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Abstract. Contemporarily, multitudinous people have been suffering genetic diseases that caused
by deficiency of genes. Numerous research has been carried out and many therapies have been
proposed for this sort of diseases, such as cell therapy, gene-editing therapy. In vitro gene-editing
therapy which refers to both gene-editing and cell therapy has become a promising therapeutic
strategy for many genetic diseases. This review mainly focuses on several hereditary diseases
relevant to blood, liver and pancreas, systematically summarizes the development of in vitro gene-
editing therapy in anemia, congenital liver metabolic diseases and diabetes caused by gene
deficiency and discusses the strengthens and limitations of this protocol.
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1. Introduction

Cell therapy, also known as cell transplantation, is a kind of therapeutic strategy including cell
injection or transplantation. It originated in the 19th century, among which blood transfusion and
bone marrow transplantation are the two that we are most familiar with. Recently, several types of
cell therapy have attracted much attention, such as adoptive T cell therapy for anti-tumor immunity
(CAR-T therapy), hepatocyte transplantation, and islet B-cell transplantation.

Gene editing technology can correct genes of somatic cells and restore the normal function of cells.
Therefore, this technique can be applied to clinical treatment. In 2012, the CRISPR (Clustered
Regularly Interspaced Short Palindromic Repeats) system was discovered by Jennifer Dudner and
her colleagues, and since then a huge breakthrough has been made in gene-editing field. Classic
CRISPR gene-editing systems include Cas protein (such as Cas9), sgRNA (single-guide RNA that
consists of crRNA (CRISPR RNA), tracrRNA (trans-activating CRISPR RNA)) and repair template.
SgRNA and Cas proteins constitute effector complexes, and then under the guidance of sgRNA, the
effector is able to target the specific sequence. Then, Cas protein completes the cleavage of the target
sequence, and finally the gene editing process is completed by homologous recombination repair or
non-homologous recombination repair. Although there are still delivery difficulties and off-target
problems, CRISPR-based gene-editing tools have the advantages of accurate editing, low cost, and
simple operation. At present, scientists have developed a variety of gene-editing tools based on the
CRISPR system such as tools for gene expression regulation: CRISPRi and CRISPRa, epigenome
editing tools, RNA editing tools and base editing tools and so on [1]. These tools also promote the
application of gene-editing in the field of clinical treatment for genetic diseases.

Both gene-editing and cell transplantation still have their drawbacks. For one hand, allogeneic cell
transplantation will lead to immune rejection. For the other hand, in vivo gene editing may result in
the consequence that non-target tissue cells may be edited. However, in vitro gene editing combines
cell therapy and gene editing, which can edit the patient's own cells in vitro and then transplant them

124



Highlights in Science, Engineering and Technology MISBP 2022
Volume 36 (2023)

back into the patient's body. It can not only reduce immune rejection but also avoid the risk of editing
non-targeted cells, which is a promising treatment plan.

Since in vitro gene-editing therapy includes the process of cell transplantation, it can be applied
into treatments of genetic diseases which needs cell transplantation. This review systematically
introduces in vitro gene editing in the treatment of three main groups of diseases: anemia caused by
abnormalities in hemoglobin subunits, congenital hepatic metabolism disease and gene mutation-
caused diabetes.

2. Blood

During fetal life, y-globin gene expression is active while -globin gene is inactive. Therefore, the
hemoglobin at this stage is mainly fetal hemoglobin (HbF, [a2y2]). In the first year after birth, y-
globin gene expression decreases, and 3-globin gene expression increases. Ultimately, in adults, adult
normal hemoglobin (HbA, [a2BA2]) is the major hemoglobin, and HbF levels are typically about 1%
of total hemoglobin [2]. Blood disorders are caused when the $-globin gene is mutated, resulting in a
reduced amount or structural abnormality of B-globin. Two typical blood disorders that result from
abnormal B-globin are sickle cell anemia and -thalassemia.

Currently, the application of hematopoietic stem cell transplantation (HSCT) is limited by the lack
of proper donors [3]. Other treatment options, including blood transfusion and drug therapy, cannot
fundamentally solve the cause or completely improve the patient's condition [4]. Therefore, scientists
are trying to use gene editing technology to genetically correct patient-derived hematopoietic stem
cells (HSCs) and then transplant them back into patients to treat sickle cell anemia and p-thalassemia.
Theoretically, diseases result from abnormal B-globin could be treated either by repairing the B-globin
gene to rescue the expression of correct B-globin, or by upregulating expression of y-globin which
replaces B-globin to make up hemoglobin.

2.1. Sickle cell anemia

Sickle cell anemia is caused by sickle hemoglobin (hemoglobin S, HbS) encoded by mutant [3-
globin gene. The mutation of thymine at position 17 of the gene to adenine results in the substitution
of glutamic acid at amino acid position 6 of the encoded protein by valine. HbS polymerization
changes the shape of erythrocyte to form a fragile and inflexible sickle shape. Patients with sickle cell
disease suffer from a series of complications including hemolysis, anemia and major organ infarction
[2].

Human y-globin and 6-globin can inhibit the polymerization of HbS. As early as 1995, the Philippe
Leboulch’s team designed a fusion protein of B-globin and 6-globin, which retained the overall
structure of B-globin and incorporated amino acid residues of 6-globin. The amino acid residues
would help 8-globin to enhance its anti-sickling properties. And they tried to validate the function of
this fusion protein in animal models [5]. In 2001, they further verified this strategy in a mic model.
They designed a variant of human normal B-globin, BAT8Q, whose threonine at position 87 was
changed to y-Glutamine which play a role of anti-sickling properties. Then, they corrected HSCs with
lentiviral vectors, transplanted the edited HSCs into mice and finally, acquired a certain therapeutic
effect [6]. Until 2017, they applied the lentiviral vector-mediated anti-sickling B-globin gene to
clinical treatment, and successfully treated the patient [7]. In 2022, they reported the long-term
outcome of this therapy that therapeutic effects could be maintained, and conditions of patients were
improved [8].

Some researchers have also tried to treat sickle cell anemia by upregulating y-globin gene.
Scientists have known that BCL11A, a zinc finger transcription factor, can reduce the content of fetal
hemoglobin in erythrocytes through inhibiting the expression of y-globin. In 2020, two research teams
achieved the treatment of this disease by transplanting gene-edited hematopoietic stem cells whose
expression of BCL11A was reduced and the expression of y-globin was increased. Thereinto, the S.
Corbacioglu team suppressed the expression of BCL11A by knocking out the enhancer of BCL11A
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with CRISPR/Cas9 gene editing tool [4]. The David A. Williams, M.D. team used RNA interference
(RNAI) technology. They used the BCH-BB694 BCL11A shmiR lentiviral vector to reduce the
expression of BCL11A at the post-transcriptional level [9].

2.2. p-thalassemia

B-thalassemia is caused by the reduction or deletion of the B-subunit due to mutations of B-globin
gene. Patients with this disease require long-term blood transfusions for treatment. Likewise, HSCT
can treat the disease, but the lack of donors and immune rejection limit the application of this therapy.

Researchers have been promoting in vitro gene-editing therapy for p-thalassemia. In 2010,
Philippe Leboulch’s team tried to use a lentiviral vector that expressed A T87° to edit genes of HSCs
isolated from a B-thalassemia patient who was dependent on monthly transfusions. Then, they
transplanted edited cells into the patient and helped this patient become transfusion independent for
the past 21 months [10]. Then in 2018, they reported that they successfully harvested CD34+ cells
from patients and edited the cells in vitro with a vector that encodes A 789 [3]. In 2022, they reported
the long-term outcome of this therapy they applied that the patients are all transfusion free with
improvement of symptoms [8]. In 2021, Franco Locatelli's team reported that they used an in vivo
gene-editing vector containing the gene encoding A T87Q to treat B-thalassemia [11]. In addition, in
2020, the S. Corbacioglu team inhibited the expression of BCL11A by knocking out the enhancer of
BCLI11A to increase the expression of y-globin, instead of B-globin to function and free the patient
from blood transfusion [4].

In general, the two current approaches for in vitro gene-editing therapy for sickle cell anemia and
B-thalassemia are: 1) to express the B-globin variant B~ T8 in erythrocytes; 2) to increase expression
of y-globin in erythrocytes.

3. Liver

Liver, as the largest digestive organ of human being, plays a key role in maintaining individual
life activities. Contemporarily, liver transplantation is the only way to cure end-stage liver disease.
However, liver transplantation has several limitations. (1) Donor sources are inadequate. Some
patients may have no opportunities to accept liver transplantation because of the limitation of donor
liver. (2) Inevitable immune rejection. The patients who have undergone liver transplantation need to
take immunosuppressive drug for life. (3) The surgery is complicated, and the wound is large, which
will cause high risk and cost. Therefore, scientists have been exploring other alternative therapies for
liver transplantation. Hepatocyte transplantation is one of the promising therapies right now.
Compared to liver transplantation, hepatocyte transplantation has a couple of advantages. (1) More
donor sources; (2) Surgery is simple with lower risk; (3) Lower cost. Even for patients with some
genetic diseases, donor cells can be provided from themselves since doctors can correct the mutated
gene with gene-editing technology. After gene-editing correction, these cells can amplify to achieve
suitable quantities for clinical treatment in vitro. Thus, hepatocyte transplantation combined with
gene-editing technology has more advantages in treatment of congenital metabolic disease of liver.

3.1. Hereditary Tyrosinemia type 1 (HT1)

HT1 is tiggered by the mutation of FAH gene, encoding a type of metabolic enzyme,
fumarylacetoacetate hydrolase, which hydrolyzes fumarylacetoacetate to fumarate and acetoacetate.
Tyrosine and its metabolites accumulate abnormally in FAH deficient individuals because of the
deficiency of function for metabolizing tyrosine, which will cause both severe liver diseases and
damage of other organs.

Although HT1 caused by FAH deficiency is rare, FAH"- animal models are good choices for liver
research and in vitro gene-editing therapy for liver disease. In 2015, Raymond D. Hickey’s group
reported that transplantation of hepatocytes from WT mice can correct metabolic diseases of FAH"
mice [12]. Moreover, they have reported a series of in vitro gene-editing therapy in animal models
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with FAH deficiency including mouse models and pig models since 2016 [13-17]. They used
lentiviral vector or AAV vector to deliver Cas9 nuclease, gRNA and homology template to rescue
liver function of FAH"- mice successfully [13, 14]. The strategy they used to treat FAH- pigs includes
three steps: 1) isolating primary hepatocytes from FAH" pigs; 2) isolated hepatocytes were edited
with lentiviral vectors in vitro; 3) transplantation of corrected autologous hepatocytes by portal vein
injection [15-17]. With this therapy, they corrected metabolic disorders of FAH" pigs, which may
also provide a reasonable therapy for other inborn liver metabolic diseases.

3.2. Familial hypercholesterolemia (FH)

There are several types of gene mutations that can lead to familial hypercholesterolemia (FH),
including gene mutations of ApoB (apolipoprotein B), PCSK9 (proprotein convertase subtilisin/kexin
type 9), LDLR (low-density lipoprotein receptor) and so on. However, most of FH are caused by the
deficiency of LDLR. The endocytosis of low-density lipoprotein is mainly mediated in liver through
LDLR. LDLR located in the cytomembrane will diminish if LDLR gene mutate. The deficiency of
LDLR gene can damage the capability of hepatocytes to absorb low-density lipoprotein cholesterol,
which will lead to an increase of plasma cholesterol, and result in the occurrence of cardiovascular
disease.

From 2017 to 2019, the observation that iPSCs derived from LDLR deficient patients were
differentiated into hepatocyte-like cells (HLCs) after gene correction was reported by three groups
respectively. After gene correction, the ability of these cells to absorb low-density lipoprotein
cholesterol was improved [18-20]. In 2019, Chandan Guha and his colleagues combined irradiation
and GC-1, a thyroid hormone receptor-p agonist mimetic, to enhance the ability for engraftment and
repopulation of donor hepatocytes. Based on this strategy, they transplanted wild type human
hepatocytes into the liver of ApoE”- mouse and observed robust liver repopulation at 24 weeks after
hepatocyte transplantation [21]. Their research provided a new strategy for in vitro gene editing
therapy of congenital liver metabolic diseases.

3.3. Ornithine transcarbamylase deficiency (OTCD)

OTCD is one of urea cycle disorders. OTC, an enzyme that only expresses in liver, is able to
combine carbamoyl phosphate and ornithine to citrulline. Deficiency of OTC can lead to a disruption
of the urea cycle, which eventually leads to an increase in blood ammonia and brain disease.

In 2021, Stephen C. Strom’s group differentiated iPSCs derived from OTC deficient patients into
hepatocyte-like cells after in vitro gene correction and observed that the function of urea cycle of
these cells was rescued to some extent [22]. Apart from that, they transplanted gene-edited
hepatocytes isolated from OTC patients to OTC” mice and found that compared to OTC” mice
without hepatocyte transplantation, OTC”- mice transplanted with edited cells had a partial recovery
of OTC enzyme activity [23].

3.4. Haemophilia (hemophilia)

Haemophilia is a kind of inherited coagulopathy with which patients have prolonged clotting time.
The most common types are haemophilia A and haemophilia B, which are caused by the deficiency
of factor VIII gene and factor IX gene respectively. Factor VIII is a kind of glycoprotein, which is
mainly synthesized in hepatocyte. Factor IX, an essential protein for coagulation function, is one of
the serine proteases of the coagulation system [24]. A large number of researchers have donated
themselves in the study of in vitro gene-editing therapy for haemopbhilia right now.

3.4.1 Haemophilia A (hemophilia A)

Until by now, several research groups have successfully corrected iPSCs derived from
haemophilia patients through in vitro gene editing and differentiated them into endothelial cells after
gene correction. All of these groups noticed expression of factor VIII in the endothelial cells they
harvested after gene-editing and differentiation [25-29]. Among these groups, Liang Desheng’s group
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detected factor VIII in the supernatant of differentiated endothelial cells [28]. Jin-Soo Kim’s group
transplanted endothelial cells differentiated from haemophilia A patients’ iPSCs after gene correction
to mouse models that suffered from haemophilia A and they found that their coagulation function
was partially recovered [29]. K. John Pasi’s group tried to utilize in vivo gene-editing therapy to treat
patients. They injected AAV5 vector encoding an variant of human factor V111 in patients with severe
haemophilia A and observed symptoms improvement in patients [30]. Their strategy is useful to some
extent and their research may provide some ideas for the further study.

3.4.2 Haemophilia B (hemophilia B)

Among the study of haemophilia B, three research groups have differentiated gene-corrected
IPSCs derived from haemophilia B patients into HLCs and observed expression of factor IX [31-33].
Anne Dubart-Kupperschmitt’s team transplanted gene-edited HLCs to haemophilia B mouse models
and found that the group with transplantation had significant higher level of factor IX compared with
the group without transplantation [33]. In 2014, A.C. Nathwani’s team found AAVS vector mediated
delivery strategy could achieve long-term therapeutic factor 1X expression, which might provide
some inspiration for in vitro gene-editing therapy for haemophilia B [24].

Theoretically, in vitro gene editing could also be applied into curing other congenital metabolic
diseases of the liver, such as phenylketonuria (PKU), urea cycle disorder caused by arginase-1
deficiency and alphal-antitrypsin deficiency (AATD) and so on. However, it is a challenge for
doctors to achieve enough cells that are suitable for clinical treatment. In 2014, Hui Lijian’s team
firstly harvested human HLCs by transdifferentiating from human fibroblast directly and achieved
large scale expansion of this kind of cell in 2016 [34, 35]. Then, in 2018, they reported that they
successfully amplified human hepatocyte in vitro and several other research teams achieved this goal
[36]. These achievements offered different sources of human hepatocytes for clinical treatment. With
these strategies, scientists acquire more chance to expand patients’ hepatocytes after gene-editing and
finally harvest adequate cells for treatment. In addition, the engraftment of donor cells should also be
considered, which needs more useful transplant and preconditioning strategy to obtain better
efficiency.

4. Pancreas

Pancreas is not only a digestive organ but also an endocrine organ, which performs digestive and
endocrine functions. As an endocrine gland, its main function is to adjust blood glucose level and
secret several types of hormones, such as insulin and glucagon. As a digestive organ, pancreas secret
pancreatic juice to digest food. Insulin is the only hormone that can reduce the level of blood glucose
in human body, which is secreted by islet B cells, an essential kind of cell which located in pancreas.
A person will suffer from diabetes if his or her islet 3 cells are damaged or abnormal.

Diabetes can be divided into several types including type 1 diabetes and type 2 diabetes. The
former is a kind of autoimmune disease. Immunity cells of patients will attack their own islet B cells,
which damages P cells and finally leads to type 1 diabetes. Additionally, type 2 diabetes is featured
with insulin resistance that cells lose normal response to insulin, which is mainly caused by obesity
and lack of exercise.

In vitro gene-editing therapy is a promising clinical protocol for diabetes caused by the gene
deficiency that impairs the function of insulin secretion. Currently, transplantation of islet 3 cells is a
proven treatment for diabetes caused by insulin deficiency. B cells stem from patients’ iPSCs (SC-3
cells) is a kind of cell source for in vitro gene-editing therapy for diabetes. In 2018, Dieter Egli’s
group isolated fibroblasts from permanent neonatal diabetes mellitus (PNDM) patients and induced
these cells to iPSCs. Then, they corrected the mutated gene of these iPSCs, differentiated them to SC-
B cells and then transplanted them into mice. They observed that mice transplanted with mutated cells
and mice without cell transplantation suffered diabetes at 7 days after treated with streptozotocin
(STZ). However, these mice transplanted with gene-corrected cells maintained a normal blood
glucose level [37]. What’s more, in 2020, Jeffrey R. Millman’s team acquired iPSCs from a Wolfram
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syndrome (WS) patient and differentiated them to SC-p cells after gene-editing. They transplanted
these SC-p cells into mice with diabetes caused by STZ treatment and the symptoms of diabetes were
rescued [38].

Similar to hepatocyte transplantation, adequate cells that suitable for clinical treatment and proper
preconditioning strategy are also needed for transplantation of pancreatic B cells. In 2020, Zeng and
her team identified a lineage of protein C receptor positive cells (Procr+ cells). This cluster of Procr+
cells can be cultured to pancreatic islet organoids in vitro that can reverse diabetes in mice after
transplantation [39]. This study provides a promising cell resource for cell therapy for diabetes.

5. Discussion

Compared to in vivo gene-editing therapy, in vitro gene-editing therapy has several strengthens
because it is combined with cell transplantation. (1) Compared to organ transplantation, in vitro gene
editing can be done directly with the patient's own cells, without delaying treatment because of a
shortage of donors. (2) Donor cells derived from patients will lead to lower immunity response, which
will contribute to a better therapeutic outcome. (3) It has higher security compared with in vivo gene-
editing therapy. Because this therapy avoids the injection of editing vectors and quality testes of donor
cells can be applied before clinical treatment, which provides chances to filtrate donor cells to
improve the security of this therapy. (4) The operation of surgery is simpler, and the wound is smaller
compared with organ transplantation. (5) The cost can be lower because of the simpler surgery
operation, lower demand of immunosuppressive drugs and the industrialization of cell transplantation.

However, there are still some limitations and obstacles need to be addressed before this strategy
was applied to clinical treatment. (1) Donor cells. Doctors must harvest adequate and high-quality
cells that can be used as clinical donor cells. Thus, to achieve the desired therapeutic effect, the
problem refers to large scale expansion of donor cells in vitro need to be solved. (2) Transplantation
strategy. Firstly, the location of transplantation may influence the function of donor cells. For example,
during the process of islet B cells transplantation, scientists must considerate whether donor cells can
response to glucose fluctuation at the region where they graft. In addition, donor cells may cannot
graft into patients and repopulate because of the microenvironment, immunity response and other
obstacles like vascular wall. Therefore, preconditioning protocols need be explored to enhance the
engraftment and repopulation of donor cells. (3) Off-target. It is necessary to control this problem to
guarantee the security of treatment. (4) Delivery efficiency. All vectors have a limited capacity, and
the components used to complete gene editing may be larger than the capacity of the vector. Thus,
multiple vectors may be needed, which will reduce editing efficiency. Therefore, scientists are also
looking for smaller editors and vectors which have larger capacity.
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