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Key Points

• Immunodeficient mice
with murine HMOX-1
deletion have
persisting hRBCs in
their peripheral blood.

• Immunodeficient mice
with murine HMOX-1
deletion have reduced
erythrophagocytic
macrophages.
A challenge for human immune system (HIS) mouse models has been the lack of human red

blood cell (hRBC) survival after engraftment of these immune-deficient mice with human

CD34+ hematopoietic stem cells (HSCs). This limits the use of HIS models for preclinical

testing of targets directed at hRBC-related diseases. Although human white blood cells can

develop in the peripheral blood of mice engrafted with human HSCs, peripheral hRBCs are

quickly phagocytosed by murine macrophages upon egress from the bone marrow. Genetic

ablation of murine myeloid cells results in severe pathology in resulting mice, rendering

such an approach to increase hRBC survival in HIS mice impractical. Heme oxygenase-1

(HMOX-1)–deficient mice have reduced macrophages due to toxic buildup of intracellular

heme upon engulfment of RBCs, but do not have an overall loss of myeloid cells. We took

advantage of this observation and generated HMOX-1–/– mice on a humanized M-CSF/SIRPα/
CD47 Rag2–/– IL-2Rγ

–/– background. These mice have reduced murine macrophages but

comparable levels of murine myeloid cells to HMOX-1+/+ control mice in the same

background. Injected hRBCs survive longer in HMOX-1–/– mice than in HMOX-1+/+ controls.

Additionally, upon human HSC engraftment, hRBCs can be observed in the peripheral blood

of HMOX-1–/– humanized M-CSF/SIRPα/CD47 Rag2–/– IL-2Rγ
–/– mice, and hRBC levels can be

increased by treatment with human erythropoietin. Given that hRBC are present in the

peripheral blood of engrafted HMOX-1–/– mice, these mice have the potential to be used for

hematologic disease modeling, and for testing therapeutic treatments for hRBC diseases

in vivo.
Introduction

Immunodeficient mouse models engrafted with a human immune system (HIS mice) represent prom-
ising platforms for preclinical testing of novel therapeutics, disease modeling, and studying basic human
immunobiology. HIS mice are engrafted with human CD34+ hematopoietic stem cells (HSCs) that give
rise to human T cells, B cells, natural killer (NK) cells, dendritic cells, granulocytes, and myeloid cells in
HIS mice.1-4 These models have allowed testing of potential reagents directed at human leukocytes
such as T-cell–activating reagents (eg, checkpoint inhibitors),5,6 B-cell–depleting antibodies,4,7-9 and
0 September 2024; prepublished online
tember 2024. https://doi.org/10.1182/

dy are included in this published article.
in this study have been deposited in the
er GSE239736).

Any material requests should be directed to the corresponding author, Davor Frleta
(Davor.Frleta@regeneron.com).

The full-text version of this article contains a data supplement.

© 2024 by The American Society of Hematology. Licensed under Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0),
permitting only noncommercial, nonderivative use with attribution. All other rights
reserved.

ER 23 5975

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
https://doi.org/10.1182/bloodadvances.2023011754
https://doi.org/10.1182/bloodadvances.2023011754
mailto:Davor.Frleta@regeneron.com
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode


pharmacological mobilizers of HSCs.10-12 Additionally, HIS mice
can be used for various disease modeling.13-15

HIS mice engrafted with HSCs do not have human red blood cells
(hRBCs) present in the blood, despite developing from HSCs.
Immature human reticulocytes can develop in the bone marrow
(BM) of HIS mice, but they are rapidly destroyed upon egress from
the BM.16 Injection of hRBCs into nonengrafted immune–deficient
mice demonstrates that hRBCs are quickly cleared from the
peripheral blood, usually within hours of injection.16 Murine mac-
rophages are responsible for clearance of hRBCs from peripheral
blood.16-18 Treatment of HIS mice with clodronate liposomes that
temporarily deplete macrophages leads to emergence of hRBCs in
the peripheral blood of HIS mice and prolongs injected hRBCs in
the blood.16,17

Prolonged removal of murine macrophages from HIS models is
fraught with difficulty. Repeated injection of clodronate liposomes
is not feasible because of murine toxicity. Genetic modifications
that ablate murine myeloid development also negatively impact
mouse development. For example, mice with a deletion of the
CSF1R gene, the receptor for macrophage-colony stimulating
factor (M-CSF) that is critical for myeloid cell development, have
severe skeletal pathology and usually die before weaning.19 This is
due to a loss of osteoclasts, a subset of myeloid cells that consume
bone and work in balance with osteoblasts to shape BM.20-22

Because human HSC (hHSC) engraftment relies on hematopoie-
sis in the BM, HSC engraftment would be disrupted in mice lacking
a BM, which would impede leukopoiesis and erythropoiesis. Thus,
hRBC survival requires a HIS mouse model with a loss of murine
macrophages (phagocytic cells) but not a complete loss of all
murine myeloid cell subsets.

Heme oxygenase-1 (HMOX-1) is an inducible enzyme that pro-
cesses heme from internalized RBCs to release and recycle iron.23

A deficiency in human HMOX-1 was reported in a patient who died
at 6 years of age.24,25 The patient experienced growth retardation,
severe anemia, and fibrosis of spleen, liver, and kidney. Because of
disruption in iron recycling, iron deposition resulted in damage to the
liver and kidney.24,25 HMOX-1–/– mice exhibited similar pathology as
the HMOX-1–deficient patient.23,26 HMOX-1–/– mice develop ane-
mia and iron overload in their kidney and liver.20,23,26,27 They also
exhibit growth retardation, and although they initially have spleno-
megaly, the mice develop splenic fibrosis as they age.26,28 Because
of these pathologies, HMOX-1–/– mice have reduced survival.26,28

HMOX-1–/– mice lack macrophages in spleen, liver, and BM
because of toxic intracellular buildup of heme within macrophages
that engulf RBCs.26,27,29 Normally, phagocytosis of senescent
RBCs by erythrophagocytic macrophages is necessary for clear-
ance of dying RBCs and recycling of iron.26,29 HMOX-1 deficiency
disrupts this process, resulting in pathological iron overload in the
kidney and liver.26,27,29 Treating HMOX-1–/– macrophages with
RBCs in vitro induces cellular death.26 The lack of macrophages
necessary for iron recycling is believed to be the primary cause of
pathology in HMOX-1–/– given that transfer of wild-type (WT) BM
ameliorates disease pathology in HMOX-1–/– mice.29,30

Despite a loss of erythrophagocytic macrophages, HMOX-1–/–

mice still have CD11b+ myeloid cells.26,27 Given the presence of
CD11b+ myeloid cells, HMOX-1–/– mice do not exhibit skeletal
pathology as do CSF1R–/– mice.19,26,28 Furthermore, HMOX-1–/–
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mice in an immune-deficient background are healthier than their
immune-competent counterparts, as noted by a lack of liver and
kidney fibrosis and serum indicators of liver and kidney health. The
loss of macrophages that engulf RBCs, without the concomitant
loss of all myeloid cell subsets, makes HMOX-1 deficiency a
promising approach to support hRBC development in hHSC-
engrafted HIS mice.

Herein we demonstrate that deleting HMOX-1 in our immune-
deficient mice (hSIRPα/hM-CSF/hCD47/Rag2–/–/IL-2Rγ–/– HIS
mice) allowed for the survival of hRBCs with either passively
injected hRBCs or hHSC engraftment of the mice.

Methods

Mice

For the generation of HMOX-1–/– mice, the mouse Hmox1 gene
was knocked out in the mouse genome using VelociGene tech-
nology (Regeneron Pharmaceuticals). An ~7-kb mouse genomic
sequence of the Hmox1 gene, from the start codon ATG to the
stop codon, was deleted on mouse chromosome 8 C1, between
chromosome 8 (chr8) coordinates 75093750 and 75100019
(Genome Reference Consortium Mouse Build 38 [GRCm38]
assembly). To create the targeting vector from mouse bacterial
artificial chromosome clone RP23-102I24 by the bacterial homol-
ogous recombination step, a hygromycin (Hyg) resistance
self-deletion cassette (with Cre recombinase controlled by the
protamine promoter) flanked by lox sites (lox2372-hyg-lox2372)
was used to replace the ~7-kb mouse sequence containing the
mouse Hmox1 gene. Mouse homology arms were made by poly-
merase chain reaction amplification using bacterial artificial chro-
mosome clone RP23-102I24 as the template: the 5′ homology arm
with 5′ primer GATGTTGCAACAGCAGCGAGAA and 3′ primer
CACCGGACTGGGCTAGTTCA; and the 3′ homology arm by
5′ primer ATGCAATACTGGCCCCCAGG and 3′ primer GAT
TTGGGGCTGCTGGTTTCAA.

The final targeting vector contained, from 5′ to 3′, the chloram-
phenicol resistance cassette, the 5′ mouse homology arm, the
lox2372-Hyg-lox2372 self-deletion cassette, and the 3′ mouse
homology arm. The final clone was selected on the basis of
chloramphenicol and Hyg resistance, and the targeting vector was
electroporated into mouse embryonic stem (ES) cells with
humanized SIRPα, humanized M-CSF, humanized CD47, and
Rag2–/– IL-2Rγ–/–. Targeted homologous recombination resulted in
deletion of ~7 kb of mouse sequence (GRCm38 coordinates chr8:
75093750-75100019). Successful integration was confirmed by a
modification of allele (MOA) assay. Primers and probes used for
the MOA assay to detect the loss of mouse Hmox1 sequences
included the Hmox1_U Probe (TCAGACGATTTGTAA-
GATGCAGGGA) and Hmox1_D Probe (TGTAGCAGATCCT
GGCCTTGGAC).

The mouse embryo comprising the donor ES cells was incubated
in vitro and then implanted into a surrogate mother to produce an
F0 mouse fully derived from the donor ES cells. Mice with deleted
Hmox1 gene were identified by genotyping using the MOA assay
described above. Mice heterozygous for the knockout Hmox1 gene
were bred to homozygosity. Mice were maintained on a sulfa diet
(LabDiet, St. Louis, MO) in an pathogen free facility, and were
interbred for ~5 to 10 generations. All experiments were
10 DECEMBER 2024 • VOLUME 8, NUMBER 23



conducted in compliance with the Regeneron Institutional Animal
Care and Use Committee protocols. Human fetal liver (FL) samples
used for isolating human CD34+ HSCs were obtained from
Advanced Biosciences Resources (Alameda, CA) with appropriate
informed consent.

Passive transfusion of hRBCs

In nonengrafted HMOX-1+/+ and HMOX-1–/– hSIRPα/hM-CSF/
hCD47/Rag2–/–/IL-2Rγ–/– mice, 4 × 107 hRBCs were injected
intraperitoneally (n = 7 per mouse strain). Mice were bled daily until
day 8 after injection, and blood was collected in phosphate-
buffered saline (PBS) + 5-mM EDTA for counting and
fluorescence-activated cell sorting analysis.

Human CD34+ cell isolation

Human FL samples were obtained from Advanced Biosciences
Resources with appropriate informed consent. FL samples were
cut in small fragments and treated for 25 minutes at 37◦C with
Collagenase D (100 ng/mL; Roche). The cell suspension was
prepared, and the human CD34+ cells were separated by density-
gradient centrifugation, followed by positive immunomagnetic
selection using anti-human CD34 microbeads according to the
manufacturer’s instructions (Miltenyi Biotec). Cells were either
frozen in 10% dimethyl sulfoxide containing human albumin serum
and kept in liquid nitrogen or injected directly.

Human CD34+ immune cell reconstitution

Newborn pups were sublethally irradiated (160 cGy; Rad2000
irradiator (RAD Source Technologies, Inc) 4 to 24 hours before
intrahepatic injection of 1 × 105 human FL–derived CD34+ cells.

Analysis of human hematopoietic cell populations

For analyzing hRBC populations, blood was collected in PBS + 5-
mM EDTA and counted using a Beckman Coulter counter. Whole
blood cells were stained with the following monoclonal antibodies
for flow cytometry analysis: phycoerythrin (PE) anti-human CD235a
(clone HI264; BioLegend) and PE/Cyanine7 anti-mouse TER-119
(clone: TER-119; BioLegend). For overall hematopoietic engraft-
ment, blood was collected retro-orbitally 10 to 12 weeks after
engraftment. RBCs were lysed using ACK (ammonium-chloride-
potassium) (Gibco, Thermo Fisher Scientific), and the cells were
stained with the following monoclonal antibodies for flow cytometry
analysis: BD Pharmingen APC-Cy7 Rat Anti-Mouse CD45 (clone:
30-F11; BD Biosciences), anti-human CD45 Monoclonal Antibody,
PE-Cyanine5.5 (clone: HI30; Invitrogen, Thermo Fisher Scientific),
FITC Mouse Anti-Human CD19 (clone: HIB19; BD Biosciences),
anti-human CD3 Monoclonal Antibody, Pacific Blue (clone: S4.1;
Invitrogen), BD Pharmingen APC Mouse Anti-Human CD335
(NKp46) (clone: 9E2; BD Biosciences), and PE/Cyanine7 anti-
human CD14 Antibody (clone: M5E2; BioLegend). The samples
were acquired by LSRFortessa (BD Biosciences) or FACSym-
phony (BD Biosciences) and analyzed using FACSDiva (BD Bio-
sciences) and FlowJo software (FlowJo LLC). Mice with ≥10%
human CD45+ of total circulating CD45+ cells (total including both
mouse and human CD45+ cells) were used for experiments. For
experimental repeats, different donor sources of human CD34+

cells were used. Donor-to-donor variations in human CD45+ levels
(human leukocytes) were comparable to the range of variation
10 DECEMBER 2024 • VOLUME 8, NUMBER 23
observed between individual mice engrafted with CD34+ cells from
the same donor.

Analysis of murine monocytes and macrophages

For analysis of mouse myeloid cells, single-cell suspensions were
prepared from spleen and liver and mechanically digested followed
by passage through a 70-μM filter. RBCs were lysed using ACK
(Gibco), and the cells were stained with the following monoclonal
antibodies for flow cytometry analysis: BD Pharmingen APC-Cy7
Rat Anti-Mouse CD45 (clone: 30-F11; BD Biosciences), anti-
human CD45 Monoclonal Antibody, PE-Cyanine5.5 (clone: HI30;
Invitrogen), Brilliant Violet 605 anti-mouse/human CD11b Antibody
(clone M1/70; BioLegend), BD Pharmingen Purified Rat Anti-
Mouse CD14 (clone: rmC5-3; BD Biosciences), BD Pharmingen
PE Rat Anti-Mouse CD106 (clone: 429; BD Biosciences), PE/
Dazzle 594 anti-mouse F4/80 Antibody (clone: BM8; BioLegend),
PE/Cyanine7 anti-human CD14 Antibody (clone: M5E2; Bio-
Legend), anti-human CD206 Brilliant Violet 785 (clone: 15-2;
BioLegend), and Alexa Fluor 700 anti-human CD36 Antibody
(clone: 5-271; BioLegend). The samples were acquired by
LSRFortessa or FACSymphony, and analyzed using FACSDiva
and FlowJo software.

hEPO treatment

hHSC-engrafted HMOX-1–/– hSIRPα/hM-CSF/hCD47/Rag2–/–/
IL-2Rγ–/– mice were retro-orbitally bled to analyze preinjection
levels of hRBCs and then injected with 100 units of human
erythropoietin (hEPO) (R&D systems) intraperitoneally. One week
later, mice were again retro-orbitally bled to check hRBC and total
RBC levels.

Serum chemistry and heme analysis

Blood was acquired from mice via cardiac puncture and collected
using serum separator tubes. Serum was used for analysis of liver
enzymes, including aspartate aminotransferase (AST), alanine
transaminase (ALT), and alkaline phosphatase (ALP), as well as
creatinine, which is an indicator of kidney function. AST, ALT, ALP,
and creatinine were analyzed using the Advia Chemistry XPT
System (Siemens).

Total human immunoglobulin M (IgM) and IgG were analyzed from
serum through a standard sandwich enzyme-linked immunosorbent
assay. Briefly, 96-well clear-bottom slides (Nunc, Thermo Fisher
Scientific) were coated with anti-human IgM or anti-human IgG
capture antibodies (Jackson ImmunoResearch). The plate was then
blocked with PBS-Tween 20% and 5% bovine serum albumin.
Diluted serum samples (HIS and normal human serum) were added
along with human IgM and IgG standards (Jackson ImmunoR-
esearch). The plates were washed with PBS-Tween 20, and
anti-human IgM and IgG detection antibodies conjugated to
horseradish peroxidase were added. After incubation, the plates
were washed again, and OptEIA TMB substrate (Invitrogen) was
added for development. The reaction was stopped with 1N sulfuric
acid, and IgM and IgG levels were visualized using an enzyme-
linked immunosorbent assay reader (Molecular Devices).

Serum was also analyzed for heme levels. Spleen heme levels were
analyzed by mechanical digestion of spleens in PBS, followed by
passage through a 70μM filter. The single-cell suspension was
centrifuged at >500g for 5 minutes and supernatant collected for
HUMAN RBCs PERSIST IN HEME OXYGENASE-1–DEFICIENT MICE 5977



heme analysis. Heme levels from serum and splenic supernatant
were analyzed using a Heme Assay Kit (MilliporeSigma) according
to manufacturer instructions. Splenic heme levels were normalized
to spleen size, and the spleens showed no morphological differ-
ences other than size.

Tissue analysis

Liver and kidney tissues were harvested from WT, nonengrafted
HMOX-1+/+, nonengrafted HMOX-1–/–, engrafted HMOX-1+/+, and
engrafted HMOX-1–/– mice. Tissues were fixed in 10% formalin for
24 hours and then transferred into 70% ethanol for 48 hours. The
tissues were processed in a Leica tissue processor and paraffin-
embedded. Sections of 5-μM thickness were baked onto slides,
and slides were deparaffinized and rehydrated for staining. Kidney
sections were stained with a Masson Trichrome Stain Kit (StatLab)
according to the manufacturer’s protocol. Liver and kidney sections
were stained with a Prussian Blue kit (Polysciences, Inc) according
to the manufacturer’s protocol. Liver sections were stained in
Mayer’s hematoxylin for 1 minute and washed with tap water. The
nuclei were blued in 1× PBS for 1 minute and washed three 3 in
distilled water. The sections were counterstained in alcoholic eosin
for 1 minute and then dehydrated. The slides were cleared in xylene
and coversliped. Scanned whole-slide images were evaluated by
board-certified veterinary pathologists. Fibrosis was scored on
Masson’s trichome–stained sections using a semiquantitative
grading scale: 0, within normal limits; 1, minimal; 2, mild; 3, mod-
erate; and 4, severe. Iron accumulation was scored on Prussian
blue–stained sections using a semiquantitative grading scale: 0,
within normal limits; 1, rare (<1% stained cells); 2, minimal (1%-
10% stained cells); 3, mild (10%-30% stained cells); 4, moderate
(30%-60% stained cells); and 5, severe (60%-100% stained cells).

Single-cell RNA sequencing (RNAseq) analysis

Mouse and human CD45+ cell fractions were collected from the
spleens of hHSC-engrafted HMOX-1+/+ and HMOX-1–/– hSIRPα/
hM-CSF/hCD47/Rag2–/–/IL-2Rγ–/– mice. Cells were isolated by
positive magnetic enrichment using either mouse CD45 or human
CD45 microbeads (Miltenyi Biotec). Isolated cells were processed
using the 10× 5′NextGEM v2 library kit. After the processing, Cell
Ranger, version 6.1.1 (10x Genomics) with the GRCh38 reference
was used on the processed cells to compute gene expression
levels and to generate analysis-ready data. We checked the quality
of the data (number of cells, mean reads per cell, median genes per
cell, median unique molecular identifier counts per cell, etc.) to filter
out artifacts, empty droplets, and multiplets. In each sample, cells
with a total number of molecules detected within a cell >30 000
and <1000 were filtered out. Then, the Python module Scanpy
(version 1.7.1) was used to normalize the data. The normalization
was performed as follows: (1) transformation of total counts so that
each cell sums to 10 000, (2) log1p transformation of the counts,
and (3) unit scaling of the gene expression counts across all cells
to ensure a mean of 0 and a maximum value of 10. Lastly, R Seurat
package (version 4.3.0.1) was used to generate uniform manifold
approximation and projection plots and to run clustering. In each
cluster, we identified markers based on differentially expressed
genes, and cell types were assigned to the clusters on the basis of
the top markers. Cell type percentages were calculated as (the
number of cells for the cell type × 100/the total number of cells in
the condition).
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Statistical analysis

Statistical analysis was performed using GraphPad Prism (version
9.4.1; GraphPad Software, San Diego, CA). Statistical significance
was evaluated in most figures using an unpaired Student t test.
Statistical significance of hEPO treatment was evaluated by paired
Student t test.

Results

A 7-kb mouse genomic sequence of the Hmox1 gene, from the
start codon ATG to the stop codon, was deleted on mouse chro-
mosome 8 C1, between coordinates chr8 75093750 and
75100019 (GRCm38 assembly) to create the targeting vector,
which was electroporated into mouse ES cells with humanized
SIRPα, humanized M-CSF, humanized CD47, and Rag2–/– IL-
2Rγ–/– (Figure 1). F0 mice were bred to homozygosity for all alleles.

HMOX-1–/– and HMOX-1+/+ mice in the hSIRPα/hM-CSF/hCD47/
Rag2–/–/IL-2Rγ–/– background were injected intraperitoneally with
hRBCs. At day 1 after injection, no hRBCs could be detected in
the peripheral blood of HMOX-1+/+ mice (Figure 2A). In contrast,
injected hRBCs survived for >1 week in the peripheral blood of
HMOX-1–/– (Figure 2A). Notably, the level of total RBCs (mouse
and human) was not different between HMOX-1–/– and HMOX-1+/+

mice (Figure 2B).

HMOX-1–/– and HMOX-1+/+ mice were engrafted with hHSCs,
and the development of a HIS was analyzed in these mice. At
12 weeks after engraftment, human CD45+ levels were slightly
higher in HMOX-1–/– mice, although BM engraftment was com-
parable between HMOX-1+/+ and HMOX-1–/– HIS mice
(Figure 3A). Notably, downregulation of HMOX-1 has been
described to increase engraftment with murine HSCs.31 Because
HIS mice were engrafted with only 100 000 HSCs, the frequency
of hematopoietic stem and progenitor cells in the BM is generally
too low for appreciable quantification. Nonetheless, the level of HIS
engraftment is substantial. With HIS engraftment, total RBCs were
significantly reduced (P < .0001) in both HMOX-1+/+ and HMOX-
1–/– HIS mice (Figure 3B). This has previously been described in
HIS models with humanized M-CSF due to the increased human
macrophages phagocytosing murine RBCs.2 HMOX-1–/– HIS mice
had lower levels of human B cells and greater levels of human
myeloid cells in blood and BM compared with HMOX-1+/+ HIS
mice (Figure 3C-D). HMOX-1–/– HIS mice had greater levels of
human NK cells in the BM compared with HMOX-1+/+ HIS mice
(Figure 3D). Despite lower human B-cell levels in HMOX-1–/– HIS
mice, there was significantly higher human IgG in the serum of
HSC-engrafted HMOX-1–/– mice than in HMOX-1+/+ HIS mice,
with similar levels of serum human IgM (supplemental Figure 1).
Although both HMOX-1–/– and HMOX-1+/+ HIS mice had lower
levels of IgM/IgG than those found in normal human serum
(supplemental Figure 1), this is common in HIS mice because of
dysfunctional human B-cell responses.3

In contrast to HSC donor-matched HMOX-1+/+ mice, hHSC-
engrafted HMOX-1–/– mice had hRBCs in peripheral blood
(Figure 3E). In the BM, both hHSC-engrafted HMOX-1+/+ and
HMOX-1–/– mice had hRBCs, with higher levels in HMOX-1–/– HIS
mice (Figure 3F). This indicated that although hRBCs can develop
in the BM of HIS mice, HMOX-1–/– HIS mice allow hRBCs to
survive in the peripheral blood.
10 DECEMBER 2024 • VOLUME 8, NUMBER 23
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Figure 1. HMOX-1 KO design. A 7-kb mouse genomic

sequence of the mouse Hmox-1 gene, from the start

codon ATG to the stop codon, was deleted on mouse
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mouse Rag2 and IL-2Rγ genes. The mouse embryo
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for all genes. EP, electroporation; KO, knockout.
Erythropoietin (EPO) increases RBC output from the BM.32,33

Injection of human EPO into hHSC-engrafted HMOX-1–/– mice
increased the percentage (Figure 4A) and number (Figure 4B) of
hRBCs in the peripheral blood. However, there was no effect on
total RBC numbers (Figure 4C) since most RBCs in the HMOX-
1–/– HIS mice are murine, and hEPO does not cross-react with
murine erythropoietin receptor (EpoR).34

We analyzed macrophage levels in spleen and liver of HMOX-1–/–

and HMOX-1+/+ controls. No significant differences were noted in
mouse CD11b+/CD14+ monocytes between HMOX-1–/– and
HMOX-1+/+ spleen. However, HMOX-1–/– had a reduction in
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F4/80+/vascular cell adhesion molecule+ macrophage subset
relative to HMOX-1+/+ spleen (Figure 5A). The liver is considered a
major site of hRBC clearance in mice.13 Accordingly, we observed
a reduction of murine F4/80+ macrophages in the liver of HMOX-
1–/– mice relative to HMOX-1+/+ mice, along with a concomitant
increase in overall murine CD11b+ monocytes in HMOX-1–/– mice
(Figure 5B). As shown in Figure 3B, there was an increase in
human myeloid cells in the blood of HMOX-1–/– HIS mice. There
was also a slight increase in human monocytes (denoted as
hCD14+) in the spleen and liver of HMOX-1–/– HIS mice
(Figure 5C). Furthermore, analysis of hCD36+/CD206+ human
macrophage populations indicated an increase in this specific
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Figure 3. HMOX-1–/– HIS mice have hRBCs in peripheral blood. HMOX-1–/– and HMOX-1+/+ MSRG47 mice were intrahepatically engrafted with hHSCs. At 12 weeks after

engraftment, mice were examined for (A) total circulating hCD45+ cells (human leukocytes) in the peripheral blood and BM. (B) Total RBC levels in the blood of nonengrafted vs

engrafted HMOX-1+/+ and HMOX-1–/– mice. (C) Levels of human CD3+ T cells, CD19+ B cells, NKp46+ NK cells, and CD14+ myeloid cells (as percentage of total hCD45+ cells)
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Figure 4. Human EPO increases hRBC levels in peripheral blood of HMOX-1–/– HIS mice. HMOX-1–/– MSRG47 mice were intrahepatically engrafted with hHSCs.

At 12 weeks after engraftment, mice were bled retro-orbitally to examine the level of hRBCs in peripheral blood before being injected intraperitoneally with 100 units of hEPO.

At 1 week after injection, hRBCs were reassessed from the retro-orbital bleed. (A) Percentage of hRBCs in peripheral blood of HMOX-1–/– MSRG47 mice before and after hEPO

treatment. (B) Total number of hRBCs per microliter of peripheral blood before and after hEPO treatment. (C) Total number of RBCs per microliter of peripheral blood before and

after hEPO treatment. Two independent experiments were performed. Data represent the mean ± SEM with individual mice shown. Statistical analysis was evaluated by paired

Student t test.
human macrophage population in the spleen (Figure 5C). This
population was also increased in the liver of HMOX-1–/– HIS mice
(Figure 5C).

Flow cytometric analysis showed a reduction in murine macro-
phages without a loss of overall murine monocytes in HMOX-1–/–

mice (Figure 5). We further wanted to determine if there are
differences in human leukocytes that develop from hHSC
engraftment of HMOX-1+/+ vs HMOX-1–/– HIS mice. Thus, single-
cell RNAseq was performed on mouse and human CD45+ leuko-
cytes isolated from the spleen of HMOX-1+/+ and HMOX-1–/–

mice. We first show the various subsets of murine CD45+ leuko-
cytes in the spleen of engrafted MSRG47 mice (Figure 6A). Murine
macrophages are selectively diminished in the spleen of HMOX-
1–/– mice, and these macrophages are denoted “erythroblastic”
(EB) macrophages because they share genes that are commonly
Figure 3 (continued) are shown in the blood. (D) Levels of human CD3+ T cells, CD19+

cells) are shown in the BM. HMOX-1+/+ compared with HMOX-1–/–: T cells, no significant di

difference; BM NK cells, P = .0059; blood myeloid cells, P = .03; and BM myeloid cells, P

matched HMOX-1–/– HIS mice. At least 7 independent experiments were performed. (F) To

HIS mice is shown. Data represent the mean ± standard error of the mean (SEM) with in

Experimental analysis was performed at least 3 times, with representative analysis shown.
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found on erythrocytes, such as EpoR, KLF1, and hemoglobin-
associated genes Hbb and Hba. This subset of macrophages is
involved in the formation of EB islands for RBC maturation and
erythrophagocytosis of senescent RBCs.35-38 Remarkably, single-
cell RNAseq analysis of human CD45+ cells in the spleen indi-
cated a loss of human EB macrophages and a significant reduction
in human B cells (Figure 6B). Whereas human EB macrophages
were reduced in the spleen of HMOX-1–/– mice, there was still an
increase in overall human macrophages, confirming what was
previously shown by fluorescence-activated cell sorting analysis
(Figure 5C).

Human macrophages may have ameliorated certain pathologies
exhibited by HMOX-1–/– mice. Elevated heme levels have been
described in HMOX-1–deficient mice, and whereas heme was
elevated in both the serum and spleen of nonengrafted HMOX-1–/–
B cells, NKp46+ NK cells, and CD14+ myeloid cells (as percentage of total hCD45+

fference; blood B cells, P = .006; BM B cells, P = .0005; blood NK cells, no significant

= .01. (E) Number of hRBCs per microliter of blood of HMOX-1+/+ and HSC donor-

tal number of hRBCs in the BM of HMOX-1+/+ and HSC donor-matched HMOX-1–/–

dividual mice shown. Statistical analysis was evaluated by unpaired Student t test.
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Figure 5. HMOX-1
–/–

HIS mice have reduced murine macrophages but no decrease in monocytes. HMOX-1–/– and HMOX-1+/+ MSRG47 mice were hHSC engrafted.

At 12 weeks after engraftment, spleen and liver tissues were harvested for single-cell preparation. Mouse monocytes and macrophages were analyzed in spleen by examining

mouse CD45+ leukocytes for CD11b+/CD14+ (monocytes), with macrophages denoted as mouse VCAM+/mouse F4/80+ cells (A). (B) For liver analysis, mouse CD45+

leukocytes were analyzed for CD11b+ cells (monocytes) and macrophages denoted as a subset of CD11b+ cells that are mouse VCAM+/mouse F4/80+. (C) Human monocytes

and macrophages were analyzed in spleen and liver by examining human CD45+ leukocytes for CD14+ (monocytes) with CD36+/CD206+ macrophages examined as a

subpopulation of human CD14+ cells in spleen and liver. At least 3 independent experiments were performed. Data represent the mean ± standard error of the mean, with

individual mice shown. Statistical analysis was evaluated by unpaired Student t test. VCAM, vascular cell adhesion molecule.
mice, HIS engraftment greatly reduced both serum (supplemental
Figure 2A) and spleen heme (supplemental Figure 2B) in HMOX-
1–/– mice. No morphological difference between spleens other
than size was observed. Engrafted mice had larger spleens due to
5982 PATEL et al
more immune cells. Furthermore, iron deposition in the kidneys of
HMOX-1–/– mice was decreased upon HIS engraftment
(supplemental Figure 3A). No iron accumulation was observed in
other groups. Minimal fibrosis was observed in the interstitium in all
10 DECEMBER 2024 • VOLUME 8, NUMBER 23
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Figure 5 (continued)
groups (supplemental Figure 3B). In contrast, the liver of engrafted
HMOX-1–/– mice exhibited the highest amount of iron accumula-
tion in the hepatocytes and Kupffer cells, followed by engrafted
HMOX-1+/+ mice (supplemental Figure 3C). No or rare iron
accumulation was observed in other groups. There was no evi-
dence of fibrosis within the examined sections (supplemental
Figure 3D).

Levels of liver enzymes including AST and ALT were similar
between HMOX-1+/+ and HMOX-1–/– mice, whether engrafted or
nonengrafted (supplemental Figure 4A). Engraftment led to an
increase in ALP, but there was no significant difference between
HMOX-1+/+ and HMOX-1–/– HIS mice (supplemental Figure 4A).
Furthermore, creatinine, an indicator of kidney pathology, was
normal in both HMOX-1+/+ and HMOX-1–/– mice (engrafted and
nonengrafted) (supplemental Figure 4B), further supporting his-
tology data on the lack of kidney pathology (supplemental
Figure 3B).

Discussion

Herein we demonstrated that HMOX-1 deficiency in a humanized
M-CSF/SIRPα/CD47 and Rag2–/–/IL-2Rγ

–/– background allows
for the presence of peripheral blood hRBCs, generated from
hHSC engraftment or injection of hRBCs into nonengrafted mice.
The survival of hRBCs in mice is dependent on the removal of
specific murine macrophage subsets. Unlike other approaches
that use clodronate liposomes to remove phagocytic macro-
phages, HMOX-1 deletion is a genetic approach that renders the
mouse environment permissive to hRBCs and does not require
further manipulations. Additionally, unlike genetic deletions that
ablate all murine myeloid cells, which have deleterious effects on
mouse development,19 HMOX-1 deletion leads to the loss of
specific murine macrophage subsets that are most associated
with erythrophagocytosis, as revealed by single-cell RNAseq
10 DECEMBER 2024 • VOLUME 8, NUMBER 23
analysis. This leads to a HIS model that permits the study of
hRBCs in mice.

Recently, Song et al13 used a genetic approach to delete fumar-
ylacetoacetate hydrolase (FAH) in immunodeficient MISTRG mice.
FAH deletion in hHSC-engrafted MISTRG mice allows for the
ablation of murine liver cells and replacement with human liver
cells.13 Song et al13 demonstrated that hRBCs in these mice are
cleared in the liver by murine Kupffer cells, a tissue-specific
macrophage subset, and by ablating murine liver cells there is a
decrease in murine Kupffer cells that allows for hRBC survival.
Despite the MISTRG-FAH model representing a breakthrough for
hRBC survival in HIS mice, it still requires further manipulation.
Murine hepatocytes must be eliminated and concurrently replaced
with human hepatocytes, but this requires (1) surgical implantation
of human hepatocytes, and (2) at least 4 weeks of cycling the mice
on/off nitisinone water to achieve replacement with human
liver.13,17 With HMOX-1 deficiency in an immune-deficient mouse
model, additional manipulation is unnecessary for hRBCs because
of the genetic deletion of HMOX-1 eliciting a steady-state loss of
specific murine macrophages. As demonstrated, hRBCs survive
longer in the peripheral blood upon passive transfusion of human
blood or can develop via erythropoiesis from hHSC engraftment.

Song et al13 speculated that the humanized M-CSF in the
MISTRG-FAH model further diminishes re-establishment of murine
Kupffer cells in the murine liver upon liver humanization by skewing
the balance between mouse and human myeloid cells. We believe
that this did not occur in our HMOX-1–/– HIS model because the
ablation of murine macrophages occurs at steady state without any
further intervention. Furthermore, loss of murine macrophages in
this model is not dependent on hHSC engraftment.

The HMOX-1–/– HIS mouse model reported herein includes
humanization of the M-CSF cytokine, which increases human
myeloid/macrophage levels upon hHSC engraftment, similarly to
HUMAN RBCs PERSIST IN HEME OXYGENASE-1–DEFICIENT MICE 5983
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Figure 6. Single-cell RNAseq analysis reveals loss of splenic mouse and human EB macrophages in HMOX-1–/– HIS mice. Mouse and human CD45+ cells were

purified by positive magnetic isolation from hHSC-engrafted HMOX-1–/– and HMOX-1+/+ MSRG47 mice. Mouse and human CD45+ cells were individually analyzed by single-cell

RNAseq and UMAPs shown for mouse CD45+ cells (A) and human CD45+ cells (B). Tables to the right of the UMAPs show changes in specific leukocyte subsets between

HMOX-1–/– (KO) and HMOX-1+/+ (WT). KO, knockout; UMAP, uniform manifold approximation and projection.
what has been observed in the MISTRG HIS model.2,13,39 Because
of the increased human macrophages, HIS models with humanized
M-CSF have a high attrition rate, primarily believed to be due to
anemia resulting from the murine RBCs being phagocytosed by
human macrophages.2 Although there are appreciable levels of
hRBCs in the peripheral blood of HMOX-1–/– hSIRPα/hM-CSF/
hCD47/Rag2–/–/IL-2Rγ–/– HIS mice, these levels are insufficient to
overcome the anemia resulting from the increased human macro-
phages. Thus, CD47, the ligand for SIRPα that triggers a “don’t-
eat-me signal,” is also humanized to mitigate murine RBCs being
engulfed by increased human macrophages,40,41 increasing the
5984 PATEL et al
survival of this HIS model. With the advent of a HIS model with
hRBCs present in peripheral blood, the next challenge would be to
increase hRBC output to overcome this anemia resulting from
humanization of M-CSF. Such an HMOX-1–/– HIS model with
humanized M-CSF would potentially not require humanized CD47
but would rather benefit from the loss of mouse RBCs and possibly
their replacement with hRBCs.

HMOX-1–/– HIS mice have even higher levels of human myeloid
cells and human CD36+/CD206+ macrophages than HMOX-1+/+

HIS mice. In the liver, this indicates that there is an increase in
10 DECEMBER 2024 • VOLUME 8, NUMBER 23



human Kupffer cells. A possible explanation is that the loss of
murine macrophages opens a cellular niche that enhances human
macrophage development. Increased human NK cells are also
observed in certain tissues, which is probably a result of elevated
human myeloid cells that produce human IL-15, potentiating human
NK cell development.2,4

Despite an overall increase in human macrophages, single-cell
RNAseq analysis of the human immune compartment in HSC-
engrafted HMOX-1–/– mice revealed that there was also a loss of
specific human macrophage subsets that have a similar genetic
signature (denoted by EpoR and HMOX-1 genes) as the murine
macrophage population lost in HMOX-1–/– mice. Upon the loss of
murine erythrophagocytic cells, there is a subsequent dysregula-
tion of the iron recycling pathway with oxidatively stressed RBCs
that have an increased life span to compensate for the anemia
resulting from this dysregulation.27,42 However, it is possible that
specific human erythrophagocytic macrophage subsets are
engulfing oxidatively stressed mouse RBCs and the macrophages
are being overloaded with toxic heme, which overwhelms the
capacity of HMOX-1+/+ human macrophages to manage.
Furthermore, secondary byproducts may be produced in the blood
of HMOX-1–/– mice (increased ferritin, bilirubin, etc) that may have
deleterious effects on phagocytic human macrophages. Additional
in vitro studies with HMOX-1+/+ vs HMOX-1–/– mouse blood
added to human macrophages could shed light on this loss of
specific human EB macrophages. Even more surprising is the
reduction in human B cells in the spleen of HSC-engrafted HMOX-
1–/– mice. Loss of mouse B cells has not been reported in immune-
competent HMOX-1–/– mouse models. Theoretically, soluble
byproducts generated in HMOX-1–/– blood could be having a
specific effect on human B cells in the peripheral tissues. Alter-
natively, HIS engraftment might be increased in HMOX-1–/– mice
with increased myeloid/NK cells. It is possible that skewing toward
myeloid/NK cells may be impacting human B-cell lymphopoiesis.

There is evidence that human macrophages in the HMOX-1–/– HIS
mice are compensating for the loss of murine erythryophagocytic
macrophages because of amelioration of certain pathologies
associated with HMOX-1–/– mice.23,26,29 Elevated heme levels in
serum and spleen, as well as iron deposition in the kidneys of
HMOX-1–/– mice, are decreased upon HIS engraftment. This
suggests that human macrophages may be clearing excessive
heme and iron upon HIS engraftment. Similarly, Kovtunovych et al29

showed that BM transfer of WT mouse BM ameliorated pathology
observed in HMOX-1–deficient mice. Nonengrafted HMOX-1–/–

mice are comparable to nonengrafted HMOX-1+/+ mice, as evi-
denced by the absence of any severe kidney or liver pathology and
further corroborated by serum chemistry analyses. Indeed, HMOX-
1–/– mice in an immune-deficient background appear to be
healthier than those in an immune-competent background, for
which severe kidney and liver pathology have been reported.
Furthermore, because of pathologies, HMOX-1–/– mice have to be
generated from HMOX-1+/– intercrosses,23 whereas HMOX-1–/–

mice in an MSRG47 background can be bred through HMOX-1–/–

intercrosses. A benefit of this reduction in pathology is that it
renders the HMOX-1–/– HIS mouse model more practical for
experimental use and preclinical testing because of ease of
breeding and longer life span.
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Overall, a major advantage of the HMOX-1–/– HIS model is its
potential for studying hematologic diseases that affect hRBCs
such as sickle cell anemia and beta thalassemia.13 hHSCs from
patients with such hematologic diseases could be engrafted into
HMOX-1–/– HIS mice, providing an in vivo model to test potential
therapeutics.13 A limitation that remains is that most RBCs are still
murine; thus, hRBC output from the BM needs to be enhanced in
the HMOX-1–/– HIS model. This low frequency limits the ability to
study hEPO function in vivo because the primary purpose of RBCs
to ferry oxygen is primarily carried out by the mouse RBCs. Human
erythroblast reconstitution still remains relatively too low and vari-
able to comprehensively assess function and ontogenetic devel-
opment. Thus, to further potentiate the practicality of this mouse
model, additional strategies are warranted to increase hRBC
output given that HMOX-1 deficiency allows hRBC persistence in
peripheral blood. Because hEPO can increase hRBCs in the
peripheral blood of engrafted mice, humanization of EPO in this
mouse model may potentiate hRBC levels.

In vivo models of malaria have been impeded by the lack of hRBCs
in mouse models because malaria parasites specifically infect
hRBCs.17 An HIS mouse model that also has hRBCs can poten-
tially be used to test human-specific immune-modulatory thera-
peutics in an in vivo malaria model.
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