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Abstract

Mobilized peripheral blood (mPB) hematopoietic stem (HSCs) and progenitor (HPCs) cells are 

primary sources for hematopoietic cell transplantation (HCT). Successful HCT requires threshold 

numbers of high-quality HSCs to reconstitute hematopoiesis long-term. Nevertheless, considerable 

percentages of patients and healthy donors fail to achieve required thresholds of HSCs with 

current mobilization regimens. In this present study we demonstrate that similar to mouse bone 

marrow (BM) and human cord blood, collection and processing of mouse Granulocyte Colony 

Stimulating Factor (G-CSF)-, AMD3100/Plerixafor- or G-CSF plus AMD3100/Plerixafor-

mobilized HSCs in 3% O2 results in enhanced numbers of rigorously-defined phenotypic and for 

G-CSF – and G-CSF plus AMD3100/Plerixafor – mPB enhanced functionally-engrafting HSCs. 

These results may be of potential clinical utility.
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Introduction

Growth factor mobilized peripheral blood (mPB) is a primary source of hematopoietic stem 

(HSCs) and progenitor (HPCs) cells for autologous and allogeneic hematopoietic cell 

transplantation (HCT) (1). Granulocyte Colony Stimulating Factor (G-CSF) is still a main 

mobilizing factor for collection of mPB HSCs and HPCs (1,2). However, this mobilization 

procedure does not always yield optimal therapeutic numbers of transplantable HSCs, and 

up to 40% of mPB donors fail to mobilize sufficient numbers of CD34+ cells especially for 

harder to mobilize patients (1,3–5). CD34 is a marker used to identify populations of human 

cells that are greatly enriched for HPCs, and that also contain HSCs (1,3–5). AMD3100/

Plerixafor is a rapid mPB agent for mice (1,6), and man (1,6,7), and adding AMD3100/

plerixafor to conventional G-CSF mobilization procedures increased output of HSCs and 

HPCs from mice (1,6), healthy human donors (1,8), and from patients with non-Hodgkin’s 

lymphoma, multiple myeloma, lymphoma, and Fanconi anemia (9–13). Conventional 

mobilization regimens can entail multiple apheresis sessions, extended hospitalization stays, 

and financial burdens (1,14), and still may not yield enough HSCs from some donors who 

may be harder to mobilize. Hence, we evaluated the effects of collection and processing of 

mPB cells at lowered (3%) O2 tension to see if we could mimic the enhanced numbers of 

detectable HSCs seen for mouse bone marrow (BM) and human cord blood when these cells 

were collected and processed at 3% O2, compared to that in ambient air (~21% O2) (15). We 

found that collection and processing of G-CSF-, AMD3100/Plerixafor-, and the combination 

of G-CSF plus AMD3100/Plerixafor-mPB from mice at 3% O2 yield significantly increased 

numbers of rigorously-defined phenotypic and for G-CSF-and G-CSF plus AMD3100/

Plerixafor enhanced numbers of functionally engrafting HSCs.
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Methods

Mice.

Mice used for Peripheral Blood (PB) and BM collections and transplantation were C57Bl/6J 

(CD45.2+), Boy/J (CD45.1+), and B6xBoy/J F1 (F1; dual CD45.2+/CD45.1+) mice (8- to 

10-week-old). All mice were obtained from the In Vivo Therapeutics Core at the Indiana 

University School of Medicine. All injections were approved by the Indiana University Use 

and Care of Animals Committee. Mice husbandry and care were performed under 21–24°C 

temperature- and 12-hour light,12-hour dark cycle); group-housed according to age, sex, and 

genotype; and fed ad libitum. Mice used were males and females; all mice were matched for 

age and sex for each experiment.

G-CSF and AMD3100/Plerixafor injections.

To mobilize mouse HSCs and HPCs, we injected C57BL/6 mice with 2.5μg/100μl G-CSF 

(Amgen, Thousand Oaks, CA) subcutaneously (s.c) twice daily for four days and collected 

PB on day 5. AMD3100/Plerixafor (Selleckchem, Houston, TX) was given as a single 20μg 

injection s.c. on day 5, and PBS s.c. injections to non-AMD3100/Plerixafor control groups. 

Mice were euthanized for PB collection 12 hours after the last G-CSF injection and one-

hour post-AMD3100/Plerixafor–injection (6).

BM harvest and PB collection.

All BM and PB collections were performed in a hypoxia chamber, maintained at 3% O2, 5% 

CO2, and N2 balance. All reagents and supplies were equilibrated in the 3%O2 hypoxia 

chamber for at least 16 hours prior to cell collection time (15). To isolate PB mononuclear 

cells (PBMCs), PB was collected by intracardiac aspiration with heparinized syringes 

immediately after euthanizing mice. PBMC were isolated using lymphocyte mammal Ficoll 

(CEDARLANE, Burlington, ON, Canada) with gradient centrifugation isolation. All tubes 

were sealed with parafilm to maintain the 3% O2 during centrifugation outside the hypoxia 

chamber. BM was harvested by flushing femurs with PBS. All subsequent techniques, flow 

cytometry staining, and fixation, HPC colony assays, and injections for transplantation were 

performed in the hypoxia chamber. For ambient air control groups, we removed half of the 

cells from the hypoxia chamber to ambient air for at least 60 minutes before applying 

equivalent techniques in ambient air. We had previously shown that cells collected 

immediately in air showed similar effects to cells collected in hypoxia and then equilibrated 

to air for 1 hour (15). Cells assessed by colony-forming cell assays were incubated at 5% 

O2, 5% CO2 regardless of how cells were collected and processed, as this allows detection of 

optimal growth (16).

Flow cytometry immunophenotyping.

This analysis was performed by incubating PB or BM cells with fluorochrome conjugated 

anti-mouse antibodies (1 mg/106 cell) in PBS + 2% BSA in ice for 30 minutes. The 3% O2 

group was stained inside the hypoxia chamber, and the ambient air group was stained in 

ambient air. All groups were fixed with fresh 2% paraformaldehyde in PBS (Thermo Fisher 

Scientific, Waltham, MA) for 30 minutes. Antibodies were purchased from (BD 
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Biosciences, San Diego, CA) or (BioLegend, San Diego, CA). Antibodies used were; APC 

mouse lineage antibody cocktail, BD Bioscience, Cat. 51–9003632, APC-H7 anti-mouse 

CD117, BD Bioscience, Cat. 560185, PE/Dazzle 594 anti-mouse Sca1, Biolegend, Cat. 

108138, PE anti-mouse CD34, BD Bioscience, Cat. 551387, BV421 anti-mouse CD135, 

Biolegend, Cat. 135314, PerCP-Cy5.5 anti-mouse CD16/32, BD Bioscience, Cat. 560540, 

BV786 anti-mouse CD127, BD Bioscience, Cat. 563748.

Data acquisition was conducted in LSRII flow cytometer (BD Biosciences, San Diego, CA). 

Data analysis was performed using FlowJo 10.6.2 software (TreeStar, WA). Gates were 

plotted using fluorescence-minus-one controls. Percentages of each cell population and that 

of live cells were used to calculate absolute numbers of phenotypically- defined HSC and 

HPC per ml blood and per femur. The analysis of phenotyped- HSCs and HPCs was as 

follows, with absolute numbers of each cell type calculated per ml PB or per femur. Long 

term (LT)-HSC were defined as Lin−c-Kit+ Sca1+ CD34− Flt3−, short-term (ST)-HSC as 

Lin− c-Kit+ Sca1+ CD34+ Flt3−, multipotent progenitors MPP as Lin − c-Kit+ Sca1+ 1 

CD34+ Flt3+, common myeloid progenitors (CMP) as Lin− c-Kit+ Sca1− CD34int FcgRlo, 

granulocyte-macrophage progenitors (GMP) as Lin− c-Kit+ Sca1− CD34hi FcgRhi, 

megakaryocyte-erythrocyte progenitors (MEP) as Lin− c-Kit+ Sca1− CD34+/− FcgR− and 

common lymphoid progenitors (CLP) Lin− c-Kitlo Sca1+ Flt3+ IL7R+ (17).

HPC assays.

Cells were plated at 5×104 or 1×105 cells/mL in 1% methylcellulose culture medium with 

30% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA), 1 U/mL recombinant 

human erythropoietin, 50 ng/mL recombinant mouse stem cell factor (R&D Systems, 

Minneapolis, MN), 0.1 mM 2-mercaptoethanol, 2 mM L-glutamine, 0.1 mM hemin Sigma 

Aldrich (St. Louis, MO), and 5% vol/vol pokeweed mitogen spleen conditioned medium. 

Cells were incubated at 5% CO2 and 5% O2 in a humidified chamber, and granulocyte-

macrophage (CFU-GM), erythroid (BFU-E), and multipotential (CFU-GEMM) progenitor 

cells were scored at day 6 of incubation (15,16) and are shown as cells/femur or as cells/ml 

of mPB.

Transplantation.

Recipient F1 (CD45.1+ CD45.2+) mice were fed uniprim for one week and irradiated with 

one dose of 950 cGy, 24 hours before transplantation. Irradiated F1 mice were transplanted 

with limiting dilutions of (C57BL/6 CD45.2+) donor cells and 100,000 Boy/J (CD45.1+) 

BM competitor cells. Injections were done via intravenous (i.v.) injections in the hypoxia 

chamber for the 3% O2 group and in ambient air for the ambient air control group. 

Competitor Boy/J mice cells were collected in air and injected after the donor cells for both 

hypoxia and air collected cells. The method of injection inside the hypoxia chamber has 

been detailed (15).

Chimerism of F1 mouse PB was assessed at various time points by submandibular vein 

bleeding. Mice were sacrificed four months after transplantation, and then BM cells were 

analyzed by flow cytometry for HSCs, HPCs, and lymphoid and myeloid lineages. 

Competitive repopulating units (CRUs) were calculated and plotted using ELDA software 
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(bioinf.wehi.edu.au/software/elda/), and 1.5 ×106 of primary recipient’s bone marrow cells 

were transplanted into secondary recipients to assess the self-renewal capacity of donor 

HSCs. (15,16,18–20).

Statistical analysis.

GraphPad Prism 8 was used for Statistical analysis. Two-tailed Student’s t-test was used for 

analysis between two groups. P values are designated as *p < 0.05, **p < 0.05, ***p < 

0.005. Error bars represent SEM unless stated otherwise.

Results and Discussion

Effects of harvesting and processing G-CSF-, AMD3100/Plerixafor- or G-CSF/AMD3100/

Plerixafor- mobilized PB cells in hypoxia (3% O2) vs. in ambient air (~21% O2) were 

assessed by phenotypic analysis of HSCs and HPCs, for functional HPCs as assessed by 

colony assay, by engraftment of HSCs in lethally irradiated congenic mice (as determined by 

chimerism over time), and by calculation of competitive repopulating cells (CRUs; a 

measure of the numbers of functional HSCs), and by secondary engraftment to assess the 

self-renewal capacity of donor HSCs.

G-CSF Mobilization.

Flow cytometry immunophenotyping analysis of G-CSF mPB HSCs and HPCs 

demonstrated a significant two-fold increase in long-term HSC (LT-HSC) when cells were 

collected and processed in 3% O2 compared to ambient air (Fig. 1Ai). Numbers of MPPs 

were significantly decreased in the hypoxia group (Fig. 1Aiii), as were numbers of GMPs 

(Fig. 1Av). ST-HSCs, CMPs, MEPs, and CLPs (Fig. 1Aii, iv, vi, vii) were not statistically 

different between the 2 groups. A sample flow plot is shown in Fig. 1Aviii.

Multi-cytokine stimulated HPC colony assay was performed for mPB and BM cells from 

mice treated with G-CSF. In PB, numbers of G-CSF mPB CFU-GM, BFU-E, and CFU-

GEMM collected and processed in 3%O2 were significantly reduced compared to the 

ambient air condition (1Bi). There was also a significant reduction in BM CFU-GM, BFU-E 

and CFU-GEMM collected/processed in 3%O2 (1Bii). These results are similar to that we 

reported for BM HPCs (15).

Results of phenotypically defined populations of HSCs do not always recapitulate HSC 

function (21,22). We conducted competitive transplantation assays to assess engrafting and 

repopulating capacity of donor HSC (Fig. 2Ai, schematic of protocol). Donor PB (Fig. 2Aii) 

and BM (Fig. 2Aiii) chimerism at month 4 showed that hypoxia collected/processed cells 

manifested significantly increased engraftment. Limiting dilution analysis (LDA) to 

calculate numbers of functional HSCs, demonstrated increased competitive repopulating 

units (CRUs) in the 3% O2 group vs. ambient air control for PB (Fig. 2Bi, Bii), and for BM 

(2Biii, iv), in the engrafted mice. There was no myeloid/lymphoid lineage bias in the donor 

cell engraftment in PB of primary mice (Fig. 2Bv) The hypoxia collected/processed donor 

cells also showed significantly increased repopulation in secondary mice at month 4 (Fig. 

2Bvi), demonstrating that hypoxia-collected and processed cells had increased numbers of 

self-renewing HSCs.
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G-CSF plus AMD3100/Plerixafor Mobilization.

AMD3100/Plerixafor mobilizes an improved graft (6) with a unique transcriptional profile 

(23–26). We assessed effects of collection and processing of G-CSF alone-, AMD3100/

Plerixafor alone-, and the combination of AMD3100/Plerixafor plus G-CSF- mPB cells in 

3% vs. ambient air (~21%) O2 levels. Numbers of phenotypically defined LT-HSCs 

collected/processed in ambient air followed the same trends as published (6) for G-CSF-, 

AMD3100/Plerixafor- and AMD3100/ Plerixafor plus G-CSF-BM, with the combination of 

AMD3100/ Plerixafor plus G-CSF showing clear synergy over that of combination of the G-

CSF and AMD3100/Plerixafor each alone (Fig. 3i). Importantly, the low oxygen collected 

and processed mPB LT- HSCs and ST-HSCs from donor mice given AMD3100/Plerixafor 

plus G-CSF were superior to these cells collected in air (Fig. 3i and 3ii). For MPPs, there 

was synergy for the MPP groups collected/processed at 3% O2 vs. ambient O2 but the 3% 

O2 groups were significantly decreased compared to ambient air (Fig. 3iii). All the groups 

(G-CSF, AMD3100/Plerixafor, and G-CSF plus AMD3100/Plerixafor) of functional HPCs, 

as defined by colony assay, showed enhanced mPB numbers in order of G-CSF plus 

AMD3100/Plerixafor > G-CSF>AMD3100/Plerixafor, for the ambient air groups, with each 

greater than that of the hypoxia groups (fig. 3iv–vi).

Competitive transplantation assays were performed to assess engrafting and repopulating 

capacity of G-CSF- and AMD3100/Plerixafor- mPB HSCs. In similar manner to G-CSF 

mobilized HSCs, G-CSF plus AMD3100/Plerixafor mPB donor cells collected and 

processed in 3% O2 showed significantly higher engraftment at month 4 in PB (Fig. 4i) and 

BM (Fig. 4ii). LDA demonstrated significantly increased CRUs in the 3%O2 collection/

processing group compared to that of ambient air in PB (Fig. 4iii) and BM (Fig. 4iv). The 

hypoxia collected/processed donor cells also demonstrated increased numbers of self-

renewing HSCs as shown by significantly increased chimerism in secondary mice at month 

2 (Fig. 4v).

Hypoxia signaling plays a crucial role in HSC biology (27). Traditional studies of HSC 

function until recently have been conducted after their collection and processing in an 

ambient air atmosphere that greatly underestimates numbers of HSCs (15). As reported in 

mouse BM and human cord blood HSC, mPB HSC and HPC in 3% O2 results in an increase 

in HSC number and a decrease in multipotent and committed progenitors. Conversely, 

collection and processing in ambient air revealed an increased number of multipotent and 

committed progenitors and reduced HSC numbers (15). The sudden reoxygenation of HSCs 

serves as a stress-induced mechanism when cells are collected in ambient air, resulting in 

decreased LT-HSC numbers via rapid differentiation to downstream progenitors by a 

phenomenon that we termed Extra Physiologic Oxygen Shock/Stress EPHOSS). Cell surface 

protein phenotyping does not provide an accurate representation of the LT-HSC or 

progenitors multi-engraftment potential. However, the phenotyped- LT-HSC population 

includes a higher number of long-term engrafting and self-repopulating capability cells than 

downstream progenitors population (28).

The enhanced engraftment of HSC collected and processed in hypoxia can be attributed to 

multiple hypoxia-induced events. In mouse BM, we reported a mechanism that links ROS 

production to cyclophilin D recruitment to the inner mitochondrial membrane, mitochondrial 
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permeability transition pore, and p53. Using mouse gene deletion models, we found the 

deletion of hif1-α and miR210 cancel hypoxia’s protective effect (15). Although the CXC 

chemokine receptor 4 (CXCR4) expression was decreased in mouse bone marrow LT-HSC 

collected and processed in hypoxia (15), CXCR4 and CXCl12 expression were increased in 

hypoxia in other cell types such as mononuclear phagocytes, endothelial (29), acute myeloid 

leukemia (AML) cell line and PB-AML cells (30) as a result of Hypoxia-inducible factor 

(hif1-α) stabilization. Furthermore, hif1-α promotes the activation of Nlrp3 (NOD-, LRR- 

and pyrin domain-containing protein 3) inflammasome in conditions associated with low 

oxygen tension; acute lung injury (31), venous thrombosis (32) and ischemic stroke (33). In 

mouse HSC and HPC, Nlrp3 activation induces a release of extracellular adenosine 

triphosphate (eATP), which incorporates CXCR4 into membrane lipid rafts of the 

transplanted HSC and HPC (34). Additionally, hif1-α stabilization using Prolyl Hydroxylase 

Domain (PHD) inhibitor (FG-4497) was reported to enhance HSC mobilization in response 

to vascular endothelial growth factor receptor-2 (VEGFR2) signaling in BM endothelial 

cells (35).

We tested our method of collection and processing cells in 3% O2 to see if collection and 

processing of mPB in hypoxia could also result in increased numbers of HSCs. We found 

that collection and processing of G-CSF- AMD3100/Plerixafor- and G-CSF plus Plerixafor- 

mPB in 3% O2 resulted in significantly increased numbers of HSC and enhanced multi-

lineage engraftment of HSC for the G-CSF and the G-CSF plus AMD3100/Plerixafor 

groups.

A primary determinant of autologous HCT success, is the ability to collect a minimum of 

2×106 CD34+ cells/kg of the patient’s body weight (36). With advancements of using 

CRISPR-cas9 applications and reduced toxicity conditioning regimens, gene therapy and 

autologous HCT procedures are anticipated to expand the use of mPB to additional patient 

populations. Here, we propose a means to further enhance collection of mPB HSCs, when 

the mPB cells are collected/processed at 3% O2 vs. ambient air O2 levels. While collection 

and processing of mPB cells in hypoxia at present would present a clinical logistical 

problem, further research, such as using collection and processing of cells at cold (~4°C) 

temperatures, which mimics at least in part effects of hypoxia collection/processing (37), as 

well as other yet to be defined means could have practical implications in obtaining greater 

numbers of mPB HSCs for transplantation.
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Figure 1. Numbers of G-CSF mobilized HSCs and HPCs per ml blood.
A combination of three independent experiments is shown; each experiment assessed three 

mice. PB and BM was harvested and processed in a hypoxic chamber (3% O2, 5% CO2, N 2) 

or ambient air (~21% O2) from G-CSF mobilized C57BL/6 mice, and analyzed for HSC and 

HPC numbers. Numbers of LT-HSCs (Ai), ST-HSCs (Aii), MPPs (Aiii), CMPs (Aiv), GMPs 

(Av), MEPs (Avi) and CLPs (Avii) per ml blood were assessed by flow cytometry. A flow 

cytometry dot plot representative of LT-HSCs, ST-HSC and MPP (Aviii). Progenitor cell 

numbers and were analyzed using a functional HPC colony assay examining CFU-GM, 

BFU-E, and CFU-GEMM per ml PB (Bi) and per femoral BM (Bii). Data are presented as 

mean± SEM. *p < 0.05, **p < 0.05, ***p < 0.005 when analyzed by Student’s t test.

Aljoufi et al. Page 11

Stem Cell Rev Rep. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Engrafting efficiency of G-CSF mPB collected and processed in 3% O2 vs. ambient air 
(~21% O2), assessed by competitive BM transplantation and limiting dilution analysis.
A combination of 2 independent experiments, n=8–10 recipient mice per group is shown. 

Donor G-CSF mobilized PB cells (CD45.2+) were injected i.v.at doses of 25,000, 50,000, 

and 100,000, into lethally irradiated F1 host mice (CD45.1+CD45.2+) in air or hypoxia. 

Competitor Boy/J BM cells (CD45.1+) were injected i.v. at 100,000 cell dose in air (Ai; 

diagrammatic representation). The percentage of donor-derived cells in the PB was assessed 

by flow cytometry at months (M) 1, 2 and 4 (Aii). The percentage of donor-derived cells in 

the BM was assessed at month 4 (Aiii). Poisson statistical analysis from the limiting dilution 

transplantation PB data (Bi) and BM (Biii) are shown. Solid line indicates best-fit linear 

model. Dotted lines represent 95% confidence intervals. Squares represent the percentage of 

negative mice for each dose. Triangles indicate that all tested mice were positive in this 

group. Numbers of CRUs in 106 cells in PB (Bii) and BM (Biv). The myeloid (CD11b+ and 

GR1+)/ lymphoid (CD3+ and B220+) ratio in the PB at month 4 was assessed by flow 

cytometry (Bv). Engraftment in secondary recipients at month 4 (BVi). Data are presented as 

mean± SEM. *p < 0.05, **p < 0.05, ***p < 0.005, when analyzed by Student’s t test.
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Figure 3. Numbers of G-CSF, AMD3100/Plerixafor, and G-CSF plus AMD3100/Plerixafor 
mobilized HSCs and HPCs per ml blood.
A combination of three independent experiments is shown; each experiment included three 

mice. PB and BM were harvested and processed in a hypoxic chamber (3% O2, 5% CO2, 

N2) or ambient air (~21% O2) from G-CSF and/or AMD3100/Plerixafor mobilized C57BL/6 

mice and analyzed for HSC and HPC numbers. Numbers of LT-HSCs (Ai), ST-HSCs (Aii), 

and MPPs (Aiii) per ml blood were assessed by flow cytometry. Progenitor cell numbers 

were analyzed using a functional HPC colony assay examining CFU-GM (iv), BFU-E (v), 

and CFU-GEMM (vi) in blood. Data are presented as mean± SEM. *p < 0.05, **p < 0.05, 

***p < 0.005, when analyzed by Student’s t test.
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Figure 4. Engrafting efficiency of G-CSF plus AMD3100/Plerixafor mPB collected and processed 
in 3% O2 vs. ambient air (~21% O2), assessed by competitive BM transplantation and limiting 
dilution analysis.
A single transplant is shown, n=5 recipient per group. Donor G-CSF and AMD3100/

Plerixafor mobilized PB cells (CD45. 2+) were injected i.v. at doses of 25,000, 50,000, and 

100,000 cells, into lethally irradiated F1 host mice (CD45.1+CD45.2+) in air or hypoxia. 

Competitor Boy/J BM cells (CD45.1+) were injected i.v. at 100,000 cell in air. The 

percentage of donor-derived cells in the PB was assessed by flow cytometry at months 1, 2 

and 4 (i). The percentage of donor-derived cells in the BM was assessed at month 4 (ii). 

Poisson statistical analysis of CRUs in 106 cells (iii and iv). Engraftment in secondary 

recipients at month 2 (v). Data are presented as mean± SD. *p < 0.05, **p < 0.05, ***p < 

0.005, when analyzed by Student’s t test.
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