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Abstract

Purpose—To develop a murine total marrow irradiation (TMI) model in comparison with the 

total body irradiation (TBI) model.

Materials and Methods—Myeloablative TMI and TBI were administered in mice using a 

custom jig, and the dosimetric differences between TBI and TMI were evaluated. The early effects 

of TBI/TMI on bone marrow (BM) and organs were evaluated using histology, FDG-PET, and 

cytokine production. TMI and TBI with and without cyclophosphamide (Cy) were evaluated for 

donor cell engraftment and tissue damage early after allogeneic hematopoietic cell transplantation 

(HCT). Stromal derived factor-1 (SDF-1) expression was evaluated.
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Results—TMI resulted in similar dose exposure to bone and 50% reduction in dose to bystander 

organs. BM histology was similar between the groups. In the non-HCT model, TMI mice had 

significantly less acute intestinal and lung injury compared to TBI. In the HCT model, recipients 

of TMI had significantly less acute intestinal injury and spleen GVHD, but increased early donor 

cell engraftment and BM:organ SDF-1 ratio compared to TBI recipients.

Conclusions—The expected BM damage was similar in both models, but the damage to other 

normal tissues was reduced by TMI. However, BM engraftment was improved in the TMI group 

compared to TBI, which may be due to enhanced production of SDF-1 in BM relative to other 

organs after TMI.
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Introduction

Total body irradiation (TBI) has been widely used as a standard component of the 

conditioning regimen for allogeneic hematopoietic cell transplantation (HCT) [1]. In 

addition to immunosuppression, TBI also provides a measure of leukemic control, especially 

in acute lymphoblastic leukemia (ALL) [2]. However, traditional TBI exposes un- or 

minimally involved vital organs, such as the gastrointestinal tract, lungs, eyes, liver, heart 

and kidneys to significant radiation, contributing to regimen-related toxicity and treatment-

related mortality (TRM) [3, 4]. Although a higher TBI radiation dose might overcome the 

increased risk of relapse, it also increases TRM, resulting in no overall survival benefit [5]. 

New conditioning strategies that simultaneously facilitate engraftment, provide leukemic 

control, and minimize organ toxicities are needed.

Given this unmet clinical need, a total marrow irradiation (TMI) protocol was developed and 

has been evaluated in clinical trials [6–8]. TMI focuses the field of delivered radiation to the 

bone marrow and other neoplastic foci while sparing non-target adjacent tissues, providing 

an enhanced therapeutic ratio (dose to sites of disease/dose to vital organs). Thus, it may be 

possible to increase the radiation dose to the sites of greatest disease burden while sparing 

less involved tissue to reduce overall pathologic effects. However, because of the lack of 

preclinical models, there is little understanding of the biological and mechanistic differences 

between TBI and TMI and their influence on bone marrow engraftment.

To address this gap in knowledge, we first developed a mouse model of TMI to test the 

hypothesis that TMI would induce less damage to organs but result in a similar marrow 

response compared to TBI. Then, we developed a clinically relevant TMI and chemotherapy 

transplant model to test the hypothesis that TMI would result in efficient engraftment while 

reducing risks of conditioning- and acute graft-versus-host disease-(GVHD)-mediated tissue 

damage. Furthermore, we analyzed underlying molecular mechanisms of those benefits of 

TMI by measuring the changes in stromal-derived factor 1 (SDF-1), a chemoattractant 

associated with successful engraftment [9], as well as epidermal growth factor (EGF) and 

amphiregulin (AREG), which are growth factors associated with wound healing responses.
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Methods

Animal studies were approved by the Institutional Animal Care and Use Committee 

(IACUC #1106A00461) at the University of Minnesota. All rodents were kept in a standard 

vivarium and were fed a regular diet and water ad libitum.

Image Guided TMI delivery system

A targeted irradiation jig (TIG) made of Styrofoam was built to deliver TBI and TMI 

treatments using an X-RAD 320 Biological X-ray Irradiator set up for large-field irradiations 

[10] (Figure 1A). Radiation exposure time and use of portal film were optimized to 

distinguish the skeletal system, organs and placement of compensators (Figure 1A ii). TBI 

was delivered with an open beam, whereas TMI was delivered by adding 2 mm copper 

compensators on the gut, lungs, and eyes, and placement was verified using XV films. In 

vivo dose verification was performed using thermoluminescent dosimeters (TLDs) and 

Gafchromic® EBT3 films. The dose reduction to vital organs was compared with that in our 

recent clinical TMI study. Further details of the experimental setup are described in 

Supplemental Methods.

TBI and TMI treatment effect in mice without HCT

BALB/c female mice (14–16 weeks old, Harlan Sprague Dawley, Inc., IN) were divided into 

3 groups (6–8 mice per group): no radiation, 8 Gy TBI, and 8 Gy TMI. All mice were 

anesthetized with an intraperitoneal injection of a ketamine (80 mg/kg)/xylazine (6 mg/kg) 

anesthetic combination before irradiation. Control mice (no irradiation) were similarly 

anesthetized. Two days after radiation, the bone marrow and small intestine were evaluated 

(Figure 1B). Tissues were fixed, embedded in paraffin and evaluated semi-quantitatively for 

histological changes [11]. Tissue metabolic damage was evaluated in a subset of mice using 

longitudinal fluorodeoxyglucose (FDG) micro-PET/CT imaging following the method 

described previously [12, 13].

Allogeneic HCT procedure

Male C57BL/6 mice (14–16 weeks old, Jackson) were used as recipients, and female 

BALB/c (8–10 weeks old, Jackson) were used as donors for the study (Figure 1B). The 

recipient mice received either intraperitoneal phosphate buffered saline (PBS) or 

cyclophosphamide (Cy; Bristol Myers Squibb, Seattle, WA), 120 mg/kg per day as a 

conditioning regimen pre-HCT on days −2 and −1. At day 0, all mice were irradiated with 8 

Gy of TBI or TMI. Recipient mice were transplanted via a caudal vein with 10 × 106 T cell-

depleted BALB/c bone marrow. At day 7, mice were euthanized, and the bone marrow was 

evaluated for donor marrow engraftment of H-2d+ cells by flow cytometry. Marrow and 

tissue SDF-1 expression in mice receiving TBI versus TMI was evaluated by 

immunohistochemistry at 3 or 6 days after HCT. GVHD target organs were embedded in 

OCT, frozen, and analyzed as previously described [14]. Enhanced green fluorescent protein 

(EGFP) transgenic mice were used as a donor for verification of engraftment using a 

fluorescence microscope. Details of image-guided TMI development; histological analysis; 

flow cytometric and optical imaging for engraftment; and measurement of cytokines, 

chemokines, and growth factors are outlined in Supplemental Methods. Because the 
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uncertainty of the compensator placement may also reduce the dose to the spleen to 4 Gy 

(instead of 8 Gy), the effect of two different irradiation doses on the spleen was performed, 

and no effect on engraftment was demonstrated (Supplement S3).

Statistical Methods

Statistical comparisons across categorical variables were completed using chi-square tests. 

Differences in continuous variables across categories were completed using Student’s t-tests 

or Kruskal-Wallis tests for non-parametric data [15]. P < 0.05 was considered to be 

significant.

Results

Image Optimization and Radiation Dosimetry

The XV film at low dose (7.5 cGy) exposure provides a reasonable contrast for anatomical 

guidance identifying compensator placement and the skeletal system (Figure 1A (ii)). Figure 

1A (iii) and (iv) show the organ dose distribution measured using TLD and film. With TMI, 

the dose to vital organs was reduced by 30–50% compared to TBI, whereas the dose to 

vertebral bone was not affected. The percent of organ dose reductions in TMI for the mouse 

model were comparable to clinical TMI studies (Supplement S1).

Comparative evaluation of radiation-induced injury after TBI or TMI without HCT

TBI and TMI induced similar myeloablation as indicated by bone marrow (BM) cellularity, 

cell proliferation (Ki-67 positive cells) and decreases in the number of nucleated BM cells 

(Figures 2A and B). The TMI mice had less gastrointestinal pathology than TBI mice 

(Figure 3A). Mice receiving TBI had significantly diminished villus height compared to 

TMI (p<0.0001, unpaired t test). In comparison to the pre-treatment control, the reduction in 

metabolic activity of the lungs (p=0.018), liver (p=0.024), and intestine (p=0.034) were 

significant and nearly significant in the femur (p=0.079) after TBI (Figure 3B), but non-

significant metabolic changes were observed after TMI, indicating a less severe effect of 

TMI exposure. However, the differences in metabolic activity between TBI and TMI were 

not significant. EGF expression in the intestine (especially in crypt cells) and expression of 

IL-10 and SDF-1 in lung tissue was significantly increased after TBI or TMI exposure 

compared with control mice, but no difference was observed between TBI and TMI 

(Supplement Figure S2).

Comparative evaluation after HCT

To evaluate the early effect of TMI on donor cell engraftment, we preconditioned mice with 

TBI or TMI with or without Cy. We found that there was a significant increase in donor BM 

cell engraftment in the TMI− or TMI+ Cy-treated mice (p<0.005) compared to their TBI− or 

TBI+ Cy-treated counterparts at day 7 after HCT (Figure 4A). To understand the apparent 

enhanced early engraftment with TMI, we assessed SDF-1 staining of marrow and other 

organs (Figure 5A). A relative increase in the organ/BM SDF-1 ratio was observed at day 3 

in the TBI group compared to TMI (Figure 5B). After day 3, TMI mice had a relatively 

higher villus height (Figure 6A). The levels of the GVHD-related tissue repair factor EGF 

and damage factor AREG in the intestine differed significantly from week 1 to week 4, with 
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EGF decreasing over time and an abnormally elevated AREG/EGF ratio at week 4 in TBI-

exposed animals (Figure 6B). EGF levels in TMI treated animals did not differ significantly 

from controls. Chemotherapy exposure did not impact EGF or AREG protein concentrations 

in the intestine in either TMI-or TBI-treated mice (not shown). However, EGF significantly 

decreased over time (p=0.04) in comparing TBI week 1 and TBI week 4, resulting in a high 

AREG/EGF ratio at week 4 in TBI-treated animals. A high AREG/EGF ratio in the intestine 

in TBI at week 4 is suggestive of unresolved damage and possibly worse GVHD outcomes. 

In the lung, recipients of TBI had lower EGF compared with levels in TMI, when comparing 

both groups without chemotherapy exposure. Recipients of TBI + Cy had the lowest AREG 

compared to TMI + Cy and control animals (Figure 6B). Our observation of Cy exposure 

with significantly lower AREG levels in TBI-exposed animals, but not TMI-exposed 

animals, suggesting less physiologic lung tissue repair capacity in recipients of TBI, 

especially after Cy. There were no differences in classic inflammatory cytokines involved in 

the pathophysiology of GVHD (TNFα, IL-1b, and IL-17) between these groups (not 

shown). GVHD histological scores were significantly worse at day 7 in the spleen (median 

score 2.5 versus median score 1.5, p=0.03) in TBI + Cy versus TMI + Cy exposed animals. 

No TMI recipient had skin GVHD, versus 2 TBI recipients with skin manifestations of 

GVHD. GVHD histological severity scores did not differ significantly in the gut or liver 

between TBI or TMI-exposed animals (not shown), despite the observed differences in 

tissue repair factors in the intestinal tissues.

Discussion

We developed a novel pre-clinical TMI model to complement ongoing clinical TMI 

investigations used in hematological malignancies globally. We presented dosimetric details 

of TMI and consequent biological differences with commonly used TBI. In the non-

transplant acute phase setting, whereas similar structural and functional changes in the bone 

marrow were observed after radiation, TMI provided a more protective biological effect, 

reducing intestinal and lung injury compared to TBI. In the allogeneic transplant setting, 

mice receiving TMI with or without chemotherapy showed enhanced donor marrow 

engraftment compared to their TBI counterparts, potentially initiated by the preferential and 

early activation of the chemo-attractant SDF-1 in the BM.

Marrow myelosuppressive effects were similar in both TBI and TMI treated mice. There 

were also similarities observed in hematopoietic cell proliferation activity. The difference in 

BM engraftment efficiency (i.e., lower in TBI and higher in TMI) may be explained by a 

chemokine gradient phenomenon (schematic presentation in Figure 5B). In TBI, a relative 

increase in SDF-1 in organs with respect to bone marrow may cause a higher chemokine 

gradient towards the peripheral niche compared to the BM niche, attracting migratory donor 

cells from blood to organs and resulting in fewer donor cells being available to reach the BM 

niche for engraftment. With respect to TMI, the chemokine gradient may be reversed (higher 

SDF-1 in BM regions relative to non skeletal organs), enabling directional migration of cells 

towards the BM niche at relatively higher numbers. Our results are consistent with a role for 

SDF-1α/CXCR4 interactions in hematopoietic stem cell (HSC) homing to bone marrow [9, 

16–18].
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However, further confirmation will be required to understand the mechanistic role of SDF-1 

in TMI settings. It appears that TMI may potentially modulate cell migration by 

differentially targeting radiation to bone marrow and minimizing induction of SDF-1 

expression in other organs. To enhance the efficiency of HCT, TMI could be beneficial and 

an alternative to direct bone marrow HSC transplantation [19, 20] or glucocorticoid hormone 

pretreatment [21]. SDF-1 is a chemo-attractant potentially originating from multiple sources, 

including megakaryocytes, endothelial cells, and osteoblasts [22]. Increased radiation and 

hypoxia leads to increased SDF-1 [23, 24]. Whether SDF-1 impacts engraftment in the 

context of increased bone marrow targeted radiation will be of relevance to clinical dose 

escalation trials [25, 26].

Another aspect of TMI development is to assess early tissue damage and repair. In non-

transplanted mice, median villus height was significantly greater in the TMI mice as 

compared to the TBI mice. Metabolic function of vital organs, as determined by PET scan, 

may be preserved in TMI mice and could potentially be used as a non-invasive marker, 

similar to previously reported initiatives to assess organ toxicity by an FDG PET scan [27–

30]. Increased recovery of metabolic function after TMI may be a result of the 

gastrointestinal-protective effect of TMI [31]. These findings indicate significantly less 

intestinal damage in the TMI mice as compared to the TBI mice. Although the anatomic 

signature of tissue regeneration will require longer follow up, we attempted to find any early 

molecular signature, including the role of epidermal growth factor in this context. Both EGF 

and AREG are essential in the early phase of a wound healing response, but over time an 

elevated AREG/EGF ratio indicates incomplete tissue repair and is associated with poor 

outcomes in aGVHD [32, 33]. The TMI model appears to preserve tissue repair capacity, as 

determined by EGF and AREG, better than TBI exposure. TMI may be an alternative 

method [e.g., keratinocyte growth factor (KGF) and other approaches] to ameliorate organ 

injury associated with the conditioning regimen [34]. Future studies will be required to 

further attenuate lung and intestinal radiation doses to diminish the risk of organ damage, 

acute and chronic GVHD, and other long-term effects.

The experimental model presented here was limited to a single radiation dose, which does 

not fully represent how TMI is delivered in clinical trials today with different doses and dose 

fractions. Moreover, dose enhancement to bone because of photoelectric absorption will 

occur [35]. However, mice were exposed to the same beam and using the same setup/

orientation for both TBI and TMI. A new onboard computed tomography (CT) image-

guided TMI system is being developed to enhance speed and dosimetric precision. Further 

studies to assess the relationship of even greater radiation dose differentials between the 

marrow and vital organs, and the extent of organ damage over time will be needed to 

optimize the benefits of TMI. The overarching clinical goal of these studies is to increase 

therapeutic gain (targeted radiation to bone marrow vs vital organs), to facilitate rapid 

engraftment and to spare vital organs, while simultaneously reducing relapse risk in patients 

who are at high risk of both toxicities of transplantation as well as relapse of their 

hematologic malignancy.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schema of image guided total marrow irradiation in mice. A. (i) Targeted Irradiation Jig 

with accessories, (ii) Radiograph of the mice with and without compensators in the jig, (iii) 

Organ dose measured using micro TLD, and (iv) isodose lines obtained from the 

Gafchromic film at the exit. B. Treatment Schema (i) Radiation without bone marrow 

transplant (BMT) and (ii) Radiation with BMT.
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Figure 2. 
Demonstration of marrow and serum differences among control, TBI, and TMI treatment 

conditions using A. Cellularity (H&E), and cell proliferation (Ki67 staining) of bone marrow 

(femur), B. Nucleated cell quantification presented as average number of cells per field.
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Figure 3. 
Demonstration of the differential impact of TBI versus TMI on organs at day 2 without 

HCT. A intestinal anatomical changes and measurements of villus height and crypt depth, B. 

Metabolic changes measured by longitudinal PET imaging. Image fusion registration of 

PET/CT whole body images before and after TBI or TMI and the SUV for various tissues 

were measured.

Hui et al. Page 11

Radiother Oncol. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Bone marrow engraftment (allogeneic transplant model) at day 7 after TMI versus TBI. A. 

Engraftment pattern for TMI versus TBI with and without chemotherapy (Cy) as monitored 

by flow cytometry, B. Engraftment as monitored by fluorescence imaging.
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Figure 5. 
Intestinal tissue damage assessment and marrow and tissue SDF-1 expression in mice 

receiving TBI versus TMI, 3 days after HCT. A. Intestinal histology and measured villus 

height and crypt depth. B. Tissue SDF-1 measurement by IHC is presented for various 

organs. The derived ratios of SDF-1 in organs with respect to bone marrow are also 

presented. A schematic presentation showing, for TBI, increased SDF-1 chemokine gradient 

towards the peripheral niche compared to the BM niche, attracting migratory donor cells 

from blood to organs; for TMI the reverse migration occurs, with higher chemokine gradient 

towards the BM niche.
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Figure 6. 
Tissue damage and repair factors in the intestine and lung after HCT. A. Intestinal histology 

and measured villus height. B EGF and AREG activity in intestine and lung at week 1 and 

week 4 after HCT. Bars are mean +/− SEM
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