
Stem cells have the unique ability 
to be culture expanded and 
differentiated into various tissue-

specific cell types. They hold great 
potential for treating a broad range of 
diseases in which crucial cells have died 
or vanished during the disease process. 
Regenerative cell therapy aims to 
transplant or inject healthy cell products 
to replace or regenerate the damaged 
or lost cells or tissues. Prime candidates 
for regenerative cell therapy include 
heart failure, for which cardiomyocyte 
transplantation is being tested, and type 
1 diabetes mellitus, for which pancreatic 
β cells and islets are being developed, 
among others.

Immunogenicity is the ability of a 
foreign cell or protein, which functions 
as an antigen, to provoke an immune 
response, and this constitutes one of the 
main challenges in cell transplantation. 
An immune response leads to immune 
rejection and the transplanted cells are 
eliminated. In order for transplanted 
cells to survive long term, they must go 
undetected by the patient’s immune 
system or not be recognized as foreign.

In their early work, Dr Schrepfer and Dr 
Deuse showed that embryonic stem cells, 
which were initially thought to be a very 
promising source of less immunogenic 
cells for therapy, could induce an immune 
response resulting in rejection.

THE LIMITS OF 
EMBRYONIC STEM CELLS
Embryonic stem cells (ESCs) are derived 
from embryos at an early developmental 
stage, before the time that implantation 
would normally occur in the uterus. 
ESCs can differentiate into multiple adult 
cell types in vitro, such as cardiac cells 
or neurons.

Major histocompatibility complex (MHC) 
molecules are cell surface proteins that 
play a key role in immune recognition. 
These proteins are highly polymorphic 
and present endogenous peptides to 
immune cells. If immune cells recognise 
foreign antigens, an immune response 
against the cells is induced and the cells 
undergo cytotoxic killing. ESCs have 
been shown to express low levels of MHC 
antigens, which makes them more likely 
to evade the immune system. 

However, Dr Schrepfer’s group showed 
that the low levels of immunogenicity-
related molecules expressed on ESCs 
were still sufficient to trigger an immune 
response and result in rejection1. Survival 
of transplanted ESCs, however, was 
achieved in immunodeficient mice lacking 
a functional immune system2. This seminal 
early work drew the attention of the stem 
cell community and sparked much of the 
subsequent immunology research related 
to stem cells and regenerative therapy. 

MINOR HISTOCOMPATIBILITY 
ANTIGENS
Dr Schrepfer and Dr Deuse revealed 
that minor histocompatibility antigens 

A new generation of induced 
pluripotent stem cells for 
regenerative medicine

Embryonic stem cells or 
induced pluripotent stem cells 
are unlimited sources for the 
generation of cell derivatives 
for the regeneration of failing 
organs. However, such cell 
transplants are subject to 
immune rejection by the 
recipient’s immune system. 
Drs Sonja Schrepfer and Tobias 
Deuse from the University of 
California, San Francisco, have 
developed a new generation 
of immune-edited induced 
pluripotent stem cells that 
could constitute a source 
of universally compatible 
cell products.

Health & Medicine︱ (mHAs) can emerge as transplant-
relevant antigens in the context of cell 
transplantation. Some mHAs can be 
recognized by the recipient’s immune 
system and induce an immune response 
even without MHC mismatches.

The team described the immunogenicity 
of H-Y mHAs, antigens that are encoded 
by the Y chromosome and therefore 
present only in males. These antigens 
can cause immune responses in female 
recipients. Transplants of cells derived 
from male mice survived long-term 
in male recipients but were rejected 
in female recipients of the same 
inbred strain3. Thus, the gender of the 
donors for cell products should be 
carefully considered.

To categorically avoid problems with 
immune rejection, many companies 
develop manufacturing capabilities 
for the generation of autologous cell 
products. One way of generating patient-
specific ESCs is via the technique of 
somatic cell nucleus 
transfer (SCNT), which 
transfers the nucleus 
of a somatic (body) 
cell from the patient 
into an enucleated 
oocyte (an egg that 
has had its own 
nucleus removed) 
from a donor. After several days in 
which the oocyte divides, ESCs with 
the patient’s nuclear DNA can be 
isolated and expanded. However, 
these ESCs contain mitochondria, small 
organelles that possess their own DNA, 
which are inherited from the oocyte 
donor. The immunological relevance 
of this phenomenon was unknown 
until Dr Schrepfer and Dr Deuse 
discovered transplant-relevant mHAs in 
mitochondrial DNA (mtDNA)4. Despite 
the ability to generate ESCs and various 
tissue-specific cell types possessing the 
patient-specific DNA, such cell products 
were subject to immune rejection if 
their mtDNA showed mismatches. The 
SCNT technology was shown not to 
circumvent the immune hurdle for cell 
transplantation.

AUTOLOGOUS INDUCED 
PLURIPOTENT STEM CELLS
Autologous induced pluripotent stem 
cells (iPSCs) are generated from a 
patient’s somatic cell via a process 

called reprogramming. Somatic cells are 
treated with factors or agents to erase 
their tissue-specific epigenetic marks, 
such as DNA methylation, and remodel 
them into an undifferentiated, pluripotent 
phenotype. Such patient-specific iPSCs 
are fully MHC and mHA identical to the 

somatic cell donor. Derivatives from 
autologous iPSCs should thus not express 
foreign antigens and should avoid 
immune rejection in this specific patient. 
At least that has been the widespread 
belief in the field.

Dr Schrepfer and Dr Deuse carefully 
investigated how iPSC immunogenicity 
can be affected by reprogramming, 
in vitro cell expansion, and cell 
differentiation. The unexpected finding 
was that reprogramming and large-
scale cell expansion in vitro allows for 
the emergence of mtDNA-encoded 

neoantigens: these are antigens that 
developed during the process and 
were not present in the somatic starter 
cell5. Mechanisms for the emergence 
of neoantigens include mutations and 
heteroplasmic variant drift, common 
mtDNA phenomena in all rapidly-

proliferating tissues. 
Mutation rates during 
reprogramming have 
been reported to be 
up to nine-fold higher 
than the mutation 
rate in resting cells. 
Furthermore, DNA 
repair mechanisms, 

by which a cell maintains the integrity 
of its genetic code, are less reliable for 
the mtDNA than for the nuclear DNA, 
and the mutation rate for mitochondrial 
DNA is ten- to twenty-fold higher 
than that of nuclear DNA. The lack of 
immune surveillance during in vitro cell 
manipulations and expansion is believed 
to let such antigens develop and allows 
for their unchecked amplification. 

The mtDNA encodes only 13 protein 
subunits, but while a cell contains only 
two copies of its nuclear genome, it 
contains numerous mitochondria that 
each contain dozens of copies of their 
mitochondrial genome, which means 
that a cell can contain thousands of 
copies of its mitochondrial genome. Due 
to this high number of copies, mtDNA 
mutations may generate a high number 
of mutant proteins. Once an increasing 
prevalence of neoantigen burden crosses 
an activation threshold of the immune 
system, a cytotoxic response is triggered 
and derivatives of autologous iPSCs get 

Stem cell-derived products can 
induce an immune response, which 

may limit the success of regenerative 
medicine approaches.

Sonja Schrepfer & Tobias Deuse
The early work of Dr Schrepfer and Dr Deuse 
drew the attention of the stem cell community. 

Stem cells hold great potential for treating a 
broad range of disease.
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Personal Response
What are the next steps for your line of hypoimmunogenic 
iPSCs to be used for therapeutic transplantation?

 Since the development of this technology, it has 
undergone thorough testing in several small and large animal 
models as well as human in vitro immune assays. The platform 
has been shown to very reliably generate immune evasive 
stem cells as well as differentiated tissue cells. Now, the 
technology is being translated from research grade cells to 
clinical grade cell products to address requirements for use 
in human clinical trials. We expect the first human studies 
to start enrolling following the submission of an IND, which 
submission is expected as early as 2022. 
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Detail

Research Objectives
Dr Schrepfer and Dr Deuse demonstrated that allogeneic and 
autologous cell grafts can induce an immune response and 
developed a new generation of cells to overcome immune rejection.

were generated and differentiated into 
various different cell types. Rigorous in 
vitro testing and additional in vivo cell 
transplants in mice confirmed that this 
immune editing strategy successfully 
silenced all types of lymphoid and 
myeloid immune cells and hypoimmune 
derivatives achieved long-term survival 
in fully MHC-mismatched recipients. 
Hypoimmune stem cell derivatives 
were thus moved into a development 
phase looking towards potential 
clinical applications.

A NEW NK CELL IMMUNE 
CHECKPOINT IS DISCOVERED
While immune-edited cells from other 
groups that also included the elimination 
of class I MHC remained susceptible to 
natural killer (NK) cell killing, the immune 
editing strategy by Dr Schrepfer and Dr 
Deuse resulted in NK cell silencing and 
closed this gap for immune evasion. 
NK cells will inherently kill MHC-
deficient target cells in the presence of 
inflammatory cytokines. Such cytokines 
can be released by other immune cells 
in response to the transplant procedure 
or the graft cell. In-depth analysis of NK 
cell interactions with immune-edited cells 
revealed a new immune checkpoint8. NK 
cells were shown to be able to upregulate 
the immune checkpoint receptor signal-
regulatory protein-alpha, which delivers 
a strong inhibitory signal when engaging 
with its ligand CD47. An immune editing 
strategy including CD47 thus provides 
protection not only against phagocytes 
but also NK cells.

AN IMPACTFUL WORK
Dr Schrepfer and Dr Deuse’s findings 
have been highlighted in leading journals 
such as Nature and Science9-13. Indeed, 
their work is of critical importance in 
the area of stem cell transplantation as 
it provides a strategy to overcome cell 
rejection. The generation of hypoimmune 
iPSCs can pave the way toward the 
manufacturing of universally compatible 
cell products for regenerative medicine, 
a goal commonly referred to as the “holy 
grail” of stem cell immunobiology. This 
platform technology was exclusively 
licensed to Sana Biotechnology Inc, of 
which Dr Schrepfer is scientific founder 
and Head of the Hypoimmune Platform 
to make stem cell-derived therapies 
available to anyone, anywhere, at 
any time.

community start thinking about immune 
editing strategies. Those strategies 
include the modulation of activating and 
inhibitory surface molecules and release 
of tolerogenic factors. Several groups 
experimented with different immune 
editing approaches and confirmed the 
validity of this principle.

Dr Schrepfer and Dr Deuse examined 
syncytiotrophoblasts, cells from the 
placenta which form the interface 
between the maternal blood system 
and the foetus. The rationale behind this 
was that during pregnancy, the maternal 
body tolerates and even protects the 
developing foetus even though half of 
the antigens of the foetus originate from 
the father and are MHC mismatched. 
Pregnancy is a natural immune tolerance 
phenomenon that was used as a blueprint 
for a successful immune editing strategy.

The team observed that cells from the 
placenta expressed low levels of MHC 
antigens and high levels of CD47, a 
protein that inhibits a process named 
phagocytosis by which phagocytes (a 
type of immune cell) ingest target cells 
or particles. They used this knowledge to 
design hypoimmune iPSCs, which don’t 
express MHC and have high expression 
levels of CD47. They employed gene 
editing to inactivate two genes crucial 
for class I (B2M) and class II (CIITA) 
MHC expression and used a lentivirus 
to add copies of the CD47 gene7. Both 
mouse and human hypoimmune iPSCs 

rejected. Dr Schrepfer and Dr Deuse’s 
experiments in both mice and humans 
showed that the mutation of a single 
DNA base (a phenomenon called single 
nucleotide polymorphism, or SNP) is 
sufficient for the mutant protein to act 
as an antigen able to induce an immune 
response. Thorough quality control and 
routine screening for neoantigens during 
the manufacturing of autologous cell 
products is thus highly recommended. 
Reliable in vitro screening protocols have 
been described in Dr Schrepfer’s and Dr 
Deuse’s articles. 

HYPO-IMMUNOGENIC iPSCS
Finally, Dr Schrepfer and Dr Deuse 
established a novel approach to 
overcome immune rejection by 
generating a new generation of immune-
evasive iPSCs, named “hypoimmune 
iPSCs”. Such iPSCs do not induce any 
cellular immune response because they 
are barely visible to the immune system. 
If such hypoimmune iPSCs could be 
generated, they could serve as a source 
for universally compatible cell and 
tissue grafts.

Their first strategy consisted of knocking 
down the expression of class I MHC in 
ESCs7. This knockdown resulted in less 
aggressive responses by the recipient 
immune system, and delayed the 
rejection of transplanted ESCs in mice. 
Although the work was performed 
before sophisticated gene editing 
was developed, it made the stem cell 

The team generated truly hypoimmune 
stem cells that evade immune rejection.
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Dr Schrepfer and Dr Deuse’s work is of critical importance in the area of stem cell transplantation 
as it provides a strategy to overcome cell rejection.
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