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Editorial on the Research Topic

Development of Humanized Mouse Models for Infectious Diseases and Cancer

Many knowledge gaps exist in translating research results from conventional animal models such
as mice to the human, especially in the clinical context. In vivo systems incorporating human
cells and tissues in a physiological setting will help bridge this gap. In this regard, humanized
mice with engrafted human cells provide suitable tools to study human specific pathogens and
cancer. With a transplanted human immune system, they also offer a dynamic setting for immune
responses. Central to the preparation of new generation humanized mice is the availability of
various strains of immunodeficient mice. Many new advances in this arena include derivation of
mouse strains transgenic for human cytokines and HLA alleles, allowing improved human cell
engraftment and immune responses. Transplantation of tissues such as human liver together with
an autologous immune system paved the way for new studies not previously feasible. Human
specific pathogens such as HIV, hepatitis viruses, and malaria parasites are being intensely studied
in these systems and important data on pathogen life cycles, viral latency, and human specific
immune responses are gathered. In the cancer field, patient derived xenograft models are facilitating
testing of various chemo- and immunotherapies. Recent applications of these models expanded
immensely to address host-parasite interactions involving more diverse agents and in studying
viral-bacterial co-infections as well. Studies on novel gene, cellular and antibody therapies have
also greatly expanded by the use of these mice.

The current Research Topic incorporates a number of original research papers and review
articles addressing a wide range of topics that include new model development, viruses, bacteria,
parasites, cancer, and vaccine studies demonstrating the ever increasing versatility of humanized
mice in biomedical research.

Two humanized mouse models are widely used in HIV research, the simpler and less expensive
hu-HSCmousemodel and the BLT hu-mousemodel requiring surgery to transplant human thymic
tissue and hematopoietic stem cells (HSC). Cheng et al. compared immune reconstitution and
HIV-1 infection between NRG-huHSC and NRG-Hu Thy/HSC models. Interestingly, both models
were found to support comparable levels of virus replication, immunopathology, and therapeutic
responses to ART and immunotherapy approaches suggesting that hu-HSC mice can be effectively
used in many HIV experimental settings with reduced cost and labor. Soper et al. reviewed the
impact of type I IFN (IFN-I) in HIV-1 infection in vivo utilizing hu-HSC mouse models. They
found that the effects of IFN-I in the in vivo context were much more complicated than previously
predicted from in vitro studies, thus underscoring the advantage of using humanizedmousemodels
in assessing the nuances of IFN-I effects for/against viral infections.
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A major goal in the HIV/AIDS field is to achieve full viral
eradication and a complete cure. However, this has been elusive
due to the presence of minute levels of latently infected cells even
in fully virus suppressed patients on long-term therapy. Ultra-
sensitive assays are needed to verify when full HIV remission
is achieved. Schmitt and Akkina reviewed the current status of
HIV latency detection assays and discussed the higher sensitivity
achieved utilizing humanized mouse-based viral outgrowth
assays (hmVOA) vs. in vitro VOAs.

In the context of HIV-1 viral persistence, the central nervous
system (CNS) has come into the limelight as a unique,
immunologically privileged compartment supporting infection
and consequent immune-mediated damage. Evering and Tsuji
reviewed the current work on HIV-1 in the CNS using human
immune system (HIS) mouse models with a focus on cells of
myeloid lineage playing a major role. They predict that the new
HIS mouse models in the current pipeline will further facilitate
novel diagnostic, therapeutic, and viral eradication strategies in
the CNS.

Lentiviral gene transduction of human hematopoietic cells
including HSC opened up many avenues of gene and cellular
therapies. Humanized mice played an ever increasing role in
modeling these new strategies and providing important pre-
clinical data. Carrillo et al. reviewed recent developments in
CAR-T cell-based immunotherapies and their combination with
antibody targeting of immune checkpoint inhibitors such as
PD-1. Stem-cell based approaches using TCRs against HIV and
cancer were discussed. Hyperimmune activation during HIV-1
infection appears to be driven by chronic IFN-I induction. Hu-
mouse studies determined that blocking the IFN-I signaling by
antibodies decreased immune activation and resulted in reversal
of T cell exhaustion.

Kim et al. described the use of humanized DRAG mice (HLA
class II DR4 transgenic) for HIV-1 transmission via intravaginal
route. Superior human cell engraftment in mucosal sites was
noted. Viral spread from the point of entry were studied in
detail with the results supporting the utility of this improved
model to study viral pathogenesis, tissue distribution, viral
persistence and establishment of latent viral reservoirs. Volk
et al. described a multidimensional analysis approach integrating
human T cell signatures in lymphatic tissues with the sex of
humanized mice as a predictor of responses after dendritic cell-
based immunization. This new modality of multidimensional
analysis can be potentially used as a framework for assessing
predictive signatures of immune responses.

Viral hemorrhagic fevers (VHF) such as Ebola, Dengue,
and Crimean-Congo hemorrhagic fever with high fatality rates
constitute important public health concerns. While the natural
hosts for these viruses in the wild are asymptomatic, humans are
severely affected, incriminating a role for the human immune
system in mediating severe pathology. Schönrich and Raftery
reviewed the impact of humanized mice in VHF vaccines and
therapeutics research, also emphasizing their role as surrogate
models for the discovery of newly emerging zoonotic agents.

Hu-mice provide excellent models to study tumorigenesis
and immune responses. Among the virus-related human
cancers, EBV and KSHV account for 10% of morbidity.

Their epidemiology varies drastically in different geographic
regions. The review by Münz detailed the tumorigenesis by
these viruses, interesting aspects of how KSHV infection is
sustained longer during EBV coinfection in hu-mice, how the
adaptive and innate immune responses play out and how this
knowledge can be used to develop effective vaccines in the
future. With regard to modeling anti-tumor responses in vivo in
humanized mice, Zumwalde and Gumperz reviewed the use of
humanized mice engrafted with human umbilical cord blood-
derived HSC. They also discussed how T cells get suppressed
during EBV tumorigenesis and how immunotherapy strategies
can counteract this.

The tumor microenvironment contains unique immune cells,
termed myeloid-derived suppressor cells (MDSC) and tumor-
associated macrophages (TAM) that suppress host anti-tumor
immunity and promote tumor angiogenesis and metastasis.
Hanazawa et al. described the generation of a functional human
TAMpopulation in their novel humanized IL-6 transgenicmouse
strain, NOG-hIL-6 Tg. Development of novel cancer immune
therapies targeting immunoregulatory/immunosuppressive
myeloid cells is now possible using this model. The same
research group led by Takahashi et al. reported the derivation of
a new transgenic mouse strain, NOG-pRORγt-γc, in which the
γc gene was expressed in a lymph-tissue inducer (LTi) lineage by
the endogenous promoter of RORγt. Lymph node development
was greatly improved, a major deficiency with previous HIS
mouse models. Increased numbers of IL-21–producing CD4+
T cells were seen in LNs and there was enhanced antigen
specific IgG response thus providing a vastly improved HIS
mouse model.

Two reports focused on bacterial studies. Staphylococcus
aureus is an important human pathogen responsible for many
disease conditions including fatal pneumonia and septicemia.
While conventional mice have been useful to study these
conditions to an extent, it has become clear that some virulence
factors/toxins display higher specificity to the human cells/factors
leading to more severe disease. Parker’s review highlights
the value of humanized mice in dissecting the role of S.
aureus virulence factors in a human surrogate setting and in
vaccine testing.

Over one million people worldwide are affected annually by
Scrub typhus, a disease caused by an intracellular bacterium
Orientia tsutsugamushi. Although standard mouse models
provided a basic understanding, data is sparse on human
immunopathogenesis and immune responses. Jiang et al.
described the successful use of a humanized DRAGA (HLA-
A2 and HLA-DR4-transgenic) mouse model capable of efficient
human cellular and antibody responses. Footpad infection with
O. tsutsugamushi resulted in disseminated lesions in various
organs and invoked human immune responses including T cell
activation, specific antibody and cytokine secretion mimicking
human disease and responses. Vaccination with killed whole cell
O. tsutsugamushi gave rise to both humoral and cellular responses
thus providing a human relevant model for future vaccines and
therapeutics testing.

Malaria continues to inflict high morbidity and mortality
numbering in millions in many parts of the world. Transmitted
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by mosquitoes, the parasite has a complex life cycle with many
stages of development. Minkah et al. reviewed the current status
of malaria animal models and point to the need to develop
humanized mouse models that can support both the hepatic
and blood stages of infection to study pathogenesis and enable
therapeutic testing. With these criteria as a background, the
report by Foquet et al. described establishment of a FRGN
huHep/hRBC humanized mouse model. This animal model
enabled humanmalaria parasites to successfully undergo the liver
stages and culminate with the blood stages of infection in vivo.
Imaging techniques used to test the efficacy of an inhibitory
monoclonal antibody demonstrated the utility of the model in
evaluating interventions that target one or both phases of the
parasite life cycle.

In summary, this Research Topic highlights the recent
advancements in biomedical research using different models
of humanized mice. As can be seen, these models have been
substantially improved over the past decade increasing their
breadth in utility not only in studying the infection process of the
pathogens but also allowed evaluation of host immune responses
thus laying a foundation to build upon for future vaccine and
therapeutic testing.

We thank all the authors of the manuscripts for their
contributions to the humanized mouse field and reviewers for
their constructive comments and input.
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Humanized Mouse Models of 
Staphylococcus aureus infection
Dane Parker*

Department of Pediatrics, Columbia University, New York, NY, USA

Staphylococcus aureus is a successful human pathogen that has adapted itself in 
response to selection pressure by the human immune system. A commensal of the human 
skin and nose, it is a leading cause of several conditions: skin and soft tissue infection, 
pneumonia, septicemia, peritonitis, bacteremia, and endocarditis. Mice have been used 
extensively in all these conditions to identify virulence factors and host components 
important for pathogenesis. Although significant effort has gone toward development of 
an anti-staphylococcal vaccine, antibodies have proven ineffective in preventing infection 
in humans after successful studies in mice. These results have raised questions as to 
the utility of mice to predict patient outcome and suggest that humanized mice might 
prove useful in modeling infection. The development of humanized mouse models of 
S. aureus infection will allow us to assess the contribution of several human-specific 
virulence factors, in addition to exploring components of the human immune system in 
protection against S. aureus infection. Their use is discussed in light of several recently 
reported studies.

Keywords: Staphylococcus aureus, humanized mouse, pneumonia, lung, sepsis, skin, mouse model, infection

Staphylococcus aureus

Staphylococcus aureus is a Gram-positive pathogen that can exist as a commensal on skin. It is a 
human pathogen and a leading cause of skin and soft tissue infections, pneumonia, endocarditis, 
and osteomyelitis (1, 2). In particular, methicillin-resistant S. aureus (MRSA) is a major problem 
not only in the hospital setting but also in the community causing significant economic burden 
(3–5). MRSA strains are twice as likely to kill and cost the US economy in excess of $4 billion/
year (6–8). In contrast to hospital-acquired strains, community-acquired strains of S. aureus infect 
otherwise healthy individuals. The MRSA strain USA300 (4, 9, 10) infects healthy, hospitalized, and 
post-influenza patients in the context of pneumonia (11–14), is the dominant clone, and is epidemic 
in the United States. Secondary bacterial infection post-influenza is a leading cause of morbidity 
and mortality (15–17), which has been shown for history’s major pandemics, and S. aureus is one 
of the most common pathogens (12, 18, 19). This is of increasing concern as the population ages, as 
they are at increased risk of influenza infection. Colonization of the nose with S. aureus is relatively 
common with up to 30% of the population being persistent carriers, while the proportion colonized 
with MRSA is increasing (20–23). Carriage increases the risk of infection (24, 25), and as a result of 
this, patients are often decolonized prior to surgery to prevent infection (26).

MOUSe MODeLS OF inFeCTiOn

Studies investigating the pathogenesis of S. aureus infection have relied heavily on the use of mouse 
models. Mice have been used to understand the role virulence factors play during infection as well 
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as the contribution of specific host pathways and factors in the 
response to S. aureus. Mouse models for several important clini-
cal diseases have been developed, including: peritonitis (27, 28), 
pneumonia (29–31), sepsis (32), skin and soft tissue infection  
(33, 34), endocarditis (35, 36), abscesses (37, 38), osteomyelitis 
(39, 40), arthritis (41), and nasal colonization (42–44).

Mice possess a number of attributes that make them desir-
able in modeling infection. They are small in size, do not occupy 
significant space, are cheap, reproduce rapidly, and have similar 
immune, nervous, cardiovascular, and endocrine systems to 
humans (45–47). Another major advantage is their genetic trac-
tability. In mice, genes can be readily inactivated “knocked out,” 
genes inserted “knocked in,” gene reporter fusions integrated 
into the genome, and tissue specific mutations developed. This 
genetic utility makes them attractive to study host immune 
factors important in infection. However, the use of mice is not 
without their limitations. Many features of mice are significantly 
different from humans, such as their small size, altered metabolic 
rate, fatty acid composition of cells, higher rates of reactive 
oxygen species generation and thus oxidative damage, different 
diet, microbiome, and typically being inbred (48). There has also 
been some controversy recently on how well mice correlate with 
human inflammatory stresses based on transcriptional profiling 
and pathway analyses (49–51).

wHY DO we neeD HUMAniZeD MiCe 
FOR S. aureus inFeCTiOn?

Although mice have proven extremely useful in determining 
the role of many S. aureus virulence factors and identifying host 
pathways that contribute to infection, they have been unable to 
predict success for vaccine candidates in humans (52, 53). This 
disconnect between the mouse model and efficacy in humans 
supports the conclusion that the mouse lacks all the necessary 
components to truly model S. aureus infection. It has also become 
increasingly apparent that S. aureus produces a number of viru-
lence factors that have high species specificity toward the human 
molecular counterpart that they target.

One major group of proteins that possess human specificity 
are the bi-component toxins (54). Panton–Valentine leukocidin 
(PVL; LukSF), LukAB, and HlgCB, all preferentially target the 
human version of their receptor. PVL and HlgCB target the C5aR 
receptor, while LukAB targets CD11b (55). PVL does have some 
activity toward the rabbit version of the receptor; however, the 
other two toxins display only high specificity toward the human 
equivalent. The S. aureus superantigens/enterotoxins also show 
much greater affinity toward human cells, with vastly higher 
doses of protein required to invoke a response in mice (56, 57). 
S. aureus produces a large array of surface proteins required for 
its adherence to proteins encountered on the mucosal surface. 
Some of these surface proteins also display specificity toward 
their human counterpart, such as SdrG for human fibrinogen, 
Fnbp for fibronectin, and IsdB for hemoglobin (58). There 
are also likely to be several other yet-to-be-identified proteins 
that have human specificity based on the fact that S. aureus is 
a human-adapted pathogen. Thus, the development of a model 

that actually possesses the correct receptor targets and cells for 
these virulence factors to be investigated would be advantageous. 
The presence of an immune system to better model the human 
immune response would also no doubt prove useful in future 
vaccine development as well as gaining an improved understand-
ing of the host–pathogen interaction in the context of S. aureus 
infection.

The host specificity of S. aureus toward human proteins has 
already been investigated in the context of superantigens and 
iron acquisition. It has been observed with the staphylococcal 
superantigens that HLA class II molecules control the superan-
tigenic response and that this response is significantly reduced 
in non-human (including mice) models. A trend in this field 
has been to utilize knock-in mice expressing the appropriate 
HLA molecule for the superantigen (enterotoxin) under study. 
This has included HLA-DR3, HLA-DR4, and CD4 knock-in 
mice (59–63). Studies conducted using these mice have shown 
a significant increase in the immune response, indicative of the 
increased sensitivity of these cells to the superantigens. The pref-
erence for human hemoglobin over other mammal’s hemoglobin 
has been observed and is dependent upon the staphylococcal 
hemoglobin receptor IsdB. S. aureus grows better in the presence 
of human hemoglobin when iron is limited and the expression of 
human hemoglobin in mice leads to increased susceptibility to  
S. aureus infection (64). Thus, evidence already exists that war-
rants humanizing mice would improve the capacity to model  
S. aureus infection.

HUMAniZeD MiCe

The use of humanized mice has only relatively recently become 
prevalent. Their use was accelerated through the development 
of the NSG mouse (non-obese diabetic/severe combined immu-
nodeficient mouse with a null mutation in the IL2R common 
gamma chain) (65). These mice lack B, T, and NK cells, comple-
ment, and have defective myeloid cells (65, 66). The NSG mice 
have been observed to possess the most efficient engraftment 
rates and support human hemato-lymphopoiesis (66–68). The 
mice are typically generated through the transfer of human 
CD34+ stem cells (69). Additionally, the implantation of human 
fetal liver/thymus tissue under the kidney capsule improves 
T cell development (70, 71). Humanized mice have been shown 
to evoke a human immune response to infection. The combina-
torial diversity on their T cell receptors and IgG fully replicates 
the human samples that are used to populate the mice (72). 
Humanized mice have been utilized in the study of several viral 
pathogens such as EBV, HIV, and Dengue, as well as Malaria 
and Salmonella (73–76). Recently, a succession of studies has 
investigated the utility of these mice in the study of S. aureus  
pathogenesis.

ReCenT DeveLOPMenTS wiTH S. aureus 
AnD HUMAniZeD MiCe

The first study to investigate the utility of humanized mice with 
S. aureus highlighted their increased susceptibility to infection. 
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Knop et al. (77) conducted intraperitoneal infections in human-
ized mice generated from irradiated NSG pups transferred with 
CD34+ cells. Humanized mice displayed significantly increased 
mortality compared to their controls. While non-reconstituted 
NSG mice did display some residual toxicity from radiation, the 
addition of human cells was shown to confer the lethality seen 
with the humanized mice. Increased bacterial counts were also 
observed in several organs; lungs, spleen, kidneys, liver, brain, 
and the bone marrow. The T cells in the humanized mice showed 
evidence of activation (CD69 expression), Fas receptor expres-
sion, and increased apoptosis after infection. Analysis of the 
human cells indicated a large proportion of B cells, followed by 
T  cells and myeloid cells. Levels of chimerism were highest in 
the spleen (60%) and bone marrow (50%), 30% in the peripheral 
blood and <20% in the peritoneal exudate. This study indicated 
that humanized mice could be useful in modeling S. aureus infec-
tion, and subsequent studies have built on this to investigate the 
role of human-specific virulence factors.

The second study to utilize humanized mice with S. aureus 
investigated their utility in the context of skin infection, also 
showing an increased susceptibility to infection (78). In a subcu-
taneous model of infection, 10- to 100-fold less organisms were 
required to cause analogous disease pathology in non-humanized 
mice. Tseng et al. (78) found no differences in bacterial clearance 
or cytokine production. The phenotype observed was patho-
logical, indicating that cellular toxicity did not influence bacterial 
clearance. The size of the skin lesions also correlated to the levels 
of chimerism in the mice, larger lesions were observed in mice 
with a higher percentage of human CD45+ cells. This model was 
then used to investigate the role of PVL in infection. PVL has 
a controversial role in infection. Conflicting epidemiological 
reports and animal studies exist, partly due to the fact many 
animal studies were performed prior to the identification of its 
receptor, C5aR, and its high preference for the human version of 
this receptor (79–87). The expression of PVL led to larger areas of 
dermonecrosis. This effect was due to its ability to target and kill 
neutrophils, as transfer of human neutrophils alone to NSG mice 
was able to recapitulate this phenotype. While the authors suc-
cessfully showed a role for PVL in skin infection with molecular 
Koch’s postulates, a PVL inhibitor in vivo was unable to reduce 
disease severity. Like the first study, this work also utilized stem 
cell transfer into neonate NSG mice and observed similar levels 
of engraftment in the spleen. This work proved the utility for the 
humanized mouse in delineating the functions of staphylococ-
cal virulence factors as well as its usefulness as a model for skin 
infection.

The third and most recent humanized mouse study showcased 
the utility of these mice for respiratory infection (71). As in the 
previous studies, the humanized mice displayed a significant 
increase in susceptibility to infection. Compared to the standard 
mouse strains C57BL/6J, NOD and murinized controls (NSG 
mice transferred with murine bone marrow), the humanized 
mice contained bacterial burdens 40-fold higher. The role of PVL 
was also investigated in this pulmonary model and was shown 
to contribute to infection, using both bacterial mutants and 
neutralizing antibody (71). The presence of PVL led to increased 
bacterial burden, increased lung pathology and decreased 

cytokine production. The target of PVL appeared to be the 
macrophage, with increased numbers present in mice infected 
with the PVL-deficient strain. The NSG transgenic mouse with 
human Il3 and Csf2 knocked in has improved macrophage 
reconstitution compared to the standard NSG humanized 
mouse (88). Consistent with human macrophages conferring 
the increased susceptibility, the use of these additional knock-in 
mice had even higher levels of bacteria present in the airways 
and lung tissue. While a role for PVL in pulmonary infection 
was identified, this was not the case for another human-specific 
toxin LukAB, which displayed no phenotype in this model (71). 
This study differed from the previous two in its use of adult mice 
and the implantation of thymus tissue under the kidney capsule. 
This was apparent in the higher levels of T cells present among 
the human CD45+ population, approximately 50% in the lung 
(71). What these three studies do show is that irrespective of the 
inoculation site the humanized mice had an increased suscepti-
bility to infection, which will only improve as better humanized 
mouse models are generated.

FUTURe MODeLS

The development of improved humanized mouse models will 
further increase the susceptibility and hence sensitivity of mod-
eling S. aureus infections in vivo. This will be achieved through 
improved overall reconstitution of the human immune system, 
improved differentiation, and development of myeloid subsets, 
as well at the improved expression of neutrophils, an integral 
cell type particularly in pneumonia and skin infection models. 
Significant work has already been done in this area with the 
insertion of Csf1, Csf2, and Il3 into mice, leading to improved 
differentiation of macrophages and alveolar macrophages, res-
pectively (88, 89). The knocking in of Csf2 and Il3 was shown 
to increase the susceptibility of S. aureus in the context of acute 
pneumonia (71). Further studies have shown that the integra-
tion of thrombopoietin enhances maintenance and multilineage 
differentiation and insertion of signal-regulatory protein alpha 
prevents phagocytosis of the human cells by the remnant murine 
immune system (90, 91). Additional transgenics appropriate to 
S. aureus would include a combination of the aforementioned 
along with: human HLA types for the study of superantigens 
(92), insertion of human toll-like receptors for the innate immune 
response (75), as well as the incorporation of epithelial cells in 
the lung and skin for mucosal models (34, 93) and red blood cells 
for systemic studies (94, 95). These developments will facilitate 
adequate modeling of a broad range of S. aureus human-specific 
virulence factors.

COnCLUSiOn

Staphylococcus aureus is a significant human pathogen that has 
long been modeled in mice. Studies to-date in mice have deline-
ated the roles of various bacterial and host factors important in 
infection; however, data on potential vaccine candidates identified 
in these models have not had similar success in human studies. 
Recent studies utilizing humanized mice have illuminated their 
utility in models of peritonitis, skin and soft tissue infection, 
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and pneumonia. Researchers have shown humanized mice have 
increased susceptibility to S. aureus and in skin and pneumonia 
models a role for PVL in infection has been identified. As the 
next generation of humanized mouse models are developed, the 
capacity for modeling S. aureus will only improve. Humanized 
mice will facilitate determining the role of virulence factors with 
human host specificity and hopefully provide a system whereby 
potential vaccine candidate translate efficacy to humans.
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Viral hemorrhagic fever (VHF) as a disease entity was first codified in the 1930s by 
soviet scientists investigating patients suffering from hantavirus infection. The group of 
hemorrhagic fever viruses (HFVs) has since expanded to include members from at least 
four different virus families: Arenaviridae, Bunyaviridae, Filoviridae, and Flaviviridae, all 
enveloped single-stranded RNA viruses. After infection, the natural hosts of HFVs do not 
develop symptoms, whereas humans can be severely affected. This observation and 
other evidence from experimental data suggest that the human immune system plays 
a crucial role in VHF pathogenesis. For this reason mice with a human immune system, 
referred to here as humanized mice (humice), are valuable tools that provide insight into 
disease mechanisms and allow for preclinical testing of novel vaccinations approaches 
as well as antiviral agents. In this article, we review the impact of humice in VHF research.

Keywords: viral hemorrhagic fever, humanized mice, mice with a humanized immune system, virus-induced 
immunopathogenesis, viruses

inTRODUCTiOn

Emerging viral hemorrhagic fever (VHF) refers to a group of distinct but similar zoonotic dis-
eases induced by different enveloped RNA viruses. They cause increased vascular permeability 
that affects one or more organ systems and finally may result in life-threatening shock (1). 
Thrombocytopenia, another key symptom of VHF, can be due to either increased platelet destruc-
tion or decreased platelet production by megakaryocytes (2). Hemorrhagic fever viruses (HFVs) 
belong to four separate virus families: Flaviviridae, Bunyaviridae, Arenaviridae, and Filoviridae. 
Small mammals such as rodents and bats are the natural hosts, which are chronically infected 
without developing obvious symptoms. Humans are dead-end hosts that usually clear the virus 
after incidental infection but may develop acute symptoms.

Suitable animal models that reproduce key symptoms of VHF are rare (3–5). Non-human 
primates (NHPs) are the gold standard for some VHF types such as Ebola virus disease (EVD) 
but cannot be used for others such as dengue fever (DF) (6, 7). In addition, ethical and economic 
considerations clearly restrict research with NHPs. Guinea pigs or hamsters show typical symp-
toms after infection with some HFVs (8–10). However, the lack of species-specific immunological 
reagents complicates experiments. Laboratory mice often do not support replication of HFV or 
require the adaption of virus isolates to the mouse, thereby reducing their value as a model of 
human infection (11, 12).

The advent of humanized mice (humice) has opened up a new avenue for VHF research. In 
the 1980s, experiments demonstrated successful engraftment of human hematopoietic stem cells 
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(HSCs) in immunodeficient mice (13). Today humice offer the 
opportunity to gain new and exciting insights into important 
human diseases such as cancer, allergies, and infections (14–17). 
Humice are an especially valuable test bed for HFVs. Firstly, 
HFVs specifically target human myeloid cells such as dendritic 
cells (DCs) (18–24). Secondly, evidence is accumulating that an 
inadequate immune response substantially contributes to VHF 
pathogenesis (25). This aspect is difficult to study in conventional 
animal models, as their immune system differs substantially due 
to evolution driven by exposure to different groups of pathogens 
over millions of years (26–28). For instance, there are major dif-
ferences regarding the response of pattern recognition receptors 
to stimulation by invading pathogens. Although closely related 
to humans, even NHPs show interspecies immunological differ-
ences to humans (29, 30).

In this review, we summarize the novel insights gained from 
experiments with humice in VHF research.

CATeGORieS OF HUMiCe USeD  
in vHF ReSeARCH

The utility of immunodeficient mice as recipients of a human 
immune system has continuously increased. Efficient reconsti-
tution with human hematopoietic cells was first described in 
non-obese diabetic (NOD)/severe combined immunodeficiency 
(SCID) mice (31, 32). The homozygous SCID mutation impairs 
murine T and B  cell development, whereas the NOD back-
ground results in deficient natural killer (NK) cell function. The 
Sirpa gene polymorphism in the NOD background also curtails 
phagocytosis of engrafted human HSCs (33). NOD/SCID mice 
have subsequently been improved by truncation or deletion of 
the murine IL-2 receptor common gamma (IL-2Rγ) chain (34–36). 
This molecule represents an important component of the high-
affinity receptors for several inflammatory cytokines. The NOD/
SCID/IL-2Rγ−/− (NSG) mice are thus severely deficient in innate 
immunity and show augmented human HSC engraftment. The 
reconstitution with human HSCs in NSG mice is long lasting 
(37). In another approach, the IL-2Rγ−/− mutation was intro-
duced into mice with a mutated recombination activating gene 
2 (Rag2) on a BALB/c background (38). The Rag2 mutation 
in these BALB/c Rag2−/−/IL-2Rγ−/− (BRG) mice renders them 
completely free of murine T and B cell cells, whereas the SCID 
mutation is “leaky,” meaning that some functional murine T and 
B cells develop (39).

The different types of humice differ with regard to efficiency 
of human HSC engraftment and the resulting composition of 
human hematopoietic cells (40–42). In VHF research, mainly 
HSC-engrafted humice and bone marrow/liver/thymus (BLT)  
humice are used. In the HSC-engrafted humice, human CD34+  
HSCs from various sources (bone marrow, cord blood, peripheral 
blood or fetal liver) are inoculated into newborn immunodeficient 
mice and allowed to develop (Figure 1). A major disadvantage 
of HSC-engrafted humice is the lack of human T cell education 
due to the absence of a human thymus. This situation has been 
improved by generating transgenic NSG mice expressing human 
leukocyte antigen (HLA) molecules. Transgenic NSG mice 
expressing the HLA class I molecule HLA-A2 (hereafter referred 

to as NSG-A2 mice) facilitate the development of functional CD8 
T cells after reconstitution with HLA-A2+ human HSCs (43–45). 
The expression of HLA class II molecules allows the development 
of both antibody-producing and class-switching human B cells 
(46–48).

The BLT humice enables human T  cells to differentiate in 
an autologous human thymus (49, 50). BLT mice are gener-
ated by transplantation of human fetal liver and thymus tissue 
fragments under the kidney capsule of immunodeficient mice,  
e.g., NOD/SCID or NSG mice, followed by intravenous injec-
tion of autologous HSCs derived from fetal liver (Figure  1). 
The major advantage of BLT mice is their ability to mount a 
relatively effective human adaptive immune response due to 
the presence of a human thymic environment and the resultant 
HLA-restricted T cell repertoire. Caveats are the requirement 
of human fetal tissue and the relatively frequent development 
of graft-versus-host disease.

Elimination of human hematopoietic cells by murine phago-
cytic cells combined with defective human hematopoiesis in 
humice put a curb on human erythrocytes (51, 52), platelets (53), 
neutrophils (54–56), monocytes/macrophages (57), and NK cells 
(58, 59). An explanation for defective human hematopoiesis is the 
lack of binding of important murine growth factors and cytokines 
to receptors on human progenitor cells. An elegant solution of 
this problem is the generation of homozygous knock-in mice 
to replace murine with human cytokines (60–63). Germline-
competent ES cells from NSG mice have been established to 
facilitate their genetic modification (64). Recently, transgenic 
NSG mice have been developed that constitutively express human 
“myeloid” cytokines: human stem cell factor, human granulocyte/
macrophage colony-stimulating factor 2, and human IL-3. After 
reconstitution with human HSCs, these NSG-SGM3 mice allow 
better development of human myeloid cells, the key target cells 
of VHF viruses (65–68).

So far, four different HFVs from three virus families 
(Flaviviridae, Filoviridae, and Bunyaviridae) have been studied 
in humice.

FLAviviRUSeS

Dengue viruses (DENVs) are the cause of the most important 
arthropod-borne viral disease in terms of global distribution and 
economic impact (69). The known DENV serotypes (DENV-1 
to DENV-4) are members of the Flaviviridae family and carry a 
positive-sense single-stranded RNA genome. The Aedes aegypti 
mosquito, which is found in tropical and subtropical areas, 
functions as the main vector. Roughly 2.5 billion people, i.e., 
two fifths of mankind, live in endemic areas. An estimated 390 
million people become infected per year. The most frequent 
clinical manifestation is DF, a self-limiting febrile disease with 
spontaneous recovery (70). However, some patients develop 
major complications such as plasma leakage leading to shock, 
respiratory distress, bleeding and organ impairment.

DF has been extensively studied in humice (Table 1). After 
DENV-2 infection, NOD/SCID mice and NSG mice develop 
fever, erythema, and human thrombocytopenia compat-
ible to the human disease (71–73). The decrease in human  
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FiGURe 1 | Generation of humice in viral hemorrhagic fever research. Various immunodeficient mice can be used as a platform for generating mice with a 
human immune system. Non-obese diabetic (NOD)/severe combined immunodeficiency (SCID) mice show impaired murine T and B lymphocyte development 
due to the homozygous SCID mutation and are in addition deficient in natural killer (NK) cell function due to the NOD background. The Sirpa gene 
polymorphism in the NOD background also blunts phagocytosis of engrafted human hematopoietic stem cells (HSCs). The truncation or deletion of murine IL-2 
receptor common gamma (IL-2Rγ) in NOD/SCID/IL-2Rγ−/− (NSG) mice further increases human HSC engraftment. NSG/A2 mice express human leukocyte 
antigen A2 to facilitate the development of functional CD8 T cells. In BALB/c Rag2−/−/IL-2Rγ−/− (BRG) mice, the IL-2Rγ−/− mutation was introduced into BALB/c 
mice deficient in the recombination activating gene 2 (Rag2). Finally, NSG/SGM3 mice allow better development of human myeloid cells due to constitutive 
expression of human cytokines (stem cell factor, granulocyte/macrophage colony-stimulating factor 2, and IL-3). Left: HSC-engrafted humice. Human HSCs 
(derived from various sources such as bone marrow, cord blood, peripheral blood or fetal liver) are inoculated intrahepatically (ih) into sublethally irradiated 
newborn mice. Approximately 12–14 weeks after HSC inoculation, humice are monitored for engraftment of human HSCs by flow cytometric analysis. Right 
side: bone marrow/liver/thymus (BLT) humice. Human fetal liver and thymus are transplanted under the kidney capsule of sublethally irradiated 6- to  
8-week-old mice and subsequently inoculated iv with autologous human fetal liver HSCs. The engraftment is verified 10–12 weeks later.
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platelets is due to inhibition of human megakaryocyte develop-
ment (74). DENV-2 could be detected in several human cell 
types in the bone marrow, spleen, and blood of these mice (73). 
In accordance, human cells isolated from the bone marrow of 
NSG mice were susceptible to DENV-2 infection in vitro (43). 
This cell tropism is in agreement with studies demonstrating 
DENV-derived protein in phagocytic cells in human autopsy 
tissue such as lymph nodes and spleen (75). Intriguingly, when 
infected Aedes aegypti transmitted DENV-2 to humice during 
feeding, more sustained and severe viremia, erythema and 
thrombocytopenia occurred compared to other modes of virus 
inoculation (76). This suggests that the mosquito bite itself and 
mosquito saliva contribute to dengue pathogenesis.

The immune system plays a crucial role in dengue pathogen-
esis (25, 77). Firstly, in humans, priming of the antiviral immune 

response with one DENV serotype often causes a more severe 
disease after infection with another DENV serotype at a later 
time point. Secondly, the most severe symptoms are observed 
at the peak of the human antiviral immune response. For these 
reasons the response of human immune cells has been studied 
in humice of DENV infection. Human anti-DENV IgM anti-
bodies were detected 2 weeks after infection of BRG mice with 
DENV-2 followed by virus-reactive IgG at 6 weeks postinfection 
(78). In accordance, it was observed that NSG mice infected 
with DENV-2 through mosquito bite developed a virus-specific 
adaptive immune response (76). Moreover, human T cells from 
infected NSG-A2 mice secreted cytokines in response to known 
stimulatory HLA-A2-restricted DENV-2 peptides (43). Finally, 
NK cells are activated by contact with infected DCs before they 
control DENVs through IFN-γ secretion (79).
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TAbLe 1 | Humanized mouse models in viral hemorrhagic fever (VHF) research.

Disease virus/family Platform Key findings Reference

DF DENV-2/Flaviviridae NOD/SCID, NSG DF symptoms (fever, rash, and thrombocytopenia) (71, 72)
DF DENV-2/Flaviviridae NSG DENV-2 tropism as in human DF (43, 73)
DF DENV-2/Flaviviridae NSG Thrombocytopenia due to inhibition of megakaryocyte development (74)
DF DENV-2/Flaviviridae NOD/SCID-BLT, NSG Effective DF treatment with adenosine nucleoside inhibitor or  

therapeutic antibody
(84, 85)

DF DENV-2/Flaviviridae NSG/A2 Virus-specific HLA-A2-restricted human T cell response (43)
DF DENV-2/Flaviviridae BRG, NSG, NSG/A2 Virus-specific huIgG and huIgM response (43, 76, 78)
DF DENV-2/Flaviviridae BLT-NSG Serotype-cross-reactive huIgM antibodies with poor neutralizing activity (80, 81)
DF DENV-2/Flaviviridae NSG/SGM3-BLT Higher levels of antigen-specific huIgM and huIgG compared to BLT-NSG (82)
DF DENV-2/Flaviviridae NSG Serum metabolomics similar to human DENV infections (83)

EVD EBOV/Filoviridae NSG-A2 EVD symptoms (cell damage, liver steatosis, hemorrhage, high lethality) (96)
EVD EBOV/Filoviridae NSG-BLT Increased levels of pro-inflammatory cytokines and liver enzymes;  

histopathological findings typical for EVD
(94)

EVD EBOV/Filoviridae NSG-SGM3 Absence of characteristic EVD histopathology (95)

CCHF CCHFV/Bunyaviridae NSG-SGM3 Lethal disease with severe neuropathology (gliosis, meningitis, meningoencephalitis) (99)

HFRS HTNV/Bunyaviridae NSG, NSG-A2 Highest numbers of HTNV copies in the lung, humanized NSG-A2 mice develop  
faster and more severe symptoms such as thrombocytopenia

(112)

BLT, bone marrow/liver/thymus model; BRG, BALB/c Rag2−/− IL-2Rγ−/− mice; CCHF, Crimean–Congo hemorrhagic fever; CCHFV, Crimean-Congo hemorrhagic fever virus; DENV-2, 
dengue virus serotype 2; DF, dengue fever; EBOV, Ebola virus; EVD, Ebola virus disease; HFRS, hemorrhagic fever with renal syndrome; HTNV, hantaan virus; NOD, non-obese 
diabetic mice; NSG, NOD/SCID/IL-2Rγ−/− mice; NSG-A2, NSG mice constitutively expressing HLA-A2; NSG-SGM3, NSG mice constitutively expressing human stem cell factor, 
human granulocyte/macrophage colony-stimulating factor 2, and human IL-3; SCID, severe combined immunodeficiency mice; HLA, human leukocyte antigen.
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The virus-specific immune response has also been studied 
in DENV-2-infected NSG-BLT mice (80, 81). Human T  cells 
isolated from NSG-BLT mice during acute infection and in 
the convalescence phase secreted IFN-γ after stimulation with 
DENV-2 peptides (80). In addition, human B  cells secreted 
DENV-2-reactive IgM antibodies (80). The majority of these 
antibodies were serotype cross-reactive, recognized epitopes 
on envelope proteins and intact virions, and neutralized poorly 
(81). The antibodies generated in the convalescence phase 
showed higher avidity compared to antibodies found in acute 
infection (81). Accordingly, NSG-BLT mice in the con valescence 
phase showed decreased virus titers after being challenged 
with a clinical DENV-2 strain. Furthermore, preincubation  
of DENV-2 virions with immune sera from immune NSG-BLT 
mice reduced viral replication after inoculation into naïve mice 
(81). In DENV-2-infected BLT mice generated from NSG-
SGM3 mice, improved B  cell development and higher levels 
of antigen-specific IgM and IgG were observed compared to 
DENV-2-infected NSG-BLT mice (82). The serum metabo-
lomics of DENV-2-infected humice is similar to human DENV 
infections demonstrating the utility of humice for analyzing 
DENV-associated pathogenesis (83). In addition, a therapeutic 
antibody and an antiviral drug were successfully tested in 
DENV-2-infected humice (84, 85). These studies emphasize 
the value of humice in translational and preclinical VHF  
research.

FiLOviRUSeS

The dramatic 2014 outbreak of EVD in West Africa underlines 
the need to better understand this deadly disease (86). Ebola 
virus (EBOV) and Marburg virus, a closely related HFVs, belong 
to the Filoviridae family in the order Mononegavirales (87). 

These large enveloped filamentous viruses are equipped with 
a negative-sense single-stranded RNA genome. Bats represent 
potential reservoirs for Marburg virus (88) and, more specula-
tively, perhaps also EBOV. They are persistently infected without 
showing symptoms and can spread the viruses to humans and 
NHPs. EVD has a high case fatality rate and affects many organs 
resulting in a variety of symptoms including gastrointestinal, 
respiratory, neurological, and vascular (89). Most impressive are 
the hemorrhagic manifestations such as petechiae, ecchymoses, 
and mucosal hemorrhages. The final and most severe stage of 
EBOV disease is characterized by shock, systemic impairment of 
coagulation and convulsions. The fatal outcome is most likely a 
consequence of both the direct effects of lytic EBOV replication 
and an inadequate immune response (90, 91). In EVD survivors, 
long-lasting activated CD8 T cells have been detected, suggest-
ing that EBOV-derived stimulatory antigen persists at low levels 
within the organism (92).

Small animal models for analyzing filovirus pathogenesis 
have been generated using laboratory mice, guinea pigs, and 
the Syrian hamster (93). Recently, the potential of humice for 
modeling EBOV disease was explored in three different types of 
humice (Table 1) (6, 94–96). To this end, NSG-A2, NSG-SGM3, 
and NSG-BLT mice were infected with low-passage wild-type 
EBOV isolates. EBOV-infected NSG-A2 mice started to lose 
weight around day 7 postinfection and some hallmarks of human 
EBOV disease were observed including cell damage, liver stea-
tosis, signs of hemorrhage, and high lethality (96). Intriguingly, 
there was a direct correlation between EBOV disease severity 
and the level of HSC engraftment. In contrast, unreconstituted 
NSG-A2 mice showed only mild symptoms with weight loss 
starting later in the third week postinfection and gradually 
continuing until the time of death around day 30 postinfection. 
NSG-A2 mice reconstituted with normal murine HSCs, another 
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important control, survived EBOV infection. These results 
emphasize the importance of human hematopoietic cells for EVD  
pathogenesis.

In EBOV-infected NSG-BLT mice, clinical illness depended 
on viral dose inoculated and donor tissue used for reconstitu-
tion (94). Moderate leukopenia and thrombocytopenia and 
histopathological alterations similar to those found in human 
victims were observed. Liver enzymes and key pro-inflammatory 
human cytokines associated with fatal EVD (e.g., TNF-α, IL-1, 
IL-6, and IL-10) were increased. In contrast, unreconstituted 
NSG control mice survived EBOV, underlining the role of human 
hematopoietic cells in EVD pathogenesis.

After EBOV infection of NSG-SGM3 mice, high virus titers 
were found in blood, liver, and spleen (95). Most of the mice  
died within 2 weeks of infection. In accordance with the con-
cept that human myeloid cells spread VHF viruses within the 
organism, viral antigen was found in tissue-residing human 
macrophages and DCs and later in the course of infection also 
in murine parenchymal cells. In contrast to EBOV-infected 
NSG-A2 and NSG-BLT mice, the characteristic histopathol-
ogy of severe human EBOV disease was not observed. This 
difference could be explained at least in part by the lack of 
HLA class I-restricted functional T cells in NSG-SGM3 mice. 
Thus, the lethal disease observed in these mice may be due to 
pathology directly induced by EBOV or due to innate immune  
responses.

bUnYAviRUSeS

A number of HFVs belong to the family Bunyaviridae. These 
are enveloped viruses that carry a genome consisting of three 
negative-sense single-stranded RNA segments (97). Recently, 
Crimean-Congo hemorrhagic fever virus (CCHFV) belong-
ing to the genus Nairovirus and Hantaan virus (HTNV), the 
prototype member of the genus Hantavirus, have been analyzed  
in humice.

Crimean–Congo hemorrhagic fever (CCHF) represents the 
most relevant tick-borne viral disease in humans due to its 
wide distribution. Sporadic cases or outbreaks of CCHF are 
observed in a vast geographic area including western China, 
the Middle East, southern Europe, and most parts of Africa 
(98). CCHFV circulates in wild and domestic vertebrates that 
are transiently infected without showing symptoms. Humans 
become infected through tick bite or contact with body fluids 
from infected patients or animals. As with other VHFs, the 
spectrum of symptoms of Crimean-Congo hemorrhagic fever 
includes mild fever, vascular leakage resulting in multiorgan 
failure, and finally shock with coagulation defects. Case fatality 
rates of up to 30% have been reported. A recent study analyzed 
CCHFV-infected NSG-SGM3 mice (Table 1) (99). They showed 
lethal disease resembling CCHF in some respects. CCHFV 
was detected in many organs including liver, spleen, and 
brain, similar to CCHFV-infected mice deficient in type I IFN 
responses. Histopathological analysis revealed several features 
typically found in CCHF such as the presence of viral antigen 
within Kupffer cells, endothelial cells, and hepatocytes. Similar 
to human CCHF cases, vacuolar degeneration/steatosis and 

increased single cell necrosis were observed. CCHV-infected 
humice also developed CNS symptoms such as meningitis and 
meningoencephalitis. Intriguingly, a population of activated 
human CD8 T  cells was identified that could contribute to 
immunopathology or virus elimination in a non-specific (HLA 
class I-independent) way (99).

Hantaviruses are globally emerging pathogens responsible 
for VHF in Africa, America, Asia, and Europe (100). Rodents, 
shrews, moles, and bats serve as natural hosts for hantaviruses. 
In contrast to all other pathogenic members of the family 
Bunyaviridae, hantaviruses are transmitted to humans via aero-
sols derived from rodent excreta. Depending on the geographic 
region, hemorrhagic fever with renal syndrome (HFRS) or 
han tavirus cardiopulmonary syndrome (HCPS) may develop 
(101). Both types of disease bear pathogenic similarities with 
increased vascular permeability and loss of platelets as leading 
symptoms (102). Hantavirus replicate in cell culture without 
causing obvious cytopathic phenomena, suggesting that immune 
mechanisms play a role in HFRS/HCPS (103, 104). In line with 
this view, the susceptibility to hantavirus infection and the clini-
cal course of hantavirus-induced disease in humans are linked 
to polymorphisms of immune-related genes (105). Moreover, 
pathogenic hantaviruses infect human myeloid cells such as 
DCs and monocytes and interact with neutrophils, the most 
abundant immune cells (21, 23, 106–109). This tropism may help 
the pathogens to spread within the organism. In addition, this 
may also result in an inadequate immune response such as the 
excessive release of neutrophil extracellular traps that damages 
the endothelial barrier (110, 111).

Recently, hantaviral pathology was analyzed in HTNV-
infected NSG mice and NSG-A2 (Table  1) (112). In both 
types of humice, hantaviral genomic RNA was detected in the 
kidney, liver, and spleen, but the highest viral copy numbers 
were found in the lung. Significant weight loss occurred 
earlier in NSG-A2 mice (day 10) than in NSG mice (day 15). 
HTNV-infected unreconstituted NSG mice that served as a 
control showed only a slight but not significant weight loss 
within the observation period. Inflammatory infiltrates in the 
lung of HTNV-infected NSG-A2 mice were stronger than in 
NSG mice. Similarly, the number of human platelets dropped 
significantly in NSG-A2 mice, whereas the observed reduction 
in NSG mice was not significant. Although hantaviruses infect 
human megakaryocytic cells, they do not cause alterations in 
cell survival or differentiation (113). Thus, it is likely that 
hantavirus-induced thrombocytopenia is due to increased 
platelet destruction (114). Taken together, these findings 
indicate that human hematopoietic cells including HLA-A2 
restricted human T  cells play a pivotal role in hantaviral 
pathogenesis.

COnCLUSiOn AnD FUTURe DiReCTiOnS

Humice are an extremely useful but still not optimal tool for 
elucidating the mechanisms of VHF immunopathogenesis, 
in particular, because of the very limited range of alternative 
research models. In addition, humice facilitate testing of vac-
cines and novel antiviral agents (115). Development of these 
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therapeutic agents is urgently needed for treatment and preven-
tion of highly lethal VHFs. For example, humice can be used 
to generate human monoclonal antibodies for VHF prophylaxis 
(116). Finally, standardized humice allow the prospective testing 
of newly discovered HFVs or viruses suspected to be potentially 
HFVs and could form part of a zoonosis threat detection 
network. Future attempts have to improve the utility of humice 
as VHF models by further allowing better engraftment and 
differentiation of HSCs as well as the development of a fully 
functional lymphoid tissue architecture that efficiently supports 
human immune reactions.
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Humanized mice are emerging as an alternative model system to well-established 
non-human primate (NHP) models for studying human immunodeficiency virus (HIV)-1 
biology and pathogenesis. Although both NHP and humanized mice have their own 
strengths and could never truly reflect the complex human immune system and biology, 
there are several advantages of using the humanized mice in terms of using primary 
HIV-1 for infection instead of simian immunodeficiency virus or chimera simian/HIV. 
Several different types of humanized mice have been developed with varying levels 
of reconstitution of human CD45+ cells. In this study, we utilized humanized Rag1KO.
IL2RγcKO.NOD mice expressing HLA class II (DR4) molecule (DRAG mice) infused with 
HLA-matched hematopoietic stem cells from umbilical cord blood to study early events 
after HIV-1 infection, since the mucosal tissues of these mice are highly enriched for 
human lymphocytes and express the receptors and coreceptors needed for HIV-1 entry. 
We examined the various tissues on days 4, 7, 14, and 21 after an intravaginal admin-
istration of a single dose of purified primary HIV-1. Plasma HIV-1 RNA was detected 
as early as day 7, with 100% of the animals becoming plasma RNA positive by day 21 
post-infection. Single cells were isolated from lymph nodes, bone marrow, spleen, gut, 
female reproductive tissue, and brain and analyzed for gag RNA and strong stop DNA 
by quantitative (RT)-PCR. Our data demonstrated the presence of HIV-1 viral RNA and 
DNA in all of the tissues examined and that the virus was replication competent and 
spread rapidly. Bone marrow, gut, and lymph nodes were viral RNA positive by day 4 
post-infection, while other tissues and plasma became positive typically between 7 and 
14 days post-infection. Interestingly, the brain was the last tissue to become HIV-1 viral 
RNA and DNA positive by day 21 post-infection. These data support the notion that 
humanized DRAG mice could serve as an excellent model for studying the trafficking 
of HIV-1 to the various tissues, identification of cells harboring the virus, and thus could 
serve as a model system for HIV-1 pathogenesis and reservoir studies.

Keywords: human immunodeficiency virus-1, human immunodeficiency virus vaginal transmission, humanized 
Drag mouse, rna, Dna, quantitative rT-Pcr
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inTrODUcTiOn

Human immunodeficiency virus-1 (HIV-1), the virus that 
causes acquired immunodeficiency disease is transmitted mainly 
through the sexual route (1). The early events that occur dur-
ing HIV-1 sexual transmission and establishment of infection 
in humans are not completely understood. Insights into HIV-1 
transmission in humans have been derived from extensive studies 
conducted in non-human primate (NHP) models with simian 
immunodeficiency virus (SIV) (2–4). These NHP studies have 
highlighted the very early establishment of small populations of 
founder virus in local areas of entry, early onset of CD4 depletion, 
and pathological processes in the local areas. These events are 
followed by an early and a late systemic phase of infection that 
exert their systemic effects slowly over months to years. Within 
7–14 days, the infection became systemic with extensive viral rep-
lication and massive CD4 T-cell depletion in the lamina propria 
(5). An early capture HIV cohort study (RV217) of volunteers 
in East Africa and Thailand who were at high risk for HIV-1 
infection demonstrated that the median peak viremia occurred 
13 days after the first plasma sample was positive on nucleic acid 
testing (6). However, the early HIV events that occur before the 
plasma becomes HIV-1 RNA positive remain largely unknown.

A major obstacle for studying HIV-1 infection and pathogen-
esis is the lack of a good animal model. Although extensive studies 
have been performed in NHP models, these studies have utilized 
SIV or a chimera simian/HIV (SHIV), which are not the same as 
HIV-1 (7). Several human–mouse chimeras (humanized mice) 
have been generated to overcome the limited species tropism of 
HIV-1. The generation of a mouse with a reconstituted human 
immune system has enabled the use of humanized mice as a pos-
sible model for studying HIV-1 infection. At least 11 different 
types of humanized mice (8), each with unique characteristics are 
available. In this study, we utilized a more recently generated strain 
of humanized mice, the Rag1KO.IL2RγcKO.NOD mice express-
ing HLA class II-DR4 molecule (DRAG mice) (9–11). These mice 
were infused with HLA-matched human hematopoietic stem cells 
from umbilical cord blood and developed a high-reconstitution 
rate with long-lived functional B and T cells, all four classes of 
human immunoglobulins, and subclasses of IgG (9). In a previous 
study, our group has demonstrated that the humanized DRAG 
mouse model has some important features that correlate better 
with HIV-1 transmission in humans including high reconstitu-
tion of human CD45+ cells in the gut and female reproductive 
tract (FRT) which includes the ovaries, fallopian tubes, uterus, 
cervix, and the vagina. This reconstitution of human CD45+ cells 
is critical since the gut is an important venue for HIV-1 seeding 
and systemic spread. A majority of the CD4+ T cells present in 
the DRAG mice also expressed the HIV-1 co-receptor, CCR5. 
In particular, the CD4+ T follicular helper cells in the gut and 
FRT were highly permissive to HIV-1 infection (10). We also 
demonstrated that a single intravaginal infection (10,000 TCID50; 
equivalent to 2.54  ng p24) of purified primary HIV-1 resulted 
in 100% infectivity of humanized DRAG mice (10). The use of 
primary virus is of increasing importance, especially in light of 
recent work that indicates that primary viruses behave differently 
from pseudoviruses and infectious molecular clones (12).

While no animal model can fully mimic the effects of HIV-1 
in humans, because of some of the important features mentioned 
above, the humanized DRAG mouse model is suitable for 
investigating the early events after HIV-1 infection. Although 
the presence of SIV/SHIV in the FRT and gut of NHP following 
an intravaginal challenge are well established and in a separate 
study it was shown that low levels of viral RNA and DNA were 
present in distal tissues for several days following low-dose SHIV 
challenge (13, 14), the trafficking of the virus to the various tissues 
immediately after infection is still not completely understood. In 
the present study, we examined various tissues of the humanized 
DRAG mouse at different time points post-infection following 
an intravaginal infection with primary HIV-1. We determined 
how early HIV-1 RNA and DNA could be detected in the various 
organs post-infection compared with the appearance of the virus 
in the peripheral blood. Our results show that the earliest detec-
tion of viral RNA was in the gut and bone marrow and that the 
brain was the last organ to become HIV-1 RNA positive. Thus, 
the humanized DRAG mouse could serve as an excellent model 
for studying early HIV-1 pathogenesis and presumably also for 
HIV-1 reservoir studies.

MaTerials anD MeThODs

Mouse strain
Humanized DRAG mice [Rag1KO.IL2RγcKO.NOD (“NRG”) 
strain] with chimeric transgenes encoding for HLA-DR*0401 
[HLA-DRA/HLA-DRB1*0401]) fused to the I-Ed MHC- II mol-
ecule were generated as previously described (9). Four- to six-
week-old DRAG mice were infused with HLA-DR*0401-positive 
human stem cells (9). Human cell reconstitution was periodically 
assessed in the peripheral blood samples. The generation of the 
humanized DRAG mouse is shown schematically in Figure S1 
in Supplementary Material. Research was conducted under an 
approved animal use protocol in an AAALACi accredited facility 
in compliance with the Animal Welfare Act and other federal 
statutes and regulations relating to animals and experiments 
involving animals and adheres to principles stated in the Guide 
for the Care and Use of Laboratory Animals, NRC Publication, 
2011 edition. Human cord blood samples were obtained from the 
New York Blood Center and were used to reconstitute the mice.

intravaginal infection of humanized Drag 
Mice with hiV-1
Fifty-four female humanized DRAG mice were injected sub-
cutaneously with medroxyprogesterone (2.5  mg per 50  µL per 
mouse) (Greenstone LLC) 7 days prior to infection. Mice were 
anesthetized and administered intravaginally with purified 
primary HIV-1 BaL (10,000 TCID50, ~2.54  ng p24) in a total 
volume of 20  µL as described previously (10). Tissues from 3 
animals per time point were collected on days 4, 7, 14, and 21 
post-infection for a total of 12 mice. Tissue from two control ani-
mals (non-infected) were also collected and processed for RNA 
and DNA. Plasma viral load over the course of up to 126 days 
was assessed in the remaining 42 mice. HIV-1 BaL was purified 
and quantified as described previously (12, 15). HIV-1 BaL was 
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used for infecting the humanized DRAG mice because of its high 
number of infectious units per milliliter of virus (1.4 × 106 I.U. 
per mL), as well as a high TCID 50/mL (2.47 × 106), which was 
necessary to deliver the virus in a small volume into the vaginal 
vault. In addition, during optimization of the vaginal infection 
in humanized DRAG mice, we observed a 100% infection rate.

isolation of single cells from the gut, FrT, 
spleen, Bone Marrow, Brain, and lymph 
nodes
Prior to tissue collection, approximately 1 mL of blood was col-
lected by cardiac puncture. This would be considered as a bleed 
out since the blood volume for a 25  g mouse is approximately 
1.46 mL. A DRAG mouse weighs between 18 and 24 g. Bleed out 
before tissue collection prevented blood contamination of all the 
tissues and in particular the brain tissue. The following tissues 
were obtained from the humanized DRAG mice: gut, FRT, spleen, 
bone marrow, brain, and inguinal, popliteal, and mesenteric 
lymph nodes, and placed in 1× HBSS (Ca++ and Mg++ free), 1× 
HEPES, 5% FBS (vol/vol) wash buffer on ice. Single cells from the 
gut were isolated as previously described except collagenase II 
1 U/mL (Sigma) was used instead of Collagenase VIII and DNase 
Type I. Also, the cells were not layered on a Percoll gradient. After 
centrifugation, the cells were subjected to hCD45+ enrichment 
using anti-CD45 magnetic beads (StemCell Technologies). Cells 
not bound were removed while the bound cells were subjected to 
RNA and DNA isolation.

The FRT was processed in a similar manner to the intestinal 
tissue but was not enriched for hCD45. The fat from the lymph 
nodes and spleens were removed and single cells were isolated 
from the lymph nodes and the spleen by pushing them sepa-
rately through a 70 µm cell strainer using the back of a syringe 
plunger. Cells were then centrifuged at 1,500  rpm at 4°C for 
10 min and stored on ice or frozen until used for RNA and DNA 
isolation.

For isolation of bone marrow cells, the tips of the femur were 
cut off and the marrow was flushed into a 70 µm strainer with 
a syringe and pushed through the strainer using the back of a 
syringe plunger. After centrifugation, the cells were processed 
for the isolation of RNA and DNA. The brain tissue was diced 
into tiny pieces using razor blades and then incubated with col-
lagenase IV (10 mg/100 mL; Life Tech Corp.) in 1× HBSS at 37°C 
for 90 min on a rotator. The supernatant from the collagenase 
treatment was placed on a 70  µm strainer and the cells were 
pushed through the strainer using the back of a syringe plunger. 
After centrifugation, the brain cells were enriched for hCD45+ 
cells as described above.

Blood (approximately 1 mL) was collected in tubes contain-
ing 18  mM EDTA, centrifuged at 3,300  rpm at 4°C and then  
subjected to RNA and DNA isolation procedures.

assessment of Viral load in the Plasma
Blood samples (30  µL) were collected from humanized DRAG 
mice pre- and post-infection in tubes containing 18 mM EDTA 
solution. Following centrifugation at 3,300 rpm for 10 min at 4°C, 
plasma and the cell pellet were separately stored frozen at −20°C. 

The viral load in the plasma was determined using the Abbott 
RealTime HIV-1 Test (Abbott Molecular, Inc.) as previously 
described (10). The cell pellet was thawed, lysed, and HIV-1 RNA 
or DNA was extracted and quantified by quantitative real-time 
(qRT)-PCR. Student’s t-test was used to determine if the decrease 
in viral load on day 42 was significant or not.

assessment of hiV-1 infection in Organs
RNA and DNA were extracted from at least 1  ×  106 cells iso-
lated from the harvested organs using the RNeasy Mini Kit and 
the DNeasy Blood and Tissue kit (Qiagen), respectively. The 
one-step RT-PCR assay was performed with a Viia7 (Applied 
Biosystems) using the TaqMan RNA-to-Ct kit (Applied 
Biosystems). DNA detection qPCR assay was performed using 
the TaqMan Universal Master Mix II (Applied Biosystems). Two 
primer/probe sets were used to detect and measure the viral 
RNA and a housekeeping gene for cellular RNA. The HIV RNA 
was detected using a primer/probe set for HIV-1 Gag forward: 
5′-CATGTTTTCAGCATTATCAGAAGGA-3′, Gag reverse: 
5′-TGCTTGATGTCCCCCCACT-3′, Gag probe: 5′-FAM-
CCACCCCACAAGATTTAAACACCATGCTAA-BHQ-3′ . 
The primer/probe set used for GAPDH–GAPDH forward: 
5′- GAAGGTGAAGGTCGGAGTCAAC-3′, GAPDH reverse: 
5′-CAGAGTTAAAAGCAGCCCTGGT-3′, GAPDH probe: 
5′-HEX-TTTGGTCGTATTGGGCGCCT-BHQ-3′ (IDT). The 
reaction mixture (50  µL) contained the following amounts of 
reagents: 200  ng of total RNA, 1× final concentration of the 
TaqMan RT-PCR Mix and TaqMan RT Enzyme Mix, 0.2  µM 
Gag forward primer, 0.2  µM Gag reverse primer, 0.2  µM Gag 
probe, 0.2 µM GAPDH forward primer, 0.2 µM GAPDH reverse 
primer, and 0.2 µM GAPDH probe. The amplification reactions 
were performed using the following program: 48°C for 20 min, 
95°C for 10 min (60 cycles of), 95°C for 15 s, and 59°C for 1 min.

Similar to the HIV-1 RNA measurement stated above, 
HIV-1 DNA was also measured using two primer/probe 
sets to detect and measure the viral DNA and cellular DNA. 
The HIV strong stop DNA was detected using the 5′R 
(5′-AACTAGGGAACCCACTGCTTAA), 3′U5 (5′ TGAGGG  
ATCTCTAGTTACCAGAGTCA), and R-probe (5′-FAM-
CCTCAATAAAGCTTGCCTTGAGTGCTTCAA-BHQ 3′) and 
the cellular DNA was detected using the same GAPDH primer/
probe set mentioned above. The 20  µL reactions contained 
200 ng of total DNA, 1× final concentration of the Master Mix, 
0.8 µM 5′R (strong stop forward) primer, 0.8 µM 3′U5 (strong 
stop reverse) primer, 0.25 μM R-probe, 0.8 µM GAPDH forward 
primer, 0.8 µM GAPDH reverse primer, and 0.25 µM GAPDH 
probe. The reactions were run using the following program: 95°C 
for 10 min (60 cycles of), 95°C for 15 s, and 60°C for 1 min. The 
calculations for determining the RNA or DNA copy number 
was performed as previously described (12), with the exception 
of the cell number. The calculated number of cells per reaction 
was determined and then adjusted using a calculation of 1  ng 
RNA =  1,000 cells (16). Assay acceptability was contingent on 
the linear regression R2 value >0.95 for the viral and cellular  
RNA and DNA. Cells collected from uninfected control animals 
did not show any amplification of HIV-1 RNA or DNA positivity 
and served as negative controls in the study.
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FigUre 1 | Plasma human immunodeficiency virus (HIV)-1 viral load over 
time in humanized DRAG mice. Data are the mean ± SEM of 54 humanized 
DRAG mice infected intravaginally with a single dose of purified primary HIV-1 
BaL (10,000 TCID50, 2.54 ng p24).

FigUre 3 | Viral DNA detection in humanized DRAG mice tissues. DNA was 
isolated from single cell suspensions of bone marrow, spleen, blood, and 
brain. Viral DNA (strong stop) and cellular DNA (GAPDH) were detected using 
qPCR and quantified using appropriate DNA standards on days 0 (n = 2); 4 
(n = 3); 7 (n = 3); 14 (n = 3); and 21 (n = 3). The data represent the average 
of triplicate samples ± SEM.

FigUre 2 | Viral RNA detection in humanized DRAG mice tissues. RNA was 
isolated from single cell suspensions of bone marrow, spleen, blood, and 
brain. Viral RNA (gag) and cellular RNA (GAPDH) were detected using 
quantitative (q) real-time-PCR and quantified using appropriate RNA 
standards on days 0 (n = 2); 4 (n = 3); 7 (n = 3); 14 (n = 3); and 21 (n = 3). 
The data represent the average of triplicate samples ± SEM.
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statistical analyses
All of the data were graphed and analyzed using GraphPad 
Prism, version 7.0 (GraphPad Software). Data are represented as 
mean ± SEM. Student’s t-test was utilized to determine statistical 
significance.

resUlTs

Sexual transmission of HIV-1 is the most common route of HIV-1 
infection. Therefore, humanized DRAG mice were infected 
vaginally with a single dose (10,000 TCID50) of purified primary 
HIV-1 BaL (subtype B). This dose would be considered as a low to 
moderate dose based on previous studies where 200,000–700,000 
TCID50 (20–70-fold higher than our dose) was used (17, 18) for 
intravaginal infection of humanized mice. However, in two addi-
tional studies (19, 20) the intravaginal dose used was 156–3,000 
TCID50 (3–10-fold lower than our dose).

The plasma viral load in humanized DRAG mice was deter-
mined over a period of up to 126 days post-HIV-1 infection and 
the average of 54 mice is shown in Figure 1. Plasma viral loads 
for each individual humanized DRAG mouse is shown in Figure 
S2 in Supplementary Material. With a single infection, 89% of the 
mice became positive by day 14 and 100% of the mice (n = 54) 
became positive by day 21. RNA plasma positivity was detected 
in some animals as early as day 7 post-infection. Peak viremia was 
observed on day 21 (3 weeks post-infection), with plasma viral 
load of 5.0 log 10 copies per milliliter. There was a very slight but 
insignificant (p = 0.29) decrease in the viral load on day 42 with 
the viral load remaining steady with minimal changes up to day 
126 (18 weeks) post-infection.

Single cell suspensions prepared from the bone marrow, 
spleen, and brain of uninfected humanized DRAG mice or from 

infected mice on days 4, 7, 14, and 21 post-HIV-1 BaL infection 
were analyzed for the presence of viral RNA (Figure  2) and 
DNA (Figure  3). Using qPCR, the number of viral RNA and 
DNA copies present per million cells was quantified using the 
appropriate standards and the data are presented in Figures 2 and 
3. For blood samples, the EDTA-treated blood was centrifuged, 
the pelleted cells were lysed, and RNA and DNA were extracted 
and purified from the cells. As shown in Figure 2, viral RNA was 
detected as early as day 4 in the bone marrow of two out of three 
mice, however, no viral RNA was detected on day 7, although low 
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TaBle 1 | Detection of human immunodeficiency virus (HIV)-1 RNA in various 
tissues.

FrT gut lymph nodes

Day 4 0 1 1
Day 7 2 2 3

Humanized DRAG mice (n = 3) were infected intravaginally with a single dose of 
purified primary HIV-1 BAL (10,000 TCID50, 2.54 ng p24). RNA was isolated from 
female reproductive tract (FRT), gut, and lymph nodes on days 4 and 7 post-infection. 
The number of mice that were positive for HIV-1 RNA on different days is shown.
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levels of viral RNA were detected in the spleen and blood cells in 
two out of three mice. By day 14 post-infection, bone marrows of 
all three mice, spleen cells from two out of three mice, and blood 
cells from all three mice averaged around eight million gag RNA 
copies/million cells. The gag RNA copies increased 10-fold in the 
spleen cells, averaging around 70 million gag RNA copies/million 
cells by day 21, indicating that the virus was replication competent 
and spreading to other tissues. In contrast, no viral RNA could be 
detected in the cells of the brain up to day 14, although the blood, 
spleen, and bone marrow cells contained actively replicating 
HIV-1. Unlike the earlier time point, at 21 days post-infection, 
two out of three mice were positive for the presence of viral RNA 
in the brain cells. These data demonstrate the prolific nature of 
the virus and that the brain is probably one of the last organs 
to become susceptible to HIV-1. It is possible that low levels of 
HIV-1 may be present at an earlier time point that is undetectable 
with our assay, which has a lower limit of detection of 10 copies/
million. Even though it takes about 21 days to demonstrate the 
presence of replicating HIV-1 in the brain, in the time frame of 
infection, it is still relatively rapid.

To further solidify our results that the virus was indeed repli-
cating, strong stop DNA was measured for the same tissue cells as 
described above for RNA. Similar results were obtained for viral 
DNA as was observed with viral RNA. Viral DNA was detected 
in the blood, spleen, and bone marrow cells on days 14 and 21 
post-infection (Figure 3). By day 7, approximately 250–400 cop-
ies of viral DNA were detected in the spleen and blood tissues. 
There was an increase in the viral DNA copies by days 14 and 
21 post-infection. Similar to the RNA data observed above, no 
viral DNA was detected in the cells from the brain in any of the 
mice 14 days post-infection. It was, however, present in two out 
of three mice at 21 days post-infection. The detection of the viral 
DNA indicates the presence of replicating virus at these different 
tissues after intravaginal infection.

Having established that the virus was present and actively 
replicating in the blood, spleen, bone marrow, and the brain of 
humanized DRAG mice within 21 days post-infection, we next 
focused on the FRT, gut, and the lymph nodes, which were of 
great interest since the gut and the FRT are important organs for 
seeding and spread of HIV-1 (21–25). Therefore, we examined 
the cells isolated from the gut, FRT, and lymph nodes at very 
early time points, on days 4 and 7 post-HIV-1 infection (Table 1). 
Generally, at this time point, not all of the humanized DRAG 
mice had detectable viral RNA copies in their plasma and the few 
that did, had levels that were fairly low.

On day 4 post-infection, viral RNA was present in the gut and 
lymph nodes of one out of three mice and no viral RNA could 
be detected in the FRT. By day 7 post-infection, viral RNA was 
detected in the cells of the gut and FRT in two out of three mice. 
Interestingly, all three mice were positive for viral RNA in cells 
isolated from the mesenteric and inguinal/popliteal lymph nodes. 
The presence of viral RNA in the lymph nodes of all three mice 
suggests that the virus is utilizing the lymphatic system for rapidly 
spreading to other areas. At day 7, only one mouse had a detectable 
viral load in the plasma and detectable viral DNA in the blood cell 
pellet (data not shown) and spleen, while a second mouse showed 
the presence of viral RNA in the spleen cells, despite an undetect-
able viral load in the plasma. These data suggest that the virus is 
probably trafficking to the spleen and bone marrow through the 
lymphatic system before appearing systemically.

DiscUssiOn

Human immunodeficiency virus-1 replication is limited to only 
two species: humans and chimpanzees. Rodents cannot be used 
for HIV-1 vaccine efficacy or transmission studies as their cells 
lack proper receptor/co-receptor expression along with numer-
ous HIV-1 translational and post-translational replication blocks 
(26). Thus, the limited species available for in vivo HIV-1 studies 
represents a significant challenge. Furthermore, access to primary 
human tissue is difficult and requires invasive techniques. NHP 
and humanized mice have therefore been the models of choice 
and used extensively to study SIV and HIV infection and patho-
genesis. Despite the use of NHP and human tissue biopsies, the 
early events in SIV or HIV-1 infection are not completely under-
stood (7, 27). In addition to using an appropriate animal model, 
it is equally important to use the appropriate primary virus. We 
have recently demonstrated differences in viral capture between 
primary viruses, pseudoviruses, and infectious molecular clones. 
Therefore, it is important to use primary HIV-1 propagated in 
human PBMCs for in vitro studies utilizing human tissue biopsies 
or for in vivo studies using humanized mice (12).

There are several models for humanized mice with different 
strains of mice and different engraftment methods that have 
been utilized to study HIV-1 infection, including the Hu-PBL-
SCID, Hu-SRC-SCID, NSG, NRG, TKO-BLT, and BLT mice  
(8, 28, 29). In our studies, we have utilized DRAG mice, which 
has several advantages compared with other strains of humanized 
mice. Compared with NRG mice, DRAG mice express human 
HLA-DR4 molecules in cells from spleen, thymus, and bone mar-
row (9). Previous work has demonstrated that 93% of the human-
ized DRAG mice were able to reconstitute human T cells mice 
whereas in humanized NRG mice (RagKO.IL2RgcKO.NOD) 
which lack the expression of HLA-DR4 molecules, only 36% of 
the mice were able to reconstitute human T cells (9). This work 
also indicated that the numbers of human thymic precursors and 
peripheral human T cells in the T-cell reconstituted DRAG mice 
were significantly higher when compared with the T-cell recon-
stituted NRG mice (9). Although the humanized mice models 
have effective T-cell immune responses, the B-cell functions are 
not ideal for vaccination and immunization studies. Earlier work 
by our group has shown that the DRAG mice develop Peyer’s 
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patches (10), while other humanized mice such as NRG, NSG, or 
BLT mice do not (30). The high level of reconstitution of human 
T and B cells in the humanized DRAG mice gut, FRT, and spleen, 
with the majority of CD4+ T cells (79–96%) exhibiting a memory 
phenotype, the ability to generate all four human IgG subclasses, 
human IgA and IgE, and the ability to elicit specific IgG responses 
upon immunization makes the humanized DRAG mice an 
attractive model for pathogenesis and vaccine studies (8–11).

Our present study highlights the use of the humanized DRAG 
mouse model to determine the presence of HIV-1 in the various 
organs/tissues at early time points during acute infection follow-
ing administration of purified primary subtype B HIV-1 (BaL) 
through the vaginal route. Previous work with humanized mice 
used infectious molecular clones or primary HIV-1 (19, 31–36). 
In several of these studies, the mice were injected with these 
viruses through the intraperitoneal or intravenous routes (31, 
32, 34–37). We chose the intravaginal route to infect humanized 
DRAG mice since the major route of HIV-1 infection in humans is 
through the sexual route. Our data demonstrate that intravaginal 
administration of a single dose of purified primary HIV-1 BaL 
was sufficient for 100% of the mice (n = 54) to become HIV-1 
RNA plasma positive within 21 days of infection; however, some 
of the mice became HIV-1 RNA plasma positive as early as 7 days 
post-infection. The 100% infectivity rate and the high reconstitu-
tion of human CD45+ cells in the various organs and in particular 
in the gut and FRT (9, 10) encouraged us to examine the spread 
of the virus at early time points from the site of infection.

Our study demonstrated the following: (i) HIV-1 viral RNA 
and DNA with high-copy numbers in some cases, as measured by 
qRT-PCR, was present in all the tissues examined: bone marrow, 
spleen, blood, gut, lymph nodes, FRT, and brain; (ii) a progressive 
increase in the viral copy numbers for both RNA and DNA indi-
cated that the virus was replication competent and spread rapidly; 
(iii) the earliest detection of HIV-1 RNA was on day 4 in the gut, 
lymph nodes, and bone marrow; (iv) the brain was the last tissue 
to become HIV-1 viral RNA positive by day 21.

Even though the brain was the last tissue to become RNA 
positive, it showed very high viral RNA copies (approximately 
100 million) and approximately 2 million viral DNA copies, sug-
gesting that the brain was highly susceptible to HIV-1. The high 
copy number could be due to a high quantity of HIV-1 trafficking 
to the brain or due to active HIV-1 replication in this tissue. The 
presence of HIV-1 in the brain was not due to contamination 
from the blood as the levels of RNA and DNA copies were 10-fold 
higher in the brain compared with the blood. Furthermore, while 
the blood was positive for HIV-1 by day 7, the brain tissue did 
not become positive for HIV-1 until day 21. Several groups have 
examined humanized NOD/SCID/IL2Rγc

null mouse brain tissue 
for the presence of HIV-1 after intraperitoneal injections of 
HIV-1ADA or HIV-infected PHA blasts or after an intravenous 
infection with HIV-1MNp. In the case of the HIV-1ADA virus, 
DNA was analyzed at day 35 with only one out of the nine mice 
showing viral RNA in the brain (31). The brain viral RNA was at 
~3,000 copies in the mouse with blood viral RNA ranging from 
1,000 to 10,000,000 which is in a brain/blood ratio of 3- to 3,000-
fold less than what we have observed. Using the intraperitoneal 
route with HIV-infected blast cells, Singh et  al. (38) observed 

HIV-1-infected cells in the brain as early as 4 days after injection. 
This study did not determine viral RNA/DNA copies but does 
support transmission of HIV-1-infected cells into the brain. In the 
study that utilized HIV-1MNp infection through the intravenous 
route, viral DNA was analyzed at day 59, significantly later then 
our 21-day time point and the results showed a threefold higher 
DNA level in the blood than in the brain (39). The differences 
between our study and the other studies mentioned above could 
be due to the route of infection (intraperitoneal or intravenous 
vs. intravaginal), the virus used, or the time points examined.

The timing of infection in the DRAG mice as well as the 
trafficking of the virus from the FRT to other organs seem to 
be in good consensus to what has been reported previously in 
the NHP/SHIV model (14). After a single intravaginal dose of 
SHIV-SF162P3 (50,000 TCID50), viral RNA was observed only in 
the vagina and cervix area starting at day 1 or 3 post-infection. 
At day 7, viral RNA was observed in various organs in the NHP 
including the mesenteric lymph node, bone marrow, spleen, 
and brain. By day 10 post-infection, the infection had become 
systemic with all organs of the three NHPs positive for viral RNA. 
The variability in DRAG mice on the presence of viral RNA in 
the various organs at 7  days post-infection was also observed 
with the NHP model. Although two out of five and four out of 
five NHPs were positive for viral RNA in the bone marrow and 
spleen, respectively, the plasma of these animals did not become 
positive until day 10 post-infection. Similarly, only one out of the 
five animals in each case was positive for viral DNA in the lymph 
nodes and spleen.

Our results indicate that HIV-1 infection in the humanized 
DRAG mouse was a very dynamic and rapid process. As early as 
day 4 post-infection, viral RNA was detected in the gut, lymph 
nodes, and bone marrow, although at this time point, the plasma 
was negative for viral RNA. This would suggest that the virus was 
utilizing the lymphatic system to spread to the other tissues. It 
is also important to point out that unlike the spleen and brain 
cells that contained the highest number of RNA viral copies, the 
bone marrow contained the highest number of viral DNA copies. 
This observation may be indicative of bone marrow harboring a 
viral reservoir at a higher rate than other tissues, although our 
assay does not distinguish between integrated and non-integrated 
DNA. This is an interesting observation nonetheless that requires 
further study. In support of our observation, it has been reported 
recently that the bone marrow of CD34-NSG humanized mouse 
was the major tissue site for HIV-1 infection with monocyte-
macrophages and dendritic cells being the principal targets 
following an intraperitoneal infection with a macrophage-tropic 
virus (HIV-1ADA) (31).

Our future work will be directed toward the identification of 
cells that harbor the virus in the various tissues as well as viral 
outgrowth assays to determine if the viral RNA negative organs 
are truly negative for HIV-1. In conclusion, our work demon-
strates that the humanized DRAG mouse is an attractive model 
for studying HIV-1 pathogenesis and establishment of reservoirs 
because of the high level of reconstitution of human immune cells 
as well as viral persistence in diverse tissues such as the bone mar-
row, lymph nodes, and the brain, which could serve as a sanctuary 
site for HIV-1 to escape the host immune system.
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FigUre s1 | Schematic representation of the generation of the human-immune-
system DRAG mice. Procedure for generating the humanized DRAG mice as 
described in Danner et al. (9).

FigUre s2 | Plasma HIV-1 viral loads over time in individual humanized DRAG 
mice. A total of 54 humanized DRAG mice were infected intravaginally with a 
single dose of purified primary HIV-1 BaL (10,000 TCID50, 2.54 ng p24).
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Multidimensional Analysis Integrating 
human t-Cell signatures in 
Lymphatic tissues with sex of 
humanized Mice for Prediction  
of Responses after dendritic  
Cell Immunization
Valery Volk1†, Andreas I. Reppas2†, Philippe A. Robert2, Loukia M. Spineli3,  
Bala Sai Sundarasetty1, Sebastian J. Theobald1, Andreas Schneider1, Laura Gerasch1, 
Candida Deves Roth1, Stephan Klöss4, Ulrike Koehl4, Constantin von Kaisenberg5, 
Constanca Figueiredo6, Haralampos Hatzikirou2*, Michael Meyer-Hermann2*  
and Renata Stripecke1*†

1 Department of Hematology, Hemostasis, Oncology and Stem Cell Transplantation, Hannover Medical School, Hannover, 
Germany, 2 Department of Systems Immunology, Braunschweig Integrated Centre of Systems Biology, Helmholtz Centre for 
Infection Research, Braunschweig, Germany, 3 Institute of Biostatistics, Hannover Medical School, Hannover, Germany, 
4 Institute of Cellular Therapeutics and GMP Core Facility IFB-Tx, Hannover Medical School, Hannover, Germany, 5 Clinic of 
Gynecology and Obstetrics, Hannover Medical School, Hannover, Germany, 6 Department of Transfusion Medicine, 
Hannover Medical School, Hannover, Germany

Mice transplanted with human cord blood-derived hematopoietic stem cells (HSCs) 
became a powerful experimental tool for studying the heterogeneity of human 
immune reconstitution and immune responses in  vivo. Yet, analyses of human T cell 
maturation in humanized models have been hampered by an overall low immune reac-
tivity and lack of methods to define predictive markers of responsiveness. Long-lived 
human lentiviral induced dendritic cells expressing the cytomegalovirus pp65 protein 
(iDCpp65) promoted the development of pp65-specific human CD8+ T cell responses 
in NOD.Cg-Rag1tm1Mom-Il2rγtm1Wj humanized mice through the presentation of immune- 
dominant antigenic epitopes (signal 1), expression of co-stimulatory molecules (signal 
2), and inflammatory cytokines (signal 3). We exploited this validated system to evaluate 
the effects of mouse sex in the dynamics of T  cell homing and maturation status in 
thymus, blood, bone marrow, spleen, and lymph nodes. Statistical analyses of cell 
relative frequencies and absolute numbers demonstrated higher CD8+ memory T cell 
reactivity in spleen and lymph nodes of immunized female mice. In order to understand 
to which extent the multidimensional relation between organ-specific markers predicted 
the immunization status, the immunophenotypic profiles of individual mice were used 
to train an artificial neural network designed to discriminate immunized and non- 
immunized mice. The highest accuracy of immune reactivity prediction could be obtained 
from lymph node markers of female mice (77.3%). Principal component analyses further 
identified clusters of markers best suited to describe the heterogeneity of immunization 
responses in  vivo. A correlation analysis of these markers reflected a tissue-specific 
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impact of immunization. This allowed for an organ-resolved characterization of the 
immunization status of individual mice based on the identified set of markers. This new 
modality of multidimensional analyses can be used as a framework for defining minimal 
but predictive signatures of human immune responses in mice and suggests critical 
markers to characterize responses to immunization after HSC transplantation.

Keywords: hematopoietic stem cell transplantation, cord blood, dendritic cell, t  cell maturation, lymphatic, 
humanized mice, gender, artificial neural network

INtRodUCtIoN

Humanized mice transplanted with human hematopoietic stem 
cells (HSCs) became a broadly used experimental and preclinical 
platform to characterize the critical steps for the reconstitution 
of the human immune system (1–3). In this context, humanized 
mice are currently used to study human-specific infections and 
to test drugs, vaccines, and cell therapies (2, 3). Engraftment of 
human HSCs in the mouse bone marrow (BM) and subsequent 
early T cell development in thymus (Thy) could be conveniently 
studied in short-term models lasting 10–16 weeks (4). Yet, full 
maturation of T cells toward memory cells in HSC-transplanted 
humanized mice was shown to be considerably more het-
erogeneous and challenging and required periods of analyses 
of 20 weeks or longer (5, 6). Thus, this lymphopenia coincides 
with the delayed T cell immune reconstitution in patients after 
hematopoietic stem cell transplantation (HSCT) (5, 6). Multiple 
complementary approaches were tried to support the develop-
ment of human cells in immune-deficient mice such as, for 
example, the administration of human cytokines (7) and the 
generation of new transgenic mouse strains expressing human 
cytokines (8) or human leukocyte antigens (HLA) molecules 
(9, 10). More complex and demanding strategies exploring 
co-transplantation with human fetal thymus and liver tissues 
(bone marrow, liver, thymus model) into mice showed an overall 
improved T cell development and maturation (11–14). Notably, 
since T cell responses depend on the strength of the signals deliv-
ered by the antigen/HLA to the T cell receptor (TCR) (signal 1),  
co-stimulation (signal 2), and pro-inflammatory cytokines  
(signal 3), studies demonstrating the presence of human den-
dritic cells (DCs) in humanized mice elucidated their role in acti-
vation of the cognate T cells (15). Thus, as potential alternative 

Abbreviations: aAPC, artificial antigen-presenting cell; Ab, Antibody; ANN, 
artificial neural network; ANOVA, analysis of variance; B. D., below detection; 
BM, bone marrow; BLT, bone marrow, liver, thymus (mouse model); CB, cord 
blood; CM, central memory; CTL, cytotoxic lymphocytes; DN, double negative; 
DP, double positive; DC, dendritic cell; ELISPOT, enzyme-linked immuno spot 
assay; EM, effector memory; FBS, fetal bovine serum; HCMV, human cytomeg-
alovirus; HIV, human immunodeficiency virus; HLA, human leukocyte antigen; 
HSCs, hematopoietic stem cells; HSCT, hematopoietic stem cell transplantation; 
iDCpp65, induced dendritic cells expressing pp65; IDLV-G2a-pp65, integration-
deficient lentiviral vector co-expressing GM-CSF/IFN-α and the HCMV-pp65; 
IL, interleukin; MCP-1, monocyte chemoattractant protein 1; MLNs, mesenteric 
lymph nodes; N, naïve; NRG, NOD.Cg-Rag1tm1Mom-Il2rγtm1Wj; PB, peripheral 
blood; PBS, phosphate-buffered saline; PCA, principal component analysis; Pp65, 
phosphoprotein 65; PLN, peripheral lymph nodes; SPL, spleen; TCRαβ, T  cell 
receptor αβ; TE, terminal effector; Th1, T helper type 1; Thy, thymus; WT1, Wilms 
tumor 1 protein.

approaches for improving T  cell reconstitution in humanized 
mice and ultimately in humans, adoptive autologous DCs, such 
as those explored clinically for cancer immunotherapy (16) 
and human immunodeficiency virus (17), or in  vivo activated 
DCs, as previously shown to be effective in humanized mice 
(18), could represent valuable options. Likewise, we have previ-
ously described the preclinical testing of long-lived genetically 
engineered induced DC (iDCs) in humanized mice. These cells 
were generated after a fast overnight transduction of monocytes 
with lentiviral vectors encoding granulocyte-macrophage 
colony stimulating factor (GM-CSF), interferon-α (IFN-α), and 
the human cytomegalovirus (HCMV) phosphoprotein (pp) 65 
(19, 20). iDCs expressing pp65 (iDCpp65) vaccines are cur-
rently in clinical development for protection of posttransplant 
patients (21), since pp65 has been long known to be a major 
immune-dominant CD8+ cytotoxic T lymphocyte target antigen 
in healthy seropositive adults (22). Furthermore, non-exhausted, 
long-lived CD8+ effector memory (EM) T cells are considered to 
be crucial to maintain lifelong protection from HCMV reactiva-
tion in posttransplant patients (23).

We previously demonstrated that multiple administrations 
of iDCpp65 into NOD.Cg-Rag1tm1Mom-Il2rγtm1Wj (NRG) mice 
transplanted with human HSCs promoted a potent development 
of CD8+ antigen-specific memory responses in short (16 weeks) 
(20) and long (20–36  weeks) models (19, 24). We have also 
demonstrated that another important factor to be considered 
regarding the analyses of human T cells in mice humanized with 
cord blood (CB)-HSCs is the gender of the recipient mouse. 
For the initial 10–15 weeks after HSCT, females showed a more 
robust T cell development and maturation, whereas male’s T cells 
matched the female’s T cell maturation status only 20 weeks post-
transplant (25).

In this current work, we sought to evaluate whether human-
ized female and male mice would show differential patterns 
of T  cell responses to iDCpp65. We characterized the CD4+/
CD8+ T cells and their subsets [naïve (N), EM, central memory 
(CM), and terminal effector (TE)] in different lymphatic tissues 
and confirmed a distinct behavior between females and males, 
supported by statistical methods. In order to integrate the data 
obtained from different tissues and evaluate the immunization 
responsiveness among them, we adopted a classification machine 
learning algorithm based on an artificial neural network (ANN). 
A Principal Component Analysis (PCA) (26, 27) was further 
used to reduce the critical information required to predict 
responsiveness from the ANN (28). The markers pinpointed by 
the PCA revealed that the correlation structure of organ-specific 
markers is strongly impacted by immunization and, therefore, 
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viability (by trypan blue exclusion), lentiviral copies per cell  
(by RT-q-PCR), and DC immunophenotype (by flow cytometry) 
were performed as previously described (20, 21, 24). For immu-
nization, IDLV-transduced cells were thawed, washed twice with 
PBS, and re-suspended in PBS at concentration 5.0 × 106 cell/ml.  
Cells were kept on ice until injection. After CB-HSCT, mice were 
randomly distributed into two groups, a non-treated control and 
a group immunized with 5.0  ×  105 iDCpp65 cells. Cells were 
administered subcutaneously in the left hind flank at weeks 6 
and 10 and in right hind flank at weeks 7 and 11 posttransplanta-
tion (Figure 1A). Weekly weight and general health monitoring 
were performed until the end of the experiment at week 20 
posttransplantation.

step 3: Longitudinal Characterization  
of human t Cell development in PB
Samples of PB were collected from all mice at weeks 10, 16, and 
20 after HSCT to evaluate the level of engraftment of human 
hematopoietic cells and expansion of T and B cells. Two rounds 
of lysis were performed to remove erythrocytes (0.83% ammo-
nium chloride/20 mM HEPES, pH 7.2, for 5 min at room tem-
perature, followed by stabilization with cold PBS and washing). 
Cells were labeled for flow cytometry analyses with the following 
antibodies as previously described (24): pacific blue anti- 
CD45, Alexa700 (AF700) anti-CD19, allophycocyanin (APC) 
anti-CD3, phycoerythrin-cyanine7 (PC7) anti-CD8 (BioLegend, 
Fell, Germany); allophycocyanin-H7 (APC-H7) anti-CD4, 
Phycoerythrin (PE) anti-CD14 (BD Biosciences, San Jose, CA, 
USA); and phycoerythrin-cyanine5 (PC5) anti-CD62L, fluores-
cein isothiocyanate (FITC) anti-CD45RA (Beckman Coulter, 
Krefeld, Germany) for 15 min at room temperature, washed, and 
analyzed by LSR II flow cytometer (BD Biosciences, Heidelberg, 
Germany).

step 4: evaluation of the human  
t Cell Responses against pp65  
in Immunized Mice
Three mice immunized with iDCpp65 and showing well-
deve loped lymph nodes were used for obtaining human 
memory T cells in high purity as previously described (20, 24).  
Cryopreserved single cell suspensions generated from lymph 
nodes were thawed, pooled, and re-suspended in X-VIVO 
15 medium. Activation of T  cells was performed by MACS 
magnetic beads conjugated with anti-CD2/CD3/CD28 mono-
clonal antibodies (Miltenyi Biotec, Germany) in a bead-to-cell 
ratio of 1:2, in presence of 25  IU/ml of human IL-2, 5  ng/
ml IL-7, and 5  ng/ml IL-15 (Cellgenix, Germany) for 48  h. 
Cytokines were refreshed every 2  days until the end of the 
homeostatic expansion (day 9 post-activation with magnetic 
beads). Activated cells were re-stimulated after coculture 
either with autologous iDC (for APC-mediated homeostatic 
stimulation but lacking antigens) or with iDCpp65 for 7 days 
using a T/DC cell ratio of 10:1. For intracellular IFN-γ detec-
tion, expanded T  cells were first seeded in triplicates wells 
(3 × 105 cells/well) of a 96-well round-bottom plate and then, 
for 16  h, the cells were further activated with 10  µg/ml of 

that these markers can be used as biomarkers to retrieve the 
information of the immunization status.

MAteRIALs ANd Methods

step 1: Generation of humanized Mice 
transplanted with human CB-hsC
Study protocols were approved by the Ethics Committee of the 
Hannover Medical School for acquisition and banking of human 
HSCs obtained from umbilical cord tissues after informed 
consent from donors (mothers at term). The HSCs were labeled 
according to a numerical code that could not be traced back 
to the donor’s personal information, thus keeping the donor’s 
anonymity. All experiments involving mice were performed in 
accordance with the regulations and guidelines of the animal 
welfare of the State of Lower Saxony (Nds. Landesamt für 
Verbraucherschutz und Lebensmittelsicherheit, Dezernat 33/
Tierschutz). 5-week-old NRG mice were originally obtained 
from The Jackson Laboratory (JAX, Bar Harbor, ME, USA) and 
bred in-house under pathogen-free conditions. Prior to HSCT, 
mice were sublethally irradiated (450 cGy) using a [137Cs] 
column irradiator (Gammacell 3000 Elan; Best Theratronics, 
Ottawa, ON, Canada). 4 h after irradiation, 1.5–2.0 × 105 human 
CD34+ hematopoietic cells isolated from female donor umbili-
cal CB were administrated to each mouse trough the tail vein 
as described (20, 24). We had previously shown that immune 
reconstitution in female mice recipients was faster than in 
males (25) and we, therefore, used female donors to avoid any 
putative immune responses against antigens expressed in the Y 
chromosome of male recipients. Stem cells from HLA*A02.01 
positive (CB1, CB3) or negative (CB2) units were used to gener-
ate humanized mice (CB1: n = 11, CB2: n = 10, CB3: n = 9). 
Starting at week 10 posttransplantation, the human immune 
reconstitution in mouse peripheral blood (PB) was assessed by 
flow cytometry evaluating the frequency of human CD45+ cells.

step 2: Immunization of Mice with idCs 
expressing the pp65 Antigen
CD14+ monocytes were isolated at high purity (from the same 
CB units used as source of CD34+ HSCs) by immune-magnetic 
beads (Miltenyi Biotec, Bergisch Gladbach, Germany) and cryo-
preserved. CD14+ cells were used for the generation of iDCpp65 
after transduction with a tricistronic integrase-defective len-
tiviral vector co-expressing human cytokines GM-CSF/IFN-α 
and the HCMV-pp65 protein as described (IDLV-G2a-pp65)  
(20, 24). In short, monocytes were pre-conditioned with recom-
binant human GM-CSF and IL-4 (both 50  ng/ml; Cellgenix, 
Freiburg, Germany) for 8  h prior to lentiviral gene transfer. 
Transduction of monocytes with IDLV-G2a-pp65 was performed 
at a multiplicity of infection of 5 (2.5 mg/ml p24 equivalent) in 
the presence of 5 µg/ml protamine sulfate (Valeant, Duesseldorf, 
Germany) for 16 h. Afterward, cells were harvested by resuspen-
sion in phosphate-buffered saline (PBS), washed twice, and 
cryopreserved. For transduction quality assessment, a sample 
of frozen cells was thawed and maintained in the X-VIVO 15 
medium (Lonza, Basel, Switzerland) for 7 days. Analyses of cell 
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FIGURe 1 | Generation of induced dendritic cells expressing pp65 (iDCpp65) for immunization of humanized mice. (A) Scheme of experimental design. Purified 
CD34+ hematopoietic stem cells obtained from three cord blood (CB) units and devoid of contaminating T cells were used for transplantation of three mice cohorts. 
Purified CD14+ cells from the same CB were transduced with a tricistronic integrase-defective lentiviral vector co-expressing huGM-CSF, huIFN-α, and HCMV-pp65. 
Cryopreserved cells were thawed, analyzed for viability, identity, and potency characteristics in vitro, and used for prime/boost immunizations [at weeks 6, 7, 10, and 
11 after hematopoietic stem cell transplantation (HSCT), n = 17]. Longitudinal analyses of peripheral blood were performed on weeks 10, 16, and 20 after HSCT. 
Mice were sacrificed at week 20 after HSCT and bone marrow, SPL, Thy, peripheral lymph node (PLN), and MLN were isolated and analyzed. Non-immunized 
humanized mice (n = 11) from the same corresponding CB units were used as controls. (B) Percentage of viable iDCpp65 cells after cryopreservation and thawing 
(white bars) and 7 days after the in vitro culture (black bars) for each CB unit. (C) iDCpp65 generated with CB 1 (white), 2 (gray), and 3 (black bars) were maintained 
for 7 days in vitro and the extracted DNA was analyzed by RT-q-PCR for LV copy number per cell. (d) Concentration of huIFN-α (gray bars) and huGM-CSF (black 
bars) determined for cell supernatants collected at day 7 of in vitro differentiation of iDCpp65 generated from CB donor 1 and 3 and measured by ELISA.  
(e) Representative dot plots of flow cytometry analyses of iDCpp65 (CB1) at thaw and at day 7 of differentiation in vitro, showing high viability (7AAD negative 
population), downregulation of CD14, upregulation of CD45 and CD11c (used as gates for further analyses), and upregulation of HLA-DR, CD80, CD86, and  
pp65 upon iDCpp65 differentiation.
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CMV PepTivator (pp65 overlapping peptide pool, Miltenyi 
Biotec, Bergisch Gladbach, Germany) or 10  µg/ml of Wilms 
Tumor 1 (WT1) negative control overlapping peptide pool 
(Miltenyi Biotec, Germany). A protein transport inhibitor 

cocktail (eBioscience, Frankfurt, Germany) was added to the 
cells 2 h after peptide stimulation. At the end of stimulation, 
the surface staining with APC anti-CD3, APC-H7 anti-CD4, 
and PC7 anti-CD8 antibodies (BioLegend, Germany) was 

34

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


5

Volk et al. Learning Machine for Humanized Mice

Frontiers in Immunology | www.frontiersin.org December 2017 | Volume 8 | Article 1709

performed. Subsequently, cells were permeabilized and fix-
ated for intracellular staining with PE anti-IFN-γ antibodies 
(eBioscience, San Diego, CA, USA). Samples were acquired by 
LSR II flow cytometer and data were analyzed using FlowJo 
software version 7.6.4 (Tree Star Inc., Ashland, OR, USA). As 
targets for enzyme-linked immuno spot (ELISPOT) assays, 
K562 cells expressing HLA*A02.01 (also known as artificial 
antigen-presenting cells or “aAPCs”) and aAPCs expressing 
pp65 endogenously (aAPC/pp65) were cultured in RPMI 1640 
(Lonza, Switzerland) containing 10% fetal bovine serum. For 
IFN-γ detection by ELISPOT, MultiScreen HTS plates (Merk 
Millipore, Darmstadt, Germany) were coated with anti-IFN-γ 
antibodies (Mabtech, Nacka Strand, Sweden) at 4°C overnight. 
Then, 2.5 × 104 T cells were mixed with 7.5 × 104 aAPCs either 
not carrying an antigen, or with aAPCs pulsed with WT1 
peptides (aAPC + WT1), or with aAPCs pulsed with pp65 pep-
tides (aAPC + pp65) or expressing pp65 endogenously (aAPC/
pp65). The T cell/aAPC cocultures were incubated overnight, 
washed, and incubated with biotin-conjugated anti-human 
IFN-γ monoclonal Ab, followed by incubation with alkaline 
phosphatase-conjugated streptavidin. Color development was 
performed using NBT/5-bromo-4-chloro-3-indolyl phosphate 
liquid substrate, and the plates were analyzed in an ELISPOT 
reader (AELVIS, Hannover, Germany). The mean ELISPOT 
counts for activation with iDC (4 replicate cultures) and 
iDCpp65 (6 replicate cultures) were obtained.

step 5: Analyses of human Cytokines in 
Mouse Plasma
At sacrifice, PB samples were collected by heart puncture and 
cells were subsequently sedimented by centrifugation. The super-
natant containing plasma was stored at −80°C until the analysis. 
After thawing, plasma samples were centrifuged at 2,000g for 
10  min at room temperature prior the analysis to remove 
remaining cell debris. 25 µl of plasma were used for analysis of 
each sample. The concentration in plasma of human GM-CSF, 
IFN-γ, monocyte chemoattractant protein (MCP-1), TNF-α, 
IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, and IL-12 (p70) 
was analyzed by a 14-plex Luminex kit (Milliplex Millipore, MA, 
USA) according to manufacturer’s protocol.

step 6: Characterization of the terminal 
human t Cell Responses in Lymphatic 
tissues
Spleen (SPL), peripheral lymph nodes (PLN), mesenteric lymph 
nodes (MLNs), BM, and Thy cells were isolated after sacrifice and 
homogenized. For mice transplanted with CB1-3, cell suspen-
sions generated with PLN and MLN were combined, whereas for 
CB2 and CB3, there was an additional cell suspension fraction 
of MLN analyzed separately. Cell suspensions were washed and 
re-suspended in PBS for subsequent staining with fluorochrome-
conjugated monoclonal antibodies as described above for PB 
(24). Thymocytes were stained 15  min at room temperature 
with the following antibodies: pacific blue anti-CD45, AF700 
anti-CD4, APC anti-CD3, PC7 anti-CD8, FITC anti-TCR αβ 
(BioLegend, Germany). After washing, cells were re-suspended 

in PBS containing 1% human serum and analyzed by an LSR II 
flow cytometer.

step 7: establishing the database and 
statistical Analyses
All variables consisting of cell phenotypes determined as relative 
frequency (PB and lymphatic tissues) and counts (lymphatic 
tissues) and cytokines concentrations (plasma) were organized 
in a PivotTable using Excel software 2010 (Microsoft, Redmond, 
WA, USA). Each sample was coded according to the CB unit 
(1, 2, or 3) cell type, tissue, time-point of analyses, interven-
tion group (control or iDCpp65), and mouse gender (female 
“F” or male “M”). Beta regression analysis was employed to 
model the association between the intervention groups and 
the cell phenotypes measured as “relative frequency,” which is 
expressed as odds ratio (i.e., the odds of event between iDCpp65 
and control), whereas negative binomial regression was used 
to model the association between the intervention groups 
and the count cell phenotypes expressed as rate ratio (i.e., the 
incidence rate between iDCpp65 and control). Both models 
where implemented with and without stratification by gender. 
Parameter estimation was performed by least square means. The 
p-values calculated at significance levels 0.05 and 0.01 using 
the two-sided z-test statistic were considered significant. All 
analyses were implemented using the SAS 9.3 software (SAS, 
Cary, NC, USA). PROC GLIMMIX was used for Beta regression 
analysis, together with PROC GENMOD for the negative bino-
mial regression analysis. A two-way analysis of variance was 
performed to analyze the results of the IFN-γ ELISPOT assay 
using GraphPad Prism version 5 software (GraphPad Software, 
Inc., La Jolla, CA, USA).

step 8: ANN Classification Approach
The computational analysis was carried out in MatLab version 
7.11.0, 2010 (MathWorks, Inc., Natick, MA, USA) using the 
Neural Network Pattern recognition application. The inputs  
(15 markers representing cell phenotypes for PB, SPL, 
PLN + MLN, or MLN, BM and 8 markers for Thy) and their 
corresponding outputs [immunization status of each mice, 
“yes” (1) or “no” (0)] were used for training the ANN. To find 
the appropriate number of neurons in the hidden layer, we 
performed a k-fold cross validation (29) (with k being equal 
to 3, 4, 5) resulting in 12 neurons (8 for Thy). The output layer 
consisted of two neurons. The classification accuracy (percent-
age of correct classifications) was estimated by averaging over 
2000 ANN. For each of those ANN, the input dataset was 
randomly divided into training (70% samples/tissue), valida-
tion (15% samples) and testing (15% samples). The Levenberg–
Marquardt back-propagation (trainlm) algorithm was used for 
the training step, as it is best suited for small networks (30). 
For the hidden layer, we used sigmoid transfer functions. The 
data were first standardized (i.e., each marker was normalized 
to 0 mean value and unit variance) in order all the markers to 
be at the same scale.

We also performed the same classification analysis of immu-
nized (1) and non-immunized mice (0), but by dividing our 
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samples into male and female mice data sets. In this case, we 
used the same parameter setting for ANN as above and tested 
the classification accuracy for each subpopulation. In addition 
to the classification accuracy (defined as the fraction of correctly 
classified samples), we measured the sensitivity and specificity 
of the classification, applied inside each group. The sensitivity, 
defined as

 
sensitivity= number of true positives

number of true positivees + number of false negatives
,
 

represents the probability of a sample classified as immunized  
(1) to belong to the immunized group.

The specificity provides the probability of a sample classified 
as non-immunized (0) to belong to the non-immunized group. 
Specificity is defined as

 
specificity=

number of true negativ
number of true negatives

ees + number of false positives
.
 

The 15 markers correspond to the frequencies of human lym-
phocyte lineages analyzed per tissue (PB, BM, SPL, MLN + PLN, 
MLN) of each mouse included cells determined as frequencies 
of CD45, CD19/CD45, CD3/CD45, CD14/CD45 (in BM CD34/
CD45 instead of CD14/CD45), CD4/CD45, CD8/CD45 and a 
frequency of other non-determined CD45+ cells, frequencies of 
CD4 subtypes (N, CM, EM, and TE), and frequencies of CD8 
subtypes (N, CM, EM, and TE). Eight markers were used for 
Thy: frequencies of CD45, CD3/CD45, CD4/CD45, CD8/CD45, 
CD4−/CD8− (double negative, DN), CD4+/CD8+ (double posi-
tive, DP), TCRαβ+/CD3, and CD4 to CD8 ratio values.

step 9: PCA
Principal component analysis (31) was used to recognize 
clusters of interrelated markers for control and iDCpp65 mice 
in the different tissues. PCA constructs specific directions, 
which are called principal components, along which the data 
are most dispersed and thus best distinguishable. In this way, a 
data set can be represented by the principal components, which 
incorporate a specific amount of the variance (or dispersion). 
Since the components are uncorrelated of each other, the mark-
ers, which are strongly correlated with a component, compose 
a cluster of markers, which vary together. Here, we created 
these clusters by selecting the phenotypic markers that were 
strongly correlated or anti-correlated (more than 80%) with 
any component for each group. The first four components were 
considered for analysis since they were able to incorporate more 
than 80% of the total variance in both control and iDCpp65 
mice in all tissues. These components were the basis of variance-
distribution comparisons and correlation heat-maps for both 
mouse groups. The markers that were strongly correlated or 
anti-correlated with the first governing component were used 
for correlation comparisons between the control and iDCpp65 
mice. The data for control and iDCpp65 mice from BM and 
SPL were represented by 30 variables (percentages and counts 
for each of the 15 markers); from combined PLN, PB, and MLN 
by 15 variables (only percentages); from Thy by 14 variables 
(percentages and counts). As in the training of ANN, the data 

were first standardized (i.e., each marker was normalized to 0 
mean value and unit variance) in order renormalize all markers 
to the same scale.

ResULts

Cryopreserved idCpp65 Remained 
Viability and Characteristics after thawing
We have shown before that human T  cell responses against 
HCMV-pp65 were consistently stimulated in humanized NRG 
mice immunized with iDCpp65 (19, 20, 24). Here, iDCpp65 were 
generated and cryopreserved immediately after transduction, and 
subsequently used for prime-boost immunizations of female and 
male mice (Figure 1A). Effects of immunizations in lymphatic 
tissues were analyzed 20  weeks after HSCT corresponding to 
9 weeks after the last immunization. The cell vaccine, iDCpp65, 
showed high viability directly after thawing (66–88%) and in vitro 
culture for 7 days (42–63%) relative to starting number of cells 
(Figure 1B). Efficient transduction with IDLV and persistency of 
episomal viral copies were confirmed for cells maintained in cul-
ture for 7 days and showing in average five lentiviral copies/cell 
(Figure 1C). Transgenic cytokines that accumulated on the cell 
supernatant of iDCpp65 derived from CB1 and CB3 for 7 days 
were detected in the range of 500–1,000 pg/ml for IFN-α and 
50–100 pg/ml for GM-CSF (Figure 1D). The viable cells showed 
a typical DC immuno phenotype with co-expression of HLA-DR 
(61.60–91.85%), CD86 (93.20–98.97%), and CD80 (29.1–97.7%) 
surface markers (Figure  1E, representative data of a batch of 
iDCpp65, Figure S1A in Supplementary Material). Intracellular 
immunostaining for detection of pp65-positive iDCpp65 cells by 
flow cytometry assay showed variable results among different CB 
donors (CB1: 49.20%, CB2: 2.49%, CB3: 16.40% when calculated 
for total viable cells in suspension 7 days after in vitro culture, 
Figure S1B in Supplementary Material).

idCpp65 Immunizations Affected 
Lymphocytes Counts in PB, Plasma 
Cytokines Profiles, and Lymph Node 
development
Three independent cohorts of NRG mice after CD34+ HSCT were 
generated. 5.0 × 105 thawed and viable autologous iDCpp65 were 
injected at weeks 6, 7, 10, and 11 after HSCT. Body-weight and 
general health conditions were monitored weekly. Although 
females from both control and iDCpp65-immunized cohorts 
were lighter than males, mice of both genders gained weight 
normally for the 20 weeks after HSCT (Figure 2A) and showed 
no signs of graft-versus-host disease or organ pathologies at 
sacrifice (data not shown). The frequencies of human CD45+ 
cells detected in PB at weeks 10, 16, and 20 post-HSCT were 
consistently higher in females, particularly for females immu-
nized with iDCpp65 (Figure 2B). The expansion of human CD8+ 
and CD4+ T cell detectable in PB was superior in the iDCpp65 
cohort compared to controls, especially in the male group 
(Figure  2B; Table S1 in Supplementary Material). Analyses of 
human cells in PB 20  weeks after HSCT by assessment of the 
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FIGURe 2 | Longitudinal analyses of female and male humanized mice. (A) Weight monitoring of control (n = 11, upper panel) and immunized mice (n = 17,  
lower panel). Arrows indicate the weeks of induced dendritic cells expressing pp65 (iDCpp65) immunizations after hematopoietic stem cell transplantation. Bi-weekly 
weight (g) determined for females (F) indicated in gray and for males (M) in black. The number of F and M mice per group is indicated. (B) Mean relative frequencies 
of human CD45+, CD8+ in CD45+, and CD4+ in CD45+ cells determined in blood by flow cytometry of control (dashed line) and iDCpp65-immunized (solid line)  
F (upper panel) and M (lower panel) at weeks 10, 16, and 20 posttransplantation. Error bars represent SEs. *p < 0.05 are indicated on the graph. (C) Relative 
frequencies of human cell types measured by flow cytometry in PBL of female (F) and male (M) mice at week 20 posttransplantation. Mean relative frequencies of 
CD19+ (white), CD4+ (light gray), CD8+ (dark gray), and other CD45+ cells (black) were measured in control and iDCpp65-immunized mice, *p < 0.05 are indicated 
on the graph. (d) Phenotypes of distinct CD8+ and (e) CD4+ T cells were determined as naïve (N, white, CD45RA+/CD62L+), central memory (CM, light gray, 
CD45RA−/CD62L+), effector memory (EM, dark gray, CD45RA−/CD62L−) and terminal effector (TE, black, CD45RA+/CD62L−). Mean relative frequencies are shown 
for control and iDCpp65-immunized mice. (F) Concentration of human cytokines measured in plasma of F (upper panel) and M (lower panel) mice 20 weeks 
posttransplantation. Mean concentrations of cytokines were determined for iDCpp65-immunized (gray) and control (white) groups. Bars and circles reflect the SE of 
the estimated mean concentrations and the observed concentrations of individual samples, respectively. Concentration values below the detection limit of the assay 
are indicated (b.d.), *p < 0.05, **p < 0.01 indicated on the graph. (G) The average frequency of lymph nodes found in F (top panel) and in M (bottom panel) mice for 
iDCpp65-immunized and control groups. Values for inguinal (upper-), axillary (middle-), and iliac (lower panel) lymph nodes found 20 weeks after hematopoietic stem 
cell transplantation. Number of samples: female, n = 5/9; male, n = 6/8, control/immunized, respectively.
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FIGURe 3 | Functional memory T responses against pp65 after induced 
dendritic cells expressing pp65 (iDCpp65) immunization. (A) T cells isolated 
from lymph nodes of immunized mice (n = 3) were re-stimulated in vitro with 
either induced DC (iDC) or iDCpp65. Absolute T cell numbers before (white 
bars) and 7 days after (black bars) stimulation are shown. (B) Relative fold 
increase of cells populations before and 7 days after coculture with iDC (gray 
bars) and iDCpp65 group (black bar). (C) CD8+ and (d) CD4+ T lymphocytes 
expanded after coculture with iDC (n = 3) or iDCpp65 (n = 3) were left 
unstimulated (white bars) or re-stimulated with a Wilms Tumor 1 (WT1) 
peptide pool (gray bars) or pp65-peptide pool (black bars). Frequency of cells 
producing IFN-γ is shown. (e) T cells expanded with iDC (four cultures per 
group) or iDCpp65 (six cultures per group) were cocultured with an artificial 
antigen-presenting cell (aAPC) on an ELISPOT plate. The aAPCs were ether 
not loaded (white bars), loaded with WT1 peptides (light gray bars), loaded 
with pp65-peptides (dark gray bars), or transduced for endogenous pp65 
expression and loading (black bars). Mean absolute number of IFN-γ-spots 
and *p < 0.05 (analysis of variance), †p < 0.05 (F-test) are indicated.
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mean relative frequencies showed that CD8+ T cells were higher 
in the immunized cohort (p = 0.03) (Table S1 in Supplementary 
Material), with high significance for the male group (p =  0.01 
CD8+; p = 0.09 CD4+) (Figure 2C; Table S1 in Supplementary 
Material). This was associated with a higher accumulation of EM 
and TE CD8+ cells in the group of iDCpp65-immunized males 
whereas the group of females showed higher accumulation of 
CM CD8+ cells in immunized versus control group (Figure 2D; 
Table S1 in Supplementary Material). The relative frequencies 
of CD4+ T cell subtypes were only slightly altered, showing an 
increase in the relative frequencies of CM cells for males and 
EM cells for females (Figure  2E; Table S1 in Supplementary 
Material). A fluorescent-based bead assay was used to measure 
the concentration of 12 human cytokines in mouse plasma 
(GM-CSF, MCP-1, IFN-γ, TNF-α, IL-1β, IL-2, IL-4, IL-5, IL-6, 
IL-8, IL-10, and IL-12p70). IL-1β, IL-2, IL-4, and IL-12p70 were 
below the detection limit. For the group of non-immunized mice, 
the baseline concentrations of human cytokines in the plasma 
were consistently higher for males. Remarkably, IL-5, MCP-1, 
and IL-8 were only detectable in non-immunized males. Upon 
immunizations, both genders showed increased IFN-γ (rate ratio 
2.74, p  =  0.15) and GM-CSF concentrations (rate ratio 2.96, 
p = 0.092) (Table S2 in Supplementary Material). The increase of 
IFN-γ concentration after immunization was particularly high 
for immunized females (p  =  0.003) (Figure  2F). Detection of 
IL-5, MCP-1, IL-6, and IL-8, in plasma of females was only pos-
sible after iDCpp65 immunization. Therefore, overall, iDCpp65 
immunization harnessed the maturation of human T  cells in 
PB, which was in general associated with an increase of human 
cytokines in plasma (in particular for females). The undersized 
and incompletely developed lymph nodes in humanized mice 
are difficult to be detected. They can be, nonetheless, detected as 
quite small “fatty” structures in the expected anatomical regions 
(inguinal, axillary, iliac). Upon immunization with iDCpp65, 
these draining LNs become macroscopically more noticeable. 
Although these regenerated LNs are not fully “normal” in rela-
tionship to lymph nodes found in immune competent mice, they 
contain a high density of human T cells (19). In this current study, 
we confirmed a higher frequency of developed draining lymph 
nodes (near the immunization sites) in the immunized cohorts, 
which was more evident for males (Figure  2G). Remarkably, 
this observation was inverted for the axillary lymph nodes, 
which were more prominent in females. On the other hand, 
the average frequency of detectable iliac nodes was lower in the 
immunized cohort (Figure 2G). Small MLNs developed in most 
mice, regardless of gender or immunizations (data not shown), 
indicating the possibility that the development of MLNs may be 
induced differently.

idCpp65-Immunized Mice demonstrated 
Functional pp65-specific Memory  
t Cell Responses
Lymph nodes of immunized mice were a valuable compart-
ment for the detection of high frequencies of human T  cells. 
Lymphocytes recovered from lymph nodes of three immu-
nized mice were pooled and maintained in  vitro for 48  h for 

homeostatic activation by beads and cytokines. Lymphocytes 
from non-immunized mice were not used since, from previous 
experience, we were not able to expand them successfully in vitro 
(19, 20). Microcultures of cell suspensions were incubated with 
autologous “empty” iDCs or with iDCpp65 at 10:1 T to DC ratio 
for 1 week to promote further expansion of T cells. The expan-
sion was more pronounced for T cells cultured in the presence 
of iDCpp65 stimulation than “empty” iDCs (fold expansion 
relative the population before stimulation): 10.9 (iDCpp65) and 
9.1 (iDCs) (Figures  3A,B). Activated CD8+ and CD4+ T  cells 
were analyzed by flow cytometry for detection of intracellular 
IFN-γ. T cells expanded in the presence of empty iDC and re-
stimulated with WT1 or pp65-peptide pools showed similar 
baseline frequencies of CD8+ IFN-γ+ and CD4+ IFN-γ+ T cells. 
In contrast, T cells expanded in the presence of iDCpp65 and 
then re-stimulated with the pp65-peptide pool showed variable 
but in average much higher relative frequencies of CD8+ IFN-γ+ 

38

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


FIGURe 4 | Relative and absolute quantification of human hematopoietic lineages in lymphatic tissues. Mean relative frequency for human CD19+ (white), CD4+  
(light gray), CD8+ (dark gray), and other CD45+ cells (black) detected by flow cytometry analyses of (A) bone marrow, (B) SPL, (C) combined peripheral lymph nodes 
and MLN, and (d) MLN. Frequencies for female (F) and male (M) mice are shown separately. (e) Absolute cell counts for bone marrow and (F) spleen were obtained. 
Plots represent average number of cells determined for control (gray bars) and induced dendritic cells expressing pp65 (iDCpp65)-immunized (black bars) split 
between female and male mice. The number of mice analyzed per group (n) and *p < 0.05 is indicated on the graph. For (A,B,e,F) F/control n = 5, F/iDCpp65 
n = 9, M/control n = 6, M/iDCpp65 n = 8. For (C) F/control n = 3, F/iDCpp65 n = 6, M/control n = 4, M/iDCpp65 n = 6. For (d) F/control n = 4, F/iDCpp65 n = 5, 
M/control n = 6, M/iDCpp65 n = 6.
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and CD4+ IFN-γ+ T cells (Figures 3C,D). The mean anti-pp65 
response for CD8+ was 6.84 times higher in the iDCpp65 
than in iDC re-stimulation group and for CD4+ T cells in 6.27 
times, respectively. F-test comparing variances between iDC 
and iDCpp65 showed a strong evidence of variance difference 
between groups in case of re-stimulation with pp65-peptide pool 
(p = 0.025, CD8+; p = 0.072, CD4+) but not when groups were 
re-stimulated with WT1 or not stimulated at all (p > 0.05 for all 
cases) (Figures 3C,D).

As a complementary approach, the ability of T cells to rec-
ognize and be activated by pp65 epitopes presented by an aAPC 
positive for HLA-A*02.01 was tested by an IFN-γ-ELISPOT 
assay as previously described (32). T cells expanded after cocul-
ture with iDCs or iDCpp65 were exposed overnight to differ-
ent types of aAPCs, and the numbers of reactive T cells were 
quantified. T cells expanded with iDCpp65 and cocultured with 
either aAPC loaded with pp65-peptides or transduced for pp65 
expression showed on average significantly higher frequencies 
of activated T  cells than when cocultured with aAPC loaded 

with control WT1 peptides (p = 0.016, p = 0.026, respectively). 
No significant amplification of T  cell activation was observed 
when T cells were expanded in the presence of “empty” iDCs 
(p  >  0.05 for both cases) (Figure  3E). These data confirmed 
that immunizations with iDCpp65 promoted a specific immune 
competence against pp65 in humanized mice which was medi-
ated by human T cells.

heterogeneous Patterns of human 
Lymphocytes in Lymphatic tissues  
after idCpp65 Immunization
Isolated tissues [BM, SPL, lymph nodes (PLN + MLN and MLN)] 
were processed for flow cytometry analyses and quantification 
of human lymphocyte frequencies and absolute numbers. For 
BM, CD3+ T  cells represented only a minority of huCD45+ 
cells, whereas B cells (CD19+) and other CD45+ cells prevailed.  
In terms of relative frequencies, a trend for increased frequencies 
of CD19+ cells was observed upon iDCpp65 immunization, 
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FIGURe 5 | Relative quantification of human T cell subtypes in lymphatic 
tissues. Mean relative frequencies of human T cell subtypes were estimated 
based on results of flow cytometry analyses 20 weeks posttransplantation for 
F and M mice. (A) Mean relative frequencies of thymic CD4/CD8 double 
negative (DN, white), CD4/CD8 double-positive (DP, light gray), CD4+ 
single-positive (CD4SP, dark gray), and CD8+ single-positive (CD8SP, black) 
cells within huCD45+ cells in control and induced dendritic cells expressing 
pp65 (iDCpp65)-immunized mice. Phenotypes of distinct CD8+ and CD4+ 
T cells subtypes: (B) bone marrow, (C) SPL, (d) combined PLN and MLN, 
and (e) MLN. Subtypes were determined as Naïve (N, white, CD45RA+/
CD62L+), central memory (CM, light gray, CD45RA−/CD62L+), effector 
memory (EM, dark gray, CD45RA−/CD62L−), and terminal effector (TE, black, 
CD45RA+/CD62L−). Mean relative frequencies are shown for control and 
iDCpp65-immunized mice. The sample size for female and male mice and 
*p < 0.05, **p < 0.01 are indicated on the graph. For (A) F/control n = 5,  
F/iDCpp65 n = 9, M/control n = 6, M/iDCpp65 n = 7. For (B,C) F/control 
n = 6, F/iDCpp65 n = 9, M/control n = 6, M/iDCpp65 n = 8. For (d) F/
control n = 3, F/iDCpp65 n = 6, M/control n = 4, M/iDCpp65 n = 6. For  
(e) F/control n = 4, F/iDCpp65 n = 5, M/control n = 6, M/iDCpp65 n = 6.
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an effect that was more pronounced in females (Figure  4A; 
Table S3 in Supplementary Material). Remarkably, the total 
number of BM cells was consistently lower in the immunized 
group, which reflected into a noticeable lower absolute number 
of T  cells, especially for the female group (Figure  4E; Table 
S3 in Supplementary Material). This was offset by analysis of 
splenocytes, showing an overall higher relative frequency and 
absolute counts of CD8+ cells within the huCD45+ population of 
immunized compared with control mice, especially for females 
(Figures 4B,F; Table S4 in Supplementary Material). As a con-
sequence of the variable detection of lymph nodes in host mice, 
the analyses of absolute cell numbers also varied accordingly. 
Lymph nodes from different body parts were initially com-
bined for CB1, but as the development and functions of PLNs 
(axillary, brachial, inguinal, and iliac) seemed to be distinct 
from that of the MLN, they were further separately analyzed 
into two independent groups for CB2 and CB3. Nevertheless, 
with either combining the lymph nodes or analyzing MLN 
separately, the general trend was increased frequencies of 
CD19+ cells upon immunization and was more pronounced in 
females (Figures 4C,D). Concurrently, a relative decrease in the 
frequency of T cells was observed (Figures 4C,D; Table S5 in 
Supplementary Material). This data indicated that the patterns 
of different lymphocyte types were heterogeneous and largely 
influenced by the tissue analyzed, sex of the hosts, and whether 
they were immunized or not.

the Patterns of t Cell Maturation after 
idCpp65 Immunization Varied in 
Lymphatic tissues
Analysis of CD4+, CD8+, double positive (DP) and double 
negative (DN) T cells in Thy showed just a modest higher rela-
tive frequency and absolute counts of DP cells for iDCpp65-
immunized mice, but only in male group (Figure 5A; Table S6 
in Supplementary Material). Notably, females showed reduced 
absolute counts of single-positive CD8+ cells in the immunized 
group (Figure 6A; Table S6 in Supplementary Material). For the 
BM, the most abundant T cell subtypes were EM (Figures 5B 
and 6B,D). The CD8+ and CD4+ EM T  cell frequencies were 
further augmented upon immunization, but only for the female 
group, which also resulted in the relative decrease of CM 
CD8+ and CD4+ cells (Figure 5B; Table S3 in Supplementary 
Material). For T  cells in SPL, immunization with iDCpp65 
resulted in a greater proportion of CD8EM and CD4EM T cell 
subtypes compared to control mice (Table S4 in Supplementary 
Material). Females demonstrated a more abundant accumula-
tion of mature EM and TE CD8+ cells (Figures 5C and 6C,E; 
Table S4 in Supplementary Material). The analysis of T cell phe-
notypes in combined PLN and MLN revealed a skewing toward 
EM among CD8+ and CD4+ cells (Table S5 in Supplementary 
Material), notably in females for the CD8TE subtype (p = 0.047) 
upon immunization (Figure  5D; Table S5 in Supplementary 
Material). A separate analysis was performed for MLN only 
and similarly showed the trend toward accumulation of mature 
CD8TE cells upon immunization (p = 0.06) specifically for the 
female group (Figure 5E; Table S5 in Supplementary Material). 

These data confirmed that immunizations with iDCpp65 
affected T  cells and promoted their conversion toward more 
mature subtypes.
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FIGURe 6 | Continued
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FIGURe 6 | Continued   
Absolute cell counts of T cell subtypes in different tissues. Mean cell counts determined for female (F) and male (M) mice 20 weeks posttransplantation. (A) Analyses 
of Thy showing control (gray bars) and induced dendritic cells expressing pp65 (iDCpp65)-immunized (black bars) groups. (B) Mean cell counts of CD8+ T cell 
subtypes determined in bone marrow (BM) and (C) SPL of F and M mice for control and iDCpp65-immunized groups. (d) Mean cell counts of CD4+ T cell subtypes 
determined in BM and (e) SPL of F and M mice for control and iDCpp65-immunized groups. Subtypes were determined as Naïve (N, CD45RA+/CD62L+), central 
memory (CM, CD45RA−/CD62L+), effector memory (EM, CD45RA−/CD62L−), and terminal effector (TE, CD45RA+/CD62L−). Mean relative frequencies are shown for 
control and iDCpp65-immunized mice. The sample size for females and males and **p < 0.01 are indicated on the graph. (A) F/control n = 5, F/iDCpp65 n = 9,  
M/control n = 6, M/iDCpp65 n = 7. For (B–e) F/control n = 5, F/iDCpp65 n = 9, M/control n = 6, M/iDCpp65 n = 8.
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A Machine Learning-Based Predictive 
Classifier of Immunized and Non-
Immunized Mice
In the previous parts, the comparison of single markers to find 
phenotypic immunological parameters affected by immunization 
with iDCpp65 showed that the profile and magnitude of these 
immunization-influenced parameters were very heterogeneous 
among the analyzed tissues (Figures  2 and 4–6). In order to 
provide an integrative view on how immunizations impacted 
different tissues, including how the immune-phenotypic markers 
were correlated between the control and the immunized group, a 
multidimensional analysis was established.

In a first approach, and in order to understand which parts 
of the multidimensional immune response in different tissues 
contained the critical information about the responsiveness to 
immunization, we asked whether a classification between control 
and iDCpp65 samples could be achieved in each tissue by employ-
ing an ANN. We investigated whether the cellular composition 
of single organs would characterize the response to iDCpp65 
immunization. To this end, we measured the potency of ANN to 
recognize any patterns associated with iDCpp65 immunization 
and screened for them among different tissues.

We analyzed the dataset corresponding to the raw percentages 
of the measured human cell lineages in different tissues: BM, PB, 
Thy, SPL, PLN/MLN, and MLNs considering each tissue as an 
independent dataset. The scheme of the data hierarchy for the 
tissues is shown in Figure 7A. The markers from control (n = 11) 
and iDCpp65-immunized (n = 17) mice were used to feed 2000 
ANN training-validation-test cycles per tissue. In each cycle, 
70% of the samples were randomly selected and used for train-
ing, 15% of samples for validation during the training process, 
and 15% for testing. The output was the classification accuracy, 
i.e., the percentage of correct classifications (control group or 
iDCpp65 immunized) averaged over the 2000 ANN. Primary 
and secondary lymphoid tissues were ranked according to their 
potency to provide the correct output regarding the sample 
origin (Figure 7B). The classification of control versus iDCpp65-
immunized mice for both genders was most efficient using data 
from PB (73.3% of all samples were classified correctly), followed 
by PLN merged with MLN (71.1%), and SPL (70.6%) (Figure 7C; 
Table S7 in Supplementary Material). The classification accuracy 
for Thy was the lowest among the tissues (Figure 7C). The above 
results depicted the heterogeneous impact of immunization in 
the different tissues from the perspective of the ability of ANN to 
distinguish control versus iDCpp65-immunized mice.

Subsequently, the mouse gender was taken into considera-
tion. The same analysis was performed for female and male mice 

separately and results were provided in comparison with the 
full dataset of combined genders. The classification accuracy for 
female data was higher for all of the tissues in the combined gen-
ders analysis, with exception of analyses performed for Thy and 
PB. The highest classification accuracy per gender was detected 
in combined PLN and MLN of female mice (77.3%) (Figure 7C; 
Table S7 in Supplementary Material). Notably, classifications 
according to sensitivity (Figure 7D) were in general higher than 
specificity for all groups (Figure  7E), meaning that the ability 
to discriminate a mice belonging to the immunized group was 
higher than to classify a mice as belonging to the control group. 
For both classifications, the frequencies of correct classification 
for females were again superior compared with males, especially 
in combined PLN and MLN or MLN alone (F 84.5%/79.5% 
and M 74.2%/67.3%, respectively) (Table S7 in Supplementary 
Material). This gender-based classification supported the concept 
that lymphocyte markers of immunized female mice were more 
distinguishable than those of their male littermates.

Correlation and structural elements of 
Immune-Phenotypic Markers in tissues
In order to understand better the structural relationships bet-
ween the measured markers in control and iDCpp65-immunized 
mice, we used a PCA approach. Our rationale was that these 
analyses might provide us with an estimate of which markers 
are the best predictors of immunization. Three PCAs were per-
formed, either separately for each group (control or immunized), 
or including all mice (global PCA). Interestingly, the markers 
composing the first governing component of the global PCA 
(data not shown) also appeared in the separate PCAs (Table 1), 
but the group-specific PCA revealed more markers that are suit-
able to characterize intra-group heterogeneity.

Initially, we tested how the variance of the data sets, 
obtained for the two mice groups in different tissues, could 
be distributed within the main components. In BM and Thy, 
PCA showed that the variance distributions among the first 
main components are similar in control and iDCpp65 mice 
(Figures 8A,B). We then proceeded to compare the correlation 
patterns between the two mice groups (Figures 9A,B; Figures 
S2A,B in Supplementary Material) by selecting the markers, 
which are highly correlated or anti-correlated with the first 
governing component of the control group (Table  1). These 
markers should contribute more to the total variance and thus 
to any dynamical changes among the control mice. The correla-
tion patterns between control and iDCpp65 mice were similar 
in Thy (Figure 9A), meaning that the immunization did not 
impact the correlation between these markers. For instance, 
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FIGURe 7 | Multilayer Neural Network for performing classification. (A) Hierarchy of cell subsets used for analyses of primary and secondary lymphoid organs.  
(B) Schematic representation of the artificial neural network (ANN) structure used for samples classification containing an input module, a hidden layer and an  
output layer for classifying mice between control (n = 11) or immunized (n = 17) mice. (C) ANN total classification accuracy for distinct tissues by subject factor 
“immunization/control” among M mice (n = 14, white), all mice (n = 28, black) and F mice (n = 14, gray) analyzed for the 20 weeks model data set. (d) The 
sensitivity and (e) specificity measured for each gender and for all mice together. Tissues are presented in the order of increasing total classification accuracy  
when all mice were used.
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FIGURe 8 | Principal components explaining the variance in different 
tissues. Variance explained by using the first four components in control 
and induced dendritic cells expressing pp65 (iDCpp65) mice. Principal 
components were established based on cell counts and frequencies in 
thymus, bone marrow (BM), and spleen. In the case of combined peripheral 
and mesenteric lymph nodes (MLN), peripheral blood (PB), and MLNs only 
frequencies were used. The analysis showed that the variance distributions 
among the first main components were similar for the two data sets.  
The analysis indicated that the variance distributions among the first main 
components were similar for thymus (Thy) (A) and BM (B) but more variable 
for spleen (SPL) (C), combined peripheral and MLNs (PLN + MLN)  
(d), PB (e), and MLN (F). The number of samples (n) for control/immunized 
varied for each tissue: thymus 11/16; PLN + MLN 7/12; MLN 10/11; SP, 
BM, PB 11/17.

tABLe 1 | Immune-phenotypic markers measured in bone marrow (BM), Thy, 
SPL, PLN combined with MLN, MLN, and peripheral blood (PB) which are highly 
correlated (positive or negative correlation) with the first governing component of 
the principal component analysis performed in control and induced dendritic cells 
expressing pp65 (iDCpp65) mice.

tissue Control idCpp65

Thy CD3%, CD4%, CD8% CD3%, CD4%

DP% DP%, DN%

DP#

BM CD19%, CD3%, CD4% –

CD8%, CD8TE% –

CD3#, CD4#, CD4CM#, 
CD4EM#, CD8#, CD8CM#, 
CD8EM#

CD45#, CD34#, 
CD3#, CD4#, CD4N#, 
CD4CM#, CD4EM#, 
CD4TE#, CD8#, CD8N#, 
CD8CM#, CD8EM#, 
CD8TE#, Other CD45#

SPL CD45%, CD19%, CD3%, CD4%

CD4N%, CD8N%, CD8EM%, 
Other CD45%

CD4N%, CD8N%

CD45#, CD3#, CD4#, Other 
CD45#

CD3#, CD4EM#, 
CD8EM#

PLN + mesenteric 
lymph node (MLN)

CD4% CD4%

CD4N%, CD4CM%, CD4TE% CD4N%, CD4TE%

CD8%, CD8N%, CD8CM% CD8EM%

MLN CD3%, CD4%, CD8%, C4EM%, 
CD4TE%, CD8N%, CD8CM%

CD45%, CD19%, 
C14%, Other%, CD8%, 
CD4TE%, CD8CM%

PB CD19%, CD3%, CD4%, 
CD4N%, CD4CM%, CD4EM%, 
CD8N%, CD8CM%, CD8EM%

CD19%, CD3%, CD8%

Color indicate the grade of correlation strength for different markers: red (correlation 
>80%) and blue (correlation <−80%), for frequencies (%), or absolute numbers (#). The 
number of samples (n) control/immunized = 11/17, respectively, except Thy (11/16), 
PLN + MLN (7/12), and MLN (10/11).
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CD8SP% and CD3% cells were highly correlated in the control 
group, and this correlation was not altered by immunization. 
This result is in accordance with the classification accuracy 
performance where ANN could not provide a clear distinction 
between the control and iDCpp65 groups based on Thy specific 
marker analyses.

Interestingly, for BM, the correlation patterns between control 
and iDCpp65 mice showed differences in terms of the correla-
tion strength that exists among specific markers (Figure 9B). For 
example, strongly positively correlated pairs of markers (CD3%, 
CD4CM#), (CD4%, CD8CM #), and (CD8%, CD8CM#) in the 
control group lost their correlation properties in the iDCpp65 
group.

Noticeably, the same analysis in SPL revealed a consider-
able differentiation of the variance distributions in control and 
iDCpp65 mice (Figure  8C) and distinguishable correlation 
patterns in the heat-map analyses (Figure 9C; Figure S2C in 
Supplementary Material). An inversely correlated signature 
could be seen between CD45# and CD3% (positive correlation 
in control mice, equal to 0.6325, and negative correlation in 

iDCpp65 ones, equal to −0.4656) as well as between CD45# 
and CD4% (positive correlation in control mice, equal to 
0.7179, and negative correlation in iDCpp65 ones, equal to 
−0.4493). The same inversely correlated signature could be 
also seen between CD45# and CD19% (negative correlation 
in control mice, equal to −0.6727, and positive correlation in 
iDCpp65 ones, equal to 0.5202). This indicated that the dynam-
ics of cellular output in the spleen after iDCpp65 favored B cells 
and not T cells.

For combined PLN and MLN, the variance distributions and 
the correlative signatures between control and iDCpp65 mice 
showed considerable differences as well (Figures  8D and 9D;  
Figure S2D in Supplementary Material). More specifically, 
the positive strong correlation between CD8% and CD8N% 
in control mice (equal to 0.8345) became neutral in iDCpp65 
(−0.1103). The same weakening in correlation strength was 
observed between CD8% and CD4N% (the correlation in control 
mice is equal to 0.8345, while in the immunized ones is equal to 
0.1944). Thus, naïve T cell activation and loss of the naïve status 
by immunization, as determined by the PCA analysis, is physio-
logically meaningful.
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FIGURe 9 | Heat-maps showing the correlations among specifically selected markers between control and induced dendritic cells expressing pp65 (iDCpp65) 
groups. The markers selected are the ones which highly contribute to the first governing component of the control mice in the different tissues. Analysis was 
performed using frequencies for bone marrow (BM), combined PLN and mesenteric lymph node (MLN), MLN, and peripheral blood (PB). In spleen (SPL) and thymus 
(Thy), principal component analysis was performed using cells counts and frequencies. The correlation maps between the specific markers in control and 
iDCpp65-immunized groups, determined in (A) thymus (Thy), (B) BM, (C) spleen (SPL), (d) combined peripheral and MLN (PLN + MLN), (e) MLN, and (F) PB.  
The number of samples (n) for control/immunized varied for each tissue: thymus 11/16; PLN + MLN 7/12; MLN 10/11; SP, BM, PB 11/17.
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The same analysis in MLN revealed important differences 
in the variance distribution in control and iDCpp65 mice 
(Figure 8E) and considerable correlation changes in the heat-
map analysis (Figure 9E). Inverse correlated signatures could 
be seen between CD4% and CD8CM% (positive correlation 
in control mice, equal to 0.5969 and negative correlation in 
iDCpp65 ones, equal to −0.618), CD4% and CD8CM% (posi-
tive correlation in control mice, equal to 0.8102, and a weakly 
negative correlation in iDCpp65 ones, equal to −0.384). The 
same inversely correlated signature could be seen between 
CD4% and CD8N% (negative correlation in control mice, equal 
to −0.6346 and positive correlation in iDCpp65 ones, equal to 
0.7513).

Finally, in PB, the same analysis revealed a striking differ-
ence in the variance distribution (Figure 8F) and considerable 
differences in the heat-map analysis (Figure  9F). Inversely 
correlated signatures could be seen between CD4CM% and 
CD4EM% (positive correlation in control mice, equal to 0.6414 
and negative correlation in iDCpp65 ones, equal to −0.598) as 
well as between CD4EM% and CD8CM% (positive correlation 
in control mice, equal to 0.6567 and weakly negative correla-
tion in iDCpp65 ones, equal to −0.3047). The positive strong 
correlation between CD4EM% and CD8EM% in control mice 
(equal to 0.94) became neutral in iDCpp65 (−0.09983) and the 
negative strong correlation between CD19% and CD4EM% in 
control mice (equal to −0.8088) becomes neutral in iDCpp65 
(−0.06359).

The above results showed how we could exploit the intrinsic 
complexity and heterogeneity of the input markers to gain 
additional knowledge on the characteristic of an individual 
immunized mouse. More specifically, by checking the correlation 
patterns among specifically selected markers in an individual 
mouse, we could conclude about their immunization status. 
Together with the classification performance of ANN in the dif-
ferent tissues, these results predicted more pronounced effects of 
immunization in SPL and PLN combined with MLN compared 
with other tissues.

dIsCUssIoN

The use of immune deficient mice humanized with human HSCs 
to study and characterize the maturation of human T cells after 
immunizations in different lymphatic tissues generate large 
data sets and highly complex results. Long-term studies (20 or  
more weeks after transplantation) and large mouse cohorts  
(15 mice or more) have been commonly used (6). The initial HSC 
engraftment in BM, early T cell development in thymus and the 
egress of naïve T cells to the periphery recapitulate the general 
patterns found in immune competent mice and in humans  
(5, 33, 34) in the first 10–15  weeks after transplantation. 
However, analyses of the T  cell maturation in secondary 
lymphoid organs have shown to be more heterogeneous and 
predictive of the quality of the immune reconstitution and 
development of mature T  cells. This reflects the “personal-
ized” condition of different CB donors with heterogeneous 
genetic backgrounds, which is amplified in a xenograft system.  
In addition, although the engraftment of human HSCs (35) 

and the higher thymic output in humanized female mice (25) 
had been previously reported, the relevance of the mouse sex 
in determining the impact of immunizations and the predict-
ability of human T cell responses had not been presented. All 
these factors were taken in account when exploring humanized 
mice for testing a new vaccine type.

In the present work, we sought to evaluate the multidimen-
sional spatial effects of a potent cellular vaccine against HCMV 
matched to the HSC donor and providing the three main relevant 
signals for both antigenic and homeostatic activation of T cells: 
an immune-dominant antigen presented via HLA class I and II,  
co-stimulatory ligands, and inflammatory cytokines. Thus, 
iDCpp65 which are viable for 2–3 weeks in vivo and effectively 
migrate to lymph node structures (19) were used to accelerate 
and potently boost the human T cell development and functional 
responses in humanized mice. As anticipated, improved human 
T cell development and maturation were longitudinally observed 
in PB and terminally in several lymphatic tissues in iDCpp65-
immunized mice at 20-weeks after HSCT. These results comple-
mented previous findings obtained in shorter (16 weeks) and in 
longer (up to 36 weeks) iDCpp65 immunization models (20, 24). 
Advanced statistical analyses showed that iDCpp65 immuniza-
tions promoted a typical memory T cell signature (above all for 
CD8+ T  cells) which was most prominent for T  cells homing 
lymph nodes and spleen. As most of the studies using human-
ized mice have focused on analyses of human cells in blood and 
spleen (5, 8, 18) it is important to emphasize that, as seen from 
the ANN and PCA analyses, the quantity and quality of human 
T cell reactivity in peripheral and MLNs (even if they are small 
and difficult to be sampled) have to be taken in account, as 
lymph nodes represent the prime tissue for interactions between 
antigen-presenting cells with naïve CD8+ and CD4+ T  cells. 
Further, the levels of human IFN-γ in plasma increased upon 
immunization.

In general, both cellular and cytokine immune effects were 
more accentuated for female mice. This confirmed and expanded 
our previously reported observation that humanized female 
mice have higher output of naïve T cells than humanized male 
mice until 12  weeks after HSCT (25). Around 16  weeks after 
HSCT, male mice showed higher development of mature T cells 
and by 20 weeks after HSCT, the frequencies of human CD45+ 
cells, naïve and memory T  cells in PB equalized between the 
sexes. Notta et al. showed that between 10 and 12 weeks after 
HSCT, females transplanted with limiting amounts of HSCs 
obtained from several CB units generally exhibited a higher 
frequency of huCD45+ cells than male mice (35). Therefore, 
CB-HSCT in humanized mice could potentially mirror the 
effect of sex steroids on human immune reconstitution since 
temporarily blocking sex steroids before HSCT in patients, 
increased thymus function and enhanced the rate of T-cell 
regeneration (36). Responses to various types of vaccination are 
often higher among women [for a review see Ref. (37)], who are 
able to mount stronger humoral responses than men. A possible 
explanation for this phenomenon is based again on major sex 
steroid hormones such as the typical “female” hormone estradiol 
that enhances the adaptive and innate immune systems, and the 
“male” hormone testosterone considered immune suppressive. 
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Noteworthy, women display higher T helper type 2 (Th2) 
responses, whereas males favor Th1 responses (37). Although 
sex-specific responses to distinct vaccines are not usually con-
sidered and have been reported in a few clinical trials, this is an 
important factor also to be considered in preclinical research, 
when testing new vaccine types, including when humanized 
mice are used as a potency model. In the current model, we 
obtained not only higher responses, but exploring the ANN, also 
a better prediction of response. Thus, as a logical approach to 
reduce the numbers of humanized mice when testing a vaccine 
is initially favoring the use of female mice. In addition, from 
now on, studies on humanized mice should consider male and 
female responses as distinct responses, and should be analyzed 
separately and compared.

We also showed that the statistical methods can be com-
plemented with an ANN algorithm in order to pin down the 
complexity of a multidimensional data sets including usual 
immune markers such as frequencies of the human cell pheno-
types among lymphatic tissues and considering mouse sexes.  
As generally proposed for ANNs (38), we were able to demon-
strate here that the ANN based on the humanized mouse data 
could “learn” to recognize the immune properties of immunized 
versus control mice. For studies in humans, ANNs were built 
with independent immunologic variables such as cell prolif-
eration, phenotypic markers, and cytokine expression in the 
context of prostate cancer and in HSCT patients (39–41). To our 
knowledge, the application of ANNs to humanized mouse mod-
els for predicting the accuracy of immune response or defining 
signatures of T cell responses was not previously performed. The 
identification of lymph node and spleen as the most predictive 
organs for the immune state of control versus immunized mice 
might be further improved by releasing the assumption of statis-
tically independent tissues. Along with local immune population 
dynamics, it would be of interest to investigate the immune cell 
trafficking dynamics between different tissues (42, 43). In this 
way, we could relax the assumption of tissue independence. 
However, the immune cell trafficking is an open challenge yet  
to be solved in future research.

Altogether, the current approach, modalities of analyses and 
observations give valuable information for further planning of 
in vivo testing of vaccines and immune modulators in humanized 
mice. The 3R principle (Replace animal testing, Reduce the num-
ber of animals, and Refine the analyses) can thus be advanced for 
Reduce and Refine: (i) by using (at least initially) female mice and 
(ii) exploring bio-informatics methods such as ANN to comple-
ment traditional statistical analyses in order to define the most 
important tissues (such as spleen and lymph nodes) and the PCA 
that reveal signatures and correlations of immune responses for 
different lymphatic tissues.
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Human immunodeficiency virus type 1 (HIV-1) is the causative agent of acquired immu-
nodeficiency syndrome and its infection leads to the onset of several disorders such 
as the depletion of peripheral CD4+ T cells and immune activation. HIV-1 is recognized 
by innate immune sensors that then trigger the production of type I interferons (IFN-Is). 
IFN-Is are well-known cytokines eliciting broad anti-viral effects by inducing the expres-
sion of anti-viral genes called interferon-stimulated genes (ISGs). Extensive in vitro stud-
ies using cell culture systems have elucidated that certain ISGs such as APOBEC3G, 
tetherin, SAM domain and HD domain-containing protein 1, MX dynamin-like GTPase 2, 
guanylate-binding protein 5, and schlafen 11 exert robust anti-HIV-1 activity, suggesting 
that IFN-I responses triggered by HIV-1 infection are detrimental for viral replication and 
spread. However, recent studies using animal models have demonstrated that at both 
the acute and chronic phase of infection, the role of IFN-Is produced by HIV or SIV 
infection in viral replication, spread, and pathogenesis, may not be that straightforward. 
In this review, we describe the pluses and minuses of HIV-1 infection stimulated IFN-I 
responses on viral replication and pathogenesis, and further discuss the possibility for 
therapeutic approaches.

Keywords: type i interferon, human immunodeficiency virus type 1, innate immunity, intrinsic immunity, interferon-
stimulated gene, restriction factor, humanized mouse

HUMAN iMMUNODeFiCieNCY viRUS TYPe 1 (Hiv-1) 
ReCOGNiTiON FOR TYPe i iNTeRFeRON (iFN-i) PRODUCTiON

Human immunodeficiency virus type 1 infection in humans induces innate immune responses medi-
ated mainly by IFN-I, including IFN-α and IFN-β, and the roles of IFN-I in responding to HIV-1 
infection have been reviewed extensively (1–3). Upon HIV-1 infection into human immune cells, pat-
tern recognition receptors (PRRs) and cytosolic sensors are involved in the sensing of viral cDNA or  
RNA, respectively. After HIV-1 infects human cells, cDNA is synthesized by RNA reverse transcription. 
cDNA is then recognized by either IFN-γ inducible protein 16 (IFI16) or cyclic GMP-AMP (cGAMP) 
synthase (cGAS) (4–9). cGAS especially recognizes cDNA and subsequently produces cGAMP. IFI16 
and cGAMP both activate stimulator of interferon gene (STING; also known as transmembrane protein 
173). Activated STING in turn recruits and activates TANK binding kinase 1 which phosphorylates 
IFN regulatory factor 3 (IRF3). Finally, IFN-I is produced by IRF3 in the pathways highlighted on the 
left of Figure 1 (10–17).
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FiGURe 1 | Pattern recognition receptors (PRRs) for human immunodeficiency virus type 1 (HIV-1) recognition and the following pathway for triggering type I 
interferon (IFN-I) expression. Cellular actions are indicated in green (in italic) with arrows, and viral replication steps are indicated in red (in italic) with arrows. Cellular 
actions triggered by PRRs [IFN-γ inducible protein 16 (IFI16), cyclic GMP-AMP synthase (cGAS) and toll-like receptor 7 (TLR7)] are indicated in blue (in italic) with 
arrows. Cellular organelle, viral components, and sensor-related molecules are indicated in green, red, and blue, respectively. “P” with yellow circle indicates 
phosphorylation. The detail of each step is described in the main text.
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IFI16 is expressed in epithelial cells, fibroblasts, and endothe-
lial cells (4), as well as cells from hematopoietic lineages such 
as macrophages (5) and CD4+ T  cells (6). Contrastingly, the 
cGAS-STING pathway is not present in T  cells (6), but does 
play an important role in IFN-I production in myeloid lineages 
including macrophages (7) and monocyte-derived dendritic 
cells (MDDCs) (8, 9). As CD4+ T cells are more permissive to 
HIV-1 infection and replication than macrophages and MDDCs, 
this can probably be explained by the lack of cGAS expression in 
CD4+ T cells (5, 6).

HIV-1 single-stranded RNA can also be sensed by toll-like 
receptor 7 (TLR7), a PRR, when viruses are enclosed by endosomes 
(10, 11). Unlike IFI16 and cGAS, plasmacytoid dendritic cells 
(pDCs) express high levels of TLR7 (12, 13). TLR7 mediates another 
cascade ultimately resulting in either IRF7 homodimers translocat-
ing to the nucleus to bind to IRFBS, or the freeing of NFκB to 

activate the transcription of IFN-I genes via binding to the NFκB 
binding site (14).

iFN-STiMULATiNG GeNeS (iSGs): 
eFFeCTOR MOLeCULeS eXHiBiTiNG 
ANTi-viRAL eFFeCTS

Once IFN-I is produced, this protein binds to its receptor mol-
ecule that is expressed on the cell surface. IFN-I receptor (IFNAR) 
consists of two independent proteins, IFNAR1 (IFN-α/β receptor 
α chain) and IFNAR2 (IFN-α/β receptor β chain) (Figure  2). 
Binding of the ligand IFN-I to the IFN-I receptor induces the 
heterodimerization of IFNAR1 and IFNAR2, which leads to 
the autophosphorylation of Janus kinase (JAK) (Figure 2). The 
phosphorylated JAK then induces the heterodimerization of 
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FiGURe 2 | Type I interferons (IFN-I)-initiated signaling pathway leading to interferon-stimulated gene (ISG) expression. Cellular actions triggered by IFN-I [Janus 
kinase (JAK)/signal transducer and activator of transcription (STAT) pathway] are indicated in purple (in italic) with arrows. Cellular organelle and the cellular 
molecules related to JAK/STAT pathway are indicated in green and purple, respectively. The detail of each step is described in the main text. “P” with yellow circle 
indicates phosphorylation.

FiGURe 3 | Restriction factors (RFs) controlling human immunodeficiency virus type 1 (HIV-1) replication and viral antagonists. Viral replication steps are indicated in red 
(in italic) with arrows. The RFs inhibiting viral replication at respective step are indicated in cyan, while the viral accessory proteins counteracting the action of certain 
RFs are indicated in red. Cellular organelle and viral components are indicated in green and red, respectively. The detail of each step is described in the main text.
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signal transducer and activator of transcription 1 (STAT1) and 
STAT2 via phosphorylation (Figure 2). This cascade is known as 
the JAK/STAT pathway. The STAT1–STAT2 heterodimer recruits 
IFN regulatory factor 9 and forms the IFN-stimulated gene fac-
tor 3 (ISGF3) complex. After the entry of ISGF3 complex into 
the nucleus, this complex binds to the IFN-stimulated response 
element located in the promoter region of ISGs and initiates 
their transcription (Figure  2) (15). There are 17 subtypes of 
IFN-Is (16), and there have now been over 300 ISGs identified. 
In humans, however, is it not known in which tissues the different 
INF-α isoforms are expressed upon viral infection nor which cells 
express them. This is an intriguing issue and will no doubt be 
revealed in future investigations using techniques such as next 
generation sequencing.

ReSTRiCTiON FACTORS (RFs): iSGs 
POTeNTLY CONTROL Hiv-1 RePLiCATiON

Type I interferon treatment efficiently suppresses HIV-1 repli-
cation in in vitro cell cultures (17), meaning that certain ISGs 
potently control HIV-1 replication. Among the more than 

300 known ISGs, certain ones are known to exhibit robust 
anti-HIV-1 activity and these ISGs are referred to as “intrinsic 
immunity” or “RFs.” Although the types of RFs appear numer-
ous, the most well studied to date include SAM domain and HD 
domain-containing protein 1 (SAMHD1) and apolipoprotein 
B mRNA editing enzyme catalytic-like 3 (APOBEC3) (target-
ing HIV-1 reverse transcription), MX dynamin-like GTPase 2 
(MX2) (targeting nuclear entry), schlafen 11 (SLFN11) (targeting 
transcription), guanylate-binding protein 5 (GBP5) (targeting 
post-translational modification), and tetherin (targeting release) 
(Figure 3). In this section, we briefly summarize the restriction 
mechanisms employed by RFs that inhibit HIV-1 replication at 
multiple stages.

SAM Domain and HD Domain-Containing 
Protein 1
During the process of HIV-1 reverse transcription, viral reverse 
transcriptase requires deoxynucleoside triphosphates (dNTPs) 
as a substrate for the synthesis of viral cDNA (18, 19).  
SAMHD1 is a cytosolic enzyme with phosphohydrolase activity  
that enzymatically degrades (“hydrolyzes”) dNTPs (18–20). 
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Deoxyguanosine triphosphate in particular, binds to the allo-
steric site of SAMHD1 and activates SAMHD1’s hydrolytic 
activity (18).

SAM domain and HD domain-containing protein 1 is 
expressed in peripheral CD4+ leukocytes including myeloid cells 
[e.g., macrophages and dendritic cells (DCs)] and CD4+ T cells 
(19). The experiments in in vitro cell cultures demonstrate that 
SAMHD1 restricts HIV-1 infection in non-dividing cells such as 
macrophages (plus phorbol 12-myristate 13-acetate-stimulated 
macrophage-like THP-1 cell line), DCs, and resting CD4+ T cells 
by degrading dNTPs (18, 19).

In comparison with dividing (i.e., cycling and activated/
proliferating) cells, the level of intracellular dNTP is much lower 
in non-dividing cells (21). Previous studies have suggested that 
SAMHD1 plays a crucial role in maintaining a low pool of cel-
lular dNTPs in non-dividing cells, including resting CD4+ T cells, 
which may reduce the risk of retroviral insult without disrupting 
homeostasis in the non-dividing cell environment (21, 22). In 
dividing cells, including activated CD4+ T  cells, SAMHD1 is 
post-transcriptionally inactivated: cyclin-dependent kinases 
1 (CDK1) and CDK2 phosphorylate the threonine residue at 
position 592 of SAMHD1 (23). This phosphorylation impairs 
SAMHD1’s hydrolyzing activity and results in the loss of its 
anti-HIV-1 activity (23). CDKs, including CDK1 and CDK2, are 
key regulators of the cell cycle that activate cyclins during cell 
division (24). As dividing cells require a greater pool of dNTPs, 
SAMHD1’s enzymatic activity is inhibited by CDK1/2-mediated 
phosphorylation (25).

To overcome SAMHD1-mediated restriction, an accessory 
protein of human lentiviruses, viral protein X (Vpx), degrades 
SAMHD1 via the ubiquitin/proteasome-dependent pathway (22). 
The Q76A mutation in Vpx results in the loss of SAMHD1 
degradation ability suggesting that the glutamine at position 
76 is critical (22). Importantly, the vpx gene is not encoded by 
HIV-1 but HIV-2, another human lentivirus and causative agent 
of acquired immunodeficiency syndrome (AIDS) (26).

Human immunodeficiency virus type 1 and HIV-2 are evolu-
tionarily and phylogenetically distinct, and more intriguingly, 
Etienne et al. have shown evidence indicating that the lineage of 
primate lentiviruses, including HIV-1, lost the vpx gene during 
viral evolution (27). These observations raise an incongruous 
insight: although RFs such as APOBEC3 and tetherin (see below) 
can be degraded and antagonized by HIV-1 accessory proteins, 
HIV-1 does not possess any counterparts to counteract SAMHD1. 
Additionally, HIV-1 is able to replicate in macrophages that 
express SAMHD1 in its anti-viral state. Moreover, HIV-1 is more 
pathogenic than HIV-2 in spite of the absence of anti-SAMHD1 
factor(s) (26). These insights may imply that SAMHD1 is not 
critical for the restriction of HIV-1 replication. In this regard, 
a previous paper has revealed that the concentration of dNTP 
required for the reverse transcriptase of HIV-1 is clearly lower 
than that of HIV-2, and HIV-1 can efficiently reverse transcribe a 
single strand template with a lower level of dNTPs (21). Therefore, 
HIV-1 may have evolved to overcome SAMHD1-mediated anti-
viral activity by decreasing the requirement for a high-dNTP 
concentration.

In addition to the phosphohydrolase activity, SAMHD1 pos-
sesses ribonuclease (RNase) activity. Ryoo et al. have reported that 
RNase activity but not phosphohydrolase is required for exhibit-
ing an anti-HIV-1 effect (28). This is shown with the D137N 
mutant of SAMHD1, which possesses RNase activity but specifi-
cally loses phosphohydrolase activity and is still able to restrict 
HIV-1 infection. In contrast, the Q548A mutant of SAMHD1 that 
loses RNase activity but maintains phosphohydrolase activity is 
ineffective at restricting HIV-1 (28). Moreover, the phosphoryla-
tion of SAMHD1 at T592 negatively regulates its RNase activity 
in cells and impedes HIV-1 restriction (28), suggesting that the 
RNase activity of SAMHD1 is responsible for preventing HIV-1 
infection by directly degrading viral RNA (28).

Apolipoprotein B mRNA editing enzyme 
Catalytic-Like 3
Apolipoprotein B mRNA editing enzyme catalytic-like 3 fam-
ily proteins are cellular cytidine/cytosine deaminases and the 
human genome encodes seven APOBEC3 genes: APOBEC3A,  
B, C, D, F, G, and H. Some APOBEC3 family proteins, particularly 
APOBEC3D, APOBEC3F, APOBEC3G, and certain haplotypes 
of APOBEC3H (see below), are incorporated into released viral 
particles and enzymatically remove the amino group (-NH2) of 
the cytosine residue in the minus-stranded viral DNA during 
viral reverse transcription. This deamination converts cytosine 
to uracil, which results in guanine (G) to adenine (A) substitution 
in the plus-stranded viral DNA (this step is usually referred to 
as “APOBEC3-mediated G-to-A mutation”). The APOBEC3-
mediated G-to-A mutations can result in the insertion of pre-
mature termination mutations [e.g., if TGG codon is converted 
to TGA codon by APOGEC3, the codon encoding tryptophan 
(TGG) is converted to a stop codon (TGA)]. Also, multiple 
APOBEC3-mediated G-to-A mutations can lead to the accu-
mulation of non-synonymous mutations, which may produce 
defective viral proteins.

To overcome APOBEC3-mediated anti-viral action, an acces-
sory protein of HIV-1, viral infectivity factor (Vif), degrades 
anti-viral APOBEC3 proteins in virus-producing cells via the 
ubiquitin/proteasome-dependent pathway. The relationship 
between APOBEC3 and Vif has been well studied and reviewed 
previously [e.g., Ref. (29, 30)].

To elucidate the roles of endogenous APOBEC3 proteins 
in HIV-1 infection in  vivo, hematopoietic stem cell (HSC)-
transplanted “humanized” mouse models have been utilized. 
First, vif-deficient HIV-1 was incapable of replicating in human-
ized mice, indicating that Vif is a prerequisite for HIV-1 infection 
and replication in vivo (31). Also, some proviral DNA in infected 
humanized mice exhibited G-to-A hypermutations, further sug-
gesting that endogenous APOBEC3 protein(s) potently exhibit 
anti-HIV-1 activity in vivo (31).

Secondly, to elucidate which endogenous APOBEC3 protein(s) 
crucially affect HIV-1 replication in  vivo, two vif mutants 
have been utilized: one is designated “4A,” which is unable to 
antagonize APOBEC3D and APOBEC3F, while the other is desi-
gnated “5A,” which is unable to antagonize APOBEC3G (32).  
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As the replication efficacy of both 4A and 5A HIV-1 were signifi-
cantly lower than that of wild-type (i.e., vif-proficient) HIV-1, 
endogenous APOBEC3D, APOBEC3F, and APOBEC3G are 
deemed to be potent intrinsic RFs in humanized mice (32). 
On the other hand, it is intriguing that the viral RNA in the 
plasma of humanized mice infected with 4A HIV-1 had greater 
diversity compared with 5A and wild-type HIV-1 sequences 
(32). This observation suggests that the G-to-A mutation 
caused by APOBEC3D and APOBEC3F potently contributes 
toward viral diversification. In this regard, APOBEC3G prefers 
the GG-to-AG mutation, while APOBEC3D and APOBEC3F 
prefer a GA-to-AA mutation (33–35). Also, an experimental-
mathematical analysis has suggested that APOBEC3G-mediated 
substitution easily results in nonsense mutations (mainly 
because “TGG,” a codon encoding tryptophan, is converted to 
“TAG,” a stop codon), while the G-to-A mutations mediated by 
APOBEC3D and APOBEC3F (i.e., GA-to-AA mutation) lead 
only to missense mutations (33). Therefore, three endogenous 
APOBEC3 proteins, APOBEC3D, APOBEC3F, and APOBEC3G, 
possess the ability to suppress HIV-1 replication in vivo, while, 
at the same time, APOBEC3D and APOBEC3F may promote  
viral diversification.

Third, Nakano et  al. have recently addressed the anti-viral 
effect of APOBEC3H in  vivo (36). There are seven haplotypes 
within human APOBEC3H genes and APOBEC3H can be catego-
rized based on the protein expression status of three phenotypes: 
stable (haplotypes II, V, and VII), intermediate (haplotype I), and 
unstable (haplotypes III, IV, and VI) (37–39). From the retro-
virological point of view, only stable APOBEC3H exhibits anti-
HIV-1 activity (37–39). Interestingly, although almost all of the 
naturally occurring HIV-1 Vif proteins can antagonize anti-viral 
APOBEC3 proteins including APOBEC3D, APOBEC3F, and 
APOBEC3G, certain Vif proteins are incapable of counteracting 
stable (i.e., anti-viral) APOBEC3H and are called “hypo” Vif (37). 
On the other hand, the Vif proteins that can antagonize stable 
APOBEC3H are called “hyper” Vif (37). To investigate the impact 
of endogenous APOBEC3H in vivo, an “in vivo competition assay” 
was conducted: hyper and hypo HIV-1s were co-inoculated into 
humanized mice encoding stable or unstable APOBEC3H and 
the most efficiently replicating virus was determined by RT-PCR 
(36). In the humanized mice encoding stable APOBEC3H, hyper 
HIV-1 predominantly replicated, suggesting that Vif ’s ability to 
antagonize stable APOBEC3H is a prerequisite when the host 
is expressing stable APOBEC3H (36). On the other hand, since 
the type of virus that efficiently replicated in the humanized 
mice encoding unstable APOBEC3H (i.e., “hyper” or “hypo”) 
was stochastic, the selection pressure mediated by unstable 
APOBEC3H is relaxed (36). Moreover, hyper HIV-1 has emerged 
in the mice encoding stable APOBEC3H, originally infected with 
hypo HIV-1 (36). Altogether, these findings suggest that stable 
variants of APOBEC3H impose selective pressure on HIV-1. 
More importantly, the expression levels of these APOBEC3 genes 
are upregulated in the CD4+ T cells of humanized mice infected 
with HIV-1 (32, 36). As global transcriptome analyses have also 
indicated the upregulation of ISG expression levels (36), it can 
be said; IFN-I responses can be triggered by HIV-1 infection in 
humanized mice.

MX Dynamin-Like GTPase 2
The human genome encodes two IFN-inducible MX dynamin-
like guanosine triphosphate hydrolases (GTPases), MX1 and 
MX2 (also known as MXA and MXB, respectively), which are 
presumably created by gene duplication over the course of evolu-
tion (40, 41). In addition to MX2’s strong anti-HIV-1 activity 
(42–44), it has also been shown that MX1 can suppress a wide 
range of other pathogenic DNA and RNA viruses, not including 
HIV-1 (42, 44, 45).

It is well known that IFN-I stimulation strongly inhibits HIV-1 
infection during the early stages of viral replication (i.e., from entry 
to integration process) (46). To determine the IFN-I-responsive 
RF(s) restricting HIV-1 replication, comparative gene expression 
profiling (i.e., mRNA microarray) was conducted using human 
cells in the presence and the absence of IFN-I, and identified 
MX2 as the determining factor (42, 44). Subsequent investiga-
tions revealed that MX2 participates in blocking HIV-1 infection 
after reverse transcription (42–44). Since MX2 overexpression 
reduces the levels of nuclear viral DNA (e.g., 2-LTR circles) and 
more efficiently suppresses HIV-1 infection in non-dividing cells 
when compared with dividing cells (42, 44), MX2 presumably 
inhibits nuclear import of the viral complex. Moreover, MX2-
mediated anti-viral potency is dependent on the viral capsid 
protein, as N57S and G89V mutants in the HIV-1 capsid render 
resistance to MX2 (42). Furthermore, a previous study has sug-
gested that MX2-mediated restriction can be overcome by the 
depletion of cyclophilin A (CYPA), a peptidylprolyl isomerase 
(officially designated PPIA), and the treatment of cyclosporin A, 
a compound inhibiting CYPA (43). These findings suggest that 
CYPA is required for MX2-mediated anti-viral activity. CYPA 
is a well-known interaction partner of the HIV-1 capsid protein 
[reviewed in Ref. (47)]. Therefore, it is plausible that MX2 is 
closely associated with the viral complex composed of HIV-1 
capsid and lines of cellular proteins.

Guanosine triphosphate hydrolase activity is required for the 
anti-viral effect of MX1 (48). In contrast, the K131A and T151A 
mutants of MX2, which lose the ability of GTP binding and 
hydrolysis, respectively, still exhibit anti-HIV-1 activity that is 
comparable with wild-type MX2 (42), suggesting that the MX2’s 
enzymatic activity appears to be dispensable for its anti-viral 
effect. On the other hand, the deletion of the nuclear localization 
signal at the N-terminus of MX2 results in the loss of anti-viral 
activity (42). These observations suggest the importance of the 
nuclear localization signal for MX2 to exhibit anti-HIV-1 activity, 
although the functional importance of the subcellular localiza-
tion of MX2 remains unclear.

Schlafen 11
Schlafen 11 is also an ISG and potently inhibits HIV-1 produc-
tion (49). Since SLFN11 overexpression suppresses viral protein 
expression but not viral transcription, this RF restricts viral 
replication at a post-transcriptional stage (49). Interestingly, 
the protein expression of codon-optimized HIV-1 Gag as well 
as GFP does not affect SLFN11 overexpression or knockdown. 
Moreover, SLFN11 binds to tRNA and impairs protein expres-
sion based on codon usage (49). Altogether, SLFN11 restricts 
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HIV-1-biased translation in a codon-usage-dependent manner 
(49). Furthermore, a subsequent study has revealed that pri-
mate SLFN11 genes are under evolutionarily positive selection 
pressure and commonly possess the ability to impair viral 
production regardless of the virus or host target (50). However, 
it remains unclear how SLFN11 influences HIV-1 replication 
in vivo.

Guanylate-Binding Protein 5
Guanylate-binding protein 5 belongs to an IFN-inducible sub-
family of GTPases with host defense activity against intracellular 
bacteria and parasites (51). Krapp et  al. have recently demon-
strated that GBP5 suppresses HIV-1 infectivity by interfering 
with N-linked glycosylation of the viral envelope glycoprotein 
(Env) (52). The cysteine residue at position 583 is critical for its 
anti-viral activity; however, catalytically inactive mutants still 
demonstrate anti-viral activity, suggesting GBP5 exhibits an anti-
viral effect independent of its enzymatic activity (52).

Intriguingly, the nonsense mutations in the HIV-1 vpu gene 
(i.e., the deletion of initiation codon or the insertion of prema-
ture stop codons) increase Env expression and confer resistance 
to GBP5-mediated anti-viral activity (52). As described below, 
viral protein U (Vpu) is a crucial factor for the counteraction 
of tetherin-mediated restriction (53, 54). However, it should 
be noted that the initiation codons of the vpu gene in certain 
clinical HIV-1 isolates including HXB2 (55), BH8 (56), MAL 
(57), and Zr6 (58) are primarily deleted. Additionally, the 
expression of GBP5 gene is upregulated by HIV-1 replication 
in infected individuals (52). Therefore, it might be plausible 
to assume that conferring resistance to GBP5 is important for 
HIV-1 dissemination in certain tissues or organs in infected 
individuals, and that there is a “trade-off ” relationship between 
anti-tetherin activity (presence of Vpu) and GBP5 resistance 
(absence of Vpu).

Tetherin
The observation that the HIV-1 accessory protein, Vpu, is 
required for the efficient release of HIV-1 particles depend-
ing on cell type indicated the existence of an RF counteracted 
by Vpu (59–64). In 2008, Neil et  al. and Van Damme et  al. 
identified tetherin (also known as bone marrow stromal antigen 
2, CD317, and HM1.24) (53, 54). Tetherin is an IFN-I-inducible 
type II membrane protein that consists of an N-terminal 
cytoplasmic tail, a transmembrane domain, and an extracel-
lular domain with a glycosylphosphatidylinositol (GPI) 
modification at the C-terminus (65). Due to GPI anchoring, 
tetherin is mainly localized in cholesterol-enriched lipid rafts 
(65), where HIV-1 viruses bud from, and retains budding 
virions on the plasma membrane of virus-producing cells (66).  
To antagonize the tetherin-mediated anti-viral action, Vpu down-
regulates tetherin from the surface of HIV-1-producing cells  
(54, 67). Vpu is a multifunctional type I transmembrane pro-
tein [reviewed in Ref. (68)] and sequesters tetherin molecules 
from the cell surface to endosomal compartments through 
transmembrane domain-mediated interaction (69–72). 
Additionally, the DSGXXS motif in the cytoplasmic tail of Vpu 
interacts with BTRC1 (beta-transducin repeat containing E3 

ubiquitin protein ligase; also known as β-TrCP1 and Fbxw1), a 
subunit of E3 ubiquitin ligase. In this way, Vpu induces tetherin 
ubiquitination and enhances subcellular sorting of tetherin 
mediated by endosomal sorting complexes required for trans-
port machinery into lysosomal compartments for degradation 
(72). The requirement of BTRC1 for tetherin antagonization, 
however, remains controversial.

To reveal the importance of Vpu in the dynamics of HIV-1 
replication in vivo, Sato et al. (73) and Dave et al. (74) utilized 
HSC-transplanted humanized mouse models and demonstrated 
that Vpu strongly downregulates the expression level of tetherin 
on the surface of virus-producing cell in  vivo. The replication 
kinetics of vpu-deficient HIV-1 during the early phase of infec-
tion is clearly lower than that of wild-type HIV-1 in humanized 
mice (73, 74), suggesting that Vpu augments HIV-1 replication 
during the acute phase of infection.

In addition to the tetherin’s ability to impair viral release, it 
can also be an inducer of NFκB activation (75, 76). The molecu-
lar mechanism of tetherin-mediated NFκB activation has been 
well investigated in in vitro cell cultures (75–77). However, the 
importance of NFκB signaling triggered by tetherin in HIV-1 
replication in vivo remains unknown and needs to be addressed 
in future investigations.

iFN-i ReSPONSeS AND iMMUNiTY 
AGAiNST Hiv-1 iNFeCTiON

Acquired immunodeficiency syndrome is one of many sexu-
ally transmitted diseases and HIV-1 infection is accomplished 
via mucosal transmission (78). Notably, transmitter/founder 
viruses that are transferred from infected patients to nascent 
individuals are apparently resistant to IFN-I-mediated anti-
HIV-1 effects (79–81). These insights strongly suggest that RFs 
induced by IFN-I are involved in protecting infected individuals 
at many stages, from HIV-1 acquisition at the mucosal level (i.e., 
vagina and rectum), right through to limiting virus replication 
once infection has occurred. However, it remains unclear how 
transmitted/founder viruses exhibit such resistance to IFN-I (and 
presumably to the RFs induced by IFN-I).

The source of IFN-I in the acute phase of infection is 
thought to primarily be pDCs that reside in the mucosa  
(82, 83). In contrast, it is still unclear which cells are the 
primary sources of IFN-I during chronic infection. Almost all 
nucleated cells can produce IFN-Is in times of viral infection 
(84), pDCs being the largest producers (85, 86). IFN-Is can 
then act upon NK cells in an autocrine fashion (87–90) or else 
on macrophages (91). pDCs are found in the circulation but 
are also capable of dispersing into both lymphoid and most 
frequently, gut mucosal tissues (92–94). Similar to the other 
types of leukocytes, NK cells are activated by IFN-I and exhibit 
high cytotoxic activity (95). The NK  cells activated by both 
IFN-α and TNF-α can suppress HIV-1 viral replication via the 
secretion of CCL3/4/5, IFN-γ, TNF-α, and GM-CSF (96–99).  
It is also known that IL-12 secreted by DCs and/or macrophages 
in combination with IFN-, stimulates NK cells to secrete higher 
amounts of IFN-γ (90).
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As described above, the IFN-I responses induced by HIV-1 
infection are assumed to contribute to the building up of an anti-
viral environment in infected patients. However, it remains con-
troversial as to whether or not IFN-I responses are beneficial for 
infected patients. For instance, with increased IFN-I production 
in pDCs, there is an increase in RANTES (regulated on activation, 
normal T cell expressed and secreted; also known as MIP-1α), 
a CCR5 ligand, aiding in the recruitment of further target cells, 
which probably contributes to enhanced viral expansion (82). 
Additionally, the IFN-α produced by pDCs is both capable of 
inhibiting the proliferation of bystander CD4+ T cells (100), and 
promoting the apoptosis of uninfected bystander CD4+ T  cells 
residing in the lymphoid tissue of HIV-1-infected patients (101).

While IFN-β, a subtype of IFN-I, administered via the vagina 
was shown to protect against systemic infection of simian/HIV, 
a chimeric virus of SIV and HIV in rhesus macaque monkeys 
(102); the treatment of IFN-I for HIV-1-infected individuals was 
not successful [reviewed in Ref. (103)]. However, elite controllers, 
who are able to control HIV-1 infection without any treatment 
maintain higher pDC counts and IFN-α production compared 
with viremic patients and infected patients on combination 
anti-retroviral therapy (cART; previously called highly active 
anti-retroviral therapy) (104), suggesting that IFN-Is play 
pivotal roles in controlling HIV-1 infection in elite controllers.  
In consideration of why IFN-I treatment was not successful, most 
prior studies have used IFN-I subtype, IFN-α2, as standalone 
treatments, putative vaccine, or adjuvants for cART in patients 
(3). However, it has been recently suggested that IFN-α8 and 
IFN-α14, alternative types of IFN-I, may be better suited as these 
possess a higher affinity for the IFNAR and consequently result 
in a greater expression of certain RFs such as MX2, tetherin, and 
APOBEC3 (105, 106). The complicated effect of IFN-I responses 
subsequent to HIV-1 infection and recent observations in in vivo 
animal models are described in the following section.

eFFeCT OF iFN-i ON Hiv-1 iNFeCTiON  
IN VIVO

Investigations using HSC-transplanted humanized mouse models 
have recently suggested that the initial burst of IFN-I is extremely 
important in controlling the acute phase of HIV-1 infection to 
limit reservoir size and disease course (105, 107). However, 
a sustained IFN-I response is detrimental as it contributes to 
increased systemic inflammation (108). It has also been shown in 
humanized mice that NK cells possess the ability to inhibit HIV-1 
replication (109, 110).

This “phase out” concept is further supported by the 
natural hosts of SIV (i.e., non-pathogenic infection); African 
green monkeys and sooty mangabeys, that demonstrate a 
decrease in the expression of ISGs and systemic activation 
just weeks after SIV infection (111, 112). These natural hosts 
of SIV also differ from HIV infection in humans (as well as 
pathogenic SIV infection in rhesus macaque monkeys) in 
that they have a lack of microbial translocation from the gut 
and very few memory CD4+ T  cells are infected [reviewed 
in Ref. (113)]. Therefore, the IFN-I response in humans is 
most likely also beneficial in the early stages of infection and 

would be of greater benefit if it remained confined to mucosal 
barriers and viral reservoirs. However, if the infection is 
never cleared, inflammation becomes systemic and the ongo-
ing production of IFN-Is becomes detrimental to the host  
(i.e., human) in the chronic phase.

Regarding this issue, Dallari et al. identified two SRC family 
kinases, FYN and LYN, that were constitutively activated in pDCs, 
potentially providing a useful target, as pDCs are deemed to be the 
most important IFN-I-producing cell in chronic infection (114). 
But are there other producer cells that also need to be targeted? 
And even if pDCs do turn out to be the primary producers during 
chronic infection, their scarcity and distribution in tissues makes 
them to difficult to access for ex vivo analyses. There is a real 
possibility that different cell subset(s) are producing IFN-I after 
peak viral load has been reached. It is also still unclear if pDCs 
are producing too much or too little IFN-I in HIV-1 patients in 
chronic infection. Certainly pDCs decrease from acute to chronic 
infection (in the non-pathogenic models of SIV) (115–118). It is 
also known that pDCs migrate from the blood to draining lymph 
nodes before apoptosis (119, 120), however, it is still unknown if 
the pDCs that migrate from the blood to the rectum or vagina 
continue to produce IFN-Is or also undergo apoptosis.

In addition to pDCs, DCs and macrophages potently produce 
IFN-Is after HIV-1 infection as described above. These cells 
reside at common sites of infection, such as the vagina and 
rectum (121, 122) and IFN-I expression is increased at these 
sites after SIV infection in rhesus macaques (123). Therefore, it 
is likely that not only pDCs but also myeloid cells such as DCs 
and macrophages contribute to IFN-I secretion at the port of 
viral entry (e.g., vaginal and rectal tissues).

To further reveal the significance of IFN-I responses in 
pathogenic HIV/SIV infection in vivo, Sandler et al. showed that 
by blocking IFNAR using an IFN-I antagonist immediately after 
SIV infection in rhesus macaque monkeys, SIV reservoir size was 
increased, anti-viral gene expression was decreased, and CD4+ 
T cell depletion was accelerated leading to a progression to AIDS 
(124). This study highlighted the importance of IFN-I responses 
and how crucial they are for control of SIV infection in the acute 
phase. Additionally in this study, IFN-α2a, a subtype of IFN-I, was 
administered from 1 week prior to infection in a different cohort 
of macaque monkeys resulting in the initial upregulation of ISGs 
and prevention of systemic infection (124). However, prolonged 
administration resulted in IFN-I desensitization, decreased anti-
viral ISG expression, increased SIV reservoir size, and the loss 
of CD4+ T  cell loss (124), suggesting IFN-I somewhat has the 
properties of a double-edged sword for/against pathogenic HIV/
SIV infection in vivo.

To directly elucidate the impact of IFN-I in HIV-1 infection 
in vivo, certain groups have utilized HSC-transplanted human-
ized mouse models. First, Zhen et al. showed that in a human-
ized mouse model of chronic HIV-1 infection, blocking IFNAR 
in combination with cART could accelerate viral suppression, 
reduce the viral reservoir, and further decrease T cell exhaus-
tion and HIV-1-driven immune activation while also restoring 
HIV-1-specific CD8+ T cell functions (125). Secondly, because 
the IFN-I response perseveres even under cART, Cheng et al. 
attempted to combine IFNAR blockade with cART, showing a 
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reduction in the HIV-1 reservoir in lymphoid tissues, demon-
strated by a delay in viral replication rebound following cART 
cessation (126). Thirdly, in another study by Cheng et al., IFNAR 
was blocked from weeks 6–10 post-infection (i.e., the chronic 
phase of infection) (127) resulting in increased viral replication 
correlating with elevated T cell activation, suggesting that IFN-Is 
suppress HIV-1 replication during the chronic phase but are not 
essential for HIV-1-induced aberrant immune activation (127). 
This study demonstrated that persistent IFN-I signaling during 
the chronic phase of infection may help to dampen HIV-1 viral 
replication although it also contributes to the depletion of CD4+ 
T cells (127).

FUTURe DiReCTiON

Here, we have described the positive and negative aspects of 
IFN-I responses once HIV-1 infection has occurred. Based on 
in vitro investigations using cell cultures, IFN-I quite efficiently 
suppresses HIV-1 replication (presumably inducing robust RFs) 
(Figure 3). In sharp contrast, the effect of IFN-I in the in vivo 
environment seems much more complicated than expected 
from previous knowledge around in  vitro analyses using cell 
cultures. Future deep and comprehensive investigations using 
animal models, particularly monkey models for SIV infection 
and humanized mouse models for HIV-1 infection, will be 
important to shed light on the true behavior of IFN-I for/against 
viral infections.
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Lymph nodes (LNs) are at the center of adaptive immune responses. Various exogenous 
substances are transported into LNs and a series of immune responses ensue after rec-
ognition by antigen–specific lymphocytes. Although humanized mice have been used to 
reconstitute the human immune system, most lack LNs due to deficiency of the interleukin 
(IL)-2Rγ gene (cytokine common γ chain, γc). In this study, we established a transgenic 
strain, NOG-pRORγt-γc, in the NOD/shi-scid-IL-2Rγnull (NOG) background, in which 
the γc gene was expressed in a lymph-tissue inducer (LTi) lineage by the endogenous 
promoter of RORγt. In this strain, LN organogenesis was normalized and the number of 
human T cells substantially increased in the periphery after reconstitution of the human 
immune system by human hematopoietic stem cell transplantation. The distribution of 
human T cells differed between NOG-pRORγt-γc Tg and NOG-non Tg mice. About 40% 
of human T cells resided in LNs, primarily the mesenteric LNs. The LN-complemented 
humanized mice exhibited antigen-specific immunoglobulin G responses together and 
an increased number of IL-21+–producing CD4+ T cells in LNs. This novel mouse strain 
will facilitate recapitulation of human immune responses.

Keywords: humanized mice, nOg, lymph node, T cell, homeostasis

inTrODUcTiOn

Reconstitution of the human immune system in immunodeficient mice enables investigation of 
human immunology and facilitates drug discovery (1–3). Progress in humanized mouse technol-
ogy relies on extremely immunodeficient mouse strains; e.g., NOD-scid (4), NOD/Shi-scid IL2rγnull 
(NOG) (5), NOD/LtSz-scid IL2rγnull (NSG) (6), and BALB/c Rag2nullIL2rγnull (BRG) (7). These 
platform strains are characterized by a severe deficiency in the murine immune system. In addi-
tion to deficiency of B and T lymphocytes due to scid gene mutation or disruption of the RAG-2 
gene, especially, it is deletion of the interleukin (IL)-2 receptor γ (γc) gene that compromises the 
entire murine immune system. Because γc is a subunit for the receptors for six cytokines (IL-2, 
IL-4, IL-7, IL-9, IL-15, and IL-21) (8, 9), all biological pathways dependent on these cytokines are 
affected. In many cases, the primary consequences of the lack of γc are abnormal development 
and differentiation of lymphocytes; e.g., blocking of B-cell differentiation at the pre-proB  cell 
stage (10), severe reduction in the number of T cells, and total loss of natural killer cells (11–13). 
There are also indirect secondary effects; e.g., impaired development of lymph nodes (LNs) in 
γc-deficient mice (11).
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The organogenesis of LNs is complex and involves many cell 
types (14). One important cell type is the lymphoid tissue inducer 
(LTi) cell, which is a subpopulation in innate lymphoid cell 3 (15). 
During embryo development, LTi cells migrate toward lymphoid 
tissue stromal organizer (LTo) cells via a CXCL13-CXCR5–
dependent mechanism (16–18). The critical molecule in the 
interaction between LTi and LTo cells is lymphotoxin (LT), which 
triggers LN formation (14). Differentiation of LTi cells requires 
expression of the master transcription factor, RORγt (19). IL-7 is 
necessary for their survival, as the number of LTi cells is reduced 
in γc-deficient mice; this reduction in numbers is responsible 
for the poor LN development (20). The transgenic expression 
of mouse thymic stromal lymphopoietin (TSLP), an IL-7 family 
molecule, restores the number of LTi in γc-deficient mice, and 
such TSLP transgenic (Tg) mice in a γc-deficient background 
showed normal LN development (20). These results suggest the 
importance of interactions between LTi cells and cytokines in LN 
organogenesis.

Because LNs are the primary sites of induction of immune 
responses; i.e., influx of antigen–loaded dendritic cells and sub-
sequent activation of antigen-specific T- and B-cells resulting in 
germinal center formation, the absence of LNs could result in an 
immunodeficient status. Indeed, various mouse strains with no 
LNs—such as LTα−/− mice (21), LTβ−/− mice (22), or alymphop-
lasia mutant mice (aly/aly) (23), caused by a mutation in the NIK 
gene—show impaired or delayed immune responses. In addition, 
LNs are important for maintaining lymphocyte homeostasis (24).

Humanized NOG mice, which are produced by transplanting 
human CD34+ hematopoietic stem cells (HSCs), exhibit impaired 
LN development. In many cases, they have few small LNs even 
after full development of human B and T  lymphocytes. Thus, 
it is plausible that the immune responses in humanized mice 
are insufficient due to their poor LN organogenesis. Indeed, 
such mice are deficient in antigen-specific responses, especially 
antigen-specific antibody responses (25–27).

In this study, we developed a novel NOG strain with LNs. We 
used a bacterial artificial chromosome (BAC) clone containing 
the entire RORγt locus in which the first exon of RORγt was 
replaced with the murine γc gene. The transgenic mice showed 
normal LN development in the NOG genetic background. After 
transplantation of human HSCs, these mice showed a significant 
increase in the total number of human T cells, body-wide redistri-
bution of lymphocytes, and enhanced antibody production.

MaTerials anD MeThODs

Bac engineering
A BAC clone, RP23-263K17, containing the entire genomic region 
of the RORγ gene, was purchased from Advanced GenoTechs Co. 
(Tsukuba, Japan). BAC clone DNA was transfected into Escherichia 
coli EL250 by electroporation followed by homologous recombi-
nation (28). The whole cDNA of mouse γc and the polyA signal 
was introduced into the PL451 shuttle vector (28). The DNA 
fragment consisting of the murine γc and the neomycin resistance 
gene under the control of the PGK/EM7 promoter was amplified 
by Primestar GXL (Takara Bio Inc., Otsu, Japan). The PCR primer 

sequences are as follows: forward 5′-tgtgtgctgtcctgggctaccctact-
gaggaggacagggagccaagttctcagtcatgttgaaactattattgtcacc-3′, and 
reverse 5′-cctaggaatggtgacaggacccaggctcccccatgaccggatgcccccatt 
cacttacgctctagaactagtggatcc-3′.

The PCR products were introduced into EL250 with RP23-
263K17 to induce homologous recombination. After selecting 
chloramphenicol- and kanamycin-resistant colonies, we con-
firmed correct homologous recombination between the targeting 
vector and BAC DNA by sequencing and southern-blot analysis. 
The neomycin gene, which was flanked by flippase (FLP) recom-
binase target sequences, was removed by FLP-mediated site-
specific recombination by arabinose treatment. As a result, the 
murine γc gene was inserted into exon 1 of the RORγt gene. BAC 
DNA was purified using NucleoBond BAC100 (Macherey-Nagel, 
Dueren, Germany).

Mice and reconstitution with human 
stem cells
Mice were maintained in the animal facility at the Central 
Institute for Experimental Animals under specific-pathogen-
free conditions. All animal experiments were approved by the 
Institutional Animal Care and Use Committee (certification 
number 11004A) and were conducted according to the institu-
tional guidelines.

All of the experiments using human cells were approved by 
the Institutional Ethical Committee and conducted according to 
the guide lines.

Bacterial artificial chromosome transgenic B6 mice, which 
express murine γc under the control of RORγt regulatory ele-
ments, were generated in the C57/BL6 (B6) background. The BAC 
DNA described above was digested with PI-SceI and purified. 
The linearized DNA was microinjected into B6 fertilized eggs 
by the standard protocol. The obtained mice were genotyped by 
PCR and a founder mouse was used for backcross mating. After 
seven-time backcross mating to the NOG strain, we confirmed 
the replacement of the genetic background from B6 to NOD 
using microsatellite markers. NOG-GM-CSF/IL-3 transgenic 
mice (NOG-GM3 Tg) were described elsewhere (29).

For reconstitution of the human immune system, 6-week-
old male NOG or NOG-pRORγt-γc mice were irradiated with 
180 cGy of X-rays (MBR-1520R-4, Hitachi, Hitachi, Japan) and 
5 × 104 umbilical cord blood CD34+ cells (StemExpress, Folsom, 
CA, USA) were transplanted by intravenous injection the next 
day (hereafter, hu-HSC-NOG or hu-HSC NOG-pRORγt-γc, 
respectively).

antibodies and Flow cytometry
The following monoclonal antibodies (mAbs) were purchased 
from BioLegend (San Jose, CA, USA): anti-CD4-fluorescein 
isothiocyanate (FITC), anti-CD8a-FITC, anti-CD20-FITC, anti-
CD33-FITC, anti-CD19-phycoerythrin (PE), anti-CD21-PE, 
anti-CD3-PECy7, anti-IgD-PECy7, anti-CD8a-allophycocyanin 
(APC), antimouse CD45-APC, anti-CD4-APCCy7, anti-CD19 
APCCy7, and antihuman CD45-APCCy7.

To analyze human lymphocytes in mice reconstituted with 
the human immune system, multicolor cytometric analysis was 
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performed using a fluorescence-activated cell sorter (FACS) 
Canto (BD Biosciences). Peripheral blood (PB) was collected 
from the retro-orbital venous plexus using heparinized pipettes 
periodically under anesthesia with isoflurane to monitor the 
development of human cells. PB was also assessed using a blood 
analyzer (XT-2000i, SYSMEX, Kobe, Japan) to enumerate total 
white blood cells. Red blood cells were eliminated using ACK 
solution (150  mM NH4Cl, 10  mM KHCO3, 1  mM EDTA-Na2) 
and mononuclear cells (MNCs) were stained with fluorescent 
marker-conjugated antibodies for flow cytometry.

At the time of euthanasia, MNCs were prepared from the 
thymus, spleen, LNs, or bone marrow (BM) by smashing with 
frosted slide glasses, or by flushing the femurs with FACS 
medium [phosphate-buffered saline (PBS) containing 2% fetal 
calf serum (FCS) with 0.1% NaN3] using a 27-gage needle. The 
cells were stained with the relevant mAb cocktails for 20 min 
on ice, and washed with cold FACS medium. The proportion 
of each lineage was calculated using FACS Diva software (BD 
Biosciences) and the absolute number of each fraction was 
determined by multiplying the frequency by the total cell 
number.

For intracellular staining, cells were suspended in Roswell 
Park Memorial Institute (RPMI) medium (RPMI  +  2% FCS) 
and stimulated with phorbol myristate acetate (50 ng/ml) and 
ionomycin (1 µg/ml) in the presence of Brefeldin A (BioLegend) 
for 4  h at 37°C, then fixed with fixation buffer (eBioscience, 
San Diego, CA, USA). After permeabilization with Cytofix/
Cytoperm solution (BD Biosciences), cells were stained with 
mAbs for anti-IFNγ-FITC, anti-IL-4-PE, and anti-IL-21-APC 
(BioLegend), together with antibodies for surface markers, for 
20 min on ice. After the final wash, the cells were subjected to 
flow cytometry.

Macroscopic analysis of lns
To visualize popliteal, inguinal, and sacral LNs, 1% Evans Blue 
dye (Sigma-Aldrich, St. Louis, MO, USA) was subcutaneously 
injected into the footpad or tail base. The mice were analyzed 
1  h after injection; LNs were evidenced by accumulation of 
Evans Blue. In some cases, LNs were detected by stereoscopic 
microscopy.

immunohistochemistry
Mouse tissues were fixed in Mildform (Wako, Osaka, Japan), 
embedded in paraffin and sectioned using a microtome. We 
used a mouse antihuman CD3 (PS1, Nichirei, Tokyo, Japan) or 
anti-CD20 (L26, Leica Microsystems, Tokyo, Japan) antibody 
for human T or B cells, respectively. The specimens were stained 
using a Leica BOND-MAX automated immunohistochemistry 
stainer (Leica Microsystems, Tokyo, Japan).

enzyme-linked immunosorbent assay 
(elisa)
The total plasma human immunoglobulin (Ig) M and IgG levels 
in reconstituted NOG or NOG-pRORγt-γc mice were meas-
ured by ELISA using a human Ig assay kit (Bethyl, Denver, CO, 
USA).

To assay ovalbumin (OVA)-specific IgG antibodies, hu-HSC-
NOG-GM-CSF/IL-3  Tg (NOG-GM3 Tg) or hu-HSC NOG-
pRORγt-γc/GM-CSF/IL-3 Tg (NOG-pRORγt-γc/GM3 Tg) mice 
were immunized at 12 weeks following HSC transplantation three 
times every 10 days with mixture of 10 µg OVA (Sigma-Aldrich) 
with 2 mg Alum (Cosmo Bio, Tokyo, Japan) by intraperitoneal 
injection. Plasma from the immunized mice was harvested 
4 days after the final immunization. Specific antibodies against 
OVA were measured by a standard method. Briefly, 96-well plates 
were coated with 5 µg/ml OVA at 4°C overnight. They were sub-
sequently washed and blocked with PBS containing 1% bovine 
serum albumin. The collected plasma samples were loaded after 
threefold serial dilution to 1:6,561 in blocking solution. An HRP-
conjugated antihuman Ig antibody was used as the secondary 
antibody. Anti-IgG- and -IgM-specific Abs were purchased from 
Bethyl. 3,3′,5,5′-Tetramethylbenzidine was used as a substrate 
for detection. The absorbance at 450 nm was measured using a 
microplate reader. The titer was defined as the dilution at which 
the absorbance of the sample became equivalent to that of non-
immunized mice.

resUlTs

restoration of Mouse ln Organogenesis 
in nOg-prOrγt-γc Tg Mice
To restore mouse LNs in the γc-deficient background, we 
attempted to express the mouse γc gene in an LTi-lineage-specific 
manner. Because RORγt is the critical master transcription 
factor for lineage specification, we generated a BAC transgenic 
strain in which expression of the γc gene was regulated by the 
endogenous control elements of the RORγt locus (Figure S1 
in Supplementary Material). First, we investigated whether 
B6-pRORγt-γc Tg mice exhibited rescued normal LN develop-
ment in the absence of the endogenous mouse γc gene. The Tg 
mice were crossed with γc-gene deficient mice (γc KO) to obtain 
the pRORγt-γc Tg in γc KO mice. Transgenic expression of the 
γc gene in the LTi-lineage restored LN development, which was 
absent in γc KO mice (Figure 1). After confirming the ability to 
stimulate LN organogenesis, we subsequently produced NOG-
pRORγt-γc Tg mice (NOG-pRORγt-γc Tg) by backcrossing, 
and LN development in the NOG background was assessed 
(Figures 2A,B).

Macroscopic analysis revealed that most LNs were restored, 
although there were variances in the degree depending on the 
location. For example, restoration of cervical, mediastinal, 
and pyloric/pancreatic LNs was evident in almost 100% of 
NOG-pRORγt-γc Tg mice. The frequencies in NOG-non 
Tg mice of the same LNs were 30, 0, and 40%, respectively 
(Figure  2B). More than 80% of NOG-pRORγt-γc Tg mice 
had brachial, inguinal, and lumbar LNs, compared to 40, 0, 
and 5%, respectively, in NOG-non Tg mice. Axillary, sacral, 
and popliteal LNs were detected in about 50% of Tg mice, 
compared to 10, 0, and 0%, respectively, in NOG-non Tg 
mice. Renal LN development was not evident even in the Tg 
mice (Figure  2B). Another distinct feature of the Tg mice 
was enlargement of the mesenteric LNs (mLNs; Figure  2A). 
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FigUre 2 | Restored lymph nodes (LNs) in NOG mice. (a) LNs in NOG-pRORγt-γc Tg and NOG non-Tg mice. Evans Blue was subcutaneously administered into the 
tail base or foot pad for visualization of draining LNs (left panels). Red circles indicate inguinal, axillary/brachial, and popliteal LNs. Representative mesenteric LNs (mLNs) 
from NOG-pRORγt-γc Tg and NOG non-Tg mice are shown in the right panel. Two distinct LNs from NOG mice are circled in red. (B) Efficiency of LN restoration in 
NOG–pRORγt-γc Tg mice. NOG-pRORγt-γc Tg or NOG non-Tg mice were examined for the presence of tissue-associated LNs. For scoring, the number of LNs in each 
tissue from individual mice was counted and the ratio to the number of the corresponding tissue-associated LNs in wild-type NOD mice was calculated. Mean ± SD 
from NOG-pRORγt-γc Tg (n = 9) and NOG non-Tg mice (n = 15). Student’s t-test was performed to assess statistical significance (*p < 0.05 and **p < 0.01).

FigUre 1 | Induction of lymph node (LN) organogenesis in γc-deficient mice using the pRORγt-γc transgene. A bacterial artificial chromosome (BAC)-transgenic 
(Tg) male founder mouse was crossed with female NOD/shi-scid-IL-2Rγnull (NOG) mice. The presence of LNs in the F1 mice was macroscopically confirmed. Red 
circles indicate inguinal LNs (top panels) and para-aortic LNs in the abdomen (bottom panels).
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FigUre 3 | Colonization of restored lymph nodes (LNs) by human lymphocytes. (a) The indicated LNs were isolated from NOG-pRORγt-γc Tg mice at 20 weeks 
after hematopoietic stem cell transfer, and human lymphocytes were analyzed by fluorescence-activated cell sorting (FACS). A representative result from three 
different mice is shown. (B) Immunohistochemistry of mLNs. mLNs from the same mice used in (a) were fixed in formalin and sectioned after embedding  
in paraffin. Sections were stained with antihuman CD3 (left) and CD20 (right) antibodies.
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Whereas NOG-non Tg mice had two small distinct mLNs,  
Tg mice had a consecutive form of mLNs similar to those in 
WT mice (Figure  2A). However, we did not detect Peyer’s 
Patches (data not shown).

To examine whether human lymphocytes could migrate and 
colonize the restored LNs of NOG-pRORγt-γc Tg mice, Tg mice 
were X-irradiated and transplanted with HSCs. After confirm-
ing development of human T cells in PB at 20 weeks post-HSC 
transplantation, we isolated LNs and analyzed the MNCs in the 
LNs by flow cytometry. Human lymphocytes were detected in 
all LNs. The subsets of human lymphocytes differed depending 
on the LN location. Although a considerable number of human 
B cells were detected in most of the LNs, the brachial, axillary, 
and popliteal LNs contained a few human B  cells, 0–5% in 
human CD45+ cells. All LNs contained both human CD4+ and 
CD8+ T cells (Figure 3). Histological analysis of LNs showed a 
disorganized structure with a diffuse T-cell distribution rather 
than clear segregation of the B- and T-cell zones (Figure 3B). The 
disorganized structure was similar to that in NOG-non Tg mice 
(Figure S2 in Supplementary Material). We could not isolate a 
measurable number of human cells from the intestinal lamina 

propria in spite of the enlarged mLN in NOG-pRORγt-γc Tg 
mice (data not shown).

Development of human lymphocytes  
in nOg-prOrγt-γc Tg Mice
Human hematopoiesis was compared between NOG-non Tg and 
NOG-pRORγt-γc Tg mice. PB MNCs were analyzed 8–16 weeks 
after HSC transplantation (Figure 4). The frequency and number 
of human CD45+ cells did not differ between the two strains 
(Figure  4A). The development and differentiation of human 
CD33+ CD45+ myeloid cells were also comparable between 
non-Tg and pRORγt-γc Tg mice (data not shown). With respect 
to human lymphocytes, the development of human CD45+ 
leukocytes was not different at 8  weeks post-HSC transplanta-
tion. However, the frequency and absolute number of human 
T cells was significantly higher in pRORγt-γc Tg mice than in 
non-Tg mice at 12 weeks after HSC transplantation (Figure 4C). 
Although the frequency of human B cells was lower in Tg mice 
than in non-Tg mice, the absolute number of human B  cells 
was not different (Figure 4B). Reflecting the increase in human 
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FigUre 4 | Development of human leukocytes in NOG-pRORγt-γc Tg mice. Peripheral blood (PB) was collected at the indicated time points after hematopoietic 
stem cell transfer. A portion was used for enumeration of total mononuclear cells. The remaining blood was subjected to fluorescence-activated cell sorter (FACS) 
for human leukocytes. (a) Frequency and absolute number of human CD45+ cells in total mononuclear cells. (B,c) Frequencies and absolute numbers of human 
B (B) and human T (c) cells among human CD45+ cells. Cellularity was calculated by multiplying the number of total mononuclear cells by the frequencies of each 
human subpopulation determined by FACS. (D) Kinetic change of the human T to B cell ratio. Mean ± SD from NOG-pRORγt-γc Tg (n = 12) and NOG non-Tg 
mice (n = 11). Student’s t-test was performed to assess statistical significance (*p < 0.05 and **p < 0.01). A representative result from three independent 
experiments is shown.
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T cells, the T:B ratio was higher in Tg mice than in non-Tg mice 
at 12 and 16 weeks after HSC transfer (Figure 4D).

Analysis of the BM at 16  weeks after HSC transplantation 
demonstrated that the frequency and absolute number of human 
CD45+ leukocytes were higher in non-Tg mice than in Tg mice 
(Figure S3 in Supplementary Material). There were no significant 
differences in the frequencies and numbers of human CD19+ cells, 
which include human immature and mature B lineage cells, and 
human CD3+ T cells (Figure S3 in Supplementary Material). In 
the thymus, there was no significant difference in the cellularity 
of human thymocytes (Figure 5A). Analysis of subpopulations 
showed a significant reduction in the frequency of CD4+CD8+ 
thymocytes in NOG-pRORγt-γc Tg mice compared with non-Tg 
mice. In contrast, the frequencies of CD4+CD8− and CD4−CD8+ 
thymocytes were higher in NOG-pRORγt-γc Tg mice than in 
NOG-non-Tg mice (Figure 5B). However, the absolute numbers 
of these subpopulations were not significantly different due to the 
large variances in the total number of thymocytes (Figure 5C). 
FACS analysis of splenocytes demonstrated that the frequency 

and absolute number of human CD45+ cells were not different 
irrespective of LN restoration (Figure 6A). A considerable por-
tion of human CD19+ cells in hu-HSC NOG mice are immature 
B  cells, including transitional B  cells, and they do not express 
CD20 or CD21 (27). Thus, to examine the maturation of human 
B cells in NOG-pRORγt-γc Tg mice, we compared the frequency 
and number of the CD19+CD20+CD21+ subpopulation between 
NOG-pRORγt-γc Tg and NOG-non-Tg mice. While the 
frequency of mature human B cells was higher in non-Tg than 
in Tg mice, there was no significant difference in the absolute 
number (Figure 6B). In contrast, the frequency of human T cells 
was significantly higher in Tg than in non-Tg mice. We did not 
detect a significant difference in the cellularity of human T cells 
(Figure 6C). The human B to T cell ratio was comparable between 
Tg and non-Tg mice (Figure 6D). Regarding T cell subsets, the 
ratio of CD4+ to CD8+ T cells was not altered by the presence of 
LNs (Figure 6E).

We next examined LNs and found that pRORγt-γc Tg mice 
showed remarkable enlargement of mLNs. The weight of the 

66

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


FigUre 5 | Analysis of human cells in the thymus. Thymocytes were prepared from the thymi of NOG-pRORγt-γc Tg and NOG non-Tg mice at 24 weeks after 
hematopoietic stem cell transplantation and analyzed by fluorescence-activated cell sorting. (a) Absolute numbers of human thymocytes. (B,c) The frequencies of 
human CD4+CD8+ double positive, CD4+CD8−, and CD4−CD8+ single positive cells in human thymocytes (B) and the absolute numbers of each cell subpopulation 
(c). Mean ± SD of NOG-pRORγt-γc Tg (n = 12) and NOG non-Tg mice (n = 11). Asterisk indicates statistical significance (p < 0.05).
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mLNs in pRORγt-γc Tg mice was about eightfold higher than 
that in non-Tg mice (Figure 7A). Because other LNs were smaller 
than the mLNs, all LNs other than the mLNs were pooled for 
analysis; mLNs were analyzed separately. Reflecting the increase 
in weight, mLNs in NOG-pRORγt-γc Tg mice contained a sig-
nificantly larger number of human leukocytes, which included 
both human CD19+ B cells and CD3+ T cells, than non-Tg mice 
(Figure 7B). The frequency of human CD45+ cells in total MNCs 
was not influenced, suggesting that mouse CD45+ cells were pro-
portionally increased (Figure 7B). The T:B cell ratio was higher 
in Tg mice than in non-Tg mice (Figure 7C). As in the spleen, 
the CD4 to CD8 ratio was not different between Tg and non-Tg 
mice (Figure 7D).

An increased number of human leukocytes, including human 
CD19+ B and CD3+ T  cells, in NOG-pRORγt-γc Tg mice was 
also observed in other tissue-associated LNs (Figure  8A). The 
frequency of human CD45+ cells was not influenced in tissue-
associated LNs as in mLNs (data not shown). The ratio of these 
two populations remained unchanged between non-Tg and Tg 
mice (Figure  8A). The proportions of CD4+ and CD8+ T  cells 

in CD3+ T cells also did not differ between non-Tg and Tg mice 
(Figure 8A).

After determining the absolute number of human lymphocytes 
in secondary lymphoid organs (spleen, LNs, and mLNs), the total 
number of human cells in the whole mouse was calculated. There 
was no significant difference in the human CD45+ cell number 
between non-Tg and Tg mice (Figure 8B). Interestingly, the total 
number of human CD3+ T cells increased about threefold in Tg 
mice compared to non-Tg mice (Figure 8B), while the number of 
human CD19+CD20+CD21+ mature B cells was not significantly 
different (Figure 8B). Accordingly, the T to B cell ratio was higher 
in NOG-pRORγt-γc Tg mice than in NOG-non-Tg mice. Due to 
the migration of human lymphocytes into LNs, the lymphocyte 
tissue distribution differed markedly between NOG-pRORγt-γc 
Tg mice and non-Tg mice. In normal NOG non-Tg mice, almost 
90% of human T cells resided in the spleen. In contrast, ≤60% 
of human T cells were present in the spleen in Tg mice, and ~30 
and 10% of human T cells migrated into mLNs or other tissue-
associated LNs, respectively (Figure 8C). Mature human B cells 
were also distributed primarily in LNs (data not shown).
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FigUre 6 | Analysis of human cells in the mouse spleen. Splenocytes were prepared from the spleens of NOG-pRORγt-γc Tg and NOG non-Tg mice for 
fluorescence-activated cell sorting analysis at 24 weeks after HSC transplantation. (a) Frequency and absolute number of human CD45+ cells in total mononuclear 
cells. (B,c) Frequencies and absolute numbers of human CD19+ B cells (B) and human CD3+ T cells (c) among human CD45+ cells. (D) Human T to B cell ratio  
in human CD45+ cells. (e) The CD4+ T cell to CD8+ T cell ratio in human T cells. Mean ± SD from NOG-pRORγt-γc Tg (n = 12) and NOG non-Tg mice (n = 11). 
Asterisk indicates statistical significance (*p < 0.05).
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augmentation of humoral immune 
responses in nOg-prOrγt-γc Tg Mice
To examine the immunological features of hu-HSC NOG-
pRORγt-γc Tg mice, serum total human IgM and IgG levels were 
quantified by ELISA. The IgM level was equivalent in non-Tg 
and Tg mice, whereas the IgG level was significantly higher in 
Tg mice than in non-Tg mice (Figure 9A). Next, we investigated 
whether LN-sufficient humanized mice could induce antigen-
specific humoral immune responses. Impaired production of 
antigen-specific IgG responses in humanized mice has been 
reported, likely due to the lack of cognate interactions between 
mouse major histocompatibility complex (MHC)-restricted 
human T cells and human leukocyte antigen (HLA) on human 
B cells (30, 31). However, antigen-specific IgG responses could 
be facilitated by crosstalk between antigen-specific B and T cells 
in LNs. To further improve the probability of human immune 
responses, we used transgenic mice the GM-CSF/IL-3 transgenic 

NOG (NOG-GM3 Tg). This strain allowed the development 
of various lineages of human cells, including lymphoid and 
myeloid cells, from HSCs (29). Those human cells could facilitate 
induction of immune responses. After reconstitution of NOG-
pRORγt-γc/GM3 Tg or NOG-GM3 Tg mice with the human 
immune system, we immunized the animals with OVA/Alum 
complex. The OVA-specific human IgG titer was significantly 
higher in NOG-pRORγt-γc/GM3 Tg than in NOG-GM3 Tg 
mice (Figure 9B), and was ~250-fold higher than that in non-
immunized mice. Although we expected that improved human 
hematopoiesis enhanced antigen-specific antibody responses 
in NOG-GM3 Tg mice, the induction of OVA-specific IgG was 
modest. Next, we investigated the production of IL-4 and IL-21 
by CD4+ T cells, because these cytokines are important for pro-
moting class switching and plasma cell differentiation (32, 33). 
The frequency of IL-21+ CD4+ T cells was significantly higher in 
mLNs from NOG-pRORγt-γc/GM3 Tg than NOG-GM3 Tg mice 
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FigUre 7 | Analysis of mesenteric lymph nodes (mLNs). (a) Weight of mLNs. mLNs were isolated at 24 weeks after hematopoietic stem cell transplantation. 
Representative photographs of mLNs from human HSC-engrafted NOG-pRORγt-γc Tg and non-Tg mice. (B) Frequency and absolute number of human leukocytes. 
Human mononuclear cells were isolated from mLNs and analyzed by fluorescence-activated cell sorting. The number of human CD45+ leukocytes was obtained by 
multiplying the total number of mononuclear cells by the frequency of human CD45-positive cells. (c) Human T to B cell ratio. (D) Human CD4+ T cell to CD8+ T cell 
ratio. Mean ± SD from NOG-pRORγt-γc Tg (n = 12) and NOG non-Tg mice (n = 11). Student’s t-test was performed to assess statistical significance (*p < 0.05 and 
**p < 0.01).
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(Figure 9C), but this was not the case in splenic CD4+ T cells from 
the same animals. There were no differences in the frequency 
of IFNγ-, IFN-17-, and IL-4–producing CD4+ T  cells between 
NOG-pRORγt-γc/GM3 Tg and NOG-GM3 Tg mice (Figure S4 
in Supplementary Material). A standard immunophenotyping 
protocol using chemokine receptor expression also confirmed 
the increase of CD3+CD4+CD5RA−CXCR5+ follicular helper 
T cells (Tfh) in frequency (34) and there was no difference in the 
frequency of FOXP3+ CXCR4+CD25+ CD4+ human regulatory 
T cells (Treg) in CD4+ T cells between NOG-pRORγt-γc Tg and 
non-Tg mice (Figure S5 in Supplementary Material) (35). These 
results suggest that the composition of T cell subsets was gener-
ally maintained in NOG-pRORγt-γc Tg mice except the increase 
of IL-21+ producing Tfh cells. It should be noted, however, that 
the absolute cell number of each subset significantly increased 
reflecting the increase of total CD4+ T cells.

DiscUssiOn

In this study, we demonstrated that LN organogenesis could be 
restored in NOG mice by expressing the mouse γc gene under 

the control of the RORγt promoter, and that these LNs function 
as a reservoir for human lymphocytes after reconstitution of 
the human immune system. Furthermore, our results showed 
that restored LNs could confer immunological competence on 
humanized NOG mice.

To restore LN development in NOG mice, we generated a 
NOG transgenic strain expressing human TSLP. This approach 
was not successful, however, in the NOG background, as our 
NOG transgenic strain expressing the human TSLP gene, which 
possesses about 42% homology with the mouse TSLP gene, devel-
oped severe thymoma, which resembled the disease frequently 
seen in NOD-scid mice (data not shown) (36). It is possible that 
cytokine signaling through mouse IL-7Rα or mouse TSLP recep-
tor stimulated oncogenic mechanisms intrinsic to mice with the 
NOD background. The efficiency of LN restoration was greater in 
TSLP Tg γc-KO mice than in NOG-pRORγt-γc Tg mice. Indeed, 
some NOG-pRORγt-γc Tg mice showed unilateral development 
of axillary, brachial, inguinal, or popliteal LNs, while the TSLP 
Tg γc-KO mice showed almost 100% LN organogenesis (20). 
It is possible that the expression level of γc in LTi cells was not 
sufficient for full recovery of this lineage, resulting in partial 
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FigUre 8 | Analysis of lymph nodes (LNs) and distribution of human T lymphocytes. (a) Absolute number of human leukocytes in tissue-associated LNs. Human 
mononuclear cells were prepared from pooled LNs from NOG-pRORγt-γc Tg and NOG non-Tg mice at 24 weeks after hematopoietic stem cell transplantation.  
(Left panels) Numbers of human CD45+ leukocytes (upper), human B cells (middle), and human T cells (bottom) were calculated by multiplying the total number of 
mononuclear cells by the frequency of each fraction. (Right panels) The human T to B cell ratio (upper panel) and human CD4+ T cell to CD8+ T cell ratio (bottom 
panel). (B) Total number of human leukocytes in secondary lymphoid organs. Data from the spleen, LNs, and mesenteric LNs were summed for human CD45+ 
leukocytes (upper left), human B cells (upper right), and human T cells (bottom left). The human T to B cell ratio in all lymphoid organs is also shown (bottom right). 
(c) Distribution of human T cells. The proportion of human T cells in each secondary lymphoid organ was calculated. Mean ± SD from NOG-pRORγt-γc Tg (n = 12) 
and NOG non-Tg mice (n = 11). Statistical significance was evaluated by Student’s t-test (**p < 0.01).
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development of LNs in NOG-pRORγt-γc Tg mice. Supporting 
this hypothesis, although we detected significant increase of the 
frequency and number of LTi cells in NOG-pRORγt-γc Tg mice 
compared with NOG-non-Tg mice. However, the increase was 
not more than twofold in number (Figure S6 in Supplementary 
Material). This may also explain the lack of Peyer’s patches. Mice 
with constitutive expression of the mouse γc gene with strong 
promoters could results in the better restoration of LN develop-
ment and Peyer’s patches. As a result, such strains, an equivalent 
strain to NOD-scid mice, may have better organized LN structures 
and elicit better immune responses like in NOD-scid mice (37). 
However, at the expense of the benefit, such strains may develop 
thymoma (36). In addition, they may have various lymphoid 
lineages which reduce the efficiency of engraftment of human 
hematopoietic cells (38).

Humanized mice generated by simple transfer of human 
cord blood-derived HSCs exhibit suboptimal immune responses 

(1). These weak immune reactions can be in part explained 
by inefficient development of human T  cells by the atrophic 
mouse thymus, lack of HLA-restriction of human T cells (27), 
incomplete maturation of human B cells (27), or accumulation 
of human T cells susceptible to cell death by antigen stimulation 
(27). These problems have been addressed by various approaches. 
For example, administration of recombinant human Fc-IL-7 
protein (39) or lentiviral delivery of human IL-7 increased 
T-cell numbers (40). HLA-matching between HSC donor and 
recipient mice by introducing HLA transgenes into mice induced 
HLA-restricted human immune responses (30, 31, 41, 42). As 
an alternative approach to overcome the limitations inherent to 
humanized mice, we examined whether restoration of LNs would 
improve human lymphocyte homeostasis and human adaptive 
immune responses.

Preferential expansion of human T cells was evident in NOG-
pRORγt-γc Tg mice. In addition, restoration of LNs induced a 
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FigUre 9 | Enhanced humoral responses in NOG-pRORγt-γc Tg mice. (a) Total IgM and IgG levels in plasma. Plasma was prepared 24 weeks after hematopoietic 
stem cell (HSC) transplantation and total IgM and IgG levels were quantified by enzyme-linked immunosorbent assay (ELISA). Mean ± SD from NOG-pRORγt-γc Tg 
(n = 12) and NOG non-Tg mice (n = 11). Statistical significance was evaluated by Student’s t-test (**p < 0.01). (B) ELISA results for ovalbumin (OVA)-specific human 
IgG. NOG-pRORγt-γc/GM-CSF/IL-3 Tg (ROR/GM3) (n = 6) or NOG-GM-CSF/IL-3 Tg (GM3) (n = 7) mice were transplanted with HSCs. After confirming T-cell 
differentiation in the peripheral blood at 12 weeks post-HSC engraftment, mice were immunized three times with OVA/Alum. Plasma was collected 4 days after the 
final boost. Titers of individual mice are shown. Statistical significance was evaluated by Student’s t-test (**p < 0.01). (c) Increase in the number of IL-21-producing 
CD4+ T cells in lymph nodes (LNs). Spleen and mesenteric LNs from OVA-immunized NOG-ROR/GM3 or NOG-GM3 mice were stimulated with phorbol myristate 
acetate/ionomycin for 4 h in the presence of Brefeldin A. Cytokines were stained after fixation and permeabilization. Mean ± SD frequencies of IL-21+ CD4+ T cells 
among total CD4+ T cells. Statistical significance was evaluated by Student’s t-test (*p < 0.05).
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significant redistribution of human lymphocytes from the spleen 
to the LNs. Indeed, almost 40% of total human T cells were mobi-
lized into LNs in NOG-pRORγt-γc Tg mice, mostly to the mLNs. 
The macroscopic analysis demonstrated that the weight of the 
mLNs in NOG-pRORγt-γc Tg mice was eightfold higher than 
that in NOG non-Tg mice, and they harbored ~35% of the total 
human T cells. Although the reason for the preferred residence 
of human T cells in mLNs is unclear, not only simple migration 
but also homeostatic proliferation may be strongly induced in the 

enlarged mLNs in NOG–pRORγt-γc Tg mice. This seems to be 
mediated by thymus-independent mechanisms, as the numbers 
of thymocytes were not different between Tg and non-Tg mice. 
By draining the small intestine and colon, mLNs provide human 
T  cells with abundant and non-competitive signals, which 
include pMHC, cytokines, and physical space. Thus, mLNs may 
have a marked impact on the homeostasis of human T cells. In 
contrast to the increase in the number of human T cells, the effect 
on human B  cells was unremarkable. The absolute number of 
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human mature B  cells was not significantly different between 
NOG-pRORγt-γc Tg and NOG non-Tg mice. Although the 
development of human T  cells and the maturation of human 
B  cells is reportedly correlated in humanized mice, the robust 
increase in human T cell number did not result in an increase in 
that of human mature B cells in NOG-pRORγt-γc Tg mice (43). 
Furthermore, histological analysis showed incomplete architec-
ture of LNs, which lacked B-cell follicles and germinal centers. 
The persistent blockage of B cell maturation suggests that LNs 
do not provide an environment conducive to full maturation of 
human B cells. Considering the abundant T cells in LNs, T cell-
independent factors may be necessary for B cell maturation. Our 
immunohistochemistry showed that mouse follicular dendritic 
cells (FDCs) were not induced in mLNs (data not shown). 
This may be due to the absence of interaction between mature 
human B  cells and mouse FDC progenitor cells. Alternatively, 
human FDCs, which were of non-hematopoietic origin, may be 
necessary for inducing maturation of human B  cells and thus 
organizing LN structures.

The serological analysis demonstrated induction of a partial 
human humoral immune response in the LN-sufficient human-
ized mice, despite the lack of HLA-II molecules. Introduction 
of HLA-DR molecules in recipient mice and matching of the 
HLA-DR haplotype between the recipient mice and HSC donors 
are essential for induction of antigen-specific IgG responses in 
humanized mice (30, 31). The importance of HLA-II in recipient 
mice was also confirmed in this study using NOG-GM/3 Tg mice, 
which did not show antigen-specific IgG responses despite dif-
ferentiation of multiple types of human antigen-presenting cells, 
including dendritic cells, macrophages/monocytes, and B cells, 
in the spleen. Although the mechanisms for the induction of 
antigen-specific IgG responses in LN-restored humanized mice 
are unclear, the increases in the frequency of IL-21 producing 
CD4+ T cells and the total number of CD4+ T cells in LNs suggest 
that an IL-21-rich milieu is generated in LNs, which induces IgG 
class switch recombination in B cells in the vicinity, even in the 
absence of cognate interactions with T cells with the same anti-
gen specificity. Introduction of HLA-II molecules may further 
enhance antibody production.

In this study, we developed a novel NOG substrain with 
immunologically competent LNs. The enhanced immune 
responses of NOG-pRORγt-γc Tg mice will be useful, particu-
larly in combination with HLA Tg or human cytokine-gene 
introduced mouse strains. This would synergistically enhance 
the quasihuman immune response and facilitate development of 
novel vaccines against infectious diseases and immunotherapies 
for tumors.
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FigUre s1 | Schematic of bacterial artificial chromosome recombination for 
expression of mouse interleukin 2Rγ under the control of the regulatory elements 
of mouse RORγt.

FigUre s2 | Immunohistochemistry of mesenteric lymph node in hu-HSC 
NOG-non Tg mice.

FigUre s3 | Analysis of human cells in the bone marrow (BM). BM from 
NOG-pRORγt-γc Tg and NOG non-Tg mice were isolated from the tibiae  
and analyzed by fluorescence-activated cell sorting (FACS). (a) Frequency  
and absolute number of human CD45+ cells among total mononuclear cells.  
(B,c) Frequencies and absolute numbers of human CD19+ B cells (B) and 
human CD3+ T cells (c) among human CD45+ cells. Mean ± SD from 
NOG-pRORγt-γc Tg (n = 12) and NOG non-Tg mice (n = 11).

FigUre s4 | Frequency of human Th1, Th2, and Th17 cells in hu-HSC 
NOG-pRORγt-γc Tg. The mesenteric lymph node cells used in Figure 9 were 
stained for human IFN-γ (Th1 cells), IL-4 (Th2 cells), and IL-17 (Th17 cells).

FigUre s5 | Subpopulation in CD4+ T cells. Spleen and mesenteric lymph 
node in NOG-pRORγt-γc Tg and NOG-non-Tg mice were analyzed at  
16weeks after hematopoietic stem cell transplantation (n = 4). Th1 cells, Th17, 
or Tfh cells were defined as CD3+CD4+CD45RA−CXCR5−CXCR3+CCR6−, 
CD3+CD4+CD45RA−CXCR5−CXCR3−CCR6+, or CD3+CD4+CD45RA−CXCR5− 
cells. Human regulatory T cells were defined as FOXP3+CCR4+CD25+CD4+ 
T cells. For immunophenotyping, following antibodies were used for staining 
and analyzed by a BD LSR Fortessa X-20 cell analyzer (BD Biosciences). 
Anti-CCR7-Brilliant Violet 421, anti-CD45-BV510, anti-CXCR3-APC, anti-CD4-
APC, anti-CD45RA-APCCy7, anti-CCR6-PE, anti-CD4-PECy7, anti-CCR4-
PECy7, and antimouse CD45-PerCP-Cy5.5 were from BioLegend. Anti-
CXCR5-Brilliant Blue 515, anti-CD25-BB515, and anti-CD3-Brilliant Ultraviolet 
737 were from BD Biosciences. Dead cells were excluded by 7-AAD (Beckman 
Coulter). Intracellular staining of FOXP3 was conducted using Anti-Human 
Foxp3 staining Set phycoerythrin from eBioscience according to the 
manufacturer’s instruction. Student’s t-test was performed to assess  
statistical significance (*p < 0.05).

FigUre s6 | Increase of LTi cells in NOG-pRORγt-γc Tg. The presence  
of LTi was examined in embryo of NOG-pRORγt-γc Tg and NOG-non-Tg 
mice at E15. The fetal intestine was smashed with a pestle and mononu-
clear cells were stained with a cocktail of antibodies; antimouse CD3-FITC, 
antimouse CD4-PE, antimouse B220, antimouse CD127 (IL-7Rα)-APC, and 
antimouse CD45-APC-Cy7. LTi cells were defined as CD4+CD127+ cells in 
CD45+CD3−B220− cells. A part of embryo was used for genotyping by PCR. 
Mean ± SD from NOG-pRORγt-γc Tg (n = 12) and NOG non-Tg mice 
(n = 14). Student’s t-test was performed to assess statistical significance 
(*p < 0.05).
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Modeling Human Antitumor 
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Mice engrafted with human immune cells offer powerful in vivo model systems to inves-
tigate molecular and cellular processes of tumorigenesis, as well as to test therapeutic 
approaches to treat the resulting cancer. The use of umbilical cord blood mononuclear 
cells as a source of human immune cells for engraftment is technically straightforward, 
and provides T lymphocytes and autologous antigen-presenting cells (including B cells, 
monocytes, and DCs) that bear cognate antigen presenting molecules. By using 
a human-specific oncogenic virus, such as Epstein-Barr virus, de novo neoplastic 
transformation of the human B cells can be induced in vivo in a manner that models 
progressive stages of tumorigenesis from nascent neoplasia to the establishment of 
vascularized tumor masses with an immunosuppressive environment. Moreover, since 
tumorigenesis occurs in the presence of autologous T cells, this type of system can be 
used to investigate how T  cells become suppressed during tumorigenesis, and how 
immunotherapies counteract immunosuppression. This minireview will provide a brief 
overview of the use of human umbilical cord blood transplanted into immunodeficient 
murine hosts to model antitumor responses.

Keywords: humanized mice, umbilical cord blood, tumor immunotherapy, homeostatic proliferation, xenogeneic 
activation

inTRODUCTiOn

While animal model systems, and particularly laboratory mouse strains, are absolutely indispensible 
for understanding the basic biology of both cancers and the immune system, preclinical analyses 
of tumor immunotherapy are also likely to benefit from experimental systems that utilize primary 
human cells obtained from genetically diverse individuals. In this minireview, we will discuss the 
use of immune-deficient mice engrafted with human umbilical cord blood cells for studying human 
T cell biology and tumor immunotherapy in vivo.

Clinical applications of tumor immunotherapy currently center on two main approaches. The first 
is the use of “checkpoint” blockade antibodies to relieve PD-1 and CTLA-4 mediated immunosup-
pression of endogenous T cells. When these inhibitory pathways are disabled by blocking antibodies, 
a patient’s existing T cells can often induce tumor regression (1, 2). The second approach, cellular 
immunotherapy, involves administering cytolytic lymphocytes that have been expanded in vitro, 
and act as direct antitumor effectors within the patient. Most prominent in this category is the use 
of chimeric antigen receptor (CAR) T cells that have been genetically modified to specifically target 
the patient’s tumor (3). Refining and further developing tumor immunotherapeutic approaches will 
require experimental model systems that allow us to better understand interactions between human 
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FigURe 1 | Three different approaches to generate mice engrafted with human T cells and cognate human antigen-presenting cells (APCs). (i) Injection of human 
hematopoietic stem cells (HSCs) into neonatal mice. Human T cells and APCs develop from the HSCs. T cells undergo selection in murine thymus based on 
interactions with murine cells. By using mice that are transgenic for one or more HLA molecules, and HSCs bearing HLA alleles that match the transgenes, a 
fraction of the mature human T cells in the periphery will be able to recognize the human APCs, while others are restricted by murine antigen presenting molecules 
that are also present in the thymic environment. This method does not recapitulate the full repertoire of T cell restriction for human antigen presenting and may not 
produce tolerance to human peptides presented by the restricting HLA molecules, but is associated with little or no graft-versus-host disease (GVHD). (ii) Adult NSG 
mice, which lack murine thymic tissue due to atrophy, are injected with human HSCs. Concurrently, a fragment of human thymic tissue is surgically implanted. 
Human T cells and APCs develop from the HSCs, and the thymic fragment develops into a viable organoid. T cells undergo selection in the human thymic organoid 
based on interactions with human thymic cells. The resulting T cell repertoire includes restriction for the full panoply of autologous HLA molecules. However, signs of 
chronic GVHD typically manifest within 4–6 months. (iii) Human umbilical cord blood engraftment of adult NSG mice. Mature T cells (selected in the baby’s thymus) 
are transplanted along with autologous APCs. Human T cells typically persist for at least 3 months, but signs of GVHD may become apparent after about 2 months.
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immune effectors and human tumors in  vivo. In particular, it 
would be helpful to be able to model human T cell functions dur-
ing progressive stages of tumorigenesis, from nascent neoplasia to 
the establishment of tumors with an immunosuppressive environ-
ment. Also key is to be able to assess in vivo responses of human 
T cells that are autologous to the tumor (e.g., those targeted by 
checkpoint blockade), as well as to test the impact of exogenously 
administered effectors (e.g., CAR-T cells) on established tumors. 
These elements are provided by new experimental models in 
which immunodeficient mice are engrafted with human immune 
cells, and human tumor formation is induced in vivo via infection 
with an oncogenic virus.

engRAFTMenT OF MiCe wiTH HUMAn 
iMMUne CeLLS

Mouse Strains
Adoptive transfer of human immune cells into murine hosts is 
most successful in mouse strains lacking adaptive immune cells 
that also have impairments in innate cell types, such as NK cells, 
that would otherwise kill engrafted human cells. One strain that 
is now commonly used for human cell engraftment is the NOD-
SCID-Gamma or “NSG” mouse (NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ).  
NSG mice fail to develop T and B cells due to the Prkdcscid muta-
tion, are defective in multiple innate immune functions because 
they are bred onto a NOD background and are also knocked out 
for the common γ chain of the IL-2 receptor, which is required 
for proper development of multiple lineages, including NK cells 
(4). The NSG strain shows little or no evidence of “leakiness” in 
regards to development of murine T  cells, has highly deficient 
murine NK  cells, and has been found to provide an excellent 

environment for the survival of human cells in vivo (5). Building 
on the utility of the NSG strain, strains with further genetic 
modifications have been generated that show additional improve-
ments in human cell engraftment. These include strains that are 
transgenic for key human cytokines that promote hematopoiesis 
(e.g., TPO, CSF1, IL3, CSF2), and a strain lacking c-Kit that sup-
ports high levels of human hematopoietic engraftment without 
irradiation or myeloablative conditioning (6–10).

Hematopoietic Stem Cell (HSC) 
engraftment
Engraftment of human immune cells into mice can be success-
fully accomplished through a variety of different protocols. 
However, different approaches entail key differences in the 
selection and specificity of the human T cell compartment that 
is then present in the engrafted mice. A central distinction 
is whether human HSCs are used to give rise to T  cells that 
develop within the murine host, or whether T cells that have 
already undergone selection in the human donor are trans-
ferred into the mice (Figure 1). NSG mice possess thymic tissue 
at birth, but this tissue normally atrophies due to the absence 
of murine T cells, and becomes essentially undetectable within 
6 weeks after birth. Engraftment protocols that transfer human 
HSCs into neonatal mice result in colonization of the murine 
thymus by human pre-T cells, which promotes the survival of 
the thymic tissue, and provides an environment for selection 
of the human T cells (11). Because the human T cells develop 
within the murine thymus, they undergo positive and negative 
selection on murine antigen presenting molecules. As a result, 
tolerance to murine tissues is established, but the T cells are not 
optimized for interactions with human antigen-presenting cells 
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(APCs) that also develop from the engrafted HSCs. However, 
by instead using mice that are transgenic for one or more 
human HLA molecules, some of the human T  cells that are 
generated are able to interact productively with human APCs 
(12). Nevertheless, a potential drawback is that many of the 
human T  cells will be developmentally selected on murine 
antigen presenting molecules (Figure 1, part i), and thus the 
human T cell compartment probably does not fully recapitulate 
the specificities and lineages of human T cells.

Human Thymic engraftment
An alternative method is to transfer human HSCs into mice at 
6–8  weeks of age (when the murine thymus is gone), and to 
cotransplant fragments of human thymic tissue, which are typi-
cally surgically implanted under the kidney capsule. This results 
in the growth of a human thymic organoid within the mice that 
allows for T cell selection by human thymic epithelial cells, and 
generates a T  cell repertoire specific for the full complement 
of human HLA molecules (Figure  1, part ii). This approach 
has been shown to enable productive interactions of human 
T cells with autologous human APCs that also develop in the 
murine host from human HSCs (13–15). We have shown that 
this approach results in the generation of human T  cells that 
recognize human non-classical antigen presenting molecules, 
such as CD1 molecules, and thus enables modeling of select 
T cell populations that are present in humans but not found in 
mice (16). Central disadvantages of this type of approach are the 
challenges associated with implanting human thymic tissue in 
the mice, and the length of time required for full establishment 
of the human immune compartment in the periphery, which 
typically requires about 3 months after tissue engraftment. An 
additional concern is that signs of graft-versus-host disease 
(GVHD) often become apparent within about 4–5 months after 
tissue engraftment (17).

engraftment of Mature Lymphocytes
An alternative that addresses some of the challenges of the above 
approaches is to transfer mature human immune cells into NSG 
mice. While transferring adult human PBMCs into immune-
deficient mice typically results in acute GVHD pathology that 
manifests within 3–6  weeks (17), it is nevertheless possible to 
model functional interactions amongst populations of human 
immune cells in a short-term manner using cells from adults. 
For example, inflammatory responses induced by interactions 
among human immune cells can be read-out after 24–48 h using 
a vascularized peripheral tissue of the mouse, such as the footpad 
(18, 19). Alternatively, adult human PBMCs can be systemi-
cally transferred into immune-deficient mice for short periods 
to investigate functional capabilities of specific populations 
of human lymphocytes. For example, studies of this type have 
demonstrated that human Vγ9+Vδ2+ T cells can be sufficient to 
control the outgrowth of xenografted human tumors (20–25). 
Nevertheless, while adoptive transfer of immune cells from 
human adults into NSG mice provides an important means of 
investigating functional interactions of human cells in vivo, the 
GVHD responses associated with this approach significantly 
limit investigation of longer-term immunological processes.

In contrast, adoptive transfer of NSG mice with human umbili-
cal cord blood mononuclear cells (CBMCs) provides a means 
of modeling human immune interactions in vivo over a longer 
period of time. CBMCs contain mature human T cells that were 
selected in a fully human environment (i.e., the baby), and that 
are appropriately restricted for the accompanying human APCs 
(e.g., B cells, monocytes, DCs), but that are as yet in a highly naive 
state. By removing the CD34+ HSCs prior to transplantation, new 
human T cells will not develop after transfer, and thus the mice 
contain only the T cells that were selected in a human thymus 
and that are restricted by the antigen presenting molecules 
expressed on the autologous APCs that were cotransferred in 
the CBMC sample (Figure 1, part iii). The adoptively transferred 
human T  cells typically expand and persist in the mice for at 
least 2 months without evidence of significant GVHD pathology, 
which provides an experimental window that is adequate for 
many types of analyses. As discussed below, the central concern 
about this approach relates to the functional competence of the 
cord blood T cells after engraftment.

FUnCTiOnAL CHARACTeRiSTiCS  
OF HUMAn CORD BLOOD T CeLLS

As evidenced by their expression of CD45RA and not CD45RO, 
cord blood T  cells are naive (26), and thus they would be 
expected to show less efficient cytokine production compared to 
previously activated T cells. However, a number of observations 
suggest that cord T cells may also be less functionally competent 
than naive peripheral blood T cells that are found later in life. 
Exposure to IL-10 produced by trophoblasts suppresses placen-
tal T cell activity, and the hormonal environment of pregnancy 
may also dampen T cell activity (27–29). It is not clear how long 
after birth these suppressive effects last, however, cord blood 
has been found to contain only very low percentages of T cells 
capable of producing IL-2, IFNγ, TNFα, and IL-4 (30, 31). Cord 
T cells also lack the constitutive expression of perforin seen in 
adult CD8+ T cells (32). The inefficient effector cytokine produc-
tion of cord T cells may be due to epigenetic alterations, since 
cord blood CD4+ T cells were found to have hypermethylation 
of the IFNγ promoter (33). Additionally, PKCζ expression levels 
appeared to be reduced in neonatal T  cells, which correlated 
with a deficiency in IFNγ production and affected their ability to 
mature into effector cytokine producing cells (34, 35). Perhaps 
as a result of these features, cord blood T cells are associated with 
substantially reduced incidence of GVHD following hematopoi-
etic transplantation (31, 36).

Nevertheless, effector T cell responses to pathogens do occur 
early in life (29), indicating that cord blood T cells are capable 
of becoming functionally activated. Moreover, it has recently 
been shown that the gene expression differences that distinguish 
specific-pathogen-free mice from “wild” mice (i.e., those that 
have experienced microbial exposure found in the natural world) 
closely resembled the differences between human umbilical cord 
blood and adult peripheral blood cells (37). Thus, many of the 
functional characteristics of cord blood T cells may be due to a 
lack of immunological experience, rather than to features that 
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FigURe 2 | Pathways of human T cell activation in murine engraftment 
models. (A) Homeostatic proliferation occurs via two distinct processes, 
termed “slow” and “fast.” Slow proliferation (top panel) results from TCR 
stimulation by a weak agonist [e.g., autologous antigen-presenting cells 
(APCs) bearing self peptides] in the presence of IL-7, and does not require 
co-stimulatory ligands. Since murine IL-7 is recognized by human IL-7 
receptors, this cytokine is likely to have high availability after transplantation 
into NSG mice. This pathway likely affects most of the transplanted human T 
cells. Fast proliferation (bottom panel) is driven by T cell receptor (TCR) 
recognition of high affinity antigens (e.g., microbial peptides from commensal 
species) in the presence of co-stimulatory ligands, and does not require IL-7. 
This process would likely only affect a subset of the transplanted T cells.  
(B) Xenogeneic activation may result from T cell recognition of murine 
peptides presented by self HLA molecules on human APCs (top panel), or by 
cross-reactivity of human TCRs for murine MHC molecules on murine APCs 
(bottom panel). Upregulation of co-stimulatory ligands by the human APCs or 
expression of cross-reactive co-stimulatory ligands by the murine APCs 
might be required for this pathway to induce productive activation, rather 
than anergy (which would be expected from TCR stimulation in the absence 
of co-stimulation). Xenogeneic activation pathways would be expected to 
affect only a subset of the transplanted human T cells.
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have a lasting effect on gene expression. Consistent with this, it is 
now clear that cord blood T cells, like naive T cells from adults, 
can readily be activated to undergo expansion, maturation, and 
polarization.

POLARiZATiOn OF CORD T CeLLS inTO 
eFFeCTORS

T  cells derived from cord blood can be expanded in  vitro by 
anti-CD3 and anti-CD28 antibody stimulation in the presence of 
IL-2 (38). While such antibody-driven expansion of cord T cells 
in vitro is associated with significant apoptosis, this is mitigated 
in the presence of IL-7, which also aids in maintaining higher 
T cell receptor (TCR) Vβ diversity (39). When IL-12 is present 
during CD3/CD28 stimulation, the cord T cells rapidly acquire 
Th1-polarization features such as the ability to produce IFNγ, 
TNFα, and granzyme A (38), and subsequently show enhanced 
IFNγ production after TCR stimulation suggesting a lasting 
polarization toward a Th1 phenotype (40). Conversely, expos-
ing cord T cells to IL-4 during CD3/CD28 stimulation leads to 
Th2-skewing (40). However, this occurs more slowly and requires 
repeated TCR stimulation in the presence of IL-4 in order to 
maintain production of IL-10, IL-4, IL-5, and IL-13. Hence, cord 
cells that have been Th2-skewed by short-term IL-4 exposure 
maintain the plasticity to revert back to a Th0 phenotype, and can 
even convert to a Th1 profile with the addition of IL-12, suggest-
ing that they are not intrinsically biased toward a Th2 phenotype 
(40). These results illustrate that, despite their initial functional 
reticence, the effector capabilities of cord-derived T lymphocytes 
do not remain suppressed in the long-term.

evenTS AFTeR TRAnSFeR inTO 
iMMUne-DeFiCienT MiCe

Since transfer of human cord T cells into murine hosts is likely 
to be associated with exposure to stimulating factors, it is impor-
tant to consider the impact this might have on the subsequent 
functionality of the T cells. Major factors that might cause T cell 
activation after transfer include the lymphopenic environment 
of the host and exposure to xenogeneic antigens (see Figure 2). 
Whereas activation resulting from xenoantigenic stimulation 
might be an artifact of transferring human T cells into a murine 
host, T cell activation that is due to a lymphopenic environment 
is a process that occurs physiologically (41). Thus, changes in 
the human cord T cell population following transplantation into 
mice are not necessarily an indication of aberrant activation due 
to the use of a xenogeneic model system. Indeed, cord blood 
transplantation in human patients also results in thymic inde-
pendent expansion of the transplanted T cells that is associated 
with a rapid shift from a naïve to memory phenotype (42). Hence, 
the lymphopenic environment of NSG mice might be expected 
to similarly induce a proliferative response from adoptively 
transferred cord T cells and might affect the nature of the TCR 
repertoire.

The spontaneous cellular division induced in a lymphopenic 
environment is broadly delineated into two major varieties: slow 

and fast. Slow homeostatic proliferation is driven by T cell recog-
nition of low affinity peptides (e.g., self peptides) bound to MHC 
in the presence of IL-7 (43, 44). This slow spontaneous division 
proceeds in the absence of costimulation by CD28, CD40, or LFA-
1, and appears to largely occur within T cell zones in secondary 
lymphoid organs (44). In contrast, fast homeostatic proliferation 
is an antigen driven response from a smaller subset of T cells and 
is IL-7 independent (44). This pathway requires costimulatory 
signals and leads to swift upregulation of memory markers and 
acquisition of effector functions such as the production of IL-2 
and IFNγ. Since fast homeostatic proliferation is greatly reduced 
when recipient mice are housed in germ-free conditions, it has 
been proposed that peptides from gut microbes are a major driver 
of this response (44).

By engrafting NSG mice with total CBMCs, APCs bearing 
cognate antigen presenting molecules are present that could 
activate either fast or slow homeostatic proliferation by the cord 
T cells. However, since NSG mice are typically housed in aseptic 
conditions, the supply of microbial peptides required for fast 
homeostatic proliferation might be limited. In contrast, since 
murine IL-7 is highly cross-reactive with the IL-7 receptors of 
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human cells (45), the conditions for slow homeostatic prolif-
eration are likely to be present (Figure  2A). Thus, most or all 
human cord T cells are expected to proliferate homeostatically 
after transplantation into NSG mice, although it remains unclear 
whether this process substantially alters their functional state.

The second major factor that might affect the functional status 
of transplanted cord T  cells is xenoantigenic stimulation. This 
might occur either via TCR binding to murine MHC molecules 
or via recognition of murine peptides presented by self HLA 
molecules on other human cells (Figure  2B). In either case, 
such xenoantigenic activation would be predicted to affect only 
the subset of the cord T cells bearing a cross-reactive TCR. The 
strength of TCR signaling delivered by these recognition events 
is difficult to predict, and it is also not clear whether TCR signals 
of this type are typically accompanied by costimulatory signals 
that are required for a productive antigen-driven response.  
In the absence of appropriate costimulation xenoantigen- 
associated TCR signals would be expected to induce anergy, 
whereas if costimulation is present a classic antigen-driven expan-
sion of the responding T cells would be expected. Importantly, 
productive xenoantigenic activation of cord T cells within murine 
hosts would be expected to result in GVHD. However, there is 
typically little evidence of GVHD within the first 2 months after 
administering cord T cells (Zumwalde and Gumperz unpublished 
data). Thus, xenoantigenic activation may not play a major role 
for a period of weeks or months after the adoptive transfer of 
human cord blood T cells into NSG mice.

MODeLing TUMOR iMMUniTY

Perhaps surprisingly, given the evidence suggesting their effec-
tor functions are limited, cord T  cells have been found to be 
capable of mediating efficient antitumor responses. Analyses of 
cord T cells exposed to tumor cells in vitro have unambiguously 
established that they can mount both cytotoxic and cytokine 
responses (46–49). Moreover, the ability of cord T cells to carry 
out antitumor effects in  vivo has been clearly demonstrated 
in recent studies (47, 50). In a particularly revealing analysis, 
T  cells purified from cord or adult blood were compared in a 
head-to-head manner for their ability to limit the growth of 
allogeneic EBV-transformed B  cells (EBV-LCLs) in NSG mice 
(51). The EBV-LCLs were injected subcutaneously into NSG 
mice, leading to the formation of a solid mass at the site of 
injection resembling a tumor. Equivalent doses of primary cord 
or adult T cells were injected intravenously, and growth of the 
EBV-LCL mass was monitored. Administration of cord T cells 
was associated with significantly less growth of the implanted 
EBV-LCLs compared to adult T cells, and the EBV-LCL masses 
also showed substantially more evidence of T  cell infiltration 
in the cord T  cell treatment group (51). Studies such as these 

demonstrate that cord T cells are capable of promoting tumor 
rejection in  vivo. However, such experimental systems, where 
in vitro-derived tumor cells are administered to immunodeficient 
mice and cytolytic lymphocytes are then added to test for tumor 
rejection, do not clearly model the impact of immunosuppres-
sive tumor environments that must be overcome by successful 
immunotherapeutic strategies.

To address this need, we have developed an experimental 
model in which neoplastic transformation of human B  cells 
occurs in  vivo and is associated with suppression of the 
endogenous T cells. Briefly, NSG mice are injected with CD34-
depleted CBMCs in the presence of a lytic strain of EBV, called 
M81, that was recently isolated from a patient (52). The virus 
induces de novo neoplastic transformation of the initially 
healthy B cells, and within approximately 4 weeks nearly all of 
the mice typically develop large tumors (53). The lymphomas 
are located in the peritoneal cavity adjacent to pancreas, liver, 
or bile ducts, and ultimately end up invading nearby organ 
tissue and causing mortality. The lymphomas in this model 
are heavily infiltrated by autologous CD4+ and CD8+ T cells, 
but the tumor B cells express elevated levels of the inhibitory 
ligands PD-L1 and PD-L2 (54). Antibody-mediated blockade 
of PD-1 and CTLA-4 results in reduced tumor burden, prolongs 
survival, and reveals EBV peptide-specific T cell responses by 
the autologous T  cells (54). Thus, lymphoma-specific T  cells 
are generated in this model, but are usually held in check by 
suppressive pathways.

We have recently shown that cellular immunotherapy using 
human γδ T cells has potent antitumor immune effects in this 
model both at early stages of nascent neoplasia (immunosurveil-
lance) and at later stages after solid tumors containing immuno-
suppressive ligands have become established (55). Hence, even 
in the absence of checkpoint blockade, the immunotherapeutic 
γδ T cells are apparently able to overcome the immunosuppres-
sive environment that stymies the responses of the endogenous 
T cells. We expect that preclinical models of this type will provide 
a valuable tool to investigate molecular and cellular mechanisms 
by which successful immunotherapeutic strategies overcome or 
avoid suppressive environments created by tumors.
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Research, Keio University School of Medicine, Tokyo, Japan

The tumor microenvironment contains unique immune cells, termed myeloid-derived 
suppressor cells (MDSCs), and tumor-associated macrophages (TAMs) that suppress 
host anti-tumor immunity and promote tumor angiogenesis and metastasis. Although 
these cells are considered a key target of cancer immune therapy, in  vivo animal 
models allowing differentiation of human immunosuppressive myeloid cells have yet 
to be established, hampering the development of novel cancer therapies. In this study, 
we established a novel humanized transgenic (Tg) mouse strain, human interleukin 
(hIL)-6-expressing NOG mice (NOG-hIL-6 transgenic mice). After transplantation 
of human hematopoietic stem cells (HSCs), the HSC-transplanted NOG-hIL-6 Tg 
mice (HSC-NOG-hIL-6 Tg mice) showed enhanced human monocyte/macrophage 
differentiation. A significant number of human monocytes were negative for HLA-DR 
expression and resembled immature myeloid cells in the spleen and peripheral blood 
from HSC-NOG-hIL-6 Tg mice, but not from HSC-NOG non-Tg mice. Engraftment 
of HSC4 cells, a human head and neck squamous cell carcinoma-derived cell line 
producing various factors including IL-6, IL-1β, macrophage colony-stimulating 
factor (M-CSF), and vascular endothelial growth factor (VEGF), into HSC-NOG-hIL-6 
Tg mice induced a significant number of TAM-like cells, but few were induced in 
HSC-NOG non-Tg mice. The tumor-infiltrating macrophages in HSC-NOG-hIL-6 Tg 
mice expressed a high level of CD163, a marker of immunoregulatory myeloid cells, 
and produced immunosuppressive molecules such as arginase-1 (Arg-1), IL-10, and 
VEGF. Such cells from HSC-NOG-hIL-6 Tg mice, but not HSC-NOG non-Tg mice, 
suppressed human T cell proliferation in response to antigen stimulation in in vitro 
cultures. These results suggest that functional human TAMs can be developed in 
NOG-hIL-6 Tg mice. This mouse model will contribute to the development of novel 
cancer immune therapies targeting immunoregulatory/immunosuppressive myeloid 
cells.

Keywords: humanized mice, MDscs, nOg-hil-6 Tg mice, TaMs, tumor microenvironment

Abbreviations: IL-6, interleukin-6; NOG, NOD/ShiJic/scid/IL-2Rγnull mice; NOG-hIL-6 Tg, NOG mouse substrain expressing 
transgenic human IL-6; non-Tg, nontransgenic; HSC, hematopoietic stem cell; CB, cord blood; HSC-NOG, human hematopoi-
etic stem cell-transplanted NOG mouse; PB, peripheral blood; BM, bone marrow; MNC, mononuclear cell; RT-PCR, reverse 
transcription polymerase chain reaction.
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inTrODUcTiOn

Humanized mouse technology has enabled reconstitution of 
human hematopoietic and immune systems in immunodeficient 
mice (1, 2). Accumulating evidence suggests that this novel 
technology is suitable for studying several infectious diseases 
including human immunodeficiency virus (HIV), Epstein-
Barr virus, and malaria (3–6). These studies have revealed that 
replication of pathogens is possible in  vivo, and that immune 
responses against these pathogens are elicited, even if in a limited 
manner. Thus, humanized mice are useful instruments for study-
ing in vivo human physiology and conducting preclinical studies 
for novel drugs. In this context, the use of humanized mice has 
been applied in immuno-oncological studies to evaluate drug 
efficiencies (7, 8). Considering the complex pathology of tumors, 
it is important to clarify which cellular lineages contribute to 
tumor formation and disease progression, and whether those 
cells are present in humanized mice (9).

Humanized mice are usually produced using extremely 
severe immunodeficient mouse strains including, NOD/shi-
scid/IL-2Rγnull (NOG), NOD/LtSz-scid/IL-2Rγnull (NSG), or 
BALB/c-Rag2null/IL-2Rγnull (BRG). Human immune systems can 
be reconstituted in these mice by transplanting human CD34+ 
hematopoietic stem cells (HSCs) (10–12). Humanized mice 
based on these platform strains harbor limited human myeloid 
cell lineages including granulocytes, monocytes, macrophages, 
and their progenitors. As several of these cell lineages are rel-
evant to disease development, our group and others have geneti-
cally modified these platform strains by introducing human 
cytokine genes to improve myeloid differentiation. For example, 
myelopoiesis was markedly enhanced in NOG-human (h) gran-
ulocyte macrophage colony-stimulating factor (GM-CSF)/inter-
leukin (IL)-3 Tg mice (NOG-hGM/3 Tg) compared to parental 
NOG mice, and mast cells that developed in this strain were fully 
functional in mediating passive cutaneous anaphylaxis (PCA) 
(13). Similar results were obtained in NSG mice with human 
GM-CSF/IL-3/stem cell factor transgenes (NSG-SGM3). NSG-
SGM3 mice showed enhanced differentiation of human myeloid 
lineage cells (14). BLT (bone marrow–liver–thymus) mice on the 
NSG-SGM3 background, a type of humanized mice generated 
by engrafting human fetal-derived thymus and liver in renal 
capsule and subsequent HSC transplantation, induced human 
PCA and passive systemic anaphylaxis mediated by human mast 
cells (15). BRG mice have been modified to generate MITRG 
mice, in which the murine macrophage colony-stimulating 
factor (M-CSF), IL-3, GM-CSF, and thrombopoietin genes 
were replaced by the human homologs, and MISTRG mice, 
which also contain the human signal-regulatory protein alpha 
gene (16). The development of functional human monocytes, 
macrophages, and natural killer (NK) cells has been promoted 
in these mice. For example, ~3-fold high number of CD33+ total 
myeloid cells developed in NOG-hGM/3 Tg compared to NOG 
mice (13), ~3-fold increase of CD33+ cells in frequency in NSG-
SGM3 (15), and ~10-fold CD33+ cells in MITRG compared to 
NSG mice (16). In addition, human NK cells consisted of 10–20% 
of mononuclear cells (MNCs) in peripheral blood in MISTRG 
mice (16). Furthermore, human macrophages infiltrate a human 

tumor xenograft in MITRG or MISTRG mice (16). These results 
suggest that human myeloid cell development can be induced 
in humanized mice by introducing the appropriate human 
cytokines.

The tumor microenvironment consists of an unusual variety 
of cell types that include not only cancer cells but also fibroblasts, 
endothelial cells in blood vessels and lymph ducts, and immune 
cells such as lymphocytes and myeloid cells. Patients with cancer 
and tumor masses have increased numbers of cells that pheno-
typically resemble immature myeloid cells, and the prognosis of 
these patients is inversely correlated with the number of these 
immature myeloid cells. Thus, immunoregulatory activity can 
facilitate tumor progression by preventing host immune systems 
from attacking a tumor and by inducing factors that promote 
angiogenesis (17). Tumor-associated macrophages (TAMs) 
and myeloid-derived supressor cells (MDSCs), especially, are 
two representatives of such immunosuppressive myeloid cells. 
TAMs produce various types of immunosuppressive molecules 
including arginase-1 (Arg-1), IL-10, tumor growth factor-β, or 
prostaglandin E2 (PGE2); and factors related to angiogenesis 
or cell proliferation such as vascular endothelial growth factor 
(VEGF), IL-8, basic fibroblast growth factor (bFGF), hepatocyte 
growth factor, epidermal growth factor, or platelet-derived 
growth factor (18, 19). MDSCs also produce Arg-1, inducible 
nitric oxide synthase, reactive oxygen species, and peroxynitrite 
for immunosuppression (20). Studies investigating the molecular 
mechanisms in the induction of TAMs and MDSCs revealed 
the critical role of inflammatory cytokines. IL-6, in particular, 
plays an essential role in the induction, as IL-4 receptor alpha 
chain (IL-4Rα)+ MDSCs are produced in in  vitro cultures of 
mouse bone marrow (BM) cells incubated with IL-6, granulo-
cyte colony-stimulating factor (G-CSF), and GM-CSF (21). In 
addition, IL-6 promotes differentiation of granulocytic MDSCs  
(22, 23), and the number of monocytic MDSCs increases when 
IL-6 production is enhanced due to infection by hepatitis B 
virus (24). These studies suggest that human IL-6 (hIL-6) is an 
indispensable requirement for recapitulating the human tumor 
microenvironment in humanized mice.

In this study, we established a novel NOG sub-strain, NOG-
hIL-6 Tg mice. We demonstrated that after transplantation of 
human HSCs, a significantly higher numbers of human mono-
cytes and macrophages were induced in NOG-hIL-6 Tg mice 
than in NOG non-Tg mice. We further demonstrated that after 
tumor engraftment, significant numbers of immature myeloid 
cells, phenotypically resembling TAMs in clinical patients, 
differentiated in HSC transplanted NOG-hIL-6 Tg mice (HSC-
NOG-hIL-6 Tg mice), whereas few myeloid cells were observed 
in HSC-NOG non-Tg mice. This novel mouse model is a unique 
tool for studying the pathology of tumor formation and will 
facilitate drug discovery targeting TAMs.

MaTerials anD MeThODs

Mice
NOD/ShiJic/scid/IL-2Rγnull (NOG) mice and NOD/ShiJic (NOD) 
mice were used in this study. To generate hIL-6-expressing Tg 
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NOG mice, a DNA fragment containing hIL-6 cDNA, under 
the control of the cytomegalovirus (CMV) promoter, was 
microinjected into female NOD mouse eggs fertilized by male 
NOG mice. A founder mouse was backcrossed with NOG mice 
to obtain NOG-hIL-6 Tg mice (NOD.Cg-prkdcscidil2rγtm1Sug/ShiJic 
CMV-IL-6 Tg). Serum levels of hIL-6 were measured using hIL-6 
Quantikine enzyme-linked immunosorbent assay (ELISA) kits 
(R&D systems, Minneapolis, MN, USA). All of the mice were 
maintained in the Central Institute for Experimental Animals 
(CIEA) under specific pathogen-free conditions.

Transplantation of human hscs
Human umbilical-cord-blood-derived CD34+ HSCs were pur-
chased from Allcells (Alameda, CA, USA). For transplantation, 
6–12-week-old adult mice were irradiated (2.5 Gy) (MBR-1505R; 
Hitachi Medical, Tokyo, Japan), and 5 × 104 HSCs were injected 
intravenously within 24 h. To monitor human hematopoiesis, the 
mice were bled every 3 weeks over a total of 3 months, and the 
MNCs were analyzed by flow cytometry.

cell lines
A human tumor cell line, HSC4, derived from human head and 
neck squamous cell carcinoma, was provided by Y. Kawakami 
(Keio University School of Medicine, Tokyo, Japan). HSC4s were 
cultured in complete RPMI-1640 medium (Life Technologies, 
Grand Island, NY, USA) supplemented with 10% fetal calf serum 
(FCS) and antibiotics, penicillin, and streptomycin. Other human 
tumor cell lines, L428 (Hodgkin’s lymphoma), Daudi (Burkitt lym-
phoma), HeLaS3 (cervical epithelioid carcinoma), SAS (tongue 
squamous carcinoma) (25), SK-BR3 (breast adenocarcinoma) 
(26) and RMG1 (ovarian clear cell carcinoma) (27) were also 
provided by Keio University. L428, Daudi, HeLaS3, and SAS cells 
were cultured in complete RPMI-1640 medium with 10% FCS and 
antibiotics, and SK-BR3 cells were cultured in complete Dulbecco’s 
Modified Eagle’s Medium with 10% FCS and antibiotics.

In Vivo human Tumor Transplantation 
Model
HSC4 cells (1.5 × 106, 100 µL PBS) were inoculated subcutane-
ously into HSC-NOG hIL-6 Tg mice or HSC-NOG non-Tg 
mice at 12–14 weeks after HSC transplantation. Solid tumor size 
was measured twice a week using a caliper and calculated using 
the following formula: tumor volume (mm3)  =  1/2  ×  length 
(mm) × [width (mm)]2. Human MNCs in the tumor, spleen, and 
peripheral blood (PB) in the mice were analyzed 30–51 days post-
tumor inoculation when the tumor volume reached 2000 mm3.

Preparation of human immune cells from 
human Tumors engrafted in hsc-nOg 
Mice
Peripheral blood was collected from the abdominal vein of 
HSC-NOG-hIL-6 Tg or HSC-NOG non-Tg mice under anes-
thesia at the time of sacrifice. Blood plasma was separated by 
centrifugation. BM cells were obtained by flushing femurs with 
3 mL PBS with 0.1% bovine serum albumin (BSA). Splenic cells 
were prepared by crushing the tissues between two frosted slides, 

and the tissue debris was removed using a 100-µm nylon mesh. 
Solid tumors were dissociated using a gentleMACSTM dissociator 
(Miltenyi Biotec, Bergisch Gladbach, Germany) in RPMI-1640 
medium with collagenase IV (1  mg/mL; Sigma-Aldrich, St. 
Louis, MO, USA) and DNase I (0.1 mg/mL; Sigma-Aldrich), and 
subsequently incubated for 30 min at 37°C under gentle rotation. 
These steps were repeated twice. After dissociation, cells were 
filtered through a 70-µm mesh filter (BD Bioscience, Franklin 
Lakes, NJ, USA) to remove the debris. Mouse red blood cells 
(RBCs) were eliminated with RBC lysis buffer (stock solution 
contained 155 mM NH4Cl, 10 mM KHCO3 and 0.1 mM EDTA. 
This solution was diluted 4:1 with Dulbecco’s PBS before use). 
After washing, cell pellets were resuspended with PBS contain-
ing 0.1% BSA.

Flow cytometry
Cell viability was assessed by Trypan blue exclusion. Numbers 
of total leukocytes in PB were counted using a blood analyzer, 
Sysmex XT-2000i (Sysmex, Kobe, Japan), and the total blood 
volume was calculated from the body weight, assuming that mice 
contain 72 mL blood per kg body weight (28). The number of leu-
kocytes in the total BM was calculated as 16 × the number of leu-
kocytes in one femur (28). Single MNC suspensions were stained 
with the appropriate antibodies for 20  min at 4°C in the dark. 
After washing with fluorescence-activated cell sorting (FACS) 
buffer (PBS, 0.1% BSA, 0.1% NaN3), the cells were resusupended 
in FACS buffer containing propidium iodide (1 µg/mL; Dojindo 
Molecular Technologies, Inc., Kumamoto, Japan) to exclude dead 
cells. We used a BD FACSCantoTM (BD Biosciences) and a BD 
FACSAriaIITM (BD Biosciences) for multicolor flow cytometric 
analysis with FACSDivaTM software (BD Biosciences); the data 
were analyzed using the FlowJo® software program (ver. 7.6.1; 
Tree Star, Inc., Ashland, OR, USA). The following antibodies were 
used: anti-human CD33 -phycoerythrin (PE)-Cy7(WM-53) was 
purchased from eBioscience (San Diego, CA, USA); anti-human 
CD11b-FITC (ICRF44), anti-human CD14-FITC (HCD14), 
anti-human CD33-FITC (HIM3–4), anti-human CD66b-FITC 
(G10F5), anti-mouse CD45-FITC (30-F11), anti-HLA-DR-Alexa 
Flour-488 (L243), anti-human CD19-PE (G077F6), anti-human 
CD66b-PE (G10F5), anti-human CD124-PE (IL-4Rα), anti-
human CD163-PE (GHI/61), anti-human CD335 (NKp46)-PE 
(9E2), anti-mouse CD45-PerCP-Cy5.5 (30-F11), anti-human 
CD3-PE-Cy7 (UCHT1), anti-human CD14-PE-Cy7 (HCD14), 
anti-human CD56-PE-Cy7 (HCD56), anti-human CD68-
PE-Cy7 (Y1/82A), anti-human CD16 –allophycocyanin (APC) 
(3G8), anti-human CD56-APC (HCD56), anti-HLA-DR-APC 
(L243), anti-human CD14-APC-Cy7 (HCD14), anti-human 
CD45-APC-Cy7 (HI30), anti-mouse CD45-APC-Cy7 (30-F11), 
anti-human CD3-Brilliant Violet 421 (UCHT1), anti-human 
CD11b-Brilliant Violet 421 (ICRF44), anti-human CD163-
Brilliant Violet 421 (GHI/61), and anti-human CD45-Brilliant 
Violet 510 (HI30) were purchased from BioLegend (San Diego, 
CA, USA).

intracellular staining
To investigate the expression of Arg-1 in human monocytes 
and macrophages, human MNCs from tumor, spleen, and PB of 
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HSC-NOG-hIL-6 Tg mice or HSC-NOG non-Tg mice were fixed 
in 2% formaldehyde (Nacalai Tesque, Kyoto, Japan) for 15 min at 
room temperature, and subsequently stained with anti-human 
CD68-PE-Cy7 (Y1/82A) and anti-human Arg-1-APC (Clone 
# 658922; R&D Systems) or APC-conjugated mouse IgG2b 
isotype control (MPC-11; BioLegend) in the presence of 0.5% 
saponin (Nacalai Tesque) for permeabilization. Stained samples 
were analyzed using a BD FACSAriaIITM flow cytometer (BD 
Biosciences).

histology and immunohistochemistry
For immunohistochemical studies, the tumor, spleen, liver, BM, 
lung, skin, gut, and kidney of HSC-NOG-hIL-6 Tg mice or HSC-
NOG non-Tg mice were fixed in Mildform 10MN formaldehyde 
solution (Wako Pure Chemical, Osaka, Japan) and embedded in 
paraffin. The samples were serially sectioned into 3-µm thick-
nesses using a microtome, and placed on silane-coated slides 
(Muto Pure Chemicals, Tokyo, Japan). Immunostaining was 
performed using a Leica Bond-Max automatic immunostainer 
(Leica Biosystems, Mount Waverley, VIC, Australia). Paraffin 
sections were dewaxed in a Bond Dewax solution and rehy-
drated in alcohol and Bond Wash solution (Leica Biosystems). 
Antigen retrieval was performed using a retrieval solution 
(ER1, 10  mM citrate buffer, pH 6), followed by endogenous 
peroxidase blocking. Detection was performed using a Bond 
Polymer Refine Detection system. Then, the sections were 
counterstained with hematoxylin. We used monoclonal anti-
human CD68 (clone: PG-M1, DakoCytomation, Glostrup, 
Denmark) and monoclonal anti-human CD163 (clone: 10D6, 
Leica Biosystems Newcastle Ltd., Newcastle, UK) antibodies for 
immunohistochemical analyses (National Institutes of Health, 
Bethesda, MD, USA).

Detection of mrna
Total RNA was isolated using Isogen reagent (Nippon Gene, Tokyo, 
Japan). The first strand cDNA was synthesized using oligo (dT) prim-
ers and the Superscript III First-Strand Synthesis System (Thermo 
Fisher Scientific, Waltham, MA, USA). For semi-quantitive 
polymerase chain reaction (PCR) analysis, the following primers 
were used: gapdh, 5′-TTAAAAGCAGCCCTGGTGAC-3′ (sense) 
and 5′-CTCTGCTCCTCCTGTTCGAC-3′ (antisense) (29);  
il-10, 5′-GGGTTGCCAAGCCTTGTCTG-3′ and 5′-CGCCGTA 
GCCTCAGCCTG-3′ (30); vegf, 5′-CACACAGGATGGCTTGA 
AGA-3′ and 5′-AGGGCAGAATCATCACGAAG-3′ (29). Each 
mRNA was amplified with EX-Taq (Takara Bio, Inc., Kusatsu, 
Japan). The intensity of each band was measured using ImageJ 
software.

In Vitro carboxyfluorescein succinimidyl 
ester (cFse) Proliferation assay
For CFSE prolifration assays, human CD3+ T cells were puri-
fied from the spleen of HSC-NOG non-Tg mice at 16–24 weeks 
after HSC transplantation by MACS (Miltenyi Biotec). Human 
CD11b+ cells were sorted from tumor or spleen of HSC-NOG-
hIL-6 Tg mice or NOG non-Tg mice using a BD FACSAriaIITM 
(BD Biosciences). CFSE proliferation analyses were performed 

using a CellTraceTM CFSE Cell Proliferation Kit (Thermo Fisher 
Scientific) according to the manufacturer’s instructions. Human 
CD3+ T cells were sorted from tumor-free HSC-NOG non-Tg 
mice, which were transplanted with HSCs from a different 
donor from those of CD11b+ human myeloid cells. Briefly, 
human CD3+ T cells were labeled with 1 µM CellTraceTM CFSE 
in PBS for 5  min at 37°C and washed three times with 0.1% 
BSA/PBS to remove excess CFSE. CFSE-labeled human CD3+ 
T cells (1 × 105) were stimulated with immobilized anti-hCD3 
(OKT3, 20 µg/mL) and anti-hCD28 (CD28.2, 2 μg/mL)antibod-
ies (BioLegend) at 37°C in the presence or absence of 5 × 104 
human CD11b+ cells. On day 7, dilutions of CFSE in human 
CD3+ T cells were analyzed.

BDTM cytometric Beads array (cBa)
To measure the human cytokines produced by human tumor 
cell lines, we used a CBA kit (BD Biosciences). Standards 
(2,500–10 pg/mL and blank) and 50 µL culture supernatant from 
each cell line were added to 50 µL capture beads and incubated 
for 1 h at room temperature in the dark. After incubation, 50 µL 
PE detection reagents were added and incubated for 2  h at 
room temperature in the dark. After washing, test samples and 
standards were resuspended in 300 µL wash buffer and analyzed 
using a BD FACSCantoTM flow cytometer (BD Biosciences). 
The data were analyzed using FCAP ArrayTM v3.0 software (BD 
Biosciences).

resUlTs

enhancement of human Monocyte/
Macrophage Development in hsc- 
nOg-hil-6 Tg Mice
The establishment of NOG-hIL-6 Tg mice was confirmed by 
measuring the production of hIL-6. Quantification by ELISA 
demonstrated that significant amounts of hIL-6 protein were 
present in plasma from both homozygous and heterozygous 
NOG-hIL-6 Tg, but not in NOG non-Tg mice. Homozygous 
NOG-hIL-6 Tg mice showed significantly higher IL-6 expression 
levels than heterozygous NOG-hIL-6 Tg mice (Figure 1A).

To investigate hematopoiesis of human cells in NOG-
hIL-6 Tg mice, human CD34+ HSCs from umbilical CB were 
transferred into irradiated NOG-hIL-6 Tg mice and NOG 
non-Tg mice. The mice were bled for FACS analysis every 
3 weeks from 6 weeks until 15 weeks after HSC transplanta-
tion (Figure  1B). The frequency of hCD45+ leukocytes in 
the total leukocyte population was slightly higher in HSC-
NOG-hIL-6 Tg mice than in HSC-NOG non-Tg mice, but 
this difference did not reach significance (Figure 1C). There 
were no significant differences in human CD3+ T  cells or 
CD19+ B  cells (Figure  1C). The frequency of CD3−CD56+ 
NK cells increased in HSC-NOG-hIL-6 Tg mice at 8–9 weeks 
after HSC transplantation compared to that in HSC-NOG 
non-Tg mice; however, this increase did not reach statistical 
significance. This human CD45+CD3−NKp46+CD56+ NK cells 
in HSC-NOG-hIL-6 Tg mice consisted of three populations, 
CD56dimCD16bright cytotoxic NK  cells, cytokine producing 
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FigUre 1 | Human cell hematopoiesis in hematopoietic stem cell (HSC)-transplanted NOD/Shi-scid-IL-2Rγnull (NOG) substrain mice expressing transgenic 
(Tg) human interleukin 6 (hIL-6) (HSC-NOG-hIL-6 Tg). (a) Level of hIL-6. The levels of hIL-6 in the serum of NOG-hIL-6 homozygous Tg, heterozygous Tg,  
or NOG non-Tg mice were measured using enzyme-linked immunosorbent assay. The means ± SDs are shown (n = 25). Asterisks indicate statistical 
significance (****p < 0.0001). (B) NOG-hIL-6 Tg mice or NOG non-Tg mice were transplanted with 5 × 104 cord blood human CD34+ HSCs 1 day after 
irradiation (2.5 Gy). Human leukocytes in peripheral blood (PB) were analyzed at the indicated time points. (c) The PB of HSC-NOG-hIL-6 Tg mice (black line, 
n = 6) and HSC-NOG non-Tg mice (gray line, n = 4) were analyzed by fluorescence-activated cell sorting (FACS) at 6–15 weeks after HSC transplantation. 
The frequencies of engrafted hCD45+ cells in all of the leukocytes and frequencies of each hematopoietic lineage in the hCD45+ cell population are shown.  
(D) The PB of HSC-NOG-hIL-6 Tg mice (black line, n = 5) and HSC-NOG non-Tg mice (gray line, n = 5) were FACS analyzed at 6–18 weeks after HSC 
transplantation. The frequencies of CD33+CD14+ monocytes/macrophages or hCD66b+ granulocytes in the hCD45+ cell population are shown 
(****p < 0.0001, *p < 0.05). The figures show representative data from three independent experiments. Student’s t-test was performed to analyze statistical 
significance.
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CD56+CD16− NK cells, and CD56+CD16+ NK cells. There were 
no significant differences between HSC-NOG-hIL-6 Tg mice 
and HSC-NOG non-Tg mice in frequencies and cellularties in 
those CD56dimCD16bright and CD56+CD16− NK  cell fractions 
(Figure S1 in Supplementary Material) (31). Myeloid cells 
are generally classified into monocytes/macrophages and 
granulocytes. In the CD33+ myeloid cell fraction in the PB 
of HSC-NOG-hIL-6 Tg mice, CD33+CD14+ monocytes were 
markedly increased in HSC-NOG-hIL-6 Tg mice compared to 
NOG non-Tg mice, whereas CD66b+ granulocytes were barely 
detected in HSC-NOG-hIL-6 Tg mice, in a manner similar to 
HSC-NOG non-Tg mice (Figure 1D).

Flow cytometric analysis revealed that ~five or three-fold 
increases in the numbers of total human CD45+ cells in the 
spleen or BM of HSC-NOG-hIL-6 Tg mice, respectively (Figure 
S2 in Supplementary Material). The increase of monocytes/
macrophages from HSC-NOG-hIL-6 Tg mice was more pro-
found in the spleen and PB than in the BM (Figure 2A). The 
total cell number of CD33+CD14+CD66b− monocytes was 
~15.4-fold (spleen, PB) or 2.4-fold (BM) higher in HSC-NOG-
hIL-6 Tg mice than in HSC-NOG non-Tg mice (Figure  2B). 
These results suggest that development of human monocytes/
macrophages was enhanced in NOG-hIL-6 Tg mice. To analyze 
the distribution of human macrophages in various tissues, tissue 
sections of lung, liver, spleen, and BM from HSC-NOG-hIL-6 
Tg or HSC-NOG non-Tg mice were stained with peroxdase-
conjugated antibody against human CD68 (Figure  2C). The 
densities of CD68+ macrophages were higher in lung and liver 
from HSC-NOG-hIL-6 Tg mice than in those from HSC-NOG 
non-Tg mice, whereas the cell density in the spleen and BM 
of HSC-NOG non-Tg mice were comparable with those in 
HSC-NOG-hIL-6 Tg mice (Figure 2C). There were few CD68+ 
cells in the gut, skin, and brain from HSC-NOG-hIL-6 Tg and 
NOG non-Tg mice (data not shown). Hence, the increase of 
the cellularity of human monocytes/macrophages in the spleen 
(Figure 2A) is due to the increase of the absolute number of total 
CD45+ human cells.

characterization of Differentiated human 
Monocytes and Macrophages in  
nOg-hil-6 Tg Mice
Based on expression of CD14 and CD16 (FcγRIII), human mono-
cytes are classified into three subpopulations: CD14++CD16− 
classical monocytes, CD14+CD16++ non-classical monocytes, 
and CD14++CD16+ intermediate monocytes (32, 33). In normal 
human PB, up to 90% of blood monocytes are CD14++CD16− 
classical monocytes, and these cells can differentiate into 
CD14+CD16++ non-classical monocytes. We investigated the 
composition of human monocytes in PB from HSC-NOG-hIL-6 
Tg and HSC-NOG non-Tg mice (Figure  3A). Nearly 80% of 
human monocytes were CD14++CD16− classical monocytes at 
6 weeks after HSC transplantation both in HSC-NOG-hIL-6 Tg 
and HSC-NOG non-Tg mice (Figure 3B). However, the popula-
tions decreased to 60% in HSC-NOG-hIL-6 Tg at 16 weeks after 
HSC transplantation in HSC-NOG-hIL-6 Tg (Figures  3B,C). 
The CD14++CD16+ intermediate monocytes increased and 

constituted about 30% in HSC-NOG-hIL-6 Tg mice at 16 weeks. 
In some individual mice in HSC-NOG-hIL-6 Tg mice, ~10% 
of monocytes were non-classical monocytes at 16 weeks. These 
monocyte populations were relatively stable in HSC-NOG non-
Tg mice (Figures 3B,C).

Next, we analyzed the spleen of HSC-NOG-hIL-6 Tg mice 
and confirmed that development of human CD33+CD14+ 
monocytes was promoted in the spleen (Figure  4A). Next, 
we investigated expression of several molecules, including the 
Fc receptors. Expression of Fc receptors represents the func-
tionality of monocytes/macrophages to mediate phagocytosis. 
In HSC-NOG non-Tg mice, the frequencies of CD33+CD14+ 
monocytes/macrophages expressing FcγRI and FcγRIII were 
about 20 and 0%, respectively, in the total population of 
CD33+CD14+ human cells. By contrast, 60 and 20% of human 
monocytes/macrophages expressed FcγRI and FcγRIII, respec-
tively, in HSC-NOG-hIL-6 Tg mice (Figure 4B). Macrophages 
consist of heterogeneous functional subpopulations, which 
are characterized by different cytokine production patterns 
and different expression profiles of various surface molecules. 
Nevertheless, they are roughly classified into inflammatory 
(classically activated) M1 macrophages and immunosuppresive 
(alternatively activated) M2 macrophages (35). As IL-6 is an 
essential factor for the generation of M2 macrophages (36, 37), 
we investigated whether the NOG-hIL-6 Tg or NOG non-Tg 
mice could develop differentiated monocytes/macrophages that 
resemble M2 macrophages. CD163 is a scavenger receptor that 
is thought to be a specific marker for delineating immunoregu-
latory M2 macrophages and immunosuppressive MDSCs and 
TAMs (38–41). We detected no significant differences in levels 
of CD163 in monocytes/macrophages from spleen, BM, or PB 
from HSC-NOG-hIL-6 Tg and NOG non-Tg mice (Figure 4C). 
A different M2 macrophage marker, IL-4Rα, was not expressed 
in human monocytes/macrophages in any of the tissues from 
either HSC-NOG-hIL-6 Tg or HSC-NOG non-Tg mice (Figure 
S3 in Supplementary Material). Next, we examined expression 
levels of HLA-DR (a class II HLA molecule), as HLA-DR expres-
sion is low or lost in immature human monocytes/macrophages 
such as MDSCs and TAMs. The frequencies (Figure 4D) and 
absolute cell numbers (Figure  4E) of HLA-DR-expressing or 
non-expressing monocytes/macrophages were compared in 
the spleen, BM, and PB from HSC-NOG-hIL-6 Tg and HSC-
NOG non-Tg mice. Flow cytometoric analysis of spleen and PB 
demonstrated that HLA-DRlo/− monocytes/macrophages con-
stituted a significant subfraction of cells from the HSC-NOG-
hIL-6 Tg mice, but not from the HSC-NOG non-Tg mice. In 
HSC-NOG-hIL-6 Tg mice, about 15.0 ± 0.46% or 26.9 ± 9.46% 
in CD33+CD14+CD66b− human monocytes/macrophages were 
HLA-DRlo/− cells in spleen or PB, respectively. Accordingly, 
the frequency of HLA-DR+ cells was lower in HSC-NOG-
hIL-6 Tg mice than in HSC-NOG non-Tg mice (Figure 4D). 
Enumeration of HLA-DR+ and HLA-DRlo/− human monocytes/
macrophages showed significant increases in the numbers of 
HLA-DRlo/− cells in the spleen and PB in HSC-NOG-hIL-6 Tg 
mice (Figure 4E). By contrast, the numbers of these cells in the 
HSC-NOG non-Tg mice were negligible. Both HLA-DR+ and 
HLA-DR− populations were detected in the BM irrespective 
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FigUre 2 | Continued

of the transgene. Neither the cell numbers nor frequencies of 
these fractions significantly differed between HSC-NOG-hIL-6 
Tg and HSC-NOG non-Tg mice (Figures 4D,E). Collectively, 

these results imply that a portion of the human monocytes/
macrophages that developed in NOG-hIL-6 Tg mice gained the 
unique HLA-DRlo/− phenotype like MDSCs and TAMs.
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FigUre 2 | Development of human monocytes/macrophages in HSC-NOG-hIL-6 Tg mice. Mononuclear cells (MNCs) were prepared from the spleen, bone marrow 
(BM), and peripheral blood in HSC-NOG-hIL-6 Tg mice (filled column) and HSC-NOG non-Tg mice (open column) at 14 weeks after HSC transfer. The frequency of 
CD33+CD14+ monocytes/macrophages in hCD45+ leukocytes was obtained by flow cytometry (a). The absolute number of CD33+CD14+ monocytes/macrophages 
was calculated by multiplying the number of total MNCs by the frequencies of each human subpopulation determined by fluorescence-activated cell sorting (FACS) 
(B). The means ± SDs are shown (n = 3). Student’s t-test was performed to analyze the statistical significance. Asterisks indicate the statistical significance 
(*p < 0.05, ****p < 0.0001). (c) The distributions of human macrophages in HSC-NOG-hIL-6 Tg mice were assessed in paraffin-embedded lung, liver, spleen, and 
BM of HSC-NOG-hIL-6 Tg mice and HSC-NOG non-Tg mice; the tissues were sliced, mounted on slides, and stained with peroxidase-conjugated anti-human 
CD68 antibody. For enumeration of CD68+ macrophages in lung, liver, spleen, and BM, the number of signals in three different view fields in a representative tissue 
section was counted and divided by the area of the section using a BZ-9000 microscope (Keyence, Tokyo, Japan). The average number per unit area (cm2) is 
shown. An asterisk indicates statistical significance based on Student’s t-test (**p < 0.01, ***p < 0.001).
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generation of human TaMs in Tumor-
engrafted hsc-nOg-hil-6 Tg Mice
The detection of HLA-DRlo/− myeloid cells in the spleen and PB 
in HSC-NOG-hIL-6 Tg mice prompted us to investigate the 
possibility that human immunosuppressive myeloid cells such 
as TAMs or MDSCs can be induced in NOG-hIL-6 Tg mice by 
the presence of transplanted human tumor cells. We analyzed 
the cytokine expression patterns in six different human tumor 
cell lines to identify the most suitable line for our experiments 
and found that HSC4, which is derived from human head and 
neck squamous cell carcinoma, exhibited high expression of IL-6, 
M-CSF, IL-8, and VEGF, and was the only line that produced 
IL-1β (Figure S4 in Supplementary Material).

HSC4 cells were subcutaneously implanted into HSC-
NOG-hIL-6 Tg or HSC-NOG non-Tg mice at 12–14  weeks 
after CD34+ HSC transplantation, a time point when human 
monocytes, macrophages, T  cells, B  cells, and NK  cells were 
detected in the PB. Infiltration of human macrophages into 
HSC4 tumor was analyzed at 30–51  days after HSC4 engraft-
ment (Figure  5A). We conducted immunohistochemical 
analysis to detect human macrophages in HSC4-tumor using 
anti-CD68 or anti-CD163 antibodies, which are markers of 
macrophages or immunoregulatory macrophages, respectively. 
We detected a number of CD68+ macrophages in the spleen of 
both tumor-bearing HSC-NOG-hIL-6 Tg and HSC-NOG non-
Tg mice, with greater numbers detected in HSC-NOG-hIL-6 
Tg mice than in HSC-NOG non-Tg mice (Figures  5B,C). By 
contrast, analysis of tumor from the same mice demonstrated 
that a significant number of CD68+ macrophages infiltrated into 
the tumor in HSC-NOG-hIL-6 Tg mice, whereas few infiltrates 
were detected in HSC-NOG non-Tg mice (Figures  5B,C). 
Staining of serial sections with anti-CD163 antibody revealed 
that the majority of the tumor-infiltrating human macrophages 
in HSC-NOG-hIL-6 Tg mice were strongly positive for CD163 
(Figures 5B,C). Indeed, enumeration of the positive signals in 
the sections revealed a much lower frequency of CD163-positive 
cells in human macrophages from HSC-NOG non-Tg mice 
(27.8 ± 0.28%) than in those from HSC-NOG-hIL-6 Tg mice 
(98.2 ± 0.12%) (Figure 5C). In the spleen, a large proportion of 
human macrophages had negative or weak CD163 expression 
(Figures 5B,C).

To characterize the human macrophages in HSC-NOG-hIL-6 
Tg mice further, we examined the expression of IL-4Rα in human 
macrophages, as IL-4 is one of the factors supporting the differen-
tiation of TAMs and expression of the IL-4 receptor is a marker 
for delineating TAMs in tumor (42, 43). Human macrophages in 

tumor, but not in the spleen or PB, expressed a significant amount 
of IL-4Rα (Figure  5D). This expression was detected in both 
HSC-NOG-hIL-6 Tg and HSC-NOG non-Tg mice.

The results imply that the human macrophages that developed 
in the NOG-hIL-6 Tg mice preferentially gained immunosup-
pressive phenotypes in the tumor.

Functions of immunosuppressive 
Myeloids in hsc-nOg-hil-6 Tg Mice
Host immune reactions against tumors, particularly T cell activa-
tion and proliferation, are suppressed by multiple mechanisms 
in patients with cancer. Several immunosuppressive factors, 
including Arg-1 or IL-10 produced from MDSCs and TAMs, are 
responsible for this suppression (20, 35). To investigate whether 
TAM-like cells differentiated in humanized mice have similar 
immunosuppressive functions to those in cancer patients, Arg-1 
expression in CD14+CD68+ monocytes/macrophages was ana-
lyzed in the tumor, spleen, and PB of HSC-NOG-hIL-6 Tg mice 
or HSC-NOG non-Tg mice. Significant expression of human 
Arg-1 was detected in the tumor-infiltrating human monocytes/
macrophages, whereas monocytes/macrophages in the spleen 
and PB showed modest expression (Figure  6A). Furthermore, 
reverse transcription polymerase chain reaction analysis showed 
hIL-10 or VEGF transcripts in human CD11b+ myeloid cells, 
which were sorted from the HSC4 tumor in HSC-NOG-hIL-6 
Tg mice (Figure 6B). CD11b+ cells in the spleen from the same 
mice had no detectable amounts of IL-10 and VEGF transcripts 
(Figure  6B). Finally, to examine whether these human TAM-
like cells have immunosuppressive function, the TAM-like 
cells were cultured with T cells in vitro, and the proliferation of 
T  cells was assessed using CFSE assays. Total human CD11b+ 
myeloid cells were purified from the tumor or spleen of HSC-
NOG-hIL-6 Tg mice or HSC-NOG non-Tg mice, as we could 
not obtain sufficient numbers of TAM-like cells when we gated 
HLA-DRlo/− IL-4Rα+ CD163+ CD68+ cells. The cells were cultured 
with CFSE-labeled human T cells, which were purified from the 
spleen from different HSC-NOG non-Tg mice in the presence 
of immobilized anti-CD3/CD28 antibodies. The proliferation of 
T cells was analyzed by flow cytometry on day 7. Proliferation of 
CD8+ T cells was reduced in the groups that were cultured with 
human CD11b+ cells isolated from tumors of HSC-NOG-hIL-6 
Tg mice. By contrast, CD11b+ cells from tumors of HSC-NOG 
non-Tg mice showed modest suppression. CD11b+ cells from 
spleen of HSC-NOG-hIL-6 Tg mice or HSC-NOG non-Tg mice 
had no suppressive activity on human T cells, rather enhanced 
proliferation (Figure 6C).
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FigUre 3 | Subpopulations in peripheral blood (PB) monocytes in HSC-NOG mice. HSC-NOG-hIL-6 Tg (n = 6) and HSC-NOG non-Tg mice (n = 5) were bled  
at 6, 12, and 16 weeks after HSC transplantation, and numbers of mononuclear cells (MNCs) in PB were analyzed by FACS. (a) FACS plots of human monocyte 
subpopulations. Representative data from three independent experiments are shown. (B) The frequencies of subpopulations (CD14++CD16− classical monocytes, 
CD14++CD16+ intermediate monocytes, and CD14+CD16++ non-classical monocytes) in the human monocytes of individual mice are shown. Human monocytes 
were defined as previously described (32, 34). (c) The kinetics of classical monocytes and intermediate monocytes in HSC-NOG-hIL-6 Tg mice (black line) and 
HSC-NOG mice (gray line). Student’s t-test was performed to assess statistical significance. Asterisks indicate statistical significance (**p < 0.01, *p < 0.05).

9

Hanazawa et al. TAMs and MDSCs in NOG-hIL-6 Tg

Frontiers in Immunology | www.frontiersin.org February 2018 | Volume 9 | Article 15290

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


FigUre 4 | Characterization of human monocytes/macrophages in HSC-NOG-hIL-6 Tg mice. CD33+CD14+ cells in NOG-hIL-6 Tg mice (n = 6) or HSC-NOG 
non-Tg mice (n = 5) were FACS analyzed at 16 to 18 weeks after HSC transplantation. (a) The frequency of CD33+CD14+ monocytes/macrophages in the hCD45+ 
leukocytes is shown. An asterisk indicates the statistical significance according to the Student’s t-test (**p < 0.01). (B) Expression of Fcγ receptors on human 
monocytes/macrophages. Frequencies of hFcγRI- and hFcγRIII-expressing cells in splenic CD33+CD14+ monocytes/macrophages are shown (**p < 0.01).  
(c) Expression of hCD163 in human monocytes/macrophages. CD33+CD14+ cells in spleen, bone marrow (BM), and peripheral blood (PB) from HSC-NOG-hIL-6 
Tg mice or HSC-NOG non-Tg mice were FACS analyzed for CD163 expression at 20 weeks after HSC transfer. (Bold line: HSC-NOG-hIL-6 Tg, broken line: 
HSC-NOG non-Tg). (D,e) Development of HLA-DR+ and HLA-DR− human monocytes/macrophages in HSC-NOG-hIL-6 Tg mice. HLA-DR expression in 
CD33+CD14+ cells in spleen, BM, and PB in HSC-NOG-hIL-6 Tg mice (n = 3) or HSC-NOG non-Tg mice (n = 3) was analyzed at 14 weeks after HSC 
transplantation. The frequencies (D) and the absolute cell number (e) are shown (*p < 0.05, **p < 0.01, ***p < 0.001).
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FigUre 5 | Continued

To demonstrate their suppressive function in  vivo, tumor 
progression was compared between HSC-NOG-hIL-6 Tg and 
HSC-NOG non-Tg mice using HSC4 cells. The tumor size was 

measured from days 0 to 36 after tumor engraftment. Tumor pro-
gression was enhanced in HSC-NOG-hIL-6 Tg mice compared to 
that in HSC-NOG non-Tg mice (Figure 6D).
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FigUre 5 | Development of human tumor-associated macrophages (TAMs) in tumor-engrafted HSC-NOG-hIL-6 Tg mice. (a) Schema of generation of tumor-
bearing humanized mice. HSC-NOG-hIL-6 Tg or HSC-NOG non-Tg mice were inoculated with HSC4 (1.5 × 106) at 12–14 weeks after HSC transplantation. Human 
leukocytes in tumor, spleen and peripheral blood (PB) were analyzed at 30–51 days after HSC4 engraftment. (B) Immunohistochemistry of human macrophages in 
tumor and spleen. Tumor-engrafted HSC-NOG-hIL-6 Tg or HSC-NOG non-Tg mice were analyzed at 36–51 days after tumor transplantation when the tumor size 
reached 2,000 mm3. Serial sections from tumor or spleen were stained with peroxidase-conjugated anti-CD68 or anti-CD163 antibodies. Each panel shows a 
representative image from three independent sections. (c) Enumeration of CD68+ or CD163+ macrophages. The number of signals in a whole tissue section was 
counted and divided by the area of the section using a BZ-9000 microscope (Keyence, Tokyo, Japan). Three independent sections were used, and the average 
number per unit area (cm2) is shown. The ratio of CD163+ to CD68+ cells was calculated using the average numbers. An asterisk indicates statistical significance 
based on Student’s t-test (*p < 0.05). (D) Expression of IL-4Rα in human macrophages. (Upper panels) FACS plots of IL-4Rα in hCD45+CD14+CD68+ macrophages 
in tumor, spleen, and PB of HSC4-engrafted HSC-NOG-hIL-6 Tg. (Bottom panel) Histogram of hIL-4Rα expression in hCD68+ macrophages in various tissues in 
HSC4-engrafted HSC-NOG-hIL-6 Tg and HSC-NOG non-Tg mice. Representative data from three experiments are shown.
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DiscUssiOn

We generated a novel NOG substrain, which expresses hIL-6 
in a constitutive manner. We demonstrated that this strain has 
several intriguing features compared to the parental NOG mice, 
particularly under tumor-engrafted pathological conditions.

Enhanced differentiation of human monocytes/macrophages 
in NOG-hIL-6 Tg mice after human HSC transplantation  
is in line with one major activity of the IL-6 cytokine. Previous 
in vitro studies have demonstrated that the addition of anti-IL-6 
receptor (IL-6R) antibody inhibits monocytic colony formation; 
conversely, exogenous IL-6 stimulates monocytic colony forma-
tion together with GM-CSF (44). Thus, it is probable that IL-6 
in NOG-hIL-6 Tg mice stimulates monocyte differentiation in 
the BM. However, considering that the increase in monocytes/
macrophages was greater in the periphery than in the BM in HSC-
NOG-hIL-6 Tg mice (Figure 2), it is more likely that exogenous 
IL-6 promoted accumulation of human monocytes/macrophages 
in the periphery in HSC-NOG-hIL-6 Tg mice. Indeed, a recent 
study demonstrated that IL-6 and M-CSF coordinatedly promote 
macrophage differentiation from monocytes by regulating the 
expression of M-CSF receptors in the monocytes (45). Exogenous 
IL-6 likely regulates development of monocytes/macrophages at 
both the BM and peripheral levels.

Recent studies have implied a role for IL-6 in the differ-
entiation of M1/M2 macrophages. Mauer et  al. reported that 
IL-6 induces IL-4Rα in mouse macrophages, augmenting the 
IL-4-induced polarization of M2 macophages (46). However, 
the absence of IL-4Rα expression and the modest expression of 
CD163 in human monocytes/macrophages in HSC-NOG-hIL-6 
Tg mice suggests that they are not always differentiated into M2 
macrophages. Other cytokines such as human M-CSF might be 
indispensable for the polarization toward M2 lineage in human-
ized mouse models. Indeed, the study of Mauer et al. used bone 
marrow-derived macrophages, which were induced by M-CSF 
in vitro for 8–10 days. Since mouse M-CSF does not cross-react 
efficiently on human macrophages (data not shown), the differen-
tiation of human macrophages in HSC-NOG-hIL-6 Tg mice may 
be still incomplete and fail to express IL-4Rα in response to IL-6.

An interesting phenotype of human monocytes/macrophages 
in NOG-hIL-6 Tg mice is that they contain a significant number of 
HLA-DRlo/− cells. Such HLA-DRlo/− cells were detected in the BM 
of both HSC-NOG-hIL-6 Tg and HSC-NOG non-Tg mice, but not 
in the periphery in HSC-NOG non-Tg mice. This result suggests 
that HLA-DRlo/− cells in the BM are normal immature monocytes/

macrophages, whereas those in the periphery in HSC-NOG-hIL-6 
Tg mice represent an unusual population. There would be two 
different mechanisms for the induction of HLA-DRlo/− cells. One 
is that HLA-DRlo/− cells in BM retained the phenotype even after 
migrating to the periphery. Another possibility is that HLA-DR+ 
cells lost the expression of HLA-DR. Absence of HLA-DR is 
considered a marker for defining immunosuppressive myeloid 
cells such as TAMs or MDSCs (35). Therefore, NOG-hIL-6 Tg 
mice provide a unique environment that allows the spontaneous 
development and maintenance of immunosuppressive myeloid 
cells or their precursor cells, unlike mice from other strains. We 
previously established NOG-hGM-CSF/IL-3 Tg mice, which 
showed enhanced human myelopoiesis including monocytes/
macrophages (13). In this model, the HLA-DRlo/− population was 
not evident (data not shown), which suggests the unique role of 
IL-6 in inducing HLA-DRlo/− monocytes/macrophages.

Tumor engraftment experiments further demonstrated disti-
nctions between NOG-hIL-6 Tg mice and NOG non-Tg mice. Few 
CD68+ macrophages infiltrated the tumor in HSC-NOG non-Tg 
mice, whereas an abundance of CD68+ macrophages infiltrated 
the tumor in HSC-NOG-hIL-6 Tg mice. This result was likely 
due to the poor development of human monocytes/macrophages 
in HSC-NOG non-Tg mice. Our immunohistochemical analysis 
demonstrated that almost all of the intratumoral macrophages 
expressed CD163 in HSC-NOG-hIL-6 Tg mice. The strong inten-
sity of CD163 in intratumoral macrophages compared to splenic 
macrophages indicates that TAM-like cells with immunosuppres-
sive activity differentiated in the tumors of HSC-NOG-hIL-6 Tg 
mice. As the increase in CD163 was intratumor specific, tumor-
derived stimuli were necessary for inducing the differentiation 
into TAM-like cells. In contrast to the prevalence of CD163+ 
macrophages in tumor-bearing HSC-NOG-hIL-6 Tg mice, the 
frequency of CD163+ cells in intratumoral CD68+ cells was low in 
HSC-NOG non-Tg mice despite the small numbers of infiltrating 
human macrophages. This suggests that the local cytokine milieu 
in tumor alone is not always sufficient to induce differentiation 
of human macrophages into TAM-like cells. One explanation for 
this result is that the level of IL-6 in this tumor might be too low to 
induce TAM-like cells in HSC-NOG non-Tg mice. Another pos-
sibility is that systemic IL-6 in NOG-hIL-6 Tg mice predisposes 
human macrophages to differentiate into TAM-like cells upon 
exposure to stimuli from the tumor microenvironment. This 
notion is consistent with the accumulation of HLA-DRlo/− cells in 
tumor-free HSC-NOG-hIL-6 Tg mice. Tumor inoculation and 
formation of microenvironment may further induce alternations 
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FigUre 6 | Continued

of immunological characters in local human macrophages, 
resulting in the accumulation of CD163hiIL-4Rα+ TAM-like cells 
in an intratumor specific manner, but not in spleen or PB.

The increase in CD163 expression levels in intratumoral TAM-
like cells in HSC-NOG-hIL-6 Tg mice implies that this model is 
relevant to the clinical course of cancer. Accumulating evidence 
has suggested that not only a high frequency of CD163+CD68+ 

TAMs, but also a high amount of CD163 in serum or in tumor are 
correlated with a poor prognosis in patients with cancer (47–49). 
Thus, the upregulation of CD163 in intratumoral TAM-like cells in 
NOG-hIL-6 Tg mice indicates that the tumor microenvironment 
in progressive cancer was recapitulated in this mouse model, at least 
in part. Importantly, induction of TAM-like cells was not HSC4-
cell line specific. We have engrafted SAS and L428 with different 
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FigUre 6 | Immunosuppressive function of human tumor-associated macrophages (TAMs) in tumor-engrafted HSC-NOG-hIL-6 Tg mice. (a) Expression of human 
arginase-1 (Arg-1) in TAMs. Tumor-infiltrating cells and mononuclear cells (MNCs) from spleen and peripheral blood (PB), prepared from HSC4-engrafted HSC-NOG-
hIL-6 Tg mice, were analyzed by intracellular staining with anti-hARG1 or isotype control. The expression of Arg-1 in CD14+CD68+ cells in tumor, spleen, and PB is 
shown. A representative fluorescence-activated cell sorting (FACS) plot from three independent experiments is shown. (B) Reverse transcription polymerase chain 
reaction (RT-PCR) for vascular endothelial growth factor (VEGF) and interleukin (IL)-10. hCD45+CD11b+ myeloid cells were purified from tumor and spleen in 
tumor-engrafted HSC-NOG-hIL-6 Tg or HSC-NOG non-Tg mice. After isolation of total RNA and synthesis of cDNA, VEGF and IL-10 were detected by PCR. The 
intensity of each band was measured using ImageJ software; normalized values are shown. Representative data from two independent experiments are shown.  
(c) Suppression of T cell activation by TAMs in vitro. hCD45+CD11b+ myeloid cells were sorted from tumor or spleen in tumor-engrafted HSC-NOG-hIL-6 Tg or 
HSC-NOG non-Tg mice. The cells were cultured with carboxyfluorescein succinimidyl ester (CFSE)-labeled CD3+ T cells from another non-tumor engrafted 
HSC-NOG non-Tg mouse in a 96-well plate followed by stimulation with or without immobilized anti-CD3 and anti-CD28 antibodies. T cell proliferation was analyzed 
by FACS on day 7 after staining with anti-CD3 and CD8. The number in each quadrant shows the mean fluorescence intensity (MFI) value. Representative data from 
three independent experiments are shown. To determine the degree of suppression, the MFI value of CD8+ T cells or CD4+ T cells, which at least proliferated one 
time, in the first quadrant (left top quadrant) or in the third quadrant (left bottom quadrant), respectively, was normalized by those of T cells in a control group, which 
were stimulated with anti-CD3/CD28 antibodies alone without CD11b+ cells. The mean ± SDs from three independent experiments are shown. Student’s t-test was 
performed to analyze the statistical significance (**p < 0.01). (D) Tumor growth in HSC-NOG-hIL-6 Tg or HSC-NOG non-Tg mice. HSC4 were transplanted into 
HSC-NOG-hIL-6 Tg mice (black, n = 3) or HSC-NOG non-Tg mice (gray, n = 3) at 14 weeks after HSC transplantation. Tumor growth was monitored over 36 days 
after tumor engraftment. The human CD34+ HSC cells came from different donor from Figure S3 in Supplementary Material. An asterisk indicates statistical 
significance based on Student’s t-test (*p < 0.05).
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cytokine profiles (Figure S4). An ovarian clear cell carcinoma cell 
line, RMG-I, was also tested. RMG-I and SAS formed tumor in 
NOG-hIL-6 Tg mice and flowcytometric analysis demonstrated 
the induction of CD163+IL-4Rα+TAM-like human myeloid cells 
as in HSC4-tumor (Figure S5 in Supplementary Material).

Myeloid-derived suppressor cells, another type of immuno-
suppressive myeloid cells, are distributed systemically in cancer 
patients, unlike TAMs, which localize in tumors. We examined 
whether MDSCs, defined as HLA-DRlo/− cells in monocytes 
gated by CD33+CD11b+CD14+CD66b− (35, 50), were expanded 
in tumor-bearing HSC-NOG-hIL-6 Tg mice; however, we failed 
to detect increased numbers of HLA-DRlo/− cells in spleen and 
PB. In addition, CD163 expression was not elevated in tumor-
bearing HSC-NOG-hIL-6 Tg mice (data not shown), and there 
were no transcripts of VEGF and IL-10 in splenic monocytes 
in HSC-NOG-hIL-6 Tg mice. Thus, induction of MDSC-like 
cells was not efficiently induced in HSC-NOG-hIL-6 Tg mice, 
although tumor-free HSC-NOG-hIL-6 Tg mice contained a 
significant number of HLA-DRlo/− cells. Mounting evidence has 
suggested that many molecules are involved in the induction of 
MDSCs. Although IL-6 is one of the key molecules, exogenous 
supplementation of other cytokines such as GM-CSF and G-CSF, 
or pro-imflammatory molecules like IL-1β, S100A8, and S100A9, 
remains necessary for efficient induction and accumulation of 
human MDSCs (21–24, 51). Although HSC4 produces a part of 
these cytokines, the amounts may be insufficient.

The expression of Arg-1, IL-10, and VEGF in intratumoral 
macrophages in HSC-NOG-hIL-6 Tg mice suggests similarities 
with TAMs in cancer patients, and that they mediate immunosup-
pression in tumors. In vitro coculture with human T cells dem-
onstrated that they have inhibitory activity against proliferation 
of human T cells, especially CD8+ T cells. In our experiments, 
we used total CD11b+ cells instead of purified TAMs, as the 
purification of TAMs did not yield a sufficient number for the 
assays. Nevertheless, the inhibition of T cell activation suggests 
that TAM-like cells with immunosuppressive functions can be 
induced in tumor in HSC-NOG-hIL-6 Tg mice, even if they are 
not completely identical to TAMs in cancer patients. Similarities 
between TAM-like cells in HSC-NOG-hIL-6 Tg mice and bona 

fide TAMs should be examined in the future by gene profiling or 
immunophenotyping.

Given the suppression of T  cell activation in  vitro by intra-
tumoral macrophages in HSC-NOG-hIL-6 Tg mice, we suspect 
that they also have suppressive activity on human T cells in tumor 
to prevent anti-tumor immunity. Indeed, our tumor inoculation 
experiments showed that tumor growth was enhanced in HSC-
NOG-hIL-6 Tg mice compared to that in HSC-NOG non-Tg 
mice. However, this result cannot be attributed solely to the 
generation of human TAM-like cells in HSC-NOG-hIL-6 Tg 
mice. First, the number of human TAMs was not sufficient, as 
mentioned above. Second, many mouse myeloid cells infiltrated 
into the human tumor. These cells contained murine TAMs 
and MDSCs to support tumor growth (data not shown). Thus, 
elimination of tumor-infiltraing mouse cells is indispensable. 
Furthermore, even without human HSC transplantation, HSC4 
cells grew better in NOG-hIL-6 Tg mice than in NOG non-Tg 
mice (Figure S6 in Supplementary Material), which was most 
likely due to the direct effects of hIL-6 on HSC4 cells. Hence, the 
use of IL-6-independent tumor cells is necessary to clarify the 
immunosuppressive role of TAM-like cells in vivo. Although we 
screened several human cell lines without IL-6R and gp130, all of 
the cell lines were positive for their expression. Developing strate-
gies to overcome these problems will facilitate reconstitution of 
the tumor microenvironment with minimum interference from 
mouse cells.

Immunosuppressive myeloid cells have been targets for can-
cer immune therapy. Our NOG-hIL-6 Tg mice partly enabled 
reconstitution of the tumor microenvironment, which included 
human TAMs. Sophistication of humanized mouse technology 
by development of new strains with other human cytokines will 
recapitulate the human tumor microenvironment, not only with 
TAMs but also with MDSCs, in combination with NOG-hIL-6 Tg 
mice. These mice provide a promising tool for drug development.

eThics sTaTeMenT

All of the animal experiments were approved by the institutional 
animal care and use committee of the CIEA and were performed 
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The human γ-herpesviruses Epstein–Barr virus (EBV or HHV4) and Kaposi sarcoma- 
associated herpesvirus (KSHV or HHV8) are each associated with around 2% of all 
tumors in humans worldwide. However, investigations into their infection, oncogenesis, 
and immune responses that protect from the associated tumors have been hampered 
by the exclusive tropism of these pathogens for humans. Mice with reconstituted 
human immune system components (HIS mice) provide the unique opportunity to study 
persistent infection, virus associated lymphoma formation, and cell-mediated immune 
control of EBV and KSHV. Moreover, since these pathogens are unique stimuli for 
cytotoxic human lymphocyte responses, they also allow us to characterize long-lasting 
cell-mediated immune control and the requirements for its initiation, which would also be 
desirable to achieve during antitumor vaccination in general. Thus, human γ-herpesvirus 
infection of HIS mice provides unique insights into the biology of these important human 
pathogens and human cell-mediated immune responses that are considered to be the 
main protective entity against tumors.

Keywords: epstein–Barr virus, Kaposi sarcoma-associated herpesvirus, natural killer cells, T  cells, primary 
effusion lymphoma, lymphoproliferative disease

inTRODUCTiOn

The two human γ-herpesviruses Epstein–Barr virus (EBV or HHV4) and Kaposi sarcoma-associated 
herpesvirus (KSHV or HHV8) are WHO class I carcinogens and responsible for around 10% of the 
infection-associated tumors in humans (1, 2). Even so they belong to the same subfamily of herpesvi-
ruses, their penetration of the human population, oncogenicity, and tissue tropism is quite different. 
While EBV persistently infects more than 90% of the human adult population, KSHV seropositivity 
is quite rare in Europe and the USA (<10%), but approaches 50% in Africa (3). The endothelial 
cell-derived Kaposi sarcoma is the only malignancy that is consistently associated with KSHV alone. 
In addition, KSHV is found in the lymphoproliferation multicentric Castleman’s disease, which can 
progress to non-Hodgkin’s lymphoma in the minority of cases (4), and primary effusion lymphoma 
(PEL) which in 90% of cases also harbors EBV (5). In addition to PELs, EBV is also found in various 
lymphocyte and epithelial cell malignancies, including Burkitt’s lymphoma, Hodgkin’s lymphoma, 
diffuse large B  cell lymphoma (DLBCL), natural killer (NK)/T  cell lymphoma, nasopharyngeal 
carcinoma, and gastric carcinoma (5). As already suggested by the breadth of tumors that it is associ-
ated with, EBV is also the much more growth-transforming virus of the two, readily immortalizing 
human B cells into lymphoblastoid cell lines (LCLs) upon infection in vitro. Furthermore, EBV is 
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associated with so many different malignancies, because it adjusts 
its gene expression pattern to the differentiation stages of its main 
host cell, the human B cell, and thereby contributes to various 
degrees to the transformation in these different malignancies 
(6). The latent infection program with the largest number of 
expressed proteins is called latency III and is found in naïve B cells 
of healthy EBV carriers and DLBCL as well as LCL (7). During 
latency III, six nuclear proteins (EBNAs), two latent membrane 
proteins (LMPs), and non-translated miRNAs as well as EBERs 
are expressed. In latency II of Hodgkin’s lymphoma and germinal 
center B cells of healthy EBV carriers only EBNA1, the two LMPs 
and the non-translated RNAs are expressed. Finally, in latency 
I of Burkitt’s lymphoma and homeostatically dividing memory 
B cells, only EBNA1 and the non-translated RNAs are expressed. 
EBV is thought to persist in resting memory B cells without latent 
protein expression, only transcribing the non-translated RNAs 
from episomal viral DNA (8). Cognate antigen recognition by the 
B cell receptor is then able to reactivate EBV from this memory 
pool, and plasma cell differentiation is associated with lytic infec-
tious virus production (9). Such lytic EBV infection in mucosal 
epithelia amplifies viral titers once more for shedding into saliva 
and transmission (10). In contrast to these distinct EBV infection 
programs, KSHV gene expression does not seem to be primarily 
restricted to the latency gene products latency-associated nuclear 
antigen, viral FLICE inhibitory protein (vFLIP), and viral D-type 
cyclin (vCyclin) in tumor tissues (5). Instead, expression of the 
lytic gene products K1, K2, and K15 seem to support the anti-
apoptotic function of vFLIP to ensure survival of KSHV-associated 
tumor cells, which proliferate in part due to vCyclin expression 
(11). KSHV is thought to persist in long-lived plasma cells (12). 
How these patterns of viral oncogene expression are coordinated 
to cause KSHV- and EBV-associated pathogenesis and which 
immune compartments prevent them in healthy carriers of these 
human γ-herpesviruses has been difficult to study due to the 
exclusive tropism of these viruses for humans. With the advent 
of mice with reconstituted human immune system components 
(HIS mice), some of these questions can be addressed, and this 
review summarizes the insights into the fascinating biology of 
these human tumor viruses that could be gained so far.

eBv AnD KSHv inFeCTiOn

Epstein–Barr virus was one of the first pathogens that HIS mice 
were challenged with (13–17). All programs of EBV infection in 
B cells were found after intraperitoneal infection of reconstituted 
NOD-scid γc− −/  (NSG), NOD-scid γctruncated  (NOG), BALB/c Rag2−/− 
γc− −/  (BRG), and human fetal liver plus human fetal thymus 
transplanted NOD-scid (BLT) mice, but latency III predominates  
(18, 19). Most of these studies found persistence of EBV in HIS 
mice for several months with circulating total viral loads in the 
blood of 104 and 103/ml in the serum after 4–5 weeks of infection 
with 105 viral particles (20, 21). At this time point, total viral loads 
reach 107 viral DNA copies/g in secondary lymphoid tissues like 
spleen and lymph nodes. These viral loads are comparable to blood 
viral loads in patients with symptomatic primary EBV infection, 
called infectious mononucleosis (IM) (22) that surprisingly do not 
differ very much from overall blood viral loads of asymptomatic 

primary infection (23, 24). In most of these studies, the B95-8 
EBV strain was used, which reactivates only very weakly into 
lytic replication and was originally isolated from an American 
IM patient (25, 26). Indeed, in a direct comparison of wild-type 
(wt) and BZLF1-deficient (ZKO) EBV viruses on the B95-8 back-
ground viral titer differences were only observed at week three 
after infection (20). At this time point, some wt EBV-infected HIS 
mice reached already 104 DNA copies/ml in the blood, while ZKO 
EBV-infected mice have 103. These characteristics can be altered 
by using different viral strains for HIS mouse infection. Infection 
with 105 B cell infectious particles of the M81 EBV strain, which 
was isolated from a Chinese nasopharyngeal carcinoma patient, 
leads to 105–106 DNA copies/ml in the peripheral blood of HIS 
mice after 4–5  weeks of infection (27), and other EBV strains 
fall in between the two extremes of B95-8 and M81 (28). Thus, 
EBV infection with 105 infectious viral particles causes a primary 
EBV infection in HIS mice with similar viral loads that have been 
reported in human symptomatic and asymptomatic primary 
infections that can persist for months, even so many HIS mice 
with such high-persistent viral loads succumb to EBV-induced 
lymphoproliferations, as discussed below.

Kaposi sarcoma-associated herpesvirus infection of HIS mice 
on its own is a transient phenomenon with less than 20% of 
mice maintaining KSHV after infection with 105–107 infectious 
particles at 5 weeks post infection (29). However, repeated infec-
tions can maintain KSHV for several months in BLT mice on 
the NSG mouse background, as assessed by expression of KSHV 
gene products and KSHV-encoded GFP 2 weeks after the final 
inoculation (30). However, co-infection with EBV maintains 
KSHV in the majority of infected HIS mice of the NSG mouse 
background after single infection (29). During both transient 
and persistent KSHV infections, the virus can be found in human 
B cells (29, 30), and after 5 weeks of double-infection of KSHV 
with EBV, KSHV is primarily observed in EBV-infected B cells 
(29). Double-infection leads to 25% mortality of HIS mice after 
5  weeks of infection, while single EBV infection causes much 
less pathology (29). These findings suggest that HIS mice can 
serve as in  vivo infection models for both of these oncogenic 
γ-herpesviruses and that KSHV, surprisingly, relies on EBV for 
persistence in this model.

eBv AnD KSHv TUMORiGeneSiS

The above-discussed mortality is probably in part connected to 
the lymphomagenesis that can be observed in HIS mice after 
single EBV and EBV plus KSHV co-infection. After 5–6 weeks of 
infection with 105 infectious particles of the B95-8 EBV, 20–30% 
of mice develop macroscopically visible tumors in various organs, 
including spleen, pancreas, kidney, liver, and lymph nodes  
(16, 20, 21). Tumor incidence does not seem to be significantly 
different in EBV-infected BLT mice (18). These are EBV latency 
III B cell tumors, which can be grown as EBV-transformed B cell 
lines in vitro after dissociation of the visible tumors (Figure 1) 
(16, 29, 31). The ability of HIS mice to develop B cell lymphomas 
has been used to query the role of different latent EBV antigens 
and lytic EBV replication in EBV-associated lymphomagenesis. 
Along these lines, the nuclear antigen 3B of EBV (EBNA3B) has 
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FiGURe 1 | Tumorigenesis and immune control of Epstein–Barr virus (EBV) 
with and without Kaposi sarcoma-associated herpesvirus (KSHV) co-infection 
in mice with human immune system components (HIS mice). KSHV 
co-infection converts EBV-induced immunoblastic lymphoma into primary 
effusion lymphoma (PEL)-like tumors. EBV-associated immunoblastic 
lymphomas are restricted by cytotoxic lymphocytes in humanized mice, 
including CD4+ and CD8+ T cells, natural killer (NK) cells, NKT cells, and 
Vγ9Vδ2 T cells.
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been found to be deleted in a subset of EBV-associated DLBCLs 
in patients (31, 32). Accordingly, EBNA3B-deficient B95-8 EBV 
causes macroscopically visible tumors in 50% of HIS mice after 
4 weeks of infection (31). These tumors are, interestingly, devoid 
of T  cell infiltrates and transcriptome analysis of EBNA3B-
deficient EBV-transformed B  cell lines that were derived from 
tumors in HIS mice, and DLBCL patients demonstrated a loss 
of pro-inflammatory chemokine production (31). Restoration 
of CXCL10 expression in EBNA3A-deficient tumor cell lines 
resulted in T cell-mediated immune control in vivo. In addition, 
the transcriptome analysis revealed that EBNA3B-deficient EBV-
transformed B cells of HIS mice were more similar to patient-
derived DLBCL cell lines in their gene expression than LCLs that 
had been transformed with EBNA3B-deficient EBV in vitro (31). 
These findings established EBNA3B as a viral tumor suppressor 
by its control over pro-inflammatory chemokines.

Furthermore, it was noted that loss of lytic EBV replication 
decreased the ability of infection to cause lymphomagenesis 
(18). This at first sight counterintuitive behavior, namely that 
cell-destructive lytic EBV infection should benefit B cell trans-
formation and lymphoma growth, was suggested to result from 
a pro-inflammatory environment upon early, possibly abortive 
lytic EBV replication, but the responsible pro-inflammatory com-
ponents have not been identified so far. Nevertheless, decreased 
lymphomagenesis by the B95-8 EBV virus that lacks the immedi-
ate early lytic transactivator BZLF1 was also observed in a second 
study (20), and the BZLF1 overexpressing virus induced the same 
amount of lymphomas, but these contained up to 30% of early, 
but not late lytic EBV antigen expression (33), confirming a possi-
ble role of abortive lytic replication in lymphomagenesis by EBV.

In the same way, KSHV co-infection with EBV increases 
lytic EBV replication and EBV-associated tumorigenesis (29). 
Interestingly, in this first small animal in vivo model of KSHV 

persistence, the developing tumors carry KSHV in one-third of 
EBV-infected lymphoma cells. This leads to an upregulation of 
gene expression that is associated with plasma cell differentia-
tion, including the plasma cell fingerprint that is characteristic 
for PELs (Figure 1) (34). About 39% of KSHV and EBV double-
infected mice with PEL-like tumors succumb to their disease after 
1 month (29), while 25% of patients with PEL succumb to tumor 
progression within 4  months (35). Therefore, KSHV and EBV 
double-infection that leads to PEL formation causes significant 
mortality. Interestingly, double-infection of KSHV with the 
lytic EBV replication-deficient BZLF1 knockout strain of B95-8 
abolishes the gain of lymphomagenesis upon infection with both 
viruses (29). Furthermore, early and late lytic EBV gene expression 
were observed at higher frequencies in KSHV and EBV double-
infected lymphomas of patients than in a heterogenous groups of 
EBV single-infected lymphomas. In good agreement, lytic EBV 
replication inhibition with ganciclovir caused complete sustained 
PEL remission in a patient with EBV and KSHV double-positive 
lymphoma (36), but only transient improvement in a patient with 
KSHV single-positive PEL (37). Thus, HIS mice infections with 
EBV alone and KSHV co-infection have revealed an unexpected 
role for lytic EBV replication during virus-associated lymphom-
agenesis, which might be even diagnostically useful to predict the 
risk of EBV-associated malignancy development during immune 
suppression (38).

eBv- AnD KSHv-SPeCiFiC iMMUne 
COnTROL

Primary immunodeficiencies that predispose for EBV-associated 
pathologies point toward an essential role for cytotoxic lympho-
cytes in the immune control of this oncogenic γ-herpesvirus  
(39, 40). The respective mutations affect the perforin degranulation 
machinery, co-stimulatory receptors on cytotoxic lymphocytes 
and DNA binding proteins that are required for the differentiation 
of NK, NKT, γδT, and CD8+ αβ T cells. Much less is known about 
the protective immune responses against KSHV in humans, but 
the available information points to similar requirements as in the 
immune control of EBV (41).

Some of these cytotoxic lymphocyte compartments have 
been interrogated during EBV infection of HIS mice. These 
studies initially focused on T cell responses. In loss-of-function 
experiments, antibody-mediated depletion of all T cells or CD8+ 
and CD4+ T cells was found individually to increase EBV viral 
loads and associated lymphomagenesis upon infection (Figure 1)  
(16, 33, 42). Blocking of the co-stimulatory 2B4 receptor, which 
is compromised in one primary immunodeficiency (Duncan 
disease or XLP1) that predisposes for uncontrolled EBV infec-
tion, resulted in the loss of CD8+ T  cell-mediated immune 
control and elevated viral loads as well as increased tumor 
frequency (43). In gain-of-function experiments, adoptive 
transfer of lytic EBV antigen-specific CD8+ T  cells was able to 
further reduce the low level of lytic EBV replication upon B95-8 
infection of HIS mice (20). Furthermore, late lytic EBV antigen 
and LCL differentiation-specific CD4+ T cells were able to lower 
viral loads in EBV-infected HIS mice (44). If human immune 
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system reconstitution is performed by unseparated cord blood 
injection rather than differentiation from human hematopoietic 
progenitor cells, the established T cell compartment rather sup-
ports EBV-associated lymphomagenesis, even in the absence of 
viral oncogenes (45, 46). These cord blood T cells provide CD4+ 
T cell help for EBV-associated lymphomas (45). This T cell help 
can, however, be converted into immune control by antibody-
mediated blocking of the inhibitory receptors PD-1 and CTLA-4 
(47), presumably mimicking a T  cell compartment that might 
resemble EBV-associated Hodgkin’s lymphoma, a tumor entity 
that can be efficiently treated by check-point blockade immuno-
therapy (48). Thus, T cell-mediated immune control of EBV can 
be interrogated in HIS mice, and depending on the method of 
immune compartment reconstitution, immune compartments of 
healthy EBV carriers or patients with EBV-associated malignan-
cies can be modeled.

In addition, innate lymphocyte compartments have also 
been interrogated for their contribution to immune control of 
EBV. NK cell depletion leads to elevated viral loads and tumor 
formation in EBV-infected HIS mice (Figure 1) (21, 49). Lytic 
EBV infection is primarily controlled by the early-differentiated 
NK cells of HIS mice, because infection with BZLF1 knockout 
EBV is not affected by NK cell depletion. These early-differen-
tiated NK cells also expand in children with IM (22). It seems 
that further differentiated NK cells with HLA-haplotype-specific 
inhibitory receptors can be recruited to this response in mixed 
HLA-mismatched hematopoietic progenitor cell reconstitutions, 
which presumably allow allogeneic recognition of EBV-infected 
B cells of one donor by the further differentiation NK cells of the 
other donor (49). In addition to NK cells, adoptive transfer of 
CD8+ NKT and Vγ9Vδ2 T cells restricts EBV-associated lym-
phomas in HIS mice (Figure 1) (50, 51). Furthermore, Vγ9Vδ2 
T  cell activation with phosphoantigens results in improved 
immune control of successive EBV infection in HIS mice (52). 
Interestingly, innate and adaptive lymphocyte compartments 
seem to compensate each other, because loss of NK cell-mediated 
immune control leads to enhanced CD8+ T cell expansion dur-
ing EBV infection of HIS mice. It will be interesting to elucidate 

which EBV infection programs are controlled by these different 
lymphocyte populations and which receptors on NK, NKT, 
and γδ T cells mediate EBV restriction in vivo. Stimulation of 
these cytotoxic lymphocyte compartments by vaccination could 
correct loss of EBV-specific immune control in patients with 
EBV-associated malignancies, but also teach us how to induce 
comprehensive cell-mediated immune control against tumors in 
general.

COnCLUSiOn AnD OUTLOOK

While we are beginning to understand the protective lymphocyte 
compartments during EBV infection, their characterization for 
KSHV infection is in its infancy. Furthermore, we still have an 
incomplete understanding of how the comprehensive immune 
control by cytotoxic lymphocytes against EBV is initiated; even 
so, EBV is the prototypic viral pathogen that elicits CD8+ T cell 
lymphocytosis during symptomatic infection in IM patients.  
A detailed understanding of the characteristics of a comprehensive 
immune control by cytotoxic lymphocytes and the mechanisms 
that lead to its priming should guide us to develop vaccines to 
elicit such immune control, not only against EBV in patients with 
associated malignancies, but also tumors or badly controlled viral 
infections in general.
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In the current quest for a complete cure for HIV/AIDS, highly sensitive HIV-1 latency detec-
tion methods are critical to verify full viral eradication. Until now, the in vitro quantitative 
viral outgrowth assays (qVOA) have been the gold standard for assessing latent HIV-1 
viral burden. However, these assays have been inadequate in detecting the presence of 
ultralow levels of latent virus in a number of patients who were initially thought to have 
been cured, but eventually showed viral rebound. In this context, new approaches utiliz-
ing in vivo mouse-based VOAs are promising. In the murine VOA (mVOA), large numbers 
of CD4+ T cells or PBMC from aviremic subjects are xenografted into immunodeficient 
NSG mice, whereas in the humanized mouse-based VOA (hmVOA) patient CD4+ T cell 
samples are injected into BLT or hu-hematopoetic stem cells (hu-HSC) humanized mice. 
While latent virus could be recovered in both of these systems, the hmVOA provides 
higher sensitivity than the mVOA using a fewer number of input cells. In contrast to the 
mVOA, the hmVOA provides a broader spectrum of highly susceptible HIV-1 target cells 
and enables newly engrafted cells to home into preformed human lymphoid organs 
where they can infect cells in situ after viral activation. Hu-mice also allow for both xeno-
graft- and allograft-driven cell expansions with less severe GvH providing a longer time 
frame for potential viral outgrowth from cells with a delayed latent viral activation. Based 
on these advantages, the hmVOA has great potential in playing an important role in 
HIV-1 latency and cure research.

Keywords: Hiv-1 latent viral outgrowth assay using humanized mice, humanized mouse-based Hiv-1 latency 
outgrowth assay, comparison of quantitative viral outgrowth assays with humanized mouse-based viral outgrowth 
assay, comparison of mvOA with humanized mouse-based viral outgrowth assay, non-human primate-based 
latent simian immunodeficiency viral outgrowth assay, sensitivity of humanized mouse-based viral outgrowth 
assay over mvOA, ultra-sensitive Hiv-1 latent viral outgrowth assay in hu-mice, mouse-based Hiv-1 viral 
outgrowth assays

inTRODUCTiOn

Since the beginning of the deadly HIV/AIDS epidemic, major research emphasis has been placed on 
developing effective vaccines for prevention and potent drugs to control the infection. Since HIV-1 
is a retrovirus which integrates into the host cell genome and can establish viral latency, a complete 
cure was thought not to be possible until the case of the “Berlin patient” (1, 2). This HIV-1+ patient 
had undergone allogenic bone marrow (BM) transplantation from a homozygous CCR5Δ32 donor 
to treat acute myeloid leukemia. No HIV-1 could be detected during later years in this individual 
even after extensive testing thus confirming his HIV-1 negative status and a complete cure. Following 
this example additional cases of possible HIV-1 cure generated excitement.
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Two individuals known as the “Boston patients,” (A and 
B) underwent allogeneic hematopoietic stem cell transplant 
(HSCT), in this case with wild-type CCR5+ donor cells to treat 
lymphoma (3). For 4.3 years after the transplant both patients 
were treated with ART (4). During this time no proviral DNA or 
replication-competent virus could be detected in PBMC, plasma 
or rectal tissues by using the most sensitive methods including 
the gold standard quantitative viral outgrowth assays (qVOA)(3, 
4). After the cessation of ART however, virus rebounded within 
patient A by 12 weeks and patient B by 32 weeks (5). In the case 
of the “Mississippi baby,” ART was started 30 h after birth and 
continued for the first 18 months of life (6). After the cessation 
of ART, the “Mississippi baby” controlled viremia for 2 years and 
was antibody negative (7). No HIV-1 could be detected with PCR 
tests or qVOA using 22 million resting CD4+ T cells (6, 7), which 
led to the speculation that she could be another example of a 
complete HIV-1 cure. However, the virus eventually rebounded. 
Both of these cases exemplified “potential cures,” wherein all the 
tests including the gold standard qVOA (see below) could not 
detect the ultralow levels of latently infected cells thus neces-
sitating the search for more sensitive HIV-1 latency detection 
methods.

Current Assays for Measuring the Latent 
viral Reservoir and Limitations
Since the latent HIV-1 is transcriptionally silent and the minus-
cule number of latently infected cells (0.1–10 infectious units per 
million (IUPM) resting CD4+ T cells) are distributed over difficult 
to reach anatomical sites measuring the quiescent viral reservoir 
poses challenges (8–12). Many sensitive viral DNA, RNA or pro-
tein detection methods are currently employed to determine the 
viral burden (13). However, they overestimate the reservoir size 
as they cannot distinguish between the defective viral genomes 
and replication-competent virus. More recent advanced assays 
could simultaneously assess viral RNA, proteins and cell markers 
enabling the detection of viral induced cells (14–18). However, 
limitations remain to distinguish and accurately measure the true 
replication-competent latent virus.

The most accurate approach in determining the full efficacy 
of HIV-1 cure strategies is analytic treatment interruption (ATI) 
also known as monitored antiretroviral pause. However, this is 
impractical for routine application and poses unnecessary risk. 
The long-standing qVOA is considered as the “gold standard” 
in the HIV-1 latency field to measure the replication-competent 
virus and employs a co-culturing method to amplify the induced 
virus from rare latent cells (19–21). Serial dilution of test cells 
allows for quantitation, expressed as IUPM (22). Besides being 
time-consuming, a major drawback with this method is its ten-
dency to underestimate the viral reservoir size since not all latent 
cells are induced during the assay period (23). New versions of 
the qVOA have been developed that use reporter cells and/or cell 
lines to amplify the virus with significantly increased sensitivity 
in a shorter time-span (13–17, 24, 25). Importantly, the stochastic 
aspect observed during in vitro viral activation wherein repeated 
stimulation of cells over time results in release of virus from 
previously non-responding cells (23) suggesting that approaches 

such as the in vivo methods described below that allow for long-
term viral outgrowth may capture these late responder cells.

non-Human Primate (nHP) Models  
of Latency Detection
Many aspects of HIV-1 pathogenesis and latent reservoirs dis-
tributed in different anatomical sites are difficult to directly assess 
if not impossible to  study in a human subject. In this context, 
the simian immunodeficiency (SIV)-macaque model of AIDS 
has been extremely useful in gathering relevant data on viral 
persistence and latency (26–28). In NHP studies, latent virus 
was successfully recovered from naïve macaques that underwent 
adoptive transfer of resting CD4+ T cells obtained from virally 
suppressed SIV-infected macaques (as determined by all stand-
ard tests) undergoing intensive ART (29). These findings showed 
that ultralow levels of otherwise undetectable latently infected 
cells could be induced and detected with an in vivo system using 
adoptive transfer of test cells. More recently, Avalos et al. assessed 
viral persistence in brain macrophages of five ART-suppressed 
SIV-infected pig-tailed macaques using a newly developed mac-
rophage quantitative viral outgrowth assay (Mϕ-VOA) (30). In 
one macaque, latency reversing agents (LRAs) ingenol-B (protein 
kinase C agonist) and vorinostat (HDAC inhibitor) reactivated 
latent viral genomes that were genetically distinct from virus 
circulating in the plasma. This data demonstrated the utility of 
the Mϕ-VOA for latency detection in macrophages.

non-Humanized Mouse Models for  
Latent viral Outgrowth (mvOA)
Immunodeficient mice permit the transplantation of human cells 
such as PBMCs without rejection which led to the development of 
the hu-PBL-SCID mouse model (31, 32). Infection of these mice 
with HIV-1 gives rise to viremia and the engraftment of PBMC 
from HIV-1+ subjects resulted in viral outgrowth. With this as a 
background, Metcaf Pate et al. recently developed a latent HIV-1 
murine viral out growth assay (mVOA) (Figure  1) (33). The 
mVOA assay is based on the principle that engrafted human cells 
undergo xenograft-mediated expansion leading to consequent 
latent viral induction. Immunodeficient NSG mice were injected 
with large number of cells (66 million PBMC or 10–26 million 
resting CD4+ T cells) from 11 HIV-1+ subjects, including six elite 
controllers. All of these samples had undetectable viral loads by 
qRT-PCR (<50 copies/mL) but were positive for viral outgrowth 
by qVOA except for one elite controller. The engrafted mice were 
treated with anti-CD8 antibody to deplete the human CD8+ 
T cells and with anti-CD3/CD28 antibodies for the activation of 
T cells. Viral outgrowth was detected in all 11 patient samples in 
these mice, including the one elite controller negative for viral 
outgrowth in the qVOA. This study also evaluated latent cells 
from ART-suppressed SIV-infected pig-tailed macaques. NSG 
mice were injected with 40 million PBMC or 6.8 million resting 
CD4+ T cells. All inoculated mice had detectable SIV RNA in the 
plasma after 7 days.

Another recent mVOA study evaluated cells from two HIV-1 
infected subjects enrolled in a PrEP program who were treated 
soon after infection (participants A and B treated within 10 and 
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FigURe 1 | Schematic representation of the murine (mVOA) and humanized mouse-based viral outgrowth assay (hmVOA) for HIV-1. Previously frozen 
unfractionated PBMC or isolated resting CD4+ T cells obtained from HIV-1 infected donors on ART with undetectable viral loads were used for both the mVOA and 
hmVOA. In the mVOA, cells were either clonally expanded or directly xenografted into immunodeficient mice (such as NSG). CD8+ T cells were depleted and T cell 
activation was prolonged using anti-CD3/CD28 antibodies in vivo. In the hmVOA, resting CD4+ T cells were purified using PBMC and stimulated with anti-CD3/
CD28 antibodies. Stimulated cells were xenografted into either hu-HSC or BLT mice. Viral outgrowth was detected by qRT-PCR.
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12 days, respectively) (34). During the following 2-year period, 
participant A had undetectable HIV RNA and/or DNA in both 
the blood and tissue whereas participant B showed a low level 
of intermittent HIV RNA and/or DNA in various CD4+ T  cell 
subsets, but not in tissue samples. The qVOA results were 
negative. To test these patients’ cells for latent viral detection by 
mVOA, 530 million peripheral CD4+ T  cells from participant 
A (53 million per mouse, 10 mice total) and 379 million cells 
from participant B (50 million per mouse, eight mice total), 
were injected intraperitoneally into NSG mice. Approximately 
5.5  weeks post-inoculation, mice were treated with anti-CD3 
antibody to stimulate T cells in vivo and reactivate latent virus. 
One out of ten mice injected with CD4+ T cells from participant 
A became borderline positive (201 copies per ml) at only one time 
point. Terminal mouse spleen tissue sample was negative for viral 
detection and both RNA and DNA sequencing efforts for viral 
identification by an independent laboratory were unsuccessful. In 
contrast, three out of eight mice injected with CD4+ T cells from 
participant B became strongly virus positive with high viral loads 
(1,000, 5,000 and 11,000 copies per ml). While the sample sizes of 
the qVOA negative subjects are small in the above two studies, it 
is apparent that the mVOA could recover latent virus to a certain 
extent (2 out of 3 samples).

In a different twist to the mVOA, Yuan et al. utilized cells from 
a single aviremic subject which were positive for viral outgrowth 
by in vitro qVOA (0.518 IUPM) (35). First, the subject’s CD4+ 
T cells were clonally expanded in vitro and then split into two 
groups: qVOA negative or positive. NSG mice were then injected 
with resting or clonally expanded CD4+ T cells from each group. 
The clonally expanded cells that appeared qVOA positive and 
used to inoculate mice displayed detectable HIV-1 within 4 weeks 
while the qVOA negative cells used to inject mice became positive 
by week 10. Utilization of split portions of clonally expanded cells 
with a potentially uneven distribution of qVOA positive cells in 

the test samples, sample size of a single patient and lack of details 
on how many mice were used are limitations of this study.

In a recent report by Salgado et al., CD4+ T cells isolated from 
four HIV-1+ subjects that underwent allogenic BM stem cell 
transplantation to treat hematalogic malignancies were evaluated 
for the presence of any residual latent virus (36). Five immuno-
deficient NSG mice per each donor were xenografted with 10–50 
million cells to detect possible viral outgrowth. However, none 
of these xenografted mice showed positive viral outgrowth by 
week 13. Since it is unlikely that these four individuals are fully 
cured based on previous examples like the “Boston patients,” 
and mVOA was not able to recover any latent virus from these, 
caution needs to be exercised about the reliability of mVOA for 
ultra-sensitive latency detection.

Several other limitations also exist for mVOA in its current 
form (Table 1). These include variable levels of donor cell engraft-
ment, the need for CD8+ T  cell depletion through injection of 
anti-CD8 antibodies and the administration of anti-CD3/CD28 
antibodies for prolonged T cell activation. Most importantly, since 
a very large number of donor cells are xenografted, rapid GvH is a 
major drawback often resulting in untimely/unpredictable loss of 
engrafted mice thus not permitting longer assay periods to allow 
for the detection of delayed latent virus outgrowth.

Humanized Mouse Model-Based Latent 
viral Outgrowth Assay (hmvOA)
New generation humanized mouse models have now become 
integral tools in many aspects of HIV research. The advent of 
highly immunodeficient mice incorporating the IL-2 receptor 
common gamma chain (IL2Rγc) mutation together with others, 
such as SCID, NOD, RAG1, or RAG2 gene mutations permitted far 
superior human tissue/cell engraftment (31, 37). Among these are 
the Rag1 −/−γc−/−, Rag2−/−γc−/−, NOD/Shi-scid/γc−/− null (NOG), 
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TABLe 1 | The advantages and disadvantages of the mVOA and humanized mouse VOA (hmVOA) for HIV-1 latency detection.

Model Methods Advantages Disadvantages

mVOA Large number of human PBMC 
or CD4+ T cells are xenografted 
into NSG mice followed by the 
administration of anti-CD8 and anti-
CD3/CD28 antibodies

•	 Straightforward inoculation of donor cells into NSG mice
•	 Larger number of cells can be assayed compared to the in vitro 

quantitative viral outgrowth assays (qVOA)
•	 Can be used to assess either HIV-1+ or SIV+ donor samples

•	 Rapid onset of GvH, thus limiting the 
assay’s time table

•	 Variable levels of donor cell 
engraftment

•	 Additional anti-CD8 and anti-CD3/
CD28 antibody injections are needed

hmVOA Resting CD4+ T cells are xenografted 
into humanized mice

•	 Broader spectrum of HIV-1 target cells are available
•	 Engrafted cells home into a preexisting lymphoid system
•	 Allows for both xeno- and allograft-mediated stimulation and cell 

expansion
•	 Less severe (BLT mice) or no GvH (hu-HSC mice)
•	 No additional antibody (anti-CD8 and anti-CD3/CD28 antibody) injections 

required
•	 Larger number of cells than the qVOA can be assayed and fewer number 

of cells required than the mVOA

•	 Human hematopoetic stem cells 
(HSC) and tissues are required to 
prepare the humanized mice

•	 More expensive
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NOD/SCIDγc−/− (NSG), NOD.Rag1KO.IL2RγcKO (DRAG), and 
NOD.HLA-A2.HLA-DR4.RagKO.IL2RγcKO (DRAGA) (38, 39).  
Two current leading hu-mouse models are the hu-HSC and 
BLT mice. Hu-HSC mice are prepared by intrahepatic injection 
of CD34+ HSC into irradiated newborn RAG1, RAG2, NSG or 
NOG mice (40–43). Engraftment of these mice seeds the BM 
and gives rise to de novo multilineage human hematopoiesis. 
BLT mice are prepared by surgical implantation of human fetal 
liver and thymic tissue under the kidney capsule in addition to 
reconstitution with autologous HSC (40, 42, 44, 45). In both these 
models, there is de novo production of human T  cells, B  cells, 
monocytes/macrophages, dendritic cells and NK cells, as well as 
successful mucosal compartment engraftment (40–42, 45). While 
both the models permit human immune responses, the presence 
of an autologous human thymus in BLT mice allows for human 
T cell education and HLA restricted responses (40, 42–47). Thus, 
these hu-mice offer an excellent in vivo system for the engraftment 
and long-term maintenance of exogenous latently infected cells 
and potential outgrowth of the latent virus from these. Another 
potentially suitable hu-mouse model currently available employs 
HLA class II (DR4) transgenic mice (DRAG mice) reconstituted 
with HLA-matched HSC (38, 39).

In a recent study, we systematically evaluated humanized mice 
for developing an ultra-sensitive latent viral detection system 
(Figure 1) (48). First, resting CD4+ T cells from HIV-1+ subjects 
on ART with low, but detectable plasma HIV-1 RNA levels were 
tested by in vitro qVOA to measure the extent of the latent viral 
reservoir. These samples were positive for viral outgrowth show-
ing a broad range of IUPM levels from 0.102 to 4.468. The CD4+ 
T cells either unstimulated or stimulated in vitro with PHA or 
anti-CD3/CD28 antibodies were injected into humanized mice. 
Positive viral outgrowth was observed in all of these samples 
within 1–3  weeks demonstrating the capacity of hu-mice to 
detect latently infected cells. In some of the patient samples, viral 
outgrowth was seen with a lesser number of input cells than in the 
standard qVOA. Stimulation of cells was found to give better viral 
outgrowth than no stimulation and anti-CD3/CD28 antibody 
stimulation yielded higher numbers of viable cells for testing 
compared to that of PHA. To determine if the hmVOA is more 

sensitive than conventional qVOA, five patient samples that were 
qVOA negative were tested using a range of CD4+ T cells (2–10 
million cells/mouse) injected into mice. Of the five qVOA nega-
tive patient samples evaluated, four yielded unequivocal positive 
viral outgrowth in the hmVOA. The earliest time point of viral 
detection was 2 weeks, whereas the latest time point was 6 weeks. 
The negative sample did not show any viral outgrowth by 8 weeks, 
the last time point tested. These observations showed that the 
hmVOA can detect replication-competent latent HIV-1 when the 
standard qVOA is unable to do so thus demonstrating the higher 
sensitivity of this assay. The higher sensitivity of hmVOA over 
than the in vitro qVOA could be attributed to the provision of a 
more physiological in vivo setting for long-term maintenance and 
expansion of the engrafted cells permitting latency reactivation 
when compared to the short-term culture of 2 weeks employed 
in vitro.

Advantages of the hmvOA over the  
mvOA for Detecting Latent Hiv-1
The hmVOA is endowed with higher sensitivity over the mVOA 
since it was able to detect latent HIV-1 from a higher number of 
qVOA negative samples and with a fewer number of input cells 
based on the data published so far (33–36, 48) (Table  1). The 
higher sensitivity of the hmVOA is likely due to the humanized 
mice being able to provide more optimal conditions for latent 
viral outgrowth for several reasons. First, hu-mice generate fresh 
human HIV-1 targets cells de novo (CD4+ T  cells, monocytes/
macrophages, and dendritic cells), including the highly sus-
ceptible immature thymocytes thus providing a much broader 
spectrum of susceptible cells conducive for virus outgrowth. 
Second, the latently infected cells have the opportunity to home 
into preformed human lymphoid organs where they can infect 
cells in situ after activation and amplifying the viral signal. Third, 
hu-mice provide an environment for both xenograft- and allo-
graft-driven cell expansions. Fourth, GvH is almost non-existent 
in hu-HSC mice and less severe, occurring later in onset, with the 
BLT mice thus providing a longer time frame (2–3 months) for 
viral outgrowth. Furthermore, compared to mVOA, no expensive 
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anti-CD8 or anti-CD3 antibody injections are needed after donor 
cell engraftment.

Limitations of mvOA and hmvOA and 
Future Prospects
As discussed above, the in  vivo mouse-based VOA assays are 
more sensitive than in  vitro qVOAs in detecting low levels of 
HIV-1 latent cells with the hmVOA being the most sensitive. 
However, these are limitations for these assays to be of wider use. 
They are not capable of a high-throughput screening, require 
special animal facilities and are expensive. Nevertheless, due 
to their higher sensitivity than any in vitro tests, they will play 
an important role in viral latency studies and in “kick/shock 
and kill” approaches toward a complete cure for HIV/AIDS. 
These tests will be of utmost benefit in lieu of ATI in guiding 
future curative drug development. Further improvements can 
be foreseen in the hmVOA and mVOA models with additional 
research. One approach would be to increase the sensitivity 
by using HIV-1 LRAs either alone or in various combinations. 
Thus far, the hmVOA has primarily focused on HIV-1 latency in 
CD4+ T cells. With the recent attention on viral latency in other 

cell types such as macrophages and work done with SIV latency 
detection, it is apparent that hmVOA can also be put to good 
use in evaluating viral outgrowth from HIV-1 latent macrophages 
as well. Streamlining the hu-mouse generation on a larger scale 
with increased efficiency should help reduce the overall costs of 
hmVOA permitting its wider application.
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The invention of liver-humanized mouse models has made it possible to directly study 
the preerythrocytic stages of Plasmodium falciparum. In contrast, the current models 
to directly study blood stage infection in  vivo are extremely limited. Humanization of 
the mouse blood stream is achievable by frequent injections of human red blood cells 
(hRBCs) and is currently the only system with which to study human malaria blood stage 
infections in a small animal model. Infections have been primarily achieved by direct 
injection of P. falciparum-infected RBCs but as such, this modality of infection does not 
model the natural route of infection by mosquito bite and lacks the transition of parasites 
from liver stage infection to blood stage infection. Including these life cycle transition 
points in a small animal model is of relevance for testing therapeutic interventions.  
To this end, we used FRGN KO mice that were engrafted with human hepatocytes and 
performed a blood exchange under immune modulation to engraft the animals with more 
than 50% hRBCs. These mice were infected by mosquito bite with sporozoite stages 
of a luciferase-expressing P. falciparum parasite, resulting in noninvasively measurable 
liver stage burden by in vivo bioluminescent imaging (IVIS) at days 5–7 postinfection. 
Transition to blood stage infection was observed by IVIS from day 8 onward and then 
blood stage parasitemia increased with a kinetic similar to that observed in controlled 
human malaria infection. To assess the utility of this model, we tested whether a mono-
clonal antibody targeting the erythrocyte invasion ligand reticulocyte-binding protein 
homolog 5 (with known growth inhibitory activity in vitro) was capable of blocking blood 
stage infection in vivo when parasites emerge from the liver and found it highly effective. 
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Together, these results show that a combined liver-humanized and blood-humanized 
FRGN mouse model infected with luciferase-expressing P. falciparum will be a useful tool 
to study P. falciparum preerythrocytic and erythrocytic stages and enables the testing of 
interventions that target either one or both stages of parasite infection.

Keywords: Plasmodium falciparum, humanized mouse model, Plasmodium falciparum blood stages, reticulocyte-
binding protein homolog 5, clodronate liposomes, cyclophosphamide

INtRodUCtIoN

More than 200 million clinical cases of malaria are reported each 
year, with children under the age of 5 being particularly suscepti-
ble to illness and death. Plasmodium falciparum is the most lethal 
human malaria parasite (WHO World Malaria Report 2016) and 
continued discovery and development of interventions against it 
is necessitated by the occurrence of drug resistance and the lack of 
an effective vaccine. Transmission of Plasmodium parasites occurs 
by the bite of infected female Anopheles mosquitoes, which inject 
motile sporozoites into the skin where they traverse endothelial 
cells to enter the bloodstream and travel to the liver. In the liver, 
sporozoites infect hepatocytes, which marks the beginning of 
the asymptomatic liver stage infection. Within a time period 
of 6–7 days, parasites mature inside hepatocytes and eventually 
form tens of thousands of merozoites, which are released into the 
bloodstream where they invade red blood cells (RBCs). Blood 
stage infection becomes symptomatic and the cyclic infection and 
destruction of RBCs by the parasite as well as the adhesion of 
infected RBCs to the vascular endothelium, causes the morbidity 
and mortality associated with infection.

Although P. falciparum can be cultured in vitro, several aspects 
of malaria infections can only be addressed by in vivo research. 
The complex mechanisms of malaria transmission through mos-
quito bites, the multiple tissue barriers crossed by the parasite, 
and the different cell types that are infected during its life cycle 
make it impossible to study all aspects in one in vitro system. Also, 
drug studies will require an in vivo system for PK/PD analysis 
and for prodrugs, which will not be metabolized in  vitro and 
therefore their potential antimalarial activity cannot be assessed 
(1). The standardization of controlled human malaria infections 
(CHMI) has made it possible to study the efficacy of novel drugs 
and vaccines in the human system (2). However, the high cost and 
ethical considerations involved with CHMI necessitate the testing 
of new compounds in relevant animal models prior to moving 
them forward in clinical trials.

The recent development of liver-humanized mouse models 
has made it possible to study P. falciparum liver stage infection 
in vivo. One of these mouse models is the FRG KO mouse which 
was developed by adding Rag2−/− and IL2rg−/− immunodeficiency 
backgrounds to the C57BL/6 fumarylacetoacetate hydrolase (FAH) 
knock-out mouse developed by Grompe et al. (3). The FAH KO 
results in a defect in the tyrosine catabolic pathway, which leads to 
the accumulation of maleylacetoacetate and fumarylacetoacetate, 
upstream of the FAH blockade. These metabolites are highly 
reactive and unstable, and upon breakdown cause hepatocellular 
injury (3). This toxicity can be prevented by oral administration 
of 2-(2-nitro-4-trifluoro-methylbenzoyl)-1,3-cyclohexanedione 

(NTBC), which blocks the tyrosine catabolism pathway upstream 
of the toxic metabolites (4). Liver injury can be induced by with-
drawing mice from NTBC, thereby allowing repopulation of the 
diseased mouse liver with human hepatocytes (5).

The Rag2−/− and IL2rg−/− mutations prevent the develop-
ment of B cells, T cells, and NK cells. Backcrossing of the FRG 
mouse onto the non-obese diabetic (NOD) background enables 
additional repopulation of the resulting NOD Fah−/−Rag2−/−IL
2rg−/− (FRGN KO) mice with hematopoietic stem cells (HSCs). 
The NOD background has various intrinsic immune deficiencies, 
most importantly, it carries a polymorphism in the SIRPα gene 
that improves crosstalk between CD47 on human cells and the 
SIRPα receptor on mouse phagocytes, thereby preventing NOD 
macrophages from engulfing human grafts (6).

The transplantation of immunodeficient mice with CD34 + HSCs 
leads to the development of most human blood cell lineages. 
Unfortunately, human erythropoiesis is not sufficient in these 
mice, therefore, only very low amounts of human red blood cells 
(hRBCs) can be detected in the periphery (7–9). The only current 
method to achieve high amounts of hRBCs in mice is the frequent 
injection of large volumes of hRBCs. One option to study P. fal-
ciparum blood stages in vivo is the injection of in vitro cultured 
asexual stage parasites into immunodeficient mice that have been 
preloaded with hRBCs (10, 11). By combining this approach with 
the injection of macrophage and neutrophil-depleting chemicals, 
the development of gametocytes that sequester in spleen and 
bone marrow could be observed, therefore somewhat mimicking 
human infection (12). A disadvantage of this system is that it does 
not model the natural route of infection by mosquito bite and 
it lacks liver to blood stage transition. These life cycle transition 
stages are important to include in a mouse system that will serve 
as a model for the complete P. falciparum life cycle. Especially the 
transition from liver to blood stage is a critical step in the parasite 
life cycle and provides a target for intervention with drugs and 
vaccines in order to prevent the establishment of a blood stage 
infection. Therefore, it should be included in a mouse model for 
malaria drug and vaccine testing.

Liver to blood stage transition has been reported previously 
in the liver humanized TK-NOG mouse. Similar to other NSG 
models, the blood stream of these mice can be reconstituted with 
hRBCs by daily intraperitoneal (i.p.) injections of 1  ml hRBCs 
starting 6 days before i.v. injection of a large number of P. falciparum  
sporozoites, thereby allowing liver stage to blood stage transition 
and subsequent blood stage infection. The numbers of sexual and 
asexual stages were highly variable in these mice and in vivo solely 
detected by thin blood smears (13). The liver humanized FRGN 
KO (FRGN huHep) mouse can also be reconstituted with human 
erythrocytes, thus allowing the transition of P. falciparum liver 
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FIGURe 1 | Immune modulation with clodronate liposomes and 
cyclophosphamide leads to a stable Plasmodium falciparum blood stage 
infection. (A) Timeline showing the protocol for the repopulation of 
liver-humanized FRGN KO mice with human red blood cells (hRBCs) and 
subsequent infection with blood stage parasites. This protocol was utilized 
here to assess the effect of cyclophosphamide on a P. falciparum blood 
stage infection in FRGN huHep mice. Six mice received an injection of 50 µl 
CloLip i.v. + 50 µl CloLip i.p. on day −2 and three mice additionally received 
150 mg/kg (approximately 150 µl per mouse) cyclophosphamide i.p.  
All animals were bled 200 µl, and received one i.v. injection of 500 µl hRBCs. 
On day −1, the animals were bled 100 µl and received an i.p. injection of 
700 µl hRBCs. On day 0, the animals were bled 100 µl and received an i.v. 
injection of 500 µl hRBCs containing 1 × 107 iRBCs. The following days, all 
mice received an individually determined amount of hRBCs. Parasitemia was 
followed by daily intravital imaging (B). The IVIS signal of mice treated only 
with CloLip started decreasing on day 2 postinfection. Only the mice which 
received both CloLip and cyclophosphamide, showed a stable P. falciparum 
blood stage infection throughout the 7-day observation period.
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to blood stage infection, which can be further propagated in an 
in vitro culture after exsanguinating the mice (14).

Here, we report the development of a protocol for the long-
term engraftment of hRBCs in P. falciparum sporozoite-infected 
FRGN huHep mice. As mosquito bite is the natural route of  infec-
tion, we have included this modality of P. falciparum  sporozoite 
transmission. Following our protocol for hRBC engraftment, 
we achieve liver to blood stage transition followed by the stable 
maintenance of a P. falciparum blood stage infection with increas-
ing parasitemia. The transition from liver stage to blood stage is 
visualized by in vivo bioluminescent imaging (IVIS), allowing the 
discrimination of treatment efficacy against either one or both 
stages. We assessed the utility of this model by showing that blood 
stage infection emerging from the liver can be blocked success-
fully by a monoclonal antibody (mAb) recognizing P. falciparum 
reticulocyte-binding protein homolog 5 (RH5). RH5 is an 
essential merozoite invasion ligand that interacts with the basigin 
receptor on hRBCs. This interaction is a prerequisite for infection 
throughout all parasite strains tested to date (15, 16). Recently, 
the first clinical study assessing RH5 as a vaccine candidate was 
conducted. Substantial RH5-specific immune responses could 
be induced by immunization of malaria-naïve individuals with 
viral vectors encoding PfRH5 (17). The RH5–basigin interaction 
therefore constitutes an important potential vaccine target. The 
inhibition of P. falciparum blood stage infection by an anti-RH5 
mAb in our mouse model underlines its utility for the study of 
potential antibody-based malaria intervention strategies.

ResULts ANd dIsCUssIoN

Plasmodium falciparum liver infection can be studied in vivo 
using liver humanized FRG KO or FRGN KO mice. Infection 
with sporozoites of luciferase-expressing parasites made it 
possible to follow the progression of infection by in vivo bio-
luminescent imaging (IVIS), without sacrificing the animal. 
Liver infection was detected until day 7 postinfection. One 
injection of hRBCs on day 6 postinfection allowed parasites to 
transition from liver stage to blood stage infection. The para-
sitemia was detectable by quantitative PCR and the infection 
can be propagated in vitro after exsanguinating the mice (14). 
Unfortunately, this method does not allow a stable blood stage 
infection in  vivo due to rapid clearance of infected hRBCs 
(iRBC) by mouse phagocytes.

Here, we addressed this issue and developed an immune modu-
lation protocol that allows the iRBCs to remain in the circulation 
without being phagocytosed. The efficient engraftment of sporozo-
ite infected mice with high amounts of hRBCs leads to expansion 
of the infection and thereby increasing parasitemia over time.

deVeLoPMeNt oF AN IMMUNe 
ModULAtIoN PRotoCoL to  
PReVeNt PhAGoCYtosIs oF iRBCs

To prevent phagocytosis of iRBCs, we optimized an immune 
modulation protocol to specifically eliminate mouse phagocytes, 
namely macrophages and neutrophils. As previously described, 

mouse macrophages can be eliminated by the administration  
of clodronate-containing liposomes, which are phagocytosed by 
macrophages and subsequently induce apoptosis (18). Experi-
mental neutropenia is commonly induced either by administra-
tion of antibodies targeting neutrophil-specific receptors such as 
Ly6G (19) or by the cytotoxic chemotherapy agent cyclophospha-
mide (20). Compared to antibodies, which are highly specific, 
cyclophosphamide has a broader immunosuppressive effect, as 
it targets all dividing cells. Therefore, we decided to utilize this 
method to deplete neutrophils, as any further immune suppres-
sion could aid in preventing phagocytosis of iRBCs.

To assess the effect of clodronate-containing liposomes 
(CloLip; Clophosome®-A, FormuMax) alone and in combination 
with cyclophosphamide (Sigma Aldrich, St. Louis, MO, USA), 
six liver humanized FRGN KO mice received an injection of 
50 µl CloLip i.v. + 50 µl CloLip i.p. on day −2 before infection 
to remove macrophages and monocytes from both the circula-
tion and the peritoneal cavity. Three mice additionally received 
150 mg/kg cyclophosphamide i.p. All animals were bled 200 µl, 
and received an i.v. injection of 500 µl hRBCs [70% O + human 
erythrocytes in RPMI 1640 (25 mM HEPES, 2 mM l-glutamine) 
supplemented with 50  µM hypoxanthine plus 10% human 
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FIGURe 2 | Protocol for the repopulation of sporozoite-infected FRGN mice with human red blood cells (hRBCs). (A) Mice are infected by mosquito bite with 
Plasmodium falciparum NF54 GFP-Luc sporozoites (n = 50 mosquitoes per mouse; 20 min). On the day of infection, mice are injected with 50 µl CloLip i.v. + 50 µl 
CloLip intraperitoneal (i.p.) and 150 mg/kg cyclophosphamide i.p. These injections are repeated on days 5, 9, 11, and 13 postinfection. On day 5 postinfection, 
200 µl blood is drawn and the mice receive one injection of 500 µl hRBCs i.v. On day 6 postinfection, 100 µl blood is drawn and 700 µl hRBCs are injected i.p. The 
volumes of hRBCs injected the following days are determined individually in order to stabilize the percentages of hRBCs between 50 and 70%. (B) In order to 
assess the effect of antireticulocyte-binding protein homolog 5 antibody on transition and maintenance of a P. falciparum blood stage infection, blood humanization 
was achieved as described in (A). On day 5 postmosquito-bite infection, all mice received one i.p. injection of 100 mg/kg of R5.003, R5.016, or control anti-Ebola 
monoclonal antibody (mAb) (EBL040). All three mAbs were human IgG1. One mouse received PBS as a control. (C) The percentages of hRBCs were assessed by 
FACS analysis using a CD235ab antibody. All mice show similar percentages of hRBCs throughout the 14-day observation period, independent of the treatment 
regimen, demonstrating that the differences observed in blood stage infection were not due to varying amounts of hRBCs. The mean ± SD is shown for each 
treatment group.
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serum and 5 µl penicillin–streptomycin (Gibco™, 10,000 U/ml 
penicillin, 10,000 µg/ml streptomycin)] to preload the mice with 
a pool of hRBCs. On day −1, the animals were bled 100 µl and 
received an i.p. injection of 700 µl hRBCs. On day 0, the animals 
were bled 100 µl and received an i.v. injection of 500 µl hRBCs 
containing 1 × 107 P. falciparum NF54 GFP-Luc iRBCs from an 
in vitro blood culture. On the day of infection, the animals were 
reconstituted with approximately 20–30% hRBCs independent 
of the immune modulation protocol. The animals received an 
individually determined amount of hRBCs each day to stabilize 
the percentage between 50 and 70%. This protocol is depicted in 
Figure 1A.

Our results in Figure 1B show that elimination of monocytes 
with CloLip is beneficial, but not yet sufficient to enable a stable 
blood stage infection, as the parasitemia starts to decline as 
early as 2 days postinfection. Only the additional elimination of 

neutrophils with cyclophosphamide results in a stable blood stage 
infection quantifiable by IVIS (Figure 1B). In contrast to mice 
treated with CloLip alone, the IVIS signal of macrophage and 
neutrophil depleted mice remained stable over the 7-day obser-
vation period, indicating that the iRBCs are not being cleared. 
Notably, this immunomodulation protocol did not lead to any 
loss of mice throughout the experiment.

RePoPULAtIoN oF sPoRoZoIte-
INFeCted FRGN huheP MICe WIth 
hRBCs

The immune modulation protocol described above had to be 
refined for the setting of mice infected with sporozoites by mos-
quito bite, as it is known that Plasmodium skin and liver stages 
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FIGURe 3 | Continued
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induce an innate immune response in the host (21). In order to 
reduce this initial immune response, on the day of mosquito bite 
challenge mice were injected both in the retro-orbital plexus 
and the peritoneal cavity with 50  µl CloLip and 150  mg/kg 

cyclophosphamide i.p. The CloLip (50 µl i.v. and i.p.) and cyclo-
phosphamide (following doses are 100 mg/kg i.p.) injections were 
repeated on days 5, 9, 11, and 13 postinfection, thereby prevent-
ing the iRBCs from being cleared from the circulation.
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FIGURe 3 | Inhibition of Plasmodium falciparum blood stage infection by anti-reticulocyte-binding protein homolog 5 (anti-RH5) antibody. 10 mice were challenged 
with P. falciparum NF54 GFP-Luc infected mosquitoes (n = 50 per mouse; 20 min). Blood humanization and passive transfer of RH5 and control monoclonal 
antibodies (mAbs) was achieved using the protocol as depicted in Figure 2B. (A) Mice were imaged daily by IVIS starting 5 days postinfection. They were 
intraperitoneally injected with 100 μl of Rediject d-luciferin (Perkin Elmer) and imaged after 5 min for a 5-min exposure. Liver and blood-stage burden was assessed 
by placing an identical region of interest around each mouse and measuring total flux in pixels/second (p/s). The liver-derived IVIS signal peaks on day 6 
postinfection and declines thereafter until day 10 due to the transition of the parasite from liver to blood stage infection. After day 10, the blood stage infection 
increases in all mice except for the ones treated with R5.016. In these mice, the infection decreases further and is undetectable by IVIS by day 11 postinfection. The 
mean ± SD is shown for each treatment group. (B) Representative IVIS images of R5.003 and R5.016 treated animals from days 6, 9, and 13. The liver-derived IVIS 
signal on day 6 is comparable for both mice. On days 9 and 13, the mouse treated with R5.003 shows a strong IVIS signal distributed throughout the body due to 
the increasing parasitemia, whereas the mouse treated with R5.016 shows only a very weak signal on day 9 and no signal is detectable on day 13, indicating that 
blood stage infection was potently inhibited. (C) P. falciparum parasites per ml of whole blood measured by quantitative reverse transcription (qRT-PCR) targeting  
P. falciparum 18S RNA as described previously (22) showing a dramatic decrease of infection levels only in the mice treated with R5.016. The mean ± SD is shown 
for each treatment group. (d) The parasite multiplication rate per 48 h was calculated for days 9–11 from the qRT-PCR data shown in Figure 3C. Controls refer to 
the mice treated with R5.003, Ebola mAb, or PBS. One control mouse showed low parasitemia on day 9 but reached levels comparable to the other mice on day 
11, therefore the PMR is not comparable to the other mice and this data had to be excluded from the analysis. Each dot represents one mouse and the mean ± SD 
is shown. (e) Giemsa stained thin blood smears were analyzed daily by microscopy. Starting on day 8 postinfection, different developmental stages of asexual 
parasites could be detected in all animals except for the ones who received R5.016, where no parasites could be detected by microscopy at any time point.
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In order to rapidly repopulate mice with high amounts of 
hRBCs using a limited amount of injections, we optimized a 
blood exchange method where blood was drawn from the ani-
mals daily during the final days of the liver stage development 
while concurrently receiving large volumes of hRBCs. The first 
injection of 500 µl hRBCs is administered on day 5 postsporo-
zoite challenge, 1  day before exoerythrocytic merozoites start 
emerging from the liver. To prevent overloading the animals 
with erythrocytes, this is accompanied by a 200 µl blood draw. 
Human RBC counts are quantified daily by FACS analysis using 
a CD235ab antibody, as described before (11). The following 
day, day 6 postinfection, mice are bled 200  µl and injected 
700  µl hRBCs i.p. Following this procedure, already on day 7 
the percentage of hRBCs reaches 20–30%, thereby providing a 
large pool of target cells for the emerging parasites. By day 8, 
the percentage of hRBCs reaches 50% and in order to keep the 
percentage stable between 50 and 70% mice are injected daily 
with 300–700  µl hRBCs. Higher percentages are achievable 
however this does not increase the success rate of transition, 
but can increase mortality due to elevated hematocrit. The 
described protocol is depicted in Figure 2. This protocol allows 
the maintenance of a stable P. falciparum blood stage infection 
with increasing parasitemia over time.

INhIBItIoN oF BLood stAGe INFeCtIoN 
BY AN ANtIBodY tARGetING Rh5

To assess the utility of our model, we measured for the first time 
the in vivo efficacy of two anti-RH5 human monoclonal antibod-
ies on the transition and establishment of blood stage infection.

To this end, we infected 10 FRGN huHep mice by P. falciparum 
NF54 GFP-Luc infected mosquito bites (n = 50 mosquitoes per 
mouse; 20 min). Starting 5 days postinfection, mice were imaged 
daily by IVIS to measure the liver infection level. Based on initial 
liver stage parasite burden on day 5, the mice were randomized 
into four groups and received an i.p. injection of vehicle control 
(PBS, n = 1), antibody control (Ebola mAb EBL040, n = 3) (Rijal P. 
et al., in preparation), or anti-RH5 mAb R5.003 (n = 3) or R5.016 
(n = 3) at a dose of 100 mg/kg. In vitro assays of growth inhibition 

activity (GIA) have shown R5.016 is a potent inhibitor of parasite 
growth, whereas R5.003 does not show any GIA (Alanine et al., 
in preparation). Confirming these results in  vivo is of great 
importance, since it remains highly debated as to whether vac-
cines or antibodies prioritized on the basis of in vitro GIA would 
subsequently confer in vivo efficacy (15). Following our protocol 
as described above and outlined in Figure 2B, all mice showed 
similar repopulation levels with hRBCs ranging from 20 to 35% 
on day 7 and steadily increasing afterward (Figure 2C). Blood 
stage parasitemia was detectable by quantitative reverse transcrip-
tion PCR (qRT-PCR) starting on day 7 (Figure 3C), and by IVIS 
(Figure 3A) and microscopy of thin blood smears (Figure 3E) 
on day 8. The serum antibody concentrations were similar for 
all treatment groups throughout the experiment (Figure S1 in 
Supplementary Material). In animals passively transferred with 
R5.003 (GIA-negative mAb) the parasitemia increased over time 
in a manner indistinguishable from the vehicle or antibody con-
trol mice. In contrast, the mice passively transferred with R5.016 
(GIA-positive mAb) showed no IVIS signal on day 13 postinfec-
tion (Figures 3A,B) and no detectable parasites by microscopy 
of thin blood smears. The infection level by qRT-PCR remained 
above the limit of detection of 20 parasites/ml for all mice during 
the 13-day observation period, but a dramatic decrease was seen 
in the mice passively transferred with R5.016 (Figure 3C).

In addition, we calculated the parasite multiplication rates 
(PMRs) per 48 h between days 9 and 11 for the mice treated with 
R5.003, Ebola mAb, or PBS, combined as the control group, and 
the mice passively transferred with R5.016 (Figure 3D). The PMR 
per 48 h for the control group is approximately 7-fold, which is 
similar to the kinetics seen in CHMI studies, where the PMR was 
shown to be about 10-fold per 48 h (16). The slight difference in 
PMR between our murine model and CHMI might be due to the 
fact that in the murine model not all RBCs are of human origin. 
The mice passively transferred with R5.016 show a PMR of 0.5-
fold, indicating that the parasites cannot multiply, most likely due 
to the invasion-inhibitory effect of R5.016. These passive transfer 
results confirm that in vivo efficacy of the antibodies tested here 
aligns with their ability to show GIA in vitro, and underline the 
utility of our liver stage/blood stage model to test anti-malarial 
blood stage interventions.
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It has been shown previously that human monocytes act syn-
ergistically with antibodies directed against the merozoite surface 
(23). Since no human monocytes are present in our mouse model 
and mouse monocytes have been depleted by CloLip treatment, 
the inhibitory effect of the anti-RH5 mAb R0.016 cannot be 
attributed to monocyte activity, but likely to direct inhibition of 
merozoite entry into the RBC. It may be speculated that the pres-
ence of human monocytes might increase this inhibitory effect 
even further.

CoNCLUsIoN

In conclusion, we show the establishment of a in  vivo FRGN 
huHep/hRBC model to study P. falciparum liver stages, the transi-
tion to blood stage infection and the development of blood stage 
parasitemia. As shown by inhibition studies using a mAb target-
ing RH5, this combined model will be useful to study the effect 
of novel therapeutics on the different life cycle stages of human 
Plasmodium parasites as well as stage transitions in vivo. Because 
both liver and blood stage infection can be measured separately 
by intravital imaging, this model will allow us to distinguish the 
effects on either stages and determine the combined efficacy on 
the human host cycle of malaria in vivo.

Additionally, this improved mouse model will be of great 
value for the recovery of progeny from genetic crosses. Genetic 
crosses between phenotypically distinct parasite strains allow the 
identification of genes controlling drug resistance and other key 
phenotypes. Previously, P. falciparum genetic crosses had to be 
carried out in splenectomized chimpanzees, but it was recently 
reported that recombinant progeny can also be recovered from 
FRG huHep mice that had been injected with hRBCs (24). 
Parasitemia is low though (typically <0.1%) so that the recovered 
parasites have to be expanded ex vivo before initiating cloning. 
This may bias the results toward parasites that can replicate better 
in culture conditions. With our improved protocol which leads 
to 20–30% hRBCs on day 7 postinfection, when transition from 
liver to blood stage occurs, higher parasitemias could potentially 
be achieved, leading to the recovery of a larger population of 
progeny. Recovery of more clones would lead to a wider varia-
tion of progeny and cloning could be initiated directly out of the 
mouse.

Although this mouse model provides the opportunity to 
study most aspects of P. falciparum infection as well as the 
effects of novel drug and vaccine candidates, it does require an 
experienced researcher in order to reproducibly achieve high 
levels of hRBCs as the volumes of hRBCs injected after day 6 
have to be adjusted on a day-to-day basis. To circumvent these 
issues, the ideal in  vivo model for malaria research would be 
a mouse which intrinsically promotes human erythropoiesis. 
A first step in this direction is the DRAG (HLA-DR4.RagKO.
IL2RγcKO.NOD) mouse model, an immune deficient mouse 
expressing human HLA class II genes (25). These mice can 
be reconstituted with human hepatocytes, Kupffer cells, liver 
endothelial cells, and erythrocytes by infusing HLA-matched 
HSC’s (26). Although the resulting liver (only 0.023 versus 
90% for FRG mice) (27) and blood (0.2–1%) humanization 
was extremely low, injected sporozoites were still able to infect 

human hepatocytes, leading to a low, but detectable blood stage 
infection after 10–28  days (3–5  parasites/μl of blood) (26). 
These low repopulation efficiencies limit the use of DRAG mice, 
nevertheless raise hope that in the future a human liver chimeric 
mouse will be developed that additionally promotes human 
erythropoiesis. Until this is the case, the model we present here 
will be an extremely useful tool for the in vivo study of human 
Plasmodium parasites and the evaluation of novel antimalaria 
drug and vaccine candidates.
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Immunodeficient mice transplanted with human cell populations or tissues, also known 
as human immune system (HIS) mice, have emerged as an important and versatile tool 
for the in vivo study of human immunodeficiency virus-type 1 (HIV-1) pathogenesis, treat-
ment, and persistence in various biological compartments. Recent work in HIS mice has 
demonstrated their ability to recapitulate critical aspects of human immune responses 
to HIV-1 infection, and such studies have informed our knowledge of HIV-1 persistence 
and latency in the context of combination antiretroviral therapy. The central nervous 
system (CNS) is a unique, immunologically privileged compartment susceptible to HIV-1 
infection, replication, and immune-mediated damage. The unique, neural, and glia-rich 
cellular composition of this compartment, as well as the important role of infiltrating cells 
of the myeloid lineage in HIV-1 seeding and replication makes its study of paramount 
importance, particularly in the context of HIV-1 cure research. Current work on the 
replication and persistence of HIV-1 in the CNS, as well as cells of the myeloid lineage 
thought to be important in HIV-1 infection of this compartment, has been aided by the 
expanded use of these HIS mouse models. In this review, we describe the major HIS 
mouse models currently in use for the study of HIV-1 neuropathogenesis, recent insights 
from the field, limitations of the available models, and promising advances in HIS mouse 
model development.

Keywords: human immunodeficiency virus, central nervous system, human  immune system mice, myeloid cells, 
Hiv-associated neurocognitive disorders

inTRODUCTiOn

Infection with human immunodeficiency virus-type 1 (HIV-1) results in CD4+ T cell destruc-
tion and progressive debilitation of the immune system (1). Although combination antiretroviral 
therapy (cART) can effectively suppress HIV-1 RNA to undetectable levels in the peripheral blood 
(2), the ability of replication-competent HIV-1 to persist in cellular and tissue reservoirs despite 
suppressive therapy is a barrier to cure (3–5). Penetration of the central nervous system (CNS) by 
HIV-1 occurs early in infection (6, 7). HIV is postulated to cross the blood–brain barrier (BBB) 
via the infiltration of infected monocytes, CD4+ T lymphocytes (8, 9), or as cell-free virus (10, 11). 
Resulting CNS immune activation; the infection and activation of monocytes, perivascular mac-
rophages, and resident microglia; and indirect mechanisms are all thought to play a critical role in 
the pathogenesis of HIV-1 in the CNS (12–16). Early neuropathological characterization of the CNS 
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in those with advanced untreated HIV-1 and HIV-associated 
dementia (HAD) revealed encephalitis marked by inflammation, 
microglial activation, astrogliosis, and neuronal loss (17, 18).  
Use of highly effective cART has significantly reduced the 
incidence of HAD (19). Nonetheless, HIV-1-associated neuro-
cognitive disorders (HANDs) persist as an important clinical 
complication of HIV-1 infection in the cART era and can result 
in an array of cognitive, behavioral, and motor deficits (20). 
Murine models that mimic human immune systems (HIS) have 
been extremely valuable tools for the elucidation of a number 
of pathophysiological mechanisms responsible for HIV-1 CNS 
pathogenesis. However, no adjunctive therapies for HAND exist 
beyond cART, and a combination of novel and more physi-
ologically relevant HIS mouse models is now being evaluated 
to advance our knowledge of the complex immunological and 
pathological features of HIV-1 neuropathogenesis in the cART 
era (21, 22).

AniMAL MODeLS FOR STUDieS OF Hiv-1 
CnS PATHOGeneSiS

Animal models provide an important complementary approach 
to the study of HIV-1 pathogenesis (23). To varying degrees, 
these in vivo models replicate the intricacies of complex immu-
nological interactions between multiple cell types to an extent 
not possible in vitro. In addition, they are free from many of the 
experimental constraints imposed by the inaccessibility/limited 
availability of human tissue (24). Commonly used non-human 
primate (NHP) animal models include rhesus, pigtail, and 
cynomolgus macaques that can be infected with a simian or 
chimeric simian/human immunodeficiency virus. NHP models 
have provided great insight into HIV-1 neuropathogenesis. 
In particular, rhesus macaques have been shown to develop 
HIV encephalitis (HIVE) and microglial infection (25), and 
a highly neurovirulent (although not physiologic) challenge 
model has been developed in pigtail macaques (26). However, 
studies using NHPs are limited by high cost, special housing 
requirements, and small experimental groups. In response to 
these constraints, small animal models of human disease have 
been developed and widely employed (27). However, their 
ability to recapitulate human disease can be limited as some 
important human pathogens (including HIV) display tropism 
unique to humans (28, 29). The transgenic expression of select 
HIV-1 proteins such as HIV-1 envelope and trans-activator of 
transcription, human receptors and co-receptors in mice result 
in animals with a broad range of HIV-1-related pathologies 
(30–34). These include a spectrum of neurotoxicity, defective 
neurogenesis, and glial abnormalities in mouse CNS that 
resemble those seen in the brains of HIV-1-infected humans 
(35–39). Although these transgenic models mirror specific 
components of the pathophysiological effects of select HIV-1 
proteins on the CNS (40), as well as some of the cognitive and 
behavioral features of HAND (41), they are unable to model 
critical aspects of HIV-1 CNS infection in the human host, such 
as viral CNS invasion (42). For these reasons, the use of small 
animal models that can more accurately mimic the HIS is of 
great value.

HUMAn iMMUne SYSTeM (HiS) MOUSe 
MODeLS FOR THe STUDY OF Hiv-1

In contrast to transgenic or chimeric mice, the creation of mice 
with human immune system components (HIS mice) provide 
an in vivo environment that allows for the study of HIV-1 and 
its interaction with cells of the human immune system (24). HIS 
mouse production initiates with the choice of an immunodeficient 
mouse strain that can accommodate the engraftment of human 
cells and tissues without rejection (43). Early immunodeficient 
mice used for human tissue or cell xenografts included “nude” 
mice, which lack mature CD4+ and CD8+ T cells (44) and severe 
combined immunodeficiency (SCID) mice, which harbor a muta-
tion in the protein kinase, DNA-activated, catalytic polypeptide 
gene (Prkdcscid) and lack mature T and B cells (45). The ability of 
these strains to support long-term, systemic reconstitution with 
human cells were, however, limited by relatively high residual 
levels of innate immune responses, such as those mediated by 
natural killer (NK) cells resulting in the rejection of human bone-
marrow allographs (46). Improved levels of immunodeficiency 
were found in strains lacking mature B and T  lymphocytes 
due to disruptions in the recombination-activating genes Rag1 
and Rag2 (47, 48), that were further augmented in mice also 
harboring a complete null mutation of the common cytokine 
receptor γ chain (IL2Rγ, or γc), resulting in the absence of 
mouse NK cells (49–51). As a result, modern HIS mouse models 
are typically produced by engrafting human hematopoietic 
stem cells (hHSCs), human peripheral mononuclear cells, and/
or human tissues into these highly immunodeficient strains 
following their preconditioning with sublethal irradiation or 
chemotherapy. The main platforms in use include NSG (NOD-
scid IL2Rγnull and NOD.Cg-PrkdcscidIL-2Rγtm1Wjll/Sz) (52), 
NRG (NOD-Rag1−/−IL2RγC-null), NOG (NOD.Cg-Prkdcscid 
IL-2Rγtm1Sug), and BRG (BALB/c-Rag2null IL-2Rγnull) strains 
(24, 53). Although important differences in the extent of humani-
zation and functional quality of the populating human cells exist 
between models, multilineage reconstitution with hHSCs can 
include all major human lymphocyte classes (CD4+ and CD8+ 
T  cells, B  cells, and NK  cells) as well as various myeloid cells 
(monocytes, macrophages, and dendritic cells). In those strains of 
mice that support human T-cell development when transplanted 
with human CD34+ hHSCs, T  cell maturation occurs in the 
murine thymus (52, 54, 55). When humanized mice are engi-
neered by implanting human thymus and liver tissue, developing 
T cells are educated on human thymic epithelial cells, allowing 
for restriction by human leukocyte antigens (HLAs) I and II 
(56, 57). The bone marrow–liver–thymus (BLT) mouse model, 
which combines the implantation of fetal liver and thymus under 
the kidney capsule of NOD/SCID, NSG, or C57BL/6 Rag2−/− 
IL2γ−/− mice, along with the transplant of autologous CD34+ 
hHSCs is the most complete and well explored (58–60). The 
technical demands of this system are associated with considerable 
expense, and the need to surgically implant each mouse can result 
in significant variation in HIS repopulation (61). However, with 
their strong lymph node and intestinal reconstitution, BLT mice 
are particularly useful for the study of HIV-1 infection at mucosal 
surfaces (62–64). Modern HIS mouse models provide stable 
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TAbLe 1 | HIS mouse models with published studies of human immunodeficiency virus-type 1 (HIV-1) infection of the central nervous system (CNS).

HiS mouse model (reference) Method of generation Salient CnS findings in response to Hiv-1 infection

Severe combined immunodeficiency  
(SCID)–HIV encephalitis (HIVE) (79–84)

Direct injection of HIV-1-infected human 
microglia or macrophages into the brain 
of SCID mice

Measurable HIV-1 brain viral load and neuropathological features of  
HIVE including astrogliosis and microgliosis. Reduction in CNS pathology  
in response to combination antiretroviral therapy (cART).

NSG-huPBL (93) Intraperitoneal injection of human donor 
PBMCs into non-irradiated NSG mice

HIV-1-infected human CD4+ T cells present in meninges and cortex of  
infected animals. Appearance of neurodegeneration, microgliosis, and  
astrogliosis dependent on infecting viral strain.

CD34+-NSG (85, 86, 89–91, 105) NSG mice transplanted with human 
CD34+ hematopoietic stem cells 
(hCD34+)

Low CNS viral burdens, transmigration of HIV-infected human monocytes and 
macrophages into the mouse CNS, regional activation of resident murine microglia 
and astrocytes, neuroinflammation, and neurodegeneration. Reduction in CNS 
pathology with long-acting nanoparticle-based cART. Increased blood–brain 
barrier integrity in acutely infected CD34+-NSG mice and decreased leukocyte 
extravasation into CNS following treatment with a novel sonic hedgehog mimetic.

CD34+-NSG (+hNPC) (133) NSG mice transplanted with  
hCD34+ combined with intraventricular 
injection of neural progenitor cells

Detection of human glia in diverse brain regions of HIS mice including 
periventricular areas, white matter tracts and brain stem. Mice infected  
with HIV-1 display glial transcriptional signatures and viral defense signaling 
pathways that mirror human disease.

Myeloid-only mice (60) NOD/SCID mice transplanted with 
hCD34+

HIV-1 DNA and RNA as well as macrophages expressing HIV-1 p24 detected  
in the brains of infected animals.

DRAG (121) NRG mice expressing human leukocyte 
antigen (HLA) class II (DR4) transplanted 
with HLA-matched hHSC

HIV-1 replication in brain following mucosal infection.
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human cellular reconstitution that can support HIV-1 replication 
in the peripheral blood and multiple organs (27), allowing them 
to provide insights into many aspects of HIV-1 biology including 
viral life cycle and innate and adaptive immune responses to 
HIV-1 (59, 62, 65–68). Viral suppression with clinically relevant 
cART (69–73) has been demonstrated in HIS mice, and they have 
proven effective for the investigation of multiple immune-based 
approaches for the in vivo control of viral replication and elimina-
tion of HIV-infected cells (74–78).

HiS MODeLS FOR THe STUDY OF Hiv-1 
neUROPATHOGeneSiS AnD ReSPOnSe 
TO TReATMenT

Early neuroAIDS mouse models involved the generation of 
HIVE through the direct injection of human microglia or mac-
rophages into the brain of SCID mice (79, 80). While the resultant 
SCID-HIVE model recapitulates some of the neuropathological 
features of human HIVE, these approaches are traumatic and 
result in xenoreactivity induced-inflammation through the 
artificial insertion of human cells into a foreign mouse cellular 
environment (81). Despite these caveats, studies investigating the 
impact of cART in this model have demonstrated reductions in 
neuropathological features of HIVE including decreased astro- 
and micro-gliosis and reductions in HIV-1 brain viral loads 
(82–84). Subsequent development of the humanized mouse 
model, in which NSG mice are engrafted with CD34+ hHSCs 
(CD34+-NSG mice), has allowed for more detailed, prolonged 
studies of HIV-1 CNS infection and neurodegeneration in the 
context of unchecked HIV-1 replication (85). Systemic HIV-1 
infection in this model is characterized by low CNS viral burdens 

and the transmigration of HIV-infected human monocytes and 
macrophages into the mouse CNS. These human cells localize 
predominantly to the meninges, perivascular spaces, and, to a 
lesser extent, brain parenchyma (85–88). Regional activation of 
resident murine microglia and astrocytes, neuroinflammation, 
and neurodegeneration are also among the salient findings in 
this model (85, 86, 89). Some of these changes were reversible by 
long-acting nanoparticle-based cART (90). More recently, pre- 
and post-infection dosing with a novel sonic hedgehog mimetic 
was found to increase BBB integrity in acutely infected CD34+-
NSG mice, resulting in decreased leukocyte extravasation into 
CNS during and pathologic evidence of neuroprotection (91). 
Finally, a simplified HIS model generated by the intraperitoneal 
(IP) injection of human PBMCs into non-irradiated NSG mice 
(NSG-huPBL) has recently been described (92). In this model, 
IP challenge with HIV-1 resulted in systemic viral infection 
and CNS invasion with infected CD4+ T cells. The presence of 
neuropathology—characterized by neurodegeneration, activated 
microglia, and astrocytes—was found to be dependent on the 
infecting viral strain (93). A brief summary of currently available 
HIS mouse models with published data on HIV-1 CNS infection 
can be found in Table 1.

HiS MODeLS in eLUCiDATinG THe  
ROLe OF MYeLOiD CeLLS in Hiv-1  
CnS PeRSiSTenCe

Monocytes and macrophages can be infected with HIV-1 both 
in vitro and in vivo (94–96). However, the question of whether 
cells of myeloid lineage serve as true HIV-1 reservoirs in the 
context of suppressive cART remains of great interest (97). This 
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question is central to the study of HIV-1 persistence in the CNS as 
perivascular monocyte-derived macrophages and parenchymal 
microglia are the most important cellular targets of HIV-1 in the 
CNS (98), and infection of these cell types is critical to HIV-1 
CNS pathogenesis and HAND (99). Recent evidence suggesting 
that macrophages may become positive for viral DNA through 
the capture and phagocytosis of infected CD4+ T cells implies 
a mechanism of infection distinct from virological synapse for-
mation and furthers the debate (100, 101). Recent study in the 
T cell only mouse in which implantation of autologous human 
fetal liver and thymus under the kidney capsule of an NSG mouse 
results in systemic reconstitution almost exclusively with human 
T cells predictably demonstrates the development of latent T cell 
reservoirs of HIV-1 (102). Complementary studies by Honeycutt 
et  al. in myeloid-only mice (MoM) in which NOD/SCID mice 
transplanted with CD34+ hHSCs are reconstituted with human 
myeloid and B cells in the absence of human T cells have proven 
informative. Using this novel HIS model, Honeycutt et al. demon-
strated that macrophages can support efficient HIV-1 replication 
in vivo in multiple compartments in the absence of T cells follow-
ing infection with certain macrophage-tropic (M-tropic) HIV-1 
strains such as HIV-1 ADA. HIV-1 DNA and RNA as well as 
macrophages expressing HIV-1 p24 were detected in the brains of 
infected MoM (60). In addition, cessation of suppressive cART in 
MoM resulted in measurable in vivo viral rebound after 7 weeks 
(103) supporting infection of long-lived tissue macrophage 
populations (104). Another recent study in CD34+-NSG mice 
infected with M-tropic HIV-1 found evidence for CD14+CD16+ 
monocyte/macrophage cells with HIV-1 RNA and integrated 
proviral DNA in the spleen and bone marrow. Consistent with 
previous reports in this model, viral RNA was detected in the 
brains in a few animals at low copy numbers (105). As a result, 
HIS mouse models have proven utility in defining cellular sites for 
HIV-1 infection and hold promise for further elucidating the viral 
dynamics of the establishment and recrudescence of potential 
CNS-based HIV-1 reservoirs.

CURRenT CHALLenGeS AnD ADvAnCeS 
in HiS MODeLS FOR THe STUDY OF 
Hiv-1 in THe CnS

Although they represent powerful research tools, limitations to 
the use of HIS mice for the in vivo study of HIV-1 exist. HIS mod-
els do not perfectly recapitulate human hematopoiesis and can 
display a relatively short lifespan, particularly after the approxi-
mately 8- to 18-week period needed for appropriate engraftment 
(43). Variability in the efficiency of human cell engraftment is 
an important challenge to robust experimentation. In addition, 
despite the fact that most HIS mouse models have demonstrated 
highly effective adaptive T-cell immune responses, the majority 
of models display an absence of species-specific human cytokines 
and impaired B-cell function and humoral immune responses  
(55, 106–108). This is important, as one proposed mechanism for 
the pathology induced in the CNS in response to HIV-1 infec-
tion is an abnormal cytokine/chemokine response (16). Another 
important limitation of currently available HIS mouse models is 

the frequent development of graft-versus-host disease (GVHD), 
characterized by multiorgan lymphocytic infiltration and sclerosis 
in the weeks following hHSC transplant (109). This is an impor-
tant limitation to the study of HIV-1 in the CNS in particular, as 
longer-term experiments are necessary to demonstrate produc-
tive infection of the CNS by HIV-1 and CNS pathology in animals 
naïve to and under cART and/or putative adjunct therapeutics. 
Several research groups are working to improve the functionality 
of HIS mouse models in response to these limitations. Lavender 
et  al. have described the evaluation of GVHD-resistant triple 
knockout (TKO) mice, which lack CD47 in addition to Rag 1 
and IL2rg. These TKO-BLT mice reportedly remained healthy for 
45 weeks post-humanization and could be virally suppressed on 
cART (110). Additional efforts to improve HIS mouse platforms 
have included the depletion of endogenous mouse macrophages 
(111) and the development of strains expressing human cytokines 
for improved human NK-cell development (112, 113). HIS 
models with improved development of HLA-restricted human 
T cells have been achieved through engraftment of HLA-matched 
hHSC into immunodeficient mice with transgenic expression of 
human HLA molecules (114). Huang et  al. have reported the 
development of a novel HIS mouse model utilizing recombinant 
adeno-associated virus-based gene transfer technologies (115) 
to introduce genes encoding HLA-A2/DR and selected human 
cytokines into NSG mice. The ability of this resultant HIS mouse 
model to endogenously encode for human MHC constitutively 
during its lifespan and key human cytokines during develop-
ment of lymphoid and myeloid progenitor cells allows for an 
accurate recapitulation of many aspects of the human immune 
system. This is reflected in highly functional human CD4+ 
and CD8+T-cell and B-cell responses (116, 117) as well as the 
successful reconstitution of human monocytes (CD14+) and 
macrophages (CD14+/CD11b+) (117). These HIS mice can be 
productively infected with HIV-1 (118) and have the ability to 
secrete measurable human IFN-γ, IL-2, CCL3, and IL-1β in vivo 
in response to parasitic and viral pathogens (117–120). With high 
rates of engraftment and low rates of GVHD, this model can be a 
useful tool for the study of potentially important viral reservoirs 
of HIV-1 in the CNS. In a similar vein, Kim et al. have recently 
reported the use of immunodeficient mice expressing HLA class 
II (DR4) (DRAG mice) engrafted with HLA-matched hHSCs to 
study early HIV-1 infection. The authors report HIV-1 replica-
tion in various tissues, including bone marrow, lymph nodes, and 
the brain, which on day 21 following mucosal infection, was the 
last tissue examined to become HIV-1 viral RNA positive (121). 
Finally, infiltrating human myeloid cells and lymphocytes have 
been demonstrated in the brains of HIV-1 infected HIS mice 
(85).  However, the generation of models harboring functional 
human myeloid cells in percentages approximating those seen in 
humans has been challenging. In several HIS platforms, strate-
gies to improve human myeloid cell reconstitution include the 
administration of exogenous human Flt3 ligand (122), exogenous 
delivery of human granulocyte-macrophage colony-stimulating 
factor (GM-CSF) and IL-4 (123, 124), and human GM-CSF and 
IL-3 knock-in (125, 126).

Limitations of HIS mouse models that are of unique interest 
to the study of HIV-1 in the CNS exist as well. Common to all 
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HIS mouse models is the absence of human microglia in the 
CNS (127)—a major deficiency as microglia represent one of 
the most important cellular targets of HIV-1 in the brain (98). 
Unfortunately, engrafted CD34+ hHSCs are unlikely to repopu-
late human microglial cells within the brains of HIS mice, as 
microglial cells are derived early during development from yolk 
sack precursors (127). Additionally, human glia (astrocytes and 
oligodendrocytes)—the most abundant cell types in the human 
CNS—are absent in the majority of HIS mouse models (128). As 
a result, these platforms are unable to recapitulate innate glial 
cell responses resulting from the complex interactions between 
human glia and infected mononuclear phagocytes during pro-
gressive HIV-1 infection (129, 130). In response, several groups 
have attempted to reconstitute HIS mouse brain with neonatally 
transplanted human glial progenitor cells (131, 132). Following 
such interventions, Li et al. reported the detection of human glia 
in diverse brain regions of HIS mice including periventricular 
areas, white matter tracts, and brain stem. RNA-sequencing in 
the selected brain regions of such mice infected with M-tropic 
HIV-1 reportedly display glial transcriptional signatures and viral 
defense signaling pathways that mirror human disease (133–136). 
Although this approach does not repopulate the brain with 
human microglia, such experimental improvements are welcome 
and will allow for the improved modeling of human HIV-1 CNS 
neuropathological disease.

COnCLUSiOn

Human immune system (HIS) mouse models have proven to 
be extremely valuable tools for the study of HIV-1 infection 

of the CNS, its resulting neuropathology and the potential for 
HIV-1 persistence in this immunologically privileged com-
partment. As with all model systems, experimental and bio-
logic limitations exist. These include the absence of human 
CNS cell types that in response to HIV-1 invasion play key 
roles in the development of the neuroinflammatory milieu and 
impaired immune, glial, and neural cell functions leading to 
HAND. However, model improvements are ongoing, with the 
general aims of preventing GVHD and enhancing the levels, 
reproducibility, and quality of human immune cell reconsti-
tution. The rational evolution of these models will continue 
to foster authentic human immune responses in HIS mouse 
models and will further facilitate development of diagnostic, 
novel therapeutic, and viral eradication strategies for HIV-1 
in the CNS.
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Malaria parasite infection continues to inflict extensive morbidity and mortality in  
resource-poor countries. The insufficiently understood parasite biology, continuously 
evolving drug resistance and the lack of an effective vaccine necessitate intensive 
research on human malaria parasites that can inform the development of new inter-
vention tools. Humanized mouse models have been greatly improved over the last 
decade and enable the direct study of human malaria parasites in vivo in the laboratory. 
Nevertheless, no small animal model developed so far is capable of maintaining the 
complete life cycle of Plasmodium parasites that infect humans. The ultimate goal is 
to develop humanized mouse systems in which a Plasmodium infection closely repro-
duces all stages of a parasite infection in humans, including pre-erythrocytic infection, 
blood stage infection and its associated pathology, transmission as well as the human 
immune response to infection. Here, we discuss current humanized mouse models and 
the future directions that should be taken to develop next-generation models for human 
malaria parasite research.

Keywords: Plasmodium falciparum, humanized mouse models, FRG human hepatocyte, human immune system 
mice, malaria vaccines

MALARiA: DiSeASe BURDeN, PARASiTe LiFe CYCLe, NATURAL 
iMMUNiTY, AND THe DeveLOPMeNT OF A MALARiA vACCiNe

Malaria, a disease caused by protozoan Plasmodium parasites, causes more than 200 million clini-
cal cases annually and is responsible for more than 400,000 deaths each year, mainly in children 
under the age of 5 and pregnant women living in the resource-poor countries of sub-Saharan Africa.  
In humans, the majority of malaria infections are caused by Plasmodium falciparum and Plasmo- 
dium vivax. In more temperate regions of the world, socioeconomic development, vector control 
programs, and the use of antimalarial chemotherapeutics have driven successful malaria elimina-
tion. However, declines in malaria infections have been slowest in tropical, resource-poor countries 
with a high malaria burden necessitating the development of new effective antimalaria therapeutics 
and vaccines that will prevent infection, disease, and onward transmission.

Transmission of malaria parasites to the mammalian host begins with the deposition of the infec-
tious, motile sporozoite stages into the skin via the bite of infected mosquitoes (1–3). Sporozoites 
initially traverse multiple cell types in the skin in search of capillaries to gain access to the blood-
stream within which they are transported to the liver (3). Each sporozoite infects a hepatocyte, then 
transforms into a liver stage that undergoes growth, genome replication, and differentiation into  
tens of thousands of red blood cell (RBC) infectious exo-erythrocytic merozoites. In humans, 
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FiGURe 1 | Depiction of the Plasmodium life cycle in humans showing the skin, liver, and blood stages with the corresponding existing (solid lines) and future 
(dashed lines) humanized mouse systems to model each of the individual stages and eventually the full Plasmodium life cycle including pathology and transmission. 
Infection is initiated when a female Anopheles mosquito injects saliva-containing sporozoites into the skin. Sporozoites traverse dermal cells and gain access to the 
blood (A). The highly motile sporozoites transit to the liver where each sporozoite infects a single hepatocyte (B). One to two weeks after hepatocyte invasion, 
merozoites exit the liver and begin a 48-h cycle of red blood cell (RBC) invasion, replication, RBC rupture, and new merozoite release (C). During RBC infection, the 
parasite expresses variant surface antigens on the surface of the infected red blood cell, which interacts with human endothelial receptors (hER), thus mediating the 
binding of infected RBCs to the microvascular endothelium of various organs (C1). A small number of blood-stage parasites differentiate into sexual gametocytes, 
which are taken up by mosquitoes in blood meals to continue the transmission to new human hosts (D).
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merozoites are released from the liver into the bloodstream 
7–10  days after initial transmission where they infect RBCs, 
replicate within, and are released to undergo continuous cycles 
of infection, replication, and release, allowing parasite numbers 
to reach billions within weeks (Figure 1). In P. vivax infection, a 
subset of sporozoites form persistent liver stages (hypnozoites) 
that activate at later time points to cause relapsing blood stage 
(BS) infections (4, 5). All symptoms associated with malaria are 
caused by BS infection, and this is in large part due to the massive 
destruction of RBCs but also the sequestration of infected RBCs 
in the microvasculature (6). This sequestration can occur in a 
tissue-specific manner, leading, for example, to cerebral malaria 
pathology through sequestration of infected RBCs in the brain 
or pregnancy associated malaria due to sequestration of infected 
RBCs in the placenta. Uptake of parasite sexual forms in a blood 
meal leads to infection of the mosquito, sporogonic development, 
and colonization of salivary glands by sporozoites, which ensures 
transmission to new human hosts (7, 8) (Figure 1).

Repeated Plasmodium infection does not result in complete 
immunity, rendering populations in endemic regions continu-
ously susceptible to infection, malaria-associated morbidity and 

mortality as well as transmission. A fully protective malaria vac-
cine has yet to be developed (9). Moreover, evolution of parasite 
resistance to frontline antimalarial drugs necessitates continuous 
research and development of next-generation antimalarials (10). 
These efforts require robust experimental systems that accurately 
model human malaria parasite biology, immunology, and patho-
genesis. Given the tropism of the human Plasmodium species for 
human hepatocytes (huHeps) and RBCs, researchers have relied 
on in vitro infection models for human parasites to query malaria 
biology and identify targets of intervention. In this review, we will 
discuss how blood, tissue, and immune system-humanized mouse 
models can provide novel avenues to examine human malaria 
parasites. Humanized mice and their past use in malaria research 
have been reviewed recently (11, 12). Therefore, in this review, we 
will focus more on critical research gaps in our understanding of 
human malaria parasite biology, pathology, and immunology that 
might be addressed in humanized mouse models and improve-
ments to these models that are needed to achieve this. We will 
also reflect on the role of next-generation multi-compartment-
humanized mice in the modeling of the complete Plasmodium life 
cycle in physiologically relevant human cells and tissues.
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PRe-eRYTHROCYTiC (Pe) Plasmodium 
iNFeCTiON: BiOLOGY OF TRANSMiSSiON 
- THe SKiN AND LiveR STAGeS

The sporozoite and liver stages comprise the PE stage of infec-
tion. Unlike the BSs, the PE stages are asymptomatic, are small 
in numbers during natural infection, and are not as antigenically 
variant. These characteristics render them extremely attractive 
targets for malaria intervention (13). Dissimilar to the BSs, the 
PE stages of P. falciparum cannot be easily generated in the 
laboratory and although some aspects of human infection can  
be modeled in  vitro, these systems have limitations. Therefore, 
most of our knowledge on PE biology has been derived from 
studies of rodent malaria parasites, which were originally isolated 
from wild African rodents and subsequently adapted to labora-
tory mice (14–16). For transmission research, the biology of skin 
infection between different rodent parasite species (Plasmodium 
yoelii and Plasmodium berghei) made it attractive to speculate that 
parasite behavior in the skin should be similar in Plasmodium 
species that infected humans. However, the recent identification 
of the development of exo-erythrocytic merozoites in the skin of 
P. berghei-infected mice (17) but not in P. yoelii-infected mice (18) 
identified one point of divergence even within these two closely 
allied parasite species. Thus, whether the development of skin exo-
erythrocytic merozoites occurs in human Plasmodium parasites 
remains an open question, as preventive therapeutics targeted to 
the liver stage might be ineffective in the skin. Given that this 
skin stage of infection can only be adequately modeled within the 
three-dimensional architecture of the skin tissue, recent advances 
in the engraftment of human skin into immunodeficient mice 
(19) represent an exciting opportunity to examine interaction of 
human parasites with human skin components in  vivo and an 
opportunity to explore the occurrence and relevance of “skin 
exo-erythrocytic merozoites” in Plasmodium parasites that infect 
humans.

Each sporozoite that reaches the liver invades a single hepato-
cyte, transforms into a trophic stage, and then commences liver 
stage development (also called exo-erythrocytic development). 
Traditional rodent malaria models have been critical to the iden- 
tification of host hepatocyte surface factors necessary for sporo-
zoite invasion (7, 20). Recently, human liver-chimeric mice have 
been employed to examine the contribution of these invasion  
factors in human malaria parasite liver infection (21). The effi-
cient engraftment of huHeps into mice is dependent on an envi-
ronment of severe immunodeficiency to limit huHep rejection 
coupled with the elimination of mouse hepatocytes to provide 
the huHep a niche in the liver parenchyma. Three different mouse 
models have been utilized for huHep engraftment and have been  
used to assess liver stage infection by Plasmodium parasites 
infecting humans. The SCID Alb-uPA model expresses the toxic 
urokinase plasminogen activator (uPA) under the control of an 
albumin promoter in the livers of the highly immunodeficient 
Severe Combined Immune Deficiency mice (SCID Alb-uPA). 
Upon engraftment with huHeps, these mice become susceptible 
to infection with P. falciparum sporozoites and support complete 
liver stage development including the release of exo-erythrocytic 

merozoites that egress and invade human RBCs (huRBCs) ex vivo 
(22, 23). An alternate to the induction of hepatotoxicity by uPA 
transgene expression is genetic ablation of fumarylacetoacetate 
hydrolase (FAH) in mice resulting in acute liver failure which 
can be rescued by administration of the drug, 2-(2-nitro-4- 
fluoromethlbenzoyl)-1,-3-cyclohexanedione (NTBC). Crossing 
these FAH−/− mice onto the severely immunocompromised C57BL/6 
Rag2−/−IL2rγ−/− mouse generated FAH−/−Rag2−/−IL2rg−/− (FRG) 
mice. These mice have also been backcrossed onto the non-obese 
diabetic (NOD) background (FRGN), which additionally renders 
them hospitable to transplantation with CD34+ hematopoietic 
stem cells (HSCs) (24). Using NTBC cycling during engraftment, 
these mice can exhibit over 90% engraftment with huHeps (FRG 
huHep) (25), are susceptible to infection with both P. falciparum 
and P. vivax sporozoites (26, 27) and support full liver stage 
development, including the release of exo-erythrocytic merozo-
ites capable of invading huRBCs that were infused into the mice. 
When infected with P. vivax, FRG huHep mice also harbor non-
replicating hypnozoites (27). More recently, the TK-NOG (NOD/
Shi-scid/IL2rg−/−) mouse has been developed as yet another mo- 
del for P. falciparum PE infection (28). These mice express the  
herpes simplex virus thymidine kinase transgene under the 
control of the albumin promoter on the NOD SCID IL2rγ−/− 
background. Destruction of mouse hepatocytes is achieved by 
treatment with ganciclovir, allowing repopulation of the liver with 
huHeps. TK-NOG mice support P. falciparum and Plasmodium 
ovale sporozoite infection and liver stage development (28).

Anti-Pe Plasmodium iMMUNiTY AND 
vACCiNe DeveLOPMeNT: FROM 
TRADiTiONAL MOUSe MODeLS TO 
HUMAN CLiNiCAL TRiAL

The pronounced human host cell tropism of malaria parasites that 
infect humans precludes infection of the traditional immunology 
workhorse, the in-bred mouse. Thus, the rodent malaria parasites, 
P. yoelii and P. berghei have been extensively utilized because they 
allow a careful examination of PE immunity. Perhaps the greatest 
contribution of the rodent malaria models is in the examination 
of immunity and protection against an infectious sporozoite 
challenge after vaccination with whole, attenuated sporozoites. 
Attenuation was originally generated by gamma irradiation 
(29) but can now be achieved by genetic engineering with the 
precise removal of genes from the parasite genome (30, 31) or by 
treatment of an infectious sporozoite immunization with drugs 
that prevent BS infection (32, 33). Over the last decade, studies 
utilizing whole sporozoite infection of mice have identified roles 
for humoral immunity (3, 34–37) and both peripheral and tissue-
resident memory CD8 T cells in the protective response to immu-
nization (13, 38–41). Previously thought to be immunologically 
silent, liver stage Plasmodium infection also induces an innate 
immune response (42–45). The pathways by which this innate 
immune response is induced and the influence it has on the ensu-
ing adaptive immune response are areas of active investigation.

Although traditional rodent models of PE infection have been 
useful, differences in rodent and human Plasmodium species (46) 
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compounded with significant divergence in rodent and human 
hosts presents significant implications for the extrapolation of 
results achieved with the former to the latter, particularly with 
regard to host–parasite interactions and immunity. Also, while 
the liver stages of rodent Plasmodium species develop fully within 
2–3 days, the human Plasmodium parasites undergo 7–10 days of 
liver stage development before exiting the liver to infect eryth-
rocytes. In addition, none of the rodent parasites form persistent 
liver stages that could model those found in P. vivax infection, 
affirming that PE biology in the rodent is not an ideal model for 
human malaria infection. Human clinical trials have identified 
robust induction of both humoral and cellular immune responses 
after whole sporozoite immunization yet unequivocal identifi - 
cation of correlates of protection from these studies has proven to  
be challenging. To reconcile divergent observations, functional 
in vitro assays have been developed such as the examination of 
immune sera and its inhibitory activity on infection of cultured 
hepatoma cell lines with sporozoites (47–49). Yet, in vitro cultured 
cells do not accurately model the complex architecture of the 
liver tissue, rendering them only partially physiologically relevant 
as infection assays. In addition, tissue-resident memory T cells,  
which have been shown to be critical in the control of liver stages  
in rodent malaria infection, do not recirculate into the blood 
stream (40), impeding the examination of their contribution to  
PE immunity after P. falciparum immunization of humans. 
Peri pheral T cell populations that correlate with protection have 
been identified in rodent Plasmodium models (50). However, 
no ex vivo assays exist to robustly quantify CD8 T cell killing 
of hepatocytes or the augmentation of humoral and cellular 
immune responses by CD4 T  cells. Thus, many questions 
remain regarding the rele vance of these cell populations for 
protection in humans.

HUMANiZeD MiCe TO MODeL  
Pe iMMUNiTY

Given the lack of robust ex vivo and in vitro assays to functionally 
examine human immune responses to Plasmodium infection 
and immunization with candidate vaccines, the identification 
of true correlates of protection will require the development 
of animal models that better mimic human Plasmodium infec-
tion. Traditionally, this role has been occupied by non-human 
primates (NHP) where Plasmodium infection better mirrors 
observations made in humans. Numerous NHP species sup-
port infection by Plasmodium species that occur in simians 
and some NHP support direct infection with P. falciparum and 
P. vivax (51). Moreover, the immune response in NHP is similar to 
humans and tissue-resident immune populations can be sampled 
to query their importance to vaccine-engendered protection (52). 
However, NHP systems are still not a perfect model for human 
Plasmodium infection, and in addition to ethical and financial 
barriers, logistical concerns regarding housing requirements 
for NHPs have curtailed their use in malaria research. Thus, the 
development of immunodeficient mice that have been engrafted 
with functional human immune cells and human tissues will 
enable the examination of infection in human cells and tissues in 

the context of human immune responses in vivo within a small 
animal model.

Human liver-chimeric mice can play important roles to study 
functionality of human immune responses. They might serve as 
an important and cheaper alternative to NHP models in the final 
down-selection of antibody-based vaccine antigens. For example, 
we and others have utilized these mice to demonstrate that the 
passive transfer of human monoclonal antibodies or polyclonal 
sera from humans immunized with whole P. falciparum sporozo-
ites, blocks liver infection (53–55). Of note, mosquito bite chal-
lenge of FRG huHep mice after passive transfer allowed superior 
discrimination of antibody-mediated protection as compared 
to established in vitro assays. However, given the absence of an 
adaptive immune response in these mice, active immunization 
experiments cannot be carried out.

To analyze intrinsic human immune responses, human im- 
mune system (HIS) mice have been developed that enable the 
direct analysis of the HIS responses in vivo after infection with 
human pathogens or after vaccination. HIS mice are generated 
by the transplantation of human CD34+ cells containing HSCs 
into immunodeficient NOG or NSG mice, to model relatively 
normal human immune responses (56). Huang and colleagues 
have recently pioneered the generation of HIS mice that possess 
functional human CD4, human CD8, and human B cell responses 
(57, 58) for the study of PE immunity. To generate humanized 
mice with a competent human humoral response (referred to as 
HIS-CD4/B mice), immunocompromised NSG mice were trans-
duced with recombinant adeno-associated virus (AAV) vectors 
encoding human HLA class II (HLA DR1 or HLA DR4) and a 
cocktail of human cytokines followed by engraftment with human 
CD34+ cells (58). To examine the ability of these HIS-CD4/B 
mice to mount a protective humoral response, HIS-CD4/B mice 
were first immunized with recombinant P. falciparum circum-
sporozoite protein (CSP) and then subsequently challenged with 
a transgenic P. berghei parasite encoding the repeat regions of 
P. falciparum CSP. Immunized HIS-CD4/B mice exhibited high 
titers of circulating P. falciparum CSP antibodies and showed 
reduced parasite liver burden after challenge as compared with 
naïve controls (58).

Given the importance of CD8 T cells in PE-engendered pro-
tection in rodent models of Plasmodium infection, Huang and 
colleagues also generated a humanized CD8 T cell mice referred 
to as HIS-CD8 (57) by transducing NSG mice with AAV vec-
tors encoding functional HLA-A*0201 and a cocktail of human 
cytokines. Immunization of HIS-CD8 mice with AAV vectors 
bearing P. falciparum CSP resulted in an induction of HLA-
restricted human CD8 T cells. These immunized HIS-CD8 mice 
greatly reduced parasite burden in the liver after challenge with 
transgenic P. berghei parasites encoding full length P. falciparum 
CSP (59). Importantly, in vivo depletion of human CD8 T cells 
completely abolished the reduction in liver burden in immunized 
HIS-CD8 mice (60).

These HIS studies, however, only support challenge with trans-
genic rodent malaria parasites expressing selected P. falciparum 
proteins. Thus, there is a need to combine humanized liver-chi-
meric mice with the HIS models to generate dual-chimeric mice 
(HIS huHep) susceptible to human Plasmodium liver infection and 
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capable of driving functional human immune responses. However, 
such a model will not yet completely replicate human immu-
nity because although liver-chimeric mice can be repopulated 
with high levels of huHeps, their liver sinusoidal endothe- 
lial cells, Kupffer cells, hepatic stellate cells, and cells of the myeloid 
lineage all remain of mouse origin. In rodent malaria systems, 
CD8+ dendritic cells have been shown to be critical to the gen-
eration of an effective immune response after whole sporozoite 
immunization (61, 62). In addition, in P. berghei-infected mice, 
IFNAR expression on myeloid cells is critical for the propagation 
of the innate immune response to whole parasite infection (42). 
What roles these cells play in the effective PE immune response 
to human whole sporozoite immunization remains unknown. 
Finally, given the importance of liver-resident memory CD8 
T cells in PE immunity (38–40), it will be important to examine 
whether HIS-CD8 mice recapitulate the critical roles of tissue-
resident cells observed in rodent malaria studies.

HUMANiZeD MiCe TO MODeL MALARiA 
BS iNFeCTiON

Although P. falciparum BSs can be cultured in vitro, a small ani-
mal model of human BS malaria would offer great advantages, 
as it would allow the preclinical testing of drugs and vaccine 
candidates in an in  vivo setting against the human pathogen. 
The liver-chimeric mice described above support liver infection 
and liver stage-to-BS transition after injection of target huRBCs 
(27, 63). The presence of huRBCs on the day of exo-erythrocytic 
merozoite egress from the liver leads to a short period of low 
parasitemia, and these parasites can then be removed and 
maintained in huRBC culture. However, BS infection can-
not be maintained in the mice as huRBCs are rapidly cleared. 
Fortunately, different immune-modulation protocols combined 
with daily injections of huRBCs can support high engraftment 
levels and promote a continuous P. falciparum BS infection in 
NSG mice (64). These mice show sequestration of the parasite 
in bone marrow and spleen, suggesting it might resemble the 
behavior of the parasite in humans. One drawback is that in 
this study the mice were directly infected with BS parasites, as 
they are not human liver-chimeric. Moreover, as P. falciparum 
gametocytes take 10–14 days to mature, this is the time span the 
infected RBC has to be maintained to allow transmission back 
to the mosquito. If this is achieved, the model might enable the 
study of transmission in an in vivo setting and might allow the 
testing of transmission blocking drugs and vaccines before mov-
ing on to clinical trials. Our laboratory has recently developed 
a robust protocol to engraft and maintain huRBCs in human 
liver-chimeric mice to better assess the efficacy of transmission 
blocking small molecules, antibodies and vaccines (65). Another 
promising application for combined huHep/huRBC mice is the 
preclinical evaluation of safety of attenuated P. falciparum whole 
sporozoite vaccine candidates, allowing for exquisite sensitivity 
in detecting potential breakthrough infection into the blood 
before testing of new attenuated strains in human trials (66). 
Furthermore, combined huHep/huRBC mice have been success-
fully used for the recovery of recombinant parasite progeny from 
P. falciparum genetic crosses. Previously, such genetic crosses 

had to be carried out in splenectomized chimpanzees, but it was 
recently reported that recombinant progeny can also be recovered 
from FRG huHep mice that had been injected with huRBCs at 
the time point of merozoite egress from the liver (67). The option 
to perform genetic crosses in a small animal model provides a 
robust avenue for forward genetics research and a new avenue to 
determine the underlying traits of P. falciparum drug resistance 
and other phenotypes of clinical importance.

Whereas P. falciparum BSs can be easily cultured in  vitro, 
all efforts to establish a long-term in  vitro culture for P. vivax 
have so far met with limited success. Therefore, research on 
this widespread parasite would especially benefit from a small 
animal infection model. The distinct feature of P. vivax BS 
parasites is the strong preference for CD71+ reticulocytes (68). 
These are highly immature erythrocytes that are mainly found in 
the bone marrow. Consequently, high amounts of P. vivax ring 
stage infected cells are also found in the bone marrow (69). To 
establish a humanized mouse model that will propagate P. vivax 
BS infection, mice will have to be engrafted with these rare cells. 
Reticulocytes account for only 0.5–2% of peripheral blood, of 
which only a very small fraction are CD71+. Higher numbers 
of CD71+ cells are found in umbilical cord blood (UCB) and 
enriched reticulocytes from UCB have been successfully used 
for in P. vivax in vitro BS invasion assays (70). It remains to be 
determined whether the amount of target cells in mice engrafted 
with the enriched reticulocyte fraction from UCB would be suffi-
cient to propagate a P. vivax infection. One avenue to achieve high 
numbers of CD71+ reticulocytes is to differentiate human HSCs 
into erythroid precursor cells. These cells should closely resemble 
P. vivax target cells and therefore might support a P. vivax BS 
infection in vivo. Encouragingly, infection of FRG huHep mice 
with P. vivax sporozoites leads to development of liver stages that 
undergo full schizogony and release exo-erythrocytic merozoites. 
When provided with reticulocyte target cells at the time points  
of release, infection of and development of asexual BSs was ob- 
served (27). FRG huHep mice also support hypnozoite persistence, 
giving hope that a combined liver and blood model for P. vivax 
could one day enable the routine study of relapsing infection (27).

The repeated injection of huRBCs, combined with different 
immunomodulatory protocols, is a cumbersome process, neces-
sitating an experienced researcher and often leading to losses of 
mice. An elegant alternative to repeated huRBC reconstitution 
would be a mouse that intrinsically sustains human erythropoiesis 
after HSC transplantation. Especially regarding the cell tropism 
of P. vivax described above, a model in which human erythro-
poiesis takes place in the bone marrow would hopefully provide 
a setting in which P. vivax BSs can develop. Unfortunately, in the 
humanized mouse models published to date, human erythropoie-
sis is severely impaired (71). The injection of human cytokines 
important for human erythropoiesis only leads to a small increase 
in huRBCs in the periphery (72). A mouse in which human 
CD34+ HSC transplantation leads to robust human erythro-
poiesis combined with an HIS, and which in addition harbors a 
human-chimeric liver, would ultimately enable the production 
of reproducible data on the developmental life cycle of human 
malaria parasites. Therefore, it is a high priority goal for malaria 
research to develop a humanized mouse model, which intrinsically 
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promotes human erythropoiesis and can then be combined with 
one of the human liver-chimeric models described above. Such 
an advanced humanized mouse model would open up completely 
unexplored avenues of research. For example, despite its obvi-
ous importance, there is an enormous lack of knowledge in the 
area of Plasmodium coinfections with other pathogens. Malaria 
and HIV/AIDS especially have a wide geographical overlap, 
particularly in sub-Saharan Africa, and epidemiological studies 
have shown cross-contribution to each other’s pathogenicity (73), 
potential antimalarial treatment failure in HIV+ patients (74) as 
well as potential drug–drug interactions (75). Very little is known 
about the underlying molecular mechanisms of these observa-
tions, as we lack a model system to investigate them. Currently, 
the questions of drug–drug interactions or vaccine safety in co-
infected individuals can solely be addressed in clinical trials, as 
carried out previously for the malaria vaccine candidate RTS, S 
(76). However, the advanced mouse model described above, with 
a human-chimeric liver, human erythropoiesis and HIS, could 
potentially fill this gap.

BS MALARiA PATHOLOGY iN  
HUMANiZeD MiCe

The question of whether a humanized mouse model might enable 
the study of P. falciparum malaria-associated pathophysiology 
remains largely unexplored. The pathology of severe malaria is 
mainly determined by adhesion interactions between infected 
erythrocytes and human endothelial cells. These adhesion inter-
actions lead to the sequestration of infected erythrocytes in the 
microvasculature, which benefit the parasite by avoiding clearance 
in the spleen. Unfortunately, this sequestration also leads to vascu-
lar occlusion and inflammation, which are important contributors 
to severe malaria pathology. Three forms of adhesive interactions 
have been described: the cytoadherence of infected erythrocytes 
to endothelial cells, formation of rosettes with uninfected eryth-
rocytes and platelet-mediated clumping of infected cells (77). 
These interactions are mediated by the P. falciparum erythrocyte 
membrane protein 1 (PfEMP1) family, variant antigens expressed 
on the surface of infected RBCs that interact with multiple host 
receptors, including ICAM1, CD36, E-selectin, and endothelial 
protein C receptor (EPCR) (78). There are approximately 60 dif-
ferent variants of PfEMP1, which are encoded by genes of the var 
family but only expressed one at a time. Depending on which var 
gene is expressed, the parasite modifies the antigenic properties  
of infected erythrocytes, which allows it to evade the host immune 
system but also changes the binding specificity for host recep- 
tors. Var gene switching is currently under extensive investiga-
tion and a small animal model allowing the controlled in  vivo 
evaluation of this phenomenon would be of great benefit to this 
important field of research.

The most lethal complication of a P. falciparum infection is 
cerebral malaria. It has been speculated that the targeting of dif-
ferent receptors via the expression of different PfEMP1 variants 
leads to tissue-specific sequestration of the parasites. In the brain 
microvasculature, the EPCR has been shown to play an important 
role in the sequestration of parasites (79). To date, we lack any 
knowledge of whether infected RBCs sequester in the brain of  

P. falciparum-infected humanized mice. It is thus highly relevant 
to investigate whether the described pathologies of human malaria 
are recapitulated in any of the humanized mouse models described 
above. If high huRBC reconstitution and high parasitemia can be 
achieved in humanized mice it is likely that rosetting of infected 
erythrocytes will take place in a mouse model. Whether PfEMP1 
molecules on infected erythrocytes interact with mouse receptors 
on endothelial cells remains an unanswered question, however. If 
this is not the case, a mouse model must be developed in which 
human receptors are expressed on mouse endothelial cells. If this 
could be achieved it would open up new possibilities for explor-
ing the potential of anti-adhesion drugs or antibodies as novel 
malaria therapies.

BS MALARiA iMMUNiTY iN  
HUMANiZeD MiCe

Animal models of malaria continue to provide important insights 
into the immune response to Plasmodium BS infection in general. 
However, the development of novel immunotherapeutic strate-
gies against BS parasites requires a thorough investigation of 
the human immune response, particularly to P. falciparum BS 
infection. Our understanding of the human immune response 
to early BS infection, vaccination, and natural infection has 
been gleaned from longitudinal studies on subjects enrolled in 
controlled human malaria infection trials (80–82). Together with 
the rodent Plasmodium studies, two immunological processes 
critical for the control of BS malaria infection have been identi-
fied, namely, the inflammatory response from innate immune 
sensing of Plasmodium infections and the humoral response. 
Plasmodium pathogen-associated molecular patterns engage pat-
tern recognition receptors on innate immune cells and trigger an 
inflammatory response critical for early parasite control (83, 84).  
However, this inflammatory response can also be pathogenic to 
the host. Indeed, Plasmodium-engendered type I IFN signaling 
impairs dendritic cell function in Plasmodium chabaudi (85) and 
P. berghei-infected mice (86) and promotes the production of 
the immunosuppressive cytokine, IL-10 by Tr1 cells in a human 
CHMI trial (87). Antibodies have long been known to play a 
central role in BS malaria immunity (88). Yet, over half a century 
later, our understanding of the parasite proteins that induce 
protective antibody responses, the mechanisms of Plasmodium-
engendered humoral protection and why protective antibodies 
only develop after years of repeated exposure is finally maturing. 
Mounting evidence in rodent models and correlative data in 
humans from endemic regions have established that Plasmodium 
evades humoral immunity through dysregulation of CD4+ T cell 
(89) and B cell dysfunction (90–95). Although the mechanisms 
behind the roles of inflammation on dendritic cell function and 
B  cell dysfunction have been well studied in rodent models of 
malaria, a mouse model with a humanized immune system will 
be critical to confirming whether the mechanisms outlined in 
the rodent malaria models apply to infection with the human  
P. falciparum parasite. However, as described in preceding sections, 
the existing humanized mouse models will not accurately mimic 
a complete HIS as they still contain murine antigen presenting  
cells, or other murine myeloid cells. Mice that retain human 
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antigen presentation and human myeloid cell function will need 
to be developed to measure these effects.

CONCLUSiON

Conventional mouse model infections with rodent malaria para-
sites have critically contributed to our understanding of malaria 
parasite biology, pathogenesis, and immunology and have been 
important in malaria vaccine and drug discovery. However, 
differences between the genomes of the human-infective and 
rodent-infective Plasmodium species as well as significant diver-
gence between mouse and human biology might preclude facile 
application of knowledge gleaned from traditional rodent systems 
to the design of effective interventions in humans. Humanized 
mouse models have emerged as a critical link between traditional 
rodent models and humans. huHep mice will enable better 
examination of the factors critical for hepatocyte infection and 
liver stage development and the understanding of liver stage-
directed, infection-preventing interventions. HIS mice are poised 
to greatly accelerate our understanding of the immune response 
to human Plasmodium parasites and vaccine candidates as the 
data gleaned from these studies will more closely represent the 
immune response in humans. However, current iterations of these 
HIS mice retain mouse myeloid compartments likely influencing 
antigen presentation and immune cell residency. Next-generation 
HIS mice for malaria research will likely require humanization 
of the liver, bone marrow, lymphoid compartments, and human 
erythrocytes. BLT (bone marrow, liver, and thymus) mice, where 
human fetal thymus and liver tissues as well as autologous HSCs 
are engrafted into the same mouse represent the most complete 
humanized mouse system to date (96). Combining this with 

huHep mice would generate the triple-humanized mouse sorely 
needed for the study of human malaria parasite infection and 
immunology. However, the high costs and technical demands of 
such a system will likely preclude it from being widely employed. 
Ultimately, future humanized mouse models for Plasmodium 
research will utilize the transplantation of CD34+ HSC cells to 
develop robust human immune and erythropoietic compart-
ments and hepatocyte transplantation to ensure human liver 
chimerism. Ideally, this mouse will in addition harbor human 
receptors on endothelial cells so that the pathobiology of malaria 
BS infection can also be modeled. As it will take great effort to 
create such a complete and complex mouse model, a continued 
iterative cycle of basic parasitological discovery and immunol-
ogy in rodent malaria models combined with studies in currently 
available, albeit imperfect huHep, HIS, and huRBC mice will 
further increase the predictive value of animal models for human 
clinical intervention.
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Immunodeficient mice reconstituted with human immune tissues and cells (humanized 
mice) are relevant and robust models for the study of HIV-1 infection, immunopatho-
genesis, and therapy. In this study, we performed a comprehensive comparison of 
human immune reconstitution and HIV-1 infection, immunopathogenesis and therapy 
between immunodeficient NOD/Rag2−/−/γ −/−

c  (NRG) mice transplanted with human 
HSCs (NRG-hu HSC) and mice transplanted with HSCs and thymus fragments (NRG-hu 
Thy/HSC) from the same donors. We found that similar human lymphoid and myeloid 
lineages were reconstituted in NRG-hu HSC and NRG-hu Thy/HSC mice, with human 
T cells more predominantly reconstituted in NRG-hu Thy/HSC mice, while NRG-hu HSC 
mice supported more human B cells and myeloid cells reconstitution. HIV-1 replicated 
similarly and induced similar T  cell depletion, immune activation, and dysfunction in 
NRG-hu HSC and NRG-hu Thy/HSC mice. Moreover, combined antiretroviral therapy 
(cART) inhibited HIV-1 replication efficiently with similar persistent HIV-1 reservoirs in 
both models. Finally, we found that blocking type-I interferon signaling under cART treat-
ment transiently activated HIV-1 reservoirs, enhanced T cell recovery and reduced HIV-1 
reservoirs in both HIV-1 infected NRG-hu HSC and NRG-hu Thy/HSC mice. In summary, 
we report that NRG-hu Thy/HSC and NRG-hu HSC mice support similar HIV-1 infection 
and similar HIV-1 immunopathology; and HIV-1 replication responds similarly to cART 
and IFNAR blockade therapies. The NRG-hu HSC mouse model reconstituted with 
human HSC only is sufficient for the study of HIV-1 infection, pathogenesis, and therapy.

Keywords: humanized mice, nrg-hu hsc, nrg-hu Thy/hsc, hiV-1 replication, hiV-1 immunopathology, 
combined antiretroviral therapy, hiV-1 immune therapy

inTrODUcTiOn

Human immunodeficiency virus type 1 (HIV-1) infects and progressively depletes CD4+ T cells, 
causing acquired immune deficiency syndrome (AIDS). Approximately 70 million people have been 
infected with HIV-1, and half of them have died of HIV/AIDS-related causes (1). The development 
of combined antiretroviral therapy (cART), which can efficiently suppress viral replication, has 
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significantly improved survival and life quality of HIV-1-infected 
patients who can both access and tolerate cART (2). However, 
cART is not curative and must be continued for life (3, 4). 
Moreover, lifelong treatment is associated with significant side 
effects and non-AIDS-related “end-organ disease” (5). Thus, there 
is a great need for the development of novel therapies that can 
both control the epidemic and cure those individuals who have 
already been infected with HIV-1.

Understanding how HIV-1 infection leads to immunodefi-
ciency is key for the development of new treatments. After more 
than 30 years of research, the precise mechanism by which HIV-1 
infection causes AIDS development is still poorly understood, 
mainly due to the lack of robust small animal models. The recent 
development of humanized mice with functional human immune 
systems offer a relevant and robust model for the study of 
HIV-1 infection, replication, pathogenesis, and therapies (6–8). 
Humanized mice were constructed by transplantation of human 
CD34+ hematopoietic stem cells and/or implantation of human 
thymus tissue into immunodeficient mice, such as the NOD-
scid γc

−/− (NSG) mice and NOD-Rag2−/−γc
−/− (NRG) mice (9). 

Two major humanized mouse models, the NRG-hu HSC model 
and the hu-BLT model, are widely used for HIV-1 studies. The 
NRG-hu HSC model involves preconditioning neonate immu-
nodeficient mice with radiation and then injecting them with 
human CD34+ HSCs (10–13). In the hu-BLT model, implantation 
of human thymus tissue under the kidney capsule is combined 
with HSCs infusion into irradiated adult immunodeficient mice 
(14, 15). We and others have reported that all the major human 
lymphoid lineage including T cell, B cell, and innate immune cells 
including NK  cell, monocytes, myeloid dendritic cells (mDC), 
and plasmacytoid dendritic cells (pDC) are developed in both 
NRG-hu HSC mice and hu-BLT mice (10–20).

Both NRG-hu HSC and hu-BLT models can develop signifi-
cant levels of innate and adaptive immune responses (21–25) and 
can be infected by HIV-1 (7, 26–28). HIV-1 infection leads to 
progressive CD4+ T cell depletion in both peripheral blood and 
lymphoid tissues (8). Moreover, like in humans, HIV-1 infection 
also leads to T cell activation and exhaustion in both NRG-hu 
HSC and hu-BLT mice (29–31). HIV-1 infection can be treated 
with the antiretroviral drugs that are used in infected humans 
(32–36). Also like in humans, antiretroviral treatment of HIV-1 
infection results in systemic recovery of CD4 T cells in human-
ized mice. In addition, both mouse models are used for testing 
the effectiveness of immunotherapy to inhibit HIV-1 replication, 
reverse HIV-1 induced immunopathology and control HIV-1 
reservoir (25, 29, 30, 34, 37–39).

The advantage of the NRG-hu HSC model is that the procedure 
to construct the mice is simple, only involving pre-irradiating 
the neonate immunodeficient mice followed by injecting 
human CD34+ HSCs (10, 11, 13). To generate hu-BLT mice, a 
time consuming and technically difficult surgery procedure 
is needed to implant the human thymus tissue into the kidney 
capsule of the mice (14, 15). Another major difference between 
these two models is that in NRG-hu HSC mouse, the human 
T  cells are produced in the mouse thymus and presumed to 
be educated in the context of mouse major histocompatibility 
complex (MHC) (10–13). In hu-BLT mice, human T  cells can 

develop in the presence of human thymic epithelium, resulting 
in human MCH-restricted T  cells (14, 15, 40). Thus, although 
both models are versatile tools for HIV-1 study, parallelly study to 
compare the human immune reconstitution, HIV-1 replication, 
immunopathology, and responses to therapy in both models 
will help to guide researchers how to balance and decide which 
system to use. In this study, we performed a comprehensive 
parallel comparison of human immune reconstitution and HIV-1 
replication, immunopathogenesis and therapy between newborn 
immunodeficient mice transplanted with HSCs (NRG-hu HSC) 
and 6- to 8-week-old adult mice transplanted with HSCs and 
thymus (NRG-hu Thy/HSC) from same human donors into same 
background of immunodeficient mice. We report that both 
NRG-hu HSC and NRG-hu Thy/HSC mice support significant 
levels of human immune reconstitution and comparable levels 
of HIV-1 replication, immunopathology, and responses to cART 
and immune therapy.

MaTerials anD MeThODs

construction of humanized Mice
NRG (NOD-Rag2−/−γc−/−) mice were obtained from the Jackson 
Laboratory. Human fetal liver and thymus (gestational age 
of 16–20  weeks) were obtained from medically or elective 
indicated termination of pregnancy through a non-profit inter-
mediary working with outpatient clinics (Advanced Bioscience 
Resources, Alameda, CA, USA). Written informed consent of 
the maternal donors is obtained in all cases, under regulation 
governing the clinic. NRG-hu HSC mice were generated by 
intrahepatic injection of new born (1–5  days old) NRG mice 
(irradiated at 200 cGy from a 137Cs gamma radiation source) 
with 3 × 105 human fetal liver derived CD34+ HSCs as previ-
ously reported (41). To generate NRG-hu Thy/HSC mice, 6- to 
8-week-old NRG mice were sub-lethally irradiated (250  cGy) 
and anesthetized, and ~1-mm3 fragments of human fetal thymus 
fragments were implanted under the kidney capsule. 5  ×  105 
CD34+ HSCs purified from fetal liver of the same donor were 
injected i.v. within 3  h. All mice were housed and bred in a 
specific pathogen-free environment. All animal studies were 
approved by the University of North Carolina Institutional 
Animal Care and Use Committee.

antibodies and Flow cytometry
Antibodies to CD45 (HI30), CD4 (RPA-T4), CD8 (HIT8a), 
CD56 (5.1h11), CD123 (6H6), CD14 (63D3), CD11c (3.9), 
CD45RA (HI100), CCR7 (G043H7), CD10 (HI10a), IL-2 (MQ1-
17H12), IFN-γ (4S.B3), HLA-DR (L243), CD38 (HIT2), and 
PD-1 (EH12.2H7) were purchased from BioLegend. Antibodies 
to CD3 (7D6), CD19 (6D5), mouse CD45 (30-F11), and LIVE/
DEAD Fixable Yellow Dead Cell Stain Kit were purchased from 
Invitrogen. Antibody to HIV-1 p24 (KC57) were purchased from 
Beckman Coulter.

Total lymphocytes were isolated prepared from peripheral 
blood, spleen, bone marrow (BM), and mesenteric lymph nodes 
(mLNs) according to standard protocols; red blood cells were 
lysed with ACK buffer. Intrahepatic lymphocytes were prepared 
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as described (42). Total cell number was quantified by Guava 
Easycytes with Guava Express software (Guava). For surface stain- 
ing, single cell suspension was stained with surface markers and 
analyzed on a CyAn ADP flow cytometer (Dako). For intracel-
lular staining, cells were first stained with surface markers and 
then fixed and permeabilized with cytofix/cytoperm buffer (BD 
Bioscience), followed by intracellular staining. Data were ana-
lyzed using Summit4.3 software (Dako).

T cell stimulation and intracellular 
cytokine staining
Splenocytes from humanized mice were stimulated ex vivo 
with PMA (phorbol 12-myristate 13-acetate) (50  ng/ml) and 
iono mycin (1 μM) (Sigma, St. Louis, MO, USA) for 4 h in the 
presence of brefeldin A (BioLegend). Cell were then fixed and 
permeabilized with cytofix/cytoperm buffer (BD Biosciences), 
and intracellular staining was then performed.

Tlr-l Treatment In Vivo
CpG-B (ODN 2006), R848, and poly I:C were all purchased from 
InvivoGen. For in vivo treatment, humanized mice were treated 
with 50  μg/mouse of CpG-B, poly I:C or 20  μg/mouse R848 
through i.p. injection.

Detection of cytokines in Plasma
Human pan IFN-α (subtypes 1/13, 2, 4, 5, 6, 7, 8, 10, 14, 16, 
and 17) were detected by enzyme-linked immunosorbent assay 
using the human IFN-α pan ELISA kits purchased from Mabtech 
(Nacka Strand, Sweden). Human IL-6 in plasma of humanized 
mice were detected by immunology multiplex assay (Luminex) 
(Millipore, Billerica, MA, USA).

hiV-1 infection of humanized Mice
The CCR5-tropic strain of HIV-1 (JR-CSF) was generated by 
transfection of 293T cells (ATCC) with plasmid containing full 
length HIV-1 (JR-CSF) genome. Humanized mice with stable 
human leukocyte reconstitution were anesthetized and infected 
with HIV-1 (JR-CSF) (10 ng p24/mouse) through retro-orbital 
injection.

hiV-1 genomic rna Detection  
in Plasma
HIV-1 RNA was purified from the plasma with the QIAamp® 
Viral RNA Mini Kit. The RNA was then reverse transcribed and 
quantitatively detected by real-time PCR using the TaqMan® Fast 
Virus 1-Step PCR kit (ThermoFisher Scientific). The primers 
used for detecting the HIV Gag gene were (5′-GGTGCGAGA 
GCGTCAGTATTAAG-3′ and 5′-AGCTCCCTGCTTGCCCAT 
A-3′). The probe (FAM-AAAATTCGGTTAAGGCCAGGGGGA 
AAGAA-QSY7) used for detection was ordered from Applied 
Biosystems, and the reactions were set up following the manu-
facturer’s guidelines and were run on the QuantStudio 6 Flex PCR 
system (Applied Biosystems). The detection limit of the real-time 
PCR reaction is four copies per reaction. Accordingly, the limit 
of detection of the assay with 50 µl of blood is 400 copies/ml in 
humanized mice.

combination antiretroviral Therapy
Food formulated with antiretroviral individual drug was pre-
pared as reported with elevated dose modifications (34). In 
brief, tablets of emtricitabine and tenofovir disoproxil fumarate 
(Truvada®; Gilead Sciences) and raltegravir (Isentress®; Merck) 
were crushed into fine powder and manufactured with TestDiet 
5B1Q feed (Modified LabDiet 5058 with 0.12% amoxicillin) into 
1/2’’ irradiated pellets. Final concentrations of drugs in the food 
were 4,800 mg/kg raltegravir, 1,560 mg/kg tenofovir disoproxil, 
and 1,040 mg/kg emtricitabine. The estimated drug daily doses 
were 768 mg/kg raltegravir, 250 mg/kg tenofovir disoproxil, and 
166 mg/kg emtricitabine.

In Vivo iFnar1 Blocking antibody 
Treatments
The α-IFNAR1 monoclonal antibody (mAb) was generated as 
previous reported (29). To block type-I interferon (IFN-I) sign-
aling during chronic HIV-1 infection, humanized mice were 
treated i.p. with IFNAR1 blocking antibodies twice a week with 
the dose 400 µg/mouse at the first injection and 200 μg/mouse 
for the following treatments. Cohorts of mice were randomi- 
zed into different treatment groups by level of HIV-1 RNA in  
plasma.

cell-associated hiV-1 Dna Detection
To measure total cell-associated HIV-1 DNA, nucleic acid was 
extracted from spleen and BM cells using the DNeasy Blood & 
Tissue Kit (Qiagen). HIV-1 DNA was quantified by real-time 
PCR. DNA from serial dilutions of ACH2 cells, which contain 
one copy of HIV genome in each cell, was used to generate a 
standard curve.

Viral Outgrowth assay
Viral outgrowth assay was performed as reported (43). Serial 
dilutions of human cells from splenocytes of humanized mice 
(1 × 106, 2 × 105, and 4 × 104 human cells) were stimulated with 
PHA (2  µg/ml) and IL-2 (100  U/ml) for 24  h. MOLT4/CCR5 
cells were added on day 2 to enhance the survival of the cultured 
cells as well as to support and facilitate further HIV-1 replication. 
Culture medium containing IL-2 (NIH AIDS reagents program) 
and T cell growth factor (homemade as describe in the standard 
protocol) was replaced on days 5 and 9. After 7 and 14 days of 
culture, supernatant from each well was harvested, and HIV-1 
RT-qPCR was performed to score viral outgrowth. Estimated 
frequencies of cells with replication-competent HIV-1 were 
determined by maximum likelihood statistics (43).

statistical analysis
In all other experiments, significance levels of data were determ-
ined by using Prism5 (GraphPad Software). Experiments were 
analyzed by two-tailed Student’s t-test, or by one-way analysis 
of variance (ANOVA) and Bonferroni’s post hoc test according 
to the assumptions of the test, as indicated for each experi-
ment. A P value less than 0.05 was considered significant. The 
number of animals and replicates is specified in each figure  
legend.
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FigUre 1 | Comparison of human immune cell reconstitution in peripheral 
blood of NRG-hu HSC and NRG-hu Thy/HSC mice. NRG-hu HSC and 
NRG-hu Thy/HSC mice were generated as indicated in Section “Materials 
and Methods.” (a) Summarized data show percentage of human leukocytes 
(hCD45+) in total peripheral blood leukocytes 12 weeks after reconstitution. 
Shown are combined data from two cohorts of NRG-hu HSC mice (n = 27) 
and NRG-hu Thy/HSC mice (n = 35) reconstituted with HSCs ± thymus from 
the same human donor. (B–h) Summarized data show percentage of human 
T cells (CD3+), B cells (CD19+), NK cells (CD3−CD56+), plasmacytoid dendritic 
cells (pDCs) (CD3−CD19−HLA-DR+CD4+CD123+), and monocytes 
(CD3−CD19−HLA-DR+CD14+) in human CD45+ cells (B,e–h) and percentage 
of human CD4 T and CD8 T cells in human CD3 T cells (c,D). Shown are 
representative data (B–h) from n = 18 (NRG-hu HSC) and n = 10 (NRG-hu 
Thy/HSC) hu-mice reconstituted with HSCs ± thymus from same donor. 
Each dot represents one individual mouse; bars indicate mean (*P < 0.05, 
**P < 0.01, and ***P < 0.001, by unpaired, two-tailed Student’s t-test).
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resUlTs

human lymphoid and Myeloid lineage 
cells are reconstituted in Peripheral 
Blood of Both nrg-hu hsc and  
nrg-hu Thy/hsc Mice
To compare the level of human immune reconstitution in 
humanized mice (hu-mice) transplanted with human HSCs 
only (NRG-hu HSC) or with human HSCs plus thymus tissue 
(NRG-hu Thy/HSC), we reconstituted newborn NRG mice 
with human fetal liver derived CD34+ HSCs (NRG-hu HSC) 
or reconstituted 6- to 8-week-old NRG mice with human fetal 
liver derived CD34+ HSCs together with fetal thymus tissue 
(NRG-hu Thy/HSC) from the same donor. The difference 
between the NRG-hu Thy/HSC model and the hu-BLT model 
is that we only transplant thymus tissue but not fetal liver 
tissue under the kidney capsule. The other difference is that 
we transplant human HSCs within 3  h after human thymus 
transplantation. As reported in hu-BLT mice (14, 15), human 
thymic organoid was well developed and showed long-term 
sustained thymopoiesis in NRG-hu Thy/HSC mice (Figure S1 in 
Supplementary Material). Human immune cell reconstitution in 
the peripheral blood was detected by flow cytometry 12 weeks 
after transplantation. All major human CD45+ leukocyte subsets 
including T  cells (CD3+), B  cells (CD19+), NK  cells (CD3− 
CD56+), monocytes (CD3−CD19−HLA−DR+CD14+), and pDCs 
(CD3−CD19−HLA−DR+CD4+CD123+) were detected in periph-
eral blood of both NRG-hu HSC and NRG-hu Thy/HSC mice 
(Figure 1; Figure S1 in Supplementary Material). Similar level 
of human CD45+ cells was found in NRG-hu HSC (65.3 ± 5.3%) 
and NRG-hu Thy/HSC (68.8  ±  3.1%) mice (Figure  1A). The 
percentage of human T  cells within human CD45+ leukocytes 
was significantly higher in NRG-hu Thy/HSC mice (61.1 ± 3.2%) 
compared with the level in NRG-hu HSC mice (20.1  ±  3.4%) 
(Figure  1B). The result indicated that fetal liver/thymus 
“sandwich” structure (14, 15) is not essential for the long-term 
functioning human thymus development if human CD34+ HSCs 
were transplanted immediately after thymus transplantation. 
Progenitor cells derived from CD34+ HSCs can serve as the 
source of thymocyte progenitors. Both CD4 and CD8 T  cells 
were developed in NRG-hu HSC and NRG-hu Thy/HSC mice 
(Figures  1C,D). The ratio of CD4 T  cells to CD8 T  cells was 
slightly higher in NRG-hu Thy/HSC mice compare to NRG-hu 
HSC mice (Figures 1C,D). The percentage of human B cells was 
65.8 ± 3.3% in NRG-hu HSC mice and 33 ± 4.9% in NRG-hu 
Thy/HSC mice (Figure 1E). The percentages of human NK cells, 
pDCs, and monocytes were also lower in NRG-hu Thy/HSC mice 
compared with NRG-hu HSC mice (Figures 1F–H).

human leukocytes are equally 
reconstituted in lymphoid Organs in Both 
nrg-hu hsc and nrg-hu Thy/hsc Mice
We also detected human immune reconstitution in lymphoid 
organs including spleen, mLNs, liver, and BM of NRG-hu HSC 
and NRG-hu Thy/HSC mice. The percentage of human CD45+ 
cell and total number of human CD45+ cells were comparable in 

spleen, mLN, and BM between NRG-hu HSC and NRG-hu Thy/
HSC mice (Figures 2A,B). The level of human immune cells in the 
liver was slightly higher in NRG-hu Thy/HSC mice (95.7 ± 0.8%) 
compared with the NRG-hu HSC mice (85.6 ± 2.2%), consistent 
with the higher number of human CD45+ cells in the liver in 
NRG-hu Thy/HSC mice (Figures 2A,B).

similar Phenotype and Function of human 
T and B cells Developed in nrg-hu hsc 
and nrg-hu Thy/hsc Mice
We next determined the phenotype and function of human 
T  cells and B  cells from spleen of NRG-hu HSC and NRG-hu 
Thy/HSC mice. As in the peripheral blood, both the percent-
age and number of CD3+ T  cells were higher in the spleen of 
NRG-hu Thy/HSC mice (Figures  3A,B). The percentages of 
CD4 and CD8 T  cells in total T  cells did not show difference 
in the spleen between these two models (Figure  3A). Most of 
the T cells from both NRG-hu HSC (64.4 ± 3.1%) and NRG-hu 
Thy/HSC (64.3  ±  5.8%) showed naïve phenotype at 20  weeks 
posttransplantation (Figure  3C). The function of T  cells from 
both humanized mouse models were equal as they produced 
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FigUre 2 | Comparison of total human immune cell reconstitution in 
lymphoid organ of NRG-hu HSC and NRG-hu Thy/HSC mice. NRG-hu  
HSC and NRG-hu Thy/HSC mice were terminated at 20 weeks after 
reconstitution and human immune cells in lymphoid organs were detected  
by flow cytometry. Summarized data show percentage (a) and number  
(B) of human leukocytes (hCD45+) in spleen, mesenteric lymph nodes 
(mLNs), bone marrow (BM), and intrahepatic leukocytes (IHL) of NRG-hu 
HSC and NRG-hu Thy/HSC mice. Shown are representative data from 
n = 15 (NRG-hu HSC) and n = 12 (NRG-hu Thy/HSC) hu-mice per group 
reconstituted with HSCs ± thymus from same donor. Each dot represents 
one individual mouse; bars indicate mean (*P < 0.05 and ***P < 0.001, by 
unpaired, two-tailed Student’s t-test).
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similar level of IFN-γ and IL-2 in response to mitogen stimulation  
ex vivo (Figure 3D). No spontaneous IFN-γ and IL-2 production 
by T cells was detected from either the NRG-hu HSC or NRG-hu 
Thy/HSC mice.

As in the peripheral blood, the percentage and number of B cells 
in the spleen were lower in NRG-hu Thy/HSC mice compared 
with the NRG-hu HSC mice (Figure 3E). It has been reported 
that human B cells developed in humanized mice were immature 
and cannot produce significant level of antigen-specific IgG by 
vaccination (44–46). We also compared the phenotype of B cells 
from both NRG-hu HSC and NRG-hu Thy/HSC mice and found 
that they both express high level of immature marker CD10 
(Figure 3F). The expression of CD10 on B cells from NRG-hu 
Thy/HSC mice was slightly higher (Figure 3F), indicating that 
co-transplantation of thymus had minor effect on the maturation 
of B cells in NRG-hu Thy/HSC mice.

innate immune cells Were Developed in 
spleen of Both nrg-hu hsc and nrg-hu 
Thy/hsc Mice and responded similarly  
to Tlr-ls stimulation
We compared the reconstitution of human innate immune 
cells including pDCs, mDCs and monocytes/macrophages in 
the spleen of NRG-hu HSC and NRG-hu Thy/HSC mice. The 

percentage and number of pDC (Figure  4A) and monocytes/
macrophage (Figure 4B) were comparable, while there were more 
mDCs in the spleen of NRG-hu HSC mice compared with 
NRG-hu Thy/HSC mice (Figure 4C).

To detect the function of innate immune cells developed 
in NRG-hu HSC and NRG-hu Thy/HSC mice, we treated the 
mice in vivo with the TLR9-ligands CpG-B, the TLR7/8-L R848 
and the TLR3-L poly I:C and detected cytokine production  
in the serum. We found that all the three TLR-Ls induced sig- 
nificant levels of IFN-α and IL-6 in both NRG-hu HSC and 
NRG-hu Thy/HSC mice (Figure 4D). The induction of IFN-α 
by poly(I:C) and R848 stimulation is slightly lower in NRG-hu 
Thy/HSC mice compared with NRG-hu HSC mice (Figure 4D) 
which probably due to the lower number of mDC developed 
in NRG-hu Thy/HSC mice compared with NRG-hu HSC mice 
(Figure 4C).

In summary, most human lymphoid and myeloid lineage cells 
are reconstituted in both NRG-hu HSC and NRG-hu Thy/HSC 
mice, with human T cells predominantly developed in NRG-hu 
Thy/HSC mice, while NRG-hu HSC mice support better human 
B cell and myeloid cell development. The phenotype and function 
of human immune cells developed in NRG-hu HSC mice and 
NRG-hu Thy/HSC mice are similar.

nrg-hu hsc and nrg-hu Thy/hsc Mice 
support similar level of hiV-1  
replication In Vivo
We and others have reported that both NRG-hu HSC and 
NRG-hu Thy/HSC mice supported HIV-1 replication in  vivo 
(7, 8, 47). Here we compared the HIV-1 replication kinetics in 
NRG-hu HSC mice and NRG-hu Thy/HSC mice transplanted 
with HSCs ± thymus from the same donor tissue. We found the 
viremia reached to peak level at 2 weeks postinfection (wpi) in 
NRG-hu HSC mice (Figure  5A), while in NRG-hu Thy/HSC 
mice, the viremia reached the peak level at 4 wpi (Figure 5B). At 
2 wpi, NRG-hu HSC mice supported efficient HIV-1 replication 
in nearly all mice (98%) but NRG-hu Thy/HSC mice supported 
HIV-1 replication in about 73% of infected mice (Figure 5B). The 
results suggest that the immune cells in NRG-hu Thy/HSC mice 
may control/delay HIV-1 replication at the early stage of HIV-1 
infection. At 4 wpi, all the infected BLT mice showed similar 
viremia as detected in NRG-hu HSC mice and sustained through 
10 wpi when we terminated the mice (Figures 5A–C). HIV-1 p24 
levels in CD4 T cells from the spleen were similar in NRG-hu 
HSC and NRG-hu Thy/HSC mice at 10 wpi (Figures  5D,E). 
In summary, the results indicated that both the NRG-hu HSC 
and NRG-hu Thy/HSC mice support similar levels of HIV-1 
replication, although there was a 2 weeks delay reaching the peak 
viremia in NRG-hu Thy/HSC mice.

hiV-1 infection induces similar levels  
of T cell Depletion, activation, and 
exhaustion in nrg-hu hsc and  
nrg-hu Thy/hsc Mice
We next detected HIV-1 induced immunopathology including 
T  cell depletion, activation and dysfunction in both NRG-hu 
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FigUre 3 | Phenotype and function of human T and B cells from NRG-hu HSC and NRG-hu Thy/HSC mice. NRG-hu HSC and NRG-hu Thy/HSC mice were 
terminated at 20 weeks after reconstitution. (a,B) Summarized data show percentage (a) and number (B) of total human T cells, CD4 T and CD8 T cells in spleen 
of NRG-hu HSC and NRG-hu Thy/HSC mice. (c) Representative dot plots and summarized data show the expression of CD45RA and CCR7 on CD3 T cells from 
the spleen of NRG-hu HSC and NRG-hu Thy/HSC mice detected by flow cytometry. Shown (a–c) are data from n = 15 (NRG-hu HSC) and n = 12 (NRG-hu Thy/
HSC) hu-mice per group reconstituted with HSCs/thymus from same donor. (D) Splenocytes were stimulated ex vivo with PMA/ionomycin for 4 h followed by 
intracellular cytokine staining. Representative dot plots and summarized data show percentages of IFN-γ and IL-2 producing CD4 and CD8 T cells. Shown are  
data from n = 10 (NRG-hu HSC) and n = 7 (NRG-hu Thy/HSC) hu-mice per group. (e) Summarized data showed percentage and number of total human B cells  
in spleen of NRG-hu HSC and NRG-hu Thy/HSC mice. (F) Representative dot plots and summarized data show expression of CD10 on B cells from the spleen of 
NRG-hu HSC and NRG-hu Thy/HSC mice. Shown (e,F) are data from n = 15 (NRG-hu HSC) and n = 12 (NRG-hu Thy/HSC) hu-mice per group reconstituted with 
HSCs ± thymus from the same donor. Each dot represents one individual mouse; bars indicate mean (*P < 0.05, **P < 0.01, and ***P < 0.001, by unpaired, 
two-tailed Student’s t-test).
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HSC and NRG-hu Thy/HSC mice. We found that HIV-1 induced 
similar level of total human CD45+ cells and human T  cells 
depletion in both NRG-hu HSC and NRG-hu Thy/HSC mice 
(Figures  6A,B). HIV-1 infection also induced similar level of 
CD38 and HLA-DR expression on CD8 T cells in both NRG-hu 
HSC and NRG-hu Thy/HSC mice (Figures 6C,D). In addition, 
we detected the T cells exhaustion marker PD-1 expression and 
found that both CD8 T cell from NRG-hu HSC and NRG-hu Thy/
HSC mice expressed higher level of PD-1 than mock-infected 
mice, which indicated HIV-1 induced human T cell exhaustion 
in both humanized mouse models (Figures  6E,F). The results 
indicate that HIV-1 infection induced T  cell depletion, activa-
tion and exhaustion to similar levels in both NRG-hu HSC and 
NRG-hu Thy/HSC mice.

carT efficiently inhibits hiV-1 replication 
in Both nrg-hu hsc and nrg-hu  
Thy/hsc Mice
We and others have shown before that as in human patients, 
cART can efficiently inhibit HIV-1 replication in hu-mice  
(29, 33, 34, 38). We compared the efficacy of cART to inhibit 
HIV-1 replication in NRG-hu HSC mice and NRG-hu Thy/
HSC mice. The results indicate that plasma viremia decreased to 
undetectable levels (<400 genome copies/ml) in all HIV-infected 
NRG-hu HSC and NRG-hu Thy/HSC mice within 3  weeks 
after cART treatment (Figures  7A,B). Similar to cART-treated 
patients, HIV-1 reservoirs persisted stably in both NRG-hu 
HSC and NRG-hu Thy/HSC mice and virus rebounded rapidly 
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FigUre 4 | Development and function of human innate immune cells from NRG-hu HSC and NRG-hu Thy/HSC mice. NRG-hu HSC and NRG-hu Thy/HSC  
mice were terminated at 20 weeks after reconstitution. (a–c) Summarized data show percentage and number of total human plasmacytoid dendritic cells (pDCs) 
(CD3−CD19−HLA-DR+CD4+CD123+), monocytes or macrophage (CD3−CD19−HLA-DR+CD14+), and myeloid dendritic cell (mDC) (CD3−CD19−HLA-
DR+CD11c+CD14−) in spleen. Shown (a–c) are data from n = 15 (NRG-hu HSC) and n = 12 (NRG-hu Thy/HSC) hu-mice per group reconstituted with 
HSCs ± thymus from same donor. (D) NRG-hu HSC and NRG-hu Thy/HSC mice were injected intraperitoneally with CpG-B (50 μg/mouse), poly I:C (50 μg/mouse), 
R848 20 μg/mouse, or PBS. Plasma was collected at different time points posttreatment. IFN-α levels in plasma were detected at 24 h after treatment. IL-6 level 
was detected at 4 h after treatment. Shown (D) are data from three to four mice each group for each treatment conditions. Each dot represents one individual 
mouse; bars indicate mean (*P < 0.05 and **P < 0.01, by unpaired, two-tailed Student’s t-test).
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after cART cessation (Figures 7C,D). HIV-1 rebounded in 60% 
NRG-hu HSC mice at 1-week post cART cessation and in 100% 
NRG-hu HSC mice at 2 weeks post cART cessation (Figure 7E). 
Similarly, HIV-1 rebounded in 50% NRG-hu Thy/HSC mice at 
1-week post cART cessation and in 100% NRG-hu Thy/HSC mice 
at 2 weeks post cART cessation (Figure 7F).

iFnar Blockade During carT-suppressed 
hiV-1 infection reverses aberrant immune 
activation and exhaustion Phenotype  
of human T cells
We next determined whether IFNAR blockade can reverses 
aberrant immune activation and exhaustion phenotype of human 
T cells in both NRG-hu HSC and NRG-hu Thy/HSC mice. We 
found that in both HIV-1 infected NRG-hu HSC and NRG-hu Thy/
HSC mice, cART alone significantly rescued the number of human 
CD4 and CD8 T cells (Figures 8A,B), however, it only slightly 
decreased the expression level of CD38/HLA-DR (Figures 8C,D) 
and PD-1 on CD8 T  cells (Figures  8E,F). CD8 T  cells from 
both cART-treated NRG-hu HSC and NRG-hu Thy/HSC mice 
still expressed significantly higher levels of activation marker 
(Figures  8C,D) and exhaustion marker PD-1 (Figures  8E,F)  
compared with uninfected hu-mice. Interestingly, IFNAR block-
ade significantly reversed aberrant CD8 T-cell activation and 
exhaustion in the presence of cART in both NRG-hu HSC and 
NRG-hu Thy/HSC mice (Figures 8C–F).

iFnar Blockade reduce hiV-1 reservoirs 
in Both hiV-1 infected nrg-hu hsc and 
nrg-hu Thy/hsc Mice Under carT
Combined antiretroviral therapy is able to suppress HIV-1  
replication but does not eradicate HIV reservoir, which cause 
virus rebound after cART interruption. We have reported before 
that during chronic phase of HIV-1 infection in humanized mice, 
blockade of IFN-I signaling using a mAb targeting to IFN-I 
receptor (IFNAR) reduces the level of T cell activation, reverses 
T cell exhaustion, and improves HIV-specific CD8+ T cells (29). 
Most strikingly, we found that IFNAR blockade during cART 
administration markedly reduced HIV-1 reservoirs (29). Here 
we compared the effect of IFNAR blockade in HIV-1 reservoir 
reduction in NRG-hu HSC and NRG-hu Thy/HSC mice. We 
treated HIV-1-infected NRG-hu HSC and NRG-hu Thy/HSC 
mice that were fully cART-suppressed with α-IFNAR1 mAb for 
3 weeks during 7–10 wpi (Figures 9A,B). Interestingly, IFNAR 
blockade led to low blips of HIV-1 replication, which returned to 
undetectable levels after stopping α-IFNAR1 mAb treatment, in 
the presence of cART in both NRG-hu HSC and NRG-hu Thy/
HSC mice (Figures 9A,B). We next analyzed the HIV-1 reser-
voir size in lymphoid organs 2 weeks after IFNAR blockade in 
both NRG-hu HSC and NRG-hu Thy/HSC mice. We measured 
cell-associated HIV-1 DNA by PCR, and replication-competent 
HIV-1 by the quantitative virus outgrowth assay. We found that 
IFNAR blockade reduced cell-associated HIV-1 DNA by 10.8-fold 
in the spleen of NRG-hu HSC mice (Figure 9C) and by 7.9-fold 
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FigUre 5 | HIV-1 replication kinetics in NRG-hu HSC and NRG-hu Thy/HSC mice in vivo. NRG-hu HSC and NRG-hu Thy/HSC mice were infected with HIV-1 at 
12–13 weeks postinfection (wpi). (a,B) Plasma HIV-1 genomic RNA levels were measured at indicated time points in each NRG-hu HSC (a) and NRG-hu Thy/HSC 
(B) mice. Shown are representative data from n = 3 (NRG-hu HSC/Mock), n = 5 (NRG-hu HSC/HIV-1), n = 3 (NRG-hu Thy/HSC/Mock), and n = 5 (NRG-hu Thy/
HSC/HIV-1) mice transplanted with HSCs ± thymus from the same donor. The broken horizontal line indicates the limit of detection (400 copies/ml). (c) Summary 
data show plasma HIV-1 genomic RNA levels at 2 and 4 wpi from NRG-hu HSC (n = 46) and NRG-hu Thy/HSC (n = 44) mice. Shown (c) are combined data from 
five cohorts of NRG-hu HSC mice and six cohorts of NRG-hu Thy/HSC mice. The viral infection data were collected previously by the laboratory. (D,e) 
Representative FACS plots and summarized data show percentages of HIV-1 p24-positive CD4 T cells (CD3+CD8−) in the spleen of NRG-hu HSC (D) and NRG-hu 
Thy/HSC (e) mice at 10 wpi. Shown are representative data from n = 3 (NRG-hu HSC/Mock), n = 5 (NRG-hu HSC/HIV-1), n = 3 (NRG-hu Thy/HSC/Mock), and 
n = 5 (NRG-hu Thy/HSC/HIV-1) mice transplanted with HSCs ± thymus from the same donor. Each dot represents one individual mouse; bars indicate mean 
(*P < 0.05, **P < 0.01, and ***P < 0.001, by unpaired, two-tailed Student’s t-test).
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in NRG-hu Thy/HSC mice (Figure 9D). More importantly and 
consistently, IFNAR blockade significantly reduced the size of 
replication-competent HIV-1 reservoirs measured by quantita-
tive virus outgrowth assay in both NRG-hu HSC and NRG-hu 
Thy/HSC mice (Figures 9E,F).

Taken together, we conclude that both NRG-hu HSC and 
NRG-hu Thy/HSC mouse models are valuable tools for the study 
of HIV-1 replication, pathogenesis and therapeutics.

DiscUssiOn

Humanized mice with human immune cells are highly relevant and 
robust models for HIV-1 study (6–8). The models are generated 
via transplantation of CD34+ HSCs and/or implantation of human 
tissue into immunodeficient mice. There are different humanized 
mouse models available as well as different means to prepare them 
(6, 7, 9). The degree of human immune system reconstitution can 
vary between different models, and between different batches of 
HSCs and/or tissue donors, and non-standardized operating pro-
cedure between laboratories. Also, HIV-1 infection, replication 
and HIV-1 induced pathology can vary between different models 
and dependant on which HIV-1 virus strain is used. These factors 
make researchers, especially those who have limited experiences 
on humanized mouse models difficult to decide which model to 

choose for their studies. Here we performed a comprehensive 
parallel comparison of systemic immune reconstitution and 
HIV-1 replication, HIV-1 induced pathology and their response 
to cART and immunotherapy between two humanized mouse 
models, the NRG-hu HSC and NRG-hu Thy/HSC models. We 
used NRG-hu HSC and NRG-hu Thy/HSC mice transplanted with 
HSCs without or with thymus fragment from same donors into 
same background of immunodeficient mice in our experiment 
to minimize the variation factors. Our results indicate that both 
NRG-hu HSC and NRG-hu Thy/HSC mice support significant 
level of human immune reconstitution and comparable level of 
HIV-1 replication, immunopathology and responses to ART and 
immune therapy.

We and others have reported that all the major human lym-
phoid and myeloid lineage cells are developed in both NRG-hu 
HSC mice and hu-BLT mice (10–20). However, no study has per-
formed to parallelly compare the human immune reconstitution 
in these two models which transplanted with HSCs  ±  thymus 
from same donor into the same background of immunodeficient 
mice. In the NRG-hu Thy/HSC model, we co-transplanted CD34+  
HSCs by intravenous injection within 3 h after thymus fragment 
(without fetal liver fragment) transplantation. Human thymic 
organoid developed under the kidney capsule in our NRG-hu 
Thy/HSC as well as reported in hu-BLT mice which indicated 
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FigUre 6 | HIV-1-induced immunopathology in NRG-hu HSC and NRG-hu Thy/HSC mice. NRG-hu HSC and NRG-hu Thy/HSC mice were infected with HIV-1. 
Mice were sacrificed at 10 weeks postinfection. (a,B) Numbers of total human leukocytes, CD3+ T cells, CD4 T cells (CD3+CD8−), and CD8 T cells (CD3+CD8−)  
and in spleens of NRG-hu HSC (a) and NRG-hu Thy/HSC (B) mice. (c,D) Representative FACS plots and summarized data show the expression of CD38 and 
HLA-DR on CD8 T cells from spleen of NRG-hu HSC (c) and NRG-hu Thy/HSC (D) mice. (e,F) Representative FACS plots and summarized data show the 
expression of PD-1 on CD8 T cells from spleen of NRG-hu HSC (e) and NRG-hu Thy/HSC (F) mice. Shown are representative data from n = 3 (NRG-hu HSC/
Mock), n = 5 (NRG-hu HSC/HIV-1), n = 3 (NRG-hu Thy/HSC/Mock), and n = 5 (NRG-hu Thy/HSC/HIV-1) mice reconstituted with HSCs/thymus from the same 
donor. Each dot represents one individual mouse; bars indicate mean (*P < 0.05, **P < 0.01, and ***P < 0.001, by unpaired, two-tailed Student’s t-test).

FigUre 7 | Similar efficacy of combined antiretroviral therapy (cART) response in HIV-1-infected NRG-hu HSC and NRG-hu Thy/HSC mice. (a,B) NRG-hu HSC 
(n = 6) and NRG-hu Thy/HSC mice (n = 7) reconstituted with HSCs ± thymus from the same donor were infected with HIV-1 and treated with cART from 4 to 
11 weeks postinfection. HIV-1 genomic RNA levels in the plasma were detected at indicated time points. (c,D) A different cohort of NRG-hu HSC (n = 12) and 
NRG-hu Thy/HSC mice (n = 10) were infected with HIV-1 and treated with cART for 9 weeks. HIV-1 genomic RNA levels in the plasma were detected before  
and after cART discontinuation at indicated time points. The broken horizontal line indicates the limit of detection (400 copies/ml). (e,F) Kinetic analysis of HIV-1 
rebound post-cART cessation. Shown (c–e) are combined data from n = 12 (NRG-hu HSC) and n = 10 (NRG-hu Thy/HSC) mice.
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FigUre 8 | IFNAR blockade reduces activation and PD-1 expression on CD8 T cells in both HIV-1 infected NRG-hu HSC and NRG-hu Thy/HSC mice under 
combined antiretroviral therapy (cART). NRG-hu HSC and NRG-hu Thy/HSC mice infected with HIV-1 were treated with cART from 4 to 12 weeks postinfection 
(wpi). From 7 to 10 wpi, the cART-treated mice were injected with α-IFNAR1 antibody or isotype control mIgG2a antibody. Mice were sacrificed at 12 wpi.  
(a,B) Summarized data show numbers of human CD4 and CD8 T cells from spleens of NRG-hu HSC (a) and NRG-hu Thy/HSC (B) mice. (c,D) Summarized  
data show percent HLA-DR+CD38+ of CD8 T cells from spleens of NRG-hu HSC (c) and NRG-hu Thy/HSC (D) mice. (e,F) Summarized data show percent PD-1+ 
of CD8 T cells from spleens of NRG-hu HSC (e) and NRG-hu Thy/HSC (F) mice. Shown are representative data from n = 3 (NRG-hu HSC/Mock), n = 3 (NRG-hu 
HSC/HIV-1), n = 4 (NRG-hu HSC/HIV-1/cART/mIgG2a), n = 4 (NRG-hu HSC/HIV-1/cART/α-IFNAR1), n = 4 (NRG-hu Thy/HSC/Mock), n = 4 (NRG-hu Thy/HSC/
HIV-1), and n = 4 (NRG-hu Thy/HSC/HIV-1/cART/mIgG2a), n = 4 (NRG-hu Thy/HSC/HIV-1/cART/α-IFNAR1) mice. Each dot represents one individual mouse;  
bars indicate mean (*P < 0.05, **P < 0.01, and ***P < 0.001, by one-way analysis of variance and Bonferroni’s post hoc test).
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that the fetal liver/thymus “sandwich” are not essential for 
thymic organoid development. Progenitor cells derived from 
CD34+ HSCs can serve as the source of thymocyte progenitors. 
It should be noted that the fetal liver fragments co-transplanted 
with thymus fragments in the BLT or SCID-hu Thy/Liv (48) mice 
also provide mostly human HSC/progenitors and no other liver-
related functions. Our results indicate that similar level of total 
human CD45+ cells were developed in peripheral blood, spleen, 
mLNs, and BM of both NRG-hu HSC and NRG-hu Thy/HSC 
mice transplanted with HSCs ±  thymus from same donor. We 
also found that all the major human lymphoid and myeloid line-
age including T, B, NK cells, monocytes/macrophages, mDC, and 
pDC were developed in both NRG-hu HSC mice and NRG-hu 
Thy/HSC mice. The major difference between these two models 
is that human T cells are predominantly developed in NRG-hu 
Thy/HSC mice due to more efficient T cell development in human 
thymus tissue (or xeno-reactive T  cells) in NRG-hu HSC-Thy 
mice. This may lead to preferential reconstitution of T cells and 
reduced NK/monocyte/pDC engraftment in NRG-hu HSC-Thy 
mice (Figures 1 and 3).

Our results indicated that majority of human T  cells from 
both NRG-hu HSC and NRG-hu Thy/HSC mice were with naïve 

phenotype and they responded similarly to mitogen stimulation. 
However, it is important to point out that human T  cells can 
develop in the presence of human thymic epithelium, resulting in 
human HLA class I and class II restriction in NRG-hu Thy/HSC 
mice (14, 15, 40). While in NRG-hu HSC mice, human T cells 
are produced in the mouse thymus and presumed to be educated 
in the context of mouse MHC (10–13). To study human HLA-
restricted immune response in NRG-hu HSC mice, an immune-
compromised non-obese diabetic/SCID/IL2rg−/− strain (NSG) 
with homozygous expression of HLA class I heavy chain and 
light chain (NSG-HLA-A2/HHD) was generated (49). Human 
CTLs developing in the NSG-HLA-A2/HHD mice recognized 
EBV-derived peptides in an HLA-restricted manner and showed 
HLA-restricted cytotoxicity against EBV-infected human B cells 
(49). We also reported that HIV-1 infection can induce HIV-1 
antigen-specific, HLA-A2-restricted CD8 T  cell responds in 
humanized NSG-HLA-A2/HHD mice (31).

Both NRG-hu HSC and NRG-hu Thy/HSC mice support 
HIV-1 replication in vivo. Our results show that plasma HIV-1 
viremia reached to peak levels at 2 wpi in NRG-hu HSC mice, 
while the peak viremia appeared at 4 wpi in NRG-hu Thy/HSC 
mice. The results suggest that anti-HIV-1 immunity at the early 
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FigUre 9 | IFNAR blockade reduce HIV-1 reservoir in both HIV-1 infected NRG-hu HSC and NRG-hu Thy/HSC mice under combined antiretroviral therapy (cART). 
NRG-hu HSC and NRG-hu Thy/HSC mice infected with HIV-1 were treated with cART from 4 to 12 weeks postinfection (wpi). From 7 to 10 wpi, the cART-treated 
mice were injected with α-IFNAR1 antibody or isotype control mIgG2a antibody. (a,B) HIV-1 genomic RNA levels in the plasma of NRG-hu HSC (a) and NRG-hu 
Thy/HSC (B) mice. (c,D) Cell-associated HIV-1 DNA in human cells from spleen of NRG-hu HSC (c) and NRG-hu Thy/HSC (D) mice was quantified by PCR. (e,F) 
Replication-competent HIV-1 viruses from unfractionated human CD45+ cells from spleen of NRG-hu HSC (e) and NRG-hu Thy/HSC (F) mice were detected by the 
quantitative virus outgrowth assay. The frequency was determined by maximum likelihood statistics. The infectious units in CD4 T cells were calculated based on the 
percentage of CD4 T cells in total human CD45+ cells. Shown are representative data from n = 3 (NRG-hu HSC/Mock), n = 3 (NRG-hu HSC/HIV-1), n = 4 (NRG-hu 
HSC/HIV-1/cART/mIgG2a), n = 4 (NRG-hu HSC/HIV-1/cART/α-IFNAR1), n = 4 (NRG-hu Thy/HSC/Mock), n = 4 (NRG-hu Thy/HSC/HIV-1), n = 4 (NRG-hu Thy/
HSC/HIV-1/cART/mIgG2a), n = 4 (NRG-hu Thy/HSC/HIV-1/cART/α-IFNAR1) mice. Each dot represents one individual mouse; bars indicate mean (*P < 0.05, 
**P < 0.01, and ***P < 0.001, by one-way analysis of variance and Bonferroni’s post hoc test).
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stage of HIV-1 infection is better in NRG-hu Thy/HSC mice. The 
better HLA-restricted anti-HIV-1 T  cells response in NRG-hu 
Thy/HSC mice (23) may contribute to the delay of peak viremia. 
However, other unknown factors, such as the difference in immune 
subset reconstitution or donor genetics, may also lead to the 
reduced or delayed HIV-1 infection in NRG-hu Thy/HSC mice.  
After 4 weeks, HIV-1 replicated to similar levels in NRG-hu HSC 
and NRG-hu Thy/HSC mice. Furthermore, HIV-1 infection 
induced similar pathology including the depletion of human 
T cells and activation and exhaustion of T cells.

Combined antiretroviral therapy is able to suppress HIV-1 
replication but does not eradicate HIV-1 reservoir, which cause 
virus rebound after cART interruption. This lack of in vivo mod-
els of HIV-1 infection has hindered progress in finding a cure for 
HIV-1/AIDS. The use of both NRG-hu HSC and NRG-hu Thy/
HSC models of HIV-1 infection have made significant contribu-
tion to the field of HIV cure research (6, 7). We found here that  
both the HIV-1 infected NRG-hu HSC and NRG-hu Thy/HSC 
mice responded similarly to cART. Importantly, we found that 
type-I IFN signaling contributed to HIV-1 induced immune 
activation, dysfunction and fostered viral persistence in both 

NRG-hu HSC and NRG-hu Thy/HSC mice. Blockade of IFNAR 
reduced the level of T  cell activation, reversed T  cell exhaus-
tion, and reduced HIV-1 reservoirs in both models. Multiple 
mechanisms may lead to the reduction of HIV-1 reservoir size 
after IFNAR blockade. The rescued human T cells could target 
the HIV-1 reservoirs with elevated gene expression and clear 
the reservoir cells as we have reported (29, 30). Other factors, 
including HIV-1 induced death of reservoir cells, reduced general 
T cell activation after IFNAR blockade, may also contribute to the 
reduction of HIV-1 reservoir size (29).

Taken together, we conclude that both NRG-hu HSC and 
NRG-hu Thy/HSC mouse models are relevant and robust for the  
study of HIV-1 replication, pathogenesis and therapeutics. Each 
model has its own advantage and disadvantages. Compared 
with the NRG-hu Thy/HSC or Hu-BLT models, the advantages 
of the NRG-hu HSC model are as follows: (1) the procedure to 
construct NRG-hu HSC mice is simple, which only involving 
pre-irradiating the neonate immunodeficient mice followed by 
injecting human CD34+ HSCs (10, 11, 13). To generate NRG-hu 
Thy/HSC or Hu-BLT mice, a time consuming and technically dif-
ficult surgery procedure is needed to implant the human thymus 
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tissue under the kidney capsule of the mice (14, 15); (2) the 
source of HSCs to construct NRG-hu HSC mice is not restricted 
to fetal liver derived CD34+ cells. CD34+ HSCs from cord blood 
or human BM can also support the systemic development of 
human immune system (10, 14); (3) the graft-versus-host disease 
(GVHD) rarely happens in NRG-hu HSC mice, while the incident 
of GVHD is high in NRG-hu Thy/HSC or BLT mice (50) probably 
due to the mature human thymocytes in the transplanted thymic 
fragments; and (4) neonate immunodeficient mice are used to 
generate NRG-hu HSC mice, while 6- to 8-week-old mice are 
used for NRG-hu Thy/HSC or BLT mice construction. As the 
time needed for human immune reconstitution is 12–16 weeks 
in both models, researchers can start their experiments with 
younger NRG-hu HSC mice. The hu-Thy/HSC or BLT model also 
has its own advantages. It was reported that NOD-SCID-BLT (not 
NSG-BLT) mice supported better gut-associated lymphoid tissue 
development (GALT) (51). The other advantage of NRG-hu 
Thy/HSC or BLT model or hu-BLT model is that it supports the 
study of human HLA class I and class II restricted T cell response 
because human T cells develop in the presence of human thymic 
epithelium (14, 15, 40). However, as discussed earlier, human 
MHC-restricted T  cell response and therapies can be studied 
in NRG-hu HSC mice that transgenically express human HLA- 
genes (49).

eThics sTaTeMenT

The project was reviewed by the University’s Office of Human 
Research Ethics, which has determined that this submission does 
not constitute human subjects research as defined under federal 

regulations [45 CFR 46.102 (d or f) and 21 CFR 56.102(c)(e)(l)]. 
All animal studies were carried out in accordance with the recom-
mendations of NIH guidelines for housing and care of laboratory 
animals. The protocol and was approved by the University of 
North Carolina Institutional Animal Care and Use Committee 
(IACUC ID: 14-100).

aUThOr cOnTriBUTiOns

LC and LS conceived the study and designed the experiments.  
LC, JM, and GL performed the experiments. LC performed the 
anal yses. LC and LS interpreted the data, wrote the manuscript, and 
supervised the study. All the authors approved the final version.

acKnOWleDgMenTs

The authors thank L. Chi, Y. Wu, and A. Pons for technical sup-
port; Lineberger Comprehensive Cancer Center cores, UNC flow 
cytometer core, DLAM, and UNC CFAR for support.

FUnDing

This study was supported in part by NIH grants AI127346, 
AI109784, and AI095097 (to LS).

sUPPleMenTarY MaTerial

The Supplementary Material for this article can be found online at 
https://www.frontiersin.org/articles/10.3389/fimmu.2018.00817/
full#supplementary-material.

reFerences

1. UNAIDS. UNAIDS Fact Sheet November 2016. Global HIV Statistics. Geneva: 
UNAIDS (2016).

2. Antiretroviral Therapy Cohort Collaboration. Life expectancy of individuals 
on combination antiretroviral therapy in high-income countries: a collabora-
tive analysis of 14 cohort studies. Lancet (2008) 372(9635):293–9. doi:10.1016/
S0140-6736(08)61113-7 

3. Archin NM, Sung JM, Garrido C, Soriano-Sarabia N, Margolis DM. 
Eradicating HIV-1 infection: seeking to clear a persistent pathogen. Nat Rev 
Microbiol (2014) 12(11):750–64. doi:10.1038/nrmicro3352 

4. Katlama C, Deeks SG, Autran B, Martinez-Picado J, van Lunzen J, Rouzioux C, 
et al. Barriers to a cure for HIV: new ways to target and eradicate HIV-1 reser-
voirs. Lancet (2013) 381(9883):2109–17. doi:10.1016/S0140-6736(13)60104-X 

5. Deeks SG. HIV infection, inflammation, immunosenescence, and aging. 
Annu Rev Med (2011) 62:141–55. doi:10.1146/annurev-med-042909-093756 

6. Victor Garcia J. Humanized mice for HIV and AIDS research. Curr Opin Virol 
(2016) 19:56–64. doi:10.1016/j.coviro.2016.06.010 

7. Marsden MD, Zack JA. Humanized mouse models for human immuno-
deficiency virus infection. Annu Rev Virol (2017) 4(1):393–412. doi:10.1146/
annurev-virology-101416-041703 

8. Zhang L, Su L. HIV-1 immunopathogenesis in humanized mouse models.  
Cell Mol Immunol (2012) 9(3):237–44. doi:10.1038/cmi.2012.7 

9. Shultz LD, Brehm MA, Garcia-Martinez JV, Greiner DL. Humanized mice 
for immune system investigation: progress, promise and challenges. Nat Rev 
Immunol (2012) 12(11):786–98. doi:10.1038/nri3311 

10. Traggiai E, Chicha L, Mazzucchelli L, Bronz L, Piffaretti JC, Lanzavecchia A,  
et  al. Development of a human adaptive immune system in cord blood 
cell-transplanted mice. Science (2004) 304(5667):104–7. doi:10.1126/science. 
1093933 

11. Ishikawa F, Yasukawa M, Lyons B, Yoshida S, Miyamoto T, Yoshimoto G, 
et al. Development of functional human blood and immune systems in NOD/
SCID/IL2 receptor {gamma} chain(null) mice. Blood (2005) 106(5):1565–73. 
doi:10.1182/blood-2005-02-0516 

12. Zhang L, Kovalev GI, Su L. HIV-1 infection and pathogenesis in a novel 
humanized mouse model. Blood (2007) 109(7):2978–81. doi:10.1182/blood- 
2006-07-033159 

13. Shultz LD, Lyons BL, Burzenski LM, Gott B, Chen X, Chaleff S, et al. Human 
lymphoid and myeloid cell development in NOD/LtSz-scid IL2R gamma null 
mice engrafted with mobilized human hemopoietic stem cells. J Immunol 
(2005) 174(10):6477–89. doi:10.4049/jimmunol.174.10.6477 

14. Lan P, Tonomura N, Shimizu A, Wang S, Yang YG. Reconstitution of a func-
tional human immune system in immunodeficient mice through combined 
human fetal thymus/liver and CD34+ cell transplantation. Blood (2006) 
108(2):487–92. doi:10.1182/blood-2005-11-4388 

15. Melkus MW, Estes JD, Padgett-Thomas A, Gatlin J, Denton PW, Othieno FA, 
et al. Humanized mice mount specific adaptive and innate immune responses 
to EBV and TSST-1. Nat Med (2006) 12(11):1316–22. doi:10.1038/nm1431 

16. Jiang Q, Zhang L, Wang R, Jeffrey J, Washburn ML, Brouwer D, et  al. 
FoxP3+CD4+ regulatory T  cells play an important role in acute HIV-1 
infection in humanized Rag2-/-gammaC-/- mice in  vivo. Blood (2008) 
112(7):2858–68. doi:10.1182/blood-2008-03-145946 

17. Zhang L, Jiang Q, Li G, Jeffrey J, Kovalev GI, Su L. Efficient infection, 
activation, and impairment of pDCs in the BM and peripheral lymphoid 
organs during early HIV-1 infection in humanized rag2(-)/(-)gamma 
C(-)/(-) mice in vivo. Blood (2011) 117(23):6184–92. doi:10.1182/blood- 
2011-01-331173 

18. Zhang Z, Cheng L, Zhao J, Li G, Zhang L, Chen W, et al. Plasmacytoid den-
dritic cells promote HIV-1-induced group 3 innate lymphoid cell depletion. 
J Clin Invest (2015) 125(9):3692–703. doi:10.1172/JCI82124 

148

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://www.frontiersin.org/articles/10.3389/fimmu.2018.00817/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2018.00817/full#supplementary-material
https://doi.org/10.1016/S0140-6736(08)61113-7
https://doi.org/10.1016/S0140-6736(08)61113-7
https://doi.org/10.1038/nrmicro3352
https://doi.org/10.1016/S0140-6736(13)60104-X
https://doi.org/10.1146/annurev-med-042909-093756
https://doi.org/10.1016/j.coviro.2016.06.010
https://doi.org/10.1146/annurev-virology-101416-041703
https://doi.org/10.1146/annurev-virology-101416-041703
https://doi.org/10.1038/cmi.2012.7
https://doi.org/10.1038/nri3311
https://doi.org/10.1126/science.1093933
https://doi.org/10.1126/science.1093933
https://doi.org/10.1182/blood-2005-02-0516
https://doi.org/10.1182/blood-2006-07-033159
https://doi.org/10.1182/blood-2006-07-033159
https://doi.org/10.4049/jimmunol.174.10.6477
https://doi.org/10.1182/blood-2005-11-4388
https://doi.org/10.1038/nm1431
https://doi.org/10.1182/blood-2008-03-145946
https://doi.org/10.1182/blood-2011-01-331173
https://doi.org/10.1182/blood-2011-01-331173
https://doi.org/10.1172/JCI82124


13

Cheng et al. Humanized Hu-HSC and Hu-Thy/HSC Mice

Frontiers in Immunology | www.frontiersin.org April 2018 | Volume 9 | Article 817

19. Meixlsperger S, Leung CS, Ramer PC, Pack M, Vanoaica LD, Breton G, et al. 
CD141+ dendritic cells produce prominent amounts of IFN-alpha after 
dsRNA recognition and can be targeted via DEC-205 in humanized mice. 
Blood (2013) 121(25):5034–44. doi:10.1182/blood-2012-12-473413 

20. Cheng L, Zhang Z, Li G, Li F, Wang L, Zhang L, et al. Human innate responses 
and adjuvant activity of TLR ligands in vivo in mice reconstituted with a human 
immune system. Vaccine (2017) 35(45):6143–53. doi:10.1016/j.vaccine. 
2017.09.052 

21. Gorantla S, Makarov E, Finke-Dwyer J, Gebhart CL, Domm W, Dewhurst S, 
et al. CD8+ cell depletion accelerates HIV-1 immunopathology in humanized 
mice. J Immunol (2010) 184(12):7082–91. doi:10.4049/jimmunol.1000438 

22. Brainard DM, Seung E, Frahm N, Cariappa A, Bailey CC, Hart WK, et  al. 
Induction of robust cellular and humoral virus-specific adaptive immune 
responses in human immunodeficiency virus-infected humanized BLT mice. 
J Virol (2009) 83(14):7305–21. doi:10.1128/JVI.02207-08 

23. Dudek TE, No DC, Seung E, Vrbanac VD, Fadda L, Bhoumik P, et al. Rapid 
evolution of HIV-1 to functional CD8(+) T cell responses in humanized BLT 
mice. Sci Transl Med (2012) 4(143):143ra98. doi:10.1126/scitranslmed.3003984 

24. Seung E, Dudek TE, Allen TM, Freeman GJ, Luster AD, Tager AM. PD-1 
blockade in chronically HIV-1-infected humanized mice suppresses viral 
loads. PLoS One (2013) 8(10):e77780. doi:10.1371/journal.pone.0077780 

25. Palmer BE, Neff CP, Lecureux J, Ehler A, Dsouza M, Remling-Mulder L, 
et  al. In vivo blockade of the PD-1 receptor suppresses HIV-1 viral loads 
and improves CD4+ T  cell levels in humanized mice. J Immunol (2013) 
190(1):211–9. doi:10.4049/jimmunol.1201108 

26. Berges BK, Akkina SR, Folkvord JM, Connick E, Akkina R. Mucosal trans-
mission of R5 and X4 tropic HIV-1 via vaginal and rectal routes in human-
ized Rag2-/- gammac-/- (RAG-hu) mice. Virology (2008) 373(2):342–51. 
doi:10.1016/j.virol.2007.11.020 

27. Denton PW, Garcia JV. Mucosal HIV-1 transmission and prevention  
strategies in BLT humanized mice. Trends Microbiol (2012) 20(6):268–74. 
doi:10.1016/j.tim.2012.03.007 

28. Akkina R, Berges BK, Palmer BE, Remling L, Neff CP, Kuruvilla J, et  al. 
Humanized Rag1-/- gammac-/- mice support multilineage hematopoiesis 
|and are susceptible to HIV-1 infection via systemic and vaginal routes. PLoS 
One (2011) 6(6):e20169. doi:10.1371/journal.pone.0020169 

29. Cheng L, Ma J, Li J, Li D, Li G, Li F, et al. Blocking type I interferon signaling 
enhances T cell recovery and reduces HIV-1 reservoirs. J Clin Invest (2017) 
127(1):269–79. doi:10.1172/JCI90745 

30. Zhen A, Rezek V, Youn C, Lam B, Chang N, Rick J, et  al. Targeting type I 
interferon-mediated activation restores immune function in chronic HIV 
infection. J Clin Invest (2017) 127(1):260–8. doi:10.1172/JCI89488 

31. Cheng L, Yu H, Li G, Li F, Ma J, Li J, et al. Type I interferons suppress viral 
replication but contribute to T cell depletion and dysfunction during chronic 
HIV-1 infection. JCI Insight (2017) 2(12):1–13. doi:10.1172/jci.insight.94366 

32. Denton PW, Estes JD, Sun Z, Othieno FA, Wei BL, Wege AK, et al. Antiretroviral 
pre-exposure prophylaxis prevents vaginal transmission of HIV-1 in human-
ized BLT mice. PLoS Med (2008) 5(1):e16. doi:10.1371/journal.pmed.0050016 

33. Denton PW, Olesen R, Choudhary SK, Archin NM, Wahl A, Swanson MD, 
et  al. Generation of HIV latency in humanized BLT mice. J Virol (2012) 
86(1):630–4. doi:10.1128/JVI.06120-11 

34. Halper-Stromberg A, Lu CL, Klein F, Horwitz JA, Bournazos S, Nogueira L, 
et  al. Broadly neutralizing antibodies and viral inducers decrease rebound 
from HIV-1 latent reservoirs in humanized mice. Cell (2014) 158(5):989–99. 
doi:10.1016/j.cell.2014.07.043 

35. Veselinovic M, Yang KH, LeCureux J, Sykes C, Remling-Mulder L, Kashuba ADM,  
et al. HIV pre-exposure prophylaxis: mucosal tissue drug distribution of RT 
inhibitor tenofovir and entry inhibitor maraviroc in a humanized mouse model. 
Virology (2014) 464-465:253–63. doi:10.1016/j.virol.2014.07.008 

36. Hu S, Neff CP, Kumar DM, Habu Y, Akkina SR, Seki T, et al. A humanized 
mouse model for HIV-2 infection and efficacy testing of a single-pill 
triple-drug combination anti-retroviral therapy. Virology (2017) 501:115–8. 
doi:10.1016/j.virol.2016.11.013 

37. Klein F, Halper-Stromberg A, Horwitz JA, Gruell H, Scheid JF, Bournazos S,  
et  al. HIV therapy by a combination of broadly neutralizing antibodies in 
humanized mice. Nature (2012) 492(7427):118–22. doi:10.1038/nature11604 

38. Horwitz JA, Halper-Stromberg A, Mouquet H, Gitlin AD, Tretiakova A, 
Eisenreich TR, et al. HIV-1 suppression and durable control by combining 
single broadly neutralizing antibodies and antiretroviral drugs in humanized 
mice. Proc Natl Acad Sci U S A (2013) 110(41):16538–43. doi:10.1073/pnas. 
1315295110 

39. Denton PW, Long JM, Wietgrefe SW, Sykes C, Spagnuolo RA, Snyder OD, 
et  al. Targeted cytotoxic therapy kills persisting HIV infected cells during  
ART. PLoS Pathog (2014) 10(1):e1003872. doi:10.1371/journal.ppat.1003872 

40. Wege AK, Melkus MW, Denton PW, Estes JD, Garcia JV. Functional and 
phenotypic characterization of the humanized BLT mouse model. Curr Top 
Microbiol Immunol (2008) 324:149–65. doi:10.1007/978-3-540-75647-7_10 

41. Li G, Cheng M, Nunoya J, Cheng L, Guo H, Yu H, et al. Plasmacytoid dendritic 
cells suppress HIV-1 replication but contribute to HIV-1 induced immuno-
pathogenesis in humanized mice. PLoS Pathog (2014) 10(7):e1004291. 
doi:10.1371/journal.ppat.1004291 

42. Chen Y, Wei H, Sun R, Dong Z, Zhang J, Tian Z. Increased susceptibility to 
liver injury in hepatitis B virus transgenic mice involves NKG2D-ligand inter-
action and natural killer cells. Hepatology (2007) 46(3):706–15. doi:10.1002/
hep.21872 

43. Laird GM, Rosenbloom DI, Lai J, Siliciano RF, Siliciano JD. Measuring the 
frequency of latent HIV-1 in resting CD4(+) T  cells using a limiting dilu-
tion coculture assay. Methods Mol Biol (2016) 1354:239–53. doi:10.1007/ 
978-1-4939-3046-3_16 

44. Biswas S, Chang H, Sarkis PT, Fikrig E, Zhu Q, Marasco WA. Humoral 
immune responses in humanized BLT mice immunized with West Nile 
virus and HIV-1 envelope proteins are largely mediated via human CD5+ 
B  cells. Immunology (2011) 134(4):419–33. doi:10.1111/j.1365-2567.2011. 
03501.x 

45. Seung E, Tager AM. Humoral immunity in humanized mice: a work in 
progress. J Infect Dis (2013) 208(Suppl 2):S155–9. doi:10.1093/infdis/jit448 

46. Martinez-Torres F, Nochi T, Wahl A, Garcia JV, Denton PW. Hypo- 
gammaglobulinemia in BLT humanized mice – an animal model of primary 
antibody deficiency. PLoS One (2014) 9(10):e108663. doi:10.1371/journal.
pone.0108663 

47. Garcia JV. In vivo platforms for analysis of HIV persistence and eradication. 
J Clin Invest (2016) 126(2):424–31. doi:10.1172/JCI80562 

48. Namikawa R, Kaneshima H, Lieberman M, Weissman IL, McCune JM. Infection 
of the SCID-hu mouse by HIV-1. Science (1988) 242(4886):1684–6. doi:10.1126/ 
science.3201256 

49. Shultz LD, Saito Y, Najima Y, Tanaka S, Ochi T, Tomizawa M, et al. Generation 
of functional human T-cell subsets with HLA-restricted immune responses in 
HLA class I expressing NOD/SCID/IL2r gamma(null) humanized mice. Proc 
Natl Acad Sci U S A (2010) 107(29):13022–7. doi:10.1073/pnas.1000475107 

50. Greenblatt MB, Vrbanac V, Tivey T, Tsang K, Tager AM, Aliprantis AO. Graft 
versus host disease in the bone marrow, liver and thymus humanized mouse 
model. PLoS One (2012) 7(9):e44664. doi:10.1371/journal.pone.0044664 

51. Nochi T, Denton PW, Wahl A, Garcia JV. Cryptopatches are essential for the 
development of human GALT. Cell Rep (2013) 3(6):1874–84. doi:10.1016/j.
celrep.2013.05.037 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2018 Cheng, Ma, Li and Su. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License (CC BY). The use, 
distribution or reproduction in other forums is permitted, provided the original 
author(s) and the copyright owner are credited and that the original publication in 
this journal is cited, in accordance with accepted academic practice. No use, distribu-
tion or reproduction is permitted which does not comply with these terms.

149

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1182/blood-2012-12-473413
https://doi.org/10.1016/j.vaccine.2017.09.052
https://doi.org/10.1016/j.vaccine.2017.09.052
https://doi.org/10.4049/jimmunol.1000438
https://doi.org/10.1128/JVI.02207-08
https://doi.org/10.1126/scitranslmed.3003984
https://doi.org/10.1371/journal.pone.0077780
https://doi.org/10.4049/jimmunol.1201108
https://doi.org/10.1016/
j.virol.2007.11.020
https://doi.org/10.1016/j.tim.2012.03.007
https://doi.org/10.1371/journal.pone.0020169
https://doi.org/10.1172/JCI90745
https://doi.org/10.1172/JCI89488
https://doi.org/10.1172/jci.insight.94366
https://doi.org/10.1371/journal.pmed.0050016
https://doi.org/10.1128/JVI.06120-11
https://doi.org/10.1016/j.cell.2014.07.043
https://doi.org/10.1016/j.virol.2014.07.008
https://doi.org/10.1016/j.virol.2016.11.013
https://doi.org/10.1038/nature11604
https://doi.org/10.1073/pnas.
1315295110
https://doi.org/10.1073/pnas.
1315295110
https://doi.org/10.1371/journal.ppat.1003872
https://doi.org/10.1007/978-3-540-75647-7_10
https://doi.org/10.1371/journal.ppat.1004291
https://doi.org/10.1002/hep.21872
https://doi.org/10.1002/hep.21872
https://doi.org/10.1007/
978-1-4939-3046-3_16
https://doi.org/10.1007/
978-1-4939-3046-3_16
https://doi.org/10.1111/j.1365-2567.2011.
03501.x
https://doi.org/10.1111/j.1365-2567.2011.
03501.x
https://doi.org/10.1093/infdis/jit448
https://doi.org/10.1371/journal.pone.0108663
https://doi.org/10.1371/journal.pone.0108663
https://doi.org/10.1172/JCI80562
https://doi.org/10.1126/science.3201256
https://doi.org/10.1126/science.3201256
https://doi.org/10.1073/pnas.1000475107
https://doi.org/10.1371/journal.pone.0044664
https://doi.org/10.1016/j.celrep.2013.05.037
https://doi.org/10.1016/j.celrep.2013.05.037
https://creativecommons.org/licenses/by/4.0/


April 2018 | Volume 9 | Article 7461

Review
published: 20 April 2018

doi: 10.3389/fimmu.2018.00746

Frontiers in Immunology | www.frontiersin.org

Edited by: 
Ramesh Akkina,  

Colorado State University,  
United States

Reviewed by: 
James Riley,  

University of Pennsylvania,  
United States  

Sylvie Fournel,  
Université de Strasbourg, France

*Correspondence:
Scott G. Kitchen  

skitchen@ucla.edu

Specialty section: 
This article was submitted to 

Vaccines and Molecular 
Therapeutics,  

a section of the journal  
Frontiers in Immunology

Received: 23 December 2017
Accepted: 26 March 2018

Published: 20 April 2018

Citation: 
Carrillo MA, Zhen A and Kitchen SG 

(2018) The Use of the Humanized 
Mouse Model in Gene Therapy and 
Immunotherapy for HIV and Cancer.  

Front. Immunol. 9:746.  
doi: 10.3389/fimmu.2018.00746

The Use of the Humanized 
Mouse Model in Gene Therapy and 
immunotherapy for Hiv and Cancer
Mayra A. Carrillo, Anjie Zhen and Scott G. Kitchen*

Department of Medicine, Division of Hematology and Oncology, University of California Los Angeles, Los Angeles, CA, 
United States

HIV and cancer remain prevailing sources of morbidity and mortality worldwide. There are 
current efforts to discover novel therapeutic strategies for the treatment or cure of these 
diseases. Humanized mouse models provide the investigative tool to study the interaction 
between HIV or cancer and the human immune system in vivo. These humanized models 
consist of immunodeficient mice transplanted with human cells, tissues, or hematopoi-
etic stem cells that result in reconstitution with a nearly full human immune system. In 
this review, we discuss preclinical studies evaluating therapeutic approaches in stem 
cell-based gene therapy and T cell-based immunotherapies for HIV and cancer using a 
humanized mouse model and some recent advances in using checkpoint inhibitors to 
improve antiviral or antitumor responses.

Keywords: Hiv, cancer, humanized mice, gene therapy, immunotherapy, T cell receptor, chimeric antigen receptor, 
hematopoietic stem cells

iNTRODUCTiON

Humanized mice have emerged as an invaluable tool in providing a model system that enables 
researchers to study the human immune system and its development and function/dysfunction 
in vivo (1). The identification of the severe combined immunodeficiency (Prkcdscid or SCID) mouse 
provided the cornerstone of the development of the humanized mouse model by allowing the 
xenoengraftment of human (hu) cells [specifically, human peripheral blood lymphocytes (PBLs)] 
without mouse immune system-mediated rejection (known as the hu-PBL SCID model) (2). This 
allowed limited examination of components of the human immune system in a manipulatable 
model system. Further development occurred with the engraftment of SCID mice with human fetal 
thymus and liver tissue, which is implanted under the kidney capsule of the animals (termed the 
SCID-hu mouse) (3, 4). The fetal liver tissue provided the hematopoietic cells and the thymus tissue 
provided the stromal elements to facilitate the engraftment and development of a functional human 
thymus in these animals. This allowed the closed examination and long-term engraftment of human 
hematopoietic tissue in  vivo. Humanized mouse model development rapidly expanded with the 
identification and breeding of immunodeficient strains of mice that facilitated a greater engraftment 
of human cells. SCID mice have been crossed with other mouse strains, such as the nonobese diabetic 
(NOD) mouse to generate NOD/SCID mice that have defects in innate and adaptive immunity (5). 
Other mice that have been crossed to SCID mouse strains include those that have genetic mutations 
in the Rag1, Rag2, or the IL-2 receptor common gamma chain (IL2rγ) genes to generate new strains 
of immuno-incompetent mice which allow greater human cell and tissue engraftment, particularly 
the tissues and cells that have a high hematopoietic potential (6). The NOD/SCID and NOD/SCID/
IL2rγ-knockout (NSG) strains have been used to generate one of the more recent humanized mouse 
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Table 1 | Engraftment of human immune system in the most commonly used immunodeficient mouse models.

Common engraftment method of 
human cells

Common immunodeficient strains 
used

Characteristics of the reconstituted human 
immune system

Source and references

Injection of peripheral blood 
mononuclear cells

Nonobese diabetic (NOD).CB17-Prkdcscid  
(NOD-SCID)

Engraftment of T cells, rapid GVHD 
development

Jackson Laboratory (2)

Injection of HSCs NOD.Cg-PrkdcscidIL2rgtm1WjN/Sz  
(NSG)

Multiple hematopoietic lineages including T and 
B cells, APCs, and NK cells

Jackson Laboratory (7)

Implantation of fetal liver and thymus 
tissue

NOD-SCID  
NSG

Robust thymocyte development, thymocytes 
educated on autologous thymic epithelium, 
minimal development of peripheral immune 
system

Jackson Laboratory (3, 4)

Implantation of fetal liver and thymus 
tissue and injection of autologous HSCs

NSG
NOD-SCID
NOD.129S7  
(B6)-Rag1tm1MomIL2rgtm1WjN/Sz  
(NRG)
B6.129 (Cg)-Rag2tm1FwaCd47tm1FpI//2rgtm1WjI/J 
(TKO-C57BL6)

Complete human immune system, human 
leukocyte antigen-restricted T cells, mucosal 
immune system, delayed GVHD

Jackson Laboratory (14, 16–18)
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models that has shown to have the most robust human immune 
system engraftment, providing long-term human hematopoietic 
stem/progenitor cell (HSPC) engraftment and functional multi-
lineage hematopoietic differentiation. This model facilitated the 
engraftment of human CD34+ HSPCs in the bone marrow of the 
animals and subsequent multilineage hematopoiesis, including 
B  cell production and limited T  cell development [termed the 
CD34-humanized mouse (7)]. More robust T cell reconstitution, 
which provides a more relevant model for HIV infection and the 
study of T  cell immunity (8), was subsequently developed and 
involved the intravenous injection of autologous CD34+ human 
hematopoietic cells from fetal liver tissues, which engraft in the 
bone marrow (B), along with the transplantation of human fetal 
liver (L) and thymus (T) tissue under the kidney capsule of the 
mice, which forms a recapitulated human thymus [known as the 
bone marrow–liver–thymus (BLT) mouse] (9, 10). New mice 
strains, such as NOD-SCID IL2Rγnull/IL-3/GM-CSF(NSG-
SGM3), are also being adopted for constructing BLT mice for 
better differentiation of myeloid cells or cancer engraftment 
(11, 12). Overall, immune-incompetent mouse strains can be 
humanized by either the transplantation of human peripheral 
blood mononuclear cells (PBMCs), the transplantation of human 
HSPCs, or the engraftment of human fetal tissue and HSPCs 
(Table 1). Among them, the humanized BLT mice are the most 
robust model in supporting multilineage human immune system 
development (13). The development of humanized mouse models 
has been extensively reviewed in Ref. (6, 14, 15) and been utilized 
in preclinical studies that revealed important discoveries in sev-
eral fields of research (1).

In particular, HIV researchers have taken advantage of the 
humanized mouse model to better understand the pathogenesis 
of the infection and to examine novel therapeutic strategies to 
treat and possibly eradicate infection (19). Relatively early in 
the use of these types of humanized mice, researchers used the 
SCID-hu mouse as a platform to design and test a gene therapy 
approach for the treatment of HIV infection. Human HSPCs were 
transduced with a retroviral vector expressing a reporter gene and 
were then injected into the human thymus organoid to evaluate 

the differentiation and development of mature cells carrying the 
transgene reporter in vivo (20, 21). These studies formed the basis 
of the development of this approach to protect cells from HIV 
infection in what was the largest phase II gene therapy trial to that 
date (22). This sets the stage for the forward progression of other 
types of HSPC-based gene therapy research involving the devel-
opment of lentiviral vectors expressing anti-HIV components 
that result in HIV-resistant immune cells in vivo in humanized 
mice (23–27). Results for some of these studies enabled stem 
cell-based gene therapy clinical trials that are currently ongoing 
(ClinicalTrials.gov Identifier: NCT01734850). Thus, studies such 
as these performed in humanized mice illustrate the utility of test-
ing new stem cell-based gene therapy approached in humanized 
mice and highlight the potential therapeutic efficacy and safety of 
engineering such aspects as HIV resistance through the genetic 
modification of HSCs with anti-HIV genes (28).

Currently, humanized mouse models are being highly uti-
lized to study human diseases and develop novel therapeutic 
approaches that can potentially be translated into clinical trials 
as described above. HIV and cancer are two research fields that 
have been taking advantage of the humanized mouse model to 
study stem cell- and T cell-based immunotherapy approaches to 
treat these chronic diseases. In this review, we highlight impor-
tant studies using the humanized mouse model in stem cell- and 
T  cell-based immunotherapy using highly potent transgenic 
T cell receptors (TCRs) and chimeric antigen receptors (CARs). 
We also discuss utilizing checkpoint inhibitors to overcome com-
mon immunosuppression mechanisms used by both diseases that 
promote disease progression and persistence.

PeRiPHeRal Cell-baSeD 
iMMUNOTHeRaPY MODeliNG iN 
HUMaNiZeD MiCe

Transgenic TCRs in Humanized Mice
One of the earliest attempts for treating HIV through an 
immunotherapy-based approach using peripheral T cells was to 
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isolate HIV-specific CTLs from HIV patients, expand ex vivo, 
and infuse them back into the patients (29–32). However, these 
studies demonstrated that this approach had very little impact 
on antiviral efficacy in treated individuals. There are current 
attempts to improve the efficiency of this approach through 
the “redirection” of peripheral T  cells to target HIV infection 
through the genetic modification of cells with HIV-specific, 
molecularly cloned TCRs [for review on transgenic TCRs, see 
Ref. (33, 34)]. Proof of principle studies were conducted in 
the humanized mouse model wherein Joseph et al. produced a 
lentiviral vector encoding the TCR that recognizes the HIV-1 gag 
epitope SL9, which elicits a potent antiviral response by CTLs 
carrying the SL9-specific TCR (35). Using the SCID-hu mouse 
model, transduced CD8+ T cells carrying the SL9-specific TCR 
were co-injected with human leukocyte antigen (HLA)-matched 
HIV-1-infected PBMCs and tested for in  vivo suppression of 
HIV-1. Isolated spleens of the mice treated with transduced HIV 
TCR CD8 T cells showed no signs of HIV-1-infected PBMCs; 
thus, peripheral CD8+ T cells modified with this potent anti-HIV 
TCR were capable of controlling and clearing HIV-1 infection 
in vivo. Although TCR-based immunotherapy has been shown 
to be effective in nonhumanized mouse models (36–38), there 
are rising safety concerns with using cloned TCRs in adoptive 
immunotherapy because of the possibility of exogenous TCR 
mispairing with an endogenous TCR chain, generating a new 
TCR that can have lethal off-target toxicity (39, 40). However, 
other studies conducted in humanized mice suggest that this 
may not be a significant issue (see below).

CaR-based immunotherapy in Humanized 
Mice
An ever-present issue with the use of molecularly cloned TCRs 
in therapy is that they have to be used in HLA-matched individu-
als, lessening their potential use to a limited number of people. 
CARs, which combine antigen-recognizing, HLA-independent 
extracellular domains with the TCR-zeta chain intracellular 
signaling domain, broaden these molecules’ potential use as a 
T cell redirection/engineering therapeutic approach [for a review 
on CAR T  cell design, see Ref. (41)]. There have been numer-
ous preclinical studies and clinical trials that have tested or are 
currently testing the effectiveness of CAR T cell therapy against 
certain cancers, reviewed in Ref. (42). In many preclinical stud-
ies, humanized mice were used to test the antitumor efficacy of 
various CAR designs: for example, second- or third-generation 
CARs which contain immune-enhancing costimulatory domains 
(43–45). Humanized mice can also be used to study the effect of 
combination therapy with CAR T  cells and antibody-targeting 
immune checkpoint inhibitors such as PD-1 and CTLA-4 (46). 
A combinatorial therapeutic approach using CAR T  cells and 
an immune checkpoint inhibitor has recently been studied in a 
humanized mouse model of metastatic clear-cell renal cell car-
cinoma (47). These CAR T cells targeting human anti-carbonic 
anhydrase are also equipped to secrete human anti-programmed 
death ligand 1 (PD-L1) antibodies to overcome checkpoint inhi-
bition mediated by PD-1 and PD-L1 interactions. This approach 
to immune-checkpoint blockade resulted in an enhanced antitu-
mor efficacy compared to mice treated with CAR T cells alone. 

Continuous efforts to study the behavior of CAR T cells in vivo 
using humanized mice can provide important understandings 
into overcoming the immunosuppressive properties of the tumor 
microenvironment.

With the success of CAR T cell therapy against B cell malig-
nancies, HIV researchers are revisiting the CAR T cell approach 
for the treatment of HIV infection (48–50). Very recently, 
peripheral anti-HIV CAR T cells have been tested for antiviral 
efficacy using a humanized mouse model of HIV infection (51). 
The study’s approach was to redesign a CD4-based CAR vector 
used previously in clinical trials to augment expression and CAR 
T  cell performance. Anti-HIV CAR T  cells that contained the 
costimulatory 4-1BB domain outperformed those that contained 
the CD28 costimulatory domain in reducing viral rebound after 
ART treatment and prolonged persistence in vivo in the absence 
of antigen. Thus, opposed to the minimal clinical efficacy seen 
with the first-generation CD4-based CAR, newer generation of 
anti-HIV CARs can potentially have a more promising outcome 
in clinical trials. Future studies using humanized mouse models 
of HIV infection can provide more information on differences in 
anti-HIV responses and the clearance of HIV infection in vivo 
using anti-HIV CAR T cells containing different combinations of 
costimulatory domains.

STeM Cell-baSeD GeNe THeRaPY iN 
HUMaNiZeD MiCe

Recent developments of new humanized mouse models have 
opened opportunities in efforts to modify human stem cells to 
generate an immune system designed to mount a more efficient, 
targeted immune response against a specific pathogen or a dis-
ease. Humanized mice are being employed to test the therapeutic 
efficacies of stem cell-based gene therapies involving the modifi-
cation of HSPCs with potent antigen-specific TCRs and CARs, 
and engineering a human immune system equipped to specifi-
cally target HIV or cancer antigens in vivo. Below, we discuss key 
studies that have utilized the humanized mouse model system for 
stem cell-based therapy for HIV and cancer.

Stem Cell-based Gene Therapy Using 
TCRs against Hiv and Cancer
To enhance the immune response to HIV infection, studies have 
used HSPCs to introduce HIV-specific TCRs into immunodefi-
cient mice to reconstitute a human immune system that contains 
a population of T cells carrying an HIV-specific TCR. The testing 
of this concept initially utilized the SCID-hu mouse model (52). 
CD34+ HSPCs were isolated from a human fetal liver, transduced 
with a molecularly cloned anti-HIV TCR, and transplanted 
into irradiated HLA-matched SCID-hu mice. This resulted in 
the generation of mature CD8+  T  cells carrying the transgenic 
anti-HIV TCR. These anti-HIV TCR+  T  cells were functional 
in response to peptide stimulation ex vivo, differentiating into 
effector cells, producing interferon (IFN)-gamma, and lysing 
targeted cells. To test the functionality of anti-HIV TCR+ T cells 
generated from transduced HSCs in vivo, a follow up study used 
the NSG strain mouse that is engrafted with human liver/thymus 
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and injected with transduced fetal liver CD34+ cells. Using this 
NSG-CTL mouse model, the injected transduced HSCs were 
able to differentiate into mature human CD8+  T  cells carrying 
the transgenic anti-HIV TCR (16). More importantly, anti-HIV 
TCR+  CD8 T  cells were found to migrate into multiple tissues 
including the spleen, bone marrow, and the implanted human 
thymus. Following an HIV-1 challenge into these mice, these 
anti-HIV TCR+ CD8 T cells were able to suppress viral load at 
2 weeks and 6 weeks post infection in the peripheral blood. In 
addition, mice carrying the anti-HIV TCR T cells were protected 
against CD4 T cell depletion and had lower levels of infected cells 
by 6 weeks post infection. Other key outcomes observed in this 
study were the reduced viral burden in anti-HIV TCR mice in 
lymphoid tissues and the expansion and differentiation of anti-
HIV TCR+ T cells in response to an active HIV infection. These 
studies using two different humanized mouse models showed the 
feasibility and therapeutic potential of modifying HSCs with a 
potent anti-HIV TCR to produce a functional antiviral immune 
response to HIV.

Investigators have turned to the humanized mouse model to 
test the proof of principle of this type of stem cell-based gene 
therapy against cancer. Similar to the HIV-based studies, stem 
cell-based gene therapy for cancer is also being examined as a 
potential therapeutic strategy to provide a long-lasting immune 
surveillance against tumor cells using human HSPCs modi-
fied with an antitumor TCR (53). Using the BLT-humanized 
mouse model, Vatakis et al. transplanted HSPCs modified with 
a HLA-A*0201-restricted anti-melanoma TCR (54, 55). The 
transduced HSPCs were able to differentiate and produce high 
levels of naïve CD8+ T cells carrying the anti-melanoma TCR. 
Upon challenging these mice with HLA-matched tumors, mice 
treated with anti-melanoma TCRs were able to control tumor 
growth, and in some mice, clear the tumor compared to control 
mice carrying nonmodified T  cells. Further analysis on the 
functionality of these anti-melanoma-specific T  cells showed 
that they can differentiate into different subsets of effector 
and memory phenotype and infiltrate into tumors. Moreover, 
analysis of the bone marrow of these mice carrying transgenic 
HSCs showed continued expression of the integrated vector in 
isolated bone marrow samples. Thus, transgenic HSPCs can 
repopulate the bone marrow and provide a long-lasting supply 
of modified mature immune cells, including T and natural killer 
(NK) cells, directed against a specific pathogen. Other studies 
have also utilized the CD34-humanized mouse model in exam-
ining stem cell gene therapy using candidate antitumor specific 
TCRs which exhibited similar and new informative outcomes 
(56–58). In particular, these studies found that the introduc-
tion of the TCR transgene in HSPCs could inhibit endogenous 
TCR rearrangement in T cells (56, 57, 59). This is an important 
discovery as it can overcome the potential of off-target toxicities 
from transgene expression and endogenous TCR chains rear-
rangement and alpha and beta chain receptor mixing. Hence, 
humanized mouse models enabled investigators to study the 
development and dynamics of an immune system with unlim-
ited replenishment of immune cells carrying a disease-specific 
receptor which can provide key aspects of its therapeutic poten-
tial in clearing a persistent infection or a disease.

Stem Cell-based CaR T Cell Studies in 
Hiv and Cancer
To test the safety and efficacy of a stem cell-based CAR approach in 
HIV infection, Zhen et al. used the BLT-humanized mouse model 
and modified HSPCs with a lentiviral vector expressing an anti-
HIV CD4-based CAR to determine whether this can result in the 
generation of mature anti-HIV CAR+ CTLs (17). This anti-HIV 
CAR is based on utilizing the HIV receptor CD4 molecule that is 
fused to an internal TCR-signaling domain (60). Stem cells from 
fetal liver were modified with anti-HIV CAR-expressing lentiviral 
vector and infused into NSG mice transplanted with fetal liver 
and thymus. Investigators observed subsequent maturation of 
CAR+ T cells, NK cells, B cells, and myeloid cells in vivo. In addi-
tion, cells carrying the CAR-expressing lentiviral vectors were 
protected from HIV infection by coexpressing protective anti-HIV 
shRNAs and were able to functionally suppress HIV replication 
in vivo through CTL activity. Also, similar to the TCR-modified 
HSPC-based studies, developing T  cells carrying the anti-HIV 
CAR receptor can successfully go through positive selection in a 
human thymus, and the expression of the anti-HIV CAR resulted 
in the suppression of endogenous TCR rearrangement. This 
observation that developing T cells expressing an anti-HIV CD4-
based CAR suppressed endogenous TCR rearrangement suggests 
that the CD4-based CAR can act as the sole natural TCR during 
development. This could be a beneficial trait in the long term, as 
emerging T cells expressing CD4-based CARs will be specific to 
HIV antigen and chances of off-target activation will be minimal. 
A similar approach was also done examining the development 
of CD19CAR-expressing cells in the CD34-humanized mouse 
model (61, 62). They found that the introduction of a lentiviral 
vector expressing either a CD19CAR or a second-generation 
CD19CD28CAR into HSPCs and engrafting into NSG mice led to 
the differentiation of different hematopoietic lineages expressing 
CAR including T cells, B cells, and myeloid cells and produced 
potent antitumor responses in the CD19CD28CAR-treated mice 
(61, 62). It remains to be seen if the therapeutic effects of stem 
cell-based CAR T cell therapy performed on humanized mice will 
be translated into human clinical trials.

PD-1 aND  iFN-i blOCKaDe THeRaPY 
FOR Hiv aND CaNCeR

While humanized mice have been useful in the examination of 
human immunotherapeutic approaches involving gene therapies, 
their use in examining antiviral or antimalignancy responses and 
immunotherapies is at a relatively nascent stage. More sensitive 
immune-based assays and improvements in humanized mice 
now allow the examination of antitumor and antiviral immune 
responses and show great promise in the development of novel 
immunotherapies to treat these conditions. In recent studies, 
humanized mouse models were used to examine the effects 
of blocking key immune and antiviral factors in chronic HIV 
infection. Chronic viral infections can persist by upregulating 
immune checkpoint receptors that can functionally compromise 
virus-specific T cells and prevent them from clearing the infec-
tion (63). HIV infection has been shown to upregulate T  cell 
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exhaustion markers that enable the virus to chronically persist, 
which includes PD-1, Tim-3, LAG-3 among others (64–69). To 
investigate whether T cell exhaustion can be reversed and rescue 
function in exhausted T cells, these recent studies closely exam-
ined immune factors in chronically HIV-infected mice and found 
elevated PD-1 levels on T cells, similar to that seen in infected 
individuals. These chronically infected mice were treated with 
an antibody that blocks the PD-1/PD-L1 pathway and found 
reduced viral loads and increased CD4+ and CD8+ T cell levels 
(70, 71). In addition, PD-L1 blockade increased the percentages 
of naïve and central memory T cells and increased Th1 cytokines 
IFN-gamma and IL-12 during treatment (70). Thus, blocking the 
PD-1/PL-1 pathway during chronic HIV leading to reduced viral 
loads has now been shown in two different humanized mouse 
models and supports results seen in a study applying PD-1 block-
ade during chronic SIV infection in a macaque model, which 
reduced SIV levels (72). It remains to be seen whether PD-1/
PD-L1 blockade can have clinical success in antiviral therapy 
in chronically HIV-infected individuals as it has already been 
observed in individuals treated for human cancer (73–75). PD-1 
blockade treatment for cancer therapy has been shown to have 
therapeutic benefits in patients with certain types of malignan-
cies (76). Recently, preclinical studies have utilized humanized 
mice either transplanted with human CD34+ HSPCs (HuNSG) 
or mice containing a double knockout of MHC class I or class II 
(NOG-dKO) to show the therapeutic potential of utilizing PD-1 
blockade for cancer therapy (77, 78). These studies highlight the 
usefulness of humanized mice to study not only the antitumor 
effects of anti-PD-1 blockade but also the human immune 
responses to human tumors, as these studies revealed significant 
tumor growth suppression and antitumor CD8+ T cell responses 
following PD-1 blockade treatment.

Hyper-immune activation is a hallmark of chronic HIV 
infection, and arising evidence is suggesting that chronic type I 
(IFN-I) is driving this continuous immune activation that may 
be leading to disease progression (79). To investigate the role 
IFN-I plays in driving chronic HIV infection, investigators have 
turned to BLT-humanized mouse models of HIV infection to 
study this (80, 81). In the study by Zhen et al., after establishing 
a chronic HIV infection, blocking IFN-1 signaling using an anti-
interferon alpha receptor 2(IFNR2)-blocking antibody resulted 
in a decreased immune activation, a decreased expression of 
T exhaustion markers and reversal of T  cell exhaustion, and 
reduced plasma viral loads. In addition, treatment with the anti-
IFNR2-blocking antibody in combination with ART resulted in 
a rapid viral suppression and reduced viral reservoirs. Cheng 
et  al. found similar results using IFNR1-blocking antibody in 
combination with ART treatment throughout their study (80). 
These results shed light on the role IFN-I signaling plays during 
chronic HIV infection in maintaining chronic immune activation 
and T cell exhaustion that leads to uncontrolled HIV infection 
in vivo. Findings from these and future studies may lead to the 
application of IFN-I blockade treatment in combination with 
ART during chronic HIV infection that could alleviate residual 
immune activation and reduce viral reservoirs in HIV-positive 
individuals. It remains to be seen whether IFN-I blockade will 
have a beneficial antitumor efficacy during tumor progression 

since IFN-I is important in inducing antitumor responses such 
as promoting CD8 T cell priming. However, continuous IFN-I 
signaling can also have immunosuppressive properties that may 
play a role in promoting tumor growth (82). It has been recently 
shown that continuous IFN signaling drives PD-L1-dependent 
and -independent resistance to radiation therapy and checkpoint 
blockade, and blocking IFN-I signaling restores tumor cell 
response to checkpoint blockade treatment (83). Whether IFN-I 
blockade treatment can restore response to treatment in tumors 
that are resistant to PD-1 blockade or other immune checkpoint 
blockade in a humanized mouse model of cancer remains to be 
determined.

FUTURe DiReCTiONS

Although humanized mice have been an essential tool in sev-
eral fields of research to better understand the mechanisms of 
disease progression and develop therapeutic strategies, these 
mouse models do come with their own limitations that need to 
be addressed to create more optimized models that will fit the 
needs of each research field (84). Currently, SCID mice engrafted 
with human PBMCs develop graft-versus-host disease (GVHD) 
within 4 weeks of engraftment, limiting the time of experimenta-
tion to just a few short weeks. The humanized BLT mouse model 
also has its own limitations for use. BLT mice can have poor 
B  cell development, limited antibody class switching following 
activation, and lymphocyte homing in lymph nodes and germinal 
centers, limiting their antibody responses. In addition, these 
mice also typically develop a GVHD-like condition after around 
20  weeks post engraftment of fetal tissue and HSCs, putting a 
limitation on the duration of a given study (84, 85). Therefore, 
there is a pressing need to develop new mouse strains with genetic 
properties that will eliminate the generation of this GVHD-like 
condition. Recently, a new modification of the BLT mouse model 
was made by transplanting fetal thymus, liver, and autologous 
CD34+ HSCs into a C57BL/6 mouse strain that contain a triple 
knockout of Rag2, IL-2Υc, and CD47 genes (TKO-BLT) (18). 
These mice were observed to be healthy with no signs of GVHD 
for 45 weeks post transplantation, which is months longer than 
that of the current BLT models. In addition, they retained high 
reconstitution of human cells throughout the 45 weeks. They also 
found this model to establish HIV latency, respond well to orally 
fed and subcutaneously injected ART treatment, and upon ART 
interruption, can generate rapid viral rebound. Thus, this new 
humanized TKO-BLT mouse model can provide an extended 
duration of a variety of studies that will be useful for addressing 
issues requiring longer periods of infection or disease progression.

Because of the variety of humanized mouse models currently 
available, it is important for investigators to be knowledgeable 
on the different mouse models and which one will be the more 
appropriate model to answer the questions they are investigat-
ing. Differences in the background mutations of the immuno-
compromised strains can have an impact on the engraftment of 
human cells and the development of peripheral lymph nodes 
and germinal centers (14). Therefore, results using humanized 
mice must be carefully interpreted. It is also important to include 
proper controls, particularly for immune-based studies, such as 
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uninfected and unmanipulated animals, to control for any poten-
tial changes/interference by GVHD or specific effects pertaining 
to the individual tissues.

Humanized mouse models are also currently being improved 
upon for cancer research (86). Cancer therapy studies evaluating 
the immune response to tumors would benefit from a humanized 
BLT model where the human reconstituted immune system is 
compatible with the transplanted tumor tissue. One possibility 
will be to acquire HSPCs from a patient and transplant autologous 
tumor cells or HLA-matched tumor cells into the mice. This will 
generate a closer representative of the patient’s antitumor response 
without the interference of alloreactive T cells resulting from the 
mismatch of the reconstituted immune system and engrafted 
tumor cells. Further advances in generating humanized mouse 
models that overcome current limitations will be highly benefi-
cial for HIV and cancer researchers to advance stem cell-based 
gene therapy, T cell immunotherapy, and other immunological 
studies such as T cell exhaustion and tumor immunosuppressive 
microenvironment for eradicating HIV and cancer.
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Scrub typhus is caused by Orientia tsutsugamushi, an obligated intracellular bacterium 
that affects over one million people per year. Several mouse models have been used to 
study its pathogenesis, disease immunology, and for testing vaccine candidates. However, 
due to the intrinsic differences between the immune systems in mouse and human, these 
mouse models could not faithfully mimic the pathology and immunological responses 
developed by human patients, limiting their value in both basic and translational studies. In 
this study, we have tested for the first time, a new humanized mouse model through footpad 
inoculation of O. tsutsugamushi in DRAGA (HLA-A2.HLA-DR4.Rag1KO.IL2RγcKO.NOD) 
mice with their human immune system reconstituted by infusion of HLA-matched human 
hematopoietic stem cells from umbilical cord blood. Upon infection, Orientia disseminated 
into various organs of DRAGA mice resulted in lethality in a dose-dependent manner, while 
all C3H/HeJ mice infected by the same route survived. Tissue-specific lesions associated 
with inflammation and/or necroses were observed in multiple organs of infected DRAGA 
mice. Consistent with the intracellular nature of Orientia, strong Th1, but subdued Th2 
responses were elicited as reflected by the human cytokine profiles in sera from infected 
mice. Interestingly, the percentage of both activated and regulatory (CD4+FOXP3+) human 
T cells were elevated in spleen tissues of infected mice. After immunization with irradiated 
whole cell Orientia, humanized DRAGA mice showed a significant activation of human 
T cells as evidenced by increased number of human CD4+ and CD8+ T cells. Specific 
human IgM and IgG antibodies were developed after repetitive immunization. The human-
ized DRAGA mouse model represents a new pre-clinical model for studying Orientia-
human interactions and also for testing vaccines and novel therapeutics for scrub typhus.

Keywords: scrub typhus, Orientia, mouse model, humanized mice, footpad inoculation

inTrODUcTiOn

Scrub typhus is an infectious disease, affecting over one million people per year and putting over a 
billion people at risk in its endemic areas (1). It is also of military significance and historically has 
been a leading cause of morbidity and mortality during warfare in the Asia-Pacific region. Patients 
with scrub typhus often display symptoms, including fever, eschar, headache, rash, pneumonitis, 
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and lymphadenopathy. If diagnosed early, it can be effectively 
treated with antibiotics, such as doxycycline, delayed treatment; 
however, can be lethal (2). Recent outbreaks of scrub typhus in 
endemic regions and emergence of this disease in non-traditional 
areas, such as Middle East (3), South America (4), and Africa 
(5) have emphasized the importance for early diagnosis, disease 
control, and treatment. Furthermore, no vaccine is currently 
available, mainly due to strain variations which lead to antigenic 
heterogeneity and short-term immunity (6). Insight into the 
pathogenesis and immunological responses upon Orientia 
infection is paramount not only in understanding its disease 
progression, but also for developing preventive strategies and 
novel therapeutics.

Scrub typhus is caused by Orientia, an obligate intracellular 
Gram-negative bacterium transmitted to human by chigger, the 
larval stage of Leptotrombidium mite (7). Due to the short length 
of their mouth pieces, chiggers can only reach the epidermis part 
of the skin (8), where Orientia will enter the host during feed-
ing. In certain percentage of patients, this will elicit strong local 
immunological reactions leading to the formation of eschars at 
the bite site. Examination of the composite structure of eschar has 
suggested that dendritic cells and monocytes/macrophages might 
be the major early host cells to encounter and harbor Orientia (9). 
The intracellular bacteria appear to possess the ability to escape 
from host defense mechanisms and proliferate in these antigen 
presenting cells including macrophages (10). In a matter of days, 
they can disseminate to distant major organs presumably via both 
lymphatic and hematologic circulatory systems.

Numerous animal models have been developed to study scrub 
typhus, including mice, rats, rabbits, monkeys, etc. (11). Monkeys 
are probably the best model, but they are very expensive and 
require specialized facilities (12). Mice are most frequently used 
due to their low cost and ease to handle. Mouse models have been 
very instrumental in previous studies looking into pathogenesis 
(13), vaccine tests (14) and more recently, into dissecting functions 
and mechanisms of specific immunological events (15). However, 
mouse models could not faithfully mimic the immunological 
reactions developed by human patients. This is probably due to 
the fundamental differences between the two species, especially 
in terms of their immune system makeup (16). These differences 
make it difficult to apply knowledge gained with mouse model to 
humans. Utilizing humanized mice could probably bridge this 
gap and hold the promise of providing more relevant models for 
immunological studies and vaccine development (17).

Earlier generations of human immune system humanized 
mice showed poor ability to support reconstitution and devel-
opment of functional human T  cells or B  cells that are able to 
secrete IgG (17). With the introduction of HLA transgenes in 
the Rag1KO.IL2RγcKO.NOD (NRG) background, the DRAG 
mice (HLA-DR4.Rag1KO.IL2RγcKO.NOD), and DRAGA mice 
(HLA-A2.HLA-DR4.Rag1KO.IL2RγcKO.NOD) infused with 
HLA-matched human hematopoietic stem cells (HSC) have been 
shown to repopulate the mouse thymus and to reconstitute func-
tional human T cells that support human B cell immunoglobulin 
class switching and secretion of human IgG (18–24). These mice 
have been used successfully for supporting infection with human 
pathogens, such as Plasmodium falciparum (malaria), HIV, 

Zika, and influenza A virus, and for analyzing human immune 
responses upon infection or vaccination (20–25). In this study, 
we successfully established a lethal challenge mouse model in 
humanized DRAGA mice using footpad inoculation of Orientia 
tsutsugamushi (O. tsutsugamushi) (Karp strain). We showed live 
Orientia dissemination into major organs of DRAGA mice, which 
caused pathological changes in various tissues. More importantly, 
Orientia infection induced human immune responses, includ-
ing T  cell activation, cytokine secretion, and specific antibody 
development.

MaTerials anD MeThODs

generation of humanized Draga Mice 
and ethics statement
DRAGA mice express HLA-A2.1 and HLA-DR0401 molecules 
on a NRG background and they have been previously described 
(19, 22, 24). HLA-A2.1/HLA-DR0401 positive umbilical cord 
blood was obtained from the NY Blood Center, Long Island 
City. Four- to six-week-old DRAGA mice were irradiated (350 
rads) and injected intravenously with CD3 T  cell-depleted 
cord blood cells (EasySep Human CD3 Positive Selection Kit, 
Stem Cell Technologies, #18051) containing approximately 105 
human hematopoietic stem cells (HSCs) (CD34+) as measured 
by fluorescence-activated cell shorting using human CD34 
antibodies (clone #563, BD Biosciences). The procedures for 
assessing human immune cell reconstitution in peripheral blood 
have been previously described (18, 19). DRAGA mice were used 
for 4 months after infusion of human HSCs. All animal proce-
dures reported herein were conducted under IACUC protocols 
approved by WRAIR/NMRC in compliance with the Animal 
Welfare Act and in accordance with the principles set forth in the 
“Guide for the Care and Use of Laboratory Animals,” Institute 
of Laboratory Animals Resources, National Research Council, 
National Academy Press, 2011.

Orientia inoculum Preparation and 
Footpad inoculation
All procedures involved using live Orientia was performed in 
biosafety level 3 (BSL-3) laboratories. Orientia (Karp strain) 
inoculum that was purified previously (14) was injected into 
peritoneal cavity of C3H/HeJ mice. Mice were euthanized 7 to 
10 days post inoculation. Liver and spleen tissues were homog-
enized in SYN1 buffer (0.22 M sucrose, 3.6 mM KH2PO4, 8.6 mM 
Na2HPO4, and 4.9 mM glutamic acid) at 1:20 ratio (v/v) and then 
aliquoted and stored in −80°C freezer until use. Serial dilution of 
the inoculum were used for intraperitoneal (i.p.) inoculation in 
CD-1 mice to calculate mLD50 (26) and also quantified by quanti-
tative PCR (qPCR). Inoculation of humanized DRAGA mice was 
performed by injecting 30 µL inoculum into each footpad (total 
60 µL per mouse). Homogenized liver and spleen tissues from 
non-infected C3H/HeJ mice were injected as controls.

Quantification of Orientia
DNA from bone marrow and major tissues were extracted using 
blood/tissue DNA kit (Qiagen) and qPCR targeting 47  kDa 
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gene of Orientia were performed on a 7500 Fast Real-Time PCR 
System (27). Serial dilutions of plasmid containing the amplifica-
tion fragment sequence (28) was used to generate standard curves 
for absolute copy number quantification.

cell culture and Bacterial infection
L929 mouse fibroblast cells originally from ATCC were main-
tained in DMEM media containing 10% FBS, 100 U/mL penicil-
lin, and 100 µg/mL streptomycin. Cells were cultured in incubator 
at 37°C with 5% CO2. Antibiotics were removed from cell culture 
24  h prior to infection. Two microliters of inoculum prepared 
from humanized DRAGA lung tissues were added to a T25 flask 
containing L929 cells and rocked for 1 h at room temperature and 
used for immunofluorescent staining on day 7 and day 14.

immunofluorescent and 
immunohistochemistry
Cultured L929 cells or frozen lung and liver sections on glass 
slides were fixed with 4% paraformaldehyde for 20  min and 
permeabilized with 0.1% Triton for 5 min at room temperature. 
They were then blocked in 1% BSA in PBS for 45  min before 
incubation with scrub typhus patient sera as primary antibody 
(pooled on day 11 post onset of fever and diluted at 1:1,000) at 
room temperature for 1  h. The slides were then washed three 
times (5  min each) in PBS before incubating with a goat anti-
human IgG secondary antibody conjugated with Alexa Fluor 568 
(Thermo Fisher Scientific). The slides were then washed three 
times (5 min each) in PBS before being examined under a fluo-
rescent microscope. For immunohistochemistry, animal tissues 
were fixed in formalin overnight and replaced with 70% ethanol 
the next day. Paraffin-embedded tissue sections from humanized 
DRAGA mice post challenge were cut into 5  μm sections and 
stained with hematoxylin and eosin (H&E).

immunization
Orientia (Karp stain) inoculum was irradiated at 200 krads 
for inactivation. Inoculum prepared from uninfected mouse 
was irradiated as well and used as the control. A total of four 
immunizations were performed with 2-week intervals. For each 
immunization, 1 × 107 irradiated bacteria were injected intraperi-
toneally into each humanized DRAGA mouse.

antibody Detection and characterization
Blood from each mouse was collected via tail vein. Enzyme-linked 
immunosorbent assay (ELISA) was used to monitor the develop-
ment of IgM and IgG specific to 56 kDa recombinant protein (14). 
Positive sera were confirmed by immunofluorescence assay on 
glass slides spotted with whole cell antigen of Orientia.

cytokine Profiling
Cytokines and chemokines from humanized DRAGA mouse sera 
were profiled using Bio-Plex Pro human cytokine 17-plex Assay 
(Bio-Rad) in a MAGPIX system (Luminex). To ensure mouse 
cytokines were not interfering with the results, sera from CD-1 
mice with or without Orientia infection were included as negative 
controls.

Flow cytometry
Blood (50 µL) from tail vein was collected using heparin-coated 
capillary tubes, spun down, and erythrocytes were lysed with 
ACK buffer for 5 min in ice followed by a washed with 1% BSA in 
PBS. Splenocytes were isolated as previously described (19). Cells 
were blocked with anti-mouse Fc block (BD Biosciences) and sur-
face stained with antibodies against human CD3 (#HIT3a), CD4 
(#SK3), CD8 (#RPA-T8), CD69 (#L78), CD62L (#DREG-56), 
and CCR7/CD197 (#150503) from BD Biosciences as described 
(18–20). To evaluate the frequency of human CD4+FOXP3+ regu-
latory T cells in spleens of DRAGA mice, cells were first surface 
stained with human CD3, CD4 antibodies, and then intracellu-
larly stained with a antibody against human FOXP3 (#236A/E7, 
Thermo Fisher Scientific) following the manufacturer’s instruc-
tions. Cells were analyzed in the gated mononuclear FSC/SSC as 
described previously (19).

statistical analysis
Comparison between two groups of data was performed using 
Welch’s t-test in Graphpad Prism 7 software. A p value less than 
0.05 was considered significant.

resUlTs

Footpad inoculation of O. tsutsugamushi 
causes lethality in humanized Draga 
Mice, But not in c3h/heJ Mice
Footpad inoculation has been used in recent mouse models to 
study inflammatory responses induced by O. tsutsugamushi (29). 
It is considered as a route that combines intradermal and subcuta-
neous inoculation (30), which mimics the natural way of infection 
via chigger bites. Humanized DRAGA mice were inoculated with 
inoculum (liver/spleen homogenate) containing various amount 
of Orientia ranging from 6 × 101 to 6 × 104 mLD50 via footpad. For 
the control group, liver/spleen homogenate that does not contain 
any bacteria were injected. As illustrated in Figure 1A, mice chal-
lenged with the highest dose of Orientia (6 × 104) group began to 
show signs of illness such as ruffled fur on day 11 infection and 
succumbed to infection starting from day 14 post infection. By 
day 18, all six mice in this group died. However, when inoculated 
into inbred C3H/HeJ mice, the same high dose did not cause any 
lethality. This is consistent to what has been reported in inbred 
BALB/c mice upon footpad inoculation, where the infected 
BALB/c mice did not die due to infection (29). Lower Orientia 
challenge doses in humanized DRAGA mice substantially delayed 
the appearance of sickness and eventual lethality (Figure  1A). 
Over the course of the infection, the body weights of DRAGA mice 
decreased gradually and this reduction accelerated during the 
last 4–5 days before death (Figure 1B). These data indicated that 
Orientia caused dose-dependent lethality in footpad-inoculated 
humanized DRAGA mice, but not in C3H/HeJ or in BALB/c mice.

Orientia Disseminates into Major Organs 
of humanized Draga Mice
In order to investigate tissue tropism of Orientia, we harvested 
tissues when humanized DRAGA mice became severely sick after 
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FigUre 1 | A lethal model for scrub typhus using humanized DRAGA mice. (a) Survival curve of humanized DRAGA and C3H mice inoculated via footpad with 
vehicle control or Orientia tsutsugamushi (Karp) of various dosages (mLD50): 6 × 104 (DRAGA, n = 6; C3H, n = 4), 6 × 103 (n = 4), 6 × 102 (n = 4), and 6 × 101 
(n = 4). (B) The body weight was monitored daily after infection with vehicle control or Orientia inoculum at mLD50 of 6 × 103 and 6 × 101.
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infection. DNA was extracted and the number of Orientia was 
quantified by qPCR. As illustrated in Figure 2A, lung was found 
to contain the most number of bacteria, followed by spleen, liver, 
kidney, and heart. Brain and bone marrow had the least number 
of bacteria among the tissues examined. Furthermore, immuno-
fluorescent staining of Orientia in frozen tissue sections showed 
extensive proliferation of bacteria in about 50% of cells in the 
lung (Figure 2B) and to a lesser extent in liver cells (Figure S1 in 
Supplementary Material). To further test the infectivity of Orientia 
isolated from infected DRAGA mice, tissue homogenate from lung 
tissue was prepared and used to inoculate L929 cells, a common 
cell line for culturing Orientia. As illustrated in Figures 2C,D, L929 
cells were infected with Orientia as indicated by specific staining 
(Figure 2C) and proliferation of Orientia in these cells were quan-
tified by qPCR (Figure 2D). These results clearly indicated that 
humanized DRAGA mice sustain infection with Orientia.

Pathological changes in humanized 
Draga Mice due to Orientia infection
Splenomegaly was apparent in infected mice when they became 
severely sick. The weight of the spleens ranged from 92 to 196 g 

in the infected group compared to around 80  g in the controls 
(Figure 3A). Histologic findings on tissue sections stained with 
H&E revealed inflammation and necrosis in the lung, liver, and 
spleen. Areas of pyogranulomatous and necrotizing splenitis were 
multifocal to coalescing (Figure 3B). There was mild to moderate 
red pulp necrosis, characterized by cellular debris, neutrophils, and 
multinucleated giant cells, admixed with increased extramedullary 
hematopoiesis (EMH) that crowded out normal lymphocytes. 
The EMH was characterized by abundant hematopoietic precur-
sor cells, megakaryocytes, and intracellular hemosiderin due to 
increased erythrocyte breakdown (Figures S2A,B in Supplementary 
Material). Multifocal, miliary, and random necrosis in hepatocytes 
was clearly identifiable in infected liver associated with fibrinosup-
purative and lymphohistiocytic inflammation. Hepatocytes within 
necrotic foci frequently contained intracellular bacteria, which 
were confirmed with Gram stains. Infected lungs in humanized 
DRAGA mice displayed perivasculitis, edema, fibrin, and hemor-
rhage, and multifocal foci of septal necrosis (Figure 3B; Figures 
S2C,D in Supplementary Material). Interestingly, no histologic 
changes were noted in the kidney, heart, and brain, where much 
less amount of bacteria were present as quantified in Figure 2A.
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FigUre 2 | Live Orientia tsutsugamushi disseminates into organs of infected humanized DRAGA mice. (a) DNA was extracted from various organs of humanized 
DRAGA mice 2 weeks post infection at 6 × 104 mLD50 and O. tsutsugamushi was quantified by quantitative PCR (qPCR). (B) Immunofluorescence staining showing 
O. tsutsugamushi (red) in lung tissue frozen sections from humanized DRAGA mice 3 weeks post infection at 6 × 102 mLD50 (cell nuclei were stained blue with DAPI, 
magnification, 400×). (c) Tissue homogenates were prepared from lung tissue and used to inoculate L929 cells. Immunofluorescence staining was performed to 
detect the presence of O. tsutsugamushi (magnification, 400×) at day 7 and day 14 post inoculation. (D) qPCR was used to quantify number of Orientia in L929 
cells collected in (c).
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strong Th1 but subdued Th2 human 
cytokine regulation in humanized Draga 
Mice Upon Orientia infection
Cytokines and chemokines are small proteins released by 
immune cells such as T helper cells and macrophages. They 
are critical in cell signaling involved in recruiting, regulating 
immune cells, and modulating inflammatory reactions that 
act upon pathogen invasions (31). Using a multiplex assay, we 
measured cytokine levels in sera collected from control and 
infected DRAGA mice. Strong Th1-cytokine responses were 
induced, including IL-2, IL12, IFN-γ, and TNF-α. The average 
levels of human IFN-γ and TNF-α were over 10-fold in the 
infected versus the control group. Levels of human IL-12p70 
increased by 100-folds in the sera of infected mice, as compared 
to control (uninfected) mice. However, levels of cytokines for 
Th2 responses had either modest increase, such as IL-10 or were 
inhibited, such as IL-13 (Figure  4). Serum concentration of 
IL-4 were either below 0.6 pg/mL or mostly undetectable in the 
infected or control mice. Other cytokines or chemokines that 
had significant increase due to Orientia infection included IL-8, 

MIP-1β, MCP-1, IL-1β, IL-6, and G-CSF. An important player 
for pro-inflammatory Th17 cells, IL-17A, significantly decreased 
due to the infection. GM-CSF level remained unchanged 
(Figure  4; Figure S3 in Supplementary Material). Consistent 
with these cytokine profiles, the percentage of cells expressing 
CD69 and CD62L increased in the spleen for both CD4+ and 
CD8+ T  cell subsets (Figure S4 in Supplementary Material). 
Intriguingly, the percentage of human T regulatory cells (Tregs) 
(CD4+FOXP3+) significantly increased in the spleen of infected 
mice as well (2.2 to 7.6%).

antigen-specific humoral and cellular 
responses are Developed in humanized 
Draga Mice Post immunization
Previous studies using serum or cell transfer experiments sug-
gested that both antibody and T-cell responses were important 
for effective control of Orientia growth and provided protection 
in conventional mouse models by i.p. infection route (32–34). In 
order to evaluate these critical immune functions in humanized 
DRAGA mice, we immunized them with whole cell Orientia 
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FigUre 3 | Pathological changes in infected humanized DRAGA mice. (a) A representative photo of splenomegaly and average spleen organ weight from control 
and infected humanized DRAGA mice when they were severely sick. (B) Hematoxylin and eosin staining reveals pathological changes in organs of humanized 
DRAGA mice infected with Orientia tsutsugamushi (magnification, 200×).
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inactivated by irradiation (200 krads), which has been shown as 
effective immunogens previously (35). In inbred BALB/c mice, 
specific antibodies were detected 3 weeks after the initial immu-
nization using irradiated Orientia although antibody levels were 
much lower when compared to viable organisms (36). ELISA 
using a recombinant 56 kDa antigen, the dominant surface antigen 
for Orientia, showed that human IgM developed between 2 and 
4 weeks after initial immunization and by 10 weeks, both human 
IgM and IgG were readily detectable in the sera of immunized 
DRAGA mice. The serum levels of human antibodies reactive to 
recombinant 56 kDa antigen were quantified based on a standard 
curve generated from a humanized monoclonal antibody against 
56  kDa antigen with known concentrations (Figures  5A,B). 
Furthermore, significant human T cell activation was observed in 
the blood from immunized DRAGA mice. Percentage of human 
CD3+ T cells more than doubled 8 weeks post initial immuni-
zation and this was accompanied with a significant increase of 
CD4+ T cells (~3-fold) and moderate increase for cytotoxic CD8+ 
T cells (~2-fold), although it did not reach statistical significance 
(Figures 5C–E).

DiscUssiOn

Although mouse models have been extensively used for scrub 
typhus research for many years, there is an urgent need for the 
development of an animal model that represent the pathology 
and immune responses of human scrub typhus (6). Given the vast 
differences in immune system between mouse and human spe-
cies (16) and recent advancements in generating human immune 
system humanized mice, we aimed to develop a humanized 
mouse model for scrub typhus. To the best of our knowledge, 

this is the first of such study in the field. The fact that footpad 
Orientia inoculation leads to lethality in the humanized DRAGA 
mice, but not in C3H or BALB/c mice (29) very likely is due to 
differences of their immune systems. In this study, we have shown 
that humanized DRAGA mice could be infected by Orientia via 
footpad followed by dissemination into major organs. This caused 
severe pathological changes in liver, lung, and spleen, but not in 
organs with less bacterium load, such as brain, heart, and kidney. 
Th1-dominant human cytokines were induced dramatically in 
response to the inoculation. Both humoral and cellular adaptive 
immune responses were observed when humanized DRAGA 
mice were immunized by irradiated whole cell antigen.

Regulation of cytokines in patient sera has been reported for 
scrub typhus. Consistent with the intracellular nature of Orientia 
infection, Th1 cytokines, such as IFN-γ, TNF-α, and IL-12 were 
significantly upregulated while cytokines in Th2 category were 
much less regulated (37, 38). A very similar pattern of cytokine 
regulation was observed in our humanized DRAGA mice upon 
footpad inoculation. These included marked increase of IFN-γ, 
TNF-α, and IL-12 (Th1 cytokines), and moderate induction of 
IL-10 and suppression of IL-13 (Th2 cytokines) (Figure 4). Serum 
levels of IL-4, which is responsible for triggering Th2 differentia-
tion, were mostly below the lower detection limit of our assay and 
thus too low to be determined. IL-10, which is considered to be 
a Th2 cytokine and anti-inflammatory, was moderately elevated 
probably due to the fact that in humans both Th1 and Th2 cells 
can produce IL-10 (39). Increase of IL-10 was found previously 
in scrub typhus patients as well (38). IL-17A, a pro-inflammatory 
cytokine secreted by Th17 cells was significantly inhibited in the 
infected DRAGA mice. Recent profiling in scrub typhus patients’ 
sera identified three human chemokines (MCP-1, MIP-1β, and 
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FigUre 4 | Cytokine and chemokine levels were significantly regulated in sera collected from control (n = 4) and infected humanized DRAGA mice (n = 7)  
(*p value < 0.05; **p value < 0.01; ***p value < 0.001).
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IL-8) that were upregulated during scrub typhus infection and 
associated with disease severity and mortality (40). Intriguingly, 
all three chemokines were dramatically upregulated in our mouse 
model, suggestive of severe infections in our humanized DRAGA 
mice. Although investigations into cytokine regulation using 
conventional mouse models also mimicked human situations to 
certain extent (41), they failed to identify important regulators, 
such as IL-8 (as a marker of scrub typhus disease severity) which 
is not present in the mouse immune system (42).

Peripheral T cells in scrub typhus patient blood have been char-
acterized recently (43), where the percentage of both CD4+ and 
CD8+ T cells decreased due to programmed cell death (apoptosis) 
during the acute phase of infection. Similar reduction of CD4+ and 
CD8+ T cells occurred in the spleen of humanized DRAGA mice 

infected with Orientia (Figure S4A in Supplementary Material). 
More interestingly, as central mediators of immune suppression, 
human Tregs significantly increased in the spleen upon Orientia 
infection (Figure S4C in Supplementary Material). Stimulation 
of CD4+FOXP3+ Tregs upon host/pathogen interaction have 
been reported in many infectious diseases (44), and it could have 
multifold impact on protecting the human host from excessive 
inflammation and at the same time, serving as a mechanism for 
pathogens to evade human immune system, which increases the 
risk of pathogen persistence and chronic disease. Given the severe 
tissue damages in humanized DRAGA mice (Figure 3; Figure S2 
in Supplementary Material), increase of Tregs in these tissues 
might have protective effect for the host. Scrub typhus patients 
were documented to display significant decrease of Tregs in the 
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FigUre 5 | Antibody and T cell responses after immunization with irradiated whole cell Orientia. Concentrations for IgM (a) and IgG (B) specifically against 56 kDa 
protein in serum collected at 2, 6, and 10 weeks after initial immunization. (c–e) Percentage of CD3+, CD4+, and CD8+ T cells among total mononuclear cells in 
blood (**p value < 0.01; n.s, not significant).
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peripheral blood (43) and the authors postulated that this reduc-
tion might be due to the migration of Tregs into tissues. It will 
be interesting to test this hypothesis in our humanized DRAGA 
mouse models. Functional investigations of Tregs in scrub typhus 
may provide further insights into its pathogenesis and immune 
regulation.

T  cell responses have been recently shown to be critical in 
controlling Orientia growth and scrub typhus disease progression 
(45, 46). The marked increase of CD3+ T cells, along with increases 
in both CD4+ and CD8+ cell populations upon immunization 
(Figure 5), suggests that the humanized DRAGA mice might be 
suitable for future vaccine or mechanistic studies. In addition, 
tissue damage caused by necrotic cell death was seen in multiple 
organs of humanized DRAGA mice post infection (Figure 3B; 
Figure S2 in Supplementary Material). It has been shown recently 
by Hauptmann et al. that hepatocellular injury and subcapsular 
necrotic lesions were caused by CD8+ T cells (45). It is very likely 
that similar lesions observed in the liver tissues (Figure 3B) were 
triggered by CD8+ T cells as well. Given the appropriate human 
T  cell and B  cell responses after immunization (Figure  5), it 
will be very intriguing to test whether they will offer protection 
against live Orientia challenge.

Through the many failures of translating knowledge gained in 
conventional mouse models to human clinical studies (16), the 
difference between mouse and human (especially with regards 
to their immune systems) has been increasingly appreciated. For 
example, formation of granulomas that resemble those observed 

in human mycobacteriosis was only observed in humanized mice, 
but not in non-humanized infected controls (47). Humanized 
mouse models might bridge this gap (48). We are in urgent need 
of mouse models that can better mimic the disease pathology 
and immunological responses for many human diseases, includ-
ing scrub typhus. This study represents a successful attempt in 
this effort. Orientia dissemination, disease pathology, cytokine 
regulations, and adapted immune responses as observed in 
humanized DRAGA mice make it a valuable tool in future basic 
and preclinical research for scrub typhus.
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