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Total marrow irradiation
reduces organ damage and
enhances tissue repair with the
potential to increase the
targeted dose of bone marrow
in both young and old mice

Ji Eun Lim1†, Srideshikan Sargur Madabushi1†,
Paresh Vishwasrao1, Joo Y. Song2, Amr M. H. Abdelhamid1,3,4,
Hemendra Ghimire1, V. L. Vanishree1, Jatinder K. Lamba5,
Savita Dandapani1, Amandeep Salhotra6, Mengistu Lemecha7,
Antonio Pierini8, Daohong Zhao9, Guy Storme10,
Shernan Holtan11, Cynthia Aristei3, Dorthe Schaue12,
Monzr Al Malki6† and Susanta K. Hui1*†

1Department of Radiation Oncology, City of Hope National Medical Center, Duarte,
CA, United States, 2Department of Pathology, City of Hope Comprehensive Cancer Center, Duarte,
CA, United States, 3Radiation Oncology Section, Department of Medicine and Surgery, Perugia
University and General Hospital, Perugia, Italy, 4Department of Oncology and Nuclear Medicine,
Faculty of Medicine, Ain Shams University, Cairo, Egypt, 5Department of Pharmacotherapy and
Translational Research, College of Pharmacy, University of Florida, Gianesville, FL, United States,
6Department of Hematology and Hematopoietic Cell Transplantation, City of Hope National
Medical Center, Duarte, CA, United States, 7Department of Molecular and Cellular Biology,
Beckman Research Institute, Duarte, CA, United States, 8Division of Hematology and Bone Marrow
Transplantation, Perugia General Hospital, Perugia, Italy, 9Department of Biochemistry and
Structural Biology, Univeristy of Texas (UT) Health San Antonio, San Antonio, TX, United States,
10Department of Radiotherapy Universitair Ziekenhuis (UZ) Brussels, Brussels, Belgium, 11Blood and
Marrow Transplant Program, Department of Medicine, University of Minnesota, Minneapolis, MN,
United States, 12Department of Radiation Oncology, University of California, Los Angeles (UCLA),
Los Angeles, CA, United States
Total body irradiation (TBI) is a commonly used conditioning regimen for

hematopoietic stem cell transplant (HCT), but dose heterogeneity and long-

term organ toxicity pose significant challenges. Total marrow irradiation (TMI),

an evolving radiation conditioning regimen for HCT can overcome the

limitations of TBI by delivering the prescribed dose targeted to the bone

marrow (BM) while sparing organs at risk. Recently, our group demonstrated

that TMI up to 20 Gy in relapsed/refractory AML patients was feasible and

efficacious, significantly improving 2-year overall survival compared to the

standard treatment. Whether such dose escalation is feasible in elderly patients,

and how the organ toxicity profile changes when switching to TMI in patients of

all ages are critical questions that need to be addressed. We used our recently

developed 3D image-guided preclinical TMI model and evaluated the radiation

damage and its repair in key dose-limiting organs in young (~8 weeks) and old
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(~90 weeks) mice undergoing congenic bone marrow transplant (BMT).

Engraftment was similar in both TMI and TBI-treated young and old mice.

Dose escalation using TMI (12 to 16 Gy in two fractions) was well tolerated in

mice of both age groups (90% survival ~12 Weeks post-BMT). In contrast, TBI at

the higher dose of 16 Gy was particularly lethal in younger mice (0% survival ~2

weeks post-BMT) while old mice showed much more tolerance (75% survival

~13 weeks post-BMT) suggesting higher radio-resistance in aged organs.

Histopathology confirmed worse acute and chronic organ damage in mice

treated with TBI than TMI. As the damage was alleviated, the repair processes

were augmented in the TMI-treated mice over TBI as measured by average

villus height and a reduced ratio of relative mRNA levels of amphiregulin/

epidermal growth factor (areg/egf). These findings suggest that organ sparing

using TMI does not limit donor engraftment but significantly reduces normal

tissue damage and preserves repair capacity with the potential for dose

escalation in elderly patients.
KEYWORDS

total marrow irradiation, bone marrow transplantation, aging, tissue damage, tissue
repair, DNA damage
Introduction

Total body irradiation (TBI) has been a standard component

of the conditioning regimen for hematopoietic stem cell

transplantation (HSCT) for hematological malignancies (1–3).

The success of HSCT is often determined by a balance of

providing adequate conditioning for engraftment and

eradicating residual cancerous cells versus organ toxicity from

conditioning and the subsequent risk of graft-versus-host

disease. Previous research has shown that increasing the TBI

dose (12 Gy to 15.75 Gy) in patients with high risk of relapse

reduced leukemia relapse, although there was no survival benefit

because of treatment-related mortality due to radiation toxicity

to organs (4). To reduce the irradiation toxicity in the vital

organs and to increase targeting of residual cancer cells,

computed tomography (CT) image-guided total marrow

irradiation (TMI) was developed and translated for clinical

studies (5–7). Several research groups have used the TMI

conditioning regimen to improve the outcome of patients with

leukemia in HSCT (8–10). Our recent success with clinical TMI

suggests that targeted marrow radiation is feasible and improves

survival by decreasing both toxicity and relapse (11, 12).

Furthermore, we recently initiated a dose escalation study in

the older patient population (>55 years) to expand the HCT for

patients with relapsed/refractory AML (CTN # NCT03494569).

Determination of how the toxicity profile will change between

TBI to TMI and whether dose escalation will be feasible in older

patients is an unmet need.
02
TBI with or without chemotherapy prior to HCT has short-

term and long-term treatment-related toxicities including acute

and chronic GVHD, pneumonitis, mucositis, diarrhea, cardiac

dysfunction, hypothyroidism and chronic kidney disease (13–

18). Efforts to reduce TBI toxicities include hypo/hyper

fractionation, dose rate, shielding organs at risk (OAR) and

conformal Intensity modulated techniques to give higher doses

to the target volume while sparing doses to surrounding tissues

(19–26). Although these efforts provide some protection to OAR

and improve treatment related toxicities, long-term toxicities are

still a major concern. TMI is a compelling alternative as it

provides an opportunity for dose escalation towards enhanced

leukemia cell killing without severe tissue/organ adverse effects

observed with TBI. This is particularly crucial for older patients

who cannot receive myeloablative conditioning, resulting in

increased relapse and graft failure risks. Therefore, dose

escalation using TMI in the elderly offers a real chance to

enhance the therapeutic ratio and addresses an urgent clinical

need. However, a comparative evaluation of organ toxicity,

particularly for dose escalation, between TMI and TBI cannot

be achieved in the clinic because of increased treatment-related

mortality reported earlier (4).

Previous research has indicated several mechanisms by

which TMI may prove more beneficial than TBI as a

conditioning platform (27). We previously evaluated

dosimetric and biological differences of TMI versus TBI in

rodents early point after irradiation (28). Our first-generation

film-based preclinical 2D TMI model provided limited
frontiersin.org
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dosimetric information for vital organs, thereby limiting

mechanistic understanding of tissue damage from TMI or TBI.

To overcome this limitation, we recently developed a three-

dimensional multimodal image-guided TMI model for

preclinical mouse study, which provided organ-specific

quantitative dosimetry (dose volume histogram) and

successfully used this TMI technique in BMT model (29).

The next critical step is an assessment of how TBI versus

TMI causes changes in vital organ tissue damage and repair

mechanisms. Previous studies suggest amphiregulin (AREG),

the epidermal growth factor (EGF) receptor ligand has a critical

role in organ development and promotes tissue repair under

inflammatory conditions (30–32). Additionally, circulating

AREG is elevated at the onset of acute and life-threatening

GVHD (33) a major treatment related toxicity after radiation

conditioning, and it portends poor prognosis. It is found during

states of unresolved tissue damage, particularly if markedly

elevated relative to EGF (34). In addition, AREG is activated

in type 2 immune response and inflammatory lesions (34–36).

Here we demonstrate that AREG/EGF levels correlate with

damage/repair processes in organs post radiation and BMT in

mice, furthering our ability to distinguish between TBI versus

TMI in the context of gastrointestinal resistance and the effects

of aging.
Materials and method

Animals

Animal studies were approved by the Institutional Animal

Care and Use Committee at the City of Hope, National Medical

Center, Duarte, CA. The C57BL/6J mice (JAX 000664) and

B6.SJL-Ptprca Pepcb/BoyJ (JAX 002014) were purchased from

Jackson laboratory, Maine, USA, and housed at the COH

animal facility.
TMI treatment plan

The image guide-TMI treatment strategy was developed as

described (29). Both young and old mice were irradiated with

TMI/TBI (2 fractions 24h apart) at -2 and -1 day before BMT.

The radiation treatment used in this study: TMI (12:4), TBI

(12:12), TMI (16:4), and TBI (16:16), with the first value

indicating the dose delivered to the bone marrow and spleen

and the second value indicating the dose to all other organs.

Radiation beam layout of TBI and TMI by regions (beam size,

isocenter location, normalization point) is provided in

supplementary figure S1 and supplement table 1 [modified

Supplementary Table 1 of (29)]. For TBI planning, mouse
Frontiers in Oncology 03
CBCT scans were divided into 3 regions for treatment

optimization, and parallel opposed beams with a beam size of

40 mm square collimators were used to create a homogenized

dose within the center of the beams in each region. For TMI

planning, mouse CT scans were divided into 7 regions for

treatment optimization. Beam sizes varied (40 x 40mm to 5mm

square or circle) for different regions using different collimator

settings. Supplementary Figure S1C, shows a parallel opposed

radiation beam width (green) covering the spine. In addition,

the prescribed dose to the head including skull and oral cavity

was maintained at 12 Gy for all TMI treatment plans, to

prevent increased toxicit ies l ike mucosit is in dose

escalated treatments.
Congenic bone marrow transplantation
and engraftment

A congenic BMT was carried out by transplanting donor

(CD45.1) BM cells into irradiated recipient (CD45.2) mice. The

recipient mice were irradiated with TMI/TBI (2 fractions, 24 h

apart) and transplanted with donor BM cells 24 h post radiation.

Donor Bone marrow (BM) were harvested from femur and

tibiae of young donor mice (8 weeks old, B6.SJL-Ptprca Pepcb/

BoyJ and a total of 25 million whole BM cells were injected into

irradiated recipient mice (8 weeks young or 90 weeks old mice,

CD45.2, C57BL/6j, JAX 000664) for BMT. To check donor

engraftment, peripheral blood was collected from the tail vein

and cells were stained with Percp-Cy5.5 anti-CD45.1 antibody

(#110728, Biolegend) and APC anti-CD45.2 antibody (#109814,

Biolegend) after RBC lysis with ACK (#A1049201, Thermo

scientific). Donor chimerism was analyzed by flow cytometry

using a BD LSR Fortessa (BD Biosciences, San Jose, CA) with

data analysis using FlowJo V10.1 software.
H&E and trichrome staining

Tissue damage was estimated at 12 weeks after Rx/BMT by

H&E staining including aged-matched unirradiated controls.

Liver, gut, and lung tissues were collected and fixed with 10%

Neutral Buffered Formalin for 2 days. Specifically, for gut

harvest, 1 cm of jejunum (~14 cm apart from the stomach)

were collected. Formalin-fixed, paraffin embedded tissues

(FFPET) were cut at 3-4-micron sections and stained with

hematoxylin and eosin (H&E) for morphologic evaluation.

Villus height was quantified using Image J (NIH).

FFPET sections were also stained with a Trichrome kit to

determine the extent of fibrosis in the lung, liver and gut

according to the manufacturer’s recommended protocol

(StatLab, Cat# KTMTR2LT).
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Immunofluorescence staining

Tissues were fixed in 10% neutral buffered formalin (NBF)

for 1-2 days and incubated in 30% sucrose in PBS for 2 days at

4°C and then embedded in OCT compound. Frozen sections

were used for immunofluorescence staining. To detect g-H2AX

Phospho-Histone H2AX (Ser139) (#2577, Cell signaling, USA),

and FITC conjugated anti-Rabbit secondary antibody were used.

Phalloidin-Fluor 594 (ab176757, Abcam, USA) was used for F-

actin staining. Cells were mounted with Vectashield mounting

medium containing DAPI (Vector Laboratories, USA) and

scanned under a Zeiss LSM 900 confocal microscope (Carl

Zeiss). Cell counts of gH2AX+ and total cells were measured

by ImageJ.
qPCR analysis

Tissue mRNA was extracted using the RNeasy mini kit

(Qiagen, #74106, USA). For cDNA synthesis, 1 µg mRNA was

reverse transcribed using the high capacity cDNA reverse

transcription kits (Life technologies #4369913, USA). Real time

PCR was proceeded with Taqman Fast Advanced Master Mix

(Thermo Scientific #4444965) according to the manufacturer’s

instructions. The following Taqman probes were used for qRT-

PCR: Taqman probes Mouse Amphiregulin (Mm00437583_m1),

Taqman probes Mouse EGF (Mm00438696_m1), and Taqman

probes Mouse GAPDH (Mm99999915_g1). All reactions were run

in duplicate with 45 cycles, on a Quant Studio 3 (Applied

Biosystems, by Thermo Scientific, USA). qPCR cycle: Initial

denaturation 95°C, 20 s; 45 cycles 95°C, 1 s; 60°C. 20s. ΔCt

method was used for the calculation of target gene expression by

normalizing to the housekeeping gene, GAPDH.
Statistics

All data are presented as Means ± SEM values. Statistical

analyses were conducted using Prism (GraphPad) software. The

unpaired Student’s t-test, Log-rank (Mantel-Cox) test, and Two-

way ANOVA test were applied for testing at a 5% level of

significance (*P-value < 0.05).
Result

TMI treatment plan maintains
prescription dose to bone marrow while
reducing doses to vital organs

One of the most important advantages of our image guided

TMI set-up is the ability to control the radiation dose to all
Frontiers in Oncology 04
organs, allowing us to precisely deliver BM treatment at a

reduced dose to vital organs such as liver, lung, gut, and

kidney, i.e. limiting normal tissue damage. Using this system,

we have previously shown that TMI (12:4) is myeloablative in

young mice (29) with further dose escalation feasible to 16 Gy

BM dose, a 33% increase in dose, without changing the dose to

the rest of the body which was maintained at 4 Gy, i.e. 16:4. Dose

painting clearly indicates that the radiation dose in TMI is

reduced in comparison to TBI which receives 100% of

prescribed doses (Figure 1A). The mean organ dose to 50%

volume (D50) is significantly reduced in all vital organs

following TMI, be it in the (12:4) setting or at (16:4). For

instance, there is 55-60% less dose to lung, 36-40% less to

kidney, 55-60% less to liver, and the GI dose dropped by 55-

60%, compared to TBI (~100% dose to all organs) (Figures 1B–

D). The D10 (dose cover 10% volume) for liver, lung and kidney

was ~80-90% of the prescribed dose, whereas D10 for GI was

about 50% of the prescription dose suggesting that ~10% volume

of lung, kidney and liver must have been near the planning target

volume (PTV) i.e bone marrow. Importantly, the radiation dose

to the BM was similar between TMI and TBI. The DVH of

different organs is shown (Table 1). Overall, this supports the

notion that compared to TBI, TMI treatment planning

significantly reduces normal tissue exposure.
TMI based dose escalation is well
tolerated in both young and old mice

We evaluated whether dose escalation was feasible in both

young and old mice. The study design is shown (Figure 2A). In

both age groups, TMI (12:4) and TMI (16:4) were well tolerated

and ~over 70% of mice survived 3 months post BMT

(Figures 2B, C). Although TBI 16 Gy was well tolerated in old

mice (Figure 2B), it was lethal in young mice (Figure 2C). Old

mice treated with TMI (12:4) or TBI (12:12) had increased 12-

week survival post BMT compared to aged-matched controls

(Figure 2B). Despite TMI (16:4) and TBI (16:16) having similar

overall 3 months survival, although not significant, the onset of

mortality was much earlier when 16 Gy was given in the TBI

setting (within 2-3 weeks of exposure), reminiscent of

hematopoietic acute radiation syndrome (Figure 2B, p=0.09).

This also suggests that the cause of death in 16 Gy TMI mice was

likely different.

As part of toxicity analysis, body weight was measured

before Rx/BMT treatment and then every week post BMT to

determine % weight loss post BMT. The body weight of

untreated young control mice started at a baseline average of

20g ± 2g and increased over time unlike untreated old control

mice that decreased from their baseline value of 40g±5g)

(Figures 2D, E). As expected, all irradiated mice (young and

old) showed significant weight reduction compared to untreated
frontiersin.org
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aged-matched controls at 1-2 week after exposure (p-value in

Supplementary Figures S2–S4) with little or no difference

between TMI (12:4) or TBI (12:12) amongst young and old

mice, respectively (Figure 2E p<0.05, Figure 2D). Old mice

treated with TBI (16:16) showed accelerated weight loss at 2

weeks after TBI which was not observed in TMI (16:4) treated

mice (Figure 2D). Young mice, starting at a much lower baseline

weight than old mice (20g vs 40g), were unable to tolerate

treatment with TBI (16:16) and died within a week suggesting

acute GI-death (Figure 2E). In addition, because there is the

difference of body weight between young control and old control
Frontiers in Oncology 05
mice, we checked the food intake in old vs. young mice. The food

intake and caloric intake per day was not different between

young and old mice (Supplementary Figure S5). This is in line

with what we know about the importance of age and weight as it

relates to in vivo radiation toxicity in mice. Further, examining

donor engraftment in peripheral blood of Rx/BMT old recipient

mice we observed more than 90% donor chimerism at 4 and 8

weeks irrespective of age (young or old), of treatment type (TMI

or TBI at 12 Gy), or radiation dose when given as TMI (12 or 16

Gy) (Figures 2F–I). In essence, TMI and TBI at the 12 Gy BM

dose are isoeffective with respect to donor chimerism.
B

C D

A

FIGURE 1

TMI vs. TBI strategy. Dose distribution for different radiation treatment regimens. (A) Radiation dose distribution of imaged-guided TMI or TBI
strategy. Color painting of radiation dose 0-60 Gy. TMI showed 40-75% less radiation dose in liver, lung, and gut than TBI. (B) Dose volume
histogram (DVH) of intestine. (C) DVH of liver. (D) DVH of lungs.
TABLE 1 Dose Distribution for different radiation treatment.

Regimens TMI (12:4) TBI (12:12) TMI (16:4) TBI (16:16)

Dase stat D50 (Gy) D10 (Gy) D50 (Gy) D10 (Gy) D50 (Gy) D10 (Gy) D50 (Gy) D10 (Gy)

Intestine 4.8 5 11.9 12.6 5.2 5.4 15.5 16.4

Lungs 6.7 11.3 11.4 12.6 8.1 14.9 14.9 16.4

Liver 5.5 9.3 12.3 12.6 6.2 12 16 16.4

Kidneys 7.75 10.2 12.4 12.75 9.55 13.2 16.15 16.65

Spleen 12.9 17.8 12.7 12.9 17.2 Z4.6 16.5 16.8

PTV
(Bones)

31.6 35.8 32 36.8 42.2 47.9 42.5 48.7
fronti
Dosimetry of PTV (Bones) and vital organs (Liver, Lung, Kidney, Intestine, spleen) of TMI (12:4), (16:4) and TBI (12:12), (16:16). D50 = mean radiation dose covering 50% of tissue volume,
D10 = highest radiation dose covering 50% of tissue volume. D10 = highest radiation dose covering 10% of tissue volume.
ersin.org
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TMI causes less acute DNA damage in
the gut

We compared the extent of damage by measuring DNA

double strand break (DSB) following TMI or TBI treatment

using histone H2AX phosphorylation at Ser-139, i.e. gH2AX

(17). At 5 hours after irradiation, the jejunum from TBI

(12:12) treated mice showed a substantial gH2AX signal, in

comparison to TMI treated gut (Figures 3A, B and

Supplementary Figure 6). This suggests that at equal BM
Frontiers in Oncology 06
dose, TBI caused more severe DNA damage in the gut

than TMI.
TMI reduces organ damage to liver and
gut compared to TBI

We hypothesized that TMI treatment elicits less damage to

normal tissues compared to TBI. There were some changes in

other organs in old mice and after TMI and TBI (Figure 4A),
B C

D E

F G H I

A

FIGURE 2

Comparison of TMI vs. TBI in survival, and donor engraftment in old and young mice. (A) Experiment schema. A total of 25 million of whole bone
marrow cells were injected at 1 day intravenously after 2 times irradiation. (B) Survival rate of old mice for 12 weeks after BMT (Old control, n=8; TMI
(12:4), n=10; TBI (12:12), n=10; TMI (16:4), n=8; TBI (16:16), n=7). (C) Survival rate of young mice for 12 weeks after BMT (Young control, n=8; TMI (12:4),
n=10; TBI (12:12), n=10; TMI (16:4), n=10; TBI (16:16), n=10). (D) Body weight changes of old mice for 12 weeks after Rx/BMT. Mean ±SEM value. P-
value are shown in Supplementary Figure S2 and body weight changes of individual mice were shown in Supplementary Figure 4A. (E) Body weight
changes of young mice for 12 weeks after Rx/BMT. Mean ±SEM value. P-value are shown in Supplementary Figure S3 and body weight changes of
individual mice were shown in Supplementary Figure 4B. (F, G) Donor engraftment of peripheral blood in old mice at 4 weeks and 8 weeks after Rx/
BMT. Donor: CD45.1, Host: CD45.2. (H, I) Donor engraftment of peripheral blood in young mice at 4 weeks and 8 weeks after Rx/BMT. Donor: CD45.1,
Host: CD45.2. Data represent the mean±SEM, unpaired t test, Two-way ANOVA test, Log-rank Mantel-Cox test).
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B

A

FIGURE 3

TMI reduces acute DNA damage than TBI. The mice were treated with TMI and TBI and 5 h post Rx DNA DSB was assessed by staining for
gH2AX by immunofluorescence. (A) Immunofluorescence staining of gH2AX at 5h after irradiation. (Green = gH2AX, Red = F-actin, Blue = DAPI).
(Young control, n=4; TMI (12:4), n=4; TBI (12:12), n=4) (B) Percentage of gH2AX positive cells/total cells. Three fields in each section and 2
different tissue sections from 4 mice in each group were used for calculations. Enlarged images are shown in Supplementary Figure S6. (**<
0.01, ****<0.0001, unpaired t test). Scale bar = 100 µm (A).
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such as increased portal inflammation as well as increased

number of histiocytes indicative of liver damage and

hepatocyte turnover (Figure 4A, arrows). Although, no such

liver damage was observed in young mice (Figure 4B), but TBI

(16:16) was lethal to young mice. Further, Trichrome stains of

the liver also showed increased fibrosis associated with the

inflammatory cells and histiocytes (Figure 4C, arrows). Of

note, with increased radiation dose, one can appreciate the

nuclear pleomorphism of the hepatocytes with increased

nuclear size as well as occasional binucleated hepatocytes,

indicating cellular damage (Figure 4A).
Frontiers in Oncology 08
Intestine is one of the most radiosensitive organs as

intestinal cells are highly proliferative. Therefore, we

evaluated whether reduced organ dose in TMI protected the

organ in comparison to TBI and what effect dose escalation

would have on intestinal damage/repair. Histological

assessment at the 3 months follow-up time point showed

that TBI (12:12) and (16:16) treated old mice and TBI (12:12)

treated young mice had pronounced intestinal damage in

comparison to TMI (both dose levels and all age groups)

(Figures 5A, B and Supplementary Figure S7). The H&E of

TBI (12:4) and TBI (16:4) showed the blunt villi morphology
B CA

FIGURE 4

Damage of liver in TMI, TBI and untreated control in young and old mice at 12 weeks after BMT. (A) Liver histopathology in old mice. With TBI
(16:16), there was increased portal inflammation and hepatocytes (arrows) present consistent with hepatocyte damage and turnover. Nuclear
pleomorphism in the hepatocytes can be seen with increased radiation dosage. (i) Old control, (ii) TMI (12:4), (iii) TBI (12:12), (iv), TMI (16:4) and
(v) TBI (16:16). (B) Liver histopathology in young mice. Increased nuclear pleomorphism in the hepatocytes can be seen with increased radiation
dosage. (i) Young control, (ii) TMI (12:4), (iii) TBI (12:12), (iv), and TMI (16:4). (C) Trichrome staining in liver of old mice group. Increased fibrosis
can be seen associated with the histocytes and portal inflammation. (i) Old control, (ii) TMI (12:4), (iii) TBI (12:12), (iv), TMI (16:4) and (v) TBI
(16:16). Scale bar = 100 µm (A–C).
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and crypts hyperplasia compared to TMI (12:4) and TMI

(16:4). TBI (both dose levels) given to old mice caused a 20%

loss in villus height which was similar in young mice (~25%

reduction) after TBI (lower dose) treatment. In contrast, TMI

treated mice showed more healthy villus length comparable to

untreated age and Sex-matched control mice (Figures 5C, D).
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In addition, damage assessment to the lung was also carried

out at 3 months post BMT. For the old mice there was mild

reduction of alveolar spaces and thinning of the space walls with

higher doses of radiation compared to the control. According to

histopathology there were no noticeable changes in the lung, be

it in the alveolar spaces or any signs of lung fibrosis both for
B C

D

A

FIGURE 5

Damage of intestine in TMI, TBI, and untreated control at 12 weeks after BMT. The jejunum (~14 cm apart from the stomach) was collected and
fixed for paraffin cross-section. Paraffin sections were stained with hematoxylin and eosin. (A) Intestinal anatomical changes in old mice. The
H&E of TBI (12:4) and TBI (16:4) showed the blunt villi morphology and crypts hyperplasia compared to TMI (12:4) and TMI (16:4). (i) Old control,
(ii) TMI (12:4), (iii) TBI (12:12), (iv), TMI (16:4) and (v) TBI (16:16). (B) Intestinal anatomical changes in young mice. (i) Young control, (ii) TMI (12:4),
(iii) TBI (12:12), (iv), and TMI (16:4). The H&E of TBI (12:4) showed the blunt villi morphology and crypts hyperplasia compared to TMI (12:4) and
TMI (16:4). (C) Measurements of villus height in old mice. (Old control n=5, TMI (12:4), n=6; TBI (12:12), n=7; TMI (16:4), n=6; TBI (16:16), n=5).
Enlarged images are shown in Supplementary Figure 7A. (D) Measurements of villus height in young mice. (Young control, n=4; TMI (12:4), n=5;
TBI (12:12), n=4; TMI (16:4), n=5). Enlarged images are shown in Supplementary Figure 7B. The villi height of 2 different gut section per each
mouse was measured by ImageJ. (**< 0.01, ***<0.001, ****<0.0001, unpaired t-test). Scale bar = 100 µm (A, B).
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young and old mice treated with TMI and TBI at 3 months post

treatment (Supplementary Figures S8A, B). However, because

the present treatment TMI plan covers a substantial amount of

the lungs (Supplementary Figure S1C), proper pathological

assessment of lung damage comparing TBI and TMI is

challenging and needs further studies.
TBI causes persistent tissue damage after
Rx/BMT

Elevated AREG/EGF ratios can be a sign of unresolved tissue

damage highly relevant for BMT and the onset of conditioning

induced toxicity like GVHD. The relative abundance of areg and

egf mRNA in the gut (jejunum) was examined by qPCR with 12

Gy as the reference dose. A significant reduction in the areg/egf

ratio was observed when switching from TBI to TMI in both

young and old mice at 12 weeks post Rx/BMT treatment

(Figures 6A–F) with areg and egf both responding, albeit

inversely. These trends in AREG and EGF were noticeable

even a day or a week after TMI compared to TBI in the

absence of BMT, at least in young mice (Figures 6G–I).
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Although both radiation schemes drive an acute rise in AREG,

levels return to normal within one week after TMI, but not after

TBI (Figure 6I). These results correlated with chronic GI damage

identified by histopathology (see above).
Discussion

This is the first preclinical 3D image guided bone marrow

transplant study in both young and old mice for a direct,

comparative evaluation of tissue damage and repair in the

context of two treatment modalities, TBI and TMI. TMI is a

novel, targeted, radiotherapeutic HCT pre-conditioning regimen

for many hematological malignancies and disorders that is

shifting the current clinical paradigm. It is based on advances

in radiation dose delivery that allow us to precisely modulate

doses to planned target volumes and OARs, e.g., lung, liver, GI,

and kidney - a unique feature that promises to create new

opportunities in Radiation Oncology. TMI can safely enhance

the dose to the entire bone marrow, including “sanctuary sites”

to increase leukemia cell killing, while further reducing exposure

of OARs limiting acute and chronic radiation induced toxicities.
B C

D E F

G H I

A

FIGURE 6

Damage and repair in TMI, TBI, and untreated control in young mice. (A–C) Relative mRNA level of AREG/EGF ratio, AREG and EGF expression.
qPCR analysis in old mice at 12 weeks after Rx/BMT. (D–F) Relative mRNA level of AREG/EGF ratio, AREG and EGF expression. qPCR analysis in
young mice at 12 weeks after Rx/BMT. (G–I) Relative mRNA level of AREG/EGF ratio, AREG and EGF expression in young mice at day 1 and day
7 after irradiation without BMT. (* <0.05, **< 0.01, unpaired t test).
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Although a dose reduction to normal tissues during TMI has

been reported in the clinical setting, the actual damage and/or

repair in organs has yet to be characterized. In addition, the

impact of dose escalation on long term toxicities in vulnerable

patient populations such as pediatric and older patients have not

been studied. Here we evaluated the feasibility of dose escalation

in young and old mice and characterized the acute and chronic

organ damage post radiation and BMT.

The principal idea of TBI is to deliver a uniform dose of

ionizing radiation to the entire body, however radiosensitivity is

not uniform across all organs resulting in treatment related

toxicities of OAR. Despite this, TBI as conditioning for curative

HCT has been used successfully for over half a century. With the

advancement of chemotherapeutic agents and radiation

delivering techniques, the focus has been to increase the

therapeutic ratio. Currently, TMI is one of the major

innovations in Radiation Oncology that shows promising

results with a meaningful reduction in treatment related

toxicities and better disease free and overall survival. By and

large, the benefits of organ sparing using TMI in the clinic tend

to be deduced from comparisons with historical TBI data (37,

38), but the actual organ damage and tissue repair processes have

never been prospectively investigated, especially in the context of

aging and dose escalation.

Here, image guided TMI treatment plans reduced the

prescription dose to vital organs by 40-75%, while it was

~100% in TBI as shown earlier (Darren et al., 2021).

Importantly, donor engraftment was equally high in TMI and

TBI treated young and old mice. TBI treated mice showed

persistently elevated AREG/EGF ratios, which has been linked

to states of unresolved tissue damage (34). Compared to TBI,

TMI not only caused less DNA damage in the GI, but AREG/

EGF levels were also lower, and tissue regeneration accelerated

according to GI pathophysiology. The appeal in reducing tissue

damage lies in its potential to further attenuate treatment related

complications like GvHD in the allogeneic transplant setting (see

abstract Srideshikan et al. ASH 2022). This study suggests that

myeloablation is limited by the tolerance dose of major organs,

including the BM itself. In fact, the TMI model is a useful

platform for future investigation into radiation tolerance limits

of BM stroma as it relates to supporting full engraftment and

increasing the anti-leukemic effect in older patients who have

limited treatment options.

Although dose escalation using TMI was feasible in both

young and old mice with no significant difference in chimerism

or survival, younger mice were particularly sensitive to dose

escalation using TBI. In contrast, reduced turnover and/or

increased baseline cellular senescence in aged organs could

have driven radio-resistance. This is in line with Hudson et al.,

who reported that organs of younger mice are more susceptible

to radiation-induced DNA damage (39). Differences in
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individual’s radio-sensitivities will also relate back to germline

differences in DNA repair genes as well as immune signaling

genes that determine how unrepaired damage feeds into

inflammatory and immune pathways and drive the chronicity

of organ damage.

Organ damage in old animals tends not to be studied much,

partly for financial reasons. Our current study is the first

focusing on the effects of irradiation and BMT in old mice. It

is known that the myeloid to lymphoid cell ratio increases as we

age, suggesting a myeloid bias in older mice (40). Interestingly,

we show that transplanting younger donor BM cells into a

heavily irradiated, aged BM microenvironment resulted in BM

cells resembling younger mice. The myeloid to lymphoid cell

ratio was reduced after BMT in old mice in comparison to

untreated, aged and sex matched control mice (not shown).

Similarly, Guderyon et al. reported that mobilization-based

transplantation of young donor hematopoietic stem cells

without irradiation expands lifespan in aged mice (41). This

suggests that an aged BM microenvironment can adequately

support younger donor BM progenitor cells at least initially,

even after irradiation. Whether or not this can be maintained

indefinitely is crucial for long-term survival, and a question that

needs to be addressed (42).

There are some limitations of the current study. Some vital

organs that are closer to the skeletal system, such as lungs and

kidney, are still exposed to high dose of prescribed doses. As our

CT scan reveals, substantial lung volume of the lungs,

particularly closer to the spine and posterior region receives

dose as high as prescription dose. This also limited our ability for

pathological evaluation of lungs after TMI. In the future, we will

develop 3D sections of an entire lung to identify high dose and

low dose region. Also, we recently simulated a novel sparse

orthogonal collimator–based intensity modulated preclinical

TMI, which will significantly reduce radiation dose to lungs

and kidney and enhance dosimetric conformality to the skeletal

system (43).

In conclusion, this is a novel 3D TMI preclinical BMTmodel

that demonstrates reduced organ damage and enhanced tissue

repair in TMI treated mice over TBI. The dose escalation was

tolerated in old mice, suggesting a potential HCT conditioning

regimen using TMI for older patients who do not qualify for

myeloablative conditioning. Further studies are warranted to

understand the effect of dose escalation on BME, donor

engraftment, HSCs maintenance and organ damage/repair.
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