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Abstract

Hematopoietic chimerism established by allogeneic bone marrow transplantation is known to 

promote donor-specific organ allograft tolerance; however, clinical application is limited by the 

need for toxic host conditioning and “megadoses” of donor bone marrow cells. A potential 

solution to this problem has been suggested by the observation that recipient bone marrow 

mobilization by the CXCR4 antagonist AMD3100 promotes chimerism in congenic bone marrow 

transplantation experiments in mice. Here we report that a single subcutaneous dose of 10 mg/kg 

AMD3100 in recipient C57BL/6 mice was able to enhance hematopoietic chimerism when 

complete MHC-mismatched BALB/c donor bone marrow cells were transplanted one hour after 

drug dosing. However, levels of chimerism measured 30 days post-transplantation were not 

sustained when mice were reexamined on day 90 post transplantation. Moreover, transient 

chimerism induced by this protocol did not support robust donor-specific skin allograft tolerance. 

Using the same transient immunosuppression protocol, we confirmed that “megadoses” of donor 

bone marrow cells could induce durable chimerism associated with donor-specific skin allograft 

tolerance without AMD3100 pre-treatment. We conclude that in this protocol AMD3100 

pretreatment may empty bone marrow niches that become reoccupied by allogeneic donor 

hematopoietic progenitor cells but not by true long-lived donor hematopoietic stem cells, resulting 

in short-lived chimerism and failure to support durable donor-specific allograft tolerance.
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1. Introduction

It has been observed in numerous animal models and in humans that mixed hematopoietic 

chimerism after bone marrow allotransplantation can induce tolerance to any other tissue or 

organ from the same or isogenic donor [1]. However, standard preparative regimens for 

mixed chimerism induction generally are harsh, and include total body irradiation and 

immunosuppression [2] [3]. Aggressive myeloablative conditioning is thought to promote 

chimerism by depleting recipient bone marrow cells to “make space” for donor 

hematopoietic stem cells (HSC). However the significant morbidity and mortality associated 

with myeloablation makes it highly desirable to develop alternative approaches which are 

mild and efficient. An irradiation-free, transient and mild host immunosuppressive 

conditioning regimen composed of an anti-T cell antibody cocktail and rapamycin has been 

reported to induce durable mixed chimerism in mice, but only in the context of “megadose” 

donor bone marrow infusion or vascularized bone transplantation [4] [5] . Proof of concept 

for host bone marrow mobilization as a method to enhance mixed chimerism induction after 

bone marrow transplantation has been reported using the drugs AMD3100 and G-CSF, but 

only in a congenic mouse bone marrow transplantation system [6]; whether this might also 

work in the setting of allotransplantation has not yet been reported. The chemokine receptor 

CXCR4 antagonist AMD3100 (also named plerixafor or Mozobil™) has been approved by 

the FDA for use with G-CSF to mobilize and collect HSCs for transplantation in the 

treatment of non-Hodgkins’ lymphoma and multiple myeloma [7] [8]. It is also being 

developed for mechanism-based therapy for the rare primary immunodeficiency disease 

WHIM syndrome, which is caused by gain-of-function mutations in CXCR4. These 

mutations result in panleukopenia caused by leukocyte retention in bone marrow [9]. Both 

AMD3100 and G-CSF promote release of HSCs into peripheral blood by preventing 

CXCR4 interaction with its ligand CXCL12 in bone marrow niches. AMD3100 does this by 

binding to CXCR4, whereas G-CSF inhibits CXCL12 availability. In addition to mobilizing 

HSCs, subcutaneous injection of AMD3100 has been demonstrated to mobilize both mature 

myeloid and lymphoid cells into the peripheral blood [10]. In the present study, we tested 

our hypothesis that recipient bone marrow mobilization by AMD3100 can enhance mixed 

chimerism and donor-specific skin allograft tolerance using allogeneic donor bone marrow 

cells under mild, transient host immunosuppression.

2. Materials & Methods

2.1 Biodistribution and pharmacokinetics of AMD3100

To determine the biodistribution pattern and pharmacokinetics of AMD3100 in immune 

organs, mice were injected intravenously with 10 ng AMD3100 labelled with 64Cu (100 

μCi) in a total volume of 100 μl PBS. Mice were sacrificed at 2, 4, 6, 8, 10 and 12 hours 

after injection, and radioactivity was assayed in blood, spleen, bone marrow and thymus 

using a gamma counter, as described [11]. The results are corrected for the decay of 64Cu 

and presented as percent of injected dose per gram of tissue (%ID/g). Each group at each 

time-point contained 5 mice. In order to determine if the detected radioactivity was 
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dependent on AMD3100, mice were injected intravenously with unlabeled AMD3100 (250 

μg) 1 hour prior to sacrifice.

2.2 Skin and bone marrow transplantation

Heterotopic skin transplantation was performed in 10–16 week old male C57BL/6 (H2-Kb) 

mice with age matched male BALB/c (H2-Kd) or CBA/Ca (H2-Kk) mice as donors (The 

Jackson Laboratory, Bar Harbor, Maine). All care and handling of animals was carried out 

in accordance with guidelines provided in the Guide for the Care and Use of Laboratory 

Animals published by the U.S. Department of Health and Human Services. Full thickness 

skin from BALB/c donors (for primary grafts) or BALB/c donors and CBA/Ca third party 

donors (for secondary grafts) was transplanted onto the lateral thoracic wall of recipient 

mice using standard techniques [5]. After removal of the bandage on day 7 post-

transplantation, grafts were monitored daily, and rejection was defined as complete loss of 

viable donor epithelium. All recipient mice except negative controls received a transient 

course of immunosuppression composed of an antibody cocktail: 1 mg of YTS177 (anti-

CD4, non-depleting), YTS169 (anti-CD8, depleting), MR1 (anti-CD154, non-depleting) 

from BioXcell, (West Lebanon, NH) on days 0, 2 and 4 relative to skin grafting; plus 

rapamycin (12 mg/kg, LC Laboratories, Woburn, MA), prepared as previously described 

[5], on days 6 and 30 relative to skin grafting. For induction of mixed hematopoietic 

chimerism, mice also received a single dose of donor bone marrow (20, 50 or 100 million 

cells) on the day of skin grafting. Recipient bone marrow was mobilized by AMD3100 

(Sigma Aldrich, St. Louis, MO) and/or G-CSF (PeproTech, Rocky Hill, NJ) pretreatment 

before bone marrow infusion according to the following protocol: AMD3100 1, 5 or 10 

mg/kg, subcutaneous injection at 1, 3 or 10 hours before bone marrow infusion, and/or G-

CSF 2.5 μg/mouse, subcutaneous injection twice per day, at 1 and 2 days before bone 

marrow infusion.

2.3 Mixed chimerism analysis

Mixed chimerism was assessed at 30 & 90 days after bone marrow and primary skin 

transplantation by flow cytometric analysis of peripheral blood stained with the following 

antibodies from Biolegend (San Diego, CA): FITC-conjugated anti-H-2Kd (SF1-1.1), APC-

Cy7-conjugated anti-CD19 (6D5), Pacific blue- or APC-conjugated anti-CD4 (RM4-4), and 

PE-conjugated anti-CD8 (53–6.7). The level of mixed chimerism was determined by 

calculating the percentage of cells expressing donor BALB/c MHC class I among all blood-

circulating leukocytes; where indicated, the lineage distribution of donor-derived cells was 

also analyzed.

2.4 Statistical analysis

All %ID/g values or mixed chimerism percentages were reported as mean ± SEM and 

comparison was performed between mice with or without co-injection of unlabeled 

AMD3100 or among mice with different levels of mixed chimerism, using the Student’s t-

test; statistical significance was defined as P < 0.05.
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3. Results

AMD3100 is known to be rapidly cleared from blood after injection [12], but detailed 

pharmacokinetics in immune organs have not been defined. To optimize an AMD3100 

dosing schedule for our transplantation experiments, we measured radioactivity in mouse 

immune organs harvested at different time points after injection IV with 64Cu-labelled 

AMD3100. As shown in Figure 1, tissue 64Cu activity 2 hours after injection was 12.5 ± 

0.26% in spleen, 14.08 ± 0.99% in bone marrow, 4.56 ± 0.56% in thymus and 0.94 ± 0.04% 

blood. The activity in blood declined quickly after injection, consistent with the reported 

rapid clearance of the drug from the blood in humans [12]. On the other hand, the 

administered 64Cu/64Cu-plerixafor that accumulated in spleen, bone marrow and thymus 

remained unchanged until 10 hours after injection, after which it declined rapidly (Fig. 1). 

Injection of excess unlabeled AMD3100 resulted in significantly reduced 64Cu activity (55 ~ 

75% at 2 hours) in blood, spleen and thymus, suggesting specific tissue uptake of 64Cu-

AMD3100; a similar but weaker competitive effect was observed until 6 hours after 

injection. However, in bone marrow, unlabeled AMD3100 did not reduce 64Cu activity at 

any time-point after injection (Fig. 1). The reason for this is unknown but possible 

explanations include: 1) 64Cu-AMD3100 rapidly binds to CXCR4 on the cell surface and 

becomes internalized, thus becoming inaccessible to unlabeled AMD3100 injected later; and 

2) the 64Cu-AMD3100 compound becomes degraded so that the 64Cu is no longer bound to 

AMD3100 or to CXCR4. The overall result indicates that bone marrow transplantation 

should optimally be performed from 1 to 10 hours after AMD3100 pretreatment.

A transient course of CD4 T cell inhibition, CD8 T cell depletion and costimulation 

blockade combined with two doses of rapamycin permitted long-term BALB/c skin allograft 

survival in C57BL/6 recipients without the need for donor bone marrow infusion. 

Nevertheless, tolerance was not durable since the grafts were rejected if a second set of skin 

allografts were transplanted more than 100 days after the primary skin transplant had been 

performed (Fig 2A). Infusion of 50 or 100 million donor bone marrow cells at the time of 

primary skin transplantation induced durable mixed chimerism as well as durable skin 

allograft tolerance (Fig 2A), and tolerance under these conditions was donor-specific (Fig 

2B). In contrast, infusion of 20 million donor bone marrow cells did not result in either 

mixed hematopoietic chimerism or donor-specific skin allograft tolerance (Fig 2C, Table 1). 

The levels of circulating CD4+ or CD8+ T lymphocytes were similar in mice receiving 

transient anti-T cell antibody cocktail or in control mice (Fig. 2C).

To test if mixed chimerism could be enhanced by recipient bone marrow mobilization before 

allogeneic bone marrow transplantation, various AMD3100 and G-CSF mobilization 

protocols were screened (Table 1). Infusion of 20 million allogeneic donor bone marrow 

cells without recipient bone marrow mobilization induced background levels of mixed 

chimerism 30 and 90 days post-infusion, that is, levels similar to the level in mice that had 

received no donor bone marrow; whereas infusion of 50 and 100 million donor bone marrow 

cells induced significant and durable mixed chimerism (Table 1). Among the AMD3100 

mobilization regimens, only 10 mg/kg pretreatment one hour before bone marrow infusion 

induced significant mixed chimerism 30 days later; no chimerism was observed if the mice 

were pretreated 3 or 10 hours before bone marrow infusion or when lower doses of 
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AMD3100 were administered. However, the chimerism induced by one hour pre-treatment 

was not durable, since it was not observed at 90 days after bone marrow infusion (Table 1). 

AMD3100 administered at 1, 5 or 10 mg/kg one hour before transplantation of 50 million 

donor bone marrow cells neither enhanced nor inhibited donor cell engraftment at 30 days 

post transplantation of recipient mice treated with immunosuppression (data not shown).

Skin allografts were rejected in the AMD3100-pretreated group receiving 20 million total 

donor bone marrow cells, in which transient hematopoietic chimerism was observed, 

indicating a failure to induce robust donor-specific allograft tolerance (Fig. 2A & B). In the 

absence of immunosuppression and donor bone marrow transplantation, donor type 

allografts were rejected rapidly, whereas in the presence of immunosuppression without 

donor bone marrow transplantation the grafts survived until a secondary donor type allograft 

was applied, at which time both the primary and secondary donor type allografts were 

rapidly rejected (within 3 weeks). Third party allografts were rapidly rejected under all 

conditions. Robust donor specific skin allograft tolerance was only achieved for recipient 

mice given immunosuppression and 50 or 100 million total donor bone marrow cells, 

conditions that supported durable mixed hematopoietic chimerism. We did not test whether 

AMD3100 could affect donor specific skin allograft tolerance in these mice. Recipient bone 

marrow mobilization with G-CSF, either alone or in combination with AMD3100, did not 

induce mixed hematopoietic chimerism under the conditions tested (Table 1).

4. Discussion

In the present study, we tested the hypothesis that recipient bone marrow mobilization 

before allogeneic bone marrow infusion could serve as a non-toxic method to “make space” 

in bone marrow niches to facilitate establishment of stable mixed chimerism using clinically 

feasible doses of allogeneic donor bone marrow cells under mild and transient irradiation-

free host conditioning. In our model, transient host conditioning with an anti-T cell antibody 

cocktail and rapamycin was able to induce long-term skin allograft survival, although 

tolerance was not durable since it could be abolished by a second set of skin 

allotransplantation applied at a later time. The factors required for ‘non-durable’ tolerance 

are poorly understood, and whether transitioning to ‘robust’ tolerance simply involves a 

quantitative change in these factors versus recruitment of a distinct toleragenic mechanism is 

not known. In our study, robust donor-specific tolerance was only achieved when durable 

donor mixed chimerism was established, which was only observed in mice receiving 

infusion of 50 million donor bone marrow cells or more, but not in those receiving 20 

million cells, establishing a critical threshold. These findings were consistent with previous 

observations using similar or different regimens [4] [13].

To test if recipient bone marrow mobilization could enhance mixed chimerism induction, we 

performed bone marrow transplantation at three different time-points after AMD3100 

pretreatment: one hour after pretreatment, when AMD3100 levels peaked in the peripheral 

blood; 3 hours after pretreatment, when the number of mobilized leukocytes has been 

reported to peak in the peripheral blood; 10 hours after pretreatment, when 64Cu 

radioactivity levels in immune organs was no longer responsive to inhibition by non-labelled 

AMD3100, possibly due to receptor ligation and internalization of AMD3100. The results 
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revealed that among all the pretreatment schedules tested, only AMD3100 pretreatment one 

hour before bone marrow transplantation was able to induce mixed chimerism. Nevertheless, 

chimerism was transient, and not associated with robust tolerance to skin allografts.

The preparative regimen in mixed chimerism induction traditionally involves chemotherapy 

and/or irradiation to all or part of the body, to eliminate immunologic barriers of allogeneic 

bone marrow cell engraftment. Conditioning regimens also damage (or destroy) endogenous 

stem cells and provide a competitive advantage to the donor cells. However, impairment of 

host immune function and significant morbidity and mortality associated with these 

regimens has limited their clinical application, especially for non-malignant indications [14]. 

Chen et al. have reported that AMD3100 and cytokine mobilization of recipient bone 

marrow used as a preparative regimen in congenic bone marrow transplantation and 

parabiotic mice enhanced donor cell engraftment [6]. Kang et al. also observed selectively 

enhanced donor bone marrow cell engraftment in irradiated niches of mouse [15]. In the 

study by Chen et al. enhanced engraftment was observed when bone marrow was infused as 

late as 6 hours after AMD3100 mobilization, which was consistent with our 64Cu-

AMD3100 biodistribution results. However, our mobilization results indicate that in an 

allogeneic setting, enhanced donor bone marrow cell engraftment by AMD3100 

mobilization was not durable. The level of mixed chimerism achieved in our study is rather 

low (2–3% after transferring 100 million donor bone marrow cells). Therefore it is 

extremely hard to trace and investigate the fate of donor hematopoietic progenitor cells after 

they are transferred. Although the mechanism underlying the low and transient levels of 

mixed chimerism is not known, possibilities include 1) the alloimmune response destroys 

donor hematopoietic stem cells and 2) the vacated niches engraft short-lived hematopoietic 

progenitor cells but not the rare long-lived hematopoietic stem cells. Ablation of the host 

immune response is critical for donor cell engraftment; the immunosuppression in our model 

provides transient, specific targeting of host immune elements that may resist donor cell 

engraftment and/or GVHD. It has been demonstrated to be sufficient for inducing durable 

mixed chimerism when “megadoses” of bone marrow cells are transferred or when 

vascularized bone is transplanted [5] [13]. Additional work will be needed to evaluate 

whether more extended or intensive host immunosuppression can synergize with bone 

marrow mobilization to increase the efficiency of allogeneic bone marrow engraftment.
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Highlights

• “Megadose” bone marrow allotransplantation induced durable mixed chimerism 

in mice

• Allotransplantation of clinically feasible doses failed to induce durable 

chimerism

• CXCR4 blockade enhanced chimerism for at least 30 days after 

allotransplantation

• CXCR4 blockade did not support durable chimerism or robust skin allograft 

tolerance
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Figure 1. Biodistribution and pharmacokinetics of AMD3100 in immune organs
Radioactivity associated with 64Cu-labelled AMD3100 was monitored in the blood and 

indicated immune organs after injection in the presence and absence of excess unlabeled 

AMD3100 injected one hour prior to sacrifice. Data are from a single experiment with 5 

mice at each data point. * P < 0.0001, ** P < 0.01, * P < 0.05.
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Figure 2. Skin allograft survival and mixed chimerism after donor bone marrow infusion with or 
without transient immunosuppression
A: Survival of primary skin allografts. C57BL/6 mice were grafted with BALB/c skin at the 

same time they received different doses of donor bone marrow with or without 

immunosuppression. Filled circles: no bone marrow transplantation and no 

immunosuppression (negative control); filled squares: transient immunosuppression without 

bone marrow transplantation; open circles: transient immunosuppression with transfer of 20 

million bone marrow cells; slashed circles: transient immunosuppression with transfer of 20 

million bone marrow cells one hour after AMD3100 injection; filled diamonds: transient 

immunosuppression with transfer of 50 million bone marrow cells; open squares: transient 

immunosuppression with transfer of 100 million bone marrow cells. B: Survival of 

secondary skin allografts. Recipient C57BL/6 mice of BALB/c primary skin allografts were 

re-grafted with BALB/c donor-type and CBA/Ca third-party skin allografts from 120 days 

after primary skin grafting. Dashed lines: CBA/Ca allografts. Solid lines: BALB/c allografts. 

Filled circles: no bone marrow transplantation and no immunosuppression (negative 

control); filled squares: transient immunosuppression without bone marrow transplantation; 

open circles: transient immunosuppression with transfer of 20 million bone marrow cells; 

slashed circles: transient immunosuppression with transfer of 20 million bone marrow cells 

one hour after AMD3100 injection; filled diamonds: transient immunosuppression with 

transfer of 50 million bone marrow cells; open squares: transient immunosuppression with 

transfer of 100 million bone marrow cells. C: Mixed hematopoietic chimerism and 

circulating T lymphocyte levels in peripheral blood 90 days after mice received 0, 20, 50 

and 100 million donor bone marrow cells with or without transient immunosuppression.
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