples into training and validation
groups. Such an accuracy measurement is much
more likely to provide a realistic estimate of the
accuracy of future results because it has to deal with
the problem that things change over time, and so
models built in the past will naturally become more
error prone which forced to predict the future.

13.10 Unlikelihood Is a Measure
of Interestingness

It is fairly easy to make predictions using models
and data, and as we have shown above, we can
even gain insight into the likely accuracy of a

1 Set aside part of 2 Generate model based on 3 Evaluate whether validation
known/known known, used to rank entities rank highly
entities validation and candidates
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prediction. However, predictions, even accurate
ones, are not always interesting. For example, if I
predict that the gene P53, which is connected to
many cancers already in the literature, is also
connected to another cancer that has not yet been
published, this may indeed be highly likely to be
true, but is not necessarily valuable as a scientific
hypothesis. This suggests we need a way to
measure not just confidence, but also
“interestingness”.
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knowledge network. It is possible to generate
different matrices having the same overall struc-
ture and density, but a random distribution of 1’s
and 0’s. We can then observe the mean and
standard deviation of the cell corresponding to
the disease/gene in question. If the Z-score of the
prediction is zero or less than zero, it is unin-
teresting—even if the prediction confidence is
large it is nothing more than we would expect.
On the other hand, a large Z-score, even with a

Observed score, expected score, and Z-score

Estimate expected score through modeling

Observ r
Trainingset _ o o o & @
(known, -l
size=n):
Scoringg DME Score
Validation 0.XXXX «— Observed
score

Expected score and standard deviation

n columns

Mean (expected score) of
any cell related to:

+ Input matrix dimensions
* Row magnitude

+ Column magnitude

mrows

Standard deviation strongly

related to mean

« Smaller magnitudes tend to
have relatively larger standard
deviation

X —
Z= -
o

Create equation to model mean (expected
score) and standard deviation based on above

A good example of how to measure interest-
ingness is through the concept of expected value.
The mean (or average) of a distribution is its
expected value. The standard deviation repre-
sents how much that expected value is likely to
vary. By observing a number of network
instantiations, we can detect the mean and stan-
dard deviations of the predictions, given the
magnitude of the inputs. This can then be used to
calculate a Z-score for the observed value (the
actual prediction being made). The larger the
Z-score, the more unexpected, and thus interest-
ing, the prediction.

To say this in another way, suppose we have a
gene that occurs with a certain frequency and a
disease that occurs with another frequency in our

small prediction confidence, might turn out to be
worth looking at more closely...keeping in mind
that if both the disease and gene in question are
quite rare in the network, there may be very little
evidence to back up the prediction.

Don’t Look for an Answer...
Look for a (Better) Question

13.11

One of the common misconceptions about cog-
nitive applications is that they make “better”
decisions than humans because they are less
biased or have access to more information. It
turns out, there are only a very limited set of
problems for which this is true. Problems which
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are extremely well constrained and have all the
rules and states completely determined ahead of
time fall into this camp, for example, chess. If we
were to limit ourselves to applications of this ilk,
cognitive systems would be fairly useless to
society.

But once we go outside these tidy boundaries,
we must face the probability that models trained
on messy and incomplete data will necessarily
fail, and not always in predictable ways. This
creates a dilemma if we want our cognitive sys-
tem to be an oracle of truth. Eventually, it will let
us down.

Label known positive

S. Sprangler

to have cognitive assistance to navigate an
increasingly complex knowledge environment.

13.12 Use the Known to Map
the Unknown

In discovery, we must always be pushing into
uncharted territory. How do we do this effec-
tively with machine learning models that only
predict using models trained on what is already
well known? This is the key paradox of
Cognitive-Assisted Discovery. The solution is to
use what is known as a map to the unknown.
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Graph diffusion on a network

But there is another role that cognitive systems
can play which allows them to be effective while
still allowing them to be wrong. This is the role of
collaborator with a human expert. Here, there is
an ample opportunity for the human to benefit
from machine capability with minimal risk of
harm. Machines see, interpret, and reason over
knowledge quite differently than humans, so a
partnership allows each to benefit from the other.
Human-machine partnerships are really the only
effective way for cognitive systems to become
capable of helping with the most important and
complex decisions that we face. Indeed, it is
becoming more and more necessary for humans

Highest score =
Top candidate NL

entity AX
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In this example from our 2014 research into
P53 [1], we use a similarity graph of entities as
the basis upon which to explore. We fill in this
map with landmarks based on the known kinases
of P53, identified as “known positive entities.”
These are initially the hot nodes in our net-
work. Next, we let heat diffuse throughout the
rest of the graph. When we reach equilibrium, the
“temperature” of each node is a measure of its
similarity to the concept represented by the
original known positive nodes. What is known
has helped us discover which of the un-
knowns are most likely to be what we are looking
for.
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13.13 Training Sets Are Hard Work
(Don’t Take Shortcuts)

It should be obvious that to do any kind of
machine learning you need training data. Usually
a lot of it. And, the quality and quantity of the
training data will largely determine how gener-
alizable, how applicable, and how predictive
your actual model becomes. Yet too often, how
the data will be obtained, how it will be labeled,
and how it will be utilized for training, testing,
and validation over the long run is not adequately
considered.

From time to time, techniques are invented
and papers will be published about how training
data can be automatically generated or otherwise
obtained without much effort. Ignore this fool’s
gold. It cannot exist. You can only substitute
human expertise for data; you cannot substitute
pure computation for it.

The reason is that the data must capture all the
key aspects of the thing you want to predict. To
get that coverage you need rich data that is as
varied as the data you expect to get in the real
world. You also need enough of it to ensure the
real world relevant to your prediction is captured
in its entirety.

Effort spent in making the best possible
training data should be 90% of any artificial
intelligence project. The rest will have a negli-
gible impact by comparison.

13.14 Persistence Is a Virtue

Success is stumbling from failure to failure with no
loss of enthusiasm.
— Winston S. Churchill.

One key advantage of cognitive applications
compared to human expertise is that they can
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persist indefinitely and continue to improve as
more information and better models come to
light. The ability to persist state and gradually
improve models are critical to doing systematic
discovery that applies the best approach to the
best available data. But those who apply the
technology need to be patient and expect failures
along the way. Like their human counterparts,
cognitive systems learn through failure, and a
certain number of mistakes, especially in the
initial phases, should be expected and planned
for.

Too often in my experience, expectations for
cognitive systems are for immediate perfection
and rapid return on investment. When this fails to
materialize, disillusionment follows. Often it is
not that the technology has failed, but that
expectations were unrealistically high and the
patience to fix the problems, lacking.

Those willing to put in the effort and measure
progress realistically will usually find that the
technology is capable of achieving its promise in
the long run. The key is finding the right appli-
cation, the right analytic approach, and the right
data. These choices will probably need adjust-
ment over time, but with patience and practice,
the right configuration will eventually emerge
and the benefits can be long-lasting and
profound.
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Watson for Drug Discovery (WDD) is a

cloud-based, end-to-end scalable platform that
helps life science researchers discover new dis-
ease pathways, new drug targets, and additional
drug indications. It ingests both structured and
unstructured content from multiple internal and
external heterogeneous sources. It then uses
natural language processing and domain-specific
ontologies to annotate this content so that the
machine can read and understand the content
more like the way a domain expert would. WDD
can then use predictive machine learning tech-
nologies to identify potential new connections
that are not explicitly represented in the input
data or calculate the likely confidence of existing
facts in the input data. Finally, the results are
visualized to allow the user to see why the pre-
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dictions were made, visualize the extracted enti-
ties and relationships, and trace back to the
original publications and sources that generated
the results. This interactive aspect of the
approach is critical to making WDD work as a
partner with, not an oracle for, with biological
researchers.

14.1 Use Cases

WDD is designed to address three primary use
cases: novel drug target identification, explo-
ration of gene function and regulation, and the
discovery of new therapeutic indications for
existing drugs. WDD focuses on supporting
scientists in the prediction, discovery, and map-
ping of the possible genes and diseases relevant
for each use case so that research scientists can
evaluate why identified connections exist.
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Watson for Drug Discovery helps researchers answer key questions to discover
new drug targets, predict gene function, and identify new drug indications
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Depending on what information scientists
have available and what decision they need to
make based on this information, the knowledge
graph has the capability to discover both existing
and new connections derived from structured and
unstructured data sources. In most cases, this
capability comes from finding hidden similarities
between different entities. For example, one
disease might have many of the same gene
associations as a very different disease, and
therefore drugs that treat one might be useful in
treating the other.
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14.2 Ingested Content

The WDD base corpus consists of publicly
available scientific information relevant to drug
discovery, including abstracts and full text sci-
entific journal articles retrieved from Medline and
PubMed Central (PMC) Open Access, patents
from the USPTO, EPO, and WIPO, clinical trials
from clinicaltrials.gov, and a variety of ontologies
and databases such as the Gene Ontology Con-
sortium, DrugBank, and ChEMBL. In addition to
this base corpus, WDD can utilize structured and
unstructured private content sources to enable
analyses that reflect organization-specific knowl-
edge or processes.
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Watson for Drug Discovery looks broadly across

public, licensed and private data to unlock
hidden information and deliver insights
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The ability to combine both public and private
content into a seamless knowledge network is a
key enabler for discovery in organizations today.
While public content provides a wealth of rele-
vant information about discoveries that scientists
may not be aware of, private content provides
key strategic and intellectual property insight that
is only known and available within the organi-
zation. Leveraging both provides a distinct
strategic advantage.

14.3 The Process for Accelerated
Discovery

The accelerated discovery process moves step by
step through layers of increasing complexity to
build up the order from chaos. We begin with the
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most basic building block of order, the entity.
The discovery and organization of domain-
specific entities are the most fundamental task
of the scientist, because if the entities do not exist
there is no coherent way to think about the
domain. Think of the periodic table of the ele-
ments in chemistry. Without this basic frame-
work upon which to reason, chemistry (then
called “alchemy”) was a black art. With the
framework of the periodic table of the elements,
it became possible to make systematic progress.
Data science is no different, and we must build
up a systematic entity structure that mirrors the
important domain concepts if we are to make any
sustained progress.
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Step 4: Prediction

Step 3: Relationships

Step 2: Organization

Ontologies
(e.g. organism, disease, genes)

Step 1: Entities

\
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Watson for drug discovery accelerated discovery process

Two problems are usually present in entity
detection: (1) What are the entities and (2) how do
they appear? In some cases (such as the elements
of the periodic table), this answer to #1 is obvious.
In other cases (name the factor that influences
protein viscosity), itis far less so. The answer to #2
is rarely certain at first. Human beings are indi-
vidualistic creatures who love to express them-
selves originally and scientists are no different.
There is never any certainty that two different
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scientists will describe the same thing in the same
way. For this reason, entity detection and nor-
malization will always remain one of the most
difficult challenges in data science. But it is a key
challenge to address because entity normalization
makes it possible to summarize the results of many
disparate sources and kinds of data into a coherent
framework. It is also one of the chief ways that
data science can further the impact of the past
scientific research on future scientific discovery.
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From individual entities, we begin to orga-
nize. Which entities belong together and which
are separate? Can we create a type system that
describes how entities go together? Is there an
underlying structural framework that describes
how one type of entity composes another type?
Once again, the organization scheme may be
clear-cut, or it may have to be inferred from what
we see in the data, but either way, we must make
sure that whatever organization scheme we infer
is made to line up with physical reality. Domain
expertise is a critical input to organizing the
entity ontology. Ontologies then enable knowl-
edge at many different levels and across many
different but related areas of the domain to come
together to create new insights.

The next step is the detection of relationships
between entities. This transitions the focus of our
process beyond form to function—how and why
things happen. Typically, this will be a specific
event observed to happen in a given context
where one (or more) entity acts upon another to
cause some change or subsequent reaction. As
we shall see, the potentially complex nature of
this kind of connection will require a much more
fine-grained species of text analytics to recognize
and classify the physical event. Similar to enti-
ties, relationships may also be normalized and
have types and ontologies. And likewise, our
representation must mirror physical reality as
much as possible, with the aid of domain
expertise.
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...doxorubicin results in extracellular signal-regulated kinase activation,
which in turn a previously uncharacterized site,

llustration of Watson for drug discovery annotation

Combining entity and relationship recognition
and ontologies we create a summary of how, in a
given situation, all the relevant entities relate to
each other. This summary can be a table, a map, a
network, or anything you can think of, so long as it
communicates at a macro-level what is occurring
in the entity space. The challenge here is not to
overwhelm scientists’ minds with too much of a
good thing. As we get better and better at detecting
and representing the entities and relationships that
exist in our knowledge corpus, we must also get
better and better at highlighting interesting ones
and filtering out extraneous information. Other-
wise, we’ve only created a different kind of chaos.

14.4 Hypothesis Generation

But how does the extraction and representation of
form and function lead to hypothesis generation, a
key goal of accelerated discovery? The answer is
that the representation provides the means to
evaluate and predict new properties of entities and
new relationships between entities. The precise
means of doing such prediction may vary from
discipline to discipline and, for the most part, will
necessarily lie outside the scope of this book. In
the example chapters, we will show a few meth-
ods by which this may be accomplished, but this
should in no way be considered a comprehensive
representation of what is possible.

ERK2 = Protein, P53 = Protein, Thr55 = Amino Acid

Maps to domain of Post Translational Modification

Recognizes subject [ object relationships

ERK2 = Protein, P53 = Protein, Thr55 = Amino Acid
Recognizes preposition location on Thr55

ERK2 = Protein, P53 = Protein, Thr55 = Amino Acid

Some approaches to hypothesis generation
include:

(1) Inferring properties of an entity based on
similar entities using the documents that
contain those entities and the text in those
documents as a means of defining similarity.

(2) Inferring connections between entities based
on relationships already found to exist
between other entities in the network.

(3) Finding a potential pathway between two
entities that predicts how one entity might
affect another in a new situation.

(4) Building a classification model that predicts
when an entity of type A may have a certain
effect on an entity of type B based on the
properties of A and B and the past examples
of such effects.

(5) Look for areas of contradiction in the past
research concerning entity relationships or
entity properties. This might indicate a
fruitful area for further experimentation.

Below we show two predictive strategies that
are implemented in WDD. One is an example of
#1, inferring properties of an entity based on
similar entities, and the other is an example of
#2, inferring new relationships based on existing
relationships in the network. In each case, we use
what is explicit in the literature to derive what is
implied by the literature.



14 Accelerating Discovery with Cognitive—An Example Cognitive ... 135
WDD includes 2 complementary Predictive Analytics methods
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On the left, we see how recommender systems
use these strategies in our everyday life to find
movies we might like to watch. On the right, we
see how the same strategy can be used to find a
genes “preference” for a disease based on what is
written about that gene in the literature.

Extracting and representing the form and
function of entities in the physical world as they
appear in documents leads naturally to new
insights and hypotheses about how these entities
might interact or behave in novel combinations
and new experimental conditions. If done cor-
rectly, the document extractions from the past
scientific results form a framework on which the
next set of experiments can be reliably proposed.
This is in theory how science has always been

done. It is only the impossibility of having all
past relevant knowledge in a scientific domain
reside inside a single mind that makes it neces-
sary, and indeed essential, to realize the knowl-
edge framework of past discoveries in silico.

14.5 Discovery Is not One Thing,
but Many

Extracted entities and relationships from litera-
ture can be utilized in many different ways
throughout the discovery process. The range of
capabilities extends from search-like features of
exploration to the more predictive elements
described above.
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Watson for drug discovery applications

Each of these applications utilizes different
kinds of inputs to produce different outputs from
the same basic content, entities, and relation-
ships. They help the user to see insights from
whatever perspective they need for their situa-
tion. Explore a network is a way to visually see
how entities are interconnected with directed
relationships extracted from the literature.
Post-translational modification summary maps
all identified relationships of specific types to
individual entities and predict relationships
reinterprets entity relationship visualizations by
predicting unknown connections based on matrix
factorization of known relationships. Explore an
entity and co-occurrence table allow users to see
which entities are most often mentioned in the
context of their entities of interest and analyze
ontologies of mentioned entities as well as the
expectedness of their co-occurrence. Explore a
chemical provides users with a method to explore
from a structural rather than textual viewpoint.

WDD also uses text mining and machine
learning approaches to rank entities or text inputs
that are the subject of the investigation with
respect to entities that are known to have specific
characteristics by using the predictive analytics

Explore a Network
Explore interactions between
genes, drugs, diseases, and
other terms

nown & hidden
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Predictive Analytics
* Explore context similarities
between two sets of entities

Exg
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application. Such an approach uses a list of
entities that have a demonstrated relationship to
the subject of interest; this list is referred to as a
known set because it is used by Watson to
determine what features in the text to look for.

The second list of entities—the list that we
want to explore—is referred to as a candidate set.
Watson ranks the candidates based on their
semantic similarity to the known entities. The
biological function of an entity is usually
embedded in the language that scientists use to
describe it in the literature. If a candidate entity
shares numerous text features with the entities in
a known set, it is predicted to have a higher
probability of displaying the subject of interest.

Watson uses such cross-validation methods to
provide a statistically based estimate of the
validity of the predictive model. To do this, a
subset of the known entities is “held out” and
combined with members of the candidate entities
to form a cross-validation set.

Watson ranks each entity in the
cross-validation set and based on how highly the
“hold out” set items are ranked, evaluates the
model as having a high, medium, or low proba-
bility of being valid.



14 Accelerating Discovery with Cognitive—An Example Cognitive ...

14.6 Case Studies

The following are a set of real-world examples of
using Watson for Drug Discovery technology for
the purpose of novel scientific discovery.

14.7 Example—Discovering New
P53 Kinases

In 2013, a workshop took place that brought
together data scientists from IBM who were
creating accelerated discovery technology and
molecular biologists at Baylor College of Medi-
cine. They wanted to see if there was some way
to accelerate discovery around the protein P53.
The results of that effort were published in a
paper in Knowledge Discovery and Data Mining
2014 [3]. Here we describe some of the back
story behind how we arrived at the result, using
the accelerated discovery methodology described
in this book.

The first day of our two-day workshop was
spent with the Baylor team explaining P53
biology to the data scientists from IBM. The
content of this day can be roughly summarized as
follows: all human cells in a body contain a
nearly identical genome. This genome contains
the information to create thousands of different
proteins, which in turn perform cellular biologi-
cal functions. One protein in particular, P53, is a
kind of guardian of the genome and is involved
in many kinds of cancer, since it helps to rec-
ognize genomic damage and prevent it from
propagating. One of the ways in which P53
recognize cellular problems is through a set of
messenger proteins called kinases. Kinases
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themselves are promising drug targets so know-
ing which kinases interact with P53 is an
important area of discovery.

This background provided us with a
well-formed problem: we had a space of entities
(kinases) and we had the data to structure infor-
mation from (published literature in the form of
Medline abstracts). We also had some known
entities that fit the pattern we were looking for
(phosphorylate p53). With six months of funding,
we needed to extract enough information to
derive a prediction model that would extrapolate
from the known p53 kinases to additional kinases
that were not yet known to phosphorylate p53.

14.8 An Accelerated Discovery
Approach Based on Entity
Similarity

On the second day, I presented to Baylor our
process for doing accelerated discovery. They
immediately recognized what I was getting at. It
was encouraging that they also remarked that it
looked similar to the scientific methods they
already used to uncover new properties of
proteins.

Next, I showed them an example of how we
could create a centroid representation of a protein
that was based on all the published literature
(Medline abstracts) that mentioned the protein.
I showed them a scatter plot visualization of six
proteins, with p53 being one of them. The large
bubble indicates the location of a centroid, the
small dots represent documents containing a
protein, and the connected lines indicate simi-
larity based on cosine distance.



138

S. Spangler

Relative similarity between genes based on their text content

Scatterplot of proteins similar to p53

The biologists from Baylor immediately
remarked that the associations I was indicating
seemed reasonable. Their next question was
could I do this same thing for protein kinases? I
didn’t see why not. To approach this, it helps to
recognize that there are over 500 kinases and
over 240,000 papers that mention at least one of
them in the abstract. Fortunately, computers are
not daunted by such numbers. We used queries
based on kinase names and synonyms to collect
the abstracts for each kinase. We then excluded
kinases with fewer than 10 abstract mentions as
being not well enough characterized. That left us
with 259 kinases of which only 23 were known
to be connected to P53.

Next, we created a numeric vector represen-
tation of each kinase. First, each document is
converted into a vector of words and phrases
(unigrams and bigrams). The number of times

each word or phrase occurs in the document is
the value in the vector. Then after all words and
phrases are counted, we normalize the vector to
have unit Euclidean norm. The vector for the
kinase is then the average vector for all docu-
ments that mention that kinase. After some
experimentation, we weight the features in each
centroid by term frequency-inverse document
frequency, after determining that this provides
the best overall prediction accuracy.

Centroids allow us to measure precisely how
similar any two kinases are to each other, but we
still need a way to visualize what that means. To
help the domain expert, interpret these centroids
In this specific instance, a pure network diagram
would be mostly unhelpful. Instead, we create a
simplified tree diagram that boils down the
kinase centroid similarities to their most con-
centrated essence.
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Simplified tree diagram of kinase similarity

Using this approach, we created a graph of all
the kinases and then colored them by known P53
associations. The result was immediately strik-
ing. The known P53 kinases occurred together,
and the other kinases were mostly in other areas
of the kinase tree. Moreover, there were a few

kinases not known to be P53 kinases that seemed
to be in among those that were known. This was
exactly what we hoped to find, because it gave us
a ready list of potential candidate kinases to
begin running experiments on.
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The “Ah ha” Moment
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In order to validate our predictions were rea-
sonable, we needed to find a way to test whether
the predictive approach we had in mind was
indeed able to accurately foreshadow future dis-
coveries. We did this through a time-based tax-
onomy, dividing the Medline data by date of
publication—before and after January 1, 2003.
This allowed us to analyze the data in the older
publications in order to try to predict the dis-
coveries that happened subsequently. The retro-
spective study section of our paper describes
what happened.

14.9 Retrospective Study

Going back in time is difficult for people, but
easy for machines. By simply hiding all the
information after 2002, we could easily run our
predictive approach and see how well it predicted
actual discoveries. When we looked at a graph
generated from 2002 data, we indeed found that
subsequent later discoveries were very near to
kinases known before 2003. What we needed
though was a numeric way to assign a score to
each kinase. To do this, we use graph diffusion to
assign weights to each kinase based on its
“nearness” to known P53 kinases. Using this

approach, we found a ranking that produced an
AUC of 0.84, much greater than random chance.
This gave us confidence that we had a sound
approach.

This type of retrospective study is an excellent
way to gain confidence that the predictions we
are making are not somehow artifacts of the way
people write about P53 kinases. For example, it
is conceivable (though very unlikely) that the
only reason the P53 kinases clump together in the
similarity tree is that the similarity is based pri-
marily on this one property of being a P53
kinase. The retrospective study rules out this
mechanism as an explanation for the clumping of
the P53 kinases.

Now that we had some confidence that we had
a mechanism for prediction, we selected two
kinases to begin running experiments on. The
next excerpt discusses what happened in these
experiments.

14.10 Experimental Validation

Retrospective analysis is one thing, but only real
discoveries of new facts are truly convincing.
Therefore, the next step was to take five kinases
that were not known to phosphorylate P53 and
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test these by experiments for any sign of inter-
action with P53. We carefully chose two kinases
from near the top of the list (PKN1 and NEK2),
and as a control, we also chose other kinases
from the bottom of the ranking (TNK2, INSRR,
and PDGFRA). Two different assays were used.

In the first assay, P53 is combined with a
kinase and a radioactive phosphate and elec-
trophoresis is used to separate the components. If
there is a relationship present, we will see the
kinase add radioactivity to P53. In the experi-
ment, we see that NEK2 and PKN1 exhibit a P53
band, while in contrast, the other three kinases
exhibit no such band.

Experimental Validation

PDGFRA

In the second assay, cells containing P53 and
the kinase are generated and analyzed. Proteins

from the cell are isolated and a P53 antibody is
introduced. An additional antibody is then used
to test for the presence of each kinase. These
results show that P53 was indeed bound to NEK2
and PKNI1. These two experiments suggest
strongly that PKN1 and NEK2 are true P53
kinases.

What’s remarkable about this result is that no
single paper or small set of papers could have
made this prediction. Even the P53 expert at
Baylor was unaware of the connections that were
waiting to be discovered between these kinases
and P53. If we can do this for P53, why not for
other proteins and entities on a much larger
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scale? This is exactly the direction we are
heading. And in fact, it can and must be the way
science will be done in the future.
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14.11 Finding New Targets for ALS

ALS (Lou Gehrig’s Disease) is a devastating condition for which there is no cure

“By using Watson for Drug
- Discovery we can make scientific
breakthroughs in a fraction of time
and cost, increasing our
knowledge of diseases faster than
ever before.”

Robert Bowser, PhD,
Chairman of Neurology,
Barrow Neurological Institute

BARROW

Neurological Institute

[1] Bakkar N et al. Artificial i ig in g

sclerosis. Acta Neuropathol 2017;124:339,

Another example of the accelerated discovery
process is the use of WDD to identify new targets
for amyotrophic lateral sclerosis (ALS). Various
genetic factors are associated with ALS, but
mutations in 11 RNA-binding proteins (RBPs)
are clearly associated with disease. Furthermore,
other non-mutated RBPs have been observed to
present with distinct subcellular localization in
ALS patients, suggesting RBPs are involved in
disease pathogenesis.

To test this hypothesis, researchers at the
Barrow Neurological Institute used WDD to rank
nearly 1500 identified putative RBPs according
to their text-based similarity to the 11 RBPs
mutated in ALS [1]. Utilizing a method similar to
that described in the example with p53, a retro-
spective analysis of the literature prior to 2013
was conducted to test WDD’s ability to predict
known RBPs. All four RBPs linked to ALS
between 2013 and 2017 were ranked in the top

disease research: use of
IBM Watson to identify additional RNA-binding proteins altered in amyotrophic lateral

BARROW NEUROLOGICAL INSTITUTE
RAPID EXPLORATION: Within weeks, using predictive
:,ﬁ modeling, rank ordered ~1,500 RNA binding proteins for
their association to ALS. Validated through retrospective
analysis.

VALIDATED PREDICTIONS: Barrow examined Watson's
«%  top evidence-based predictions & found 8 of the top 10
ranked proteins were linked to the disease.

NEW DISCOVERY: Uncovered 5 never before linked

proteins altered in patients with ALS [1].
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Synerip, ranked #4 by Watson shows altered expression in patients with ALS

11% of WDD’s predictions, including the Ist
ranked result, validating Watson’s predictive
model.

Having validated WDD’s model for predict-
ing RBPs altered in ALS, the Barrow team
turned to predicting novel RBPs that could be
associated with ALS using this text-based
method. To validate whether the top 10 results
were actually altered in ALS, the Barrow team
performed a series of in vitro assays ranging from
gene, protein, and RNA expression analysis to
immunohistochemistry. Eight of the top-ten
WDD results were altered in ALS tissue by at
least two of the validation methods used while
none of the three control RBPs selected near the
bottom of WDD’s ranked list were altered, sug-
gesting that the accelerated discovery method
successfully identified, both retrospectively and
prospectively, RBPs associated with ALS using a
text-based analysis of the scientific literature.
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14.12 Drug Repurposing
for Parkinson’s Disease

Currently no disease-modifying compounds exist for Parkinson’s disease, and drug
repurposing offers the promise of finding a safe cure faster.

“We simply would not have and
could not have accomplished the
research we did without Watson.
The approach itself would not have
been feasible and the labor
intensiveness required would have
been too great”

Naomi Visanji, PhD
Scientist,
University Health Network

[1] Kalia LV et al. (2017) In silico predicti Iytics: ing identification of
potential di difyi ds for F i ] 13" International

ying
Confi on Al r's and P. 's D Vienna, Austria.

Work by University Health Network
(UHN) showcases how changing the inputs and
outputs of the accelerated discovery method in
WDD allows for exploration of even more types
of questions. UHN researchers were interested in
using WDD to determine which approved ther-
apies might be useful to repurpose for the treat-
ment of Parkinson’s disease. To assess this, UHN
created a list of 15 compounds with demon-
strated ability to reduce L-DOPA-induced dysk-
inesia (LID) from which WDD analyzed text
features to rank 3539 potential therapies from
DrugBank, including small molecule,
protein/peptide, nutraceutical, and experimental
compounds [2].

Leave-one-out cross-validation and retro-
spective analyses were performed to confirm the
model was able to successfully predict known

UNIVERSITY HEALTH NETWORK

RAPID EXPLORATION: Rank ordered over 600 drug
candidates for likelihood of treating Parkinson's disease
based on their ability to reduce the aggregation andfor
toxicity of the protein alpha-synuclein.

7

&

HYPOTHESES VALIDATION: Generated & evaluated
hypotheses by providing rationale for the links between
top drug candidates, alpha-synuclein, and Parkinson's
disease [1].

©)

ACCELERATED RESEARCH: Enabled start of lab
4 validation efforts to evaluate drugs for repurposing for
..rI]” L-Dopa-induced dyskinesia.

therapies used in the treatment of LID.
Cross-validation experiments resulted in an area
under the receiver operator characteristics curve
of 0.72 and the retrospective analysis predicting
the three compounds discovered after 2013
yielded all three known compounds in the top
25% of results (two of the three in the top 5.5%).
After validating the model retrospectively, anal-
ysis of WDD’s top 50 prospectively ranked
candidates identified the relationships of each
predicted therapy to drugs in the set of 15 LID
drugs to establish and verify the biological
rationale for predictions. Top candidates from
this list are being tested for antidyskinetic func-
tion using a variety of assays to confirm WDD’s
predictions are biologically relevant and under-
stand which therapies may be most promising for
treatment of LID.
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Innovations
in Immuno-Oncology

14.13

10 researchers are working to tailor drug combinations to tumor characteristics so
that more patients can eventually be treated

"Applying the power of cognitive
computing to discovering new
medicines - is helping Pfizer to learn
how we can most efficiently discover
those immuno-oncology therapies
that have the best chance of
successful outcomes for patients.”

Laurie Olson, Executive Vice President,
Strategy, Portfolio, and Commercial
Operations, Pfizer

Dficer

Immunotherapies, which modify a patient’s
immune system to recognize and target cancer
cells using a combination of vaccines,
immunomodulators, and small/large molecules,
are reshaping the field of oncology. Oncology
researchers at Pfizer use Watson for Drug Dis-
covery to analyze massive volumes of disparate
data sources, including licensed and publicly
available data as well as Pfizer’s proprietary data.
With this tool, Pfizer researchers analyze and test
hypotheses to generate evidence-based insights
for real-time interaction. The customized tech-
nology can also support efficient safety
assessments.

This example of applying the accelerated
discovery method using WDD with a combina-
tion of scientific publications and proprietary
Pfizer data demonstrates the potential for
text-based analytics to be combined with other
data types and methods to further accelerate
insight generation. Using these methods, Pfizer

-

DEIZEE
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WDD supported the identification of combination

therapies, new drug targets, and adverse events for

further investigation
DRUG PRIORITIZATION: Prioritized 5 to 10 potential
|0 drug combinations out of 140k possibilities for
further investigation

EFFICACY PREDICTION: Rank-ordered list of drug
targets by tumor type based on documented evidence

TOXICITY PREDICTION: Rank-ordered list of
potential adverse events for combination of targets,
drugs, and cell types

has been able to prioritize five to ten potential
immuno-oncology combination therapies from
an initial list of 140,000 potential combinations.
Furthermore, this combinatorial data approach
has allowed for prediction of efficacy and toxicity
—associations more detailed than those show-
cased in the UHN and Barrow examples.

In conclusion, we believe these examples
illustrate the potential of cognitive technology to
accelerate the pace of scientific discovery. We
also feel that the general approach of mining
literature to find hidden relationships between
entities is not restricted to biology but has
applications in nearly all sciences. This holds out
the possibility of a dramatic acceleration of dis-
covery leading to tremendous benefits for human
health and societal progress in the coming years.
Given the enormous challenges facing science
today on a global scale, the acceleration of dis-
covery is not only desirable, but indispensable
for human flourishing.
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Naohiro Shichijo and Shinichi Akaike

15.1 Overview

In this current turbulent and uncertain environ-
ment, societal issues are increasing their seri-
ousness. At the same time, the speed of
innovation is accelerating and it has great
potential to answer those issues. Thus, STI
(Science, Technology and Innovation) is attract-
ing more attention and its importance is
increasing. Under such circumstances, the
National Institute for Science and Technology
Policy (NISTEP) is executing Science and
Technology Foresight Study (hereafter, S&T
Foresight) for elucidating emerging signals in
science, technology, and society. The analysis
based on those signals is extensively used to
facilitate discussion formulating STI policy in
Japan to effectively incorporate possible poten-
tials into STI policy in a proactive way. In this
article, the brief history of S&T Foresight and its
relationship with the S&T policy in Japan is
described. Then, implications for future foresight
and STI policy are mentioned as a conclusion.

N. Shichijo (<)
Tokyo University of Technology, Tokyo, Japan
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15.2 Brief History of Foresight
and STI Policy in Japan

Governmental forward-looking activity in Japan
initiated in the late 1960s by the Science and
Technology Agency (STA). Prior to this move-
ment, the basic structure of science and tech-
nology policy had been establishing in Japan
(1950-1970). During that period, starting with
the establishment of STA in 1956, major national
laboratories, science parks, and industrial clusters
are also started to form its basic structure. It was
a dawn of S&T policy in Japan (Table 15.1).
Subsequently, the focus of S&T policy was set to
further promote economic development in the
long term, based on strategic actions, using
information on the direction of S&T advance-
ment, extracted by various forward-looking
methodologies emerged in that period. Finally,
in 1971, one of the earliest results is published as
“Technology Forecast” [1].

The concept of “Technology Forecast”
undertook in Japanese Government was strongly
influenced by policy think tanks (RAND Cor-
poration, Battelle Memorial Institute) and several
futurists (Erich Jantsch and Theodore J. Gordon)
who were leading future studies at that time. This
study was organized by STA, but its influence
was not limited to STA or even to the govern-
ment as a whole. Since there was a strong backup
from the industry sector (many major Japanese
corporations joined the study), those companies
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Table 15.1 History of Japanese Foresight and surrounding environment

Societal issues related to S&T

1970- | Catching-up

Adapted methodologies used in forecast
studies in US (Battelle, IFF)
Bootstrapping science sector by
establishing national research

laboratories and science parks

1990—  Transition phase

Deepening usage of Technology
Forecast in policymaking
Technology Roadmaps were used in

companies

2000- | Prioritization

Economic depression (Lost decade)
Prioritization

Forecast to Foresight

Output of foresight surveys were used in

shaping Basic Plan

2010- | Demand-driven
Answering societal issues in aging

society, global competition, and rise of

Foresight

Technology Forecast
(1971, 1977, 1982, 1987)

Technology Forecast
(1992, 1997)

Outlook for Japanese and
German Future
Technology (1994)

Technology Foresight
(2001)

Science and Technology
Foresight (2005)

Science and Technology
Foresight (2010, 2015,
2019)

N. Shichijo and S. Akaike

S&T policy

General Guidelines for
Science and Technology
Policy (1985)

General Guidelines for
Science and Technology
Policy (1992)

Science and Technology
Basic Law (1995)
Science and Technology
Basic Plan (1996-2000)

Established MEXT due to
ministry reform (2001)
Established Council for
Science and Technology
Policy (2001)

Science and Technology
Basic Plan (2001-2005)
Long-Term Strategic
Guidelines “Innovation 25”
(2007)

Science and Technology
Basic Plan (2006-2010)

Science and Technology
Basic Plan (2011-2015)
Established Council for

Asia
Integration of Science and Technology
policy with Innovation Policy

actually used the output of the study to formulate
their own long-term strategy. Such a deep
involvement occurred because they had an
increasing aspiration to establish a new corporate
R&D strategy according to their new economic
environment. The Japanese economy was expe-
riencing a transition from “catching-up stage”
(so-called the age of rapid growth in the 1960s)
to the next level. Thus, in Japan, a special situ-
ation emerged: spontaneous integration of
nation-wide STI policy, from government to
industry, connected by the “Technology Fore-
cast.” As a result, corporate strategies of major
Japanese companies were synchronized with and
backed up by a national strategy. The study was
continued in every five years and their results

Science, Technology and
Innovation (2014)

Science and Technology
Basic Plan (2016-2020)

contributed further growth in technology com-
petitiveness and economy during the 1980s and
1990s. This study initiated by STA and its sur-
rounding environment was later analyzed [2] and
described as “Technology Foresight,” due to the
characteristics surrounding Japanese “Technol-
ogy Forecast” realized major characteristics of
“Foresight” [3].

Aligned with forward-looking activities as
above, Japanese STI policy had been gradually
changing to incorporate “selection and concen-
tration” by prioritizing strategic areas of research
and development. In 1986, “General Guidelines
for Science and Technology Policy” is approved
by the cabinet (modified in 1992) as a response
from report to Prime Minister prepared by
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Council for Science and Technology of Japan
(CST). In its 1992 edition, 16 areas (disciplines
and missions) are selected as prioritized areas.
The result of “Technology Forecasts” were uti-
lized in the discussion at CST to select prioritized
areas of scientific growth. This movement suc-
ceeded in the legislation of “Science and Tech-
nology Basic Law,” enacted in 1995. After the
legislation of Basic Law, the foresight activities
are synchronously conducted to produce com-
prehensive information for the discussion of
“Science and Technology Basic Plan.” In 1988,
NISTEP was established and continued Japanese
National Foresight activities. According to the
increase of interest in international collaboration
is science policy in the 1990s, the first interna-
tional collaboration in National Foresight started
in 1993, when German Federal Ministry for
Research and Technology (BMFT) conducted a
survey identical with the Japanese fifth Tech-
nology Forecast Survey as a collaborative project
with NISTEP and published its findings in
August 1993 [4]. From its success, other foreign
research institutes started international collabo-
rations with NISTEP, including Finland, Korea,
China, and APEC (Asia-Pacific Economic
Cooperation).

15.3 Current Foresight Activities
in Japan

The latest S&T Foresight study [5] was con-
ducted during 2013-2015 employing multiple
methodologies. The study consists of three
stages: (1) visioning, (2) survey for scientist and
engineers, and (3) scenario planning. In visioning
stage, seven visioning workshops are conducted
according to the societal issues. The outputs of
workshops were analyzed to establish “Societal
Visions” composed with societal issues that sci-
ence and technology is supposed to address and
its expected importance and relationship between
issues. In the second stage, eight committee are
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organized according to scientific disciplines and
selected around 100 topics for each committee
that are expected to be realized within 30 years
in order to contribute to solving societal issues
addressed in the first stage. In total 932 topics are
selected and further analyzed by 4309 scientists
and engineers. In the final stage, several scenar-
ios are compiled according to the societal issues
utilizing the result of the survey in the second
stage to create a comprehensive image of the
future to realize societal visions.

The output of the tenth S&T Foresight was
utilized in the discussion of the fifth Science and
Technology Basic Plan [6]. Especially, during
the discussion for elucidating the central concept
of the fifth Plan, “Society 5.0,” the result from
tenth foresight is utilized extensively. The con-
cept “Society 5.0,” is going to add a fifth chapter
to the four major stages of human development:
hunter-gatherer, agricultural, industrial, and
information. This new society is expected to be
“ultra-smart,” everything will be connected
through IoT technology and not its network is
only covered for “things,” but all human and its
knowledge will be integrated. As a result, dra-
matical improve of the quality of life is expected
to be realized (see Fig. 15.1).

15.4 Further Development
of Foresight

The 50 years history of national foresight system
is exceptionally long for such nation level activi-
ties and following such tradition might have virtue
on its own. However, it is necessary to introduce a
new trial while following such tradition, since
there is increasing need for the society for science
to address societal issues, especially for aging,
sustainability and globalization, and pace of that
progress is ever accelerating. Therefore, we
introduced visioning in order to consider the
changing societal needs and to consider multiple
options for its change. In the latest ongoing
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Fig. 15.1 Issues and its direction of solution addressed by Society 5.0

foresight study (the eleventh S&T Foresight), we
are trying to enlarge consideration of societal
visions as well as incorporating concurrency,
by introducing new system “Horizon-Scan”
(A semi-autonomous sense-making system from
Web crawled open information, using mixed
machine-learning algorithms). We also trying to
seek other new foresight methodologies for further
enriching the result. In order to do this, we believe
the increase and deepening of international col-
laborations is one of the most important points.
International joint Horizon-Scanning or joint
sense-making (analyzing policy implications from
various weak signals, megatrends, and indicators)
are next breakthrough in government foresight.
We hope such new foresight would contribute not
only to STI policy, but to global harmonization and
well-beings.
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Carl Naughton

Findings from the Merck Curiosity Council show
that workplace curiosity is a vital driver of
organizational performance. This resonates well
with general opinions about how curiosity fosters
exploration, interest, and even creativity. But
there is a small but vital difference hidden in
plain sight in those first two sentences: curiosity
does not necessarily equal workplace curiosity.
While the former hinges on five dimensions
including thrill-seeking, the latter is a construct
with four dimensions that focuses on going on
the hunt for information, looking for opposing
world views, and not being distraught by inse-
curity or ambiguity that arises from new infor-
mation and differing world views. Thus,
workplace curiosity goes beyond just being
interested and piqued to explore. Furthermore,
the research done by Todd Kashdan and his team
suggests that all four dimensions have to be
present for a person or a team to act on their
curiosity and in consequence be beneficial for
organizational performance.

The researchers and innovations that are
comprised in this book are living and tangible
examples of the everyday potency of this multi-
dimensional construct. Therefore, it pays to
(a) look at the dimensions, (b) see how they play
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Braincheck GmbH, Cologne, Germany
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out, and (c) inquire whether they differ from
culture to culture.

Curious individuals have a lot to offer in terms
of motivational and behavioral contributions:
they actively seek out new information, broaden
their understanding, and thus accumulate new
experiences and/or knowledge. While they pur-
sue the paths of learning they tend to be more
fascinated than frustrated by conflicting infor-
mation, mystery, or ambiguity. When these
people act on their curiosity in organizational
settings they actively seek out feedback and see
such feedback as a chance for communication
rather than judgement regarding the quality of
their work. That might be the reason why they
actually enjoy getting better, they intuitively
perceive such an information flow from their
team leaders or supervisors as a possibility to
grow. And while many readers and fellow sci-
entists would agree to this at face value, very
little research has been publicized to actually pin
down what the behavior that is connected to
workplace curiosity actually consists of. With the
start of the Curiosity Council, digging deeper
into workplace curiosity and filling this specific
knowledge gap started to take shape. Now, in
2018, we have a revised, reliable, and valid
construct which models workplace -curiosity;
among others, it can help predict curious
behavior at the workplace, it can help find and
hire those people who naturally bring this quality
with them and can help develop the according
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strengths in people, and teams who look to
increase the workplace curiosity scores.

16.1 Curious Individuals—Why
Curious Minds Behave

the Way They Do

Having synthesized existing research on curiosity
into a single, synoptic measure, we bring toge-
ther a range of dimensions that beforehand
existed in isolation. Tying them together—via
empirical research and rigorous statistical meth-
ods—we could correlate them with workplace
performance indicators such as innovative work
behavior or job performance.

The first dimension appears like the dictionary
definition of curiosity. It centers on the joy of
recognizing and seeking out new information and
experiences at work. Learning is a joy to these
people. Todd Kashdan refers to it as a pleasur-
able state, in which people revel in a kind of joie
de vivre. A lot of times high scores on this
dimension predict above-average innovative
work behavior. Almost seeming like the flip-side
of the aforementioned exploration part of the
information gathering coin, the second dimen-
sion centers on feeling deprived due to a lack of
information, a gap in the individual knowledge
matrix. This then spurs the search for information
in order to fill this gap. And while noticing the
gap creates tension, filling it offers relief. As it
appears, this kind comes with few feelings of joy,
and in fact, it does not feel good. On the other
hand, it is exactly this feeling, which drives
people to keep on thinking about a solution to a
problem until they have. So far the empirical
results show that this dimension is not as strongly
connected to innovation behavior as the other
dimensions.

Once information is gathered or even during
the process of procuring it, individuals interact
with other people. People they ask for directions
where to find information or people they ask in
order to understand new information. Naturally,
this works best when one mobilizes a certain
degree of openness to those people. This implies
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valuing the diverse perspectives that come with
the answers and being open to the different
approaches that are associated with seeing the
world—or the problem at hand for that matter—
differently. New findings show that individuals
who score particularly high in this dimension
also display a high frequency of innovative
behavior. More often than not workplace inno-
vation equals team processes. So, it comes as no
surprise that this dimension is strongly connected
to innovative work behavior.

It may come as no surprise that both the hunt
for new information as well as the encounter of
differing opinions and approaches test the emo-
tional stability of any individual. Thus, in order
to deal with the ensuing thoughts and feelings,
certain distress tolerance is needed. That is why
the fourth dimension reflects the willingness to
embrace the doubt, confusion, anxiety, and other
forms of distress that arise from exploring new
and uncertain terrain at work. The strength of the
manifestation of this dimension very much
relates to an individual’s coping potential, i.e.,
everyone, when in a stress-inducing situation
judges this situation on the basis of two ques-
tions: “Is it relevant to me and do I possess the
means to cope with its effects?” Bridged over to
curiosity these questions adapt to “Is it new and
interesting enough to capture my attention and do
I possess adequate mental resources to cope with
any that stems from engaging this new informa-
tion or situation?” People who are high in dis-
tress tolerance do display significantly higher
degrees of innovative work behavior.

Looking at the four dimensions it becomes
apparent why they all have to be present to a
certain degree for workplace curiosity to work.
During the initial workshop phase of a pilot
program we designed to train the dimensions of
workplace curiosity, we created a creative prob-
lem which had participants experience these
almost in sequential order. Best suited for such
experimental and experiential purposes are
so-called insight problems. They are a kind of
brain teasers dating back to the origins of gestalt
psychology. They seem unsolvable at first but
then, almost with a sudden burst of
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understanding, a flash of inspiration, the solution
appears in the problem solver’s mind. One of the
well-known examples is the nine-dot-problem,
where people have to connect nine dots with a
single line without crossing the line they draw.
What normally happens is, that people either start
drawing using what behaviorists would call trial
and error or mentally probing different strategies.
This joy of exploring can come to a sudden halt
if the trial and error approach does not yield
results after five to six attempts. Most of the
times, this is when different information gather-
ing scenarios are being contemplated, external
advice sought, and alternative approaches taken
into consideration. Then, after the next failed trial
period, frustration, sometimes self-doubt, set in,
and stress creeps up. There you have it: all four
dimensions are present even when people are
toying around with brain teasers.

16.2 Curious Teams—Why
Curiosity Makes Teamwork
Flourish

The times where individuals sit alone in office
spacers and ponder over an innovative solution to
a tricky problem are long gone. Teamwork has
taken over. And with it a plethora of social and
communication traps that keep teams from per-
forming their best when dealing with their share
of tricky problems. This tendency is supported by
the general social inclination to feel a sense of
belonging. Notwithstanding the importance of
openness for others dimension when acting on
curiosity individually, in this context, further
aspects come into play when teams employ
curiosity to achieve work-related goals. While
Todd Kashdan points out that people’s view-
points and ideas are arguably their most important
characteristic, it is essential for teams to synthe-
size these different vantage points in order to
benefit from team synergies while solving prob-
lems. From personal experience, almost everyone
working in an organization can recall countless
examples where this synergy did not take place.
Instead, defensive and tactical behaviors come to
the forefront where team members aim to protect
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their ideas in negligence of a search for the best
idea within the entire team. This stifles curiosity.

Most importantly, this hindrance does not
only apply to the team members interactions but
also to the perception of the team leader’s
behavior. In earlier research, the Curiosity
Council found that team members experience
barriers to asking questions and obtaining infor-
mation outside of obvious sources. Thus, one
could argue, allowing for more openness, leaders
might increase the respect from their followers
by being perceived as more susceptible to indi-
vidual information gathering strategies.

The aforementioned leadership behavior also
affects the two dimensions associated with
information gathering: joyous exploration and
deprivation sensitivity. From a leader’s point of
view, thinking outside the box may be viewed as
valuable but at the same time exploring outside
this said box is deemed as time and cost inten-
sive. Also, people wandering off during the
workday to go and hunt for new insights might
even be viewed as weak leadership. From this
point of view, the absence of von encouraging
exploration would come as no surprise. But
during our pilot-program, one team leader
reported quite the opposite. He had his team
come up with ideas about so far untried cake
recipes and encouraged them to bring the results
to the workplace. The workplace focus of this
team was on lighting innovations, not kitchen
experiences. But as far away from the mark as
this cake challenge might seem at a first glance,
as eye-opening becomes what happened in the
wake of it. The playfulness opened up the team
members to look for information that was
focusing more on their innovation problems in
unusual places. These actually were colleagues
they had never spoken to before—although they
resided in offices just down the aisle. Many
people in organizations are familiar with this
phenomenon called silo thinking. From a seem-
ingly unrelated cake challenge to speaking with
estranged colleagues might seem an unusual leap
for an outsider, for the team it made perfect
sense. Connect with aspects you did not connect
with before and thus get the information you
could not access before.
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Apart from encouraging interaction with dif-
ferent departments in order to obtain new per-
spectives and approaches, this exploratory
behavior falls in line with what IBM called
T-knowledge. The letter serves as a visual
metaphor. The vertical line of the “T” stands for
the deeply rooted expert knowledge. It drives us
deeper into any topic of our choosing. Like a
vertical knowledge drill. At the same time, this
“T” branches on the left and the right, becoming
aware of related ideas and concepts, that are
connected two our initial interest. And it nor-
mally does not stop there. It keeps on growing.

In addition to the team benefits of increased
openness and inquisitiveness dimensions, the
training of the distress tolerance dimension led to
significant changes as well. A team of workplace
security advisers who attended the pilot fed back
that employing techniques that increased their
psychological flexibility had a noticeable effect.
The team leader reported that there was a feeling
that the team members can share and talk about
their problems and try to get to find solutions.
With that he expressed his surprise that they did
share stories, experiences, feelings in the most
open way.

16.3 Curious Minds—Why a Belief
in Oneself Is Important

So, curiosity appears to be a basic motif for
creativity. Nearly everyone involved in research
suspected this, but no one has been able to prove
it yet. An indication of this appeared in 2006
with the novelty generation model. It links neu-
ropsychological aspects to others related to per-
sonality and to the motivation to look for new
things and think creatively. Here, curiosity is the
primary factor in the search for novelty, which in
turn translates into creativity. Unfortunately, it
was merely a model and not evidence.

Polish psychologist Maciej Karwowski then
tackled the subject in 2012. His results finally
demonstrated that curiosity is essential for “the
creative self”. This is because the nature of
curiosity appears to be essentially very close to
so-called little c creativity, because it is perceived
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as a power that brings people to think and act in a
new way. This has to do with creative thinking or
such aspects of personality and self-concept as
open-mindedness, vigor, or intellect. Now, we
absolutely must make a somewhat finer distinc-
tion with respect to the different forms of cre-
ativity. One important differentiation seldom
appearing in popular literature on creativity yet
extremely important for the twenty-first century
is between incremental creativity (“little ¢”) and
radical creativity (“big C”). This line of argu-
mentation presupposes that intrinsic motivation,
problem-driven, and abstract theory-related cre-
ative ideas are linked to radical creativity (“big
C”), whereas extrinsic motivation and ideas that
are solution-driven and developed on the basis of
concrete practices are associated with incremen-
tal creativity (“little c). In plain terms, this has to
implications:

First: Curiosity, which is also strongly corre-
lated to intrinsic motivation, plays a critical role
in radical creativity—one study showed clear
associations between intrinsic motivation (which
is linked closely to curiosity) and radical cre-
ativity. In other words, we need curiosity to have
big ideas. It appears that nothing at all would
work in the world of creativity without curiosity,
particularly if it is necessary to challenge para-
digms! Second: What follows is a significant
consideration for scientific practice. We have
already spoken about how the labor force will get
older and that you would be wise to come to
terms with ways to foster creativity, especially
these two special forms of creativity. Not only
does each form represent a different process
which occurs within us, but each is coupled with
different preconditions and procedures. In its first
step, a company therefore has to decide which
form of creativity it is seeking. Does it need
people with radical ideas, who think large scale,
or rather employees who can bury themselves in
an issue and put solutions on the table to tackle
concrete tasks which arise?

The second step involves creating the right
environment for these “creativity types,” where
they can settle in and flourish. This, in turn, has a
lot to do with designing workflows, with task
definition and with management in general,



16 Curiosity—Fuel for Innovation

though it also involves the company culture and
open spaces. Or a company could try to think
in situational terms and trigger the desired form
of creativity in its employees. This is possible
because generally every one of us has both forms
within us. Here is an example: Depending on
how you approach a project and how much space
employees get for curiosity and freedom of
thought, the results will be quite different solu-
tions. This means that, when we work on a given
problem and we start by looking for solutions,
we will evince more incremental creativity. If it
is preferred or even expected of us to first take a
step back and examine and question the task
definition, and perhaps even redefine it, this fits
better to our radical creativity side.

From the perspective of the company as a
whole, precisely this would be a beneficial
approach—particularly when the task involves
tackling the really big issues: restructuring the
company, tapping into new markets etcetera.
There are even other ways to support this
“large-scale thinking.” Perfectly in line with
experiences that each of us has likely had at some
point in our lives, it can be helpful to radical
creativity to allow people to withdraw from the
concrete work after an induction or briefing
period so that they can go into reflective mode
and get input from other sources, some of which
may be abstract, to promote this consideration.
Our minds then travel down pathways we are not
even aware of—often with very successful
results.

A person’s core self-evaluation is very
important for incremental creativity. Contempo-
rary literature on creativity understands core
self-evaluation or CSE as an individual’s belief
that they are capable of solving problems
requiring creative thinking.

The results of one study show that curiosity
and core self-evaluation are closely related. An
individual’s curiosity depends strongly on how
much they see themselves as a creative person.
Curiosity determines the allocation of personal
resources and the energy dedicated to
goal-relevant actions, which in turn yield intrin-
sically rewarding results. This also includes the
learning of rules for an area of knowledge—
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through advanced learning and many hours of
practice.

This is rather important news for those who
would like to strengthen their creative personality
—whether they be students, teachers, parents, or
managers. However, there is one more thing they
have to be mindful of: their mindset. Nowadays,
everyone is talking about “passion,” “commit-
ment,” and “leadership.” Companies and insti-
tutions rely on dedicated employees, but these
are demanding and in turn only want to work for
dedicated companies. And what does dedication
and passion have to do with curiosity? A lot!
Carol Dweck of Stanford University showed the
effect a specific mindset has on dedication at
work. As expected, only employees who put
their lifeblood into a task, whose mindset is
aligned toward “growth” (and particularly the
growth of their knowledge) are truly dedicated.
Those whose mindset is “fixed,” who are sig-
nificantly less curious and stuck in a kind of
stagnation, contribute less energy, that is, they
are less dedicated—and consequently enjoy less
success.

Studies prove that people who believe that
creativity is malleable, that is, whether it can be
developed and is not a fixed part of our person-
ality rate themselves as more creative per se.
After all, their own mindset is more aligned to
growth! Logically, those with a fixed mind, who
do not believe that creativity can be developed,
are then the losers—oh well! Obviously, the
question is whether these beliefs are also reflec-
ted in the quality of the creative solutions these
individuals come up with. This can be tested by
presenting the “affected” with a so-called insight
problem. A simple insight problem might be a
play on words by Groucho Marx: “Time flies like
an arrow. Fruit flies like a banana.” Get it? In
point of fact, people who imagine that creativity
is a fixed character trait do worse in such tests. In
contrast, those who have a growth mindset
toward their own creativity perform even better if
the efficacy of their solution to insight problems
is also measured. That is not so surprising when
you think about it. We can do things when we
feel they are possible. You can find quotes on
that idea as far back as the inventor of the
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Model T. “Whether you think you can or you
think you can’t — you’re right.” The new part is
that this belief, this mindset, also determines
whether people have more or fewer ideas.

This  self-regulating and  continuously
self-actuating curiosity mechanism may very
well be crucial for creating and fueling the link
between personality, life experience, and the
development of creativity skills and results.
However, the central element is still mindset—
very little works without it. Time and again it has
been shown in educational psychology that
individuals’ mindset, whether it be fixed or
growth-oriented, has an enormous impact on
their well-being, locus of control (their explana-
tory model, as in “Did I do that, or did it just
happen?”), and learning objectives.

How would this mindset affect individuals’
creative performance, not only those of Nobel
prize winners, but of everyone who sets his sights
on contributing to innovation? It is down to a
priming effect that paves the way for incremental
creativity in those people’s minds. And for that to
work to its full effect, their mindset plays a major
role, since it forms the source of our motivation or
demotivation to think and act creatively. When
people assume that creative prowess is a fixed
character trait, for example, it is hard for them to
find reasons to evince creative thinking.

There is an even more complex effect of
mindset: People can actually display either a
fixed mindset or a growth mindset depending on
the situation or their mood. For example, many

C. Naughton

people think that the aforementioned “little ¢” or
incremental creativity is normally distributed, as
in the idea that “Everyone got a bit of it.” And
this little bit can be nourished and multiplied.
Likewise, many people believe that the “big ¢” or
radical creativity is based on talent and individ-
uals are either gifted by nature or they are not.
Now, an individual could easily believe both at
the same time and, based on these beliefs, waste
their “big c creativity” potential because they do
not think it possible that they have it.

What is even more important is that this
self-concept of one’s own creative abilities can
be promoted by the impulses one gets from
organizational leaders. That is because this
self-concept intervenes directly into the rela-
tionship between curiosity, core self-evaluation,
and creativity. Research assumes that it is pre-
cisely the acceptance of complexity and the
desire for novelty which allows people to test
their abilities in practice. This is what yields the
driving power of curiosity for the growth of our
own core self-evaluation.

So, if there is one thing the presentations
accumulated in this very book show us, it is that
curiosity is not an optional extra, it is basic
human feature allowing those of us who capi-
talize on it to foster and drive societal evolution.
So, as long as there are people who say to
themselves “Stay curious, be open, do what
matters,” there will be books like these allowing
us to marvel at the performance of such curious
and creative minds.



Ulrich A. K. Betz

In this chapter, I would like to share some per-
sonal thoughts and ideas that developed in my
mind while conducting the activities around the
science and technology workstream at the occa-
sion of Merck’s 350th anniversary.

In the almost two years spent in preparation
and operational execution of the various activi-
ties around science, technology and innovation, it
was impressive not only to see the tremendous
impact science and technology had over the
millennia and what breakthroughs are ahead
(Betz 2018, Is the force awakening? Technology
Forecasting and Social Change 128, 296) but
also how working on these fascinating topics can
energize people to join forces and work on fur-
ther advancement in highly motivated teams,
across cultural, religious and national boundaries.

Advancements in science and technology
however go hand in hand with ethical questions.
We have seen from human history that new tech-
nologies often not only come with inherent risks
and undesirable side effects but in general can be
used for good and evil alike. Science and tech-
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nology itself are ethically neutral, and we need to
ensure that they are applied for the greater good.

Most important of all, science and technology
remain silent on the essential question of live:
For what purpose do we live and what should we
do?

This question has been the domain of religion
and philosophy and although there are wide
differences between different religions and
philosophies in regard to detailed rules and reg-
ulations, rites and believes, it is remarkable that
there seems to be a set of fundamental principles
that form the core, many of which are essentially
identical on what constitutes ethical behavior, on
how a good live should look like and what
should guide our activities.

Just compare, for example, two moral codices
that emerged independently in human history at
two different locations, the Ten Commandments
as described in the Bible (2. Mose, 20) and the
Five Precepts of Buddhism (Sanskrit: paficasila)
(Table 17.1).

In the following, I delineate fundamental
principles that could guide how we apply the
benefits of science and technology:

Fundamental principle 1: Truth

Discovering and communicating the truth on
what is, how the universe is working, is at the
core of the scientific method. Science is the
search for truth and the fundamental principle of
truth is universally accepted in science (e.g., the
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Table 17.1 Agreement between the Ten Commandments and the Five Precepts

6. Commandment: Thou shalt not kill

7. Commandment: Thou shalt not commit adultery

8. Commandment: Thou shalt not steal

9. Commandment: Thou shalt not bear false witness against thy

neighbor

motto of Harvard University is VERITAS). In his
Metaphysics, Aristotle stated: “To say of what is
that it is not, or of what is not that it is, is false,
while to say of what is that it is, and of what is
not that it is not, is true.” The original meaning
and essence of truth in ancient Greece (“ale-
theia”) was the revealing of what was previously
hidden into the open. Likewise, the 9th com-
mandment and the 4th precept both underline the
importance of communicating the truth.

Fundamental principle 2: Love

Love (agape, charity) as a fundamental principle
affecting the relationship between ourselves and
our fellow human beings is a key topic of all
moral and ethical discourse. Christian/Jewish
commandments 6-9 and Buddhist precepts 14
can basically be summarized as “do no harm to
others.” In the New Testament, all ethics is
summarized by Jesus in one sentence (the great
commandment as in Matthew 22:35-40 and
Mark 12:28-34): “Love God with all your mind
and with all your strength, love your neighbor as
you love yourself. There is no commandment
more important than these.” Another statement in
philosophy summarizing this principle is the
“categorical imperative” from Immanuel Kant:
“Act only according to that maxim whereby you
can, at the same time, will that it should become
a universal law.” or the famous “Golden Rule.”
The Golden Rule is the principle of treating
others as one’s self would wish to be treated. It is
a maxim that is found in many religions and
cultures and appears prominently in Christianity,
Judaism, Buddhism, Hinduism, Konfuzianism
and Taoism. The concept of the Golden Rule is

1. Precept: Refrain from taking lives

3. Precept: Refrain from sexual
misconduct

2. Precept: Refrain from stealing

4. Precept: Refrain from telling lies

also codified in the Code of Hammurabi stele and
tablets (1790 BC).

Fundamental principle 3: Courage

The virtue of courage (fortitude, valor or bravery)
is an integral part of ancient western and eastern
traditions. It is mentioned by ancient Greek
philosophers Socrates, Plato and Aristoteles, the
Roman philosopher and statesman Cicero lists it
as one of the four virtues: courage, wisdom, jus-
tice and temperance. In Catholicism, courage is
one of the seven gifts of the Holy Spirit
(fortitude/courage, wisdom, understanding, coun-
sel, knowledge, piety and fear of the Lord). In
Hindu tradition, courage (shauriya) appears as the
first of then characteristics (courage, patience,
forgiveness, tolerance, honesty, physical restraint,
cleanliness, perceptiveness, knowledge, truthful-
ness and control of anger). Courage is the basis for
all action, linked with the strive to accomplish and
willing to bear risk and sacrifice. It is the essence
of entrepreneurship that is required to bring the
benefits of science and technology to fruition to
have impact in the world.

Fundamental principle 4: Liberty

Philosophers from earliest times have considered
the topic of liberty. Roman Emperor Marcus
Aurelius (121-180 AD) wrote: “a polity in which
there is the same law for all, a polity adminis-
tered with regard to equal rights and equal free-
dom of speech, and the idea of a kingly
government which respects most of all the free-
dom of the governed.” Aristotle put it: “This,
then, is one note of liberty which all democrats
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affirm to be the principle of their state. Another is
that a man should live as he likes. This, they say,
is the privilege of a freeman, since, on the other
hand, not to live as a man likes is the mark of a
slave. This is the second characteristic of
democracy, whence has arisen the claim of men
to be ruled by none, if possible, or, if this is
impossible, to rule and be ruled in turns; and so it
contributes to the freedom based upon equality.”
The first draft of liberty in continental Europe
after the Roman Empire is the Twelve Articles as
part of the peasants’ demands of the Swabian
League during the German Peasants’ War of
1525 stating that “Christ redeemed all of us with
his precious bloodshed, the shepherd as well as
the highest, no one excluded. Therefore, it is
devised by the scripture, that we are and that we
want to be free.” Finally and most famous,
according to the 1776 United States Declaration
of Independence, all men have a natural right to
“life, liberty, and the pursuit of happiness.” This
then consequently would also involve the

freedom to neglect the fundamental principles
described here (Fig. 17.1).

Applying these fundamental principles can
lead to a new way of working together, a new
type of organization, that combines the strong
cultural traditions of science (truth), religion
(love) and entrepreneurship (courage) while at
the same time being based on individual freedom
(liberty). The four general principles of truth,
love, courage and liberty can help us to find the
right way forward and to apply further progress
in science and technology for the benefit of all
humanity. Keeping this in mind, we can combine
constant change and innovation with never-
changing eternal truths to a force of good that
can change the face of the world.

And finally, there might be a fifth funda-
mental principle: spirituality. A notion that there
is more than energy and matter, that there is
spirit, that there is the “I am that I am,” the alpha
and the omega of all things, the end and the
beginning.

Four fundqmental pringples

Truth

- To discover and communicate the trut

(.

Courage

To have the strength to take action

Fig. 17.1 Four fundamental principles

Love

0 hold the wellbeing of others as
important as the wellbeing of myself

™

Liberty

To let others do as they wish
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