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Abstract

Elevated serum soluble (s) Suppressor of Tumorigenicity 2 (ST2) is observed during 

cardiovascular and inflammatory bowel diseases. To ascertain whether modulated ST2 levels 

signify heart (HTx) or small bowel transplant (SBTx) rejection, we quantified sST2 in serially 

obtained pediatric HTx (n=41) and SBTx recipient (n=18) sera. At times of biopsy-diagnosed HTx 

rejection (cellular and/or antibody-mediated), serum sST2 was elevated compared to rejection-free 

time points (1714±329 vs. 546.5±141.6 pg/ml; P=0.0002). SBTx recipients also displayed 

increased serum sST2 during incidences of rejection (7536±1561 vs. 2662±543.8 pg/ml; 

P=0.0347). Receiver operator characteristic (ROC) analysis showed that serum sST2>600 pg/ml 

could discriminate time points of HTx rejection and non-rejection (Area under the curve 

(AUC)=0.724±0.053; P=0.0003). ROC analysis of SBTx measures revealed a similar 

discriminative capacity (AUC=0.6921±0.0820; P=0.0349). Quantitative evaluation of both HTx 

and SBTx biopsies revealed rejection significantly increased allograft ST2 expression. Pathway 
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and Network Analysis of biopsy data pinpointed ST2 in the dominant pathway modulated by 

rejection and predicted TNF-α and IL-1β as upstream activators. In total, our data indicate that 

alloimmune-associated pro-inflammatory cytokines increase ST2 during rejection. They also 

demonstrate that routine serum sST2 quantification, potentially combined with other biomarkers, 

should be investigated further to aid in the non-invasive diagnosis of rejection.

INTRODUCTION

Solid organ transplantation prolongs survival and increases quality of life in both adult and 

pediatric patients with end-stage organ failure (1, 2). Evolving surgical techniques and 

immunosuppressant therapies have resulted in 1-year graft survival exceeding 90% 

following kidney transplantation and 80% for those receiving heart, lung, liver or intestine 

allografts (1, 3, 4). Yet poor long-term patient outcomes and unacceptable transplant (Tx) 

attrition rates persist in both adult and pediatric recipients (1, 3, 4). Significant innovations 

in post-Tx therapeutic and diagnostic care are most likely required to make substantial 

improvements to late post-Tx outcomes.

The current gold standard for establishing allograft rejection is allograft biopsy. Yet, this 

costly and invasive procedure is acknowledged to be poorly suited for routine monitoring of 

Tx recipients, particularly children and those recipients needing frequent assessments due to 

a high risk of rejection (5, 6). Likewise, the limited sample area provided by biopsy, 

combined with subtle graft pathology found in early rejection, may lead to false-negatives or 

“indeterminate” diagnosis (7, 8). The subjective nature of pathologist diagnosis and inherent 

differences between individual pathologist scoring can also cloud biopsy interpretations (9, 

10). Given the lack of any reliable alternatives, biopsy remains of paramount importance for 

rejection diagnosis. However, the establishment of sensitive and reliable serum biomarkers 

of early allograft rejection would be a significant improvement in our ability to care for 

organ Tx recipients. Ideally, a rejection biomarker would be alloimmune-driven and graft-

derived, thus quantification of its levels in the serum would provide a sensitive and specific 

readout for rejection diagnosis and also aid monitoring of effective rejection treatment.

Since its identification as an IL-1 family member in 2005 (11), the barrier cell cytokine, 

IL-33, and its receptor, Suppressor of Tumorigenicity-2 (ST2), have emerged as 

multifunctional immune regulators, as well as indicators of local inflammation and cell 

stress (12, 13). Like other IL-1 cytokines, IL-33 is regulated by a decoy receptor, or soluble 

ST2 (sST2), that is generated through alternative RNA splicing and processing of the ST2 

RNA (14-17). In vitro, both the membrane-bound (ST2) and soluble (sST2) isoforms are 

induced or augmented in both leukocytes and non-hematopoietic cells by pro-inflammatory 

stimuli such as IL-1β, TNFα, or lipopolysaccharide (LPS) (18-20), as well as mechanical 

stress (21). Measurement of circulating sST2 is predictive of cardiovascular disease risk and 

mortality in patients with symptomatic heart failure (22-26) or after myocardial infarction 

(27-29). Soluble ST2 is also increased in the inflamed bowel and serum in patients with 

ulcerative colitis (30). High plasma levels of sST2 at the time of diagnosis of graft-versus-

host disease (GVHD) are prognostic of treatment resistance and death (31). Thus, 

accumulating evidence in both experimental models and clinical assessments supports a 
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hypothesis that increasing local and systemic expression of ST2 may serve as valuable 

measure of pathological inflammation.

Given the identified upregulation of ST2 and sST2 during pathological inflammatory 

conditions of the vasculature and mucosa, we aimed to define if significant modulations of 

graft and/or serum ST2 are indicative of acute rejection after solid organ transplantation. We 

also sought to provide mechanistic insight into the molecular underpinnings of regulation of 

ST2 expression in transplanted tissues.

Material and Methods

Pediatric Heart Transplant Recipients

We identified 41 children (mean age 8.0±6.3 years; see Table 1) enrolled in IRB-approved 

(IRB# 0702122, IRB# PRO13050191) observational studies after heart transplantation at 

Children's Hospital of Pittsburgh of UPMC, who had serial serum samples with an 

associated pathologist-graded endomyocardial biopsy (EMB) at the time of serum 

collection. In the clinical management of these patients, all received intravenous 

thymoglobulin induction therapy (total 7.5 mg/kg) with subsequent tacrolimus-based 

immunosuppression, plus adjunctive maintenance therapy with oral mycophenolate mofetil 

or sirolimus. Patients with a positive, donor-specific cytotoxicity crossmatch and/or those 

with antibody-mediated rejection (AMR) or recurrent acute cellular rejection (ACR) were 

treated with steroids as part of their maintenance immunosuppression. In the first year post-

transplantation, patients underwent routine post-HTx allograft surveillance EMB and serum 

collection at approximately 1-2 weeks, 2-4 weeks, 2 months, 4 months, 6-7 months, and 

10-12 months post-transplantation. Patients also underwent EMB if rejection was suspected 

and to assess resolution following the anti-rejection treatment. Serum samples were isolated 

at the time of collection, frozen the same day, and stored at −80°C until use.

Small Bowel Transplant Recipients

Samples from 18 individuals (mean age 9.6±14.5 years; see Table 2) undergoing isolated 

small bowel or multivisceral transplantation at the University of Nebraska Medical Center 

from 2004 to 2010 were obtained from an established, IRB-approved tissue collection bank 

(IRB #417-02). All SBTx recipients received organs from cadaveric donors with identical or 

compatible ABO blood types. Donors were pretreated with anti-thymocyte globulin and 

basiliximab. In the clinical management of these SBTx recipients, induction 

immunosuppression consisted of corticosteroid and basiliximab, while corticosteroid and 

tacrolimus were used for maintenance therapy. All patients underwent serial post-SBTx 

allograft surveillance biopsies weekly for the first four weeks. For-cause biopsies were 

obtained when rejection was suspended or to assess resolution following the treatment of 

acute rejection. Sequentially obtained material available for experimental assessment 

included extra biopsy specimens in RNAlater (Applied Biosystems/Ambion, Austin, TX) 

and serum, both stored at −80°C.
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Quantum Dot (Qdot) Immunolabeling, High-Resolution Whole-Slide Scanning and Analysis

Paraffin-embedded HTx recipient EMB were sectioned (4 μm) onto slides, deparaffinized, 

steamed with antigen retrieval buffer (pH 9.0; 30 minutes), and blocked in avidin/biotin 

(Vector Labs, Burlingame, CA) and Serum-Free Protein Block (Dako, Carpinteria, CA). 

Slides were labeled overnight with rabbit anti-ST2 antibody (1:30; Sigma Aldrich) washed 

in phosphate-buffered saline, and incubated with anti-rabbit biotinylated IgG secondary 

antibody (Vector Labs). After washing and avidin/biotin blocking, streptavidin conjugated 

Qdot 705 was applied. Washed slides were stained with Hoechst nuclear dye, dehydrated, 

and coverslipped. Whole Slide Images (WSI) were captured via a Zeiss Mirax MIDI scanner 

utilizing a Plan-Apochromat 40x/.95N.A. objective lens, AxioCam MRm digital CCD 

camera (Carl Zeiss, Jena, Germany), and specifically selected excitation/emission Qdot 

filters (Omega Optical, Brattleboro, VT) as described (32, 33). Pixel-based image analytics 

were performed on the WSI utilizing the internally developed-IAE-NearCYTE (http://

nearcyte.org) imaging software. Fluorophore-labeled WSI were analyzed with IAE-

NearCYTE as described (33). Briefly, using IAE-NearCYTE Region of Interest (ROI) tool 

was used to select satisfactory areas to be analyzed (typically 4-6 fragments) and 

unacceptable areas (i.e. blood clots, tissue folds, etc.) excluded. Following the establishment 

of thresholds for fluorophore positivity, the software automatically generated an Area Ratio 

value (ROI Fluorescence Area normalized to total ROI area). Area Ratio values for each 

WSI sample were exported for analysis.

ELISA

HTx and SBTx recipient serum sST2 levels were measured by ELISA (DuoSet, R&D 

Systems, Minneapolis, MN). On the day of assessment, samples were batch thawed and 

samples were analyzed in triplicate according to manufacturer specifications. Assay limit of 

detection was 31.25 pg/mL. Absorbance was measured utilizing a Benchmark Plus Reader 

(Bio Rad) at a wavelength setting of 450 nm.

Quantitative Real-Time (qRT)-polymerase chain reaction (PCR) and Pathway Analysis

Intestinal allograft biopsy tissue mRNA expression for ST2 was measured as part of an 

Inflammatory Cytokines and Receptors qRT-PCR array (Qiagen, Fredericksburg, MD). A 

dataset (Appendix 2) containing gene identifiers and corresponding expression values were 

uploaded into Ingenuity Pathway Analysis (IPA) Software (Ingenuity© Systems, Redwood 

City, CA; www.ingenuity.com) and analyzed. Up and down regulated genes were considered 

in the analysis using the Inge nuity Knowledge base. IPA Upstream Regulator Analysis was 

utilized to rank molecules upstream of modulated networks that potentially explain observed 

changes.

Statistical Analysis

Data analysis of ELISA and Qdot data was completed with Prism 6 Software (GraphPad 

Software, La Jolla, CA), except for the linear mixed models (34), which were fit using Stata 

(StataCorp LP, College Station, TX). All tests were 2-sided and P values of <0.05 was 

considered significant. Measurement distributions were evaluated using the D'Agostino-

Pearson test of normality. In all cases, the measurements were non-normal and differences 
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between groups were therefore transformed (for the mixed model regression analysis) or 

tested using non-parametric statistics (e.g. the Wilcoxon-Mann-Whitney rank sum test or 

receiver operating characteristic (ROC) curve analysis). Since there were multiple 

measurements on some subjects, group effects were tested using a linear mixed model, 

where log-transformed sST2 was the outcome, the subject ID was the random effect, and the 

group variable (e.g. rejecters versus non-rejecters) was the time-varying effect of interest. 

Analyses were also repeated using fold-change in sST2 (adjusted for the baseline value); 

however, since these results were very similar to analysis of the actual values, they were 

excluded from the main results. ROC curve analysis was constructed to establish the 

capacity of sST2 ELISA measures to discriminate rejection relative to non-rejection. Area 

under the curve (AUC) was calculated as a measure of discriminatory ability; the analysis 

was repeated using the average sST2 value for a given subject. In assessment of SBTx 

biopsies by qRT-PCR, fold-Change (2−ΔΔCT) was calculated as normalized gene expression 

(2−ΔCT) in the Test Sample divided by the normalized gene expression (2−ΔCT) in the 

Control Sample. The p-values were calculated based on a Student's t-test of the replicate 

2−ΔΔCT values for each gene in the control group and treatment groups. In IPA analysis, fold 

change treated-to-control ≥1.5 and p≤0.05 cutoffs were used to determine significantly 

modulated networks and Upstream Regulator Analysis outcomes were based on both 

absolute z-score and p-value.

RESULTS

Local ST2 expression is increased in pediatric HTx patients at the time of rejection

We previously established that ST2 is increased in acutely rejecting heterotopic murine heart 

transplants, but not in the endogenous recipient hearts (35). These rodent data supported a 

quantifiable local increase in allograft ST2 during rejection. To define if ST2 is modulated 

during clinical pediatric HTx rejection, we utilized an antibody recognizing both isoforms of 

ST2 to investigate staining patterns in EMB obtained from a cohort of pediatric HTx 

recipients. The samples were from times of pathologist-diagnosis of ACR (ISHLT grade 

≥2R) or AMR (ISHLT grade ≥2), as well samples of similar time frame from distinct 

patients that remained free of both ACR or AMR (No Rejection; NoR) in the first year 

following transplantation (See Appendix 1: for more details on experimental samples). 

General characteristics for patients from which EMB were assessed by Qdot-based 

immunostaining are summarized in Fig. 1A - Table and a represented WSI with ROI 

indicated in Fig. 1B-C. As depicted in Fig. 1, non-rejecting group samples (representative 

samples from POD 331; Fig. 1D and POD 26; Fig. 1E) display areas of limited ST2 positive 

cells. In contrast, EMB of patients at the time of diagnosed AMR (Fig. 1F; POD 11) and 

ACR (Fig. 1G; POD 25) show marked ST2 staining through-out the allograft. When ST2 

Area Ratio measures were generated using IAE-NearCYTE, we found a significant increase 

(P=0.05) in ST2+ values in AMR and ACR biopsies vs. comparable controls (Fig. 1H). 

Overall, these data are consistent with our previously described rodent HTx studies (35) and 

support significant local increases in allograft ST2 protein expression as a result of HTx 

rejection.
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Elevated serum sST2 distinguishes HTx rejection

Next, sST2 ELISA measures were determined for all available serum samples for the first 

year post-HTx for each recipient in our HTx cohort (n=39). Statistical comparisons were 

completed on these year 1 (Y1) measures and time points classified as rejection-free (NoR; 

ACR and AMR Grade=0 and C4d−) were compared to measures at times of pathologist 

diagnosed rejection (ACR Grade>2R and/or histological evidence for pathological AMR 

(AMR) and C4d+), independent of the recipient. One recipient's samples were abnormally 

low and excluded from analysis. Fig. 2A-Table provides HTx recipient demographics for 

serum samples examined and groups analyzed. Additional details on each data point are 

provided in Appendix 1. Our evaluation revealed a highly significant (P=0.0002) increase in 

serum sST2 in pediatric HTx patients from the time of diagnosed rejection (Fig. 2B) as 

compared to times of non-rejection in Y1. ROC analysis depicted in Fig. 2C established that 

sST2 measures had moderate discriminative capacity for the identification of HTx rejection 

in Y1 (AUC=0.7240±0.053;P=0.0003); 58% Sensitivity and 79% Specificity at a 600 pg/ml 

cutoff). Using an estimate of 40% for the incidence of first year HTx rejection (36), Positive 

Predictive Value of 63% and Negative Predictive Value of 73% were calculated at the above 

sensitivity and specificity values. To be sure that repeated measures on some subjects were 

not inflating the AUC and associated P value, ROC analysis was repeated using Y1 mean 

values and doing so actually increased AUC measures (mean: AUC:0.75±0.08; P=0.0071).

As indicated in Fig. 2A - Table and Appendix 1, both Y1 Non-Rejection and Rejection 

measures included samples which were derived from one HTx recipient, potentially during 

the same rejection episode or, alternatively, rejection free period. Analysis of repeated 

measures with linear mixed models that account for dependency among measurements from 

a single subject, and the time-varying nature of rejection status, also found a significant 

effect of rejection status on sST2 (p=0.003).

Next, we plotted changes in sST2 serum levels for first year post-HTx serum sST2 levels for 

39 recipients. One recipient had only a limited number of samples from isolated time points 

and was not plotted. All data are summarized in Fig. 3, where data are grouped by Y1 

outcomes as: 1. those having at least one or more incidence of diagnosed ACR (ISHLT 

grade≥2R), 2. those with histologically and immunohistochemistry (C4d+) indicated 

pathogenic AMR (ISHLT grade≥2) alone or ACR, and 3. recipients that remained free of 

ACR and AMR in year 1 post-HTx (NoR; Fig. 3A). One or more profiles representative of 

each group are also depicted in Fig. 3B. Nine of 14 HTx recipients suffering ACR exhibited 

levels of sST2 >600 pg/ml in the time point before or during diagnosed ACR (Fig. 3). 

Likewise, 8 of 10 recipients with diagnosed AMR or AMR/ACR displayed sST2 measures 

>600 pg/ml at the time of diagnosis (Fig. 3). While all the recipients in the NoR did display 

sST2 levels >600 pg/ml during the first few weeks after transplantation, only 4 of 15 

exceeded this level after day 21 post-HTx (Fig. 3). Importantly, in the great majority of 

recipients (22 of 24) in the ACR or AMR groups, HTx rejection treatment returned and/or 

maintained sST2 at levels reflective of that of the No Rejection Group (550±142 pg/ml; see 

Fig. 2).
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Serum sST2 is also elevated in pediatric SBTx recipients with rejection

To investigate if sST2 may have the potential to act as a serum biomarker of rejection after 

transplant of other organs, we assessed sST2 in the circulation of a cohort of predominantly 

pediatric SBTx recipients time points of non-rejection, rejection, or non-specific enteritis 

without rejection (Demographics summarized in Fig. 4A-Table and Appendix 1). Given the 

limited number of subjects available, experimental comparisons were completed across all 

subjects regardless of day post transplant. Serum levels of sST2 were significantly 

(P=0.0347) increased at the time of pathologist-diagnosed mild, moderate, or severe 

rejection of SBTx compared to time periods when rejection was not diagnosed (Non-

Rejection; Fig. 4B). Increases in sST2 appeared specific to rejection, as it differentiated 

rejection from non-specific enteritis in SBTx patients (Fig. 4B). ROC analysis suggested a 

discriminative capacity for serum ST2 to distinguish rejection in SBTx recipients (AUC:

0.6921±0.082; P=0.0349; 62% Sensitivity and 72.2% Specificity at a cutoff of 3,150 pg/ml). 

As in above HTx recipient serum assessments, both Non-Rejection and Rejection groups 

included samples derived from one recipient. Due to our limited SBTx recipient sample size, 

when linear mixed model comparisons or individual mean values were used in ROC 

analysis, differences between the Non-Rejection and Rejection groups only approached, but 

no longer reached significance (P=0.07 and AUC=0.72 P=0.06). These data, while not 

definitive, indicate that serum sST2 is detectably elevated during allograft rejection in SBTx 

recipients and provide further evidence to support sST2 as a potential biomarker of solid 

allograft rejection.

Graft expression of ST2 in small bowel transplants

Analysis of mRNA expression of 384 immune-related genes expressed in rejection-free 

small bowel biopsies from 8 subjects and SBTx samples with pathologist-identified rejection 

(n=6) showed mean ST2 (IL1RL1) expression was significantly increased during SBTx 

rejection (3.9-fold increase vs. non-rejection; P=0.02; raw and analyzed data provided in 

Appendix 2). Thus, examination of biopsy mRNA expression supports distinct modulation 

of the ST2 axis during SBTx rejection.

Upregulated ST2 (IL1RL1) in network of significantly modulated genes

Of the 384 assessed, in addition to ST2, it was determined that the mRNA message for an 

additional 35 genes were significantly regulated during SBTx rejection (Table 3). 

Comparing regulated expression in rejection samples relative to those from non-rejection 

samples, we observed an increase in 32 gene products and 4 with decreased expression 

(Table 3 and Appendix 2). To further understand the regulation of genes involved in SBTx 

rejection, these data were probed using IPA Pathway and Network Analysis that generates 

associated pathways incorporating sets of upregulated and downregulated genes. Based on 

Fold Changes and P values, the top modulated network contained ST2 and the gene-gene 

interaction representation of this network is depicted (Fig. 5). This dataset was further 

analyzed using IPA to determine upstream transcriptional regulators that could explain the 

observed gene expression changes. As depicted in Table 4, IPA Upstream Regulator 

Analytic identified that TNFα, LPS, IL-1β, and IFNγ were the predicted activators of this 

network containing ST2.
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DISCUSSION

In this study we make several novel findings that support the development of serum ST2 

assessment as a means to potentially aid diagnosis and treatment of transplant rejection, 

possibly in conjunction with other biomarkers. We recapitulates our findings in rodent HTx 

studies (35) and provide evidence for increased ST2 expression in both pediatric HTx and 

SBTx recipients biopsies during allograft rejection. To our knowledge, these data represent 

the first clinical demonstration of increased ST2 within rejecting allografts and suggest the 

graft as a source of serum sST2. Consistent with a recent study of adult HTx recipients (37), 

we also demonstrate that circulating sST2 is elevated during acute rejection in pediatric HTx 

recipients and serum sST2 measures provide a moderate degree of discrimination in 

identifying HTx rejection episodes. By establishing a comparable increase in serum sST2 

during SBTx rejection, we also extend these finding beyond heart transplantation. These 

data not only represent the first assessment of ST2 modulation following SBTx, but also 

support our hypothesis that circulating levels of sST2 increase due to inflammation 

associated with alloimmunity, and not only as a result of heart damage and myocardial strain 

and stress as previously advocated (38). That serum sST2 increases do not reflect 

cardiovascular pathology, but instead indicate local pro-inflammatory events and associated 

cytokines, is supported by studies reporting serum sST2 increases in other inflammatory 

diseases, including GVHD, inflammatory bowel disease, ulcerative colitis, sepsis, and 

juvenile idiopathic arthritis (30, 31, 39-41). Similar to reported serum sST2 decreases with 

successful anti-TNF therapy for ulcerative colitis (30), we now find that treatment of HTx 

rejection results in a reduction of sST2 serum levels to those typical of quiescent periods. In 

total, our data, and that of others, suggest the potential for sST2 to act as a biomarker of 

immune-mediated pathologies, including alloimmunity.

Qdot-based immunostaining of pediatric HTx EMB revealed that ST2 is minimally 

expressed in quiescent HTx biopsies, but profoundly increases during ACR and AMR. These 

data are also consistent with local inflammation acting as the driving force for ST2 

augmentation in HTx tissue. Gene expression analysis of SBTx biopsies revealed an 

analogous upregulation of ST2 message in samples acquired during rejection. Increased ST2 

is a member of the most dominant modulated gene network and this network is most likely 

accounted for by the upstream activity of TNFα, LPS, IL1β, and IFNγ. Our data are in 

agreement with multiple previous in vitro determinations that found IL-1β, TNFα, or LPS to 

drive production of sST2 (18-20). In total, local pro-inflammatory cytokines, such as IFNγ 
from infiltrating T cells or TNFα and IL-1β from inflammatory macrophages, are the likely 

mediators of the significant increases in circulating sST2 during rejection.

A shortcoming with previously evaluated transplant rejection biomarkers is that they fail to 

distinguish rejection from infection (42). Our assessment of serum sST2 in SBTx recipients 

suggests it may be unique in this regard. Our group noted increased sST2 in the serum of 

SBTx patients during episodes of histologic intestinal allograft rejection, but not enteritis. 

Features of acute SBTx rejection are well-described (43). Likewise, histologic findings of a 

mixed inflammatory infiltrate including eosinophils, >6 apoptotic bodies per 10 crypts and a 

lack of viral inclusions allow the differentiation of rejection from enteritis (44, 45). That 

said, the exact cause of non-specific enteritis is unknown in the majority of our studied 
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patients, and could be due a number of issues, including viral infection, medication reaction, 

or bacterial overgrowth. While our initial observation that sST2 levels may distinguish 

rejection from infection is promising, expanded study including more precise 

characterization of enteritis etiology as it relates to sST2 levels is needed.

Although our study reveals significant findings, it is not without limitations that may be 

addressed in future expanded studies. One limitation is that our biopsy-based human 

assessments do not distinguish between ST2 and sST2, but utilized probes that recognize 

shared regions of both. The future development of Qdot-based staining compatible 

antibodies that are able to distinguish ST2 isoforms based on unique C-terminal domains or 

selective qRT-PCR probes should clarify this issue.

A second limitation results from the sample sizes of both our HTx and SBTx cohorts. Both 

HTx and SBTx are relatively rare procedures. The limited availability of pediatric HTx and 

SBTx samples drove our current need to utilize a cross-sectional, retrospective study design. 

Likewise, in our HTx recipient analyses, we combined patients with ACR and AMR. 

Although ACR and AMR both represent alloimmune-mediated graft damage, we do 

appreciate that they represent distinct forms of rejection. Yet the primary goal of our study 

was to establish if rejection, be it ACR or AMR, modulated ST2, either locally or 

systemically in pediatric Tx recipients. Despite the sample size limitations and combining of 

rejection groups, our data examining serum sST2, as well patient HTx expression of this 

protein, make a convincing case for quantifiable local and systemic increases in ST2 during 

HTx rejection.

In this report, we evaluated the same group of HTx or SBTx recipients during periods of 

quiescence, episodes of rejection, and post-rejection treatment. This design allowed us to 

both leverage cohorts of relatively rare subjects and also provide insight into chronological 

changes in circulating sST2 relative to rejection diagnosis and treatment. Our serial 

observations during Y1 pediatric HTx recipient measures extend adult HTx data findings 

reported by Pascual-Figal et al (37). Together, these two HTx studies demonstrate how sST2 

levels are elevated before or during ACR and AMR, as well as return to non-rejection point 

levels with successful rejection treatment. We also observed in our cohort of SBTx patients 

that 9 of the 13 SBTx recipients experiencing rejection had sST2 levels exceeding the above-

described cutoff value of 3,150 pg/ml during the rejection episode (Supplemental Fig. 1). 

Likewise, rejection treatment tended to be associated with decreased sST2 levels 

(Supplemental Fig. 1). While encouraging and supportive of HTx data, these observations 

are complicated by the fact that sST2 levels decreased even during unsuccessful rejection 

treatment resulting in graft loss, as all three subjects experiencing graft loss also displayed a 

subsequent profound decrease in serum sST2 (Supplemental Fig. 1). Thus, while our SBTx 

data reveal that sST2 increases are associated with rejection episodes, expanded studies in 

SBTx will be required to define if differences in sST2 levels are acting as a surrogate for 

successful rejection treatment or result from loss of sST2 producing cells during severe 

SBTx rejection.

In total, we have completed the first simultaneous biopsy and serum based assessment of 

ST2 in two distinct pediatric transplant populations. These biopsy analyses establish that 
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significant increases in ST2 occur in the allograft during clinical solid organ rejection. More 

importantly, our current studies also demonstrate that routine serum sST2 quantification may 

have value in aiding the non-invasive diagnosis and treatment of solid organ rejection. Most 

evaluated rejection biomarkers, such as cardiac-specific troponins and B-type natriuretic 

peptide for HTx rejection, are released from damaged cardiomyocytes, thus only distinguish 

episodes of severe rejection (46). As sST2 produced by cardiac or other inflamed tissues can 

be immediately secreted, it is expected that sST2 serum measurements will aide in the 

detection of early acute Tx rejection. This may be especially true if the sensitivity of sST2 

measures can be increased through the use of assay methods more sensitive than the research 

grade ELISA kits used presently. The high-sensitivity Presage ST2 Assay was recently 

FDA-cleared for patient evaluation after heart failure (47) and its use for evaluation of solid 

organ transplant recipients should be particularly informative. In the case of HTx rejection 

diagnosis, assessment of sST2 measures as part of a biomarker panel including potential 

HTx rejection biomarkers, such as circulating cell-free donor DNA (48), and indicators of 

cardiac tissue damage (46, 49, 50) also warrants investigation. Supported by our finding that 

local inflammatory cytokines are the predicted drivers of allograft ST2 expression, we 

expect such investigations in larger prospective studies will establish serum sST2 

quantification as an effective way to support biopsy-free detection of early allograft rejection 

and also enable biopsy-free monitoring of anti-rejection therapy to aide effective therapeutic 

resolution of alloimmune responses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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GAPDH glyceraldehyde-3-phosphate dehydrogenase

GVHD graft-versus-host disease

HTx heart transplant

ISHLT International Society for Heart and Lung Transplantation

LPS lipopolysaccharide

qRTPCR quantitative real time polymerase chain reaction

Qdot Quantum dot

ROC receiver operator characteristic

ROI region of interest

SBTx small bowel transplant

sST2 soluble ST2

ST2 growth stimulation gene-2

TNF tumor necrosis factor

Tx transplant

WSI whole slide images
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Figure 1. ST2 is augmented in HTx biopsies at the time of rejection
Quantum dot (Qdot)-based immunostaining for ST2 was completed on ISHLT-graded 

pediatric heart transplant (HTx) patient endomyocardial biopsies (EMB). (A) The table 

depicts demographics for pediatric HTx patients whose EMB were stratified into groups 

based on pathologist classification at the time of biopsy as those suffering ACR, exhibiting 

evidence of AMR, or those free of both at the time of EMB assessment (No Rejection; 

NoR). (B) Digital image depicts the capture of a whole slide image (WSI) of a Non-rejecting 

subject EMB generated utilizing NearCyte software after Mirax MIDI scanning using Qdot-

appropriate filters (B; 1X; C; 5X; DAPI (Blue); ST2 (Green). Representative examples of 

NearCyte image captures (at a magnification of 40X) for EMB at time points diagnosed by a 

Mathews et al. Page 15

Am J Transplant. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pathologist as: (D-E) No Rejection, (F) AMR (ISHLT Grade 2 and C4d+), or (G) ACR 

(ISHLT Grade 2R) are also presented. (H) NearCYTE WSI analysis software was further 

used to assess HTx patient EMB by quantitating ST2 staining. After manual outlining of 

appropriate EMB regions for each sample (See A-B) was completed, an Area Ratio 

(Fluorescent+ Area/Total Field Area across all EMB regions) for that subject at that time was 

automatically calculated for ST2+ staining. The graph depicts box whisker plots, with the 

median depicted as the line inside each box, the upper box border representing the 75th 

quartile and the lower box border representing the 25th quartile. Whiskers represent the 

range and the indicated significance level was calculated through Wilcoxon-Mann-Whitney 

rank sum test comparison.
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Figure 2. Elevated serum sST2 distinguishes pediatric HTx recipients suffering rejection 
episodes
Year 1 (Y1) HTx recipient serum sST2 ELISA measures at time points of pathologist-

diagnosed rejection (Y1 Rejection Samples; ACR Grade ≥2R and/or histological evidence 

for pathological AMR (AMR) and C4d+) were compared to time points where the recipient 

was classified as rejection-free (Y1 No Rejection Samples; ACR and AMR Grade=0 and 

C4d-). (A) Table depicts the demographics for the two groups. (B) ELISA values are 

presented as box whisker plots as in Fig. 1 and indicated significance levels calculated 

through a Wilcoxon-Mann-Whitney rank sum test comparison. (C) Receiver-operator 

characteristic (ROC) curve analysis of Y1 No Rejection Samples (Negative Control Group) 

and Y1 Rejection Samples (Positive Control Group). ACR, acute cellular rejection; AMR, 

antibody-mediated rejection; HTx, heart transplant.
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Figure 3. Serum sST2 is increased during HTx rejection and decreases following recipient 
treatment
Circulating sST2 was assessed by ELISA in HTx recipient serum samples obtained serially 

in the first year post-transplant. (A) Changes of sST2 concentrations are depicted for all 

patients grouped into cohorts based on Year 1 (Y1) outcomes. Groups include patients 

suffering one or more episodes of diagnosed ACR (Grade≥2R) and/or histologically and 

C4d+ indicated pathogenic AMR, or those remaining free from ACR or AMR during Y1 

(No Rejection; NoR). (B) Panels depict individual recipients representative of the indicated 

group. Black arrows indicate times of recipient treatment for rejection; d = points of graft 

dysfunction; All EMB grades over 0 indicated at appropriate time point. ACR, acute cellular 

rejection; AMR, antibody-mediated rejection; HTx, heart transplant; sST2, soluble ST2.
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Figure 4. Serum sST2 is elevated in pediatric SBTx recipients during diagnosed rejection 
episodes
Circulating sST2 determinations were completed using ELISA on the serum collected from 

a cohort of SBTx recipients during periods of quiescence (No Rejection), rejection (R), or 

non-specific enteritis. (A) Table depicts the general demographics of these SBTx recipients. 

(B) ELISA values are presented as box whisker plots as in Figs. 1 and 2. Significance levels 

indicated were calculated using the Wilcoxon-Mann-Whitney rank sum test. (D) ROC curve 

analysis of No Rejection Samples (Negative Control Group) and Rejection Samples 

(Positive Control Group). SBTx, small bowel transplant; sST2, soluble ST2.
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Figure 5. Dominant modulated gene network during acute rejection of small bowel transplants 
includes increased ST2
Changes in expression of 384 inflammatory cytokines and receptors genes were determined 

by quantitative RT-PCR (qRT-PCR) in SBTx biopsies harvested at time points subjects were 

diagnosed as rejection-free (No rejection; n=10) or diagnosed with active rejection 

(Rejection; n=9). (A) General demographics of the SBTx subjects from which biopsy 

samples were utilized for qRT-PCR analysis. (B) After determination of fold change and 

associated P-values for each gene, the data set was further analyzed using Ingenuity Pathway 

Analysis (IPA; Ingenuity Systems Software). Depicted is a graphical representation of the 

highest-scored network generated from our data set. Level of upregulation is indicated by 

intensity of red color at that node. Gray nodes are part of network, but were not significantly 

modified between rejecting and non-rejecting samples. Solid lines indicate direct 

relationships, while dashed lines depicted indirect relationships. Red arrow notes ST2. 

SBTx, small bowel transplant; sST2, soluble ST2.
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Table 3

Gene Up-Down Regulation During SBTx Rejection

Increased

Gene Fold Regulation (Rejection relative to No Rejection) p-value

1 CSF3 14.8 0.024

2 CXCL5 13.2 0.049

3 CXCL6 10.4 0.019

4 CXCL10 9.4 0.044

5 IL1R2 9.4 0.041

6 CSF2 8.4 0.025

7 SELE 6.3 0.015

8 CTLA4 6.1 0.042

9 MMP9 5.4 0.020

10 IFNG 5.2 0.008

11 MADCAM1 4.9 0.010

12 BDKRB1 4.7 0.006

13 CD80 4.6 0.020

14 PLA2G7 4.2 0.031

15 IL1RL1 3.9 0.023

16 CCR4 3.9 0.022

17 CCL2 3.7 0.012

18 ICAM1 3.7 0.014

19 PTAFR 3.6 0.027

20 TLR8 3.5 0.014

21 OAS2 3.0 0.018

22 ITGAM 2.8 0.025

23 ITGB2 2.6 0.017

24 CD86 2.5 0.035

25 TNFSF13B 2.5 0.022

26 IRAK2 2.4 0.032

27 OASL 2.3 0.033

28 BDKRB2 2.2 0.043

29 ISG15 2.2 0.043

30 IFITM1 2.2 0.022

31 RIPK2 2.1 0.044

32 GBP1 2.1 0.047

Not Significant IL33 1.7 0.756

Decreased

1 PPARA −2.1 0.026

2 ACE −3.7 0.044

3 IL5 −4.6 0.021

4 VIPR1 −7.2 0.028

Am J Transplant. Author manuscript; available in PMC 2017 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Mathews et al. Page 24

Ta
b

le
 4

Pr
ed

ic
te

d 
N

et
w

or
k 

U
ps

tr
ea

m
 R

eg
ul

at
or

R
eg

ul
at

or
M

ol
ec

ul
e 

T
yp

e
A

ct
iv

at
io

n 
z-

sc
or

e
p-

va
lu

e 
of

 o
ve

rl
ap

1
T

N
F

cy
to

ki
ne

5.
12

2.
30

E
-3

6

2
lip

op
ol

ys
ac

ch
ar

id
e

ch
em

ic
al

 d
ru

g
4.

65
7.

18
E

-3
0

3
IL

1B
cy

to
ki

ne
4.

19
1.

75
E

-2
3

4
IF

N
G

cy
to

ki
ne

4.
05

2.
62

E
-3

0

5
po

ly
 r

l:r
C

-R
N

A
ch

em
ic

al
 r

ea
ge

nt
4.

05
1.

08
E

-1
9

6
M

Y
D

88
ot

he
r

4.
05

5.
43

E
-2

2

7
IR

F7
tr

an
sc

ri
pt

io
n 

re
gu

la
to

r
4.

05
1.

39
E

-1
8

8
IL

1
gr

ou
p

4.
05

1.
09

E
-1

9

9
T

IC
A

M
1

ot
he

r
4.

05
1.

25
E

-1
7

10
In

te
rf

er
on

 a
lp

ha
gr

ou
p

4.
05

4.
25

E
-2

1

11
T

L
R

3
tr

an
sm

em
br

an
e 

re
ce

pt
or

4.
05

3.
77

E
-1

8

12
T

L
R

4
tr

an
sm

em
br

an
e 

re
ce

pt
or

4.
05

6.
61

E
-2

2

13
N

Fk
B

 (
co

m
pl

ex
)

co
m

pl
ex

4.
06

1.
28

E
-1

5

14
IF

N
L

1
cy

to
ki

ne
4.

06
1.

10
E

-1
6

15
P3

8 
M

A
PK

gr
ou

p
4.

06
4.

21
E

-1
8

16
IL

6
cy

to
ki

ne
4.

06
5.

01
E

-1
6

17
E

. c
ol

i B
5 

lip
op

ol
ys

ac
ch

ar
id

e
ch

em
ic

al
 -

 e
nd

og
en

ou
s 

no
n-

m
am

m
al

ia
n

4.
06

4.
61

E
-1

6

18
IL

17
A

cy
to

ki
ne

4.
06

7.
38

E
-1

5

19
E

. c
ol

i l
ip

op
ol

ys
ac

ch
ar

id
e

ch
em

ic
al

 -
 e

nd
og

en
ou

s 
no

n-
m

am
m

al
ia

n
4.

06
3.

41
E

-1
5

20
E

R
K

gr
ou

p
4.

06
1.

62
E

-1
0

Am J Transplant. Author manuscript; available in PMC 2017 March 01.


	Abstract
	INTRODUCTION
	Material and Methods
	Pediatric Heart Transplant Recipients
	Small Bowel Transplant Recipients
	Quantum Dot (Qdot) Immunolabeling, High-Resolution Whole-Slide Scanning and Analysis
	ELISA
	Quantitative Real-Time (qRT)-polymerase chain reaction (PCR) and Pathway Analysis
	Statistical Analysis

	RESULTS
	Local ST2 expression is increased in pediatric HTx patients at the time of rejection
	Elevated serum sST2 distinguishes HTx rejection
	Serum sST2 is also elevated in pediatric SBTx recipients with rejection
	Graft expression of ST2 in small bowel transplants
	Upregulated ST2 (IL1RL1) in network of significantly modulated genes

	DISCUSSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1
	Table 2
	Table 3
	Table 4

