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Abstract: Various vaccine platforms, including emerging platforms, have been applied in the devel-
opment of COVID-19 vaccines. Biotechnology startups often lead the development of new medical
technologies, whereas major pharmaceutical companies and public institutions have long contributed
to vaccine development. In this study, vaccine platforms and developers involved in COVID-19
vaccine development were analyzed, elucidating the trends of vaccine platforms used, the country
distribution of the developers, and differences in the profiles of developers by vaccine platform
technologies and country. The analysis revealed that conventional, established, and emerging vaccine
platforms have been widely used and that older platforms are more advanced in clinical development.
It also demonstrated the emergence of China, in addition to the U.S., while many pharmerging
countries have been engaged in development. Startups have significantly contributed to the devel-
opment of viral vector and RNA-based vaccines, suggesting their important role in the application
of novel technologies. The major developers differ by country and region. Alliances, including
international collaborations, have progressed in late clinical development. Based on these results,
future perspectives of pandemic vaccine development and implications for policy and corporate
strategies are discussed.
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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which emerged at the
end of 2019, prompted rapid vaccine development worldwide. The most rapidly developed
and globally used vaccines for the coronavirus disease 2019 (COVID-19) use RNA-based or
adenoviral vector vaccine platforms, both of which are emerging technologies that have
not been or rarely been applied to approved vaccines [1]. In addition, various types of
vaccine platforms, including inactivated/live-attenuated virus, protein subunit, virus-like
particle, and DNA-based, have been used in approved and clinically developed COVID-19
vaccines [1]. Inactivated and live-attenuated virus vaccine platforms are the most conven-
tional vaccine technologies and have long been applied to many vaccines [2]. A protein
subunit vaccine platform was established, and vaccines using this platform have been
approved for various infectious pathogens, such as Hepatitis B virus, papillomavirus, and
influenza virus, since 1986 [3]. The virus-like particle vaccine platform was established
and applied to approved vaccines against the Hepatitis B virus, human papillomavirus,
and Hepatitis E virus in the late 1980s [4,5]. Compared with these vaccine platforms, viral
vector, RNA-based, and DNA-based vaccine platforms are novel technologies. The first
adenoviral vector vaccine approved was the Ebola virus vaccine in 2019, followed by
Vaxzevria, the COVID-19 vaccine [6]. Spikevax and Comirnaty, both of which received
emergency use authorization for COVID-19 from the U.S. Food and Drug Administra-
tion (FDA) in December 2020, were the first examples of RNA-based vaccines in clinical
use [7]. To date, only one DNA vaccine (ZyCoV-D) has been authorized for emergency use
against COVID-19 in India [8]. A significant advancement in vaccine development was the
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availability of these emerging vaccine platforms for clinical use through the development
of COVID-19 vaccines. Various vaccine platforms have been widely used for COVID-19
vaccine development, including conventional (inactivated/live-attenuated virus), estab-
lished (protein subunit and virus-like particle), and emerging (viral vector, RNA-based, and
DNA-based) ones. Therefore, a comprehensive analysis of the global development status
of COVID-19 vaccines could provide an opportunity to gain an overarching understanding
of the utilization of vaccine platform technologies worldwide.

A previous study revealed that startup ecosystems, including startups, universities,
public institutions, incumbent companies, and investors, played a key role in the rapid de-
velopment and commercialization of Spikevax, Comirnaty, and Vaxzevria [1]. Young, small
biotechnology companies, many of which are university startups, have driven innovative
new drug discovery [9,10] and the development of novel drug modality technologies has
often been pioneered by biotechnology startups [11,12]. Recently, small companies have
expanded their roles to late-entry drug discovery [13]. However, historically, government
and public institutions have greatly contributed to vaccine development [14,15]. Large
pharma companies, especially the “big four” vaccine makers, including GlaxoSmithK-
line (Brentford, UK), Merck & Co. (Rahway, NJ, USA), Pfizer (New York, NY, USA), and
Sanofi Pasteur (Lyon, France), have been actively engaged in vaccine development [16].
Considering the above, it is speculated that various players may contribute to vaccine
development across different vaccine platforms: conventional (inactivated/live-attenuated
virus), established (protein subunit and virus-like particle), and emerging (viral vector,
RNA-based, and DNA-based). This study elucidates the current global landscape of vac-
cine developers in COVID-19 vaccines by vaccine platform. The characteristics of vaccine
developers by country (country or territory) are also important, with each country having
its own national innovation system and national-level innovation processes involving the
government, public institutions, and enterprises [17]. Uncovering the profiles of vaccine
developers and their national differences will contribute to discussions on the technology
and alliance strategies of vaccine-developing companies and the vaccine development
promotion measures of the government.

This study uses the term “pharmerging”. A pharmerging country is one where the
pharmaceutical market was small but has grown in recent years [18]. This concept also
covers the drug development capabilities of the country [19]. In this study, all countries,
except the countries/regions with advanced pharmaceutical industries, such as the U.S.,
Europe, and Japan, are referred to as pharmerging countries. Countries that develop
vaccines have drug development capabilities and pharmaceutical markets to some extent;
therefore, they can be categorized as pharmerging. China is considered to be a pharmerging
country in general, but is not included in the definition used in this study because the
presence of China was significant in COVID-19 vaccine development.

2. Materials and Methods
2.1. Identification of Approved COVID-19 Vaccines and COVID-19 Vaccine Candidates under
Clinical Development: Vaccine Platforms, Development Stages, and Developers

The World Health Organization (WHO) compiled detailed information on approved
COVID-19 vaccines and COVID-19 vaccine candidates under development as of 30 March
2023 (https://www.who.int/teams/blueprint/covid-19/covid-19-vaccine-tracker-and-
landscape, accessed on 21 January 2024). According to this database, 183 COVID-19 vac-
cines and vaccine candidates were in the clinical phase. Information on these 183 COVID-19
vaccines and vaccine candidates was analyzed in this study. The database includes the
vaccine platform used, developers, and the clinical development stage of each vaccine
and vaccine candidate. Because the clinical development stage of one vaccine candidate
(COVID-19 Oral Vaccine Consisting of Bacillus Subtilis Spores developed by DreamTec
Research Limited) was not shown, this vaccine candidate was excluded from the analysis.
The developer of one vaccine candidate (Han Xu, M.D., PhD., FAPCR, Sponsor-Investigator,
IRB Chair as a developer of the Ad26.cov2.s+bcg vaccine, AD26-BCG) was not the organi-
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zation but the individual’s name; therefore, this vaccine candidate was excluded from the
analysis. One vaccine (ChAdOx1-S-(AZD1222), Covishield, Vaxzevria) was in phases 4 and
1; therefore, it was double-counted during launch/late development (phases 2/3, 3, and 4)
and early development (phases 1, 1/2, and 2).

2.2. Identification of Developer Nationalities

The country where the headquarters of the company was located if the developer was
a company and the institution location if the developer was a university, public institution,
or hospital were identified by searching for the name of the organization on the World
Wide Web. The distribution of the countries where each developer was located was ana-
lyzed, including the U.S., China, Europe (Belgium, France, Italy, the Netherlands, Norway,
Spain, Germany, UK, and Sweden), East Asia (Japan, Korea, and Taiwan), Southeast Asia
(Indonesia, Singapore, Thailand, and Vietnam), South/Middle East/West Asia (India, Iran,
Turkey, Kazakhstan, Saudi Arabia, and Israel), Australia, Latin America (Argentina, Brazil,
Cuba, and Mexico), and others (Canada, Egypt, Russia, and Uganda). Then, the vaccine
platform used by each developer was identified from the above database and classified by
countries/regions.

2.3. Identification of Developer Types

The developers were classified into company and university/public institution/hospital
(shown as U/P/H in the graphs and Table 2), and the companies were further classified
into small- and medium-sized enterprises (SMEs) founded in or after 2000, SMEs founded
before 2000, and large enterprises (LEs). The founding year of the company was identified
through a web search (mainly from CB Insights (https://www.cbinsights.com/, accessed
on 20 January 2024)). The top 50 pharmaceutical companies that demonstrated the highest
revenue in 2019, a year before SARS-CoV-2 became globally distributed, were identified
on the Top 50 Global Pharma Companies 2019 website (https://www.rankingthebrands.
com/The-Brand-Rankings.aspx?rankingID=370&nav=industry, accessed on 20 January
2024). If a developer was among the top 50 companies, the company was classified as an
LE. Otherwise, the company was classified as an SME. A similar classification was applied
to previous studies [10,13]. The types of developers were analyzed by vaccine platform
(Figure 3) and by country/region (Figure 4).

2.4. Analysis of Alliance Situation

If a vaccine or vaccine candidate had more than one developer, the vaccine or vaccine
candidate was classified as “Alliance”. If all the developers of the “Alliance” vaccine or
vaccine candidate were from the same country, the vaccine or vaccine candidate was classi-
fied as “Domestic”. Otherwise, the “Alliance” vaccine or vaccine candidate was classified
as “International”. “Alliance” vaccines or vaccine candidates were further classified as
follows: If developers were all SMEs, the vaccine or vaccine candidate was classified as
“SME & SME”. If developers were all LEs, the vaccine or vaccine candidate was classified as
“LE & LE”. If developers were all universities/public institutions/hospitals, the vaccine or
vaccine candidate was classified as “U/P/H & U/P/H”. If developers included SME and
LE, the vaccine or vaccine candidate was classified as “SME & LE”. If developers included
SMEs and universities/public institutions/hospitals, the vaccine or vaccine candidate
was classified as “SME & U/P/H”. If developers included LEs and universities/public
institutions/hospitals, the vaccine or vaccine candidate was classified as “LE & U/P/H”. If
developers included SMEs, LEs, and universities/public institutions/hospitals, the vaccine
or vaccine candidate was classified as “SME & LE & U/P/H”.

3. Results
3.1. Development Status of Each Vaccine Platform

Approximately half of the COVID-19 vaccines (phase 4) and vaccine candidates
(phases 1–3) used emerging vaccine platforms (Figure 1A). The most dominant vaccine

https://www.cbinsights.com/
https://www.rankingthebrands.com/The-Brand-Rankings.aspx?rankingID=370&nav=industry
https://www.rankingthebrands.com/The-Brand-Rankings.aspx?rankingID=370&nav=industry


Vaccines 2024, 12, 259 4 of 14

platform used for COVID-19 vaccine development was the protein subunit, followed by
RNA-based and viral vectors. Approximately 13% (24 of 182) of the COVID-19 vaccines and
vaccine candidates used a conventional vaccine platform (inactivated/live-attenuated virus).
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Figure 1. Analysis of vaccine platforms used for COVID-19 vaccines and vaccine candidates. (A) Dis-
tribution of vaccine platforms in COVID-19 vaccines and vaccine candidates. (B) Ratio of launch/late
clinical development and early clinical development by vaccine platform.

The clinical development stages of all the analyzed vaccines were classified into
launch/late development (phases 2/3, 3, and 4) and early development (phases 1, 1/2,
and 2) (Figure 1B). The older the platform used for vaccines and vaccine candidates, the
closer the clinical development stage was to late development. Two-thirds of vaccines
and vaccine candidates using conventional (inactivated/live-attenuated virus) vaccine
platforms were approved or proceeded to late development, whereas 59–76% of vaccine
candidates using emerging (viral vector, RNA-based, and DNA-based) vaccine platforms
were still in early development.

3.2. Country Profile of COVID-19 Vaccine Developers

The country distribution of COVID-19 vaccine developers is shown in Figure 2. The
country with the highest number of vaccine developers was China, followed by the U.S.
Many COVID-19 vaccine developers were also from European countries. However, the



Vaccines 2024, 12, 259 5 of 14

number of developers in East Asia (Japan, South Korea, and Taiwan) was relatively low. In
the regional classification of this study, South/Middle East/West Asia regions had a higher
number of developers than East Asia. Vaccine developers were present in 32 countries.
While traditional pharmaceutical development is predominantly led by the U.S., Europe,
and Japan, COVID-19 vaccines have been developed in many other countries worldwide.
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Figure 2. Country distribution of COVID-19 vaccine developers.

Next, the types of vaccine platforms developed in each country and region were
examined (Table 1). In the U.S., China, Europe, and East Asia, conventional, estab-
lished, and emerging vaccine platforms have been widely developed, while developers in
South/Middle East/West Asia, Australia, and Latin America have been mainly develop-
ing conventional and established vaccine platforms. Among emerging vaccine platforms,
RNA-based vaccines were most developed in the United States and China, viral vector
vaccines in Europe, and DNA-based vaccines in East Asia.

Table 1. Number of COVID-19 vaccine developers using each vaccine platform in each country/
region.

Vaccine Platform

Country/Region Inactivated/Live-
Attenuated Virus

Protein
Subunit

Virus-like
Particle Viral Vector RNA-Based DNA-Based

USA 4 16 2 8 20 3

China 6 19 1 11 15 3

Europe 2 11 2 11 7 7

East Asia 2 7 0 1 3 8

Southeast Asia 2 5 0 2 2 1

South/Middle
East/West Asia 9 6 2 3 2 2

Australia 0 6 1 0 1 2

Latin America 1 6 0 0 1 0

Others 3 4 1 4 2 1
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3.3. Developer Profile of COVID-19 Vaccines by Vaccine Platform

The developers of COVID-19 vaccines were classified into four categories: SMEs
founded in or after 2000 (representing startups); SMEs founded before 2000 (representing
incumbent small pharma); LEs (representing incumbent large pharma); and universi-
ties/public institutions/hospitals (academia). The ratio of each category was then cal-
culated in each vaccine platform (Figure 3). First, several universities/public institu-
tions/hospitals were involved in developing COVID-19 vaccines on all vaccine platforms.
This phenomenon was particularly prominent in inactivated/live-attenuated virus and
viral vector vaccines, with universities/public institutions/hospitals representing 45% and
46% of the developers, respectively. Second, startups’ contributions as developers differed
depending on the vaccine platform. Most companies that developed inactivated/live-
attenuated virus vaccines were incumbent small pharma. In the established vaccine plat-
forms (protein subunit, virus-like particle) and DNA-based vaccines, both startups and
incumbent small pharma largely contributed to this development. In the two emerging
vaccine platforms, viral vector and RNA-based, most companies that developed COVID-19
vaccines were startups, and more cases with the participation of incumbent large pharma
in the development were observed than in other vaccine platforms.
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SME, small- and medium-sized enterprise; LE, large enterprise; U/P/H, university/public institu-
tion/hospital.

3.4. Country Distribution of Different Types of Developers

Figure 4 shows the country/region distribution of different types of developers (star-
tups, incumbent small pharma, incumbent large pharma, and academia). Startups were
primarily located in the U.S. and China. These two countries are leading in global uni-
corns [20] and a similar trend was observed in COVID-19 vaccine development. Most
incumbent large pharma companies that engaged in COVID-19 vaccine development were
located in Europe. In contrast, incumbent small pharma companies were more dominant
in Asia and Latin America than in other countries and regions. Academia has contributed
significantly to the development of COVID-19 vaccines worldwide.
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3.5. Alliance Situation in COVID-19 Vaccine Development

COVID-19 vaccines have been developed worldwide using various platforms, includ-
ing emerging ones. Academia–industry and company-to-company alliances are important
for expanding business overseas, leveraging new technologies, and acquiring new capabili-
ties. Therefore, the alliance situation of COVID-19 vaccines and vaccine candidates was
analyzed (Table 2). Among the COVID-19 vaccines and vaccine candidates in phases 2/3,
3, and 4, 35% of the development projects conducted alliances. Nearly half of the alliance
projects were international (12 of 28). Regarding the patterns of alliance partners, SME and
U/P/H were dominant (16 of 28), followed by SME and SME (5 of 28). Other patterns of
alliance partners included only one or two cases. Among the COVID-19 vaccine candidates
in phases 1, 1/2, and 2, 14% of the development projects conducted alliances. Half of the
alliance projects were international (7 of 14). Regarding the patterns of alliance partners,
SME and U/P/H were dominant (8 of 14), followed by SME and SME (4 of 14). The other
alliance–partner patterns accounted for 0 or 1 case.
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Table 2. Alliance of developers in COVID-19 vaccines and vaccine candidates.

Upper Panel: COVID-19 Vaccines and Vaccine Candidates in Phases 2/3, 3, 4

Alliance Type Alliance Partner

Vaccine Platform No Alliance Alliance Alliance % Domestic International SME & SME LE & LE U/P/H &
U/P/H SME & LE SME &

U/P/H LE & U/P/H SME & LE &
U/P/H

inactivated/live-
attenuated virus 13 3 19% 0 3 1 0 1 0 1 0 0

protein subunit 18 10 36% 4 6 2 1 0 0 6 0 1

virus-like particle 3 0 0% 0 0 0 0 0 0 0 0 0

viral vector 6 7 54% 6 1 1 0 1 0 3 2 0

RNA-based 9 6 40% 5 1 1 0 0 1 4 0 0

DNA-based 2 2 50% 1 1 0 0 0 0 2 0 0

Total 51 28 35% 16 12 5 1 2 1 16 2 1

Lower Panel: COVID-19 Vaccine Candidates in Phases 1, 1/2, 2

Alliance Type Alliance Partner

Vaccine Platform No Alliance Alliance Alliance % Domestic International SME & SME LE & LE U/P/H &
U/P/H SME & LE SME &

U/P/H LE & U/P/H SME & LE &
U/P/H

inactivated/live-
attenuated virus 7 1 13% 0 1 0 0 0 0 1 0 0

protein subunit 28 3 10% 1 2 1 0 0 0 2 0 0

virus-like particle 3 1 25% 0 1 1 0 0 0 0 0 0

viral vector 17 2 11% 1 1 0 0 0 0 1 1 0

RNA-based 26 2 7% 1 1 1 0 0 1 0 0 0

DNA-based 8 5 38% 4 1 1 0 0 0 4 0 0

Total 89 14 14% 7 7 4 0 0 1 8 1 0

SME, small- and medium-sized enterprise; LE, large enterprise; U/P/H, university/public institution/hospital.
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4. Discussion

Emerging vaccine platforms (viral vector, RNA-based, and DNA-based) had not been
or were rarely applied to clinically used vaccines before the launched COVID-19 vaccines.
Currently, these vaccine platforms are widely used for COVID-19 vaccines and vaccine
candidates (Figure 1A), suggesting that these technologies have been rapidly immersed
in the vaccine development space. Conventional (inactivated/live-attenuated virus) and
established (mainly protein subunit) vaccine platforms are still widely used for COVID-
19 vaccine development (Figure 1A), revealing that various vaccine platforms covering
conventional, established, and emerging technologies are being utilized. Viral vector and
RNA-based vaccine platforms have several advantages, such as a strong immune response
without adjuvants [21,22], fast manufacturing, low cost [22,23], and rapid design [23,24].
However, these vaccine platforms are associated with concerns regarding side effects that
are not observed in conventional and established vaccine platforms [24,25]. For future
pandemics, it would be preferable to develop vaccines using various vaccine platforms
while adopting a flexible approach, taking into consideration factors such as the speed of
pathogen spread and the frequency of mutations.

Older vaccine platforms went into late development more often than newer vaccine
platforms (Figure 1B). One may wonder if RNA-based and viral vector vaccines were the
most advanced in development because the first three vaccines that were authorized and
globally inoculated for COVID-19 used these two vaccine platforms. This analysis shows
that, overall, vaccines and vaccine candidates using vaccine platforms that were more
commonly used before the COVID-19 pandemic have advanced in clinical development.
This is reasonable, assuming that older technologies are more sophisticated and require less
optimization of development and manufacturing processes. Although emerging vaccine
platforms are in clinical use for COVID-19 vaccines, developers require more time to use
these technologies quickly and efficiently.

One noteworthy finding of this study was that China was the predominant country in
which COVID-19 developers were present (Figure 2). According to a previous analysis, the
number of drugs originating from China was quite small among the new drugs approved
by the FDA over the past several years [10,13]. The presence of China has been rapidly
increasing in COVID-19 vaccine development. China accounted for 27.2% of the most-cited
papers published in 2018, 2019, and 2020 [26]. China’s world-class basic research capabilities
are expected to directly contribute to its vaccine development. China has demonstrated
robust research and development (R&D) capabilities in the field of COVID-19 vaccines and
is anticipated to become one of the leading countries in global vaccine development in the
near future. The U.S. has maintained its strength in vaccine development, considering the
high number of developers of COVID-19 vaccines. In contrast, Japan has shown a relatively
low presence of COVID-19 vaccine development. In this analysis, Japan accounted for only
10 COVID-19 vaccine developers, compared to 55 in China and 53 in the U.S. While Japan
had the third largest pharmaceutical market in the world after the U.S. and China [27],
it failed to rapidly develop COVID-19 vaccines. Japan’s pharmaceutical industry trade
deficit further increased by approximately USD 7.5 billion in 2022 compared to 2021,
which is largely attributed to the impact of vaccine imports [28]. The lack of a drug
discovery ecosystem through venture entrepreneurship has weakened the international
competitiveness of new drug development in the Japanese pharmaceutical industry [29].
In an era where the utilization of emerging vaccine platforms is expanding and diverse
technological capabilities and speeds are required for vaccine development, it is unlikely
that Japan will demonstrate a significant presence in global new vaccine development
in the future. In contrast, these data demonstrate that COVID-19 vaccines have been
developed in many pharmerging countries with emerging pharmaceutical markets, in
addition to China. These countries did not have strong R&D capabilities for vaccines and
drugs. Currently, the countries developing COVID-19 vaccines have expanded worldwide,
including various Asian and Latin American countries, which means that vaccine platform
technologies are available in several countries, and vaccine development is no longer
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exclusive to advanced pharmaceutical countries/regions such as the U.S., Europe, and
Japan. Vaccine development has spread worldwide, and many countries are expected to
contribute to the next pandemic vaccine development in the future.

Another interesting finding regarding country profiles was that the types of vaccine
platforms varied by country or region. In the US, Europe, and East Asia, conventional,
established, and emerging vaccine platforms were widely developed (Table 1), suggest-
ing that various vaccine platforms have been available in the countries or regions with
advanced pharmaceutical industries. Additionally, China has also developed various
vaccine platforms, both old and new (Table 1). While China’s global presence in new
drug development remains relatively low, it is considered that China already possesses
the technological capability to accommodate diverse vaccine platforms. On the other
hand, in other pharmerging countries (South/Middle East/West Asia, Australia, and Latin
America), inactivated/live-attenuated virus and protein subunit vaccine platforms were
mainly developed (Table 1). Most developers in these countries or regions are believed
to have not yet established the emerging vaccine platform technologies. As mentioned
above, in the future development of pandemic vaccines, utilizing both old and new vaccine
platform technologies according to the situation is necessary. For the speedy utilization
of vaccines worldwide, it might be effective for the US, Europe, China, and East Asia to
develop vaccines using emerging vaccine platforms, while other pharmerging countries
develop vaccines using conventional and established vaccine platforms. It was also an
intriguing finding that differences in the utilization of emerging vaccine platforms were
observed among countries or regions with advanced pharmaceutical industries. RNA-
based vaccines have been predominantly developed in the U.S. and China, viral vector
vaccines have been predominantly developed in Europe, and DNA-based vaccines have
been predominantly developed in East Asia (Table 1). The reasons for this phenomenon
are unclear. In future pandemic vaccine development, we may observe the utilization of
vaccine platform technologies tailored to the characteristics of each country or region.

The contribution of academia (university/public institution/hospital) to COVID-19
vaccine development was observed on all vaccine platforms in varying degrees (Figure 3).
The ratio of vaccines and vaccine candidates that academia was involved in developing
was especially high for inactivated/live-attenuated virus (conventional vaccine platform)
and viral vector (emerging vaccine platform), implying that academia participates in
vaccine development regardless of whether the technology is old or new. The reason
academia is prominent on these platforms is unclear. The importance of academia in
vaccine development is well known [14,15] and academia will continue to play a major
role in vaccine development using various vaccine platforms in future pandemic vaccine
development. One viable option for vaccine development companies is to strengthen their
collaboration with academia.

Conventional, established, and emerging vaccine platforms were developed mainly
by incumbent pharma, both by incumbent pharma and startups, and mainly by startups,
respectively (Figure 3). Startups play an especially important role in the development of
vaccines using viral vector and RNA-based vaccine platforms, both of which are emerging
(Figure 3). Startups, mainly university startups, play a crucial role in translating cutting-
edge medical technologies into clinical applications [9]. The government should implement
startup promotion measures to increase the capability of novel vaccine development.
Large pharma companies are important for shepherding new pharmaceutics discovered by
startups through clinical development and approval [30]. The participation of large pharma
companies was observed in some cases of viral vector and RNA-based vaccines in this
analysis, demonstrating that both startups and large pharma have actively engaged in the
development of vaccines using these emerging vaccine platforms. In COVID-19 vaccines,
clinical development of an adenoviral vector vaccine discovered by the University of
Oxford was supported by AstraZeneca and Moderna received large collaboration fees from
some large pharma companies, which supported Moderna’s long-term R&D efforts [31].
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Strengthening the alliance between startups and large pharma can be an option to increase
the efficiency of clinical applications of new vaccine technologies in the future.

Startups involved in COVID-19 vaccine development are dominant in the U.S. and
China, and many other countries rely on incumbent pharma (mostly small pharma in
pharmerging countries) for vaccine development (Figure 4). Each country has its own na-
tional innovation system, which determines the innovation characteristics and performance
of the nation [17]. For instance, in the U.S., the government’s industrial policy, such as
Small Business Innovation Research, has enhanced the establishment of university startups,
and this has led to the development of new products, including pharmaceuticals [32].
Investment in startups has been active, and many “unicorn” startups have been generated
in the U.S. [20]. In contrast, the R&D activities of large incumbent companies have led to
innovation in Japan. Therefore, science-based industries that utilize basic academic research
outcomes have shown weak international competitiveness [28]. The Japanese pharma-
ceutical industry has been increasing its trade deficit for at least the past thirty years [28].
Startup ecosystems in Japan have not been nurtured, and the amount of investment in
startups in Japan is only one-hundredth of that in the U.S. [33]. Various political measures
have been implemented to generate startups and improve industrial competitiveness in
Japan [34]. Thus, by analyzing a country’s national innovation system and its differences, it
is possible to predict its innovation performance. This, in turn, is expected to contribute
to the country’s science and technology policies and corporate technological strategies.
Startups have greatly contributed to new drug discovery in the U.S., hybrid contributions
by startups and incumbent pharma have been observed in Europe, and incumbent pharma
is dominant in Japan [29]. A similar trend was observed in COVID-19 vaccine development.
In addition, Chinese startups have been highly engaged in the development of COVID-19
vaccines. Startups have made significant contributions to the development of vaccines
using emerging vaccine platforms. Considering this, it is likely that the U.S. and China
will lead the development of novel vaccine platforms. COVID-19 vaccine development has
also been conducted in many pharmerging countries, and the main developers in these
countries are incumbent small pharma and academia (Figure 4). They should continue
developing vaccines using conventional and established vaccine platforms, and establish
robust startup ecosystems to develop vaccines that incorporate more advanced technologies
in the future.

Among the COVID-19 vaccines and vaccine candidates in the phase of launch/late
development (phases 2/3, 3, and 4), 35% of the development projects involved alliances
(Table 2, upper panel). This ratio was only 14% for projects under early development
(phases 1, 1/2, and 2) (Table 2, lower panel). This study did not analyze the contents of
alliances; therefore, concrete conclusions cannot be drawn. However, it is implied that
developers mainly utilize external capabilities and funds that are required for large clinical
trials and manufacturing rather than technologies to design and create vaccine candidates;
otherwise, they would collaborate in earlier phases. Nearly half of the alliances were
international, in both the early and late development phases, implying that international
players were actively involved in development alliances. Considering that developers from
32 countries participated in the development of COVID-19 vaccines, it can be inferred that
several countries are now acquiring vaccine development capabilities and cooperating in
clinical development. International collaboration in vaccine development is anticipated to
continue advancing. Regarding alliance partners, alliances between SMEs and academia
were the most apparent (Table 2), implying that the cutting-edge technologies of startups
and the clinical capability of academia are likely to be matched, although the contents of
alliances were not analyzed in this study. Interestingly, the second most dominant pattern
of alliances in COVID-19 vaccine development was SME-to-SME collaboration (Table 2).
Recently, SMEs have expanded their role in new drug discovery from the discovery of
highly novel drugs to late-entry-improved drugs [13]. They have also extended their
participation in late clinical development by boosting startup funding [35]. Considering
the increasing presence of startups in drug discovery and development, it is anticipated
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that by boosting collaboration, startups will further increase their contributions to new
vaccine development.

5. Conclusions

Vaccine platforms and developers in COVID-19 vaccine development as of March 2023
were comprehensively analyzed. Vaccines and vaccine candidates have been developed
worldwide using various vaccine platforms, including conventional, established, and
emerging platforms. The country distribution of developers reveals that China and the
U.S. dominate in COVID-19 vaccine development worldwide, followed by Europe. In
contrast, Japan, one of the countries with advanced pharmaceutical industries, has reduced
its presence in vaccine development. Instead, many pharmerging countries possess the
capability to develop vaccines. The important role of academia in vaccine development,
which has long been viewed, still remains in COVID-19 vaccines. It will be continuously
important to seek academia-industry collaboration in future pandemic vaccine develop-
ment. Emerging vaccine platforms have been developed mainly by startups in COVID-19
vaccine development. It is important to enhance the establishment of a startup ecosystem
to accelerate novel vaccine platform technologies. The startups are dominated in the U.S.
and China, anticipating their leading role in the development of novel vaccine platforms in
the future. In the development of COVID-19 vaccines, alliances have progressed to later
clinical stages, with numerous international collaborations. Pandemic vaccine develop-
ment using various platforms is expected to be actively pursued worldwide by leveraging
international alliances.

One limitation of this study was that it focused only on COVID-19 vaccine devel-
opment. In the case of COVID-19, national support for vaccine development and global
efforts have been promoted in response to this unprecedented pandemic. The develop-
ment of pandemic vaccines can be influenced by various factors such as the origin of the
virus, affected regions, rate of spread, scale of infection, mortality rate, propensity for
mutation, and so on. Additionally, different viruses may exhibit variations in the ease of
vaccine production across various vaccine platform technologies. Therefore, it is not certain
whether observations regarding COVID-19 vaccines can be applied to other pandemic
vaccine developments in the future. In this study, spatial correlation analysis was not
conducted. The topic of how the technological and developmental trends in one region
influence the surrounding areas is intriguing and could become a future research topic.
Even considering these limitations, it is believed that a comprehensive clarification of the
current global status of COVID-19 vaccine development will not only provide important
information for predicting trends in vaccine development in future pandemics but will also
provide significant suggestions for national policy development and company strategies.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The author declares no conflicts of interest.

References
1. Okuyama, R. mRNA and Adenoviral Vector Vaccine Platforms Utilized in COVID-19 Vaccines: Technologies, Ecosystem, and

Future Directions. Vaccines 2023, 11, 1737. [CrossRef]
2. Plotkin, S. History of vaccination. Proc. Natl. Acad. Sci. USA 2014, 111, 12283–12287. [CrossRef]
3. Bill, R.M. Recombinant protein subunit vaccine synthesis in microbes: A role for yeast? J. Pharm. Pharmacol. 2015, 67, 319–328.

[CrossRef]
4. Hassine, I.H.; M’hadheb, M.B.; Almalki, M.A.; Gharbi, J. Virus-like particles as powerful vaccination strategy against human

viruses. Rev. Med. Virol. 2024, 34, e2498. [CrossRef]

https://doi.org/10.3390/vaccines11121737
https://doi.org/10.1073/pnas.1400472111
https://doi.org/10.1111/jphp.12353
https://doi.org/10.1002/rmv.2498


Vaccines 2024, 12, 259 13 of 14

5. Kheirvari, M.; Liu, H.; Tumban, E. Virus-like Particle Vaccines and Platforms for Vaccine Development. Viruses 2023, 15, 1109.
[CrossRef]

6. Majhen, D. Human adenovirus type 26 basic biology and its usage as vaccine vector. Rev. Med. Virol. 2022, 32, e2338. [CrossRef]
[PubMed]

7. Zhang, C.; Zhang, B. RNA therapeutics: Updates and future potential. Sci. China Life Sci. 2023, 66, 12–30. [CrossRef] [PubMed]
8. Liao, H.C.; Shen, K.Y.; Yang, C.H.; Chiu, F.F.; Chiang, C.Y.; Chai, K.M.; Huang, W.C.; Ho, H.M.; Chen, Y.H.; Huang, M.S.; et al.

Lipid nanoparticle-encapsulated DNA vaccine robustly induce superior immune responses to the mRNA vaccine in Syrian
hamsters. Mol. Ther. Methods Clin. Dev. 2023, 32, 101169. [CrossRef] [PubMed]

9. Kneller, R. The importance of new companies for drug discovery: Origins of a decade of new drugs. Nat. Rev. Drug Discov. 2010,
9, 867–882. [CrossRef] [PubMed]

10. Okuyama, R. Chronological Analysis of First-in-Class Drugs Approved from 2011 to 2022: Their Technological Trend and Origin.
Pharmaceutics 2023, 15, 1794. [CrossRef] [PubMed]

11. Song, M. The CRISPR/Cas9 system: Their delivery, in vivo and ex vivo applications and clinical development by startups.
Biotechnol. Prog. 2017, 33, 1035–1045. [CrossRef]

12. Karathanasis, S.K. Regenerative medicine: Transforming the drug discovery and development paradigm. Cold Spring Harb.
Perspect. Med. 2014, 4, a014084. [CrossRef]

13. Okuyama, R. Increased contribution of small companies to late-entry drugs: A changing trend in FDA-approved drugs during
the 2020s. Drug Discov. Today 2024, 29, 103866. [CrossRef]

14. Folkers, G.K.; Fauci, A.S. The role of US government agencies in vaccine research and development. Nat. Med. 1998, 4, 491–494.
[CrossRef] [PubMed]

15. World Health Organization Homepage. Available online: https://www.who.int/health-topics/vaccines-and-immunization#
tab=tab_1 (accessed on 30 January 2024).

16. Shen, A.K.; Cooke, M.T. Infectious disease vaccines. Nat. Rev. Drug Discov. 2019, 18, 169–170. [CrossRef] [PubMed]
17. Nelson, R. National Innovation Systems: A Retrospective on a Study. Ind. Corp. Chang. 1992, 1, 347–374. [CrossRef]
18. IMS. Pharmerging Shake-Up. Available online: https://www.bioin.or.kr/InnoDS/data/upload/industry/1268873448390.pdf

(accessed on 30 January 2024).
19. Freire, G.G.S.; Oliveira, K.F.; Munhoz, I.P.; Akkan, A.C.S. Biopharmaceutical Innovation on Pharmerging Countries: A Quantita-

tive Analysis and Scenario Prediction. Int. J. Pharma Bio Sci. 2020, 9, 158–163. [CrossRef]
20. CB Insights. The Unicorn Report: Visualizing The Increasingly Crowded Billion-Dollar Company Club. Available online:

https://www.cbinsights.com/research/unicorn-club-global-trends-infographic/ (accessed on 30 January 2024).
21. Verbeke, R.; Hogan, M.J.; Lore, K.; Pardi, N. Innate immune mechanisms of mRNA vaccines. Immunity 2022, 55, 1993–2005.

[CrossRef] [PubMed]
22. Travieso, T.; Li, J.; Mahesh, S.; Mello, J.D.F.R.E.; Blasi, M. The use of viral vectors in vaccine development. NPJ Vaccines 2022, 7, 75.

[CrossRef]
23. Joe, C.C.; Jiang, J.; Linke, T.; Li, Y.; Fedosyuk, S.; Gupta, G.; Berg, A.; Segireddy, R.R.; Mainwaring, D.; Joshi, A.; et al.

Manufacturing a chimpanzee adenovirus-vectored SARS-CoV-2 vaccine to meet global needs. Biotechnol. Bioeng. 2022, 119, 48–58.
[CrossRef]

24. Stephenson, J.R. Genetically modified viruses: Vaccines by design. Curr. Pharm. Biotechnol. 2001, 2, 47–76. [CrossRef] [PubMed]
25. Andrews, N.J.; Stowe, J.; Ramsay, M.E.; Miller, E. Risk of venous thrombotic events and thrombocytopenia in sequential

time periods after ChAdOx1 and BNT162b2 COVID-19 vaccines: A national cohort study in England. Lancet Reg. Health Eur.
2022, 13, 100260. [CrossRef] [PubMed]

26. Brainard, J.; Normile, D. China rises to first place in most cited papers. Science 2022, 377, 799. Available online: https:
//www.science.org/doi/epdf/10.1126/science.ade4423 (accessed on 30 January 2024). [CrossRef] [PubMed]

27. IQVIA. The Global Use of Medicines. 2022. Available online: https://www.iqvia.com/-/media/iqvia/pdfs/library/
publications/the-global-use-of-medicines-2022.pdf (accessed on 9 October 2023).

28. Japanese Science and Technology Indicators. 2022. Available online: https://www.nistep.go.jp/research/science-and-technology-
indicators-and-scientometrics/indicators (accessed on 9 October 2023).

29. Okuyama, R. Strengthening the Competitiveness of Japan’s Pharmaceutical Industry: Analysis of Country Differences in the
Origin of New Drugs and Japan’s Highly Productive Firm. Biol. Pharm. Bull. 2023, 46, 718–724. [CrossRef]

30. Kennedy, K.H.; Gomez, K.; Thovmasian, N.J.; Chang, D.C. Small biotechs versus large pharma: Who drives first-in-class
innovation in oncology? Drug Discov. Today 2023, 28, 103456. [CrossRef]

31. Okuyama, R. Nurturing Deep Tech to Solve Social Problems: Learning from COVID-19 mRNA Vaccine Development. Pathogens
2022, 11, 1469. [CrossRef]

32. Wessner, C.W. An Assessment of the Small Business Innovation Research Program at the National Institutes of Health; National
Academies Press: Washington, DC, USA, 2009. Available online: https://www.ncbi.nlm.nih.gov/books/NBK11455/ (accessed
on 30 January 2024).

33. NIKKEI Newspaper, 7 May 2022. Available online: https://www.nikkei.com/article/DGKKZO60565180W2A500C2TB0000/
(accessed on 10 January 2023).

https://doi.org/10.3390/v15051109
https://doi.org/10.1002/rmv.2338
https://www.ncbi.nlm.nih.gov/pubmed/35278248
https://doi.org/10.1007/s11427-022-2171-2
https://www.ncbi.nlm.nih.gov/pubmed/36100838
https://doi.org/10.1016/j.omtm.2023.101169
https://www.ncbi.nlm.nih.gov/pubmed/38187094
https://doi.org/10.1038/nrd3251
https://www.ncbi.nlm.nih.gov/pubmed/21031002
https://doi.org/10.3390/pharmaceutics15071794
https://www.ncbi.nlm.nih.gov/pubmed/37513981
https://doi.org/10.1002/btpr.2484
https://doi.org/10.1101/cshperspect.a014084
https://doi.org/10.1016/j.drudis.2023.103866
https://doi.org/10.1038/nm0598supp-491
https://www.ncbi.nlm.nih.gov/pubmed/9585193
https://www.who.int/health-topics/vaccines-and-immunization#tab=tab_1
https://www.who.int/health-topics/vaccines-and-immunization#tab=tab_1
https://doi.org/10.1038/d41573-018-00011-6
https://www.ncbi.nlm.nih.gov/pubmed/30824885
https://doi.org/10.1093/icc/1.2.347
https://www.bioin.or.kr/InnoDS/data/upload/industry/1268873448390.pdf
https://doi.org/10.18178/ijpmbs.9.4.158-163
https://www.cbinsights.com/research/unicorn-club-global-trends-infographic/
https://doi.org/10.1016/j.immuni.2022.10.014
https://www.ncbi.nlm.nih.gov/pubmed/36351374
https://doi.org/10.1038/s41541-022-00503-y
https://doi.org/10.1002/bit.27945
https://doi.org/10.2174/1389201013378815
https://www.ncbi.nlm.nih.gov/pubmed/11482348
https://doi.org/10.1016/j.lanepe.2021.100260
https://www.ncbi.nlm.nih.gov/pubmed/34927118
https://www.science.org/doi/epdf/10.1126/science.ade4423
https://www.science.org/doi/epdf/10.1126/science.ade4423
https://doi.org/10.1126/science.ade4423
https://www.ncbi.nlm.nih.gov/pubmed/35981016
https://www.iqvia.com/-/media/iqvia/pdfs/library/publications/the-global-use-of-medicines-2022.pdf
https://www.iqvia.com/-/media/iqvia/pdfs/library/publications/the-global-use-of-medicines-2022.pdf
https://www.nistep.go.jp/research/science-and-technology-indicators-and-scientometrics/indicators
https://www.nistep.go.jp/research/science-and-technology-indicators-and-scientometrics/indicators
https://doi.org/10.1248/bpb.b23-00107
https://doi.org/10.1016/j.drudis.2022.103456
https://doi.org/10.3390/pathogens11121469
https://www.ncbi.nlm.nih.gov/books/NBK11455/
https://www.nikkei.com/article/DGKKZO60565180W2A500C2TB0000/


Vaccines 2024, 12, 259 14 of 14

34. Ministry of Economy, Trade, and Industry Homepage. Available online: https://www.meti.go.jp/policy/newbusiness/index.
html (accessed on 30 January 2024).

35. IQVIA. Global Trends in R&D. 2022. Available online: https://www.iqvia.com/insights/the-iqvia-institute/reports/
globaltrends-in-r-and-d-2022 (accessed on 20 December 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://www.meti.go.jp/policy/newbusiness/index.html
https://www.meti.go.jp/policy/newbusiness/index.html
https://www.iqvia.com/insights/the-iqvia-institute/reports/globaltrends-in-r-and-d-2022
https://www.iqvia.com/insights/the-iqvia-institute/reports/globaltrends-in-r-and-d-2022

	Introduction 
	Materials and Methods 
	Identification of Approved COVID-19 Vaccines and COVID-19 Vaccine Candidates under Clinical Development: Vaccine Platforms, Development Stages, and Developers 
	Identification of Developer Nationalities 
	Identification of Developer Types 
	Analysis of Alliance Situation 

	Results 
	Development Status of Each Vaccine Platform 
	Country Profile of COVID-19 Vaccine Developers 
	Developer Profile of COVID-19 Vaccines by Vaccine Platform 
	Country Distribution of Different Types of Developers 
	Alliance Situation in COVID-19 Vaccine Development 

	Discussion 
	Conclusions 
	References

