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One Sentence Summary: Gene therapies developed in high-income countries for diseases that are prevalent in low- and middle-income countries should prioritize local development to advance meaningful translation.

Abstract: Gene therapy is at the forefront of modern medicine. Operating at the genomic level, these sophisticated technologies are designed to address the root cause of disease. This class of medicines is made possible by advances in genetic engineering and cellular delivery technologies. As scientific understanding behind disease prevention, diagnosis, and treatment improves in tandem with technological innovation, gene therapies will hopefully become safe and effective treatment options for a wide range of genetic and non-genetic diseases. However, as the medicinal scope of gene therapies expands, consideration must be given to who will benefit and what proactive steps must be taken to widen development and access potential, particularly in areas carrying high burden diseases likely to benefit from their introduction. 

Main Text:
INTRODUCTION
Gene therapy aims to modify or manipulate gene expression or to alter the biological properties of living cells for therapeutic use, an innovative medical approach that currently sits at an inflection point ([endnoteRef:1],[endnoteRef:2]). Following the first gene therapies in the 1990s, research and development (R&D) remained stagnant until the mid-2010s when the convergence of next-generation technologies spurred by multi-sectoral funding accelerated research exponentially. As of September 2023, 27 gene therapies were approved globally for clinical use with over 2,000 in development stages ranging from pre-clinical research (~1,500) to pre-registration (<10) ([endnoteRef:3]). For this review, gene therapy is defined using the American Society of Gene and Cell Therapy’s (ASGCT) definition, which encompasses therapies that introduce a genetic sequence into target cells in vivo or ex vivo. This includes genetically modified T-cells, such as chimeric antigen receptor (CAR) or TCR-engineered T-cell therapies, and other engineered cells, including Natural Killer (NK) cells and macrophages, but does not include unmodified donor cells or organs. This categorization was chosen because the infrastructure required for and barriers confronting ex vivo gene therapy are not entirely distinct from those required for in vivo gene therapy, and in many cases must be passed first. ASGCT also delineates gene therapy from RNA-based therapies, which includes messenger RNA, RNA interference, and antisense RNA. Throughout the review, referenced statistics may include different therapies, which will be highlighted along the way. [1:  U.S. Food & Drug Administration, Cellular & Gene Therapy Products (U.S. Food & Drug Administration, 2022); https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products.
]  [2:  K. Bulaklak, C. A. Gersbach, The once and future gene therapy. Nat Commun 11, 5820 (2020).
]  [3: American Society of Gene and Cell Therapy, Gene, Cell, & RNA Therapy Landscape: Q3 2023 Quarterly Data Report (ASGCT, 2023); https://asgct.org/global/documents/asgct-citeline-q3-2023-report.aspx.
] 

Over half of gene therapies target cancer, while other therapeutic areas include those related to neurological, muscular, metabolic, blood and clotting, respiratory, and immunological indications (3). The ability of gene therapies to alter a wide range of DNA sequences creates significant market growth opportunities. As a result, the size of the global gene therapy market is expected to grow at a compound annual growth rate of 30.1% from 2023 to 2028 ([endnoteRef:4]). At this pace, the market is forecast to increase from USD 6.93 billion in 2023 to 25.84 billion by 2028. [4:  Market Data Forecast, Gene Therapy Market ( Market Data Forecast, 2023); https://www.marketdataforecast.com/market-reports/gene-therapy-market.
] 

Collection and ex vivo modification of cells is the primary delivery strategy, accounting for 69% of gene therapies in development (3). Considerable effort has focused on improving adeno-associated viral (AAV) vectors and lentiviral vector systems for in vivo delivery, along with engineering novel lipid- and nanoparticle-based delivery vehicles ([endnoteRef:5]). High costs associated with manufacturing viral vectors are a key driver behind the record prices of gene therapies, ranging from over USD 300,000 to 3 million ([endnoteRef:6],[endnoteRef:7]). These prices also reflect accrued R&D expenses, the curative and long-term nature of the treatments, and small patient populations in the case of rare diseases. Costs related to therapeutic administration, logistics, and patient monitoring can add up to an additional USD 1 million per treatment ([endnoteRef:8]). [5:  J. van Haasteren, J. Li, O. J. Scheideler, N. Murthy, D. V. Schaffer, The delivery challenge: fulfilling the promise of therapeutic genome editing. Nat Biotechnol 38, 845–855 (2020).
]  [6:  S. Fiorenza, D. S. Ritchie, S. D. Ramsey, C. J. Turtle, J. A. Roth, Value and affordability of CAR T-cell therapy in the United States. Bone Marrow Transplant 55, 1706–1715 (2020).
]  [7:  1. R. W. Herzog, T. VandenDriessche, M. C. Ozelo, First hemophilia B gene therapy approved: More than two decades in the making. Molecular Therapy 31, 1–2 (2022).
]  [8:  Prime Therapeutics, Real-world CAR-T treatment costs can range from $700,000 to $1 million (Prime Therapeutics, 2021); https://www.primetherapeutics.com/news/real-world-car-t-treatment-costs-can-range-from-700000-to-1-million-2/.
] 

As more gene therapies receive regulatory approval, establishing sustainable business models and achieving market access across diverse health systems becomes more challenging. For example, in 2021, the gene therapy company, bluebird bio closed operations in Europe following its inability to reach the requested reimbursement agreements for Zynteglo®, a gene therapy for beta-thalassemia priced at USD 1.8 million ([endnoteRef:9]). In addition, Orchard Therapeutics, another company with approved gene therapies, discontinued investment in programs for three rare primary immune deficiencies, including adenosine deaminase severe combined immune deficiency, X-linked chronic granulomatous disease, and Wiskott–Aldrich syndrome, therapies spun out from a university hospital and a foundation ([endnoteRef:10]). More recently, in November 2022, Hemgenix® (etranacogene dezaparvovec), developed by uniQure and commercialized by CSL Behring, was approved by the United States Food & Drug Administration (FDA) for gene therapy of hemophilia B, with an estimated price of USD 3.5 million, making it the most expensive medication in the world (7). The financial incentives of being first-to-market can also disincentive competing companies from continuing their research programs as demonstrated by recent corporate decisions surrounding gene therapies for sickle cell disease (SCD). In response to submissions for regulatory authorization by CRISPR Therapeutics and Vertex Pharmaceuticals for exa-cel and by bluebird bio for lovo-cel, multiple gene therapy companies abandoned SCD gene therapy programs ([endnoteRef:11]). These corporate decisions and escalating prices highlight the complex interplay between public and private stakeholders across the entire gene therapy value chain.  [9:  bluebird bio, bluebird bio Reports Second Quarter Financial Results and Provides Operational Update (bluebird bio, 2021); https://investor.bluebirdbio.com/news-releases/news-release-details/bluebird-bio-reports-second-quarter-financial-results-and.
]  [10:  A. Aiuti, F. Pasinelli, L. Naldini, Ensuring a future for gene therapy for rare diseases. Nat Med 28, 1985–1988 (2022).
]  [11:  N. Pagliarulo, Sickle cell pipeline narrows as gene therapy developers rethink research plans (BioPharma Dive, 2023); https://www.biopharmadive.com/news/intellia-graphite-sangamo-sickle-cell-gene-therapy-discontinue/643400/.

] 

Considering the challenges in market sustainability in high-income countries (HICs), the health and economic benefits of long-lasting or curative gene therapies are likely to be even more challenging to share globally. Gene therapy development and access to these technologies remain concentrated in HICs. More than 60 gene therapies in the US are expected to receive approval by 2030, while estimates suggest that more than 1 million patients will receive treatment by 2034 ([endnoteRef:12],[endnoteRef:13]). However, this level of access to gene therapies will not be the reality for most of the world. In 2023, of the 27 approved gene therapies worldwide, only five countries defined as low- or middle-income (LMICs) by the World Bank (China, Brazil, Philippines, Ukraine, and the Russian Federation) were granted one or more approvals by their respective regulatory authorities (3).  [12:  MIT NEWDIGS FoCUS Project, Updated projection of US durable cell and gene therapies product-indication approvals based on December 2019 development pipeline. (MIT NEWDIGS, 2020); https://newdigs.tuftsmedicalcenter.org/wp-content/uploads/2022/06/NEWDIGS-Research-Brief-2020F207v51-PipelineAnalysis.pdf
]  [13:  C. H. Wong, D. Li, N. Wang, J. Gruber, R. M. Conti, A. W. Lo, Estimating the Financial Impact of Gene Therapy in the U.S. (National Bureau of Economic Research, 2021); https://www.nber.org/system/files/working_papers/w28628/w28628.pdf.] 

Clinical trials offer access to gene therapies in countries without approved products. In October 2023, there were approximately 1,100 open gene therapy (including those using CAR T-cells) and RNA-based therapy clinical trials globally. Yet, none were open in low-income countries and only 6% were recruiting in middle-income countries (not including China) ([endnoteRef:14]). Even when LMICs can participate in international clinical trials, national populations may not benefit. One study revealed that, five years following approval by the FDA, 34 novel drugs sponsored by large companies were approved in only 2 of 22 upper-middle-income countries and 2 of 9 LMICs, even when individuals in those countries participated in clinical testing ([endnoteRef:15]). Additionally, the global distribution of developers impacts the location of clinical trials. In early 2023, of the 2,760 worldwide developers of regenerative medicine (including gene therapy, unmodified cell therapy, and tissue-engineered products), 1,235 (44.7%) are in North America, 543 (19.7%) in Europe, and 888 (32.2%) in Asia-Pacific, most of which are in China ([endnoteRef:16]). Only 94 (3.4%) developers are spread across all other global regions, including South America and Africa. [14: 
 Analysis using clinical trial data from the American Society of Gene and Cell Therapy Clinical Trials Finder: search terms: Anti-sense/siRNA therapy, CAR-T cells, gene therapy, non-viral vector, RNA therapy, viral vector and limiting search to open studies. (https:// asgct.careboxhealth.com/ accessed October 28, 2023)
]  [15:  J. E. Miller, M. M. Mello, J. D. Wallach, E. M. Gudbranson, B. Bohlig, J. S. Ross, C. P. Gross, P. B. Bach, Evaluation of Drug Trials in High-, Middle-, and Low-Income Countries and Local Commercial Availability of Newly Approved Drugs. JAMA Network Open 4, e217075 (2021).
]  [16:  Alliance for Regenerative Medicine, Sector Snapshot: August 2023 (ARM, 2023); https://alliancerm.org/the-sector-snapshot-august-2023/.
] 

Notwithstanding the overwhelming preponderance of gene therapy R&D in HICs, 90% of the global disease burden is shouldered by LMICs ([endnoteRef:17]). To develop gene therapies that are safe and effective for all populations, clinical trials must be performed in these countries, too. Since biological and genetic diversity varies widely across populations, LMICs cannot rely solely on gene therapies developed and tested in HICs. For example, despite containing more genetic diversity than any other continent, only 2.5% of clinical trials are performed in Africa ([endnoteRef:18]). Improving representation will involve supporting locally led clinical trials and attracting international pharmaceutical companies to partner with LMICs. This has historically been difficult due to long trial application processes, lack of regulatory experience and political buy-in, and low profitability potential ([endnoteRef:19]). [17:  M. M. Coates, M. Ezzati, G. Robles Aguilar, G. F. Kwan, D. Vigo, A. O. Mocumbi, A. E. Becker, J. Makani, A. A. Hyder, Y. Jain, D. C. Stefan, N. Gupta, A. Marx, G. Bukhman, Burden of disease among the world’s poorest billion people: An expert-informed secondary analysis of Global Burden of Disease estimates. PLoS One 16, e0253073 (2021).
]  [18:  S. D. Taylor-Robinson, C. W. Spearman, A. A. A. Suliman, Why is there a paucity of clinical trials in Africa? QJM: An International Journal of Medicine 114, 357–358 (2021).
]  [19:  R. Jalali, A. Nogueira-Rodrigues, A. Das, B. Sirohi, P. K. Panda, Drug Development in Low- and Middle-Income Countries: Opportunity or Exploitation? American Society of Clinical Oncology Educational Book, 3–10 (2022).
] 

Country-specific roadmaps will facilitate closing the global gap by strategically guiding the sustainable development and delivery of gene therapies fit for national health systems and targeting diseases of national or regional importance ([endnoteRef:20]). This review presents six case studies focused on select LMICs with prevalent disease burdens treatable with gene therapies currently in clinical development in HICs, underscoring the limited practicality and efficiency of developing translational pathways for these therapies using infrastructure and commercial models designed for HICs, primarily the US and EU. The complex regulatory frameworks, trained workforce, sophisticated manufacturing, coordinated logistics, and advanced healthcare facilities required for gene therapies necessitate tailored capacity building constructed around the specific gaps and barriers in each country.  [20:  K. Doxzen, K. Cornetta, S. Hongeng, C. Kityo, J. Mahlangu, J. Makani, V. Mathews, Accelerating Global Access to Gene Therapies: Case Studies from Low- and Middle-Income Countries (World Economic Forum, 2022); https://www3.weforum.org/docs/WEF_Accelerating_Global_Access_to_Gene_Therapies_2022.pdf.
] 

Building gene therapy capacity in LMICs will provide value for patients worldwide. Innovation in diagnostics, manufacturing, therapeutic delivery, and other technology areas are improving affordability. The type of innovation necessary to implement gene therapies in LMICs will lower costs and increase competition, creating positive spillover effects for health systems globally.

CASE STUDIES
Economic, infrastructural, and political representation
To illustrate the range of possible global approaches for building gene therapy capacity, six LMICs, all actively engaged in gene therapy research, are presented as case studies: Brazil, India, South Africa, Tanzania, Thailand, and Uganda (Fig. 1). Within these case study localities are a range of infectious and genetic disease targets that impose significant public health burdens on the host country: hematologic malignancies, hemophilia, hemoglobinopathies, and human immunodeficiency virus (HIV) infection. The following country overviews examine specific pre-clinical or clinical gene therapy research activities targeting these high-priority diseases, describing select gene therapy clinical activities. The case studies below were also chosen because they cover a spectrum of parameters impacting gene therapy capacity, categorized as economic, infrastructural, and political. 
	Economic parameters include a country’s allocation of domestic funds towards gene therapy R&D, the ability of citizens to access treatment through publicly funded health coverage, and the level of domestic funding dedicated to infrastructure. In addition, we consider the economic involvement of industry and the role of global, non-government organization (NGO) funders. Infrastructural parameters include workforce training (e.g., degree programs), existing clinical capabilities, hospital infrastructure, and therapeutic delivery (e.g., building advanced manufacturing facilities). Lastly, political factors include whether regenerative medicine (a proxy and, in some cases, a precursor for gene therapy) is of national research priority and whether specific national policies and regulatory bodies exist at least regionally if not in-country ([endnoteRef:21]). [21:  C. Mason, E. Manzotti, E. J. Culme-Seymour, Cell & Gene Therapy, and Regenerative Medicine – Different Definitions. Cell Gene Therapy Insights 2, 141–145 (2016).
] 


Brazil – hematologic malignancies
Brazil, the home of more than 200 million people, is the seventh most populous country in the world. The life expectancy of Brazilians is steadily rising and the proportion of its population age 65 or older is projected to triple by 2050, establishing it as the world’s fourth-largest older population, behind only China, India, and the United States ([endnoteRef:22]). As the population ages, it is predictable that there will also be a higher prevalence of cancer, including hematologic malignancies like leukemia, lymphoma, and multiple myeloma. [22:  AARP International, The Aging Readiness & Competitiveness Report: Brazil (AARP International, 2019); https://www.aarpinternational.org/initiatives/aging-readiness-competitiveness-arc/brazil.
] 

While the treatment outcomes for hematologic malignancies have significantly improved in many countries due to the emergence of proteasome inhibitors, immunomodulatory drugs, and monoclonal antibodies, these cancers remain largely incurable and patients are at risk for relapse ([endnoteRef:23]). CAR T-cell therapy, a form of gene therapy that combines antigen recognition and T-cell signaling domains to program the immune system to eliminate carcinogenic cells, has been clinically proven to prolong patient survival and remission, leading to the approval of six different CAR T-cell products by the FDA ([endnoteRef:24]).  [23:  P. J. Teoh, W. J. Chng, CAR T-cell therapy in multiple myeloma: more room for improvement. Blood Cancer J. 11, 1–18 (2021).
]  [24:  K. Doherty, CAR Therapy Era Moves Forward With Much Excitement, Lingering Questions. Oncology Live 23, 26–35 (2022).
] 

In Brazil, the Brazilian Health Regulatory Agency (ANVISA) is the country’s regulatory authority tasked with approving drugs; advanced therapy medicinal products (ATMPs); medical devices; other blood, tissue, and cell-based products; and health services, among other products. The first clinical trial using advanced therapy approved by ANVISA was for hemophilia in 2019. Since then, dozens of Brazilians with hemophilia have received gene therapy treatment ([endnoteRef:25]), including 38 patients, as of April 2023, with hemophilia A and B treated at the University of Campinas. In 2022, ANVISA approved Brazil’s first CAR T-cell therapies: tisangenlecleucel for pediatric patients and young adults with relapsed/refractory (RR) B-cell acute lymphoblastic leukemia (ALL) and adults with RR diffuse large B cell lymphoma; ciltacabtegene autoleucel (cilta-cel) for patients with RR multiple myeloma; and axicabtagene ciloleucel for diffuse large B-cell lymphoma, primary mediastinal large B-cell lymphoma, and follicular lymphoma ([endnoteRef:26],[endnoteRef:27],[endnoteRef:28],[endnoteRef:29]). These three gene therapies were developed by pharmaceutical companies Novartis, Janssen, and Kite (a Gilead Company), respectively. [25:  U. M. Reiss, J. Mahlangu, T. Ohmori, M. C. Ozelo, A. Srivastava, L. Zhang, Haemophilia gene therapy—Update on new country initiatives. Haemophilia 28, 61–67 (2022).
]  [26:  V. Hungria, A. A. Piérola, J. S. Filho, E. Crusoe, R. J. P. de M. Filho, A. Maiolino, P. Rodríguez-Otero, CAR-T cell therapy for multiple myeloma: a practical toolkit for treatment in Brazil. Hematol Transfus Cell Ther 45, 266–274 (2023).
]  [27:  Ministry of Health, Anvisa approves advanced therapy product for cancer treatment (Ministry of Health, 2022); https://www.gov.br/anvisa/pt-br/assuntos/noticias-anvisa/2022/anvisa-aprova-produto-de-terapia-avancada-para-tratamento-de-cancer.
]  [28:  Ministry of Health, Anvisa approves advanced cancer therapy product registration (Minitry of Health, 2022); https://www.gov.br/anvisa/pt-br/assuntos/noticias-anvisa/2022/anvisa-aprova-registro-de-produto-de-terapia-avancada-para-cancer.]  [29: 
 Ministry of Health, Anvisa approves 3rd advanced therapy product for cancer treatment (Ministry of Health, 2022); https://www.gov.br/anvisa/pt-br/assuntos/noticias-anvisa/2022/anvisa-aprova-3o-produto-de-terapia-avancada-para-tratamento-do-cancer.
] 

In Brazil, regulatory approval does not guarantee access to all individuals because the federal government is not required to add new therapies to the list of medications available through the country’s national public health system, known as the Sistema Único de Saúde (SUS) (Unified Health System). Instead, the Ministry of Health, through a commission of specialists (CONITEC, or the National Commission for the Incorporation of Technologies) evaluates the costs and benefits of new treatments and makes recommendations for SUS, similar to the role of ICER (Institute for Clinical and Economic Review) in the US and NICE (National Institute for Health and Care Excellence) in the UK. Though currently approved CAR T-cell therapies in the US cost ~ USD 400,000, there use can generate a per-patient total cost of between USD 700,000 to 1 million due to the management of treatment-related adverse events and subsequent procedures ([endnoteRef:30]). Such costs pose significant challenges for the roughly 75 percent of Brazilian citizens that rely solely on SUS, motivating the need for in-country development and manufacture of therapies with lower associated costs ([endnoteRef:31]). Recently, the Brazilian Ministry of Health incorporated into the SUS the in vivo gene therapy onasemnogen abeparvoveque (commercially known as Zolgensma®) for treating spinal muscular atrophy type 1, priced in Brazil at a maximum value of 7 million reals (USD 1.33 million). A managed access agreement was signed, with payment in installments over five years that are linked to the long-term monitoring of the therapy’s efficacy ([endnoteRef:32]). [30:  Prime Therapeutics, Real-world CAR-T treatment costs can range from $700,000 to $1 million (Prime Therapeutics, 2021); https://www.primetherapeutics.com/news/real-world-car-t-treatment-costs-can-range-from-700000-to-1-million-2/.
]  [31:  R. Tikkanen, R. Osborn, E. Mossialos, A. Djordjevic, G. Wharton, International Health Care System Profiles - Brazil (The Commonwealth Fund, 2020); https://www.commonwealthfund.org/international-health-policy-center/countries/brazil.
]  [32:  Ministry of Health, Incorporation of medication for AME type I expands treatment of patients with the disease in the SUS (Ministry of Health, 2022); https://www.gov.br/conitec/pt-br/assuntos/noticias/2022/dezembro/incorporacao-de-medicamento-para-ame-tipo-i-amplia-tratamento-de-pacientes-com-a-doenca-no-sus.
] 

In August 2022, ANVISA approved the first clinical trial for the national development of a product based on CAR T-cells for treating patients with lymphomas and leukemias. The sponsor of the phase I/II clinical trial is the Hospital Israelita Albert Einstein, a private research center with public funding from the SUS ([endnoteRef:33]). In September 2023, another CAR-T clinical trial, led by Brazilian researchers from the Fundação Hemocentro de Ribeirão Preto in partnership with the Butantan Institute, was approved by ANVISA. The early-stage clinical study (phase I/II) aims to evaluate the safety and efficacy in treating patients with relapsed and refractory B-cell acute lymphoblastic leukemia and B-cell non-Hodgkin lymphoma (i.e., in cases of disease recurrence or resistance to standard treatment). The approval of this clinical trial is part of an effort by ANVISA to promote regulatory collaboration between the regulatory agency and Brazilian researchers and developers, aiming to boost and expedite the development of advanced therapy products available to the SUS ([endnoteRef:34]). [33:  Ministry of Health, National research with CAR-T cells to treat cancer authorized (Ministry of Health, 2022); https://www.gov.br/anvisa/pt-br/assuntos/noticias-anvisa/2022/autorizada-pesquisa-nacional-com-celulas-car-t-para-tratar-cancer-1.
]  [34:  Ministry of Health, Anvisa authorizes clinical research with CAR-T cells in Brazil (Ministry of Health, 2023); https://www.gov.br/anvisa/pt-br/assuntos/noticias-anvisa/2023/anvisa-autoriza-pesquisa-clinica-com-celulas-201ccar-2013-t201d-no-brasil.
] 

Several initiatives in Brazil have been launched to build a positive ecosystem for innovation and implementation of advanced therapy products. First, ANVISA has worked on and published several guides establishing a complete regulatory framework for Brazil, from preclinical development through product registration for commercial purposes ([endnoteRef:35],[endnoteRef:36]). Second, the Brazilian federal government launched the Genomas Brazil Project (National Program of Genomics and Precision Health), which seeks to promote scientific and technological development in genomics and precision health within the scope of SUS, as well as to support the development of the national genomics industry. In practice, the new program will help advance medical prevention, treatment, and diagnosis; finance research; provide technological advancements in ATMPs; and train new scientists in genetic disorders ([endnoteRef:37]). Third, other agencies that support research in Brazil, such as the São Paulo Research Foundation (FAPESP), have launched initiatives trying to connect academic research groups and pharmaceutical companies. While these efforts promote a positive environment for the discovery and translation of advanced therapies, Brazil will remain dependent on external technologies for the foreseeable future. [35:  J. B. Silva Junior, A. A. R. e Silva, F. C. C. Melo, M. C. Kumoto, R. M. Parca, Associação Brasileira de Hematologia, Hemoterapia e Terapia Celular Consensus on genetically modified cells. Special Article: Advanced therapy medicinal products in Brazil: regulatory panorama. Hematol., Transfus. Cell Ther. 43, 68–77 (2021).
]  [36:  J. B. S. Junior, R. M. Parca, A. B. Carvalho, in Regulatory Aspects of Gene Therapy and Cell Therapy Products: A Global Perspective, Advances in Experimental Medicine and Biology. M. C. Galli, Ed. (Springer International Publishing, Cham, 2023), pp. 117–133.

]  [37:  Ministry of Health, Ordinance No. 1.949 (2020); https://bvsms.saude.gov.br/bvs/saudelegis/gm/2020/prt1949_05_08_2020.html.
] 


India – hematologic malignancies
In 2020, the estimated number of new cancer cases in India was 1,324,413 ([endnoteRef:38]), a number that is likely to grow as the proportion of India’s population aged 60 and above more than doubles (from 9% in 2015 to a projected 19% in 2050) ([endnoteRef:39]). Like Brazil, the promising development of CAR T-cell therapy as an effective treatment option for select cancers has attracted interest from Indian researchers, regulators, and patients. [38:  World Health Organization - International Agency for Research on Cancer, India (World Health Organization, 2020); https://gco.iarc.fr/today/data/factsheets/populations/356-india-fact-sheets.pdf.
]  [39:  United Nations Department of Economic and Social Affairs, World Population Prospects (United Nations, 2022); https://population.un.org/wpp/.
] 

In June 2020, the central government’s National Biopharma Mission (NBM) – Biotechnology Industry Research Assistance Council (BIRAC) and Indian Council of Medical Research, under the Ministry of Health & Family Welfare, approved funding equivalent to ~USD 3 million to conduct a first-in-human phase I/II CAR-T clinical trial ([endnoteRef:40]). The indigenous CAR T-cell therapy technologies used in this trial arose from a collaboration between the Indian Institute of Technology (ITT)-Bombay and Tata Memorial Hospital (TMH), Mumbai in 2015. During the phase I trial six pediatric patients with ALL and ten adults with B-cell lymphoma were treated at the Advanced Centre for Treatment Research and Education in Cancer (ACTREC) of the Tata Memorial Center in Mumbai. In 2018, the group from IIT-B spun-off a company, ImmunoACT, and completed a phase II trial. In October 2023, based on the data from that study, ImmunoACT received market authorization from the Central Drugs Standards Control Organisation (CDSCO), the country’s pharmaceutical regulatory agency, becoming India’s first CAR T-cell therapy ([endnoteRef:41]). The therapy will be accessible at 20 Indian government and private hospitals and is projected to cost 3 to 3.5 million rupee (~USD 36,000 to 42,000) per patient. Apart from this trial, CDSCO has approved 10 other gene therapy clinical trials on diseases such as hemophilia, Duchenne muscular dystrophy, spinal muscular atrophy (as part of a global clinical trial), and others. [40:  S. Bhandary, IIT-B-Tata hosp cancer therapy trials show ‘promising’ results, Hindustan Times (2022); https://www.hindustantimes.com/cities/mumbai-news/iitbtata-hosp-cancer-therapy-trials-show-promising-results-101662923174819.html.

]  [41:  S. Prasad, Cancer treatment breakthrough: India’s homegrown CAR-T cell therapy, a form of immunotherapy, gets market authorization, DownToEarth (2023); https://www.downtoearth.org.in/news/health/cancer-treatment-breakthrough-india-s-homegrown-car-t-cell-therapy-a-form-of-immunotherapy-gets-market-authorisation-92302.

] 

This R&D model of transitioning technologies from public labs to the private sector is also used in HICs, wherein preclinical development and early phase clinical trials are conducted by academic centers, after which industry partners are identified or the technology is spun out into a new company to take the lead on more advanced clinical trial development. This strategy requires a strong investment presence, typically incentivized by an intellectual property protection infrastructure. In India, the lower cost of labor also enables lower-cost therapeutics, which can then be sold internationally. 
	The Indian biotech start-up, Immuneel Therapeutics, launched the first industry-sponsored CAR T-cell therapy trial in India, enrolling patients at Narayan Hrudayalaya Bengaluru. Via technology transfer, Immuneel received exclusive rights to develop, manufacture, and commercialize in India CAR T-cell therapy technology developed by Hospital Clínic de Barcelona and Institut d’Investigacions Biomèdiques August Pi i Sunyer in Spain ([endnoteRef:42]). By establishing its own integrated cell therapy development and manufacturing facility at the Mazumdar-Shaw Cancer Centre at Narayana Health City (Bengaluru), Immuneel seeks to decrease production costs. Additionally, Dr. Reddy's Laboratories, and Indian multinational pharmaceutical company, secured exclusive rights to Shenzhen Pregene Biopharma’s anti-BCMA CAR T-cell therapy in India for relapsed or refractory multiple myeloma, and received CDSCO approval for a phase I/II study ([endnoteRef:43]). [42:  J. Cornall, Immuneel Therapeutics raises $15M and starts patient trials for CAR-T cancer therapies, Labiotech.eu (2022); https://www.labiotech.eu/trends-news/cart-cancer-biotech/.
]  [43:  N. Taylor, Dr Reddy’s inks deal to bring ‘affordable’ CAR-T therapy to India, BioPharmaReporter (2021); https://www.biopharma-reporter.com/Article/2021/05/20/Dr-Reddy-s-inks-deal-to-bring-CAR-T-therapy-to-India.
] 

India is one of the few LMICs using both centralized as well as decentralized point-of-care manufacturing for CAR T-cell therapy. A team at Christian Medical College, Vellore demonstrated that a decentralized manufacturing process for anti-CD19-CAR-T cells using a fully automated closed system (Miltenyi CliniMACS Prodigy) is feasible in a developing country setting ([endnoteRef:44]). Evaluation of production costs in an academic, not for profit setting in India provided a benchmark for LMIC pricing which could greatly increase access to this therapy. [44:  H. K. Palani, A. K. Arunachalam, M. Yasar, A. Venkatraman, U. Kulkarni, S. A. Lionel, S. Selvarajan, A. Korula, A. Abraham, B. George, J. E. Adair, R. Orentas, B. Dropulic, V. Mathews, Decentralized manufacturing of anti CD19 CAR-T cells using CliniMACS Prodigy®: real-world experience and cost analysis in India. Bone Marrow Transplant 58, 160–167 (2023).
] 

While the development and manufacture of more affordable therapies in India will improve access internationally, it remains to be seen how this will benefit the citizens of India. Roughly 70% of India’s citizens do not have health insurance, paying out-of-pocket costs for healthcare. Its 28 states manage a mix of public and private healthcare facilities, with significant differences in cost and very large disparities in quality of care, not only between public and private facilities but also between urban and rural public facilities. Government initiatives like the National Policy for Rare Diseases 2021, which promises funding of 5 million rupee (~USD 60,000) per patient living with rare diseases, signify a step in the right direction for government support of unmet medical needs ([endnoteRef:45]). [45:  Ministry of Health and Family Welfare, National Policy for Rare Diseases (2021); https://main.mohfw.gov.in/sites/default/files/Final%20NPRD%2C%202021.pdf.
] 


South Africa - hemophilia
Even though the prevalence of hemophilia, a rare genetic blood disease, is evenly distributed worldwide, management and treatment of the disease vary widely from one geography to the next. Hemophilia reduces a person’s quality of life by 64% in upper-middle-income countries, by 77% in middle-income countries, and by up to 93% in low-income countries ([endnoteRef:46]). Globally, an estimated 17.1/100,000 males are born with hemophilia A and 3.8/100,000 males with hemophilia B ([endnoteRef:47]). [46:  A. Inserro, Prevalence of Hemophilia Worldwide Is Triple That of Previous Estimates, New Study Says, AJMC (2019); https://www.ajmc.com/view/prevalence-of-hemophilia-worldwide-is-triple-that-of-previous-estimates-new-study-says-.
]  [47:  Report on the Annual Global Survey 2020 (World Federation of Hemophilia, 2021; https://www1.wfh.org/publications/files/pdf-2045.pdf).
] 

Hemophilia A and B are monogenic diseases, arising from mutations within genes encoding Factor VIII and Factor IX proteins, respectively, making these conditions attractive candidates for gene therapy. Beginning in the 1990s, gene therapy trials for hemophilia have enrolled individuals from around the world, with studies today involving those from Japan, China, and India and future studies aiming to include participants from Peru, Vietnam, Thailand, Nepal, and Sri Lanka ([endnoteRef:48]). South Africa is actively involved in multiple international gene therapy clinical trials for hemophilia, using facilities at the University of the Witwatersrand for therapeutic administration ([endnoteRef:49]). [48:  U. M. Reiss, J. Mahlangu, T. Ohmori, M. C. Ozelo, A. Srivastava, L. Zhang, Haemophilia gene therapy—Update on new country initiatives. Haemophilia 28, 61–67 (2022).
]  [49:  M. C. Ozelo, J. Mahlangu, K. J. Pasi, A. Giermasz, A. D. Leavitt, M. Laffan, E. Symington, D. V. Quon, J.-D. Wang, K. Peerlinck, S. W. Pipe, B. Madan, N. S. Key, G. F. Pierce, B. O’Mahony, R. Kaczmarek, J. Henshaw, A. Lawal, K. Jayaram, M. Huang, X. Yang, W. Y. Wong, B. Kim, Valoctocogene Roxaparvovec Gene Therapy for Hemophilia A. N Engl J Med 386, 1013–1025 (2022).
] 

South Africa’s globally aligned regulatory and research ethics framework makes participation in international trials possible. For gene therapy clinical research, approval is granted by the South African Health Products Regulatory Authority (SAHPRA) ([endnoteRef:50]). Additionally, the Department of Agriculture, Forestry and Fisheries (DAFF) regulates the import and export of genetically modified organisms for research purposes and oversees the registration of facilities. The country does not currently have regulatory frameworks for gene therapy manufacturing. Still, its regulatory infrastructure for vaccine manufacturing is sufficient for the increased production of vaccines for COVID-19 and other viruses. Plans to repurpose COVID-19 vaccine manufacturing infrastructure for gene therapy use are under discussion. A roadmap for addressing gaps and barriers across health legislation, economics, cost, and capacity building in South Africa has been proposed by researchers and may serve as a model for other LMICs ([endnoteRef:51]). [50:  K. Cornetta, M. Bonamino, J. Mahlangu, F. Mingozzi, S. Rangarajan, J. Rao, Gene therapy access: Global challenges, opportunities, and views from Brazil, South Africa, and India. Mol Ther 30, 2122–2129 (2022).
]  [51:  C. L. Hendricks, M. Alessandrini, M. S. Pepper, Equitable access to cell and gene therapies in South Africa: opportunities and hurdles. Gene Ther 30, 180–186 (2023).
] 


Tanzania – sickle cell disease
Sickle cell disease (SCD), a genetic blood disorder caused by the inheritance of two copies of a mutated hemoglobin subunit beta (HBB) gene, is the leading genetic cause of mortality in children in Africa, accounting for 6-16% of deaths occurring under the age of five ([endnoteRef:52]). In Tanzania, an estimated 11,000 babies are born annually with SCD, ranking the country fourth in Africa and fifth in the world for highest birth prevalence of SCD ([endnoteRef:53],[endnoteRef:54]). In certain rural regions of Tanzania, the prevalence of SCD is as high as 3.9%, while the incidence for carriers, with one copy of the mutated gene, has an estimated prevalence of 31.6% ([endnoteRef:55]). Given the relatively high prevalence of SCD and its health and economic costs ([endnoteRef:56]), the Tanzanian Ministry of Health has designated SCD as a disease of national priority, seeking to increase survival rates by 50% through improved early detection (e.g., newborn screening) and providing comprehensive healthcare, including the intent to build capacity for advanced curative procedures ([endnoteRef:57]). [52:  Fifty-Ninth World Health Assembly, Sickle-cell anaemia - Report by the Secretariat (World Health Organization, 2006); https://apps.who.int/iris/bitstream/handle/10665/20890/A59_9en.pdf?sequence=1&isAllowed=y.
]  [53:  Profile: Former Fogarty fellow Siana Nkya tackles sickle cell disease in Tanzania, Fogarty International Center (2022); https://www.fic.nih.gov:443/News/GlobalHealthMatters/may-june-2022/Pages/fogarty-fellow-siana-nkya-tackles-sickle-cell-disease-tanzania.aspx.
]  [54:  J. Makani, F. Tluway, A. Makubi, D. Soka, S. Nkya, R. Sangeda, J. Mgaya, S. Rwezaula, F. J. Kirkham, C. Kindole, E. Osati, E. Meda, R. W. Snow, C. R. Newton, D. Roberts, M. Aboud, S. L. Thein, S. E. Cox, L. Luzzatto, B. P. Mmbando, A ten year review of the sickle cell program in Muhimbili National Hospital, Tanzania. BMC Hematology 18, 33 (2018).
]  [55: L. Eastburg, A. Peckham, E. Kawira, B. Chirangi, D. Adler, B. D. Akungo, L. R. Smart, E. E. Ambrose, Extremely high birth prevalence of sickle cell disease in rural Tanzania. Pediatric Blood & Cancer 67, e28620 (2020).
]  [56:  M. Kilonzi, D. L. Mwakawanga, F. F. Felician, H. J. Mlyuka, L. Chirande, D. T. Myemba, G. Sambayi, R. F. Mutagonda, W. P. Mikomangwa, J. Ndunguru, A. Jonathan, P. Ruggajo, I. K. Minja, E. Balandya, J. Makani, N. Sirili, The Effects of Sickle Cell Disease on the Quality of Life: A Focus on the Untold Experiences of Parents in Tanzania. IJERPH 19, 6871 (2022).
]  [57:  Ministry of Health, Community Development, Gender, Elderly and Children, Strategic plan and action plan for the prevention and control of non communicable diseases in Tanzania 2016 - 2020 (Government of the United Republic of Tanzania, 2016); https://extranet.who.int/ncdccs/Data/TZA_B3_NCD%20Stategic%20Plan%202016%20-%202020v0.3.pdf.] 

In 2016, following a directive from the Ministry of Health, Tanzania began developing a strategy for cell and gene therapy, starting with establishing the Sickle Cell Program housed within the Muhimbili University of Health and Allied Sciences (MUHAS) ([endnoteRef:58]). In 2021, hematopoietic stem cell transplants (HSCT) were performed for the first time at Muhimbili National Hospital on the Mloganzila campus (MNH) of MUHAS, using autologous stem cells to treat five patients with multiple myeloma ([endnoteRef:59]). This makes Tanzania the third country in sub-Saharan Africa (after South Africa and Nigeria) to conduct HSCTs, providing it with infrastructure that should later facilitate the introduction of ex vivo gene therapies for SCD ([endnoteRef:60]). By September 2023, four patients (all children) had undergone BMT for SCD at Benjamin Mkapa Hospital (BMH) in Dodoma. In addition, the government of Tanzania has pledged five billion shillings (2M USD) to support specialized services, including BMT for 20 SCD patients.  [58: 
 J. Mtenga, K. Orf, J. Zheng, C. Chamba, H. Chuwa, F. Luoga, S. W. Malangahe, P. O. Iversen, J. Makani, Haematopoietic stem cell transplantation in Tanzania. British Journal of Haematology 192, 17–21 (2021).
]  [59:  What Muhimbili success with bone marrow transplant means (Africa Press, 2022); https://www.africa-press.net/tanzania/all-news/what-muhimbili-success-with-bone-marrow-transplant-means.
]  [60:  A. A. Abraham, J. F. Tisdale, Gene therapy for sickle cell disease: moving from the bench to the bedside. Blood 138, 932–941 (2021).
] 

Meanwhile, a collaboration between the Bill & Melinda Gates Foundation and the US National Institutes of Health seeks to incentivize research that will ultimately move the field from ex vivo to in vivo approaches, hopefully creating cures for SCD and HIV that are more accessible and affordable ([endnoteRef:61]). A collaboration between MUHAS and the Novartis Institute for Biomedical Research (NIBR) to advance in vivo gene therapy for SCD in Africa has facilitated, amongst other things, the development of a draft Target Product Profile (TPP) for ex vivo and in vivo gene therapies for SCD. Similar collaborative efforts have led to a TPP for an HIV cure in Africa ([endnoteRef:62]). [61:  National Institutes of Health (NIH), NIH launches new collaboration to develop gene-based cures for sickle cell disease and HIV on global scale (NIH, 2019); https://www.nih.gov/news-events/news-releases/nih-launches-new-collaboration-develop-gene-based-cures-sickle-cell-disease-hiv-global-scale.
]  [62:  1. S. R. Lewin, T. Attoye, C. Bansbach, B. Doehle, K. Dubé, M. Dybul, D. SenGupta, A. Jiang, R. Johnston, R. Lamplough, J. M. McCune, G. J. Nabel, T. Ndung’u, J. Pottage, D. Ripin, J. F. Rooney, I. Sikazwe, M. Nsubuga, M. Warren, S. G. Deeks, Multi-stakeholder consensus on a target product profile for an HIV cure. The Lancet HIV 8, e42–e50 (2021).
] 

MUHAS intends to build a Sickle Cell Institute on the Mloganzila campus, which will include a Centre of Excellence for cell and gene therapy. In the interim period, MUHAS has allocated space to establish a cell and gene therapy laboratory within Mloganzila campus’s Centre of Excellence for Cardiovascular Sciences. Clinical leaders and advocates in Tanzania have forged several partnerships to establish local and international collaborations vital in driving the country’s gene therapy agenda. Partners such as Caring Cross (a US-based non-profit that supports the development and affordable access of advanced medicines), German Bone Marrow Donor Center (DKMS), and the European Society for Blood and Marrow Transplantation (EBMT) have all visited Tanzania for initial assessments of the country’s infrastructural capacity.
While no gene therapies for SCD are approved or tested in Tanzania or in any other country in Africa, Tanzania has been actively engaged in preparing patients and personnel for clinical trials as well as focused on the conduct of supporting basic, clinical, and social science research ([endnoteRef:63]). [63:  J. Makani, Curative options for sickle cell disease in Africa: Approach in Tanzania. Hematology/Oncology and Stem Cell Therapy 13, 66–70 (2020).] 


Thailand – beta-thalassemia
Beta-thalassemia (BT) is another inherited disease resulting from mutations in the HBB gene. For this reason, gene therapy approaches restoring a functional copy of the entire HBB gene can provide clinical benefit in the setting of both SCD and BT. Asia and the Middle East account for 95% of BT births globally ([endnoteRef:64]). Within Thailand, the prevalence of BT, based statistically on phenotype, is 3–9% ([endnoteRef:65]). Only 20% of people in Thailand living with BT major, a severe form of the disease, live to 40 years of age, underscoring the potential benefits that might be provided by curative therapies ([endnoteRef:66]). [64: 
 A. R. Cohen, R. Galanello, D. J. Pennell, M. J. Cunningham, E. Vichinsky, Thalassemia. Hematology Am Soc Hematol Educ Program, 14–34 (2004).
]  [65:  A. Chaibunruang, K. Sornkayasit, M. Chewasateanchai, P. Sanugul, G. Fucharoen, S. Fucharoen, Prevalence of Thalassemia among Newborns: A Re-visited after 20 Years of a Prevention and Control Program in Northeast Thailand. Mediterr J Hematol Infect Dis 10, e2018054 (2018).
]  [66:  S. Jansutjawan, V. Viprakasit, Survival and causes of death in patients with alpha‐ and beta‐thalassaemia in a developing country: the first report from Thailand (European Hematology Association, 2012); https://library.ehaweb.org/eha/2015/20th/100623/vip.viprakasit.survival.and.causes.of.death.in.patients.with.lpha-.and.html.] 

Efforts to develop gene therapy products are underway in at least three major medical universities in Thailand, with varying degrees of collaboration with US and European partners and within Asia. An international gene therapy clinical trial funded by the US-based pharmaceutical company, bluebird bio, involving researchers from Thailand’s Ramathibodi Hospital, Mahidol University recently concluded ([endnoteRef:67]). This global study evaluated the safety and efficacy of betibeglogene autotemcel (beti-cel), an ex vivo gene therapy in which the patient’s autologous hematopoietic stem cells (HSCs) were transduced with a lentiviral vector encoding the HBB gene. Betibeglogene autotemcel, sold under the brand name Zynteglo™, received conditional marketing authorization by the EMA and regulatory approval from the US FDA, and is awaiting Thai government approval ([endnoteRef:68],[endnoteRef:69]). [67: 
 F. Locatelli, A. A. Thompson, J. L. Kwiatkowski, J. B. Porter, A. J. Thrasher, S. Hongeng, M. G. Sauer, I. Thuret, A. Lal, M. Algeri, J. Schneiderman, T. S. Olson, B. Carpenter, P. J. Amrolia, U. Anurathapan, A. Schambach, C. Chabannon, M. Schmidt, I. Labik, H. Elliot, R. Guo, M. Asmal, R. A. Colvin, M. C. Walters, Betibeglogene Autotemcel Gene Therapy for Non–β 0 /β 0 Genotype β-Thalassemia. N Engl J Med 386, 415–427 (2022).
]  [68:  European Medicines Agency (EMA), Zynteglo (EMA, 2019); https://www.ema.europa.eu/en/medicines/human/EPAR/zynteglo.
]  [69:  Office of the Commissioner, FDA Approves First Cell-Based Gene Therapy to Treat Adult and Pediatric Patients with Beta-thalassemia Who Require Regular Blood Transfusions (FDA, 2022); https://www.fda.gov/news-events/press-announcements/fda-approves-first-cell-based-gene-therapy-treat-adult-and-pediatric-patients-beta-thalassemia-who.
] 

The Thai government has taken steps to offer coverage for high-cost procedures. Patients undergoing HSCT and other stem cell therapies receive >USD 35,000 to assist with treatment costs, a price point that may be within reach for gene therapies via local manufacturing ([endnoteRef:70]). Currently, cells from patients are shipped to Australia or Japan for gene transduction, contributing enormous costs to the production process and motivating investments from Thailand’s public and private sectors towards local manufacturing. For example, researchers from Mahidol University are using a Good Manufacturing Practices (GMP) unit at the university's hospital to produce a locally developed lentiviral vector for ex vivo transduction of hematopoietic stem cells (HSC). [70:  Thailand’s government seeks to provide greater medical coverage (Oxford Business Group, 2017); https://oxfordbusinessgroup.com/reports/thailand/-report/economy/great-expectations-the-government-seeks-to-provide-greater-coverage-2.
] 

In the private sector, Genepeutic Bio (GNPT), a gene therapy contract development manufacturing organization (CDMO), established the country’s first GMP-certified manufacturing facility at the Thailand Science Park in Pathum Thani, an innovation hub designed to attract investments and spur private sector growth. GNPT is the first company to submit an application to the Thai FDA to initiate a clinical trial using an ATMP product, and the first CAR T-cell product in their pipeline has entered a phase I/II clinical trial. As Thailand seeks to become a leading hub of gene therapy innovation in Southeast Asia, its regulatory agencies continue to promote harmonization with the US, EU, Japan, Australia, and neighboring countries.

Uganda – human immunodeficiency virus
At the end of 2020, an estimated 0.7% of adults aged 15–49 years were living with human immunodeficiency virus (HIV) worldwide, while in Uganda the prevalence of HIV in the same age group was approximately 5.5% ([endnoteRef:71],[endnoteRef:72]). Although antiretroviral therapy (ART), the current standard of care, has proven to drastically increase life expectancy, its use alone will not stop the HIV epidemic. The Joint United Nations Program on HIV/AIDS proposed a target for epidemic control by 2030, which will require 95% of infected individuals to know their status, 95% of which will be on ART, 95% of which will have sustained viral load suppression, equating to both better health outcomes and an inability to transmit the virus. Despite this goal, more than 1.5 million new HIV infections occur annually. [71:  HIV/AIDS (World Health Organization, 2022); https://www.who.int/data/gho/data/themes/hiv-aids.
]  [72:  Ministry of Health, Release of Preliminary Results of the 2020 Uganda Population-Based HIV Impact Assessment (Ministry of Health, 2022); https://mediacentre.go.ug/media/release-preliminary-results-2020-uganda-population-based-hiv-impact-assessment.
] 

Many people living with HIV cannot access effective treatment/medication, while those with access to care must take daily pills for the rest of their lives. Sustained adherence to pill regimens has been inconsistent, contributing to 650,000 deaths a year from AIDS worldwide. An HIV “cure” would obviate the current requirement for long-term administration of ART by either controlling the virus in the absence of any ongoing treatments such as ART (remission) or by completely removing replication competent virus from the body (eradication). A one-time treatment would eliminate the need for lifelong intervention and efforts are now being advanced to determine whether gene therapy might serve to reach this goal. 
The Uganda Cancer Institute is procuring and installing the necessary equipment and training specialized staff to perform the country’s first bone marrow transplant for cancer in 2024. Additionally, the Joint Clinical Research Centre (JCRC) aims to begin a gene therapy clinical trial for sickle cell disease and HIV during a similar timeframe. Clinical researchers at JCRC are founding members of the Global Gene Therapy Initiative (GGTI), an international alliance of key stakeholders including clinicians, scientists, engineers, advocates, community members, individuals living with disease, and their caregivers, all working towards enabling access and implementation of gene therapies as curative medicines for high prevalence, incurable diseases in LMICs ([endnoteRef:73]). GGTI aims to facilitate capacity building in LMICs by matching local institutes with global funders and gene therapy companies to procure critical resources and to assist with international technology transfers. In Uganda, GGTI works with the JCRC to advance gene therapies for the treatment of HIV and sickle cell disease. Additional assistance is coming from the World Health Organization, which is providing guidance on regulatory reform, as well as from the government of Uganda, which has committed to supporting infrastructure development for gene therapy delivery in a phased manner over the next few years. The intent is for these efforts to serve as an exemplar for other LMICs. [73:  J. E. Adair, L. Androski, L. Bayigga, D. Bazira, E. Brandon, L. Dee, S. Deeks, M. Draz, K. Dubé, M. Dybul, U. Gurkan, E. Harlow, C. Kityo, M. Louella, P. Malik, V. Mathews, A. McKemey, H. Mugerwa, D. Muyanja, O. Olayiwola, R. J. Orentas, A. Popovski, J. Sheehy, F. Ssali, M. S. Nsubuga, J. F. Tisdale, E. Verhoeyen, B. Dropulić, Towards access for all: 1st Working Group Report for the Global Gene Therapy Initiative (GGTI). Gene Ther 30, 216–221 (2023).
] 



SPHERES OF GENE THERAPY CAPACITY
The successful development and delivery of gene therapy within any country is contingent upon functional capacity and effective coordination across three distinct spheres: academic, government, and commercial. These domains are not entirely specific to gene therapy; rather, they apply to the preclinical research, human testing, regulatory approval, and market integration of any healthcare technology. Yet, the sophisticated equipment, highly trained personnel, and complex regulatory programs required to develop and deliver gene therapies necessitate a high degree of capacity building and unique capabilities across the academic, government, and commercial spheres. By understanding the function of each sphere as it relates to gene therapy, we can begin to identify gaps to construct country-specific roadmaps for these transformative technologies (Fig. 2).

Academic
The academic sphere serves as an incubator for people, ideas, and projects. Specialized workers (including technicians, computational biologists, and social scientists) receive training within accredited higher-education institutions. The number of these specialized workers is actively growing in the global south: nearly doubling from approximately 40,000 to nearly 70,000 between 2006 and 2018, with a 91% increase in student numbers growing from 78.6 million to 150.2 million, approximately 69% of which were in public institutions ([endnoteRef:74]). Despite these trends, significant heterogeneity (e.g., in terms of biological sex and gender) exists in educational attainment within and between countries ([endnoteRef:75]). [74:  J. Williams, A. Usher, World Higher Education: Institutions, Students and Funding 2022 (Higher Education Strategy Associates, 2022).
]  [75:  Local Burden of Disease Educational Attainment Collaborators, Mapping disparities in education across low- and middle-income countries. Nature 577, 235–238 (2020).
] 

A subset of these institutions is connected to research hospitals (e.g., Uganda’s Joint Clinical Research Centre and Thailand’s Ramathibodi Hospital, Mahidol University), enabling the development of clinical specialists and the formation of multidisciplinary teams required to lead or participate as sites in clinical trials. Academic centers play a crucial role in technology development that can be patented and licensed to start-up or established companies or for use by investigators for an in-house clinical trial.
Building manufacturing capacity and simplifying complex supply chains in research hospitals will be critical for clinical trial efficiency as will be the institution and maintenance of GMP facilities. While these efforts are expensive, it is only with such capacity in place that a transition can occur from pre-clinical research to clinical trials ([endnoteRef:76]). The emergence of place-of-care manufacturing in hospital settings via bench-top devices will further simplify processes and reduce the number of required personnel (38). [76:  M. Viganò, R. Giordano, L. Lazzari, Challenges of running a GMP facility for regenerative medicine in a public hospital. Regenerative Medicine 12, 803–813 (2017).
] 


Government
The government sector acts as both an enabler and a gatekeeper. By declaring specific diseases as national priorities (e.g., SCD in Tanzania or rare diseases and hemoglobinopathies in India) or by incorporating gene therapy technology into national development plans (e.g., the Bio-Circular-Green Strategic Plan in Thailand), governments can rally attention and resources around the strategic development and deployment of gene therapy ([endnoteRef:77]). [77:  Understanding the Bio-Circular-Green (BCG) Economy Model (SOM Steering Committee on Economic and Technical Cooperation (SCE), 2022; https://www.apec.org/publications/2022/08/understanding-the-bio-circular-green-(bcg)-economy-model.

] 

Through regulatory frameworks and guidance documents, governments dictate how research institutions participate in or initiate clinical trials. The unique nature of these treatments to manipulate gene expression and/or alter the biological properties of living cells makes them challenging to regulate within traditional frameworks. This tension is forcing regulators globally to either stretch the boundaries of their existing medicinal product regulations and/or design and implement new regulations ([endnoteRef:78]). Most regulators in LMICs have chosen to repurpose existing policies and frameworks to accommodate gene therapy products, although countries such as Brazil have recently established specific frameworks that combine elements of different regulatory models ([endnoteRef:79]). [78:  D. Drago, B. Foss-Campbell, K. Wonnacott, D. Barrett, A. Ndu, Global regulatory progress in delivering on the promise of gene therapies for unmet medical needs. Molecular Therapy - Methods & Clinical Development 21, 524–529 (2021).
]  [79:  K. L. G. Gomes, R. E. da Silva, J. B. da Silva Junior, M. R. C. G. Novaes, Comparison of new Brazilian legislation for the approval of advanced therapy medicinal products with existing systems in the USA, European Union and Japan. Cytotherapy 24, 557–566 (2022).
] 

Following regulatory approval, governments oversee market access and coverage of gene therapies, sometimes using health technology assessments or other value estimate tools to determine cost-effectiveness (see, for instance, ([endnoteRef:80]). Experimentation and agile implementation, by governments and private insurers, with alternative payment and reimbursement models will be critical for improving access to patients across all demographics. In February 2023, the US Department of Health and Human Services launched the Cell and Gene Therapy Access Model, a pilot study led by the Centers for Medicare & Medicaid Services (CMS) Innovation Center. This will involve coordination of State-based Medicaid agencies and CMS to facilitate multi-State outcomes-based agreements with manufacturers for certain cell and gene therapies. The initial focus will be in the area of sickle cell disease and cancer ([endnoteRef:81]). [80:  G. F. Guzauskas, T. B. Hallett, The long-term impact and value of curative therapy for HIV: a modelling analysis. J Int AIDS Soc 26, e26170 (2023).

]  [81:  U.S. Department of Health and Human Services, HHS Secretary Responds to the President’s Executive Order on Drug Prices (U.S. Department of Health and Human Services, 2023); https://www.hhs.gov/about/news/2023/02/14/hhs-secretary-responds-to-the-presidents-executive-order-on-drug-prices.html.
] 


Commercial
In large part because 86% of drugs that enter clinical trials do not receive FDA approval, it takes approximately USD 2.6 billion in aggregate to bring a single drug to market in the US ([endnoteRef:82], [endnoteRef:83]). Uncertainty regarding long-term durability and the lack of clarity about healthcare coverage add additional risk to the commercial viability of gene therapies. Despite this unpredictability, companies are investing heavily in new treatments and playing an important role in scaling production (e.g., establishing manufacturing facilities and training personnel for mRNA vaccine production), which countries intend to leverage for gene therapy purposes ([endnoteRef:84]). Companies also have the expertise and resources to navigate different regulatory regimes and introduce gene therapies into different markets. [82:  J. A. DiMasi, H. G. Grabowski, R. W. Hansen, Innovation in the pharmaceutical industry: New estimates of R&D costs. J Health Econ 47, 20–33 (2016).
]  [83:  C. H. Wong, K. W. Siah, A. W. Lo, Estimation of clinical trial success rates and related parameters. Biostatistics 20, 273–286 (2019).
]  [84:  D. Kairuz, N. Samudh, A. Ely, P. Arbuthnot, K. Bloom, Advancing mRNA technologies for therapies and vaccines: An African context. Front Immunol 13, 1018961 (2022).
] 

	The high costs associated with gene therapy manufacturing and administration force companies to experiment with different corporate models such as voluntary licensing, donation programs, value-based tiered pricing, and subscription models to maintain profitability within and across different countries. Benefit corporations also play an important role in LMICs by incentivizing social responsibility, which can result in more widely accessible technology transfers and market-consistent pricing ([endnoteRef:85]). Crowdfunding is emerging as a potential platform for financially supporting expensive therapies, yet such payment models raise several legislative and regulatory challenges ([endnoteRef:86]). [85:  A. Fischer, M. Dewatripont, M. Goldman, Benefit Corporation: a path to affordable gene therapies? Nat Med 25, 1812–1814 (2019).
]  [86:  1. A. Elbashir, A. Nugud, H. Elbashir, Crowdfunding approach for gene therapy: Experience from the UAE. Pediatrics & Neonatology 63, 567–568 (2022).
] 


Sphere interaction
The academic, government, and commercial spheres are intimately linked and the dynamic interplay between them might impact the rate of development and community reach of gene therapies.
Governments contribute substantial funds to academic institutions and exert significant influence over the direction of academic research as well as the translation of basic research into clinical testing. Government officials educate university researchers on regulatory processes; conversely, researchers work with these officials to update regulations that enable academic research and clinical trials. Governments also employ many doctors and researchers through universities and public hospitals, impacting both the supply and demand of a trained workforce. Without career opportunities, skilled workers in the global south will likely migrate to HICs, resulting in a “brain drain.”
Academia and industry often play collaborative roles in bringing a candidate therapeutic intervention from basic research through clinical validation to market access. While universities excel in basic research, discovery, and phase I studies; companies have the resources and expertise to conduct later-phase studies and to scale products efficiently. A strong industry presence also plays an important role in the employment of workers trained at universities, further bolstering the economy (see, by example, Thailand Science Parks) ([endnoteRef:87]). [87:  A. Pornwasin, The Science Park mission of fostering Thai innovations (The Story Thailand, 2021); https://www.thestorythailand.com/en/09/06/2021/29439/.
] 

Governments interact with the commercial sphere through the incentivization of the private sector. Building science parks and innovation hubs serves to centralize resources, incubate start-ups, and attract multi-national companies. Informal regulatory meetings, such as the FDA’s INTERACT meeting, provide opportunities for companies to engage regulators during the early stages of clinical trials. Operational barriers, including lengthy regulatory mechanisms, are a recurring challenge in LMICs, which can delay recruitment of participants into clinical trials by several months and disincentivize industry engagement ([endnoteRef:88]). [88:  R. Jalali, A. Nogueira-Rodrigues, A. Das, B. Sirohi, P. K. Panda, Drug Development in Low- and Middle-Income Countries: Opportunity or Exploitation? American Society of Clinical Oncology Educational Book, 3–10 (2022).
] 


Participants at the center
Those individuals who choose to become engaged in clinical trials sit at the intersection of all three spheres. Along with caregivers and advocates, such participants must be included throughout the R&D process in academia and industry to help shape research design and clinical validation as well as to ensure that a safe and effective cure meets the physical, mental, and emotional needs of the individual as well as the economic and social needs of their communities.
By informing the design and execution of research, access to healthcare, and the creation of policy, participants can improve the acceptability of therapies, ensuring that emerging treatments address clinical problems ethically and effectively while also suiting an individual’s lifestyle (e.g., from the standpoint of culture, beliefs, and daily activities). Participants and their advocates also hold government officials, industry leaders, and funders accountable to ensure that therapies are affordable and accessible across diverse socioeconomic and geographic groups. 

DISCUSSION
There is no single roadmap directing how life-saving gene therapies might be developed and sustainably delivered on an equitable basis to low-resource settings. The political, economic, and infrastructural circumstances of a given country will uniquely influence how academic, government, and industry spheres must evolve and interact to make gene therapy a realistic treatment option. That said, common challenges will no doubt be met by all countries, even though pathways for capacity building and implementation may differ.
The lack of equitable access to healthcare is a pervasive problem within nearly all countries, one that will be further exacerbated by the introduction of gene therapies that are currently very expensive and dependent upon complex infrastructure. Broad access to such an advanced treatment regime as CAR T-cell therapy, for instance, is contingent upon the distribution and accessibility of oncology clinics. Yet, in India, approximately 70% of the population lives in rural areas while 95% of cancer care facilities (including tertiary care centers and specialist doctors) are in urban areas ([endnoteRef:89]). Similarly, a 2019 study identified 299 high-complexity oncology services in health facilities across Brazil, all of which were concentrated in just 173 (3.1%) of the country’s 5,570 municipalities ([endnoteRef:90]). While specialty facilities cannot possibly exist everywhere and hub-and-spoked models may help to streamline referrals, country-level distribution of treatment centers is a critical factor impacting access ([endnoteRef:91]). [89:  M. Tewari, Centralization of Complex Cancer Surgeries in India: a Difficult Road. Indian J Surg 84, 427–429 (2022).
]  [90:  1. M. J. S. da Silva, G. O’Dwyer, C. G. S. Osorio-de-Castro, Cancer care in Brazil: structure and geographical distribution. BMC Cancer 19, 987 (2019).
]  [91:  A. Bok, D. Noone, N. Skouw-Rasmussen, Key challenges for hub and spoke models of care – A report from the 1st workshop of the EHC Think Tank on Hub and Spoke Treatment Models. The Journal of Haemophilia Practice 9, 20–26 (2022).
] 

Accessing cancer care is a challenge for rural citizens irrespective of where they may reside. In the US, for example, roughly 150 transplant centers offer CAR T-cell therapy, with approximately half of US adults living at least 30 minutes from the nearest center and more than one in five living more than 90 minutes away ([endnoteRef:92],[endnoteRef:93]). Since regulations require patients to stay within 30–120 minutes of the site of care for at least four weeks after infusion for monitoring, people in rural communities confront significant travel hurdles ([endnoteRef:94]). Though place of care manufacturing of such gene therapies, as is being done in India, is one pathway towards offering these treatments in more locations across the country, it will require a much larger workforce to operate and maintain manufacturing quality and capacity (40). Automation has been a valuable strategy to address quality but remains out of reach for most LMICs due to costs and lack of technical support ([endnoteRef:95],[endnoteRef:96]). Irrespective of the country, clinics offering gene therapies are unlikely to be within close proximity to large portions of the population, necessitating healthcare strategies for supporting patients as they travel to and stay at sites of care.  [92:  M. Dornauer, CAR T-Cell Therapy Remains Inaccessible to Most Rural Patients (Medium, 2022); https://freopp.org/car-t-cell-therapy-remains-inaccessible-to-most-rural-patients-e9448d21af00.
]  [93:  P. L. Delamater, J. P. Uberti, Geographic access to hematopoietic cell transplantation services in the United States. Bone Marrow Transplant 51, 241–248 (2016).
]  [94:  S. Snyder, K. C. Chung, M. P. Jun, M. Gitlin, Access to Chimeric Antigen Receptor T Cell Therapy for Diffuse Large B Cell Lymphoma. Adv Ther 38, 4659–4674 (2021).
]  [95:  H. K. Palani, A. K. Arunachalam, M. Yasar, A. Venkatraman, U. Kulkarni, S. A. Lionel, S. Selvarajan, A. Korula, A. Abraham, B. George, J. E. Adair, R. Orentas, B. Dropulic, V. Mathews, Decentralized manufacturing of anti CD19 CAR-T cells using CliniMACS Prodigy®: real-world experience and cost analysis in India. Bone Marrow Transplant 58, 160–167 (2023).
]  [96:  M. Maschan, P. F. Caimi, J. Reese-Koc, G. P. Sanchez, A. A. Sharma, O. Molostova, L. Shelikhova, D. Pershin, A. Stepanov, Y. Muzalevskii, V. G. Suzart, F. Otegbeye, D. Wald, Y. Xiong, D. Wu, A. Knight, I. Oparaocha, B. Ferencz, A. Roy, A. Worden, W. Kruger, M. Kadan, D. Schneider, R. Orentas, R.-P. Sekaly, M. de Lima, B. Dropulić, Multiple site place-of-care manufactured anti-CD19 CAR-T cells induce high remission rates in B-cell malignancy patients. Nat Commun 12, 7200 (2021).
] 

Countries are also likely to experience variability in the safety and efficacy of therapies across populations, and those therapies developed with one population in mind may not be transferrable to others. For example, South African participants in gene therapy clinical trials for hemophilia A and B showed a high prevalence of antibodies to specific AAV serotypes ([endnoteRef:97], [endnoteRef:98]). Similarly, studies in India have identified high levels of pre-existing antibodies to an AAV vector among >90% of adults with hemophilia B ([endnoteRef:99]). In gene editing experiments, studies have revealed that genetic diversity can lead to unanticipated off-target effects (cutting at unintended genome sequences), reducing the treatment’s therapeutic efficacy ([endnoteRef:100]). These findings highlight the need to develop gene therapy products that account for parameters such as variable prevalence of anti-vector antibodies and genetic heterogeneity, to conduct clinical trials in LMICs and to establish robust R&D infrastructure to capture the vast biological and social diversity across and within countries. [97:  R. Klamroth, G. Hayes, T. Andreeva, K. Gregg, T. Suzuki, I. H. Mitha, B. Hardesty, M. Shima, T. Pollock, P. Slev, J. Oldenburg, M. C. Ozelo, N. Stieltjes, S.-M. Castet, J. Mahlangu, F. Peyvandi, R. Kazmi, J.-F. Schved, A. D. Leavitt, M. Callaghan, B. Pan-Petesch, D. V. Quon, J. Andrews, A. Trinh, M. Li, W. Y. Wong, Global Seroprevalence of Pre-existing Immunity Against AAV5 and Other AAV Serotypes in People with Hemophilia A. Hum Gene Ther 33, 432–441 (2022).
]  [98:  A. Majowicz, N. Ncete, F. van Waes, N. Timmer, S. J. van Deventer, J. N. Mahlangu, V. Ferreira, Seroprevalence of Pre-Existing Nabs Against AAV1, 2, 5, 6 and 8 in South African Hemophilia B Patient Population. Blood 134, 3353 (2019).
]  [99:  H. D.-J. Daniel, S. Kumar, R. Kannangai, K. M. Lakshmi, M. Agbandje-Mckenna, K. Coleman, A. Srivastava, A. Srivastava, A. M. Abraham, Prevalence of Adeno-Associated Virus 3 Capsid Binding and Neutralizing Antibodies in Healthy and Hemophilia B Individuals from India. Hum Gene Ther 32, 451–457 (2021).
]  [100:  S. Cancellieri, J. Zeng, L. Y. Lin, M. Tognon, M. A. Nguyen, J. Lin, N. Bombieri, S. A. Maitland, M.-F. Ciuculescu, V. Katta, S. Q. Tsai, M. Armant, S. A. Wolfe, R. Giugno, D. E. Bauer, L. Pinello, Human genetic diversity alters off-target outcomes of therapeutic gene editing. Nat Genet 55, 34–43 (2023).
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Figures 


Fig. 1. Case study countries and associated diseases or infections imposing significant public health burdens. 1) Brazil – prevalence (per 100,000 population) (101); South Africa – prevalence (per 100,000 males) (47); Uganda – prevalence (≥15 years old nationally) (102); Tanzania – number of newborns per year (103); India – prevalence (per 100,000 population) (38); Thailand – prevalence (based statistically on phenotype) (104) 2) Gene therapy approach 3) Regulatory body overseeing gene therapy 4) Gene therapy regulation. Created with mapchart.net.


Fig. 2. The role and interplay between the academic, government, and commercial spheres impacting how gene therapies are developed and delivered. Note that, while each of these spheres has unique capabilities and responsibilities, there are overlaps between them that necessitate close coordination that is likely to lead to concrete synergies.
] 


CONCLUSION
Understanding the value of a long-lasting treatment, such as one provided by a gene therapy, can provide to individual patients and society is vital for countries in determining if, how, and when such therapies may compete with existing priorities and fit within national agendas. The case studies outlined in this review examined governments, research institutions, and companies that are striving to be early gene therapy adopters. The success of these stakeholders and the inclusion of LMICs into a growing global market will improve patient access worldwide; no doubt, these efforts will also pave the way for equitable distribution of life-saving gene therapies to resource-poor regions that exist in HICs. Finding ways to manufacture and administer gene therapies in resource-constrained settings will hopefully lead to more affordable, accessible, and acceptable technologies and processes, ultimately paving the way for their benefits to be appreciated on a global basis.
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