'\ ANNUAL
f\ ¥ REVIEWS

Annu. Rev. Virol. 2017. 4:393-412

First published as a Review in Advance on July 26,
2017

The Annual Review of Virology is online at
virology.annualreviews.org

https://doi.org/10.1146/annurev-virology-
101416-041703

Copyright © 2017 by Annual Reviews.
All rights reserved

avieas Further

Click here to view this article's
online features:

¢ Download figures as PPT slides
* Navigate linked references

* Download citations

* Explore related articles

® Search keywords

———

Annual Review of Virology
Humanized Mouse Models for

Human Immunodeficiency
Virus Infection

Matthew D. Marsden! and Jerome A. Zack!?

Department of Medicine, Division of Hematology and Oncology, University of California,
Los Angeles, California 90095; email: mmarsden@ucla.edu

2Department of Microbiology, Immunology, and Molecular Genetics, University of California,
Los Angeles, California 90095; email: jzack@ucla.edu

Keywords
HIV, AIDS, BLT, humanized mice, model

Abstract

Human immunodeficiency virus (HIV) remains a significant source of mor-
bidity and mortality worldwide. No effective vaccine is available to prevent
HIV transmission, and although antiretroviral therapy can prevent disease
progression, it does not cure HIV infection. Substantial effort is therefore
currently directed toward basic research on HIV pathogenesis and persis-
tence and developing methods to stop the spread of the HIV epidemic and
cure those individuals already infected with HIV. Humanized mice are versa-
tile tools for the study of HIV and its interaction with the human immune sys-
tem. These models generally consist of immunodeficient mice transplanted
with human cells or reconstituted with a near-complete human immune sys-
tem. Here, we describe the major humanized mouse models currently in use,
and some recent advances that have been made in HIV research/therapeutics
using these models.
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INTRODUCTION

Human immunodeficiency virus (HIV) infects and kills CD4*" T cells, causing a progressive
debilitation of the immune system that almost invariably culminates in acquired immune deficiency
syndrome (AIDS) (1). It is estimated that over 35 million people are currently infected with HIV,
and a similar number have died of HIV/AIDS-related causes (2). The development of antiretroviral
drugs that can inhibit HIV replication and prevent disease progression has significantly advanced
over the past 30 years (3). However, at the end of 2015 only approximately half of the infected
individuals worldwide had access to these drugs, and new infections were occurring at a rate of
over 2 million per year (2). Importantly, antiretroviral therapy (ART) is not capable of curing HIV
infection. Daily ART is therefore needed to continually prevent viral outgrowth from persistent
HIV reservoirs, which requires life-long connection with specialized medical care and is associated
with adherence issues, virologic drug resistance, drug-related side effects, and significant financial
expense. To properly contain the epidemic and cure those individuals who have already become
infected with HIV, additional scientific and medical advances are greatly needed.

In vitro experiments using isolated viral or cell components, transformed cell lines, or primary
cell or tissue samples have produced many important insights into HIV biology. These systems
provide contained experimental environments where direct interactions and effects can be studied
in relative isolation. Yet these experiments do not reflect the complex collection of interactions
that occur in an in vivo environment. This is particularly true of immunological studies, which
often require highly orchestrated coordination between multiple cell types within an ordered
tissue environment to produce effective and authentic immune responses. Clinical studies using
samples from HIV-infected humans can complement in vitro approaches, but they are constrained
by appropriate safety and ethical considerations and logistical issues including limited tissue ac-
cessibility. In vivo models, which involve the careful and judicious use of animals to study HIV,
provide an important complementary approach that can validate and extend in vitro findings, gen-
erate new insights into HIV biology and pathogenesis, and connect promising in vitro therapeutic
approaches to human studies.

Common in vivo models used to study HIV include rhesus (Macaca mulatta), pigtail (Macaca
nemestrina), and cynomolgus (Macaca fascicularis) macaques infected with a simian immunodefi-
ciency virus (SIV) or chimeric viruses containing a mixture of SIV and HIV genomes (SHIVs).
These models recapitulate many aspects of HIV infection in humans and result in infection and
depletion of CD4* T cells, high viral loads in tissues and plasma, and development of simian
AIDS (4, 5). However, the use of nonhuman primate models can be limited by significant expense
and correspondingly small experimental animal group sizes, which often constrains the number
of conditions and parameters that can be assessed when using these models. Interactions that are
particular to HIV and human host cells also cannot be evaluated in nonhuman primates. A comple-
mentary approach to these nonhuman primate studies is the use of murine models to study HIV.

No lentiviruses related to HIV that might serve as direct models for HIV infection have
been identified in mice, and unmodified mice cannot be infected with HIV owing to a lack of
appropriate HIV entry receptors and multiple subsequent blocks to HIV replication in murine
cells (6, 7). Advances have been made to genetically modify mice (8) or viruses (9) to allow some level
of HIV replication directly in murine cells, or to transgenically express HIV proteins in mice to
understand their effects in a whole-body system (10, 11), but the vast majority of HIV experiments
in mice have been made possible by transplanting human cells or tissues into immunodeficient
mice. Although no model can completely recapitulate all aspects of HIV infection in humans, the
use of humanized mice has provided insights into many different aspects of HIV biology. The
history of the different models, along with some of their major contributions to HIV research over
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the past three decades, has been reviewed elsewhere (12). In this review, we focus on humanized
mouse models currently in common use and outline some of the recent advances in HIV research
that have been realized through experiments using these models.

OVERVIEW OF COMMON HUMANIZED MOUSE MODELS

Mouse Strains Used as Hosts for Humanization

Mice with intact immune systems rapidly eliminate transplanted human cells through robust
innate and adaptive immune responses. Durable reconstitution of mice with human cells therefore
requires immunodeficient recipient mouse strains. Early immunodeficient mouse models included
nude mice (13) and severe combined immunodeficiency (SCID) mice (14). Nude mice lack mature
CD4* and CD8* T cells and consequently lack T-dependent B cell responses owing to a forkhead
box protein N1 (FoxnI”") mutation that leads to defective thymic stroma development and a
resultant athymic phenotype (15) in addition to their characteristic abnormal hair growth. SCID
mice harbor mutations in the protein kinase, DNA-activated, catalytic polypeptide gene (Prkdc™).
This mutation prevents the efficient DNA repair that is required for T cell and B cell receptor
rearrangement, resulting in a lack of mature T and B cells. SCID mice have lower levels of residual
immune function than nude mice and have thus been extensively used as recipients for human cell
and tissue xenografts in vivo. An additional pathway to inhibit development of an adaptive immune
response is to disrupt the recombination-activating genes Ragl and Rag2, which are required in T
cell and B cell receptor rearrangements (16, 17). Rag-knockout strains of mice are therefore also
used as recipients for human cells. These immunodeficient mouse strains are extremely useful as
human cell transplant recipients, but they do have several limitations, including some leakiness
(unwanted production of T and B cells) in older SCID mice and an increased susceptibility of
SCID mice to radiation due to inefficient DNA repair. However, the major limitation associated
with each of the early models described above is that they retain relatively high levels of innate
immune responses, including substantial natural killer (NK) cell function, which complicates their
use in long-term, systemic reconstitution with human cells (18).

A further breakthrough in the development of more immunodeficient mice was the production
of murine strains that have targeted disruption of the interleukin (IL)-2 receptor common y
chain (I/2rg, or ), which is a component of receptors for the cytokines I1L-2, IL.-4, IL-7, IL-9,
IL-15, and IL-21 (19-21). Mutation of vy, interrupts critical cytokine signaling networks that are
required by both adaptive and innate immune responses, with the absence of IL-15 in particular
contributing to a complete lack of NK cells (22, 23). The combination of y. knockout with
SCID or Rag-knockout mutations leads to highly immunodeficient strains that have no T cells,
B cells, or NK cells, with severely debilitated monocyte/macrophage function. Strains that utilize
disrupted v, include NSG (NOD-SCID-y, knockout; NOD.Cg-PrkdcIL.2rg™""/Sz), NOG
(NOD.Cg-Prkdc112rg"15'¢), NRG [e.g., NOD.129S7(B6)-Rag 1" [1.2rg""#/Sz], and BRG
le.g., C.129(Cg)Rag2 1w [[ 2rg"™!S"8/ic] (reviewed in 12, 24-26). These strains can support more
efficient, long-term, stable, and systemic engraftment with human cells and tissues than can strains
with intact y. cytokine receptor genes, and these models are being further improved through
additional genetic modifications to overcome remaining constrictions.

One potential limitation of currently available humanized mouse models is the development
of graft-versus-host disease (GVHD) after reconstitution with human immune cells (27), which
has led to efforts toward improving compatibility between murine host and human graft cells. For
example, CD47 has been demonstrated as a marker of self (28), and interaction between CD47
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and the inhibitory receptor signal regulatory protein « (SIRPx) on macrophages provides an
antiphagocytic “don’t eat me” signal to prevent engulfment of self-cells by macrophages. How-
ever, C57BL/6 and BALB/c mouse SIRP« receptors do not recognize human CD47 (29, 30),
which means that transplanted human hematopoietic stem cells (HSCs) in these models can be
phagocytosed by murine macrophages (31). Alternatively, if phagocytic cells develop in an envi-
ronment without CD47, then they become tolerized to cells that lack CD47 (32). Therefore, triple
knockout (TKO) B6.129(Cg)-Rag2™ 17w Cd47m1 ' [[25g™1 77 /] mice, which lack CD47 in addition
to Rag 1 and IL2rg, have also been developed and used to produce humanized mice with excellent
reconstitution and little GVHD (33). Additional efforts to improve humanized mouse platforms
have included mouse major histocompatibility complex (MHC) class I, 32 microglobulin, and
MHC class II-knockout strains; strains expressing human cytokines; and the use of clodronate
liposomes to deplete endogenous macrophages (reviewed in 34). Many additional strains of im-
munodeficient mice have been generated through cross-breeding and targeted gene disruption for
particular applications, resulting in fairly complex genetic backgrounds, common names, and tech-
nical nomenclatures, which are reviewed in more detail elsewhere (24-26). Although the details
of individual, new recipient mouse strains for humanization are sometimes nuanced, the common
goals are to reduce transplant rejection, prevent GVHD, enhance the levels of human immune
cell reconstitution, and provide a more complete and authentic human immune response in the
murine system.

Humanization Procedures

The procedures for creating humanized mice for HIV research can be condensed into four basic
approaches, although the details of each approach can vary substantially depending on the goals of
individual experiments, and several different names for broadly similar techniques are sometimes
used in the literature. A human peripheral blood leukocyte (hu-PBL) approach involves injecting
human peripheral blood mononuclear cells (PBMCs) into the peritoneal cavity of an immuno-
deficient mouse, resulting in the persistence of human cells in various murine organs and the
development of some limited specific immune responses (Figure 1). Recipient SCID mice were
originally used for this approach (SCID-hu-PBL) (35), but now more immunodeficient strains,
including NSG, are commonly utilized (36-38). Administration routes for human cells have also
been modified to include intravenous and intrasplenic injection. The hu-PBL approach is the
fastest and most logistically simple method for mouse humanization; it can be performed with
either total human PBMC:s or sorted individual immune cell subsets. A caveat to this approach
is that the introduced cells rapidly become activated and cause GVHD over time, which usually
becomes evident 3 or 4 weeks after injection of PBMCs. This activation of human cells can also be
beneficial in some experimental contexts, in addition to the obvious potential for studying GVHD
and its prevention (39). For example, efficient HIV replication in CD4* T cells requires them
to be activated (40), and the rapid humanization with already mature immune cells coupled with
in vivo activation of hu-PBL mice means that they can readily be infected with HIV soon after
human cell injection (41). This in vivo activation is also useful in HIV latency studies in which
patient-derived latently infected cells may become stimulated and express virus after implantation
into immunodeficient mice (see the section titled Persistence and Latency).

Models in which immature cells or stem cells are transplanted into immunodeficient mice
for differentiation into mature cells in vivo include the SCID-human thymus/liver (SCID-hu-
Thy/Liv) model, the human HSC (hu-HSC) model, and bone marrow/liver/thymus (BL'T) model.
The SCID-hu-Thy/Liv model involves implanting human fetal thymus and liver tissue under the
kidney capsule of a SCID mouse (42). This produces a new vascularized organ that structurally
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a PBMCs OR Isolated cell subsets
T cells, B cells, natural killer cells, and monocytes e.g., CD4*T cells producing hu-CD4 mice

(L

b Common routes of human cell administration in hu-PBL or hu-CD4 models

Intrasplenic

Intravenous
(retroorbital entry)

Intravenous
(tail vein entry)

SPLEEN
Infection with HIV
Immunodeficient Typically via intraperitoneal,
mouse intravenous, or

intrasplenic injection
Intraperitoneal

Figure 1

The human peripheral blood leukocyte (hu-PBL) and hu-CD4 models. (#) Implanted human primary cells are most often peripheral
blood mononuclear cells (PBMCs) or isolated CD4" T cells. These cells might be derived from healthy donors if the mouse is to be
subsequently infected with virus, or from HIV-infected individuals if analysis of patient-derived cells or outgrowth of new primary virus
isolates is desired. (#)) Humanization of immunodeficient mice can be achieved by injecting mature cells through one or more of several
different routes, but it is most commonly performed through intraperitoneal or intravenous injection. Infection with HIV is also
generally performed through these same routes.

and functionally resembles the human thymus (Figure 2) and allows CD34" HSCs present in
the fetal liver to differentiate through thymopoiesis into CD4+*CD8" double-positive cells and
then to naive CD4" or CD8" T cells. This provides a versatile model for HIV infection of the
thymus, which has facilitated numerous advances in our understanding of HIV biology (reviewed
in 12). However, systemic reconstitution with human immune cells is extremely limited in this
model, with few human cells present outside of the Thy/Liv implant. Adaptive human immune
responses are also not generated in the SCID-hu-Thy/Liv model. These limitations can be par-
tially overcome by using NSG mice as recipient animals for transplant of Thy/Liv implants (43),
which produces systemic reconstitution almost exclusively with human T cells (without human
monocytes/macrophages, B cells, or dendritic cells), and the resultant T cell only mice (T'oM) can
be infected parenterally with HIV (43).
Multilineage immune reconstitution with human immune cells can be achieved by precon-
ditioning highly immunodeficient mice (e.g., NSG) with radiation followed by transfusion with
HSCs derived from fetal liver, umbilical cord blood, or mobilized adult CD34* cells from periph-
eral blood. This results in hu-HSC mice that harbor a wide variety of human cells including CD4*
and CD8" T cells, NK cells, monocytes/macrophages, and dendritic cells, which are present in
multiple organs, including peripheral blood, spleen, lung, liver, brain, gastrointestinal tract, vagi-
nal and rectal mucosa, and bone marrow (44, 45). T cell maturation in hu-HSC mice occurs in the Thy/Liv:
murine thymus, butif human leukocyte antigen restriction is desired (as is required, for example,in  thymus/liver
studies of transgenic human T cell receptor therapies), then hu-HSC procedures can be combined  BL'T: bone
with Thy/Liv implantation to generate BL'T mice that have human Thy/Liv implants, allowing = marrow/liver/thymus
more authentic human thymopoiesis (46, 47). Both hu-HSC and BL'T models can generate some

www.annualreviews.org © HIV Studies in Humanized Mice 397



Fetal human
thymus and liver tissue )’

CD34*HSCs
Hu-HSC model @ o
Preconditioning mouse g © l BLT model
with radiation Thy/Liv (_ Thy/Liv transplant
implant

Injection with CD34* HSCs: Preconditioning mouse
Immunodeficient mouse 9
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route (adult mice);

intercardiac, intrahepatic, or .
fascial vein (newborns) SCID-hu-Thy/Liv model

Infection with HIV

Several routes, including

Injection with CD34* HSCs
Thy/Liv transplant only
Infection with HIV §0%

Infection with HIV §0% o
Several routes, including

intraperitoneal, intravenous, or Direct injection of virus intraperitoneal, intravenous, or
mucosal (vaginal or rectal) into Thy/Liv implant mucosal (vaginal or rectal)
inoculation inoculation
Figure 2

The human hematopoietic stem cell (hu-HSC), severe combined immunodeficiency-human thymus/liver (SCID-hu-Thy/Liv), and
bone marrow/liver/thymus (BLT) models. Reconstitution of a partial or near-complete human immune system in humanized mice can
be achieved in several ways. The hu-HSC (or hu-CD34) model involves preconditioning mice with radiation and then injecting them
with human CD34" HSCs, which differentiate within the mice to produce systemic reconstitution with multiple immune lineages. In
the SCID-hu-Thy/Liv model, implantation of human fetal liver and thymus tissues under the murine kidney capsule creates a
conjoined organ (Thy/Liv implant) that resembles a human thymus and supports thymopoiesis and production of mature human CD4™
and CD8" T cells. In SCID recipient mice, human cells are generally constrained to the Thy/Liv implant and are rare in the periphery;
however, in NSG mice, mature T cells can also be found in the peripheral blood and lymphoid organs. In the BL'T model, implantation
of Thy/Liv is combined with preconditioning and HSC infusion.

adaptive immune responses and can be infected by HIV through multiple routes. Therefore, these
models are considered the most advanced and flexible approaches to studying HIV in humanized
mice. Further modifications of these procedures have also been described. For example, HSC
transplantation into NOD/SCID mice yields animals that have human myeloid cells and B cells
butno T cells (48, 49), allowing HIV infection of myeloid cells in vivo to be studied in the absence
of CD4" T cells in myeloid only mice (MoM) (49).

RECENT HIV STUDIES IN HUMANIZED MICE
Type I Interferon

Recent advances in basic immunology have provided new insights into the roles of type I inter-
ferons (IFN’s) in regulating immune responses in mice (50, 51). The use of humanized mice has
helped translate these findings into a human system. This has included investigations into the
multifactorial in vivo effects of IFNs and how they combine to affect HIV replication and antiviral
immunity. The most well-defined type I IFNs are IFN« and IFNf. IFN« (encoded in various iso-
forms by multiple genes) is produced predominantly by plasmacytoid dendritic cells and to a lesser
extent by other immune cell types, whereas most cell types are capable of expressing the single
gene that encodes IFN (52). IFNs are secreted after microbial products are sensed and result in
autocrine IFN production loops and the induction of IFN-stimulated gene expression in infected
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and neighboring cells. Together, these responses help reduce the spread of viruses by inducing
antiviral states in infected or potential host cells (53), and engage innate and adaptive immune
responses through production of cytokines and chemokines, enhanced antigen presentation, and
other pathways (52).

It is believed that primary infection with HIV is partially contained by these potent type I
IFN responses. In support of this concept, the administration of IFN«2a before viral challenge
initially prevented systemic viral infection in an SIV rhesus macaque model. Conversely, antibody-
mediated blocking of type I IFN receptor led to accelerated CD4" T cell depletion and more rapid
progression to AIDS (54). However, continuous type I IFN signaling in chronic viral infections
can also contribute to persistent immune activation and can have deleterious effects on antiviral re-
sponses (51, 55). This s particularly relevant for HIV, in which chronic immune activation is a com-
mon feature that may drive virus replication by providing a continuous supply of activated CD4"
T cells, which are optimal host cells for HIV. Type I IFNs may further exacerbate infection by re-
cruiting new HIV host cells to active tissue sites of infection. In vivo studies involving type I IFNs
therefore provide researchers the opportunity to develop a better understanding of antiviral immu-
nity, and because the mechanism of action of IFN inhibition of HIV is completely different from
that of ART, the potential for augmenting ART and reducing the reservoirs of HIV that persist
during ART with combined approaches involving both ART and type I IFNSs can also be explored.

Several recent studies have used humanized mouse models to specifically address the issue of
type I IFN and HIV. Zhen et al. (56) used BLT mice to evaluate the effects of an anti-human IFN
receptor 2 (IFNR2) antibody on chronic HIV infection. They found that blockade of type I IFNs
reduced immune activation and HIV replication, and this was accompanied by a decrease in the
expression of T cell exhaustion markers including PD-1 and TIM-3. Blockade of type I IFNs in
conjunction with ART further decreased viral loads and reduced the frequency of HIV reservoir
cells compared with using ART alone (56). Another study using hu-HSC NRG or BL'T mice
(57) showed similar results, with monoclonal antibody—mediated blockade of IFNa/f3 receptor
signaling reducing immune hyperactivation that remained during ART and improving HIV-
specific T cell immune responses. In this study, blockade of type I IFNs also reduced persistent
HIV reservoirs in lymphoid tissue, resulting in a corresponding delay in viral rebound upon
stopping ART (57). Therefore, further clinical studies on the use of type I IFN blockade to
bolster anti-HIV immunity or deplete reservoirs of HIV that persist during ART are potentially
promising avenues of investigation.

In addition, Lavender et al. (58) used C57BL/6 Rag2~'~y.~/~CD47~/~ (TKO) BLT mice
to investigate which IFNo subtypes can suppress HIV replication in vivo. Their study demon-
strated IFN 14 has potent anti-HIV activity in vivo and can suppress HIV replication and proviral
loads during postexposure prophylaxis and treatment of acute infection. Treatment with IFN«14
also reduced HIV-induced immune activation and activated innate immune pathways, inducing
tetherin and MX2 upregulation. Importantly, IFN«14 produced more potent responses in these
experiments than did IFN«2, which is the subtype that has been utilized in most prior clinical
studies (59, 60), suggesting that clinical testing of IFN«14 for effects on HIV infection may be
warranted. Another study examined endogenous production of IFNw« by using different NSG
mouse-based humanization procedures and found that IFN« is naturally produced in BLT mice
but not detectable in hu-PBL mice (61), presumably because of a relative lack of plasmacytoid
dendritic cells in the hu-PBL model. This study also showed that injecting plasmids expressing
IFN&14 and IFNp into hu-PBL mice prior to HIV challenge slowed CD4* T cell decline and
reduced viral loads to a greater extent than did several other IFN« subtypes, including IFN«2.
Again, this finding suggests that [IFN« 14 may better suppress HIV infection than more commonly
used IFN«2 (61). Humanized mice have also allowed researchers to investigate how type I IFNs
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influence mucosal transmission of HIV and the early immunologic events preceding primary in-
fection with HIV. Intravaginal application of type I IFNs to NSG-BL'T mice before HIV infection
led to reduced inflammation and reduced viral replication, and knockdown of the cytosolic exonu-
clease TREX1 (the absence of which allows IFN production by HIV-infected cells; 62) decreased
viral replication for 3—4 weeks despite causing an increase in infiltrating immune cells (63).

Together, these new studies highlight the complex interplay between HIV and the immune
system and demonstrate that type I IFNs may be either beneficial for or detrimental to controlling
HIV depending on the timing and context of the intervention. Triggering type I IFN responses
early in infection appears to help control virus replication, with IFN«14 in particular implicated
as beneficial. However, the picture during chronic viral infection is more complex, with persistent
IFN-mediated immune activation potentially damaging the immune system and allowing the virus
to persist more efficiently during ART.

Antiretroviral Drug Testing

Opver 30 antiretroviral drugs have been approved for the treatment of HIV. However, issues in-
cluding the development of drug resistance, associated side effects and toxicities, and suboptimal
penetration to all sites of HIV replication continue to drive the development of new antiretrovi-
ral drugs with improved properties. Humanized mice infected with HIV have historically been
valuable in these efforts, because they allow researchers to directly compare in vivo different an-
tiretroviral drugs and their ability to inhibit HIV replication or prevent transmission (reviewed
in 12). This has continued in recent years with the more advanced humanization models that are
now available. In particular, the more complete reconstitution of vaginal and rectal mucosa with
human immune cells that is produced in hu-HSC and BL'T mice has enabled researchers to model
mucosal transmission of HIV in humanized mice more accurately than was previously possible.

Recent advances in this area include the use of BLT mice to evaluate the in vivo activity
of 4'-ethynyl-2-fluoro-2’'-deoxyadenosine (EFdA), a nucleoside analog reverse transcriptase in-
hibitor (NRTTI) that is under preclinical development and has much more potent activity against
HIV in vitro than currently approved NRTTs, but with comparatively low cytotoxicity (64, 65).
Monotherapy with EFdA administered orally could potently reduce HIV plasma viral loads and
control HIV replication in both the gastrointestinal tract and the female reproductive tract of BLT
mice (66). Preexposure prophylaxis with EFdA could also prevent vaginal and oral transmission
of HIV in this same model (66). These data are consistent with a prior study showing that EFdA
has favorable pharmacokinetic properties after oral dosing in mice and rhesus macaques, and can
rapidly suppress HIV viremia in SCID-hu-Thy/Liv, NSG-hu-Thy/Liv, and NSG-BLT mice
(67). Together, these new data suggest that EFdA might be further explored as a novel NRTI,
which could be particularly useful in preventing mother-to-child transmission of HIV.

Other recent humanized mice studies have focused on another class of antiretroviral drug. For
example, Veselinovic etal. (68) used RAG-hu (BALB/c-Ragl~'~y,~/~ and BALB/c-Rag2~'~y, ")
mice to test the pharmacokinetic properties of the HIV integrase strand transfer inhibitor ralte-
gravir; the results indicated that raltegravir concentrations were two logs higher in intestinal
mucosa and one log higher in vaginal and rectal tissues than in plasma (similar to the trends
observed in human subjects). This finding indicates that humanized mice are suitable for prelim-
inary pharmacokinetic preexposure prophylaxis studies, and that raltegravir appears to be a good
candidate for HIV preexposure prophylaxis (68).

There is currently a substantial interest in long-acting forms of antiretroviral agents that do
not require daily adherence to ART and could instead be administered once monthly or even
less frequently (69). Adherence issues are particularly evident in HIV preexposure prophylaxis
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(PrEP) studies, in which the goal is to use ART to prevent infection with HIV in individuals
who are particularly at risk of acquiring the infection. For example, in clinical studies involving
tenofovir disoproxil fumarate (TDF) or emtricitabine (FT'C) + TDF, only approximately 50—
85% of participants have detectible tenofovir in blood (indicating a lack of adherence), and those
participants without detectable concentrations of antiretroviral drugs in plasma were much more
likely to become infected with HIV (70-72). In another PrEP study, less than 40% of individuals
in the TDF + FT'C group had evidence of recent pill use, which likely contributed to the lack of
PrEP efficacy observed in that study (73).

Long-acting antiretroviral drugs, including the HIV integrase inhibitor cabotegravir (69) and a
long-acting formulation of the non-nucleoside reverse transcriptase inhibitor (NNRTT) rilpivirine
(74), are currently being tested. Continuing this avenue of research, a recent PrEP study tested a
long-acting form of raltegravir in humanized mice (75). This study showed that a single subcuta-
neous injection of long-acting raltegravir in NSG-BLT mice yielded raltegravir plasma concen-
trations that were comparable to human twice-daily 400-mg oral dosing, and that viral loads in
HIV-infected BL'T mice could be suppressed in plasma and cervicovaginal fluids using this ap-
proach. Moreover, a single injection of long-acting raltegravir also protected against vaginal HIV
challenge at 1 week and 4 weeks after the drug was administered (75). Comparative evaluation of
different approaches to inhibit mucosal transmission of HIV in humanized mice can readily be
performed, but it may be easier to inhibit transmission in these models than in humans because of
qualitative or quantitative differences in the human cells present in the murine mucosa of human-
ized mice versus normal human hosts. Given these data and the long history of successful testing
of new antiretroviral drugs in humanized mice, murine models for HIV are likely to continue to
be utilized in preclinical testing as new PrEP and long-acting ART regimens are developed.

Antibody Therapies

The contribution of antibodies to the immune response against HIV has long been acknowledged,
with elicitation of strong mucosal antibodies against HIV a central goal of prophylactic vaccine
studies. However, the power of antibody-mediated mechanisms to suppress viral loads and facili-
tate killing of HIV-infected cells during established HIV infection has become fully appreciated
only recently. Key developments in this field include the identification of elite neutralizers, the
approximately 1% of HIV-infected individuals who generate highly potent neutralizing antibodies
with cross-clade activity (76), and the development of single-cell antibody cloning techniques (77).
These studies have yielded broadly neutralizing antibodies (hNAbs) that can bind to and neutralize
a remarkably diverse array of primary HIV isolates (78). Passive transfer of these highly potent
bNAbs can suppress plasma viral loads to below the level of detection in a hu-HSC model based on
NOD Ragl~'~112rg"" mice (79), and reductions in viral loads by passive antibody administration
in macaque models or in infected humans have also been achieved (80, 81). Moreover, the longer
half-life of antibodies compared with those of standard ART drugs allowed control of viremia in
humanized mice for an average of 60 days after bNAb therapy was stopped (79). As is the case
with natural humoral immunity, the antiviral effects of these transfused antibodies are likely due
to multiple mechanisms, including blocking the interaction between virus and host cell receptors,
killing of infected cells by antibody-dependent cell-mediated cytotoxicity, and increasing in vivo
viral decay rates (78, 82). The potential benefits of using antibody therapy to treat established HIV
infections include its use in conjunction with ART to intensify therapy and help further suppress
any residual virus replication that might occur (83). bNAbs might also be used to suppress viral
rebound if ART is stopped for a period to avoid toxicity and virologic drug resistance issues re-
lated to long-term chemoexposure, potentially in conjunction with HIV reservoir depletion agents
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that help reduce the frequency of latently infected cells (84, 85). Finally, bNAbs may serve as an
alternative to ART in individuals harboring multidrug-resistant virus or those who experience
ART-related side effects.

One mechanism by which bNAbs can function is through engagement of activating but not
inhibitory FcyR on effector cells (86). Recent advances using antibody therapies in humanized
mouse models include the demonstration that passive transfusion of the bNAb 3BNC117 decreases
the half-life of CD4" T cells infected with HIV through a mechanism that requires engagement
of FcyR (87). This study describes experiments in ART-treated NRG (Ragl =/~ I12rg""") mice, in
which adoptively transferred HIV-expressing cells (including those infected with patient-derived
HIV viral isolates) were cleared more rapidly in mice treated with the bNAbs than in mice treated
with an isotype control. However, when bNAbs that carry mutations that specifically abrogate
mouse FcyR binding were used, accelerated clearance of HIV-infected cells was not observed.
Similar results were reported when Fc-FCyRIV interactions were blocked with antibodies, im-
plicating FCyRIV in the bNAb-mediated clearance of infected cells (87).

Various methods for administering antibodies to prevent transmission of HIV, including direct
topical vaginal application (88), adeno-associated virus vector—mediated immunoprophylaxis (89,
90), HSC-based transgenic approaches (91), and passive immunization (92), have been tested in
humanized mice. This work is ongoing, as researchers apply different humanized mouse models to
test antibody-mediated methods to inhibit HIV transmission. A recent study in this area demon-
strated that NSG-BLT mice can be used to evaluate bNAb activity against intravaginal HIV
infection, and showed that preexposure treatment with the second-generation bNAb PGT126
produced sterilizing protection against up to eight low-dose challenges with HIV strain JR-CSF
(92).

Further advances in the field of HIV bNAbs have involved engineering bispecific antibodies,
in which the Fab domains of a single immunoglobulin G (IgG) have different specificities. This
approach may be used to create antibodies with specificity for both HIV Env proteins and effector
cells, for example, to draw together HIV-infected cells and CD3* T cells (93, 94), leading to
enhanced CD8" T cell-mediated cytolysis of HIV-expressing cells. Two recent studies (95, 96)
have further developed bispecific antibodies against HIV by creating versions with markedly
improved potency and breadth over the parental monoclonal versions and validating their in
vivo activity in humanized mice (Figure 3). One study (95) modified the IgG3 hinge domain
to increase Fab flexibility and incorporated Fab fragments derived from two bNAbs that target
different epitopes within HIV Env. This resulted in a bispecific antibody exhibiting synergistic
activity compared with the two parental bNAbs, with broad capacity to neutralize different HIV
isolates and high potency. An HIV-infected NRG (NOD Rag!~/~I/2rg"")~hu-HSC mouse model
was used to evaluate the in vivo activity of this bispecific antibody during passive immunization,
and the bispecific version reduced viral load more effectively than did mixtures of the parental
antibodies (95).

The other, similar study (96) developed bispecific antibodies reported to be the most broad
and potent HIV-neutralizing antibodies ever described. The bispecific antibodies generated in
this study consisted of one antibody arm targeting either the human CD4 or the human CCRS
receptor and the other arm targeting HIV Env. Prepositioning the antibody on one of these
HIV receptors is thought to concentrate it at the precise site of virus entry and thus enhance
virus neutralization mediated through the anti-HIV Env arm (96). One of these CD4-Env bispe-
cific antibodies (10E8,, ¢/iMab) neutralized 118 HIV-1 pseudotyped viruses with a mean ICs, of
2 ng/mL and also neutralized 99% of isolates in a second virus panel consisting of over 200 HIV-1
subtype C strains. This antibody could also suppress HIV viral loads in infected NSG-hu-HSC
mice more effectively than could mixtures of the parental antibodies, and prevent infection with
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Figure 3

Testing bispecific antibodies in humanized mice. Two recent studies describing the development of bispecific antibodies against HIV
provide examples of in vivo testing and validation of promising therapeutics using humanized mice. A new, highly effective bispecific
antibody that binds to two different epitopes within HIV Env was developed (upper gray box and text) (95). Bispecific antibodies that can
bind to both HIV Env and one of the indicated HIV cellular receptors are described (fower gray box and text) (96). Each of these
antibodies was tested in HIV-infected humanized mice to demonstrate in vivo efficacy.

HIV strain JR-CSF when administered as preexposure prophylaxis prior to virus challenge (96)
(Figure 3).

As antibody therapies against HIV are further advanced, humanized mice will likely continue
to be valuable translational research tools for identifying the most effective agents and approaches
to protect against HIV acquisition or to treat established HIV infection, and serve as important
intermediaries between tissue culture-based approaches and approaches in large animals or human
subjects.

Species Specificity and Lentiviral Strain Differences

Humanized mice provide an in vivo environment populated with human cells, which allows re-
searchers to ask basic science questions that are difficult or impossible to address with other
systems. HIV-1 is responsible for well over 95% of global HIV infections and has thus been
the most intensively studied virus strain in humanized mouse studies, including almost all the
studies described herein. However, HIV-2 has infected up to 1-2 million people in West Africa.
Although HIV-2 is associated with lower viral loads and slower disease progression compared
with HIV-1, significant numbers of HIV-2-infected individuals also progress to AIDS (97, 98).
Studying HIV-2 infection in humanized mice might allow researchers to better understand im-
portant differences in the in vivo replicative capacity and pathogenicity of HIV-1 and HIV-2, and
to test in vivo therapies directed toward HIV-2. To this end, a recent study tested HIV-2 infection
in a hu-HSC model based on BRG (BALB/c Ragl~'~y,~'~ or Rag2~'~y,~/~) mice (99). HIV-2
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replicated efficiently in this model after intraperitoneal injection, leading to plasma viral loads of
over 10,000 RNA copies/mL between weeks 7 and 14 postinfection. This was accompanied by
corresponding declines in CD4" T cell numbers. HIV-2 viral loads could also be suppressed by a
triple-drug ART combination consisting of the NRTTs abacavir and lamivudine and the integrase
inhibitor dolutegravir, validating this model system for the in vivo study of agents that inhibit
HIV-2 replication (99).

Rare natural events such as zoonoses of lentiviruses into humans can be modeled with mouse
models. A recent example of this includes the first in vivo study of SIV cross-species transmission
into human cells, which utilized NSG-BLT mice (100). This study demonstrated that all studied
strains of SIV,, are capable of infecting NSG-BLT mice, which not only provides direct evidence
for the crossing of the presumed HIV-1 groups M and N ancestral SIV, strains into humans but
also provides clear evidence that other, more distantly related SIV,, strains are also capable of
zoonosis into humans and could give rise to new outbreaks if given the right circumstances (100).

Cell and Tissue Tropism of HIV

For over 30 years HIV has been studied in a variety of in vitro and in vivo models; however, our
understanding of the cellular and tissue tropism in infected humans is in some respects incomplete
and the subject of debate. One particular question in the field relates to the in vivo relevancy of
monocyte/macrophage infection by HIV. CD4* T cells have long been understood to be the major
cell target for HIV in vivo (101). Nonetheless, macrophages can also be infected with HIV both
in vitro and in vivo, particularly in the brain, where infection of perivascular monocyte-derived
macrophages and parenchymal microglial cells can result in HIV encephalitis and contribute to
HIV-associated dementia in untreated individuals (102). Nevertheless, the relative frequency and
role of HIV-infected monocyte/macrophage cells in the peripheral blood and lymphoid system
and their potential for maintaining HIV infection during ART have been the subject of some
debate. In vivo study of these questions has been complicated because both SIV and HIV studies
have shown that macrophages become positive for viral DNA by phagocytosing infected CD4*
T cells (103, 104), which may result in tissue macrophages appearing infected when they have
instead engulfed an infected T cell. A recent study overcame this confounding influence of T cells
by infecting the NOD/SCID-hu-HSC myeloid-only mice (MoM) described above with HIV,
demonstrating that in the absence of T cells macrophages can support HIV replication in vivo in
multiple compartments, although only following infection with certain macrophage-tropic HIV
strains such as HIVpa (49).

Another recent exploration (105) into the use of humanized mice to study in vivo tissue distribu-
tion of infected cells also found evidence for HIV-infected CD14+*CD16% monocyte/macrophage
lineage cells and other cell types harboring integrated HIV proviruses in NSG-hu-HSC mice. This
finding further supports the concept that tissue-resident cells such as differentiated macrophages,
which are difficult to study in human subjects, can be much more readily evaluated in humanized
mice (105). Humanized mice will likely serve more frequently in the future as models to study
HIV infection in tissues and cell types that are difficult to thoroughly analyze in infected human
subjects, including, for example, microglia and other cell types within the central nervous system
(1006).

The ability to infect humanized mice with different HIV genotypes under controlled condi-
tions, followed by extensive tissue recovery and analysis, permits a high-resolution evaluation of
HIV spread in vivo. This is exemplified in a study in NSG-hu-PBL and NSG-hu-HSC mice (107)
showing that interactions between infected and uninfected cells in vivo form virological synapses
that allow the simultaneous transmission of multiple copies of HIV to new T cells, similar to the
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synapses identified during in vitro HIV infection (108). This study also identified other features
of in vivo infection, including local clustering of infected cells harboring the same virus genotype,
suggesting microcompartmentalized HIV spread in tissues (107).

Persistence and Latency

ART efficiently suppresses HIV replication and can prevent disease progression, but it is not ca-
pable of curing HIV infection. This is because replication-competent HIV persists in cellular and
tissue reservoirs throughout many years of ART, and rapidly reemerges if therapy is stopped (109).
Latently infected CD4* T cells represent one of the best-studied and likely the largest reservoir
of persistent virus during years of ART. These cells are long lived and harbor nonexpressing in-
tegrated copies of HIV that can nevertheless be induced with appropriate stimulation to produce
infectious virus (110-112). Studying latently or persistently infected cells during ART in infected
patients is challenging because they are extremely rare (approximately 1 per million resting CD4*
T cells based on single-round stimulation estimates, translating to approximately 1 million per
patient) and are most abundant in inaccessible tissues (reviewed in 113). Historically, humanized
mice have proven useful for studying HIV latency and testing experimental methods for eliminat-
ing persistent HIV reservoirs, with HIV-infected SCID-hu-Thy/Liv mice providing a relatively
abundant source of latently infected cells for ex vivo study (114-117) and newer NSG-BLT or
BRG (Rag2~'~y,~/~)-hu-HSC mouse models treated with ART also supporting the formation of
latency (118-120).

One potential pathway to eliminate latent HIV is to activate viral protein expression with
a latency-reversing agent (LRA), which would make the (now productively infected) host cell
susceptible to viral cytopathic effects and visible to immune effector cells, including cytotoxic
T lymphocytes and NK cells. There is intense interest in identifying or creating LRAs that are
safe and effective in vivo and capable of depleting latently infected cells. This approach was
recently tested in ART-suppressed NSG-BLT mice using the histone deacetylase inhibitor LRA
panobinostat (121). The authors found that panobinostat induced systemic histone acetylation in
human cells within the mice in the bone marrow, liver, lung, lymph node, spleen, and Thy/Liv
implant, but that it did not produce observable changes in HIV DNA, HIV RNA, or latently
infected cells. These findings indicate that the NSG-BLT mouse model is suitable for in vivo
evaluation of LRAs, but that panobinostat might be most effective when used in a combination of
LRA approaches rather than as a single agent to deplete the reservoir.

NSG-BLT mouse models were also employed in a study investigating how the molecular
chaperone heat shock protein 90 (Hsp90) can influence HIV latency and rebound upon cessa-
tion of ART (122). In this study, in vitro heat shock (raising temperature to 39.5°C) mediated
by Hsp90 upregulated HIV expression by activating key HIV transcription factors including
NF-kB, STATS, and NFAT. In HIV-infected BLT mice that were treated with ART, Hsp90
inhibitors in clinical development prevented viral rebound for up to 11 weeks after stopping ART,
even as cells harboring replication-competent virus persisted in tissues and virus could be induced
to express ex vivo (122). These data suggest that Hsp90 plays a critical role in HIV rebound in
vivo, and that inhibiting the activity of this protein might prevent HIV outgrowth from persistent
viral reservoirs present in infected patients. Therefore, Hsp90 could be used as a component of
approaches to cure HIV.

Another approach for studying HIV latency in mouse models is to take advantage of the
GVHD and immune activation that occurs upon transplantation of mature immune cells into
immunodeficient mice. This activation can be used to provide a sensitive outgrowth assay to
identify and potentially quantify latently infected cells derived from HIV-positive patients. This
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approach is particularly important because quantitative viral outgrowth assays (QVOAs), which
are typically based on a single round of limiting dilution stimulation of latently infected cells

QVOA: quantitative and the addition of feeder cells, can underestimate the size of the reservoir (123). This approach

viral outgrowth assay has been used (124) in the form of a murine viral outgrowth assay, in which PBMC:s or isolated

CD4+ T cells derived from SIV-infected pigtail macaques or HIV-infected human subjects with
undetectable viral loads were transplanted into NSG mice. The SIV samples were derived from
animals with viral loads suppressed through ART, and the human samples were from either ART-
treated individuals or elite suppressors, individuals who naturally control HIV viral loads.

Human CD8" T cells were also depleted in vivo with a monoclonal antibody to enhance viral
outgrowth, and in some cases cells were stimulated in vivo with an anti-CD3 antibody. Resultant
macaquized or humanized mice were evaluated for viral load and the relative frequency of CD4+
T cells. Xenografting in this manner resulted in amplification of virus in all the tested samples,
including from one elite suppressor whose cells did not produce quantifiable virus in an ex vivo
QVOA assay. Therefore, this murine viral outgrowth assay, which can be performed with relatively
large numbers of CD4" T cells (10-50 million cells per mouse), might represent a more sensitive
diagnostic assay than QVOA for identifying latently infected CD4" T cells in some situations
(124).

CONCLUDING REMARKS

As with any model system, data generated with humanized mice should be interpreted with care
when translating the findings into human studies, with a full consideration of potential limitations
and caveats. Nevertheless, humanized mouse models for HIV are highly effective tools for studying
awide range of currentresearch areas, including in vivo testing of novel therapeutic antibodies and
drugs and developing a more complete picture of HIV species tropism, tissue/cellular tropism,
and persistence/latency (Figure 4). Further advances in humanized mouse models should allow
researchers to more effectively apply such models to these and other exciting and important areas

Humanization Recent advances in:

® Hu-PBL, hu-CD4, etc. model
(mature human immune cells)

® Hu-HSC model Immunodeficient
(hematopoietic stem cells) mouse with new
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and T cell infection
® Antiretroviral drugs
- Preclinical pharmacokinetics
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Figure 4

Overview of common humanized mouse models and examples of their recent use in HIV research.
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of HIV research, including vaccine studies and gene- or cell-based therapeutic approaches for
eliminating HIV.
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