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Christopher H. Contag from the Institute for Quantitative Health
Science and Engineering (IQ) at Michigan State University discusses
the potential of engineered endosymbionts as biologically encoded
remote controls for regenerative medicine

Taxonomic definitions divide all forms of life on Earth into three domains called Archaea,
Bacteria, and Eukarya; these domains of life are distinguishable by cellular structures,
processes of cell division, and molecular signatures.  About 2.2 billion years ago, the
Eukarya domain of life began from interactions between two single-celled organisms, one
from the domain Bacteria that was living inside a cell from the domain Archaea.

Over billions of years, the two cells co-evolved, with the internal cell becoming the
mitochondria of the outer cell. This theory on the origin of Eukaryotes, those forms of life in
the domain Eukarya, is called the endosymbiont theory (the prefix endo meaning inside) and
was first proposed by a Russian botanist Konstantin Mereschkowski in 1910 and then further
substantiated by Lynn Margulis (previously Lynn Sagan) in 1967. 

The process of creating endosymbionts, called endosymbiogenesis, occurs naturally in a
wide variety of species (for example in insects). 

Recently, it has been demonstrated that endosymbiogenesis can be re-created in the
laboratory by modifying otherwise free-living bacteria into endosymbionts that can survive
inside and interact, with yeast  or, as we have shown, as functionally engineered
endosymbionts in mammalian cells (Fig.1). 

We began engineering endosymbionts to create biological remote control modules that we
can use to direct the fates and functions of mammalian cells from a distance.  Much like a
TV remote control can be used to change the channels and settings of your television,
engineered endosymbionts could be used to change the settings and functions of cells in the
body. This way, it may be possible to control cells in the liver, heart, brain, or other tissues
using energy from outside the body. For example, engineered endosymbionts could control
immune cells  or be used to guide tissue regeneration and deployed in the body to replace
lost or damaged tissues. In the initial studies, we used sugars to control the engineered
endosymbionts. 

We have also been investigating ways to both image and control endosymbionts from
outside the body with electromagnetic energy. 
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To demonstrate the possibility of external control of mammalian biology, we have engineered
bacterial cells to respond to alternating magnetic fields by locally generating heat that can, in
turn, activate genetic programs using tunable thermal switches.  Since magnetic fields
can be delivered anywhere in the body, it will be possible to generate local magnetothermal
energy in specific organs to turn on or off genetic networks at will. Although not in the form of
endosymbionts, bacteria have been used to redirect stem cells into heart cells by delivering
proteins. These transcription factors activate genetic pathways in mammalian cells,
suggesting that engineered endosymbionts could also be used to guide the regeneration of
mammalian organs.

Figure 1: Images of mammalian cells harboring engineered endosymbionts. Engineered endosymbionts
(pink) have been designed to live in the cytoplasm of mammalian cells where they remain viable and

intact, visible as pink, rod-like structures. The DNA in the nuclei of the mammalian host cells is stained
blue, the phagosomes that could destroy endosymbionts are stained red, and the membranes of the

mammalian cells are stained green. Micrographs were taken by Drs. Cody Madsen (now at Livermore
National Laboratories) and Ashley Makela in the Contag lab.

Lessons from nature

Endosymbionts are, by definition, cells of two different forms of life, one living inside the cell
of the other (intracellular), and these symbiotic relationships occur naturally in many species.
Intracellular bacteria can also have a pathogenic, disease-causing relationship with their
hosts. It was likely the case that two billion years ago, the origins of the mitochondria and
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chloroplasts of plants resulted from a pathogenic interaction between different types of
single-celled organisms that then evolved into a symbiotic relationship and eventually into
organelles (mitochondria and chloroplasts) inside the host cells.

Organelles cannot live outside the host cell because they only have remnants of their original
genomes as they evolved towards a minimal genome while relying on many functions from
the host cell. The genes in these genome remnants have been used to infer the original
species of Archaea. The naturally occurring interactions between bacteria and other cell
types can teach us how to engineer endosymbionts, and the principles of synthetic biology
can be applied to engineer endosymbiotic relationships. Synthetic biology is a field of
technology that uses engineering principles in biological systems. In this way, parts of
naturally occurring intracellular bacteria, such as Listeria monocytogenes, can be removed
and used to convert other types of bacteria, such as Bacillus subtilis, into engineered
endosymbionts. 

Regenerative medicine

The discovery of the proteins that can convert differentiated cells into pluripotent stem cells
 revolutionized the field of regenerative medicine by enabling the generation of stem cells

from adult cells, and these induced pluripotent stem cells (iPSC) could then be differentiated
into any type of specialized cell. The transcription factors used to make iPSC, Oct4, Sox2,
Klf4, and c-Myc, have been introduced in various ways into mammalian cells, including in
human cells.  These transcription factors control multiple genetic networks that then
reprogram cells. Many ways of introducing the genes that encode these factors into host
cells result in genome modification, raising a regulatory challenge for medical applications.
Engineered endosymbionts can deliver transcription factors to cells without modifying the
host genome .

Engineered Endosymbionts can be engineered to deliver large amounts of genetic cargo that
can control many cellular processes using a myriad of genetic controls and switches. These
features make engineered endosymbionts a potentially powerful tool for cellular control.
Stem cells have a dramatic replicative capacity, and a small number, even one  of these
cells, can regenerate an entire tissue; this capability can compensate for the anticipated
inefficiency of uptake of engineered endosymbionts by mammalian cells. The potential for
guiding cellular fates and functions with engineered endosymbionts is extraordinary.

Minimal genomes

During evolution, the genomes of organelles were reduced to a minimum size to provide only
limited functions, ensuring dependency on the functions from the host. Recently, a
completely synthetic bacterial genome has been used to engineer a minimal genome
bacterial cell, which is still capable of autonomous replication. 
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The limited capability of this minimal genome bacterium offers an ideal chassis on which to
build the next generation of engineered endosymbionts. We can use the lessons learned
from both eukaryotic evolution and natural intracellular bacteria and the opportunities to
engineer minimal genome bacteria to create engineered endosymbionts that function as
transplantable, portable, synthetic organelles to control a wide range of cellular functions.
The field of engineered endosymbionts is in its infancy, but the potential of this approach for
engineering integrated biosystems and revolutionizing medicine is immense.
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