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The cultivation of meat using in vitro grown animal stem cells offers a promising solution to pressing global concerns around climate change, ethical considerations, and public health. However, cultivated meat introduces an unprecedented necessity: the generation of mass scales of cellular biomaterial, achieved by fostering cell proliferation within bioreactors. Existing methods for in vitro cell proliferation encounter substantial challenges in terms of both scalability and economic viability. Within this perspective, we discuss the current landscape of cell proliferation optimization, focusing on approaches pertinent to cellular agriculture. We examine the mechanisms governing proliferation rates, while also addressing intrinsic and conditional rate limitations. Furthermore, we expound upon prospective strategies that could lead to a significant enhancement of the overall scalability and cost-efficiency of the cell proliferation phase within the cultivated meat production process. By exploring knowledge from basic cell cycle studies, pathological contexts and tissue engineering, we may identify innovative solutions toward optimizing cell expansion.
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Introduction

Cultivated meat (CM) represents a revolutionary paradigm in the realm of sustainable and ethical food production. Unlike traditional methods of meat production, which involve raising and slaughtering animals, cultivated meat is produced by growing animal cells in vitro. This process involves cultivating animal cells in a controlled in vitro environment and differentiating them into specific cell types, such as muscle and adipose cells. These cells are then arranged into a final product that aims to be nutritionally and sensorially similar to conventionally produced meat (1, 2), which is not the case yet (3, 4).

For CM technology to effectively integrate into the market and substitute a significant portion of conventional meat, it is imperative that the bioprocess demonstrates the capacity to efficiently generate meat products on a large scale while remaining economically competitive within the food industry (5). This unprecedented demand for both scalability and affordability calls for innovative bioprocessing solutions, as until recently, research on in vitro cell culture has primarily centered around research lab scales and biomedical applications, which typically involve significantly smaller biomass requirements.

A significant challenge that currently impedes the mass production of cultured meat is the limited proliferative capacity and rate of the initial cell population. This phase marks the outset of the production process, where a small cell sample is expanded into a robust and viable cell population. The proliferation stage is of paramount importance as it wields a direct impact on the efficiency and scalability of the entire downstream production process: it serves as the foundation for the entire manufacturing process, upon which the differentiation and processing of the final product depend (6).

Subsequent to the cell proliferation phase, the expanded cells undergo a process wherein they transform into one or more specific cell types, such as muscle, fat, and connective tissue cells, similar to those found in traditional meat. The particular treatment required for cell differentiation depends significantly on the original cell type and the intended cell fate. Subsequently, the differentiated cells are processed and matured toward the desired tissue composition (muscle fiber formation, fat accumulation). Following this, the grown tissue undergoes further processing to ultimately become the final meat product, similar to the process of conventional muscle to meat conversion [reviewed in (7)]. This post-mortem process involves various biological mechanisms such as pH drop, activation of enzymes related to proteolysis, and Maillard reaction (Figure 1).
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FIGURE 1
 Cell expansion stage in a typical CM production process and the various approaches for proliferation enhancement. In the cell expansion stage, a small sample of cells are made to proliferate into large biomasses, followed by cell differentiation and tissue maturation (i.e., muscle fiber formation, or lipid accumulation). Various approaches can be adopted to enhance the efficiency of the expansion stage, ranging from the optimization of environmental factors, and through a more direct manipulation of genetic and molecular factors involved in the regulation of cell division (see Table 1).


We explore the complexities inherent in the cell proliferation phase within CM production and discuss the various aspects that encompass this pivotal stage. Our objective is to illuminate the noteworthy strides, obstacles, and prospects that characterize this critical juncture in the evolution of CM.


Proliferation efficiency, scalability and costs

In order to produce CM, the mechanism by which a small number of cells (typically 105–106) are induced to multiply into a vast biomass (typically >1013 cells) must be extremely efficient and economical. Enhancing proliferation efficiency can cut growth factor and medium expenses, enhancing cost-effectiveness and scalability. While enhanced proliferation rate might change consumption of media ingredients such as glucose and contribute to waste production (8, 9), other media components may be less affected (10), leading to overall reduction in resource usage. Hence, optimized growth rates can use less energy, nutrients, and materials, allow shorter production cycles, thus promoting sustainability and the potential to mitigate the environmental burden associated with conventional livestock farming.

Because cell proliferation is an inherently exponential process, even modest improvements to cell proliferation rates can yield significant cost reductions for the process of CM production (Figure 2). Strategies for enhancing cell proliferation can be divided to manipulation of external conditions or cell-internal genetic and molecular factors (Figure 1, bottom). To date, much effort in this challenge focused on medium optimization and external conditions such as temperature and oxygen levels (11–13). Developing new methods to enhance cell proliferation can be highly beneficial, and this article explores potential strategies for achieving that goal.
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FIGURE 2
 Modest increases in cell proliferation rates result in a significantly higher yield at a given time period. Cell growth simulations starting with 100,000 cells and assuming weight of 3 ng per cell, differing in proliferation rate. In each case, constant proliferation rate is assumed, and no Hayflick limit, ignoring cell death or differentiation events. (A) A representation of total cell yield weight vs. culture time in days. Each line on the graph represents the growth of the cell population with the corresponding doubling time. The numbers on the graph indicate the predicted time for the total cell weight to reach 100 kg. (B) A representation of total cell yield weight of populations with different doubling times, during a culture period of 14 days. For reference, typical doubling times of bESCs and bMSCs are 24–70 h (14), chicken fibroblasts can be optimized to divide every 20 h (15) and the fastest doubling times for mammalian cells are 5–10 h [T cells, (16, 17)].




Constraints and mechanisms of cell proliferation rates

The regulation over rate of proliferation is intricately controlled by a highly conserved network of cell cycle regulators. These regulators coordinate the progression through different phases of the cell cycle through the involvement of distinct signaling pathways. Cell cycle regulators play critical roles in various physiological and pathological processes, such as cancer, tissue regeneration, and development (14). Two families of negative regulators called cyclin-dependent kinase (CDK) inhibitors mediate cell cycle arrest though their expression: CIP/KIP (p21, p57, and p27) and INK4 (p15, p16, p18, and p14). Other signaling pathways are also involved in cell cycle progression regulation. For example, PTEN (Phosphatase and tensin homolog), is a known tumor suppressor gene that normally blocks the G1-S and G2-M transitions to avoid premature mitosis and DNA replication beginning. PTEN also governs the start and stop of the cell cycle by regulating the induction of senescence and upholding cellular quiescence (15) (Table 1). Recent studies have provided evidence that cell cycle regulators can modulate the rate of stem cell self-renewal both in vivo and in vitro. For example, research has shown that the CDK inhibitor p21 plays a crucial role in controlling the proliferation of forebrain neural stem cells by reducing cell cycle arrest in in vitro settings, and its loss compromises their relative quiescence (16).



TABLE 1 Cell cycle regulators role in proliferation.
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The research of these systems has yielded a wealth of information over the past few decades, with the aim of minimizing the pathological effects of loss of regulatory function that lead to faster and uncontrolled proliferation. While some literature is available on using this knowledge for the opposite goal of enhancing cell proliferation for tissue engineering purposes (17, 18), CM presents an unprecedented challenge in cell expansion requirements, that calls for leveraging this abundance of knowledge for the enhancement of cell proliferation rate in a controlled manner.

In vivo, the cell cycle duration for a specific cell type depends on multiple factors. Molecularly, each phase must allow sufficient time for DNA replication and error correction while maintaining genomic stability (19). At the cellular level, cells must reach a certain size and generate specific molecular machinery, mainly in G1 (20). At the tissue level, cell division rates must match tissue growth rates and synchronize with neighboring tissues (21). However, these constraints, especially the latter, may not apply during in vitro cell mass growth for purposes like CM. Unlike in an organism, where tight growth synchronization and size control are crucial for viability, in CM these considerations become irrelevant. This presents an opportunity to expedite the cell cycle while preserving desired cell properties. Manipulating cell cycle regulators and tumor suppressor genes can accelerate in vitro stem cell proliferation without compromising genomic integrity and differentiation potential. While genetic manipulations of such regulators have been suggested in the context of extending self-renewal capacity, or for invoking proliferation in otherwise senescent cells, less attention has been devoted to shortening the cell cycle duration (22, 23).

Unlike bacterial cell proliferation, animal stem cells have not evolved for maximum proliferation rates. This raises fundamental, rather unexplored questions: What is the highest viable proliferation rate for animal cells that maintains potency and genomic integrity? Do cells in standard in vitro conditions maintain a “safety margin” in their division rates or do they eventually reach maximal rates? How does this limit vary among cell types? To what extent does the culturing method (i.e., cells adhered to micro-beads or other surfaces vs. cells grown in suspension) dictate cell proliferation rate? Answers to these questions could significantly affect the scalability of CM.

In the context of stem cells, there’s a tradeoff between proliferation and differentiation. In mammals, most adult tissue cells are specialized and non-dividing, except for stem cells (24, 25). Proliferating and differentiated cells differ in gene expression and translation mechanisms (26, 27). Furthermore, the transition between the states is tightly regulated and natural systems reveal optimized strategies for the timely coordination of proliferation and differentiation (28). Animal cell biology reflects evolutionary pressures at cellular and organismal levels, which can sometimes conflict, like fast growth being associated with cancer (29). Engineering and evolving cells in culture may bypass these trade-offs and reveal new pathways for proliferation. Unlike cancer, where gene overexpression or silencing is constant, genetic engineering or small molecule strategies can transiently modulate gene expression, allowing cells to retain differentiation potential.



Strategies for mitigating cellular replicative challenges - learning from cancer and immunity

Considerable knowledge has been amassed regarding enhanced cell proliferation in pathological contexts like cancer. Mass cell expansion in CM exhibits distinctive features that, while differing from classical cancer hallmarks, can draw inspiration from certain drivers and mechanisms found in cancer cell proliferation (30). Both CM cells and cancer cells must sustain proliferation signaling, evade growth suppression, resist cell death, and possibly achieve replicative immortality. Examples for sustained proliferation learned from cancer progression include the support of mitogenesis by growth factors, over-expression of the growth factor and the receptor, as well as mutations at the cytoplasmic tyrosine kinase domain, all of which contribute to constitutive proliferation (31, 32). In addition, cancer cells were also found to reduce dependency on growth factors regulation by activation of signals downstream to the receptors, as well as inhibition of associated negative feed-back loops. Example for such inhibition is PTEN loss of function mutation, which amplifies tyrosine kinase signaling (PI3K). The knowledge accumulated from cancer research can be utilized to support sustained proliferation by growth factor addition to the media, or by direct targeting of proliferation related genes identified in cancer progression,

There are, however, important distinctions between CM cells and cancer cells. Unlike in cancer, CM cells do not need to evade the immune response, and inducing vascularity is unnecessary in most approaches, although might be relevant in “whole cut” product approach. The most significant difference lies in genome stability and differentiation potential. While cancer is marked by genomic instability and loss of differentiation markers, cultured meat cells must maintain genomic stability for consistent meat production (33, 34). Additionally, preserving differentiation potential is crucial for cultured meat cells to develop into the desired muscle or fat tissues mimicking conventional meat.

Another process reminiscent of the need for extensive proliferation is the T-cell expansion phase triggered by antigen stimulation. For example, naïve T cells become activated when encountering antigen-presenting cells, leading to rapid proliferation known as the expansion phase. In this phase, these cells exhibit one of the highest doubling rates among mammalian cells, ranging from 5 to 8 h, and in some cases, a peak doubling time as short as 4.5 h has been reported (35). While T cells are significantly different from multipotent stem cells in size, survival and function (36), investigating the genetic factors behind this remarkable proliferation rate may reveal new targets for controlling proliferation and expediting the cell cycle (37).



Approaches for enhanced cell expansion

Efforts to improve cell expansion efficiency can be categorized into two primary approaches. First, by increasing cell yield via cell viability or reducing cell death. Second, by boosting the overall proliferation activity of cells, which involves generating more cells from a single cell by shortening the cell cycle duration or manipulating the fraction of cells entering the cell cycle.

Various strategies to enhance cell expansion efficiency can be employed, including well-established practices in cell culture and innovative methods. These interventions can be grouped into two categories: those related to environmental factors, such as the optimization of nutrients, and those involving genetic or molecular manipulations directly targeting cell division processes. Genetic modifications can focus on genes that limit replication, while the medium can be enriched with biochemical factors like growth factors, cytokines, mitogens, or other small molecules to stimulate proliferation. We next focus on novel strategies that tackle cell proliferation limitations in a direct manner.


Chemical interventions for increased proliferation

Harnessing chemical stimulation to enhance cell proliferation represents a potentially powerful avenue in CM production. By employing small molecules that can selectively modulate key cell cycle regulators or rate limiting proteins, precise control over cellular growth and division could be exerted (38, 39). For example, the presence of a small molecule inhibitor of p21 in cell growth medium, results in an enhancement in cell proliferations (17). In a similar manner, small molecules targeted at other negative cell cycle regulators such as p27, PTEN and others can be employed. This approach could offer a straightforward means of influencing cell proliferation rates and achieving higher than usual production yields, in a controlled manner - inhibitors could be added while cells undergo the expansion phase and removed from the medium in later steps of the process such as differentiation. However, the utilization of chemical interventions in this context is not without challenges. While they might expedite the process, concerns about food safety and the broader impact of these chemicals on cell behavior and product quality are valid considerations that require rigorous assessment and thorough testing.



Genetic modification approaches for increased proliferation

Enhancing cell proliferation through genetic engineering is another promising avenue to explore. Manipulating specific genes can reduce proliferation time, immortalize cells, and enable adaptation to diverse conditions, such as 3D culturing and various media compositions. Precisely targeting a single gene can significantly reduce off-target effects while achieving comparable or improved outcomes. This approach was recently explored by Upside Foods, Inc., demonstrating an increased growth rate of cells by CRISPR knockout or inhibition of CDK inhibitor genes (p. 16 and p. 15) (22). Selecting which gene to edit demands careful consideration, focusing on maximizing positive proliferation effects and minimizing undesirable consequences. One approach involves altering genes perturbed in cancer (e.g., TP53, PTEN). Such alteration can be achieved spontaneously by prolonged culturing (33), or by directed targeting. Alternatively, genes related to proliferation pathways like MAPK, NF-κB signaling, and WNT pathways can be chosen. An increasingly popular method involves high throughput screening using CRISPR, enabling the assessment of many candidates, ranging from dozens to genome-wide scales (40).

However, this approach warrants mindful deliberation. The stable expansion of genetically engineered cells over time, while maintaining required abilities and characteristics such as differentiation potential is non-obvious and requires validation. Moreover, while generally deemed safe for consumption by experts, and though recently approved by the US Food and Drug Administration in the context of TERT-immortalized chicken cells (Cell Culture Consultation (CCC) 000002), genetically engineered organisms (GMOs) still spark debates about public acceptance (41). Indeed, many factors depend on the chosen genetic engineering technique (Boxes 1, 2).


BOX 1 Gene editing techniques for improved cell lines.

To safely and effectively transform cells, two main considerations should be addressed: editing strategy, and delivery method. Editing involves selecting the editing tool and determining whether the expression will be transient or permanent. In recent years we saw the rise of the popular CRISPR-Cas9 system, allowing for versatile, efficient editing across various organisms. Several CRISPR sub-systems exists, distinguished by their target molecule (Cas9 for DNA or CasRX for RNA) and by their mode of action (knockdown by editing, CRISPRi for transient gene inhibition, or CRIPSRa for transient gene activation). This system, highly efficient and adaptable, remains the premier choice for genetic manipulation. Alternative methods exist for transient manipulation like mRNA delivery and RNAi. mRNA delivery, popularized by Covid-19 vaccine, delivers mRNA molecules, which transiently encode into a protein that can enhance processes such as cell proliferation. RNAi (RNA interference) similarly modulates gene expression via distinct targeting and mRNA degradation mechanisms.

Next, we have to choose a delivery method by their ease of use, efficiency and safety. Two classic approaches to vector delivery involve chemical transduction and electroporation. Both aim to aid plasmid vector passage through cell membranes–via lipid encapsulation (chemical) or membrane pore creation through electricity (electroporation). While efficient for transient gene expression, they prove inefficient for genetic engineering, given stochastic genetic integration. The second group of tools used is virus transduction, particularly lentivirus and adenovirus. Lentiviral particles carry a plasmid vector that integrates into the host genome. In addition, lentiviruses can be pseudotyped with different envelope proteins that affect their tropism and change the range of cells they can transduce. This method is very efficient and scalable, but requires BSL-2 level biohazard precautions. Adenovirus offers a comparable approach, exerting transient effects without genomic integration, and is considered safer for use as it is not known to cause any diseases in humans. Adenovirus excels in enriching titer through multiple rounds of transduction and accommodating larger vectors (up to 30 kb compared to lentiviruses ~10kbp). While CRISPR-Cas9 editing via lentivirus delivery seems the most promising avenue, both editing and delivery techniques should be carefully chosen based on the needs for cultured meat.
 


BOX 2 Replicative limits and immortalization

To achieve cost-effective cultured meat, it’s essential to enhance both cell replication speed and the overall number of replications (42). While certain cell sources, like PSCs, exhibit indefinite division under suitable growth conditions, others have limited doubling and eventually enter senescence. Immortalization offers an avenue to bypass this state. Initial success came with immortalized HeLa cells, followed by numerous other cell lines that were induced for immortalization via varied genetic manipulation. Immortalization can be attained by dysregulating the cell cycle either through viral transgene expression (e.g., SV40 antigen) or by suppressing cell cycle-related genes (e.g., TP53, MYC, Rb, and Ras).However, the most commonly used method for immortalization is by expressing telomerase reverse transcriptase protein (TERT). Hence, the possibility arises to indefinitely sustain MSCs, satellite cells or fibroblasts through immortalization, a feat achieved by several independent research groups.
 

However, immortalization brings forth challenges; Prolonged culturing invariably introduces genetic mutations that modify cellular biology and function. Thus, generating immortalized cell lines must be coupled with monitoring their functionality (e.g., differentiation capacity) over extended culturing periods. Nonetheless, this strategy offers a straightforward approach to substantially amplify the cell yield from each isolated batch.





Conclusion

The successful realization of CM hinges on the efficient proliferation and expansion of animal cells in controlled environments. This novel need for production scales raises intriguing biological questions that demand exploration. One of the fundamental questions is centered around the lower limit of cell division time: How fast can we coax animal cells to multiply, and does this timeframe vary among different cell types? Understanding these limits can guide efforts to push cells to divide as close to this limit as possible, thereby optimizing the production process and minimizing resource consumption.

However, in our quest for increased cell proliferation, we must not lose sight of the critical safety, regulatory, and quality control aspects. Ensuring that CM is not only sustainable and scalable but also safe and reliable is of paramount importance. Of note, though the approaches we describe here are mostly independent of the cell growth conditions (suspension vs. adherence, serum-based vs. serum-free, bioreactor shear forces, etc.), there may be interactions with these parameters. Moreover, faster proliferation may have a compound effect on DNA damage accrued over the multiple population doublings, depending on the speedup mechanism employed. For example, mechanisms that speed up events around DNA replication or related checkpoints may raise the likelihood of un-corrected damage events. On the other hand, shortening of G1 phase may reduce the exposure time to environmental damage. Of course, the extent and nature of DNA damage may have implications on differentiation potential, cell viability and more. Therefore, the proliferation enhancement method should be carefully validated within the context of the specific CM production process parameters, and regular monitoring of genomic integrity will likely have to be incorporated into the production process.

The burgeoning field of CM presents a unique set of challenges and opportunities related to cell proliferation and expansion. Basic biological questions surrounding cell division rate and methods to optimize it underscore the need for continuous research. The exploration of knowledge from pathological contexts may provide innovative solutions. As we embark on this transformative journey toward sustainable meat production, it becomes increasingly evident that addressing these multifaceted questions will be central to the success of CM.
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