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Abstract 
 

End-stage organ failure is affecting millions of people every year. In Europe and in the United 

States the number of transplants performed yearly represent less than half of the transplantations 

needed. One of the main issues is immunological incompatibility between donor and recipient 

which leads to an unsuccessful transplantation due to the rejection of grafted cells, tissues or 

organs.  

To address this problem, we aimed to generate universal “off-the-shelf” iPSCs and their 

derivatives which can be allogeneically transplanted without the use of immunosuppressive drugs.  

Mouse and human iPSCs were engineered by CRISPR-Cas9 knock out of B2m/B2M, a gene 

encoding for an essential component of Major Histocompatibiliy Complex (MHC) molecules and 

Ciita/CIITA, a gene regulating the expression of MHC molecules, and lentivirally overexpressing 

the surface protein Cd47/CD47. The generated hypoimmunogenic iPSCs and their derivatives 

show both in in vivo and in vitro immunological assays immune evasion in allogeneic settings. 

Long-term allogeneic survival of in vivo engrafted hypoimmunogenic cells without the 

administration of immunosuppressive drugs was achieved.  

The generated hypoimmunogenic cell therapeutics evade immune rejection in allogeneic 

recipients, however are susceptible to antibody-mediated killing.   

To generate fully immune evasive cell therapeutics, we engineered the IgG receptor CD64 on 

human and mouse hypoimmune iPSC-derived iECs. CD64 binds the free Fc region of IgGs while 

the Fab region binds its antigen, rendering the Fc region not available to immune cells for binding 

and therefore making the cells fully protected from antibody-mediated cellular cytotoxicity 

(ADCC) and complement-dependent cytotoxicity (CDC).  

We subsequently engineered disease-relevant cells such as human thyroid epithelial cells, 

pancreatic beta cells and CAR T cells to overexpress CD64t, a truncated form of CD64. The 

transgenic cells were able to fully evade disease-specific antibody-mediated killing.  
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This work demonstrates a new strategy for the generation of hypoimmunogenic cell therapeutics 

which evade all cellular-mediated and antibody-mediated killing. These results could potentially 

address the major hurdles in transplantation and regenerative medicine.  
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Zusammenfassung 
 

Organversagen im Endstadium betrifft jedes Jahr Millionen von Menschen. In Europa und den 

Vereinigten Staaten ist die Zahl der jährlich durchgeführten Transplantationen weniger als die 

Hälfte der benötigten Transplantationen. Eines der Hauptprobleme ist die immunologische 

Inkompatibilität zwischen Spender und Empfänger, die zu einer erfolglosen Transplantation 

aufgrund der Abstoßung von transplantierten Zellen, Geweben oder Organen führt. 

Um dieses Problem anzugehen, wollten wir universelle iPSCs „off-the-shelf“ und ihre Derivate 

herstellen, die ohne den Einsatz von immunsuppressiven Medikamenten allogen transplantiert 

werden können. 

Universelle murine und humane iPSCs wurden durch CRISPR-Cas9-Knockout von B2m/B2M, 

einem Gen, das für eine wesentliche Komponente von Molekülen des Major Histocompatibiliy 

Complex (MHC) kodiert, und Ciita/CIITA, einem Gen, das die Expression von MHC-Molekülen 

reguliert, und lentiviraler Überexpression des Oberflächenproteins Cd47/CD47 generiert. Die 

kreierten hypoimmunogenen iPSCs und ihre Derivate zeigen sowohl in in vivo als auch in in vitro 

immunologischen Assays Immunevasion unter allogenen Konditionen. Es wurde ein langfristiges 

allogenes Überleben von in vivo transplantierte hypoimmunogenen Zellen ohne die Verabreichung 

von Immunsuppressiva erreicht. 

Die generierten hypoimmunogenen Zelltherapeutika entziehen sich der Immunabstoßung in 

allogenen Empfängern, sind jedoch anfällig für eine Antikörper-vermittelte Tötung. 

Um vollständig immunevasive Zelltherapeutika zu entwickeln, haben wir den IgG-Rezeptor CD64 

auf murinen und humanen hypoimmunen iPSC-derivierten Endothelzellen generiert. CD64 bindet 

die frei zugängliche Fc-Region von IgGs, während die Fab-Region ihr Antigen bindet, wodurch die 

Fc-Region Immunzellen nicht zur Bindung zur Verfügung steht und die Zellen daher vollständig 

vor Antikörper-vermittelter zellulärer Zytotoxizität (ADCC) und Komplement-abhängiger 

Zytotoxizität (CDC) geschützt sind. 

Anschließend haben wir krankheitsrelevante Zellen wie menschliche Schilddrüsenepithelzellen, 

Betazellen der Bauchspeicheldrüse und CAR-T-Zellen so manipuliert, dass sie CD64t, eine 
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trunkierte Form von CD64, überexprimieren. Die transgenen Zellen konnten sich der 

krankheitsspezifischen Antikörper-vermittelten Tötung vollständig entziehen. 

Diese Arbeit demonstriert eine neue Strategie für die Generierung von hypoimmunogenen 

Zelltherapeutika, die jegliche zellvermittelte und Antikörper-vermittelte Tötung umgehen. Diese 

Ergebnisse bieten somit eine Basis für mögliche Anwendungen in der Transplantation und 

regenerativen Medizin. 
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1 Introduction 
 

End-stage organ failure is a major cause of death worldwide and patients can be treated by organ 

transplantation. One of the main challenges of organ transplantation is the unmet demand of 

organs. According to the Organ Procurement and Transplant Network database in the USA by the 

end of 2019, there were 112,568 patients waiting and 39,718 solid organ transplants performed 

(Edgar et al. 2020). Alongside with the worldwide shortage of organs, immune activation 

following transplant threatens long-term transplantation outcomes and leads to graft rejection.  

 

1.1 The immune system  
 

The immune system has the role of protecting the host from the continuous exposure to pathogens 

and hostile environment while simultaneously maintaining the ability to remain tolerant to its own. 

In vertebrates, the immune system consists of two different types of responses which are 

characterized by the speed and the specificity of the reaction. One type of response is mediated by 

the innate immune system and the other one is mediated by the adaptive immune system. Both of 

these immune systems are constantly interacting (Fearon and Locksley 1996). The innate immune 

system is responsible for the immediate non-specific immune response after a foreign organism 

encounter. Foreign organisms are recognized by the innate immune system through receptors 

binding to peptides or carbohydrates. The major components of the innate immune system are 

granulocytes, macrophages, dendritic cells, natural killer cells and complement system. The 

adaptive immune system consists of the slower antigen-specific reactions carried out by T cells 

and B cells. The rejection of donor’s organs and tissues in the recipient is mediated by both innate 

and adaptive immune cells system.  
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1.1.1 Natural Killer cells (NK cells)  
 

Natural killer (NK) cells are lymphocytes originating from bone marrow precursors and account 

for 2-18% of the total lymphoid population when analyzing human peripheral blood mononuclear 

cells (PBMCs). NK cells have cytotoxic and cytokine-producing effector functions (Raulet 2004). 

Circulating NK cells can recognize and kill both tumor and virally infected cells. They are also 

able to regulate other immune cells (Waggoner et al. 2011; Cooper, Fehniger, and Caligiuri 2001). 

The effector functions of NK cells are tightly controlled by the extensive repertoire of stimulatory, 

co-stimulatory and inhibitory receptors. The overall immune response results from the 

combination of inhibiting and activating signals that the NK cell receives at the time of antigen 

encounter  (Vivier et al. 2008). The balance of these signals ensures that the NK cells discriminate 

between healthy self-cells and non self-cells. Self-cells present a surface protein called Major 

Histocompatibility Antigen (MHC) class I, which binds to Killer Cell Immunoglobulin-like 

Receptors (KIRs) on the surface of NK cells suppressing cytotoxicity (Karre et al. 1980). This 

ensures that self-cells are not eliminated, and it is called the “missing-self” theory. NK cell subsets 

can be distinguished by the expression levels of the phenotypic markers Fc Gamma Receptor IIIa 

(also known as CD16) and Neural Cell Adhesion Molecule 1 (also known as CD56). The CD56dim 

NK cells represent a highly cytotoxic NK cell population. CD56dim NK cells can lyse the target 

cells by secreting granules containing granzyme B and perforin (Cooper, Fehniger, and Caligiuri 

2001). 

 

1.1.2 T and B cells  
 

T and B cells originate from the bone marrow and as they mature, they move to the circulation and 

to secondary lymphoid organs. On their cell surface, T and B cells express receptors recognizing 

specific antigens. B cells bind antigens through the cell surface localized B cell receptor (BCR) 

(Reth 1992). The antigen-binding subunit consists of two identical transmembrane 

immunoglobulin heavy chain (IgH) and two identical light chains (IgL). These are arranged so that 

there are two antigen-binding (Fab) regions linked to a fragment crystallizable (Fc). The heavy 

chain is non-covalently associated with a heterodimer consisting of Igα and Igβ signaling proteins. 
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T cells express the T cell receptor (TCR) which consists of two variable chains responsible for 

antigen binding and a protein complex called Cluster of Differentiation 3 (CD3). Antigen 

recognition by T cells occurs when the TCR interacts with Major Histocompatibility Complex 

(MHC) which are surface molecules able to bind antigens. To ensure a stable interaction between 

TCR and the antigen-MHC complex, the T cell co-receptor molecules CD4 or CD8 additionally 

bind to the MHC. During T cell maturation in the thymus, only T cells expressing TCR with a 

weak affinity to self-peptide bound to MHC complexes are chosen to be released into the 

circulation. This results in a set of T cells that remain tolerant to self-cells and are only activated 

by non-self antigens. Once B and T cells express their cell specific receptors, they are released into 

the circulation and interact with each other as well as with antigens resulting in the first antigen-

specific immune responses (Weih and Caamano 2003). After a first encounter, subpopulations of 

B and T cells recognizing the antigen differentiate and clonally expand into long-lived antigen-

specific memory B cells, plasma cells and T cells (Klein and Dalla-Favera 2008). Those 

subpopulations remain in the circulation and enable the host to mount a more rapid immune 

response upon second encounter with the same antigen (Huston 1997).  

 

1.2 The Major Histocompatibility Complex (MHC) 
 

The MHC consists of surface proteins which are encoded by a set of genes found in a defined 

genetic region. MHC molecules are polymorphic and each individual carries a unique combination 

of molecules which are necessary for cell self-recognition and prevention of the immune system 

to target its own. Each MHC subunit gene is highly polymorphic and therefore the MHC molecules 

are able to bind a large repertoire of different antigen fragments (Wieczorek et al. 2017).  

Gorer and Snell discovered the MHC in 1936 as skin transplantation experiments between various 

mouse strains revealed that the survival of the grafts was dependent on the genetic background of 

the mice (Snell 1948). Successful grafts performed between mice of the same genetic background 

are termed syngeneic. Unsuccessful grafts performed between mice of a different genetic 

background are termed allogeneic. There are two classes of MHC proteins: class I and class II. In 

mice the MHC is also known as H2 complex. MHC class I consists of three subclasses H-2D, H-

2K and H-2L, whereas the MHC class II consists of H2-A and H2-E molecules. 
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The MHC class I molecules are heterodimers of a large transmembrane α chain (encoded by the 

MHC genes) and non-polymorphic molecule called β2-microglobulin (β2m) which is not encoded 

by MHC genes. On the cell surface, β2m is located extracellularly with the α chain and stabilizes 

the structure of MHC class I.  The MHC class II molecule is composed of a heterodimer of a 

transmembrane α chain and β chain, both encoded by the MHC genes (Figure 1). 

 

Figure 1: Structural representation of MHC class I and class II molecules. 

(Left) HLA class I molecule consisting of α-chain transmembrane protein and β2-microglobulin molecule. (Right) 
The HLA class II molecule is made of a transmembrane α chain and a transmembrane β chain, both encoded by the 
HLA region.  The HLA class I molecule has two peptide-binding domains (α1 and α2) as well as an immunoglobulin-
like domain α3. The HLA class II molecule has a peptide-binding domain consisting of α1 and β1 chains and it has 
two immunoglobulin-like domains α2 and β2. (Mak, Saunders, Jett 2014). 

After the discovery of the mouse MHC, the first histocompatibility antigen was discovered in 

humans (Dausset 1958; Marchal, Dausset, and Colombani 1962) by observing the development of 

antibodies in the serum of patients that received various blood transfusions. These antibodies were 

directed against the blood cells of another person and were termed histocompatibility antigen or 

Human Leukocyte Antigen (HLA). 

HLA class I molecules are present on all nucleated cells and mainly present peptides originating 

from endogenous and foreign cytoplasmic antigens which have been degraded by proteasomes in 

the cytosol (Gabriel et al. 2014). In humans, the HLA class I molecules can be further divided into 
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classical and non-classical groups. The classical group consists of molecules presenting antigens 

to T cells, whereas the molecules of the non-classical group are not as polymorphic and are not 

involved in antigen presentation. The classical HLA class I molecules are encoded by the HLA-A, 

HLA-B and HLA-C loci, whereas the non-classical HLA class I proteins are encoded by the HLA-

E, HLA-F, HLA-G and MHC class I polypeptide-related sequence A (MICA) loci. The HLA class 

II is encoded by the HLA-DR, HLA-DQ and HLA-DP loci and their constitutive expression is 

restricted to specific antigen-presenting cells (APC), such as dendritic cells, macrophages and B 

cells.  

 

1.3 The immune system in transplantation  
 

The immune system protects the host from foreign antigens by mounting a strong immune 

response against them. Due to the enormous polymorphism of HLA molecules, the immune system 

of the recipient might recognize as foreign the graft non-self antigens. This immune response is 

mediated mainly by T cells and leads to the rejection of the donor allograft (Hall 1991). Besides T 

cell activation, the presence of antibodies directed against graft HLA and other antigens might 

result in graft damage and rejection in a process called antibody-mediated rejection (AMR). AMR 

is mainly mediated by NK cells, neutrophils and macrophages. HLA matching of organ donor and 

recipient as well as immunosuppressive therapies can help mitigate the strong activation of the 

recipient’s immune system upon transplantation. 

 

1.3.1 Immunomodulatory function of MHC  
 

The MHC molecules play an essential role in the activation of the immune system, as they allow 

the recognition of foreign peptide fragments by T cells. MHC class I proteins display the processed 

antigen to T cells through interaction with the TCR. T cells expressing a specific TCR for a 

particular MHC-non-self antigen complex will be activated upon binding, only when co-

stimulation and cytokine binding occur. T cells not only recognize foreign antigens in combination 

to self MHC molecules, but also recognize foreign antigens in combination with non-self MHC 
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molecules. Both lead to the lysis of the target cell in a process called alloreactivity. Cytotoxic T 

cells express the co-stimulatory molecule CD8 and mediate the lysis of the target cells by releasing 

perforin or granzymes. 

MHC class II molecules typically present peptides originating from exogenous antigens (Sadegh-

Nasseri and Kim 2015). When an antigen is presented by the cells through MHC class II molecules, 

the MHC class II:non-self antigen complex is recognized by CD4+ T cells via the TCR. Upon 

activation, CD4+ T cells release a variety of cytokines which trigger CD8+ T cells and NK cells.  

CD4+ T cells can also activate B cells which produce antibodies against the antigen on the target 

cells, a process called opsonization. Opsonization results in the target cells getting tagged by 

antibodies for elimination.  

 

1.3.2 Antibody-mediated rejection  
 

Antibody-mediated rejection (AMR) is a well-known post-transplantation consequence, 

recognized as a clinicopathological entity for the first time in 1997 (Colvin et al. 1997). In general, 

AMR is characterized by the presence of anti-HLA donor specific antibodies (DSAs) or antibodies 

directed against graft antigens in the recipient. The presence of DSAs is correlated with long term 

poor graft survival (Lachmann et al. 2009; Campos et al. 2006). By ten years after kidney 

transplant, approximately 25% of the transplant recipients have developed antibodies against the 

graft (Everly 2013). DSAs can be found in the serum of recipients before transplantation due to a 

previous transplant, pregnancy, blood transfusion or insufficient immunosuppression (Wiebe et al. 

2012), but can also develop later (Wiebe et al. 2012). After transplantation, new or already present 

DSAs bind their epitopes on the endothelium of the graft which is the first exposed surface of the 

graft to the recipient immune system (Chen et al. 2018). DSAs can bind allogeneic HLA or non-

HLA molecules on the graft’s endothelial cells (Farkash and Colvin 2012) triggering an immune 

reaction via complement-dependent cytotoxicity (CDC) or antibody dependent cellular 

cytotoxicity (ADCC) (Zwirner et al. 2000; Mizutani et al. 2005; Zou et al. 2002). 
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1.3.2.1 Complement-dependent cytotoxicity 
 

The complement is part of the innate immune system (Walport 2001) and consists of various 

membrane receptors and non-membrane bound proteins mainly originating from the liver and 

released into the circulatory system. The initial reaction that triggers CDC is the binding of the 

complement molecule C1q to the target cell. In solid organ transplantation the majority of the 

DSAs consist of the IgG1 antibody subclass (Lefaucheur et al. 2016). When DSAs or antibodies 

directed against donor’s antigens bind to the endothelium of the graft, the exposed Fc region of the 

antibody allows for the binding of the complement molecule C1q. This leads to the recruitment of 

a series of complement proteins such as C3 convertase. C3 convertase promotes a series of chain 

reactions, inducing the assembly of the Membrane Attack Complex (MAC) which causes cell 

membrane perforation and injury. One of the criteria of pathological diagnosis for antibody-

mediated rejection is the deposition of the molecule C4d in the endothelium of renal grafts 

(Bohmig et al. 2002; Feucht et al. 1993; Lederer et al. 2001; Gaston et al. 2010; Mauiyyedi et al. 

2001). C4d is a typical degradation product of the activation of the complement cascade that 

remains bound to the endothelium of the graft.  

 

1.3.2.2 Antibody-dependent cellular cytotoxicity 
 

ADCC was described in 1965 by Erna Moeller, as an immune system mechanism where target 

cells become opsonized by antibodies which leads to the recruitment of effector cells inducing cell 

death (Moeller 1965). In transplantation, DSAs and antibodies against the donor’s antigens create 

“bridges” between the antigen on the target cell bound via the Fab region and the effector cells 

bound to the free Fc region of the IgG. The effector cells bind the free Fc region via the Fc gamma 

receptors (FcγRs). FcγRs are expressed on the surface of NK cells, macrophages and neutrophils. 

In humans there are activating FcγRs (FcγRI, FcγRIIA/C, FcγRIII) or inhibitory FcγR (FcγRIIB). 

Human NK cells express only activating FcγR (FcγRIIIa alternatively known as CD16a or FcγRIIc 

or CD32c) and no inhibitory FcγR to counteract their activity. When NK cells encounter free IgG-

Fc the binding triggers the activation of the NK cells leading to cytokine production and lysis of 

the target cell. The activating receptor Killer Cell Lectin Like Receptor K1 (also known as 
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NKG2D) is found on the surface of NK cells and promotes the CD16a signaling. In transplantation, 

the graft endothelial cells maintain a low level of cell surface NKG2D ligands expression such as 

MICA, a protein part of the non-classical MHC class I. Host antibodies directed against MICA 

can trigger ADCC and subsequently graft damage. MICA is associated with increased kidney 

allograft rejection rates and poor graft survival (Zou et al. 2007).  

In humans there are several different types of FcγRs that differ in their expression and binding 

affinity to different classes of IgG. Typically, the majority of DSAs consist of IgG1 antibodies and 

the FcγR with the highest affinity for this antibody class is FcγRI or CD64. CD64 is prevalently 

found on the surface of macrophages and neutrophils and has high affinity for IgG1, IgG3 and 

IgG4 but has no affinity to IgG2. The therapeutic anti-tumorigenic potential of many antibodies 

such as anti-CD20 (Rituximab) and anti-HER2 (Trastuzumab) has been studied in mouse models 

to demonstrate that ADCC activity was essential to the reduction of the tumors (Clynes et al. 2000). 

In humans, clinical trials have shown that administered antibodies are able to reduce or eliminate 

the tumorigenic cells, partly by triggering ADCC. The polymorphisms of FcRIIa and FcRIIIa 

having a higher affinity for IgG1 showed a stronger ADCC activity (Bibeau et al. 2009). 

Significant improvements have been observed in patients with B cell lymphoma carrying 

activating FcγR alleles with a higher affinity to Rituximab IgG1 antibodies when administered 

(Weng et al. 2004; Cartron et al. 2002).  

 

1.4 Autoimmune diseases  
 

Autoimmune diseases are caused by the failure of tolerance mechanisms in the body thus the 

immune system cannot discern self-antigens from foreign. Hallmarks of autoimmune disorders are 

autoreactive CD8+ and CD4+ T cells attacking tissues and organs and producing cytokines to 

trigger autoantibody production in plasma cells (Sinha, Lopez, and McDevitt 1990).  This leads to 

the destruction or dysfunction of the tissue itself (Xiao, Miller, and Zheng 2021).  

Hashimoto’s thyroiditis is an example of an autoimmune disorder targeting thyroid cells with an 

incidence estimated at 80 cases per 100000 per year. Although its etiology is unclear, this disease 

is characterized by the presence of self-reactive CD4+ T cells which by cytokine release recruit B 
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cells and CD8+ T cells to the thyroid tissue. Plasma cells produce autoantibodies against thyroid 

cell surface proteins such as anti-thyroid peroxidase (TPO) antibodies and anti-thyroglobulin (TG) 

antibodies. These autoantibodies are found in the serum of patients (Roitt et al. 1956). Mice models 

show that the immunization of susceptible mice with thyroglobulin leads to the breakdown of 

tolerance (Tomazic and Rose 1976; Kong 2007) . 

Type 1 diabetes (T1D) is another autoimmune disease targeting β cells which are insulin producing 

cells found within the pancreatic islets of Langerhans in the pancreas (Ke et al. 2020).  T1D is 

caused by the tolerance breakdown to β cell antigens a few examples being proinsulin, insulin, and 

glutamic acid decarboxylase (GAD65) and the consequent destruction of the β cells. The etiology 

is not quite understood however fragments of autoantigens are displayed to T cells and this leads 

to the activation and differentiation to T effector cells initiating the β cell damage.  

 

1.5 Transplantation and cell therapy 
 

Worldwide organ shortage is the main cause of death of patients with end-stage organ failure. The 

transplantation field has been profoundly impacted by the advances in cell therapies. These 

therapies are dedicated to the regenerative use of stem cells and their derivatives to replace and/or 

repair tissues and organs to restore their functionality. Pluripotent stem cells are unspecialized cells 

which are able to differentiate into any cell type of the organism have the ability of self-renewal 

in vitro indefinitely. Their regenerative potential might offer a solution to the organ shortage. In 

regenerative medicine two main sources of stem cells are employed: embryonic stem cells (ESCs) 

and induced pluripotent stem cells (iPSCs).  

 

1.5.1 Role of ESCs in transplantation 
 

In 1981 Evans, Kaufman and Martin first described the isolation and culture of mouse ESCs 

(mESCs) derived from mouse early embryos (Evans and Kaufman 1981; Martin 1981). Later in 

1998 Thomson described the first isolation of human blastocyst-derived pluripotent stem cells 

(Thomson et al. 1998). The potential for tissue regeneration of human ESCs (hESCs) allowed the 
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establishment of hESC-based therapies for various diseases such as macular degeneration (Liu, 

Xu, et al. 2018), ischemic heart disease (Menasche et al. 2018), and diabetes mellitus (Schulz 

2015). A concern for the clinical use of ESCs is their survival post-transplant which is limited as 

ESCs express MHC class I proteins on their cell surface and ESCs derivatives have an even 

increased expression of MHC class I (Drukker et al. 2002). MHC class I molecules on the surface 

of the grafted cells can be recognized by the recipient’s immune system as non-self and trigger a 

strong T cell response, the vigorous immune response leads to their rapid depletion. The 

tumorigenic nature of ESCs (Nussbaum et al. 2007), and the ethical concerns regarding the 

research on human embryos make them a non-ideal source of stem cells for transplantation.  

 

1.5.2 Role of iPSCs in transplantation  
 

In 2006, Yamanaka and Takahashi reported the generation of mouse induced pluripotent stem cells 

(miPSCs) from adult murine fibroblasts. iPSCs were artificially generated from mouse somatic 

cells by introduction of four factors Pou5f1 (or Oct3/4), Sox2, Klf4, and c-Myc (Takahashi and 

Yamanaka 2006). miPSCs and mESCs have similar morphology, developmental patterns and gene 

expression profiles (Takahashi and Yamanaka 2006).  

Shortly after, in 2007, Yamanaka and colleagues described the generation of human iPSCs 

(hiPSCs) from adult somatic cells with a similar approach to the generation of miPSCs (Takahashi 

et al. 2007). The introduction of POU5F1 (or OCT3/4), SOX2, KLF4, and C-MYC by retroviral 

transduction of somatic cells resulted in the formation of ESC-like colonies. hiPSCs have been 

shown to maintain a similar gene expression profile and developmental potential compared to the 

ESCs (Liang and Zhang 2013). In clinical settings, an immune activation due to the 

immunogenicity of the iPSCs might lead to the rejection of these cells/tissues. Some studies found 

little to no signs of immune rejection of the miPSC grafts and of miPSC-derived cells grafts (de 

Almeida et al. 2014; Guha et al. 2013; Araki et al. 2013), as well as minimal immune response in 

the brain after iPSC-derived neurons were transplanted in nonhuman primates (Morizane et al. 

2013). These studies reported contrasting results compared the findings of others, which showed 

rejection of miPSCs upon syngeneic transplantation (Zhao et al. 2011). An immune activation 

should however not occur when transplanting hiPSC derivatives generated from patient-specific 
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hiPSCs which are immune matched to the patient.  Retinal cells derived from such autologous 

hiPSC have been used already for the treatment of patients with macular degeneration (Mandai, 

Kurimoto, and Takahashi 2017). However, even autologous hiPSC derivatives could trigger an 

immune response leading to their rejection, i.e. de novo mutations developed during 

reprogramming of the somatic cells into iPSCs and their expansion in culture and/or differentiation 

may contribute to the generation of gene mutations in the mitochondrial DNA. The corresponding 

proteins might act as neoantigens which lead to rejection of the cells after autologous 

transplantation when presented to the immune system (Deuse, Hu, Agbor-Enoh, et al. 2019). 

Another consideration regarding the use of hiPSC derivatives for clinical applications and their 

long-term survival is AMR. DSAs are directed against but not limited to MHC molecules of the 

grafted cells/tissues derived from hiPSCs therefore antigens might trigger CDC and ADCC 

generating damage and cell rejection. 

Despite the potential of iPSCs to treat major diseases their immunogenic potential barrier needs to 

be overcome. Targeted gene editing could potentially offer a solution to reduce the 

immunogenicity of iPSCs. 

 

1.6 Gene editing  
 

Gene editing is the process through which DNA or RNA are manipulated to add, delete, or replace 

nucleotides in the genome. Two of the most frequently used techniques are the Clustered Regularly 

Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-associated system (Cas) or 

CRISPR/Cas9 and lentiviral overexpression. 

 

1.6.1 CRISPR/Cas9 
 

The Clustered Regularly Interspaced Short Palindromic Repeats were discovered in 1987 in the 

bacterium E.Coli (Ishino et al. 1987; Mojica et al. 2000). These sequences are part of an adaptive, 

prokaryotic immune defense mechanism against foreign DNA and RNA of phages/viruses and 

they induce RNA-guided DNA cleavage (Li et al. 2020; Jinek et al. 2012). There are different 
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types of nucleases and the most frequently used for gene editing is the Cas9 from the bacteria 

Streptococcus pyogenes system. The CRISPR locus is composed of a Cas9 nuclease gene, two 

noncoding CRISPR RNAs (crRNAs): trans-activating crRNA (tracrRNA) and a precursor crRNA 

(pre-crRNA) which is a short nucleotide sequence complementary to the target genomic DNA 

sequence. The single guide RNA (sgRNA) consists of the crRNA and the tracrRNA. The sgRNA 

has a sequence complementing the DNA targeted and binds adjacent to a short sequence called 

“protospacer adjacent motif” (PAM). The endonuclease Cas9-sgRNA complex is able to precisely 

cleave the DNA to generate a double strand break (DSB) which is then repaired by the endogenous 

DNA repair machinery through non-homologous end joining (NHEJ) or homology-directed repair 

(HDR). This leads to targeted deletions or insertions in the genome (Figure 2).  

             

Figure 2: Structure of the Cas9-sgRNA complex. 

The sgRNA binds to the DNA target site, the Cas9 protein cleaves the DNA creating a DSB near the PAM sequence. 
Upon generation of DSB either Random insertion-deletions (INDELs) or precise modifications are inserted into the 
DNA by NHEJ or HDR pathway (Tian et al. 2017). 

 

Active Cas9 enzyme introduces a double-stranded break (DSB). The cell repairs through two 

methods, one of which is the error-prone non-homologous end joining (NHEJ) that creates InDels. 

Alternatively, if a double stranded DNA donor template is provided, the DSB is repaired through 

homology-directed repair (HDR) resulting in a targeted insertion. Cong et al. demonstrated for the 

first time in 2013 the targeted cleavage of mammalian chromosomes (Cong et al. 2013). 
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1.6.2 Lentiviral overexpression 
 

Lentiviruses are part of the family of retroviruses and carry two copies of sense strand viral RNA. 

Retroviruses have, among others, genes encoding reverse transcriptase, integrase and protease as 

well as viral envelope proteins. Following infection of the cell, the viral reverse transcriptase and 

integrase perform reverse transcription and random integration of the virus encoded gene into the 

host cellular DNA (Cockrell and Kafri 2007) allowing for long-term expression. One of the 

advantages of using lentiviruses to modify gene expression in comparison to other retroviruses is 

their efficacy into infecting non-proliferating cells. 
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1.7   Thesis goal 
 

The goal of this PhD Thesis was to engineer cell therapeutics that can be universally transplanted 

and can be used as a therapy option in clinical settings. To achieve this, the immunogenicity of 

stem cells needed to be investigated. Human and mouse induced pluripotent stem cells were 

engineered using CRISPR/Cas9 technology to generate MHC class I and class II null cells and to 

induce exogenous expression of the non-immunogenic molecule CD47. These hypoimmunogenic 

cells were differentiated in various mesodermal lineages and their immunogenicity was 

investigated in vitro and in vivo. Hypoimmunogenic stem cell derivatives were subsequently 

modified by forced overexpression of non-immunogenic CD64 or CD64t (the truncated version of 

CD64) to protect them against humoral responses. Similarly, various disease-relevant cell types 

were engineered to evade antibody-mediated killing. Their protection was assessed by in vitro and 

in vivo experiments.   
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2 Publications  
 

 

2.1 Hypoimmunogenic derivatives of induced pluripotent stem cells evade 
immune rejection in fully immunocompetent allogeneic recipients 

 

In Chapter 2 is presented the publication ‘Hypoimmunogenic derivatives of induced 

pluripotent stem cells evade immune rejection in fully immunocompetent allogeneic 

recipients’. The paper has been published in Nature Biotechnology in 2019. My contribution 

to this paper includes performing imaging studies and analysis of the data. This contribution 

resulted in a second authorship on the paper.  

Title: Hypoimmunogenic derivatives of induced pluripotent stem cells evade immune 

rejection in fully immunocompetent allogeneic recipients 

Authors: Tobias Deuse*, Xiaomeng Hu*, Alessia Gravina, Dong Wang, Grigol Tediashvili, 
Chandrav De, William O. Thayer, Angela Wahl, J. Victor Garcia, Hermann Reichenspurner, Mark 
M. Davis, Lewis L. Lanier & Sonja Schrepfer 

*share co-authorship  

Journal: Nature Biotechnology 

DOI: 10.1038/s41587-019-0016-3 
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2.2 Hypoimmune induced pluripotent stem cell–derived cell therapeutics treat 
cardiovascular and pulmonary diseases in immunocompetent allogeneic 
mice 

 

In Chapter 2 is presented the publication ‘Hypoimmune induced pluripotent stem cell–derived 

cell therapeutics treat cardiovascular and pulmonary diseases in immunocompetent allogeneic 

mice’. The paper has been published in Proceedings of the National Academy of Sciences of 

the United States of America in 2021. My contribution to this paper includes performing cell 

culture, flow cytometry experiments, lentiviral transductions, and analysis of the data. This 

contribution resulted in a second authorship on the paper. 

 

Title: Hypoimmune induced pluripotent stem cell–derived cell therapeutics treat 
cardiovascular and pulmonary diseases in immunocompetent allogeneic mice 
 
Authors: Tobias Deuse*, Grigol Tediashvili*, Xiaomeng Hu*, Alessia Gravina, Annika Tamenang, 
Dong Wang, Andrew Connolly, Christian Mueller, Beñat Mallavia, Mark R. Looney, Malik Alawi, 
Lewis L. Lanier, and Sonja Schrepfer 
*sharing first authorship 
 
Journal: in Proceedings of the National Academy of Sciences of the United States of America 
(PNAS) 
 
DOI: 10.1073/pnas.2022091118 
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recipients and engrafted in the cardiac wall. A recent study in-
dicated the contribution of transplanted cardiomyocytes to im-
proved vascularity in a preclinical model of myocardial infarction
as a mechanism to enhance cardiac function (43). There was no
obvious added benefit to hemodynamic recovery by the cotrans-
planted alloHIP CMs in our study, maybe because the cell amounts
used were not sufficient to achieve relevant remuscularization. Al-
ternatively, there might not be a linear correlation between cell
amount and cardiac recovery as hinted by the similar results
achieved across a wide range of cell doses reported by other groups
(44, 45). Beneficial effects from transplantation of xenogeneic (43,
46, 47) or allogeneic (48, 49) iCMs had so far only been shown in
animals treated with heavy immunosuppression. Here we report
success with allogeneic cells in immunocompetent mice and show no
measurable immune activation. Large-scale manufacturing of iCMs
has been developed (50) and cell delivery to the heart is established
(51). With the immunological barrier for immunosuppression-free
allogeneic cell transplantation resolved, iCM engraftment issues,
including avoidance of arrhythmogenic complications as described in
pig and nonhuman primate studies, need to be overcome (47, 48).
Since the first description of HIP cells, many different derivatives

and implant sites have been tested, and we have not yet encoun-
tered an allogeneic immune response. Universal off-the-shelf cell
products can be a major factor in preventing spiraling of costs for
regenerative medicine as has been encountered with novel cancer
therapeutics (52). This study therefore provides a realistic outlook
for advancements of affordable allogeneic cell therapies for large
patient populations.

Materials and Methods
Mice. BALB/c (BALB/cJ, H2d), C57BL/6 (C57BL/6J, H2b), and SCID-beige
(CBySmn.CB17-Prkdcscid/J) (all 6 to 12 wk) were purchased from The Jack-
son Laboratory. Serpina−/− C57BL/6 mice were generated by C.M. as reported
previously (10). The number of animals per experimental group is presented
in each figure. Mice received humane care in compliance with the Guide for
the Principles of Laboratory Animals. Animal experiments were approved by
the University of California, San Francisco (UCSF) Institutional Animal Care
and Use Committee and performed according to local guidelines.

Mouse iPSC culture. Mouse C57BL/6 iPSCs were generated from tail tip fibro-
blasts as reported previously (3). Briefly, iPSCs were grown in iPSC medium on
confluent mouse embryonic fibroblast (MEF) feeder cells. Medium was
changed daily, and cells were passaged every 2 to 3 d. Mouse iPSCs were
cultured on gelatin (Millipore) without feeders prior to experiments. Cell cul-
tures were regularly screened for mycoplasma infections using the MycoAlert
Kit (Lonza). Gene editing was performed as described previously (3).

Transduction to Express Firefly Luciferase. A total of 100,000 iPSCs were plated
in gelatin-coated six-well plates and incubated overnight at 37 °C at 5% CO2.
Media were changed the next morning and 200 μL of FLuc lentiviral particles
(107 IFU/mL, GenTarget) was added. After 36 h, 1 mL of cell media was added
and the next day, a complete media change was performed. After another 2 d,
luciferase expression was confirmed by adding D-luciferin (Promega). Signals
were quantified with the Ami HT system (Spectral Instruments Imaging) in
maximum photons s−1 cm−2 per steradian.

Derivation and Characterization of iECs. Mouse iPSCs were plated on gelatin in
6-well plates andmaintained in iPSC media until they reached 60% confluency.
Differentiation into iECs was performed as described in detail previously (3).
Cells after differentiation underwent magnetic-activated cell sorting (MACS)
purification using negative selection with anti-CD15 mAb-coated magnetic
microbeads (Miltenyi). The iEC phenotype was confirmed by immunofluores-
cence (IF) for expression of Cd31 (ab28364, Abcam), and VE-cadherin (sc-6458,
Santa Cruz Biotechnology) with secondary antibodies conjugated with AF488
or AF555 (Invitrogen). For the tube formation assay, 2.5 × 105 iECs were
stained with 5 μM carboxyfluorescein succinimidyl ester (CFSE) and 0.1 μg/mL
Hoechst (both Thermo Fisher) for 10 min at room temperature and plated on
10 mg/mL undiluted Matrigel (356231, Corning) in 24-well plates. After 48 h,
tube formations were visualized by IF. PCR was performed using primers VE-
cadherin (Cdh5): (forward) 5′-GGATGCAGAGGCTCACAGAG-3′, (reverse) 5′-CTG

GCGGTTCACGTTGGACT-3′. All other primers were included in the Mouse ES/
iPS Cell Pluripotency RT-PCR Kit (ASK-6001, Applied StemCell).

Gene Editing to Generate A1AT-Secreting iECs. The Serpina1e (NM_009247.2)
cDNA was synthesized and cloned into a lentivirus with zeocin resistance
(Thermo Fisher Scientific), which was used to transduce B6 and B6HIP iECs
followed by antibiotic selection and expansion of B6S1e and B6HIPS1e iECs. The
cells were then transduced to express allogeneic major (H-2Kd) and minor
(BALB/c variant of Co3) histocompatibility antigens using lentiviral particles
(both Gentarget). These MHC-engineered ealloS1e and ealloHIPS1e iECs were
thus allogeneic to the Serpina−/− C57BL/6 recipient mice.

Derivation and Characterization of iCMs. Differentiation into iCMs was per-
formed as described in detail previously (3). Beating cells developed around
days 11 to 14. Cells then underwent MACS purification using negative selec-
tion with anti-CD15 mAb-coated magnetic microbeads (Miltenyi). IF staining
was performed using primary antibodies against alpha-sarcomeric actinin (EA-
53, Abcam) and Troponin I (ab47003, Abcam) followed by the corresponding
secondary antibodies conjugated with AF488 or AF555 (Invitrogen). The fol-
lowing primers were Gata4: (forward) 5′-CTGTCATCTCACTATGGGCA-3′, (re-
verse) 5′-CCAAGTCCGAGCAGGAATTT-3′; Myh6: (forward) 5′-ATCATTCCCAAC-
GAGCGAAAG-3′, (reverse) 5′-AAGTCCCCATAGAGAATGCGG-3′. All other pri-
mers were included in the Mouse ES/iPS Cell Pluripotency RT-PCR Kit (ASK-6001,
Applied StemCell).

Flow Cytometry. Mouse iECs were labeled with a goat anti-mouse VE-cadherin
primary antibody (sc-6458, Santa Cruz Biotechnology) and AF488 (A11055,
Invitrogen) or AF555 (A21432, Invitrogen) conjugated donkey anti-goat IgG
secondary antibodies (both Invitrogen). Mouse iCMs were treatedwith Fix/Perm
solution (BD Bioscience) for 20 min at room temperature. The cells were sub-
sequently washed twice and then labeled with fluorescein isothiocyanate
(FITC)-conjugated anti-cardiac troponin T antibody (130-119-575, clone REA400,
Miltenyi) or FITC-conjugated recombinant human IgG1 isotype control antibody
(130-118-354, clone: REA293, Miltenyi). The expression of VE-cadherin and
troponin T was assessed by flow cytometry (FACS Aria Fusion or FACS Calibur,
BD Bioscience) and the analysis was performed using FlowJo software.

Elispot assays. For unidirectional Enzyme-Linked ImmunoSpot (Elispot) as-
says, recipient splenocytes were isolated from spleen 6 d after cell injection
and used as responder cells (3). Donor cells were mitomycin-treated (50 μg/
mL for 30 min) and used as stimulator cells. A total of 100,000 stimulator
cells were incubated with 1 × 106 recipient responder splenocytes for 24 h
and IFN-γ and IL-4 spot frequencies were enumerated using an Elispot plate
reader (AID GmbH).

Donor-Specific Antibodies. Sera from recipient micewere decomplemented by
heating to 56 °C for 30 min as described previously (3). Equal amounts of sera
and cell suspensions (5 × 106 /mL) were incubated for 45 min at 4 °C. Cells
were labeled with FITC-conjugated goat anti-mouse IgM (Sigma-Aldrich)
and analyzed by flow cytometry (FACS Calibur, BD Bioscience).

Graft Survival by BLI. D-luciferin firefly potassium salt (375mg/kg; Biosynth AG)
was dissolved in phosphate-buffered saline (PBS) (pH 7.4, Gibco, Invitrogen)
and injected intraperitoneally (i.p.) (250 μL per mouse) into anesthetized mice.
Animals were imaged using the Ami HT system (Spectral Instruments Imaging).
Region of interest (ROI) bioluminescence was quantified in units of maximum
photons s−1 cm−2 per steradian. The maximum signal from a ROI was measured
using Aura Image software (Spectral Instruments Imaging).

Histology. Tissuewas recovered and fixed in 4%paraformaldehyde in PBS for 24
h. Samples were dehydrated, embedded in paraffin, and cut into sections of
5 μm thickness. For immunofluorescence, sections were rehydrated and un-
derwent antigen retrieval and blocking. Samples were incubated with anti-
bodies against luciferase (ab21176), VE-cadherin (sc-6458), or alpha-sarcomeric
actinin (EA-53, Abcam) and a corresponding secondary antibody was conju-
gated with AF488 or AF555 (Invitrogen). Cell nuclei were counterstained with
DAPI and images taken with a Leica SP5 laser confocal microscope (Leica).

Mouse Hindlimb Ischemia Model. BALB/c mice were anesthetized with iso-
flurane. One million iECs were resuspended in 100 μL saline and mixed with
100 μL Matrigel (Corning, 356231) prior to the injection. The femoral artery
was exposed through a 2-cm skin incision. The femoral artery was ligated with
6-0 prolene (Ethicon) and excised from its proximal origin as a branch of the
external iliac artery to the distal point where it bifurcates. Eight injections with
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Fig. S2: Hindlimb doppler. Limb perfusion in mice with CLI was sequentially assessed by laser 
Doppler imaging. Five time points were picked after ligation and excision of the left proximal 
superficial femoral artery (representative pictures of 15 animals with no cell injection, 5 animals in 
the allo iEC group and 15 animals in the alloHIP iEC group). 
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2.3 Protection of cell therapeutics from antibody-mediated killing by CD64 
overexpression 

 

In Chapter 2 is presented the publication ‘Protection of cell therapeutics from antibody-

mediated killing by CD64 overexpression’. The paper has been published in Nature 

Biotechnology in 2023. My contribution to this paper includes lentiviral transductions and 

cell sorting, immune killing assays, and imaging studies. This contribution resulted in a first 

authorship on the paper.  

Title: Protection of cell therapeutics from antibody-mediated killing by CD64 overexpression 

Authors: Alessia Gravina, Grigol Tediashvili, Raja Rajalingam, Zoe Quandt, Chad Deseinroth, 
Sonja Schrepfer, Tobias Deuse 

Journal: Nature Biotechnology 

DOI: 10.1038/s41587-022-01540-7 
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3 Discussion  
 

There is a great disparity between organ demand and organ donations. Alongside with the unmet 

demand of organs for transplantation, the activation of the immune system of the recipient is a 

barrier to transplantation as many transplanted organs face rejection despite the use of strong 

immunosuppressive drugs.   

A promising strategy to deal with this unmet demand could be through the use of cell therapy. Cell 

therapy is dedicated to the use of stem cells or progenitor cells to repair or replace damaged tissues 

or cells. For instance, ESCs are already used in various clinical trials to treat macular degeneration, 

spinal cord injury, type 1 diabetes, Parkinson disease and cancer (Trounson and McDonald 2015). 

However, ethical concerns regarding the origin the of ESCs as well as concerns regarding their 

immunogenicity when allogeneically transplanted were raised. The discovery and routine 

generation of induced pluripotent stem cells (iPSCs) marked new possibilities for the cellular 

therapy field. iPSCs manufactured on an individual basis have many important applications such 

as understanding disease mechanisms and more efficient drug discovery and development (Rowe 

and Daley 2019). However, the use of autologous iPSCs for cell therapy requires long-term cell 

culture, reprogramming and gene editing which might lead to the expression of neoantigens and 

would therefore render the iPSCs and their derivatives immunogenic. Furthermore, relaying only 

on autologous iPSCs would be highly time-consuming and would not be a viable option for 

patients suffering from acute diseases such as myocardial infarction.  

In this work, we aimed at taking advantage of recent advances in genome editing (Jinek et al. 2012) 

to modify the iPSCs genome to reduce their immunogenicity in order to offer a strategy to help 

meet the unmet demand for organs. These edited cells or hypoimmunogenic cells would allow for 

successful allogeneic transplantation without the use of immunosuppressive drugs as well as faster 

and larger-scale manufacturing.  

Specifically, this thesis entails the successful generation of mouse and human hypoimmunogenic 

iPSCs and their derivatives capable of evading all innate and adaptive immune responses in fully 

MHC-mismatched allogeneic recipients without the use of immunosuppressive drugs. The 
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obtained hypoimmunogenic iPSCs and their derivatives demonstrated long-term survival in vivo 

and resistance against antibody-mediated cytotoxicity.  

We characterized the generated iPSCs on multiple levels. We assessed their ability to maintain 

pluripotency and to differentiate into various derivatives. Next, we validated cell survival in vivo 

in fully MHC-mismatched allogeneic mice. Furthermore, we challenged the iPSCs and their 

derivatives with the complete repertoire of immune cells and could show their successful 

protection against antibody-mediated cytotoxicity in vivo and in vitro. Lastly, disease-relevant cell 

types such as thyroid epithelial cells involved in Hashimoto’s thyroiditis, pancreatic β cells 

involved in type 1 Diabetes Mellitus and antitumorigenic CAR T cells were engineered to be 

protected against antibody-mediated cytotoxicity, which was confirmed in vitro and in vivo. Thus, 

we successfully generated fully immune evasive iPSCs and their derivatives which have great 

potential to be used as cell therapeutics. 

 

  



121 
 

3.1  Generation of hypoimmunogenic stem cells and their derivatives 

The concept of generating allogeneic cells able to engraft without triggering an immune response 

in the recipient is not new and it is best described during pregnancy. Pregnancy presents a unique 

situation as the fetus being only 50% identical to the mother is recognized by the maternal immune 

system, however does not get rejected (Arck and Hecher 2013). The mammals placenta is 

composed of various cell populations, among others the syncytiotrophoblasts are particularly 

interesting as they are forming a barrier between the fetus and maternal blood. To create a local 

immunosuppressive environment, the syncytiotrophoblasts do not express HLA-A and B and have 

a low expression of HLA-C molecules on their surface (Blaschitz, Hutter, and Dohr 2001), in 

addition they also do not express HLA class II molecules (Murphy, Choi, and Holtz 2004).  

The first step towards the generation of hypoimmunogenic pluripotent stem cells was therefore to 

disrupt the expression of MHC class I molecules in C57BL/6 derived miPSCs. The most efficient 

way to target the surface expression of MHC class I molecules is to target their subunit β2-

microglobulin which confers them extracellular stability. CRISPR/Cas9 technology was used in 

combination with specifically designed guide RNAs targeting the gene of the subunit. The 

immunogenicity of the cells was determined after each genome editing step by in vitro and in vivo 

immunological assays.  

miPSCs lacking MHC class I were less susceptible to CD8+ T cell mediated killing as no 

interaction between their TCR and MHC was possible. Their survival in allogeneic mice increased 

from 0% to 60% as demonstrated by teratoma formation assays, while 100% of syngeneic 

unmodified miPSCs generated teratoma.  

As a second step, the disruption of MHC class II molecules was achieved by disrupting the Ciita 

gene targeted by guide RNAs. Ciita is a gene that mediates transcription of MHC class II genes 

and promotes constitutive MHC class II expression on mammalian cells (Devaiah and Singer 

2013). B2m-/- Ciita-/- miPSCs had an even better survival in allogeneic mice which increased from 

60% to 91.7%. Engineered miPSCs did not induce activation of allogenic CD8+ and CD4+ T cells 

and they were less susceptible to B cell mediated killing. 

The absence of MHC class I and II molecules which typically are inhibitory ligands for 

macrophages and NK cells renders the edited cells susceptible to killing by these cells. Bone 
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marrow transplants from β2-microglobulin knock-out mice to immunocompetent mice were 

rejected because the loss of normal cell-surface MHC class I expression triggered NK cell 

activation (Bix et al. 1991). The need to express immunomodulatory molecules on the surface of 

edited cells is therefore essential. Immunomodulatory molecules can include among others HLA-

G, HLA-E, CD47, CD247 (also known as PD-L1) and CTLA4-Ig.  

We selected CD47 given its function of phagocytosis inhibition its overexpression on a variety of 

malignant cells as an immune evasive strategy (Jaiswal et al. 2009). 

Cd47 was overexpressed in B2m-/- Ciita-/- miPSCs by lentiviral transduction. The survival of the 

cells in vivo was assessed by transplanting unmodified miPSCs or hypoimmunogenic miPSCs 

(B2m-/- Ciita-/-Cd47tg) in syngeneic C57BL/6 mice and in allogeneic BALB/c mice. 100% of 

syngeneic C57BL/6 mice that received the unmodified miPSCs generated teratoma suggesting 

survival and no teratoma was observed upon allogeneic transplantation in BALB/c mice. The 

failed teratoma growth of the grafted cells was also demonstrated by strong immune responses 

measured in vitro. When hypoimmunogenic miPSCs were allogeneically transplanted, 100% of 

them developed teratoma. No significant in vitro post-transplant immune responses were detected. 

The engrafted hypoimmunogenic miPSCs demonstrated long-term survival in allogeneic mice. 

Further contribution of Cd47 to the edited miPSCs was assessed by injection of the cells in the 

peritoneum of syngeneic C57BL/6 mice. The peritoneum is rich in macrophages (Heel and Hall 

1996) and the survival of the hypoimmunogenic cells was confirmed to be dependent upon the 

presence of Cd47. No immune response in NK cell toxicity assays was observed provided that 

Cd47 was overexpressed.  

The unmodified miPSCs and hypoimmunogenic miPSCs were differentiated into three 

mesodermal-derived cell lineages: mouse induced endothelial cells (miECs), smooth muscle cells 

(miSMCs) and cardiomyocytes (miCMs). Upon differentiation the expression of MHC class I and 

II were determined in each cell type. Not surprisingly, between the three lineages miECs WT 

displayed the highest upregulation of both MHC class I and II molecules upon IFN-γ induction. 

Endothelial cells upregulate MHC class I and II molecules in the presence of IFN-γ and can 

function as antigen presenting cells (Lapierre, Fiers, and Pober 1988). The absence of MHC class 
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I and II molecules on the hypoimmunogenic miECs was confirmed as well as the overexpression 

of Cd47 with in vitro experiments.  

The immunogenicity of the miPSC derivatives was assessed by in vivo assays. Unmodified 

miPSC-derived cells and hypoimmunogenic miPSC-derived cells were transplanted in either 

syngeneic C57BL/6 mice or allogeneic BALB/c mice. Unmodified cell grafts did not show any 

immune response when injected in syngeneic mice, however strong immune responses were 

observed in allogeneic mice. Hypoimmunogenic grafts did not cause any detectable immune 

response in both syngeneic and allogeneic mice. 100% of the hypoimmunogenic miPSC-derived 

cell grafts independently from the cell type survived long-term in allogeneic mice while 

unmodified miPSC-derived cells were rapidly cleared.  

The triple editing of miPSCs and their derivatives led to 100% long-term survival of the cells 

without significant immune response in allogeneic mice. 

Human iPSCs were similarly modified. First, B2M and CIITA were disrupted by CRISPR/Cas9 

technology. Second, human surface protein CD47 was ectopically expressed through lentiviral 

transduction. This resulted in the generation of hiPS (B2M -/- CIITA-/-CD47tg) cells. The absence 

of HLA class I and II and the presence of CD47 were confirmed by in vitro experiments.  

To assess the in vivo immunogenicity of the hiPSCs humanized allogeneic CD34+ HSC-engrafted 

NSG-SGM3 mice were used. A strong immune response was measured in mice receiving 

unmodified hiPSCs, whereas in the hypoimmunogenic group no significant immune response was 

observed.  

In order to use hypoimmunogenic cells as potential cell therapeutics, hiPSCs were differentiated 

into hiECs and hiCMs. The hypoimmunogenic hiPSC derivatives did not display any immune 

responses and 100% of the grafts survived in allogeneic humanized mice. To test 

hypoimmunogenicity of the hiPSC derivatives in another in vivo model, hypoimmunogenic hiECs 

were transplanted into Bone Marrow-Liver-Thymus (BLT) mice. BLT mice are humanized mice 

which received implantation of human fetal liver and thymic tissues under the kidney capsule. 

Thymic tissue allows for T cells selection upon binding of TCR to MHC class I and II. In four out 

of five mice long-term survival of the hypoimmunogenic hiECs was achieved, one mouse rejected 
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the engrafted cells, however further in vitro analyses showed no significant immune activation, 

potentially ruling it out as the cause for the rejection. 

Overall, this study presents a new strategy to generate a universal source of iPSCs and their 

derivatives showing long-term survival of engrafted cells in allogeneic recipients without the use 

of immunosuppressive drugs.  
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3.1.1 Alternative strategies for the generation of hypoimmunogenic cells  

Developing strategies to reduce the immunogenicity of cell therapeutics has been one of the main 

focuses of researchers in the field of regenerative medicine. Various approaches have been 

developed such as HLA matching and gene editing. HLA matching has been attempted by some 

groups through HLA typing and generation of large iPSC libraries that could match most 

individuals in certain populations (Solomon, Pitossi, and Rao 2015; Turner et al. 2013). While this 

is a clever approach, it would require many screened iPSC lines and would not be feasible for most 

of the countries as other populations have very heterogeneous HLA (Nakatsuji, Nakajima, and 

Tokunaga 2008; Pappas et al. 2015). Additionally, generating big iPSC banks is associated with 

high costs and labor.  

Gene editing provides a cheaper, faster and more scalable alternative to HLA banking and recently 

many researchers have developed strategies to generate non-immunogenic hPSCs. Three different 

approaches are used to engineer allogeneic cells into hypoimmunogenic ones: knockout of B2M, 

generation of HLA-homozygous cells and knock-in of immunomodulatory molecules discovered 

in analyses of placental cells or cancer cell immune evasive mechanisms. 

 

3.1.1.1 Generation of hypoimmunogenic cells by B2M knockout  

Beta-2-microglobulin is a protein required for the stability of HLA class I molecules to the cells 

surface and loss of B2M leads to HLA class I null cells. While the knockout of HLA class I 

molecules suppresses the activation of the adaptive immune system, it triggers innate immune cells 

activation and leads to rapid clearance of the cells in allogeneic recipients.  

Xu et al. knocked out in hiPSCs HLA-A and -B and retained one matched HLA-C allele to 

counteract the activation of NK cells (Xu et al. 2019) and T cells in vitro and in vivo. The authors 

show similar in vitro T cell evasion results when comparing B2M-/- and HLA-A/-B-/- hiPSCs-

derived CD43+ blood cells. In vivo data in NRG mice (lacking T, B and NK cells) demonstrate 

survival of modified hiPSC-derived CD43+ blood cells when adding either primed CD8+ T cells 

or NK cells. To further reduce the immunogenicity of the modified hiPSCs, HLA class II knockout 

was also performed. Appropriate suppression of NK cell activity could pose issues in some 
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individuals as their inhibition is dependent on specific HLA alleles, for instance retained HLA-E 

can suppress NK cells that express NKG2A, KIR2DL1, 2, 3, and 4, however it does not protect 

them against other NK cell populations. Furthermore, minor histocompatibility antigens could still 

be presented from retained HLA-C molecules and engrafted cells could be eliminated by CD8+ T 

cells or antibody-mediated rejection (Figure 3).  

Mattapally et al. edited hiPSCs to generate cells lacking HLA class I and II by knockout of B2M 

and CIITA. Cardiomyocytes were differentiated from hiPSCs and only low levels of T cell 

activation were observed. The retention of HLA-E and -G allowed for the suppression of NK cell 

killing (Mattapally et al. 2018).  

Gornalusse et al. knocked out B2M in hPSCs to prevent the activation of allogeneic CD8+ T cells, 

and knocked in exogenous HLA-E to avoid the lysis by NKG2A+ NK cells through missing-self 

response (Gornalusse et al. 2017). In vitro and in vivo data suggest that the loss of B2M lead to 

CD8+ T cell evasion and the knock in of HLA-E protected the target cells against NKG2A+ NK 

cells. This approach, however, is not conferring protection against KIR2D+ NK cells or 

macrophages, which are known contributors to rejection of transplanted cells. The retained 

expression of HLA class II molecules could be immunogenic when differentiating hPSCs into 

antigen presenting cells such as endothelial cells.  

Han et al. knocked out HLA-A/B/C, HLA class II and overexpressed HLA-G, PD-L1 and CD47 

(Han et al. 2019). Significantly reduced T cell activation but not a complete loss was observed. 

These observations might suggest a role for retained HLA molecules in the presentation of antigens 

to T cells and their activation. After transplantation an inflammatory milieu is created and 

allografts are exposed to various cytokines, such as interferons which are known to promote 

expression of HLA class I and II (Seliger, Ruiz-Cabello, and Garrido 2008). Long-term survival 

of the allografts could be jeopardized by the presence of HLA molecules, therefore in vivo 

validation in humanized mice could have been insightful to study the engraftment of engineered 

cells long-term (Figure 3). It has to be noted that no humanized mouse model is currently fully 

recapitulating the human immune response to an allogeneic graft.  
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Figure 3: Schematic representation of the gene editing strategies to generate hypoimmunogenic cells. 

A) T cells are activated by allogeneic HLA molecules. HLA class I molecules suppress NK cell activity. 
B) Loss of HLA class I by B2M knockout and class II molecules by CIITA knockout. T cell activity is 

suppressed, but NK cells are activated by loss of HLA class I. 
C) Loss of HLA class I and II and knock-in of CD47 to protect allogeneic cells from macrophages and NK 

cells.  
D) Loss of HLA-A and HLA-B but not HLA-C, HLA-E and HLA-G suppress NK cells activation.  
E) Loss of HLA-A/-B/-C and HLA class II molecules. Knock-in of CD47 and PD-L1 and retained expression 

of HLA-G evade T cells, macrophages and NK cells activation. (Zhao et al. 2020). 

 

3.1.1.2 Generation of hypoimmunogenic cells by retaining homozygous HLA 

Torikai and colleagues knocked out HLA-A molecules from hESCs and primary T cells while 

forcing the expression of non-classical HLA class I molecules such as HLA-E and/or HLA-G to 

protect the cells from NK cell lysis (Torikai et al. 2013). HLA-E is a ligand for the NK inhibitory 
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receptor CD94/NKG2A found on most NK cells (Lee et al. 1998) and can therefore protect the 

cells against NKG2A positive NK cells. HLA-E is however also a ligand for NKG2C on NK cells 

which triggers their activation (Watzl 2018). As expected, in vitro assays showed that HLA 

restricted CD8+ T cells did not eliminate the engineered T cells or the hESCs. NK cells activation 

and lysis of the target cells was also prevented. While these are important findings, expression of 

one or more recipient’s matched HLA alleles (HLA-A, B, or C) could prevent the elimination of 

target cells only by a subset of NK cells as well as only from CD8+ T cells. This approach would 

need further in vivo model validation such as humanized mouse, which might reveal that the 

mismatch of HLA-B and C molecules would contribute to graft rejection.   

 

3.1.1.3 Generation of hypoimmunogenic cells by knock-in of immunomodulatory 

molecules 

Rong et al. demonstrated the survival of hESC and hESC-derived fibroblasts and cardiomyocytes 

in allogeneic humanized mice through the forced expression of two immunosuppressive 

molecules. Cytotoxic T lymphocyte antigen 4-Ig (CTLA4-Ig) and PD-L1. CTLA4-Ig is a soluble 

fusion protein that competes for the binding of co-stimulatory molecules on T cells. PD-L1 

expression leads to the activation of T cell inhibitory pathway. No T cell cytotoxicity was 

observed. In vivo data in humanized mice model suggest protection against T cell mediated 

rejection when both immunomodulatory molecules were expressed. Furthermore, analysis of T 

cell infiltration in teratoma of hESC CTLA4-Ig/PD-L1 knock-in cells revealed that the amount of 

T cells was reduced compared to control hESC derived teratoma (Rong et al. 2014). CTLA4-Ig is 

a ligand for CTLA-4 receptor ubiquitously expressed on regulatory T cells (Treg) which are 

important for transplant tolerance (Salomon et al. 2000) and the overexpression of CTLA4-Ig 

might compromise their functions (Bluestone, St Clair, and Turka 2006).  

Another group (Harding et al. 2019) bypassed the deletion of HLA class I and II in mouse ESCs 

and their derivatives by introducing eight immunomodulatory genes. Ccl21, Pdl1, Fasl, Serpinb9, 

H2-M3, Cd47, Cd200, and Mfge8 were exogenously expressed using CRISPR/Cas9 technology. 

Edited mESCs demonstrated survival in allogeneic mice, however the number of insertions 

required could increase the risk of oncogenic mutations in the cells.  
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Overall, these approaches modified or eliminated a combination of HLA class I and II molecules, 

however the presence of HLA molecules or other antigens in an allogeneic host could trigger an 

HLA or non-HLA directed antibody-mediated immune response and lead to hyperacute rejection 

of the cells (Iniotaki-Theodoraki 2001; Masson et al. 2007). 

 

3.2 Generation of hypoimmune cell therapeutics to treat cardiovascular and pulmonary 

diseases 

Cell therapy could be a promising strategy to treat worldwide spread diseases such as 

cardiovascular and pulmonary disorders. The generation of hypoimmune cell therapeutics could 

potentially serve as a solution to treat acute cardiovascular and pulmonary diseases without the use 

of immunosuppressants.  

The generation of hypoimmune murine cell therapeutics was described above, briefly C57BL/6 

derived mouse iPSCs were edited by knockout of B2m and Ciita genes by CRISPR-Cas9 

technology to generate cells depleted of MHC Class I and Class II molecules. The cells were 

further edited by lentiviral expression of immune checkpoint molecule Cd47. The hypoimmune 

murine iPSCs were then differentiated into cardiomyocytes (iCMs) and endothelial cells (iECs), 

these cell therapeutics and their treatment potential were investigated. A disease that currently 

lacks good treatment is Critical limb ischemia (CLI), a disease consisting in the obstruction of the 

arteries which leads to limb amputation in about 30% of the patients, and 25% of patients will die 

rapidly. Firstly, a model to recapitulate CLI in mice is performing ligation and excision of femoral 

artery, second step was to provide treatment with hypoimmune iECs to affected BALB/c mice. 

One group of mice did not receive any treatment the other two groups received multiple injections 

of allogeneic unmodified B6 (allo iECs) or allogeneic hypoimmune B6 iECs (alloHIP iECs) which 

were previously lentivirally transduced with the Firefly Luciferase gene (FLuc+). The survival of 

the cells was tracked in vivo for 28 days using bioluminescence imaging (BLI). All the allo iECs 

grafts were rejected within 15 days due to immune rejection, in contrast to alloHIP iECs which 

survived. The perfusion of the affected legs was measured using doppler imaging, which showed 

an increase in leg perfusion only in the alloHIP iECs group. Not only the leg perfusion was 

improved, but half of the mice receiving alloHIP iECs did not show gangrenous lesions and the 
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other half had less severe lesions compared to the other two groups. The recovered grafts were 

analyzed by immunofluorescence imaging revealing FLuc+ cells being incorporated as part of the 

formed blood vessels in all alloHIP iEC recipients, whereas no FLuc+ cells were detected in the 

recipients of allo iECs. The alloHIP iECs detected were also VE-cadherin+ which is a marker for 

ECs. In conclusion, alloHIP iECs survive in allogeneic mice, integrating to form blood vessels and 

while improving leg perfusion they also improved the state of gangrenous lesions allowing for 

better limb preservation.   

Another common acute disorder affecting the lungs, among other organs, is caused by the 

deficiency in the protein Alpha1-antitrypsin (A1AT) encoded by the SERPINA1 gene. Mouse 

model of A1AT deficiency is generated by knockout of Serpina1a-e genes, in order to trigger lung 

emphysema in the mice, mice need to be administered lipopolysaccharide (LPS). Lung 

emphysema develops as the lack of circulating A1AT cannot inhibit the activity of neutrophil 

elastase (NE) which damages the lungs. Hypoimmune iECs could be used as a source of A1AT to 

restore its levels in a mouse model of A1AT deficiency, therefore B6 and B6HIP iECs were 

manipulated to secrete A1AT by lentiviral transduction of Serpina1e gene (B6S1e andB6HIPS1e). 

Additionally, the cells were engineered to express H-2Kd, a major histocompatibility molecule of 

allogeneic BALB/c mice, this step was necessary because the genetic background of Serpina-/- 

mice was syngeneic (B6). To generate more immunogenic cells, a BALB/c-variant of Co3 protein 

which is a minor histocompatibility antigen (miHA) of mitochondrial DNA mismatched to B6 

mice was lentivirally overexpressed in the cells. The transgenic ealloS1e and ealloHIPS1e iECs  

secreted levels of A1AT and the total amount of cells required to secrete physiological levels of 

A1AT was assessed. Cells were injected subcutaneously and i.p. in Serpina-/- mice before 

induction of emphysema by LPS. Two control groups consisted in Serpina-/- mice that did not 

receive cell injection and healthy B6. In both untreated Serpina-/- mice and mice in the group that 

received ealloS1e iECs no A1AT levels in the serum were detected. Mice treated with ealloHIPS1e 

iECs had levels of A1AT restored and the cells survived in the mice. Cell survival was assessed 

by BLI and the only group of grafted cells surviving was the ealloHIPS1e iECs recipients.  

FlexiVent performed on day 14 revealed that untreated Serpina-/- B6 mice developed lung 

emphysema demonstrating that the model was sound. The ealloS1e iECs were rapidly rejected and 

did not prevent the development of lung emphysema, similarly to untreated Serpina-/- B6. The 
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group of mice which received ealloHIPS1e iECs showed prevention of lung emphysema similarly 

to healthy B6 mice. Histological analysis was performed and revealed structural damage in the 

lung of affected animals, except in the group of mice which received ealloHIPS1e iECs. To 

conclude, the use of hypoimmune iECs engineered to secrete A1AT in an allogeneic mouse model 

of A1AT deficiency showed prevention of lung emphysema. 

The last translational application investigated was the use of HIP iECs to treat myocardial 

infarction in allogeneic mice. Cryoinjury-induced myocardial infarction which allows for precise 

and reproducible induction of myocardial infarction (Wang et al. 2019) was performed on BALB/c 

mice. After infarction injections of either allo iECs or alloHIP iECs into the affected area (both 

FLuc+). Similarly to previous results, allo iECs grafts were rejected within 15 days, but not alloHIP 

iECs which survived and showed some degree of proliferation. The mice underwent pressure–

volume loop (PV loop) measurements to assess various heart function parameters. alloHIP iECs 

injection was the only treatment which provided benefit to some heart functions. After 28 days 

follow-up, histological analysis was performed on the recovered hearts and immunofluorescence 

staining revealed alloHIP iECs positive for FLuc in the injection sites, but no FLuc+ allo iECs 

could be observed in the group that received those cells.  

Because endothelial cells are contractile cells, a 1:1 mixture of allo iECs and iCMs or alloHIP 

iECs and iCMs was injected with the goal of improving the muscle functions of the infarcted 

hearts. As expected, an immune response leading to rejection within 14 days to allo iEC and iCM 

grafts was observed, which was not detectable in recipients receiving alloHIP iECs and iCMs cell 

mixture, surviving in allogeneic BALB/c. PV loop measurements assessed a significant increase 

of several cardiac functions in the group receiving the alloHIP cell mixture compared to allo iECs 

and iCMs. Histological sections of the hearts of the alloHIP group showed engrafted FLuc+ cells, 

but not for the allo iECs iCMs graft cells. These data show the ability of alloHIP cells to improve 

some heart function parameters in allogeneic mice with myocardial infarction. 

Overall, three major acute diseases were investigated in allogeneic mice and the therapeutic 

potential of hypoimmune cells was assessed. Current treatments for patients suffering from CLI 

reveals some good results with autologous CD34+ or CD133+ stem cells rigato (Rigato, Monami, 

and Fadini 2017), but alternatives that are not causing an immune response are needed. The 

amputation of the limb occurs in approximately 30% of the patients, which was observed also in 
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the mice. Treatment with alloHIP iECs increased limb preservation in mice, limb perfusion and in 

vivo imaging revealed survival of grafted alloHIP iECs without the use of immunosuppression. 

FLuc+ graft cells were recovered and found to be integrated in the endothelial layer of vessels.  

Another very prevalent disorder is chronic obstructive pulmonary disease and A1AT deficiency is 

a genetic mutation (Lomas and Silverman 2001) in the SERPINA1 gene. The deficiency of A1AT 

causes the lack of NE inhibition in the lung leading to damage of the lung structures (Greene et al. 

2016). Currently patients do not have many treatment options and most of the treatments such as 

the infusion of pooled human A1AT are extremely expensive and patients need to receive the 

infusion weekly (Wewers et al. 1987). Using a Serpina-/- mouse model, the disease could be 

recapitulated. Administration of ealloHIPS1e iECs led to a normal production level of A1AT in the 

serum of the mice and prevented deterioration of lung function which occurred in the other two 

groups. Performing histological and FlexiVent analysis the study shows that ealloHIPS1e iECs 

secrete enough A1AT in order to replace physiological plasma levels and prevent lung 

emphysema. 

Myocardial infarction and heart failure are major leading causes of death in the United States 

(Writing Group et al. 2016) and worldwide. This study, similarly to clinical trial endpoints, focused 

on the assessment of hemodynamic improvement (Fernandez-Aviles et al. 2018). AlloHIP cell 

therapeutics survived and engrafted in the areas where they were injected and the administration 

of alloHIP iECs showed an increase in cardiomyocyte survival, which potentially could suggest a 

survival-promoting effect of cardiomyocytes via paracrine (Narmoneva et al. 2004), potential 

cytokine release (Deuse et al. 2009) or exosomes release (Gao et al. 2020). This study shows the 

potential of universal “off-the-shelf” therapeutics in allogeneic recipients which could replace 

autologous cells currently used in clinical trials (Quyyumi et al. 2017). Mixture of alloHIP iECs 

and iCMs led to improvements in hemodynamic parameters compared to allo iECs and iCMs, also 

alloHIP iECs and iCMs showed survival and engraftment similarly to previously analyzed alloHIP 

iECs. Cardiomyocytes did not seem to add contractile functions to infarcted hearts when compared 

to alloHIP iECs only group. A possible explanation could be that the amount of cardiomyocytes 

injected was not sufficient to achieve this specific function. The use of xenogeneic (van Laake et 

al. 2007; Romagnuolo et al. 2019; Liu, Chen, et al. 2018) or allogeneic (Shiba et al. 2016; Mauritz 

et al. 2011) iCMs led to an improvement in cardiac function after transplantation, however the 



133 
 

cells were transplanted using immunosuppressive drugs to avoid graft rejection. Hypoimmune 

“off-the-shelf” cell therapeutics survived in allogeneic mice without the use of immunosuppression 

and without triggering an immune response, demonstrating the potential of a universal source of 

cardiomyocytes and endothelial cells that could be used to treat major disorders. In general, 

universal cell therapeutics could be used as a source of less expensive alternatives for regenerative 

medicine approaches to diseases requiring the use of allogeneic cells. 

 

3.3  Generation of hypoimmunogenic stem cells and their derivatives resistant to 

antibody-mediated killing 

Antibody-mediated rejection (AMR) is a common issue in organ transplantation, especially in 

solid organ transplantations. AMR is usually characterized by tissue injury and the presence of 

circulating donor specific antibodies (DSAs) directed against the vascular endothelium of the graft. 

These antibodies are either present in the recipient beforehand or generated by the recipient de 

novo after transplantation despite the use of strong immunosuppressive drugs.  

Despite efforts made in order to generate universal “off-the-shelf” by loss of HLA molecules, 

(Deuse, Hu, Gravina, et al. 2019; Xu et al. 2019; Han et al. 2019), the cells remain susceptible to 

antibody-mediated killing directed against non-HLA epitopes (Zhang et al. 2011), cell-specific 

autoantigens like angiotensin II type 1-receptor or anti-endothelial cell antibodies (AECAs) 

(Dragun et al. 2005; Delville et al. 2019; Sun et al. 2011), xenogeneic (Klee 2000) and synthetic 

(Choe et al. 2021) constructs or immunogenic byproducts of viral genome editing processes 

(Lamers et al. 2011). Besides transplantation, antibody-mediated cytotoxicity is also a hallmark of 

autoimmune diseases as the presence of autoantibodies mediates the destruction of the target cells. 

Evidence of antibody-mediated cytotoxicity is emerging also in the cancer therapy field where 

chimeric antigen receptor (CAR) T cells are rapidly cleared from the patient’s body by antibodies 

directed against them (Hege et al. 2017) especially when targeting non-B cell tumors. 

In antibody dependent cellular cytotoxicity, immunoglobulins bind the epitope via the Fab domains 

and subsequently have the Fc domain exposed which can trigger the activation of effector cells 

through FcRs. The forced expression of the FcR CD64 combined with the hypoimmunogenic edits 
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allowed the generation of fully immune evasive cell lines, which can improve the survival and 

persistence of cell therapeutics.   

miEC derived from unmodified C57BL/6 miPSCs were modified to express mouse Cd64 and the 

free mouse IgG2a binding capacity of Cd64 was tested in various immune assays with a different 

range of MHC or non-MHC antibodies and concentrations. To then test the efficacy of the fully 

immune evasive cells model in vitro and in vivo, C57BL/6 hypoimmunogenic miEC (B2m-/-        

Ciita -/-Cd47tg) were transduced to express human CD64 and human CD52. Alemtuzumab binds 

its epitope CD52 and is a highly cytotoxic humanized IgG1 non-HLA directed antibody used for 

treatment of various B cell malignancies, hematopoietic disorders, and autoimmune diseases. In 

vitro immune assays demonstrated the resistance of the target cells to ADCC and CDC only when 

CD64 was expressed. To test the model in vivo syngeneic C57BL/6 Rag-1 mice lacking B and T 

cells but having functional NK cells were used. Mice receiving hypoimmunogenic miECCD52 

rapidly rejected the grafted cells after multiple doses of Alemtuzumab, whereas C57BL/6 Rag-1 

mice receiving hypoimmunogenic miECCD52CD64 did not reject the grafted cells.  

To test this concept in human cells, hiEC derived from unmodified or hypoimmunogenic hiPSCs 

(B2M-/-CIITA-/-CD47tg) were modified to express CD64 and the free IgG binding capacity of CD64 

was tested in multiple immune assays with a different range of HLA or non-HLA antibodies and 

concentrations. Unmodified hiEC and hiECCD64 were transduced to express CD52 using a lentiviral 

delivery approach. Immune assays demonstrated that while hiECCD52 were quickly killed via 

ADCC and CDC in an Alemtuzumab dose-dependent manner, 100% of the hiECCD52CD64 survived 

independently of antibody concentration. Similar results were obtained using the serum of two 

transplant recipients with high DSAs (anti-HLA-A2) and clinical signs of AMR. hiEC and 

hiECCD64 (previously typed and HLA-A2 positive) were incubated with the serum of the patients. 

While hiEC underwent rapid killing by CDC, hiECCD64 remained unaffected.  

Hypoimmunogenic hiEC cells were transduced to express either CD52 or CD52 and CD64. In 

vitro data suggest that exposing the hypoimmunogenic hiECCD52 and hiECCD52CD64 cells to the 

whole repertoire of immune cells did not cause cytotoxicity until Alemtuzumab was added. The 

hypoimmunogenic hiECCD52 were quickly killed in contrast to hypoimmunogenic hiECCD52CD64 

that were not affected. The long-term survival of hiECCD52CD64 after Alemtuzumab administration 

also was tested and validated in vivo by transplanting hypoimmunogenic hiECCD52and 
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hiECCD52CD64 together with human NK cells in allogeneic humanized NSG-SGM3 mice engrafted 

with CD34+ hematopoietic stem cells.   

To further verify the essential protective role of CD64, hiECCD52CD64 were incubated with a human 

IgG1 or a mouse IgG2b anti-CD52 antibody, the latter does not bind to CD64. Human or mouse 

complement were used as effector system. hiECCD52CD64 were resistant against human anti-CD52 

IgG1 but susceptible against mouse anti-CD52 IgG2b.    

The IgG protection conferred by high expression of CD64 on hiECCD64 was broken when the 

expression on the target cells of CD64 was significantly reduced. Low expression of CD64 failed 

to protect the target cells against higher cytotoxic antibody concentrations.  

To better understand the mechanism of action of CD64, in vitro assays revealed the binding 

mechanisms of antibodies when competing for the binding to CD64. Upon administration of two 

human IgG antibodies, the one finding an epitope on the target cell had a higher affinity to CD64 

compared to the one lacking its epitope. The protection conferred by CD64 against the more 

cytotoxic antibody was not broken by the competitor.  

Ensuring safety of cell products intended for use in translational applications is crucial, therefore 

the truncated form of CD64 (CD64t) which lacks any intracellular domain was used. CD64t was 

used to transduce human thyroid epithelial cells, beta cells and CAR T cells to protect them against 

autoantibodies. Human thyroid epithelial cells are present in the thyroid and are targeted by 

cytotoxic autoantibodies in most of the patients with Hashimoto’s thyroiditis (Doullay et al. 1991; 

Rapoport and McLachlan 2001). 

Beta cells are cells present in the pancreas and mainly targeted by T cells in patients with Type 1 

diabetes (T1D), although antibodies are also present in T1D patients and accelerate their 

destruction.  

CAR T cells are widely used in cancer therapy and studies have observed an antibody response 

against the CAR especially when CAR T cells are directed against solid tumors and not B cells.  

These cell types gained protection against an array of autoantibodies (HLA and non-HLA directed) 

by forced expression of CD64t as demonstrated in various in vitro and in vivo immune assays in 
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allogeneic humanized NSG-SGM3 mice engrafted with CD34+ hematopoietic stem cells. 

Importantly, CD64t expression did not compromise their cellular functions.  

Overall, the ectopic expression of non-immunogenic FcγR1 in universal off-the-shelf 

hypoimmunogenic cells provided antibody resistance against anti-HLA and non-HLA antibodies 

demonstrated by various in vitro immune assays as well as in vivo assays. Ectopic expression of 

CD64 or CD64t was assessed in various translationally relevant cell types. These findings suggest 

that the regenerative impact of current cell therapeutics could be further improved by adding an 

additional layer of protection to the cells against antibody-mediated cytotoxicity. This could 

benefit especially treatment of diseases where lingering autoantibodies could jeopardize the 

persistence of cell therapeutics.  

 

3.3.1 Strategies for the generation of cell therapeutics resistant to antibody-mediated 

cytotoxicity 

In transplantation various attempts have been made to improve successful organ transplants in 

patients with high DSA counts. Different antibodies have been generated to block key players in 

antibody-mediated rejection and many are currently being tested in Phase III clinical trials. Among 

those are Rituximab (anti-CD20; NCT03994783), Tocilizumab (anti-IL6; NCT04561986) and 

Eculizumab (anti-C5; NCT02013037).  

Recently, IgG-degrading enzyme derived from the bacteria Streptococcus pyogenes (IdeS) has 

been used on patients with high pre-existing DSAs prior to HLA mismatched kidney transplant 

(Lonze et al. 2018) showing a reduction of IgG HLA levels in 24 out of 25 patients (Jordan et al. 

2017). IdeS is a protease that can cleave all four classes of polyclonal human IgG at a specific 

amino acid position in their Fc region. Without the Fc region, FcRs on immune cells cannot interact 

with it anymore preventing ADCC and CDC activity. This study seems promising however it does 

not include long-term graft acceptance data and the small sample of patients included in the study 

is not guaranteeing the prevention of future rejection.   

The activity of IdeS might be utilized not only in transplantation but also for other purposes, for 

instance as protection of CAR T cells against allogeneic antibody immune response. It has been 
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reported that components of the CAR might induce immunogenicity, particularly the mouse-

derived single-chain variable fragments (Gorovits and Koren 2019). In fact, there is evidence in 

clinical trials that CAR T cell long-term persistence is challenged by host IgG antibodies directed 

against the CAR proteins (Hege et al. 2017; Wagner et al. 2021). Some patients suffering from B 

cell malignancies do not achieve complete remission, and might require re-infusion of CAR T 

cells. In these patients, anti-CAR antibodies have been detected and their presence has been linked 

to a reduced number of CAR T cells (Wagner et al. 2021).  

Peraro and colleagues utilized the activity of IdeS to protect CAR T cells against allogeneic 

antibody immune response. CAR T cells were engineered to express both membrane-bound and 

secreted IdeS constructs. IdeS cleaved all the IgGs in proximity of the CAR T cells and Fab regions 

of IgGs remained bound to their epitope creating a physical shield preventing new attacks from 

additional IgGs while preserving CAR T cell function (Peraro et al. 2021). The depletion of IgGs 

was validated in vitro against human anti-HLA antibodies and both in vitro and in vivo in 

immunodeficient mice against human anti-CAR antibodies. The persistence of IdeS could be 

challenged by pre-formed IgG antibodies against IdeS. The presence of pre-formed IgG antibodies 

could be due to earlier Streptococcus pyogenes infections which are prevalent in the healthy 

population with an estimated 3/100000 cases in some regions (Reglinski et al. 2015). However, 

this could be prevented by the IdeS membrane bound or secreted enzyme which would be acting 

locally and could potentially protect itself against host anti-IdeS IgGs (Winstedt et al. 2015).  

The current cellular therapies of autoimmune diseases such as T1D include the use of non-HLA 

matched hESCs derived islet cells (Butler and Gale 2022). Strategies have been developed to 

maximize the success of cell therapies. The encapsulation of islet cells using semipermeable 

biomaterials is a way to protect them against immune responses, however antibodies against the 

hESCs have been observed (Duvivier-Kali et al. 2004). 

 

3.4  Risks  

Genetic manipulation of iPSCs such as the knockout of B2M and CIITA might raise concerns 

regarding the safety of these cell therapeutics. Evidence suggests that B2m knock out mice are 

depleted of CD8+ T cells but are generally healthy (Koller et al. 2010). In humans, HLA class I or 
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II deficiencies are so called rare primary immunodeficiencies (PID). HLA class I deficiency is 

caused by mutations of the proteins transporter associated with antigen processing (TAP) 1, TAP2 

and tapasin. Deficiencies in HLA class II molecules are caused by the mutations in regulatory 

factors controlling the transcription of their genes. These are RFX containing ankyrin repeats 

(RFXANK), RFX5, and RFX-associated protein (RFXAP). The patients lacking HLA I or II do 

not seem to have a propensity to develop tumors and their antiviral immunity is intact (Hanna and 

Etzioni 2014). However, the elimination of HLA expression on cell surface affects peptide 

presentation to immune cells and this might be concerning if cells would get virally infected or 

become malignant. Viral clearance is mediated by the presentation of viral protein fragments from 

HLA class I and II on the infected cells to the appropriate immune cells. The immune system is 

then activated and eliminates the infected cells. While the efficacy of the immune system 

promoting viral clearance could be jeopardized by cells lacking HLA I and II molecules, a study 

has shown that even though the cells lost HLA proteins, other non-HLA dependent mechanisms 

promoted the viral clearance (Hou et al. 1992).  

Generating cells with multiple genomic edits and their ex vivo culture could lead to potential 

oncogenic mutations. p53 is an essential antitumorigenic protein encoded by the gene TP53. p53 

arrests the cell cycle in cells when DNA is damaged. If cells contain excessive and irreparable 

DNA damages, p53 triggers apoptosis before the cells become tumorigenic. Increases in point 

mutation rates in the TP53 gene have been observed in correlation with time of hiPSCs culture by 

selecting for cells harboring p53 mutations (Merkle et al. 2017). 

Tumorigenic transformations could occur in hypoimmunogenic cells and according to evidence in 

other species, loss of MHC in malignant cells can lead to the spreading of tumor cells even across 

allogeneic barriers. The Tasmanian devil population is threatened by devil facial tumor disease 

that can be transmitted through biting (Caldwell et al. 2018). Another example of transmissible 

tumor cells is the canine transmissible venereal tumor occurring in dogs and can be transmitted by 

contact with areas affected by the tumor (Welsh 2011). Currently there is no evidence for 

transmission of human cancer cells between human beings, however it is essential to ensure the 

safety of hypoimmunogenic cells before and after transplantation for oncogenic transformations 

when intended to be used for clinical applications (Merkle et al. 2017).  
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A possible solution to the problem concerning safety against oncogenic mutations or 

contamination of undifferentiated hiPSCs in hiPSC-derived cells, would be the integration of 

suicide genes (He et al. 2017). Suicide genes could be introduced in hypoimmunogenic cells under 

appropriate stem cell loci which would lead to their inactivation as soon as the stem cells are 

committed to differentiate. Two strategies are mainly used in hiPSC-based therapies, the use of 

herpes simplex virus thymidine kinase (HSV-TK) and the inducible caspase-9 (iC9) (Zarogoulidis 

et al. 2013). Targeted HSV-TK transduced hiPS-derived cells are able to convert a non-toxic pro-

drug called ganciclovir (GCV) to ganciclovir triphosphate, which is toxic and blocks DNA 

replication (Moolten 1986). This is an effective strategy to eliminate rapidly dividing cells from 

slowly dividing or non-diving cells, for instance neurons and gliomas (Nanda et al. 2001). 

The inducible caspase-9 suicide gene encodes a human caspase-9 protein fused with a FK506-

binding protein. Caspase-9 is a protein expressed in mammalian cells and requires activation to 

induce apoptosis. The activation is induced by a non-toxic dimerizer drug (AP20187) (Clackson 

et al. 1998) and the dimerization of iC9 results in rapid cell death. iC9 could be inserted under a 

stem cell gene promotor and transcribed whenever the gene is transcribed. 

The forced overexpression of the protein CD47 on the surface of the hypoimmunogenic cells leads 

to an intracellular signaling cascade when bound to its ligands. Two of its own known ligands are 

SIRPa (Jiang, Lagenaur, and Narayanan 1999) and secreted thrombospondin-1 (TSP-1). 

Intracellular signaling upon TSP-1 binding has not been completely elucidated. Binding of CD47 

by its ligands is associated with different signaling pathways such as angiogenesis, cell 

proliferation and differentiation, controlling cardiovascular homeostasis and immune regulation 

(Ishikawa-Sekigami et al. 2006; Soto-Pantoja, Kaur, and Roberts 2015; Yi et al. 2015). 

Similarly, the ectopic expression of CD64 when IgG-bound or Fc fragment-bound could 

potentially lead to an intracellular signaling cascade that could alter the cell functions. In 

monocytes, CD64 consists of the receptor associated with a γ-chain signaling subunit. The 

cytoplasmic domain of the γ-chain includes immunoreceptor tyrosine activation motifs (ITAMs). 

Following receptor binding by immune complexes activation, the ITAMs activate a series of 

signaling cascades via Proto-oncogene tyrosine-protein kinase (SRC) family kinases and spleen 

tyrosine kinase (SYK) (Daeron 1997; Nimmerjahn and Ravetch 2008) . Downstream signaling 

results in antibody-CD64 complex to be internalized and recycled (Harrison et al. 1994) as well as 
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ADCC, phagocytosis and cytokine release (Nimmerjahn and Ravetch 2008). Studies show that the 

deletion of the cytosolic tail of CD64 prevents endocytosis and phagocytosis (Edberg et al. 1999). 

Therefore, the use of truncated alternatives would not cause any intracellular signaling and would 

mitigate potential risk of downstream signaling.  

3.5  Future directions 

The work in this PhD thesis demonstrated that genetic engineering of mouse and human iPSCs 

and their derivatives has allowed them to successfully overcome allogeneic barriers of the immune 

system. This was demonstrated by survival in vitro and in vivo in various allogeneic models and 

settings. The addition of Cd64/CD64 allowed hypoimmunogenic cells to evade all humoral 

responses which is especially relevant to ensure graft survival when treating disorders 

characterized by the presence of autoantibodies such as autoimmune disorders.  

Overall, this work demonstrated the effectiveness of fully immune evasive hypoimmunogenic cells 

and their potential for clinical regenerative applications. Such applications might include 

myocardial infarction which is an acute condition requiring a supply of cells that can be ready to 

be engrafted or improvement of current CAR T cell therapies to potentially reduce re-infusions in 

pre-sensitized patients.  
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