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Abstract

Engineered red blood cells (RBCs) appear to be a promising method for therapeutic drug and protein delivery. With a number
of agents in clinical trials (e.g., dexamethasone 21-phosphate in ataxia telangiectasia, asparaginase in pancreatic cancer/acute
lymphoblastic leukemia, thymidine phosphorylase in mitochondrial neurogastrointestinal encephalomyopathy, RTX-134 in
phenylketonuria, etc.), this leading article summarizes the ongoing efforts in developing these agents, focuses on the clini-
cal progress, and provides a brief background into engineered RBCs and the different ways in which they can be exploited
for therapeutic/diagnostic purposes. References to available data on safety, efficacy, and tolerability are reported. Due to the
continuous progress in this field, the information is updated as of January 2020 from databases, websites, and press releases
of the involved companies and information that is in the public domain.

Engineered RBCs have now reached clinical develop-
ment with some products already in phase III.

Leading companies in phase III include EryDel SpA and
Erytech Pharma; others have received FDA and/or EMA
clearance for patient recruitment (Rubius Therapeutics
and St George’s, University of London with Orphan
Technologies).

Orphan drug designation has been obtained by the FDA
and EMA for several drug products; several regulatory
paths to approval have been defined with the main regu-
latory agencies.

1 Engineered Erythrocytes

Red blood cells (RBCs) are the most numerous cells pre-
sent in the blood. In a human being, 4-5 million RBCs are
present in each microliter of blood. By a simple estimate
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of 5 L of blood in a 70 kg adult, a total of approximately
20-25x 10'2 RBCs can be calculated. In transfusion medi-
cine, it is common practice to collect blood from healthy
donors to be transfused into compatible patients in need.
This operation, which usually requires 400-450 mL of
blood, can be safely repeated many times every year, as
our hematopoietic system has the ability to replace the
removed RBCs with new erythrocytes with an output of
2.5 million cells per second. Of interest, when mature
human RBCs enter into circulation, they can survive for
more than 110-120 days and are removed from circula-
tion only when they are senescent. Thus, the removal of
the RBCs from the blood is a very sophisticated process
capable of distinguishing, among all circulating RBCs,
only those that have reached their programmed life span.
Human RBCs possess additional advantageous character-
istics. Due to an extreme differentiation process, they have
lost the nucleus and other organelles and are thus consid-
ered a nonviable container of about 90 fl with a bicon-
cave shape and a diameter of 7-8 um. This apparently
simple cell is able to squeeze through human capillaries
(which are <2 um in diameter) without being damaged
and to travel throughout the circulatory system in about
20 s. Because of these special properties, years ago several
investigators hypothesized that erythrocytes could be used
not only to replace blood lost from trauma or for other rea-
sons, but could represent an invaluable cell source easily
available for the delivery of therapeutic and contrasting
agents in the circulatory system.
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Human erythrocytes have been suggested as carri-
ers and bioreactors since 1973 [1]. The basis for these
potential applications derived from the seminal work of
Hoffman [2, 3], who demonstrated that pores opened on
the erythrocyte membrane in hypotonic conditions can be
resealed, restoring the main properties of the native cell
membrane. Since then, many groups have documented the
feasibility of this approach in different animal species [4]
for the encapsulation of therapeutic proteins, antigens,
contrasting agents, small chemical entities [5, 6] as well
as for the delivery of agents coupled to the external surface
of the RBC membrane [7-9]. Thus, in addition to osmotic-
based procedures, RBC engineering can be obtained by
multiple strategies, as reviewed in [10, 11]. It is worth not-
ing that RBCs can serve both as a delivery system for the
release of drugs in circulation and to keep the therapeutic
agent inside the cell while the metabolite to be degraded
crosses the RBC membrane. Both approaches are already
in clinical studies today.

2 Clinical Progress

The clinical developments reported in this section have
received approval by international regulatory agencies;
many have also received the designation of ‘orphan drug’,
and the most advanced are based on solid preclinical and/
or phase I/II clinical investigations. Table 1 summarizes
the therapeutic goals and the drugs discussed in this paper.

2.1 Red Blood Cells (RBCs) for the Delivery
of Dexamethasone

Dexamethasone is a glucocorticoid analog without min-
eralocorticoid activity and with the highest potency with

respect to hydrocortisone. Because of its chemistry, it can
easily cross cell membranes (including the RBC mem-
brane) by simple diffusion. As a consequence, it is not
retained within the RBCs upon encapsulation. This prob-
lem was solved by Magnani et al. [12] by encapsulating
the corticosteroid derivative dexamethasone 21-phosphate
(Dexa 21-P). Specific equipment to perform the encapsula-
tion procedure was also developed [13]. The idea of using
a non-diffusible prodrug of dexamethasone using autol-
ogous erythrocytes was also very beneficial in terms of
pharmacokinetics. In fact, Dexa 21-P is slowly converted
to the diffusible dexamethasone by RBC resident enzymes
and detected in circulation for > 1 month in human vol-
unteers receiving a single infusion of Dexa 21-P-loaded
RBCs [14]. In the same study sponsored by EryDel SpA,
it was also shown that the processed RBCs have normal
in vivo survival and are fully compliant with the rules for
FDA-defined transfusion products. Mambrini et al. [13]
were also able to document that the human RBCs can be
efficiently loaded with a large range of Dexa 21-P concen-
trations while maintaining the RBCs’ fundamental prop-
erties. Dexa 21-P-loaded RBCs have been used in several
investigator-initiated clinical studies in chronic obstructive
pulmonary disorder (COPD) patients [15], cystic fibro-
sis [16], steroid-dependent irritable bowel disease (IBD)
[17], Crohn’s disease [18, 19], and ulcerative colitis [20,
21], documenting safety and clinical effect in hundreds
of patients. Most recently, EryDel SpA started a registra-
tion program in ataxia telangiectasia patients. The treat-
ment received orphan drug designation by both the US
Food and Drug Administration (FDA) and the European
Medicines Agency (EMA). The phase II trial enrolled 22
patients receiving a monthly administration of autologous
RBCs loaded ex vivo with Dexa 21-P for 6 months. It
was very successful, reaching both primary and secondary
endpoints [22], namely improvement of the neurological

Table 1 Therapeutic goals and drugs considered in this article related to the use of drug-loaded red blood cells as therapeutic agents

Condition treated Drug Company

Ataxia telangiectasia Dexamethasone 21-phosphate EryDel
Italy & USA
http://www.erydel.com

Acute lymphoblastic leukemia/pancreatic cancer Asparaginase ERYtech Pharma
France & USA

Mitochondrial neurogastrointestinal encephalomyopathy

Phenylketonuria RTX-134

Thymidine phosphorylase

http://www.erytech.com

St George’s, University of London
UK

The Clinical Trial Company

UK

Orphan Technologies Ltd

CH

Rubius USA
http://www.rubiustx.com
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conditions measured by a validated International Coop-
erative Ataxia Rating Scale (ICARS) and adaptive behav-
ior measured by the Vineland Adaptive Behavior Scale
(VABS), and an acceptable safety profile. Based on these
results, EryDel started a phase III registration study. This
is an international, multi-center, 1-year, randomized, pro-
spective, double-blind, placebo-controlled phase III study
designed to assess the effect of two non-overlapping dose
ranges of Dexa 21-P, administered by IV infusion once per
month, on neurological symptoms of patients with ataxia
telangiectasia. This study is being conducted in 22 centers
located in the US, Europe, Israel, Asia, Africa, and Aus-
tralia (for more details, visit http://www.attest-trial.com).
A total of 180 patients will be enrolled equally into three
groups of two Dexa 21-P doses and a placebo. Patients
completing this study will be allowed to continue treat-
ment in an open-label extension study.

2.2 RBCs for the Delivery of Asparaginase

The idea of using RBCs for the delivery of asparaginase
was proposed by Ihler et al. [1], but without any experimen-
tal evidence for its feasibility. Preclinical investigations in
baboons were reported in 1976 [23], and in monkeys in 1983
[24]. In the years 1990-1996, Ropars and colleagues [25-29]
proved the feasibility and provided evidence that asparagi-
nase-loaded homologous RBCs are safe, well tolerated, and
effective in reducing plasma asparagine in humans. Results
from a phase I/II clinical trial of asparaginase-loaded RBCs
(named GRASPA®, property of Erytech Pharma) in the
treatment of refractory or relapsed lymphoblastic leukemia
were published in 2011 [30]. In 2015, GRASPA was evalu-
ated for the treatment of acute lymphoblastic leukemia in
elderly patients in a phase II study [31]. The dose of 100 IU/
kg was found to show the best safety and efficacy profile
for these elderly patients. However, median overall survival
was disappointing in this treatment regimen, being 15.8
and 9.7 months in the 100 and 150 IU/kg cohorts, respec-
tively. Asparaginase-loaded RBCs were also evaluated in a
phase I study in patients with pancreatic adenocarcinoma
[32] with a reasonable safety profile. Results of a phase IIb
study with erythrocyte-containing asparaginase (now named
eryaspase) in combination with chemotherapy in second-
line treatment of advanced pancreatic cancer were recently
published [33]. The study, funded by Erytech Pharma,
was conducted using the ERYCAPS® technology. For the
entire population, median overall survival in the eryaspase
arm was 6.0 months versus 4.4 months in the control arm
receiving chemotherapy. Median progression-free survival
was 2.0 months in the eryaspase arm and 1.6 months in the
control arm. Overall, the incidence of adverse events was
similar in the two arms. An open-label, randomized phase
III study of eryaspase in combination with chemotherapy

compared with chemotherapy alone as second-line treatment
in patient with pancreatic cancer is ongoing and recruiting
(NCT03665441). The company Erytech Pharma has also
planned a phase II trial in triple negative breast cancer
(NCT03674242) and in other solid tumors, and a phase II
trial in lymphoblastic leukemia.

2.3 RBCs for the Delivery of Thymidine
Phosphorylase

Accumulation of thymidine and deoxyuridine in human
tissues and body fluids, including blood, is a consequence
of a complete or partial absence of the enzyme thymidine
phosphorylase and results in a fatal autosomal recessive
disorder best described as mitochondrial neurogastrointes-
tinal encephalomyopathy or MNGIE (Online Mendelian
inheritance in Man #603041, Genome Database accession
#9835128). The biochemical consequences of a high concen-
tration of deoxyribonucleosides is an increased concentra-
tion of the corresponding triphosphates within mitochondria,
leading to multiple deletions, point mutations, and depletion
in mitochondrial DNA. Moran et al. [34] reported the first
treatment of a MNGIE patient with autologous erythrocyte-
encapsulated recombinant thymidine phosphorylase from
Escherichia coli. A detailed description of the clinical and
biochemical improvements with this treatment was reported
by Bax et al. [35], confirming a successful enzyme replace-
ment therapy for the treatment of MNGIE. These conclu-
sions were confirmed in three patients receiving increasing
doses of the encapsulated enzyme [36], and a full phase II,
multi-center, multiple dose, uncontrolled, open-label trial
will investigate the application of erythrocyte-encapsulated
thymidine phosphorylase (EE-TP) as an enzyme replace-
ment therapy for MNGIE. Three EE-TP dose levels are
planned with patients eventually receiving the dose level that
achieves metabolic correction. The study has a 3-month run-
in period followed by a 24-month treatment phase [37, 38].
The treatment has received the designation of orphan drug
by both the EMA and FDA. At the date of writing (January
2020), this study is not recruiting yet.

2.4 RBCs for the Delivery of Phenylalanine
Ammonia Lyase

Phenylketonuria (PKU, OMIM 261600) is an inborn error
of metabolism caused by inherited mutations in the enzyme
phenylalanine hydroxylase converting phenylalanine (Phe)
into tyrosine. This deficiency leads to systemic accumulation
of Phe, leading to intellectual disabilities and neurocognitive
impairments even in early and continuously treated patients
on a Phe-restricted diet [39, 40]. An enzyme replacement
therapy based on pegvaliase administration (enzyme pro-
duced by BioMarin Pharmaceutical Inc.) has recently been
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approved by the FDA (May 2018) and EMA (April 2019)
for adults with Phe > 600 uM. The administered enzyme is
a pegylated recombinant Anabaema variabilis phenylala-
nine ammonia lyase (PAL) to be administered daily. About
60% of treated patients in a phase III clinical trial achieved
blood Phe <360 uM, but adverse reactions and anaphy-
laxis were associated with this therapy [41]. To overcome
these limitations, a RBC-mediated delivery of PAL was
investigated in a validated murine model of PKU [42, 43].
These experiments provided evidence that pegylation is not
necessary when the recombinant enzyme is administered
encapsulated within autologous RBCs. Furthermore, the
selected dose was equally effective at all time points inves-
tigated, proving that anti-drug antibodies do not inactivate
the recombinant PAL once encapsulated into autologous
RBCs. Recently, Rubius announced that their first product
to be developed would be based on the delivery of PAL
expressed into RBCs (RTX-134) [49]. It is worth noting that
Rubius’ technology, as described on the company website,
is based on CD34+ hematopoietic precursor cells collected
by apheresis from a healthy O-negative donor and purified.
These precursor cell populations are genetically engineered
with a lentiviral vector, or gene cassette, to express PAL
within the cells. The cells are then exposed to media in a
bioreactor to promote further expansion and differentiation
until the nucleus is ejected, resulting in mature reticulo-
cytes to be administered to patients in need. The company
announced FDA clearance of the Investigational New Drug
application in March 2019 [50]. The primary objective of
this study is to evaluate the safety and tolerability of RTX-
134 following intravenous administration of a single dose.
RTX-134 consists of allogeneic human red cells express-
ing AVPAL (Anabaena variabilis phenylalanine ammonia
lyase). The trial is designed to determine a preliminary dose
and inform a dosing schedule that is deemed safe, tolerable,
and potentially effective. Four dose levels are planned and
additional dose levels may be explored. Following admin-
istration, subjects will be monitored until 28 days after last
detection of RTX-134. Detection of RTX-134 will be evalu-
ated using multiple pharmacokinetic and pharmacodynamic
assessments including measurement of trans-cinnamic acid
(tCA). The number of participants was originally planned
to be 12 and the study was due to start in September 2019.
However, currently, based on company disclosure, only the
first patient has been treated, thus delays are expected in the
reading of the clinical data'.

! On March 12, 2020 Rubius Therapeutics announced in a press release
that “the first patient was dosed in the Phase 1b PKU clinical trial of
RTX-134 in January 2020. While there were no reported adverse events
and RTX-134 administration was well tolerated, the results from the first
patient were uninterpretable possibly due, in part, to the low dose of
cells administered and the sensitivity of the flow cytometry assay used
to detect circulating cells. As a result of the deprioritization, the current
Phase 1b clinical trial in PKU will be discontinued."
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3 Preclinical Pipeline

The two companies with the most advanced clinical pro-
grams (EryDel and Erytech) have a robust pipeline with
leading products and developments in additional conditions
and new therapeutics. Rubius has also announced a strong
pipeline with some preclinical data published. Of interest,
due to space limitation, we will address readers to several
reviews that have summarized the potential clinical develop-
ments of several different candidates already tested in suit-
able animal models [44-48]. The envisaged applications
cover many different areas including delivery of small chem-
ical entities, therapeutic proteins, enzymes, immune modula-
tors, and contrasting agents for diagnostic applications.

4 Concluding Remarks

The technology based on the use of RBCs for the deliv-
ery of therapeutic and/or diagnostic agents has strongly
evolved from a research field to advanced clinical develop-
ment programs. Some companies are leading the clinical
applications with products currently in phase III trials and
robust pipelines. The modalities selected by each company
for the production of the modified RBCs are different. While
Rubius’ technology is mainly based on the genetic engi-
neering of precursor erythroid cells to be modified by viral
vectors, expanded ex vivo and differentiated in cell biore-
actors before infusion in patients in need, Erytech Pharma
is producing the modified RBCs in dedicated cell facilities
starting from blood donations obtained by immune-com-
patible donors. In contrast, EryDel processes autologous
blood at the bedside of the patient. In other words, the
patient provides a small amount of blood (i.e., about 50 mL
in most studies), which is processed in a dedicated auto-
mated system (comprising a drug and medical devices) by
a patented technology and re-infused into the original donor
within 1.5-2 h from the time of blood collection. Thus,
each patient receives their own blood once it is processed
by the encapsulation of drugs or other therapeutic agents.
This approach is repeated monthly and does not require a
centralized cell factory and distribution logistics.

The regulatory authorities in the US and Europe have
been involved in several steps of EryDel process devel-
opment. In addition, clearance of all Investigational New
Drug Applications (see Table 2) has greatly contributed
to defining the main regulatory requirements in terms
of safety and efficacy for the benefit of patients in need.
EryDel has shown that transformed RBCs have a 24-h
survival and a half-life in circulation that conforms to the



269

Clinical Development of Drug-Loaded Red Blood Cells

96101 T+0LON
[=URI9T=MEIP® () J=PU0OS

Sunmiooy MQIY=W13);,960T [#0LIN/MOYS/ZI/A0S S[ern[edturd//:sdny - 610¢ BLINUOJON[AUSYJ YIM SHNPY UT ¢ 1-X. 1Y JO KN[IqeIoor, pue K1ofes
PEL-XLA
Sunmioar +$6998€C0LON (ANId1a4dL) AyredoAworeydaouy [eunsojuronse3oIna)N [BLIPUOYD
10K 10N £=YURIZPT=MEIPPHIDONIN=ULIN, $$6998E0LIN/MOYS/Z10/A0T S[ELN[edIUId//:8dNY  6T0T  -OMA U dse[Aroydsoyq durprwAy [, pajensdeouy a1Loorqikrg jo feriy,
asejfaoydsoyd surpruiy g,
CYCyL9C0LON (T-VDP9XY1) DENL JO Judumeal], oury 1sy se ouoly Adesorp
Sunmioay  [=yuelzpg=meipewreyd+yoNL10=u1o); 7y 7y 90 LDN/MOYS/210/A08 s[eInedtur[oyisdny - 8107 -owdy) snsiop Aderayjoway) yiipy uoneurquio)) ur asedselrq jo Apms
1v7S99€0LON (1-899941L) DV(d Ul JUSUIeaL], QUI[-pug sk duoly Aderoy)
Sunmiooy  g=yuelzpg=meippewreyd+yoN o=l | #5990 LIN/MOYS/Z10/A0S sTeInedrur[o/:sdny - 8107  -owey)) snsiop Aderoyjowray)) yiipy uoneurquio)) ur asedsekig jo Apms
BWOUTIOIR)) JTJeaIoueq
081S61C0LON ONEISLIOI AISSAITOI] 10 AUIT PUZ UL X0 TOA 10 SUIGEIOUWDD) YIIM
pawerdwo)  p=yueryz=meippeurreyd-+yo0AI0=w1Idl; 081 S6 [ ZOLIN/MOYS/ZI0/A0T s[erneatuld/isdny 10z paurquo) DY ut paje[nsdesuy aseurderedse- Jo A10Je§ pue Aoeoyyg
SOLOT8TOLON (DM0ANT)
pajerdwo)  9=3juerpz=merpyewreyd+yo0L10=ur1o}; 60,018 TOLIN/MOYS/I0/A0S STeIn[edtuI[d//:sdny  €10T BIWOYNOT ONSEIQOTOATAl AINOY YIIA\ SIUSTIE] J0J JUQUIRaI], VISV ID
808€ZSTOLON IoouR)) oneAIdURd YA SIuoned ul (aseurSeredse-
paerdwo)  z=yueiyz=meipzpewreyd+yoaA1o=wia); 08¢ S 1 0.LDN/MOYS/ZI0/A03 s[etneatuld/:sdny g1z Sunensdesuy s91A001iA 1 Jo uoisuadsng) VSV IO JO UONensIurupy
BIWAYNOT 01
C8LETSTOLON -se[qoydwA T a0y ourT ISIL I sIudned A[Iop[d ut (sseurSeredse-
payerdwo)  g=yueiyg=meippewreyd+yoaA1o=wIa); 78/ 7S TOLDN/MOYS/ZI0/A03 s[etneorurd/:sdny g1z Sunensdeouyg soAo01)Arg jo uorsuadsng) VISVIAD JO UORISTUIPY
LTIS8TISTOLON (TIVLOAIAS VD) erurayne ouse[qoydwd ainoy jo osdejoy
paerdwo)  g=yuelyz=meip2pewreyd+yoaA1o=uwial;/ [ S8 1S 0LIN/MOYS/ZI/A0S S[eIN[eIUId//:sdNy 7107 UNAA Stuaned ul (aseurderedse- Sunensdeouy sa1Lo01hig) vdSV IO
9¥€€CLO0OLON (TIVAS VYD) erwoeno onse[qoydwdT andy jo asde[oy Jo sose)
pardwo) (] =jyuerpz=merpyewreyd+yoaL10=uL10); 9%¢ £ 700 LIN/MOYS/ZI0/A03 s[eLnedturd/:sdny - goog  ut eseurSeredse- papeoT S[[2D poolg poy o1ueSo[[y JO UOHeNSIUIpY
Jseurdeaedsy
€60€9S€0LON (LVAAr-a10) Apms S10Z-¢0-LVAAI oup ut pajedionied oy eise
[=YUeI297=MEBIP29BISLIOANT -0013UB[a, BIXEIY YIA\ SIUSNEd U 91eydsoyd wnIpos SUOSLyIoweXd(]
SupmIooy  UB[QL+BIXB)Y=PU0529sAK00IYKI0=WIN; £ SOE9SE0LIN/MOYS/ZI10/A0S Sfernedturfo//:sdny 8102 K01 A1g-enuy SuIs ) JUSUIBAI], UOISUIXY ‘WlIl-Suo] ‘foqel-uadQ
LOSOLLTOLON
1 7=ueI7 [ =MBIPWAIS
parordwo) AT[OP-+PUB+S[[20+POO[Q-+PII=ULIdN, L080LLTOLIN/MOYS/ZIO/A0T S[ELIEOTUI[Y//:8dNY 910 (LSOLLY) siuoned ISE1o0ISue[a], BIXEIY Ul SAH
¥2608¢COLON
paerdwo) P=2URIPT=MBIPP[IPAIO=ULIY, 7608 ETOLIN/MOYS/ZId/A0T s[eLnfeodturd/:sdny — ¢10g SI99JUN[OA JudNed-UON Ul X9AIH JO [BAIAING PUB AIOAOIIY
6S8ST610LON
pajerdwo) G=YUBI297=MBIP[OPAIO=TIN; 6S8ST6T0LDN/MOYS/ZI0/A0S S[erneorur[o//:sdny €107 (Xo(QAIg) SIOUN[OA AYI[ESH UT SOIoUNoorRWIRYJ XoAIg
8SESSTIOLON (10LVQ4D siuaned eise1od
pajerdwo) [ =)UBI29T=MBIP[OPAIO=WI)]GESST T 0LIN/MOYS/ZI0/A03 s[ernedrur[d/:sdny 010z -13ue[e, eIXR)Y UI 9)eydsoyd WNIpPOS QUOSBYIRWEXI(] AAd0IYIAIg-enu]
eydsoyd-17 duoseyjowexaq
smels JOYNUIpI A0S S[RILL[EOIUI[D PUe YUI] PIsod apn Apmg

sjuaSe onnaderoy) Yirm papeor S[[30 POO[q PaI JO sn Y} 0} PAJR[AI S[ONIE SIY) UI PAIIPISUOD S[BLI} [BOIUID) ¢ d]qelL

A\ Adis


https://clinicaltrials.gov/ct2/show/NCT01255358?term=erydel&draw=2&rank=7
https://clinicaltrials.gov/ct2/show/NCT01925859?term=erydel&draw=2&rank=5
https://clinicaltrials.gov/ct2/show/NCT02380924?term=erydel&draw=2&rank=4
https://clinicaltrials.gov/ct2/show/NCT02770807%3fterm%3dred%2bblood%2bcells%2band%2bdelivery%26draw%3d12%26rank%3d214
https://clinicaltrials.gov/ct2/show/NCT02770807%3fterm%3dred%2bblood%2bcells%2band%2bdelivery%26draw%3d12%26rank%3d214
https://clinicaltrials.gov/ct2/show/NCT03563053%3fterm%3derythrocytes%26cond%3dAtaxia%2bTelangiectasia%26draw%3d2%26rank%3d1
https://clinicaltrials.gov/ct2/show/NCT03563053%3fterm%3derythrocytes%26cond%3dAtaxia%2bTelangiectasia%26draw%3d2%26rank%3d1
https://clinicaltrials.gov/ct2/show/NCT00723346%3fterm%3derytech%2bpharma%26draw%3d2%26rank%3d10
https://clinicaltrials.gov/ct2/show/NCT01518517%3fterm%3derytech%2bpharma%26draw%3d2%26rank%3d9
https://clinicaltrials.gov/ct2/show/NCT01523782%3fterm%3derytech%2bpharma%26draw%3d2%26rank%3d8
https://clinicaltrials.gov/ct2/show/NCT01523808%3fterm%3derytech%2bpharma%26draw%3d2%26rank%3d7
https://clinicaltrials.gov/ct2/show/NCT01810705%3fterm%3derytech%2bpharma%26draw%3d2%26rank%3d6
https://clinicaltrials.gov/ct2/show/NCT02195180%3fterm%3derytech%2bpharma%26draw%3d2%26rank%3d4
https://clinicaltrials.gov/ct2/show/NCT03665441%3fterm%3derytech%2bpharma%26draw%3d2%26rank%3d2
https://clinicaltrials.gov/ct2/show/NCT03674242%3fterm%3derytech%2bpharma%26draw%3d2%26rank%3d1
https://clinicaltrials.gov/ct2/show/NCT03866954?term=MNGIE&draw=2&rank=3
https://clinicaltrials.gov/ct2/show/NCT04110496?term=Rubius&cond=PKU&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT04110496?term=Rubius&cond=PKU&draw=2&rank=1

270

L. Rossi et al.

FDA criteria for the approval of blood transfusion prod-
ucts [14]. Erytech, based on asparaginase activity [30],
has shown that the entrapped asparaginase is detectable in
circulation for about 1 month. Procedure-related adverse
events of RBC-mediated delivery have not been observed
in hundreds of administrations in adults and children. In
conclusion, the enormous efforts that a large number of
researchers have made in advancing our knowledge of the
biology, physiology, immunology, and biochemistry of
RBC:s is finally contributing to the development of new
therapeutics for unmet medical needs, frequently in the
area of rare diseases. This great effort is now in the last
phase of clinical development for a few products, and this
is also thanks to a number of investors and patient associa-
tions that have joined their efforts to push this fascinating
technology forward to new therapeutic breakthroughs.
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