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The humanized bone marrow-liver-thymus (BLT) mouse model harbors a nearly complete human immune
system, therefore providing a powerful tool to study human immunology and immunotherapy. However, its
application is greatly limited by the restricted supply of human CD34" hematopoietic stem cells and fetal
thymus tissues that are needed to generate these mice. The restriction is especially significant for the study of
human immune systems with special genetic traits, such as certain human leukocyte antigen (HLA) haplotypes
or monogene deficiencies. To circumvent this critical limitation, we have developed a method to quickly
propagate established BLT mice. Through secondary transfer of bone marrow cells and human thymus implants
from BLT mice into NSG (NOD/SCID/IL-2Ry ") recipient mice, we were able to expand one primary BLT
mouse into a colony of 4-5 proBLT (propagated BLT) mice in 6—8 weeks. These proBLT mice reconstituted
human immune cells, including T cells, at levels comparable to those of their primary BLT donor mouse. They
also faithfully inherited the human immune cell genetic traits from their donor BLT mouse, such as the HLA-
A2 haplotype that is of special interest for studying HLA-A2-restricted human T cell immunotherapies.
Moreover, an EGFP reporter gene engineered into the human immune system was stably passed from BLT to
proBLT mice, making proBLT mice suitable for studying human immune cell gene therapy. This method
provides an opportunity to overcome a critical hurdle to utilizing the BLT humanized mouse model and enables
its more widespread use as a valuable preclinical research tool.

Keywords: humanized BLT mice, human immunology, human immunotherapy, propagating, CD34, HSC

Introduction

MALL ANIMAL MODELS that harbor a human immune

system and support human immune cell development
are valuable tools for the study of human immunology and
the preclinical development of human immunotherapy. In the
past decades, various humanized mouse models were de-
veloped toward enabling the long-term engraftment of a
complete human immune system [1-3]. As the first step,
immunodeficient mouse strains were identified or developed
that accept xenogeneic transplanted human immune cells.
These mouse strains carry spontaneous or targeted mutations
of immune regulatory genes such as the Prkdc gene (spon-
taneous mutation in SCID or NOD/SCID mice) or RAGI/
RAG?2 genes that are involved in the formation of antigen
receptors on B and T cells, or the IL-2 receptor gamma-chain

(IL-2Ry) gene that is the common signaling subunit of the
receptors for multiple cytokines (IL-2, IL-4, IL-7, IL-9, IL-
15, and IL-21) and is, thus, involved in the development of
lymphoid and natural killer (NK) cells [1-3]. At present,
NOD/SCID/IL-2Ry™~ (NSG) or BALB/c/RAG2 ™ /IL-2Ry ™"~
(BRG) mice are the standard recipients in generation of
humanized mice, because they are deficient of murine T cells,
B cells, and NK cells. NSG mice have shown stronger en-
graftment, presumably due to their expression of a signal
regulatory protein alpha (SIRP-o) gene that is more homol-
ogous to the human SIRP-o gene and that delivers a more
effective ‘‘do-not-eat-me”” signal resulting in decreased
phagocytosis of engrafted human cells [4,5]. As the second
step, various human immune cell xenograft protocols were
developed. The initial protocol involves injecting human
peripheral blood mononuclear leukocytes (PBL) into SCID
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mice. The resulting Hu-PBL-SCID mice contain limited
lineages of human immune cells and do not support de novo
human immune cell development [6]. Transfer of human
CD34" hematopoietic stem and progenitor cells (HSPCs) into
newborn NSG or BRG mice results in long-term engraftment
of CD34" cells and reconstitution of multilineage human
immune cells [7,8]. However, a key limitation of such HIS
(human immune system) mice is the aberrant development of
human T cells in the mouse thymus that affects the MHC
selection and functional maturation of human T cells [7,8].
Human T cells generated in these HIS mice are selected on
mouse MHC molecules, making them incapable of recog-
nizing human antigen-presenting cells (APCs) and mounting
human HLA-restricted T cell responses [7,8]. The issue of T
cell education was circumvented by another protocol wherein
transfer of human fetal liver and thymus tissue under the
kidney capsule of recipient SCID mice gave rise to a human
organoid that was capable of supporting proper human T cell
development [9]. Although human T cells are abundant in
these SCID-hu mice, they are mainly confined to the organoid
and, thus, the reconstitution of the other organs is poor [9].
The most comprehensive transfer protocol combined the
strengths of these early protocols and involves the transfer of
human CD34" cells into the most supportive NSG recipient
mice, as well as implanting human fetal thymus and liver
tissue under the kidney capsule of these mice [10,11]. The
resulting humanized mice, named bone marrow-liver-thymus
(BLT) mice, support the long-term engraftment and systemic
reconstitution of a nearly complete human immune system,
including multilineage human adaptive and innate immune
cells consisting of T cells, B cells, NK cells, dendritic cells,
and macrophages [10,11]. Importantly, human immune cells
developed in BLT mice, especially T cells, are functional,
and they have shown productive responses to skin xenografts
and various viral/bacterial infections [10-13].

Because it supports the development and maintenance of a
nearly complete and functional human immune system, the
humanized BLT mouse model is a promising tool to study
human hematopoiesis and immune cell activities under
healthy and disease conditions [1,2]. It is particularly useful
for studies of human immunodeficiency virus (HIV) infec-
tion because of the high frequencies of human T cells in the
lymphoid and mucosal tissues of BLT mice, as well as be-
cause of the proper maturation status and lineage differen-
tiation of these human T cells [14-16]. To date, studies using
BLT mice have generated valuable knowledge in many as-
pects of HIV infection, including prevention, mucosal
transmission, HIV-specific innate and adaptive immunity,
viral latency, and novel anti-retroviral and immune-based
therapies for suppression and reservoir eradication [14-17].
The humanized BLT mouse model is also ideal for the study
of hematopoietic stem cell (HSC)- and T cell-based im-
munotherapies, because of the long-term engraftment of
human HSCs and T cells in BLT mice [10,11]. We and
others have utilized BLT mice for the preclinical develop-
ment of gene-modified HSC-based immunotherapies for
treating cancer and HIV [18,19]. Despite its potential as a
valuable research tool, the application of BLT mice is greatly
limited by the restricted supply of human CD34" cells and
human fetal liver and thymus tissues that are required to
generate these mice. The restriction is especially problematic
for the study of human immune systems with special genetic
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traits, such as certain human leukocyte antigen (HLA) hap-
lotypes or immune monogene deficiencies [19-22].

To circumvent this critical limitation, we have developed
a method to quickly propagate established BLT mice
without the need of additional human tissues. We hypoth-
esized that human CD34" cells engrafted into the bone
marrow of a primary BLT mouse retained their HSC po-
tential and could repopulate a human immune system in
multiple naive NSG mice through secondary bone marrow
transfer; meanwhile, the human thymus organoid estab-
lished in a primary BLT mouse maintained a human thymus
structure and could be split and transplanted into the sec-
ondary recipient NSG mice to provide a human thymus
microenvironment supporting proper human T cell devel-
opment. In the present article, we demonstrated the feasi-
bility of this new method to expand a single primary BLT
mouse into a colony of 4-5 proBLT (propagated BLT) mice
in 6-8 weeks, and we provided evidence to support the
potential research value of these proBLT mice.

Materials and Methods
Mice and materials

NOD.Cg-Prkdc®“™112rg™™i/SzJ (NOD/SCID/IL-2Ry ™",
NSG) mice were purchased from the Jackson Laboratory
and maintained in the animal facilities at the University of
California, Los Angeles (UCLA). Six- to 10-week-old females
were used for all experiments, unless otherwise indicated. All
animal experiments were approved by the Institutional Animal
Care and Use Committee of UCLA.

X-VIVO-15 cell culture medium was purchased from
Lonza. Recombinant human FIt3 ligand, stem cell factor
(SCF), thrombopoietin (TPO), IL-3, and Fixable Viability
Dye eFluor506 were purchased from affymetrix eBioscience.
Retronectin® was purchased from Clontech.

Antibodies and flow cytometry

Fluorochrome-conjugated antibodies that were specific for
human CD45, TCRa, CD11b, CD11c, CD14, CD19, CD56,
and HLA-A2 were purchased from BioLegend; those spe-
cific for human CD34 were purchased from BD Biosciences.
Human Fc Receptor Blocking Solution (TruStain FcX™)
was purchased from BioLegend, whereas mouse Fc Block
(anti-mouse CD16/32) was purchased from BD Biosciences.
Cells were stained as previously described and analyzed by
using an MACSQuant Analyzer 10 flow cytometer (Miltenyi
Biotec) [23]. FlowJo software was used to analyze the data.

Tissue processing for flow cytometry analysis

For flow cytometry analysis, all tissues were processed
into mononuclear cells (MNCs) and lysed of red blood cells
(RBCs). Blood and bone marrow samples were directly
lysed with Tris-buffered ammonium chloride (TAC) buffer,
following a standard protocol (Cold Spring Harbor Proto-
cols). Spleens were smashed against a 70 um cell strainer
(Corning) to prepare single cells and then lysed with TAC.
Livers were cut into small pieces by using a pair of scissors,
smashed against a 70 um cell strainer to prepare single cells,
and passed through a 33% Percoll gradient isolation (Sigma)
to remove hepatocytes, followed by TAC lysis.
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Human CD34" cells and thymus tissues

Human fetal liver CD34" HSPCs, as well as fetal thymus
tissues, were obtained from the CFAR Gene and Cellular
Therapy Core Laboratory at UCLA, without identification
information under federal and state regulations. CD34" cells
were sorted from fetal liver cells through magnetic-activated
cell sorting by using a Direct CD34 Progenitor Cell Isolation
Kit (Miltenyi Biotec) following the manufacturer’s in-
structions [18]. The purity of CD34" cells was more than
97%, as evaluated by flow cytometry.

PMND-EGFP lentiviruses

pMND-EGFP lentiviral vector was constructed by insert-
ing an EGFP reporter gene into the lentivector that contains
the MND retroviral LTR U2 region as an internal promoter
[24]. VsVg-pseudotyped pMND-EGFP lentiviruses were
produced by using HEK293.T cells, following a standard
calcium precipitation protocol and an ultracentrifugation
concentration protocol as previously described [25].

Generation of humanized BLT Mice

Humanized BLT mice were generated as previously de-
scribed, with certain modifications [10,11]. In brief, human
CD34" cells were cultured for no more than 48 h in X-VIVO-
15 cell culture medium containing recombinant human Flt3
ligand (50 ng/mL), SCF (50ng/mL), TPO (50 ng/mL), and IL-
3 (20ng/mL) in nontissue culture-treated plates coated with
Retronectin. Viral transduction, when applicable, was per-
formed at 24h by adding concentrated pMND-EGFP lenti-
viruses directly to the culture medium. At around 48 h, CD34*
cells were collected and i.v. injected into NSG recipient mice
(~0.5-1x10° CD34" cells per recipient) that had received
270 rads of total body irradiation. Then, 1-2 fragments of
human fetal thymus (~1 mm3), as well as donor-matched
fetal liver CD34™ cells, when available (~4.5X% 106), were
implanted under the kidney capsule of each recipient NSG
mouse. The mice were maintained on trimethoprim/sulf-
methoxazole (TMS) chow in a sterile environment for 8§—12
weeks until analysis or use for further experiments.

Generation of humanized proBLT Mice

Humanized proBLT (propagated BLT) mice were gener-
ated through adoptive transfer of bone marrow cells and
human thymus organoid implant fragments from BLT mice
into secondary recipient NSG mice that had received 270
rads of total body irradiation. On the day of transfer, one
primary BLT mouse was dissected. Total bone marrow cells
harvested from the femur and tibia of the BLT mouse were
split equally and i.v. injected into 4-5 recipient NSG mice.
On average, about 40-50 x 10° total bone marrow cells were
harvested from each primary BLT donor mouse, whereas
about 10x 10° total BLT bone marrow cells were given to
each NSG recipient mouse. Meanwhile, human thymus or-
ganoid was dissected out from the kidney capsule of a BLT
mouse, cut into pieces of ~ 1 mm?, and surgically implanted
under the kidney capsule of the secondary recipient NSG
mice (1-2 human thymus organoid pieces per recipient). The
mice were maintained on TMS chow in a sterile environment
for 812 weeks until analysis or use for further experiments.
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Immunohistology

Primary human fetal thymus tissue or human thymus
organoid implants dissected out from the experimental BLT
or proBLT mice were fixed in 10% neutral-buffered formalin
and embedded in paraffin for sectioning (4 pm thickness),
followed by hematoxylin and eosin (H/E) staining or anti-
body staining (for human CD45 or CD3) by using standard
procedures (UCLA Translational Pathology Core Labora-
tory). The sections were imaged by using an Olympus BX51
upright microscope equipped with an Optronics Macrofire
CCD camera (AU Optronics) at 40x, 100X, and 400X mag-
nifications. The images were analyzed by using Optronics
PictureFrame software (AU Optronics).

Statistical analysis

Student’s two-tailed ¢ test was used for paired compari-
sons. Data are presented as mean+ SEM, unless otherwise
indicated. P <0.05 was considered significant.

Results
Generation of BLT mice

We generated humanized BLT mice by following previ-
ously established procedures, with certain modifications
(Materials and Methods section; Fig. 1A). In brief, cryo-
preserved human fetal liver CD34" cells were thawed and
cultured for no more than 48h in X-VIVO-15 medium
containing recombinant human FIt3 ligand, SCF, TPO, and
IL-3. Viral transduction, when applicable, was performed at
24 h by adding concentrated lentiviral vectors directly to the
culture medium. At around 48 h, CD34" cells were collected
and i.v. injected into NOD/SCID/IL-2Ryc™~ (NSG) recipi-
ent mice (~0.5-1x 10° CD34" cells per recipient) that had
received 270 rads of total body irradiation. On the same day,
1-2 fragments of human fetal thymus (~ 1 mm?), as well as
donor-matched fetal liver CD34™ cells, when available
(~4.5%10°%), were implanted under the kidney capsule of
each recipient NSG mouse. The resulting BLT mice were
allowed to reconstitute a human immune system, whereas
periodic bleedings were performed to monitor the presence
of human immune cells (gated as hCD45%, Fig. 1B, D). We
started to detect human immune cells in BLT mice at 4
weeks post human tissue transplantation. The levels of hu-
man immune cells gradually increased over time and then
peaked and stabilized at around week 12 (Fig. 1B). In our
experiments, we routinely obtained ~30-80% human im-
mune cell reconstitution in the blood of BLT mice. Data
from a representative experiment showing ~40% human
immune cell reconstitution are presented (Fig. 1B, D). In our
studies, we found that transfer of fetal liver (either tissue
fragments or CD34~ cells) was optional for making BLT
mice. We also found that human CD34" cells and human
fetal thymus used for making BLT mice did not need to be
donor matched, making it flexible to use CD34" cells iso-
lated from fetal liver, cord blood, adult bone marrow, or G-
CSF-mobilized adult peripheral blood. The reconstitution
efficiency was ranked as the following: fetal liver CD34*
cells>cord blood CD34">adult CD34" cells (data not
shown). In this article, data from BLT mice made with fetal
liver CD34" cells (either donor matched or -unmatched with
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FIG. 1. Generation of proBLT mice through secondary transfer of bone marrow cells and human thymus implants from
primary BLT mice to naive NSG mice. The experiments were repeated over six times. Representative results are presented.
(A) Schematic representation of the experimental design to generate humanized BLT and proBLT mice. (B) Scatter plot
showing the time-course detection of human CD45" cells (gated as hCD45" of total MNCs) in the blood of BLT mice post
human tissue transplantation (n=35). Data are presented as individual mouse measurements and mean=* SEM of all ex-
perimental mice at the indicated time points. (C) Scatter plot showing the time course detection of human CD45" cells
(gated as hCD45" of total MNCs) in the blood of proBLT mice post secondary transfer of bone marrow cells and human
thymus implants from a single primary BLT donor mouse (n=4-5). Data are presented as individual mouse measurements
and mean = SEM of all experimental mice at the indicated time points. (D) Representative FACS plots showing the presence
of human CD45" cells in the blood of proBLT mice at 6 weeks post secondary transfer (n=5). NSG, NOD/SCID/IL-2Ry ™~
mice; BLT, human bone marrow-liver-thymus implanted NSG mice; proBLT, propagated BLT mice; BM, bone marrow;
MNCs, mononuclear cells.

fetal thymus tissue) are presented. Notably, when nondonor  weeks post primary human tissue transplant were used as
matched CD34" cells and fetal thymus are used to produce  donor mice. Total bone marrow cells harvested from one BLT
BLT mice, such BLT mice can still be valuable tools to  mouse (~40-50x 10° cells) were split equally and i.v. injected
study human immune cell development, but certain pre- into 4-5 recipient NSG mice (~10x 10° cells per recipient).
cautions need to be taken when using these mice to study Meanwhile, human thymus organoid dissected out from the
human T cell immunity. In these BLT mice, T cell function BLT mouse was cut into pieces of ~ 1 mm?, and it was then
may be affected by the HLA mismatch between human T  surgically implanted under the kidney capsule of the recipient
cells developed in these mice (selected on fetal thymus NSG mice (1-2 human thymus organoid pieces per recipient).
HLAs) and human APCs generated in these mice (derived The resulting proBLT mice were allowed to reconstitute a
from CD34" cells and, therefore, carrying their HLAs). For human immune system, whereas periodic bleedings were
certain research, a partial HLA match (e.g., HLA-A2") may performed to monitor the generation of human immune cells
still allow for the study of defined types of T cell responses  (gated as hCD45"; Fig. 1C, D). Interestingly, human immune
(e.g., HLA-A2-restricted T cell response). cells were reconstituted more quickly in proBLT mice com-
pared with those in BLT mice, peaking and stabilizing at
around week 6 (Fig. 1C). The faster human immune cell re-
constitution in proBLT mice was likely due to their inheritance

Humanized propagated BLT (proBLT) mice were gener- of both early and intermediate human hematopoietic progen-
ated through secondary transfer of bone marrow cells and itor cells, as well as mature human immune cells, from the
human thymus organoid fragments harvested from BLT mice = bone marrow of donor BLT mice. Notably, because the bone
into naive recipient NSG mice that had received 270 rads of marrow cells and human thymus organoid implant harvested
total body irradiation (Fig. 1A). Primary BLT mice at 12 from a single BLT mouse could be used to generate 4-5

Generation of propagated BLT mice
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proBLT mice, these proBLT mice contain a human immune
system including a human T cell educational microenviron-
ment genetically identical to that of their donor BLT mouse
and, thus, can be considered ‘“‘clonal’” (Fig. 1A). Post stabi-
lization, the human immune cell reconstitution levels are
consistent among individual ‘“‘clonal” proBLT mice and
similar to those of the primary BLT donor mouse (Fig. 1C, D).
Therefore, the proBLT approach allows the expansion of es-
tablished BLT mice to a large homogeneous colony in a short
period of time, while also maintaining the “‘clonal” nature of
the engrafted human immune system. These features are es-
pecially attractive for studies that are large scale and require
specific genetic traits of human immune cells such as MHC
haplotypes or immune monogene deficiencies [19-22].

Reconstitution of multilineage human immune cells
in proBLT mice

To study the human immune cell reconstitution in
proBLT mice, we performed a systemic analysis of these
mice in comparison with their ““parental” BLT mouse. Data
from a representative analysis are presented in Fig. 2. High
percentages of human immune cells were detected in all
immune-homing tissues of proBLT mice, including pe-
ripheral blood (~80%), central lymphoid organs such as
bone marrow (~80%) and spleen (~80%), and immune
regulatory organs such as liver (>90%), at levels similar to
those of their primary donor BLT mouse (Fig. 2A). Lineage
analysis revealed the reconstitution of a nearly complete
human immune system in these proBLT mice, including
adaptive immune cells such as TCRap* T cells and CD19*
B cells, as well as innate immune cells such as CD56"
natural killer (NK) cells, CD11b* myeloid cells, CD11c"
dendritic cells, and CD14" monocytes/macrophages, with a
composition similar to that of the primary BLT mouse
(Fig. 2B-D). Notably, in the primary BLT mice, we detected
high numbers of human CD34" HSPCs (gated as hCD45"
Lin"ThCD34%) that were enriched in the bone marrow
(comprising ~ 10% of total hCD45" cells) but not in other
tissues such as liver and spleen (comprising <0.4% of total
hCD45" cells) (Fig. 2B). This observation suggests that the
initial transplants of human fetal liver CD34" HSPCs were
able to home to the proper HSC niche in the recipient NSG
mice and expand, while still maintaining their characteristic
longevity and multi-potential to repopulate a nearly complete
human immune system. Encouragingly, a similarly high per-
centage of human CD34* HSPCs (~ 10%) were detected in the
bone marrow of proBLT mice, indicating the ability of these
human CD34" HSPCs to survive the secondary bone marrow
transfer and to repopulate the secondary NSG recipient mice,
which was key to the success of the proBLT method (Fig. 2C).

Reconstitution of human thymus and human T cells
in proBLT mice

The most attractive feature of the BLT model is its ca-
pacity to support long-term systemic reconstitution of
properly matured human T cells, which benefits from the
presence of an authentic human thymus component [10,11].
Post insertion under the kidney capsule of NSG recipient
mice, the implanted human fetal thymus fragments
(~ 1 mm? in size; 1-2 pieces per implantation site) grow into
human thymus organoids that support human T cell devel-
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opment [10,11]. In our experiments, these human thymus
organoids could grow to a size of ~20-200 mm®. The im-
age of a representative organoid is presented in Fig. 3A.
When generating proBLT mice, such an organoid was cut
into ~1mm® fragments and 1-2 pieces of these fragments
were implanted under the kidney capsule of each second-
ary NSG recipient mouse (Materials and Methods section).
In proBLT mice, secondary human thymus organoids were
observed and grown to a size similar to that of the primary
BLT mice. An immunohistology study revealed that both
the BLT and proBLT human thymus organoids displayed a
typical human thymus structure similar to that of the pri-
mary human fetal thymus, comprising a cortex region that
could support the positive selection of human thymocytes
for HLA recognition, and a medulla region that could sup-
port the negative selection of thymocytes for autoreactive T
cell depletion (Fig. 3B, C). These human thymus organoids
were populated with developing human thymocytes that had
undergone T cell receptor (TCR) selection, evidenced by the
positive immunochemical staining for human CD45 and
CD3 markers (Fig. 3B). Interestingly, in the medulla of
these human thymus organoids, we also observed abundant
numbers of Hassall’s corpuscles (HCs), structures that are
unique to human thymus and have been implicated in reg-
ulating the development of human FoxP3" regulatory T cells
(Fig. 3C) [26]. These results indicate the reconstitution of a
proper human thymus microenvironment in both BLT and
proBLT mice.

Next, we analyzed the development and reconstitution of
human T cells in proBLT mice. Similar to that in the human
thymus organoid of BLT mice, human thymocytes (gated as
hCD45%) in the human thymus organoid of proBLT mice
expressed rearranged human off TCR receptors (stained as
hTCRaB"), and they seemed to follow a classical human T
cell developmental path from DP (gated as CD4"CD8") to
CD4 or CD8 SP (gated as CD4"CD8™ or CD4 CDS8", re-
spectively) stages (Fig. 3D) [27]. Large numbers of mature
human T cells (gated as hCD45"hTCRaf") were detected in
various peripheral tissues of proBLT mice, including blood,
spleen, bone marrow, and liver (Figs. 2 and 3). These T cells
comprised both CD4* helper and CD8" cytotoxic T cell
subsets, at a ratio similar to that observed in the primary
BLT mice (Fig. 3E, G, H). Therefore, proBLT mice are able
to support the proper development and systemic reconsti-
tution of human T cells, at levels comparable to those of the
primary BLT mice.

Inheritance of human immune cell genetic traits
from BLT to proBLT mice

Certain genetic traits, such as HLA haplotypes that play
important roles in regulating the development and func-
tionality of human T cells, are critical for the study of hu-
man immunity [28]. For example, our knowledge of
antigen-specific human T cell responses to viral infections
and cancers are largely based on the studies of HLA-A2-
restricted T cell reactions [29]. Humanized BLT mice that
harbor a human immune system of HLA-A2 haplotype
(denoted as BLT**") are valuable tools for studying HLA-
A2-restricted T cell responses and developing T cell-based
immunotherapies. However, the supply of human CD34"
cells and fetal thymus tissues of HLA-A?2 haplotype needed



A Bone
Marrow  Spleen Blood Liver

A
ol
-8 76.5
ol

If&

hCD45

BLT (Pre-Gated on hCD45* Cells)

| Bone
' Marrow

"B Liver

Spleen

hTCRap hCD19 hCD56 hCD11b hCD14

C proBLT (Pre-Gated on hCD45* Cells)
§ ? My |§ o Bone
of : o Marrow
hTCRap hCD19 hCD56  hCD11b hCD14 hCD11c
Dv o
28 : [ cp34*celis
é *3 S D Other Lineage of Cells
o0 o
@ Oc
@ =0
E=m
- -ﬂ c
= '2 A

BLT proBLT
FIG. 2. Reconstitution of multilineage human immune cells in proBLT mice. The experiments were repeated at least three
times. Representative results are presented from BLT and proBLT mice at 8—12 weeks post the primary human tissue or
secondary BLT tissue transfer (n=4-5 per experimental group). All tissues were processed into mononuclear cells and lysed
of red blood cells for flow cytometry analysis (Materials and Methods section). (A) FACS plots showing the detection of
human CD45" cells (gated as hCD45™ cells of total mononuclear cells) in various lymphoid and immune-regulatory tissues
of BLT and proBLT mice. (B) FACS plots showing the detection of multilineage human immune cells (pregated on human
CD45" cells) in various lymphoid and immune-regulatory tissues of BLT mice. Note the homing of human CD34" cells to
the bone marrow of BLT mice. (C) FACS plots showing the detection of multilineage human immune cells (pregated on
human CD45" cells) in the bone marrow of proBLT mice. Note the persistence of human CD34" cells in proBLT mice post
secondary transfer of BLT mice bone marrow cells. (D) Bar graphs showing the comparison of human immune cell
composition in the bone marrow of BLT and proBLT mice. Data are presented as mean+SEM. CD34%(34%): CD34"
hematopoietic stem and Erogenitor cells (gated as hCD45"Lin"hCD34%); T, T cells (gated as hCD45"hTCRaf*); B, B cells
(gated as hCD45"hCD19%); NK, natural killer cells (gated as hCD45 hCD56"); My, myeloid cells (gated as hCD45 hCD11b");
Mo, monocytes/macrophages (gated as hCD45 hCD14"); DC, dendritic cells (gated as hCD45"hCD11c").
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FIG. 3. Reconstitution of human thymus and human T cells in proBLT mice. The experiments were repeated at least three
times. Representative results are presented from BLT and proBLT mice at 8-12 weeks post the primary human tissue or
secondary BLT tissue transfer (n=4-5 per experimental group). (A) Representative image of a human thymus implant
growing on a mouse kidney. Data from a representative BLT mouse is shown. (B) Immunohistology analysis showing the H/
E staining and antibody staining of sections of primary human fetal thymus or human thymus organoids from BLT or proBLT
mice. Bars: 1,000 pm (40 X magnification); 500 pm (100 x magnification). (C) Histological analysis showing the H/E staining
of representative human thymus organoid sections. Data from representative BLT and proBLT mice are shown. Note the
presence of cortex and medulla regions that are typical of human thymus, as well as Hassall’s corpuscles (HCs) that are
unique to human thymus. Bars: 500 pm (100 X magnification); 5,000 pm (400 X magnification). (D) FACS plots showing the
detection of human CD45" cells in human thymus organoid implants from BLT and proBLT mice. Analysis of human
TCRaf expression (pregated on human CD45" cells) and CD4/CD8 co-receptor expression (pregated on hCD45"hTCRaf*
cells) are presented. DP, CD4*CD8* double-positive thymocytes; CD4", CD4 single-positive thymocytes; CD8*, CDS single-
positive thymocytes. (E) FACS plots showing the detection of human T cells (gated as hCD45"hTCRaB") and their CD4/
CDS8 subsets (further gated as CD4" or CD8") in the blood of BLT and proBLT mice. (F-H) Scatter plots showing the
presence of human T cells (gated as hCD45"hTCRaf"; F) and their CD4 (further gated as CD4"; G) and CD8 (further gated
as CD8*; H) subsets in the blood of BLT and proBLT mice. Data are presented as individual mouse measurements and
mean® SEM of all mice in an experimental group. H/E, hematoxylin and eosin; ns, not significant.

to produce such BLT*** mice are especially limiting. We

proposed to overcome this hurdle by maximizing the utili-
zation of the limited supply of HLA-A2" human tissues,
through expanding a small number of established BLT***
mice into a large colony of proBLT*** mice without the
need for additional primary human tissues. As shown in
Fig. 4, the resulting proBLT*** mice faithfully inherited the
HLA-A2 haplotype genetic trait and reconstituted a human

immune system, including the human T cell compartment
that expressed HLA-A2.

Persistence of human immune cell gene
modifications from BLT to proBLT mice

Humanized BLT mice are potent tools that are used to study
gene-modified human immune cell therapies, especially gene-
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FIG. 4. Inheritance of human immune cell genetic traits from BLT to proBLT mice. HLA-A2" human fetal liver CD34"
cells and matching fetal thymus were used to generate the primary BLT mice (denoted as BLT”?"), which were then utilized
to generate the secondary proBLT mice (denoted as proBLT“?*). The experiments were repeated at least three times.
Representative results are presented from BLT and proBLT mice at 8—12 weeks post the primary human tissue or secondary
BLT tissue transfer (n=4-5 per experimental group). (A) FACS plots showing the inheritance of HLA-A2 haplotype on
reconstituted human immune cells (pregated as hCD45") from the spleen of BLT*** and proBLT"*" mice. HLA-A2" and
HLA-A2" PBMCs were included as controls. PBMC, peripheral blood mononuclear cells from healthy human donors. T,
human T cells (gated as hCD45"hTCRaf"). (B) Scatter plot showing the detection of human T cells (gated as hCD45"hTCRof*)
in the blood of BLT**" and proBLT**" mice. Data are presented as individual mouse measurements and mean + SEM of all
mice in an experimental group. ns, not significant.

modified HSC therapies for treating diseases such as cancer, immune system was stably passed from BLT to proBLT
HIV, or primary immune deficiencies [30-34]. To evaluate mice, making them suitable for studying gene-modified hu-
whether the proBLT approach may be useful for such appli- man immune cell gene therapies, especially gene-modified
cations, we transduced human CD34" cells with a lentivector HSC therapies (Fig. 5). Therefore, these proBLT mice can
pMND-EGFP encoding an enhanced green fluorescence be considered expanded *‘clones’ of the established primary
(EGFP) reporter gene, and we then used these genetically BLT mice. Through bypassing the need for additional human
modified CD34" cells to generate BLT mice (Fig. 5A). Inthe CD34" cells and fetal thymus tissues, the proBLT approach
resulting BLT mice (denoted as BLTEYFP), we observed high ~ provides an opportunity to overcome a critical hurdle to uti-
expression of the EGFP transgene in a high portion of human  lizing the BLT humanized mouse model and enables its more
immune cells (gated as hCD45"EGFP* comprising ~60% of ~ widespread use as a valuable preclinical research tool.

total hCD45" cells; Fig. 5B). proBLT mice generated from There are two key factors that make the proBLT approach
these BLTE™ mice, denoted as proBLT®C™F repopulated a  successful. One is the persistence of human CD34" HSPCs
human immune system that persistently expressed high levels  through secondary bone marrow transfer in NSG recipient
of EGFP transgene with the appearance of hCD45" cells mice; the other is the regeneration of a functional human
starting from 4 weeks post secondary bone marrow transfer thymus structure in the secondary NSG recipient mice
(Fig. 5B, C). Transgene expression was detected in multilineages ~ through implanting the human thymus organoids harvested
of human immune cells, including CD4" helper and CD8" cy-  from the primary BLT mice. Despite their original sources
totoxic human T cells (gated as hCD45"hTCRaf*CD4" or (e.g., fetal liver, cord blood, adult bone marrow, or adult G-
hCD45"hTCRaB*CDS8*, respectively; Fig. 5D). Moreover, CSF-mobilized peripheral blood), human CD34" cells post
the levels of human immune cell gene modifications were adoptive transfer always preferentially homed to the bone
very consistent among individual EproBLT mice and were marrow of NSG mice, likely because NSG mouse bone
similar to those of the primary BLTF“"* mice (~ 60% of total marrow provides a nurturing environment that supports the
hCD45" cells; Fig. 5C). Therefore, proBLT mice are suitable engraftment and long-term maintenance of these cells
to support large-scale studies of gene-modified human im- (Fig. 2B) [4]. The ability of BLT bone marrow-experienced

mune cell therapies. human CD34" HSPCs to survive the secondary bone mar-
row transfer, while maintaining their longevity and multi-
Discussion potential, validates the supporting function of the NSG

mouse bone marrow niche. Meanwhile, the ability of the

In this article, we describe a new method for propagating human thymus organoids generated in BLT mice to develop
humanized BLT mice for the study of human immunology into a functional human thymus structure in the proBLT
and immunotherapy. Through secondary transfer of bone mice is intriguing (Fig. 3). A human thymus graft is critical
marrow cells and human thymus implants from BLT mice for the proper development, functional maturation, and sys-
into naive NSG recipient mice, we were able to expand one temic reconstitution of human T cells in humanized mice [9].
primary BLT mouse into a colony of 4-5 proBLT mice in 6— In addition to thymocytes that are derived from HSPCs, a
8 weeks (Fig. 1). These proBLT mice reconstituted human functional human thymus comprises thymic epithelial/den-
immune cells, including T cells, at levels comparable to dritic cells that mediate the positive and negative selections
those of their primary BLT donor mice (Figs. 2 and 3). They of human T cells, as well as the programming of special
also faithfully inherited the human immune genetic traits human T cell sublineages such as CD4"CD25"FoxP3" reg-
from their donor BLT mice, such as the HLA-A2 haplotype ulatory T cells (Tregs) [27]. In our experiments, we observed
that is of special interest for studying antigen-specific T cell a typical cortex/medulla structure in human thymus orga-
activities and T cell-based immunotherapies (Fig. 4). More- noids harvested from both BLT and proBLT mice, suggest-
over, an EGFP reporter gene engineered into the human ing that human thymocytes and thymic epithelial/dendritic
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FIG. 5. Persistence of human immune cell gene modifications from BLT to proBLT mice. Human CD34" cells transduced
with pMND EGFP lentiviruses were used to generate the primary BLT mice modified with the EGFP r lporter gene (denoted
as BLTES™) which were then utilized to generate the secondary proBLT mice (denoted as proBLTF). The experiments
were repeated at least three times. Representative results are presented (n=4-5 per experimental group). (A) Schematic of the
pMND-EGFP lentiviral vector. ALTR, self-inactivating long-term repeats; MNDU3, internal promoter derived from the MND
retroviral LTR U3 region; ¥, packaging signal with the splicing donor and splicing acceptor sites; RRE, rev-responsive
element; cPPT, central polypurine tract; WPRE, woodchuck responsive element; EGFP, enhanced green fluorescence protein
reporter gene. (B) Representative FACS plots showmg the detection of EGFP reporter gene expression in human immune cells
(gated as hCD45") from the blood of BLT®* and proBLTE* mice at 8 weeks post the primary human tissue or secondary
BLT tissue transfer. (C) Scatter plot showing the tlme course detection of EGFP reporter gene expression in human immune
cells (gated as hCD45") from the blood of proBLTE*® mice post secondary BLT tissue transfer (n=4). Data are presented as
individual mouse measurements and mean+ SEM of all experlmental mice at the indicated tlme Fgomts Note the stable and
persistent expression of EGFP trans sgene from the primary BLT'" to the secondary proBLT"** mice. (D) Representative
FACS plots of blood from proBLT mice at 8 weeks post secondary BLT tissue transfer, showing the detection of high
EGFP transgene expression in various reconstituted human immune cells (gated as hCD45+hTCRocB *7), in particular in

human T cells (gated as hCD45"hTCRaf*) and their CD4/CDS8 subsets (further gated as CD4" or CD8").

cells were present and organized properly in these organoids
(Fig. 3B). In particular, we observed abundant numbers of
HCs in the medulla of these human thymus organoids (Fig. 3C).
HCs are structures unique to human thymus, formed from
eosinophilic type VI epithelial reticular cells arranged con-
centrically, and have been implicated in the development of
human Tregs [26]. Thymic stromal lymphopoietin expressed
by thymic epithelial cells within the HCs has been indicated to
activate thymic CD11" dendritic cells that then mediate the
secondary positive selection of human Tregs [26]. Taken to-
gether, these observations verified the presence of an au-
thentic human thymus environment in proBLT mice that is
responsible for the functional reconstitution of human T cells
in these mice.

Based on the success of generating proBLT mice, it is
intriguing to propose that the tertiary transfer of bone
marrow cells and human thymus organoid harvested from
the proBLT mice into NSG mice may further expand the
BLT colony size by another four- to five-fold, allowing the
propagation of a single primary BLT mouse to ~5 pro-BLT
mice in 6-8 weeks and then to ~25 pro-proBLT mice in
3—4 months. Unfortunately, our initial attempts to generate

pro-proBLT mice did not yield satisfactory results. Recon-
stitution of human immune cells in the pro-proBLT mice
was low and variable. It seemed that the human CD34" cells
had exhausted their long-term potential post the tertiary
bone marrow transfer, a phenomenon similar to but more
severe than that has been observed for mouse HSCs post
series bone marrow transfers in the mouse model. It has
been well recognized in the mouse model that series of bone
marrow transfers induce stress and impair the longevity of
HSCs. Furthermore, in the BLT humanized mouse model,
the mouse bone marrow environment does not provide the
optimal support for the long-term maintenance of human
HSCs. Supplementing the primary BLT mice and proBLT
mice with human cytokines that are important for human
HSC maintenance, such as FlIt3 ligand, SCF, TPO, and IL-3,
may improve the longevity of engrafted human CD34" cells
and allow for the further propagation of proBLT mice. If
possible, such a preclinical animal model will allow the
continuous ‘‘passage’’ of human immune cells in living
animals for an extended period of time, therefore maxi-
mizing the research value of a limited supply of primary
human immune cells and tissues.
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proBLT mice are particularly valuable for the study of
human immune systems with special genetic traits. These
genetic traits often pose particular restrictions on the supply
of human tissues that can be used. One example is the HLA
haplotype. For instance, the study of HLA-A2-restricted T
cell responses is of special interest for cancer immunother-
apy research, whereas the study of HLA-B57-restricted T
cell responses is of special interest for HIV latency research
[35,36]. Generation of BLT mice for such studies requires
HLA-A2" or HLA-B57" human CD34" HSPCs as well as
HLA haplotype-matched fetal thymus tissues. Another ex-
ample is monogene deficiencies of the human hematopoietic
system. For instance, adenosine deaminase (ADA) defi-
ciency is of interest for studying human ADA-deficient se-
vere combined immunodeficiency (SCID), whereas B-globin
deficiency is of interest for studying human sickle cell dis-
ease [20-22]. Over the past decades, gene-corrected autol-
ogous HSC transfer has become a promising therapy for
these monogene deficiency-induced diseases and inspires
further investigations [32]. Humanized animal models are
valuable tools for the preclinical development of these
therapies, but their application is greatly limited by the small
number of CD34" cells that can be collected from patients,
which are often too few to engraft enough animals for
meaningful studies [20-22]. By expanding established BLT
mice and reducing the need for additional primary human
tissues, the proBLT approach provides an attractive solution
to overcome this critical hurdle and makes the humanized
BLT mouse model suitable for the preclinical study of such
hematopietic stem cell-based gene therapies.

Despite its valuable research potential, the BLT model still
has its own limitations and can be improved further to make it
more representative of the human immune system in terms of
the composition of various lineages of immune cells and their
functions. These next-generation humanized mouse models
utilize recipient mice such as NSG or BRG that are further
genetically modified to allow for enhanced human immune
cell reconstitution. Such modifications include the deficiency
of murine c-Kit gene that supports improved human CD34"
HSPC engraftment [37,38], the addition of human transgenes
such as SIRPo to improve overall human hematopoietic cell
engraftment [39], or knock-in of human immune regulatory
genes such as TPO, IL-3, GM-CSF (granulocyte-macrophage
colony-stimulating factor), and M-CSF (macrophage colony-
stimulating factor) that promote the development and func-
tion of human monocytes, macrophages, and NK cells [40].
The proBLT approach should also be applicable to expand
BLT mice that are produced with these advanced recipient
mice and support the studies of a human immune system that
more closely resembles the human situation.
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