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33 Abstract

34 The sequence upstream of antibody variable region (Antibody Upstream Sequence, or AUS)
35 consigts of 5’ untrandlated region (5" UTR) and two leader regions, L-PART1 and L-PART2. The
36  sequence variations in AUS affect the efficiency of PCR amplification, mRNA trandation, and
37  subsequent PCR-based antibody quantification as well as antibody engineering. Despite their
38  importance, the diversity of AUSs has long been neglected. Utilizing the rapid amplification of
39 cDNA ends (5'RACE) and high-throughput antibody repertoire sequencing (Rep-Seq) technique,
40  we acquired full-length AUSs for human, rhesus macaque (RM), cynomolgus macaque (CM),
41  mouse, and rat. We designed a bioinformatics pipeline and discovered 2,957 unique AUSs,
42  corresponding to 2,786 and 1,159 unique sequences for 5 UTR and leader, respectively.
43  Comparing with the leader recordsin the international ImMunoGeneTics (IMGT), while 529 were
44 identical, 313 were with single nucleotide polymorphisms (SNPs), 280 were totally new, and 37
45  updated the incomplete records. The diversity of AUSS impact on related antibody biology was
46  aso probed. Taken together, our findings would facilitate Rep-Seq primer design for capturing
47  antibodies comprehensively and efficiently as well as provide a valuable resource for antibody
48  engineering and the studies of antibody at the molecular level.

49

50 Keywords: antibody upstream sequences, 5’ UTR, leader sequences, Rep-Seq, antibody repertoire
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52 Introduction

53 Antibodies represent an essential class molecule congtituting adaptive immune system and
54 can specifically bind to the invading pathogens for the subsequent eradication or clearance [1].
55  Rep-Seq technology has enabled antibodies to be interrogated in an unprecedented coverage and
56  depth, by which researchers can obtain millions to even billions of antibody sequencesin a single
57  experiment [2-4]. The application of Rep-Seq has led to a substantial progressin many fields, such
58  asaging, tumor immunology, infectious diseases, immune surveillance and neutralizing antibody
59  screening [5,6].

60 Albeit to the successes mentioned above, the potentials of Rep-Seq can be confined by a
61  series of not fully addressed issues both experimentally and computationally [5]. One of the
62  primary computational roadblocks is the unknown germline sequence diversity [7-9]. The
63  uncaptured diversity will lead to germline misassignment and thus bias the downstream analyses.
64  Beddes, the germline polymorphisms of immunoglobulin loci are found to associate with
65  expressed antibody repertoire and disease predisposition [10-13]. To capture these diversity, many
66  tools were developed and employed in antibody repertoire studies [7-9], which then led to the
67  findings of many novel alleles.

68 Despite the progresses mentioned above, the diversity of AUSs were less interrogated. An
69  AUS contains two consecutive functional elements, namely 5 UTR and leader, both of which
70  were found to implicate in mMRNA transcription and trandation [14-21]. Particularly, leader
71  sequences play a vital role in antibody expression and are often engineered to improve the

72  efficiency of monoclona antibody production [16,21,22]. In Rep-Seq studies, the AUSs are often
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73  the targets of the PCR primers for obtaining full-length antibody variable regions [23,24].
74 Furthermore, Mikocziova et al. showed that polymorphisms in AUSs can facilitate the annotation
75  of antibody variable (V) genes [25]. Owing to their importance aforementioned, we decided to
76  interrogate the possible diversity of AUSs which were long neglected in the field.

77 We therefore sequenced the antibody repertoire of both heavy and light chains of 5 species,
78  namely human, rhesus macague (RM), cynomolgus macague (CM), mouse and rat. Applying the
79  devised bioinformatic pipeline to the in-house dataset together with available public resources, we
80  discovered thousands of unique AUSs. We then examined their functiona relevance to the
81  expression and status of downstream V genes within as well as among species. Our findings here
82  provided thefirst overview of antibody AUS features of multiple species and enriched the relevant

83  knowledge database which would serve as valuable resources for the community.

sa Results

85  Bioinformatics pipelinefor obtaining high-quality AUSs

86 As shown in Figure 1, we obtained the candidate AUSs through the following six steps: i) V
87  adlee variant detection via IgDiscover with initial species-specific databases downloaded from
88 IMGT/GENE-DB [7,26]. The newly discovered genes/alleles were merged with initial databases
89  and carried on for downstream analyses; ii) the sequences from each sample were annotated and
90 assembled via MiXCR (compared in Zhang et a. [27]) and clonotypes were consequently
91  extracted based on CDR3s and V and junctiona (J) allele usages; iii) each sample were genotyped
92 viaaBayesan method adapted from TIgGER; iv) the AUS in each clonotype was extracted and

93 dimed as the initial AUS for that particular V aléee; v) for each V allele, the consensus of all
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94  initial AUSs were calculated and defined as the final AUS(s). Alleles not in the genotype were

95  excluded in this step; vi) a scoring-based method was employed to retain the most confident AUSs.

96  Further details on each of these steps can be found in Materials and Methods.
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Figure 1. The AUS identification pipeline. The AUS identification pipeline is comprised with six steps, including i)
V allele variant detection, ii) sequence annotation and assembly, iii) genotyping, iv) identification of consensus
sequences within clonotypes, v) identification of consensus sequences within V alleles, and vi) score-based

filtration.
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97 L eadersare more conserved than 5 UTRs

98 Utilizing the bioinformatics pipeline introduced above, we found 2,957 unique AUSS,

99  corresponding to 2,786 and 1,159 unique sequences for 5° UTR and leader in all five species,

100  respectively (Table 1 and Supplementary Table 1). The percentage of V genes with discovered

101  AUSsranged from 7.7% (52 genes for kappa chain of RM) to 56.9% (33 genes for lambda chain

102  of human). For al chain types across five species, we discovered AUSs for up to 73.9% of the

103  genes with complete leaders in IMGT/GENE-DB. Of these, 70% human heavy chain AUSs

104  displayed previoudly unreported polymorphisms (Supplementary figure 1 and Supplementary

105  Table 2) which may affect Rep-Seq capture efficiency and antibody production. For human V gene

106  aleles of unknown or incomplete leader according to IMGT/GENE-DB, 43, 26, and 26 (47.3%,

107  56.5% and 55.3%) AUSs were revealed for heavy, kappa and lambda chainV genes, respectively.

108 Besides, we found the largest number of unique novel sequences for both leader and 5 UTR

109  inhuman, probably due to the largest sample size for human among studied species (Figure 2a and

110  Supplementary figure 2a). This demonstrated high diversity of AUSsin human that should not be

111  neglected and the power of analyzing large dataset. We observed the highest ratio of leader

112  sequences consistent with known ones in mouse and rat but the lowest in RM. It is worth

113  mentioning that the 5 UTR sequences curated by IMGT are either partial or contain additional

114 lengthy intron and upstream regulatory elements [25]. Therefore, a considerable number of 5’

115  UTRswere part of their counterparts on IMGT or vice versa. For CM, all 132 5" UTRs discovered

116  inthisstudy were novel.

117 For al species, more than half of the leaders for heavy and kappa were 57 bp in length

118  (Figure 2b and Supplementary figure 2b). In contrast, the lambda chain exhibited a mode length of
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119 60 bp. The length digtribution of 5° UTRs were characterized by long tails (for example, ranging

120  from 3 to 133 bp for human heavy chain) and peaked at different lengths for different species.

121  Thus, the conservation of the leader sequence length across species might be a result of its

122 functional importance. Population wise, we found the leaders consistent with IMGT records

123  showed similar frequencies in donors with those different from IMGT, which indicated the

124 reiability of the newly identified AUSs (Figure 2c and Supplementary figure 2c). Individual genes

125  exhibited high diversity with regard to their AUSs. Only less than 5% and around 30% of human

126  V genesused single unique 5° UTRs and leaders, respectively. A single V gene may use up to 44

127  different 5 UTRs (human IGHV 1-69) and 11 leader sequences (human IGHV3-53) (Figure 2d).

128  Thisdiversity was consistent in all five species (Supplementary figure 3). The higher diversity of

129 5 UTR compared to leader was also reflected in the combinatorial frequencies, in which 54 out of

130 57 (94.7%) genes have more diverse 5° UTR than leader (Supplementary figure 4), and the more

131  consigent result of leader than 5 UTR with Mikocziova et al. [25] (Supplementary figure 5).

132  Taken together, these results indicated that leader sequences are more conservative than 5" UTRS

133  and more critical for the functionality of antibodies.
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Figure 2. Overview of the dizcovered AUSs for heavy chain. (a) The composifion of discovered 5' UTR and leader
sequences. ‘Consistent” indicates sequences idenfical to those curated by IMGT/GENE DB. “Unknown” indicates sequences
whose corresponding alleles were not provided with available AUSs. “Other” includes the rest four situations, which were
illustrated on top of the donut charis. The number of novel sequences iz marked in the center of each donut charts. (b) The
length distribution of discovered 5' UTR and leader sequences. The length and itz comresponding frequency were marked for
each peak. (c) The distribution of the number of donors sharing a certain sequence. Different colors in (b) and (c) mean different
groups and are consistent with these in (2). (d) Percentage of V genes as a function of the number of discovered 5' UTR and

134 leader sequences.

135 TheAUSscoevolved with V genes

136 We further investigated the sequence-level similarities among AUSs within and across
137  species (Materials and Methods). Within the same species, we found both 5 UTR and |leaders

10
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138  showed clear family-specific sequence feature for both heavy and light chains (Figure 3a, b and
139  Supplementary figure 6, 7). For human heavy chains, leader sequence sharing was only observed
140  for genes in the same family (Figure 3c, d and Supplementary figure 8). It is aso the case for 5’
141  UTR sequences for human light chains (Supplementary figure 8). However, a single 5 UTR
142  sequence (ACC) was shared between VH1 (IGHV1-3, IGHV1-17 and IGHV1-69) and VH3
143  (IGHV3-13) families (Figure 3c). This family wise sharing of 5 UTRs also exists in nonhuman
144  species (Supplementary figure 9). Thusthe AUSs, in general, are V gene family specific. Besides,
145  these within-family interchangeable leaders would also affect the application of elevating V gene
146  assignment accuracy by incorporating upstream sequences.

147 For each of the nonhuman V dleles, we identified its human counterpart by sequence
148  similarity (Materials and Methods). Then we compared the similarities of nonhuman V gene
149  elements to those of their human counterparts. The pairwise smilarities for both 5 UTRs and
150 leaders correlate with V alele smilarities. This indicate the AUSs evolved together with V gene
151  dldes (Figure 3e and Supplementary figure 10). Moreover, the correlations of |eaders were higher
152  than those of 5 UTRs. This result suggested that AUSs coevolved with V genes and the leaders
153 and V genes were under more smilar selective pressure. In details, we found that 5° UTR and
154  leader sequences of RM (73.9% and 90.6% for heavy chain for 5 UTR and leader, respectively)
155 and CM (68.4% and 87.8%) were more similar to human than mouse (44.5% and 62.2%) and rat
156  (45.2% and 60.6%) (Figure 3f and Supplementary figure 11, Materials and Methods). This was
157  consigent with the genomic distances reported before [28-31]. We previoudy classified heavy
158 chain V genes into two groups, namely core genes and noncore genesgl, where the former

159  contributes to the vast majority of antibody repertoire and the latter is negligible. We then

11
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160 classified the heavy chain V genes for four nonhuman species and calculated the sequence
161  similarities between nonhuman and human for V genes, 5 UTRs, and leaders. Although noncore
162  genesare more functionally inactive, they showed no significant differencesin sequence similarity
163  between human and nonhuman species, except for the VV genes of mouse and rat (Figure 3f). This
164  result indicated that core genes and noncore genes are of equal importance evolutionarily, despite
165 their difference in contribution to antibody repertoire. Furthermore, we observed a roughly equal

166  similarity between leadersand V genes, implicating again a coevolution between them.

12
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167 o=0.001.

168 Leader SNPs are position-dependent and may contribute to functional reversal and
169 inefficient amplification of V genes

170 We next examined the single nucleotide polymorphisms (SNPs) in the AUSs as they were
171  reported to affect antibody production [16] and the primer design for Rep-Seq and genetic
172  predisposition screening [13,24]. Applying a heuristic algorithm, we investigated the ratio of

13
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173  replacement (R) to silent (S) SNPs and positional nucleotide and amino acid diversity index (NDI

174  and ADI) of discovered leader sequences (Materials and Methods) except for RM due to the low

175  number of SNPs. For heavy chain leaders, the R/S ratio of human was the lowest (0.43), which

176  was followed by CM (0.63), mouse (2.66) and rat (4.05) (Figure 4a). Similar decreased R/S ratios

177  were aso observed in light chains (Supplementary figure 12). Knowing that each leader sequence

178  contains a hydrophobic central region [16], we classfied the amino acids according to their

179  polarities and looked into the amino acid conversion types for replacement SNPs. It demonstrated

180 that intra-group conversions dominated overall amino acid conversions (Figure 4b and

181  Supplementary figure 12). And the percentage of inter-group conversions followed the same order

182  asthat of replacement SNPs in different species. Furthermore, both NDI and ADI were calculated

183  to evaluate the positional nucleotide and amino acid diversity. The NDI profile exhibited distinct

184  patterns (Figure 4c). To be specific, the third nucleotides in 2nd, 3rd, 9th, 12th and 19th codonsin

185 leader sequences possessed clearly higher NDI than the first two nucleotides in the same codons.

186  Since the choice of the third nucleotides in a codon often do not change the encoded amino acids,

187 the higher NDI of the third nucleotides demonstrated a clearly negative selection over the

188  polymorphismstaking placein the first two nucleotides in these codons. In contrast, the 13th, 14th,

189  16th, and 17th codons were observed with higher NDI in the first two nucleotides, suggesting the

190  underlying positive selection. While for the 6th and 7th codons, the diversities were comparable

191  among the congtituent nucleotides. The positional ADI profile was consistent with NDI (Figure

192 4o).

193 The SNPsin AUSs would also affect the antibody genotyping as well as Rep-Seq when these

194  polymorphic regions were targeted by PCR primer design. We selected two representative primer

14
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195  sequences from public resources that target either the 3' end (Primer 1) or 5" end (Primer 2) of

196 leader sequences of IGHV1-24*01. We found both of them covered the SNP loci (5 for primer 1

197  and 2 for primer 2) (Figure 4d). To comprehensively evaluate the influence of novel leaders on

198 antibody sequence amplification, we compared the novel leader sequences to 6 widely applied

199  primer sets[24,32-36]. As aresult, 9 to 22 genes were found with novel sequences more distant to

200  the optimal primers than their counterpart in IMGT (Supplementary Table 3). Particularly, the

201  number of mismatches can increase from 4 to 9 for IGHV1-17 in the primer set reported by Klein

202  etal. [32] (Supplementary Table 4). Indeed, when comparing amplifications of V alleles between

203  5’RACE and multiplex primers, the more mismatches in the primer, the less V allele were found

204  intherepertoire (Figure 4e, Materials and Methods). More mismatches between primers and their

205 targeted AUSs led to more compromised amplification. Therefore, the AUS set we reported here

206  would be avaluable resource for later primer designs.

207 More importantly, the SNPs in the |eader region also caused functional resurrection or silence

208  to their corresponding genes. For instance, the human IGHV3-69-1*01 and IGHV 3-69-1* 02 were

209  both annotated as pseudo genes at IMGT because of the missing initiation codons at the starts of

210 leader sequences. However, we identified 2 (supported by 34 and 5 subjects) and 1 (3 subjects)

211 novel leader sequences that possessed normal initiation codon (AUG) and thus made these alleles

212 functional (Figure 4f and Supplementary figure 13a). This functional recurrence also happened in

213 IGHV1-67*01 of mouse (5 subjects) (Supplementary figure 13b). On the contrary, the SNP in the

214  leader region caused early stop codon and silenced IGHV11-2*01 in rat (2 subjects) (Figure 4g).

215  Thus, the SNPs in the AUSs are important for the activation of downstream V genes and

216  additiona awareness should be paid in the future.
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219 uAUGsand leader sequences do not affect antibody expression

220 Upstream open reading frames (UORFs) or upstream AUGs (UAUGS) have been reported to

221  exig in 44%-50.5% of human annotated transcripts, implicate longer 5 UTR sequences, and

222  associate with significant reduction of downstream protein expression and modestly to markedly

223  decreased mRNA level [14,18,37]. Having obtained 5" UTR sequences from hundreds of unique

224  AUSs for human, we investigated the prevalence of UAUGS in antibody V genes and its

225  correlation with gene expression.

226 We observed uUAUGsin the 5’ UTR of 12.4%, 11.85% and 8.70% of AUSs for human heavy,

227  kappaand lambda chain, respectively (Table 2). Thus the UAUG frequency in antibody V genesis

228  less than that in human mMRNAs and the stochastic estimation, indicating the purifying selection

229  [37,38]. Thus, this underrepresentation of UAUGs encoded in antibodies indicated that antibodies

230  tend not to be subjected to this post-transcriptional regulation. We aso observed a significant

231  length difference between UAUG-containing and uAUG-absent 5° UTRs (Figure 5a). Notably,

232  these differences did not fully agree with what was reported in previous studies. The antibody

233 heavy chain 5 UTRs from human and CM demonstrated a reversed pattern, in which

234  uAUG-containing 5° UTRs were even shorter. This result implied that a longer 5 UTR is not

235  necessarily predisposed to contain UORFs and thus further address the polymorphism of

236  post-transcriptional regulation for different antibody chains and for different species.

237 The high throughput Rep-Seq approach gives us access to the measurement of gene

238  expression. We thus obtained the gene expression for each sample and correlated it with the

239  number of UAUGS present in the 5" UTR sequences of their corresponding V genes. Two and four

240  genes meeting the criteria were included in this analysis for human heavy and kappa chain,
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241 respectively (Materials and Methods). Although varied mRNA level was observed in different

242  uAUG number group, statistical analysis indicated the difference was not significant (p>0.5,

243  unpaired Student’s t-test), except for a kappa gene - IGKV1-17 (Figure 5b and Supplementary

244 figure 14). Together with the observation that the correlation was ambiguous (both seemingly

245  positive and negative correlation were obtained), we believed that the influence of uUAUGS on

246  antibody expression, if any, is not critical. It is noteworthy that 21 of 23 heavy chain V genes with

247  which we observed UAUGs are core genes which are prevalent in the repertoire [39]

248  (Supplementary figure 15). As half of the heavy chain V genes are noncore genes that express very

249  lowly in the repertoire, the UAUGsin these genes might be unrevealed in this study.

250 Apart from UORFs, the leader sequence itself was also found to associate with mRNA

251  expressions [15,20]. To validate whether and to what extent leader sequences affect antibody

252  transcription, we set off to investigate the antibody expression of V genes sharing two or more

253  unique leaders. As shown in Figure 5¢c and Supplementary figure 16, the overall pattern showed no

254  dgnificant leader-specific gene expression was found. Thus the leader sequences involve more in

255  the regulation of trandation rather than transcription. Altogether, the results above reflected the

256  polymorphism of antibody 5° UTR sequences across species and chains and the trivial functional

257  relevance to gene expression of UORFs and leader sequences.
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Figure 5. Functional relevance of uAUGs and leader sequences to gene expression. (a) The 5 UTR length comparison
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258

259 Discussion

260 Rep-Seq has provided an avenue by which researchers are able to investigate antibodies with
261  an unprecedented depth [5]. Taking advantage of Rep-Seq, we investigated the polymorphisms
262  exiging inthe AUSs of both heavy chain and light chain V genes from five species. We designed a
263  bioinformatic pipeline and captured 2,957 unique AUSs, of which 875 (29.6%) are novel (as to
264  leader). We demonstrated that the SNPs in the AUSs affect the PCR amplification efficiency and
265  thus the subsequent antibody quantification. Therefore, our findings are of importance for

266  antibody gene genotyping, antibody quantifications with traditional PCR method and
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267  high-throughput Rep-Seqg. Moreover, the novel AUSs revedled in this study also provide a

268  resource for antibody engineering and aid antibody studiesin the molecular level.

269 In-depth analyses showed that leader sequences are family-specific and are more conserved

270 than 5 UTR. The distance of the AUS between human and other nonhuman species are

271  reminiscent of that observed in genome level. And the sequence similarities between human and

272  nonhuman species also indicates a synchronous evolution between leaders and their downstream

273  V genes.

274 Notably, we found a 5" UTR sequence was shared by V genes of different families. The

275  length of the associated 5 UTR was only 3 bp. It was unlikely to be the result of RNA degradation

276  during library preparation, because the 5'cap is required for a successful template switch when

277  using 5'RACE protocol [40]. Moreover, we found the 5° UTR for IGHV1-17*02 in 6 subjects, a

278  strong evidence for its authenticity. Previous studies reported a single-nucleotide 5° UTR is

279  enough for theinitiation of trandation in vitro [41]. Therefore, the short 5 UTR may not mean the

280  functional abnormality. However, short 5° UTRs were found to impact the trandation efficiency

281  [41]. Due to the unavailability of proteomic data, we were not able to investigate its trandation

282  efficiency.

283 Informed by previous reports that UAUGs and leader sequence have an effect on gene

284  expression in other context [4,15,18,19], we also examined if there exists correlations between

285  them in antibody genes. We showed little evidence to support the link between them, which means

286  for antibodies the AUSs primarily dictate the trandation process. Noteworthy is that we

287  investigated the correlations only in human, partly because we have no enough samples for

288  nonhuman species. The other reason, however, is that there are a limited number of germline
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289  reference available [7-9]. Even worse is that some germline reference provided by

290 IMGT/GENE-DB are provisona because their genomic locations has not been determined [26].

291  Hence, we proposed that the germline sequences of immunoglobulin loci should be thoroughly

292  characterized in these species. The accurate antibody probing in these model organisms are

293  supposed to boost the understanding of antibody repertoire in human.

294 In addition to the little quantitative impact on gene expression, we aso observed that the

295  SNPs in leader sequences could reverse the functional status of their downstream genes. It

296  addressed importance of dissecting the AUSs in the evaluation of antibody functionalities, because

297  afunctional genein atypical individual or ethnic group may be nonfunctional in another and vice

298 versa. However, the prevalence of such SNP-associated functional recurrences or silences,

299  together with their consequence for the antibody repertoire, remains to be determined. Another

300 interesting phenomenon we observed is the higher R/S ratio in leader region for mouse and rat

301  than human and CM. Moreover, the percentage of inter-group amino acid conversion was also

302  higher for the two rodents. It is possibly because the immunoglobulin loci are less essential for the

303  survival of rodents and thus they can tolerate more functiona consequence caused by inter-group

304  amino acid conversions [42].

305 In summary, we provided for the first time the most comprehensive knowledge database for

306 AUSs for both human and other model organisms. Together with the characterization of these

307  sequences, the AUS set discovered in this study will serve as valuable resources for fundamental

308  studiesand antibody engineering as well.

309
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Materials and M ethods

Subjects and sample preparation

In this study, we included a total number of 782 samples from five species, including human
(n=728), RM (Macaca mulatta) (n=27), CM (Macaca fascicularis) (n=2), mouse (Mus musculus)
(n=11), and rat (Rattus norvegicus) (n=14). Twenty-one and twenty-six samples are from public
resources for human and RM, respectively. And their accession numbers in NCBI Sequence Read

Archive are provided as Supplementary Table 5. The in-house human samples were prepared as
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328  described previoudly [39]. Asfor samples from nonhuman species, ED TA-treated blood specimens

329  werecollected from sixteen animals (seven rats, six mice, two CMs, and an RM). Peripheral blood

330  mononuclear cells (PBMCs) were isolated by Ficoll-Pague density centrifugation. The PBMCs

331  were subjected to total RNA extraction using the RNeasy Mini Kit (Qiagen, 74106), according to

332  the manufacturer’s protocol. This protocol was approved by the Ethics Committee of Southern

333 Medical University.

334  Library preparation and high throughput sequencing

335 Total RNA was used as a template to synthesize cDNA, usng a SMARTer RACE (Rapid

336  Amplification of cDNA Ends) cDNA Amplification Kit (Clontech, 634928), according to the

337  manufacturer’s protocol. Following cDNA synthesis, 10% of the volume of cDNA was subjected

338 to VH amplification in a 25 pl PCR reaction using the Kapa HiFi HotStart Ready Mix (KAPA

339  Biosystems, kk2602) with universal or VH-family specific forward primers and the corresponding

340  reverse primers (Supplementary Table 6). The thermal cycling conditions were programmed as

341  follows: 95 °C for 3 min; 30 cyclesof 98 °Cfor 205,60 °Cfor 15s,and 72 °Cfor 15, 72 °C

342 for 5 min. PCR products were purified using the Nucleospin Gel & PCR Clean-up kit

343  (Macherey-Nagel, 704609.25). DNA concentration was detected using the Qubit 4.0 fluorometer

344  (ThermoFisher Scientific). Two hundred nanograms of each gel-purified product was subjected to

345 library preparation, followed by sequencing by Illumina platform (MiSeq PE300 and NovaSeq

346  PE250).

347  Extraction of AUSsand delimitation of 5 UTR and leader region

348 The Six steps we employed to identify qualified AUSs were briefly described in the Result

349  section and demonstrated as Figure 1. Here we provided a more detailed implementation of these
23
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350  steps.

351 i) V dlele variant detection. Considering the uncaptured polymorphisms in
352 immunoglobulin loci in mammalian, especially for nonhuman species, we started with
353 the identification of novel aleles for all enrolled samples and species [9,43,44]. We
354 executed three iterations of IgDiscover (v0.12.3) based on an initial species-specific V
355 gene database obtained from IMGT/GENE-DB (update: 06 July 2020) [7,26]. To enroll
356 as many as possible the initial germline sequences, we included all sequences from the
357 F+ORF+all P directory. The full set of germline reference was then subjected to a
358 deduplication process before serving as the starting database. After the detection, all
359 discovered novel aleles were merged with the initial ones for downstream sequence
360 annotation.

361 ii) Sequence annotation and assembly. We then proceeded with the functionalities provided
362 by MiXCR (v3.0.7) [45]. Taking advantage of the subcommand align and assemble and
363 their exportation counterparts, we obtained both the sequence annotation (alignments.txt)
364 and clustering (clones.txt) results. Sequences with the same V dlees, J aleles, and
365 CDRS nucleotide sequences were assembled into clonotypes. The commands we used to
366 annotate and assemble sequences with MiXCR (v3.0.7) are as below,

367 Alignment:

368 mixcr align --species $species -f --library $species.specific.library $readl $read2
369 alignments.vdjca

370 Assembly:

371 mixcr assemble -f -a -OseparateByV=true -OseparateByJ=true alignments.vdjca

24


https://doi.org/10.1101/2020.09.02.280396
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.02.280396; this version posted September 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

372 clones.clna

373 Exportation:

374 mixcr exportAlignments -f -readlds -cloneld -vHit -vAlignment -targetSequences
375 clones.clna alignments.txt

376 mixcr exportClones -f --chains SCHAIN clones.clna clones.txt

377 iii) Genotyping. To guide the AUS discovery, the genotype was predetermined based on
378 alele usage for each V gene. In this study, we considered for each V gene two scenarios,
379 homozygous and heterozygous. Theoretically, if a gene is heterozygous in a typical
380 sample, each of the two variants will possess a unique AUS. Otherwise, the only variant
381 of a homozygote will probably link with two unique AUSs. We determined the genotype
382 through the Bayesian method employed in TIQGER [46], except that we considered only
383 two scenarios aforementioned. In this case, ;H> =(1,0) and 17; = (0.6,0.4). Other
384 parameters for the proposed Bayesian model were unchanged. The allele usage,
385 measured as the number of clonotypes recombined from a typical alele, served as the
386 input of this function.

387 iv) ldentification of consensus sequences within clonotypes. Each AUS is deemed to start at
388 a position immediately downstream the rGrGrGs in the 3’ end of RACE primer and end
389 a the exclusively initial base of the associated V gene segment. For each clonotype, we
390 extracted a list of valid AUSs and determined the most frequent one as the consensus
391 AUS. For reliability, we discarded the consensus sequences representing no more than 50%
392 of the AUSs within clonotypes. We aso required the initiation codon — “AUG” — is
393 contained in the AUS to precisely delimit 5° UTR and leader region. For AU Ss with
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394 multiple AUGs, we selected an optimal AUG as the start position of leaders. Each
395 optimal AUG corresponds to aleader sequence with its length nearest to a predetermined
396 optimal leader length. The optimal leader length for each allele is same as the length of
397 leader sequence provided by IMGT provided it is known. Otherwise, it is same as the
398 most frequent leader length of all other alleles corresponding to the same gene, family or
399 dl the regt aleles with known leader sequences. Noted that we extracted only leader
400 sequences for samples from BioProject PRINA503527 for their UTRs were found to be
401 incomplete. The extracted leader sequences were then subjected to the same pipeline as
402 AUSs.

403 v) Identification of consensus sequences within V alleles. The definition of clonotype
404 ensured that each of consensus sequences is associated with a unique V allele. AUSs
405 corresponding to aleles not present in the genotype list were discarded at the first place.
406 Then we collapsed the consensus sequences belonging to the same alleles and kept the
407 most frequent ones. Alleles with no more than 10 available AUSs were excluded. For
408 each alele in the genotype list, we retained also the second most frequent AUSs to
409 account for the underlying diversity in the upstream region, providing the corresponding
410 gene is a homozygote and the most frequent one takes up less than 87.5% of total AUSs
411 [8].

412 vi) Score-based filtration. For each chain of a typica species, the candidate AUSs for all
413 samples were pooled together and then classified into two groups according to prior
414 knowledge. The group containing known leader sequences were regarded as bona fide
415 and thus serve as the positive control. The other group, comprised of novel sequences,
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416 will be subject to a score-based filtration. The score scheme takes into account four
417 features for each candidate sequence, namely the absolute number of supportive reads,
418 clones and donors and the similarity to known sequences. The weight assigned to them
419 were 20, 20, 30, and 30, respectively. The independent scores (Seads Stiones Sonor @nd
420 Ssmilarity) @nd total score (Sota) Were calculated as the formul as below,
ny
20 x N (nr < Nrmed('an)
rmedian .
Sread = ®
20 (ny = Nymedian)
nl:
20 x N (n¢ < Nemedian)
cmedian .
Scione = (i)
20 (nc = Ncmed{'an)
Saonor =30x (1 —-1/(ng +1)) (iii)
Ssimitaricy = 30 X s iv)

Smla! = Sread + Sc.t(me + S{H}TH}?" + S.s‘imi.iarity (V)

421

422 Note, Nymedian @d Nemegian Mean the median number of supportive reads and clones for
423 known AUSs that serve as positive control while n,, n;, and ny mean the number of
424 supportive reads, clones, and donors for novel AUSs. S represents the identity to known
425 leader sequences for the leader region in each AUS. If no known leader sequence was
426 provided by IMGT/GENE-DB for the corresponding alele, an average identity to the
427 leaders of all other alleles corresponding to the same gene or the same family or of all the
428 rest alleles with known leader sequences was calculated to represent the identity. Thus,
429 the theoretical maximum score for an AUS is less than 100. After the Sga were
430 calculated for each AUS, the novel sequences with a score less than the median Sy Of
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431 positive control were discarded and the rest novel sequences together with positive
432 control serve asthe final AUS library. The score-based filtration step was applied to each
433 chain of each speciesindependently. An exception was with the filtration of AUSsfor the
434 kappa chain of RM. Since no known complete leader sequences were discovered, the
435 AUSs containing the known partial leader sequences were regarded as the positive
436 control for filtration.

437  Thecalculation of the number of uniqueAUS, 5 UTR, and leader sequences

438 The number of unique AUS, 5 UTR, and leader sequences is calculated as the number of

439  unique combinations of V dlde and AUS, 5° UTR, and leader sequences. The AUSs containing

440  only leader sequences (n=4) identified from RM samples under BioProject PRINAS03527 were

441  not included inthisanaysis, but instead were included in &l other analyses.

442  Seguencesimilarity comparison

443 Sequence similarity or identity is calculated based on the pairwise aignment result. The

444  pairwise aignment was implemented using pairwise2 function built in Biopython (v1.70). After

445  the pairwise alignment result was obtained, we calculated the sequence similarity as the number of

446  matched nucleotides divided by the alignment length. For the measurement of leader or 5 UTR

447  sequence similarity between two genes within the same species, we performed an dl-to-all

448  comparison between all leader sequences corresponding to the two compared genes and cal culated

449  an average Smilarity for each gene pair. While for the sequence comparison between genes from

450  human and nonhuman species, we determined the homologous genes at first. The homologous

451  genein human for each allele of nonhuman species was determined by the sequence similarity and

452 the gene corresponding to the nearest alele in human was considered as its homologous gene. In
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453  thiscase, atypical gene in nonhuman species can have alleles with different homologous genesin

454 human. Thus a gene in nonhuman species can be homologous with multiple genes in human and

455 viceversa

456  Evaluation of functional relevance of UAUGs and leader sequence to gene expression

457 The functional relevance of UAUGs and |eader sequence to gene expression was investigated

458  in only human samples due to the limitation of sample size. To avoid the noise caused by

459  heterozygous 5’ UTR for agene, only genes with one unique 5’ UTR sequence were considered in

460  each sample. Besides, among samples, only genes with diversity in the number of uUAUGs and

461 having at least 5 samples in each group were finally included in the analysis. Applying these

462  criteriato all genes, we discovered 2 and 4 genes for heavy and light chain, respectively (Figure

463  5b and Supplementary figure 14). The gene filtration criteria for the evaluation of leader

464  sequences influence on gene expression is similar. In each sample, only genes with one unique

465  leader sequence were retained. Besides, among samples, only genes with at least two kinds of

466  leader sequences and shared at least two leader sequences with another were finally included. The

467  gene expression in each sample is calculated as the number of antibody sequences assigned a

468  typical genedivided by the number of all assigned antibody sequences.

469  Themeasurement of percentage of replacement and silent SNPs

470 Owing to the limited number of discovered leader sequence, we did not include RM into this

471  anaysis. To measure the percentage of replacement and silent SNPs, the SNP loci were firgly

472  determined by aligning leader sequences from the same genes and then identifying the

473  polymorphic positions. For heavy chain and lambda chain, only leader sequences of 57 bp were

474 considered, while for kappa chain only 60 bp. This length limitation makes the leader sequence
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475  aignment quite gtraightforward and at the same time retain the overwhelming majority of leader
476  diversity (Figure 2b). Then the SNP loci-associated codons were identified. For each SNP
477  loci-associated codon position (e. g. from 1 to 19 for heavy chain), the frequencies of different
478  codons were calculated. Each pair of codons will associate with a single SNP outcome, either
479  replacement or slent. Then for a certain codon position, its contribution to silent SNPs was
480  calculated as the sum of the product of the two frequencies for al codon pairs encoding the same
481  amino acids. Similarly, its contribution to replacement SNPs was calculated as the sum of the
482  product of the two frequencies for all codon pairs encoding different amino acids. Finally, the total
483  replacement or silent SNPs were the sums of the contributions of all SNP loci-associated codon
484  positions. The percentages of two kinds of amino acid conversion, namely intra-group conversion
485  and inter-group conversion, were determined in the same way, except that it considered only

486  replacement SNPs.

487  Nucleotideand amino acid diversity index (NDI and ADI) calculation

488 Only SNPs of human heavy chain leader were included in this analysis. We used NDI (or
489  ADI) to measure the nucleotide (or amino acid) diversity of each position. The diversity index was
490  supposed to reflect the conservation of each position in the leader. Both NDI (57 positions) and

491  ADI (19 positions) were based on the formula calculating Shannon index as follows:

S
H = - z pilnp;
i=1

492  where S represents the number of unique nucleotides or amino acids in a certain position and p;

493  representsthe proportion of ith nucleotide or amino acid.
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494  Mismatch comparison between known and novel leaders

495 In total 6 widely applied primer sets were included to compare the number of mismatches

496  between primers and known leaders in IMGT/GENE-DB with that between primers and novel

497  leaders found in this study. Therefore, the comparison considered only V dleles with both

498  discovered novel leaders and their complete counterparts in IMGT/GENE-DB. For each leader

499  sequence, we determined its optimal primer as well as the target region in each primer set by

500 pairwise aignment. This process also enables us to obtain the number of mismatches with its

501  optima primer. In this way, a maximum number of mismatches with optimal primers can be

502  obtained for each V gene (Supplementary Table 4).

503  Evaluation of primer amplification efficiency

504 Two amplification strategies (5’ RACE and multiplex PCR) were applied to the same sample

505 and the paired sequencing dataset were acquired usng NovaSeq 6000 sequencing system. We

506  genotyped and extracted the AUSs together with the starting 30 bp sequence of V alleles for the

507  sequenced sample using the RACE-derived dataset. For the multiplex-derived dataset, we also

508 employed MiXCR to annotate the antibody sequences. The antibody sequences assigned to V

509  dleles absent in the genotype were excluded at first. Then the contribution of each primer to one

510 of itstarget V aleles was measured as this V alele’s percentage of al the sequences targeted by

511  thisprimer. It isaso straightforward to calculate the mismatches between the primer and its target

512  V dlelesbased on the AUSs and partial sequences of V alleles. When correlating the contributions

513  with mismatches, we found aclear negative correlation between them (Figure 4e).

514 Software

515 In-house scripts were written in Python (v3.7.4) employing modules including numpy
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516  (v1.16.4), Biopython (v1.73), Levenshtein (v0.12.0) and pandas (v0.24.2). To visualize these
517  results, we employed modules seaborn (v0.9.1) and matplotlib (v3.0.2) as well as a sandalone

518  software, BioEdit Sequence Alignment Editor.

519
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627

628 Figurelegend

629 Figurel. The AUS identification pipeline. The AUS identification pipeline is comprised with six
630  steps, including i) V alele variant detection, ii) sequence annotation and assembly, iii) genotyping,
631 iv) identification of consensus sequences within clonotypes, v) identification of consensus
632  sequenceswithinV aleles, and vi) score-based filtration.

633

634  Figure2. Overview of the discovered AUSsfor heavy chain. (a) The composition of discovered
635 5 UTR and leader sequences. “Consistent” indicates sequences identical to those curated by
636 IMGT/GENE DB. “Unknown” indicates sequences whose corresponding alleles were not
637  provided with available AUSs. “Other” includes the rest four stuations, which were illustrated on
638  top of the donut charts. The number of novel sequencesis marked in the center of each donut chart.
639 (b) The length digtribution of discovered 5 UTR and leader sequences. The length and its
640  corresponding frequency were marked for each peak. (c) The distribution of the number of donors
641  sharing acertain sequence. Different colorsin (b) and (c) mean different groups and are consistent
642  withthosein (a). (d) Percentage of V genes as a function of the number of discovered 5 UTR and
643  leader sequences.

644

645  Figure 3. 5UTR and leader sequence similarity within human and between species. (a)
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646  5'UTR sequence identity between V genes. (b) Leader sequence identity between V genes. (c) The

647  number of shared 5'UTR sequences between V genes of different families. (d) The number of

648  shared leader sequences between V genes of different families. The side color bar indicates gene

649 families. (€) The correlation between SUTR or leader sequence identities and V allele sequence

650  identities between human and four nonhuman species. The line in each scatterplot represents the

651  fitted linear regression model. (f) V gene, 5UTR and leader sequence identity between human and

652  nonhuman species for antibody heavy chain. Genes were classified into core genes and noncore

653  genes according to Yang et d., 2019. r, Pearson's correlation coefficient; p, p value of the linear

654  modsd; **, p<0.01; ***, p<0.001.

655

656  Figure 4. Characterization of SNPs observed in discovered leader sequences. (a) The

657  percentage of silent (S) and replacement (R) SNPs for heavy chain. R/S ratio was marked beneath

658  each pieplot. (b) The percentage of intra-group and inter-group amino acid conversion. Note that

659  amino acids here were classified according to their polarities. (c) Positional nucleotide diversity

660  profile of leader sequences. The vertical lines mean the standard errors. Boxes in red represent the

661  third nucleotidesin codons. (d) The schematic representation of mismatches of published primers

662  with discovered leader sequences. (€) The correlation between the contribution to the overal

663  target sequences and the number of their mismatches with primers. (f, g) Schematic representation

664 of SNP-associated V gene functional reversals, including pseudo-to-functiona (f) and

665  functional-to-pseudo transitions (g).

666

667  Figure5. Functional relevance of UAUGs and leader sequences to gene expression. (a) The 5’
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668 UTR length comparison between uUAUG-containing group and uAUG-absent group in different

669  species. The red asterisks marked the chains with reversed length difference between two groups.

670  (b) Thefunctiona relevance of the number of UAUGsin 5" UTR sequences to gene expression for

671  human heavy chain V genes. (c) The functiona relevance of leader sequences to gene expression

672  for human heavy chain V genes. L1, L2, and L3 represent unique leader sequences. L1 and L2 in

673  different subplots are not necessarily the same. The number in the center of or on top of each bar

674  mean the number of samples in each group. The vertical lines mean the standard errors. n. a. not

675 available n. s, not significant (p>=0.5); *, p<0.05; **, p<0.01; ***, p<0.001.

676
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