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Mice carrying the full-length human
immunoglobulin loci produce antigen-specific
human antibodies with the lambda light chain

Kazuto Shimoya,1 Takashi Moriwaki,2,3 Kanako Kazuki,2 Akane Okada,2 Shigenori Baba,3 Yuana Masuda,3

Satoshi Abe,2,* and Yasuhiro Kazuki1,2,3,4,5,*
SUMMARY

The development of antibody drugs through animal immunization typically requires the humanization of
host antibodies to address concerns about immunogenicity in humans. However, employing an animal
model capable of producing human antibodies presents the opportunity to develop antibody drugs
without the need for humanization. Despite the ratio of human immunoglobulin (Ig) k to Igl usage being
approximately 60%:40%, the majority of approved antibody therapeutics are kappa antibodies, and the
development of lambda antibodies as therapeutic agents has lagged behind. Therefore, in this study, we
developed mice carrying the IGH and IGL loci (IGHL), which can produce human lambda antibodies, using
mouse artificial chromosome (MAC) vectors. We demonstrated that IGHL mice consistently retain the hu-
man lambda antibody locus integrated on theMAC across generations and can be induced to produce spe-
cific antibodies upon antigen stimulation. These findings provide a promising platform for advancing
lambda antibody drugs, which have historically been neglected.

INTRODUCTION

Antibodies are a major category of biotherapeutics. Currently, over 200 therapeutic monoclonal antibodies have been approved or are in

regulatory trials.1 Their popularity stems from the ability of antibodies to mimic the adaptive immune response, with high affinity and spec-

ificity for a wide variety of target pathogens and antigens.2 These characteristics enable antibodies to serve as potent therapeutic agents for

various diseases.

Most antibody drugs have historically been derived from rodents, particularly mice. Mice are physiologically similar to humans and prone

to immune responses to a wide variety of antigens. However, direct administration of rodent-derived antibodies to humans is fraught with

difficulties because of their potential immunogenicity, which can lead to adverse immune responses upon repeated exposure. To address

this limitation, efforts have beenmade tominimize immunogenic reactions by humanizing antibody sequences.3,4 Humanization involves stra-

tegically substituting or modifying non-human components in the antibody structure while preserving antigen-binding specificity and affinity.

Humanization reduces the likelihood of inducing an immune response upon administration to a human recipient. This approach has been

pivotal in the development of safer, more effective antibody therapeutics, which has increased clinical utility and patient safety in a wide va-

riety of therapeutic applications.4

Recent advances in single B cell technology have revolutionized the process of antibody discovery, enabling direct isolation and charac-

terization of human-derived antibodies.5,6 This breakthrough has had a particularly important impact on the fight against infectious diseases,

such as coronavirus disease 2019, by facilitating the rapid development of human-donor-derived antibody therapeutics. However, despite the

efficacy of human-derived antibodies against common diseases, rodent-based antibody acquisition remains advantageous when the target

disease affects a limited patient population or has a high mortality rate, as for rare diseases or certain types of cancer.7,8 Furthermore, in dis-

eases characterized by poorly immunogenic epitopes, such as self-proteins in humans, antibodies raised in rodentsmay exhibit better antigen

recognition.9 Thus, although antibodies obtained directly from humans are a valuable resource in combating a wide range of infectious dis-

eases, rodent-based antibody production is essential to acquire antibodies that bind to niche epitopes and ultimately contribute to advances

in precision medicine.
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Transgenic mouse models have been developed to mitigate the risks associated with the humanization of rodent antibodies—such as

insolubility, aggregation, proteolysis, and potential loss of binding affinity—by enabling the production of human antibodies. Transgenic

technology has facilitated the generation of mice capable of producing human antibodies. One approach involves the knockout of endog-

enous mouse antibody genes, coupled with the introduction of partial human antibody sequences into the mouse genome.10 Another

method entails the targeted knocking out of the variable (V) regions responsible for antigen recognition in mice, followed by their replace-

ment with corresponding human sequences.11,12 Recently, mice have been generated using genetic recombination techniques to replace the

V regions of immunoglobulins (Ig) with human-derived V regions.13 However, these methods are limited by the difficulty of retaining the full

diversity of Ig genes, which can affect the breadth and specificity of the antibodies produced.

Recently, we generated trans-chromosomic–human-antibody-producing (TC-mAb) mice, which are mice that carry the entire human

antibody heavy chain locus (1.8 Mb) and kappa light chain locus (1.7 Mb) via mouse artificial chromosome (MAC) vectors (IGHK-NAC).14,15

TC-mAbmice have demonstrated utility in generating human kappa antibodies by retaining full-length immunoglobulin (Ig) genes, resulting

in antibody repertoire diversity comparable to that observed in humans. TC-mAbmice can produce human kappa antibodies but not human

lambda antibodies. Hence, there is a concern that exclusively relying on antibody production by TC-mAbmicemay lead to a loss of diversity in

lambda antibody-dependent specificity.

Despite a good understanding of light chain selection during B cell development, significant gaps persist in our knowledge regarding the

widely varying bias of light chains across species and their functional significance beyond the phenomenological level. Ig light chains exist as

two types, kappa and lambda, and during B cell differentiation, one of these light chains is selected. The usage patterns of light chains vary

among species. For instance, in mice, over 90% of produced Igs contain kappa light chains. Conversely, in dogs, cats, horses, and cattle,

lambda light chains are used in over 90% of antibodies.16 In humans, approximately 60% of antibodies feature kappa light chains, whereas

lambda light chains are utilized in the remaining 40%.17 Light chains contribute less to antibody diversity and antigen specificity than heavy

chains because they have fewer V region segments and lack a diversity (D) gene. However, recent reports have indicated biases in light chain

usage depending on antigen type.18–21 Further research is needed to elucidate the immunological factors that contribute to the observed

differences in light chain usage across species, but these findings suggest that kappa and lambda light chains may exhibit differential antigen

specificity.

In this study, we generated ‘‘IGHLmice’’, which produce human lambda antibodies, by introducing IGHL-NAC, an MAC vector containing

the full-length human Ig (hIg) heavy chain locus (1.8 Mb) and lambda light chain locus (2.2 Mb), in which the endogenous antibody gene has

been disrupted. We found that human Ig genes that loaded onto IGHL-NAC effectively function as a B cell receptor (BCR) in mice and

promote the production of human lambda antibodies with diversity similar to that observed in humans. Moreover, IGHL mice were capable

of producing antigen-specific human lambda antibodies after antigen injection. Our findings suggest that IGHL-NAC is a useful tool for

the generation of trans-chromosomal mice that produce human lambda antibodies. Furthermore, IGHL mice are expected to provide a

promising platform for the development of human lambda antibody therapeutics.
RESULTS
Generation of mice carrying the full-length human heavy and lambda light chain loci

The MAC was engineered by excising the gene region of the native mouse chromosome.22,23 Leveraging the Cre/loxP and Flp/FRT systems,

similar to those used in the generation of the TC-mAbmice, the IGL locus spanning 2.2Mb on hChr.22 and the IGH locus spanning 1.8 Mb on

hChr.14 were translocated onto theMAC in Chinese hamster ovary (CHO) cells, resulting in the creation of IGHL-NAC (Figures 1A and S1–S4).

Alongside IGH and IGL, IGHL-NAC harbors the enhanced green fluorescent protein (EGFP) gene under the control of the CAGpromoter and

the neomycin resistance gene driven by the PGK promoter.15,22

To generate IGHL-NAC–carryingmice, IGHL-NACwas introduced intomouse embryonic stem cells (mESCs) fromCHOK1 cells byMMCT

(Figures S1 and S5A–S5C). The mESCs were derived from endogenous Ig-knockout (HKLD) mice.24

IGHL-NAC-carrying mESCs were transferred into C57BL/6 mouse embryos to generate chimeric mice. Those exhibiting a high degree of

coat-color chimerism were subsequently crossed with HKLD mice to produce IGHL-NAC-carrying mice, referred to as IGHL mice. The main-

tenance of IGHLmice was ensured by continuousmating with HKLDmice. The germline transmission efficiency of IGHLmice was comparable

to that observed in the previous study.25 IGHL mice possess only one IGHL-NAC and are maintained by crossing with HKLD mice, which

do not have the IGHL-NAC. Therefore, the theoretical probability of IGHL mice being born is 50% due to meiosis. The actual birth frequency

of IGHLmicewas 69 out of 183 (37.70%) from IGHLmales crossedwith HKLD females and 96 out of 229 (41.92%) fromHKLDmales crossedwith

IGHL females, which is similar to the germline transmission rate observed for MAC1.25 The independent, stable retention of IGHL-NAC in

IGHL mice was confirmed through fluorescence in situ hybridization (FISH) chromosome analysis of mouse lymphocytes and by monitoring

the expression of the EGFP gene carried under the CAG promoter on IGHL-NAC throughmultiple generations (Figures 1B, 1C, S5D, S6, and

S7). These findings corroborate the successful introduction and stable retention of a single IGHL-NAC, independent of mouse endogenous

chromosomes. Furthermore, mRNA expression of the IGH and IGL genes were observed in the spleen, thymus, and intestine, where B cells

are abundant, suggested cell-type-specific transcription of hIg genes (Figure 1D).

The BCR plays a pivotal role in the development of B cells. In HKLD mice, characterized by the absence of mouse antibody genes,

significantly fewer B220-positive B cells were observed than in wild-type animals. Interestingly, a significant recovery in the number of

B220-positive cells was observed in IGHL mice carrying IGHL-NAC, indicating that the hIg genes on IGHL-NAC acted as surrogates for
2 iScience 27, 111258, December 20, 2024



Figure 1. Generation of mice carrying the full-length human heavy and lambda light chain loci

(A) Representation of the IGHL-NAC structure. The human immunoglobulin heavy chain locus (IGH) derived from human chromosome 14 (hChr.14) and

immunoglobulin lambda light chain locus (IGL) derived from human chromosome 22 (hChr.22) are represented on a mouse artificial chromosome (MAC).

(B) Representative image of metaphase fluorescence in situ hybridization analysis with IGL-BAC (CH17-95F2) (red) and IGH-BAC (CH17-212P11) (green) to detect

IGHL-NAC in peripheral blood mononuclear cells from an IGHL mouse. The arrow indicates IGHL-NAC, and the inset shows an enlarged image thereof. Scale

bar, 10 mm.

(C) Percentage of enhanced green fluorescent protein (EGFP)-expressing cells in peripheral blood mononuclear cells from IGHL mice of different generations.

Data are presented as means. Error bars indicate the standard deviation of the data.

(D) Reverse transcription polymerase chain reaction analysis of total RNA from various tissues from a 10-week-old IGHLmouse. Li, liver; In, intestine; Ki, kidney; Sp,

spleen; Lu, lung; He, heart; Sk, skeletal muscle; Thy, thymus; Br, brain; and Ut, uterus. M, size marker.

(E) Percentage of B220-positive cells in the lymphocyte fraction of the peripheral blood from 4-week-old wild-type (WT; n = 11, ICR), HKLD (n = 11, Igh�/�, Igk�/�,
and Igl1low/low), and IGHL mice (n = 139). Data are presented as means. Error bars indicate the standard deviation of the data. Gating strategies are presented in

Figure S7.
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the original mouse antibody genes (Figures 1E and S7). This observation suggests that IGHL-NAC effectively supports B cell development

in the absence of endogenous mouse Ig genes.

The recovery of B220-positive B cell production was limited in IGHL mice compared with wild-type mice. This is a common phenomenon

with TC-mAb mice.14

IGHL mice produce human lambda light chain antibodies

Subsequently, we investigated the production of human lambda antibodies in the IGHL mice. Analysis of human antibody expression on the

surface of B220-positive splenocytes was conducted with anti-hIgM and hIgl antibodies (Figures 2A and S8; Table S1). The findings validated

the production of human lambda antibodies by B220-positive cells, suggesting that the hIg genes on IGHL-NAC were effectively expressed

and that the human lambda antibodies served as functional BCRs. The hIgM-positive but hIgl-negative B cell population is thought to

express a complex formed by mouse Igl from HKLD mice and hIgM from IGHL-NAC. The same B cell population has been reported in

TC-mAb mice.14 The expression levels of BCRs were found to be lower in IGHL mice than in wild-type mice (Figures 2B and 2C).

We next analyzed the isotypes of the antibodies secreted into the peripheral blood using sandwich enzyme-linked immunosorbent

assays (ELISAs) on serum collected from 10-week-old IGHL mice. The results revealed the secretion of not only IgM and IgG but also IgA

and IgE antibodies (Figure 2D; Table S2). Moreover, we verified the expression of IgG1, IgG2, IgG3, and IgG4 (Figure 2E). These findings

suggest that the regulatory mechanism governing class switching, observed in wild-type mice, functions effectively for the hIg loci in

IGHL mice.

Production of antigen-specific antibodies

SARS-CoV-2, the causative agent of coronavirus disease 2019, has undergone multiple mutations since its emergence in 2019,

facilitating its continued evasion of immune recognition.26–28 Consequently, it remains a critical focus of antibody development efforts.
iScience 27, 111258, December 20, 2024 3



Figure 2. IGHL mice produce human lambda antibodies

(A) Human B cell receptor (BCR; human immunoglobulin [Ig] m+/human Ig l+) expression in B220-positive cells from IGHL mice. Flow cytometric analysis of

stained splenocytes from 10-week-old IGHL mice. Gating strategies are presented in Figure S8A.

(B) Mouse BCR (mouse Ig m+/mouse Ig k+) expression in B220-positive cells of ICR mice. Flow cytometric analysis of stained splenocytes from 10-week-old ICR

mice. Gating strategies are presented in Figure S8B.

(C) Percentages of BCR expression by IGHL mice and ICR mice (n = 3). Data are presented as means. Error bars indicate the standard deviation of three

independent mice.

(D) The serum concentrations of different classes of human Igs in 10-week-old IGHLmice. The concentrations of human Ig m, g, l, a, and ε in IGHLmice (hIg m, g, l:

n = 13; hIg a and ε: n = 8) were measured.

(E) The serum concentrations of human IgG subclasses. The concentrations of Ig g1, 2, 3, and 4 were measured in 10-week-old IGHL mice (n = 6). All boxplots in

this figure are indicated in terms of minima, maxima, center, bounds of box and whiskers (1.5 interquartile range value), and percentile in the style of Tukey.
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In this study, we evaluated whether IGHL mice can drive an immune response and produce antigen-specific antibodies using receptor-

binding domain (RBD) as a model antigen, which is a crucial component of the interaction with human cells during SARS-CoV-2

infection.

IGHL mice were intraperitoneally administered recombinant RBDmixed with adjuvant every 2 weeks for a total of eight doses (Figure 3A).

Peripheral blood samples were collected via tail vein puncture 3 or 4 days after each administration to obtain plasma. Additionally, final blood

samples were collected through cardiac puncture at the time of euthanasia following the last immunization. By performing ELISAs on the

collected sera, we analyzed the production of anti-RBD IgG antibodies. We observed the antigen-administration-dependent production

of RBD antigen-specific hIgG in IGHL mice (Figure 3B). Furthermore, the immunized mice had a significantly higher serum IgG concentration

and a trend toward more splenocytes than the unimmunized group (Figures 3C and 3D; Table S3).

Moreover, we evaluated the immune response by detecting the generation of germinal center (GC) B cells and antigen-specific B cells in

the spleen following the final immunization, as well as differentiation into plasma cells (PCs) (Table S1). Significantly more GC B cells were

found in the spleens of immunized mice compared with those of unimmunized mice (Figures 4A and S9). Compared to the unimmunized

group, the immunized mice showed a tendency toward having more antigen-specific B cells (p = 0.0567) (Figures 4B and S9). There was

no significant increase of PCs in the spleen of the immunized group than those of the unimmunized controls (Figures 4C and S10). However,

a significant increase in GC B cells and the increase in antigen-specific antibodies suggest the production of antigen-specific PCs (Figures 4A,

3B, and 3C). Taken together, these findings suggest continuity of the humoral immune response in IGHL mice, wherein B cells bearing an-

tigen-specific BCRs undergo class switching to IgG and differentiate into PCs to produce antibodies, thereby enabling IGHL mice to mount

an effective humoral immune response against antigens.
Diversity of antibodies produced by IGHL mice

The antibodies produced by B cells derive their diversity from the random recombination of various V region gene segments during V(D)J

recombination. For heavy chains, this process involves the recombination of V, D, and J gene segments, whereas for light chains, it entails

the recombination of V and J gene segments. Thus, it is advantageous to utilize a greater variety of gene segments within the antibody

V region gene locus to obtain antibodies with the desired paratope.
4 iScience 27, 111258, December 20, 2024



Figure 3. Production of antigen-specific antibodies

(A) Immunization schedule.

(B) Antibody titers against the receptor-binding domain were measured by enzyme-linked immunosorbent assay. An anti-human IgG-Fc–horseradish peroxidase

conjugate was used as a secondary antibody.

(C) The serum concentration of hIg g before (6-week-old) and after immunization (20-week-old) of IGHL mice (left) and unimmunized IGHL mice (right). The

symbols representing samples collected from the same mouse 6 weeks old and 20 weeks old are connected by a line.

(D) The number of lymphocytes. The numbers of harvested cells were counted using Trypan blue. Data are presented as means. Error bars indicate the standard

deviation of three independent mice.
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To analyze the diversity of the human antibody repertoire in IGHLmice, NGSwas performed on RNA samples extracted from pooled sple-

nocytes from five unimmunized IGHL mice, one IGHL mouse immunized with the RBD, and, as a comparative control, RNA samples from

healthy adult donor human peripheral blood mononuclear cells (PBMCs) (Table S4).

We investigated the combination of the frequency of usage of functional V gene segments as identified by IMGT (https://www.imgt.org/)

and the reconstruction of variable regions through V(D)J rearrangement in both heavy and lambda light chains. The results showed that IGHL

mice use a diverse repertoire of V, D, and J gene segments for the heavy chain (Figures 5A, S11A, and S11B; Table S5). In IGHLmice, IGHV1–18

was the most frequent segment in both unimmunized and immunized IGHL mice. This frequency was similar to that of IGHV3–23, the most

frequently used segment in humans. These findings indicate that the bias in the available V gene segments in IGHL mice is as minimal as

that in humans, consistent with previous reports on TC-mAb mice.14 The Shannon–Weaver index, which provides robust estimates of overall

immune repertoire diversity and is calculated using Equation 1, indicated that V(D)J recombination in IGHL mice exhibited a similar level of

diversity to that observed in humans (Table S6). However, the diversity of the lambda light chain J segments was lower. This discrepancy

arises because the IGLJ3*01 sequence is identical to the IGLJ201 sequence, resulting in IGLJ3 being counted together with IGLJ2. In contrast,

human PBMC samples contain the IGLJ3*02 sequence, which is counted separately as IGLJ3. The IGHL mice generated a variety of V(D)J

rearrangement patterns akin to those in humans (Figures 5B and S12). In unimmunized IGHL mice, diverse combinations of V(D)J rearrange-

ments were observed, similar to those in human PBMCs. In immunized IGHL mice, the frequencies of use of specific V-D combinations were

higher than those in the unimmunized group. This increase may be due to clonal expansion of antigen-specific B cells in response to immu-

nization. Furthermore, a diverse array of V genes was utilized in the lambda light chains, with varied patterns of VJ rearrangement (Figures 5C,

5D, S11C, and S12; Table S7). These results demonstrate that both the heavy and lambda light chains of hIg genes can undergo similar re-

arrangement inmice and humans, allowing for the formation of diverse antigen-binding sites. In addition, the use of each segment, regardless

of whether it is proximal or distal to the Ig locus, indicates that all of the gene regions introduced into the IGHL mice are functional.

We also investigatedwhether somatic hypermutation (SHM)was induced in IGHLmice by antigen administration, since SHM is responsible

for the generation of B cells producing high-affinity antibodies against an antigen.29 We targeted V(D)J clonotypes with more than 500 reads

detected, analyzed mutation rates compared with germline sequences, and aligned the frequencies of SHM in the heavy and light chains of
iScience 27, 111258, December 20, 2024 5
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Figure 4. Immune responses in IGHL mice

Flow cytometric analysis of B cell subsets, including germinal center B cells (A), receptor-binding domain (RBD)-specific hIgG-expressing B cells (B), and plasma

cells (C), in the spleens of unimmunized (left) and immunized (right) IGHL mice. Data are presented as means. Error bars in this figure indicate the standard

deviation of three independent mice. Gating strategies are presented in Figures S9 and S10.
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unimmunized and RBD-immunized IGHL mice along their adjusted relative positions (Figure 5E). The results indicated a higher frequency of

mutations was introduced in both heavy and light chains of the immunized group, mainly at the complementarity-determining region (CDR)

and framework region (FR)3. This suggests that antigen administration drives GC formation, resulting in affinity maturation to select B cells

with increased binding strength to and specificity for the antigen. The CDR3 length, P andN nucleotide addition in the CDR3, and amino acid

usage in the CDR3 of IGHLmicemimicked those of humans for both the heavy and lambda chains (Figures 5F, S13A, and S13B). These results

indicate that it is possible to recapitulate the human antibody reorganization process in IGHL mice, retaining the complete human IGH and

IGL loci, and achieve the formation of human-like combinatorial and junctional diversity.

Maps of mutations based on amino acid sequences and the expansion of clonotypes for each clone lineage were drawn using a phyloge-

netic tree (circular dendrogram). Based on a copy number withR500 reads in RBD-immunized IGHL mice, 164 VH clone lineages and 56 VL

clone lineages were analyzed. The circular dendrograms of the 10 most frequent clone lineages for VH and VL sequences are shown in

Figure S14. The average fold expansion of the top 10 clone lineages was 4.8 for VH sequences and 4.1 for VL sequences (Table S8). These

results indicate that antibody affinity maturation, accomplished through SHM and clonal expansion, is induced by immunization. Therefore,

upon immunization of IGHL mice, clonal selection and expansion of B cells occur, followed by SHM, leading to the antigen-driven diversifi-

cation of VH and VL sequences and contributing to the generation of B cells with higher-affinity antibodies.

DISCUSSION

In this study, we generated mice capable of producing human lambda antibodies. Furthermore, we addressed the challenge of limited anti-

body diversity due to constraints on the loadable Ig region associated with conventional transgenic technology by employing chromosomal

engineering techniques. By utilizing an MAC vector, we overcame this limitation and successfully created IGHL mice.

There are evident differences in the binding characteristics of kappa and lambda light chains, with reports indicating that the CDR3 of

lambda light chains is generally longer and more hydrophobic.19,21,30 Additionally, the mutation pattern of lambda light chains has been re-

ported to differ from that of kappa light chains.31 These disparities suggest that each light chainmay play distinct biological roles. Light chains
6 iScience 27, 111258, December 20, 2024



Figure 5. Diversity of antibodies produced by IGHL mice

(A) Human VH gene utilization in human peripheral blood mononuclear cells (hPBMCs) from healthy donors and in IGHL mice with (female, 20-week-old) and

without (female, 18-week-old, n = 5) immunization. The frequencies of V gene segment use (percentages) in healthy human donors (gray) and IGHL mice with

(orange) and without immunization (blue) are represented.

(B) Circos plots comparing VDJ gene association. The gene segments are grouped as subfamilies and shown together with the first digit of their allele name. Links

indicate the relative frequencies of specific VDJ combinations, and wider links indicate higher frequencies of recombination.

(C) Human VL gene utilization in hPBMCs (gray) and immunized IGHL (orange) and unimmunized IGHL (blue) mice. The same RNA samples as for the heavy chain

analysis were used.

(D) Circos plots comparing VJ gene association. The same RNA samples as for the heavy chain analysis were used.

(E) The frequency of somatic hypermutation at every position of the V region was calculated as described in the STARMethods section and is represented for VH

and VL chains in immunized IGHL mice and unimmunized IGHL mice.

(F) CDR3 length comparison of productive rearrangements.
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have lower V gene segment diversity than heavy chains. Although some arguments suggest that the choice between kappa and lambda light

chains does not substantively affect the binding activity of antibodies,32 the usage of light chains in antibodies produced against viruses,

toxins, and vaccines is biased.19,20 In particular, in patients with human immunodeficiency virus (HIV) and anti-viral vaccine recipients, a sig-

nificant proportion of antibodies targeting HIV membrane proteins (e.g., gp120) utilize lambda light chains.19 Therefore, the choice of light

chain is a critical issue, and lambda antibodies, like kappa antibodies, hold potential value as pharmaceuticals.

However, the proportion of lambda light chain antibodies among currently approved antibody therapeutics is only about 10%. This is

notably lower than the 40% usage of lambda chains in human blood. This bias could stem from the development of humanized antibodies

frommouse kappa antibodies, which predominate inmice, and the lack of human lambda light chains introduced inmany animalmodels used
iScience 27, 111258, December 20, 2024 7
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for human antibody production. Moreover, the CDR3 of the lambda light chain is on average longer, more hydrophobic, andmore acidic than

that of the kappa light chain. Therefore, the kappa isotype may be intentionally selected based on superior stability or other biophysical

properties.18,33

In this study, the introduced IGHL-NAC expressed human lambda antibodies in the mice, which functioned as BCRs. Moreover, the pro-

duction of various antibody isotypes demonstrated the capability of intrinsic murine Ig gene expression regulatory mechanisms to control the

expression of hIg genes. Compared to wild-type mice, IGHL mice have fewer B220-positive B cells. This might be due to the technical chal-

lenge of having only one copy of the immunoglobulin locus introduced. Additionally, the lower BCR expression in B220-positive B cells could

be attributed to species differences, as the Iga and Igb proteins involved in BCR expression have not been humanized. However, the success-

ful production of human lambda antibodies by introducing the full length of the human immunoglobulin locus align with findings from pre-

vious studies, such as those on the TC-mAb mouse model developed by Satofuka et al., and further support the feasibility of regulating the

expression of hIg genes in mice.14 TC-mAb (IGHK) mice and IGHL mice had the same heavy chain locus, and both mice had a similar usage

pattern of heavy chain V, D, and J segments. This reproducibility indicates the stability of MACs as gene delivery vectors.

Our observations revealed not only antibody production but also behaviors characteristic of humoral immunity, such as increased numbers

of B cells, GC formation, and differentiation into PCs, following antigen administration. Additionally, we confirmed the production of antigen-

specific antibodies, suggesting the feasibility of generating lambda light chain antibodies against the target antigen. Furthermore, Ig tran-

script repertoires in the spleen were analyzed, revealing the utilization of diverse V gene segments for both heavy and lambda light chains and

evidence of SHM. These findings suggest the potential for antibody acquisition against various antigens.

Consequently, we anticipate that IGHL mice will be valuable tools in the development of lambda light chain antibody therapeutics, which

are currently underrepresented in the pharmaceutical landscape.
Limitation of the study

Immunoglobulin loci normally exist as two copies each of IGH, IGK, and IGL. During B cell differentiation, rearrangements of immunoglobulin

light chain genes occur sequentially, starting with the rearrangement of the k chain followed by the l chain. The IGHL mice generated in this

study have only one copy each of the human immunoglobulin loci IGH and IGL, which may result in partially incomplete B cell development.

The generation of TC-mAb and IGHLmice demonstrates that human immunoglobulins function effectively within a mouse model. Therefore,

future efforts to generate mice with two copies each of the IGH, IGK, and IGL loci will better emulate human B cell development.
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yasuhiro Kazuki (kazuki@tottori-u.
ac.jp).
Materials availability
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Data and code availability
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RBD-immunized IGHL mouse individual. SAMD00795424 (TCK111MG_S56_S62) and SAMD00795427 (TCK111L_S52) are the data of unimmunized
IGHL mice (pooled, 5 individuals). SAMD00795432 (TCK041L_S19) is the data of a human PBMC pool sample.

� No original code was reported in this article.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-IgG(Fc), Human, Goat-Polyclonal Antibody Bethyl Laboratories Cat# A80-304A;

RRID: AB_10634115

Anti-IgG(Fc), Human, Goat-Poly, HRP Bethyl Laboratories Cat# A80-304P; RRID: AB_10631811

Anti-IgM(Fc), Human, Goat-Poly Bethyl Laboratories Cat# A80-100A;

RRID: AB_67079

Anti-IgM(Fc), Human, Goat-Poly, HRP Bethyl Laboratories Cat# A80-100P;

RRID: AB_67082

Anti-Igl Light Chain, Human, Goat-Poly Bethyl Laboratories Cat# A80-116A;

RRID: AB_67093

Anti-Igl, Human, Goat-Poly, HRP Bethyl Laboratories Cat# A80-116P;

RRID: AB_67591

Anti-IgA(a), Human, Goat-Poly Bethyl Laboratories Cat# A80-102A;

RRID: AB_67044

Anti-IgA, Human, Goat-Poly, HRP Bethyl Laboratories Cat# A80-102P;

RRID: AB_67047

Anti-IgE(ε), Human, Goat-Poly Bethyl Laboratories Cat# A80-108A;

RRID: AB_67053

Anti-IgE, Human, Goat-Poly, HRP Bethyl Laboratories Cat# A80-108P;

RRID: AB_67056

PE anti-mouse/human CD45R/B220 Antibody Biolegend Cat# 103207;

RRID: AB_312992

PE/Cyanine7 anti-mouse/human CD45R/B220 Biolegend Cat# 103221;

RRID: AB_313004

BD Horizon� BUV661 Rat Anti-Mouse CD19 BD Biosciences Cat# 612971;

RRID: AB_2870243

BD Horizon� PE-CF594 Mouse Anti-Human IgM BD Biosciences Cat# 562539;

RRID: AB_2737641

PE/Cyanine7 anti-human IgG Fc Antibody Biolegend Cat# 410721;

RRID: AB_2750226

PE/Cyanine7 anti-human Ig light chain l Antibody Biolegend Cat# 316622; RRID: AB_2687262

Pacific Blue� anti-mouse/human GL7 Antigen

(T and B cell Activation Marker) Antibody

Biolegend Cat# 144613; RRID: AB_2563291

BD OptiBuild� BV650 Rat Anti-Mouse CD38 BD Biosciences Cat# 740489;

RRID: AB_2740212

PE/Cyanine7 anti-mouse CD138 (Syndecan-1) Antibody Biolegend Cat# 142513;

RRID: AB_2562197

PE anti-mouse CD267 (TACI) Antibody Biolegend Cat# 133403;

RRID: AB_2203542

Bacterial and virus strains

XL10-Gold Ultracompetent Cells Agilent Cat# 200315

Chemicals, peptides, and recombinant proteins

Antibiotic G-418 Sulfate Promega Cat#V7983

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Blasticidin S FUJIFILM Wako Pure

Chemical Corporation

Cat# 029-18701

Hygromycin B FUJIFILM Wako Pure

Chemical Corporation

Cat# 089-06151

HAT Media Supplement (503) Hybri-Max� Sigma-Aldrich Cat# H0262-10VL

Lipofectamine� 2000 Transfection Reagent ThermoFisher Scientific Cat# 11668027

Sigma Adjuvant System Sigma-Aldrich Cat# S6322

Freund’s Complete Adjuvant BD Cat# DF0638-60-7

Ni-NTA Agarose QIAGEN Cat# 30210

Critical commercial assays

Human IgG Subclass ELISA Kit ThermoFisher Scientific Cat# 99-1000

Expi293� Expression System Kit ThermoFisher Scientific Cat# A14635

Deposited data

Repertoire analysis of mice producing fully

human antibody with lambda light chain

This paper DDBJ: PRJDB18270

Experimental models: Cell lines

Chinese hamster ovary (CHO) (Hprt-/-) cells JCRB Cell Bank JCRB0218;

RRID:CVCL_8545

CHO-K1 RIKEN BRC RCB0285;

RRID:CVCL_0214

DT40 RIKEN BRC RCB1464;

RRID:CVCL_0249

Endogenous Ig knockout (HKLD)

mouse embryonic stem cells

This paper N/A

Experimental models: Organisms/strains

Mouse:ICR:Jcl:ICR CLEA RRID: IMSR_JCL:JCL:mOT-0001

Mouse:C57BL/6N CLEA RRID:MGI:3055581

Mouse:HKLD:STOCK Ighmtm1Yakaz

Igkctm1YakazIglc1rs32383745-A
Satofuka et al.14 N/A

Mouse:IGHL:STOCK Tc(MAC;IGL;IGH)1Yakaz

IghmIghmtm1YakazIgkctm1YakazIglc1rs32383745-A
This paper N/A

Oligonucleotides

hChr.22: arm for loxP insertion HindIII553La L

5’-TGTAGCTGACTTTAGCCACCCACAAGTAC-3’

AscI553La R 5’-TCGAGGCGCGCCCTCAAACTC

CTGGGTGTAAATGATCCTCCTGC-3’ (5,743 bp)

This paper N/A

hChr.22: arm for loxP insertion KpnI553Ra L 5’-TGAG

GGTACCGTGCAGTAAAGTATGATTGAGC-3’

SalI553Ra R 5’-TCGAGTCGACCTTGCTGATTA

TACCTCATCTCCTTCCCTC-3’ (3,880 bp)

This paper N/A

hChr.22: arm for FRT insertion BamHISL350La L

5’-TCGAGGATCCGGCCTCCCAAAGGATTAT

AGACGTGAGCCACTGTAscISL350La R-3’

AscISL350La R 5’-TCGAGGCGCGCCGGC

ACCTCTCCTATTTTCTTCACAGCACTT-3’

(3,595 bp)

This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

hChr.22: arm for FRT insertion AscISL350Ra L 5’-TCGAG

GCGCGCCAGCATGGTGGCCCGCACGTATAGTCGC

AGCTA-3’ NotISL350Ra R 5’-TCGAGCGGCCGCAAA

GAAGGGGCCCGCCTCTGCCTCTAAATCC

TGAC-3’ (3,872 bp)

This paper N/A

hChr.22: loxP targeting check 22CeT La L 5’-CCTG

CCTTCTTGTTTCAGCTCTCAACTG-3’ 22CeT La

R 5’-GACGTGCTACTTCCATTTGTCACGTCCT-3’

(4,794 bp)

This paper N/A

hChr.22: loxP targeting check 22CeT Ra L

5’-ATCCCCATGTGTATCACTGGCAAAC

TGT-3’ 22CeT Ra R 5’-ACACTTTAGTCC

CTGTCCCCTCAACGAG-3’ (4,791 bp)

This paper N/A

hChr.22: FRT targeting check 22TeT Ra L

5’-AGCAGAGCTCGTTTAGTGAACCGT

CAGA-3’ 22TeT Ra R 5’-CTGTCCTATC

CTTGCAGCTGTCTTCCAG-3’ (4,911 bp)

This paper N/A

hChr.22 region check SERPIND1 L 5’-ACCT

AGAGGGTCTCACCTCC-3’ SERPIND1 R

5’-CCCTGGACATCAAGAATG-3’ (223 bp)

This paper N/A

hChr.22 region check 553P-F 5’-AGATCTC

TTGAGCCCAGCAGTTTGA-3’ 553P-R

5’-TGAAGTTAGCCGGGGATACAG

ACG-3’ (454 bp)

This paper N/A

hChr.22 region check PPM1F L 5’-AACGG

CAGCCAAACCAAAGA-3’ PPM1F R 5’-ACC

AGGACTGGCTGGGCATA-3’ (207 bp)

This paper N/A

hChr.22 region check IGLVI-70 L 5’-AGTC

TGCGCTGACCCAGGAA-3’ IGLVI-70 R

5’-TTGAGCCAGAGAAGCGGTCA-3’ (195 bp)

This paper N/A

hChr.22 region check hVpreB1-F 5’-TGTCCTG

GGCTCCTGTCCTGCTCAT-3’ hVpreB1-Rm

5’-GGCGGCGACTCCACCCTCTT-3’ (589 bp)

This paper N/A

hChr.22 region check IgL-F 5’-GGAGACCAC

CAAACCCTCCAAA-3’ IgL-Rm 5’-GAGAGTTG

GAGAAGGGGTGACT-3’ (482 bp)

This paper N/A

hChr.22 region check GNAZ L 5’-TCCACTTGG

GGGTCTGCATT-3’ GNAZ R 5’-TGGTGCTGA

GCAGCTGTGTG-3’ (202 bp)

This paper N/A

hChr.22 region check 344-F 5’-ATCATCTGCT

CGCTCTCTCC-3’ 344-R 5’-CACATCTGTAGT

GGCTGTGG-3’ (450 bp)

This paper N/A

hChr.22 region check hl5-F 5’-AGCCCCAAG

AACCCAGCCGATGTGA-3’ hl5-R 5’-GGCAG

AGGGAGTGTGGGGTGTTGTG-3’ (529 bp)

This paper N/A

hChr.22 region check hVpreB3-F 5’-CACTGC

CTGCCCGCTGCTGGTA-3’ hVpreB3-R 5’-GG

GCGGGGAAGTGGGGGAGAG-3’ (511 bp)

This paper N/A

hChr.22 region check 350P-F 5’-ACCAGCGC

GTCATCATCAAG-3’ 350P-R 5’-ATCGCCAG

CCTCACCATTTC-3’ (461 bp)

This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

hChr.22 region check LIF L 5’-TGGGACTTA

GGTGGGCCAGA-3’ LIF R 5’-GCCTCCCCA

AGAGCCTGAAT-3’ (199 bp)

This paper N/A

IGL expression Vl3LEA1 5’-CCCCCAAGCTT

GCCTGGACCCCTCTCTGG-3’

This paper N/A

IGL expression Cl1 5’-GGGAATTCGGGTAG

AAGTCACTGATCAG-3’

This paper N/A

IGL expression Vl3JLEAD 5’-ATCGGCAAAG

CTTGGACCCCTCTCTGGCTCAC-3’

This paper N/A

IGL expression Vl3BACK4 5’-CCCCCAAGCT

TCTCGGCGTCCTTGCTTAC-3’

This paper N/A

IGL expression Cl7 5’-GGGAATTCGGG

TAGAAGTCACTTACGAG-3’

This paper N/A

cDNA synthesis BSL-18E 5’-AAAGCGGC

CGCATGCTTTTTTTTTTTT TTTTTTVN-3’

Kitaura et al.34 N/A

Adaptor P10EA 5’-GGGAATTCGG-3’ Kitaura et al.34 N/A

Adaptor P20EA 5’-TAATACGACT

CCGAATTCCC-3’

Kitaura et al.34 N/A

IgG constant region CG1 5’-CACCT

TGGTGTTGCTGGGCTT-3’

Kitaura et al.34 N/A

Second PCR CB2 5’-AGGCAGTATCT

GGAGTCATTGAG-3’

Kitaura et al.34 N/A

Second PCR CG2 5’-TCCTGAGGACT

GTAGGACAGC-3’

Kitaura et al.34 N/A

Second PCR P22EA-ST1 5’-GTCTCGTGG

GCTCGGAGATGTGTATAAGAGACAGC

TAATACGACTCCGAATTCCC -3’

Kitaura et al.34 N/A

Second PCR CB-ST1-R 5’-TCGTCGGCAG

CGTCAGATGTGTATAAGAGACAGGCT

CAAACACAGCGACCTC-3’

Kitaura et al.34 N/A

Second PCR P22EA-ST1 5’-GTCTCGTGGG

CTCGGAGATGTGTATAAGAGACAGCTAA

TACGACTCCGAATTCCC -3’

Kitaura et al.34 N/A

Second PCR CG-ST1-R 5’-TCGTCGGCAGCG

TCAGATGTGTATAAGAGACAGTGAGTTCC

ACGACACCGTCAC-3’

Kitaura et al.34 N/A

Recombinant DNA

IGH-BAC BACPAC resource center CH17-212P11

IGL-BAC BACPAC resource center CH17-95F2

RBD expression vector This paper N/A

50 HPRT-loxP-PGKHyg unit Satofuka et al.14 N/A

50 HPRT-FRT-CMVBsd unit Satofuka et al.14 N/A

pBS185 CMV-Cre Addgene RRID:Addgene_11916

pCAG-FLPo vector Satofuka et al.14 N/A

Software and algorithms

Metafer4 slide scanning platform software V3.10.5 Meta Systems https://metasystems-international.

com/en/products/metafer/

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Cytexpert version 2.3 Beckman Coulter https://www.beckman.jp/flow-

cytometry/software

Isis Fluorescence Imaging System software V5.4.12 Meta Systems https://metasystems-international.com/

R software version 3.4.2 The R Project for

Statistical Computing

https://www.r-project.org/

IGBLAST NIH https://www.ncbi.nlm.nih.gov/igblast/

IMGT IMGT https://www.imgt.org/

CLASTALW GenomeNet https://www.genome.jp/tools-bin/clustalw

Principal component analysis was performed

using the prcomp-function in R (version 3.4.2)

RDocumentation https://www.rdocumentation.org/packages/

stats/versions/3.6.2/topics/prcomp

R software using circos open-source software circos https://circos.ca/

Biotek Gen5 version 3.03 Agilent https://www.chem-agilent.com/

contents.php?id=1006877

Graphpad Prism 10 Graphpad https://www.graphpad.com/updates/

prism-1000-release-notes

Kaluza software version2.1. Beckman Coulter https://www.beckman.jp/flow-cytometry/

software/kaluza

ll
OPEN ACCESS

iScience
Article
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Experimental and control animals were cohoused in a controlled, ambient-temperature environment with a 12-h light/dark cycle in the

specific pathogen-free (SPF) animal facility. All animal experiments were approved by the Animal Care and Use Committee of Tottori Univer-

sity (Permit Numbers: 14-Y-23, 15-Y-31, 16-Y-20, 17-Y-28, 20-Y-13, 20-Y-31, 21-Y-26, and 22-Y-36). All animal experiments were performedwith

4, 6 or 10-week-old female mice.
IGHL mouse generation

To generate chimeric mice, HKLD mESCs carrying IGHL-NAC were injected into eight-cell-stage embryos derived from C57BL/6N mice

(CLEA, Tokyo, Japan) and then transferred into pseudopregnant ICR females (CLEA, Tokyo, Japan). Chimeric mice with a high percentage

of coal colour, derived from the injected HKLD mESCs, were crossed with HKLD mice (Igh-/-, Igk-/-, and Igl1low/low) to obtain a mouse strain

carrying IGHL-NAC. IGHL mice were maintained by crossing IGHL and HKLD mice.
Materials

CHO (Hprt-/-) cells (JCRB0218) were obtained from the Japanese Collection of Research Bioresources Cell Bank (Osaka, Japan) and CHO K1

(RCB0285) and chicken DT40 (RCB1464) cells were obtained from the Riken BioResource Research Center (Ibraraki, Japan). Primers were

purchased from Sigma-Aldrich (St Louis, MO, USA). Escherichia coli strain XL10-Gold was purchased from Agilent Technologies (Santa Clara,

CA, USA). The total RNA from human PBMCs (Takara Bio USA, San Jose, CA, USA) used in this study was derived from normal human

peripheral leucocytes pooled from 426 male/female Asian individuals aged 18–54 years old.14
METHOD DETAILS

Cell culture

Chicken DT40 cells, CHO (Hprt-/-), and CHO K1 cells were cultured as described in a previous study.14 CHO cells carrying the MAC or

IGHL-NACwere cultured in selectionmediumwith 800 mg/ml G418. HKLDmESCs derived fromHKLDmice andmouse embryonic fibroblasts

as feeder cells were also cultured as in previous studies.14,24
Construction of targeting vectors

Targeting vector to introduce loxP-50 HPRT into human chromosome 22

To prepare the homology arm, DNA from DT40 cells with human chromosome 22 (hChr.22) was used as a template for polymerase

chain reaction (PCR). The left and right arms were amplified using the following primers: HindIII553La L and AscI553La R for the left

arm and KpnI and SalI553Ra R for the right arm. The arms (left: 4.4 kb, right: 3.9 kb) were inserted into the vector containing the 50

HPRT-loxP-PGKHyg unit by HindIII/AscI and KpnI/SalI digestion.
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Targeting vector to introduce FRT-50 HPRT into hChr.22

The left and right armswere amplified using the following primers: BamHISL350La L andAscISL350La R for the left arm andAscISL350Ra L and

NotISL350Ra R for the right arm. The arms (left: 3.6 kb, right 3.9 kb) were inserted into the vector containing the 50 HPRT-FRT-CMVBsd unit by

BamHI/AscI and MluI/NotI digestion. The primer sequences are described in key resources table.
Modification of hChr.22 in DT40 cells

Homologous recombination-proficient chicken DT40 cells (13107) in 0.5 ml RPMI were electroporated at 550 V and 25 mF with 25 mg of line-

arized targeting vector using aGene Pulser (Bio-Rad, Hercules, CA, USA). Drug-resistant DT40 clones were obtained in selectionmediumwith

1.5mg/ml hygromycin or 15 mg/ml blasticidin S. Each homologous recombination on hChr.22 in DT40 hybrids was confirmed by genomic PCR

using the primers listed in key resources table.
Microcell-mediated chromosome transfer

Microcell-mediated chromosome transfer (MMCT) was performed as described previously.35 hChr.22loxPFRTwas transferred fromDT40 cells

into CHO cells containing theMAC viaMMCT.Microcell hybrids were obtained in selectionmediumwith 800 mg/ml G418, 8 mg/ml blasticidin

S, and 10 mM ouabain. The MAC carrying the IGL locus (IGL-NAC) was transferred into CHO K1 cells and hybrid clones were selected in me-

dium with 8 mg/ml blasticidin S and 800 mg/ml G418. IGL-NAC was transferred from CHO K1 cells to CHO (hChr.14-FRT) cells14 and hybrid

clones were selected in medium with 800 mg/ml G418 and 8 mg/ml blasticidin S. IGHL-NAC was transferred into CHO K1 cells and HKLD

mESCs and selected with 800 mg/ml and 250 mg/ml G418, respectively.
DNA transfection

The pBS185 vector for Cre expression (Invitrogen, ThermoFisher Scientific,Waltham,MA, USA) or pCAG-FLPo vector for FLPo expressionwas

transfected into CHO hybrids carrying the modified hChr.22 and MAC vector, or hChr.14 and IGL-NAC, using Lipofectamine 2000 reagent

(Invitrogen) following the manufacturer’s protocol. After 24 h of culture in basic growth medium, the cells were cultured in medium with

6 mg/ml blasticidin S and 13HAT (Sigma-Aldrich) for selection.
Genomic PCR

Genomic DNA was purified from each cell line and IGHL mouse tissue samples using a genomic extraction kit (Gentra Systems, Minneapolis,

MN, USA). Genomic PCR was conducted using the primers described in key resources table.14
IGHL-NAC construction

We constructed the MAC carrying the human IGH and IGL loci and verified by genomic PCR using the primers described in key resources

table, and fluorescence in situ hybridization (FISH) at each step, following the same strategy as in a previous study(Figure S1).14 Modification

of hChr.22 was conducted in DT40 cells for recombination-mediated translocation. First, a loxP site was inserted proximal to the IGL locus on

hChr.22q by homologous recombination. The targeting vector was introduced into DT40 cells containing an intact hChr.22 with a neomycin

resistance gene by electroporation, and drug-resistant clones were obtained in selection medium with 1.0 mg/ml hygromycin. FISH analyses

confirmed that a single copy of hChr.22 with the loxP unit was independently maintained in DT40 cells (DT40 hChr.22loxP) (Figures S2A–S2D).

Next, the FRT site was inserted distal to the IGL locus on hChr.22q. The targeting vector for FRT insertion was introduced into DT40 cells

containing hChr.22loxP, and drug-resistant clones were selected with 15 mg/ml blasticidin S. FISH analyses confirmed that a single copy of

hChr.22 with an FRT unit was independently maintained in DT40 cells (DT40 hChr.22loxPFRT) (Figures S2B and S2E). The modified

hChr.22 was transferred from DT40 cells to CHO Hprt-/- cells carrying the MAC via MMCT. Microcell hybrids were obtained in selection me-

dium with 800 mg/ml G418, 8 mg/ml blasticidin S, and 10 mM ouabain. The independent and stable maintenance of the MAC and modified

hChr.22 in host CHO cells was confirmed by FISH analysis (Figure S3B).

Then, Cre/loxP recombination-mediated translocation of a region of hChr.22 distal from the loxP site, which included the IGL locus, to the

MAC was conducted (Figure S3A), and drug-resistant clones were selected in medium with 6 mg/ml blasticidin S and 13HAT. Each expected

recombination junction was detected by genomic PCR, and FISH analysis confirmed the structure of the MAC carrying the IGL locus

(IGL-NAC) and its by-product (Figure S3B).

IGL-NAC was transferred into CHO (hChr.14-FRT) cells through CHO K1 cells (Figures S4B and S4C).14 Flp/FRT recombination-mediated

translocation between modified hChr.14 and IGL-NAC was performed in CHO Hprt-/- cells to clone the IGH locus into IGL-NAC; HPRT gene

reconstruction on the desired product enabled the selection of CHO cells carrying IGL-NAC with the IGH locus (IGHL-NAC) and its by-prod-

uct (Figure S4A). Drug-resistant clones were obtained in selection medium with 6 mg/ml blasticidin S and 13HAT. FISH confirmed the inde-

pendent and stable maintenance of IGHL-NAC and a by-product in host CHO cells (Figures S4D and S4E). The IGHL-NAC was transferred to

CHO K1 cells to obtain donor CHO K1 cells carrying a single desired chromosome, IGHL-NAC, for further MMCT. Microcell hybrid clones

were obtained in selection medium with 800 mg/ml G418 and were monitored for enhanced green fluorescent protein (EGFP) expression.

FISH analyses confirmed the independent and stable maintenance of a single copy of IGHL-NAC in host CHO K1 cells (Figures S5A and S5B).
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Reverse transcription PCR

Reverse transcription PCR was performed as described previously.14 The primer sequences are listed in key resources table.14

Antigen

In this study, the receptor-binding domain (RBD), a substructure of the S protein of the SARS-CoV-2 virus, was used as an immunological

antigen and protein probe. Specifically, genes containing the Kozak sequence, the signal sequence of the MERS coronavirus spike protein,

the RBD region of the SARS-CoV-2 S protein (amino acids 311 to 529), the myc tag sequence, and the 63His sequence were inserted into the

pcDNA3.1 vector. The genes were synthesized by GeneArt (Thermo Fisher Scientific, Waltham, MA, USA), taking into account optimal codon

usage in humans. The synthesized RBD expression vector was expressed with the Expi293F Expression System (Thermo Fisher Scientific) pro-

tocol. Purification was then performed using Ni-NTA-agarose (Qiagen, Hilden, Germany) binding to His tags.

Immunization

The protein antigen (RBD, 1 mg/ml) was prepared in phosphate-buffered saline (PBS). Freund’s Complete Adjuvant (Becton, Dickinson and

Company, Franklin Lakes, NJ, USA) and 100 mg of RBD were mixed 1:1 (v/v) to form an emulsion and administered to mice for the primary

injection. For booster injection, 50 mg of RBD was mixed with Sigma Adjuvant System (Sigma-Aldrich) at 1:1 (v/v).

Injections were performed in 6-week-old female mice using a 1-ml glass syringe and a 27-gauge needle. Primary and booster injections

were given intraperitoneally every 2 weeks for a total of eight times. The injection volumes were determined according to the relevant JP

Home Office animal license for the procedure. Final boosters were delivered without adjuvant.

Enzyme-linked immunosorbent assay

Sandwich enzyme-linked immunosorbent assays (ELISAs) were used to measure the quantities of human immunoglobulins (hIgs), including

hIgM, hIgG, hIgl, hIgA, and hIgE. Key resources table provides the list of antibodies that were utilized. Using a mouse monoclonal anti-hIgM

antibody (Bethyl Laboratories, Montgomery, TX, USA) fixed on 96-well plates (NuncMaxiSorp, Thermo Fisher Scientific), the concentration of

hIgMwasmeasured. The antibodywas then detected using peroxidase-conjugatedmouse anti-hIgM (Bethyl Laboratories). Similarly, the cap-

ture and detection antibodies given in key resources table were used to evaluate human IgG, human Igl, human IgA, and human IgE. The

antibody conjugates, standards, and samples were all diluted in sample/conjugate buffer (0.05% Tween 20, 1% bovine serum albumin, 0.14M

NaCl, and 50 mM Tris). Utilising 3,3’,5,5’-tetramethylbenzidine (TMB; Nacalai Tesque, Kyoto, Japan) as the substrate, a spectrophotometer

(BioTek Instruments, Winooski, VT, USA) was used to measure the absorbance at 450 nm. Following the manufacturer’s instructions, we used

an IgG Subclass Human ELISA Kit (Invitrogen, Thermo Fisher Scientific) to determine the IgG subclasses.

Serum samples taken 3 or 4 days after antigen boost were analyzed by ELISA. We coated 96-well immunoassay plates (Nunc Maxisorp)

with 100 ml/well of antigen (1 mg/ml in PBS) for 1 hr at room temperature. The plates were blocked with PBS containing 5% Difco� skim

milk (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) for 30 minutes at room temperature after washing three times with tris-buff-

ered saline-Tween (TBS-T) (0.05% v/v). Following another round of platewashing, 100 ml serially diluted serum samples in TBS-Twere added to

the wells and allowed to incubate at room temperature for one hour. After incubation, the plates were again washed as above and incubated

with 100 ml of anti-hIgG-Fc–horseradish peroxidase conjugate, added at 1:150,000 in TBS-T, for 30 min at room temperature. The plates were

washed again as above and developed using 100 ml TMB; the reactions were stopped using 100 ml H2SO4 (1 M). The absorbance was read at

450 nm.

Flow cytometry analysis

To evaluate the phenotype of IGHL mice, bone marrow, spleens, and PBMCs were isolated from 10-week-old adult female mice (3 days after

last immunization, where relevant), and single-cell suspensions were prepared. Samples were stained with antibodies (key resources table)

and analyzed using a CytoFLEX S (Beckman Coulter, Brea, CA, USA). All staining reactions were performed in 100 ml of staining buffer (5%

foetal bovine serum in PBS containing 500 mM EDTA) containing Mouse Seroblock FcR (Bio-Rad Laboratories) with 13106 cells for detection

of antigen-specific B cells or 43106 cells for detection of GC B cells; the reactions were incubated at 4�C for 30 min. 40,6-diamidino-2-phenyl-

indole (D523, Dojindo, Kumamoto, Japan) was added to a final concentration of 0.5 mg/ml immediately before analysis.

Deep-sequencing analysis of antibody-coding transcripts

Next-generation sequencing (NGS) analysis was performed using unbiased T-cell receptor/BCR repertoire analysis technology, as used in

previous studies and developed by Repertoire Genesis (Osaka, Japan).14,34 The primer sequences are listed in key resources table.

Analysis of the hIg repertoire

The same methods as in previous studies were applied to the analysis of the human antibody repertoire.14 Index sequences were used to

classify every paired-end read. The international ImMunoGeneTics information system (IMGT) database (http://www.imgt.org) was used

to assign sequences. DNA Chip Research (Tokyo, Japan) originally developed a repertoire analysis software application that was used

automatically for data processing, assignment, and merging.
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Within the combined sequence population, annotated sequence readings were recognized as unique reads and had BCR genes

identified. Using RG software, the counts of identical annotated readings in each sample were automatically calculated and sorted numer-

ically. CDR 3 nucleotide sequences, which include glycine (Gly119) and extend from a conserved cysteine at position 104 (Cys104) to a

conserved phenylalanine at position 118 (Phe118), were translated into putative amino acid sequences in accordance with IMGT

nomenclature.

Circos analysis was performed as in previous studies.14 Circos open-source software was acquired from www.circos.ca. The data were re-

formatted using R tomeet Circos file requirements. Library sizes were normalizedwith Circos ideogram (circumference segments) scaling and

sizing.

SHM in human VH and VL regions were detected through the comparison of B-cell clone lineages and clonotypes. A clone lineage was

defined as a group of B cells descended from the same V(D)J (where J is the joining gene) rearrangement event. A clonotype was defined as a

unique antibody sequence comprising the joined CDR1, CDR2, and CDR3 regions. NGS reads matching the CDR1-2-3 sequence were

clustered into individual clonotypes. Mutations were identified by comparing each nucleotide position (approximately 315 nucleotides)

against the germline sequence, and mutation rates were calculated as percentages. The mutation rate across all positions within the

same clone lineage was aggregated as the clone lineage mutation rate. Moreover, annotated reads displayed variable lengths of antibody

V regions. Therefore, an average V region length per clone lineage was established and standardized to 100.

To estimate BCR diversity in the deep-sequencing data as the diversity index, we calculated the Shannon–Weaver index (H0) using the

following Equation 1.

H0 = �
XS

i = 1

ni

N
ln
ni

N
(Equation 1)

In whichN is the total number of sequence reads, ni is the number of annotated reads, and S is the species number of annotated reads.36 A

greater H0 value reflects greater sample diversity.

Phylogenetic trees (circular dendrograms) were constructedby aligning heavy and light chain CDR3 amino acid sequences using amultiple

sequence alignment programme and the neighbour-joiningmethod.37 Subsequently, two phylogramswere generated (one for unimmunized

IGHLmice and another for RBD-immunized IGHLmice) based on their respective amino acid sequences. Additionally, copies comprising the

same heavy chain CDR3 sequences were quantified and superimposed onto the circular dendrogram leaves. A maximum of 50 reads per

sequence was represented, with the circle size on the leaves increasing proportionally as the read count increased.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism 10 with the two-tailed unpaired Student’s t test. In Figure 3C, a two-tailed paired

Student’s t test was performed. Differences with P-values <0.05 were considered significant (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001,

and ns: not significant).
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