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BLT Bone marrow, liver, thymus
BRG BALB/c Rag2−/− IL-2Rγc

−/−

BRGS BALB/c Rag2−/− IL-2Rγc
−/− SIRPαNOD

DC Dendritic cells
FDC Follicular dendritic cells
FL Fetal liver
FRC Fibroblastic reticular cells
GvHD Graft-versus-host disease
HIS Human immune system
hHSPC Human hematopoietic stem and progenitor cells
hTSPC Human thymus seeding progenitor cells
ISP Immature single positive
LN Lymph node
LTi Lymphoid tissue inducer
NOD Nonobese diabetic
NOG NOD/Shi-scid/γcnull

NSG NOD.Cg-Prkdcscid IL2rgtmlWjl/Sz
SCID Severe combined immuno-deficiency
TFH T follicular helper
UCB Umbilical cord blood
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10.1  A Large Collection of Mice Humanized  
for the Immune System

The experimental, prospective analysis of human hematopoietic development and 
function is complex, for technical, ethical, and practical reasons. Human immunol-
ogy mostly relies either on in vitro systems, or on observations in clinical settings. 
Tackling these limitations, and facing the lack of appropriate models to study HIV, 
several pioneering groups developed in the late 1980s chimeric mouse models of 
human immunity based on the transplantation of human hematopoietic cells into 
various immunodeficient mouse recipients [1–3]. The history of humanized mouse 
models of hematopoiesis has already been reviewed before, providing an extensive 
overview of the incremental optimization strategies that have been applied over the 
past two decades to meet desired features for such “human immune system” (HIS) 
mice [4–10].

In brief, three main criteria have been demonstrated to strongly impact on the 
stability of the human hematopoietic xenograft in HIS mice: (i) the degree of immu-
nodeficiency of the mouse recipients (the inactivation of mouse Rag2 and IL-2Rγc 
gene expression being particularly beneficial, as it fully abrogates the mouse T/B 
and NK cell development, respectively); (ii) their genetic background (the nonobese 
diabetic (NOD) and BALB/c strains being for instance particularly permissive, in 
contrast to the C57BL/6 strain); and (iii) the age at which the mice receive the xeno-
transplant (newborns being more permissive than adult animals). Additional many 
technical variations (e.g., site of transplantation, origin of the human hematopoietic 
cells, coengraftment of human tissues, and treatment of the recipient mice with 
exogenous products) have been applied, each with specific advantages and draw-
backs. Among those, HIS mouse models generated through the transplantation of 
human hematopoietic stem and progenitor cells (hHSPC) are particularly attractive, 
as they should provide systems supporting multilineage human hematopoietic re-
constitution in a durable fashion, allowing long-term studies in a more physiologi-
cal environment. The past decade has seen the emergence of two major families of 
HIS mouse models: One based on the transplantation of hHSPC suspensions alone 
and another on hHSPC transplantation together with human fetal thymic tissues. 
Both families of models make use of various immunodeficient mouse genetic back-
grounds, mainly NOD-based and BALB/c-based.

10.2  Humanized Mouse Generation with Hematopoietic 
Progenitors Only

NOD background-based mouse strains, either originating from the Jackson Labora-
tories in the USA (NSG [NOD.Cg-Prkdcscid IL2rgtmlWjl/Sz] mice) or from the Cen-
tral Institute for Experimental Animals in Japan (NOG [NOD/Shi-scid/γcnull] mice), 
are widely used to generate HIS mice. Human hematopoietic reconstitution was 
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demonstrated in both newborn and adult NSG/NOG mice, although newborn ani-
mals are more permissive to the xenograft [11–15]. A common strategy nowadays 
involves conditioning of newborn animals by sublethal irradiation followed by a 
single injection with a suspension of 105–106 human umbilical cord blood (UCB) 
or fetal liver (FL) CD34+ cells, a cellular fraction known to be enriched for hH-
SPC. Transplantation of as few as ten purified CD34+CD38−CD90+CD45RA−Lin− 
hHSPC resulted already in human hematopoietic reconstitution in NSG or NOG 
mice [16, 17]. The particularly high efficiency of xenotransplantation in the NOD 
background can be explained by the combination of defective function of mouse 
complement, mouse plasmacytoid dendritic cells (DC), and/or mouse phagocytes 
[18–20]. Of note, due to the scid mutation, NSG/NOG mice exhibit an ineffective 
DNA repair machinery and are therefore particularly radio-sensitive, which may 
explain the relatively short life-span of NSG mice (< 6 months) after completion of 
the humanization procedure [21].

We and others have shown that newborn (≤ 5-day-old) BALB/c Rag2−/− IL-
2Rγc

−/− (BRG) mice can also serve as a recipient for a hHPC xenograft, follow-
ing the aforementioned straight-forward reconstitution strategy [22, 23]. Human 
hematopoietic reconstitution is directly dependent on the transplantation age, since 
1-week and 2-week-old recipient BRG animals exhibit a severely reduced capacity 
to support the generation of a human hematopoietic (hCD45+) cell graft, which is 
virtually absent when starting from adult BRG animals [22, 24]. Of note, human he-
matopoietic reconstitution is inefficient in C57BL/6 Rag2−/− IL-2Rγc

−/− recipients, 
both with newborn or adult animals [24, 25].

10.3  Humanized Mouse Generation with an Additional 
Human Thymus Organoid

The second major family of HIS mice—known as BLT (for “bone marrow, liver, 
thymus”) mice—is reminiscent of the original SCID-hu Thy/Liv mice [1]. In this 
model, xenotransplantation of human fetal thymus and fetal liver fragments is per-
formed under the kidney capsule of immune-deficient C.B-17 SCID mice, a natural 
immune-deficient mouse strain in which T- and B-cell development is inhibited due 
to a defective V(D)J recombination process—although T and B cells are detectable 
in some mice, a phenomenon known as “T/B cell leakiness” [26–28]. As a result, a 
human thymus organoid engrafts and becomes the major site of human thymopoi-
esis. Still, only a minority of the SCID-hu Thy/Liv animals (~ 1 out of 3) contain a 
detectable population of human hematopoietic cells, which all belong to the T cell 
lineage and only represent a minor fraction (~ 0.7 %) of all leukocytes [29]. Partly 
because mouse T and B cells may arise and mouse NK cells are normal in the C.B-
17 SCID background, the human xenograft is eventually lost over time, probably 
due to immune rejection. To resolve these issues, a similar technical strategy has 
later been applied to NOD-based immuno-deficient mouse strains to generate BLT 
mice [30–32]. Similarly to SCID-hu Thy/Liv mice, the BLT model is intrinsically 
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more challenging to construct due to specific technical constrains—e.g., depen-
dency on human fetal tissues, requirement for delicate surgery, but it exhibits at-
tractive features—in particular a relatively large human peripheral T-cell population 
which has permitted major achievements in the HIV field [33]. Nevertheless, it 
was recently reported that BLT mice develop over time a wasting syndrome due to 
graft-versus-host disease (GvHD), a feature that may limit the use of BLT mice in 
long-term settings [34–36].

10.4  Human T-Cell Development in HIS Mice

The most recent, aforementioned HIS mouse models (NSG/NOG, BRG, and BLT) 
all support de novo, multilineage human hematopoiesis, including human T-cell 
development. BRG-HIS and NSG/NOG-HIS mice rely on the mouse thymus for 
the generation of human T cells, as illustrated by the absence of human T cells in 
thymus-deficient nude BRG-nu/nu mice after hHSPC inoculation [37]. In contrast, 
human T-cell development in BLT mice mostly takes place in the ectopic human 
thymic organoid deriving from the human fetal tissues engrafted under the kidney 
capsule. This fundamental distinction obviously imposes major differences on their 
relative capacity to support human T-cell production, as human thymopoiesis is 
likely to be more efficient in a human microenvironment.

It is currently unknown whether the hHSPC established in HIS mice are able to 
generate human thymus seeding progenitor cells (hTSPC) as efficiently and using 
the same differentiation pathway as in human individuals. Furthermore, different 
hTSPC might colonize a mouse thymus (NSG/NOG; BRG) vs. a human thymic 
organoid (BLT), an issue that requires further investigations. It has been described 
that CD34+CD38low human thymocytes contain the earliest immature thymocyte 
population, since they mostly lack TCR gene rearrangements and contain T cell, 
DC, and NK cell precursor activities [38–41]. This cell population resembles 
CD34+CD45RA+CD7+CD38low cells found in human UCB, which are also able to 
give rise to T cells [42, 43]. Of note, it has been shown that human fetal bone 
marrow CD34+CD45RA+CD7+ cells can be actively recruited to immuno-deficient 
mouse (NOD.scid) thymic lobes, where they commit to the T cell lineage [44].

Overall, one can therefore speculate that hTSPC are generated in HIS mice from 
the transplanted CD34+ hHSPC and are then able to colonize the murine thymus. In 
BLT mice, hTSPC populate both the murine thymus and the human thymic organ-
oid of BLT mice—potentially resulting in a more effective engraftment. It is likely 
that different sources of human hHSPC, which significantly differ in their develop-
mental status (e.g., FL, UCB, and adult bone marrow) result in major differences 
in the degree of hTSPC generation and thymus engraftment. For instance, we have 
consistently observed that thymus colonization occurs at least two weeks earlier in 
FL CD34+ hHSPC-injected BRG mice, as compared to UCB CD34+ hHSPC-inject-
ed BRG mice (unpublished observation), and similar kinetic differences have been 
reported for total human hematopoietic reconstitution [45]. These observations 
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might be due to intrinsic differences when considering the differentiation capacity 
of each of these hHSPC sources. It is also possible that the frequency of pluripotent 
CD34+CD38− hHSPC present in the CD34+ cell population used as the original in-
oculum determines the degree of colonization, since this frequency is significantly 
higher when using FL samples (30–50 % vs. < 1 % in UCB).

Colonization of the mouse thymus in BRG-HIS or NSG/NOG-HIS mice is initi-
ated 2–4 weeks after the hHSPC transplantation, and leads to limited accumula-
tion of human thymocytes in situ. NSG/NOG-HIS mice tend to exhibit lower hu-
man thymocyte numbers (0.1–0.5 × 106 cells) than BRG-HIS mice (1–5 × 106 cells) 
[11–13, 15, 22, 23, 46, 47]. In contrast, the size of the human thymic organoid 
in NSG-BLT mice after hHSPC transplantation is much higher (~ 70 × 106 human 
cells), with high-interindividual variability [48]. Thymic tissues (mouse and human 
organoid) get organized with cortex- and medulla-like regions, which mostly con-
tain immature, CD4+CD8+ double-positive thymocytes and mature, CD4+ or CD8+ 
single-positive thymocytes, respectively—as seen in mouse or human thymus con-
trol tissues [11, 14, 23, 49–51].

Altogether, the human thymocyte differentiation pattern in HIS mice is similar 
to what is reported from normal human thymus samples with respect to the major 
cell surface markers [52]. As in the human thymus, the rare CD34+CD1a− cells 
observed in the thymus of HIS mice may contain dual T/NK cell precursors, which 
would correlate with local, relatively high accumulation of discrete human NK 
cell sub-populations [53, 54]. Acquisition of CD1a expression marks commitment 
towards the T-cell lineage, and CD34+CD1a+ cells subsequently differentiate into 
CD4+ immature single positive (ISP) cells, which contain precursors of both αβ and 
γδ T cells [52]. The heterogeneous CD4+CD8+ double-positive immature thymo-
cyte population expresses variable levels (mostly from negative to dim) of CD3ε 
on cell surface, whereas mature CD4+ or CD8+ thymocytes express high levels of 
surface CD3ε and have lost the expression of CD1a. Most of the mature thymocytes 
(~ 99 %) belong to the Tαβ lineage. A fraction (1–5 %) of CD4+ mature thymocytes 
resemble “natural” regulatory T cells (CD25+GITR+FOXP3+), both phenotypically 
and functionally [55–59].

10.5  Human Peripheral T-Cell Homeostasis in HIS Mice

Once they reach a mature stage, human thymocytes (including γδT cells and Treg 
cells) colonize lymphoid organs and peripheral tissues of HIS mice, with kinetics 
that differ from other human hematopoietic lineages. Sequential analysis of human 
cell content in peripheral organs of BRG-HIS mice shows initial colonization by 
immature/naive B cells, followed by gradual T-cell accumulation, which correlates 
with accumulation of mature/memory-like B cells and serum human IgG over time 
[46, 60]. At early time points after reconstitution, reconstitution of human cells in 
HIS mice therefore mimic the situation of young infants or lymphopenic patients, 
e.g., shortly after hHSPC transplantation, who exhibit relatively immature, partially 
functional immune systems [61].
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The relative proportion of human hematopoietic cell subsets in peripheral lym-
phoid organs of all HIS mouse models is reminiscent of a mouse situation, with high 
proportion of lymphocytes and low frequency of granulocytes, in contrast with nor-
mal human blood. Overall, the number of human leukocytes found in adult BRG-
HIS mice is relatively low as compared to what is observed for murine leukocytes in 
immuno-competent mice (e.g., for BRG-HIS mice: 20–30 % of BALB/c leukocyte 
numbers in the bone marrow, 1–2 % in the thymus, and 1–5 % in the spleen) [22–24, 
46]. Transplantation of hHSPC into NOD-based immuno-deficient mice results in 
higher numbers of human hematopoietic cells (two to tenfold depending on the 
secondary lymphoid organ) than in BRG-HIS mice [24, 45]. This difference is ap-
parent only when the actual cell numbers are determined by counting, as similar 
relative frequencies of human (hCD45+ vs. mCD45+) leukocytes have been reported 
in several NOD-based and BRG-HIS mice.

Major differences have been reported between BRG, NSG/NOG, and BLT mice 
regarding the actual frequency and phenotype of human T cells in the secondary 
lymphoid organs of hHSPC-reconstituted animals. In the spleen, T cells usually 
represent less than 10 % of human leukocytes in adult (~ 14-week-old) BRG-HIS 
mice [22–24, 46], around 10–20 % in NSG/NOG-HIS mice [11–15] and > 50 % of 
human leukocytes in BLT mice [30–32]. Large numbers of naive (CCR7+CD45RA+ 
or CD27+CD45RO−) T cells are observed in BLT and NSG/NOG-HIS mice, where-
as BRG-HIS mouse T cells mostly exhibit a phenotype of activated, cycling (Ki67+ 
or BrdU-incorporating), apoptosis-prone cells [24, 55]. BRG-HIS mice also tend 
to show the accumulation in peripheral lymphoid organs of CD4+CD8+ double-
positive T cells, which may correspond to a population of human activated T cells 
usually observed in inflammatory conditions [24, 62].

The major difference in reconstitution of human hematopoietic cells between 
NOD-based and BRG-HIS mice is likely to be caused by mouse phagocytic activ-
ity against human xenografts in the BRG-HIS mouse model [19, 21, 24]. Deple-
tion of mouse phagocytes using clodronate-containing liposomes has been shown 
to enhance human hematopoietic cell accumulation in various HIS mouse settings 
[4, 63]. Further evidence for a major role of phagocytic cells in limiting human 
cell engraftment in BRG mice comes from analysis of the phagocytosis-inhibiting 
receptor SIRPα. CD47, the ligand for SIRPα, is broadly expressed on hematopoietic 
and nonhematopoietic cells [64, 65]. Mouse phagocytes in the BRG mice are unable 
to integrate signals from human CD47, whereas in NOD mice these phagocytes 
express a human CD47-compatible allele of the phagocyte-inhibiting SIRPα recep-
tor [19].

Full inactivation of antihuman phagocytic activity through optimal hCD47/
SIRPαNOD interactions thus explains the relatively high degree of human hemato-
poietic cell accumulation in NSG/NOG mice. We and others have demonstrated that 
a similar level of human cell accumulation can be obtained in the BRG recipient 
mice, either by transgenic expression of human SIRPα [21], enforced expression 
of mouse CD47 DNA into hHSPC prior to transplantation, or by using congenic 
BRG SIRPαNOD (BRGS) mice [24]. We have shown that human T cells, NK cells, 
and hHSPC are particularly sensitive to phagocyte-mediated cell removal and that 
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compatible CD47/SIRPα interactions leads to the selective accumulation of naive, 
resting T cells in the BRG background and severe reduction of the frequency of 
activated, inflammation-associated CD4+CD8+ T cells in secondary lymphoid or-
gans [24]. Of note, similar genetic engineering or congenic approaches also allow 
for efficient human hematopoietic reconstitution in the “nonpermissive” C57BL/6 
mouse background [24, 66].

Both NSG/NOG-HIS mice and BLT mice share a compatible CD47/SIRPα me-
diated tolerance of mouse phagocytes, and the difference between these two mod-
els in terms of peripheral human T cell accumulation should be caused by another 
feature. Considering the size of the thymopoiesis-supporting organ in BLT mice, 
it is likely that human mature T cell export to peripheral organs is higher in these 
mice. It is estimated that ~ 1–2 % of thymocytes are exported to peripheral lymphoid 
organs each day [67–69], and that reduced thymopoiesis—as seen for instance in 
BRG-HIS and NSG/NOG-HIS mice—can only be partially compensated by an en-
hancement of thymus cell export [70]. Furthermore, the human thymic organoid in 
BLT mice is a nonnegligible source of human IL-7, a central factor in the develop-
ment and peripheral maintenance of naive T cells that is expressed by bone marrow 
stromal cells and thymus epithelial cells, as well as various cell types in secondary 
and tertiary lymphoid tissues [71–73]. Mouse IL-7 interacts with the human IL-7 
receptor, but less efficiently than human IL-7. Therefore mouse IL-7 does not fully 
compensate for human IL-7 absence in HIS mice, and human IL-7 supplementation 
in humanized mice indeed potentiates human T-cell development and/or peripheral 
survival [6, 14, 47, 74].

10.6  Human Hematopoietic Cell Colonization of Lymph 
Nodes in HIS Mice

Human hematopoietic cell reconstitution of mouse lymph nodes (LN) is described 
as particularly limited in several HIS mouse models making use of the IL-2Rγc 
deficiency. This feature might be due to the inability of human hematopoietic cells 
(in particular human T cells) to migrate to these tissues, or to defective LN micro-
architecture characteristics impairing entry/retention of hematopoietic cells. It is 
well documented that LN organogenesis requires signaling via the IL-7 receptor—
composed of IL-7Rα and IL-2Rγc chains—and IL-2Rγc-deficient hosts therefore 
lack LN, with the notable exception of mesenteric LN. Deficiency in IL-7 signal-
ing in IL-2Rγc-deficient mice consequently leads to defective generation of bone 
marrow-derived CD4+CD3−IL-7Rα+ lymphoid tissue inducer (LTi) cells [75]. When 
coinjected to NOD.scid BLT mice—i.e., a HIS mouse model without LN organo-
genesis defect—human and mouse CD4+ T cells can colonize mesenteric LN with 
similar efficiencies, whereas entry of human CD4+ T cells to peripheral LN is 50 % 
less efficient [76]. A less efficient entry of human hematopoietic cells into mouse 
peripheral LN combined to specific microenvironment architecture defects in IL-
2Rγc-deficient immuno-deficient mouse strains might thus explain the relatively 
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poor accumulation of human immune cells in such tissues. Chemokines promoting 
recruitment of hematopoietic cells to LN—such as CCL19, CCL20, or CCL21—are 
mostly expressed by nonhematopoietic tissues and show limited sequence identity 
(65–75 %) between mouse and human [10, 77]. Such interspecies incompatibilities 
may limit the efficacy of human hematopoietic cell chemo-attraction to mouse pe-
ripheral LN.

Interestingly, studies reporting improved LN colonization by human hematopoi-
etic cells are obtained in HIS mouse models generated with optimized humanization 
protocols. For instance, more systematic peripheral lymph node reconstitution as 
been described in BRG-HIS mice cotransplanted with UCB CD34+ cells and autol-
ogous CD2−CD3−CD34− “support cells” [46], or in BRGS-HIS mice generated with 
FL CD34+CD38− hHSPC [24]. As the most up-to-date HIS mouse models allow 
for enhanced accumulation of human hematopoietic cells, the potential emergence 
of discrete human hematopoiesis-derived subsets, such as human LTi-like cells, is 
also reported [24, 78]. It is not clear yet whether such human cells could impact on 
mouse LN organogenesis and/or organization over time, an interesting issue that 
deserves further investigations. Of note, BRG-HIS mouse LN reconstitution was 
recently described as a long-term, T-cell-dependent phenomenon, since LN con-
taining only human B cells were never observed in such mice [46]. Overall, it can 
therefore not be excluded that long-term cross-talk between human hematopoietic 
cells and mouse stromal/epithelial components leads to beneficial features on LN 
tissue microarchitecture—a feature that may now be possible to explore in the latest 
generation of HIS mice.

10.7  Human T-Cell Repertoire and Selection in HIS Mice

The analysis of the T-cell repertoire available in various HIS mouse models has 
been performed, either by flow cytometry for the relative representation of the 
various TCR-Vβ families or by TCR-Vβ CDR3 length monitoring. CDR3 length 
analysis provides a fair indication of TCR-Vβ repertoire diversity. Overall, TCR-Vβ 
repertoire in the thymus or peripheral lymphoid organs of BLT or NSG/NOG mice 
was indistinguishable from the repertoire of control, human PBMCs, whereas BRG-
HIS mice exhibited a more restricted, oligoclonal repertoire [11, 23, 30, 48, 51, 57, 
79–81]. This observation was consistent with the notion that the NOD-based HIS 
mouse models are more permissive to the accumulation of human hematopoietic 
cells than the BRG strain, as discussed earlier. Furthermore, oligoclonality of the 
TCR-Vβ repertoire in BRG-HIS mice is probably further reinforced by the fact that 
human T cells are cycling in an extensive manner in this model [55], a feature that 
is corrected in presence of compatible CD47/SIRPα interactions, like in BRGS-HIS 
mice [24].

The exact nature of MHC restricting elements for HIS mouse human T cells 
remains a matter of debate. It is usually considered that positive selection of devel-
oping thymocytes is mostly mediated by cortical thymic epithelial cells. Still, there 
are experimental conditions in which alternative positive selection pathways might 
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exist, based on interactions with hematopoiesis-derived cells. For instance, nu/nu 
H-2b mice receiving a H-2k thymus graft or a rat thymus xenograft mostly mount 
a H-2b-restricted anti-LCMV cytotoxic T cell response [82]. Furthermore, nu/nu 
H-2b mice receiving a H-2k thymus graft and partially reconstituted with T cell in-
competent (Rag1−/−) H-2k bone marrow progenitor cells were able to mount T cell 
responses restricted to both host and donor MHC molecules [82].

These results tend to argue in favor of flexibility during the process of T-cell se-
lection, and the mouse/human chimeric composition of the hematopoietic compart-
ment in HIS mice should deliver a mixed H-2/HLA restriction of the human T-cell 
repertoire. Detection of H-2 vs. HLA-restricted antigen-specific T-cell responses 
further depends on other aspects, such as the niche in which the antigen is pre-
sented (e.g., specific cell subsets supporting the replication of a live pathogen) and 
the technical tools used to detect a T-cell response (e.g., tetramers, peptide pools), 
which might be not ideal in some specific HIS mouse situations. HLA-restricted, 
antigen-specific human CD8+ T-cells responses can be detected in BLT or HLA-
expressing HIS mice infected with human-specific, lymphotropic viruses such as 
HIV, EBV, or dengue virus [31, 83–86]. It remains unclear though whether the HLA 
molecules expressed by the mouse recipients should match with the HLA haplotype 
of the hHSPC donor cells for maximized efficacy.

Last, the question of T cell negative selection in HIS mice also remains particu-
larly elusive. In theory, deletion of human T cells reactive to mouse tissue antigens 
should be occurring in the mouse thymus, based on interactions with AIRE-express-
ing medullary thymic epithelial cells. Such a feature should not be observed in the 
human thymic organoid of BLT mice, which would by definition only permit nega-
tive selection based on expression of human genes, therefore fitting with the relative 
dichotomy between BLT and BRG/NSG/NOG HIS mouse models as far as GVHD 
incidence is concerned [34–36]. Still, functional tolerance could also be imposed 
through the generation of human regulatory T cells, for instance in the thymus via 
the interactions with mouse and/or human DC [36, 87, 88], but this point remains 
to be clarified.

10.8  Improving Human T-Cell Biology in HIS Mice

All current HIS mouse models share similar limitations that provide leads for the 
identification of the next HIS mouse optimization increment. In steady state condi-
tions, the number of human hematopoietic cells present in central and peripheral 
organs is relatively low, lymph node organogenesis is limited but appears to be 
connected to T-cell reconstitution levels. The concentration of plasma immuno-
globulins is low, very variable between individual HIS mice and usually represents 
~ 1–10 % of normal mouse and human levels. Last, immune responses in HIS mice 
are most of the time faint, with high-interindividual variability. In particular, B-cell 
responses are characterized by weak immunoglobulin isotype switch to IgG and 
low frequency of somatic hypermutations. High inter- and intramodel variability 
could in part be due to the very diverse reconstitution protocols used, when consid-
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ering hHSPC origin, potential coinjection of support cell population and cytokine-
based precultures, as well as housing conditions for mouse colonies.

In this context, a more careful identification and description of the various T cell 
subsets present in HIS mice would be of importance to determine for instance to 
what extent TH17 [89] or follicular helper T (TFH) cells are actually present and func-
tional in humanized mice. The TFH subset is of particular interest, as it plays a criti-
cal role in the triggering of the germinal center formation, antigen-specific B-cell 
activation and antigen-specific maintenance [90, 91]. The development of TFH cells 
is strictly dependent on the expression of the inducible T-cell costimulator (ICOS) 
and the cytokine IL-21, which expression pattern might be suboptimal in HIS mice. 
Fine-tuned supplementation of HIS mice with ICOS and IL-21 might be a way to 
ensure the proper generation of TFH cells around immunization procedures. The TFH 
cells express the B cell follicle homing receptor CXCR5, and it is also a possibility 
that the appropriate chemokine ligand CXCL13 (in theory of hematopoietic cell 
origin) is not properly expressed in HIS mice.

Mice and humans hematopoietic systems differ significantly and exhibit pro-
found interspecies incompatibilities that directly impact on the construction of HIS 
mouse models [6, 10, 92]. In some cases, specific murine mouse products may limit 
per se the mouse colonization by human cells and therefore have to be invalidated. 
For instance, deletion of the mouse Flt3/Flk2 receptor strongly reduces the num-
ber of murine DC, which cannot outcompete their human counterparts anymore, 
and renders human DC selectively reactive to exogenous treatment with the cross-
reactive ligand FLT3-L [93].

Supplementation of HIS mice with human gene products might also be par-
ticularly helpful to optimize human T-cell development and/or function. Several 
supplementation strategies have been tested already for a variety of human cyto-
kines, such as using exogenous products for injections [14, 47, 54, 94, 95], genetic 
engineering of the transplanted hHSPC [47], transgenic expression of human genes 
[96], replacement of mouse genes by their human equivalent [97–99], or hydrody-
namic delivery of human DNA-encoding plasmids [74, 100]. All these approaches 
are valuable to provide support to human T cells during their development or trig-
gering of an immune response, and could be integrated into vaccination protocols 
as immuno-stimulatory strategies to improve T-B-DC interplay. This would for in-
stance be the case with human IL-15 agonist [80], human IL-12 [101], or human 
GM-CSF/IL-4 [102]. On a more general level, optimization of immunization proce-
dures to potentiate cytotoxic and/or helper T-cell responses is required in the field of 
humanized mice, with a nonexhaustive list of parameters that might be addressed, 
such as antigen formulation and dose, immunization site, adjuvant type, sequence of 
successive immunizations, or time frames between immunizations.

In parallel, efforts are required to further improve humanization of the nonhe-
matopoietic compartments in the mouse recipients used to generate HIS mice. This 
could be achieved via genetic approaches (which may be particularly laborious) or 
by exogenous supplementation of specific cell subsets using suspensions of purified 
human cells. Apart from the aforementioned LTi cells, lymphoid microarchitecture 
limitations might also explain the relatively defective germinal center reaction that 
can be observed in HIS mice. At least two nonhematopoietic cell populations might 
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have to be supplemented in HIS mice to permit the optimal initiation of human im-
mune responses. First, it is very likely that the nonhematopoietic follicular dendritic 
cells (FDC) of HIS mice are of murine origin and might therefore be unable to ef-
ficiently crosstalk with human leukocytes. Considering the critical role of FDC in 
the organization of lymphoid microarchitecture and support to B cell memory [103, 
104], it seems rather critical to establish a human FDC compartment in HIS mice. 
Of note, the murine FDC precursor was very recently identified as a perivascular 
progenitor cell expressing the platelet-derived growth factor receptor β [105], and 
we expect that the identification and inoculation of human FDC progenitor cells 
into HIS mice will be a valuable approach to obtain improved human immune cell 
functions. Last, the fibroblastic reticular cell (FRC) network, which is known to be 
critical for the migration and maintenance of T cells in lymphoid organs, is probably 
heavily disturbed in HIS mice, as observed in lymphopenic HIV-infected patients 
[106]. Treatment of the animals with lymphotoxin-β (LTβ), a key factor for FRC 
network maintenance, might represent a valuable strategy to positively impact on 
lymphoid micro-architecture in HIS mice. Alternatively, the in vitro generation of 
FRC from mesenchymal stem cells [107] could represent a valuable source for in 
vivo supplementation of HIS mice.

10.9  Concluding Remarks

Development and function of the human hematopoietic xenograft, in particular 
human T cells, in HIS mouse models have been strongly improved over the past 
decade. It is now possible to detect antigen-specific T- and B-cell responses us-
ing a variety of assays. Nevertheless, the frequency, intensity, and quality of these 
responses are still very weak when compared to responses in humans and supple-
mentary optimization increments are required to obtain immune responses that are 
systematic, robust, and accurate. Considering the recent progress made in the field, 
one can be optimistic about what the coming years will deliver in further refine-
ments and improvements of HIS mouse models to a point that they can serve as a 
robust and useful preclinical platform to address human unmet medical needs.
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