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 ABSTRACT 

 

The response of fibrocytes to targeted thoracic and forelimb bone marrow radiation 

exposure 

 

Ana P. Marquez, M.S., 2017 

 

Thesis directed by: Regina Day PhD, Professor, Department of Pharmacology 

 

Fibrocytes have recently stepped out from underneath the shadow of fibrotic 

diseases. The unique cells that are characterized by their expression of both 

hematopoietic and mesenchymal cell markers are becoming increasingly recognized in 

the context of non-fibrotic diseases. Fibrocytes have been shown to aid and abet 

metastatic tumors evade the host immune system as well as participate in the 

development of Graves’ disease. However, there is still a long list of maladies that have 

yet to be examined under the lens of fibrocytes, including radiation-induced bone marrow 

injury. We developed a model of thoracic and partial bone marrow irradiation by 

selectively exposing the thoracic cavity and humeri of mice to various doses of radiation. 

14Gy irradiation effectively depleted exposed bone marrow at 60 days post irradiation. 

We used this model to study the response of fibrocytes to partial bone marrow 

irradiation-induced injury. We quantified the number and relative collagen expression of 

fibrocytes and CD45+ColI+ cells isolated from peripheral blood mononuclear cells 

(PBMC), the spleen, and shielded bone marrow using flow cytometry. Circulating PBMC 
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and splenic fibrocyte levels peaked 30 days post irradiation. The number of fibrocytes in 

the spleen drastically decreased soon after irradiation. Additionally, in all tissues the 

relative collagen expression of fibrocytes was highest at the earlier time points post 

irradiation. These data demonstrate that fibrocytes respond to thoracic and partial bone 

marrow irradiation, and that this response is temporally mediated and tissue specific.  
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CHAPTER 1: Introduction 
 

FIBROCYTES 

 

Fibrocytes – A cell with many faces 

Fibrocytes were first observed in cell aspirates isolated from implanted dermal 

wound chambers (36). Adherent spindle-shaped cells, similar to fibroblasts were 

identified and further characterized. These peripheral blood mononuclear cells (PBMCs) 

were identified as a leukocyte subpopulation of cells expressing both hematopoietic and 

mesenchymal markers (36). Fibrocytes account for approximately 0.1 – 0.5% of the 

circulating PBMCs in humans (50). Cultured PBMC fibrocytes were shown to express 

CD45+ CD34+ CD11b+ CD18+ CD14-  collagen I (ColI)+ vimentin+ fibronectin+ (36). In 

addition to these markers, fibrocytes are easily identified in PBMC cultures by their 

unique morphology: a spindle cell body, minimal cytoplasm and large oval nucleus that 

occupies the bulk of the cell (Figure 1).  Subsequent studies have provided additional 

surface markers for identification, as well as markers to discriminate fibrocytes from 

fibroblasts, monocytes, and macrophages (174; 207) (Table 1). Fibrocytes also express a 

wide range of chemokines, chemokine receptors, growth factors, and extracellular matrix 

proteins (36; 241). Dual labeling with CD45 and ColI is generally accepted as the two 

necessary markers needed to distinguish fibrocytes from other cell types.  

After their discovery, studies probed the role that fibrocytes played in the process 

of wound repair following injury. Their ability to traffic to wound sites was shown by 

injecting 
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Figure 1. Fibrocytes in culture.  

A. Fibrocyte cultures from different tissue sources. B. Bone marrow derived 

fibrocytes express both CD45 and Collagen I.  
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Table 1. Markers expressed by human PBMC cultures of monocytes, macrophages, and 

fibrocytes. 

 
 
 
Reproduced with permission from Pilling D, Fan T, Huang D, Kaul B, Gomer RH. Identification of 

markers that distinguish monocyte-derived fibrocytes from monocytes, macrophages, and fibroblasts. PLoS 

One. 2009;4(10):e7475., cb Creative Commons – Attribution 2009. 
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cultured fibrocytes in wounded mice (2). Fibrocytes were shown to transdifferentiate into 

α-smooth muscle actin (α-SMA) expressing myofibroblasts after recruitment to sites of 

injury (185). Their increased production of type I collagen in response to transforming 

growth factor beta (TGF-β) a growth factor demonstrated to induce collagen synthesis in 

culture, was also demonstrated (50). These findings pointed to the potential role of 

fibrocytes in fibrosis.  Definitive evidence for this role was provided in a seminal study 

by Phillips et al., in 2004, investigating the role of fibrocytes in a murine model of lung 

fibrosis. They showed that inhibiting the migration of fibrocytes to the injured lungs of 

bleomycin exposed mice, through the inhibition of stromal-derived factor (SDF-1, 

CXCL12)/CXCR4 chemokine trafficking, diminished the degree of lung fibrosis, in 

injured mice (206). 

It should be noted that in the literature, the terms fibrocytes, fibrocyte-like cells, 

and bone marrow-derived fibroblast precursors are used interchangeably, and all are 

defined as CD45+ ColI+ cells, or ColI+ transplanted bone marrow cells. 

  

Origin of Fibrocytes: The Bone Marrow  

Bucala et al., 1994, postulated that fibrocytes were of bone marrow origin, given 

their expression of the hematopoietic stem cell marker CD34 (36). To test his hypothesis, 

he utilized sex-mismatched bone marrow chimeric mice to try and detect cells originating 

from donor (male) bone marrow cells, in recipient mice (female). He was not able to 

detect circulating fibrocytes derived from donor bone marrow cells. He suggested that, 

either circulating fibrocytes originated from radio resistant bone marrow progenitor cells, 

or that they originated from another tissue.  
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For the next 10 years fibrocytes were simply classified as, “blood-borne cells”. 

The preliminary evidence that linked bone marrow cells to fibrocytes, was the 

demonstration that, a bone marrow CD45+ ColI+ CXCR4+ cell population increased 

concomitant to the increase of lung fibrocytes during fibrosis. While not definitive proof 

of the bone marrow origin of fibrocytes, the study did lend credence to this long-held 

hypothesis (206). Subsequent research using GFP+-bone marrow cell transplantation, 

showed GFP+ cells in the fibrotic lungs of recipient mice. However, isolated fibrocytes 

from fibrotic lungs, were unable to differentiate into myofibroblast when treated with 

TGF-β, a growth factor demonstrated to transdifferentiate fibrocytes in to myofibroblast 

in culture (2; 241). The inability of these cells to differentiate into myofibroblast called 

into question if the isolated cells were indeed fibrocytes (2). 

Undisputable proof of the bone marrow as an origin of fibrocytes was provided by 

Mori et al., 2005, who employed the use of sex-mismatched bone marrow, the same 

approach used by Bucala 10 years prior (36). These mouse chimeras contained ColI+ 

CD34+ CD45+ cells of donor origin, in the dermal wound sites. These ColI+ CD34+ 

CD45+ cells, i.e. fibrocytes, found in the wound sites, differentiated into α-SMA+ 

myofibroblast (2; 185).   

Interestingly, there have been at least two studies that identified bone marrow-

derived myofibroblasts involved in human fibrotic disease (82; 208). Liver biopsies from 

a female patient, who had received a bone marrow transplant with male donor cells and 

developed liver cirrhosis shortly after, had a significant population of bone marrow-

derived α-SMA+ myofibroblasts. The majority of the bone marrow-derived α-SMA+ 
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myofibroblasts were CD45-, however a small number of these bone marrow-derived α-

SMA+ myofibroblasts were also CD45+, bonafide fibrocytes (82). 

 

Origin of Fibrocytes: The Spleen 

 The spleen has also been shown to be a source of fibrocytes. Fibrocytes can be 

readily cultured from a CD11b+ CD115+ Gr1+ population of splenic monocytes (194). 

Kidney fibrocytes contributing to fibrosis were demonstrated to originate from the spleen 

in mice with kidney fibrosis (215).  

 

Chemokine-mediated Fibrocyte Trafficking 

Chemokine/chemokine receptor trafficking is the essential mediator of leukocyte 

trafficking to sites of injury, a process known as 'haptotaxis' (265). The majority of 

research of chemokine-mediated trafficking has revolved around its function in immune 

processes (237). Chemokines can be separated into 3 different subgroups: inflammatory, 

hemostatic, and dual functioning (237). The function of chemokines is not limited to 

simple trafficking of cells, they activate numerous signaling pathways vital to the 

regulation of the immune system (33; 187; 193). After cells migrate to the site of injury, 

chemokines bind to the partner G protein-coupled receptors on their cell surface, 

triggering signaling pathways (271). Additionally, the variable expression of chemokines 

by immune cells has allowed researchers to mark specialized subsets of immune cells 

based on their unique expression of chemokine receptors (210; 237). 

 A few years after their discovery, fibrocytes were found to express the 

inflammatory chemokine receptors CCR2, CCR3, CCR5, and the homeostatic chemokine 
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receptors CCR7, and CXCR4. Chemotaxis assays with several chemokines demonstrated 

that chemokine receptors on fibrocytes were functional to induce motility (Table 2) (2; 

85; 118; 184; 229). 

 The expression of chemokine receptors can dictate which tissue fibrocytes are 

likely to migrate to. Fibrocytes expressing CCR2 are likely to traffic to injured kidneys, 

as do fibrocytes expressing CXCR6 (48; 297; 301). Fibrocyte trafficking to the lungs has 

been demonstrated to occur through numerous chemokine receptors including CXCR4 

and CCR2 (74; 104). 

Chemokine mediated migration of fibrocytes to injury sites is essential to the 

development of fibrosis in numerous murine models of fibrosis. Studies have shown that 

the abrogation of fibrocyte trafficking to tissues is accompanied by decreased numbers of 

infiltrating fibrocytes, decreased collagen deposition, and decreased expression of ECM 

proteins, preventing the development of fibrosis (170; 196; 257). Inhibition of fibrocyte 

trafficking can also decrease the level of circulating PBMC fibrocytes, as well as cause a 

decrease in fibrocyte differentiation to α-SMA myofibroblasts (136; 143). 

The participation of fibrocytes in disease of mice and men 

Since their discovery over 30 years ago, fibrocytes have primarily been implicated 

in fibrotic diseases. In murine models of lung, kidney, and cardiac fibrosis, the severity of 

fibrosis, is almost completely dependent on the level of infiltrating fibrocytes in the target 

organ. There was also shown to be a correlation between fibrocyte levels and disease 

severity in murine models and human fibrotic disease. However, fibrocytes also 

participate in non-fibrotic disease, including asthma airway remodeling, mitral valve 

degeneration, Graves’ diseases, and septic peritonitis (21; 22; 68; 192; 211; 315).  
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Table 2. Chemokine receptors expressed by human and murine fibrocytes 
 

 
Symbols represent positive expression (+), no expression (-), expression yet to be examined (?).  
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It has recently been demonstrated that fibrocytes are a unique subset of circulating 

myeloid derived suppressor cells (MDSC) (244; 315). MDSC aid in the survival of tumor 

cells in humans and mice via secretion of angiogenic factors, growth factors, and 

suppression of the host immune system (239; 315; 319). Isolated MDSC fibrocytes from 

patients with metastatic cancer increased angiogenesis and inhibited T-cell proliferation 

in vitro (315). In a murine model of tumor pulmonary metastasis, inhibiting the 

differentiation of MDSC to fibrocytes effectively decreased lung metastasis (244). A very 

recent study identified circulating MDSC-fibrocytes in patients with COPD. Patients with 

higher levels of circulating MDSC-fibrocytes had greater preserved lung function (294). 

The researchers postulated that MDSC-fibrocytes slowed the progression of disease by 

suppressing the T-cell mediated inflammation in the small airways of patients with 

COPD. 

 

Heart disease 

Cardiovascular disease is the leading cause of death around the world and 

accounts for one third of all deaths in the United States (30). It has been estimated that 

~44% of Americans will have some form of coronary vascular disease by 2030 (186). 

Fibrotic remodeling of the heart interferes with blood circulation, primarily in the left 

ventricle, often leading to cardiac failure (37; 153). Numerous animal models of 

cardiovascular disease have demonstrated that fibrocytes are involved in the fibrotic 

remodeling of the heart after injury.  

The renin-angiotensin system (RAS) is the foremost endocrine mechanism for 

regulation of the cardiovascular system. The regulatory activity of RAS centers around 
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the production and processing of angiotensin II (Ang II), a peptide hormone generated 

from the cleavage of angiotensin I (Ang I) by the angiotensin converting enzyme (ACE) 

(170). Ang II functions through the angiotensin type 1 receptor (AT1R) and the 

angiotensin type 2 receptor (AT2R) (170). 

The Ang II-induced cardiac fibrosis murine model is commonly used to study the 

pathogenesis of cardiac fibrosis. This model highlights the substantial role of fibrocytes 

in the development of fibrosis, as well as the relationship between fibrocytes and Ang II 

that mediates cardiac fibrosis. Administration of Ang II increases fibrocyte recruitment to 

the heart, and expression of TGF-β1, and collagens I and III (103). These fibrocytes 

account for up to 68% of the population of collagen producing cells in the heart (272; 

295). Histone deacetylase (HDAC) inhibitors were shown to block Ang II-induced 

fibrosis. Investigation of the mechanism by which HDAC inhibitors prevent cardiac 

fibrosis revealed that HDAC inhibitors function by blocking fibrocyte differentiation to 

myofibroblasts in the heart (288). 

Ischemic cardiomyopathy, the inadequate ability of the heart to pump blood, 

arises from the narrowing of the blood vessels responsible for supplying the heart with 

blood and oxygen. Fibrotic cardiomyopathy (I/RC) is recapitulated in mice by narrowing 

the left anterior descending artery (65; 104). Fibrocytes are increased in the hearts of 

mice subject to I/RC, making up 3% of the population of non-cardiac muscle cells. 

Treatment with serum amyloid P (SAP) decreases the number of fibrocytes in the heart, 

inhibiting the development of cardiac fibrosis and ventricular dysfunction (104).  

Myocardial infarction (MI), or myocardial cell death, is caused by a prolonged 

period of oxygen deprivation of the heart. MI modeled in mice is performed by 



 

22 

permanent ligation of the coronary arteries (136). The role of fibrocytes in MI is a 

beneficial one. After MI the formation of a robust collagen scar is vital to maintaining the 

structural integrity of the heart necessary to properly pump blood throughout the body 

(55; 249). Fibrocytes have been demonstrated to actively participate in the formation of 

scar tissue, by producing and depositing collagen in the infarct area neoangiogensis (180; 

272). In MI the recruitment of fibrocytes augments cardiac remodeling (87).  

 

Fibrocytes in human cardiac disease 

Increased numbers of fibrocytes are found in cardiac tissue from patients with 

coronary heart disease (CHD). Additionally, the number of these fibrocytes are directly 

correlated with disease severity (152). Circulating fibrocytes are increased in patients 

suffering from hypertrophic cardiomyopathy (HCM) with reactive fibrosis. However, this 

increase was not found in HCM patients without reactive fibrosis (75). Fibrocytes make 

up a large portion of mitral valve stromal cells and their dysregulation has been 

postulated to mediate myxomatosis mitral valve degeneration (21). 

Patients with hypertensive heart disease have higher numbers of circulating 

fibrocytes compared to healthy individuals. Additionally, the level of these circulating 

fibrocytes positively correlated with disease severity (129). Patients with previous MI 

have decreased levels of circulating fibrocytes compared to healthy individuals and 

patients with stable angina (76). This finding falls in line with the beneficial role of 

fibrocytes in murine models of MI.   

 

Kidney Fibrosis 
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The penultimate stage of all kidney maladies, no matter the underlying etiology, is 

chronic kidney disease (CKD) (71). In 2013 alone, almost one million deaths were 

reported to be caused by CKD, the NIH estimates that over 10% of the Medicare budget 

goes to treating this disease (124; 176). CKD is marked by the loss of function, sustained 

inflammation, and tubulointerstitial fibrosis of the kidney (263). The severity of fibrosis 

is the metric used to determine the progression of CKD. 

Since CKD has many etiologies, there are a vast array of animal models used to 

study the specific features of CKD (307). These models recapitulate specific etiologies of 

CKD as well as symptoms of CKD (24). The murine model of ureteral obstruction 

(UUO)-induced progressive interstitial kidney fibrosis is commonly used to study the 

molecular mechanisms governing tubulointerstitial fibrosis (51). This model involves the 

surgical ligation of the ureter in mice. After surgery, fibrosis develops in 1-2 weeks and 

increases in severity over time.    

A highly debated topic in the kidney research community is the origin of kidney 

myofibroblasts, the producers of the abundant ECM proteins found in kidney fibrosis 

(140; 191). Several cell types have been suggested as the source of myofibroblasts, 

including fibrocytes and pericytes (140; 251).  

There is robust evidence showing that fibrocytes are a major source of 

myofibroblasts in the fibrotic kidney. Perhaps more importantly, even studies that did not 

directly investigate the contribution of fibrocytes to the myofibroblast population in the 

kidney have demonstrated the paramount role of fibrocytes in the development of fibrosis 

(157; 228; 306).  
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Research focused on the signaling mechanisms governing fibrocytes has shown 

that RAS signaling regulates fibrocytes during kidney fibrosis. In vitro, inhibition of 

AT2R signaling increased the expression of collagen I after treatment with Ang II. 

Conversely, inhibition of AT1R signaling decreased the expression of collagen after Ang 

II treatment. In vivo, AT2R
 -/- mice have increased collagen expression and fibrocyte 

infiltration in the kidney compared to wild type mice in a model of TGF-β-induced renal 

fibrosis. Inhibition of AT1R with valsartan decreased collagen expression and fibrocytes 

infiltration (228). These findings fall into line with what is well known about the 

relationship between the AT2R and AT1R receptors. Ang II signaling through the AT1R 

activates profibrotic signaling pathways (59; 90; 128; 170). AT2R is an antagonist of the 

AT1R and has been shown to regulate the pro-fibrotic and inflammatory actions of AT1R 

(1; 189; 197).  

The CXCL16/CXCR6 signaling axis has emerged as a significant mediator of 

fibrocyte trafficking in kidney fibrosis. After fibrotic inducing injury, the levels of 

CXCL16 expression in kidney epithelial cells significantly increases. This observation 

was made in three different models of kidney fibrosis, suggesting that CXCL16 

upregulation may be a universal early mediator of renal fibrosis (48; 150; 157).  In all 

three models, CXCL16-/- mice had lower levels of collagen deposition and lower numbers 

of myofibroblasts in their kidney, which was accompanied by a decrease in infiltrating 

fibrocytes (48; 150; 157). These data demonstrate that fibrocytes are a significant source 

of collagen in kidney fibrosis. 

 

Kidney disease in humans 
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Fibrocytes have also been identified in human CKD. Fibrocytes were identified in 

kidney biopsy samples from patients with CKD. Additionally, there was a positive 

correlation between the number of fibrocytes present in the kidney, and severity of 

kidney disease. Researchers also found that the number of fibrocytes in the kidney also 

correlated with urine CCL2 levels in patients suffering from CKD (227).   

 

Fibrotic Lung disease 

Lung diseases involving tissue remodeling, such as chronic pulmonary obstructive 

disease (COPD), cystic fibrosis, asthma, and idiopathic pulmonary fibrosis (IPF), are 

together leading causes of death in the United States (255) (19; 156; 160). Asthma, IPF, 

COPD, cystic fibrosis, and irradiation pneumonitis are sometimes considered to be types 

of fibrotic lung disease. Patients with lung fibrosis suffer from decreased pulmonary 

function, and there is only a 20% 5-year survival rate (86; 138; 238). Mortality occurs as 

a result of respiratory insufficiency (86). Recently, increased levels of fibrocytes have 

been detected in the blood and bronchoalveolar lavage fluid (BAL) of patients suffering 

lung fibrosis (44; 169).  

Numerous murine models have been developed to recapitulate the features of 

disease found in human fibrotic lung disease (183). Bleomycin, fluorescein 

isothiocyanate (FITC), irradiation, and silica- induced pulmonary fibrosis are some of the 

models used to study the molecular mechanisms governing pulmonary fibrosis (135). 

These models have demonstrated the role of fibrocytes in the development of fibrotic 

lung disease (259; 298; 303). 
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CXCL12/CXCR4 signaling is the primary regulator of lung fibrosis in 

experimental animal models. Numerous studies have clearly shown that inhibition of the 

CXCL12-CXCR4 signaling decreases the recruitment of fibrocytes and amount of 

collagen in the lung. Administration of anti-CXCL12 antibody, or CXCR4 antagonists, 

significantly reduces the number of fibrocytes in the lung after bleomycin treatment (159; 

168; 206; 302). The decreased number of infiltrating fibrocytes is tied to the decrease of 

collagen and development of fibrosis in the lungs (159; 206; 246). CXCR4 expression in 

fibrocytes is regulated via the PI3K/mTOR signaling pathways (168).  

Fibrocytes have been demonstrated to participate in asthma. In a model of 

cockroach allergen-induced asthma, fibrocytes increase the production of IL-6 and TNF-

α in response to the purified cockroach allergen Bla g2. Bla g2 activation is mediated by 

the CD206 surface receptor of fibrocytes (269). In a different mouse model of asthma, 

fibrocytes were identified as a source of bronchial myofibroblasts (233).  

Models of pulmonary hypertension have highlighted the relationship between 

hypoxic conditions and fibrocytes. Hypoxic conditions increase the recruitment of 

fibrocytes to pulmonary arteries. Treprostinil, a drug approved for the treatment of 

pulmonary arterial hypertension, was found to reduce the number of infiltrating 

fibrocytes via inhibition of ERK signaling (195). Additionally, HIF-1α signaling 

mediates the recruitment of fibrocytes to bleomycin-injured lungs through PI3-kinase and 

mTOR signaling. In vivo, rapamycin, an inhibitor of mTOR, treatment decreased the 

level of circulating and lung CXCR4+ fibrocytes concomitant with a decrease of collagen 

in the lung (168).   
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Fibrocytes in lung disease in humans 

Fibrocyte levels in patients with fibrotic lung disease can serve as biomarkers of 

disease. Patients with asthma have increased levels of circulating fibrocytes (277), 

additionally fibrocyte levels correlate with the severity of asthma (138). Elevated levels 

of circulating fibrocytes also correlate with decreased survival in patients with IPF and 

COPD (277; 313). In patients with COPD, spikes in the levels of circulating fibrocytes 

were indicative of periods of disease aggravation (69). In patients suffering from IPF, 

fibrocyte levels correlate with disease severity. Additionally, the highest level of 

fibrocytes were found in patients with recently aggravated disease (179). Increased 

fibrocytes are also seen in patients with pulmonary fibrosis, bronchiolitis obliterans, and 

cystic fibrosis (10; 93).   

 

Fibrocytes in other diseases 

The participation of fibrocytes in disease spans well beyond these mentioned 

maladies. Fibrocytes participate in forming keloid scars, remodeling of skin injury in 

burn patients, promoting metastatic cancer, and reprogramming splenic megakaryocytes 

in patients suffering from idiopathic myelofibrosis (116; 308; 315).  

 

Fibrocytes, a fresh perspective on disease  

It is clear that fibrocytes cannot be boxed into any one category, capable of being 

reparative or pathogenic, and anti- or pro-inflammatory (272). Elevated levels of 

fibrocytes in patients can serve as a marker of increased as well as decreased disease 

severity (129; 277). Abrogation of fibrocytes can halt the development of disease (246). 
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Conversely, treatment with fibrocytes can promote injury repair (192). Fibrocytes 

recruited in the early stages of disease promote injury and disease, whereas fibrocytes 

recruited in the late stages of disease may promote injury repair (184). Additionally, 

fibrocytes isolated from patients suffering from disease, are phenotypically distinct than 

those isolated from healthy patients (118).  

Initially associated and studied in fibrotic disease, fibrocytes are increasingly 

being studied in non-fibrotic diseases. Research centered around fibrocytes has started to 

fill in gaps of the pathogenic mechanisms governing these diseases. These oddly shaped 

cells are in a league of their own, managing to take center stage in an ever-growing 

number of diseases.   

 

RADIATION 

 

Radiation – It is all around us 

Every day humans are constantly exposed to varying forms of radiation. It is all 

around us, in different forms. Some types of radiation, such as radio waves and 

microwaves, are harmless and do not possess enough energy to alter chemical bonds or 

atomic structures. Some types of radiation are very harmful and are known as "ionizing 

radiation", which include x-radiation and gamma radiation. Ultraviolet (UV) radiation is 

not classified as ionizing, however it still has enough energy to harm living organisms 

(89). The deleterious effects of ionizing and UV radiation are dependent on the dose of 

radiation (how much energy) and dose rate (how long you were exposed) (5; 97) as well 

as specific genetic factors (39; 61; 97; 121; 304). Additionally, the level of damage 
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sustained at similar doses of exposure differs between organisms and cell types (38). For 

example, insects exposed to doses of radiation that are lethal to humans survive and 

thrive (27).   

 

Sources of Radiation Exposure in Humans 

Exposure to radiation can be therapeutic, accidental, occupational, or weaponized 

(Table 3). The variability in the dose and type of radiation that can occur in these 

different settings makes it difficult to accurately predict the long-term and short-term 

health effects of radiation exposure (15; 287).  

Radiotherapy is an indispensable tool in the treatment of malignant and non-

malignant neoplasms (63). Although treating patients with higher doses of radiation 

increases the elimination of cancerous cells, these higher doses also translate into an 

increased risk of late radiation-induced injury of these patients (26; 161; 205; 223; 247). 

Balancing the potential of benefit and harm often place physicians in a quandary (73). 

However, medical and technological advancements have significantly decreased 

secondary injury in healthy tissue. Advancements in DNA sequencing have made 

radiogenomics, determining a patient’s radiosensitivity based on single nucleotide 

polymorphisms (SNPs), a tool to create patient-specific regimes of radiotherapy to further 

reduce the risk of late term radiation-induced injury (130; 131; 284).   

Accidental and weaponized radiation exposures present a different set of 

challenges for both researchers and physicians. In emergencies, the type of ionizing 

radiation, total body area, and dose rate and length of exposure time must be assessed as 

quickly as possible (80). The growing possibility of a large-scale radiation accident has  
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Table 3. Reported radiation overexposure accidents by sector and type of 
overexposure worldwide, 1980-2013. 

 

Reproduced with permission from Coeytaux K, Bey E, Christensen D, Glassman ES, Murdock B, Doucet 

C. Reported radiation overexposure accidents worldwide, 1980-2013: a systematic review. PloS one. 

2015;10(3):e0118709., cb Creative Commons – Attribution 2015. 
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prompted the development of the National Institutes of Health Radiation 

Countermeasures Program (RCP), which oversees numerous programs that include the 

development of countermeasures against accidental and weaponized radiation exposure 

and dosimetry tools (106; 231).    

The Basic Mechanisms of Radiation Injury 

Ionizing radiation damages biological molecules in living organisms. Ionizing and 

UV radiation alters the molecular composition of DNA and other biological molecules 

through hydrolysis, hydroxylation, photoisomerization, and other organic reactions (32; 

158; 212; 261). Damage to these macromolecules triggers a complex cascade of repair, 

inflammatory, and cell death signaling pathways (115; 154).   

 

DNA Damage 

Radiation-exposure introduces single and double stranded breaks in the phosphate 

backbone of DNA. Double stranded DNA breaks (DSB) are responsible for the more 

deleterious effects of radiation damage: chromosomal mutations (198). Radiation-

induced DNA DSBs can be repaired through homologous recombination or through non-

homologous DNA end joining (NHEJ) pathways (258; 273). The specific repair method 

used is governed by multiple factors (245). NHEJ can be error prone and is responsible 

for introducing chromosomal mutations after radiation-induced DNA damage (46; 151). 

The mutation of key cell cycle regulatory genes can result in uncontrolled cell replication 

and the development of cancer (99; 220; 222). 
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 Genetic mutations are not the only biological consequence of DSB. Ionizing 

radiation-induced DSB recruits the ataxia telangiectasia mutated protein (ATM) (256), 

which self-activates (219) and in turn phosphorylates p53 (43). The accumulation of 

phosphorylated p53 initiates cell cycle arrest (43; 127). At this point the cell may 

successfully repair the DNA damage, undergo apoptosis, or remain in a permanent state 

of cell-cycle arrest known as senescence (41; 52; 56; 221).  

 

Generation of Reactive Oxygen Species (ROS) 

Ionizing radiation cleaves water and creates numerous reactive oxygen species 

(ROS), hydroxide radicals (OH˙), hydrogen peroxide (H2O2) and superoxide anions (O2˙-

)  (91; 100; 178). These ROS self-propagate and damage DNA and other biological 

molecules (8; 217). The radiolysis of water also generates hydroxyl radicals and aqueous 

electrons which damage DNA and other biological molecules (20; 92; 100). The 

consequences of ROS-induced DNA damage are similar to those of radiation-induced 

DNA damage and utilize the same repair mechanisms (62; 245). ROS are involved in 

numerous physiological cell processes; however, due to their high reactivity, their levels 

are normally tightly regulated. Disruption of their homeostatic levels activates numerous 

injury response mechanisms inside cells (144; 162).      

 

Consequences of radiation injury 

Radiation exposure can cause both short- and long-term injuries. Types of early 

injury after radiation exposure include: the suppression of the hematopoietic system 

(165), gastrointestinal damage (165), pneumonitis (282), and erythema and desquamation 
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of the skin (165). The types of late injury that occur after radiation exposure include: lung 

(126; 240), cardiac (98; 260), bone marrow (12), and dermal fibrosis (250), necrotic 

wounds (64),  cardiac disease (98; 260), and neurological decline (200) (Figure 2). 

Additionally, over time, there is an increased risk of developing solid tumors  (31; 34; 

276), leukemia (12; 29), and myeloid neoplasms (12; 223) after radiation exposure.  

 

Immediate Injury 

Acute Radiation Syndrome (ARS) occurs in response to high doses of total body 

radiation exposure (80). ARS is a multi-systemic response to radiation exposure 

consisting of injuries to the gastric, pulmonary, nervous, and hematopoietic systems (80; 

283). In the Chernobyl and Tokai-mura nuclear reactor meltdown catastrophes, many of 

those exposed to radiation developed ARS, which was lethal in many cases (119; 173). 

The former Soviet spy Alexander Litvinenko was poisoned with Polonium210 laced tea, 

and died of severe ARS (167). The use of Polonium210 was ingenious, albeit sadistic, 

given that it is only lethal if ingested, making it rather easy to transport (145).   

 

Late Injury 

Early and late radiation injury were originally described as two temporal and 

cellular disconnected phases, in which early injury was governed by a population of 

radiosensitive cells and late injury was mediated by a separate population of 

radioresistant cells (57). However, we now know that late radiation injury is an insidious 

process initiated immediately following radiation-exposure. 
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Figure 2.  Examples of radiation injury 

A. Axial post–Gd-DTPA T1-weighted image of Swiss-cheese appearance of 

contrast enhancement in a case of surgically proved radiation necrosis. B. A 52-year-old 

man underwent an ablative procedure for supraventricular arrhythmias, and a painful 

ulceration developed on the posterior surface of his right arm four months later. His arm 

had accidentally been positioned within the radiation field during the 10-hour procedure. 

The estimated dose of radiation was in the range of 1500 to 2000 cGy. After plastic 

surgery, the patient's ulceration healed, and his pain resolved. C. 89-year-old woman 

underwent a uterine cancer surgery followed by 50-Gy fractionate radiation therapy 40 

years previously. In 10 × 10 cm area of radiation, 5 × 10 cm area was exposed. Bone, 

fascia, and muscle as well as skin and fat were affected. 
 

A. Reprinted with permission from Neuroimaging Clinics of North America, 19, Pia C. Sundgren, Yue Cao, Brain Irradiation: Effects 
on Normal Brain Parenchyma and Radiation Injury, 658., © Copyright 2009 with permission from Elsevier. 
B. cb Creative Commons – Attribution © Copyright 2010 Sadanori Akita et al. (293).  
C. Reproduced with permission from (7), Copyright © 2004, Massachusetts Medical Society. 
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The first evidence connecting early and late radiation damage was provided by 

Rubin and colleagues by demonstrating that immediately after radiation exposure TGF-

β1 is significantly upregulated and remains so concurrent with increases in expression of 

collagen (77; 226). Since then our knowledge of the mechanisms governing injury 

response and repair has significantly expanded, allowing us to connect the immediate 

responses to radiation injury to the development of latent injury, especially fibrosis (309). 

 

Radiation-Induced Fibrosis 

Fibrosis is the accumulation of excessive extracellular matrix proteins, especially 

collagen I, resulting in aberrant tissue remodeling that can occur in virtually every tissue 

in the body. Fibrosis is the result of dysfunctional wound repair or constant injury that 

culminates in sustained inflammation. The exacerbated inflammatory response after 

radiation injury increases a patient’s risk of developing fibrosis (248; 296). The 

underlying theme in radiation-induced fibrotic diseases is the dysregulation of TGF-β, a 

pleotropic cytokine that serves as a potent regulator of both anti-inflammatory and pro-

inflammatory processes (230)(163; 275). Perturbations in the TGF-β immune-regulated 

inflammatory response can set up a situation of chronic inflammation, creating an 

environment more susceptible to fibrotic remodeling (267; 291). TGF-β drives 

pathogenic fibrotic remodeling by stimulation collagen production in myofibroblasts, 

fibroblasts, and fibrocytes (2; 88; 112; 204; 218; 314). TGF-β also promotes the survival 

and proliferation of these collagen-producing cells (113; 123; 214; 317). 

Radiation-induced pulmonary fibrosis is an important field of research in the 

radiation community. In patients undergoing radiotherapy have been found to have 
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increased serum and bronchoalveolar TGF-β levels (23; 279). Increased levels of TGF-β 

after stem cell transplantation are correlated with greater risk of developing radiation-

induced liver and lung fibrosis (13). The correlation between TGF-β and the increased 

risk of developing radiation-induced fibrosis is common among different types of 

radiotherapy (94; 126; 148). To examine the relationship between TGF-β and radiation-

induced pulmonary fibrosis many animal models that expose mice to thoracic irradiation 

have been developed (101; 183). Investigations using these animal models have shown 

that TGF-β levels are upregulated in the lung tissue and the bronchoalveolar lavage 

(BAL) after exposure to thoracic irradiation (225; 310). These animal models have also 

provided evidence that abrogation of TGF-b signaling is able to dampen irradiation-

induced pulmonary fibrosis (78). The wealth of information gleaned using these murine 

models suggest that therapies targeting TGF-β may aid in the management of pulmonary 

fibrosis in patients undergoing radiotherapy (11).  

 

 

 The need for new insights on radiation injury 

 The overall incidence of cancer has decreased over the last 3 years, owing in part 

to the increased public awareness of the importance of early screening and new 

treatments (117; 175; 254). Radiotherapy is still an important modality in the fight 

against cancer, making it vital to keep advancing our knowledge of the mechanisms of 

radiation injury. Also, the scenario of large-scale radiation exposure to the public should 

not be overlooked. Characterizing new mechanisms of radiation injury is important for 

the successful treatment of patients and for the safety of the public.  
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THE BONE MARROW ENVIRONMENT 

 

Bone marrow is the site where hematopoiesis occurs and where hematopoietic 

stem cells (HSCs) are housed and maintained. In mice, 'active' bone marrow, marrow 

active in hematopoiesis, is present in the cavities of the humeri, femur, sternum, and 

pelvis. In adult humans, most of the active, red marrow is in the femur and pelvis (181; 

268). Primitive HSCs self-renew throughout their lifespan (84). Primitive HSCs, also 

called long term- (LT-) HSCs, give rise to short term- (ST-) HSCs and lineage committed 

HSCs, which have limited self-renewal capability. In addition to HSCs, another group of 

stem cells, mesenchymal stem cells (MSCs), also reside in the bone marrow (252). MSCs 

differentiate into the stromal cells that support and maintain HSCs (125; 171). 

 

Stromal Cells and HSC Niches 

Bone marrow stromal cells consist of osteoblasts, chondrocytes, adipocytes, and 

fibroblasts (209). Additionally, endothelial cells in the bone marrow are important 

regulators of hematopoiesis and are often lumped into the category of bone marrow 

stromal cells (290). Stromal cells provide a physical scaffolding that houses HSCs. 

However, their role goes beyond mechanistic support. Stromal cells help tightly regulate 

the proliferation of HSCs through a variety of mechanisms (40; 171; 252). 

HSCs reside in specific areas of the bone marrow labeled “niches”, these niches 

are responsible for regulating HSC proliferation, differentiation, and state of quiescence 

(97; 141; 292). These niches are composed of numerous cell types including, stromal 

cells, neuronal cells, specialized macrophages, and megakaryocytes (107; 155; 290; 292; 
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305) (Figure 4). There is evidence of two distinct HSC niches in the bone marrow the 

endosteum niche (also known as the osteoblastic niche), and the vascular niche (also 

known as the reticular niche) (40; 274; 290). The endosteum niche is found along the 

bone surface of the marrow cavity and the vascular niche is found at the bone marrow 

sinusoids (40; 274; 290). Immunofluorescent imaging has shown that most HSCs reside 

in the vascular niche (~70%), while the endosteal niche houses ~20% of the HSCs. The 

remaining ~10% of the population is randomly distributed in the bone marrow (196). It 

has also been proposed that quiescent HSC and quiescent nestin+ MSC constitute their 

own exclusive niche (171).   

 

HSC Quiescence 

The maintenance of HSCs in a state of quiescence prevents their premature 

exhaustion by limiting cellular stress from normal metabolic activity (199). At any time 

in regular conditions, the majority of LT-HSCs (~70%) are quiescent and arrested in G0 

(289). Quiescence is thought to render LT-HSCs radioresistant, allowing them to 

repopulate injured and depleted bone marrow. After restoring proper hematopoiesis, LT-

HSCs return to their quiescent state (289). 

The regulation of HSC quiescence is a complex process involving numerous cell 

types (149). Each HSC niche utilizes specific mechanisms to regulate HSC quiescence. In 

the endosteal niche, megakaryocytes and osteoblastic cells work in concert to activate 

HSC or to render them quiescent by manipulating myeloproliferative leukemia protein 

(MPL- the receptor for thrombopoietin) and thrombopoietin (TPO) signaling (312). 

Megakaryocytes also control quiescence of HSC through TGF-β1 signaling (318). 
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Osteoblasts also use angiopoietin-1/Tie-2 signaling to regulate HSC quiescence (14). 

HSCs localized around stromal HG2+ perivascular cells are maintained in their quiescent 

state; however, the exact mechanisms governing this regulation is not yet known (141). 

Endothelial cells maintain HSCs quiescence via direct cell surface to cell surface contact 

(201). A shared mechanism regulating HSC quiescence between the two niches is the 

regulation of CXCL12 (96; 252). CXCL12 is responsible for retaining HSC in the bone 

marrow cavity, and maintaining HSCs quiescence (270).  

 

HSC Oxidative Stress 

In order to maintain their genomic integrity, HSC have many mechanisms to 

reduce oxidative stress, and limit the number of ROS (188).  HSC reside in hypoxic areas 

of the bone marrow (54; 202). Additionally, these HSC and are themselves hypoxic and 

express high levels of HIF-1α (122; 196). HIF-1α expression increases HSC quiescence, 

which renders them more radioresistant (83). Cellular metabolism is suppressed in HSC 

by limiting the generation of mitochondria, which results in a decrease of cellular ROS 

(120). In vitro, HSC lose their replicative and differentiation ability when cultured in 

non-hypoxic conditions (54). 

 

Radiation Injury to the bone marrow 

 Radiation exposure, both low and high dose, injure the HSC and MSC 

populations. However, MSCs have been shown to be more radioresistant than HSC (253). 

These injuries significantly depress hematopoiesis, not just by damaging the HSC 

population, but also by damaging the supporting MSC population (18; 97). 
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Early Injury 

Hematopoietic suppression is the most obvious consequence of bone marrow 

radiation-induced injury. The extent of hematopoietic suppression is dependent on the 

radiation dose and total volume of bone marrow exposed (111). In severe cases of ARS, 

the suppression of blood cell production can be lethal. The production of myeloid and 

lymphoid cells after injury vary with dose of radiation exposure causing a misbalance in 

normal blood cell counts (45). The severity of myelosuppression is dose dependent which 

allows clinicians to obtain a crude estimate of a patients dose of radiation exposure (111). 

Radiation exposure is also immunosuppressive and, in the most severe cases, individuals 

may die from sepsis (42). Individuals subjected to extremely high doses of total body 

irradiation are subject to complete hematopoietic failure and require bone marrow cell 

transplantation to survive (6). After radiation exposure, hematopoietic growth factors are 

administered to help repopulate the mature blood cell population (109; 119).    

 

Long-term Injury 

Like radiation injury to other organs, the long-term sequelae of radiation injury 

are insidious. In individuals who have recovered, or are recovering from radiation 

exposure, blood cell counts normalize, giving the appearance that hematopoietic injury 

has resolved (264). However, radiation-induced hematopoietic injury may never 

completely heal (47; 53; 177). 

Long-term radiation-induced injury can result in the development of 

myeloproliferative neoplasms (MPN) and leukemia (243). MPNs are clonal disorders 
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arising from multipotent stem cells characterized by unregulated proliferation, and 

disparity, of trilineage myeloid cells (147). These cancers arise from genomic mutations 

caused by radiation-induced DNA injury (79). Interestingly, radiation exposure selects 

for certain leukemic mutations over others in irradiated HSC, suggesting a unique 

mechanism for radiation-induced leukemia (164). Over 30% of leukemias in the 

survivors of the atomic bombings of Hiroshima and Nagasaki developed these blood 

cancers (12; 29).  

 A serious long-term consequence of radiation exposure is the decrease of HSC 

self-renewal and pluripotency, also called stem cell pool failure (18; 165; 166). MSCs 

also suffer from decreases in self-renewal and pluripotency (18; 60; 236). These defects 

are long-lasting and are irreversible. Stem cells isolated from patients are still defective 

long after radiotherapy is completed (165). These injuries are believed to be caused by 

lower HSC engraftment in irradiated bone marrow in patients that have received 

radiotherapy (95; 264).   

 

Mechanisms of long-term injury 

Low-level radiation exposure that does not illicit apoptosis in LT-HSCs can cause 

accelerated senescence (242; 281). This has been observed both in vitro and in vivo. 

Isolated irradiated murine HSCs have increased levels of the senescence genes p16 and 

p19 (172). In vitro, low doses of radiation increase expression of p16 and senescence 

associated-beta galactosidase in HSC. Additionally, this increase in senescence markers 

occurred in the LT-HSC population verses the ST-HSC population (281).  These findings 
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were confirmed by another study that additionally showed an increase in Arf expression 

after sub-lethal total body irradiation (TBI) (242).  

After radiation exposure, ROS levels increase and elicit a state of persistent 

oxidative stress in HSC, resulting in DNA damage (280). The reduction of ROS after 

radiation injury has been demonstrated to decrease long-term hematopoietic injury (203; 

299; 316). The use of resveratrol, an antioxidant, reduces the buildup of ROS, and 

inhibits senescence after nonlethal TBI. Additionally, isolated HSCs from resveratrol 

treated mice had higher capability for self-repair and differentiation, compared to those 

isolated from untreated mice (316). The connection between ROS, senescence, and 

decreased HSC function was also shown in a study evaluating the use of metformin in 

treating radiation injury (299). 

There is also evidence that radiation exposure of MSCs leads to senescence (9; 

56; 236; 278). Unfortunately, there is a dearth of information about the role of ROS in 

radiation-induced senescence in MSCs. The relationship between radiation exposure, 

ROS, and senescence in MSCs, has been examined in the context of autophagy. 

Inhibition of autophagy increases levels of ROS and senescence in isolated MSCs 

exposed to radiation (114). 

 

Outside of the bone marrow 

 There is a robust area of research into the mechanisms of HSC and MSC radiation 

injury in the bone marrow. There is also information on how the changes that occur in 

hematopoiesis affect bone marrow injury; subsets of myeloid and lymphoid cells are 

suppressed at unique times after radiation exposure. It has been shown that after systemic 
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radiation, MSCs traffic throughout the entire body. While the response of other bone 

marrow derived cells has been investigated in the context of radiation injury, the response 

of fibrocytes, bone-marrow derived cells, has yet to be investigated.   
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GOAL AND AIM OF THESIS 

An exponentially increasing number of diseases are associated with increased 

levels of fibrocytes in patients (182; 277; 294; 315). Fibrocytes are a peculiar population 

of leukocytes that express both hematopoietic and mesenchymal markers (36). These 

bone-marrow derived cells have been closely linked with a myriad of fibrotic diseases 

(25). Recently, evidence has been found linking fibrocytes to non-fibrotic diseases. These 

non-fibrotic diseases range from breast cancer to Lyme disease (68; 70; 262; 315). 

The study of the relationship between bone marrow injury and fibrocytes is 

currently in its infancy. To thoroughly investigate the role of fibrocytes after bone 

marrow injury, we developed a mouse model of partial radiation-induced bone marrow 

injury. Total body irradiation is well established in the literature to engender bone 

marrow damage. After partial body irradiation, fibrocytes from non-irradiated tissue were 

interrogated for changes in number. Targeted injury of bone marrow will enable the 

investigation of the systemic response of fibrocytes after radiation-induced bone marrow 

injury. Elucidation of the mechanisms governing fibrocytes in diseases has identified new 

potential therapeutic targets. Understanding how fibrocyte levels response after bone 

marrow injury is the first step in development of potential therapeutics to treat bone 

marrow injury.  

To create a mouse model of radiation-induced bone marrow injury, mice were 

subjected to varying doses of partial body irradiation and examined for signs of bone 

marrow injury. Changes in circulating and splenic fibrocyte levels were measured at 

various time points after partial body irradiation using flow cytometry.  

This study provides a new model of bone marrow injury that can be used to 

investigate the mechanisms governing the response of fibrocytes after injury.  
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CHAPTER TWO: Study Results and Discussion 
 

MATERIALS AND METHODS 

 

Animals. C57BL/6J strain female mice (The Jackson Laboratory, Bar Harbor, 

ME, USA) weighing 17.5-21.5 g were 12–14 weeks of age at the time of irradiation.  

Mice were kept in a barrier facility for animals accredited by the Association for 

Assessment and Accreditation of Laboratory Animal Care International. Mice were 

housed in groups of four. Animal rooms were maintained at 21 ± 2°C, 50% ± 10% 

humidity, and 12-h light/dark cycle with commercial freely available rodent ration 

(Harlan Teklad Rodent Diet 8604, Frederick, MD, USA). Acidified water (pH = 2.5-3.0) 

was available ad libitum to control opportunistic infections. All animal handling 

procedures were performed in compliance with guidelines from the National Research 

Council for the ethical handling of laboratory animals, and were approved by the USUHS 

Institutional Animal Care and Use Committee.  

 

Irradiation. For thoracic irradiation, mice were anesthetized with intraperitoneal 

injections of 150 mg/kg ketamine plus 18 mg/kg xylazine. Anesthetized mice were 

irradiated in the prone position in Lucite jigs (3 mm thick) (Precision Machine & Tool, 

Beltsville, MD) to prevent movement with forelimbs secured in the radiation field using 

an RS2000 small animal irradiator. Following irradiation, anesthetized animals recovered 

on warming pads prior to being returned to their original cages. The RS2000 provides a 

cone-shaped radiation field with irradiation at 12.39 to 40.50 cm from the X-ray source. 

For dose measurements, irradiation was performed with the following settings: 160 kVp, 
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25 mA, 90 sec irradiation time, and 0.3 mm Cu beam filtration. The approximate HVL 

provided by the manufacturer was 0.62 mm Cu. The University of Wisconsin Medical 

Radiation Research Center (UW MRRC) provided eight acrylic mouse phantoms with 

three (1×1×1mm) Harshaw TLD-100 microcubes (Thermo Electron Corp., Oakwood 

Village, OH) embedded in each phantom. The cylindrical phantom had a dimension of 27 

mm in diameter (D) × 65 mm in length (L) and was stabilized by a cylindrical insert 15 

mm (D) × 27 mm (L) with a 3mm thick stand. The custom mouse shield was placed on 

the floor of the irradiator with the mouse thoracic region approximately 43.75 cm from 

the X-ray source. The dose measurement was conducted twice to account for setup error 

and reproducibility. The UW MRRC is an accredited calibration laboratory and processed 

the TLDs using a national standard with an expanded uncertainty (k=2) of 5%. The dose 

rate was reported for each position 1 – 4 as absorbed dose rate to water (ADRW, Gy/min) 

and the two repeated measurements were averaged together. The average ADRW at any 

position was 0.775 Gy/min with 97% uniformity and, accounting for TLD measurement 

uncertainty, had an expanded uncertainty of ± 5.2%.   

 

Histology. Sternebrae, humeri, and femurs were surgically removed from 

euthanized animals and fixed in 10% neutral formalin overnight. Tissues were paraffin 

blocked and stained using standard methods for hematoxylin and eosin. Slides were 

evaluated and subjectively scored by a veterinary pathologist. Bone marrow sections 

were digitally scanned using the Ziess Axioscan and images for publication were 

produced with Zen Lite software (Carl Ziess, USA).  
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Peripheral blood mononuclear cell (PBMC) isolation for FACS. Mice were 

euthanized with pentobarbital (10 mg/kg). Blood was collected via cardiocentesis using 

heparin-charged 25-gauge needle and syringe, and placed in EDTA-coated microtainer 

tubes (Becton-Dickson, Franklin Lakes, NJ).  Blood was diluted to 10 ml in phosphate 

buffered saline (PBS), and PBMC were isolated via density gradient centrifugation using 

4 ml Lymophocyte Separation media (Mediatech, Manassas, VA), then resuspended in 

PBS and centrifuged at 2000 rpm for 35 min at 20°C.  Lymphocytes layers were 

recovered from the gradient and diluted up to 15 ml with PBS. Cells were centrifuged at 

300 ×g and washed with 10 ml PBS twice more. 

 

Bone marrow and spleen cell isolation. Humeri and femurs were surgically 

removed from euthanized animals, and flushed with sterile PBS. Collected bone marrow 

and spleen tissues were manually filtered to separate cells using a 40 µM cell strainer 

(Cell Treat, Pepperell, MA). Cells were diluted to 30 ml with PBS and centrifuged at 300 

×g for 10 mins at room temperature. After washing, red blood cells were lysed in 2 mL 

(for bone marrow) and 5 mL (for spleen) of ammonium-chloride-potassium (ACK) lysis 

buffer (Lonza, Basel, Switzerland) for 1 min for bone marrow and 5 min for spleen at 

room temperature. Cells were then diluted to 20 ml with PBS and pelleted as before. 

Cells were washed twice as before with PBS and resuspended in 1 ml PBS. 

 

FACS staining. Cells isolated from spleen, bone marrow, and PBMCs cell were 

resuspended in ~200 µl and placed on 5 ml nylon cell strainer topped Falcon tubes 

(Corning Life Sciences, Corning, NY) and centrifuged for 10 min at 860 ×g at room 
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temperature. Cells were resuspended in 100 µl transferred to Falcon 96 well clear V-

bottom nontreated polypropylene storage microplates (Corning). Cells were then stained 

with 1:40 dilution in PBS of LIVE/DEAD viability stain (Molecular Probes, Life 

Technology, Grand Island, NY) for 20 min in the dark. Cells were washed with FACs 

buffer (0.5% FBS, 0.05% NaN3 in PBS), and pelleted by centrifugation for 10 min at 860 

×g at room temperature, then blocked by the addition of 1 µl Mouse BD Fc Block (BD 

Bioscience, San Jose, CA) diluted in 99 µl FACS buffer, for a total of 100 µl per well, for 

20 min on ice. Plates were centrifuged at 860 ×g for 5 min at room temperature, and 

supernatants were removed. Cells were washed once by the addition of 100 µl FACs 

buffer, and pelleted at 860 ×g at room temperature for 5 min. Cells were stained with 

Brilliant Violet 605-labeled CD45 (Cat#: 103140, Biolegend, San Diego, CA); 

phycoerythrin (PE) labeled CD41 (Cat#: 561850, BD Bioscience, San Jose, CA); and 

allophycocyanin (APC)-eFluor 780-labeled CD115 (Ref#: 47-1152-82, Affymetrix 

eBioscience, San Diego, CA) for 20 min on ice. Cells were then fixed and permeabilized 

with BD Cytofix/CytoPerm (BD Bioscience, San Jose, CA). Cells were stained with anti-

Collagen type I antibody (0.5 µg/µL, Cat#: 600-406-103, Rockland Immunochemicals, 

Limerick, PA) in BD Perm/Wash buffer for 40 minutes at 4° C, with rocking. Cells were 

washed once in 100 µl BD Perm/Wash buffer (BD Bioscience, San Diego, CA) and 

pelleted at 860 ×g at room temperature for 5 min. Cells were then stained with anti-

biotin-FITC (Miltenyi Biotech, San Diego) for 20 min on ice. After staining, cells were 

washed, pelleted, and resuspended in BD Perm/Wash. The following day stained cells 

were analyzed using a BD LSR II flow cytometer (BD, San Jose, CA). FACs data 

analysis was carried out with FlowJo data analysis software (FlowJo, Ashland, Oregon). 
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Statistical Analysis. Statistical analysis was performed using Graphpad Prism 7 

(San Diego, CA). Results are represented as means ± SEM. P values of < 0.05 were 

considered significant. One-way ANOVA with Tukey’s multiple comparison post hoc 

test was used for multiple comparisons. 
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RESULTS 

 

Model for irradiation-induced bone marrow injury 

Localized radiation has been shown to damage exposed bone marrow and effect 

non-irradiated tissues (102). In order to investigate the response of fibrocytes in the 

context of partial bone marrow radiation exposure, we developed a murine model of 

radiation-induced bone marrow injury. We selectively exposed the bone marrow of the 

sternum and humeri of adult female C57BL/6J mice by placing them inside a custom 

lucite jig with their humeri restrained alongside their sternum. A specialized lead shield 

was used to restrict the field of radiation to the thoracic cavity. This approach allowed us 

to ensure the bone marrow in the femur was not exposed to radiation (Figure 3).  

 

Dose response of radiation-induced bone marrow injury. 

Radiation injury is dependent on numerous factors; among them are the dose of 

radiation exposure and the total area of tissue exposed (161). We previously observed 

that 17Gy thoracic radiation depleted the bone marrow of the exposed sternum of mice at 

60 days post irradiation (unpublished data). Since our new model placed the humeri in 

the field of radiation resulting in a larger total area of radiation exposure, we set out to 

determine what dose of radiation would provide bone marrow damage 60 days post 

irradiation.  

We exposed mice to a single dose of 12Gy, 14Gy, 16Gy, or 18Gy irradiation and 

examined them 60 days post radiation for signs of bone marrow damage (Figure 3). The 

bone marrow is a complex organ. Identification of potential damage is done with the use 
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Figure 3. Model for irradiation-induced bone marrow injury. 

A. Female C57BL/6J were placed in a lucite jig (gray area) with forelimbs placed parallel 

to the thoracic cavity, and irradiated in the prone position (red area). Targeted thoracic 

irradiation was achieved by positioning a custom lead shield over the radiation source 

(black line). B. Mice were exposed to varying dosages of irradiation to determine a 

suitable dose to illicit bone marrow damage at 60 days post irradiation. C. Mice were 

sacrificed and examined at the indicated time points after irradiation. 
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of histological stains to examine changes in cellular composition and the bone marrow 

stroma (268). Accordingly, the harvested sternum, humeri, and femur from irradiated 

mice were stained with H&E and examined for abnormalities in cellularity and cellular 

composition. There was no apparent damage to the bone marrow outside of the field of 

radiation of 12Gy, 14Gy, 16Gy, or 18Gy irradiation doses (Supplemental Figure 1).  

We next examined the bone marrow of the sternum and humerus for any 

indications of radiation-induced damage.  We found that radiation exposure resulted in 

varying degrees of bone marrow depletion. Bone marrow was scored based on degree of 

cellular depletion (Supplemental Figure 2-3). We first examined the humerus of the 

irradiated mice. We found varying degrees of depletion at all doses of radiation exposure 

(Figure 4). This depletion was most marked in the spongy marrow in the proximal and 

distal epiphysis. We further examined the bone marrow in the distal epiphysis and 

observed a paucity of osteoblasts and osteoclasts along the endosteum at all doses of 

radiation exposure (Figure 4D-E). Osteoblasts are readily seen in the bone marrow of 

sham-irradiated mice (Figure 4C, black arrows).  We did observe a limited number of 

osteoblasts in the bone marrow of 18Gy irradiated mice (Figure 4G, black arrow). 

Additionally, macrophages laden with hemosiderin, an iron-storage complex (16), were 

present in depleted areas of bone marrow (Figure 4D-F, green arrow). This pigmentation 

is the result of the phagocytosis of surrounding red blood cells.  Bone marrow from 12Gy 

and 14Gy irradiated mice showed a pronounced breakdown of the sinusoid compared to 

bone marrow from 16Gy and 18Gy irradiated mice (Figure 4C-G). The degradation of the 

sinusoidal network appeared to be correlated with the severity of bone marrow depletion.  
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Figure 4. Dose response of radiation-induced bone marrow injury in the humerus, 

60 days post injury. 
At 60 days post irradiation mice were sacrificed and their bone marrow was stained with H&E 

and examined for any outstanding histological features. A. Criteria used for grading the severity 

of bone marrow depletion. Qualitative grading system of 0-5 was based on the overall 

percentage of bone marrow depletion veterinary pathologist B. Severity of bone marrow 

depletion after irradiation. C. Cartoon of humerus bone marrow cavity highlighting the location 

of spongy bone marrow areas examined. D-H. Histological examination of irradiated bone 

marrow for any outstanding features. Black arrows point to osteoblast and osteoclasts lining the 

endosteum. Gray arrows point to megakaryocytes. Green arrows point to hemosiderin laden 

macrophages. 
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Interestingly, we did not observe any correlation between severity of bone marrow 

depletion and dose of radiation exposure (Figure 4A, Supplementary Figure 4).  

We proceeded to examine the bone marrow of the sternum. Unexpectedly, we 

found that only 14Gy and 16Gy, but not 12Gy and 18Gy irradiation elicited depletion of 

the sternum bone marrow (Figure 5A-B). Additionally, bone marrow depletion was not 

uniform among cavities within individual sternums (Figure 5B). Similar to the depleted 

areas of bone marrow in the humerus, macrophages containing hemosiderin were 

identified in the depleted areas of bone marrow in the sternum cavities (Figure 5C, green 

arrows). These pigmented macrophages are responsible for the phagocytosis of red blood 

cells that have escaped the sinusoid network in the bone marrow. 14Gy and 16Gy 

irradiation also diminished the sinusoids throughout the areas of depleted bone marrow in 

the sternum (Figure 5C). In the bony sections (trabecula) of the sternum bone marrow 

cavities, the osteoblasts and osteoclasts lining the endosteum were ablated (Figure 6D, 

black arrows).  

Our histological examination of the humerus and sternum showed that all doses of 

radiation caused bone marrow depletion. However, we found no correlation between the 

dose of radiation exposure and the severity of depletion (Figure 4A, Figure 5A). 

Additionally, within groups of irradiated mice, there was no relationship to damage found 

in the bone marrow of the humerus and the bone marrow of the sternum. There was also 

variability in individual bone marrow cavities of the sternum (Figure 5B).  

We found that 14Gy and 16Gy irradiation exposure elicited the depletion of the 

bone marrow in both the sternum and the humerus. Since the severity of bone marrow  
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Figure 5. Dose response of radiation-induced bone marrow injury in the sternum, 60 

days post injury. 
At 60 days post irradiation mice were sacrificed and their bone marrow was stained with H&E 

and examined for any outstanding histological features. A. Criteria used for grading the severity 

of bone marrow depletion. Qualitative grading system of 0-5 was based on the overall 

percentage of bone marrow depletion veterinary pathologist B. Severity of bone marrow 

depletion was graded by a veterinary pathologist at a scale of 0-5. C. Representative images of 

sternums demonstrating varied severity of bone marrow depletion within individual sternums. 

D. Magnified view of the depleted areas of sternum bone marrow from 14Gy and 16Gy 

irradiated mice. E. Cartoon of sternum bone marrow cavity highlighting the trabecular areas of 

sternum bone marrow examined. F. Examination of 14Gy and 16Gy irradiated bone marrow for 

outstanding histological features. Black arrows point to osteoblast and osteoclasts lining the 

endosteum. Gray arrows point to megakaryocytes. Green arrows point to hemosiderin laden 

macrophages. 
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depletion was greater in the group of 14Gy irradiated mice, this was the dose used in our 

model of partial bone marrow irradiation. 

Circulating fibrocytes increase in collagen expression 14 days post irradiation, and 

increase in frequency 30 days post irradiation 

Fibrocytes contribute to the development of numerous fibrotic and non-fibrotic 

diseases, and increased numbers have been correlated with disease progression and 

severity (36; 233; 313). Characterization of human and murine fibrocytes has shown that 

fibrocytes do not express CD115, the receptor for colony stimulating factor expressed 

primarily on macrophages (194; 207; 215). Based on these data, circulating fibrocytes 

were identified as CD115- CD45+ ColI+ cells. The gate for identifying collagen 

expressing fibrocytes was determined using collagen unstained PBMCs (Figure 6A, 

Supplemental Figure 7).  

To investigate the levels of circulating fibrocytes in irradiated mice at different 

time points, PBMCs were isolated 14, 30, and 60 days post irradiation, and analyzed 

using flow cytometry. A significant increase in the level of circulating fibrocytes 

occurred 30 days post irradiation. Sixty days post irradiation, the frequency of circulating 

fibrocytes returned to near baseline level (Figure 6B). In fibrotic disease, collagen 

expression in fibrocytes has been shown to increase over time (206). To examine 

potential changes in collagen expression, we calculated the mean fluoresce intensity 

(MFI) to determine the relative expression of collagen in isolated fibrocytes. We saw an 

increase in the relative expression of collagen 14 days post irradiation (Figure 6C). 

Additionally, a small but distinct population of collagen high expressing fibrocytes was 

seen 14 days post irradiation (Figure 6D). Thus, these data suggest that circulating 

fibrocytes increase after radiation-induced bone marrow injury.  
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Figure 6. The percent of circulating fibrocytes at various time points after 14Gy 

thoracic and partial bone marrow irradiation.  

Flow cytometry was used to determine the frequency of CD115- CD45+ ColI+ 

fibrocytes in mouse PBMCs. A. Gating strategy used to identify CD115- CD45+ 

ColI+ fibrocytes. B. The percent of circulating fibrocytes in isolated PBMCs 

post 14Gy irradiation. C. Graph of collagen MFI in isolated PBMC fibrocytes. 

D. Representative histogram of collagen I expression, (MFI) in PBMC 

fibrocytes post 14Gy irradiation in irradiated mice. Data represent mean ± SEM 

of at least four mice per treatment group and time point. *p < 0.05 vs. Sham, ≠
p < 0.05, ≠≠p <0.005. One-way ANOVA with Tukey’s multiple comparison    
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Frequency and collagen expression of bone marrow CD45+ColI+ fibrocyte 

precursors in non-irradiated bone marrow increase post irradiation, indicative of a 

radiation bystander effect 

In response to lung, liver, and kidney injury, the frequency of bone marrow 

CD45+ ColI+ cells increase in frequency (133; 134). These cells can migrate to injured 

tissue and differentiate into “mature” fibrocytes (133; 185). HSC from non-irradiated 

bone marrow can migrate to injured bone marrow and restore hematopoiesis (137). We 

wished to determine if CD45+ ColI+ cells in non-irradiated bone marrow increased 

following irradiation. We isolated bone marrow cells from the non-irradiated femurs and 

quantified the frequency of CD45+ColI+ cells using flow cytometry at 7, 14, and 30 days 

post irradiation.  

The flow cytometry gate for identifying CD45+ ColI+ cells was determined using 

collagen unstained bone marrow cells (Figure 7A, Supplementary Figure 7). We 

calculated the frequency of CD45+ ColI+ cells present in CD45+ bone marrow cells. The 

frequency of fibrocyte precursors in the bone marrow was significantly increased 30 days 

post irradiation when compared to the levels of fibrocyte precursors in the bone marrow 7 

and 14 days post irradiation (Figure 7B). The expression of collagen in CD45+ ColI+ bone 

marrow cells is significantly increased 14 days post irradiation compared to 7 and 30 

days post irradiation (Figure 7C). We were fascinated with the heterogeneity of collagen 

expression in CD45+ ColI+ cells 7 and 14 days after irradiation (Figure 7D). These 

eclectic populations of CD45+ ColI+ cells were no longer present 30 days post irradiation. 

These data show that CD45+ ColI+ precursors increase in frequency in non-irradiated 

bone marrow sites. 
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Figure 7. Number of CD45+ColI+ shielded femur bone marrow cells increases post 

irradiation.  

Number of CD45+ ColI+ bone marrow cells were quantified using flow 

cytometry. A. Gating strategy used to identify CD45+ ColI+ in isolated bone 

marrow cells. B. The percentage of CD45+ Col+ cells in the CD45+ population 

of femur bone marrow increases 30 days post irradiation. C. Graph of collagen 

MFI in isolated femur CD45+ColI+ cells post irradiation shows increased and 

variable expression of collagen post irradiation. D. Representative histogram of 

collagen I expression (MFI) CD45+ ColI+ cells. ***p < 0.0002 vs. 7D and 14D 

PIR, ≠≠≠≠p <0.0001 vs. 7D and 30D PIR. One-way ANOVA with Tukey’s 

multiple comparison   
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Splenomegaly occurring 60 days post irradiation 

The spleen’s response to bone marrow injury has been well documented (105; 

142). After hematopoietic damage the spleen becomes a site of extramedullary 

hematopoiesis and can increase in size, causing splenomegaly (139; 224). To assesses if 

splenomegaly occurred in our model of irradiation-induced bone marrow injury, spleen 

weights were recorded 7, 14, 30, and 60 days post irradiation. We did indeed observe a 

gradual, but sustained, increase in spleen weight that became significant 60 days post 

irradiation (Figure 8E).   

 

Frequency of fibrocytes in the spleen decreases 7 days after radiation exposure and 

heterogenous populations of splenic fibrocytes arise after radiation exposure 

Like bone marrow CD45+ColI+ cells, fibrocytes in the spleen have been shown to 

increase in response to kidney and liver injury (133; 215). In order to investigate the 

response of spleen fibrocytes after radiation-induced bone marrow injury, we measured 

the frequency of CD115- CD45+ ColI+ fibrocytes in the total CD45+ cells in the shielded 

spleens of irradiated mice. The gate for identifying collagen-expressing cells was 

determined using unstained spleen cells (Figure 8A, Supplementary Figure 7). 

Interestingly, the number of splenic fibrocytes decreased 7 days post irradiation (Figure 

8B). However, collagen expression was still increased in this small population of splenic 

fibrocytes and increased out to 14 days post irradiation (Figure 8C). These data show 

splenic fibrocytes are subject to the non-targeted effects of radiation-induced bone  
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Figure 8. A significant decrease in levels of spleen fibrocytes and concomitant 

increase of collagen I expression occurs 7 days post irradiation. 

After 14Gy irradiation, mice were sacrificed at various time points and the 

frequency of CD115- CD45+ ColI+ spleen fibrocytes was analyzed using flow 

cytometry. A. Gating strategy used to identify CD115- CD45+ ColI+ fibrocytes. 

B. The frequency of CD115- CD45+ ColI+ spleen fibrocytes is significantly 

reduced post irradiation. C. Graph of collagen I MFI of spleen fibrocytes post 

irradiation. D. Representative histogram of collagen expression (MFI) in spleen 

fibrocytes. E. 60 days post irradiation spleen weights of mice are significantly 

increased. Data represent mean ± SEM of at least four mice per treatment group 

and time point. *p < 0.05 vs. Sham. ≠p <0.05, ≠ ≠p <0.005, ≠ ≠ ≠p <0.0002. 

One-way ANOVA with Tukey’s multiple comparison  
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marrow injury. Like in the circulating fibrocytes and CD45+ColI+ cells, we observed a 

difference in the expression of collagen in spleen fibrocytes (Figure 8D).     

 

DISCUSSION 

 

Fibrocytes are bone marrow derived leukocytes that express both mesenchymal 

and hematopoietic markers (36; 174). Fibrocytes are primarily identified by their dual 

expression of CD45 and collagen I (110). These pleotropic cells have been demonstrated 

to be involved in numerous fibrotic diseases in both man and mouse (174; 227; 300). 

Research on the participation of fibrocytes in non-fibrotic diseases has demonstrated that 

their role in disease is not limited to fibrotic disease (315). Research examining fibrocytes 

in the context of radiation injury is in its infancy. Radiation exposure to the bone marrow 

is a major concern during radiotherapy (38; 102; 161; 234)(72). Therapy-related 

myeloproliferative neoplasms have been known to occur after radiation exposure to the 

bone marrow (4; 143; 146; 266). In order to investigate fibrocytes after radiation 

exposure, we used a model of targeted thoracic and forelimb irradiation. This allowed us 

to study the effects of partial bone marrow irradiation. After determining an optimal dose 

to illicit radiation-induced bone marrow damage, we quantified changes in circulating 

and splenic fibrocytes after bone marrow irradiation. We also measured changes to the 

CD45+ColI+ cell population in unexposed bone marrow. We found that fibrocytes do 

respond to thoracic and partial bone marrow irradiation. These findings pave the way for 

continued research into the participation of fibrocytes in radiation-induced injury.  
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Thoracic and partial bone marrow irradiation deplete exposed bone marrow 

cavities 

Using a modified version of the model of thoracic irradiation performed routinely 

used in our laboratory we determined the optimal dose of radiation to illicit bone marrow 

injury 60 days post irradiation. By placing the humeri in the field of radiation, we were 

able to expose additional bone marrow in the field of radiation. While examining the 

bone marrow of the exposed sternum and humeri, we found varying degrees of bone 

marrow depletion in response to radiation exposure (Figure 5-6). Interestingly, we 

observed that the severity of injury in the form of bone marrow depletion was not 

correlated with increased dose of radiation exposure. This was interesting and a bit 

paradoxical at first. However, it has been demonstrated that in response to partial bone 

marrow radiation exposure, a secondary ‘wave’ of bone marrow depletion occurs after 

the initial recovery of the irradiated bone marrow (58; 137). Examination of the 

relationship between radiation dose and hematopoietic recovery after partial bone marrow 

irradiation has shown that increased dosages of radiation correspond to faster rates of 

hematopoietic recovery (232).  The sharp decrease in the number of CFU-GMs in the 

bone marrow caused by high doses of radiation exposure is countered by an equally sharp 

increase in bone marrow regeneration (232). Our examination of the irradiated bone 

marrow was performed at a single time point. It is probable that the bone marrow 

exposed to 18Gy radiation was already recovering from its secondary injury. This would 

indicate that there is positive relationship between dose of radiation and bone marrow 

damage in our model of bone marrow injury, but since we only examined a single time 

point, we cannot definitively confirm this.  
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The discordance between bone marrow injury in the sternum marrow and the 

humeri of irradiated mice was another unexpected result (Figure 5-6). This could be 

attributed to the method of irradiation. The radiation source used by the RS2000 small 

animal irradiator is overhead, meaning that the radiation waves pass through the backside 

of the animal (Figure 4). The energy from the X-radiation photons is absorbed as it 

travels through the body of the mouse. The absorbed dose of radiation may have differed 

between the sternum bone marrow and humeri bone marrow, explaining the differences 

in irradiation damage within individual mice.  

Close examination of depleted bone marrow spaces revealed changes in osteoblast 

populations after radiation exposure. Osteoblasts make up the endosteal niche of the bone 

marrow microenvironment (132). In concert with megakaryocytes, osteoblasts regulate 

the proliferation and quiescence of HSCs (190). It has been demonstrated that after total 

body irradiation, osteoblasts proliferate and help regulate the repopulation of the depleted 

bone marrow (67). A dearth in osteoblasts lining the endosteum in the spongy marrow of 

the humerus was seen 60 days post 12Gy and 14Gy irradiation (Figure 5D-E). However, 

osteoblasts could be seen lining the endosteum at 60 days post 18Gy irradiation (Figure 

5G). This observation lends credence to our supposition that the lack of dose to injury 

relationship observed was owed in part to the temporal nature of bone marrow depletion 

and recovery.  

The 14Gy dose of radiation was used because it provided the most consistent 

bone marrow damage in the sternum and humerus at 60 days post irradiation. However, it 

should be noted that other doses of radiation can be used to examine radiation-induced 

bone marrow damage at different time points.  
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The level of circulating fibrocytes is altered after radiation exposure 

Fibrocytes can be identified using multiple combinations of expression markers 

(207). We used a combination of CD115, CD45 and ColI to identify circulating 

fibrocytes in PBMC (Figure 7A). CD115, which is also referred to as macrophage 

colony-stimulating factor receptor (M-CSFR), is routinely used to identify monocytes 

(35; 311). CD115 expression is lost during the differentiation of fibrocytes from Gr1+ 

splenocytes (194). Additionally, CD115 is not present in tissue-isolated fibrocytes or 

cultured PBMC fibrocytes (215). Accordingly, we used CD115 as an exclusion marker in 

our flow cytometry panel to identify fibrocytes in circulating PBMCs and the spleen. 

We found that circulating fibrocytes increase in response to thoracic and humoral 

bone marrow irradiation (Figure 7B). This increase of circulating fibrocytes is in step 

with the reported increases of fibrocytes in the context of numerous other diseases (110; 

174). Interestingly, this increase in fibrocytes was observed well after irradiation 

exposure (Figure 7). Unfortunately, we were not able to collect enough PBMCs from 

irradiated mice 7 days after exposure, which was believed to be because of the depletion 

of the bone marrow soon after radiation exposure. By 60 days post irradiation, the level 

of circulating fibrocytes had returned to the levels of sham-irradiated mice. The 60-day 

time point corresponds to the time we observed irradiation-induced bone marrow damage 

in mice. This is contrary to what is seen in other models of disease where increases in 

fibrocytes occur concomitantly to the development of disease (206; 215). A positive 

correlation between circulating fibrocyte levels and disease severity is also found in 

patients suffering from a range of maladies (129; 138; 179; 277; 308). Total body and 

partial radiation exposure disrupts the balance of hematopoietic cell subsets (81; 111). A 

change in the proportion of monocytes to lymphocytes could explain the absence of an 
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overall increase in fibrocyte levels at 60 days post irradiation when radiation-induced 

bone marrow damage occurs.  

While the level of circulating fibrocytes peaked at 30 days post irradiation, the 

relative expression of collagen per cell was greatest at 14 days post irradiation (Figure 

7C). It has been demonstrated that in response to TGF-β and other pro-fibrotic cytokines, 

fibrocytes increase their level of collagen expression (28; 241). Increases in TGF-β are 

found in irradiated mice and patients receiving radiotherapy is common (94; 225). The 

elevated levels of collagen expression in early fibrocytes may be due in part to 

stimulation by TGF-β (163). We attempted to measure the gene expression levels of 

TGF-β in both non-irradiated and irradiated bone marrow of these mice but were unable 

to obtain reproducible data.  

Examination of the histogram representing the expression of collagen in PBMC 

fibrocytes reveals what could be different subpopulations of fibrocytes. Fibrocytes have 

been shown to be a very heterogenous population of cells. Fibrocytes have been found to 

compose a subset of MDSC (244; 315), behave as effective antigen presenting cells (16), 

and transdifferentiate into adipocytes (112). Fibrocytes are very malleable and adapt to 

their surroundings. Radiation exposure triggers a complex cascade of events resulting in a 

milieu of chemokines, cytokines and growth factors (42; 64; 108; 115). These factors can 

manipulate the phenotype of fibrocytes, which has been shown numerous times in vitro 

(134; 285; 286) 

 

An increase in CD45+ColI+ bone marrow cells outside the field of radiation 
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There is some debate on what constitutes a ‘true fibrocyte’. CD45+ColI+ have 

been regarded to as “fibrocyte-like” (134; 216) cells and CD45+ColI+ cells have also been 

regarded as true fibrocytes (185). In the context of this study, bone marrow CD45+ColI+ 

cells were regarded as fibrocyte precursors. Also, due to lack of sham bone marrow, the 

only suppositions that can be made are within the isolated bone marrow cells. Relative to 

the populations of bone marrow CD45+ColI+ cells, the CD45+ColI+ do not exhibit 

changes in percentage nor collagen expression at 7 days post irradiation (Figure 8B-D). 

Examination of CD45+ColI+bone marrow cells at 14 and 30 days reveals a potential 

inverse relationship between level of bone marrow fibrocytes and expression of collagen. 

The relative increase in collagen expression in CD45+ColI+ bone marrow cells at 14 days 

post irradiation may also be caused by an increase in the level of TGF-β after irradiation 

(163). Relative to one another, the stark increase in CD45+ColI+ cells that occurs at 30 

days is interesting due to how long after exposure it occurs. Studies that have examined 

the changes in CD45+ColI+ cells in the bone marrow after injury have demonstrated that 

the level of CD45+ ColI+ bone marrow cells increase close to the time of injury or 

development of fibrosis (134; 206). This relatively late increase could be linked to the 

bone marrow injury that occurs 60 days post irradiation or could be in response to injury 

in another tissue.  However, as stated before no firm conclusions can be made about the 

potential meanings of these observations without the knowledge of the levels of 

CD45+ColI+ bone marrow cells in non-irradiated mice.  

 

Shortly after thoracic and bone marrow irradiation the level of splenic fibrocytes is 

significantly reduced 
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Shortly after radiation there is a significant decrease of fibrocytes in the spleen. 

This is in contrast to the increase in spleen fibrocytes in response to various types of 

injury that have been reported in the literature (134; 215). However, it needs to be noted 

that these observations were made at a single time point after injury, meaning that the 

events preceding and following the time of examination may show changes in fibrocyte 

numbers in the spleen. Interestingly, there has been a study demonstrating a reservoir of 

spleen monocytes that are quickly recruited to the site of the heart after MI in mice 

causing a depletion of splenic monocytes (257). A similar mechanism might be occurring 

with respect to fibrocytes after irradiation. Additionally, the spleen has a heterogenous 

population of fibrocytes with different levels of collagen expression out to 60 days post 

irradiation. The peak of collagen expression in spleen fibrocytes coincides with the 

dramatic decrease of splenic fibrocytes. This could be indicative of a rapidly depleting 

population of ‘mature’ fibrocytes that are being deployed to sites of injury.  

 

Splenomegaly occurs 60 days post irradiation 

The spleen is a site of extramedullary hematopoiesis in mice. After bone marrow 

injury, the spleen also becomes a sight of extramedullary hematopoiesis in humans (213). 

The observed increase in spleen weight at 60 days post irradiation suggests that this 

radiation by-stander effect may also occur in our system of thoracic and partial bone 

marrow irradiation.  

 

Potential communication between fibrocytes from different sources 
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After radiation exposure, our results indicate a series of potentially connected 

events that occur in PBMCs, shielded bone marrow and the shielded spleen. It could be 

possible that high levels of circulating PBMC fibrocytes at 30 days could be en route to 

the spleen explaining the increase, albeit not significant, of fibrocytes in the spleen. It 

may also be that the high levels of bone marrow CD45+ColI+ cells maybe on their way to 

the spleen to further mature and then enter circulation. This migration of CD45+ ColI+ 

cells from bone marrow to the spleen has been shown to occur in response to liver injury 

(235). At the early time points after irradiation the decrease of fibrocytes in the spleen 

could indicate that these spleen fibrocytes have entered circulation and are en route to 

sites of tissue injury. Splenic monocytes exhibit this particular pattern of migration after 

myocardial injury (257). This study highlights the benefits of conducting experiments on 

fibrocytes in disease over time. Many potential relationships between the CD45+ColI+ 

cells in the bone marrow, circulating PBMC fibrocytes, sites of injury, and the spleen are 

overlooked when examining spleen levels at single time points after or during injury.  

 

An important caveat regarding this study 

Lastly, a very important detail needs to be pointed out. The lungs of the irradiated 

mice are in the field of radiation. Radiation is known to cause injury to the lungs that 

often culminates in radiation-induced fibrosis (3; 66). The response to radiation-induced 

bone marrow injury overlaps with the response to radiation-induced lung injury and 

fibrosis. A study investigating the role of fibrocytes in radiation-induced lung injury 

found a sustained increase in the number of fibrocytes in the lungs of thoracically 

irradiated mice (303). The increase of lung fibrocytes was sustained throughout the 
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development of lung fibrosis at 6 months post irradiation. However, the initial time point 

examined was one month after radiation exposure. A follow up study investigated 

changes in fibrocytes early after radiation exposure and continued until 6 months post 

irradiation. This thorough and interesting study uncovered a unique mechanism 

governing the development of radiation-induced lung fibrosis (298). The authors found 

that the Tregs mediated the level of lung fibrocytes after radiation exposure. The 

depletion of Tregs abrogated increases in fibrocytes post radiation exposure, which was 

concomitant with a decrease in lung fibrosis. This study also found that the depletion of 

Tregs resulted in higher levels of INF-γ and IL-12 and decreased levels of IL-4 in the 

lung. Th1 cytokines have been shown to inhibit the differentiation of fibrocytes in human 

PBMC cultures, while Th2 cytokines have been found to promote fibrocyte 

differentiation in human PBMC cultures (241). The relationship between fibrocytes and 

T-cells is well documented in the literature (16; 49; 194), but this is one of the first 

studies examining the relationship between fibrocytes and T-cells in the setting of 

radiation-induced pulmonary fibrosis.  

 

 

FINAL THOUGHTS 

Fibrocytes are very interesting cells that have been shown to serve various roles in 

numerous diseases. These cells also interact with numerous organs and cell types during 

the initiation and development of disease. Systemic examination of fibrocytes in the 

context of different diseases will provide new insights on the pathogenic mechanism 

governing numerous diseases.  
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SUPPLEMENTAL FIGURES 

 

 

 

 

 

Supplementary Figure 1. Out of field bone marrow is not injured after irradiation 

of distal bone marrow. 

Femurs were harvested and stained with H&E to examine over all cellular 

composition 
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Supplementary Figure 2. Grading of bone marrow depletion in the irradiated 

humerus. 

A. Criteria used for grading the severity of bone marrow depletion. B-D Images 

of bone marrow injury depletion scores. Black arrows point to the areas 

representing the lesions.  
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Supplementary Figure 3. Grading of bone marrow depletion in the irradiated 

sternum. 

A. Criteria used for grading the severity of bone marrow depletion. B-D. Images 

of bone marrow injury depletion scores. Black arrows point to the areas 

representing the lesions.  
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Supplementary Figure 4. Isolated humeri from all the animals used in the study.  

Each irradiation group consisted of 3 mice. Image continued on following page. 
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Supplementary Figure 4. Isolated sternums from all the animals used in the study. 

Each irradiation group consisted of 3 mice. Imaged continued on following page. 
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Supplementary Figure 5. Setting the gates to identify fibrocytes in PBMCs.  

Unstained cells were used set the gate parameters to detect CD115- CD45+ ColI+ 

fibrocytes. A. A group of auto fluorescent cells (red dashed circle) was identified 

in the total population of PBMCs. B. This population was back-gated to determine 

where this population of cells resided in the total population of cells. C. The 

autofluorescent group of cells was gated out and gates were determined using 

unstained cells. D. Confirmation that the population of autofluorescent cells were 

removed from the population of CD115- CD45+ ColI+ fibrocytes.  
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Supplementary Figure 6. Isolated PBMCs flow cytometry data. 

Full gating strategy and data are shown for each experimental animal. Red dashed 

box corresponds to samples isolated from an individual animal. A. PBMCs 

analyzed 14 days post irradiation. B. PBMCs analyzed 30 days post irradiation. C. 

PBMCs analyzed 60 days post irradiation. D. Sham animal analyzed PBMCs. 
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Supplementary Figure 7. Setting the gates to identify CD45+ ColI+ cells in bone 

marrow cells.  

Unstained cells were used set the gate parameters to detect CD45+ ColI+ cells. A. 

A group of autofluorescent cells (red dashed circle). was identified in the total 

population of bone marrow cells B. This population was back-gated to determine 

where this population of cells resided in the total population of cells. C. The 

autofluorescent group of cells was gated out and gates were determined using 

unstained cells. D. Confirmation that the population of autofluorescent cells were 

removed from the population of CD45+ ColI+ cells. 
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Supplementary Figure 8. Isolated bone marrow cells flow cytometry data. 

Full gating strategy and data are shown for each experimental animal. Red dashed 

box corresponds to samples isolated from an individual animal. A. Bone marrow 

cells isolated and analyzed 7 days post irradiation. B. Bone marrow cells isolated 

and analyzed 14 days post irradiation. C. Bone marrow cells isolated and 

analyzed 30 days post irradiation.  
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Supplementary Figure 9. Setting the gates to identify fibrocytes in spleen cells.  

Unstained cells were used set the gate parameters to detect CD115- CD45+ ColI+ 

fibrocytes. A. A group of autofluorescent cells (red dashed circle) was identified 

in the total population of spleen cells. B. This population was back-gated to 

determine where this population of cells resided in the total population of cells. C. 

The autofluorescent group of cells was gated out and gates were determined using 

unstained cells. D. Confirmation that the population of autofluorescent cells were 

removed from the population of CD115- CD45+ ColI+ fibrocytes. 
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Supplementary Figure 10. Isolated spleen cells flow cytometry data. 

Full gating strategy and data are shown for each experimental animal. Red dashed 

box corresponds to samples isolated from an individual animal.  A. Spleen cells 

analyzed 14 days post irradiation. B. Spleen cells analyzed 14 days post 

irradiation. C. Spleen cells analyzed 30 days post irradiation. D. Spleen cells 

analyzed 60 days post irradiation. E.  Sham animal analyzed spleen cells. 
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