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1 |ACD
2 |ACP5 acid phosphatase b, tartrate resistant HGNC:124
3 |ACTB actin beta HGNC:132
4 |ADA adenosine deaminase HGNC:186
5 |ADA2 adenosine deaminase 2 HGNC:1839
6 |ADAM17 ADAM metallopeptidase domain 17 HGNC:195
7 |ADAR adenosine deaminase, RNA specific HGNC:225
8 |ADGRE2 adhesion G protein-coupled receptor E2 HGNC:3337
9 [AICDA activation induced cytidine deaminase HGNC:13203
10 |AIRE autoimmune regulator HGNC:360
11 |AK2 adenylate kinase 2 HGNC:362
12 [ANGPT1 angiopoietin 1 HGNC:484
13 [AP3B1 adaptor related protein complex 3 beta 1 subunit HGNC:566
14 [AP3D1 adaptor related protein complex 3 delta 1 subunit HGNC:568
15 [APOL1 apolipoprotein L1 HGNC:618
16 [ATM ATM serine/threonine kinase HGNC:795
17 |ATP6AP1 ATPase, H+ transporting, lysosomal, accessory protein 1 HGNC:868
18 (B2M beta-2-microglobulin HGNC:914
19 [BACH2 BTB domain and CNC homolog 2 HGNC:14078
20 |BCL10 B cell CLL/lymphoma 10 HGNC:989
21 |BCL11A B cell CLL/lymphoma 11A HGNC:13221
22 |BCL11B B cell CLL/lymphoma 11B HGNC:13222
23 (BLM Bloom syndrome RecQ like helicase HGNC:1058
24 |BLNK B cell linker HGNC:14211
25 |BLOC1S6 biogenesis of lysosomal organelles complex 1 subunit 6 HGNC:8549
26 |BTK Bruton tyrosine kinase HGNC:1133
27 |C1QA complement Clq A chain HGNC:1241
28 |C1QB complement Clq B chain HGNC:1242
29 |C1QC complement Clq C chain HGNC:1245
30 |CIR complement C1r HGNC:1246
31 |C1S complement Cls HGNC:1247
32 |C2 complement C2 HGNC:1248
33 |C3 complement C3 HGNC:1318
34 |C4A complement C4A (Rodgers blood group) HGNC:1323
35 [C4B complement C4B (Chido blood group) HGNC:1324
36 |C5 complement C5 HGNC:1331
37 |C6 complement C6 HGNC:1339
38 |C7 complement C7 HGNC:1346
39 |C8A complement C8 alpha chain HGNC:1352
40 |C8B complement C8 beta chain HGNC:1353
41 |C8G complement C8 gamma chain HGNC:1354
42 [C9 complement C9 HGNC:1358
43 [CARD11 caspase recruitment domain family member 11 HGNC:16393
44 |AP1S3 adaptor related protein complex 1 sigma 3 subunit HGNC:18971
45 [CARD9 caspase recruitment domain family member 9 HGNC:16391
46 |CARMIL2 capping protein regulator and myosin 1 linker 2 HGNC:27089
47 |CASP10 caspase 10 HGNC:1500
48 |CASP8 caspase 8 HGNC:1509
49 |CCBE1 collagen and calcium binding EGF domains 1 HGNC:29426
50 [CD19 CD19 molecule HGNC:1633
51 [CD247 CD247 molecule HGNC:1677
52 [CD27 CD27 molecule HGNC:11922
53 [CD3D CD3d molecule HGNC:1673
54 [CD3E CD3e molecule HGNC:1674
55 [CD3G CD3g molecule HGNC:1675
56 [CD40 CD40 molecule HGNC:11919
57 [CD40LG CD40 ligand HGNC:11935
58 [CD46 CD46 molecule HGNC:6953
59 [CD55 CD55 molecule (Cromer blood group) HGNC:2665
60 |CD59 CD59 molecule (CD59 blood group) HGNC:1689
61 |CD70 CD70 molecule HGNC:11937
62 [CD79A CD79a molecule HGNC:1698
63 |CD79B CD79b molecule HGNC:1699
64 (CD81 CD81 molecule HGNC:1701
65 [CD8A CD8a molecule HGNC:1706
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66 |CDCA7 cell division cycle associated 7 HGNC:14628
67 |CEBPE CCAAT enhancer binding protein epsilon HGNC:1836
68 |CFB complement factor B HGNC:1037
69 [CFD complement factor D HGNC:2771
70 |CFH complement factor H HGNC:4883
71 |CFHR1 complement factor H-related 1 HGNC:4888
72 |CFHR2 complement factor H-related 2 HGNC:4890
73 |CFHR3 complement factor H-related 3 HGNC:16980
74 [CFHR4 complement factor H-related 4 HGNC:16979
75 [CFHR5 complement factor H-related 5 HGNC:24668
76 |CFI complement factor | HGNC:5394
77 |CFP complement factor properdin HGNC:8864
78 [CFTR cystic fibrosis transmembrane conductance regulator HGNC:1884
79 |CHD7 chromodomain helicase DNA binding protein 7 HGNC:20626
80 |CIB1 calcium and integrin binding 1 HGNC:16920
81 |CITA class Il major histocompatibility complex transactivator HGNC:7067
82 |CLCN7 chloride voltage-gated channel 7 HGNC:2025
83 |CLPB ClpB homolog, mitochondrial AAA ATPase chaperonin HGNC:30664
84 |CARD14 caspase recruitment domain family member 14 HGNC:16446
85 |CORO1A coronin 1A HGNC:2252
86 |CR2 complement C3d receptor 2 HGNC:2336
87 |CSF2RA colony stimulating factor 2 receptor alpha subunit HGNC:2435
88 |CSF2RB colony stimulating factor 2 receptor beta common subunit HGNC:2436
89 |CSF3R colony stimulating factor 3 receptor HGNC:2439
90 |CTC1 CST telomere replication complex component 1 HGNC:26169
91 |CTLA4 cytotoxic T-lymphocyte associated protein 4 HGNC:2505
92 |CTPS1 CTP synthase 1 HGNC:2519
93 |CTSC cathepsin C HGNC:2528
94 |CXCR4 C-X-C motif chemokine receptor 4 HGNC:2561
95 |CYBA cytochrome b-245 alpha chain HGNC:2577
96 |CYBB cytochrome b-245 beta chain HGNC:2578
97 |DBR1 debranching RNA lariats 1 HGNC:15594
98 |DCLRE1B DNA cross-link repair 1B HGNC:17641
99 |DCLRE1C DNA cross-link repair 1C HGNC:17642
100 [COPA coatomer protein complex subunit alpha HGNC:2230
101 |DEPTOR DEP domain containing MTOR interacting protein HGNC:22953
102 |DGAT1 diacylglycerol O-acyltransferase 1 HGNC:2843
103 |DGKE diacylglycerol kinase epsilon HGNC:2852
104 |DKC1 dyskerin pseudouridine synthase 1 HGNC:2890
105 |DNAJC21 DnaJ heat shock protein family (Hsp40) member C21 HGNC:27030
106 |DDX58 DExD/H-box helicase 58 HGNC:19102
107 [DNMT3B DNA methyltransferase 3 beta HGNC:2979
108 [DOCK2 dedicator of cytokinesis 2 HGNC:2988
109 [DOCK8 dedicator of cytokinesis 8 HGNC:19191
110 |DSG1 desmoglein 1 HGNC:3048
111 |EFL1 elongation factor like GTPase 1 HGNC:25789
112 |ELANE elastase, neutrophil expressed HGNC:3309
113 |EPGH ectopic P-granules autophagy protein 5 homolog HGNC:29331
114 |ERBIN erbb?2 interacting protein HGNC:15842
115 |ERCC6L2 ERCC excision repair 6 like 2 HGNC:26922
116 [EXTL3 exostosin like glycosyltransferase 3 HGNC:3518
117 [F12 coaglation fctor XII HGNC:3530
118 [FAAP24 Fanconi anemia core complex associated protein 24 HGNC:28467
119 |[FADD Fas associated via death domain HGNC:3573
120 [FAM177B  |family with sequence similarity 177 member B HGNC:34395
121 [FAS Fas cell surface death receptor HGNC:11920
122 |FASLG Fas ligand HGNC:11936
123 [FAT4 FAT atypical cadherin 4 HGNC:23109
124 [FCGR3A Fc fragment of IgG receptor Illa HGNC:3619
125 |FCN3 ficolin 3 HGNC:3625
126 [FERMT3 fermitin family member 3 HGNC:23151
127 |FOXN1 forkhead box N1 HGNC:12765
128 |FOXP3 forkhead box P3 HGNC:6106
129 [FPR1 formyl peptide receptor 1 HGNC:3826
130 [G6PC3 glucose-6-phosphatase catalytic subunit 3 HGNC:24861
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131 [G6PD glucose-6-phosphate dehydrogenase HGNC:4057
132 [GATA2 GATA binding protein 2 HGNC:4171
133 |GFI1 growth factor independent 1 transcriptional repressor HGNC:4237
134 |GIMAP5 GTPase, IMAP family member 5 HGNC:18005
135 |GINS1 GINS complex subunit 1 HGNC:28980
136 |HAX1 HCLS1 associated protein X-1 HGNC:16915
137 |HELLS helicase, lymphoid specific HGNC:4861
138 |DNASE2 deoxyribonuclease 2, lysosomal HGNC:2960
139 |[HYOU1 hypoxia up-regulated 1 HGNC:16931
140 [ICOS inducible T cell costimulator HGNC:5351
141 [HMOX1 heme oxygenase 1 HGNC:5013
142 |IFNAR2 interferon alpha and beta receptor subunit 2 HGNC:5433
143 |IFNGR1 interferon gamma receptor 1 HGNC:5439
144 [IFNGR2 interferon gamma receptor 2 HGNC:5440
145 |IGHM immunoglobulin heavy constant mu HGNC:5541
146 |IGKC immunoglobulin kappa constant HGNC:5716
147 [IGLLL immunoglobulin lambda like polypeptide 1 HGNC:5870
148 [IKBKB inhibitor of nuclear factor kappa B kinase subunit beta HGNC:5960
149 [IKBKG inhibitor of nuclear factor kappa B kinase subunit gamma HGNC:5961
150 |IKZF1 IKAROS family zinc finger 1 HGNC:13176
151 |IKZF3 IKAROS family zinc finger 3 HGNC:13178
152 |IL10 interleukin 10 HGNC:5962
153 [IL1IORA interleukin 10 receptor subunit alpha HGNC:5964
154 [IL10RB interleukin 10 receptor subunit beta HGNC:5965
155 |IL12B interleukin 12B HGNC:5970
156 [IL12RB1 interleukin 12 receptor subunit beta 1 HGNC:5971
157 |IL17F interleukin 17F HGNC:16404
158 [IL17RA interleukin 17 receptor A HGNC:5985
159 [IL17RC interleukin 17 receptor C HGNC:18358
160 |IFIH1 interferon induced with helicase C domain 1 HGNC:18873
161 |IL21 interleukin 21 HGNC:6005
162 [IL21R interleukin 21 receptor HGNC:6006
163 [IL2RA interleukin 2 receptor subunit alpha HGNC:6008
164 (IL2RG interleukin 2 receptor subunit gamma HGNC:6010
165 [ILIRN interleukin 1 receptor antagonist HGNC:6000
166 |IL6ST interleukin 6 signal transducer HGNC:6021
167 |IL7R interleukin 7 receptor HGNC:6024
168 |INO8O INO80 complex subunit HGNC:26956
169 |IRAK1 interleukin 1 receptor associated kinase 1 HGNC:6112
170 |IRAK4 interleukin 1 receptor associated kinase 4 HGNC:17967
171 [IRF2BP2 interferon regulatory factor 2 binding protein 2 HGNC:21729
172 [IRF3 interferon regulatory factor 3 HGNC:6118
173 [IRF4 interferon regulatory factor 4 HGNC:6119
174 |IRF7 interferon regulatory factor 7 HGNC:6122
175 |IRF8 interferon regulatory factor 8 HGNC:5358
176 |IL36RN interleukin 36 receptor antagonist HGNC:15561
177 |ITCH itchy E3 ubiquitin protein ligase HGNC:13890
178 |ITGAM integrin subunit alpha M HGNC:6149
179 |ITGB2 integrin subunit beta 2 HGNC:6155
180 |ITK IL2 inducible T cell kinase HGNC:6171
181 |JAGN1 jagunal homolog 1 HGNC:26926
182 |JAK1 Janus kinase 1 HGNC:6190
183 |JAK2 Janus kinase 2 HGNC:6192
184 |JAK3 Janus kinase 3 HGNC:6193
185 [KDM6A lysine demethylase 6A HGNC:12637
186 (KMT2D lysine methyltransferase 2D HGNC:7133
187 [KRAS KRAS proto-oncogene, GTPase HGNC:6407
188 |ISG15 ISG15 ubiquitin-like modifier HGNC:4053
189 [LAMTOR?2 |[late endosomal/lysosomal adaptor, MAPK and MTOR activator 2 HGNC:29796
190 |[LAT linker for activation of T cells HGNC:18874
191 [LCK LCK proto-oncogene, Src family tyrosine kinase HGNC:6524
192 |LIG1 DNA ligase 1 HGNC:6598
193 |LIG4 DNA ligase 4 HGNC:6601
194 [LACC1 laccase domain containing 1 HGNC:26789
195 [LRBA LPS responsive beige-like anchor protein HGNC:1742
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196 |LYST lysosomal trafficking regulator HGNC:1968
197 IMAGT1 magnesium transporter 1 HGNC:28880
198 IMALT1 MALT1 paracaspase HGNC:6819
199 IMAP1B microtubule associated protein 1B HGNC:6836
200 [MAP3K14 |mitogen-activated protein kinase kinase kinase 14 HGNC:6853
201 [MAPKS8 mitogen-activated protein kinase 8 HGNC:6881
202 [MASP2 mannan binding lectin serine peptidase 2 HGNC:6902
203 (MCM4 minichromosome maintenance complex component 4 HGNC:6947
204 [IMCM5 minichromosome maintenance complex component 5 HGNC:6948
205 |LPIN2 lipin 2 HGNC:14450
206 (MKL1 megakaryoblastic leukemia (translocation) 1 HGNC:14334
207 (MLH1 mutL homolog 1 HGNC:7127
208 [IMOGS mannosyl-oligosaccharide glucosidase HGNC:24862
209 [MPO myeloperoxidase HGNC:7218
210 [MRE11 MRE11 homolog, double strand break repair nuclease HGNC:7230
211 [MS4A1 membrane spanning 4-domains Al HGNC:7315
212 [MSH2 mutS homolog 2 HGNC:7325
213 [MSH6 mutS homolog 6 HGNC:7329
214 IMSN moesin HGNC:7373
215 [MTHFD1 methylenetetrahydrofolate dehydrogenase, cyclohydrolase and formyltetrahydrofolate synthetase 1 HGNC:7432
216 [MEFV MEFV, pyrin innate immunity regulator HGNC:6998
217 IMYD88 myeloid differentiation primary response 88 HGNC:7562
218 [MYSM1 Myb like, SWIRM and MPN domains 1 HGNC:29401
219 [NBAS neuroblastoma amplified sequence HGNC:15625
220 [NBN nibrin HGNC:7652
221 [NCF1 neutrophil cytosolic factor 1 HGNC:7660
222 [NCF2 neutrophil cytosolic factor 2 HGNC:7661
223 [NCF4 neutrophil cytosolic factor 4 HGNC:7662
224 [NCSTN nicastrin HGNC:17091
225 INDRG1 N-myc downstream regulated 1 HGNC:7679
226 |NEIL3 nei like DNA glycosylase 3 HGNC:24573
227 INFATS nuclear factor of activated T cells 5 HGNC:7774
228 INFKB1 nuclear factor kappa B subunit 1 HGNC:7794
229 [NFKB2 nuclear factor kappa B subunit 2 HGNC:7795
230 [NFKBIA NFKB inhibitor alpha HGNC:7797
231 [NFKBID NFKB inhibitor delta HGNC:15671
232 (NHEJ1 non-homologous end joining factor 1 HGNC:25737
233 INHP2 NHP2 ribonucleoprotein HGNC:14377
234 [NKX2-5 NK2 homeobox 5 HGNC:2488
235 (MVK mevalonate kinase HGNC:7530
236 INLRC4 NLR family CARD domain containing 4 HGNC:16412
237 INLRP1 NLR family pyrin domain containing 1 HGNC:14374
238 INLRP12 NLR family pyrin domain containing 12 HGNC:22938
239 INLRP3 NLR family pyrin domain containing 3 HGNC:16400
240 [NLRP7

241 [NOP10 NOP10 ribonucleoprotein HGNC:14378
242 INRAS NRAS proto-oncogene, GTPase HGNC:7989
243 INSMCE3 NSE3 homolog, SMC5-SMC6 complex component HGNC:7677
244 |ORAIL ORAI calcium release-activated calcium modulator 1 HGNC:25896
245 |0STM1 osteopetrosis associated transmembrane protein 1 HGNC:21652
246 INOD2 nucleotide binding oligomerization domain containing 2 HGNC:5331
247 [PARN poly(A)-specific ribonuclease HGNC:8609
248 [PAX5 paired box 5 HGNC:8619
249 [PAXX PAXX, non-homologous end joining factor HGNC:27849
250 [PEPD peptidase D HGNC:8840
251 |PGM3 phosphoglucomutase 3 HGNC:8907
252 |PIGA phosphatidylinositol glycan anchor biosynthesis class A HGNC:8957
253 |PIK3CD phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit delta HGNC:8977
254 |PIK3R1 phosphoinositide-3-kinase regulatory subunit 1 HGNC:8979
255 |[OTULIN OTU deubiquitinase with linear linkage specificity HGNC:25118
256 |PLEKHM1 [pleckstrin homology and RUN domain containing M1 HGNC:29017
257 |PLG plasminogen HGNC:9071
258 [PMS2 PMS1 homolog 2, mismatch repair system component HGNC:9122
259 [PNP purine nucleoside phosphorylase HGNC:7892
260 |PLCG2 phospholipase C gamma 2 HGNC:9066
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261 [POLE DNA polymerase epsilon, catalytic subunit HGNC:9177
262 [POLE2 DNA polymerase epsilon 2, accessory subunit HGNC:9178
263 [POLAL DNA polymerase alpha 1, catalytic subunit HGNC:9173
264 [PRF1 perforin 1 HGNC:9360
265 [PRKCD protein kinase C delta HGNC:9399
266 [PRKDC protein kinase, DNA-activated, catalytic polypeptide HGNC:9413
267 [PSEN1 presenilin 1 HGNC:9508
268 [PSENEN presenilin enhancer gamma-secretase subunit HGNC:30100
269 |POMP proteasome maturation protein HGNC:20330
270 |PSMA3 proteasome subunit alpha 3 HGNC:9532
271 |PSMB4 proteasome subunit beta 4 HGNC:9541
272 |PSMB8 proteasome subunit beta 8 HGNC:9545
273 |PSMB9 proteasome subunit beta 9 HGNC:9546
274 |PTEN phosphatase and tensin homolog HGNC:9588
275 [PTPRC protein tyrosine phosphatase, receptor type C HGNC:9666
276 |[RAB27A RAB27A, member RAS oncogene family HGNC:9766
277 |[RAC2 Rac family small GTPase 2 HGNC:9802
278 |[RAD50 RAD50 double strand break repair protein HGNC:9816
279 |[RAG1 recombination activating 1 HGNC:9831
280 |[RAG2 recombination activating 2 HGNC:9832
281 [RANBP2 RAN binding protein 2 HGNC:9848
282 |[RASGRP1 RAS guanyl releasing protein 1 HGNC:9878
283 |[RASGRP2 RAS guanyl releasing protein 2 HGNC:9879
284 |PSTPIP1 proline-serine-threonine phosphatase interacting protein 1 HGNC:9580
285 |[RC3H1 ring finger and CCCH-type domains 1 HGNC:29434
286 |REL REL proto-oncogene, NF-kB subunit HGNC:9954
287 |[RBCK1 RANBP2-type and C3HC4-type zinc finger containing 1 HGNC:15864
288 |RELB RELB proto-oncogene, NF-kB subunit HGNC:9956
289 |RFX5 regulatory factor X5 HGNC:9986
290 |[RFXANK regulatory factor X associated ankyrin containing protein HGNC:9987
291 |RFXAP regulatory factor X associated protein HGNC:9988
292 |RHOH ras homolog family member H HGNC:686
293 |[RMRP RNA component of mitochondrial RNA processing endoribonuclease HGNC:10031
294 |RELA RELA proto-oncogene, NF-kB subunit HGNC:9955
295 |RNASEH2A |ribonuclease H2 subunit A HGNC:18518
296 [RNASEH2B |ribonuclease H2 subunit B HGNC:25671
297 [RNF168 ring finger protein 168 HGNC:26661
298 |RNASEH2C [ribonuclease H2 subunit C HGNC:24116
299 |RNU4ATAC [RNA, U4ATAC small nuclear HGNC:34016
300 [RORC RAR related orphan receptor C HGNC:10260
301 |RPSA ribosomal protein SA HGNC:6502
302 |RTEL1 regulator of telomere elongation helicase 1 HGNC:15888
303 |SAMD9 sterile alpha motif domain containing 9 HGNC:1348
304 [SAMDIL sterile alpha motif domain containing 9 like HGNC:1349
305 [RNF31 ring finger protein 31 HGNC:16031
306 |SBDS SBDS, ribosome maturation factor HGNC:19440
307 [SEC61A1 Sec61 translocon alpha 1 subunit HGNC:18276
308 [SEMA3E semaphorin 3E HGNC:10727
309 [SERPING1 |serpin family G member 1 HGNC:1228
310 [SH2D1A SH2 domain containing 1A HGNC:10820
311 ([SAMHD1 SAM and HD domain containing deoxynucleoside triphosphate triphosphohydrolase 1 HGNC:15925
312 |SLC11A1 solute carrier family 11 member 1 HGNC:10907
313 |[SH3BP2 SH3 domain binding protein 2 HGNC:10825
314 |SLC35C1 solute carrier family 35 member C1 HGNC:20197
315 |SLC37A4 solute carrier family 37 member 4 HGNC:4061
316 |SLC46A1 solute carrier family 46 member 1 HGNC:30521
317 |SLCO2A1 solute carrier organic anion transporter family member 2A1 HGNC:10955
318 |SLC29A3 solute carrier family 29 member 3 HGNC:23096
319 |SMARCAL1 [SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily a like 1 HGNC:11102
320 |SMARCD2  [SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily d, member 2 HGNC:11107
321 |SNX10 sorting nexin 10 HGNC:14974
322 |SP110 SP110 nuclear body protein HGNC:5401
323 |SPINKS serine peptidase inhibitor, Kazal type 5 HGNC:15464
324 |SRP54 signal recognition particle 54 HGNC:11301
325 |STAT1 signal transducer and activator of transcription 1 HGNC:11362
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326 [STAT2 signal transducer and activator of transcription 2 HGNC:11363
327 |STAT3 signal transducer and activator of transcription 3 HGNC:11364
328 |STATHA signal transducer and activator of transcription 5A HGNC:11366
329 [STAT5B signal transducer and activator of transcription 5B HGNC:11367
330 [STIM1 stromal interaction molecule 1 HGNC:11386
331 [STK4 serine/threonine kinase 4 HGNC:11408
332 [STN1 STN1, CST complex subunit HGNC:26200
333 |STX11 syntaxin 11 HGNC:11429
334 |STXBP2 syntaxin binding protein 2 HGNC:11445
335 |TAP1 transporter 1, ATP binding cassette subfamily B member HGNC:43
336 |TAP2 transporter 2, ATP binding cassette subfamily B member HGNC:44
337 |TAPBP TAP binding protein HGNC:11566
338 |TAZ tafazzin HGNC:11577
339 |TBK1 TANK binding kinase 1 HGNC:11584
340 | TBX1 T-box 1 HGNC:11592
341 (TCF3 transcription factor 3 HGNC:11633
342 [TCF7L1 transcription factor 7 like 1 HGNC:11640
343 |TCN2 transcobalamin 2 HGNC:11653
344 |TERC telomerase RNA component HGNC:11727
345 |TERT telomerase reverse transcriptase HGNC:11730
346 [TFRC transferrin receptor HGNC:11763
347 [THBD thrombomodulin HGNC:11784
348 [TICAM1 toll like receptor adaptor molecule 1 HGNC:18348
349 |TINF2 TERF1 interacting nuclear factor 2 HGNC:11824
350 |TIRAP TIR domain containing adaptor protein HGNC:17192
351 [TLR3 toll like receptor 3 HGNC:11849
352 |TMC6 transmembrane channel like 6 HGNC:18021
353 |TMC8 transmembrane channel like 8 HGNC:20474
354 [SMAD3
355 [TMEM173 [transmembrane protein 173 HGNC:27962
356 |TNFAIP3 TNF alpha induced protein 3 HGNC:11896
357 [TNFRSF13B [TNF receptor superfamily member 13B HGNC:18153
358 [TNFRSF13C |TNF receptor superfamily member 13C HGNC:17755
359 |[TNFRSF11A [TNF receptor superfamily member 11a HGNC:11908
360 [TNFRSF4 TNF receptor superfamily member 4 HGNC:11918
361 [TNFSF11 TNF superfamily member 11 HGNC:11926
362 [TNFSF12 TNF superfamily member 12 HGNC:11927
363 [TOM1 target of mybl membrane trafficking protein HGNC:11982
364 [TOP2B DNA topoisomerase |l beta HGNC:11990
365 [TPP1 tripeptidyl peptidase 1 HGNC:2073
366 [TPP2 tripeptidyl peptidase 2 HGNC:12016
367 [TPSAB1 tryptase alpha/beta 1 HGNC:12019
368 |TRAC T cell receptor alpha constant HGNC:12029
369 |TRAF3 TNF receptor associated factor 3 HGNC:12033
370 [TRAF3IP2  |TRAF3 interacting protein 2 HGNC:1343
371 [TNFRSF1A |TNF receptor superfamily member 1A HGNC:11916
372 [TRNT1 tRNA nucleotidyl transferase 1 HGNC:17341
373 |TTC37 tetratricopeptide repeat domain 37 HGNC:23639
374 [TTC7A tetratricopeptide repeat domain 7A HGNC:19750
375 [TYK2 tyrosine kinase 2 HGNC:12440
376 [UNC119 unc-119 lipid binding chaperone HGNC:12565
377 [UNC13D unc-13 homolog D HGNC:23147
378 [UNC93B1 unc-93 homolog B1, TLR signaling regulator HGNC:13481
379 |UNG uracil DNA glycosylase HGNC:12572
380 |USB1 U6 snRNA biogenesis phosphodiesterase 1 HGNC:25792
381 |TREX1 three prime repair exonuclease 1 HGNC:12269
382 |VPREB1 V-set pre-B cell surrogate light chain 1 HGNC:12709
383 |VPS13B vacuolar protein sorting 13 homolog B HGNC:2183
384 |VPS45 vacuolar protein sorting 45 homolog HGNC:14579
385 |WAS Wiskott-Aldrich syndrome HGNC:12731
386 |[WASF2 WAS protein family member 2 HGNC:12733
387 |WIPF1 WAS/WASL interacting protein family member 1 HGNC:12736
388 |WRAP53 WD repeat containing antisense to TP53 HGNC:25522
389 |XIAP X-linked inhibitor of apoptosis HGNC:592
390 |ZAPT70 zeta chain of T cell receptor associated protein kinase 70 HGNC:12858
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f2

3

ZBTB24

zinc finger and BTB domain containing 24

HGNC:21143

392

ZNF341

zinc finger protein 341

HGNC:15992

393

USP18

ubiquitin specific peptidase 18

HGNC:12616

394

WDR1

WD repeat domain 1

HGNC:12754

395

DEPDC6

396

ERBB2IP

397

OAS1

398

APRIL

399

ARHGEF1

400

CD28

401

COPG1

402

CYBC1

403

DIAPH1

404

DOCK11

405

FNIP1

406

GIMAPG6

407

HAVCR2

408

HEM1

409

ICOSLG

410

IFNAR1

411

IL12RB2

412

IL18BP

413

IL23R

414

IL2RB

415

IRF9

416

NUP93

417

PIK3CG

418

PTCRA

419

RIPK1

420

SHARPIN

SPPL2A

422

STXBP3

423

TANK

424

USP43

425

WAVE2

426

PSMG2
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Abstract

We report the updated classification of Inborn Errors of Immunity/Primary Immunodeficiencies, compiled by the International
Union of Immunological Societies Expert Committee. This report documents the key clinical and laboratory features of 430
inborn errors of immunity, including 64 gene defects that have either been discovered in the past 2 years since the previous update
(published January 2018) or were characterized earlier but have since been confirmed or expanded upon in subsequent studies.
The application of next-generation sequencing continues to expedite the rapid identification of novel gene defects, rare or
common; broaden the immunological and clinical phenotypes of conditions arising from known gene defects and even known
variants; and implement gene-specific therapies. These advances are contributing to greater understanding of the molecular,
cellular, and immunological mechanisms of disease, thereby enhancing immunological knowledge while improving the man-
agement of patients and their families. This report serves as a valuable resource for the molecular diagnosis of individuals with
heritable immunological disorders and also for the scientific dissection of cellular and molecular mechanisms underlying inborn
errors of immunity and related human diseases.

Keywords TUIS - primary immune deficiency - inborn errors of immunity - immune dysregulation - autoinflammatory disorders -
next-generation sequencing

Inborn errors of immunity, also referred to as primary immu-  either in the hemizygous state in males or in the homozygous
nodeficiencies, manifest as increased susceptibility to infec-  state in females. Rare X-linked dominant traits can also arise
tious diseases, autoimmunity, autoinflammatory diseases, al- from LOF or GOF variants. This results in aberrant immunity
lergy, and/or malignancy. These conditions are caused by  due to the critical roles of these proteins in the development,
monogenic germline mutations that result in loss of expres-  maintenance and function of cells of the immune system, or
sion, loss-of-function (LOF; amorphic/hypomorphic), or gain-  cells other than leukocytes that contribute to immunity, during
of-function (GOF; hypermorphic) of the encoded protein [1,  homeostasis and in response to external (e.g., infectious agents
2]. Heterozygous lesions may underlie autosomal dominant  or environmental antigens) and internal (e.g., cytokines, self-
traits by GOF, haploinsufficiency, or negative dominance.  antigens and cancer cells) stimuli [3—5]. Inborn errors of immu-

Biallelic lesions typically cause autosomal recessive traits by~ nity were traditionally considered to be rare diseases, affecting
LOF of the encoded protein (rarely GOF), while X-linked ~1 in 10,000 to 1 in 50,000 births. However, with ongoing
recessive traits arise from LOF of genes on the X chromosome,  discovery of novel inborn errors of immunity (Fig. 1a) and
improved definition of clinical phenotypes [6—8], the collective
prevalence of these conditions is more likely to be at least 1/

5< Stuart G. Tangye 1000-1/5000 [9]. Indeed, more common inborn errors have

s.tangye @ garvan.org.au recently been described [10]. Regardless of their exact inci-

dence and prevalence, inborn errors of immunity represent an

Extended author information available on the last page of the article unprecedented model to link defined monogenic defects with
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clinical phenotypes of immune dysregulation, in a broad sense
of the term. As a committee, we are aware that human immu-
nity involves cells other than circulating or tissue leukocytes
and that it can be scaled up from the immune system to the
whole organism. Inborn errors of immunity have unequivocally
revealed non-redundant roles of single genes and their products
in immune function [3, 4, 6-8], formed the basis of improved
mechanism-based therapies for the immunopathology underly-
ing many diseases [8, 11], established immunological para-
digms representing the foundations of basic, clinical and trans-
lational immunology [3-5, 9, 12—14], and provided insights
into the molecular pathogenesis of more common diseases [9,
15]. Clear examples of these include:

The initial description by Bruton of X-linked agamma-
globulinemia (XLA) and the ability to treat this condition
with antibody replacement therapy (the mainstay treat-
ment for antibody deficiency diseases such as CVID) [16]
The discovery of mutations in BTK [12] and the subse-
quent development of BTK-inhibitors such as ibrutinib for
the treatment of B cell malignancies [14]

Progressive CD4 T cell deficiency explains opportunistic
infections secondary to HIV infection [9].

Thus, the study of inborn errors of immunity has provided
profound advances in the practice of precision molecular
medicine.

Since the early 1950s, when XL A was one of the first
primary immune deficiencies to be described [16], clinical
immunology has leveraged advances in the development of
new methods to expedite the identification of defects of the
immune system and the cellular, molecular, and genetic aber-
rations underlying these conditions. Indeed, the completion of
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Fig. 1 Rate of discovery of novel inborn errors of immunity: 1983-2019.
a The number of genetic defects underlying monogenic immune
disorders as reported by the IUIS/WHO committee in the indicated
year. b The number of pathogenic gene variants listed in each table by
the ITUIS committee. Report published in 2017, and the number of new
genes for each table contained in this report (red bars). The numbers in
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the Human Genome Project in the early 2000s, coupled with
rapid developments in next generation DNA sequencing
(NGS) technologies, enabled the application of cost-effective
and time-efficient sequencing of targeted gene panels, whole
exomes, or whole genomes to cohorts of patients suspected of
having a monogenic explanation for their disease. These plat-
forms have led to a quantum leap in the identification and
diagnosis of previously undefined genetically determined de-
fects of the immune system (Fig. 1a, b; [6-8]).

The International Union of Immunological Societies
Expert Committee of Inborn Errors of Immunity comprises
pediatric and adult clinical immunologists, clinician/scientists
and researchers in basic immunology from across the globe
(https://iuis.org/committees/iei/). A major objective and
responsibility of the committee is to provide the clinical and
research communities with an update of genetic causes of
immune deficiency and dysregulation. The committee has
existed since 1970 and has published an updated report
approximately every 2 years to inform the field of these
advances (Fig. 1a). In March 2019, the committee met in
New York to discuss and debate the inclusion of genetic
variants published over the preceding 2 years (since June
2017) [1, 2], as well as gene mutations that had appeared in
the literature earlier but, based on newly available evidence,
were now substantiated (Fig. 1b).

Rather than simply including every gene variant reported,
the committee applies very stringent criteria such that only
those genes with convincing evidence of disease pathogenic-
ity are classified as causes of novel inborn errors of immunity
[17]. The Committee makes informed judgments for including
new genetic causes of immunological conditions based on
what we believe is most useful for practitioners caring for
patients. Our current, and continuously evolving, practice is
that criteria for inclusion can be met by several ways, for

B 2017

304

N° Genes/Table

L5
i=1

104

&S

&

.Q\\
S5¢

Q A
3@ @
I p

AT

each column correspond to the number of genes reported in the 2017 IUIS
update (blue bars) [1, 2], the number of new genes for each table
contained in this report (red bars), and the total number of genes for
each table. Note: only data for Tables 1, 2, 3, 4, 5, 6, 7, and 8 are
shown, because Table 9 (bone marrow failure) is a new addition to the
current report.
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instance peer-reviewed publication of (1) multiple cases
from unrelated kindreds, including detailed immunologic
data, or (2) very few cases, or even a single case (see
below), for whom compelling mechanistic/pathogenic data
is also provided, generally from parallel studies in an ani-
mal or cell culture model.

Herein, we provide this latest update. The inborn errors
of immunity are listed in 10 tables: Combined immunode-
ficiencies (Table 1), Combined immunodeficiencies with
syndromic features (Table 2), Predominantly antibody de-
ficiencies (Table 3), Diseases of immune dysregulation
(Table 4), Congenital defects of phagocytes (Table 5),
Defects in intrinsic and innate immunity (Table 6),
Autoinflammatory diseases (Table 7), Complement defi-
ciencies (Table 8), and Phenocopies of inborn errors of
immunity (Table 10) (Fig. 1b). Since the last update (pub-
lished January 2018) [1, 2], we have added a new table to
consolidate genes that cause bone marrow failure (Table
9). Our division into phenotypes does not imply that the
presentation is homogeneous. Rather, we recognize that
substantial phenotypic and clinical heterogeneity exists
within groups of patients with mutations in the same gene
and even between individuals from the same pedigree with
the identical gene mutation. To simplify the classification,
each disorder has been listed only once, although distinct
disorders due to mutations in the same gene, but with dif-
ferent modes of inheritance and pathogenic mechanisms
are listed individually. Thus, several genes appear more
than once in this update (some examples are listed below).
Sub-divisions within each table segregate groups of disor-
ders into coherent phenotypic sets. OMIM numbers are
also provided within each table. If a OMIM number has
not yet been issued for a particular genetic condition, then
the number provided generally refers to the OMIM for that
gene. Beneath each table, the new disorders added to this
update are highlighted for easy reference.

The advances in our understanding of clinical immunol-
ogy continue to expand at a vast and remarkable rate, with
the addition in this update of many—64, distributed across
all tables (Fig. 1b)—novel genetic defects underlying in-
born errors of immunity. Perhaps not surprisingly, most if
not all of these new variants were identified by NGS, thus
highlighting that whole exome/whole genome sequencing
has become the gold standard for identifying novel patho-
genic gene variants [6—8]. Indeed, since the first applica-
tion of NGS to identify novel inborn errors of immunity
was published in 2010 [18], ~45% of all currently known
disease-causing variants have been discovered by whole
exome/genome sequencing. Thus, a typical approach to
identifying a pathogenic variant in a new patient might
now consist of first sequencing a phenotype-driven panel
of genes and advancing to whole exome/genome sequenc-
ing if the cause of disease remains elusive.

@ Springer
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In this update, we increase the list of immunological
diseases to 404, with 430 known genetic defects identified
as causing these conditions. The unbiased application of
NGS to the discovery and characterization of novel inborn
errors of immunity continues to inform clinical and basic
immunology. Thus, additional phenotypes have been
identified for conditions resulting from variants in known
and novel genes; the penetrance of genetic variants on
clinical phenotypes has been shown to be highly variable;
and clinical entities sharing common phenotypes have
been discovered. For example, this update includes the
findings that bi-allelic mutations in ZNF341 [19, 20],
IL6ST (encoding gp130, a common component of the re-
ceptors for IL-6, IL-11, IL-27, LIF, OSM, CNTF) [21,
22], or IL6R [23, 24] all cause conditions that resemble
autosomal dominant hyper-IgE syndrome due to dominant
negative mutations in STAT3 [15]. Detailed analyses of
these patients revealed a novel mechanism of regulating
STAT3 signaling (via the transcription factor ZNF341)
and defined the exact consequences of impaired IL-6/IL-
6R/gp130 and putatively IL-11/IL-11R/gp130 signaling to
the phenotype of AD-HIES.

Furthermore, key findings over the past 2 years contin-
ue to reveal that distinct mechanisms of disease (GOF,
LOF, dominant negative, haploinsufficient), as well as
different modes of inheritance (autosomal recessive, auto-
somal dominant) of variants in the same gene can cause
disparate clinical conditions. This is a fascinating aspect
of the genetics of human disease, and a salient reminder
to be cognizant of the nature of the genetic variants iden-
tified from NGS. It is these genes that have several entries
in this update. A few recent examples include:

1. Heterozygous variants in CARDI1 [25, 26] or STAT5B
[27] can be pathogenic due to negative dominance. This
was potentially unexpected because autosomal recessive
LOF variants in both of these genes were previously re-
ported to cause combined immunodeficiency and severe
immune dysregulation, respectively, yet heterozygous rel-
atives of these affected individuals were healthy [28, 29].
While heterozygous dominant negative mutations in
TCF3, encoding the transcription factor E47, cause B cell
deficiency and agammaglobulinemia [30], nonsense mu-
tations in 7CF3 have now been identified that are patho-
genic only in an autosomal recessive state, as heterozy-
gous carriers of these particular allelic variants remained
healthy [31, 32].

A heterozygous hypermorphic variant in /[KBKB was
found to cause a combined immunodeficiency [33] not
too dissimilar to the original description of bi-allelic, re-
cessive variants in /JKBKB [34]. Similarly, bi-allelic LOF
mutations in PIK3CD are now known to cause B cell
deficiency and agammaglobulinemia [35-37], which is
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quite distinct from the immune dysregulated state of indi-
viduals with monoallelic activating PIK3CD mutations
[1, 37]. This observation nicely parallels the earlier find-
ings of either homozygous or heterozygous mutations in
PIK3RI that clinically phenocopy recessive or activating
mutations in PIK3CD respectively [1, 37].

4. Distinct diseases can result from heterozygous mutations
in IKZF1 (Ikaros): combined immunodeficiency due to
dominant negative alleles [38] or CVID due to
haploinsufficiency [39].

5. Similar to STATI [40], variants in RAC2 [41-45] or

CARDI1 [25, 26, 28] can be pathogenic either as
monoallelic GOF or LOF or bi-allelic recessive LOF.

Thus, these findings have revealed the fundamental im-
portance of elucidating the impact of a novel variant on the
function of the encoded protein and thus the mechanism of
pathogenicity. Furthermore, these new entries are an im-
portant reminder not to overlook the potential significance
of identifying heterozygous variants in genes previously
believed to cause disease only in a biallelic manner or to
result in a previously defined specific clinical entity.
Indeed, there are now at least 35 genes that have multiple
entries in the current update, reflecting the distinct mecha-
nisms by which variants result in or cause disease (e.g.,
STATI, STAT3, NLRPI, RAC2, ZAP70, CARDI11, IKBKB,
WAS, JAKI, IFIHI, C3, CIR, C1S—-GOF or LOF; STATS,
STATI, CARDII, ACD, CFH, CFHRI-5, FOXNI, RAC2,
TCF3, AICDA, PIK3RI, IFNGRI, TREXI, TICAMI,
IRF8-AD or AR; PIK3CD-AD GOF, AR LOF; IKZFI-
AD, or haploinsufficient; NLRP3—distinct disease pheno-
types despite all resulting from GOF alleles).

As noted above, genetic, biochemical, and functional
analyses of putative novel pathogenic variants need to
meet stringent criteria to be considered for inclusion in this
update [17]. These criteria can make reporting genetic
findings from single cases challenging, as often the best
evidence that a novel variant is disease-causing is to iden-
tify additional, similarly affected but unrelated individuals
with the same variants, or functionally similar variants in
the same gene. While this can be challenging, particularly
in light of the rarity of individual inborn errors of immu-
nity, robust mechanistic laboratory investigations continue
to provide compelling data from single patients, with or
without evidence from animal models. Specifically, homo-
zygous LOF mutations in /RF'9 [46] and IL18BP [47] were
identified and rigorously characterized in single patients
and found to be the molecular cause of life-threatening
influenza and fulminant viral hepatitis, respectively.

The study and discovery of novel inborn errors of im-
munity can also enable improved patient management by
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implementing gene-specific targeted therapies. Thus, JAK
inhibitors are being used to treat disorders of immune dys-
regulation resulting from GOF mutations in JAK/, STATI
or STAT3 [11], while mTOR inhibitors such as rapamycin
or PI3K p110&-specific inhibitors have been reported for
the treatment of individuals with PIK3CD GOF or PIK3R1
LOF mutations [37]. Regarding novel gene defects, im-
mune dysregulation due to DEF'6 deficiency was success-
fully treated with abatacept (CTLA4-Ig) [48]. This corre-
lated with impaired CTLA4 expression and function in
DEF6-deficient T cells [48] and parallels the therapeutic
use of abatacept and belatacept for LRBA-deficiency and
CTLA4 haploinsufficiency, both of which are character-
ized by reduced CTLA4 expression in affected regulatory
T cells [49, 50]. From a theoretical perspective, the finding
that MSMD can be caused by mutations in /L/2RB2,
IL23R or SPPL2A and that these mutations are associated
with impaired production of IFN'y—a requisite of anti-my-
cobacterial immunity—implies that I[FNy administration
could be therapeutically beneficial in these clinical settings
[51, 52]. Similarly, recombinant IL18BP could potentially
ameliorate viral-induced liver toxicity due to /L/8BP defi-
ciency [47].

The goals of the IUIS Expert Committee on Inborn
Errors of Immunity are to increase awareness, facilitate
recognition, promote optimal treatment, and support re-
search in the field of disorders of immunity. Thus, this
2019 Update and the accompanying ‘“Phenotypical TUIS
Classification” publications are intended as resources for
clinicians and researchers. Importantly, these tables un-
derpin the design of panels used for targeted gene se-
quencing to facilitate genetic diagnoses or inborn errors.
In the past 5 years, the number of gene defects underly-
ing inborn errors of immunity has nearly doubled from ~
250 to 430 (Fig. 1a). The human genome contains 1800—
2000 genes that are known to be involved in immune
responses [13]. Thus, the discovery and study of inborn
errors of immunity has elegantly illustrated that >20% of
these immune genes play non-redundant roles in host
defense and immune regulation. With the improved iden-
tification and phenotyping of patients with rare diseases,
combined with high throughput genome sequencing, the
number of genes fundamentally required for immunity
will no doubt continue to increase, further revealing crit-
ical and novel roles for specific genes, molecules, path-
ways and cell types in immune responses, as well as
mechanisms of disease pathogenesis and targets for im-
munotherapies. The field of inborn errors of immunity,
and the global clinical and research communities, will
therefore continue to provide key insights into basic and
clinical immunology.
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