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• Diabetes after organ transplantation is a serious problem caused by exposure

to steroids and/or calcineurin inhibitors, particularly tacrolimus (TAC) (Webster

et al 2005 BMJ).

• Calcineurin is thought to play important roles in pancreatic beta-cells, but the

effects of calcineurin inhibitors on human beta-cells remain understudied,

despite its clinical importance.

• We and others have shown that TAC and other immunosuppressants have

direct deleterious effects on human islets (Johnson et al 2006 Cell

Transplantation; Dai et al 2020 JCI Insight).

• Voclosporin (VCS) is a next generation calcineurin inhibitor that has recently

succeeded in Ph3 clinical trials for lupus nephritis, and is in Ph2 trials for other

conditions.

• VCS has demonstrated less new-onset diabetes in clinical trials, but the direct

effects of this drug on human beta-cell function are unknown.
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Tacrolimus, but not voclosporin, significantly inhibits insulin exocytosis 

from human islets at clinically relevant trough concentrations

SUMMARY

• TAC, but not VCS, caused a significant impairment of both 15 mM

glucose-stimulated insulin secretion and 30 mM KCl-stimulated insulin

secretion, pointing to possible a molecular defect in the distal stages of

exocytosis after Ca2+ entry via voltage-gated Ca2+ channels. Both TAC

and VCS inhibited insulin secretion at high concentrations. No effects

on insulin contents were identified.

• No significant deleterious effects on cell survival were observed with

either drug in this model.

• RNA sequencing showed that TAC, and to a lesser extent VCS,

decreased the expression of genes that regulate exocytosis, including

synaptotagmins (SYT16, SYT5), ER-to-Golgi traffic (PITPNM1), and

hormone processing (PAM). Pathway analysis showed a significant

enrichment of Gene Ontology terms including ‘syntaxin binding’.

• These data support prior clinical evidence demonstrating the

favourable glucose homeostasis profile of VCS versus TAC.

Figure 4| Long-term imaging of islet cell survival. Cell death was assessed every

30 minutes over 48 hours using propidium iodide and Hoechst staining. Results shown

are quantified from 5 cultures per drug condition, over two separate runs.

Figure 5| RNA sequencing analysis of human islets treated with TAC and

VCS at peak doses. (A) Top differentially expressed mRNAs are shown in

blocks. Raw CPM values are shown in the table. (B) String analysis of the

relationship between differentially expressed mRNAs. (C) Significantly enriched

gene categories according to Gene Ontology. Protein-protein interaction

networks highlight connections between calcineurin/NFAT pathway and

deferentially expression genes in (D) VCS or (E) TAC treatment. Up or

down regulated genes are shown in red or green, respectively.

• We studied 2 clinically relevant doses of TAC (10 ng/ml trough, 30 ng/ml

peak) and VCS (20 ng/ml trough, 60 ng/ml peak), meant to approximate the

trough and peak concentrations of each drug.

• We compared the effects of TAC and VCS on the dynamics of insulin

secretory function using perifusion analysis on non-diabetic cadaveric

human islets.

• We compared the effects of TAC and VCS on the programmed cell death

rate using the incorporation of propidium iodide under long-term imaging

conditions using Molecular Devices ImageXpressMICRO XLS high-content

imaging systems.

• We compared the transcriptomic profile of isolated human islets treated with

TAC and VCS using RNA sequencing.

Figure 1| Structure and activity of VCS relative to TAC.

(A) Structure of voclosporin (VCS). (B) NFAT accumulation in response to various

doses of VCS and TAC.

• J.D.J. designed and supervised the studies, and is the ultimate guarantor of

the work.
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1st phase glucose response
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2nd phase glucose response
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15 mM glucose 30 mM KCl

20 min
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KCl response

Total glucose response
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F HG

15 mM glucose 30 mM KCl
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FBXO28 7 7 7 8 7 7 7 8 7 8 9 7 7 8 8 9 8 8 9 8 8

TCP11L1 5 4 4 4 5 4 4 5 4 5 4 4 5 5 5 5 5 5 5 5 5

EGR4 1 1 2 2 2 1 2 2 2 3 3 3 2 2 2 2 2 2 2 3 3

CSNK2A2 17 18 16 17 16 16 17 20 16 17 18 19 19 19 17 19 18 18 18 18 20

NFIC 20 18 21 21 22 26 23 25 24 23 22 26 26 30 26 32 25 23 28 30 26

KLHL18 4 4 5 5 4 4 5 4 5 5 6 5 4 5 5 4 5 5 6 6 5

ACVR2B 1 1 1 1 1 1 1 1 1 1 1 2 1 1 2 1 2 1 2 1 1

RPS6KA5 2 1 2 1 1 1 2 2 2 2 2 1 1 2 2 2 2 2 3 2 2

NAP1L1 108 116 104 102 111 111 103 113 118 109 132 120 136 112 122 123 116 153 123 117 141

STX6 6 6 6 6 5 5 5 7 7 6 6 5 6 6 7 6 6 6 6 6 6

MCM7 9 12 11 12 11 11 15 11 13 13 17 14 15 15 14 12 14 13 17 16 16

DERA 31 33 28 28 26 32 29 35 34 30 40 26 37 31 33 33 30 33 34 35 37

TAF5 1 2 1 1 1 1 1 1 2 2 2 2 1 1 2 1 2 2 2 2 2

PTPRS 7 8 6 7 7 9 6 9 10 7 5 11 10 9 11 11 9 10 7 9 11

TNRC6C 1 1 1 1 1 1 1 1 1 2 1 2 1 2 2 2 2 1 2 2 1

WASF2 26 30 29 30 26 27 28 28 29 33 30 28 29 32 31 29 33 29 31 32 29

ZNF596 Zinc Finger Protein 5961 2 2 2 2 1 2 2 2 2 2 3 2 2 1 2 2 2 2 2 2

PCGF6 Polycomb Group Ring Finger 62 3 2 3 3 2 3 3 3 4 4 3 3 3 3 2 2 2 3 2 3

SYT16 Synaptotagmin 16 - insulin secretion3 2 4 4 3 3 3 1 1 1 1 1 1 2 1 1 1 1 1 1 1

SCARB2 Scavenger Receptor Class B Member 2 - vesicle transport128 121 115 133 126 127 127 117 108 109 104 119 107 118 106 116 106 116 109 117 107

PITPNM1 Phosphatidylinositol Transfer Protein Membrane Associated 1 - protein exit from ER and Golgi33 26 24 35 33 33 31 24 22 18 25 24 22 27 21 25 17 22 21 29 19

TBC1D30 GAP for Rab3 - insulin secretion4 4 4 4 4 6 4 3 2 2 2 3 3 3 2 2 2 2 2 2 2

FAM131A Diseases associated with FAM131A include Hyperaldosteronism, Familial, Type Ii.16 15 15 17 18 19 12 13 11 10 10 13 14 14 11 12 10 14 10 12 13

PCK1 Phosphoenolpyruvate Carboxykinase 16 7 4 15 7 5 14 2 3 1 3 2 1 3 3 2 1 2 2 1 1

CCDC184 Coiled-Coil Domain Containing 1847 8 7 8 8 11 5 4 5 3 3 5 7 5 4 4 3 5 2 5 3

SYT5 Synaptotagmin 536 30 37 42 50 69 36 18 19 12 13 26 37 24 14 16 11 18 12 27 19

PPP5C Protein Phosphatase 5 Catalytic Subunit - regulator of MapK signalling35 32 35 32 34 37 37 31 31 32 31 31 34 31 32 31 30 33 28 30 33

KIAA0319 7 6 8 7 7 9 5 5 4 4 2 6 6 6 4 5 4 6 3 4 4

MFSD1 41 38 40 38 42 39 40 39 38 34 34 39 36 35 33 39 37 37 33 30 35

MLIP 7 8 12 7 9 11 6 6 5 7 3 7 6 7 3 3 4 4 2 5 5

NPTN 149 137 131 126 142 144 130 138 123 119 100 131 122 115 125 138 115 123 98 113 113

ABCB8 9 9 8 8 9 9 8 7 9 8 9 7 8 7 7 7 7 7 8 6 7

SLC7A2 140 129 133 145 128 175 106 118 99 113 72 109 117 123 94 108 97 104 68 101 107

ANXA7 165 148 155 174 170 166 161 150 144 136 149 140 160 161 137 144 131 163 132 143 142

SGSM3 29 30 29 27 31 29 26 26 27 27 28 26 27 23 26 25 26 27 23 24 25

CREM 18 20 19 26 22 17 27 15 17 15 22 14 15 16 16 13 13 16 19 16 13

DAP 173 162 166 197 190 206 180 149 152 145 180 156 176 162 136 137 138 156 163 129 167

ASB4 2 2 2 2 3 2 2 2 2 1 1 2 1 2 1 1 1 1 1 1 1

PAM 449 284 349 322 385 363 279 356 213 214 148 305 284 266 187 339 211 272 150 239 248

LINC00936 3 2 3 2 3 4 3 2 1 1 2 2 3 2 1 1 1 2 1 1 2

PDK4 40 82 97 91 111 154 62 25 40 36 36 71 96 41 28 16 29 33 20 36 45

COPA 68 67 62 68 68 68 64 60 62 61 69 54 62 63 67 55 59 58 59 63 61

TCTN3 21 21 24 22 24 22 19 19 19 19 18 22 22 19 18 19 21 21 17 18 17

LGI2 1 2 2 3 1 3 1 0 1 1 0 1 1 1 1 0 1 1 0 0 1

SMOC1 32 39 54 26 35 103 38 16 19 18 13 19 47 13 11 9 13 8 8 8 23

TMED3 198 143 187 158 187 175 168 160 123 133 153 182 160 128 110 146 124 171 135 131 141

B9D1 30 30 30 29 40 34 34 26 28 19 33 29 30 24 22 23 19 28 22 24 23

AAED1 17 14 15 19 17 23 15 14 13 11 15 13 18 14 12 12 11 14 12 12 14

NUP210 9 7 10 8 9 10 9 9 7 9 6 9 7 8 7 9 8 8 7 6 6

MRPL17 22 21 21 21 21 20 20 20 20 18 19 20 22 18 17 18 18 21 17 20 19

BBS5 5 6 6 7 7 5 4 5 5 5 4 5 5 7 5 4 5 5 4 5 4

TMED10 140 115 128 131 141 145 137 121 107 117 140 131 135 120 94 114 113 126 118 125 112

MPV17 55 57 55 64 60 65 60 47 52 49 64 42 67 58 47 41 47 50 49 53 53

ARF1 342 332 358 345 348 369 369 317 333 333 380 314 385 327 322 303 323 333 318 335 337

TASP1 Taspase 19 8 8 8 7 8 9 7 7 8 7 6 6 7 6 7 7 6 7 8 8

SKIV2L Ski2 Like RNA Helicase13 12 13 14 14 14 13 12 11 13 12 12 12 13 13 13 11 13 11 12 13

THNSL1 Threonine Synthase Like 16 6 6 6 7 5 5 5 5 5 5 5 5 5 5 6 5 6 3 6 5

CEP85L Centrosomal Protein 85 Like1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Control Voclosporin TacrolimusA

B C

Figure 2| Basal, glucose-stimulated, and KCl-stimulated insulin secretion from

human islets treated with peak and trough concentrations of VCS and TAC. (A)

Averaged traces of dynamic insulin secretion measurements in the context of 3 mM

glucose, or 15 mM glucose or 30 mM KCl (as indicated). (B) Total area under the curve

(AUC) of the 15 mM glucose response. (C, D, E) AUCs of 1st phase and 2nd phase high

glucose responses, as well as the KCl response. (F) Baseline insulin secretion. (G,H)

Insulin secretion normalized to baseline, including AUC. n=13

Donor ID Age (years) Sex HbA1c (%) BMI

R297 69 Male No data 27.2

R300 30 Female No data 25.3

R301 18 Male 5.0 19

R303 56 Female No data 24.1

R305 60 Male 5.6 21

R306 22 Female 5.3 21.1

R308 20 Male 5.5 19.8

R309 47 Female 5.5 27.4

R310 25 Male 5.4 26.4

R314 31 Female 5.0 30.3

R316 52 Male 5.7 26

R317 54 Male 5.1 26.4

R318 54 Male 5.0 20.5

R319 68 Male 5.0 27.8

R322 44 Female 4.9 23.2

R325 50 Male No data 30.3

R326 26 Male 5.5 27

R327 57 Male 5.8 33.9

R328 48 Male 5.2 22.7

Table 1| IDs and characteristics of human islets used in this study.

Figure 3| Insulin content from isolated human islets treated with VCS and TAC.

Insulin contents were extracted from 20 islets using the standard acid-ethanol protocol.
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