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Humanized mouse models for preclinical evaluation
of HIV cure strategies
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Abstract

Although the world is currently focused on the COVID-19 pandemic, HIV/AIDS remains a significant threat to
public health. To date, the HIVIAIDS pandemic has claimed the lives of over 36 million people, while nearly
38 million people are currently living with the virus. Despite the undeniable success of antiretroviral therapy
(ART) in controlling HIV, the medications are not curative. Soon after initial infection, HIV integrates into the
genome of infected cells as a provirus, primarily, within CD4" T lymphocytes and tissue macrophages. When not
actively transcribed, the provirus is referred to as a latent reservoir because it is hidden to the immune system
and ART. Following ART discontinuation, HIV may emerge from the replication-competent proviruses and re-
sumes the infection of healthy cells. Thus, these latent reservoirs are a major obstacle to an HIV cure, and their
removal remains a priority. A vital aspect in the development of curative therapies is the demonstration of ef-
ficacy in an animal model, such as the humanized mouse model. Therefore, optimization, standardization, and
validation of the humanized mouse model are a priority. The purpose of this review article is to provide an
update on existing humanized mouse models, highlighting the advantages and disadvantages of each as they
pertain to HIV cure studies and to review the approaches to curative therapies that are under investigation.
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therapy that may be used to support clinical trials'?.
When compared to other animal models, mice boast
significant benefits. Mice have small housing and nutri-
tion requirements, as well as large litter sizes. In addi-
tion, numerous inbred strains of mice have been
developed with genetic backgrounds that may support
a variety of investigations into human diseases'?.
Despite their benefits, mice are not a perfect model
for human systems. However, the recent development
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Mice have made immeasurable contributions to the
improvement of public health through their use in sci-
entific research. Disease pathogenesis, therapeutic
safety and efficacy, and biological characteristics of
infectious agents are just a few areas of research in
which mice have been deployed as a model system.
In the development of therapeutics, murine models

have been employed to evaluate a treatment’s safety
and efficacy. Since mice can provide researchers with
complete access to all organ and tissue specimens,
preclinical studies produce a holistic evaluation of a
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of humanized mouse models has begun to bridge the
gap between murine and human systems. The insertion
of human characteristics through cell engraftment or
genetic manipulation, within mice, has allowed for the
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Figure 1. Timeline for the identification and generation of immunodeficient mouse strains leading to murine hosts suitable for reconstitution
with human immune cells.See Table 1 for a brief description of each strain. Created with BioRender.com.

generation of human-like immune systems and accu-
rate modeling of many human diseases (for the pur-
poses of this review, a humanized mouse refers to a
mouse reconstituted with human immune cells)?. Hu-
manization requires an immunodeficient mouse strain,
so the transplanted human cells are not rejected by the
murine immune system. Since their inception, these
models have evolved through transgenic crossing and
knock-in/knock-out mutations to improve their capacity
for a robust and sustainable engraftment of human
immune cell populations (Fig. 1, Table 1).

HIV is a pathogen that only establishes infections in
human-CD4* cells. Despite advances in antiretroviral
therapy (ART), the main treatment for HIV, the virus
continues to be an endemic threat to global public
health. While ART effectively achieves viral suppres-
sion and promotes partial rebound of immune function,
multiple morbidities associated with infection continue
to impact patient health outcomes. These therapeutic
regimens still do not address the latent viral reservoir,
nor do they completely resolve immune abnormali-
ties®4. Furthermore, adherence to ART regimens is dif-
ficult for many people living with HIV (PLWH) because
most formulations must be taken daily for the duration
of their life. Obstacles to treatment adherence prevent
many PLWH from maintaining viral suppression. There-
fore, the development of a cure could potentially elim-
inate the burden of HIV and ART from PLWH. To date,
several HIV cure approaches have been evaluated and
involve a variety of pharmacological, genetic, and im-
munological techniques.

There are currently two preclinical animal models
available to evaluate HIV cure strategies, humanized

mice, and non-human primates (NHPs). Each animal
model has its advantages and disadvantages. Unlike
NHPs, humanized mice contain human-CD4* cells that
can be infected with HIV. In contrast, NHPs may only
be infected with simian immunodeficiency virus (SIV) or
chimeric simian-human immunodeficiency virus, whose
sensitivities to ART may differ from that of HIV. Further-
more, SIV strains can use additional coreceptors, be-
sides CCR5 and CXCR4, to potentially establish viral
reservoirs in unconventional cell types. Compared to
NHPs, mice can be obtained and housed in larger
numbers, allowing for the testing of multiple conditions
while ensuring statistical power. However, despite
these differences, HIV cure studies in humanized mice
and NHPs have demonstrated similar outcomes be-
tween the models®. Therefore, it is reasonable to con-
duct initial animal studies in humanized mice, due to
their convenience, then confirm the data in NHPs.

Methods of humanization in mice

There are several commonly used methods for the
generation of humanized mouse models (Fig. 2). The
first method involves injection of human PBMCs. This
model (Hu-PBMC or Hu-PBL) supports rapid CD3* T
cell expansion and is useful for the observation of the
T cell response?. Human lymphocytes found in this
model maintain the donor’s immunological memory
and become highly activated due to exposure to
mouse antigens. B cells are present, but only at very
low levels. While there are many cases where this
simple model is preferred, as for the evaluation of new
HIV drugs, it is not suitable to study chronic infection
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Table 1. Description of the immunodeficient strains discussed in this review

Strain/Reference Description

C.B-17-scid60-63

Severe combined immunodeficiency

NOD-scid® Non-obese-diabetic-scid

NSG® IL-2rg KO on NOD-scid background

NOG® II-2rg mutation on NOD-SCID background

NRG®” Rag1 KO on NOD-scid background

BRG/DKO® Rag 2 and IL2rg KO on BALB/c background

TKQ86° Rag 2, CD47, and IL2rg KO on C57BL/6 background
NSG-A216 binding domain of HLA class |-A2 Tg on NSG background

NSG-A2/HHD™
NSG-DR4"!

NSG-AbODR4"2

binding domain of HLA class I-A2 and human B2-microglobulin Tg on NSG background
HLA-DR4 Tg on NSG background

HLA-DR4 Tg and mouse MHC Il KO on NSG background

DRAG™ HLA-DR4 Tg on NRG background
DRAGA?! HLA-A2 Tg on DRAG background
NSG-SGM374

NOG-EXL867578

SCF, GM-CSF, IL3, and Tg on NSG background

GM-CSF, IL3, Tg on NOG background

M-CSF, SCF, GM-CSF, IL3, thrombopoietin, and Sirp-o. KI on DKO background

NSG-Quad?? M-CSF Tg on NSG-SGM3 background
MISTRG®®

NSG-15% IL15 Tg on NSG background

SRG-15"" IL15 and Sirp-a KI on DKO background

NSG hiIL-7xhIL-1578

NOG-hIL34%

Tg: transgenic; KO: knock out; KI: knock in. Adapted and updated from Terehara et al.®

because the longevity of this model is severely limited
by the development of graft versus host disease
(GVHD)?3%. To address this substantial shortcoming,
McCann et al. postulated that administration of purified
CD4* memory T cells would reduce GVHD develop-
ment by decreasing the diversity of the T cell receptor
repertoire. A study in immunodeficient mice showed
that transplantation with total T cells led to the develop-
ment of GVHD within 7 weeks, while GVHD did not
occur in mice injected with CD4* memory T cells’.
Another method of preventing GVHD in this model is
to perform experiments in the Triple Knockout (TKO)

IL15 and IL7 KI on NSG background

IL34 Tg on NOG background

mouse strain. The TKO strain is immunodeficient and,
importantly, does not express murine CD47. In the
absence of CD47, TKO mice do not signal through the
CD47-SIRPa. cascade, which mediates the recognition
and elimination of the mouse cells by the human cells.
Holguin et al. showed that the Hu-PBMC TKO model
delays GVHD development by 28 days compared to
Hu-PBMC models in other mouse strains®.

The engraftment of CD34* human hematopoietic
stem cells (HSCs) derived from bone marrow, cord
blood, or fetal liver has been shown to be an effective
method of generating a diverse and durable immune
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Figure 2. Depiction of methods commonly used for generation of humanized mice and a general description of the resulting reconstitution
for each. A: generation of a Hu-PBMC-NSG mouse by intraperitoneal injection of human PBMCs. B: generation of HSC-NSG mouse by
intravenous injection of human HSCs in an adult mouse or intrahepatic injection of human HSCs in newborn mouse pups. C: generation of
BLT mouse by surgical implantation of human fetal liver and thymus followed by intravenous injection of bone marrow or fetal liver derived
HSCs from the same donor. D: generation of HSC-NSG mouse by intravenous injection of human HSCs enhanced with subsequent injec-

tion of human cytokine. Created with BioRender.com.

system reconstitution®®. HSCs are often introduced by
intrahepatic injection in newborn pups or by
intravenous injection in adult mice'®!". This model (Hu-
HSC) requires sublethal irradiation to preferentially kill
rapidly dividing cells, including bone marrow cells,
before CD34+ cell injection. This depletion of bone
marrow cells allows for human CD34* HSCs to seed
and proliferate in their place. A derivative of the Hu-
HSC model, the CD34T+ model, follows the injection of

umbilical cord blood CD34* cells with IL-7 injections.
This procedure improves the human immune presence
in gut associated lymphoid tissue. Another model ex-
pands on Hu-HSC by implanting human fetal liver and
thymus under the kidney capsule before the injection
of human CD34+ cells autologously derived from the
fetal liver or bone marrow. This model, which also re-
quires irradiation preconditioning, is referred to as
bone marrow/liver/thymus (BLT) and is considered one



of the most effective engraftment methods'. BLT mice
have robust, highly functional immune reconstitutions.
The implantation of the human thymus allows for the
education of T cells in human tissues, rather than in
the mouse thymus, resulting in human leukocyte anti-
gen (HLA) restriction®. Another benefit of this model,
compared to its exclusively HSC-engrafted counter-
part, is that the human immune cells are more wide-
spread in tissues, including reproductive and
gastrointestinal tissues''3. While there are many ad-
vantages, this model is limited by the difficulty in ob-
taining fetal tissues, as well as the development of
GVHD?78, An alternative to fetal thymus tissue is thy-
mus tissue obtained from neonatal cardiac surgeries.
Brown et al. have shown that transplantation of neona-
tal thymic tissue fragments in conjunction with autolo-
gous-cord-blood- derived HSCs into mice gives
comparable results to those in BLT mice™.

Recent efforts to improve on humanized mouse mod-
els have sought to enhance the method of engraftment
and promote complete immune reconstitution. A major
area of development is the improvement of myeloid cell
differentiation. Honeycutt et al. developed a humanized
mouse model, myeloid-only mice (MoM) using the
NOD/SCID strain. This strain can support engraftment
with myeloid and B cell populations, but not human T
cells’™. MoM are generated by transplanting human
CD34* HSCs into NOD/SCID mice. This model sup-
ports macrophage development throughout many tis-
sues, including the brain, and is useful for evaluating
HIV cure interventions within macrophage reservoirs.
However, the utility of this model in HIV cure studies is
limited because there are no interactions between
macrophages and T cells. In another approach, the
use of exogenous cytokine injection and hydrodynam-
ic gene delivery to supplement HSC engraftment has
proved beneficial. Introduction of exogenous cytokines
though injection of recombinant human FMS-like tyro-
sine kinase 3 ligand (FLT3L) induced functional den-
dritic cell (DC) development in HSC-NSG-A2 mice® 6.
Using hydrodynamic gene delivery, Chen et al. showed
that the transfection of HSC-NSG mice with human
cytokine genes resulted in cytokine expression for
2 - 3 weeks and larger populations of some myeloid
cell types'. However, hydrodynamic gene delivery has
significant limitations. For long-term experiments, re-
peated hydrodynamic injections are necessary to
maintain cytokine expression and cell differentiation.
Therefore, transgenic mouse strains that constitutively
express human cytokines may provide a preferable
alternative model.

Fraker et al.: Humanized mice for HIV cure strategies

Current generation immunodeficient
strains for the creation of humanized
mice

The first immunodeficient strain for successful human-
ization was CB. 17-Prkdcscid (commonly referred to as
the scid mouse), which carries the severe combined
immunodeficiency (scid) mutation. This mutation impairs
development of mature T and B lymphocytes. After the
scid mouse, the NOD/Lt-scid (NOD-scid) strain was de-
veloped, followed by NOD.Cg-PrkdcscidlL2rgtm1WiN/
Sz (NSG) and NOD.Cg-Prkdcseid  [[2rgm™1Sug)jicTac
(NOG). The non-obese-diabetic (NOD) background re-
sults in innate immune deficiencies. Compared to NOD-
scid, NSG and NOG carry a deletion (in NSG mice) or
alteration (in NOG mice) of the IL-2 common gamma
chain (IL2rg), which disrupts the production or function,
respectively, of several cytokine receptors, namely, IL-2,
IL-4, IL-7, IL-9, IL-15, and IL-21%8. In both cases, the
mutations inhibit the cytokine communication that is cru-
cial for the development of lymphoid cell populations
including natural killer (NK) cells?3. Mutations in the
Rag1 locus result in similar B and T deficiencies to the
scid models. When the Rag 1 mutation is coupled with
an NOD background and the IL2rg mutation, this strain,
referred to as NRG, produces comparable reconstitution
to NSG mice, but has increased radiation tolerance™.
Similar to the NRG strain, the BRG/DKO mouse contains
Rag?2 and IL2rg mutations, but uses a BALB/c back-
ground rather than NOD.

Together, these mice make up the current generation
of strains for humanized mouse models. The most com-
monly used of which are the NSG, NOG, and BRG/DKO?.
Reconstituted cell populations vary depending on meth-
od of engraftment, but, generally, these models support
the development of the major subsets of a human im-
mune system. Notably, for HIV research, these models
produce large quantities of CD4* T cells in multiple tis-
sues, such as the peripheral blood and the primary and
secondary lymphoid organs®'. In addition, these mod-
els support B cell populations, mostly the immature phe-
notype, and some innate immune cells®. While these
strains are widely used and extremely versatile, their
translation to a human system is limited by their imper-
fect and incomplete reconstitution of cell subsets'S. Fur-
thermore, humoral immunity is impaired by limited class
switching, low levels of immunoglobulin (Ig) production,
and poorly developed germinal centers and lymphoid
tissues. Additional shortcomings of these models stem
from the species-specific nature of the cytokines neces-
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sary for the differentiation of immune cells. To overcome
these shortcomings, the next generation strains, which
express human cytokines, have been developed?.

Next generation strains for the creation of
humanized mice with improved lymphoid
development

Newer strains incorporate knock-in mutations to im-
prove the capacity for immune system reconstitution.
A popular method for improving existing models has
been the incorporation of HLA genes, so engrafted T
cells are educated with matched HLA, rather than
mouse MHCs, in the mouse thymus. Examples of this
include the NSG-A2 and NSG-A2/HHD strains, both of
which express the binding domain of HLA Class I-A2,
while the NSG-A2/HHD mouse also expresses human
B2-microglobulin. In addition, HLA Class Il-expressing
strains have been developed on both an NSG (NSG-
DR4 and NSG-AbODR4) and NRG (NRG-DR4 (DRAG))
background. Genetic manipulation of the DRAG strain
to include HLA-A2 expression has resulted in the DRA-
GA mouse?'. Each of these strains listed above have
increased functionality of CD8* cytotoxic T cells and
CD4* T helper cells. In some models, the CD4* T cells
support Ig isotope class switching, which has not been
previously observed in the current generation of mouse
strains®?.

To address the lack of NK cells in the current gen-
eration of humanized mice, NK development has been
stimulated by the introduction of IL7 and/or IL15 genes.
These cytokines are produced in the transgenic NSG-
15 and the NSG hIL-7xhIL-15 mice®. In addition, the
SRG-15 strain contains IL15 and Sirp-o. knock-in muta-
tions on a DKO background®. The increased availabil-
ity of NK cells, within these strains, provides an
opportunity to study the role of antibody-dependent
cellular cytotoxicity (ADCC) in an HIV cure®,

Next generation strains for the creation of
humanized mice with improved myeloid
development

Although the role of resting memory CD4* T cells as
a reservoir of HIV infection has been clearly estab-
lished, there is evidence that macrophages also rep-
resent a durable HIV reservoir. Tissue-resident
macrophages, including microglia in the central ner-
vous system (CNS), have a lifespan of months to years
and are resistant to the cytopathic effects of HIV2425,
Studies in  both SIV-infected macaques and

HIV-infected humanized mice demonstrate that tissue
macrophages are productively infected and represent
a source of rebound viremia upon cessation of
ART'52627 Thus, the development and evaluation of
HIV cure strategies should investigate the impact on
macrophages.

In most cases, the current generation mouse strains
used for humanization (e.g., NOG, NSG, NRG, BRG)
do not support sufficient development of human my-
eloid cells (monocytes, macrophages, or DCs). One
reason for this is that mouse cytokines do not stimulate
the human cytokine receptors that are important for
myeloid lineage differentiation. This hurdle to myeloid
cell differentiation is being addressed by the develop-
ment of transgenic mice expressing human cytokines.
The specific cytokines controlling hematopoiesis in
humans are shown in figure 3. Transgenic NSG mice
expressing the human cytokines stem cell factor (SCF),
granulocyte macrophage colony stimulating factor
(GM-CSF), and IL-3, called NSG-SGM3 mice, have
displayed an increased production of myeloid cells
and regulatory T cells (Tregs) following the injection of
CD34* human HSCs?82°, Similarly, transgenic expres-
sion of human GM-CSF and IL-3 on the NOG back-
ground (NOG-EXL model) produces comparable
reconstitution®. However, these HSC-NSG-SGM3 and
HSC-NOG-EXL mice still exhibit poor macrophage de-
velopment.

An improvement in macrophage development within
humanized mice may be achieved through the incor-
poration of human macrophage colony stimulating fac-
tor (M-CSF) genes®'. To this end, a new mouse strain,
termed NSG-Quad, has been created by the crossing
of NSG-SGM3 mice and M-CSF-expressing transgenic
mice32. Studies are currently underway to assess mac-
rophage reconstitution in NSG-Quad. Another ap-
proach to achieve reconstitution with human
macrophages is the MISTRG strain. The MISTRG is a
human M-CSF, SCF, GM-CSF, IL3, thrombopoietin, and
SIRPA knock-in mouse on a DKO background®:. This
model supports robust development of highly func-
tional T, B, NK, and myeloid cells, without the need for
irradiation pretreatment®. Despite these advantages,
the MISTRG is severely limited by its shortened lifes-
pan (about 10-16 weeks after engraftment) compared
to other strains'. These models, supporting differen-
tiation of human myeloid lineages, provide important
platforms for targeting HIV reservoirs in macrophages.

In addition, an IL-34 transgenic strain (NOG-hIL34)
has recently emerged3. This model uniquely supports
differentiation of microglia, which allows for the study of
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HIV infection in the brain and CNS. This area has been
particularly elusive in the pursuit of a HIV cure because
many therapies struggle to cross the blood-brain barrier
and target reservoirs within the CNS?34. Therefore, these
mice provide an unprecedented opportunity to study the
effectiveness of novel therapies on viral suppression or
viral clearance in the brain and the CNS?.

HIV cure strategies and their preclinical
evaluation in humanized mouse models

While many cure strategies for HIV have found suc-
cess in vitro, the need for preclinical testing is crucial
to ensure that a therapy can be safely utilized in clini-
cal trials. Through constant development, the human-
ized mouse model has become an excellent resource
in preclinical studies of HIV cure strategies. The gen-
eration of a human-like immune system within the

mouse allows for the evaluation of immunological ther-
apies. In addition, the HIV-infected CD4* cells in hu-
manized mice can be targets of novel pharmaceutical
and genetic therapies.

As shown previously, it is apparent that humanized
mouse models have experienced rapid developments.
Similarly, HIV cure strategies have experienced their
own advances. From improvements of existing proce-
dures to the incorporation of new technologies, cure
strategies have drawn closer toward their goal of erad-
icating the global burden of HIV.

A curative therapy for HIV falls into two categories: a
functional cure and a sterilizing cure. Functional cures can
control viremia in PLWH for an extended period without the
support of ARTs. In this situation, the virus persists, but the
individual will not progress to AIDS and cannot transmit
the virus to others. In contrast, sterilizing cures eradicate
all functional proviruses within the host. The current
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research into curative therapies involves three main ap-
proaches: an immunological approach, a genetic
approach, and a pharmacological approach (Fig. 4)3%7,

A cure for HIV is an elusive goal because the virus
employs multiple mechanisms to preserve its genome
within the host. In the usual disease course, the natural
host immune response alone is usually insufficient to
eradicate or control an established HIV infection. This
mainly occurs because HIV can persist in a latent state
within some infected cells. These latently infected cells
have integrated the HIV provirus into the host genome
but are not transcriptionally active. While most provi-
ruses are dysfunctional, a portion remains replication
competent. Latent cells avoid triggering the host im-
mune response because they do not produce markers

of viral infection, such as double stranded RNA or anti-
gens. Furthermore, while ART can inhibit the spread of
the virus to uninfected cells, these medications cannot
remove or destroy the provirus within the host genome.
Therefore, if ART treatment is stopped or becomes inef-
fective, HIV virions from latent cells can infect new cells,
leading to a rebound of viremia and progression of the
disease®. Therefore, the production of latent reservoirs
stands as the greatest obstacle to a cure for HIV.

Immunological techniques
The immunological approaches to HIV cures have

two aims: enhance the host immune response or intro-
duce artificially modified immune cells and effectors.



These include immune enhancement therapies, anti-
HIV antibodies, and chimeric antigen receptor (CAR)
T cells. Most immunological HIV cures, alone, may
produce functional cures, but in combination with oth-
er approaches, they could produce sterilizing cures.

Immune enhancement therapies

HIV vaccines that enhance the CD8* T cell response
are a strong candidate for a functional cure. HIV-spe-
cific CD8* T cells can naturally control HIV infection by
destroying infected cells and suppressing infection.
However, their function is limited by T cell depletion
and exhaustion, as well as the presence of latent res-
ervoirs. Therapeutic vaccines can provide a functional
cure by amplifying the HIV-specific CD8* T cell popu-
lation and inducing other antiviral mechanisms. The
current research into therapeutic vaccines utilizes DCs
to stimulate HIV-specific immunity. In these vaccines,
DCs are transfected to produce HIV antigens and oth-
er immunomodulatory proteins. These vaccines have
shown promise in humanized mice and clinical trials.
A study in BLT-humanized mice by Norton et al. found
that a DC vaccine transfected with a lentiviral vector
containing a plasmid that encodes HIV-1 antigens,
CD40 ligands, and a soluble programmed cell death 1
dimer can enhance the antiviral response to HIV. While
the enhancements from therapeutic vaccinations are
significant, there is a concern that the effects may not
be durable3®. Therefore, routine vaccinations may be
required. However, in combination with other therapies,
the immune enhancements from a therapeutic vaccine
could lead to a sterilizing cure by supporting the com-
plete eradication of infected cells.

An alternative form of immune enhancement was
demonstrated by the Goldstein laboratory. The labora-
tory designed synthetic proteins known as synapse for
T cell activation (synTac) that selectively stimulates
HIV-specific CD8* T cells to expand and attack HIV
infected cells. In NSG mice injected with PBMC in their
spleens and infected with HIV, treatment with synTacs
increased HIV-specific CD8* T cells by 32-fold, which
potently triggered the killing of HIV infected cells and
suppression of viral replication®®. Thus, multiple meth-
ods of enhancing the anti-HIV response are emerging.

HIV antibodies with Fc-mediated effector
functions

Antibodies are an important component of the host’s
immune response to viral infections. They may sup-
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press HIV by neutralizing virions and/or mediating the
killing of infected cells through Fc receptor-mediated
effector functions. The Fc-mediated effector functions
include: ADCC, antibody-dependent cellular phagocy-
tosis, and complement-dependent cytotoxicity*®. ADCC
is mainly mediated by NK cells, macrophages, and
neutrophils. Studies of broadly neutralizing antibodies
(bNAbs) in humanized mouse models have demon-
strated the importance of antibody effector functions.
The treatment of HIV-infected HSC-NRG humanized
mice with a combination of three bNAbs and three
provirus inducers, followed by removal of all treat-
ments, led to an absence of HIV rebound in 57% of the
mice. The delay in virus rebound, in the treated mice
that did rebound, suggests a reduction of the HIV
reservoir by bNAb-mediated killing*'. A reduction of
the HIV reservoir has also been demonstrated by non-
neutralizing HIV antibodies with potent Fc-mediated
effector functions through interactions with NK cells in
the HSC-SRG-IL15 humanized mouse model?3. Togeth-
er, humanized mouse models have demonstrated the
potential for combinations of latency reversing agents
(LRAs) and HIV antibodies (both bNAbs and non-neu-
tralizing) in HIV cure studies.

CART cells

CAR T cells are a popular therapy for blood malig-
nancies, such as B-cell leukemias. However, these
cells have potential as a curative therapy for HIV be-
cause they can be engineered to display broad and
efficient antiviral activity. A CAR is a modified receptor
that consists of an extracellular domain, which is
formed through a fusion of the heavy and light variable
chains of an Ig. The extracellular domain is connected
to the transmembrane domain through a hinge region.
Inside the T cell, the transmembrane region connects
to a signaling domain that activates specific T cell
functions. In HIV-specific CARs, the most common ex-
tracellular domains contain Ig-like CD4 domains
(CD4C-based CARs) or a fused bNAb*. Previously,
CAR T cells were generated by obtaining a host’s
PBMCs, then transducing and amplifying the cells
in vitro. At present, delivery systems for CAR-encoding
genes can transduce T cells to express CARs in vivo.
A paper by Weidner et al. describes a protocol for the
delivery of a CAR-encoding plasmid to engrafted T
cells within a humanized mouse®. The in vivo genera-
tion of CAR T cells would improve the therapy’s scal-
ability by producing the cells inside of the patient
instead of a laboratory.
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T cells can be transduced to express one (mono-
CAR), two (duoCAR), or more unique CAR molecules.
The incorporation of additional CAR molecules can
increase specificity. A study by Anthony-Gonda et al.
involved the development of bispecific and trispecific
duoCAR T cell models. In humanized mice, these duo-
CAR T cells suppressed HIV infection in the spleen
more effectively than natural T cells**. Therefore, CAR
T cells in combination with other therapies have great
potential as sterilizing cures because these cells effi-
ciently eradicate viral reservoirs.

Genetic techniques

The two successful HIV cures achieved in the Ber-
lin and London patients involved allogeneic hemato-
poietic stem-cell transplantation from donors with the
CCR5 A32 mutation, which confers resistance to
CCR5-tropic HIV infection546, These successes have
provided the rationale for targeting CCR5 in gene
editing approaches. In addition, the disruption of the
HIV provirus has been an elusive goal that may soon
be possible due to the advent of novel gene editing
therapies. The current genetic techniques for HIV
cures include endonuclease therapy and recombi-
nase therapy.

Endonuclease therapy

Endonucleases, such as zinc-finger nucleases (ZFNs)
and clustered regularly interspaced short palindromic
repeat-Cas9 (CRISPR-Cas9), are enzymes that selec-
tively cleave double stranded DNA (dsDNA) sequenc-
es. To repair the double-stranded breaks, both
endonucleases usually utilize non-homologous end
joining (NHEJ), which is a system that regularly deletes
or adds nucleotides at the cleavage site. This is a con-
cern for cure therapies because this system is prone to
mutations, which may lead the HIV target to generate
resistance to the therapy®. ZFNs recognize DNA se-
quences according to their zinc finger array, while Cas9
binding requires the target sequence to interact with a
single guide RNA (sgRNA) and to be adjacent to a
protospacer adjacent motif (PAM). Xu et al. developed
a CRISPR/Cas9-mediated CCR5 ablation method for
long-term transplantation of HSCs in HSC-NSG mice*’.
In these mice, challenge with a CCR5-tropic HIV strain
produced significantly lower viral loads and spared
CD4+ T cells. In another study, in BLT mice, the HIV
provirus was excised by SaCas9 with multiple sgRNA,
delivered through adeno-associated virus 9 infection?®,

Furthermore, in a seminal study by Dash et al., HIV-
infected HSC-NSG humanized mice were treated with
long-acting slow-effective release ART (LASER ART)
and CRISPR/Cas9 therapy. The results of this study
showed that a third of the mice were cured of HIV*.

Recombinase therapy

Engineered recombinase enzymes control gene ex-
pression by integrating, excising, or inverting specific
sections of DNA to alter a sequence’s activity. Unlike
endonucleases, recombinase enzymes directly repair
cleavage sites, which prevents damage to the genome®°.
Therefore, recombinases have lower rates of viral es-
cape when altering HIV sequences. The engineering of
recombinases has produced a number of enzymes that
target different sequences of the HIV provirus. Brec1 is
an engineered recombinase that recognizes sequences
within the HIV provirus’ long terminal repeats (LTR). In
vitro studies have found that HIV-infected cells that are
transfected with Brec1 genes can effectively excise the
HIV provirus. The in vivo validity of Brec1 recombinase
was evaluated in NRG mice engrafted with PBMCs from
an HIV-infected patient. In these mice, the treatment with
Brec1 successfully eliminated the HIV provirus in the
blood, spleen, lung, and liver®'.

Pharmacological techniques

Pharmacological techniques to generate an HIV cure
are difficult to establish because few therapies can act
on the provirus. The two categories of pharmaceutical
cure strategies that have shown promise are shock and
kill and block and lock. Both of these therapies interact
with the latent reservoir by activating or silencing it.

Shock and Kkill

Shock and kill is an approach that target the latent
reservoirs of HIV. First, a pharmacological agent forces
transcription of the latent provirus (the “shock” step).
Then, reactivated, infected cells can be eliminated by
the immune system (the “kill” step), while ART prevents
the spread of HIV to uninfected cells. Agents that in-
duce provirus expression are called LRAs and include
disulfiram, histone deacetylase inhibitors (HDACI),
DNA methyltransferase inhibitors, histone methylation
inhibitors, toll-like receptor agonists, protein kinase C
agonists, bromodomain inhibitors and, more recently,
selective activators of noncanonical NF-xB signaling
pathways (e.g., AZD5582)%52, Some of these LRAs



have shown potent activation of HIV expression in vitro,
which has been confirmed in humanized mouse mod-
els. The protein kinase C agonist, SUW133, demon-
strated the reactivation, and ultimately, the death of
latently infected cells in ART-treated BLT mice®. How-
ever, the dose of SUW133 needed to produce thera-
peutic effects was close to the lethal dose. In a study
by Nixon et al., another LRA, AZD5582, reversed HIV
latency in ART-suppressed, infected BLT mice, as
shown by an increase of viral RNA in both plasma and
tissues. These results were then confirmed in SIV-in-
fected rhesus macaques. Importantly, no inflammatory
cytokines or cellular markers of activation were in-
duced by AZD5582 in either animal model, suggesting
the drug is safe®. Clinical trials with AZD5582 are cur-
rently being planned.

The available clinical data on LRAs suggest that
HIV reactivation could be effective in PLWH, but the
elimination of infected cells may not be sufficient.
Ineffective killing of reactivated, infected cells may
be due to inadequate CD8* T cell and NK cell re-
sponses. Thus, shock and kill needs to be combined
with therapies that promote the clearance of infected
cells to achieve a cure.

Block and lock

The aim of block and lock therapy is to permanently
block the transcription of the HIV provirus. This may be
achieved by inhibiting the HIV proteins required for vi-
rus transcription, such as Tat, or by inhibiting cellular
transcription factors, such as CDK9%. Several latency-
promoting agents (LPAs) have been explored, includ-
ing the Tat inhibitor didehydro-corticostatin A (dCA),
triptolide, curaxin CBL0100, and heat shock protein 90
inhibitors. In vitro studies have found that dCA potently
and persistently induces transcriptional suppression of
the provirus, which cannot be reversed by LRAs. In
HIV-infected BLT mice, a combination of ART and dCA
treatment for 1-week delayed HIV rebound for 19 days
after the treatment was discontinued®®. In another study,
a zinc finger protein (ZFP-362) targeting the HIV pro-
moter region was fused to the active domains of DNA
methyltransferase 3A to create a ZPAMt HIV protein
repressor®. The protein repressor was packaged into
exosome nanoparticles to facilitate delivery to tissues.
Testing in Hu-PBMC-NSG and HSC-NSG humanized
mouse models showed that the protein was capable of
suppressing HIV expression in the bone marrow,
spleen, and brain. This exosome-based therapy is im-
portant for the development of cure strategies because
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it has shown, for the 15t time, the delivery of block and
lock to HIV reservairs in the brain. Therefore, this ther-
apy has the potential to be adopted for clinical trials
along with ART for PLWH, decreasing the stringency of
drug regimen and enhancing their quality of life. A nov-
el block and lock strategy could involve exogenous
expression of the naturally occurring HIV antisense
transcript (Ast). Zapata et al. have reported that Ast
RNA naturally impairs HIV expression by interacting
through base pairing with homologous DNA sequences
in the 5’LTR and by recruiting the Polycomb Repressor
Complex 2. This repressor complex introduces the in-
hibitory epigenetic mark, H3K27me3 into the surround-
ing chromatin, reducing HIV transcription®":%8. Although
not yet evaluated in vivo, exogenous expression of Ast
may provide a potential block and lock cure.

Conclusion

While individual HIV cure therapies are still in early
development, a growing body of evidence from cure
studies in humanized mouse models and clinical trials
suggests that a collaborative approach between thera-
pies is needed to facilitate the control or eradication of
the virus. A study by the Zack lab in BLT mice demon-
strated synergistic combinations of latency-reversing
agents and immunological therapies. The treatment with
SUW1383, a LRA, followed by administration of NK cells
cured HIV (no virus detectable in the examined tissues,
including spleen) in 40% of the mice, which was a
higher percentage than either treatment alone®. Further
studies involving a combination of cure therapies could
utilize a series of LRA cycles followed by the administra-
tion of LPAs or gene-editing tools. Since LRAs, LPAs,
and gene-editing tools have unique target sequences,
utilizing different combinations of these therapies could
enhance treatment outcomes and prevent viral escape.
As studies of these cure approaches and their combina-
tions progress in vitro, humanized mouse models con-
tinue to develop and the gap between the bench and
the bedside continues to shrink for an HIV cure.

Acknowledgments

We thank Triana Rivera-Megias for training us in the
generation of humanized mice and in mouse procedures.

Funding

National Institutes of Health Award 1RO1CA233441-
01A1.

149



150

AIDS Reviews. 2022;24

References

20.

21.

22.

23.

24.

25.

26.

. Marsden MD. Benefits and limitations of humanized mice in HIV persis-

tence studies. Retrovirology. 2020;17:7.

. Dash PK, Gorantla S, Poluektova L, Hasan M, Waight E, Zhang C, et al.

Humanized mice for infectious and neurodegenerative disorders. Retro-
virology. 2021;18:13.

. Agarwal Y, Beatty C, Biradar S, Castronova I, Ho S, Melody K, et al.

Moving beyond the mousetrap: Current and emerging humanized mouse
and rat models for investigating prevention and cure strategies against
HIV infection and associated pathologies. Retrovirology. 2020;17:8.

. Ndung'u T, McCune JM, Deeks SG. Why and where an HIV cure is

needed and how it might be achieved. Nature. 2019;576:397-405.

. Nixon CC, Mavigner M, Sampey GC, Brooks AD, Spagnuolo RA,

Irlbeck DM, et al. Systemic HIV and SIV latency reversal via non-canon-
ical NF-kB signalling in vivo. Nature. 2020;578:160-5.

. Abeynaike S, Paust S. Humanized mice for the evaluation of novel HIV-

1 therapies. Front Immunol. 2021;12:636775.

. McCann CD, van Dorp CH, Danesh A, Ward AR, Dilling TR, Mota TM,

et al. A participant-derived xenograft model of HIV enables long-term
evaluation of autologous immunotherapies. J Exp Med.
2021;218:€20201908.

. Holguin L, Echavarria L, Burnett JC. Novel humanized peripheral blood

mononuclear cell mouse model with delayed onset of graft-versus-host
disease for preclinical HIV research. J Virol. 2022;96:60139421.

. Terahara K, lwabuchi R, Tsunetsugu-Yokota Y. Perspectives on non-BLT

humanized mouse models for studying HIV pathogenesis and therapy.
Viruses. 2021;13:776.

. Berges BK, Wheat WH, Palmer BE, Connick E, Akkina R. HIV-1 infection

and CD4 T cell depletion in the humanized Rag2-/-yc-/- (RAG-hu) mouse
model. Retrovirology. 2006;3:1-14.

. Rivera-Megias T, Le NM, Heredia A. Human hematopoietic stem cell

(HSC)-engrafted NSG mice for HIV latency research. Methods Mol Biol.
2022;2407:229-51.

. Gillgrass A, Wessels JM, Yang JX, Kaushic C. Advances in humanized

mouse models to improve understanding of HIV-1 pathogenesis and
immune responses. Front Immunol. 2021;11:617516.

. Nixon CC, Mavigner M, Silvestri G, Garcia JV. In vivo models of human

immunodeficiency virus persistence and cure strategies. J Infect Dis.
2017,215:5142-51.

. Brown ME, Zhou Y, Mclntosh BE, Norman |G, Lou HE, Biermann M, et al.

A humanized mouse model generated using surplus neonatal tissue.
Stem Cell Rep. 2018;10:1175-83.

. Honeycutt JB, Thayer WO, Baker CE, Ribeiro RM, Lada SM, Cao Y,

et al. HIV persistence in tissue macrophages of humanized myeloid-
only mice during antiretroviral therapy. Nat Med. 2017;23:638-43.

. Minoda Y, Virshup |, Rojas IL, Haigh O, Wong Y, Miles JJ, et al. Human

CD141+ dendritic cell and CD1c+ dendritic cell undergo concordant
early genetic programming after activation in humanized mice in vivo.
Front Immunol. 2017;8:1419.

. Chen Q, Khoury M, Chen J. Expression of human cytokines dramati-

cally improves reconstitution of specific human-blood lineage cells in
humanized mice. Proc Natl Acad Sci U S A. 2009;106:21783-8.

. Nagatani M, Kodera T, Suzuki D, Fukunaga SI, Kanemitsu H, Nakamura D,

et al. Comparison of biological features between severely immuno-defi-
cient NOD/Shi-scid il2rgnull and NOD/LtSz-scid il2rgnull mice. Exp Anim.
2019;68:471-82.

. Wunderlich M, Manning N, Sexton C, Sabulski A, Byerly L, O'Brien E,

et al. Improved chemotherapy modeling with RAG-based immune defi-
cient mice. PLoS One. 2019;14:€0225532.

Akkina R, Allam A, Balazs AB, Blankson JN, Burnett JC, Casares S,
et al. Improvements and limitations of humanized mouse models for HIV
research: NIH/NIAID “meet the experts” 2015 workshop summary. AIDS
Res Hum Retroviruses. 2016;32:109-19.

Majji S, Wijayalath W, Shashikumar S, Pow-Sang L, Villasante E, Brumea-
nu TD, et al. Differential effect of HLA class-I versus class-Il transgenes
on human T and B cell reconstitution and function in NRG mice. Sci Rep
2016;6:1-13.

Aryee KE, Burzenski L, Greiner D, Welsh R, Shultz L, Keck J, et al.
Abstract 5674: Transgenic expression of human IL15 in NOD-scid
IL2rgnull(NSG) mice enhances the development and survival of func-
tional human NK cells. Immunology. 2018;78:5674.

Rajashekar JK, Richard J, Beloor J, Prévost J, Anand SP, Beaudoin-
Bussieres G, et al. Modulating HIV-1 envelope glycoprotein conformation
to decrease the HIV-1 reservoir. Cell Host Microbe. 2021;29:904-16.€6.
McNelis JC, Olefsky JM. Macrophages, immunity, and metabolic dis-
ease. Immunity. 2014;41:36-48.

Abbas W, Tarig M, Igbal M, Kumar A, Herbein G. Eradication of HIV-1 from
the macrophage reservoir: An uncertain goal? Viruses. 2015;7:1578-98.
Avalos CR, Abreu CM, Queen SE, Li M, Price S, Shirk EN, et al. Brain mac-
rophages in simian immunodeficiency virus-infected, antiretroviral-sup-
pressed macagues: a functional latent reservoir. mBio. 2017;8:¢01186-17.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Arainga M, Edagwa B, Mosley RL, Poluektova LY, Gorantla S, Gendel-
man HE. A mature macrophage is a principal HIV-1 cellular reservoir in
humanized mice after treatment with long acting antiretroviral therapy.
Retrovirology. 2017;14:17.

Wunderlich M, Chou FS, Sexton C, Presicce P, Chougnet CA, Aliberti J,
et al. Improved multilineage human hematopoietic reconstitution and
function in NSGS mice. PLoS One. 2018;13:e0209034.

Billerbeck E, Barry WT, Mu K, Dorner M, Rice CM, Ploss A. Development
of human CD4+FoxP3+ regulatory T cells in human stem cell factor-,
granulocyte-macrophage colony-stimulating factor-, and interleukin-3-ex-
pressing NOD-SCID IL2Rynull humanized mice. Blood. 2011;117:3076-86.
Perdomo-Celis F, Medina-Moreno S, Davis H, Bryant J, Zapata JC. HIV
replication in humanized IL-3/GM-CSF-transgenic NOG mice. Patho-
gens. 2019;8:33.

Rathinam C, Poueymirou WT, Rojas J, Murphy AJ, Valenzuela DM,
Yancopoulos GD, et al. Efficient differentiation and function of human
macrophages in humanized CSF-1 mice. Blood. 2011;118:3119-28.
Svoboda DS, Barrasa MI, Shu J, Rietjens R, Zhang S, Mitalipova M, et al.
Human iPSC-derived microglia assume a primary microglia-like state
after transplantation into the neonatal mouse brain. Proc Natl Acad Sci
U S A. 2019;116:25293-303.

Rongvaux A, Willinger T, Martinek J, Strowig T, Gearty SV, Teichmann LL,
et al. Development and function of human innate immune cells in a
humanized mouse model. Nat Biotechnol. 2014;32:364-72.

Mathews S, Branch Woods A, Katano I, Makarov E, Thomas MB, Gendel-
man HE, et al. Human interleukin-34 facilitates microglia-like cell differ-
entiation and persistent HIV-1 infection in humanized mice. Mol Neuro-
degener. 2019;14:12.

Ward AR, Mota TM, Jones RB. Immunological approaches to HIV cure.
Semin Immunol. 2021;51:101412.

Xun J, Zhang X, Guo S, Lu H, Chen J. Editing out HIV: Application of gene
editing technology to achieve functional cure. Retrovirology. 2021;18:39.
Acchioni C, Palermo E, Sandini S, Acchioni M, Hiscott J, Sgarbanti M.
Fighting HIV-1 persistence: At the crossroads of “Shoc-K and B-Lock”.
Pathogens. 2021;10:1517.

Norton TD, Zhen A, Tada T, Kim J, Kitchen S, Landau NR. Lentiviral
vector-based dendritic cell vaccine suppresses HIV replication in hu-
manized mice. Mol Ther. 2019;27:960-73.

Li M, Garforth SJ, O’Connor KE, Su H, Lee DM, Celikgil A, et al. T cell
receptor-targeted immunotherapeutics drive selective in vivo HIV-and
CMV-specific T cell expansion in humanized mice. J Clin Investig.
2021;131:e141051.

Lewis GK, Ackerman ME, Scarlatti G, Moog C, Robert-Guroff M,
Kent SJ, et al. Knowns and unknowns of assaying antibody-dependent
cell-mediated cytotoxicity against HIV-1. Front Immunol. 2019;10:1025.
Halper-Stromberg A, Lu CL, Klein F, Horwitz JA, Bournazos S, Nogueira L,
et al. Broadly neutralizing antibodies and viral inducers decrease rebound
from HIV-1 latent reservoirs in humanized mice. Cell. 2014;158:989-99.
Alfageme-Abello O, Porret R, Perreau M, Perez L, Muller YD. Chimeric anti-
gen receptor T-cell therapy for HIV cure. Curr Opin HIV AIDS. 2021;16:88-97.
Weidner T, Agarwal S, Perian S, Fusil F, Braun G, Hartmann J, et al.
Genetic in vivo engineering of human T lymphocytes in mouse models.
Nat Protocols. 2021;16:3210-40.

Anthony-Gonda K, Bardhi A, Ray A, Flerin N, Li M, Chen W, et al. Mul-
tispecific anti-HIV duoCAR-T cells display broad in vitro antiviral activity
and potent in vivo elimination of HIV-infected cells in a humanized mouse
model. Sci Transl Med. 2019;11:5685.

Hutter G, Nowak D, Mossner M, Ganepola S, MuBig A, Allers K, et al.
Long-term control of HIV by CCR5 Delta32/Delta32 stem-cell transplan-
tation. N Engl J Med. 2009;360:692-8.

Gupta RK, Abdul-Jawad S, McCoy LE, Mok HP, Peppa D, Salgado M,
et al. HIV-1 remission following CCR5A32/A32 haematopoietic stem-cell
transplantation. Nature. 2019;568:244-8.

Xul, Yang H, Gao Y, Chen Z, Xie L, Liu Y, et al. CRISPR/Cas9-mediat-
ed CCR5 ablation in human hematopoietic stem/progenitor cells confers
HIV-1 resistance in vivo. Mol Ther. 2017;25:1782-9.

Yin C, Zhang T, Qu X, Zhang Y, Putatunda R, Xiao X, et al. /n vivo exci-
sion of HIV-1 provirus by saCas9 and multiplex single-guide RNAs in
animal models. Mol Ther. 2017;25:1168-86.

Dash PK, Kaminski R, Bella R, Su H, Mathews S, Ahooyi TM, et al. Se-
quential LASER ART and CRISPR treatments eliminate HIV-1 in a subset
of infected humanized mice. Nat Commun. 2019;10:2753.

Olorunniji FJ, Rosser SJ, Stark WM. Site-specific recombinases: Mo-
lecular machines for the genetic revolution. Biochem J. 2016;473:673-84.
Bella R, Kaminski R, Mancuso P, Young WB, Chen C, Sariyer R, et al.
Removal of HIV DNA by CRISPR from patient blood engrafts in human-
ized mice. Mol Ther Nucleic Acids. 2018;12:275-82.

Gutiérrez C, Serrano-Villar S, Madrid-Elena N, Pérez-Efas MJ, Marta ME,
Barbas C, et al. Bryostatin-1 for latent virus reactivation in HIV-infected
patients on antiretroviral therapy. AIDS. 2016;30:1385-92.

Marsden MD, Zhang TH, Du Y, Dimapasoc M, Soliman MS, Wu X, et al.
Tracking HIV rebound following latency reversal using barcoded HIV.
Cell Rep Med. 2020;1:100162.



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Medina-Moreno S, Dowling TC, Zapata JC, Le NM, Sausville E,
Bryant J, et al. Targeting of CDK9 with indirubin 3-monoxime safely and
durably reduces HIV viremia in chronically infected humanized mice.
PLoS One. 2017;12:0183425.

Kessing CF, Nixon CC, Li C, Tsai P, Takata H, Mousseau G, et al.
In vivo suppression of HIV rebound by didehydro-cortistatin A, a
“block-and-lock”  strategy  for  HIV-1  treatment.  Cell
Rep. 2017;21:600-11.

Shrivastava S, Ray RM, Holguin L, Echavarria L, Grepo N, Scott TA,
et al. Exosome-mediated stable epigenetic repression of HIV-1. Nat
Commun. 2021;12:5541.

Zapata JC, Campilongo F, Barclay RA, DeMarino C, Iglesias-Ussel
MD, Kashanchi F, et al. The human immunodeficiency virus 1 ASP
RNA promotes viral latency by recruiting the polycomb repressor
complex 2 and promoting nucleosome assembly. Virology.
2017;506:34-44.

Li R, Sklutuis R, Groebner JL, Romerio F. HIV-1 Natural antisense tran-
scription and its role in viral persistence. Viruses. 2021;13:795.

Kim JT, Zhang TH, Carmona C, Lee B, Seet CS, Kostelny M, et al. La-
tency reversal plus natural killer cells diminish HIV reservoir in vivo. Nat
Commun. 2022;13:121.

Bosma GC, Custer RP, Bosma MJ. A severe combined immunodefi-
ciency mutation in the mouse. Nature. 1983;301:527-30.

Blunt T, Gell D, Fox M, Taccioli GE, Lehmann AR, Jackson SP, et al.
Identification of a nonsense mutation in the carboxyl-terminal region of
DNA-dependent protein kinase catalytic subunit in the scid mouse. Proc
Natl Acad Sci U S A. 1996;93:10285-90.

Blunt T, Finnie NJ, Taccioli GE, Smith GC, Demengeot J, Gottlieb TM,
et al. Defective DNA-dependent protein kinase activity is linked to V(D)
J recombination and DNA repair defects associated with the murine scid
mutation. Cell. 1995;80:813-23.

Hudson W, Li Q, Le C, Kersey J. Xenotransplantation of human lymphoid
malignancies is optimized in mice with multiple immunologic defects.
Leukemia. 1998;12:2029-33.

Shultz LD, Schweitzer PA, Christianson SW, Gott B, Schweitzer IB, Ten-
nent B, et al. Multiple defects in innate and adaptive immunologic func-
tion in NOD/LtSz-scid mice. J Immunol. 1995;154:180-91.

Shultz LD, Lyons BL, Burzenski LM, Gott B, Chen X, Chaleff S, et al.
Human lymphoid and myeloid cell development in NOD/LtSz- scid IL2R
y A null mice engrafted with mobilized human hemopoietic stem cells.
J Immunol. 2005;174:6477-89.

Ito M, Hiramatsu H, Kobayashi K, Suzue K, Kawahata M, Hioki K, et al.
NOD/SCID/ycnull mouse: An excellent recipient mouse model for en-
graftment of human cells. Blood. 2002;100:3175-82.

Fraker et al.: Humanized mice for HIV cure strategies

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Pearson T, Shultz LD, Miller D, King M, Laning J, Fodor W, et al. Non-
obese diabetic-recombination activating gene-1 (NOD-Rag 1 null) inter-
leukin (IL)-2 receptor common gamma chain (IL 2 rynull) null mice: A
radioresistant model for human lymphohaematopoietic engraftment. Clin
Exp Immunol. 2008;154:270.

Traggiai E, Chicha L, Mazzucchelli L, Bronz L, Piffaretti JC, Lanzavec-
chia A, et al. Development of a human adaptive immune system in cord
blood cell-transplanted mice. Science 2004;304:104-7.

Lavender KJ, Pang WW, Messer RJ, Duley AK, Race B, Phillips K, et al. BLT-
humanized C57BL/6 Rag2-/-yc—/-CD47-/- mice are resistant to GVHD and
develop B- and T-cell immunity to HIV infection. Blood. 2013;122:4013-20.
Shultz LD, Saito Y, Najima Y, Tanaka S, Ochi T, Tomizawa M, et al.
Generation of functional human T-cell subsets with HLA-restricted im-
mune responses in HLA class | expressing NOD/SCID/IL2rynull human-
ized mice. Proc Natl Acad Sci U S A. 2010;107:13022-7.

Pan S, Trejo T, Hansen J, Smart M, David CS. HLA-DR4 (DRB1*0401)
transgenic mice expressing an altered CD4-binding site: Specificity and
magnitude of DR4-restricted T cell response. J Immunol. 1998;161:2925.
Covassin L, Laning J, Abdi R, Langevin DL, Phillips NE, Shultz LD,
et al. Human peripheral blood CD4 T cell-engrafted non-obese diabetic-
scid IL2ry(null) H2-Ab1 (tm1Gru) Tg (human leucocyte antigen D-related
4) mice: A mouse model of human allogeneic graft-versus-host disease.
Clin Exp Immunol. 2011;166:269-80.

Danner R, Chaudhari SN, Rosenberger J, Surls J, Richie TL,
Brumeanu TD, et al. Expression of HLA class Il molecules in humanized
NOD.Rag1KO.IL2RgcKO mice is critical for development and function
of human T and B cells. PLoS One. 2011;6:E19826.

Waunderlich M, Chou FS, Link KA, Mizukawa B, Perry RL, Carroll M, et al. AML
xenograft efficiency is significantly improved in NOD/SCID-IL2RG mice consti-
tutively expressing human SCF, GM-CSF and IL-3. Leukemia. 2010;24:1785-8.
Ito R, Takahashi T, Katano |, Kawai K, Kamisako T, Ogura T, et al. Estab-
lishment of a human allergy model using human IL-3/GM-CSF-transgen-
ic NOG mice. J Immunol. 2013;191:2890-9.

Fukuchi Y, Miyakawa Y, Kobayashi K, Kuramochi T, Shimamura K,
Tamaoki N, et al. Cytokine dependent growth of human TF-1 leukemic
cell line in human GM-CSF and IL-3 producing transgenic SCID mice.
Leukemia Res. 1998;22:837-43.

Herndler-Brandstetter D, Shan L, Yao Y, Stecher C, Plajer V, Lietzen-
mayer M, et al. Humanized mouse model supports development, func-
tion, and tissue residency of human natural killer cells. Proc Natl Acad
Sci. 2017;114:E9626-34.

Matsuda M, Ono R, lyoda T, Endo T, Iwasaki M, Tomizawa-Murasawa M,
et al. Human NK cell development in hIL-7 and hiL-15 knockin NOD/
SCID/IL2rgKO mice. Life Sci Alliance. 2019;2:E201800195.

151



	OLE_LINK1
	_GoBack

