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Abstract
The challenge of introducing new technologies into established industries is not a problem unique to the biopharmaceutical industry. However, it may be critical to the long-term competitiveness of individual manufacturers and, more importantly, the ability to deliver therapies to patients. This is especially true for new treatment modalities including cell and gene therapies. We review several barriers to technology adoption which have been identified in various public forums including business, regulatory, technology, and people-driven concerns. We also summarize suitable enablers addressing one or more of these barriers along with some suggestions for developing additional synergies. 


Introduction - Current challenges
Innovations and the adoption of new product and process technologies have driven the biopharmaceutical industry from the very beginning.  However, historical timescales for the translation of innovations into commercial processes were often a decade or more [1].  As the industry has matured past the dominance of monoclonal antibodies as the primary therapeutic modality, an extremely diverse therapeutic landscape (e.g., novel proteins with various immunomodulatory activities, gene and cell-based therapies, expanded vaccine opportunities) has evolved to dramatically expand the ability to meet a variety of unique disease and patient needs. The success in addressing unmet medical needs has increased the importance of both patient experience and global healthcare system-based needs and expectations, intensifying pressure to deliver value to all segments and stakeholders. The diversity of novel biopharmaceuticals is mirrored by an extremely rich population of companies engaged in research, development and manufacturing, and a proportional shift in the role, influence and impact of smaller, innovative biopharma companies.  This in turn has placed a greater stress on the biopharmaceutical ecosystem in terms of competition for talent as well as the need for workforce development at all levels in organizations. At the same time, the ability to deliver on unmet medical needs has driven the use of a variety of accelerated review options to deliver therapies to patients faster. A recent study on the use of various expedited drug development and review programs offered by the US Food and Drug Administration (FDA) between 2008 and 2021 revealed that 97 of 139 (70%) approved biologic products used one or more expedited programs [2]. This is good news for patients but only if manufacturing can meet the demand. Even for products which did not take advantage of one of these programs, the general sense was that timelines for development and commercialization of new products were being accelerated across the board which puts pressure on every group within manufacturing organizations. Finally, the recent global pandemic has created a very clear picture of the importance of supply chains not only for therapeutic and vaccine products but for the raw materials and consumables used in their manufacture. New modalities also frequently require advanced technologies to enable manufacturing [3]. The current extraordinary opportunity for biopharmaceuticals to impact human health and the accompanying change in dynamics present very significant challenges for technical development and manufacturing organizations. Historical pressures to solve for speed, cost and quality are greatly complicated in this environment, with the need for large changes in flexibility and supply chain resilience as well, highlighting the essential importance and interdependencies within the industry.  Perhaps one way to visualize these challenges is to adapt the construct developed by Michael Porter [4] who argued that successful strategies were driven by a detailed understanding of the competitive forces at play within an industry: the balance between the bargaining powers of suppliers and consumers plus the threats of new entrants and alternate products will shape strategy within a competitive landscape as shown in Figure 1. This approach was reflected in some of the comments made during a workshop convened by the National Academies of Sciences, Engineering, and Medicine (NASEM) on “Barriers to Innovations in Pharmaceutical Manufacturing” related to the drivers for advanced technologies being “…the movement toward specialized products that are manufactured in smaller volumes, the desire to reduce costs, the need to respond rapidly to changes in demand, the need to avoid drug shortages, and the pressure to accelerate drug development.” [5].
[bookmark: _Hlk119318937]Barriers to the Adoption of New Technologies
The subject of barriers to the adoption of new technologies has come up in a variety of venues recently: the full report issued by the NASEM [6] following the workshop mentioned above; a workshop held at the 6th Accelerating Biopharmaceutical Development meeting in Carlsbad, CA on February 18, 2019 to identify the top technological barriers to achieving a future manufacturing state [7];  an “Active Listening Meeting” between industry and FDA to identify common challenges for adoption of new biopharmaceutical manufacturing technologies facilitated by the National Institute for Innovation in Manufacturing Biopharmaceuticals (NIIMBL) [8]; and a joint publication by FDA and an academic group [9].  The points made during these various discussion overlap considerably so for this review, they can be summarized and grouped according to common themes. 
Business Barriers are frequently identified as the largest hurdles to the adoption of new technologies and they include categories around costs, risks to supply interruption or product launch timelines, and concerns around process portability if expansion of manufacturing is needed. Operating and capital cost constraints can be very real, often driven by cash flow, misalignment between short term priorities and long-term benefits or the lack of a clear business case if a change is considered only in the context of a single product rather than a future portfolio. Finding the right product and the right time for implementation can be a challenge as well. Business risk represents a dominant technology adoption barrier for drug candidates targeting new indications owing to the criticality of speed to market.  The risk of of a potentially extended regulatory review to marketing timelines is significant. Many companies hesitate to use a new technology on an accelerated clinical program because new technologies are often seen as a risk to timelines either in terms of robustness relative to long term supply or the potential for extended regulatory review. Therefore, few programs represent a ‘sweet spot’ for implementing new technologies unless the technology is absolutely required to make the new product candidate or enable a combination product. Another business risk associated with implementing new technologies post-commercialization can be the lack of portability of a process related to lack of appropriate equipment at alternate sites if rapid expansion of production is required.
Regulatory Barriers are also frequently identified as significant barriers to implementation although in reality the details range from real to perceived issues. Regulatory risk represents a dominant technology adoption barrier for commercially established products owing to the cost and time needed to obtain regulatory approval across regulatory authorities around the world. The lack of international regulatory harmonization or convergence presents a risk to global product filings or post-approval changes made to existing processes in that a company may need to manufacture the same product using different process technologies for different markets resulting in challenges to the overall supply chain. Likewise, fitting new technologies into existing regulatory frameworks, practices, and concepts may represent a challenge in some cases for both health authorities and the manufacturers..
Technical Barriers can represent a risk both in terms of the potential inflexibility of existing manufacturing operations to easily incorporate new technologies into existing infrastructure as well as considerations around the ability of the technology to deliver intended benefits reliably without compromising process performance or product quality. The capital expense required to address plant flexibility is usually included as part of the business considerations. Early depreciation or obsolescence of manufacturing assets to adopt incremental technology improvements is rarely attractive. Another consideration as part of technical robustness is the need for appropriate process analytical technology which could enable real-time assurance of process performance.
People-Driven Barriers are sometimes grouped with general business barriers but they deserve special consideration on their own.  One challenge is clearly related to workforce development for both industry and regulators, to successfully implement, operate, and thoughtfully review new technologies. Currently, in response to the rapid growth of new modalities such as cell and gene-based therapies, there is intense competition for the scientists, engineers, and technicians needed to develop and implement new technologies. This is exacerbated by industry reliance on very traditional ways of sourcing and hiring talent. There is also a need to address hesitancy by senior managers to move forward with technologies which have not gained broad acceptance – the “fear of being first.”  Perception of risk differs among the various players in the product manufacturing lifecycle; manufacturing organizations often tend to assign a higher risk/reward ratio to new technologies than process design organizations because they bear the frontline responsibility for any supply shortages..  Successful partnerships wherein end-users “pull” needed improvements from the development chain which “pushes” meritorious transformative technologies from a technology portfolio managed collaboratively by all parties is a common winning strategy and certainly preferable to a pure technology “push.”
Enablers of technology adoption and beyond
Understanding the barriers to the adoption of new technology listed above is important for creating holistic strategies to drive the successful adoption of new technologies and maintain long term competitiveness in the biopharmaceutical industry.  It is important to establish robust technologies which reinforce confidence related to any perceived risks of adoption.  Amortization of technology investments by application across a portfolio of products and production sites is a very successful enabler of technology adoption; success with a leading product candidate and site can dramatically reduce the perception of business risk for following products or sites.  This begins with maintaining a solid pipeline of innovative ideas from any combination of academia, academic-linked institutes or consortia and small manufacturers that address present and future needs in manufacturing and have sufficient funding to generate a proof of concept. A roadmap for maturing technologies from proof of concept to commercially viable which also addresses quality management and supply chain robustness can be very useful, e.g., the recent publication on Biomanufacturing Readiness Levels (BRLs) [10]. BRLs can be used for classifying the status of a new manufacturing technology through the lifecycle of its development (ideation stage to commercial implementation). BRLs can serve as a shared vocabulary for prioritizing goals, performing gap analyses, and assessing risks in the development and implementation of biopharmaceutical process technologies.  They can also be used to track progress over time to support portfolio management of multiple technology projects. Finally, the BRL toolkit has a value to the community by creating a common vocabulary and establishing linkages to overall quality risk management (QRM) plans.
As technologies mature, it is also important to socialize data and positive experiences as much as possible to reduce the risk around fears of robustness. This space is where consortia and other public-private partnerships can be invaluable. The fear by any one company of going first can be allayed by creating partnerships in which many can go first together. The best examples create a physical test bed, a “safe” environment, where new technologies are evaluated under expected use conditions, in the context of other unit operations, control systems, sensors and analytical methods to identify and resolve risks. Case studies and white papers can record this progress to help reduce technology adoption hesitancy and also standardize new vocabulary or data standards which may be introduced by the technology, e.g., the recent case studies A-Gene [12],  A-Cell [13] , and N-mAb [14] which provided development strategies for examples of gene therapy, cell therapy, and intensified continuous biomanufacturing. Publication of the results of a technology collaboration, e.g., the iSkid development by Pfizer and Boehringer Ingelheim [15] is also helpful. Even better is to publish the details of any new technology or equipment developed as part of the collaborative effort is made public, e.g., the open source buffer blending skid which came out of a collaboration between NIIMBL and the BioPhorum  [16]. 
Establishing a robust but flexible manufacturing platform will be essential to manage the varied product portfolios of the future. The ability to reliably combine well-understood, interchangeable ‘parts’ in multiple ways will create a manufacturing system that will be able to maintain a competitive edge. However, it is likely that it will soon no longer be a question of choosing between internal and external manufacturing options, it will be imperative to operate in a complex network with multiple partners across the development and manufacturing value chain. The risk-benefit calculations increasingly favor collaborative approaches to manufacturing. The role of contract development and manufacturing organizations (CDMOs) will likely continue to be a significant part of this landscape [17]. Efforts to include CDMOs as change agents for the adoption of new technologies will be important, certainly to address concerns around process portability across multiple sites. Collaborations between primary manufacturers will also continue to be important as a way of buffering variations in internal manufacturing volumes over time as foreseen over 15 years ago [18].
[bookmark: _Hlk120453559]It is important to address the issue of estimating the impact of new technologies on both capital and operating costs as well as how a return on investment can be estimated.  While many excellent economic analyses have been published [19] it is uncertain as to what extent these have influenced corporate decision making. A better shared understanding of business realities between manufacturers and technology innovators would help advance this conversation. Similarly, it is critical for business leadership to recognize the return on investment that comes through innovative approaches to sourcing, developing, and retaining scientific and technical talent.  As noted in a recent whitepaper by NIIMBL, strengthening partnerships with universities, community colleges, and non-profit organizations can greatly enhance industry’s availability of talent by considering non-traditional pathways into the industry including apprenticeships, certification programs, micro-credentials, and bootcamp-style training programs [16].  In addition, the deployment and adoption of new manufacturing technologies and therapeutic modalities require employees at all levels of the organization gain a variety of new technical skills. The increasingly multi-disciplinary workforce of the future that results will also benefit from strengthening skills in critical thinking, communication, and situational leadership so that champions throughout the organization will develop. 
Summary 
Pulling together the various enablers described above is essential for creating a strategy for technology adoption which results in greater competitiveness. However, it is important to note the following statements taken from the NASEM final report [6]: “the predominant drivers of value for the industry and the public are the pharmaceutical products—not the technologies deployed to manufacture them... neither manufacturers nor regulators are able to take a fully strategic, system-focused approach to the
implementation of advanced manufacturing technology.” The biopharmaceutical industry has already been quite creative in terms of driving innovation in product research, e.g., Janssen’s JLABS [20] which creates incubator space for new product innovators.  However, the massive disconnect between investment in product discovery innovation and manufacturing innovation represents a major strategic misalignment with the potential to exacerbate manufacturing as a bottleneck. A focus on investment enablement, whether from industry, government, or venture capital firms, by quantifying and articulating the business case for innovation in all aspects of biopharmaceutical manufacturing would be helpful in supporting technology adoption and impact. Even if no single organization has the ability to drive innovation all by itself, it is critical that all parties involved keep moving forward in a way that is aligned to the greatest extent possible. This concerted effort should help drive competitiveness in the industry and deliver needed therapies to patients.
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Figure 1. Competitive drivers of strategy and innovation in biopharmaceutical manufacturing
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