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Humanized transgenic mice carrying human genes are useful for research on gene function and
disease. Bacterial artificial chromosomes (BACs) that carry human genomic sequences with regulatory
elements enable the expression of transgenes at physiological levels in vivo. To study complex
biological phenomena involving multiple genes, techniques for co-introducing transgenes into mice
have been developed; however, the introduction of multiple BACs remains laborious. The simultaneous
integration of multiple gene loading vectors (SIM) system was developed to incorporate three or more
gene-loading vectors (GLVs) using a mouse artificial chromosome (MAC) vector. This system allows

for simultaneous site-specific incorporation of three GLVs into a single MAC with only one screening.
However, the capacity for large constructs, such as BACs, has yet to be evaluated. This study is the
first to demonstrate the development of multi-BAC transchromosomic (Tc) mice targeting the human
leukocyte antigen (HLA) class | gene cluster (HLA-A, HLA-B, HLA-C) and beta-2-microglobulin (B2M)
using the SIM system. By constructing a MAC using three BACs containing these genomic regions,

we successfully generated HLA class | Tc mice. The technology to generate multi-BAC Tc mice will
accelerate the analysis of complex life mechanisms involving multiple factors.

Keywords MHC, Human leukocyte antigen, Mouse model, Transgenic mice, Bacterial artificial
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Transgenic (Tg) animals are indispensable for analyzing the function of target genes in vivo. Humanized Tg
mice engineered to carry human genes are particularly valuable, recapitulating numerous human phenotypes
and diseases.

Common vector systems, such as viruses, plasmids, and bacterial artificial chromosomes (BACs), have been
employed to generate Tg mice. BACs harboring human genomic sequences (<300 kb) have the potential to
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enhance the reproducibility of humanized animal models because they can include gene regulatory regions,
such as promoters and enhancers. Tg mice carrying BACs have been widely developed, demonstrating stable
expression and, in some cases, physiological regulation of human transgene expression in vivo'.

Researchers are increasingly generating multi-gene Tg mice to study complex biological phenomena involving
interactions and cooperation between multiple factors. For example, multifactorial interactions play crucial roles
in the immune and nervous systems, prompting the development of humanized models that integrate these
factors®>. Instead of conventional Tg mouse generation through random integration, site-specific insertion of
large DNA segments, including BACs, has become a common approach for controlled transgene expression.
Furthermore, methods for the site-specific introduction of multiple large (> 10 kb) gene-loading vectors (GLV's)
have been explored®® but require screening for each GLV insertion and long production periods.

The simultaneous integration of multiple GLVs (SIM) system, which has been developed to accommodate
three or more GLVs, employs a chromosomal gene-delivery vector platform known as a mouse artificial
chromosome (MAC)®. Briefly, a MAC was constructed by truncating a natural mouse chromosome at a site
adjacent to the centromeric region via telomere seeding, resulting in the deletion of whole genomic regions
while retaining the mouse centromere, followed by the incorporation of acceptor sites, such as loxP’. This MAC
was maintained in cells and mice without integration into the host genome, and has been used to generate
humanized mice®!%. Mice carrying MACs or other foreign chromosomes, known as transchromosomic (Tc)
mice, are generated by loading a target gene into a MAC and transferring it into mouse embryonic stem (ES)
cells. The SIM system allows for the simultaneous site-specific insertion of GLVs into a single MAC using
Cre recombinase and Bxb1/PhiC31 integrase. It requires a minimum of one selection marker, and only one
screening is needed for every three GLVs inserted under copy number control. Previously demonstrated only
with plasmids, application of the SIM system to BACs could enable the simultaneous integration of multiple
BAC-scale GLVs into a MAC. This advancement is expected to accelerate the generation of Tc mice by reducing
the number of required screenings, while enabling copy number control and physiological transgene expression.

In this study, we have demonstrated the application of the SIM system in the development of multi-BAC
Tc mice by targeting the human leukocyte antigen (HLA) gene cluster, which plays a crucial role in antigen
presentation and T-cell-mediated immunity in humans. Classical HLA class I molecules, including HLA-A, B,
and C, are encoded by genes located across a 1.8-Mb region on human chromosome 6. They form complexes with
human beta-2-microglobulin (hB2M), encoded by human chromosome 15, and are expressed on the surface
of nucleated cells. The generation of mouse models carrying HLA is particularly significant given the species
differences in the peptide repertoires presented by H-2 in mice and HLA in humans, despite their homology.
For applications such as peptide vaccine development, several HLA knock-in mice have been generated!!~13;
however, generating mice with multiple HLAs is complex, and includes multiple crossbreeding steps'*.

Specifically, we used three BAC vectors (59-180 kb each) containing the genomic and regulatory regions of
HLA-A, HLA-B, and HLA-C, as well as hB2M, for simultaneous assembly of the HLA class I haplotype on the
MAC. This study has achieved two firsts: the co-transduction of three BACs and the co-transduction of HLA-A,
HLA-B, HLA-C, and hB2M in mice using the SIM system. It also serves as proof of concept for generating HLA
class I Tc mice.

Results
Construction of a MAC carrying HLA class | gene regions using the SIM system
First, HLA class I-containing BACs were modified to carry the following recombination cassettes (hereafter
referred to as SIM cassettes) for MAC loading: loxP and Bxb1 attP on the first cassette (C1), Bxb1 attB and PhiC31
attP on the second cassette (C2), and PhiC31 attB and the hypoxanthine-guanine phosphoribosyl transferase
(HPRT) gene exon 3-9 (3’HPRT) on the third cassette (C3). Each SIM cassette also contains homology arms
(SACB and F1) of 500 bp each that match regions on the BACs (Supplementary Fig. S1), enabling insertion
of the SIM cassettes via homologous recombination in Escherichia coli (E. coli). SIM cassettes C1, C2, and C3
were incorporated into HLA-A BAC (CH501-309N1, GenBank: AL671277.4, A*03:01:01:01), HLA-B/C BAC
(CH501-248L24, GenBank: AL671883.3, B*07:02:01:01, C*07:02:01:03), and hB2M BAC (RP11-292P13,
GenBank: AC018901.8), respectively (Supplementary Figs. S2 and S3). PCR amplification of the backbone and
cassette junction using primers designed against the outside and inside of each arm (SACB arm junction: SACB
F/R; F1 arm junction: F1 F/R) confirmed the insertion of the respective SIM cassettes in the modified BACs
(Supplementary Tables S1 and S2). The three SIM cassette-carrying BACs were then co-transfected with Cre,
PhiC31, and Bxb1 expression vectors into CHO cells with stable maintenance of a MAC (Fig. 1a) pre-engineered
to carry CAG promoter-driven enhanced green fluorescent protein (CAG-EGFP), the HPRT gene exonl-
2 (5'"HPRT), loxP, phosphoglycerate kinase (PGK) promoter-driven expression of hygromycin (PGK-HygR),
and puromycin (PGK-PuroR)". Loading of all three BACs via the SIM system reconstitutes the HPRT gene
(5’HPRT on the MAC and 3’HPRT on the third cassette), creating hypoxanthine-aminopterin-thymidine (HAT)
resistance. To obtain CHO cells carrying the MAC loaded with three recombinant BACs, we used both HAT-
based drug selection and MAC-derived GFP fluorescence, yielding 33 GFP-positive and drug-resistant clones.
Next, we performed genomic PCR on the candidate clones. First, we performed PCR to detect the HPRT
junction and the HLA-A gene (Supplementary Figs. S5 and S6). In the first screening, 29 out of 33 clones (87.9%)
showed reconstitution of the HPRT locus, and 16 out of 33 clones (48.5%) carried the HLA-A gene on the first
cassette. Clones that were positive for both PCR were then subjected to additional PCR analyses targeting HLA-
B/C, hB2M, and broader regions of the HLA loci using HLA-long PCR primers. The results of these follow-
up PCRs are provided in Supplementary Figs. S7 and S8. Based on these analyses, 6 out of 33 clones (18.2%)
appeared to carry all three GLVs—HLA-A BAC, HLA-B/C BAC, and hB2M BAC—as expected. Representative
PCR results of clones #18 -1 and #25 -6, which were used in subsequent experiments, are shown in Fig. 1b,
Supplementary Figs. S4 and S9a. Next-generation sequencing (NGS) analysis revealed that clones #18 -1 and
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Fig. 1. Construction of HLAcI-MAC using the SIM system in CHO cells. (a) Schematic representation of the
SIM system used to load three HLA class I bacterial artificial chromosomes (BACs) onto a mouse artificial
chromosome (MAC). (b) Genomic PCR analysis of the retention of the HLA and hB2M genes on HLAcI-MAC
in CHO cells using the following PCR primer sets: HLA-A, HLA-A F/R; HLA-C, HLA-C F/R; HLA-B, HLA-B
F/R; and hB2M, hB2M F1/R1) (see Supplementary Table S1 for primer sequences). The electrophoresis data
are shown in Supplementary Fig. S4. (c) Representative fluorescence in situ hybridization images showing the
retention of HLAcI-MAC in metaphase CHO cells using two probes: mouse Cot-1 DNA (red) strains MAC
and HLA-B/C BAC (green). Yellow arrowheads indicate the HLAcI-MAC, enlarged in the insets. Scale bars:

10 um.

#25—6 carried three regions of the human genome: locus 29,922,541 — 30,093,940 of NC_000006 containing
HLA-A, locus 31,264,805-31,436,351 of NC_000006 containing HLA-B/C, and locus 44,676,664 — 44,724,505
of NC_000015 containing hB2M. These findings demonstrated that full-length, transduced HLA-A, HLA-B/C,
and hB2M gene regions had been retained, without deletions, in the host CHO cells.

Fluorescent in situ hybridization (FISH) analysis confirmed the insertion of the HLA class I gene regions in
the MAC (hereafter referred to as HLAcI-MAC) and demonstrated that there were no unexpected insertions
into genomic regions of the host CHO cells (Fig. 1¢c, Supplementary Fig. S9b, Supplementary Table S3).

HLA class I molecules are membrane-bound glycoproteins composed of a heterodimer of an HLA-encoded
a-chain and hB2M. The hB2M protein does not bind to the cell membrane directly but rather forms a complex
with the a-chain expressed on the membrane surface. Therefore, the expression of HLA class I molecules in
CHO HLACcI-MAC clones was analyzed using an anti-HLA-ABC antibody that recognizes the shared regions
of HLA-A, HLA-B, HLA-C, and hB2M'® (Supplementary Table S4). Retention of the MAC was confirmed
by detecting GFP fluorescence signals. The parental strain CHO MAC, which does not carry any HLA genes,
was employed as an HLA class I"/GFP* control, while the human fibrosarcoma tumor cell line HT1080 was
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employed as a positive control for HLA detection (Supplementary Figs. S10 and S11). Flow cytometry (FCM)
analyses showed HLA class I expression in the two CHO HLAcI-MAC clones, albeit at a lower level than that in
HT1080. GFP was expressed at similar levels in parental CHO MAC and the CHO HLAcI-MAC clones. These
results indicated that the HLAs carried by HLAcI-MAC were properly expressed in CHO cells.

Transfer of HLAcI-MAC into mouse ES cells

HLACcI-MAC was transferred into mouse ES cells using the microcell-mediated chromosome transfer (MMCT)
method!”. Briefly, donor microcells from the two CHO HLAcI-MAC clones were fused with mouse ES cells of
the XO ES9 line!® (Fig. 2a).

After drug selection, we obtained 16 and two ES clones containing HLAcI-MAC derived from the donors
#18—1 and #25-6, respectively. Genomic PCR using primers designed against internal regions of the HLA
and hB2M genes confirmed the retention of these regions in 13 out of 16 #18-1-derived clones and one of
the two #25-6-derived clones (Supplementary Fig. S12). Examination of these clones under a fluorescence
microscope confirmed that the MAC-derived GFP was retained (Fig. 2b). FISH analysis was then performed
to confirm the stable and independent retention of HLAcI-MAC in ES clones. Chromosomes were identified
using two probes: human Cot-1 DNA, which labels human genomic sequences in BACs, and mouse minor
satellite DNA, which strongly labels mouse centromeres. FISH analysis confirmed the normal karyotype and
the independent retention of HLAcI-MAC in the ES clone (ES HLAcI-MAC #3 and #7) derived from #18-1
(Fig. 2c, Supplementary Table S5).

FCM analysis was performed to determine whether the transferred HLAs were expressed as proteins at the
ES cell membrane surface. HLA class I expression at the cell surface was analyzed using anti-HLA-ABC, anti-
HLA-A3, anti-HLA-B7, and anti-HLA-C antibodies specific for the transfected BACs containing HLA. Retention
of HLACI-MAC was confirmed by detecting GFP fluorescence signals. The parental strain XO ES9 was used as
a negative control, while Jurkat#2H4, an immortalized line of human T lymphocytes with the same HLA type
as the transduced HLA genes, was used as a positive control. Populations with double-positive expression of
HLA-A3*/HLA-ABC*, HLA-B7*/HLA-ABC", and HLA-C*/HLA-ABC" were identified in a representative ES
HLAcI-MAC clone (Fig. 2d, Supplementary Fig. S13). Thus, the FCM analysis confirmed that the transduced
HLA genes were expressed in ES HLAcI-MAC clones. Two clones (#3 and #7) with a target karyotype of >70%
and confirmed HLA expression were used in the following experiments.

Maintenance of HLAcI-MAC in Tc mice

Chimeric mice were generated by injecting the ES HLAcI-MAC clones #3 and #7 into embryos (8-cell stage)
of wild-type mice and transplanting them into the uteri of putative mothers (Supplementary Table S6). The
chimeric mice with high chimerism (95-100%), as judged by coat color, were crossed with wild-type mice to
test for germline transmission in the offspring, referred to as HLAcI Tc mice. Tc mice derived from clone #7
were used in subsequent experiments. To detect the presence of HLAcI-MAC in these mice, we performed
FISH analysis of peripheral blood mononuclear cells (PBMCs), which confirmed the retention of HLAcI-MAC
in addition to the endogenous mouse chromosomes (Fig. 3a). Furthermore, the retention of HLAcI-MAC in
multiple tissues (brain; thymus; heart; liver; lung; spleen; kidney; skeletal muscle; small intestine; and testis)
was confirmed by FISH analysis and GFP fluorescence (Fig. 3b, ¢, Supplementary Table S7). These findings
indicated that the MAC was retained in each cell across tissues throughout the mouse body. Additionally, reverse
transcription (RT)-PCR analysis confirmed the gene expression of HLA-A, HLA-B, HLA-C, and hB2M in all
analyzed tissues (Fig. 3d, Supplementary Fig. S14 and S15). Notably, the GFP-positive rate of PBMCs from
HLACI Tc mice of generations F2 to F9 was stable, at <87% (Fig. 3e). Collectively, these findings indicated that
the mice had stably retained HLAcI-MAC throughout the body and were expressing its HLA genes.

Expression of HLA class | molecules in HLAcI Tc mice

FCM analysis confirmed that the HLA-A, HLA-B, HLA-C, and hB2M proteins were expressed on the surface of
PBMCs from HLAcI Tc mice (Fig. 4a, Supplementary Fig. S16). HLA-A3 and HLA-B7 were found to be strongly
expressed, while HLA-C was only slightly expressed. The GFP-positive ratio of lymphocytes from HLAcI Tc
mice averaged 78.0% (n=8, F1) (Supplementary Table S8). As expected, there was no expression of HLA-A,
HLA-B, or HLA-C in wild-type negative control mice.

Although HLA class I is constitutively expressed, it is well established that Interferon (IFN)-y plays a key role
in upregulating HLA expression during immune responses, particularly under conditions such as infection and
inflammation'. This upregulation is mediated through IFN-y-responsive elements in the promoter regions of
HLA genes. In addition, differences in the sequences of promoter regions containing IFN-stimulated response
elements upstream of HLA genes have been reported to affect the extent of the response to IFN signaling?.
Specifically, HLA-B is more strongly upregulated by IFN-y than HLA-A and HLA-C. Therefore, we evaluated
whether the physiological upregulation of HLA expression in response to IFN-y is recapitulated in our HLAcI
Tc mice, which carry a BAC containing the HLA gene along with its native regulatory elements. PBMCs derived
from HLAcI Tc mice were cultured for 48 h, with and without IFN-y treatment. Expression levels of HLA-A and
HLA-B, but not HLA-C, were significantly enhanced under treatment with IFN-y (Fig. 4b), with HLA-B showing
a greater increase than HLA-A. Therefore, this result indicated that physiological regulation of expression by
IFN-y is recapitulated in HLAcI Tc mice with BAC-scale genomic sequences, as well as differential regulation of
HLA class I molecules.

Discussion
In this study, the adaptive range of the SIM system was extended to accommodate simultaneous loading of three
BACs. Furthermore, BAC-SIM-loaded HLA class I and hB2M genes (including their native regulatory regions)
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Fig. 2. Establishment of mouse ES cells carrying HLAcI-MAC. (a) Schematic representation of the MMCT
method used to transfer HLAcI-MAC from CHO cells to mouse ES cells. (b) Bright-field (BF) and fluorescence
microscopy images of mouse ES cells following HLAcI-MAC transduction, showing GFP expression from the
MAC. Scale bars: 100 pm. (c) Representative FISH images showing the retention of HLAcI-MAC in metaphase
mouse ES cells using two probes: human Cot-1 (red) and mouse minor satellite DNA (green). The arrowhead
indicates the HLAcI-MAC. Scale bar: 10 pm. (d) Flow cytometry analysis of cell-surface expression of HLA-
ABC, HLA-A3, HLA-B7, and HLA-C under treatment with interferon (IFN)-y in a representative ES HLAcI-
MAC clone. Gating strategies are described in Supplementary Fig. S13. Percentages of HLA class I (HLA-A3,
B7, or C) and fluorescein isothiocyanate-conjugated GFP double-positive cell populations are indicated in the
upper right quadrants.
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Fig. 3. Generation and analysis of HLAcI Tc mice. (a) Representative image of FISH analysis of metaphase
peripheral blood mononuclear cells (PBMCs) from HLAcI Tc mice (F3, male, 6 w) showing the retention

of HLAcI-MAC using two probes: human Cot-1 (red) and HLA-A BAC (green). The arrowhead indicates

the HLAcI-MAG, enlarged in the inset. Scale bar: 10 um. (b) Retention rate of the HLAcI-MAC in various

Tc mouse tissues analyzed by interphase FISH, obtained by calculating the percentage of HLA-A probe-
labeled MAC-retaining cells among the total cells (range: n=66-114 per tissue) (F5, male, 9 w). (c) Bright-
field (BF) and fluorescence microscopy images of different tissues from HLAcI Tc mice (same as Fig. 3b)
carrying HLAcI-MAG, as indicated by GFP expression. Scale bars: 5,000 um. (d) RT-PCR analysis of HLA
expression in the following tissues derived from Tc (F5, male, 9 w) and wild-type (WT) mice (male, 17 w):
brain (Br), thymus (Thy), heart (He), liver (Li), lung (Lu), spleen (Sp), kidney (Ki), skeletal muscle (Sk), small
intestine (In), and testis (Te). The PCR primer sets (HLA-A: cDNA HLA-A F/R; HLA-C: cDNA HLA-C F/R;
HLA-B: cDNA HLA-B F/R; and cDNA hB2M: cDNA hB2M F/R) are shown in Supplementary Table S1. The
electrophoresis data are shown in Supplementary Fig. S14. Internal control data are shown in Supplementary
Fig. S15. (e) Percentage of GFP-positive PBMCs from three different HLAcI Tc mice per indicated generation
(F2-F9). Mice were 5-9 weeks old with mixed sexes. Bars represent mean + SD.
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Fig. 4. (a) Representative results of flow cytometry (FCM) analysis of HLA class I expression the surface of
PBMCs derived from HLAcI Tc mice (F1, male, 5 w) and control wild-type (WT) mice (male, 9 w). Gating
strategies are described in Supplementary Fig. S16. Percentages of HLA-ABC and fluorescein isothiocyanate-
conjugated GFP double-positive cell populations are shown in the upper right quadrants. (b) Mean
fluorescence intensity (MFI) obtained by FCM, indicating the expression levels of HLA-A3, B7, and C in IFN-y
treated (+) vs. untreated (-) PBMCs of HLAcI Tc mice (F9, male, 15 w). The data represent mean values from
three mice. Statistical analysis was performed using a paired t-test.

exhibited physiological expression patterns in mice, thereby validating the utility of BAC-based model animals.
This study represents the first simultaneous transduction of three BACs, and the first simultaneous transduction
of HLA-A, HLA-B, HLA-C, and hB2M in mice.

The SIM system was previously demonstrated using plasmids only, but has now been shown to be feasible
with three BACs. Conventional humanized animals carrying multiple long (> 150 kb) DNA fragments have been
generated through multistep mating of genetically modified mice or by sequential linkage of gene fragments?"-?2.
These processes demand significant labor and time. Alternatively, mice have been generated using two BACs
sequentially loaded onto human artificial chromosomes?*. In this method, additional BAC loading is limited
by the availability of selection markers and recombination sites beyond those used for the first two BACs. The
BAC-SIM method has overcome this bottleneck, enabling the successful loading of three BACs using one
selection marker. Furthermore, the SIM system has the potential for loading even more BACs, with a previous
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study reporting that an additional three plasmids can be loaded after the initial three plasmids, for a total of six
sequential GLV's®.

Regarding the impact of each site-specific recombination event on clone recovery, since the acquisition of
drug resistance relies on the successful execution of all three site-specific recombination events (Cre, PhiC31,
and Bxbl), the efficiency and coordination of these recombination systems are likely to significantly affect the
overall efficiency of clone recovery. Although it has been reported that the recombination efficiencies of PhiC31
and Bxb1 are comparable to that of Cre?! detailed evaluation and further optimization may be necessary to
achieve maximal efficiency in the system.

In this study, we conducted extensive PCR analysis to evaluate the integration of the introduced GLVs.
Among the 33 candidate clones, 29 (87.8%) were positive for the reconstruction of the HPRT-junction, and
among these 29 clones, 16 (55.2%) were also positive for the HLA-A gene located on the first BAC-SIM cassette.
However, only 6 of the 33 clones (18.2%) were found to have incorporated all three GLVs (HLA-A BAC, HLA-
B/C BAC, and hB2M BAC) as intended, based on broader genomic PCR analysis of the HLA region. These
results suggest that, while partial integration is relatively common, complete and intended incorporation of
all elements occurs at a lower rate. By contrast, a previous study of three plasmids loaded via the SIM system
reported 100% PCR-positive rates of both the HPRT-junction and HPRT gene on the loaded plasmids (5/5
randomly chosen clones). This difference may be attributable to transfection efficiency or structural fragility,
given that BACs are significantly larger than plasmids. Notably, we observed more frequent deletions in the
second BAC (HLA-B/C BAC), whereas fewer deletions were detected in the hB2M BAC (Supplementary Fig.
S7). Given that HLA-A BAC (180 kb) and HLA-B/C BAC (129 kb) are substantially larger than hB2M BAC
(59 kb), this suggests that BAC size may influence structural stability and contribute to the differences in positive
clone rates. These findings support verifying construct integrity through PCR at multiple sites, followed by NGS
analysis, when using the BAC-SIM system.

The surface expression of HLA molecules was low in ES HLAcI-MAC cells and HLAcI Tc mice (Figs. 2d
and 4a). A possible explanation for this is that the binding of endogenous mouse B2m to HLA reduces the rate
of complex formation between hB2M and HLA. Previous studies have compared the expression levels of HLA
in mouse cells co-transfected with hB2M or mouse B2m and found that HLA was highly expressed when co-
transfected with hB2M?>2°. While mouse B2m was also reported to form a complex with HLA, albeit to a lesser
extent than hB2M. Therefore, knockout of mouse B2m may improve HLA expression in this system.

In the present analysis, HLA expression was induced by IFN-y in mouse cells (Fig. 4b). MHC class I
molecules are regulated through both a homeostatic expression mechanism and an IFN-y-mediated mechanism.
Compared with untreated cells, IFN-y-treated cell populations showed a tendency of increased HLA-A and
HLA-B expression. This suggested that the HLA genes and surrounding regulatory regions introduced via BAC
were functional. Considering that HLA and B2M reportedly have distinct regulatory regions?’, Tg mice with
knock-in of a chimeric HLA-A (al/a2 domains of HLA-A and a3 domain of mouse H-2) within the mouse B2m
region'? might exhibit abnormal expression patterns. In addition, the regulatory regions vary across each HLA
allele e.g., HLA-A and HLA-B), suggesting the possibility that each HLA allele possesses distinct expression
control mechanisms and produces different peptides?®?’. HLACI-MAC concatenating BACs that including
native regulatory regions are expected to more accurately replicate physiological regulatory expression patterns
in vitro and in vivo.

MAGC:s serve as the platforms for the SIM system and have been transferred into multiple cell types, including
pluripotent stem cells from humans, mice, rats, pigs, cows, and other animals®®. Therefore, it is possible to
concatenate regions scattered on different chromosomes into MACs using multiple BACs, which can then
be transferred into various cell types. We anticipate that the BAC-SIM method will facilitate the generation
of multifactorial cell/animal Tc models, accelerating investigations of complex life mechanisms and disease
mechanisms, and the development of therapeutic interventions.

Methods

Ethics declarations

All animal experiments were approved by the Tottori University Animal Experimentation Committee (permit
numbers: 20-Y-13, 21-Y-26, 22-Y-36). All experiments were performed in accordance with the ARRIVE
guidelines and relevant local guidelines and regulations.

Construction of plasmids and BAC vectors

The SIM cassette (C1, C2, and C3) plasmids were constructed by modifying previously reported 1C, 2A, and
3A vectors® used to insert GLVs into BACs via homologous recombination. The homology arms, comprising a
SACB arm with linked multicloning site (SACB/MCS) plasmid and an F1 arm fragment, were synthesized by
Eurofins (Huntsville, AL, USA), with the corresponding sequences of each shown in Supplementary Fig. SI.
Next, the F1 arm fragment and the ampicillin resistance gene were ligated into the SACB/MCS plasmid, resulting
in the construction of the F1/SACB/MCS plasmid. SIM cassette fragments from the 1C, 2A, 3A plasmids were
ligated into the multiple cloning site of the F1/SACB/MCS plasmid, resulting in construction of the C1, C2,
and C3 plasmids. The modification in BAC-containing E. coli was performed using the linearized C1, C2, and
C3 plasmids, and the SIM cassettes were incorporated into BAC by homologous recombination via the SACB
and F1 arms. The plasmids and BACs were extracted from E. coli using NucleoBond Xtra Midi and BAC kits
(Macherey-Nagel, Nordrhein-Westfalen, Germany), respectively.

Cell culture
Hprt-deficient (Hprt”~) CHO cells (JCRB0218) were obtained from the Japanese Collection of Research
Bioresources Cell Bank (Osaka, Japan). The MAC (MAC4) used here, which was generated in a previous study,
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contains a mouse centromere, GFP flanked by HS4 insulators, 5'HPRT, loxP, PGK-HygR, PGK-Puro, and
telomeres”!® (Fig. 1a). Hprt~'~ CHO cells containing the MAC (CHO MAC) were cultured at 37 °C and 5% CO,
in Ham’s F12 medium (Fujifilm-Wako, Osaka, Japan) supplemented with 10% fetal bovine serum (FBS; Sigma-
Aldrich, St. Louis, MO, USA), 1% penicillin/streptomycin (PS; Fujifilm-Wako), and 500 pg/mL hygromycin B
(Fujifilm-Wako). CHO MAC cells containing a reconstructed HPRT gene with the desired target genes were
selected in Ham’s F12 medium supplemented with 10% FBS, 1% PS, and 2% HAT (Sigma-Aldrich).

Mouse embryonic fibroblasts (MEFs) were isolated from 13.5-day wild-type C57BL/6] embryos (CLEA,
Tokyo, Japan). The MEFs were maintained at 37 °C and 5% CO, in Dulbecco’s modified Eagle medium (DMEM;
Fujifilm-Wako) supplemented with 10% FBS, and were treated with 10 ug/mL mitomycin C (Kyowa Kirin, Tokyo,
Japan). The day before seeding mouse ES cells, feeder layers were created by seeding mitomycin C-treated MEFs
at 2.0 x 10° cells per 6-cm dish coated with 0.1% gelatin and culturing in DMEM supplemented with 10% FBS.

The mouse ES cell line XO ES9'8, a subclone of TT2F (karyotype 39, XO), was cultured at 37 °C and 5%
CO, on the feeder layers of hygromycin-resistant MEFs in DMEM supplemented with 20% FBS, 1 mM sodium
pyruvate (Gibco/Thermo Fisher Scientific; Waltham, MA, USA), 0.1 mM MEM non-essential amino acids
solution (Gibco/Thermo Fisher Scientific), 0.1 mM 2-mercaptoethanol (Thermo Fisher Scientific), 2 mM
L-glutamine (Gibco/Thermo Fisher Scientific), and 1,000 units/mL ESGRO Recombinant Mouse LIF Protein
(Sigma-Aldrich).

Human sarcoma-derived HT1080 cells were obtained with permission from the American Type Culture
Collection (ATCC, CCL-121) and were cultured at 37 °C and 5% CO, in DMEM supplemented with 10% FBS
and 1% PS.

Human T-cell leukemia-derived Jurkat#2H4 cells were cultured at 37 °C and 5% CO, in RPMI-1640 with
L-Glutamine and Phenol Red (Fujifilm-Wako) supplemented with 10% FBS and 1% PS.

Peripheral blood mononuclear cells (PBMCs) were cultured at 37 °C and 5% CO, in RPMI-1640 with
L-glutamine and Phenol Red supplemented with 20% FBS, 2.75 mM 2-mercaptoethanol, 3 pg/mL PHA-M
(Sigma-Aldrich), 3 pg/mL concanavalin A (Sigma-Aldrich), and 10 ug/mL LPS (Sigma-Aldrich).

In vitro IFN-y stimulation

Mouse PBMCs in 100 pL of mouse peripheral blood and 1.0 x 10° Jurkat#2H4 cells were stimulated by adding
recombinant mouse IFN-y (BioLegend, San Diego, CA, USA) or recombinant human IFN-y (BioLegend) to a
final concentration of 1,000 units/mL or 50 ng/mL in 2 mL of culture medium in a 35-mm dish, respectively, for
48 h3L. After culture, mouse peripheral blood was lysed for 15 min at room temperature using a 1x dilution of
10x RBC Lysis Buffer (Sony Biotechnology, San Jose, CA, USA) and mouse PBMCs were purified. FCM analysis
was then performed as described below.

Mice

Chimeric mice were produced by injecting ES cells containing HLAcI-MAC into 8-cell stage embryos derived
from Jcl: ICR mice (CLEA) which were then transferred into pseudopregnant Jcl: ICR females. Chimeric mice
with 95-100% coat color chimerism were used for germline transmission.

Chimeric mice were mated to C57BL/6 N (B6N; CLEA) and the pups were confirmed to retain MAC by the
GFP positivity. Subsequently, F2 and subsequent generations of mice were produced and maintained by mating
GFP-positive pups of the same generation. The animal facility was specific-pathogen free, and experimental and
control animals were kept in a controlled ambient temperature environment with a 12 h light/dark cycle. Mice
were anesthetized with isoflurane for the collection of blood.

Loading of GLVs using the SIM system

Simultaneous integration of GLV's followed a previously reported method® in which GLV's 1-3 were co-transfected
with expression vectors encoding Cre recombinase, Bxb1 integrase, and PhiC31 integrase into CHO MAC
cells using Lipofectamine LTX (Invitrogen/Thermo Fisher Scientific), in accordance with the manufacturer’s
protocol. Briefly, GLVs 1, 2, and 3 (5 ug each) and the three recombinase/integrase expression vectors (500 ng
each), were transfected into 70-80% confluent target cells in 10-cm dishes seeded in 10 mL PS-free medium on
the day before transfection. Two mixtures were prepared and incubated at room temperature for 10 min: 3 mL
Opti-MEM (Thermo Fisher Scientific) and 54 uL Lipofectamine LTX (lipo-premix); and 3 mL Opti-MEM and
16.5 ug DNA (DNA-premix). DNA-premix was then added dropwise to lipo-premix and incubated for 20 min
before being added to cells. Prewashed cells were incubated with 4 mL of fresh Opti-MEM, followed by the
addition of 6 mL of the DNA-lipid complex and incubated for up to 24 h at 37 °C and 5% CO,. Transfected cells
were reseeded the next day, and 2% HAT and 500 pg/mL hygromycin B were added to the medium at 2 days
post transfection. Fourteen days later, HAT-resistant colonies were picked and expanded for further analyses.
To confirm the reconstitution of the HPRT gene, genomic PCR was performed using the primer sets shown in
Supplementary Table S1 and the cycling conditions shown in Supplementary Table S2.

MMCT

HLAcI-MAC in CHO cells was transferred into mouse ES cells via MMCT, using a previously described
method!’. Briefly, the ES cells fused with CHO MAC-derived microcells were selected in medium containing
50 pg/mL hygromycin B for approximately 10 days to obtain hygromycin B-resistant and GFP-positive clones.
The clones were identified by genomic PCR and FISH analyses.

Genomic PCR
Genomic DNA of cells and mouse tissues were extracted using the standard isopropanol precipitation method.
Primer sets for the detection of recombination junctions and the targeted HLA and hB2M gene sites are shown
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in Supplementary Table S1. PCR was performed using KOD FX (TOYOBO, Osaka, Japan) or TaKaRa LA Taq
(Takara Bio, Shiga, Japan). PCR cycling conditions are shown in Supplementary Table S2. PCR products were
resolved by electrophoresis on agarose gels followed by staining with ethidium bromide. The GeneRuler 1 kb
Plus DNA Ladder (Thermo Fisher Scientific) was used as a band size marker.

RT-PCR

Total RNA was isolated from cells grown to 80% confluency in 6-well plates using an RNeasy Plus Mini Kit
(QIAGEN, Venlo, The Netherlands) following the manufacturer’s protocol. First-strand complementary DNA
(cDNA) synthesis was performed using SuperScript IV Reverse Transcriptase (Thermo Fisher Scientific)
following the manufacturer’s protocol. Primer sets for the detection of HLA and human B2M transcription’ are
shown in Supplementary Table S1. PCR was performed using KOD One (TOYOBO). PCR cycling conditions
are shown in Supplementary Table S2. Ribosomal protein L27 (Rpl27) was used as an internal control for human

and mouse genes™®.

FISH analysis

For preparation of chromosome specimens, cultured cells were treated with one of the following agents: 1.0 pg/
mL colcemid, a cell cycle arrest reagent, for 2 h in CHO cells; 1 ug/mL metaphase arresting solution (Genial
Helix, Chester, UK) for 90 min in mouse ES cells; or 0.5 ug/mL metaphase arresting solution for 2 h in mouse
lymphocytes. Next, the cells were treated with 0.075 M KCl for 15 min and fixed with Carnoy’s solution (3:1 ratio
of methanol: acetic acid by volume). Chromosome specimens were prepared by spreading fixed cells onto glass
slides, followed by FISH staining using previously reported methods®. To prepare specimens for analyzing the
stability of HLAcI-MAC in various mouse tissues, tissue samples were sectioned, stamped onto the glass slides,
and fixed with Carnoy’s solution, and subsequently subjected to FISH staining. The following target DNA: probe
combinations were utilized as previously described’: mouse DNA: mouse Cot-1 (Invitrogen/Thermo Fisher
Scientific), human DNA: human Cot-1 (Invitrogen/Thermo Fisher Scientific), HLA-A:CH501-309N1, HLA-
B/C: CH501-248L24, hB2M:RP11-292P13, and mouse minor satellite: mouse minor satellite DNA. Each DNA
probe was labeled with biotin or digoxigenin. Background hybridization by the human BAC sequence probe was
suppressed by adding a 5 times concentration of human Cot-1 DNA to the probe (described as “5x suppression”
in the Supplementary Table legend). Whole chromosomes were indicated using staining with 4,6-diamidino-2-
phenylindole (DAPI; Sigma-Aldrich). Metaphase images were captured using an Axio Imager Z2 (Carl Zeiss,
Jena, Germany) and Metafer software (Meta Systems, Altlussheim, Germany), and analyzed using ISIS software
(Meta Systems). Interphase images were captured using an Axio Imager Z2 and analyzed using ISIS software.

FCM analysis

To evaluate the phenotype of HLAcI Tc mice, they were compared with roughly age-matched wild-type mice
of a similar genetic background. Mouse PBMCs were isolated from adult male and female mice using aseptic
procedures, and lysed for 15 min at room temperature using a 1x dilution of 10x RBC Lysis Buffer (Sony
Biotechnology). CHO and mouse ES cells, without or without carriage of HLAcI-MAC, were also collected.
To analyze the expression of cell-surface proteins, 5.0 x 10° cells per sample were washed and then resuspended
in 100 pL staining buffer (phosphate-buffered saline with 5% FBS), stained with the antibodies shown in
Supplementary Table S4 for 30 min on ice, and washed. Viability was assessed using 0.5 pg/mL DAPI, and cells
were analyzed using a CytoFLEX S (Beckman Coulter, Brea, CA, USA).

Next-generation sequencing (NGS)

Whole-genome sequencing was performed in Hokkaido System Science Co., Ltd. (Sapporo, Hokkaido, Japan).
DNA-seq libraries were prepared using a PCR-free method and sequenced on an Illumina NovaSeq 6000
platform with 150 bp paired-end reads, yielding approximately 90 GB of data per sample. Sequence analysis was
conducted using the CLC Genomics Workbench software (QIAGEN).

Statistical analysis
Statistical significance was determined by the paired t-test. P-values of <0.05 were considered significant.

Data availability

All data generated or analyzed during this study are included in this article and its supplementary information
files and all whole-genome sequencing raw read data were deposited at the DDB]J Sequence Read Archive under
the accession no. PRJDB20537.
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