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REVIEW

Preclinical developments of enzyme-loaded red blood cells
Luigia Rossia,b, Francesca Pierigèa, Alessandro Bregaldaa and Mauro Magnania,b

aDepartment of Biomolecular Sciences, University of Urbino, Urbino, Italy; bEryDel SpA, Bresso, Italy

ABSTRACT
Introduction: Therapeutic enzymes are currently used in the treatment of several diseases. In most 
cases, the benefits are limited due to poor in vivo stability, immunogenicity, and drug-induced 
inactivating antibodies. A partial solution to the problem is obtained by masking the therapeutic 
protein by chemical modifications. Unfortunately, this is not a satisfactory solution because frequent 
adverse events, including anaphylaxis, can arise.
Area covered: Among the delivery systems, we focused on red blood cells for the delivery of 
therapeutic enzymes. Erythrocytes possess a long circulation time, a reduced immunogenicity, there 
is no need of chemical modifications and the encapsulated enzyme remains active because it is 
protected by the cell membrane. Here we discuss some representative applications of the preclinical 
developments of the field. Some of these are currently in clinic, others are approaching the clinic and 
others are illustrative of the development process. The selected examples are not always the most 
recent, but they are the most useful for a comparative approach.
Expert opinion: The results discussed confirm the central role that red blood cells can play in the 
treatment of several conditions and suggest the benefit in using a natural cellular carrier in terms of 
pharmacokinetic, biodistribution, safety, and efficacy.
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1. Introduction

Enzyme-loaded red blood cells (RBCs) were suggested by Ihler 
et al. [1] as bioreactors for the delivery of therapeutic proteins 
in the circulatory system since 1973. Different techniques have 
been developed since then, but all of them are based on the 
remarkable ability of the red cell to undergo reversible 
changes of shape of the membrane and transient opening of 
pores on it. The most studied methods for obtaining protein- 
loaded erythrocytes are electroporation, drug-induced endo-
cytosis, osmotic pulse, and hypotonic hemolysis. Among 
these, hypotonic hemolysis achieved the greatest develop-
ment being the most used in preclinical and clinical studies. 
Indeed, under hypotonic conditions pores till to 500 Å open 
on the erythrocyte membrane, permitting the entrance of one 
or more proteins, and by restoring physiological osmotic con-
ditions, the membranes reseal and RBCs reassume their nor-
mal biconcave shape and impermeability features. Once in 
circulation, resealed RBCs show an almost normal survival 
times as demonstrated by the half-life values both of murine 
[2,3] and human [4,5] loaded RBCs. Another potential devel-
oping technology is based on the manufacture of red blood 
cells expressing bio-therapeutic proteins to create highly 
selective and allogeneic cellular medicines aimed at treating 
a range of diseases by the hematopoietic stem cell therapy 
[www.rubiustx.com]. Due to the limits of this approach, the 
company has suspended this program.

When the enzyme is confined inside RBCs, it is protected from 
premature degradation, inactivation, or excretion. Furthermore, 
enzyme-loaded erythrocytes can act as long-circulating 

bioreactors able to clear undesirable cell membrane-permeating 
molecules from the bloodstream, thereby paving the way for 
numerous clinical applications and overcoming both enzyme bioa-
vailability and immunogenicity issues. Indeed, the clinical progress 
in enzyme-loaded RBC technologies has been documented in 
a recent review [6]. Moreover, the continuous development in 
the cloning of recombinant enzymes and in the expression and 
purification procedures has created the opportunity to dispose of 
a virtually infinite array of proteins in large amounts that could be 
used in the clinical setting to treat several pathological conditions.

It is noteworthy that the most advanced clinical develop-
ments are based on solid preclinical investigations, suggesting 
the importance of preliminary studies on animal models to 
collect data on the feasibility, safety, and immunogenicity 
before first-in-man studies and clinical trials. The encapsula-
tion’s potential of RBCs from different mammalian species has 
been at first evaluated by De Loach [7]; since then, many 
authors have documented the development and efficacy of 
enzyme-loaded RBCs in animal models, as reviewed in [8] and 
in a very elegant and comprehensive recent work by Bax [9]. 
The enzyme-loaded RBCs efficacy in animal models is also 
highlighted and listed in Table 1.

In this review, due to space limitation, we focus only on those 
preclinical studies of enzyme-loaded RBCs that have successfully 
lead to clinical applications (such as in Mitochondrial neurogas-
trointestinal encephalomyopathy disease and some cancers) 
and on preclinical studies which are potentially very close to 
a realization in humans (such as Phenylketonuria disease). 
Finally, we discuss as an example two promising applications 
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that need further evaluations in animal models (alcohol and 
ammonia detoxification). In Figure 1, a schematic representation 
of the preclinical applications here discussed is reported.

2. Mitochondrial neurogastrointestinal 
encephalomyopathy

Mitochondrial neurogastrointestinal encephalomyopathy (MNGIE) 
is a rare autosomal recessive disease resulting in a multisystem 
disorder, a progressive morbidity, premature death and it is 
caused by deficiency in thymidine phosphorylase (TP) activity 
(EC 2.4.2.4). From the biochemical point of view deficiency in 
thymidine phosphorylase activity results in elevated concentra-
tions of thymidine and deoxyuridine, which in turn generate 
imbalances within the mitochondrial nucleotide pools and mito-
chondrial dysfunction. In 2008 [25] RBC-encapsulated thymidine 
phosphorylase was proved to be effective in reducing plasma 
thymidine and deoxyuridine concentrations, providing clear bio-
chemical evidence that the approach was successful. Clinical 
improvement was also demonstrated in a single patient during 
27 treatment cycles without relevant toxicities [26]. Based on these 
and other observations, both FDA and EMA provided to erythro-
cyte-encapsulated thymidine phosphorylase the status of Orphan 
Drug. Safety and efficacy were confirmed extending compassio-
nate treatment of the first patient for additional 49 months and 
two additional patients [27]. A Phase 2, multi-center, multiple- 
dose, open-label trial without a control was then designed as an 
enzyme-replacement therapy for MNGIE (ClinicalTrials.gov, 
NCT03866954). Three erythrocyte-TP dose levels were planned, 

with patients receiving the required dose level in order to achieve 
the metabolic correction. Study duration was 31 months, with 
24 months of treatment. The primary objectives which have 
been considered were safety, tolerability, pharmacodynamic, and 
the efficacy of multiple doses of erythrocyte-TP [28]. To start this 
study, a robust preclinical development was needed. Preclinical 
toxicity was assessed in two animal models: rodents and dogs [29]. 
The study, under GLP, considered IV administrations of erythro-
cyte-TP for 4 weeks, twice per week. The doses selected were 4–6 
times the expected human dose. In mice, thrombi/emboli in the 
lungs were recorded compared to controls. Spleen enlargement 
was also evident. Anti-drug antibodies were observed in all ani-
mals, as expected from the administration of a recombinant bac-
terial enzyme. In dogs, the observed level of clinical signs during or 
shortly after dosing was significant and increased with each sub-
sequent dosing occasion. Medications were only partially effective 
and nonspecific antibodies were detected in all animals. Anti-drug 
antibodies were found only in two animals. Other toxicities were 
evident, including hematological abnormalities, thymus atrophy, 
reduced body weight vs controls, and other minor modifications. 
The authors conclude that the results do not envisage potential 
serious toxicities to prevent further clinical developments. It is 
noteworthy that these abnormalities were not observed in 
human patients under compassionate treatment with the same 
system. Thrombi or emboli in the lung were newer observed 
in treated patients, hence a possible explanation should 
likely be found in the use of allogenic blood obtained from 
the same strain of animals, instead of autologous erythro-
cytes. This would justify while the same phenomena were not 

Table 1. Preclinical studies for the different applications of RBCs as enzyme delivery system.

Preclinical study 
model Disease Therapeutic enzyme RBC-mediated Target Referencesa

Mouse Alcohol intoxication Alcohol dehydrogenase/aldehyde dehydrogenase Ethanol [74]
Mouse acetaldehyde dehydrogenase [2]
Mouse Alcohol oxidase Methanol [77]
Rat Formate dehydrogenase [78]
Mouse Intoxication by organophosphates Phosphotriesterase Cyanide [10]
Mouse Rhodanase [11]
Mouse Paraoxanase Paraoxon [12]
Mouse δ-aminolevulinic acid dehydratase Lead [13]
Rabbit Thrombosis Urokinase Plasminogen [14]
Rabbit Brinase [15]
Mouse Streptokinaseb [16]
Mouse/rat tPAb [17]
Rat Familiar hyperargininemia Arginase Arginine 

ammonia
[18]

Mouse Lysosomal storage disorder β-glucuronidase Sphingolipids [19]
Mouse Hyperuricemia Uricase Uric acid [20]
Mouse Hyperammonemia L-glutamate dehydrogenase Ammonia [87]
Mouse L-glutamate dehydrogenase/alanine 

aminotransferase
[89]

Mouse Glutamine synthetase [88]
Mouse Hyperglycemia Glucose oxidase Glucose [21]
Mouse Hexokinase/glucose oxidase [22]
Mouse Hyperlactatemia Lactate 2-mono-oxygenase/lactate oxidase Lactate [23]
Mouse/dog Mitochondrial neurogastrointestinal 

encephalmyopathy
Thymidine phosphorylase Thymidine 

2ʹdeoxyuridine
[29]

Mouse Phenylketonuriac Phenylalanine ammonia-lyase Phenylalanine [66]
Mouse Phenylalanine hydroxylase [65]
Mouse Cancerc Methionine γ-lyase Methionine [43]
Mouse Arginine deiminase Arginine [59]
Dog Asparaginase Asparagine [24]

aOnly some representative references are listed in the table. bExamples of RBC membrane-bound enzymes. cFor these diseases, further references are listed in the 
text. 
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observed in dogs treated with autologous blood. This expla-
nation is not totally convincing, since a number of studies on 
the use of mice allogenic blood to deliver drugs or enzymes 
were never reported to be associated with thrombi forma-
tion. One possible alternative explanation is the presence of 
a significant amount of endotoxins in the enzyme prepara-
tion used. This has been observed also in our laboratory as 
a cause of thrombi in the lungs. Finally, both mice and dogs 
used in these studies were normal animal not showing the 
disease. These researches recommend attention in clinical 
studies and in the monitoring of antidrug antibodies. The 
results reported in humans under compassionate treatment 
indicate any or limited antibody response as in dogs, but the 
figure is totally different in mice. Reduction of thymus in 
dogs should be of further concern and likely drug related.

3. Cancer

Cancer is a serious health problem in all populations, regardless 
of wealth or social status. In 2018, 18.1 million people around 
the world had cancer and 9.6 million died from the disease. By 
2040, those figures will nearly double, with the greatest increase 
in low- and middle-income countries, where more than two- 
thirds of the world’s cancers will occur (WHO REPORT ON 

CANCER setting priorities, investing wisely and providing care 
for all. 2020). The past half century has seen tremendous pro-
gress in cancer treatment, mainly through advances in systemic 
therapy and more recently in immunotherapy, as well as refine-
ments in radiotherapy and surgery. Some illustrative examples 
of enzymatic therapy are here discussed.

3.1. Methionine gamma-lyase as cancer therapy

Growing insight into cancer metabolism is highlighting the 
importance of nutrient supply to tumor development and 
therapeutic response. Interestingly, several research findings 
have shown that amino acid (AA) restrictions play a significant 
role in cancer interventions, given that many tumor cells show 
exogenous amino acid-dependency. Among the other, the 
exogenous source of the sulfur amino acid methionine (Met), 
makes dietary methionine restriction (MR) a promising tool in 
the treatment of cancer, as extensively documented [30,31].

Met depletion induces many modifications in tumor cells, 
including cell arrest in the S and G2 phases of the cell cycle, 
apoptosis, decrease of glutathione (GSH) content, and reduced 
activity of the O6-methylguanine-DNA methyltransferase 
(MGMT) [32,33]. In addition to inhibiting cancer cell growth, an 
increasing efficacy of chemo- and radiotherapy has been 
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Figure 1. Enzyme-loaded red blood cells. Schematic representation of the preclinical applications of enzyme-loaded RBCs in: Mitochondrial neurogastrointestinal 
encephalomyopathy (MNGIE); Cancer; Phenylketonuria (PKU); Alcohol detoxification and Hyperammonemia. Thymidine phosphorylase (TP); deoxyuridine (dUridine); 
deoxyuracile (dUracile); methionine gamma-lyase (MGL); asparaginase (ASNase); arginine deiminase (ADI); phenylalanine hydroxylase (PAH), phenylalanine 
ammonia-lyase (PAL); acetaldehyde dehydrogenase (AcDH); alcohol oxidase (AlOx); glutamate dehydrogenase (GDH); glutamine synthetase (GS); alanine amino-
transferase (AAT). Figure does not detail the existing different diffusion rate of the substrates and the different efficiency of enzymes in metabolizing them that can 
significantly contribute in defining the efficacy of the system.
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observed in animal models following MR [34]. Moreover, the 
avidity of aggressive brain tumor cells for Met led to use 
11C-Met positron emission tomography (PET) in the clinical man-
agement of glioblastoma. Some phase I–II clinical trials of dietary 
Met restriction in association with chemotherapeutic drugs were 
carried out in patients with solid tumors and demonstrated 
feasibility, good safety, and good compliance of the Met-free 
diet on short period (1–3 days every 2 weeks) [35–37]. Differently, 
patients found it difficult to maintain sufficient energy needs and 
experienced weight loss, early satiety, and lack of appetite in 
a long-term study of Met restriction [38]. A phase 2 clinical study 
(ClinicalTrials.gov Identifier: NCT03186937) is recruiting patients 
with breast cancer to confirm that MR enhances cell surface 
expression of TRAIL receptor-2 in triple-negative breast cancer. 
The overall aim of this study is to establish the feasibility and 
acceptability of the dietary intervention, which is based on 
methionine-free amino acid-modified medical food (Hominex- 
2, Abbott Nutrition) up to 3 weeks.

An alternative approach to dietary MR, as a more effective 
and rapid method to deplete serum methionine, might be the 
use of methionine gamma-lyase (MGL) [EC 4.4.1.11], a non- 
mammalian pyridoxal 5ʹ Phosphate (PLP)-dependent enzyme 
that metabolizes Met to alpha-ketobutyrate, ammonia, and 
thiols. Although MGL has been isolated from bacteria, fungi, 
and protozoa, the one which has been purified from 
Pseudomonas putida has shown the better kinetic properties 
and thus its recombinant form is among those more exten-
sively tested in vitro and in vivo for tumor growth inhibitory 
efficacy [39,40]. As MGL exhibits low bioavailability due to its 
short biological half-life and rapid clearance, a PEGylated 
enzyme (PEG-MGL) has been used for in vivo studies [41,42]. 
However, several problems remain to be solved: a) frequent 
injections of PEG-PAL are still necessary for maintaining 
a depletion >50% of the physiological value [41]; b) known 
PEG ability to elicit immune response; c) low bioavailability of 
enzyme cofactor PLP due to its rapid binding to plasma pro-
teins. Again, most of these problems could be solved by 
administering the therapeutic enzyme confined into erythro-
cytes. Interestingly, a preclinical study [43] in mice has demon-
strated the enhanced pharmacokinetic properties of the 
encapsulated MGL from P. putida (erymet) compared to the 
free form and its efficacy against tumor growth when admi-
nistered together with pyridoxine (PN), one B6 vitamer rapidly 
converted to PLP by erythrocytes [44]. More in detail, NMRI 
nude mice were xenografted with U-87 MG-luc2 glioblastoma 
cells and were then treated with a weekly single IV injection of 
erymet for 5 weeks in association with daily PN supplemented 
by oral gavage. Overall, Met plasma level was decreased by 
75% after the five cumulative erymet injections and the aver-
age absolute tumor volume was reduced by 85%. A parallel 
toxicity study in CD1 mice revealed moderate side effects (i.e. 
a score of <2) in 79% of mice treated with erymet plus PN 
compared to only 8% in the control group; however, the 
majority of them were reversed during the recovery period.

Furthermore, a preclinical study on mice bearing orthotopic 
EMT-6 syngeneic breast carcinoma revealed the potentiality 
for the combination of erymet with immune checkpoint 

inhibition [45]. A significant inhibition of tumor growth was 
observed when infused with erythrocyte-encapsulated 
methionine-γ-lyase from P. putida at a dose of 60 U/kg and 
in combination with antimouse PD-1 antibody, compared to 
the separate drugs. Survival time was 35 days for the com-
bined therapy, compared to 23 days for the separate one.

However, it is noteworthy that MGL from P. putida, 
a parasitic and potentially pathogenic microorganism, pos-
sesses the ability to partially catabolize L-cysteine [46]; 
hence, it would be desirable to carry on preclinical studies 
where a MGL from safer origin than P. putida and with 
a different specificity can be loaded inside RBCs to preserve 
cysteine plasma levels. MGL-BL929 from Brevibacterium auran-
tiacum [47], a safe microorganism abundantly present in food, 
could be a possible candidate to this extend.

3.2. Asparaginase as cancer therapy

Besides methionine restriction as anticancer strategy, aspara-
gine (ASN) depletion has proved to be an extremely effective 
tool for the treatment of several type of cancers and it is 
noteworthy that asparaginase-loaded RBCs represent one of 
the most clinically advanced applications for the treatment of 
acute lymphoblastic leukemia (ALL). Indeed, certain neoplastic 
tissues, including ALL cells, express a significantly lower level 
of asparagine synthetase than most human tissues and thus 
have to rely solely on extracellular source of ASN to maintain 
protein synthesis. Therefore, systemic depletion of ASN would 
lead to cancer cells death through important cellular dysfunc-
tion. For this reason, the enzyme asparaginase (EC 3.5.1.1) 
from E. coli and Erwinia chrysanthemi, which is able to hydro-
lyze ASN to L-aspartic acid and ammonia, has been in clinical 
use for ALL since the early 1970s. However, its use was asso-
ciated with liver and pancreas toxicity and high immunogeni-
city. In addition, given the fact that the enzymes have a short 
circulatory half-life (ranging between 8 and 30 hours), fre-
quent infusions were needed [48]. PEGylated formulations of 
the therapeutic enzyme were developed to overcome these 
limitations and were firstly used in clinical trials in the 1980s. 
However, the administration of PEGylated asparaginase was 
associated with hepatotoxicity, pancreatitis, and thrombosis 
[49], paving the way for alternative delivery strategies. Again, 
the possibility to administer the enzyme confined into RBCs 
has been explored in animal models. The first in vivo studies 
were carried out in monkeys by Updike et al. and showed that 
circulating asparaginase activity was several orders of magni-
tude higher in the monkeys injected with RBC-loaded aspar-
aginase than in animals injected with native asparaginase. In 
addition, suppression of the serum asparagine level occurred 
after 20 days, which was twice as long as the suppression in 
the control monkeys [50,51]. Similar results were obtained in 
Swiss mice by Kravtzoff et al. [52], which demonstrated that 
asparaginase loaded into erythrocytes was far more effective 
in eliminating plasma asparagine compared to the same dose 
of free asparaginase injected in solution, during a sustained 
period of 14 days. Interestingly, asparaginase-loaded RBCs 
were efficient in improving the mean survival time of DBA/2 
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mice bearing mouse lymphoma cell L5178Y by ≈ 44% com-
pared to the saline group [53]. Altogether, these preclinical 
studies provided the basis for the development of phase I/II 
clinical studies by Erytech Pharma to investigate the safety 
and efficacy of erythrocytes encapsulated asparaginase 
(GRASPA) for the treatment of human ALL [54]. More recently, 
erythrocytes encapsulated with asparaginase (relabeled as 
eryaspase) have been evaluated for other oncology indications 
such as pancreatic cancer and triple-negative breast cancer. 
A phase III study in patients with ductal adenocarcinoma of 
the pancreas is currently active and recruiting; its primary 
outcome is to evaluate if the addition of eryaspase to che-
motherapy improves overall survival when compared to che-
motherapy alone (https://clinicaltrials.gov/ct2/show/ 
NCT03665441). In parallel, a phase II/III trial is ongoing on 
patients with selected metastatic triple-negative breast cancer, 
with the aim to evaluate the efficacy of eryaspase in combina-
tion with gemcitabine and carboplatin chemotherapy, com-
pared to chemotherapy alone, as a first-line treatment (https:// 
clinicaltrials.gov/ct2/show/NCT03674242).

3.3. Arginine deiminase as cancer therapy

Another interesting microbial enzyme for deprivation of amino 
acid metabolism in malignant cells is the prokaryotic arginine 
deiminase (ADI, EC 3.5.3.6), a hydrolase that metabolizes 
L-arginine to citrulline and ammonia. Arginine represents 
a precursor of important molecules such as nitric oxide, poly-
amines, nucleotides, proline, and glutamate, and it is involved 
in several biosynthetic pathways able to influence carcinogen-
esis [55]. It is noteworthy that a number of tumors, such as 
hepatocellular carcinoma (HCC) and malignant melanoma, 
exhibit arginine auxotrophy due to the variable loss or down-
regulation of argininosuccinate synthetase, an enzyme 
involved in arginine synthesis [56]. Therefore, the depletion 
of exogenous arginine through ADI administration could be 
used as a treatment for these kinds of tumors, which are 
strictly dependent on this amino acid for their survival, in 
opposition to what happens in normal cells, which are able 
to prevent the loss being able to normally synthesize arginine. 
The antitumor activity of ADI can be ascribed to inhibition of 
protein synthesis, suppression of angiogenesis, and induction 
of the apoptotic pathway [57]. ADI purified from Mycoplasma 
has a short half-life (≈ 4 h) in the circulation and was found to 
be highly immunogenic. Therefore, as mentioned several 
times in this review, a PEGylated form of the enzyme has 
been developed in order to increase its half-life and to limit 
its immunogenicity. Actually, ADI-PEG20, PEGylated recombi-
nant Mycoplasmal ADI, has already completed either a phase 
III clinical trial for patients with advanced HCC (NCT01287585) 
and various phase II clinical trials for unresectable HCC 
(NCT02006030) and melanoma (NCT00450372), while phase II 
clinical trials for the treatment of soft tissue sarcoma are in 
progress (NCT03449901). All these clinical trials are sponsored 
by Polaris group (Cayman Islands), the leading company in the 
establishment of ADI as antitumor-drug. Importantly, it was 
reported that ADI-PEG20 treatment in mesothelioma patients 

produces anti-ADI-PEG20 neutralizing antibodies by the fourth 
week, thereby resisting drug usage [58]. Again, encapsulation 
of ADI into RBCs could be a promising alternative to improve 
the half-life and to reduce the immunogenicity of the protein. 
Indeed, preclinical studies carried out by Erytech Phasma 
showed that injections of ADI-loaded erythrocytes into CD-1 
mice (5.5 IU/mL) reduced plasmatic arginine level to 30% of 
control values over a period of 5 days. The same dose of free 
ADI strongly depleted arginine (<5 μM) for 24 hours but its 
plasma levels returned to baseline by 2.5 days. Higher dose 
(10.4 IU/mL) resulted in the complete depletion of plasmatic 
arginine over the 5-day period of the study without causing 
tolerability problems [59]. Anyway, to date there is no evi-
dence of preclinical efficacy of this therapeutic strategy in 
cancer animal models; differently, ADI-loaded RBCs have 
been shown to be efficient in a preclinical model for 
Arginase-1 deficiency, where promising results been recently 
generated (www.erytech.com).

Interestingly, deprivation of amino acid metabolism by 
microbial enzymes as a promising biological strategy for can-
cer treatment has been recently reviewed [60].

4. Phenylketonuria

Phenylketonuria (PKU) is the most common hereditary disor-
der of amino acid metabolism among Caucasians (overall 
incidence 1:10,000). It is caused by a deficiency in the enzyme 
phenylalanine hydroxylase (PAH; EC 1.14.16.1) (OMIM*612349) 
that converts L-phenylalanine (Phe) into L-tyrosine, resulting 
in the accumulation of neurotoxic levels of Phe and severe 
mental retardation. Genetic screening identifies newborns 
with PKU who are then immediately placed on a dietary 
restriction of Phe intake, thus preventing mental disability. 
However, some specific deficits in the higher-order cognitive 
processes and frequent psychopathological symptoms can be 
observed even in early and continuously treated PKU patients 
[61,62]. Moreover, a survey of patients with PKU reported that 
only 23% of adult patients [63] were able to maintain blood 
Phe within the therapeutic range of 120 to 360 µmol/L.

Recently, FDA (May 2018) and EMA (April 2019) approved an 
enzyme-replacement therapy based on subcutaneous adminis-
tration of Pegvaliase (PalynziqTM, BioMarin Pharmaceutical Inc.), 
a recombinant Anabaena variabilis phenylalanine ammonia-lyase 
(PAL) conjugated with polyethylene glycol (PEG) which is able to 
metabolize Phe to trans-cinnamic acid and ammonia. A phase III 
clinical trial showed the efficacy of this treatment in reducing 
blood Phe (≤360 µM) in 60% of adult treated patients but, at the 
same time, it revealed the presence of antibodies against PAL 
and PEG which caused adverse reactions and anaphylaxis [64].

These limitations could be easily overcome by delivering 
the therapeutic enzyme through RBCs. In fact, the PEGylation 
step, carried out in order to reduce enzyme immune recogni-
tion and improve its pharmacodynamic stability, can be 
avoided since the foreign enzyme is confined inside the ery-
throcytes, allowing it to be hidden from the immunological 
system and thus from any neutralizing antibodies that may be 
present in circulation. The feasibility of this strategy has been 
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well documented in preclinical studies both in normal mice 
and in a validated murine model of PKU (BTBR-Pahenu2 mice). 
At first, Yew et al. [65] showed that RBCs encapsulated with 
PAH from the cyanobacterium Chromobacterium violaceum, 
a more thermally stable and more active enzyme than the 
mammalian one, were able to decrease Phe levels by 80% in 
normal mice when injected into the bloodstream. Moreover, 
the encapsulated enzyme remained active for at least 10 days 
vs for less than 1 h of free PAH and exhibited improved 
pharmacokinetics, which resulted in a better persistence in 
the circulation. Unfortunately, the same strategy was ineffec-
tive in lowering Phe levels in PKU mice, probably due to low 
specific activity of the enzyme (0.3 U/mg protein) and to the 
large amount of substrate into the circulation, that is 10–20 
times higher than that of normal mice. However, these results 
demonstrated the ability of engineered RBCs to act as Phe 
metabolizing bioreactors once a specific un-PEGylated enzyme 
is loaded inside them. This claim was subsequently confirmed 
by our study [66], wherein a long time reduction (10 weeks) of 
Phe levels in adult BTBR-Pahenu2 mice has been reached by 
repeated IV injections of PAL-loaded RBCs at 9–10 day- 
intervals, which maintained blood Phe at significantly lower 
levels than their starting conditions. PAL was from the 
BioMarin clinical manufacturing group and possessed 
a specific activity of at least five times higher compared to 
that of PAH previously mentioned and, moreover (differently 
from PAH), it did not require the presence of sufficient levels 
of the essential cofactor tetrahydrobiopterin. Furthermore, in 
our study, animals received about 20 times more enzymatic 
units than in the Yew’s one, thus validating the efficacy of 
PAL-loaded RBCs in reducing Phe levels in PKU mice. In addi-
tion, it is noteworthy that the presence of antibodies against 
PAL did not modify the ability of PAL-loaded RBCs to decrease 
blood Phe levels despite their numerous and frequent admin-
istrations. More recently, the same strategy has been proven 
as effective in preventing intellectual disability in developing 
PKU mice [67]. In this preclinical study, BTBR-Pahenu2 mice 
received weekly infusions of PAL-loaded RBCs from 15 to 64 
post-natal days and specific biochemical, behavioral, neuro-
chemistry and morphology parameters, known markers of PKU 
mice diseases, have been examined in comparison with 
untreated PKU and wild-type mice. Following the treatment 
with the engineered RBCs, animals showed normal levels of 
blood and brain Phe for the whole period examined and, 
moreover, they exhibited improvements in cognitive perfor-
mance, brain serotonin content, dendritic spine morphology, 
and myelination. Again, no inactivating immune reaction or 
adverse events were observed. These recent results have 
demonstrated the efficacy of an early treatment with repeated 
PAL-loaded RBCs injections to prevent the rise of the clinical 
phenotype associated with untreated PKU. We are confident 
that our preclinical studies on BTBR-Pahenu2 mice can consti-
tute the basis for the set-up of a clinical trial in order to prove 
the safety and efficacy of PAL-loaded RBC injections in PKU 
patients. This belief is also due to the successful clinic results 
obtained so far in different trials from phase I to phase III, in 
which RBCs were used as drug delivery system.

5. Alcohol detoxification

Alcohol use is recognized as a leading risk factor for disease 
burden worldwide. Globally, alcohol use is the seventh leading 
risk factor for death and disability-adjusted life years (DALYs) 
accounting for nearly 10% of global deaths among popula-
tions aged 15–49 years [68]. It has also been estimated that 
from 2019 to 2040, 1,003,400 (95% CI 896,800–1,036,200) 
people are projected to die from alcohol-related liver disease 
in the USA alone [69]. Furthermore, the use of alcohol dispro-
portionately affects people in low human development index 
(HDI) countries and young people [70]. Based on these simple 
premises it became immediately evident that actions are 
urgently needed and alcohol control policies should be imple-
mented in all countries [71]. In addition, the risk for alcohol 
use disorders (AUD) has been also associated with risk genes. 
Recently, a meta-analysis of problematic alcohol use (PAU) has 
identified 29 independent risk variants, permitting a genetic 
correlation with substance abuse and psychiatric traits [72]. 
While knowledge of the functional effects of the variants will 
eventually contribute to personalized treatment of PAU, per-
mitting the identification of individuals who may be most 
treatment responsive, at the same time, this genetic variability 
makes more complex the effort in treating the alcohol use 
disorders. Fortunately, AUD are treatable and include psycho-
social and pharmacologic interventions. FDA-approved medi-
cations comprise disulfiram, naltrexone, and acamprosate. 
Alcoholism, as other substance use disorders, is widely under- 
treated with less than 10% of individuals with AUD receiving 
treatment [73]. Some years ago, the possibility of using red 
blood cells for alcohol detoxification was first introduced by 
our group [2]. Based on the evidence that acetaldehyde (the 
primary oxidation product of ethanol generated by the action 
of the NAD-dependent alcohol dehydrogenase and by the 
microsomal ethanol oxidizing system) is the causal factor in 
many pathogenic processes, acetaldehyde dehydrogenase- 
loaded erythrocytes were produced and shown to be able to 
perform as bioreactors improving alcohol and acetaldehyde 
metabolism [2] both in vitro and in vivo. These experiments 
were performed using a high affinity enzyme from Alcaligenes 
eutrophus, with an apparent Km similar to that of the mito-
chondrial enzyme. Several years later Lizano et al. [74,75] in 
attempts to increase alcohol consumption by enzyme-loaded 
erythrocytes, co-encapsulated both alcohol dehydrogenase 
and acetaldehyde dehydrogenase from yeast without 
a significant improvement in alcohol degradation with respect 
to the figures found using a single enzyme. Furthermore, 
Alexandrovich et al. [76], using in vitro studies and mathema-
tical modeling, concluded that the metabolic ability of 
enzyme-loaded erythrocytes to degrade ethanol is not limited 
by the amount of enzyme(s) loaded but rather by the NAD+/ 
NADH ratio inside the cell, confirming a previous observation 
[2]. It is noteworthy that several experiments were performed 
using a low-affinity acetaldehyde dehydrogenase rather than 
a high-affinity enzyme for acetaldehyde.

Alcohol oxidase (AlOx) from Pichia pastoris (a methylo-
trophic yeast) has a much higher affinity for methanol than 
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for ethanol. Based on this observation, we investigate the 
potential use of this enzyme for the treatment of methanol 
intoxication [77]. In fact, in humans, methanol is metabolized 
to formaldehyde by alcohol dehydrogenase and formaldehyde 
is metabolized to formic acid by acetaldehyde dehydrogenase, 
leading to cytochrome C oxidase inhibition. AlOx was encap-
sulated into human and murine erythrocytes up to 2 units/ml 
of packed cells. Enzyme-loaded erythrocytes showed an 
increased rate of the hexose-monophosphate-shunt activity 
and a significant methemoglobin production resulting from 
the intracellular generation of H2O2. However, the in vivo 
survival of these cells did not seem to be significantly affected 
by methanol catabolism. In vivo, mice receiving AlOx-loaded 
erythrocytes were able to keep the blood methanol concen-
trations below values that were about 50% of those found in 
control mice who received similar amounts of methanol. Thus, 
AlOx-loaded erythrocytes may add an important contribution 
to the detoxification protocol against methanol poisoning. 
Formic acid can eventually be further degraded by encapsu-
late formate dehydrogenase [78].

In conclusion, enzyme-loaded erythrocytes have been used 
at preclinical level to possibly treat several conditions that 
have a large impact and clear medical needs with limited 
therapeutic options.

6. Hyperammonemia

Ammonia is a byproduct of many metabolically important 
reactions but, at high levels, it is neurotoxic. In ureotelic 
animals, including humans, ammonia is maintained at low 
levels in blood (50–100 µM) mainly by its incorporation in 
urea through the hepatic urea cycle. Differently, in other 
tissues, including the brain (in which a functional urea cycle 
is absent), ammonia is mostly eliminated by glutamate and 
glutamine biosynthesis catalyzed by glutamate dehydrogen-
ase (GDH) and glutamine synthetase, respectively. It is there-
fore understandable that if ammonia detoxification does not 
occur properly, as in several pathological conditions, hyper-
ammonemia may arise. The most common situations causing 
hyperammonemia are chronic liver diseases (mainly liver cir-
rhosis) and congenital defects in enzymes of the urea cycle, 
both leading to hepatic encephalopathy, tremors, convulsions, 
until coma and death [79]. Treatments to reduce ammonia 
levels include a combination of a) restriction of dietary protein 
in order to mitigate the production of nitrogenous waste 
together with a hypercaloric glucose-based solution to 
enhance anabolism; b) use of oral non-adsorbable disacchar-
ides which decrease the production and absorption of ammo-
nia in the intestine; c) intravenous infusion of sodium 
benzoate to directly remove ammonia in the form of hippu-
rate; d) intravenous infusion of sodium phenylacetate to elim-
inate ammonia as phenylacetylglutamine; e) intravenous 
infusion of arginine that becomes an essential amino acid in 
patients with urea cycle defects, while stimulates the urea 
cycle in other pathological conditions; f) hemodialysis, when 
ammonia levels do not fall after 8 hours of continual treat-
ment. Intermittent hemodialysis is the most efficient method 

to reduce plasma ammonia levels; however, it leads to hypo-
tension and, furthermore, ammonia levels tend to rebound 
shortly after discontinuation [80]; thus, a continuous renal 
replacement therapy (CRRT) has been recently proposed [81]. 
Nevertheless, as reported in [82], despite improvement in 
renal replacement therapy and intensive care, the mortality 
associated with neonatal hyperammonemia remains high. 
Moreover, the ammonia level corrections using the known 
medications above mentioned are not always sufficiently 
effective, since a decrease in ammonia concentrations to nor-
mal level in patient’s blood usually requires 2–10 days [83–86]; 
this period of time is, in some cases, too long to avert the 
damages caused by hyperammonemia. Therefore, it is com-
prehensible the necessity to find more effective therapeutic 
strategies capable of reducing blood ammonia levels for 
longer times. Enzymes able to catalyze reactions in which 
ammonia can be transferred to other molecules may represent 
a possible alternative to the commonly used therapies. In 
addition, RBCs could be used as bioreactors for the dissemina-
tion of the therapeutic protein in circulation, with the well- 
known advantages already discussed. The enzyme 
L-glutamate dehydrogenase (GDH, EC. 1.4.1.3), which catalyzes 
the formation of L-glutamic acid from α-ketoglutarate and 
ammonia in the presence of NADPH, was the first enzyme 
tested in a preclinical study on hyperammonaemic mice [87]. 
Hyperammonemia was induced in Swiss CD1 mice by IP injec-
tions of urease (33 U/Kg BW), which lead to a significant 
increase in the ammonia level compared to the basal level 
(50–80 µM) from 1 h (1332.7 ± 44 µM) to 25 h 
(135.4 ± 10.1 µM). Mice receiving GDH-loaded RBCs consumed 
50% and 75% of ammonia, respectively, 2 h and 5 h after the 
urease injection. Differently, in control mice receiving washed 
RBCs, ammonia remained unchanged 2 h after urease injec-
tions while 50% was still present after 5 h. At 24 h, no 
significant differences between the 2 groups could be 
detected. Successively, another group [88] has assessed the 
efficacy in ammonia removal of erythrocytes loaded with glu-
tamine synthetase (GS, EC. 6.3.1.2), the enzyme catalyzing the 
formation of L-glutamine starting from L-glutamic acid and 
ammonia in the presence of ATP, in hyperammonaemic Swiss 
mice. To increase the intracellular content of L-glutamic acid, 
allowing more substrate to form L-glutamine and eliminate 
ammonia, this amino acid was co-encapsulated with GS during 
the loading procedure. Mice received loaded RBCs immedi-
ately before hyperammonemia induction by acute IP injection 
of ammonium acetate (2.5 mmol/kg BW), a concentration that 
can induce a sufficient increase in blood ammonia concentra-
tion at least within 4 h. Blood ammonia levels were evaluated 
at 30, 60 and 120 min post hyperammonemia induction and 
values significantly lower (0.67 ± 0.26; 0.59 ± 0.08; 
0.27 ± 0.13 mM, respectively) compared to control mice 
which received unloaded RBCs (1.02 ± 0.17; 0.83 ± 0.03; 
0.63 ± 0.05 mM, respectively) were obtained. However, in 
both the cited studies, enzyme-loaded RBCs worked only for 
a short period of time, after which blood ammonia concentra-
tion decreased approximately at the same rate in treated and 
control hyperammonaemic mice. Recently [89], it has been 
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supposed that the poor efficiency and duration in the perfor-
mances of these bioreactors could be due to the low perme-
ability of RBC membranes to α-ketoglutarate and L-glutamic 
acid. Following these assumptions, an interesting mathemati-
cal model allowing to analyze the efficiency of a new enzyme 
system to load into RBCs has been developed and tested in 
hyperammonaemic mice. It is reasonable to think that α- 
ketoglutarate and L-glutamic acid may be almost completely 
depleted by reactions occurred into GDH- and GS-loaded 
RBCs, respectively. In addition, L-glutamic acid could accumu-
late in GDH-loaded RBCs, causing a shift in the equilibrium of 
the reaction and leading to ammonia production. To bypass 
these obstacles, the Authors proposed the co-entrapment in 
RBCs of GDH and alanine aminotransferase (AAT), thus creat-
ing a metabolic pathway where α-ketoglutarate and 
L-glutamic acid were produced and consumed cyclically. The 
efficacy of these new bioreactors was evaluated in Swiss mice 
receiving GDH-AAT-loaded RBCs immediately before the injec-
tion of ammonium acetate (2.5 mmol/kg BW). The treatment 
has been able to remove blood ammonia at the rate of 
2.0 mmol/h/L RBCs; unfortunately, this was only a proof of 
concept, given that the result was obtained by injecting 
a large volume of engineered cells and was limited to a total 
time of 2 h. However, as smartly discussed by the Authors, the 
efficiency of the proposed strategy could be greatly improved 
by using GDH from other biological sources different than the 
bovine one, which has a high molecular weight and easily 
undergone to polymerization, leading to a very efficient sys-
tem able to remove ammonia in a rate up to 10 times higher 
than common medications.

7. Expert opinion

Enzyme delivery is a medical need for several conditions, 
including the treatment of metabolic diseases, the treatment 
of acute or chronic assumption of alcohol and the treatment 
of certain forms of cancer. The key requirements for an effec-
tive benefit in the usage of therapeutic enzymes are listed 
below and, among the other, we find that the drug must be 
specific for the bioconversion of the target substrate, must be 
stable, must be retained in circulation, and has no or limited 
immunogenicity. These conditions are not easily obtainable 
and frequently one achievement is obtained at the expense of 
another relevant property. The selection of the therapeutic 
enzyme usually benefits from the genetic variability found in 
a number of living organisms and the selected enzyme may 
be advantageously optimized by protein engineering. This 
approach was successful in several cases. We currently have 
therapeutic enzymes that derive from genes present in algae, 
bacteria and in other living organisms but not in the human 
genome. A far more complex issue is the handling of immu-
nogenicity. In fact, many therapeutic enzymes have been 
approved by the FDA and other regulatory agencies by the 
inclusion of a black box highlighting the risk of anaphylaxis 
and guidelines that have to be strictly followed through drug 
titration, administration in the presence of an expert clinician 
and other mandatory procedures. To overcome this critical 

issue experienced by several therapeutic enzymes, the protein 
is commonly PEGylated. PEGylation apparently reduce immu-
nogenicity and protect the therapeutic protein from the inac-
tivation by anti-drug antibodies but, in some cases, patients 
have also developed anti-PEG antibodies.

Red blood cells provide several comparative advantages 
over other modalities of therapeutic enzymes administration. 
Among the other we find a long circulation time (usually 
administered with a schedule of once-a-month), a reduced 
immunogenicity, they do not need further chemical modifica-
tions (i.e. by PEGylation) and, even in case of antibody induc-
tion in vivo, the enzyme remains active (i.e. is not inactivated) 
because it is protected by the red blood cell membrane.

A number of papers and excellent reviews have highlighted 
the advantages and the limits of this approach. In this paper, 
we have focused on few selected examples that illustrate the 
progress at preclinical level. We have previously discussed the 
use of enzyme-loaded red blood cells in current clinical appli-
cations [6]. It is noteworthy that many other papers have 
provided data in vitro and in vivo and discussed alternative 
modalities to obtain enzyme-expressing red blood cells (i.e. by 
lentiviral transfection of immature red cells precursors) [9], but 
the examples here discussed were selected because, in our 
opinion, can be informative about the steps necessary not 
only to confirm that a selected application works also in vivo 
but also because they have been developed to collect 
a significant piece of information that is necessary before 
planning a formal clinical development program. The reader 
will find information on preclinical progress in different fields 
that could be representative of the many areas were enzyme- 
loaded red blood cells can have a place. Finally, we would like 
to mention that enzymes targeted to selected red blood cell 
membrane proteins by fusion with single-chain fragment anti-
bodies could provide an alternative to enzyme-loading for 
selected applications [90].
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