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Abstract

This study examines the roles of public and private sector actors in the development of mRNA
vaccines, a breakthrough innovation in modern medicine. Using a dataset of 151 core patent fam-
ilies and 2,416 antecedent (cited) patents, we analyze the structure and dynamics of the mRNA
vaccine knowledge network through network theory. Our findings highlight the central role of
biotechnology firms, such as Moderna and BioNTech, alongside the crucial contributions of univer-
sities and public research organizations (PROs) in providing foundational knowledge. We develop a
novel credit allocation framework, showing that universities, PROs, government and research cen-
ters account for at least 27% of the external technological knowledge base behind mRNA vaccine
breakthroughs—representing a minimum threshold of their overall contribution. Our study offers
new insights into pharmaceutical and biotechnology innovation dynamics, emphasizing how Mod-
erna and BioNTech’s mRNA technologies have benefited from academic institutions, with notable

differences in their institutional knowledge sources.
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1 Introduction

The timely development of vaccines against COVID-19 is an extraordinary scientific achievement
and a fundamental step in the fight against the pandemic. While some vaccines (such as Vaxzevria
from AstraZeneca and the University of Oxford and JNJ-78436735 from Johnson & Johnson) were
based on relatively established technologies, the most effective vaccines, still in use, come from a new
mRNA vaccine platform developed in record time. The mRNA technology is transforming vaccinology
and opening up new opportunities for the development of new therapies in many therapeutic areas
such as oncology, cardiovascular diseases, cystic fibrosis (Androsavich, 2024; Pardi et al., 2018; Sahin
et al., 2014). This rapid development of mRNA vaccines would not have been possible without prior
investment in basic research on mRNA, in methods to improve the efficiency of mRNA delivery (e.g.
lipid nanoparticles) and in pharmacological modifications to reduce its instability and innate immuno-
genicity (Pardi et al., 2018; Martin and Lowery, 2020; Slaoui and Hepburn, 2020). As governments
and international institutions have faced the challenge of ensuring access to vaccines for the entire
global population, understanding the processes and actors that have driven this important biomedical
innovation offers important insights for policy beyond the COVID-19 pandemic (Agarwal and Gaule,
2022; Florio, 2022; Florio et al., 2023; D’Souza and Snyder, 2024).

This paper analyses the different roles of the public and private sectors as a source of breakthrough
innovation in the life sciences, with a focus on the development of mRNA vaccines for COVID-19. Such
breakthrough innovations are fundamental to our society as they drive new developments in science
and technology and provide important opportunities to increase social welfare and economic growth
(Hall et al., 2005b; Phene et al., 2006; Kaplan and Vakili, 2015; Kuhn, 1962). Typically, breakthrough
innovations challenge the existing technological landscape, open up new technological trajectories
enabling business growth and new business development.

In order to gain a comprehensive understanding of the role played by the different actors in the
development of mRNA vaccines, three different research objectives are pursued in this article. The first
objective is to assess the role of different types of organizations within the mRNA patent landscape.
We investigate how universities, research centers, biotech companies and pharmaceutical companies
have contributed to the development of mRNA vaccines. We distinguish between organizations that
have contributed directly to the mRNA vaccine platform (“Core”) and those that have developed
enabling technologies that support the development of mRNA vaccines (“Antecedent”).

The second objective is to identify the key players in the development of the mRNA vaccine
platform by relying on network analysis. We construct a comprehensive network of relationships
between different types of organizations based on backward patent citations, the so-called mRNA
vaccine knowledge network. We use centrality measures - such as in- and out-strength, betweenness
centrality and hub & authority scores - to assess the importance of different actors in the mRNA vaccine
knowledge network. This analysis allows us to identify the most influential actors and understand their
importance based on local and global network characteristics.

Finally, the third objective is to explore how credit for mRNA vaccine discovery could be re-
distributed by leveraging the structural properties of the mRNA vaccine knowledge network. We
introduce a novel network measure that allows us to assess the contribution of different actors to the
development of specific technologies. With this measure, we can fairly distribute the merits in mRNA
vaccine discovery by considering the contributions of cited patents as the main sources of knowledge.
In this way, we aim to create a more nuanced understanding of how knowledge networks can be used

to identify the most important contributions to the development of breakthrough innovations.



We leverage a new and carefully selected large-scale dataset with a Core set of 151 patent families
covering the mRNA vaccine platform (published from 2006 to 2020) and their citations to earlier
patents, totaling 3625 patent documents (2416 patent families). For each patent document, we
performed a manual check of the name of the assignee to ensure harmonization where applicable and to
identify the type of assignee (e.g. pharmaceutical company, biotech firm, public research organization).
Patent applications in the field of mRNA vaccine technology have increased significantly in the last
seven years, while the basic knowledge cited in the prior art dates back to the mid-1980s. We find that
biotech company patents dominate both patents directly related to mRNA vaccine technology (Core)
and patents that enabled the development of the mRNA vaccine platform (Antecedent). However,
universities also hold a significant share of patents in both groups, about 24% in the Core group and
19% in the Antecedent group. Remarkably, pharmaceutical companies are practically not represented
in the Core group (4.6%) and hold 17.5% of patents in the Antecedent group.

Based on the network analysis, we find that universities and research centers such as MIT, Califor-
nia University, British Columbia University and Max Planck play an important role as ‘authorities” and
‘bridges’ (authority and betweenness centrality) and biotech companies such as Curevac and Moderna
have a particularly high hub centrality. Finally, our analysis shows that the main contribution to the
discovery of Moderna and BioNTech vaccines comes from the biotech sector: 42.7% and 45.2% respec-
tively. This is followed by universities, which are credited with 19.3% and 21.7% of the contribution
of the knowledge network to the discovery of the Moderna and BioNTech vaccines respectively. This
distribution underlines the importance that both the private and public sectors play in the mRNA
knowledge landscape.

This paper adds to the existing literature by providing a comprehensive analysis of the roles
played by various entities—universities, research centers, Biotechnology firms, and pharmaceutical
companies—in the development of mRNA vaccine technology. Building on prior studies that have
examined the dynamics of breakthrough innovations, we extend this research by integrating patent
analysis with network theory to map the complex relationships that underpinned the mRNA vaccine
platform. While earlier research has emphasized the role of academic research and public funding in
driving technological breakthroughs (Mansfield, 1991; Sampat, 2009), our study provides new insights
into how these contributions are distributed across various actors.

In doing so, we introduce a novel approach to redistributing credit for technological innovations,
addressing a significant gap in the existing literature on intellectual property rights and credit allo-
cation. Traditional metrics, such as patent counts or simple citation numbers, often fail to capture
the nuanced contributions of different entities in complex innovation ecosystems. By leveraging the
structural properties of the mRNA vaccine knowledge network, we propose a more equitable method
for allocating credit. This approach accounts for the significant, yet often underappreciated, role of
public institutions in generating the foundational knowledge on which private firms rely. This aligns
with the broader discourse on how innovation policy should more fairly distribute the economic and
reputation rewards of scientific discovery, particularly in fields where public and private sectors both
play essential roles (Mowery et al., 2004; David et al., 2001).

The rest of the paper is organized as follows. Section 2 outlines the background of this study
by introducing the specific characteristics of the mRNA ecosystem and discussing the contribution of
academic research to the breakthrough innovation. Section 3 presents the data and key concepts of
complex network theory and describes the methodology of the study. Section 4 presents the results.

In the final section, we draw a conclusion and discuss some policy implications.



2 Literature and Background

Our contribution in this paper is based on three main strands of research. The first strand deals
with the network origins of innovation in the biotechnology sector (Orsenigo et al., 2001). The second
research strand deals with the emergence of breakthrough innovations as a recombination process
(Trajtenberg et al., 1997; Fleming, 2001). The last line of research provides a historical reconstruction
of the most important inventions that paved the way for the discovery of mRNA vaccines. This
literature is mainly descriptive and collects evidence for the key discoveries that enabled the mRNA

revolution.

2.1 The network of R&D collaborations in the bio-pharmaceutical sector

In biotechnology, the development of breakthrough innovations depends on close collaboration be-
tween companies and the scientific community, as well as complex interactions between public and
private institutions (Owen-Smith et al., 2002). These interactions have been analyzed in an exten-
sive literature, which shows that the link between innovation breakthroughs and scientific activities
is facilitated, for example, by the engagement of star scientists and geographical proximity. Several
studies also show that co-location of scientists working in both research institutions and companies
significantly improves collaboration and research productivity (Phene et al., 2006; Cockburn and Hen-
derson, 1998; Cockburn et al., 2000; Gambardella et al., 1995; Zucker et al., 1998, 2002; Powell et al.,
1996; Orsenigo et al., 2001; McKelvey et al., 2003; Pammolli et al., 2021). This evidence is provided
in the context of the introduction of biotechnology as a fundamental platform for drug discovery that
emerged from the groundbreaking advances in genetics and molecular biology in the 1970s and 1980s
(referred to as the new “genetics paradigm”) (Gittelman, 2016; Ng, 2004). The development of biotech-
nology paralleled the shifts in industrial organization and the establishment of new institutions. Key
aspects of this model include the strengthening of intellectual property rights that facilitate technology
transfer and the creation of new companies (e.g. Bayh-Dole Act), the rise of start-ups that use ven-
ture capital to drive early-stage research and are often driven by prominent academic entrepreneurs
(Zucker et al., 2002; Franzoni et al., 2022), and the role of large pharmaceutical companies that license
new targets and compounds from smaller companies and focus their resources on applied research,
regulatory approval, manufacturing and commercialization.

There are significant direct effects when public research institutions are directly involved in the
invention and hold patents, and significant indirect effects when private companies rely on innovative
research in conjunction with publicly funded research programs. In the new genetic paradigm, public
investment has been critical from the beginning. The development of rDNA technology and the
mapping of the human genome are two compelling examples of how substantial public investment over
many years has generated a wealth of commercial opportunities, technology transfer, licensing, and
significant entry of new companies into the industry (Hughes, 2001; Gittelman, 2016).

The available empirical evidence, which includes both direct and indirect influences, supports the
notion that public sector research has a significant impact on drug development (Mansfield, 1991, 1995,
1998; Toole, 2007, 2012; Narin and Olivastro, 1992; Narin et al., 1997; Cockburn and Henderson, 1998;
Franzoni et al., 2022). Basic research in academic institutions or public research centers provides the
scientific basis for drug discovery by uncovering disease mechanisms, therapeutic strategies, drug tar-
gets and prototype compounds. In addition, the public sector makes an important contribution at

the interface between the academic and commercial sectors through direct collaborations and part-



nerships with industry and through efforts to promote technology transfer and translational science
in the public sector (Owen-Smith et al., 2002).

There is compelling evidence that basic research funded by the National Institutes of Health (NTH)
has an economically and statistically significant impact on the development of new drugs in the US
(Stevens et al., 2011; DiMasi et al., 2003; Kaitin et al., 1993). Sampat (2009) shows that 7.7% of
all U.S. Food and Drug Administration (FDA) approvals and 10.6% of NMEs are based on academic
patents. In addition, Sampat and Lichtenberg (2011) analyze 379 drugs approved between 1988 and
2007 and find that 48% were associated with a patent based on prior art generated in the public
sector, indicating a significant indirect influence of government funding. They emphasize that while
nine percent of the drugs had a direct public sector patent, a much larger proportion had patents that
cited either a public sector patent or a government publication. They also show that the influence of the
public sector was more pronounced for the most innovative drugs (Patridge et al., 2015; Galkina Cleary
et al., 2018).

Assessing the role of the public sector in drug development is particularly important in the context
of mRNA vaccines, as they have a significant impact on health. Pfizer’s Comirnaty, for example,
generated nearly $40 billion in sales in 2022, representing 38% of the company’s total sales. There
are also relevant oppositions and infringement actions (Montobbio et al., 2024)! and important patent
disputes between NIH and Moderna? and between NIH and Pfizer®. The question is whether gov-
ernments should try to recoup the profits from the commercialization of drugs they have helped to
develop. This policy question, which dates back to the debate surrounding the Bayh-Dole Act in the
1980s, concerns whether and to what extent the government should claim a portion of the profits from
drugs for which government patents exist or that were developed through government-funded research
and development. If the sources of new medicines are significantly publicly funded, it can be argued
that private companies should not receive the lion’s share of the profits. There is also a risk that
taxpayers pay twice for the new drugs: once through taxes with publicly funded R&D and another

time through high market prices driven by market power.

2.2 At the origin of breakthrough innovation

A breakthrough innovation is traditionally defined as a rare and disruptive technological change
that can lead to a radical shift in the prevailing technological paradigm (Kuhn, 1962; Dosi, 1982).
To operationalize the concept of breakthrough innovation, researchers have developed a set of metrics
based on patent citations (Phene et al., 2006). A first approach is to consider the most frequently
cited patents as breakthrough innovations (Phene et al., 2006; Ahuja and Morris Lampert, 2001).
More recently, backward citations have been used to identify patents that recombine basic and distant
knowledge as potential breakthrough innovations (Dahlin and Behrens, 2005; Verhoeven et al., 2016;
Silvestri et al., 2018). Although they are a reliable measure of technological radicalness, patent-
based measures have some well-known pitfalls when it comes to identifying breakthrough innovations
(Capponi et al., 2022). Some much-cited patents do not lead to effective innovation from an economic
and social point of view. Citations are also an imperfect measure of technological relevance, as citations

can be distorted by competitive and social forces. Kaplan and Vakili (2015) depart from a citation

le.g. https://www.iam-media.com/article/gsk-becomes-latest-mrna-patentee-enter-covid-ip-wars-increas
ing-pressure-pfizerBioNTech

’https://www.nytimes.com/2021/11/09/us/moderna-vaccine-patent.html

Shttps://www.iam-media.com/article/biontech-facing-fresh-mrna-patent-spat-in-vaccine-royalties-dis
pute


https://www.iam-media.com/article/gsk-becomes-latest-mrna-patentee-enter-covid-ip-wars-increasing-pressure-pfizerBioNTech
https://www.iam-media.com/article/gsk-becomes-latest-mrna-patentee-enter-covid-ip-wars-increasing-pressure-pfizerBioNTech
https://www.nytimes.com/2021/11/09/us/moderna-vaccine-patent.html
https://www.iam-media.com/article/biontech-facing-fresh-mrna-patent-spat-in-vaccine-royalties-dispute
https://www.iam-media.com/article/biontech-facing-fresh-mrna-patent-spat-in-vaccine-royalties-dispute

based metric of the innovation value and use topic modeling as a method to identify breakthrough
ideas. In this article, we take a different approach by looking at mRNA vaccines as a prototypical
example of a breakthrough innovation with enormous societal impact. Starting from an undeniable
breakthrough innovation, we use patent citations to trace the foundations of mRNA vaccines as a

recombinant innovation and the contribution of different actors to the discovery of mRNA technology.

2.3 Patent Citations Networks and Credit Allocation

This paper exploits the assumption that patent citations reveal how new inventions build upon
the previous ones. By examining which patents cite which others, you can trace the evolution of
mRNA vaccine technology and identify the key contributions. The network of patent citations can
highlight the most influential innovators in the field. The existing economics literature provides well-
documented evidence that the number of citations often correlates with the value of patents (Jaffe
and de Rassenfosse, 2017; Hall et al., 2005a). In addition, judges and legal experts often use patent
citations in patent litigation to assess the value and impact of patents.*

In addition network theory provides a natural approach to describe complex systems with many
interacting actors such as the ecosystem of mRNA vaccine innovation (Barabdsi, 2016; Newman, 2018).
There is a long tradition of studies using network analysis to study technological change (see e.g.
Orsenigo et al., 2001). Network analysis has also been successfully used to study citation networks in
various contexts (Hummon and Dereian, 1989; Kajikawa et al., 2007; Ding et al., 2009; Radicchi et al.,
2011; Wallace et al., 2012; Golosovsky and Solomon, 2017; Guan et al., 2017) including the patent
landscape (Li et al., 2007; Cho and Shih, 2011; Erdi et al., 2013; Van Raan, 2017; Mariani et al.,
2019; Chakraborty et al., 2020). The use of patent citation networks has been validated in different
papers to address different issues. For example, Barberd-Tomés et al. (2011) use patent citations to
analyze the technological trajectories in surgical prostheses. In the wind power technology, a patent
citation network is used to evaluate how a product’s design affects the inventive activity (Huenteler
et al., 2016). Malhotra et al. (2021) study the lithium-ion battery technology and show how the
emergence of new use environments shape knowledge generation and product innovation. Finally Iori
et al. (2022) use patent citation networks to analyze how the role of government grants and patents
by Federal Agencies and State Departments has influenced the development of artificial intelligence.

Building on this literature, we follow a different approach to analyze mRNA vaccines, focusing on
the contribution of different (types of) organizations. In particular we leverage the structural property
of the mRNA knowledge network and present a new method for evaluating contributions to a break-
through technological innovation. In so doing we provide an attempt to improve on credit attribution
research. Conventional measures, like patent counts or raw citation frequencies oversimplify the com-
plex dynamics within innovation ecosystems, failing to accurately reflect the diverse contributions of
various actors. This aligns with broader discussions regarding the fair distribution of economic and
reputational benefits arising from scientific discovery, especially in sectors like vaccine development

where both public and private investment are critical (Mowery et al., 2004; David et al., 2001).

4For example, in 2010, Oracle sued Google for alleged infringement of patents and copyrights related to application
programming interfaces. The defendant’s damages expert used Patent Citation Analysis to evaluate and rank the value
of three of the patents at issue in comparison to 22 other patents (Malaspina, 2019); in "Finjan v. Blue Coat Systems,
20137, the court expressly recognized that “[...] qualitative analysis of asserted patents based upon forward citations may
be probative of a reasonable royalty in some instances” (Malaspina, 2019).



2.4 The mRNA Innovation Ecosystem

The mRNA revolution in vaccinology has attracted the attention of the scientific community and
is considered a prime example of a breakthrough innovation. There are a number of extremely inter-
esting research articles and inspiring reports on how different scientific trajectories have progressed
independently and contributed to the development of the new mRNA vaccines (Sahin et al., 2014;
Pardi et al., 2018; Dolgin, 2021a,b; Zuckerman, 2021; Fauci, 2021; Veugelers, 2021; Barbier et al.,
2022; Franzoni et al., 2022).%. This detailed account of technological and scientific developments con-
firms that the main features of the mRNA ecosystem are consistent in that the vaccine is the result

of the convergence of three major scientific pathways:

1. The discovery of mRNA in 1961: This discovery provided the impetus for a branch of research
that remained a scientific backwater for decades. The main problems were the instability of
mRNA and innate immunogenicity. A team of scientists at the Pennsylvania University led by
Katalin Kariko and Drew Weissman found a way to take up the mRNA into the cells without

triggering an immune response.’

2. Improving mRNA delivery efficiency: Small biotech companies (such as Inex, Protiva, Tekmira,
Arbutus and many others, — often based in Vancouver) developed methods to treat the fatty
coats to protect the delivery of genetic material. A major advance was made in 2004 when, after
eight years of research, Ian MacLachlan found a suitable mixture of lipids to form a nanoparticle
that would protect the genetic material and prevent it from escaping. This innovation was

suitable for manufacturing and enabled drug manufacturers to scale up production.

3. The U.S. government’s effort to find a vaccine to prevent AIDS: At the Vaccine Research Center
(VRC) of the U.S. National Institute of Allergy and Infectious Diseases, a group led by Peter
Kwong has been trying to target the “spikes” on H.I.V. viruses that allow them to invade cells.
Although H.I.V. vaccines were not successful, this work paved the way for research into the
spike protein of the coronaviruses that cause Middle East Respiratory Syndrome (MERS) and
Severe Acute Respiratory Syndrome (SARS). Another team led by VRC scientist Barney Graham

focused on the development of a vaccine against the respiratory syncytial virus.”

Using Anthony Fauci’s words: “So, when the genetic sequence of the SARS-CoV-2 became avail-
able, Graham’s team lost no time in joining their long-time collaborators at Moderna to develop an
RNA vaccine using a stabilized, prefusion spike protein as the immunogen. Pfizer and BioNTech,
where Kariké was working, also used the RNA platform that she and Weissman had perfected and the
immunogen designed by Graham to develop an RNA vaccine. Additional companies also used Gra-
ham’s immunogen in other vaccine platforms that had been evolving for years, to make SARS-CoV-2
vaccines.” (Fauci, 2021), p.109.

"https://www.nytimes.com/2022/01/15/health/mrna-vaccine.html;https://www.ft.com/content/b2978026-4
bc2-439c-ab61-a1972eeba940;https://www.forbes.com/sites/nathanvardi/2021/08/17/\covids-forgotten-her
o-the-untold-story-of-the-scientist-whose-breakthrough-made-the-vaccines-possible/

5Their work (Kariké et al., 2005) was initially rejected by two prominent journals - Nature and Science - and finally
published in a relatively lower impact journal, Immunity. Two fundamental milestones in the development of the
mRNA vaccine are: (a) a patent on the “prefusion of Coronavirus spike protein” (by the Department of Health and
Human Services, The Scripps Research Institute, and Dartmouth College) and (2) a patent by Katalin Kariko and
Drew Weissman at the University of Pennsylvania (the research was funded by the National Institute of Health) on
“RNA containing modified nucleosides and methods of use thereof”. The 2023 Nobel Prize in Physiology or Medicine
was awarded jointly to Katalin Kariké and Drew Weissman for their discoveries that enabled the development of these
effective vaccines.

"Kirchdoerfer et al. (2016) and Pallesen et al. (2017) are major breakthroughs in this direction.
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3 Data and Methodology

3.1 mRNA Vaccine Patents
Data collection & organization

Our analysis begins by defining a core set of patent families related to the mRNA vaccine platform.
First, we consider 113 patent applications identified by Martin and Lowery (2020) and published
between January 1, 2010 and April 1, 2020. We also consider 86 patents identified by Gaviria and
Kilic (2021), which examined the patent portfolios of eight organizations involved in mRNA vaccine
technology research: BioNTech, Moderna, Curevac, Arbutus, Acuitas, University of British Columbia
(UBC), University of Pennsylvania and Arcturus. After excluding ten patents without additional
information, our final dataset (referred to as the Core dataset) comprises 189 patents corresponding
to 151 different DOCDB families. Using PATSTAT, we create an additional dataset (the so-called
Antecedent dataset), which contains information on all backward citations of the Core dataset and
comprises a total of 3625 patent documents (2416 DOCDB families). In addition, we supplement
both datasets with further bibliographic information from PATSTAT, including the filing dates and
the names of the applicants. The latter information is particularly important to identify all public and
private contributors to the advancement of mRNA technology. A notable limitation of many patent
records arises from inconsistencies in the naming of companies and organizations in patent documents.
Due to the discretion given by patent offices to applicants in specifying the name of the patent assignees,
there are significant differences in the presentation of company names. Although PATSTAT provides
a standardized version of patent assignee names, there are still significant discrepancies in the names
provided. Combined with the lack of a unique identifier for the assignee in the patent data, this makes
it difficult to categorize patents belonging to the same organization.

To solve this problem, we apply different strategies. First, we apply proven methods from previous
studies (see e.g. Bessen, 2009) to standardize frequently occurring terms in company names. Common
examples are typical acronyms attached to company names, such as INC, AG, Ltd, GmbH, Co Kg and
others.In addition, we carry out manual checks of the assignee’s name to ensure harmonization where
necessary. This harmonization and disambiguation process results in a list of 1173 distinct assignees,
which are then categorized according to the type of institution or organization they represent. Iden-
tified categories include “University” (including hospitals), “Research Center”, “Government”, “Public
Research Organizations - PRO”, “Firm: Biotechnology”, “Firm: Pharma”, “Firm: Other Med”, “Firm:
Other non-Med”, and “Individual”. We divide the time span into three periods of five years accord-
ing to the registration date of the citing patent to characterize the technological progress at regular
intervals: 2006 — 2010, 2011 — 2015, 2016 — 2020.

Data description

Figures 1 (a)-(b) show the number of patents by priority year in the Core and Antecedent datasets.
The number of patent applications in the field of mRINA vaccine technology has increased significantly
in the last seven years, while the knowledge cited in the prior art goes back further, to the mid-1980s.

Figure 1 (a) shows that the Core dataset collects information on patents up to 2020.8

8In Section 2.3 we show that when the genetic sequence of SARS-CoV-2 became available, the mRNA technology to
produce the vaccine was ready. Therefore, we are interested in patents up to 2020. Nevertheless, the patent race for
mRNA vaccines has intensified in recent years. This is confirmed by a keyword search in the Patent Lens database: 228
patents filed between 2021 and 2022, for example, contain the keywords ‘mRNA AND vaccine’ in their abstracts.
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The compiled dataset allows us to depict the types of assignees involved in mRNA vaccine technol-
ogy. The pie chart in Figure 2 shows how the Core and Antecedents patents are distributed across the
nine different categories, with the industrial patents (on the right) separated from the non-industrial
patents by a dotted line. A look at the Core dataset shows that the largest share of patents (56%)
was filed by biotech companies. This is not surprising, as the biotech sector plays a central role in
the realization of mRNA vaccine technology. On the other hand, only a minority of patents (4.5%)
were filed by pharmaceutical companies. Looking at the research institutions, the important role of
universities is striking, as around 24% of all patents were filed by an academic institution, 7% by
research centers and 2% by public research institutions. Finally, around 3% of the patents included in

the Core dataset appear to have at least one assignee as solo inventor.”
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Figure 1: Number of patents by priority year (a) Patents belonging to the Core mRNA vaccine
collection; (b) patents classified as Antecedents.

When looking at the Antecedents dataset, some differences are noticeable compared to the Core
dataset. In particular, the contribution of pharmaceutical companies seems to be more important, as
they produced about 17.5% of the total patents in this sample, while biotech companies also have a
relevant presence in this group (43%). We can also note that the number of patents originating from
industry is only slightly higher in the Antecedent patents (69%) than in Core patents (62.5%).

The Tables 1 and 2 show the number and corresponding percentage of companies and institutions
belonging to the nine categories of organizations in the three periods analyzed (for the group of
Antecedents, the first period includes patents filed before 2010). As expected, the Core size increases
while the number of Antecedents decreases over time. The presence of patents originating from biotech
companies dominates in both groups, especially in the last period for both the Core and Antecedent
group (2006-2010). It is worth noting that in the first period in the Core database, universities are
the category with the highest number of patents. Also in the Antecedent database the weight of
universities is higher in the first period. It is also interesting to note the decreasing presence of patents

for pharmaceutical Antecedents from the first to the last period.

9The most frequent assignees include Sahin Ugur (founder of BioNTtech), Hoerr Ingmar (founder of Curevac) and
Pieter Cullis, Michael Hope and Thomas Madden, who have been working together for many years on the development
of LNP systems that enable RNA- and DNA-based drugs.
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Figure 2: Patents sector pie-charts. The pie charts show the percentage of Core (a) and Antecedents
(b) patents by type of organization.

Table 1: Sector: Core dataset

Sector 2006-2010 Percent | 2011-2015 Percent | 2016-2020 Percent
Biotechnology 9 36% 37 49% 89 64%
Government 0 0% 0 0% 2 1%
Individual 0 0% 2 3% 6 4%
Other 0 0% 0 0% 1 1%
Other Med 2 8% 0 0% 1 1%
PRO 1 4% 1 1% 3 2%
Pharma 2 8% 2 3% 7 5%
Research Centre 1 4% 8 11% 8 6%
University 10 40% 25 33% 23 16%
Total % 100% | 7 100% | 140 100%

Table 2: Sector: Antecedents dataset

Sector Before 2010 Percent | 2011-2015 Percent | 2016-2020 Percent
Biotechnology 1177 38% 567 50% 121 6%
Government 35 1% 12 1 5 3%
Individual 194 6% 43 4% 1 1%
Other 180 6% 35 3% 1 1%
Other Med 153 5% 20 2% 3 2%
PRO 74 3% 25 2% 2 1%
Pharma 554 18% 201 18% 12 8%
Research Centre 100 3% 41 4% 4 2%
University 620 20% 185 16% 11 6%
Total 3087 100% | 1129 100% | 160 100%

3.2 Methodology
The mRNA vaccine knowledge network

A network is completely described by a set of nodes connected by edges that indicate the existence
of interactions between them. In addition, a weight can be assigned to each link to quantify the
intensity of the connection. In the case of the mRNA knowledge network, the nodes can represent
patents, entities owning them!?, and categories to which these entities belong (such as different types
of organizations in the private and public sectors). In the first case, the links simply show the direction

of citations between patents, whereas when looking at entities and sectors, the edges are weighted by

107t can be a private or public entity as we explain in the section “Data collection and organization”.
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the total number of backward or forward citations. The mRNA vaccine knowledge network consists
of 1184 organizations, 5 168 links and a total volume of 81 358 citations.

We investigate basic network properties (see Appendix A) such as the density (i.e., the ratio be-
tween the total number of node connections and all possible connections), the degree (i.e., the total
number of edges pointing to/from a node), the strength (i.e., the total number of backward/forward
citations of a node) to elucidate the structural organization of the mRNA vaccine network. Moreover,
we focus on some centrality measures - such as betwenness centrality, hub & authority score - to cap-
ture information about the role of nodes and identify key players based on local and global network
properties. Lastly, we conduct a community detection analysis to uncover groups of nodes that are
more densely connected to each other than to the rest of the network according to the amount of ex-
changed citations. This approach is particularly well-suited for characterizing the various technological

trajectories that encompass the mRNA technology landscape (details can be found in Appendix B).

Credit allocation

Using network properties, we propose a method to identify key players that contributed to break-
through innovations among the different types of actors involved in mRNA knowledge networks. We
investigate how the potential value of the innovation breakthrough, such as the profits of companies and
institutions involved in the commercialization of COVID-19 mRNA vaccines, would be redistributed
using the structural properties of the network and the relative technological credit assigned to a spe-
cific player. This proposed distribution takes into account the contributions of the cited patents that
serve as sources of knowledge for the innovation and development of these vaccines. The motivation
behind this approach is to measure the efforts of different (types of) actors in innovating and creating
useful step-stones in this field over the years.

It is important to clarify that public research organizations and universities contribute to the in-
novation process in various direct and indirect ways. For instance, they promote the creation and
dissemination of basic knowledge, develop human capital and provide important research infrastruc-
tures. These contributions significantly drive innovation breakthroughs. However, our credit allocation
method, which is based on the network of patent citations, only captures the direct technological con-
tributions to the field. Consequently, the broader role of universities and public institutions in this
context is significantly underestimated and should be considered as a floor or minimum threshold of
their overall contribution.

Our methodology incorporates information on the relevance of different patent assignees with
respect to (i) the whole knowledge network and (ii) the company that developed and marketed mRNA
vaccines by taking into account the volume of citations. Practically, we focus on centrality measures of
nodes both at global and local level involving edge-weights, geodesic distances and iterative attribution
of importance. First, we introduce a damping factor 3¢ with 3 € (0,1) and d representing the distance
from node ¢ (i.e., out-going direction) to discount the effect of contributions in terms of forward
citations. Second, we compute node importance using three different measures (details can be found

in Appendix C) :

1. Markov, the probability of observing a path of length d that starts from node ¢ and reaches node
7, calculated using the concept of Markov chains and the powers of the transition probability

matrix applied to the knowledge network ;

2. Markov + Katz, the probability introduced at point 1. multiplied by the normalized in-Katz
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centrality of node j at the global level;

3. Markov + PageRank, the probability introduced at point 1. multiplied by the normalized PageR-
ank centrality of node j at the global level.

The three approaches to allocating credit!! to a node differ in the network properties that are
considered to identify key contributors to breakthrough innovations. The Markov rule can be seen
as a local measure of the importance of a node, as it depends only on the distance between node %
and node j, weighted by the proportion of backward citations, i.e. the ratio between the edge weight
between the two nodes and the total number of backward citations of the initial node. In other
words, the distance between the two nodes takes into account not only the number of paths, but
also the proportion of forward citations along the path. On the other hand, the rules Markov+Katz
and Markov+PageRank also contain a measure for the global importance of the node. While the
in-Katz centrality assigns importance to a node if it is linked from other important nodes or if it is
strongly linked (i.e. it receives several citations from a node), the PageRank dilutes the importance
that emanates from other important nodes according to their out-degree. In particular, important
nodes with high out-degree transfer less importance to their links than nodes with low out-degree.
However, both approaches combine local importance (through the weighted distance of nodes i via
the random walker) and global importance considering all links in the network (via Katz or PageRank
centrality). It’s worth noting that this method can be applied to any network G and any node 4 for
which credit redistribution is required.!?

At the end of the procedure, the percentages assigned to each node (summing to 100) can be
interpreted in terms of its relative technological and scientific contribution to node #’s patents. To
figure out how this method can be used to assign the technological credit, assume that we consider
the final products of Moderna and Biontech. Suppose also that the value of these vaccines can be
measured by these companies’ profits. It is then possible to calculate the ideal share of profit of each
contributor, based on the share of technological credit. This could be done by multiplying the profit
for this ideal share.'3

4 The mRNA knowledge network: descriptive evidence

In this section, we present the results of the analysis of the patent citation network of the mRNA
vaccine. In the first part (4.1) we present the aggregate results showing how the different types of
actors contribute to the mRNA knowledge network. In the second part (4.2) of the analysis we move
to the the micro level property of the network and show how specific firms and institutions shape the

development of the network.

4.1 Sectors

First, we consider the network of patent citations at sector level: nodes represent the 9 groups
introduced before (Biotechnology, Government, Individuals, Other, Other Medical, PRO, Pharma,

"Erom now on, we’ll use the term “credit” to highlight the technological and scientific contributions of a company,
paving the way for real recognition—whether it’s in the form of acknowledgment or even monetary rewards—for their
role in driving innovation forward.

12The method is additive, it is possible to compute the credit allocation starting from each node of interest separately
and then sum the different allocations to obtain the overall credit assigned to a specific node.

13In Appendix C we show an example to illustrate how the approach could be used in this persepective.
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Research Centre, University) and edges are weighted by the total number of backward /forward cita-
tions among them. In Figures 3 (a)-(c) we show the snapshots of the networks in the three periods.
Node size is proportional to out-strength (i.e. number of backward citations), while colors indicate
the different sectors; link arrow shows the direction of citations (from source to target), while edge
thickness is proportional to the total number of citations and its color is the same of the citing node
(i.e., source).

Network density goes from 0.83 in the first period to 0.96 in the last period, showing its maximum
value in the second period (0.97). The greatest node is represented by Biotechnology followed by
University and Pharma (reaching the same size in the third period). The thickest links starts from
Biotechnology and are directed to the node itself (self-citations), University and Pharma companies.
The network is thus heterogeneous, primarily driven by the patenting activity of the Biotechnology
companies, which often involves self-citations, as well as from Universities and Pharmaceuticals com-
panies. It is worth noticing the absence of connections from Research Centres, PROs and Individuals
to the Government sector and from Pharma and Individual to Research Centres; while in the last
period there are no citations from Government to Research Centres.

To investigate the heterogeneous distribution of citations more thoroughly, in Figures 3 (d)-(f) we
show for each sector (indicated in the rows) the fraction of backward citations to the other sectors. We
can see that the number of backward citations from the Biotechnology sector (~ 40%) to itself almost
doubles the quantity of citations to University and Pharma (~ 20%), even increasing in the third
period. In general, we observe a certain heterogeneity, with a clear abundance of citations directed to
the Biotechnology sector, except for PRO and Other in the first period. Interestingly, in the initial
period, Biotechnology companies seem to be less significant as a sources of knowledge compared to
subsequent periods. However, Universities and Pharmaceutical companies also serve as key sources of
citations from other sectors (especially for the Government sector in the first two periods).

In Figures 3 (g)-(i) we show for each sector (indicated in the rows) the fraction of forward citations
coming from the other sectors. We observe a significant presence of citations from Biotechnology
companies across all categories (with notable contributions from Pharma, University and Medical
sector), especially in the last two periods. This trend reflects what shown in Table 1 and Table 2,

where it emerges a substantial impact of Biotechnology patents, especially in the last period.

4.2 Companies and institutions

In Table 3 we report the main properties of the mRNA vaccine patent network in the three periods
under study (see Appendix A for the detailed definition of the indexes). The number of entities (nodes)
in the network tripled from the first to the second period, revealing the presence of novel players in
the field. The increase in the number of actors leads to a noticeable rise in network sparseness, with
the density decreasing from 0.01 to 0.004 in the second period and further to 0.003 in the third period.
This outcome is confirmed by the relatively stable average degree, with increased volatility in both
in-degree and out-degree, as evinced by the standard deviation nearly doubling from the first to the
second period.

The total number of backward citations per node appears generally more variable than the number
of its forward citations in all periods. Indeed, the maximum observed out-degree is five times bigger
than the maximum in-degree in the first period, fifteen times in the second and almost twenty times in
the third period. The number of out-degree is highly heterogeneous with a big amount of zeros (i.e.,

companies just receiving but not sending citations) increasing over time (68%, 67%, 77%, respectively),
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Figure 3: Macroscale network. (a)-(c) show the network of patent citations among the nine sectors
indicated by the different colours: Biotechnology, Government, Individuals, Other, Other Medical,
PRO, Pharma, Research Centre and University. Node size is proportional to the total number of
backward citations; link thickness is proportional to the edge-weight (number of backward/forward
citations) while its color is the same of the source node. (d)-(f) report the total number of backward
citations starting by the sector indicated by the row and reaching the other sectors (indicated by the
different colors) normalized by the total number of backward citations; (g)-(i) report the total number
of forward citations pointing to the sector indicated by the row and starting from the other sectors
(indicated by the different colors) normalized by the total number of forward citations.

and a few nodes citing a high number of different companies. In the first period, only 3% of orga-
nizations cited at least 10% of the total organizations (Alnylam Pharmaceuticals, British Columbia
University, Cellscript Inc, Curevac, Epicentre, Inex-Tekmira-Arbutus, Protiva Biotherapeutics, Pro-
viva, and the University of Pennsylvania). In the second and third periods, this percentage drops to
1%. The organizations citing at least 10% of the total organizations in the second period are Alnylam
Pharmaceuticals, BioNTech, British Columbia University, Curevac, Inex-Tekmira-Arbutus, Moderna,
and Tron. In the third period, they are British Columbia University, Curevac, Inex-Tekmira-Arbutus,

and Moderna.
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2006-2010 2011-2015 2016-2020

Number of nodes 318 1005 1064
Number of links 1152 3937 3520
Volume of citations 7935 63411 63059
Density 0.01 0.004 0.003
Average in-degree (std) 3.6 (3.9) 3.9 (6.2) 3.3 (5.1)
Average out-degree (std) 3.6 (13.7) 3.9(279) 3.3(26.7)
Max in-degree 22 50 41
Max out-degree 212 782 783

Average in-strength (std) 25 (78) 63 (221) 59 (254)
Average out-strength (std) | 25 (85) 63 (1334) 59 (1445)
Max in-strength 719 3500 4982
Max out-strength 2954 42138 46951

Table 3: Network binary properties

The global volume of citations significantly increases from the first to the second period, while
slightly reduces in the third one. This reflects the large expansion of the network after 2010 and the
fact that more recent patents (third period) receive fewer citations because of truncation. Both the
distributions of the forward and backward number of citations appear heterogeneous - especially for
the former, showing very high standard deviations - with a few nodes sending/receiving most of the
citations.

To better quantify the heterogeneity in the distribution of forward citations per node, we introduce
the Herfindahl-Hirschman Index (HHI) as h; = Z?i:l(wji /si™)2. In doing so, we first compute the
share of forward citations for each node as the ratio between edge-weights of its incoming links and
their sum (i.e., the node in-strength), then we sum up their squares and normalize the result in order
to have h; € [0,1],¥i = 1,..., N. Hence, h; = 0 implies that weights are equally distributed among
links, while h; — 1 signals a high concentration of weight associated to one link. In fig.4 we report the
frequency of HHI values divided into ten ranges of length 0.1, along with the frequency of in-degree
equal to one (i.e., h; = 1 by definition). It highlights noticeable differences, particularly between the
first and the subsequent two periods with: (i) an increasing number of nodes with an in-degree of one
(i.e, nodes being cited only by one node) over time; and (ii) a rise in higher HHI values, indicating a
significant concentration of citations among a few other entities (i.e., higher concentration of forward
citations).

In summary, the number of actors in the network grows substantially from the first to the second
period, revealing the emergence of new actors in the field. Concurrently, the flow of knowledge grows
after 2010, accompanied by a diverse and expanding set of actors. At the same time, the knowledge
network shows that a restricted number of entities are responsible for a substantial amount of backward
citations, suggesting they are central in aggregating knowledge from different institutions. In fact, there
is a noticeable concentration in forward citations, indicating that certain actors play a crucial role in
the innovation process. Consequently, the next section will explore more in depth the centrality of the

different entities within the network.
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Figure 4: Herfindahl Index of node in-strength. Frequency of HHI values to quantify how the total
number of forward citations is distributed among all incoming links of a node.

Centrality measures We examine the roles of patent assignees by analyzing centrality measures to
identify the key players during each of the three periods under study. We choose four different quan-
tities: (i) in-strength; (ii) out-strength; (iii) betweenness centrality; (iv) hub & authority scores (see
Appendix A for more details). They highlight different properties of nodes in assigning the level of
importance. The in- and out- strength are local properties focusing on the total number of forward and
backward citations; they measure the total influence a node receives from other nodes in the network
(in-strength) and the total influence a node provides to other nodes in the network (out-strength).
The betweenness centrality looks at the global network organization taking into account weights, link
directions and shortest paths lengths; it measures the importance of a node in terms of its ability
to act as a bridge or intermediary in the network. Finally the hub & authority scores compute the
centrality of a node in a recursive way taking into account the global network organization and the
link directionality. Hub scores measure the value of a node as a source of information. In other words,
a strong hub is a node that points to many other nodes that are considered authoritative. Author-
ity scores measure the value of a node as a reliable source of information. In other words, a strong
authority is a node to which many hubs point.

In Figure 5 we show the top ten nodes for the first three centrality measures. The rankings for
the first period differ significantly from those of the subsequent two periods across the three centrality
measures. For the in-strength centrality, we observe that some actors disappear from the ranking while
new ones emerge. Notably, some universities played a prominent role as a source of knowledge in the
first period, whereas Moderna, Curevac and Novartis gained importance after 2010. In terms of out-
strength centrality, there is stability in terms of actors involved, though their position change over the
three periods. The betwenness centrality ranking show a certain degree of variation in both the actors
listed and their positions. Universities and research organizations play a relevant role: Pennsylvania
University, Stanford University and California University are prominent in the first period, while MIT
and British Columbia University, become significant from the second period onward. Additionally,
some Pharma companies, such as Merck, Novartis and to a lesser extent Bristol Meyers increase their
betweenness centrality in the second and third periods. It is worth noting that after 2010, Moderna
and, to a lesser extent, Curevac exhibit very high centrality across various measures in the mRNA

knowledge network.
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Figure 5: Top ten rankings for centrality measures (a) In-strength; b) out-strength; (c) betweenness
centrality. The dotted lines indicates entities that appear only in one ranking.

In Figure 6, we select the top 20 entities according to their Hub and Authority scores and we
categorize them by sector. The figure illustrates the proportion of each sector by showing the share
of entities from each sector across the three periods. Table 4 lists the names of the entities that
rank in the top ten for these measures. Remarkably, Universities and Public Research Organizations
(combined into a single sector labeled as University) have a significant presence in the top 20 ranking
for Authority scores, with their representation increasing over time. Biotechnology companies also
maintain a steady share in this ranking. Conversely, the Hub ranking is predominantly led by the
Biotechnology sector, followed by the Pharma sector, which exhibits an upward trend, and Universities,
which show a decreasing trend.

From Table 4 several notable patterns and trends emerge, highlighting the evolving roles of dif-
ferent types of entities, including Biotechnology companies, pharmaceutical firms, universities, and
PROs. Universities and PROs consistently feature prominently in the Authority rankings, emphasiz-
ing their role as key sources of foundational knowledge in mRNA research. Specifically, institutions
like MIT, CNRS, Max Planck, California University, and Massachusetts University frequently appear
in the Authority rankings. This trend underscores the increasing importance of academic research
in driving innovation in the mRNA field. In the last period (2016-2020), MIT, California University,
British Columbia University and Max Planck have notably maintained their presence in the Authority

rankings, indicating their sustained impact on the field.

20



I Bio I Gov [Jind MM Oth I Med [T Pha M Res [0 Uni
1

0.8
0.6
0.4

0.2

0 0
2006-2010 2011-2015 2016-202(  2006-2010 2011-2015 2016-2020

(a) Hub score (b) Authority score

Figure 6: Hub and Authority scores. Frequency of company type in the top 20 ranking for the Hubs
and Authority score (PRO and Universities have been merged in University).

Biotechnology firms dominate the Hub rankings across all three periods, reflecting their pivotal
role in actively developing and citing crucial patents. Companies such as Inex-Tekmira, Alnylam,
Protiva, and Curevac appear consistently in the Hub rankings. Moderna is a key Hub after 2010. The
presence of Biotechnology firms in the Authority rankings, particularly in the later periods, suggests
their dual role in both generating and disseminating critical knowledge. Notably, Inex-Tekmira and
Alnylam are listed in both the Hub and Authority rankings in the 2016-2020 period. British Columbia
University is the most important Hub among universities and PROs.

Figure 6 and Table 4 show that pharmaceutical companies are less dominant than Biotechnology
firms. The presence of Novartis, Life and Takeda, particularly in the latest period, in the Hub and
Authority rankings highlights their role in leveraging and building upon existing research to develop
commercial applications.

Finally, it is important to highlight that some entities exhibit high centrality in either Hubs or
Authorities exclusively. For example, Curevac, Moderna, Inex-Tekmira and Proviva are prominent
Hubs, reflecting their role in citing and linking various patents. Conversely, CNRS, Max Planck,
California University, and Massachusetts University are primarily Authorities, indicating their role in

generating highly influential patents.

2006-2010 2011-2015 2016-2020
Hub Auth Hub Auth Hub Auth
Brit Col Univ Isis Moderna MIT Moderna Inex-Tekmira
Inex-Tekmira Life Brit Colu Univ Brickell Curevac MIT
Alnylam MIT Inex-Tekmira  Wisc Res Found | Brit Col Univ  Brit Col Univ
Protiva Cnrs Curevac Penn Univ Inex-Tekmira Protiva
Proviva Max Planck Alnylam Max Planck Alnylam Brickell
Curevac Calif Univ BioNTech Inex-Tekmira Protiva Alnylam
Life Pat Univ Inc. Tron Mass Univ Novartis Novartis
Epicentre Liposome Protiva Us Depa Health Proviva Calif Univ
Cellscript Mass Univ Proviva Protiva MIT Life
MIT White Bio Res Mainz Univ Life Takeda Max Planck

Table 4: Hub and authorities top ten rank for the three period under study
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Analysis of communities. Finally we have performed a community detection analysis. The details of
the analysis can be found in Appendix B. The analysis of citation networks, over three distinct periods,
reveals the following patterns. In the first period (2006-2010), the landscape is characterized by smaller,
more focused communities. Key players include Cellscript, Epicentre, University of Pennsylvania
(first community), and Alnylam (second community). These entities are instrumental in laying the
groundwork for mRNA technology, often collaborating on fundamental research and early technological
developments.

As the field matures (2011-2015), larger communities emerge. Moderna and Curevac take center
stage, driving innovation in mRNA vaccines and therapeutics. Moderna, in particular, becomes a
key player, with a distinctive periphery of cited entities. Meanwhile, a community focused on LNP
technology, involving British Columbia University, Inex, Alnylam, Protiva, and Proviva, highlight the
importance of efficient delivery mechanisms for mRNA therapeutics.

In the growth phase (2016-2020), the organization of the communities remains similar and the
network expands. The first community includes beside Moderna also Novartis and the Univesity of
Pennsylvania. The second community includes the LNP network, with British Columbia University,
Inex, Alnylam, Protiva, and Proviva.

Finally, the German hub of innovation, centered around BioNTech, Tron, and Mainz University,
continues to grow and new players like Novartis and Merck entered the scene.

The evolution of mRNA patent communities from 2006 to 2020 reflects a trajectory of founda-
tional innovation, consolidation of leadership, and significant expansion. Over nearly two decades, the
technological focus has shifted from basic research and initial applications to vaccine developments,
bringing together different technological trajectories from mRNA syntesis and stabilization methods
to LNPs and efficient delivery. This evolution has been driven by an heterogeneous set of companies
and universities. After 2010, the mRNA patent landscape saw a consolidation, with companies like
Moderna and Curevac strengthening their leadership positions and new global Pharma players emerg-
ing. Geographically, the network has expanded from being predominantly North American to a more
globally distributed landscape, with significant hubs in both North America (US and Canada) and

Europe (mainly Germany).

5 The mRNA knowledge network: Credit allocation

In the previous sections, we have shown that the mRNA knowledge network is characterized by
a dynamic interplay between universities, PROs, Biotechnology firms, and Pharmaceutical compa-
nies. Biotechnology firms play a crucial role in the creation and diffusion of important innovations.
Universities and PROs also make significant contributions, especially in the early phase. This inter-
action between different institutions has significantly advanced mRNA innovation and led to major
breakthroughs such as the mRNA COVID-19 vaccines.

Our citation network analysis reveals that Biotechnology companies, which have significantly ben-
efited from the commercialization of mRNA vaccines against COVID-19 (in particular BioNTech and
Moderna), have thrived within a dynamic and innovative ecosystem. This ecosystem includes a variety
of organizations that have played crucial roles. In this section, we propose a method to determine the
relative contributions of different types of organizations to the final discovery. Our aim is to suggest
an ideal redistribution of the hypothetical value of the innovation and acknowledge the technological

sources (based on cited patents) that have been instrumental in the development of these vaccines over
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time. Our method consists of a two-step process that combines information on the number of forward
citations and the network distances of Moderna and BioNTech, the first two companies responsible
for delivering the mRNA vaccines.

In doing so, we consider the three key features highlighted by the three approaches presented in
Section 3.2 and detailed in Appendix C. In assigning credit from node i to node j Rule 1 (Markov)
considers the local importance of node j in relation to node i, measured by citations and shortest
paths; Rule 2 (Markov+Katz) considers the local importance outlined by Rule #1, along with the
global importance of node j, determined by citations received from multiple or significant nodes; Rule
3 (Markov+PageRank) considers the local importance described in Rule #1, combined with the global
importance of node j, assessed by citations received from multiple or important nodes discounting
the effect of numerous connections. The primary difference of Rule 1 when compared to the other
two rules is that it does not consider the general significance of the node in the overall progress of
mRNA technology but only the importance in the progress of mRNA technologies used by Moderna
(or Biontech). For this reason, in what follows we focus mainly on the first approach.

In Figures 7 we show the total (Figures (a),(c)) and average (Figures (b),(d)) credit allocated
to each sector by using Rule 1 with respect to Moderna and BioNTech. This outcome could be
interpreted in terms of the technological/scientific contribution given by the different sector to the
development of the mRNA Covid-19 vaccines commercialized by Moderna and BioNTech 4. From
Figures 7 (a),(c) it is evident that most of Moderna and BioNTech’s credit allocation is directed towards
the Biotechnology sector (42.7% and 45.2%, respectively), followed by Universities (19.3% and 21.7%,
respectively). Summing up Universities, PROs, Research centers, Individuals and Government, these
shares go up to 30% and 37% respectively. This highlights once again the significant contributions of
both the private and public sectors to the mRNA knowledge landscape. Furthermore, it is interesting
to observe that Pharmaceutical companies rank third in both rankings.

These results capture two key components: the contribution of each individual patent and the
overall number of patents within a given sector. Our approach also allows us to assess a potential
size effect by determining whether some sectors appear to have made a limited contribution simply
because they have fewer cited patents. To address this, we measure the contribution of each individual
patent within its respective sector.

To account for sector size, we report the average credit allocation per patent within each sector
(Figures 7 (b),(d)). Notably, in the case of BioNTech, Research Centers receive the highest average
credit allocation, followed by the Biotechnology sector, Universities, and Government institutions.
This suggests that, despite having relatively few patents, research centers played a significant role in
BioNTech’s COVID-19 knowledge network. In the case of Moderna, the Biotechnology sector holds the
highest average credit allocation, followed by the Pharmaceutical sector, Universities, and Government
institutions.

Going into detail, in Table 5 and Table 6 we show the top ten main contributors to Moderna’s and
BioNTech’s inventions, respectively, expressed as a percentage of the final technological value of the
two companies’ vaccine, according to three rules described before.

Table 5 shows the top ranking for credit allocation for Moderna. In case of Markov rule, Curevac
will be assigned the 6.2% of Moderna’s technological credit, and Moderna itself will receive the 5.2%
from its credit redistribution. Furthermore, independently of the approach used, Curevac and Novartis

appear in the top 3 ranking for credit allocation. Recalling the different properties emphasized by

14Results for the other two rules are qualitatively similar and are available upon request.
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Figure 7: Moderna and BioNTech’s credit allocation. Technological credit allocation of Moderna’s
(top) and BioNTech’s (bottom) for sectors according to rule 1). (a),(c) Total credit allocated to each
sector; (b),(d) average credit allocated to each sector.

Table 5: Moderna’s redistribution

Markov Share || Markov+Katz Share || Markov+PageRank

Curevac 6.2 % || Curevac 8.4 % || Curevac 9.3%
Moderna 5.2% Novartis 7.1 % || Genentech 8.6%
Novartis 4.2% Moderna 6.3% Novartis 5.8%
Bind Th. 2.6% || Patent Univ Inc. 4.5% || Bioject 5.2%
Patent Univ Inc. 2.1% Brickell 4.5% Anti Gene 4.1%
Bioject Inc. 2.0% || Genetech 3.9% || Patent Univ Inc. 4.1%
Brickell 1.6% MIT 3.1% Mercké&co. 3.3%
Genentech 1.6% || Inex* 2.8% || Brickell 3.3%
Alnylam 1.5% Mercké&co. 2.8% Moderna 3.0%
Inex* 1.4% WARF** 2.7% Calif Univ 2.6%

The table displays the percentage of the final technological value of Moderna’s mRNA vaccine,
based on three allocation rules outlined in the paper, assuming that 50% of the value is directly
assigned to Moderna. According to the Markov Rule, CureVac’s contribution is estimated at 3.1%
of the total value. (*Inex/Tekmira/Arbutus; **Wisconsin Alumni Research Foundation)

the three approaches (see section 3.2), it becomes evident that the two companies are significant
not only for the role they played with respect to Moderna, but also for their broader impact on the
entire network. This highlights their global centrality within the mRNA knowledge ecosystem. This

is confirmed by the fact that these two companies appear also as main contributors of Biontech’s
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Table 6: BioNTech’s redistribution.
Markov Share H Markov+Katz Share H Markov+PageRank

Moderna 11.1 % || Moderna 13.1 % || Moderna 7.4%
Curevac 4.5% Brickell 7.3 % Curevac 7.0%
BioNTech 4.3% Curevac 5.8% Brickell 6.3%
Mainz Univ  3.9% Novartis 4.8% Genentech 5.3%
Tron 3.7% WARF** 4.5% Novartis 4.3%
Novartis 3.1% BioNTech 3.4% WARF** 4.1%
Brickell 2.5% Liposome 3.8% Mercké&co. 3.6%
DFCT*. 1.8% Merck&co. 2.6% Liposome 3.5%
WARF** 1.7% Genentech 2.5% BioNTech 2.7%
Liposome 1.2% DFCT* 2.4% DFCT* 2.6%

The table displays the percentage of the final technological value of BioNTech’s mRNA vaccine, based
on three allocation rules outlined in the paper, assuming that 50% of the value is directly assigned to
BioNTech. According to the Markov Rule, CureVac’s contribution is estimated at 2.2% of the total
value. (*Dana-Faber Cancer Institute;**Wisconsin Alumni Research Foundation)

mRNA vaccine technology (See Table 6). Finally, it is worth mentioning that Moderna is present
in all the rankings (although only in position number 9 with rule #2), suggesting that Moderna
appears significant both locally (due to its large number of self-citations) and through its connections
to other key nodes. On the other hand, Biontech is absent from the list, indicating that its role in the
advancement of Moderna’s mRNA vaccine might have been relatively minor.

Notably, four academic institutions emerge as a significant contributors to Moderna’s mRNA tech-
nology: University Patents Inc., MIT, University of California and Wisconsin Alumni Research Foun-
dation (WARF). University Patents Inc. was a company in the U.S. dedicated to technology transfer
for American universities. Our data includes ten patents assigned to University Patents, Inc., with
nine originating from researchers at the University of Colorado. These patents are all part of the
Antecedent dataset. Interestingly, seven of these patents have faced litigation at least once, indicating
their relevance in the advancement of mRNA vaccine technology. MIT and the University of California
are mentioned only in rules #2 and #3, indicating that their role extends beyond merely support-
ing the development of Moderna’s technology and encompasses a broader contribution to advancing
mRNA vaccine technology as a whole.

Table 6 presents the leading rankings for credit distribution concerning Biontech. Under the
Markov rule, Moderna receives 11.1% of the technological credit from Biontech; Curevac follows
as another significant contributor with 4.5%, affirming its pivotal role in advancing mRNA vaccine
technology. According to the remaining two criteria, Moderna retains its leading position, with Brickell
climbing into the top three.

Notably, four scientific institutions emerge as a significant contributors to Biontech’s mRNA tech-
nology (under rule #1): Mainz University, Tron, Dana-Faber Cancer Institute, and Wisconsin Alumni
Research Foundation. This is in line with the finding in Figure 7 (d), where individual patents from
Research Centers appear to have been particularly important in the Biontech Case.

Finally, one key insight of our analysis displayed in Tables 5 and 6 is that Moderna’s advancements
in mRNA technology appear to rely less on Biontech’s mRNA developments compared to the reverse
situation. This result may have some important implications on the current patent litigation that sees
Moderna arguing that BioNTech/Pfizer’s vaccine infringes on Moderna’s patents granted prior to the

pandemic.
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6 Conclusion

A central tenet of science and innovation policy is that public investment in R&D underpins
breakthrough innovations with significant societal benefits. Unlike private R&D, which is often closely
tied to corporate products and patents, publicly funded research is typically disseminated more broadly.
This makes it difficult to track its use and determine who benefits from it. Additionally, publicly
funded research can have applications that extend far beyond its original scope, potentially taking
years or even decades to materialize. This complicates the task of drawing direct links between public
sector research activities and commercial outcomes. Given that public investment in science and
technology often serves as the basis for important breakthrough innovations — with varying time lags
and spillover effects in different areas — a key challenge lies in accurately attribute its contribution
to these advances.

In this study, we have addressed this challenge by analyzing the development of mRNA vaccines
against COVID-19, which represents a groundbreaking achievement of modern science and technology
and embodies the rapid translation of basic research into life-saving innovations. Based on a sample
of 151 patent families and exploiting their citations to 2,416 patent families, this paper uses network
theory to analyze the innovative ecosystem that fostered this breakthrough innovation and, in par-
ticular, the dynamics and key players involved in the development of the mRNA vaccine platform,
offering insights into the interplay between different companies and institutions.

We found that universities and public research organizations (PROs) played a role in the devel-
opment of the mRNA vaccine platform. Prior to 2010, their patents accounted for 44% of our Core
Dataset and 23% of the Antecedent Database (which contains the backward patent citations of the
Core Dataset). In addition, these institutions consistently ranked at the top of the authority ratings,
highlighting their continued importance as a source of fundamental discoveries. Notable contributions
came from the University of Pennsylvania, MIT, Max Planck, and the University of British Columbia,
underscoring the essential role of academic research in providing the foundational knowledge necessary
for mRNA vaccine development.

Based on this evidence, we have proposed a hypothetical redistribution of the innovation break-
through’s credit from the primary beneficiaries of mRNA COVID-19 vaccines — BioNTech and Mod-
erna. Using the structural properties of the citation network, we found that the universities account
for about 19.3% and 21.7% of an idealized value, respectively. These shares increase to 30% and 37%
when PROs, research centers, government institutions and individuals are included.

It is important to emphasize that PROs and universities contribute to the innovation process
through a variety of direct and indirect means, including the generation and dissemination of foun-
dational discoveries, the development of human capital, and the provision of research infrastructure.
Therefore, our results, based on patent citations, represent a significant yet conservative estimate of
the overall contribution of the public sector to the successful development of mRNA vaccine platform.

This paper also provides a detailed description of the structure and dynamics of the COVID-19
knowledge network. Our investigation of patent assignees and their citation networks highlights the
importance of interactions and knowledge flows between different types of organizations, with Biotech-
nology firms playing an important and ubiquitous role. Our results reveal the heterogeneous character
of the mRNA knowledge network, which is characterized by a dense and increasingly interconnected
structure over time. The temporal analysis shows that the number of players and the complexity of
interactions increased significantly after 2010, corresponding to the years of intensified research efforts

and investments in mRNA technology. During this period, new market players have also emerged
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and existing market leaders have consolidated their presence, indicating a maturing of the mRNA
innovation landscape.

Biotechnology companies, especially in recent years, have emerged as major players, with a signif-
icant increase in Core patents and self-citations (e.g. Moderna, Curevac and companies specializing
in efficient LNPs). These companies have played a central role in the development and dissemination
of mRNA technologies and are involved in extensive citation networks. The centrality measures have
further highlighted the importance of Biotechnology companies and underlined their influence and
leadership in the field of mRNA.

Our analysis provides a nuanced understanding of the innovative ecosystem of the pharmaceutical
and Biotechnology industries (as discussed in Section 2), particularly in relation to the discovery of
major breakthroughs. The findings have several policy implications. First, they underscore the critical
role of publicly funded research institutions in fundamental scientific discoveries. Policy makers should
prioritize funding for these institutions and universities while supporting a broad range of research
trajectories. It is noteworthy that for many years mRNA research was considered a niche area with
limited immediate applications. This underlines the importance of maintaining a broad spectrum of
scientific research without immediate returns.

The innovative ecosystem is characterized by a multitude of actors, and collaboration between the
public and private sectors has proven to be essential for translating scientific research into practical
applications. To facilitate this, policy should encourage and support such partnerships and ensure
that public research is effectively leveraged for innovation (especially in Biotechnology companies).
This includes implementing programs to streamline and facilitate licensing and creating mechanisms to
mitigate patent disputes, especially in areas with a dense patent landscape and potentially overlapping
claims.

Finally, our study suggests that the development of long-term impact assessment methods is nec-
essary to fully appreciate and demonstrate the value of public R&D investments. Such methods would
help to quantify the broader societal benefits of public research beyond its immediate commercial
applications and provide a more comprehensive view of its contributions. In this paper, we present
a new methodological approach to trace back the underpinnings of breakthrough innovations using

credit allocation schemes based on knowledge network analysis.
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ONLINE APPENDIX

Leveraging Knowledge Networks: RethinkingTechnological Value
Distribution in Vaccine Innovations

Rossana Mastrandrea  Fabio Montobbio  Gabriele Pellegrino Massimo Riccaboni  Valerio Sterzi

Appendix A Complex Network Theory

A network is mathematically described by G = (V, E), where V is the set of all nodes with size
|[V| = N and E the set of all edges with size |E| = L. The ratio between the observed number of
links and the potential ones (N(N — 1)), namely density, quantifies its cohesiveness level. A graph
is uniquely defined by the adjacency matrix A = (ai;)1<ij<n with a;; = 1 if and only if it exists a
link between node ¢ and node j. It is worth noticing that for the patent citations network generally
holds a;; # aj;, i.e. the network is directed/asymmetric. For the mRNA knowledge network we can
consider different level of aggreagation: (i) network of patent citations , whose nodes represent patents
and edges indicate the existence of a citation between them; (ii) network of entities, whose nodes are
entities (companies, research and government institutions) and edges are weighted by the total number
backward/forward citations among them; (iii) network of sectors, whose nodes are sectors and links
are weighted according to the total number of backward/forward citations among them. In the cases
(ii) and (iii), the network is defined also by a weighted adjacency matrix, W = (w;j)1<i j<n with
generally w;; # wj;.

We first investigate some basic properties (summarized in Table Al) to evaluate the network
global organization and the role of nodes. We introduce the node in/out degree and strength: two
local properties computing the total number of incoming/outcoming links of a node and the total
number of forward /backward citations of a node, respectively. The distribution of node degrees allows
to understand how connections are organized /placed in the network, for example through the presence
and number of hubs (i,e., node with many links); while the strength distribution offers some insights
about the heterogeneity of citing and cited entities. We also computed an higher-order property, the
in-clustering coefficient: it counts the number of closed triangles with two links pointing to node
divided by the total number of triplets involving it. This measure sheds light on the tendency of the
system to form specific clusters.!

Node degree and strength can also be thought as local centrality measures (when normalized by
the network size and total weight) as they quantify the importance of a node in terms of number
of links or weighted links. However, the importance of nodes can been explored also by different
quantities: (i) the betweenness centrality; (ii) the in-Katz centrality; (iii) the PageRank centrality;
(iv) the Hub& Authority scores. The betweenness centrality assigns higher value to nodes behaving
as bridges helping communication flow in the network. Indeed, it counts how many shortest paths
connecting any two nodes in the network pass through node ¢ with respect to all possible shortest paths
existing between any pair of nodes in the web. The in-Katz centrality is based on the idea that node
importance depends upon the centrality of neighbours pointing to it in a backward fashion. In other
terms, it computes the relative influence of a node coming not only from its immediate neighbours,
but also through indirect and longer connections in an iterative way. Intuitively, we can imagine that

the closest connected nodes have more influence over the node than more distant ones. Thus when

50ther clustering coefficients could be computed, according to the directions of the involved links. However, we
selected the most relevant one for our scope.
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combining paths of all lengths, one can introduce an attenuation factor to give more importance to
shorter walks with respect to longer ones.

Let A = (a; ;) be the adjacency matrix of a directed graph. The Katz centrality of node i is given
by:

Zilﬁ — [(avo +aA+a2A2 + ... _|-akAk =+ )1}Z = [Z(akAk)l
k=0

(A1)

where « is a constant and 1 is the vector (1,1,...,1).
The series in (A1) converges when a < 1/p(A), where p(A) is the maximum eigenvalue of the

adjacency matrix A, and in that case the Katz centrality in matrix form reads:

2 = [(I — aA)™1]; (A2)

The Katz status of a node is defined as the number of weighted paths reaching the node in the
network: a generalization of the degree measure which counts only paths of length one. Notice that
long paths are weighted less than short ones by exploiting the attenuation factor a.. For small (close
to 0) values of « the contribution given by paths longer than one rapidly declines, and thus Katz
scores are mainly influenced by short paths (mostly in-degrees). When the damping factor is large,
long paths are devalued smoothly, and Katz scores are more influenced the by endogenous topological
part of the system (it is recommended to choose a between 0 and 1/p(A)).

A potential problem with the Katz centrality is that if a node with high centrality links many
others then all those others get high centrality. The centrality gained by an incoming link from an
important node should be diluted if the important vertex is for example an hub.

PageRank is an adjustment of Katz centrality taking into account this need of “diluting” the
importance received from a node if it is for example an hub (Brin and Page, 1998). Indeed, the
centrality derived from a node’ neighbors is now proportional to their centrality divided by their out-
degree. According to this procedure, vertices pointing to many others transfer only a small amount of
centrality to their contacts.

The PageRank!” of node i is given by:

pi = [(I —aD7tA) 1), (A3)

with o a constant and D a diagonal matrix with ¢-th diagonal element equal to node 7 out-degree,
d;. The damping factor a has the same role seen for Katz centrality. In particular, a should be chosen
between 0 and 1/p(D~'A), the maximum eigenvalue of the matrix D! A.

The Hub and Authority scores (Kleinberg, 1999) are recursively computed, such that a vertex
has high authority centrality if it is pointed to by many hubs, i.e., by many other vertices with high
hub centrality, while a vertex with high hub centrality points to many vertices with high authority
centrality. Specifically, the Hyperlink-Induced Topic Search (HITS) is a link analysis algorithm created
by Jon Kleinberg (Kleinberg (1999)) to evaluate web pages. In the Internet terminology, a good hub

is a page that links to numerous other pages, while a good authority is a page that is linked by many

18T the general formulation the Katz centrality is expressed in an iterative way as z; = « >k Gik 2k + B, where 3 is
a constant representing some exogenous factors. Some simple computations show that two formulations are equivalent;
moreover, as we are not interested in the absolute magnitude of the centrality, but in the ranking of node importance,
we can assume without losing of generality 5 = 1.

'"Also in this case, the general formulation is given by p; = a )", a;};i pr + B.
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different hubs. In other words, nodes with high authority scores can be considered the ones containing
important information about a topic, while hubs are relevant because they point to them. For this
reason, in the context of paper citations, hubs are generally referred as reviews and authorities as
“relevant papers” for the topic. In our context, we can interpret as authorities such entities that
released important patents and were therefore cited by several entities behaving as hubs. Of course,
mixed-cases are possible: nodes showing both high authority and hub scores. Starting from this idea,
the HITS algorithm assigns two scores to each page: the authority score, which measures the value of
the page’s content, and the hub score, which measures the value of its links to other pages. Generally
speaking, the authority score of a node is the sum of the hub scores of all nodes that point to it; the

hub score of a node is the sum of the authority scores of all nodes it points to. Mathematically:

au; = Z huj, hu; = Z au; (A4)
J J

where au; is the authority score of node i, hu; is the hub score of node i. Practically, after having
initialized both scores to 1 for all nodes, the iterative update prescribes to compute the hub/authority
score of each node according to (A4) and then normalize to prevent overflow and ensure convergence.
(typically done by dividing each score by the Euclidean norm of the vector of scores). The procedure

continues till to reach a stable set of values.

Network Lo
Formula Description
property
. 5= L Number of observed edges divided by the total
Density ~ N(N-1) . .
potential connections
‘ N
In Degree kit = Z Qji Number of in-coming links
j=1
N
Out Degree k= Z Qi Number of out-going links
j=1
‘ N
In Strength s = Z Wi Number of forward citations
j=1
N
Out Strength SfUt = Z Wij Number of backward citations
j=1
. T 42 Number of closed triangle with two links point-
In-clustering coef- ATA . o
. i (kin — 1) ing to node ¢ divided by the total number of
ficient (

triplets involving it
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i Number of shortest paths connecting any pair

Betweenness Cen- b — Z Ost . .

tralit i = ot of nodes and passing through node ¢ divided by

rali ;

Y s7tFi the the total number of shortest paths
Authority  cen- Z Defined recursively as the sum of the hub score
=S a1

trality ’ I 3 Y (y;) of nodes pointing to node i. « is a constant
Defined recursively as the sum of the authority

Hub centrality Yi = BZaM xj score (x;) of nodes pointed by node i. 3 is a

J constant

Number of weighted paths reaching the node
, 1 discounted by a dumping factor a. With
In-Katz centrality 2" = 17[(I — aA)™!); Y ‘p & }
a < 1/p(A), p(A) maximum eigenvalue of the

adjacency matrix A;1 the unit vector

Variation of the Katz centrality: the centrality
derived from node’s ¢ neighbors is proportional
pri = [(I —aD_lA)_ll]Z- to their centrality divided by their out-degree.
« is a constant, D is a diagonal matrix with
djj =k 1 <j<N
Table Al: Network properties

Page-Rank  cen-
trality

Appendix B Community detection

We perform a community detection analysis to identify groups of nodes more densely connected
to each other than to the rest of the network. One of the possible approaches aims to maximize
the modularity associated to network partitions (Newman, 2006) by comparing the number of edges
within communities to the expected number of edges if nodes were randomly connected preserving some
local constraints (generally node degree or strength). In this context, we opted for a weighted local
constraint, node strength. There is a huge number of algorithms solving the maximization problem,
we chose the popular and efficient “Louvain method” (Blondel et al., 2008). It is worth noting that the
modularity score is strongly dependent on the network size, therefore we cannot compare it over the
three periods. Moreover, this would be out of the scope, as we are interested more in understanding
the organization of the citation networks over time after having identified the best partition according
to the Louvain algorithm.

Across the three periods analyzed, we identified ten, nine, and eight communities, respectively.
Figure 10 displays the ratio of communities to the overall network sizes. It highlights a significant
difference between the first period and the following two periods, characterized by a large community
that encompasses half of the nodes.

In Figure 9 we show within and between densities of the communities subnetworks for the three
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Figure 8: Community detection. Ratio between the communities (identified with the Louvain algo-
rithm) and the network sizes for the three periods under study
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Figure 9: Communities densities Total number of citations within and between communities normal-
ized with respect to the total number of citations for the specific period.

In what follows we investigate the structure and composition of the communities in the three
periods, focusing on the role played by specific actors.

In the first period, the largest community contains Cellscript, Epicentre and University of Pennsyl-
vania (fig.10 (a)). This community exhibits an average in-group clustering coefficient of 0.53, which is
higher than the global one of 0.4, indicating strong internal cohesion. It suggests collaborative efforts
focused on fundamental research and early technological developments. The presence of the Univer-
sity of Pennsylvania, alongside companies like Cellscript and Epicentre, highlights the importance of
academic-industry partnerships in laying the groundwork for mRNA technology.

The second largest community shows a star-shaped configuration centered in Alnylam (citing
93% of the nodes in the group), which has specialized in RNA interference (RNAi) and therapeutic
applications. In fact, the average clustering coefficient appears now to be smaller than the global one
(0.19).

The third largest community (Fig.10 (b)) shows a pronounced star-like organization centered in
Curevac (citing the 98% of nodes in the group, whose 67% has in degree equal to 1, i.e. it is cited only
by Curevac) as confirmed by the very small average in-clustering coefficient (0.02). Curevac’s dominant
position in its community, with a nearly absolute star-like structure, underscores its pioneering efforts
in mRNA vaccine technology. The small in-clustering coefficient of Curevac’s community further
highlights its role as a key innovator.

The fourth largest community comprises British Columbia University, Protiva, Proviva and Inex;
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(fig.10 (b)). The diverse composition of this community highlights collaborative efforts focused on
LNP technology. British Columbia University and Biotechnology companies like Protiva, Proviva and
Inex were instrumental in developing LNPs, which are crucial for the delivery of mRNA into cells.

In the second period, post 2010, the largest community encompasses 58% of entities and presents a
star-like organization, with Moderna pointing to the 97% of nodes in the group, followed by Novartis
pointing to only 6% of them (Fig.10 (c)). Moderna tends to have a distinctive periphery of cited
entities, with 73% of its neighbors having an indegree of one in the entire network, meaning they are
cited only by Moderna. The average in-clustering coefficient of the community is 0.09, much lower than
the global average of 0.3. During this period, Moderna emerges as the central innovator, reflecting
its effort in developing mRNA-based vaccines and other therapeutic advancments. The second-largest
community comprises 18% of the nodes and has a different organizational structure (fig.10 (d)). The
top five entities with the highest out-degrees within this community are British Columbia University,
Inex, Alnylam, Protiva and Proviva. The average of the in-clustering coefficient of this community is
0.43, greater than the global average. The structural organization of this community suggests focused
advancements in LNP technology and RNA-based therapeutics. These companies work closely to
enhance delivery mechanisms crucial for effective mRNA therapeutics and vaccines. It also highlights
a regional concentration of expertise and collaboration in LNP technologies within North America, in
Canada in particular, contributing to global mRNA delivery innovations.

The third largest community contains the 8% of actors and demostrates high clustering, with an
average in-clustering coefficient of 0.79, much hogher than the global average. The top citing entities
are BioNTech, Tron and Mainz University, all based in Germany, idicating a strong regional hub of
innovation in mRNA vaccines within the country. Finally, another community exhibits a quasi star-like
configuration centered in Curevac (also located in Germany) and includes highly clustered groups such
as Cellscript, Epicenter, and the University of Pennsylvania, with an average in-clustering coefficient
equal to 0.76.

In the third period (2016-2020) the largest community has the 55% of entities and includes beside
Moderna also Novartis and University of Pennsylvania (fig.10 (e)). The organization remains very
similar to the second period, with 78% of nodes cited only by Moderna, and the average in-clustering
coefficient at 0.06, significantly lower than the global average of 0.25. The second largest community
contains 16% of actors and resembles the second largest community of the second period (fig.10 (f)),
with the top five citing entities being British Columbia University, Inex, Alnylam, Protiva and Proviva,
showing high cohesion (the average in-clustering coefficient is , 0.51, doubling the global average). The
third largest component contains the 12% of nodes and appears as a combination of two previously
observed groups: a star-like organization centered in Curevac and a more clustered set containing
BioNTech, Tron and Mainz University, with an average in-clustering coefficient slightly below the
global average at 0.15. Finally, the fourth largest community contains the 10% of actors, with central
nodes never observed in the previous periods: Bristol Meyers Squibb, Chinook Therapeutics and
Merck.&co. having an average in-clustering coefficient in line with the global average at 0.22 (fig.10
(f)). This community could suggest an expansion of the field, with large pharmaceutical companies
indicating a more global reach, potentially encompassing entities from North America and beyond.
This could mark the entry of traditional large pharma companies into the mRNA space, diversifying
the technology’s applications.

The Sankey plot in Figure 11 shows the “movements” of nodes between communities from one

period to the next. Each community is labelled with the name of the key-actors (as highlighted
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in the community description). The thickness of flows between communities is proportional to the
number of nodes, while the vertical bars represent the size of the community. Notably, nodes that
appar exclusively in one community during a certain period are excluded from the visualization. Only
the most relevant communities are shown: eight over ten in the first period, representing 92% of
nodes; seven over nine in the second period representing 99% of nodes; four over eight in the third
period representing 93% of nodes. The figure sheds light on the complex landscape of companies and
institutions citations and their changes over time.

It is interesting to notice not only the dominant role of Moderna’s community from the second
period (as already observed before in terms of sizes) but also the composition of this group, which
absorbed nodes from the Biontech/Mainz University/Tron community (from the first to the second
period), while losing some companies in favour of Merck&co group and the German community around
Mainz University. Additionally, the Alnylam and British Columbia University/Inex/Protiva/Proviva
communities merged from the first to the second period, with their composition remaining rather stable
in the third period. Finally, the group centered in Cellscript, Epicentre and Pennsylvania University
appears stable in the first and second periods but it is absorbed by Moderna’s community in the last

one.

40



N

Figure 10: Community detection analysis Two examples of communities for the three periods under
study. (a)-(b) First period; (c)-(d) second period; (e)-(f) third period. Node size is proportional to the
number of forward citations; nodes color indicates: nodes with the highest out-strength (light blue);
nodes receiving only one citation in the whole network (red); nodes receiving more than one citation
in the whole network (green).
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Figure 11: Sankey plot. “Movements” of nodes between communities from one period to the next. Each
community is labeled with the names of key-actors (as highlighted in the community description). The
thickness of the flows between communities is proportional to the number of nodes, while the vertical
bars represent the size of each community.
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Appendix C Credit Allocation

In this section we describe the procedure to allocate credit coming from main actors of mRNA vac-
cine commercialization to companies and institutions according to their role in the mRNA knowledge
network.

We consider the weighted adjacency matrix associated to the mRNA knowledge network aggregated
over the whole period under study, W;; = (wj;)i<i j<n; then, we compute the transition probability

matrix associated to it, M = (mj)1<i j<n, and its dth powers:

d=1,2,...
M? = (mij,dhgz’,jgN (C1)

where m;; 4 represents the probability to reach node j in d steps for a random walker placed on
node i . For d = 1 the probability associated to each link out going from node ¢ simply corresponds
to its weight normalized by the node ¢ out strength (as in (C1)): the higher the number of backward
citations the higher the probability to be the destination of the random walker first step. For d = 2,
Mmijo = Y, mymy; gives the sum of all weighted paths of length 2 going from node 4 to node j and
so on for d > 2. It is worth noticing that since all directions where a link is present are allowed,
the same company can be assigned several shares of node ¢ credit during the redistribution process.
The same holds for node ¢ itself, as self loops are not excluded from the system. Once the transition
probability matrix and its powers have been computed, its combination with the dumping factor £

allows to compute the credit assigned to each node according to three different rules:

1. Markov approach

d
d My d
7= ——2L— 1|8 (C2)
! > mzdh
heVi(d)

where V;(d) is the set of all nodes reachable from node i in d steps. It is worth noticing that,
except for d = 1, the rows of M? do not sum to 1. However, it is necessary to normalize them

as in (C2) to properly distribute the share of node ¢ profit assigned at distance level d.

2. Markov and in-Katz centrality

d

d M5 Zh d
! > mé, > % v (G3)
heV;(d) heV;(d)

where z; is the in-Katz centrality computed on the whole network according to (A2)

3. Markov and PageRank centrality

d m;i] Prh d (C4)
7'(' . =
’ > mg, > DPrh

heVi(d) heVi(d)

where pr; is the PageRank centrality computed on the whole network according to (A3).
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Example: profit redistribution

Let us assume that node ¢ has profit II; = 100 (coming for example from the commercialization of
the mRNA vaccine) and let us assume that half of this profit remains to node i (as the patent’s owner
and the one who succeeded in the commercialization), while the remaining profit will be redistributed
among the other patents’ assignees according to their technological and scientific contributions to the
development of the vaccine. These quantities can be computed from the mRNA knowledge network
using one of the three procedures introduced before (see tables 5, 6 for the main contributors of
Moderna and BioNTech vaccines development). Hence, we can introduce a parameter « such that the
credit that remains to node ¢ is all; = 50, while (1 — a)II; = 50 is the credit to be allocated. Table C1
reports the credit to be divided among all nodes at distance d € {1,2,3,...} from node i, according

to our choices of the parameters a« = g = 0.5.

Distance value (d) Credit to allocate

25
12.5
6.25

3.125

=Wl =

Table C1: Credit share assigned to each distance value, d, and to be allocated among all nodes at
such distance from node 1.

In other words, the 25% of II; will be redistributed among all nodes at distance 1 from node i (i.e.,
directly cited by it), the 12.5% will be redistributed among all nodes at distance 2 from node i and so
on. Generally speaking, the percentage of node ¢ credit to be allocated at distance d from node i is
calculated as my = a1 (such that Y 5% g = 3.5 aBl; = II;), with 0 < a, 8 < 1. Coming back to
our example, all nodes at distance d = 1 from node i, will be allocated a share of the credit assigned
to this “level”, i.e. 25, according to their importance computed with one of the three aforementioned

quantities. Hence, node j directly pointed by node ¢

1. will receive p;1 = 25  (w;; /%)

out) % pnorm

2. will receive pj1 = 25 * (w;;/s5 ;

3. will receive pj1 = 25 * (wij/s7"") * prior™
where 27" and pri®"™ simply indicates the in-Katz and the PageRank centrality of node j,

respectively, normalized with respect to the centrality values of all nodes at distance d from node i

(d =1 in this example).
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