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Despite progress in developing cell therapies, such as T cell or stem cell therapies
to treat diseases, immunoincompatibility remains a major barrier to clinical appli-
cation. Given the fact that a host's immune system may reject allogeneic trans-
planted cells, methods have been developed to genetically modify patients’
primary cells. To advance beyond this time-consuming and costly approach,
recent research efforts focus on generating universal pluripotent stem cells to
benefit a broader spectrum of patients. In this review, we first summarize current
achievements to harness immunosuppressive mechanisms in cells to reduce
immunogenicity. Then, we discuss several recent studies demonstrating the feasi-
bility of genetically modifying pluripotent stem cells to escape immune attack and
summarize the methods to evaluate hypoimmunogenicity. Although challenges
remain, progress to develop genetically engineered universal pluripotent stem
cells holds the promise of expediting their use in future gene and cell therapeutics
and regenerative medicine.

INTRODUCTION

Given their potential for unlimited proliferation and differentiation to various types of tissues, human
embryonic stem cells (hESC) and induced pluripotent stem cells (iPSC) represent promising tools for the
treatment of cancer as well as neuronal, cardiovascular, and liver diseases (Rami et al., 2017). In fact,
hESC-derived cells have entered clinical trials to treat macular degeneration, spinal cord injury, type 1
diabetes, Parkinson disease, and cancer (Liu et al., 2017; Trounson and DeWitt, 2016). Pluripotent stem
cell-differentiated chimeric antigen receptor (CAR)-T cells as well as natural killer (NK) cells show great
potency in pre-clinical studies, and particularly, iPSC-derived CAR-NK cells have recently entered cancer
clinical trials for safety evaluation (Hodgins et al., 2019). CAR-T cell therapy has also achieved great success
in treating patients with refractory and relapsed hematologic diseases such as B cell acute lymphocytic leu-
kemia, chronic lymphocytic leukemia, and non-Hodgkin's lymphoma (McCreedy et al., 2018).

Despite such progress, immuno-incompatibility remains a major barrier to clinical application of stem cell
therapy. Human leukocyte antigen (HLA) is the main cause of immuno-incompatibility. HLA genes encode
the major histocompatibility complex (MHC) membrane-bound glycoproteins in humans. HLA complex is
composed of a series of genes that can be divided into three categories: Class |, Class I, and Class IIl. Allo-
geneic cells can be eliminated by a host's cytotoxic CD8+ T cells and CD4+ T helper cells through exposure
of foreign HLA Class | and Class Il molecules, whereas Class lll molecules are not involved in immunization
activities. In recent years, the field has attempted to reduce immunogenicity, or the rejection of allogeneic
transplanted cells by the host’s immune system, via immunosuppressive drugs, HLA matching, and gene
editing. Transplantation of autologous cells eliminates the possibility of immune rejection; however,
manufacturing autologous cells in an individual patient basis makes it a costly therapeutic product. It is esti-
mated that the median costs of the autologous hematopoietic cell transplantation (HCT) are $109,000
(range $26,000-490,000) (Khera et al., 2013). As such, some researchers attempted to establish HLA-
matched iPSC libraries to cover the majority of certain populations (Solomon et al., 2015; Turner et al.,
2013), yet this requires a large number of samples—more than 4 million in the United States alone—to
be screened to derive enough HLA homozygous cell lines. Current registry and iPSC banking efforts around
the world would not be able to provide matches for the majority of people in their respective countries (llic
and Ogilvie, 2017; Nakatsuji et al., 2008; Pappas et al., 2015; Riolobos et al., 2013; Taylor et al., 2012). Given

4')

"Bone Marrow
Transplantation Center, The
First Affiliated Hospital,
School of Medicine, Zhejiang
University, Hangzhou 310058,
China

?Zhejiang Provincial Key Lab
of Ophthalmology, Eye
Center of the Second
Affiliated Hospital, School of
Medicine, Zhejiang
University, Hangzhou 310058,
China

3Center for Individualized
Medicine, Department of
Molecular Pharmacology &
Experimental Therapeutics,
Mayo Clinic, Rochester, MN
55905, USA

“Monash University and
Hudson Institute for Medical
Research, Clayton, VIC 3168,
Australia

SInstitute of Hematology,
Zhejiang University,
Hangzhou 310058, China
éThese authors contributed
equally

’Lead Contact

*Correspondence:
zhgene@zju.edu.cn

https://doi.org/10.1016/j.isci.
2020.101162

cheror iScience 23, 101162, June 26, 2020 © 2020 The Authors. 1

updates.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



mailto:zhgene@zju.edu.cn
https://doi.org/10.1016/j.isci.2020.101162
https://doi.org/10.1016/j.isci.2020.101162
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2020.101162&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

these challenges, and the fact that immunosuppressive drugs such as azathioprine cause myelosuppres-
sion, hepatotoxicity, alopecia, and gastrointestinal adverse effects (Rossi et al., 1993), the field is turning
to a new approach, genetic editing. Modifying the genome encoding the immunogenicity elements of
the transplanted cell products, to enhance hypoimmunogenicity, makes large-scale manufacturing of
these "off-the-shelf” products possible. In this review, we first summarize current achievements to harness
immunosuppressive mechanisms in genetically engineered cells to reduce immunogenicity. Then, we
discuss several recent studies demonstrating the feasibility of genetically modifying pluripotent stem cells
to escape immune attack and summarize the methods to evaluate hypoimmunogenicity. Although chal-
lenges remain, such as safety problems, progress to develop genetically engineered pluripotent stem cells
holds the promise of expediting the translation of universal cell therapies for use in the clinic.

APPROACHES TO REDUCE IMMUNOGENICITY
Harnessing the Immunosuppressive Machinery

Recent strategies to harness immunosuppressive machinery in genetically engineered cells derive from ob-
servations of the placenta or cancer cell activities. Previous studies have shown that the syncytiotrophoblast
cells from placental origin, a barrier between fetal blood and allogeneic maternal blood, have low MHC |
and MHC Il expression levels, but high expression of CD47 and other features that protect the fetal cells
from maternal immune attack (Deuse et al., 2019; Makrigiannakis et al., 2008). To protect themselves
from immune attack, cancer cells express immunosuppressive molecules, including cytotoxic T lymphocyte
antigen 4 (CTLA4), programmed death ligand-1 (PD-L1), CD47, CD24, or the B2-microglobulin subunit of
the HLA-I (Bradley, 2019; Brightwell et al., 2016; Li et al., 2013; Xu et al., 2019), that send signals through
corresponding immune cell receptors. CTLA4 and PD-L1 maintain peripheral tolerance by restraining
T cell activity (Lanza et al., 2019), and PD-L1 expression may also protect engrafted cells from attack by
PD-1+ NK cells (Beldi-Ferchiou et al., 2016; Della Chiesa et al., 2016) and PD-1+ macrophages (Gordon
et al., 2017).

Such findings prompted studies to explore whether overexpressing CTLA4-immunoglobulin fusion protein
(CTLA4-1g) or PD-L1 in allogenic cells prevents clearance by the immune system. For instance, Rong et al.
knocked CTLA4-Ig or PD-L1 into the HPRTT locus of hESCs and found that the modified allogeneic hESCs
and their differentiated progenies effectively avoid immune surveillance by inhibiting T cell activity, pre-
venting T cell infiltration, and increasing the number of Treg cells (Fife and Bluestone, 2008; Rong et al.,
2014). Importantly, the cells gain immune protection only when both molecules are present. Hence, these
findings demonstrate that up-regulating immunosuppressive molecule expression in engrafted cells pro-
tects engineered ESC-derived cells from attack by the allogenic host. However, this approach does not
modify HLA molecules and does not prevent hyperacute rejection of transplanted cells by anti-HLA anti-
body; such rejection occurs due to pre-formed antibodies present in the recipient’s serum that react to
donor antigens expressed on engrafted cells (Afzali et al., 2007, Masson et al., 2007).

Leveraging the interactions between other cancer cell immunosuppressive molecules and other types of
immune cells such as NK cells and macrophages may also hold promise. CD47, an immunoglobulin-like
protein expressed on the surface of red blood cells, all human solid tumor cells, and syncytiotrophoblast
cells, interacts with SIRPa. on macrophages to decrease phagocytosis (Willingham et al., 2012). CD47 has
been utilized in genetically engineered iPSCs to confer immune tolerance to innate immune cells (Chhabra
etal., 2016; Han et al., 2019; Jaiswal et al., 2009). In addition, CD47 plays an inhibitory role in NK cell-medi-
ated cytotoxicity against cancer cells, mainly through CD47 ligand thrombospondin-1 (Nath et al., 2019).
Deuse et al., found that CD47-overexpressing cells significantly reduce interferon-y release from activated
NK cells in vitro, thus indicating a reduced immune response. They also found that CD47 transgene-ex-
pressing mouse iPSC-induced endothelial cells (miECs) evade NK cells’ attack in vivo, whereas wild-type
miECs do not. They were able to achieve the same results with engineered human cells (Deuse et al.,
2019). Of note, CD24, a sialoglycoprotein expressed on mature granulocytes and B cells, and overex-
pressed in cancers including breast (TNBC) and ovarian, prevents macrophagic phagocytosis through
interaction with Siglec-G/10 (Bradley, 2019; Chan et al., 2019, Chen et al., 2014). However, CD24 has not
yet been utilized in genetically engineering iPSCs. Together, these findings demonstrate that natural
immunosuppressive machineries can be engineered into pluripotent stem cells to confer hypoimmunoge-
nicity, and the growing list of genes in these machineries could be tested for further development of hypo-
immunogenic cells. These types of approaches rely on the immunosuppressive receptor-ligand pairs, and
onwhether they are present on engrafted cells and immune cells, and thus introduction of only these genes
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may not necessarily confer full hypoimmunogenecity. These strategies do not involve genetic depletion of
endogenous genes and may have less off-target effects and toxicity to the engineered cells, but any side
effects of ectopic expression still need to be characterized.

Editing HLA Class | Genes to Escape from Allogeneic T Cells

HLA Class | genes, which are expressed on almost all nucleated cells and platelets, present intracellularly
processed peptides to CD8+ cytotoxic T cells and enable elimination of antigen-expressing or virus-in-
fected cells. The HLA Class | molecule is composed of highly polymorphic heavy chain alpha and B2-micro-
globulin, which is encoded by the B2M gene. In the HLA Class I-mediated antigen presentation pathway,
transporters associated with antigen processing (TAP)1 and TAP2 are responsible for peptide delivery from
the cytosol to the lumen of the endoplasmic reticulum (Abele and Tampe, 2004). Even though mutations in
TAP1 or TAP2 result in structural changes that can cause severe reduction in the cell surface expression of
HLA Class | molecules and alter antigen recognition and presentation (Koch et al., 2004; Yang et al., 2003),
individuals with TAP1 or TAP2 mutations are relatively healthy (Zimmer et al., 2005). Given B2M knockout
mice exhibit relative health except for the lack of CD4+ CD8+ T cells (Riolobos et al., 2013), knocking out
B2M gene is the preferred method to reduce HLA I-mediated immunogenicity (Riolobos et al., 2013; Wang
et al., 2015; Xu et al., 2019).

Such reductions in immunogenicity do not go unnoticed. NK cells, a group of cytotoxic innate lymphoid
cells that play a significant role in the first human immune defense line against pathogenic invasion and ma-
lignant cell transformation (Arnon et al., 2004; Chaushu et al., 2012), detect the lack of HLA-I expression on
target cells (Dressel et al., 2010; Kruse et al., 2015; Wang et al., 2015). Furthermore, inhibitory receptors
such as the Killer Cell Immunoglobulin-like receptors (KIRs) and the NKG2A receptor are responsible for
sensing the “missing self,” which identifies cells with lower HLA-I expression. Given many NK cell subsets
exhibit heterogeneous receptor expression and different specificity toward HLA-A, HLA-B, HLA-C, and
HLA-E (Ichise et al., 2017), complete elimination of HLA Class | in donor cells will activate host NK cells
to attack the HLA Class I|-deficient cells (Gornalusse et al., 2017; Torikai et al., 2016; Xu et al., 2019).
Thus, researchers now seek to develop comprehensive strategies to cope with NK cell attack resulting
from B2M knockout as described in the following paragraph.

As HLA-E is a major ligand for the NK inhibitory receptor CD94/NKG2A (Lee et al., 1998), overexpression of
single-chain HLA-E could suppress NKG2A+ NK cells. Of note, HLA-E introduced and overexpressed in
B2M knockout pluripotent stem cells lysed less compared with HLA-E-negative cells when co-cultured
with NK cells in vitro (Gornalusse et al., 2017). However, this strategy cannot suppress KIR2D+ NK cell pop-
ulations because KIR2D+ NK cells are suppressed by HLA-C (Ichise et al., 2017) or HLA-G (Zhao et al., 2014).
Thus, another group selectively knocked out HLA-A/B/C and overexpressed HLA-G to evade the NK cells
including the KIR2D+ population (Han et al., 2019). An alternative method is to selectively knock out HLA-A
and HLA-B and retain HLA-C (Xu et al., 2019). Due to the heterogeneity of NK cell subtypes, with diverse
HLA/NK receptor immunosuppressive pairs, the leaving question is which population can be suppressed
by HLA-C/G/E, and whether all NK cell subtypes can be adequately suppressed.

Editing HLA Class Il Genes to Further Escape from Allogeneic T Cells

HLA Class Il proteins (HLA-DR, HLA-DP, HLA-DQ) present peptides to CD4+ helper T cells, thus the poten-
tial exists to manipulate HLA Class Il genes similar to HLA Class | genes. Class |l proteins are composed of
polypeptide o and B chains. Individuals with HLA-II deficiency present with CD4+ T cell lymphopenia,
because HLA-II-dependent thymic maturation of T cells is impaired (Farrokhi et al., 2018). There are four
categories of HLA-Il deficiency based on which of the following four genes exhibit defects: RFXANK,
RFX5, RFEXAP, and CIITA (Farrokhi et al., 2018). RFXANK, RFX5, and RFXAP encode transcription factors
that bind to HLA-Il promoters and recruit the transcription factor CIITA to activate HLA-Il gene expression.
Recent studies show knockout of CIITA using CRISPR-Cas? technologies reduces HLA-Il molecules (Deuse
etal, 2019; Han et al., 2019; Xu et al., 2019). Deuse et al. reported that HLA-I and HLA-II double-knockout
mouse iPSCs evaded immune attack more effectively with more teratomas formed (10 out of 10) compared
with HLA-I single knockout (6 out of 10) (Deuse et al., 2019). Their work showed that HLA-Il deficiency further
confers hypoimmunogenicity of transplanted cells. One potential concern in a specific case of application
is that if the final differentiation products are dendritic cells (DCs), knocking out HLA-Il molecules will ablate
their antigen presentation functions.
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Figure 1. Comprehensive Strategies to Develop Hypoimmunogenic Pluripotent Stem Cells in Recent Studies

Comprehensive Strategies to Develop Hypoimmunogenicity in Recent Studies

To obtain hypoimmunogenic cells, researchers have sought to ablate HLA Class | and Class || molecules, while
simultaneously preventing attack from cytotoxic CD8+ T and CD4+ helper T cells. Not long ago, CRISPR-Cas9
genome editing technologies were used to deplete HLA Class | expression in human pluripotent stem cells
(hPSCs) and hematopoietic stem cells (HSCs) by knocking out B2M (Mandal et al., 2014; Mattapally et al.,
2018; Riolobos et al., 2013) and to eliminate HLA Class Il expression by targeting CIITA (Chen et al., 2015). How-
ever, knocking out B2M prevents the surface expression of the nonpolymorphic HLA Class Ib molecules HLA-E
and HLA-G, which are required for immune tolerance of NK cell (Ferreira et al., 2017; Lee et al., 1998). Overex-
pression of CD47 to prevent cells from being engulfed by NK cells has been conducted to synergize with the
immune evasion effect from deletion of B2M and CIITA (Deuse et al., 2019). Xu et al. attempted to selectively
delete HLA-A/-B and CIITA genes but retain HLA-C gene, which has the ability to suppress NK cells (Xu
etal., 2019). HLA-C can still present peptides to T cells, which means the edited cells could potentially be recog-
nized by T cells. Combined with the above-mentioned efforts, Han et al. simultaneously knocked out HLA-A/-B/-
C and CIITA molecules and expressed the immunomodulatory factors PD-L1, HLA-G, and CD47, to evade
immune surveillance by T cells, NK cells, and macrophages, respectively (Han et al., 2019). All the experiments
showed significantly lower level of activation of T cells and NK cells, indicating that engineered cells are hypo-
immunogenic (Figures 1 and 2). Han et al.’s strategy is comprehensive, but they can still observe residual acti-
vation of T cells in vitro. They pointed out that it might be caused by additional antigens generated in cell culture
or due to the genetic modifications.

METHODS TO EVALUATE HYPOIMMUNOGENICITY OF GENETICALLY ENGINEERED
PLURIPOTENT STEM CELLS

Here, we summarize a set of in vitro and in vivo methods to evaluate the modified hypoimmunogenicity
ordered by method stringency. Multiple in vitro assays can be employed to evaluate hypoimmunogenicity.
Among these, the most straightforward but the least stringent methods to detect successful ablation of
HLA gene expression are quantitative PCR and flow cytometry analyses (Han et al., 2019; Wang et al.,
2015). Taking into account both adaptive immune and innate immune responses, it is recommended to
quantify T cell and NK cell-mediated immune responses as well as macrophage engulfment in vitro (Han
et al., 2019). For instance, to investigate whether removing polymorphic HLA molecules or introducing
PD-L1 is sufficient to prevent T cell-mediated immune responses in vitro, T cell proliferation, activation,
and killing assays were performed in a recent report (Han et al., 2019). Here, Han et al. found that all
CD3/4/8+ T cell subpopulations’ proliferation and activation markers were reduced in the presence of
HLA-I knockout iECs. In addition, CD8+ cells, but not CD4+ T cells, were further suppressed by overexpres-
sion of PD-L1 in an HLA-null background. Consistent with results from proliferation assays, cytotoxicity of
CD8+ T cell was suppressed by HLA-A/B/C knockout iECs, and even further by PD-L1 expression. Further
in vitro assays indicated that when co-incubated with HLA-A/B/C knockout and PD-L1, CD47, and HLA-G
overexpressed (KI-PHC) vascular smooth muscle cells (VSMCs) derived from KI-PHC hPSCs, NK cell activity
is inhibited by HLA-G expression, manifested by a decline of NK cell marker CD107a. Analogously, co-
culturing with pH-sensitive fluorescence dye (pHrodo-Red)-labeled VSMCs can indicate macrophage lysis
activity because engulfed cells can be transported to low-pH lysosomes for digestion, and it was found that
overexpression of CD47 in KI-PHC hPSC-derived VSMCs indeed reduced macrophage engulfment.

Given it is critical to evaluate hypoimmunogenicity in vivo, the field recently introduced a series of animal
models that have evolved based on the origin of species for low immunogenicity test of the modified cells
(Figure 3). For example, immunocompetent mice were used to test modified mouse hypoimmunogenic
cells. Deuse et al. injected B2m—/—Ciita—/—CD47 and wild-type mouse iPSCs into the allogeneic mice
and measured teratoma size (Deuse et al., 2019). Teratoma formed in immunocompetent allogeneic
mice means that the modified iPSCs inside the mice are not eliminated by immune systems. Wang et al. first
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Figure 2. Overview of Genetic Modification Strategies Employed to Generate Hypoimmunogenic Cells
Allogeneic cells can be rejected through innate immunity (NK cells and macrophages) as well as adaptive immunity (T
cells).

(A) Allogeneic cells activate T cells by HLA-I and HLA-II molecules. HLA-I molecules suppress NK cells.

(B) Elimination of HLA-I by knocking out B2M and elimination of HLA-II by knocking out CIITA can evade T cell surveillance
but trigger NK cell activity.

(C) Elimination of HLA-I and HLA-II to evade T cell attack combined with expression of the CD47 molecules to inactivate
NK cells and macrophages (Deuse et al., 2019).

(D) Simultaneous deletion of HLA-A/B and HLA-Il genes, and not HLA-C, allows HLA-C/G and HLA-E to suppress NK cells
(Xu et al., 2019).

(E) Simultaneous knockout of HLA-A/B/C and HLA-Il combined with expression of the immunomodulatory factors PD-L1,
HLA-G, and CD47 (Han et al., 2019). These strategies combined can make the engineered cells to evade immune
surveillance by T cells, NK cells, and macrophages.

Orange lines and blue lines depict pathway activation and suppression, respectively. NK, natural killer; Th, T helper; MAC,
macrophage; CTL, cytotoxic lymphocyte.

used anti-asialo GM1 to ablate the NK cells in immunocompetent mice and injected B2M—/—CIITA—/—
human iPSCs, followed by teratoma size measurements (Wang et al., 2015).

However, due to the contrasting differences of human and mice immune systems, it is not completely infor-
mative to evaluate the immunogenicity of human cells with results from mouse cells. Some studies used
severe combined immunodeficiency mice that lack T cells and B cells and used anti-asialo GM1 to deplete
the NK cells (Wang et al., 2015). To completely eliminate mouse lymphoid cells, NSG (Han et al., 2019) or
NRG (Xu et al., 2019) mice were used. For example, Han et al. injected both activated human T cells and KI-
PHC human iPSCs into NSG mice and measured the growth of teratomas (Han et al., 2019).

Given immunodeficient mouse models cannot be used to test the interaction between engrafted cells and
the human immune microenvironment, researchers have generated humanized mice to mimic the human
immune system. Deuse et al. (Deuse et al., 2019) transplanted B2M—/—CIITA—/—CDA47 hypoimmunogenic
cells into allogeneic humanized CD34+ HSC-reconstituted NSG-SGM3 mice. To promote T cell
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Figure 3. Evolution of In Vivo Models to Evaluate Hypoimmunogenicity of Genetically Engineered Pluripotent
Stem Cells

(A) Size of teratomas measured following injection of engineered cells into immunocompetent mice to evaluate mouse
cell engraftment.

(B) NSG mice injected with engineered cells plus T cells before measurement of teratoma size.

(C) To recapitulate the human immune system, human HSCs transplanted into NSG mice and injected with the
engineered cells.

(D) To promote T cell reconstitution, maturation, and selection, human HSC cells, fetal liver, and fetal thymus tissue
transplanted into NSG mice before injection with the engineered cells to evaluate immunogenicity.

reconstitution, maturation, and selection, BLT-humanized mice, which are NSG mice transplanted with hu-
man fetal liver, thymic tissue, and CD34" HSCs, were used; four of five B2M—/—CIITA—/—CD47 engrafted
iPSC lines survived, whereas all wild-type grafts underwent rapid rejection.

CHALLENGES OF GENETICALLY ENGINEERED UNIVERSAL PLURIPOTENT STEM CELLS

Despite great progress to develop universal pluripotent stem cells, many challenges still exist. Although
genetic modifications such as loss of MHC/HLA Class | and Class Il do not lead to transformation per se
(Hanna and Etzioni, 2014; Street et al., 2004), there are reports that human pluripotent stem cells exhibit
mutations in the TP53 gene, which encodes tumor suppressor TP53, and that the mutation rate increases
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with the passage number (Avior et al., 2019; Merkle et al., 2017). Given that multiple rounds of genetic mod-
ifications may increase the risk of off-target events, it is essential for genetically engineered universal cells
to be regularly screened for oncogenic mutations. Moreover, even though there is no evidence of human
cancer cells transmitting from person to person, there are infectious cancer cells that evade allogeneic im-
mune surveillance in other species, due to loss of MHC. Devil facial tumor disease is a transmittable tumor
spread through biting and is the primary reason of death in the Tasmanian devil population, which is near
extinction (Caldwell et al., 2018). Another contagious cancer, canine transmissible venereal tumor, can
transmit through coitus, licking, biting, or sniffing tumor-affected areas in dogs (Welsh, 2011). Hence, it
is essential to carefully examine mutations in the genome of the pluripotent stem cells and their differen-
tiated progenies that are to be transplanted and to determine the infectiousness potential of hypoimmu-
nogenic cells (Trounson, 2017).

One potential safety solution is to introduce a suicide gene into the modified iPSCs (Li and Xiang, 2013). For
instance, herpes simplex virus thymidine kinase can be knocked in downstream of the OCT4 (POU5F1) pro-
moter (Hara et al., 2008) or CDK1 gene (Harding et al., 2019) and selective elimination of undifferentiated
embryonic stem cells could be achieved upon ganciclovir (GCV) treatment. Another suicide system is
inducible Caspase-9. Caspase-9 was knocked in downstream of the miR302/367 promoter to enable selec-
tive ablation of the undifferentiated iPSCs (Ando et al., 2015; Villanueva et al., 2019).

One challenge that cannot be ignored is the loss of antigen presentation function of universal cells once
MHC genes are depleted. For most cases of differentiated cells, this is not an issue. However, if the
differentiated cell products are DCs, for instance, in the case of DC-based vaccines, it becomes more so-
phisticated to consider the effects of MHC depletion. The activation of naive antigen-specific T cells by pro-
fessional antigen-presenting cells, such as DCs and macrophages, is the foundation to generate anti-tumor
T cell immune response (Joffre et al., 2012). To date, many studies have shown that neoantigens presented
by DCs are key to the success of immunotherapies and development of certain tumor vaccines (Desrichard
et al., 2016; Gubin et al., 2014). Autologous iPSC may be a superior source of DCs without immunological
rejection. However, the application of autologous iPSC is limited by inevitable time lag in the process of
obtaining the iPSC and the economic factor also needs to be considered. The universal cells that can still
present antigens may be the best source of DCs. Different from the role in other cell types, MHC molecules
play an essential character in DCs' physiological function—antigen presentation (Alloatti et al., 2017).
Therefore, semi-allogeneic DC differentiated from partially engineered iPSCs that have one or more
MHC loci matched with recipients may be a practical strategy. For instance, if MHC Class | molecules
are depleted and MHC Class Il molecule are retained in one line of iPSC, this line can be applied to
MHC Class Il loci-matched population, without losing the capability of antigen presentation to stimulate
CD4+ T cells. Another strategy is to leave MHC molecules intact, but fully unleash the potential of immu-
nosuppressive machineries. Recent research shows that expression of eight immunomodulatory genes,
including Pdl1, Fasl, Serpinb9, Cd47, Cd200, H2-M3, Ccl21, and Mfge8, allows this type of engineered cells
to survive in immunocompetent, allogeneic recipients (Harding et al., 2019). Although this study did not
demonstrate the contribution of each immunomodulatory gene, it provided an inspiring strategy to
achieve hypoimmunogenicity without disturbing MHC molecules. More rigorous research needs to be per-
formed to test whether the antigen presentation function is preserved, and whether these cells can be used
as a source of DC-based tumor vaccines.

In summary, with increased understanding of the host immune surveillance system and the immunogenicity
mechanisms of grafted cells, we can utilize genome engineering approaches to engineer hypoimmunogenic
pluripotent stem cells, which will be useful to generate universal allogeneic transplantation cell products. Even
though these strategies hold great promise, it is imperative to gather solid evidence demonstrating the robust
hypoimmunogenicity and safety of such cells in vivo and bring them to clinical applications.
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