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Abstract

We previously established a method to generate human iPS cell-derived myeloid cell line (iPS-ML) from an
human leukocyte antigen (HLA)-A*24:02 donor, which could differentiate into dendritic cells (DCs) and had a high
potential in stimulating T cells. However, for clinical applications, the histoincompatibility between iPS cells and
cells in cancer patients has remained as a key challenge. One solution is to construct the iPS cell library covering
the whole HLA haplotypes, but it is excessively laborious and an impractical solution. Herein, in order to overcome
this problem, we generated histocompatible iPS cells by disrupting HLA-A, -B and DRA genes in iPS-MLs by using
a CRISPR-Cas9 system. These HLA-deficient iPS-MLs could avoid recognition by alloreactive CD8" T cells. Next,
we introduced HLA-A *02:01 into HLA-deficient iPS-MLs. HLA-deficient iPS-MLs with introduced HLA-A
*02:01 differentiated into functional DCs upon stimulation with IL-4, and induced HLA-A2-restricted MART-1-
specific CD8" T cells derived from an allogeneic donor. We also introduced MART-1 gene into HLA-deficient iPS-
MLs with introduced HLA-A *02:01. HLA-deficient iPS-MLs with introduced HLA-A*02:01 and MART-1 could
induce HLA-A2-restricted MART-1-specific CD8" T cells derived from an allogeneic donor. Collectively, we
developed a method that can exchange HLA alleles from HLA-A*24:02 to *02:01 in iPS-MLs, and our findings

may overcome the obstacle of histoincompatibility in DC vaccination therapy, regardless of HLA allele.
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1. Introduction

Recently, cancer immunotherapy has become an attractive therapeutic modality for cancers [1] being regarded
as the fourth cancer treatment modality, besides surgery, radiotherapy, and chemotherapy. Especially, immune-
checkpoint inhibitors (ICIs) have been successfully introduced for various malignancies [2]. Anti-programmed
death protein-1 (PD-1) antibody, nivolumab, and pembrolizumab are approved for patients with recurrent or
metastatic head and neck squamous cell carcinoma (HNSCC) [3]. Although some patients show clinical benefits
from ICI therapy, its effect are still insufficient in many cancer patients, including those with HNSCC. Therefore,
there is an urgent need to develop more effective and durable cancer immunotherapy in improving clinical outcomes.

Dendric cell (DC) vaccines are promising cancer immunotherapy candidates, because DCs have an important
role in eliciting antigen-specific adaptive immune responses to cancer cells [4]. Several forms of DC vaccines have
been developed and, to date, many clinical trials using them have been widely conducted for various cancer types
[5, 6]. Conventional DC vaccines are generated from a culture of monocytes isolated from the peripheral blood of
individual patients. Peripheral monocytes are cultured in the presence of granulocyte macrophage colony-
stimulating factor (GM-CSF) and interleukin 4 (IL-4) to differentiate them into immature DCs ex vivo [6]. However,
it could be difficult to generate DCS with sufficient number and quality from peripheral monocytes, especially when
the donor is a patient with advanced cancer, due to the low number of monocytes obtained from their peripheral
blood. Furthermore, monocyte isolation and culture differentiation to generate DCs need to be carried out
individually for each patient, resulting in time-consuming and expensive procedures.

Induced pluripotent stem (iPS) cells have the potential to resolve the above obstacles of DC vaccine. We have
developed a method to generate myeloid cells with proliferation capacity from human iPS cells, and designated
them as iPS cell-derived myeloid cell line (iPS-ML). iPS -MLs can proliferate for several months with a doubling
time of 2-3 days, be amplified more than 10'* times, and differentiate into DCs (iPS-ML-DCs) upon stimulation
with IL-4 [7-9]. Thus, we can efficiently generate a large quantity of cells for DC vaccination therapy.

For the clinical application of iPS-derived DCs, there is a big challenge regarding the histoincompatibility
between iPS cells and cells in cancer patients. The establsihment of an iPS cell library for covering most HLA
haplotypes could resolve this problem, but remains impractical. It has been estimated that >150,000 donors must be
screened to establish an iPS cell library that can be used for 90% of the Japanese population [10]. Therefore, we
disrupted the HLA-A, -B and DRA genes in iPS-MLs by using CRISPR-Cas9 and subsequently introduced different
HLA-A gene into HLA-defficient iPS-MLs in this study. We confirmed the capacity of these cells as antigen
presenting cells (APCs) to induce tumor antigen-specific CD8" T cells derived from an allogeneic donor. This
technology may be applied to any patient, regardless of their HLA alleles, and lead to a novel DC-based cancer

vaccination therapy.

2. Materials and Methods
2.1 Cells and donors

Human iPS cells were provided by the iPS cell stock for Regenerative Medicine by the Center for iPS Cell
Research and Application (CIRA), Kyoto University. Human iPS cells used in this study were derived from a
homozygous donor with HLA-A*24:02-B*52:01 haplotype. Peripheral blood mononuclear cells (PBMC) were
collected from healthy donors with a HLA-A*02:01 haplotype and used for experiments. The donors’ personal

information remained confidential, informed consent was obtained from donors, and experiments were carried out



accroding to the procedures approved by ethics review board of Kumamoto University.

2.2 Plasmid construction and generation of recombinant lentivirus

cDNA fragments for HLA-A*02:01 and the Cas9 nuclease of S. pyogenes were obtained by PCR and cloned
into a pENTR-TOPO vector (Invitrogen, Carlsbad, CA). cDNAs of MART-1 were obtained from the Kazusa DNA
Research Institute (Kisarazu, Japan). Expression constructs for guide RNA driven by the U6 promoter were
synthesized by GenScript (Nanjing, China). The DNA fragments were transferred to a lentiviral expression vector,
pCSII-EF, using an LR clonase (Invitrogen). pCSII-EF and the plasmids for lentiviral vector packaging, pCM V-
VSV-G-RSV-Rev and pCAG-HIVgp, were kindly provided by Dr. H. Miyoshi (RIKEN BioResource Center, Japan)
[11]. Plasmid constructs were introduced into 293T cells by lipofection (Lipofectamine 2000, Invitrogen) and 3
days later, the recombinant lentivirus was recovered from the culture supernatant by centrifugation (50,000 g for 2

h) or by using the Lenti-X concentrator (Clontech, Mountain View, CA) [12].

2.3 Generation of iPS-MLs and iPS-ML-DCs

The induction of differentiation of human iPS cells into myeloid cells was conducted as previous described [12].
Briefly, iPS cells were cultured on the feeder layers of mouse OP9 cells for 15-20 days. Subsequently, nonadherent
cells were isolated and further cultured in the presence of granulocyto macrophage coloney stimulating factor (GM-
CSF) and macrophage coloney stimulating factor (M-CSF). After 7-10 days, cells expressing myeloid markers such
as CD11b and CD33 were named as “iPS-MCs (iPS cell-derived myeloid cells)”. iPS-MCs were transduced with
lentiviral vectors expressing cMYC, BMI1, and MDM2. After 5-10 days, proliferating cells were named as “iPS-
ML”. iPS-ML were cultured in the presence of M-CSF (50 ng/ml), GM-CSF (50 ng/ml) and IL-4 (20 ng/ml) for 2-
4 days for the induction of their differentiation into dendritic cells (iPS-ML-DC). To induce the maturation of iPS-
ML-DC, cells were stimulated with penicillin-killed Streptococcus pyogenes, OK432 (10 pg/ml, Chugai
Pharmaceutical Co., Tokyo, Japan) for 2-3 days.

2.4 Generation of HLA-deficient iPS-MLs by CRISPR-Cas9

iPS-MLs were transduced with a mixture of lentivirus vectors for Cas9 nuclease and guide RNAs for HLA-A4, -
B and DRA. After 14 days, cells were analyzed by flow cytometry to examine the expression of HLA-A/B/DR. To
enrich HLA-deficient iPS-MLs, cells were labeled with a biotinilated anti-HLA-A*24:02/B*52:01 mAb (clone 17-
A-10, MBL) and anti-HLA-DR mAb. Cells were treated with antibiotin magnetic beads and enriched using a
magnetic column (Miltenyi Biotec, Bergish-Gladbach, Germany). Sorted cells were stained and the lack of
expression of HLA was confirmed by flowcytometry. Then, genomic DNA was extracted from them and HLA genes
were amplified by PCR and cloned into a plasmid vector. Nucleotide sequences of the plasmid clones were analyzed

by using a 3130 Genetic Analyzer (Applied Biosystems, Thermo Fisher Scientific, MA).

2.5 Generation of alloreactive CD8" T cells

CD8" T cells obtained from an HLA-mismatched allogenic donor (HLA-A*02:01) were cultured with irradiated
iPS-ML-DCs (HLA-A*24:02) for 7 days to generate an alloreactive CD8" T cells. On day 2, IL-2 (20 U/ml) was
added to the culture. On day 7, CDS8" T cells were harvested, washed, and cultured with stimulator cells (5 x 10°

cells / well) for 16 h to confirm their recognition by iPS-ML-DCs. The number of IFN-y producing CD8" T cells



was counted using ELISPOT assay (BD Bioscience, Bedford, MA).

2.6 Flow cytometry

The following mAbs were used; anti-HLA class I-PE (clone G46-2.6, mouse IgG1), anti-HLA class II-FITC
(clone TU39, mouse [gG2a), anti-CD80-FITC (clone L307.4, mouse IgG1), anti-CD83-FITC (clone HB15e, mouse
IgG1), anti-CD86-FITC (clone FUN-1, mouse IgG1), anti-CD40-FITC (clone 5C3, mouse IgG1), and anti-MART-
1-PE (clone sc-20032, mouse IgG1) from BD Pharmingen (San Diego, CA) or eBioscience (San Diego, CA). Mouse
IgG2a-FITC (clone G155-178) and mouse IgG1-FITC/PE (clone MOPC-21) were used as isotype-matched controls.
Briefly, cells were treated with an Fc-receptor-blocking reagent (Miltenyi Biotec) for 10 min, stained with the
fluorochrome-conjugated mAb for 30 min and washed with PBS/2% FCS. Samples were analyzed on a

FACSCalibur (BD Bioscience) flow cytometer.

2.7 Induction of MART-1-specific CD8" T cells by HLA-deficient iPS-MLs transduced with HLA-A2 or HLA-
A2/MART-1

HLA-deficient iPS-MLs transduced with HLA-A2 or HLA-A2/MART-1 were stimulated with OK-432 (0.1
KE/ml) for 2 days. Cells were irradiated (45 Gy) and pulsed with HLA-A*02:01-restricted MART-1 26-35 peptide
(AAGIGILTV, 10 uM) for 3 h, and plated into 24-well culture plates (1 x 10° cells/well). PBMC were obtained from
an HLA-A*02:01-positive donor and CD8" T cells were purified by using a CD8" T cell isolation kit (Milteny
Biotec). The CD8" T cells (1 x 10° cells/well) were co-cultured in AIM-V medium (Life Technologies, Carlsbad,
CA) containing 5% human plasma and recombinant human IL-7 (10 ng/ml). IL-2 (20 U/ml) was added on day 2.
CD8" T cells were stimulated on day 7. On day 14, cells were harvested, stained with PE-labeled dextramer of HLA-
A*02:01/MART-1 peptide complex (MBL, Nagoya, Japan) in combination with FITC-labeled antihuman CD8 mAb
(clone T8, Beckman Coulter, Brea, CA), and analyzed by flow cytometry. The number of IFN-y-producing T cells
upon stimulation with the peptide-pulsed T2A2 cells (1 x 10* cells/well) was counted using ELISPOT assay (BD

Bioscience).

2.8 Statistical analysis
Mann-Whitney tests were performed to compare groups. All analysis were two-tailed and considered statistically
significant at P values were lower than 0.05. All analysis were performed using Prism 8.4 (GraphPad Software, San

Diego, CA).

3. Results
3.1 Generation of HLA-deficient iPS-MLs by CRISPR-Cas9

We previously established a method to generate iPS-MLs [12]. iPS-MLs can proliferate for several months in
the presence of M-CSF and GM-CSF, while retaining capacity to differentiate into functional DC. Thus, we can use
iPS-MLs as unlimited cell source to generate DCs for cancer vaccination therapy. However, the generation of
patient-specific iPS cells and subsequent generation of patient-specific iPS-ML require time, presumably more than
2 months. In addition, individual cell processing, including the generation of patient-specific iPS cells may be too
laborious and costly to be applied in clinical medicine.

To solve this problem, we attempted to conquer the problem of histoincompatibility by modifying HLA class I



in iPS-MLs. To this end, we attempted the genetic modification of HLA-A, -B and DRA genes by CRISPR-Cas9
method.

We introduced lentivirus expression vectors for CS9 and gRNA expression vectors directed against HLA-
A*24:02, B*52:01, and DRA genes. (Figure 1A, S-Fig 1A and data not shown, respectively) Five days after the
CRISPR system, we examined the expression of HLA-A*24:02, B*52:01 and DR. We used the monoclonal
antibody clone 17-A-10, which reacted to both HLA-A*24:02 and B*52:01. Among CRISPR-introduced iPS-MLs,
14.8% of them did not  express HLA-A*24:02 and B*52:01 and 3.2% of them did not express HLA-DR. (data not
shown) To increase the purity, we purified CRISPR-introduced iPS-MLs by bitonilated 17-A10 mAb, biotinilated
anti-DR mAb, and antibiotin magnetic microbeads. After this procedure, we confirmed that 100% of the cells were
HLA-A/B/DR-deficient.

Collectively, we established a procedure to generate HLA-A/B/DR-deficient iPS-MLs (HLA-deficient iPS-MLs).
Sequencing analysed fthe HLA-A, -B and DRA genes from HLA-deficient iPS-ML indicated in Figures 1B and C,
S-Fig 1B and C and data not shown, respectively.

3.2 Evasion of the alloreactivity of HLA-deficient iPS-ML-DCs against CD8" T cells

We examined whether HLA-deficient iPS-MLs could avoid the recognition against allogeneic CD8" T cells. To
prepare an alloreactive CD8" T cells, we stimulated peripheral blood CD8" T cells obtained from an HLA-
mismatched allogeneic donor (HLA-A*02:01) with parental iPS-ML-DCs (HLA-A*24:02) for 7 days. Then, we
cultured these alloreactive CD8" T cells with parental iPS-ML-DCs (HLA™* iPS-ML-DCs) or HLA-deficient iPS-
ML-DCs (HLA™" iPS-ML-DCs). To evaluate the response of CD8" T cells, IFN-y production was measured using
ELISPOT assay. As shown in Figures 2A and B, IFN-y production by alloreactive CD8" T cells cultured with HLA-
deficient iPS-ML-DCs was significantly lower than that in those cultured with parental iPS-ML-DCs. These results
indicate that HLA-deficient iPS-ML-DCs can avoid the recognition by alloreactive CD8" T cells.

3.3 Introduction of HLA-A*02:01 into HLA-deficient iPS-MLs

iPS cells used in the current study were originated from an HLA-A24-homozygous donor. We introduced
expression vectors for HLA-A*02:01 into HLA-deficient iPS-MLs using a lentivirus. We successfully introduced
an expression vector for HLA-A*02:01 into HLA-deficient iPS-MLs, resulting in the generation of HLA-deficient
iPS-MLs with introduced HLA-A*02:01 (HLA-deficient iPS-MLs/A2). Flow cytometric analysis was conducted to
confirm the expression of HLA-A2 in HLA-deficient iPS-MLs/A2. (data not shown).

3.4 Characteristics of HLA-deficient iPS-ML-DCs and HLA-deficient iPS-ML-DCs/A2

Next, we assessed the characteristics of these gene-modified cells as APCs to apply for clinical demand. For the
induction of differentiation into DC, HLA-deficient iPS-MLs and HLA-deficient iPS-MLs/A2 were cultured in the
presence of M-CSF (50 ng/ml), GM-CSF (50 ng/ml), and IL-4 (20 ng/ml) for 2-4 days. They were differentiated
into DCs and named HLA-deficient iPS-ML-DCs and HLA-deficient iPS-ML-DCs/A2, respectively. To induce
the maturation of iPS-ML-DCs, cells were stimulated with penicillin-killed Streptococcus pyogenes, OK432 (10
pg/ml) for 2-3 days.

We analyzed the expression levels of DC maturation markers such as CD80, CD86, CD83 and CD40 on parental
iPS-MLs (HLA™" iPS-MLs), HLA-deficient iPS-MLs (HLA™" iPS-MLs), HLA-deficient iPS-ML-DCs (HLA™ iPS-



ML-DCs) and HLA-deficient iPS-ML-DCs treated with OK-432 (HLA”" iPS-ML-DCs + OK-432). As shown in
Figure 3A, CD40 levels on HLA™" iPS-MLs slightly increased compared with those in HLA™" iPS-MLs. This
increase was also observed after the induction of differentiation into DC (HLA™~ iPS-ML-DC) and maturation of
DC (HLA™ iPS-ML-DC + OK-432).

After the introduction of HLA-A*02:01 into HLA-deficient iPS-MLs (HLA™ iPS-MLs/A2), this CD40
expression was diminished (Figure 3B). However, we observed larger increase in its expression after the induction
of differentiation into DCs (HLA™ iPS-ML-DCs/A2) and maturation of DCs (HLA™"" iPS-ML-DCs/A2 + OK-432),
compared with difference among HLA-deficient iPS-MLs. Additionally, the expression of CD80 and CD86
increased after maturation of DCs (HLA™ iPS-ML-DCs/A2 + OK-432). These results suggest that HLA-deficient
iPS-ML-DCs and HLA-deficient iPS-ML-DCs/A2 have the characteristics of mature DCs and can be used as a sorce

of DC vaccination therapy.

3.5 Induction of tumor antigen-specific CD8" T cells restricted to the substituted allele of HLA-A

We next examined the feasibility of inducing HLA-A*02:01-restricted and tumor antigen-specific CD8" T cells
by using HLA-deficient iPS-ML-DCs/A2 as stimulator cells. We attempted to establish a MART-1-specific CD8" T
cells from peripheral blood CD8" T cells obtained from an HLA-A*02:01 donor. The experimental protocol is
shown in Figure 4A. Briefly, peripheral blood CD8" T cells obtained from an HLA-A*02:01-positive individual
were stimulated with HLA-deficient iPS-ML-DCs/A2 loaded with MART-1-A2 peptide. On day 7, CD8" T cells
were re-stimulated with HLA-deficient iPS-ML-DCs/A2 loaded with MART-1-A2 peptide. On day 14, CD8" T cells
were harvested and analyzed.

CD8" T cells producing IFN-y were counted using ELISPOT assay. Briefly, CD8" T cells were stimulated with
MART-1 peptide-pulsed HLA-A*02:01-positive T2 cells for 16 h. As shown in Figure 4B, induced CD8" T cells
produced IFN-y significantly in an antigen-specific manner. We also confirmed the presence of MART-1-specific
CD8" T cells after stimulation using dextramer assay (Figure 5C). These results indicate that we successfully
induced MART-1-specific CD8" T cells by using HLA-deficient iPS-ML-DCs/A2 as APC.s

Next, we introduced an expression vector of MART-1 protein into HLA-deficient iPS-ML-DCs/A2, resulting in
the generation of HLA-deficient iPS-ML-DCs/A2 with introduced MART-1 (HLA-deficient iPS-ML-
DC/A2/MART-1). The expression of MART-1 protein on HLA-deficient iPS-ML-DCs/A2/MART-1 was detected
by flow cytometry (Figure 5A). Peripheral blood CD8" T cells obtained from an HLA-A*02:01-positive individual
were stimulated with HLA-deficient iPS-ML-DCs/A2/MART-1 as APCs to induce MART-1-specific CD8" T cells.
Onday 7, CD8" T cells were re-stimulated with HLA-deficient iPS-ML-DCs/A2/MART-1. On day 14, CD8" T cells
were harvested and analyzed by ELISPOT assay. As shown in Figures 5B and C, induced CD8" T cells produced
IFN-y significantly in an antigen-specific manner. Although we did not observe the efficient induction of MART-1-
specific CD8" T cells compared with HLA-deficient iPS-ML-DCs/A2, MART-1-specific CD8" T cells were
successfully induced by using HLA-deficient iPS-ML-DCs/A2/MART-1 as APCs without adding exogenous

antigenic peptides.



4. Discussion

Cancer immunotherapy has emerged as the fourth treatment modality for various cancers, including HNSCC [1,
2]. DC vaccination is a cell-based cancer immunotherapy. Compared to antibody-based immunotherapy like ICI
use, there are obstacles to be conquered in order to apply clinical demand. One obstacle of DC vaccination is the
limited source of cells. We have generated a human myeloid cell line with proliferation capacity from iPS cells
(iPS-MLs). These cells can differentiate into functional DCs by in vitro stimulation. Although this technology allows
us to generate a large number of DCs to conduct cell-based cancer immunotherapy, there is another obstacle
regarding differences in histocompatibility between iPS cells and those of cancer patients. In this study, we have
established a method to overcome this obstacle by replacing HLA in iPS-MLs.

In our previous study, the injection of mice with antigenic peptide-loaded semi-allogeneic DCs sharing one
haplotype of major histocompatibility complex (MHC) with the recipients resulted in the priming of peptide-specific
cytotoxic T lymphocytes (CTLs) restricted by the shared MHC class I [13]. However, the efficiency of introduction
was lower than that obtained when the genetic background of the DC and the recipient mice was identical, probably
because the stimulation of peptide-specific T cells was diminished by the rapid elimination of the transferred DCs
by alloreactive CTLs of the recipients [14]. Loyer and colleagues studied target histocompatibility antigens
recognized by the immune system of the recipients upon the in vivo transfer of allogeneic APCs [15]. They
concluded that the elimination of transferred allogeneic APCs was mainly mediated by CTLs reactive to allogeneic
MHC class I, but not MHC class II or minor antigens. The efficiency of immunization using DCs in vivo has also
reported to be significantly reduced by pre-existing CTLs reactive to DCs [16].

Based on these findings, it is conceivable that, if the expression of the intrinsic MHC class I of DCs is inhibited,
DCs inoculated into allogeneic recipients can escape from rapid elimination by alloreactive T cells of the recipients,
resulting in prolonged survival timess of transferred DCs and improved immunization efficiencies. In a subsequent
study, we evaluated the effect of disruption of the HLA-A, -B and DRA genes to evade recognition by alloreactive
CD8" T cells [17]. We demonstrated that the disruption of either of these genes prevented the recognition of the
DCs by alloreactive CD8" T cells in vitro.

In another previous study, we examined the possibility of in vitro stimulation of antigen-specific human CD8" T
cells derived from allogeneic donors by TAP-deficient human iPS-ML-DCs [18]. We disrupted the 74P2 gene in
the iPS cells by using Zinc-Finger-Nucleases (ZFN) to prevent HLA transport to the cell surface. We showed TAP2-
deficient iPS cells or iPS-ML-DCs avoided recognition by alloreactive CD8" T cells to some extent.

In the current study, we disrupted the HLA-A, -B, and DRA genes in iPS-MLs by applying CRISPR technology,
which enables simultaneous gene disruption at multiple genetic loci. HLA-deficient iPS-MLs evaded recognition
by alloreactive CD8" T cells. Subsequently, we introduced an HLA-A*02:01 expression vector to generate HLA-
A*02:01-expressing HLA-deficient iPS-MLs (HLA-deficient iPS-MLs/A2) and HLA-deficient iPS-ML-DCs/A2.
Using HLA-deficient iPS-ML-DCs/A2 as stimulator cells, we successfully induced HLA-A*02:01-restricted and
antigen-specific CD8" T cells. These results indicated that we might generate artificial APCs expressing any HLA
allele. Because iPS-MLs can be propagated almost indefinitely, it is possible to construct a bank of iPS-MLs
expressing various types of HLA. The differentiation from iPS-MLs to iPS-ML-DCs takes only 2-3 days, and DCs
can be supplied within a short period according to reqirements.

So far, many clinical trials of anti-cancer vaccination have been conducted. In most of them, synthetic peptides

are administrated to patients with Fleund Incomplete Adjuvant [19]. Considerable efforts have been devoted to



identifying cancer antigen-derived CTL epitopes that are restricted to the major alleles of HLA class I, such as HLA-
A*02:01 [20-26]. On the other hand, relatively few epitopes have been identified for low-frequency HLA-A alleles.
Thus, cancer patients who are negative for common types of HLA class I are excluded from epitope peptide
vaccination therapies. In addition, HLA-B-restricted epitopes have hardly been identified, probably due to the
absence of particularly dominant alleles in the HLA-B locus [27], although should be more useful HLA-B-restricted
epitopes. As shown in the current study, HLA-deficient iPS-ML-DCs/A2 introduced MART-1 (HLA-deficient iPS-
ML-DCs/A2/MART-1) could prime MART-1-specific CD8" T cells in vitro. Vaccination with iPS-ML-DCs carrying
an expression vector can be performed in cancer patients with any HLA allele, and information on the T cell epitopes
of the cancer antigens is not necessary.

In vitro artificial differentiation methods to generate various kinds of cells or tissues from human iPS cells have
been developed, and iPS cells are regarded as the most ideal cell source for the regenerative medicine. However,
the individual generation of patient-specific iPS cells and use of them for the therapy is highly laborious, time-
consuming and expensive. To solve this problem, a bank of iPS cells established from donors homozygous for the
HLA-A/-B/DR alleles has been constructed in CIRA, Kyoto University, Japan [28]. Use of iPS cells from the iPS
cell stock is considered to be more practical as compared with those of patient-specific iPS cells. The problem
related to the iPS cell stock is the difficulty in finding homozygous donors of rare HLA haplotypes. An estimation
based on the data of HLA haplotype frequency of the Japanese people indicated that 10 to 20 % of them cannot be
covered by the iPS cell stock [10]. In order to overcome this problem by modification of HLA genes in human iPS
cells or cells generated from iPS cells, targeted gene disruption of HLA-A/-B/DR genes in undifferentiated iPS cells
may be very useful. The procedure to generate HLA-deficient iPS-MLs by CRISPR-Cas9 method established in the

current study should be applicable to undifferentiated iPS cells as well.

5. Conclusion

We demonstrated a novel method to generate iPS cells that can be used for iPS cell-based DC vaccination therapy
in any cancer patients, including those with HNSCC, irrespective of their HLA allele, by disruption of HLA genes
in iPS cells and subsequent introducution of an expression vector with the intended HLA allele. Our findings may
offer a promising strategy applicable to a personalized DC-based cancer immunotherapy, notably promising for
patients with uncommon types of HLA class I, thus contributing to the broad clinical applications of DC vaccines

like ICI.
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Figure legends

Figure 1. Targeted disruption of HLA-A gene in iPS-ML

(A) Construction of HLA-A gene is shown. Targeted disruption of HLA-A gene was performed in exson one. An
example of design of primers is shown in the bold letters with an underline. Targeted sequence, initiation codon and
PAM are shown in red, green and yellow, respectively. (B) PCR analysis was conducted from established colony.
The name of cell line is shown on top. (C) Sequence of DNA from established cell line is shown. The deletion is

shown as dashed line. These bulk cell lines were used for further experiments.

Figure 2. Evasion of allo-reactivity against CD8" T cells by HLA-deficient iPS-ML-DC

Peripheral blood CD8" T cells obtained from an HLA-mismatched allogeneic donor (HLA-A*02:01) were
stimulated with parental iPS-ML-DC (HLA-A*24:02). IL-2 (20 U/ml) were added at day 2. At day 7, CD8" T cells
were harvested and cultured with parental iPS-ML-DC (HLA"* iPS-ML-DC) or HLA-deficient iPS-ML-DC (HLA"
" iPS-ML-DC). CD8" T cells producing IFN-y were measured by ELISPOT assay. (A) Spots of wells are shown.
(B) The number of IFN-y-producing CD8" T cells is shown. (left) CD8" T cells (5 x 10*) were cultured with
stimulator cells (5 x 10%). (right) CD8" T cells (1 x 10*) were cultured with stimulator cells (5 x 10°). Representative

data is shown from three independent experiments.

Figure 3. Characteristics of HLA-deficient iPS-ML-DC and HLA-deficient iPS-ML-DC/A2

(A,B) HLA-deficient iPS-ML (HLA™ iPS-ML) and HLA-deficient iPS-ML/A2 (HLA™" iPS-ML/A2) were cultured
in the presence of M-CSF (50 ng/ml), GM-CSF (50 ng/ml) and IL-4 (20 ng/ml) for 2-4 days to induce HLA-deficient
iPS-ML-DC (HLA™ iPS-ML-DC) and HLA-deficient iPS-ML-DC/A2 (HLA™" iPS-ML-DC/A2), respectively.
HLA™ iPS-ML-DC and HLA™" iPS-ML-DC/A2 were cultured in the presence of OK432 (10 pg/ml) for 2-3 days
(HLA™ iPS-ML-DC + OK-432 and HLA™ iPS-ML-DC/A2 + OK-432, respectively). Cell surface expression of
CD80, CD86, CD83 and CD40 on these cells were analyzed by flowcytomerty. The staining patterns of each mAb
(bold line) and an isotype matched control mAb (gray area) are shown. Representative data is shown from three

independent experiments.

Figure 4. Induction of HLA-A2-restricted and MART-1-specific CD8" T cells by HLA-deficient iPS-ML-
DC/A2

Peripheral blood CD8" T cells obtained from an HLA-A*02:01-positive individual were stimulated with HLA-
deficient iPS-ML-DC/A2 loaded with MART-1-A2 peptide. After second stimulation, CD8" T cells were harvested
and analyzed. (A) Experimental design (B) CD8" T cells (1x10°) were stimulated with HLA-A*02:01 positive T2
cells (2x10%) loaded with MART-1-A2 peptide (left bar) or control HIV-A2 peptide (right bar) for 16 h. CD8" T
cells producing IFN-y were counted by ELISPOT assay. (C) CD8" T cells were stained with HLA-A2/MART-1
dextramer (right panel) or control HLA-A2/HIV dextramer (middle panel) before and after stimulation. The number
shown in upper right quadrant indicates the frequency of MART-1 postive CD8" T cells among CD8" T cells.

Representative data is shown from three independent experiments.

Figure 5. Induction of HLA-A2-restricted and MART-1-specific CD8" T cells by HLA-deficient iPS-ML-
DC/A2/MART-1



Peripheral blood CD8" T cells obtained from an HLA-A*02:01-positive individual were stimulated with HLA-
deficient iPS-ML-DC/A2/MART-1. At day 7, CD8" T cells were re-stimulated with HLA-deficient iPS-ML-
DC/A2/MART-1. At day 14, CD8" T cells were harvested and analyzed. (A) Cell surface expression of MART-1
protein on HLA-deficient iPS-ML-DC/A2/MART-1 was analyzed by flowcytomerty. The staining pattern of MART-
1 mAb (bold line) and an isotype matched control mAb (gray area) are shown. (B,C) CD8" T cells (1x10°) were
stimulated with HLA-A*02:01 positive T2 cells (2x10*) loaded with MART-1-A2 peptide (top, left bar) or control
HIV-A2 peptide (bottom, right bar) for 16 h. CD8" T cells producing IFN-y were counted by ELISPOT assay.

Representative data is shown from three independent experiments.

Figure 6. Novel strategy for DC vaccination therapy by using iPS cell-derived DC substituted HLA

Parental iPS-ML (HLA"* iPS-ML) can be used as cell sorce of DC vaccination therapy for HLA-matched patients
(arrow A). To develop DC based immunotherapy, HLA™* iPS-ML was engineered HLA-deficient iPS-ML (HLA™
iPS-ML) by CRISPR-Cas9 method (arrow B). HLA-A2 was introduced into HLA"~ iPS-ML (HLA™ iPS-ML/A2)
to apply for patients who have HLA-A?2 allele. This method could be applied for other allele of HLA. HLA™" iPS-
ML/A?2 differentiates into functional DC (HLA”" iPS-ML-DC/A2) and can be used as DC vaccination with antigenic
peptide for HLA-A2 patients (arrow 1). MART-1 gene was introduced into HLA”" iPS-ML/A2, resulting the
generation of MART-1 expressing HLA”" iPS-ML-DC/A2 (HLA™ iPS-ML-DC/A2/MART-1). HLA™" iPS-ML-
DC/A2/MART-1 can be used as DC vaccination without antigenic peptide for HLA-A2 patients (arrow 2).

Supplymentary Figure legend

S-Figure 1. Targeted disruption of HLA-B gene in iPS-ML

(A) Construction of HLA-B gene is shown. Targeted disruption of HLA-B gene was performed in exson one. An
example of design of primers is shown in the bold letters with an underline. Targeted sequence, initiation codon and
PAM are shown in red, green and blue, respectively. (B) PCR analysis was conducted from established colony. The
name of cell line is shown on top. (C) Sequence of DNA from established cell line is shown. The deletion and
insertion are shown as dashed line and red underline, respectively. These bulk cell lines were used for further

experiments.





