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ABSTRACT Human immune system (HIS) mice are created by
transplanting human immune cells or their progenitor cells
into highly immunodeficient recipient mouse hosts, thereby
“humanizing” their immune systems. Over past decades, the
field of HIS mice has evolved rapidly, as modifications of
existing immunodeficient mouse strains have been developed,
resulting in increasing levels of human tissue engraftment as
humanization is optimized. Current HIS mouse models not
only permit elevated levels of human cell engraftment but
also demonstrate graft stability. As such, HIS mice are being
extensively used to study the human innate and adaptive
immune response against microbial infections in vivo. Compared
to nonhumanized animal models, which are frequently infected
with surrogate or adapted microbes, the HIS mouse models
allow the analysis of interactions between human immune
cells and bona fide pathogenic microbes, making them a more
clinically relevant model. This article reviews the development of
HIS mice and covers the different strategies used to humanize
mice, as well as discussing the use of HIS mice for studying
bacterial infections that cause human disease.

DEVELOPMENT OF IMMUNODEFICIENT
MOUSE STRAINS
Immunocompetent mice harbor several layers of immune
defense that can promote rejection of cell and tissue
xenografts; these include innate mechanisms (mediated
by complement, macrophage, and neutrophils) as well as
adaptive immune responses (T cell-mediated and anti-
body-mediated rejection). In addition, resident tissues in
the mouse harbor self-renewing stem cells and their dif-
ferentiated progeny, which can effectively compete with
human cells for endogenous tissue resources (physical
space, nutrients, growth factors, etc.) that may play a role
in sustaining human xenografts. As such, the develop-
ment of “humanized” mouse models (human immune

system [HIS] mice) is closely associated with the history
of mutant mouse strains that harbor defects in hema-
topoietic system development and function. In recent
decades, knowledge of the molecular mechanisms that
regulate innate and adaptive immunity has led to the
development of mouse models with an ever-increasing
capacity to engraft human cells and tissues (reviewed in
references 1–4). With respect to engraftment of the hu-
man hematopoietic system, as the severity of the immune
deficiency in the mouse host has increased, the efficiency
and durability of human hematopoietic cell “take” have
improved remarkably, and importantly, a diverse com-
partment comprising many unique human immune sub-
sets (including not only lymphocytes but also myeloid
cells) has been achieved (Fig. 1).

Mice Deficient in Adaptive Lymphocytes
(T and B Cells)
In 1962, a spontaneous mutation inmice causing hair loss
(nude) was discovered; nude mice were also remarkable
for the absence of a thymus (5). It was later shown that
nude mice harbor a mutation in Foxn1, which encodes
a transcription factor that is essential for thymic epithe-
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lial function; its absence results in a complete block in
T cell development (6). The T cell immunodeficiency in
nude-bearing mice allowed the earliest studies of patient-
derived tumor xenografts (7). Nevertheless, other immune
mechanisms were still operative in this strain, as nude
mice were not able to support reconstitution of mono-
nuclear cells from human bone marrow even after lethal
irradiation (8).

In 1983, a spontaneous mutation was identified inmice
that was involved in DNA repair and that severely af-
fected development of B and T cells (9). This mutation
was designated scid (for severe combined immune defi-
ciency), and SCIDmice were shown to carry amutation in
the gene Prkdc (protein kinase, DNA-activated, catalytic
polypeptide), encoding a kinase which plays a critical role
in nonhomologous end joining during double-strand-
break repair. The B and T cell immunodeficiency in SCID
mice arises from the inability of these mice to perform
VDJ recombination to generate mature T and B lympho-
cytes (10); as a result, SCID mice lack both cell-mediated
(T cell) and humoral (B cell and antibody) responses.
Moreover, the defect in DNA repair that SCID mice
manifest is not restricted to the adaptive immune system
but is a generalized defect in DNA repair that affects all
somatic cells (11).

Curiously, the Prkdc mutation in SCID mice appears
to be leaky, meaning that in some SCID mutant mice, a
low level of VDJ recombination can be detected, leading
to a residual level of B and T cell differentiation (12). As

such, a fraction of SCID mice show some immune com-
petence and can elicit immune responses against various
types of immunogens. In addition, leaky SCID mice have
an increased incidence of thymic lymphoma formation,
which unfortunately limits the use of SCIDmice for long-
term transplantation studies (11). Finally, due to their
generalized DNA repair defects, SCID mice are highly
sensitive to irradiation, and radiation doses must be care-
fully titrated for each colony (13).

In order to create a non-leaky SCID model, mouse
strains with stable defects in T and B cell development
were created by targeted mutation in the VDJ recom-
binase genes Rag1 and Rag2, which together catalyze
double-strand breaks that initiate VDJ recombination
but are not involved in general DNA repair (14, 15).
Comparedwith Pkrdc–/– and Foxn1–/–mice,Rag-deficient
strains showed similar levels of cell engraftment following
injection of human hematopoietic stem cells (HSC) and
peripheral blood lymphocytes (PBL), while the formation
of thymic lymphomas in Rag-deficient hosts is markedly
decreased compared to that in SCID-based models, as
Rag–/– mice have normal irradiation sensitivity profiles
(16).

Mice with Compromised Macrophage
Rejection of Human Xenografts
While nude, SCID, and Rag-deficient hosts demonstrate
the importance of adaptive immunity as a mechanism
of xenograft rejection, studies comparing SCID mice

FIGURE 1 Timeline for development of immunodeficient mouse strains that form the
basis for current HIS models. Indicated strains are described in the text.
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on different host backgrounds demonstrated that addi-
tional nonadaptive immune mechanisms also affected
human xenograft take. SCID mice on the nonobese dia-
betic (NOD) background were superior hosts for human
cell transplantation compared with SCID mice on the
C57BL/6 background (17). A seminal report published in
2007 illuminated the biology behind these differences
(18). Signal regulatory protein α (Sirpa) is an inhibitory
transmembrane receptor, mainly expressed on myeloid
cells and macrophages. The ligand for Sirpa is the gly-
coprotein CD47, which is highly expressed by immune
cells. Importantly, CD47 interaction with Sirpa delivers
an inhibitory signal (“don’t eat me” signal) to Sirpa-
expressing macrophages. In NOD mice, the Sirpa al-
lele differs from the one expressed in C57BL/6 mice.
Takenaka et al. showed that the SirpaNOD allele could
interact with human CD47, whereas SirpaB6 could not
(18). As a result, macrophages (and also myeloid cells) in
NOD-based mice are more tolerant of human CD47-
expressing cells, whereas C57BL/6 macrophages rapidly
eliminate human cells via phagocytosis.

By extensive backcrossing of the scid and Rag muta-
tions on the NOD background, novel immunodeficient
mouse strains harboring the congenic SirpaNOD allele
were developed that showed enhanced levels of human
immune cell engraftment following transfer of PBL or
CD34+ HSC. Due to these properties, NOD/SCID and
NOD/Rag mouse models rapidly became the gold stan-
dard for studies investigating in vivo human HSC bi-
ology in humanized mice (16, 17). Nevertheless, the
immune subsets that differentiated from injected human
HSC in NOD/SCIDmice consisted mostly of transitional
B cells, whereas T cell development was still largely un-
derrepresented. As such, these first-generation NOD/
SCID strains were not adequate models to study human
innate and adaptive immune responses in vivo.

Mice with Deficiencies in Endogenous
Lymphocyte Precursors
Engrafted human HSC generate hematopoietic precur-
sor cells that must take up residence in primary lymphoid
organs of the mouse (bone marrow and thymus), ex-
pand, and differentiate into mature human lymphocytes
before exiting to seed peripheral lymphoid organs for
immune responses. As mentioned above, human hema-
topoietic precursors will in many cases have to compete
with endogenous mouse hematolymphoid precursors for
niches that provide resources for survival and growth.
Immunodeficient mice described thus far have defects in
mature B and T cells, but the mutations (Rag and Prkdc)
do not perturb early lymphoid precursor development

or homeostasis, which depends on cytokines and other
growth factors.

The common cytokine receptor γ chain (γc, encoded
at the locus Il2rg) is a receptor subunit shared by inter-
leukin 2 (IL-2), IL-4, IL-7, IL-9, IL-15, and IL-21 re-
ceptors. IL2RG is mutated in human X-linked SCID, a
disease characterized by an absence of T cells and NK
cells (19). Il2rg–/– mice have multiple defects in immune
development, with fewmature B or T cells and a complete
absence of NK cells (20). Importantly, these immune
phenotypes have been traced to the role of γc as a sur-
vival and expansion factor for early lymphoid precursors.
As such, Il2rg–/–mice have severely depleted NK, B, and T
cell precursors in the thymus and bone marrow (21).

The development of Il2rg–/– mice spawned a new se-
ries of immunodeficient mouse models that incorporated
mutations in this shared cytokine receptor (22–25).
These include NOD/SCID/Il2rg (NSG or NOG), NOD/
Rag/Il2rg (NRG), BALB/cRag/Il2rg (BRG), and BALB/c
Rag2/Il2rg/SirpaNOD (BRGS) mice. Quite unexpectedly,
mice with these different Il2rg-based immunodeficien-
cies showed robust development of human T cells after
HSC engraftment that was achieved in situ in the resid-
ual mouse thymus (22–25). Human thymopoiesis that
was achieved in NSG or BRG mice injected with human
CD34+ HSC was remarkably similar to that observed
in human thymus, and mature T cells that developed in
NSG- andBRG-basedHISmice appeared diverse in their
T cell-receptor repertoire and in their capacity to be
stimulated via the T cell receptor (26, 27), suggesting that
they had undergone a normal process of differentiation.
These “second-generation” Il2rg-basedHISmodels (NSG,
NOG, and BRGS) rapidly became the models of choice
for studies of human immune responses, as both cell-
mediated (T cell) and humoral (B cell) immunity could
be elicited following infection or immunization (reviewed
in references 1–4). The basis for the improved human
thymopoiesis in Il2rg-based HIS mice is not fully un-
derstood, but it could relate to the absence of competi-
tion with mouse lymphoid precursors and/or to the
absence of NK cell-mediated xenograft rejection.

Mice with Immune Deficiencies but Intact
Innate Lymphoid Cell Function
Innate lymphoid cells (ILC) are a recently identified group
of hematopoietic effector cells with lymphoid morphol-
ogy yet lacking rearranged antigen-specific receptors. ILC
include cytotoxic NK cells and diverse helper ILC subsets
(ILC1, ILC2, and ILC3) that mirror cytotoxic CD8+ T
lymphocytes and Th1/2/17 helper CD4 T lymphocyte
subsets, respectively (reviewed in references 28 and 29).
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While NK cells rely on γc signals delivered through IL-2
and IL-15 for their development and maturation, helper
ILC require IL-7 signals for differentiation and survival.
As such, Il2rg–/– mice have a deficiency in mouse NK cells
(as indicated above) but also lack all helper ILC sub-
sets. ILC play diverse roles in immune defense, but one
subset of ILC3, called lymphoid tissue inducer cells, is
active during the fetal period and promotes the forma-
tion of secondary lymphoid tissues (SLT), such as periph-
eral lymph nodes (LN) and Peyer’s patches (30). As such,
all HIS mouse models based on Il2rg deficiency (BRGS,
NSG, NOG, and NRG) fail to generate SLT. The ab-
sence of SLT in BRGS/NSG/NOG/NRGHIS mice likely
impacts immune performance in these models, since SLT
are known to orchestrate and promote effective T and B
cell responses.

Very recently, a solution to the SLT deficiency in
Il2rg-based HIS mouse models was reported (31). Thy-
mic stroma-derived lymphopoietin (TSLP) is an IL-7-like
protein that binds the IL-7 receptor but does not require
γc for its function (32, 33). TSLP supplementation was
able to rescue lymphoid tissue inducer cell function in
Il2rg–/– mice and restored LN development in BRGS-
based HIS mice (31). This novel BRGS-TSLP (BRGST)
HIS mouse model should find many applications aimed
at dissecting the role of LN in human immune and
infection-related pathologies.

Human Cytokine and Growth Factor
Replacement Mice
Despite high and sustainable human hematopoietic cell
engraftment in BRG/NSG/NOG/NRG-based HIS mice,
the overall composition of human immune subsets re-
mains biased, with prominent T and B lymphocyte de-
velopment. In contrast, innate lymphocytes (NK cells
and ILC), myeloid lineages (neutrophils, eosinophils, and
basophils), and monocytes/macrophages are underrep-
resented in most HIS models (reviewed in references
1–4). Part of the reason for this unbalanced hematopoie-
sis relates to the fact that several mouse cytokines (in-
cluding macrophage colony-stimulating factor [M-CSF],
granulocyte-macrophage CSF [GM-CSF], IL-3, throm-
bopoietin, IL-15, and to a lesser extent IL-7) trigger only
partially or fail to trigger their corresponding receptors
on human hematopoietic target cells. Several studies have
reported that injection of human recombinant cytokines,
hydrodynamic injection of plasmids expressing human
cytokines, or “replacement” of coding exons for mouse
cytokines with human counterparts can alleviate this is-
sue and result in enhanced production of human innate
lymphocytes (IL-2 and IL-15), dendritic cells (DC) (Flt3L,
GM-CSF, and IL-4), and/or macrophages (M-CSF, GM-
CSF, and IL-3) (34–39) (Fig. 2).

Combinations of several human cytokines can have
dramatic additive effects, leading to almost complete

FIGURE 2 Boosting immune subsets in humanized mice. Cytokines and growth factor
supplementation (left) in HISmice can promote the expansion, differentiation, and function
of selected hematopoietic lineages (right). TPO, thrombopoietin.
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humanization of the mouse bone marrow. For example,
MITRG and MISTRG mice, in which human M-CSF-,
IL-3-, GM-CSF-, and thrombopoietin-coding exons are
inserted as knock-in alleles on theBRG background, have
multilineage human myeloid and monocyte/macrophage
development, and strong innate immune responses can be
elicited (40). The boost in human myelopoiesis, however,
comes at a price, as the expressed human cytokines do not
stimulate mouse hematopoietic precursors, resulting in
defects in mouse hematopoietic progenitors and phago-
cytic cells. Subsequent reconstitution of human HSC in
these mice shows an increase in human monocytes and
macrophages but a decrease in mouse life span due to
anemia caused by enhanced phagocytosis of mouse red
blood cells (RBC) by human macrophages (40).

APPROACHES TO GENERATE HIS MICE
Mouse models have added considerably to our under-
standing of pathogenesis and have contributed to the
development of numerous prophylactic and therapeutic
medications for these devastating diseases. It is generally
accepted that animal models (mice as well as other spe-
cies) will continue to advance our knowledge in this area.
Still, the human and mouse immune systems began to
diverge roughly 65 million years ago, and since then,
significant differences in the structure and function of
immune receptors, soluble factors, and signaling path-
ways have occurred during evolution (reviewed in ref-
erence 41). Certain pathogens exhibit unique tropism for
humans but not for mice, while many pathogens display
distinctly different disease progression and severity in
human and mouse models. Such differences can limit the
value of mice as preclinical models for certain human
infectious diseases. Humanized mice can bypass some of
these limitations, and in this regard, accurate modeling of
human-specific pathogenesis in vivo has been a driving
force in the development of improved HIS mouse mod-
els. Several humanization strategies for creating HIS mice
are available and are described in detail below. As im-
mune responses to infections result from key encounters
with specific cell types within the hematopoietic system
(antigen-presenting cells, T cell subsets, etc.), putting in
place the appropriate HIS mouse model should be care-
fully considered.

Creating HIS Mice following Engraftment
of Human CD34+ HSC
In order to recapitulate the entire developmental range
of human hematopoietic elements in HIS mice, trans-
fer of human CD34+ HSC is required. The sources of

human CD34+ HSC may include fetal liver, cord blood,
and adult bone marrow-derived cells. These multipotent,
self-renewing progenitors are commonly injected into
sublethally irradiated BRG/NSG/NOG/NRG recipients
(newborn or adult mice) via intracardiac or intrahepatic
injection. After a period of 8 to 14 weeks, human he-
matopoietic cells can be detected in tissues and in the
circulation. Both adult and newborn mice allow persis-
tent multilineage human hematopoietic engraftment
(lasting up to 1 year), but use of newborn pups as hosts is
preferred, as T cell development in pups appears to be
more robust than that in adults.

The main advantage of the HSC-derived HIS mouse
model is its simplicity; only a single injection of CD34+

HSC into an appropriately conditioned (irradiated) host
is required. Since the human T cells develop in the con-
text of the mouse thymus, they are “educated” (tolerant)
to mouse tissues but remain reactive to foreign antigens.
Still, some deficiencies in human immune responses are
apparent in HSC-derived HIS mice. While both B and
T cells develop, the dynamics are different, with B cells
arising after 6 weeks, while T cells require around 12
weeks to emerge from the thymus. As such, T/B coop-
eration is suboptimal. In this type of HIS model, T cells
are selected on the mouse major histocompatibility com-
plex in the thymus, which may explain the delayed T-cell-
developmental kinetics. Along these lines, BRGS/NSG/
NOG strains that express human HLA-A2, DR2, and
DR4 transgenes have been developed and show improved
generation of CD4+ and CD8+ T cells, more rapid T cell
emergence, and higher levels of antigen-specific T cell
responses (42, 43; Di Santo, manuscript in preparation).

As detailed below, CD34+ HSC HIS mice have been
used to study many different types of infectious agents
that cause human disease, including viral (HIV, Epstein-
Barr virus, cytomegalovirus, and Dengue virus), bacterial
(Salmonella enterica serovar Typhi, Mycobacterium tu-
berculosis,Mycobacterium bovis bacille Calmette-Guérin
[BCG], Staphylococcus aureus, and others), and parasitic
(Plasmodium falciparum and Leishmania major) infec-
tions (reviewed in references 1–4 and 44) (Fig. 3). For
example, HIV infection in HSC-based HIS mice leads to
preferential depletion of CD4+ T cells and activation of
CD8+ T cells, similar to that found in primo-infected pa-
tients (reviewed in references 45–47). HIV-infected HIS
mice can be treated with highly active antiretroviral ther-
apy (HAART) to suppress HIV replication with the for-
mation of latent viral reservoirs; interruption of HAART
leads to a viral rebound in HIS mice similar to that ob-
served in clinics withHAART-treatedHIV patients. These
studies show the utility of HIS-based mouse models for
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understanding HIV pathogenesis and for establishing
novel therapeutic approaches for eliminating viral reser-
voirs (HIV “cure”).

Improving the quality and breadth of human innate
and adaptive immune responses in HIS mice remains a
constant challenge. Despite the abundance of mature B
and T cells, HIS mice show poor antibody responses, in
part due to lack of SLT, as noted above. B cells in im-
munized or infected HIS mice fail to demonstrate appre-
ciable levels of somatic hypermutation in their Ig genes,
suggesting that germinal center reactions are suboptimal
(reviewed in references 2, 4, and 44)). Providing addi-
tional B cell factors (IL-6, BAFF, CXCL13, etc.) (31, 48,
49) in combination and in the context of an appropriate
SLT (31) may allow this issue to be resolved.

Creating HIS Mice following Engraftment
of Human Fetal Liver, Fetal Thymus,
and CD34+ HSC (BLT Mice)
Mucosal tissues (including the gut, lung, skin, and urinary
and reproductive tracts), are portals of entry for patho-
gens. At these sites, strategically placed sentinel cells (ep-
ithelial cells, antigen-presenting cells, and macrophages)
are targets of infection and/or capture infected cells to
initiate immune responses. Innate and adaptive lympho-
cytes are abundant in mucosal surfaces and include B
cells, T cells, NK cells, and various ILC subsets (28, 29).

Some viral infections (HIV-1) rely on active replication
within the mucosal immune system and form latent re-
servoirs in this tissue under HAART. Having the capacity
to model this aspect of HIV replication in HIS mice may
lead to new approaches to target mucosal immunity to a
variety of human pathogens.

Mucosal immune system development is essentially
absent in HSC-based HIS mice; the reasons for this are
not clear but may relate to poor induction of gut-specific
homing receptors that guide lymphocytes into these sites
(50). In contrast, another technique to generate HIS mice
using coengraftment of fetal liver and thymus fragments
under kidney capsules of NOD/SCID mice followed by
CD34+ HSC injection (called BLT mice, for “bone mar-
row, liver, thymus”) results in abundant T cell reconsti-
tution of mucosal tissues (51). The implanted fetal thymus
and liver fragment in BLT mice provide autologous thy-
mic epithelium to facilitate HLA-restricted thymocyte de-
velopment. Moreover, the use of the NOD/SCID strain,
in which peripheral lymph node and Peyer’s patch anla-
gen exist, allows the reconstitution of SLT (52). As such,
BLT mice show strong antigen-specific HLA-restricted T
cell responses.

The robust mucosal engraftment of human T cells in
BLT mice has allowed several important studies on HIV
transmission mechanisms (saliva and breast milk) and
for prophylactic prevention strategies (reviewed in ref-

FIGURE 3 Studying human pathogens in humanized mice. A variety of human pathogens,
including viruses, bacteria, and parasites, have been analyzed in HIS mouse models. EBV,
Epstein-Barr virus; CMV, cytomegalovirus; HTLV-1, human T cell leukemia virus type 1;
KSHV, Kaposi’s sarcoma-associated herpesvirus.
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erences 45–47). Still, the BLT HIS model has several
limitations, including the need for access to fetal tissues
and special technical and surgical skills to engineer these
mice. Moreover, BLT HIS mice have been reported to
have a shorter life span than other HIS models, possibly
related to the development of a xenograft-versus-host
disease (xeno-GVHD) mediated by human T cells (53).
Nevertheless, BLT mice represent an important model
for studying T cell immunity against a variety of human
pathogens.

Creating HIS Mice Following Engraftment
of Human PBL
One of the earliest versions of HIS mice involved transfer
of PBL to SCID mice (54). This SCID-PBL HIS model
was widely used prior to the advent of Il2rg-based im-
munodeficient hosts and has the advantage that large
cohorts of HIS mice can be generated in a very short time
frame (weeks). In this model, small numbers of adult
PBL (5 to 10 million cells) are injected into NOD/SCID
recipients; irradiation is not necessary, although it can
accelerate the kinetics of humanization. While normal
PBL contain several hematopoietic lineages (B cells, T
cells, DC,NK cells, neutrophils, etc.), the predominant cell
types that expand in this context are mature T cells (both
CD4+ and CD8+) (55). Over a period of 2 months, T cell
expansion occurs, generating a large population of acti-
vated and memory T cells that can be studied in the con-
text of infection or immunization (56). Adoptive transfer
of antigen-primed DC into SCID-PBL HIS mice can also
be used to study recall responses to previous vaccines or
immunogens (57); these approaches have utility and can
be used to monitor pathogen exposure in individuals.

The T cell expansion in this model is driven largely
by the sensing of xenodeterminants in the mouse (pri-
marily major histocompatibility complex molecules) by
mature human T cells. This process bears some simi-
larity to GVHDs that are T cell mediated and occur in
humans following tissue or cell transplantation, and as
such, SCID-PBL HIS mice have been used as a model to
study some of the immune mechanisms that operate in
humanGVHD (58). Still, the intensity of xeno-GVHD in
this model prevents long-term studies, and the resultant
systemic inflammatory reaction makes interpretation
of results difficult. Modifications of BRG/NSG/NOG
mice to eliminate expression of murine class I and class II
molecules allows prolonged survival of HIS-PBL mice
(58, 59) and may open new avenues of research.

A special type of HIS-PBL mice can be generated to
study human erythrocyte biology. Human RBC develop
poorly in almost all HIS models due to the inability of

mouse erythropoietin to trigger human erythrocytic pre-
cursor cells and removal by mouse macrophages (60,
61). In contrast, adoptive transfer of human circulating
RBC to macrophage-depleted immunodeficient mice can
establish a short-lived pool of human RBC that can then
be studied as target for infection by malaria parasites,
including P. falciparum (62). This RBC transfer approach
in HIS mice can be additionally performed in other HIS
contexts (CD34+ HSCHIS, BLT HIS, etc.) to create more
complex systems for studies involving immunity to ma-
laria parasites.

Creating “Dual” HIS Mice Harboring
Additional Nonhematopoietic Tissues
The HIS models described above provide a means to
study a multitude of pathogens that directly target hu-
man hematopoietic cells. However, several major human
diseases result from infection of nonhematopoietic target
cells with tissue tropism requirements that are not met by
the analogous murine tissue. For example, hepatitis B
and C viruses (HBV and HCV) infect human (and some
primate) hepatocytes but not mouse hepatocytes (63). In
order to create a mouse model for studying human hep-
atitis virus infection and pathology, genetic engineering
of immunodeficient mice was performed to allow hu-
manization of the mouse liver. Several models, including
albumin promoter-driven urokinase plasminogen acti-
vator (64, 65), albumin-driven thymidine kinase (66),
fumarylacetoacetate hydrolase deficiency (Fah–/–) (67, 68),
and inducible activation of hepatocyte-restricted death-
signaling pathways (AFC8) (69), resulted in strong selec-
tive pressure against mouse hepatocytes, thereby creating
a niche for engraftment of human hepatocytes in mice. By
combining these human hepatocyte (HuHEP) mice with
existingHISmodels, doubly humanizedmice bearing both
human immune systems and human hepatocytes have
been obtained (reviewed in reference 70). HIS-HuHEP
mice have been shown to be susceptible to infection by
HBV and HCV as well as P. falciparum sporozoites, and
human immune responses against HBV have been dem-
onstrated that restrict viral replication and spread (70–
72). The HIS-HuHEP model is just one example of how
multitissue-humanized mice can be generated to address
particular aspects of human infections and to provide
valuable insights into the role of human immunity in dis-
ease progression. As other human tissues can be engrafted
in immunodeficient hosts (skin, gut, muscle, fat, etc.), one
can envisage ever-more-complex humanized mouse mod-
els that can recapitulate the multitissue nature of human
disease (following infection but also involving inflamma-
tion, autoimmunity, and metabolic stress).
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USING HUMAN IMMUNE SYSTEM MICE
TO UNDERSTAND THE BIOLOGY
OF BACTERIAL INFECTIONS
In this final section, we present some examples of how
HIS mouse models can provide an opportunity to study
bacterial infections that cause human disease (Fig. 3).
Although these studies are somewhat limited in number,
they provide evidence for the utility of HIS mice and also
suggest avenues for improvements of these models.

Infection of HIS Mice with S. Typhi
Typhoid fever is a life-threatening human disease caused
by S. Typhi. Because of the lack of effective vaccine and
the emergence of multidrug-resistant S. Typhi strains,
this pathogen presents a serious potential threat to global
health. The understanding of S. Typhi pathogenesis has
been impeded by the lack of clinically relevant animal
models, as this bacterium exclusively infects humans and
does not cause any obvious disease in most laboratory
strains of mice. Interestingly, intravenous or intraperi-
toneal S. Typhi infection of CD34+ HSC-engrafted HIS
mice showed cardinal clinical features of human typhoid
fever, including fever, increased inflammatory cytokines,
neurological signs (meningitis), and high mortality (73–
75). Increased bacterial burdens in the livers and spleens
of HIS mice suggest replication of S. Typhi. Importantly,
infection of nonhumanized BRG and NSG host strains
showed no disease, demonstrating an obligate role for
human hematopoietic cells in this process.

These results show the utility of HIS mice as a novel
and valuable tool to investigate the pathological mecha-
nisms of S. Typhi infection and to characterize the im-
mune responses of typhoid fever. Still, there appears to
be some variability in the severity, kinetics, and clinical
symptoms of typhoid fever reported from three inde-
pendent published studies with HIS mice (73–75). This
may reflect differences in the immune reactivity of the
different human HSC donors or other experimental var-
iables (such as mouse genetic background and infection
routes). Moreover, the natural route of human S. Typhi
infection is via the digestive tract, whereas studies using
HIS mice used intravenous or intraperitoneal routes of
infection (76).

Infection of HIS Mice with Mycobacteria
M. tuberculosis infection results in more than 1.4 million
deaths per year and is the primary cause of death for HIV-
infected patients. Reports of multi-drug-resistant strains
of M. tuberculosis are on the rise, adding urgency to the
need to find new therapeutic approaches to restrain
or eliminate persistent M. tuberculosis infection. While

mouse models of M. tuberculosis infection have largely
contributed to our understanding of host-pathogen in-
teractions, the inability of M. tuberculosis-infected mice
to develop latent infections characterized by the forma-
tion of organized granulomas (macrophage cores ringed
by lymphocytes) has impeded research on this disease
(77, 78).

Advances in the development of macrophage and
myeloid cell development in HIS mice offered hope that
new relevant animal models ofM. tuberculosis infection
might be on the horizon. This appears to be the case, as
CD34+ HSC-based HIS mice were recently found to
form granuloma-type structures in liver and lung after
intravenous injection ofM. tuberculosis or BCG vaccine
(79). As was the case for S. Typhi infection, granuloma
formation was not observed in nonreconstituted NSG
mice, implying a specific role for human hematopoietic
cells in this process.

Latent M. tuberculosis infection was not observed in
this system, but rather, HIS mice harbored increased
numbers of mycobacteria in several organs compared to
nonhumanized NSG mice; this result was apparently
mediated by human CD4+ T cells (79). Enhanced mac-
rophage reconstitution in HIS mice following supple-
mentation of humanM-CSF resulted in better control of
BCG infection (34). Progressive infection was also ob-
served in BLT-based HIS mice after intranasal M. tu-
berculosis infection (80) and in NSG-HLA-A2HIS mice
after intravenous BCG administration (81). These stud-
ies suggest that improved HLA-restricted adaptive T cell
responses are not sufficient to contain the active M. tu-
berculosis infection and may even promote infection.
Finally, a report of HIV-1–M. tuberculosis coinfection
using BLT-based HIS mice found that CD4+ T cell de-
pletion and CD8+ T cell activation following HIV-1 in-
fection exacerbated pulmonaryM. tuberculosis infection,
resulting in more severe lung pathology and increased
mycobacterial dissemination (82). The similar findings of
enhancedM. tuberculosis infection in the context of these
two different T cell activation systems in HIS mice sug-
gest a common cellular mechanism that operates to con-
trol mycobacterial burden in vivo.

Infection of HIS Mice with Staphylococcus
aureus
S. aureus is a commensal organism with minor repre-
sentation within human skin and nasopharynx micro-
biotas that is normally well controlled by the immune
system. However, S. aureus is also a dangerous pathogen
that can cause life-threatening skin infection, pneumo-
nia, peritonitis, endocarditis, and frequently fatal septi-
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cemia. A more troubling fact is that the incidence of
methicillin-resistant S. aureus is increasing, and vaccines
targeting this infection have had little preclinical success
(83–85).

Several recent studies described S. aureus infection in
CD34+ HSC-based HIS mice (86–88). Comparing to un-
infected NSG mice or immunocompetent mice, the pres-
ence of human immune cells in HIS mice increased the
susceptibility to S. aureus infection irrespective of the in-
oculation routes, suggesting that virulence factors of S.
aureus can appropriately target human cells. Boosting of
human myeloid cells in BLT HIS mice using human IL-3
and GM-CSF transgenic hosts enhanced S. aureus infec-
tion, with a higher bacterial burden in the lung after in-
tranasal infection (86). This increased susceptibility may
be explained by the preferential targeting of S. aureus to
human macrophages via a PVL-C5aR receptor interac-
tion. Hence, these HIS models can be used to better un-
derstand human-specific virulent factors that S. aureus
uses to establish infection and eventually evade immunity.

Using HIS Mice To Study Commensal
Microbiota and Their Products
A diverse and resilient microbiota trains the immune
system and is thought to play an important role in the
prevention of autoimmunity (reviewed in reference 89).
Perturbations of microbial communities following anti-
biotic treatment can have a profound impact on the
composition and function of gut immune cells. If these
changes occur at critical time windows in human de-
velopment, long-lasting consequences of these events
may eventually occur, leading to alterations in organ
(brain) function and increased risk of developing disease
(autoimmunity).

In order to study a role for commensal communities in
human lymphocyte development, CD34+ HSC-based
HIS mice (on theNSG background) were treated with an
antibiotic cocktail to reduce the microbiota diversity.
Antibiotic treatment lead to increased numbers of effector
T cells and development of anti-nuclear autoantibodies
(90). Notably, reduced numbers of IL-10-producing mac-
rophage were observed in the guts of antibiotic-treated
HIS mice.

Adequate integrity of the intestinal barrier is required
to prevent bacterial translocation of commensal micro-
organisms that can provoke system inflammation. Early
in the course of HIV infection, the intestinal barrier is
disrupted, in part, by excessive inflammation caused by
virus replication in gut T cells and the subsequent im-
mune responses to this infection. On the other hand,
dysbiosis caused by shifts in commensal communities

may also impact pathogen reservoirs, allowing their
activation. These two aspects of mucosal homeostasis
have been explored using HIV infection in HIS mice
(91, 92).

The study of the impact of intestinal barrier disrup-
tion used CD34+ HSC-based HIS mice (on the BRG
background) and treatment with dextran sodium sulfate
(DSS), which causes lysis of intestinal epithelial cells and
promotes bacterial translocation (91). Elevated levels of
lipopolysaccharide (LPS) are generated after DSS treat-
ment and are rapidly eliminated by tissue macrophages.
However, in HIV-infected HIS mice, macrophage clear-
ance of LPS is compromised, resulting in accentuated
T cell activation, which fuels viral replication and T cell
loss (91). The inflammation following HIV infection ap-
parently creates a feed-forward loop that comprises mu-
cosal T cell homeostasis at multiple levels.

A study of Neisseria gonorrhoeae infection in HIV-
infected HIS mice showed the impact of pathogen co-
infection at mucosal surfaces (92). CD34+ HSC-based
HIS mice (on the NSG background) were infected by
HIV-1 Bal, and subsequently, N. gonorrhoeae was ad-
ministered intravaginally. While systemic HIV levels
were unchanged in the presence of vaginal N. gonor-
rhoeae, the mucosal shedding of HIV-1 was increased in
N. gonorrhoeae-infected HIS mice. Although the mech-
anisms behind this observation remain unclear, this re-
port suggests specific interactions betweenN. gonorrhoeae
and HIV-1 in mucosal sites that can now be dissected
using HIS mice.

Using HIS Mice To Study Sepsis
Sepsis is the leading cause of death in critically ill patients
and represents a systemic inflammatory response to se-
vere bacterial infection. Sepsis can be modeled experi-
mentally using cecal ligation and puncture (CLP), where
leakage of bacterial contents provokes a systemic septic
shock syndrome inmice. One report of CLP using CD34+

HSC-based HIS mice demonstrated induced human cy-
tokine responses and lymphocyte apoptosis (93). Severe
impairment of human hematopoiesis was observed fol-
lowing CLP-induced sepsis or LPS administration, pro-
viding evidence for cross-tissue signaling between the gut
and the bone marrow (94). Using BLT-based HIS mice, a
small interfering RNA targeting high-mobility group
protein 1 in human macrophages and DC reduced the
cytokine storm and lymphocyte apoptosis and could res-
cue HIS mice fromCLP-induced mortality (95). Finally, a
recent study used HIS mice to model neonatal Esche-
richia coli sepsis and its subsequent immune response
(96).
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CONCLUDING REMARKS
HIS mice have substantially evolved since their concep-
tion almost 6 decades ago and now represent robust
models to study human immune development and func-
tion. HIS mice can also be used to model a diverse set
of human pathologies, especially those caused by path-
ogenic microorganisms. Advances in gene editing tech-
nologies have revolutionized our capacity to modify
cellular genomes and provide a means to further refine
and optimize HIS mouse models. The ability to multiplex
cellular compartments in humanized mice will provide
more relevant models that recapitulate the complexity of
human tissues. The reliability of HIS mouse models, in
terms of quality and reproducibility, suggests that these
unique tools can form the basis for preclinical platforms
dedicated to drug testing and therapeutic screening.
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