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Living therapeutics:
Scientists genetically modify bacteria to deliver drugs
By Amy Maxmen
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In 2004, Laurel Lagenaur was struck by a 
report from the United Nations showing that 
HIV was increasingly infecting women, who 
accounted for nearly half of the 38 million 
adults living with HIV worldwide1.  Until 
then, researchers in the US had considered 
the disease to strike primarily men who had 
sex with men. As the director of research at 
Osel, a biotech start-up based in Mountain 
View, California, Lagenaur began to ponder 
ways to address the growing crisis. The 
company, whose mission is to genetically 
engineer commensal bacteria to be more 
beneficial to health than they naturally 
are,  learned of proteins that inhibit HIV 
from binding to cell surfaces. So, it started 
to explore ways of manipulating bacteria to 
express these molecules. 

Now, after a decade of research, Osel’s 
creation, along with several other companies’ 
products that contain live, genetically 
modified microbes, are nearing the clinic. 
Many of the microbes under exploration 
provide a more efficient process of drug 
delivery when compared to therapeutics 
currently produced within—and extracted 
from—recombinant bacteria. These 
recombinant bacteria make specific proteins, 
thanks to genes that scientists have inserted 

into the microbes. Conventionally, companies 
grow recombinant bacteria in large vats 
and capture their products for processing, 
before giving these products to humans 
as treatment. But now, researchers want to 
administer the recombinant bacteria directly 
to patients. Once inside a person, the bacteria 
would act like little factories, pumping out 
the therapeutic. 

The new products ride on a wave of 
research showing how some living bacteria 
can positively influence health. “When we 
started this 25 years ago, people thought 
we were totally crazy to want to inject 
humans with live bacteria,” says David 
Bermudes, a microbiologist at California 
State University, Northridge, who studies 
how living, pathogenic bacteria might be 
genetically modified to fight cancer. “But 
now, with interest in the microbiome and a 
growing appreciation for probiotics, the field 
is heating up.”

Probiotics 2.0
Unlike probiotics—microbes thought to 
provide a health benefit, including those 
found in yogurt, kimchee and other foods—
these genetically modified bacteria will be 
assessed as drugs because researchers hope to 

claim that they treat, cure or mitigate disease. 
The US Food and Drug Administration 
(FDA) is currently reviewing several of 
the products, calling them “live microbial 
vectors” to reflect drug delivery, or “live 
biotherapeutic products,” which include 
any bacteria that would be given to people 
to treat or prevent disease, too. Informally, 
researchers call the new products “designer 
probiotics” and “probiotics 2.0.” 

In 1978, insulin became the first drug 
derived from recombinant Escherichia 
coli, and it received approval in 1982. Soon 
after this, researchers began to test how 
well various microbes could produce other 
therapeutic proteins. Molecular biologist 
Lothar Steidler, at the time based at Ghent 
University in Belgium, and his colleagues 
realized that they could easily insert genes 
into bacteria that, unlike E. coli, are not 
potential pathogens. “That really fired up 
our imagination,” Steidler says. Rather than 
grow recombinant bacteria in vats, extract the 
therapeutic and manufacture it into a form 
fit for consumption, patients could simply 
consume the recombinant bacteria directly.

Steidler and his colleagues genetically 
engineered Lactococcus lactis, a bacterial 
species used frequently in the production 
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flavored solution and swirl that around their 
mouths,” explains Joslyn. In the first study 
in patients, conducted in 2012, those who 
swished with the bacteria three times a day 
for two weeks experienced a 35% reduction 
in the number of days that they suffered from 
ulcerative mucositis, as compared to those in 
the placebo arm5. A phase 2 clinical trial is 
slated to launch next year. 

Meanwhile at Osel, Laurel Lagenaur has 
made strides with a product that aims to 
arm vaginal bacteria to protect women from 
HIV. Normally, the predominant bacteria in 
the vaginal microbiome belong to the genus 
Lactobacillus. A tilt away from Lactobacillus 
toward other microbes often signals bacterial 
vaginosis or a urinary-tract infection. These 
infections trigger an immune response, which 
in turn increases a woman’s susceptibility to 
HIV. Normally, a person will take antibiotics 
to eliminate the ‘bad’ bacteria and make 
room for Lactobacillus’ return. But to tackle 
all of these issues at once, Lagenaur says, she 
and her colleagues started to think about 
repopulating women with Lactobacillus, and 
simultaneously, making recombinant bacteria 
that express an HIV inhibitor.

Lagenaur set out to modify Lactobacillus 
jensenii, a commensal organism in the vaginal 
microbiome, to secrete the antiviral protein 
cyanovirin, which inactivates HIV by binding 
to it and thus prevents the viral particles 
from attaching to the mucosal surfaces of 
the vagina. She says that it took years of 
research, in part because these microbes are 
a little more difficult to engineer than E. coli. 
Specifically, her team had to figure out how 
to insert foreign genes without reducing the 
microbes’ potential to multiply. Once they 
solved that issue in the early 2000s, it was a 
matter of making sure that the engineered 

of dairy products such as cheese, because 
they knew that it was safe for people to 
consume. They inserted a gene that encodes 
a human-like anti-inflammatory cytokine 
called interleukin-10. As long as the bacteria 
were alive, they would continuously secrete 
interleukin-10. When mice with intestinal 
inflammation swallowed these engineered 
bacteria, the microbes migrated into their 
guts, where the secreted protein calmed the 
inflammation2. 

To prevent the independent survival of 
genetically engineered organisms in the 
environment, Steidler and his colleagues 
produced a strain of L. lactis with a built-in 
mechanism for containment. Specifically, 
the strain lacked the ability to synthesize a 
DNA building block required for the bacteria 
to live independently, called thymidine3. To 
survive, the modified bacteria must be in 
an environment—such as a human body 
or a lab dish—where thymidine is present. 
Because thymidine is absent in nonliving 
matter such as soil, this engineered strain 
of L. lactis cannot survive in a natural 
environment, which thereby lowers the risk 
that the inserted gene might transfer into the 
genomes of other bacteria that may also be 

in these ecosystems.  “We presented this to 
[regulatory] authorities on both sides of the 
Atlantic,” Steidler says, “and they all agreed 
that we had a very efficient containment 
system.” 

Furthermore, the FDA’s Center for 
Biologics Evaluation and Research oversees 
“live biotherapeutic products” and requests 
extensive proof that the drugs that they are 
engineered to produce are pure. In addition, 
investigators or institutions that receive 
funding from the US National Institutes of 
Health (NIH) must submit their protocols 
to the agency’s Recombinant DNA Advisory 
Committee. Committee officials say that they 
are now less concerned about inserted genes 
‘jumping’ out of the modified organisms 
and into natural organisms than they were 
40 years ago, when the committee formed. 
That’s because researchers have watched the 
recombinants proliferate alongside normal 
counterparts in the same incubators and 
petri dishes in the lab, and these jumps do 
not seem to occur, says Carrie Wolinetz, the 
NIH’s associate director for science policy. 
Instead, the group has shifted much of its 
attention to patient safety.

Commensal concoctions
Back in 2006, Steidler and his colleagues 
launched a Belgium-based biotech company, 
ActoGeniX, around engineered L. lactis 
(Intrexon acquired the company in 2015 
for $60 million). From their first study of 
patients with inflammatory bowel disease, 
the researchers learned that capsules of the 
bacteria were safe but vacated a person’s gut 
too rapidly to have an effect on the disease. 
They have since re-engineered a strain that 
survives in the intestines longer, and that 
produces a different anti-inflammatory drug 
called antitumor necrosis factor4. 

Another strain of L. lactis made by 
ActoGeniX is geared toward people with 
head and neck cancer. In response to 
chemotherapy, patients frequently develop 
mouth sores—a condition called oral 
mucositis. To prevent and treat their wounds, 
this strain of recombinant bacteria carries a 
gene encoding the human protein trefoil 
factor. This protein is normally secreted in 
saliva after an injury, such as a burn on the 
roof of the mouth from a slice of hot pizza, 
says Alan Joslyn, president at Oragenics, a 
biotech company based in Tampa, Florida, 
that has licensed the technology. Once inside 
a person’s mouth, the bacteria secrete trefoil 
factor, and that protein helps to stabilize 
the mucus layer and heal wounds in the 
epithelium. “We freeze-dry the bacteria, and 
patients dump the powder into a raspberry-
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Live delivery: Scientists are engineering bacte-
ria so that they pump out therapeutics inside 
the human body. Patients would inject, ingest 
or insert as a suppository the live bacteria to 
treat a variety of conditions. Lactococcus lactis, 
which is used in the production of dairy prod-
ucts, is genetically engineered to secrete trefoil 
factor, a protein that protects and heals oral 
tissue damaged by chemotherapy. Attenuated 
Salmonella typhimurium, which is normally a 
pathogen, is modified to produce small hairpin 
RNAs that suppress tumor growth. L. lactis is 
genetically engineered to produce antitumor 
necrosis factor to calm inflammation from 
inflammatory bowel disease. And Lactobacillus 
jensenii, a normal inhabitant of the human 
body, is modified to produce cyanovirus, which 
helps to block HIV infection in the vagina.

HIV health: Laurel Lagenaur, who engineers 
bacteria for anti-HIV therapy.
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and that the inhibitors will impede cancer’s 
defense against it. At the request of the FDA, 
however, the company put its trials on hold 
temporarily in late October, after a blood-
culture sample from a patient with pancreatic 
cancer tested positive for Listeria. Fearful that 
the organisms could cause a severe infection, 
clinicians cleared the bacteria by treating the 
patient with antibiotics, and the temporary 
hold was lifted in late November. 

The list of risky bacteria being engineered 
for therapeutic purposes does not end there. 
Animal studies on, for example, attenuated 
Salmonella have shown promise against 
cancer8. And E. coli engineered to fool the 
toxins excreted in shigellosis and cholera 
infections have protected mouse models 
of these diseases9. Specifically, the bacteria 
act as decoys by expressing surface proteins 
that cause toxins to attach to the E. coli cells 
instead of to human cells and thus should 
help to prevent disease. However, work on 
those live bacteria seems to have been paused 
owing to a lack of funding. 

Bermudes predicts that live bacteria given 
through a person’s bloodstream will take 
longer to receive approval as therapeutics 
for patients than the other modes of therapy. 
“I think the relative ease of treating the gut, 
mouth and vagina will mean that bacteria 
targeting these tissues will be the first to enter 
the clinic,” he says. “I hope not too far behind 
are the intravenous ones for cancer.” 

In the future, researchers imagine other 
uses for bacteria. Some researchers have been 
developing Lactococcus so that it will secrete 
proinsulin after being ingested by patients 
with diabetes, which would prevent the 
stage of disease that requires daily shots. For 
cancer, scientists imagine bacteria ushering in 
a wave of targeted immunotherapy. “Twenty-
five years ago, people called this stupid and 
a waste of time,” says Steidler. “But I think 
they’ll be proven wrong.” 

Amy Maxmen is a freelance science journalist 
based in Berkeley, California.
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surgeon William Coley infected cancer 
patients with Streptococcus. Sometimes, their 
tumors shrank, but other times, his patients 
were stricken with dangerous Streptococcus 
infections. His human experiments were put 
on hold owing to these adverse events. But 
in the following decades, biologists explored 
how the pathogenic bacteria were fighting 
tumors in animals and in petri dishes. They 
found that these bacteria thrive in dense 
tumors because they prefer to proliferate in 
environments with low or no oxygen. Inside 
the tumor, the bacteria consume cancerous 
tissue, starve the tumor of nutrients and 
trigger a local inflammatory response. 

Shibin Zhou, an oncologist at Johns 
Hopkins University School of Medicine in 
Baltimore, focuses on Clostridium novyi, a 
bacterium implicated in potentially lethal 
wound infections. Zhou and his colleagues 
have made the microbe safer for people 
by removing a gene that encodes a cell-
damaging toxin called α-toxin. Inside a 
tumor, Zhou says, the bacteria trigger a 
local inflammatory response that eventually 
stimulates a T cell attack that targets the 
tumor. In 2014, his team found that injections 
of attenuated C. novyi reduced the size of the 
tumors in 6 out of 16 dogs, and in one patient 
with advanced leiomyosarcoma (the only 
patient treated)7. In a phase 1 trial currently 
recruiting patients, researchers will pay 
close attention to whether the bacteria cause 
systemic infections that cannot be averted 
rapidly by antibiotics. Zhou has also started 
to develop a new strain of attenuated C. novyi 
that expresses genes to help the body to fight 
cancer. 

To cripple the pathogenicity of Listeria 
monocytogenes—an organism known to 
cause serious food-borne infections—
Stephen Isaacs, now CEO at Aduro Biotech 
in Berkeley, California, deleted genes that 
help L. monocytogenes to invade liver cells. 
He and his colleagues then inserted genes 
to make Listeria express a tumor protein 
called tumor-associated antigen mesothelin, 
so that the bacteria would spur a potent 
immune response. Aduro’s early studies on 
this strain, called CRS-207, in patients with 
pancreatic cancer showed that the injections 
lead to flu-like symptoms that last up to 30 
hours. Isaacs says that this is an acceptable 
cost for patients with advanced pancreatic 
cancer who have few options. However, 
in the phase 2 trial, reported in May, CRS-
207 proved no more effective at fighting 
cancer than standard chemotherapy. In the 
future, Aduro will combine CRS-207 with 
checkpoint inhibitors. The idea is that the 
bacteria will induce an inflammatory attack, 

L. jensenii would replicate, so that the gene 
encoding cyanovirin would be continuously 
expressed. In 2011, Lagenaur reported that 
63% of monkeys given an intravaginal dose 
of the engineered L. jensenii and exposed 
to the monkey form of HIV (SHIV) did not 
become infected6, as compared to 35% of the 
control group that did not become infected. 
Osel intends to launch human studies by early 
2018. 

In the meantime, the group is learning 
how to best deliver its bacteria through 
phase 2 trials testing whether L. crispatus, 
another bacterium commensal in the vagina, 
can prevent the re-occurrence of bacterial 
vaginosis and urinary-tract infections. These 
bacteria are not genetically engineered. 
Rather, they are freeze-dried into a powder 
preparation called LACTIN-V, which is 
inserted into the vagina as a suppository. 
Although LACTIN-V does not directly act 
against HIV in the way that engineered L. 
jensenii does, Osel hopes that the powder will 
prevent vaginal infections and thus reduce 
the risk of contracting HIV. Participants will 
use the product daily after taking antibiotics. 
The idea is that the inserted microbes could 
help to keep healthy Lactobacillus in the 
vaginal microbial population after the 
antibiotics void the space of all bacteria—
good and bad. Osel will assess whether 
women’s vaginal microbiomes become 
colonized by L. crispatus by testing women 
periodically using vaginal swabs. Lagenaur 
says that the company has begun to create 
a kit that women could use to monitor 
themselves, but that it is still in early stages 
of development. 

Pathogenic helpers
Other projects flirt with engineering bacteria 
that can sometimes be life-threatening, as 
opposed to commensal bacteria, such as 
Lactobacillus, that live safely within us. The 
first well-documented uses of pathogenic 
bacteria for therapy date back to 1891, when 

Healing wounds: Pieter Rottiers (left) and Lothar 
Steidler (right) of Intrexon, which has  
developed anti-inflammatory products.
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