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Abstract 

Allogeneic hematopoietic stem cell transplantation (HSCT) is a curative treatment for diverse inherited and 

acquired immuno-hematological disorders. While quantitative B-cell recovery is well characterized, qualitative 

reconstitution of the B-cell receptor (BCR) repertoire, particularly in pediatric patients, remains incompletely 

defined. We delineated longitudinal reconstitution of naïve and antigen-experienced immunoglobulin heavy chain 

(IGH) repertoires during the first two years after pediatric HSCT. Peripheral blood mononuclear cells from 10 

pediatric patients were analyzed at 3, 6, 12, and 24 months post-HSCT and compared with age-matched healthy 

donors. High-throughput sequencing of IGH transcripts was performed to assess V(D)J gene usage, repertoire 

diversity, junctional characteristics, somatic hypermutation (SHM), and clonal architecture across naïve and 

antigen-experienced compartments. 

The naïve IGHM repertoire demonstrated broad, unbiased IGHV, IGHD, and IGHJ gene usage as early as 3 

months post-HSCT, with diversity and junctional features comparable to controls. In contrast, antigen-

experienced repertoires (IGHG and IGHA) showed reduced SHM frequencies and diminished N-nucleotide 

insertions during the first year, normalizing by 24 months. Despite delayed SHM accumulation, targeting of 

activation-induced cytidine deaminase and polymerase η motifs and replacement-to-silent mutation ratios were 

preserved, indicating intact molecular affinity maturation. Clonal expansions were detectable in class-switched 

compartments but did not compromise overall repertoire diversity. 

These findings indicate early establishment of a diverse naïve IGH repertoire after pediatric HSCT, followed by 

gradual maturation of antigen-experienced repertoires, resembling key features of physiological B-cell 

development. 

 

  



Introduction 

Allogeneic hematopoietic stem cell (HSC) transplantation (HSCT) is an established therapy for various inherited 

and acquired disorders of the hematopoietic system. Following a brief period of conditioning regimen-induced 

pancytopenia, innate immune cells typically demonstrate rapid recovery within weeks post-HSCT while recovery 

of lymphopoiesis can take up to several months.1, 2 Post-HSCT, higher B-cell counts have been associated with 

improved survival but were also implicated in the development of severe acute graft-versus-host disease 

(GvHD).3-5 Conversely, slow B-cell recovery counts leave patients vulnerable to infections and impact vaccination 

responses.1, 6-8 In previous studies, quantitative recovery of naïve and memory B-cell subsets was shown to be 

most impacted by the age of donors and recipients9-11. Recent consensus recommendations have emphasized 

monitoring of quantitative immune recovery parameters after transplantation12, yet optimal adaptive humoral 

defense and immune homeostasis is not only determined by B-cell quantities and their reached stages of 

maturation but also by their diversity and antigen-binding profile of the antibody pool they produce. Previous 

work has highlighted persistent defects in the memory B-cell compartment following HSCT, including studies by 

Storek et al. demonstrating impaired humoral immunity and delayed recovery of antigen-experienced B cells.1 

Repertoire analyses have already proven valuable in evaluating immune fitness in immunodeficiencies like RAG 

deficiency, CVID and others as well as during fetal development.13-19 However, relatively few studies have 

comprehensively characterized qualitative B-cell receptor (BCR) repertoire reconstitution after HSCT using high-

throughput sequencing approaches, and many studies have instead focused on quantitative immune recovery or 

the T-cell receptor repertoire.20 

The naïve B-cell receptor repertoire is formed during B-cell development in the bone marrow and fetal liver via 

recombination of the variable (V), diversity (D) and joining (J) genes in the immunoglobulin heavy chain locus 

(IGH), and V:J gene-recombination of the Ig kappa and lambda light chain loci (IGK and IGL). Recombination 

and usage of various V, (D,) and J genes of an Ig heavy and light chain together with exonuclease trimming and 

random nucleotide addition by terminal deoxynucleotidyl transferase (TdT) at the V:D and D:J junctions result in 

a highly diverse BCR repertoire.21, 22 The highest degree of diversity is reflected in the IGH complementarity-

determining region 3 (CDR3), where the V, D and J genes join. The CDR3 region is commonly used to study 

BCR repertoire diversity. Intrinsic biases in gene usage, processing and selection mechanisms of the naïve BCR 

repertoire remove potentially autoreactive B cells.23 When emerging from the bone marrow, the first naïve B cells 

will migrate to the secondary lymphoid organs and upon antigen recognition undergo additional affinity 



maturation and specification in the germinal centers, where somatic hypermutation (SHM) in the variable domains 

and class-switch recombination from IgM, to IgG, IgA or IgE takes place, together shaping the antigen-

experienced BCR repertoire. This developmental sequence provides a physiological framework against which 

post-transplant B-cell repertoire reconstitution can be evaluated. 

Previous studies investigating BCR repertoire recovery after HSCT have consistently reported delayed maturation 

of the antigen-experienced compartment, although differences have been described regarding the timing of 

repertoire normalization.24-26 Studies have shown that diversity of the antigen-experienced BCR repertoire remains 

reduced during the first two years post-HSCT, accompanied by persistence of B cells carrying somatically 

hypermutated B-cell receptors.26, 27 In contrast, others report that the antigen-experienced repertoire in children 

reaches a polyclonal state similar to healthy donors approximately 6 months after HSCT, although the timing 

varies depending on transplant type and immunosuppressive therapy25. Although these studies provided important 

insights into post-transplant B-cell reconstitution, they predominantly employed CDR3 spectratyping and Sanger 

sequencing. An in-depth longitudinal evaluation of BCR repertoire diversity, clonal composition and affinity 

maturation using next-generation sequencing remains lacking. Taken together, the published data suggest that 

overall BCR repertoire diversity post-HSCT is initially reduced. However, the timeframe required for 

normalization of repertoire diversity remains incompletely defined, particularly with respect to potential 

differences between naïve and antigen-experienced compartments. To address this, we performed high-throughput 

targeted-messenger RNA sequencing of rearranged immunoglobulin heavy (IGH) gene transcripts, shortly BCR 

repertoire sequencing (NGS) on peripheral blood mononuclear cells (PBMCs) collected from pediatric patients at 

3-, 6-, 12- and 24-months post-HSCT. We find that the naïve BCR repertoire is already highly diverse at 3 months, 

but observe notable differences in memory BCR repertoire diversity, clonality and affinity maturation. These data 

provide valuable insight into two-year longitudinal naïve and antigen-experienced BCR repertoire reconstitution 

after transplant and establish a framework for future studies evaluating qualitative aspects of humoral immune 

recovery in patients undergoing HSCT or gene therapy. 

Methods 

Patients and healthy donors 

Peripheral blood samples were collected from ten pediatric patients who underwent allogeneic HSCT between 

January 2004 and December 2018. Patients with B-cell counts <100 cells*106/L at 3 months post-HSCT were 



excluded from the study to ensure sufficient material for reliable repertoire analysis. Samples were obtained during 

routine follow-up visits with written informed consent, as part of the LUMC-WAKZ biobank, and in accordance 

with the protocol approved by said biobank and the LUMC ethics committee (P.01.028). Ten age-matched healthy 

donors served as a benchmark for physiological repertoire architecture and maturation rather than as a clinically 

matched control group. 

Next-generation sequencing library 

Peripheral blood mononuclear cells (PBMCs) were isolated using standard Ficoll-Isopaque density separation. 

Total RNA was isolated using the GenElute™ Total RNA Purification Kit (Sigma-Aldrich, St. Louis, MO, USA) 

according to the manufacturer's instructions, including the DNase I step (Sigma-Aldrich). Full-length cDNA 

libraries were generated using approximately 2μg of purified RNA with the SuperScript™ II Reverse 

Transcriptase kit (ThermoFisher Scientific, Walham, MA, USA). For amplification of immunoglobulin heavy 

chain (IGH) transcripts, a multiplex PCR was performed using forward IGHV1-6 FR1 (BIOMED-2) primers and 

CgCH1, IGHCG or IGHCA reverse primers using equal cDNA input.28, 29 Agarose gel electrophoresis with 

MinElute gel extraction (Qiagen, Valencia, CA, USA) was used for product purification. Subsequently, all 

samples were pooled equimolarly and purified with Agencourt AMPure XP beads (Beckman Coulter, Fullerton, 

CA, USA). Sequencing adapters were ligated with the KAPA HyperPrep Kit (Roche Sequencing, Pleasonton, 

CA, USA). Sequencing was performed on the Illumina MiSeq with the MiSeq Reagent Kit v3 (Illumina, San 

Diego, USA). 

BCR repertoire analysis 

Raw IGH sequences were demultiplexed and end-trimmed to remove primer sequences. Paired-end reads were 

merged with a minimum overlap of 10bp, minimum paired-read length of 250bp and minimum Phred score of 25, 

to omit short or low-quality reads from the IGH repertoires. IGH sequences were subsequently annotated using 

IMGT/HighV-QUEST using release 202343-316. Further data processing was performed in Antigen Receptor 

Galaxy (ARGalaxy), where IMGT annotated data from IGHM, IGHG and IGHA were concatenated before further 

analysis. Unproductive sequences—defined as out-of-frame rearrangements or those containing stop codons—

and those labeled ‘unknown’ or ‘no results’ were excluded from the analysis. To control for amplification bias in 

IGH V(D)J gene usage and somatic hypermutation-analysis, duplicate reads were removed based on clonal 

definition 85% IGHV region identity, top IGHV, top IGHJ and nucleotide identity of the complementarity 

determining region 3 (CDR3) before analysis of IGHV, IGHD and IGHJ gene usage. For estimation of diversity 



and clonal composition, clonal assignments of the full set of productive IGH sequences were generated by the 

AIRRNAT pipeline30 using default settings including down sampling to equalize read quantities, followed by 

visualization in network diagrams or further downstream analysis of clonal overlap using the scRepertoire 

package.31 

Statistical analysis 

Statistical analyses were performed using Graphpad Prism V10. To evaluate differences between post-HSCT 

patients and HDs, including subgroup comparisons per timepoint, ANOVA or mixed models were used. For 

single-way comparisons, Kruskall-Wallis tests were used. Multiplicity-adjusted significance indicated as * p ≤ 

0.0332, ** p ≤ 0.0021, *** p ≤ 0.0002 and ****  p ≤ 0.00001. 

Results 

B cells rapidly repopulate the peripheral B-cell compartment in the first 3 months post-HSCT. 

In this study, we included ten patients who underwent allogeneic HSCT and experienced limited post-transplant 

complications during the first two years (Table 1). Notably, none had moderate or severe acute or chronic graft-

versus-host disease (GvHD). Patients were transplanted for a range of indications, including inborn errors of 

immunity and malignant and non-malignant hematological disorders, with a median age at transplantation of 7.2 

years (range: 1.8–17.8 years). Conditioning regimens were busulfan-based in 8 of the 10 of patients. All patients 

received unmanipulated bone marrow grafts, and 9 out of 10 patients were 10/10 matched, of whom 3 HLA 

identical siblings. Three out of 10 patients developed acute GvHD (aGvHD) limited to the skin without the need 

for systemic steroids. Patient 4 developed limited chronic GvHD (cGvHD) affecting the skin and eyes. Most 

patients reached full donor chimerism in PBMCs and granulocytes at 3 months, except P05, P06 and P10, whose 

PBMC compartment reached full donor chimerism at 9 months (Figure 1A; Table 1). In the absence of lineage-

specific B-cell chimerism (e.g. B-cell chimerism), PBMC chimerism is included as a general indicator of donor 

engraftment. Sixty-percent of patients received short-term intravenous immunoglobulins (IVIG) within the first 6 

months post-transplant as part of standard supportive care post-HSCT (Figure 1B; Table 1). 

In our cohort, lymphocytes recovered to age-matched reference levels at 3 months post-HSCT (Supplemental 

Figure 1A). All patients had good CD4+ T-cell recovery at 3 months (400-2100 cells*106/L; Supplemental Figure 

1B). B-cell reconstitution showed inter-individual variability, with B cells becoming detectable at 32.7 days (range 



10-68 days); the age-matched reference range of 200-600 cells*106/L was reached by 141.8 days (range 48-323 

days; Supplemental Figure 1C). Patients receiving IVIG exhibited slightly lower circulating B-cell counts. To 

assess whether total B-cell recovery in our cohort aligned with previous reported patterns, we compared the B-

cell counts to a univariate generalized predictive model (GAM) previously described for predicting B-cell 

reconstitution (Figure 1C, black line indicates GAM).32 Total B-cell counts in our cohort followed the predictive 

model, stabilizing around one-year post-transplant. Memory B cells increased gradually over the two years 

although memory B cell counts peaked at 6 months for P04 and P05 (Supplemental Figure 1D). All patients had 

normal to borderline-normal IgM levels by 3 months post-transplant, except for P02 (Supplemental Figure 1E). 

IgM levels of P08 and P09 dropped after 3 months and remained consistently low, whereas P10 experienced an 

unexplained strong increase in IgM levels and received imatinib for maintenance treatment of CML. Serum IgG 

was in range for all patients by 6 months, although P01, P05 and P08-10 received IVIGs briefly after transplant 

(Supplemental Figure 1F; Figure 1B). Serum IgA levels followed the overall pattern of IgM, with low levels for 

P08 and P09 and a periodic increase in IgA for P10. 

Early locus-wide IGH gene usage in the naïve BCR repertoire post-HSCT. 

To investigate the reconstitution kinetics and diversity of naïve and antigen-experienced B-cell receptor (BCR) 

repertoire during the first two years post-HSCT, we performed bulk sequencing of IGH transcripts in 

cryopreserved PBMC from 10 patients collected at 3-, 6-, 12- and 24-months post-transplant. These samples were 

compared to 10 age-matched healthy donors (HD; median age 6.1 years, range 1.17-11.7). First, we examined 

gene usage patterns of naïve repertoires to get insight into the composition and diversity. To approximate the 

naïve compartment, we retained unique naïve IGHM sequences based on IGHV, IGHJ and CDR3 composition at 

the nucleotide level with low (<2%) somatic hypermutations (SHM). Locus-wide IGHV, IGHD and IGHJ gene 

usage was already established at 3 months post-HSCT and remained largely comparable to HDs throughout 

follow-up (Figure 2A-C). Although several individual genes differed significantly in frequency, including reduced 

IGHV5-51, IGHV1-69, IGHJ5 and IGHJ6 and increased IGHV3-23, IGHV3-74 and IGHJ3, these differences did 

not alter the overall repertoire architecture. Accordingly, IGHV-IGHJ combinatorial diversity closely resembled 

that of HDs as early as 3 months post-HSCT (Figure 2D). 

Junctional diversity was likewise preserved, with no differences in nucleotide deletions, N-nucleotide additions 

or CDR3 amino acid composition compared with HDs (Supplemental Figure 2A-C). Patients with delayed full 

donor chimerism (P05, P06 and P10) demonstrated comparable naïve repertoire diversity, junctional 



characteristics and B-cell recovery kinetics to those achieving early full donor chimerism (data not shown). Apart 

from a transient reduction in IGHV1 family usage at 6 months, no persistent differences in repertoire architecture 

were observed (data not shown). Together, these findings demonstrate that a broadly diverse, physiologically 

organized naïve BCR repertoire is established by the time of initial B-cell reconstitution after pediatric HSCT. 

Gradual increase in somatic hypermutations in antigen-experienced BCR repertoires after HSCT. 

We next focused on how the antigen-experienced repertoire is reinstated post-HSCT. Here, we consider IGHG 

and IGHA BCRs to be antigen-experienced, having undergone SHM and/or class-switch recombination (CSR) in 

the secondary lymphoid organs. Duplicate sequences were removed according to top IGHV, top IGHJ and CDR3 

at the nucleotide level. We found that median SHM was strongly reduced in IGHG at 3 and 6 months post-HSCT 

compared to HDs (p = 0.0061 and p = 0.0014, resp.) and in IGHA across all post-HSCT timepoints (p ≤ 0.0233; 

Figure 3A). Median SHM in IgG reached normal levels at approximately 24 months post-HSCT. Of those 

mutations, we found that SHM targeting of activation-induced cytidine deaminase (AID; RGYW/WRCY) and 

polymerase η (TW/WA) in both IgG and IgA were in line with those of HDs, although mutations in the WA motif 

were slightly reduced in both IGHG and IGHA (Figure 3B). Given the low median SHM early post-HSCT, we 

investigated whether this also affected the ratio of replacement and silent (R/S) mutations in the framework (FR) 

and the CDR regions. A higher R/S ratio in the CDR is typically associated with increased antigen specificity, 

whereas in the FR regions, it may compromise BCR structural stability.33 Despite an absolute reduction of overall 

mutations, we found no difference in the R/S ratio in the FR and CDR regions compared to HDs in both IGHG 

and IGHA (Figure 3C), indicating that there was no perturbation of the position and nature of mutations acquired 

in the post-HSCT antigen-experienced repertoire. Taken together, our data show that SHM of the antigen-

experienced repertoire is reduced post-transplant – most notably at 3 months – but gradually increases, reaching 

levels comparable to age-matched healthy donors by 2 years post-HSCT in IGHG with a slight delay observed in 

IGHA. Given that a subset of patients received short-term IVIG, we performed an exploratory comparison of 

IVIG-exposed and non-exposed patients and found no differences in Shannon entropy or median SHM frequency 

within IGHG or IGHA (data not shown), suggesting that IVIG exposure did not substantially confound antigen-

experienced repertoire maturation. 

Preserved molecular signatures of antigenic selection post-transplant. 

Next, we investigated the characteristics of antigenic selection post-HSCT. The CDR3 composition of the antigen-

experienced repertoire revealed a statistically significant increase in median deletions in IGHG and IGHA 



compared to the naïve repertoire, a pattern consistently observed across all post-HSCT timepoints as well as in 

HDs (Figure 3D). Conversely, there were limited non-templated N-additions (N-nucleotides) in patient CDR3 

regions, while these were strongly increased in age-matched HDs (Figure 3E). Despite this, there was no 

difference in median CDR3 length upon antigenic selection (Figure 3F). In contrast to a previous report in healthy 

children and adults34, CDR3 length distribution was similar across naïve IGHM, IGHG and IGHA in our cohort 

(Figure 3F). Additionally, H-CDR3 composition of the naïve repertoire was polyclonal and length was normally 

distributed, whereas antigen-experienced repertoires showed more oligoclonal patterns post-HSCT (Figure 4A, 

Supplemental Figure 2D). Human and murine CDR3 regions are notably enriched for the amino acid (AA) 

tyrosine (Y) at the IGHD-IGHJ junction35, which predominantly originates from IGHJ6 in humans36 and is crucial 

for antigen specificity37. Consistent with previous reports34, tyrosine usage was significantly reduced in IGHG 

and IGHA compared to naïve IGHM at 6, 12 and 24 months post-HSCT and in HDs, but not yet at 3 months post-

transplant (Figure 4B). Concomitantly, IGHJ6 usage was also reduced in HDs, yet remained more readily utilized 

in post-transplant patients (Figure 4C). We found that the selection against IGHV4-34, an IGHV gene associated 

with several autoimmune diseases 38-40, was already evident in the antigen-experienced repertoire as early as three 

months post-HSCT, mirroring as observed in our HDs (Figure 4D). Overall, CDR3 characteristics of the post-

HSCT antigen-experienced IGH repertoire were in line with those of HDs, with intact selection mechanisms 

against autoreactivity. 

Reduced antigen-experienced repertoire diversity coincides with retained clonal architecture post-HSCT. 

Having established that IGH repertoire composition of pediatric patients post-HSCT was largely in line with age-

matched HDs, we next explored the clonality of the patients’ reconstituting repertoire. To examine this, we 

selected all productive IGH sequences and computed clonal diversity and dominance by rarefaction of the 

Shannon entropy and Gini-Simpson index using Hill numbers, respectively. In our cohort, the IGHG repertoire 

diversity was reduced at 3-6 months post-HSCT yet can still be considered diverse and increased gradually 

throughout the first two years post-transplant (Figure 5A). There was no difference in overall IGHA repertoire 

diversity, and nor a large contribution of clonally dominant sequences in both IGHG and IGHA (Figure 5B). Still, 

we could identify several large clones in the antigen selected (IGHG and IGHA) repertoire of patients, 

predominantly in the first 6 months post-transplant, although expanded clones were also identified in the repertoire 

of HDs (Figure 5C). Of the top 50 BCR clonotypes, IGHG and IGHA displayed strong clonal convergence post-

HSCT, although we observed a switch in predominant clonotypes between 12-24 months (Figure 6A; 

Supplemental Figure S3). Several clones persisted for up to two years post-HSCT (Figure 6B). When comparing 



the naïve repertoire between patients and HDs, we found that clones were shared between patients over time, as 

well as with the repertoire of HDs (Figure 7). Concomitant with previous findings27, IGHG and IGHA BCR clones 

were seldom shared between individual patients. Overall, naïve repertoires showed greater overlap between 

patients than antigen-experienced repertoires, while longitudinal clonal overlap within individual patients 

remained high for IGHG and IGHA. 

Discussion 

To advance our understanding on BCR repertoire reconstitution dynamics after HSCT, we provide an in-depth 

longitudinal analysis in ten pediatric patients receiving HSCT for malignant and non-malignant hematological 

disorders with largely uncomplicated post-transplant courses. Here, we demonstrate that at the time of initial 

peripheral B-cell reconstitution (3 months post-HSCT), the naïve repertoire is already diverse, with broad IGHV, 

IGHD and IGHJ gene usage. The antigen-experienced repertoire shows low SHM early after HSCT, followed by 

gradual normalization over the first two years with slightly delayed recovery in IgA compared to IgG. Although 

diversity in the antigen-experienced compartment was only modestly reduced, dynamic clonal expansions and 

shifts in dominant clonotypes were observed, reflecting ongoing antigen-driven maturation. These longitudinal 

data provide insight into the kinetics of repertoire reconstitution that cannot be captured by cross-sectional 

analyses, demonstrating recovery according to B-cell ontogeny rapid, locus-wide diversification during early B-

lymphopoiesis, as classically described for naïve repertoire generation in the bone marrow, followed by antigen- 

and germinal-center-dependent maturation of the memory compartment.41-43 This sequence closely mirrors the 

recapitulation of normal B-cell ontogeny previously described after adult bone marrow transplantation using 

isotype-based approaches44, and extends this concept to the pediatric setting using high-resolution repertoire 

sequencing. The high degree of overlap between naïve repertories across repertoires further supports this concept, 

suggesting that early post-transplant B-cell development follows a conserved developmental program despite 

heterogenous underlying diseases and transplant characteristics. 

Early studies using low-resolution techniques such as CDR3 spectratyping suggested that naïve B-cell 

receptor (BCR) repertoire reconstitution remained oligoclonal and abnormal at 6 months post-HSCT.24, 25, 45 

Furthermore, several studies indicated that reconstitution is accompanied by increased usage of IGHV3, while 

IGHV6 usage is reported to be limited or transient.45, 46 These studies were performed before the advent of Next-

Generation Sequencing, and even in more recent work, molecular insights remain limited, particularly regarding 



V(D)J usage and combinatorial diversity. For example, Sethi et al., 201727 reported only fragmentary data on 

IGHV1 gene usage. Here we show that the entire IGHV gene locus is used as early as 3 months post-HSCT, 

suggesting earlier reconstitution of the naïve compartment than previously assumed. Consistent with previous 

reports, IGHV3 was predominantly used, while IGHV6-1 usage – previously described as limited or transient – 

was maintained over time. We also report a marked reduction in IGHV5-51 and IGHV1-69, which might be 

impacted by antigenic exposure as has been suggested before.32, 46, 47 IGHJ3 gene use was also strongly increased 

post-HSCT. Importantly, we describe that the naïve H-CDR3 length is polyclonal and remains diverse throughout 

the first two years post-HSCT. While biased usage of specific IGHV genes has been reported previously, we 

observe preservation of overall combinatorial diversity despite subtle shifts in gene frequencies, suggesting that 

global repertoire is maintained and, leaving a broad naïve BCR repertoire ready to undergo affinity maturation at 

the periphery. These findings suggest that early numerical B-cell recovery after HSCT is accompanied by rapid 

restoration of the substrate required for subsequent adaptive humoral responses, although functional antigen-

specific immunity still depends on later germinal-center maturation. 

Empirically, one might expect that the antigen-experienced BCR repertoire would show perturbations, 

specifically a reduction in affinity maturation as newly emerged B cells have not yet passed through germinal 

centers to obtain SHM and undergo CSR. Consistent with previous findings, we confirm that the antigen-

experienced compartment and especially SHM frequency recovers more slowly than the naïve pool.27, 48, 49 This 

parallels normal development of the antigen-experienced repertoire in healthy children.34 Despite reduced SHM 

early post-transplant, targeting of AID and polymerase η motifs, as well as selection against autoreactive clones 

such as IGHV4-34, remained intact, indicating intact peripheral tolerance and affinity-driven selection. Thus, B-

cell intrinsic processes such as AID induction, affinity-based selection and tolerance checkpoints appear intact 

but are functionally CD4+ T-cell help-dependent within germinal centers, which recover gradually during the first 

years after HSCT.2, 50 This is consistent with the established requirement for cognate T-cell help within the 

germinal center light zone for B-cell affinity-based selection and class-switch recombination.51, 52 Accordingly, 

restoration of quantitative B-cell numbers should not be interpreted as equivalent to complete humoral immune 

recovery during the first post-transplant year. 

The composition of the memory B-cell compartment is highly dynamic and continually subject to change in 

response to antigenic exposure. Previous studies determining repertoire diversity through CDR3 spectratyping 

and/or quantification of clones of IGHV1, IGHV3 and/or IGHV6 concluded that the BCR repertoire is oligoclonal 

in the first 6 months post-HSCT and has limited inter-individual clonal overlap.24, 25, 27 In parallel, seminal studies 



have demonstrated that recovery of the memory B-cell compartment after HSCT is delayed and often functionally 

impaired, contributing to prolonged immune deficiency and suboptimal vaccine responses.1, 53-55 More recent work 

supports persistent qualitative defects in memory B cells despite numerical recovery, underscoring the important 

of assessing immune competence beyond B-cell counts.56, 57 Through diversity indices and analyses of clonal 

dynamics, we now show that the antigen-experienced repertoire of pediatric patients is highly diverse post-HSCT. 

Furthermore, we demonstrate that clonally expanded BCR clonotypes are present and persist post-transplant, yet 

memory B cells appear to undergo a shift in the top clonally expanded sequences; the majority of the top 

clonotypes is replaced during the second year post-HSCT. This could, at least in part, be explained by antigenic 

exposure and revaccination at approximately 6 to 12 months post-HSCT, although this could not be directly 

assessed in our cohort. Notably, IGHG and IGHA displayed intra- and inter-individual sharedness. Notably, 

overlap between antigen-experienced repertoires was limited across patients, whereas substantial clonal overlap 

was observed within individual patients over time. This suggests that, once established, antigen-experienced 

immunity becomes increasingly individualized through antigen-driven selection while maintaining longitudinal 

stability. Clinically, these observations support the concept that restoration of durable humoral immunity after 

HSCT depends not only on recovery of B-cell numbers but also on progressive maturation and maintenance of 

patient-specific memory B-cell responses. 

Our cohort intentionally comprised patients with successful early B-cell recovery, setting a benchmark 

for BCR repertoire development post-HSCT. Whether similar repertoire dynamics occur in patients with delayed 

or impaired B-cell reconstitution remains to be determined. Exploratory analyses of patients with delayed full 

donor chimerism did not reveal consistent alterations in repertoire architecture but were limited by small subgroup 

size. IVIG-exposure in our cohort depended on varying clinical indications, such as low serum IgG, immune 

reconstitution parameters and individual considerations such as infection risk troubling the assessment of a causal 

relationship to B-cell repertoire recovery, The cohort was heterogeneous with respect to underlying diagnosis, 

including hematological and non-hematological disorders, and predominantly comprised younger children with 

only two adolescent patients. Larger, prospectively designed cohorts will be required to determine whether 

repertoire reconstitution differs by underlying diagnosis, age at transplantation, or degree of B-cell recovery at 3 

months.   

Taken together, our data show that pediatric HSCT recipients rapidly establish a diverse naïve IGH 

repertoire, reflective of intact de novo B-lymphopoiesis. A portion of the naïve clonotypes of patients in our cohort 

was also shared with that of age-matched HDs. Maturation of the antigen-experienced compartment proceeded 



gradually over the first two years post-transplant, with gradual accumulation of SHM up to one-year post-

transplant. Additional studies will be needed to confirm that IVIG exposure and/or delayed full donor chimerism 

indeed do not affect BCR repertoire development after HSCT. Our findings suggest that numerical B-cell recovery 

alone may not fully reflect restoration of humoral immune competence. While de novo generation of a diverse 

naïve repertoire occurs rapidly after HSCT, maturation of antigen-experienced immunity continues well beyond 

the first post-transplant year. These observations support current approaches to post-transplant immune 

monitoring that incorporate qualitative assessment of memory B-cell recovery and vaccine responsiveness in 

addition to quantitative lymphocyte recovery. Future studies integrating repertoire analysis with functional 

immune readouts such as autoreactivity and antigen specificity and comparisons across clinical subgroups like 

GvHD and post-transplant autoimmunity will give further insights into aberrations in establishments of adaptive 

humoral defense and immune homeostasis post-HSCT.  
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Tables 

Table 1. 

ID P01 P02 P03 P04 P05 P06 P07 P08 P09 P10 

Diagnosis β-TM SAA 
CAM

T 
SCN HLH SCN BMF 

CML 

blast 

crisis 

T-ALL 

late 

relapse 

CML 

Genetic defect 

(where 

applicable) 

HBB  MPO SRP54 STX11 ELA2 ADA2    

Age at HSCT 

(years) 
1.77 3.15 2.47 4.37 6.22 3.57 7.24 9.92 17.83 15.69 

Conditioning Bu Mel Cy 

ATG 

Flu Cy 

ATG 

Bu 

Cy 

Bu Flu 

ATG 

Bu Flu 

ATG 

Bu Flu 

ATG 

Treo Flu 

ATG 

Bu Flu 

ATG 

Bu Flu 

Clo 

Bu Flu Clo 

GvHD 

prophylaxis 

CsA 

MTX 

CsA 

MTX 

CsA 

MTX 

CsA 

MTX 

CsA 

MTX 

CsA 

MTX 

CsA 

MTX 

CsA 

MTX 

CsA 

MTX 

CsA/Tac* 

MTX 

Graft source 
MUD 

BM 

MUD 

BM 

IRD 

BM 

MUD 

BM 

IRD 

BM 

IRD 

BM 

MUD 

BM 

MUD 

BM 

MUD 

BM 

MUD 

BM 

Age donor 

(years) 
34.72 47.52 5.36 29.14 28.5 6.63 41.61 30.72 22.37 45.24 

HLA matching 
10/10 10/10 10/10 10/10 10/10 10/10 9/10 

HLA-C 

10/10 10/10 10/10 

Donor chimerism Full Full Full Full Full Full Full Full Full Full 

aGvHD grade 
I 

skin 
- - - - - - 

II 

skin 
- 

I 

skin 

cGvHD grade - - - 
Limited 

skin-eyes 
- - - - - - 

First B cells 

detected (days) 
64 11 10 11 43 24 22 68 53 21 

B cells in normal 

range (>100 

cells*106/L; days) 

166 323 48 50 300 181 72 156 68 54 

IVIG Yes No No No Yes No Yes Yes Yes Yes 

Abbreviations: β-TM, β-thalassemia major; SAA, severe aplastic anemia; CAMT, congenital megakaryocytic 

thrombocytopenia; SCN, severe congenital neutropenia; HLH, hemophagocytic lymphohistiocytosis; BMF, 

bone marrow failure; AML, acute myeloid leukemia; CML, chronic myeloid leukemia; T-ALL, T-cell acute 

lymphoblastic leukemia; Bu, Bulsulfan; Mel, Melphalan; Cy, cyclophosphamide; ATG, anti-thymocyte 

globulin; Flu, Fludarabine; Clo, Clofarabine; CsA, Cyclosporin A; MTX, methotrexate; Tac, Tacrolimus; MUD, 

matched unrelated donor; IRD, identical related donor; aGvHD, acute graft-versus-host-disease; cGvHD, 

chronic graft-versus-host-disease; BO, bronchiolitis obliterans. *switched to Tacrolimus on day+1 due to 

intolerance to Cyclosporin A. 

  



 

Figure legends 

Figure 1. Donor Chimerism and Immune Reconstitution During the First Two Years After HSCT. A Donor 

chimerism of PBMCs and granulocytes in the first 2 years post-HSCT. B Administration of post-transplant IVIGs 

in P01 and P05-10. C Total CD19+ B-cell counts per patient compared to the univariate generalized predictive 

model of van der Maas et al. 2021 (black line). 

 

Figure 2. Early, Broad IGH V(D)J Gene Usage in the Naïve BCR Repertoire After HSCT. Distribution of A 

IGHV, B IGHD and C IGHJ genes of the unique IGHM naïve BCR repertoire at 3, 6, 12 and 24 months post-

HSCT compared to HDs. D Heatmap depicting the IGHV and IGHJ combinations observed in the BCR repertoire. 

Cell values represent the mean percentage of VJ-combination usage per group. Multiplicity-adjusted significance 

indicated as * p ≤ 0.0332, ** p ≤ 0.0021, *** p ≤ 0.0002 and ****  p ≤ 0.00001. 

 

Figure 3. Somatic Hypermutation and Antigenic Selection in Antigen-experienced BCR Repertoires After 

HSCT. A Median SHM in the IGHV gene and CDR3 region of IGHG and IGHA sequences. B The percentage of 

SHM targeting activation-induced cytidine deaminase (AID; RGYW/WRCY) and polymerase η (TW/WA) in 

IGHG and IGHA. C The ratio of replacement and silent mutations (R/S) in the framework (FR) and CDR regions. 

Median D deletions, E N-nucleotide additions and F CDR3 length (amino acid; aa) in the antigen-experienced 

repertoire. Multiplicity-adjusted significance indicated as * p ≤ 0.0332, ** p ≤ 0.0021, *** p ≤ 0.0002 and **** 

p ≤ 0.00001. 

 

Figure 4. Structural and Germline Characteristics of Reconstituting BCR Repertoires After HSCT. A 
Distribution of CDR3 length in IGHM naïve, IGHG and IGHA in post-HSCT patients at 3, 6, 12 and 24 months 

post-HSCT compared to HDs. Relative proportion of the use of B the amino acid tyrosine (Y) in the CDR3 region, 

C IGHJ6 and D IGHV4-34 genes in the naïve and antigen-experienced repertoire of post-HSCT patients and HDs. 

Multiplicity-adjusted significance indicated as * p ≤ 0.0332, ** p ≤ 0.0021, *** p ≤ 0.0002 and ****  p ≤ 0.00001. 

 

Figure 5. Diversity and Network Architecture of Antigen-experienced BCR Repertoires After HSCT. For 

calculations of BCR diversity and clonality, all high-quality and productive IGHM naïve, IGHG and IGHA 

sequences were used. A Shannon entropy and B Gini-Simpson index of the IGHG and IGHA repertoire were 

calculated in AIRRNAT using standard settings. C Network diagrams from the AIRRNAT analysis pipeline of 

the naïve and antigen-experienced repertoires of two representative HDs and two representative patients at 3, 6, 

12 and 24 months post-HSCT. Multiplicity-adjusted significance indicated as * p ≤ 0.0332, ** p ≤ 0.0021, *** p 

≤ 0.0002 and **** p ≤ 0.00001. 

Figure 6. Longitudinal Clonal Dynamics and Repertoire Overlap After HSCT. A Alluvial plots of top 50 

BCR clones based on clonotype definition Top V, Top D, Top J gene and CDR3 at nucleotide level and B 

Circos of all overlapping sequences between timepoints of two representative patients showing post-transplant 

longitudinal and cross-sectional overlap dynamics of the naïve, IGHG and IGHA repertoire. Circos only depict 

clones overlapping between timepoints.  

Figure 7. Clonal Overlap Between Patients and HDs. Clonal overlap is calculated at each timepoint using 

Morisita’s overlap index after downsampling to equalize read quantities. 
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Supplemental Figure Legends 8 

Supplemental Figure 1. Post-HSCT cellular reconstitution kinetics. Cell counts of A total lymphocytes, B 9 

CD4+ T cells, C CD19+ B cells were collected at regular intervals during routine follow-up in the first 24 10 

months post-HSCT. Grey bars indicate reference values. D CD27-positive memory B-cell counts. Serum titers 11 

of E IgM, F IgG and G IgA collected during routine follow-up, with grey horizontal bars as reference values and 12 

vertical red bars indicating IVIG administration. 13 

Supplemental Figure 2 CDR3 characteristics of the IGHM naive repertoire. Average A deletions and B N-14 

additions of the naïve BCR repertoire at 3, 6, 12 and 24 months compared to healthy donors (HD) based on 15 

unique sequences with clonotype definition Top V, Top D, Top J and CDR3 at nucleotide level. C Relative 16 

proportion of amino acid use across each position of the CDR3 of all HDs and at 3, 6, 12 and 24 months of two 17 

representative patients of unique sequences. D Distribution of CDR3 length in IGHM naïve, IGHG and IGHA of 18 

individual patients post-HSCT at 3, 6, 12 and 24 months compared to the average of 10 HDs. 19 

Supplemental Figure 3. Clonal Overlap Between Post-HSCT Timepoints. A Alluvial plots of top 50 BCR 20 

clones based on clonotype definition Top V, Top D, Top J gene and the CDR3 at nucleotide level and B Circos 21 

of P03-10 showing longitudinal clonal overlap dynamics of naïve, IGHG and IGHA. Circos only depict clones 22 

overlapping between timepoints. 23 

Supplemental Figures 24 
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