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Abstract

Humanized mouse models derived from immune-deficient mice have been the primary tool for studies of
human infectious viruses, such as human immunodeficiency virus (HIV). However, the current protocol for
constructing humanized mice requires elaborate procedures and complicated techniques, limiting the supply of
such mice for viral studies. Here, we report a convenient method for constructing a simple HIV-1 mouse model.
Without prior irradiation, NOD/SCID/IL2Ry-null (NSG) mice were intraperitoneally injected with 1x 107 adult
human peripheral blood mononuclear cells (hu-PBMCs). Four weeks after PBMC inoculation, human CD45*
cells, and CD3"CD4" and CD3"CDS8" T cells were detected in peripheral blood, lymph nodes, spleen, and liver,
whereas human CD19" cells were observed in lymph nodes and spleen. To examine the usefulness of hu-
PBMC-inoculated NSG (hu-PBMC-NSG) mice as an HIV-1 infection model, we intravenously injected these
mice with dual-tropic HIV-1pg;, and X4-tropic HIV-1y74.5 strains. HIV-1-infected hu-PBMC-NSG mice
showed significantly lower human CD4" T cell counts and high HIV viral loads in the peripheral blood
compared with noninfected hu-PBMC-NSG mice. Following highly active antiretroviral therapy (HAART) and
neutralizing antibody treatment, HIV-1 replication was significantly suppressed in HIV-1-infected hu-PBMC-
NSG mice without detectable viremia or CD4" T cell depletion. Moreover, the numbers of human T cells were
maintained in hu-PBMC-NSG mice for at least 10 weeks. Taken together, our results suggest that hu-PBMC-
NSG mice may serve as a relevant HIV-1 infection and pathogenesis model that could facilitate in vivo studies
of HIV-1 infection and candidate HIV-1 protective drugs.

Introduction

ONE OF THE MAJOR PROBLEMS in the field of HIV-1
research is the lack of suitable, convenient, and inex-
pensive small-animal models for virological, pathological,
and immunological studies. Current animal models of HIV-1
infection, such as the nonhuman primate model, have greatly
enhanced our understanding of HIV-1 pathogenesis, and
improved HIV-1 therapeutic design and efficacy. However,
these animal models are associated with ethical problems and
substantial maintenance costs.

To overcome these problems, researchers have developed
humanized mouse models for studying HIV-1 infection. The
first humanized mouse model was generated by engrafting
the severe immunodeficiency (SCID) mouse with human

fetal thymus or liver tissue."* The hu-PBL-SCID mouse,
another HIV mouse model created by transplanting human
peripheral blood mononuclear cells (PBMCs), has been used
as a tool in HIV-1 research for the development of anti-
retroviral therapies.3 -3 However, this SCID mouse has a se-
rious graft-versus-host rejection problem and requires a more
immune-compromised strain. Although the upgraded non-
obese diabetic (NOD/SCID) mouse has led to improved hu-
man cell engraftment, the percentage of engrafted human
cells following intraperitoneal injection has remained sub-
optimal and highly variable.®

NOD/SCID mice harboring either a null allele at the f3,-
microglobulin locus (NOD/SCID/f2m™)'! or a truncated
common cytokine receptor y chain (yc) mutant lacking its
cytoplasmic region (NOD/SCID/y.”)'?~'* were developed as

Depanment of Bio-industrial Technologies, College of Animal Bioscience and Technology, Konkuk University, Seoul, Korea.
Division of AIDS, Center for Immunology and Pathology, Korea National Institute of Health, Osong, Chungcheongbuk, Korea.
3Department of Microbiology, College of Medicine, University of Ulsan, Seoul, Korea.

“Division of Infectious Disease, Seoul St. Mary’s Hospital, College of Medicine, the Catholic University of Korea, Seoul, Korea.
"Department of Manufacturing Pharmacy, College of Pharmacy and Research Institute of Pharmaceutical Sciences, Seoul National

University, Seoul, Korea.
*These authors contributed equally to this work.

194



SIMPLE MOUSE MODEL FOR HIV STUDY

model animals. In these mice, natural killer (NK)) cells as well
as T and B cells are disrupted because f2m is necessary for
major histocompatibility complex (MHC) class I-mediated
innate immunity and yc (IL-2Ry chain) is an indispensable
component of receptor heterodimers for many lymphoid-
related cytokines, such as interleukin (IL)-2, IL-7, IL-9, IL-12,
IL-15, and IL-21.1 Transplants of human bone marrow
or cord blood cells into these mice result in successful dif-
ferentiation of multilineage cells, including human T, B,
and NK cells; monocytes/macrophages; and dendritic cells
(DCs).'>!316 The human CD4" T cells in these mouse
models can be infected with HIV-1.17-2° Moreover, these
mice are highly susceptible to both CCRS5 (R5)- and CXCR4
(X4)-tropic HIVs, exhibiting intense plasma viral loads
lasting for over 40 days.'®

Although these models have shown great promise in the
HIV-1 research field, the requirement for human cord blood
and hematopoietic stem cells coupled with the surgical skills
needed for transplantation of human fetal tissues and irradia-
tion of mice prevent these models from being widely available
to all laboratories. Here, we used NOD/SCID/IL2Ry™" (NSG)
mice as recipients of human PBMCs and evaluated the result-
ing humanized mouse model of HIV-1 infection (hu-PBMC-
NSG mice) by tracking human T cell development in vivo and
testing the responses of this model to HIV-1 infection and anti-
HIV-1 therapies.

Materials and Methods
Mice

NOD.Cg-PrkdcscidIL2rgtmIWjl/Sz [NOD/SCID/IL2Ry™™"
(NSG)] mice were purchased from Jackson Laboratory (Bar
Harbor, ME). NSG mice were maintained in accordance with
the Guide for the Care and Use of Laboratory Animals
of Konkuk University (Seoul, Republic of Korea), and were
housed in an SPF facility. All experiments were performed
according to the guidelines of the Institutional Animal
Committee of Konkuk University (2012-008).

Preparation and engraftment of PBMCs

Human PBMCs were obtained from peripheral venous
blood of healthy donors who tested negative for HIV-1 virus
infections. Human PBMCs (1 x 10 cells), purified by Ficoll-
Paque (Pharmacia, Piscataway, NJ) density gradient centri-
fugation, were resuspended in phosphate-buffered saline
(PBS) and injected intraperitoneally into NSG mice.

Immunohistochemistry

For immunohistochemistry experiments, spleen, liver, and
lymph node were removed 4 weeks after transplantation of
NSG mice with human PBMCs. Organs were snap-frozen
after embedding in OCT compound (Sakura Finetechnical,
Tokyo, Japan). Cryostat sections (5 um thick) were air dried,
fixed in acetone for 10min, immunostained with PCS5-
conjugated antihuman CD3, fluorescein isothiocyanate (FITC)-
conjugated antihuman CD4, phycoerythrin (PE)-conjugated
antihuman CD8, PE-conjugated antihuman CD19, and FITC-
conjugated antihuman CD45 (all from Beckman Coulter,
Fullerton, CA), and further stained with the nuclear dye 4°,
6-diamidino-2-phenylindole (DAPI; Invitrogen, Carlsberg,
CA). Stained specimens were observed by confocal microscopy

195

(LSM510 META microscope; Carl Zeiss, Oberkochen, Ger-
many). Image acquisition and data analysis were performed
using LSMS5 software. The numerical aperture of the objective
lens (Plan Apochromat X63) was 1.4.

HIV-1 infection and highly active antiretroviral therapy

All procedures for HIV-1 infection and maintenance of
hu-PBMC(ip)-NSG mice were performed in a biosafety
level 3 animal facility at the Laboratory Animal Research
Center of Konkuk University in accordance with protocols
approved by the Institutional Animal Committee of Konkuk
University. Four weeks after human PBMC engraft-
ment, NSG mice were intraperitoneally injected with X4/R5
dual-tropic HIV-1p4,, (1x10° TU). For highly active
antiretroviral therapy (HAART) administration, HIV-1-
infected mice in one group were treated daily with a com-
bination of 4.5 mg of indinavir, 1.2 mg of azidothymidine,
and 0.4 mg of atazanavir, administered orally, for 5 weeks.
HIV-1-infected mice in a second group were treated daily
with HAART for 2 weeks beginning 1 day after HIV-1 in-
fection. Each experimental group consisted of five hu-
PBMC(ip)-NSG mice. Mice were bled by tail nicking, and
peripheral blood cell populations and plasma viral loads
were analyzed periodically using flow cytometry and an
HIV p24s,, antigen enzyme-linked immunosorbent assay
(ELISA) kit (PerkinElmer, San Jose, CA).

In vivo neutralization assay

To evaluate the utility of the hu-PBMC-NSG mouse as
an in vivo neutralization assay, we passively immunized
mice with 068P polyclonal antibody, obtained from a naive
HIV-1pyo-infected macaque monkey.>' The neutralizing titer
of the 068P polyclonal antibody was over 128. We initially
infected hu-PBMC-NSG mice with 1x10° IU of HIV-1 DHI2
by intraperitoneal injection 4 weeks after reconstitution by
intraperitoneal injection of PBMCs. Two days after HIV-1
infection, 50 ul of PBS or 068P antibody was injected intra-
peritoneally into each of three hu-PBMC-NSG mice, and
CD4" T cell decay was monitored for 3 weeks. Each exper-
imental group consisted of five hu-PBMC(ip)-NSG mice.
Mice were bled by tail nicking, and peripheral blood cell
populations and plasma viral loads were analyzed periodically
using flow cytometry and an HIV p24g,, antigen ELISA kit
(PerkinElmer).

In vivo assay of HIV-1 strain kinetics

To determine the kinetics of CD4" T cell deletion fol-
lowing infection with different HIV-1 strains, we infected
hu-PBMC(ip)-NSG mice with a lower dose of dual tropic
HIV-1pg;, or X4-tropic HIV-1y7,4.5 strains 4 weeks after
intraperitoneal injection of human PBMCs. Mice were in-
fected by intraperitoneal injection of 1 X 10°IU of HIV-1 DHI2
or HIV-1y;4.5 in a 200-ul volume. The HIV-1,;,. 3 strain for
this study was obtained from the HIV Resources Center of the
National Institutes of Health (Bethesda, MD). Each experi-
mental group consisted of five hu-PBMC(ip)-NSG mice.
Mice were bled by tail nicking, and peripheral blood cell
populations and plasma viral loads were analyzed periodi-
cally using flow cytometry and an HIV p24,, antigen ELISA
kit (PerkinElmer).
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Flow cytometry

Samples of peripheral blood were collected from the
tail vein and stained for 30min with PC5-conjugated
antihuman CD3, FITC-conjugated antihuman CD4, PE-
conjugated antihuman CDS8, and FITC-conjugated anti-
human CD45. Stained peripheral blood samples were
then lysed with red blood cell lysis buffer (BD Bios-
ciences, San Jose, CA) and washed with PBS. Flow cyto-
metry analyses were conducted by three-color staining
using a FACSCalibur system and Cell Quest software (BD
Biosciences).

HIV antigen assay

Plasma levels of HIV-1pg;>, and HIV-1y;4.3 in HIV-1-
infected or uninfected (control) mice were determined by
detecting HIV-specific antigens. The HIV p24g,, antigen
ELISA kit (PerkinElmer) was used to quantify HIV-1p4;,
and HIV-1y,,; in plasma samples, according to the manu-
facturer’s instruction. All experiments were performed in
triplicate.

Statistics

All measures of variance are presented as standard error of
the mean (SEM). All data were analyzed by analysis of
variance (ANOVA) with Student-Newman—Keuls as a post
hoc test using SigmaStat software (Systat Software, Rich-
mond, VA). Differences between independent means were
assumed to be significant for p-values <0.05.
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Results

Sustainability of human T cells developed in NSG mice
following intraperitoneal injection of human PBMCs

HIV-1 infection causes an acquired immunodeficiency that
is correlated with depletion of CD4" T cells. Therefore, the
presence of human CD4" and CD8* T cells in hu-PBMC-
NSG mice is important for the investigation of HIV-1 in-
fection. Current methods for constructing humanized NSG
mice involve intrahepatic or intravenous injection of fetal
hematopoietic tissues or hematopoietic stem cells into pre-
viously irradiated newborn mice.”>** To test whether in-
traperitoneal injection of human PBMCs affected the
sustainability of human T cells in the plasma of hu-PBMC-
NSG mice, we analyzed human CD3*CD4" and CD3*CD8*
T cells in peripheral blood after injection of human PBMCs
without prior irradiation.

To verify engraftment kinetics, we analyzed human leu-
kocytes in the peripheral blood of hu-PBMC-NSG mice be-
tween 4 and 10 weeks after intraperitoneal injection of 1 x 107
human PBMCs, using 20 mice at each time point. We found
that all mice exhibited high, stable engraftment of human
CD45" cells (Fig. 1A). Human CD3* T cells were weakly
detected during the first 2 to 3 weeks after intraperitoneal
injection of human PBMCs; however, 4 weeks after intra-
peritoneal injection, the percentage of human CD3" T cells
rapidly increased, reaching peak levels of 79.1%. Human
CD3* T cells were maintained for at least 10 weeks postin-
jection, at which point their levels were 62.3% (Fig. 1B).
Moreover, hu-PBMC-NSG mice showed similar human

FIG. 1. Reconstitution of
human immune cells in human
peripheral blood mononuclear
cells (hu-PBMC)-NSG mice.
(A) The percentage of human
CD45" T cells in the periph-
eral blood of hu-PBMC-NSG
mice (n=20) reconstituted
with human PBMCs 4 to 10
weeks after intraperitoneal in-
jection. (B) The percentage of
human CD3" T cells in the
peripheral blood of hu-
PBMC-NSG mice increased
significantly 28 days after
intraperitoneal injection (p <
0.01). (C) CD47/CD3" and
(D) CD8*/CD3" T cell ratios
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CD4%/CD3" and CD8*/CD3™ T cell ratios between 4 and 10
weeks (Fig. 1C and D). We truncated the experiment at 10
weeks after injection. The reason is time-dependent devel-
opment of graft-versus-host symptoms. Until 10 weeks after
human PBMC injections, all hu-PBMC-NSG mice stably
maintained human T cells. However, at 16 weeks after human
PBMC injection, we observed graft-versus-host rejection for
more than 80% of hu-PBMC NSG, such as all human T cell
depletion and human CD45" cells. However, the high human
CD4%/CD3" T cell ratio in particular supports the model for
studying CD4*-targeting HIV. These results suggest that
hu-PBMC-NSG mice are a simple model for inducing the
effective repopulation of human T cells, and indicate that
homeostatic regulation mechanisms may remain intact in this
humanized model system.

Distribution of human cells in the organs
of hu-PBMC-NSG mice

Secondary lymphoid tissues are the sites where the ma-
jority of lymphocytes reside in humans. They are also the
sites of antigen presentation and lymphocyte activation, and
are therefore critical venues for HIV-1 replication and the
establishment of HIV-1 latency.*** Therefore, we analyzed
the distributions of human CD19" and CD45"% cells, and
CD3*CD4* and CD3*CD8" T cells in secondary lymphoid
tissues, including lymph node, spleen, and liver, in hu-
PBMC-NSG mice (Fig. 2). These immunohistochemistry
analyses revealed that approximately 4 weeks after intra-

A Spleen

NSG mouse

.}-NSG mouse

FIG. 2. Immunohistochem-
ical analysis of human cells in
hu-PBMC-NSG mouse tissues.
Representative  immunohisto-
chemical analyses of human
CD45" cells (green), CD45" T
cells (orange), CD3" T cells
(red), CD4" T cells (green), and
CDS" T cells (orange) in slices
from spleen (A), liver (B), and
lymph node (C) of hu-PBMC-
NSG mice 4 weeks after intra-
peritoneal injection. Sections
were counterstained with the
nuclear dye DAPI (blue). Color
images available online at
www.liebertpub.com/aid
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peritoneal injection, human CD45" cells were prominent in
all organs examined, but human CD19" cells were detected
only in lymph node and spleen. Human CD3" T cells were
observed in lymph node, spleen, and liver, but distribution
patterns of CD4" and CD8" subpopulations were different. In
the spleen, the majority of human CD3* T cells in the red pulp
were CD8" T cells, whereas most human CD4" T cells were
found in the white pulp (Fig. 2A). Human CD8" T cells were
also found surrounding the periportal areas of the liver,
whereas human CD4" T cells were more diffusely distributed
throughout the tissues (Fig. 2B). Lymph nodes were densely
populated by human CD4" and CD8* T cells (Fig. 2C),
whereas mouse T cells were very rare. The CD4/CD8 ratio of
PBMC donor was 1.94+0.23, which is in a normal CD4/CD8
ratio range. However, the CD4/CDS ratio of peripheral blood
in hu-PBMC-NSG mice increased 2-fold higher than those of
the PBMC donor. Once increased, the CD4/CDS ratios of hu-
PBMC-NSG mice did not significantly change between 4 and
10 weeks. Moreover, although human B cells were barely
detected in peripheral blood of hu-PBMC-NSG mice, human
IgG was detected in hu-PBMC NSG mice at 4 weeks post-
injection

Collectively, immunohistological analyses showed that
the lymphoid tissues of recipient mice contained significant
numbers of human CD3*CD4" and CD3"CDS8™ T cells, which
are critical for the establishment and maintenance of persis-
tent HIV-1 infection in humans. Thus, the distribution of
human T cells in these lymphoid and peripheral tissues
suggests that intraperitoneally injected hu-PBMC-NSG mice

3
3 -

CD4-FITC

CD4-FITC
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may facilitate in vivo studies of HIV-1 and other human T cell
tropic viral infections.

Hu-PBMC-NSG mice as an HIV-1 infection model
and in vivo HIV-1 antiviral assay

To evaluate HIV-1 infection in hu-PBMC-NSG mice, we
inoculated these mice with dual tropic HIV-1p4;, (1 X 10°
IU) and monitored human CD4" T cell count and plasma viral
load for 5 weeks. Figure 3A shows the human CD4*/CD3" T
cell ratios and p24 Ag levels in peripheral blood. In a rep-
resentative HIV-1pg;,-infected hu-PBMC-NSG mouse, the
CD4%/CD3" T cell ratio in peripheral blood decreased sig-
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FIG. 3. HIV-1py;, infection and antiviral therapy in hu-
PBMC-NSG mice. (A) Human CD4" T cell depletion and
HIV-1 p24 Ag detection in HIV-1pg,,-infected hu-
PBMC-NSG mice (HIV-1pg;> n=5) and uninfected hu-
PBMC-NSG mice (control, n=5). (B) Quantification of
human CD4" T cell reconstitution and HIV-1 p24 levels in
blood of HIV-1py;,-infected mice administered HAART
for 5 weeks (HIV-1pg;> + HAART) and only 2 weeks
(HIV-1py,;2+HAART for 2 weeks). Mice were infected
with HIV-1pp;5 (1x10° TU) for 2 days and then admin-
istered a HAART regimen consisting of 4.5mg of in-
dinavir, 1.2mg of azidothymidine, and 0.4mg of
atazanavir per mouse. Lines show human CD4*/CD3* T
cell ratios; squares show HIV-1 p24 levels analyzed by
ELISA. Results are expressed as means * standard devi-
ation (error bars).

KIM ET AL.

nificantly 2 weeks postinfection, reflecting an almost com-
plete depletion of human CD4* T cells (Fig. 3A). However,
uninfected hu-PBMC-NSG mice consistently maintained
high human CD4"/CD3" T cell ratios in peripheral blood. To
evaluate the plasma viral load in HIV-1pg;,-infected mice,
we measured HIV-1 p24 antigen by ELISA (Fig. 3A). In
these mice, HIV-1 p24 antigen levels rapidly increased to 3.1
and 6.6ng/ml at 2 and 3 weeks, respectively. At the time
corresponding to a high plasma viral load, the human CD4"/
CD3" T cell ratio was dramatically decreased in the periph-
eral blood of HIV-l-infected mice. Because host CD4*
T cells were depleted, the production of HIV-1p4;, also
decreased, dropping to 0.2 ng/ml at 4 weeks and to below the
limit of detection at 5 weeks. Thus, these results show that hu-
PBMC-NSG mice intraperitoneally injected with human
PBMCs are readily infected with HIV-1p4;,, resulting in a
high plasma viral load and depletion of human CD4" T cells
in the peripheral blood.

To evaluate hu-PBMC-NSG mice as an in vivo antiviral
assay model, we administered a HAART protocol consisting of
the HIV nucleoside/nucleotide reverse transcriptase inhibitor
azidothymidine and the protease inhibitors indinavir and ata-
zanavir to HIV-1pp;;.infected hu-PBMC-NSG mice 2 days
postinfection (Fig. 3B). Similar to previous reports,®*’ plasma
viral loads were suppressed to below the limit of detection with
HAART at 5 weeks. In addition to evaluating the effect of
HAART on systemic virus production in hu-PBMC-NSG mice,
we assessed the effect of discontinuing antiviral drugs 2 weeks
after initiating treatment (Fig. 3B). HAART interruption re-
sulted in a rapid rebound of HIV-1 p24 antigen, which reached
a level of 1.8 ng/ml at 1 week and 3.5 ng/ml at 2 weeks after
interrupting treatment. At the time corresponding to a high
plasma viral load, the human CD4"/CD3" T cell ratio in pe-
ripheral blood was significantly decreased (to nearly zero).
Collectively, these results illustrate the utility of our hu-PBMC-
NSG mouse model for evaluating HIV-1 antiviral drugs in vivo.

Hu-PBMC-NSG mice as an in vivo HIV-1 neutralizing
antibody assay

Vaccine studies in chimpanzee models show a good cor-
relation between protection and serum neutralizing anti-
bodies following challenge with HIV-1 or SHIV.?'*%3¢ we
therefore tested whether a neutralizing antibody effectively
blocked infection when administered after HIV-1 challenge,
as this would have a profound impact on the potential clinical
usefulness of the hu-PBMC-NSG mouse model. The neu-
tralizing antibody 068P, obtained from serum from an HIV-
1pa2-infected and recovered macaque monkey, was used for
passive immunization after HIV-1 infection. Unlike the PBS-
treated group, hu-PBMC-NSG mice treated with neutralizing
antibody showed no decay in the CD4" T cell subpopulation
(Fig. 4). This result indicates that HIV-1 infection was in-
hibited by the neutralizing antibody, highlighting the use-
fulness of the hu-PBMC-NSG mouse model for evaluating
the effectiveness of HIV-1 neutralizing antibodies in vivo.

Hu-PBMC-NSG mice as an in vivo HIV-1 kinetic assay

To determine the kinetics of HIV-1 replication in vivo, we
infected hu-PBMC-NSG mice with 1 x 10° IU of dual tropic
HIV-1pg;> or X4-tropic HIV-1,7..3, and monitored human
CD4" T cells. After infection with the HIV-1pp,, strain,
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FIG. 4. Hu-PBMC-NSG mice as an in vivo HIV-1
neutralizing—antibodg/ assay. Hu-PBMC-NSG mice (n=5) were
infected with 1x10° IU of HIV-1pp;, 4 weeks after injection
of human PBMCs. After 2 days, mice were injected with 50 ul
of 068P antibody obtained from an HIV-1-infected and re-
covered macaque monkey () or 50 ul of phosphate-buffered
saline (PBS) (O). Mice were bled at the indicated time points
after infection with HIV-1p4,,, and PBMCs were isolated for
quantification of cell subsets by flow cytometry. Results are
expressed as means * standard deviation (error bars).

CD4* T cells in the peripheral blood of hu-PBMC-NSG mice
were significantly depleted at 3 weeks postinfection, and no
residual CD4" T cells were detected 5 weeks after infection.
By contrast, depletion of CD4* T cells in the peripheral blood
was delayed in hu-PBMC-NSG mice infected with the HIV-
1nz4.3 strain 4 weeks after infection (Fig. 5). These results
demonstrate a strain-dependent difference in the kinetics of
CD4" T cell depletion. To evaluate the plasma viral load in
HIV-1pg,2- and HIV-1 ;4 3-infected mice, we measured the
HIV-1 p24 antigen by ELISA. In HIV-1pg;,-infected mice,
the production of the HIV-1 p24 antigen rapidly increased at
3 weeks postinfection, reaching a level of 3.6 ng/ml, but de-
creased to 0.3 ng/ml 4 weeks after infection (Fig. 5). Plasma
viral load and CD4" T cell levels were well correlated: as the
viral load rapidly increased in the peripheral blood of HIV-
1 prio-infected mice, the human CD4" T cell subpopulation
dramatically decreased. However, the changes in p24 ex-
pression and decreases in CD4" T cell counts induced by
HIV-1y;,.; infection were slower than those induced by HIV-
1pui2 infection (Fig. 5). The production of p24 reached a
peak level of 2.0 ng/ml at 4 weeks after infection with HIV-
1 nz4.3; this compares with a peak of 3.6 ng/ml 3 weeks after
infection with HIV-1,,,. Thus, the different CD4" T cell
depletion rates in hu-PBMC-NSG mice following infection
with different HIV-1 strains demonstrates that this mouse
model is suitable for in vivo viral kinetic studies.

Discussion

In this study, we took advantage of the NOD/SCID/IL2Ry-
null (NSG) strain to generate a hu-PBMC-NSG mouse by
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FIG. 5. Comparison of viral kinetics in hu-PBMC-NSG
mice infected with two different tropic HIV-1 strains, HIV-
1pri2 and HIV-1y;43. (A) Human CD4" T cell depletion
(line) and HIV-1 p24 Ag detection (s%]uare) in hu-PBMC-
NSG mice (n=5) infected with 1x10° IU of HIV-1py;> 4
weeks after intraperitoneal injection of human PBMCs. (B)
Human CD4" T cell depletion (line) and HIV-1 p24 Ag
detection (square) in hu-PBMC-NSG mice (n=35) infected
with 1x10° TU of HIV-1x;.4.; 4 weeks after intraperitoneal
injection of human PBMCs. Mice were bled at the indicated
time points after infection with HIV-1p4,, or HIV-1574.3;
PBMCs were isolated for quantification of cell subsets by
flow cytometry, and HIV-1 p24 levels in blood were ana-
lyzed by ELISA. Results are expressed as means * standard
deviation (error bars).

intraperitoneal injection of human PBMCs without prior
gamma irradiation, highlighting the utility of this method in
HIV-1 research. The generation of immunodeficient NSG
mice has proved highly valuable for research of human cells
and tissue,”’ > but a number of issues limit their widespread
laboratory application, including the bewildering number of
available strains and engraftment protocols. Therefore, we
investigated the potential of NSG mice to support engraft-
ment by human PBMCs. We found that the hu-PBMC-NSG
mice could be an in vivo model for HIV-1 infection, antiviral
assays, and neutralizing assays, demonstrating its viability as
an HIV-1 research tool.

We observed that consistently high levels of human CD3"
T cells could be achieved in NSG mice after intraperitoneal
injection of PBMCs (Fig. 1). Moreover, our analysis of CD3"
T cell subpopulations revealed significant stabilization of
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human CD4%/CD3" and CD8*/CD3" T cell ratios in hu-
PBMC-NSG mice in peripheral blood for at least 6 weeks
after intraperitoneal injection. These results suggest that hu-
PBMC-NSG mice are an appropriate animal model for
studying short-term HIV infection. Although numerous
studies have employed the hu-PBMC-SCID model, the re-
constitution of SCID mice with human engrafted cells is not
consensual; thus, these mice are xenoreactive, often resulting
in lethal graft-versus-host rejection. However, a recent study
demonstrated that human T cells could be efficiently en-
grafted by direct transplantation of human PBMCs into the
spleen of irradiated NOD/SCID/y.”” mice, creating an animal
model for studying primary human T cell leukemia virus
type-1 (HTLV-1) infection in vivo.'*

Interestingly, reconstitution of human T cells was barely
detectable in any of the NSG mice early (2 weeks) after
intraperitoneal injection of human PBMCs (Fig. 1B). This
presumably reflects delayed entry of human PBMCs into the
bloodstream and retention in the peritoneal cavity, although
the process responsible for this effect remains unknown.
Human CD3"* T cells were reconstituted 3 weeks after in-
jection of 1x 10" PBMCs, a significantly lower cell dose than
that needed to achieve engraftment of human PBMCs in
earlier immunodeficient mouse models (5-30 x 107),7’9’40’41
and reached a high level of engraftment after 4 weeks. Fur-
thermore, the lymphoid tissues of hu-PBMC-NSG mice con-
tained significant numbers of human CD45" cells, whereas
human CD19" cells were found in lymph nodes and spleen.
Human cells containing CD45 and T cells rapidly increased at
4 weeks after intraperitoneal injection. We thus observed
CD45 cells in lymphoid organs at 4 weeks after injection of
human PBMC.

Notably, human CD3*CD4" and CD3*CD8" T cells, which
are critical for the establishment and maintenance of persis-
tent HIV-1 infection in humans, constituted the major cell
populations in several lymphoid tissues, including the lymph
node, spleen, and liver (Fig. 2). These results are consistent
with previous studies showing the presence of these cell types
in several lymphoid tissues of hu-PBL-SCID, SCID-hu (Thy/
Liv), and hu—RagZ'/ “Yc¢”" mouse models.****>* Therefore,
hu-PBMC-NSG mice carrying human T cells in peripheral
blood may be much easier and simpler model for studies of
HIV-1 infection and anti-HIV-1 therapies than the previous
mouse models.

To establish the utility of our novel humanized mouse
model system for the analysis of HIV-1 infection, we intra-
venously injected hu-PBMC-NSG mice with the dual tropic
HIV-1pg7,. HIV-1pg;s-infected hu-PBMC-NSG mice ex-
hibited reduced human CD4*/CD3* T cell ratios in peripheral
blood compared with uninfected control mice (Fig. 3A); viral
load also increased in these mice. These results are consistent
with previous studies showing that hu-PBL-SCID mice are
readily infected with HIV pg;, and show a rapid loss of hu-
man CD4™ T cells.? Moreover, plasma viral loads were
suppressed to below the limit of detection with HAART (Fig.
3B) and by treatment with the neutralizing antibody 068P,
obtained from the serum from an HIV-1pp,,-infected and
recovered macaque monkey (Fig. 4).

We observed a rapid rebound of plasma viremia and a
rapid depletion of CD4 T cells by HAART treatment inter-
ruption compared to HIV-1-infected hu-PBMC-NSG mice
(Fig. 3). We need to conduct further studies to clarify this
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observation. Currently, we speculate that the latent HIV-1
virus with HAART treatment may have presumably induced
boosting effects of pathogenicity by interruption.

A comparison of viral kinetics in hu-PBMC-NSG mice
infected with two different tropic HIV-1 strains (Fig. 5)
showed that infection with dual-tropic HIV-1pg;, led to a
more rapid loss of CD4" T cells compared with that ob-
served for infection with X4-tropic HIV-1p;,..;, where
CD4" T cell depletion and HIV-1 p24 production were
delayed. In our study, the numbers of human CD8 T cells
were maintained when human CD4 T cells were depleted in
peripheral blood of HIV-1-infected hu-PBMC-NSG mice
(data not shown).

A previous study has shown that CXCR4 and CCRS are
expressed mainly on naive CD4" T cells and memory T
cells, respectively.*® In addition, it has been reported that
most human CD4" T cells recovered from the peripheral
cavity in the human peripheral blood leukocyte-SCID
mouse model have the characteristics of memory or acti-
vated T cells.*’*® The coreceptor and phenotype of these
cells likely accounted for faster progression of viral infec-
tion with the dual tropic HIV-1py;, compared with the X4-
tropic HIV-1y74.3.

The susceptibility of hu-PBMC-NSG mice to HIV-1
demonstrates the overall utility of this animal model for
studying HIV-1 infection and evaluating the effectiveness of
new antiviral drugs and neutralizing antibodies against HIV-1.
Moreover, the strain-dependent differences in kinetics of
HIV-1 replication in hu-PBMC-NSG mice make this animal
model suitable for viral kinetic studies in vivo.

Conclusions

Although our hu-PBMC-NSG mice exhibited short-term
development of human T cells, their engraftment efficiency
was higher than that of previous models of human PBMC
engraftment in immunodeficient mice. Thus, this novel
humanized mouse model, which unlike previous models of
human PBMC engraftment in immunodeficient mice re-
quires neither advanced surgical skills nor irradiation of the
host mice, shows great promise as a simple experimental
tool for in vivo studies of initial HIV-1 infection and
pathogenesis, as well as evaluation of new HIV-1 thera-
peutic drugs.
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