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Plant cell-based drug delivery enhances 
affordability of biologics

A 
Correspondence published 
recently in Nature Biotechnology 
discussed the socioeconomic 
potential and commercial feasi-
bility of plant molecular farming1. 

This Correspondence also mentioned the risks 
of new products and platforms while leaving 
out discussion of important new biologic 
products made using plant biotechnology. 
Here, we highlight recent advances in plant 
molecular farming, focusing on methods of 
drug delivery (oral, topical, patches and chew-
ing gum) and the advantages of using plant 
molecular farming methods to reduce produc-
tion costs, thereby enhancing affordability 
and global access.

Oral delivery of protein drugs is one of 
the most challenging methods to develop, 
but it is the most preferred by patients. The 
mucosa of the human small intestine offers 
a large absorption surface area (30 m2). Pro-
tein drugs should be bioencapsulated for 
protection from degradation by stomach 
acids and enzymes, and the use of plant cells 
for delivery is ideally suited for this purpose. 
Human digestive enzymes cleave α-linkages, 
but plant cell wall polymers are linked by 
β-1,4–1,6 bonds, and therefore therapeutic 
proteins bioencapsulated within plant cell 
wall are protected from human digestion2–6. 
However, gut microbes produce enzymes 
that cleave the β-linkages of plant cell wall 
polymers to release the protein drugs2–6. The 
final challenge is delivery across the gut epi-
thelium to the immune or circulatory system, 
which is accomplished by fusion to tags that 

are proteolytically cleaved or by direct deliv-
ery to circulation through the gut–liver axis. 
This approach has enabled alleviation of car-
diovascular conditions by oral ACE2 (ref. 2), 
regulation of blood sugar levels by oral insu-
lin in the same manner as natural insulin3 and 
acceleration of diabetic bone fracture healing 
by oral IGF-1 (ref. 4).

Another intriguing oral delivery application 
is the induction of antigen-specific tolerance 
to prevent formation of anti-drug antibodies 
such as those formed in replacement therapy 
for genetic diseases or to treat autoimmun-
ity or allergies. For example, suppression of 
anti-drug antibodies from injected drugs5 
or gene therapy6 has been demonstrated 
with oral delivery of blood clotting factors 
bioencapsulated in plant cells. Successful 
translation of this approach led to regulatory 
approval of Palforzia, a defatted peanut flour 
containing precise quantities of the major pea-
nut allergens, Ara h 1, 2, 3 and 6. Oral delivery 
of Palforzia is effective in desensitizing people 
who are allergic to peanuts. In a phase 3 trial, 
67% of subjects taking the peanut flour were 
able to tolerate 600 mg of peanut protein, 
compared to only 4% of those on placebo7.

Topical delivery has unique advantages, 
especially the delivery of higher doses to the 
target site. Topically delivered plant cell-based 
biologics are promising candidates for the pre-
vention of anaphylaxis against food allergens 
as demonstrated in the recent completion of a 
phase 3 trial of peanut proteins administered 
to toddlers aged 1–3 years8. Use of the same 
peanut proteins used in oral delivery but 

loaded onto adhesive patches was safe and 
efficacious in inducing tolerance against pea-
nut allergens. Delivery of allergens at an early 
stage of life is more efficacious in tolerance 
induction, and the topical delivery method 
is best suited for infants 6–12 months of age.

Chewing gums containing small molecules 
(for example, aspirin, nicotine, vitamins 
or xylitol) are attractive delivery options 
because they are offered with the desired 
taste and flavor. Until recently, biologics 
had not been delivered via chewing gum.  
A recent study reported CTB-ACE2 produced 
in lettuce as a chewing gum formulation to 
debulk SARS-CoV-2 in swab or saliva samples 
in patients with COVID-19 (ref. 9). The authors 
confirmed neutralization of SARS-CoV-2 Beta, 
Delta and Omicron strains upon treatment 
with CTB-ACE2 chewing gum of saliva or swab 
samples from patients with COVID-19 (ref. 10). 
The US Food and Drug Administration (FDA) 
has approved the evaluation of ACE2 chew-
ing gum to decrease SARS-CoV-2 infection 
and transmission in phase 1/2 clinical trials 
(Investigational New Drug application number 
154807, NCT05433181)10. The authors in this 
study also demonstrated the antiviral efficacy 
of a lectin (FRIL) from lablab bean at neutraliz-
ing different strains of SARS-CoV-2 and potent 
influenza virus strains H1N1 and H3N2 (ref. 10). 
Saliva contain diverse pathogenic viruses, and 
control of aerosol salivary droplets is key to 
preventing virus transmission.

Biologics are unavailable or unaffordable 
to the large majority of the global popula-
tion because of the way they are produced 
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Fig. 1 | FDA-approved biologic drug delivery methods and percentage of 
each method since 2015. Data are from the Center for Biologics Evaluation and 
Research (Biological Approvals by Year) and Center for Drug Evaluation and 

Research (Purple Book) database through December 2022. The FDA has approved 
89 protein drugs since 2015, excluding monoclonal antibodies and vaccines. Red 
indicates that an injection or other invasive method is required for delivery.
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and delivered. The estimated average cost  
to develop a new biological product is  
~$2.6 billion (ref. 11). Among FDA-approved 
biologics since 2015, >90% are injectable drugs 
(Fig. 1), and these are produced in prohibi-
tively expensive fermentation systems, requir-
ing purification and cold chain for storage and 
transportation. These challenges became 
quite evident when only 2.2% of COVID-19 vac-
cines were available for low-income countries 
and 19 million doses were discarded in Africa 
due to lack of cold chain12. While oral or topi-
cal drugs are preferred by patients because 
of their affordability and convenience, only 
two oral and four topical biologic drugs were 
approved by the FDA since 2015.

Per capita prescription drug spending in 
the United States is the highest in the world. 
The interquartile range of biological prod-
uct prices ranged from $18,861 to $288,759 
between 2008 and 2021 (ref. 13). To achieve 
affordability, new modes of protein drug pro-
duction and delivery are urgently needed. In 
this context, it should be pointed out that the 
cost of Palforzia for 360 capsules with pea-
nut cells (annual dose) is ~$2,500, <3% of the 
median annual price of biologics ($84,508)13. 
This median price excludes prohibitively 
expensive gene therapy drugs14,15. Hemophilia 
A drug Roctavian (valoctocogene roxapar-
vovec) costs $2.9 million per patient15 and 
Hemgenix (etranacogene dezaparvovec) for 
hemophilia B costs $3.5 million per patient15.

In summary, the FDA has approved biolog-
ics made in plant cells for oral and topical 

delivery. Biologics in freeze-dried plant cells 
are stable for months or years at ambient tem-
perature and can be applied without purifi-
cation. They substantially reduce the overall 
developmental costs from production to the 
conduct of clinical trials, facilitated by oral 
and topical delivery. Consequently, plant 
cell-based biologics will not only help fulfill 
the therapeutic potential of delivering func-
tional proteins but also address limitations of 
current delivery systems of protein injections 
or gene therapy. The future of plant molec-
ular farming is bright and will lead to many 
more FDA-approved protein therapeutics in  
the future.
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