
ESM Table 1: Donor Demographics
Study 

Number
RRiD

Donor 
Type

Age Sex
BMI 

(kg/m2)
C-peptide 
(nmol/l)*

Duration AAb
Presence of 

Insulitis
Race

6001 SAMN15879058 ND 22 Male 21.9 0.52 NA NA N White
6003 SAMN15879060 ND 23 Female 29.3 NA NA N White
6004 SAMN15879061 ND 33 Male 30.9 NA NA N White
6005 SAMN15879062 ND 5 Female 15.7 NA NA N White
6007 SAMN15879064 ND 9 Male 20 NA NA N African Am
6008 SAMN15879065 ND 50 Female 24.2 NA NA N White
6009 SAMN15879066 ND 45 Male 30.6 3.74 NA NA N White
6010 SAMN15879067 ND 47 Female 19.7 NA NA N White
6011 SAMN15879068 ND 46 Female 26.3 NA NA N African Am
6012 SAMN15879069 ND 68 Female 23.7 0.98 NA NA N White
6013 SAMN15879070 ND 65 Male 24.2 0.92 NA NA N White
6014 SAMN15879071 ND 2 Male 20.7 NA NA N White
6015 SAMN15879072 ND 39 Female 32.2 0.66 NA NA N White
6016 SAMN15879073 ND 64 Female 31.2 NA NA N White
6017 SAMN15879074 ND 59 Female 24.8 3.26 NA NA N White
6019 SAMN15879076 ND 42 Male 31 0.16 NA NA N White
6020 SAMN15879077 ND 60 Male 29.8 0.93 NA NA N White
6021 SAMN15879078 ND 72 Female 24.5 7.56 NA NA N Hispanic/Latino
6022 SAMN15879079 ND 75 Male 30.6 1.65 NA NA N White
6024 SAMN15879081 ND 21 Male 27.8 1.16 NA NA N White
6029 SAMN15879086 ND 24 Female 22.6 NA NA N Hispanic/Latino
6030 SAMN15879087 ND 30.1 Male 27.1 0.84 NA NA N White
6034 SAMN15879091 ND 32 Female 25.2 1.04 NA NA N White
6047 SAMN15879104 ND 7.8 Male 23.9 0.21 NA NA N White
6048 SAMN15879105 ND 30 Male 20.6 5.91 NA NA N White
6055 SAMN15879112 ND 27 Male 22.7 0.19 NA NA N White
6060 SAMN15879117 ND 24 Male 32.7 4.50 NA NA N White
6073 SAMN15879130 ND 19.2 Male 36 0.23 NA NA N White
6075 SAMN15879132 ND 16 Male 14.9 0.97 NA NA N African Am
6091 SAMN15879148 ND 27.1 Male 35.6 2.54 NA NA N White
6095 SAMN15879152 ND 40 Male 35.5 NA NA N Hispanic/Latino
6096 SAMN15879153 ND 16 Female 18.8 0.98 NA NA N African Am
6097 SAMN15879154 ND 43.1 Female 36.4 5.53 NA NA N White
6098 SAMN15879155 ND 17.8 Male 22.8 0.47 NA NA N White



6099 SAMN15879156 ND 14.2 Male 30 1.77 NA NA N White
6102 SAMN15879159 ND 45.1 Female 35.1 0.18 NA NA N White
6103 SAMN15879160 ND 1.5 Male 16.8 0.32 NA NA N White
6104 SAMN15879161 ND 41 Male 20.5 6.78 NA NA N White
6106 SAMN15879163 ND 2.9 Male 17.4 2.43 NA NA N White
6112 SAMN15879169 ND 6.3 Female 18.4 1.69 NA NA N Hispanic/Latino
6117 SAMN15879174 ND 0.33 Male 18.4 1.08 NA NA N White
6126 SAMN15879183 ND 25.2 Male 25.1 0.29 NA NA N Hispanic/Latino
6130 SAMN15879187 ND 5.2 Male 18.5 1.58 NA NA N White
6131 SAMN15879188 ND 24.2 Male 24.8 0.33 NA NA N White
6134 SAMN15879191 ND 26.7 Male 20.1 1.18 NA NA N White
6137 SAMN15879194 ND 8.9 Female 24.2 4.00 NA NA N Hispanic/Latino
6140 SAMN15879197 ND 38 Male 21.7 3.66 NA NA N White
6153 SAMN15879209 ND 15.2 Male 20.5 2.77 NA NA N Hispanic/Latino
6160 SAMN15879216 ND 22.1 Male 23.9 0.13 NA NA N White
6162 SAMN15879218 ND 22.7 Male 28.9 2.51 NA NA N African Am
6165 SAMN15879221 ND 45.8 Female 25 1.47 NA NA N Caucasian
6168 SAMN15879224 ND 51 Male 25.2 NA NA N Hispanic/Latino
6172 SAMN15879228 ND 19.2 Female 32.4 2.65 NA NA N White
6174 SAMN15879230 ND 20.9 Male 19.5 0.99 NA NA N White
6178 SAMN15879234 ND 24.5 Female 27.5 1.50 NA NA N White
6179 SAMN15879235 ND 20 Female 20.7 0.90 NA NA N White
6182 SAMN15879238 ND 2.7 Male 26 0.75 NA NA N White
6227 SAMN15879283 ND 17 Female 26.4 0.91 NA NA N White
6229 SAMN15879285 ND 31 Female 26.9 2.06 NA NA N White
6232 SAMN15879288 ND 14 Female 20.8 6.44 NA NA N White
6234 SAMN15879290 ND 20 Female 25.6 2.27 NA NA N White
6238 SAMN15879294 ND 20 Male 21.7 0.39 NA NA N African Am
6254 SAMN15879310 ND 38 Male 30.5 2.12 NA NA N White
6271 SAMN15879325 ND 17 Male 24.4 3.79 NA NA N White
6278 SAMN15879332 ND 12 Female 21.3 1.50 NA NA N African Am
6279 SAMN15879333 ND 19 Male 34 2.64 NA NA N White
6282 SAMN15879336 ND 37 Male 41.9 2.25 NA NA N White
6289 SAMN15879343 ND 19 Male 38.3 2.66 NA NA N African Am
6292 SAMN15879346 ND 3 Male 19.33 1.24 NA NA N White
6318 SAMN15879372 ND 10 Female 17.6 1.28 NA NA N White
6331 SAMN15879385 ND 27.1 Female 24 0.99 NA NA N African Am



6335 SAMN15879389 ND 18.8 Male 23.6 2.92 NA NA N Multiracial
6339 SAMN15879393 ND 23.2 Male 25 3.48 NA NA N White
6366 SAMN15879419 ND 21 Female 20.5 0.14 NA NA N Hispanic/Latino
6368 SAMN15879421 ND 38.3 Male 20.7 1.01 NA NA N White
6375 SAMN15879428 ND 28.7 Male 31.8 5.72 NA NA N White
6384 SAMN15879437 ND 17 Male 18.2 0.23 NA NA N White
6386 SAMN15879439 ND 14 Male 23.9 0.37 NA NA N White
6389 SAMN15879442 ND 18.6 Male 20.9 2.38 NA NA N White
6401 SAMN15879454 ND 25.07 Female 31.3 4.23 NA NA N Hispanic/Latino
6406 SAMN15879459 ND 6.9 Male 16.8 1.34 NA NA N White
6413 SAMN15879466 ND 10.1 Female 19 1.74 NA NA N White
6482 SAMN15879535 ND 18.69 Female 20 2.47 NA NA N White
6002 SAMN15879059 AAb+ 39 Male 23.7 NA mIAA+ N White
6023 SAMN15879080 AAb+ 66 Male 34 NA mIAA+ N White
6027 SAMN15879084 AAb+ 18.8 Male 19.9 NA ZnT8A+ N White
6044 SAMN15879101 AAb+ 41.4 Male 27.4 4.47 NA GADA+ N Hispanic/Latino
6090 SAMN15879147 AAb+ 2.2 Male 18.8 1.76 NA GADA+ N Hispanic/Latino
6101 SAMN15879158 AAb+ 64.8 Male 34.3 8.64 NA GADA+ N White
6116 SAMN15879173 AAb+ 0.17 Female 23.6 0.33 NA mIAA+ N Hispanic/Latino
6123 SAMN15879180 AAb+ 23.2 Female 17.6 0.66 NA GADA+ N White
6147 SAMN15879203 AAb+ 23.8 Female 32.9 1.05 NA GADA+ N White
6151 SAMN15879207 AAb+ 30 Male 24.2 1.81 NA GADA+ N White
6154 SAMN15879210 AAb+ 48.5 Female 24.5 0.02 NA GADA+ N White
6156 SAMN15879212 AAb+ 40 Male 19.8 4.40 NA GADA+ N White
6171 SAMN15879227 AAb+ 4.4 Female 14.8 2.95 NA GADA+ N White
6181 SAMN15879237 AAb+ 31.9 Male 21.9 0.02 NA GADA+ N White
6184 SAMN15879240 AAb+ 47.6 Female 27 1.13 NA GADA+ N Hispanic/Latino
6301 SAMN15879355 AAb+ 26 Male 32.1 1.29 NA GADA+ N African Am
6303 SAMN15879357 AAb+ 22 Male 31.9 1.00 NA GADA+ N White
6310 SAMN15879364 AAb+ 28 Female 22.4 3.48 NA GADA+ Y Hispanic/Latino
6314 SAMN15879368 AAb+ 21 Male 23.8 0.49 NA GADA+ N White
6397 SAMN15879450 AAb+ 21.16 Female 29.6 4.21 NA GADA+ N White
6400 SAMN15879453 AAb+ 25.15 Male 22.2 1.38 NA GADA+ N Hispanic/Latino
6421 SAMN15879474 AAb+ 6.73 Male 17.9 0.61 NA GADA+ N Hispanic/Latino
6080 SAMN15879137 AAb++ 69.2 Female 21.3 0.61 NA mIAA+ GADA+ N White
6158 SAMN15879214 AAb++ 40.3 Male 29.7 0.17 NA mIAA+ GADA+ N White
6167 SAMN15879223 AAb++ 37 Male 26.3 1.79 NA IA2A+ ZnT8A+ N White



6197 SAMN15879253 AAb++ 22 Male 28.2 5.77 NA GADA+ IA2A+ Y African Am
6267 SAMN15879321 AAb++ 23 Female 23.5 5.47 NA GADA+ IA2A+ Y White
6388 SAMN15879441 AAb++ 25.2 Female 26 0.46 NA mIAA+ GADA+ N Hispanic/Latino
6424 SAMN15879477 AAb++ 17.65 Male 51.4 2.30 NA mIAA+ GADA+ N Hispanic/Latino
6429 SAMN15879482 AAb++ 22.1 Male 19.6 0.74 NA mIAA+ GADA+ N African Am
6450 SAMN15879503 AAb++ 22 Female 24.4 1.81 NA GADA+ ZnT8A+ Y White
6038 SAMN15879095 T1D ICI 37.2 Female 30.9 0.07 20 Negative N White
6046 SAMN15879103 T1D ICI 18.8 Female 25.2 nd 8 IA2A+ ZnT8A+ Y White
6049 SAMN15879106 T1D ICI 15 Female 20.8 nd 10 GADA+ mIAA+ N African Am
6051 SAMN15879108 T1D ICI 20.3 Male 21.5 nd 13 mIAA+ N White
6052 SAMN15879109 T1D ICI 12 Male 20.3 0.06 1 IA-2A+, mIAA+ Y African Am
6065 SAMN15879122 T1D ICI 79 Female 29 nd 56 Negative N White
6070 SAMN15879127 T1D ICI 22.6 Female 21.6 nd 7 IA-2A+, mIAA+ Y White
6084 SAMN15879141 T1D ICI 14.2 Male 26.3 nd 4 mIAA+ Y White
6088 SAMN15879145 T1D ICI 31.2 Male 27 nd 5 GADA+ IA2A+ mIAA+ ZnT8A+ Y White
6113 SAMN15879170 T1D ICI 13.1 Female 24.75 nd 1.58 mIAA+ Y White
6180 SAMN15879236 T1D ICI 27.1 Male 25.9 nd 11 GADA+ IA2A+ mIAA+ N White
6195 SAMN15879251 T1D ICI 19.3 Male 23.7 nd 5 GADA+ IA2A+ mIAA+ ZnT8A+ Y White
6196 SAMN15879252 T1D ICI 26.5 Female 26.6 0.16 15 GADA+ mIAA+ N African Am
6198 SAMN15879254 T1D ICI 22 Female 23.1 nd 3 GADA+ IA2A+ mIAA+ ZnT8A+ Y Hispanic/Latino
6209 SAMN15879265 T1D ICI 5 Female 15.9 0.03 0.25 IA2A+ mIAA+ ZnT8A+ Y White
6211 SAMN15879267 T1D ICI 24 Female 24.4 nd 4 GADA+ IA2A+ mIAA+ ZnT8A+ Y African Am
6212 SAMN15879268 T1D ICI 20 Male 29.1 nd 5 mIAA+ Y White
6228 SAMN15879284 T1D ICI 13 Male 17.4 0.03 0 GADA+ IA2A+ ZnT8A+ Y White
6243 SAMN15879299 T1D ICI 13 Male 21.3 0.14 5 mIAA+ Y White
6245 SAMN15879301 T1D ICI 22 Male 23.2 nd 7 GADA+ IA2A+ Y White
6247 SAMN15879303 T1D ICI 24 Male 24.3 0.16 0.6 mIAA+ Y White
6264 SAMN15879318 T1D ICI 12 Female 22 nd 9 Negative Y White
6265 SAMN15879319 T1D ICI 11 Male 12.9 0.02 8 GADA+ mIAA+ Y White
6302 SAMN15879356 T1D ICI 38.5 Male 20.5 0.06 32.5 Negative N African Am
6306 SAMN15879360 T1D ICI 19 Male 24.5 nd 5 mIAA+ Y White
6307 SAMN15879361 T1D ICI 45 Female 19.5 nd 10 GADA+ mIAA+ N White
6323 SAMN15879377 T1D ICI 22 Female 24.7 nd 6 GADA+ IA2A+ Y White
6325 SAMN15879379 T1D ICI 20 Female 31.2 0.05 6 GADA+ IA2A+ mIAA+ Y African Am
6328 SAMN15879382 T1D ICI 39 Male 24 nd 20 GADA+ mIAA+ Y Hispanic/Latino
6337 SAMN15879391 T1D ICI 20.6 Female 17.9 nd 5 mIAA+ N White
6342 SAMN15879396 T1D ICI 14 Female 24.3 0.09 2 IA2A+ mIAA+  Y White



6362 SAMN15879415 T1D ICI 24.9 Male 28.5 0.13 0 GADA+ Y White
6367 SAMN15879420 T1D ICI 24 Male 25.7 0.13 2 Negative N White
6371 SAMN15879424 T1D ICI 12.5 Female 16.6 0.04 2 GADA+ IA2A+ mIAA+ ZnT8A+ Y White
6380 SAMN15879433 T1D ICI 11.6 Female 14.6 0.07 0 Negative Y African Am
6396 SAMN15879449 T1D ICI 17.1 Female 22.6 0.02 2 Negative Y White
6405 SAMN15879458 T1D ICI 29.1 Female 42.5 0.61 0.6 GADA+ IA2A+ ZnT8A+ Y Hispanic/Latino
6414 SAMN15879467 T1D ICI 23.1 Male 28.4 0.05 0.43 GADA+ mIAA+ ZnT8A+ Y African Am
6449 SAMN15879502 T1D ICI 24 Male 23.02 0.01 2 IA2A+ mIAA+ ZnT8A+ Y White
6456 SAMN15879509 T1D ICI 30.49 Female 30.1 3.41 0 GADA+ ZnT8A+ Y African Am
6469 SAMN15879522 T1D ICI 27.06 Female 26.9 0.22 1.5 GADA+ Y White
6025 SAMN15879082 T1D IDI 23.8 Male 26.6 nd 19 mIAA+ N White
6026 SAMN15879083 T1D IDI 22.4 Male 24.1 nd 9 mIAA+ N White
6031 SAMN15879088 T1D IDI 39 Male 24.5 nd 35 mIAA+ N White
6032 SAMN15879089 T1D IDI 33.8 Male 29.4 nd mIAA+ N White
6035 SAMN15879092 T1D IDI 32.1 Male 27.1 nd 28 mIAA+ N White
6039 SAMN15879096 T1D IDI 28.7 Female 23.4 nd 12 GADA+ IA2A+ mIAA+ ZnT8A+ Y White
6040 SAMN15879097 T1D IDI 50 Female 31.6 nd 20 mIAA+ N White
6041 SAMN15879098 T1D IDI 26.3 Male 28.4 nd 23 Negative N White
6045 SAMN15879102 T1D IDI 26.4 Male 23.1 nd 8 mIAA+ ZnT8A+ N White
6063 SAMN15879120 T1D IDI 4.4 Male 23.8 nd 3 mIAA+ N White
6064 SAMN15879121 T1D IDI 22.6 Female 19.6 nd 9 GADA+ IA2A+ mIAA+ ZnT8A+ N White
6066 SAMN15879123 T1D IDI 78 Male 30.9 nd 74 IA2A+ mIAA+ N White
6067 SAMN15879124 T1D IDI 32.6 Female 26.8 nd 8 Negative N Hispanic/Latino
6068 SAMN15879125 T1D IDI 72 Female 21.9 nd 69 GADA+  N White
6076 SAMN15879133 T1D IDI 25.8 Male 18.8 nd 15 GADA+ mIAA+ N White
6077 SAMN15879134 T1D IDI 32.9 Female 22 nd 19 mIAA+ N White
6078 SAMN15879135 T1D IDI 59 Male 21.6 nd 52 Negative N White
6079 SAMN15879136 T1D IDI 11.1 Female 18.6 nd 8 Negative N White
6083 SAMN15879140 T1D IDI 15.2 Female 18.4 nd 11 mIAA+ N White
6086 SAMN15879143 T1D IDI 71 Female 23.6 nd 63 Negative N American Indian/Alaska Native
6087 SAMN15879144 T1D IDI 17.5 Male 21.9 nd 4 mIAA+ ZnT8A+ N White
6089 SAMN15879146 T1D IDI 14.3 Male 26 nd 8 mIAA+ N White
6119 SAMN15879176 T1D IDI 7.8 Male 19.4 nd 14 GADA+ mIAA+ N White
6128 SAMN15879185 T1D IDI 33.8 Female 22.2 nd 31.5 mIAA+ N White
6135 SAMN15879192 T1D IDI 43.5 Male 28.7 nd 21 GADA+ mIAA+ N White
6138 SAMN15879195 T1D IDI 49.2 Female 33.7 nd 41 mIAA+ N White
6141 SAMN15879198 T1D IDI 36.7 Male 26 nd 28 GADA+ IA2A+ mIAA+ ZnT8A+ N White



6143 SAMN15879200 T1D IDI 32.6 Female 26.1 nd 7 IA2A+ mIAA+ N White
6145 SAMN15879202 T1D IDI 18 Male 23.1 0.02 11 GADA+ mIAA+ ZnT8A+ N White
6148 SAMN15879204 T1D IDI 17.1 Male 23.9 nd 7 GADA+ mIAA+ N White
6152 SAMN15879208 T1D IDI 29.6 Female 30.1 nd 12 ZnT8A+ N White
6155 SAMN15879211 T1D IDI 50 Female 26 nd 43 mIAA+ N White
6159 SAMN15879215 T1D IDI 50.8 Female 35.5 nd 44 mIAA+ N White
6161 SAMN15879217 T1D IDI 19.2 Female 36.1 nd 7 IA2A+ mIAA+ N White
6163 SAMN15879219 T1D IDI 32.5 Male 25.5 nd 30 IA2A+ mIAA+ N White
6169 SAMN15879225 T1D IDI 27.6 Female 25 nd 15 GADA+ mIAA+ N Hispanic/Latino
6173 SAMN15879229 T1D IDI 44.1 Male 23.9 nd 15 Negative N White
6205 SAMN15879261 T1D ICI 40.9 Female 22.6 0.05 33 mIAA+ N White
6207 SAMN15879263 T1D IDI 16.7 Female 24.4 nd 10 IA2A+ mIAA+ ZnT8A+ N African Am
6208 SAMN15879264 T1D IDI 32.6 Female 23.4 nd 16 Negative N White
6224 SAMN15879280 T1D IDI 21 Female 22.8 nd 1.5 Negative N White
6324 SAMN15879378 T1D IDI 29 Male 26.2 nd 2 GADA+ mIAA+ Y Hispanic/Latino

* nd - not detectable; NA - not available; RRiD - Research Resource Identifiers, https://www.rrids.org/ 



Assays compared

ND 
No.  Donors

 [No. Double positive]

T1D ICI 
No. Donors
[No. Double 

positive]

p value

VP1 HLA-I 54 [0] 38 [28] <0.0001

VP1 EV-PCR 49 [1] 32 [4] 0.07

VP1 Proteomics 24 [5] 22 [11] 0.06

EV-PCR HLAI 36 [0] 30 [5] 0.016

EV-PCR Proteomics 20 [0] 22 [3] 0.61

Proteomics HLA-I 24 [0] 23 [14] <0.0001

ESM Table 2: Pairwise combinations of VP1, proteomics, EV-PCR and HLA-I assays. Fishers 
Exact Test Two-sided comparing outputs from the ND v T1D-ICI assays. Total donors assess 
[number positive].



Assays compared

ND 
No.  Donors

 [No. Double positive]

T1D ICI 
No. Donors

[No. Double positive]
p value

VP1 smFISH 14 [0] 10 [6] 0.0016

Proteomics smFISH 11 [0] 10 [4] 0.0351

EV-PCR smFISH 14 [0] 9 [2] 0.1423

HLA-I smFISH 14 [0] 11 [7] 0.0007

ESM Table 3: Pairwise combinations of smFISH analysis with VP1, proteomics, EV-PCR and HLA-I. 
Fishers Exact Test Two-sided comparing outputs from the ND v T1D-ICI assays. Total donors assess 
[number positive].
  



ESM Table 4: Combination of positive markers of viral infection in donors with evidence of 
autoimmunity, or autoimmunity and beta cells. The total number of donors assayed in each 
group are shown with the number of donors positive for ≥2 assays and percentage positive.  Type 
1 diabetes and residual insulin containing islets (T1D-ICI), Type 1 diabetes and only insulin deficient 
islets (T1D-IDI); no diabetes (ND); single (AAb+) or multiple AAb (AAb++) autoantibodies.
  

Donor Type Total donors ≥2 positive %

Donors with autoimmunity 59 28 47.46
AAb+/++ 22 6 27.27
T1D-ICI 26 22 84.62
T1D-IDI 11 0 0.00

Total donors ≥2 positive %

Donors with autoimmunity 
and beta cells 48 28 58.33

AAb+/++ 22 6 27.27
T1D-ICI 26 22 84.62

Total donors ≥2 positive %

ND 36 0 0



ESM Table 5: Agreement Analysis assessing concordance between pairs of assays. 

Donor Type Comparison n Agreement
Agreement 
Coefficient 

Agreement Coefficient 
95% CL

Agreement p-
value

overall 
agreement

% negative  
agreement (95 CL)

 % positive agreement 
(95 CL)

HLA vs. RNAseq 20 Almost perfect 1 (1,1) 0.0000 100% 100(100,100) -
smFISH vs. HLA 14 Almost perfect 1 (1,1) 0.0000 100% 100(100,100)
smFISH vs. RNAseq 5 Almost perfect 1 (1,1) 0.0000 100% 100(100,100)
HLA vs. EV PCR 36 Almost perfect 0.94127 (0.854,1) 0.0000 94% 97(93,100) -
smFISH vs. EV PCR 14 Almost perfect 0.92329 (0.746,1) 0.0000 93% 96(89,100)
EV PCR vs. RNAseq 22 Almost perfect 0.90045 (0.745,1) 0.0000 91% 95(89,100) -
VP1 vs. RNAseq 23 Moderate 0.58981 (0.237,0.942) 0.0011 70% 82(69,95) -
All Assays (if RNAseq ignored) 11 Moderate 0.48926 (0.161,0.817) 0.0039 65% - -
Proteomics vs. RNAseq 11 Moderate 0.48235 (-0.159,1) 0.0624 64% 78(57,99) -
All Assays 4 Moderate 0.47772 (-0.349,1) 0.0817 65% - -
EV PCR vs. Proteomics 20 Moderate 0.46257 (0.013,0.912) 0.0221 65% 77(61,94) 22(0,58)
HLA vs. Proteomics 24 Fair 0.37824 (-0.054,0.811) 0.0417 58% 74(58,89) -
VP1 vs. HLA 54 Fair 0.3593 (0.079,0.64) 0.0065 57% 73(62,84) -
smFISH vs. VP1 14 Fair 0.35385 (-0.258,0.966) 0.1169 57% 73(52,94)
smFISH vs. Proteomics 11 Fair 0.29936 (-0.448,1) 0.1966 55% 71(46,95)
VP1 vs. EV PCR 49 Fair 0.24286 (-0.074,0.56) 0.0652 53% 68(56,81) 8(0,23)
VP1 vs. Proteomics 24 Slight 0.18919 (-0.249,0.627) 0.1903 58% 64(44,85) 50(23,77)

Donor Type Comparison n Agreement
Agreement 
Coefficient 

Agreement Coefficient 
95% CL

Agreement p-
value

overall 
agreement

% negative  
agreement (95 CL)

 % positive agreement 
(95 CL)

Proteomics vs. RNAseq 8 Almost perfect 0.85841 (0.482,1) 0.0005 88% 93(80,100) -
HLA vs. RNAseq 16 Substantial 0.77412 (0.468,1) 0.0000 81% 90(78,100) -
VP1 vs. HLA 28 Substantial 0.63793 (0.331,0.945) 0.0001 79% 85(73,97) 63(35,90)
EV PCR vs. Proteomics 13 Moderate 0.52294 (-0.033,1) 0.0314 69% 80(61,99) 33(-15,82)
HLA vs. Proteomics 15 Moderate 0.52 (0.015,1) 0.0223 73% 80(61,99) 60(24,96)
VP1 vs. RNAseq 16 Moderate 0.46067 (-0.052,0.973) 0.0373 63% 77(59,95) -
smFISH vs. HLA 7 Fair 0.20755 (-0.846,1) 0.3235 57% 67(31,100)
smFISH vs. EV PCR 4 Slight 0.2 (-1.858,1) 0.3887 50% 67(23,100)
EV PCR vs. RNAseq 16 Slight 0.2 (-0.416,0.816) 0.2499 50% 67(45,88) -
VP1 vs. EV PCR 22 Slight 0.15385 (-0.332,0.639) 0.2585 55% 64(44,85) 38(7,68)
VP1 vs. Proteomics 14 Slight 0.0439 (-0.597,0.685) 0.4423 50% 59(31,87) 36(0,73)
HLA vs. EV PCR 22 Poor 0.0365 (-0.487,0.56) 0.4431 45% 60(39,81) 14(0,39)
All Assays (if RNAseq ignored) 3 Poor -0.06195 (-0.795,0.671) 0.6245 47% - -
smFISH vs. VP1 6 Poor -0.2 (-1.566,1) 0.6390 33% 50(8,92)
smFISH vs. Proteomics 7 Poor -0.68 (-1.53,0.17) 0.9511 14% 23(-15,65)
smFISH vs. RNAseq 0 - - - - - -
All Assays 0 - - - - - -

Donor Type Comparison n Agreement
Agreement 
Coefficient 

Agreement Coefficient 
95% CL

Agreement p-
value

overall 
agreement

% negative  
agreement (95 CL)

 % positive agreement 
(95 CL)

VP1 vs. HLA 38 Substantial 0.68523 (0.456,0.915) 0.0000 76% 18(-12,49) 86(77,95)
EV PCR vs. RNAseq 15 Moderate 0.53846 (0.049,1) 0.0166 67% 80(63,97) -
smFISH vs. VP1 10 Moderate 0.52 (-0.149,1) 0.0564 70% 40(-14,94) 80(58,100)
smFISH vs. HLA 11 Moderate 0.48235 (-0.159,1) 0.0624 64% 78(57,99)
HLA vs. Proteomics 23 Moderate 0.42897 (0.005,0.853) 0.0239 61% - 76(60,91)
VP1 vs. Proteomics 22 Slight 0.2 (-0.308,0.708) 0.2112 50% - 67(48,85)
smFISH vs. RNAseq 4 Slight 0.2 (-1.858,1) 0.3887 50% 67(23,100)
All Assays 4 Slight 0.1 (-0.457,0.657) 0.3038 50% - -
All Assays (if RNAseq ignored) 9 Slight 0.08828 (-0.153,0.329) 0.2115 49% - -
smFISH vs. Proteomics 10 Slight 0.08257 (-0.752,0.917) 0.4139 50% 29(-15,72) 62(30,93)
Proteomics vs. RNAseq 14 Slight 0.03448 (-0.674,0.743) 0.4589 43% 60(35,85) -
EV PCR vs. Proteomics 22 Poor -0.16024 (-0.629,0.309) 0.7574 41% 48(24,72) 32(4,59)
VP1 vs. EV PCR 33 Poor -0.38884 (-0.726,-0.052) 0.9875 30% 34(14,55) 26(5,46)
VP1 vs. RNAseq 16 Poor -0.41176 (-1.019,0.195) 0.9156 25% 40(13,67) -
smFISH vs. EV PCR 9 Poor -0.55556 (-1.233,0.122) 0.9523 22% 22(-14,58) 22(-14,58)
HLA vs. EV PCR 30 Poor -0.62162 (-0.971,-0.272) 0.9995 17% - 29(9,48)
HLA vs. RNAseq 16 Poor -1 (-1,-1) 1.0000 0% - -

Donor Type Comparison n Agreement
Agreement 
Coefficient 

Agreement Coefficient 
95% CL

Agreement p-
value

overall 
agreement

% negative  
agreement (95 CL)

 % positive agreement 
(95 CL)

EV PCR vs. RNAseq 10 Almost perfect 1 (1,1) 0.0000 100% 100(100,100) -
HLA vs. EV PCR 22 Almost perfect 0.90045 (0.745,1) 0.0000 91% 95(89,100) -
VP1 vs. RNAseq 10 Substantial 0.7561 (0.316,1) 0.0018 80% 89(74,100) -
HLA vs. RNAseq 10 Substantial 0.7561 (0.316,1) 0.0018 80% 89(74,100) -
VP1 vs. EV PCR 33 Moderate 0.53846 (0.231,0.846) 0.0006 67% 80(68,92) -
VP1 vs. HLA 27 Fair 0.32075 (-0.101,0.742) 0.0650 56% 71(55,87) -
VP1 vs. Proteomics 2 - - - - - -
EV PCR vs. Proteomics 2 - - - - - -
HLA vs. Proteomics 2 - - - - - -
Proteomics vs. RNAseq 2 - - - - - -
smFISH vs. EV PCR 1 - - - - - -
smFISH vs. Proteomics 0 - - - - - -
smFISH vs. VP1 1 - - - - - -
smFISH vs. HLA 1 - - - - - -
smFISH vs. RNAseq 1 - - - - - -
All Assays 2 - - - - - -
All Assays (if RNAseq ignored) 2 - - - - - -

Donor Type Comparison n Agreement
Agreement 
Coefficient 

Agreement Coefficient 
95% CL

Agreement p-
value

overall 
agreement

% negative  
agreement (95 CL)

 % positive agreement 
(95 CL)

smFISH vs. RNAseq 10 Substantial 0.7561 (0.316,1) 0.0018 80% 89(74,100) -
EV PCR vs. RNAseq 63 Substantial 0.69871 (0.53,0.867) 0.0000 76% 86(80,93) -
smFISH vs. HLA 33 Substantial 0.61144 (0.322,0.9) 0.0001 79% 84(72,96) 70(48,91)
HLA vs. RNAseq 62 Moderate 0.52869 (0.308,0.75) 0.0000 66% 80(71,88) -
Proteomics vs. RNAseq 35 Moderate 0.46752 (0.145,0.79) 0.0029 63% 77(65,89) -
smFISH vs. EV PCR 28 Moderate 0.46154 (0.092,0.831) 0.0081 64% 77(64,91) 17(0,45)
HLA vs. EV PCR 110 Moderate 0.41234 (0.227,0.598) 0.0000 63% 75(68,82) 23(8,38)
VP1 vs. RNAseq 65 Fair 0.38084 (0.131,0.631) 0.0017 58% 74(64,83) -
VP1 vs. HLA 147 Fair 0.34869 (0.19,0.507) 0.0000 66% 72(64,79) 57(46,68)
EV PCR vs. Proteomics 57 Fair 0.28145 (0.003,0.56) 0.0240 60% 70(59,81) 29(10,49)
HLA vs. Proteomics 64 Fair 0.25653 (0.011,0.502) 0.0205 63% 66(53,79) 59(44,74)
smFISH vs. VP1 31 Slight 0.19157 (-0.19,0.573) 0.1569 58% 65(47,83) 48(24,72)
All Assays 8 Slight 0.16308 (-0.225,0.551) 0.1765 58% - -
VP1 vs. EV PCR 137 Slight 0.15342 (-0.036,0.343) 0.0561 51% 66(57,73) 19(8,31)
All Assays (if RNAseq ignored) 23 Slight 0.15123 (-0.058,0.36) 0.0736 57% - -
VP1 vs. Proteomics 62 Slight 0.0667 (-0.19,0.323) 0.3025 53% 51(35,66) 55(41,70)

All 

AAb+/++

ND

T1D ICI

T1D IDI



smFISH vs. Proteomics 28 Poor -0.13706 (-0.533,0.259) 0.7580 43% 47(25,69) 38(15,62)

NOTES
Calculations for negative and positive agreement based on the following papers:  1) Fleiss JL. In: Statistical methods for rates and proportions. 2nded. New York: Wiley; 1981. p. 212–36, and 
2) Cicchetti DV, Feinstein AR. High agreement but low kappa: IIresolving the paradoxes. J Clin Epidemiol 1990;43:551–8.  In a 2 x 2 table, the formula is 2a/(2a+b+c) where a is the positive 
agreement, and b and c are the disagreements.  This formula is used in the cases where there is no obvious gold standard (i.e. one rater or another).  



VP1- smFISH-
VP1+ smFISH-
VP1- smFISH+
VP1+ smFISH+

Proteomics- smFISH-
Proteomics- smFISH+
Proteomics+ smFISH-
Proteomics+ smFISH+

EV-PCR- smFISH-
EV-PCR+ smFISH-
EV-PCR- smFISH+
EV-PCR+ smFISH+

HLA-I N/E smFISH-
HLA-I H smFISH-
HLA-I N/E smFISH+
HLA-I H smFISH+

ESM Fig. 1: Combinations of VP1 and smFISH; Proteomics and smFISH; EV-PCR and smFISH; and 
HLAI and smFISH across different donors groups reveals that donors with type 1 diabetes and 
residual beta cells (T1D-ICI) have an increased % of donors who are double positive (red) for the 
assays compared to donors without diabetes (ND). The number within each donut represents the 
total number of donors assessed in that donor group. 
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ESM Fig 2: a. Examination of donors (ND, AAb+/++ and T1D ICIs  in which five assays (VP1, EV-
PCR, Proteomics, HLAI and smFISH; n=23) were performed reveals that AAb+/++ donors and 
donors with T1D and residual ICIs are significantly more likely to have ≥ 2 assays positive when 
compared to donors without diabetes (ND) or evidence of islet autoimmunity (AAb). Fishers 
Exact Test Two sided ** p<0.01. b. Examination of extended EV-specific assay panel which 
includes smFISH, proteomics, EV-PCR and VP1 in ND (n=11) and T1D ICI (n=9) revealed that all 
T1D donors were positive for 2 or more assays, with one donor positive for all four. 

0 assays positive
1 positive assay
2 positive assays
3 positive assays
4 positive assays
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ESM Methods: 

Please refer to accompanying manuscripts for more detailed information on each of 

the different assays (Rodriguez-Calvo et al, Laiho et al,) and Nyalwidhe et al, 

(https://www.medrxiv.org/content/10.1101/2024.10.24.24315944v1.full ) 

Immunohistochemistry and immunofluorescence for VP1 and HLA-I. We 

examined pancreatic sections from 188 donors, and sections were available for more 

than one pancreatic region from 70 donors (31 ND, 9 AAb+, 5 AAb++, 15 T1D-ICI and 

10 T1D-IDI). The total number of sections per region analyzed was: head n=62, body 

n=74 and tail n=84. Sections were stained for insulin, glucagon, VP1 and HLA-I. 

Staining for VP1 was performed using the anti-enterovirus VP1 clone 5D8/1 (Agilent). 

In Exeter, serial FFPE sections were heated in 10 mmol/l citrate (pH 6.0) in a pressure 

cooker in a microwave oven at 800 W for 20 min, then cooled at room temperature for 

20 min. The anti-VP1 [5D8/1] monoclonal antibody (55 ng/ml) or the HLA-I [EMR8-5] 

monoclonal antibody (1/1500) were incubated for 1 hour at room temperature, and the 

EnVision HRP Detection System (Agilent, Stockport, UK) was used for antigen 

detection (1-3). Serial sections were stained with anti-insulin antibody (C#A0564; 

Agilent, Stockport, UK; 1:600 for 1h) and visualized using the Dako REAL Envision 

HRP detection system. Sections were subsequently stained with anti-glucagon 

antibody [K79bB10] (Abcam, 1:2,000 for 1h) and visualized with the Vector AP-ABC 

kit combined with Vector Red substrate. All slides were dehydrated and mounted in 

Agilent Fluorescence Mounting medium. Sections were analyzed by brightfield 

microscopy using either a Nikon 50i microscope fitted with a DS-Fi camera and DSL2 

camera control unit, or the sections were scanned at 40X magnification using an 

Akoya Biosciences Vectra® Polaris™ Automated Quantitative Pathology Imaging 

System. In Tampere, FFPE sections were stained with the same VP1 antibody (clone 

https://www.medrxiv.org/content/10.1101/2024.10.24.24315944v1.full


5D8/1, sourced from DakoCytomation, Glostrup, Denmark; 1:300) using a Ventana 

BenchMark LT (Ventana Medical Systems, Inc.) and the ultraView™ Universal 

detection systems. Consecutive pancreas sections were stained using an anti-insulin 

antibody (Ab-6, Thermo Scientific, 1:2,000). Sections were analyzed by brightfield 

microscopy using either an Olympus BX60 microscope fitted with an Olympus 

Colorview III camera, or from scanned whole-slide images (SlideStrider scanner, Jilab 

Inc., Tampere, Finland).  In La Jolla/Munich, pancreatic frozen sections (n= 118) were 

stained for insulin, glucagon and HLA-I. Tissue sections were fixed with 1% 

paraformaldehyde and blocked with 2% goat serum. The following primary antibodies 

were incubated for 1h at room temperature: Polyclonal guinea pig anti-insulin 

(C#A0564, Agilent, Stockport, UK; 1:140), monoclonal recombinant rabbit anti-

glucagon (C#ab92517, Abcam, Cambridge, UK; 1:400) and mouse monoclonal anti 

human HLA-ABC (C#R7000, W6/32 clone; Agilent, Stockport, UK, 1:100). After 1 hour 

incubation at room temperature and washes, sections were incubated with the 

following secondary, fluorescently labeled, antibodies: goat anti-guinea pig IgG (H+L) 

Alexa Fluor 488, F(ab')2-Goat anti-Rabbit IgG (H+L) Alexa Fluor 555, and goat anti-

mouse IgG2a Alexa Fluor 647 (1:1,000; all from Invitrogen, Waltham, USA). Sections 

were counterstained with Hoechst 33342 (C#H3570, Invitrogen, Waltham, USA, 

1:5,000) for 8 min and mounted with Prolong Gold Antifade (C#P36930, Invitrogen, 

Waltham, USA). Sections were analyzed manually using a Nikon digital DXM1200C 

camera and Nikon ACT-1C Camera Controller Software or scanned by an Axio 

Scan.Z1 slide scanner (Zeiss, Jena, Germany) using a 20×/0.8 numerical aperture 

(NA) Plan-Apochromat (a = 0.55 mm) objective lens. Scanned sections were 

visualized using ZEN Blue 2.3 software (Zeiss, Jena, Germany). The analysis was 

performed by researchers blinded to the study groups.  



Criteria for enterovirus and HLA-I positivity. For each donor and section, we 

evaluated the VP1 staining pattern in individual cells, and classified them as VP1 

negative (VP1-) or VP1 positive (VP1+). A donor was considered VP1+ in the 

presence of ≥ 1 strongly stained VP1+ cell within any islet of a section. If multiple 

sections or pancreatic regions were analyzed per donor, a VP1+ cell in any of the 

sections/regions, from either of the different laboratories, was sufficient to define the 

donor as VP1+. Thus, any donor identified as VP1+ in either laboratory was recorded 

as VP1+, and any donor scored positive but analyzed in a single laboratory was 

included. We classified islets into three categories according to their HLA-I staining 

intensity, normal, elevated, and hyperexpression, if they had at least one islet in these 

categories (4).  

Proteomics Methods (see Nyalwidhe et al, 

https://www.medrxiv.org/content/10.1101/2024.10.24.24315944v1.full 

Extraction and Processing of Proteins for Mass Spectrometry. The three different 

types of tissue samples, flash frozen, OCT embedded tissue and LCM sections were 

processed using optimized methods for each sample type.  Flash frozen tissues were 

extracted and directly processed using the trifluoroethanol method (5; 6). For the OCT 

embedded tissue, the mounting media was washed with PBS prior to protein extraction 

using the TFE protocol prior to liquid chromatography mass spectrometry (LC/MS/MS) 

as previously described (5; 6). In this approach, pancreas tissues were homogenized 

in lysis buffer comprising of 50% TFE in 50mM ammonium bicarbonate, pH 8.3, and 

incubated on ice for 30 minutes at 4°C to solubilize protein.  The mixture was fully 

homogenized by probe sonication using 20 second cycles, 5 times on ice. Next, to 

maximize protein solubilization, the homogenized mixtures were heated at 60°C for 30 

minutes, then sonicated again prior to centrifugation for 15 min at 10,000 x g to remove 



insoluble material. The supernatant comprising of solubilized protein was collected 

and the concentration determined using the BCA assay.  

Fifty micrograms of protein from each sample were heat-denatured at 95 °C for 5 

minutes before adding 10 mM DTT and heating again at 95 °C for 5 minutes. The 

reduced samples were cooled to room temperature before alkylation using 15mM 

iodoacetamide for 30 minutes. The final concentration of TFE was reduced from 50% 

to 5% in a final volume of 500 µl using 50mM ammonium bicarbonate before digestion 

with trypsin at a 20:1 protein-to protease ratio at 37°C for 18 hrs. Trypsinization was 

stopped by the addition of formic acid before centrifugation at 20,000 x g for 10 

minutes. The peptides were desalted by solid phase extraction using C18 columns 

and eluted with 80% acetonitrile in 0.1% formic acid. Eluted peptides were dried in a 

SpeedVac and stored at -80°C before further analysis. The tryptic peptides were 

solubilized in normalized volumes of 0.1% formic acid and their concentrations 

determined using a NanoDrop spectrophotometer. The peptide concentrations were 

adjusted to 0.5 µg/µl for all the samples before using 2 µg of each for analysis. Laser 

captured microdissected islet samples were processed for LC/MS/MS as previously 

described (7).  

In complementary experiments, immunoprecipitation was performed on pancreas 

protein lysates using the anti-VP1 DAKO Clone 5D8/1 monoclonal antibody, using 

standard methods. Briefly, Protein A/G beads (Thermo Fisher) were added to 

concentration normalized samples and rotated overnight at 4°C. Samples were 

centrifuged at 3,000 rpm for 5 min at 4°C to pellet the beads and the supernatants 

were discarded. The beads were washed three times with cold 1 x RIPA buffer and 

suspended in SDS-PAGE loading buffer and heated at 95℃ for 10 min, then subjected 

to SDS-PAGE separation. The separated proteins were stained with colloidal 



Coomassie to visualize protein bands. The protein bands were excised and processed 

for Gel-LC/MS/MS as previously described (8).  

To improve virus peptide identification rates and to test possible concordance with 

VP-1 immunostaining on tissue sections, we included in the analysis pancreas 

sections that were also selected based on positive VP1 signals by IHC on FFPE 

tissues, presence of HLA Class I hyper-expression and detection of insulin staining 

in residual beta cells using fresh frozen OCT embedded tissues, as determined by 

related efforts within the nPOD-Virus Group. Thirty-micrometer (30 µM) tissue slices 

adjacent to those that were positive for VP1, insulin, and HLA Class I hyper-

expression and corresponding negative controls were cut from OCT embedded 

tissues. Proteins were isolated from the sections and processed for LC/MS/MS using 

the TFE/ABC approach. For these experiments, we analyzed 18 new nPOD cases 

that included 8 ND donors, 3 AAb+ donors, and 7 donors with type 1 diabetes. The 

demographics and disease phenotypes for these cases are summarized in 

Supplementary Table 1 and 2 of Nyalwidhe et al, 2024; 

https://www.medrxiv.org/content/10.1101/2024.10.24.24315944v1.full .  

Liquid Chromatography Mass Spectrometry Data Acquisition. Most LC-MS/MS 

analyses were performed on a Q-Exactive Orbitrap mass spectrometer (MS) (Thermo 

Fisher) and a Tribrid Orbitrap Fusion Lumos MS (Thermo Fisher), coupled on-line to 

a nanoflow LC system (Easy Nano 1200, Thermo Fisher). For these analyses we 

utilized data dependent acquisition (DDA) and data independent acquisition (DIA) 

methods [20-21]. A limited number of analyses were performed on a 5600 Triple TOF 

MS (Sciex), and on a Q-TRAP 4000 mass spectrometer (Sciex) coupled to an Eksigent 

nano-LC system (Sciex). For proteomic analysis, tryptic peptides were resolved using 

at a normalized concentration of 0.5 µg/µl 0.1% formic acid for each sample prior to 

https://www.medrxiv.org/content/10.1101/2024.10.24.24315944v1.full


LC/MS analysis. Four microliters of the reconstituted peptides corresponding to 2 µg 

of the peptides were delivered to a trap column (Acclaim PepMap 100 C18, 

dimensions 0.1 × 2 cm) at a flow rate of 10 µl/min for 10 min using 0.1% formic acid. 

The trapped peptides were washed, equilibrated and transferred to a 50 cm, 75 µM 

inner diameter Thermo Scientific™ EASY-Spray C18 analytical column. Peptides 

were fractionated and injected into the MS using a 110-min gradient from 2% to 32% 

solvent B (0.1% FA, 80% in acetonitrile, ACN) at a flow rate of 300 nL/min. The 

acquisition parameters for the MS experiments are provided in the Supplementary 

Data. 

Data Processing and Database Searching. Thermo RAW files were processed 

using the latest version of Xcalibur (Thermo Fisher Scientific). Mass spectral peaks 

were automatically identified by the software using default settings and filtered to 

include only peaks with charge states between +2and +7 m/z. Spectral data were 

converted into .mgf files using MSconvert (ProteoWizard) or Mascot Distiller (Matrix 

Science, London, UK).  The data were searched for peptide identification using Mascot 

(Matrix Science, London UK). Tandem MS data were searched against the latest 

version of a combined Human (taxonomy ID 9606) and Enterovirus (taxonomy ID 

12059) databases downloaded from the latest UniProt database 

(https://www.uniprot.org/). 

The following search parameters were used: precursor mass tolerance was set to 10 

ppm and fragment mass tolerance was set as 0.08 Da. Enzyme was set as trypsin 

with two missed cleavages permitted. Carbamidomethylation of cysteine was set as a 

fixed modification and oxidation of methionine, deamidation of asparagine and 

glutamine, and protein N-terminal acetylation (protein N-Term) were set as variable 

modifications. The Mascot decoy database function was enabled, and the false 



discovery rate was set at < 1%, while individual ions scores >13 indicated identity or 

extensive homology (p<0.05). Only bold red peptides were considered in the protein 

identifications. A bold red match is the highest scoring match to a particular query 

listed under the highest scoring protein containing that match. Complementary 

targeted analyses were performed using Pinnacle (Optys Tech Corporation) and 

Scaffold DIA (Proteome Software). 

Bioinformatics Analysis. BLAST annotation of identified viral proteins was 

performed using the BLASTP (https://blast.ncbi.nlm.nih.gov/).  Sequence similarity 

search with an E-value threshold set at 1E-03 was carried out without taxonomical 

restriction against non-redundant protein sequences in the National Center for 

Biotechnology Information (NCBI) database. A search of the conserved domain (CD) 

of proteins with the Batch CD-Search tool of NCBI server was performed to support 

BLAST annotations.  
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Research design and methods 

Organ donors and tissues 



We examined tissue samples from cadaveric organ donors collected by nPOD. As part 

of the coordinated efforts of the nPOD-Virus Group, we investigated tissues from 167 

organ donors: 71 donors with type 1 diabetes, of which 35 had residual insulin 

containing islets (T1D-ICI) and 36 only had insulin-deficient islets (T1D-IDI); 22 islet 

autoantibody (AAb)  positive donors without diabetes considered at increased risk for 

type 1 diabetes, of whom 15 donors expressed a single autoantibody (AAb+), and 7 

donors had ≥2 autoantibodies (AAb++). Finally, 74 autoantibody-negative donors 

without diabetes were included as a control group (ND). Demographic information for 

each group is summarized in Table 1 (Laiho et al, accompanying paper). Detailed 

donor information is provided in ESM Table 1 (Laiho et al, accompanying paper). The 

standardised collection protocol for the tissues analysed is described in Campbell-

Thompson et al (9). 

Briefly, alternating pancreas slices were used for fixed paraffin and frozen blocks. 

From select cases, other organs were recovered: spleen, pancreatic and non-

pancreatic lymph nodes, live cryopreserved lymphoid cells, duodenal mucosa. The 

frozen samples were stored in liquid nitrogen. All samples were de-identified and 

obtained by nPOD through its partnership organ procurement organizations, after 

consent for organ donation and research was obtained from family members. Frozen 

samples were shipped by air to participating laboratories using small liquid nitrogen 

containers. On arrival, samples were stored at -70°C until used. 

Five different laboratories performed independent assays using diverse 

methodologies to detect traces of enteroviruses or other microbes in pancreas and 

other tissues. A goal of the nPOD-Virus group was to approach the question about 

viral aetiology of type 1 diabetes and explore what type of viruses may be present, 

and if so, potentially associated with disease. To this end, we implemented two 



unbiased discovery approaches for microbes, based on two different RNA-Seq 

methods. In addition, based on pre-existing evidence of an association of type 1 

diabetes with enterovirus infections, we employed enterovirus specific RT-PCR 

assays, and enterovirus propagation in cell cultures of the virus, followed by RT-PCR 

and as well as enterovirus capsid protein staining. Samples from the donors were 

distributed to the five participating laboratories according to the protocol shown in Fig. 

1 (Laiho et al, 2024, an accompanying manuscript)  

Unbiased discovery of microbes 

RNA-Seq studies were performed on pancreas samples in two laboratories at the 

University College London (UCL), London, UK, and at the Baylor College of Medicine 

(BCM), Houston, USA. Based on sample availability for coordinated studies, RNA-Seq 

analyses were performed on pancreas samples from 63 nPOD donors: 6 T1D-ICI, 10 

T1D-IDI, 4 AAb++, 12 AAb+ and 21 ND donors. Of the above 63 donors, 29 were 

analysed in both laboratories (11 T1D-ICI, 1 T1D-IDI, 4 AAb++, 4 AAb+, 9 ND). 

 

RNA-Seq analyses at UCL 

Over four years, UCL sequenced frozen pancreas samples from 33 nPOD cases (12 

T1D-ICI, 1 T1D-IDI, 4 AAb+, 4 AAb++ and 12 ND). We developed the methodology in 

four steps (described below) and used several extraction and library preparation 

approaches, to maximize sensitivity. Initial negative results motivated the development 

of a specific sequence capture method (10) to enrich for enteroviral sequences and 

adding the analysis of laser captured islet RNA to further increase sensitivity (1). The 

RNA obtained was then subjected to Illumina high throughput RNA sequencing. 



In step I (first pilot stage), we examined pancreas from 3 T1D-ICI, 1 T1D-IDI and 2 ND 

cases, based on availability of optimal samples for RNA-Seq. Disease duration ranged 

from 4 to 28 years. Step II investigated tissues from donors with shorter disease 

duration to minimize the time between sample collection and T1D onset [4 T1D-ICI 

cases (disease duration range: 1-5 years), 4 AAb++ and 3 AAb+ cases]. In step III we 

examined pancreas from 4 T1D-ICI cases with enterovirus VP1 immuno-positivity by 

immunohistochemistry and HLA class I hyperexpression, along with 5 ND donors (for 

details, see immunohistochemistry results in the accompanying publication 

Rodriguez-Calvo et al). From one donor with type 1 diabetes, two samples were 

analysed. Finally, in step IV we examined laser micro-dissected islets from 6 T1D-ICI, 

4 autoantibody-positive (3 AAb++, 1 AAb+) and 6 ND donors. From one donor with 

type 1 diabetes, two samples were analysed. 

In steps I and II, total RNA was isolated using Illumina GAIIx (step I) or the Illumina 

HiSeq2500 (step II), followed by a poly(A) selection step for mRNA. In steps III and IV 

we used the Agilent SureSelect system to enrich the potential enteroviral sequences 

in pancreatic samples. RNA extraction was performed as described (4). For double-

stranded (ds) cDNA generation, we used a protocol optimized for RNA viruses (10; 

11). The ds-cDNA was sheared, and libraries prepared as per the SureSelect protocol 

v1.4. Enrichment for enteroviral sequences was performed using a set of 120-mer 

biotinylated RNA oligonucleotides prior to indexing and sequencing on different 

Illumina platforms (MiSeq, HiSeq, NextSeq). The bait set (RNA oligonucleotides) was 

designed using an in-house script written for an EU-funded project aimed at using 

SureSelect in a pathogen diagnostic setting (PathSeek). The bait set hybridized 

against all members of the Enterovirus A species (n=363 probes), B species (n=176) 

and C species (n=303), based on sequences were available in Genbank at the time of 



design (15 May 2013). Up to 8 mismatches in a 120-mer oligo was accepted to still 

enable capture of the targeted sequence, ensuring enterovirus detection provided 

these shared a reasonable degree of similarity. 

Positive control experiment for sequence capture 

As positive control, ULC sequenced pancreatic tissue samples that were spiked in at 

different dilutions (10^-4 to 10^-8 range) of coxsackie B virus 1 (CVB1) and a negative 

control, to assess the sensitivity of the sequence capture method prior to its use (ESM 

data 1) (Laiho et al, accompanying paper). 

 

Metagenomic whole genome shotgun sequencing at BCM. 

BCM performed metagenomic whole genome shotgun (WGS) sequencing from 60 

nPOD frozen pancreas samples (16 T1D-ICI, 10 T1D-IDI, 12 AAb+, 4 AAb++ and 18 

ND). Total pancreatic nucleic acids were extracted using the MagMax Viral RNA 

Isolation Kit (Cat # AM1939, Thermo Fisher, Waltham, MA), without DNAse to prevent 

DNA removal. Extracted viral RNA was reverse transcribed using SuperScript II RT 

(Cat # 18064014, Thermo Fisher) and random hexamers. After short molecule and 

random hexamer removal with ChargeSwitch (Cat # CS12000, Thermo Fisher), 

molecules were amplified and tagged with a 12 base-pair barcode tag containing a 

V8A2 semi-random primer (BC12-V8A2 construct using AccuPrimeTM Taq 

polymerase and cleaned with ChargeSwitch kit). Tags were attached via a barcoded, 

semi-random primer construct resulting in dual barcoded (same barcode on both 

sides) amplified fragments. The indexes used were 12 bp Golay Barcodes. Separate 

negative controls were introduced during extraction, amplification, and library 

preparation steps. We performed a single WGS library prep per sequencing lane 



(without shearing) of pooled, pre-barcoded samples to minimize carry-over, as each 

lane only had a single index. Since all samples carried secondary internal barcodes, 

they were not subject to carry-over or cross-bleed that sometimes is observed from 

run to run with library indexes using the Illumina platform. The size of the library was 

verified via bioanalyzer to ensure appropriate range for the platform (~200-1000 bp). 

The library was then loaded in an Illumina HiSeq2000 (Illumina, Carlsbad, CA) and 

sequenced using the 2x100bp chemistry at the Human Genome Sequencing Center, 

BCM. Reads were demultiplexed into a sample bin using the barcode prefixing read-

1 and read- 2, allowing zero mismatches. Demultiplexed reads were further processed 

by trimming off barcodes, semi-random primer sequences, and Illumina adapters. This 

process utilized a custom demultiplexer and the BBDuk algorithm included in 

BBMap53. 

 

Bioinformatics analysis and community profiling at UCL and BCM 

A dual analytic approach was implemented. Data was first analysed in unbiased 

manner, assuming no prior knowledge of potential pathogens and characterizing the 

full species profile for each sample. In addition, data was specifically searched for 

enteroviral sequences. PCR duplicates were removed with an in-house script that 

collapses read pairs by sequence identity using 90% of the sequence as signature. 

We removed low quality and low complexity sequences with PrinSeq (12) and human 

sequences with Novoalign (version V2.07.13 - human reference genome GRCh37) 

followed by BLASTn (13). High quality contigs of at least 200bp length were de novo 

assembled with Velvet (14). Contigs and the unassembled reads were annotated with 

BLASTx (default parameters) and a custom protein database consisting of viral, 

human microbiome bacterial, human and mouse RefSeq proteins (October 2013 



version). Coxsackievirus proteins that were not present in the RefSeq collection were 

added to the database. To search specifically for enterovirus sequences, we aligned 

(Novoalign V2.07.13) quality-controlled reads simultaneously to the genomes of 

enteroviruses from species A, B and D (NC_001612, NC_001472, NC_001430). This 

search was repeated using all enterovirus full genomes from GenBank (221 genomes, 

January 2020) and Bowtie2 (15). We employed metaMix 0.1 (16), which is used in 

clinical diagnostics for pathogen detection in brain biopsies from patients with 

encephalitis of unknown cause (17-22), to characterize the species that are present in 

each sample. The read support parameter cutoff for a species to be retained in the 

profile, was ten reads. 

 

Targeted enterovirus detection by RT-PCR 

The presence of enterovirus RNA was assessed in tissues from 141 nPOD organ 

donors using a sensitive RT-PCR assay. Frozen pancreas samples from 137 nPOD 

organ donors (32 T1D-ICI, 34 T1D-IDI, 7 AAb++, 15 AAb+, 49 ND) were analysed in 

two laboratories at Tampere University, Finland, and in the Department of Molecular 

Virology and Microbiology, BCM, Houston, TX, USA. Based on sample availability, the 

Tampere laboratory also examined frozen spleen samples from 97 organ donors (19 

T1D-ICI, 23 T1D-IDI, 7 AAb++, 12 AAb+ and 36 ND), pancreatic lymph node (PLN) 

samples from 8 organ donors (3 T1D-ICI, 2 T1D-IDI and 3 AAb++), and duodenum 

samples from 65 organ donors (9 T1D-ICI, 22 T1D-IDI, 5 AAb++, 8 AAb+ and 21 ND).  

In Tampere, RNA was extracted from frozen tissue using the Viral RNA Kit (Qiagen, 

Hilden, Germany) and samples were analysed with a quantitative real-time RT-PCR 

method (23). In the BCM laboratory, pancreatic RNA was extracted with the MagMax 



Viral RNA Isolation Kit (Invitrogen; Thermo Fischer). RNA was converted to cDNA with 

Superscript III RT (Invitrogen) according to the manufacturer’s directions, with random 

primers. PCR was carried out with SYBR-Green PCR master mix (Invitrogen) using 

the same primers as in Tampere (24). PCR included a denaturation step (95 °C for 10 

min) followed by 50 cycles of 95 °C for 30 s and 60 °C for 60 s. In both laboratories, 

positive RT-PCR signals were confirmed by sequencing the PCR amplicon and 

samples were considered positive only if an enterovirus sequence was obtained. 

The degree of RNA degradation was analysed in selected pancreas, spleen and 

duodenum samples, using Agilent Fragment Analyzer.  

 

Enterovirus propagation in cell culture prior to RNA detection by RT-PCR 

Enterovirus propagation in cell cultures was carried out for spleen samples at the 

University of Insubria, Varese, Italy, to amplify the virus prior to RT-PCR assays and 

immunostaining. For this approach we selected spleen samples since they do not 

contain enzymes that can affect cultured cells. Donors were selected according to the 

availability of live spleen cell suspensions for both controls and T1D donors. Snap 

frozen spleen tissue was also tested in the form of spleen homogenates. We could 

examine samples from 69 donors (16 T1D-ICI, 9 T1D-IDI, 2 AAb++, 6 AAb+, 36 ND). 

A published procedure for detecting persistent enterovirus infections (24; 25) was 

followed with minor modifications. Briefly, to enrich for virus nPOD spleen samples 

(live cells or tissue homogenates) were co-cultured in T-25 flasks with five different 

human cell lines AV3, RD, 1.1B4, VC3, HEK-293 (European Collection of 

Authenticated Cell Cultures, Porton Down, UK) that express a wide range of 

enterovirus receptors. Human cell lines were grown in DME/F12 medium 



supplemented with penicillin/gentamicin and with 10% heat inactivated FBS (Gibco; 

Thermo Fisher, Rodano, Italy). Cultured cells were checked monthly for mycoplasma 

contamination (MycoAlert Plus Mycoplasma kit; Euroclone-Lonza, Pero, Italy). For 

immunofluorescent detection of enterovirus VP1 antigen, cell cultures were prepared 

in Millicell EZ 4-well glass slides (Merck, Vimodrone, Italy) as described below. At the 

third passage, the supernatant of cell cultures was used for RNA extraction and RT-

PCR. Extracted RNA was reverse transcribed and enterovirus-specific end-point PCR 

assays were performed using five different primer sets. Capillary electrophoresis 

(Agilent 2100 Bioanalyzer, Milano, Italy) was used to detect the precise size of 

amplicons whose sequences were obtained by the Sanger method. For indirect 

immunofluorescence, cell monolayers were fixed in PBS containing 4% 

paraformaldehyde. Enterovirus-infected cells were spotted by staining with two 

different mouse monoclonal antibodies against the VP1 enteroviral capsid antigen 

(9D5 from Merck; 6-E9/2 from Creative Diagnostics). The two antibodies bind to 

distinct stretches of the VP1 protein. Both recognize acute and persistent enterovirus 

infection in cultured cells, are devoid of neutralizing activity, and are specific for a vast 

spectrum of EV types. The 9D5 antibody binds to the consensus motif 

SIGNAYSMFYDG (26) while 6-E9/2 recognizes the same epitope of the 5D8/1 

antibody (2). Alexa Fluor 488-goat anti-mouse IgG was used as secondary antibody. 

 

Statistical analysis 

Statistical analyses were performed using SPSS 25.0 for Windows. Frequency 

comparisons was performed with the Pearson’s Χ2 and Fisher’s exact tests. When 

comparing donor groups, the significant p values were corrected for multiple 



comparisons by multiplying the raw p-value by the number of comparisons made 

(Bonferroni’s correction). 
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