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Abstract
Allogeneic stem cells have been introduced as a potential approach to generate grafts in regenerative
medicine. But the clinical usage of them is limited due to the risk of immune rejection that is induced by
the incompatibility of human leukocyte antigens (HLAs) between donors and recipients. To overcome this
limitation, we knocked out the β2 microglobulin (B2M) gene which is crucial for HLA class I expression,
using CRISPR/Cas9 approach. Non-viral transfer of two gRNAs targeting exon 1 and intron 1 in B2M gene
caused in large and predictable deletion in region between two loci, which was de�ned by sequencing and
polymerase chain reaction (PCR). Furthermore, results revealed that roughly 11.11% and 22.22% of the
GFP expressing cells re�ecting a homozygous and heterozygous pattern of genomic modi�cations. We
demonstrated that the dual guide RNA approach is a simple and e�cient method for gene disruption.
Signi�cantly, these engineered hypoimmunogenic cells could be proposed as universal cells that are not
distinguishable to the recipient immune system in cell therapy and transplantation.

Introduction
Organ transplantation (OTP) is the primary, yet a high-risk medical procedure to treat patients with
intractable diseases and organ failures [1]. However, the OTP still faces major restrictions including the
scarcity of immunologically suitable donors, which has drastically con�ded its application. In order to
address the issues associated with the OTP, autologous and allogenic stem cells were envisioned to be
alternative and effective approaches [2, 3]. In principle, allogeneic cell products is thought to be the more
advantageous solution compared with autologous cell products by providing safety and consistency
products [4]. But the transplant rejection caused by human leukocyte antigen (HLA) mismatching
between donor and recipient is a main challenge. Primarily, host T cells could activate immune responses
against donor major/minor histocompatibility antigens, leading to rapid rejection. Furthermore, the
possibility of graft versus host disease (GVHD) development should be considered [5].    

 Previous studies have demonstrated that precluding mismatch HLA by downregulated or complete
abrogation of donor HLA class I expression would reduce graft rejection [6, 7]. Disrupting the expression
of HLA type I by targeting the β2-microglobulin (B2M) locus, which encoding invariable and pivotal
component of HLA I, would result in the incomplete formation of defective and thus led to address
immune rejection. Thus far, several attempts utilizing various methods including the Cre-LoxP system [8],
small interfering RNA (siRNA) [9], transcription activator-like effector nucleases (TALEN) [10, 11], and zinc
�nger nuclease (ZFN) [12], have exhibited successful results at disrupting the expression of HLA class I
and as a result its display on the surface of the cell. Despite much development, these approaches were
encountered with limitations such as unintended recombination via the Cre-LoxP system [8, 13], and
incomplete deletion or low e�cacy in knocking out target genes using the RNAi method [14]. Furthermore,
the arduous task of designing the TALE and ZFN nucleases along with the aforementioned shortcoming
has rendered a lessen usage of those methods for either research or therapeutic purposes. To address the
limitations of previous technologies, clustered regularly interspaced short palindromic repeats (CRISPR)
system has been introduced as a relatively new technology. Due to the simplicity and programmability of
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the system has developed into a versatile genome-editing tool and has demonstrated promising results.
The CRISPR system is constituted of ribonucleoprotein complex, which cleaves double-stranded DNA
molecules harboring sequences complementary to the guide RNA (crRNA) within the ribonuclease. So, in
CRISPR/Cas9 system, the DNA recognition is only dependent on the presence of an engineered 20-
nucleotide sequence, leading to vast application in therapeutic trials. An easy way in utilizing
CRISPR/Cas9 technology is designing two gRNAs to simultaneously target two loci in desired gene and
consequently creating complete and large deletion. CRISPR/Cas9 system with single or dual gRNAs
approach could generate double strand breaks (DSBs) and trigger non-homologous end joining (NHEJ) of
repair pathway. This error-prone pathway could induce indel mutations and consequently result in gene
knockout [6, 15].

In this study, the honing capability of the CRISPR/Cas9 system was exploited to target the B2M gene of
the HEK293T cell line via two gRNAs, and further demonstrate an e�cient knocked out gene, signifying
its capability to directly cleave any targeted loci. As a �rst step, we designed and cloned two separate
gRNAs into two separate PX458 vector with green �uorescent protein (GFP) marker. It was predicted that
the combination of two gRNAs that would introduce DSBs in region ~ 2.2 kb between the two loci. After
co transfection of vectors into HEK293T cells, the straightforward PCR method was employed to
determine the zygosity status of the cells and the result further con�rmed by sequencing (Fig 1). It
appears homozygous B2M (B2M-/-) null stem cells could employ as a source of universal and
immunocompatible cells to use in cell therapy for the treatment of variety of diseases without
considering of recipient HLA.

Materials And Methods
2.1. Strains and reagents:

The T4 DNA ligase (400000 U/mL, NEB #M0202S), and the BbsI restriction enzyme (10000 U/mL, NEB #
R0539S) was purchased from the New England Biolabs (NEB) company to carry out the ligation and
digestions respectively. The pSpCas9 (BB)-2A-GFP (PX458) (Plasmid # 48138) was supplied by Prof. A.
Mani (Yale Cardiovascular Research Center, University of Yale, New Haven,  Connecticut, USA). Human
embryonic stem cell (HEK) 293T was provided from the biotechnology research center in Shiraz
University of Medical Sciences, Iran. Lipofectamine 2000 (Invitrogen # 11668027) and Opti-MEM (Gibco
# 31985) was purchased from Thermo�sher Company to meet the requirement of an e�cient
transfection process.

2.2 .Methods                                                                                       

Designing guide RNAs and constructing the gRNAs expressing vector

The online CRISPR tool of http://crispor.tefor.net/ was used to design a pair of guide RNAs targeting
separate sites within B2M exon 1 (BME) (Table 1). The two gRNAs were designed to target distinct sites
separated approximately 2.2 kb within the B2M gene located in chromosome 15. The gRNA_ 1 and
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gRNA_2 harbored complementary sequences to the sense strand of exon 1 and antisense strand of intron
1 respectively. In order to facilitate the cloning process of gRNAs, an adapter sequence was incorporated
according to the requirement of the vector and restriction enzyme. Furthermore, several factors were
taken into account, upon designing gRNAs sequences including on-target activity, speci�city, and the
presence of 5'-NGG sequence at the 3' end of gRNAs sequences to meet the PAM requirement of Cas9
enzyme. The double-stranded form of each guide RNA was cloned into the PX458 expression plasmid via
BbsI restriction sites. To monitor the transfection e�cacy and the transcription of the two guide RNAs, the
Green �uorescent protein (GFP), which served as a reporter protein was exploited. Digestion and ligation
were performed simultanously in a total of 10 μl reaction mixture per each gRNA. In order to do so, 1 μl
annealed gRNAs oligos, 400 ng circular PX458 vector, 0.5 μl  BbsI restriction enzyme (10000 U/mL), 1μl
of 10x NEB buffer, 0.5 μl T4 DNA ligase (400,000 units/ml), and 1 μl of 10× NEB T4 DNA ligase buffer
were supplemented by H2O to the total volume of 10 μl. Finally, the test tubes were placed in a thermal
cycler with the following pre-set settings: the �rst step entailed 3 cycles of two-part temperature
regulation, the �rst part was at 37° C for 20 min, and the second part was at 16° C for 15 min, the second
step entailed one cycles of two-part temperature regulation, the �rst part was at 37° C for 10 min, and the
second part was at 55° C for 15 min. Proper vector construction was con�rmed by PCR using CrB2M_1
and CrB2M_2 primers (Table2). The results were further con�rmed by sequencing.

Cell culture and transfection

The HEK293T cell line was selected for genetic manipulation of the B2M gene due to its high-rate
transfection e�ciency, docility, and fast growth. The transfection was mediated by the intrinsic properties
of Lipofectamine. To do so, the cloned gRNAs were encapsulated in the Lipofectamine reagent, and the
cells were simultaneously supplemented with both gRNAs. In order to investigate the transfection
e�ciency, the FACSAria™ cell sorter was exploited. HEK293T cell line was cultured in Dulbecco’s modi�ed
Eagle’s medium (Gibco), supplemented with 10% Fetal bovine serum (Gibco) and 500μl Penicillin-
Streptomycin. The cell passaging was performed upon reaching 90% con�uency every 2 to 3 days.
Twenty-four hours prior to transfection, a six-welled plate was seeded with 5×105 cells in each well, and
cultivated in 2 mL growth media devoid of the Penicillin-Streptomycin antibiotics. The transfections were
mediated by Lipofectamine 2000 (Invitrogen) encapsulating the cloned gRNAs according to the
procedure published by Pankaj K. Mandal (Mandal et al., 2014). To obtain the optimum result the �nal
concentration of each gRNA was reduced to half.

Isolation of transfected cells via �uorescence-activated cell sorting (FACS) and single cell preparation

Forty-eight hours ensuing the transfection, the GFP expressing cells (GFP+) were separated from others
via the FACS, and subsequently were cultivated in complete growth media for 3 to 4 days to expand into
80% of con�uency, and then the cell suspension was subjected to serial dilution to determine the zygosity
of single cells. To do so, the cell suspension with a concentration of 106 cells per 1 mL was provided and
subsequently was serially diluted up until reaching the �nal concentration of 1 cell per 100 μL. Every
single cell was supplemented with an additional 100 μL growth media to propagate.
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Zygosity determination via polymerase chain reaction and sequencing con�rmation

The distinct clones of cells each derived from single-cell expansion were subjected to genomic DNA
extraction. The extracted DNAs were ampli�ed by PCR using primers depicted in (Table 2). The PCR
product was analyzed by gel electrophoresis and further puri�cation. The gel-puri�ed PCR products were
cloned into a TA vector using the TOPO TA cloning kit (Thermo Fisher Scienti�c) according to the
manufacturer's instruction for sequencing analysis. The results demonstrated the zygosity state of each
clone, including homozygous, heterozygous, and wild-type states, each signifying single allele mutation,
double allele mutation, and no mutation respectively.

Results
The construction and veri�cation of the guide RNAs targeting B2M gene

gRNAs were designed to target prede�ned sites within sequences of B2M gene. The gRNAs were each
cloned into a distinct PX458 vector with U6 polymerase III promoterusing BbsI cleavage site, which are
indicated by PX458_ gRNA #1 and PX458_ gRNA #2.  Sequencing and PCR ampli�cation revealed correct
coloning of gRNAs into vector. In this study, Cas9-gRNAs system should eliminated the expression of
B2M via error prone pathway of non-homologous end joining (NHEJ).

The generation of B2M null HEK293T cell line

The 25% proportion of the cells was determined to be GFP+ whithin 48 hours of transfection (Fig 2). We
used serial dilution to separate single cell clones from heterogenous cell population to assess the
function of Cas9. Upon introducing Cas9-gRNAs system into cells we expect to see four potential cell
lines, cell lines with no mutation, cell lines with heterozygous mutation, cell line with biallelic mutation
and cell lines with homozygous mutation. Disruption of both alleles within the predicted gRNAs targeting
sites resulted in the ablation of B2M gene expression.  

Zygosity determination B2M null HEK293T cell line

The genomic DNA from all single cell-derived expanded clones were analyzed via PCR and sequencing.
The PCR results delineated the proportion of cells with genetic alteration, signifying a segment deletion
(i.e. homozygous and heterozygous states), and the proportion of cells with an intact genome,
constituting the wild-type cell population. Cells with homozygote and heterozygote deletions
demonstrated as single band (473bp) and double bands (473bp and 2765bp) on agarose gel
electrophoresis. In addition, wild-type cells were visible as a single band (2765bp).In order to verify the
PCR derived observations, the samples were sequenced and the result con�rmed that approximately
11.11% and 22.22% of the GFP expressing cells contributed to the homozygous and heterozygous
genome modi�cations respectively. The remainder proportion of the cells constituted the population with
an intact genome (i.e. wild-type). Of note, due to the off-target effectiveness of the Cas9 enzyme, a variety
of small indels in several clones were further observed.
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Discussion
Here, our objective was to explore the e�ciency of dual guide RNA based CRISPR/Cas9 mediated
genome editing as a straightforward method for genetic manipulations, to produce HLA class 1 null
donor cells that would potentially overcome the issues linked to the conventional transplantation
methods. Based on the structural importance of the B2M subunit, abrogating the expression of the B2M
have resulted in the improper and hence inactive formation of the HLA type 1 [16, 17]. As a result of the
eradication of cell surface expression of polymorphic HLA class I molecules (HLA-A,-B,-C), allograft cells
have the chance to evade the host immune system and not recognized by the CD8+ T cells.  The
CRISPR/Cas9 system has developed to be a versatile tool for genome manipulations [18]. The system
empowered us to ablate the B2M gene by simple introduction of two guide RNAs into the cell and cut out
a relatively large segment of the DNA. In our study, approximately 50% of cells were targeted by the
CRISPR/Cas9 constructs containing BME and BMI simultaneously, and 11-30% of targeted clones are
homozygous or heterozygous. Notably, the creation of relatively large deletion within the target region
would enable us to employ a fast and straightforward method such as PCR for genotyping the modi�ed
genes. Our data as well as �ndings from other studies clearly revealed the bene�ts of utilizing dual
gRNAs approach in gene knockout. It was already shown that this e�cient strategy can be employed to
study repetitive sequences in which genetic manipulations via single guide RNA results in increased off-
target effects. In addition, the successful applicability of dual gRNA CRISPR/Cas9 technology in
perturbing non-coding regions including silencers, enhancers, and long non- coding RNAs, has been
reported [6, 19]. Studies have further revealed that there is a higher probability that small indel mutations,
created by the usage of a single gRNA based CRISPR/Cas system, may not lead to a loss of function in
non-coding regions, resulting in an error in the investigation of such locales which constitute the majority
proportions of the genetic information [6, 20]. Furthermore, the utilization of single gRNAs in
CRISPR/Cas9 methods leads to generation of various small insertions/deletions in targeted sequences
which require arduous and inaccurate T7 endonuclease 1 (T7E1) assay to detect mismatch repair and
estimate Cas9 activity [21]. According to the previous �ndings, employing a single gRNA method appears
to not having the ability e�cient ablation of b2m in certain cell types such as T cells [6].

Considering the established effect of B2M knockout on complete disruption of HLA class 1, as well as its
high e�ciency and suitability in knockout process, we evaluated the e�ciency of B2M ablation on the
generation of a universal donor cells. Hong et al generated HLA class I null-cells by targeting HLA-A/B/C
genes by exploiting six gRNAs simultaneously which shown to have lower e�ciency in comparison with
the method applied in our study. According to their results, the e�ciency for co-transfection of six gRNAs
into a cell, and viability of the target cells is reduced [22]. Furthermore, the subsequent selection of cells
simultaneously affected by the six gRNAs will be technically di�cult. In another studies conducted by Xu
et al and Jang et al, the HLA-A and/or HLA-B was successfully ablated in inducible pluripotent stem cells
(iPSC) instead of complete disrupting of HLA class I [23, 24]. Albeit they were able to attain less
immunogenicity cells, but there will still be HLA disparity for alleles retaining between donor and recipient
which should be assessed. 
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 Another alternative way to provide favorable source of donor cells is knocking out of the HLA class II in
certain situations. Although, ablation of HLA class II by targeting CIITA gene can lead to expand immune
compatibility, knocking out the HLA class II can lead to lymphopenia due to impairment of CD4+ T cells
maturation [23, 25].

 In result, the generation of universal cells using dual gRNAs approach can resolve the issues such as the
shortage of suitable donors and graft rejections that are associated with other methods. Moreover, these
HLA class I null-cells can serve as a source of arti�cial antigen-presenting cells for the production of
cytotoxic T cells. However, it harbors several limitations including recognition and destruction of the cells
by natural killer cells (NK cells), as HLA class I molecules serve as ligands for the NK cells. To remedy
that, over expression of non-classical HLA type 1 protein has been suggested to alleviate the situation
emerging from the NK cells [25]. Tumor formation arising from the HLA I de�cient cells following
transplantation is another dilemma to address [26]. The HLA class I de�ciency may increase the risk of
tumor progression and metastasis. To resolve the issue, introduction of suicide genes or arti�cially
induced apoptosis has been suggested to prevent tumor formation. Furthermore, it has been proposed
that by engineering genetically modi�ed inducible Caspase 9, the arti�cially induced apoptosis has
shown more promising outcomes, as it demonstrated to be more effective, safe, and less immunogenic
compared to the former approach [8, 26].

Conclusion
In summary, we targeted the speci�c sites in B2M gene via two gRNAs result in eradication of cell surface
expression of polymorphic HLA class I molecules (HLA-A,-B,-C). This allograft cells have the chance to
evade the host immune system and not recognized by the CD8+ T cells.  Previous studies have shown
that these manipulated stem cells maintain their self-renewing capacity to differentiate into more
specialized cells, and have demonstrated to be a promising source for replacement therapy. The process
can also lead to generate a universal cell line for therapeutic aims in different patients regardless of HLA
nature.
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Tables
Table 1.The guide RNAs targeting the B2M gene. The BME and BMI indicate the gRNAs targeting exon 1
and intron 1 respectively.

gRNA Name gRNA Sequence

BME F: 5'- CACCGGGCCGAGATGTCTCGCTCCG- 3'

R: 5'- AAACCGGAGCGAGACATCTCGGCCC- 3'

BMI F: 5'- CACCGAGCCCCATCAAGAGGTGGAT- 3'

R: 5'- AAACATCCACCTCTTGATGGGGCTC- 3'
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Product length Primer Sequence Primer Name

 
141bp

F: 5'-  TTCTTGGGTAGTTTGCAGTTTTAA- 3'

R: 3'- CCCGGCTCTACAGAGCGAGGCCAAA- 5'

CrB2M_1

141bp F: 5'- TTCTTGGGTAGTTTGCAGTTTTAA- 3'

R: 3'- CTCGGGGTAGTTCTCCACCTACAAA- 5'

CrB2M_2

2765bp F: 5'-CCTTGTCCTGATTGGCTGGG-3'

R: 3'-TTTGCGTTTAGGGTGACAGTGTAC-5'

CrB2M_3

Table2. The primer sequences used in this study.The CrB2M_1 and CrB2M_2 sequences were used to
con�rm proper integration of the gRNAs into the vector, each targeting exon 1 and intron 1 respectively.
The CrB2M_3 served as the primer for genotyping the deleted.

Figures

Figure 1

A Schematic �owchart of the experimental procedure for knocking out B2M gene out by CRISPR/Cas9
genome editing system.(1) Generating the desired sgRNA through designed guide oligos under
temperature condition. (2) Inserting the sgRNA into backbone of PX458 vector (red region) followed by
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ejection of two-cutting selective sites. (3) Transforming the resulting vectors into E. coli DH5α and
isolating vectors from colonies. (4) Co-transfecting the collected vectors into HEK293T cell line using
commercially transfection reagent, Lipofectamine. (5) Directing the sgRNA into the speci�c genomic site
and editing the targeted DNA trough Cas9 protein. (6) Rejoining the fragment sites by error-prone NHEJ
pathway and knocking out B2M gene.

Figure 2

The GFP protein expression of HEK293 cells following transfection. The transfection was carried out
using Lipofectamin reagents. The above �gure illustrates a small proportion of the total cells, absorbing
the vectors containing the gRNAs. (a) Untransfected HEK293T cells with UV visible. (b) Transfected
HEK293T cells with UV visible. (c) Untransfected HEK293T cells with GFP-. (d) Transfected HEK293T cells
with GFP+.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.



Page 12/12

Manuscripttitlepage.docx

coidisclosure.Dara.docx

coidisclosure.Farid.docx

coidisclosure.marjan.docx

coidisclosure.maryamranjbar.docx

coidisclosure.dianatpour.docx

coverletter11.doc

https://assets.researchsquare.com/files/rs-595457/v1/2a8c397cb02858e3c2c1029a.docx
https://assets.researchsquare.com/files/rs-595457/v1/563e8978de0ebb7ce0cf22d1.docx
https://assets.researchsquare.com/files/rs-595457/v1/222542f58f14f1b1c0f406ed.docx
https://assets.researchsquare.com/files/rs-595457/v1/4a9afa18aee688006645f3e3.docx
https://assets.researchsquare.com/files/rs-595457/v1/26eb95ca895ce54faf1bffbd.docx
https://assets.researchsquare.com/files/rs-595457/v1/331efa1bcdeabdd5dff7afe9.docx
https://assets.researchsquare.com/files/rs-595457/v1/c88cbf6c8d3c150aec6de88d.doc

