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Figure 1. Proposed method for creating a holobiont from engineered minimal genome endosymbionts
(derived from JCVI-Syn3B) that regenerate progenitor cells in liver tissue. Fluorescently labeled

endosymbiont chassis bacteria with a cationic lipid coating (1) pick up protein coronas comprised of
blood peptides as they traffic to the liver (2). The labeled bacteria can be visualized in the tissue (3).
Once inside the host cells, the engineered endosymbionts secrete transcription factors that affect the

genetic circuits of the cell (4), with limited replication with the host cytoplasm (5). After sustained
reprogramming by the secreted transcription factors, the function of the holobiont is redirected (6)

toward progenitor cells that can regenerate damaged liver tissue (7). Figure created using Biorender.
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Roksana Riddle and Christopher H. Contag from Michigan State
University discuss the concept of endosymbiosis, how it has
evolved, and present strategies to engineering endosymbionts
and their applications in developing innovative therapies

What is endosymbiosis?

Endosymbiogenesisis is the emergence of mutually beneficial relationships between cells
in which one lives inside the other to become a holobiont. Endosymbiosis has occurred
naturally when intracellular parasites, dependent on host health, begin providing benefits
to that host. While this jump may seem like an impossible change from harm to benefit, a
study of five obligate intracellular parasites showed a loss of gene redundancy,
elimination of metabolic genes, and, most importantly, diminished defense mechanisms
when compared to free-living bacteria such as E. coli (Sakharkar et al., 2004). If a
parasite is host-dependent, then any defensive genes that harm the host further would
alert the immune system, resulting in the destruction of the partnership.

Redundant genes increase the metabolic burden of genome maintenance and protein
production, which subsequently increases the metabolic burden on the host. A stressed
host can starve, or signs of unhealth can lead to immune destruction of the infected cell.
These observations indicate that the best candidates for endosymbionts have a reduced
genome size and increased specialization. They must also have the ability to enter the
cell and perhaps exist without causing damage or immune activation, and there must be
mutual dependence on holobiont survival and matched rates of cell division (Fig. 1).

Endosymbiont relationships are thought to be the foundation upon which multicellular
eukaryotic life was built, according to the endosymbiont theory of mitochondrial evolution
(Fig. 2).

This theory postulates that eukaryotes could not evolve the genetic complexity to become
multicellular without the ATP generated by the mitochondria (Lane et al., 2010). At some
point, the ancestral alphaproteobacterial parasite, which benefitted from the complex
macromolecules produced in the holobiont, had the orientation of its ADP/ATP
translocator swap from the ancestral copy and began benefiting the holobiont
energetically by pumping ATP into the host cell (Martin and Zimorski. 2015). Over time,
the mitochondria specialized in energy production, allowing it to maintain a smaller
genome containing only 13 protein-coding regions in human cells, including those for
oxidative phosphorylation and the ADP/ATP translocase. This original endosymbiosis is
mirrored in other extant examples, and this path serves as a guide for the development of
innovative endosymbiont-based therapies.
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Figure 2. Graphical representation of mitochondria

Animal endosymbionts

One extant example of an evolved endosymbiosis is the relationship between corals and
their Zooanthae algae. This algal symbiont evolved from a parasite but now provides up
to 95% of the coral’s energy needs in exchange for diverse metabolites and protection
(Fournier, 2013). This gives corals the ability to support entire ecosystems in nutrient-poor
but sunny shallows. Interestingly, Zooanthae can live as a free-floating species while the
coral bleaches and dies without its energy partner; this symbiotic relationship has led to
the coral having a much smaller genome (LaJeunesse, 2020).

Other examples of co-evolved intracellular bacterial parasites are Wolbachia and
Mycobacterium leprae. Wolbachia is a bacterium that can protect its mosquito host from
infections by viruses such as Dengue, Chikungunya, and Plasmodium by preventing the
replication of its competitor (Luciano et al., 2009). However, Wolbachia can cause
infertility in the mosquito hosts as part of its replication – this is an imperfect symbiosis.

Mycobacterium leprae causes liver regeneration in its armadillo host by reprogramming
adult Schwan cells into progenitor stem-like cells that can differentiate into complex liver
tissues (Hess et al., 2022). In an armadillo with a normally healthy liver, this is a problem
and mainly serves to ensure the spread of the bacteria. This model is particularly
attractive from a tissue engineering standpoint, considering one out of every 25 human
deaths is from liver failure; a treatment could lie in engineered bacteria (Harshad et al.,
2023). These symbiotic relationships are new and imperfect; the need for the symbiont to
spread, despite the host not needing the symbiont, causes harm to the host.

Engineering endosymbionts
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Engineering endosymbiotic relationships is an emerging research area with obvious
clinical uses and the potential to become a whole new field of medicine. Despite several
clinically approved bacterial therapies, endosymbiont therapies are still in their infancy.
Understanding the endosymbiont relationship such that it can be disrupted has led to a
breakthrough in how Filariae worms that cause blindness are treated in Africa; despite
efforts to kill the worms proving ineffective, targeting the worm’s Wolbachia
endosymbionts with antibiotics renders the worms infertile preventing their long-term
spread (Hoerauf et al., 2000). In an attempt to engineer lasting endosymbiosis, oxidative
phosphorylation was disrupted in yeast mitochondria, making them dependent on the ATP
produced by glycolysis; meanwhile, E. coli was given the ADP/ATP translocase so that it
could provide energy to the yeast when glycolysis was not available creating a lasting
holobiont population (Mehta et al., 2018). A key part of this model’s success is the E.
coli’s dependence on its holobiont for thiamin diphosphate, which makes it unable to live
without a healthy host. Additionally, the yeast and E. coli doubling times are similar: 90
and 30 minutes in optimal media, respectively. Yeast cells can be simple holobionts since
they are unicellular and lack immune systems, but they do not help address all the
challenges presented by multicellular holobionts.

Potential medical applications

Bacillus subtilis cells phagocytized by macrophages were engineered to secrete
Listeriolysin O to escape the phagosome (Madsen et al., 2022). Once in the cytosol, the
bacteria were induced to secrete mammalian transcription factors that activate genes in
immune pathways, demonstrating the potential of engineered endosymbionts to redirect
immune cells to destroy tumors (Madsen et al., 2022). Unfortunately, these results
decreased when measured at 48 hours due to a combination of destruction of the
endosymbiont through autophagy and B. subtilis’ rapid division time leading to death of
the holobiont. Learning from these experiments, future engineered endosymbionts need
to have small genomes, be slow- growing, depend on host survival, and be able to evade
immune destruction.

JCVI-Syn3B

JCVI-Syn3B was created by the J. Craig Venter Institute (JCVI) as a model to study
minimal genome life and to study genes isolated from complex systems. It was
constructed by starting from an already small genome organism, Mycoplasma mycoides
capri, and sequentially removing genes from a fully synthesized genome until only those
necessary for survival, morphology, and growth remained (Breuer et al., 2019). Still far
from the mitochondrial 13 protein ideal minimal genome, Syn3B’s 452 protein-coding
regions make the synthetic bacterium a useful chassis for creating endosymbionts. A
reason mitochondria cannot easily be engineered into cell fate-controlling endosymbionts
is that they cannot replicate autonomously. Most of the required mitochondrial proteins
are encoded in the nucleus. Mycoplasma spp are infamous as cell culture contaminants
due to their small size, persistence, and lack of immune recognition.
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Mycoplasma do not have cell walls. Syn3B additionally lacks many surface proteins or
sugars, causing it to nearly appear a simple liposome to immune cells with little or no
reactivity. The lack of an immune response may illicit fear about the potential for
engineered Syn3B endosymbionts to become pathogenic, but the minimal genome size
addresses many of these concerns. Without redundant genes that are free to mutate, it is
unlikely that there would be a significant gain of function in this bacterium. Also, Syn3B
lacks the genes encoding attachment proteins, making acquisition of new host cell
tropism or binding unlikely. While not as close as the yeast and the E. coli engineered
symbiosis, the slower doubling time of Syn3B, two hours, makes it less likely to cause
problems when delivering proteins to human cells, which have a varying but generalizable
doubling time of around 24 hours. Syn3B lack the genes that would limit its success as an
endosymbiont, but it retains the SecYEG secretion complex allowing it to deliver proteins
to the cytoplasm of a future holobiont with mammalian transcription factors that alter cell
fates (Pedreira et al., 2022).

Challenges

One step to overcome in developing Syn3B-based endosymbionts is targeted entry into
the cytoplasm of cells in specific tissues. Tumor-associated macrophages have been an
attractive target because of the ability of the endosymbiont to be phagocytized by
activated macrophages. Without recognition by macrophages and no attachment
proteins, Syn3B is unlikely to be taken up. One potential method to overcome this
challenge is the use of targeting cationic lipid coatings. While not in the ideal size range of
deliverable therapeutics, Syn3B is a 400nm in diameter sphere; it has a negatively
charged lipid cell membrane, making it compatible with cationic lipid coatings for cellular
uptake. In a study by Dillard et al. 2021 lipid-coated nanoparticles (LNP) were formulated
with a ‘SORT’ lipid that picked up a protein corona of specific blood proteins, which
directed LNPs to either the liver, spleen, or lung tissue-based on the SORT molecule
used. This approach would also reduce the toxicity of coated Sny3B because, after entry,
the coating would be removed, eliminating the possibility of reinfection. Other potential
aspects of Syn3B to consider are its slow metabolism and low protein output; an
endosymbiont that adds function to its host needs to persist and deliver enough protein to
create a phenotypic change.

Minimal genome endosymbionts for tissue and organ regeneration

Engineered endosymbionts may be ideal for a therapeutic strategy for tissue
regeneration. Four transcription factors for cellular reprogramming, Oct4, Sox2, Klf6, and
c-Myc (Takahashi et al., 2007), could be delivered by endosymbionts to induce
pluripotency, and other transcription factors subsequently guide tissue regeneration.
Pluripotent cells can differentiate into almost any other cell type and, with proper signals,
can become complex organ tissue, as demonstrated by the armadillo model. An example
of how stem cells differentiating into the liver can provide health benefits is a study by
Nagamoto et al. 2016 finding that after carbon tetrachloride damage, mouse survival rate
jumped from 16.7% to 63.2% after engraftment of a sheet of induced pluripotent stem
cell-derived hepatocyte-like cells. This incredible result required the inducement of
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pluripotent stem cells over two weeks, the 11-day differentiation into hepatoblast-like cells
(liver stem cells), and a 46-day process of assembly into a sheet of liver tissue ready for
surgical transplant. These observations would suggest that a treatment comprised of
liver-targeted, SORT-coated, engineered Syn3B that secrete OSKM factors could lead to
directed liver regeneration.

To summarize, Syn3B is an ideal model for engineering endosymbiosis for
reprogramming cell fates and may have a variety of clinical applications. With its ability to
harmlessly enter a cell, sustain protein delivery without immune activation, and its low
energy costs, Syn3B is well aligned with evolved examples of endosymbiosis. The
minimal genome organism, Syn3B, is an ideal endosymbiont chassis that will lead to
innovative new therapies for guided replacement of diseased or damaged tissues.
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