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Abbreviations

CSF-1 Monocyte-colony stimulating factor
DNA-PKcs Catalytic subunit of the DNA-dependent protein kinase
HAND HIV-1-associated neurologic disorders
HSC Hematopoietic stem cells
IL-2Rγc Interleukin-2 receptor common gamma chain
NSG/NOG NOD/Shi LtJ-scid/IL2Rγnull mice
scid Severe combined immune deficiency
SIRP- α Signal regulatory protein-α

25.1  Introduction

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

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

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

25.2  Human HIV-1 Infected Cells in the Mouse Brain

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

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

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

25.3  Repopulation of Mouse Brain with Human 
Microglia

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

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

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

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

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

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

25.4  Conclusion and Future Directions

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