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 Abstract 

 The etiology of distal site cancers in inflammatory bowel disease (IBD) is not well 

understood and requires further study. We investigated whether pediatric IBD patients’ blood 

cells exhibit elevated levels of genomic damage by measuring the frequency of mutant 

phenotype (CD59-/CD55-) reticulocytes (MUT RET) as a reporter of PIG-A mutation, and the 

frequency of micronucleated reticulocytes (MN-RET) as an indicator of chromosomal damage. 

IBD patients (n = 18 new onset disease, 46 established disease) were compared to age-

matched controls (constipation or irritable bowel syndrome patients from the same clinic, n = 30) 

and young healthy adults age 19 - 24 (n = 25). IBD patients showed no indication of elevated 

MUT RET relative to controls (mean ± std. dev. = 3.1 ± 2.3 x 10-6 versus 3.6 ± 5.6 x 10-6, 

respectively). In contrast, of 59 IBD patients where %MN-RET measurements were obtained, 10 

exceeded the upper bound 90% tolerance interval derived from control subjects (i.e., 0.42%). 

Furthermore, each of the 10 IBD patients with elevated MN-RET had established disease 

(10/42), none were new onset (0/17) (p = 0.049). Interestingly, each of the subjects with 

increased chromosomal damage was receiving anti-TNF based monotherapy at the time blood 

was collected (10/10, 100%), whereas this therapy was less common (20/32, 63%) among 

patients that exhibited ≤ 0.42% MN-RET (p = 0.040). The results clearly indicate the need for 

further work to understand whether the results presented herein are reproducible, and if so, to 

elucidate the causative factor(s) responsible for elevated MN-RET frequencies in some IBD 

patients. 
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1. Introduction 

 Inflammatory bowel disease (IBD) is characterized by chronic inflammation in the 

gastrointestinal tract, and comprises Crohn's disease (CD) and ulcerative colitis (UC). Although 

the clinical presentation of the two subtypes is usually indistinguishable, their histology, 

localization of inflammation, and disease-specific complications are discrete [Pereira et al., 

2015]. Rising rates of pediatric IBD in both developed and developing nations have been 

reported, primarily due to the increasing incidence of CD [Benchimol et al., 2011]. 

While the mechanisms underlying the initial development of IBD are not fully understood, 

it has been suggested that an abnormal immune response against the intestinal microbiota in 

genetically predisposed individuals exposed to environmental risk factors is responsible 

[Abraham and Cho, 2009]. Inflammatory cytokine pathways are believed to play a central role in 

the pathogenesis of IBD, with an imbalance of effector lymphocytes and pro-inflammatory 

cytokines resulting in chronic inflammation along the gastrointestinal tract [Christophi et al., 

2012] and a large increase in reactive oxygen species (ROS) resulting from the localized activity 

of cytokines, stimulated leukocytes, and activated macrophages. 

 One important consequence of IBD is an increased risk of gastrointestinal malignancies. 

According to Jess and colleagues [2012], the risk of colorectal cancer is increased 2.4-fold in 

patients with UC, with higher risk in males, those of young age at time of diagnosis, and those 

with extensive colitis. The risk of malignancy begins to increase significantly above that of the 

general population approximately 8 to 10 years after diagnosis. For example, a meta-analysis 

conducted by Eaden and colleagues [2001] reported that colorectal cancer risk in UC is 2% 

after 10 years, 8% after 20 years, and 18% after 30 years of disease. The overall survival is 

driven primarily by age, comorbidities, and cancer stage at diagnosis [Annese et al., 2015]. 

 There is strong evidence that prolonged chronic inflammation is the principal causative 

factor in colitis-associated gastrointestinal carcinomas [Axelrad et al., 2016]. As reviewed by 

Hanahan and Weinberg [2011], local inflammation is considered a hallmark of cancer, and likely 
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contributes to neoplastic transformation by enhancing angiogenesis and risk of metastasis as 

the result of extracellular matrix degradation, and through genetic alterations caused by reactive 

oxygen and nitrogen species.    

 While the IBD/cancer link is obvious for gastrointestinal tissues, it is less clear for distal 

sites. Increased risk of non-melanoma skin cancers, non-Hodgkin lymphoma, acute myeloid 

leukemia, and urinary tract cancers has been reported, but it is difficult to attribute these to the 

disease per se versus various immunosuppressive therapies that have historically been used to 

treat the disease [Axelrad et al., 2016; Jones et al., 2007; Pedersen et al., 2010; Pasternak et 

al., 2013]. Indeed, the relationship between IBD, hematopoietic cell cancers, and drug therapy 

has been a concern at least since Hecker et al. [1978] described Hodgkin’s disease in 

conjunction with azathioprine treatment. Since this early report, the use of thiopurines for IBD 

has consistently been shown to increase the overall risk of cancer, which is reversible upon 

discontinuation of therapy [Khan et al., 2013]. 

 Thus, the challenge of untangling the etiology of hematological cancers in IBD has been 

complicated by the historic use of immunomodulating agents that are themselves tumorigenic. 

Modern treatment approaches that tend to rely more on monotherapies may enable a better 

understanding of causative factors and their relative contributions. For instance, Lemaitre and 

colleagues [2017] studied a large cohort of French IBD patients treated from 2009 to 2013 and 

followed through 2015. In this cohort, 50,405 were treated with thiopurine monotherapy, 30,294 

with anti-TNF monotherapy, and 14,229 with a combination of the two. The number of 

unexposed patients was 123,069. Relative to unexposed patients, Lemaitre and colleagues 

found that lymphoma risk was elevated among patients treated with thiopurine monotherapy 

(adjusted hazard ratio of 2.60; 95% CI = 1.96-3.44; p < 0.001), anti-TNF monotherapy (2.41; 

1.60-3.64; p < 0.001), and combination therapy (6.11; 3.46-10.8; p < 0.001). The authors noted 

that the elevated hazard ratio observed for the combination therapy may in part be due to the 

fact that combination therapy tends to be used in the most severe cases.  
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 The present work was stimulated by experiments conducted by Westbrook and 

colleagues [2009], who reported evidence of systemic genotoxicity in mouse models of IBD. 

They reported elevated frequencies of micronucleated erythrocytes in chemical- and immune-

mediated colitis mouse models, and they also observed 8-oxoguanine- and H2AX-positive 

leukocytes. Since genomic damage is recognized as playing a key role in the multistep process 

of carcinogenesis, this work suggested that IBD itself (at least in several mouse models) may be 

responsible for some portion of the elevated risk of hematopoietic cancers. More recently, Cao 

et al. [2020] extended the study of genotoxicity biomarkers from laboratory rodent models to IBD 

patients in China. They found that adult IBD patients exhibited markedly higher micronucleated 

lymphocyte frequencies compared to an age-matched healthy adult population. However, since 

all of those IBD patients had experienced azathioprine-based therapy, it is impossible to 

determine whether elevated micronucleated lymphocyte frequencies were caused by the 

disease, thiopurine treatment, or some combination of the two.    

 We sought to extend these genotoxicity-centric investigations to a pediatric IBD 

population using two cross-species compatible flow cytometry-based biomarkers that are 

applicable to human studies: the frequency of mutant phenotype (CD59-/CD55-) reticulocytes 

(MUT RET) as a reporter of PIG-A gene mutation, and the frequency of micronucleated 

reticulocytes (MN-RET) as an indicator of chromosomal damage [Torous et al., 2020]. We 

compared MUT RET and MN-RET data from IBD patients (18 new onset and 46 established) to 

age-matched controls consisting of 30 constipation or irritable bowel syndrome patients from the 

same clinic, as well as 25 young healthy adults. 

 

2. Materials and Methods 

Subject Information 

 Operating under IRB-approved protocols, 94 pediatric patients associated with the 

University of Rochester Medical Center’s Department of Pediatrics provided informed consent 
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and donated blood sample(s) via venipuncture of the median cubital or cephalic vein at the 

cubital fossa. Blood was collected into a single 4 mL K2-EDTA vacutainer tube. These 94 

pediatric patients were either diagnosed with IBD, constipation, or irritable bowel syndrome 

(IBS), and provided blood samples at the University of Rochester Medical Center or an affiliated 

clinic. Blood samples were transported to Litron in Exakt Paks with -20°C ice packs to keep 

them cold but not frozen during same day delivery. Blood samples from self-reported healthy 

young adults (n = 25) were purchased from Biological Specialty Company (Colmar, PA). In 

these cases, 4 or 10 mL K2-EDTA vials were shipped in Exakt Pak or comparable containers 

with -20°C ice packs in order to keep them cold, not frozen, during FedEx First Overnight 

delivery service. Additional information about subject characteristics and the blood samples is 

provided in Table I. Note that erythrocyte sedimentation rate, C-reactive protein, and Pediatric 

Crohn’s Disease Activity Index [Otley et al., 1999] were measured according to standard clinical 

practices. The non-standard blood-based assays are described in more detail, below.      

 

PIG-A Assay: Reagents 

 Lympholyte®-H was purchased from CedarLane, Burlington, NC. Anti-PE MicroBeads, 

LS Columns, and QuadroMACSTM Separator were from Miltenyi Biotec, Bergisch Gladbach, 

Germany. CountBrightTM Absolute Counting Beads and fetal bovine serum (FBS) were 

purchased from Invitrogen, Carlsbad, CA. Anticoagulant Solution, balanced salt solution (BSS), 

Nucleic Acid Dye Solution (a 1000-fold dilution of SYTO® 13 dye in DMSO), anti-human-CD59-

PE (clone OV9A2), anti-human-CD55-PE (clone 143–30), anti-human-CD45-PE (clone HI30), 

and anti-human-CD61-PE (clone VI-PL2) were from Prototype Human MutaFlow® Kits (Litron 

Laboratories, Rochester, NY). Blood Freezing and Blood Thawing Solutions A and B were from 

MutaFlow® Blood Freezing and Thawing Kits (Litron Laboratories, Rochester, NY). 

 

PIG-A Assay, Sample Processing and Flow Cytometric Analysis  
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 The methods for preparing blood samples for MUT RET scoring via flow cytometric 

analysis have been described in detail by Torous et al. [2020]. A brief description follows. Upon 

receipt, 240 µL of whole blood were transferred into kit-supplied Freezing Solution then 

transferred to a -75 to -85°C freezer. Samples were frozen for at least 48 hr before PIG-A 

analysis. 

 On the day of FCM analysis, frozen blood samples were removed from the ultracold 

freezer and thawed in a 37C water bath. Blood suspensions were brought into contact with kit-

supplied Thawing Solution A and then Thawing Solution B, and then layered onto Lympholyte-

H. Following centrifugation, the cells were brought into contact with anti-CD59-PE, anti-CD55-

PE, anti-CD61-PE, and anti-CD45-PE, and after incubation and centrifugation, cells were mixed 

with superparamagnetic anti-PE MicroBeads. Following incubation and centrifugation, a small 

aliquot of each sample was stained with Nucleic Acid Dye Solution that contained CountBright 

Absolute Counting Beads. These ―pre-column‖ samples were stored on ice until flow cytometric 

analysis occurred as described below.  

 The remainder of each sample was applied to a pre-wetted Miltenyi LS Column 

suspended in a QuadroMACS Separator. Cells found in the eluates (enriched for mutant 

phenotype cells) were concentrated by centrifugation and finally stained with the same Nucleic 

Acid Dye Soluton and CountBright Beads used to prepare pre-column samples. These  

―post-column‖ samples were stored on ice until flow cytometric analysis occurred as described 

below.  

 Samples were analyzed by a flow cytometer equipped with a 488-nm laser 

(FACSCalibur, BD, San Jose, CA). Nucleic Acid Dye, anti-CD59-PE, anti-CD55-PE, anti-CD45-

PE, anti-CD61-PE, and Counting Beads fluorescence signals were detected in the FITC, PE, 

and PerCP-Cy5.5 channels. Calibration of the flow cytometer was accomplished by generating 

an Instrument Calibration Standard on each day data acquisition occurred. The resulting 

samples provided sufficient numbers of mutant-mimic cells (erythrocytes that were stained with 
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Nucleic Acid Dye but not incubated with antibody solution), and were used for optimizing 

photomultiplier tube voltages and fluorescence compensation settings. The position of the 

mutant mimics also provided a rational approach for defining the vertical demarcation line used 

to distinguish mutant phenotype cells from wild-type cells.  

 After photomultiplier tube voltages and electronic compensation settings were defined 

with the Instrument Calibration Standard, pre- and post-column samples were moved into 

standard flow cytometer tubes and analyzed within 2 hr. Data acquisition continued until a 

specified time: 1 min for every pre-column sample, and 3 min. 

   

Micronucleus Assay: Reagents 

 Absolute methanol and heat-inactivated fetal bovine serum (FBS; cat. no. 89510-186) 

were from VWR, Radnor, PA. Reagents used for flow cytometric MN-RET scoring 

(Anticoagulant Solution, Buffer Solution, DNA Stain, Anti-CD71-FITC and Anti-CD61-PE 

Antibodies, RNase Solution, and Malaria Biostandards) were from Prototype In Vivo 

MicroFlow® PLUS-H Kits, Litron Laboratories, Rochester, NY. Anti-FITC MicroBeads, MS 

Columns, and an OctoMACSTM Separator were from Miltenyi Biotec, Bergisch Gladbach, 

Germany.  

 

Micronucleus Assay: Sample Processing and Flow Cytometric Analysis  

 The methods for preparing blood samples for MN-RET scoring via flow cytometric 

analysis have been described in detail [Torous et al., 2020]. A brief description follows. Blood 

samples were fixed with ultracold methanol and stored in a -75 to -85°C freezer. On the day of 

analysis, samples were washed out of fixative, incubated with anti-CD71-FITC and anti-CD61-

PE, and after a wash step they were brought into contact with superparamagnetic anti-FITC 

MicroBeads. Samples were divided into two fractions: ―pre-column‖ and ―post-column‖. For pre-
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column samples, a 20 µL aliquot of each cell suspension was added to Buffer Solution with 

RNase and DNA Stain. Flow cytometric analysis occurred as described below.  

 The remainder (majority) of each sample was applied to a pre-wetted Miltenyi MS 

Column suspended in an OctoMACS Separator. Column-bound cells (highly enriched for CD71-

positive reticulocytes) were flushed out and then concentrated via centrifugation. The cells were 

stained with the same DNA Stain, RNase and Buffer Solution used for the pre-column samples. 

 Flow cytometer instrumentation and acquisition/analysis software parameters were 

calibrated based on the fluorescence of a biological standard— kit supplied malaria-infected rat 

blood (methanol fixed). As described previously, this sample guided photomultiplier tube 

voltages and compensation settings to resolve parasitized reticulocytes and also guided the 

position of the micronucleus scoring region [Tometsko et al., 1994; Dertinger et al., 2000]. Data 

acquisition and analyses were performed using a FACSCalibur flow cytometer providing 488 nm 

excitation, running CellQuest™ Pro software v5.2.  

 Once photomultiplier tube voltages and compensation settings were configured with the 

malaria biostandard, the pre- and post-column paired samples were analyzed. Pre-column 

sample data acquisition occurred until 300,000 total erythrocytes were collected. While the pre-

column sample was being analyzed, 300 µL of the same working DNA stain was added to each 

post-column tube and the entire volume was transferred into a standard flow cytometer tube. 

Each sample was analyzed so that at least 10,000, but preferably 20,000 CD71-positive RET 

were analyzed. Note that we do not report %MN-RET for 14 of 143 samples (9.8% of total) 

because pre-column RET was < 0.02% and we were unable to acquire at least 10,000 RET. 

 

Statistical Analyses 

The formulas used to calculate MUT RET frequencies based on pre- and post-

immunomagnetic column data have been published [Dertinger et al., 2012] and are described in 

MutaFlow Kit manuals (www.litronlabs.com). The incidence of MN-RET is expressed as 
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frequency percent, while the incidence of MUT RET is expressed as number per 106 cells. For 

statistical evaluations, MUT RET and MN-RET frequencies were log(10) transformed.  

A one-sided (upper bound) TI was calculated for the MUT RET and MN-RET biomarkers 

based on data from relatively healthy young volunteers: pediatric constipation and IBS patients, 

and young healthy adults. A TI is a statistic interval which, for a specific confidence level, a 

specified proportion of a sampled population falls within [Vardeman, 1992]. JMP software’s 

distribution platform was used for these analyses and coverage was set to 90%, alpha = 0.05 

(JMP v12.0.1, SAS Institute Inc., Cary, NC). Thus, we used the resulting upper bound TIs to 

provide cutoff values indicative of elevated MUT RET and MN-RET values. 

 JMP software’s fit Y by X platform was used to perform a two-sided t-test (assuming 

unequal variances; alpha = 0.05) comparing MN-RET frequencies for IBD patients that were 

categorized as ―new onset‖ versus ―established disease‖. For the purpose of this presentation, 

new onset was defined as patients that had histological diagnosis of IBD within the past 0 - 12 

months of blood collection for this study but had either received no drug treatment or were in the 

induction phase of receiving biologics (i.e., less than 3 infusions). Established disease was 

defined as patients that had histological diagnosis of IBD and were on a scheduled regimen for 

receiving biologics or else small molecule drug therapy.  

 The Y by X platform was also used to conduct two-sided Fisher’s exact tests, alpha = 

0.05. One test concerned the association between MN-RET frequency, elevated or not, relative 

to IBD category, established or new onset. A second test investigated the association between 

MN-RET frequency, elevated or not, relative to current drug therapy, infliximab or not.    

 Finally, the Y by X platform was used to conduct two-sided t-tests (assuming unequal 

variances; alpha = 0.05) to compare CD71-positive reticulocyte frequencies in pediatric non-IBD 

patients, new onset IBD patients, and established IBD patients.  

  

3. Results 
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Mutant Reticulocytes  

 MUT RET values for pediatric constipation and IBS patients, as well as healthy young 

adults, are shown in Figure 1, left panel. Based on these results, an upper bound 90% TI was 

calculated (10 x 10-6, shown as a dashed red line). We took MUT RET values greater than this 

to be indicative of an elevated level of gene mutation. MUT RET values for pediatric IBD 

patients are shown in Figure 1, right panel. All but one subject exhibited MUT RET values that 

were below the upper bound TI. The single patient with an elevated frequency of mutant 

phenotype cells was an exceptionally high outlier, a 13 yr old female established IBD patient 

with a MUT RET value of 500 x 10-6 (off scale). There was nothing otherwise remarkable about 

this patient. Aside from this one extreme outlier, IBD patients showed no indication of elevated 

MUT RET relative to controls (mean ± std. dev. = 3.1 ± 2.3 x 10-6 versus 3.6 ± 5.6 x 10-6, 

respectively). These data suggest MUT RET frequency is not markedly affected by IBD, or by 

the therapies used to treat these particular IBD patients. That being said, it is important to note 

that aside from infliximab, no other drugs were sufficiently represented to adequately assess 

their genotoxic potential (see Table II). 

 

Micronucleated Reticulocytes 

 %MN-RET values for pediatric constipation and IBS patients, as well as healthy young 

adults, are shown in Figure 2, left panel. Based on these results, an upper bound 90% TI was 

calculated (0.42%, shown as a dashed red line). We took MN-RET values greater than this to 

be indicative of an elevated level of chromosomal damage. MN-RET values for pediatric IBD 

patients are shown in Figure 2, right panel. Of 59 IBD patients, 10 showed elevated MN-RET 

values. All 10 were from the 42 established disease patients, and 0 of 17 were from the new 

onset disease subpopulation. A Fisher’s exact test that considered the association between MN-

RET category (elevated or not) relative to IBD category (new onset or established) resulted in a 

p value of 0.049. A highly significant two-tailed t-test result (p < 0.001) strengthens the 
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conclusion that %MN-RET were significantly elevated in established IBD patients compared to 

new onset: mean ± std. dev. = 0.31 ± 0.32% versus 0.13 ± 0.09%, respectively. 

 Besides this association between elevated MN-RET frequency and established disease, 

other potential explanatory factors including age, time since diagnosis, and indices of 

inflammation/disease severity are described in Table II. No obvious associations are evident 

from this relatively small study, with one notable exception that all of the subjects with increased 

chromosomal damage were undergoing anti-TNF monotherapy (infliximab) at the time blood 

was collected (10/10, 100%). Infliximab therapy was less common among patients that exhibited 

≤ 0.42% MN-RET (20/32, 63%). See Figure 3. A Fisher’s exact test that considered the 

association between MN-RET category (elevated or not) relative to infliximab therapy (yes or 

no) resulted in a p value of 0.040. 

 

Incidental Finding: CD71-Positive Reticulocytes 

 The flow cytometric method of scoring MUT RET frequencies simultaneously quantifies 

the percentage of immature reticulocytes, i.e., the CD71+ fraction, relative to the total number of 

erythrocytes. An incidental finding is that this biomarker of erythropoiesis function was elevated 

in the new onset IBD patients relative to the two other pediatric populations—both the 

constipation/IBS patients (―non-IBD‖, p < 0.001) and the established IBD patients (p < 0.001). 

See Figure 4.  

 

4. Discussion 

 We found no indication that the pediatric IBD patients studied exhibited elevated MUT 

RET frequencies relative to controls. Recently, Cao et al. [2020] reported a slight increase in 

mutant phenotype erythrocytes in Chinese IBD patients. Two differences between these studies 

are noteworthy, and one is related to methodology. Since our scoring approach was based on 

reticulocytes rather than erythrocytes, it more effectively reduces the influence that complement-
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mediated lysis can have on mutant cell frequency measurements [Ware et al., 1995; Dertinger 

et al., 2015; Torous et al., 2020]. Second, the patients studied by Cao and colleagues were all 

treated with azathioprine, a recognized genotoxic agent [Dertinger et al., 2012]. 

 In contrast to MUT RET, we observed elevated frequencies of the chromosomal damage 

biomarker, MN-RET. This is consistent with Cao and colleagues who also reported significantly 

elevated frequencies of micronucleated cells (in their case, lymphocytes). However, the same 

qualification noted above applies—the patients in the Cao et al. study were all treated with 

azathioprine, so direct comparisons across these studies are not possible.   

The elevated MN-RET frequencies reported herein are consistent with Westbrook et al. 

[2009] and Trivedi and Jena [2012], who showed mouse models of IBD exhibit significantly 

elevated micronucleated cell frequencies. However, it should be noted that those investigators 

observed increased micronucleus frequencies within days of initiating dextran sulfate sodium 

treatments, whereas our patients with elevated %MN-RET were entirely comprised of patients 

with long-standing/established disease. In any event, the mouse model data are important, 

because they were observed in the absence of therapeutic drugs, suggesting IBD itself may be 

responsible for an appreciable level of hematopoietic cell genotoxicity. 

 Our finding that elevated MN-RET frequencies were associated with infliximab therapy 

was somewhat surprising. The US FDA-approved label for infliximab indicates that genotoxicity 

was not apparent in pre-clinical models [Remicade® label, 2013]. It is also important to point out 

that together with other anti-TNF therapies, infliximab has revolutionized the treatment of IBD 

[Kierkus et al., 2015]. Therefore, any possible deleterious effects from infliximab must be 

weighed carefully against the often profound benefits to patients’ health and quality of life. 

Finally, the association we observed between elevated MN-RET frequencies and infliximab 

therapy is just that—an association. It is not a proven causative link. It is possible that the 

significant association we described may be related to as-yet unidentified aspect(s) of the 

disease itself, with time since diagnosis representing an underlying component. 
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 When measuring %MN-RET via flow cytometry, the frequency of transferrin receptor 

(CD71) positive reticulocytes among total erythrocytes is also recorded. CD71-positive 

reticulocytes are a subpopulation of RNA-positive reticulocytes, i.e., they are the most immature 

fraction [Serke and Huhn, 1992]. An incidental finding of our study is that the frequency of 

CD71-positive reticulocytes among total erythrocytes is elevated in many new onset IBD 

patients as compared to non-IBD and established IBD patients. These elevated levels may 

reflect increased erythropoiesis function, and the clinical value of this metric warrants further 

study.         

 In conclusion, the relatively small size of this study limits the certainty of the statistical 

associations we have observed and makes it premature to reach definitive conclusions about 

the causative factors responsible for the observed elevated levels of chromosomal damage. 

However, the results clearly indicate the need for further work to assess whether the results 

presented herein are reproducible, and if so, to elucidate causative factor(s) of elevated MN-

RET values and of hematopoietic malignancies in IBD patients. 
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Figure Legends 

Figure 1. Individual subjects’ mutant reticulocyte frequencies are graphed against their age in 

years. The left panel shows relatively heathy controls, where red diamonds indicate pediatric 

constipation patients, green circles indicate pediatric irritable bowel syndrome patients, and 

black diamonds indicate self-reported healthy young adults. The red dashed line marks the 

mutant reticulocyte frequency upper bound 90% tolerance interval, alpha = 0.05 (i.e., 10 x 10-6). 

Note that one 19-year old male subject’s mutant reticulocyte frequency is included in the 

tolerance interval calculation, but the data point is off-scale (i.e., 40.7 x 10-6). The right panel 

shows pediatric inflammatory bowel disease patients, where unfilled blue squares indicate new 

onset patients and filled blue squares indicate established patients. The upper bound tolerance 

interval is again indicated by a red dashed line. 

 

Figure 2. Individual subjects’ micronucleated reticulocyte frequencies (MN-RET) are graphed 

against their age in years. The left panel shows relatively heathy controls, where red diamonds 

indicate pediatric constipation patients, green circles indicate pediatric irritable bowel syndrome 

patients, and black diamonds indicate self-reported healthy young adults. The red dashed line 
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marks the MN-RET frequency upper bound 90% tolerance interval, alpha = 0.05 (i.e., 0.42%). 

The right panel shows pediatric inflammatory bowel disease patients, where unfilled blue 

squares indicate new onset patients and filled blue squares indicate established patients. The 

upper bound tolerance interval is again indicated by a red dashed line.  

 

Figure 3. Individual inflammatory bowel disease patient’s micronucleated reticulocyte 

frequencies (MN-RET) are graphed according to their disease subtype (new onset versus 

established disease) and current treatment: infliximab, yes (Y) or no (N). The red dashed line 

marks the MN-RET frequency upper bound 90% tolerance interval, alpha = 0.05 (i.e., 0.42%). 

As shown here, patients with MN-RET values above the 0.42% were found exclusively in 

established disease patients undergoing infliximab therapy.   

  

Figure 4. Individual subject’s CD71+ reticulocyte frequencies are graphed according to their 

disease subtype, where red diamonds indicate pediatric constipation patients, green circles 

indicate pediatric irritable bowel syndrome patients, unfilled blue squares indicate new onset 

inflammatory bowel disease patients, and filled blue squares indicate established inflammatory 

bowel disease patients. The p values correspond to two-sided t-test results, and indicate that 

new onset inflammatory bowel disease patients exhibit elevated levels of the erythropoiesis 

biomarker CD71+ reticulocyte frequency. 
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Figure 3. 
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Figure 4. 
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Table I. Subject Characteristics. 

Diagnosis  Source N 

No. 

Males, 

Females 

Age Range 

(Yrs) 

Avg. Age 

± Std. Dev. 

(Yrs) 

IBD 

Subtype Misc. Notes 

Healthy Young 

Adults 

Biological 

Specialty 

Company 

25 18, 7 19 - 24 21.2 ± 1.5 NA  

Pediatric 

Gastroenterology 

Clinic, Non-IBD 

URMC, Dept. 

Pediatrics 
30 11, 19 8 - 17 14.3 ± 3.0 NA 

N = 20 IBS, 10 

constipation  

Pediatric 

Gastroenterology 

Clinic, IBD  

URMC, Dept. 

Pediatrics 
64 36, 28 8 - 18 14.0 ± 2.7 

N = 54 

CD, 8 UC, 

2 IC 

N = 18 New 

Onset IBD, 46 

Established IBD 

Abbreviations: IBD = inflammatory bowel disease; IBS = irritable bowel syndrome; CD = Crohn’s disease; UC = Ulcerative colitis, IC 

= Indeterminant colitis. 
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Table II. Characteristics of New vs. Established Inflammatory Bowel Disease Patients in Relation to %MN-RET. 

Diagnosis  

%MN-

RET 

% 

Subjects 

No. 

Males, 

Females 

Avg. Age ± 

Std. Dev. 

(Yrs) 

Avg. Yrs 

Since 

Diagnosis ± 

Std. Dev. PCDAI
a
 

SED
b
 ± 

Std. Dev. 

Avg. C-

Reactive 

Protein ± 

Std. Dev. 

Infliximab 

Treatment 

Small 

Molecule 

Drug
c
 

Treatment 

Other 

Biologics
d
 

Treatment 

New Onset 

IBD 

 

≤ 0.42% 
100% 

(17/17) 
10, 7 14.2 ± 2.7 0.3 ± 0.5 31 ± 20 27 ± 29 19.5 ± 19.1 6% (1/17)

e
 6% (1/17) 0% 

> 0.42% 
0% 

(0/17) 
NA

f
 NA NA NA NA NA NA NA NA 

Established 

IBD 

 

≤ 0.42% 
76% 

(32/42) 
18, 14 14.2 ± 2.6 3.7 ± 2.2 3 ± 9 17 ± 17 3.0 ± 3.8 63% (20/32) 13% (4/32) 38% (12/32) 

> 0.42% 
24% 

(10/42) 
7, 3 13.3 ± 3.2 3.7 ± 0.9 1 ± 1.6 13 ± 13

 
2.5 ± 3.1 100% (10/10) 0% (0/10) 0% (0/10) 

a
PCDAI = Pediatric Crohn’s Disease Activity Index 

b
SED = Erythrocyte sedimentation rate 

c
6-Mercaptopurine, Azathioprine, Mesalamine, Prednisone 

d
Vedolizumab, Certolizumab, Ustekinumab, Infliximab-dyyb, Adalimumab  

e
This one subject was only administered Remicade once. 

f
NA = Not applicable. 

 

 

 

 A
cc

ep
te

d 
A

rti
cl

e

This article is protected by copyright. All rights reserved.


	Binder2.pdf
	EM_22403_Figure 1_v200618
	EM_22403_Figure 2_v200618
	EM_22403_Figure 3_v200618
	EM_22403_Figure 4_v200618
	EM_22403_Table I_v200618
	EM_22403_Table II_revised_v200724




