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Advances in scientific research suggest the possibility of a viable biosynthetic blood  
technology that could radically transform the health outcomes of people around the world. 
Such a development would enhance a drastically insufficient global supply of red blood cells 
needed for transfusions, while also mitigating severe risks to donor supply precipitated by  
future pandemic or environmental catastrophes. However, insufficient funding is obstructing  
necessary further development. There is a pressing need for focused investment to advance 
scientific development, and an opportunity for government and philanthropic funds to help 
ensure that safe, efficacious biosynthetic blood becomes commercializable in a manner that 
enables global affordable access.
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CORRIGENDUM

In the version of this article initially published, it was stated that clinical 
trials for Hemarina M101 had been suspended. In fact, at the time of 
publication, Hemarina’s HEMO2life® had just received CE approval for 
the preservation of kidney grafts for transplantation. The error has been 
corrected in the article below as of January 23 2023. The full published 
corrigendum can be accessed here.

https://insights.bio/cell-and-gene-therapy-insights/journal/article/2711/Corrigendum-to-thinking-ahead-developing-biosynthetic-blood-to-anticipate-donor-drought
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INADEQUATE GLOBAL BLOOD 
SUPPLY TO MEET GLOBAL 
DEMAND RISKS CATASTROPHE

There is a tremendous global need to devel-
op a sufficient, sustainable, and safe blood 
supply for a wide variety of medical needs. 
Blood transfusions are critical in treatments 
and surgeries across many disease fields, 
from sickle cell to cancer to renal disease and 
many others, as well as for addressing trau-
matic injuries. Hemorrhage kills approxi-
mately two million people around the world 
every year [1]. It is responsible for more than 
a quarter of maternal deaths, approximate-
ly 70000 women, per year [2]. In the USA 
alone, approximately 40000 pints of blood 
are transfused daily, over 4.5 million Ameri-
cans receive transfusions annually, and more 
than 60000 Americans die of blood loss ev-
ery year [3]. There are an estimated 118.5 
million blood donations worldwide every 
year of approximately 1  pint per donation 
[4]. Unfortunately, the 118.5 million pints 
of blood donated annually, with the inher-
ent challenges of maintaining a secure blood 
supply, are insufficient to meet global need, 
particularly in low- and middle-income 
countries (LMICs) [5]. In 2013, the World 
Health Organization (WHO) added whole 
blood and red blood cells to the Essential 
Medicines List, emphasizing the ‘essential’ 
aspect over the sticking point that blood is 
not a medicine per se [6]. 

There are stark discrepancies in access 
to safe blood supply between high-income 
countries (HICs) and LMICs. Of the 118.5 
million annual blood donations worldwide, 
40% are collected in HICs, and the median 
blood donation rate for lower-middle and 
low-income countries is 6.6 donations per 
1000 people and 5.0 donations per 1000 
people, respectively, compared to 31.5 do-
nations per 1000 people in HICs [7]. A full 
sixty countries report less than 10 donations 
per 1000 people. In 2019, 61% of coun-
tries were found to have had insufficient 
blood supply to meet their needs, including 

every country in central, eastern, and west-
ern sub-Saharan Africa, Oceania, and south  
Asia [5]. 

This is to say nothing about the difficul-
ties many LMICs have in maintaining or 
guaranteeing the safety of what little blood 
they may be able to access; LMICs, for a va-
riety of reasons ranging from infrastructure 
to inadequate safety practices, have greater 
risks of transfusion-transmissible infections 
in the blood supply [8]. In HICs, contami-
nated blood transfusions – such as the di-
sastrous transfusions by the UK’s National 
Health Service that led to thousands of pa-
tient deaths and many more life-threatening 
illnesses – are considered a national tragedy. 
In many LMICs, unfortunately these risks are 
routine, if no less devastating [9].

The likelihood of future catastrophic 
events – whether pandemic, environmen-
tal, or both – underscores the global risks of 
an inadequate supply of safe blood. During 
the Omicron surge of the COVID-19 pan-
demic, a 10% reduction in blood donations 
prompted the American Red Cross to de-
clare the first ever blood crisis in the USA 
[10], and led to unprecedented temporary 
hospital closures, as well as delays and can-
cellations of surgeries [11]. The pandemic 
has caused decreases in donations elsewhere, 
as well [12]. More virulent pathogens re-
quiring extended periods of quarantine or 
blood-borne pathogens presenting challeng-
es for screening blood donations may lead 
to an even more serious crisis of blood sup-
ply [13]. And as climate change continues to 
present a global threat to health and safety, 
extreme weather and severe weather-related 
disasters will further inhibit blood donations 
while spiking demand [14]. 

BIOSYNTHETIC BLOOD OFFERS 
TRANSFORMATIVE POTENTIAL 
FOR GLOBAL BLOOD SUPPLY, BUT 
MORE DEVELOPMENT IS NEEDED

Fortunately, promising scientific research 
has shown success creating red blood cells 
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(RBC) from human stem cells that mimic 
human donor blood, suggesting that there 
is a real possibility to develop an unlimited 
biosynthetic blood supply through creation 
of these biosynthetic RBCs. However, suf-
ficient investment is needed to bridge the 
gap between the science and an available 
product. Efforts are underway to develop 
and manufacture biosynthetic red and white 
blood cells, as well as platelets using several 
distinct starting materials, including human 
pluripotent stem cells (hPSCs) – including 
human embryonic stem cells and human in-
duced pluripotent stem cells – hematopoietic 
and progenitor stem cells, and conditionally 
immortalized erythroid progenitor cell lines 
[15]. iPSCs can be biochemically engineered 
and manufactured at large scale once the pro-
cess is optimized, and have limitless growth 
and differentiation potential. In 2019, the 
first-in-human clinical trial took place trans-
planting iPSC-derived platelets into an aplas-
tic anemia patient with alloimmune platelet 
transfusion refractoriness (i.e., the patient 
was having a negative reaction to platelets 
from healthy donors) [16]. The clinical trial 
involved three transplantations and provided 

proof-of-concept (POC) verifying the safety 
of a transplanted iPSC-derived platelet prod-
uct. Separately, a proof-of-concept Phase  1 
trial demonstrated in-human safety and GMP 
manufacturing of bioengineered red blood 
cells, and another similar study is currently 
underway in the UK [17]. There are robust 
in vitro assays and tools to assess the safety 
and efficacy of these biosynthetic red blood 
cells, at least one company has indicated the 
ability to scale manufacturing up to 200 li-
ters [18], and many studies exist showing the 
proper functioning of biosynthetic red blood 
cells. Recently, a collaborative research team 
at NHS Blood and Transplant successfully 
expanded isolated hematopoietic stem cells 
from adult peripheral blood by 100,000-fold, 
in which, 30% is transfusable post filtration 
[19]. Among the ten healthy volunteers in 
this clinical trial, two have begun normal and 
biosynthetic blood transfusions to study its 
intended efficacy.

Unlike artificial blood, which encompasses 
molecules and polymers that mimic the oxy-
gen carrying capacity of red blood cells but 
has a history of side effects and short lifetime 
when transfused into the body, biosynthetic 

 f FIGURE 1
Definition of biosynthetic versus artificial blood research.
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blood has a more promising chance of func-
tioning as an effective replacement for donor 
blood (see Figure 1).

A safe, efficacious, and non-limited supply 
of biosynthetic blood would be a game-chang-
er – alleviating the strain on an otherwise un-
sustainable global blood supply by reducing 
overreliance on the availability of donations, 
and greatly reducing the risk of transmissions 
of pathogens via transfusion. For LMICs in 
particular, biosynthetic blood offers the po-
tential of building up supply for critical ser-
vices. For the nearly one-third of women in 
sub-Saharan Africa and South Asia who are 
anemic and thus at elevated risk of postpar-
tum hemorrhage, biosynthetic blood may 
make the difference between life and death 
[20,21]. For the many patients in LMICs who 
need transfusions for any of a wide variety of 
illnesses, including children who have high 
prevalences of severe anemia and the 236000 
children in Sub-Saharan Africa born each 
year with sickle-cell disease [20,22], access 
to biosynthetic blood may lead to improved 
health outcomes. 

Unfortunately, further development has 
been stifled by insufficient funding. Federal 
agencies have focused funding for decades on 
artificial (synthetic) blood substitutes based 
on purified forms of hemoglobin to provide 
oxygen carrying capacity in acute blood loss 
situations [23]. Despite some advances, no 
synthetic blood substitutes are approved for 
use in the US or Europe. Significant safe-
ty issues and high mortality [24], including 
myocardial infarction and death, have been 
associated with the use of these artificial 
blood products [24]. Some synthetic products 
such as Erythromer [25] are still proceeding 
through early-stage development. In a first 
for the category of oxygen carriers Hemari-
na’s HEMO2life® just received CE approval 
for preservation of kidney grafts for trans-
plantation [26]. And while a retrospective 
study of ten patients showed one artificial 
blood product to provide an effective oxygen 
bridge for patients unable to be transfused 
with RBC [27], other case reports illustrate 

the significant challenges with use of artificial 
blood [28]. 

Funding from government, foundations 
and investors for creation of new thera-
pies from stem cell science has been heavily 
weighted on the development and commer-
cialization of white blood cells to be used for 
cancer therapies (e.g., CAR-T cells for use 
against cancer). The price of a bag of blood 
or platelets is a tiny fraction of the price of 
a cancer therapy, making it a less attractive 
investment opportunity for the medical in-
dustry. Lack of funding from investors and 
industry has hindered the development of 
biosynthetic blood products able to address 
urgent, life-threatening issues globally.

GOVERNMENT & 
PHILANTHROPIC 
INVESTMENT SHOULD 
PUSH THE DEVELOPMENT 
OF BIOSYNTHETIC BLOOD 
TO ENSURE SUSTAINABLE, 
COMMERCIALLY VIABLE & 
EQUITABLE GLOBAL ACCESS

The current status of the research leaves a 
significant opportunity for increased govern-
ment and philanthropic funding to catalyze 
the development of biosynthetic red blood 
cells, including efficient and effective man-
ufacturing processes that will ensure world-
wide availability in ways that are attuned to 
infrastructure limitations in LMICs. The 
Defense Advanced Research Projects Agency 
(DARPA), with its ‘Blood Pharming’ pro-
gram, has demonstrated some interest in 
this field as well due to logical applications 
for the military [29]. The Biomedical Ad-
vanced Research and Development Authori-
ty (BARDA) has provided some funding for 
the development of human stem-cell derived 
platelets [30]. These are positive advances, 
but more targeted investment is needed in 
a manner that fosters increased collabora-
tion while appropriately reflecting urgency. 
Funding to date has helped academic labs 
to do preliminary research, but there has 
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not been a unified effort to raise funds to 
get biosynthetic blood from concept to pa-
tient. Such an effort would constitute a ma-
jor investment in pandemic and catastrophe 
preparedness that, as with the important re-
search done on mRNA vaccines prior to the 
COVID-19 pandemic, may help mitigate 
future crises. 

Translating biosynthetic blood from con-
cept to patient will require targeted funding to 
advance efforts in (1) generating functionally 
mature RBCs and (2) scaling up RBC man-
ufacturing to enable cost-effective high-vol-
ume production of therapeutic dosages. 

For instance, human pluripotent stem cells 
are a favored starting material for RBC gener-
ation [15]. However, hiPSC-derived RBCs re-
main functionally immature; they express fe-
tal globins (HbF) as opposed to adult globins 
(HbA). Fetal and adult hemoglobins have 
different oxygen binding kinetics, meaning 
that this difference in protein expression af-
fects cell functionality and therefore potential 
clinical efficacy [31]. While there are efforts to 
both improve the maturity of hiPSC-derived 
RBCs and assess the clinical potential of the 
immature hiPSC-derived RBCs [32,33] it is 
clear that additional effort is needed to clear 
this scientific hurdle. 

In addition to improvements in cell dif-
ferentiation protocols, advancements in bio-
manufacturing will be necessary to enable 
cost-effective biosynthetic RBC production 
at the scale necessary to generate therapeutic 
doses (one unit of blood = 2 trillion RBCs). 
Currently, hospitals in the USA use roughly 
29,000 units of RBCs per day. This represents 
an annual requirement to manufacture  
>2×1019 cells. Generously assuming upstream 
cell densities of 5×108 cells/ml are achievable 
and a total process cycle time of 21-days, ap-
proximately 2.4 million liters in biomanufac-
turing capacity (i.e., cumulative bioreactor 
volume), producing 42.3 million liters of up-
stream product, would be required to supply 
the US market alone. For context, as of 2021, 
the total US biomanufacturing capacity 
was 5.5 million liters distributed across 598 

facilities. Biomanufacturing on this scale for a 
single product is unprecedented and presents 
a range of complex logistical and engineering 
challenges.

Practically, the first use of biosynthetic 
RBCs would be for niche transfusion applica-
tions because of lower production volume re-
quirements and higher sale prices. Hospitals 
typically pay between $200–300 USD per 
unit of RBCs ($0.10–0.15 per billion RBCs). 
As RBCs are a high-volume commodity used 
across a wide variety of applications, the aver-
age value-add for a unit of biosynthetic RBCs 
is not meaningfully higher than a donated 
unit. Accordingly, assuming profitability 
could be achieved with a 25% gross margin, 
the COGs target for a unit of biosynthetic 
RBCs becomes $150–225 USD ($0.08–0.11 
per billion RBCs). The targeted application 
of biosynthetic RBCs in applications partic-
ularly underserved by donor derived RBC 
products has the potential to enable market 
entry at a higher sale price. For example, pat-
ents alloimmunization to RBC antigens must 
be transfused with phenotypically matched 
units of RBC, which are more expensive to 
procure. Biosynthetic RBCs with a broadly 
compatible phenotype would be a suitable re-
placement for the more expensive phenotyp-
ically matched units. However, even within 
niche cases, it is unlikely that the price pre-
mium would be both significant and cover a 
large enough patient population to recover 
commercialization costs.

To achieve COGs of $0.08–0.11 per bil-
lion RBCs it is likely that every inefficiency 
associated with the source of cells, upstream 
manufacturing, downstream processing, and 
reagent costs must be overcome. As men-
tioned previously, multiple cell sources have 
been used successfully to generate biosynthet-
ic RBCs. Among them, self-renewing sources, 
such as iPSCs or conditionally immortalized 
erythroid cell lines, are preferred over primary 
stem cells as primary stem cells are challeng-
ing to procure in large quantities and they 
introduce variability into the manufacturing 
process. Currently no viable self-renewing 
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source of starting material that is genetically 
stable, produces adult hemoglobin, and has 
a high enucleation rate has been developed.

The primary challenges in upstream man-
ufacturing are achievable cell densities and 
scale-up. Due to the massive quantity of cells 
in each therapeutic dose of RBCs, ultra-high 
cell densities are required to mitigate unrea-
sonable liquid handling requirements. In or-
der to achieve and support these densities, 
media intensive perfusion cell culture strat-
egies are likely to be needed. Scaling-up the 
process into large volume bioreactors will be 
essential to achieve commercially relevant 
production volumes. The ideal upstream 
process, with lowest potential variable costs, 
would be fully automated and operate con-
tinuously for several months. However, bio-
reactor technology optimized for continuous 
manufacturing of biosynthetic RBCs would 
need to be developed.

The enucleation rate and downstream ef-
ficiency must be improved substantially. The 
largest efficiency loss for self-renewing cell 
sources is the rate at which they eject their 
nuclei and transform from late-stage eryth-
roid progenitors into reticulocytes. Ideally, 
this rate would be above 90% and compa-
rable to those achieved with primary stem 
cells. Furthermore, downstream processes 
that can efficiently process large volumes 
while purifying enucleated cells from close-
ly related nuclei and nucleated cells must be 
developed and optimized.

Expensive reagents are also noted as a 
high cost in RBC biomanufacturing [15]; 
the high cost of reagents per cell could be 
reduced either through the development 

of high-density processes or the systematic 
reduction of reagent component costs [34]. 
Other challenges that must be overcome to 
achieve cost-effective scalable manufacturing 
are apparent in other realms of cell therapy 
manufacturing as well. For instance, high 
facility operation costs could be reduced 
by the development of closed systems that 
enable use of lower-grade cleanrooms [35]; 
high labor costs could be reduced by the de-
velopment of automated processes [36].   

Philanthropy typically plays a compar-
atively smaller role in the medical research 
ecosystem, but can fill key funding gaps to 
de-risk science and shine a light on over-
looked yet impactful projects, and could 
play a critical part here. Philanthropic dol-
lars banded together for recurring invest-
ment may help bring the technology past 
proof of concept to an inflection point.

With biosynthetic blood, additional fo-
cused funding from these sources could help 
move the science through the high costs 
of translational research and ensure that a 
commercializable product can be manufac-
tured cost-effectively and at a scale sufficient 
to create an attractive market opportunity, 
aligning critical investment criteria with 
clear societal demand. The lack of adequate 
industry funding in biosynthetic blood de-
velopment also presents an opportunity for 
government and non-government investors 
to link the funding with clear commit-
ments related to health equity and global 
equitable access [37], in acknowledgment 
of the dire needs in LMICs and the need to 
have biosynthetic blood be made available  
and affordable.
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