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Introduction

Antiviral therapy studies require a convenient and relatively
inexpensive animal model that properly mimics the natural
course of HIV-1 infection in humans. However, development of a
reliable model that includes human target cells and the cellular
factors needed for HIV-1 infection and pathogenesis has been
challenging. One approach has been to engraft human peripheral
blood mononuclear cells (HPBMC) into adult NSG (NOD [nonobese diabetic] SCID [Severe Combined Immunodeficiency]
Gamma) mice, which have a profound immune deficiency.
Another alternative approach has been to implant human stem
cells (HSC) into newborn NSG mice. Both models provide a
suitable environment in which to partially reconstitute the human
immune system. With adequate numbers of target cells, HIV-1 can
replicate without interference from the mouse immune system.
The NSG mouse transplantation/engraftment models are the best
currently available, as they provide the highest level of human
HSC engraftment compared with other immunodeficient strains
[1,2].

Discussion

Small animal models that successfully and closely mimic
the human immune system are acutely needed in biomedical
research. In this regard, the NOD.Cg-PrkdcscidIL2rgtm1Wjl mouse
strain (NSG) is better suited for in vivo research purposes than
other SCID/NOG strains [3] because; they harbor a scid mutation
and an interleukin 2 (IL-2) receptor common gamma chaintargeted mutation (IL2rgnull). As a result, these NSG mice lack
mature T- , B -cells and functional natural killer (NK) cells. These
mice are not only deficient in the above listed lineages, but also in
cytokine signaling, and they permit the development of the above
listed lineages of human origin, as well as in the development of
human macrophages [1].

The Il2rgnull mutation overcame some previous limitations
including minimal donor chimerism and poor expansion of
lymphoid cells [4,5]. The model supports the development of a
functional human immune system, allowing detailed analyses of
human immune physiology and function [5]. Furthermore, the
genotype does not lead to development of thymomas, which occur
in 30% of classic NSG mice by the age of 6 months. Clearly this
model is a good option for short term experiments of up to 4 weeks
following HIV-1 infection [5,6]. The model was used to engraft
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human PBMCs into adult mice to study the effects of HIV-1 entry
blockage by INK128, a prototype TOR-KI (the catalytic inhibitor,
in dual targeting of mTORC-1/2) [7]. It was also reported that
in comparison with all immunodeficient strains, the NSG mouse
model has highest human HSC engraftment levels [8]. All together,
it makes this xenotransplantion model as the “gold standard” for
in vivo studies.

Our previous studies demonstrated that after intraperitoneal
(i.p.) injection with PBMCs, NSG adult mice were able to support
robust HIV-1 replication, developing high serum p24 levels
and progressively lower CD4+T cell levels, as measure by flow
cytometry. Specifically, we showed that when the mice were
injected i.p. with 20,000 of 50% tissue culture infective dose
(TCID50%) of HIV-1 Bal, they developed a productive infection [6].
Quantifying CD4+ T cells, CCR5+ cells, and CCR5 expression levels
to evaluate and validate the NSG adult mouse model, we showed
that levels of both CD4+ and CCR5+ cells from within the CD4+
T cell population remained stable in non-infected mice up to 4
weeks post engraftment [6]. As expected, infected mice showed a
steep decline in CD4+ T cells and CCR5+ cells, as well as somewhat
reduced CCR5 expression levels [6].
A second approach, based upon the injection of HSC into
newborn mice supports longer-term experiments and allows
multilineage development of human immune cells. Mice
transplanted with fetal liver and thymus tissues are useful to
replicate HIV-1 induced pathology and to test hematopoietic stem
cell-based gene therapy. That and the utilization of the human
adaptive immune system in cord blood cell-transplanted mice led
to the development of a mouse model in which CD34+ cells were
transplanted into the liver of newborn mice. This results in the
development of a lymphoid-like system of human origin with Tand B- cells, monocytes, plasmacytoid and conventional dendritic
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cells- DCs, lymph and thymus nodes. In this case, more than 40% of
T cells are of a naïve phenotype [9]. Lymphoid tissue contains key
latent reservoirs established by HIV-1 during acute infection, and
the availability of this model opens new options in HIV-1 latency
research. The ability to reconstitute a relatively representative
human immune system in newborn NSG mice engrafted with HSC
will surely help facilitate a better understanding of processes of
greater duration, such as HIV-1 latency. An additional advantage
of the neonatal model compared with the shorter term adult
model for long term studies is due to a longer life span (for at least
12 months) [4,10].
Choudhary et al. [11] recently showed that replicationcompetent HIV-1 persists in CD4+ T cells in mice treated with
antiretrovirals (ARVs) creating an attractive system for studying
viral reservoirs. ARVs suppress HIV-1 replication to undetectable
levels within weeks after therapy starts, but none of the currently
available treatments result in full eradication of virus from longlived reservoirs in resting memory CD4+ T cells [12]. Upon
termination of ARVs, HIV-1 infection reappears within weeks to
months. Clearly, an available hu-mouse model for exploring the
potency of novel compounds for targeting HIV-1 latency is a must.

There are a few crucial considerations for using hu-HSC
mice to study persistent HIV-1 latency. First, infected mice must
recapitulate the essential aspects of HIV-1 pathogenesis, which
includes immune dysfunction, and subsequent recovery of the
host immune system as a result of ARVs. Next, any interruption
of ongoing ART must result in a rebound of virus replication
from the original latent reservoirs. Lastly, for an effective humouse model, long term ARVs should be non-toxic and well
accepted by the mice [12]. There are numerous studies reporting
relatively beneficial effects of ART in HIV-1 infected hu-mice with
different anti-viral reagents or combination of ARV drugs that act
synergistically [13-16]. There are, for example, reports of broadly
neutralizing Abs combined with viral transcription inducers (thus
acting by independent mechanisms) that synergistically reduced
reservoirs, as measured by viral rebound [17].
Together, these studies offer a promising preclinical proof of
principle for these specific anti-viral approaches and indicate that
these model systems have the potential to fuel current efforts
and to generate future milestones in HIV-1 treatment. Hu-HSC
mice have also been used to show the feasibility of suppressing
HIV-1 infection by targeting CCR5 in zinc-finger nuclease gene
editing experiments [18]. Introduction of CD34+ cells treated
with a CCR5-specific zinc finger nuclease into HIV-1 infected huHSC mice resulted in selection of CCR5-negative cells, reduction
of HIV-1 viral loads (VLs), and preservation of CD4+ T cells.
The same model was used to show that VLs were 30 fold lower
in mice treated with human CD4+ T cells in which HIV-1 was
targeted with siRNA small interfering RNA constructs, (attractive
as antiviral therapy-related constructs as they can deliver antiCD4, -CCR5,- vif,- and -tat siRNAs). In general, delivering siRNAs
to HIV-1 infected cells in vivo can be highly effective [10]. Although
technically challenging, it becomes feasible in mouse models
when the siRNAs are conjugated with an HIV-1 gp120-specific
aptamer [19].
The most effective model currently for HIV-1 studies is the
BLT (bone marrow-liver-thymus) mouse model, as these mice can
recapitulate a primary immune response against HIV-1 infection,
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and can be used to better understand the ability of ART to prevent
secondary HIV-1 transmission [20,21] with the strengths such as:
A. mice are highly susceptible to HIV-1 infection;

B. VLs can be readily controlled with intensive ART regimens;

C. VLs rebound upon ARV drugs cessation, with the additional
advantage that PBMCs can be purified from mice and
induced to express virus ex vivo; and

D. robust mucosal human immune systems render these
animals susceptible to rectal and vaginal HIV-1 transmission
[4,21]. The susceptibility of BLT mice to mucosal HIV1 transmission permits exploring HIV-1 preventive
approaches that include use of topical and systemically
applied HIV-1 inhibitors [22]. This model has yielded
significant progress in testing CCR5-targeted siRNA (in
combination with ARV), which provided a protective effect
against HIV-1 replication [23]. Lastly, engineered mice have
been developed to contain exclusively T lymphocytes or
macrophages and these can be utilized to accomplish in vivo
identification and mapping of HIV-1 reservoirs. However,
the main disadvantage when compared with the NSG adults
and neonatal models is the technical and surgical expertize
that the engraftment of BLT model requires [4]. Based on
our experience both NSG adult and neonatal models have
certain limitations:
a. not all animals have successful engraftment and
remaining innate immunity impairs engraftment;

b. adults and neonatal mice can develop lethal xenogeneic
graft-versus-host disease (GvHD) syndrome;
c. some animals in the NSG newborn model can develop
more B-cells than T-cells rendering these mice
unsuitable for HIV-1 infection studies;
d. mice have impaired lymph node development and
poorly developed germinal centers [10];
e. many human cytokines are species specific [10];

f. in the NSG neonatal model, a long time period is required
following HSC engraftment to determine whether the
mice have an adequate percentage of CD4+ T cells (3
months), making it difficult to rely on the number of
available animals for all the control experiments; and
g. costs for pre- made hu-mice are high.

A further caution is that after establishing an effective drug
dose in hu-mice, the optimal animal dose cannot be extrapolated to
a human equivalent dose by a simple conversion based on a body
weight. Instead, parameters such as body surface normalization
method must be considered when a translational dose is to be
used in humans for Phase I and II clinical trials [24].

Conclusion

Simple ART approach does not provide a virologic HIV-1 cure.
However, it was recently demonstrated in principle that the HIV1 reservoir can be successfully altered by combination therapy
with antibodies and viral transcription inducers, providing some
new insights into the possibility of developing better options for a
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cure. Hu-mice are an increasingly important tool in translational
research, addressing both mechanistic questions and issues
related to innate and adaptive immunity, autoimmunity, cancer
biology, and pathology of increasing number of infectious
diseases, by drug therapy and by vaccines. The advantages of using
a proper Hu-mice model that tolerates combinations of ARVs with
other synergistic anti-viral reagents together with a relatively low
maintenance cost compared with non-human primate models are
enormous. In addition, a possibility of exploring approaches or
alternatives to “shock and kill” , such as soothe and snooze in HuNSG mice, represents a more promising avenue in future efforts
towards an HIV-1 cure.

Acknowledgement

The authors especially thank Drs. Marvin Reitz and Alonso
Heredia for critical reading and valuable inputs for this manuscript.

References

1. JAX MICE (2015) Humanized NSG mice for infectious disease
research. Clinical and research services.

2. Pearson T, Greiner DL, Shultz LD (2008) Creation of humanized mice
to study human immunity. Curr Protoc Immunol Chapter 15: Unit
15.21.
3. Nakata H, Maeda K, Miyakawa T, Shibayama S, Matsuo M, et al.
(2005) Potent anti-R5 human immunodeficiency virus type 1 effects
of a CCR5 antagonist, AK602/ONO4128/GW873140, in a novel
human peripheral blood mononuclear cell nonobese diabetic-SCID,
interleukin-2 receptor gamma-chain-knocked-out AIDS mouse
model. J Virol 79(4): 2087-2096.

4. Ishikawa F, Yasukawa M, Lyons B, Yoshida S, Miyamoto T, et al. (2005)
Development of functional human blood and immune systems in
NOD/SCID/ IL2 receptor (gamma) chain (null) mice. Blood 106(5):
1565-1573.
5. Shultz LD, Brehm MA, Garcia-Martinez JV, Greiner DL (2012)
Humanized mice for immune system investigation: progress, promise
and challenges. Nat Rev Immunol 12(11): 786-798.
6. Latinovic O, Medina-Moreno S, Schneider K, Gohain N, Zapata JC, et
al. (2015) Full length single chain Fc protein (FLSC IgG1) as a potent
anti-viral therapy candidate: Implications for in vivo studies, AIDS
Res Hum Retroviruses 32(2): 178-186.
7. Heredia A, Le N, Gartenhaus RB, Sausville E, Medina-Moreno S, et
al. (2015) Targeting of mTOR catalytic site inhibits multiple steps of
the HIV-1 lifecycle and suppresses HIV-1 viremia in humanized mice.
Proc Natl Acad Sci 112(30): 9412-9417.

8. McDermott SP, Eppert K, Lechman ER, Doedens M, Dick JE
(2010) Comparison of human cord blood engraftment between
immunocompromised mouse strains. Blood 116(2): 193-200.
9. Shultz Leonard DS, Fumihiko I, Dale LG (2007) Humanized mice in
translational biomedical research. Nat Rev Immunol 7: 118-130.

10. Akkina R, Allam A, Balazs AB, Blankson JN, Burnett JC, et al. (2015)
Improvements and Limitations of Humanized Mouse Models for HIV
Research: NIH/NIAD Meet the Experts 2015 Workshop Summary.

Copyright:
©2016 Latinovic et al.

3/3

AIDS Res and Human Retrovir 32(2): 109-119.

11. Choudhary SK, Archin NM, Cheema M, Dahl NP, Garcia JV, et al. (2012)
Latent HIV-1 infection of resting CD4+ T cells in humanized Rag2-/gammac-/- mouse. J Virol 86(1): 1599-1603.

12. Siliciano RF (2013) HIV-1 Eradication Strategies: Design and
Assessment. Curr Opin HIV AIDS 8(4): 318-325.

13. Nischang M, Sutmuller R, Gers-Huber G, Audige A, Li D, et al. (2012)
Humanized mice recapitulate key features of HIV-1 infection: A novel
concept using long-acting anti-retroviral drugs for targeting HIV-1.
PloS ONE 7(6): e38853.
14. Deeks SG (2012) HIV: Shock and kill. Nature 487: 439-440.

15. Dinoso JB, Kim SY, Wiegand AM, Palmer SE, Gange SJ, et al. (2009)
Treatment intensification does not reduce residual HIV-1 viremia
in patients on highly active antiretroviral therapy. Proceedings of
the National Academy of Sciences of the United States of America
106(23): 9403-9408.

16. Gandhi RT, Zheng L, Bosch RJ, Chan ES, Margolis DM, et al. (2010)
The effect of raltegravir intensification on low-level residual viremia
in HIV-infected patients on antiretroviral therapy: a randomized
controlled trial. PLoS Med 7(8): e1000321.
17. Halper-Stromberg A, Lu CL, Klein F, Horowitz J, Bournazos S, et al.
(2014) Broadly Neutralizing Antibodies and Viral inducers decrease
rebound from HIV-1 latent reservoirs in humanized mice. Cell
158(5): 989-999.

18. Holt N, Ban HS, Kim SS, Wu H, Pearson T, et al. (2010) Zinc finger
nuclease-mediated CCR5 knockout hematopoietic stem cell
transplantation controls HIV-1 in vivo. Nat Biotechnol 28(8): 839847.
19. Neff CP, Zhou J, Remling L, Kuruvilla J, Zhang J, et al. (2011) An
aptamer-siRNA chimera suppresses HIV-1 viral loads and protects
from helper CD4+ T cell decline in humanized mice. Sci Transl Med
3(66): 66ra66.
20. Denton PW, Long JM, Wietgrefe SW, Sykes C, Spagnuolo RA, et al.
(2014) Targeted cytotoxic therapy kills persisting HIV infected cells
during ART. Plos Pathog 10(1): e1003872

21. Rikke O, Michael D S, Martina K, Tomonori N, Morgan C, et al. (2016)
ART influences HIV persistence in the female reproductive tract and
cervicovaginal secretions. J of Clin Invest.

22. Denton PW, Othieno F, Martinez-Torres F, Zou W, Krisko JF, et al.
(2011) One percent tenofovir applied topically to humanized BLT
mice and used according to the CAPRISA 004 experimental design
demonstrates partial protection from vaginal HIV infection, validating
the BLT model for evaluation of new microbicide candidates. J Virol
85(15): 7582-7593.
23. Shimizu S, Ringpis GE, Marsden MD, Cortado RV, Wilhalme HM, et al.
(2015) RNAi-mediated CCR5 knockdown provides HIV-1 resistance
e to memory T cells in humanized BLT mice. Mol Ther Nucleic Acids
4: e227.
24. Reagan-Shaw S, Nihal M, Ahmad N (2007) Dose transplantation from
animal to human studies revisited. FASEB J 22(3): 659-661.

Citation: Latinovic OS, Medina Moreno S, Hippler LM, Zapata JC, Redfield RR (2016) Humanized NSG Mouse Models of HIV-1 Infection and
Pathogenesis. J Hum Virol Retrovirol 3(2): 00088. DOI: 10.15406/jhvrv.2016.03.00088

