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dCincinnati Children’s Hospital Medical Center, Cincinnati, Ohio;

eDepartment of Pediatrics, University of California San Francisco School of Medicine, San 
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gDepartment of Pediatrics, Children’s Hospital Los Angeles, Los Angeles, California;

hDepartment of Radiation Oncology, Brigham and Women’s Hospital and Dana-Farber Cancer 
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Abstract
131I-metaiodobenzylguanidine (131I-mIBG) is a targeted radiation therapy developed for the 

treatment of advanced neuroblastoma. We have previously shown that this patient cohort can 

be used to predict absorbed dose associated with early 131I exposure, 72 h after treatment. We now 

expand these studies to identify gene expression differences associated with 131I-mIBG exposure 

15 days after treatment. Total RNA from peripheral blood lymphocytes was isolated from 288 

whole blood samples representing 59 relapsed or refractory neuroblastoma patients before and 

after 131I-mIBG treatment. We found that several transcripts predictive of early exposure returned 

to baseline levels by day 15, however, selected transcripts did not return to baseline. At 72 h, 

all 17 selected pathway-specific transcripts were differentially expressed. Transcripts CDKN1A 
(P < 0.000001), FDXR (P < 0.000001), DDB2 (P < 0.000001), and BBC3 (P < 0.000001) 

showed the highest up-regulation at 72 h after 131I-mIBG exposure, with mean log2 fold changes 

of 2.55, 2.93, 1.86 and 1.85, respectively. At day 15 after 131I-mIBG, 11 of the 17 selected 

transcripts were differentially expressed, with XPC, STAT5B, PRKDC, MDM2, POLH, IGF1R, 

and SGK1 displaying significant up-regulation at 72 h and significant down-regulation at day 15. 
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coleman16@llnl.gov.
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Interestingly, transcripts FDXR (P = 0.01), DDB2 (P = 0.03), BCL2 (P = 0.003), and SESN1 
(P < 0.0003) maintained differential expression 15 days after 131I-mIBG treatment. These results 

suggest that transcript levels for DNA repair, apoptosis, and ionizing radiation-induced cellular 

stress are still changing by 15 days after 131I-mIBG treatment. Our studies showcase the use of 

biodosimetry gene expression panels as predictive biomarkers following early (72 h) and late (15 

days) internal 131I exposure. Our findings also demonstrate the utility of our transcript panel to 

differentiate exposed from non-exposed individuals up to 15 days after exposure from internal 
131I.

Editor’s note.

The online version of this article (DOI: https://doi.org/10.1667/RADE-20-00173.1) contains 

supplementary information that is available to all authorized users.

INTRODUCTION

Biodosimetry assays are employed as surrogate measurements or supplements to physical 

ionizing radiation dosimetry that are based on assaying the outcomes of cellular DNA 

damage responses (DDR) after unanticipated radiation exposures (1). Much progress has 

been made to increase the sensitivity and throughput of various types of biodosimetry assays 

(2), with the intent that in the event of large-scale radiation incidents, these techniques will 

allow triaging of exposed individuals so that those with higher likelihood of severe radiation 

damage can be urgently treated (3). In addition, these assays can provide more refined 

estimates of true physical doses received by exposed individuals.

There are several physical methods to estimate radiation dose including radiographic film, 

thermoluminescent dosimetry, optically stimulated luminescence (OSL) dosimetry, and 

electron paramagnetic resonance (EPR) measurements of teeth (4–6). While these external 

dosimetry methods may prove useful, they present multiple challenges including issues of 

sensitivity and concerns over partial-body irradiation scenarios. Furthermore, OSL exposure 

estimates rapidly degrade when exposed to ambient light (4, 5), and EPR analysis is based 

on a local, rather than a whole-body absorbed dose (6). Therefore, additional biological 

markers that also accurately predict absorbed dose over time postirradiation are still needed 

(2, 7–10).

While the dicentric chromosome assay has traditionally been utilized as the “gold standard” 

to estimate absorbed dose by measuring dicentric chromosome numbers per cell in mitogen-

stimulated peripheral blood lymphocytes, and more recently as a measurement of DNA 

double-strand break associated nuclear foci (e.g., g-H2AX pS139, 53BP1) levels after 

irradiation, it is not readily scalable and is time intensive (11). Gene expression analysis, 

on the other hand, is a robust and well-validated technique that can be quite feasible for 

screening a large cohort of affected individuals in the case of a disaster scenario, as it 

can be readily scaled-up and has a rapid turnaround. Thus, recent developments in gene 

expression profiling have shown that this technique may be a suitable alternative as well as 

supplement to both physical dosimetry and cytogenetic assays, as it can serve to estimate 

both whole- and partial-body radiation doses in both human and mouse models (12–16). 

Evans et al. Page 2

Radiat Res. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In addition to being less labor intensive, quantitative real-time PCR or microarray-based 

analyses have shown many biological pathways and genes of interest are modulated in 

response to radiation (2, 17), and several highly predictive mRNA and miRNA transcripts 

have been identified that are predictive of dose in human derived samples (8, 10, 14). 

These studies have proven useful for establishing panels of gene transcripts with increased 

sensitivity that are rapidly deployable and scalable for application in a disaster scenario.

While most radiation gene expression studies have been focused only on external irradiation 

scenarios, several groups have recently developed internal radiation exposure models with 

an emphasis on mouse-based studies (13, 15, 16, 18). Previous gene expression analyses 

for internal radiation exposures in humans have typically focused on biomarkers of 

multiple organ damage (19–21), but these did not look for DDR-related signatures in the 

peripheral blood as a readily available source of biodosimetry markers. More recently, 

DDR-related signatures in the peripheral blood have been studied in prostate cancer patients 

undergoing targeted radiation therapy (22). In addition, DDR-related signatures in peripheral 

blood lymphocytes have been seen shortly after patients undergo low-dose treatments for 

neurological procedures (23, 24).

Previous work on internal exposures to 131I-metaiodobenzylguanidine (131I-mIBG), a 

commonly used targeted radiotherapeutic for advanced neuroblastoma (25, 26), has 

demonstrated the utility of using well known transcripts for biodosimetry amongst DNA 

repair and apoptosis pathways. We have previously shown that these same transcripts can 

be applied in chemoradiotherapy patients as a model system for characterizing internal 
131I radiation exposures (27, 28). In brief, Edmondson et al. characterized the dosimetry 

of 131I using a three-compartment model in a pilot study of high-risk neuroblastoma 

patients treated with 131I-mIBG. In that study, an exponential decay curve of 131I 

activity was measured through a radiation detector that was situated above the patient. 

We utilized our experimentally derived decay constants from our time-activity curve to 

estimate total cumulative activity and ultimately mean absorbed dose in these patients. 

We then performed multiple regression analysis and attained a mathematical equation to 

estimate gene-expression based dose prediction with time. In short, Edmondson et al. (28) 

demonstrated that transcripts known to be affected by external irradiation are likewise 

good indicators of internal radiation exposures at 72 and 96 h after 131I-mIBG treatment. 

Campbell et al. (27) also showed that transcripts measured in the peripheral blood at 72 h 

may be predictive of treatment toxicities in relapsed and refractory neuroblastoma patients 

(27). Extending these findings to later time points may enhance the utility of radiation-

specific gene expression panels to correlate biomarkers of patient response to total absorbed 

dose based on treatment with 131I-mIBG, as well as identify additional biomarkers that may 

be predictive of sub-acute toxicities. These transcript panels may also be used as an efficient 

tool to triage whole- and partial-body irradiated individuals after an unanticipated radiation 

or nuclear incident.

The current study investigates 131I-mIBG therapy-induced gene expression changes in 

pediatric relapsed and refractory neuroblastoma patients at both 72 h and 15 days after 

exposure. The goal of this study was to further characterize our established radiation-

responsive transcripts and evaluate their differential expressions at both 72 h and 15 days 
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after 131I-mIBG treatment, as compared to untreated baseline samples. To our knowledge, 

this is the first demonstration of isolating whole blood at 15 days after 131I-mIBG 

treatment in humans for validating transcripts known to be responsive to both internal 

and external irradiation and calculating expression differences in patient peripheral blood. 

We also demonstrate that our selected transcript panel differentiates between exposed 

and non-exposed samples 15 days after 131I-mIBG treatment. These findings expand 

upon our previous studies investigating the biological responses to 131I-mIBG in pediatric 

neuroblastoma patients and may potentially be extended to predict biomarkers of systemic 

total-body exposures up to 2 weeks after a radiation incident involving internalized isotopes.

MATERIALS AND METHODS

Clinical Trial Patient Recruitment and mIBG Study

The NANT11-01 trial was a randomized phase II trial comparing response rates in patients 

with relapsed/refractory mIBG-avid neuroblastoma treated with 131I-mIBG therapy alone, 
131I-mIBG with vorinostat (SAHA), or 131I-mIBG with both vincristine and irinotecan 

(ClinicalTrials.gov identifier: NCT02035137). These patients were selected based on 

several inclusion as well as exclusion criteria as outlined on clinical trials.gov website 

(ClinicalTrials.gov identifier: NCT02035137). All 59 patients in this study were treated with 
131I-mIBG 18 mCi/kg [6.66 × 108 Bq/kg] (maximum absolute dose 1,200 mCi [4.44 × 

1010 Bq]) intravenously over 90–120 min and received proper thyroid blockade and bladder 

protection using potassium iodide (6 mg/kg loading dose then 1 mg/kg/dose every 4 h 

on days 1–7 and then 1 mg/kg/dose once daily on days 8–43), and a Foley catheter as 

previously described (29). NANT11-01 included an optional correlative study to evaluate 

biomarkers of radiation exposure. Patients (or legal guardians for minor subjects) included 

in the current analysis provided consent for the parent trial and opted in for these gene 

expression studies. The Institutional Review Board of participating trial sites, as well as the 

University of California Davis and Lawrence Livermore National Laboratory, approved this 

study.

Blood Sample Processing

Peripheral blood was drawn using PAXgene RNA blood tubes (Qiagen) in two separate 

samples prior to 131I-mIBG treatment (Baseline A and Baseline B) as well as a sample at 

72 h and day 15 after 131I-mIBG exposure (treated). Baseline A was obtained prior to any 

protocol therapy for all patients. Baseline B for patients on the mIBG only arm was drawn 

1–2 days later and reflects no intervening therapy. Baseline B for patients on the other arms 

of the trial that contain additional putative radiation sensitizers (vorinostat or vincristine/

irinotecan) was drawn 1–2 days after Baseline A and reflects the intervening radiation 

sensitizer therapy but not the effect of mIBG (Fig. 1). Once 131I-mIBG is administered, 

this is day 1, and the 72 h or day 15 blood draw occurs either 3 days or 15 days after 
131I-mIBG treatment. Blood tubes were stored at −80°C for several weeks postirradiation 

and before blood processing began, ensuring that the levels of 131I had sufficiently decayed 

prior to analysis. Total RNA was then extracted using MagMAX™ for Stabilized Blood 

Tubes RNA Isolation Kit, compatible with PAXgene RNA tubes (Invitrogen) following the 

manufacturer’s instructions. RNA was eluted in 50 μL aliquots and stored at −80°C for 
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later use. RNA was quantified via the NanoDrope OneC spectrophotometer (Invitrogen) 

and Qubit 3.0 Fluorometer (Invitrogen). Total RNA was isolated and prepared for cDNA 

synthesis prior to quantitative real-time PCR (qPCR) analysis. In total, 288 blood samples 

were processed for this study. Each patient serves as his or her own control for differential 

analysis.

Biodosimetry Transcript Selection

Previously published radiation-responsive transcripts were selected for validation within 

our current study (8, 30–33) and are shown in Table 1. The GAPDH housekeeping gene 

was selected for normalization based on our previous findings using multiple housekeeping 

transcripts in Edmondson et al. (28). Most transcripts of interest were downstream effectors 

of the tumor suppressor protein 53 (TP53 or p53) pathway. Additional transcripts were 

associated with pathways involved in cellular stress as well as TP53 DNA damage response 

(Table 1).

cDNA Synthesis

In preparation for quantitative real-time PCR (qPCR), 200 ng of RNA was converted to 

cDNA via the High-Capacity RNA-to-cDNA kit (Applied Biosystems). If RNA was too 

dilute, it was concentrated via Speedvac 2.0 (Savant, DNA SpeedVac 120) prior to cDNA 

synthesis. The cDNA synthesis reactions incubated in a thermocycler at 37°C for 60 min, 

95°C for 5 min, and then held at 4°C. Once complete, the cDNA was pre-amplified with 

Taqman™ PreAmp Master Mix (Applied Biosystems). A custom pooled assay mix of 

TaqMan primers, including all 18 transcripts for this study, were combined along with the 

cDNA template and the Taqman™ PreAmp master mix. Reactions pre-amplified at 95°C for 

10 min, followed by 14 cycles of (95°C for 15 s, 60°C for 4 min) in a thermocycler. After 

pre-amplification, reactions were diluted 20-fold in 1X TE buffer and stored at −15°C to 

−25°C in preparation for qPCR.

Quantitative Real-Time PCR (qPCR)

Quantitative real-time PCR was used to analyze the transcript expression level differences 

for each patient at each exposure time point. Each reaction used 5x TUFF TAQ QPCR 

Master Mix+Rox (Rebel Bioscience, Portland, OR), TaqMan™ primers (Table 1), pre-

amplified cDNA, and nuclease-free water for a total volume of 25 μL per reaction. Each 

transcript was analyzed in triplicate. Reactions were placed in a 7900HT Fast Real-Time 

PCR machine (Applied Biosystems). The following parameters were used: 95°C for 10 

min, followed by 40 cycles of (95°C for 15 s, 60°C for 1 min). The cycle threshold (Ct) 

values from the qPCR curves were extracted at the logarithmic growth phase of the curve. 

The delta-delta Ct methods was used to calculate the fold changes (2−ΔΔCt), as previously 

described (28). The log2 of the linear fold changes was calculated for comparisons.

Statistics and Analysis

For qPCR, the 2−ΔΔCt was used to calculate the fold change, as previously published (28). A 

P value of 0.05 was used as a cutoff to determine statistical significance. P values are labeled 

as <0.05 (*), <0.01 (**), <0.001 (***), and <0.0001 (****) throughout the article.
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At 72 h and day 15 after 131I-mIBG, patient fold changes were calculated with respect to 

Baseline A (untreated) expression levels across all patient sets. Each baseline sample was 

analyzed in the same manner as the exposed samples. Fold changes between Baseline B and 

Baseline A samples account for either normal variability in the baseline data (131I-mIBG 

only group) or the effects of the additional drug(s) (vorinostat or vincristine/irinotecan 

patients) prior to radiation exposure. The “Baseline” fold changes (Baseline B vs. Baseline 

A) were then used for comparisons with later time points. Thus, any variability under the 

“Baseline” fold change will account for the potential effect(s) of the radiation sensitizers 

when comparing to fold changes at 72 h or 15 days after 131I-mIBG treatment. The log2 

of the linear fold changes were calculated and multiple t tests were performed to determine 

significance between various time points. Data plotting and t tests used GraphPad software.

Calculated kinetic model (Km) doses at 72 h were determined based on absolute mCi of 
131I-mIBG received and fitted to the linear decay curve as previously described (28). A 

linear regression model was then derived using the top priority transcript fold changes to 

generate a gene expression-based dose (GE) as previously described (28). Predicted doses 

for 32 random samples (16 at 72 h and 16 unexposed) were fit using our newly derived gene 

expression based linear regression model (Table 2), along with prediction intervals (PI) and 

confidence intervals (CI).

Partial Least Squares Discriminant Analysis

As a preliminary assessment for how strongly log2 transformed transcripts can predict 

whether a patient has been exposed (72 h or 15 days after treatment) from unexposed 

patients (prior to treatment), we used partial-least squares discriminant analysis (PLS-DA). 

PLS-DA is a linear classification model generated from data that can be used to classify new 

samples. PLS-DA was applied using only the top 7 transcripts (CDKN1A, FDXR, BAX, 

BCL2, BCL2L1, DDB2 and PRKDC) at 72 h, and two PLS-DA runs were applied to 15-day 

samples (top 7 transcripts and all transcripts). We assessed generalizability of the model 

by performing leave-one-out cross-validation. We calculated sensitivity, specificity, and area 

under the curve (AUC) as measures of model performance. Implementation of PLS-DA was 

done using the R package mixOmics (34).

RESULTS

Patient and Sample Characteristics

Fifty-nine pediatric patients with relapsed or refractory neuroblastoma provided samples for 

the current analysis (Fig. 1). There were 25 males and 34 females included in this analysis. 

The ages of the patients range from 1–26, with a mean age of 7. There were 22 of the 

59 patients that received two rounds of 131I-mIBG treatment (four 131I-mIBG alone, nine 
131I-mIBG+vincristine/irinotecan patients, and nine 131I-mIBG + vorinostat patients), and 

we received samples from only a second course of treatment from one patient (131I-mIBG 

+ vincristine/irinotecan). We confirmed with this dataset our previous findings that our gene 

expression transcript panel was not statistically different after the second course of treatment 

compared to the first course of treatment [Supplementary Fig. S1; https://doi.org/10.1667/

RADE-20-00173.1.S1; (28)]. Thus, individuals who had a previous course of treatment 
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were analyzed independently of their second course of treatment. Altogether, there were 

81 patient sets (courses of treatment) in this study (20 131I-mIBG only, 31 131I-mIBG + 

vincristine/irinotecan, and 30 131I-mIBG + vorinostat). One patient set did not have a 72-h 

time point and only had baseline and 15-day blood draws. In total, there were 80 patient sets 

with a 72-h time point (57 patient sets from Course 1 and 23 patient sets from Course 2, 

with one patient set only having received Course 2 samples) and 16 patient sets at the 15-day 

time point (12 patient sets from Course 1 and 4 patient sets from Course 2, with one patient 

set only having received Course 2 samples). Transcripts GAPDH, CDKN1A, FDXR, BAX, 

BCL2, BCL2L1, DDB2, and PRKDC were considered our top priority transcripts and were 

analyzed with all 58 patients (n = 80 courses of treatment) at 72 h and all 13 patients (n = 

16 courses of treatment) at day 15. Second priority transcripts GADD45A, XPC, STAT5B, 

SESN1, POLH, BBC3, PCNA, IGF1R, and SGK1 comprised of 12 patients (n = 14 courses 

of treatment) at day 15 or 26 patients (n=31 courses of treatment) at 72 h. MDM2 was 

added to the transcript panel after many samples had already been analyzed and comprised 

of 12 patients (n = 14 courses of treatment) at day 15 or 11 patients (n = 13 courses of 

treatment) at 72 h. The total number of patients, total courses of treatment, P values, and 

FDR values for all transcripts at both 72 h and day 15 as compared to untreated controls 

are summarized in Supplementary Table S1 (https://doi.org/10.1667/RADE-20-00173.1.S1). 

RNA yield varied between 4.7 and 574 ng/μl, with average A260/280 absorbance values 

of 2.2, and A260/230 absorbance values of 0.9 across all samples. The mean RIN value 

collected was 8. Our analysis focused on differentially expressed transcripts within these 

patient sets for comparing early (72 h) and late (day 15) responses after 131I-mIBG via 

quantitative real-time PCR (Table 1 and Fig. 1b).

131I-mIBG Exposure Alters Early Gene Expression Levels Compared to Baseline

Figure 2a shows the range of transcript fold changes at 72 h as compared to Baseline A 

samples. Overall, 17 transcripts demonstrated significant gene expression differences at 72 

h as compared to baseline controls, with 14 transcripts displaying significant up-regulation 

and 3 transcripts demonstrating significant down-regulation (Fig. 2a and Supplementary Fig. 

S2a; https://doi.org/10.1667/RADE-20-00173.1.S1;). At 72 h after 131I-mIBG treatment, 

the average log2 transformed fold changes across the transcript panel ranged from −1.786 

(BCL2L1) to +2.930 (FDXR) across all 80 patient sets. Several transcripts demonstrated 

significant up-regulation, including CDKN1A (P < 0.000001), FDXR (P < 0.000001), 

DDB2 (P < 0.000001), and BBC3 (P < 0.000001) (Fig. 2a and Supplementary Fig. S2a). 

FDXR showed the highest levels of up-regulation at 72 h, with the median linear fold change 

of 7.77, and peak linear fold change of 25.85. BCLXL was heavily down-regulated at 72 

h, with median linear fold change of 0.277 (about 1.85-fold down-regulated) over baseline 

samples (untreated controls).

Multiple Transcripts are Differentially Expressed 15 Days after 131I-mIBG Exposure

Similar to the early exposed samples, all transcripts selected were measurable in qPCR 

assays 15 days after 131I-mIBG treatment and a Baseline B to Baseline A (untreated 

control) fold change comparison was used to negate potential confounding factors from 

the radiosensitizer(s) (Fig. 2b). Nine transcripts were significantly down-regulated at day 

15 compared to untreated controls, including BCL2 (P = 0.002583), XPC (P = 0.028870), 
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STAT5B (P = 0.007300), MDM2 (P = 0.002145), PRKDC (P = 0.001428), SESN1 (P = 

0.000287), IGF1R (P = 0.0005), (POLH (P = 0.000746), and SGK1 (P = 0.009254) (Fig. 

2b and Supplementary Fig. S2b; https://doi.org/10.1667/RADE-20-00173.1.S1). FDXR and 

DDB2 (P = 0.01 and 0.03, respectively) maintained significant up-regulation at day 15 

after exposure. Additionally, BCL2 and SESN1 expression remained down-regulated at 

both 72 h and day 15 (Fig. 3). Interestingly, STAT5B, XPC, MDM2, PRKDC, POLH, 

SGK1, and IGF1R were significantly up-regulated at 72 h but were significantly down-

regulated at day 15 (Fig. 3 and Supplementary Fig. S2a and b; https://doi.org/10.1667/

RADE-20-00173.1.S1). Expression levels of six radiation-responsive transcripts at early 

time points (CDKN1A, GADD45A, BCL2L1, BAX, BBC3 and PCNA) did not display any 

differential expression at day 15 as compared to untreated controls, indicating a return to 

baseline expression levels (Figs. 2b and 3).

Comparison between Early and Late Time Points Show Differences in Gene Expression

Given the differential gene expression changes between early (72 h) and late (day 15) 

time points compared to untreated controls, we next sought to compare differences 

between 72 h and 15 days independently. Here, the log2 fold changes at both time points 

were calculated with respect to untreated Baseline A. Fourteen transcripts demonstrated 

significant modulation between early and late time points after 131I-mIBG treatment (Fig. 2c 

and Supplementary Fig. S2c; https://doi.org/10.1667/RADE-20-00173.1.S1). Fold changes 

for thirteen of the fourteen transcripts were up-egulated at 72 h after exposure, and 

subsequently down-regulated at day 15. The only transcript that displayed significant down-

regulation at 72 h as compared to 15 days was BCL2L1, an anti-apoptotic marker (Fig. 2c 

and Supplementary Fig. S2c; https://doi.org/10.1667/RADE-20-00173.1.S1).

Gene Expression-Based Dose Prediction is Consistent at 72 h but Inconclusive at Day 15

We calculated absorbed doses for all 80 patient sets at 72 h using the three-compartment 

biokinetic model based on the 131I decay curve, amount of injected 131I-mIBG activity, 

and patient body weight as previously described (28). These doses were termed kinetic 

model (Km) doses. We then applied a linear regression model on a random pool of 32 

patient sets (16 treated at 72 h and 16 untreated) to predict dose based on gene expression 

values. We focused only on the top 7 priority transcripts (CDKN1A, FDXR, BAX, BCL2, 

BCL2L1, DDB2 and PRKDC) for our gene expression dose estimation to ensure that all 

patients contained full datasets. Predicted doses based on the gene expression (GE) model 

fall between 1.55–2.97 Gy, and calculated Km doses for these 16 treated samples fall within 

2.3–2.88 Gy with an R2 value of ~0.89, suggesting that a linear regression model remains 

robust for predicting dose values in subjects treated with 131I-mIBG (Table 2). We then 

performed PLS-DA with Leave-One-Out Cross Validation (LOO-CV) using the same top 

7 transcripts on all 160 samples at 72 h (80 treated and 80 untreated) to predict exposed 

from unexposed individuals. LOO-CV predicted exposed from unexposed samples with 98% 

specificity and 92.5% sensitivity (Table 3).

Because our previously published three-compartment model only encompassed data up 

to 120 h, we could not use this model to predict doses at day 15. Therefore, we used 

the amount of injected 131I-mIBG activity (mCi) to calculate the absorbed dose at day 
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15 using Eqs. (1)–(3) from our previous pilot study (28) in an attempt to calculate dose 

based on gene expression at the 15-day time point. The resulting doses from the biokinetic 

model were termed “observed” doses. We then performed linear regression and LOO-CV 

to create a gene expression model that would be relevant at day 15. Using our newly 

derived 15-day gene expression-based model, we predicted total dose absorbed at day 15 

as compared to the observed dose from the biokinetic model (data not shown). Predicted 

doses from the 15-day gene expression results (log2 fold change compared to Baseline A) 

were indistinguishable from the predicted dose using untreated baseline samples (Time 0; 

log2 fold change comparing Baseline B to Baseline A). This suggests that 15 days may be 

too late to retrieve an accurate gene-expression based dose estimation reading within the 

peripheral blood from internal 131I.

Transcripts are Strongly Predictive of Exposure Status Out to 15 Days

Although accurate or absolute dose prediction was inconclusive at day 15, we next sought to 

investigate if our gene expression panel could distinguish radiation exposed from unexposed 

individuals at day 15. Thus, we generated a predictive two-component PLS-DA model 

using gene expression results from 16 patients sets (Fig. 4). We ran PLS-DA with LOO-

CV on our top 7 priority transcripts and predicted exposed vs. unexposed samples with 

87.5% specificity, 87.5% sensitivity and an R2 value of ~0.9 (Fig. 4 and Table 4). All 16 

exposed samples were correctly identified as exposed, and only 1 false positive sample 

was incorrectly predicted as exposed (Fig. 4). We also performed PLS-DA and LOO-CV 

on our complete 17 transcript panel and found it to be slightly more specific than our top 

7 transcripts alone, with 94% specificity and 87.5% sensitivity (Supplementary Fig. S3: 

https://doi.org/10.1667/RADE-20-00173.1.S1; and Table 4).

DISCUSSION

This study demonstrates the utility of using biodosimetry gene expression panels established 

for external irradiation scenarios for internalized 131I exposures (and may be generally 

applicable to other internal radioisotopes) over later time points. Importantly, the data are 

derived directly from pediatric patients, an under-represented population rarely included 

in radiation exposure studies. These data were also useful for detecting transcriptional 

differences between early (72 h) and late (day 15) time points after 131I-mIBG treatment in 

human chemo-radiotherapeutic patients using known radiation-responsive gene transcripts. 

Furthermore, our findings demonstrate that this gene expression panel is useful for 

predicting exposed from unexposed individuals out to 15 days and could accurately triage 

the exposed population with as little as 7 selected transcripts. These data may be useful in 

the event of a large-scale disaster between 3 days and up to 2 weeks after an initial exposure, 

allowing clinical assistance and resources to funnel to those in need while reassuring the 

worried well.

Previous external and internal biodosimetry studies provided transcript analysis usually 

within 3 days of exposure (10, 12, 14, 27, 28). To our knowledge, our study is unique in 

that it demonstrates the strength of using peripheral blood as a biomarker of DNA damage-

related responses to internal 131I in humans up to 15 days after exposure, demonstrating 
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further utility for expression panels with common transcripts of interest. We chose our two 

time points of interest, 72 h and 15 days, because they align nicely with the treatment plan 

for these relapsed/refractory neuroblastoma patients. There are radiation safety concerns 

with obtaining blood samples prior to 72 h after 131I-mIBG treatment. Thus, 72 h (3 days) 

serves as our early time point. The 15-day time point was chosen as patients are clinically 

treated with an autologous stem cell boost at that time.

We utilized an expanded panel of TP53, PI3K/AKT, and MAPK-regulated transcripts and 

found that certain predictors of early exposure did not overlap with the later time point 

of 15 days. These data demonstrate that at 72 h after exposure, CDKN1A, GADD45A, 

BAX, BBC3, PCNA, and BCL2L1 were key indicators of internal 131I exposure, however, 

transcript fluctuations were time-dependent and were not significant at the later time point 

as compared to untreated controls. This demonstrates that these transcripts may be useful as 

early biomarkers of more recent 131I exposures that could likewise be relevant to other beta-

emitting radioisotopes of concern such as 90Sr and 137Cs. We also identified four transcripts 

that continued to maintain consistent gene expression differences at both early (72 h) and 

late (day 15) points: FDXR, DDB2, BCL2 and SESN1. These transcripts may serve as novel 

biomarkers useful for triaging those exposed at both early and late time points, especially 

in the event of a nuclear disaster, where it may not be feasible to triage the entire exposed 

population from the worried well within three days. We also found that STAT5B, XPC, 

MDM2, PRKDC, POLH, SGK1, and IGF1R were the only transcripts in this study to be 

significantly up-regulated at the early time point and significantly down-regulated at the 

late time point. This indicates that these transcripts may be more sensitive to small changes 

in relevant radiation-responsive cell cycle and DNA damage response pathways, such as 

those mediated by TP53. This may also indicate transcripts that are susceptible to long-term 

toxicities associated with treatment, such as immune modulation and hematopoietic stem 

cell depletion/dysfunction associated with 131I-mIBG treatment at later time points. It should 

also be noted that gene expression levels continued to change at day 15 after treatment, as 

most transcripts had not returned to baseline levels.

Our biodosimetry panel focused on several TP53-regulated transcripts of interest that have 

been previously identified as responsive to early radiation exposures of ≤3 days (35). These 

results coincide with previous reports of ex vivo irradiated samples from human peripheral 

blood, validating FDXR and CDKN1A as important biomarkers of early exposure for 

both internal and external sources of radiation (14, 36). Other external irradiation studies 

of TP53-responsive genes included DDB2 and MDM2, which were also significantly 

up-regulated upon early exposures (35, 37). Although previous studies have investigated 

CDKN1A, FDXR, MDM2, and DDB2 as candidate up-regulated biomarkers of radiation 

exposure (30, 35, 36), our study expands upon these findings to validate these transcripts 

as biomarkers of internal 131I exposure at early time points. Similar to what we have 

seen previously in neuroblastoma patients, CDKN1A and MDM2 also displayed a time-

dependent up-regulation at 72 h and decreased with later time points (28). Interestingly, 

our study identified FDXR and DDB2 as biomarkers of both early and late exposures, 

maintaining consistent up-regulation at 72 h and day 15 as compared to untreated controls.
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We found that at day 15 the fold changes of our transcript panel differed from those at 

72 h. We identified nine transcripts significantly down-regulated at day 15 as compared to 

untreated controls, which may indicate a delayed recovery response of these genes to return 

to normal levels from the effects of internal 131I-mIBG exposure. It is also possible that 

the biological effects of 131I may still be contributing to these transcript fluctuations at day 

15, as the physical half-life of 131I is ~8 days and there is still ongoing exposure 15 days 

after treatment initiation. This finding that transcripts are still fluctuating after two weeks 

of exposure will need to be considered when triaging and treating individuals long after an 

irradiation incident.

Here, we suggest that many transcripts initially designated as early biomarkers of ionizing 

radiation exposure are no longer predictive biomarkers of exposure after 15 days. In contrast 

to transcripts that we identified that are indicative of early exposures, we found that BCL2 
and SESN1 remained significantly downregulated at day 15, indicating that DDR and 

apoptotic pathways may still be dysregulated at later time points. These transcripts differ 

from the standard transcripts studied with early exposures and may be relevant and impactful 

biomarkers at late exposures after 15 days, where gene expression levels are still changing.

Among the essential features of this model system is the well-defined patient exposure 

history, where samples were collected at both early and late time points post-131I-mIBG 

treatment. Moreover, each subject provided blood before and after exposure, so that each 

individual acts as his or her own control. Furthermore, we utilized robust qPCR assays 

that are used in exposure scenarios over an extensive amount of radiation studies (35) and 

that have been previously validated as an accurate and reproducible method for analyzing 
131I-mIBG patient samples (38). This model system is also ideal for detecting biomarkers 

of acute toxicity (27) and extrapolating absorbed dose estimates from 131I-mIBG exposures 

(28).

Despite the quick and reliable detection methods of qPCR, there is still a need for larger 

gene expression studies to better understand the overall association between transcripts and 

physiological effects associated with exposure outcomes. Another limitation of qPCR is that 

it is directed towards a specific transcript panel of interest, and it is not feasible for analyzing 

thousands of genes at once. Thus, analyzing gene expression levels via qPCR in combination 

with additional studies, like microarray and sequencing, may complement these findings and 

validate new genes and pathways responding to both early and late 131I-mIBG exposures.

Although human data are the most relevant in the case of a radiation exposure, there 

are confounding factors within this study that may alter the gene expression results as 

compared to the normal population. First, all the individuals within this study have been 

diagnosed with relapsed or refractory neuroblastoma and may have been previously exposed 

to chemotherapeutic agents and/or surgery. In addition, these data encompass exposure 

conditions from children treated with potassium iodide to block and protect the thyroid, as 

well as concomitant chemotherapy or radiation sensitizers, which may or may not contribute 

at some level to the differential expression observed in the peripheral blood. Furthermore, 

similar studies in adults are limited due to the nature of this disease. It is also worth noting 

that this study encompasses 81 different patient sets amongst 59 different people, since 
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many patients had two courses of treatment. The impact of the autologous stem cell boost 

may have been the reason for seeing transcriptional responses resetting prior to the next 

round of treatment.

In the case of a large-scale radiation incident, estimating the dose for exposed individuals 

will help triage those that need immediate attention to relay the proper medical treatment. 

It is known that the timing since exposure can have drastic influence on dose estimate and 

clinical patient care (5, 39). Therefore, expanding the gene panel of interest out to different 

time points remains a key variable in providing accurate and reliable dose-estimation and 

clinical assistance in the event of an exposure disaster. In summary, we have shown in a 

human peripheral blood model system that there are unique transcripts that are differentially 

expressed at both early and late time points after 131I-mIBG treatment. We have also 

identified key biomarkers responding to internal 131I-mIBG at both early (72 h) and late 

(day 15) time points. In addition, FDXR, DDB2, BCL2, and SESN1 maintained consistent 

differential expression at both 72 h and day 15, indicating biomarkers that may remain 

useful in a triage incident 15 days after exposure.

Furthermore, the modulation in gene expression at the day 15 time point can still 

discriminate between exposed and non-exposed individuals using a selected gene transcript 

panel associated with DNA damage signaling, apoptosis, cell cycle progression, and cellular 

stress response pathways. We can also predict exposed from the non-exposed at day 15 

after treatment with 87.5% or 94% specificity using the weightings from our top priority 

transcripts or our full transcript panel, respectively. It is worth noting that these data not only 

serve to model 131I dosimetry or internal exposure, but may ultimately be shown to provide 

a measure of patient toxicity or tolerance in the treatment of high-risk neuroblastoma 

patients (27). In the future, it will be of interest to investigate additional genome scale data 

such as arrays and next generation sequencing to expand our biodosimetry panel of interest 

and identify both patient-specific and treatment-specific responses to 131I-mIBG exposure, 

including its relevance as a measure of overall patient outcome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1. 
Study Design. Panel a: Patients with relapsed or refractory neuroblastoma were treated 

with 131I-mIBG alone or in combination with vorinostat or irinotecan/vincristine. Blood 

was drawn prior to any treatment (Baseline A), as well as after introduction of radiation 

sensitizers (if necessary, Baseline B). All patients were treated with 131I-mIBG, and 131I-

mIBG radiotherapy began after blood draw B. Subsequent peripheral blood was drawn 

at 72 h and day 15 after the start of 131I-mIBG infusion. Panel b: Quantitative real-time 

PCR was applied to calculate differential transcript expression from the lymphocytes of the 
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peripheral blood. Differential expression of transcripts was calculated at 72 h and day 15 

after 131I-mIBG treatment as compared to untreated controls (Baseline A).
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FIG. 2. 
Panel a: Differential expression 72 h after 131I-mIBG radiotherapy. Quantitative real-time 

PCR demonstrates 17 statistically significant transcripts at 72 h after 131I-mIBG treatment. 

Differential expression from 58 patients and 80 courses of treatment are shown for our top 

priority transcripts. Shown is the mean log2 fold change with 95% Confidence Intervals. All 

fold changes are with respect to untreated blood draw A (Baseline A). Panel b: Differential 

expression 15 days after 131I-mIBG radiotherapy. Quantitative real-time PCR determined 11 

statistically significant transcripts 15 days after 131I-mIBG treatment. SESN1, POLH, and 

IGF1R displayed the most significant down-regulation from Baseline (P < 0.001). Shown 
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is the mean log2 fold change with 95% confidence intervals. All fold changes are with 

respect to untreated blood draw A (Baseline A). Panel c: Observational expression level 

differences between early and late time points. Quantitative real-time PCR determined fold 

change fluctuations between early and late time points after131I-mIBG treatment. Shown are 

the mean log2 fold changes with 95% confidence intervals. All fold changes are with respect 

to untreated blood draw A (Baseline A).
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FIG. 3. 
Transcripts levels fluctuate between early and late time points. Panel a: Heatmap of average 

log2 fold changes across time points. Baseline fold change refers to the Baseline B vs. 

Baseline A comparison. All fold changes are with respect to Baseline A. Panel b: Venn 

diagram illustrates the differentially expressed transcripts at 72 h, day 15, or the overlap 

between both time points. Transcript coloring is as follows: up-regulated transcripts (red), 

down-regulated transcripts (blue), differential expression at both timepoints, but in reverse 

directions when compared to baseline (gray). All fold changes are log2 transformed and 

were compared to Baseline A. Differential gene expression cutoff was P < 0.05.
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FIG. 4. 
Top 7 transcript panel differentiates exposed from non-exposed after 15 days. A predictive 

two-component PLS-DA model comprised of CDKN1A, FDXR, DDB2, BCL2, BCL2L1, 

DDB2, and PRKDC identified exposed vs. unexposed samples with 87.5% specificity. The 

color of the background represents the predicted label, and the icons are representative of the 

actual label.
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