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Humanized immune system (HIS) mice have been developed and used as a small surrogate model to study human immune function under
normal or disease conditions. Although variations are found between models, most HIS mice show robust human T cell responses. However,
there has been unsuccessful in constructing HIS mice that produce high-affinity human antibodies, primarily due to defects in terminal B
cell differentiation, antibody affinity maturation, and development of primary follicles and germinal centers. In this review, we elaborate on
the current knowledge about and previous attempts to improve human B cell development in HIS mice, and propose a potential strategy for
constructing HIS mice with improved humoral immunity by transplantation of human follicular dendritic cells (FDCs) to facilitate the
development of secondary follicles.
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Introduction

Human immune system (HIS) mice with a functional human
lymphohematopoietic system can be in general categorized into
three groups based on the human grafts transplanted into
immunodeficient mice: the first involves transplantation of
human peripheral blood mononuclear cells (PBMCs), the second
is prepared by injection of human hematopoietic stem and
progenitor cells (HSCs/HPCs), and the third is created by co-
transplantation of fetal thymus and HSCs/HPCs (Manz and Di
Santo, 2009; Rongvaux et al., 2013; Sun et al., 2020; Walsh et
al., 2017). Currently, the commonly used HIS mice refer
primarily to immunodeficient mice with engraftment of human
HSCs/HPCs and differentiation and maturation of functional
human immune cells, made by transplantation of human HSCs/
HPCs or HSCs/HPCs plus thymic tissue (Ishikawa et al., 2005;
Lan et al., 2006; Lan et al., 2004; Melkus et al., 2006; Mosier et
al., 1988; Traggiai et al., 2004). Human HSC/HPC engraftment
in mice results in the development of human T cells, B cells,
myeloid cells (e.g., monocytes and dendritic cells (DCs))
(Ishikawa et al., 2005; Lan et al., 2006; Lan et al., 2004;
Melkus et al., 2006; Traggiai et al., 2004), and, with the support
of human IL-15, natural killer (NK) cells, leading to reconstitu-
tion of a functional human immune system (Herndler-Brand-
stetter et al., 2017; Huntington et al., 2009). HIS mice have been
instrumental as an in vivo model for studying immune cell
development and functions, modeling human diseases, and
testing immunotherapies (Akkina, 2014; Allen et al., 2019;
Kitsera et al., 2023; Rongvaux et al., 2013; Stripecke et al.,
2020; Sun et al., 2020; Tan et al., 2017).
Although HIS mice show efficient human B cell development

from HSCs to immature B cells and central B cell tolerance in the
bone marrow, there is a severe defect in the late development
stage of human B cells. Furthermore, the humoral immune
response in HIS mice is more like the extrafollicular response with
low somatic hypermutation (SHM) and class switch recombina-
tion (CSR) (Table 1) (Li et al., 2018; Waltari et al., 2018) due to
the lack of germinal centers (GCs) (Akkina, 2014; Martinez-
Torres et al., 2014; Seung and Tager, 2013; Villaudy et al.,
2014), despite that HIS mice may produce antigen-specific
antibodies following antigen immunization (Tonomura et al.,
2008), xenotransplantation (Habiro et al., 2009) and viral
infections (Sefik et al., 2022; Wahl et al., 2019; Wang et al.,
2022). As a result, HIS mice have not been very useful for
evaluating human vaccines or producing therapeutic human
antibodies. This review dissects and summarizes the previous
findings about and attempts to improve human B cell develop-
ment and function in HIS mice, followed by discussion on the
potential strategies to construct HIS mouse models with
secondary follicle generation and improved antigen-specific
high-affinity human antibody production.

Human immunoglobulin gene rearrangement and B
cell tolerance in HIS mice

After being transplanted into immunodeficient mice, human
HSCs could migrate to and engraft in the mouse bone marrow
(Lapidot, 2001; Peled et al., 1999), then differentiate into
immature B cells with newly generated IgM B cell receptors
(BCRs) (Watanabe et al., 2009). Several studies have confirmed
that HIS mice contain a wide variety of human IgM+ naive B cell
clones. By sequencing of VH regions of human B cells from HIS
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mice generated via human HSC transplantation in irradiated
Balb/c Rag2−/−IL-2Rγ−/− (BRG) newborn mice, previous studies
showed that human IgM BCR repertoires expressed by human B
cells in HIS mice are indistinguishable from those of human
peripheral blood B cells (Becker et al., 2010). It was also reported
that B-cell repertoires of IgM+IgD+CD27− naive human B cells
from NOD/SCID IL-2Rγ−/− (NSG) mice engrafted human
umbilical cord blood CD34+ HSCs are also indistinguishable
from those of humans (Ippolito et al., 2012). Furthermore,
autoreactive B cells were found to be effectively deleted, as shown
by loss of BCRs with autoreactive V genes, during human B cell
development from immature to naive B cell stages in HIS mice,
similar to autoreactive B cell deletion in humans (Ippolito et al.,
2012). This finding was further confirmed by studies analyzing
the affinity of BCRs to multiple autoantigens, in which the
frequencies of poly- and auto-reactive CD19+CD27−CD10+

IgMhighCD21low new emigrant human B cells from HIS mice
were found similar to those of human blood B cells (Cantaert et
al., 2015; Schickel et al., 2016). Using HIS mice grafted with
human HSCs and autologous thymic tissues, a recent study
found that human regulatory T (Treg) cells developing in the
autologous thymus graft can be stimulated by autoantigen-
loaded B cells in an MHC-II-dependent manner and, in turn,
inhibit the accumulation of autoreactive B cells, indicating an
important role for Treg cells in the induction of B cell tolerance
(Chen et al., 2022).
The above-mentioned studies indicate that immunoglobulin

gene rearrangements and central and peripheral negative
selection of human B cells in HIS mice are similar to what was
reported for humans. Thus, HIS mice provide a useful in vivo
model for understanding the development and function of
human naive B cells, e.g., identifying the role and mechanism
of activation-induced cytidine deaminase (AID) in mediating
human central B cell tolerance (Cantaert et al., 2015).
Furthermore, the application of HIS mice was further extended
by their amenability to genetic modification. For example, HIS
mice with transgenic expression of an anti-human Igκ antibody
as a neo-self-antigen have been successfully used in defining the
characteristics of autoreactive human B cells undergoing
tolerance and mechanisms mediating human B cell tolerance
(Table 2) (Alves da Costa et al., 2021; Lang et al., 2016).

Lack of FDCs limits lymphoid follicle formation in
HIS mice

In the human body, immature B cells leave the bone marrow,

circulate through peripheral blood to the spleen, then mature in
the primary lymphoid follicles (Figure 1B) (Carsetti et al., 2004;
Corcoran and Nutt, 2016; Pieper et al., 2013). However,
previous studies have shown that HIS mice, made with human
HSCs alone or along with autologous thymic tissue, do not have
typical lymphoid follicle structures (Blümich et al., 2021; Karpel
et al., 2015). Immunohistochemical analysis revealed that the
lymph nodes of HIS mice were repopulated by human T cells and
B cells, but B cells aggregated loosely and did not form lymphoid
follicle structures (Blümich et al., 2021). Furthermore, human T
cells were found to aggregate around murine splenic arterioles
and form periarteriolar lymphoid sheaths (PALS)-like structures,
and B cells arranged around T cells without forming typical
lymphoid follicles (Figure 1A) (Blümich et al., 2021; Karpel et al.,
2015). In line with these findings, only a small number of
CD138+ plasma cells were detected in the spleen of HIS mice
(Singh et al., 2012).
This loose aggregation pattern of T and B cells was also

observed in FDC-impaired mice (Wang et al., 2011). In normal
primary follicles, FDCs maintain a CXCL13 gradient to recruit B
cells and organize them into lymphoid follicles (Ansel et al., 2000;
Wang et al., 2011). FDCs differentiate from mesenchymal
precursor cells (MPCs) with the stimulation from lymphoid tissue
inducer (LTi) cells and lymphocytes (Bénézech et al., 2010;
Koning and Mebius, 2012) (see below for details). Thus, FDCs
could only be of mouse origin in human HSC-transplanted mice,
but immunodeficient mice are deficient in FDCs due to the lack of
lymphocytes or LTi cells. Furthermore, mouse FDCs were not
detected in the HIS mice following human immune reconstitution
(Takahashi et al., 2017), indicating a failure of human LTi cells
and lymphocytes to stimulate mouse FDC differentiation and/or
keep their survival. Thus, lacking FDCs is likely a key factor
responsible for the limited lymphoid follicle formation in HIS mice.

The humoral immunity in HIS mice likes
extrafollicular B cell responses

Although ample human B cells can be generated in HIS mice,
their maturation is blocked, resulting in a high frequency of
transitional B cells in lymphoid organs and blood (Biswas et al.,
2011; Jangalwe et al., 2016; Watanabe et al., 2009). The
absence of typical primary follicles and germinal centers indicates
that the humoral immunity observed in HIS mice is likely driven
by extrafollicular B cells. The extrafollicular B cell response
occurs typically in the early stage of anti-pathogen responses
mediated by the rapidly produced short-lived plasma cells (Lam et

Table 1. Humoral immunity characteristics in representative HIS mice and healthy human

HIS mice vs. human Human graft Serum IgG level CSR (% IgG+ memory B in
B cells)

SHM (number of muta-
tions) Ref.

BRG mice having the SIRPαNOD
allele (BRGS) HSCs 2–3a) μg mL−1 0.36%b) in lymph node

1.73b) per IGHV in IgG+

/IgA+ memory B cells (Li et al., 2018)

BRG mice having the SIRPαh/m
IL-6h/h allele HSCs (319.3±31.8) μg mL−1 5%a) in spleen 1.16a) per IGHV in IgG+

memory B cells (Yu et al., 2017)

TSLP-transgenic BRGS mice HSCs 1,020a) μg mL−1 4.26%b) in lymph node 1.19b) per IGHV in IgG+

/IgA+ memory B cells (Li et al., 2018)

NSG mice Thy/bone/spleen/HSCs 10–20a) μg mL−1 N/A N/A (Chung et al., 2015)

Human N/A (11.2±2.5) mg mL−1 7.3±3.3 in blood 22±8 per IGHV in IgG+

memory B cells
(Fecteau et al., 2006;

Gonzalez-Quintela et al., 2008)

a) The estimated mean or average range gathered from the results. b) The average values provided in the article.
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Table 2. Cross-reactivity of mouse cytokines and chemokines essential for B cell development and function

Mouse protein Role in B cell development and function Activity on human

IL-7
Support human LTi cell survival and differentiation (Chappaz et al., 2010;

Meier et al., 2007).
Promote pro-B cell proliferation, survival, and maturation (Funk et al., 1993).

Yes (Barata et al., 2006)

SCF Support LTi cell survival and differentiation (Chappaz et al., 2010).
Promote pro-B cell proliferation and survival (Funk et al., 1993). Yes (Xu et al., 1998)

CXCL12

Restricting the entry of self-reactive immature B cells into the periphery
(Alves da Costa et al., 2021).

Recruit GC B cells to the dark zone (Allen et al., 2004).
Control the settlement of human plasma cells (Nakayama et al., 2003).

Yes (Lapidot, 2001; Peled et al., 1999)

BAFF Support transitional B cell survival (Rowland et al., 2010). No (Schmidt et al., 2008)

IL-6 Support plasma cell differentiation (Jourdan et al., 2014). No (Coulie et al., 1989)

IL-15 Support GC B cell proliferation and differentiation (Park et al., 2004). Three orders of magnitude less effective than human IL-15
(Eisenman et al., 2002)

CXCL13 Recruit CXCR5+ T/B cells to form primary follicle and GC (De Silva and Klein, 2015;
King et al., 2008).

Supposed to have no or insufficient cross-reaction
(Dai et al., 2021)

Figure 1. Human B cell development and maturation in HIS mice and humans. A, In LTi-cell repopulated HIS mice, human B cell maturation is blocked at the transitional stage,
without primary follicle and GC development. The humoral response in HIS mice resembles the extrafollicular response, characterized by a limited production of class-switched
antibodies and short-lived plasma cells. B, In the human body, FDCs differentiate from LTo cells under the stimulation from LTi cells and B cells. FDCs then recruit B cells to form
lymphoid follicles by secreting CXCL13. GCs are formed through interactions between antigen-loaded FDCs, activated B cells and TFH cells. The Long-lived plasma cells produced
in the GCs migrate to the bone marrow via the CXCL12-CXCR4 axis.
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al., 2020). The humoral immune response in HIS mice has
similar characteristics to the extrafollicular B cell response with
low SHM, low-affinity maturation, and high-frequency auto-
reactive antibody production (Chang et al., 2012; Jacob and
Kelsoe, 1992; MacLennan et al., 2003; McHeyzer-Williams et al.,
1993). Previous studies have shown that human follicular helper
T (TFH) cells, which are known to play an essential role in
extrafollicular B cell responses by providing CD40 and IL-21
stimulatory signals that amplify the responses and induce small
amounts of class-switched, low SHM antibody production (Lee et
al., 2011; Sweet et al., 2011; Taylor et al., 2012), can develop in
HIS mice (Godot et al., 2020; Li et al., 2018; Vecchione et al.,
2022). Thus, HIS mice are considered useful in modeling human
early anti-pathogen antibody responses.
Autoimmune diseases with excessive inflammatory reactions

are often accompanied by disordered extrafollicular B cell
responses (Elsner and Shlomchik, 2020). For example, systemic
lupus erythematosus (SLE) has a typical extrafollicular B cell
response (Jenks et al., 2019; Jenks et al., 2018), and the
pathology of SLE is dominated mainly by producing pathogenic B
cells and autoantibodies (Jenks et al., 2018; Nakano et al., 2008).
Thus, HIS mice may also provide an important model for
studying autoimmune diseases. In support of this possibility, the
HIS mouse SLE model induced by pristane injection was found to
recapitulate the key features of SLE patients, including lupus
nephritis, pulmonary serositis, and an increase of human
autoantibodies (Gunawan et al., 2017).

Mouse LTi cell repopulation cannot restore mouse
FDCs in HIS mice

The IL-2Rγc mutation is a common choice for constructing
highly immunodeficient mice. However, IL-2Rγc is a composition
of the IL-7 receptor heterodimeric complex (Noguchi et al.,
1993), and the absence of the IL-7 receptor signal blocks the
development of LTi cells that are essential for generating the
secondary lymphoid organ (Huang and Luther, 2012). Two
transgenic mouse strains have been developed to restore LTi cell
development in IL-2Rγnull mice. In the first model, LTi cell
number and lymph node development were restored in NOD/
SCID IL-2Rγnull mice by LTi cell-specific expression of IL-2Rγc
(Takahashi et al., 2017). However, mouse FDCs were undetect-
able in the lymph nodes of these mice following human CD34+

cell transplantation, and no improvement in primary follicle or
GC formation was detected in these HIS mice (Takahashi et al.,
2017). The enlarged lymph nodes observed in these mice are
believed to be resulted from the improved development of other
lymphoid tissue stromal cells, such as fibroblastic reticular cells
(FRCs) that can develop independently of lymphocytes (Balogh et
al., 2004). In another model, the development of LTi cells and
lymph nodes was restored in Rag2−/−IL-2Rγ−/− mice by
transgenic overexpression of thymic stromal lymphopoietin
(TSLP) that has similar bioactivity with IL-7 in lymphopoiesis
(Chappaz and Finke, 2010; Li et al., 2018), and like the model
described above, this approach also failed to improve mouse FDC
development (Chappaz and Finke, 2010). Although HIS mice
made using these mice exhibited improved human humoral
immunity, as shown by improved lymph node development,
more IgG antibody and mature B cell generation (Li et al., 2018),
the SHM frequency in these HIS mice is still much lower than
that in humans (Table 1).

As B cells are necessary for the survival and maintenance of
FDCs in lymphoid follicles (Fu et al., 1998), we speculate that B
cell deficiency is responsible for the absence of mouse FDCs in LTi
cell-restored immunodeficient mice (Chappaz and Finke, 2010).
In support of this possibility, transplantation of mouse B cells
effectively restored mouse FDC networks in SCID mice with
normal LTi cells (Yoshida et al., 1995). Although HIS mice have
functional B cells, human B cells may not maintain mouse FDCs
due to poor or no cross-species reactivity of mouse FDCs to
human tumor necrosis factors (TNF) and lymphotoxin (LT) α1β2.
Taken together, we propose that mouse LTi cells are unable to
restore mouse FDCs in HIS mice.

Mouse FDC reconstitution is unlikely to result in the
improved formation of primary follicles or germinal
center in HIS mice

The lack of FDCs is a key factor causing incomplete humoral
immunity in HIS mice. Although attempts were made to improve
secondary lymphoid tissue development in HIS mice by restoring
mouse FDCs (Li et al., 2018; Takahashi et al., 2017), this
approach may not efficiently solve the problem for the following
reasons. First, there is a lack of cross-species reactivity between
cytokines and chemokines produced by mouse FDCs on human B
cells (Table 2). Specifically, the recruitment of B cells and TFH
cells for the formation of primary follicles and germinal centers
(GCs) relies on FDC-derived CXCL13 (De Silva and Klein, 2015;
King et al., 2008). Although there is no direct evidence
demonstrating the lack of cross-reactivity of between mouse
CXCL13 and human CXCR5, the low amino acid identity (40%)
between mouse and human CXCL13 (Dai et al., 2021) indicates a
likelihood of no or insufficient cross-reaction between mouse
CXCL13 and human CXCR5. Moreover, in GCs, IL-6, IL-15 and
BAFF produced by FDCs are essential in promoting B cell survival,
proliferation and differentiation (Jourdan et al., 2014; Park et al.,
2004; Rowland et al., 2010; Schmidt et al., 2008). However,
none of these cytokines of the mouse is effective on human cells
(Coulie et al., 1989; Eisenman et al., 2002; Schmidt et al., 2008).
Second, FDCs trap and retain unprocessed antigens through Fc

and complement receptors (Heesters et al., 2016; Roozendaal
and Carroll, 2007; van der Poel et al., 2019). Although mouse
FDCs may load the immune complexes formed by mouse
antibodies and antigens and then present the antigens to human
B cells (El Shikh et al., 2009; Fakher et al., 2001), HIS mice do
not have mouse antibodies, and there is no evidence that mouse
FDCs can trap and retain the immune complexes composed of
human antibodies and antigens and then present to human B
cells. On the other hand, naive B cells are essential in
transporting antigens to FDCs (Heesters et al., 2014). Naive B
cells also activate FDCs and promote the development of
secondary follicles when transporting immune complexes to
FDCs (El Shikh et al., 2006). However, it has not been
demonstrated that human B cells can transport immune
complexes to mouse FDCs. Thus, mouse FDC reconstitution is
unlikely to be an effective approach to improving the formation of
primary follicles or GCs in HIS mice.

Human FDC reconstitution has the potential to
restore the secondary follicles in HIS mice

In normal lymph organs, the secondary follicles are mainly
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composed of three types of cells: B cells, FDCs, and TFH cells (De
Silva and Klein, 2015). HIS mice have abundant human B cells
and functional PD-1+CXCR5+ human TFH cells (Godot et al.,
2020; Li et al., 2018; Vecchione et al., 2022). Thus, the lack of
secondary follicles in HIS mice is likely due to the absence of
human FDCs. Although there is no direct evidence that human
FDC reconstruction in HIS mice can restore secondary follicles,
previous studies have shown human FDCs can survive in
immunodeficient mice (Blades et al., 2002; Chung et al., 2015;
Shih et al., 2000). Furthermore, transplantation of human
spleen tissues as a source of human FDCs to HIS mice has been
shown to be effective in reconstructing secondary follicles in HIS
mice that were additionally transplanted with human fetal
thymus, bone tissue and CD34+ cells; termed TBS34N mice
(Chung et al., 2015). In this model, the human fetal spleen grafts
had a prominent lymphoid follicle structure with human FDCs
(Chung et al., 2015). Unexpectedly, human FDCs were also
detected in mouse spleen (Chung et al., 2015), indicating the
existence of migratory FDC progenitors in these HIS mice.
Additionally, GC-associated AID+ human B cells and CD71+BR3+

activated human GC B cells were also detected in the mouse
spleen, suggesting the development of GCs in these HIS mice
(Chung et al., 2015). However, GC functions such as antibody
affinity maturation have not been tested (Chung et al., 2015).
Given that the serum IgG concentration was still three orders of
magnitude less than that in humans (Table 1), GCs in these HIS
mice were likely not fully functional. This could be due to the low
number of human FDCs or their progenitors transplanted. Thus,
transplantation of enriched human FDCs is expected to facilitate
the development of primary and secondary follicles in HIS mice
(Figure 2).
Human MPC transplantation may possibly be an alternative

approach to achieve human humoral immunity in HIS mice.
FDCs are derived from MPCs (Bénézech et al., 2010; Koning and
Mebius, 2012; Krautler et al., 2012). In response to retinoic acid
(RA), the vitamin A metabolite that is highly conserved in

vertebrates, MPCs produce CXCL13 (van de Pavert et al., 2009)
to recruit CXCR5+ LTi cells, which then provide LTα1β2 to
stimulate MPCs to differentiate into lymphoid tissue organizer
(LTo) cells (Bénézech et al., 2010; Vondenhoff et al., 2009). With
maturation, LTo cells produce more CXCL13 (Cupedo et al.,
2004; Yoshida et al., 2002) to recruit activated CXCR5+ B cells,
which provide LTα1β2 and TNF to induce LTo cell differentiation
into FDCs (Fu et al., 1998; Koning and Mebius, 2012). Human
Group 3 innate lymphocytes (ILC3s) include LTi cells (CD56−

NKp44−), NCR− ILC3 (CD56+NKp44−), and NCR+ ILC3 (CD56+

NKp44+) (Killig et al., 2014; Montaldo et al., 2015). Although
there has been no direct evidence demonstrating the presence of
LTi cells in HIS mice, HIS mice were reported to develop human
ILC3s (Lopez-Lastra et al., 2017; Raykova et al., 2017).
Furthermore, SCF and IL-7 are sufficient to induce LTi-cell
differentiation from common ILC progenitors in vitro (Chappaz et
al., 2010; Montaldo et al., 2014), and mouse IL-7 and SCF
exhibit cross-species reactivity on human cells (Barata et al.,
2006; Manz, 2007; Xu et al., 1998). Furthermore, because all
ILC3s are differentiated from the same progenitors (Guia and
Narni-Mancinelli, 2020), the development of human LTi cells is
likely achievable in HIS mice. These observations support the use
of human MPCs to improve the development of primary and
secondary follicles (Figure 3), hence humoral immunity. Because
MPCs are much easier than FDCs for collection and in vitro
expansion, MPC transplantation may be more practical.

Concluding remarks

HIS mice hold a sub-functional humoral immune system, as
shown by restricted human B cell maturation and production of
low-affinity antibodies with limited SHM and CSR (Table 1), and
these defects are caused by the lack of primary follicles and GCs.
Nonetheless, currently available HIS mouse models have been
proven useful in studies on the development and function of
human naive B cells and, to a certain extent, antibody responses

Figure 2. Human FDC transplantation restores human B cell development in LTi-cell repopulated HIS mice. The transplanted human FDCs secrete CXCL13 to recruit human B
cells and form primary follicles. Mouse LTo cells secrete CXCL13 to recruit mouse CXCR5+ LTi cells, while membrane-bound LTα1β2 on the mouse LTi cells promote
differentiation of mouse LTo cell into FRCs. After antigen stimulation, activated human B cells and human TFH cells migrate into follicles where they form GCs with the assistance
of human FDCs. Subsequently, newly generated human long-lived plasma cells are attracted by mouse CXCL12 and home to the bone marrow of mice. Human cell types and
proteins are denoted in red while those of mouse origin are indicated in black.
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under physiological and pathogenic conditions. However, these
HIS mice are insufficient for characterizing human B cell SHM or
CSR, testing vaccine efficacies, or producing fully-human
therapeutic antibodies. Thus, further improvement of the human
humoral immunity in HIS mice is highly attractive. Based on
previous findings, we propose that the lack of human FDCs is the
key factor resulting in the absence of lymphoid follicles and GCs
(Figure 1). This possibility is further supported by the fact that
transplantation of FDC/PMC-containing human lymphoid
(lymph node or spleen) tissues is the most effective approach
among previously reported efforts. This approach, however, still
fails to significantly increase production of human IgG anti-
bodies, likely due to the low number of FDCs/PMCs in the human
lymphoid tissue graft. Thus, transplantation of enriched human
FDCs or MPCs may have the potential to substantially improve
the human humoral immune system in HIS mice.
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