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Abstract
Circulating microRNAs (miRNAs) can be biomarkers for diagnosis and progression of several pathophysiological conditions.
In a cohort undergoing total pancreatectomy with islet autotransplantation (TPIAT) from the multicenter Prospective
Observational Study of TPIAT (POST), we investigated associations between a panel of circulating miRNAs (hsa-miR-375, hsa-
miR-29b-3p, hsa-miR-148a-3p, hsa-miR-216a-5p, hsa-miR-320d, hsa-miR-200c, hsa-miR-125b, hsa-miR-7-5p, hsa-miR-221-3p,
hsa-miR-122-5p) and patient, disease and islet-isolation characteristics. Plasma samples (n¼ 139) were collected before TPIAT
and miRNA levels were measured by RTPCR. Disease duration, prior surgery, and pre-surgical diabetes were not associated
with circulating miRNAs. Levels of hsa-miR-29b-3p (P ¼ 0.03), hsa-miR-148a-3p (P ¼ 0.04) and hsa-miR-221-3p (P ¼ 0.01)
were lower in those with genetic risk factors. Levels of hsa-miR-148a-3p (P¼ 0.04) and hsa-miR-7-5p (P¼ 0.04) were elevated
in toxic/metabolic disease. Participants with exocrine insufficiency had lower hsa-miR-29b-3p, hsa-miR-148a-3p, hsa-miR-
320d, hsa-miR-221-3p (P < 0.01) and hsa-miR-375, hsa-miR-200c-3p, and hsa-miR-125b-5p (P < 0.05). Four miRNAs were
associated with fasting C-peptide before TPIAT (hsa-miR-29b-3p, r¼ 0.18; hsa-miR-148a-3p, r¼ 0.21; hsa-miR-320d, r¼ 0.19;
and hsa-miR-221-3p, r¼ 0.21; all P < 0.05), while hsa-miR-29b-3p was inversely associated with post-isolation islet equivalents/
kg and islet number/kg (r¼ �0.20, P¼ 0.02). Also, hsa-miR-200c (r¼ 0.18, P¼ 0.03) and hsa-miR-221-3p (r¼ 0.19, P¼ 0.03)
were associated with islet graft tissue volume. Further investigation is needed to determine the predictive potential of these
miRNAs for assessing islet autotransplant outcomes.
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Abbreviations
BMI, Body Mass Index; CFTR, Cystic Fibrosis Transmembrane Conductance Regulator; CP, Chronic Pancreatitis; CTRC,
Chymotrypsin C; DCC, Data Coordinating center; EDTA, Ethylenediaminetetraacetic acid; ERCP, Endoscopic Retrograde
Cholangiopancreatography; HbA1c, Hemoglobin A1c, glycosylated hemoglobin; IAT, Islet AutoTransplantation; IEQ, Islet
Equivalents; IN, Islet Number; miRNA, microRNA; MS2 RNA, Bacteriophage MS2 Ribonucleic acid; POST, Prospective
Observational Cohort Study of TPIAT; PRSS1, Human Cationic Trypsinogen; RAP, Recurrent Acute Pancreatitis; SPINK1,
Serine protease inhibitor Kazal type 1; TIGAR-O, Toxic-metabolic, Idiopathic, Genetic, Autoimmune, Recurrent and severe
acute pancreatitis, and Obstructive; TPIAT, Total Pancreatectomy with Islet AutoTransplantation

Introduction

Total pancreatectomy with islet autotransplantation (TPIAT)

is performed to treat chronic pancreatitis (CP) and recurrent

acute pancreatitis (RAP), characterized by intractable pain,

progressive inflammation and fibrosis of the pancreas1–3.

Eligible patients undergo TPIAT only after other interven-

tions including medical management, endoscopic therapies

or other surgical procedures have failed to alleviate pain and

improve quality of life, and following a multidisciplinary

evaluation2,4–6. Although increasingly offered at multiple

institutions with varied success, there is no consensus on

timing of surgery, criteria for patient selection, or definition

of associated functional measures1,2. Optimal islet yield

from an inflamed pancreas is an important factor determin-

ing islet graft function post-transplantation. Although cur-

rent diagnostic practices (meal tolerance tests, hemoglobin

A1c, fasting glucose, and C-peptide) provide a clear picture

of glycemic control before surgery, they do not offer direct

insight into extent or status of islet stress/damage. Thus,

there is a need for simple biomarkers to assess disease pro-

gression, which could enhance timing of surgery, and predict

islet isolation outcomes, to improve post-procedural func-

tional measures1,2.

Circulating miRNA biomarkers are attractive candidates

to assess pancreatic and islet damage due to their stability in

circulation (free form or packaged in extracellular vesicles

called exosomes) and ease of detection using PCR technol-

ogies. Our recent literature review suggested that a panel of

miRNAs in circulation might be useful in landscaping dis-

ease progression in diabetes7. Thus, miRNA signature panels

focusing on inflammatory and metabolic states may be espe-

cially useful in understanding disease progression in CP.

Using Hi-Seq analysis and RT-PCR, we previously

reported elevated levels of hsa-miR-375, hsa-miR-148a-3p,

hsa-miR-29b-3p, hsa-miR-216a-5p, and hsa-miR-200c-3p in

islet culture media and in circulation in patients undergoing

TPIAT at a single center8–11. Further comprehensive analy-

sis of circulating miRNAs in CP patients before TPIAT sur-

gery using small RNA sequencing revealed distinct

circulating miRNA profiles in CP patients in comparison

to healthy controls (data unpublished). In this cohort of

18 CP patients and 6 healthy controls, out of 804 miRNAs

analyzed, 43 miRNAs were significantly expressed in com-

parison to healthy controls. Of these, we identified hsa-miR-

375, hsa-miR-148a-3p, hsa-miR-221-3p, hsa-miR-122-5p,

hsa-miR-99b-5p, and let-7e-5p as readily detectible in

plasma with existing technologies. In an independent study

of CP patients, Xin and colleagues reported elevated levels

of hsa-miR-221-3p in early CP and reduced levels of circu-

lating hsa-miR-320d in late CP12. In two other independent

CP studies, hsa-miR-148a-3p was also elevated, as was hsa-

miR-122-5p in a subset of patients12,13. Circulating miRNAs

may also be elevated in other pancreatic conditions including

severe acute pancreatitis episodes (hsa-miR-7-5p)14 and pan-

creatic ductal adenocarcinoma (hsa-miR-125b-5p, hsa-miR-

200c-3p)13,15.

The multicenter Prospective Observational Study in TPIAT

(POST) presents an opportunity to explore these biomarkers

using prospectively obtained samples in a larger and more

diverse well-phenotyped cohort of patients with CP or RAP

undergoing TPIAT across the United States. Based on our

previous observations and these independent reports, we

included miRNAs identified in conditions of islet stress and

damage, miRNAs identified in CP and miRNAs identified in

other pancreatic conditions (acute pancreatitis and pancreatic

cancer) in this study. This panel consisting of 10 miRNAs

(hsa-miR-375, hsa-miR-148a-3p, hsa-miR-29b-3p, hsa-miR-

216a-5p, hsa-miR-200c-3p, hsa-miR-221-3p, hsa-miR-122-

5p, hsa-miR-320d, hsa-miR-125b-5p, and hsa-miR-7-5p) will

provide an overall picture of circulating miRNAs in chronic

pancreatitis. The main objective of our study was to study

associations between circulating miRNA signatures and clin-

ical measures of disease progression and islet autotransplanta-

tion outcomes.

Methods

Study Design

The POST study represents a multi-center consortium of

13 clinical institutions performing TPIAT in the United

States and a data and coordinating center (DCC), formed

to address research gaps in TPIAT, define predictive factors

to determine timing of surgical intervention, determine

patient and disease features associated with optimal pain and

diabetes outcomes, and assess cost effectiveness of TPIAT2.

Patients of any age scheduled for TPIAT for an indication of

CP or RAP were eligible for inclusion. The POST protocol

was reviewed and approved by the institutional review board

at each participating institution (Supplementary Table 1

gives IRB protocol numbers). Informed consent or parental
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consent and child assent were obtained from each study

participant as indicated by institutional protocols.

The current study included participants [n ¼ 139—pedia-

tric (<18 years of age, n ¼ 48) and adult (�18 years of age,

n ¼ 91)] of all ages, races, ethnicities and sexes, from

9 POST centers that had stored plasma aliquots obtained

before surgery and had completed TPIAT surgery. Baseline

data collected from medical records or participant interview

included demographics, anthropometric measures, and dis-

ease clinical characteristics including disease etiology, dis-

ease duration, procedure history (ERCP history, celiac

plexus block), surgical history, pre-existing diabetes mellitus

(with islet function), and pancreatic exocrine insufficiency.

Diagnosis of diabetes mellitus or pancreatic exocrine insuf-

ficiency were based on physician diagnosis at the treating

center. Risk factors for pancreatitis, including genetic muta-

tions, are abstracted from medical records data. Bioreposi-

tory specimens are collected within a 90 day window before

TPIAT surgery. The majority of specimens were collected

immediately before surgery, with a median of 3 days (IQR 0,

5 days) between specimen collection and TPIAT. Fasting

glucose, fasting C-peptide and hemoglobin A1c (HbA1c)

levels were measured before TPIAT. Islet isolation results

include islet mass expressed as islet equivalents (IEQ) or

IEQ/kg, islet number (IN and IN/kg), and tissue volume.

Plasma was collected in EDTA tubes, processed and ali-

quoted using the same standard operating procedures across

sites, and stored frozen at �80�C until analyses.

Circulating miRNA analysis

The investigator was blinded to patient information and all

samples were coded before miRNA analyses. Plasma

miRNA was extracted using miRNeasy Serum/Plasma

advanced kit (Qiagen, Germantown, MD, USA) following

the manufacturer’s instructions. Briefly, plasma samples

were stabilized using MS2 RNA (bacteriophage MS2, Milli-

pore Sigma, St. Louis, MO, USA) and an exogenous spike-in

control, Unisp6 (Qiagen, Germantown, MD, USA). Follow-

ing lysis, plasma proteins were precipitated and centrifuged

to remove debris. After isopropanol precipitation, nucleic

acids were bound to spin-column and washed thrice, using

series of ethanol solutions, and miRNA was eluted in nucle-

ase free water containing RNAse inhibitor. Then miRNA

(2 ml/sample) was converted to cDNA using the miRCURY

LNA RT kit (Qiagen, Germantown, MD, USA) following

the manufacturer’s instructions. Quantitative real-time

qPCR was performed using the commercially available miR-

CURY LNA miRNA PCR assay system. Absolute quantifi-

cation of miRNAs was performed using an miRNA standard

curve (miRCURY LNA miRNA mimics, Qiagen, German-

town, MD, USA). We used UniSp6 cycle threshold values,

18 + 0.2, as within acceptable range for inclusion in the

analysis. In all assays, we did not exclude any sample from

analysis as all data fell within this acceptable range.

All samples were analyzed in triplicate, with cDNA dilution

at 1:40.

Statistical analysis: All analyses were done using the R

system (v. 4.0.1)16. A very small number of measurements

were below the limit of detection; these were inputed as

0.9 times the lowest measurement of the same miRNA mea-

sure. Preliminary analyses found that the miRNA measures

had distributions skewed to the right (i.e., had a long upper

tail); the Box-Cox procedure suggested analyzing their loga-

rithms, so all analyses use the common log (log to base 10)

of the miRNA measures.

Two-sample t-tests were used to estimate and test the

association of log10miRNA levels with binary characteris-

tics (e.g., pre-operative exocrine insufficiency), and simple

linear regression was used to estimate and test the associa-

tion of log10miRNA levels with measures on continuous

scales (e.g., C-peptide or islet-yield measures). Plots of the

latter associations describe the association using a scatterplot

smoother (R package ggplot2, v. 3.3.117, functions geom_

smooth() and geom_point() with default settings). Effect

sizes (ESs) for t-tests are described as differences between

groups, while effect sizes for regressions are described using

Pearson’s correlation (r).

Results

Preoperative Patient Characteristics

Preoperative patient characteristics are in Table 1. The indi-

cation for proceeding to TPIAT, as determined by the surgi-

cal center, was CP in 67 (48%), RAP in 25 (18%), and both

in 47 (34%) participants, with an average disease duration of

6.8 years. Table 1 summarizes risk factors for pancreatitis,

with genetic risk factors being common in this cohort (77%
of participants). Genetic risk factors included PRSS1

(31.8%), SPINK1 (21.5%), CFTR (37.4%), and CTRC

(8.4%). In this study population, 18 patients (13%) had dia-

betes before TPIAT while 47 (34%) had diagnosed pancrea-

tic exocrine insufficiency. The average HbA1c, fasting

glucose and fasting C-peptide levels were 5.7%, 98.6 mg/

dl and 1.96 ng/ml, respectively. After islet isolation, the

average tissue volume of islet cell products was 8.9 ml, with

islet yields at an average of 3896 IEQ/kg (median 2995 IEQ/

kg; IQR 2018 to 4995).

Association of Circulating miRNAs with Patient
Characteristics

Of the 10 miRNAs analyzed, hsa-miR-221-3p exhibited a

significant association with age (r¼ 0.18, P¼ 0.03) and hsa-

miR-148a-3p was associated with BMI (r ¼ 0.18, P ¼ 0.04)

in the entire study cohort. Dividing the cohort into age

groups (pediatric (<18 years of age) vs adult (�18 years of

age), hsa-miR-148a-3p (P ¼ 0.03, effect size (ES) ¼ adult

average minus pediatric average 0.17, standard error [SE]

0.08), hsa-miR-200c-3p (P ¼ 0.02, ES 0.20 SE 0.09) and

Vasu et al 3



hsa-miR-221-3p (P ¼ 0.009, ES 0.23 SE 0.09) were signif-

icantly elevated in adults compared to pediatric patients

(Fig. 1A-C). Disease duration, symptoms, history of surgery

and type of pancreatitis (recurrent acute or chronic) were not

significantly associated with circulating miRNA levels.

Association of Circulating miRNAs with Pancreatitis
Risk Factors and Disease Complications (Diabetes and
Exocrine Insufficiency)

We tested whether miRNA biomarkers were associated with

these pancreatitis risk factors (1) toxic/metabolic disease; (2)

pancreatitis-predisposing genetic mutations; and (3) obstruc-

tive disease. In these analyses, hsa-miR-148a-3p (P ¼ 0.04,

ES ¼ average of those with toxic etiology minus average of

those not having toxic etiology ¼ 0.22 SE 0.11, Fig. 1D) and

hsa-miR-7-5p (P ¼ 0.04, ES 0.20 SE 0.10, Fig. 1E) were

elevated significantly in patients with pancreatitis having

toxic etiologies compared to patients without such an etiol-

ogy. Also, hsa-miR-29b-3p (P¼ 0.03, ES¼ average of those

with genetic etiology minus average of those not having

genetic etiology ¼ �0.23 SE 0.10, Fig. 1F), hsa-miR-

148a-3p (P ¼ 0.04, ES �0.19 SE 0.09, Fig. 1G) and hsa-

miR-221-3p (P ¼ 0.01, ES �0.26 SE 0.10, Fig. 1H) were

lower in patients with genetic versus non-genetic etiology.

Circulating miRNAs were not associated with obstructive

disease or pre-existing diabetes (data not shown). Compared

to patients with preserved exocrine function, patients with

exocrine insufficiency had lower levels of hsa-miR-375

(P ¼ 0.03, ES¼ average of those with exocrine insufficiency

minus average of those who are exocrine-sufficient �0.14

SE 0.06, Fig. 2A), hsa-miR-29b-3p (P ¼ 0.006, ES �0.25

SE 0.09, Fig. 2B), hsa-miR-148a-3p (P¼ 0.007, ES�0.22 SE

0.08, Fig. 2C), hsa-miR-320d (P ¼ 0.003, ES �0.19 SE 0.06,

Fig. 2D), hsa-miR-200c-3p (P ¼ 0.02, ES �0.21 SE

0.09, Fig. 2E), hsa-miR-125b-5p (P ¼ 0.02, ES �0.13

SE 0.06, Fig. 2F), and hsa-miR-221-3p (P ¼ 0.005, ES�0.25

SE 0.09, Fig. 2G).

Association of Circulating miRNAs with Glycemic
Measures Before TPIAT

Circulating miRNAs were not associated with HbA1c and

fasting glucose levels (Table 2). However, hsa-miR-29b-3p

(r ¼ 0.18, P ¼ 0.03, Fig. 3A), hsa-miR-148a-3p (r ¼ 0.21,

P ¼ 0.01, Fig. 3B), hsa-miR-320d (r ¼ 0.19, P ¼ 0.03, Fig.

3C), and hsa-miR-221-3p (r¼ 0.21, P¼ 0.02, Fig. 3D) were

significantly associated with fasting C-peptide levels

(Table 3).

Association of Circulating miRNAs with Islet Isolation
Outcomes

Circulating miRNAs were not associated with total islet yield

(IEQ, IN) (Table 3). However, hsa-miR-29b-3p was inversely

associated with islet yield/kg body weight (IEQ/kg and

IN/kg) (r ¼ �0.20, P ¼ 0.02, Table 3, Fig. 4A, B) and hsa-

miR-216a-5p was inversely associated with IEQ/kg (r ¼
�0.18, P ¼ 0.03) but not with IN/kg. Circulating hsa-miR-

200c-3p (r ¼ 0.18, P ¼ 0.03, Fig. 4C) and hsa-miR-221-3p

(r¼ 0.19, P¼ 0.03, Fig. 4D) levels were associated with post

isolation tissue volume, a measure that reflects both islet mass

and exocrine tissue contamination of the islet product.

Discussion

Patients with CP are considered for TPIAT when other inter-

ventions have failed to alleviate persistent pain and improve

quality of life. While total pancreatectomy improves chronic

pain and opioid dependence, islet autotransplantation is

important to prevent brittle diabetes after surgery2,18,19. One

challenge in achieving optimal islet function is inability to

Table 1. Pre-Operative Patient Characteristics.

Clinical parameter
Overall

(n ¼ 139)—Average (SD) or n (%)

Patient characteristics
Age (years) 30.2 (17.7)
BMI 24.1 (5.9)
Female sex 85 (61.6%)
Disease duration (years) 6.8 (6.7)
Indication(s) for surgery

Recurrent acute
pancreatitis

72 (51.8%)

Chronic pancreatitis 114 (82.0%)
Risk factors for CP

Toxic/metabolic 22 (15.8%)—medications 1 (4.5%);
alcohol 18 (81.8%); hyperlipidemia

8 (36.4%); other 1 (4.5%)
Idiopathic disease 14 (10.1%)
Genetic 107 (77.0%)
Autoimmune pancreatitis 3 (2.2%)
Recurrent or severe acute

pancreatitis
103 (74.1%)

Obstructive 37 (26.6%) – divisum 31 (83.8%);
sphincter of oddi dysfunction

7 (18.9%); other 1 (2.7%)
Treatment history

ERCP 104 (74.8%)
Celiac plexus block 37 (26.6%)
Cholecystectomy 72 (51.8%)
Other CP surgery 18 (12.9%)

Clinical history
Diabetes 18 (12.9%)
Pancreatic exocrine

insufficiency
47 (33.8%)

HbA1c (%) 5.71 (1.22)
Fasting glucose (mg/dl) 98.6 (28.0)
Fasting C-peptide (ng/ml) 1.96 (1.50)

Islet isolation outcomes
Tissue volume (ml) 8.90 (8.20)
IEQ/kg (median (quartiles)) 2995 (2018: 4995)
IN/kg (median (quartiles)) 3758 (1939: 6454)

BMI, body mass index; HbA1c, glycated hemoglobin; IEQ, islet equivalents;
IN, islet number.
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predict disease stage and islet isolation outcomes before

TPIAT. In the POST study, in addition to studying associa-

tions of patient and disease characteristics with favorable

pain and health-related quality of life outcomes2, we aimed

to identify distinctive molecular signatures of pancreatic

damage, especially islet cell stress and damage, before sur-

gery. The present study, using a cohort of 139 patients

recruited across 9 institutions, highlights the associations

of specific circulating miRNAs with patient, disease and

islet isolation outcomes in CP and RAP patients undergoing

TPIAT (Table 4).

We selected miRNA biomarkers based on our prior

work and external data suggesting tissue specificity for

islet or pancreas tissue and correlation with islet or acinar

damage or stress (Table 4). Compared to pediatric patients,

circulating hsa-miR-148a-3p, hsa-miR-200c-3p, and hsa-

miR-221-3p were significantly higher in adults. Of these,

hsa-miR-148a-3p exhibited a significant positive associa-

tion with BMI while others showed a non-significant trend

toward positive association with BMI. In those with

genetic risk factors for pancreatitis, circulating levels of

hsa-miR-29b-3p, hsa-miR-148a-3p, and hsa-miR-221-3p

were significantly lower compared to patients with non-

genetic pancreatitis; conversely, patients with toxic/meta-

bolic disease had elevated levels of hsa-miR-148a-3p and

hsa-miR-7-5p, strikingly opposite compared to patients

with genetic pancreatitis. Our observation of elevated

hsa-miR-7-5p levels in toxic/metabolic disease is particu-

larly significant because of similar observations in an inde-

pendent study of patients with severe acute pancreatitis14.

We could not determine whether the differences in circu-

lating miRNA levels in pediatric and adult patients are due

to age or etiology because all of our pediatric patients had

at least one genetic risk factor for pancreatitis.

Figure 1. Association of circulating miRNAs with age and etiology: Box-and-whisker plots (median, box from 25th to 75th
percentile, and “whiskers,” marking the most extreme data point that is no more than 1.5 times the interquartile range (IQR) away from
the box) showing levels of circulating miRNAs (log10) in age (<18 years (n ¼ 48) and >18 years (n ¼ 91)) and etiology (toxic (n ¼ 117) or
genetic (n ¼ 32)) groups. Age—(A) log(hsa-miR-148a-3p), (B) log(hsa-miR-200c-3p), and (C) log(hsa-miR-221-3p). Toxic pancreatitis—(D)
log(hsa-miR-148a-3p) and (E) log (hsa-miR-7-5p). Genetic pancreatitis—(F) log(hsa-miR-29b-3p), (G) log(hsa-miR-148a-3p), and (H) log(hsa-
miR-221-3p). *P < 0.05 and **P < 0.01 compared to respective controls (<18 years of age, non-toxic or non-genetic pancreatitis).
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Patients with exocrine insufficiency showed a striking

pattern of reduced levels of multiple circulating miRNAs

(except hsa-miR-216a-5p, hsa-miR-7-5p, and hsa-miR-

122-5p) compared to patients without diagnosed exocrine

insufficiency. In a cohort of patients with late stage CP

(with exocrine insufficiency), levels of circulating hsa-

miR-320a-d and hsa-miR-221-3p were reduced compared

to patients with early stage CP (without exocrine insuffi-

ciency)12. Together with our current study, these observations

suggest that severity of disease leading to exocrine insuffi-

ciency and possibly reduced pancreatic tissue volume may

reduce pancreatic miRNA content for release into circulation.

This hypothesis should be validated in future studies using

pancreatic tissue biopsies procured during TPIAT.

One of the most important factors determining islet graft

function in patients after TPIAT procedure is the mass of

transplanted islets19,23. Currently, status of endocrine cell

stress/damage and islet isolation outcomes generally cannot

be predicted before surgery, necessitating research into pre-

dictive tools. In our cohort, circulating miRNAs were not

associated with HbA1c (%) or fasting blood glucose levels

before surgery. However, circulating hsa-miR-29b-3p, hsa-

miR-148a-3p, hsa-miR-320d, and hsa-miR-221-3p were

associated with fasting C-peptide levels before TPIAT.

C-peptide levels are a marker of residual beta cell mass and

decrease with advanced chronic pancreatitis24. In contrast,

elevated fasting C-peptide level in a non-diabetic individual

indicates insulin resistance. Previous metabolic and epide-

miologic studies for diabetes risk in CP suggest that insulin

resistance is a factor in the pathogenesis of pancreatogenic

DM25,26. Thus we hypothesize that in patients with CP or

RAP who are also insulin resistant (and thus have higher

fasting C-peptide), elevated pancreatic islet miRNA levels

are a marker for metabolic islet stress.

This is in line with other reports of elevated levels of these

miRNAs in non-diabetic autoantibody positive, pre-diabetic

Figure 2. Association of circulating miRNAs with pancreatic exocrine insufficiency: Box plots-and-whisker (median, box from
25th to 75th percentile, “whiskers,” defined in the caption to Fig. 1) showing levels of circulating miRNAs (log10) in pancreatic exocrine
sufficient (n ¼ 92) and insufficient (n ¼ 47) groups. (A) log(hsa-miR-375), (B) log(hsa-miR-29b-3p), (C) log(hsa-miR-148a-3p), (D) log(hsa-
miR-320d), (E) log(hsa-miR-200c-3p), (F) log(hsa-miR-125b-5p), and (G) log(hsa-miR-221-3p). *P < 0.05 and **P < 0.01 compared to
exocrine sufficient group.

Table 2. Association of Circulating miRNAs with Preoperative
Metabolic Measures.

Log(miRNA)

HbA1c (%) Glucose (mg/dl) C-peptide (ng/ml)

R p R p r p

hsa-miR-375 0.02 0.79 0.09 0.27 �0.01 0.94
hsa-miR-29b-3p �0.02 0.81 0.00 0.98 0.18 0.03
hsa-miR-148a-3p �0.02 0.81 0.06 0.46 0.21 0.01
hsa-miR-216a-5p 0.07 0.45 0.09 0.32 0.02 0.82
hsa-miR-320d �0.04 0.65 0.00 0.97 0.19 0.03
hsa-miR-200c �0.01 0.91 0.12 0.17 0.13 0.12
hsa-miR-125b 0.04 0.63 0.12 0.15 0.10 0.24
hsa-miR-7-5p 0.07 0.43 0.14 0.10 0.13 0.12
hsa-miR-122-5p �0.03 0.77 0.06 0.50 0.02 0.78
hsa-miR-221-3p �0.04 0.65 0.09 0.32 0.21 0.02

HbA1c, glycosylated hemoglobin; r, Pearson’s correlation; P < 0.05 is
denoted by bold underlined text.

6 Cell Transplantation



and diabetic individuals27–35. Elevated circulating hsa-miR-

29b-3p has been reported in insulin-resistant conditions

including obesity27, before onset of gestational diabetes28

and reduced insulin sensitivity index29; while elevated cir-

culating hsa-miR-148a-3p levels have been associated with

islet damage in early type 1 diabetes pathogenesis30–35 and

in pre-diabetes32. In our study, hsa-miR-148a-3p was posi-

tively associated with both BMI and fasting C-peptide, also

suggesting a state of insulin resistance.

In the context of CP and islet autotransplantation, we

have previously observed inverse association of preoperative

hsa-miR-375 levels with DC-peptide (stimulated C-peptide

minus basal C-peptide in a glucose tolerance test) and post-

isolation islet counts in a cohort of 31 patients undergoing

TPIAT11. Further analysis of associations between circulat-

ing miRNA levels and islet isolation outcomes found inverse

association of hsa-miR-29b-3p with islet yield (IEQ/kg, IN/

kg body weight). Note that hsa-miR-29b-3p showed opposite

associations with fasting C-peptide levels and islet yield in

our cohort, warranting further validation for better under-

standing of this circulating miRNA in CP patients. Also,

hsa-miR-200c-3p and hsa-miR-221-3p levels were associ-

ated with post-isolation islet tissue volume, a measure that

reflects both islet mass and (predominantly) residual

Figure 3. Association of circulating miRNAs with fasting C-peptide (ng/ml): Scatter plots of (A) log(hsa-miR-29b-3p), (B) log(hsa-
miR-148a-3p), (C) log(hsa-miR-320d), and (D) log(hsa-miR-221-3p) with fasting C-peptide (ng/ml) with a scatterplot smooth (solid line) to
describe the association.

Table 3. Association of Circulating miRNAs with Islet Isolation Outcomes.

Log(miRNA)

Tissue volume Islet equivalents Islet number Islet equivalents/Kg Islet number/Kg

R p r p r P r P r p

hsa-miR-375 �0.01 0.91 �0.09 0.27 �0.12 0.18 �0.15 0.07 �0.08 0.33
hsa-miR-29b-3p 0.03 0.76 �0.10 0.27 �0.12 0.18 �0.20 0.02 �0.20 0.02
hsa-miR-148a-3p 0.15 0.07 0.03 0.76 0.05 0.59 �0.14 0.11 �0.13 0.12
hsa-miR-216a-5p �0.08 0.38 �0.14 0.10 �0.13 0.13 �0.18 0.03 �0.09 0.29
hsa-miR-320d 0.16 0.06 0.06 0.45 0.08 0.35 �0.08 0.37 �0.03 0.70
hsa-miR-200c-3p 0.18 0.03 0.06 0.49 0.09 0.27 �0.14 0.10 �0.11 0.20
hsa-miR-125b-5p 0.13 0.14 0.04 0.67 0.05 0.60 �0.02 0.82 0.00 0.99
hsa-miR-7-5p 0.14 0.11 �0.03 0.73 0.04 0.62 �0.12 0.14 �0.03 0.76
hsa-miR-122-5p �0.04 0.63 �0.08 0.34 �0.05 0.56 �0.06 0.48 0.02 0.82
hsa-miR-221-3p 0.19 0.03 0.08 0.35 0.12 0.16 �0.11 0.19 �0.10 0.26

R, Pearson’s correlation; P < 0.05 is denoted by bold underlined text.
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Figure 4. Association of circulating miRNAs with islet isolation outcomes: Scatter plots of log(hsa-miR-29b-3p) with (A) IEQ/kg
and (B) IN/kg with a scatterplot smooth (solid line) to describe the association.

Table 4. Summary of Associations of Circulating miRNAs with Patient and Disease Characteristics and Islet Isolation Outcomes

miRNA Tissue37 Putative role as biomarker
Age
Cat.* BMI

EXO
Insuff Genetic Toxic

Pre-TPIAT
C-peptide

Tissue
Volume

IEQ/
kg

IN/
kg

hsa-miR-375 Islet, brain Islet abundant, islet damage
specific8

#

hsa-miR-29b-3p Pancreas,
other

Islet stress10 # # þ - -

hsa-miR-148a-3p Pancreas,
other

Islet damage10, elevated in
diabetes7

" þ # # " þ

hsa-miR-200c-3p Pancreas,
other

Islet stress/damage, elevated
during TPIAT infusion10

" # þ

hsa-miR-125b-5p Pancreas,
other

Islet stress; elevated in
pancreatic cancer15

#

hsa-miR-7-5p Pancreas
(AP),
other

Elevated in acute pancreatitis14;
Islet stress10

"

hsa-miR-216a-5p Acinar Acinar cell damage specific36 -
hsa-miR-320d Pancreas,

other
Reduced in late CP12 # þ

hsa-miR-221-3p Pancreas,
other

Predictor of early CP12 " # # þ þ

hsa-miR-122-5p Liver Elevated in hepatotoxicity20

Direct or inverse associations are denoted as þ or –, respectively. Increased or decreased levels are denoted as upward or downward arrows, respectively.
Red indicates positive association, green indicates negative association. * Age category indicates adults vs pediatrics (<18 years of age).
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exocrine tissue. Notably, these two measures were also

higher in adults (vs children) and overall significantly lower

in patients with exocrine insufficiency. Exocrine insuffi-

ciency manifests in chronic disease due to severe fibrosis

and necro-inflammation3,21. We hypothesize that hsa-miR-

200c-3p and hsa-miR-221-3p may be elevated in circulation

during disease progression when pancreas tissue volume is

sufficient to contribute to circulating miRNA levels, or that

the association of hsa-miR-200c-3p and hsa-miR-221-3p

with tissue volume may reflect the higher tissue volumes

seen in adult patients. Our current study design permits

follow-up after transplantation for investigation of circulat-

ing miRNA levels and their associations with post-

transplantation functional measures.

As for the pancreatic origin of these circulating miRNAs,

we previously reported elevated levels of these miRNAs in

circulation during digestion of pancreas, islet infusion and

immediately after transplantation8–10. In our ex vivo islet

studies, we observed release of miRNAs (hsa-miR-375,

hsa-miR-148a-3p, hsa-miR-29b-3p, hsa-miR-216a-5p, hsa-

miR-200c-3p, hsa-miR-125b-5p) under proinflammatory

and hypoxic culture conditions10. We did not observe any

striking relationships between clinical measures and either

hsa-miR-216a-5p, an acinar cell specific miRNA

(undetected in circulation in healthy conditions)36, or hsa-

miR-122-5p, a liver specific miRNA22. We included liver-

specific miRNA in our analysis because our unpublished

observations found elevated levels at 3 months after intra-

portal infusion of islets in TPIAT patients (Vasu et al, unpub-

lished). Most importantly, given the reported alterations of

some of these circulating miRNAs (hsa-miR-200c-3p, hsa-

miR-125b-5p) in pancreatic cancer13,20, data should be inter-

preted in light of clinical history. We acknowledge that other

tissues may contribute to circulating miRNA levels and

influence our interpretation. Changes in circulating miRNA

levels may reflect underlying pathological conditions and

thus, studying circulating miRNA panels consisting of mul-

tiple miRNAs will help establish their trends and inter-

relationships in specific disease conditions. Nevertheless,

further studies using an expanded panel of miRNAs and

larger cohorts are important in establishing miRNA associa-

tions with CP.

This is the first study to arise from the POST cohort using

biorepository specimens and highlights the future potential

for research from this consortium. In these first exploratory

analyses, strength of correlations were weak (r < 0.25 in

magnitude), reflecting the heterogeneity of the cohort and

noise in the assays, and thus necessitating further studies

using large cohorts and stringent analysis for establishing

strong associations. The current study’s aim was to explore

potential associations and results have not yet been adjusted

for multiple comparisons or adjusted for potential confoun-

ders (age, BMI). We are as yet unable to investigate specific

subgroups (for example, only those with a specific cause of

pancreatitis) because such subgroup analyses would further

cut sample size and reduce power. These steps should be

considered for future research questions informed by these

preliminary studies.

Our findings in this first study represent an interim anal-

ysis and are limited by partial enrollment of the POST cohort

and reliance on clinically available data for pancreatitis his-

tory. Genetic testing for pancreatitis risk factors is performed

as part of clinical care, and may be incomplete for some

adult patients, leading to a risk of underestimating genetic

disease in this cohort. Diabetes outcomes will not be ana-

lyzed until enrollment is complete and thus this initial study

cannot measure the association of miRNA biomarkers with

post-TPIAT diabetes outcomes in this initial study. Also of

note, because the POST study is observational and collects

clinically available data, the classification of exocrine insuf-

ficiency relied on physician diagnosis, and could be suscep-

tible to under-reporting or misdiagnosis. Apart from patient

characteristics, factors including sample handling and differ-

ences in islet isolation process across institutions may influ-

ence the associations analyzed in this study. Because sample

sizes are small at individual sites, subanalyses for site-

specific effects is not feasible at this point, but could be

explored in the future with a larger cohort size. Although

the current POST study does not collect control biospeci-

mens, future explorations could include comparisons of

miRNA levels with non-pancreatitis control groups in more

participants to assess specificity.

Overall, this first exploratory multi-center study high-

lights the potential associations of specific circulating miR-

NAs with pancreatic exocrine insufficiency, preoperative

metabolic measures and islet isolation outcomes. Future

studies will focus on confirming preliminary results, and

on follow-up analysis and predictive potential of these cir-

culating miRNAs regarding islet mass yield, and metabolic

and clinical outcomes.
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