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Abstract 34 

Study question: What are the molecular characteristics during the maturation process 35 

of the human fetal immune system in the third trimester of pregnancy? 36 

Summary answer: Both the diversity and length of complementarity determining 37 

region 3 (CDR3s) in the fetal TCRB repertoire were less than those of adult CDR3s, 38 

and the fetal CDR3 length increased with gestation weeks in late pregnancy. 39 

What is known already: The adaptive immune system recognizes various pathogens 40 

based on a large repertoire of T-cell receptors (TCR repertoire), but the maturation 41 

dynamics of the fetal TCR repertoire in the third trimester are largely unknown. The 42 

CDR3is the most diversified segment in the T-cell receptor β chain (TCRB) that binds 43 

and recognizes the antigen. 44 

Study design, size, and duration: This was a basic research to assess the composing 45 

characteristics of TCRBs in core blood and the dynamic pattern with fetal development 46 

in the third trimester of pregnancy. 47 

Participants/materials, setting, methods: High-throughput TCRB-enrichment 48 

sequencing was utilized to characterize the TCRB repertoire of cord blood at 24~38 49 

weeks of gestational age (WGA) with nonpreterm fetuses and to investigate their 50 

difference compared with that of adult peripheral blood. 51 

Main results and the role of chance: Compared to the adult control, the fetal TCRB 52 

repertoire had a 4.8-fold lower number of unique CDR3s, a comparable Shannon 53 

diversity index (p=0.7387), a lower mean top clone rate (p < 0.001) and a constrictive 54 

top 1000 unique clone rates. Although all kinds of TCRBV and TCRBJ genes present 55 

in adult CDR3s were identified in fetuses, nearly half of these fragments showed a 56 

significant difference in usage. Moreover, the fetal TCRB repertoire held a shorter 57 

CDR3 length, and the CDR3 length showed a progressive increase with fetal 58 
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development. Jensen‒Shannon (JS) divergences of TCRBV and TCRBJ gene usage in 59 

dizygotic twins were much lower than those in unrelated pairs. In the parental-fetal pair, 60 

JS divergence of TCRBV gene usage was not obviously different, while that of TCRBJ 61 

gene usage was only slightly lower. 62 

Limitations, reasons for caution: The sample size is limited due to the limited 63 

accessibility to cord blood in late pregnancy with healthy nonpreterm fetuses. 64 

Wider implications of the findings: Our findings reveal the unique properties of fetal 65 

TCRB repertoires in the third trimester, fill the gap in our understanding of the 66 

maturation process of prenatal fatal immunity, and deepen our understanding of the 67 

immunologically relevant problems in neonates. 68 

Study funding/competing interest(s): This work was supported by the National 69 

Natural Science Foundation of China (82171661) and Tianjin Municipal Science and 70 

Technology Special Funds for Enterprise Development (NO. 14ZXLJSY00320). The 71 

authors declare that they have no competing interests. 72 
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Introduction 76 

The ability of the adaptive immune system to recognize a wide variety of pathogens 77 

relies on a large repertoire of unique T-cell receptors (TCRs) (Qi et al., 2014). The TCR 78 

that mediates the response to antigenic peptide major histocompatibility complex 79 

(MHC) plays a major role in controlling the selection, function and activation of T cells 80 

(Han et al., 2014, Woodsworth et al., 2013). The T-cell receptor β chain (TCRB) 81 

consists of V, D, J, and C gene segments. Complementarity determining region 3 82 

(CDR3) generated by V-(D)-J recombination is the most diversified segment to bind 83 

and recognize the antigen. The diversity of the TCR repertoire mainly results from 84 

rearrangements of various gene segments, imprecise joining, the nibbling of germline 85 

nucleotides and the addition of N- and P-residues at the V-D-J junction sites (Casrouge 86 

et al., 2000, Garderet et al., 1998). The unique TCRB sequences of young adults have 87 

reached 100 million for a minimal estimate (Qi, Liu, Cheng, Glanville, Zhang, Lee, 88 

Olshen, Weyand, Boyd and Goronzy, 2014). 89 

Fetal immune system undergoes a developing process during the whole gestation 90 

(Park et al., 2020). Researchers have made great progress in profiling the ontogeny of 91 

the human immune system and have depicted the developmental dynamics of immunity 92 

in various fetal organs and blood circulation system during pregnancy, especially in the 93 

first and second trimesters of gestation(Feyaerts et al., 2022, Park, Jardine, Gottgens, 94 

Teichmann and Haniffa, 2020, Rechavi et al., 2015, Suo et al., 2022). Putative 95 

prothymocytes can be detected from 7 weeks, and T-cell precursors derived from the 96 

fetal liver then seed the thymus at 8-9 weeks(Holt and Jones, 2000). From 9.5 weeks, 97 

TCRB-positive cells emerge and increase and form over 90% of the CD7-positive 98 

population until birth (Campana et al., 1989). Mature T cells can be observed in the 99 

circulatory system at 15-16 weeks(Holt and Jones, 2000). Erez Rechavi and his 100 

colleagues collected fetal blood under fetal reduction and cardiocentesis between 12 101 

and 26 WGAs and revealed reduced diversity and uneven representation of clonotypes 102 

in the fetal T cell repertoire at early gestational age but a progressive increase in 103 

diversity and evenness with gestation weeks(Rechavi, Lev, Lee, Simon, Yinon, Lipitz, 104 

Amariglio, Weisz, Notarangelo and Somech, 2015). Meanwhile, although TCRB 105 
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repertoire diversity at later second and early third trimesters (22 to 26 WGA) was 106 

comparable with that in healthy infants, the average CDR-B3 length increased with 107 

gestation weeks and was significantly shorter than that in healthy infants(Rechavi, Lev, 108 

Lee, Simon, Yinon, Lipitz, Amariglio, Weisz, Notarangelo and Somech, 2015). The 109 

cord blood (CB) collected at delivery has been thoroughly studied in recent decades 110 

(Basha et al., 2014, Britanova et al., 2016, Fadel and Sarzotti, 2000, Guo et al., 2016, 111 

Harris et al., 1992, Zhao et al., 2019). It has been reported that the length of the third 112 

complementarity-determining region of the heavy chain (HCDR3) of cord blood 113 

progressively increases during the third trimester(Schroeder et al., 2001). Brian L. Le 114 

and his colleagues compared the TCRB repertoires of cord blood obtained from term 115 

and preterm deliveries (32.4 to 35.2 WGA) and showed shorter CDR3s and skewed 116 

usage of the V, D, J genes in preterm infants(Le et al., 2021). These studies suggested 117 

the ongoing maturation of fetal T cell-media adaptive immunity in the third trimester. 118 

However, emollient direct evidences was still absent, and the detailed characteristics of 119 

the T cell repertoire of healthy nonpreterm fetuses during this period remain largely 120 

unknown due to limited accessibility to samples. 121 

Multitudinous studies about immune repertoire were targeted on a limited number of 122 

sequences. (Schelonka et al., 1998, Schroeder, Zhang and Philips, 2001, Souto-Carneiro 123 

et al., 2005). The high-throughput sequencing of genes coding immune receptors 124 

enables researchers to perform a comprehensive assessment of the immune repertoire 125 

(Ghraichy et al., 2020, Guo, Wang, Cao, Yang, Liu, An, Cai, Du, Wang, Qiu, Peng, Han, 126 

Ni, Tan, Jin, Yu, Wang, Wang, Wang and Ma, 2016, Le, Sper, Nielsen, Pineda, Nguyen, 127 

Lee, Boyd, MacKenzie and Sirota, 2021). Although a previous study tried to apply 128 

high-throughput TRB/IGH enrichment sequencing to decode the characteristics of T 129 

and B-cell repertoires of fetal blood at different stages of pregnancy, the sample size 130 

was small, with only one sample in each of the four stages no later than 26 131 

WGA(Rechavi, Lev, Lee, Simon, Yinon, Lipitz, Amariglio, Weisz, Notarangelo and 132 

Somech, 2015). Here, we collected cord blood samples in the third trimester of 133 

pregnancy by cordocentesis and utilized high-throughput TCRB enrichment 134 

sequencing to comprehensively profile the unique characteristics of the fetal TCRB 135 
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repertoire during this period, as well as their differences compared with those of adults. 136 

 137 

Materials and Methods 138 

Ethical approval 139 

This study was conducted with ethical approval obtained from the Reproductive 140 

Study Ethics Committee of Peking University Third Hospital. (approved protocol no. 141 

2013SZ025). All participants provided written informed consent for participation. 142 

Sample collection and treatment 143 

Fetuses who were with or suspected of conditions known to have an effect on 144 

immune development or pregnant women who had ever suffered from immune-related 145 

diseases or received any immune-related therapy in the past months were excluded from 146 

this study. Adult controls were volunteers in BGI who had also received written 147 

informed consent. 148 

Thirteen pregnant women at an average age of 30.4 were recruited by PUTH, and 149 

some of them underwent cordocentesis for a higher risk for fetal aneuploidy or fetal 150 

ultrasound abnormality in pregnancy; nevertheless, the infants were phenotypically 151 

normal at delivery. A total of 14 cord blood samples were collected at 24 to 38 WGA 152 

(median gestational age, 28 weeks and 6 days) by PUTH, while the pregnant women 153 

were at delivery or underwent a cordocentesis. No immunodeficiency was documented 154 

in any of the families. In detail, in these fourteen cases, three samples were obtained 155 

after full-term born delivery (CB7, CB13, CB14), including a dizygotic twin pair (CB13 156 

and CB14), while the remaining eleven samples were collected during cordocentesis 157 

(details are provided in Table 1). 158 

Each sample with 1 mL to 2 mL of cord blood was stored in an EDTA-containing 159 

tube. Peripheral blood mononuclear cells (PBMCs) were isolated in two hours by using 160 

Ficoll Paque Plus (17-1440-02, GE Healthcare), deposited in RNAlater 161 

(Am7021#RNAlater Soln. INVITROGEN), and stored at -80°C. Equivalent peripheral 162 

blood samples from parents of CB5 and fourteen healthy adult controls (average age 163 

31.2 ± 2.8 years; no pregnant women) were handled in the same way. 164 

 165 
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Library construction 166 

Total RNA was extracted from PBMCs according to the manufacturer’s protocol 167 

(80204, AllPrep DNA/RNA Mini Kit, QIAgen) and evaluated using an Agilent 2100 168 

Bioanalyzer (5067-1513, Agilent RNA 6000 Pico Kit). After DNase I (M0303S, 169 

NEB)treatment, reverse transcription was performed using 200 ng of total RNA mixed 170 

with 20 ng random hexamer primer, 1 μL dNTP mix (10 mM each, N201L, 171 

ENZYMATICS), and DEPC-treated water(AM9915G, AMBION) to make a total 172 

volume of 12 μL. The samples were incubated for 5 minutes at 65°C and quickly chilled 173 

on ice. The contents of the tube were collected by brief centrifugation, and 4 μL 5X 174 

first-Strand Buffer, 1 μL DTT (0.1 M), and 1 μL RNaseOUT (40 units/μL,10777019, 175 

INVITROGEN) were added. The contents were gently mixed and then incubated at 176 

25°C for 2 minutes. After the addition and mixing of 1 μl SuperScript™ II RT(18080-177 

044, INVITROGEN), RT was performed at 42°C for 50 minutes before heat 178 

inactivation at 70°C for 15 minutes. Subsequently, 5 μl of the reverse transcribed 179 

products was amplified with the Vβ forward primers and Jβ reverse primer set pools 180 

(0.2 μΜ each) using a Multiplex PCR Kit (206143, QIAGEN, Germany). The following 181 

PCR program was used: 1 cycle of 95°C for 15 minutes, 25 cycles of denaturation at 182 

94°C for 30 s, annealing at 60°C for 90 s, and extension for 30 s at 72°C. The last step 183 

was final extension for 5 minutes at 72°C and then cooling to 12°C. Size selection was 184 

also used for purification of 100 bp-200 bp PCR products by QIAquick Gel Extracton 185 

(28706, QIAGEN, Germany). 186 

DNA library preparation followed the manufacturer’s instructions (PE-402-4001, PE 187 

HiSeq 2500 Flow Cell ,Illumina) as described previously (Wang et al., 2008). We used 188 

the same workflow as described elsewhere to perform cluster generation, template 189 

hybridization, isothermal amplification, linearization, blocking and denaturization and 190 

hybridization of the sequencing primers. Paired-end sequencing of samples was carried 191 

out with a read length of 100 bp using the Illumina Hiseq2500 platform. In total, we 192 

obtained an average of 8.85 M raw reads for each sample. 193 

Analysis of Illumina sequence data 194 

We first merged the high-quality paired reads using COPE and FqMerger (BGI) and 195 
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designated the results as contigs. Then, we seted a reference directory constituted by 196 

sets of sequences that contain the human (Homo sapiens) TCRB V-REGION, D-197 

REGION and J-REGION alleles (http://www.imgt.org/). The TCR CDR3 region as 198 

defined by the International ImMunoGeneTics (IMGT) collaboration begins with the 199 

second conserved cysteine encoded by the 3 portion of the V gene segment and ends 200 

with the conserved phenylalanine encoded by the 5 portion of the J gene segment. The 201 

TCRB CDR3 regions were identified within the sequencing reads according to the 202 

definition established by the IMGT collaboration (Giudicelli and Lefranc, 2011). 203 

Finally, we obtained an average of 8.41 M reads for each sample. TPM normalization 204 

was used before the comparison between the samples. More details in the analysis of 205 

Illumina sequence data have been reported in the literature (Han et al., 2015, Zhang et 206 

al., 2015). 207 

Statistical methods 208 

Statistical analysis was performed, and graphs were made using the R statistical 209 

programming language (version 2.15.3) and package ggplot2 (version 0.9.3.1). The P 210 

value was calculated using the Mann‒Whitney test or t test, and a single asterisk (*) 211 

indicates p ≤ 0.05, double asterisks (**) indicate p ≤ 0.01, and triple asterisks (***) 212 

indicate p ≤ 0.001. p <0.05 was regarded as significant. 213 

Jensen‒Shannon divergence (JS divergence) was defined as follows: 214 
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Results 223 

Reduced diversity and even distribution of the TCRB repertoire in fetuses 224 

compared with adults 225 

As each unique CDR3 sequence denoted a T-cell clone (Thapa et al., 2015), we 226 

assessed the number of unique CDR3 by uniform random sampling of 4 million reads 227 

from each sample in each group to compare the diversity of the TCRB repertoire 228 

between fetuses and adults. We found that the number of unique CDR3s in the fetus 229 

group was 4.8-fold lower than that in the adult group [n ± SD of 46625.57±21889.59 230 

vs 222486.8 ±76738.86, p < 0.001] (Fig. 1A), indicating that the TCRB repertoire of 231 

the fetus had a reduced diversity. 232 

Shannon entropy was one of the most widely used parameters to assess the immune 233 

repertoire diversity, as it integrated not only the number of unique CDR3s but also the 234 

relative proportion of each unique CDR3(Six et al., 2013); the higher the Shannon's 235 

diversity index was, the more equal the distribution of each unique CDR3. As shown in 236 

Fig. 1B, the Shannon's diversity index of the fetus group and adult group was 237 

comparable (p=0.7387). The combination of the reduced diversity and comparable 238 

Shannon's diversity index suggested that the distribution of unique CDR3 in the fetus 239 

was more even. As the frequencies of dominant clones had a significant impact on the 240 

overall distribution of clones, we compared the top clone rate in each group. The mean 241 

value of the top one clone rate in the fetus group was 0.28%, which is significantly 242 

lower than the 7.16% in the adult group (p < 0.001) (Fig. 1C). Moreover, to assess 243 

whether the top one clone was just an exception, we further analysed the top 1000 244 

unique clone rates. According to the results, the rates of all these unique clones were in 245 

a narrower range (0.008-0.629%) in the fetus than those in adults (range 0.004-13.82%) 246 

(Fig. 2), indicating a more even distribution of clones in the fetal TCRB repertoire. 247 

Furthermore, we classified 14 fetuses into three teams (T), T1 (24-27 WGA), T2 (32-248 

33 WGA) and T3 (37-38 WGA), and compared the VJ pairing pattern (3D format) 249 

between the representative fetus selected randomly from each team and three control 250 

adults. The results confirmed the more even distribution in the fetal TCRB repertoire 251 

than in the adult TCRB repertoire (Fig S1). 252 
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Divergent TCRBV and TCRBJ gene usage of CDR3 in fetus and adult 253 

As TCRB CDR3 in the fetus demonstrated a reduced diversity and a more even 254 

distribution of unique clones, we assessed the preferential usage of certain V gene and 255 

J gene segments by calculating the proportion of sequences belonging to a specific V 256 

gene and J gene family. According to the results, all 48 TCRBV genes and 13 TCRBJ 257 

genes presented in adult CDR3 were identified in fetuses, while the frequencies of both 258 

TCRBV genes and TCRBJ gene usages were apparently different in the fetus and adult 259 

groups (Fig. 3). Nearly half (25/48) of the TCRBV genes showed a significant 260 

divergence (p < 0.001) between the two groups, among which 15 genes were 261 

significantly overrepresented, and 10 genes were underrepresented. TCRBV genes with 262 

higher usage in adults (n=12, frequency > 0.025%) were also used frequently in the 263 

fetus, despite a lower frequency. Similarly, a comparable proportion (6/13) of the 264 

TCRBJ gene segments showed a significant divergence (p < 0.001), apart from 265 

TCRBJ1-4 and TCRBJ2-4, all of which were overrepresented. No preferential usages 266 

of the D-proximal or D-distal TCRBV gene family and TCRBJ gene family were 267 

observed in our study. 268 

Shorter CDR3 length in the fetus compared with the adult 269 

The length of the CDR3 region had a major effect on the three-dimensional structure 270 

of the CDR3 loop and therefore antigen binding specificity(Manfras et al., 1999). 271 

According to the analysis of CDR3 length of expressed TCRB sequences, we found 272 

that fetuses hold a shorter CDR3s compared with adult controls (Fig. 4A), and the 273 

average length was 11.41 ± 0.33 nt and 12.08 ± 0.20 nt, respectively. 274 

As significant differences in CDR3 length existed between the adult and fetus groups, 275 

we wondered whether there were some differences along with gestational ages. The 276 

mean CDR3 lengths of T1, T2 and T3 were 11.20 nt, 11.59 nt and 11.72 nt (Fig. 4B), 277 

respectively, showing a progressive increase in length along with fetal development. 278 

To find out the probable reasons behind the length differences, we analysed the deletion 279 

and addition of nucleotides during the formation of the junctions between V, D and J 280 

gene segments (Fig. 4C). The mean value of nucleotide deletions in the fetus was 9.73 281 

± 1.10 nt, while in adults, the value was 11.98 ± 0.47 nt. The number of nucleotide 282 
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deletions from the 3’ end of TCRBV, the 5’ and 3’ ends of TCRBD, and the 5’ end of 283 

TCRBJ were further examined. We found that the fewer deletions from the 5’ ends of 284 

TCRBD and the 5’ ends of TCRBJ were mainly responsible for the fewer total deletions 285 

(p < 0.001). The mean value of nucleotide additions in the fetus sample was 2.14 ± 0.93 286 

nt, while for adult controls, the mean number was 4.03 ± 0.40 nt. Slightly more 287 

nucleotides were added at the VD junction than at the DJ junction in both the fetus and 288 

adult. Ultimately, taking two factors into account, much fewer nucleotide additions 289 

resulted in a shorter net median CDR3 length in the fetus sample. 290 

Relationship of TCRB repertoires in a pedigree 291 

As genetic factors had an important impact on the initial recombination and selection 292 

in the thymus (Zvyagin et al., 2014), we wondered whether there were some potential 293 

relationships of TCRB repertoires in a pedigree. We used cord blood samples from a 294 

dizygotic twin (CB13 and CB14) and peripheral blood samples from parents of CB5 295 

and quantified the similarity between the TCRBV gene and TCRBJ gene usage in the 296 

related and unrelated pairs by Jensen‒Shannon (JS) divergence. Lower JS divergence 297 

indicated more similar TCRBV or TCRBJ gene distributions. We calculated the JS 298 

divergence of the TCRBV gene and TCRBJ gene usage in TCRB repertoires in any 299 

possible pairs formed by ten individuals, including a dizygotic twin, a parents-fetus pair, 300 

and six unrelated fetuses. As shown in Fig. 5, both TCRBV gene and TCRBJ gene 301 

usage for TCRB clones were more similar in the dizygotic twin (CB13 and CB14) 302 

compared with other individuals, with ~10 times and ~50 times lower JS divergence, 303 

respectively (Fig. 5, bars 3, 4; Fig. S2). However, in the parental-fetal pair (CB5), the 304 

JS divergence of TCRBV gene usage was not obviously different from the unrelated 305 

divergence, while a slightly lower JS divergence was observed in TCRBJ gene usages 306 

(Fig 5, bars 6, 7, 8). Overall, the JS divergence of TCRBV or TCRBJ among fetuses 307 

was much closer, whereas it was divergent between adults and fetuses. 308 

Discussion 309 

The diversity of TCRB repertoires of different age groups, including neonates, 310 

children, adults, and elderly individuals, has been previously published in many works 311 

(Basha, Surendran and Pichichero, 2014, Britanova et al., 2014, Garcia et al., 2000, 312 
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Goronzy and Weyand, 2005, Qi, Liu, Cheng, Glanville, Zhang, Lee, Olshen, Weyand, 313 

Boyd and Goronzy, 2014). The TCRB repertoires underwent progressive maturation 314 

starting in early gestation (Park, Jardine, Gottgens, Teichmann and Haniffa, 2020, 315 

Rechavi, Lev, Lee, Simon, Yinon, Lipitz, Amariglio, Weisz, Notarangelo and Somech, 316 

2015), the profiles of which were relatively less reported due to the difficulties in 317 

sample acquisition (Rechavi, Lev, Lee, Simon, Yinon, Lipitz, Amariglio, Weisz, 318 

Notarangelo and Somech, 2015). Cord blood samples could be used to characterize the 319 

initial frequency and clonal diversity of naive T-cell populations in the fetus, as they 320 

emerge from the human thymus and likely before being exposed to any foreign 321 

antigens(Moon and Jenkins, 2015). In this study, we systematically assessed the TCRB 322 

repertoire of cord blood obtained from 23 WGA to 38 WGA and revealed significant 323 

difference between fetus and adult control in the diversity, V gene and J gene usage and 324 

CDR3 length. Additionally, we analysed the properties of TCRB repertoires in a 325 

pedigree using a dizygotic twin and parental-fetal pair, which had not been reported 326 

earlier. 327 

It has been reported that the TRB repertoire of fetal blood in the first trimester is 328 

more restricted than that in the late second and early third trimesters (Rechavi, Lev, Lee, 329 

Simon, Yinon, Lipitz, Amariglio, Weisz, Notarangelo and Somech, 2015). Our results 330 

further demonstrated the reduced diversity of TCRB repertoires in cord blood in the 331 

third trimester compared with that of adult control, which was indicated by the 4.8 times 332 

lower average number of unique fetal CDR3. The comparable Shannon's diversity 333 

indexes between fetus and adult control and the lower rates of the top one clone and the 334 

top 1000 unique clones in fetus together deduced the more even distribution of the 335 

clones in the fetal TCRB repertoire. Meanwhile, both our results and another study 336 

revealed that the TCR repertoire of CB at delivery was also less complex than that of 337 

adult blood (Alfani et al., 2000). The lower diversity and more even distribution profile 338 

might reflect the naive nature of T lymphocyte cells in the fetus, indicating that these T 339 

cells in CB had not been previously exposed to a high level of antigenic stimulation, 340 

while in adults, dominant clonal expansions could generally be considered the hallmark 341 

of the antigenic stimuli received throughout life(Garderet, Dulphy, Douay, Chalumeau, 342 
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Schaeffer, Zilber, Lim, Even, Mooney, Gelin, Gluckman, Charron and Toubert, 1998). 343 

In terms of the CDR3 sequence, diversity is generated centrally through the assembly 344 

of V, D and J gene segments and nucleotide trimming plus addition at the junctional 345 

region(Le, Sper, Nielsen, Pineda, Nguyen, Lee, Boyd, MacKenzie and Sirota, 2021, 346 

Schatz and Ji, 2011). All TCRBV and TCRBJ genes in adults have been used in human 347 

fetal life, while each frequency was apparently different. The different usage in the V, 348 

D and J gene segments of TCRs compared to that of adults was also mentioned in other 349 

studies about the TCR repertoire of cord blood(Guo, Wang, Cao, Yang, Liu, An, Cai, 350 

Du, Wang, Qiu, Peng, Han, Ni, Tan, Jin, Yu, Wang, Wang, Wang and Ma, 2016, Rechavi, 351 

Lev, Lee, Simon, Yinon, Lipitz, Amariglio, Weisz, Notarangelo and Somech, 2015). 352 

Meanwhile, as described in previous studies (Garderet, Dulphy, Douay, Chalumeau, 353 

Schaeffer, Zilber, Lim, Even, Mooney, Gelin, Gluckman, Charron and Toubert, 1998, 354 

Murray et al., 2012, Raaphorst et al., 1994), nonrandom usage of TCRBV and TCRBJ 355 

genes also existed in our studies. Unlike the preferential usage of DH-proximal IGHV 356 

and DH-proximal IGHJ gene segments in the fetal B-cell repertoire(Rechavi, Lev, Lee, 357 

Simon, Yinon, Lipitz, Amariglio, Weisz, Notarangelo and Somech, 2015), no 358 

preferential usages of D-proximal or D-distal TCRBV and TCRBJ gene families were 359 

observed in the fetal TCRB repertoire in our study, indicating that their expression 360 

patterns did not correlate with their relative chromosomal position to TCRD gene 361 

segments, as was the case in adults(Lai et al., 1988). 362 

It has been widely reported that the fetus has a shorter CDR3 length than the adult 363 

(George and Schroeder, 1992, Guo, Wang, Cao, Yang, Liu, An, Cai, Du, Wang, Qiu, 364 

Peng, Han, Ni, Tan, Jin, Yu, Wang, Wang, Wang and Ma, 2016, Rechavi and Somech, 365 

2017, Souto-Carneiro, Sims, Girschik, Lee and Lipsky, 2005), which to some extent 366 

may limit the diversity of the CDR3 region and thus further reduce the diversity in 367 

immune cell clones. The addition and deletion of nucleotides could increase the 368 

diversity of CDR3 significantly during the formation of the junctions between gene 369 

segments, known as junctional diversity(Saada et al., 2007). Both the T-cell lineage and 370 

B-cell lineage used terminal deoxynucleotidyl transferase (TdT) to add nucleotides and 371 

probably used the same exonuclease to delete nucleotides from the coding 372 
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region(Feeney, 1991). As the expression of these enzymes was developmentally 373 

regulated during ontogeny(George and Schroeder, 1992), the junctional diversity in 374 

early ontogeny was more restricted than that in adults. Consistent with previous studies 375 

(Britanova, Shugay, Merzlyak, Staroverov, Putintseva, Turchaninova, Mamedov, 376 

Pogorelyy, Bolotin, Izraelson, Davydov, Egorov, Kasatskaya, Rebrikov, Lukyanov and 377 

Chudakov, 2016, Feeney, 1991, George and Schroeder, 1992, Guo, Wang, Cao, Yang, 378 

Liu, An, Cai, Du, Wang, Qiu, Peng, Han, Ni, Tan, Jin, Yu, Wang, Wang, Wang and Ma, 379 

2016), our results showed fewer nucleotide deletions but fewer nucleotide additions in 380 

the CDR3 of the fetus, which might lead to reduced junctional diversity and make the 381 

CDR3 sequence much closer to the germline in configuration. The dense sampling by 382 

cordocentesis across the third trimester enabled us to depict the compelling increase in 383 

CDR3 length (T1, T2 and T3), which might be in accordance with the elevated 384 

expression of related enzymes. The length of CDR3s of TCRB repertoires of cord blood 385 

in term was also longer than that in preterm blood (Le, Sper, Nielsen, Pineda, Nguyen, 386 

Lee, Boyd, MacKenzie and Sirota, 2021). For the CDR3 of the heavy chain of 387 

immunoglobulin molecule of cord blood, the length of HCDR3 in the third trimester 388 

increased with gestation weeks, and the junctional diversity could reach adult levels 389 

approximately two months after birth(Schroeder, Zhang and Philips, 2001). A similar 390 

case was also demonstrated in the intestinal TCR-delta repertoire (Holtmeier et al., 391 

1997). 392 

Gene usage in both BCR and TCR repertoires has been reported to be strongly 393 

influenced by genetic factors (Glanville et al., 2011, Zvyagin, Pogorelyy, Ivanova, 394 

Komech, Shugay, Bolotin, Shelenkov, Kurnosov, Staroverov, Chudakov, Lebedev and 395 

Mamedov, 2014). Twins, especially monozygotic twins who have a similar genetic 396 

identity, have been used as models to investigate the role of heredity and the 397 

environment in human immunity (Salvetti et al., 2000). Zvyagin, et al. found that the 398 

usage of particular TCRBV genes is strictly determined by genetic factors, while 399 

TCRBJ genes were selected randomly for recombination in monozygotic twin pairs 400 

(Zvyagin, Pogorelyy, Ivanova, Komech, Shugay, Bolotin, Shelenkov, Kurnosov, 401 

Staroverov, Chudakov, Lebedev and Mamedov, 2014). Hidetaka Tanno et al. further 402 
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verified a more pronounced genetic influence on paired TCRαβ sequences in 403 

monozygotic twin pairs (Tanno et al., 2020). In this study, we also analysed the potential 404 

special properties of TCRB repertoires in a pedigree, including a dizygotic twin and a 405 

parental-fatal pair. We found that both the usages of TCRBV and TCRBJ genes in twins 406 

were more similar than those in other unrelated individuals, indicating that genetic 407 

factors could influence the selection of gene segments during recombination despite 408 

less common genetic identity in dizygotic twins. As the TCRBV and TCRBJ 409 

frequencies might be skewed by antigen encounter(Freeman et al., 2009), the cord 410 

blood sample used in our study could better represent the innate TCRBV and TCRBJ 411 

usage compared with adult twins. Meanwhile, no obviously closer relationship was 412 

observed in the TCRBV gene usage analysis of the maternal-fetal pair. This was in 413 

accordance with previous observations performed using mother-child pairs (Putintseva 414 

et al., 2013). Changlong Guo et al. also suggested that the TRB-/IGH-CDR3 repertoire 415 

of cord blood was not affected by the corresponding maternal immune status in multiple 416 

aspects(Guo, Wang, Cao, Yang, Liu, An, Cai, Du, Wang, Qiu, Peng, Han, Ni, Tan, Jin, 417 

Yu, Wang, Wang, Wang and Ma, 2016). However, there is a higher prevalence of 418 

convergent TCR-β clones between infants and mothers in preterm than that in term (Le, 419 

Sper, Nielsen, Pineda, Nguyen, Lee, Boyd, MacKenzie and Sirota, 2021). A slightly 420 

closer relevance of TCRBJ gene usage was also identified in our parental-fetal pair. 421 

Thus, more parental-fetal pair samples should be examined to confirm the results. 422 

In summary, we comprehensively profiled the distinct characteristics of the TCRB 423 

repertoire of cord blood in late pregnancy using high-throughput TCRB enrichment 424 

sequencing. Compared to the adult control, the fetus displayed reduced repertoire 425 

diversity, a more even distribution of clones, and a shorter CDR3 length. The CDR3 426 

length increased with fetal development. The fetus held a nonrandom usage of TCRBV 427 

and TCRBJ genes, nearly half of which were significantly different from those in adults. 428 

The differences between fetuses and adults might be attributed to the far lower exposure 429 

to antigens in utero and the ongoing maturation of the fetal immune system. These 430 

findings fill up vacancy of the features and perception about the development of fetal T 431 

cell repertoires in the third trimester of pregnancy and deepen our understanding of the 432 
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health problem associated with adaptive immunity in neonates. 433 
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 578 

Figure legends 579 

Figure 1. Diversity of the TCRB repertoire in cord blood and adult peripheral 580 

blood. (A) Variance analysis of the number of unique CDR3 clones in cord blood and 581 

adult peripheral blood TCRB repertoires. The unique CDR3 clone number was 582 

calculated using 4 million random reads for normalization (p<0.001). (B) Variance 583 

analysis of Shannon's diversity index in cord blood and adult peripheral blood TCRB 584 

repertoires (p=0.7387). (C) Variance analysis of the top one clone rate in cord blood and 585 
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adult peripheral blood TCRB repertoire (p<0.001). *p<0.05, **p<0.01, ***p<0.001 586 

according to two-tailed t test. 587 

Figure 2. The frequency of the top 1000 CDR3 clones. (A-B) The frequency of each 588 

clone was determined by calculating the number of reads for each clone divided by the 589 

total number of filtered sequencing reads in the sample. The scale of the y-axis was 590 

adjusted to an equivalent percentage. Each dot represents a unique clone, and the gray 591 

line represents a frequency of 1%. (A) Fourteen CB samples. (B) Fourteen adult controls. 592 

Figure 3. Usage profile of TCRBV and TCRBJ gene families. (A-B) Usage profiles 593 

of the TCRBV and TCRBJ gene families were assessed by calculating the proportion of 594 

sequences belonging to a specific V gene and J gene family (Mann‒Whitney test). (A) 595 

Variance analysis of TCRBV gene usage in the CB and adult control groups. (B) 596 

Variance analysis of TCRBJ gene usage in the CB and adult control groups. 597 

Figure 4. The average CDR3 length in the TCRB repertoire in the CB and adult 598 

control groups. (A) Variance analysis of the average length of CDR3 in nucleotides (bp) 599 

(p<0.001, unpaired two-tailed t test). (B) Variance analysis of the average length of three 600 

teams, T1 (24-27 WGA), T2 (32-33 WGA), and T3 (37-38 WGA). (C) Variance analysis 601 

of the average length of different components of CDR3. V3’, D5’, D3’, and J5’ represent 602 

the nucleotide deletion at the 3’ end of TCRBV, the 5’ end of TCRBD, the 3’ end of 603 

TCRBD and the 5’ end of TCRBJ, respectively; VD and DJ represent the nucleotide 604 

addition at the TCRBV-TCRBD junction and the TCRBD-TCRBJ junction, respectively. 605 

Figure 5. JS divergence for TCRBV and TCRBJ gene usage. (A-B) Jensen‒Shannon 606 

(JS) divergence was used to quantify the similarity between the TCRBV gene and 607 
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TCRBJ gene usage in each related and unrelated pair. Ten samples were selected, 608 

including a pair of dizygotic twin fetuses (red dots), a parental-fetal pair (father, mother 609 

and fetus; green dots), and unrelated fetuses (gray dots). (A) JS divergence for TCRBV 610 

gene usage of in-frame clones. (B) JS divergence for TCRBJ gene usage of in-frame 611 

clones. 612 

Supporting Information 613 

Figure S1. TCRB repertoire diversity in the VJ pairing pattern (3D format). (A-F) 614 

Visual assessment of the global TCR diversity in the VJ pairing pattern is presented. 615 

We selected one sample from each team as a representative, CB1, CB8 and CB7 (A, C, 616 

E), and three control samples (B, D, F). 617 

Figure S2. Profile of TCRBV and TCRBJ gene usage in dizygotic twin fetuses. (A-618 

B) TCRBV and TCRBJ gene usage in a dizygotic twin fetus is presented. The number 619 

of CDR3 sequences belonging to a specific V gene and J gene family was calculated. 620 

(A) CB13; (B) CB14. 621 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 12, 2022. ; https://doi.org/10.1101/2022.09.08.506871doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.08.506871
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 12, 2022. ; https://doi.org/10.1101/2022.09.08.506871doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.08.506871
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 12, 2022. ; https://doi.org/10.1101/2022.09.08.506871doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.08.506871
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 12, 2022. ; https://doi.org/10.1101/2022.09.08.506871doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.08.506871
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 12, 2022. ; https://doi.org/10.1101/2022.09.08.506871doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.08.506871
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 12, 2022. ; https://doi.org/10.1101/2022.09.08.506871doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.08.506871
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 12, 2022. ; https://doi.org/10.1101/2022.09.08.506871doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.08.506871
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 12, 2022. ; https://doi.org/10.1101/2022.09.08.506871doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.08.506871
http://creativecommons.org/licenses/by-nc-nd/4.0/

