? frontiers ‘ Frontiers in Virology

@ Check for updates

OPEN ACCESS

EDITED BY
Amanda Brown,
Johns Hopkins University, United States

REVIEWED BY
Hirotaka Ebina,

Osaka University, Japan

Subodh Kumar Samrat,

University of Arizona, United States

*CORRESPONDENCE

Jun-Ichi Fujisawa
fujisawa@hirakata.kmu.ac.jp

Akio Adachi
adachi@tokushima-u.ac.jp

Masako Nomaguchi
nomaguchi@tokushima-u.ac.jp

RECEIVED 23 March 2023
ACCEPTED 09 June 2023
PUBLISHED 30 June 2023

CITATION
Koma T, Odaka T, Lee S-1, Doi N, Kondo T,
Okuma K, Fujisawa J-1, Adachi A and
Nomaguchi M (2023) Humanized mice
generated by intra-bone marrow injection
of CD133-positive hematopoietic stem
cells: application to HIV-1 research.

Front. Virol. 3:1192184.

doi: 10.3389/fviro.2023.1192184

COPYRIGHT

© 2023 Koma, Odaka, Lee, Doi, Kondo,
Okuma, Fujisawa, Adachi and Nomaguchi.
This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Virology

TYPE Methods
PUBLISHED 30 June 2023
D01 10.3389/fviro.2023.1192184

Humanized mice generated by
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stem cells: application to
HIV-1 research
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Animal models are essential for basic and clinical research on virus diseases.
Humanized mice (mice reconstituted with human hematopoietic cells) have
been effectively used for various virus studies as small animal models. Studies on
human-tropic HIV-1 have also been performed using different humanized
mouse models. Various humanized mice have been generated using distinct
mouse strains and engraftment methods. These different techniques affect the
reconstitution of human hematopoietic cells in individual mice, and in turn the
HIV-1 replication in vivo. In this report, we describe the details of the generation
method of humanized mice, i.e., severely immunodeficient mice (NSG mice)
transplanted with human CD133-positive cells via intra-bone marrow injection
(IBMI). It has been shown that the CD133-positive cells are highly capable to
generate CD34-positive cells in vivo and IBMI is an excellent methodology for
lymphoid and myeloid cell repopulation. In humanized mice transplanted with
CD133-positive cells into the bone marrow, human lymphocytes were increased
3 months after the transplantation and a steady increase in CD4-positive cells
was observed until 6-8 months after the transplantation. In order to test the
utility of our system, CXCR4-tropic and CCR5-tropic HIV-1 clones were
intraperitoneally inoculated into the resultant humanized mice 6-8 months
after the transplantation. Upon inoculation at the same dose of viruses, the
plasma viral load in CCR5-tropic HIV-1-inoculated mice peaked earlier than that
in CXCR4-tropic HIV-1-inoculated mice (2-3 weeks vs 5-10 weeks post-
inoculation). While a rapid decrease in CD4-positive cells was observed at the
peak or prior to the peak of viremia for CXCR4-tropic HIV-1-inoculated mice,
CD4-positive cells were gradually decreased in CCR5-tropic HIV-1-inoculated
mice. Upon inoculation at the same dose of viruses, a Nef-deleted R5-tropic
HIV-1 exhibited retarded growth kinetics in the inoculated mice compared to the
parental virus (around 8 weeks vs 2—3 weeks post-inoculation), which appears to
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reflect the decrease in replication potential in primary cells. Taken all together, in
addition to the humanized mice reported so far, our humanized mice generated
by transplanting CD133-positive cells with the IBMI method would be an
appropriate prototype model for understanding HIV-1 biology in vivo.
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HIV-1, humanized mouse, CD133, IBMI, X4-tropic, R5-tropic, Nef

1 Introduction

Animal models are essential to understand the nature of viral
infectious diseases including viral replication and pathogenesis in
individuals (1-7). Accumulating the knowledge/data gained from
these model studies has led to progress in basic research on the
biology of viruses, pathogenesis, and clinical research including the
development of vaccines and antivirals.

HIV-1 replicates well in humans and causes disease only in
humans. This narrow tropism of HIV-1 has hampered the
establishment of animal models that reflect the pathophysiological
states of HIV-1-infected humans. Macaques infected with SIVs
related to HIV-1 or with SIV-based simian-tropic HIV-1 (SHIV)
are used as animal models that mimic HIV-1/human infection (8-
11). Although non-human primate models would be the best in
terms of mimicking HIV-1-infected humans, there are generally
insurmountable essential issues, i.e., the lack of pathogenic
macaque-tropic HIV-1 and the high cost to maintain
experimental macaques and facilities. On the one hand,
humanized mouse models (mice reconstituted with human
hematopoietic cells) have been commonly utilized as in vivo
models for HIV-1 infection, despite several serious limitations
such as incomplete immune responses (12, 13). These are divided
into two groups: BLT (bone marrow-liver-thymus)- and non-BLT-
humanized mouse models. BLT humanized mice are generated
through the implantation of human fetal liver and thymus tissues
followed by the transplantation of CD34+ cells from the same
donor into the bone marrow. BLT-humanized mice are excellent
models for the establishment of mucosal HIV-1 infection and
cellular immune responses, whereas there are several issues such
as graft versus host disease. Also, human fetal materials are not
usually available to many researchers (12, 13). Thus, non-BLT mice
have been accepted by many researchers and widely used for HIV-1
research. To generate non-BLT humanized mice, human
hematopoietic stem cells (HSCs) are transplanted into severely
immunodeficient mice and thus human hematopoietic cells are
reconstituted within individuals. Non-BLT humanized mice are
generated in several ways using different materials, as follows
(Figure 1) (12, 13).

1) Severely immunodeficient mouse strains: non-obese diabetic

(NOD), NOD.Cg-Prkdc*“II2rg™!"¢ (NOG), NOD.Cg-
Prkdc™1l2rg™ "' (NSG), NOD.Cg-Rag1"™ MM rg™ Wi
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(NRG), BALB/c/Rag2null/IL2Rnull (DKO/BRG), NOD/
SCID/Jak3null (NOJ)

2) CD34+ or CDI133+ HSCs: derived from umbilical cord
blood (UCB) or fetal liver

3) HSCs transplantation methods: transplantation into the
livers of newborns or intravenous injection into adult mice

These materials/methods influence the reconstitution and
differentiation of human cells in individual mice, and thus can
affect the successful generation of humanized mice and HIV-1
replication in vivo in the resultant humanized mice. Nevertheless,
studies using non-BLT humanized mice have led to a better
understanding of HIV-1 basic and clinical biology, including in
vivo activity/function of viral accessory proteins, relationship
between viral tropism and in vivo replication, and virus
adaptation (23-32).

Our purpose in this study is to provide details of procedures to
generate non-BLT humanized mice so as to be available for many
researchers, and present some examples where our humanized mice
can be used in HIV-1 infection experiments. Essentially, CD133+
cells purified from UCB are transplanted into the bone marrow of
NSG mice using the intra-bone marrow injection (IBMI) method.
This type of humanized mice is abbreviated as huNSGs/IBMI-
CD133 hereafter. Female NSG mice were chosen in this study
because HSC engraftment in female mice is better and faster than
that in male mice and NSG as well as NOG are the best recipients
for HSCs among various mouse strains including NRG and DKO/
BRG (14, 15) (Figure 1). From a practical point of view, NSG mice
are available earlier after birth (at 4 weeks vs. after 5 weeks), are
more inexpensive, and tend to be heavier than NOG mice, thus
being better recipients for HSCs. CD133 is a marker of
undifferentiated stem cells derived from UCB (21, 22, 33, 34).
UCB-derived CD133+ cells have a high self-renewing capability
and long-term reconstituting ability in the bone marrow. The
transplantation of CD133+ cells using IBMI has been shown to
induce in vivo generation of CD34+ cells and extensive lymphoid
and myeloid cell repopulation (21, 22, 35). Here, we show that
huNSG/IBMI-CD133 is an appropriate model for HIV-1 infection,
equally useful as previously reported non-BLT humanized mouse
models. In huNSGs/IBMI-CD133, stable CCR5 (R5) -tropic HIV-1
replication and CD4+ cell number can be maintained over a period
of about 1 year from transplantation. For CXCR4 (X4) -tropic HIV-
1 infection, a rapid CD4+ cell depletion was observed in individuals.
R5-tropic Nef-negative HIV-1 exhibited a lower replication

frontiersin.org


https://doi.org/10.3389/fviro.2023.1192184
https://www.frontiersin.org/journals/virology
https://www.frontiersin.org

Koma et al. 10.3389/fviro.2023.1192184
Non-BLT humanized mice
r Mouse strains r Source of HSCs
NOD Fetal liver
NOG Umbilical cord blood
NSG
NRG r HSCs used for transplantation
DKO/BRG CD34+
Hod CD133+
in vivo generation of CD34+ cells
- HSCs transplantation methods
Newborns Injectioninto Liver
Adults Intravenous transplantation
IBMI, intra-bone marrow injection
extensive lymphoid and myeloid repopulation ability
FIGURE 1

Generation of non-BLT humanized mice. Various materials and methods used to generate non-BLT humanized mice are presented. Blue highlights
show the materials and methods used in this study. The mice used in this study were female adult NSG mice based on the efficiency of
hematopoietic stem cell (HSC) engraftment (14, 15). CD133+ cells from umbilical cord blood were chosen as HSCs for transplantation because
CD133+ cells exhibit in vivo generation ability of CD34+ cells and a slightly higher plasticity relative to CD34+ cells (16, 17). The IBMI method is a
way to directly inject HSCs into the bone marrow, which is one of the sites important for the reconstitution of immune cells in mice (18-20).
Transplantation of CD133+ HSCs into mice using the IBMI method is expected to facilitate the generation of CD34+ cells and the reconstitution of

lymphoid and myeloid cells (21, 22).

potential than that of parental R5-tropic HIV-1 in peripheral blood
mononuclear cells (PBMCs), and similar retarded growth kinetics
for Nef-negative HIV-1 was observed in huNSGs/IBMI-CD133.
Our huNSGs/IBMI-CD133 would be one of the prototypes of non-
BLT humanized mice. Further improvement, such as the
introduction of human cytokine and/or human leukocyte antigen,
is required to develop a more suitable model that mimics HIV-1-
infected human individuals.

2 Materials and methods

2.1 Generation of huNSGs/IBMI-CD133

The outline to generate huNSGs/IBMI-CD133 is shown in
Figure 2. All animal experiments were performed in accordance

with the guidelines established by the animal research committee of
Tokushima University. All huNSGs/IBMI-CD133 used in this study
are listed in Table 1.

Preparation for CD133+ cells CD133+ cells from umbilical cord
blood cells contain both CD34+ and CD34- cell populations, and
thus are more primitive cells (36, 37). It has been shown that CD133
can be a marker for CD34+ and CD34- cells (33, 34). It is difficult to
judge whether CD133+ selection has a relevant advantage over
CD34+ selection (16, 38-40). It appears that there is not a large
difference in the cell expansion including CD34+ cells and the
differentiation of human lymphocyte cells in an individual mouse,
although CD133+ cells have been suggested to display slightly
higher plasticity relative to CD34+ cells (16, 17). Based on these
previous studies, we decided to use CD133+ cells in our
experiments because of the possibility of better cell differentiation
and primitivity of CD133+ cells. CD133+ cells for transplantation

HIV-1 6 wpi
infection
&> o I=tday 0day | N 6I8Tonlthsl ——
[ Blood collection EBlood cbllection
X-ray  IBMI Every 1 month | Every ! Every
irradiation . | week | 2 weeks
CD133+

FIGURE 2

Schedule for the HIV-1 infection experiments using huNSGs/IBMI-CD133. NSG mice were irradiated with X-ray one day before the HSC-
transplantation. CD133+ cells prepared from UCB were transplanted into NSG mice using the IBMI method (21, 22, 35). The detailed procedures of
the IBMI method are shown in Figure 3 and the Supplemental Movie. The resultant mice were designated huNSGs/IBMI-CD133. At 6 to 8 months
after the transplantation, virus samples were infected into huNSGs/IBMI-CD133. To monitor the reconstitution of human hematopoietic cells and the
HIV-1 growth kinetics, peripheral blood samples were periodically collected.
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TABLE 1 HuNSGs/IBMI-CD133 used for HIV-1 infection in this study.

10.3389/fviro.2023.1192184

Percentage CD4 counts Euthanized
Donor Number of Percentage Inoculated Inoculated Weeks after of huCDfl;S 2t inocula- Percentage (EU) or dead
arbitrary transplanted of CD133 HIV-1 dose . . . of huCD4 at (D) weeks
. transplantation at inocula- tion . . .
ID CD133 cells purity clone (TCIDsg) . inoculation post inocula-
tion (counts/uL) . .
tion (wpi)
001/ 23151 75,000 88 NL4-3 10,000 27 45.5 ND 57.8 EU at 28 wpi
MO1
TK-
001/ 23151 75,000 88 NL-A4Y1 10,000 27 57.3 ND 61.0 EU at 28 wpi
Mo03
TK-
001/ 23151 75,000 88 NL-A4Y1 1,000 27 45.3 ND 74.0 EU at 28 wpi
Mo04
TK-
002/ 23151 50,000 88 NL-A4Y1 1,000 26 229 137 82.7 EU at 16 wpi
MoO1
TK- NL
002/ 23151 50,000 88 ALY1ANef 1,000 26 55.7 293 70.7 D at 4 wpi
MO5
TK-
005/ 25829 50,000 65 NL-A4Y1 10,000 23 17.8 136 53.8 EU at 18 wpi
MO02
TK-
005/ 25830 66,000 41.2 NL-A4Y1 10,000 36 22.39 61 83.8 D at 3 wpi
M04
TK-
005/ 22920 95,000 80 NL-A4Y1 10,000 26 52.5 211 66.5 D at 7 wpi
MO05
TK-
005/ 22920 95,000 80 NL4-3 10,000 26 79.8 214 74.5 EU at 18 wpi
Mo6
TK-
005/ 25878 116,000 95.9 NL4-3 10,000 26 46.1 286 64.7 EU at 18 wpi
Mo7
ey NL
005/ 25878 116,000 95.9 A4Y1ANef 10,000 26 12.3 93 70.2 EU at 18 wpi
MO8
TK- NL
1(\)/?(?; 25878 116,000 95.9 AAY1ANef 10,000 26 49.3 221 67.3 D at 14 wpi

ND, not determined.

were isolated from UCB, obtained from the Japanese Red Cross
Kinki Cord Blood Bank (Osaka, Japan) for research purposes,
similarly to as described previously (35). Around 100-150 mL of
UCB with CPDA (citrate-phosphate-dextrose-adenine) was diluted
with PBS (-) containing 2 mM EDTA up to 200 mL. After
incubation for 15 min at room temperature, the diluted UCB
samples were centrifuged at 500 x g for 15 min at 20°C (slow
acceleration and deceleration). Bufty coat samples were collected in
one tube, PBS (-) containing 2 mM EDTA was added to make a
total volume of 30 mL, and the samples were layered on 20 mL of
Ficoll-Paque PLUS (GE Healthcare, USA). After centrifugation at
500 x g for 40 min at 20°C (slow acceleration and deceleration), a
layer containing mononuclear cells was collected, PBS (-)
containing 2 mM EDTA was added to make a total volume of 50
mL, and centrifuged at 400 x g for 10 min at 20°C (slow acceleration
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and deceleration). The mononuclear cells were washed twice by the
addition of 30 mL of PBS (-) containing 2 mM EDTA and
centrifugation at 200 x g for 10 min at 20°C. The cells (around
15-30 x 107) were resuspended in 500 puL of CELLBANKER 1
(ZENOGEN PHARMA, Japan) and stored at -80°C until use. From
our experience, the cells could be stored for at least 6 months to 1
year. Subsequent preparation of CD133+ cells was performed on
the day of transplantation into mice. The stored mononuclear cells
were immediately thawed in a water bath at 37°C and transferred to
a conical tube. Around 10 mL of the thawing medium [RPMI-1640
containing 20% heat-inactivated (hi) FBS, 100 U/mL Heparin
Sodium MOCHIDA (MOCHIDA PHARMACEUTICAL, Japan)
and 100 U/mL DNase I (FUJIFILM Wako Pure Chemical, Japan)]
was slowly added to the mononuclear cells. After centrifugation at
500 x g for 5 min at 4°C, RPMI-1640 containing 2% hi FBS was
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added to the mononuclear cells and then centrifuged at 500 x g for 5
min at 4°C to wash the cells. The mononuclear cells were
resuspended in 350 puL of PBS (-), and CD133+ cells were
isolated from the mononuclear cells using a CD133 MicroBead
Kit (Miltenyi Biotec, Germany) in accordance with the
manufacturer’s instruction.

IBMI protocol Female 5-week-old NSG mice were purchased
from The Jackson Laboratory Japan, Inc. (Kanagawa, Japan). The
mice were maintained under germ-free sterilized conditions. The
NSG mice were irradiated with 2.5 Gy radiation one day before
transplantation, and were injected with CD133+ cells (more than
5.0 x 104) using the IBMI method, as described previously (21, 22,
35) (Figures 2, 3; Supplemental Movie). The mice were anesthetized
using medetomidine hydrochloride (0.75 mg/kg, Nihon Zenyaku
Kogyo, Japan), midazolam (4.0 mg/kg, Sando, Japan), and
butorphanol tartrate (5.0 mg/kg, Meiji Seika Pharma, Japan).
After shaving the leg hairs of the anesthetized mice (Figure 3A),
to make a hole to transplant CD133+ cells into the bone marrow,
the position of the joint was checked (Figure 3B) and the shaved leg
was disinfected with 70% ethanol (Figure 3C). The tibia was
punctured while rotating a 27G x 3/4” needle (Terumo, Japan)
(Figure 3D). If the needle enters bone marrow properly, the needle
does not move or sway even if the hand is released. The needle was
then slowly removed from the tibia without moving the hole. To
transplant CD133+ cells into the bone marrow, cells were
resuspended in RPMI1640 without FBS and drawn into a syringe
with a needle (MS-50 micro syringe, Ito Corporation, Japan)
(Figure 3E). After insertion of the syringe into the pre-punctured
hole, the cells (5 pL/mouse) were slowly injected into the bone
marrow over about 1 min while rotating the handle of the syringe.
About 30 sec after transferring the cells, the syringe was slowly

FIGURE 3

Outline of the IBMI method. (A, B) Shaving of the leg hairs of anesthetized mice. (C) Disinfection of the shaved leg with 70% ethanol. (D, E) Puncture
of the bone marrow with a needle, 27G x3/4" (Terumo, Japan), followed by the transplantation of CD133+ cells with a MS-50 micro syringe (Ito
Corporation, Japan). (F) Treatment of the legs with iodine solution. See the Supplemental movie for further details.
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pulled out. The hole was pinched with fingers for around 30 sec, and
disinfected with iodine (Figure 3F). The mice were administered an
anesthetic antagonist (antisedan, Nippon Zenyaku Kogyo, Japan)
and returned to the cage. Since the teeth of mice transplanted with
huCD133+ cells often grow longer preventing proper feeding,
caution should be taken to observe their teeth and cut them
if necessary.

2.2 Flow cytometry analysis (FACS)

As indicated in Figure 2, peripheral blood samples of huNSGs/
IBMI-CD133 were periodically collected from the tail vein into
EDTA-treated hematocrit glass capillary tubes (Marienfeld
Superior, Lauda-Kénigshofen, Germany). When necessary,
samples were treated with B-propiolactone and ultraviolet
irradiation to inactivate viruses, as previously described (41).
Briefly, 10 uL of whole blood samples were mixed with 1 uL each
of 1M Tris-HCI (pH 7.50) and 10% B-Propiolactone, and then
exposed to UV light (spectral power 254nm, 39W) (Atlantic
Ultraviolet, USA) for 10 min at 30 cm distance. To stain cell
surface markers, PE anti-mouse CD45 [30-F11], APC/Cy7 anti-
human CD45 [HI30], APC anti-human CD3 [HIT3a], PerCP/Cy5.5
anti-human CD8a [HIT8a], FITC anti-human CD4 [RPA-T4], and
PE/Cy7 anti-human CD19 [HIB19] (Biolegend, USA) antibodies
were used. Whole blood samples (10 uL) were mixed with 50 uL of
PBS containing 3% hi FBS and appropriate antibodies (0.5 [LL each),
and incubated at room temperature for 30 min. To determine
absolute cell numbers in the blood samples, AccuCount Ultra
Rainbow Fluorescent Particles (ACRFP-100-3, Spherotech, USA)
were used in accordance with the manufacturer’s instruction. Before
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FACS analysis, erythrocytes in the samples were lysed by treating
with RBC lysis buffer (144 mM NH,Cl and 17 mM Tris [pH 7.65])
for at least 5 min at room temperature. The stained cells were
analyzed using BD FACSVerse and FACSuite software (Becton
Dickinson, USA).

2.3 HIV-clones

HIV-1 proviral clones NL4-3 (42) and its R5-tropic derivative
NL-A4Y1 were used in this study. NL-A4Y1 clone was generated by
introducing the env gene of gtu+A4CI1 clone (43), derived from a
clinical isolate of subtype B, into the corresponding region of NL4-3
through overlapping PCR. NL-A4Y1-ANef clone, a Nef-negative
frameshift mutant, was constructed using the Xhol site in the nef
gene, as described previously (44, 45).

2.4 Cell cultures

A human monolayer cell line 293T (46) and a luciferase
reporter cell line TZM-bl (47, 48) were maintained in Eagles’s
minimal essential medium (EMEM) containing 10% hi FBS. A
human lymphocyte cell line MT4/CCR5 (MT4 cells stably
expressing CCR5) was maintained in RPMI-1640 medium
containing 10% hi FBS and 200 pg/mL hygromycin (Merck,
Germany). Human PBMCs were purchased from Cellular
Technology Ltd. (USA). Cryopreserved PBMCs were thawed in
accordance with the manufacturer’s instruction and used for virus
replication assays.

2.5 Virus replication assays in cells

Virus stocks for infection were prepared from 293T cells
transfected with proviral clones by the calcium-phosphate
coprecipitation method, as described previously (42, 49). Virion-
associated reverse transcriptase (RT) activity was measured as
described previously (50, 51). Prior to infection, PBMCs were
stimulated with RPMI 1640 medium containing 10% hi FBS, 50
units/ml of recombinant human IL-2 (Bio-Rad, USA), and 2 pug/ml
of phytohemagglutinin L (PHA-L) (Roche Diagnostics GmbH,
Germany) for 3 days. MT4/R5 and stimulated PBMCs were spin-
infected (52) with equal amounts of viruses. Infected PBMCs were
cultured in the presence of IL-2 throughout the experiment. Viral
growth was monitored by RT activity in the culture supernatants.

2.6 HIV-1 infection to huNSGs/IBMI|-CD133

Virus stocks were prepared as described above. The titer of
input viruses was determined by calculating TCIDs, using
infectivity to TZM-bl cells (53). Briefly, virus stocks with 10-fold
serial dilution were inoculated into TZM-bl cells, and the cells were
lysed and subjected to luciferase assays on day 2 post-inoculation
(Promega, USA). TCIDs, values were calculated by the Reed-
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Muench method. Virus stocks were diluted with EMEM or saline,
and the diluted viruses (a total volume of 100 UL) were inoculated
intraperitoneally into anesthetized IBMI-huNSG mice 6-8 months
after the cell transplantation. Peripheral blood samples (around 100
UL) were periodically collected from the tails of mice (Figure 2) and
used to monitor virus replication and absolute CD4 cell numbers.
Virus replication was assessed by measuring viral RNA copy
numbers in the plasma samples. Viral RNA genome in the
plasma sample (25 uL) was automatically extracted using
QIAamp Viral RNA Mini Kit (QIAGEN, Netherlands) by
QIAcube (QIAGEN, Netherlands), and subjected to real-time RT-
PCR analysis. The RT-PCR reaction was performed using a specific
primer set qPCR Set3 F (caggccatatcacctagaactt)/qPCR Set3 R
(gggtggctecttctgataat) and QuantiFast SYBR Green RT-PCR Kit
(QIAGEN) in accordance with the manufacturer’s instruction. The
molecular clone pNL4-3 (42) digested with EcoRI was used as a
standard to quantify viral RNA copy numbers.

3 Results

3.1 Generation of huNSGs/IBMI-CD133 for
HIV-1 infection experiments

The time schedule for the HIV-1 infection experiments using
huNSGs/IBMI-CD133 is shown in Figure 2. NSG mice were
transplanted with UCB-derived CD133+ cells by IBMI on the next
day after X-ray irradiation (Figure 3; Supplemental Movie) (Table 1).
Blood samples were collected periodically to monitor the development
of human hematopoietic cells by FACS (Figure 4A). Three months
after the transplantation, the human leukocyte population (CD45+
cells) was around 30% of the whole lymphocyte cell population and
increased to approximately 40% at 6-8 months post-transplantation.
The percentage of human B cells (CD19+ cells) was higher than that of
human T cells (CD3+ cells) at 3 months post-transplantation (more
than 80% vs less than 10%, respectively) (Figure 4B). While the
percentage of human B cells in the human lymphocyte population
was gradually decreased, the percentage of human T cells was
significantly increased (~50%) up to a similar level to that of human
B cells at 6-8 months after the transplantation (Figure 4B). This result
is in good agreement with previous reports that human B cells develop
earlier than human T cells in non-BLT humanized mice (17, 54). The
percentage of CD4+ cells in the human T cell population was higher
than that of CD8+ cells at 6-8 months post-transplantation (Figure 4C)
and the absolute number of CD4+ cells was increased up to around 200
cells/uL blood. Consistent with a previous report (35), stable T cell
numbers and B-cell-to-T-cell ratio were maintained in huNSGs/IBMI-
CD133 for a long time (6-8 months after the transplantation).

3.2 HIV-1 replication in
huNSGs/IBMI-CD133

Using twelve huNSGs/IBMI-CD133 (Table 1), we assessed
HIV-1 replication in individual mice. X4-tropic HIV-1 (NL4-3),
R5-tropic HIV-1 (NL-A4Y1), and its nef-deletion mutant (NL-
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Analysis on the development of human hematopoietic cells in huNSGs/IBMI-CD133. The percentage of human hematopoietic cells in peripheral

blood samples was assessed by flow cytometry analysis on months 3 (n=14—

15), 4 (n=13-15), 5 (n=13-15), and 6-8 (n=11-14) post-transplantation.

Mouse groups transplanted with CD133+ cells derived from different UCB are shown in Table 1. (A) Sequential gating to identify various cell
populations. (B) The percentage of human leukocytes (huCD45) in the SSC-A/FSC-A subset, T cells (CD3)/B cells (CD19) in the huCD45-positive cell
population, and (C) CD4+ and CD8+ cells within the human CD3-positive cell populations are presented with the averages and standard errors.
Significance relative to the 3-month samples was determined by Welch's t test. ns, not significant; *, P < 0.05; **, P < 0.01.

A4Y1ANef) were used for the infection experiments in this study.
The NL-A4Y1 clone carries an env gene derived from a clinical
isolate (subtype B). HuNSGs/IBMI-CD133 6-8 months after the
transplantation were used for HIV-1 infection, because the
percentage of T cells in the human lymphocyte population was
higher than that of B cells and the CD4+ cell number was stably
maintained (Figure 4). Virus samples prepared from 293T cells
transfected with proviral clones were intraperitoneally inoculated
into huNSGs/IBMI-CD133. Blood samples were periodically
collected, and the HIV-1 replication and the CD4+ cell number
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were measured using quantitative RT-PCR and FACS, respectively.
Of the twelve huNSGs/IBMI-CD133 infected, three died in a short
period of time, within 7 weeks, from rapid increases in CD4+ cells
(n=2) or HIV-1 (n=1) (Table 1). In our experience, approximately
6% of mice transplanted with CD133+ cells have died of
unidentified causes after transplantation, possibly because of some
infections and/or stresses caused by transplantation such as
irradiation, anesthesia, blood collection, or graft versus host
disease. As shown in Figure 5, the X4-tropic HIV-1 (NL4-3)
viremia peaked at 5 to 10 weeks post-inoculation accompanied by
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Analyses of viral replication and CD4+ cell counts in huNSGs/IBMI-CD133 infected with X4-tropic NL4-3. HUNSGs/IBMI-CD133, 6—-8 months after
the transplantation, were anesthetized and intraperitoneally inoculated with NL4-3 (see Table 1 for summary). Peripheral blood samples were
collected periodically as indicated in the graphs. Virus replication in plasma samples was assessed by real-time RT-PCR analysis and absolute CD4+
cell numbers in the blood samples were determined by flow cytometry analysis. (A) The actual number of HIV-1 RNA copies and the absolute
number of CD4+ cells in each individual. (B) Comparison of the logarithm of the RNA copy number and the absolute number of CD4+ cells among

virus-inoculated mice.

Frontiers in Virology

07

frontiersin.org


https://doi.org/10.3389/fviro.2023.1192184
https://www.frontiersin.org/journals/virology
https://www.frontiersin.org

Koma et al.

a rapid reduction in the CD4+ cell number upon or just after the
peak. On the other hand, upon the inoculation of the same dose of
viruses (10,000TCIDs), the plasma viral load with R5-tropic HIV-1
(NL-A4Y1) reached a peak at 2 to 3 weeks post-inoculation
(Figures 6A, B). The viremia was maintained 4 to 6 months after
the virus-inoculation with a concomitant gradual decrease in the
CD4+ cell number, repeatedly increasing and decreasing
(Figures 6A, C). Viral replication kinetics in mice inoculated with
a lower dose of viruses (1,000TCIDs5,) were similar to those in mice
inoculated with a 10,000TCIDs5, dose of viruses (Figure 6A). The
peak viremia and replication kinetics in the plasma of huNSGs/
IBMI-CD133 individuals were not related to the percentage of
human leukocyte reconstitution and the CD4+ cell number at the
HIV-1 inoculation time point (Table 1; Figures 5, 6). Since p24-
positive cells have been detected in lymphoid organs (23, 24),
various sources of viruses may affect the plasma viral load.
Considering the stable maintenance of the CD4+ cell number for
at least 10 months after transplantation (our unpublished results)
and the gradual decrease in the CD4+ cell number associated with
fluctuations in viral growth (Figure 6), it is reasonably assumed that
this decrease was not due to a spontaneous decrease in CD4+ cells
in infected huNSGs/IBMI-CD133. These results show that HIV-1
replicates and persists well for a long time in huNSGs/IBMI-CD133.

3.3 Effect of nef deletion on the growth
kinetics of NL-A4Y1 in PBMCs and
huNSGs/IBMI-CD133

It has been shown that Nef-deleted or -inactivated HIV-1
displays an attenuated phenotype in humanized BLT mice, such
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as the decrease in plasma viral load and the weak decline in CD4+
cells (55-57). Using our hu/NSGs/IBMI-CD133 model, we
investigated the effect of Nef deletion on HIV-1 replication in
vivo. Our Nef-negative R5-tropic HIV-1 (NL-A4Y1ANef) was
newly constructed in this study by introducing a frameshift
mutation into the viral nef gene. First, we compared the growth
ability of NL-A4Y1ANef and its parental NL-A4Y1 in human
lymphocyte cells. As shown in Figure 7, these two clones
appeared to exhibit similar growth kinetics in an MT4/R5 cell
line, although NL-A4Y1ANef reached a peak slightly later than NL-
A4Y1. Nef-deleted HIV-1 mutants have been reported to be
attenuated in their ability to replicate in stimulated PBMCs
compared to those of their parental clones (58, 59). To examine
the effect of Nef-deletion on the viral replication ability, virus
samples (NL-A4Y1 and NL-A4Y1ANef) were inoculated into
human PBMCs stimulated with PHA-L. In two different
preparations of PBMCs (PBMC1 and PBMC2 in Figure 7), NL-
A4Y1ANef grew poorly compared to NL-A4Y1. The degree of
decrease in the viral replication ability of the Nef-deleted clone
appeared to be different in different cell types (MT4/R5 cells vs
PBMCs) and in distinct preparations of PBMCs (PBMCI vs
PBMC2). This may be due to the difference in cellular
physiological states and/or some specific cellular factors such as
CD4 and SERINC3/5 (60, 61). Next, NL-A4Y1ANef virus samples
were intraperitoneally inoculated into huNSGs/IBMI-CD133. As
shown in Figure 8, the plasma viral load by the Nef-deleted clone
reached a peak later than 8 weeks post-inoculation. In huNSGs/
IBMI-CD133 inoculated with the same dose of viruses
(10,000TCIDs)), NL-A4Y1ANef virus exhibited delayed growth
kinetics compared to that for the parental NL-A4Y1 (Figures 6A,
8A, C). This may reflect the lowered replication ability of Nef-
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Analyses of viral replication and CD4+ cell counts in huNSGs/IBMI-CD133 infected with R5-tropic NL-A4Y1. HUNSGs/IBMI-CD133, 6-8 months after
the transplantation, were anesthetized and intraperitoneally inoculated with NL-A4Y1 (see Table 1 for summary). Peripheral blood samples were
collected periodically as indicated in the graphs. Virus replication in the plasma samples was assessed by real-time RT-PCR analysis and absolute
CD4+ cell numbers in the blood samples were determined by flow cytometry analysis. (A) The actual number of HIV-1 RNA copies and the absolute
number of CD4+ cells in each individual. (B) Comparison of the logarithm of the RNA copy number and the absolute number of CD4+ cells among
virus-inoculated mice. (C) Comparison of the logarithm of the RNA copy number and the absolute number of CD4+ cells between X4-tropic NL4-

3- and R5-tropic NL-A4Y1-inoculated mice.
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Growth kinetics of R5-tropic NL-A4Y1 and its Nef-negative mutant (NL-A4Y1ANef) clones. Viruses were prepared from 293T cells transfected with
the indicated clones. MT4/R5 cells (10°) and stimulated PBMCs (10°) with IL-2/PHA-L were spin-infected with equal amounts of viruses (2.0 x 10°
and 2.5 x 10 RT units, respectively). Virus replication was monitored by RT production in the culture supernatants. Different preparations of PBMCs
were used for the experiments, as shown. For MT4/R5 cells, representative data from two independent experiments are shown.

deleted HIV-1 in PBMCs, although further experiments need to be
done. The activity/function of Nef in HIV-1 replication in vivo has
been investigated using humanized BLT and non-BLT mice (55-57,
62). HuNSGs/IBMI-CD133 also may be useful for investigating the
activity/function of the four accessory proteins of HIV-1 in vivo.

4 Discussion

Small animal models including humanized mice have
contributed greatly to the progress of basic and clinical research
on viruses. Animal models are essential for studies on viral diseases,
especially on those caused by strictly human-tropic viruses such as
HIV-1. Enormous effort has been expended to establish humanized
mice that mimic HIV-1-infected humans (1-7). Of humanized
mice, various non-BLT humanized mice have been constructed
by using different materials and methods including distinct mouse
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strains and engraftment methods (Figure 1). These differences in
materials/methods can alter the reconstitution of human
hematopoietic cells and the supply of CD4+ cells, and
consequently can affect HIV-1 replication in vivo among non-
BLT humanized mice generated. In this report, we described the
method to generate humanized mice (huNSGs/IBMI-CD133) by
transplanting UCB-derived CD133+ cells through IBMI (Figures 2,
3, Supplemental Movie). HuNSGs/IBMI-CD133 showed a steady
increase in CD4+ T cells from 3 to 8 months after the CD133-
transplantation (Figure 4) and survived for almost one year, except
for three mice that died shortly after HIV-1 inoculation (Table 1).
In our huNSGs/IBMI-CD133, both X4- and R5-tropic HIV-1
clones replicated well (Figures 5, 6, 8). At the same inoculation
dose of viruses, the plasma viral load of R5-tropic NL-A4Y1 virus
peaked early (2 to 3 weeks) after the virus inoculation and was
sustained long-term (4 to 6 months) accompanied by a gradual
decrease in the CD4+ cell number, whereas X4-tropic NL4-3
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FIGURE 8

Analyses of viral replication and CD4+ cell counts in huNSGs/IBMI-CD133 infected with R5-tropic NL-A4Y1ANef. HUNSGs/IBMI-CD133, 6—-8 months
after the transplantation, were anesthetized and intraperitoneally inoculated with NL-A4Y1ANef (see Table 1 for summary). Peripheral blood samples
were collected periodically as indicated in the graphs. Virus replication in the plasma samples was assessed by real-time RT-PCR analysis and
absolute CD4+ cell numbers in the blood samples were determined by flow cytometry analysis. (A) The actual number of HIV-1 RNA copies and the
absolute number of CD4+ cells in each individual. (B) Comparison of the logarithm of the RNA copy number and the absolute number of CD4+
cells among virus-inoculated mice. (C) Comparison of the logarithm of the RNA copy number and the absolute number of CD4+ cells between R5-

tropic NL-A4Y1- and its mutant NL-A4Y1ANef-inoculated mice.

peaked viremia around 5 to 10 weeks post-inoculation along with
the rapid depletion of CD4+ cells. Although a small number of
humanized mice were tested in this study, these results may support
the pervious results obtained using non-BLT humanized mice
infected with X4- and R5-tropic HIV-1 clones (23-25, 32). In
total, our huNSGs/IBMI-CD133 are comparable to the other
humanized mice reported so far and are expected to be capable of
long-term reconstitution of human CD4+ cells by transplantation
of CD133+ cells using the IBMI method. Similar to other non-BLT
humanized mice, our huNSGs/IBMI-CD133 also require the
improvement of immune responses through some modifications
such as the transgenic expression of cytokines (M-CSF, GM-CSF,
IL-3, etc.) and human leukocyte antigen molecules (12, 13, 15).
The bone marrow is one of the important sites that reconstitute
immune cells including T cells and B cells in various types of non-
humanized mice (18-20). Transplantation of CD133+ cells into the
bone marrow with IBMI is involved in facilitating the abilities to
differentiate into CD34+ cells and to reconstitute lymphoid and
myeloid cells (21, 22). Therefore, it is conceivable that after R5-
tropic HIV-1 inoculation, CD4+ and CD8+ cells were stably
maintained for 6 to 8 months (almost one year after CD133+
cells transplantation) in huNSGs/IBMI-CD133. Sumide et al.
examined the differentiation/cell repopulation ability of CD133+
cells in the bone marrow, spleen, and thymus in NOG mice
transplanted with CD133+ cells using IBMI. They have reported
that CD133+ cells have multi-lineage differentiation capabilities,
such as CD19+ B-lymphoid and CD33+/CD11b+ myeloid, and that
CD56+ NK cells in the spleen and CD3+ and CD4/CD8 single/
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double-positive cells in the thymus were also detected. (34). BRG
mice transplanted with CD133+ cells showed the engraftment of
human CD45+ cells in the bone marrow, spleen, thymus, and
mesenteric lymph node, and the repopulation of human CD3/
CD45 and CD19/CD45 in peripheral blood (17). It has been shown
that in non-BLT humanized mice, there is a higher percentage of
CXCR4 expressing cells but a lower percentage of CCR5 within the
CD4+ T cell population in lymphoid organs and peripheral blood
(23, 54). It can be assumed that our huNSGs/IBMI-CD133
individuals probably express CXCR4 and CCR5 on CD4+ T cells
similarly to as reported previously, since X4- and R5-HIV-1 viruses
replicate well in vivo. Further experiments are required for the
human cell differentiations and the sub-populations of CD4+ T cells
in peripheral blood and lymphoid organs in our huNSGs/IBMI-
CD133 model. It has been reported that HTLV-I-specific CD8+
cytotoxic T lymphocytes and IgG antibodies were induced upon
HTLV-I infection in CD133+ cells-transplanted humanized NOG
mice (35). In this study, we did not observe the induction of HIV-1-
specific IgG antibodies in huNSGs/IBMI-CD133 (data not shown).
This may be due to differences in the immune response (the lack of
CD4 helper function and B cell maturation), virus species (HTLV-I
vs HIV-1), the timing of infection after transplantation (4-5
months vs 6-8 months), mouse strain (NOG vs NSG), and/or
individuals used for the experiments.

Various animal models including humanized mice and non-
human primates have inherent advantages and disadvantages (5, 9).
Researchers have to choose which animal model is suitable for
achieving the goals of their studies. For non-BLT mice, further
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genetic and technical modifications are necessary to improve the
immune response and immune cell distribution to secondary
lymphoid tissues and so on. Approaches to overcome these issues,
including the introduction of human cytokines and human
leukocyte antigens into mice, have been extensively made (12, 13,
15). While our IBMI-CD133 method can afford the recipient mice a
weak acquired immunity against pathogenic human retrovirus
HTLV-1 (35), it also requires the improvement of HIV-1-specific
immune response through these modifications (our unpublished
data). The generation of non-BLT humanized mice that induce
sufficient immune responses and mimic HIV-1-infected humans
allows us to study cell-cell interactions in lymphoid tissues and
virus-host interactions. Such studies would surely contribute to a
deeper understanding of HIV-1 replication in vivo and of
its pathogenesis.
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