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A B S T R A C T   

Cosmic radiation is the most serious risk that will be encountered during the planned missions to the Moon and 
Mars. There is a compelling need to understand the effects, safety thresholds, and mechanisms of radiation 
damage in human tissues, in order to develop measures for radiation protection during extended space travel. As 
animal models fail to recapitulate the molecular changes in astronauts, engineered human tissues and “organs- 
on-chips” are valuable tools for studying effects of radiation in vitro. We have developed a bioengineered tissue 
platform for studying radiation damage in individualized settings. To demonstrate its utility, we determined the 
effects of radiation using engineered models of two human tissues known to be radiosensitive: engineered cardiac 
tissues (eCT, a target of chronic radiation damage) and engineered bone marrow (eBM, a target of acute radiation 
damage). We report the effects of high-dose neutrons, a proxy for simulated galactic cosmic rays, on the 
expression of key genes implicated in tissue responses to ionizing radiation, phenotypic and functional changes in 
both tissues, and proof-of-principle application of radioprotective agents. We further determined the extent of 
inflammatory, oxidative stress, and matrix remodeling gene expression changes, and found that these changes 
were associated with an early hypertrophic phenotype in eCT and myeloid skewing in eBM. We propose that 
individualized models of human tissues have potential to provide insights into the effects and mechanisms of 
radiation during deep-space missions and allow testing of radioprotective measures.   

1. Introduction 

Among the “red risks” identified by NASA for the anticipated deep 
space mission to Mars, space radiation is considered most critical for the 
human body. Notably, animal models that are routinely used to assess 
the effects of radiation do not recapitulate the effects seen in humans. 
Galactic cosmic rays (GCR) are comprised primarily of protons, alpha 
particles, and a small (<1%) fraction of high charge and energy (HZE) 
particles [1]. Secondary radiation fragments are produced when pri-
mary components of GCR interact with the spacecraft or human tissue, 
leading to production of secondary protons and neutrons that form a 
unique environment of high-linear energy transfer (high-LET) radiations 

[2]. While HZE particles are only a small fraction of GCR, they are a 
component that is most damaging to human tissues, resulting in clus-
tered damage when passing through the cells [3]. We focused on 
modeling the effects of this most damaging fraction of cosmic radiation 
using “organs-on-chip” (OoC) human tissue platforms. 

Radiation exposure can result in a host of acute and chronic symp-
toms, including the increased risk of cancer and cardiovascular disease 
(CVD) [1,4]. The most notorious short-term effect of radiation exposure 
is acute radiation syndrome (ARS), which can be broken down into 
hematopoietic, cerebrovascular, and gastrointestinal sub-syndromes 
[5]. In an anticipated 3-year long Mars mission, astronauts are ex-
pected to be exposed to a cumulative dose of 0.3–0.45 Gy [6], though 
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Mars rover missions have estimated doses may be as high as 1 Gy [7]. 
Such protracted exposure may result in an increase in incidence of CVD, 
cognitive impairment, reproductive issues, aberrant hematopoiesis, and 
cancers [1]. 

Previous ground-level work on HZE particles revealed unique pat-
terns of double- and single-strand breaks within human cell nuclei, 
increased genome-level mutations and oxidative damage, leading to 
epigenetic changes contributing to inability to perform DNA repair, as 
well as to aberrant signaling and development of cancer [8]. Retro-
spective analysis of Hiroshima and Nagasaki survivors indicated an 
increased risk of acute lymphoblastic or myeloid leukemia diagnoses 
within 2–10 years post-exposure, with decreasing prognosis with 
increasing bomb victim age [9]. High cumulative doses of radiation 
during cancer therapy have also resulted in the decline in functionality 
of cardiovascular tissues, such as atherosclerosis and myocardial fibrosis 
[4,10], extending the relevance of the human tissue models to clinical 
settings. 

Studies of the effects of cosmic radiation have been limited by the 
complex logistics and high costs associated with conducting experiments 
in space. NASA’s Space Radiation Laboratory Brookhaven National 
Laboratory (BNL) has developed a terrestrial galactic cosmic ray simu-
lator (GCRsim) providing seven different ion types with several levels of 
energy and a series of 33 separate beams [6]. Simpler radiation source 
systems, comprised of one or two high-LET radiation types (i.e., mixed 
neutron, Fe-ion, etc.), have also been used to simulate space radiation 
with less experimental constraints. In particular, secondary neutrons 
from cosmic radiation exposures with spacecrafts and regolith on the 
surfaces of the Moon and Mars are an area of intense interest, as 
damaging high-LET neutron exposures are the greatest radiation risk for 
long space missions [11,12]. In these cases, GCRs are not directly 
affecting astronauts, rather the secondary production of neutrons may 
negatively impact astronaut health on the total journey to Mars or once 
on the surface. Studying the neutron-specific effects is a secondary but 
critical component in preventing radiation-induced damage on missions 
to deep space. 

Previous work has demonstrated dose-dependent effects of neutron 
radiation on differentially-expressed genes, as compared to gamma and 
proton sources. Over a few days post-neutron radiation exposure, many 
groups have reported an immediate increase in circulating inflammatory 
signals, by serum lipidomic/metabolomic analysis or circulating blood 
cell counts [13]. Early studies of mice exposed to neutron radiation 
indicated an increased incidence of myelogenous leukemias as 
compared to exposure to gamma rays of similar intensity [14–17]. 
However, these studies were conducted in small animal and cell 
monolayer models. Since human and animal tissues respond differently 
to radiation damage, especially with respect to the contributions of 
immune cells to injury and repair, data obtained in animal models have 
limited translational value. 

Over the past decade, engineered human tissue models, including 
organoids and OoCs, have emerged as new tools for investigating disease 
progression and therapeutic modalities [18–21]. Engineered tissues 
generated from a combination of primary human cells and induced 
pluripotent stem cell (iPSC)-derived cells have been used to recapitulate 
the microenvironmental diversity (i.e., supporting cells, biomaterials to 
mimic extracellular matrix (ECM) components and architecture) of 
micro-sized human tissues, designed to mimic functional features of 
human organs [22]. To date, models have emerged for studies of human 
patho/physiology using the heart, liver, bone marrow, skin, gut, kidney, 
and brain tissues, individually or in combinations [18,22,23]. A few 
groups have recently reported the use of engineered tissue models for 
studying space health, during short flights to the International Space 
Station (ISS) [24], studies at NASA’s BNL [25], or with clinical sources 
of ionizing radiation [26–29]. As deep space missions are at the planning 
stages, there is a pressing need to assess and counter the effects of 
exposure of human body to deep space radiation. 

We describe here the first use of engineered human tissues to model 

the effects of neutron radiation exposures expected during Mars mis-
sions. Engineered human cardiac tissue (eCT, selected as a site of long- 
term radiation damage) and human bone marrow (eBM, selected as a 
site of acute radiation damage) were formed from tissue-specific cells 
and extracellular matrix. Both tissues were matured to acquire func-
tional characteristics of the respective native organs and exposed to the 
types and dosages of radiation relevant to cosmic radiation expected 
during long space missions, based off of recommendations from previous 
NASA missions and NASA’s Space Radiation Laboratory at BNL [6,7]. 
We assessed the effects of radiation over a period of 3 weeks 
post-exposure, using comprehensive molecular, structural, and func-
tional assays. 

2. Results 

2.1. Human tissue platform for modeling and countering the effects of 
radiation 

eCTs were derived by encapsulation of human iPSC-derived car-
diomyocytes and primary fibroblasts into fibrin hydrogel stretched be-
tween two flexible pillars, and matured over a period of 4 weeks by 
electromechanical stimulation (Fig. 1A). eBMs were derived by infusing 
mesenchymal stem/stromal cells (MSCs), MSC-derived osteoblasts 
(OBs), endothelial cells (ECs), and cord blood-derived hematopoietic 
stem-progenitor cells (HSPCs) into decellularized bone scaffolds at 
staggered timelines (Fig. 1A). 

After tissue formation and maturation (4 weeks for eCTs and 5 weeks 
for eBMs), tissues were exposed to an acute dose of radiation. We irra-
diated eCTs and eBMs with either (i) mixed neutrons (1 Gy acute dose, 
approximately ~20% concomitant photons) at Columbia University’s 
Radiological Research Accelerator Facility (RARAF) [30] or (ii) photons 
(4 Gy acute dose), with and without radiation protective agents 
(Fig. 1B). We chose a photon dose (4 Gy) comparable to the dose of 
neutron exposure (1 Gy), based on previous studies that have showed an 
approximately four times greater dose effect of neutrons than photons 
for a similar relative biological effectiveness (RBE) in lymphocytes [31, 
32]. 

After 3 weeks of tissue culture post-radiation exposure, we assessed 
the structural, functional, and molecular changes associated with radi-
ation damage, relative to non-irradiated controls (Fig. 1C). Using single- 
cell or bulk RNA sequencing, we were able to identify the emergence of 
unique myeloid populations and myeloid lineage skewing in irradiated 
eBMs, and phenotypic changes in eCTs. Irradiated eCT and eBM tissues 
were compared to published data for radiotherapy, astronauts returning 
to Earth, and animals exposed to high-LET radiation. 

We propose that this model lays a foundation for using engineered 
human tissues to study the acute and chronic effects of GCRs and for 
testing novel radioprotective measures. By changing the sources and 
dosages of radiation, the same model can be readily applied to trans-
lational studies of clinical and accidental radiation exposures, and for 
developmental testing of radiation protection measures. 

2.2. Engineered cardiac muscle and bone marrow tissues mimic human 
physiological functions 

To engineer human cardiac tissues (eCT), we followed a previously 
published methodology where iPSC-derived cardiomyocytes and pri-
mary human cardiac fibroblasts are encapsulated in a fibrin hydrogel 
stretched between two flexible pillars (Figs. 1A, Fig. 2A–B) [33,34]. The 
resulting cell-hydrogel constructs were matured by electromechanical 
conditioning at 2 Hz, over a total of 4 weeks of culture, towards human 
tissue phenotype [33,34]. Tissues were made using iPSC-derived car-
diomyocytes with a GCaMP reporter, to allow for longitudinal on-line 
functional analysis of tissues by bright field and calcium fluorescent 
imaging. We confirmed the hallmarks of tissue maturation, including 
cell alignment, striations (Fig. 2C), positive force-frequency relationship 
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(Fig. 2D), and contractile responses to adrenergic stimulation (Fig. 2E). 
To engineer human bone marrow tissues (eBM), we first engineered 

bone by infusing iPSC-derived mesenchymal stromal cells (iMSCs) into 
decellularized bone matrix scaffolds, to induce their differentiation into 
osteoblasts [35], over a period of 4 weeks (Fig. 1A). Then, we infused 
iMSCs and human umbilical vein endothelial cells (HUVECs) suspended 
in fibrin hydrogels into the forming bone, followed by sequential seed-
ing of cord blood derived CD34+ hematopoietic cells (HSPCs). We 
confirmed the presence of key stromal/hematopoietic markers, 
including bone sialoprotein (BSP), CXCL12, and CD45 (by immuno-
staining). We further confirmed key morphological features by pen-
tachrome and Wright-Giemsa staining, as well as micro-computed 
tomography (μCT) (Fig. 2F). 

Over a period of two weeks after introducing HSPCs into the eBM 
tissue, we validated the maintenance of CD34+ HSPCs (Fig. 2G), as well 
as cell differentiation into myeloid subpopulations, including monocytes 
(CD11b+, CD14+), dendritic cells (CD11c+), and granulocytes (CD16+) 
(Fig. 2H). Consistent with the published studies in the field, we observed 
inverse relationships between the maintenance and expansion of CD34+

cells and the increase in myeloid progenitors over time (Fig. 2G and H). 
Unlike other studies, we cultured the eBMs without adding high con-
centrations of hematopoietic cytokines (such as stem cell factor, SCF; 
thrombopoietin, TPO; FMS-like tyrosine kinase 3, FLT3), and instead 
relied on the endogenous signals produced by the stromal cells. The 
model supported the natural differentiation trajectory of primary CB- 
derived HSPCs in culture, as shown by flow cytometry analysis 
revealing the production of CD11b+ cells by day 12 (Supp. Fig. 1). We 
confirmed the presence of progenitors in eBMs after 2 weeks of culture at 
low cytokine concentrations (5 ng/mL SCF/TPO/FLT-3L), after intro-
duction of CD34+ HSPCs, with approximately 15% of colony forming 
CD45+ cells at Day 6, and 3% at Day 12 (Fig. 2I and 2J). 

2.3. Effects of acute radiation on cardiac tissues (eCTs) 

Functional analysis was performed for all eCT tissues before radia-
tion and after 3 weeks post-irradiation, using a combination of bright 
field and fluorescent calcium imaging (based on the endogenous GCaMP 
reporter) to reveal tissue contractility, excitability, and force generation 
by measuring muscle movement and pillar displacement. 

Contractility analysis showed differences in both contraction and 
relaxation (Fig. 3A). Irradiated tissues had a greater full width half 
maximum (FWHM) than control tissues (p < 0.001), and required longer 
times for relaxation (p < 0.0001, Fig. 3A). There was a significant 
change in contraction and relaxation lengths between tissues irradiated 
by photon and neutron sources (p < 0.05) (Fig. 3A). Irradiation also 
caused significant changes in excitability and conduction metrics, 
including the decreased maximum capture rate and increased excitation 
thresholds (Fig. 3B). Notably, both the active stress and contraction 
velocity of neutron-irradiated tissues increased, indicating greater force 
generation (Fig. 3C). By assessing the deviation of the rest-relaxation 
interval, we did not observe onset of arrythmias in the eCTs at the 3 
weeks post-irradiation timepoint (Supp. Fig. 10D). 

Neutron-irradiated eCTs revealed a number of genes that were 
differentially expressed relatively to the control (p < 0.05, log2fold-
change >1), including the genes implicated in oxidative stress 
(HMOX1), metabolism (CYP1B1), matrix remodeling (DLK1, NRK, 
DLL4, COL6A6), cardiac function (TNNT, NRAP, NOV, VASH1) and 
radiation exposure (CDKN1A). Most notably, HMOX1, a gene implicated 
in oxidative stress response and mitigation of cytotoxic injury, was 
significantly increased in neutron-irradiated eCTs in comparison to the 
non-irradiated control (Fig. 3D). 

Gene ontology (GO) analysis revealed that neutron irradiated eCTs 
displayed upregulation of cardiac pathways of sarcomere organization 
and striated muscle development, as well as increases in apoptosis and 
metabolic pathways (Fig. 3E). Pathway network analysis revealed sig-
nificant increases in connections between cardiomyocyte-specific path-
ways and ECM remodeling, indicating reorganization of the tissue in 
irradiated groups. Downregulated pathways included those associated 
with blood vessel development and regulation of cell motility (Fig. 3E), 
indicating a preferential increase in cardiomyocyte-specific pathways 
relative to non-myocyte pathways in eCTs that contain up to ~15–25% 
non-myocytes (i.e., fibroblasts, endothelial cells, pericytes). 

In analysis of key genes implicated in cardiac muscle function, 
fibrosis, and inflammation, there was a clear difference in responses to 
photon and neutron radiation, including the expression of MYH6/MYH7 
and IL6/IL1B (Supp. Figs. 2A–2C). Photon and neutron sources appeared 
to differentially affect DNA damage genes, with increases in CDC25A, 
RAD17, BRCA1, and BRCA2 in photon irradiated tissues and increases in 

Fig. 1. Experimental design for engineered human tissue models for assessing the effects of galactic cosmic rays. (A) Breakdown of engineered human 
cardiac muscle tissue and engineered human bone marrow tissue models and timeline for formation/maturation. (B) Exposure of engineered tissues to acute doses of 
photons or neutron irradiation and (C) endpoint assays to assess tissue health 3-weeks post-irradiation. Figure created with Biorender.com. 
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XRCC3, RAD51, and H2AX in neutron irradiated tissues (Supp. Fig. 2D). 
Pathway analysis and cytoscape clustering revealed GO terms associated 
with muscle development, smooth muscle cell proliferation, matrix or-
ganization, and positive regulation of apoptotic processes (Supp. Fig. 
2E). Only a few of these pathways were found in photon-irradiated tis-
sues (Supp. Fig. 3). 

2.4. Effects of acute radiation on bone marrow tissues (eBM) 

In parallel to eCTs, we exposed matured eBMs to the same acute 
doses of radiation (either 4 Gy of photons or 1 Gy of neutrons), and 
studied the effects on their hematopoietic progeny and microenviron-
ment over 3 weeks post-irradiation. Immediately after exposure, we 
analyzed double-stranded DNA breaks in CD34+ HSPCs, using an 
ImageStream analysis pipeline to visualize γH2AX in the nuclei of irra-
diated HSPCs [36]. These data showed early signs of radiation damage, 

Fig. 2. Baseline properties of engineered human tissues. Engineered cardiac muscle tissues (eCT). (A) Bioreactor platforms. (B) Example bright field image of 
eCT on flexible pillars. (C) Example image of aligned cardiomyocytes stained for a-actinin (magenta), cardiac troponin (green), and DAPI (blue); scale = 20 μm. (D) 
Force-frequency relationship for eCTs. (E) Responses of eCTs to isoproterenol, a beta-adrenergic agonist. Engineered bone marrow tissues (eBM). (F) Histological 
staining of key hematopoietic and downstream blood/immune markers. (G) Characterization of CB-derived CD34+ cells and CD34+CD38− hematopoietic stem 
progenitor cells (HSPCs) in eBM tissues over 1–2 weeks. (H) HSPCs in human eBM begin to differentiate into myeloid cells (i.e., monocytes, dendritic cells, gran-
ulocytes) over 1–2 weeks. (I, J) Multipotency of HSPCs over 1–2 weeks using colony forming unit assays and representative colony images. Statistical significance 
determined using unpaired t-tests, with the Holm-Sidak’s multiple comparisons test if applicable. Data are shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001. 
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evidenced by the changes in the number and intensity of dsDNA breaks, 
as well as a dose-dependent effect with increasing dose (Fig. 4A–C, Supp. 
Fig. 4). 

Neutron-irradiated tissues had a larger percentage of blood cells 
concentrated within 1–3 γH2AX dsDNA foci, as compared to photon- 
irradiated tissues that had a greater distributed spread in the numbers 
of foci in blood cells (Fig. 4B). Further, there were significant differences 
in γH2AX foci area between all groups, though these γH2AX foci are 
representative of a single 1-h post-irradiation timepoint (Fig. 4C). Right 
after radiation exposure, eBM tissues exhibited increased secretion of 

BM stress factors, including inflammatory cytokines M-CSF and IL-6, 
stromal-support growth factors CXCL12 and osteopontin (OPN) 
(Fig. 4D). After 3 weeks of culture, histological analysis confirmed 
morphological changes in BSP+ osteoblasts, and the decrease in their 
numbers, without evident changes in tissue-level CXCL12 expression 
(Fig. 4E). Using flow cytometry, we observed a significant reduction in 
total blood cell numbers, and an increase in CD45+ median fluorescent 
intensity (MFI), in irradiated groups (Fig. 4F). The increased CD45+ MFI 
indicates further skewing towards more differentiated progeny, that was 
confirmed morphologically by Wright-Giemsa staining of blood cells 

Fig. 3. Acute radiation causes structural, functional, and molecular changes in engineered cardiac tissues (eCT). (A) Contractility metrics, including full- 
width half-max (FWHM), contraction and relaxation lengths at 50% of peak, measured by bright field imaging and computational analysis. (B) Tissue excitability 
and conduction metrics, including maximum capture rate and excitation threshold, measured by calcium imaging using a GCaMP reporter line and normalized to 
baseline for each tissue. (C) Force generation metrics: passive and active stress, contraction and relaxation velocities, measured by bright field imaging. (D) Volcano 
plots showing differentially expressed genes between the irradiated and control eCTs, by bulk RNA sequencing. (E) Biological pathways associated with significant 
genes in the control and neutron-irradiated groups. Statistical significance (A-C) was determined using One-Way ANOVAs with Tukey’s multiple comparisons test. 
Data are shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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(Fig. 4E). 

2.5. Effects of acute radiation on blood cells released from eBMs 

To understand the downstream and long-term changes following 
radiation exposure, we performed single-cell RNA sequencing of CD45+

cells isolated from culture medium 3 weeks after acute radiation expo-
sure (12,513 cells in non-radiated controls; 17,515 cells in photon 
irradiated group; 14,050 cells in neutron irradiated group). UMAP un-
supervised clustering helped identify a number of subclusters in isolated 
samples (Fig. 5A), as well as differential responses, including the new 
clusters emerging during radiation treatment (Fig. 5B). 

We compared the top differentially expressed genes between indi-
vidual subclusters and the rest of the cell populations, in combination 
with the expression of cell-type specific markers [37–39] (Fig. 5C and D; 
Supp. Fig. 5) to identify and name different cell populations (Fig. 5A). 
We first assessed the key markers for each cell type: hematopoietic 
progenitors (CD34, CD43, PROM1), megakaryocyte progenitors (PPBP, 
VWF), granulocytes (MPO, ELANE), eosinophils/basophils (CPA3), 
dendritic cells (CD1C, CD14), lymphoid cells (IL7R), monocytes (CD14, 
VCAN, ITGAM), and macrophages (CD68, CD163) (Supp Fig. 5). Unique 
cell populations that emerged from this analysis were labeled as sub-
populations within a certain group (e.g., macrophage subpopulations 1 
and 2). Using the top genes for each group, we identified cell clusters, 
such as the myeloid-committed cluster (abnormal myeloid cells) with high 
expression of matrix metalloproteases (MMPs) and cell cycle prolifera-
tive markers (Fig. 5D; Supp. Fig. 6). 

When comparing irradiated groups to healthy controls, there was an 
increase in myeloid cell subtypes (Fig. 5C; Supp. Fig. 7), with a reduction 
of IL7R+ lymphoid-committed cells and CD1C+ dendritic cells. The 
majority of cells in the progenitor and lymphoid subgroups were from 
the non-irradiated control group (Fig. 5D). In the myeloid subtypes, 
there were large shifts in CD14+ subclusters from monocytes to down-
stream lineages and in differentiated macrophages: monocyte subpopu-
lation 3 (1.9% in control, 56.1% in photon group, 42% in neutron 
group), macrophage subpopulation 1 (2.0% in control, 53.8% in photon 
group, 44.2% in neutron group), macrophage subpopulation 2 (8.4% in 
control, 58.9% in photon group, 32.8% in neutron group), and the 
abnormal myeloid cells (4.0% in control, 38.9% in photon group, 57.1% 
in neutron group) with clusters mostly present in the irradiated groups 
(Fig. 5D; Supp Fig. 6). 

In analysis of gene expression, we found significant increases in key 
myeloid differentiation markers following 1 Gy neutron exposure 
compared to the 0 Gy control, including CD14 (p < 10− 306, L2FC =
1.48), CD68 (p < 10− 214, L2FC = 0.78), ITGAM (p < 10− 306, L2FC =
1.14), VCAN (p < 10− 24, L2FC = 0.40), and FN1 (p < 10− 306, L2FC =
3.44) (Fig. 5E; Supp. Fig. 7). There was also an increase in expression of 
ECM-associated MMPs in the neutron group, including increases in 
cancer-related genes, including DUSP6, traditionally associated with 
myeloid abnormalities (p < 10− 206, L2FC = 1.67), CD47 (p < 0.05, 
L2FC = 0.06), evasion of tumor cell uptake by immune cells, and TET2 
(p < 10− 40, L2FC = 0.24), associated with numerous human cancers 
(Fig. 5G). 

As expected, there was also an increase in a number of radiation- 

Fig. 4. Ionizing radiation causes changes to engineered bone marrow (eBM). (A) Representative images of DNA-damage marker γH2AX in hematopoietic cells 
isolated 1-h post-radiation. (B–C) Quantitative analysis of the numbers and average area of dsDNA breaks (normalized to foci per cell). (D) Acute doses of radiation 
caused early signs of inflammation (M-CSF, IL-6) and stromal damage (CXCL12, OPN) in supernatant. (E) Histological staining of eBMs 3-weeks post-radiation. (F) 
CD45+ cell proliferation and median fluorescent intensity 3-weeks post-radiation using flow cytometry. Statistical significance was determined by an unpaired t-test 
(C), two-way ANOVA with Sidak’s multiple comparisons test (D), or one-way ANOVAs with Tukey’s multiple comparisons test (F). Data are shown as mean ± SD. *p 
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Fig. 5. Single-cell transcriptomics reveals myeloid skewing in irradiated eBMs. (A) Uniform Manifold Approximation and Projection (UMAP) dimensionality 
reduction to identify blood and immune cell progeny after 3 weeks of culture. (B) Breakdown of UMAP clusters for each experimental condition. (C) Distribution of 
the main classes of immune cells, showing increased myeloid population (mainly in macrophages) in irradiated groups. (D) Cell distributions for each experimental 
condition within the 18 clusters. (E–H) Differential expression analysis of neutron irradiated eBMs reveals increased matrix remodeling. Violin plots showed 
increased expression of genes related to (E) myeloid differentiation, (F) matrix degradation, (G) cancer, and (H) apoptosis. 
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associated genes in the neutron-irradiated group, including CDKN2A (p 
< 10− 5, L2FC = 2.80), TP53 (p < 10− 48, L2FC = 1.10), and BAX (p <
10− 4, L2FC = 0.11) (Fig. 5H). In comparing the neutron groups with the 
control, the highest differentially expressed genes were among those 
associated with ECM remodeling, including MMP9 and FN1, lipid 
metabolism, including FBP1, APOE, and G0S2, and macrophage 
activation/inflammatory-resolve associated genes C1QA and APOC1 
(Supp. Fig. 6A). GO molecular functions revealed an increase in MMP 
activity and growth factor, proteoglycan and chemokine receptor 

binding, all associated with ECM degradation by activated myeloid cells 
(Supp. Fig. 5B). This finding matches closely the most upregulated GO 
processes, associated with ECM remodeling and leukocyte chemotaxis, 
and the most downregulated pathways, associated with immune 
response and pro-inflammatory signaling (Supp. Fig. 6C). Notably, all 
myeloid markers were still increased in single subpopulations (i.e. 
CD14+ cells or CD68+ cells) in irradiation groups (Supp Fig. 8). 

In the emerging cell populations in neutron-irradiated eBMs, we 
found a shift in myeloid differentiation towards macrophage phenotypes 

Fig. 6. Computationally predicted cell-cell, cell-ECM, and cell-secretome interactions confirm myeloid matrix-remodeling cell phenotype in irradiated 
eBMs. (A) Comparative quantification and (B) protein breakdown of total inferred cell-cell, cell-ECM, and cell-secretome signals via CellChat algorithms. (C–D) 
Inferred (C) secreted signals and (D) cell-cell interactions within each subpopulation over each experimental group. 
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implicated in matrix degradation and remodeling (Supp Figs. 6A–6D). 
Both the macrophage subpopulation 1 (MAS1) and macrophage subpopu-
lation 2 (MAS2) exhibited characteristics associated with an M2 
macrophage phenotype, including expression of key pan- and M2- 
specific macrophage markers (CD68, CD163, MS4A4A, PLXDC2, 
NEAT1), as well as genes implicated in ECM remodeling and microen-
vironmental metabolism (MMP9, RAL15, RASAL2, CSTB) (Supp. Fig. 
6A). 

Notably, pathway analysis of MAS1 revealed signatures of leukocyte 
migration and ECM organization, as well as lipid catabolic processes. In 
MAS2, GO processes indicated pathways related to neural development, 
morphogenesis, and ECM remodeling, potentially hinting at a patho-
logic role of these cells in addition to their autophagic phenotype in vitro 
(Supp. Fig. 6B). Monocyte subpopulation 3 (MOS3) expressed many 

canonical markers of myeloid- and monocyte-specific cell fate, including 
FCN1, VCAN, and CD14, but these cells also had high levels of genes 
associated with myeloid-derived suppressor cell (MDSC) monocytic 
populations (M-MDSCs), including S100A8, S100A9 and S100A10. 

Pathway analysis for the MAS3 population indicated immune re-
sponses, including myeloid leukocyte activation and neutrophil 
degranulation, potentially indicating a role in these cells in regulating 
other immune progeny (Supp. Fig. 6C). Most interestingly, there was a 
population of abnormal myeloid cells that appeared in irradiated groups, 
exhibiting canonical myeloid markers of CD14 and CD68, but had 
significantly higher expression of genes associated with cell prolifera-
tion (MKI67, PCLAF, DTYMK), cell cycle regulation, and DNA repair 
(Supp. Fig. 6D). This group, in addition to MAS1 and MAS2, also 
exhibited significantly high levels of MMP9, as compared to all other 

Fig. 7. Parallel analysis of photon and neutron sources of radiation for engineered cardiac (eCT) and bone marrow (eBM) tissues. (A) Top differentially 
expressed genes with highest absolute fold change in eCM tissues. (B) Selected key hypertrophy-related genes are increased in neutron-irradiated eCTs, normalized to 
GAPDH and photon controls. Data are shown as mean ± SD with unpaired t-tests with *p < 0.05. (C) GO biological processes pathways enriched in differentially- 
expressed genes in eCT 4 Gy Photon versus 1 Gy Neutron comparative analysis. (D) Top differentially expressed genes with highest absolute fold change in eBM 
tissues. (E) Highest up- and down-regulated genes in CD14+ fraction of eBM-derived cells. (F) GO biological processes pathways enriched in differentially-expressed 
genes in eBM 4 Gy Photon versus 1 Gy Neutron comparative analysis. 

D.N. Tavakol et al.                                                                                                                                                                                                                             



Biomaterials 301 (2023) 122267

10

cells (Supp. Fig. 6). 

2.6. Neutron-irradiated eBMs exhibit increased ECM remodeling 

We also used CellChat computational algorithms to predict the cell- 
cell, cell-ECM, and secreted cell interactions in cell subpopulations, 
showing decreases in the number and strength of cell-cell interactions 
and signals following radiation [40]. The number of ECM interactions 
was much higher (709 molecules) in the neutron group than in controls 
(Fig. 6A). This finding was corroborated with increased 
remodeling-related GO terms in myeloid subpopulations emerging after 
radiation exposures (Supp. Figs. 6A–D). 

When comparing the 1 Gy neutron-irradiated tissues with the non- 
irradiated controls, 32 distinct cell-cell contact proteins of interest 
were revealed, with differential expression of a subset of proteins, 
including APP, MPZ, GP1BA, NEGR, CD45, CADM, PVR, and NRXN, 
many of which are critical in leukocyte adhesion and motility (Fig. 6B). 
Among secreted signals from neutron-irradiated tissues, differentially 
expressed factors include IL16, ANNEXIN, SPP1, CXCL, IL2, APRIL, 
NRG, BAFF, and GDF (Fig. 6B). 

M2 macrophages, present at high concentrations in the MAS3 group, 
also secreted high levels of SPP1, APRIL, and CXCL. In addition, high 
levels of secreted ANNEXIN indicated cellular stress in tumor-associated 
macrophages. The increased M2 phenotype was reflected in higher 
inferred cell-ECM interactions with matrix proteins fibronectin, heparan 
sulfate proteoglycan (HSPG), and tenascin – all implicated in MMP9- 
induced cancer stem cell invasion (Fig. 6B). These predicted in-
teractions can further be broken down into cell subtypes, highlighting 
similarities between cell types (Fig. 6C–D, Supp. Figs. 9A–9C). 

2.7. Biomarkers of neutron-induced injury of eCT and eBM tissues 

To identify potential biomarkers of neutron-associated radiation 
injury, we identified differentially expressed (p < 0.05, L2FC > 1) genes 
in neutron- and photon-exposed eCTs and eBMs, trying to elucidate 
differences between the photon and neutron responses (Fig. 7A–C; Supp 
Fig. 10). In eCTs, we observed increases in expression of known 
radiation-related genes, including PTGS2, LIF, ICAM1, FOS, and OSGIN1 
(Fig. 7A). We also found increased expression in genes associated with 
cardiac hypertrophy (NPPB, MYH7, NEAT1, FLNC, TNNT2, and CSRP3). 
Pathway analysis revealed increases in smooth muscle cell proliferation, 
CYP450 metabolism, and cellular responses to hypoxia and inflamma-
tory stimuli (Fig. 7B–C). 

CD45+ cells isolated from eBMs exposed to neutron radiation, rela-
tively to those from photon-irradiated tissues, showed increased 
expression of genes related to matrix remodeling (MMP1, MMP8, 
MMP12), chemotaxis (CCL18, CCL8, CCL7, CCL2), collagens (COL1A2, 
COL1A1), and radiation (HES2, GAL3ST4, DDIT4, HRK), (Fig. 7D). For 
CD14+ cells, exposure to neutrons enhanced the ECM-remodeling 
phenotype of the myeloid cells, with downregulation of antigen- 
presentation genes HLA-DRA and CD74 (Fig. 7E). Using CellChat and 
secreted signal analysis, TWEAK appeared to be secreted by neutron- 
irradiated cells, indicating a possible role in the TNF-stimulated 
apoptosis (Supp. Fig. 8E). Differential gene expression revealed similar 
changes in ECM remodeling from GO pathway responses to neutron 
exposure, suggesting neutron-specific effects on macrophage remodel-
ing capacity (Fig. 7F). 

We were also interested in understanding whether there were com-
mon effects of neutron radiation on hematopoietic cells and cardiac 
muscle. Comparing the gene expressions in eCT and eBM tissues 
(Fig. 8A), we observed 25 genes that responded to neutron exposure in 
both tissues, including genes associated with tumor suppressor p53 (e.g., 

Fig. 8. Significant genes of interest between engineered cardiac (eCT) and bone marrow (eBM) tissues in neutron-specific radiation responses. (A) Shared 
genes between control and neutron-irradiated tissues between eCM and eBM bulk analyses. (B) Shared genes between photon- and neutron-irradiated tissues between 
eCT and eBM bulk analyses. 

D.N. Tavakol et al.                                                                                                                                                                                                                             



Biomaterials 301 (2023) 122267

11

MIR34AHG, PHLDA3). Expression of COL24A1 suggested the pro- 
fibrotic and senescence-related radiation injury. Likewise, for tissues 
exposed to photon radiation, we identified 12 common genes between 
eCT and eBM models, including a number of genes related to oxidative 
stress, such as HMOX1, HRK, and MIR22HG (Fig. 8B). 

2.8. Radioprotective drugs mitigate radiation damage in eCTs and eBMs 

To demonstrate utility of our platform for evaluation of radiopro-
tective agents, we studied the functional changes in eCTs following pre- 
treatment with Amifostine (FDA-approved radioprotective drug [41], 
and in eBMs following post-radiation treatment with cytokine 
granulocyte-colony stimulating factor (G-CSF) (FDA-approved radio-
mitigator that stimulates marrow recovery post-radiation in vivo 
[42–44]. 

eCTs pre-treated with 4 μg/mL Amifostine right before radiation 
exposures demonstrated remarkable restoration of functional metrics to 
the levels seen in healthy controls, in contrast to irradiated eCTs not 
treated with Amifostine (Supp. Fig. 11A). In particular, the Amifostine 
pre-treatment maintained the excitation threshold and maximum 
beating frequency at normal levels. The only notable metric that was not 
restored was the muscle relaxation time, which decreased only slightly 
in the Amifostine-treated groups but not to the levels of healthy controls 
(Supp. Fig. 11A). 

For eBMs, G-CSF treatment administered at a low dose (5 ng/mL) 
increased the total CD45+ blood cell production (Supp. Fig. 11B) 
through increases in neutrophils and subsequent proliferation of pro-
genitors in vitro (Supp Fig. 11C). 

3. Discussion 

We demonstrate that engineered human tissue models can be used to 
study the effects of high energy radiation designed to mimic that 
encountered during long-range space travel such as the Mars mission. By 
using a combination of primary cells and iPSCs, we were able to reca-
pitulate organ level responses of human bone marrow and heart to ra-
diation, including the generation of downstream blood and immune 
progeny in the eBM and contractile behavior of eCT. These human tissue 
models captured the functional and molecular changes associated with 
radiation injury, including the emergence of unique myeloid pop-
ulations following neutron radiation exposure, and differential expres-
sion of key genes in both the eBMs and eCTs following neutron versus 
photon radiation exposure (Fig. 7). We also identified a number of 
shared genes (Fig. 8) associated with neutron-specific radiation expo-
sures between eCTs and eBMs. These genes may be useful for identifying 
biomarkers of secondary radiation damage in human body during deep 
space missions (i.e., MIR22HG, HMOX1), as neutrons are considered to 
be amongst the greatest radiation risks for astronauts on spacecrafts 
headed to Mars [45,46]. We believe that our study is the first to use 
engineered human tissue models for studying the effects of high-LET 
neutrons to mimic space radiation, and establishing a proof-of-concept 
platform and framework for using engineered human tissue models for 
mitigating the radiation “red risks.” 

As the fields of stem cell biology and OoC models of human physi-
ology continue to develop, we are starting to address the need for 
human-relevant, and eventually individualized models for studying and 
countering the radiation damage. Animal models and cell monolayer 
studies, the current gold-standards for assessing the effects of radiation, 
are limited in their ability to recapitulate human condition. 

Using human tissue models, we found the biological effects of neu-
trons to be stronger than those of photons, and to vary greatly between 
endpoints and the two organ types studied. Because of the differences in 
responses to radiation from one individual to another, developing 
individualized, organ-specific human tissue models is of great interest to 
the space-science community. Previous work has shown utility of human 
OoC models for mimicking the acute radiosensitivity of the gut and 

marrow in response to low levels of gamma radiation [26–28,47]. Most 
recently, Verma et al. studied the role of astrocytes in simulated GCR 
injury for up a week using a blood-brain barrier OoC model [25]. 
However, these studies are limited to short-term (hours to days) re-
sponses to radiation, showing immediate loss of viability of the most 
proliferative cells in response to radiation injury. Studies with tissue 
model systems that we present here allow uniquely to parse out the 
individual factors contributing to radiotoxicity and radioprotection for 
radiation sources and dosages relevant to space travel. 

Neutron-irradiated cardiac tissues had impaired conduction and 
excitability, as evidenced by the decreased maximum capture rate and 
increased excitation threshold, indicating that more stimulation would 
be necessary to excite the irradiated eCTs. However, the irradiated eCTs 
also demonstrated remarkably higher force generation and contractility 
than their control counterparts, which may indicate an early hypertro-
phic phenotype of the neutron-irradiated tissues. The increased force 
generation was corroborated by the increase in cardiac-specific genes 
and ontology pathway data, as well as by increases in hypertrophy- 
related genes MYH7, NPPB, and NEAT1 [48–50]. Interestingly, 
HMOX1 was significantly upregulated in neutron-irradiated muscle as 
compared to both untreated controls and photon-irradiated eCTs, indi-
cating that the neutron-specific dose was critical in activating the 
stress-response pathways implicated in oxidative stress and hypoxic 
injury to the myocardium [51]. 

Other groups have reported increases in oxidative stress of car-
diomyocytes in response to radiation, and increases in cardiac-specific 
hypertrophic gene expression levels in response to high (>20 Gy) 
photon doses [52,53]. During neutron-specific radiation injury, there 
may be compensatory mechanisms transitioning the healthy cardiac 
muscle to early stages of hypertrophy [54], though this effect must 
further be investigated at longer culture timepoints. To date, many 
studies of radiation-induced cardiac dysfunction are focused on micro-
vascular changes in the heart. Although there was no vascular 
compartment in our model, neutron-irradiated eCTs exhibited down-
regulated ontology pathways associated with vascular maturation, 
potentially indicating a repressed role of angiogenic factors in the irra-
diated eCT tissues [55,56]. 

We observed the expected responses of the radiosensitive hemato-
poietic system to neutron doses, most notably the decreased prolifera-
tion of CD45+ cells and increased inflammatory signatures at early time 
points, similar to cell monolayers and animal studies of similar doses 
[15,16,57]. Previous studies have also shown a Poisson distribution for 
photon exposures, as compared to overdispersed foci numbers in 
neutron exposures, similar to our findings [58]. Notably, the average 
area of γH2AX foci per cell was larger in neutron irradiated groups, 
suggesting that the double strand breaks may be overlapping along the 
neutron beam track and producing larger breaks with less frequency. In 
addition, the reduction of the hematopoietic lymphoid compartment 
and skewing towards myeloid lineages is a unique aspect of the models 
described here, in line with the available data from human studies, 
including the development of acute myeloid leukemia (AML) as a second 
cancer in radiotherapy patients, in atomic bomb survivors, and in 
non-human primate studies [59–61]. 

In humanized mouse models, radiation with heavy ions (56Fe) pro-
moted the development of a phenotype similar to T-acute lymphoblastic 
leukemia (T-ALL) in mice by 6–9 months post-irradiation [62]. In 
contrast, human data from recent spaceflight studies indicate skewing of 
hematopoiesis into myeloid progenitors and increased development of 
pre-malignant myelogenous clonal hematopoiesis [63]. Also, data from 
ex vivo irradiation of peripheral blood indicates a decrease in the 
lymphoid compartment in response to neutrons over the course of a few 
days [64]. These previous studies, in tandem with our data, suggest the 
role of high-LET exposure in promoting a pre-malignant phenotype in 
HSPCs, skewed towards myeloid-biased outputs and eventual progres-
sion into an AML-like manifestation. Unique myeloid populations 
emerging in our system 3 weeks post-irradiation include 
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M2-macrophage-like and MDSC-like cells, indicating a role in prevent-
ing tissue inflammation and promoting matrix remodeling seen in 
pre-malignant and malignant patient tissues. However, more work is 
needed to better understand the phenotypes of these pre-malignant cells, 
and whether they are able to restore normal hematopoiesis post 
radiation. 

Our results show both functional and molecular changes in human 
OoC models of the bone marrow and heart after exposures to photon or 
neutron radiation. As we chose two organs known to cause immediate 
(acute radiation syndrome of the bone marrow) and long-term (radia-
tion-induced heart disease) changes in response to radiation, there are 
many more radiosensitive organs that may be target areas of investi-
gation in the future (i.e., brain, gastrointestinal system). In preparation 
for a future Mars mission, this model can be used to develop new 
radioprotective countermeasures that are effective against high-LET 
radiation. A number of radioprotective agents have been studied over 
the past 50 years to prevent damage to the body, but none of these drugs 
was successful in preventing phenotypic changes in all organs. We show 
in “proof-of-concept” experiments that exposure to radioprotective 
drugs Amifostine (pre-treatment of the eCTs) and G-CSF (post-treatment 
of the eBMs) was able to ameliorate some of the neutron-associated 
changes. Although these drugs may provide some alleviation of injury, 
long-rage Mars missions with radiation from multiple ion species 
delivered over a multi-month journey, will require new therapeutics to 
be developed to provide protection of all sensitive organs, in particular 
the hematopoietic and cardiovascular systems. OoCs provide an ideal 
platform to help validate new therapeutic modalities, as those that work 
in animals may not work in humans. 

OoC models may also allow for studies of other NASA “red risks”, 
including hypoxia and microgravity, both individually and in tandem 
with radiation. The ability to personalize these model systems may allow 
for unprecedented understanding of how an astronaut’s health may be 
impacted by space travel. It is critical, however, to compare data ob-
tained in humanized radiation studies on Earth with those of past nu-
clear exposures (i.e., Hiroshima, Chernobyl) and clinical data. Recently, 
new data were collected from short-term studies of human cells in low 
earth orbit (LEO) experiments on the ISS, and astronauts after returning 
to Earth (i.e., NASA Twins Study) [65]. 

Our study also has several limitations. We studied the responses of 
the cardiac and bone marrow tissues to neutron radiation over 3 weeks 
post-radiation, a period providing just a snapshot of the time-dependent 
effects of acute radiation exposure on human tissues. In future studies, 
these changes should be studied over longer periods of time, and 
extended to the cellular repair mechanisms. To this end, we are 
currently extending the lifetime of OoC platforms to as long as 6 months. 
Also, we studied the effect of radiation on a hematopoietic system 
without high levels of exogenous stimuli (i.e. cytokines), allowing for 
hematopoietic differentiation into downstream progeny, rather than the 
maintenance of the HSPC phenotype. Uniquely, this approach allowed 
for careful characterization of the downstream populations emerging in 
response to radiation. However, future work should also address the 
functional changes to HSPCs in the early (hours/days) and late (weeks/ 
months) periods post radiation. In addition, we focused the single cell 
transcriptomic analyses on released cells from the eBM tissues, rather 
than the cells from within the tissue, which is a limitation of the work 
that may be investigated further in future studies. As we observed a shift 
in phenotype towards a myeloid-biased hematopoietic system, also seen 
in clinical exposures of radiotherapy [59] and astronauts returning to 
Earth [63], we must further characterize the effects of these acute doses 
on the emergence of myeloid pre/malignancies. Mutational analysis of 
irradiated HSPCs may help identify genetic and epigenetic-level changes 
leading to the development of clonal hematopoiesis or acute myeloid 
leukemias, as shown in the NASA Twins Study [63,65]. 

Future studies would greatly benefit from increased throughput and 
evaluation of individualized responses to radiation. There are a number 
of biological variables that can influence an individual’s response to 

radiation, including sex, race, and genetic background. The model sys-
tems described here can be personalized, by developing an entire tissue 
model for the same individual using iPSCs, though are limited in the 
current study by number of samples and individuals studied. 

Finally, linking the engineered human tissues into a multi-organ 
context may allow for studies of systemic radiation toxicity, showing 
cross-talk between human organs to mimic the most realistic effects of 
radiation [19,66]. Extension to a “patient-on-a-chip” model could pro-
vide a personalized platform for optimizing protection from the harmful 
effects of radiation. 

4. Materials and methods 

Study design: Our objective was to engineer multiple multicellular 
tissue models, capable of recapitulating key features of each target organ 
(i.e. bone marrow, cardiac muscle), in response to radiation injury. In 
particular, we were interested to understand the longer-term (weeks) 
changes acute doses of radiation may have on human tissues, mimicking 
doses that will have large enough doses to affect tissue function and 
physiology. In addition, we chose both photon radiation (involved in 
cancer therapy) and neutron sources (secondary rays from cosmic ra-
diation), to mimic the potential changes associated with human tissues 
on a mission to deep space. We chose the two tissue models of interest to 
represent a tissue known to be radiosensitive (bone marrow), with acute 
changes to hematopoietic cells, and a tissue affected by chronic changes 
(cardiac muscle), with downstream changes to function. Further, we 
hoped to identify potential genes altered in radiation exposures, 
particularly those that are maintained 3 weeks post-radiation in our in 
vitro culture platforms, as well as those that may be shared amongst the 
two target organs (bone marrow and cardiac muscle). In addition, we 
were interested in neutron-specific changes associated with the type of 
radiation rather than the dose, as neutrons are approximately four times 
as potent as photon sources. 

Radiation dosing: Photon irradiations were performed at Columbia 
University’s Center for Radiological Research using a Gammacell 40 
137Cs irradiator (Atomic Energy of Canada Ltd) with a dose rate of 0.68 
Gy/min for varying low-energy doses (i.e., 1, 2, 4, 6 Gy). Neutron irra-
diations were performed at the Columbia University Radiological 
Research Accelerator Facility (RARAF), using an accelerator-based 
neutron irradiator mimicking the neutron energy spectrum from an 
Improvised Nuclear Device [67]. Briefly, a mixed beam of atomic and 
molecular ions of hydrogen and deuterium is accelerated to 5 MeV and 
used to bombard a thick beryllium target. The energy spectrum of 
neutrons emitted at 60◦ to the ion beam axis closely mimics the Hir-
oshima spectrum at 1–1.5 km from the epicenter [68]. During irradia-
tion, samples were placed below and in front of the beryllium target, at 
an angle of 60◦ to the particle beam and a distance of 17.5 cm. Irradi-
ations were performed with a total beam current of 20–30 μA, resulting 
in a dose rate of 2–3 Gy/h of neutrons with an additional 20% of 
concomitant γ rays, for varying high-energy doses of (i.e., 1, 2, 4, and 6 
Gy). Dosimetry is performed at the beginning of each irradiation day, 
using a custom built Tissue Equivalent Proportional Counter (TEPC) 
[69], which measures total dose and a compensated Geiger-Mueller 
dosimeter [70], which has a very low response to neutrons, and thus 
measures only the photon component. 

Cardiomyocyte differentiation from human iPSCs: hiPSCs (WTC11- 
GCaMP6f line was obtained through material transfer agreements from 
B. Conklin, Gladstone Institutes) were differentiated into car-
diomyocytes as previously described [33]. On Day 10 of differentiation, 
RPMI-no glucose (Life Technologies, 11879020) supplemented with B27 
(Thermo Fisher Scientific, 17504044) and 213 μg/mL ascorbic acid 
(Sigma-Aldrich, A445), was used to purify the iPSC-CMs population and 
eliminate any contaminating mesodermal and endodermal populations. 
Medium was replaced on day 13 with RPMI-B27 supplemented with 213 
μg/mL ascorbic acid until day 16. On day 17 cells were pretreated with 
rock-inhibitor (y-27632 dihydrochloride, 5 μM) for 4 h before 
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dissociation. Cells were dissociated by enzyme digestion with collage-
nase type II (95 U/mL; Worthington, LS004176) and pancreatin (0.6 
mg/mL; Sigma-Aldrich, P7545) in dissociation buffer (Glucose (5.5 
mM), CaCl2⋅2H20 (1.8 mM), KCl (5.36 mM), MgSO4⋅7H20 (0.81 mM), 
NaCl (0.1 M), NaHCO3 (0.44 mM), NaH2PO4 (0.9 mM)) on a shaker in a 
37 ◦C incubator. Flow cytometry for cTnT+ (BD BioSciences, 565744) 
was performed prior to cell use for tissue fabrication to ensure cell purity 
(>90% cTnT+). 

Engineering of cardiac tissues: We generated eCTs using our 
previously-published “milliPillar” cardiac microtissue platform [33]. 
Briefly, primary human ventricular cardiac fibroblasts (NHCF–V; Lonza, 
CC-2904) were cultured according to the manufacturer’s recommen-
dation. Differentiated hiPSC-CMs were dissociated and mixed with 
supporting cardiac fibroblasts in a 75:25 (hiPS-CM:NHCF–V) ratio. The 
cells were subsequently resuspended in fibrinogen by mixing the cell 
solution with 33 mg/mL stock human fibrinogen (Sigma-Aldrich, 
F3879) and RPMI-B27 (RPMI 1640 basal medium, L-ascorbic acid 
2-phosphate, and B27 supplement) to a final fibrinogen concentration of 
6.25 mg/mL and a cell concentration of 45,833 cells/μL. 3 μL of 
thrombin solution (2U/mL) were added to each well, followed by 12 μL 
of the cell/fibrinogen solution. The solutions were mixed and allowed to 
polymerize at 37 ◦C for 15 min, so that the tissues readily formed around 
the pillars. These resulting tissues each contained 550,000 cells in a 5 
mg/mL fibrin hydrogel. 

400 μL of RPMI-B27 with 10 μM Rock inhibitor and 5 mg/mL 6-ami-
nocaproic acid (Sigma-Aldrich, A7824) were added to each well. After 
24 h, the medium was changed to RPMI-B27 with 5 mg/mL 6-aminocap-
roic acid and replaced every other day. On the 5th day following tissue 
formation, the medium was changed to RPMI-B27 without 6-aminocap-
roic acid and replaced every other day. On the 7th day following tissue 
formation, electrical stimulation was initiated to promote tissue matu-
ration. Tissues were stimulated at 2 Hz with a 5 V/cm electric field 
provided by 2 ms biphasic pulses throughout culture period, as done in 
our previous work [33]. Tissues administered with Amifostine trihy-
drate (generously donated by Clinigen and Zambon Chemicals, 
112901-68-5) were incubated with 4 μg/mL Amifostine for 30 min at 37 
◦C prior to irradiation, with all tissues receiving fresh media prior to 
irradiation. 

Derivation of bone scaffolds: Bovine calf metacarpals were pur-
chased in bulk and stored at − 40 ◦C (Lampire Biological Laboratories, 
19D24003). A band saw is used to obtain a section (~4 cm tall) from the 
distal end of the metacarpal, as this region contains an enriched con-
centration of trabecular bone. We then used a CNC Milling machine to 
acquire smaller rectangular bone cores with a cross section of 4 mm × 8 
mm. These pieces were then placed into an IsoMet low speed wafering 
saw to then cut each individual piece into 1 mm thick bone scaffolds. 
Each scaffold is approximately 4 mm (width) x 8 mm (height) x 1 mm 
(depth), and subsequently processed for removal of cell debris. 

Decellularization protocols were adapted from our previously 
established protocols [35], which removes all cellular material but 
preserves the matrix composition and architecture of the bone. Bone 
scaffolds were processed in batch with the following step-wise protocol 
all completed on an orbital shaker: (i) PBS with 0.1% EDTA (w/v) for 1 h 
at room temperature; (ii) 10 mM tris, 0.1% EDTA (w/v) in DI water 
overnight at 4 ◦C; (iii) 10 mM Tris, 0.5% sodium dodecyl sulfate (w/v) in 
DI water for 24 h at room temperature; (iv) 100 U/ml DNase, 1 U/ml 
RNase, 10 mM Tris in DI water for 6 h at 37 ◦C. After decellularization 
was complete, bone scaffolds were lyophilized until freeze-dried using a 
Labconco freezone lyophilizer (7740020), and cut to a final scaffold size 
of 4 mm × 4 mm x 1 mm. Scaffolds were weighed to ensure each piece 
was at the appropriate density for cell seeding (5–7 mg per scaffold),. For 
sterilization, bone scaffolds were subjected to 70% ethanol treatment 
overnight, and then washed with DMEM basal media overnight. 

Engineering of bone niche and bone marrow tissues: WTC-11-iPSCs 
(as described above)were expanded on Matrigel-coated plates (Corn-
ing) for 2 weeks prior to differentiation. iPSCs were differentiated using 

the STEMdiff™ Mesenchymal Progenitor Kit according to manufac-
turer’s instructions into iPSC-derived MSCs (iMSCs) over a period of 
three weeks (Stem Cell Technologies, 05240). iMSCs were expanded and 
seeded into the bone scaffolds at a concentration of 2 x 105 cells per 
scaffold, using 15 μL of medium (4.5 g/L DMEM supplemented with 10% 
(v/v) HyClone FBS, 1% penicillin/streptomycin, and 1 ng/mL of basic 
fibroblast growth factor, bFGF), according to established protocols [19, 
35,71]. The cells were allowed to attach for 2 h, and then supplemented 
with additional MSC medium overnight. After 72 h, osteogenic differ-
entiation of the seeded cells was initiated with the addition of low 
glucose (1 g/L) DMEM supplemented with 100 nM dexamethasone 
(Sigma Aldrich), 10 mM β-glycerophosphate (Sigma Aldrich), and 50 μM 
L-ascorbic acid-2-phosphate (Sigma Aldrich). Each scaffold was incu-
bated in 1 mL of osteogenic media, with media changes 3-4 times a week 
for 4 weeks, allowing for the iMSCs to differentiate into functional 
osteoblasts. 

Following osteogenic differentiation, human umbilical vein endo-
thelial cells (HUVECs; Lonza, C2519A) and additional iMSCs were added 
within a 10 μL fibrin hydrogel (11 mg/mL fibrinogen, Sigma Aldrich, 
F3879; 33 U/mL thrombin, Sigma Aldrich, T6884) to each scaffold. 
Microtissues were then incubated in endothelial cell growth medium-2 
(EGM-2; Lonza, CC-3162) for 1 week with addition of 33 mg/mL of 
the protease inhibitor aprotinin (Sigma-Aldrich, A3428) and placed on a 
rocker (Cole Parmer, 51401–00). After 1 week, media was removed from 
the microtissues and 1.1 x 104 cells/tissue of mixed donor cord blood 
(CB)-derived, CD34+ human HSPCs (Stem Cell Technologies, 70008) 
were allowed to attach for 2 h at 37 ◦C in a humidified incubator at 5% 
CO2. After seeding, tissues were replenished with StemSpan™ SFEM II 
medium with 1% P/S (Stem Cell Technologies, 09655) with 10 ng/mL 
stem cell factor (SCF), thrombopoietin (TPO), and FMS-like tyrosine 
kinase 3 ligand (FLT-3L) (Peprotech) for the first four days (prior to 
radiation exposure). After Day 4, tissues underwent half media changes 
every four days with 5 ng/mL SCF, TPO, FLT-3L in SFEM II medium. 
Microtissues were kept in culture for 21 days post-irradiation. Tissues 
administered with recombinant human Granulocyte colony stimulating 
factor (G-CSF) (Peprotech, 300–23) were treated with 5 ng/mL G-CSF 
for 8 days and analyzed on Day 12. 

Cardiac calcium imaging and analysis: To visualize calcium handling 
in real-time, WTC11-GCaMP6f iPSCs that contain a constitutively 
expressed GCaMP6f calcium-responsive fluorescent protein inserted into 
a single allele of the AAVS1 safe harbor locus were used [72]. Tissues 
were imaged in a live-cell chamber (STX Temp & CO2 Stage Top Incu-
bator, Tokai Hit, Fujinomiya, Japan) using a sCMOS camera (Zyla 4.2, 
Andor Technology) connected to an inverted fluorescence microscope 
with a standard GFP filter set (Olympus IX-81). Tissues were electrically 
stimulated, and videos were acquired at 20 frames to measure tissue 
excitability and calcium flux as previously described [33]. Calcium 
signals were analyzed from calcium imaging videos as previously 
described [33]. Briefly, a custom Python script was developed to 
average the pixel intensities for each frame. This transient was then 
corrected for fluorescent decay. The SDRR, Tau, FWHM, FW90 M, 
Contract 90, Contract 50, Relax 50, and the Relax 90 were calculated for 
every transient. 

Cardiac brightfield imaging and analysis: For force generation 
measurements, videos were acquired at 20 fps using a custom program 
to stimulate cardiac tissues as previously described and force generation 
was analyzed from brightfield videos [33]. Briefly, a custom Python 
script was developed to track the motion of the pillar heads and to 
calculate the force by multiplying the displacement of the pillars with 
the coefficient determined from the force-displacement calibration 
curve generated for the pillars. 

eBM imaging flow cytometry: The extent of γ-H2AX in irradiated 
cells from eBM was characterized using the Amnis ImageStream Mk II 
cytometer to characterize the intensity and number of γ-H2AX foci per 
cell. 1-hour post-exposure to radiation, cells were fixed with BD Cytofix/ 
Cytoperm according to manufacturer’s instructions and stored at 4 ◦C. 
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When staining, cells were incubated with PE anti-human H2AX antibody 
(Milteyni), FITC anti-human CD45 (BioLegend), Alexa Fluor 647 anti- 
human CD34 (BioLegend), and Hoechst 33342 (ThermoFisher) at 
room temperature for 1hour and then washed with 1X PBS three times. 
Images of 1,000–1,500 cells per group were acquired at 60X with 
extended depth of field (EDF) for clearer visualization and identification 
of the fluorescent nuclei foci. Compensation coefficients between 
wavelengths of light were calculated using the compensation wizard in 
the Image Data Exploration and Analysis Software (IDEAS). After im-
aging, the spot wizard in IDEAS was used to quantify total foci per cell, 
total and mean fluorescence intensity each focus, area of foci, and area 
of nucleus. 

eBM flow cytometry: other analyses of cells from the eBM tissues. 
Cells were collected in FACS Buffer (2% FBS, 0.5 mM EDTA in PBS), 
washed, blocked with human Fc blocker solution (Milteyni, 130-059- 
901), and prepared for flow cytometry with the following antibodies: 
BV421 anti-human CD45 (Biolegend, 368522), APC anti-human CD34 
(BioLegend, 343608), BV605 anti-human CD38 (BioLegend, 356642), 
BUV395 anti-human CD90 (BD Biosciences, 566219), PE anti-human 
CD45RA (BioLegend, 304108), propidium iodide (Invitrogen/Thermo-
Fisher, P3566), CD14 (BV605), APC anti-human CD15 (BioLegend, 
125617), BUV395 CD11c (BD Biosciences, 563787), PE anti-human 
CD16 (BioLegend, 360704), and BV421 anti-human CD11b (Bio-
Legend, 301324). Flow cytometry was performed on a BioRad ZE5 
machine and analyzed with FlowJo (BD Biosciences). 

Colony forming unit assay: Cells were collected from the suspension 
compartment of eBM, counted, and plated in MethoCult™ SF H4636 
(Stem Cell Technologies, 04636) in SmartDish™ 6-well, meniscus-free 
plates (Stem Cell Technologies, 27370) and placed within humidified 
chamber dishes (245 mm × 245 mm Square Dishes; Stem Cell Tech-
nologies, 27141). Plates were imaged on Day 14 using a BioTek Cytation 
5 automated live-cell fluorescence imaging system with BioSpa auto-
matic, incubated chamber (Columbia HICCC Confocal and Specialized 
Microscopy Core) or by using a STEMvision bench-top instrument (Stem 
Cell Technologies). Colonies were blindly and manually analyzed from 
images. 

Histology: eBM tissues were fixed in 4% paraformaldehyde overnight 
at 4 ◦C, washed three times with 1X PBS, decalcified (RDO Gold solu-
tion) at room temperature, washed three times with 1X PBS, and 
paraffin-embedded for histological sectioning. All tissues were pro-
cessed for hematoxylin and eosin (H&E), trichrome, or pentachrome by 
the Columbia University HICCC Molecular Pathology Lab. Paraffin- 
embedded tissue blanks were hydrated, processed for antigen-retrieval 
using a 10 mM sodium citrate buffer for 20 min in heat, and per-
meabilized with 0.25% (v/v) Triton-X for 20 min. Samples were then 
blocked for 2 h with 10% FBS, and individual staining protocols fol-
lowed for different tissues. Tissues were stained for immunofluorescence 
with Rabbit anti-human Bone sialoprotein antibody (ThermoFisher,; 
ab1854), anti-Human/Mouse CXCL12/SDF-1 antibody (R&D Systems, 
MAB350), and Rabbit anti-human CD45 antibody (Sigma Aldrich, 
SAB4502541). After washing with PBS, samples were incubated with 
fluorophore-conjugated secondary antibodies (Invitrogen) for 2 h at 
room temperature. Slides were covered with cover-slips using Pro-
Long™ Diamond Antifade Mountant with 4’,6-diamidino-2-phenyl-
indole (DAPI) (Thermofisher, P36962). Cells in suspension were 
cytospun onto glass slides using a Shandon Cytospin cytocentrifuge, 
fixed with methanol, and stained using a Wright-Giemsa Stain Kit 
(Abcam, ab245888). Histological stains were imaged using an Olympus 
Upright Microscope/Slide Scanner (Olympus, BX61V5F) and immuno-
fluorescent images were taken with a Nikon Ti Eclipse inverted micro-
scope at the Columbia HICCC Confocal and Specialized Imaging Core. 

eCT bulk transcriptomics: Cardiac microtissues were snap frozen and 
processed by Genewiz/Azenta Bio for RNA extraction, sequencing, and 
analysis. Briefly, RNA was processed using RNA depletion library 
preparation, and sequenced using the Illumina HiSeq 2x150 bp 
sequencing index. Tissues of poor RIN value (<6) and below useable 

concentration were not included in analysis (n = 1 control; n = 3 
photon; n = 3 neutron). Differentially expressed genes were analyzed 
using DESeq2 [73], and processed with g:Profiler, Revigo, or Cytoscape 
with top differentially expressed genes (padj < 0.05; log2FC > 1) for gene 
ontology analysis. The full list of differentially expressed genes and 
ontology pathways is available in Supplementary Tables 1, 2, and 4. 

Single cell transcriptomic analysis: Cell preparation: Cells were iso-
lated from eBM cultures 21 days post-radiation exposure by collecting 
the suspension fraction in FACS buffer and counted to ensure viability of 
>90%. Two technical replicates per experimental group were then 
mixed at equal amounts at a concentration of 1000 cells per μL. Cells 
were super-loaded onto the Chromium Next GEM Chip G (PN-1000120) 
targeting 15,000 cells. Libraries were prepared using the following re-
agents from the Chromium Single Cell 3′ Reagent Kit (v3.1): Single Cell 
3′ Library & Gel Bead Kit v3.1 (PN-1000121), Chromium Next GEM Chip 
G Single Cell Kit (PN-1000120) and Single Index Kit T Set A (PN- 
1000213) (10x Genomics). The Chromium Next GM Single Cell 3′ Re-
agent Kits v3.1 User Guide with Feature Barcoding technology for Cell 
Surface Protein (CG000206 Rev D) was followed for GEM generation, 
cDNA amplification and library construction. Libraries were run on 
either an Illumina HiSeq 4000 as 150-bp paired-end reads at a 
sequencing depth of at least 20,000 read pairs per cell for the 3’ Gene 
Expression library and 5,000 read pairs per cell for the Cell Surface 
Protein library. 

Single cell transcriptomic analysis: Preprocessing and clustering: Cell-
Ranger was applied on the raw sequencing data to generate a count 
matrix with unique molecular identifiers (UMI). The count matrix was 
imported into the Python package Scanpy. Principle component analysis 
(PCA) for dimensionality reduction was performed with Leiden 
algorithm-based clustering prior to any cell filtering to first identify 
granulocytes, which require a separate preprocessing method as they 
have relatively lower RNA content. Uniform Manifold Approximation 
and Projection (UMAP) was applied for visualization. Doublets were 
removed from our dataset using a publicly-available DoubletDetection 
package [74]. For all cell types, cells expressing less than 200 genes and 
expressed in less than 3 cells were excluded from analysis. Mitochon-
drial and ribosomal DNA was excluded. Cells with over 20% mito-
chondrial content, indicated by the fraction of mitochondrial transcripts 
over the total transcript counts, were removed from further analysis. 
Cells were filtered out for low library size of 500 for granulocytes and 
1000 for all other cell types. 15,000 most highly variable genes were 
identified for further analysis. PCA was performed with 50 components, 
and based on the PCA results, the 12 nearest neighbors were identified. 
The graph was embedded using UMAP, and Leiden clustering was 
applied on the filtered dataset to visualize and identify specific cell 
types. To annotate each cluster, previous studies were referenced to 
identify marker genes expressed [37,38]. Differential gene expression 
analyses were done using Scanpy. Wilcoxon’s t-test was applied to rank 
differential genes, with Bonferroni corrections. P-values and log fold 
changes were exported and used for gene ontology analyses with either 
g:Profiler, Revigo, or Cytoscape using top differentially expressed genes 
(p < 0.05; log2FC > 1), and reported in the Figures and presented in 
Supplemental Tables 3 and 4. 

Single cell transcriptomic analysis: CellChat: CellChat was used for 
inferring cell-cell communications through analyzing the ligand and 
receptor signaling pairs from the single cell transcriptomics [40]. Based 
on mass action models, social network analysis, pattern recognition 
methods and manifold learning, CellChat is able to identify the specific 
signaling roles and determine the intercellular communication among 
different cell populations and sample groups. After annotating the cell 
identities for each group in our datasets, we constructed the CellChat 
objects for 0Gy, 4Gy photon, and 1Gy neutron respectively. And three 
types of communication including ECM-receptor, secreted signaling, 
and cell-cell contacts were analyzed separately and compared among 
different radiation affected groups. 

Statistics: All cardiac imaging functional data, bone marrow flow 
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cytometry, cytokine, and individual cardiac gene expression data were 
plotted using GraphPad Prism. All statistical analyses for these were 
performed using GraphPad Prism , as indicated in each Figure. Cardiac 
Bulk RNA sequencing differential gene expression analysis was analyzed 
by Genewiz/Azenta Bio with Wald Chi-Squared tests for significance. 
Single-cell RNA sequencing analysis from bone marrow cultures were 
analyzed using Scanpy’s Rank Genes function using t-tests with Bon-
ferroni corrections. 
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