


Humanized Mice for HIV Research



Larisa Y. Poluektova • J. Victor Garcia
Yoshio Koyanagi • Markus G. Manz  
Andrew M. Tager
Editors

Humanized Mice for HIV 
Research

2123



ISBN 978-1-4939-1654-2    ISBN 978-1-4939-1655-9 (eBook)
DOI 10.1007/978-1-4939-1655-9
Springer New York Heidelberg Dordrecht London

Library of Congress Control Number: 2014956932  

© Springer Science+Business Media New York 2014
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recita-
tion, broadcasting, reproduction on microfilms or in any other physical way, and transmission or infor-
mation storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar meth-
odology now known or hereafter developed. Exempted from this legal reservation are brief excerpts in 
connection with reviews or scholarly analysis or material supplied specifically for the purpose of being 
entered and executed on a computer system, for exclusive use by the purchaser of the work. Duplica-
tion of this publication or parts thereof is permitted only under the provisions of the Copyright Law of 
the Publisher’s location, in its current version, and permission for use must always be obtained from 
Springer. Permissions for use may be obtained through RightsLink at the Copyright Clearance Center. 
Violations are liable to prosecution under the respective Copyright Law.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publica-
tion does not imply, even in the absence of a specific statement, that such names are exempt from the 
relevant protective laws and regulations and therefore free for general use.
While the advice and information in this book are believed to be true and accurate at the date of publica-
tion, neither the authors nor the editors nor the publisher can accept any legal responsibility for any errors 
or omissions that may be made. The publisher makes no warranty, express or implied, with respect to 
the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)

Editors
Larisa Y. Poluektova
Department of Pharmacology and 
Experimental Neuroscience
University of Nebraska Medical Center
Omaha 
Nebraska
USA

Yoshio Koyanagi
Research Center for AIDS Laboratory  
of Viral Pathogenesis
Kyoto University Institute for Virus 
Research
Sakyo-ku
Japan 

Andrew M. Tager
Center for Immunology
and Inflammatory Diseases
Massachusetts General Hospital, Harvard 
Medical School
Charlestown
Massachusetts 
USA

J. Victor Garcia
Center for AIDS Research
The University of North Carolina  
at Chapel Hill
Chapel Hill
North Carolina 
USA

Markus G. Manz
Division of Hematology
University Hospital Zürich
Zürich
Switzerland



v

Foreword

As a clinician and researcher involved in human immunodeficiency virus (HIV) 
disease since the beginning of the epidemic, I have huge respect for the contribu-
tions of work with humanized mice. As one of the only animal models that fa-
cilitates working with HIV as opposed to other lenitviruses, work with humanized 
mice has encompassed the entire spectrum of HIV pathogenesis research from 
transmission to immune dysregulation and the impact of preventive and therapeu-
tic interventions. Finding suitable animal models has been a major impediment to 
HIV pathogenesis work since the beginning, as naturally occurring rodent cells are 
completely refractory to HIV infection. Even animals closely related to humans, 
such as chimpanzees, that can be infected with HIV do not develop the same immu-
nodeficiency and disease. In addition, HIV has very limited tropism and so any kind 
of in vivo modeling must use a very similar organism, the most common one being 
simian immunodeficiency virus (SIV). While extremely useful, there are important 
genetic and biological differences between HIV and SIV, just as there are between 
humans and chimpanzees.

Over the last few decades, enormous strides have been made to improve the “hu-
manization” of mouse models, particularly in the area of HIV research. Humanized 
mice have evolved into an invaluable alternative to SIV-based nonhuman primate 
models, as they are simpler, less costly, and also highly susceptible to HIV infection. 
Mouse models have been employed in basic pathogenesis research, preclinical and 
clinical testing of compounds with potential antiretroviral activity, and more recently, 
HIV biomedical prevention. For example, a humanized mouse model demonstrated 
that human breast milk has antiretroviral properties and may protect infants against 
oral transmission, thus helping to inform the debate about breast feeding for infected 
mothers without access to safe alternatives. Humanized mouse models are also being 
used to provide efficacy data about protection against rectal and vaginal infections 
with an array of regimens that might be used for pre-exposure prophylaxis. The mod-
els have helped to define the limits of protection for various dosing schedules, and 
are increasingly being used to investigate key pharmacologic parameters.

Reports of at least two individuals being cured of HIV infection, and several 
more with apparent functional cures (defined as long-term health in the absence of 
antiretroviral therapy) have renewed interest and excitement in this area. An im-
portant challenge is the difficulty of quantifying virus at extremely low levels in 
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patients, but this will need to be overcome in future to be able to establish whether 
or not an infected individual has truly been cleared of any virus. Humanized mice 
have already been used in this context to demonstrate replication competent virus 
in the absence of any detectable plasma viremia, even using highly sensitive assays 
for HIV RNA and DNA. Mouse models are likely to play a key role in this scientific 
agenda, moving forward.

Dr. Larisa Poluektova has been working in this field for many years, and we 
have been working together since 2006. Originally focused on neuropathogene-
sis work, more recently our collaborative activities have been in the development 
of nanoformulated antiretroviral therapy (ART) under the direction of Dr How-
ard Gendelman [1–3]. Nanomedicines contain crystalline drug particles of small 
diameter, coated with low-molecular-weight excipients to produce specific sizes, 
charges, and shapes that optimize cell and tissue penetrance. We have been working 
on nanoformulations of existing antiretroviral agents, and humanized mouse work 
has been pivotal. Building on what we have learned from the mouse experiments, 
we have moved into studies in nonhuman primate and hope to advance to clinical 
trials in humans. This emerging area of discovery has potential to make enormous 
changes in the field and advance treatment. While highly successful if taken cor-
rectly by infected patients, current ART is limited by the need for lifelong daily 
therapy, by poor tissue penetration, and by adverse effects. Suboptimal adherence to 
therapy may promote the development of virologic resistance and treatment failure. 
Nanoformulated ART may be able to be administered intermittently, and thereby 
improve medication adherence, and also has potential for decreased adverse effects 
and improved tissue penetrance. Investigations of long-acting formulations are also 
underway for HIV prevention.

“Humanized Mice for HIV Research” covers all these topics, and more. From 
an in depth review of the genetic background of mice and tips for humanization 
through understanding of human immune cells, the book moves on to HIV biology 
and pathogenesis and how humanized mice can advance the field. With discussion 
of specific cellular and humoral immune responses, the book includes reviews of 
development of conventional and novel therapeutics for HIV treatment and preven-
tion. Finally, other human-specific or selective pathogens are presented including 
dengue, tuberculosis, and malaria, all causes of enormous amounts of human dis-
ease. The last section moves to new horizons and exciting prospects for the future 
from experts in the field.

This is an essential book for scientists and their students and will provide them 
with comprehensive and up-to-date information about the role of humanized mice 
in HIV research. Despite a wealth of scholarly articles on this topic, including many 
from the authors in the book, there are very few comprehensive textbooks about 
humanized mice in HIV research—a gap that has now been filled very nicely.

Omaha, NE   Susan Swindells (M.B.B.S.)
Terry K. Watanabe Chair for HIV/AIDS  

Research and Care, and Professor of  
Internal Medicine and Infectious Diseases

2013
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Preface

In 2012, our international editorial team, whose members are listed below, imple-
mented work on a comprehensive textbook, or collection, entitled “Humanized 
Mice for HIV Research.” In its current completed form, this detailed document is 
intended to serve as a scientific guide for graduate students, fellows, and investiga-
tors in bench science, academicians (e.g., hematologists, immunologists, virolo-
gists), clinicians (e.g., infectious disease specialists), and persons in the pharma-
ceutical industry (e.g., drug developers, vaccine developers, and pharmacologists/
toxicologists) in the field of HIV and beyond. Importantly, humanized mice are the 
only animals, aside from chimpanzees, that are susceptible to HIV infection. Thus, 
humanized mice are an ideal platform for the study of HIV.

HIV has been, and still is, intensively investigated. However, the lack of robust 
small animal models has hindered progress in the basic understanding of HIV infec-
tion and pathogenesis. This lack also poses a considerable challenge for preclinical 
testing and the prioritization of new drug and vaccine candidates.

Stable, multilineage human hematopoietic engraftment can now be routinely 
achieved in immunodeficient mice. Surveillance of the development of human he-
matopoietic and lymphoid tissues in the mouse environment by researchers with 
different expertise provides valuable information. This book provides information 
on a wide range of different approaches, applications, ideas, observations, hypoth-
eses, and insights. We expect this exchange of information to help facilitate explora-
tion of HIV pathogenesis, and the development of new treatments and preventative 
approaches that will accelerate progress toward the eradication of this disease.

We sincerely appreciate the great efforts of all of our contributors, and apologize 
to anyone we may have left out with important new findings, observations, devel-
opments, or ideas to share. With the help of humanized mouse models, we hope to 
progress to an HIV/AIDS-free world. We expect that efforts to control other human-
specific infections will also benefit from broadening the application of humanized 
mice to biomedical research.
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Since development of NOD-scid IL-2Rgnull (NOG, NSG) and BALB/cA-Rag2null 
IL-2Rgnull (BRG) at the start of the twenty-first century, given the high capacity of 
human cells and tissues to engraft and differentiate in these models, studies using 
humanized mice have universally attracted researchers’ attention. This chapter de-
scribes past, present, and future xenotransplantation mouse models, with a particular 
focus on developments in Japan and the future technological progress needed for the 
use of humanized mouse models in translational research fields like HIV-1 infection.

1.1  History of the Development of Immunodeficient Mice 
in Japan

Centuries before xenotransplantation studies began in Japan and the USA, scien-
tists in Europe were conducting cross-species transplantation studies using newborn 
animals dating as far back as the sixteenth century [1]. Importantly, failures and 
limitations associated with these transplants have helped improve understanding of 
basic immune mechanisms that control tissue compatibility. Finally, the discovery 
of immunodeficient nude mice dramatically increased the performance of xeno-
transplantation studies and opened a new door for performing xenotransplantation 
experiments on small laboratory animals [2]. While there are volumes of informa-
tion regarding these developments for Europe and North America, little has been 
published regarding progress in this field of research in Asia. Thus, this chapter 
briefly describes the history of immunodeficient mice in Japan. Such developments 
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began in Japan in 1973 when Dr. Tatsuji Nomura imported the nude mice from Dr. 
Friis in Denmark. Dr. Nomura was a Japanese pioneer in this field and helped found 
the International Nude Mice Workshop, referred to as the International Workshop 
of Immunodeficient Mice following the fifth workshop onward, with Drs. Rygaard 
and Povlsen of Denmark. This workshop created a foundation to study how nude 
mice could be used in biomedical fields which was held nine times between 1972 
and 1997 at different locations around the world.

Dr. Nomura actively expanded the initial mouse colony from Dr. Friis, and 
30,000 nude mice were produced over the following 3 years. In parallel, he formed 
a consortium with public institutes and pharmaceutical companies to perform can-
cer research using nude mice with support from the Japanese Ministry of Public 
Welfare. In conjunction with his work on expanding the initial colony of nude mice, 
Dr. Nomura continued the development of new immunodeficient mice as described 
later. After successful development of NOG mice as a results of his effort, in 2006, 
Dr. Nomura hosted the International Workshop of Humanized Mice in Tokyo, Ja-
pan, which has been attended by researchers every 3 years [3]. With these contri-
butions, Dr. Nomura has helped to progress the field of immunodeficient mice in 
Japan and throughout the world.

Using Dr. Nomura’s work as a foundation, in the early 1980s the Central Institute 
for Experimental Animals (CIEA) attempted to improve the recipient for xenotrans-
plantation by crossing Dr. Nomura’s nude mice with X-linked immunodeficient 
mice (XID) and beige mice, which were one of the few immunodeficient mouse 
models available in Japan at the time. Unfortunately, these initial attempts were 
unsuccessful. In 1985, the CIEA introduced a new immunodeficient mouse model, 
severe combined immunodeficiency (SCID). SCID mice lack T and B cells [4] and 
were discovered in the USA by Dr. Melvin Bosma in 1983.

In subsequent work by Dr. Joseph McCune and colleagues in the USA using 
SCID mice, human T and B cells were successfully generated following transplan-
tation of human fetal liver and thymus into these mutant mice in 1988. These hu-
manized mice, termed SCID-hu, are able to maintain human T cells and have been 
of major interest to researchers, particularly in the study of HIV-1 infection [5]. 
However, SCID-hu mice cannot be used in Japan due to bioethical concerns about 
the use of human fetal organs. Thus, nonhuman SCID mice have been mainly used 
for basic immunology and cancer studies in Japan.

Human peripheral blood mononucleated cell (PBMC), as well as fetal organs, 
can be engrafted into SCID mice [6]. In turn, such mice have been used in Japan 
for studies involving HIV-1 infection. The scid gene (formally, Prkdcscid) was in-
troduced into the NOD mouse inbred strain to generate NOD-scid mice showing 
ability to support high levels of HIV-1 viremia after transplantation of human cells 
[7–9]. Then, international groups of collaborating scientists reported that human he-
matopoietic stem cells (HSC) differentiate when transplanted into NOD-scid mice 
[10, 11]. Therefore, these mice have been used extensively in stem cell biology for 
more than a decade, until the development of NOG and BRG mice.

Until the early 1990s, immunodeficient mice had only been obtained accidental-
ly, following a spontaneous mutation. Targeting technology using embryonic stem 
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(ES) cells, established in 1989 by Italian-born American molecular geneticist and 
Nobel prize recipient Dr. Mario Capecchi, helped to pave the way for artificially 
developing numerous immunodeficient mouse models [12]. In 2002, artificially 
generated IL-2Rg knockout mice were crossed with NOD-scid mice to create NOG 
mice, which can inactivate the gene encoding IL-2Rg [13]. Around this same time, 
our lab also developed BRG mice by inactivating the gene encoding IL-2Rg from 
BALB/cA-Rag2null mice. In 2004, Dr. Marcus Manz and colleagues at the Universi-
ty Hospital Zurich reported a humanized mouse model using these BRG mice [14]. 
In 2005, Dr. Leonard Shultz of the Jackson Laboratory in the USA generated NSG 
mice, which are similar to NOG mice [15]. In 2010, Dr. Takiguchi and colleagues 
at Kumamoto University in Japan generated NOD-scid-Jak3null mice, which have 
the same immunodeficiency as NOG and NSG mice [16]. These immunodeficient 
mouse models have been critical in the recent progress in normal and diseased hu-
man cell/tissue transplantation for regenerative medicine, cancer and therapeutics 
development.

1.2  Currently Available Humanized Mouse Models 
Generated Using NOG, NSG, and BRG Mice  
and Their Limitations

In general, the following three strains of immunodeficient mice are currently used 
to generate humanized mouse models: NOG [13], NSG [15], and BRG [14]. The 
common characteristics of immunodeficient mice are that they are deficient in T, 
B and NK cells, due to SCID/RAG2null and inactivation of IL-2Rg. Inactivation of 
IL-2Rg allows for a high level of engraftment and differentiation of human cells 
into NOD-scid and BALB/cA-Rag2null mice. Still, the reason why inactivation of 
IL-2Rg supports engraftment and differentiation of xenografts is unclear. It is quite 
possible that inactivation of IL-2Rg is linked to the dysfunction of cytokines re-
sponsible for T, B, and natural killer (NK) cell proliferation and differentiation. Our 
team recently demonstrated a crucial role of interferon gamma (IFNg)-producing 
CD11c+B220+CD122+ cells in xenograft rejection. IFNg-producing cells consti-
tute a subpopulation of plasmacytoid dendritic cells and are absent in NOG mice 
[17]. Production of IFNg is impaired in IL-2Rg-deficient mice [18], which suggests 
that IFNg has an important role in xenograft rejection. The genetic backgrounds of 
NOG/NSG and BRG mice are the NOD and BALB/cA inbred strains, respectively. 
The engraftment rate of human cells is generally considered to increase in NOG/
NSG mice compared with BRG mice. This is thought to be because the NOD strain 
has SIRPa polymorphism similar to human and reduced innate immunity, whereas 
the BALB/cA strain does not [9, 19].

Engraftment of xenografts, including human cells and tissues, is extremely effec-
tive in NOG, NSG, and BRG mice compared with conventional immunodeficient 
mice like NOD-scid and C.B-17-scid. The high engraftment capacity of these mice 
enables improved humanized mouse models to be generated. In general, two tech-
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niques are used to generate humanized mice. One involves the transfer of mature 
human PBMC, and the other involves the transfer of HSCs isolated from human 
cord blood, bone marrow, or fetal liver (e.g., BLT). In the PBMC technique, trans-
ferred mature lymphocytes, CD3+ cells in particular, essentially attack the mouse, 
resulting in early death due to severe graft versus host disease (GVHD). For in-
stance, NOG mice die at 2 weeks after intravenous transfer of 1 × 107 PBMC. In 
contrast, severe GVHD does not occur in NOD mice as seen in NOG mice. NOD 
mice survive more than 2 months, and the GVHD occurs only by intraperitoneal 
transfer of 1 × 107 PBMC [20].

Human CD3+ cells infiltrate the organs of the NOD mice. These proliferating 
cells are considered to be xenoreactive and can secrete various cytokines in re-
sponse to the mouse cells. This secretion of cytokines results in further proliferation 
and activation of the human cells in a paracrine manner. Severe GVHD does not 
occur when human PBMC are transferred into NOG mice that have been depleted 
of major histocompatibility complex. Instead, human T cells proliferate less in these 
mice than in NOG mice with normal levels of the major histocompatibility complex 
(unpublished data). It is speculated that humanized mice can be generated by the 
transfer of particular cells, such as NK cells, that are purified from human PBMC. 
On the other hand, the long-term maintenance of these cells in NOG mice is ex-
pected to be difficult. For example, when human NK cells isolated from PBMC are 
transferred, the cells only survive in mouse peripheral blood for approximately a 
week (unpublished data). However, depending on the study, such humanized mice 
could be used for short-term experiments [21, 22].

In contrast to PBMC transfer, various hematopoietic cells differentiate from 
HSC in NOG/NSG/BRG mice, and such humanized mice have been of particular 
interest to researchers. When HSC are transferred into NOG mice, myeloid cells 
typically develop after 3–4 weeks; B cells typically develop after 6–8 weeks, and T 
cells typically develop after 10–12 weeks. T cells differentiate into CD4+ or CD8+ 
cells in NOG mice, whereas T-cell differentiation rarely occurs in NOD-scid mice. 
Conversely, certain cell lineages, such as erythrocytes and granulocytes, rarely de-
velop at all, even in NOG, NSG, and BRG mice. The reasons for this phenomenon 
are beginning to be understood, and it appears that mouse factors are unable to 
compensate for the absence of human factors responsible for the differentiation of 
these cells.

T and B cells that differentiate from HSC in NOG mice can be maintained for as 
long as 1 year without GVHD. At one time, it was expected that such mice could be 
used to develop hematolymphoid humanized mice with a complete immune system. 
However, humanized NOG mice do not produce antigen-specific human immuno-
globulin (Ig) G antibodies, even when they are challenged with antigens. Antigen-
specific cytotoxic T lymphocytes (CTL) were not also induced in NOG mice. This 
lack of responsiveness may be because human T/B cells and antigen-presenting 
cells do not interact in humanized NOG mice when human T cells are educated 
in the mouse thymus. By using NOG/NSG mice that express class I or II human 
leukocyte antigens (HLA), antigen-specific human IgG antibodies and CTL can be 
induced following transfer of HLA-matched HSC [23–27]. Thus, human immune 
responses can be partially elicited in immunodeficient mice that express HLA.
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Humanized mice with engrafted human T cells following transfer of PBMC and 
HSC can be used to evaluate anti-HIV-1 drugs. Still, such mouse models cannot be 
used to research immunological responses to HIV-1 infection or the development of 
an HIV-1 vaccine due to functional deficiency of human T and B cells resulting in 
the lack of robust adaptive immune responses. NOD-scid mice that have received 
human fetal bone marrow, liver, and thymus (i.e., BLT mice), have a working hu-
man immune system and can be used as a HIV-1 infection model [28]. However, 
there are bioethical concerns about the use of such mice, and consequently, they 
cannot be used in Japan.

1.3  Novel Humanized Mouse Models Generated Using 
Improved Immunodeficient Mice

Recently, to overcome the disadvantages of conventional NOG, NSG, and BRG 
mice, several improved immunodeficient mouse models have been developed pri-
marily through the introduction of various human genes [23–34]. Our team has 
developed and improved several immunodeficient mouse models (http://www.
ciea.or.jp/kiban-s/index.html). Our new models were primarily established through 
the introduction of human cytokine genes and mutated mouse genes (unpublished 
data). Mice that have been modified to have genes encoding HLA are of interest be-
cause they exhibit human immune response following transfer of human haplotype-
matched HSC.

Here, we briefly describe the characteristics of the humanized mouse models of 
particular interest developed by CIEA. In NOG mice expressing human interleukin 
(IL)-2 following HSC transfer, human NK cells generally developed 4 weeks before 
T and B cells. These NK cells accounted for 80–90 % of human cells in NOG-hIL-2 
mice, and the NK cells effectively suppressed the growth of NK-sensitive K562 leu-
kemia cells in vivo (paper submitted). Myeloid lineage cells, including granulocytes 
and monocytes, successfully formed in NOG mice that expressed human granu-
locyte macrophage colony-stimulating factor (GM-CSF) and IL-3, whereas they 
rarely form in conventional NOG mice. Additionally, a passive cutaneous anaphy-
lactic reaction was successfully elicited in these humanized NOG mice following 
intracutaneous inoculation of sera from pollenosis patients followed by intravenous 
inoculation of pollen antigen and Evans Blue dye [35]. HSC did not differentiate 
when transferred into NOG mice that express human IL-4, but the reason for this 
remains unclear. When these mice were transplanted with HSC, they showed mild 
GVHD, and human cells could be maintained for a longer time period due to the 
shift of T cells to Th2 cells.

These improved humanized mouse models can be used to study human diseases. 
The evaluation of the use of such models in this context will be left to experts in 
different areas of biomedical disciplines, such as regeneration, development, infec-
tious diseases and vaccines, and cancer and therapeutics.
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1.4  Generation of Humanized Mice in the Future

As outlined earlier, the CIEA research group has developed various improved hu-
manized NOG mouse models, and this work is ongoing. Here, based on our experi-
ence, we describe how improved humanized mouse models can be generated in the 
future (see Fig. 1.1).

As part of our vision for improving immunodeficient mouse models, the fol-
lowing items are needed: the creation of recipients for xenotransplants, the devel-
opment of techniques to create artificial organs, and the development of methods 
to create a plentiful and stable supply of stem cells. Here, we focus on humanized 
mouse models with functioning human immune systems, given that such models 
are needed to research mechanisms underlying human immune disorders and to 
develop drugs to treat these disorders.

1.4.1  Improvements in Immunodeficient Mouse Models

Presently, NOG and NSG mice are the best-suited recipients for the generation of 
humanized mouse models. However, these mice still have cells responsible for in-
nate immunity, such as granulocytes, macrophages, and dendritic cells. It is possible 
that elimination of innate immunity cells will generate more appropriate recipients. 

NOG/NSG/BRG mice

“Humanized mice with human immune systems”

Improved NOG/NSG/BRG mice

HSCs differentiated from ES,
iPS cells

Improvement of immunodeficient mice
• Introduction to human genes
• Introduction of mutated mouse genes
• Elimination of mouse cells responsible for  
 innate immunity

Introduction of HLA gene
• Thymus epithelial cells
• Virus infection
• Artificial thymus

Transfer of artificial human organs
• Thymus 
• Lymph node
• Bone marrow etc.

NOG: [23, 34, 35, 41, 43]
NSG: [24, 25, 26, 27, 33]
BRG: [29, 30, 31]

Fig. 1.1   Schematic diagram illustrating the possible future generation of humanized mice
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Another possible improvement is to introduce human genes into immunodeficient 
mice that support the human cell growth and differentiation, as mouse factors can-
not always compensate for the absence of such human factors. Indeed, we intro-
duced human cytokine genes to generate improved humanized mouse models. Fur-
ther crossing of these mouse models is expected to allow the creation of additional 
useful models. Nonetheless, it is time-consuming and technically difficult to cross 
three or more transgenic mouse strains to generate mice that express multiple trans-
genes. Furthermore, in mice with multiple transgenes, the transgenes can influence 
each other, and consequently, mice might not exhibit the expected characteristics. 
Knock-in technology using ES cells is an alternative strategy to generate improved 
humanized mouse models [29, 31, 32]. Recently, we successfully developed ES 
cells derived from NOG mice embryos. By performing homologous recombina-
tion using these cells, we can easily generate knock-in NOG mice, in which mouse 
genes are replaced with human genes. Remarkable progress in transgenic technol-
ogy was recently made, that is a genome editing using CRISPR/CAS, TALENs and 
zinc-finger nucleases to generate targeting animals without using ES cells [36-38]. 
These techniques are expected to be a useful future tool for more quickly generating 
improved humanized NOG mice models.

1.4.2  Artificial Organ Formation

Humanized mouse models with human organs are uncommon. Nevertheless, human 
ovary and endometrium were successfully generated using such models [39, 40]. 
Furthermore, a human liver has been formed after implantation of human liver cells 
into urokinase-type plasminogen activator transgenic NOG mice (uPA-NOG), fu-
marylacetoacetate hydrolase KO BRG mice (BRG-FAH), herpes simplex virus type 
1 thymidine kinase transgenic NOG mice (TK-NOG), and FK506-binding domain-
fused caspase 8 transgenic BRG mice (AFC8-BRG), in which mouse liver cells were 
spontaneously or artificially destroyed [41–43]. These mice also appear to be useful 
as models for hepatitis C and B infection and for drug metabolism research [44].

Implanting human cells into NOG mice is considered the preferred method to 
generate humanized mice with artificial organs. To generate xeno-organs in mam-
mals, the laboratory of Dr. Nakauchi at Tokyo University recently developed a nov-
el technique termed “blastocyst complementation.” In this technique, normal ES 
cells are injected into blastocysts of organ-deficient mammals. This technique was 
successfully used to develop a rat pancreas in a mouse [45], which grew to the same 
size as a normal mouse pancreas. By injecting human ES or induced pluripotent 
(iPS) cells, rather than rat ES cells, it may be possible to develop mice with human 
organs. For example, by injecting human ES or iPS cells into blastocysts of thymus-
deficient BRG-nu mice, which we have already developed, there is potential to 
develop mice with a human thymus. However, the use of this technique is currently 
limited in Japan due to bioethical concerns. In another attempt, there is an interest 
report on artificial lymph nodes by the research group of Dr. Takeshi Watanabe at 
Kyoto University [46].
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1.4.3  A Plentiful and Stable Supply of Stem Cells is Needed  
to Generate Humanized Mice

Stem cells, such as HSC, are needed to generate humanized mice, but they are 
relatively difficult to obtain and are heterogeneous. These difficulties are particu-
larly pronounced when haplotype-matched HSC are used in NOG mice that express 
HLA. To overcome these issues, techniques are needed that allow HSC to be gen-
erated from ES or iPS cells. There are several reports on the generation of CD34+ 
cells from ES cells in vitro [47, 48]. Still, HSC generated from ES/iPS cells have not 
been successfully developed into multilineage hematopoietic cells in vivo. A plenti-
ful and stable supply of HSC is expected to be useful for future routine generation 
of humanized mouse models.

1.4.4  Mice with Human Immune Systems

Mice with human immune systems are needed for vaccine development and to eval-
uate immunological responses to newly developed drugs. The development of mice 
with humanized thymus and lymph nodes is considered key to the generation of 
mice with human immune systems. Following transfer of haplotype-matched HSC, 
antigen-specific IgG antibodies are produced in HLA-DR Tg NOG/NSG mice, and 
CTL are induced in HLA-A2 NSG mice. Results indicate that expression of HLA 
assists in the generation of mice with human immune systems. Hence, an immediate 
focus should be placed on the generation of HLA-NOG mice that express a domi-
nant HLA haplotype, such as D4 or D9 of HLA class I and A2 or A24 of HLA class 
II. By crossing mice that express HLA-DR or HLA-A, there is the potential to gen-
erate improved humanized mouse models in which human antibodies are produced, 
and human CTL are induced. Another approach is to inject multiple DNA isolated 
from persons with different HLA haplotypes into mouse embryos in order to gener-
ate mice that express multiple HLA haplotypes. Using this technique, mice can be 
generated that simultaneously express two or three types of HLA class I/II. Still, the 
expression levels of these antigens in such mice remain obscure.

There are many HLA haplotypes, which have practical applications in personal-
ized medicine. For example, an iPS cell bank is being established and promoted 
specifically for the Japanese population to provide cell transplantation therapy. This 
resource is located at the Center of iPS Cell Research and Application (CiRA) at 
Kyoto University in Japan. CiRA has estimated that to cover 90 % of the Japanese 
population, approximately 140 iPS cell lines homozygous for HLA-A, HLA-B, or 
HLA-DR are needed. It is not possible to generate HLA-NOG mice that cover all 
potential haplotypes of Japanese individuals. Still, the number of HLA haplotypes 
required could be less than 140. In future work, several techniques could be used to 
overcome this challenge. First, it may be possible to generate human thymus epithe-
lial cell lines of various HLA haplotypes. These cells could be implanted into mouse 
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thymus and educate human T cells to interact with B cells and antigen-presenting 
cells. Unfortunately, no such cell lines are currently available. Second, it may be 
possible to express HLA either specifically in mouse thymus or systemically by 
infecting mice with a virus vector. Nonetheless, virus vectors that can potentially 
be used to infect the thymus have only recently been developed. In 2010, Chu et al. 
[49] reported that the adeno-associated virus may be a candidate, but its efficacy 
remains uncertain. Third, it may be possible to generate an artificial thymus from 
human ES or iPS cells. This would be a major advancement in the generation of 
humanized mice with human immune systems. However, a technical advance is 
required in order to generate an artificial thymus that covers all potential HLA hap-
lotypes.

Human immune responses occur in HLA-NOG mice, but they appear to be 
weaker than true human immune responses. The reason for this may be that NOG 
mice have severe leukopenia and marked atrophy of the thymus and lymph nodes. 
Dr. Paul Denton et al. [50] reported that following transplantation of human fetal 
BLT, NOD-scid mice develop intestinal human T cells throughout the small and 
large intestine, whereas NSG and BRG mice do not. This failure of human cells 
to develop in the intestines of NSG and BRG mice is due to the inactivation of 
IL-2Rg in these mice. Inactivation of Il-2Rg is expected to impair the differentia-
tion of lymphoid tissue inducer cells responsible for lymph node development. This 
can be overcome by specifically expressing IL-2Rg in the lymph nodes of IL-2Rg-
deficient mice, including NOG mice.

In conclusion, there are issues associated with currently available humanized 
mouse models. These issues need to be resolved to generate improved humanized 
mouse models through which specific human diseases are reproduced. In turn, these 
models have the potential for use in the study of the mechanisms underlying dis-
eases and in the development of drugs to treat diseases.
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2.1  Introduction

It has been over a quarter century since “humanized mouse” models were first 
introduced. As before, such models facilitate the preclinical analysis of thera-
peutic compounds and vaccines, and otherwise assist in decision-making pro-
cesses as ideas move from the bench to the clinic. At best, these models even 
provide a more complete understanding of pathologic mechanisms in vivo, en-
abling the focused discovery of better interventions for use in treating human 
disease. Conversely, and as has been evident throughout the history of human-
ized mice, it is important that their limitations be acknowledged, especially by 
investigators close to the field, lest inappropriate experiments be designed and/
or inaccurate predictions be made.

This book is devoted to state-of-the-art descriptions of the potential utility of 
these models, and this introductory chapter frames that potential in terms of ulti-
mate goals and hurdles yet to cross. In doing this, two general messages emerge: 
first, great strides have been made in the development and optimization of these 
models in recent years and, secondly, more work needs to be done before their full 
potential and practical applications can be fully realized. 
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2.2  The Rationale Design of Animal Models

By definition, a model is something that is designed to mimic something else. In 
the case of an animal model of a human disease, the immediate contradiction arises: 
since no two humans are alike, who should the animal “model”? To circumvent this 
issue, it is perhaps more pragmatic to instead pose the question: what problem is 
being addressed? The answer to this question dictates the design and development 
of the model, not to mention the need for its creation at all.

Likely as not, different mouse models will be used to address dissimilar ques-
tions and some questions will not be answerable through the use of any existing 
mouse model. By example, the human fetal and adult immune systems are distinct 
from one another in function if not phenotype, emanating in the fetus from a mul-
tilineage hematopoietic stem cell (HSC) in the liver and bone marrow that gives 
rise to tolerogenic (e.g., FoxP3+ Treg) T cells, and from another HSC population 
in the adult bone marrow that gives rise to immunoreactive (e.g., Th1 and Th2) T 
cells [1, 2]. It follows that the human fetal immune response would best be studied 
in a mouse model constructed with human fetal tissues whereas adult-type immune 
responses would be more appropriately studied in a model constructed with adult 
bone marrow-derived HSCs. As another example, it is clear that the lymphoid ar-
chitecture of immunodeficient mice (including Prkdcscid/Prkdcscid, hereafter abbre-
viated as scid mice, and especially scid IL2rgnull mice) is underdeveloped relative 
to that of wild-type mice or, for that matter, normal humans, making it unlikely that 
it can support physiologic trafficking and differentiation of human lymphoid cells 
following human HSC engraftment [3, 4]. Until and unless this problem is solved, 
it is difficult to imagine how “normal” human immune function can be optimally 
studied using such mice.

Once a question has been posed and a model designed, it would seem best to 
satisfy certain other criteria:

1. The model must be shown to mimic that aspect of human physiology and/or 
pathophysiology that it is designed to “model.” This demonstration is the type of 
iterative work that forms the foundation of translational research, and there is no 
more important venue for it to occur than in the design and use of animal mod-
els. Thus, careful clinical observation should frame the design, development, 
and optimization of a given model. To the extent that similar (and, hopefully, 
identical) observations can be made in the model, it is more likely that new data 
obtained from it will be pertinent to the human case.

2. The model must be constructed in a way that provides for reproducible results. In 
general, this means that there should be openly available and standardized proce-
dures that lead to definable mouse xenogeneic chimeras with measurable param-
eters of human hematolymphoid engraftment and immune function, ones that 
meet the usual level of reproducibility demanded of any experimental endeavor. 
External validation of novel findings is otherwise difficult. This criterion prompts 
careful consideration of two linked issues. First, since there is broad interindivid-
ual variation in almost every feature of human biology (including, for example, 
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the capacity of cells or hematolymphoid organs to engraft in a mouse and/or to 
sustain HIV replication thereafter), [5] it follows that reproducible results will 
be most likely obtained within a given cohort of mice if all members of the 
cohort are prepared with cells and tissues from the same human donor. Since data 
from humanized mouse models would ideally be applicable to more than a single 
individual, it follows also that it would be important to have the ability to repeat 
experiments in the context of multiple cohorts of humanized mice, bearing cells 
and tissues from multiple human donors.

3. In most instances, the model should be capable of relatively high throughput 
analysis of interventions such as drugs and vaccines, amenable to the analysis 
of different congeners in varying doses and by different routes, with appropriate 
positive and negative controls, and with a sufficient number of nearly identical 
animals in each subgroup to enable statistical analysis of the data. Thus, while 
isolated observations made in one or two humans have occasionally offered pro-
found insights into normal and abnormal human biology (consider, for instance, 
the first vaccinations against smallpox by Jenner or the first use of insulin by 
Banting and Best), [6] it seems far less likely that statistically nonverifiable 
results from small numbers of humanized mice will have lasting clinical impact.

The bottom line: in the idealized case, it would be possible to make multiple cohorts 
of many mice, with each cohort using tissue from the same human donor, each with 
roughly similar quantitative and qualitative levels of engraftment, and all accurately 
mimicking a given aspect of human physiology or pathophysiology that is of inter-
est to study and otherwise not approachable in vitro.

2.3  A Case in Point: The SCID-hu Thy/Liv Model

When first confronted with the above issues some 25 years ago, there was interest in 
designing an animal model that would enable the preclinical evaluation of antiviral 
compounds and vaccines against HIV. With this goal in mind, it was important that 
the animal be small (so that issues of cost and number could be minimized), that it 
harbor human hematolymphoid organs (e.g., thymus, lymph node, spleen, and bone 
marrow) and constituent primary cells that are normally infected by HIV in people, 
and that it be permissive for infection with primary isolates of HIV. Given these 
constraints, an attempt was made to engraft interactive human hematolymphoid 
organs into a mouse in such a way that they would not be rejected. Thus was born 
the SCID-hu Thy/Liv mouse and its various derivatives, e.g., those engrafted with 
bone, lymph node, bone–thymus–spleen (the “BTS” mouse), or all of the above (the 
“full house mouse”) [7–11].

The decision to implant human fetal tissues and human HSC into the immuno-
deficient CB17 scid/scid (SCID) mouse was prompted by the following logic: (1) 
it seemed less likely that (human versus mouse) graft-versus-host disease (GVHD) 
would occur if human fetal HSC were allowed to differentiate into T and B cells 
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in the mouse environment and, hence, come to see the mouse as “self”; [12] (2) it 
seemed more likely that physiologic human immune cell maturation would occur 
within implanted human, as opposed to endogenous murine, parenchymal micro-
environments; and, not least (3) successful engraftment of a functional human im-
mune system could be easily ascertained: CB17 scid/scid mice, but not other stocks 
of immunodeficient mice available at the time, were known to otherwise succumb 
to Pneumocystis carinii pneumonia [13].

Initial experiments using the SCID-hu model showed robust engraftment, 
vascularization, and growth of the conjoint Thy/Liv organ that was formed by 
coimplantation of human fetal liver and human fetal thymus under the kidney 
capsule [7, 8]; no signs or symptoms of xenogeneic GVHD (due to the unan-
ticipated movement of murine myeloid cells into the human Thy/Liv organ, 
promoting negative selection of developing human T cells that recognized the 
H-2d background of the CB17-scid/scid mouse) [7, 14–15]; detectable replica-
tion and spread of primary isolates of HIV [16]; human antibody production and 
class switching in engrafted human fetal lymph nodes [7, 17]; and, remarkably, 
the absence of Pneumocystis carinii pneumonia in all engrafted mice [7]. Given 
these results, countless attractive applications presented themselves for further 
consideration: from preclinical analysis of antiviral compounds and vaccines 
against a wide variety of human pathogens to isolation of human hematopoietic 
progenitor cells to dissection of the rules of tolerance induction in humans to 
creation of an expanded battery of humanized mouse models for the analysis of 
other human organ systems (e.g., the central nervous system).

Over the next decade, with funding from the National Institutes of Health (NIH) 
as well as from biotech/pharma, and with the hard work and good thought of many, 
these notions were put to test. Not surprisingly, some worked but most did not:

1. The SCID-hu Thy/Liv model could be optimized and standardized, and cre-
ated in cohorts of 50 or more mice per human tissue donor for the preclinical 
analysis of antiviral compounds against HIV [18, 19]. With the help of a 
relatively large and committed staff of highly trained and expert researchers, 
it has been possible to create as many as 40 such cohorts on an annual basis 
and to infect, dose, and analyze the results of antiviral drugs within them in 
a reproducible manner. Given the data now on hand, the predictive powers of 
this model have proven to be considerable: antiretroviral compounds found 
to be active in it have also been found to be active in humans; those not 
active in it are also inactive in humans. In addition, use of the model has pro-
vided unique information about the bioavailability and mechanism of action 
of antiviral compounds in vivo.

2. The Thy/Liv model and its derivatives (including the SCID-hu “Bone” and 
“BTS” models) enabled the discovery and definition of human HSC for clinical 
use [20–22], including application of gene-modified HSCs for the treatment of 
HIV disease [23, 24]. This application and recent modifications continue to be 
in play, enabling, by example, the recent discrimination between fetal and adult 
human HSCs [1].
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3. The Thy/Liv implant has been found to faithfully mimic the structure and physi-
ology of the normal human thymus [7, 8, 25–29]. It accordingly represents a con-
venient model to study many aspects of human T cell differentiation and function 
that could not be studied in vitro and that are only studied with difficulty, if at all, 
in humans or in nonhuman primates.

4. The SCID-hu Bone model can be used to study the effects of irradiation [30] and 
exogenously provided cytokines [31] on human HSCs and for the analysis of 
species- and organ-specific metastasis of human malignancies [32, 33].

On the other hand, and after considerable effort, many other “potential applications” 
failed. Thus, peripheral human immune responses are observed but found to be nei-
ther useful nor relevant, in part because the level of human cell engraftment in the 
periphery is low but also because important cues provided by the murine lymphoid 
architecture (e.g., endothelial adhesion molecules, cytokines, chemokines, and the 
like) are incompatible with (i.e., do not bind to and/or appropriately activate) human 
cells; it is logistically difficult to carry out longitudinal studies in SCID-hu mice, 
e.g., sampling peripheral blood or implanted organs over time; and it is difficult to 
reproducibly engraft other important components of the human immune system, 
e.g., lymph node, spleen, liver, and gut associated lymphoid tissue. It was these 
deficiencies, indeed, that sparked interest in the development of secondary genera-
tions of humanized mouse models.

2.4  The Next Wave of Humanized Mice

Humanized mouse models developed to address the deficiencies of the SCID-hu 
models have been well summarized in recent reviews [3, 34–40] and extensively 
discussed in the remaining chapters of this book. An important distinguishing char-
acteristic is their higher level of multilineage peripheral engraftment, manifest even 
in the peripheral blood. This attribute is obtained upon the use of mouse stocks that 
are even more immunodeficient than the CB17-scid/scid strain [e.g., NOD-scid/
scid Il2rgnull (NSG), BALB/c-Rag2nullIl2rgnull (BRG), etc.], younger (e.g., engrafted 
with human cells shortly after birth), and/or irradiated [3]. As a consequence, it is 
now possible to sample human cells and to quantitate signs of HIV replication by 
drawing peripheral blood. This feature greatly simplifies the use of the models and 
enables experimental designs (e.g., longitudinal analyses) that cannot be carried out 
in the SCID-hu Thy/Liv mouse.

These advances not only open the door to a wide range of experimental possibili-
ties, they also make the use of the models more widely accessible (provided that 
newly developed stocks of humanized mouse models are made readily available to 
all through a public repository). It is accordingly not surprising that they have been 
embraced with enthusiasm.
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2.5  Barriers to Cross

Imagination being the powerful force that it is, investigators who are outside the 
field of humanized mouse technology will be motivated to pursue important ap-
plications that may or may not be feasible. It will be incumbent upon those who 
are working in the field to clearly discuss what can and cannot be done using cur-
rently available models. Working thereafter from a platform allowing continuous 
standardization, optimization, and iterative tests of relevance, the ultimate practical 
reality of the models will become evident over time. Likely as not, and as in the case 
of the SCID-hu models, some applications will be forthcoming and others will not.

At this juncture, the current battery of humanized mouse model presents three 
general problems, ones that should either be solved or accepted as insurmountable 
barriers to future use:

1. The presence of clinical and subclinical GVHD: In the same way that the “hu-
PBL-SCID” mouse (in which adult human peripheral blood mononuclear cells 
were injected intraperitoneally into SCID mice) [41] developed high levels of 
GVHD [42, 43], many if not all of the current “humanized mouse” models are 
similarly affected. The frequency and manifestations of clinically apparent dis-
ease have been outlined in a number of recent reports [44, 45] and, until proven 
otherwise, it is reasonable to assume that subclinical GVHD may occur as well. 
If so, the associated levels of immune activation may make it easier to detect 
certain endpoints (e.g., viremia after infection with HIV), but it is not clear if 
a model harboring background levels of GVHD is relevant to the analysis of 
human diseases in which GVHD is not normally present. Furthermore, ongoing 
efforts to document and use primary human immune responses in these models 
should acknowledge that they are occurring in the context of GVHD. In future 
iterations of the current humanized mouse models, it will be important to under-
stand why such GVHD occurs and how to prevent it from happening (e.g., by 
creating strains of SCID mice lacking murine MHC Class I and Class II mol-
ecules) [46]. Should that not be possible, the use of these models would most 
appropriately be focused on the analysis of xeno-GVHD.

2. The absence of normal lymphoid structure and function: In a normal immune 
response in mice or in humans, antigen presenting cells may move from distant 
sites through afferent lymphatics into draining lymph nodes, interacting thereaf-
ter with T and B cell subpopulations to prompt antigen-specific proliferation and 
differentiation of cells with cognate receptors; these then traffic out of the node 
through efferent lymphatics and into distal effector sites. Unfortunately, most of 
the infrastructure underlying such physiologic responses is not present in any of 
the humanized mouse models. In the IL2rgnull mouse models, for instance, the 
endogenous murine lymph nodes are poorly developed and unlikely to sustain 
normal levels of human immune cell trafficking and differentiation [3, 4]. Even 
in SCID-hu mice engrafted with human fetal lymph nodes, it is not clear whether 
the supporting vascular and lymphatic endothelium is human and/or mouse, and 
whether such endothelial structures support the physiologic trafficking of human 
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immune cells. Should humanized mice be developed for the analysis of human 
immune responses, e.g., to vaccines, this limitation should be addressed.

3. The inability to create large cohorts of animals from single human donors: To date, 
most if not all studies using the newer versions of humanized mice have been carried 
out with an unspecified number of human donors contributing to each cohort in a 
given experiment and, in some cases, as few as three mice in a given group. Alter-
natively, some studies have detailed the use of cohorts comprised of animals created 
from multiple human donors. Each approach is problematic. Use of a small number 
of test animals severely limits the number of conditions (e.g., of doses, controls, etc.) 
that might be tested in parallel in a single experiment and the number of animals that 
can be included in each subgroup. Such restrictions are even more compromising if 
there is a broad range of interindividual variation in engraftment, a degree of inter-
assay variation in the measurement of endpoints, and/or attrition of animals during 
the course of the experiment. In future iterations of these humanized models, it will 
be important to develop and to optimize procedures and practices that allow for the 
practical and reproducible creation of larger cohorts. For instance, advances in the 
derivation of functional human hematopoietic stem cells and thymic epithelial cells 
from iPS cells may ultimately provide virtually unlimited numbers of cells for con-
struction of humanized mouse models. In the meantime, it is important for investiga-
tors to state what criteria were used to decide which animals were selected for study 
(e.g., viral load, level of engraftment including absolute cell numbers, occurrence of 
GVHD, and criteria for removing animals from experiments).

The above issues highlight two general goals: first, it is important to show that a 
given humanized mouse model can be created in sufficient numbers to carry out 
experiments that are standardized, reproducible, and statistically verifiable; second, 
the events that are then documented in the model must be shown to have correlates 
in humans. It is only by achieving the first goal that the second can be addressed.

The steps and iterations required to optimize and to standardize these models will be 
numerous, time-consuming, and costly. Several approaches are possible. As occurred 
in the optimization and standardization of the SCID-hu Thy/Liv model, there can be 
an intensive, focused, stable, multimillion dollar investment made by the NIH and by 
private funders. Alternatively, collaborative data sharing amongst multiple academic 
investigators should provide an equally robust effort of similar strength. The current 
book provides a venue for such a collective effort, one that might lead to continued im-
provement of humanized mouse models and an ever greater capacity to apply them to 
the solution of unsolved problems of medical importance in humans.

At the end of the day, humanized mouse models will hopefully provide important 
input into the rapid advance of basic science into the clinic. They should support 
hypothesis-driven research that can inform meaningful and well-informed decisions 
along the course of this pathway. Even if such input is to show that a given inter-
vention does not work, that is an incredibly useful (and time- and resource-saving) 
input to the multiyear, multimillion dollar pathway of drug development. To the 
extent that the humanized mouse models actually model humans, it may be possible 
to reach this dream.
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HSC Hematopoietic stem cell

3.1  Natural Killer (NK) Cells

Many studies have suggested that NK cells play a crucial role in xenograft rejec-
tion. In vivo depletion of NK cells in C.B-17-scid or NOD-scid mice by treat-
ment using NK cell-specific antibodies (e.g., anti-asialo-GM1 and anti-TM-β1) 
resulted in significantly higher engraftment rates of reconstituted human cells [1]. 
NOD-based immunodeficient mice are better recipients for xenoengraftment than 
BALB/c, C57BL/6, or other strains, due to reduced NK cell activity and additional 
deficiencies in innate immunity [2, 3]. Shultz et al. demonstrated that NK cell ac-
tivity was markedly lower in NOD-scid mice than in C.B-17-scid mice, and the 
engraftment rate of human lymphoblastoid T cells was higher in NOD-scid mice 
than in C.B-17-scid mice [2]. From these findings, researchers have attempted to 
establish novel immunodeficient mouse strains with NK cell deficiency for further 
acceleration of xenoengraftment. Higher success rates for xenoengraftment of hu-
man hematopoietic stem cells (HSCs) have been observed in NOD-scid β2mnull and 
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NOD-Rag1nullPrf1null mice, which lack NK activity [4, 5]. Currently, immunode-
ficient mice with a disrupted IL-2 receptor common gamma chain (γc) gene are a 
mainstream tool for xenograft animal models such as NOG, NSG, and BRG mice 
[6–8]. These strains lack NK cells and produce better xenoengraftment results than 
do other strains, particularly in the differentiation of mature leukocytes from trans-
planted human HSCs. The improvement in engraftment is attributed to the inacti-
vation of the γc gene, which is shared by cytokines such as IL-2, IL-4, IL-9, IL-7, 
IL-15, and IL-21 and is important for the differentiation and function of not only T, 
B, and NK cells but also innate immune cells such as macrophages, dendritic cells 
(DCs), and others [9–13]. In particular, IL-2, IL-7, and IL-15 play critical roles in 
NK cell differentiation and functional maturation (e.g., cytotoxicity and production 
of inflammatory cytokines) [14].

Xenograft rejection by human NK cells has been investigated extensively by 
using pig-to-primate mixed chimeras [15]. NK cells exert significant cytotoxicity 
against xenografts compared with allografts because the level of inhibitory signals 
from xenograft MHC molecules associated with NK cell receptors is lower than that 
from allogenic MHC molecules. In fact, HLA-E gene-expressed porcine cells, but 
not normal porcine cells, were found to be protected from human NK cytotoxicity 
[16]. Human NK cytotoxicity against porcine cells is being evaluated for applica-
tion to transplant therapy using xenograft tissues.

3.2  Macrophages

To improve engraftment of human hematopoietic cells, depletion of host macro-
phages in immunodeficient mice is effective [17–19]. Verstegen et al. reported 
that human leukocytes were efficiently engrafted in HSC-transplanted scid mice 
after macrophage depletion by administration of dichloromethylene diphosphonate 
(CL2MDP) liposomes [18]. Moreover, Hu et al. demonstrated that host macro-
phages inhibited human thrombopoiesis and restored human platelets by macro-
phage depletion [19].

Several cytokines promote the maturation and activation of macrophages. An 
IL-12 cytokine is a prerequisite for the activation of innate immunity as well as in-
duction of Th1 responses. Because macrophages produce IL-12, a positive feedback 
pathway through IL-12 is activated and exerts immune barriers by producing IFNγ 
and several chemokines (MCP-1, MIP-1α, and MIP-1β) Ohteki et al. demonstrated 
that this activation pathway is impaired in RAG2−/−IL-2Rβ−/− or RAG2−/−γc−/− mice, 
which lack IL-15 signaling because receptors for IL-15 use both the IL-2Rβ and 
γc subunits [10]. They also indicated that IL-15 is an upstream activator for induc-
tion of IL-12, because the production of IL-12 and IFNγ by macrophages is also 
severely impaired in IL-15−/− mice. These results suggest that IL-15 signaling is 
critical for the functional maturation of macrophages, and the lack of IL-15 recep-
tors in immunodeficient mice may be important for successful xenoengraftment. 
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Recently, we compared the production of inflammatory cytokines such as IFNγ, 
TNFα, IL-1α, and IL-6 from macrophages of NOD-scid or NOG mice (unpublished 
data). The production of IFNγ in the supernatant of cultured macrophages was com-
pletely absent in NOG mice when they were stimulated with PMA/ionomycin and 
IL-12/IL-18 (Fig. 3.1a). Likewise, the IL-6 level was lower in NOG mice than in 
NOD-scid mice following stimulation with LPS, PMA/ionomycin, and IL-12/IL-
18 (Fig. 3.1b). Conversely, no significant difference between NOD-scid and NOG 
mice was evident in the production of TNFα and IL-1α (Fig. 3.1c, 3.1d). These 
results suggest that cytokine production is partially reduced in macrophages of 
NOG mice compared with NOD-scid mice, which may be due to the absence of 
γc-signaling-dependent production.

Mice with an NOD genetic background in combination with the scid mutation 
or RAG deficiency provide better results in xenoengraftment than do those with a 
BALB/c or C57BL/6 background. NOD-scid mice exhibit a decreased number of 
macrophages and functional impairment of them, where LPS-induced IL-1 produc-
tion was dramatically reduced in macrophages differentiated by stimulation with 
IFNγ and M-CSF [2, 20].

A novel mechanism of xenograft recognition by host macrophages was reported 
recently. Signal regulatory protein-α (sirpα), which is a critical immune inhibitory 
receptor on macrophages, interacts with the CD47 ligand on the xenograft to pre-
vent phagocytosis [21–24]. This interaction displays species specificity, thereby 
critically regulating graft rejection in the xeno-environment. Strowig et al. generat-

Fig. 3.1   Comparison of cytokine production by macrophages from NOD-scid and NOG mice. 
Peritoneal macrophages were isolated from 8- to 9-week-old NOD-scid and NOG mice, and then 
stimulated with LPS (final concentration, 10 µg/ml), PMA (10 ng/ml)/ionomycin (1 µg/ml), and 
IL-12 (10 ng/ml)/IL-18 (40 ng/ml) in vitro. After 24 h, the levels of cytokines IFNγ (a), IL-6  
(b), TNFα (c), and IL-1α (d) in culture supernatants were determined by ELISA
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ed human sirpα–expressing BRG mice. These mice showed significantly increased 
engraftment levels of human cells compared with non-transgenic BRG mice [24]. 
The sirpα polymorphism in the NOD genetic background (which is similar to hu-
man sirpα) leads to enhanced binding to human CD47, which may activate CD47-
induced signaling pathways to support xenoengraftment [23, 25, 26]. Legrand et al. 
demonstrated that BRG mice harboring NOD-sirpα showed increased engraftment 
ratios of human T and NK cells compared to conventional BRG mice [23]. Overall, 
the CD47-sirpα interaction leads to improved xenoengraftment as a result of phago-
cyte tolerance in host macrophages.

3.3  Complement Systems

Complement systems work through three different pathways, namely the classic, 
alternative, and lectin pathways. Complement factors comprise a membrane attack 
complex that damages target cells and contributes to adaptive immunity to elimi-
nate foreign materials.

Previously, several C5-deficient strains have been reported [27], and sera from 
homozygous C5-deficient strains lack complement hemolytic activity. All C5-de-
ficient strains, including NOD mice [28], contain an identical 2-bp depletion in an 
exon near the 5′ end of the C5 gene. The sera from NOD-scid mice, but not C.B-17-
scid mice, have been shown to lack hemolytic complement activity against sheep 
red blood cells [2]. The C5 deficiency in the NOD strain may result in the higher 
engraftment rate of transplanted human cells. Recently, complement-dependent in-
jury against human cells was demonstrated by transplantation of human mesenchy-
mal stem cells (MSCs) into C3-deficient mice [29]. Adoptive transfer of MSCs into 
C3-deficient mice resulted in reduced cellular injury in vivo compared with transfer 
into wild-type mice. The authors postulate that complement may be involved in 
recognizing and injuring transplanted MSCs.

An initial immunological obstacle by complement systems, also called natural 
antibody-mediated hyperacute rejection (HAR), is observed in pig-to-primate xe-
notransplantation. This rejection is initiated by the binding of anti-galactose-α1,3-
galactose (Gal) natural antibodies produced from primate cells to Gal on the pig 
vascular endothelium and sequential activation of the complement cascade [30]. 
Several genetically modified pigs [31–33], such as Gal-transferase-knockout pigs, 
have demonstrated partial success in the induction of immunological tolerance by 
regulating complement-dependent HAR. Taken together, these studies suggest that 
inhibition of complement activation could be a novel therapeutic strategy for xeno-
transplantation.
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3.4  Dendritic Cells: CD11c+B220+CD122+ Cells

Our previous studies suggested that DCs play a potentially pivotal role in xenograft 
rejection, compared with NK cells. The production levels of inflammatory cyto-
kines, such as IFNγ and IL-6, were markedly reduced in NOG mice and CD11c+ 
DC-depleted NOD-scid mice spleen cells but not in NK cell-depleted NOD-scid 
mice spleen cells [6]. Based on these findings, we speculated that the subpopulation 
of CD11c+ DCs has a strong potential for xenograft rejection in mice.

Generally, DCs are fractionated into several subpopulations based on surface 
markers and functional properties [34]. Conventional DCs (cDCs) are characterized 
by high expression of CD11c and act as professional antigen presenting cells (APCs) 
for stimulation of naive T cells [35]. Plasmacytoid DCs (pDCs) are characterized by 
expression of CD11c and B220, which play crucial roles in producing type-I IFNs 
against viruses via Toll-like receptors (TLRs) [36]. We recently demonstrated that 
CD122-expressing cells in the pDC fraction (CD11c+B220+CD122+ cells), which 
are lacking in NOG mice, have a greater potential to induce xenograft rejection than 
NK cells (Fig. 3.2a, 3.2b; [37]). CD11c+B220+CD122+ cells have been reported 
to be IFNs-producing killer dendritic cells (IKDCs), which share characteristics 
of DC and NK cells and produce larger amounts of IFNγ than NK cells [38, 39]. 

Fig.  3.2   Suppressive effects of CD11c+B220+CD122+ and NK cells on xenoengraftment. a 
CD11c+B220+CD122+ cells or NK cells were isolated from the CD11c+B220+or CD11c−B220− 
fraction of NOD-scid mouse spleen cells, and 1 × 105 or 2 × 105 cells were transplanted into NOG 
mice before hPBMC transplantation. b At 4 weeks posttransplantation, red blood cell-lysed 
PBMCs were collected from the transplanted NOG mice, and the efficacy of human cell engraft-
ment was assessed by flow cytometry. From [37]. Copyright 2012. The American Association of 
Immunologists, Inc
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Although the functional properties of CD11c+B220+CD122+ cells resemble those of 
NK cells, the phenotypic and morphologic features of CD11c+B220+CD122+ cells 
are distinct from those of NK cells. IFNγ produced by CD11c+B220+CD122+ cells 
may be important in the rejection of xenografts because CD11c+B220+CD122+ cells 
from IFNγ-deficient mice did not suppress xenoengraftment. Consistent with our 
results, Lin et al. transplanted pig cells into T-cell-depleted IFNγ-deficient mice and 
found that engraftment was significantly enhanced in the IFNγ-deficient mice [40]. 
Considering the role of IFNγ in xenograft rejection, we speculate that macrophages 
can be activated by IFNγ and recruited to the graft site through secretion of chemo-
kines. In addition, cytotoxicity mediated by perforin/granzyme, FasL, and TRAIL 
of CD11c+B220+CD122+ cells and/or NK cells may be upregulated in an autocrine 
manner by IFNγ production. These emerging lines of evidence suggest that the ab-
sence of CD11c+B220+CD122+ cells in immunodeficient mice may be critical for 
the engraftment of xenotransplants.

In conclusion, multiple dysfunctions in innate immunity, such as those associ-
ated with NK cells, macrophages, complement systems, and DCs in NOG or NSG 
mice, may result in successful xenoengraftment and lead to remarkable advances in 
humanized mouse xenograft models.
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4.1  Genetic Backgrounds and Hematopoietic Cytokines 
for Better Function of Human HSC and Immune 
System

Xenotransplantation is defined as transplantation of living cells, tissues, or organs 
from one to another species. Major barrier for successful xenotransplant engraft-
ment is bidirectional immune response between host and donor, triggered by rec-
ognition of “non-self” antigens and eventually resulting in deconstruction of host 
tissues or donor xenograft. Degree of this xenogenic immune reactions depends on 
what host immuno-components are activated by donor xenografts [1]: (i) humoral 
adoptive immune response mediated by presence of host natural antibodies that re-
acts to xenograft-derived molecules, and subsequent activation of complement sys-
tem causing graft rejection; (ii) T cell-mediated cellular immunity as blockage of T-
cell response significantly suppressed xenograft rejection; (iii) innate immune cells 
such as natural killer (NK) cells, macrophages, dendritic cells (DCs), neutrophils 
that detect exogenous molecules with species-specific modification or polymor-
phism via cell surface receptors, e.g., pattern recognition receptors. Ligation of the 
receptors on innate immune cells leads to cell activation and immediate rejection of 
xenografts via engulfment, complement system- or antibody-mediated mechanism.

Minimum requirement for xenotransplantation model to avoid the abovemen-
tioned xenogeneic immune reactions is the use of immunodeficient animals that 
lack acquired and ideally innate immunity, and thus permit sustained engraftment 
of xenotransplant. Among laboratory animals, small rodents, such as mice, have 
been utilized for the last several decades to develop immunodeficient strain by 
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 spontaneous gene mutation or artificial gene targeting, and engraft with human cells 
or tissues to reconstitute human hemato-lymphoid system (HHLS) for understand-
ing human physiology and pathophysiology [2, 3]. Since history of development of 
immunodeficient mice has been well described in many other reviews [4, 5], major 
breakthroughs are discussed here briefly: (1) Severe combined immunodeficiency 
(SCID) mice was found on C.B17 background, which lack functional B and T cells 
because of impaired V(D)J recombination [6–8]; (2) Non-obese diabetic (NOD) 
mice crossed with SCID mice (NOD/SCID) have additional functional defects in 
innate immunity (macrophages, NK cells, and complement system), allowing better 
engraftment of xenotransplant than C.B17-SCID [9]; (3) Mice with homozygous 
deletion of interleukin-2 receptor gamma chain gene (Il2rg−/−), a common cytokine-
receptor gamma chain shared by other cytokine receptors (IL2-, IL4-, IL7-, IL9-, 
IL15- and IL21-R), was genetically engineered to have NK cell deficiency [10, 11], 
and subsequently crossed with Balb/c mice deficient for Rag2 gene encoding a V(D)
J recombination enzyme [12] (Balb/c Rag2−/−IL2rγ−/−, termed as BRG  hereafter), or 
with NOD/SCID (termed as NSG or NOG) [13, 14]. Not only gene mutation but 
also mouse genetic background per se seems to be a determinant for high human 
cell engraftment: SCID or Rag2−/−Il2rγ−/− mice on Balb/c genetic background is 
more permissive for human cell engraftment compared to equivalent mutants on 
C57BL/6 background [15, 16]. NOD background is superior to other strains, e.g., 
C.B-17, Balb/c or C57BL/6 [17] because NOD mice have lower levels of NK cell 
activity [9, 14] and a polymorphism in signal regulatory protein alpha (Sirpa) gene 
that cross-reacts with human ligands and suppresses phagocytosis of human cells by 
mouse macrophages ([18, 19] and in detail, discussed below).

Hematopoiesis is one of the somatic organ systems with high cell turnover and 
highly-organized developmental hierarchy, in which self-renewing hematopoietic 
stem cells (HSCs) in the bone marrow (BM) produce all hematopoietic and im-
mune cells to maintain functional hemato-immune system throughout lifetime of 
an individual. Differentiation, maturation, and cell death of blood and immune 
cells are tightly controlled by many growth factors, chemokines, cytokines, and 
adhesion molecules through receptor-ligand interaction, and the subsequent intra-
cellular signal activation. Some of these soluble factors are secreted by hemato-
poietic cells, while others are produced by non-hematopoietic cells in the BM, 
e.g., mesenchymal stroma, osteoblasts, endothelial cells [20]. In HHLS models, 
the factors that are produced only by non-hematopoietic mouse cells, need to be 
cross-reactive to respective human receptors to support human cell engraftment 
and reconstitution [21]. Therefore, non-cross-reactive human factors have been 
supplemented in HHLS mice by in vivo administration of recombinant protein, 
lentiviral or plasmid vector coding human proteins, or genetic replacement of 
mouse factors with human counterparts, and shown to enhance human hematopoi-
esis and immune function [22–26].
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4.2  Human HSC Biology in Mouse Environment

Human HSC has been immunophenotyped by prospective isolation of living sub-
population with antibodies against cell surface markers, and subsequent functional 
test of the isolated cells. In vitro culture systems have been developed to presum-
ably test multilineage and self-renewal potential of the isolated HSC candidate, 
including methylcellulose-based colony forming-unit (CFU) assay or long-term 
culture-initiating cells (LTC-IC) on stromal cells. However, as these in vitro as-
says often use hyper/hypo-physiologic concentration of cytokines and limited to 
maintain HSC self-renewal, they do not reflect in vivo situations and distinguish 
self-renewing HSCs from other non-self-renewing progenitors. Thus, transplanta-
tion of human HSC candidates into HHLS mice has been employed as so far “a gold 
standard” surrogate assay to test in vivo function of authentic HSCs. Human HSCs 
capable of repopulating HHLS mice in vivo, so-called SCID repopulating cells 
(SRCs), have been enriched in lineage marker negative (Lin−), CD34+, CD90+ [27, 
28] in human fetal liver (FL)/ bone marrow (FBM), umbilical cord blood (UCB), 
and adult BM (ABM) [29], and further subdivided as CD38− [30, 31], CD45RA− 
[32], Rhadamin-123− [33], and CD49f+ [34]. However, serial transplanting ability 
of the human HSCs defined above are limited in a mouse, unlike mouse HSCs that 
are transplantable over a couple of rounds of transplantation [35], suggesting that 
mouse environment per se does not support human HSC self-renewal.

HSCs are localized in a specialized BM microenvironment, referred to as “niche,” 
which provides necessary and sufficient factors to maintain HSC quiescence, self-
renewal and multilineage differentiation capacity [20]. Cellular niche component 
consists of various cell types including osteoblasts/osteoclasts [36–38], endothelial 
cells [39], adipocytes [40], Schwann cells [41], macrophages [42, 43], CXCL12 
abundant reticular (CAR) cells [44], and leptin receptor+ [45], nestin+ [46], or plate-
let-derived growth factor receptor (PDGFR)-α+ [47] mesenchymal stromal cells 
(MSC) (Fig. 4.1). These niche cells in different location of BM produce a variety 
of molecular niche factors to control steady state HSC homeostasis through ligand/
cell surface receptor interactions: Angiopoietin-1 (ANG-1)/Tie2 [48], CXCL12/
CXCR4 [39, 49, 50], Stem cell factor (SCF)/c-Kit [45], Thrombopoietin (THPO)/c-
Mpl [51, 52], Tumor growth factor (TGF)-β/TGF receptor-2 [41], Wnt/Frizzle [53, 
54], N-cadherin [36, 54, 55], E-selectin ([56]; Fig. 4.1).

The knowledge on cellular and molecular BM niche components as mentioned 
above has been obtained from the studies with genetically modified mice, whereas 
human counterpart niche components remain largely unknown. Given that LTC-IC 
represents human HSC potential in vitro, stromal cells that maintain LTC-ICs pre-
sumably recapitulate human BM microenvironment and serve as HSC niche cells. 
Similarly, it has been demonstrated that CD146+ MSCs that are found in human BM 
can self-renew and form hematopoietic microenvironment in vivo in a heterotopic 
site with expression of ANG-1 [57]. Since little is known about other niche cells 
and factors for human HSC maintenance, and cross-reactivity of mouse factors to 
 human HSCs, establishment of in vivo system to engineer human BM microenvi-
ronment might help to better support human HSCs in a mouse environment.
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4.3  Mouse Hematopoietic Stem Cell or Niche Defect in 
SCID BM

First, HHLS model was developed by two groups, by engrafting CB17-SCID mice 
with human tissues [58] or peripheral blood leukocytes [59], and observed human 
B/T differentiation as well as human antibody secretion in the peripheral blood. 
C.B17-SCID mice have a spontaneous point mutation in Prkdc gene (protein ki-
nase, DNA activated, catalytic polypeptide) involving in V(D)J recombination 
[7, 8], and therefore, no functional B and T cells but intact innate immunity and NK 
function, leading to low level of human cell engraftment.

Prkdc also regulates non-homologous end-joining (NHEJ) pathway, a process 
to repair double stranded breaks upon DNA damage [60]. It was found that DNA-
damaging agents restore T cell receptor rearrangement, thereby resulting in normal 
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Fig. 4.1   Possible cellular and molecular HSC niche components in mouse BM. Niche cells ( black 
instead of black) and factors ( red) previously reported are depicted. HSC hematopoietic stem cell, 
CAR cell, CXCL12 abundant reticular cell, MSC, mesenchymal stromal cell, LepR, leptin recep-
tor, ANG-1, angiopoietin-1, SCF, stem cell factor, THPO, thrombopoietin, TGF-β, tumor growth 
factor-β

 



374 Mouse Genetic Background and Human Hematopoietic Stem Cells Biology

T cell development, but also induce lymphoma with high frequency [61]. Further-
more, C.B17-SCID show “leaky” phenotype: with age, normal functional B and 
T cell are spontaneously generated and serum immunogloblin level is increased 
accordingly [62–64].

It was recently demonstrated that CB17-scid mice have impaired self-renewal 
capacity of HSC in lethal irradiation transplantation, and upon non-conditioned 
transplantation, are more permissive for exogenous mouse HSC engraftment than 
control recipient, allowing 8–10 % of donor hematopoietic stem/progenitor cell 
(HSPC) in BM [65]. As Rag1−/− mice, another immunodeficient strain with defec-
tive V(D)J recombination, did not show similar result, this defect is not due to 
immunodeficiency but impaired competitive repopulating ability of SCID mutant 
HSCs leading to niche occupancy defect. In addition, genetically modified Prkdc 
mutants show HSPC loss caused by DNA damage accumulation during embryonic 
development and start to die of pancytopenia shortly after the birth [66]. Since simi-
lar phenotype was observed in HSCs lacking NHEJ-related gene [67, 68], function-
al impairment of SCID HSCs is dependent on NHEJ machinery rather than V(D)
J recombination, as in part supported by the recent finding that HSCs have active 
NHEJ machinery to be resistance to DNA damage [69].

4.4  Role of Mouse Innate Immunity in the Engraftment 
of Human Cells: NOG versus NSG

Innate immune cells such as NK cells, DCs, or macrophages play an important role 
for xenograft rejection. Human cell engraftment in HHLS mice was significantly 
improved when C.B17-SCID mice were crossed to NOD strain that lacks comple-
ment system, NK cells, and macrophages [70, 71]. NK activity in NOD/SCID was 
significantly reduced compared to C.B17-SCID but not completely abrogated [64]. 
Further elimination of NK cells has been achieved by anti-CD122 antibody that 
targets both NK and myeloid cells or genetically engineered mutation in Il2rg gene 
[13, 14], and lead to facilitate engraftment of human SRCs [72, 73]. Two types of 
mutations in IL2Rγ have been introduced into NOD/SCID independently: one mu-
tant with complete null mutation resulting in no cell surface expression of IL2Rγ, 
and no binding to ligands at all (NSG, NOD/LtSz-scid Il2rγ−/− [14]), and another 
with a truncated intracellular domain of IL2Rγ that still binds ligands but does not 
transduce downstream signals (NOG, NOD/Shi-scidIl2rγ−/− [13]). Recent compara-
tive analysis, where limited number of human HSCs were transplanted into NSG, 
NOG, and anti-CD122 treated NOD/SCID, demonstrated that NOG and NSG mice 
show significant improvement in human SRC detection over NOD/SCID model 
[74]. In addition, the higher sensitivity to detect SRCs in NSG than NOG suggests 
that the remaining IL2Rγ chain extracellular domain in NOG might leave HSCs un-
differentiated in the BM and thus result in less repopulation and ignorance of SRCs.

Besides NK cell-mediated innate immune barrier, another key genetic determi-
nant for xenograftment has been identified in Sirpa gene responsible for high human 
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cell engraftment in NOD strain [18]. SIRPα is mainly expressed on macrophages, 
granulocytes, and DCs, and upon binding CD47 transduces a negative “don’t eat 
me” signal in macrophages preventing phagocytic activity [75, 76]. It was shown 
that NOD-type SIRPα with polymorphism in immunoglobulin like domain V (IgV) 
can cross-react with human CD47 unlike SIRPα from other strains, and therefore, 
block mouse macrophage engulfment against engrafted human cells, leading to ef-
ficient homing and engraftment [18]. This finding was further proved by signifi-
cant improvement of human cell engraftment in HHLS mice with overexpression 
of mouse CD47 in transplanted-human CD34+ cells, genetic introduction of human 
SIRPα in BRG strain, or crossing of C57/BL6.Rag2−/−Il2rγ−/− with C57/BL6.NOD 
harboring NOD-type SIRPα [19, 77, 78]. Consistently, disruption of SIRPα–CD47 
signal axis in macrophages by neutralizing antibody or chemical-mediated deple-
tion of macrophages enhances human HSC engraftment [79, 80].

4.5  Lymphoid Tissue Development: NOD/SCID versus 
NOG versus NSG Mice

Introduction of SCID mutation into NOD background reduces activity of mouse 
innate immunity against engrafted human cells, and also rescues NOD mice from 
development of T cell-mediated autoimmune insulin-dependent diabetes mellitus 
[81]. Despite improved human cell engraftment, NOD/SCID mice develop a spon-
taneous thymic lymphoma with high incidence, in 70 % of mice by the age of 40 
weeks [64, 82]. A mean lifespan of NOD/SCID mice is only 8.5 months [64] and 
thus severely impedes long-term study of human immunity and hematopoiesis. Ge-
netic crosses of NOD/SCID onto IL2Rγ−/− mice extend their lifespan up to on aver-
age 22 months with free of thymoma [14].

Engraftment of human CD45+ cells in thymus was significantly higher in NOG 
or NSG than NOD/SCID [12, 13, 64, 71, 74] (Table 4.1). The reconstituted thymi 
of NOG or NSG contain human CD45+CD3+ cells, majority of which are CD4 and 
CD8 double positive T cells [74], and these human T cells display polyclonal T cell 
receptor (TCR)-αβ [83] and functional antigen response [84, 85]. Similarly, spleen 
has been better reconstituted with CD19+IgM+ B, CD3+ T, and CD56+ NK cells in 
NOD or NSG than other strains. Functional analysis revealed that human B cells de-
veloped in mouse spleen resemble the characteristics of B-1 B cells that represent a 
minor population in humans and express auto/polyreactive antibody [86]. Although 
the human antibody repertoire in HHLS mice is similar to that observed in humans 
[87, 88], class switching from IgM to IgG and affinity maturation of human antibody 
occur poorly in current HHLS models [2, 64]. Development of peripheral lymph 
nodes (pLNs), e.g., axillary, inguinal LNs is also limited in any of IL2Rγ-deficient 
immunocompromised mice including BRG, NOD, NSG, while mesenteric LN is 
usually formed [5, 89]. Given the fact that transfer of relatively high number of T 
cells develops pLNs in BRG model [90, 91], it will be possible to overcome this lim-
itation upon robust T cell reconstitution by long-term sustained HSC engraftment.
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4.6  Parameters in Donor and Recipient that Influence 
Humanization Efficiency

Main source of human HSCs to engraft HHLS models is FL, UCB, ABM, and phar-
macologically mobilized peripheral blood (mbPB). Frequency of CD34+ cells con-
taining human HSPCs is around 0.5–5 % in FL, UCB, and ABM, and 0.04–0.4 % in 
mobilized PB [29, 92]. Since CD34+ cells are functionally heterogeneous, in vivo 
functional studies have been performed by transplanting limiting dose of cells into 
HHLS mice to determine the frequency of SRCs, and found the highest in FL and 
the lowest in mbPB (SRC frequency: FL ≥ CB > BM ≥ mbPB) [22, 23, 93, 94].

Choice of age and sex of recipient animals seems to matter: injection of CB-
derived CD34+ cells into 6–8 week BRG mice results in 20 ± 16 % engraftment in 
BM and partial thymic repopulation [95], whereas newborn of BRG shows 10–60 % 
human chimerism in BM and robust development of functional T cells [89, 96, 97] 
(Table. 4.1). This suggests more efficient de novo human cell repopulation in new-
born than in young adult; with sex of recipient mouse, limiting dilution and serial 
transplantation of the defined human HSCs into NSG male or female demonstrated 
that NSG females support higher engraftment in BM and spleen, and more robust 
self-renewal of human HSC than do males, suggesting that sex-specific mechanism 
is crucial for human HSC engraftment and maintenance [98]. It is, however, of note 
that a range of 1–2 × 105 CD34+ cells does not seem to make a significant difference 
in human cell engraftment [98].

A major hurdle for successful HSC engraftment during transplantation is BM 
homing, a highly coordinated multistep process in which injected HSCs circulate 
in blood, cross BM endothelium barrier, and finally settle down to an emptied BM 
niche to self-renewal and differentiate into multilineage blood cells [99]. In xeno-
transplantation, this process is further complicated by other parameters as cross-
reactivity of homing, migration and growth factors, availability of HSC niche space 
in host BM, growth competition between mouse and human HSCs. One strategy to 
avoid homing-associated complications is to inject cells directly into the hemato-
poietic site, either bone of adult mice (intra-femoral injection) to escape from host 
immune surveillance [100, 101], or liver of newborn (intra-hepatic injection) to 
recapitulate natural homing process [89]. Intraosseous injection allows detecting 
human SRCs with 15-fold higher sensitivity compared to intravenous injection [73, 
100], although it might stress and disturb BM microstructure [102]. Other injection 
technique, intrafacial or intraperitoneal injection seems to work at least in newborn 
as comparable to or better than intrahepatic injection [85, 97].

To achieve high and sustained human HSC engraftment, niche space in host 
needs to be created by depletion of mouse HSCs and hematopoietic cells. To this 
end, most of the studies with HHLS models employ sublethal dose of irradiation. 
Since each immunodeficient strain has different irradiation sensitivity [74], the ir-
radiation dose should be optimized considering both animal mortality and human 
engraftment. It will be interesting to test efficacy of human HSC engraftment with 
other myeloablative regimens than irradiation, such as cyclophosphamide [103], 
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busulfan [104, 105], or neutralizing antibody against mouse c-Kit [106]. Represen-
tative humanization protocols with HHLS models are shown in Table 4.1.

4.7  How to Improve “Humanization”: Multilineage Cell 
Engraftment and Maintenance

For the past decades, a lot of efforts have been made to develop different HHLS 
models with genetic crossing and gene targeting, and to study physiology of human 
hematopoiesis and immunity, as well as pathogenesis of human diseases includ-
ing autoimmunity, infection, and cancer (reviewed in [2, 3]). Despite remarkable 
achievements, there are some limitations that remain to be overcome to have robust 
HHLS models: (i) unstable human cell reconstitution and maintenance; (ii) limited 
functionality of human innate and acquired immunity; (iii) inefficient platelet and 
red blood cell production. This topic will not be discussed here, as it is not highly 
relevant to HIV infection and also covered in other review [2].

First, long-term stabilization of human cell engraftment over experiments and 
different donor cells requires more number of human HSCs to be transplanted and 
better maintenance of self-renewal capacity of transplanted HSCs in vivo. However, 
human samples available for transplantation are usually limited. One approach to 
improve this is to develop an in vitro culture system that allows expansion of func-
tional HSCs. This has been already considered and up to 17-fold expansion has been 
achieved at the best as determined by in vivo NOD/SCID repopulating assay (re-
viewed in [107]). Another way to supply human HSCs is to generate human HSCs 
from human embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs) 
that can be maintained and expanded in vitro. However, the process of HSC genera-
tion from pluripotent stem cells would be highly complicated by the evidences that 
many extrinsic and intrinsic factors are temporarily and spatially involved in the 
HSC emergence during hematopoietic ontogeny (reviewed in [108, 109]). Many 
studies have attempted to mimic in vivo early HSC development by in vitro culture 
of PSCs with supplementation of fluid factors or coculture with feeder cells, e.g., 
fibroblasts or stromal cells [110, 111]. Yet, in vitro HSC development from iPSCs is 
largely limited to production of in vivo transplantable HSCs. To bypass exogenous 
factor-mediated HSC specification, a recent work has demonstrated that human 
iPSC-derived teratoma formed in NSG mice contain human HSCs that are trans-
plantable into another recipient [112]. Introduction of a certain sets of transcription 
factors in mouse or human fibroblasts, or in human iPSCs have shown to activate 
hemogenic program that generates in vitro hematopoietic colony forming cells or in 
vivo blood repopulating cells with limited self-renewal [113–115]. Although these 
studies have significantly advanced our knowledge to expand or develop HSC ex 
vivo, unlimited supply of transplantable human HSCs for preclinical and clinical 
application remains challenging.

To improve in vivo engraftment or maintenance of human HSCs, human SIR-
PA and THPO gene have been introduced into BRG mice by genetic engineering 
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(SIRPαTg BRG and THPOKI BRG, respectively), and these models showed high 
engraftment level and enhanced self-renewal activity of human HSC in BM with no 
obvious impact on quality of mouse life [22, 78] (Table 4.1). An alternative strategy 
to support human HSC function is providing mice with human microenvironments 
by cotransplantation of human tissues or human niche cells. Some groups have de-
veloped a model where human FL-derived CD34+ cells are transplanted into suble-
thally irradiated NOD/SCID or NSG previously implanted with autologous human 
fetal thymus and liver, so-called BM-liver-thymus (BLT) model, and achieved high 
human engraftment and robust immune response [116, 117]. Yet, a broad applica-
tion of BLT model is limited by necessity of easy access to human fetal tissues. In 
contrast, implantation of human MSCs is relatively easy, as they can grow from 
their self-renewing progenitors in in vitro culture of human BM efficiently [57]. In 
vivo implantation of MSC progenitor or MSC-derived ossicle develop heterotopic 
bone organ that recruits functional HSC to the site [118, 119]. This system might 
serve as “stem cell trap” to provide more optimal microenvironment for robust hu-
man HSC maintenance.

Second, because of low or little cross-reactivity of some of the mouse-soluble 
factors to human receptor [21], mouse environment provides suboptimal conditions 
for human HSPCs to fully differentiate to the mature cells that in turn migrate to an 
appropriate tissue and exert their function upon activation. Various strategies have 
been taken to improve differentiation and maturation of human immune cells as 
follows: in vivo injection of recombinant human cytokines, human cytokine-coding 
plasmid or virus to enhance erythropoiesis, myelopoiesis, thymopoiesis, and NK 
cell development (reviewed in [120]); genetic replacement of myeloid-supporting 
mouse cytokines with human counterparts to promote myeloid cell differentiation 
[22–25]; transgene expression of human SIRPα, membrane-bound SCF, MHC I and 
II to augment human cell engraftment, mast cell development, and functional T cell 
development [78, 121–125]. More new animals or novel methodology are expected 
to be developed and revolutionize HHLS models.
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5.1  Introduction

Humanized mice with functional human hematopoietic and lymphoid systems (re-
ferred to as HHLS mice [1]) are particularly useful in the study of human hema-
topoiesis and immune function under physiological and pathological conditions. 
Human hematopoietic stem cell (HSC) xenotransplantation is required for creating 
HHLS mice [2–4]. Although currently human HSC engraftment and differentia-
tion can be reproducibly established in immunodeficient nonobese diabetic (NOD)/
severe combined immune deficiency (SCID) mice or their derivatives, the creation 
of HHLS mice with all lineages of human blood cells remains a challenge. The 
barriers to achieve human HSC xenotransplantation in immunodeficient mice can 
be broadly classified as immunological and nonimmunological (i.e., unfavorable or 
disadvantageous hematopoietic microenvironment).

5.2  Immunological Barriers to Human HSC 
Transplantation in Mice

In general, transplants across species (i.e., xenotransplantation) are subject to vigor-
ous immunologic rejection. In addition to adaptive immunity, the extensive molecu-
lar incompatibilities between the donor and the host induce robust innate immune 
responses to xenografts [5]. Innate immune responses include humoral and cellular 
responses, both of which can be elicited by xenoreactive antibodies following xe-
notransplantation [6]. Cellular innate xenoresponses can also be induced by xeno-
grafts in the absence of antibodies. Antibody-independent innate immune responses 
are the main immunological barriers in successfully making HHLS mouse models 
using immunodeficient mice, such as those with SCID mutation (i.e., a mutation 
in the Prkdc gene) or targeted disruption of recombination activating gene (RAG). 
Innate immune cells include phagocytic cells (monocytes/macrophages and neutro-
phils), natural killer (NK) cells, and cells producing inflammatory mediators (baso-
phils, eosinophils, and mast cells). Activation of innate immunity is controlled by 
the balance between activating and inhibitory receptors. As such, the combinato-
rial effect of xenoantigen recognition by the activating receptors and the incom-
patibility of inhibitory receptor-ligand interactions leads to the rapid and robust 
responses against xenografts [5]. The common cytokine γ-chain (also known as 
IL2Rγ-chain) is a critical component of the high-affinity receptors shared by multi-
ple cytokines (interleukin (IL)-2, IL-4, IL-7, IL-9, IL-15, and IL-21) [7]. The avail-
ability of immunodeficient mice with targeted disruption of the common cytokine 
receptor γ-chain gene makes it possible to prevent human hematopoietic cells from 
rejection by NK cells [8, 9]. The inability of donor CD47 to interact with recipient 
signal regulatory protein alpha (SIRPα) has been found to be a major mechanism 
triggering macrophage-mediated rejection of xenogeneic hematopoietic cells (see 
discussion below). Since the NOD mouse SIRPα interacts with human CD47 better 
than SIRPα on other mouse backgrounds [10], the use of immunodeficient mice on 
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the NOD background helps to attenuate macrophage-mediated rejection of human 
hematopoietic cells. Thus, among the currently available immunodeficient mice, 
NOD/SCID IL2Rγ-chain knockout (NSG) mice are most permissive for human he-
matopoietic reconstitution via HSC transplantation.

5.3  Nonimmunological Barriers to Human HSC 
Transplantation in Mice

Hematopoiesis is a complex process of blood cell development and differentiation 
from HSCs, regulated by hematopoietic cytokines and adhesion molecules [11]. For 
example, erythropoietin (EPO) and IL-3 are required for erythrocyte development 
[12], IL-15 is required for NK cell differentiation and survival [13], granulocyte-
macrophage colony-stimulating factor (GM-CSF) is important for dendritic cell dif-
ferentiation [14], and macrophage colony-stimulating factor (M-CSF; also known 
as CSF-1) is essential to the development of monocytes/macrophages [15]. Because 
a number of mouse cytokines such as mouse IL-15, GM-CSF, IL-4, M-CSF, and IL-
3, have no function on human cells [16–20], it is impossible to establish perfectly 
normal human hematopoiesis in conventional mice, even in the complete absence 
of immunological rejection. Nonetheless, human CD34+ cell transplantation can 
lead to sustained and high-level human hematopoietic reconstitution in immuno-
deficient mice. However, these humanized mice exhibit clear abnormalities in cell 
lineage proportions, such as poor development of human NK cells and cells of the 
monocytic lineage. Human NK cell development and function can be significantly 
improved by the presence of human IL-15 and IL-15/IL-15Rα complex (IL-15 cou-
pled to IL-15Rα) [21]. Similarly, significantly improved reconstitution with human 
monocytic lineage cells can be achieved in knock-in mice expressing human IL-3 
and GM-CSF [22] or expressing CSF-1 [23]. Since no improvement was seen after 
depletion of mouse phagocytic cells, the only important immune cell population 
present in NSG mice [24], the unfavorable hematopoietic environment, but not im-
munological rejection, is predominantly attributed to the poor reconstitution with 
human NK and monocytic lineage cells in HHLS mice.

An earlier study suggests that recipient HSCs have a competitive advantage 
that limits the repopulation of the xenogeneic donor hematopoietic cells in a lin-
eage-specific manner [25]. C.B-17 SCID mice receiving SCID and T cell-depleted 
(TCD) rat bone marrow cells showed a marked reduction in rat myeloid repopula-
tion without affecting rat lymphoid repopulation when compared with the C.B-17 
SCID mice receiving TCD rat bone marrow cells alone. However, repopulation of 
both myeloid and lymphoid cells was inhibited in C.B-17 SCID mice receiving 
TCD C.B-17 mouse and rat bone marrow cells [25]. A recent study, showing that 
different stem and progenitor cells reside in distinct cellular niches in bone marrow 
[26], may support the possibility that a lineage-specific competition might con-
tribute to the poor reconstitution of human myeloid cells in immunodeficient mice 
lacking T and B cells.
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5.4  Limited Improvement of Human Red Blood Cell 
and Platelet Reconstitution by Providing Human 
Hematopoietic Cytokines

Despite high levels of human CD45+ nucleated blood cell reconstitution, the levels 
of human red blood cells (RBCs) and platelets are extremely low in blood circula-
tion in HHLS mice [24, 27]. RBCs are derived from HSCs in bone marrow and sub-
sequently migrate into the blood stream after nuclear extrusion [28]. The presence 
of a large number of human CD235a+CD45- erythroid cells, which are at a stage of 
differentiation beyond erythroblasts (i.e., normoblasts or later), in the bone marrow 
from HHLS mice indicates that the lack of human RBCs in blood could be due to 
either the failure of human erythroid precursors to fully mature, or to poor survival 
or rejection of mature human RBCs in these mice. Since human cells may not react 
or react inefficiently to mouse hematopoietic cytokines, unfavorable hematopoietic 
environment has been considered the major cause for the absence of mature human 
RBCs in HHLS mice. However, unlike the reconstitution of human NK and mono-
cytic lineage cells which is highly responsive to treatment with human cytokines 
[21, 29], presence of human EPO and IL-3 does not significantly improve human 
RBC reconstitution in HHLS mice [29].

Similar to mature RBCs, immunodeficient mice grafted with human CD34+ cells 
also show extremely poor reconstitution with human platelets [27]. Megakaryo-
cytes account for a very small fraction (less than 1 %) of bone marrow cells [30]. 
Platelets are generated from megakaryocytes in the bone marrow and are subse-
quently released into the bloodstream. The presence of human CD61+, morphologi-
cally mature megakaryocytes in the bone marrow of HHLS mice indicates that (1) 
the mouse environment is capable of supporting efficient megakaryocyte differen-
tiation, and (2) the poor human platelet reconstitution is unlikely, or at least not ex-
clusively caused by inefficient human megakaryocyte differentiation in mice. This 
is in accordance with the study [31] showing that immunodeficient knock-in mice 
expressing human thrombopoietin (TPO), a major growth factor in megakaryocyte 
development, have no significant advantage in human platelet reconstitution after 
CD34+ cell transplantation.

5.5  Macrophage-Mediated Xenorejection Is a 
Major Limiting Factor Towards the Successful 
Reconstitution of Human RBCs and Platelets  
in HHLS Mice

Failure to significantly increase human RBCs or platelets by human cytokines sug-
gests that xenorejection is likely to be an important factor limiting human RBC and 
platelet reconstitution in HHLS mice. This possibility was confirmed by the report 
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of rapid clearance of normal human RBCs and platelets in NOD/SCID and NSG 
mice [24]. The absence of human RBCs and platelets in human CD34+ cell-grafted 
NSG mice rules out the possibility of xenorejection by T, B or NK cells. Significant 
increase in human RBCs and platelets in HHLS mice after phagocytic cell deple-
tion by clodronate-liposomes demonstrates that phagocytic cells are effectors which 
eliminate human RBCs and platelets in HHLS mice [24, 27].

CD47 is a ligand of SIRPα, an immune inhibitory receptor on macrophages [32, 
33]. CD47-SIRPα pathway prevents normal hematopoietic cells and platelets from 
phagocytosis [32–34]. It has been reported that the lack of efficient cross-reaction 
between donor CD47 and recipient SIRPα causes rejection of xenogeneic hemato-
poietic cells by macrophages [34, 35]. However, given the fact that human CD47 
is capable of interacting with NOD mouse SIRPα [10], destruction of human RBCs 
and platelets by mouse phagocytic cells in NOD/SCID and NSG mice is unlikely 
to be caused by a failure of CD47-SIRPα interaction. In support of this possibility, 
studies have shown that in NOD/SCID mice rejection of human RBCs and platelets 
occurs significantly more rapidly when compared with RBCs and platelets from the 
CD47-deficient mice, respectively [24, 27]. Further understanding of the mecha-
nisms triggering vigorous rejection of human RBCs and platelets by mouse phago-
cytic cells may help construct HHLS mice with all lineages of human blood cells.

It is not clear why mouse phagocytic cells destruct only human RBCs and 
platelets, but not WBCs. Similar phenomenon was observed in CD47+/+ mouse-
to-CD47-/- mouse bone marrow chimeras, in which CD47-deficient RBCs, but not 
WBCs, were destroyed by CD47+/+ phagocytic cells [36]. In HHLS mice, mac-
rophage depletion can induce full reconstitution of human platelets in periphery 
[27]; however, the level of human RBCs remains much lower compared to human 
lymphocytes [24]. This suggests that factors such as unfavorable hematopoietic mi-
croenvironment may contribute to the poor human RBC reconstitution in HHLS 
mice; therefore, treatment with human cytokines may potentially improve human 
RBC reconstitution in phagocytic cell-depleted HHLS mice [24]. On the other 
hand, since macrophages play an important role in erythroid cell differentiation, 
depletion of bone marrow macrophages may also affect erythropoiesis. A recent 
study shows that bone marrow CD169+ macrophages can provide a niche, promot-
ing erythropoiesis under homeostasis and stress [37]. In agreement with that, treat-
ment with clodronate-liposomes has shown to delay reticulocytosis and hematocrit 
recovery in mice with phenylhydrazine-induced anemia [37]. Selected depletion of 
mouse macrophages may prevent destruction of human RBCs while sparing human 
erythropoiesis, if the macrophage-mediated erythroid cell differentiation occurs in a 
species-specific manner. Furthermore, given the inefficient development of human 
monocytic cells in mice [29], strategies towards optimization of human monocyte-
macrophage repopulation may also promote human erythroid cell differentiation in 
HHLS mice.
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5.6  Summary

To date, the construction of HHLS mice with perfectly normal human hematopoi-
esis remains a challenge. Despite these limitations, the currently available HHLS 
mice have been proved to be a highly valuable and irreplaceable in vivo model for 
biomedical and translational research. A better understanding of the biology of hu-
man HSC xenotransplantation in mice will help us to optimally humanize the mouse 
hematopoietic environment and improve currently available HHLS mouse models. 
Moreover, strategies to prevent mouse macrophage-mediated xenograft destruction 
will be needed for developing HHLS mice with human RBCs and platelets.
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6.1  Introduction

The development of humanized mouse models has dramatically expanded the re-
search landscape by facilitating in vivo modeling of many human diseases [1–23]. 
Different humanized mouse models have been bioengineered for these studies. 
Differences between humanized mouse models can include the immunodeficient 
mouse strain manipulated and whether the human hematopoietic stem cell (hHSC) 
transplant only or the bone marrow-liver-thymus (BLT) humanization strategy was 
utilized. To achieve the best experimental outcomes possible, it is critical that key 
attributes of different pairings of a given humanization protocol (e.g., hHSC only or 
BLT) with specific strains of immunodeficient mice be considered. As an aid in this 
process, this review compares lymphoid tissue development and human reconstitu-
tion among different human reconstitution strategies performed in mouse strains 
with or without a mouse interleukin (IL)-2Rγ chain. To best characterize the role of 
the mouse IL-2Rγ chain in lymphoid tissue development and human reconstitution, 
particular emphasis has been placed on reviewing manuscripts that include direct 
comparisons between humanized mice generated in immunodeficient mouse strains 
with or without a mouse IL-2Rγ chain.
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6.2  Immunodeficient Mouse Strains and Humanization 
Strategies

A key consideration in the generation of humanized mice is the choice of immu-
nodeficient mouse strain. In the mid-1990s, nonobese diabetic (NOD) mice were 
crossed with severe combined immunodeficient (SCID) mice to develop NOD/
SCID mouse strains [24, 25]. Bone marrow engraftment of NOD/SCID mice with 
human hematopoietic stem cells (NOD/SCID-hHSC) results in a self-renewing 
source of human B cells, monocyte/ macrophages, dendritic cells, and natural killer 
(NK) cells that systemically reconstitute the transplanted mouse [26–28]. When 
planning experiments with NOD/SCID mice, it is important to consider the facts 
that the endogenous mouse thymus in these animals is vestigial such that it cannot 
produce human T cells following hHSC engraftment and that the lifespan of these 
animals is limited due to their predisposition to develop thymic lymphomas [25, 
29]. Despite these constraints, the high and sustained levels of human myeloid, den-
dritic and B cells in NOD/SCID-hHSC have made this model useful for a variety of 
applications [6, 17, 28]. The lack of human T cells in NOD/SCID-hHSC mice led to 
the development of a combination approach, which would permit the development 
of a more complete human immune system (including human T cells) in human-
ized mice. BLT humanized mice are bioengineered by a bone marrow transplant 
of hHSC that is paired with the implantation under the renal capsule of autologous 
human liver and thymus [30, 31]. In BLT mice, the implanted human thymic tissue 
develops into a human thymus (also referred to as a thymic organoid) with normal 
human thymic structure and function [30–33]. T cell progenitors migrate to this 
thymus, mature into human leukocyte antigen (HLA)-restricted human T cells, exit 
the thymus, systemically populate the BLT mouse and perform effector functions 
such as HLA-restricted responses to Epstein–Barr virus (EBV) and HIV [31, 34].

The mouse IL-2Rγ chain is an essential component in the receptors for six dif-
ferent cytokines (IL-2, IL-4, IL-7, IL-9, IL-15, IL-21) [35]. Additional immunode-
ficient mouse strains have been developed that exhibit improved hHSC engraftment 
by modifying NOD/SCID [36, 37] and Rag2 knockout [38, 39] mice to prevent 
mouse IL-2Rγ chain function. Two different NOD/SCID IL-2Rγ chain mice have 
been developed and are designated as NOG [36] and NSG [37] mice. When com-
pared to NOD/SCID mice, NOG and NSG mice are slightly more radiosensitive, do 
not develop thymic lymphomas, and consequently have a longer lifespan [37]. Both 
neonate and adult mice lacking the mouse IL-2Rγ chain have been transplanted 
with hHSC leading to humanization [40–42]. One of the most important differences 
between mice lacking a functional mouse IL-2Rγ chain and NOD/SCID mice is that 
the endogenous mouse thymus in NOG, NSG and Rag2γc mice supports human T 
cell production leading to systemic reconstitution of these mice with human T cells 
together with human B cells, human monocyte/macrophages, human dendritic cells, 
and human NK cells [41–43].
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6.3  Primary and Secondary Lymphoid Tissues

Several reports have discussed the human reconstitution of the bone marrow, thy-
mus, and spleen in humanized mice [23, 44, 45]. However, only four published 
studies report direct comparisons in the human reconstitution of these tissues be-
tween mice with and without a functional IL-2Rγ chain [36, 41, 46, 47]. The ap-
proach taken for the comparisons in three of these reports was to transplant similar 
numbers of hHSC into NOG or NSG mice and mice from the isogenic parent NOD/
SCID stain [36, 41, 47]. Ito et al., Hiramatsu et al., and McDermott et al. each 
used NOD/SCID-hHSC and NOG-hHSC mice for their comparison [36, 41, 47]. 
McDermott et al. also used NSG-hHSC mice [47]. Their consensus findings were 
that transplantation of equal numbers of hHSC into NOG and NSG mice yielded 
significantly higher human reconstitution levels in the peripheral blood, bone mar-
row and spleen relative to NOD/SCID mice [36, 41, 47]. In addition, the production 
of human T cells by the mouse thymus was confirmed in the NOG-hHSC mice [41, 
47] and NSG-hHSC mice [47].

In the fourth report [46], each humanized mouse was generated utilizing an opti-
mized number of hHSC which is very different from the strategy tested in the other 
three reports. Specifically, NOD/SCID-BLT mice were transplanted with approxi-
mately 10 times more hHSC compared to NSG-BLT, NSG-hHSC, and Rag2γc-
hHSC. Under these optimized conditions, the absolute numbers of splenic human T 
cells were not significantly different between these four types of humanized mice 
and limited differences were observed in the numbers of human T cell in bone 
marrow [46]. This paper did report that the human thymus present in BLT mice 
harbors a greater number of human thymocytes compared to a mouse thymus in 
hHSC transplant only mice [46]. A key point for consideration in the design and 
interpretation of experiments utilizing NSG-BLT mice is that human thymopoiesis 
in these animals occurs in both the implanted human thymus and the endogenous 
mouse thymus with the majority of human thymocytes present in the human thy-
mus [46]. The fact that NSG-BLT mice have two separate locations with ongoing 
human thymopoiesis suggests that T cells in these mice could be heterogeneous in 
their major histocompatibility complex (MHC) restrictions which could complicate 
some experimental analyses.

Together, the available literature supports the conclusion that the presence or 
absence of a mouse IL-2Rγ chain does not impact humanization of bone marrow 
or spleen regardless of whether the hHSC transplant only or BLT method of hu-
manization is utilized (Fig. 6.1). Regarding the endogenous mouse thymus in these 
strains, the production of human T cells from a mouse thymus only occurs in mice 
without a functional mouse IL-2Rγ chain [26–28, 40–43]. The development of a hu-
man thymus does not depend on the presence or absence of a mouse IL-2Rγ chain. 
Rather transplant of human tissues, as in BLT mice, is required for development of 
a human thymus (Fig. 6.1).

The mouse IL-2Rγ chain is a component of the IL-7 receptor [35]. This molecule 
is important, but dispensable, for lymph node organogenesis [48]. Since many hu-
manized mice are bioengineered in mice lacking an IL-2Rγ chain, we examined 
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the literature and found that the presence of lymph nodes in humanized mice has 
been reported in at least 44 manuscripts [3, 9, 10, 16, 19, 30, 31, 34, 37, 41–43, 46, 
49–79]. Specific lymph nodes identified include: cervical [9, 30, 37, 74, 75, 77], 
mediastenal [75], axillary [9, 30, 37, 76], brachial [30, 37, 76], renal [30]; iliac [3], 
inguinal [30, 37, 76], mesenteric [3, 9, 19, 30, 41–43, 46, 65–71, 76, 78], and pop-
liteal [79]. The most commonly reported lymph nodes in humanized mice are the 
mesenteric, cervical, axillary, and brachial. Why lymph nodes in the caudal region 
of humanized mice are less common has not been determined. The fact that 39 of 
these 44 manuscripts utilized mouse IL-2Rγ chain deficient mouse strains and still 

Fig. 6.1   Relative human reconstitution in the lymphoid organs of different humanized mice. At 
the bottom of the figure is a key describing the relative level of human reconstitution assigned to 
each color. In the mice not implanted with human thymus tissue, that organ is listed as not present. 
NOD/SCIDγc = NOD/SCID IL2R gamma chain deficient mice, Rag2γc = Rag2null IL2R gamma 
chainnull mice. NOD nonobese diabetic, SCID severe combined immune deficiency, BLT bone 
marrow-liver-thymus, hHSC human hematopoietic stem cell
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were able to detect lymph nodes [3, 9, 10, 16, 19, 30, 34, 37, 41–43, 46, 49, 50, 
52–54, 56–72, 74–78] confirms that a functional mouse IL-2Rγ chain is dispensable 
for lymph node organogenesis [48] in humanized mice.

One critical function of secondary lymphoid tissues (i.e., spleen and lymph 
nodes) is to facilitate the development of humoral immune responses. The broad B 
cell repertoires [80–83] and antigen-specific human antibody responses [9, 34, 54, 
55, 73, 84, 85] that have been reported in different types of humanized mice indi-
cates that these animals have some degree of spleen and lymph node function in this 
regard, although T cell help has clearly not been optimized in these models [57, 81, 
85, 86]. Shultz et al. suggested that human T cells in humanized mice may require 
thymic selection with HLA in order to provide adequate T cell help to B cells for 
T-dependent antibody production [87], yet T-dependent antibody production has 
been reported in humanized mice lacking human thymic stroma for T cell educa-
tion [9, 88]. Furthermore, there is a question of whether lymphoid follicles and 
germinal centers, anatomical regions that facilitate T cell help, are present within 
the secondary lymphoid tissues of humanized mice. Lymphoid follicles and ger-
minal center-like structures have been reported to be both present [16, 30, 31, 41, 
43, 89] and absent [8, 37, 82] in humanized mice. Beyond direct observation with 
immunohistochemistry approaches, B cell development and function has been used 
as a surrogate marker for the presence of lymphoid follicles and germinal centers 
in humanized mice. A post-germinal center surface phenotype on B cells in human-
ized mice has been reported [9, 88] while others have identified B cells as maturing 
independent of a germinal center [68, 85, 90]. In summary, further work is required 
to reach a consensus regarding the development of lymphoid follicles and germinal 
centers in humanized mice and to define any role of the mouse IL-2Rγ chain in 
these processes.

6.4  Intestinal Lymphoid Tissues

At least 15 manuscripts have examined the presence of human immune cells within 
intestines of humanized mice [34, 43, 46, 59, 61, 70, 73, 77, 91–97]. For hHSC 
transplant only mice, the results reported lack both quantitation and a broad analysis 
of the different human hematopoietic lineages present in the mouse intestines [43, 
70, 91–94, 97]. In contrast, several groups have reported that multiple lineages of 
human immune cells (including T cells, B cells, macrophages, NK cells, and den-
dritic cells) are distributed through the intestines of BLT mice [34, 73, 77, 95]. To 
fully characterize the differential intestinal humanization between various human-
ize mice, one manuscript reported direct, quantitative comparisons of intestinal hu-
manization between NOD/SCID-BLT, NSG-BLT, NSG-hHSC and Rag2γc-hHSC 
mice [46]. Quantified intestinal cell populations in this report included the lamina 
propria lymphocytes (LPL) and intraepithelial lymphocytes (IEL) from both the 
small intestine (SI) and large intestine (LI): SI LPL; SI IEL; LI LPL; and LI IEL. 
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NOD/SCID BLT mice exhibited the highest numbers of human T cells in each of 
these four intestinal populations [46]. Regardless of the human reconstitution meth-
od (i.e., –BLT or –hHSC transplant only), intestinal T cell levels were consistently 
lower when the immunodeficient mouse strain used lacked a functional IL-2Rγ 
chain (Fig. 6.1) [46]. These data indicate that the presence of a functional mouse 
IL-2Rγ chain is critical for robust intestinal human T cell engraftment.

The intestinal immune system is composed of gut-associated lymphoid tissue 
(GALT) (e.g., Peyer’s patches and isolated lymphoid follicles) and intestinal lamina 
propria. Many humanized mice are bioengineered in mice lacking an IL-2Rγ chain 
(a component of the IL-7 receptor) and IL-7 signaling in lymphoid tissue organizer 
cells and lymphoid tissue inducer cells is indispensible for GALT organogenesis 
[98–104]. Therefore, we examined the literature for reports describing the pres-
ence of GALT in humanized mice. One manuscript reported undefined lymphoid 
aggregates (e.g., isolated lymphoid follicles) in the intestines of NOD/SCID-BLT 
mice [73]. These aggregates contained CD4+ T cells, macrophages, and dendritic 
cells and were susceptible to HIV-induced pathology [73]. Given that the human-
ized mouse research field is so heavily reliant upon immunodeficient mice without 
a functional mouse IL-2Rγ chain and there are translational research questions re-
garding human GALT pathologies that could be studied if humanized mice exhibit 
GALT structures, defining the presence or absence of GALT in different types of 
humanized mice is a very important area of future study.

6.5  Conclusions

Lymphocyte migration into and egress from lymphoid tissues is the result of a se-
ries of poorly understood but highly complex species-specific interactions between 
cell adhesion molecules, integrins, chemokine receptors, and chemokines. Here we 
discussed the remarkable observation that human lymphocytes traffic in human-
ized mice such that lymphoid tissues develop and are populated with human cells 
in these mice. For the bone marrow, thymus, spleen, and to a lesser extent lymph 
nodes, the presence of a functional mouse IL-2Rγ chain is dispensable for lymphoid 
tissue development and human reconstitution. However, utilization of the BLT hu-
manization protocol on mice with and without a functional mouse IL-2Rγ chain 
has provided compelling evidence that this molecule is important for intestinal hu-
man reconstitution. Specifically, NOD/SCID-BLT mice have the highest levels of 
intestinal humanization relative to NSG-BLT mice, as well as to NSG-hHSC and 
Rag2γc-hHSC mice. Thus, immunodeficient mouse strains with improved hHSC 
engraftment may exhibit deficiencies in human reconstitution in certain tissues 
(e.g., intestines). Understanding these distinctions increases our ability to accurate-
ly interpret previously published humanized mouse data and to properly plan future 
experiments.
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6.6  Future Directions

There are two major research areas for future investigation related to human lym-
phoid tissue development in humanized mice. First, a clear understanding of the 
cross-species activity for individual cytokines, chemokines, and adhesion mol-
ecules would offer critical insights into the optimal combination of human trans-
genes for appropriate human lymphoid tissue development. There are ongoing ef-
forts by multiple research groups to apply human growth factors exogenously [65, 
105–107] or develop mice that transgenically expressing human development and 
growth factors [108–111]. Yet a comprehensive description of cross-species activity 
is still lacking [112]. Second, when humanized mice are created by a transplant of 
hHSC only, all of the human cells present in these mice are hematopoietic in origin. 
The mice still lack nonhematopoietic cells (e.g., epithelial cells) that are involved 
in human immune development and function. Pairing current human reconstitution 
techniques with previously developed strategies for the implantation into mice of 
human tissues beyond the human thymus in BLT mice (e.g., human bone marrow 
and human intestines) could introduce additional nonhematopoietic cells into the 
humanize mouse models [113, 114]. Successful implementation of such strategies 
would provide the best possible environment for proper lymphoid tissue develop-
ment in humanized mice.
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7.1  Introduction

Hematopoietic reconstitution is a prerequisite for the studies of human hematology 
and immunology. In order for the hematopoietic cell to engraft, differentiate, and 
function, some basic requirements need to be met: Cells must not be rejected, need 
to locate appropriately, and be supported by the host environment [1]. In this chap-
ter, we are going to focus on the proper localization of HSCs.

7.2  HSC Niche and Long-Term Hematopoiesis

HSC function is closely coupled to the cells’ unique cell-cycle kinetics, in which 
adult HSCs are predominantly quiescent, undergoing proliferation in response to 
stress [2]. Loss of quiescence or increased proliferation of HSCs results in loss of 
self-renewal or stem cell exhaustion [3]. The balance between HSC quiescence and 
proliferation is delicately regulated by both by intrinsic and extrinsic factors.

The intrinsic factors include cell cycle regulators, signaling molecules and tran-
scription factors [4, 5]. Several cell cycle regulators have been shown to play criti-
cal regulatory roles in hematopoietic stem/progenitor cell (HSC/HPC) proliferation, 
including p57, p27, Rb family, and the D-type cyclins and their catalytic partners 
Cdk4/6. Studies from mouse models have shown that inactivation of these genes 
in HSCs results in increased proliferation and loss of quiescence associated with 
loss of self-renewal ability. Intracellular signaling pathways are also essential for 
HSC cell cycle regulation. For example, activation of PI3K cascade by deletion of 
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Phosphatase and tensin homolog (PTEN), a negative regulator of PI3K, attenuated 
the signaling promoted HSC quiescence, increased HSC cycling [6, 7]. PI3K signal-
ing suppresses the expression of transcription factors FoxOs. Accordingly, a loss of 
FoxO3a alone or triple mutants for FoxOs1, 3, and 4 lead to increased proliferation 
and apoptosis of HSC, and in turn self-renewal activity [8–10].

The extracellular signals are from surrounding cells found within the highly 
specialized bone marrow (BM) microenvironment termed the HSC niche [11–13]. 
Adult HSCs reside in the niche, which plays a pivotal role in regulating the survival 
and self-renewal ability of HSCs, protecting them from exhaustion, while prevent-
ing their excessive proliferation. Two major HSC niches are currently proposed to 
exist in BM: the endosteal osteoblastic niche and the perivascular endothelial niche. 
Though it is unclear if both niches fulfill a similar function, or provide distinct 
properties, or work synergistically on HSC function, studies have agreed that niche 
occupancy is essential for HSC function, as HSCs outside the niche do not self-
renew and commence the process of differentiation to ultimately produce mature 
blood cells [14].

The niche regulates HSC quiescence and function in several ways including cell-
to-cell interaction, production of growth factors, cytokines, and extracellular matrix 
proteins. BM niche produces angiopoietin (Ang-1), which bind to cell surface re-
ceptor Tie2 on HSCs. The Ang-1/Tie2 interaction retained HSC in the niche, en-
hanced HSC quiescence, and thus sustained long-term hematopoiesis [15]. Chemo-
kines and their receptors regulate HSC migration, homing, and mobilization from 
BM. Stromal-derived factor-1 (SDF-1) is secreted by a variety of cells within the 
BM niche, while its receptor C-X-C chemokine receptor type 4 (CXCR4) is highly 
expressed on the surface of HSC. SDF-1 is a potent chemoattractant for HSC [16, 
17], deletion of CXCR4 from adult BM HSCs results in loss of HSC quiescence, 
and impaired HSC homing [18, 19]. Stem cell factor (SCF)/c-Kit pathway is also 
crucial for long-term maintenance and self-renewal of adult HSCs [20, 21]. Studies 
in mice with a loss of function Kit mutations with different severity have revealed 
severe defects in overall HSC function [22].

Sustained long-term HSC engraftment requires the accessibility of the recipi-
ent’s BM niche. Under steady state conditions, a few sites are open to HSC lodging 
despite the presence of homing signals. There are several approaches to open the 
niche for transplanted HSCs. Conditioning recipients with myeloablative agents, 
such as radiation and cytotoxic chemotherapy, is usually efficient at opening the 
niche, both by killing of HSC and more commonly, by inducing cell death among 
progenitors, leading to increased proliferation and differentiation signals for HSC 
to leave the niche. While immune cells appear to contribute to graft maintenance, 
immunodeficiency of the host can only marginally improve donor HSC engraftment 
[23]. Cytokine signalings also contribute to stable HSC niche occupancy. Admin-
istration of ACK2, an antibody that blocks c-Kit function, led to the transient re-
moval of > 98 % of endogenous HSCs in mice. Subsequent transplantation of these 
mice with donor HSCs led to chimerism levels of up to 90 % [24, 25]. In addition, 
recipients with genetically ‘weak’ HSC compartments, such as mice bearing muta-
tions in Kit (KitW/Wv), can accept HSC, allowing long-term engraftment without 
conditioning [26]. The W allele encodes a truncated c-Kit protein that lacks kinase 
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activity; the Wv allele contains a C to T point mutation at position 2007 of the c-Kit 
sequence, which results in the change of the theronine at position 660 to methionine 
and significantly reduced kinase activity. KitW/Wv mice display a severe macrocytic 
anemia characterized by an underlying stem cell defect [27, 28].

7.3  BM Niche Occupancy Is a Characteristic of HSC

Interaction between HSC and BM niche is essential for HSC to sustain long-term 
hematopoiesis at steady state and in transplantation settings. HSC occupancy in 
the BM niche can be measured by two ways, one is to measure the location of 
HSC in the BM by microscopy—a time point assessment. Interaction between HSC 
and BM endosteal niche is required for maintenance of HSC quiescence, and the 
distance between HSC and BM endosteal niche correlates with the primitiveness 
of HSC- physical niche occupancy and, indirectly with steady state quiescence. 
Briefly, purified HSCs are labeled with fluorescence dyes and transplanted into 
irradiated recipients, hours later, femur or calvarium BM from the recipients are 
subjected to microscopy analysis [29, 30]. With a combination of high-resolution 
confocal microscopy and two-photon imaging, the localization of HSCs to the niche 
can be determined. Due to the nature of quick alteration of primitive HSC and short 
life of fluorescence dyes, this approach is powerful to analyze HSCs lodging to the 
niche transiently short after the transplantation.

A second measure of BM niche occupancy is long-term hematopoiesis. At steady 
state, quiescent HSCs reside in the niche, the available niches are rare, exogenous 
HSCs are not able to undergo significant engraftment. Only under a certain circum-
stance, for example, a mutant host with “weak HSC”, can wild type (WT) HSCs 
outcompete the endogenous mutant HSCs for the niche, engraft, and contribute to 
long-term hematopoiesis. In short, 5 × 106 BM cells are transplanted into recipi-
ents without any preconditioning. The chimeric state of donor contribution over 
16 weeks in peripheral blood and BM HSCs of recipient mice will be measured to 
assess the ability of infused cells to compete for and occupy the niche (Fig. 7.1). 
By measuring the contribution of donor-derived hematopoiesis, the HSC niche oc-
cupancy can be determined. This is a powerful and sensitive assay, which measures 
the functional outcome of BM niche occupancy, and we term it HSC hematopoietic 
BM niche occupancy assay [31].

7.4  BM Hematopoietic Niche Occupancy Defect  
of Scid HSCs

Scid mice are “permissive” to exogenous HSC transplantation, suggesting that scid 
HSCs are disadvantaged against WT HSCs in competing for the BM niche to sus-
tain long-term hematopoiesis. To assess the BM hematopoietic niche occupancy 
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of scid HSC, 5 × 106 WT BM cells were transplanted into scid and WT recipients 
without conditioning. As expected, little if any measurable stem cell engraftment 
occurred in WT recipients. In contrast, transplanted WT BM made a long-term mul-
tilineage contribution to hematopoiesis in scid recipients. By 16 weeks after trans-
plantation, 12–18 % of myeloid cells in blood and 8 to 10 % of lineage-negative 
(Lin)- stem-cell antigen 1 (SCA1)+KIT+ (LSK) cells in BM were WT donor derived 
(Fig. 7.2a–c). In contrast, HSCs in Rag1−/− mice have a minimal BM hematopoietic 
niche occupancy defect, allowing very slight (< 1 %) engraftment of WT HSCs un-
der the conditions used (Fig. 7.2a–c). Similarly, marginal HSC engraftment was de-
tected in Rag2−/− mice without conditioning [23]. These results indicate that HSCs 
in scid mice have an intrinsic defect in BM hematopoietic niche occupancy, and 
importantly, this niche occupancy defect is independent of the immunodeficiency.

Scid BM also had a significant competitive repopulation disadvantage. When 
mixed 1:1 with WT BM and transplanted into lethally irradiated WT recipients, 
scid BM yields < 1 % overall chimerism in peripheral blood of recipients. Because 
scid BM cannot generate T and B lymphocytes, myeloid (Mac1+) chimerism in the 
recipient peripheral blood would closely represent donor contributions. Scid BM 
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BM
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Fig. 7.1  Scheme of hematopoietic stem cell ( HSC) bone marrow ( BM) hematopoietic niche occu-
pancy assay. 5 × 106 congenic WT BM (normally B6.SJL (CD45.1, Boy J), since most of the labo-
ratory genetic altered mice are C57BL/6 background) are transplanted into nonablated recipient 
mice. If the resident cells have strong niche occupancy function, the recipients will retain their own 
hematopoiesis; or if the resident cells lack niche occupant competency mutant type (MT), donor 
HSCs will engraft and displace the recipient hematopoiesis, donor-derived hematopoiesis will be 
detected. HSC BM niche occupancy is analyzed as the chimeric state of donor contribution over 16 
weeks in peripheral blood and BM HSCs of recipient mice. When the WT recipients were irradi-
ated before transplantation, BM niches in the recipient became available, and WT donor HSCs can 
engraft and reconstitute the hematopoiesis in the recipients
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was impaired in myeloid generation, contributing only approximately 7 % of pe-
ripheral blood myeloid chimerism (Fig. 7.2d–e). Consistently, HSCs derived from 
scid BM in the transplant recipients’ BM comprised < 5 % of the total HSC popula-
tion (Fig. 7.2f). Rag1−/− mice was evaluated in the competitive repopulation assay. 
Although the overall chimerism derived from Rag1−/− BM in the peripheral blood 
of recipients was significantly decreased from WT BM because of a lack of lym-
phocytes production (Fig. 7.2d), Rag1−/− BM did not exhibit a competitive repopu-
lation disadvantage in terms of myeloid chimerism, contributing almost 50 % of the 
myeloid cells in the peripheral blood and approximately 50 % of HSC in the BM of 
the recipients (Fig. 7.2d–f).

Fig. 7.2   Scid HSCs are defective in BM hematopoietic niche occupancy and competitive repopu-
lation. a–c Engraftment of WT HSC into unconditioned scid and Rag1−/− mice. WT BM cells 
(5 × 106; CD45.1) were transplanted into unconditioned WT, scid, and Rag1−/− mice (CD45.2). 
Sixteen weeks after transplantation, donor chimerisms of multilineages in peripheral blood of 
recipients were analyzed by Fluorescence-activated cell sorting (FACS), and representative results 
are shown in part a. Myeloid chimerisms in the peripheral blood (PB) were quantitated in part b, 
donor chimerism of myeloid cells is the CD45.1+Mac1+ portion of the total Mac1+ cells. Engraft-
ment of transplanted WT BM HSCs ( LSK) in the recipients were analyzed in part c, donor chi-
merism of HSC is the CD45.1+LSK portion of the total LSK cells. d–f Competitive repopulation 
assay of scid and Rag1−/− HSCs. A total of 2 × 106 BM from 8-week-old healthy WT, scid, or 
Rag1−/− mice (CD45.2) were mixed with age-matched WT competitors (CD45.1) at 1:1 ratio and 
transplanted into lethally irradiated WT recipients (CD45.1). Sixteen weeks after transplantation, 
donor chimerisms of myeloid cells (Mac1+) in the peripheral blood (shown in d) and HSCs (LSK) 
in the BM were analyzed and quantitated in parts e and f. Donor chimerisms of Mac1+ cells in 
the peripheral blood are calculated as the CD45.2+Mac1+ portion of the total Mac1+ cells. Donor 
chimerisms of LSK in the BM are calculated as the CD45.2+LSK portion of the total LSK. Error 
bars indicate SD; significance was determined by a student 2-tailed t test. *P < 0.005. (Republished 
with permission of the American Society of Hematology, from “An intrinsic BM hematopoietic 
niche occupancy defect of HSC in scid mice facilitates exogenous HSC engraftment.” 2012 Feb 
16; 119 [7]
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HSCs in scid mice have intrinsic defects in competitive repopulation and BM 
hematopoietic niche occupancy [31]. The HSC defect in scid but not Rag1−/− mice 
is due to the underlying genetic defect of these mice rather than differences in im-
munodeficiency. The scid mutation is a spontaneous nonsense mutation in protein 
kinase, DNA-activated catalytic polypeptide ( Prdkc), which is the catalytic subunit 
of DNA-dependent kinase (DNA PKcs) in the nonhomologous end-joining (NHEJ) 
pathway. Although the NHEJ pathway is involved in both DNA repair and V(D)J 
recombination [32], these functions are distinct from the vantage point of hemato-
poiesis. Since HSCs in Rag1−/− mice and Rag2−/− mice retain functional, it is the 
deficiency in NHEJ DNA repair rather than the inability of V(D)J recombination, or 
immunodeficiency, that results in the HSC defect in scid mice. We speculate that the 
scid defect leads to the inability of the HSC population to repair spontaneous DNA 
double strand breaks while quiescent in the BM niche, forcing the cells into cell cy-
cle where they rely on homologous recombination, and as a result, chronically have 
far fewer cells in the quiescent state occupying the niche. As a direct consequence 
of less quiescent cells in the niche, they are more prone to spontaneous competitive 
engraftment by exogenous donor HSC. This is not the case for Rag1−/− HSC which 
can still repair these breaks, therefore, maintain quiescence and are resistance to 
exogenous HSC engraftment.

BM hematopoietic niche occupancy capacity and HSC competitive repopula-
tion activity are separable. Heterozygous Kit mutant mice exhibit a large HSC self-
renewal defect [22], HSCs from heterozygous c-KitWv mice have been examined for 
both activities. In competitive repopulation assay, when mixed with WT BM at 1:1 
ratio, c-KitWv BM displayed significantly impaired repopulation activity, contribut-
ing < 15 % chimerism in BM HSC population (Fig. 7.3a and [22]. When 5 × 106 
WT BM cells were transplanted into c-KitWv mice without preconditioning, similar 
with WT mice, little if any measurable donor HSC engraftment was observed in the 
recipients (Fig. 7.3b), even 107 WT BM donor cells did not yield detectable engraft-
ment [33], indicating that c-KitWv HSCs were able to lodge to the niche, did not al-
low exogenous HSC engraftment. These results also suggest that BM hematopoietic 
niche occupancy capacity is a distinct characteristic of HSC.

7.5  Summary

Both competitive repopulation and BM hematopoietic niche occupancy defects of 
scid HSCs facilitate the engraftment of exogenous HSCs, including human HSCs. 
Exogenous HSCs can access the niches in scid mice, start self-renew, outcompete 
scid HSCs in repopulation, and contribute to long-term hematopoiesis. This find-
ing is important to the interpretation of hematopoietic xenotransplantation in the 
scid model system and suggests that scid conditions may not mimic human/human 
transplantation and may allow both preferential engraftment and survival of donor 
HSC populations.
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A primary aim of biomedical research is to gain a better understanding of human 
physiology and to use this knowledge to prevent or cure human diseases. Due to 
practical and ethical barriers to the experimentation on human subjects, many stud-
ies are conducted on small animal models such as the mouse. However, mice are 
not men and the knowledge gained from animal experimentation is not always ap-
plicable to humans [1, 2]. In this context, mice repopulated with a human hemato-
lymphoid system (HHLS) represent a useful small animal model for the study of 
human hematopoiesis and immune function in vivo [2, 3].

HHLS mice are generated by transplantation of human hematopoietic stem and 
progenitor cells (HSPCs) and/or human fetal tissues into recipient mice deficient 
in the innate and adaptive arms of the immune response [2, 3]. The first models of 
HHLS mice were developed in the late 1980s [4–6] and have been undergoing suc-
cessive improvements since then [7, 8]. The strains of mice currently used as recipi-
ents for human hematopoietic engraftment share three characteristics. First, they 
lack B and T cells due to the severe combined immune deficiency ( scid) mutation 
in the gene encoding the DNA-activated protein kinase, DNA activated, catalytic 
polypeptide (PRKDC) protein [4, 5], or due to deletion of one of the two Rag genes 
[9–11]. Second, deletion of the Il2rg gene that encodes the common gamma chain 
(γc) of cytokine receptors abolishes interleukin (IL)-15 (and IL-2, -4, -7, -9, -21) 
signaling and results in the absence of natural killer (NK) cells [9, 11–13]. Third, 
the interaction between the signaling regulatory protein alpha (SIRPα) receptor 
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expressed on mouse macrophages and the CD47 ligand on human cells provides an 
inhibitory signal to mouse macrophages and confers phagocytic tolerance for the 
human xenograft [14, 15].

Cross-species interaction between SIRPα expressed on mouse cells and CD47 
on human cells can be achieved using several approaches. Mice of the nonobese 
diabetic (NOD) genetic background contain a strain-specific polymorphism in the 
Sirpa gene, which affects the glycosylation of the mouse SIRPα protein and renders 
it cross-reactive with human CD47 [14, 16]. This polymorphism in Sirpa is most 
likely the main determinant of the capacity of the NOD background to support 
high levels of human cell engraftment, because backcrossing of the NOD-Sirpa 
allele onto the Balb/c RAG2−/− γc

−/− genetic background is sufficient to support 
engraftment levels comparable to those observed in NOD-based recipients [16]. An 
alternative approach to induce SIRPα/CD47 cross-reactivity consists in expressing, 
by lentiviral transduction, the mouse Cd47 gene in human HSPCs prior to the trans-
plantation into recipient mice [16]. Finally, our labs have generated a human SIRPA 
bacterial artificial chromosome (BAC)-transgenic mouse, in which the entire gene 
encoding human SIRPα is inserted in the mouse genome [17]. This transgene induc-
es mouse-to-human phagocytic tolerance, as demonstrated by the delayed clearance 
of human red blood cells injected into those mice, compared to nontransgenic mice. 
Upon transplantation of human HSPCs, the human SIRPA transgene resulted in sig-
nificantly increased engraftment and maintenance of human hematopoietic cells, 
as well as improved immune function such as the production of antigen-specific 
immunoglobulin M (IgM) and immunoglobin G (IgG) in response to immunization 
[17].

High levels of human hematopoietic cell engraftment, upon transplantation of 
human HSPCs, are achieved when using NOD scid γc

−/− (NOG (12) or NSG (13)) 
or hSIRPαtg RAG2−/− γc

−/− (SRG (17)) mice as recipients. Furthermore, human 
multilineage hematopoietic development is observed, with the presence of most hu-
man cell types present including T and B lymphocytes, NK cells, monocytes/mac-
rophages, dendritic cells and sometimes low levels of erythrocytes and platelets. 
However, the terminal differentiation, homeostasis, physiologic relative cellular 
composition, and/or effector function of most of these human cells is suboptimal. It 
has been hypothesized that this condition is due to reduced or absent cross-reactivity 
between cytokines secreted by mouse tissues and the human receptors expressed on 
hematopoietic cells as well as nonphysiologic education of human adaptive immune 
cells in the xenogeneic environment [2, 18, 19]. To circumvent this limitation, sev-
eral strategies have been developed to deliver human cytokines in the mouse host.

The injection of recombinant cytokines into recipient mice is the most straight-
forward approach to deliver human factors, and it has been used since the earliest 
models of HHLS mice [20–23]. This method has the disadvantage of being costly 
and labor-intensive as cytokines have short half lives in vivo and commonly daily 
injections are needed for prolonged periods of time. More cost effective methods 
consist in using lentiviral delivery of cytokine-encoding cDNA that results in con-
stitutive synthesis and secretion of the cytokine in vivo [24], or hydrodynamic in-
jection of plasmid DNA that leads to transient high-level secretion in circulation of 



858 Improvement of Human Multilineage Hematopoietic Engraftment …

cytokines, mostly by liver cells [25]. These methods can prove useful to boost the 
development of specific lineages of human cells, or for proof-of-concept experi-
ments to test the efficacy of a candidate cytokine to support human hematopoietic 
development and function. However, the results of experiments performed using 
any of these protocols of cytokine delivery should be interpreted with caution, be-
cause they generally result in overexpression resulting in high concentrations of cy-
tokines that may not be representative of physiological conditions and may induce 
artefactual effects on human cell development and function. Moreover expression is 
commonly systemic rather than physiologically normal local delivery which is the 
hallmark of cytokine biology.

To circumvent the need for exogenous administration of cytokines or cytokine-
encoding vectors, genetically modified mice expressing human cytokines have been 
developed [26–28]. The transgenic (over)-expression of a cytokine-encoding cDNA 
under the control of a constitutive promoter, such as the cytomegalovirus (CMV) 
promoter, presents the same limitations as the previously described protocols of 
delivery (i.e., nonphysiological regulation of gene expression). In order to achieve 
more physiological expression of the human gene, therefore, BAC-transgenesis, in 
which the entire human gene (including the promoter and all regulatory sequences) 
is inserted in the mouse genome, should be favored over artificial ectopic expres-
sion in the wrong tissues by the use of constitutive promoters, cDNA constructs and 
the like.

Finally, our laboratories have been developing a method of gene humanization 
by knock-in replacement, mostly based on the velocigene technology of Regeneron 
Inc. [19, 29]. This method consists in replacing a portion of the mouse genome 
(from the initiation codon to the stop codon of a gene of interest) by its human coun-
terpart. As most of the regulatory sequences (including promoter, 5’ and 3’ untrans-
lated regions (UTR)) are of mouse origin, the transcription of the “humanized” gene 
is achieved in the most physiological conditions. The genes selected for such gene 
replacement have to meet at least two main criteria [18, 19]. First, the candidate 
genes have to encode cytokines that play the major roles in hematopoiesis; these 
cytokines should not be (fully) cross-reactive from mouse to human and mostly 
nonhematopoietic cells should produce them. Cytokines made by hematopoietic 
cells will be produced by the engrafted human cells and need not be provided en-
dogenously. The second criteria relates to the cross-reactivity of the human cytokine 
on mouse cells. Indeed, in the case of homozygous replacement of a gene, defects 
in mouse hematopoietic cell development could ensue if the human cytokine is not 
fully cross-reactive on human cells as the mouse copies are eliminated in this way. 
On the one hand, this defect in mouse cells can be an advantage because it opens 
a niche that can be colonized by human cells upon engraftment of HSPCs. On the 
other hand, defects in these mouse cells could result in health defects or even lethal-
ity of the mouse. Therefore, only genes dispensable for health and survival of the 
mouse can be effectively humanized by knock-in replacement. We have recently 
reported the generation of three strains of mice with knock-in replacement of cyto-
kine-encoding genes [30–32], all in the RAG2−/− γc

−/− genetic background, and we 
describe these mice in the following sections.
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8.1  Thrombopoietin

Hematopoietic stem cells (HSCs) are rare cells that have the unique properties of 
self-renewal capacity and the potential to generate all cell types of the hematopoiet-
ic system, for the entire life of the organism [33, 34]. Several lines of evidence sug-
gest that functional human HSCs are not efficiently maintained in classical models 
of HHLS mice: Large numbers of CD34 + cells (which contain all HSCs) need to be 
injected in order to achieve successful engraftment; engraftment levels decline with 
time, and the serial transplantation of human CD34 + cells from a primary recipient 
mouse to a secondary recipient is highly inefficient, indicating a loss of human HSC 
(or scid repopulating cells, SRC) over time.

Thrombopoietin (TPO) is one of the critical factors secreted in the bone marrow 
niche and required for the maintenance of functional, quiescent, and self-renewing 
HSCs [35–38]. The homozygous humanization of the gene encoding TPO by gene re-
placement [30] (TPOh/h) resulted in a reduction in the mouse Lin−Sca1+ cKit +  (LSK) 
cell population, which is known to contain mouse HSCs, leaving an open niche for 
human HSCs. After transplantation of human HSPCs (CD34 + cells) into RAG2−/− 
γc

−/− TPOh/h, we observed increased numbers and frequencies of the human cell 
population known to be enriched in HSCs (CD34+ CD38lowCD90+ CD45RA+ cells) 
compared to control (TPOm/m) recipient mice. Furthermore, human CD34+ cells iso-
lated from the bone marrow of TPOh/h mice had a higher capacity to repopulate 
secondary recipient mice, showing that genetic humanization of TPO favors the 
maintenance of more functional and self-renewing human HSCs in the mouse. Phe-
notypically, this improved function of human HSCs resulted in increased engraft-
ment levels of human hematopoietic cells in the bone marrow, that were maintained 
without decline for up to 6–7 months [30]. Despite this significant improvement 
through humanization of TPO, the maintenance and function of human HSCs re-
mains suboptimal in HHLS mice. Additional factors or other creative approaches 
will be beneficial to reconstruct a more human bone marrow niche in the mouse 
[39].

8.2  Interleukin-3 and GM-CSF (CSF2)

The genes encoding IL-3 and granuocyte-macrophage colony stimulating factor 
(GM-CSF) are closely linked in the genome (less than 10 kb apart), and therefore 
we humanized both genes with a single knock-in replacement event, thus, generat-
ing RAG2−/− γc

−/− IL-3/GM-CSFh/h mice [31]. Both cytokines play important roles 
in the development and maturation of myeloid cells, but we have so far character-
ized in detail and reported only the role of GM-CSF in this model.

GM-CSF is critically required for the terminal differentiation and function of 
lung alveolar macrophages [40, 41]. As human GM-CSF is not cross-reactive on 
mouse cells, nonengrafted GM-CSFh/h mice phenocopied GM-CSF-deficient mice 
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and developed pulmonary alveolar proteinosis due to functional defects in mouse 
alveolar macrophages [31]. Upon transplantation of human CD34 + cells, human al-
veolar macrophages developed in IL-3/GM-CSFh/h recipient mice, thereby replac-
ing the defective mouse alveolar macrophages, but they were barely detectable in 
IL-3/GM-CSFm/m control recipients. Interestingly, in engrafted IL-3/GM-CSFh/h 
mice, human alveolar macrophages were able to partially rescue the pulmonary 
alveolar proteinosis phenotype observed in nonengrafted mice of the same strain. 
Besides the maintenance of lung homeostasis, alveolar macrophages play an impor-
tant role in the immune response to mucosal infections by production of proinflam-
matory and antiviral cytokines, such as IL-6 or type I interferons. Accordingly, we 
observed robust expression of these human cytokines in the lung of engrafted IL-3/
GM-CSFh/h mice in response to intranasal infection with influenza virus [31]. This 
model should be useful for studies of the response to lung mucosal infections or 
other lung pathologies.

8.3  M-CSF (CSF-1)

Macrophage colony stimulating factor (M-CSF) is another cytokine required for 
myelopoiesis, particularly for the development of monocytic/macrophage cells. The 
knock-in replacement of M-CSF in RAG2−/− γc

−/− M-CSFh/h mice did not have any 
detectable phenotypic effect on mouse myeloid cell populations, suggesting that hu-
man M-CSF is at least partially cross-reactive on mouse cells [32]. After transplan-
tation of human CD34+ cells, the percentage of human myeloid cells (CD33+ CD14+ ) 
in lymphoid tissues was increased from less than 5 % in M-CSFm/m recipients to 
up to 20–30 % in M-CSFh/h mice. These cells were also present in nonlymphoid 
tissues of M-CSFh/h mice, such as the liver, lungs and peritoneum. Finally, in re-
sponse to lipopolysaccharide (LPS) stimulation in vivo, M-CSF gene humanization 
resulted in a 2–3-fold increase in the serum concentrations of human cytokines such 
as tumor necrosis factor alpha (TNFα) and IL-6 [32]. Major phenotypic and func-
tional differences in monocyte subpopulations exist between the mouse and human 
species, and models to study human monocytes in vivo are currently lacking [42, 
43]. M-CSF-humanized mice should prove a useful tool to study the development, 
activation, migration, and differentiation of human monocytes subsets in vivo, in 
homeostatic and diverse pathological conditions.

These three examples illustrate how the humanization by knock-in replacement 
of cytokine-encoding genes can impact favorably the development, homeostasis 
and function of human cells in HHLS mice. The same approach can be used to 
humanize additional cytokines and improve the development and function of other 
human hematopoietic cell types. Furthermore, we anticipate that the combination 
of multiple human cytokines in a single recipient mouse will have additive or syn-
ergistic effects on human hematopoiesis. This will result in HHLS mice with more 
complete and functional human innate and adaptive immune responses. Such an 
improved model will provide a much-needed tool for predictive preclinical human 
research in vivo.

8 Improvement of Human Multilineage Hematopoietic Engraftment …
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9.1  Introduction

Cytokines can be defined as small, almost always soluble (although some can also 
be membrane-bound) proteins, produced to regulate immune responses and body 
functions often associated with immunity. They often, but not always, are synthe-
tized by immune cells, act at very low concentrations due to their high affinity 
for their receptor(s) and exert their influence mostly at short range. Importantly, 
some of them can also be made, under specific circumstances, by cells other than 
leukocytes. As such they can be compared to hormones, with the main difference 
being that the cells producing cytokines are generally not part of specific, organized 
organs or glands, but have a tendency to be disseminated throughout the body.

Since cytokines play a key role in the regulation of immune responses and the 
interactions between the immune system and other organs (for example the neural 
system or the liver), it is critical that they be carefully considered in the develop-
ment of animal models for any disease involving the immune system in general and 
HIV infection in particular. While in most cases the cytokines’ general structure, 
function and receptors are maintained between humans and mice, there are some 
exceptions. For example, mice have a specific IL3R-β chain (βIL-3), in addition to 
the common IL-3R-β chain (βc), which is shared between IL-3, IL-5 and GM-CSF 
and is the only β-chain in humans [1]. Despite this general conservation between 
humans and mice, one can expect that in some cases mouse cytokines will not acti-
vate human cells and vice versa (i.e., there is not cross-reaction between cytokines 
of the two species; in other words, the cytokines are species specific). It should be 
noted that species specificity does not need to be absolute but could be quantitative 
in that a much higher concentration of the cytokine is required when from a differ-
ent species. For example, about a thousand times more murine IL-15 is required to 
activate human cells compared to human IL-15 [2].
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When the cells expressing the cytokine and the cells reacting to the cytokine 
(i.e., expressing the receptor for the cytokine) have the same origin in a humanized 
mouse, this does not matter a great deal. However, if the cells expressing the recep-
tor for the cytokine and the cells producing the cytokine are of different origins in 
the humanized mouse, this becomes very important. While the limitations resulting 
from the lack of cytokine cross-reactivity between species have been identified as 
a shortcoming in humanized mice [3], the full implications have not been explored 
systematically. Here, we address this issue and suggest a way to better identify 
cytokines more likely to be species specific: based on amino acid identity between 
mice and humans.

9.2  Humanized Mice

In order to understand the implications of cytokine species specificity in the context 
of mouse models for HIV, it is essential to briefly consider the basic properties and 
ways in which mice can be ‘humanized’. A basic prerequisite for a mouse model for 
HIV research is the ability of HIV to infect cells present in the animal. In addition, 
in as far as possible, a functional human-like immune system must be present in the 
mouse model. This can, to various degrees, be achieved by creating ‘humanized 
mice’, which were defined by Shultz et al as ‘immuno-deficient mice that have 
been engrafted with human primary haematopoietic cells and tissues that generate 
a functional human immune system’ [4]. Basic requirements for the generation of 
humanized mice are that the transferred human cells must not be rejected, must be 
located in their normal environment and supported by that environment [5]. We will 
consider both the source of human immune cells and different types of immunosup-
pressed mice in the context of species-specific cytokines.

9.2.1  Sources of Human Immune Cells

In their simplest form, human immune cells can be provided by peripheral blood 
lymphocytes (PBL) [4, 5]. However, the transferred lymphocytes will unleash an 
immune response towards the mouse host cells, resulting in a xenogeneic graft-
versus-host response, which will interfere with subsequent studies. In addition, 
because the mouse cells do not express the human leukocyte antigen (HLA) mol-
ecules, these cells cannot present antigen to the mature human T cells. To address 
these issues it is possible to repopulate the mouse immune system with human cells 
by transferring human hematopoietic stem cells, bone marrow cells or peripheral 
blood following G-CSF treatment. As a result, human precursor cells, including 
precursor T cells, will develop. These human precursor T cells will migrate to the 
mouse thymus to complete their differentiation. Hence, they will encounter mouse 
major histocompatibility complex (MHC) within the thymus. Therefore, the human 
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T cells are educated to the mouse MHC background and not the HLA background. 
Indeed, positive and negative selection within the thymus will result in these hu-
man T cells only recognizing antigen presented in the context of the mouse MHC. 
As a result, only mouse cells can now present antigen to the human T cells. Thus 
in such a model, mouse cytokines produced by the mouse antigen-presenting cells 
(APC) will need to cross-react with human cells as only mouse cells will be able to 
activate the human T cells. Conversely, human cytokines produced by the T cells 
will need to cross-react with mouse APC to allow the activation of the mouse APC 
by cytokines produced by the human T cells.

To resolve this issue, coimplantation of human fetal liver and thymus under the 
kidney capsule can be performed. This transplantation results in the generation of 
HLA-restricted human T cells. However, there is still a relatively poor human im-
mune system, primarily because only low levels of human immune cells are pres-
ent. To circumvent this problem, human bone marrow can be transferred, in addi-
tion to liver and thymus resulting in the bone marrow, liver, thymus (BLT) model 
[4]. While the human immune system is much more functional in the BLT model, 
vaccination studies are still limited because IgM antibodies are primarily produced, 
with only limited class switching occurring, suggesting that immunoregulatory 
mechanisms are incomplete. In such a model, cross-reactivity between mouse and 
human cytokines is particularly important for the correct development of the human 
cells within the ‘mouse organ scaffold’ (except for the human thymus).

9.2.2  Sources of Immunosuppressed Mice

The recipient mice need to be severely immunosuppressed in order to accept the 
xenogeneic graft. This immunosuppressed state can be achieved in several different 
ways. Initially mice were discovered with a mutation in the protein-kinase, DNA-
activated, catalytic polypeptide (Prkdc), which resulted in severe combined im-
munodeficiency (SCID). While these mice were immunodeficient because of their 
inability to recombine the T cell receptor and immunoglobulin genes, later in life 
some recombination event could occur, resulting in leakage [6]. Subsequently, a 
similar phenotype was obtained by targeted mutation of the recombination-activat-
ing gene 1 (Rag1) and Rag2 loci, circumventing the issue of leakiness. However, 
these mice still have a mouse innate immune system including mouse natural killer 
(NK) T cells, mouse macrophages, which limit the engraftment of human cells. As 
such, the mouse innate immune cells will produce cytokines, which depending on 
the type, will or will not activate human cells. To overcome this, SCID mice can 
be crossed with nonobese diabetic (NOD) mice resulting in NOD–SCID mice with 
additional, but not absolute, deficiencies in innate immune cell types [6]. By cross-
ing these mice with mice deficient for the IL-2 receptor γ-chain (IL-2Rγ) further 
improvements in acceptance of human cells were obtained. The IL-2Rγ is needed 
for signal transduction through the high-affinity receptors for IL-2, IL-4, IL-7, IL-
9, IL-15 and IL-21. Hence, targeted mutations at the IL2rg locus coding for the 
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IL-2Rγ resulted in complete NK T cells impairment [4, 6]. Recent additional im-
provements include the transgenic expression of HLA genes and knockout of the 
mouse MHC genes. The idea is that in these mice the human T cells are educated 
in the mouse thymus but against HLA molecules expressed by the transgene. The 
approach would result in a more effective education of human T cell in the mouse 
without requiring a more complicated transplantation of human thymus cells. In-
deed theoretically in these mice, T cells will be educated by the mouse thymus, 
hence using mouse cytokines.

9.2.3  Expressing Human Cytokines in Immuno-Deficient Mice

In an attempt to promote the development of the transferred human immune sys-
tem, human cytokines have been overexpressed in the mouse under the form of 
‘knock-ins’. This is particularly important when the mouse cytokine cannot activate 
human cells. For example, IL-3 and GM-CSF do not cross-react between mouse 
and human [5]. It is therefore not surprising that knocking-in the genes for hu-
man IL-3 and human GM-CSF into immunodeficient mice increases the number 
of functional human macrophages in these humanized mice [4]. Another example 
consists of transiently expressing human cytokines (IL-15 and Flt-3/Flk-2 ligand) in 
the humanized mouse in order to improve the development of human NK cell popu-
lations [7]. While IL-15 has been reported to cross-react between humans and mice 
[5], mouse IL-15 is about three orders of magnitude less effective on human cells 
compared to human IL-15 [2] providing an explanation for this result. The case of 
thrombopoietin is interesting because this cytokine is cross-reactive between mice 
and humans [5]. As a result, one would expect that the mouse cytokine would be 
able to sustain the human cells. Nevertheless, here again knocking-in the gene for 
thrombopoetin into immunodeficient mice prior to reconstitution with human cells 
results in increased human myelopoiesis and ability for human stem cell renewal 
while decreasing lymphopoeisis. At the same time, it also results in thrombocyto-
penia and decreased hematopoietic stem cells in the mouse host [4, 8]. Thus, while 
this approach leads to some improvements, at the same time it creates a new set of 
issues and complications. Also, this approach will always be limited to a relatively 
small number of knocked-in human cytokines. Therefore, despite substantial prog-
ress it remains that humanized mice do not possess a complete and fully functional 
human immune system.

Even in the best-case scenario if a complete and functional human immune sys-
tem can be created in a mouse, the resulting mouse model will still have a human 
immune system while at the same time retaining mouse tissues for other organs. 
Therefore species-specific cytokines produced by these transferred human cells and 
their (differentiated) progenitors will be able to affect only these human cells and 
not the mouse cells from any other organ. Conversely, species-specific cytokines 
made by mouse cells in the majority of mouse organs cannot affect the transferred 
human cells. Hence, the implications of this coexistence of two parallel organ sys-
tems need to be considered in detail.

J.-P. Yves Scheerlinck
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9.3  Cytokines as Messengers Between the Immune 
System and Other Organs

Cytokines are produced mainly by leukocytes and by and large act on leukocytes. 
Thus in the ideal situation, when all the leukocytes in a mouse model of HIV are re-
placed by human leukocytes (Fig. 9.1a), correct communication between these cells 
should occur, irrespective of cytokine species specificity (Fig. 9.1b). However, cy-
tokines can also affect nonleukocytes and regulate other body functions, such as for 
example, the effects they have on the neural system or on hepatocytes during acute 
phase responses. In a similar way, but outside of the scope of this review, leukocytes 
also interact with, for example, endothelial cells during transmigration and species 
specificity of the ligands and receptors of the human cells migrating through mouse 
tissues will be important in the way immune cells are able to reach their destination. 

Fig. 9.1   Schematic representation of the effect of species-specific cytokines produced by human 
leukocytes and mouse nonleukocytes in humanized mice. a Humanized mice contain human 
immune cells that have been transferred into an immunodeficient mouse. While in many cases 
the human immune system is not completely functional, even a functional immune system will 
be deficient in its interactions with the other organs of the host mouse. b For species-specific 
cytokines, the human immune system will not be able to interact with a wide variety of cells of 
the mouse host and vice versa. Asymmetrical cross-reactivity in which the human cytokine will 
activate mouse cells (but not the reverse) will allow for the human immune system to influence the 
mouse organs. However, mouse cytokines will not be in a position to influence the human immune 
system. This often results in lack of complete establishment of a functional human immune system 
in the mouse host. Asymmetrical cross-reactivity whereby the mouse cytokine can activate the 
human immune system but not reverse will lead to the lack of key physiological effects of the 
immune system on the affected organs of the mouse.
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If the human cytokines produced by the transferred human leukocytes are species-
specific, these cytokines will not perform their nonimmune function (Fig. 9.1b). 
For example, it is well documented that tumor necrosis factor (TNF) and interferon 
(IFN)-γ both induce fever and cause pain. However, human IFN-γ is unable to bind 
the murine receptor [9], while human TNF-α can activate mouse cells [10] possibly 
resulting in very different outcomes in a humanized mouse depending on which 
cytokine is responsible for the physiological observation. Thus, due to redundancy 
in the cytokine network and cross-reactivity of certain but not all cytokines, it is 
possible that a function is observed but that the underlying mechanism and possibly 
also the associated feedback loops might be different in humanized mice compared 
to humans. Conversely, if mouse-derived cells produce species-specific cytokines, 
these will not be able to affect the human leukocytes, so that mouse organs are im-
paired in conveying a signal back to the human immune system (Fig. 9.1b).

Thus, for species-specific cytokines we can expect that there would be a discon-
nect between the leukocyte-mediated functions of the cytokines and the functions 
of the cytokine mediated by other cells. The same argument can be put forward 
when nonimmune cells produce the cytokine. These cytokines are produced by host 
mouse cells and will affect other mouse cells more than they would affect the trans-
ferred human leukocytes. Thus here also, there would be a discontinuity between 
the origin of the cytokine and its function on different cell types (leukocytes vs. all 
other cell types).

9.3.1  Cytokines Produced by Multiple Cell Types and Interacting 
with (Multiple) Receptors on Different Cells

In addition, an interesting but complicated and artificial situation arises when a cy-
tokine is produced by more than one cell type and some of these cell types happen 
to be part of the transferred human cells (and their progenitors), while others are of 
mouse origin. Indeed, for species-specific cytokines, this situation would result in 
two different sources of the cytokine, each being able to only affect cells of their 
own species.

The situation can become even more artificial if there is asymmetrical cross-
reactivity (i.e. if the cytokine from one species, say humans, can cross-react on 
mouse cells, but the mouse cytokine cannot activate human cells). Indeed, under 
these conditions there are two sources of cytokines with different effects. The hu-
man cytokine becomes the ‘super cytokine’, able to activate all cells, while the 
homologous mouse cytokine is the ‘poor relative’, only able to affect the mouse and 
not the human cells (Fig. 9.1b). One such complex example is IL-6, which is pro-
duced by a wide range of cells including not only leukocytes such as macrophages, 
T cells, B cells and granulocytes; but also by smooth muscle cells, chondroblasts, 
osteoblasts and fibroblasts. In a humanized mouse, the IL-6 produced by white 
blood cells is human and since human IL-6 activates both human and mouse cells 
[5], it can be considered a ‘super cytokine’. However, at the same time the mouse 
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smooth muscle, chondroblasts, osteoblasts and fibroblasts will produce ‘poor rela-
tive’ mouse IL-6, which can only activate mouse cells but not human cells [5]. As if 
the situation is not complicated enough, the IL-6 receptor is expressed not only by 
many leukocytes (T cells, activated B cells, monocytes), but also by nonleukocytes 
such as hepatocytes, where it plays a role in induction of acute-phase proteins. In 
some humanized mice (namely BLT mice [4]) human liver cells will be present. 
These cells could potentially be activated by human IL-6 but not by mouse IL-6, 
while the mouse liver cells can be activated by both mouse and human IL-6. In other 
humanized mice models, no human liver cells are present, potentially giving rise to 
very different outcomes.

Another complex situation arises when a cytokine has the ability to interact with 
more than one receptor (Fig. 9.2). For example, according to the KEGG cytokine–
cytokine receptor interaction pathway (http://www.genome.jp/kegg/pathway/hsa/
hsa04060.html), TNF superfamily member 10 (TNFSF10) also known as TNF-re-
lated apoptosis inducing ligand (TRAIL) or APO-2 ligand can bind five different re-
ceptors (TRAILR1-4 and TR1). In another example, the IL-15 receptor can consist 
of different subunits, which combine to form different receptors with different af-
finities for both the human and mouse IL-15 giving rise to complex titration curves, 
which differ on different cells [2]. Thus, it is possible that the degree of cross-reac-
tivity of the human and mouse cytokine will differ between each of these receptors 
expressed on different cells and/or associated with different functions. This creates 
an imbalance between these functions that are mediated by cross-reactive versus 

Fig. 9.2   Schematic representation of the effect of one cytokine interacting with several recep-
tors, each having a different degree of cross-reactivity for the cytokine. The human cytokine is 
produced and will interact optimally with each of its receptors on human cells. When interacting 
with the mouse cytokine receptors it is likely that the degree of cross-reactivity will differ for 
each receptor. This could lead to the functions associated with the receptor that has a high degree 
of cross-reactivity to be overrepresented compared to the function mediated by the poorly cross-
reactive receptor.
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species-specific receptors or receptor complexes in the presence of the cytokine 
from the nonmatching species (Fig. 9.2).

9.3.2  Multi-Subunit Cytokines

The case of subunit cytokines is also interesting, as species-specificity reactivity 
does not necessarily needs to apply equally to both subunits giving rise to some 
interesting possibilities. For example, IL-12 is composed of a p35 and a p40 subunit 
with the heterodimer being active the active cytokine [11]. While murine IL-12 
activates human cells, human IL-12 does not activate mouse cells. Studies using 
interspecies heterodimers demonstrated that the p40 subunit was cross-reactive 
and that the p35 subunit was responsible for the observed asymmetrically species 
specificity [12]. Interestingly, while p35 is expressed in both lymphoid tissue (e.g. 
spleen and thymus) and nonlymphoid tissue (e.g. lung and brain), the p40 subunit is 
expressed only in lymphoid cells [12]. In addition, the p40 homodimer is a competi-
tive inhibitor of the heterodimer in that it binds the receptor yet does not activate 
the cell. Presumably, due to the cross-reactivity of the p40 in the heterodimer, the 
p40 homodimer will also be cross-reactive between human and mouse and inhibit 
both cell types. To complicate matters further, the cross-reactive p40 chain can also 
associate with another polypeptide, p19 to form the cytokine IL-23, whereas the 
species-specific p35 chain can associate with the Ebi3 chain to form IL-35 [13].

Hence under circumstances when species-specific cytokines are: (i) made by 
cells of both mouse and human origin, (ii) have receptors that are expressed on cells 
from both mouse and human origin, (iii) have more than one receptors mediating 
different functions and/or (iv) composed of multiple subunit; extreme care needs to 
be taken when interpreting findings in humanized mice.

9.4  Cross-Reactivity and Amino Acid Identity of Humans 
and Mice Cytokines

Arguments put forward in the previous section suggest that cytokine species speci-
ficity is highly relevant to humanized mice. Hence, it is worthwhile investigating 
what is known about cross-reactivity of cytokines between mice and humans. Obvi-
ously, species specificity of cytokines, can best be determined experimentally using 
bioassays or receptor binding studies. However, this is time consuming and in many 
cases the results of these experiments, especially when negative, are likely to be un-
derreported. Across a broad range of species the ability of cytokines to cross-react 
between species is linked to their percentage amino acid identity [14]. In general 
terms, the higher the amino acid identity between equivalent cytokines in different 
species, the more the three-dimensional, physical and chemical structures of the 
proteins will be similar and therefore the higher the probability that cross-reaction 
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will occur. Therefore, in the absence of experimental data, an informed guess can 
be made about the likely cross-reactivity, based on amino acid identity between the 
homologous cytokines in human and mice. This is obviously only a very rough tool 
and should be considered in terms of statistical probability of cross-reaction rather 
than as a replacement of experimental determination of cross-reaction.

In Tables 9.1, 9.2 and 9.3, cytokines as defined in the KEGG database (http://
www.genome.jp/kegg/brite.html), were ranked by percentage of amino acid identity 
between human and mouse cytokine homologues. The amino acid identity between 
mouse and human cytokines varies from 100 to 31 %. At above 80 % amino acid 
identity (Table 9.1) there is a high probability of the cytokines being cross-reactive 
between human and mouse and therefore these cytokines particularly in the higher 
end of the amino acid identity scale, are expected to be of little consequence in hu-
manized mice. In a range between approximately 80 and 60 % amino acid identity 
between cytokines of different species (Table 9.2), there is a gray zone where cross-
reaction does occur but in many cases there is either no cross-reaction or only one-
way cross-reaction. Below, 60 % amino acid identity (Table 9.3) it is expected that 
there will be much less chance of cross-reaction occurring, particularly the two-way 
cross-reaction that is often important in humanized mouse models.

9.5  Interactions Between the Pathogen and the 
Humanized Mouse

Many pathogens, especially viruses, have evolved to evade immune responses 
through a large number of strategies. Some of these strategies involve immuno-
modulation at the level of cytokines including the use of cytokine analogues, cyto-
kine receptor analogues and molecules interfering with cytokine production or its 
effect on target cells [19, 20]. In many cases viruses have ‘stolen’ host cytokine-
related genes and used these to subvert immune responses [20]. As a result of selec-
tion pressure exerted by the immune system on the pathogen these cytokine-related 
viral genes are critical to the survival of the virus and are important in the context 
of vaccine development [21]. The capture of cytokine genes by viruses and their 
subsequent selection can only occur in the species, which are the natural host to 
the infective agent. Indeed, there is little opportunity, and no selection pressure, 
for obtaining immunomodulatory mechanisms from species that are not naturally 
infected by the pathogen, suggesting that immunomodulatory mechanisms might to 
some degree be species specific. Therefore, even if, under experimental setting, the 
pathogen can be made to infect the species used as a model, it is unlikely that all 
immunomodulatory mechanisms would be active in that experimental model. Thus 
in these cases, the model would not mimic all immunomodulatory function that the 
pathogen has in its natural host and at least theoretically, important immune evasion 
mechanisms might be missed.

Applying this insight to humanized mouse models of HIV is not easy for a number 
of reasons. First, it is not possible to predict as yet undiscovered immunomodulatory 
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KEGG Cytokine % KEGG Cytokine %
K04358 Fibroblast growth factor 12 100 K12457 Neurotrophin 4 91
K04358 Fibroblast growth factor 8 100 K05460 Hepatocyte growth 

factor
91

K04358 Fibroblast growth factor 16 100 K13375 Transforming 
growth factor beta-1

90

K04358 Fibroblast growth factor 9 100 K05459 Insulin-like growth 
factor 1

90

K04358 Fibroblast growth factor 18 99 K13376 Transforming 
growth factor beta-2

90

K05497 Growth differentiation fac-
tor 11

99 K04359 Platelet derived 
growth factor B

90

K04358 Fibroblast growth factor 14 99 K05474 TNF ligand super-
family member 12

89

K04358 Fibroblast growth factor 17 99 K05462 Ephrin-A 2 89
K13377 Transforming growth factor 

beta-3
98 K05457 Neuregulin 3 88

K05465 Angiopoietin 1 97 K05490 Interleukin 17B 88
K04663 Bone morphogenetic protein 

7
97 K04358 Fibroblast growth 

factor 3
88

K04358 Fibroblast growth factor 11 97 K05417 Interleukin 11 88
K04662 Bone morphogenetic protein 

4
97 K05448 Vascular endothelial 

growth factor B
88

K05463 Ephrin-B 97 K05462 Ephrin-A 5 87
K04355 Brain-derived neurotrophic 

factor
97 K04664 Growth differentia-

tion factor 6
87

K05421 B-cell stimulating factor 3 97 K05450 Platelet derived 
growth factor C

87

K04667 Inhibin, beta B 96 K05456 Neuregulin 2 86
K05497 Growth differentiation 

factor 8
96 K04663 Bone morphogenetic 

protein 8A
86

K04667 Inhibin, beta A 96 K05466 Angiopoietin 2 86
K05463 Ephrin-B 1 96 K04358 Fibroblast growth 

factor 5
86

K04356 Neurotrophin 3 96 K02582 Nerve growth factor, 
beta

85

K05463 Ephrin-B 3 96 K05449 Vascular endothelial 
growth factor C

85

K04358 Fibroblast growth factor 1 96 K05503 Bone morphogenetic 
protein 10

85

K05502 Bone morphogenetic protein 
1

95 K05492 Interleukin 17D 85

K04358 Fibroblast growth factor 20 95 K05450 Platelet derived 
growth factor D

85

Table 9.1   Cytokines from the KEGG database likely to (at least one-way) cross-react between 
mice and humans based on percentage of amino acid identity between humans and mice
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mechanisms. As such, it is not possible to experimentally determine whether these 
would affect the humanized mice. Fortunately, most of the known immunomodula-
tory mechanisms affect cells directly involved in immune regulation [22]. In the 
case of humanized mice these would be predominantly transferred human cells. 
Since these cells are derived from the natural host, there should be no problem. 
However, it is impossible to exclude that some immunomodulatory mechanisms 
would be initiated or would contain at least one step that involves a nonleukocyte 
and therefore a mouse cell. For example it is well documented that HIV has the abil-
ity to interfere with type I IFNs [23]. In a humanized mouse sources of type I IFNs 
would include, human leukocytes (B cells, T cells, NK cells, macrophages and den-
dritic cells) as well as murine endothelial, epithelial cells and some neurons. Since 

KEGG Cytokine % KEGG Cytokine %
K10033 C-X-C motif chemokine 14 95 K05473 TNF ligand super-

family memb. 11
85

K04358 Fibroblast growth factor 2 95 K13769 Insulin-like growth 
factor 2

84

K05480 Ectodysplasin-A 95 K05449 Vascular endothelial 
gr. factor C

84

K04358 Fibroblast growth factor 7 94 K05462 Ephrin-A 1 84
K05455 Neuregulin 1 94 K05420 Ciliary neurotrophic 

factor
83

K04358 Fibroblast growth factor 13 94 K05424 Leptin 83
K10031 C-X-C motif chemokine 12 93 K05496 Bone morphogenetic 

protein 3B
83

K04358 Fibroblast growth factor 10 93 K05461 KIT liganda 83
K04358 Fibroblast growth factor 6 93 K05462 Ephrin-A 4 83
K05462 Ephrin-A 3 93 K04667 Inhibin, beta E 82
K04663 Bone morphogenetic protein 

5
93 K05488 IL-1 family, member 

10 (theta)
82

K05452 Glial cell-derived neuro-
trophic factor

93 K04668 Left–right determi-
nation 2

82

K04359 Platelet derived growth 
factor A

92 K04668 Left–right determi-
nation 1

82

K04662 Bone morphogenetic protein 
2

92 K05464 Growth arrest-
specific 6

82

K04664 Growth differentiation 
factor 5

91 K04358 Fibroblast growth 
factor 22

81

K04663 Bone morphogenetic protein 
6

91 K05453 Macrophage CSF 1b 81

K05483 IL-1 family, member 5 
(delta)

91

a Mouse active on human cells, but human not active on mouse cells (SCF [5])
b Human active on mouse cells, but mouse not active on human cells [5]

Table 9.1 (continued)
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KEGG Cytokine % KEGG Cytokine %
K05448 Vascular endothelial 

growth factor A
80 K05444 Interleukin 19 70

K12499 C-C motif chemo-
kine 5

80 K05495 Growth differentiation 
factor 1

70

K05503 Bone morphogenetic 
protein 9

80 K05407 Platelet factor 4 70

K04358 Fibroblast growth 
factor 4

80 K05454 Fms-related tyrosine 
kinase 3 ligand

69

K05496 Bone morphogenetic 
protein 3

79 K12671 C-X-C motif chemokine 
10

68

K05500 Inhibin, alpha 79 K05505 C-X-C motif chemokine 1 68
K04358 Fibroblast growth 

factor 21
79 K05416 C-X-C motif chemokine 9 68

K03156 TNF superfamily, 
member 2a

79 K12672 C-X-C motif chemokine 
11

68

K04666 Nodal 79 K14624 C-C motif chemokine 2 68
K05422 Cardiotrophin 1 79 K04519 Interleukin 1 beta 68
K05437 Erythropoietin 79 K05425 Interleukin 12Bb 67
K04664 Growth differentiation 

factor 7
78 K05438 Growth hormone 1 67

K05445 Interleukin 22 78 K05447 Interleukin 28A 67
K05491 Interleukin 17C 78 K05448 Vascular endothelial gr. 

factor A/B
66

K05512 C-C motif chemokine 
19

78 K05444 Interleukin 24 66

K03161 TNF ligand superfam-
ily member 5

77 K05482 Interleukin 18 66

K05477 TNF ligand superfam-
ily member 14

77 K05513 C-C motif chemokine 28 66

K05493 Interleukin 17E 77 K05514 C-C motif chemokine 17 64
K05481 Interleukin 1 receptor 

antagonist
76 K05508 C-X3-C motif chemo-

kine 1
64

K12964 C-C motif chemo-
kine 4

76 K05414 Interferon alpha 13 64

K05419 Leukemia inhibitory 
factor

76 K05414 Interferon alpha 8 64

K05478 TNF ligand superfam-
ily member 15

76 K14625 C-C motif chemokine 20 64

K04667 Inhibin, beta C 76 K04357 Epidermal growth factor 64
K05444 Interleukin 20 76 K05447 Interleukin 28B 63
K05458 Neuregulin 4 76 K05498 Growth differentiation 

factor 9B
63

Table 9.2   Cytokines from the KEGG database that might cross-react (possibly asymmetrically) 
between mice and humans based on percentage amino acid identity between human and mouse
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there is no evolutionary pressure for HIV to develop a mechanism to affect mouse 
cells, the ability of the virus to affect these cells would be fortuitous. In addition, 
little data is available about the species specificity of type I IFNs (many different 
proteins all with the potential to show at least some species specificity), further 
complicating interpretation of results. Hence, studies involving immunomodulatory 
mechanisms, particularly if they contain at least one interaction with mouse-derived 
cells, could be problematic.

KEGG Cytokine % KEGG Cytokine %
K05408 C-C motif chemo-

kine 3
75 K05511 C-C motif chemokine 

15/23
63

K05426 Interleukin 23, alpha 
subunit p19

75 K05414 Interferon alpha 1 63

K00431 Thyroid peroxidase 74 K05514 C-C motif chemokine 22 63
K04663 Bone morphogenetic 

protein 8B
74 K05505 C-X-C motif chemokine 2 63

K04389 TNF ligand superfam-
ily member 6

74 K05486 Interleukin 1 family, 
member 8 (eta)

63

K03157 Lymphotoxin beta 73 K05513 C-C motif chemokine 27 63
K05475 TNF ligand superfam-

ily member 13
73 K05509 C-C motif chemokine 7 62

K04665 anti-Mullerian 
hormone

73 K05489 Interleukin 17 62

K05443 Interleukin 10 73 K05504 Growth differentiation 
factor 15

62

K05433 Interleukin 15b,c 73 K05431 Interleukin 7b 62
K05468 Lymphotoxin alpha 72 K05510 C-C motif chemokine 6/9 61
K05498 Growth differentiation 

factor 9
72 K04383 Interleukin 1 alpha 61

K05512 C-C motif chemokine 
21C

71 K05439 Prolactin 61

K05423 Granulocyte CSFb 71 K05414 Interferon alpha 6 61
K05495 Growth differentiation 

factor 3
71 K05434 Interleukin 21 61

K05512 C-C motif chemokine 
21A

71 K05507 C motif chemokine 1 61

K05428 Interleukin 5 71 K05487 Interleukin 1 family, 
member 9

60

K04358 Fibroblast growth 
factor

71 K05414 Interferon alpha 5 60

K05471 TNF ligand superfam-
ily member 8

70 K05414 Interferon alpha 7 60

a Cross-reaction human cytokine on mouse cells [10]
b Cross-reaction between mouse and human [5, 11]
c Eisenman et al. [2] suggests large quantitative differences for IL-15

Table 9.2 (continued)
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9.6  Concluding Remarks

When considering animal models involving combining cells from mice and humans 
it is critical to consider that a proportion of the cytokines will not cross-react be-
tween species and that this lack of cross-reaction might well be asymmetrical. This 
has important implications not only for the development of the transplanted human 

KEGG Cytokine % KEGG Cytokine %
K13072 C-C motif chemokine 25 59 K05479 TNF ligand superfamily 

member 18
52

K05442 Interferon, tau-1 59 K05506 C-X-C motif chemo-
kine 5

51

K05414 Interferon alpha 2 59 K04358 Fibroblast growth factor 
15/19

51

K05514 C-C motif chemokine 24 59 K10029 Platelet basic protein 50
K05509 C-C motif chemokine 11 59 K05514 C-C motif chemokine 

26
50

K05406 Interleukin 12Aa 59 K05415 Interferon beta 49
K05435 Interleukin 13 59 K05418 Oncostatin M 49
K04721 TNF ligand superfamily 

member 10
58 K10035 C-X-C motif chemo-

kine 16
48

K05414 Interferon alpha 4 58 K10032 C-X-C motif chemo-
kine 13

47

K05429 Interleukin 2b 58 K05469 TNF ligand superfamily 
member 4

45

K05414 Interferon alpha 14 57 K05514 C-C motif chemokine 1 42
K05494 Interleukin 17F 57 K05436 Thymic stromal 

lymphopoietin
42

K05432 Interleukin 9 57 K05430 Interleukin 4c 41
K05470 TNF ligand superfamily 

member 7
56 K04687 Interferon gammac 41

K05476 TNF ligand superfamily 
member 13B

56 K05405 Interleukin 6b 41

K05427 Granulocyte-macrophage 
CSFc

55 K05441 Interferon, kappa 37

K05467 Angiopoietin 4 55 K05472 TNF ligand superfamily 
member 9

34

K05484 IL-1 family, member 6 
(epsilon)

55 K04736 Interleukin 3c 31

K05509 C-C motif chemokine 8 54
a Mouse cytokine active on human cells, but human not active on mouse cells [11]
b Human cytokine active on mouse cells, but mouse not/less active on human cells [2, 5]
c No cross-reaction [5, 9, 15–18]

Table 9.3   Cytokines from the KEGG database unlikely to be cross-react both ways between mice 
and humans based on percentage amino acid identity between human and mouse

J.-P. Yves Scheerlinck
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immune cells but also for the induction of immune responses. In particular, compli-
cations can arise at the interface between the transplanted immune system and the 
host, including, for example, the interactions between the nervous system and the 
immune system. While some of these issues can be specifically addressed by creat-
ing new models in which certain human cytokines are knocked-in and therefore ad-
dress specific concerns, only a very limited number of the many non-cross-reacting 
cytokines can be manipulated in that way. As a result when considering animal 
models it is imperative to focus on certain aspects of the host/pathogen interac-
tion in which these issues are not critical, while acknowledging that the model is 
unsuitable for the study of other aspects. Ignoring these issues might result in some 
findings not being able to be translated to the situation in humans hence potentially 
misleading researchers in their quest to disease understanding and control.

Finally, the species specificity issues highlighted here for cytokines are equally 
valid for a range of other proteins that are produced by transplanted cells from 
humans and affect or are affected by proteins from the mouse host. These could 
include but are not limited to, proteins involved for example in the formation of im-
mune organs or expressed on mouse endothelial cells and involved in the regulation 
of immune cell trafficking.

Acknowledgement The author is grateful to Dr. Neil Young of The University of Melbourne for 
his help in analyzing amino acid identity between human and mouse cytokines using the KEGG 
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FL Fetal liver
FRC Fibroblastic reticular cells
GvHD Graft-versus-host disease
HIS Human immune system
hHSPC Human hematopoietic stem and progenitor cells
hTSPC Human thymus seeding progenitor cells
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NSG NOD.Cg-Prkdcscid IL2rgtmlWjl/Sz
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10.1  A Large Collection of Mice Humanized  
for the Immune System

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

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

10.2  Humanized Mouse Generation with Hematopoietic 
Progenitors Only

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

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

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

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

10.3  Humanized Mouse Generation with an Additional 
Human Thymus Organoid

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

10.4  Human T-Cell Development in HIS Mice

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

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

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

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

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

10.5  Human Peripheral T-Cell Homeostasis in HIS Mice

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

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

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

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

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

10.6  Human Hematopoietic Cell Colonization of Lymph 
Nodes in HIS Mice

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

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

10.7  Human T-Cell Repertoire and Selection in HIS Mice

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

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

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

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

10.8  Improving Human T-Cell Biology in HIS Mice

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

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

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

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

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

10.9  Concluding Remarks

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

The immune system of mammals is needed to fight infections while maintain-
ing tolerance to the self. T cells play a central role in these processes. The devel-
opment of T cells in the thymus endows them with the ability to recognize and 
mount immune responses to millions of pathogen-derived nonself-antigens while 
still being tolerant to “self” antigens. Mouse studies demonstrate that the thymus 
can perform three critical functions for development of a functional, self-tolerant 
T cell repertoire, namely positive selection, negative selection and generation of 
CD4+CD25+Foxp3+ regulatory T cells (Tregs). T cell progenitors migrate to the thy-
mus, where they develop into T cells. Absence of thymus, such as in nude mice and 
human patients lacking a functional FOXN1 gene, results in the absence of normal 
functional T cells [1]. Newly generated T cells undergo further post-thymic matura-
tion to become fully functional in the periphery [2]. Intrathymic positive selection 
of T cells results in a repertoire that most efficiently recognizes exogenous peptide 
antigens presented by the same “self” MHC molecules. Engagement by T cell re-
ceptor (TCR) of naïve T cells of the same MHC/self-peptide complexes expressed 
on peripheral antigen-presenting cells (APCs), as those on which they are positively 
selected in the thymus, provides a critical survival signal [3]. These processes sus-
tain a functional T cell pool. Negative selection and generation of Tregs ensure that 
the majority of strongly autoreactive T cells are purged and those that escape nega-
tive selection are kept in check by Tregs in the periphery [4]. Positive and negative 
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selection of developing thymocytes is achieved through differential affinities of the 
TCR on the thymocytes with MHC-peptide complexes on the thymic epithelial cells 
and intrathymic APCs. Thymocytes expressing TCR with low and intermediate af-
finities for MHC-peptide complexes expressed on thymic epithelium are positively 
selected, enabling effective recognition of peptides presented by autologous MHC 
molecules in the periphery. Positively selected thymocytes expressing TCR with 
high affinities for self peptides presented by autologous MHC molecules undergo 
apoptosis during negative selection [5]. This process, also known as central toler-
ance, ensures the elimination of the strongly self-reactive T cells and is one of the 
key mechanisms for establishing self-tolerance.

11.2  Humanized Mouse Models Involving Human T Cell 
Development

Models allowing investigation of human T cell development, such as humanized 
mouse models, provide a unique opportunity to investigate the human immune sys-
tem and T cell development. Initially, humanized mice were generated by injecting 
human mature immune cells, such as peripheral blood mononuclear cells (PBMCs) 
into severe combined immunodeficiency (SCID) mice [6]. Later, humanized mice 
were established by injecting human hematopoietic stem cells (HSCs) into irradi-
ated neonatal or adult immunodeficient mice [7, 8]. Engraftment of human HSCs 
gives rise to human immune cells, including T cells, B cells, monocytes, etc. How-
ever, both types of humanized mouse models have limitations for the study of hu-
man T cell development. Grafting of human PBMCs includes mature T cells and 
thus does not allow the investigation of human T cell development. In addition, 
mature human T cells that are reactive to mouse xenoantigens can dominate and 
preclude good functional immunity [9, 10]. T cells in humanized mice generated 
by transplanting human HSCs develop in the mouse thymus rather than the human 
thymus. Thymopoiesis occurs at only a low level and the small number of T cells 
generated show functional defects [11, 12] (discussed in detail below). Therefore, 
these models are not optimal for the investigation of human T cell development.

Early work by McCune et al. demonstrated that implantation of human fetal 
thymic tissue under the kidney capsule of unconditioned adult SCID mice together 
with intravenous or intrathymic injection of fetal liver cells led to robust thymo-
poiesis [13]. However, very few human T cells populated the periphery and these 
were only detected transiently, from week 4 to 10 postimplantation. Implantation 
of fetal thymic tissue together with fetal liver led to more persistent T cells in pe-
ripheral blood [14]. Despite the presence of human IgG and human HLA Class I+ 
cells in peripheral blood in some animals, human hematopoietic reconstitution of 
non-T cells seemed to be largely confined to the human graft microenvironment 
[13]. The failure to achieve systemic human hematopoiesis in this model may re-
flect the susceptibility of human hematopoietic cells to rapid destruction by mouse 
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macrophages in CB.17-SCID mice [15]. Subsequently, we combined i.v. injection 
of human HSCs and implantation of human thymic tissue under the kidney capsule 
in nonobese diabetic SCID (NOD/SCID) mice and achieved much more robust hu-
man T cell and APC reconstitution. It is likely that the reduced phagocytosis of hu-
man cells in mice on the NOD background, reflecting the compatibility of the NOD 
SIRPα allele with human CD47 [16], explains the improved human hematopoietic 
reconstitution in our model over the original model described by McCune et al. In 
our model, humanized mice are generated by transplanting human fetal thymic/liver 
tissue under the kidney capsule and coinjecting fetal liver-derived CD34+ HSCs 
from the same donors to irradiated adult NOD/SCID mice [17–20]. The model has 
been replicated and termed the “BLT” mouse [21]. The transplantation of autolo-
gous thymic tissue is an important improvement to the injection of human HSCs. In 
this model, not only major immune cell populations, such as B cells, dendritic cells 
and monocytes, but also large numbers of T cells appear in peripheral lymphoid 
tissues, which develop significant structure by 12 weeks post-transplant [17, 19]. 
Because human T cells in these mice develop in autologous thymic tissues, this 
model is highly relevant and valuable for the study of human T cell development 
and offers advantages compared to other models. First, in sharp contrast to human-
ized mice generated by grafting human HSCs only [7, 8, 11], thymopoiesis occurs at 
a high level, with thymocyte numbers (> 108) that are similar to or even greater than 
those in a normal, immunocompetent mouse thymus [20]. Large numbers of T cells 
migrate to the peripheral lymphoid tissues [17–19]. Importantly, robust immune 
functions are seen, such as spontaneous rejection of xenogeneic skin grafts and 
class-switched antibody responses following immunization [17, 18, 22]. Secondly, 
this model not only allows the investigation of human T cell development in physi-
ological conditions, but also enables characterization of human T cell generation in 
pathological conditions, such as viral infection [21, 23, 24]. Thirdly, as this model 
allows the de novo development of human T cells in human thymic tissue, it can 
be utilized to investigate immune abnormalities arising from HSC-intrinsic factors.

We have modified this model by transplanting adult bone marrow-derived 
CD34+ HSCs and partially HLA-matched, T-cell depleted allogeneic fetal thymic 
tissue to NOD/SCID/ Common γ-chain-deficient (NSG) mice [25]. These human-
ized mice, similar to those generated by grafting autologous fetal thymic tissue and 
fetal liver-derived CD34+ cells, demonstrate polyclonal human T cell reconstitution 
and robust T cell function [25]. This humanized mouse model allows the study 
of T cell development and function in any individual human and is thus termed 
the “Personalized Immune” (PI) mouse model. With this PI mouse model, we are 
characterizing the development and function of T cells in type I diabetic patients, 
addressing the hypothesis that T cell abnormalities in these patients are intrinsically 
determined in their HSCs. In this chapter, we will summarize knowledge on human 
T cell development learned in humanized mouse models generated by transplanta-
tion of human fetal thymic tissue and fetal or adult CD34+ HSCs.
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11.3  Positive Selection

Interactions of T cell progenitors entering the thymus with MHC/peptide complexes 
expressed by thymic stromal cells, including thymic epithelial cells (TECs), trigger 
positive selection [26, 27]. Studies using transgenic mice exclusively expressing 
MHC I [28] or II [29] molecules on cortical TECs demonstrated that these cells are 
required for positive selection of CD8 or CD4 T cells, respectively. During positive 
selection, thymocytes expressing a TCR that is able to recognize an autologous 
MHC/self-peptide complex expressed on cortical TECs with at least low to medium 
affinity survive this process [5, 30]. This low level of self-reactivity is critical for 
the homeostasis [3] and immune functions of T cells in the periphery [30, 31].

In humanized mice generated by transplanting only human HSCs to immuno-
deficient mice, T cells develop in the mouse thymus, where human thymocytes are 
positively selected by mouse MHC molecules expressed on mouse TECs. The abil-
ity of murine MHC to positively select human T cells is not unexpected in view of 
previous work. Ample evidence from our porcine thymus transplant models shows 
that xenogeneic MHC molecules are able to mediate positive selection. A series of 
early studies demonstrated that mouse T cells [32–35] or human T cells [36, 37] de-
veloped robustly, with diverse repertoires, in porcine thymus. Importantly, porcine 
MHC molecules were shown to positively select mouse T cells with no contribu-
tion from the mouse MHC [35]. Nevertheless, mouse T cells selected by porcine 
MHC molecules could still respond to cognate antigen stimulation and were able 
to control infection in vivo, apparently due to cross-reactivity of the diverse reper-
toire combined with post-thymic selection for T cells that cross-reacted with mouse 
MHC [32]. The ability of xenogeneic MHC molecules to mediate positive selection 
is presumably due to the broad MHC cross-reactivity for TCR that is conserved 
between species.

Although the native thymi of these mice receiving human HSCs alone dem-
onstrate relatively normal histologic structure due to colonization by developing 
human T cells, the number of thymocytes is low (about 1 million/thymus) com-
pared to the much larger numbers in human thymic grafts (of the order of 100 fold 
more), and this difference is reflected in lymphoid tissues [11]. Multiple factors 
may contribute to the low level of thymopoiesis in this model. Failed thymic struc-
tural development, as TECs depend on interactions with thymocytes for their own 
development [38, 39], is partly circumvented by introducing human HSCs close to 
the time of birth [8]. Incompatibility of adhesion molecules and cytokines between 
mouse and human may lead to decreased homing of human thymocyte progenitors 
to and decreased survival of developing thymocytes in the mouse thymus, respec-
tively. Indeed, supplementation of human cytokines, such as IL-7 [40] and IL-15 
[41], increased human thymopoiesis. In addition, increased thymopoiesis (but still 
only of a few million thymocytes) was found in recipient mice expressing a single 
human HLA Class II molecule (HLA-DR4), showing that reduced ability of mouse 
MHC molecules to positively select human thymocytes plays a role [11]. However, 
these issues arising from xenoincompatibility cannot be generalized to all species, 
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as robust human thymopoiesis occurs in pig thymic grafts (again, about 100-fold 
the level in the native mouse thymus). In fact, humanized mice grafted with fetal 
pig thymic tissues and human HSCs demonstrate thymopoiesis as robust as that 
seen in recipients of human thymic tissues and HSCs from the same donor [36, 37]. 
Thus, the mouse thymus is not an optimal microenvironment for the development 
of human T cells in humanized mice generated by grafting human HSCs alone. In 
contrast, in humanized mice generated by transplantation of autologous fetal thymic 
tissues and fetal liver-derived CD34+ HSCs, T cell development occurs in autolo-
gous thymic tissue and the problems described above are thereby circumvented, al-
lowing robust thymopoiesis. Large numbers of thymocytes (> 1 × 108/thymic graft) 
[20] and splenic T cells (10–20 million/spleen) can be recovered 10–12 weeks post 
transplantation. The developing thymocytes show a normal ratio of CD4+, CD8+, 
CD4+CD8+ and CD4−CD8− subsets [17, 19].

11.4  Post-thymic Interactions Between T Cells and APCs

T cells that have survived positive and negative selection in the thymus mature and 
are exported to the periphery, where their interactions with APCs are critical for 
their survival, further maturation, function, and homeostasis. TCRs interact most 
efficiently in the periphery with the MHC/peptide complexes on which they are 
positively selected in the thymus [3, 42], providing critical signals for naïve T cell 
survival in the periphery [3]. In addition, self peptide-MHC complexes promote the 
responsiveness of peripheral T cells to their cognate antigens [31, 43] by acting as 
co-agonists to enhance their functional sensitivity [30, 44].

In mouse models, proliferation of T cells occurs when they are transferred to 
lymphopenic hosts, including rapid and slow proliferation known as lymphopenia-
induced proliferation (LIP) [3, 45]. Recognition of commensal microorganisms 
causes the rapid proliferation [45], whereas the slower LIP is dependent on interac-
tions between TCR and self MHC/peptide complexes and γc cytokines, such as IL-7 
and IL-15 [3, 45]. Although insights into homeostatic and lymphopenia-driven pro-
liferation of T cells have been obtained in mouse models, it is more difficult to in-
vestigate these events in humans, underscoring the importance of a suitable human-
ized mouse model to study homeostatic proliferation of human T cells. We have ad-
dressed this issue using humanized mice generated by grafting human fetal thymic 
tissue and HSCs [19]. Transfer of CD45RO− naïve T cells isolated from humanized 
mice, generated with human thymic tissue and intravenously-administered HSCs, 
to T cell-deficient humanized mice reconstituted with only the HSCs from the same 
donor, led to two forms of LIP, similar to results in RAG−/− mice receiving naïve 
mouse T cells [45]. Like mouse T cells, human naïve T cells undergoing rapid prolif-
eration acquired a memory phenotype and production of IFN-γ, while T cells under-
going slow proliferation retained a naïve phenotype and did not produce IFN-γ. Im-
portantly, the recovery of transferred T cells that had undergone LIP was correlated  



132 H. W. Li et al.

with the level of human APC chimerism in the secondary recipients and no cells 
were recovered from adoptive recipients lacking any human hematopoiesis. This 
result suggests that the LIP of transferred T cells was dependent on interactions 
with autologous APCs in the periphery, probably via interactions between TCR and 
autologous HLA molecules [19]. Thus, the survival of human T cells, like that of 
mouse T cells, depends on interactions with autologous MHC in the periphery. This 
requirement might in part explain the absence of T cells in the peripheral lymphoid 
tissues in the humanized mouse model established by McCune et al. [13]. Because 
no human APCs were found in the peripheral lymphoid tissues in that model, T 
cells egressing the thymus were unable to interact with peripheral APCs to receive 
a survival signal, resulting in a lack of accumulation of T cells. Consistently, the 
addition of intravenous CD34 cells to human fetal thymus and liver grafts in NOD/
SCID mice led not only to the presence of human APCs in the periphery, but also 
to markedly increased T cell reconstitution [17, 18]. Moreover, only the T cells 
in animals that received CD34 cells intravenously were sufficiently functional to 
reject xenografts spontaneously [17], consistent with the need for tonic interactions 
with positive selecting MHC/peptide complexes in the periphery to maintain T cell 
function [30, 31, 43, 44].

Mouse studies demonstrate that T cells termed recent thymic emigrants, which 
have recently completed intrathymic development and been exported to the periph-
ery, undergo further post-thymic maturation to gain full immune function. This pro-
cess requires their entry into secondary lymphoid organs to interact with APCs, but 
may be independent of TCR engagement with self MHC-peptide complexes [2, 46]. 
Due to the difficulty in investigating this process, it is unclear whether similar phe-
nomena prevail in humans. However, humanized mice generated with autologous 
thymic tissue and i.v. injection of HSCs can be a useful tool to unravel this process.

Acquisition of MHC preference for peptide antigen recognition occurs through 
positive selection. This preference is of critical importance in achieving efficient 
immune responses to antigens. One example is the interactions between CD4 T 
helper cells and B cells in the production of antigen-specific antibodies. Because 
human CD4 T cells developing in humanized mice grafted only with human HSCs 
are selected by and thus preferentially recognize antigens presented by mouse MHC, 
they are not able to provide efficient help to antigen-specific human B cells via the 
interactions of T cell receptor and HLA molecules on B cells. This may contribute to 
the failure to induce antigen-specific IgG production following immunization. Con-
sistent with this notion, transgenic expression of a human HLA class II molecule in 
recipient mice enhances IgG responses [11]. In contrast, humanized mice generated 
by grafting autologous thymic tissue and HSCs should have effective interactions 
between CD4 T cells and B cells, since T cells develop in the thymic tissue from the 
same donor and are thus positively selected on their own HLA molecules. Consis-
tently, immunization of these mice leads to production of antigen-specific IgG [22]. 
Another demonstration of the importance of having the positive selecting MHC 
also present in the periphery is provided by human T cells developing in pig thymic 
tissue. In humanized mice grafted with pig thymic tissue and human HSCs, robust 



13311 Thymic Education of Human T Cells and Regulatory …

thymopoiesis and T cell reconstitution is seen. However, T cell responses to tetanus 
toxoid following immunization were markedly reduced compared to those in mice 
with an autologous human thymus graft [47]. Presumably T cells developing in the 
pig thymic tissue and thus positively selected on pig MHC molecules were not able 
to efficiently recognize antigen presented by human APCs in the periphery.

11.5  Negative Selection

Mouse studies demonstrate that negative selection is critical for the induction of 
tolerance to self. The majority of autoreactive T cells are purged by this process, re-
sulting in a T cell pool that is tolerant to self antigens [4, 48]. The negative selection 
process has been demonstrated in several conditions in humanized mice receiving 
fetal thymic tissue and HSCs. In some mice receiving fresh human thymic tissues, 
human anti-mouse xenogeneic GVHD can be seen about 12–16 weeks post-trans-
plantation, as reflected by hunched posture, hair loss, and dermatitis. Target organs 
show typical GVHD histopathologies [49]. In contrast, the incidence of xenogeneic 
GVHD is clearly reduced by the use of freeze/thawed thymic tissue and administra-
tion of T cell-depleting antibody following transplantation, both of which deplete 
pre-existing thymocytes, before and after they migrate to the periphery respectively 
(Fig. 11.1, reference 25 and unpublished data). T cells from humanized mice that 
are grafted with freeze/thawed autologous thymic tissue and HSCs do not mount 

Fig. 11.1   Cryopreservation depletes thymocytes in human fetal graft. Fresh and cryopreserved 
thymus (~ 0.002 g of a single piece of tissue) from the same donor were dissociated and stained for 
live cells and thymocytes markers CD4 and CD8. 1 × 105 total events were collected and subgated 
on live (DAPI−) thymocytes. FCM plots are shown on the left and total cell number for CD4CD8 
double negative, single positive and double positive populations are shown in the graft at the right. 
Cryopreservation decreased single positive CD4 and CD8 cells 510 fold and 454 fold respectively 
after adjusting for tissue weight difference before freezing ( SPCD4 fresh 1.9 × 105 vs. cryopre-
served 425 cells; SPCD8 fresh 1.1 × 105 vs. cryopreserved 275 cells; from Kalscheuer et al. [25]. 
Reprinted with permission from AAAS)
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responses to mouse xenoantigens in in-vitro mixed lymphocyte reaction (MLR) cul-
tures, demonstrating tolerance of human T cells to mouse xenoantigens [47]. Pre-
existing thymocytes within human fetal thymic grafts can cause xenogeneic GVHD 
in these humanized mice because they have not undergone negative selection in the 
presence of mouse APCs. Mouse APCs populate the freeze/thawed human thymic 
tissue (Fig. 11.2) when grafted to NSG mice receiving T cell depleting mAb [25], 
resulting in negative selection in the human thymic graft during de novo human T 
cell development.

We have investigated the induction of tolerance to pig xenoantigens by thymic 
transplantation. Our early studies demonstrated that transplantation of pig thymic 
tissue to thymectomized and T and NK cell-depleted mice led to generation of a 
mouse T cell repertoire that was specifically tolerant to the recipient mouse and 
donor pig, suggesting that thymic transplantation could be a potential approach to 
inducing tolerance to pig xenoantigens in humans [34, 50]. Negative selection of 
mouse developing T cells by the pig thymus was found to be responsible for much 
of the tolerance in this model [33], but a role for Tregs was also suggested [51]. 
Later studies showed that cotransplantation of pig thymus prevented rejection of pig 
kidney grafts in baboons, further indicating the potential of this approach to induce 
tolerance to pig xenoantigens [52]. Humanized mice have been used in our recent 
studies to investigate this approach for human T cell tolerance. Transplantation of 
pig thymic tissue with human HSCs leads to generation of a human T cell repertoire 
that is specifically tolerant to the donor pig xenoantigens [36, 53]. T cells from 
spleens of humanized mice transplanted with SLAd/d pig thymic tissues and human 
HSCs showed strong responses to human alloantigens and to third party SLAc/c pig 
xenoantigens, with specific unresponsiveness to the pig donor and mouse recipi-
ent [47]. Alternatively, induction of pig/human mixed hematopoietic chimerism in 
humanized mice generated by grafting human fetal thymic tissue and autologous 
human HSCs with pig bone marrow cells also led to specific unresponsiveness of 
human T cells to donor pig xenoantigens [18]. Pig MHC Class II+ cells were found 

Fig. 11.2   Antigen-presenting cells from the recipient mouse in human thymic graft of PI mouse. 
The thymic graft from a PI mouse reconstituted with adult CD34+ cells ( center), a thymus from a 
normal C57BL/6 mouse ( left) and a thymus from a human ( right) were sectioned and stained with 
anti-mouse pan-MHC class II mAb to reveal the presence of mouse-derived MHC class II posi-
tive cells. In the normal mouse thymus, m denotes the medullary and c denotes the cortical region. 
When tested for cross-reactivity, the anti-mouse MHCII antibody did not bind to human thymus 
tissue ( right). (From Kalscheuer et al. [25]. Reprinted with permission from AAAS)
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in the human thymic grafts in the pig/human mixed chimeric humanized mice, sug-
gesting that negative selection of human T cells by these pig MHC Class II+ APCs 
led to the deletion of pig-reactive human T cells [18]. These data suggest that human 
T cells become tolerant to pig xenoantigens by undergoing negative selection in pig 
thymus or in human thymus containing pig bone marrow-derived APCs. Pig thymus 
transplantation and induction of mixed porcine hematopoietic chimerism thus are 
two potential solutions for inducing human T cell tolerance to pig xenoantigens. In-
duction of tolerance is likely to be essential for successful pig-to-human xenogeneic 
organ transplantation.

11.6  Treg Generation and Maturation

Ample studies demonstrate that CD4+CD25+Foxp3+ naturally occurring Tregs play 
a critical role in maintenance of self tolerance [54, 55]. Tregs are a promising can-
didate for therapy and prophylaxis against multiple diseases [56]. Mouse “natural” 
Tregs are generated in the thymus [54] in processes involving both positive and 
negative selection [5, 57]. The process by which Tregs are generated, including 
the location and molecular signals, has been under active investigation [5, 57, 58]. 
Naturally occurring Tregs exist in humans [59, 60], but little is known about their 
development. Thus, humanized mouse models that enable the investigation of hu-
man Treg development are needed. Although human Tregs with in vitro suppres-
sive activities are present in humanized mice generated by transplantation of hu-
man HSCs alone, these Tregs develop in the mouse thymus and the developmental 
process may not fully recapitulate that of normal human Tregs [61]. We therefore 
investigated human Treg development in humanized mice grafted with fetal thymic 
tissue and HSCs [20]. CD25+CD127low thymocytes were present at similar percent-
ages among CD4 single positive thymocytes in thymic grafts of the humanized 
mice and in human fetal thymic tissues. This subset of T cells expresses both Foxp3 
and Helios, which are typical markers for human natural Tregs. Like the Tregs in 
fetal thymus, thymus-derived Tregs from humanized mice express HLA-DR and 
are mainly CD45RA− and CD45RO+ [20]. These data demonstrate that human 
Tregs develop normally in the thymic grafts of the humanized mice. Tregs were 
also detected in multiple tissues of humanized mice, including peripheral blood, 
spleen and lymph nodes. Despite the similarity of Tregs in the thymus grafts, there 
are differences between Tregs in the PBMCs of humanized mice and those in adult 
human PBMCs. A greater percentage of CD4+CD25+Foxp3+ Tregs showed a naïve 
phenotype (CD45RA+CD45RO−) in the PBMCs of humanized mice compared to 
human PBMCs and the percentage of HLA-DR+ Tregs was lower in the PBMCs 
of humanized mice. However, a subset of peripheral Tregs in humanized mice ex-
pressed CD45RO and HLA-DR, suggesting that post-thymic encounter with self 
MHC-peptide complexes on human APCs had taken place. The lower percentage 
of these “activated” Tregs in humanized mice compared to adult PBMCs might be 
explained simply by the difference in age of the human immune system in each 
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type of host and/or by the greater exposure of humans to microorganisms compared 
to the mice. Functional assays demonstrated that Tregs isolated from spleens of 
humanized mice are as potent on a “per cell” basis as those from human peripheral 
blood in suppressing anti-CD3-induced proliferation of CD4+CD25− conventional 
T cells [20].

11.7  Concluding Remarks

In summary, insights into human T cell development have been obtained using hu-
manized mice generated by transplantation of autologous fetal thymic tissue and 
HSCs. These studies collectively indicate that thymocyte development, including 
positive selection, negative selection and generation of Tregs occur in human thy-
mus grafts and that humanized mice generated by transplantation of autologous 
fetal thymic tissue and HSCs (Fig. 11.3) are of considerable utility for the study of 
human T cell development in both physiological and pathological conditions. In ad-
dition to allowing the detailed investigation of normal human T cell development, 

Fig. 11.3   Positive and negative selection of T cells and development of CD4+CD25+Foxp3 natu-
ral Tregs in humanized mice generated by grafting autologous human fetal thymic tissue and 
fetal liver-derived CD34+ cells. NSG mice are conditioned by 2 Gy total body irradiation ( TBI) 
followed by implantation of human fetal thymic tissue under the kidney capsule and injection of 
autologous fetal liver-derived CD34+ cells. Human lymphoid progenitors home to the autologous 
thymic tissue and undergo selection and maturation, resulting in robust thymopoiesis. Positive 
selection, which is mediated by autologous cortical thymic epithelial cells expressing HLA mole-
cules, allow conventional αβ T cells to optimally recognize peptides presented by autologous HLA 
molecules expressed on peripheral antigen-presenting cells ( APCs), permitting T cells to respond 
to antigen, provide help to B cells and undergo homeostatic proliferation. Negative selection in 
the thymus is mediated by autologous human medullary thymic epithelial cells, autologous human 
APCs in the thymic graft and mouse bone marrow-derived APCs. This negative selection results 
in a human T cell repertoire that is tolerant to both human tissue donor and the recipient mouse. 
CD4+CD25+Foxp3 natural Tregs are generated in human thymic tissue. Their interactions with 
autologous APCs in the periphery may lead to further maturation
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this model has enabled studies of human T cell homeostasis and provides a model 
for testing therapeutic strategies to induce tolerance for the treatment of human 
diseases, such as thymus transplantation to induce tolerance to pig xenoantigens for 
xenogeneic organ transplantation. Moreover, this model can be further optimized by 
using genetic manipulation. For example, transplantation of thymic tissue and TCR 
gene-transduced autologous CD34+ HSCs enables the study of the development of 
antigen-specific T cell clones. While humanized mice generated by grafting of fetal 
tissues allows the investigation of human T cell development in general, the “PI” 
humanized mouse model makes it possible to explore the roles of abnormalities 
of T cell development in the pathogenesis of immune-mediated diseases, such as 
autoimmune diseases. The “PI” humanized mice thus provide a novel and power-
ful tool to shed light on human diseases and in which to test immunotherapies in a 
personalized fashion.
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12.1  Introduction

B lymphocytes play a versatile role in the immune system’s fight against infections. 
These cells are the source of pathogen-specific and neutralizing antibodies (Abs) as 
well as a memory storage of previous pathogen encounters. Some B cells are also 
“innately” capable of quickly activating a response to a pathogen by secreting low-
affinity Abs that weaken the infection before more specific responses are achieved. 
Furthermore, B cells present antigen and produce cytokines and chemokines that 
regulate T cells and other blood cell types to coordinate the immune response during 
the early and late stages of infection. Therefore, B cells are an essential component 
of an effective and sustained immune response against microbes including viruses 
such as HIV.

Recent HIV studies have demonstrated that human B cells do have the ability 
to produce HIV-specific Abs that broadly neutralize most viral clades [1–3]. As an 
effective HIV vaccine remains elusive, studies aimed at investigating the basis of 
rare protective anti-HIV Ab responses are critical to direct successful immunization 
strategies. Within this context, hematopoietic humanized mice (hu-mice) represent 
a relevant experimental tool to explore basic and translational mechanisms of hu-
man B-cell development, B-cell activation, and Ab responses. Immunodeficient mice 
transplanted with human hematopoietic stem cells develop a human immune system 
that roughly recapitulates the establishment and complexity of the natural system. In 
this animal model, human B cells, T cells, NK cells, monocytes, and dendritic cells 
differentiate from the donor hematopoietic stem cells and together coordinate the 
development and function of the immune system. These chimeric mice are useful, 
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therefore, not only to study how human B cells respond to a vaccine or an infectious 
agent, but also to discover and characterize the immune factors (cellular or otherwise) 
that influence the development of these responses. Moreover, since each set of hu-
mice is generated from distinct human stem cell donors, these mice also provide an 
experimental tool to study the effects of natural human genetic variation on B cells.

This chapter will review the kinetics, properties, and limitations of human B-cell 
development in hu-mice and will discuss how the hu-mouse model can be further 
improved to support enhanced B-cell numbers and function.

12.2  Development of Human B Cells in Mice

The bone marrow is the physiological site of B-cell production in mice and humans. 
Human B cells similarly develop in the bone marrow of hu-mice with clearly identifi-
able maturational stages [4–8]. Within human B cells developing in the mouse, Ig gene 
rearrangements display normal kinetics with the light chain following the heavy chain 
([8]; and Lang and Pelanda, unpublished observations). Moreover, these rearrange-
ments result in a peripheral B-cell population with a roughly normal lambda:kappa 
light chain ratio (about 1:1) ([9]; Lang and Pelanda, unpublished observations).

CD19, a marker restricted to the B-cell lineage, is first expressed on pro-B 
cells and is retained on the surface of B cells throughout maturation before  being 
 downmodulated on plasma cells. The expression of the B-cell receptor (BCR) 
 components and isotypes defines the CD19+ bone marrow cells as precursor (pre, 
H-chain only), immature (H and L chains, IgM), transitional/naive (IgM and IgD), 
and switched memory (IgA, IgE, or IgG) B cells [10, 11]. Throughout human B-
cell development, expression of cell-surface “markers” guides our definition of 
B-cell stages ([10, 12–17]; Fig. 12.1). For the majority of these markers the abso-
lute  expression level varies as the B-cell progresses from an immature through the 
 transitional stage to a mature, naive B cell, with the transitional stage generally pre-
senting an intermediate level of expression [10, 12–14, 18]. The careful selection 
and measurement of a panel of these markers is required for the proper analysis and 
definition of B-cell development [13–14, 19]. Using such analyses, we and others 
have determined that CD34+CD10+ lymphocyte precursors in the bone marrow of 
hu-mice proceed through normal B-cell development with clearly identifiable pro, 
pre, immature, and transitional stages of maturation and with a modality that is 
largely similar to B cells developing in human bone marrow [4–8, 20].

12.3  B Cell Tolerance in hu-mice

As in the mouse [21–22], B cells developing in human bone marrow undergo a pro-
cess of selection (central tolerance) that removes many specificities reacting with 
local self-antigens [23]. By analyzing the B-cell repertoire of hu-mice, two studies 
have investigated whether B-cell tolerance operates in the context of this model 
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[24–25]. They found that the prevalence of two autoimmune-associated heavy 
(VH4-34) and light (Vκ4-1) chains progressively decreases from the immature 
to the more mature B-cell subsets, suggesting some level of tolerance  induction. 
 Inconsistent with the above results though, a Hep-2 antinuclear antibody assay 
 indicated that the frequency of autoreactive B cells does not decrease from the im-
mature to the newly emigrant and mature B-cell stages as it does in humans [24, 
26]. This suggests that B-cell tolerance might be defective in hu-mice. Nonetheless, 
such conclusion requires a more formal demonstration. Our lab (in collaboration 
with David Nemazee, The Scripps Institute) has been investigating central B-cell 
tolerance by using hu-mice that ubiquitously express an anti-human kappa chimeric 
protein as a synthetic neo self-antigen specific for all human Igκ+ B cells. Our stud-
ies indicate that the developing Igκ+ B cells (~ 50 % of all immature B cells) are for 
the most part excluded from entering the peripheral B-cell population, a phenotype 
consistent with the induction of tolerance (Lang and Pelanda, unpublished obser-
vations). Thus, future studies are needed to precisely define the prevalence and 
mechanisms of B-cell tolerance in hu-mice.

12.4  B Cell Maturation Defect in hu-mice

Unlike the normal development of immature B cells in the bone marrow of hu-
mice, a defect has been reported in the differentiation of immature/transitional B 
cells into naive, mature B cells [27]. For instance, while IgM+ B cells in the bone 

Fig. 12.1  Markers associ-
ated with B-cell development 
stages in humans. The black, 
green, and violet cell recep-
tors on pre-B cells, immature 
B cells, and transitional/
mature B cells represent the 
pre-BCR, IgM, and IgD, 
respectively. The solid line 
illustrates normal devel-
opmental stages of human 
B-cell maturation and the 
dashed line illustrates the 
defective maturation in the 
hu-mouse
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marrow of hu-mice express CD40, HLA-DR, CD5, CD44, and CD268 and high 
levels of CD10, CD24, and CD38, which are markers of immature/transitional B 
cells, they most often do not express CD21 and CD22, which label late transitional 
and  mature B cells in humans [7]. This phenotype is consistent with a B-cell devel-
opmental block at an early transitional stage (Fig. 12.1). These transitional B cells 
make up the majority of the B-cell population in the spleen of hu-mice, particularly 
the younger ones (see below). Although this B cell defect has been clearly estab-
lished in several hu-mouse models, one should also consider that B cell poiesis is 
ongoing not only in the bone marrow, but also at detectable levels in the spleen of 
many hu-mice [8, 28]. Therefore, the skewed representation of transitional B cells 
in the spleen may in part be due to the continual generation of these cells in situ. 
Many studies have also reported that most peripheral human B cells in hu-mice 
atypically express CD5 and have suggested that hu-mice select for the development 
of a B1 B cell subset [9, 29]. However, it is important to note that in humans this 
antigen marks B-cell maturation stages and not necessarily a functional subset [12, 
15]. Therefore, the expression of CD5 on B cells of hu-mice is more likely related 
to the fact that most of these cells are immature rather than B1.

12.5  Mature B Cells Accumulate in Lymph Nodes (LNs) 
and Spleens of Older hu-Mice

Unlike mouse bone marrow chimeras that, within a few weeks, achieve a  steady-state 
engraftment that is maintained for months to even years, the engraftment of the 
 human hematopoietic system within the mouse is dynamic: it takes longer to appear 
and changes continually over time. This dynamic engraftment has unique charac-
teristics in the various lymphatic tissues: it establishes early in the bone marrow 
and thymus, it is slightly delayed in the blood and spleen, and is greatly delayed 
in the LNs, where engraftment of mesenteric LNs precedes that of peripheral LNs 
by weeks (Fig. 12.2, and [7]). Furthermore, chimerism gradually wanes in the 
bone marrow, and then in blood and spleen, eventually extinguishing the engrafted 
 human immune system.

By studying the kinetics of human hematopoietic engraftment, our group has 
found that the defect in B-cell maturation in hu-mice is not an absolute inherent 

Fig. 12.2   Dynamic engraft-
ment of human hematopoi-
etic cells in hu-mice. The 
percentage of human CD45+ 
cells relative to total human 
and mouse CD45+ cells is 
diagrammed over time
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inability to progress beyond the transitional stage [7]. The B cells that populate the 
LNs of hu-mice, in fact, are CD10lo, CD21hi, CD22hi, and CD44hi, which are charac-
teristics of mature B cells. In addition, the LN B cells can be activated, as evident by 
the presence of IgG class-switched cells and of B cells that express CD27 and CD11c 
memory antigens, as well as CD80, CD86, CD25, and CD69 activation markers.

In contrast to the LN, B cells in the spleen of hu-mice display a range of mat-
urational stages from the predominant transitional to the less frequent mature, 
 activated, and memory class-switched types [7]. This range is well demonstrated 
by the broad distribution of CD10, CD24, and CD38 expression within the splenic 
B-cell population of an individual hu-mouse and among multiple hu-mice. Impor-
tantly, our studies with BALB/c/Rag2null/Il2rγnull (BRG) hu-mice have demonstrated 
that the frequency of mature B cells in the spleen increases with time, such that 20 
weeks after transplantation more than 75 % of hu-mice have a mature B-cell popula-
tion (Fig. 12.3a, and [7]). LNs, which harbor mainly mature B cells, are also more 
frequent in older hu-mice [7] and the increased numbers of mature B cells in these 
older animals drives higher IgM and IgG concentrations in their sera (Fig. 12.3b). 
Thus, there exists a “goldilocks” time period for mature B cells in hu-mice, between 
16 and 24 weeks after transplant, during which a significant population of mature B 

Fig. 12.3   B-cell matura-
tion and function depend 
on the presence of T cells. 
a Dynamic engraftment of 
human lymphocytes in mice. 
The schematic illustrates the 
frequency of T and B cells 
in the spleen following stem 
cell transplantation. The 
functional engraftment is also 
portrayed as the presence of 
mature B cells and human 
IgG. b Correlation of T cells 
with mature B cells in the 
spleen of hu-mice. Each sym-
bol represents data from an 
individual mouse. c Human 
IgM and IgG in sera of indi-
vidual hu-mice relative to the 
presence of engrafted LNs 
in the same mouse. (Panels 
b and c courtesy of ref. [7]; 
pp. 2090–210. Copyright 
2013. The American Associa-
tion of Immunologists)

 



146 J. Lang and R. Pelanda

cells is present in LNs and spleen, and human hematopoiesis is still ongoing in the 
bone marrow. Notably, the dynamic characteristic of B-cell maturation appears to 
be common to hu-mice whether they are generated on a BRG [5, 7, 27] or nonobese 
diabetic, NOD (NSG or NOG, [4, 8, 24, 28–30]; Lang and Pelanda, unpublished 
observations) genetic background. However, when compared to age-matched BRG 
mice, NOD recipients have a slightly higher proportion of mature B cells in the 
spleen (Lang and Pelanda, unpublished observations), most likely as a consequence 
of higher human chimerism and, therefore, cell numbers [31–34]. Nonetheless, the 
B cells in the NOD recipients secrete significantly lower human Ig, particularly IgG, 
suggesting inferior function relative to B cells in BRG mice ([4, 7, 8, 24, 30, 35]; 
Lang and Pelanda, unpublished observations).

In spite of their defective maturation, B cells are over-represented relative to 
other hematopoietic cell types, particularly during the first 16 weeks after trans-
plant. This phenotype is thought to be largely contingent on the inefficient function 
of mouse cytokines on some human hematopoietic cell types [36–39]. B-cell acti-
vating factor (BAFF or BlyS) is considered the most relevant cytokine for B cells 
[40]. In mice, it not only promotes the survival of mature B cells, but it also contrib-
utes to Ig class switch and to the differentiation of immature B cells into transitional 
and mature B cells [41–42]. Mirroring the stages during which BAFF functions, 
the expression of CD268 (BAFF-R) on B cells begins at the immature stage and 
progressively increases throughout differentiation into a mature B cell. Similar to 
B cells in their native hosts, those that develop in hu-mice begin to express CD268 
at the immature cell stage, but the expression remains low on all splenic and LN 
B cells [7]. Schmidt and colleagues have shown that mouse BAFF is abundant in 
hu-mice and, although it binds human CD268, it fails to properly signal [43]. The 
low CD268 expression on human B cells likely represents internalization of the 
receptor upon binding large amounts of mouse BAFF. We have detected human 
BAFF mRNA in tissue of hu-mice at levels that positively correlate with numbers 
of mature splenic B cells (Lang and Pelanda, unpublished observations). In addi-
tion, treatment of hu-PBL mice with human BAFF significantly increases the sur-
vival of mature B cells [43], and BAFF injections into hu-PBL and hu-mice result 
in higher human Ig serum concentrations ([35]; and Lang and Pelanda, unpublished 
observations). Overall, these data suggest that ectopic expression of human BAFF 
may improve the survival and perhaps the generation of mature B cells in hu-mice. 
Efforts are ongoing to develop new recipient mouse strains that express human 
BAFF with the goal of enhancing B-cell maturation and function.

12.6  Necessity of T Cells for the Maturation  
of Human B Cells

The rise of mature B cells in the spleen of hu-mice over time and their unique pres-
ence in LNs suggest that the specific human factors that are responsible for this 
phenotype are produced in a tissue and time-specific manner. T cells were found 
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to gradually accumulate in peripheral lymphoid tissue of hu-mice starting around 
12 weeks after transplant (Fig. 12.3a, [7, 44–45]). These T cells slowly accumulate 
in the spleen and readily populate the LNs along with mature B cells. Notably, 
we have observed a highly significant correlation between T-cell frequency and 
mature B cells in the spleen (Fig. 12.3b). Supporting a model in which T cells 
mediate B-cell maturation, addition of syngeneic, exogenous T cells to hu-mice 
expedites B-cell maturation, while in vivo depletion of T cells retards this process 
[7]. Furthermore, addition of T cells to transitional B-cell cultures also mediates 
B-cell maturation [15].

While detailed reports of B-cell maturation studies in T-cell-deficient mice and 
humans are not available to our knowledge, some studies have shown that pa-
tients with T-cell immunodeficiency display a transitional (cord blood-like) and/
or functionally impaired B-cell phenotype [13, 46–47]. The precise mechanism by 
which T cells contribute to B-cell maturation is an active area of investigation and 
studies with hu-mice will be particularly useful in this context. Some data suggest 
that activation of T cells might play a role in the B-cell maturation process [7, 
48]. CD40, MHC, and T-cell cytokines are initial relevant candidates, although it 
remains possible that the effect of T cells is indirect and B-cell maturation requires 
another cell population that is directly modulated by T cells.

Presently, the correlation between T cell and mature B-cell numbers has practi-
cal implications for the use of hu-mice: the frequency of T cells in the peripheral 
blood can be used to infer the maturation state of B cells and, thus, help select 
proper animals for experimentation [7]. These findings, moreover, may have impor-
tant connotations for cord blood transplantation, which now represents more than 
25 % of all human hematopoietic transplants due to their increased availability and 
reduced HLA-match requirements. The reconstitution kinetics of human cord blood 
transplantation largely mirrors the development of the human immune system in 
mice and include the delayed T cell appearance that is likely responsible for the 
unfortunate high-mortality rate associated with infections. The state of B-cell matu-
ration in these patients has not been studied although the B-cell function is known 
to be reduced [49]. Moreover, a report of improved early B-cell function when cord 
blood is not depleted of T cells [50] is consistent with a role of T cells in B-cell 
maturation. Therefore, the hu-mouse can serve as a model system to characterize 
and test improvements in cord blood transplantations.

12.7  Human Ab Responses in Mice

Analyses of the Ig heavy- and light-chain usage among the human B cells  residing 
in the mouse have confirmed the presence of a diverse heavy- and light-chain 
repertoire, a repertoire that is grossly indistinguishable from that of B cells in hu-
mans [24]. Nevertheless, Ab responses in hu-mice have been reported to be weak 
and sporadic [7, 44, 48, 51, 52]. This defect appears to be partly due to the inef-
ficient maturation of B cells because enhanced immunization responses have been 
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 observed in older hu-mice, which display higher numbers of mature B cells. This 
improvement was significant for IgM and IgG responses to a T-independent antigen 
(e.g., NP-Ficoll) and for IgM responses to a T-dependent antigen (e.g., DTaP) [7, 
44]. T-cell-dependent IgG responses were also slightly improved [7], suggesting 
the presence of both a population of competent B cells capable of Ig class-switch 
and a productive cognate B–T cell collaboration. However, even in the presence 
of T cells and mature B cells, the Ab responses to immunogenic challenges in 
hu-mice remain inferior to those observed in humans and mice. Thus, important 
factors necessary for normal B-cell function and T–B collaboration are still  lacking 
in hu-mice. Our histological studies noted that although the lymphoid tissue of 
animals bearing significant numbers of mature B cells displays an increased colo-
calization of T and B cells, the lymphoid architecture remains abnormal [7], poten-
tially still limiting Ab responses. Another issue relates to the possibility that human 
thymocytes are educated on mouse MHC instead of human HLA antigens, thus 
affecting B–T cell cognate interaction. Indeed, supplying a human MHC class II 
allele [53] or cotransplanting a human thymus [29, 54, 55] enhances T-dependent 
Ab responses in hu-mice. Nevertheless, these responses remain inferior to those in 
intact mice and humans leaving this issue only partly resolved.

In humans and mice, preimmune serum is often used as a control for  immunization 
responses, which is appropriate given the steady state of their immune systems. 
In hu-mice, however, similar to changing B- and T-cell frequencies and function, 
human Ig levels increase with age and differ greatly among individual chimeras 
(Fig. 12.3c, and [56]), providing a challenge for the determination of  antigen-specific 
responses. Comparing Ab responses among hu-mice is complicated by two major 
factors both correlating with sera Ig concentrations: (1) a nonspecific background 
that is measured even in enzyme-linked immunosorbent assay (ELISA) plates that 
are not coated with antigen; and (2) a polyreactive response to antigen, most notably 
of the IgM isotype that is detected in both unimmunized and immunized mice [7]. 
Thus, the exact measure of Ab responses remains a challenge, emphasizing the need 
of a well-controlled, standardized assay to allow comparisons of Ab responses in 
hu-mice among different laboratories.

12.8  Concluding Remarks

The past decade has witnessed an extensive characterization of human B-cell devel-
opment in immunodeficient BALB/c and NOD mice. In these models, the human B 
cells are able to mature, class-switch, and produce Ig to both “natural” antigens and 
immunological challenges. The development of human B cells in the mouse follows 
a similar progression as is observed in human bone marrow, albeit with reduced ef-
ficiency to mature past the transitional B cell stage. This immature state along with 
defective T-B collaboration and localization within secondary lymphoid organs are 
likely responsible for the inferior Ab responses of B cells in hu-mice. Nonetheless, 
there are already many practical applications of the current hu-mice for B cell stud-
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ies, including those of Epstein-Barr virus (EBV) infection [57–59], HIV infection 
[60–61], B-cell depleting therapies [62–63], and production of humanized mono-
clonal Abs [56].

Our current knowledge of human B-cell development and function in the mouse 
is useful for both experimental strategies in this system and for practical applications 
in humans. The hu-mouse model is an excellent system to dissect mechanisms of hu-
man B-cell development, including selection and tolerance. Hu-mice generated with 
fetal or cord blood stem cells may be representative of emerging immune systems, 
such as the case for newborns, cord blood transplantations, and patients recovering 
from immunodepletion therapies (i.e., rituximab). It is well established that immu-
nizations in these circumstances are not as effective as in a stable, adult immune 
system. Thus, this model may be useful to help guide childhood vaccination strate-
gies and treat patients with immunodeficiency, autoimmunity, and transplantation.
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Over the past two decades, reconstitution of human hematopoietic and immune 
systems in mice has been explored using several severely-immunodeficient mouse 
models including NOD/scid, NOG, NSG, or BRG [1, 2]. These parental mouse 
strains have been modified extensively by introducing human genes or replacing 
mouse genes with the corresponding human genes [3]. These models are currently 
utilized in many fields of research, and the establishment of such humanized mice 
has resulted in various advances including engraftment of human hematopoietic 
stem cells (HSCs) [4], differentiation of multiple lineages of human cells [5, 6], and 
enhancement of immune responses [7–9]. However, for improved application of this 
technology, it is important to recognize several immunological features intrinsic to 
humanized mice and to consider carefully the choice of mouse strains. This chapter 
describes the properties of human B and T lymphocytes that develop and constitute 
major subpopulations in NOG mice transplanted with HSC (huHSC-NOG).

B lymphocytes Development of human B lymphocytes in NOG mice can be 
detected in peripheral blood at ~ 4–6 weeks after HSC transplantation [10]. In con-
ventional NOG mice, most human CD45+ cells in the peripheral blood are CD19+ B 
cells, and this population rapidly increases 2–3 months after HSC transplantation. 
However, as development of human T cells becomes evident after 3 months, the 
frequency of B cells decreases gradually compared to those observed at early time 
points.

The phenotype of human B cells in huHSC-NOG mice generally resembles that 
of B cells from healthy human donors [11]. In spleen, CD19+ cells comprise mainly 
IgM+IgD− and IgM+IgD+ cells. The phenotype of the IgM+IgD− population is simi-
lar to that of immature B cells in bone marrow, whereas the IgM+IgD+ B cells seem 
to represent more mature B cells. Along with T-cell differentiation, the phenotype of 
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Fig. 13.1   Schematic of immune responses by human B and T cells in humanized mice. Human B cells 
develop in mouse bone marrow ( BM). However, differentiation of most B cells is blocked around the 
transitional stages (T1–T3) before reaching mature follicular cells (FO). T cells are positively selected 
in the thymus in a process that depends largely on the mouse major histocompatibility complex (MHC). 
After migrating into the periphery, T cells are subjected to lymphopenia-induced proliferation ( LIP), 
which might result in loss of T-cell function. In the case where human leukocyte antigens (HLAs) are 

 



IgM+IgD+ B cells becomes more mature, resembling that of follicular B cells from 
normal humans [12], and a few CD27+ memory B cells appear in the late period af-
ter HSC transplantation. However, there are significant differences between human 
B cells from donors and human B cells expressed in huHSC-NOG mice. The most 
prominent differences are the high CD5 and low CD21 expression levels in B cells 
from huHSC-NOG mouse, suggesting incomplete differentiation of human B cells 
in humanized mice (Fig. 13.1) [13, 14].

Regarding immunological function, human B cells from huHSC-NOG mice 
 produce IgG in vitro in response to mitogen and anti-CD40 antibody stimulation 
in the presence of IL-21, suggesting that the class-switching molecular machinery 
is functional [14]. In addition, in vitro stimulation of human B cells from huHSC-
NOG mice induces the expression of activation-induced deaminase (AID), a critical 
molecule for class-switching and somatic hyper mutation (SHM) [14].

B-cell function in hu-HSC NOG mice has been evaluated in a number of stud-
ies in vivo, with differing results. Initial experiments demonstrated that B cells 
could respond to various antigens, and that the specific antibodies produced were 
 IgM-dominant, with rare instances of IgG [15, 16]. Thus, it was assumed that 
 human T cells and B cells did not interact; i.e., most human T cells were positively 
selected by mouse major histocompatibility complex (MHC) in the mouse thymus 
and could not recognize peptide-human leukocyte antigen (pHLA) complexes on 
human B cells. To circumvent the mismatch of MHC-restricted T cells and pHLA 
on B cells, several HLA-DR transgenic NOG or NSG mice were generated [8, 9]. 
Reconstitution of these mice with HSC revealed that an IgG response was possible 
when the HLA-DR haplotype was matched between donor HSC and recipient mice, 
suggesting that humoral immune responses can be mediated in human-HSC trans-
ferred mice, albeit with limited magnitude.

Affinity maturation of antibodies is another important aspect of humoral 
 immunity. However, due to the weak IgG response in huHSC-NOG mice, affinity 
maturation of antibodies has not been detected in humanized mice. It should be 
noted that conventional humanized mice have poorly organized follicular structure 
in the secondary lymphoid organs and germinal centers (GC; Fig. 13.1). Given the 
key role of GCs in B-cell response, this defect raises the concern of whether naive 
B cells can differentiate into memory B cells or plasma cells in humanized mice in 
a manner similar to differentiation in the human lymph node (LN) or spleen. These 
potential similarities require further clarification.

T lymphocytes Human T cells appear in the peripheral blood in huHSC-NOG mice 
at about 3 months post-HSC transplantation [10]. However, human T cells do not 
develop in athymic nude NOG mice (nu/nu NOG) (T.T. unpublished data), suggest-
ing that the thymus in the recipient mouse is required for T-cell development. Most 
human thymocytes in huHSC-NOG mice are positively selected by mouse MHC, 
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matched between the hematopoietic stem cell (HSC) and recipient mouse, T cells can be activated in 
an HLA-restricted manner and differentiate into effector cells, which can support class-switching in B 
cells. No clear evidence has suggested germinal center ( GC) formation or differentiation of antigen-
specific memory B ( MB) cells and plasma cells ( PC), which are represented by shading
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as evidenced by the fact that the number of CD8+ or CD4+ human T cells is reduced 
in beta-2-microglobulin (β2m)- or I-Aβ-deficient NOG mice [14], respectively. The 
development of a few human T cells in these MHC-deficient mice suggests that 
human thymocytes could differentiate into mature T cells in a thymic epithelial 
cell (TEC)-independent manner. Developing thymocytes in close proximity might 
provide HLA signals to facilitate maturation [17].

T-cell-mediated immunity in huHSC-NOG mice has been investigated in several 
reports using virus infection, including immune responses against Epstein-Barr virus 
(EBV) [15, 18]. Interestingly, mice that harbored solely human B cells developed 
 B-cell lymphoma, whereas animals with both human B and T cells were protected 
from the development of B-cell lymphoma [15, 19]. In these animals, EBV-specific 
CD8+ cytotoxic T lymphocytes (CTL) were detected by the specific HLA tetra-
mer [20], and they produced cytokines in response to in vitro exposure to an EBV-
transformed autologous B-cell line [18, 19]. These results suggest that human CD8+ 
T cells developed in humanized mice have sufficient function to eradicate EBV. 
 Considering that positive selection of human thymocytes depends on mouse MHC, 
it is curious that human CD8+ T cells in huHSC-NOG mice can recognize EBV-
derived antigens presented on HLA. One explanation is that a significant number of 
human CD8+ T cells are positively selected through a TEC-independent mechanism, 
as described above. Recently, class I-HLA (HLA I)-expressing NSG mice were de-
veloped. In these animals transplanted with HLA haplotype-matched HSC, human T 
cells showed much clearer HLA-restricted immune responses, suggesting functional 
human CD8+ T cells are maintained in the mouse environment [7, 19].

Regarding CD4+ T cells, initial experiments using conventional NOG mice failed 
to show evidence of humoral immune responses since antigen-specific IgG is rarely 
produced by immunization or infections. HLA-DR-expressing transgenic NSG or 
NOG mice were capable of mounting successful IgG responses with HLA-matched 
HSC-transplantation, suggesting that human CD4+ T cells in humanized mice can 
be activated in an antigen-specific manner and are able to exert helper function 
to B cells through pHLA and TCR interactions [8, 9]. In our hands, T cells from 
HLA-DR4 transgenic I-Aβ−/− NOG mice differentiated into IFN-γ-producing Th1 
cells or IL-4-producing Th2 cells in response to in vitro stimulation (T.T.,  manuscript 
in preparation). Thus, human CD4+ T cells in the mouse environment maintain the 
ability to differentiate into various lineages of effector cells. Likewise, differentia-
tion into other effector lineages such as Th-17 or inducible regulatory T cells (iTreg) 
would be possible when the appropriate cytokine milieu is provided in mice.

It should be emphasized that T-cell homeostasis in humanized mice is not physi-
ologically similar to that in normal humans. For example, a study using BRG mice 
showed that the human T cells were quickly labeled by BrdU [21]. In addition, 
the CD45RA+CD62Lhinaive (Tn) T-cell phenotype in huHSC-NOG mice rapidly 
changed to the CD45RO+CD62Llo effector/memory (TEM) phenotype to produce 
abundant IFN-γ[9], and the accumulated TEM-like cells did not proliferate or produce 
IL-2 in response to in vitro stimulation [14]. These studies suggest that human T 
cells in humanized mice are under strong pressure of lymphopenia (Fig. 13.1). Under 
extreme lymphopenic conditions, such as those found in NOG mice, a few human 
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T cells emigrate from the atrophic thymus and massively proliferate in response to 
an excessive amount of antigenic and cytokine signals. This lymphopenia-induced 
proliferation might be responsible for the reported impairment of T-cell function in 
conventional huHSC-NOG mice. Importantly, the phenotypes of human T cells in 
humanized mice are similar to those in patients with impaired thymopoiesis who had 
received cord-blood transplantation [22].

The bone marrow/liver/thymus (BLT) model might provide clues to the neces-
sary components for reconstitution of a naive T-cell pool in huHSC-NOG mice [23]. 
In this animal, the T-cell phenotype resembles that of normal human T cells; i.e., a 
relatively high frequency of Tn cells is maintained. One prominent difference be-
tween the NSG- or NOG-based model and the BLT mouse is the size of the thymus. 
As mentioned previously, atrophy of the thymus in NOG mice is so severe that the 
number of human thymocytes in huHSC-NOG mice does not usually exceed 107. 
In contrast, the thymus/liver (Thy/Liv) organoid transplanted in a kidney capsule 
contains more than 108 cells [24]. Therefore, the enormous supply of T cells from 
the Thy/Liv organoid might help maintain Tn cells in BLT mice. Another difference 
between the two models is the presence or absence of LNs. LN development and 
LN number are significantly impaired in NSG or NOG mice [25], whereas NOD/
scid mice, on which BLT mice are generated, have a normal number of LNs. This 
difference is attributable to the γc-deficiency in the former since the absence of 
IL-7-signal causes a significant decrease in lymph-tissue inducer cells (LTi) [26]. 
Considering that LNs produce growth factors including IL-7, the decreased LN 
number may affect human T-cell homeostasis. Thus, restoring LN development in 
γc-deficient mice is an intriguing approach to improving the naive T-cell pool.

The quality of quasi-human immune systems in humanized mice has been 
 improved markedly by the introduction of human genes. Regarding acquired im-
munity, it is noteworthy that the development of human myeloid cells, including 
dendritic cells or macrophages, was greatly enhanced in human TPO-knock-in (KI) 
mice [6], human IL-3/GM-CSF KI mice [5] and IL-3/GM-CSF transgenic mice [27]. 
These myeloid cells will support human lymphocyte function. Additionally, various 
HLA-transgenic mice are useful for inducing HLA-restricted immune responses in 
the mouse environment. In the near future, integration of these multiple strains will 
enable the recapitulation of human immune responses in the mouse environment. 
Development of these animal models may lead to therapeutic approaches to the 
treatment of chronic diseases such as HIV-infection or autoimmune diseases.
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14.1  Introduction

Natural killer (NK) cells were initially identified by their ability to spontaneously 
lyse tumor cells without prior activation, and early efforts focused on understanding 
the mechanisms controlling NK cell cytotoxic activity. It was later learned that NK 
cells use germ line-encoded inhibitory and activating NK cell receptors that distin-
guish self-MHC from “altered,” “stressed,” or nonself-MHC molecules expressed 
at the cell surface. Thus, NK cells and adaptive lymphocytes use fundamentally dif-
ferent strategies to detect invading pathogens, with NK cells surveying self MHC 
for alterations, as opposed to B and T lymphocytes that detect foreign pathogens or 
pathogen-derived peptides, respectively.

The essential role of NK cells in antiviral defense is demonstrated by the in-
creased susceptibility to infections (particularly herpes and papillomavirus) ob-
served in NK cell-deficient patients [1]. Upon infection, MHC class I expression 
is downmodulated on the infected cells, and as such, become targets for NK cell 
immunosurveillance. Some viruses have evolved mechanisms that allow their po-
tential escape from NK cell recognition. These include virus encoded proteins that 
complex and inhibit ligands for NK cell activating receptors, as well as proteins that 
interfere with soluble factors required for the inflammatory response. In contrast, 
cellular transformation is more generally associated with the inducible expression 
of “stress” proteins that are recognized by activating receptors, such as NKG2D.

Silvia Lopez-Lastra has contributed equally to this chapter.
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Only a fraction of peripheral NK cells (in mice or man) truly act as “natural kill-
ers,” while most NK cells possess additional effector molecules that allow them to 
modify cells within their microenvironment. These include soluble cytokines and 
chemokines that can amplify immune recognition via upregulation of MHC mol-
ecules on target cells (IFN-γ), activate neutrophils (TNF-α), recruit hematopoietic 
cells (GM-CSF), and potentially suppress the inflammatory response (IL-10). Thus, 
NK cells are involved in different steps of the immune response (detection, first-line 
defense, and subsequent amplification), they interface directly with cells involved 
in the adaptive immune responses (dendritic cell cross-talk), and they are poten-
tially involved in the regulation of autoimmunity.

14.2  NK Cells in Mice and Man

14.2.1  NK Cell Development: A Stepwise Transcriptional 
Process that Generates Diverse Functional Subsets

The development of fully differentiated NK cells from pluripotent hematopoietic 
stem cells (HSCs) is controlled by the integrated influence of cytokines and growth-
regulatory molecules that promote proliferation together with transcription factors 
(TFs) that activate or repress lineage-specific gene expression [2]. The result is 
a stepwise transformation that is accompanied by an evolving pattern of receptor 
expression whose combined signals control the acquisition of NK cell functional 
responses [3]. Three main stages of maturing NK cells can be recognized: (1) NK 
cell precursors (NKP) that are committed to the NK cell lineage, (2) immature NK 
(iNK) cells that are acquiring phenotypic and functional competence, and (3) ma-
ture NK (mNK) cells that have completed the developmental process.

The process by which a hematopoietic stem cell (HSC) becomes a committed NKP 
is perhaps the most poorly characterized in terms of receptor expression and transcrip-
tional activity. Recently, this stage has been refined with the use of reporter mice and 
additional cell surface markers that define developmental intermediates between the 
common lymphoid progenitor (CLP) and a “refined” NKP with potential to give rise 
to only NK cells [4–6]. In contrast, human pro-NK (CD34+CD38+CD45RA+CD7+) 
and pre-NK (CD34+CD45RA+CD117+CD94−CD122+) subsets retain some multi-
lineage potential suggesting that these are not homogeneous populations of human 
NKP [7, 8].

The transcriptional activity that restricts NKP potential to the NK cell lineage is 
not fully understood. The inhibitor of DNA binding 2 (Id2) is critical for NK devel-
opment by preventing the transcriptional activity of E box TFs [9]. Still, this is not 
sufficient to ensure NK cell lineage development, since Id2 is also required to gen-
erate distinct innate lymphoid cell (ILC) subsets from CLP [10]. Presumably a com-
bination of TFs are involved that may include Tox (Thymocyte selection-associated 
HMG TOX protein), T-bet (Tbx21), and Eomesodermin (Eomes) [11, 12]. Recently, 
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Ets1 has emerged as an early regulator of NK precursor development controlling 
Id2 and Tbx21 expression [13]. It is perhaps through combinatorial TFs expression 
that the NK lineage diverges from CLP. This initial TFs profile may also encode 
cytokine receptors, such as CD122, required for IL15 responsiveness.

The transition from NKP to iNK cells generates cells with partially mature NK 
phenotypes, that lack cytotoxic and INF-γ secretion capacities. In the mouse, this 
stage is marked by acquisition of NK1.1 and NKp46, while in human NK cells 
this involves upregulation of CD56 and NKp46 expression [14]. Several TFs are 
expressed in iNK cells, including the nuclear factor induced by IL-3 (Nfil3/E4bp4) 
[15–17] and Tox [18], but little is known about how these TFs control NK cell 
maturation, surface expression, and functionality. Gata3 plays a role in NK cell dif-
ferentiation at this stage by regulating cytokine production [19].

The terminal differentiation of mNK cells is marked by the acquisition of DX5/
CD49b in mice, whereas in humans, this stage is achieved with the generation of 
CD56hiCD16− and CD56+ CD16+ NK cell subsets. In both species, mature NK 
cells express receptors of the CD94/NKG2C family and also variable and stochas-
tic expression of MHC class I-specific NK cell receptors (KIR in human, Ly49 in 
mouse). Many of these inhibitory receptors are involved in sensing target cell MHC 
expression and are critical regulators of NK cell maturation in the bone marrow 
and activation in the periphery. The mechanism behind the “education” process 
that generates KIR/Ly49 repertoires remains one of the unsolved enigmas in NK 
cell biology. Other surface molecules involved in processes such as cell adhesion 
and activation increase expression on mature NK cells compared to iNK, includ-
ing CD11a, CD11b, CD16, and CD43. The functional capacity of NK cells also 
increases as cells progress to mNK: perforin, granzymes, cytokines (IFN-γ, TNFs), 
concomitantly with an upregulation of Blimp1, Eomes, Tbx21, MITF, MEF, and 
CEBP-γ. While not all TF/target gene associations are completely understood, both 
Blimp1 and Tbx21 appear to directly regulate cytokine, perforin, and granzymes B 
production [11, 20].

14.2.2  Roles for Cytokines in NK Cell Development  
and Function

NK cell differentiation is regulated by several distinct cytokines among which 
the common γ-chain-dependent cytokines have a decisive role. In particular, IL-
2, IL-7, and IL-15 display specific and overlapping roles in the generation and 
maintenance of NK cell and may have a differential impact on the development 
of specific NK subsets [21]. Studies have shown that CD56hiCD16− NK cells 
in man express the high affinity trimeric IL-2Rαβγ receptor and are exquisitely 
sensitive to low levels of IL-2, whereas CD56+ CD16+ NK cells in man and all 
NK cells in mice express the intermediate affinity IL-2Rβγ complex and can 
only be triggered by higher (nonphysiological) levels of IL-2 [22–24]. More-
over, mice or humans deficient of IL-2 or IL-2Rα do not have apparent defect in 
peripheral NK cell reconstitution [25–27]. These studies indicate that IL-2 may 
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have a dose-dependent effect on the maturation and function of peripheral NK 
subtypes, but does not play a role in mainstream NK cell development in either 
species. IL-15 exerts its effects via “trans-presentation” by soluble IL-15Rα or 
through membrane-bound IL-15Rα to cells expressing the IL-2Rβγ complex 
[28–35]. In contrast to IL-2, mice deficient for IL-15 or IL-15Rα have defects in 
NK population, which confirms the primary role of IL-15 for the development 
and homeostasis of NK cells [36, 37]. Abundant granzyme B and perforin can 
be produced from prestored mRNA in NK cells after stimulation of IL-2 or IL-
15 to increase NK cell-mediated cytolytic activity [38, 39].

Unlike IL-2 and IL-15, IL-7Rα is not expressed by most circulating NK cells. 
However, a subset of NK1.1+ cells in murine thymus expresses IL-7Rα as do the hu-
man CD56hiCD16− subset [40, 41]. Mouse CD127+ NK cells distinguish themselves 
from classical NK cells by their dependency on IL-7 and GATA-3, and display high 
cytokine secretion potential but low cytolytic activity. Whether IL-7 can boost the 
homeostasis of NK cell subsets in vivo remains to be tested.

Apart from common γ-chain-dependent cytokines, many other cytokines can 
function to regulate mature NK cell responses. For example, IFN-α/β is known 
to induce cytolytic activity of NK cell during viral infections, IL-12 and IL-18 are 
potent stimulators of IFN-γ secretion, and IL-27 can promote “regulatory” activity 
(IL-10) from human NK cells [42]. In addition, negative regulators of NK cell func-
tion likely include IL-10, TGF-β and in some cases, type I interferons [43].

14.2.3  Mechanisms of NK-Cell-Mediated Responses

The major effector functions of NK cells (cytotoxicity and cytokine secretion) are 
controlled through an integration of signals that arise from an array of activating and 
inhibiting receptors and the presence of pro-inflammatory cytokines. The inhibitory 
receptors, encoded by the killer Ig-like receptor (KIR) multi-gene family in humans 
and the C-type lectin-like genes family (Ly49) in mice, are responsible for the MHC 
“self-tolerance” through recognition of host MHC class I molecules (HLA in hu-
mans) [44]. Loss of inhibition allows the subsequent activation of the “educated” 
NK cells in immune responses (“missing-self hypothesis”). Rarely the situation is 
“black and white” with complete loss of MHC expression. More often, it is the bal-
ance between activation and inhibition that determines the outcome. For example, 
when a NK cell recognizes a stress- or infection-induced ligand via an activating 
receptor (such as CD16, NKG2D, or natural cytotoxicity receptors NKp30, NKp44 
and NKp46) in a low MHC-I expression setting, the NK cell becomes activated 
and the “killing machinery” is engaged. This involves the exocytosis of cytotoxic 
granules containing perforin and granzymes via an immunological synapse. Ad-
ditionally, small peptides and the pro-apoptotic molecules Fas ligand and TRAIL 
(TNF-related apoptosis-inducing ligand) may also be delivered. These induce a 
death-inducing signaling complex that leads to the induction of caspase-mediated 
apoptosis [45, 46].
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NK cells bear the CD16 receptor (Fcγ RIIIa) for IgG and can mediate antibody-
dependent cellular cytotoxicity (ADCC) especially against antibody-coated tumor 
cells. CD16 engagement triggers NK cell activation, cytokine production, and de-
granulation that lead to target cell lysis. Some HIV-specific peptides have been 
proposed as possible ADCC targets for a NK cell-based vaccine, as reviewed below, 
as well as, epitopes unregulated during tumorigenesis [47].

Human and mouse NK cells are responsive to soluble factors present in the en-
vironment, such as IL-12 and IL-18, that lead to robust secretion of IFN-γ, TNF-α, 
granulocyte macrophage-colony-stimulating factor (GM-CSF), IL-10, and IL-
13 [48]. Some subsets of NK cells appear more responsive in this respect (CD-
56hiCD16− human NK cells, CD127+ mouse NK cells), but it should be stressed 
that production of certain cytokines (for example IFN-γ) appears to be a general 
property of all NK cells. The cytokine-mediated activation of NK cells shapes the 
subsequent recruitment and function of other hematopoietic cells. As an example, 
during infection NK cells regulate CD4 T cell-mediated support for the antiviral 
CD8 T cells as well as recruitment and activation of myeloid cells [49, 50].

Several observations from in vitro experiments and studies with mouse models 
as well as with tumor and transplantation patients confirmed the regulatory effect of 
Treg cells on NK cell activity. Treg cells inhibit NK cell proliferation, cytotoxicity 
and IFN-γ secretion [51] that may be counteracted by the accumulation of IL-15Rα 
expressing DCs, or by an IL-2-dependent signal [52]. Another possible player in 
the crosstalk network around NK cells are neutrophils [53], although the extent to 
which these two cell types cross-regulate activities in vivo remains unknown.

14.3  NK Cells in HIV Infection

14.3.1  NK Cell-Mediated Control of HIV Infection

NK cell-mediated innate immunity appears to play a pivotal role in restraining HIV-
1 viral replication at earlier stages of infection as demonstrated by the correlation 
between the levels of viremia observed in patients and the expression of specific 
combinations of KIR-MHC class I alleles [54]. Moreover, increased NK-cell medi-
ated responses have been documented in sero-negative exposed individuals com-
pared to healthy and HIV-1-positive patients [55]. In general, an increase in CD56+ 
CD16+ subset and a reduction in CD56hiCD16− NK cells are observed early in HIV-
1 infection. As the infection becomes chronic, Siglec-7 expression on NK cells in-
creases, followed by the emergence of a population of functionally anergic NK cells 
that are CD56− and present increased expression of inhibitory receptors [56, 57]. 
These observations suggest that “exhausted” NK cell phenotypes can result from 
excessive activation in the context of prolonged virus replication.
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The putative mechanisms that NK cells use to restrict HIV replication are not 
fully elucidated. Both cytolytic and secretory mechanisms are possible, including 
granule-mediated lysis of virally infected target cells and/or production of soluble 
factors that limit viral spread. Along the latter, NK cells can produce CC-chemokine 
ligand 3 (CCL3), CCL4, and CCL5, all of which are ligands for CCR5 co-receptor 
required for HIV entry [58].

For many years, the focus of research has been on the identification of viral 
proteins or epitopes that could be targets for elimination of virally infected cells 
by ADCC. However, the wide variety of viral strains complicates the identification 
of conserved structures capable of triggering a robust and broadly reactive ADCC 
response.

Epidemiological studies have delved into the importance of KIR-HLA interac-
tions in the NK cell-mediated control of HIV, which is already extensively appreci-
ated for T-cell responses, however, there is not yet complete consensus regarding 
the specific allele variants associated with better HIV-1 disease outcomes [59.

14.3.2  Viral Evasion and Modulation of NK Cell Phenotype  
and Function in HIV-Infected Patients

NK cell function in HIV-infected patients has been shown to be defective in many 
respects. One direct mechanism by which HIV can directly modulate NK function 
is through its viral proteins. HIV protein Tat inhibits NK-mediated cytolysis by 
blocking calcium channel activity. This in turn inhibits the cytolytic capacity of 
NK cells through two distinct mechanisms: reduced degranulation and inhibition 
of FasL upregulation [60, 61]. Another example concerns the HIV envelope protein 
gp120. Binding of gp120 to CXCR4, constitutively expressed on NK cells, can 
induce autophagy leading to NK cell death [62].

While many viruses downregulate MHC class I molecule during infection, HIV-
infected cells retain relatively normal levels of MHC class I molecules. Instead, 
HIV protein Nef, selectively reduces expression of HLA-A and HLA-B that are 
mainly used to present viral peptides to cytotoxic T cells. In contrast, Nef does not 
modify expression of HLA-C and HLA-E molecules that serve as ligands for inhibi-
tory NK cell receptors [63–65]. Nolting et al. reported that chronic HIV-1 infection 
is associated with a specific defect of NKG2D-mediated NK cell activation, due 
to elevated levels of the soluble (shed) MICA that are released by HIV-1-infected 
CD4+ T cells into patient sera. Increased serum MICA results in NKG2D down-
regulation and a profound dysregulation of NK cells effector functions [66]. Hence, 
by differentially modulating HLA molecules and NKG2D ligands on infected cells, 
HIV escapes from most antiviral activities mediated by CD8 T cell and NK cells.

HIV infection perturbs the expression of activating and inhibitory receptors 
on NK cells resulting in the modulation of NK cell function. For example, NK 
cells from HIV-infected patients have increased expression of receptors like CD94, 
CD161, and KIR2DL1 [67, 68], and decreased expression of NKp44 and 2B4 [69, 
70]. The molecular mechanisms that generate NK receptor expression modulation 
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during HIV infection remain unknown. Possible causes include HCMV coinfection 
or chronic activation of immune system following loss of containment of gut com-
mensal flora.

NK cell activation can be modulated by a “cross-talk” between NK cells and 
other immune cells, especially dendritic cells. pDCs are the major type I IFN-pro-
ducing cells during viral infection, and IFN α/β primes NK cells for cytolytic ac-
tivity. During the course of disease, HIV-infected pDC are progressively depleted 
resulting in a decrease of IFN-α levels [71, 72]. This may be one mechanism be-
hind the suppression of NK-mediated lysis of autologous-infected CD4+ T cells in 
HIV-infected patients. “Classical” cDC from HIV patients produce less IL-12 and 
subsequently fail to activate NK cells for IFN-γ and TNF-α secretion [73, 74]. Saidi 
et al. demonstrated that the cytokine high mobility group box protein 1 (HMGB1) 
plays a role as an immune “alarmin” during HIV infection [75]. HMGB1 is an en-
dogenous danger signal produced by innate effectors such as NK cells, which can 
be released during states of cellular stress or damage. HMGB1 normally promotes 
the NK-DC cross talk but, in the context of chronic HIV infection, triggers viral 
replication in DC and blocks NK-mediated killing of infected DC thus contribut-
ing to viral persistence [76]. Increased levels of circulating HMGB1 are detected 
in HIV-1-infected individuals and are associated with high viral loads [77]. Finally, 
FoxP3+ Tregs can suppress both T and NK cell responses, and increased numbers 
of activated Tregs have been observed in HIV patients [78]. Treg suppression of 
NK cell function may be mediated by TGF-β-dependent NKG2D downregulation 
[79]. Moreover, circulating levels of other immunosuppressive cytokines (like IL-
10) are increased in HIV-infected patients [80]. Collectively, the dysregulated NK 
cell “cross talk” results in reduced NK cell functions and an inefficient antiviral 
response during chronic HIV infection.

While it is generally assumed that NK cells play a critical role in the control of 
HIV infection, in some cases, a paradoxical role for NK cells in promoting HIV 
replication or pathology has been observed. A conserved peptide in gp41 (called 
3S) can induce the expression of NKp44 ligands (NKp44L) on noninfected CD4+ T 
cells rendering them targets for NK cell elimination [81]. Nef can inhibit NKp44L 
expression thereby protecting infected CD4+ T cells from NK cell lysis [82]. Block-
ing NKp44L expression by anti-3S antibodies protects autologous CD4+ T cells in 
SHIV-infected macaques from NK cell cytotoxic activity, and can preserve CD4 
central memory T cells [83]. Viral proteins may, therefore, reconfigure innate im-
mune cell function to promote viral persistence.

14.3.3  Advances in HIV Therapies that Target NK Cells

In the past three decades, tremendous efforts have been devoted to create an ef-
ficient vaccine to combat HIV. The discovery of new broadly neutralizing Abs and 
vector-based vaccines to induce cell-mediated immunity provide hope; however, 
we still lack an efficient vaccine that can induce HIV-specific adaptive immunity. 
In recent years, the role for innate immune responses, and especially those medi-
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ated by NK cells, in the early resistance to HIV and in the control of persistent 
infection have been extensively studied. While HAART treatment can provide an 
important degree of viremic control, NK cell numbers and functions are generally 
not normalized during treatment suggesting the existence of additional mechanistic 
deficiencies [80, 84–86].

Several new approaches have been proposed to restore NK cell function in HIV-
infected individuals. Expression of inhibitory receptors on NK cells increases in 
HIV-infected patients, and blocking these receptors with mAbs or small molecule 
compounds may help increase NK cell activation. Indeed, mAb masking of inhibi-
tory KIRs increases the cytolytic activities against autologous-infected cells [87]. 
Still, NK cells may be generally activated by this approach, and potential side ef-
fects need to be carefully assessed before use in HIV patients.

As cytokine levels are dysregulated in HIV-infected patients, exogenous delivery 
of IL-2, IL-15, and/or IFN-α/β may help boost the NK cell homeostasis and func-
tion. In particular, IL-2 has been approved clinically as a therapy to treat metastatic 
melanoma and renal cancers [88]. Although the treatment is associated with dose-
dependent toxicity, anti-tumor NK and cytotoxic T cell responses are significantly 
improved. Still, immune cells are activated and Tregs are expanded during IL-2 
treatment [89], so this treatment may lead to increased HIV infection and higher 
viral load. The combination of HAART and low-dose IL-2 treatment may mini-
mize the viral production while enhancing the antiviral activities. IL-15 also holds 
promise as an adjuvant for HIV therapy. Compared to IL-2, IL-15 is less toxic and 
has lower mitogenic potential [90]. IL-15 inhibits apoptosis of NK and CD8 T cells 
from HIV-infected patients by upregulating the expression of Bcl-XL. However, 
recent animal study suggests that although transient stimulation of IL-15/IL-15Rα 
complexes in vivo induces NK cell proliferation and activation, prolonged stimula-
tion may impair NK phenotype and function [91].

14.4  Human Immune System (HIS) Mice: A Tool to Study 
Human NK Cell Biology In Vivo

14.4.1  Human NK Cell Reconstitution in HIS Mice

Given the central role of NK cells in maintaining immune homeostasis and for 
immune responses during infection, inflammation, and cancer, an in vivo model 
that can allow a better understanding of human NK cell development and function 
has multiple applications. Human immune system (HIS) mice are generated after 
transfer of human CD34+ cells into suitably conditioned immunodeficient mice; 
several different HIS mouse models are available and the reader is referred to re-
cent reviews that describe these models in detail [93]. Most HIS mice demonstrate 
clear evidence of multilineage human hematopoietic reconstitution, with strong de-
velopment of lymphoid cells and lower levels of myeloid cell reconstitution. Still, 
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within the lymphoid lineage, not all lymphocyte subsets are reconstituted with equal 
efficiency. Human B and T cells are in general, well represented in HIS mice. In 
contrast, human NK cell reconstitution, as well as other innate lymphocyte subsets 
(γδ T cells, NK-T cells) remain relatively low in these models.

Despite the low levels of NK cell reconstitution, several studies managed to 
characterize the phenotypes and functions of the few NK cells that develop in NOD-
based (NOG and NSG) HIS mice. Human NK cells are present in bone marrow and 
spleen of reconstituted NOG mice, and show cytolytic function against K562 tumor 
cells at high effector to target (E:T) ratios [94]. Human NK cells from CD34+-trans-
planted NSG mice and supplemented with human IL-7 were generated that lack the 
surface expression of inhibitory receptors like KIRs. Most of these human NK cells 
displayed a CD56hiCD16− phenotype and appeared functionally inert as they failed 
to kill K562 cells at low E:T ratios and only poorly produced IFN-γ after stimulation 
[95]. Another study showed that almost half of NKp46+ NK cells in NSG mice are 
CD56− and require in vivo or in vitro activation to become CD56+ [96].

Similarly, systemic NK reconstitution in BALB/c Rag2−/−Il2rg−/− (BRG) recipi-
ents is poor in terms of absolute numbers of CD3-NKp46+ cells [30], [97, 98]. Hu-
man NK cells from BRG mice express NKp46, NKG2D, CD122, CD94/NKG2A, 
and CD161 similar to their native human counterparts; however, the frequency of 
KIR+ NK cells is reduced. Despite this difference, human NK cells in BRG mice 
appear functionally competent and degranulate when cocultured with tumor cell 
lines [30, 99].

In the NOD–SCID–bone marrow–liver–thymus model (BLT mice), T cell devel-
opment is prominent and highly efficient due to T cell education in a human thy-
mic microenvironment. This results in a systemic T cell reconstitution (lymphoid 
and nonlymphoid tissue, including gut, salivary glands, skin) that generates strong 
adaptive T cell responses. Nevertheless, NK cell reconstitution in BLT mice is still 
poor in terms of number of CD3-CD56+ NK cells [100].

14.4.2  Approaches to Improve Human NK Cell Reconstitution 
and Function in HIS Mice

NK cells represent 10–15 % of lymphocytes in human blood, whereas in the current 
HIS models CD56+ NK cells rarely exceed 1–3 % of the human CD45+ cell gate. 
Multiple mechanisms may explain the poor human NK cell reconstitution and func-
tion in HIS mouse models. One possibility is that IL-15 availability differs in the 
different recipient strains. NOD mice have a defective IL-15 allele, which normally 
contributes to mouse NK cell defect in this strain and might also affect human NK 
cell development in NSG HIS mice [101]. While the IL-15 allele in the BALB/c 
background is functional, the levels of human NK cells in BRG HIS mice are not 
dramatically improved compared to NSG HIS mice. This observation raises the 
intriguing possibility that mouse IL-15 might not be the driving force behind human 
NK cell development in HIS mice. While mouse IL-15 can cross-react weakly with 
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human cells [30], human IL-15 is more efficient in stimulating IL-15-reponsive 
lymphocytes. Interestingly, in vivo neutralization of mouse IL-15 had little effect on 
human NK cell homeostasis in HIS mice, whereas blocking human IL-15 strongly 
reduced human NK cell development [30]. Moreover, exogenous treatment of HIS 
mice with human IL-15 was shown to strongly improve human NK cell develop-
ment and function in HIS mice [30, 98, 102].

Another difference in HIS models involves the host macrophage response to 
xenografted cells. SIRPα is an inhibitory receptor expressed by macrophages that 
recognizes CD47 expressed on most nucleated normal cells [103]. The interaction 
between SIRPα and CD47 delivers a “Do not eat me” signal to the macrophage and 
thereby protects the CD47+ target cell from phagocytosis. Human CD47 poorly 
interacts with most mouse SIRPα alleles, although in NOD mice, SIRPαNOD binds 
human CD47 with high affinity and provides a mechanism to explain the higher 
reconstitution of human xenografts in NOD-based immunodeficient mice [103]. As 
such, another possible reason for the poor human NK cell development in BRG HIS 
mice could be the enhanced phagocytosis of human NK cells due to poor SIRPα–
CD47 interactions. This hypothesis has been tested using three different approach-
es: forced expression of mCD47 on human cells before reconstitution of BRG mice, 
creation of BRG SIRPαNOD congenic mice and creation of BRG hSIRPα transgenic 
mice [104, 105]. In all these cases, human NK cell numbers are increased signifi-
cantly but the frequencies of these cells are still low compared to that observed in 
human peripheral blood. Clearly additional mechanisms play a role in this process 
and further work is required in this area.

A plethora of hematopoietic and nonhematopoeitic cells intimately regulate NK 
cell development and function. NK differentiation involves the interaction of NK 
cells with stromal cells and DC, pDC, Treg, and myeloid cells [106–108]. However, 
many of these cell types are not efficiently reconstituted in HIS mice, and stromal 
cells are by definition of mouse origin in the HIS model. Studies have shown that 
distinct cytokines can selectively boost the engraftment of DC and Tregs in HIS 
mice [102, 109, 110]. In the future, it will be interesting to systematically study the 
effects of diverse human cytokines (alone or in combination) for NK cell homeosta-
sis and function in HIS mouse; for these studies, hydrodynamic injection may offer 
a flexible approach to rapidly test cytokine effects.

14.4.3  Future Development of HIS Mice to Study NK Cell 
Responses in HIV Infection

HIV tropism is limited to human and chimpanzees [111]. As many countries either 
ban or severely restrict the research on great apes, there is a pressing need to iden-
tify alternative in vivo models that can recapitulate the kinetics of HIV infection in 
man, and can be used to develop new therapeutics and screen vaccine candidates. 
A relatively simple, reproducible, small sized ,and less costly animal model, ideally 
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based in rodents, could provide a means to better understand HIV pathophysiology 
and test new therapies.

In recent years, HIS mice have been used to model human HIV infections 
[111–114]. HIS mice have several unique advantages for the study of HIV. First, 
multiple cohorts of HIS mice can be generated from multiple, genetically dis-
tinct donors. This overcomes the intragenetic variables generated from clinical 
studies on pooled data from patient samples but also allows for analysis of 
genetic differences. Second, the continuous supply of newly generated immune 
cells in vivo during the course of HIV infection enables longitudinal studies on 
HIV viral persistence and evolution. Third, both laboratory-adapted and clini-
cal isolates of HIV virus can be used in HIS mice to study HIV transmission 
and human immune response. Fourth, the access to all immune tissues, and 
in particular mucosal sites, will allow in-depth investigation of the biology of 
HIV, which has been limited in humans because of the difficulty in obtaining 
biopsies from infected patients. Moreover, multiple routes of HIV transmission 
have been shown to elicit pathology in HIS mice. Finally, new therapeutic or 
prophylactic approaches may be tested in HIS mice because of the capacity of 
these models to recapitulate normal human immune responses.

In recent years, HIS mice have provided a better understanding of the early events 
of HIV infection and represent a useful platform to test new therapeutic approaches 
[115–118]. The success in modeling HIV infection in HIS mice has been tempered 
by the relatively weak anti-HIV adaptive immune responses that can be elicited in 
this context [112–114]. It is not known whether anti-HIV NK cell responses occur 
in infected HIS mice, partly due to the inadequate reconstitution of human NK cells 
in HIS mice in general. Some of the aforementioned strategies to boost NK cell ho-
meostasis in HIS mice should facilitate the study of NK cells during HIV infection.

As explained earlier, it is not fully understood if NK cells are beneficial or det-
rimental in the control of HIV infection. HIS mice offer a means to dissect the role 
for NK cells in HIV biology. Whether human NK cells eliminate virally infected 
T cells and DC or alternatively whether they attack uninfected human CD4 T cells 
expressing NKp44 ligands induced by gp41-derived peptides can be tested. Once 
established, blocking antibodies or compounds could be tested to modulate the ben-
eficial detrimental effect from human NK cells on the evolution of HIV infection 
and disease.

Harnessing the power of NK-mediated ADCC in HIS model may be a new ap-
proach to identify novel HIV therapeutics. Previous studies on antibody responses 
against HIV infection were focused on neutralizing effect to block the entry of HIV 
viruses. Recent findings indicate that many previously identified nonneutralizing 
antibodies may actually play a role via ADCC. HIS mice with boosted NK cells 
could offer an in vivo model to evaluate the ADCC ability of those antibodies. In 
addition, as activated and proliferating T cells are the major targets for HIV infec-
tion, administration of anti-CD25 antibody may specifically deplete those cells by 
NK-mediated ADCC. This hypothesis can be tested using HIS mice boosted with 
human NK cells.
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The absence of classical and nonclassical HLA class I molecules in most HIS 
models pose an issue of proper human NK cell education and function. In current 
HIS models, NK cells express low levels of KIRs, produce less IFN-γ, and display 
lower cytolytic activity after stimulating with cytokines and tumor cells. Despite 
that human T and B cells in secondary lymphoid tissues might serve as a source 
of HLA class I molecules, inefficient “educating” HLA-KIR interactions may also 
account for these phenotypic and functional NK cell deficiencies observed in HIS 
mice. The use of HLA class I expressing HIS mice [119, 120] may provide a means 
to study the impact of MHC-KIR interactions to shape NK-mediated responses dur-
ing HIV infection.

Vaginal and rectal transmission of HIV accounts for the majority of new trans-
missions and early virus replication occurs primarily in gastrointestinal tract [111]. 
As such, NK-mediated innate immunity may be critical for the early control of HIV 
replication at mucosal sites. However, the reconstitution of human NK cells at these 
sites is rather poor in most HIS models. Whether this is secondary to poor lym-
phoid structure development [121], or to defective NK cell maturation and homing, 
remains unclear. Alternatively, activation of the murine innate system during HIV 
infection, due to indirect effects of human cytokines that cross-react with mouse 
hematopoietic and stromal components, may also dampen human innate (and adap-
tive) immune responses. These are challenging issues for the future use and devel-
opment of HIS mice to study HIV infection and disease pathogenesis.

14.5  Concluding Remarks

HIS mouse models provide a novel tool to better understand the contribution of NK 
cells to the immune response against HIV. Functional subsets of human NK cells 
can develop in HIS mice; these same mice have been shown to be permissive for 
HIV infection, replication, and its subsequent disease manifestations. HIS mice can 
therefore provide a basis to experimentally decipher the role for human NK cells 
in HIV pathophysiology. The ability to modulate NK cell function in HIS mice 
constitutes a tractable translational tool that could contribute to the development of 
NK cell-based therapies and vaccines that limit HIV replication or accelerate the 
immune control of the disease.
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15.1  Introduction

The availability of highly immuno-deficient mice that harbor, in addition to a severe 
combined immunodeficiency (scid) mutation [1] or deficient recombination activat-
ing genes (Rag), [2] loss of function mutations in the IL-2 receptor common gamma 
chain (γc) has improved reconstitution of human immune system (HIS) mice in so 
far as complex studies on human T and NK cell immunobiology are now realizable. 
However, to maintain optimal homeostasis and function of CD8+ T lymphocytes 
and NK cells in the periphery, HIS mice have to provide human leukocyte anti-
gen (HLA) class I restriction elements, permit interactions with “human” dendritic 
cells (DC), procure physiological concentrations of “human” cytokines such as IL-7 
and IL-15, promote migration and homing and facilitate “licensing” of NK cells in 
the context of enabling the acquisition of a diverse inhibitory receptor repertoire. 
Keeping the enormous complexity of any such immunological process in mind, a 
considerable progress has been achieved during the past decade; however, it is still 
a long way to go in imagining, designing, and composing the ideal “human”-murine 
chimera.

15.2  Maintenance and Function of CD8+ T Cells  
in Humanized Mice

15.2.1  Migration and Homing of CD8+ T cells to Murine 
Lymphoid Organs of HIS Mice

“Human” T cells either successfully generated in HIS mice following engraftment 
of umbilical cord blood, human fetal liver, or adult bone marrow (BM)-derived 
HSCs or, alternatively, by adoptive transfer of PBMCs, preferentially home into the 
spleen and BM as the formation of lymph nodes is only rarely observed or arrest 
in a structurally primitive organizational stage [3, 4]. In man, particularly CD62L, 
CCR7, leukocyte functional antigen-1 (LFA-1), P-selectin glycoprotein ligand-1 
(PSGL-1), CXCR3, and very late antigen-4 (VLA-4) are known to play a critical 
role in mediating CD8+ T cell migration and homing, however, it has so far not been 
formally evaluated whether these molecules are expressed on HIS-derived CD8+ 
T cells. With regard to their respective ligands, it has been shown for a variety of 
selectins and chemokines that the murine orthologs share only 50–80 % homology 
to their respective human counterparts [3]. In support of these findings, compara-
tive adoptive transfer studies performed to examine homing of differently labeled 
murine and human T cells into the spleens of NSG mice revealed that human T 
lymphocytes including CD8+ T cells migrated less efficiently into splenic tissue 
than murine control cells (Hartwig UF, unpublished results). In contrast, integrins 
are highly conserved across species and human CD8+ T cells were indeed found to 
efficiently adhere to murine primary endothelial cells and transmigrate through en-



18315 Maintenance and Function of Human CD8+ T Cells …

dothelial layers in vitro [5]. However, a certain cross-reactivity of murine molecules 
may be sufficient to provide retention signals of human cells to murine niches, as 
shown by the example of improved homing of human HSCs through the interaction 
of human CXCR4 chemokine receptor with its murine CXCL12 (SDF-1) ligand [6]. 
In summary, migration and homing properties of HIS-derived CD8+ T cells have 
so far been incompletely characterized but the varying tissue distribution strongly 
argues for a directed migration and homing process occurring in vivo.

15.2.2  Homeostatic Proliferation and Maintenance of CD8+  
T Cells in Lymphoid Tissues of HIS Mice

Studies in immuno-competent mice have provided strong evidence that continuous 
T cell receptor (TCR) engagement with self-ligands in the presence of intermit-
tent IL-7 [7] and IL-15 enables survival and homeostasis of naive T lymphocytes 
[8−11]. In line with this, it was recently demonstrated that TCR contact with self-
MHC molecules sensitizes naive CD8+ T cells to IL-7 and IL-15 and thus maintains 
survival, whereas the presence of IL-2 is crucial for induction and optimization of 
CD8+ T cell-mediated immune responses [12, 13]. As reviewed in detail in Chap. 10, 
the development of human αβ-TCR expressing CD8+ T cells and their homing to 
secondary lymphoid tissues is achieved in HIS mice for time periods extending 6 
months. However, consistent with the data obtained in ordinary mice, recent stud-
ies in HSC-engrafted, HLA-A2 transgenic NSG (NSG-A2) mice demonstrate that 
development of functional human CD8+ T cells is clearly improved in the presence 
of HLA-A2 molecules [4, 14, 15]. Moreover, CD8+ T cells developing in the NOD/
scid and NSG bone-liver-thymus (BLT) model undergo efficient thymic selection 
and contain a highly diverse, HLA class I-restricted functional repertoire [16, 17]. 
Together, these results suggest that expression of human MHC class I clearly im-
proves the generation of high numbers of HLA-restricted fully functional CD8+ 
T cells in HIS mice. In addition to the role of TCR-MHC interactions, repetitive 
injections of human IL-7 [18−20], or lentiviral-mediated IL-7 expression in vivo 
[21] may facilitate thymic lymphopoiesis and long-term engraftment in HIS mice. 
However, in line with the recent data suggesting that continuous IL-7 exposure will 
induce IFN-γ-triggered cell death of CD8+ T cells [7], we observed a nonphysi-
ological, artificial phenotypic skewing of T cell subpopulations during long-term 
IL-7 supplementation with a selective expansion of memory CD4+ T cells and ulti-
mately vanishing CD8+ T cells [20]. Apart from exogenous administration of IL-7, 
administration of IL-15 linked to its IL-15Rα “sushi” domain distinctly increased 
CD8+ T cell expansion in HIS mice demonstrating the central role of IL-15 in main-
taining development, homeostatic proliferation, and survival of “human” T cells in 
HIS mice [22, 23]. Moreover, the importance of IL-15 in the maintenance of T cell 
memory in HIS mice has recently been shown for central memory CMV-reactive 
CD8+ T cells following adoptive transfer into NSG mice [24]. Interestingly, HSC 
engraftment into human stem cell factor-, granulocyte-macrophage colony-stim-
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ulating factor-, and IL-3 expressing NSG-SGM3 mice revealed not only elevated 
myeloid cell frequencies, i.e., particularly DCs, but also increased levels of CD4+ 
FoxP3+ regulatory T cells and to a lesser extent CD8+ T cells [25]. These data sup-
port earlier findings, suggesting that, in addition to orthotopic HLA expression and 
appropriate homeostatic cytokine levels, sufficient numbers of human APCs that 
provide HLA-restricted and costimulatory signals will promote homeostatic CD8+ 
T cell expansion and functionality [26]. In summary, expansion and maintenance of 
human CD8+ T cells in HIS mice is a multifactorial process that can be achieved in 
current models but will substantially advance in γc-deficient mice that express HLA 
class I restriction elements in combination with cytokines that promote myeloid and 
lymphoid expansion and differentiation [27].

15.2.3  CD8+ T Cell Function in HIS Mice

Comparative studies show that HIS-derived peripheral CD8+ T cells can be unspe-
cifically stimulated in vitro, however, the responses are modest when compared to 
human controls [28]. In contrast, huNSG-derived CD3+ T cells that were reconsti-
tuted in the presence of IL-7 exhibited a potent in vitro alloreactivity against human 
HLA-mismatched DCs, indicating that IL-7 supplementation to HIS mice supports 
function [20]. Accordingly, efficient CD8+ T cell-mediated immune responses have 
been reported in various HIS mouse models of viral diseases (HIV, EBV, Dengue 
virus), intracellular bacteria ( M. tuberculosis) or of human cancer [3]. Thus, we 
will here exemplarily summarize results from experiments on EBV and leukemia 
models obtained in our own laboratories. Following engraftment of HLA-A2+ 
HSCs into NSG or NSG-A2 recipients, mature T cells could be effectively primed 
to elicit protective T cell responses against EBV-induced lymphomas [4]. Although 
T cells developed in both groups of mice with similar frequencies, more lytic EBV 
(BRLF1) peptide-specific CD8+ T cells were found in huNSG-A2 mice [4]. As pa-
tient-derived xenotransplantation (PDX) models composed of tumor specimens and 
HSCs from the identical patient are difficult to achieve, newer approaches in im-
munotherapy have been pursued in NSG mice engrafted, e.g., with patient-derived 
acute myeloid leukemia (AML) blasts [29] and engraftment of HLA-matched CD8+ 
T cells from healthy donors. Adoptive transfer of in vitro generated AML-reactive 
or reprogrammed AML (HMMR/Rhamm)-specific CD8+ T cells into these mice re-
sults in strong reduction or even prevention of leukemic growth being indicative of 
intact cytotoxic functions of CD8+ T cells after transfer into the murine milieu [30, 
31]. Given the fact that CD8+ T cells require appropriate TCR-MHC interactions 
ideally located in the thymic tissue, interactions with DCs that would ideally oc-
cur in preformed lymph node structures, the presence of sufficiently cross-reactive 
homing molecules and physiological concentrations of supportive cytokines to be 
able to exert a complex functionality, further studies and potential improvements 
of CD8+ T cell physiology in future generations of HIS mice would be desirable.
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15.3  Maintenance and Function of NK Cells  
in Humanized Mice

15.3.1  Migration, Homing, and Tissue Distribution  
of HIS-Derived NK Cells

Although NK cells express a variety of chemotactic receptors, little is known on 
recirculation and trafficking of human NK cells in man. Even less is known about 
the expression of integrins, chemokines, and selectins in HIS mice that might me-
diate adhesion, activation, migration, and homing of “human” NK cells. Analy-
sis of NK cell distribution in man has often been erroneous as classical NK cells 
had not been distinguished from the growing population of retinoic acid receptor 
gamma+ (RORγt+) innate lymphoid cells that share common NK cell markers such 
as NKp46 [32]. Keeping this potential pitfall in mind, “human” NKp46+CD56+ 
cells can be identified in PB, BM, spleen, lung, and liver of both of huBRG [22] 
and huNSG mice [20, 33], although at low frequencies around 0.5–2 % of “hu-
man” lymphocytes. In the context of trafficking and migration of NK cells in man, 
the tissue-homing molecules CCR5, CCR6, CXCR3, and CXCR4 and the lymph 
node-homing markers CCR7 and CD62L have been identified to be of unique im-
portance, however, the expression of these molecules has not been formally evalu-
ated in huBRG or huNSG-derived NK cells. With respect to their corresponding 
ligands, the protein identities of human chemokines, selectins, and integrins were 
compared to their respective murine counterparts to facilitate extrapolation to the 
conditions prevailing in HIS mice [3]. Although many important integrins appear 
highly conserved between mouse and man, the amino acid sequences of numer-
ous selectins or chemokines, respectively, exhibit little homology between mouse 
and man indicating that homing and trafficking rather than migration might cause 
particular difficulties in the currently available immune-permissive mouse strains.

15.3.2  Cytokine Requirements of HIS-Derived NK Cells

A large body of evidence has been compiled that emphasizes the importance of 
the cytokine IL-15 in promoting differentiation, survival, and the acquisition of 
functional competence of NK cells [34]. IL-15 signals are transmitted through the 
IL2/15R beta and common γ chain, however, it is the delivery of IL-15 to these 
signaling molecules that is unique in so far as IL-15 has to be presented with its 
respective receptor in trans to induce efficient signal transduction [35]. Keeping 
in mind that this trans-presentation of IL-15 has to be provided either by “human” 
dendritic cells (DCs) that are expressed only in modest numbers in HIS mice (see 
Chap. 16) or “human” epithelial cells that are constitutively absent in humanized 
mice, developing NK cells in HIS mice are likely to face suboptimal concentrations 
of IL-15. In line with the two observations that murine IL-15 is only weakly cross-
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reactive to human cells and that a human but not a murine IL-15-blocking mAb 
ablated NK cell emergence during reconstitution of huBRG mice, [22] the presence 
of “human” NK cells should presumably be attributed to marginable but sufficient 
“human” IL-15 concentrations. Indeed, treatment of huBRG mice with human IL-
15/IL-15Rα complexes resulted in significantly higher numbers of NK cells to-
gether with a distinctly matured phenotype and functionality (see below) [22, 36]. 
Applying the method of hydrodynamic injection of plasmid DNA encoding for hu-
man IL-15 and Flt-3/Flk-2 ligand in huNSG mice, Chen and colleagues were able 
to enhance NK cell numbers and to prime phenotype and functionality (as speci-
fied below) [37]. Of note, in C57/BL6 mice prolonged in vivo exposure to IL-15/
IL-15Rα complexes led to a marked accumulation of killer cell lectin-like receptor 
subfamily G member-1+ (KLRG-1) mature NK cells with a considerably impaired 
activation status, impairments in cytotoxicity, a reduced proliferative activity and 
nonphysiologic alterations in the balance between activating and inhibitory recep-
tors [38]. Thus, given the evidence that IL-15 is critical for NK cells the transient 
and limited application of IL-15/IL-15Rα complexes to HIS mice will sustain and 
improve both NK cell homeostasis and function, enabling translational researchers 
to optimize their humanized immune system model to study anti-inflammatory or 
anti-tumor responses of NK cells.

15.3.3  Homeostatic Proliferation and Maintenance  
of HIS-Derived NK Cells

In contrast to T cells that survive and proliferate in response to antigen recognition 
by rearranged receptors, NK cell homeostasis is maintained by other factors, par-
ticularly IL-15. The molecular basis for the survival-promoting effects of IL-15 was 
characterized by demonstrating that NK cell apoptosis is prevented by IL-15-in-
duced restriction of the proapoptotic BH3-only protein Bim and enhancement of the 
prosurvival protein Mcl-1 [39]. Studies in huBRG mice demonstrated that treatment 
with IL-15/IL-15Rα complexes results in increased NK cell lymphopoiesis that was 
attributed to improved proliferation and survival as both the number of Ki67+ and 
Bcl-xL+ cells increased [22]. Irrespective of IL-15 supplementation, data on NK cell 
numbers in huBRG [22] and huNSG mice [20, 33] indicate that “human” NK cells 
accumulate in higher levels in NSG mice. In line with the observation that NSG 
mice obviously exhibit a lower level of murine xenoreactivity towards human cells 
than BRG mice, the extent of affinity of the murine (NOD) SIRP-α towards human 
CD47 was shown to be higher in NSG mice [40, 41]. A functional CD47/signal 
regulatory protein alpha (SIRP-α) interaction is a major determinant in the escape 
from phagocyte-mediated cell clearance of xenogeneic cells [41, 42]. Thus, ligation 
of SIRP-α molecules expressed on phagocytes with their respective CD47 mol-
ecules expressed on hematopoietic cells will result in improved engraftment when 
transplantation is enforced over xenogeneic barriers. Accordingly, it was recently 
shown that forced expression of mouse CD47 by human stem cells will improve 
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 engraftment in huBRG mice and promote optimal human T and NK cell homeosta-
sis in vivo [42]. As HIS mice constitutively lack so-called lymphoid tissue inducer 
cells and consequently lymph node organogenesis (see also Chap. 6), NK cell ho-
meostasis is impaired both at the level of development and survival. To compensate 
for this lack, NK cells in HIS mice will benefit from exogenous IL-15 supplementa-
tion and potentially improvement of the CD47/SIRP-α interaction.

15.3.4  Inhibitory KIR Expression and “Licensing”  
of HIS-Derived NK Cells

As NK cell functionality importantly corresponds to the NK cell phenotype, we will 
briefly discuss the emergence of phenotypically distinct NK cell subpopulations and 
the acquisition of a diverse inhibitory killer immunoglobulin-like receptor (KIR) 
repertoire here. For further details on the phenotypic differentiation of HIS-derived 
NK cells the reader should refer Chap. 14. During NK cell ontogeny, a linear dif-
ferentiation model has been postulated for humans [43] that is also demonstrable 
in HIS mice and encompasses the distinct stages of immature CD94+CD56+KIR− 
precursors, CD56brCD16−KIR− NK cells that mature to CD56dimCD16+KIR− and 
ultimately CD56dimCD16+KIR+ NK cells followed by the emergence of functionally 
mature CD56dimCD16+KIR+CD57+ NK cells [22, 36]. Own studies on Nk cell gen-
eration in huNSG mice supported with Fc-IL7 but not IL-15, revealed a functional 
arrest of constitutively activated CD56brightCD16−KIR− NK cells that expressed high 
levels of the NKp44 receptor, which is normally expressed only on activated NK 
cells, but simultaneously lacked any IFN-γ secretion upon unspecific stimulation or 
cytotoxicity against the MHC class I-deficient cell line K562 [22]. In line with this, 
expression of inhibitory KIRs such as KIR2DL1, 2DL2/DL3, and 3DL1 was absent 
in NK cells from huNSG mice while the respective KIR-specific mRNA was pres-
ent for all three KIRs. Interestingly, this predominance of a CD56brightCD16−KIR− 
cell population exhibiting little cytotoxicity has been also observed in humans in 
the early post allogeneic bone marrow transplantation period [44, 45]. Although 
the cytokine IL-7 has so far not been linked to the maturational conversion of CD-
56brCD16− to CD56dimCD16+ NK cells, it is noteworthy that the absence of the CD-
56dimCD16+ NK cell subpopulation was not demonstrable when reconstitution was 
performed without the exogenous support of IL-7 in both huBRG [22] and huNSG 
mice [33]. When interpreting this obvious functional arrest of huNSG-derived NK 
cells in a developmentally immature state, it is important to note that acquisition of 
functionality, i.e., cytotoxicity, importantly involves the acquisition of inhibitory 
KIRs. This so-called “licensing of NK cells” comprises a process in which only 
NK cells that express at least one inhibitory KIR for self-MHC class I molecules 
are rendered functionally competent [46]. This involvement of KIR-MHC class I 
interactions in the “fine-tuning” of NK-cell-effector capacities implies that the gen-
eration of NK cells in a murine tissue lacking human MHC class I molecules might 
be difficult, or in other words the licensing of HIS-derived NK cells will rely on the 
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recognition of sufficient numbers of self-MHC molecules expressed on reconstitut-
ing “human” cells in the immediate vicinity. However, normal MHC class I expres-
sion itself is not required for KIR expression as patients with a TAP I deficiency and 
absence of MHC class I expression will still express a certain extent of KIR+ NK 
cells [47]. Thus, licensing of NK cells in HIS mice has either to occur via inhibitory 
NK cell receptor engagement by MHC class I molecules on adjacent “human” cells 
or partially unlicensed NK cells will have to gain functionality when preactivated in 
vivo or during infections [48].

15.3.5  Acquisition of Functional Maturity of HIS-Derived  
NK Cells

This in vivo preactivation and maturation of HIS-NK cells can be performed with 
IL-15/IL-15Rα complexes [22], hydrodynamic tail vein injection of IL-15/Flt-3/
Flk-2 ligand [37] or via bystander cell maturation with the toll-like receptor (TLR) 
3 agonist poly I:C. [33]. Upon IL-15/IL-15Rα treatment, “human” NK cells exhibit 
a phenotypic skewing to the more differentiated CD56dimCD16+KIR+ subpopula-
tion in both huBRG mice [22] and huNSG mice (Andre MC, unpublished observa-
tion). Interestingly, this IL-15-induced increase of KIR+ NK cells did not reflect 
the expansion of one distinct NK cell clone, as 1–5 different KIR members were 
present in the KIR+ NK cell fraction [22]. Functionally, preactivated HIS-NK cells 
expressed high levels of granzyme B and IFN-γ, degranulated in response to cocul-
tivation with NK cell-susceptible targets such as K562 cells [22, 33], and were able 
to respond robustly to adenovirus infection in vivo [37]. Collectively, these data 
suggest that a foremost resting, slightly immature NK cell compartment is induced 
in HIS mice that can be efficiently rendered functional to enable studies on NK cell-
mediated innate immune responses.

15.3.6  Perspectives

Currently used models of HIS mice support the maintenance of CD8+ T cells and 
NK cells and thus enable complex studies on the functionality of both cell popula-
tions in the context of infectious or malignant disease. Although the recent progress 
in providing ubiquitous transgenic expression of human MHC molecules or hu-
man cytokines has been significant, some issues have so far remained unresolved 
that would considerably improve CD8+ T cell and NK cell physiology in HIS mice 
(Table 15.1). As such, the tissue-restricted expression of human MHC molecules in 
the thymic stroma, a refinement of lymph node formation, the expression of human 
selectins and chemokines to promote directed homing and migration, and the poten-
tial expression of tissue-specific, physiological concentrations of growth-promoting 
cytokines would be desirable when envisaging the ideal human-murine chimera.
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Table 15.1   Summary of the current status and future perspectives of CD8+ T cell and NK cell 
biology in HIS mice

Immunodeficient 
mice

Current status of 
HIS-mice

Potential improve-
ments on hu-mice

References

Migration, 
homing, and 
retention 
signals

Physiological 
interaction of 
murine integrins 
and selectins with 
cognate ligands, 
e.g., CD54/102—
CD11a/18, 
CD62E/P—
CD62L, 
CD106—CD49d

Expression of 
human SIRPa 
to interact with 
huCD47 on, e.g., 
T and NK cells

Orthotopic expres-
sion of preferentially 
human migration and 
homing molecules 
with low homology 
to murine counter-
parts such as, e.g., 
CD54/102

[13], [5]

HLA-restriction MHC I: K, D, L 
alleles of H-2b,d 
haplotypes

MHC I: HLA-A2
MHC II: 
HLA-DR4
MHC II: 
HLA-DR1

Expression of broad 
HLA class I and II 
haplotypes under 
murine control 
elements

[4], [15], 

Chemokines Expression of 
murine chemo-
kines with their 
cognate receptors 
on murine granu-
locytes and cells of 
myeloid origin

Murine CXCR4 
that can interact 
with human 
SDF-1

Orthotopic expression 
of human chemokines 
such as CCL-19 and 
CCL-21 under murine 
control elements to 
promote trafficking 
and chemotaxis of T 
and NK cells

[6]

Cytokines Expression of 
murine cytokines 
with different 
degrees of homol-
ogy to human 
orthologs

Transgenic 
expression of 
human IL-3, SCF, 
and GM-CSF to 
improve lympho-
hematopoiesis. 
Exogenous and 
ectopic expres-
sion of IL-7 and 
IL-15

Intermittent expres-
sion of hu-IL-7 and 
hu-IL-15 under 
murine control ele-
ments to provide 
homeostatic cytokines 
at physiological con-
ditions and kinetics

[19], [21], 
[22], [23], 
[27], [25]
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16.1  Introduction

Comparatively little data exist on the in vivo development of “human” myeloid cell 
subsets in humanized mice. Early observations have shown that the “human” sur-
rogate hematopoiesis generated in humanized mice exhibits a distinct bias toward 
lymphoid development, whereas the myeloid lineage is relatively underrepresented. 
Facing the importance of monocytes and dendritic cells (DCs) in exerting innate-
immune functions and in initiating adaptive-immune responses, the generation of 
myelopoiesis and mucosal immunity in humanized mice has lately come into the 
focus of translational scientists. This chapter summarizes the currently available 
data on the emergence, differentiation, maintenance, and functionality of myeloid 
antigen-presenting cells (APCs) in humanized mice.

16.2  Generation of Monocytes/Macrophages  
in Humanized Mice

16.2.1  Cross-Reactivity of Murine to Human 
Myelopoiesis-Supporting Cytokines

In contrast to lymphoid cell populations that are constitutively absent in NOG, NSG, 
and BRG substrains, the murine myeloid compartment is in principle preserved 
albeit functionally deficient [1]. Thus, emerging “human” myeloid cells have to 
compete with the murine myelopoesis and cytokines in the near vicinity. The prolif-
eration and differentiation from multipotent-hematopoetic stem cells to monocytes 
is controlled by the concerted action of stem cell factor (SCF), Flt3 ligand (Flt3L), 
thrombopoetin, granulocyte-macrophage colony stimulating factor (GM-CSF), and 
interleukin-3 (IL3). Many of them exhibit considerable functional redundancies, 
however, only the murine homologs of SCF, Flt3 ligand, and thrombopoetin may 
cross-react with their respective human receptor counterparts on stem and myeloid 
progenitor cells [1, 2]. Following the initial murine cytokine boost, myeloid pro-
genitor cells derived from human stem cells will then synthesize and secrete “hu-
man” GM-CSF and IL3, enabling the subsequent differentiation and maintenance 
of “human” monocytes.

16.2.2  Emergence, Differentiation, and Maintenance  
of Monocytes

Subclasses of monocytes have been defined accounting for their differential 
expression of CD14 and CD16, however the emergence of these developmentally 
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diverse subpopulations has not been formally addressed in humanized mice. It has 
been described that humanization of NSG mice (huNSG mice) induces myeloid 
CD33+ precursors which subsequently differentiate into CD14+ monocytes with a 
phenotypically normal expression of costimulatory factors such as CD86 and the T 
cell antigen-presenting molecule HLA-DR [2, 3]. In both huNSG and huBRG mice, 
CD14+ CD33+ monocytes/macrophages may decline after 16 weeks posttransplan-
tation depending on the quality of the utilized SC preparations [3, 4] indicating 
that, next to the assumed fading functionality of human hematopoietic stem cells, 
the concentrations of essential “human” cytokines may be insufficient to promote 
long-term myelopoiesis.

16.2.3  Tissue Distribution

The tissue distribution of monocytes has not been studied systematically. In princi-
ple, monocytes/macrophages have been detected in the bone marrow (BM), spleen, 
peripheral blood (PB), lungs, and liver of humanized mice although monocytic-lin-
eage differentiation preferentially takes place in the BM of humanized mice [2–4] 
Although not formally proven, the varying organ reconstitution and tissue distri-
bution of monocytes/macrophages argues for a directed migration and homing to 
selected hematopoietic niches. In this context, the role of “human” chemokines or 
adhesion molecules that are required for this complex process has so far been unad-
dressed and might be a worthwhile subject for future studies.

16.2.4  Efficiency for Migration/Homing and the Generation  
of Mucosal Immunity

Migration and homing represent important aspects of monocyte biology, however 
little is known on the expression of chemokines, selectins, and integrins in human-
ized mice. In a recently published excellent review, the protein identities of human 
migration and homing molecules were compared to their respective murine coun-
terparts [5]. In contrast to integrins that are apparently highly conserved between 
the mouse and human species, the amino acid sequences of selectins and chemo-
kines differ considerably, indicating that homing to murine tissues might cause dif-
ficulties in the currently available immune-permissive mouse strains. However, it 
has been described that the lungs of recipient humanized mice were repopulated 
with “human” alveolar CD33+ CD14+ HLA-DR+ monocytes/macrophages [2]. In 
vivo models ideally employing infection with human pulmonary bacterial or viral 
pathogens would be necessary to verify an existing functionally intact pulmonary 
mucosal immunity and immune defence.
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16.2.5  Secretion of Inflammatory Cytokines by Monocytes/
Macrophages Derived from Humanized Mice

Studies on the secretion of inflammatory cytokines in humanized mice have largely 
been restricted to the context of bacterial infections or in vivo treatment with li-
popolysaccharide (LPS). As cytokine concentrations have mostly been quantified 
from serum or plasma of infected humanized mice, the evidence for monocytes as 
the source of inflammatory cytokine generation is rather an indirect one. Using a 
model of intraperitoneal injection of Salmonella typhi, the Fang group [6] recorded 
elevated concentrations of IL6, monocyte chemoattractant protein-1 (MCP-1), and 
tumor necrosis factor (TNF). In a caecal ligation and puncture model, important 
features of human septic diseases were recapitulated in humanized mice as dem-
onstrated amongst others by a marked elevation of both pro- (TNF, IL1b, IL6, and 
IL8) and anti-inflammatory (IL10) cytokines [7]. Further evidence for the func-
tional competence of macrophages came from the observation that gene silencing of 
high-mobility group protein B1 was able to ameliorate the sepsis-induced cytokine 
storm [8]. Of note, the in vivo response to LPS will closely depend on the extent 
of engraftment or the number of “human” target cells, respectively, as the applica-
tion of moderate doses of LPS (10 µg/mouse) to mice engrafted with low levels of 
“human” cells resulted in the secretion of insufficient amounts of proinflammatory 
cytokines [3]. Collectively, monocytes derived from humanized mice are capable 
of secreting a comprehensive and diversified array of inflammatory cytokines upon 
bacterial stimulation, thus enabling the fostering of complex systemic inflammatory 
responses.

16.2.6  Responsiveness to Inflammatory Cytokines or Toll-Like 
Receptor Adjuvants

One prerequisite for a functionally competent monocyte is the ability for synthe-
sis and secretion of inflammatory cytokines upon sensing of conserved pathogen-
associated molecular patterns (PAMP) by toll-like receptors (TLRs). Unfortunate-
ly, it is only partially known whether monocytes from humanized mice express 
the respective receptors for inflammatory cytokines and/or PAMPs. It was shown 
that huNSG-derived CD33+ cells express comparable levels of IFN-γR, G-CSFR, 
GM-CSFR, and M-CSFR when compared to the respective donor cells [2]. In line 
with this, human myeloid lineage cells generated in huNSG mice exhibited intact 
functional responses to human cytokines as determined by increased JAK/STAT 
signaling upon exposure to recombinant human IFN-γ and G-CSF [2] or upregula-
tion of the costimulatory molecule CD86 upon IFN-γ stimulation [3]. In addition, 
huNSG-derived monocytes expressed normal levels of TLR2 and 4 and responded 
to in vivo LPS stimulation with adequate synthesis of TNF, IL-6, and IL-8 [2]. Al-
though TLR3 expression was not formally quantified, huNSG-derived monocytes 
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exhibited qualitative and functional responses upon activation with the synthetic 
analogue of dsRNA polyI:C and increased their synthesis of interferon (IFN)-α and 
β mRNA [2]. As time kinetics of cytokine secretion resembled human data, these 
observations indicate that huNSG-derived monocytes may indeed be used to study 
bacterially-induced inflammatory responses.

16.2.7  Robustness of Phagocytic Function/Ability for Migration

Based on the limited data available, monocytes derived from humanized mice ex-
hibit intact functional responses with regard to their ability for phagocytosis. Upon 
in vitro culture, huNSG-derived monocytes incorporated fluorescent beads [2] 
and digested live GFP-expressing Escherichia coli [3] or S. typhimurium [2] to a 
comparable extent as human controls. Interestingly, in vivo engulfment of S. ty-
phi bacteria by huNSG mice was accompanied with granulomatous inflammation 
resulting in the emergence of large-palisading epitheloid macrophages and forma-
tion of multinucleated giant cells [6]. As the Langhans giant cell formation requires 
the complex interaction of phagocytosing monocytes and T cells, activation of the 
CD40–CD40L axis and the presence of IFN-γ [9], this observation indicates that 
essential pathophysiological mechanisms characteristic for phagocytosis remain in-
tact in humanized mice.

16.2.8  Induction of T Cell Stimulation and Proliferation

In contrast to phagocytic functions, the ability for the induction of T cell stimulation 
and proliferation seems to be distinctly altered in APCs derived from humanized 
mice. T cell blast formation and induction of T cell proliferation upon monoclonal 
antibody-mediated ligation of the T cell receptor CD3 domain with OKT3 was dis-
tinctly reduced in huNSG mice when compared to the respective human controls 
[3]. However, in the face of the immanent deficiencies in T cell function of human-
ized mice [10], studies requiring the interaction of monocyte-derived macrophages 
and T cells are difficult to interpret. Ideally, functional studies should be performed 
ex vivo with autologous human T cells or in vivo soon after additional adoptive 
transfer of fully functional T cells.

16.2.9  Source of Hematopoetic Stem Cells for Generation  
of Humanized Mice

The majority of research groups use the transplantation of neonatal recipients with 
cord blood-derived stem cells. However, preliminary work of our own group dem-
onstrated in a direct comparison that the phenotypical and functional properties 
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of monocytes derived from neonatal huNSG mice differ substantially from those 
derived from adult recipients [3]. In detail, the myelomonocytic lineage-differen-
tiation in neonatal huNSG mice is delayed and monocytes are phenotypically im-
mature with respect to HLA-DR expression and the emergence of CD80+ CD86+ 
monocytes. Functionally, neonatal huNSG-derived monocytes are less sensitive to-
wards IFN-γ stimulation and exhibit a reduced T cell stimulating capacity, whereas 
the phagocytic activity and the ability for cytokine secretion are mature. In contrast, 
in vivo development of mature and functionally intact human myeloid subsets in 
neonatal NSG recipients transplanted with cord blood-derived stem cells was re-
ported to be feasible [2]. Although the generation of neonatal huNSG mice is with-
out doubt a useful model to study bacterial neonatal inflammatory responses [3, 11], 
comprehensive comparative studies including both neonatal and adult recipients 
together with the respective human controls are urgently warranted to allow the 
selection of a meaningful preclinical model for trials on human sepsis.

16.2.10  Role of Supportive Human Cytokines

Facing the limited cross-reactivity of many murine cytokines and the previously 
described limitations in the generation of a “human” myelopoesis, a variety of 
methods for providing adequate support of human cytokines have been developed. 
In detail, the injection of G-CSF resulted in recruitment of CD15-CD33+ human 
myeloid cells into the recipient circulation [2] and hydrodynamic tail vein injection 
of a DNA vector encoding for human M-CSF significantly enhanced the expres-
sion of monocytes/macrophages in PB, BM, lung, liver, and spleen [12]. Extensive 
approaches have been undertaken to provide ample cytokine concentrations using 
“knock-in humanization” with replacement of either human CSF-1 [4] or human 
IL3/GM-CSF [13]. Analysis of huBRG CSF-1 knock-in (KI) mice revealed that the 
frequency of CD14+ CD33+ monocytes is increased and important costimulatory 
molecules such as CD40, CD80, CD86, and HLA-DR are upregulated [4]. Func-
tional analysis demonstrated that huBRG CSF-1-derived monocytes exhibit an aug-
mented ability for phagocytosis, display an enhanced capability for migration and 
responded to in vivo LPS injection with synthesis of proinflammatory cytokines. 
Transgenic expression of IL-3 and GM-CSF resulted in improved myeloid immune 
cell reconstitution in the lung and supported the rescue of a preexistent pulmonary 
alveolar proteinosis syndrome that was induced by the relative lack of murine cy-
tokines [13]. In addition, macrophages of IL3/GM-CSF KI huBRG mice were able 
to mount antiinfluenza virus immune responses indicating that this model might be 
ideally suited for future studies on mucosal innate-immune responses. Interestingly, 
two further attempts to improve human myelopoesis either with forced transgenic 
expression of membrane-bound SCF [14] or of human thrombopoetin [15] resulted 
in mice with increased numbers of total CD33+ myeloid cells but distinctly reduced 
or at best unchanged numbers of APCs. In summary, the generation of myelopoiesis 
in humanized mice distinctly benefits from induced expression of human cytokines 
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in the murine recipient, which enables the differentiation and functional maturation 
of monocytes together with the development of a robust mucosal immunity.

16.3  Generation of DCs in Humanized Mice

16.3.1  Characteristics of Human DCs

DCs are very potent APCs that are generated in the BM and efficiently take-up, pro-
cess, and present antigen. Upon sensing of PAMPs or other danger signals they ma-
ture to an activated, mature state in which they upregulate costimulatory molecules 
and major histocompatibility (MHC) molecules as well as secrete cytokines. DCs 
are grouped into subsets based on their function, morphology, and the expression or 
lack of surface markers. In man, the main blood DC subsets in the steady state are 
conventional (cDCs) and plasmacytoid DCs (pDCs). Both lack markers of other lin-
eages and are high in MHC class-II molecule (i.e. HLA-DR) expression. cDCs are 
CD11c+ and either highly express CD1c (BDCA1) or CD141 (BDCA3) [16]. pDCs 
are CD11c- and positive for CD123, CD303 (BDCA2), and CD304 (BDCA4) [17]. 
As DCs are a very rare lymphocyte population, earlier studies on DC function were 
often based on the analysis of in vitro generated monocyte-derived DCs (moDCs). 
However, recent publications highlight the phenotypic and functional differences 
between moDCs and primary DC subsets. Therefore, humanized mice present an 
invaluable tool to study the different DC subsets, especially in lymphoid and pe-
ripheral organs that are not easily accessible in the human setting.

16.3.2  cDCs of the Blood and Lymphoid Organs in Humanized 
Mice

Several reports have documented the presence of “human” DCs in humanized mice. 
Like human cDCs, cDCs from humanized mice express CD11c, are lineage-nega-
tive and HLA-DR+. They reside in the BM and spleen of huNSG mice and show 
typical DC morphology [18, 19]. cDCs can also be found in the BM [20], lymph 
nodes, and liver of huBRG mice [21]. Of note, they also reconstitute in blood and 
spleen of BLT mice [22, 23]. More recent reports subdivide cDCs into CD1c+ or 
CD141+ cells and the proportion of DC subsets from huNSG BM is similar to the 
one seen in human BM [2, 24]. huNSG mice can reconstitute around 1 % of CD1c+ 
(200,000 per spleen) and 0.4 % CD141+ (80,000 per spleen) cDCs [24]. CD141+ 
cDCs, the possibly best DC subset for cross-presentation [25], express like their hu-
man counterparts mRNA for Clec9A (DNGR-1), Necl2, IRF8, BATF3, and TLR3 
[26]. Thus, reconstitution of all conventional DC subsets in huNSG, huNRG and 
huBRG seems feasible.
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16.3.3  pDCs of the Blood and Lymphoid Organs in Humanized 
Mice

Like cDCs, “human” pDCs can be found in all major humanized mouse strains [18, 
20, 23, 27]. In huBRG mice, pDCs were shown to develop either in the periphery 
or in a transplanted thymus graft [28]. pDCs from huNSG [24] or huBRG [29] mice 
express CD303 and CD304. The highest percentage of pDCs resides in the BM at 
about 2 % of “human” CD45+ cells (100,000 per femur), while the spleens of recon-
stituted mice contain around 1 % (200,000 per spleen) [24]. At lower levels, pDCs 
also reside in peripheral lymphoid organs. Like pDCs from humans, CD303+ pDCs 
isolated from the spleen of huNSG mice express mRNA for IRF8, IRF4, DAP12, 
and TLR7 and 9 [26]. Thus, “human” pDCs reconstitute in severely immune-com-
promised mice from CD34+ hematopoietic stem cells.

16.3.4  DC Subsets in Non-Lymphoid Tissues of Humanized Mice

Reports describing DCs in non-lymphoid tissues of humanized mice are scarce. Of 
importance for HIV infection, CD11c+ cDCs are present in the female reproduc-
tive [30] and gastro-intestinal tract [31] of BLT mice. Possibly, “human” DCs can 
even infiltrate the brains of huNSG mice which could play a role when studying 
the development of NeuroAIDS, however this needs confirmation on the basis of 
other DC markers than HLA-DR alone [32]. In the future, it will be interesting to 
analyze the reconstitution of “human” DCs in other organs to better understand and 
manipulate the induction of an immune response at the site of physiological antigen 
exposure. For example, detection and possibly augmentation of DC infiltration of 
the skin in humanized mice could be important as dermal CD14+ DCs are potent 
inducers of antibody-responses and Langerhans cells efficiently activate cytotoxic 
T cell responses [33]. However, the occupation of these respective tissues by mouse 
DCs might in principle limit “human” DC reconstitution at these sites.

16.3.5  Function of DCs in Humanized Mice

In contrast to merely defining “human” DCs in the new humanized mouse mod-
els, fewer studies report on their functional maturation. DCs isolated from huBRG 
mice were shown to exhibit typical DC-like morphology upon LPS and GM-CSF 
stimulation, stimulate allogeneic T cell proliferation and produce high amounts of 
IFN-α upon viral infection in vitro [21]. In addition, huNSG and huBRG-derived 
cDCs or pDCs, respectively, responded to in vitro stimulation of TLR3, 7, 8, and/or 
9 with enhanced TNF, IL6, and IFN-α production [26, 27, 29]. More importantly, in 
vivo injection of TLR agonists into huNSG mice lead to phenotypic maturation of 
cDCs and pDCs and raised IL-12 and IFN-α levels [24]. Interestingly, intravenous 
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injection of HIV-1 into huBRG mice resulted in productively infected pDCs with 
distinctly impaired functionality as secondary ex vivo infection with HSV lead to 
reduced IFN-α production [29]. With respect to bacterial infection, huBRG mice as 
well as huNSG mice mounted innate immune responses upon S. typhi infection as 
determined by elevated serum cytokine and chemokine levels [6, 34] arguing for in 
vivo activation of monocytes and/or DCs in humanized mice. Moreover, studies on 
immune responses to other pathogens or pathogen-derived antigens as well as de-
layed-type hypersensitivity and superantigen-stimulated T cell responses in human-
ized mice suggest that the DC compartment in those mice is functional [35, 36]. Of 
interest, DC function can be manipulated in vivo in humanized mice. For example, 
treatment of huNOG mice with an α-ICAM-1 antibody prior to LPS stimulation im-
paired cDC maturation as indicated by reduced costimulatory molecule expression. 
Blocking DCs in this semi-mature state resulted in antigen-specific T cell tolerance 
in a huNOG-based diabetes model [37]. Furthermore, injection of Clec9-specific 
antibodies transiently and partially depleted CD141+ DCs in huNSG mice and abol-
ished cytokine production from this subset in response to TLR agonists in vivo [24]. 
Taken together, the major constitutive “human” DC subsets of humanized mice 
seem to be functional based on phenotypic maturation and cytokine secretion.

16.3.6  Boosting DC Numbers in Humanized Mice with Human 
Cytokines

One major limitation in the generation of the DC compartment in humanized mice 
is the lack of sufficient concentrations of cytokines, particularly of Flt3L GM-CSF 
[38]. Even though murine Flt3L is cross-reactive to human cells [1], the concentra-
tion seems to be limiting as injection of Flt3L induced higher numbers of DCs. 
Murine GM-CSF and IL-4, on the other hand, are not cross-reactive to human cells 
[1]. Combined hydrodynamic-tail-vein injection of DNA encoding GM-CSF, IL-4, 
and Flt3L boosted CD11c+ CD209+ cDC numbers in lymphoid and non-lymphoid 
organs [12]. While GM-CSF was sufficient to increase CD11c+ cDC numbers in the 
spleen, CD209+ cDCs required additional IL-4 supplementation [39]. Those cells 
were functional as they upregulated maturation markers after LPS stimulation in 
vivo and produced IL-12 in vitro. Transgenic overexpression of SCF, GM-CSF, 
and IL-3 in huNSG mice boosted the percentage of CD1c+ cDC in the BM, but 
did not alter the percentage of CD304+ pDCs [40]. In contrast, injection or lenti-
viral expression of IL-7 resulted in an increase in pDCs in huBRG mice [41]. In 
conclusion, DC numbers can be boosted by raising human cytokine levels in vivo, 
however, cytokine stimulation might result in objectionable and unforeseeable ef-
fects. For example, boosting DC numbers with GM-CSF, SCF, and IL-3 unexpect-
edly expanded functional regulatory T cells in huNSG mice [40]. Thus, due to the 
pleiotropic effects of cytokines, it will be difficult to selectively expand the DC 
compartment with systemic cytokine injections into mice with human immune sys-
tem compartments.
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16.4  Conclusions

In summary, the generation of monocytes/macrophages and DCs in humanized mice 
is feasible but a more comprehensive phenotypical and functional characterization 
of these subpopulations would be desirable. Given the limited number of data avail-
able, the characterization of the expression of “human” chemokines, integrins, and 
adhesion molecules would improve our understanding of innate-immune responses 
and would allow improved experimental modulation of APC function. Furthermore, 
humanized mice present a useful tool to test whether targeting certain DC subsets 
in vivo in the context of vaccination against pathogens or tumors might be advan-
tageous. Also, a systematic evaluation of the cross-reactivity of murine myeloid-
supporting cytokines together with a systematic characterization of later emerging 
“human” cytokine concentrations would help to define the exact type and cocktail 
of additional growth hormones/cytokines that humanized mice should be provided 
with. In this context, the VelociGene strategy comprising the replacement of mu-
rine growth hormone/cytokine regions with the respective human counterpart under 
the control of the murine promoter and the diverse regulatory elements results has 
brought a substantial progress that will allow further refinement of immuno-permis-
sive mouse strains [42, 43]. Complemented with the appropriate in vitro surrogate 
assays, the generation of APCs in humanized mice will thus allow researchers in the 
area of infectious or tumor diseases to gain deeper insights into pathophysiologic 
complex processes of innate immunity and to achieve meaningful preclinical data 
for targeted immune-modulation or drug-testing.
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17.1  Introduction

Animal models are critical for biomedical research, in particular for human im-
munodeficiency virus type one (HIV-1), since HIV-1 infection still remains a major 
burden to global public health. As for 2011, it is estimated that 34 million people are 
living with HIV-1, 2.5 million people are newly infected, and only a small portion 
(8 million) of infected people are currently receiving the combined antiretroviral 
therapy, which is expensive and has to be lifelong [1] (https://www.unaids.org/en/
resources/publications/2013/). This dire reality further highlights the importance of 
animal models in developing vaccine to prevent HIV infection and testing new ap-
proaches to purge latently infected reservoir in order to cure HIV infection. An ideal 
animal model should be able to model HIV-1 transmission, pathogenesis, evaluate 
the efficacy of antiretroviral agents, immune modulators, and vaccines in prevent-
ing, treating, and curing HIV-1 infection in humans. Unfortunately, the universal 
and ideal model does not exist. Instead, different animal models are often used inde-
pendently or in combination, of which non-human primates (NHPs) and humanized 
mice (hu-mice) are the two available models.

In this chapter, we: (1) compare and contrast the pros and cons of NHP and hu-
mouse models of HIV-1 infection of humans in general; (2) discuss in detail which 
model is more relevant in studying HIV-1 transmission and vaccine; and (3) discuss 
what aspects of these models need to be further improved in order to meet the HIV-1 
research need. Since there are many different variables in both models, such as dif-
ferent types of macaques and hu-mice, different types of simian immunodeficiency 
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viruses (SIVs) and HIV-1 viruses, different routes and dose of virus infection, we 
can only compare the best available representatives of NHP and hu-mouse models.

17.2  The Current Status of NHP Models of HIV-1 
Infection

More than 30 African NHP species are naturally infected with more than 40 differ-
ent strains of SIVs [2, 3]; African NHPs have coexisted with SIVs for more than 
32,000 years [4] and host the immediate ancestral virus of HIV-1 [5–7] and HIV-2 
[8], but infected animals generally do not develop the AIDS-like disease even in the 
face of a chronic infection with high level of replicating virus [9].

The common chimpanzees in West Central Africa ( Pan troglodytes troglodytes) 
are endemically infected with SIVcpzPtt and are the zoonotic source of pandemic 
HIV-1 group M and non-pandemic group N; Eastern chimpanzees in East Africa 
( Pan troglodytes schweinfurthii) are infected with SIVcpzPts, but this virus has not 
yet been found in humans [5, 7, 10–13]. Gorillas ( Gorilla gorilla gorilla) are in-
fected with gorilla SIV (SIVgor) and are the zoonotic source of HIV-1 group P [14, 
15]. The simian zoonotic source of HIV-1 group O remains to be identified [15]. 
Although new data indicate that SIVcpz infections of chimpanzees had negative 
effects on their health, reproduction, and lifespan [16], the clinical course is still 
different from HIV-1 infection of humans. For ethical reasons and none/low patho-
genic infection of SIV, the endangered species of chimpanzees are not feasible to be 
used as a model for HIV-1 research [17].

Sooty Mangabeys ( Cercocebus atys) of African origin are the primate reservoir 
for HIV-2 [8] and the immediately ancestral virus of SIVmac transmitted to Asian 
macaques in captivity [18]. Sooty Mangabeys and African green monkeys (genus 
Chlorocebus) do not develop disease with high levels of SIV replication and are 
mainly used to study the mechanisms of non-pathogenic SIV infection [9, 19–22].

Asian NHPs of macaques, including rhesus macaques ( Macaca mulatta), cy-
nomolgus macaques ( M. fascicularis), and pigtailed macaques ( M. nemestrina) 
are non-natural hosts to SIVs and develop AIDS-like diseases after infection, of 
which rhesus macaque has been most widely used in HIV-1 research. Asian NHPs 
of macaques are regarded as a good model of HIV-1 infection of humans because 
of the following characteristics: (1) the proximity of macaques to humans, geneti-
cally, anatomically, and physiologically [23]; (2) the clinical manifestations and 
pathogenesis of macaques infected with SIV are similar to humans’ infection by 
HIV-1 [18, 22, 24]; (3) the innate and adaptive immune responses (CD8+ T [25, 
26–28] and B cells [29–31]) of macaques to SIV infection are similar to humans’ 
responses to HIV-1. Hence, this model has been widely used for transmission, im-
munopathogenesis, immune correlates of protection and vaccine efficacy studies, 
and has gained tremendous insights into the mechanisms of transmission and patho-
genesis, and immune correlates of protection. However, this model also has several 
limitations: (1) macaques are not susceptible to HIV-1 infection; instead only to 



21117 Humanized Mouse Versus Non-human Primate Models of HIV-1 Infection

SIV or related chimeric virus, expressing HIV-1 envelope (Env-SHIV or SHIV) 
or reverse-transcriptase (RT-SHIV) in SIV backbone. Although recently, it was re-
ported that pig-tail macaques can support simian-tropic HIV-1 strains that encode 
only SIV vif protein (stHIV-1) replication [32], however, the virus replication lasted 
only for several months and its biological relevance to HIV-1 infection remained to 
be determined; (2) SIV viruses are naturally resistant to many FDA approved anti-
HIV-1 drugs, including non-nucleoside reverse transcriptase inhibitors (NNRTls), 
some entry inhibitors, and some proteinase inhibitors [33–35]. Although RT-SHIV 
and Env-SHIV can partly offset this drawback, many preventive/therapeutic regi-
mens used in clinic cannot be studied in this model and vice versa; (3) SIV differs 
from HIV-1 genotypically and phenotypically, the vaccines designed and tested in 
this model using SIV or SHIV cannot be directly applied into human clinical trial; 
(4) only a limited number of SIV viruses are available for macaque studies. Which 
SIV challenge virus should be used in vaccine protective studies is still being de-
bated [36], since many commonly used SIV challenge viruses in vaccine protective 
studies have different sensitivity to antibody neutralization and cytotoxic T lympho-
cytes (CTL)-mediated control. For example, SIVmnE660 can be neutralized more 
easily than SIVmac251 or SIVmac239 [30, 37], and SHIV89.6P can be controlled 
by CTL more easily [38]. Thus, the results with uncertain challenge viruses could 
be either underestimating or exaggerating the protective effect [38], and there are 
renewed efforts generating better challenge viruses [39, 40]; and (5) macaques and 
humans are genetically different, especially in major histocompatibility complex 
(MHC) and T cell receptors (TCR) which are more complex in the macaque spe-
cies [41–43]. Thus, alternative models are sought to overcome the limitations of the 
macaque/SIV model. The hu-mice , especially the new generation of hu-mice, has 
emerged as a good alternative system to study HIV in addition to NHP (Fig. 17.1).

Fig. 17.1   The pros and cons of SIV/macaque model of HIV-1 infection. African NHPs are the 
natural host of SIVs and generally do not develop AIDS-like disease. The pandemic HIV-1 group 
M (HIV-1 M) and non-pandemic group N (HIV-1 N) are originated from SIVcpzPtt in Chimpan-
zees, and non-pandemic HIV-1 P is originated from SIVgov in Gorillas. HIV-2 and SIVmac origi-
nated from SIVsmm in sooty Mangabeys. SIVmac infects Asian macaques and cause simian AIDS
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17.3  The Current Status of hu-mouse Models of HIV-1 
Infection

The major driving force for developing hu-mice is to interpose an in vivo model be-
tween in vitro and clinical trials for studying human diseases, since the findings of 
in vitro experiments cannot be directly tested in human clinical trials due to ethical 
reasons. Furthermore, macaques are not susceptible to HIV-1 infection, therefore, 
SIV/macaque always requires a two-stage design and testing in order to move into 
clinical trials. For example, vectors and immunogen of SIV vaccines tested in the 
macaque model have to be redesigned into the human version for clinical trials. The 
hu-mouse model has a potential to serve as an alternative to complement the SIV/
macaque model for vaccine studies.

The hu-mice are a heterochimera of the human immune system in the murine 
body in a delicate balance to avoid human graft versus murine host disease (GVHD) 
and murine host versus human graft disease (HVGD) while reconstituting the hu-
man system. In the past 25 years, this model has gone through several rounds of 
revolution primarily through two approaches. First, by genetically modifying the 
mouse to further eliminate murine immune cells and their functions in order to 
prevent HVGD; and second, by refining the procedures of implantation of human 
tissues and/or hematopoietic stem cells (HSC) in order to prevent GVHD, to attain a 
new level of human immune reconstitution in the lymphatic and non-lymphatic tis-
sues, including mucosa. The new generation of hu-mice has drastically expanded its 
utility and has great potential in studying HIV mucosal transmission, pathogenesis, 
latency, pre-exposure prophylaxis (PrEP), treatment, and vaccine.

The history of hu-mouse model has been extensively reviewed elsewhere [44–
46]; here, we will only highlight the major events in order to better compare NHP 
and hu-mouse models. The initial two independent groups conducted proof-of-con-
cept experiments in 1988 generating hu-mice by two different approaches [47, 48] 
based on SCID mice [49]. The seminal paper by McCune [47] laid the conceptual 
and technical foundation for subsequent stable long-term reconstitution of multi-
lineage human immune cells through implanting human fetal thymus and liver tis-
sue fragments under mouse renal capsule (Thy/Liv SCID-hu mice) [50, 51]. Using 
this first generation of hu-mouse (thy/Liv SCID-hu), some key HIV pathogenesis 
and treatment questions were studied [52–55]. Meanwhile, Mosier group generated 
hu-PBL-SCID mice by transferring peripheral blood leukocyte (PBL) to SCID mice 
[48]. Although the human immune reconstitution is limited and unstable [50, 56, 
57] in the hu-PBL-SCID mice, subsequent replacement of PBL with HSC implanta-
tion improved the human immune reconstitution [58, 59]

To further eliminate murine NK cells and reduce the “leakiness” of murine func-
tional lymphocytes in some SCID mice, NOD/SCID mice were generated in 1995 [60] 
by backcrossing SCID and NOD mice, since NOD mice have defects in NK cells, my-
eloid development and function, and complement pathways [61, 62]. The engraftment 
of human CD45+ cells in NOD/SCID mice has dramatically increased as compared to 
the SCID mouse recipients [60, 63]. In addition, to further improve the SCID mouse, 
RAG-1 [64] and RAG-2 (recombination-activating proteins) [65] deficient mice with 
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no mature T and B cells were generated in 1992. Additionally, the mice with homozy-
gous cytokine common receptor gamma chain mutant, a component of receptors for 
cytokine IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 [66–70], were generated (cγ−/−) [68, 
69] in 1995. These mice have defects in T and B cells and absence of natural killer cell 
(NK) activity. With the crossbreeding of different immune deficiency mice above, more 
severely combined immune deficiency (current generation) mice were generated. These 
include the BRG (BALB/c_ RAG2−/− cγ−/−) [71, 72] and B6RG (C57BL6_ RAG2−/− 
cγ−/−) [73], NOG (NOD/Shi-scid I cγ−/−) [74], NSG (NOD/LtSzscid I cγ−/−) [75], and 
NOD-RAG1−/− cγ−/− mice [76].

Based on the current generation of immune deficient mice, two general types of 
hu-mice are commonly generated for biomedical research. First is hu-BLT (bone 
marrow, liver, and thymus) mice [77] generated through sub-lethal irradiation, im-
plantation of human fetal liver and thymus pieces into the adult mouse left renal 
capsule, and injection of autologous CD34+ HSC intravenously [77, 78]. Hu-BLT 
mice are a new generation of hu-mice with a long-term and multi-lineage reconsti-
tution of human hematopoietic system (T, B, NK, DC, and Macrophages) in both 
lymphatic and mucosal tissues, and can elicit antigen-specific T cell and humoral 
responses [77, 79–83]. The hu-BLT mouse became the best hu-mouse model for 
studying HIV-1 mucosal transmission and its prevention, because there is a good 
immune reconstitution in mucosa, and the T cells can be educated in autologous hu-
man thymic tissues [77, 79–81]. Second is the hu-HSC mice generated by sub-lethal 
irradiation and injection of human CD34+ HSC isolated from fetal liver, umbilical 
cord blood, or mobilized peripheral blood leukocytes with granulocyte colony stim-
ulating factor (G-CSF) into the new generation of immune deficiency mice [74, 75, 
84–87]. It is apparent that injection (intra-hepatic or intra-cardiac) of CD34+ HSC 
into neonates of the current generation of immune deficient mice leads to much 
better de novo development of adaptive immune system (B, T, DC, and structured 
lymphatic organ) as compared with adult recipients [72, 85].

To further improve the human immune responses of the current generation of 
hu-mice, the human cytokines and growth factors cytokines (GM-CSF [88–90], 
IL-3 [88, 90], IL4 [88, 89], and IL-15 [91]) and MHC class I (HLA-A*0201 [92–
94], HLA-B*51:01 [95]) and II (HLA-DRA and HLA-DRB1:0405 [96], HLA-DR4 
[97], HLA-DR1 [93]) or in combination [90] were provided by transgenic, knock-
in, vector expression, or hydrodynamic injection (Fig. 17.2). The current generation 
of hu-mice has increasingly been used in HIV-1 research, because of the following 
reasons: (1) besides chimpanzees, it is the only model that can directly study HIV-
1 infection; (2) it reconstitutes most of human immune system functionally and 
structurally, thus it can recapitulate many aspects of HIV–host interaction, includ-
ing CD4+ T-cell depletion, increased CD4+ and CD8+ T-cell turnover, and immune 
activation [82, 98]; (3) it can be used to study HIV-1 mucosal transmission [79, 99], 
pathogenesis [88, 98, 100–102], prevention [103, 104], treatment [105–107], and 
latency [108]; and (4) it is much cheaper than NHP macaque. However, there are 
several limitations as well: (1) hu-mice are a chimera of human and mouse cells and 
tissues. Although human immune system is partly reconstituted, the non-lymphatic 
cells and tissues remain as murine; (2) there is a delay of humoral (3 month PI) and 
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cellular responses (9 weeks PI) in HIV-1-infected hu-BLT mice as compared with 
SIV/macaque and humans (2 weeks PI) [82]. The adaptive immune responses in 
hu-mice, even hu-BLT mice, therefore need to be further improved, especially IgG 
response [82, 87, 109]; (3) the HIV-1 replication kinetics in hu-mice is different 
from SIV/macaques and HIV-1/humans. In the hu-mice, the virus peaks around 2–3 
weeks post infection, but is maintained for several weeks before declining [82], 
reflecting that there is a delay of the host control of HIV-1 replication.

17.4  Mucosal Transmission of HIV-1 and Its Prevention

HIV-1 is mainly transmitted through mucosal surfaces, such as cervicovagina, fore-
skin, and anorectum. Better understanding of the early events of HIV-1 mucosal 
transmission and their underlying mechanisms holds the keys to the better designed 
microbicide and vaccine. The key body of knowledge on the early events in mucosal 
transmission of HIV-1 was mainly acquired from the macaque/SIV model, of which 
atraumatic high-dose or repeated low-dose inoculations of cell-free viruses are of-
ten used. For example, in the early vaginal transmission, there is a small infected 

Fig. 17.2   The pros and cons of current hu-mouse model of HIV-1 infection. The two types of new 
generation of hu-mice: hu-BLT and hu-HSC are developed by improving the implantation method 
of human cell and tissues and genetically refining the immune deficiency of recipient mouse. 
Recently, human cytokines, growth factors, and MHC class I and II transgenic mice have further 
improved the human immune function of current hu-mice
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founder cell population at the portal of entry before systemic virus dissemination 
[110, 111]; there is a genetic bottleneck as revealed by using single genome am-
plification in vaginal [112], rectal [113, 114], and penile [115] transmission. Only 
recently, the infections of macaques, vaginally [116] and rectally, [117] with cell-
associated SIV were reported; surprisingly, cell-associated virus that transmits in-
fection across the mucosa was found to be more efficient than cell-free virus [117]. 
Of cervicovaginal, foreskin, and anorectal routes in SIV/macaque model, anorectal 
mucosa is the easiest route for transmission, followed by vaginal and penile [115, 
118]. Although macaque penile transmission was reported previously, this route of 
transmission model has been used only very recently [115, 119–121].

In contrast to the long history of the use of macaque/SIV as a model for study-
ing mucosal transmission of HIV-1, hu-mice have been used only recently, since 
the current generation hu-mice were available, specifically after the hu-BLT mice 
were developed. However, due to their advantages in being susceptible to HIV-1 
infection, cheaper, and easier to manipulate than macaque, the current generation 
hu-mice are increasingly used in mucosal transmission and prevention studies. This 
model is especially useful to test microbicide in preventing mucosal transmission 
of HIV-1 [80, 104, 122]. Except for penile transmission, vaginal [80, 123, 124] and 
rectal [79, 122, 124] transmission of HIV-1 have both been reported.

17.5  Vaccine

The goal of vaccine development is to elicit protective memory immunity against 
infection, disease, and death [125, 126]. Macaque-SIV/SHIV model is still the best 
available model to identify the immune correlates of protection and evaluate vac-
cine efficacy, since hu-mice have delayed adaptive immune responses, especially 
very limited IgG response [82, 87, 109]. Currently, human cytokines, growth fac-
tors, and MHC class I and II transgenic NSG or NOG mice are generated which 
may improve this model for vaccine study. Conversely, the current generation of 
hu-mice is exceptionally useful in testing new preventive and therapeutic strategies, 
such as human broadly neutralizing antibodies [105], antibody-expressing vector 
[127], and engineering HIV-1 resistant cells [106, 128]. Its usefulness as a model 
for testing of HIV-1 vaccines remains to be determined.

17.6  Summary and Prospective

SIV/macaques model has been widely used for HIV-1 research since the middle 
1980s and has provided critical insights into the HIV-1 transmission, pathogenesis, 
treatment, latency, microbicide, and vaccine. However, macaques are genetically 
distinct from humans, especially in MHC class I and TCR, and are not suscep-
tible to HIV-1 infection. Thus, results derived from this model may not be directly 
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translatable into human clinical trials; for example, vaccines designed and tested 
in this model using SIV or SHIV have to be redesigned in order to be tested in hu-
man clinical trial. The new generation of hu-HSC and hu-BLT mice, especially the 
hu-BLT mice with transgenic expression of human cytokines, growth factors, and 
MHC class I and II, offers a new opportunity to study HIV-1 infection using HIV-1 
directly. Although there is still room to improve the humoral and cellular immune 
responses of hu-mice to HIV-1 infection [44, 46, 100, 129, 130], this model already 
recapitulates many key aspects of mucosal transmission [79, 99], prevention [103, 
104], immunopathogenesis [88, 98, 100–102], treatment [105–107], and latency 
[108]. The new generation of hu-mouse and SIV/macaque models are complemen-
tary and together they will overcome the idea that “mice lie and monkeys exagger-
ate” [131].
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18.1  Host Factors

Extensive in vitro studies using cell culture systems have revealed that certain hu-
man cellular proteins, called “host factors”, positively or negatively regulate HIV-1 
infection and replication [1]. For example, cell surface receptors such as CD4 [2, 
3], CCR5 [4–6], and/or CXCR4 [7, 8], are utilized by HIV-1 for viral entry into 
target cells and, thus, serve as positive regulators (Fig. 18.1). In addition, LEDGF 
is a prerequisite for provirus integration into the human genome mediated by HIV-1 
integrase [9], and cyclin T1 is important for efficient viral transcription mediated by 
Tat, an HIV-1-encoding regulatory protein [10]. Moreover, nascent HIV-1 virions 
are budded from infected cells by hijacking ESCRT machinery, which consist of 
TSG101 [11–13], VPS4, CHMP family proteins, and others [14]. In contrast, the 
human genome encodes at least two proteins capable of negatively regulating HIV-
1 replication. These two cellular proteins, APOBEC3G [15] and BST2 (also known 

Fig. 18.1   HIV-1 life cycle. HIV-1 particle binds to the receptors, CD4, CCR5, and/or CXCR4 mol-
ecules, on the surface of a target cell through viral envelope proteins and fuses with the cell ( step 1, 
entry). The HIV-1 core containing viral proteins (e.g., reverse transcriptase and integrase) and viral 
RNA genome (reverse transcription complex; RTC) is released into the cytoplasm and dissociates 
( step 2, uncoating). RTC proceeds to reverse transcription ( step 3, reverse transcription) and the 
complex of integrase and viral DNA (preintegration complex; PIC) is imported into the nuclear 
( step 4, nuclear entry). PIC associates with chromosome and integrates viral DNA into cellular 
genomic DNA ( step 5, integration). A host factor, LEDGF, is crucial for HIV-1 integration. A viral 
regulatory protein, Tat, initiates and augments HIV-1 transcription by recruiting cellular proteins 
such as cyclin T1 ( step 6, transcription). After translation of viral proteins ( step 7, translation), 
viral proteins and genomic RNA are united and assembled ( step 8, assembly). At the plasma mem-
brane of infected cell, the assembled virus core is wrapped with a lipid bilayer membrane contain-
ing HIV-1 envelope proteins and is pinched off by cellular ESCRT machinery, which consists of 
TSG101, VPS4, CHMP proteins, and others ( step 9, budding). The nascent budding HIV-1 particle 
is released ( step 10, release) and binds to the receptor molecules expressed on other cells, which 
leads to cell-free infection (i.e., back to step 1). Generally, steps 1–5 are considered as the “early 
phase” of HIV-1 replication, while steps 6–10 are considered to be the “late phase.” Representative 
“host factors” positively associate with HIV-1 replication are shown in gray
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as tetherin, CD317, and HM1.24) [16, 17] are considered as “restriction factors” 
and “intrinsic immunity” against HIV-1 infection.

APOBEC3G is one of the APOBEC3 cytidine deaminase family proteins 
(APOBEC3A, B, C, D, F, G, and H; APOBEC3s), and can be packaged into nascent 
HIV-1 particles [18, 19]. During reverse transcription, in newly infected cells, hitch-
hiking APOBEC3G proteins enzymatically remove an amine group (–NH2) from a 
cytosine base in the reverse-transcribed viral DNA (i.e., negative-stranded DNA) 
resulting in a uracil substitution (C-to-U mutation). Since these C-to-U mutations 
by APOBEC3G are responsible for corresponding G-to-A mutations in positive-
stranded proviral DNA, it is widely accepted that APOBEC3G induces G-to-A mu-
tations in HIV-1 genome. The APOBEC3G-mediated G-to-A mutations result in 
the induction of premature stop codons and/or nonsynonymous mutations in viral 
proteins, which leads to the diminishment of viral replication (Fig. 18.2).

BST2 is a type II transmembrane glycoprotein and is ubiquitously expressed on 
the surface of human immune cells [16, 17]. In addition, its expression is  augmented 
by type I interferon treatment [16, 17]. On the surface of HIV-1-infected cells, 

Fig. 18.2   The interplay of APOBEC3G and Vif. ( Top left and bottom, shaded) In the absence of 
Vif, APOBEC3G proteins expressed in HIV-1-infected cell are incorporated into the nascent viral 
particles. In newly infected cell, incoming APOBEC3G induces C-to-U mutation in negative-
stranded viral DNA, which is attributed to G-to-A mutation in positive-stranded viral DNA. The 
G-to-A mutations result in termination mutation (i.e., amino acid mutation to stop codon) and/
or nonsynonymous mutation leading to the diminishment of HIV-1 replication. ( Top right) In 
the presence of Vif, APOBEC3G proteins are ubiquitinated by Vif-cullin 5-elongin B/C-CBFβ 
complex and are degraded through the ubiquitin/proteasome-dependent pathway. Because APO-
BEC3G incorporation into nascent HIV-1 is impaired by the mechanisms of action of Vif, the 
infectivity of the released viral particle is retained
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BST2 tethers nascent viral particles and impairs their release (Fig. 18.3). Although 
the anti-viral activity of APOBEC3G is mainly confined to viruses of the Retroviri-
dae family, including HIV-1, BST2 can impede the release of various enveloped 
viruses belonging to not only Retroviridae (e.g., HIV-1) [20–26] but also Arena-
viridae (e.g., Lassa fever virus) [27, 28], Filoviridae (e.g., Ebola virus and Marburg 
virus) [22, 27, 28], Herpesviridae (e.g., Kaposi’s sarcoma-associated herpesvirus) 
[29, 30], Orthomyxoviridae (e.g., influenza A virus) [31], Paramyxoviridae (e.g., 
Nipah virus) [32], and Rhabdoviridae (e.g., vesicular stomatitis virus) [33].

18.2  Viral Factors

In spite of the fact that human cells intrinsically possess mechanisms to diminish 
HIV-1 replication, HIV-1 infection in humans ultimately causes AIDS. How does 
HIV-1 circumvent these hurdles?

To counteract the actions of APOBEC3G and BST2, HIV-1 is armed with its own 
weapons, Vif and Vpu [34]. These two viral proteins act against intrinsic immunity 
and are known as “accessory proteins” and “viral factors”. Vif interacts with APO-
BEC3G and recruits a cellular E3 ubiquitin ligase complex, which consists of cullin 
5, elongin B, and elongin C, thereby leading to the degradation of APOBEC3G in a 
ubiquitin/proteasome-dependent pathway [18, 19]. In addition, it has been recently 
reported that Vif hijacks a cellular cofactor, CBFβ, to degrade APOBEC3G [35, 36]. 
This Vif-mediated APOBEC3G degradation impairs its incorporation into nascent 
HIV-1 particles (Fig. 18.2). On the other hand, Vpu is a type I transmembrane pro-
tein and directly interacts with BST2 through their transmembrane domains [37, 
38]. Vpu downregulates BST2 from the surface of HIV-1-infected cells and antago-
nizes the anti-viral activity of BST2 (Fig. 18.3).

Fig. 18.3   ( Left, shaded) In the absence of Vpu, BST2 proteins expressed on the surface of an 
HIV-1-infected cell tether newly budded viral particles and impair their release. ( Right) In the 
presence of Vpu, BST2 is downregulated from the surface of HIV-1-infected cell. Because BST2 
is sequestered from the budding site by the mechanisms of action of Vpu, nascent HIV-1 particles 
are efficiently released
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So far, in vitro studies using cell culture systems have been extensively per-
formed and have elucidated the detailed mechanisms of the interaction between 
“host factors” (APOBEC3G and BST2) and “viral factors” (Vif and Vpu). In other 
words, the battle between humans and HIV-1 can be interpreted as the interplay 
between “host factors” and “viral factors”, which has been a hot topic in the field 
of HIV-1 virology. However, because HIV-1 is unable to infect and induce disor-
ders in animals other than humans, investigating the physiological relevance of the 
interplay between “host factors” and “viral factors” in vivo has been challenging.

18.3  Animal Models for Investigating Host-Virus Protein 
Interaction

To investigate the dynamics of human-specific virus infections, a human hemato-
poietic stem cell-transplanted mouse model, called a “humanized mouse model,” is 
one of the best tools to date [39]. It is worth noting that humanized mouse models 
are able to maintain human leukocytes in a physiological condition for a long pe-
riod of time (ca. 1 year) [40, 41]. For instance, the expression levels of endogenous 
APOBEC3s in human CD4+ T lymphocytes in the spleen of humanized mice were 
comparable to those in human peripheral blood [42]. Therefore, by using human-
ized mouse models, we are able to address the significance of the interplay between 
“host factors” and “viral factors” in vivo.

18.4  APOBEC3G Versus Vif

A strong preference for G-to-A mutations in HIV-1 sequences has been observed 
in the specimens of infected patients [43–46]. However, because the sequences of 
transmitted/founder HIV-1 in clinically infected individuals are undeterminable, 
previous findings on HIV-1 mutations in patients were based on comparisons to 
certain HIV-1 laboratory clones. To directly address the significance of the inter-
play between APOBEC3G and Vif in vivo, either vif-deficient or wild-type (i.e., 
vif-proficient) CCR5-tropic HIV-1 molecular clone (strain JR-CSF) [47] was in-
oculated into humanized NOG mice [41, 42] and humanized NSG BLT mice [48]. 
Wild-type HIV-1 efficiently replicated in these humanized mice models, whereas 
vif-deficient HIV-1 did not show any viremia [42, 48]. In addition, the depletion 
of peripheral human CD4+ T lymphocytes, which is the hallmark of HIV-1 infec-
tion, was not observed in vif-deficient HIV-1-infected humanized mice [42], indi-
cating that Vif is a prerequisite for CCR5-tropic HIV-1 infection and replication 
in vivo. Moreover, a prominent G-to-A hypermutation was observed in proviral 
DNA of wild-type (i.e., vif-proficient) HIV-1-infected humanized NOG mice [42] 
and  vif-deficient  HIV-1-infected humanized NSG BLT mice [48]. These findings 
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directly demonstrate that endogenous APOBEC3G induces G-to-A hypermutations 
in proviral DNA and abrogates vif-deficient CCR5-tropic HIV-1 replication in vivo.

Based on the coreceptor usage, HIV-1 can be classified into two types: CCR5-
tropic HIV-1 and CXCR4-tropic HIV-1. The former is the major clinical isolates 
from patients along with transmitted/founder viruses, whereas the latter occasion-
ally emerges during the onset of AIDS [49]. Although vif-deficient CCR5-tropic 
HIV-1 was unable to replicate in vivo [42, 48], a study using humanized NSG BLT 
mouse model revealed that vif-deficient CXCR4-tropic HIV-1 (strain LAI) [50] can 
display viremia when the virus solution is directly injected into the human thymic 
implant or is intravenously inoculated [48]. CXCR4 is highly expressed on hu-
man CD4+ thymocytes, while CCR5 is less expressed [51, 52]. In addition, it was 
of particular importance that human thymocytes express lower APOBEC3G than 
peripheral human CD4+ T lymphocytes [48]. Therefore, these observations suggest 
that CXCR4-tropic HIV-1 is able to sustain its replication without vif by hijacking 
a cell population, which has reduced APOBEC3G expression, such as human CD4+ 
thymocytes.

From in vitro studies, it is known that certain APOBEC3 family proteins other 
than APOBEC3G, particularly APOBEC3F, can be incorporated into nascent HIV-
1 and insert G-to-A mutations in the HIV-1 genome [53, 54]. Similarly to APO-
BEC3G, Vif degrades APOBEC3F via a ubiquitin/proteasome-dependent pathway. 
Interestingly, although APOBEC3G-mediated mutations exhibit a dinucleotide 
signature, GG-to-AG, APOBEC3F has a GA-to-AA preference [18, 19]. Although 
the ectopic expression of APOBEC3F strongly attenuates HIV-1 infectivity in in 
vitro cell culture systems [53, 54], it seems controversial whether endogenous 
APOBEC3F can exert anti-HIV-1 activity in vitro and in vivo [55–57]. However, 
detailed analyses on proviral DNA sequences in the wild-type (i.e., vif-proficient) 
HIV-1-infected humanized mice have revealed that a mixture of GG-to-AG and 
GA-to-AA hypermutations in a single amplicon was not observed, and that G-to-A 
hypermutations in each amplicon can be classified into either GG-to-AG or GA-
to-AA [42]. These observations suggest that individual APOBEC3 family proteins, 
at least APOBEC3G and APOBEC3F, independently participate in G-to-A HIV-1 
hypermutation in vivo. Further investigations will reveal the significance of APO-
BEC3G and APOBEC3F on HIV-1 replication in vivo.

Altogether, Vif is essential for HIV-1 replication, particularly for CCR5-tropic 
HIV-1, while endogenous APOBEC3 is able to intrinsically diminish HIV-1 replica-
tion in vivo. In addition, it has been reported that APOBEC3-mediated mutations 
can improve CTL recognition and further induce adaptive immune system [58]. On 
the other hand, an HIV-1-infected humanized NSG BLT mouse model has shown 
that APOBEC3-mediated mutations can associate with escaping CTL epitopes dur-
ing acute infection [59]. Humanized mouse models are suitable to investigate the 
dynamics of viral mutations in vivo [42, 48, 59, 60] and may serve as ideal tools to 
elucidate the cost and benefit of APOBEC3-mediated editing of HIV-1.
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18.5  BST2 Versus Vpu

In vitro experiments have revealed that the potency of HIV-1-infected cells for the 
release of vpu-deficient viral particles is dependent on BST2 expression. For in-
stance, HEK293 cells and Cos-7 cells, which do not express endogenous BST2, 
are able to produce nascent vpu-deficient HIV-1 particles, whereas HeLa cells and 
Jurkat cells, which express endogenous BST2, are not [16, 17]. Importantly, en-
dogenous BST2 is expressed in primary human CD4+ T cells [16, 61], which are 
the primary targets for HIV-1 infection in vivo, suggesting that BST2 has the ro-
bust potential to regulate HIV-1 replication in vivo. To elucidate the significance 
of the interplay between BST2 and Vpu in vivo, either vpu-deficient or wild-type 
(i.e., vpu-proficient) CCR5-tropic HIV-1 molecular clone (strain AD8) [62–64] was 
inoculated into a humanized NOG mouse model [41, 61]. Although the growth 
kinetics of vpu-deficient HIV-1 in the humanized mouse model was lower than 
wild-type HIV-1, vpu-deficient HIV-1 efficiently replicated in vivo [61]. In addi-
tion, Vpu did not affect the viral cytopathic effect, target cell preference, and the 
level of viral protein expression [61]. By comparing these findings with those in 
vif-deficient HIV-1-infected humanized mice [42], Vpu appears to be dispensable 
for viral replication in vivo and had modest effects on viral pathogenesis. However, 
it was of particular importance that the expression level of BST2 on the surface of 
HIV-1-infected cells in wild-type HIV-1-inoculated humanized mice was signifi-
cantly lower than that in vpu-deficient HIV-1-inoculated mice, and that the amount 
of cell-free virions in wild-type HIV-1-infected mice was profoundly higher than 
that in vpu-deficient HIV-1-infected mice [61]. These observations strongly suggest 
that Vpu augments the release of viral particles by downregulating surface BST2 on 
HIV-1-infected cells even in vivo.

So, why is BST2 unable to “restrict” HIV-1 replication in vivo despite its potent 
ability to inhibit viral release? One plausible explanation may be the mode of HIV-1 
infection. HIV-1 can be propagated by at least two modes: cell-free virus-mediated 
infection and cell-to-cell infection [65, 66]. Although it is still controversial [67, 
68], certain reports have demonstrated that cell-to-cell HIV-1 infection overcomes 
BST2-mediated restriction [61, 69]. More importantly, cell-to-cell HIV-1 infection 
is more efficient than cell-free infection in in vitro cell culture systems [70, 71], and 
it has been recently reported that cell-to-cell HIV-1 spread efficiently occurs in vivo 
[72, 73]. Therefore, it seems convincing that BST2 restricts the release of HIV-1 for 
cell-free infection but does not impair the cell-to-cell spread of HIV-1, which is a 
major route of viral dissemination in vivo. These findings further provide a caveat 
that the observations from in vitro cell culture systems do not always reflect the 
events that occur in vivo and should be readdressed and reevaluated by utilizing 
animal models such as humanized mouse models.
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18.6  Conclusion

Here I summarized the significance of the interplay between “host factors” 
(APOBEC3G and BST2) and “viral factors” (Vif and Vpu) in HIV-1 replication 
by utilizing humanized mouse models. To date, rhesus macaque monkeys infected 
with SIVmac, a primate lentivirus, have been widely utilized as the animal model 
for HIV-1 infection in humans and have provided novel insights [74]. However, be-
cause the structure and function of the genes encoded by SIVmac are different from 
those encoded by HIV-1 [75], the SIVmac-infected macaque model is unable to 
recapitulate the interplay between human and HIV-1 proteins on a molecular level. 
For instance, SIVmac does not encode vpu and antagonizes rhesus macaque BST2 
by Nef, another viral accessory protein [21, 24, 26, 76]. Therefore, to elucidate the 
dynamics of viral and host factors and how they affect HIV-1 replication in vivo, 
it would be important to combine the knowledge provided from SIVmac-infected 
rhesus macaque models to novel findings brought from HIV-1-infected humanized 
mouse models. In summary, humanized mouse models are not only able to investi-
gate the dynamics of human-pathogen interaction in vivo but also bridge the knowl-
edge obtained from molecular and cellular biology to clinical science.
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19.1  Introduction

Vaginal and rectal HIV exposures account for the vast majority of the 2.5 million 
new HIV transmissions that occur annually worldwide [1]. A primary goal in the 
fight against HIV-AIDS is to prevent these new infections, yet the development of 
interventions designed to prevent mucosal HIV transmissions has been hindered by 
the lack of adequate models that recapitulate the events taking place during human 
infection. The highly restrictive species tropism of HIV is the primary reason that 
there are few models where potential clinical interventions against HIV transmis-
sion can be evaluated [2]. Mice are easily manipulated experimentally and would 
be ideal in vivo experimental platforms for research into mucosal HIV transmission, 
but unfortunately mouse cells are refractory to HIV infection and when infected 
cannot support HIV replication [3, 4]. Humanized mice bring the benefits of mice as 
small-animal models together with the human cells necessary for HIV transmission 
and replication [5–13].

Reviewed here are immunodeficient mice given a bone marrow transplant of 
human CD34+ hematopoietic stem cells (hHSC) and then used for vaginal or rectal 
HIV transmission studies. To date, four different immunodeficient mouse strains 
have been utilized for this purpose. These strains include: (i) Rag2−/− IL2R γC−/− 
(commonly referred to as double knockout or DKO; [14]); (ii) Rag1−/− IL2R γC−/− 
(Rag1; [15]); (iii) nonobese diabetic/SCID (NOD/SCID or N/S; [16–19]); and (iv) 
N/S IL2R γC−/− (NSG; [20]). DKO, Rag1, and NSG mice humanized with a bone 
marrow transplantation of hHSC are referred to hereafter as “mouse strain”-hHSC 
mice. When hHSC bone marrow transplantation is combined with implantation of 
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human liver and thymic tissue under the mouse kidney capsule, the resultant chime-
ric animals are referred to as BLT (bone marrow-liver-thymus) mice [16, 17]. Both 
BLT and hHSC transplant only humanized mice have been shown to harbor human 
T cells, B cells, and antigen presenting cells distributed throughout their organ sys-
tems (e.g., bone marrow, thymus, spleen, and lymph nodes; [14–17, 20]). However, 
it is the combination of bone marrow transplantation of hHSC coupled with the im-
plantation of thymic/liver tissue in BLT mice that leads to optimum reconstitution 
of both the female reproductive tract (FRT) and the gastrointestinal tract of human-
ized mice with all the human cells that have been identified as important for HIV 
transmission [17, 21–28]. Another key distinction of BLT mice is that the implanted 
thymic tissue in BLT mice develops into a bona fide human thymus that produces 
human T cells expressing a broad TCR Vβ repertoire capable of HLA-restricted 
responses [16, 17, 26, 29].

The presence of HIV target cells in the FRT and intestines of humanized mice 
suggests that these models could be suitable for the study of vaginal and rectal HIV 
transmission. When humanized mice were exposed to HIV vaginally, the exposures 
were performed atraumatically [15, 22, 24, 25, 30–36]. Even though hormonal pre-
conditioning in these models is not necessary for vaginal HIV transmission, two 
studies included hormonal treatment prior to vaginal exposure for unspecified rea-
sons ([33, 34; Table 19.1). When humanized mice were exposed to HIV rectally, the 
exposures were either atraumatic [30, 37, 38] or followed simulated receptive anal 
intercourse ([27, 39;] Table 19.2).

19.2  Vaginal HIV Transmission

In BLT mice, human CD4+ T cells, CD68+ monocyte/macrophage cells, and clus-
ters of CD11c+ dendritic cells are present throughout the FRT including the vagina, 
ectocervix, endocervix, and uterus [22, 24, 25]. The resultant susceptibility of BLT 
mice to vaginal HIV infection has been extensively documented by multiple re-
search groups [22, 24, 25, 33, 34, 36]. Four of these studies utilized NSG-BLT mice 
[24, 33, 34, 36] and two utilized both NSG-BLT and N/S-BLT mice [22, 25]. In the 
four studies examining vaginal HIV transmission exclusively in NSG-BLT mice, 60 
of 70 exposed mice became viremic (86 % transmission; [24, 33, 34, 36]). In one 
study that utilized both types of BLT mice, a clear relationship was noted between 
the levels of human reconstitution and vaginal transmission regardless of the strain 
of mice used [22]. In the other study, NSG-BLT and N/S-BLT mice with similar 
levels of human reconstitution were shown to also be readily susceptible to vaginal 
HIV infection (82 % transmission; [25]). The available data makes it is clear that 
these mice are well-suited for vaginal HIV transmission experiments.

Similarly, DKO-hHSC mice harbor human CD4+ cells and CD68+ monocyte/
macrophage cells in their vagina [30]. Two research groups have reported vaginal 
HIV infection in DKO-hHSC or Rag1-hHSC mice [15, 30–32, 34, 35]. Data from 
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four of these reports indicates that under their experimental conditions 36 of 37 
DKO-hHSC mice became viremic following vaginal exposure to laboratory strains 
of HIV (97 % transmission; [30–32, 35]). It should be noted that two of the manu-
scripts did not report the number of animals exposed [15, 34]. When all of these 
studies are examined together, the conclusion is that vaginal HIV transmission is 
both efficient and reproducible in multiple types of humanized mice.

19.2.1  Prevention of Vaginal HIV Transmission

Of the 11 manuscripts describing vaginal HIV transmission in humanized mice, 
six used these models to examine HIV prevention strategies (Table 19.1; [24, 25, 
31–33, 35]). Preexposure prophylaxis (PrEP) interventions were tested to determine 
whether infection could be prevented in humanized mice treated either systemically 
or topically with antiviral drugs, peptides, aptamers, or antibodies. The first study 
to evaluate an HIV prevention strategy in humanized mice found that systemically 
applied tenofovir disoproxil fumarate and emtricitabine (reverse transcriptase in-
hibitors) prevented transmission in 5 of 5 treated NSG-BLT mice (100 % protection; 
[24]). Another study reported that systemically applied raltegravir (an integrase in-
hibitor) prevented transmission in 6 of 6 treated DKO-hHSC mice (100 % protec-
tion; [31]). In this study, it was also reported that systemically applied maraviroc 
(a CCR5 coreceptor inhibitor) prevented transmission in 6 of 6 treated DKO-hHSC 
mice (100 % protection; [31]). The remaining four studies examined topical PrEP 
strategies for preventing vaginal HIV transmission [25, 32, 33, 35]. In one study, 
seven different topical interventions were assessed for efficacy in BLT mice [25]. 
These interventions are listed here along with the numbers of protected vs. treated 
mice for each agent: a C-peptide fusion inhibitor (C52L; 7 of 7, 100 % protection), 
a membrane-disrupting amphipathic peptide inhibitor (C5A; 8 of 8, 100 % protec-
tion), a trimeric D-peptide fusion inhibitor (PIE12-Trimer; 5 of 5, 100 % protection), 
a combination of reverse transcriptase inhibitors (tenofovir disoproxil fumarate and 
emtricitabine; 8 of 9, 89 % protection), a single reverse transcriptase inhibitor (te-
nofovir; 7 of 8, 88 % protection), a thioester zinc finger inhibitor that primarily 
affects virion maturation (TC247; 4 of 7, 57 % protection), and a small-molecule 
Rac inhibitor that affects viral entry from within the target cell (NSC23766; 0 of 
4, 0 % protection; [25]). In a second study, topically applied maraviroc prevented 
transmission in 7 of 7 treated DKO-hHSC or Rag1-hHSC mice (100 % protection; 
[32]). In another study, three distinct CD4+ cell targeting aptamer-siRNA chimeras 
carrying siRNA targeted to CCR5, gag or vif protected 2 of 4 treated NSG-BLT 
mice (50 % protection; [33]). In the fourth study, anti-HIV neutralizing antibod-
ies were topically applied in DKO-hHSC or Rag1-hHSC mice [35]. VRC01 alone 
prevented transmission in 7 of 9 treated mice (78 % protection) and a pool of four 
neutralizing antibodies (b12, 4E10, 2F5, and 2G12) prevented transmission in 5 
of 5 treated mice (100 % protection; [35]). The breadth of the interventions tested 
in humanized mice highlights the utility of these models for testing different HIV 
prevention interventions.
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19.2.2  Vaginal Transmission of Antiviral Drug-Resistant HIV

Drug-resistant HIV can be transmitted in humans [40–43] causing treatment failure 
[44–50]. Since HIV develops resistance to virtually all antiviral drugs currently 
available, there is great interest in the mucosal transmission of antiviral resistant 
HIV [51–55]. NSG-BLT mice were vaginally challenged with either wild type HIV-
1 or an isogenic HIV containing a K65R mutation in reverse transcriptase that of-
fers resistance to tenofovir [55]. When compared to transmission by the wild-type 
HIV-1 parent viral isolate (4 of 4 exposed mice became viremic; 100 % transmis-
sion), there was a 75 % reduction ( p = 0.01) in vaginal transmission by the K65R 
isogenic mutant virus (3 of 12 exposed mice became viremic; 25 % transmission; 
[36]). Furthermore, in infected mice, the drug resistant virus reverted to a wild type 

Table 19.1.   Vaginal HIV transmission in humanized mice
Year/First author 
(ref.)

Humanized 
mice

Hormone 
pretreatment

HIV 
isolate(s)

Topical PrEP 
intervention

Systemic PrEP 
intervention

2008/Denton [24] NSG-BLT – JR-CSF – FTC/TDF
2008/Berges [30] DKO-hHSC – BaL

NL4-3
– –

2010/Neff [31] DKO-hHSC – BaL – Raltegravir
Maraviroc

2011/Akkina [15] Rag1-hHSC – BaL – –
2011/Denton [25] N/S-BLT

NSG-BLT
– JR-CSF Tenofovir

C52L
C5A
PIE12-Trimer
FTC/TDF
TC247
NSC23766

–

2011/Neff [32] DKO-hHSC
Rag1-hHSC

– BaL Maraviroc –

2011/Stoddart [22] N/S-BLT
NSG-BLT

– JR-CSF
81A-G

– –

2011/Wheeler [33] N/S-BLT
NSG-BLT

Yes JR-CSF CD4 aptamer-
siRNA chimeras

–

2012/Hur [34] NSG-BLT
DKO-hHSC

Yes JR-CSF – –

2012/Veselinovic 
[35]

DKO-hHSC
Rag1-hHSC

– BaL VRCO1 nAb
4 pooled nAb

–

2013/Chateau [36] NSG-BLT – JRSCF
JR-CSF 
K65Ra

– –

FTC emtricitabine, hHSC human hematopoietic stem cell, nAb HIV neutralizing antibody, TDF 
tenofovir disoproxil fumarate
a JR-CSF with a K65R mutation in reverse transcriptase
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(drug sensitive) genotype in plasma and vaginal fluid [36]. These data demonstrate 
the utility of BLT mice for these types of studies and suggest that drug resistance 
mutations with predicted fitness cost in vitro (e.g., K65R [56, 57]), also might have 
a mucosal transmission deficiency that can be characterized in this in vivo model.

19.3  Rectal HIV Transmission

In BLT mice, human CD4+ T cells, CD68+ monocyte/macrophage cells, and CD11c+ 
dendritic cells are present throughout their small and large intestines, including the 
rectum [24, 26, 27]. Importantly, the human lymphocytes in the intestines of BLT 
mice are distributed similarly to those found in human gut [26, 27, 58, 59]. Further-
more, rectal HIV infection in BLT mice has been demonstrated in three different 
studies. Rectal HIV exposure led to infection in 6 of 7 [27], 12 of 19 [39], and 13 of 
25 [38] animals for an average transmission rate of 61 % in BLT mice. Most of these 
challenges were performed using the primary isolate HIV-1JR-CSF [60]. Recently it 
has been demonstrated that in humans, mucosal exposure results in the transmission 
of one or a few viruses designated as transmitted founder viruses [61–63]. Due to 
the high relevance of transmitted founder viruses to the human condition, a rectally 
acquired transmitted founder virus (HIV-1THRO [62]) was evaluated for transmis-
sibility in BLT mice. When BLT mice were exposed rectally to HIV-1THRO, 5 of 8 
animals became viremic [38]. Demonstration of the susceptibility of BLT mice to a 
virus responsible for an actual human transmission event is a significant advance-
ment that will allow for further analysis of the role of transmitted founder viruses in 
mucosal HIV transmission.

DKO-hHSC mice also harbor human CD4+ cells and CD68+ monocyte/macro-
phage cells in their large intestines, including the rectum [30], although HIV target 
cells are uncommon in the large intestine of these mice [26, 37]. Two research 
groups have examined rectal HIV infection in DKO-hHSC mice [30, 37]. Berges 
et al. reported that 11 of 14 rectally exposed DKO-hHSC mice became viremic 
(79 % transmission) after a single exposure to laboratory strains of HIV [30]. In 
contrast, Hofer et al. reported that 1 of 23 rectally exposed DKO-hHSC mice be-
came viremic (4 % transmission) also after exposure to a laboratory strain of HIV 
[37]. In the 5 years after these two discordant results were reported, no follow-up 
manuscripts reporting rectal transmission in DKO-hHSC mice have been published.

19.3.1  Prevention of Rectal HIV Transmission

Of the five manuscripts describing rectal HIV transmission in humanized mice, two 
used BLT mice to examine HIV prevention by antiviral drug(s) (Table 19.2; [38, 
39]). In one study, topically applied tenofovir prevented transmission of HIV-1JR-CSF 
in 11 of 12 treated NSG-BLT mice (92 % protection; [38]). This study also reported 
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that topically applied tenofovir prevented transmission of the transmitted founder 
HIV-1 isolate, HIVTHRO, in 6 of 6 treated NSG-BLT mice (100 % protection; [38]). 
The other study reported that systemically applied tenofovir disoproxil fumarate 
and emtricitabine prevented rectal transmission in 9 of 9 treated BLT mice (100 % 
protection; [39]). Thus, both topical and systemic PrEP for the prevention of rectal 
HIV transmission have been successfully evaluated in humanized mice.

19.4  Validation of BLT Mice for Preclinical Efficacy 
Testing of HIV Prevention Interventions

One rationale for generating BLT humanized mice as HIV transmission models was 
to test prevention strategies and a key step in the validation of humanized mice for 
the testing of these strategies is to compare results obtained using humanized mice 
to available clinical trial data. Given that some of the same topical and systemic 
PrEP strategies have been tested in both BLT mice and humans, such comparisons 
have been made [23]. Briefly, topical tenofovir to prevent vaginal HIV transmission 
has been tested in BLT mice (88 % efficacy; [25]) and in two clinical trials (CA-
PRISA 004, 39 % efficacy and VOICE, discontinued; [64, 65]). Systemic PrEP with 
tenofovir disoproxil fumarate and emtricitabine for the prevention of vaginal and 
rectal HIV transmission was tested in BLT mice (100 % efficacy each for vaginal 
and rectal prevention; [24, 39]). In humans, this combination of antiretrovirals has 
been evaluated in: men that have sex with men (iPrEx, 44 % efficacy), sexually ac-
tive men and women (TDF2, 63 % efficacy), heterosexual couples (partners PrEP, 
73 % efficacy), and sexually active women (FEM-PrEP, discontinued; [66, 67]). 
Based on the available data, in July 2012 the US Food and Drug Administration 

Table 19.2.   Rectal HIV transmission in humanized mice
Year/First author 
(ref.)

Human-
ized mice

sRAI 
pretreatment

HIV isolate(s) Topical PrEP 
intervention

Systemic PrEP 
intervention

2007/Sun [27] N/S-BLT Yes LAI – –
2008/Berges [30] DKO-

hHSC
– BaL

NL4-3
– –

2008/Hofer [37] DKO-
hHSC

– YU-2
JR-CSF
NL4-3
89.6

– –

2010/Denton [39] N/S-BLT
NSG-BLT

Yes JR-CSF – FTC/TDF

2013/Chateau [38] NSG-BLT – JR-CSF
THRO

Tenofovir –

FTC emtricitabine, hHSC human hematopoietic stem cell, sRAI simulated receptive anal inter-
course, TDF tenofovir disoproxil fumarate
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approved systemic PrEP with oral Truvada (coformulated tenofovir disoproxil fu-
marate and emtricitabine) in combination with safer sex practices to reduce the risk 
of sexually acquired HIV-infection [68].

19.5  Conclusions and Future Directions

Humanized mice have been validated as in vivo models of vaginal and rectal HIV 
transmission. These successes open avenues for new investigations using human-
ized mice including: defining the molecular determinants of mucosal HIV transmis-
sion; defining the parameters of HIV dissemination following mucosal infection, 
perhaps using intravital microscopy [69]; and characterizing HIV shedding in the 
genital tract of infected humanized mice. The results of such studies will provide 
key insights into host/pathogen interactions in mucosal tissues at the time of and 
following HIV exposure. In conclusion, humanized mice are reproducible, relevant, 
and reliable experimental platforms for gaining novel insights into mucosal HIV 
transmission.
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20.1  Introduction

The impetus for this research was the fact that the development of effective strate-
gies to prevent human immunodeficiency virus (HIV) acquisition during breast-
feeding would be significantly enhanced by a small animal model of oral HIV in-
fection that could be utilized to study the mechanisms for oral transmission of HIV. 
In addition, a suitable animal model could be used to test the efficacy of novel ap-
proaches to prevent oral HIV transmission. Thus, we developed an oral HIV trans-
mission model based on  Bone marrow/liver/thymus (BLT) humanized mice [1]. 
This model has been used to address issues of fundamental importance to the field 
including: (1) the role of cell-free and cell-associated virus, (2) viral dissemination 
following exposure, (3) prevention of HIV transmission with antiretrovirals and (4) 
the effect of human breast milk on HIV transmission.

BLT mice are created by transplanting autologous fetal liver-derived human 
CD34+ hematopoietic progenitor cells into mice previously implanted with a piece 
of human fetal liver sandwiched between two small pieces of human fetal thymus 
[1]. BLT mice show robust reconstitution with virtually all human hematopoietic 
cell types that are present in primary, secondary and effector immune organs. The 
immune cells present in BLT mice can mount both humoral and cellular immune re-
sponses to model antigens and viruses [1, 2]. Our laboratory has further established 
that systemic reconstitution with human hematopoietic cells renders BLT mice sus-
ceptible to parenteral, rectal and vaginal HIV infection [2–7]. More recently, it was 
also demonstrated that BLT mice can be utilized to assess the efficacy of pre- and 
post-exposure antiretroviral prophylactic strategies to prevent mucosal and paren-
teral HIV infection [3–6].

20.2  Reconstitution of the Oral Cavity and the Upper  
GI Tract in BLT Humanized Mice

The oral cavity is the first site exposed to HIV that is transmitted during breastfeed-
ing. Therefore, examination of the oral mucosa of BLT mice for the presence of 
human hematopoietic cells was done using immunohistochemistry (IHC) analysis. 
It was found that in the oral mucosa of BLT mice, human macrophages are present 
in the epithelial layer, near the basement membrane, and in the lamina propria [8]. 
Human dendritic cells are predominantly present in the lamina propria [8]. Human 
CD4+ and CD8+ T cells are present in the epithelial layer, appearing as a band at the 
basement membrane, and in the underlying lamina propria [8]. This distribution of 
cells is very similar to that observed in the oral mucosa of infants [9].

Since mice do not have tonsils, the salivary glands and lymphoid tissues proximal 
to the oral mucosa of BLT mice were examined for the presence of human cells. The 
salivary glands of BLT mice were reconstituted with human macrophages, dendritic 
cells and CD4+ T cells, as wells as human CD8+ T and B cells [8]. In addition, the 
cervical lymph nodes (CLN), which drain the oral mucosa, and the nasal-associated 
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lymphoid tissue (NALT) of BLT mice were also found to contain human macro-
phages, dendritic cells and T and B cells [8].

In humans, HIV transmission may occur in the oral cavity and/or in the upper 
GI tract following an oral exposure. IHC demonstrated that human dendritic cells, 
macrophages and CD4+ T cells are all present in the esophagus, stomach and upper 
small intestine of BLT mice as well as at the gastroesophageal (GE) junction, where 
the esophagus joins the stomach [8]. In regard to the relative distribution of human 
cells in the upper GI tract of BLT mice, in the esophagus, human macrophages, 
dendritic cells and CD4+ T cells are located in the basal layer of the epithelium and 
in the lamina propria [8]. Human dendritic cells, macrophages and CD4+ T cells 
are found in the epithelium and lamina propria of the stomach as well as the lamina 
propria of the duodenum [7, 10]. In all these aspects, the upper GI tract of BLT mice 
resembles that of healthy adults [11–16].

20.3  Efficient Oral HIV Transmission in BLT Humanized 
Mice

Exposure of BLT mice to a single dose of cell-free HIV-1, administered directly 
into the oral cavity, resulted in systemic infection and gradual CD4+ T-cell deple-
tion in peripheral blood [8]. Consistent with the presence of HIV target cells in the 
oral mucosa and upper GI tract of BLT mice, reproducible oral HIV transmission 
was noted [8]. Specifically, viral RNA was readily detected in the plasma of all BLT 
mice exposed orally to HIV-1 demonstrating efficient transmission in this model 
[8]. One important observation made during the course of these experiments was 
that viral RNA was present in the saliva of the majority of infected BLT mice. As 
is observed in humans, the viral load in saliva was consistently lower than the viral 
load in plasma [8, 17, 18].

Currently, following an oral exposure, HIV transmission to neonates is believed 
to occur in the oral cavity and/or upper GI tract. In order to determine if HIV trans-
mission can occur distal to the oral cavity, HIV-1 was administered directly into the 
stomach of BLT mice by oral gavage. After exposure by gavage, viral RNA could 
be readily detected in the plasma of all BLT mice by 2 weeks post-exposure indicat-
ing that the mucosal surfaces of BLT mice distal to the oral cavity can be directly 
infected with HIV [8].

20.4  Oral Transmission of Cell-Associated HIV in BLT 
Humanized Mice

Biological fluids like blood, semen and cervicovaginal secretions contain both cell-
free and cell-associated HIV. Similarly, both forms of the virus are present in the 
breast milk of HIV-infected women. Currently, it is unclear whether one or both are 
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responsible for the transmission events resulting in infection [19–22]. In this regard, 
hu-mice have been helpful to determine if cell-free and cell-associated HIV are 
transmissible following an oral exposure. Once oral transmission of cell-free HIV 
had been demonstrated, the oral transmission of cell-associated HIV was evaluated. 
BLT mice were exposed orally to a single dose of HIV-infected cells and monitored 
for infection by determining the presence of viral RNA in peripheral blood plasma. 
Remarkably, transmission of cell-associated HIV was readily and reproducibly ob-
served [8]. Similar results were obtained when BLT mice were exposed to cell-
associated HIV by gavage, bypassing the oral cavity [8].

Since the vast majority oral HIV transmission events occur in the context of hu-
man breast milk, it was important to investigate the impact of breast milk on oral 
transmission. Previous reports have demonstrated that breast milk has an inhibitory 
effect on virus infectivity when evaluated with in vitro assays [23–31]. The avail-
ability of an in vivo system for oral HIV transmission permitted the first evaluation 
of the role of human breast milk in oral HIV transmission. Whereas in the absence 
of breast milk, HIV-RNA was detected in the peripheral blood plasma of all control 
mice exposed orally to HIV-1, no transmission events were reported when cell-free 
virus was orally administered in the presence of whole breast milk obtained from 
HIV-negative women [8]. Together, the in vitro and in vivo results of these experi-
ments highlight the potent HIV inhibitory activity of normal human breast milk and 
demonstrate that the in vitro HIV inhibitory activity of human breast milk is also 
capable of efficiently preventing oral transmission of cell-free HIV.

In stark contrast to the robust transmission of cell-associated HIV after oral ex-
posure in the absence of breast milk, cell-associated HIV was not capable of es-
tablishing a productive infection when oral exposures occurred in the presence of 
breast milk [8]. Collectively, these data demonstrate that BLT mice are susceptible 
to oral transmission of HIV and that human breast milk possesses innate factors 
that can potently inhibit oral transmission of both cell-free and cell-associated HIV.

20.5  Pre-exposure Administration of Antiretrovirals 
Prevents Oral HIV Transmission in BLT Humanized 
Mice

Hu-mice have been extensively used to investigate different aspects of HIV preven-
tion. Therefore, it was pertinent to determine if BLT mice could also be used to 
study the prevention of oral HIV transmission. Systemic pre-exposure prophylaxis 
(PrEP) with emtricitabine (FTC) and tenofovir (TDF) has been shown to effectively 
prevent vaginal, rectal and intravenous HIV transmission [3, 4, 6]. This same com-
bination of antiretrovirals was also highly effective at preventing oral HIV transmis-
sion [8]. These experiments serve as a proof-of-principle for the future evaluation of 
the efficacy of novel and existing antiretroviral therapy (ART) strategies.
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20.6  Conclusions and Future Directions

It has been clearly established that human hematopoietic cells generated in situ are 
capable of repopulating the oral cavity and upper GI tract of BLT humanized mice 
[8]. The presence of these human cells renders BLT mice susceptible to oral trans-
mission of cell-free and cell-associated HIV. Infection of the oral cavity results in 
virus shedding into saliva, recapitulating the human condition. Human breast milk 
can inhibit oral transmission of cell-free and cell-associated HIV and oral transmis-
sion of HIV can be prevented with systemic FTC/TDF PrEP. However, it should be 
noted that similar results have not been seen in other models. Specifically, NOD/
SCID and NOD/SCID/β2m

−/− mice reconstituted with human peripheral blood leu-
kocytes (hu-PBL mice) failed to demonstrate oral transmission of cell-free HIV fol-
lowing an oral exposure to CXCR4 and CCR5 tropic strains, including HIV-1JR-CSF 
[32]. Therefore, BLT mice represent a significant advancement since they are the 
first highly reproducible model for oral HIV transmission.

Several areas of future investigation and subsequent in vivo models of HIV 
transmission can be contemplated for this. For example, recent studies of mother–
infant transmission pairs indicate that the replicative fitness as well as the length of 
the variable loop and number of n-linked glycosylation sites in the envelope pro-
tein may influence which maternal variant(s) are preferentially transmitted [33–35]. 
BLT mice could be used to study the molecular and biological properties of HIV 
strains that provide a selective advantage for oral transmission during breastfeed-
ing. A comparison of viruses transmitted at early, mid and late stages of lactation 
would indicate if the composition of breast milk, which changes during lactation, 
influences which viruses are preferentially transmitted. Studies illustrating that ART 
administered to HIV-infected mothers during pregnancy or postpartum significantly 
decreases the amount of cell-free but not cell-associated HIV in breast milk [36, 
37], combined with reports demonstrating that maternal ART significantly decreas-
es but does not eliminate HIV transmission during breastfeeding, suggest that both 
cell-free and cell-associated HIV may be transmitted [38, 39]. As the importance of 
cell-associated HIV in breast milk transmission becomes increasingly more appre-
ciated, antiretroviral drugs and preventative strategies may be needed that reduce 
the burden of HIV-infected cells in the breast milk of HIV-infected women and/or 
directly inhibit transmission of cell-associated HIV in infants during breastfeeding.

Inhibitory factors present in breast milk may differ in their ability to inhibit cell-
free versus cell-associated HIV infection. While the skim fraction of human breast 
milk possesses proteins with HIV-inhibitory activity (i.e. mucin, lactoferrin, bile 
salt-stimulated lipase and secretory leukocyte protease inhibitor (SLPI)) [23–31], 
the lipid fraction may contain additional factors that can inhibit transmission of cell-
free and/or cell-associated HIV. For example, increased concentrations of certain 
long-chain polyunsaturated fatty acids (LCPUFAs) in breast milk are associated 
with a decreased risk of HIV breastfeeding transmission [40]. It has been hypoth-
esized that LCPUFAs may inhibit HIV infection by inactivating the virus’ enve-
lope, suppressing the release of HIV virions from the host cell membrane and/or 
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enhancing the viability of infected CD4+ T cells [41]. Finally, the availability of a 
robust and reproducible model of oral HIV transmission will permit the molecular 
analysis of the early events occurring at the mucosal sites of entry. Such detailed 
understanding will help the development and implementation of novel preventive 
strategies that could reduce the number of children acquiring HIV infection during 
breastfeeding.
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HLA Human leukocyte antigen
LTR Long terminal repeat
NOD Nonobese diabetes
SCID Severe combined immunodeficiency

21.1  Introduction

While it is evident that HIV-1 causes AIDS in humans, the exact mechanism of 
how HIV-1 targets and depletes CD4+ T cells in vivo remains unclear. Valuable 
information about the viral target cells and dynamics of viral particles has been ob-
tained from extensive investigations in HIV-1-infected individuals and SIV-infected 
rhesus macaques. However, in-depth studies including tissue distribution and the 
homeostasis of CD4+ T cells in HIV-1-infected humanized mice will reveal novel 
details of HIV pathogenesis.
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21.2  HIV-1 Infection in Humanized Mice

Two types of humanized mouse models have recently been frequently used to 
study human virus infection in vivo. To generate these mice, NOD SCID or RAG-2 
knockout mice are first backcrossed with common γ-chain ( Il2rγ) knockout mice 
[1, 2, 3], which results in severely immunocompromised mice that lack functional 
lymphocytes and NK cells, and are unable to mount an adaptive immune response. 
Then, the immunodeficient mice are transplanted with hematopoietic stem cells 
(HSC) isolated from umbilical cord blood or fetal liver to generate HSC-SCID mice, 
or with HSC, fetal liver and thymus to make BLT mice [4, 5]. Long-term human 
hematopoiesis is reconstituted in these mice, which are susceptible to infection by 
human viruses such as HIV-1 and Epstein-Barr virus (EBV). During virus infection, 
low levels of induced HIV-1 antibodies have been reported after viral inoculation in 
BLT mice [6]. Furthermore, HLA-restricted HIV-1 specific CD4+ and CD8+ T cell 
responses were also induced in BLT mice following HIV-1 infection [6, 7]. These 
examples help to demonstrate that humanized mice are useful tools for investigating 
features of HIV-1 infection and pathogenesis in vivo such as HIV-1 viral load (VL) 
and viral-induced depletion of CD4+ T cells [8–11].

Humanized mice are useful especially for investigating the early stages of HIV-
1 infection. Viremia first appears and increases rapidly within 1–3 weeks after the 
initial inoculation with virus until the VL plateaus at 105–106 RNA copies per mil-
liliter [12, 13]. Then, a gradual loss of CD4+ T cells follows for 4–6 weeks after 
CCR5 tropic (R5) HIV-1 infection and 3–4 weeks after CXCR4 tropic (X4) HIV-1 
infection [14].

It is well known that HIV-1 pathogenesis depends on the X4 or R5 co-recep-
tor usage. X4 HIV-1 is generally observed only during chronic infection while R5 
HIV-1 is the predominant type of HIV-1 found in infected individuals during both 
acute and chronic phases. One study conducted in rhesus macaques showed that 
a CXCR4 envelope-inserted SIV, X4 SHIV, caused rapid and complete depletion 
of most subsets of CD4+ T cells and resulted in mortality due to acute immunode-
ficiency [15]. On the other hand, R5 SIV infection in rhesus macaques resembled 
clinical manifestations of HIV-1 infection in humans [16], where the acute onset 
of immunodeficiency was rare [17, 18], and CD4+ T cells in peripheral blood de-
ceased slowly in number, eventually leading to immunodeficiency. Thus, R5 HIV-1 
is an appropriate HIV-1 model. When comparing the rhesus macaque model with 
humanized mice, a decrease and the stabilization of VL following the initial high 
level of viremia, known as the “VL set point,” was found in HIV-1 infection of the 
small subset of BLT mice whose human cells expressed an HLA-B57 allele [7], but 
not in the large group of BLT mice whose human cells expressed more common 
HLA alleles, and not in HSC-SCID mice. Although CTL responses against HIV-1 
antigens in HLA-B57 BLT mice with viral infection appear to control the level of 
VL set point [7], other immune responses, such as humoral responses are not high 
[6, 19]. This absence of full-scale human adaptive immune responses against viral 
proteins may be a large hurdle for humanized mice to serve as a complete model of 
HIV-1 pathogenesis.
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21.3  Memory CD4+ T Cells

The human body is composed of many tissues and circulating cells from which 
viruses select their preferred targets. The largest population of target cells for HIV 
is in the CD4+ T cell compartment [20]. T cells are generated in the thymus through 
negative and positive selection processes with thymic epithelial cells. Naïve CD4+ 
T (TN) cells exit from the thymus and circulate in the blood and lymphatic system. 
They then receive primary immune signals from antigen peptide-MHC II (pMHC 
II) complexes on antigen presenting cells (APC) and proliferate in lymphoid tissues 
[21]. Although many of the stimulated T cells disappear after antigen removal, a mi-
nority subpopulation of cells, which express the same TCR repertoire and maintain 
a nondividing state by augmentation of anti-apoptotic protein BCL2 expression, 
survive as long-lasting memory cells [22]. Memory populations of CD4+ T cells 
are heterogeneous and include proliferating and resting cells. Some memory CD4+ 
T cells are released into the blood circulation and others reside in tissues. From the 
expression profile of specific surface molecules, TN exclusively express CD45RA, 
whereas memory/proliferated CD4+ T cells express CD45RO [22, 23].

The mechanisms by which memory cells are maintained are not yet completely 
defined, but survival and self-renewing proliferation of memory T cells are likely to 
be controlled by cytokines such as IL-7 and IL-15. Rates of turnover seem to vary in 
these cells, and the depletion of CD4+ T cells results in compensatory homeostatic 
proliferation [22, 23]. IL-15 was shown to have a less prominent role for memory 
CD4+ cells than for NK and memory CD8+ cells in one humanized mouse study, 
suggesting that IL-15 induced human NK cell proliferation [24]. This difference in 
IL-15 dependence also correlates closely with the expression levels of the IL-15 re-
ceptor, CD122, which is displayed at much lower levels on memory CD4+ cells than 
on NK and memory CD8+ cells [25]. For this reason, memory CD4+ cells compete 
less effectively for IL-15 than NK and memory CD8+ cells.

In addition to pMHC II-primed CD4+ T cell populations, memory-phenotype 
(MP) CD4+ T cells, which arise from TN cells without intentional immunization, 
display the same homeostatic requirements [23, 26]. However, because activation 
by immunization of CD4+ T cells is generally less effective in humanized mice, 
especially in HSC-SCID mice [27], many of the CD45RO+ CD4+ cells in these 
animals may in fact be MP CD4+ cells and not pMHC II-primed memory cells. The 
physiological role of MP CD4+ cells, supposedly made up of self antigen-stimulated 
CD4+ T cells, is unknown [23, 26].

Memory CD4+ T cells are composed of effector memory T (TEM) cells, central 
memory T (TCM) cells, and transient effector memory T (TTM) cells, which have a 
function in between TCM and TEM cells [22]. TEM cells express homing receptors 
that facilitate migration to nonlymphoid sites of inflammation and produce a variety 
of cytokines, including IFN-γ, IL-4, and IL-5. In contrast, TCM cells express mol-
ecules that facilitate migration to lymphoid tissues (e.g., CCR7 and CD62 L) and 
do not produce any of the prototypic cytokines of the effector cell lineage after TCR 
stimulation, but they do secrete IL-2 and proliferate extensively, and potentially dif-
ferentiate into TEM cells [22, 28]. Since TCM cells survive for years, they are likely 
long-lived memory cells.
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Although it remains unknown exactly how TEM and TCM cells originate, pMHC 
II-primed effector Th1 (IFN-γ-producing) and Th2 (IL-4-producing) CD4+ T cells 
are known to turn into TEM cells, which are generated from TCM cells (Fig. 21.1, 
pathway I). This linear differentiation pathway of TEM and TCM cells was dem-
onstrated by experiments performed using pMHC II-primed CD4+ T cells from a 
TCR-transgenic mouse in naive recipient mice [29]. However, in a study of mice in-
fected with Listeria monocytogenes, endogenous TCM cells, and TCM precursor cells 
were detected immediately after pMHC II-priming (contraction phase) by pMHC 
II-tetramer staining analysis, and the phenotype and function of TCM cells were 
maintained for almost a year [30]. These data suggest the existence of a nonlinear 
differentiation pathway of TCM cell generation. As shown in Fig. 21.1 pathway II, 
TCM cells appear to be independently generated from TEM cells. However, the ques-
tion of how HIV infects TCM cells arises because these cells are commonly negative 
for CCR5 [22]. In germinal centers of lymph nodes, follicular helper T (TFH) cells, 
which are CXCR4high CCR7low PD-1+ ICOS+ CD4+ T cells, are generated as one of 
the effector cells of CD4+ T cells from TN cells by stimulating pMHC II on B cells. 
It was proposed that some TCM cells are differentiated from TFH cells after losing the 
expression of PD-1 in the mouse system (Fig. 21.1, pathway III) [28].

TN

TH1

TH2

TFH

TCM

TCM

TEM

Precursor

Fig. 21.1   Generation of TEM and TCM cells. TEM and TCM cells are produced from TN cells. In the 
first model (pathway I), TEM cells become TCM cells. In the second model (pathway II), TCM precur-
sor cells are generated from TN cells and become TCM cells. In the third model (pathway III), TFH 
effector cells become TCM cells [28–30]
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21.4  HIV Targets Memory CD4+ T Cells

TCM cells appear to be a major long-lasting HIV-1 reservoir where replication-
competent HIV-1 resides in a latent or nonreplicating state in infected individuals 
under ART [31]. The level of integrated proviral DNA in TCM cells is significantly 
higher than in other cells, including TEM, TN, and TTM cells [31]. In addition, TTM 
cells have also been reported as a secondary HIV-1 reservoir that harbors distinct 
proviral DNA in infected individuals with low CD4+ counts, the majority of whom 
show persistent immune activation [31]. On the other hand, selective HIV-1 antigen 
expression, detected by a HIV-1 p24 specific antibody, was found in TEM cells of 
humanized mice [14]. This discrepancy could be due to the phase of HIV-1 infec-
tion and detection method used, because samples from chronically infected HIV-1 
individuals were analyzed by quantitative PCR, while samples from acutely in-
fected humanized mice were analyzed by flow cytometry. A profound depletion 
of TEM and TTM cells by SIV has been shown in extra-lymphoid effector sites of 
acutely infected rhesus macaques [32]. Within several weeks following infection, 
the population of extra-lymphoid CCR5+ TEM cells, especially in the gastrointesti-
nal (GI) tract, was depleted up to 90 %, while TCM cells were relatively resistant to 
this initial destruction [33]. In the chronic phase of infection in the SIV model, TEM 
and TTM cell regeneration levels progressively declined, leading to the development 
of immunodeficiency in infected rhesus macaques. Interestingly, rhesus macaques 
that were TN-depleted by thymectomy showed a similar level of viral replication 
with SIV infection and memory CD4+ T cell decline compared to those with sham 
surgery, even though there were impairments in the development of CD8+ T cells 
and viral-specific antibody responses in the former group [34]. Thus, homeostatic 
failure to repopulate the TCM cell population, not the TN cell population, is closely 
associated with disease progression in the chronic phase of the SIV model. In ad-
dition, TFH cells appear to be a major HIV target in lymphoid tissues of chronically 
infected individuals [35]. These findings suggest that HIV preferentially infects TFH 
cells and then hides its proviral DNA in the host genome of TCM cells derived from 
TFH cells. Distribution of CD4+ memory T cells and preferential HIV-1 infection 
were found in lymphoid and extra-lymphoid tissues of BLT mice [13, 36]. How 
does HIV-1 target reside in subpopulations of memory CD4+ T cells? Lineage trac-
ing of subpopulations of memory CD4+ T cells will be important for revealing the 
cell targets that HIV prefers and their dynamics in memory cell populations.

21.5  Homeostasis of CD4+ T Cells in Acute and Chronic 
Phase of HIV-1 Infection

Depletion of memory CD4+ T cells in lymphoid tissues and peripheral blood is a 
key pathogenic property of HIV-1. There are still many unanswered questions about 
how HIV depletes CD4+ T cells by direct or other indirect mechanisms. The balance 
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of destruction and generation is crucial for maintenance of a stable number of T 
cells in the peripheral blood. The total absolute number of memory CD4+ T cells 
diminishes from continuous destruction of mature CD4+ T cells in lymphoid organs 
and peripheral blood with HIV infection during the course of infection. Although 
many mechanisms have been proposed to explain HIV-mediated depletion of CD4+ 
T cells using data from in vitro culture experiments and observations of clinical 
samples from HIV-1-infected individuals, it is important to take into account the 
stage of infection and main distribution of CD4+ T cells in peripheral blood and 
tissues.

In the process of crossing the epithelium of the anogenital tract, where Langer-
hans cells (LC) are localized, HIV targets LC, CD4-, and CCR5-positive dendritic 
cells, either directly or by capturing viral particles that productively infect CD4+ 
T cells in local lymphoid tissues [37]. Productive infection results in massive HIV 
replication and a high level of viremia. In this initial phase, HIV-1 is likely to se-
verely deplete CD4+ T cells in the absence of viral-specific immune responses. Us-
ing BLT mice, systemic HIV-1 infection and subsequent CD4+ T cell decline was 
reproduced by intrarectal transmission [13]. However, the rate of HIV infection in 
HIV-specific CD4+ T cells in infected humanized mice is unclear. Following this 
huge systemic assault, untreated individuals enter a chronic phase in which remain-
ing CD4+ T cell compartments are slowly eroded over a period of several years.

Throughout acute and chronic phases of infection, continuous and widespread 
destruction of memory CD4+ T cells take place in lymphoid tissues and peripheral 
blood. In addition, the fraction of circulating cells may decrease due to an accumu-
lation of CD4+ T cells in lymphoid tissues since high levels of viral-specific immune 
responses are induced and many CD4+ T cells become trapped. Apoptosis-related 
destruction of CD4+ T cells and direct destruction by HIV also occurs [38, 39, 40]. 
On the other hand, newly generated cells should replenish the loss of mature T cells. 
Thus, CD4+ T cell depletion in peripheral blood becomes an issue only if cells lost 
in the periphery cannot be replaced. The most devastating feature of HIV-1 infec-
tion is that the virus can have direct pathogenic effects on both mature CD4+ T and 
on progenitor cells from which they arise. In late phases of infection, the number 
of CD4+ T cells is significantly decreased from impaired CD4+ T cell regeneration.

A mathematical model of CD4 T depletion in the course of HIV-1 infection de-
veloped by Ho et al. suggests that the rate of CD4+ T cell destruction with HIV-1 
during chronic infection is too fast to be counteracted by normal CD4+ T cell gen-
eration [41]. The majority of apoptotic CD4+ T cells are bystander cells rather than 
productively infected cells [42, 43]. During the chronic phase of infection, CD4+ 
T cells in individuals show characteristics of massively and chronically activated 
phenotypes. This activation is reduced to near-normal levels by treatment with ART 
[44]. Interestingly, the level of CD4+ T cell activation, mainly in TEM cells, cor-
relates with the viral load better than the degree of CD4+ T cell reduction in both 
HIV-1-and HIV-2-infected individuals [45]. Studies of HIV-infected individuals 
and SIV-infected rhesus macaques strongly suggest that massive and chronic CD4+ 
T cell activation induced by viral infection in the GI tracts plays a role in CD4+ T 
cell depletion [46]. However, several important questions remain unanswered. In 
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particular, how does T cell activation lead to CD4+ T cell depletion? What signals 
are acting on CD4+ T cells at the set point of HIV-1 infection (i) to induce such 
a substantial increase in activated CD4+ T cells, and (ii) to provoke CD4+ T cell 
depletion? Answering these questions will be crucial to understand CD4+ T cell 
homeostasis during HIV-1 infection, especially when looking at the memory cell 
compartments.

Continuous HIV replication occurs in both HSC-SCID mice and BLT mice with 
HIV-1 infection. Thus, factors affecting the memory cell compartment, such as the 
duration of HIV-1 infection of CD4+ T cells and other cells, may be revealed from 
investigating persistent HIV-1 infection in humanized mice. It has been proposed 
that the virus has evolved strategies to increase the availability of suitable target 
cells by activating CD4+ T cells. Increasing the availability of target cells would 
be like “fueling the fire,” resulting in further infection and a runaway depletion of 
CD4+ T cells. However, one group showed from mathematical analyses that the 
runaway theory of CD4+ T cell depletion may not be explained by activating CD4+ 
T cells [47]. It is tempting to investigate the dynamics of HIV-1 and infected cells 
in humanized mice by applying mathematical tools.

21.6  Latent Infection of HIV-1

It has been thought that activated CD4+ T cells become infected and then survive 
long enough to revert back to a resting state. Because HIV-1 LTR-driven expres-
sion is dependent on inducible host transcription factors that are only transiently 
activated after exposure to antigens, HIV-1 expression may cease as the cells revert 
to a resting memory state [48]. The result is a stably integrated but transcriptionally 
silent form of the virus in a cell whose function is to survive for long periods of 
time. In addition, epigenetic mechanisms, as discussed in Chap. 18, and latent HIV-
1 infection in memory CD4+ T cells greatly complicate curing AIDS. Although VL 
can be suppressed by ART, there is no decline of latently infected HIV-1 positive 
cells in resting CD4+ memory cells.

21.7  Concluding Remarks

The fact that HIV-1 strategically targets CD4+ memory T cells appears to be a sur-
vival tactic for its evolution. These cells exist in heterogeneous populations, either 
in a proliferating or resting state, and are distributed in multiple tissues in addition 
to the peripheral blood. Moreover, some memory cells have self-renewal potential. 
HIV-1 exploits these characteristics during the infection of memory CD4+ T cells to 
hide and replicate, making eradication of viruses from the body highly challenging, 
even under intensive anti-HIV treatment. Given the critical role of memory CD4+ T 
cells during HIV-1 infection, humanized mice will be a powerful tool to investigate 
these cells in vivo and help in the struggle to cure AIDS in the future.
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22.1  CD4+CD25+FoxP3+ Regulatory T Cells

Regulatory T (Treg) cells are widely recognized as a suppressor subset in the im-
mune system. Most of the mouse and human Treg cells constitutively express the 
CD25 molecule (Interleukin (IL)-2 receptor alpha chain) [1]. They also specifically 
express a transcription factor FOXP3 as a master regulator in their development 
and function [2]. Stable and high FOXP3 expression is required for suppressive 
function in human CD4+ T cells, and loss of FOXP3 expression (e.g., long-term 
culture) decreases their suppression activity [3, 4]. Recent papers also have shown 
that FOXP3 expression and suppressive activities are enriched in CD4+ CD127− T 
cells [5, 6]. Thus, CD25 and CD127 are widely used for identification and purifica-
tion of Treg cell populations.

Treg cells are continuously produced from the thymus as a functionally distinct 
and mature T cell subpopulation, and represent about 5 % of CD4+ T lymphocytes in 
peripheral blood (PB). Thymic development of Treg cells requires high affinity in-
teractions between their T cell receptor (TCR) and self peptide-major histocompat-
ibility complexes presented on thymic stromal cells (Fig. 22.1). These stromal cells 
also provide costimulatory signals through CD40 and/or CD28 which are necessary 
for Treg cell development. In addition, IL-2 is required for the in vivo and in vitro 
activation of Treg cells and sustaining their CD25 expression [7, 8]. Thus, IL-2 is a 
vital cytokine for the thymic generation and peripheral maintenance of thymus-de-
rived Treg (tTreg) cells. Treg cells can also be induced from conventional T (Tc) cells. 
Such peripherally-derived Treg (pTreg) cells seem to be functionally different in  

Fig. 22.1   Development of 
human Treg cells. This figure 
describes the development of 
human Treg cells in physi-
ological conditions. Treg 
cells naturally develop in the 
thymus from CD4+ thymo-
cytes, termed tTreg cells. 
tTreg cells then migrate into 
periphery. Alternatively, Treg 
cells are induced from CD4+ 
T cells, termed pTreg cells, 
in periphery by low-dose 
antigen, IL-2 and TGF-β1 
stimulation. Both tTreg and 
pTreg cells may contribute 
to peripheral immune sup-
pression. However, detailed 
mechanisms of their actions 
are still being investigated. 
DC dendritic cell, Mo mono-
cyte, MΦ macrophage
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mouse and human. Mouse Tc cells readily convert to FOXP3+ Treg cells following 
in vitro stimulation with transforming growth factor (TGF)-β and retinoic acid [9]. 
In contrast to mouse pTreg cells, human pTreg cells which are induced from naïve T 
cells by in vitro TCR stimulation and TGF-β show little in vitro suppressive activity 
but they can secrete proinflammatory cytokines [10, 11]. It has been reported that 
Helios, an Ikaros transcription factor family member, can differentiate tTreg cells 
from pTreg cells [12, 13]. However, a recent report showed that tTreg cells consist 
of Helios+ and Helios- subpopulations [14]. This suggests that it is still controver-
sial to use Helios expression to identify tTreg cells. Other markers may need to be 
investigated to discriminate tTreg from pTreg cells.

22.2  Treg Cells in HIV-1 Infection

Treg cells have been reported to be susceptible to Human Immunodeficiency Virus 
type 1 (HIV-1) infection and replication due to high expression of CD4 and the HIV-
1 coreceptor CCR5 [15]. Accumulating reports have tried to clarify the homeostasis 
and function of Treg cells in HIV/Simian immunodeficiency virus (SIV) infection 
[16]. However, some conflicting results about Treg levels upon infection have been 
reported, especially in the acute phase of infection, due to differences in the patho-
genesis among HIV-1 strains, Treg cell definition and methods used to measure 
Treg levels. We and others have shown that Treg cells were severely depleted in the 
gut-associated lymphoid tissue [17] and PB [18] during acute phase of infection in 
SIV/Macaque and humanized mouse models [19] (Table 22.1). These data suggest 
that Treg cells may be primary target cells in HIV-1/SIV infection and may regulate 
anti-HIV immune responses in the acute phase. This issue will be further discussed 
later in this chapter. On the other hand, based on recent findings, Treg cell frequency 
is likely to be increased in PB [23–27] and lymphoid tissue (LT) [30–33] during 
chronic HIV-1 infection (Table 22.1). However, the absolute number of circulating 
Treg cells was reduced [22, 24, 26, 34] because HIV-1 infection progressively de-
pletes the whole CD4+ T cell population (Table 22.1). These data suggest that Treg 
cells are relatively resistant to cell death or their proliferation is induced by HIV-1 
infection in the chronic phase [23, 41].

Several mechanisms have been postulated for Treg-mediated regulation of HIV-
1 replication and immune responses. Elahi et al. [42] showed that HIV-specific 
CD8+ T cells restricted by protective human leukocyte antigen (HLA) alleles are not 
suppressed by Treg cells, whereas T cells restricted by nonprotective HLA alleles 
are highly suppressed ex vivo within the same individual. The abrogation of Treg-
mediated suppression of HIV-specific CD8+ T cells restricted by protective alleles 
allows more robust antiviral responses, thus maintaining increased control of HIV-1 
infection. Also, the CD39/adenosine pathway has recently shown to be involved in 
acquired immune deficiency syndrome (AIDS) progression. HIV-1 positive patients 
have a significant increase of Treg-associated expression of CD39 [23, 43]. Interest-
ingly, the expansion of CD39+ Tregs correlates with the level of immune activation 
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and lower CD4+ T cell counts in HIV-1-infected persons. In addition, a CD39 gene 
polymorphism is associated with downregulation of CD39 expression and a slower 
AIDS progression [43]. Moreno-Fernandez et al [44] described a possible mecha-
nism of cyclic adenosine mono phosphate (cAMP)-mediated control of HIV-1 viral 
replication by Treg cells. Using a Tc- and Treg-cell coculture system, they showed 
that Treg cells might suppress HIV-1 replication in Tc cells by transferring cAMP 
from Treg to Tc cells through gap junctions. Treg cells also have been reported to 
inhibit HIV-1 release from infected bone marrow-derived macrophages and to in-
duce cell death by apoptosis and pyroptosis. In addition, Treg cells transform virus-
infected macrophages from an M1 to an M2 phenotype [45]. These data suggest that 
Treg-mediated suppression of HIV-1 replication in Tc cells and macrophages may 
play a role in Treg-mediated control of HIV-1 replication and immunopathogenesis 
in either acute or chronic phases of HIV-1 infection. Therefore, Treg cells play im-
portant roles in regulating viral replication and immune responses at different steps 
and stages of HIV-1 infection. Further studies will be needed to determine precise 
mechanisms, and to develop Treg cell-based immunotherapy for treatment of HIV-1 
infection.

Table 22.1   Change of Treg cell levels in HIV-1 or SIV infection
Status Quantitation Tissues Levels (References)
Acute HIV/no ART Frequency PB ↓[19, 20]

LT ↓[17, 19]
Chronic HIV/no ART Frequency PB →[21, 22], ↑ [23–27], ↓ [28, 29]

LT ↑[30–33]
Number PB ↓[22, 24, 26, 34]

LT ↓ [22]
Chronic HIV/ART Frequency PB ↑ [25, 32, 35], ↓ [23]

LT ↑[36], ↓ [32]
Number PB ↑[24, 32]

LT ↓[32]
Acute SIV/Mac Frequency PB ↑[37–39], ↓ [18]

LT ↑ [39, 40], ↓ [17]
Number PB ↓ [39]

Chronic SIV/Mac Frequency PB ↓ [37]
LT ↓[17, 18, 37]

Acute SIV/AGM or SM Frequency PB ↓[37], ↑ [39]
Number PB ↑[39]

Chronic SIV/AGM or SM Frequency PB →[37]
↑ increased, ↓ decreased, → unchanged, PB peripheral blood, LT lymphoid tissue, Mac macaque, 
AGM African green monkey, SM sooty mangabey



26922 Development and Function of Human CD4+CD25+FOXP3+ Regulatory …

22.3  Development and Functional Properties of Treg 
Cells in Humanized Mouse Models

Humanized mice in the most frequently used current models are created by trans-
planting human hematopoietic stem cells (hu HSC mice) or HSC/Liver/Thymus 
(BLT mice). Efficient multilineage hemetopoiesis in these humanized mice has 
been commonly generated in mouse strains such as rag2-/- Il2rgnull (DKO) or NOD/
LtSZ-SCID Il2rgnull (NSG) mice. These humanized mice mount functional humoral 
and cellular immune responses and are useful for studying human immune cell 
development.

Jiang et al. [19] first reported that functional Tregs cells developed in the DKO-hu 
HSC mouse model. Treg cells were detected in the PB and LT at similar frequencies 
to human or mouse LTs, as either CD4+CD25+ or CD4+FOXP3+ cells by multicolor 
flow cytometry. Similar to human PB mononuclear cells, approximately 60 % of hu-
man CD3+CD4+CD25+ cells expressed FOXP3 and 40–50 % of CD3+CD4+FOXP3+ 
cells expressed CD25. In a suppression assay, CD4+CD25+/hi Treg cells were able to 
suppress proliferation of CD4+CD25− responder T cells upon activation with anti-
CD3/28 beads or dendritic cells plus staphylococcal enterotoxin B superantigen. 
Therefore, Treg cells with normal phenotypes develop in all lymphoid organs of the 
DKO-hu HSC mouse, and these Treg cells are functional with suppressive activity.

Onoe et al. [46] also performed a detailed analysis of Treg cells in the NSG-
BLT mouse model. They analyzed Treg cell populations in PB and LTs with CD25, 
CD127, FOXP3 and Helios expression. FOXP3+ Helios+ tTreg cells develop nor-
mally in the human fetal thymic grafts and are present in PB, spleen (Sp), and lymph 
nodes of NSG-BLT mice. They also suggested that CD45 isoform expression was 
normally reversed in association with thymic egress, postthymic phenotypic con-
version and suppressive function in the NSG-BLT mice.

Billerbeck et al. [47] created NSG mice expressing human stem cell factor, 
granulocyte-macrophage colony-stimulating factor, and IL-3, called NSG-SGM3 
mice. NSG-SGM3-hu HSC mice are expected to improve certain hematopoietic 
lineages such as myeloid lineages. Although PB CD19+ human B cell frequency 
is significantly decreased in NSG-SGM3-hu HSC mice, CD45+ human leukocyte, 
CD3+ human T cell and CD33+ human myeloid cell frequencies in PB are signifi-
cantly increased in NSG-SGM3-hu HSC mice compared to NSG-hu HSC mice. 
Consistent with decreased CD8+ T cells, increased CD4+ T cells were observed in 
multiple LTs of NSG-SGM3-hu HSC mice. In addition, the CD4+FOXP3+ Treg 
cell population was significantly increased in PB and LTs of NSG-SGM3-hu HSC 
mice. These Treg cells exhibit similar phenotype and suppressive activity as hu-
man PB- or tissue-derived Treg cells. In summary, Treg cells develop normally and 
distribute in all lymphoid organs in currently used humanized mouse models. Their 
phenotype and suppressive activity are similar to human PB- or tissue-derived Treg 
cells. Therefore, current humanized mouse models are useful for studying Treg de-
velopment and function in vivo in physiological condition as well as microbial or 
viral infections.
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22.4  Role of Treg Cells in HIV-1 Infection  
in a Humanized Mouse Model

As we described in this chapter, humanized mice provide a robust model for studying 
human Treg cell development and function, as well as immunopathogenesis of HIV-
1 infection. We have developed an acute HIV-1 infection model [48] using DKO-hu 
HSC mice infected with the highly pathogenic HIV-1 R3A strain [49]. In the HIV-
R3A acute infection model, HIV-1 viral load reaches its peak around 1 week post 
infection and then significantly decreases with substantial CD4+ T cell depletion. 
High levels of productive infection occur in the LTs. Using this model, we utilized 
multicolor flow cytometry to analyze Treg cells from HIV-R3A infected DKO-hu 
HSC mice. We found that FOXP3+ human Treg cells were preferentially infected 
and depleted by apoptosis. We measured levels of active caspase-3+ cells to deter-
mine whether HIV infection induced apoptosis in FOXP3+ Treg cells from HIV-in-
fected DKO-hu HSC mice. We found that a high percentage of CD3+CD8−FOXP3+ 
Treg cells was caspase-3+ compared with CD3+CD8−FOXP3− T cells isolated from 
LTs. In addition, significant levels of caspase-3 expression were induced in both 
p24+ and p24- populations; however, a higher percentage of the p24+FOXP3+ Treg 
cells expressed active caspase-3. We also performed Treg cell depletion from hu-
manized mice to determine the role of Treg cells in HIV-1 infection by injecting 
ONTAK, which is a fusion protein composed of an IL-2 fragment and a toxin. 
When Treg cells were depleted before HIV-1 infection by injecting ONTAK, HIV-1 
infection was significantly decreased as observed by intracellular p24 staining of T 
cells and plasma HIV-1 viral load. These results indicate that Treg cells are primary 
target cells for HIV-1 infection and are preferentially depleted by apoptosis induced 
by HIV-1 infection [19]. In addition, Treg cells may contribute to the suppression 
of anti-HIV immunity and to the efficiency of HIV-1 acute infection. Interestingly, 
HIV-1 infection of Treg-depleted humanized mice leads to severe tissue injury and 
liver fibrosis [50]. Therefore, Tregs modulate anti-HIV immunity to protect against 
tissue injury from overreactive anti-HIV immune responses. HIV-1, on the other 
hand, exploits this host self-protective mechanism to its own benefit during acute 
infection.

Determining the role of Treg cells is also of great importance for understanding 
the immunopathogenesis of chronic HIV-1 infection. Our preliminary data showed 
that Treg-cell depletion from HIV-JRCSF-chronically infected humanized mice by 
ONTAK injection induced enhanced human T cell activation, suggesting that Treg 
cells actively suppressed immune activation during the chronic phase of HIV-1 in-
fection. Also, Treg-cell depletion resulted in a significant increase in HIV-1 viral 
infection and replication [51], suggesting that immune activation during chronic 
HIV-1 infection enhanced HIV-1 replication, or that Treg cells directly suppressed 
HIV-1 replication.

Therefore, Treg cells play a distinct role in the acute and chronic phases of HIV-
1 infection (Fig. 22.2). Treg cells are likely to serve as primary target cells and to 
suppress anti-HIV immunity, contributing to robust viral replication in the acute 
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phase. However, Treg cells may be important in controlling immune activation and 
HIV-1 replication during chronic HIV-1 infection. Some recent reports mechanisti-
cally support the hypothesis that Treg cells directly suppress HIV-1 viral replication 
[43–44]. Thus, Treg cells may actively control HIV-1 replication and immune ac-
tivation, and consequently may slow down disease progression during the chronic 
phase of infection.

22.5  Perspectives on Future Studies of Treg Cells  
in HIV-1 Infection

Many studies have been reported that investigate the role of Treg cells in HIV-1 
infection. However, some of their results are conflicting. These discrepancies may 
result from differences in the markers used for Treg cell identification, the compart-
ments and the stage of HIV-1 disease in which Treg cells are examined, and the 
methods of Treg cell quantification [52]. More reliable Treg-specific markers are 
needed for identifying and purifying the Treg cell subset. Speaking to this point, the 
role of pTreg in HIV-1 infection is largely unknown due to the lack of an identify-
ing cellular marker. In addition, human Treg cells have been reported to consist of 
heterogeneous populations [53], but how these Treg subsets contributes to HIV-1 
infection and immunopathogenesis is not determined. Humanized mouse models 
will help to determine the role of these Treg cell subsets in the different compart-
ments and HIV-1 disease settings. Although recent studies have also shown that 
Treg cells play multiple roles during HIV-1 infection and pathogenesis, the precise 
mechanisms should be determined in the future studies. On the other hand, modu-
lating Treg cells may result in medical benefit for persons with HIV-1 infection. For 

Fig. 22.2   A model of Treg cell function in HIV-1 infection and immunopathogenesis. Treg cells 
are likely to serve as primary target cells for primary HIV-1 infection. Treg cells may suppress anti-
HIV immunity to protect tissue injury from overreactive immune responses. On the other hand, 
Treg cells may suppress immune activation and HIV-1 replication during chronic HIV-1 infection. 
In addition, Treg cells also serve as HIV-1 producing cells. These multifaceted roles of Tregs likely 
make multiple important contributions to establishing and/or sustaining persistent HIV infection, 
immune activation and CD4+ T cell depletion
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example, manipulation or induction of Treg cells in chronic HIV-1 infection may 
slow down HIV-1 disease progression with or without antiretroviral therapy. Vari-
ous animal models including humanized mouse models will allow us to test these 
hypotheses and will be useful to develop novel preventative or therapeutic strate-
gies for HIV-1 infection.
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Abbreviations

DC Dendritic cells
EBV Epstein Barr virus
HCV Hepatitis C virus
HIV Human immunodeficiency virus
huCD34+ Human CD34+ hematopoietic cells
mDC Myeloid dendritic cells
NK Natural killer
NSG NOD/SCID/IL-2rγ−/−

pDC Plasmacytoid dendritic cells
TLR Toll-like receptor

23.1  Immune Activation in HIV-1 Infection—
Pathogenesis and Priming

Human immunodeficiency virus (HIV)-1 infection induces activation of the innate 
and adaptive immune responses, which can mediate both beneficial viral control and 
detrimental immune pathology. At first encounter with the virus, innate immunity 
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can contribute to the initial restriction of viral replication and plays an important 
role in the activation of the adaptive immune response. Despite these initial benefits 
of activating the immune response, the level of ongoing CD8+ T cell activation dur-
ing chronic HIV-1 infection has been revealed to be a better predictor of HIV-1 dis-
ease progression than HIV-1 viral load alone [1]. Furthermore, T cell activation has 
also been associated with slower CD4+ T cell recovery and enhanced CD4+ T cell 
apoptosis even when HIV-1 viral load is suppressed by antiretroviral therapy [2, 3]. 
This elevated immune activation in chronic HIV-1 infection can be driven directly 
by HIV-1 replication and indirectly through changes in the microbiome, microbial 
translocation, coinfections, immune deregulation, and lymphoid tissue fibrosis [4–7]. 
The mechanisms that drive chronic immune activation in HIV-1, therefore, need 
to be examined and targeted to improve disease management in HIV-1-infected 
individuals. Examination of HIV-1 has largely been limited to in vitro work with 
human samples or to studies in nonhuman primate models. The development of a 
small animal model will allow for easier dissection of the individual mechanisms 
contributing to HIV-1-associated immune activation, in part through the possibility 
to perform interventional studies blocking and enhancing individual pathways.

23.2  Innate Immune System in Humanized Mouse Model

The use of humanized mouse model in examining human immune responses has 
been carried out in cancer, autoimmunity, viral infections, and vaccinations [8, 9]. 
The advantage of this model is that it allows for the in vivo manipulation of human 
immune response through the depletion of specific cell populations [10], adminis-
tration of inhibiting and activating compounds [10–14] and inoculation with infec-
tious agents [11, 12, 15]. Over 20+ years, the humanized mouse model itself has 
been modified and adapted, and several different models are now available. The 
dominant mouse strains recently used for the humanized mouse model can include 
NOD/SCID[16, 18], NOD/SCID/β2m−/− [18], and NOD/SCID/IL-2rγ−/− (NSG) 
mice [19, 20], as well as other mouse strains deficient in both Rag2 and IL-2rγ [21, 
22]. Furthermore, the method of “humanizing” the mice with a human immune sys-
tem can also vary and include adoptive transfer of human PBMC (Hu-PBL mice) 
[23], human CD34+ hematopoietic cells (huCD34+) isolated from cord blood [21] 
or fetal liver tissue (Hu-HSC mice) [22], co-engraftment with human fetal thymus 
and liver (SCID-Hu mice) [24], and a combination of human fetal thymus and liver 
engraftment with injection of huCD34+ cells (BLT mice) [11, 25]. The reconstituted 
human immune system can be further enhanced by the administration of cytokines 
or cytokine-expressing plasmids [26].

These variations of the mouse models result in differing human immune system 
developments. Those mice with the NOD/SCID-based backgrounds and Rag2−/−/
IL-2rγ−/–-based backgrounds have different reconstitution of immune cells at dif-
ferent tissue sights [27, 28]. However, further enhancements can be used to assist 
the development of the human immune system and overcome some of the defects 
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in each model. In both the NOD/SCID/β2m−/− and NSG models, human T cells, B 
cells and antibodies can successfully develop [29]. Human fetal thymus and liver 
engraftment allowed for development of the major human T cell subsets and can 
be improved by the administration of huCD34+ cells (BLT mouse model), which 
also have better development of B cells and monocytes [30, 31]. The presence of 
dendritic cells (DC)s in different humanized mouse models has been demonstrated 
in bone marrow, blood, and spleen [10]. HuCD34+-transplanted NSG and NOD/
SCID/β2m−/− mice develop myeloid dendritic cells (mDCs) [10, 13], plasmacytoid 
dendritic cells (pDCs) [10, 32], and natural killer (NK) cells [13]. DCs and mono-
cyte development in NSG mice reconstituted with huCD34+ cells can further be 
enhanced by the administration of GM-CSF and IL-4 [33]. Presence of GM-CSF 
and IL-4 can also help the development of human T cells, B cells, as well as IgG 
antibody production [33]. Using mice with the NOD/SCID/β2m−/− or NSG back-
grounds also helps to reduce murine NK cell development as compared to NOD/
SCID models but unfortunately also result in poor human NK cell reconstitution 
[34–36]. Administration of human IL-15 and Flt-3 via DNA vectors or recombinant 
proteins assists in the development of human NK cells in both NOD/SCID, NSG 
and Balb/c/Rag2−/−/IL-2rγ−/− mouse models reconstituted with huCD34+ cells [26, 
34, 37]. Furthermore, the manipulation of the genetic background of the mouse can 
also be used to enhance development of specific human cell subsets. Knock-ins of 
human IL-3 and GM-CSF in Rag2−/−/IL-2rγ−/− mice and CSF1 in Balb/c/Rag2−/−/
IL-2rγ−/− mice allowed for better macrophage reconstitution following administra-
tion with huCD34+ cells [38, 39]. Overall, the genetic background of mice, tissue 
used for human reconstitution, and any subsequent cytokine treatment can all vary 
between different humanized mouse models described, each with its strengths and 
weaknesses. The specific humanized mouse model to be used should, therefore, be 
carefully chosen and depends on the experimental question and the specific immune 
cell population of interest.

The various improvements to the humanized mouse model allow for the exami-
nation of the interplay between the innate and adaptive immune system during viral 
infections or vaccinations, and provide avenues of intervention. BLT, Hu-HSC, and 
Hu-PBL mice can be successfully infected with Epstein Barr virus (EBV), which 
activates and matures human DCs, and in turn, induces both a virus-specific T cell 
response as well as NK cell response [11, 15, 28, 40]. Utilizing the ability to deplete 
specific cell populations, depletion of pDCs demonstrated their importance in de-
laying EBV-induced mortality [15] . Rag2−/−IL-2rγ−/− and NSG mice reconstituted 
with huCD34+ cells can be infected with influenza A virus and produce inflamma-
tory cytokines and neutralizing antibodies in response to the virus. This demon-
strates the ability of the humanized mouse model to imitate the natural multifaceted 
immune responses that is observed in vivo as compared to in vitro models [33, 38]. 
HuCD34+-transplanted Balb/c/Rag2−/−/IL-2rγ−/− mouse model can be infected with 
Hepatitis C virus (HCV), which not only induced HCV-specific T cell responses but 
infiltration of the mouse liver with human innate and adaptive immune cells [41]. 
The same mouse model can also be infected with HSV-2, and when the virus is used 
in a vaginal challenge model, T cells and NK cells were detected at the mucosa [27]. 
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Both of these viral infection models demonstrated the ability to use these mice to 
examine local immune responses at specific sites of infection. In addition, the use of 
attenuated HSV-2 in humanized mice demonstrated protection against subsequent 
challenge infections [27]. These examples of viral infections in different human-
ized mouse models demonstrate the possibilities of using these models to examine 
interactions between human immune cell subsets with each other and the virus, tis-
sue and mucosa specific immunity, and the effects of vaccination. Similar to other 
viruses, HIV-1 can also successfully infect human immune cells in the humanized 
mice, thus providing a small animal model alternative to nonhuman primates. Like 
several other viruses, HIV-1 can infect a range of humanized mouse models in-
cluding huCD34+-transplanted Rag2−/−/IL-2rγ−/− [42], NSG BLT mice [30, 31], and 
NOD/SCID BLT mice [31]. Following HIV-1 infection, a decline of CD4+ T cell 
is observed [30, 31, 42], CD4+ and CD8+ T cell activation develops [30, 31], and 
antigen-specific T cell and B cell responses are induced [31, 43]. Furthermore, the 
viral reservoir can be assessed, and initial studies have tested approaches to elimi-
nate the HIV-1 reservoir using the humanized mouse model [44]. This highlighted 
the possibility of using the BLT humanized mouse model to examine not only the 
role of innate immunity in HIV-1 infections but also its consequences on the devel-
opment of the adaptive immunity and subsequent disease outcome.

23.3  Direct Activation of TLR7/8 by HIV-1  
and IFNα-Mediated Immune Activation

HIV-1 ssRNA encodes for multiple TLR7/8 ligands which have been shown to acti-
vate pDCs, mDCs, and other immune cells in the in vitro system [45–47]. In pDCs, 
activation of the TLR7 pathway by HIV-1 leads to the production of IFNα [45–48] 
and induction of the adaptive T cell response [46, 49]. This has potentially benefi-
cial outcomes as the stimulation of TLRs have demonstrated importance not only 
in the priming of CD4+ and CD8+ T cells but also in directly modulating the type of 
adaptive immune response induced [50, 51]. However, the persistent production of 
IFNα might be detrimental in the setting of a chronic persistent infection [52, 53]. 
In SIV infection of nonhuman primates, pDCs in rhesus macaques, the pathogenic 
host of SIV, produce large quantities of IFNα [54], while in sooty mangabeys, the 
natural host with reduced pathogenesis [55], lower IFNα levels are observed in 
chronic infection [54, 56, 57]. This is also observed in the expression of interferon-
stimulated genes (ISGs), which are elevated in SIV-infected rhesus macaques [58]. 
Likewise, in human HIV-1 infections, pDCs also express high levels of IFNα, re-
sulting in the upregulation of ISGs, which may contribute to the overall systemic 
immune activation [48, 59, 60]. Consistent expression of IFNα can also contribute 
to the apoptosis of CD4+ T cells and hence, exacerbate the immune deficiency ob-
served in HIV-1-infected individuals [61]. In addition, pDC activation by HIV-1 has 
also been shown to induce an increase in indoleamine 2,3-dioxygenase expression 
which, through modulating regulatory T cells, can suppress T cell responses and 
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proliferation [49, 62–64]. Therapeutic manipulation to suppress the pDC/TLR7/
IFNα responses have led to conflicting results. Treatments with chloroquine, which 
can inhibit endosomal acidification and therefore inhibit signaling through TLR3, 7, 
8 and 9, have shown to help reduce HIV-1 replication [65, 66] and immune activa-
tion [67–69]. However, other studies have also demonstrated that chloroquine can 
increase HIV-1 infectivity [70, 71]. Further studies in adequate in vivo models are 
needed to assess the repercussions of suppressing specific arms of the innate im-
mune response for HIV-1 pathogenesis and immune activation, and also to examine 
other venues that may more specifically target isolated pathways of innate immu-
nity. These studies will also provide important insights into the contribution of indi-
vidual pathways to the overall immune activation associated with HIV-1 infection.

The humanized mouse model is one such model that could be utilized to examine 
responses by specific innate immune pathways and to manipulate these pathways 
to alter the resulting immune response. NSG BLT mice and Hu-HSC mice all have 
demonstrated reconstitution of human pDCs, which can respond to TLR7 stimula-
tion (Table 23.1) [10, 42]. Even sex-based differences observed in human studies 
of TLR7-associated IFNα production [46] have been duplicated in huCD34+-trans-
planted NOD/SCID/β2m−/− mouse models [32]. Furthermore, TLR7 stimulation of 
pDCs and its contribution to immune activation and deregulation can be mimicked 
in mice, where chronic stimulation of TLR7 and TLR9 by synthetic ligands has 
been shown to result in immune activation and lymphoid follicle destruction similar 
to that observed in chronic HIV-1 infection in humans [30, 72, 73]. Humanized mice 
can be infected with HIV-1 and following such infection in huCD34+-transplanted 
Rag2−/−IL2rγc

−/− and NSG BLT mice, pDC activation and production of IFNα can 
be observed, demonstrating that the humanized mouse model can be used to exam-

Table 23.1   TLRs in humanized mouse model—Determined by expression and function
Mouse model Humanization TLR References
NOD/SCID/IL-2rγ−/− huCD34+ TLR2 on monocytes [13]

[13]
[10]
[13]
[10, 13]
[10]
[10]

on mDCs
TLR3 on mDCs
TLR4 on monocytes
on mDCs
TLR7 on pDCs
TLR8 on mDCs

NOD/SCID/β2m−/− huCD34+ TLR7 on pDCs [32]
NOD/SCID huCD34+ TLR3 on mDCs [36]

[89]
[89]

TLR4
TLR4 on mDCs

Rag2−/−IL2rγc
−/− huCD34+ TLR4a [38]

[42]
[42]

TLR7 on pDCs
TLR9 on pDCs

a Mice also have human IL-3 and GM-CSF knock-in
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ine the roles of pDCs, TLR7, and IFNα in HIV-1 infection [30, 42]. Using the NSG 
BLT mouse model, the administration of recombinant IFNα2b not only induced 
immune activation levels comparable to that induced by HIV-1 infection, but also 
induced infiltration of activated T cells in secondary lymphoid organs, adding to the 
growing evidence that IFNα contributes to immune activation in HIV-1 infection 
[30]. Although IFNα has potentially detrimental properties in inducing chronic im-
mune activation, it also stimulates the expression of ISGs which possess antiviral 
activities [74–76]. Cholesterol-25-hydrolase (CH25H), an ISG which can inhibit 
HIV-1 entry in in vitro cell cultures, can also lead to reduced HIV-1 viral replication 
in vivo when used to treat HIV-1-infected NOD/Rag2−/−IL2rγc

−/− humanized mice 
[77]. Overall, these early studies using different humanized mouse models of HIV-1 
infection suggest that they allow for a reasonable assessment of TLR pathways, the 
type I IFN axis, and DC function. Future studies will determine the validity of this 
model to study pathways leading to HIV-1-associated immune activation and to as-
sess interventions aimed at reducing HIV-1-associated immune activation.

23.4  Activation of TLRs by Microbe and Microbial 
Products

Although HIV-1 directly encodes for TLR7/8 ligands, it can also stimulate directly 
and indirectly through the other TLR pathways. It has been well established that 
HIV-1 infection leads to depletion of gut-associated CD4+ T cells and therefore 
compromises the gut mucosal barrier allowing for microbial translocation [4]. One 
microbial product, lipopolysaccharide (LPS), which can stimulate through the TLR4 
pathway has been associated with HIV-1 associated T cell activation [4, 7, 78], 
monocyte activation [79], lower CD4+ T cell count [80], and CD4+ T cell recovery 
[7]. In addition to stimulation of TLR4, stimulation of other TLR pathways includ-
ing TLR3, 5, and 9 also activates T cells and leads to CD4+ T cell apoptosis [78]. 
Furthermore, gram-positive bacterial stimulation via the TLR2 pathway has been 
described to result in increased HIV-1 susceptibility of skin-resident DCs [81] as 
well as transmission of HIV-1 from DCs to CD4+ T cells [82]. Presence of microbial 
products resulting from microbial translocation or coinfection can not only cause 
deregulation of the immune system by themselves, but the activating signal might 
be further amplified by the presence of HIV-1 [83]. Preexposure of monocytes with 
HIV-1 and HIV-1-encoded TLR8 ligands enhanced subsequent TLR4 stimulation, 
exacerbating the microbial-induced immune activation [83], and the stimulation of 
TLR2, 4, and 9 can increase HIV-1 replication in chronically infected cells [84]. 
In addition, HIV-1 can also lead to increase in TLR2, 3, 4, 6, 7, and 8 expression, 
all of which can amplify the activation of these immune cells [85–87]. All these 
factors can contribute to and amplify HIV-1-associated immune activation, which 
suggest that suppression of HIV-1 or microbial stimulation of TLRs might therefore 
be beneficial in reducing HIV-1 pathogenesis. These studies have demonstrated the 
complexities of the various immune cell populations and TLR pathways that play a 
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role in HIV-1 infection and pathogenesis. The question of how each pathway con-
tributes to progressive HIV-1 disease and methods of therapeutically modulating 
these pathways still needs to be examined.

The role of microbial translocation and the stimulation of the other TLR path-
ways have also been examined in humanized mice (Table 23.1). Although limited, 
the expression and function of TLRs in different humanized mouse models have 
now been started to be studied. TLR2 and TLR4 expressions have been observed 
on monocytes in huCD34+-transplanted NSG mice [13], and TLR3 expression on 
mDCs in huCD34+-transplanted NOD/SCID and both huCD34+ and human PBMC-
transplanted NSG mice [10, 36, 88]. Stimulation through TLRs can lead to DC 
activation and maturation [10, 33, 36, 88, 89], production of cytokines [10, 38, 
39], and recruitment and priming of T cells [10, 36, 88, 89]. HIV-1 infection of 
huCD34+-transplanted Rag2−/−IL2γc

−/− mice also results in depletion of gut CD4+ 
T cells and subsequent microbial translocation [90]. The use of humanized mice 
also allowed for the administration of dextran sodium sulfate, which can cause gut 
barrier dysfunction in the absence of HIV-1 infection. Treatment in huCD34+-trans-
planted Rag2−/−IL2γc

−/− mice demonstrates that dextran sodium sulfate disruption 
only induces microbial translocation while HIV-1 additionally inhibits microbial 
clearance potentially reflecting the in vivo consequences of HIV-1 disruption of 
TLR responses highlighted above [90]. Although the presence of murine immune 
cells has been reduced in these different humanized mouse models, it is still pos-
sible that they may play a role in responding to microbial products. Examination 
of sepsis in the BLT mouse model, however, suggests that any remnant mouse in-
nate or adaptive immunity that may respond to bacterial products are not enough 
to induce an inflammatory response on their own and that the reconstituted human 
immune cells are essential [12]. The humanized mouse models therefore can be 
utilized to examine not only TLR pathways directly stimulated by HIV-1 but also 
those induced by microbial translocation or coinfections. However, the expression 
and function of the various TLR pathways still needs to be more comprehensively 
studied, particularly the TLR expression patterns and function on the reconstituted 
human immune cells at various tissue sites.

23.5  Future Direction and Development of the Model

Significant progress has been made in the development of humanized mouse mod-
els to more accurately replicate the in vivo human immune system. The establish-
ment of stable human T cell populations has allowed it to be used as a small animal 
model for HIV-1 infection. Although there have only been a very limited number of 
studies to date, initial studies assessing immune responses in different humanized 
mouse models have demonstrated that the TLRs respond to HIV-1 and other micro-
bial pathogens in humanized mice similar to that observed in humans. Furthermore, 
studies employing in vivo stimulation and blocking of TLRs in humanized mice 
have already started to dissect how various TLR pathways can contribute to HIV-
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1-associated immune activation. The expression and functionality of TLRs in the 
various humanized mouse models still needs to be fully examined in addition to the 
role of residual mouse TLR responses, which might represent a confounding factor 
in these models. Although these early studies are limited, they provide a potential 
avenue to evaluate activators and inhibitors of individual innate pathways for both 
dissecting the contribution of these pathways to HIV-1-induced immune activation 
as well as their therapeutic effect in reducing HIV-1 pathogenesis.
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24.1  Introduction

HIV-1 infection persists in patients even after years of ART. Although ART sup-
presses viremia to a clinically undetectable level, the use of ultrasensitive assays 
shows that low-level viremia often persists [1]. Furthermore, intensification of ART 
does not result in a decline in low-level viral replication suggesting that persistently 
infected long-lived cells are the major source of residual viremia [2, 3]. Indeed, 
latently infected memory CD4+ T cells have been characterized as a long-term res-
ervoir of persistent infection in the peripheral blood of humans [4, 5].

In addition to latent CD4+ T cells, suboptimal concentration of antiretrovirals in 
certain anatomical compartments such as the central nervous system, and the lower 
level of active drugs within cells have been suggested to contribute to low-level 
viremia and the maintenance of persistent infection [6]. Because the majority of 
lymphocytes (~ 98 %) reside in lymphoid tissues such as the spleen, lymph nodes, 
and gut-associated lymphoid tissue, it is imperative to measure drug concentration, 
residual viremia, and latent infection in those specific anatomical compartments to 
address HIV-1 eradication. Such studies cannot be conducted ethically or safely in 
patients and must be addressed in a representative and tractable animal model of 
HIV-1 persistence in the context of suppressive ART. The data generated in such a 
system has the potential to clarify the mechanism of viral persistence, the effect of 
combination strategies in different cellular and anatomical compartments for viral 
clearance and ultimately should help optimize rational advancement of eradication 
therapies in clinical studies.

24.2  Humanized Mice as the Models of Latent HIV-1 
Infection in Resting CD4+ T Cells

Rag2-/-γc-/- mice transplanted with human CD34+ hematopoietic stem cells (HSC) 
and NOD/scid-γc-/- (NSG) mice transplanted with HSC in combination with a fe-
tal liver/thymus implant, known as bone marrow–liver–thymus (BLT) mice, show 
stable reconstitution of human T, B, natural killer (NK), and dendritic cells in both 
primary and secondary lymphoid organs [7, 8]. These humanized (hu) mice sup-
port viral replication and CD4+ T-cell depletion after infection with both CCR5 and 
CXCR4 tropic HIV-1 [9–12]. It has been demonstrated by others and ourselves that 
plasma viremia in these mice can be suppressed below the limit of detection with 
ART, and that discontinuation of ART results in viral rebound, consistent with the 
presence of persistent infection [12–16]. We further identified the presence of rest-
ing CD4+ T-cell infection (RCI) in the context of suppressive ART and quantified 
the replication-competent but quiescent HIV-1 within resting CD4+ T cells [14, 17]. 
The frequency of RCI in the hu-Rag2-/-γc-/- and BLT mice ranged from one to twelve 
infectious units per million (IUPM) similar to that observed in humans. These re-
sults support the relevance of this model for studying HIV-1 latency and ALT, and 
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lay the groundwork for using this model to pursue detailed studies of residual viral 
expression within specific tissues, parallel measures of ART concentrations at these 
sites, and quantitative studies of persistently infected resting CD4+ T cells.

24.3  Approaches to Overcome HIV-1 Latency in 
Hu-Mouse Models

HIV-1 preferentially integrates into the introns of transcriptionally active genes in 
resting CD4+ T cells [18]. Therefore, the establishment and maintenance of HIV-1 
latency in most cases is due to either active regulation of HIV- transcription by core-
pressor complexes or a consequence of transcriptional interference. HIV-1 latency, 
however, is amenable to therapeutic intervention: targeting restrictions at transcrip-
tional initiation with cytokines [19], or at transcriptional elongation with hexameth-
ylene bisacetamide (HMBA) [20] leads to viral expression. Additionally, several 
signaling pathways have been identified that are critical to the maintenance of HIV-
1 latency in chronically infected cell lines and primary CD4+ T cells (Table 24.1) 
[19–36] and might be exploited to study HIV-1 eradication in the murine models 
(Figure 24.1). Because HIV-1 latency is a cumulative result of numerous restrictions 
that are imposed by cellular and viral factors, combination strategies are likely to be 
required for complete elimination of HIV-1 [37]. As empirical combination testing 

Table 24.1   Signaling pathways that allow proviral expression in latently infected cells
Stimulus Intervention Physiological activity Effects 

on HIV-1 
reactivation

HDAC inhibitors Vorinostat, panobi-
nostat, belinostat, 
givinostat, entinostat

Histone and nonhistone 
acetylation/chromatin 
remodeling

21–23

Protein lysine methyl-
transferases inhibitor

BIX-01294 Chromatin remodeling 24

DNA cytosine methyla-
tion inhibitor

5-aza-2′-
deoxycytidine

Removal of DNA CpG 
methylation

25, 26

P-TEFb release HMBA PKC, PI3K/AKT signaling 20, 27
Tat binding to P-TEFb JQ1 Inhibits bromodomain 

reader BRD4 to recruit 
P-TEFb to cellular 
promoter

28

NFκB activators Anti-CD3/CD28 T- cell receptor 
engagement

29

Prostratin
Bryostatin

PKC activation 30–33

TNFα TRAF recruitment 34
γcR engagement IL-7 JAK/STAT signaling 19, 35, 36
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Fig.  24.1   Strategies to eradicate latent HIV-1 infection in resting CD4+ T cell. a Induction of 
HIV-1 expression. Class I histone deacetylases ( HDACs) recruited by various transcription factors 
( TFs) inhibit the transcription from HIV-1 long terminal repeat ( LTR). HDAC inhibitors facilitate 
histone acetyltransferases recruitment, histone acetylation, and chromatin remodeling at HIV-1 
LTR allowing increased viral expression. The positive transcription elongation factor b ( P-TEFb), 
composed of cyclin T1 ( cycT1) and cyclin-dependent kinase 9 ( CDK9), is sequestered in an inhib-
itory complex by hexamethylene bisacetamide-inducible protein (HEXIM1) as part of eukary-
otic gene regulation. Hexamethylene bisacetamide ( HMBA) mediated signaling allows release of 
P-TEFb from HEXIM1 complex. Both HIV-1 and cellular genes compete to recruit free P-TEFb 
to their promoter by interaction with Tat (viral transactivator) and BET protein family members 
BRD2/BRD4, respectively. BET inhibitor such as JQ1 enhances the availability of P-TEFb to Tat, 
although a Tat-independent effect of BET inhibitor on transcription elongation is also reported. The 
recruitment of P-TEFb to HIV-1 TAR (trans-activation-response region) allows phosphorylation 
of negative elongation factor ( NELF) and DRB (5,6-dichloro-1-β-D-ribofuranosylbenzimidazole) 
sensitivity-inducing factor ( DSIF), causing release of NELF and converting DSIF to a positive 
transcription factor. Furthermore, P-TEFb phosphorylates serine 2 ( Ser2) and serine 5 ( Ser5) of 
the carboxy-terminal domain ( CTD) of RNA polymerase II ( RNAPII), increasing its processiv-
ity and therefore viral transcription. NF-κB binds to DNA more avidly and induces latent HIV-1 
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cannot be rapidly or ethically performed in humans, insights gained from preclinical 
testing of antilatency strategies in a relevant animal model of HIV-1 latency should 
facilitate the implementation of the most promising therapies in humans.

24.3.1  Targeting Epigenetic Restrictions

HIV-1 latency is established and maintained largely due to the recruitment of class 
1 selective histone deacetylases (HDACs) to the HIV-1 long terminal repeat (LTR). 
The recruitment of HDACs leads to the removal of acetyl groups from lysine resi-
dues within the histone tail turning off the transcription. HDAC inhibitors (HDA-
Cis) allow histone acetylation and facilitate recruitment of transcriptional factors to 
initiate transcription (Figure 24.1). Among all the epigenetic reagents tested, class I 
specific HDACis are the most potent inducers of latent HIV-1 from patients’ resting 
CD4+ T cells ex vivo [21, 23, 38, 39]. Recently, Archin and colleagues have shown 
that administration of a single dose of the class I specific HDACi vorinostat (VOR) 
in patients is sufficient to induce HIV-1 transcription in resting CD4+ T in vivo 
[22]. More clinical trials are currently underway (NCT01365065, NCT01319383) 
to study the effects of multiple doses of VOR, but these assessments are limited to 
the peripheral blood. The humanized mouse model in contrast would allow com-
prehensive evaluation of the ability of VOR to deplete RCI in different cellular and 
anatomical reservoirs and address whether combination ALT will be needed for 
HIV-1 eradication.

VOR has been shown to suppress CWR22 prostate tumors and ameliorate motor 
deficits in a mouse model of Huntington’s disease [40, 41]. Doses of VOR up to 
100 mg/kg are well tolerated in mice and could be evaluated for histone H3 acety-
lation and viral expression in human cells. To this end, we propose a framework 
to test ALT in humanized mouse models (Figure 24.2). Within this framework, a 
single dose and ultimately multiple VOR doses could be tested to study the kinetics 
of HIV-1 RNA expression in resting CD4+ T cells. The failure to detect replication-
competent virus and HIV-1 RNA in the VOR-treated group in early study cohorts 
together with the absence of rebound of plasma viremia in late study cohorts will 
serve as a measure of the success of this therapeutic intervention.

Partial achievement of decline in RCI, however, will suggest either the exis-
tence of additional mechanisms of HIV-1 persistence or the possibility of differen-
tial penetration of the drug within various anatomical compartments reducing the 
effectiveness of VOR. The former issue may be addressed through combinatorial 
interventions of VOR and non-HDACi drugs, whereas the latter may be remedied 
through testing of alternative, and possibly more penetrant, HDACis, including 

expression. PKC activators such as prostratin, tumor necrosis factor-α, and bryostatin phosphor-
ylates IκBα causing release and translocation of NF-κB to the nucleus promoting HIV-1 tran-
scription. b Clearance of HIV-1 reservoir. Following induction of proviral expression, targeting 
infected cells with cytotoxic T-lymphocytes ( CTLs) and HIV-1 gp120 specific immunotoxins ( ITs) 
might facilitate clearance of the latent reservoir
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panobinostat, belinostat, givinostat, and entinostat, each of which has been shown 
to be effective at inducing latent HIV-1 infection in cultured cells [42, 43]. Indeed, 
many of these drugs are currently undergoing phase II clinical trials to treat cancers 
or juvenile arthritis and demonstration of their ability to clear quiescent provirus in 
an animal model should accelerate clinical testing for HIV-1 eradication.

24.3.2  Removing the Block at Transcription Elongation

Despite initiation of transcription, blocks at transcriptional elongation in resting 
cells in the absence of active positive transcription elongation factor b (P-TEFb), 
a cyclin-dependent kinase controlling elongation by RNA polymerase II, can con-
tribute to the maintenance of HIV-1 latency (Figure 24.1) [20, 44, 45]. The recruit-
ment of P-TEFb to the promoter region triggers phosphorylation of the negative 
elongation factor (NELF) and their dissociation, as well as phosphorylation of the 
C-terminal domain (CTD) of RNA polymerase, which triggers efficient initiation 
and elongation [46, 47]. Because P-TEFb is critical to the regulation of mammalian 
gene expression, its availability is tightly regulated by its sequestration in the large 
inhibitory hexamethylene bisacetamide-inducible protein 1 (HEXIM1) complex 
[48–50]. The HIV-1 transactivator Tat competes with HEXIM1 for P-TEFb binding 
and recruits active P-TEFb to its own promoter, allowing efficient transcription of 
HIV-1 genes [51]. Because the quantity of active P-TEFb in resting CD4+ T cells 
is low, its availability to the HIV-1 promoter may be limited, effectively restricting 
robust HIV-1 transcription [45]. HMBA, a potent inducer of cell differentiation and 
HIV production in chronically infected cells, facilitates Tat-independent release of 
active P-TEFb from the inhibitory complex [52] and its recruitment to the HIV-1 
LTR [20, 27]. It is important to note that we have observed HMBA-induced HIV-1 
viral outgrowth from RCI [20], which further supports P-TEFb activity at the HIV-1 
promoter as a critical component of latency release.

Fig. 24.2   Schematic for modeling eradication approaches in humanized mice
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Recently, it was discovered that the cellular bromodomain and extraterminal 
(BET) family of human bromodomain containing 4 (Brd4) competes with Tat to 
recruit active P-TEFb to their respective promoters through their interaction with 
mediators and chromatin [53–55]. The bromodomain inhibitor JQ1, which inhibits 
Brd4-mediated recruitment of P-TEFb, predictably causes a significant increase in 
viral transcription in latently infected CD4+ T cells [56]. Whereas HMBA triggers 
the transient release of the active P-TEFb complex, JQ1 enhances its availability to 
the HIV-1 promoter by antagonizing HIV-1 competitive factors and thereby allow-
ing efficient transcription elongation [27, 54]. It has also been reported that Brd4 
and related family member Brd2 inhibit HIV-1 transcription in the absence of Tat 
and the BET inhibitor allows transcription elongation in a Tat-independent manner 
[57]. Notably, both HMBA and JQ1 induce HIV-1 expression without T-cell activa-
tion, the most desired property of antilatency reagents [56].

Despite their promise, the therapeutic potential of HMBA and JQ1 cannot be 
addressed in in vivo systems. Humanized mice provide an ideal platform to 
characterize the antilatency effects of HMBA and JQ1 either alone or in combination.  
The biological activity of HMBA/JQ1 correlates with the availability of active P-
TEFb complex as indicated by phosphorylation of CDK9 at threonine 186 and this 
could be measured by flow cytometry [37]. The measurement of the kinetics of HIV-
1 RNA expression in resting CD4+ T cells together with the quantitation of RCI will 
allow assessing the ability of HMBA and JQ1 to deplete latent HIV-1 infection.

24.3.3   Induction of NF-κB by Protein Kinase C (PKC) Signaling

The enhancer region of the HIV-1 promoter contains binding sites for the transcrip-
tion factor NF-κB. NF-κB is postulated to be a potent inducer of HIV-1 transcription 
in part due to its high affinity for its binding site on DNA and therefore promotes 
proviral expression even when latency is maintained due to transcriptional inter-
ference. The PKC agonists prostratin and bryostatin-1 activate NF-κB and induce 
latent HIV expression alone and enhance the antilatency potential of VOR synergis-
tically [33, 58]. Interestingly, each of these drugs downregulates CD4 and corecep-
tors CXCR4 and CCR5, thereby limiting de novo HIV-1 infection [59, 60]. Several 
analogs of both bryostatin and prostratin have recently been synthesized and tested 
for induction of latent HIV expression [61, 62] and their successful testing in an 
animal model will allow optimization of better PK parameters, higher activity, and 
less toxicity for human testing.

Bryostatin-1 induces expression of CD69, an early activation marker of T cells 
and a surrogate marker for induction of HIV-1 latency, in more than 50 % of cells 
up to 24 h following a single intravenous injection [63]. To verify NF-κB activation 
following bryostatin exposure, electrophoretic mobility shift assays are routinely 
employed to demonstrate upregulation of active p50/p65 heterodimers. The remain-
der of the experimental approach should be similar to that outlined in Figure 24.2. 
In the end, if only partial depletion of the viral reservoir is observed, it will bolster 
the argument for an adjunctive approach targeting different mechanisms of viral 
persistence to achieve HIV-1 eradication.
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24.4  Adjunctive Approaches to Clear Persistent Infection

The disruption of HIV latency via the induction of proviral expression is a critical 
research goal. However, it is not certain that proviral expression alone will allow 
the host immune response or viral cytopathic effects to clear of persistent infection. 
Recently Shan and colleagues have shown that following induction of HIV-1 ex-
pression, latently infected cells survive even in the presence of autologous cytotoxic 
T-lymphocytes (CTLs) but can be eliminated if autologous CTLs are prestimulated 
in vitro with HIV-1 peptides [64]. The immune response in chronic HIV-1 infection 
is generally weak due to impaired CTL responses and is unable to eradicate HIV-1 
infected cells [65, 66]. Furthermore, memory CD4+ T cells are resistant to apoptotic 
death largely due to higher expression of Bcl-2 [67]. Combining HIV-1 induction 
with adjunctive therapies such as anti-HIV immunotoxin (IT) or CTL, which facili-
tates the clearance of HIV-1 expressing cells, may be more effective in eradication 
of the latent reservoir in vivo.

24.4.1  Selective Killing of Latently Infected Cells with 
Immunotoxins (ITs)

ITs are potent cytotoxic agents containing a targeting moiety, typically an antibody 
or ligand, conjugated to a toxin. HIV-1 expressing cells can be directly targeted by 
ITs against the HIV-1 gp120 proteins that are expressed on the surface of HIV-1 
infected cells [68]. Brooks and colleagues have demonstrated that anti-gp120 IT is 
effective at killing latently infected T cells from SCID-hu thy/liv mice after stimu-
lation ex vivo [69]. Moreover, treatment of infected mice with the immunotoxins 
CD4-PE40 and 3B3(Fv)-PE38 caused sustained suppression of viremia even after 
discontinuation of ART, suggesting depletion of the latent viral reservoir [70]. De-
spite its success, CD4-PE–based IT have been shown to cause some liver toxicity 
in rhesus macaques, which is associated with the high isoelectric point of the CD4 
moiety. However, if CD4-PE is shown to be effective in depleting latently infected 
cells in a mouse model, the isoelectric point could be lowered for future studies 
without affecting its biological activity [71]. 3B3-PE exhibits no hepatotoxicity in 
rhesus macaques, although viral clearance cannot be accurately assessed in ma-
caques on ART as the SIV Env in RT-SHIVs (chimeric SIVs harboring the HIV-1 
reverse transcriptase) are not reactive with the 3B3 antibody. The murine model of 
HIV-1 latency could provide an alternative platform for rapidly testing the safety 
and efficacy of a proof-of-principle eradication strategy that involves: (a) induction 
of HIV-1 expression in latently infected cells in the context of ART, coupled with 
(b) targeted killing of HIV-1 expressing cells with an anti-HIV immunotoxin.
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24.4.2  Selective Killing of Latently Infected Cells with Cytotoxic 
T-Lymphocyte (CTL)

CTL therapy targeting viral antigens along with ALT are considered as a potential 
therapeutic strategy to eradicate HIV-1 infection in humans. The feasibility of this 
approach has been strengthened by the success of autologous T-cell therapies in 
treating Epstein–Barr virus (EBV) positive lymphoma and of stem cell transplanta-
tion of virus-specific CTLs targeting cytomegalovirus (CMV) and EBV positive 
tumors in patients [72, 73]. The humanized mouse models could provide an ideal 
platform for tailoring effector T-cell responses to eliminate HIV-1 expressing cells. 
The implantation of human fetal liver and thymus SCID-hu mice with CD34+ HSCs 
transduced with lentival vector to express an HLA-A2.01-restricted anti-Gag TCR 
target has been demonstrated to kill cells expressing HIV antigens ex vivo [74]. 
NSG-BLT mice when reconstituted with HIV-1 gag 77–85 SLYNTVALT (SL9) 
specific TCR allows suppression of HIV-1 replication in the plasma and in multiple 
lymphoid organs in vivo [75]. HIV-1-specific immunoglobulin sequences linked to 
the signaling domain of the T-cell receptor zeta chain, when transduced into CD8+ 
cells, also target infected cells expressing surface HIV-1 gp120 but in an HLA-inde-
pendent manner [76]. In a proof-of-principle study, those TCRs could be transduced 
into CD8+ T cells isolated from the spleen of humanized mice and reintroduced into 
infected animals receiving optimized HIV-1 inductive therapy without issues of im-
mune rejection. Labeling of cells before reintroduction in the animals would allow 
the distribution of these cells to be studies in various anatomic compartments. Cells 
transduced with a construct lacking the SL9 or/and universal T-cell receptors can 
serve as a control to TCR-mediated killing. Alternatively, CD8+ T cells could be 
stimulated with antigen-presenting cells such as monocyte-derived dendritic cells 
(DCs) pulsed with overlapping peptides for an antigen of interest to derive CTL for 
the clearance of latent infection.

24.4.3  Killing of Latently Infected Cells with Bcl-2 Inhibitors

The cytokine interleukin 7 (IL-7) plays a critical role in thymopoiesis, peripheral 
expansion, survival, and function of T cells and is therefore undergoing pilot tri-
als as an immune adjuvant therapy in HIV-1 infection [77, 78]. IL-7 has also been 
shown to induce latent HIV-1 infection in resting CD4+ T cells from aviremic pa-
tients ex vivo [19, 36]. Induction of NFAT via the JAK/STAT signaling plays a key 
role in HIV-1 expression from latently infected resting CD4+ T cells. However, 
IL-7 has also been implicated in the maintenance of the latent HIV-1 reservoir by 
inducing homeostatic proliferation in the setting of low CD4+ T-cell counts [79]. 
Administration of IL-7 to HIV-1 infected patients on ART resulted in an increase in 
the number of CD4+ T cells harboring integrated HIV-1 DNA in peripheral circula-
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tion [80]. Bosque and colleagues report that IL-7 driven homeostatic proliferation 
did not result in depletion of the latent reservoir in memory CD4+ T cells despite 
their partial reactivation [81]. Because homeostatic mechanisms contribute to the 
maintenance of human memory CD4+ T cells in hu-Rag2-/-γc-/- mice, this model 
could address the role of IL-7 in the maintenance of HIV latency [82]. In the set-
ting of ART, increases in RCI following IL-7 therapy compared to control would 
suggest an increase in the frequency of integrated HIV within resting CD4+ T cells, 
as such cells may undergo mitosis and duplicate the proviral integrant without viral 
expression. This result would illuminate the potential effects of using IL-7, which 
would fill a pressing and clinically relevant knowledge gap, as the cytokine is cur-
rently being tested for its ability to enhance T-cell reconstitution and function in 
HIV infection [77, 78, 80].

IL-7 promotes survival by upregulating the expression of antiapoptotic proteins 
such as Bcl-2 and Mcl-1 [67]. It is tempting to speculate that sensitization of cells to 
apoptosis with a Bcl-2 inhibitor simultaneously with induction of HIV-1 expression 
might clear latent infection in memory cells undergoing homeostatic proliferation. 
The Bcl-2 inhibitors ABT-737 and obatoclax are in the early stages of clinical de-
velopment to treat cancer and have shown promising results in some patients at tol-
erable doses [83, 84]. The use of Bcl-2 inhibitors is unlikely to be approved for ALT 
in humans due to limited safety data but could easily be tested as a proof-of-concept 
study in a humanized mouse model to augment the clearance of viral reservoirs in 
CD4+ T cells.

24.5  Summary and Future Perspectives

Exploiting humanized mice to study HIV-1 latency and test new strategies to clear 
persistent infection to its fullest extent should accelerate the development of effec-
tive therapies to eradicate HIV-1 infection. In the setting of highly potent intensified 
ART, HDAC inhibitors such as VOR either alone or together with other inducers of 
HIV-1 expression such as bryostatin-1 may disrupt proviral quiescence, and allow 
clearance of infection. Interventions that increase the clearance of infected cells, 
such as chimeric toxins targeted to the HIV-1 envelope glycoprotein or HIV-1 spe-
cific CTLs together with HIV-1 induction may speed the eradication of chronic 
HIV-1 infection.

The complete eradication of HIV-1, however, will not be achieved until cellular 
and anatomic reservoirs can also be targeted. The comprehensive analysis of antiret-
rovirals and antilatency reagents, including a determination of compartmental and 
intracellular drug concentration along with measurements of viral replication, will 
clarify the contributions of specific tissue compartments in the maintenance of per-
sistent infection, and will help define the most promising and effective approaches 
to eradicating persistent HIV-1 infection.
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CSF-1 Monocyte-colony stimulating factor
DNA-PKcs Catalytic subunit of the DNA-dependent protein kinase
HAND HIV-1-associated neurologic disorders
HSC Hematopoietic stem cells
IL-2Rγc Interleukin-2 receptor common gamma chain
NSG/NOG NOD/Shi LtJ-scid/IL2Rγnull mice
scid Severe combined immune deficiency
SIRP- α Signal regulatory protein-α

25.1  Introduction

The HIV-1-associated damage of central and peripheral nervous systems became 
evident very early in the HIV pandemic [1]. The three clinical forms, now con-
sidered as HIV-1-associated neurologic disorders (HAND): asymptomatic, which 
do not affect human daily life, but could be found by rigorous neuropsychological 
evaluation; mild cognitive and motor deficit; and dementia. In the era of highly 
active antiretroviral therapy (HAART), the incidence of dementia reduced and 
the character of mild neurocognitive impairment changed to the memory/learn-
ing and executive control rather than the motor and cognitive speed deficits seen 
pre-HAART [2]. However, up to now several questions remain unanswered. Is the 
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damage of nervous system occurring primarily due to persistent productive infec-
tion within the brain? Is HAND a combination of several connected pathological 
processes, such as peripheral lymphoid tissue infection or immune suppression? 
Is it a combination of both events and therefore related to total levels of viral rep-
lication? Are neurological symptoms directly related to the neurotoxicity of viral 
proteins or indirect-metabolic effects of inflammation? Does chronic immune ac-
tivation associated with increased permeability of gut contributes to neuronal dys-
function? Does HIV-1 tropism to different cell types (lymphocytes or macrophages) 
or viral envelope protein coreceptor usage (CCR5 or CXCR4) and ability to bind 
different types of G-protein-coupled chemokine receptors important for neuronal 
dysfunction?

Humanized mice on NSG/NOG backgrounds with hemato-lymphoid reconstitu-
tion produce human host cells for HIV-1 infection and the infected-lymphocytes 
and macrophages, are able to enter mouse brain.

Thus it was very attractive to investigate if it is possible to elicit HIV-1-associat-
ed neuropathology in humanized animals.

25.2  Human HIV-1 Infected Cells in the Mouse Brain

HIV-1 virus belongs to Lentiviradae [3, 4]. Encephalopathy as well as encephalitis 
driven by persistent infection of brain resident microglia/macrophages are the cause 
of neurocognitive deficits, neurodegeneration and dementia. For two other members 
of the family that induce encephalitis without immune suppression, like the visna-
maedi virus and the caprine arthritis encephalitis virus, the major target in the brain 
are macrophages/microglia [5]. The suggested common features of the pathogene-
sis of Lentiviruses are their ability to integrate DNA into monocytes/dendritic cells. 
When these cells reach their final tissue destinations, including brain, they mature 
to macrophages in the presence of CSF-1 (monocyte-colony stimulating factor, M-
CSF) and disseminate viral particles and spread infection to microglia/macrophages. 
Short-term modeling of HIV-1 encephalitis in C.B-17/scid and NOD/scid mice was 
achieved by transplantation of HIV-1-infected bone marrow-derived human mac-
rophages, with consequential neuropathologies characterized, and this model was 
applied for antiretroviral and adjunctive therapeutic development [6, 7]. However, 
this model was lacking important components of the peripheral HIV-1 infection 
of lymphoid tissues, such as loss of CD4+ cells that contribute to disease progres-
sion. Moreover, infection within the brain is secondary to systemic infection and 
appropriate animal modeling should utilize blood-brain transmission of cell-free 
virus or infected cells. Perivascular distribution of infected macrophages within 
the highly vascularized brain are uniquely found in simian immunodeficiency vi-
ruses (SIV) infected animals, but for human encephalitic brains up to two third of 
infected cells are parenchymal microglia [8]. For HIV-1, not all laboratory vari-
ants and primary isolates of different viral clades are able to productively infect 
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monocyte/macrophages, and not all viral strains will be able to induce brain pa-
thology [9]. The selection of viruses for humanized mice infection is important, as 
well as the time of analysis. We were able to observe scattering HIV-1p24+ human 
lymphocytes through the white-matter tracks, striatum, olfactory bulbs, and their 
interaction with macrophages in the meninges mostly in mice sacrificed at peak of 
viremia at 5–7 weeks [10]. Depletion of human CD8+ cells in HIV-1-infected hu-
manized mice also significantly increased the entry of infected cells into the brain 
and incidence of meningitis [11]. In a rare case of encephalitis, developed in HIV-
1-infected humanized mouse after CD8+ cell depletion, HIV-1p24 positive cells 
with microglial morphology were found. The origin of these cells remains unknown 
leaving with two predictions: mouse microglia phagocytized human HIV-1 infected 
cells, or human microglia-like cells became infected (Fig. 25.1). As of today there 
is no evidence that HIV-1 is productively infecting neurons, astrocytes, oligoden-
drocytes, epindemal cells of choroid plexus, and brain microvasculature of murine 
origin. Animals sacrificed at 16–17 weeks after infection occasionally had infected 
meningeal or perivascular cells. Productive infection of mouse microglial cells 
is possible, if virus will be delivered by different mechanisms (not human CD4, 
CCR5, or CXCR4), such as vesicular stomatitis virus (VSV)-pseudotyped [12, 13]. 
HIV-1 infection of human brain endothelial cells, oligodendrocytes, astrocytes, im-
mature neuroblasts, and mature neurons was suggested and discussed in review [8].

For the humanized-mouse model for HAND, several questions are unanswered. 
Are the human cell products associated with chronic HIV-1 infection affecting the 
mouse endothelial cells and blood-brain-barrier? On the other hand, do we need to 
transplant human neurons and astrocytes into the mouse brain to confirm the effects 

Fig.  25.1   HIV-1p24-positive cells in humanized mouse encephalitic brain. a Representative 
5 μ thick horizontal sections of paraffin-embedded mouse brain tissue stained with antibodies 
to human HLA-DR antigen. Human cells ( brown) are distributed around the vessels, along the 
meninges and fissures. Magnification 1×. Red squares are areas magnified in panels and b and e, 
stained for HIV-1p24 antigen. Positive cells are shown in perivascular spaces and white-matter 
tracks. Magnification 10×. c-d, and f-g are corresponding further magnified views of two adjacent 
sections confirming the microglia-like morphology of HIV-1p24-positive cells indicated with red 
arrows. Magnification 40×
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induced by virus and human-specific cytokines/chemokines? The transplantation 
of human neuronal progenitors or fetal brain cells in combination with chronic pe-
ripheral HIV-1 infection could be a model to evaluate the infection of neural cell 
types other than macrophages/microglia cells during human CNS disease. Do we 
need reconstitution of mouse brain with human microglial cells to mimic HAND 
and HIV-1-associated encephalitis? Or is the infection of perivascular macrophages 
and scattering of activated-human T cells enough to induce neuronal dysfunction? 
Could the compartmentalization of HIV-1 in mouse brain be created and used for 
evaluation of the special therapeutic strategies for viral eradication [14]?

25.3  Repopulation of Mouse Brain with Human 
Microglia

Establishment of a stable viral brain-reservoir is an unmet challenge due to the 
requirement of a substantial population of human microglial cells within the mouse 
brain. The nature of mouse microglia as a yolk-sac-born cell and a unique lineage of 
macrophages was confirmed by several recent studies [15–18]. These cells are de-
velopmentally dependent on the transcription factor PU.1 and interferon regulatory 
factor 8 (IRF8), as well independent of Myb ( myeloblastosis) family of transcription 
factors, DNA-binding protein inhibitor Id2, basic leucine zipper transcription factor, 
ATF-like 3 (Batf3), and Kruppel-like factor 4 (Klf4) that delineate bone marrow-
derived monocytic lineage. Microglia also differentiate independently of CSF-1 and 
are present in CSF-1 KO mice as a result of the IL-34 action. The human microglia 
seed brain during the embryonic stage. Limited studies about microglia about mi-
croglia during human embryonic development detect microglial cells as early as in 
the fifth week of gestation [19]. Microglia are expected to accumulate parallel to 
neurovasculogenesis, but the precise markers to distinguish human microglial cells 
from the later hematopoietic monocytes/macrophages remain unknown.

In mice, fate-mapping studies showed that by one year of age ~ 30 % of microg-
lia-like cells in the brain will be bone-marrow-derived cells [15]. This observation 
is in concordance with data obtained earlier on NOD/scid-humanized mice when 
stable and significant human myelopoiesis was established [20]. Accordingly, hu-
manized mice should have some extent of human origin microglia-like cells in the 
brain. Animals carrying human hematopoiesis survive over a year with maintained 
meylopoiesis.

Analysis of human myelopoiesis in a one-year-old animal engrafted neonatally 
with cord-blood-isolated CD34+ cells is shown in Fig. 25.2. The lifelong devel-
opment of monocytes by retaining lineage-negative CD34+ HSCs in the BM of 
humanized animals ensure that human monocytes/macrophages are generated and 
able to enter mouse brain.

These may not be “true” microglial cells and have different properties. Devel-
opment of these cells requires, in addition to CSF-1, a species-specific cytokine 
IL-34 that also reacts via CSF-1R [17]. Taken together and resolving around these 
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Fig.  25.2  Morphology of human microglia and perivascular macrophages in mouse brain and 
development of human monocytes in mouse bone marrow. a and b, Representative 5 μ thick sec-
tions of paraffin-embedded mouse brain tissue stained for CD14 showing microglia-like cells with 
different morphologies found in humanized NSG mice at 6–12 months of age. Cells are close to 
meninges They are ramified and expressed low levels of CD14 (a), or had elongated shape and 
located around the vessel (b). Images were captured under objective 20× and insert under objec-
tive 100×. c FACS analysis of the bone marrow cells obtained from a 1 year old humanized mouse 
created by transplantating cord-blood-derived CD34+ cells at birth. Bone marrow contained 69 % 
of human CD45+ cells. Several sets of antibodies were used to characterize progenitors and mono-
cyte development. Upper line panels: left panel shows human CD45+, middle panel -CD34+, and 
right panel -CD34+/CD117+ progenitors and CD117b+ mast cells. Low line panels: left represents 
myeloid progenitors CD33/CD34+, middle -CD14+ cells from CD45+ gated cells, and right panel 
highlights the proportion of CD45/CD14/CD4+ promonocytes. (Data were collected using a Beck-
man Coulter FC500 flow cytometer (Beckman Coulter, Miami, FL) and analyzed using Beckman 
Coulter Cytomics CXP software (Applied Cytometry Systems, Dinnington, United Kingdom). 
Results are expressed as percentages of total human CD45+ cells. Courtesy of Professor Samuel 
Pirrucello, Pathology/Microbiology, UNMC)
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uncertainties, populating the mouse brain with human microglia requires human 
microglial precursors and a niche for them in mouse brain.

We confirmed the feasibility of generating human brain-resident microglia and 
macrophages by transplantation of human fetal brain cells into the brain of newborn 
irradiated NSG mouse without peripheral transplantation of human CD34+ cells. As 
shown in Fig. 25.3, human cells with microglial (CD45low) or macrophage (CD163+) 
morphology are present and distributed outside the clusters of human cells and 
distinguished by nuclei stained with antibodies to human DNA-PKcs, a molecule 
that has truncated and reduced expression in scid/scid animals. This observation 
suggests that appropriate cytokine support (like IL-34), appropriate selection of mi-
croglial precursors, and development of strategies to oblate mouse microglia at birth 
followed by human cell transplantation, are needed to create a stable pool of human 
cells resident in the mouse brain. Such achievement will provide a novel animal 
model system susceptible to HIV-1 infection to study viral compartmentalization 
and CNS penetrating antiretroviral drugs. Although the introduction of HAART has 
been able to reverse some of the clinical manifestations, pathological alterations 

Fig.  25.3   Pattern of the distribution of human microglia and macrophages derived from fetal 
brain cells. NSG mice were injected at birth with human fetal brain derived mixed cell population 
cultured for 1 week under serum-free conditions. At 3 months of age, human cells of macrophage/
microglia lineage were found without peripheral transplantation of human CD34+ HSC. a and c, 
Representative distribution of human DNA-PKcs-positive cells around lateral ventricle and along 
the aqueduct. b Human microglia inside and around the cluster of human immature neurons/astro-
cytes stained for CD45 with characteristic ramified morphology. d Human CD163-positive cells 
with round macrophages morphology. Inserts represent magnified views of a single or group of 
cells. Black and white schematic representation of sagittal brain section at the levels of the captured 
images depicted as blue rectangles. a magnification 4×, b, c, and d magnification 20×, inserts–—
magnification 100×. Sections counterstained with hematoxylin
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persist within the CNS of infected patients, current drug regimens hardly penetrate 
the CNS. Therefore limited in controlling HIV replication within the brain.

25.4  Conclusion and Future Directions

Humanized mice are life-long carriers of human hematopoiesis and human-cell-
populated lymphoid tissues susceptible to HIV-1 infection. Limited in the spec-
trum of brain-resident populations of human cells (macrophages/microglia), they 
are nonetheless attractive and important tools for HAND research. Introduction of 
strategies to evaluate in vivo longitudinal changes of HIV-1-infected mouse brain 
by clinically translatable tools such as magnetic resonance imaging (MRI), magnet-
ic resonance spectroscopy (MRS) [21], diffusion-tensor MR imaging [22, 23], and 
new experimental imaging methods such as manganese-enhanced MRI (MEMRI) 
[24] will open new horizons in our understanding of brain pathology and facilitate 
the development of a new prevention and treatment strategies.
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26.1  Introduction

Neutralizing antibodies have shown to be a correlate of protection for many viral 
vaccines and are, therefore, a highly sought after property in a vaccine against Hu-
man Immunodeficiency Virus (HIV) [1, 2]. The development of such a vaccine 
has been elusive for a variety of reasons that are beyond the scope of this review 
(reviewed elsewhere, [3–5]). Nevertheless, a rapidly increasing number of highly 
potent broadly neutralizing antibodies (bNAbs) have been isolated from chronically 
infected HIV patients, and in an attempt to learn how to elicit such antibodies in a 
vaccine, an extensive characterization has been carried out [6–12]. To investigate the 
protective potency of these neutralizing antibodies against viral challenge in vivo, 
passive antibody transfer experiments have been performed in rhesus macaques, 
chimpanzees, and humanized mice [13–23]. The macaque has been the model of 
choice for most studies. However, it does have some limitations, notably the use of 
a chimeric simian-human immunodeficiency virus (SHIV) rather than HIV-1 as a 
challenge virus, the possibility of antihuman antibodies being raised in the macaque 
and potential suboptimal interaction of human antibodies with macaque effector 
cells and critical molecules such as Fc receptors. The chimpanzee is an endangered 
species and was only used in early animal studies related to AIDS research.

Several different types of humanized mice have been used in vaccine-related 
studies including passive transfer of antibodies, and it is worth noting that the 



316 B. Moldt and D. R. Burton

existing types have differing levels of “humanization” and that each model will 
have its own set of advantages and limitations. Susceptibility to mucosal infection 
for example is probably most relevant for vaccine-related studies as the initial local 
viral propagation and expansion in mucosal tissue is believed to be the stage where 
the virus is most vulnerable [24, 25]. For treatment studies, the route of infection 
may be less important but establishment of viral reservoirs in specific tissues that 
mimics the pathogenesis seen in human infections may be crucial.

The first humanized mouse to be used in antibody-mediated protection studies 
was the hu-PBL-SCID mouse. However, mucosal transmission of HIV in this mod-
el is low and highly variable and these studies therefore relied on intraperitoneal 
challenge [19, 22, 23, 26–28]. More recent models such as the Rag-hu, the NSG-hu, 
and the BLT mouse have been shown to be susceptible to mucosal challenge, and 
the BLT mouse appears especially well-suited for mucosal transmission as the fe-
male reproductive tract and the rectum are efficiently populated with cells of human 
origin [29–31]. Key findings regarding neutralizing antibodies from humanized 
mouse studies are: (i) protection against primary HIV challenge by passive transfer 
of neutralizing antibodies [19, 22, 23], (ii) sustained delivery of protective neutral-
izing antibodies by viral vectors (vectored immunoprophylaxis) [32], and (iii) HIV 
therapy by neutralizing antibodies [33]. The main focus here will be on passive 
transfer protection studies but short sections on vectored immunoprophylaxis and 
HIV therapy will also be included. Figure 26.1 illustrates the three concepts.

26.2  Passive Antibody Protection Studies  
in hu-PBL-SCID Mice

This model is rarely used today, however, the hu-PBL-SCID mouse was instrumen-
tal in early findings related to antibody-mediated protection against HIV in vivo. 
The first direct evidence demonstrating a role for neutralizing antibodies was ob-
tained from passive transfer studies in chimpanzees but was shortly after followed 
by similar experiments in the hu-PBL-SCID mouse. In these proof-of-concept stud-
ies, it was shown that a strain specific neutralizing antibody recognizing the gp120 
V3 region could protect against challenge of a homologous T-cell line-adapted 
(TCLA) virus [19, 20]. However, a subsequent mouse study also showed that the 
strain specific antibody was unable to protect against challenge of primary heterolo-
gous HIV strains emphasizing that a broad neutralizing antibody response would be 
needed in an effective vaccine [21].

The first demonstration of protection against a primary HIV stain was performed in 
the hu-PBL-SCID mice. Here, the authors showed that the CD4-binding site antibody 
b12, one of the first bNAbs to be isolated, protected against both challenge of TCLA 
viruses and challenge of a primary strain [22, 23]. One previous attempt had been done 
in chimpanzees using the gp41 membrane-proximal external region (MPER)-specific 
bNAb 2F5. However, the antibody only induced a delay in seroconversion and not 
sterilizing immunity [34, 35]. The lack of protection may be related to the potency of 
2F5 against the particular challenge virus as a later study performed in macaques dem-
onstrated efficient protection against a SHIV version of another primary isolate [17].
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Fig.  26.1   Schematic representation of prophylaxis and treatment strategies against HIV using 
bNAbs. a Passive administration of antibodies has demonstrated the potency of bNAbs in protec-
tion against HIV. A conventional vaccination approach is shown on the right. b Vectored immu-
noprophylaxis as an alternative to conventional vaccination. bNAbs are delivered by AAV vectors 
and the approach thereby bypass the difficulties in developing an antigen that elicits bNAbs. c 
bNAbs as therapeutics. Passive administration of bNAbs represses viral replication in an estab-
lished infection. (Figure adapted from Balazs and West [45])

 



318 B. Moldt and D. R. Burton

26.3  Passive Antibody Protection Studies in Newer 
Humanized Mice Models

From these early studies in the hu-PBL-SCID mouse, the use of humanized mice 
for passive transfer studies waned in place of the macaque/SHIV model. However, 
there has been a renewed interest in parallel with the development of new models 
such as the Rag-hu, the NSG-hu, and the BLT mouse, as well as with the isolation of 
newer more potent broadly neutralizing antibodies. In contrast to the hu-PBL-SCID 
mouse, most of the new mouse models enable mucosal infection making them more 
suitable for evaluation of strategies designed to prevent mucosal HIV transmission 
[26, 29–31]. Two studies of particular interest related to antibody-mediated protec-
tion will be discussed below [36, 37].

The first study investigated the effect of antibody isotypes by comparing IgG1 
b12 with monomeric and polymeric IgA2 b12 [37]. Interestingly, despite hav-
ing comparable neutralization potency in vitro, it was found that polymeric IgA2 
showed higher potency than IgG1 and monomeric IgA2 in protection against vagi-
nal challenge of NSG-hu mice. The difference between monomeric and polymeric 
IgA2 could be related to the unique ability of polymeric IgA to form secretory 
IgA, however, it should be noted that in order to reach equivalent level of antibody 
in plasma and genital secretion at the time of challenge, the authors administered 
tenfold more IgA than IgG. A recent study using the macaque/SHIV model also 
showed enhanced protection of IgA in vivo compared to IgG [38]. However, in the 
macaque study, the enhanced protective effect was specific for dimeric IgA1 and 
not for dimeric IgA2. In addition, it was shown that the protection correlated with 
the antibody isotype’s ability to mediate virion capture and inhibition of transcyto-
sis in vitro [38]. The results from the two studies strongly advocate for additional 
experiments investigating the potency of IgA in vivo, especially because most pre-
vious passive antibody transfer studies have been done with IgG.

The second study investigated bNAbs as topical preexposure prophylaxis (PrEP) 
against HIV [36]. Here, using vaginal challenge of RAG-hu mice, it was shown that 
a cocktail of the bNAbs b12, 2G12, 4E10, and 2F5 were fully protective, and that 
the more recently isolated NAb VRC01 protected up to 80 % of the mice as a single 
antibody. In light of the encouraging results from the recent CAPRISA004 trial in-
vestigating the use of topically applied microbicides to prevent infection in humans, 
these findings are highly relevant [39]. The current microbicides against HIV are 
small-molecule drugs such as maraviroc and tenofovir [40]. However, if proven suf-
ficiently effective, the use of biological molecules such as antibodies may represent 
an attractive alternative without the side effects commonly associated with antiviral 
drugs, although cost may be a substantial barrier. A previous study performed in 
macaques using the b12 antibody also provided support for pursuing the develop-
ment of bNAbs as microbicides, and the mouse model in particular would allow for 
an quick and relatively inexpensive method of evaluating the potency of various 
bNAb combinations [36, 41].
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In contrast to the conventional humanized mice models, an alternative approach 
is to generate transgenic mice expressing human genes facilitating susceptibility 
to HIV infection. Two related models based on bioluminescence were recently de-
scribed in which human CD4 and CCR5 were either expressed in the liver or ubiq-
uitously expressed in all tissues [42, 43]. Using these models, several of the newer 
broadly neutralizing antibodies, including 3BNC117, 3BC176, and VRC01, were 
shown to protect against pseudovirus challenge. Further studies will be needed to 
determine the level of translatability between the results generated here compared 
to results from the more established animal models.

26.4  Vectored Immunoprophylaxis

As highlighted in the previous sections, passive transfer studies in humanized mice 
and nonhuman primates have demonstrated highly efficient protection of bNAbs 
against HIV in vivo. However, the continuous difficulties in the development of an 
effective vaccine eliciting bNAbs have prompted an interest in pursuing alternative 
preventive strategies. One of the most promising is vectored immunoprophylaxis 
in which adeno-associated virus (AAV) vectors are used to deliver genes encoding 
bNAbs. The AAV vector has been demonstrated in various preclinical and clinical 
gene therapy trials to support long-term expression of transgenes in nondividing 
tissues such as muscle [44]. Two seminal studies have demonstrated the efficacy 
of AAV-based immunoprophylaxis against SIV and HIV [32, 45]. The first was 
performed in macaques and showed that a neutralizing immunoadhesin (chime-
ric antibody-like molecule) specific for SIV gp120, delivered by intramuscular in-
jection of an AAV expression vector, mediated protection against an intravenous 
SIV challenge [45]. Importantly, serum levels of the immunoadhesin was shown 
to be stable for more than 1 year and still measurable 5 years postinjection with no 
adverse effects for the monkeys [46]. The mouse study, using NSG-hu mice, ex-
panded upon these results by generating AAV vectors expressing full-length human 
antibodies including the bNAbs b12 and VRC01 [32]. Three key findings were 
achieved. Firstly, injection of AAV vectors expressing b12 or VRC01 into muscle 
tissue resulted in stable expression of human antibodies for an extended time pe-
riod. Secondly, the antibodies were highly efficient in protecting against a high-dose 
intravenous HIV challenge. Thirdly, the observed protection was antibody dose-
dependent and correlated with the potency of the bNAb as VRC01 protected at 
lower serum concentration than b12. Interestingly, in a separate study the authors 
showed that implementing the same AAV-based strategy resulted in efficient pro-
tection against influenza suggesting that the approach may be pursued for various 
infectious diseases if proven sufficiently safe for human use [47].
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26.5  HIV Therapy

From the initial isolation of bNAbs against HIV, there has been an interest in devel-
oping these as antiviral drugs. It is important to note that the bNAbs do not control 
the infection in patients from whom they were isolated because of a continuing 
emergence of viral escape variants [48]. For therapeutic use of bNAbs, as seen 
for conventional antiretroviral therapy, a combination of antibodies with multiple 
epitope specificity may therefore be needed to inhibit the emergence of viable es-
cape variants for long-term treatment. The first study to investigate the potential of 
bNAbs against an established infection was performed in hu-PBL-SCID mice [49]. 
The authors found that treating HIV infected mice with a single antibody (b12) was 
ineffective in controlling viral replication. Treatment with a cocktail of bNAbs (b12, 
2G12, and 2F5) did suppress viral replication but only transiently. In light of this, 
the modest therapeutic effects observed when treating human HIV-infected patients 
following cessation of conventional antiviral therapy with a cocktail of 2G12, 2F5, 
and 4E10 may have been disappointing but perhaps anticipated [50]. In the human 
trial, the antibody cocktail did not control the virus but it did delay the viral rebound 
in a subpopulation of the treated patients. Interestingly, acutely infected individuals 
seemed more prone to respond to the treatment than chronically infected patients 
indicating that the virus diversification occurring in the establishment of chronic 
infection could restrict the antibody potency. It should also be noted that analysis of 
the post-therapy virus only showed escape from the 2G12 antibody indicating that 
more optimal antibody combinations may be more effective [50].

Despite the limited success in previous investigations, the recent isolation of 
more potent bNAbs inspired a renewed interested in using bNAbs as therapeutics 
and three studies have shown more promising results [33, 51, 52]. Here, using hu-
manized NRG mice, the authors observed viral escape from treatment by a single 
antibody and a cocktail of three bNAbs (in line with what was seen in the previous 
mouse experiment). However, using a cocktail of five bNAbs (3BC176, PG16, 45-
46G54W, PGT128, and 10-1074) the authors showed efficient repression of viral 
replication. The repression lasted as long as the antibodies were present, as viral 
rebound was not observed before discontinuing the antibody administrations. Inter-
estingly, in follow-up studies a cocktail of three antibodies specifically designed to 
restrict the possibility of viral escape and a single antibody in the combination of 
antiretroviral therapy were found to be sufficient to control the infection [51, 52]. 
Additional animal (and human) studies will be needed to evaluate the impact of 
these encouraging results. However, the possibility of using bNAbs in therapy may 
be a new emerging field in line with the treatment of other diseases such as specific 
cancers and autoimmune disorders [53].
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26.6  Summary

In conclusion, the early studies performed in the hu-PBL-SCID mouse provided 
critical evidence for protection against HIV by neutralizing antibodies supporting 
an important role of the humoral system in a vaccine. Newer types of humanized 
mice may be better suited to represent human infections and are gaining much inter-
est from the field as valuable animal models. Alternative strategies to curb the HIV/
AIDS pandemic such as vectored immunoprophylaxis and treatment of established 
infections by neutralizing antibodies have shown to be highly effective in several 
mouse studies and support further development.
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27.1  Introduction

For the past several decades, investigators have created “humanized” mice to bridge 
the gap between small-animal models and human studies and allow examination of 
the human immune system in an experimental setting. Humanized mice were first 
created by transplanting human cells and/or tissues into mice with severe deficien-
cies in their own immune systems [1–3], and this has remained the most common 
approach used to generate mice with more and more components of the human im-
mune system. Advances in these humanized mouse models have come mainly from 
gradual improvements in the immunodeficient mice used, rendering them more 
receptive to donor human cells and tissues, as has been recently reviewed [4–6]. 
One of the latest breakthroughs in this area has been the development of immuno-
deficient mice with targeted deletion of the interleukin-2 (IL-2) receptor common 
γ-chain locus (IL2rγc); the use of these mice has resulted in far higher levels of 
human cell engraftment than previously possible [7]. This chapter will focus on hu-
man B-cell responses in two of the newer humanized-mouse models that have taken 
advantage of IL2rγc null immunodeficient mice: BLT (Bone marrow-Liver-Thy-
mus) and Hu-HSC (Hematopoietic Stem Cell) mice. BLT mice are generated by the 
cotransplantation of human fetal liver and thymus fragments under the renal capsule 
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of sublethally-irradiated mice, followed by injection of CD34+ HSCs isolated from 
the same fetal liver [8, 9]. Hu-HSC mice, also referred to as HIS (Human Immune 
System) mice, are generated by injecting HSCs from umbilical cord blood [10, 
11], from the blood of granulocyte colony-stimulating factor-treated adults [12], or 
from fetal liver [13], into sublethally-irradiated mice (often newborn pup). We will 
review the capacity of these models to recapitulate the human humoral immune 
system, focusing on B cell ontogeny, immunoglobulin production, and generation 
of functional antibodies.

27.2  B-Cell Ontogeny

27.2.1  Normal B-Cell Development

Subsets of peripheral B cells in mice include: (1) follicular (FO) B cells, which 
home to follicles in the secondary lymphoid organs (i.e., spleen and lymph nodes), 
recirculate to a niche in the bone marrow, and make up the bulk of mature B cells 
in the periphery and (2) marginal-zone (MZ) B cells, which reside in the outer-
white pulp of the spleen between the marginal sinus and the red pulp. FO B cells in 
secondary lymphoid organs are responsible for T cell-dependent humoral immune 
responses to protein antigens. B-cell follicles in these organs are found adjacent 
to T-cell zones, which allows FO B cells to interact with activated-T-helper cells 
at the interface of these regions [14]. In contrast, FO B cells in the bone marrow, 
present in aggregates around the sinusoids, respond in a T cell-independent man-
ner to blood-borne pathogens. Most mature FO B cells are follicular type I (FO-I) 
B cells, which are recognized by IgDhiIgMloCD21mid surface expression; a smaller 
population of follicular type II (FO-II) B cells are recognized by IgDhiIgMhiCD-
21mid expression [15]. MZ B cells express high levels of CD1d, which helps in their 
presentation of lipid antigens, and also respond strongly to blood-borne pathogens 
[16]. They express high levels of CD21 as well, which helps them transport immune 
complexes from the blood to follicles in the spleen [17].

Mouse B cell maturation in the bone marrow and spleen has been well described. 
Early precursors, known as pro- and pre-B cells, commit to the B cell lineage in 
the bone marrow. While in the marrow, these cells rearrange their immunoglobulin 
heavy-chain gene and their light-chain gene loci, respectively, as they differenti-
ate into immature B cells. Immature B cells then emigrate to the spleen, where 
their subsequent maturation is referred to as “peripheral B cell development.” In 
the spleen, B-cell precursors first mature through T1 and T2 transitional stages, and 
then into follicular B cells or MZ B cells (Fig. 27.1). Although B-cell maturation 
in humans has yet to be elucidated as well as it has been in mice, human transi-
tional, follicular, and MZ B-cell subsets corresponding to those in mice have all 
been described [14].
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27.2.2  Blocks in Human B-Cell Maturation in Humanized Mice

Multiple investigators have documented incomplete B-cell development in both 
BLT and Hu-HSC mice [18–22]. The B-cell markers CD10 and CD20 are clas-
sically used to define the three major CD19+ B-cell maturation stages: (1) very 
immature Pro-B cells are CD19+ CD20− CD10+, (2) immature B cells are CD19+ 
CD20+ CD10+, and (3) mature B cells are CD19+ CD20+ CD10−. In BLT mice, we 
found that even though mature human follicular B cells, MZ B cells, and plasma-
blasts were all present, a higher than expected proportion of the CD19+ B cells in the 
bone marrow and spleen were CD10+, suggesting skewing toward immaturity [18]. 
Incomplete B-cell maturation in BLT mice is also suggested by CD5 expression by 
the majority of circulating human B cells [19]. Although CD5 expression does not 
necessarily denote B-cell immaturity, most circulating mature naïve B lymphocytes 
in humans are CD19+ CD5− follicular B cells [19]. B-cell development has simi-
larly been reported to be incomplete in Hu-HSC mice, in which human B cells are 
predominantly immature [20], and a larger than expected percentage of CD19+ B 
cells express CD5 [23].

We also found that human transitional B cells (CD19+ CD10hiCD24hiCD38hi) 
were present in much greater frequencies in the spleens of BLT mice than adult 

Fig. 27.1   Blocks in peripheral B-cell development in humanized mice. (Modified from reference 
[14] with permission of Dr. Shiv Pillai). In the normal development of mouse B cells, early pre-
cursors commit to the B-cell lineage in the bone marrow where they differentiate into immature 
B cells. The immature B cells then emigrate to the spleen, where their subsequent maturation is 
referred to as “peripheral B cell development.” During this phase of their development, B-cell 
precursors first mature through T1 and T2 transitional stages, and then into follicular (FO) B cells 
or marginal zone precursors (MZP) and marginal zone (MZ) B cells. Multiple investigators have 
found human B-cell maturation to be incomplete in both BLT and Hu-HSC mice [18–22], and we 
have found evidence for blocks in B-cell maturation in BLT mice in at least two stages of periph-
eral development: (1) entry of transitional T1 B cells into splenic follicles is impaired, resulting in 
an abnormal accumulation of T1 B cells in the peripheral blood and (2) recirculation of mature FO 
B cells (type I and type II) to the bone marrow is impaired, resulting in a paucity of FO-I and FO-II 
B cells in the bone marrow mature B cell niche. Courtesy of Dr. Shiv Pillai
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humans [18]. T1 versus T2 subclasses of transitional B cell can be distinguished 
by their surface expressions of IgM and IgD: T1 cells are IgMhiIgDlo, whereas cells 
with a T2 phenotype are IgMhiIgDhi [14]. We found that most of the transitional 
cells in the spleens of BLT mice had a T1 phenotype; cells with a T2 phenotype 
were present, but at lower frequencies [18]. In more recent studies, we also found 
that human transitional B cells were more abundant in the peripheral blood of BLT 
mice than adult humans, with most having a T1 phenotype as well (unpublished 
data). As shown in Fig. 27.1, the maturation of T1 cells into T2 cells and then into 
more mature B cells occurs with T1 cell entry into the B cell follicular niche of the 
spleen. The accumulation of T1 B cells in the blood and spleen therefore suggests 
a defect in their entry into splenic follicles. This defect may result from an inability 
of human B cells to drive the development of proper follicular architecture in the 
BLT mouse spleen.

Along with the maturation defects seen in splenic and circulating B cells, we 
found that the majority of the human CD19+ B cells in BLT mouse bone marrow 
(approximately 90 %) were immature CD10+ CD27− B cells (unpublished data). 
These CD10+ B cells were largely CD24hiCD38hi, and either expressed no surface 
IgM, as do pro- and pre-B cells, or IgM alone without IgD, as do immature B cells 
(unpublished data). Compared to the bone marrow compartment of humans, there 
was consequently a paucity of mature FO B cells, suggesting that the recirculation 
of these cells to the bone marrow is also defective in BLT mice (Fig. 27.1). This 
second defect in B-cell maturation may reflect lack of maturity of B cells develop-
ing in the spleen, but may also result from incomplete development of B cell niche 
architecture in the BLT bone marrow.

27.2.3  Improving Human B-Cell Maturation in Humanized Mice

A recent study by Lang and colleagues suggests that human B-cell maturity in hu-
manized mice improves with increasing time following the transplantation of hu-
man cells [24]. These investigators demonstrated that while the majority of Hu-
HSC mice evaluated prior to 18 weeks following human cell transplant contained 
mostly immature B cells as others have previously shown, the percentage of mice 
with mostly mature CD20+ CD10− B cells increased substantially with age, and 
exceeded 60 % after 24 weeks of reconstitution [24]. In this same study, improving 
the quality of T cell help in Hu-HSC mice by the adoptive transfer of autologous 
mature human T cells hastened the development of mature B cells [24]. In vivo 
depletion of the human T cells of Hu-HSC mice conversely further delayed B cell 
maturation [24]. Other investigators have noted the presence of mature naïve B 
cells in Hu-HSC mice after 6 months of reconstitution [25]. Increased numbers of 
mature B cells have also been reported in Hu-HSC mice generated with the use of 
the alkylating agent busulfan instead of irradiation as the pre-cell transplant condi-
tioning regimen [26]. In BLT mice, we noted that the percentages of B cells in the 
spleen that were mature follicular type II (FO-II) cells increased with increasing 
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time following human stem cell and tissue transplantation [18], suggesting that B 
cell maturation also increases in BLT mice with longer times allowed for human 
immune reconstitution.

27.3  Lymphoid Organ Microarchitecture

The lymphoid organs of both mice and humans contain B and T cells organized into 
distinct zones to optimize their effectiveness. One of the most important structures 
for the development of humoral immunity in lymphoid tissues is the B-cell follicle, 
an aggregate of B cells containing naïve cells, as well as activated, proliferating 
and maturing B cells in germinal centers [14]. T cells in zones adjacent to B-cell 
follicles participate in T cell-dependent humoral immune responses. In contrast, a 
number of immunohistochemistries showed a lack of distinct B- and T-cell zones in 
the lymphoid organs of BLT [18] and Hu-HSC mice [11, 24, 27]. Human B cells in 
the spleens of humanized mice were found interspersed with T cells and scattered 
throughout the organ. Some investigators have noted organization of human B cells 
into discrete follicle-like structures in Hu-HSC mice, although adjacent T-cell zones 
were lacking [24, 27]. Some investigators have also detected B-cell follicles with 
adjacent T-cell areas in the spleens of BLT mice [28], which can be accentuated 
by immunization of BLT mice with the classic T-cell-dependent antigen sheep red 
blood cells [9]. Gut-associated lymphoid tissue (GALT) structures, which are essen-
tial parts of the gastrointestinal (GI) tract immune system, have also been identified 
in BLT mice constructed from NOD/SCID mice, but not from NSG mice that lack 
IL2rγc [29]. Nochi and colleagues hypothesized this presence or absence of GALT 
in BLT mice generated from these two different recipient mouse strains results from 
the presence of cryptopatches containing lymphoid tissue inducer (LTi) cells in 
NOD/SCID mice, versus the absence of these structures in NSG mice. Consistent 
with their capacity to generate GALT, BLT mice generated from NOD/SCIDs dem-
onstrate greater numbers of intestinal IgA-secreting plasma cells than IgG-secreting 
plasma cells. In contrast, BLT mice generated from NSGs demonstrate few plasma 
cells in general, and fewer plasma cells secreting IgA.

Follicular dendritic cells (FDCs), which play an essential role in organization of 
B cell follicular structures [30–32], are of nonhematopoietic lineage [33, 34], and 
consequently, if present in the lymphoid tissues of Hu-HSC and BLT models, will 
be of mouse origin. A loose network of mouse follicular dendritic cells has been 
detected in the spleen of Hu-HSC mice [27]. The observation of B cell follicle-
like structures in humanized mice by some investigators, and the ability of FDCs 
to provide costimulation across species [35, 36], suggests that these mouse FDCs 
can interact with human lymphocytes. This raises the possibility that manipulating 
mouse FDCs may be able to improve B–T cell organization and microarchitec-
ture in the lymphoid organs of humanized mice in the future. Such architectural 
improvements would be expected to lead to functional improvements in humoral 
immunity as well.
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27.4  Immunoglobulin Production

Given the issues of incomplete B-cell development and poor lymphoid architecture 
discussed previously, immunoglobulin production in humanized mice has not sur-
prisingly often been reported to be poor. Figure 27.2 shows the variability in total 
immunoglobin G (IgG) and immunoglobin M (IgM) serum levels in naïve Hu-HSC 
and BLT mice that have been reported, which overall have been substantially lower 
than those found in humans, particularly in adults [37]. Immunization of humanized 
mice has generally not induced strong humoral responses. BLT mice immunized 
with tetanus toxoid followed by a boost, which typically produces strong antibody 
responses in humans, elicited low-level antigen-specific IgM antibodies (Abs) and 
barely detectable IgG Abs in one of three mice tested [38]. Biswas and colleagues 
also reported weak antigen-binding human IgM and IgG responses in BLT mice 
immunized with recombinant HIVgp140 or WNV-E protein complexed to IC31® 
adjuvant [19]. However, Gorantla and colleagues were able to detect antigen-spe-
cific IgG after vaccinating Hu-HSC mice with a tetanus toxoid conjugate (ActHIB), 
although HIV infection produced detectable HIV-specific IgM by enzyme-linked 
immunosorbent assay (ELISA; personal correspondence) but usually no IgG hu-
moral responses [21].

Studies measuring human humoral immune responses of BLT or Hu-HSC mice 
in response to infections have been more encouraging, though they also have pro-
duced mixed results. Hu-HSC mice infected with Epstein–Barr virus (EBV) have 
been reported to have no detectable EBV-specific IgM or IgG responses against the 

µ

Fig. 27.2   Baseline IgG and IgM levels in humans and humanized mice. Total immunoglobin M 
(IgM, grey bars) and immunoglobin G (IgG, black bars) levels in the blood of human adults and 
infants, and naïve Hu-HSC and BLT mice. Multiple studies indicate that humanized mice gener-
ally have substantially lower levels of IgM and IgG than are found in humans, particularly in 
adults. + no data, p.t. posttransplantation, * approximate values estimated from figures
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viral capsid antigen [39], and Hu-HSC mice infected with HIV-1 demonstrated little 
or no HIV-specific IgM or IgG titers 3 to 10 weeks postinfection [21, 40, 41]. Other 
studies in Hu-HSC mice infected with HIV have detected some HIV-specific class-
switched Abs by Western blot analysis [42] and ELISA [43], though these responses 
were limited. In BLT mice, Sun et al. [44] were able to detect HIV-specific IgG Abs 
against at least two HIV proteins by 8 weeks postinfection in three of four mice. We 
found that all BLT mice HIV-infected for more than 12 weeks demonstrated human 
Abs to at least seven HIV proteins by Western blot analysis [18]. In subsequent 
experiments, we have found that class-switched HIV-specific human IgG Abs, as 
detected by ELISA, develop in BLT mice, but can take 8 to 18 weeks postinfection 
to develop (unpublished data). The occurrence of Ig class-switching in these mice 
suggests that activation-induced cytidine deaminase (AID) is present and functional 
in their human B cells, as this enzyme is required for Ig diversification by both 
class-switch recombination and somatic hypermutation [45, 46]. B cells isolated 
from Hu-HSC mice have also been shown to undergo somatic hypermutation [47], 
further suggesting the induction of AID activity. Recently, the presence of AID has 
been detected in the GALT structures of BLT mice, consistent with the detection of 
class-switched IgA and IgG Abs in their GI tract [29].

27.5  Development of Functional Antibodies

Most studies of human Abs in both Hu-HSC mice [10, 21, 23, 24, 47, 48] and BLT 
mice [8, 38], have reported the antigen-binding specificity of these antibodies de-
veloping after immunization or infection [10, 11, 18, 19, 21, 24, 28, 42, 43, 48–50], 
rather than the functionality of these Abs. The first reports that humanized mice can 
generate functional antibodies able to neutralize a pathogen came from studies of 
dengue virus (DENV) infection in Hu-HSC [49] and BLT mice [50]. Kuruvilla and 
colleagues found that DENV-infected Hu-HSC mice produced anti-DENV IgM, 
followed by IgG at 6 weeks postinfection, and that almost a third of these mice 
produced Abs that could neutralize DENV infection [49]. Jaiswal and colleagues 
demonstrated that upon ex vivo restimulation, splenocytes from BLT mice that had 
been infected with a live-attenuated DENV vaccine strain produced DENV-specific 
IgM (but not IgG) Abs that possessed neutralizing activity against the virus [50]. 
While reports of neutralizing antibodies being produced by humanized Hu-HSC or 
BLT mice are currently few, ongoing experiments in our laboratory and those of 
other investigators cited above indicate that these mice can produce Abs with more 
robust functional activities against infecting viruses than previously thought. Cur-
rent efforts to further improve the B-cell compartment of humanized-mouse models 
will likely further improve the frequency of functional Abs.
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27.6  Conclusions

There are substantial grounds for optimism about the state of B-cell responses in 
humanized mice. Investigators are continuing to improve human immunity in these 
models [7, 51], and several strategies to improve humoral immune responses in 
humanized mice to both infections and immunizations have recently been reported. 
Chen and colleagues demonstrated that hydrodynamic injection of Hu-HSC mice 
with plasmids encoding GM-CSF and IL-4 enhanced total IgG levels by 12-fold 
compared to vector controls. In this study, Hu-HSC mice receiving these plasmids 
were the only group to generate detectable levels of antigen-specific IgG following 
immunization, as well as Abs with modest neutralizing activity against H5N1 avian 
influenza virus [23]. Transgenic expression of human signal regulatory protein alpha 
(SIRPα), a receptor that negatively regulates phagocytosis, enhanced human CD45+ 
cell engraftment in humanized BALB/c Rag2−/−γc

−/− mice by 3.5-fold, and improved 
antigen-specific IgM titers (~ 2.5-fold) and IgG frequency (6-fold) after immuniza-
tion compared to nontransgenic control mice [52]. The human cell engraftment in 
these human SIRPα+ mice reached levels similar to those reported for humanized 
NSG mice, but direct comparisons of the humoral responses of humanized mice 
generated with these two strains of mice have yet to be made. Transgenic expression 
of human HLA molecules in Hu-HSC mice has also been shown to produce higher 
titers of antigen-specific IgG Abs upon immunization. Considerable variability was 
noted, but increases up to 3000 to 6000-fold were noted in these transgenic mice 
compared to control mice [53, 54]. Other strategies have been shown to improve B 
cell maturation in humanized mice, including increasing the length of time between 
immune cell transplantation and use of the mice [18, 21, 24], and improving T cell 
help by adoptive transfer of autologous mature T cells [24]. Recent reports indicate 
that the immunoglobulin gene repertoires of the human B cells in humanized mice 
closely recapitulate those in humans, creating further optimism about the potential 
of humanized mice to model human humoral immune responses [48, 55]. Given (1) 
the progress that investigators have already made in generating humoral immune 
responses in humanized mice, (2) the ongoing efforts of investigators to improve B-
cell maturation and lymphoid architecture in these models, and (3) the breadth and 
diversity of the human immunoglobulin gene repertoires that these models already 
contain, we believe the current state of human B-cell responses in humanized mice 
is a case of “the glass being half full.” We are optimistic that ongoing improvements 
in humoral immunity in humanized-mouse models will ultimately allow investiga-
tors to use these models for both the development and preclinical assessment of 
vaccines and immunomodulatory therapies that focus on B-cell responses.
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28.1  Background

There are important species differences relating to drug-handling that must be con-
sidered when interpreting pharmacokinetic and pharmacodynamic data generated 
in mouse models. In general, smaller species exhibit higher pharmacokinetic clear-
ance of xenobiotics than larger animals [1]. The genetic basis for these species dif-
ferences stem from differences in the expression, distribution and function of meta-
bolic enzymes and transporters, as well as important physiological and anatomical 
differences between rodents and humans. This chapter focuses on key mechanisms 
that underpin species differences affecting the pharmacokinetics and disposition 
of antiretroviral drugs. Wherever possible, direct comparisons between mice and 
humans have been made. However, for some factors, there is a paucity of pharma-
cokinetic and/or mechanistic knowledge in mice and areas for future research are 
indicated. In these cases, data from rats have been used as a surrogate to form a 
preliminary position on the likely differences.

As with all xenobiotics, there are numerous factors that influence the pharmaco-
kinetics, distribution and pharmacodynamics of antiretroviral drugs. These include 
a plethora of proteins involved in phase I metabolism, phase II metabolism, drug 
influx transport and drug efflux transport, as well as the ligand-responsive nuclear 
receptor type transcription factors that regulate them. Some of the key proteins that 
influence disposition of antiretroviral drugs and their rodent orthologues are pre-
sented in Table 28.1. The human and murine proteins that underpin pharmacoki-
netic exposure to antiretroviral drugs are discussed in the following sections of this 
chapter with a focus on differences in function, substrate specificity, expression and 
distribution. A diagrammatical representation of the general mechanisms by which 
humans and mice can differ is presented in Fig. 28.1.
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Common name Human gene Murine gene Antiretrovirals affected References
CYP3A4 CYP3A4 Cyp3a11 Ritonavir, Saquinavir, 

Darunavir, Lopinavir, 
Atazanavir, Nelfinavir, 
Indinavir, Efavirenz, 
Nevirapine, Etra-
virine, Rilpivirine, 
Delavirdine,Maraviroc

[2–10]

CYP2B6 CYP2B6 Cyp2b10 Efavirenz, nevirapine [11–14]
CYP2D6 CYP2D6 Cyp2d22 Ritonavir, Saquinavir, 

Darunavir, Lopinavir, 
Atazanavir, Nelfinavir, 
Indinavir, Delavirdine

[4, 15, 16]

UGT2B7 UGT2B7 ND Zidovudine, efavirenz [17–20]
P-GP ABCB1 Abcb1a

Abcb1b
Ritonavir, Saquinavir, 
Darunavir, Lopinavir, 
Atazanavir, Nelfinavir, 
Indinavir, Maraviroc

[21–29]

BCRP ABCG2 Abcg2 Abacavir, Zidivudine, 
Lamivudine,  
Atazanavir, Lopinavir

[23, 
30–32]

MRP1 ABCC1 Abcc1 Ritonavir, Saquinavir, 
Lopinavir, Nelfinavir, 
Indinavir

[24, 
33–35]

MRP2 ABCC2 Abcc2 Saquinavir, Lopinavir, 
Nelfinavir

[24, 33, 
36]

MRP4 ABCC4 Abcc4 Tenofovir [37, 38]
MRP7 ABCC10 Abcc10 Tenofovir, nevirapine [39–41]
OATP1A2 SLCO1A2 ND Saquinavir, darunavir, 

lopinavir
[42]

OATP1B1 SLCO1B1 ND Saquinavir, darunavir, 
lopinavir

[42]

OAT1 SLCO22A6 Slco22a6 Zidovudine, Tenofovir [105–107]
OAT2 SLCO22A7 Slco22a7 Zidovudine [105–107]
OAT3 SLCO22A8 Slco22a8 Zidovudine, Tenofovir [105, 106, 

108]
OAT4 SLCO22A11 Slco22a11 Zidovudine [106]
OCT1 SLC22A1 Slc22a1 Lamivudine [42, 109]
OCT2 SLC22A2 Slc22a2 Lamivudine [42, 109]
PXR NR1I2 Nr1i2 Ritonavir, Darunavir, 

Lopinavir, Atazanavir, 
Efavirenz

[116, 121]

CAR NR1I3 Nr1i3 Abacavir, Efavirenz [116, 132]

Table  28.1   Summary of some of the key proteins effecting antiretroviral pharmacokinetics in 
humans and murine orthologues
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Fig. 28.1   Diagrammatical representation of the general mechanisms discussed in this chapter for 
differences in drug disposition between humans and mice both at a cellular level ( white boxes) and 
systemically ( grey boxes). Differences in molecular recognition of ligands (a) or DNA response 
elements (b) by transcription factors can result in differences in constitutive or inducible target-
gene expression. Nuclear receptor target-genes include enzymes and transporters that influence 
antiretroviral pharmacokinetics and distribution. Where orthologues for human enzymes and 
transporters have been identified, there are often significant differences in DNA sequence identity 
(c) and differences in relative expression (d). In some cases the precise orthologue is difficult to 
accurately predict and/or multiple murine orthologues exist that co-ordinate to provide the meta-
bolic function (e). Similarly, there are cases were distinct isoforms contribute to metabolism in 
one species but not the other (f). When there is confidence that the correct orthologue has been 
identified, there are sometimes differences in the kinetics of transport or metabolism between spe-
cies (g). There are paradigms for differences in the tissue distribution between human and murine 
orthologues (h) and clear physiological and anatomical differences (i) that contribute to differ-
ences in pharmacokinetic and pharmacodynamic response
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28.2  Species Differences in Key Metabolic Enzymes

Phase I enzymes such as the cytochrome P450 (CYP) family serve to introduce 
polar groups, increasing water solubility and thus facilitate clearance of their sub-
strates from the systemic circulation. Phase II enzymes such as UDP-glucuronyl 
transferases (UGTs) conjugate the more reactive phase I metabolic products to 
 glucuronic acid. While there are also other phase I and phase II enzymes, this chap-
ter focuses on CYPs and UGTs because of their importance in the pharmacokinetics 
of antiretroviral drugs.

28.3  CYP3A

All of the protease inhibitors, including ritonavir, darunavir, lopinavir, saquinavir 
and atazanavir are substrates for CYP3A [2–5]. CYP3A also provides the major 
route for metabolic clearance of maraviroc and contributes to clearance of the 
non-nucleoside reverse transcriptase inhibitors, efavirenz, nevirapine, etravirine, 
rilpivirine and delavirdine [6–8]. Of particular relevance is the specific isoform, 
CYP3A4, which is inhibited by ritonavir to ‘boost’ the pharmacokinetics of prote-
ase inhibitors [43]. Due to the importance of CYP3A4 in metabolic clearance of its 
substrates it is also implicated in a number of adverse drug–drug interactions [44]. 
It is therefore of critical importance to understand differences between human and 
murine CYP3A.

In humans, the CYP3A family consists of four enzymes, CYP3A4, CYP3A5, 
CYP3A7 and CYP3A43, but CYP3A4 represents the most abundant isoform in 
the human liver [9]. The murine CYP3a subfamily is comprised of six isoforms, 
Cyp3a11, Cyp3a13, Cyp3a16, Cyp3a25, Cyp3a41 and Cyp3a44. The greatest simi-
larity is found between CYP3A4 and Cyp3a11, which share 76 % sequence identity 
[9, 10]. There have been a number of reports demonstrating general similarities 
with protease inhibitors and maraviroc being substrates for both human and murine 
CYP3A/3a [44, 45]. Despite these similarities, there are important differences in 
CYP3A function in the mouse model. For example, lopinavir is extensively metabo-
lized by human and mouse liver microsomes at similar rates [46]. However, species 
differences in the formed metabolites exist, with 12 metabolic products in humans 
compared to only 11 in mice, which do not generate the M9 metabolite [46]. Con-
versely, nevirapine phase I metabolism forms four hydroxylated metabolites (2-, 
3-, 8- and 12-hydroxynevirapine), all of which are also generated in mice [47, 48]. 
However, this should be interpreted in the context that nevirapine is metabolized by 
CYP2B (see further) as well as CYP3A and the contribution of each CYP was not 
determined in these studies [49]. Significant differences in metabolite formation 
have also been reported for non-antiretroviral xenobiotics. For example, the bioac-
tive metabolite of vitamin D (1α,25(OH)2D3) undergoes hydroxylation by CYP3A 
and in human liver microsomes yielding four monohydroxylated products (M1–M4) 
with M4 being the major product. However, the major metabolite from mouse liver 
microsomes is a unique metabolite (M5), with minor formation of M1 and M2 [50].
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It is also important to consider inhibition of CYP3A. Ritonavir has been shown 
to inhibit murine clearance of protease inhibitors [51, 52] as well as non-antiretrovi-
ral drugs such as docetaxel [53]. Similarities between murine and human have also 
been reported for other inhibitors. Indeed, no difference in KI and Kinact for inhibi-
tion by midazolam of triazolam metabolism by CYP3A versus Cyp3a was reported 
[54]. While this is encouraging, it should be noted that a higher concentration ratio 
of ritonavir to protease inhibitor is used for ‘boosting’ in rodents [51, 52] compared 
to what is used clinically in humans [55], and it should also be noted that the in 
vivo pharmacokinetic response to ritonavir is not due to CYP3A inhibition alone 
[56]—see also further.

There are other important examples for differences in substrate affinity and in-
hibition for non-antiretroviral drugs. For example, midazolam is metabolized to 
4-OH-midazolam and α-OH-midazolam in both species but while ketoconazole 
inhibits formation of both metabolites in human liver microsomes, only the 4-OH 
midazolam is completely inhibited in mouse liver microsomes [57]. Importantly, 
subsequent analysis revealed that Cyp2c11 contributes to the metabolism of mid-
azxolam in mice but not in humans [57]. Thus, a different compliment of CYP 
enzymes can contribute to substrate turn-over in mice compared to humans due to 
differences in substrate recognition for multiple CYP isoforms, and single isoforms 
cannot be considered in isolation.

28.4  CYP2B

The non-nucleoside reverse transcriptase inhibitors, efavirenz and nevirapine, are 
both substrates of CYP2B6 but whereas efavirenz metabolic clearance is almost 
exclusively via CYP2B6, CYP3A4 also plays a major role for nevirapine [13, 14]. 
In humans, there are two CYP2B isoforms, CYP2B6 and CYP2B7, with CYP2B7 
having an almost identical coding sequence to CYP2B6 with high likelihood of 
being a pseudogene [58]. However, the murine Cyp2b subfamily consists of five 
members, Cyp2b9, Cyp2b10, Cyp2b13, Cyp2b19 and Cyp2b23 [9], and the murine 
orthologue is thought to be Cyp2b10, which shares 74 % sequence identity [11, 12]. 
In humans, CYP2B6 has been reported in liver, peripheral blood mononuclear cells 
and brain [59, 60], but not in small intestine [9]. Conversely, in mice Cyp2b10 is 
expressed in the liver but is also expressed in small intestine with expression in the 
duodenum exceeding that of the liver [9]. The metabolic consequences of this have 
not been studied in detail but this constitutes a potentially important species differ-
ence for CYP2B/Cyp2b.

Currently there is a paucity of information relating to metabolism of efavirenz 
and nevirapine in mice. However, the rate of efavirenz clearance is faster in rats 
(plasma half life [t1/2] = 7.95 h) than humans (t1/2 = 40–76 h) [61, 62]. Pentoxyresoru-
fin has been used as a probe substrate for CYP2B6 and CYP2b10 in isolated mouse 
hepatocytes, mouse liver microsomes and human liver microsomes [63–65] and 
thus both species do have substrates in common.
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28.5  CYP2D

CYP2D is of minor importance for antiretroviral drugs, contributing only to clear-
ance of ritonavir, nelfinavir and delavirdine. Metabolism of ritonavir is primarily 
via CYP3A4 to form M1 and M11 metabolites but CYP2D6 contributes to forma-
tion of the M2 metabolite [4]. Similarly, nelfinavir is metabolized via CYP3A4, 
CYP2C19 and CYP2D6 [15], and the major route of delavirdine metabolism is via 
CYP3A4 with a minor (~ 20 %) contribution from CYP2D6 [16].

The genes coding for CYP2D are markedly different between mouse and hu-
mans. In humans there is one functional gene ( CYP2D6), whereas in mice there 
are nine ( Cyp2d22, 2d26, 2d40, 2d13, 2d34, 2d11, 2d10, 2d12 and 2d9) [66]. Al-
though, similar substrate profiles have been reported in some cases, metabolism is 
not identical. For example, both CYP2D6 and Cyp2d9 metabolize bufuralol but 
only Cyp2d9 metabolizes testosterone to 16α-hydroxytestosterone [67]. There is 
currently limited data regarding the affinity of antiretroviral drugs for mouse Cyp2d 
isoforms but the Km and Vmax of delavirdine for the rat isoform is similar to that of 
human [68].

There are also similarities and differences in the inhibition of CYP2D isoforms 
between species. For example, paroxetine inhibits CYP2D-mediated metabolism of 
berberine in both species [69] but hydroxylation of bufuralol via CYP2D is strongly 
inhibited by quinidine in humans (60–80 %) but not mice (0–15 %) [70]. Indeed, the 
IC50 of 31 compounds, showed marked differences in inhibition of CYP2D6 and 
Cyp2d22 [71].

28.6   Uridine 5′-Diphosphate-Glucuronosyltransferases 
(UGTs)

Phase I metabolism of pharmaceutical agents can often produce highly reactive 
metabolites [72] and conjugation of phase I metabolic products usually produce less 
active and more water soluble phase II products [72]. The human UGT2B subfam-
ily consists of six members and UGT2B7 plays a particularly important role for 
efavirenz and zidovudine [17–20].

The mouse Ugt2b subfamily consists of seven members [73] and human UGT2B7 
shares relatively low sequence identity with all the possible mouse orthologues; 
Ugt2b1 (70 %), Ugt2b5 (66 %), Ugt2b37 (64 %), Ugt2b38 (66 %), Ugt2b34 (69 %), 
Ugt2b35 (67 %) and Ugt2b36 (67 %) [74]. Therefore, activity of Ugt2b in mouse 
compared to human is difficult to study [75, 76]. UGT2B is highly expressed in the 
liver of both species. UGT2B7 is expressed in human small intestine, colon, kidney, 
bladder and uterus, and in mouse liver, GI, brain, lung, male and female genital tract 
[73, 77]. Despite complexities regarding ortholgues, there are strong indications of 
species differences in UGT2B. For example, zidovudine undergoes extensive phase 
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II metabolism in humans with 60–70 % inactivation through glucuronidation [78] 
but is excreted largely unchanged (70 %) in the urine of mice [79].

28.7  Species Differences in Key Drug Transporters

Influx and efflux drug transporters profoundly influence the pharmacokinetics and 
distribution of antiretroviral and other drugs. Transporters within the intestinal epi-
thelium can limit or facilitate the entry of xenobiotics into the systemic circulation 
whereas expression in liver or kidney can dramatically influence clearance of their 
substrates from the body. Moreover, transporter expression at other sites can influ-
ence drug penetration of substrates into cells or anatomical sites and sometimes 
contribute to ‘sanctuary sites’ for HIV where drug concentrations are insufficient to 
stem viral replication [80]. The following sections provide detail on the key drug 
transporters known to be involved in disposition of antiretroviral drugs.

28.8  P-glycoprotein (ABCB1)

P-glycoprotein (coded by the ABCB1 gene) has been shown to affect the pharma-
cokinetics of numerous antiretroviral (and other) drugs, particularly the protease 
inhibitors [21–27] and maraviroc [28]. P-glycoprotein performs ATP-dependent ef-
flux from cells and it is expressed on the apical membrane in many excretory and 
barrier tissues [81]. In humans, P-glycoprotein is expressed in liver, kidney, adrenal 
gland, intestine, blood–brain barrier, placenta, blood–testis and blood–ovarian bar-
riers [81]. The rodent equivalent transport system is coded by two genes, Abcb1a 
and Abcb1b [29], the products of which play the role of the single human protein. 
Expression of Abcb1a mRNA occurs in intestine, brain, testis, liver and heart, and 
Abcb1b is found in adrenal gland, ovaries, placenta, kidneys, liver and heart [82]. 
The two mouse isoforms of Abcb1 share 90 and 80 % sequence identity with the 
human ABCB1 [83]. Though structurally similar and expressed in a similar range 
of tissues, the relative expression may vary between species. For example, mouse 
brain microvessels were found to express > 2.5-fold higher protein than human [84].

The uptake of protease inhibitors is significantly reduced in cell lines overex-
pressing P-glycoprotein compared to control cells [85] and they are also substrates 
for murine Abcb1 indicating overlap between species. Furthermore, the coadminis-
tration of LY335979 (P-glycoprotein inhibitor) increased nelfinavir concentrations 
in brain (37-fold) and testes (4-fold) of mice [86] and the accumulation of saqui-
navir (3-fold) and lopinavir (9-fold) was higher in Abcb1 knockout mice compared 
to wild type mice [87, 88]. Similarly, indinavir and nelfinavir show a 2–5-fold in-
crease in plasma concentrations in Abcb1 knockout mice [89]. The use of Abcb1a/
Abcb1b knockout mice and human cell systems has also demonstrated maraviroc 
is a substrate human and mouse P-glycoprotein [28]. Despite these similarities, 
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there are data for non-antiretroviral drugs indicating differences in substrate af-
finity across species. For example, risperidone has a greater Km and Vmax in mice 
(Km = 26.3 μM, Vmax = 71.4 nMol/mg/min) compared to humans (Km = 12.4 μM, 
Vmax = 16.8 nMol/mg/min)[90, 91].

With respect to inhibition, concentration-dependent inhibion of berberine efflux 
by amprenavir, ritonavir and lopinavir in murine macrophages (RAW267.7), human 
derived macrophages (THP-1) and human ABCB1-transfected MDCK cells has 
been reported [92]. Inhibition of the protease inhibitors was found to be similar in 
both species, the rank order was lopinavir > ritonavir > amprenavir [92]. Ritonavir 
has also been shown to inhibit intestinal P-glycoprotein in both human and mouse 
models [25]. Incubation of Caco-2 monolayers with darunavir (100 μM) demon-
strated the apparent permeability was significantly increased in the presence of P-
glycoprotein inhibitors, including ritonavir (75 μM). This was further demonstrated 
in Abcb1a/Abcb1b knockout mice. Intestinal absorbtion of darunavir (100 μM) was 
significantly increased by 2.7 fold in wild type mice in the presence of ritonavir 
(75 μM) [25]. Furthermore, administration of darunavir to Abcb1a/Abcb1b knock-
out mice showed a similar increase in the apparent permiability of darunavir com-
pared to wild type mice [25].

28.9  Breast Cancer Resistance Protein (BCRP; ABCG2)

A number of antiretroviral drugs such as abacavir, zidovudine, lamivudine and ata-
zanavir are substrates for BCRP [23, 30, 31]. Lamivudine and zidovudine have 
been identified as substrates for both human BCRP [31] and mouse Bcrp [30, 32] 
but detailed studies of the kinetics were not conducted in order to compare potential 
differences in affinity across species. BCRP is coded by ABCG2 in humans and 
Abcg2 in mice [82]. BCRP is expressed in a variety of tissues including intestine, 
liver, kidney, brain, testis and placenta [93], and there is some sequence similarity 
between the coding sequence (81 %) and protein (86 %) between mouse and human 
[94]. However, there is an apparent species difference in the quantity of expres-
sion with BCRP being ~ 2-fold higher in brain microvessels and 8-fold lower in 
hepatocytes from human versus mouse [95]. Generally speaking, there is a paucity 
of information pertaining to cross-species comparisons for BCRP/Bcrp and further 
work in this area is warranted.

28.10  Multidrug Resistance Proteins (MRPs; ABCCs)

The MRP family of transporters consists of ten members [82] and many antiret-
rovirals interact either as substrates or inhibitors. The protease inhibitors ritona-
vir, lopinavir, nelfinavir, saquinavir and indinavir are substrates for multiple MRP 
transporters. Ritonavir and indinavir are substrates for MRP1 only while lopinavir, 



34728 Species Similarities and Differences in Pharmacokinetics …

nelfinavir and saquinavir are substrates for both MRP1 and MRP2 [24, 33, 34, 36]. 
Additionally, tenofovir is a substrate for MRP4 ( ABCC4) and MRP7 ( ABCC10) [38, 
41] and other nucleos(t)ide reverse transcriptase inhibitors are substrates for MRP4 
( ABCC4) and MRP5 ( ABCC5) [42]. Nevirapine is also a substrate for MRP7 [40].

The sequence identity of mouse and human MRP’s shows a high degree of simi-
larity for MRP1 (88 %), MRP2 (78 %), MRP4 (87 %) and MRP5 (95 %) [35, 37, 
96, 97]. MRP1/Mrp1 mRNA is expressed in multiple tissues in both humans and 
mice including intestine, liver, kidney, brain and genital tract. MRP2/Mrp2 mRNA 
expression is found to be highly expressed in the liver and kidneys of both species 
[98]. However, in some cases expression differs greatly, with human MRP1 mRNA 
being moderately expressed in placenta and ovaries and murine Mrp1 being highly 
expressed [98]. Similarly, MRP4/Mrp4 mRNA is highly expressed in the kidney 
of mice and humans but Mrp4 mRNA is also moderately expressed in the stomach 
and ovary of mice and most highly expressed in the lung of humans [98]. Finally, 
murine Mrp5 is highly expressed in the brain, gonads, placenta, lung and stom-
ach, whereas human MRP5 is ubiquitously expressed, with high levels in skeletal 
muscle and brain [98].

There is evidence that human and murine MRP’s show similar substrate over-
lap but there are also some important differences in the efficiency of transport. 
For example, both orthologues transport vinblastine, docetaxel, saquinavir and 
etoposide but murine Mrp2 transport of saquinavir (2-fold) and docetaxel (3-
fold) is more efficient than human MRP2 [99]. Conversely, vinblastine transport 
is 1.6-fold more efficient by human MRP2 yet etoposide transport is equivalent 
between species [98]. Similarly, human and mouse MRP1/Mrp1 confer resistance 
to etoposide and vincristine whereas only human MRP1 confers resistance to 
doxorubicin [100]. Species differences in the kinetics of transport have also been 
reported with estradiol-17β-glucuronide having higher affinity for mouse MRP2 
(Km = 71 μM, Vmax = 2621 pMol/mg/min) than the human orthologue (Km = 98 μM, 
Vmax = 9683 pMol/mg/min) [99]. Some differences in interaction potential have 
emerged also with sulfinpyrazone stimulating human MRP2-mediated transport of 
estradiol-17β-glucuronide, while strongly inhibiting mouse Mrp2 [82].

28.11  Solute Carrier (SLC) Transporters

Many antiretroviral drugs have been shown to interact with members of the SLC su-
perfamily of transporters. Multiple protease inhibitors (lopinavir, saquinavir and da-
runavir) are substrates for the organic anion-transporting polypeptides (OATP1A2 
and 1B1 coded by SLCO1A2 and SLCO1B1, respectively) while tenofovir (OAT1 
and OAT3) and zidovudine are substrates for the organic anion transporters (OAT1, 
OAT2, OAT3 and OAT4 coded by SLC22A6, SLC22A7, SLC22A8 and SLC22A9, 
respectively) [42].

The expression of OATP’s can be highly organ-specific in humans. For example, 
OATP1A2 is found predominantly in brain and retina while OATP1B1 is found 
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almost exclusively in liver [101]. The mouse Oatp family consists of five members, 
Oatp1a1, Oatp1a4, Oatp1a5, Oatp1a6 and Oatp1b2, and identification of mouse 
orthologues of OATP1A2 and OATP1B1 has proven difficult due to the tissue dis-
tribution and low sequence identity [102]. For example, OATP1B1 is only found 
in human liver whereas mouse liver expresses Oatp1A1, Oatp1a4, Oatp1b2 and 
Oatp2b1. These transporters are also expressed in small intestine (Oatp1a4, Oat-
p1a5 and Oatp2b1), kidney (Oatp1a1, Oatp1a4 and Oatp2b1) and brain (Oatp1a4 
and Oatp2b1). Only Oatp1b2 is expressed exclusively in the liver but the sequence 
identity with OATP1B1 is only 64 % [103, 104].

OAT1-4 are all highly expressed in human kidney, supporting their role in renal 
excretion, OAT1, OAT2 and OAT4 are expressed in the liver, and OAT2 is highly 
expressed in both human kidney and liver [101]. Oat1, Oat2 and Oat3 expression 
in mice is similar to humans with mRNA expressed in the liver and kidneys. Inter-
estingly, Oat2 mRNA expression is sexually dimorphic in mice with males, only 
expressing Oat2 in kidneys while females express in both liver and kidney [105, 
101], and OAT4 is expressed in humans but not in mice [106]. Tenofovir transport 
displays similarities across species, being a substrate for both human and mouse 
OAT1 and OAT3 [106, 107]. However, zidovudine is a substrate for human OAT1, 
OAT2 and OAT3 but only Oat1 and Oat3 in mice [105, 108].

The organic cation transporters (OCT1 and OCT2), which are coded by SLC22A1 
and SLC22A2, are expressed in numerous tissues and lamivudine is a substrate [42]. 
Inhibition of OCT1 has been shown to be species specific for non-antiretroviral 
drugs. For example, the inhibition constant (Ki) of 1-methyl-4-phenylpyridinium 
by tetramethylammonium, tetraethylammonium, tetrapropylammonium and tetra-
butylammonium is significantly lower in Xenopus laevis oocytes transfected with 
the mouse compared to the human orthologue [109].

28.12  Four Other Transport Proteins of Interest

The transporters detailed so far in this chapter are of particular relevance for antiret-
roviral drugs. However, the International Transporter Consortium (ITC) have listed 
a total of 12 transporters recommended for evaluation during drug development 
([110, 111] and many of these now feature in EMA and FDA regulatory documents. 
Therefore, a brief description of species similarities and differences for transporters 
appearing on this list and not discussed previously is given here.

The bile salt export pump (BSEP, coded by ABCB11) facilitates the excretion of 
lipophilic xenobiotics and there appear to be only small differences in the transport 
of substrates between mouse and human; with no significant differences in Km 
[112]. However, differences between human and mouse have been reported for the 
inhibition of transport of taurocholate, glycocholate, taurochenodeoxycholate and 
glycochenodeoxycholate by cyclosporine A [112]. Multidrug and toxin extrusion 
proteins (MATE), coded by SLC47A1 and SLC47A2, share some overlap of sub-
strate specificity with the OCT transporters [82] and are involved in both hepatic 
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and renal clearance [82]. In humans there are two MATE’s expressed, MATE1 and 
MATE2-K [82] whereas mice do not express MATE2-K [113] and its absence has 
been suggested to result in misinterpretation of murine data for high affinity sub-
strates (e.g. oxaliplatin)[113].

28.13  Species Differences in Ligand-Activated 
Transcription Factors that Transcriptionally 
Regulate Metabolic Enzymes and Transporters

The enzymes and transporters that influence pharmacokinetics and disposition of 
antiretroviral drugs are regulated by a complex interplay between numerous tran-
scription factors. Of particular importance are the nuclear receptor family that sense 
and respond to endobiotic and xenobiotic stimuli. These pathways have evolved 
to provide the organism with a mechanism to respond to potential toxins in the 
environment and diet. Some subtle but important species differences exist in these 
networks, presumably due to differences in the evolutionary environment between 
species. Two of the most well studied nuclear receptors, the pregnane X recep-
tor (PXR; coded by NR1I2) and the constitutive androstane receptor (CAR; coded 
by NR1I3), are involved in the constitutive and inducible regulation of numerous 
CYP’s and transporters (e.g. CYP3A4 and P-glycoprotein) [114, 115].

28.14  Pregnane X Receptor (PXR)

PXR is activated by multiple antiretroviral drugs including amprenavir, atazanavir, 
darunavir, ritonavir, lopinavir and efavirenz [116]. PXR also regulates many of the 
enzymes and transporters that effect disposition of antiretroviral drug’s including 
CYP2B, CYP2C, CYP3A, MDR1 MRP2 and MRP3 [117]. Importantly, PXR can 
mediate ligand-dependent regulation but even in the absence of enzyme inducers 
the expression of PXR correlates with enzymes and transporters in various tissues 
[118, 119]. Therefore, baseline as well as inducible expression of enzymes and 
transporters is influenced by PXR. PXR is most highly expressed in liver, small 
intestine and colon but at lower levels in multiple tissues including kidney, stomach 
and lung [120]. There is a high degree of sequence identity in the DNA binding 
domain (DBD) of human and mouse PXR (96 %) but not the ligand binding domain 
(LBD; 76 %) [121].

Endogenous hormones have been demonstrated to be activators of both human 
and mouse PXR including pregnenolone, oestradiol and progesterone [122]. In 
addition to hormones certain exogenous drugs have also been shown to activate 
PXR in both species. Dexamethasone, phenobarbital and clotrimazole have all been 
shown to activate human and mouse PXR, although clotrimazole activates mouse 
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PXR only weakly [123]. However, rifampicin and SR12813 activate human but not 
mouse PXR, and pregnenolone 16α-carbonitrile strongly activates murine but not 
human PXR [64, 124]. Similarly, ritonavir has been demonstrated to activate human 
PXR in vivo while showing little effect on mouse PXR [123] indicating important 
differences in ligands between species. As a consequence of these molecular differ-
ences, there are similarities and differences between human and rodent hepatocytes 
in their response to PXR ligands [125, 126].

28.15  Constitutive Androstane Receptor (CAR)

Activation of CAR has been shown to regulate numerous enzymes and transport-
ers including CYP2B, CYP2C, CYP3A, UGT’s, MRP2, MRP4 [117] and UGT2B 
[127]. CAR responds to abacavir, efavirenz and nevirapine [116], and both efavi-
renz and nevirapine have been shown to induce their own metabolism through CAR 
effects on CYP2B6 [128]. Like PXR, CAR correlates with target gene expression 
in the absence of ligands [129, 130]. CAR is primarily expressed in the liver in both 
human and mice, but is also expressed in the small intestine [123, 131]. CAR has 
limited sequence identity between human and mouse in the DBD (88 %) and LBD 
(72 %) [132].

CAR from both species responds to activation from paracetamol (acetomino-
phen), phenobarbitol, phenytoin and TCPOBOP [123, 133]. However, chlorproma-
zine and clotrimazole only activate mouse CAR [123], and human but not mouse 
CAR responds to CITCO. Conversely, meclizine is an agonist of mouse CAR but 
an inverse agonist of human CAR [134]. Similarities and differences between hu-
man and rodent hepatocytes in their response to CAR ligands have been reported 
[125, 126].

28.16  Differences in Murine and Human Physiology

It is important to recognize that in addition to the metabolic differences outlined 
above, differences in tissue size and blood flow may also influence species differ-
ences in pharmacokinetics and thus pharmacodynamics. In some cases considering 
physiological differences can be used to normalize for species differences using 
allometric scaling [135]. For example, methotrexate is cleared much faster in mice 
than in humans, but by accounting for dose per kilogram, the clearance is 133 % 
of creatinine clearance in both species [1]. Similar approaches have been used to 
investigate species differences in tissue distribution. For example, the pharmaco-
kinetics of atomoxetine and duloxetine in the brain extracellular fluid in rats were 
recently interpreted using scaling factors, such as brain weight and volume of ex-
tracellular fluid [136]. The physiology of other compartments may also contribute 
subtle differences. For example, the pH of the gastrointestinal tract significantly 
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impacts on the absorption of some antiretroviral drugs such as raltegravir [137] 
and mice have a more acidic gastrointestinal tract compared to humans (human: 
stomach 6.6, duodenum 6.6, jejunum 6.63, illeum 7.49, proximal colon 6.6 and 
distal colon 7.5; mice: stomach 4.04, duodenum 4.74, jejunum 5.01, illeum 5.24, 
proximal colon 5.02 and distal colon 4.72) [138, 139].

28.17  Progress with Murine Transgenic and Humanized 
Liver Models

Mice transplanted with human hepatocytes have been shown to display a more hu-
man-like metabolic response to drugs and represent an interesting avenue for future 
research. For example, human CYP3A4 was shown to be induced by rifampicin 
in urokinase-type plasminogen activator-transgenic SCID mice (uPA/SCID mice) 
transplanted with human hepatocytes [140]. Transgenic mice also represent an in-
teresting avenue of research. Recently transgenic mice expressing human PXR and 
CYP3A4 were developed, and displayed a more human-like response with rifampi-
cin impacting upon darunavir [141]. A review on the use of transgenic humanized 
mice was recently published [142].

28.18  Discussion and Future Directions

This chapter has discussed some key similarities and differences in factors influenc-
ing the disposition of antiretroviral drugs in mice compared to humans. There are 
clearly some critical species differences and the complex interplay between dis-
tinct pathways influencing drug response complicates thorough evaluation of dif-
ferences. In some cases, compensatory mechanisms appear to exist and the overall 
phenotype can sometimes be similar even when molecular differences are evident. 
Currently there is a paucity of information relating to differences between humans 
and mice in the context of some key mechanisms known to influence the pharmaco-
kinetics of antiretroviral and other drugs. This lack of substantive data taken collec-
tively with different rates clearance and clear genetic differences that exist between 
species indicates that pharmacokinetic and pharmacodynamics data generated in 
mice should be interpreted with caution. Progress is being made with humanized 
models for the immune system as well as for the liver and there is at least potential 
for convergence of these models in the future (Fig. 28.2). In the meantime, a better 
understanding of mechanistic differences will aid in the interpretation of pharma-
cokinetic and pharmacodynamics data generated in mice for existing as well as 
development antiretroviral medicines.
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Preclinical testing in animal models is a critical step in the drug discovery and de-
velopment process. However, cross-species differences may confound preclinical 
testing results. For example, genomic responses in mouse models poorly mimic hu-
man inflammatory diseases [1], and a large number of pathogens are specific only 
for humans (e.g., human immunodeficiency virus (HIV) type-1 and hepatitis C and 
B viruses). Importantly, mice are normally not permissive to these pathogens.

Nevertheless, nonhuman primates have served well as models for the study of 
human pathogens. Nonhuman primates (e.g., sooty mangabey, macaques) are pri-
marily permissive to infection by simian-immunodeficiency virus (SIV), which is 
closely related to HIV [2]. Other than humans, the chimpanzee is the only primate 
species that is susceptible to HIV, but even there, HIV replicates poorly in chimps. 
Costs, ethics, and availability limit the use of nonhuman primate models and, partic-
ularly, chimpanzees. In addition, differences in SIV and HIV complicate extrapola-
tion of results from SIV-based monkey models to the clinical setting of HIV-infect-
ed patients. For example, non-nucleoside reverse transcriptase inhibitors (NNRTI) 
are the most frequently used drugs for treating HIV-infected patients. They bind to 
a hydrophobic pocket close to the active catalytic site of HIV-1 reverse transcriptase 
(RT), but not of RT from SIVmac or to a lesser extent of RT from SIVagm, and have 
little or no inhibitory activity against SIV [3]. Thus, drug testing may be hampered 
by subtle differences in drug targets.

Humanized (hu) mice are a valuable alternative to SIV-based monkey models. 
They are highly susceptible to HIV infection [4] and allow investigations of HIV 
pathogenesis and novel drug treatment approaches. “Humanized mice” is a general 
term for mice transplanted with human tissue or cells. The first descriptions of hu-
manized mice date back to the 1980s with the seminal publications from two labo-
ratories. First, the fetal thymus/liver severe combined immunedeficiency (SCID) 
mouse model (SCID-hu Thy/Liv) was developed by the McCune laboratory [5]. In 
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this model, fetal thymus/liver tissue is surgically placed under the renal capsule, and 
a conjoint organoid forms that resembles human thymus. The main disadvantages 
of this model are that studies and, in particular, drug testing are limited mainly to 
the conjoint organ, and monitoring requires repeated biopsies of the organ. Second, 
the hu-PBL-SCID mouse model, developed by Mosier et al. [6], is based on the 
intraperitoneal injection of human peripheral blood lymphocytes (PBL). Unfortu-
nately, this model shows graft-vs-host disease (GvHD) within weeks after injection, 
and thus, the human PBL are “supraphysiologically” permissive to HIV and might 
need dosages of compounds to inhibit HIV replication that are higher than those 
for infected humans. Notably, GvHD is accompanied by immune activation, which 
is a main trigger for HIV replication. Furthermore, the progressive GvHD limits 
experimentation to a couple of weeks. Long-term studies with anti-HIV compounds 
are not feasible.

Newer generations of humanized mice are based on the transplantation of hu-
man CD34+ cells into immunocompromised mice with or without implantation of 
human thymic/liver tissue [7–10]. After 3–4 months, the mice develop a lymphoid 
system with multilineage hematopoiesis. Critically for studying HIV, the lymphatic 
cells display a phenotype with quiescent/activated and naive/memory cells that is 
similar to humans.

In this chapter, we present the research and drug testing in SCID and humanized 
mice over the past three decades. We use the term humanized mice exclusively to 
these newer versions of mice. Ideally, experiments begin on humanized mice at the 
age of 3–4 months. These mice have a normal life span, and HIV infection can be 
monitored up to 18 months [11].

We focus mainly on currently available drugs for treating HIV-infected patients 
and the extent to which antiretroviral therapy (ART) in these models mirrors the hu-
man setting. A very important aspect herein is the pharmacokinetic analysis of the 
compounds before any efficacy testing in HIV-infected mice. A thorough character-
ization of those features is indispensable for defining a gold standard for comparing 
investigational compounds.

29.1  Antiretroviral Testing in SCID-hu Thy/Liv and 
hu-PBL-SCID Mice

The efficacy of any compound depends on the blood levels that are attained without 
significant toxicity (therapeutic range). The metabolism of compounds intended for 
use in humans must be diligently characterized. The most fundamental of these 
characteristics is dosage. Unfortunately, the literature provides a wide range of dos-
ages of the human anti-HIV drugs in HIV mouse models (Table 29.1).

The first anti-HIV drug on the market, AZT, is a good example. This nucleoside 
analogue blocks the reverse transcription (RT) step of HIV, and thus it is called 
nucleoside reverse transcriptase inhibitor (NRTI). In humans, but not in mice, it is 
extensively metabolized [12] to, among other compounds, a highly toxic catabolite, 
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3′-amino-3′-deoxythymidine [13]. In experiments with HIV-infected mice, a dos-
age of AZT of 60–480 mg/kg/d was given either by i.p. injections, orally by gavage 
or by adding AZT to the food pellets or drinking water, or by osmotic minipumps 
placed under the skin (Table 29.1). The toxic effects and potentially AZT-associated 
laboratory anomalies were rarely reported. Pharmacokinetics (PK) and toxicity also 
depend on the mouse strain used: AZT produced only a mild macrocytic anemia in 
C57Bl/6 mice, even when administered by gavage at 400 mg/kg/d for 30 days [14], 
whereas much lower doses were toxic in Balb/c mice [15]. Indeed, AZT provided 
in the drinking water displayed significant myelotoxicity at doses of 240–350 mg/
kg/d given over 30 days in uninfected Balb/c mice [15] and of ~ 146 mg/kg/d given 
over 55 days in mice infected with the Rauscher murine leukemia complex [16]. In 
the latter case, drug toxicity necessitated stopping the study. Most data related to 
AZT’s anti-HIV effect were generated in HIV-infected hu-PBL-SCID and SCID-hu 
Thy/Liv mice. These strains are similar to BALB/c except they carry the Igh-1b al-
lele from the C57BL/Ka strain and, thus, will most likely be equally susceptible to 
higher doses of AZT.

We observed a striking toxicity in HIV-infected humanized NOD/SCID 
γ-chain−/− (NSG) mice on AZT (~ 66 mg/kg/d) when AZT was admixed to freely 
accessible food pellets [4]; no toxicity was found in a pilot experiment with un-
infected mice. This discrepancy might be explained by assuming that HIV-1 Tat 
protein potentiates AZT-induced cellular toxicity [17].

Irrespective of dosing and toxicity issues, the SCID-hu Thy/Liv and the hu-PBL 
SCID mouse models have proved very useful for assessing AZT’s anti-HIV in-
hibitory potential. AZT was clearly efficacious as monotherapy in suppressing HIV 
replication when given either before or within 1 day after HIV challenge but could 
not prevent HIV infection [18, 19]. In the SCID-hu mouse, AZT showed a time-
dependent suppression of HIV with 100 % efficacy when given within 2 h after 
viral challenge but gradual loss thereafter [20]. These data were reminiscent of data 
reported in clinical trials showing a substantial decrease of HIV-p24 antigen and a 
dose-dependent toxicity: reduction of the AZT dose in human was associated with 
increase of HIV-p24 Ag [21, 22]. Thus, the data in HIV-infected mice substantially 
supplemented our knowledge of AZT from clinical trials. Notably, extent to which 
toxic effects may have confounded AZT’s HIV inhibitory effects in the various 
mouse models is not known. Other nucleoside or nucleotide analogues have not 
been studied as extensively as AZT (Table 29.1): studies examining PK and toxicity 
of those compounds are limited [14, 23, 24].

The discovery of protease inhibitors (PIs) of HIV and their clinical introduction 
in 1996 was a milestone in HIV medicine. ART consisting of a combination of 
two NRTIs and a PI showed a dramatic decrease of HIV-associated mortality and 
morbidity [25] and remains a first-line therapy today [26]. The first PIs were rito-
navir and saquinavir. Goldstein et al. made an exemplary effort to document the PK 
and toxicity of ritonavir and Saquinavir before investigating its anti-HIV efficacy 
in SCID-hu Thy/Liv mice [27, 28](Table 29.1). PIs, in general, have a very short 
half-life. Since more-than-twice-daily gavage was too invasive for the mice, the 
Goldstein group incorporated saquinavir into the animal’s diet. In this way, they at-
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tained plasma levels of 1000–2000 ng/ml, which are equal to those in humans (i.e., 
dose: 2500 mg/kg/d for mice; 7200 mg in humans) [27]. Like AZT monotherapy, 
saquinavir alone reduced HIV replication in a dose-dependent manner in estab-
lished HIV infection but did not prevent HIV infection [27]. The Goldstein group 
also convincingly showed the efficacy of a triple ART for treating established HIV 
infection and indeed preventing HIV infection when given immediately after viral 
exposure [28]. Another study used a tenfold lower saquinavir dosage based on the 
information provided by the manufacturer [29]. Since saquinavir was given in this 
study in concert with ddI and AZT, the overall anti-HIV efficacy of the regimen 
did not appear to be affected: it resulted in CD4+ thymocytes resurgence in HIV-
infected mice, compared to controls.

Recently, Stoddart et al. completed an extensive study to validate the SCID-
hu Thy/Liv model by examining the potency of four classes of licensed anti-HIV 
drugs, including 3TC, emtricitabine, nevirapine, efavirenz, indinavir, atazanavir 
and enfuvirtide [30]. The dosages were adjusted for difference in the ratios of sur-
face area to body weight between mice and humans. Their major conclusion was 
that second-generation anti-HIV drugs were more potent than the first-generation 
anti-HIV drugs. While they carefully assessed the dose range of the drugs, they 
omitted more detailed PK of the various compounds.

To summarize, SCID-hu Thy/Liv and the hu-PBL SCID mouse models and their 
congeners closely recapitulate ART in humans. To better appreciate their value and 
positioning, additional information would be desirable, including standardization 
of the various mouse models, infection procedures, and in depth characterization of 
PK/PD (PD: pharmacodynamics) and toxicity of compounds. Most studies relied 
on information by the manufacturer or on conversion factors for estimating the 
dosage in mice [31–33]. However, the drug dosage should be verified by PK and 
toxicity analysis (i.e., general status and detailed laboratory analyses). Importantly, 
the plasma level measurements of the NRTIs are only an approximation of the con-
centration of their active intracellular di- or tri-phosphorylated metabolites [34]. 
Also when drugs are given in combination, unexpected toxicity is possible. An ex-
cellent illustration is provided by the hematopoietic toxicity for AZT and ddI when 
given together to normal C57BL/6 female mice [35]. Guidelines are made available 
by the FDA and EMEA for testing combination drugs in preclinical studies [36]. 
Furthermore, the majority of studies administered the anti-HIV compounds either 
before or immediately after HIV infection (Table 29.1), which mimics pre- or post-
exposure prophylaxis somewhat. Such a drug dosing protocol may overestimate the 
drug’s antiviral potency for treating established HIV infection. In fact, Amado et al. 
reported viral breakthrough linked to a progressive decline in thymocytes numbers 
when treating established HIV infection in thy/liv SCID mice with triple ART of 
AZT, ddI, and Indinavir [37].

The mode of infection must also be considered in evaluating the potential of 
novel compounds, particularly if they are developed for pre- or postexposure pro-
phylaxis. Direct inoculation of HIV into the Thy/Liv conjoint organ in SCID mice 
or intravenously in hu-PBL mice with a highly activated immune system may result 
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in a number of HIV-infected cells that is over a threshold amenable to anti-HIV 
drugs to prevent HIV infection.

Preclinical drug testing must take into account the different HIV strains. Antivi-
ral compounds vary in their potency against different strains, pointing to the need 
to test compounds with various HIV strains to fully characterize them [38]. Unfor-
tunately, this has been overlooked in most published reports. Thus, defined criteria 
for preclinical testing—a gold standard—would be a very valuable reference when 
testing novel treatment approaches.

Nevertheless, the SCID-hu Thy/Liv and the hu-PBL SCID mouse models have 
been valuable systems for assessing investigational compounds including (i) vari-
ous reverse transcriptase inhibitors, such as a derivative of stavudine, stampidine 
[39]; a novel acyclonucleotide derivative of guanine MDL 74,968 [40]; a novel 
NRTI 4′-ethynyl-2-fluoro-2′deoxyadenosine [41], the nucleoside analog 2′-deoxy-
3′-oxa-4′thiocytidine [42]; nonnucleoside RT inhibitors, such as BHAPs [43] and 
2′-beta-fluoro-2′,3′dideoxyadenosine [44, 45]; (ii) fusion inhibitors such as an albu-
min-conjugated CD34 peptide HIV-1 fusion inhibitor [46] and PC-1505 [47]; (iii) 
CCR5 or CXCR4 antagonists, such as RANTES-analogs [48], the CCR5 antagonist 
SCH-C [49], a CXCR4 antagonist KRH-3955 [50]; and (iv) various other therapeu-
tic modalities, such as the bicyclam SDZ SID 791 (JM 3100) [51], the oligonucle-
otide ISIS5320 [52], lovastatin [53], TXU-(anti-CD7)-pokeweed antiviral protein 
[54], long-acting nanoformulated atazanavir and ritonavir [55], rapamycin [56], and 
the maturation inhibitor Bevirimat [57].

A number of studies compared the activity of the investigational compound to 
AZT [43, 54]; such a comparison is only admissible when the optimal dosing, in-
cluding dosing schedules, is known. Again, key for extrapolating data from mouse 
to man is the thorough characterization of the investigational compounds, including 
PK analysis that also covers the concentration attained in the various body compart-
ments in the synopsis with their inhibitory activities against HIV.

29.2  ART Testing in Humanized Mice

Humanized mice are generated by direct transplantation of human hematopoietic 
progenitor cells (HPCs) intrahepatically [7] or intravenously [58] or in which a 
conjoint organ of liver thymus tissue acts, after total body irradiation, as a scaf-
fold for the subsequent engraftment of HPCs [59]. The latter kind of humanized 
mice are known as BLT mice (BLT = bone marrow liver thymus). T-cells generated 
in the BLT mouse model are “educated” in a human environment and can mount 
HLA-restricted immune responses. Simpler humanized mice have less prominent 
responses.

The main advantage of humanized mice is the multilineage hematopoiesis with 
the generation of primary lymphoid organs of human origin (i.e., bone marrow, thy-
mus, and lymph nodes) and secondary lymphoid organs (i.e., spleen and  lymphoid 
tissue of the gastrointestinal (GI) tract) [8]. Notably, the phenotypes and the ratios 
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of lymphocytes in the humanized mice are very similar to those in humans [7, 59]. 
Very importantly, humanized mice reconstitute the GI [9, 59, 60] and female re-
productive tracts [61, 62]. In particular, Sun et al. showed that the small intestine 
of BLT mice is repopulated with substantial numbers of intraepithelial and lamina 
propria lymphocytes and that the rectum and colon are repopulated with CD4+ T-
cells in abundant clusters within the follicular aggregates and throughout the lamina 
propria [9]. Similarly, CD4+ T cells, macrophages and dendritic cells are found 
throughout the vagina, ectocervix, endocervix, and uterus in the BLT mice [61, 62].

Here, particularly, the background strain and the kind of humanization make a 
difference in the level of mucosal reconstitution [62, 63]. In very nice work, the 
Garcia laboratory reported that the IL-2 receptor γ-chain molecule is critical for 
the intestinal T-cell reconstitution, resulting in the homing of CD8+CD4+ cells with 
two CD8 alpha/alpha chains into the GI tract, which is typical for human intestinal 
lymphocytes [60, 64]. They also showed that NOD/SCID γ-chain−/− (NSG) mice 
have better GI reconstitution than the Rag2−/−γ-chain−/− mice. Obviously, these 
properties make humanized mice very attractive for studying mucosal transmission 
either by the vaginal or rectal route. Indeed, the successful HIV transmission via 
vaginal [65, 66] or rectal routes [9, 62] have been reported.

Humanized mice are highly susceptible to HIV infection resulting in high pe-
ripheral viral loads and disseminated infection [4, 9, 67–70]. HIV replication is 
monitored by measuring HIV RNA copy numbers in the peripheral blood over time. 
This is a vast improvement over the SCID-hu Thy/Liv mouse model, in which HIV 
monitoring requires repeated biopsies of the conjoint thy/liv organ. Also notably, 
humanized mice show sustained HIV replication over 1 year [11], permitting long-
term drug evaluation. In contrast, hu-PBL SCID mice have a rather tight window 
for experimentation due to xenogeneic reaction [71]. Thus, humanized mice are 
rather straightforward for preclinical testing of novel compounds/interventions, in-
cluding the urgent assessment of microbicides.

ART in Humanized Mice for Treating Disseminated HIV Infection or as Preex-
posure Prophylaxis Choudhary et al. [72] and Sango et al. [73] reported the first 
trials of ART in humanized mice (Table 29.1). Overall, the ARTs appeared to be 
efficient. However, only 2/6 mice in the study by Choudhary et al. showed sustained 
viral load suppression; the other mice died prematurely or had viral breakthrough. 
These results might have been due to intraperitoneal injection of the drugs, which is 
poorly tolerated by the mice or the dosages might not have been optimal. PK analy-
ses in the mice of the drug administered showed a very wide range of the maximal 
concentration (Cmax) and the areas under the curve (AUC), and the median values 
were much higher than in humans. ART by Sango et al. was also very efficient and 
was done with 45 mg/kg/d t.i.d. (ter in die; three times daily) of AZT, 3TC, and 
Indinavir each and was based on work that examined drug penetration in a SCID 
mouse model of HIV encephalopathy [74](Table 29.1). ART was also given in stud-
ies examining latency and its reactivation [75–77]. All of the reports convincingly 
demonstrated the efficacy of the chosen regimens: Choudhary et al. [75] adminis-
tered the regimen as discussed above, Marsden et al. [76] applied the regimen of 
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AZT, ddI, and Indinavir as described [29] and Denton et el. used a regimen of i.p. 
injection of FTC (= emtricitabine), tenofovir, and raltegravir [77] (Table 29.1). No 
PK data were presented in the latter two papers.

In the context of evaluating a long-acting formulation of the novel NNRTI, 
 Rilpivirin, we also completed a PK analysis of tenofovir, 3TC, AZT, and ritonavir 
[4]. Similar to the Goldstein’s laboratory, we considered daily gavage or i.p. injec-
tions over weeks too invasive for the mice strains used for humanization. Thus, we 
added the anti-HIV drugs to the food. The drug dosages used in humans were con-
verted for mice by the formula of Reagan-Shaw et al. [78]. The predicted dosages 
for TDF and 3TC were corroborated by their plasma measurements (Table 29.1). 
Thus, the dosage of tenofovir given i.p. by Denton et al. [77] is very likely above 
the therapeutic range for humans but comparable to that needed to suppress HIV 
in nonhuman primates. The calculated conversions were not correct for AZT and 
ritonavir: AZT was dosed too high with corresponding toxicity, and ritonavir was 
underdosed. These data underline the need to validate drug dosages chosen by in 
vivo PK analyses.

To conclude, the humanized mice are a straightforward preclinical small-animal 
model for testing novel HIV drugs, particularly for high-titer disseminated viral in-
fections. Two papers, one by our laboratory, evaluated long-acting nanoformulated 
antiretroviral compounds in humanized mice [4, 79]. Both papers demonstrated the 
suppression of HIV RNA during treatment with those compounds and viral rebound 
after their interruption. Dash et al. applied atazanavir in concert with ritonavir as 
nanodrugs [79], and we added nanobased rilpivirine to a regimen of tenofovir/em-
tirictabine [4]. Both studies provided PK and toxicity data. These papers illustrate 
nicely the value of humanized mice for the preclinical proof of concept analyses 
of novel investigational therapeutic compounds. The targeting of monocyte-mac-
rophages by the nanodrugs developed and their subsequent slow release from this 
cellular reservoir presented by Dash et al. is really worth mentioning [79]. It would 
have been nice to include a separate cohort of mice treated with an ART gold stan-
dard for comparison. Unfortunately, till now, such a gold standard is lacking.

Mucosal Transmission/Microbicide Testing Obviously, the presence of human 
lymphoid cells in the GI tract and the female reproductive tract makes humanized 
mice very attractive for testing microbicides.

Denton et al. reported rather complete prevention of HIV transmission in BLT 
mice when preexposure prophylaxis was given with emtricitabine/tenofovir. This 
differed from an 88 % transmission rate in control mice in the setting of vaginal 
(100 % protection) [61], rectal (100 % protection), or intravenous (88 % protection) 
challenge with HIV [80]. Taking advantage of reconstitution of the oral cavity and 
the upper GI tract with leucocytes in BLT mice, the same group investigated the ef-
ficacy of this drug combination for preventing oral HIV transmission. Again, mice 
given preexposure prophylaxis were protected against HIV transmission [81]. In all 
these studies, emtricitabine/tenofovir was given over 7 days, starting 2 days before 
HIV challenge. The doses of emtricitabine/tenofovir chosen were based on the pre-
vious publication [77] and were rather high (i.e., 140–175 mg/kg/d and 208–260 mg/
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kg/d i.p.), compared to those used by Stoddart et al. [30] and Nischang et al. [4]. 
In a very similar fashion, Neff et al. evaluated the integrase inhibitor raltegravir 
and the CCR5 entry inhibitor maraviroc for preexposure prophylaxis [82]. Mice 
that received preexposure prophylaxis were protected, while all other mice became 
HIV positive. Raltegravir and maraviroc doses were calculated by an interspecies 
allometric scaling factor [32, 78] as we did in our study [4].

Topical application of tenofovir [83, 84], maraviroc [85] and some investigation-
al compounds [83] efficiently prevented HIV mucosal transmission. For example, 
when 1 % tenofovir gel was applied to BLT mice 4 h before and 4 h after vaginal 
exposure to HIV, HIV infection was prevented in 7/8 mice [83]. The protocol was 
chosen to ensure full compliance with the Caprisa 004 protocol, which resulted in a 
54 % lower HIV incidence in high-adherers women [86]. For other inhibitors, a sim-
pler protocol applied each inhibitor vaginally 30 min before HIV challenge: three 
peptide-based inhibitors prevented HIV infection completely. In the other study, 
maraviroc was given vaginally 1 h before HIV challenge [85]. Finally, 1 % tenofovir 
gel given 30 min before rectal challenge was also efficient with prevention rate of 
~ 80 % [84].

In summary, reconstituting the rectal and female reproductive tracts with human 
lymphatic tissue permits, for the first time, evaluation of the efficacy of topically 
applied compounds for preventing HIV transmission. Again, we lack PK data of 
ART in the male and female genital tract of mice. For a preclinical proof of concept, 
it would be very desirable to know how tissue concentrations compare in humans 
and mice. Data in human show a preferential accumulation of NRTIs in the male 
and female genital tract while there is much lesser accumulation of PIs in this body 
compartment. The PK data of most currently available anti-HIV drugs in these ana-
tomical sanctuary sites are very nicely summarized by Else et al. [87].

Novel Approaches for Interfering with HIV in Humanized Mice A detailed dis-
cussion of novel therapeutic approaches is beyond the scope of this review and I 
like to refer to recently published reviews [88, 89].

29.3  Dosing of ARTs and Investigational Drugs

All things are poison, and nothing is without poison; only the dose permits something not 
to be poisonous. (Paracelsus 1493–1541)

Importantly, the long-term goal of preclinical testing in mice is to prepare drugs 
for use in clinical practice. Thus, for every approved compound tested in mice, we 
should approximate the PK in human clinical practice as accurately as possible. 
Otherwise, we may generate misleading data. For investigational compounds that 
are in preclinical stage of evaluation, the criterion for evaluating therapeutic doses 
is a dose titration to define the highest dose without or with acceptable side effects. 
The primary endpoint of interest in this scenario will define the threshold of severity 
of side effects acceptable.
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Where do we stand with these criteria in anti-HIV testing in humanized mice? 
As noted here, in the majority of studies, we lack a thorough characterization of the 
PK and toxicity profile of the corresponding compound. A large number of studies 
were based on converting the dose administered based on calculations to the dose 
in mice. PK studies in mice are very labor intensive, specimens are small, and con-
sequently analyses difficult. Furthermore, drug administration is cumbersome, and 
mice are fragile and HIV-infected mice present the risk of accidental needle stick.

The modes of administration include i.p. or s.c. injection, adding the drug to the 
drinking water or to the food, osmotic minipumps and, for mucosal transmission, 
local application of drugs. All these have pros and cons. For example, i.p. injection 
is invasive for humanized mice and includes some biohazard; s.c. administration 
is less invasive but, for a number of drugs, not the ideal mode. For the comfort of 
mice and personnel, adding compounds to freely accessible drinking water or food 
has obvious advantages. It also permits the mice to reach a fairly stable drug level 
within the therapeutic range over time. However, this does not recapitulate the PK 
in humans with a peak concentration usually within 1–2 h of ingestion and subse-
quent disappearance of the compound according to its half-life. The relatively high 
steady state of compound when provided by food or water with unlimited access 
may also be toxic and is certainly not the ideal solution. To better mimic the PK in 
humans, we might consider limiting access to food containing the drugs overall to 
one or two time periods of 2–3 h a day.

Of course, the purpose of the experiments defines how diligent the dosing should 
be. Preclinical testing of a compound needs a greater effort than latency studies in 
humanized mice where the primary requirement is suppressed HIV RNA irrespec-
tive of the dosing. However, even in the latter case, it might create confounding 
results when doses are so high as to affect the reticulo-lymphatic system. It might 
be very difficult to recognize an artifact generated by these high dosages.

29.4  Conclusion

Humanized mice represent a very important advancement in HIV research. Nev-
ertheless, standardization and defining a gold standard would be highly desirable. 
This would include conditions for pre- and postexposure prophylaxis, disseminated 
infection, infection with various HIV strains, mode of infection, level of detection 
of HIV RNA, dose of infection, PK analysis of compounds, and toxicity analyses. 
Such a standardization/gold standard would clearly facilitate the interexperimental 
comparison of studies and thus moving research in HIV drugs forward. A workshop 
for defining the minimum requirements for preclinical testing would be very wel-
come. That workshop could take into account the previous work, the technical chal-
lenges and feasibilities of working with humanized mice, and the rapidly evolving 
field of humanized mice.
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30.1  Introduction

The delivery of medicines through nanoparticles is emerging as a means to en-
hance drug efficacy, reduce drug toxicities, and enhance delivery of medicines 
to target sites of disease [1–3]. Such technologies are likely to see substantive 
improvements in therapeutics over the next decade and have already shown the 
delivery of nucleic acids, proteins, enzymes, and antibodies to specific cells and 
tissues for improvements in bioavailability and plasma half-life [1, 2, 4]. For tar-
geted delivery, such as cancer chemotherapy [5–7], nanoparticles are commonly 
designed to evade the innate immune system and as such positively affect the 
drug’s therapeutic index [3]. However, cells of the immune system may also be 
targets for disease and most notably infectious diseases. As such, nanomedicines 
may also take advantage of the predilection of natural clearance mechanisms for 
the particles themselves [8]. Early liposomal formulations of amphotericin B were 
designed to take advantage of the normal clearance function of macrophages to im-
prove treatment of leishmaniasis and for cryptococcal and other fungal infections 
[9–11]. Liposomal amphotericin is not only preferentially taken up by the same 
cells infected by the Leishmania parasite or the fungus but also provides a decrease 
in systemic toxicity, allowing for administration of higher doses and an increase in 
efficacy [9, 12]. Indeed, during the past half decade, targeting of nanoparticles to 
mononuclear phagocytes (MP; monocytes, macrophages, and dendritic cells) act-
ing as Trojan horses for delivery of anti-inflammatory and anti-infective medicines 
was developed [2, 13]. This includes works in our own and others’ laboratories 
designed to improve adherence and ease of access to antiretroviral therapy (ART) 
for human immunodeficiency virus (HIV) infections [14–20].
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The need for improved drug delivery schemes for HIV disease is immediate. 
The reasons bridge potential elimination of virus in reservoirs of infection to ease 
of access and reduction of viral resistance [21]. Moreover, HIV infection remains 
among the most significant widespread diseases worldwide [22]. As of 2011, there 
were over 34 million people worldwide infected with HIV with a yearly toll of 
more than 2 million newly infected individuals and deaths [22, 23]. The advent 
of combination ART (cART) has reduced the comorbid complications and death 
from infection. However, cART has not succeeded in eradicating virus from res-
ervoir sites such as gut, lymphoid tissues, and brain [24]. Other major limitations 
include significant adverse side effects, need for lifelong dosing regimens, and 
the emergence of drug-resistant viral strains [25–29]. Recently, single dose multi-
class cART, including AtriplaTM (emtricitabine/tenofovir/efavirenz), CompleraTM 
(emtricitabine/tenofovir/rilpivirine), and StribildTM (Quad; elvitegravir/cobicistat/
emtricitabine/tenofovir) was developed to counter multiple daily dosing regimens 
[30–32]. However, toxicities are associated with these medicines, including lactic 
acidosis, hepatotoxicity, exacerbation of hepatitis after sudden discontinuance, pe-
ripheral neuropathy, and renal impairments [33–37]. Thus, there is a critical need 
for long-acting and slow-release (once-a-month) formulations of standard or new 
ART regimens that can positively impact current therapeutic limitations [38–40]. 
With this in mind, the development of ART nanoparticles (nanoART) that are car-
ried within circulating and tissue MP and delivered to virus target tissues and hard 
to reach viral depots such as the CNS and lymphoid tissue was initiated [15, 16, 
41–44]. Cell-based nanoART can travel to sites of inflammation, extend drug half-
life by bypassing hepatic metabolism, and release drug slowly from tissue mac-
rophage stores with limited tissue toxicities [2, 13, 45]. In developing this model 
system for clinical use, there are a number of delivery limitations that need to be 
overcome [2, 13, 46]. These include the following: (1) the drug-laden cells must 
migrate to the site of disease and deliver sufficient amount of drug to provide ef-
fective therapy without compromising the cell’s normal function; (2) predictive 
cell-based assays need be developed to screen nanoformulations for appropriate 
cell and antiviral activity; (3) appropriate animal models need to be used to evalu-
ate drug distribution, pharmacokinetic (PK), and pharmacodynamic (PD) patterns 
together with potential inherent toxicities for the drug [47–50]. Specifically, small 
animal models are of distinct advantage in generating statistically significant data 
sets for reduction of residual HIV infection. This is required if the full potential 
for nanoART can be realized in order to provide sustained plasma and tissue drug 
levels and long-term antiviral efficacy [51].

30.2  Promise of Cell-Based Drug Delivery

Targeted drug delivery systems to reduce toxicities and improve PK have been most 
widely studied for antineoplastic drugs [5–7]. More recent studies have sought to 
develop this paradigm for delivery of drugs targeted to other diseases, including 
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infectious, inflammatory, and neurodegenerative diseases, and for the delivery of 
vaccines [52–56]. The intent has often been to reduce uptake by cells of the reticu-
loendothelial system in order to reduce dose and improve delivery to the target site; 
thus, many nanoparticle delivery systems for drugs contain polyethylene glycol 
(PEG) coating, which reduces recognition by phagocytic cells [13].

Targeted cell-based delivery is also being developed as a means of carrying drug 
nanoparticles across biologic barriers, such as the blood–brain barrier. Such systems 
are being developed to take advantage of the phagocytic and chemotactic capabili-
ties of MPs to deliver drugs to sites of CNS disease and lymphoid tissue [2, 13]. The 
feasibility of this concept has been demonstrated for “nanozyme” delivery to the 
CNS in a mouse model of Parkinson’s disease [57] and for delivery of nanoART to 
a site of HIV infection in the CNS in a mouse model of HIV encephalitis [15]. Thus, 
by targeting drugs to macrophages, delivery can be achieved to sites of disease or 
infection that are normally inaccessible to free drug in circulation.

30.3  NanoART

30.3.1  HIV Therapeutics

ART has greatly reduced the morbidity and mortality associated with HIV-1 
 infection. Among the reduced comorbid conditions are opportunistic infections and 
the cognitive and behavioral impairments associated with advanced viral infection 
commonly referred to as HIV-associated neurocognitive disorders (HAND) [58, 
59]. For the infected patient, ART is started early in disease and the initial and 
subsequent maintenance therapy includes combinations of reverse transcriptase and 
protease inhibitors [60]. Newer drugs such as integrase strand transfer inhibitors 
(raltegravir and elvitegravir), entry inhibitors (enfuvirtide), and CCR5 antagonists 
(maraviroc) provide improved virologic control with reduced toxicities [60–64]. Of 
importance, viral resistance may develop more slowly in patients [65–67]. Preex-
posure prophylaxis regimens have recently been approved by the Food and Drug 
Administration (tenofovir/emtricitabine) that show great effectiveness in reducing 
HIV transmission in adherent individuals [68, 69].

Drug maintenance therapies commonly include a combination of protease 
 inhibitors [60]. Indeed, lopinavir, atazanavir (ATV), or fosamprenavir are used 
in combination with a much lower, boosting dose of ritonavir (RTV) to inhibit 
metabolism of the therapeutic component by hepatic cytochrome P450 and extend 
plasma half-life [38]. However, these drugs suffer from a low penetration into 
viral reservoirs such as the CNS, complicated by the lack of medication adher-
ence. High plasma protein binding, low lipophilicity, and efflux by p-glycoprotein 
on the luminal surface of brain microvascular endothelial cells serve to reduce 
CNS penetration [70–74]. In addition, renal, cardiovascular, and peripheral neu-
ropathic complications, especially in light of coinfections such as hepatitis C and 
tuberculosis, can affect regimen continuation [75–81]. In spite of the available 
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 therapeutics, eradication of virus from protected sites, such as lymphoid tissue 
and brain, is still not possible and secondary drug toxicities, adherence, and viral 
resistance remain common place [24].

30.3.2  Nanoparticle-Based Systems for ART Delivery

Nanoparticle-based systems have been developed with the goal of  improving 
 antiretroviral therapy. For improvements in oral delivery, efavirenz (EFV)–
poloxamine/poloxamer polymeric micelles were produced ,and displayed promis-
ing physical stability and PK [82]. EFV-loaded poly(ethylene oxide)-poly(propylene 
oxide) polymeric micelles administered intranasally exhibited fourfold enhanced 
drug bioavailability to the CNS and fivefold increased relative exposure index 
(ratio between the area under curve in the CNS and plasma) with respect to the 
same system administered intravenously [83]. Increased CNS delivery of ART 
by drug polybutylcyanoacrylate and methylmethacrylate-sulfopropymethacrylate 
nanoparticles has also been reported [84]. To overcome some of the disadvantag-
es of polymeric nanoparticles that include residual contamination with polymer 
 initiators and toxic monomers and stability issues, Shibata et al. [20]  produced bio-
degradable combination antiretroviral poly(DL-lactide-co-glycolic acid) (PLGA) 
nanoparticles containing EFV and lopinavir by high-pressure homogenization. 
These nanoparticles efficiently inhibited in vitro HIV-1 infection and transduction. 
PLGA-chitosan nanoparticles of tenofovir, a nucleotide analog reverse transcrip-
tase inhibitor, demonstrated sustained in vitro drug release suggesting that these 
particles could be effective and attractive drug carriers [85].

30.3.3  NanoART for Cell-Based Delivery

For cell-based antiretroviral drug delivery to be a clinically viable therapeutic strat-
egy, there are developmental limitations that need to be overcome. These include 
effective delivery of drug in sufficient quantities to the disease site, development of 
predictive in vitro screening assays, and development and use of predictive and spe-
cific animal models [86]. Many of the limitations for cell-based drug delivery can 
be overcome by the careful and systematic development of drug nanoformulations. 
The physicochemical characteristics of a nanoparticle drug carrier will influence 
its suitability for cell-based drug delivery. Nanocarriers for drugs usually consist of 
a hydrophobic polymeric shell surrounding a core for drug carriage. Drug loading 
capacity, particle stability, and interaction with the surrounding environment are 
determined by the composition of the polymer shell [13, 87]. Polymer composi-
tion, surface charge, size, and shape of the nanoparticle, all contribute to uptake 
and retention by the target cell carrier. The most efficient nanocarriers for drug 
delivery have a high drug to carrier ratio. Interaction of the nanoparticle with cell 
surfaces is greatly influenced by the surface charge of the nanocarrier [13], with 
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highly charged carriers being taken up by MPs to a greater extent than more neutral 
particles [88–90]. Nanoparticles in the range of 200–1000 nm were readily taken 
up by MPs [91] and rod-shaped particles were internalized by HeLa cells up to four 
times faster than more uniformly shaped particles [92–94]. To be effective for drug 
delivery, once internalized, the nanoparticle must be stored in nondegrading com-
partments for long-term carriage and subsequent drug release [13].

For development of cell-based drug delivery for treatment of HIV infection, 
normal MP functions can be harnessed, including phagocytosis, intercellular 
 communication, and migration to sites of injury, and to maximize macrophage 
engulfment and location in protective subcellular organelles. With these goals in 
mind, our laboratories developed long-acting polymeric crystalline nanoparticles of 
antiretroviral drugs for cell-based drug delivery. Polymeric crystalline formulations 
of ATV, RTV, indinavir (IDV), or EFV were prepared by fractionating crystalline 
drug in the presence of polymer surfactants, such as poloxamers 188 and 407 (P188 
and P407, respectively) by wet-milling and high-pressure homogenization [17, 43, 
95]. The antiretroviral drug nanoparticles prepared by these methods were in the 
range of 200–500 nm in size with a loading capacity of > 70 % (w/w). NanoART 
were screened in cell-based assays using human monocyte-derived macrophages 
(MDM) for cell uptake, retention, release, and antiretroviral efficacy. Particles that 
were rod-shaped (ATV and RTV) were internalized by MDM more rapidly and to 
a greater extent than the ellipsoid particles (IDV and EFV) [17, 43, 95]. Preloading 
MDM with nanoformulated ATV, RTV, or IDV and then infecting the cells up to 15 
days later with HIV-1ADA provided 85, 80, and 40 % inhibition of progeny virion 
production and HIV-1 p24 staining, while treatment with an equivalent concentra-
tion of EFV nanoparticles resulted in nearly complete inhibition of viral infection 
[43, 95]. NanoART were internalized by clathrin-mediated endocytosis and stored 
in nondegrading recycling Rab 11+ and Rab 14+ endosomes and released gener-
ally intact at the cell surface [17, 96]. Of particular importance, active targeting of 
nanoART to specific cell compartments could not only enhance cell storage but also 
enable the direction of the drug to the cell compartments where HIV replicates [97].

Cell-based nanoparticle delivery can be improved by actively targeting nanofor-
mulations to the carrier cells. Nanoformulations of antiretroviral drugs are readily 
taken up by MPs via general phagocytic and endocytic mechanisms [2, 13]. The 
addition of targeting moieties on the surface of nanoparticles can direct the particles 
to certain cells and specific subcellular compartments for storage and protection 
from degradation [98–102]. In recent studies, nanoART targeted to folate recep-
tors on macrophages were synthesized and demonstrated over twofold enhanced 
MDM uptake, retention, and antiretroviral efficacy in MDM infected with HIV-
1ADA [17]. In addition, liposomal formulations of stavudine and zidovudine targeted 
with mannose and galactose provided increased macrophage uptake and enhanced 
liver, spleen, lung, and lymph node drug levels in rodents [103, 104].

For effective cell-based nanoformulated drug delivery, uptake of the drug by the 
carrier must not affect the normal functions of the cell. The internalized nanoparticle 
must be carried intact inside the cell for effective delivery to the site of disease and 
for the cell to serve as a reservoir for long-term release of drug [99]. For generally 
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predictive means of determining global functional changes as a result of nanoART 
carriage, proteomics has been of use [105, 106]. The specific proteomics technique 
of pulsed stable isotope labeling of amino acids in cell culture (pSILAC) was used 
to determine dynamic global proteomic changes in MDM loaded with nanoART 
[106]. Proteome changes were substantiated by functional assays and cytokine/che-
mokine secretion and indicated that nanoART carriage induces a unique activated 
macrophage phenotype that is primed for further nanoART uptake and storage and 
that enhances cell migration [106]. These targeting strategies were aimed at mac-
rophages, however, active targeting of nanoART to T lymphocytes may provide 
improved antiviral therapy and penetrance into viral reservoir sites, such as lymph 
nodes, with the ultimate goal of viral eradication.

30.4  Mouse Models for NanoART Pharmacokinetics  
and Efficacy

30.4.1  Normal Mice for Pharmacokinetics, Biodistribution, 
and Pharmacodynamics

Determination of PK and biodistribution of nanoformulations for cell-based nano-
ART delivery is easily achieved using normal mouse strains, such as Balb/cJ 
[107]. Uptake of parenterally injected nanoformulations by MPs and nanoART se-
questration inside cells of the reticuloendothelial system can be monitored by drug 
quantitation and by using dye-labeled formulations, followed by flow cytometry 
and confocal microscopy to isolate and visualize MPs [107]. Drug metabolism and 
enzyme induction and their contribution to ART PK, biodistribution, and toxicity 
have been well studied in rodents and are generally predictive of human events 
[47, 108–111]. For a nanoformulated drug to be successful, it is essential that a 
desired PK and PD profile be achieved. The standard assessments designed for 
small molecule PK may not be applicable to PK of nanomedicines. Because of the 
unique behavior of nanoparticles, including nanoparticle absorption, drug release 
kinetics, and nanoparticle clearance using blood and plasma drug levels as a deter-
mination of PK, may not provide a complete picture of nanoparticle distribution 
[86]. In particular, for targeted and cell-based nanoparticle delivery, determination 
of levels of drug in plasma may not be an accurate indication of the PD of the 
nanoformulated drug [112]. Of significance, determination of drug concentrations 
at the target site or in target cells may be more predictive of therapeutic efficacy 
[61]. In addition, when using MPs as carriers for drug nanoparticles, the activation 
state of the cells may influence their uptake of the nanoparticles and the delivery 
of drug to target sites. Thus, to develop an effective dosing regimen, determine 
optimal route of administration, and determine tissue and cell distribution, careful 
in vivo assessments of drug nanoformulations are required.
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NanoART developed for cell-based drug delivery were characterized for PK and 
biodistribution in normal mice [107]. Balb/cJ mice treated subcutaneously with a 
single administration of nanoART (P188-ATV/RTV) had plasma AUC (area under 
the curve) and tissue drug levels 14 days after injection that were 10- and 40-fold 
higher than levels following administration of nonformulated drugs. Dose-escalation  
studies revealed a nonlinear PK behavior that has been reported previously for 
ATV and RTV and attributed to induction/inhibition of the enzymes and transport-
ers involved in elimination of the drugs (in particular, cytochrome P450 3A and 
p-glycoprotein) [113, 114]. Multiple doses provided up to 270-fold higher plasma 
and tissue levels after 6 weeks of weekly nanoART administration. Localization and 
storage of the nanoART in nonlysosomal compartments of liver Kupffer cells were 
demonstrated, providing evidence for MPs as nanoART reservoirs [107]. Extended 
and enhanced plasma and tissue drug levels were found when nanoART targeted to 
MP folate receptors were administered intramuscularly to mice [17]. Importantly, 
drug levels in lymph nodes of up to 70 ng/g tissue were detected in these mice. 
These results suggest that by targeting nanoART to macrophage and even T-cell 
receptors, penetration of drug into previously inaccessible HIV viral reservoirs can 
be achieved.

30.4.2  Human Peripheral Blood Lymphocyte Reconstituted 
Mouse Models for Acute Antiviral Efficacy and Toxicity 
Studies

While PK studies in normal mice can demonstrate enhanced and extended plasma 
and tissue ART levels after a single administration of nanoART, PD and effica-
cy of the nanoformulations need to be demonstrated. The challenge, however, in 
 determining PD and efficacy of nanoART is the specificity of HIV-1 infection for 
humans. The development of “humanized” mouse models that support the survival 
of human immune cells and recapitulate HIV-1 pathogenesis has allowed the study 
of new ART therapies and mechanisms of HIV-1 pathogenesis [47, 48, 115]. Severe 
combined immunodeficient (SCID) mice contain an autosomal recessive mutation 
in the DNA dependent protein kinase ( prkdc) gene that causes a deficiency in ma-
ture T and B lymphocytes [116]. Transfer of the SCID mutation onto the nonobese 
diabetic (NOD) background resulted in a mouse strain (NOD/SCID) with very few 
occurrences of spontaneous lymphocyte production (leakiness) [49]. Because of the 
lack of functional lymphocytes, transplantation of foreign tissues and cells is pos-
sible in these mice [50]. Mouse models have been developed using transplanted hu-
man thymus, fetal liver, and peripheral blood lymphocytes, wherein immune cells 
from the immunocompetent human tissues are able to reconstitute the NOD/SCID 
mouse immune system [117–119]. Immune-deficient mice transplanted with hu-
man immune cells are especially useful for assessing the PK and biodistribution of 
nanoART targeted to human immune cells for cell-based delivery.
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A number of rodent systems based upon the SCID mouse have been developed 
for the study of HIV-1 infection and evaluation of new therapeutics. In the  HIV-1 
encephalitis model, SCID mice injected with HIV-1 infected human MDM demon-
strate key features of HIV-1 neuropathology [120, 121]. Using this mouse model, 
Dou et al. demonstrated that mouse bone marrow  macrophages, loaded with in-
dinavir nanoparticles and administered to CB-17/SCID mice injected intracrani-
ally with HIV-1 infected human MDM, would migrate to the site of viral infec-
tion and release drug at sufficient concentrations to reduce viral infection [15]. The 
mouse model has also proven effective in examining the interaction of the innate 
and adaptive immune systems in overall CNS response to HIV infection [122, 123]. 
In this model, NOD/SCID mice are reconstituted with human peripheral blood 
lymphocytes (huPBL) and then injected intracranially with HIV-1 infected MDM. 
HuPBL-reconstituted NOD/SCID mice infected with HIV-1 were used to evaluate 
PK, biodistribution, and antiviral efficacy of nanoART in a system of activated im-
mune cells [18]. In this study, subcutaneous administration of 250 mg/kg nanoART 
(P188-ATV/RTV) provided sustained plasma and tissue drug levels 9 days after 
dosing compared with undetectable drug levels with free ART administration. Drug 
levels were highest in spleen and liver and reached levels of up to 10 µg/g tissue 
7 days after two, weekly doses of 250 mg/kg nanoART (P188-ATV/RTV). In ad-
dition, nanoART suppressed HIV-1 infection to the limit of detection, when given 
either 24 h before or 12 h after virus administration [18]. This model was also used 
to demonstrate that folate-targeted nanoART administration provided drug levels in 
brain, three to four times that observed with nontargeted nanoART, and that this was 
associated with decreased viral load and suppressed CD11b-associated glial activa-
tion in the brain [42]. However, because of the development of graft versus host 
disease [108, 109, 118, 124, 125], the adult huPBL reconstitution model is useful 
for only short-term PK, PD, and efficacy studies.

30.4.3  Humanized Mouse Models for Chronic Dosing  
and Preexposure Prophylaxis in HIV Infection

For chronic treatment and HIV infection studies, there are a couple of models of 
long-term human immune cell reconstitution of NOD/SCID mice (i.e., “humanized” 
mice). In the hu-HSC model, newborn NOD/SCID mice are irradiated to deplete 
their normal bone marrow stem cells and then given human CD34+ hematopoietic 
stem cells (HSC) from human fetal liver or human cord blood. Reconstitution of the 
mouse immune system with human immune cells occurs over a period of 12 weeks 
[124, 125]. In response to infection with HIV-1, these “humanized” mice demon-
strate hallmark lymphocytic and humoral immune responses and support chronic 
HIV-1 infection. Because of the long-term survival of these mice and the stability 
of the immune reconstitution, chronic ART treatment regimens can be evaluated 
(Fig. 30.1). In humanized mice chronically treated with HIV-1, weekly subcutane-
ous doses of nanoART (P188-ATV/RTV, 250 mg/kg) provided sustained plasma, 
liver, and spleen drug levels, above the minimal effective plasma concentration for 
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ATV (150 mg/ml), and suppressed HIV-1 viral infectivity to below the limit of de-
tection during the course of nanoART treatment [14]. Upon cessation of treatment, 
however, plasma viral load rebounded and the presence of infected T cells in lymph 
nodes was not suppressed. In this same model brain metabolite changes in response 
to chronic HIV infection correlated with microgliosis and were partially reversed 
with weekly nanoART treatment [126].

Fig. 30.1   Schematic model illustrating the use of HIV-1-infected “humanized” NOD/SCID mice 
for testing nanoformulated antiretroviral therapies ( nanoART). This schematic reflects the poten-
tial of long-acting antiretrovirals to reduce viral load and protect both CD4+ T cells and the CNS 
against HIV-1-associated injuries. The colors reflect normal immune tissue homeostasis ( green 
and yellow) and tissues damaged by chronic viral replication in mice ( red). CD4+ T lymphocyte 
decline is observed following HIV-1 infection. In addition, infected and immune activated lym-
phocytes and macrophages have been observed in lymphoid organs and peripheral blood. Infected 
animals are treated with nanoART which can gain entry into monocyte-macrophages   ( center of 
picture), captured by blood-filtrating liver/splenic tissue macrophages, and serve as a  long-term 
drug depot leading to the suppression of viral replication and protection of CD4+ T cell numbers 
( green and yellow). The nanoformulation may also facilitate ART delivery to the nervous system, 
although, this is yet to be demonstrated experimentally. (Figure and legend reprinted with permis-
sion from [115])
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In the BLT mouse model, immune-deficient mice, reconstituted at 6–8 weeks of 
age with human bone marrow CD34+ stem cells and implanted with pieces of liver 
and thymus tissue, are important and useful for studying several tissue pathologies 
associated with HIV infection [118, 127–130]. Human cell engraftment occurs in 
many tissues, including the female reproductive tract. Generation of T and B cells, 
macrophages, NK cells, and dendritic cells is seen along with a functional human 
thymus [131, 132]. ART treatment regimens, including nanoART and preexposure 
prophylaxis to reduce vaginal transmission of HIV-1 and latency, are being explored 
using BLT mice [118, 119, 129, 133–136]. The problem of HIV persistence during 
ART therapy can also be studied in these mice. Using BLT mice infected with HIV 
and on cART therapy, Denton et al. [137] were able to greatly reduce viral RNA 
levels in reservoir sites by coadministration of an HIV-specific immunotoxin. These 
studies provided “proof-of-concept” that viable “kick and kill” therapeutic strate-
gies [138] can be developed to aid HIV eradication efforts.

30.5  Conclusion

The development of nanoART as an effective therapeutic modality for HIV-1 in-
fection offers many promises. The ability to maintain extended plasma drug levels 
from a single intramuscular injection would improve patient adherence and reduce 
the potential for development of resistant viral strains. The ability to specifically 
target cell and tissue reservoirs and to direct the nanoformulations to the same 
subcellular compartments where viral replication occurs, offers for the first time, 
the potential for viral eradication. As a means of screening new nanoformulations 
of ART, humanized mice offer many advantages. These mice recapitulate most as-
pects of the human immune system, and are thus, ideal models for determining the 
effects of new ART formulations on HIV-1 viral infection, progression, latency, and 
transmission and developing “kick and kill” strategies for HIV eradication.
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31.1  Introduction

Viral genome integration into host cell chromosome and propensity for establishing 
latency are formidable obstacles for a complete cure for HIV [1]. However, with 
the advent of highly active antiretroviral therapy (HAART) using drugs that target 
various stages of the viral life cycle, HIV-1 infected patients are now routinely 
treated to sustain substantial reduction in viral load and maintain healthy CD4 T cell 
levels. This treatment combines up to three antiretroviral drugs that effectively pre-
vent AIDS progression; as a result, HIV-1 infection is no longer a death sentence. 
However, HAART does not eradicate the virus, thus requiring indefinite treatment 
that is dependent on patient compliance. This matter is further complicated by lack 
of wide drug availability, side effects, and intricacy of the treatment schedule that 
includes a strict regimen with tailored drug prescriptions. In this regard, new forms 
of treatment are necessary to replace life-long drug use or as an adjunct therapy to 
increase efficacy.

31.2  RNA-based Treatment Strategies for HIV

Due to high specificity and novel mechanisms of action, RNA-based antiviral 
 constructs are promising alternatives to current drug therapy [2]. These include 
 ribozymes and small interfering RNAs (siRNAs) that cleave viral or host transcripts 
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essential for viral infection and replication, RNA aptamers and decoys that inhibit 
viral protein activity and/or block viral-cell protein interactions [3]. There are ad-
vantages to applying these anti-HIV nucleic acid based approaches. First, unlike 
therapeutic proteins, they are nonimmunogenic molecules, and thus can be used on 
a prolonged basis. Second, they are highly specific allowing specific targeting of 
desired viral and/or cell specific RNA transcripts or critical proteins involved in vi-
ral infection and replication. Furthermore, they can be designed to augment present 
HAART strategies and lower drug doses to reduce side effects.

31.3  SiRNAs Against HIV and Host Factors

Inhibition of gene expression by RNA interference (RNAi) is mediated by two 
pathways [3]. In the first, posttranscriptional gene silencing (PTGS), translational 
suppression and degradation of mRNAs is mediated by micro-RNAs (miRNAs) 
in which the guide strand (antisense) displays imperfect complementarity to the 
target. PTGS by sequence specific cleavage of target mRNA is seen with exog-
enously supplied siRNAs or shRNAs with perfect or near perfect complementar-
ity. Similar to the host miRNA pathway, siRNAs and shRNAs engage many of the 
endogenous host factors to mediate gene silencing. The second RNAi pathway, 
transcriptional gene silencing (TGS), involves inhibitory action of the siRNAs on 
the cell’s transcriptional apparatus [4]. Whereas the TGS pathway is the subject 
of new investigations on silencing the HIV genome permanently leading to viral 
eradication, previous studies focused on PTGS with many important advances of 
which some have gone on to clinical trials [5] as potential functional cures.

Anti-HIV activity by PTGS is induced either by transfecting siRNAs into cells 
in a dsRNA form or as endogenously transcribed shRNAs which are subsequently 
processed by cellular machinery into mature siRNAs [3]. The activity and longev-
ity of synthetic siRNAs have been substantially increased by improved designs 
and synthetic approaches. Precursor dsRNAs are designed asymmetrically with 
a 3′ overhang of 2nt at one end, with a blunt end at the other, resulting in a Dicer 
substrate in which there is a preferential generation of the guide strand. Chemical 
modifications of the nucleotides increase the half-life of these molecules. Since 
the discovery of RNAi, many siRNAs with a range of efficacies that target the 
HIV life cycle have been examined (Table 31.1). A recent report developed a Web-
based database detailing numerous constructs thus facilitating the search process 
and documentation [25]. The viral targets included transcripts encompassing env, 
tat, rev, and RT whereas the cellular transcripts included those coding for cell 
surface receptors CD4, CCR5, and CXCR4 as well as cellular factors exemplified 
by TNPO3. For in vitro studies most used transfection of chemically synthesized 
siRNAs. For endogenous expression of siRNAs/shRNAs into HIV susceptible 
cells, many reports  utilized lentiviral vectors for gene transduction [26]. The 
siRNAs comprised of those targeting coreceptor molecules such as CCR5, and 
against viral transcripts exemplified by tat and rev. Since use of a single siRNA 
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to a single target would invariably lead to the generation of viral escape mutants, 
anti-HIV siRNAs were combined with other RNA-based constructs. A combina-
torial construct in a lentiviral vector employed tat-rev siRNA together with a tar 
decoy and a CCR5 ribozyme. Its efficacy was evaluated both in vitro and in vivo 
in the SCID-hu mouse system and subsequently in a human clinical trial [27]. 
More recent combinatorial constructs also included host restriction factors such 
as TRIM5α variants. Testing these in the new generation Rag1−/−γc−/− (RAG-hu) 
mice showed promising results [28].

31.4  Aptamers Against HIV and Host Factors

Aptamers are synthetic single-stranded nucleic acid molecules, either RNA or 
DNA, that bind target molecules with high specificity and affinity similar to anti-
bodies [29, 30]. Aptamers to desired targets are selected and identified by a process 
called systematic evolution of ligands by exponential enrichment (SELEX) [31]. 
Aptamers can be chemically synthesized in bulk quantities and chemical modifica-
tions are possible that improve nuclease resistance and prolong in vivo half-life. 
Other advantages of these molecules are their apparent lack of immunogenicity and 
systemic toxicity. A number of aptamers have been developed to inhibit HIV, which 
are either directed to host cell receptors or viral proteins (Table 31.2), deriving a 
potential alternative functional cure. Aptamers against HIV RT were shown to act by 
competing with primer/template access, inhibiting DNA polymerization or RNase 

Table 31.1   siRNAs against HIV and host factors
Target gene Delivery method Efficacy Reference

Viral LTR Transfection, lentiviral vector 10–87 % [6–8]
Gag/Pol Transfection 20–98 % [9–11]
Integrase Transfection, lentiviral vector 43–96 % [6, 12]
Vif Transfection 69–96 % [13, 14]
Tat/rev Aptamer conjugate, nanoparticle, lentiviral vector 17–100 % [15–17]

Host CD4 Aptamer conjugate, nanoparticle 85–95 % [18–20]
CCR5 Lentiviral vector 20–97 % [5, 21]
CXCR4 Lentiviral vector, transposon 14–93 % [22, 23]
TNPO3 Aptamer conjugate, nanoparticle 85–95 % [15, 24]

Table 31.2   Anti-HIV aptamers against host and viral targets
Target Location Nucleic acid Efficacy Reference

Viral RT Intracellular RNA 30–60 % [32, 33]
Integrase Intracellular RNA – [34]
Rev Intracellular RNA – [35]
GP120 Extracellular RNA 80–99 % [15, 36, 37]

Host CD4 Extracellular RNA, DNA 60–70 % [38, 39]
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activity [40]. When expressed in cells, viral replication was suppressed. Based on 
these successes, aptamers against other HIV proteins such as viral integrase are 
currently being developed. Aptamers against the cellular CD4 receptor were shown 
to inhibit HIV entry whereas anti-gp120 aptamers bind to HIV envelop resulting in 
viral neutralization [15, 41]. These later aptamers have found novel applications for 
cell specific delivery of anti-HIV siRNAs into naive cells for protection and into 
HIV-infected cells to inhibit viral replication (Fig 31.1)

31.5  Systemic Delivery of siRNAs and Aptamers

RNA is an inherently labile and unstable molecule in relative contrast to DNA. 
While in vitro delivery of siRNAs and aptamers use standard methods of trans-
fection for routine testing, in vivo delivery of these molecules has posed severe 
challenges. A major limitation has been their degradation in vivo by host nucleases 
[3, 30]. This is partially overcome by chemical modifications of the phosphate 
backbone (e.g., phosphorothioate) and/or sugar moieties (e.g., 2′-fuoro). However, 
such modifications of siRNAs may lead to inefficient processing by the cellular 
Dicer and/or their loading into the cellular RISC complex mediating RNAi. This 
necessitates empirical testing.

For delivery, noncovalent assemblies of siRNAs in general employ cationic 
 molecules such as protamine or encapsulation into a nanoparticle using a cationic 
lipid. These complexes can be targeted to specific cells via antibodies or peptides. 
Covalent assemblies of siRNAs employ direct conjugation to molecules such as 
aptamers, cholesterol, and antibody-protamine fusion proteins (see below). Irrespec-
tive of the delivery system, the siRNAs need to find their way into cell cytoplasm to 
mediate the RNAi effect. In some studies involving HIV suppression, encapsulating 
the siRNAs into nanoparticles enabled efficient and lasting delivery. In this regard, 
humanized mice that permit HIV infection and display helper CD4 T-cell depletion 
have played an important role [42]. In a recent study, Zhou et al. used dendrimer 
formulated siRNAs against HIV in RAG-hu mice [24, 43].

The fifth generation PAMAM dendrimers belong to a class of highly branched 
polymers bearing 96 cationic primary amine groups on their spherical surface with 
a triethanolamine core with a flexible structure. Stable and uniform nanoparticle 
complexes are formed with nucleic acids via electrostatic interactions. Mixing 
of dendrimer with siRNAs leads to their encapsulation and thus protection from 
nucleases. Upon internalization of these particles via cellular macropinocytosis, 
the precursor siRNA molecules are processed by cell Dicer enzyme into mature 
molecules that trigger RNAi response to specific RNA transcripts in the cell. To 
determine their in vivo efficacy, dendrimer formulated siRNAs (against host cell 
factors CD4 and TNPO3 and viral transcripts tat-rev) were administered to previ-
ously HIV infected viremic humanized Rag2−/−γc−/− mice [24, 43].
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Fig.  31.1   Schematics of aptamer-siRNA chimera and mechanisms of antiviral action: gp120 
aptamer is conjugated by a linker segment to a tat/rev siRNA resulting in an apatmer-siRNA 
 chimera ( Top). Mechanisms of action ( Bottom). Binding of free floating apatmer alone or aptamer-
siRNA chimera via the aptamer moiety to HIV gp120 on cell free plasma virus surface leads 
to neutralization via interference with viral binding to cell surface receptors ( A). Binding of the 
 chimera to gp120 expressed on infected cells leads to internalization of the chimera and cytoplas-
mic processing by Dicer to release the anti-HIV siRNA. siRNA is incorporated into the RISC 
complex resulting in subsequent cleavage of viral transcripts ( B). Viral budding is inhibited by 
apatmer interactions with gp120 on infected cell’s surface
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In these mice, suppression of HIV viremia by several orders of magnitude was 
seen together with protection from CD4 T cell loss. Dendrimer-siRNAs were shown 
to preferentially accumulate in PBMCs and in liver with no discernible toxicity. 
Treatment cessation led to viral rebounds. However, retreatment suppressed viral 
loads again further confirming the selectivity of viral suppression. These proof-of-
concept studies showed that siRNAs can be effectively delivered in vivo to HIV 
susceptible cells in lasting manner providing a therapeutic benefit but does not re-
sult in viral eradication.

31.6  Cell Specific Targeting of Aptamers, siRNAs,  
and Aptamer-siRNA Chimeras In Vivo

The nonspecific delivery methods described above require large amounts of  siRNAs 
to over saturate the system to reach the HIV susceptible cells in vivo. This approach 
has several drawbacks that include exorbitant cost as well as having potentially 
immense off target effects in vivo. To overcome this major drawback Kumar et al. 
used an innovative approach [44]. A single chain antibody (scFV) to pan T cell 
marker CD7 was used to deliver siRNAs into T cells. To permit binding, a  modified 
scFVCD7Cys was conjugated to a nona-d-arginine (9R) peptide. SiRNAs to CCR5, 
HIV Vif, and tat were tested using hu-HSC NSG mice. It was found that in vivo 
administration of these conjugates delivered siRNAs to the naive HIV suscepti-
ble cells resulted in marked suppression of HIV viremia. While impressive, even 
 non-CD4+ helper T cells were targeted using this approach, and due to possible 
immunogenicity of the modified antibody-peptide conjugates, long-term repeated 
dosing of these constructs is not possible. In a different study integrin-targeted and 
stabilized nanoparticles (I-tsNP) incorporating an LFA-1 integrin-targeted antibody 
were employed for delivery of anti-HIV siRNAs to human lymphocytes and mono-
cytes in humanized bone marrow liver thymic (BLT) mice [45]. A CCR5 siRNA 
was administered to humanized mice followed by HIV challenge. The treated mice 
exhibited increased resistance to HIV infection and reduction in CD4 T cell decline. 
However this approach targets all T cells including CD8 T cells and therefore is not 
selective for CD4 T cells which are primary viral targets.

Therefore, methods that specifically target HIV susceptible cells and in particu-
lar, virus infected cells are necessary for a more focused therapeutic approach in 
HIV infected individuals. Gp120 is a subunit of the viral envelop molecule that is 
expressed on the surface of HIV infected cells. Taking this into consideration, a 
 single chain gp120 antibody tagged siRNAs was used successfully in vitro to target 
infected cells [46]. However, host immune responses to modified antibodies used for 
cell targeting remains to be an issue. To circumvent this drawback, Neff et al. used 
a novel approach that employed an HIV gp120 binding aptamer [15]. To  deliver an 
anti-HIV tat-rev siRNA specifically into HIV infected cells, the anti-gp120 aptamer 
was conjugated to the siRNA resulting in a chimeric aptamer-siRNA chimera. To 
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reduce degradation by the serum nucleases and to increase their biological half-life 
in vivo, chimeric RNA constructs were 2′-fuoro-modified during synthesis. In vitro 
testing confirmed its specificity in entering only HIV infected but not the neighbor-
ing noninfected cells. The in vivo efficacy of this chimera was evaluated in RAG-hu 
mice that are permissive to HIV infection and show CD4 T cell loss.

Viremic mice were treated on a weekly basis for 5 weeks. Viremia and CD4+ 
T cell levels were measured for several weeks to determine the efficacy. Drastic 
reduction in viral loads to below detectable levels (< 40 RNA copies/ml plasma) 
was seen within a week and viral suppression persisted throughout the treatment 
period. Furthermore, viral loads were undetectable even up to 3 weeks after cessa-
tion of treatment in majority of mice, indicating sustained efficacy of this approach. 
Importantly, there was also protection from CD4+ T cell loss in treated infected mice 
showing that aptamer-siRNA treatment achieved the primary goal of targeted anti-
HIV therapy. The antiviral effect of the chimera is due to three different mechanisms 
operating simultaneously. First, the aptamer portion of the chimera would neutralize 
the free floating virus in the plasma of viemic animals thus preventing infection of 
new cells. Second, the aptamer delivered tat-rev siRNA into infected cells would 
interfere with virus replication and third, the gp120 binding aptamer on cell surface 
would interfere with viral budding and/or release. RT-PCR and RACE PCR assays 
confirmed the activity of the intracellularly delivered tat-rev siRNAs on their tar-
gets as shown by a drastic reduction in tat-rev transcript levels as well as detection 
of their specific cleavage products. Undesirable nonspecific innate immune activa-
tion may result with the use of RNA-based constructs. However, no such off target 
effects were noted. Interestingly, while drastic viral suppression was seen in the 
majority of treated mice, viral rebound was detected in some mice suggesting viral 
escape to the treatment. Therefore, simultaneous use of multiple aptamer-siRNA 
constructs with different specificities for treatment is likely to prevent generation of 
viral escape mutants in a principle similar to the HAART drug treatment approach 
wherein a combination of drugs are used. Accordingly, in an extension of the above 
studies a combinatorial siRNA delivery was successfully used exploiting a stick-
aptamer approach in which different siRNAs targeted to HIV tat-rev, cellular CD4, 
and TNPO3 were conjugated to a gp120-aptamer [43].

The methods described above were geared for therapeutic purposes in HIV in-
fected patients but are ineffective in preventing infection in naive individuals. Using 
the NSG mouse, recent studies of Wheeler et al. employed CD4 aptamers conju-
gated to siRNAs targeted to host cell and viral transcripts addressing prevention 
strategies [41, 47]. It was shown that CD4 aptamer-CCR5, HIV vif, and gag siRNA 
conjugates were specifically taken up by CD4+ T cells and macrophages leading 
to HIV suppression in vitro. Furthermore, when tested in BLT mice permissible 
to HIV vaginal transmission, these chimeras inhibited HIV transmission. While a 
CD4 aptamer by itself was effective to a certain extent in disease prevention, the 
chimeric constructs were found to be even more effective. As can be seen, aptamer 
targeted approaches for siRNA delivery in vivo has shown to be a very promising 
strategy for HIV therapy and prevention and thus paving the way for future human 
clinical trials.

31 Targeted Delivery of Aptamers and siRNAs for HIV Prevention …
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31.7  Summary and Future Directions

While numerous studies have shown the potential of siRNAs and aptamers for anti-
HIV therapies, efficient systemic delivery of these molecules to HIV susceptible 
or infected cells has proven to be a major hurdle until recently. Chemical modi-
fications of these molecules to increase their in vivo half-life and novel designs 
permitting their cell specific targeting and cellular uptake are beginning to yield 
promising  results. Future in-depth pharmaco-kinetic (PK) studies that focus on in 
vivo  tissue distribution, biological half-life, clearance and elimination characteris-
tics, and  potential long-term toxicities are necessary to derive important preclinical 
data. Importantly, humanized mice have proven to be highly suitable for in vivo 
testing of these novel constructs and are expected to play a continued crucial role.
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32.1  Introduction

Although the term “humanized mice” can broadly refer to any situation where 
 immune-deficient mice are transplanted with a graft of human primary cells, it is 
frequently used in the context of mice transplanted with human hematopoietic stem 
and progenitor cells (HSC). Following introduction of these cells into sublethally 
irradiated immune-deficient strains such as the NOD/LtSz-scid IL2Rgamma (null) 
(NSG) mouse [1], the human HSC engraft and differentiate, thereby recapitulating 
many aspects of human hematopoiesis and giving rise to mature cells of the human 
immune system [1, 2]. As a result, HSC-transplanted humanized mice are proving 
useful for the evaluation of therapies based on manipulations of human HSC, includ-
ing those aimed at providing an anti-HIV effect. The model represents a rigorous test 
of whether the treatments in any way impact HSC function and can thereby provide 
meaningful preclinical data to support eventual human clinical trials. In this chapter 
we review the use of humanized mice in the development of zinc finger nuclease 
(ZFN) editing of human HSC as an anti-HIV therapy.

Kathleen A. Burke is deceased.
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32.2  CCR5: A Nonessential Human Gene That Makes  
a Good Anti-HIV Target

ZFNs are being developed for anti-HIV gene therapies based on their ability to 
knockout specific gene targets, including CCR5, the major coreceptor used by 
 HIV-1 [3]. During entry, the virus interacts with both CD4 and a coreceptor such as 
CCR5 or CXCR4, and in this way gains access to CD4+ T cells or macrophages. Al-
though this fact alone makes CCR5 an important target for anti-HIV therapies, it has 
received special attention as a gene knockout target because the lack of functional 
CCR5 is a relatively common and well tolerated genotype in humans.  Specifically, 
individuals homozygous for the nonfunctional CCR5Δ32 allele represent approxi-
mately 1 % of the population, and are profoundly resistant to CCR5-tropic strains of 
HIV-1 [4]. These observations have encouraged both the development of drugs that 
target CCR5 [5], as well as genetic strategies aiming to down regulate or prevent 
its expression [6].

A proof of principle of the capability of CCR5-negative HSC to suppress an 
established HIV-1 infection was provided, most dramatically, by the case of the 
“Berlin patient.” This HIV+ individual underwent HSC transplantation as part of a 
treatment for leukemia, but was transplanted with HSC obtained from a CCR5Δ32 
homozygous donor. Subsequent control and eventual eradication of HIV-1 from his 
body has been documented [7–9]. While it is acknowledged that other factors may 
also have played a role in this outcome, such as the extensive anti-leukemia condi-
tioning that may have depleted the burden of HIV-infected cells, the fundamental 
observation of an HIV cure is galvanizing efforts to develop gene therapies aimed at 
recreating this situation, through the modification of a patients’ own T cells or HSC 
to become CCR5-negative [10].

32.3  Engineered Nucleases to Knockout CCR5

CCR5 expression can be prevented in two broad ways. First, as will be reviewed 
elsewhere in this volume, technologies such as RNA interference (RNAi) can be 
used to effectively suppress CCR5 gene expression. For example, RNAi has been 
successfully used to reduce expression of CCR5 in the T-cell progeny derived from 
modified human HSC [6]. However, RNAi creates only temporary effects, thereby 
requiring either the continuous delivery of siRNA oligonucleotides to target cells, 
or the long-term expression of an shRNA precursor from a stable vector such as an 
integrating lentiviral vector. These requirements add the risk of vector-mediated in-
sertional mutagenesis, immunogenicity, or gene silencing developing, all of which 
could limit the long-term effectiveness of such approaches.

An alternative strategy to limit CCR5 gene expression is based on the use of 
engineered nucleases. These reagents can be used to promote the specific and per-
manent disruption of a gene, but require only transient expression of the nuclease to 
achieve this. Four main classes of nucleases are currently being developed—ZFNs, 
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homing endonucleases, TALENs, and CRISPR/Cas9—and their varying character-
istics suggest that they will find different applications [11]. What they all have in 
common is that they can be engineered to bind to a specific DNA sequence, such as 
the CCR5 gene, where the action of an endogenous or linked endonuclease intro-
duces a site-specific double-stranded break at that DNA site. Subsequent repair of 
the break by the host cell frequently occurs through the error-prone nonhomologous 
end joining (NHEJ) pathway, with the result that small insertions or deletions are in-
troduced at the break site that ultimately disrupt the open-reading frame (Fig. 32.1). 
In this way, the transient expression of an engineered nuclease can lead to the per-
manent disruption of a gene in the modified cell and all of its progeny. This ability 
makes the reagents particularly applicable to the modification of long-lived cells 
such as HSC.

ZFNs engineered to disrupt CCR5 were first shown to function in cells of rel-
evance for HIV-1 infection using primary human CD4+ T cells [12]. For this cell 
type, a modified adenovirus vector, Ad5/F35 [13], was found to be an effective way 
to deliver the ZFNs to the cells, and disruption of approximately 50 % of the CCR5 
alleles in the cell population was achieved [12]. In contrast, human HSC have prov-
en more difficult to engineer, in part because the cells have only a limited life-span 
ex vivo before suffering loss of viability and “stemness.” Various gene delivery 
strategies can be employed with HSC, but since a key advantage of ZFN therapy is 

b

a

CCR5 gene

NHEJ repair

Disrupted ORF

GCAACATGCTGGTCATCCTCATCCTGATAAACTGCAAAAGGCTGAAGAGCATG
CGTTGTACGACCAGTAGGAGTAGGACTATTTGACGTTTTCCGACTTCTCGTAC

Fig. 32.1   a A pair of zinc finger nucleases binding to their target sequence ( red) in the human 
CCR5 gene and positioning an endonuclease to cut the DNA. b The action of the endonuclease 
introduces a staggered ( 5 bp) double-stranded break. Following error-prone repair by the NHEJ 
pathway, insertions or deletions can be introduced that disrupt the open-reading frame 
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the fact that only transient expression of the nuclease is required, preferred strate-
gies include electroporation of ZFN-encoding DNA or mRNA, and transduction by 
nonpermanent viral vector systems such as adenovirus, adeno-associated virus, or 
modified, nonintegrating, lentiviral vectors [14–19].

We previously described an optimized plasmid DNA electroporation (Nucleo-
fection) protocol to deliver ZFNs to human cord blood-derived CD34+ HSC, where 
we achieved a mean rate of CCR5 disruption of 17 % of the alleles in the HSC 
population [14]. Our ongoing work with a larger team of investigators is aimed 
at developing strategies to modify HSC purified from the blood of patients whose 
stem cells have been mobilized from their bone marrow niche using treatments 
such as G-CSF, since this represents the source of HSC that is most commonly used 
for autologous gene therapy applications [20, 21]. For example, the same Ad5/F35 
adenoviral vectors used to engineer the T cells described above can also be used 
with mobilized HSC, where a transient preincubation of the mobilized HSC with 
protein kinase activators significantly increases the resulting levels of CCR5 disrup-
tion [19]. Our current favored protocols use ZFN mRNA electroporation, since this 
can result in high levels of gene disruption in the range of 50 % of the alleles [22], 
without the toxicity that can occur when using plasmid DNA, or the higher titers 
of adenoviral vectors needed to achieve such gene disruption rates [19]. Overall, 
procedures to achieve high levels of CCR5 disruption in human HSC isolated from 
mobilized blood without overt toxicity or loss of function are needed to pave the 
way for human clinical trials.

32.4  Using Humanized Mice to Evaluate CCR5 ZFN 
Treated Cells for Anti-HIV Effects

The ability of HSC or T cell transplanted humanized mice to support HIV-1 
 replication has revolutionized animal studies of HIV-1, which were previously 
 limited to primate models and SIV or SHIV infections. We and others have reported 
that NSG, or other immune-deficient strains of mice, such as BALB/c-Rag2(null) 
IL2Rgamma(null) mice [23] show robust human CD4+ T cell development when 
transplanted with human HSC, and support relatively long-lasting infections by both 
CCR5 (R5) and CXCR4 (X4)-tropic strains of HIV [14, 24, 25]. In  addition, the hu-
man HSC give rise to other lineages of cells that HIV-1 infects, such as  macrophages, 
and different T cell subsets of importance for HIV infection and  persistence can be 
identified, such as central memory T cells [26, 27]. Improvements to the mouse 
models that promote more authentic human hematopoiesis, including the maturation 
and organization of cells of importance for HIV-1 infection, have been achieved by 
either the cotransplantation of fetal thymic tissue [28, 29], or by engineering the 
mice to also express human immunomodulatory molecules [30–34].

Humanized mice infected with HIV-1 also recapitulate the loss of CD4+ T cells 
that is the hallmark of the disease in humans, and which underlies HIV’s patho-
genicity. This means that gene therapies based on ZFN-engineered HSC can be 
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evaluated in the mice for anti-HIV efficacy, both by monitoring HIV-1 viremia in 
the animals, as well as the rates of human CD4+ T cell depletion. Combined with 
the ability of the model to evaluate the impact of ZFN modification on HSC func-
tion, the humanized mouse is proving to be an excellent small animal model for 
preclinical studies addressing both the efficacy and safety of HSC-based anti-HIV 
therapies [6, 35–39].

An in vivo anti-HIV effect of CCR5 ZFN engineering was first demonstrated in 
the studies of Perez et al. [12], following transplantation of ZFN-modified T cells 
into NSG mice and subsequent challenge with a R5-tropic strain of HIV-1. Here, 
the ZFN-treated population of T cells preferentially survived and expanded two to 
threefold compared to unmodified cells in matched cohorts of mice, and the ZFN-
treated mice had a statistically significant reduction in HIV-1 levels in peripheral 
blood. These demonstrations of efficacy supported the initiation of human clinical 
trials [40], where large-scale methods have been developed that allow both ZFN 
editing and ex vivo expansion of CD4+ T cells, generating yields of > 1010 CCR5-
edited CD4+ T cells from individual patients [41].

Despite the relative ease of ZFN editing and ex vivo expansion of CD4+ T cells, 
the finite life-span of the cells, together with the fact that HIV-1 also infects CD4+ 
cells of myeloid lineages, supports the development of HSC engineering as a way 
to provide a more long-term and comprehensive protection. Using HSC purified by 
CD34+ selection from cord blood, we are able to deliver anti-CCR5 ZFNs by either 
plasmid DNA nucleofection or adenovirus vector delivery, and subsequently engraft 
the modified HSC into 1-day old neonatal NSG mice (Fig 32.2a). HSC engraftment 
is promoted by irradiation of the mice with a sublethal dose of 150 cGy total radia-
tion, and the cells can be delivered by facial vein or intrahepatic injection. Meaning-
ful information about the kinetics, quantity, and subsets of human cells that develop 
can then be achieved by peripheral blood analysis, starting at 8 weeks of age. Typi-
cally, we find that human CD4+ T cells appear by 8–12 weeks, and that the animals 
support R5-tropic HIV-1 infection when injected at 12 weeks (Fig. 32.2a). By fol-
lowing the levels of virus and human CD4+ and CD8+ T cells in the blood of the ani-
mals over time, an anti-HIV activity can be observed for the ZFN-modified cells, by 
both the marked inhibition of R5-tropic HIV-1 replication, as well as preservation of 
a CD4:CD8 T cell ratio of about 1. This contrasts with the situation in control mice 
receiving unmodified human HSC, where the detrimental effects of HIV-1 replica-
tion on T cell subsets are very apparent (Fig. 32.2b). At the end of such experiments, 
the human cells that persist in the ZFN cohorts are found to have undergone strong 
selection for CCR5-negative cells [14]. This suggests that HIV-1 replication itself 
could be used to increase the percentage of HIV-resistant, CCR5-negative cells in 
the recipients of these therapies, and temporary antiretroviral drug treatment inter-
ruptions have been included in clinical trials of ZFN-modified T cells [40].

Using control and ZFN Nucleofected HSC mice, we have also demonstrated that 
this modification is effective against multiple different strains of R5-tropic HIV-1 
but, as expected, has no impact against an X4-tropic virus (Fig. 32.2c). Consequent-
ly, the selection for a X4-tropic strain of HIV-1 is a possible limitation of this type 
of therapy, which can be managed by careful selection of patients that do not have 
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Fig. 32.2    a Time-line for generation of humanized NSG mice and infection by HIV-1. The kinet-
ics of HIV-1 infection are monitored in serial blood samples, using FACS analysis of human cells 
and quantitative RT-PCR to measure virus levels, as described [14]. b Humanized NSG mice were 
engrafted with either unmodified cord blood HSC (Mock, n = 4), or cells treated with CCR5-ZFNs, 
delivered by either nucleofection of plasmid DNA (NF, n = 3) or following transduction with an 
adenovirus vector at an MOI of 600 (Ad, n = 4). Following challenge with R5-tropic HIV-1 strain 
BaL, both ZFN cohorts were able to suppress virus replication ( left) and maintain normal ratios of 
CD4:CD8 cells ( right). In contrast, Mock HSC mice maintained high levels of HIV-1 and became 
highly depleted for CD4+ T cells. c HIV-1 challenges were performed on mock HSC engrafted 
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preexisting X4 virus, and ongoing monitoring. In addition, other groups are evalu-
ating the use of CXCR4 targeted ZFNs in humanized mouse models [42, 43], and 
although the importance of the CXCR4 molecule for HSC biology means that such 
engineering could not be used with HSC, it may be possible to combine CXCR4 
ZFN editing of CD4+ T cells with CCR5 ZFN editing of either T cells and/or HSC.

The experiments described above can evaluate the anti-HIV efficacy of these 
genetic modifications, but do so in the rather artificial situation of the treatment 
occurring before HIV-1 infection. This is a limitation of the model, which does not 
mimic the human therapeutic scenario, where HSC or T-cell engineering would be 
performed on an already infected individual, and probably in the setting of antiret-
roviral drugs that have suppressed virus replication. These limitations stem from 
the requirement to irradiate and transplant the mice twice in order to (1) engraft a 
human immune system with which to establish an HIV-1 infection and (2) to allow 
replacement with the engineered immune system. Multiple rounds of radiation and 
transplantation will be toxic, and the combined time needed to allow mature CD4+ T 
cells to develop, for an HIV-1 infection to establish, and possibly also for antiretro-
viral therapy to suppress HIV-1 replication prior to the therapeutic transplantation, 
would also make such a model a practical challenge.

32.5  Using Humanized Mice to Evaluate the Safety  
of ZFN-Treated HSC

Studies to evaluate anti-HIV activities, such as those described above, are typi-
cally performed using humanized mice engrafted with HSC purified from fetal liver 
or cord blood. However, for autologous cell therapy applications, the clinically 
 relevant HSC is more usually purified from mobilized blood. Therefore, it is also 
important that the effect of ZFNs on the function of mobilized HSC is evaluated as 
part of the preclinical safety studies.

In our experience using NSG mice, mobilized HSC do not readily engraft 
 neonatal mice, so that a more reliable adult (8 week old) engraftment model needs to 
be used [19, 44]. These mice are delayed in the development of T cells compared to 
neonatally engrafted mice, and robust and long-lived HIV infections are not as easy 
to establish or maintain. In addition, we do not observe the rapid CD4+ T cell deple-
tion following HIV-1 infection that is a feature of mice transplanted as neonates with 
cord blood or fetal liver derived HSC (Fig. 32.2b). However, the mice provide an 
adequate model to assess HSC function, by evaluating both the quantity of human 
cells that engraft, as well as the quality of hematopoiesis that they support, defined 
as both the kinetics and absolute levels of subsequent lineage differentiation. In this 
way, mice receiving unmodified or ZFN-treated HSC from the same donor can be 
compared in cohorts containing multiple animals, to allow statistical analyses [19]. 
In previous studies using adenovirus-treated mobilized HSC, we were able to use the 
mice to identify a dose and treatment protocol that provided levels of CCR5 disrup-
tion of > 5 % without an adverse impact on either the absolute levels of engraftment 
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of the human cells, or the quality (kinetics, sub-sets) of human hematopoiesis. In this 
way humanized mouse studies can complement and extend the more typical in vitro 
assays of HSC function such as CFU analyses.

In addition, the ability of mobilized blood HSC to engraft, differentiate and un-
dergo considerable expansion in NSG mice means that they can also be used for 
at-scale toxicology studies. For example, using the calculation that a whole patient 
dose of CD34+ HSC is 1.5 × 108CD34+ cells (≥ 2.0 × 106 cells/kg, 70 kg person) [45], 
and our experience that 1–2 million HSC per adult NSG mouse reliably engraft 
and are well tolerated, then a whole patient dose equivalent could be evaluated by 
engrafting 75–150 animals. Importantly, because the model is incompletely charac-
terized in terms of the spontaneous development of either mouse or human hema-
topoietic tumors, a control group receiving irradiation and unmodified human HSC 
will also be necessary. Both groups of mice can be monitored over several weeks for 
general health and weight and at necropsy, gross macroscopic examination, organ 
weights, and histopathological examinations can be conducted to assess whether 
any tumors arise. The model has the advantage that any tumors that may develop 
can easily be determined to be of murine or human-cell origin and, in the case of 
ZFN-treated cells, any insertion or deletion signatures of modification at the CCR5 
target site could also be used as markers to identify monoclonal outgrowths of engi-
neered cells. Similar biotoxicity studies were undertaken using mice engrafted with 
ZFN-edited T cells [41].

32.6  Summary

HSC or T cell transplanted humanized mice are an exceptionally well-suited model 
for the evaluation of anti-HIV gene therapies, and are providing preclinical safety 
and efficacy data to support the first-in-human uses of engineered nucleases. For 
both T cell and HSC engineering, a key advantage of the model is the ability to 
use the authentic human target cell and clinical ZFN reagent formulations, and to 
assess the impact the edited cells have on an HIV-1 infection in a complex, in vivo 
environment. However, a limitation of these models is that the ZFN engineering is 
performed prior to the establishment of an HIV-1 infection, and the mice cannot at 
present be used to evaluate the effect of these therapies in the context of a preestab-
lished infection, as would be the situation in patients. However, as more therapies 
based on ZFNs and other classes of engineered nucleases are developed, it is likely 
that humanized mice will continue to play an important role in preclinical evalua-
tions.
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33.1  Introduction

Highly active anti retroviral therapy (HAART), the current treatment for HIV-in-
fected individuals, has made significant improvement in the survival and quality 
of life for HIV-infected individuals [1]. However, daily administration of multiple 
drugs can only control infection, not provide eradication of virus [2, 3]. If the drug 
treatment is stopped, the majority of well-controlled individuals can experience a 
rapid rebound in viral load due to HIV reactivation from chronically infected vi-
ral reservoirs [4]. Thus far, the first clinical case of a functional HIV cure in an 
adult was demonstrated by transplantation of allogeneic bone marrow cells with 
homozygous CCR5 Δ32/Δ32 gene mutation in an HIV-infected patient with leu-
kemia [5]. HIV RNA and DNA have continued to be undetectable for more than 5 
years even in the absence of anti-HIV drug treatment [6]. Because of the first case 
of cure in the HIV-infected patient, investigation of novel therapeutic strategies to 
stably control or potentially cure HIV infection without continuous treatment has 
become an intensive research subject [7–11]. One strategy is to replicate the cure 
by using CCR5 Δ32/Δ32 homozygous bone marrow transplants in other patients. 
However, CCR5 Δ32/Δ32 exists in only 1 % of the Caucasian population [12–14] 
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and identification of human leukocyte antigen (HLA) matched CCR5 Δ32/Δ32 
bone marrow donors may therefore be extremely challenging. To overcome this 
limitation, we and others have investigated genetic engineering of human HSPCs 
to replicate the function of the CCR5 Δ32/Δ32 mutation to potentially produce a 
self-renewing reservoir of HIV resistant cells that would persist for the entire life 
of the patient [15–22]. Successful genetic engineering of HSPCs would enable us 
to use autologous patient-derived HSPCs to maximize engraftment efficiency and 
reduce transplant complications. Our group investigates RNA interference (RNAi) 
to downregulate CCR5 expression [23–29]. RNAi is a natural defense mechanism 
in which a small double-stranded RNA induces sequence-specific degradation of 
its target mRNA [30]. Anti-HIV small interfering RNA (siRNA)/short hairpin RNA 
(shRNA) have been developed as gene therapeutic reagents due to their small size, 
ease of manipulation, and ability to combine with other reagents [23]. We have 
identified a potent and nontoxic shRNA against CCR5 capable of protecting human 
primary T lymphocytes from CCR5 tropic HIV infection [24]. To achieve long-term 
stable CCR5 downregulation by an shRNA, we extensively investigated a lentivi-
ral vector-mediated transduction of this potent and nontoxic shRNA against CCR5 
into human primary CD4 + T lymphocytes, CD34 + HSPC-derived monocyte/
macrophages in vitro [23, 27, 28]. We were the first group to report multi-lineage 
differentiation of shRNA-transduced CD34 + HSPC and stable, efficient CCR5 
downregulation in HIV target cells including CD4 + T lymphocytes and monocyte/
macrophages in primary and secondary lymphoid organs in vivo in the humanized 
BLT mouse model [26].

RNA Interference to Efficiently Knock Down CCR5 Expression to Protect CD4 + T 
Lymphocytes from HIV Infection In Vitro We originally reported CCR5 downregu-
lation by RNAi in human peripheral blood mononuclear cells (PBMC) and CCR5 
tropic HIV inhibition in vitro [29]. To efficiently introduce shRNAs into PBMC, 
we utilized a vesicular stomatitis virus G protein (VSV-G) pseudotyped lentiviral 
vector. The expression of shRNA resulted in tenfold inhibition of CCR5 expression. 
Blocking CCR5 expression by the shRNA-inhibited CCR5-tropic HIV infection by 
three- to sevenfold in vitro. These initial in vitro studies established that specific 
shRNA homologous to CCR5 mRNA could downregulate CCR5 in PBMC and 
protect PBMC from CCR5-tropic HIV infection.

Optimization of Stable shRNA Expression in Human PBMC Without Causing Cyto-
toxic Effects In our initial study, we selected an shRNA against CCR5 from a total 
of eight candidate shRNAs [29]. High levels of shRNA expression were required 
to efficiently downregulate CCR5 expression in PBMC. To this end, we utilized a 
transcriptionally strong RNA polymerase III U6 promoter to drive shRNA expres-
sion from a lentiviral vector. Despite our initial success in downregulating CCR5 
by shRNAs, we and others have found that the majority of shRNAs exhibit cyto-
toxicity in human PBMC [25, 31, 32]. We reported a twofold decrease in shRNA-
transduced PBMC over a 2-week culture [25]. The cytotoxicity was not directly 
related to CCR5 downregulation, as we observed similar results with other shR-
NAs directed to irrelevant targets such as luciferase and LacZ [25]. The mechanical 
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understandings of shRNA-induced cytotoxic effect have been published by other 
investigators and may be caused by competition with endogenous microRNA bio-
genesis, induction of interferon responses, and/or off-targeting effects [33–39]. To 
avoid this cytotoxicity, we expressed shRNAs using the transcriptionally weaker 
H1 promoter to reduce shRNA expression and subsequent cytotoxicity in PBMC 
in vitro. Importantly, unlike shRNAs expressed from the strong U6 promoter, 
expression of shRNAs from the H1 promoter did not alter the growth of shRNA-
transduced PBMC in vitro. These results demonstrated that the level of shRNA 
expression is important for determining whether shRNAs will be cytotoxic or not 
and that optimization of those levels can yield shRNAs that are both effective and 
minimally cytotoxic. We reported that the choice of promoters and vector designs 
were important for efficient, stable, and safe expression of shRNA [25].

Identification of a Potent shRNA Against CCR5 (sh1005) from a Random shRNA 
Library Our optimization study for shRNA expression using the transcription-
ally weaker H1 promoter alleviated the cytotoxic effects, but lowering the shRNA 
expression also reduced the level of CCR5 downregulation. Because the potency of 
shRNA-mediated gene downregulation is dependent on the given shRNA sequence 
[40], we decided to screen a large number of shRNAs directed to CCR5 mRNA. We 
developed a random shRNA library specific to CCR5 mRNA sequence by adopting 
an enzymatic production of RNAi library (EPRIL), in which cDNAs are converted 
by a sequence of enzymatic treatments into a RNAi library consisting of a vast array 
of different shRNA expression lentiviral vector constructs [24, 41]. sh1005, the 
most potent shRNA to date of more than 380 shRNAs characterized in our labora-
tory, downregulated CCR5 expression more than 20 fold in human primary PBMC 
even though it was expressed from a transcriptionally weaker H1 RNA polymerase 
III promoter [24].

Establishment of the Humanized BLT Mouse Model for In Vivo Evaluation of HSPC-
Based Gene Therapy Strategies In vivo investigation of therapeutic strategies for 
human pathogens including HIV requires HIV-susceptible animal models. A number 
of humanized mouse models were created and each humanized model contributed 
significantly to the in vivo investigation of HIV infection [42–44]. The BLT mouse 
model is a new generation of the improved humanized mouse model [45]. The BLT 
mouse is transplanted with human CD34 + HSPC and the human fetal thymus-like 
organoid (thy/liv), which allows a range of human immune cells to be reconstituted 
at high efficiency, including HIV target cells such as CD4 + T lymphocytes with a 
diverse T cell receptor repertoire and monocyte/macrophages in primary and sec-
ondary lymphoid organs. Among the many humanized mouse models, BLT mice 
reconstituted with human thymus/liver and CD34 + HSPC have recently been exten-
sively used for in vivo investigations of HIV infection in lymphoid organs [46, 
47], mucosal transmission, and functional immune responses against HIV [48, 49]. 
Therefore, we thought that this mouse model would be an ideal small animal model 
to investigate the potential for genetically engineered HSPCs to resist HIV infec-
tion. Successful development of the model enables us to determine how effectively 
human HSPCs transduced with lentiviral vectors bearing anti-HIV genes inhabit 
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bone marrow and undergo human thymopoiesis in the human thy/liv implant to dif-
ferentiate into human lymphocytes and monocytes/macrophages, how they migrate 
into and survive within the systemic lymphoid organs, the safety of this approach 
and the mechanisms to control HIV, prior to human application. As described in the 
following sections, we were the first group to utilize the BLT mouse model to test 
HSPC-based gene therapy strategies using an shRNA against CCR5 and published 
in Blood [26].

Examination of Engraftment of sh1005 Transduced HSPCs in Lymphoid Tissues 
of the BLT Mouse To efficiently introduce sh1005 into fetal liver-derived human 
CD34 + cells, we used VSV-G pseudotyped lentiviral vectors. The efficiency of vec-
tor transduction in CD34 + cells was measured by EGFP expression in ex vivo cul-
tured cells and the mean EGFP expression was 50.8 %. As a control, half of CD34 + 
cells were transduced with non-shRNA control vector marked with mCherry. The 
mean mCherry expression was 42.9 %. To examine sh1005 in the humanized BLT 
mouse model, we first transplanted vector-transduced fetal liver-derived CD34 + 
cells and CD34 − cells solidified with matrigel and a fetal thymus segment from 
the same donor under the kidney capsule to generate a vector-transduced human 
thymus tissue in NOD.CB17-Prkdcscid/J (NOD SCID) mouse (later we used NOD.
Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice) (Fig. 33.1). Three weeks later, frozen 
fetal liver CD34 + cells from the same donor were thawed and transduced with len-
tiviral vectors. The efficiency of vector transduction in CD34 + cells measured by 
mean EGFP expression was 45.9 %. The mean mCherry expression in the control 
vector-transduced CD34 + cells was 28.3 %. Vector-transduced CD34 + HPSC were 
injected intravenously into the sub-lethally irradiated mouse. To examine stable 
CCR5 downregulation by sh1005 in the BLT mice, we co-transplanted an equal 
mix of sh1005 vector (EGFP+) and non-shRNA control vector (mCherry+) trans-
duced CD34 + cells. Because both vectors are present within the same animal, this 
experimental design allows us to examine responses specific to the anti-HIV gene 
as well as to control for mouse-to-mouse variation.

Multi-lineage Hematopoietic Cell Differentiation HSPC-based gene therapy 
requires efficient multi-lineage hematopoietic system reconstitution with cells sta-
bly expressing anti-HIV genes. We therefore evaluate in vivo multi-lineage dif-
ferentiation by assessing the differentiated phenotypes of vector-transduced cells. 
Differentiated human hematopoietic cell engraftment was examined from 11 weeks 
post-CD34 + injection in peripheral blood. Human CD45 + lymphoid cells were 
detected in a gated lymphocyte population of peripheral blood from transplanted 
mice by flow cytometric analysis. EGFP and mCherry expression were found in 
this human CD45 + population in transplanted mice (average % EGFP ± Stan-
dard deviation was 24.2 ± 12.8 %, average % mCherry ± Standard deviation was 
19.0 ± 11.7 %). In our follow-up studies, human CD3 +, CD4 +, CD8 + T lympho-
cytes, CD19 + B lymphocytes as well as CD14 +/CD33 + monocyte/macrophage 
populations were also detected in transplanted mice. These results demonstrated 
that sh1005 is nontoxic for human HSPCs and their multi-lineage differentiation.
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Myeloablated NSG mouse

CD34+
HPSC

CCR5-shRNA vectorControl no-shRNA vector

ImplantationIv injection

Human fetal liver

Human fetal thymus

Fig. 33.1  Modeling anti-HIV-1 HSPC gene therapy strategies in hu BLT mouse model. CD34 + 
hematopoietic stem/progenitor cells ( HSPCs) isolated from a fetal liver are transduced with a len-
tiviral vector expressing a short hairpin RNA ( shRNA) directed to human CCR5. For an internal 
control, half of CD34 + HSPC are transduced with a control vector without shRNA. CCR5 shRNA 
vector and the control vector are marked with EGFP or mCherry, respectively, to monitor each 
vector-transduced cell by multi-color flow cytometry. Vector-transduced CD34 + HSPC are mixed 
and implanted under the kidney capsule with a piece of thymus. At the same time or 3 weeks 
later, vector-transduced CD34 + HSPC are intravenously injected in NSG mice after myeloablative 
conditioning by irradiation or busulfan. HSPC engraftment and appearance of differentiated cell 
in peripheral blood typically starts at 6–8 weeks post CD34 + cell transplant. Engraftment of anti-
HIV-1 gene-transduced HSPCs, multi-linage differentiation, T cell receptor ( TCR) rearrangement 
in thymus and spleen, memory T cell development in tissues including the gut associated lym-
phoid tissue, functional effects of anti-HIV-1 transgene such as CCR5 downregulation in CD4 + 
T lymphocytes and macrophages, long term CCR5 downregulation in second transplanted mice, 
CD4 + cell protection, and HIV-1 inhibition can be investigated in the reconstituted hu BLT mice. 
Adapted from Shimizu et al., a highly efficient short hairpin RNA potently downregulates CCR5 
expression in systemic lymphoid organs in the hu-BLT mouse model. BLOOD, 25 FEBRUARY 
2010 _ VOLUME 115, NUMBER 8
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T Cell Development in Human Thy/liv in the BLT Mice One of the innovative aspects 
of the BLT mouse model is the ability assess human T cell development in engrafted 
human thymic tissue. We examined diversity within the T cell receptor repertoire as 
a marker for T cell development [26]. We examined T cell receptor (TCR) vα and vβ 
rearrangement using a quantitative PCR-based TCR spectratyping assay in sorted 
EGFP + and mCherry + thymocytes from human thymus organoid. We compared 
the profile and peak distribution of each TCRv α and β and examined Gaussian 
distribution in both EGFP + and mCherry + sorted populations. These experiments 
determined polyclonal human TCR development in the BLT mouse model.

Memory T Cell Development in the BLT Mice To examine the effect on naïve and 
memory T cell differentiation, we compared CD27 and CD45RA expression in 
EGFP + and mCherry+ CD3 + T cells in multiple lymphoid organs including periph-
eral blood, spleen, bone marrow, lung, liver, and small intestine. There was no sig-
nificant difference in naïve and memory T cell differentiation based on CD27 and 
CD45RA expression between the two populations, suggesting sh1005 did not have 
apparent adverse effects on T cell differentiation. These experiments demonstrated 
that sh1005-transduced human HSPCs could differentiate into mature immune cells 
in T cells in lymphoid organs in the BLT mice.

In Vivo Examination of CCR5 Downregulation in CD4 + T Lymphocytes in Lym-
phoid Organs CCR5-knockdown was examined in human CD4 + T lymphocytes 
in various lymphoid tissues in reconstituted animals at 14–20 weeks post CD34 + 
HPSC transplant. CCR5 expression was efficiently reduced in EGFP + CD4 + T-lym-
phocytes in lymphoid tissues including peripheral blood, human thymus organoid, 
spleen, bone marrow, lung, lymph nodes, liver, and small intestines. CCR5 reduc-
tion was efficient even in the naturally highly CCR5-expressing lamina propria lym-
phocytes isolated from the gut, a major target of HIV in new infection. In contrast, 
CCR5 was not reduced in the control mCherry+ human CD4 + T-lymphocytes in the 
same animal. These results along with the above indicated that sh1005 expression 
did not affect human T-lymphocyte differentiation and migration and effectively 
induced CCR5 downregulation in systemic lymphoid organs in vivo.

In Vivo Examination of CCR5 Downregulation in Monocyte/Macrophages in Lym-
phoid Organs Monocyte/macrophage populations are another major target for R5 
tropic HIV infection. HSPC-based gene therapy could genetically modify not only 
CD4 progeny cells but also monocyte/macrophage progeny. CCR5-knockdown was 
examined in human CD14 +/CD33 + monocytes/macrophages in lymphoid tissues 
in the reconstituted huBLT mice at 14–20 weeks post CD34 + HPSC transplant [26]. 
CCR5 expression was efficiently reduced in EGFP + human CD14 +/CD33 + Mono-
cytes/macrophages in peripheral blood, spleen, and lung. In contrast, CCR5 was not 
reduced in the control mCherry+ human CD14 +/CD33 + Monocytes/macrophages 
in the same animal. These results along with the above results demonstrated that 
shRNA 1005 was capable of downregulating CCR5 expression in the two major 
HIV target cell populations including monocyte/macrophages and CD4 + T lym-
phocytes in systemic lymphoid organs in vivo.
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Long Term Hematopoietic Repopulation of shRNA 1005-Transduced HSPCs and 
CCR5 Downregulation in Serially Transplanted Mice In order to determine if this 
therapeutic strategy can lead to stable control or cure from a single treatment, it 
is important to investigate the long-term repopulating potential of gene-modified 
HSPCs. We assessed this using a serial transplantation of bone marrow cells from a 
primary BLT mouse to a secondary BLT mouse [26]. We isolated bone marrow cells 
from the femurs of sh1005 vector-transduced HSPCs transplanted EGFP express-
ing BLT mice. The bone marrow donor cells were then injected both into a thy/
liv organoid for transplantation and intravenously in preconditioned secondary 
recipient mice. We examined the presence of CCR5 downregulated EGFP + human 
CD4 + T lymphocytes in multiple tissues of the secondary transplanted mice from 
14 weeks post bone marrow transplant. These results demonstrated that lentiviral 
vector transduction of HSPCs and sh1005 expression is capable of supporting long-
term repopulation of the hematopoietic system and stable expression of anti-HIV 
genes in vivo in serially transplanted BLT mice.

CCR5 Tropic HIV Is Inhibited in Isolated CCR5 Downregulated Splenocytes in Ex 
Vivo Culture To examine HIV inhibition in CCR5 downregulated cells generated in 
the BLT mice, isolated EGFP + and mCherry+ splenocytes purified by cell sorting 
were infected with either R5 tropic HIVNFNSX SL9 or X4 tropic HIVNL4−3 ex-vivo in 
culture. There was no increase in p24 HIV antigen capsid protein production in the 
culture supernatant of EGFP + splenocytes over the 12-day culture period [26]. In 
contrast, p24 produced approximately fourfold higher levels in the culture superna-
tant on days 7 and 12 in mCherry+ splenocytes, suggesting they are susceptible to 
R5 tropic HIVNFNSX SL9 ( p value = 0.003). These results indicated that CCR5 down-
regulation effectively inhibited R5 tropic HIV infection. In contrast to the R5 tropic 
HIV infection, X4 tropic HIVNL4−3 infection produced comparable amounts of p24 
in both EGFP + and mCherry+ splenocyte culture supernatants. These results dem-
onstrated that isolated CD4 + T lymphocytes from a BLT mouse spleen with CCR5 
downregulation by sh1005 was sufficient to protect from R5 but not X4 tropic HIV 
challenge ex vivo culture. Current progress examining the in vivo efficacy of pro-
tected cells to evade HIV infection demonstrates the protection of cells in the BLT 
mice and will be submitted for a publication elsewhere.

In summary, we have identified a potent and nontoxic shRNA against CCR5 
(sh1005) by developing and screening a CCR5-specific random shRNA library. The 
transduction of sh1005 into human HSPCs via a lentiviral vector and transplant 
in the humanized BLT mice resulted in efficient development of sh1005-modified 
human hematopoietic cells without apparent adverse effects. We have demon-
strated stable downregulation of CCR5 in CD4 + T lymphocytes and monocyte/
macrophages in lymphoid tissues in the gene modified CD34 + HSPC transplanted 
humanized BLT mouse model. Therefore, we conclude that sh1005 is efficient for 
CCR5 knockdown and nontoxic, and we have established the BLT mouse model 
system to test our therapeutic candidate vectors.

Since reports of the BLT mouse model in 2006 [45], this new generation of 
improved mouse/human chimera technology has become one of the major small 
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animal models for the investigation of HIV infection, pathogenesis, prevention, 
and therapeutic interventions. Furthermore, recently Drs. Victor Garcia and Jerome 
Zack’s laboratories reported HIV latently infected cells in the spleen of HIV-infect-
ed BLT mice [50, 51]. We are currently investigating if CCR5 knock down CD4 + T 
lymphocytes are protected from establishment of chronic HIV infection in vivo in 
the HIV-challenged BLT mice. In theory, HIV inhibitors such as sh1005 that work 
at an early step of the HIV life cycle could effectively protect cells from viral entry, 
as evidenced by the functional cure by CCR5 Δ32/Δ32 bone marrow transplants. 
Therefore, our strategy may be able to protect cells from chronic infection and may 
reduce the number of latently infected cells due to the blockade of viral DNA inte-
gration. Since our original report of establishing the humanized BLT mouse model 
to test the CCR5 shRNA anti-HIV HSPC gene therapy strategy [26], several re-
searchers have utilized the BLT mouse model to test their novel anti-HIV gene 
therapy strategies [15, 23, 46–49, 52–54]. These include a combination of shRNAs 
against CCR5 and HIV sequence [23], an engineering of anti-HIV IgA producing 
B cell immunity in mucosal tissues [52] and engineering anti-HIV T cell receptor 
expressing T cells through gene modified human CD34 + HSPC [54]. Furthermore, 
the BLT mice were also used to test for cancer therapeutic reagents using an anti-
tumor genetically engineered TCR HSPC gene therapy approach [55]. We foresee 
that in vivo investigation in the BLT mouse model system will provide critical in-
formation for efficacy and safety of newly developed therapeutic strategies for HIV 
infection as well as other human diseases before their clinical applications.
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34.1  Introduction

34.1.1  The Need for Cell-Based Therapeutics

More than three decades have passed since the identification of HIV disease, yet 
a therapeutic strategy that results in a cure for the majority of individuals infected 
with HIV remains elusive. The development and success of antiretroviral therapy 
is a testament to the Herculean effort made to understand and attempt to cure HIV 
infection over the years. Despite the successful development of drugs that can sup-
press viral replication for prolonged periods of time, there is currently no viable 
treatment that results in the complete eradication of the virus from the body. Treat-
ment with antiretroviral drugs is expensive and has many associated problems, in-
cluding harmful side effects, cellular and organ toxicities, adherence issues, effi-
cacy problems, and drug resistance development. Due to the presence of long-lived 
viral reservoirs, if therapy is terminated virus replication and disease progression 
resume, requiring patients to remain on these medications permanently. In addition, 
the failure to develop an effective vaccine candidate and the continued unabated 
spread of the HIV in pandemic proportions highlights the importance of developing 
a therapeutic strategy that can result in viral clearance and cure.

34.1.2  Cell-Based HIV Curative Strategies

To date there has only been a single reported case of cured chronic HIV infection 
in an adult, via bone marrow transplant from a donor lacking the gene for normal 



430 S. G. Kitchen and J. A. Zack

CCR5, which is a cell surface receptor required for most strains of HIV to infect 
cells [1]. However, the mortality rate for this procedure is about 40 %, and matched 
bone marrow with this genetic profile is rare, rendering this approach impracti-
cal for broader clinical applicability. This case of Mr. Timothy Brown, the “Ber-
lin Patient,” has provided a much-needed proof of principle that an HIV-infected 
individual can be “functionally cured” following the establishment of infection. 
The “cure” in this case utilized a cell-based therapeutic strategy and this result has 
stimulated a renewed and focused interest in the development of cell-based thera-
pies to treat others with HIV infection. Although there are currently few therapeutic 
approaches in clinical practice or trial, many new lines of investigation have been 
recently opened in cell-based therapies. In most of these developments, there are 
two main approaches in cell-based therapeutic strategies to treat HIV infection: (1) 
protecting cells from infection through cellular modification; and (2) modifying 
cells specifically to target HIV infection. It is notable that these approaches utilize 
gene therapy or gene knockout methodologies, as this is the current state of the 
art in cellular modification. With these new areas also comes the need for model 
systems to allow for their investigation and development. Here we discuss the use 
of humanized mouse models in the development of cell-based therapies to treat and 
more closely examine HIV infection and disease.

34.2  Humanized Mouse-Based Systems to Study  
Cell-Based Therapies

34.2.1  Advantages of the Humanized Mouse Model  
for Cell-Based Therapy Development

Humanized mouse models have undergone a resurgence in interest since their ini-
tial conception and utilization [2, 3] with the development of more sophisticated 
systems that allow greater multilineage hematopoietic reconstitution and enable the 
study of HIV infection on a more complete human immune system in a surrogate 
model [4–7]. Historically, in HIV/AIDS-related work, the use of these models has 
had a significant impact on our understanding of human hematopoiesis [3, 8], HIV 
pathogenesis [9–11], HIV latency [12], gene transfer and therapy to target HIV in-
fection [13–15], human immune responses to viral infection [7, 16, 17], and has sig-
nificantly contributed to the continuing development of new antiretroviral therapies 
and prevention methods [18–22]. Capitalizing on the development of these models, 
many investigators have focused on efforts to examine cell-based therapeutic strat-
egies to target HIV infection. The humanized mouse model has many advantages 
over other in vivo systems in the development of therapeutic strategies, namely 
that the model allows the use of human reagents in the context of spreading HIV 
infection. Simian or rodent-based models have important roles in the identification 
of fundamental biologic aspects of viral infection and immunity, but lack the direct 
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application to human therapy that the humanized mouse has as a key strength. In 
addition, humanized mouse models allow a high degree of experimental manipula-
tion that cannot be performed in other systems or in humans, which can provide 
greater insight into mechanisms of efficacy and potential safety. The humanized 
mouse model may not fully recapitulate human immune responses [23], however, 
there is strong evidence that human immune responses can be detected and engi-
neered against HIV in vivo [24–26]. In addition, humanized mouse models are well 
documented to allow the sustained examination of the pathogenic effects of HIV 
infection [4], mimicking the natural history of HIV infection in humans. A major 
significance in the use of humanized mouse models, in addition to therapeutic fea-
sibility testing and basic development, lies in the use of these models for preclinical 
safety and toxicity testing. Thus, the humanized mouse models are fast becoming 
the “gold standard” for preclinical studies to provide early and germane evidence 
in this regard; and it is anticipated that their continued use and development will 
facilitate important aspects of the regulatory approval process of new and novel 
therapeutic approaches to ultimately lead to human clinical trials.

34.2.2  Cell-Based Therapeutic Testing in Humanized Mice: 
Basic Models

The details of many different humanized mouse models are discussed elsewhere, 
and several systems have been utilized in the development of cell-based approaches 
to target HIV infection. The first report of the use of the humanized mouse system 
that lay the groundwork for subsequent attempts to utilize gene therapy-based ap-
proaches to combat HIV infection involved the use of the severe combined immu-
nodeficient (SCID) mouse implanted with human fetal thymus and liver (SCID-hu 
thy/liv) [13]. This study demonstrated that human CD34+ hematopoietic stem cells 
(HSCs) carrying a neomycin-resistant transgene delivered by a retroviral vector can 
differentiate into mature human thymocytes in the Thy/Liv implant [13].

Many studies utilizing the SCID-hu model examining potential cell-based thera-
pies followed (see below) and the development of the humanized Rag 2, common 
gamma chain knockout (Rag2-/-cγ-/-) and the Non Obese Diabetic (NOD)-SCID 
mouse or the NOD-SCID, cγ-/- (NSG) mouse, humanized in the bone marrow, with 
human fetal liver and thymus tissue (BLT) mouse models [6, 27–29], allowed fur-
ther study of the development of anti-HIV transgene-containing cells in the pe-
riphery as well as in different organs of an in vivo model. A general scheme of 
this model is described in Figure 34.1. In the humanized Rag 2-/-cγ-/- model, a 
neonatal immunodeficient mouse is irradiated and injected with (genetically modi-
fied) human HSCs. These cells develop over time into mature human immune cells 
capable of carrying the transgene of interest. A key advantage of this system is the 
long duration of cellular engraftment and the lack of the significant graft-versus-
host disease that is seen in the BLT model in the long term. However, this system 
often produces poor engraftment and involves the manipulation of newborn mice. 
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The BLT model is of high utility in examining cell-based anti-HIV therapeutics in 
that it usually produces robust engraftment of multilineage human immune cells 
following the implantation of human fetal liver and thymus and human HSCs. In 
addition to these models, a key feature of most humanized mouse systems is their 
adaptability to different types of experimentation. Thus, there is a great deal of on-
going development of other humanized mouse model systems in HIV therapeutic 
testing and future mention of these models and their utility and importance is highly 
anticipated.

34.3  Protecting Immune Cells from Infection

The case of Timothy Brown illustrates the use of an adoptive strategy to treat HIV 
infection involving cells that are protected from natural infection by HIV [1]. In this 
case, the patient received two rounds of myeloablative therapy (for the treatment 

Gene-modi�ed
human HSCs

I.V. injection
Implant under

kidney capsule

Irradiated
or

Chemically treated mouse

Assess human hematopoiesis,
HIV infection,

antiviral immune responses

Fetal thymus/
fetal liver

Fig. 34.1   Construction of humanized Rag2-/-cγ-/- or NSG mice with genetically modified HSCs. 
CD34+ cells are isolated from fetal liver by cell sorting and are then transduced with a lentiviral 
vector containing the gene of interest. These cells are then intravenously (I.V.) injected into either 
irradiated or chemically (busulfan, 6TC, or other myeloablative agent) treated Rag2-/-cγ-/- or NSG 
mice. For BLT mouse construction and better human T-cell reconstitution, human fetal liver and 
thymus are implanted under the kidney capsule. Six to twelve weeks following injection of cells, 
human cell reconstitution is analyzed and mice can then be infected with HIV or treated according 
to the experimental design. Subsequent analysis on mouse blood and organs can then be performed
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of acute myelogenous leukemia) followed by a human leukocyte antigen (HLA) 
matched allogeneic bone marrow transplant with HSC from a donor that was CCR5-
/- (CCR5Δ32/Δ32) [1]. The reconstituting lymphocytes all developed from the do-
nor HSCs and lacked CCR5 expression and were thus refractory to HIV infection 
by the CCR5-tropic virus. Initial and subsequent follow-up to this patient revealed 
the absence of detectable replicating virus and this is thought to be the first demon-
stration that a therapeutic approach could clear replicating HIV from the body [1, 
30]. Although this result is of high significance, this strategy is confounded by the 
fact that the donor cells have to be HLA-matched, the CCR5 Δ32 mutation is only 
found in less than 1 % of the Caucasian population (which minimizes the potential 
pool of donors), and the toxic nature of the myeloablative strategy required. How-
ever, this observation has stimulated strong interest in the development of strategies 
that involve the modification of cells to inhibit or protect from HIV infection in a 
less toxic manner. It is of note that the majority of these strategies involve the use 
of gene therapy methodologies to alter the ability of the cell to be infected or to 
target the cell towards HIV. Fortunately, humanized mouse models have a strong 
track record in preclinical testing regarding new strategies to treat HIV infection 
(reviewed in [31]).

34.3.1  Utilization of Humanized Mice to Assess the Cellular 
Targeting of HIV

Strategies have been developed that target multiple stages of the viral life cycle, from 
entry to expression. Early studies in humanized mice utilizing a transdominant mutant of 
HIV Rev-1, RevM10, which interferes with Rev function, were among the first to dem-
onstrate that T cells in the Thy/Liv implant and macrophages in the bone marrow can 
differentiate in vivo in the SCID-hu model and carry a protective anti-HIV gene, which 
renders the mature cells refractory to HIV infection ex vivo [32, 33]. The SCID-hu 
model was also used to demonstrate the development of T cells from HSCs transduced 
with a protective anti-HIV ribozyme in the Thy/Liv implant [34]. The data generated 
by this and subsequent studies lay the foundation for a phase II and subsequent phase 
III gene therapy trial [35, 36], which demonstrates the utility of the use of humanized 
mouse models in preclinical development of cell-based therapies. The SCID-hu model 
was extremely effective at developing effective progenitor cell transduction protocols 
[34] and in demonstrating the feasibility of such potential therapies in allowing the char-
acterization of the differentiation of HSCs into mature T cells and other hematopoietic 
lineages in a surrogate model in vivo.

Other efforts to target HIV RNA have been attempted in humanized mice in dif-
ferent ways. Utilizing the Rag 2-/-cγ-/- model, HSCs transduced with a lentiviral 
vector encoding a short hairpin (sh)RNA specific to HIV nef were shown to undergo 
successful multilineage hematopoiesis that resulted in mature cells that were refrac-
tory to HIV infection ex vivo [37]. Utilizing a different approach examining periph-
eral T-cell modification, NSG mice were reconstituted with peripheral CD4+ T cells 
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modified with a vector containing an antisense RNA sequence specific to HIV-1 
env [38]. They observed no decrease in viral loads, likely due to the fact that only a 
minority of cells were modified with the vector; however, they found increased viral 
evolution when mice were challenged with an HIV variant that imperfectly matched 
the target sequence in env. This suggests that this approach should be used with cau-
tion as it may drive faster viral evolution away from the therapeutic.

Humanized mice have been used to assess the efficacy of targeting “alternative” 
therapeutic targets in the HIV life cycle, such as the ability of tripartite motif 5al-
pha (TRIM5α) proteins, which have been shown to inhibit HIV infection of cells 
through capsid binding, to inhibit HIV pathogenesis in vivo [39, 40]. These studies 
found that modification of human peripheral CD4+ T cells engrafted in Rag 2-/-cγ-
/- mice or CD34+ cells developing in SCID-hu Thy/Liv implants inhibited HIV rep-
lication following virus challenge. In a separate study therapeutically targeting HIV 
DNA integration events, lentiviral vectors expressing the C-terminal part of lens 
epithelium-derived growth factor/p75 (LEDGGF/p75325–530), which competitively 
inhibits HIV integration by blocking HIV integrase interaction with endogenous 
LEDGF/p75, were assessed in their ability to block HIV replication and CD4 T-cell 
depletion in NSG mice [41]. Human T cells were modified with vectors express-
ing LEDGF/p75325–530 or a control, integrase interaction deficient mutant LEDGF/
p75325–530D366N), infected with HIV, and placed in the periphery of NSG mice. 
Mice containing cells overexpressing LEDGGF/p75325–530 had lower levels of HIV 
p24 in the plasma and had greater percentages of CD4+ T cells than did mice con-
taining the mutant LEDGF/p75325–530D366N, indicating protection of the former 
cells from HIV infection in vivo. Although the idea of attacking cellular targets 
such as LEDGF/p75 is relatively new, this study is a clear demonstration of the util-
ity of the humanized mouse system to assess the efficacy of alternative therapeutic 
targets to treat HIV infection. There is great interest in ongoing and planned efficacy 
and safety studies assessing additional molecular therapeutic targets in humanized-
mouse–based systems.

34.3.2  Humanized Mice in Targeting and Preventing HIV Entry

Following the success of the “Berlin Patient,” there is intense interest in the de-
velopment of therapeutic strategies that prevent HIV entry into cells, particularly 
strategies that involve the knockdown or interference with HIV binding the co-
receptor CCR5. Development of mature thymocytes carrying a CCR5-specific ri-
bozyme was initially demonstrated in SCID-hu mice following development from 
transduced HSCs [42]. A lentiviral-based, shRNA approach to knockdown CCR5 
expression following HSC modification in the BLT humanized mouse models suc-
cessfully demonstrated the multilineage development of CCR5 knockdown cells 
and inhibition of CCR5-tropic HIV infection in vivo [14]. Knockout of CCR5 ex-
pression in HSC through use of zinc-finger nucleases, has been shown to allow 
hematopoietic development of HIV-resistant cells in the NSG mouse [43]. In both 
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of these studies, human hematopoiesis is relatively unaffected by CCR5 knockout 
or knockdown. An attempt at knocking out CXCR4 expression was also performed 
by using zinc-finger nucleases in human T cells engrafted in the peripheral blood of 
NSG mice [44]. Protection of cells from CXCR4-tropic variants was observed for a 
period of time, but was lost following the mutational development of CCR5-tropic 
variants. In another study, investigators examined the survival advantage conferred 
by the genetic modification of cells with a different set of protective genes in vivo. 
It was found that the modification of peripheral human T cells with an HIV-1 entry/
viral fusion inhibitor, the membrane-anchored C46 peptide (maC46), conferred se-
lective survival advantage of modified cells versus cells expressing an HIV-1 tat/rev 
shRNA or an antisense RNA specific for env sequences [45]. In this case, human T 
cells were modified with lentiviral vectors containing the protective gene or a con-
trol vector, infected with HIV, and then placed into the periphery of NOD/Shi-scid/
cg--/- (NOG mouse; similar to NSG mice).

More recently, a focus has been on a combination approach in targeting both 
HIV itself and cellular entry receptors [46, 47]. This includes the incorporation of 
more than one anti-HIV gene that targets different stages of the HIV life cycle or 
different parts of HIV into a single lentiviral vector. A combination approach utiliz-
ing a lentiviral vector encoding an anti-HIV shRNA specific to the R region of the 
LTR as well as a CCR5-specific shRNA resulted in multilineage hematopoiesis of 
vector-containing cells following human HSC transduction, engraftment, and de-
velopment in NSG mice [48]. These resultant vector-containing cells were resistant 
to HIV infection by both CXCR4- and CCR5-tropic viruses following challenge 
in vitro and increased in relative levels, as a result of selection, in vivo following 
virus challenge. In another study, development of mature T cells following HSC 
transduction with a vector expressing a triple combination of a CCR5-specific ribo-
zyme, a tat-rev specific shRNA, and an HIV TAR decoy, was shown in the SCID-hu 
system to produce cells that were resistant to HIV infection ex vivo [49]. Subse-
quent studies demonstrated the multilineage hematopoietic development in multiple 
organs of cells derived from human HSC in humanized NOD-RAG1-/-cg-/- mice 
transduced with a vector expressing a human/macaque TRIM5α isoform, a CCR5-
specific shRNA, and a TAR decoy [50]. Following in vivo challenge with either a 
CCR5-tropic or CXCR4-tropic variant of HIV-1, they further observed the selective 
survival advantage of these gene-modified cells for prolonged periods of time. In 
all, these studies illustrate the flexibility of the use of humanized mouse models to 
test the potential in vivo efficacy of a gene therapy anti-HIV strategy.

34.4  Engineering Antiviral Immune Responses

The natural immune response to HIV infection fails to eradicate the virus and there 
is a strong need to understand the defects that result in this as well as to discover 
new ways to enhance the antiviral response. As previously discussed, a major focus 
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in investigation in cell-based therapeutics using the humanized mouse model has 
been in developing ways to protect cells from direct infection by HIV. Protecting 
developing and mature cells in vivo from infection is likely to be beneficial in re-
constituting part of the ablated immune response, however, it may not reconstitute 
antigen-specific responses to HIV enough to clear the virus. Thus, there is a signifi-
cant interest in the development of ways to augment or repair defects in the immune 
response to HIV during infection. In humanized mice, there has been significant de-
velopment in ways to engineer cells genetically to target HIV infection, in hopes of 
developing methodologies that can ultimately be carried to the clinic. Two primary 
approaches have emerged thus far: that of engineering the anti-HIV humoral im-
munity through the use of molecularly cloned monoclonal antibodies and engineer-
ing anti-HIV cell-based immunity through the use of molecularly cloned receptors 
expressed on effector cells.

34.4.1  Engineering Humoral Immunity to HIV  
in Humanized Mice

Based on the characterization and putative importance of neutralizing antibodies 
in HIV transmission and infection, efforts have been made to engineer the devel-
opment of human B cells to produce molecularly cloned neutralizing antibodies to 
target HIV and HIV-infected cells. Humanized mice have been utilized to demon-
strate that HSCs engineered with a molecularly cloned neutralizing antibody can 
develop into mature cells that express the antibody [51]. In this case, HSCs were 
engineered with a lentiviral vector containing the molecularly cloned heavy and 
light chains of the 2G12 broadly neutralizing anti-HIV antibody and engrafted in 
NSG mice. Following hematopoietic development in the mouse, they detected 
lentiviral vector expression in multiple anatomic compartments and found the 
cloned antibody secreted in the plasma. It is important to note that they observed 
a marked decrease, or resistance, to HIV infection in terms of the number of cells 
infected and lower plasma viral RNA levels in mice receiving the cloned anti-
body, indicating protection of these mice from HIV infection by the antibody. An 
additional study, in which adeno-associated virus vector was injected intramus-
cularly into NSG mice, also showed high levels of sustained molecularly cloned 
neutralizing antibody (b12) production that protected adoptively transferred, pre-
viously expanded human peripheral blood mononuclear cells (PBMC) from HIV 
challenge in vivo [52]. An approach with a single neutralizing antibody would 
likely result in the development of viral immune escape, however, these studies 
demonstrate the potential importance of neutralizing antibodies in preventing in-
fection and set the stage for the potential use of this type of approach in the clini-
cal setting. Several other studies are ongoing utilizing a combinatorial approach 
and/or different types of neutralizing antibodies. Thus, the humanized mouse 
model has been an important tool in the development of humoral approaches to 
engineer HIV immunity.
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34.4.2  Engineering Cellular Immunity to HIV  
in Humanized Mice

The cellular immune response has a highly important role in controlling HIV rep-
lication during all stages of HIV infection; however, this response fails to eradicate 
the virus from the body. There is considerable interest in enhancing or reconstituting 
the antiviral cellular immune response during HIV infection. Two approaches have 
been examined utilizing humanized mice: an approach that involves “redirecting” 
peripheral T cells to target HIV and that of “programming” HSCs to produce T cells 
to target HIV [15, 26, 53]. Both of these approaches utilize a molecularly cloned T- 
cell receptor directed towards the SL9 (amino acids 77–85; SLYNTVATL) epitope 
of HIV-1 Gag, which recognize this peptide in the context of human leukocyte an-
tigen (HLA)-A*0201, and which were isolated from clonal cell lines derived from 
HIV-infected individuals. In the redirection approach, CD8+ T cells transduced 
with a lentiviral vector containing the molecularly cloned TCR were intraspleni-
cally injected with HIV-infected HLA-A*0201+ PBMC from the same donor [53] 
and splenic viral loads were assessed. They demonstrated that the redirected CD8+ 
T cells dramatically decreased the levels of HIV-infected cells in the spleen over 
those of controls and also demonstrated that the presence of these HIV-specific 
CTL strongly inhibited infection when uninfected human PBMCs were challenged 
in vivo. This demonstrates that these mature cells can be redirected to target and kill 
HIV-infected cells in an in vivo system. However, approaches such as this involving 
redirection of mature T cells, which are currently utilized in many cancer-related 
therapeutic trials, could suffer from altered cellular function due to the large amount 
of ex vivo manipulation involved in transduction with a molecularly cloned TCR.

We have examined a stem-cell–based approach, which would forgo problems 
with the ex vivo manipulation of mature T cells, to program hematopoietic pro-
genitors (HSCs) to produce mature, functionally naïve T cells specifically targeting 
HIV in humanized mice [15, 26]. Initially, to demonstrate if cellular modification 
of HSCs with a molecularly cloned TCR can allow the development of mature T 
cells expressing the transgenic TCR, we utilized the SCID-hu mouse model. HSCs 
transduced with the HIV-specific TCR were injected into the Thy/Liv implant in 
irradiated mice and were found to generate mature T cells that expressed the TCR, 
responded to SL9 peptide stimulation, and killed HIV antigen coated cells [15]. To 
further investigate if peripheral cells can be modified and function with this HIV-
specific TCR, we utilized a variation of the NSG-BLT mouse model where human 
fetal thymus and liver were implanted, the mice were irradiated, and then the mice 
subsequently intravenously injected with HSCs genetically modified with the HIV-
specific TCR or a control TCR specific to an unknown antigen [26]. We determined 
that the presence of the HIV-specific TCR resulted in significantly reduced HIV 
loads, lower amounts of productively infected cells, and antiviral immune responses 
by these cells following HIV challenge. Thus, these studies using various human-
ized mouse models have formed a foundation for further investigation into the use 
of molecularly cloned, antigen-specific receptors as a cell-based therapeutic strat-
egy to target HIV infection.
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34.5  Conclusions

In sum, the various versions of the humanized mouse model have been very useful 
tools in the investigation into cell-based therapeutic strategies to target HIV infec-
tion. The ability of these models to serve as a surrogate system for in vivo infection 
and pathogenesis of human cells, the high degree to which these models can be 
manipulated, and the lower cost of utilizing these systems compared to other in vivo 
model systems (such as nonhuman primates), and the strong track record of these 
systems in examining human biology in vivo are all factors that have contributed 
to the expanding interest in the humanized mouse in many aspects of HIV infection 
and beyond. Due to intense interest in developing a cure for HIV infection, it is 
highly likely that these systems will continue to be used to further explore new and 
novel ways to assess preclinical therapeutic strategies.
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Vaccination has been a major advance for health care, allowing the eradication or 
the reduction of incidence and mortality of various infectious diseases [1]. How-
ever, there remain major pathogens, e.g., human immunodeficiency virus (HIV), 
hepatitis C virus, or the causative agent of malaria (plasmodium), for which clas-
sical vaccination approaches have failed. Two main classes of vaccines are already 
in long-term use in humans [2]. The first vaccine type consists of live attenuated 
pathogens, which mimic the natural infection but in a weakened nonpathogenic 
fashion. Live-attenuated vaccines have been enormously successful against a vari-
ety of viral pathogens such as smallpox, measles, and yellow fever [2]. The second 
vaccination method comprises subunit vaccines (hepatitis B), inactivated vaccines 
(diphtheria, tetanus), carbohydrate vaccines (pneumococcus) and conjugate vac-
cines (meningococcus, haemophilus influenza type B). This vaccine type usually 
requires adjuvants to enhance the induced immune response. Furthermore, they 
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depend on a boosting strategy in order to maintain protective immunity, in contrast 
with live attenuated vaccines that can confer lifelong memory.

Despite this major step ahead for global public health and obvious benefits over 
the past century, vaccination faces new challenges when dealing with specific pa-
tient categories (infants, elderly, or immuno-compromised individuals) or patho-
gens such as HIV with an extremely high antigenic variability. The use of a live-
attenuated HIV strain as an effective HIV vaccine has been proposed, but the idea 
has been challenged by safety concerns arising from preclinical studies performed 
with live-attenuated simian immunodeficiency virus (SIV, the simian counterpart 
of HIV) strains [3]. It was indeed reported that replication of attenuated SIV strains 
increases after several years in a fraction of infected monkeys, concomitant with 
the onset of AIDS, and pathogenicity was scored upon inoculation of newborn ma-
caques [4, 5]. Furthermore, although naturally attenuated HIV-1 variants lacking 
the nef gene result in a benign course of infection in humans [6], a decline in CD4+ 
T cell numbers has been reported for some of these individuals, which is an early 
sign of AIDS development [7]. These combined results have reinforced the devel-
opment of subunit or inactivated virus vaccines. Unfortunately, these vaccines have 
not elicited the potent broad-based immune responses or long-term memory neces-
sary to confer life-long protection in immunized individuals [8–10]. For this rea-
son, live-attenuated HIV vaccine approaches are still being considered, especially 
since live attenuated SIV vaccines confer robust protection against a broad range 
of SIV challenge variants, including uncloned pathogenic SIV, SIV-infected cells 
and simian-human immunodeficiency virus (SHIV) recombinants expressing the 
HIV-1 envelope protein [11–14]. Attempts to determine the mechanism(s) by which 
a live-attenuated virus protects against infection by the wild-type virus have failed 
to clearly identify a decisive role for antibodies or CD8+ T cells [3]. Overall, efforts 
to define correlates of protection are further confounded by conflicting data as to 
whether significant protection requires an extended vaccination period [15] or can 
be achieved in as little as 3 weeks [16]. This knowledge is critical for the design of 
new vaccine candidates. Thus, novel approaches are required to establish the pro-
tective factors induced by vaccination.

35.1  HIV-rtTA: A Drug-Dependent HIV-1 Strain

To address this issue, we decided to explore an innovative strategy of HIV-1 design 
by imposing control over virus replication by a nontoxic effector molecule. The 
unique feature of such a virus is that the inserted genetic elements should be essen-
tial for viral gene expression and replication and therefore stably maintained in the 
viral genome. Tight control of virus replication is an attractive asset of an attenu-
ated HIV vaccine to study the correlates of protection. First, by limiting the extent 
of virus replication and consequently insuring a reduced spectrum of mutants, one 
reduces the chances of reversion of the attenuated to a pathogenic phenotype. In 
contrast, rampant virus replication generates a broad mutant spectrum and is thus 
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not desirable. Second, HIV-1 preferentially replicates in antigen specific memory 
CD4+ T-lymphocytes, in particular those that can specifically recognize HIV-infect-
ed cells, which are key effector cells of the immune system raised against the viral 
infection [17]. Control of viral replication should hence limit the loss of cells in this 
critical HIV-specific CD4+ T cell pool. Last, tight replication control permits strict 
timing of antigen expression (“boosting on demand”), which provides an attractive 
tool to decipher whether ongoing vaccine virus replication is needed for durable 
protection. Overall, it is likely that such a conditional live HIV would significantly 
contribute to HIV vaccine development, by helping defining the correlates of pro-
tection against HIV via the induction of an effective immune response, as generated 
with standard replication-defective or live-attenuated viral vaccines, but in addition 
in a time-controllable manner.

Fig. 35.1   Schematic of the dox-inducible lentiviral vectors [41]. Vectors are based on the third gen-
eration self-inactivating lentiviral vectors, containing the central polypurine tract ( cPPT) and the 
hepatitis B virus posttranscriptional regulatory element ( PRE). a In the TRECMV-V14 lentiviral 
vector, reverse tetracycline transactivator ( rtTA) expression is driven by the constitutive cytomega-
lovirus ( CMV) promoter and the green fluorescent protein ( GFP) from the tetracycline-responsive 
element TRE promoter. b In TREAuto-V14, the TRE promoter expresses a bicistronic mRNA 
that encodes both GFP and rtTA, the latter via an internal ribosomal entry site ( IRES). LTR long 
terminal repeat
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To obtain such a drug-dependent HIV-1 strain, we have inserted elements of the 
inducible Tet-On system into the viral genome (Fig. 35.1). In wild-type HIV-1, tran-
scription of the viral genome is enhanced by the viral Tat protein through interaction 
with the viral transactivating response (TAR) ribonucleic acid (RNA) element. In 
HIV reverse tetracycline transactivator (rtTA), Tat and TAR were inactivated by 
mutations and functionally replaced by the components of the Escherichia coli-
derived tetracycline-inducible (Tet-On) gene expression system [18]. This system 
is based on two elements: the tetracycline-inducible repressor protein (TetR) and its 
tet operator (tetO) deoxyribonucleic acid (DNA) binding site [19]. In HIV-rtTA, the 
new transcriptional activator is the rtTA protein, a fusion protein between TetR and 
the activation domain of the herpes simplex virus VP16 protein [20]. The gene cod-
ing for the rtTA protein replaces the nef gene in HIV-rtTA, and the tetO sequences 
were inserted in the viral promoter region of the long terminal repeat (LTR). Virus 
transcription is controlled by the antibiotic dox, a nontoxic and selective effector 
molecule. Dox binds to rtTA and induces a conformational change that triggers 
specific binding to the tetO DNA sequence that consequently leads to viral tran-
scription and replication.

Strategies based on the tetracycline operon elements have also been implement-
ed to gain external control over replication of a variety of viruses. Modifying the 
herpes simplex virus type 1 (HSV-1) genome by incorporation of a Tet-repressor 
modified promoter to drive the transexpression of a dominant negative mutant of 
an essential factor for viral replication, it was reported that tetracycline addition 
strongly reduced HSV-1 production in vitro [21]. More recently, an alternative 
HSV-1 recombinant demonstrated dose-dependent tetracycline-mediated regulation 
of viral replication [22]. In a model of conditionally replicative adenovirus, it was 
shown that addition/withdrawal of dox in vitro or in vivo—after oral administration 
in immunodeficient nude mice—imposed a tight control on viral replication [23]. 
Vaccinia virus (VACV) recombinants engineered for the tetracycline-dependent, 
inducible expression of viral genes essential for VACV replication demonstrated 
similar replication capacity as wild-type VACV, but exclusively in the presence 
of dox [24]. These examples indicate that Tet-On-based control over viral replica-
tion may provide a general strategy to generate effective virus constructs or vectors 
for vaccination purposes. Using HIV-rtTA as evolution machine, we have selected 
greatly improved versions of the Tet-On system that should facilitate such strategies 
(see below).

We extensively studied the in vitro replication characteristics of the drug-de-
pendent HIV-rtTA variant and demonstrated that it can be turned on and off at will 
by simple dox addition/withdrawal. The original HIV-rtTA, in which eight tetO-
binding sites were inserted in the LTR, replicated poorly as compared to the parental 
wild-type LAI strain [25, 26]. However, after prolonged culturing of HIV-rtTA, we 
were able to select optimized virus variants with improved replication capacity, 
notably due to deletion of six of the eight tetO-binding sites and deletion of 15 base 
pairs in the spacer between the two remaining tetO-binding sites [25, 26]. Efficient 
replication of the optimized HIV-rtTA virus has been demonstrated in T cell lines 
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and peripheral blood mononuclear cells (PBMCs), but also ex vivo on human lym-
phoid tonsil tissue [27].

Additional genetic information introduced into the HIV genome is usually rap-
idly deleted if it does not encode any essential viral function. However, the inserted 
Tet-On replication axis was stably maintained in HIV-rtTA over many years of cu-
mulative in vitro replication and therefore proven critical for viral replication. In 
addition, the inactivated Tat–TAR axis was not functionally repaired over time. In 
the absence of dox, HIV-rtTA does not replicate. In traditional Tet-On system ap-
plications, rtTA is produced from a constitutive promoter and this protein will thus 
accumulate over time, resulting in some degree of expression leakiness. In contrast, 
the HIV-rtTA genetic organization ensures that viral gene expression is controlled 
by an inducible autoregulatory loop. As a consequence, rtTA production is virtually 
undetectable in the absence of dox, therefore imposing a very strict dox-control 
over HIV-rtTA replication.

Of note, HIV-rtTA also represents a valuable tool to improve the Tet-On system 
technology. Indeed, through spontaneous virus evolution, we were able to select 
rtTA proteins with improved function. For instance, we identified rtTA mutants 
that can be activated at minimal dox-levels (rtTA-V14; 10 ng/mL dox) [28, 29] as 
compared to the commercially available rtTA2S-S2 and rtTA2S-M2 variants (1000 
ng/mL dox) [30]. The selected mutations enhance both the transcriptional activity 
and dox-sensitivity of rtTA, which is available as the third generation (3G) Tet-
On system from Clontech [28, 29]. In vivo, such rtTA variants may be useful to 
achieve high-level replication in tissues that may receive suboptimal dox-levels due 
to bioavailability restrictions, as will be discussed in the following section. We also 
described rtTA variants that reinforce the long-term dox-dependency [31, 32].

35.2  Evaluating Dox Bioavailability In Vivo

Before analyzing the in vivo behavior of the HIV-rtTA virus, we addressed two 
important technical issues, namely the bioavailability of dox in various anatomical 
locations and the efficacy of an rtTA-based gene expression system in this context. 
For this, we generated BALB/c Rag2−/− IL-2Rγc

−/− (BRG) human immune system 
(HIS) mice by injecting fetal liver CD34+ CD38− human hematopoietic progenitor 
cells (hHPCs) into immunodeficient newborn BRG mice [33–35]. All major subsets 
of the human innate and adaptive immune system are present in the reconstituted 
BRG-HIS mice, including T and B cells, conventional dendritic cells (cDCs), plas-
macytoid dendritic cells (pDCs), macrophages, and natural killer cells. Similarly to 
what has been reported in other humanized mouse models of the immune system, 
productive infection of BRG-HIS mice with HIV-1 is possible (both X4- and R5-
tropic strains), with infection parameters being reminiscent of those observed in 
humans [36–39]. The BRG-HIS mouse model therefore represents an attractive tool 
to analyze HIV-1 pathogenesis and to test the potential of new antiviral compounds 
in an in vivo setting.
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One important parameter to consider when evaluating HIV-rtTA in vivo is the 
delivery of dox, its diffusion, and distribution in the animals that will affect the ki-
netics of on:off dox responses. We addressed this question in the BRG-HIS mice by 
setting up a biological assay to measure dox concentrations in small samples [40]. 
We compared two noninvasive methods of dox delivery to the BRG-HIS mice, in 
the drinking water or the diet of the animals. The possibility to reach high plasmatic 
dox levels (> 1000 ng/mL) and the kinetics of dox build-up/decay in the plasma 
were similar for the two administration routes, with a dox plateau reached some 3 
days after dox-administration [41]. Dox levels became undetectable 2–3 days after 
dox-withdrawal. Higher dox concentrations were reached with dox-diet than dox-
water, which is of importance for an efficient delivery to organs with restricted dox 
diffusion. For example, hardly any dox could be detected in the brain—that is in 
the cerebrospinal fluid samples—after delivery by drinking water, whereas a dox 
concentration of ~ 400 ng/mL was achieved with a high dose dox-diet (6 g/kg). This 
observation also highlights the relevance of new, more sensitive rtTA variants, ob-
tained through in vitro viral evolution of HIV-rtTA, for certain in vivo experiments. 
Indeed, the rtTA-V14 variant, that is activated at reduced dox-levels (10 ng/mL dox) 
[28, 29], insures better onset of expression/replication even in restricted anatomical 
locations. Dox-containing food presents several advantages over drinking water, 
e.g., protection of light-sensitive dox from light, improved dox stability over time 
and less frequent supply replacements (once a week). When delivered in drinking 
water, dox has to be refreshed every other day. This delivery route also requires su-
crose addition to mask the bitter taste of dox, thus influencing the daily water intake 
by the animals and limiting the maximal concentration of dox [42–44].

Fig. 35.2   Schematic of the HIV-1 LAI, HIV-1 LAI-ΔNef and HIV reverse tetracycline transacti-
vator ( rtTA) genomes [49]. a In HIV-1 LAI, transcription and replication of the virus is dependent 
on the Tat–transactivating response ( TAR) axis with Tat binding to the TAR hairpin at the 5’-end 
of the nascent HIV-1 transcripts. The out-of-frame, 106 bp deletion in the nef gene of the HIV-1 
LAI-ΔNef variant is indicated. b In HIV-rtTA, the Tat–TAR axis of transcription regulation has 
been inactivated by mutations in both Tat (Y26A) and TAR (five mutations in the bulge and loop 
elements). Transcription and replication of the virus became doxycycline ( dox) dependent by the 
introduction of tet operator ( tetO) elements in the U3 promoter region and replacement of the nef 
gene for the rtTA gene. LTR long terminal repeat
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To evaluate dox bioavailability in the lymphoid organs of BRG-HIS mice, we 
made use of two inducible lentiviral vectors in which green fluorescent protein 
(GFP) expression is driven from a dox-dependent promoter. In the TRECMV-V14 
vector, rtTA was expressed from a constitutive promoter, whereas the TREAuto-V14 
vector expressed rtTA from a dox-dependent promoter placed in an autoregulatory 
loop setting [45], similarly to the design of HIV-rtTA [41]. Both vectors encode the 
ultra-sensitive rtTA-V14 variant. The hHPCs were transduced with a lentiviral vec-
tor and inoculated as a bulk cell population into the newborn BRG mice, thereby 
generating BRG-HIS mice in which a fraction of the human hematopoietic cells 
should express GFP upon dox exposure (Fig. 35.2).

The autoregulatory TREAuto-V14 lentiviral vector exhibited enhanced dox-
induced gene expression and improved genetic control in the absence of dox, as 
compared to the constitutive TRECMV-V14 lentiviral vector [41]. Both gene ex-
pression systems allowed efficient reporter gene expression—and hence effective 
dox diffusion—in all analyzed lymphoid organs, i.e., spleen, bone marrow, liver, 
and thymus, underscoring that dox delivery and diffusion is not a limiting factor 
in the study of HIV-rtTA replication. Moreover, multiple rounds of dox-dependent 
gene expression could be induced in human hematopoietic cells in vivo, which is an 
important feature for gene-therapy applications when toxicity induced by overex-
pression or long-term exposure to the transgene product has to be avoided [46–48].

35.3  HIV-rtTA Pathogenesis in BRG-HIS Mice

Having established that dox administration and diffusion was not a limiting factor in 
vivo, an initial evaluation of the HIV-rtTA replication properties and pathogenicity 
was performed in BRG-HIS mice. Dox-fed BRG-HIS mice (> 10 weeks old) were 
infected with 5.104 TCID50 of either HIV-rtTA or the parental HIV-1 LAI strain. 
Furthermore, a ΔNef variant of HIV-1 LAI was included as a control for HIV-rtTA, 
which carries a deletion in the ΔNef gene to accommodate the rtTA gene insertion. 
A productive infection by HIV-rtTA was established in vivo in the presence of dox 
in the HIV-rtTA-infected BRG-HIS mice, as illustrated by the gradual accumulation 
of viral RNA in the plasma, reaching a plateau of ~ 105 viral RNA copies/mL at 4–5 
weeks postinfection [49]. However, HIV-rtTA viremia was delayed as compared to 
the parental HIV-1 LAI-infected BRG-HIS mice (peak at 106 viral RNA copy/mL 
at 1 week postinfection followed by a plateau at ~ 104–105 RNA copies/mL). HIV-
rtTA established a disseminated infection, as a high frequency of capside (CA)-p24+ 
human cells were detected in the spleen and bone marrow of the HIV-rtTA-infected 
animals. However, despite active replication in the presence of dox, HIV-rtTA did 
not induce human CD4+ T cell depletion in the blood or the lymphoid organs. In 
contrast, HIV-1 LAI replication in BRG-HIS mice was accompanied by a dramatic 
depletion of human CD4+ T cells as early as 2 weeks postinfection. Importantly, we 
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reported that HIV-rtTA was genetically stable in vivo and did not show any sign of 
escape from dox-control for up to 10 weeks of infection.

The fact that we could detect a high frequency of CA-p24+ human cells in the or-
gans of the HIV-rtTA-infected animals, and that more than 95 % of these target cells 
were human CD4+ T cells, confirmed that HIV-rtTA is able to productively infect 
these human cells in vivo. Introduction of the Tet-On system in the HIV-1 genome 
appeared not to change the viral cell tropism, although more sensitive in situ stain-
ing is required to address this issue in further detail. We were able to recover rep-
licating virus as evidenced by the capacity of splenocytes of HIV-rtTA-infected 
animals to spread the infection to co-cultured activated PBMCs ex vivo. Moreover, 
the absence of human CD4+ T cell depletion in HIV-rtTA-infected animals cannot 
be explained by the replacement of the nef gene by the rtTA gene in the viral ge-
nome, as HIV-LAI-ΔNef also induced depletion of the human CD4+ T cell in the 
blood and the lymphoid organs in vivo, but with a 1–2-week delay as compared to 
HIV-1 LAI [49]. Ten weeks after onset of infection, HIS mice infected with either 
HIV-1 LAI or HIV-LAI-ΔNef exhibited similar numbers of human cells in central 
and peripheral lymphoid organs, including the thymus, therefore demonstrating a 
similar long-term pathogenicity ([49], Centlivre M. personal unpublished data). The 
attenuated phenotype concomitant with nef deletion was also observed in the “bone 
marrow, liver, thymus” (BLT) humanized mouse model, but unlike in our study, a 
limited loss of the human CD4+ T cells and thymocytes was reported [50]. This dif-
ference in pathogenicity associated with the nef deletion may be due to differential 
deletion strategies in the nef gene—an out-of-frame 106 bp deletion upstream of the 
polypurine tract [49] versus two large deletions flanking the polypurine tract [50]—
and/or intrinsic properties of the respective humanized mouse models used in these 
studies. In particular, human thymopoiesis in the BRG-HIS mice is supported by 
the murine thymus, whereas human T cell development predominantly takes place 
in a human thymic organoid in the BLT mice. Overall, pathogenicity observed for 
HIV-rtTA was less severe than that of the parental HIV-1 LAI virus and the ΔNef 
control, with evidence of delayed viremia, absence of human CD4+ T cell depletion 
and accumulation of CA-p24+ human CD4+ T cells.

We hypothesized that the lack of human CD4+ T cell depletion could be attrib-
uted to the emergence of an anti-HIV B cell response in the HIV-rtTA infected 
humanized mice. However, we were not able to detect anti-HIV antibodies in these 
animals, using ELISA- and Western blot-based human clinical assays [49]. The 
maintenance of human helper CD4+ T cells did not support the generation of an 
antibody response, which therefore seems to depend on mechanisms that appear 
suboptimal in BRG-HIS mice. Considering the rare occurrence of human T cell 
responses in BRG-HIS mice reported so far, it also seems unlikely that the human 
T cell response against HIV-rtTA is responsible for the absence of human CD4+ T 
cell depletion. However, we observed a trend towards enhanced numbers of hu-
man CD4+ and CD8+ T cells in the spleen, liver, and blood of HIV-rtTA-infected 
animals at 10 weeks after infection, as compared to the mock-infected BRG-HIS 
mice. This does not necessarily reflect an anti-HIV-rtTA T cell response but could 
be due to a more general immune activation mechanism, mediated by HIV infection 
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and leading to an accumulation of T cells in the context of a nondepleting CD4+ T 
cell infection.

35.4  Conclusions

We demonstrated the proof-of-concept of dox-dependent gene expression in human 
hematopoietic cell populations of BRG-HIS mice using dox-inducible HIV-based 
lentiviral vectors. Furthermore, a bioassay to measure the dox concentration in small 
biological samples permitted us to monitor drug levels in BRG-HIS mice. HIV-rtTA 
infection of dox-fed BRG-HIS mice led to a productive and disseminated infection 
without inducing human CD4+ T cell depletion. Genetic stability of HIV-rtTA was 
demonstrated, without the emergence of dox-independent virus variants or a rever-
sion towards a functional Tat–TAR axis. Despite vigorous virus replication, we were 
unable to detect any sign of anti-HIV B cell responses in HIV-rtTA-infected BRG-
HIS mice. This research line is currently extended to dox-controlled SIV, which 
allows testing and safety monitoring of this innovative vaccination strategy in the 
rhesus macaque model. Comparison of the data obtained in these two models will 
be of particular interest to judge the intrinsic value of humanized mouse models as 
preclinical platform for the evaluation of drugs, new antiviral therapeutics strategies, 
and vaccines. The first data obtained indicate that the conditional-live, attenuated 
SIV-rtTAΔnef strain exhibits a decent replicative capacity in vivo [51]. The peak vi-
remia obtained with the SIV-rtTAΔnef virus is around two log10 lower than that of the 
parental SIVΔnef strain. This corroborates the results obtained in the BRG-HIS mice 
where HIV-rtTA viremia was delayed as compared to the parental HIV-1ΔNef strain. 
Despite a shift towards increase of effector memory T cell frequency, the capacity 
of the animals to mount a protective response after a challenge with virulent virus 
remains to be determined. Pilot challenge experiments indicate that a dox-window 
of 20 weeks suffices for full protection (Berkhout B., personal unpublished results).

Overall, the proof-of-concept for the in vivo replicative capacity of the dox-
dependent HIV-rtTA was obtained. This conditional-live HIV-rtTA virus is a pow-
erful reagent that may help to define the exact correlates of vaccine protection, 
in particular the importance of ongoing virus replication. Moreover, the ability to 
control virus replication in a graded manner from the outside by a nontoxic effector 
molecule will provide a unique tool to study the relationship between virus replica-
tion and pathogenicity. However, there are several issues that need to be addressed 
before HIV-rtTA can be further developed as a safe vaccination strategy. Extensive 
in vitro analysis of HIV-rtTA has already generated distinct safety measures, includ-
ing the use of safety-lock codons to prevent the evolution of virus variants with re-
duced dox-dependency [31]. Potential safety concerns have to be neutralized fully, 
including the risks associated with inter-HIV recombination events, integration of 
HIV-rtTA into the human genome, or undesired viral reactivation due to future dox 
treatment not related to the vaccination protocol. As already mentioned, efficacy 
after a virulent HIV challenge will be evaluated in nonhuman primates using the 
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SIV-rtTAΔnef virus. A similar evaluation will have to be performed with HIV-rtTA 
in humanized mouse models of immunity optimized for immunological function-
ality. Further in vivo evaluation of conditional live HIV-rtTA/SIV-rtTAΔnef in 
humanized mice and rhesus macaques will bring us essential knowledge for the 
generation of a safe and effective HIV vaccine.
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36.1  The Need for Animal Models for Human 
Hepatotropic Pathogens

Hepatotropic pathogens, in particular hepatitis viruses and plasmodial parasites 
causing malaria, account for more than 800 million infections worldwide and con-
tribute substantially to human morbidity and mortality. Plasmodium falciparum 
and Plasmodium vivax infect annually 250 and 80 million people, respectively, and 
are responsible for about 1 million malaria-related deaths primarily in young chil-
dren [1]. Five hepatitis viruses are recognized to cause disease in humans. While 
hepatitis A (HAV) and E viruses (HEV) primarily cause acute, often self-limiting 
infections, hepatitis C (HCV), B (HBV) and delta viruses (HDV)—the latter only 
in conjunction with HBV—have a high propensity for chronicity [2–4]. Chronic 
viral hepatitis frequently results in severe liver disease, which can culminate in 
hepatocarcinogenesis [5–7]. HBV infection and consequently HDV, a satellite virus 
that requires an underlying HBV to propagate its genome [8], can be prevented ef-
ficiently by prophylactic vaccination. The currently available anti-HBV drugs can 
efficiently suppress the virus; however, they can only rarely eradicate the virus and 
completely cure the patient [9]. Therefore, chronically infected patients with an 
active disease must usually be treated with antiviral agents for lifelong, resulting 
in significant morbidity and costs, not to mention the risk of emerging mutants and 
viral reactivation.

A study of human hepatotropic viruses has been hampered by the lack of infec-
tious systems that accurately mimic the unique host environment of the liver [10]. 
By and large, only a few human cell lines efficiently support replication of hepatitis 
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viruses—in particular HCV and HBV, but their transformed nature does not reflect 
normal hepatocyte physiology. Primary human hepatocytes replicate hepatitis vi-
ruses only inefficiently, in part due to the difficulty in maintaining their highly dif-
ferentiated phenotype in cell culture [10]). A study of hepatotropic pathogens in the 
physiological 3D context of an intact liver would be highly desirable, but animal 
models are scarce [11] because of the narrow host range of plasmodial parasites 
causing malaria in humans and most of the known human hepatitis viruses. Chim-
panzees are the only immunocompetent species besides humans that are naturally 
susceptible to many of the aforementioned pathogens [12]. However, large apes are 
not amenable to genetic manipulation, as an outbred species they are genetically 
highly variable, and liver tissue is not readily accessible. Furthermore, the National 
Institutes of Health moratorium on “nonessential” chimpanzee research [13] will 
severely limit future chimpanzee research, and thus alternative animal models are 
urgently needed.

Humanized mice have emerged as an important technology that has the potential 
to fill this void. In this chapter, we discuss human liver chimeric mice, which are 
susceptible to human hepatotropic pathogens. In addition, we focus on approach-
es for co-engraftment with components of a human immune system, which may 
facilitate the analysis of human immune responses, pathogenesis, and the preclini-
cal evaluation of vaccine candidates (Fig. 36.1).

a
Human liver

b
Human immune system

c
Human immune system and liver

HIS/HEP-mice
Immune responses and pathogenesis of

hepatotropic pathogens, preclinical testing
of vaccine candidates

HEP-mice
Human hepatotropic pathogens (HAV,
HBV, HCV, HDV, HEV, malaria causing

parasites), DMPK, toxicology

HIS-mice
Human lymphotropic pathogens (e.g.

EBV, HIV...)

Fig. 36.1   Applications of dually reconstituted mice. HAV hepatitis A virus, HBV hepatitis B virus, 
HCV hepatitis C virus, HDV hepatitis delta virus, HEV hepatitis E virus, DMPK drug metabo-
lism and pharmacokinetics, EBV Epstein Barr virus, HIS Human Immune System, HEP Human 
Hepatocyte
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36.2  Human Liver Chimeric Mice

To develop a small animal model susceptible to hepatotropic pathogens, human he-
patocytes must be robustly engrafted. Although liver fragments can be grafted at ec-
topic sites (i.e., under the kidney capsule), these models do not take into account the 
liver’s unique architecture. Successful repopulation of the liver with injected cells 
depends on three parameters: sufficient ablation of the host’s immune system to 
inhibit rejection mechanisms, creation of a niche in which the cells will engraft, and 
maintenance of a selective advantage for the donor over the host cells (Fig. 36.2).

With the aim of obtaining hosts permissive for transplantation of human cells, 
immunodeficient mice lacking B, T, (Scid, Rag1-/- or Rag2-/- mice) and natural killer 
(NK) lymphocytes (Rag2-/-IL2Rgc

-/- mice) were bred with animals harboring severe 
liver damage to create an environment of competitive liver regeneration. The first 
model was developed from mice carrying a urokinase plasminogen activator (uPA) 
transgene under the control of the albumin promoter/enhancer [14]. Originally, uPA 
transgenic mice were established to study blood clotting mechanisms. However, the 
transgene caused hepatocyte cytolysis, hypofibrinogenemia, and severe liver dam-
age, thus, creating a niche in which mouse, rat, or human hepatocytes could engraft, 
proliferate, and regenerate the diseased liver in the context of an immunosuppressed 
host [15–17].

The second model was initially developed to study a human metabolic disease 
affecting the liver and kidneys, hereditary tyrosinaemia type I, caused by a deficien-
cy of fumarylacetoacetate hydrolase (FAH). This enzyme is the last step in tyrosine 
catabolism and its deficiency causes toxic metabolites to accumulate in patients 
and FAH-/- mice, leading to neonatal death in mice [18]. Treating with the drug 
2-(2-nitro-4-trifluoro-methylbenzyol)-1, 3-cyclohexanedione (NTBC) can bypass 
the lethality, and cycling the drug on and off in mice renders them permissive for 
exogenous hepatocyte repopulation [19, 20]. Subsequently, efficient human hepa-
tocyte repopulation was demonstrated in immunodeficient FAH-/- mice, although 
additional liver damage, through the use of an adenoviral vector expressing uPA, 
was required for human cell engraftment [21, 22].

Recently, a third model based on the expression of the herpes simplex virus thy-
midine kinase (HSVtk) transgene under control of the albumin promoter/enhancer 
in immunodeficient NOD/Shi-scid/IL-2Rgamma [null] (NOG) mice was described 
[23]. In these animals, administration of ganciclovir induces liver damage, creating 
a niche into which human hepatocytes engraft, resulting in high levels of repopula-
tion.

By using either uPA transgenic, FAH-/-, or HSVtk immunodeficient mice, nu-
merous studies showed that these models support high levels of liver chimerism 
(20–90 %) for several months, producing human serum proteins such as clotting 
factors and complement proteins, and demonstrating human drug metabolizing 
activities that are essential for toxicology studies [23–26]. To compare the dif-
ferent models and follow the engraftment longitudinally, the gold standard is an 
enzyme-linked immunosorbent assay (ELISA) specific for human albumin (hAlb), 
which quantifies human chimerism and functional hepatocyte engraftment. It is 
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Fig.  36.2   Creation and future improvements of dually reconstituted mice. NTBC 2-(2-nitro-
4-trifluoro-methylbenzyol)-1, 3-cyclohexanedione, HSC hematopoietic stem cell, HBV hepatitis 
B virus, HCV hepatitis C virus. ([62], republished with the permission of the American Society for 
Clinical Investigation, permission conveyed through Copyright Clearance Center, Inc)
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noteworthy that all of these models present  advantages and caveats, and each model 
should be chosen to answer a specific question, a side-by-side comparison is pre-
sented in Table 36.1 [27–29].

The uPA transgenic and FAH-/- immunodeficient mice harboring human hepato-
cytes (HUHEP mice) were shown to be productively infected with HBV and HCV, 
replicating the entire viral life cycle in vivo and resulting in high levels of viremia 
[17, 30, 31] reviewed in [32]. In both humanized models, HBV is more infectious 
than HCV, the latter requiring higher levels of human chimerism (> 50 %, equivalent 
to mg/ml hAlb) to result in a successful infection [31–33]. Differences in viral par-
ticle structure and entry mechanisms could account for this observation.

To develop novel therapeutic treatments, HBV-infected HUHEP mice were test-
ed for the efficacy of antiviral compounds such as Lamivudine or BAY 41-4109 and 
more classical interferon alpha (IFNa) therapy [34–36]. Although these drugs re-
duced viremia, they did not result in viral eradication, probably due to the inability 
to covalently closed circular DNA (eliminate cccDNA).

Table 36.1   Animal models for liver humanization
Model Colony 

management
Hepatocyte 
engraftment

hES- and 
hiPS-
derived 
hepatocyte 
engraftment

Double 
humaniza-
tion of the 
immune 
system and 
liver

HBV and 
HCV 
infections

Alb-uPA Homozygous 
animals are 
sterile, fertility 
is restored by 
transplant-
ing allogeneic 
hepatocytes

Non-inducible sys-
tem, mice must be 
transplanted a few 
weeks after birth

Yes, low 
levels of 
repopulation

Not shown Yes, high 
viral titers in 
plasma

FAH Normal fertility, 
continuous 
NTBC treat-
ment and/or low 
tyrosine diet

Inducible system 
with NTBC treat-
ment, mice must 
be monitored daily 
during NTBC 
cycling

Not shown Not shown Yes, high 
viral titers in 
plasma

TK-NOG Males are 
sterile, breeding 
with TK-NOG 
females and 
NOG males

Inducible sys-
tem with GCV 
treatment

Not shown Not shown Not shown

Caspase 8 Normal fertility Inducible system, 
toxicity unknown

Not shown Yes Yes for HCV: 
no viral titers 
in plasma, 
RNA only 
detected in 
the liver

FAH fumarylacetoacetate hydrolase, TK-NOG thymidine kinase- NOD/Shi-scid/IL-2Rgamma 
(null), GCV Ganciclovir, hES human embryonic stem cell, hiPS human induced pluripotent stem 
cell, HBV hepatitis B virus, HCV hepatitis C virus, NTBC 2-(2-nitro-4-trifluoro-methylbenzyol)-1, 
3-cyclohexanedione, RNA ribonucleic acid
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Structural analysis of HCV particles produced by humanized mice showed simi-
larities with those analyzed from chimpanzees and humans, whereas cell culture 
derived particles were most divergent, further demonstrating the pertinence of these 
in vivo models [37]. The evaluation of prophylactic or therapeutic compounds for 
HCV has been extensively conducted in uPA HUHEP mice. For example, antibod-
ies directed against HCV receptors (CD81 and SR-BI) blocked or delayed the onset 
of infection in HUHEP mice when administered at the time of inoculation [38, 39]. 
Direct acting antivirals such as a NS3-4A protease inhibitor (telaprevir) or a NS5B 
polymerase inhibitor (HCV371) demonstrated similar results in HUHEP mice as in 
chimpanzees [40–42].

Taken together, this body of work demonstrates the potential use of HUHEP 
mice to analyze the complete viral life cycle, assay virus entry inhibitors or anti-
viral molecules, and evaluate potential drug toxicities. However, these models do 
not take into account immune mediated responses, which are intrinsic to the patho-
physiology generated by hepatotropic viral infections. Deciphering the cross-talk 
between the infected hepatocyte and immune cells, as well as the balance between 
proinflammatory and immunosuppressive responses, remain major challenges in 
the field.

36.3  Dually Engrafted Mice

With the goal of establishing an animal model humanized for both the immune 
system and liver, L. Su et al. generated mice with an active Caspase 8 fused to 
the FK506 binding domain (FKBP) under the control of the albumin promoter in 
BALB/c Rag2-/-IL2Rgc

-/- mice (AFC8 mice) [43]. Repeated administration of the 
drug AP20187 led to dimerization of active Caspase 8 and mouse hepatocyte apop-
tosis. By coinjecting CD34+ human hematopoietic stem cells with human hepatocyte 
progenitors from a common source of fetal liver, a syngeneic humanized immune 
system and chimeric liver were generated. Following inoculation with HCV, about 
half of the animals had low levels of viral RNA in the liver, but no viremia was de-
tectable in the serum. The HCV-infected animals showed hepatic inflammation with 
a recruitment of Kupffer cells (CD68+), as well as CD4 and CD8 T cell responses 
following HCV peptide stimulation ex vivo. Portal fibrosis was also observed in 
the infected animals, with elevated levels of human Tissue inhibitor of metallopro-
teinase 1 (TIMP1) and collagen 1A1 in the liver of a few animals. Further analysis 
of the molecular and cellular mediators of the immunopathologies in HCV-infected 
humanized AFC8 mice would be useful to understand the evolution of the disease.

The AFC8 mice provided a proof-of-principle that a dually humanized small 
animal model could be generated. The incomplete differentiation of human hepato-
blasts could play a role in the low level of human hepatocyte repopulation, and thus 
an absence of high-level viremia following HCV inoculation. Alternatively, more 
sustained liver damage could be required to obtain higher levels of human chime-
rism, but with the risk of creating an inflammatory environment in the liver, which 
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could interfere with interpretations of virus-induced pathologies. Although the 
humanized immune system and hepatocytes are human leukocyte antigen (HLA) 
matched in this model, the T cells are educated on mouse Major histocompatibility 
complex (MHC). The addition of HLA transgenes to this model could enhance the 
T cell mediated response [44, 45]. The early onset of liver fibrosis, within 3 months 
following infection, is remarkable and is an unusually rapid progression compared 
to the relevant clinical setting. In patients, HCV-associated liver fibrosis usually 
develops only after years, sometimes decades, of persistent infection.

36.4  Utility and Necessary Improvements of Dually 
Engrafted Animals

Human liver chimeric mice are susceptible to a variety of human hepatotropic 
pathogens, including HBV [25, 31], HCV [25, 30, 31]; HDV [46] and P. falciparum 
[47–49], which has opened unprecedented opportunities to study their interactions 
with the human host (Fig. 36.2). Furthermore, liver humanized mice are increas-
ingly used to assess preclinically the efficacy of drug candidates (reviewed in [32]). 
In this respect, it is particularly attractive that highly engrafted animals exhibit hu-
man-like metabolic profiles presumably increasing the predictive value DMPK and 
toxicological studies (reviewed in [50]; Fig. 36.2). To systematically investigate 
the impact of human host genetics on human liver disease it would be desirable to 
engraft animals with patient-specific hepatocytes. Induced pluripotent stem cells 
(iPSCs) can be routinely generated from easily accessible tissues, such as blood 
and skin in a process of cellular reprogramming and are easily grown, scalable, 
and can in a developmentally appropriate and efficient manner be differentiated to-
wards the hepatocyte lineage [28, 51–53] (Fig. 36.2). Unfortunately, the functional 
engraftment and repopulation of stem-cell-derived hepatocytes in existing chimeric 
mouse models have been limited to date [29, 53–55]. Furthermore, it will be critical 
to more closely reproduce the cellular complexity of the liver. Current protocols 
facilitate only engraftment with human adult hepatocytes. However, other human 
nonparenchymal cells which shape liver function and modulate immune responses 
to infection, including stellate cells, liver sinusoidal endothelial cells, and cholan-
giocytes cannot be detected (Fig. 36.2).

With the advent of better, more immunocompromized xenorecipient strains (re-
viewed in [44, 56]), mice can now be routinely transplanted with human hemato-
poietic stem cells, yielding multilineage human cell engraftment. In general, hu-
man lymphocyte populations including B, T, and NK cells can be readily detected 
[57, 58]. However, cells derived from the erythro-myeloid lineage, such as various 
dendritic cell populations, macrophages, megakaryocytes, and erythrocytes, are un-
derrepresented presumably due to the limited biological cross-reactivity of certain 
 critical lineage-promoting cytokines (reviewed in [59]). These imbalances along 
with other factors such as the suboptimal architectural organization of lymphoid or-
gans and the lack of human major-histocompatibility complex genes result in a rath-
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er limited functional output from the engrafted human immune system (reviewed in 
[60]). Weak antigen-specific immune responses can be detected in humanized mice 
following challenge with lymphotropic viruses (e.g., Dengue virus, human immu-
nodeficiency virus (HIV), or Epstein Barr virus), but they are generally not protec-
tive (reviewed in [61]). Consequently, existing models need to be further refined to 
attain stronger human cellular and humoral immune responses.

Undoubtedly, mice harboring both human hepatocytes and immune cells would 
be very useful for dissecting correlates of protection to human hepatotropic patho-
gens and for analysis of liver pathogenesis, especially in the context of clinically 
relevant coinfections (e.g., with HIV; Fig. 36.1). Proof-of-concept has been estab-
lished that mice can be created that contain both tissue compartments [43]. Fol-
lowing HCV challenge, these dually engrafted AFC8 mice mounted HCV-specific 
human T cell responses and developed signs of liver disease. The very low human 
hepatic chimerism may be an inherent problem of the AFC8 model, which would 
likely be resolved using other, better characterized liver injury models including im-
munodeficient Alb-uPA transgenic, FAH-/-, and/or HSVtk transgenic mice. Future 
studies need to focus on substantially improving the robustness of the engraftment 
for both compartments. These optimized doubly engrafted animals will be valuable 
models to study the pathophysiology of hepatotropic infections, and to evaluate 
prophylactic and therapeutic therapies in the context of challenge experiments.
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37.1  Introduction

Dengue virus, the causative agent of dengue fever, is transmitted to humans by the 
bite of an infected Aedes mosquito. Over 3 billion people live in endemic areas and 
therefore are at increased risk to contract the disease with an estimated 50–100 mil-
lion new infections a year [1, 2]. Dengue virus (DENV) belongs to the family Fla-
viviridae and is comprised of four closely related serotypes: DENV-1, DENV-2, 
DENV-3 and DENV-4. In the continental USA, while cases of dengue were non-
existent until 1980, there have been outbreaks of laboratory-confirmed, locally ac-
quired dengue cases along the Texas-Mexico border. More recently, between 2009 
and 2011, autochthonous dengue fever was discovered in several Florida counties 
with a number of cases emerging in Key West, Florida [3]. The viral ribonucleic 
acid (RNA) genome encodes a single polyprotein which is processed by viral and 
host proteases to produce three structural proteins (core [C], membrane [M], and 
envelope [E]) and seven nonstructural (NS1, NS2a, NS2b, NS3, NS4a, NS4b, and 
NS5) proteins. The study of the molecular characteristics of the virus has provided 
new insights into its biology [4, 5]. A complex interplay between the virus and the 
host’s immune system is widely hypothesized to precipitate the serious and fatal 
form of the disease [6].
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37.2  Dengue Disease, Immune Correlates of Protection 
and Pathogenesis

Most DENV infections are asymptomatic; the majority of subjects with symptom-
atic infections experience an uncomplicated acute illness, dengue fever (DF) that 
lasts for 3–7 days. This may be accompanied by headache, myalgia, and fatigue 
after resolution of the illness [7, 8]. Laboratory findings include leucopenia, throm-
bocytopenia, and mild elevations in serum hepatic transaminases. Less than 3 % of 
infected individuals present with a more severe form of the disease, dengue hemor-
rhagic fever (DHF), which is distinguished from DF primarily by the occurrence 
of vascular leakage. When severe, the leakage can lead to hypotension and circula-
tory shock. Thrombocytopenia is another hallmark of DHF with a platelet count of 
δ100,000/mm3 required to fulfill the case definition of DHF [9, 10]. Volume reple-
tion is a highly successful strategy to treat DHF and the case fatality rate is less than 
1 % in endemic areas when experienced clinicians and nursing staff are available to 
provide care to hospitalized patients [10–12].

Individuals who have been infected for the first time with one dengue virus se-
rotype (primary infection) have long-term protective immunity against reinfection 
with the same serotype [13]. There is transient resistance to infection with other 
dengue virus serotypes after which individuals are susceptible to infection with oth-
er serotypes (secondary infection). Epidemiological observations indicate that 90 % 
of the cases of DHF occur during secondary heterologous DENV infections and that 
the risk of DHF is increased 15–80 times in secondary DENV infections. Memory 
cellular immune responses and/or antibody-dependent enhancement (ADE) of in-
fection—wherein subneutralizing levels of anti-DENV antibodies that are present 
from a previous heterologous infection or passively acquired by an infant from its 
mother—are widely hypothesized to trigger the massive immunological cascade 
responsible for DHF [6].

Significant progress in our understanding of the immunity to dengue viral infec-
tion and the pathogenesis of DHF has come from a wide range of clinical observa-
tions. High titers of dengue virus-specific neutralizing antibodies have been associ-
ated with a lower likelihood of severe disease during secondary infection [14]. In 
patients with severe disease, T cell associated cytokines and markers of activation 
are found to be elevated [6]. Host factors including human leukocyte antigen (HLA) 
alleles, age, nutrition status, and prior T and B cell immunity are key determinants 
of susceptibility to DHF. Individuals carrying the HLA-A*0203 and HLA-A*33 
alleles have been associated with a more resistant phenotype, whereas in contrast, 
patients carrying HLA-A*0207 and HLA-A*24 were found to have increased sus-
ceptibility as determined in ethnic Thai and Vietnamese populations, respectively 
[15–17].

Since antibodies and T cells are critical contributors to DHF pathogenesis, 
characterizing the nature and fine specificity of adaptive immune responses dur-
ing a second infection with any of the four viral serotypes is critical to understand 
how these components can exacerbate severe illness. However, there are signifi-
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cant challenges with clinical samples which include identifying the serotype of the 
previous DENV infection, varying levels of preexisting immunity and transporting 
patient samples in a timely manner to the laboratory from the endemic areas of the 
world.

37.3  Animal Models for Dengue

Given the complex pathogenesis of severe dengue disease, a suitable animal model 
that can mimic clinical disease would be invaluable. The following criteria should 
be considered for all animal models. The ideal animal model should permit natural 
insect transmission, elicit classical disease symptoms, generate protective/enhanc-
ing antibodies and T cell responses, permit vaccine testing, and finally, aid in drug 
discovery. Over the years, mouse and primate models have shed light on protective 
and pathological responses to dengue albeit with some limitations (Table 37.1).

Immunocompetent mice such as C57BL/6 and BALB/c mice require very high 
doses of input virus (> 108 Plaque Forming Unit (PFU)) to induce disease, far greater 
than the amount of virus (~ 104 PFU) believed to be injected subcutaneously into the 
human host by an infected mosquito bite [18, 19]. The intracranial route of inocula-
tion has been used in some studies, which is not the natural route of human infection. 
DENV replication is not typically detected in extraneural sites or in the cell types 
(monocytes, dendritic cells, and lymphocytes) thought to be most relevant to DENV 
infection in humans. To assess the contribution of memory DENV-specific CD8 T 
cells to the immune response in secondary DENV infection, sequential DENV in-
fections were performed in immunocompetent BALB/c mice [20]. However, major 
limitations with immunocompetent mice include the lack of disease symptoms after 
primary or secondary infection and the cells that respond are murine in origin.

Productive replication of laboratory strains of DENV was reported after intra-
venous (i.v.) and subcutaneous (s.c.) infection of mice deficient for both interferon 
(IFN)-α, -β, and -γ receptors in a 129 background [21]. Mice developed paralysis 
and other neurological symptoms which are not cardinal features of dengue disease. 
Generation of a mouse-adapted strain of DENV, designated D2S10, and a triple-
plaque-purified clone of DENV-2 D2S10, designated S221, resulted in a vascular 
leak syndrome with minimal neurological symptoms [22, 23]. AG129 mice develop 
a broadly cross-reactive and long-lasting antibody responses to DENV [24]. ADE 
was demonstrated in AG129 mice by passive transfer of dengue monoclonal an-
tibodies, subneutralizing homotypic serum or cross reactive immune serum. This 
mouse model has also been used for antiviral testing [19, 25, 26]. An obvious limi-
tation of immunodeficient models is the lack of a critical component of the host 
antiviral system. Furthermore, the infected cells, antibody, and T cell responses are 
murine in origin and may not truly reflect human responses to dengue infection. 
While recent work indicates that selective nonadapted strains of virus can induce 
disease [27], most studies also require the use of mouse adapted viral strains to 
cause disease symptoms similar to human dengue.
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Human primates are the only vertebrates known to be infected by dengue virus in 
nature. Infection of chimpanzees and several species of monkeys with physiologic 
doses of DENV (104–106 PFU) via the s.c. route resulted in viral replication. NHPs 
are also used to study ADE and to test the efficacy and safety of candidate vaccines 
[28–31]. In vaccine studies, antibody titers and T cell responses were measured 
and protection was indicated by reduced/absent viremia [32, 33]. Inoculation with 
a higher dose of DENV via an i.v. route recently has been shown to induce hemor-
rhage and coagulopathy [34]. However, this is not a natural route of dengue infec-
tion. Overall, while NHPs develop viremia and neutralizing antibody responses, 
there is only limited evidence of disease or hematologic abnormalities. In addition, 
for large-scale vaccine testing NHP models involve significant cost and accessibility.

Table 37.1   Animal models for dengue
Humanized mice Nonhu-

man 
primates

Standard 
immuno-
competent 
mice

Immunodeficient mice

Hu-HSC 
NSG

BLT-NSG Hu-HSC 
RAG−/− 
γc−/−

NHP BALB/c 
C57BL/6

A129 AG129

Functional 
immune 
system

+++ +++ +++ +++ +++ ± ±

Human 
cells

+++ +++ +++ n/a n/a n/a n/a

Human 
antibody 
response

+++ +++ +++ n/a n/a n/a n/a

Human 
T cell 
response

+++ +++ n/t n/a n/a n/a n/a

Cost ++ +++ ++ ++++ + + +
Disease 
symptoms

Rash 
fever 
weight 
loss

n/t Fever 
weight 
loss

Only 
using 
high 
dose

Only using 
high dose 
or intra-
cerebral 
inoculation

CNS 
syn-
drome 
with lab 
DENV 
strain

Vascular 
syndrome 
with mouse 
DENV 
strain

Dose 
required 
for disease

Moderate Moderate Moder-
ate

High High Moderate Low

References [37–40] [44] [38] [34] [49, 50] [18, 19, 
51]

[18, 19, 22, 
51]

HSC hematopoietic stem cell, RAG recombination-activating gene, DENV dengue virus, BLT 
bone marrow-liver-thymus, NHP non human primate, CNS central nervous system, NSG 
NOD-scid IL2rγnull, n/a not applicable, n/t not tested
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37.4  Humanized Mouse Models for Dengue

Humanized mouse models with multilineage human hematopoiesis and a capacity 
for eliciting human immune responses are likely to overcome many of the limita-
tions observed in mice and NHP models [35, 36]. A major advantage of human-
ized models is the presence of human cells in a physiological setting. Furthermore, 
dengue-specific humoral and/or cellular immune responses are directed at viral an-
tigenic epitopes recognized by the human immune system in contrast to the murine 
or primate system. With the advent of improved humanized mouse models, new in 
vivo experimental strategies are being pursued by several groups (Fig. 37.1). Two 
leading humanized mouse models currently employed to study dengue are the hu-
HSC model in which human CD34+ HSC are engrafted, and the BLT mouse model 
where human fetal thymus, liver, and HSC are transplanted (Table 37.2).

Fig. 37.1   Humanized mice: applications for dengue. DENV dengue virus, IFN interferon, ADE 
antibody-dependent enhancement, hMAb human monoclonal antibodies, TLR Toll Like Receptor
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37.5  hu-HSC NOD-SCID Mice

Bente et al. used nonobese diabetic–severe combined immune deficient (NOD-
SCID) mice transplanted with human CD34+ HSC in their early studies [37]. Mice 
were inoculated with DENV-2 by the s.c. route. In addition to viremia, clinical signs 
of DF characterized by fever, rash, and thrombocytopenia were seen. However, due 
to the lack of sustained multilineage hematopoiesis and paucity of a full complement 
of human immune cells, these mice were incapable of human immune responses. 
Therefore, the utility of this model for immunopathogenesis studies has been limited.

37.6  hu-HSC Rag2−/−cγ−/−and NSG Mice

Studies of Kuruvilla et al. employed Balb/c recombination-activating gene 
(Rag)2−/−cγ−/− mice which due to more severe immunodeficiency permitted higher 
human cell reconstitution levels and sustained multilineage human hematopoiesis 

Table 37.2   Dengue viral infection in human immune system models
Mouse 
strain/
model

Human 
HSC 
source

Human 
lymphoid 
tissues

Dengue 
viremia/
symptoms

Human 
cytokine 
response

Human 
T cell 
responses

Human Ab 
responses

MAbs 
isolated

Hu-HSC
NSG

Cord 
blood

n/a + + ± + (weak 
IgM)

No

Hu-HSC
NSG-
HLA Tg

A2+ cord 
blood

n/a n/t n/t DENV-
A2 
peptides

++ (mod-
erate IgM)

No

Hu-HSC
RAG-/- 
γc-/-

Human 
fetal liver

n/a + n/t n/t ++ (mod-
erate IgM), 
weak IgG

No

BLT-NSG Autolo-
gous fetal 
liver

Autolo-
gous fetal 
thymus 
and liver

± n/t Viral 
non-
structural 
overlap-
ping 
peptides

++ (mod-
erate IgM)

Yes

BLT-
NSG-
HLA Tg

Autolo-
gous A2+ 
fetal liver

Autolo-
gous fetal 
thymus 
and liver

n/t n/t DENV-
A2 
peptides

++ (mod-
erate IgM)

No

Refer-
ences

[37–27, 
39]

[40] [39, 44] [41, 39, 
44, 38]

Unpub-
lished 
data

HSC hematopoietic stem cell, RAG recombination-activating gene, DENV dengue virus, HLA 
human leukocyte antigen, IgM immunoglobulin M, IgG immunoglobulin M, BLT bone marrow-
liver-thymus, NSG, MAbs monoclonal antibodies, n/t not tested, n/a not applicable



47537 Dengue Viral Pathogenesis and Immune Responses in Humanized Mice

[38]. Hu-mice (sometimes referred to as RAG-hu) were prepared by intrahepatic in-
jection of human fetal liver derived CD34 HSC into newborn mice. These mice gen-
erated human T cells, B cells, macrophages, natural killer (NK) cells, and dendritic 
cells which are chief components of innate and adaptive immune responses. Mice 
were injected with DENV-2 viral strains by the s.c. route. Sustained viremia was de-
tected reaching 106 PFU/ml lasting up to three weeks accompanied by fever. Dengue 
specific antibody responses were detected with IgM appearing in 2 weeks followed 
by IgG responses in 6 weeks in a minority of infected mice. Most importantly, viral 
neutralizing antibody responses were seen with reactivity to the principal protec-
tive immunity inducing viral surface antigen E protein. However, cell mediated T 
cell responses were not evaluated in these studies due to lack of human HLA class 
restriction in this model. To overcome this deficiency, the studies of Jaiswal et al., 
used NSG (NOD-scid IL2rγnull) transgenic for HLA-A2 which were humanized by 
transplanting with cord blood human HSC CD34 cells of the corresponding human 
HLA type [39]. Mice were infected via s.c. or i.p. routes. Productive viral infection 
was demonstrated by the presence of viral antigens and RNA in plasma and different 
tissue compartments. Virus-specific IgM Abs was detected 1 week post infection. Of 
major importance, virus-specific T cell responses were elicited with the secretion of 
cytokines IFN-γ, interleukin (IL)-2 and Tumor Necrosis Factor (TNF)-α in response 
to stimulation with A2 restricted dengue viral peptides. Thus, both antibody and cel-
lular responses to DENV are detected in hu-HSC mice. In an extension of studies in 
hu-HSC NSG mice, Mota et al., used a highly virulent low passage DENV-2 viral 
strain [40]. Viremia, clinical signs of fever and thrombocytopenia were detected. In 
addition to monocytes and macrophages, B and T cells were found to be infected. 
Cytokine detection assays revealed increased levels of IL-6 and TNF-α in infected 
mice. However, dengue specific antibody and T cell responses were not assessed in 
this study. Since dengue is an insect transmitted disease, studies incorporating this 
natural transmission route are likely to increase our understanding of the dynamics 
of vector–host interactions and to develop ways to interfere with this process. Cox 
et al., used hu-HSC NSG mice to allow insect-mediated viral transmission by den-
gue infected Aedes aegypti mosquitoes during feeding [41]. More severe signs of 
disease characterized by higher and more sustained viremia, erythema, and throm-
bocytopenia were seen in mice bitten by dengue infected mosquitoes versus those 
infected by the s.c. route. Interestingly, only mice with insect-mediated viral infec-
tion produced IgM antibodies compared to mice infected by injection. This is in 
contrast to a number of other studies wherein antibody production was demonstrated 
in hu-mice productively infected by either s.c. or i.p. routes [39, 38].

37.7  BLT-NSG Mice

With the exception of the HLA-A2 transgenic NSG mice, standard hu-HSC mice 
do not permit evaluation of human HLA restricted dengue T cell responses [36]. 
The use of BLT-NSG mice, where developing human T cells are educated in an 
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autologous human thymic graft, is an important advance to generate authentic hu-
man T cell responses during viral infections [42, 43]. Thus, the hypothesis that T 
cells restricted by multiple HLA alleles expressed by the donor should be able to 
respond to DENV infection can be tested using this model. Accordingly, in a recent 
study, overlapping peptide pools that encompass the entire DENV genome were 
used to assess the breadth, magnitude, and quality of DENV-specific T cell respons-
es [44]. The results demonstrated that nonstructural proteins are the predominant 
targets of CD8 T cells, which is similar to the findings seen in humans [44, 45]. 
CD8+ T cells in splenocytes from BLT-NSG A2+ mice engrafted with HLA A2 tis-
sue secreted IFN-γ when stimulated with previously identified HLA-A2-restricted 
DENV epitopes [46]. These findings set the stage for the exploitation of BLT mice 
to measure human T cell responses to DENV during controlled primary and second-
ary homologous and heterologous DENV infections.

37.8  Summary and Future Prospects of Dengue 
Humanized Mouse Models

Studies from several labs have demonstrated productive DENV infection in various 
humanized mouse models [37, 39, 44, 38]. The induction of human DENV-specific 
immune responses, both humoral and cellular, represents a promising first step to-
wards developing an ideal small animal model with a functional human adaptive 
immune system to study complexities of human DENV infection. Further improve-
ment of these models will likely enable the testing of multiple aspects of the in-
terplay between the virus, host immunity, and pathogenesis of disease (Fig. 37.1). 
However, there remain several important limitations and challenges in advancing 
these humanized mouse models to study human dengue disease. Studies performed 
to date have differed in the immunodeficient mouse strains used, the types of human 
cells transplanted, and the routes used for DENV challenge. Each of these param-
eters could influence the differing outcomes of infection. The variable and low IgG 
responses observed in NSG and BLT-NSG mice have been primarily attributed to 
a lack of species-cross-reactive cytokines in the xenogenic environment. Recent 
studies of Lang et al., attributed the inefficient Ig class switch in hu-mouse models 
to insufficient time allowed for the generation of adequate levels of helper T cells 
resulting in suboptimal T–B cell interactions [47]. Nevertheless, current ongoing 
efforts to improve the levels of human-cell engraftment, HLA restricted T cell help, 
and germinal center formation are likely to lead to more robust humanized mice for 
dengue studies [36, 48].



47737 Dengue Viral Pathogenesis and Immune Responses in Humanized Mice

References

1. Halstead SB. Pathogenesis of dengue: challenges to molecular biology. Science. 
1988;239:476–81.

2. Simmons CP, Farrar JJ, Nguyen v V, Wills B. Dengue. N Engl J Med. 2012;366:1423–32.
3. Radke EG, Gregory CJ, Kintziger KW, Sauber-Schatz EK, Hunsperger EA, Gallagher GR, 

Barber JM, Biggerstaff BJ, Stanek DR, Tomashek KM, Blackmore CG. Dengue outbreak in 
Key West, Florida, USA, 2009. Emerg Infect Dis. 2012;18:135–7.

4. Pagni S, Fernandez-Sesma A. Evasion of the human innate immune system by dengue virus. 
Immunol Res. 2012;54:152–9.

5. Paranjape SM, Harris E. Control of dengue virus translation and replication. Curr Top 
Microbiol Immunol. 2010;338:15–34.

6. Rothman AL. Immunity to dengue virus: a tale of original antigenic sin and tropical cytokine 
storms. Nat Rev Immunol. 2011;11:532–43.

7. Halstead SB. Immunological parameters of togavirus disease syndromes. In: Schlesinger 
RW, editors. The togaviruses. Biology, structure, replication. New York: Academic; 1980. 
p. 107–173.

8. Kalayanarooj S, Vaughn DW, Nimmannitya S, Green S, Suntayakorn S, Kunentrasai N, 
Viramitrachai W, Ratanachu-eke S, Kiatpolpoj S, Innis BL, Rothman AL, Nisalak A, 
Ennis FA. Early clinical and laboratory indicators of acute dengue illness. J Infect Dis. 
1997;176:313–21.

9. Anonymous. Dengue haemorrhagic fever: diagnosis, treatment and control. Geneva:World 
Health Organization; 1986.

10. WHO. Dengue and dengue haemorrhagic fever in the Americas, 1996. Wkly Epidemiol Rec. 
1997;72:122–3.

11. Harris E, Perez L, Phares CR, Perez Mde L, Idiaquez W, Rocha J, Cuadra R, Hernandez 
E, Campos LA, Gonzales A, Amador JJ, Balmaseda A. Fluid intake and decreased risk for 
hospitalization for dengue fever, Nicaragua. Emerg Infect Dis. 2003;9:1003–6.

12. Ngo NT, Cao XT, Kneen R, Wills B, Nguyen VM, Nguyen TQ, Chu VT, Nguyen TT, Simp-
son JA, Solomon T, White NJ, Farrar J. Acute management of dengue shock syndrome: a 
randomized double-blind comparison of 4 intravenous fluid regimens in the first hour. Clin 
Infect Dis. 2001;32:204–13.

13. Sabin AB. Research on dengue during World War II. Am J Trop Med Hyg. 1952;1:30–50.
14. Endy TP, Nisalak A, Chunsuttitwat S, Vaughn DW, Green S, Ennis FA, Rothman AL, Libraty 

DH. Relationship of pre-existing dengue virus (DV) neutralizing antibody levels to viremia 
and disease severity in a prospective cohort study of DV infection in Thailand. J Infect Dis. 
2004;189:990–1000.

15. Chiewsilp P, Scott RM, Bhamarapravati N. Histocompatibility antigens and dengue hemor-
rhagic fever. Am J Trop Med Hyg. 1981;30:1100–5.

16. Loke H, Bethell DB, Phuong CX, Dung M, Schneider J, White NJ, Day NP, Farrar J, Hill AV. 
Strong HLA class I-restricted T cell responses in dengue hemorrhagic fever: a double-edged 
sword? J Infect Dis. 2001;184:1369–73.

17. Stephens HA, Klaythong R, Sirikong M, Vaughn DW, Green S, Kalayanarooj S, Endy TP, 
Libraty DH, Nisalak A, Innis BL, Rothman AL, Ennis FA, Chandanayingyong D. HLA-
A and -B allele associations with secondary dengue virus infections correlate with disease 
severity and the infecting viral serotype in ethnic Thais. Tissue Antigens. 2002;60:309–18.

18. Yauch LE, Shresta S. Mouse models of dengue virus infection and disease. Antiviral Res. 
2008;80:87–93.

19. Zompi S, Harris E. Animal models of dengue virus infection. Viruses. 2012;4:62–82.
20. Beaumier CM, Mathew A, Bashyam HS, Rothman AL. Cross-reactive memory CD8(+) T 

cells alter the immune response to heterologous secondary dengue virus infections in mice in 
a sequence-specific manner. J Infect Dis. 2008;197:608–17.



478 A. Mathew and R. Akkina

21. Shresta S, Kyle JL, Snider HM, Basavapatna M, Beatty PR, Harris E. Interferon-dependent 
immunity is essential for resistance to primary dengue virus infection in mice, whereas T- and 
B-cell-dependent immunity are less critical. J Virol. 2004;78:2701–10.

22. Shresta S, Sharar KL, Prigozhin DM, Beatty PR, Harris E. Murine model for dengue virus-
induced lethal disease with increased vascular permeability. J Virol. 2006;80:10208–17.

23. Prestwood TR, Prigozhin DM, Sharar KL, Zellweger RM, Shresta S. A mouse-passaged den-
gue virus strain with reduced affinity for heparan sulfate causes severe disease in mice by 
establishing increased systemic viral loads. J Virol. 2008;82:8411–21.

24. Yauch LE, Prestwood TR, May MM, Morar MM, Zellweger RM, Peters B, Sette A, Shresta 
S. CD4+ T cells are not required for the induction of dengue virus-specific CD8+ T cell or an-
tibody responses but contribute to protection after vaccination. J Immunol. 2010;185:5405–
16.

25. Chen YL, Yin Z, Duraiswamy J, Schul W, Lim CC, Liu B, Xu HY, Qing M, Yip A, Wang G, 
Chan WL, Tan HP, Lo M, Liung S, Kondreddi RR, Rao R, Gu H, He H, Keller TH, Shi PY. 
Inhibition of dengue virus RNA synthesis by an adenosine nucleoside. Antimicrob Agents 
Chemother. 2011;54:2932–9.

26. Wang QY, Bushell S, Qing M, Xu HY, Bonavia A, Nunes S, Zhou J, Poh MK, Florez de 
Sessions, P., Niyomrattanakit P, Dong H, Hoffmaster K, Goh A, Nilar S, Schul W, Jones S, 
Kramer L, Compton T, Shi PY. Inhibition of dengue virus through suppression of host py-
rimidine biosynthesis. J Virol. 2011;85:6548–56.

27. Tan GK, Ng JK, Trasti SL, Schul W, Yip G, Alonso S. A non mouse-adapted dengue virus 
strain as a new model of severe dengue infection in AG129 mice. PLoS Negl Trop Dis. 
2010;4:e672.

28. Goncalvez AP, Engle RE, St Claire M, Purcell RH, Lai, CJ. Monoclonal antibody-mediated 
enhancement of dengue virus infection in vitro and in vivo and strategies for prevention. Proc 
Natl Acad Sci U S A. 2007;104(22):9422–7

29. Kochel TJ, Watts DM, Gozalo AS, Ewing DF, Porter KR, Russell KL. Cross-serotype neu-
tralization of dengue virus in Aotus nancymae monkeys. J Infect Dis. 2005;191:1000–4.

30. Maves RC, Ore RM, Porter KR, Kochel TJ. Immunogenicity and protective efficacy of a 
psoralen-inactivated dengue-1 virus vaccine candidate in Aotus nancymaae monkeys. Vac-
cine. 2011;29:2691–6.

31. Raviprakash K, Porter KR, Kochel TJ, Ewing D, Simmons M, Phillips I, Murphy GS, Weiss 
WR, Hayes CG. Dengue virus type 1 DNA vaccine induces protective immune responses in 
rhesus macaques. J Gen Virol. 2000;81:1659–67.

32. Koraka P, Benton S, van Amerongen G, Stittelaar KJ, Osterhaus AD. Efficacy of a live at-
tenuated tetravalent candidate dengue vaccine in naive and previously infected cynomolgus 
macaques. Vaccine. 2007;25:5409–16.

33. Koraka P, Benton S, van Amerongen G, Stittelaar KJ, Osterhaus AD. Characterization of hu-
moral and cellular immune responses in cynomolgus macaques upon primary and subsequent 
heterologous infections with dengue viruses. Microbes Infect. 2007;9:940–6.

34. Onlamoon N, Noisakran S, Hsiao HM, Duncan A, Villinger F, Ansari AA, Perng GC. Dengue 
virus-induced hemorrhage in a nonhuman primate model. Blood. 2010;115:1823–34.

35. Shultz LD, Brehm MA, Garcia-Martinez JV, Greiner DL. Humanized mice for immune sys-
tem investigation: progress, promise and challenges. Nat Rev Immunol. 2012;12:786–98.

36. Akkina R. Human immune responses and potential for vaccine assessment in humanized 
mice. Curr Opin Immunol. 2013;25(3):403–9.

37. Bente DA, Melkus MW, Garcia JV, Rico-Hesse R. Dengue fever in humanized NOD/SCID 
mice. J Virol. 2005;79:13797–9.

38. Kuruvilla JG, Troyer RM, Devi S, Akkina R. Dengue virus infection and immune response in 
humanized RAG2(−/−)gamma(c)(−/−) (RAG-hu) mice. Virology. 2007;369:143–52.

39. Jaiswal S, Pearson T, Friberg H, Shultz LD, Greiner DL, Rothman AL, Mathew A. Dengue 
virus infection and virus-specific HLA-A2 restricted immune responses in humanized NOD-
scid IL2rgammanull mice. PLoS ONE. 2009;4:e7251.



47937 Dengue Viral Pathogenesis and Immune Responses in Humanized Mice

40. Mota J, Rico-Hesse R. Humanized mice show clinical signs of dengue fever according to 
infecting virus genotype. J Virol. 2009;83:8638–45.

41. Cox J, Mota J, Sukupolvi-Petty S, Diamond MS, Rico-Hesse R. Mosquito bite delivery 
of dengue virus enhances immunogenicity and pathogenesis in humanized mice. J Virol. 
2012;86:7637–49.

42. Lan P, Tonomura N, Shimizu A, Wang S, Yang YG. Reconstitution of a functional human 
immune system in immunodeficient mice through combined human fetal thymus/liver and 
CD34+ cell transplantation. Blood. 2006;108:487–92.

43. Melkus MW, Estes JD, Padgett-Thomas A, Gatlin J, Denton PW, Othieno FA, Wege AK, 
Haase AT, Garcia JV. Humanized mice mount specific adaptive and innate immune responses 
to EBV and TSST-1. Nat Med. 2006;12:1316–22.

44. Jaiswal S, Pazoles P, Woda M, Shultz LD, Greiner DL, Brehm MA, Mathew A. Enhanced 
humoral and HLA-A2-restricted dengue virus-specific T-cell responses in humanized BLT 
NSG mice. Immunology. 2012;136:334–43.

45. Mathew A, Kurane I, Green S, Stephens HA, Vaughn DW, Kalayanarooj S, Suntayakorn S, 
Chandanayingyong D, Ennis FA, Rothman AL. Predominance of HLA-restricted cytotoxic 
T-lymphocyte responses to serotype-cross-reactive epitopes on nonstructural proteins follow-
ing natural secondary dengue virus infection. J Virol. 1998;72:3999–4004.

46. Bashyam HS, Green S, Rothman AL. Dengue virus-reactive CD8+ T cells display quantita-
tive and qualitative differences in their response to variant epitopes of heterologous viral 
serotypes. J Immunol. 2006;176:2817–24.

47. Lang J, Kelly M, Freed BM, McCarter MD, Kedl RM, Torres RM, Pelanda R. Studies of 
lymphocyte reconstitution in a humanized mouse model reveal a requirement of T cells for 
human B cell maturation. J Immunol. 2013;190(5):2090–101.

48. Rongvaux A, Takizawa H, Strowig T, Willinger T, Eynon EE, Flavell RA, Manz MG. Human 
hemato-lymphoid system mice: current use and future potential for medicine. Annu Rev Im-
munol. 2013;31:635–74.

49. Huang KJ, Li SY, Chen SC, Liu HS, Lin YS, Yeh TM, Liu CC, Lei HY. Manifestation of 
thrombocytopenia in dengue-2-virus-infected mice. J Gen Virol. 2000;81:2177–82.

50. Yen YT, Chen HC, Lin YD, Shieh CC, Wu-Hsieh BA. Enhancement by tumor necrosis factor 
alpha of dengue virus-induced endothelial cell production of reactive nitrogen and oxygen 
species is key to hemorrhage development. J Virol. 2008;82:12312–24.

51. Prestwood TR, Morar MM, Zellweger RM, Miller R, May MM, Yauch LE, Lada SM, Shresta 
S. Gamma interferon (IFN-gamma) receptor restricts systemic dengue virus replication and 
prevents paralysis in IFN-alpha/beta receptor-deficient mice. J Virol. 2012;86:12561–70.



481

Chapter 38
HIV-1 and TB: How Humanized Mice Can Help

Antoinette Labuschagné and Muazzam Jacobs

© Springer Science+Business Media New York 2014
L. Y. Poluektova et al. (eds.), Humanized Mice for HIV Research, 
DOI 10.1007/978-1-4939-1655-9_38

A. Labuschagné () · M. Jacobs
Division of Immunology, Department of Clinical and Laboratory Science and Institute of 
Infectious Diseases and Molecular Medicine, UCT Medical School, University of Cape Town, 
Anzio Road, Observatory, Werner Beit Building, Cape Town 7925, Western Cape, South Africa
e-mail: toinette.labuschagne@uct.ac.za

M. Jacobs
National Health Laboratory Service, Johannesburg, South Africa

38.1  Introduction

38.1.1  TB and HIV: The Dual Disease

Tuberculosis (TB) and human immunodeficiency virus/acquired immune defi-
ciency syndrome (HIV/AIDS) compose the main burden of infectious disease in 
resource-limited countries. Estimates by the World Health Organization (WHO) 
indicate that there were approximately nine million new active cases of TB in 2011 
and up to 1.4 million deaths [1]. In addition, 2.5 million new cases of HIV infection 
and 1.7 million AIDS-related deaths occur per year [2]. Globally, 34 million people 
were living with HIV at the end of 2011.

Mycobacterium tuberculosis ( M.tb)-HIV coinfections pose particular diagnostic 
and therapeutic challenges and exert immense pressure on health care systems in 
African and Asian countries with large populations of coinfected individuals. In the 
individual host the two pathogens, M.tb and HIV, potentiate one another, accelerat-
ing the deterioration of immunological functions, resulting in premature death if un-
treated. Some 14 million people worldwide are estimated to be dually infected with 
almost 80 % of TB cases among people living with HIV residing in Africa. [1, 3]. 
TB is the largest single cause of death in the setting of AIDS [4, 5]. HIV coinfection 
is the most powerful known risk factor for progression of M.tb infection to active 
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disease, increasing the risk of latent TB reactivation 20-fold [3, 6]. Patients coin-
fected with TB and HIV have higher mortality rates in comparison with those with 
either of the two infections alone [7–13]. During this mutual interaction between 
HIV and M.tb infection: (1) HIV infection predisposes to the development of active 
TB, and (2) HIV treatment in itself can augment the symptoms of TB or even elicit 
reactivation as with the immune reconstitution inflammatory syndrome (IRIS)-as-
sociated TB, while (3) the course of HIV-related immunodeficiency is worsened by 
active M.tb infection [14]. Very little is known about the underlying mechanisms 
involved during these associations and there exists a dire need for tractable animal 
models where these processes can be studied.

38.1.2  Conventional Animal Models of HIV/TB Coinfection

To date, retroviral infection as a TB risk factor can only be effectively modeled in 
nonhuman primates (NHP). NHP are resistant to infection by HIV; however, they 
can be infected by simian immunodeficiency virus (SIV), a retrovirus causing im-
munodeficiency in NHP similar to AIDS. In addition, macaques develop TB similar 
to humans, characterized by cavitary lung disease and necrotic lesions. Macaques 
maintain TB latency for years, and only a small proportion of latently infected ani-
mals develop reactivation [15]. Coinfection with SIV and bacille Calmette–Guérin 
(BCG) accelerates progression to AIDS [16] and coincided with reactivation of the 
clinically latent BCG infection into a TB-like disease [17]. Reactivation of M.tb 
infection with coinfected SIV macaques has also been reported [18]. There are 
significant differences between SIV and HIV, including genetic heterogeneity and 
receptors for host entry [19]. Conducting macaque experiments requires relatively 
high costs with few institutions able to support the facilities and infrastructure to 
conduct combination SIV and TB research.

While there is no natural homologous murine immunodeficiency virus, as for 
NHP, HIV-1 virus constructs have been developed that enables infection of im-
mune cells of conventional, immunocompetent mice [20]. The host-specific species 
range of HIV-1 is converted from human to rodent by replacing the coding region 
of its surface envelope glycoprotein, gp120, with the envelope-coding region gp80 
from that of a mouse virus; ecotropic murine leukemia virus (MLV), restricting 
replication of the virus to rodents. One single inoculation of this ecotropic HIV-
1 (EcoHIV-1) virus establishes spreading infection in conventional immunocom-
petent mice such as the CB57BL/6 strain, reproduces key characteristics of early 
HIV-1 infection of human beings, including host cell range and infectious immune 
responses (Table 38.1). Progression of EcoHIV-1 infection does not result in deple-
tion of CD4+ T cells or any immunodeficiency similar to AIDS, most likely due 
to mice containing the infection or specific Major Histocompatibility Complex 
(MHC) requirements. The EcoHIV-1 model has proven useful in preclinical evalu-
ation of antiretroviral drugs, including preexposure antiretroviral therapy during 
sexual transmission and vaccine challenge studies [21–24], but has not been utilized 
in conjunction with M.tb infection.
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Mice that express HIV transgenes have been generated using both the full length 
provirus and individual components of the HIV-1 genome including Nef, Env, Long 
Terminal Repeat (LTR) and Tat [25–29]. Some mouse strains expressing single HIV 
proteins developed symptoms of AIDS such as wasting and CD4+ T cell depletion 
(Table 38.1). However, full length HIV-1 ribonucleic acids (RNAs) are transcribed 
inefficiently in mouse cells. Human Cyclin T1 (hCyclin T1) interacts with HIV 
Tat protein in a species-restricted manner to enhance RNA transcription and pro-
cessing [30]. In JRCSF (R5 tropic HIV-1) and hCyclin T1 double transgenic mice, 
increased HIV-1 expression correlated with CD4+ T cell depletion [31]. In addition 
to hCyclin T1, hCD4 and hCCR5 or hCXCR4 are necessary for HIV-1 infection 
of mouse cells. Transgenic mice that express these human genes have been gener-
ated and reported [32, 33]; however, these genes alone are not sufficient to make 
mice susceptible to HIV-1. No virus spread was observed in vivo for either hCD4/
CCR5 or hCD4/CXCR4 transgenic mice. Although none of these transgenic mice 
have been used to address how specific viral proteins manipulate immunological 
responses to TB to date, HIV transgenic mice incorporating the entire viral genome 
have been used to study the effect of M.tb infection on the induction of HIV gene 
expression [34]. In this model, viral gene expression was activated by M.tb and 
suppressed after antimycobacterial chemotherapy. Future TB studies may be able 
to use these transgenic mice to determine how different HIV-1 component expres-
sion changes immunologic responses to TB. Additional perspectives on appropriate 
animal models to study M.tb/HIV coinfection documenting the use of NHP, con-
ventional mice infected with EcoHIV-1, HIV transgenic mice, and humanized mice 
have also been reviewed elsewhere [35].

38.2  Humanized Mice

The principal step towards generating mice with human immune responses against 
HIV and TB is to select the best-suited immunodeficient mouse strain to serve as 
host for human leukocyte engraftment. The use of mouse stocks that are severely im-
munodeficient, e.g., nonobese diabetic (NOD)-scid/scid Il2rgnull (NSG), BALB/c-
Rag2nullIl2rgnull (BRG), are becoming the standard. Methods used to reconstitute the 
most versatile human immune system (HIS) in mice include many factors, such as 
choice of human tissue and/or cells, route of transplant, age and gender of recipient 
mice, and preconditioning regime, are all interrelated and interdependent and can 
have a significant effect on the extent of HIS reconstitution and function.

When considering the pathogenesis of HIV and TB, both are long-term diseases 
that require a robust and extensive HIS reconstitution, thus eliminating the op-
tion of engrafting peripheral blood mononuclear cells (PBMC) to create a human 
peripheral blood lymphocyte (hu-PBL) mouse. The most commonly used model 
for infection studies (particularly HIV-1) includes transplantation of human CD34+ 
HSC cells to create the humanized models (Hu-mice).
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38.2.1  Hu-Mice

A recent study from Heuts et al. [36] demonstrated Hu-NSG mice (CD34+ HSC 
cells from umbilical cord blood) infected with attenuated M. bovis BCG or virulent 
M.tb which resulted in organized granuloma formation that resemble lesions ob-
served in human TB. Granulomas in livers and lungs represented with core contain-
ing giant cells, human CD68+ macrophages, and high bacilli numbers surrounded 
by a layer of CD3+ T cells and a fibrotic response encapsulating the lesions from in-
fected humanized mice but not in non-humanized infected controls. Dysfunctional 
T cell responses and lack of bacterial control was however evident in this model, 
most likely due to augmented expression of programmed death ligand, PD-1 which 
inhibits T cell effector functions during human TB [37] and CD57 (a marker for T 
cell clonal exhaustion). The malfunctioning T cell responses in turn underlie the de-
fective mycobacterial control [36]. A further consideration for the evident dysfunc-
tional response in the hu-NSG model is that human T cells are positively selected 
by mouse MHC and might not function well in a HLA-restricted manner [38]. The 
selection choice of using umbilical cord blood derived instead of fetal liver CD34+ 
cells can also impact on reconstitution and functionality, maturation [39].

38.2.2  BLT-Mice

The model system in which immunocompromised mouse stocks first receive a 
transplant of human fetal liver (Liv) and thymus (Thy) and subsequently injected 
with human CD34+ HSC cells derived from the same fetal liver (human leuko-
cyte antigen (HLA)-matched) is designated bone marrow-liver-thymic (BLT) mice. 
A functional HIS with both systemic human T and B cell repopulation develops 
[40–42]. Since T cells develop on a syngeneic thymic-organic graft (referred to as 
a thymic “organoid”), the human T cell maturation and selection is based on hu-
man thymic agents, and T cells are capable of mounting HLA-restricted immune 
responses. The human thymic organoid expands with human lymphoid cells over 
time, immature CD4+CD8+ T cells mature to single positive effector cells and im-
proved cell mediated immunity and immunoglobulin G (IgG) and immunoglobulin 
M (IgM) production [41–43]. The resulting HIS is more robust and functional with 
respect to carrying an infection such as M.tb as is evident in the study produced by 
Calderon et al. (2013) [44]. Human T cells were functionally competent as deter-
mined by proliferative capacity and effector molecule expression (IFN-γ, granu-
lysin, perforin) in response to positive stimuli. BLT-NSG mice were intranasally 
infected with M.tb and presented with progressive bacterial infection in the lung and 
dissemination to spleen and liver from 2 to 8 weeks post infection. Sites of infec-
tion in the lung were characterized by the formation of organized granulomatous 
lesions, caseous necrosis, bronchial obstruction, and crystallization of cholesterol 
deposits. Human T cells were distributed throughout the lung, liver, and spleen at 
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the sites of inflammation and bacterial growth and were organized to the periphery 
of granulomas [44].

38.2.3  Addressing TB/HIV-1

Improvements in the humanized mouse model that are accelerating its application in 
HIV/AIDS research is clearly documented elsewhere in this book. These advances 
are also opening the door to investigate disease processes of HIV/M.tb coinfection. 
In particular, areas of study that lack in vivo correlates can now be explored and 
will aid in the search for biomarkers of disease status that can eventually be used in 
vaccine and drug studies as well as diagnostic tests. The most significant features 
of M.tb and HIV infections can be reproduced in humanized mice (Table 38.1). The 
immunological and virological consequences of M.tb and HIV-1 copathogenesis 
within the humanized mouse host can provide a predictable model for the study of 
the immunopathogenesis in humans. It is increasingly important to understand what 
problems associated with TB/HIV-1 infection within current humanized models can 
be addressed:

1. Enhanced interpretation of blood-based data (by drawing parallels between 
blood samples and tissue responses from timed necropsy)

 Current clinical models that utilize human samples in general fail to effectively 
address immune responses at local sites of infection. Most studies use peripheral 
blood cells, serum, plasma, or fluid obtained through lung bronchial alveolar 
lavage to measure immune parameters in defined cohorts with the inherent limi-
tation of data interpretation associated with extrapolating data obtained in the 
periphery to active sites of disease. The humanized mouse model allows for a 
structured approach to investigate immune responses by human cells and over-
comes most of the limitation on the sampling associated with clinical studies.

2. Changes in T cell and macrophage function within granulomas
 To elucidate possible mechanisms by which HIV disrupts TB immune pathol-

ogy, T cells and the macrophage function within granulomas can be examined. 
Depletion of CD4+ T cells is not the sole cause of impaired M.tb control, as HIV 
has effects on other cells such as macrophages, and the virus influences cyto-
kine production that may also prevent a host from containing an initial or latent 
M.tb infection. The HIV might even disrupt antigen-presenting cells and T cell 
interactions.

3. Modeling latent TB and reactivation with HIV-1
 Implementing systems such as the Cornell method of TB latency [45–47] within 

humanized mice can shed light on reactivation and subsequent reactivation of 
TB through HIV-1 infection. Mechanisms of HIV-1 latency and reactivation dur-
ing M.tb infection in HIV-1 reservoirs and dormancy can also be explored during 
M.tb coinfection.
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4. Mechanisms of TB IRIS
 Although the mechanisms that lead to IRIS-associated TB are not fully under-

stood and have been reviewed more fully elsewhere [48–50], it is clear that this 
consequence of antiretroviral therapy further complicates HIV/TB coinfection. 
Information on TB IRIS patients is limited, and there exists a dire need for an 
appropriate animal model where this phenomenon can be studied. Human-
ized mice can serve as the platform of simulating IRIS to shed light on these 
mechanisms.

38.2.4  Model Limitations

Important requirements for a productive HIV/TB coinfection humanized mouse 
model is that it should: offer a well-functioning human immune system that closely 
reflects the human condition; support differentiation of human monocytes, dendritic 
and natural killer (NK) cells, form granulomas that reproduce those seen in humans, 
characterized by organized TB lesions with central necrosis, cavitation, and case-
ation; and be created in sufficient numbers to carry out experiments that are stan-
dardized, reproducible, and statistically verifiable. According to the data obtained 
thus far, the humanized mouse models for TB meet these requirements.

Limitations of the current humanized mouse models that have been highlight-
ed thus far include the MHC differences, background graft versus host disease 
(GVHD), cytokine cross reactivity, Ig class switching, and then the most important 
for TB/HIV coinfections is the absence of normal lymphoid structure and function. 
In a normal immune response to TB, antigen-presenting cells (APCs) move from 
the lung into the lung draining lymph nodes, interacting thereafter specifically with 
T cells to activate M.tb-specific proliferation and differentiation of cells with as-
sociated receptors. The M.tb-specific T cells traffic out of the draining lymph nodes 
into distal effector sites. Most of the infrastructure underlying such physiologic 
responses is not present in any of the humanized mouse models making normal 
human immune cell trafficking and differentiation unlikely. The effect HIV might 
have on disrupting APC and T cell interactions will not be able to be studied in cur-
rent humanized mice, and a better-suited model in this specific case would be the 
EcoHIV-1 system, for instance. An ideal coinfection model should develop specific 
humoral and cell-mediated immune activation and responses against TB and HIV-1. 
Engrafted mice should survive periods sufficient for chronic infection studies, reach 
T cell levels that can sustain intense and prolonged TB/HIV-1 replication, support 
development of lymphoid structures such as lymph nodes and thymus. The BLT 
model may be restricted to investigate aspects of humoral immunity involving B 
cells [51] as class switching of immunoglobulins is limited and mainly consists of 
IgM and few IgGs [52].
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38.3  Concluding Remarks

The enormity of the TB/HIV-1 syndemic for world health and the bidirectional in-
teraction between the two pathogens clearly highlights the importance of HIV-1 
and M.tb copathogenesis as an area of intense investigation. With the development 
of humanized mice that can support and easily allow for monitoring of HIV-1 and 
TB infection in vivo, the basic understanding of how these pathogens interact will 
add to the body of knowledge and help uncover possible treatments for coinfected 
individuals. Producing a mouse model susceptible to diseases caused by pathogens 
infecting humans, humanized mice may dramatically change the paradigm of the 
development of new therapeutic methods and drug discovery.

To investigate the pathogenesis of this syndemic in vivo, the SIV and BCG-
infected macaque model has been used and accepted. Both the dually infected 
macaque and humanized mouse models have respective advantages and disadvan-
tages. To reveal an accurate understanding of HIV-1 and TB pathogenesis in vivo, 
it is important to pool the accumulated knowledge provided from transgenic and 
conventional mouse models, macaque studies, clinical trials, and novel findings 
from the studies on humanized mice, together with strategies from multiple other 
disciplines (such as molecular and mathematical biology) to provide evidence sup-
porting or refuting the various hypotheses of how HIV-1 and TB fuel one another. 
After the standardization, optimal adjustment, repeated and validated applications, 
the adoption of the TB/HIV-1 humanized mouse model will rapidly accelerate ef-
forts to understand the complementation between these two pathogens, establish a 
system that can be used to test interactions between antiretrovirals for HIV and che-
motherapies for TB. This will in turn provide a framework for the development of 
new models of opportunistic infections to address unrevealed but essential aspects 
of other human-specific pathogens.
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39.1  Introduction

Epstein–Barr virus (EBV), a lymphotropic γ herpesvirus, was first identified in a 
primary culture of Burkitt lymphoma [1]. Although subsequent studies indicated 
that EBV is etiologically involved in a number of human malignancies, the virus 
was found to be a ubiquitous virus latently infecting more than 90 % of the adult 
population worldwide [1]. Primary EBV infection occurs most often in childhood 
and is usually asymptomatic or accompanied by only nonspecific flu-like symp-
toms. Between 25 and 75 % of primarily EBV infection in adolescence and young 
adulthood results in the development of infectious mononucleosis (IM) [1]. In a 
restricted fraction of hosts, EBV is involved in the pathogenesis of a wide variety 
of diseases, including lymphomas, carcinomas, B-cell lymphoproliferative diseases 
(LPDs) in immunocompromised hosts, and T- and NK-cell LPDs endemic mainly in 
east Asia [1]. In addition, EBV has been implicated in various autoimmune diseases 
including rheumatoid arthritis (RA) [2]. EBV has a unique biological activity to 
transform B lymphocytes into continuously proliferating lymphoblastoid cell lines 
(LCLs). EBV-transformed lymphoblastoid cells are normally removed by the vi-
rus-specific cytotoxic T lymphocytes (CTL) [3], but in immunocompromised hosts 
such as transplant recipients and AIDS patients, they may proliferate unlimitedly to 
cause B-cell LPDs such as posttransplant lymphoproliferative disease (PTLD) and 
AIDS-associated lymphomas.

EBV has a genome of approximately 170 kbp encoding more than 80 genes. 
EBV-transformed LCLs express six nuclear proteins (EBV nuclear antigens (EB-
NAs) 1, 2, 3A, 3B, 3C, and LP), three membrane proteins (latent membrane pro-
teins (LMPs) 1, 2A, and 2B), and two sets of untranslated RNAs (EBV-encoded 
small RNAs (EBERs) 1 and 2, and BamHI-A rightward transcripts (BARTs)) [4]. 
EBV-infected cells observed in the virus-associated malignancies and LPDs exhibit 
various patterns of viral gene expression that are characteristic of the respective dis-
eases. These patterns can be categorized into three groups: latency I, characterized 
by the expression of EBNA1, EBERs, and BARTs, is seen in Burkitt lymphoma and 
gastric carcinoma; latency II, characterized by the expression of EBNA1, LMP1, 
LMP2A, EBERs, and BARTs, is found in CAEBV, Hodgkin lymphoma, and na-
sopharyngeal carcinoma; latency III, characterized by the expression of all EBV-
encoded proteins and RNAs identified in EBV-transformed LCLs, is observed in 
PTLD and AIDS-associated lymphomas [1].

Humans are the only natural host of EBV, but several new-world monkeys and 
rabbits can be infected with the virus experimentally [5–8]. Cotton-top tamarins that 
develop B-cell lymphomas following EBV infection were used for the evaluation of 
a candidate vaccine against the virus [9]. They are, however, endangered species and 
cannot be used in large numbers. A rhesus monkey lymphocryptovirus homologous 
to EBV was shown to reproduce key features of human EBV infection, including oral 
transmission, atypical lymphocytosis, and lymphadenopathy [10, 11]. Rhesus mon-
keys are thus a promising animal model, although they have disadvantages common 
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to primate models, including limited accessibility and high costs. Small animal mod-
els for EBV infection were not available until the development of humanized mice.

39.2  EBV Pathogenesis in Humanized Mice

39.2.1  B-Cell Lymphoproliferative Disease

EBV studies with humanized mice started with scid-hu PBL mice. In 1988, Mosier 
and others demonstrated that intraperitoneal transplantation of peripheral blood 
mononuclear cells (PBMC) isolated from EBV-infected healthy carriers induced 
EBV-positive B-cell lymphomas in C.B-17 scid mice [12]. Similar transplantation 
of PBMC derived from EBV-uninfected donors did not cause lymphomas but sub-
sequent infection with EBV resulted in B-cell lymphomas [13]. Pathological and 
virological studies demonstrated that these B-cell lymphomas are similar to EBV-
associated B-cell LPD in immunocompromised hosts [14, 15]. This early human-
ized mouse model of EBV-associated B-cell LPD provided various insights into 
EBV-induced lymphomagenesis. For example, a critical role for CD4+ T cells in 
in vivo proliferation of EBV-infected B cells was revealed in this model [16, 17]. 
The scid-hu PBL mouse model also revealed the involvement of human IL-10 and 
CXCL12/CXCR4 signaling in lymphomagenesis by EBV [18, 19]. Analysis on the 
IFN-γ gene polymorphism indicated that the A/A genotype for the base + 874 was 
more prevalent in donors of PBMC that generated aggressive lymphoproliferation 
in scid-hu PBL mice [20]. Biological studies showed that the IFN-γ allele with 
adenosine at + 874 was associated with inefficient CTL restimulation, probably ex-
plaining the above finding [20]. A study with NOD/scid mice transplanted with 
human PBMC revealed an important role of plasmacytoid dendritic cells in cellular 
immune responses against EBV [21].

Although scid-hu PBL mice were the remarkable first small animal model of 
EBV-associated B-cell LPD, they had disadvantages including inability to mount 
primary immune responses and a tendency to develop graft-versus-host disease. 
These disadvantages were removed in new-generation humanized mouse models 
that were prepared by transplanting human hematopoietic stem cells (HSC) to im-
munodeficient mice of various strains (e.g. NOD/Shi-scid Il2rgnull (NOG), Balb/c 
Rag2-/-Il2rg-/- (BRG), and NOD/LtSz-scid Il2rg -/- (NSG)) [22–25]. Models for EBV 
infection based on new-generation humanized mice are summarized in Table 39.1. 
Traggiai and others reconstituted human T cells, B cells, and dendritic cells in BRG 
mice and demonstrated that these mice can be infected with EBV and develop B-
cell lymphoproliferation [23]. Characterization of EBV-induced LPD in humanized 
mice and its comparison to the original human disease was performed by Yajima 
and others [26] (Figure 39.1). They showed that the development of LPD in EBV-
infected humanized NOG (hu-NOG) mice were dependent on viral dose; mice in-
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Mouse strain, 
age on trans-
plantation, 
irradiation

Human cells 
and/or tissues 
transplanted, 
route of trans-
plantation

Human 
immune 
system 
components 
reconstituted

EBV strain 
used, route of 
inoculation

Features of 
EBV infection 
reproduced

Reference

NOD/scid, 
8–10 weeks, 
325 cGy γ 
irradiation

CD34+ cells 
isolated from 
cord blood, 
intravenous

B cells, 
myeloid cells

Akata and 
EGFP- 
tagged B95-8, 
intrasplenic

B-cell LPD in 
latency II

[31]

Balb/c 
Rag2-/- IL-
2rg-/- (BRG), 
newborn, 
4 Gy γ 
irradiation

CD34+ cells 
isolated from 
cord blood, 
intrahepatic

B, cells, T 
cells, den-
dritic cells

B95-8, 
intraperitoneal

B-cell prolifera-
tion, presumably 
EBV-specific 
T-cell response

[23, 63]

NOD/scid, 
6–8 weeks, 
325 cGy γ 
irradiation

Fetal thymus, 
fetal liver, 
liver-derived 
HSC (BLT 
mouse)

B cells, 
T cells, 
monocytes/
macrophages, 
dendritic cells

Akata, 
intrasplenic

Human MHC-
restricted T-cell 
response to EBV 
detected by 
ELISPOT assay

[22]

NOD/Shi-
scid IL-2rgnull 
(NOG), 6–8 
weeks, no 
irradiation

CD34+ cells 
isolated from 
cord blood, 
intravenous

B cells, 
T cells, 
NK cells, 
monocytes/
macrophages, 
dendritic cells

Akata, 
itravenous, 
intraperitoneal

B-cell LPD, latent 
infection, erosive 
arthritis resem-
bling RA, EBV-
specific T-cell 
responses, IgM 
Ab to p18BFRF3

[26, 50, 
51]

NOD/Shi-
scid IL-2rgnull 
(NOG), new-
born, 10 cGy 
X irradiation

CD34+ cells 
isolated from 
cord blood, 
intrahepatic

B cells, 
T cells, 
NK cells, 
monocytes/
macrophages, 
dendritic cells

Akata, 
intravenous

IFN-γ cytokin-
emia, hemo-
phagocytosis, 
systemic infiltra-
tion of CD8 + T 
cells, signs of 
HLH

[43]

NOD/LtSz-
scid IL-2rg-/- 
(NSG), 2–5 
days, 100 cGy 
irradiation

CD34+ cells 
isolated from 
fetal liver, 
intrahepatic

B cells, 
T cells, 
NK cells, 
monocytes/
macrophages, 
dendritic cells

Unspecified, 
intraperitoneal

B-cell LPD, 
EBV-specific 
T-cell responses, 
establishment 
of EBV-specific 
T-cell clones

[29]

NOD/LtSz-
scid IL-2rg-/- 
(NSG) with 
HLA-A2 
transgene, 
2–5 days, 
100–150 cGy 
irradiation

CD34+ cells 
isolated from 
fetal liver, 
intrahepatic

B cells, 
T cells, 
NK cells, 
monocytes/
macrophages, 
dendritic cells

Unspecified 
intraperitoneal

EBV-specific 
T-cell responses 
restricted by 
HLA-A2

[29, 58]

Table 39.1   Humanized mouse models of EBV infection and associated diseases. (Reproduced 
from pathogens 2, 153–176, 2013. Reproduced under Creative Commons Attribution (CC BY) 
license)
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oculated with more than 102 50 % transforming dose (TD50) tended to develop LPD 
whereas those inoculated with less than 101 TD50 mostly remained asymptomatic. 
They demonstrated the latency III type EBV gene expression, expression of B-cell 
activation markers and germinal center markers, as well as the histology of diffuse 
large B-cell lymphoma (DLBCL), indicating that EBV-induced LPD closely resem-
bling PTLD and AIDS-associated lymphomas was reproduced (Figure 39.1) [26]. 
It is interesting that EBV-infected B cells morphologically similar to Hodgkin cells 
and Reed–Sternberg cells were occasionally seen in EBV-induced LPD in hu-NOG 
mice (Figure 39.1c). EBV-induced B-cell LPD with similar characteristics was 
also reproduced in humanized NSG (hu-NSG) mice and BLT NSG mice [27–30]. 
One of the earliest new-generation humanized mice was prepared by transplanting 
NOD/scid mice with human HSC, resulting in reconstitution of B cells and myeloid 
cells but not T cells [31]. Note that B-cell LPD generated in these mice following 
EBV infection exhibited the latency II type EBV gene expression [31].

Preclinical studies of experimental therapies for EBV-associated LPD have been 
carried out so far mainly in scid-hu PBL mice. The list of tested regimens includes 
anti-CTLA-4 antibody [32], rituximab and IL-2 in combination [33], GM-CSF and 
IL-2 in combination [34], low-dose IL-2 [35], and the combination of CD13/CD19-
bispecific antibody, CD28 specific antibody, and autologous T cells [36]. Ganciclo-
vir induced complete regression of B-cell tumors in C.B-17 scid mice generated by 
transplantation of EBV-transformed LCL cells harboring a thymidine kinase gene 
driven by EBNA2 [37]. Gurer and others prepared a fusion protein of EBNA1 and 
the heavy chain of antibody against DEC-205, an endocytic receptor on dendritic 
cells, and showed that vaccination of hu-NSG mice with this fusion protein primed 
EBNA1-specific T cells and induced anti-EBNA1 antibodies [38].

Mouse strain, 
age on trans-
plantation, 
irradiation

Human cells 
and/or tissues 
transplanted, 
route of trans-
plantation

Human 
immune 
system 
components 
reconstituted

EBV strain 
used, route of 
inoculation

Features of 
EBV infection 
reproduced

Reference

NOD/LtSz-
scid IL-2rg-/- 
(NSG), 
6–10 week 
old, 2–3 Gy 
irradiation

Fetal thymus, 
fetal liver, 
liver-derived 
HSC (NSG-
BLT mouse)

B cells, T 
cells, no 
description 
of other 
components

B95-8 
recombinants 
(BZLF1 
knocked-out 
or enhanced 
BZLF1 
expression), 
intraperitoneal

B cell lymphoma 
with type I, type 
IIb, or type III 
latency, latent 
infection, EBV-
specific T-cell 
responses

[27, 28]

Table 39.1 (continued)
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Fig. 39.1   EBV-induced lymphoproliferative disease in humanized NOG mice. a Photograph of an 
EBV-infected mouse showing tumors in the cervical area. b Photographs of spleens, liver, lymph 
node, and kidney from EBV-infected mice with lymphoproliferative disorder. The upper-left panel 
shows the spleen from an uninfected mouse. c Photomicrographs of HE-stained tissues of lympho-
proliferative disorder. An arrow indicates a Reed–Sternberg-like cell and arrowheads Hodgkin-
like cells. d Immunohistochemical staining for lymphocyte surface markers ( CD3, CD20, CD23, 
and Mum1) and EBV-encoded proteins ( LMP1 and EBNA2), as well as in situ hybridization for 
EBER in a lymph node of a mouse bearing lymphoproliferative disorder. The bottom-right panel 

 

represents double staining for EBER and CD20. e and f RT-PCR detection of latent-cycle (e) and 
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39.2.2  EBV-HLH

Primary EBV infection can be complicated, although in rare occasions, by hemo-
phagocytic lymphohistiocytosis (HLH), a serious hyperinflammatory condition as-
sociated with highly activated but ineffective immune responses [39]. Monoclonal 
proliferation of EBV-infected T or NK (most often CD8+ T) cells have been con-
sistently observed in EBV-HLH [40, 41]. Overproduction of cytokines by EBV-
infected T or NK cells as well as by activated macrophages and T cells reacting to 
the virus is thought to play a central role in the pathogenesis [42]. Sato and others 
described systemic organ infiltration of activated CD8+ T cells, IFN-γ cytokinemia, 
normocytic anemia, thrombocytopenia, and hemophagocytosis in EBV-infected 
hu-NOG mice, where EBV was found restrictedly in B cells [43]. Based on these 
findings, they proposed that EBV-infected hu-NOG mice may be a useful model of 
EBV-HLH. EBV-HLH associated with proliferation of the virus-infected B cells 
has been recently described in patients with X-linked lymphoproliferative disease 1 
(XLP-1) and XLP-2 [44]. Using the same EBV-infected hu-NOG mice, Yajima and 
others observed predominantly B-cell LPD [26]. Because there were a number of 
differences in the protocols of Sato et al. [43] and Yajima et al. [26], including the 
sex of NOG mice, age at transplantation of HSC, and the route of transplantation, 
these differences might explain the different results. As described later, xenogenic 
transplantation of PBMC obtained from patients with EBV-HLH also reproduced 
cardinal features of this disease including proliferation of EBV-infected T cells and 
hypercytokinemia [45].

39.2.3  Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a common autoimmune disease associated with pro-
gressive disability and systemic complications [46]. Evidence for the involvement 
of EBV in the RA pathogenesis includes increased EBV-infected B cells in patients’ 
peripheral blood, infiltration of EBV-specific activated CD8+ T cells in affected 
joints, and impaired functions of patients’ T cells to suppress the outgrowth of EBV-
transformed B cells [47]. Furthermore, cynovial EBV infection with the expression 
of viral proteins including LMP1 has been repeatedly observed in RA lesions [48, 
49]. These lines of evidence are, however, rather circumstantial and direct evidence 

lytic-cycle (f) EBV gene expression in tumors from EBV-infected hNOG mice. Spleen tumors 
from three different mice were examined for the expression of EBNAs 1 and 2, LMPs 1, 2A and 2B, 
EBER1, BZLF1, BMRF1, and BLLF1. RNA samples from LCL e and anti-IgG-treated Akata cells f 
were used as positive controls, and those of EBV-negative Akata cells (e and f) were used as nega-
tive controls. Assays were done with (+) or without (−) reverse transcriptase (RT) in f. Expression 
of GAPDH was examined as reference. g Double staining of EBER and CD20 in the spleen of a 
hu-NOG mouse persistently infected with EBV without developing lymphoproliferative disorder. 
EBER is stained navy in the nucleus and CD20 is stained brown in the membrane. (Reproduced 
from [26], by permission of Oxford University Press)
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for the causal relationship has been missing, primarily because of the lack of an ap-
propriate animal model. Recently, Kuwana and others reported that EBV-infected 
hu-NOG mice developed erosive arthritis with massive synovial cell proliferation 
and infiltration of human CD4+ T cells, CD8+ T cells, B cells, and macrophages 
[50]. A histological structure termed pannus, particularly characteristic to RA and 
involved in the destruction of bone tissues, was found in the arthritis lesions of hu-
NOG mice. These results, although restricted to histopathological findings, indicate 
that EBV triggers the development of erosive arthritis morphologically resembling 
RA in humanized mice and suggest that the virus is responsible for the development 
of RA in humans as a trigger. Further studies are required to clarify whether this 
arthritis in mice is generated by a similar mechanism as that for the original human 
disease. Effects of antibodies specific to cytokines such as TNF-α, IL-1, and IL-6, 
that are known to be involved in the pathogenesis of RA, can be readily tested in 
this model. Inasmuch as there is a strong association between certain HLA types 
and RA, it will be an interesting experiment to test whether humanized mice pre-
pared with HSC with high-risk HLA types have an increased frequency of arthritis 
following infection with EBV. The search for signs of other autoimmune diseases 
such as multiple sclerosis, Sjögren syndrome, and systemic lupus erythematosus in 
EBV-infected hu-NOG mice is underway.

39.3  Immune Responses to EBV in Humanized Mice

New-generation humanized mice mount a primary immune response to EBV [22, 
23]. The spleen of humanized BRG (hu-BRG) mice contained an increased number 
of T cells after infection with EBV and CD8+ T cells isolated from them proliferated 
vigorously upon stimulation with autologous EBV-transformed LCL [23]. In BLT 
mice developed by Melkus et al. [22], transplanted human thymus tissues enabled 
restriction of T cells by human MHC and hence efficient EBV-specific T-cell re-
sponses. These pioneering works were followed by more detailed descriptions of 
EBV-specific T-cell responses in humanized mice of various strains [26, 29, 43, 51]. 
EBV-specific CD4+ and CD8+ T-cell clones were established from EBV-infected 
hu-NSG mice and found to lyse HLA-matched LCLs [29]. Antibodies specific to 
the human MHC class-I inhibited the production of IFN-γ by CD8+ T cells that were 
isolated from EBV-infected BLT or hu-NOG mice and stimulated with autologous 
LCL, indicating that these T cells recognized EBV epitopes presented by the human 
MHC class I [22, 26]. In accordance with these results, human MHC class I tetra-
mers presenting EBV epitopes identified EBV-specific CD8+ T cells in hu-NOG 
mice [43]. Depletion of either CD4+ or CD8+ T cells by administration of anti-
CD4 or anti-CD8 antibody, respectively, caused more aggressive proliferation of 
EBV-infected cells and reduced the life span of infected mice, indicating that T-cell 
responses induced in humanized mice play a protective role [29, 51]. More directly, 
CD8+ T cells isolated from EBV-infected hu-NOG mice suppressed transformation 
of autologous B cells by EBV [51]. EBV infection of hu-NOG and hu-NSG mice 
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induced marked proliferation of CD8+ T cells, but only a minor fraction of them 
appeared to be EBV-specific [26, 29, 43, 51]; the nature of the remaining part of 
proliferating CD8+ T cells is not clear. One study with NOD/scid mice transplanted 
with human fetal thymic cells demonstrated an important role for EBV-induced 
CD8+ NKT cells in the suppression of tumorigenesis by EBV-associated Hodgkin 
lymphoma and nasopharyngeal carcinoma cells [52].

It is a puzzling question how EBV-specific T-cell responses restricted by human 
MHC were induced in humanized mice that did not have human thymus tissues 
transplanted [26, 29, 43, 51]. T-cell responses specific to other viruses including 
HIV-1 [53], an adenovirus vector expressing HCG glycoproteins [54], HSV-2 [55], 
and influenza virus [56] have also been induced in humanized mice without human 
thymic tissues. Regarding this issue, experiments with humanized NOG I-A-/- mice 
performed by Watanabe and others suggested that although murine MHC plays a 
major role in the positive selection of T cells in humanized mice, human HSC-
derived cells, conceivably B cells or dendritic cells, are also involved in the positive 
selection, possibly explaining T-cell restriction by human MHC observed in human-
ized mice [57]. This problem of T-cell education was averted in humanized mice 
expressing human MHC; NSG-derived mouse strains with a human HLA-A2 trans-
gene that were reconstituted with HSC having the same HLA allele mounted effi-
cient EBV-specific T-cell responses restricted by the particular HLA type [29, 58].

Antibody responses to EBV were analyzed in hu-NOG mice and found much 
less efficient than T-cell responses [26]. Only 3 out of 40 mice produced IgM an-
tibody to P18BFRF3, a major component of the viral capsid antigen (VCA). No IgG 
antibody to EBV-encoded proteins was detected. This inefficiency in antibody re-
sponses, especially that in the IgG response, appears common to humanized mouse 
models of other viruses including HIV-1 [53, 59, 60]. The finding that transfer of 
functional human T cells expressing TCR specific to hemagglutinin (HA) improved 
HA-specific IgG responses in hu-NOG mice suggests that suboptimal interactions 
between T and B cells underlie the inefficient production of antigen-specific IgG 
antibodies in these mice [57]. Better antibody responses in BLT mice support this 
notion [61, 62].

39.4  Persistent EBV Infection in Humanized Mice

EBV establishes asymptomatic persistent infection in human hosts that is dependent 
on T-cell immunosurveillance. In immunocompetent hosts, EBV-transformed cells 
with expression of highly immunogenic viral proteins are efficiently removed by 
CTLs and the virus is found persisting in memory B cells where all viral protein 
expressions are shut down. Yajima and others reported that the majority of hu-NOG 
mice inoculated with low doses of EBV (< 101 TD50) did not develop LPD and sur-
vived up to 6 months without any apparent signs of diseases [26]. EBV DNA was 
detected in the peripheral blood only for the first several weeks following inocula-
tion and thereafter remained undetectable throughout the course of observation. 
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Upon autopsy at 6 months postinfection, no macroscopic pathological changes were 
observed, but occasional EBER-positive cells were found in their spleen and liver, 
indicating that EBV persisted in the mice. These EBER-positive cells were CD20-
positive B cells, but their morphology did not resemble that of resting memory B 
cells (Figure 39.1g) [26]. mRNAs coding for EBNA1, EBNA2, LMP1, and LMP2A 
were detected by RT-PCR analyses of RNA obtained from the spleen or liver of 
these persistently infected mice, indicating the presence of latency III cells (Yajima 
et al. unpublished results). Persistent EBV infection in hu-NOG mice therefore does 
not completely reproduce EBV latency in humans. Because proper differentiation 
of memory B cells requires intricate interactions of B and T cells that have not been 
reproduced in current humanized mice [57], reproduction of bona fide EBV latency 
in memory B cells may require more sophisticated humanized mice. Nevertheless, 
it is an interesting question how immune responses are involved in the induction 
and maintenance of persistent EBV infection in hu-NOG mice. It is interesting that 
the blood EBV DNA level fluctuated in a few persistently infected mice and there 
the rise in the EBV DNA level was immediately followed by the increase in CD8+ T 
cells and subsequent decline of the EBV DNA level, suggesting an effective T-cell 
control of EBV-infected cells [51]. If this persistent infection can be disrupted and 
EBV-positive LPD is induced by certain immunosuppressive regimens, it will be an 
excellent model of EBV-associated LPD in immunocompromised hosts.

The exact mechanism by which EBV establishes latent infection in memory B 
cells is not clear. Cocco and others examined EBV gene expression, surface marker 
expression, and hypermutation of the IG gene variable region in a single cell level in 
lymphoid tissues of EBV-infected hu-BRG mice [63]. Although they found mainly 
EBV-infected naïve B cells in the mantle zone, they identified infected cells in la-
tency II that carried mutations in Ig genes in germinal centers. They proposed that 
these results support the previously presented hypothesis that EBV infects naïve 
B cells and induces their differentiation into memory B cells via germinal center 
reactions.

39.5  EBV Reverse Genetics in Humanized Mice

A number of EBV mutants with their particular genes knocked-out by homologous 
recombination have been prepared and revealed specific functions of these genes 
[4]. Mutations of certain EBV genes, however, did not generate any new phenotype 
in in vitro experiments, although strong conservation of these genes among natural 
EBV isolates suggests that they have important functions. EBNA3B is a representa-
tive of such genes; the EBNA3B knock-out virus retained its capacity to transform 
B cells and its role in the EBV life cycle is not known. Recent work by White 
and others demonstrated that an EBNA3B-KO EBV mutant induced more aggres-
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sive LPD in hu-NSG mice as compared with wild-type EBV, suggesting a tumor 
suppressor-like function of this gene [30]. B cells transformed by this mutant virus 
secreted less T-cell chemoattractant CXCL10 and thereby escaped T-cell–mediated 
killing. EBNA3B might thus function as a safety guard so that the virus should not 
be a life-threatening harm to the host.

BZLF1 is an immediate-early gene of EBV and acts as a switch from the latent 
to lytic cycle of EBV infection. Knocking out the BZLF gene did not affect the in 
vitro transforming activity of EBV and its involvement in lymphomagenesis was 
first elucidated in experiments with humanized mice. Ma and others generated EBV 
recombinants with the BZLF1 gene knocked out or with enhanced BZLF1 expres-
sion and demonstrated that BZLF1 enhanced EBV-induced lymphomagenesis in 
NSG-BLT mice, although the exact mechanism was not clear [27, 28].

There are a number of EBV genes, such as BHRF1 (encoding an Bcl-2-like anti-
apoptotic protein) [64], BXLF1 (encoding EBV thymidine kinase) [65], and BCRF1 
(encoding a cytokine highly homologous to human IL-10) [66], loss-of-function 
mutants of which exhibit no or only minor phenotype alteration in in vitro studies. 
Examination of these EBV mutants in humanized mice might reveal their critical 
roles in the EBV life cycle and pathogenesis.

39.6  Mouse Xenograft Models of EBV-Associated T/
NK-Cell LPD

Chronic active EBV infection (CAEBV) is a disease with high morbidity and mor-
tality characterized by prolonged IM-like symptoms and elevated EBV DNA load 
in the peripheral blood [67–69]. Similar to EBV-HLH, monoclonal or oligoclonal 
proliferation of EBV-infected T or NK cells is consistently observed in this dis-
ease. In EBV-infected hu-NOG mice, however, EBV infection of neither T nor NK 
cells was recognized. To recapitulate CAEBV and EBV-HLH, Imadome and others 
transplanted PBMC isolated from patients to NOG mice and recapitulated major 
features of the two diseases, including systemic monoclonal proliferation of EBV-
infected T or NK cells and hypercytokinemia [45] (Figure 39.2). Experiments with 
these models showed that EBV-infected T and NK cells did not engraft if CD4+ T 
cells (whether or not infected with EBV) were removed from PBMC. When CD4+ 
T cells were depleted in vivo just following transplantation of PBMC by admin-
istrating the OKT-4 antibody specific to CD4, engraftment of EBV-infected cells 
was consistently prevented [45]. Furthermore, administration of the antibody after 
engraftment of EBV-infected cells was also effective and reduced peripheral blood 
EBV DNA load to an undetectable level, suggesting that therapeutic approaches tar-
geting CD4+ T cells might be possible (Imadome and others, unpublished results).
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Fig. 39.2   A xenograft mouse model of chronic active EBV infection. a Photographs of a model 
mouse showing splenomegaly and of the excised spleen. This mouse was transplanted with PBMC 
from a CAEBV patient of the CD8 type. Spleen from a control NOG mouse is also shown. b 
Photomicrographs of various tissues of the mouse shown in a. Upper panels: liver tissue was 
stained with hematoxylin-eosin ( HE), antibodies specific to human CD3 or CD20, or by ISH with 
an EBER probe; the rightmost panel is a double staining with EBER and human CD45RO. Bot-
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Abbreviations

ATLL Adult T-cell leukemia/lymphoma
HIS Human immune system
HP/HSCs Hematopoietic progenitors/hematopoietic stem cells
HTLV-1 Human T-cell leukemia virus type 1
TSP/HAM Tropical spastic paraparesis/HTLV-1 associated myelopathy

40.1  Introduction

The first chapter of human retrovirology was written in 1980 with the isolation of 
HTLV-1 (Human T-lymphotropic Virus type 1) that concluded the long search of a 
retrovirus etiologically linked to a tumoral process. This retrovirus was identified 
as the causative agent of adult T-cell Leukaemia/lymphoma (ATLL), an aggressive 
and clonal lymphoproliferative disorder of mature CD4+ T cells (for a review, see 
[1]). During the past three decades, numerous epidemiological and clinical studies 
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as well as extensive molecular and cellular observations have been performed to 
understand the pathological mechanisms triggered by HTLV-1 infection. However, 
experimental approaches carried out in various animal models (rabbits, monkeys, 
rats, and mice) have failed to recapitulate leukemogenesis [2, 3]. Recently, the grow-
ing need of an animal model for the in vivo investigation of human hematopoiesis 
and immunity culminated with the construction of mice that develop a functional 
human immune system (HIS) through the engraftment of human tissues and/or he-
matopoietic progenitor cells in severely immunocompromised mouse strains. The 
recently developed HIS mice bearing a targeted mutation in the interleukin 2 (IL2) 
receptor common gamma chain (γc) represent a small and effective animal model, 
most appropriate to study human infectious diseases and have been used in attempts 
to in vivo recapitulate HTLV-1-induced leukemogenesis in vivo [4, 5].

40.2  Virological Aspects of HTLV-1

HTLV-1 is a complex retrovirus, which belongs to the genus Deltaretrovirus of the 
subfamily Orthoretrovirinae. The HTLV-1 proviral genome has structural genes, 
gag, pol, and env, bracketed by long terminal repeat (LTR) sequences (Fig. 40.1; 
[1]). The 5′ LTR including U3/R/U5 serves as the viral promoter for transcription. 
The pX region, located between env and the 3′LTR, contains sequences for regulato-
ry viral proteins, Tax, Rex, p12, p13, p30, and p21. The minus strand of pX encodes 
an antisense transcript, HTLV-1 basic leucine zipper factor ( Hbz) [6].

HTLV-1 infects 10–20 million people worldwide, and causes ATLL in a small per-
centage of infected individuals after a prolonged latency period of up to 20–50 years. 

gag-pol

env

tax

rex

p12

p13

hbz

p30

5’ LTR 3’ LTRgag pro pol env pX

Fig. 40.1   Genome structure of the HTLV-1 provirus. The gag, pol, and env structural genes are 
flanked by 5′ and 3′LTRs. The pX region, Tax, Rex, p12, p13, p30, and the antisense HTLV-1 basic 
leucine zipper factor ( HBZ) open reading frame are shown ( colored boxes)
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HTLV-1 can be transmitted through breastfeeding, sexual contact, or parenteral trans-
mission. This malignant disease has unique clinical, pathological, and cytological 
features, and is classified into four clinical subtypes: smoldering, chronic, acute, and 
leukaemia/lymphoma. Mild-clinical symptoms characterize smoldering patients, but 
those with chronic or acute and leukaemia/lymphoma show a rapid progression and 
common association with lymphadenopathy, hepatosplenomegaly, and hypercalce-
mia, frequent skin lesions and resistance to treatment with antileukaemia agents. 
The leukemic T cells, the number of which increases according to the severity of 
the disease, are polymorphic with multilobulated nuclei (flower cells). They mainly 
 express CD4 and other mature T-cell markers such as CD2, the CD3/T-cell receptor 
(TCR) molecules on cell surfaces being frequently downregulated. They are activat-
ed as ascertained by the expression of CD25, the α chain of the interkeukin-2 (IL-2) 
 receptor. The HTLV-1 provirus is monoclonally integrated in ATLL cells, indicating 
that these cells arise from a single malignant clone, which displays the same provi-
ral integration pattern. HTLV-1 infection also induces inflammatory manifestations, 
such as tropical spastic paraparesis or HTLV-1-associated myelopathy (TSP/HAM). 
The risk to develop either ATLL or TSP/HAM appears to be related to age, route of 
infection and the immune competency of the host. Thus, the oral route, i.e., breast-
feeding, might be critical in the initiation of the long leukemogenic process. The 
 investigation of HTLV-1-mediated leukemogenesis for over three decades has largely 
been focused on Tax, a 40 kDa HTLV-1 encoded regulatory protein, that functions 
as a trans-activator of proviral gene expression. It is also a key viral component of 
HTLV-1-mediated leukemogenesis, primarily due to its ability to modulate the ex-
pression of a large variety of cellular genes responsible for cell proliferation, genetic 
instability, dysregulation of the cell cycle, and apoptosis. However, Tax expression 
is not detected in a majority of ATLL patients, underlining that Tax expression is not 
necessary for the maintenance of ATLL. Such a role is associated with expression 
of HBZ, the other viral regulatory protein. The spliced form of HBZ is expressed in 
all ATLL and TSP/HAM cases. HBZ protein promotes proliferation of ATLL cells 
and induces T-cell lymphomas in CD4+ T cells when expressed in transgenic mice, 
indicating that HBZ is necessary for the proliferation and survival of ATLL cells, for 
reviews, see [1, 2, 6–8].

40.3  In Search of Target Cells at the Initiation  
of HTLV-1 Induced-Leukemogenesis

One of the fundamental problems in cancer research concerns the identification of 
the normal cell in which the malignant events are initiated. This target cell specific-
ity is especially important and noteworthy in hematopoietic cell tumours arising at 
specific stages of hematopoietic cell development. Thus, leukaemia/lymphoma is 
defined as the proliferation of a malignant clone in the bone marrow or in peripheral 
lymphopoietic organs. They are very often characterized by an aberrant expression 
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of transcription factors, explaining the altered expression of numerous cellular genes 
controlling the maturation of haematopoietic cells. Deciphering these mechanisms 
has greatly clarified the ways in which leukemia retroviruses affect proliferation and 
differentiation of the target cells, thus triggering the leukemogenic process. In this 
regard, molecular and cellular approaches performed with oncogenic chicken and 
mouse retroviruses, such as avian erythroblastosis virus and murine leukemia virus, 
have provided evidence that the phenotype of the initial virus-infected target cell 
is quite different of that of the proliferating leukemic cells [9, 10]. These observa-
tions challenge the current belief that the leukemic T cells in ATLL patients originate 
from mature differentiated CD4+ T cells infected with HTLV-1. Despite considerable 
progress made in understanding ATLL biology, the exact sequence of events occur-
ring during the initial stages of malignancy, including the types of cells infected with 
HTLV-1, remain unclear. The primary target cells for HTLV-1 infection may not 
only influence HTLV-1 pathogenesis, but sequestration of these cells in anatomical 
sites, such as the bone marrow and spleen may allow the virus to elude the immune 
system and may contribute to the long-latent period following infection. The obser-
vation that neonatal HTLV-1 infection preferentially correlates with the development 
of ATLL leads to the hypothesis that neonatal transmission of HTLV-1 is favoring 
viral infection of hematopoietic progenitors/hematopoietic stem cells (HP/HSC) and 
immature human thymocytes. Such a hypothesis implies that the expression of Tax 
in these cells may alter the αβT-cell development in the thymus. Interestingly, the 
role of Tax in T-cell transformation and in the development of HTLV-1-associated 
lymphoma has been approached using Tax-transgenic mice under the control of ei-
ther the HTLV-1 LTR or alternative promoters targeting Tax expression in lymphoid 
compartments [11]. Thus, when transgene expression is placed under the control 
of the Lck promoter, which restricts Tax expression to developing thymocytes, an 
ATLL-like phenotype appeared in these transgenic mice [11]. Accordingly, a series 
of in vitro settings focused on the effect of HTLV-1 infection on progenitor cells as 
well as on immature thymocytes have supported that hypothesis.

HTLV-1 Infection of CD34+ HP/HSCs Human CD34+ HP/HSCs are maintained in 
the bone marrow and can differentiate into all requisite mature cell types represented 
by the immune system. CD34+ cells are able to mature into multiple hematopoietic 
lineages, yet are concurrently long-lived and have the capacity for self-renewal and 
maintenance of an undifferentiated state in bone marrow. The ability of HTLV-1 
to sustain a productive infection in CD34+ cells identifies hematopoietic progeni-
tor and stem cells as targets that sustain and harbor latent HTLV-1 infection over 
 substantial periods of time [12]. Although HTLV-1 infection of mature T lympho-
cytes gives rise to immortalization and transformation, infection of CD34+ HP/
HSCs in culture induces G0/G1 cell cycle arrest by modulation of the cellular cdk 
inhibitors p21cip1/waf1, p27kip1, and surviving by the activity of the Tax1 oncoprotein. 
This  suggests that HTLV-1 exploits the sensitive cell arrest mechanism in CD34+ 
HP/HSC cells to establish a latent infection [13, 14]. The HTLV-1 provirus was 
detected in CD34+ cells isolated from peripheral blood lymphocytes of HTLV-1-in-
fected patients has been demonstrated [15], and infection of HP/HSCs may result 
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in skewing of  hematopoiesis towards distinct lineages, ultimately giving rise to the 
outgrowth of malignant clones.

HTLV-1 Infection of Human Immature Thymocytes During early thymocyte 
differentiation, β-selection is a major checkpoint that controls the proliferation and 
selection of the double-negative (DN) thymocytes [16, 17]. This process is subse-
quent to the expression of recombinase Rag1/2 proteins involved in the rearrange-
ment of the T cell receptor (TCR) locus and is mediated by the successful expression 
of the pre-TCR comprising the TCR βchain, CD3 proteins and an invariant pre-TCR 
αchain (pTα) at the membrane of human immature thymocytes. Pre-TCR signal-
ling leads to the activation of transcription factors belonging to the rel/NF-κB and 
AP-1 families involved in the survival, proliferation and differentiation of selected 
 thymocytes into CD4+ CD8+ double-positive (DP) cells. After β-selection, rearrange-
ments of the TCRαlocus are initiated, and after being submitted to either positive or 
negative selection, the cells become mature functional single-positive (SP) CD4+ and 
CD8+ cells αβT-cells.

Thus, proliferation and differentiation of αβT lymphocytes are mostly depen-
dent on the events presiding the assembly of the pre-TCR and of those triggered 
by the β-selection process. Indeed, mutant mice that are lacking the Rag1 or Rag2 
proteins, TCRβ or pTα cannot form a pre-TCR complex and as a consequence 
are displaying a developmental arrest at the DN stage. Genetic ablation or over-
expression studies in mice have identified a number of molecules that regulate the 
transition of DN thymocytes to the DP stage. Among them, transcription factors 
are critically  involved in the molecular programs that control cell proliferation, 
differentiation, and survival during these early stages of thymopoiesis [18]. They 
are also intimately linked with the induction of leukemogenic events that result in 
the transformation of T-cell precursors [19]. HTLV-1 infection within the thymus 
might therefore represent an essential and critical event of viral leukemogenesis. 
Moreover, Tax, by silencing E proteins of the basic helix-loop-helix (bHLH) fam-
ily, downregulates the transcription of pTα during early thymocyte development, 
indicating that HTLV infection in the thymus is a prerequisite to the induction of 
the leukemogenic process associated with this retroviral infection [20, 21]. Finally, 
in in vitro Tax-transduced human immature thymocytes, an increase in the expres-
sion of NF-κB and of anti-apoptotic genes was observed, indicating that human 
T-cell development could be altered by Tax [22].

40.4  HTLV-1 Infection of HIS Mouse Models

During the past few years, remarkable advances have been reported concerning the 
development of a human immune system in immunodeficient mice, which have 
neither functional T and B cells nor NK cells. Further efforts at minimizing the 
response of the innate murine immune system have led to the production of NOD/
SCID IL2γc−/− and BALB/c-Rag2−/−γc−/− mouse models [23, 24]. Both models have 
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been used to establish humanized mice after engraftment of human CD34+ hemato-
poietic stem cells. These strains mice have proven highly suitable for the generation 
of HIS mice and have been used to study the infection of several human pathogens 
including HTLV-1.

HTLV-1 Infection of HIS NOD/SCID IL2γc−/− Faithful recapitulation of ATLL 
in “humanized” mice has been challenging, primarily since HTLV-1 does not read-
ily infect target cells as a cell-free virus and requires cell-to-cell contact for effi-
cient virus transmission. Initial attempts to infect the conjoint Thy/Liv human organ 
with HTLV-1 in SCID-hu mice failed to induce oncogenesis [12]. HIS NOD/SCID 
IL2γc−/− mice are generated by inoculation of human CD34+ cells into neonatal 
NOD/SCID IL2γc−/− mice. These HIS mice support broad and robust maturation 
of all human hematopoietic lineages and this small animal model has facilitated 
 evaluation of HTLV-1 infection and Tax1 expression on maturation of the human 
immune system in vivo. Ex vivo HTLV-1 infection of CD34+ HP/HSCs and 
 injection of infected CD34+ cells into NOD/SCID IL2γc−/− or NOD/SCID mice 
results in maturation of infected HP/HSCs and in significant levels of lymphoma-
genesis. Malignant cells from infected mice invariably harbor the HTLV-1 provirus 
and  display CD4, and occasionally CD25, both cellular markers of ATLL cells [15]. 
Transduction of CD34+ cells with a lentivirus vector expressing the Tax oncoprotein 
and inoculation into NOD/SCID IL2γc−/− mice also resulted in CD4+ lymphoma-
genesis, although tumors were predominantly monoclonal in origin in contrast to 
the oligoclonal tumors induced by infection with HTLV-1. It is conceivable that 
 initiation of leukemogenesis/lymphomagenesis by HTLV-1 infection involves the 
generation of an “infectious leukemic stem cell” that eventually gives rise and 
allows maturation of malignant mature T cells [25]. The exact molecular processes 
that contribute and give rise to a full-blown malignant cell types have yet to be 
precisely identified, and the HIS mouse has become an invaluable tool to delineate 
molecular and cellular events in HTLV-1 leukemogenesis.

HTLV-1 Infection of HIS BALB/c-Rag2−/−γc−/− Mice As indicated above, Tax 
interferes with ß-selection during early thymopoiesis, indicating that HTLV-1 
 infection has the potential to perturb thymic human αβT-cell development. To ver-
ify that inference, we investigated the in vivo effects of HTLV-1 infection in HIS 
BALB/c-Rag2−/−γc−/− mice [22]. These mice were infected with HTLV-1 through 
the intraperitoneal inoculation of irradiated HTLV-1-producing cells, at a time 
when the three main subpopulations of human thymocytes have been detected, i.e., 
within a period of 1–2 months after transplanting BALB/c-Rag2−/−γc−/− immunode-
ficient animals with human CD34+ HP/HSCs. These mice were analyzed at regular 
 intervals within a 7-month period after inoculation. Significant alterations of human 
T-cell development have been observed, the extent of which correlated with the 
proviral load. Specifically, significant differences were observed in the respective 
percentages of the three main thymocyte subsets (immature, DP and SP) in HIS 
BALB/c-Rag2−/−γc−/− mice with a low-proviral load and in mock-infected animals. 
Conversely, in the thymus of HTLV-1-infected HIS BALB/c Rag2−/−γc−/− mice with 
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a high-proviral load similar to that in ATLL patients, mature SP CD4+ and CD8+ 
cells were most numerous, at the expense of immature DP thymocytes. These SP 
cells also accumulated in peripheral organs. Preliminary results obtained with one 
HTLV-1-infected mouse displaying a thymoma indicate an extraordinary degree of 
polyclonality of integration sites in the thymus. Interestingly, the three clones that 
dominated the population in both spleen and lymph nodes were not dominant in 
the thymus, and the three most abundant clones observed in the thymus were not 
detected in the periphery.

Human T-cells from thymus and spleen were activated, as shown by the ex-
pression of the CD25 marker, that correlated with the presence of tax mRNA and 
with increased expression of NF-κB dependent genes such as bfl-1, an antiapoptotic 
gene, in thymocytes. Finally, hepato-splenomegaly, lymphadenopathy, and T-cell 
lymphoma/thymoma, in which Tax was detected, were observed in HTLV-1-infect-
ed mice, several months after HTLV-1 infection (Fig. 40.2). These data provide 
strong evidence that in vivo HTLV-1 infection of HIS BALB/c-Rag2−/−γc−/− mice 
perturbs human T-cell development in the thymus at the level of immature cells, by 
propelling T-cell development toward the mature stages. They further suggest that 
the combination of immature target cells in the thymus and the immunodeficient 
environment of these humanized mice favors the rapid development of a T-cell ma-
lignancy. Recently, the induction of HTLV-1-specific adaptive immune responses in 
some infected mice has been reported [26]. These results demonstrate the potential 
of this mouse model to elucidate the initial steps of the leukemogenic process in-
duced by HTLV-1.

40.5  Conclusions and Perspectives

The recapitulation of a CD4+ T-cell lymphoma in HTLV-1-infected HIS-mice sug-
gests that HP/HSCs as well as immature thymocytes function as cellular targets for 
infection and for initiation of leukemogenesis in humans (Fig. 40.3). This animal 
model of ATLL will provide an important tool for the identification of molecu-
lar and cellular events that control the initiation and progression of the lymphoma 
and potential therapeutic targets to block tumor progression and development. This 
model will also be helpful for studying the involvement of other HTLV-1 genes 

Fig. 40.2   Immuno-histolog-
ical detection of Tax in the 
nucleus of large lymphoma 
cells in the thymus from 
HTLV-1-infected HIS mice. 
(From ref. [22]. Reproduced 
under Creative Commons 
Attribution (CC BY) license)
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like hbz in viral–induced leukemogenesis. The generation of cellular and humoral 
immune responses in recently developed HIS mice, such as NSG-HLA-A2 [27], 
may contribute to decipher the multistep progression of leukemia as well as the 
immunopathogenic mechanisms triggering inflammatory diseases as well as to de-
velop new therapeutic strategies to treat HTLV-1 patients both at an early and a late 
leukemic stage.
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41.1  Introduction

Malaria is a life-threatening disease caused by parasites, which are transmitted 
through the bites of infected mosquitoes. Nearly half a billion malaria infections 
occur each year, and close to one million deaths are attributed to the disease an-
nually, mostly of children under the age of 5 years who have frequent attacks and 
little immunological protection and pregnant women in Sub-Saharan Africa [1]. 
Although progress has been made in preventing and treating malaria infection, more 
effective, tolerable, and affordable therapies and vaccines are needed [2–4]. A small 
animal model for the human parasite could potentially expedite the development 
of antimalarial drugs and vaccines. Here, we describe progress in the development 
of humanized mice as a platform to support the life cycle of plasmodial parasites 
causing diseases in humans.

The Life Cycle of Malaria-causing Plasmodium Parasites Among the four 
 Plasmodium species that cause malaria in humans, P. falciparum is the most 
 virulent [5]. This species causes the vast majority of deaths from malaria and is 
also distinguished by its ability to bind to endothelium during the blood stage of 
the infection and to hide in organs, including the brain. P. vivax is less deadly but 
highly disabling; it is common in tropical areas outside Africa. The ability of P. 
vivax and P. ovale to remain dormant for months as hypnozoites in the liver makes 
infection with these parasites difficult to eradicate. Plasmodium malariae does not 
form hypnozoites, but it can persist for decades as an asymptomatic blood stage 
infection. A fifth species, Plasmodium knowlesi, which was originally described as 
a malaria parasite of long-tailed macaques, also naturally infects humans in some 
areas, such as Malaysia.
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Infection of the human host with a Plasmodium parasite begins with the bite of an 
infected Anopheles mosquito injecting the individual with sporozoites (Fig. 41.1). 
These motile forms rapidly access the blood stream and then the liver, where they 
invade hepatocytes. The asymptomatic liver stage of infection lasts about 6 days, 
with each sporozoite yielding tens of thousands of merozoites that then invade and 
multiply within erythrocytes. The blood stages of infection include asexual forms 
of the parasite that undergo repeated cycles of multiplication as well as male and 
female sexual forms, called gametocytes that await ingestion by mosquitoes before 
developing further. Asexual blood stage parasites produce 8–20 new merozoites 
 every 48 h (or 72 h for P. malariae), causing parasitic numbers to rise rapidly to 
levels as high as 1013 per host. The asexual stages are pathogenic, and infected indi-
viduals can present with diverse sequelae affecting different organ systems. Sexual 
stage parasites are nonpathogenic but are transmissible to the Anopheles vector, 
where they recombine during a brief period of diploidy and generate genetically 
distinct sporozoites. The mosquito becomes infectious for its next blood meal donor 
approximately two weeks after ingesting gametocytes, a time frame that is influ-
enced by external temperature. The development of P. vivax within the mosquito 
can occur at a lower environmental temperature than that required for develop-
ment of P. falciparum, explaining the preponderance of P. vivax infections outside 
 tropical and subtropical regions.

Animal Models for Malaria The clinically most relevant malaria parasites, 
 P. falciparum and P. vivax, display a unique human tropism, and the hallmarks 
of their pathogenesis cannot be accurately reproduced in animals. While rodents 
and rodent malaria parasites are commonly used for research and drug/vaccine 

Human liver chimeric mice

Sporozoites

Kupffer
cells

Merozome

Merozome
ruptures Erythrocyte

invasion Ring

Male

Female

Gametocytes

Trophozoite

Schizont
ruptures

Schizont

Hepatocyte Hepatocyte
death

LSEC

Human hemato-lymphoid mice

Human liver stages
Mosquito stages

Human blood stages

Entire human Plasmodium life-cycle

Fig. 41.1   Compartmentalized tissue humanization to model the P. falciparum life cycle in human-
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 development, they often do not yield reliable preclinical results that translate into 
effective human treatments [6]. Both the pathogen and host contribute to this fail-
ure. On the microbial side, rodent malaria strains, P. berghei, P. yoelii, P. chabaudi, 
P.vinckei, differ from their highly restricted human counterparts. Most laboratory 
strains of the parasite have been isolated from African thicket rats, Thamnomys 
rutilans, and none is a natural pathogen of the laboratory mouse. Unlike the human 
pathogens, there has been no evolutionary adaptation of parasite and the mouse. 
For this reason, and because the rodent parasites differ in virulence and in the fine 
details of immune elimination from the host, it has been argued that mouse models 
are not very relevant to the human disease.

The molecular determinants of Plasmodium species tropism are poorly under-
stood. Thus, a genetic adaptation of the murine host to support the parasite life cycle, 
as has been proposed for other pathogens, is currently not possible. On the host side, 
mouse and man evolutionarily diverged ca. 65 million years ago, therefore these 
two species have inhabited different ecological niches and have been challenged 
with minimally overlapping groups of pathogens. The human and mouse immune 
systems have evolved to meet these challenges and accumulated many differences, 
making genes related to immunity, together with genes involved in reproduction 
and olfaction, the most divergent between the two species [7].

Humanized mice, i.e., engrafted with human tissues and/or expressing human 
genes, have been proven useful to study a variety of pathogens with a similar  narrow 
host range (reviewed in [8]), although mostly affecting immune cells. Engraftment 
of the relevant tissue compartments, i.e., liver and red blood cells (RBCs), is also a 
promising strategy to model human malaria in vivo.

41.2  Humanized Mouse Models for Pre-erythrocytic 
Stages of P. Falciparum

The characterization of liver stages of human malaria is based mostly on the 
 infection of human hepatoma cell lines, which differ substantially in their physi-
ology from primary hepatocytes [9–13]. More recently, sophisticated engineering 
approaches have culminated in a microscale human liver platform that supports the 
hepatic stages of P. falciparum and P. vivax [14]. Such primary human hepatocyte 
cultures provide a more accurate depiction of the native environment that plasmo-
dial parasites encounter in the liver but suffer from several drawbacks. Infection 
frequencies are by-and-large very low and, for reasons that have yet to be defined, 
only specific hepatocyte lots are permissive to infection. Primary hepatocytes—even 
under advanced culture conditions—are only stable for a few weeks and tend to 
 dedifferentiate, which complicates the study of plasmodial dormancy and reactiva-
tion. Furthermore, monolayers of primary hepatocytes lack the cellular complexity 
and cell–cell contacts dictated by the three-dimensional architecture of the liver, 
which may influence the susceptibility to infection.
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Engraftment of human hepatocytes into suitable xenorecipients has proven to 
be one solution to study hepatocyte (patho-)biology. To facilitate engraftment, hu-
man hepatocytes are usually injected into immunodeficient recipients suffering from 
liver injury. Suppression of the murine immune system is necessary to prevent graft 
rejection. The liver injury provides the expansion stimulus to the usually  quiescent 
hepatocytes and gives the transplanted human liver cells a competitive growth 
 advantage over mouse liver cells. Liver injury can be inflicted surgically, e.g., by 
partial hepatectomy, by treatment with hepatotoxins, such as retrorsine or carbon-
tetrachloride, or with genetic approaches. The latter are most widely used for stable 
engraftment as they provide a more selective control over the severity of the liver 
injury, and hepatotoxicity is usually limited to mouse hepatocytes.

Several different liver injury models have been developed over the past few 
 decades (reviewed in [15]). One of the best characterized models is transgenic mice 
overexpressing the urokinase-type plasminogen activator (uPA) gene [16] under the 
control of the mouse albumin promoter (alb-uPA), which was originally generated 
to study coagulopathies. However, transgene expression will lead inadvertently to 
a severe hepatotoxic effect [17]. In immunodeficient mice carrying homozygously 
the uPA transgene, the human liver graft is maintained at high levels over long 
periods of time. There are considerable drawbacks of the alb-uPA model, including 
hypofertility and high mortality that have made the production of highly engrafted 
mice laborious and expensive. Some variants of the uPA transgenic model have 
been developed that may overcome some of these challenges (reviewed in [15]).

To create a more tractable system, mice with targeted disruption in the  fumaryl ace-
toacetate hydrolase (FAH) gene were bred onto immunocompromised backgrounds. 
FAH deficiency results in acute liver injury, which is neonatally  lethal but can be 
rescued by administration of 2-(2-nitro-4-fluoromethylbenzoyl)-1,3-cyclohexan
edione (NTBC) allowing for normal propagation of the line. In turn,  withdrawal of 
this liver protective drug provides easy means to induce liver injury at will. Injec-
tion of human adult hepatocytes into the immunodeficient FAH−/−  xenorecipients 
yields high human hepatocyte chimerism [18, 19].

Similarly, transgenic expression of herpes simplex virus thymidine kinase 
(HSV-TK) in the livers of immunodeficient mice allows for selective ablation of 
mouse hepatocytes with ganciclovir and facilitates robust engraftment with human 
hepatocytes [20].

Human liver chimeric mice are a versatile in vivo platform to study human 
 hepatotropic pathogens and have been shown to be susceptible to a variety of  human 
hepatitis viruses, including hepatitis B [11, 22], C [21–23] and delta [24]. Likewise, 
immunodeficent Alb-uPA and FAH−/− mice, which were highly engrafted with 
 human hepatocytes, supported quantifiable P. falciparum liver stage development 
culminating in the complete maturation of liver stages [25–28]. In immunodeficient 
liver chimeric FAH−/− mice P. falciparum, exoerythrocytic merozoite aggregates 
budded off after one week suggesting that merosome formation can be modeled 
in liver chimeric mice [25]. Although it remains to be shown whether human liver 
chimeric mice can also support hepatic stages of other plasmodial parasites caus-
ing diseases in humans, the data is encouraging and will pave the way to studying 
plasmodial parasite liver stages.
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41.3  Blood Stage Malaria Infection

In contrast to plasmodial liver stages, P. falciparum blood stages can be routinely 
propagated in vitro based on seminal work by Jensen and Trager in the late 1970s 
[29]. This in vitro platform has been instrumental in studying blood stages and also 
became a valuable tool for functional drug efficacy screens. Despite the utility of 
such blood stage cell cultures, mouse models for P. falciparum blood stage infection 
have been pursued to analyze pharmacokinetics, pharmacodynamics, and efficacy 
of novel therapeutics simultaneously [30].

Merozoites from different plasmodial species vary in their preferred target cell. 
While P. falciparum is able to infect mature erythrocytes, P. vivax is thought to 
infect almost exclusively reticulocytes that are relatively scarce (less than 1 % in 
human blood) (Fig. 41.2). Two strategies have been proposed to generate in vivo 
models varying largely in their utility of malaria parasites and will be discussed 
in detail below. First, RBCs can be passively infused into immunodeficient mice, 
 providing the relevant tissue compartment for P. falciparum infection but not P. 
vivax infection since reticulocytes are lacking. The second model is based on the de 
novo differentiation of human hematopoietic stem cells into human erythroid cells 
after transfer injection into immunocompromized mice, which would support in 
principal all malaria parasites but practically has not been established.
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Human Red Blood Cell Infusion Models With the advent of a severe combined 
immunodeficient (SCID) strain with drastically reduced phagocytic activity against 
it, it became possible to sustain a human erythrocyte graft following repeated 
injections with packed RBCs [31]. Consequently, these humanized mice were 
shown to be susceptible to P. falciparum blood stage infection. As more severely 
immunocompromized xenorecipient strains became available, the model was fur-
ther refined to improve the reproducibility and throughput. Daily injections with 
relatively large amounts of packed RBCs into non-obese diabetic (NOD) SCID 
β2m−/− mice yielded a high RBC chimerism exceeding 90 % human erythrocytes, 
which enabled productive and reproducible infection with in vivo adapted P. falci-
parum strains [30]. Further improvements were made to this model by using NOD 
SCID IL2RγNULL mice, allowing tenfold higher parasitemia [32], and by combin-
ing intravenous injections (in lieu of intraperitoneally) with ablation of phagocytic 
cells using clodronate [33]. Following proof of concept that P. falciparum is sensi-
tive to treatment with antimalarial compounds in humanized mice, RBC chimeric 
mice are now routinely employed to evaluate preclinically the efficacy of lead 
compounds in vivo. However, the model is labor and resource intensive and has 
not yet been shown to be susceptible to other Plasmodium  species, which limits 
its utility.

De Novo Erythropoiesis in Humanized Mice Attempts to establish de novo human 
erythropoiesis in vivo are based on initial studies by a number of groups (reviewed 
in [34]) demonstrating that injection of human hematopoietic stem cells into 
severely immunocompromised mice results in multilineage differentiation, includ-
ing the detection of erythroid cells in the bone marrow of engrafted mice. However, 
in these models the frequencies of human erythroid cells in blood are low, suggest-
ing a block in the differentiation or their destruction in the periphery. Several studies 
have highlighted that differentiation can indeed be enhanced by providing cytokines 
that support erythropoiesis, in particular, interleukin 3 (IL-3) and erythropoietin 
(EPO) [35, 36] (Fig. 41.2) and exhibit minimal biological cross-reactivity across 
species. Moreover, ablation of phagocytes using clodronate liposomes drastically 
improves the frequencies of human erythrocytes in circulation [36], but none of 
these  studies demonstrated that increases in the frequency of de novo produced 
RBCs  correlate with susceptibility to plasmodial infection. Further studies are 
needed to test whether human erythropoiesis can be boosted using human cytokine 
knock-in mice for thrombopoietin and M-CSF, which support myelo-erythropoiesis 
at earlier steps, as well as providing endogenous human sources of EPO and IL-3 
(reviewed in [37]). In addition, other pathways of erythrocyte destruction, such as 
complement, may have to be considered as contributing to human RBC destruction 
in vivo.

For all these models, it has to be considered that malaria-induced pathology may 
not accurate reflect all features of clinical disease in humans. One example is the 
observation that infected erythrocytes are typically sequestered in blood vessels to 
avoid clearance in the spleen. This requires specific interactions of parasite-encoded 
proteins with host proteins that may not be evolutionarily conserved in the mouse. 
However, this was not observed in initial studies using mice infused with human 
RBC [30].
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41.4  Recapitulation of the Entire P. Falciparum Life 
Cycle in Vivo

Complete maturation of P. falciparum liver stages culminating in the release of 
 merozoites in human liver chimeric mice as well as the fact that human RBC 
 containing mice support blood stage infection suggested that the entire P. falciparum 
life cycle can be completed in mice harboring, simultaneously, both tissues. FAH−/− 
mice on a NOD Rag2−/− IL2RgNULL background were engrafted with human adult 
hepatocytes and infected with P. falciparum sporozoites. After 7 days when the 
parasite liver stages had fully matured, mice were infused with human packed 
RBCs to provide the target cells for schizonts released from the merozome. Sub-
sequent in vitro culture of blood from the infected mice lead to an outgrowth of 
asexual and sexual P. falciparum stages, demonstrating the transition from liver 
stage to blood stage infection [25]. Recapitulating the entire P. falciparum life cycle 
in  humanized mice is a major advance. However, the model will have to be further 
refined to  facilitate robust expansion asexual schizont in vivo following transition 
from liver to blood stages. Development of gametocytes in vivo would allow us to 
directly study the transmission from the mammalian host to mosquitoes (Fig. 41.1). 
 Ultimately, it would be desirable to establish robust human hepatocyte engraftment 
and de novo erythropoiesis in vivo to attempt infections with other malaria parasite 
species, arguably most importantly with P. vivax.

41.5  Summary and Outlook

Humanized mice have greatly helped to study human-tropic pathogens in vivo. 
Rendering humanized mice susceptible to P. falciparum poses unique challenges 
as the mammalian stages of the parasite depend on the presence of two distinct 
tissue compartments (Fig. 41.3). Human liver chimeric mice support the complete 
development of P. falciparum liver stages following sporozoite infection. Xenore-
cipients infused with human RBCs can be used to propagate asexual blood stages 
in vivo. Engrafting both human liver and erythrocytes in a single recipient offers 
new avenues to study the entire P. falciparum life cycle in vivo. Humanized mice 
for  malaria may enable the dissection of the human stages of malaria pathogenesis 
as well as allow experimental transmission to mosquitoes. Engraftment of patient-
specific hepatocytes and hematopoietic stem cells derived from induced pluripotent 
stem cells may in the future enable the analysis of human genetic variability on 
parasite infection and transmission. Humanized mice engrafted with human liver 
and RBCs lend themselves to perform genetic crosses to identify loci that confer 
resistance to antimalarials such as choroquine. Similar studies were previously only 
possible in splenectomized chimpanzees. Animals could be immediately deployed 
for safety and efficacy assessments of genetically attenuated parasites, antimalarial 
drug testing, passive immune protection by transfer of antibodies or sera from indi-
viduals immunized with vaccine candidates, and direct testing of vaccines.

41 Plasmodium Falciparum Parasite Development in Humanized Mice
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Humanized mouse models have matured over the past several years to such a de-
gree that they have become essential components of state-of-the art investigation in 
a multitude of disciplines. Humanized mouse models are no longer a rarity in the 
literature or a novelty at major scientific conferences. They have made a mark and 
they are here to stay. The types of in vivo studies that can be performed on human-
ized mice have opened new lines of investigation that were clearly out of the realm 
of possibilities just a few years ago. The availability of these models has completely 
transformed the landscape in the fields of human immunology and infectious dis-
eases with perhaps the biggest impact in HIV, HCV, HBV, and EBV research. More 
recent uses in other areas are beginning to demonstrate the utility and the promise 
of great future potential applications.

The chapters in this book are a clear testament to the significant progress that has 
been made so far in a multitude of disciplines in a relatively short period of time. It 
is clear from all these contributions that the only limitation to the use and improve-
ment of humanized mouse models has been our imagination, our determination, and 
our resources. As the field continues to take bold steps into places where no one has 
gone before, many more applications and uses for these types of models are likely 
to be developed. These in turn are likely to continue to produce the kind of cutting 
edge and highly relevant information that we have become accustomed to seeing in 
so many outstanding high-impact papers in which humanized mice have contribut-
ed in a significant way or in which they themselves have been the focus of the study.

It would be appropriate to indicate some areas of specific importance to the field 
where focus and resources are needed in order to develop humanized mouse mod-
els capable of fulfilling critical gaps in our knowledge. Top among these is our 
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understanding of the detailed interplay between the human immune system and 
mouse tissues. Better understanding of how human cells react to mouse antigens 
will certainly contribute to models in which cells from both species can coexist in 
better harmony. There is a substantial amount of information regarding the need for 
certain cytokines for the development, survival, and maintenance of human hemato-
poietic lineages. Efforts to date have indicated that unregulated expression of these 
molecules can improve levels of specific cell types. However, their unregulated 
expression can have unintended and highly undesirable consequences. Therefore, 
there is a need for a concerted effort to obtain tightly developmentally regulated 
tissue specific expression of any human transgenes deemed necessary to improve 
reconstitution with human cells. This includes the molecules needed to recapitulate 
key interactions that occur in human tissues between nonhematopoietic and hema-
topoietic cells, including the formation of germinal centers. Human cell lineages 
requiring special consideration include follicular dendritic cells, natural killer cells, 
myeloid cells, phagocytic cells, red blood cells, hepatocytes, and B cells. A human-
ized mouse model with robust and sustained reconstitution with human red blood 
cells would be of significant benefit since it would provide a much needed platform 
for the preclinical evaluation of numerous interventions specifically targeting these 
cells in a wide variety of contexts ranging from blood disorders to gene therapy to 
infectious diseases. Phagocytes represent the most abundant cells in blood, yet they 
are poorly reconstituted in humanized mice. There is a significant need of human-
ized mouse models that recapitulate the genesis and functional phenotype of these 
most important cells. Over the years several models have been reported that sup-
port engraftment with human hepatocytes. These models have been invaluable in 
numerous respects. However, the majority are relatively cumbersome and their use 
has not been widespread. Novel and easy-to-implement models with robust and sus-
tained hepatocyte reconstitution would find wide applicability in numerous vital ar-
eas of investigation in drug discovery, cancer, immunology, and infectious diseases.

B cells represent a very interesting paradigm in the field. On the one hand they 
can repopulate humanized mice at extremely high levels even in the complete ab-
sence of human T cells. On the other, they virtually do not produce IgG and for the 
most part do not mount T-cell dependent immune responses. Even though these 
limitations are often ignored or minimized, they represent perhaps one of the most 
significant areas where improvement is needed in all humanized models to date. 
Specifically, in order for these models to be seriously considered as adequate to 
study human humoral immune responses and testing of novel vaccines, this limita-
tion has to be at least partially overcome. Unfortunately, investigation of some of 
the most obvious possibilities has not provided great results and currently there are 
no good leads to follow. This represents a unique opportunity to learn key details 
about the intricacies that regulate plasma cell development that will inform how to 
improve these models while providing novel insight into fundamental aspects of the 
human immune system.

However, progress in the development and implementation of new and improved 
models has slowed down and the “new” models that have been described recently 
have simply been derivatives of other well-established models, making only incre-
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mental practical improvements. The time is right for the development of truly novel 
humanized mouse models that can have broad applicability and the capacity to open 
lines of investigation in areas thus far underexplored. This is an opportunity to reit-
erate the need for intellectual, physical, and financial resources to further improve 
the current models, develop and implement new ones, and broaden the availability 
of these models to researchers in as many different disciplines as possible.

A model to consider are the National Primate Centers sponsored by the National 
Institutes of Health of the USA. The National Primate Research Centers (or NPRCs) 
provide facilities, animals, and expertise for investigators using nonhuman primates 
(NHP) for biomedical research. In 2011, the NPRCs located throughout the USA 
facilitated more than 1000 individual research projects involving approximately 
2000 researchers. The breadth of the research supported by the NPRCs expands to 
virtually all areas of biomedicine, including infectious disease, neurobiology, meta-
bolic disease, reproductive biology, aging, etc. The NPRCs provide both physical 
and intellectual infrastructure to researchers funded by governmental sources, such 
as the National Health Institute, the Department of Defense, the National Science 
Foundation, the National Aeronautics and Space Administration as well as research-
ers funded by foundations and the private sector. Given the similarities between the 
work currently being performed using NHPs and humanized mice a similar model 
could be considered in which a National Humanized Mouse Center(s) (NHMRC) 
could provide physical and intellectual infrastructure to serve virtually all areas of 
biomedicine. It should be noted that very much like with research involving NHPs, 
research using humanized mice should continue to be performed and supported at 
all other types of institutions where individual laboratories, research centers, or other 
types of research institutes carry out critical research using these models. The broad 
use of these models could be greatly facilitated by the ability to produce significantly 
larger numbers of animals for use in studies, by the significantly lower costs associ-
ated with their large-scale production and husbandry, and by the fact that they can 
be readily transported to virtually any facility with adequate resources for their use. 
The availability of National Humanized Mouse Research Center(s) would therefore 
continue to improve the current models, develop new ones in response to new tech-
nologies and research needs, produce animals for distribution and use, provide on-
site facilities and trained personnel to conduct experiments and for the development 
and implementation of much needed standards for the field. Another consideration 
would be the development of an International Humanized Mouse Working Group 
(IHMWG) to facilitate exchange and dissemination of information, the development 
and implementation of new and improved models, the development and validation of 
experimental platforms, to facilitate the dialog between investigators in the field, and 
to identify areas of improvement that would be simplified by the concerted effort of 
multiple disciplines, unlikely to be met by individual research groups. An IHMWG 
could also ensure and strengthen the continued availability of appropriate venues for 
the timely exchange of information in the field currently occurring every 2–3 years 
at the International Workshop on Humanized Mice.

In summary, the future for humanized mice is bright. With a steadily increasing 
number of laboratories implementing current and novel humanized mouse models 
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for research in different disciplines, the use of these models will continue to in-
crease and their contributions to biomedical science and translational research will 
become more evident with time. Humanized mouse models are here to stay and 
their future is NOW!
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