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Vaccination induces “public” antibody clonotypes common to all individuals of a species, that may mediate universal protection against pathogens. Only few studies tried to trace back the origin of these public B-cell clones. Here we used Illumina sequencing and computational modeling to unveil the mechanisms shaping the structure of the fish memory antibody response against an attenuated Viral Hemorrhagic Septicemia rhabdovirus. After vaccination, a persistent memory response with a public VH5JH5 IgM component was composed of dominant antibodies shared among all individuals. The rearrangement model showed that these public junctions occurred with high probability indicating that they were already favored before vaccination due to the recombination process, as shown in mammals. In addition, these clonotypes were in the naïve repertoire associated with larger similarity classes, composed of junctions differing only at one or two positions by amino acids with comparable properties. The model showed that this property was due to selective processes exerted between the recombination and the naive repertoire. Finally, our results showed that public clonotypes greatly expanded after vaccination displayed several VDJ junctions differing only by one or two amino acids with similar properties, highlighting a convergent response. The fish public memory antibody response to a virus is therefore shaped at three levels: by recombination biases, by selection acting on the formation of the pre-vaccination repertoire, and by convergent selection of functionally similar clonotypes during the response. We also show that naive repertoires of IgM and IgT have different structures and sharing between individuals, due to selection biases. In sum, our comparative approach identifies three conserved features of the antibody repertoire associated with public memory responses. These features were already present in the last common ancestors of fish and mammals, while other characteristics may represent species-specific solutions.
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INTRODUCTION

The adaptive immune system provides vertebrates with a unique ability to generate antigen-specific memory cells associated with an increased protection against previously encountered pathogens. Such responses depend on the available immunological repertoire. The term “repertoire” refers here to the V(D)J rearrangements expressed by the lymphocytes of a particular tissue, at a given moment of the life of an individual, and not to the potential diversity of sequences that can be produced from the genomic resources of the organism (1). Immunological repertoires can now be accessed with unprecedented accuracy using high-throughput DNA sequencing (2–4).

The global characterization of the antibody (Ab) repertoires of unchallenged mammals and fish has highlighted the presence of highly frequent clonotypes shared between several individuals (5–9). This observation indicates that repertoires are not simply determined by equally likely random rearrangements of Ig gene segments (2, 10). Thus, certain receptors might be shared between unchallenged controls simply due to their high generation probability.

The sequencing of the IgH repertoires of humans vaccinated against influenza showed that clonotype expansions reflect secreted Ab responses (11, 12). In addition, a dominant set of convergent VDJ rearrangements specific to influenza and shared by the majority of exposed individuals was identified. Such responses made of clonotypes expanded in nearly all individuals are called public responses, and usually contain potent effector clones (13). Public responses are interesting because it is reasonable to assume that they are directed toward the eliciting antigen, while that assumption can generally not be made for individual-specific private responses. The well-studied case of anti-phosphorylcholine public T15 response exemplifies that public responses can play a major role in protection against the targeted pathogen (14, 15). Understanding how public memory clonotypes are selected from the naïve repertoire after an immune challenge might facilitate the development of better universal vaccines. Recently, a few studies have pointed the importance of a genetic pre-determination of the rearrangement probability as a mechanism affecting the establishment of public memory responses after an immune challenge (5, 16, 17).

Public Ab responses are observed in evolutionarily distant species since they are also found in fish, which evolved in parallel to tetrapods over the past 400 million years. We previously identified a public IgM effector response to an attenuated strain of the rhabdovirus Viral Hemorrhagic Septicemia Virus (VHSV) in isogenic rainbow trout (18). In fish, IgM+ B cells are complemented by IgT+ B cells (19), which constitute a distinct lineage since these two Ig are produced from alternative rearrangements, and B cells do not undergo isotype switch recombination. IgM acts primarily as a systemic Ig and is the major Ig class in the serum, while IgT is mainly — but not exclusively—specialized in mucosal immunity (20) and in the control of the gut microbiota (21). In spleen, 70–80% of B cells express IgM, and 20–30% IgT. IgM+ B cells are the main source of circulating virus-neutralizing Abs following VHSV infection (18). However, a response was also detected for IgT after a prime/boost with VHSV, which did not show evidence of a public component (18).

In this work, starting with the characterization of the pre-vaccination repertoire, we found that IgM repertoires of naïve fish included highly abundant fish-specific clonotypes, as well as less abundant clonotypes with a higher degree of sharing between fish. By contrast, IgT repertoires were richer in shared clonotypes, and the most abundant ones were much less frequent than for IgM. Following vaccination, fish established persistent public IgM clonotype expansions in spleen for several months after the clearance of the virus. We sought to elucidate the properties of these clonotypes, to gain some insight into the selection processes associated with the establishment of public memory cells. We demonstrate that both the statistics of Ig gene rearrangement and selection processes prior to vaccination contribute to the generation of repertoires in unvaccinated fish that yield the public memory responses.

MATERIALS AND METHODS

Fish Vaccination and Ethical Statement

Rainbow trout were raised, vaccinated against VHSV and boosted in the fish facilities of INRA (Jouy en Josas, France). This study was carried out in accordance with the recommendations of the European Union guidelines for the handling of laboratory animals (http://ec.europa.eu/environment/chemicals/lab_animals/index_en.htm). All animal work at INRA was approved by the Direction of the Veterinary Services of Versailles (authorization 78-28) as well as fish facilities (authorization B78-720), and the experimental protocols were approved by the INRA institutional ethical committee “Comethea” (permit license number #15-60).

Elispot and Virus Neutralization Assay

VHSV specific IgM secreting cells were determined in head kidney using ex vivo ELISPOT (22) and Supplementary Methods. Virus neutralization assay with complement addition was performed in 12-well plates as previously described (18). The neutralizing titer was calculated as highest trout serum dilution causing a 50% reduction of the average number of plaques in control cultures inoculated with control trout serum, complement and virus.

CDR3 Length Spectratyping Analysis and Preparation of Illumina MiSeq Libraries

CDR3 length spectratyping analysis was performed as described in Castro et al. (18), and CDR3 length profiles were generated by GeneMapper (Applied). Libraries for Illumina deep sequencing were prepared as described in Vollmers et al. ( 11). For cDNA barcoding, the primers used for second strand cDNA contained 15 random nt (Figure S1 and Supplementary Methods).

Sequencing and Data Analysis

Sequencing consisted in paired-end 2 × 300 pb runs, using a MiSeq instrument (Illumina) and the MiSeq Reagent Kit v3 (600 cycles) (Illumina). Sequencing analysis and annotation, estimation of error rate, and normalization by subsampling, as well as validation of our barcoded IgH cDNA sequencing approach, are described in Supplementary Methods.

Sequence data were registered in the BioProject ncbi database with the SRA accession number: SRP128087.

Computational Model of IgH VDJ Rearrangements

We employed an existing computational tool suite, IGoR (23), to construct a generative probabilistic model of the IgH VDJ recombination process and generate corresponding synthetic receptor sequences. The parameters were inferred for each VHC combination sequenced in this work, from the corresponding sets of non-productive sequences. IGoR can then be used to generate synthetic nucleotide sequences, which can readily be translated into amino-acid sequences and compared between synthetic datasets (i.e., generated by the model). A detailed description of the model is provided in Supplementary Methods.

RESULTS

Vaccination with Attenuated VHSV Induces Persistent Public IgM Response in Spleen

Long-lasting humoral immune responses can be induced in fish after immunization (22, 24). Five months after vaccination with an attenuated VHSH strain (Figure 1A), rainbow trout had elevated serum neutralizing Ab titers (Table S1A), long after the elimination of the virus, which was not detectable by qPCR already 1 month post-injection. We analyzed the spleen B cell repertoire at 5 months post-vaccination to characterize the long-term persisting reactive B cells, which we called “memory” following A Radbruch's definition in Farber et al. (25). This was first performed with a global cost-effective CDR3 spectratyping of all expressed combinations of heavy chain variable (VH) and constant (C) genes, to identify the Ig gene segments implicated in the response and therefore relevant for further analysis by high-throughput sequencing (Supplementary Methods). In fish all VH segments can recombine with either μ or τ DJC units, while IgM and IgT have distinct repertoires of DH and JH genes (Figure S1). An isogenic trout clone was used to avoid genetic background heterogeneity (18).
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FIGURE 1. Spectratyping analysis identifies persistent Ab memory responses to VHSV. (A) Time line of sampling, vaccination and boost experiments. Groups of six fish were constituted. (B) Typical CDR3 length profiles of μ and τ transcripts for selected VH in the spleen of controls (“Ctl”), vaccinated fish analyzed 5 months post-injection (“Vac”), and boosted fish analyzed month later (“Bst”). Profiles for other VH are shown in Figure S3. The red arrows denote the main peak of the putative public response. VH primers used are indicated at the top of the figure. Y-axis, fluorescence arbitrary units; X-axis, length of the run-off products; same scale for IgM and IgT.



The IgM repertoires of vaccinated fish had altered profiles for the VH1, VH4, and VH5 families (Figure 1B, Figure S3). The altered profile of VH5 was the only one found in all vaccinated individuals (Figure 1B), suggesting that it may contain a persisting public component, while the responses associated with VH1 and VH4 varied from fish to fish. Notably, the VH5 family was previously found to be implicated in the VHSV-specific public effector B cell response (18). The IgT repertoire was also modified 5 months after vaccination, with most individuals displaying skewed VH4Cτ profiles compared to unvaccinated controls, even though no common peak was identified (Figure 1B, Figure S3).

The implication of only a few VH families in the long-term B cell response is in contrast to the previous identification of broad Ig repertoire alterations affecting almost all VH families shortly after two infections at a 3-weeks interval with the same rhabdovirus (18). This suggests that the spectratype analysis performed 5 months after vaccination may have identified only a part of the memory compartment. To look for other rearrangements that were potentially implicated in the memory response, vaccinated fish were boosted at 5 months post-vaccination, and their repertoire was analyzed 1 month later (Figure 1A). The boost induced a >10-fold increase of the frequency of anti-VHSV IgM-secreting cells in pronephros, proving that a secondary response occurred (Table S1B), even though it did not lead to a significant increase of neutralizing Ab titers (Table S1A). Importantly, the response observed in the spleen after the boost remained restricted to the VH families that were already identified 5 months post-vaccination (Figure 1B, Figure S3).

We conclude from these results that the vaccination induced a long-lasting IgM memory response associated with only a few VH families, which persisted beyond the elimination of the virus.

Distinct Properties of the Most Abundant IgM and IgT Clonotypes in Unvaccinated Controls

Having validated that it was possible to identify a memory B cell response in fish, potentially comprising a public VH5Cμ response, we then examined the clonal structure of the VH5Cμ response using Illumina deep sequencing. We also investigated the private VH4Cμ and VH4Cτ responses, as well as some VHC combinations that did not obviously contribute to the response (VH8Cμ, VH5Cτ, and VH9Cτ) as controls. Sequencing was performed in unvaccinated control (Ctl), vaccinated (Vac), and boosted (Bst) fish with 4 individuals per group. We used a consensus read sequencing approach based on the incorporation of a unique random barcode serving as molecular identifier in each cDNA molecule, as described for human IgH (11) [see Figures S1, S2 and Supplementary Methods about molecular identifiers (MID)]. We define a clonotype as a specific combination of C (μ or τ), VH, JH, and CDR3 amino acid sequence. We first describe results obtained for unvaccinated controls, which provide a benchmark for the analysis of the changes induced by the vaccination and the boost.

Individual fish datasets obtained for each VHC combination were normalized by random subsampling of 7,000 clonotypes without replacement to quantitatively compare all fish together despite varying sequencing depths, while preserving the clonotypes' relative frequencies. Ten subsamplings were performed, and the average results were analyzed (see Supporting methods for details). A comparison of the number of distinct IgM and IgT clonotypes in unvaccinated controls suggested that the repertoires were more diverse for IgT than for IgM for all VH (Table S2A). We counted the number of IgM and IgT clonotypes found in at least 3 individuals, which were labeled as “highly shared” (HS). The numbers of HS clonotypes were higher for VHCτ than for VHCμ sequences, except for VH5Cμ (Table S2B). These two observations suggested that the IgT repertoires were richer in shared clonotypes of small abundances, while IgM repertoires included clonotypes of large abundances that were fish-specific. This last statement was further supported by the abundance distribution of clonotypes present in 1, 2, 3 or all unvaccinated control fish (Figure S4A). It is nonetheless noteworthy that the VH5Cμ repertoire contained a higher number of HS clonotypes of small abundance compared to the other IgM repertoires.

We next focused on the most abundant clonotypes for each VHC combination in each fish. To this end, we considered the 50 or 100 most abundant clonotypes (called “Top50” and “Top100” clonotypes thereafter). For each group (Ctl, Vac, and Bst), the 4 sets of “Top50” clonotypes from each of the 4 fish in the group were aggregated to obtain lists of non-redundant clonotypes called Top Clonotype Lists (TCL)Ctl, TCLVac, or TCLBst. The total number of clonotypes in a TCL was thus between 50 (if all were shared by the 4 fish of the group), and 200 (if none were shared) for the Top50 case. We then analyzed for each clonotype of a TCL in how many fish of a group (Ctl, Vac, or Bst) it was found. The distributions of TCLCtl clonotypes are represented in the left column in Figure 2, Figure S5A. Individual fish datasets, for each VHC combination, were normalized as described above. The clonotype sharing was also studied for the Top100 (Figure S5B), and for the whole set of subsampled sequences (Figure S5C).
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FIGURE 2. Cumulative expression of Top50 clonotypes shared by n individuals within each group (Ctl, control; Vac, vaccinated; and Bst, Boosted) unveils differences between VH and isotypes. For each TCL (TCLCtl, (A,D,G,J,M,P); TCLVac, (B,E,H,K,N,Q); TCLBst, (C,F,I,L,O,R)), bar plots showing the cumulative expression of TCL clonotypes found in individual subsample(s) from n fish (n = 1, 2, 3, 4). For example, in (A) blue bars show the cumulative counts of TCLCtl clonotypes in fish from the control group, while red (respectively green) bars show TCLCtl cumulative expression in fish from the vaccinated (respectively boosted) group. Similarly, in (B) red bars show the cumulative counts of TCLVac clonotypes in vaccinated fish, while blue (respectively green) bars show TCLVac cumulative expression in control and boosted groups, respectively. Bars are computed from the average values corresponding to top clonotypes found in 1–4 fish, over 10 subsamplings of 7,000). The standard deviations are shown as error bars.



In the unvaccinated control group, most of the VH4Cμ and VH8Cμ TCLCtl clonotypes were found in only one fish (Figure S5A,a,g, blue bars). These clonotypes were not found in any other fish of the vaccinated or boosted groups, indicating that they were private expansions found in a single fish. In contrast, 53 out of 190 VH5Cμ TCLCtl clonotypes were shared by two or more fish (Figure S5A,d, blue bars). The total number of clonotypes in the TCLCtl was lower for IgT rearrangements than for IgM (197 for VH4Cμ, 189 for VH5Cμ, 198 for VH8Cμ, vs. 146 for VH4Cτ, 110 for VH5Cτ, and 103 for VH9Cτ), indicating a higher degree of sharing of the most abundant IgT clonotypes between fish for IgT compared to IgM. A substantial fraction of the IgT TCLCtl were found in several fish, i.e., 70% for VH5Cτ, 66% for VH9Cτ, and 45% for VH4Cτ (Figure S5A,j,m,p, blue bars). As expected from this elevated degree of sharing, a significant fraction of the IgT TCLCtl were also found in the vaccinated (48% for VH4Cτ, 68% for VH5Cτ, and 68% for VH9Cτ), and boosted (56% for VH4Cτ, 75% for VH5Cτ, and 72% for VH9Cτ) fish (Figure S5A,j,m,p, red and green bars).

Top100 clonotypes were shared in a very similar manner (Figure S5B) as Top50 clonotypes, with close to double the number of shared clonotypes compared to the Top50 lists. In contrast, when all 7,000 subsampled clonotypes were taken into account (Figure S5C), only a small fraction were shared by two or more individuals, even for the VHC combinations that share a significant numbers of Top clonotypes, i.e., VH5Cμ (6%), VH4Cτ (2%), VH5Cτ (5%), and VH9Cτ (4%) This shared fraction therefore mostly involved the most abundant clonotypes (i.e., included in the Top 50 lists), in unvaccinated fish.

To assess the overall contribution of the Top50 clonotypes to the repertoire in unvaccinated controls, we analyzed the cumulative expression of these TCLCtl within each group. The cumulative counts of the Top50 clonotypes for the 4 naïve control fish were on average >10,000 for all VHCμ combinations, out of a total number of 28,000 sequences analyzed (4 fish × 7,000 MID subsampled per fish). Highly frequent clonotypes thus represent a large fraction of the IgM transcripts in the control group. In contrast, Top50 clonotypes did not represent a large part of the IgT repertoires, with averaged cumulative counts of about 1,000 (Figure 2A, left column, blue bars). Distributions of cumulative expression of Top100 clonotypes showed only a small increase compared to Top50 clonotypes (Figure S6A), indicating that Top50 clonotypes account for most of the cumulative counts (see also Figure S6B for all clonotypes).

In summary, in unvaccinated control fish, the most frequent clonotypes represent a considerable fraction of IgM transcripts and differ from fish to fish (except for VH5), while the most frequent IgT clonotypes account for only a small fraction of the expressed repertoire and are generally shared between individuals (Figure S4B). Our results thus reveal different degrees of sharing among IgM and IgT repertoires in the spleen of naïve unvaccinated control fish, and point to the peculiarity of the VH5Cμ repertoire.

Sharing of IgM and IgT Top50 Clonotypes in Unvaccinated Controls is Determined by Selection Rather than at the Rearrangement Level

These differences between IgM and IgT Top50 clonotypes, i.e., their contrasted degree of sharing between unvaccinated controls, may already exist in the clonotypes that emerge from the recombination process, before any selection. To assess this possibility, we constructed a model of the recombination machinery using the IGoR software (23). IGoR can be used to generate “synthetic” nucleotide sequences, which can readily be translated into amino-acid sequences and used for comparisons. It is based on the statistics of IgH VDJ rearrangements computed using the non-productive (either out-of-frame or with an in-frame premature stop codon) junctions of our dataset (see Supporting methods), which were not subjected to selection since they were not expressed at the protein level. The model was parametrized by the probabilities of the events that form a recombination event: the choice of VH, DH, and JH segments as well as the insertion and deletion profiles at the VD and DJ joints. DH and JH gene usage varied across VH family and Ig isotype, while insertion and deletion profiles were largely similar, with the exception of VH5Cμ for which insertions at the VD junction were smaller (Figures S7A,B).

To evaluate the degree to which the difference in IgM and IgT repertoire diversity was determined by the rearrangement process, we estimated IgM and IgT diversity from the distribution of clonotype generation probabilities (Pgen) obtained from the repertoires generated by IGoR. We quantified diversity using the entropy, S, a well-established diversity measure expressed in units of bits (26). The entropy estimates (27) varied by < 15% across the various VHC combinations (Table S2C). This is consistent with the observation of similar deletion and insertion profiles at the VD and DJ joints across VHC combinations (Figure S7B), as previous work (10, 28) has shown that the diversity does not arise mainly from the variety of VDJ combinations but from the deletions and insertions.

Thus, the model predicts similar diversity for IgM and IgT. We infer from this result that the observed difference in diversity between IgT and IgM naive repertoires (Table S2A) is not pre-determined by rearrangements, but rather results from B cell selection.

We next used this model to address whether the different sharing patterns of TCL between IgM and IgT may be explained, at least partly, by the different probability of generation (Pgen) of the frequent clonotypes across VHC combinations. The model was therefore used to evaluate the Pgen of observed TCLCtl junctions. Figure 3A shows that for four VHC combinations, the Top50 clonotypes from controls (purple line) are more likely to be generated via the recombination process, compared to the Pgen distributions of all observed clonotypes from naive controls (black line), which are fairly similar across VHC combinations (Figure S7C). These Pgen distributions are in agreement with the model prediction for all possible junctions (green line in Figure 3A). It is however difficult to conclude that the rearrangement process favors Top50 clonotypes in general because such a bias in Pgen was not observed for VH4Cμ and VH4Cτ.
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FIGURE 3. The sharing of Top50 clonotypes between individuals is determined by selection. (A) Distribution of Pgen for all clonotypes from controls (black line), for Top50 clonotypes of controls (i.e., TCLCtl; pink line), and for all sequences generated by the computational model (green line). (B) Histograms of the sharing of TCLCtl clonotypes. Left (right) bars show the numbers of measured (respectively predicted) TCLCtl clonotypes shared among n individual measured (predicted) repertoires (n = 0, 1, 2, 3, 4) out of 4. IgM is colored in blue; IgT is colored in red. Error bars for the rearrangement model correspond to standard error values across sampled repertoires. Error bars for the sequencing data correspond to the standard deviations of 10 subsamplings of 7,000.



To investigate the possible effect of this VDJ rearrangement bias on the difference between IgM and IgT in clonotype sharing, we computed the amount of sharing expected for a simulated set of clonotypes from the synthetic repertoire, through the same procedure used to produce Figure S5A. In Figure S7D, we compare these results to the distributions in the experimental data from control fish. For IgM, both the empirical and predicted distributions show similar levels of sharing, except for VH5. In contrast, for IgT, the amount of sharing predicted by the model differs from the experimental data. Hence, comparing the model's and control group's number of clonotypes shared at the level of all 7,000-subsampled clonotypes, the model accounts neither for the high sharing of IgT clonotypes (dark vs. light red), nor for much of the sharing of VH5Cμ clonotypes (Figure S7D). The analysis of the level of sharing of Top50 clonotypes showed the same trend (Figure 3B).

We conclude that the difference in the sharing pattern between IgM and IgT for the Top50 clonotypes in unvaccinated controls is not pre-determined by biases of VDJ rearrangements, but rather reflects selection acting on cells of the B lineage before or at the primary B cell stage.

Impact of Vaccination and Boost on the Structure of Repertoires of Most Abundant IgM and IgT Clonotypes

We next analyzed whether the vaccination or the boost affected the composition of the Top50 IgM and IgT clonotypes.

The distribution of Top50 clonotypes in vaccinated fish (middle column in Figure 2, Figure S5A) was clearly altered in the VH5Cμ repertoire, with a strong increase in the cumulative counts of clonotypes shared by all fish of the vaccinated and boosted groups compared to unvaccinated controls (Figures 2E,F, red and green bars, respectively). A significant proportion of the TCLVac clonotypes were found in several vaccinated or boosted fish (Figure S5A,e, red and green bars). Interestingly, most of the VH5Cμ clonotypes found in both TCLVac and TCLBst (19/26) were not among the Top50 clonotypes from unvaccinated control fish (Figure S5A, Venn diagrams). The change in the VH5Cμ distribution is peculiar because, by contrast, the IgM VH4Cμ and VH8Cμ TCLVac displayed distributions of sharing similar to those observed in unvaccinated controls. They were mostly found in single vaccinated or boosted fish (Figure S5A,b,h). These results demonstrate that VH5Cμ rearrangements are involved in a public memory response.

The vaccination also altered the distribution of Top50 VH4Cτ clonotypes, that showed a clear increase in the cumulative number of counts for the most abundant clonotypes, from 500 to about 4,500 (Figure 2). However, these expansions were specific to each individual since the cumulative counts of clonotypes shared by several fish remained low (Figure 2). This supports the notion that some VH4Cτ rearrangements are implicated in a private manner in the response to vaccination. As expected, the VH5Cτ and VH9Cτ distributions found in vaccinated and boosted fish were reminiscent of those found in unvaccinated controls with no obvious evidence of vaccine-induced modifications (Figure 2, Figure S5A,n,q, red bars).

Comparison of the cumulative expression of Top50 and Top100 clonotypes (Figure 2, Figure S6A) showed that the increase of shared clonotypes in vaccinated and boosted groups is based on the expansion of the Top50 clonotypes. The particular level of sharing observed for VH5Cμ was very clear even when all 7,000-subsampled clonotypes were analyzed (Figure S6B).

Taken together, these data highlight the contribution of the VH5Cμ to the public response. The responding clonotypes become part of the Top50 clonotypes in the vaccinated and boosted fish, reaching high cumulative counts with a high degree of sharing. The clonotypes implicated in the response were not among the Top50 clonotypes in unvaccinated controls, indicating that the response was recruited from less abundant clonotypes. The analysis of the Top100 and 7,000-subsampled clonotypes supported these conclusions (Figure S6A), and showed that the highly shared clonotypes are mainly found among the most frequent clonotypes.

Public IgM Memory Clonotypes of Vaccinated Fish are Frequent in Unvaccinated Controls, and Produced at High Frequency by the Rearrangement Process

In order to characterize the origin of the VH5Cμ clonotypes implicated in the public memory response to VHSV, we first identified the clonotypes that were (1) detected in at least three out of four fish of the vaccinated or boosted groups, (2) more expressed in vaccinated (or boosted) fish than in unvaccinated, and (3) consistently well-expressed across most fish of the vaccinated and/or boosted groups (i.e., found >10 times in ≥3 fish in Vac or Bst groups; See Supplementary Methods, Table S3). This led us to identify 8 IgM clonotypes. These clonotypes all had the VH5 and JH5 segments and had a common CDR3 length of 10 amino acids (AA), which coincides with the public peak in the spectratypes (Figure 4). Five among these 8 clonotypes had been identified among the most abundant shared clonotypes of the effector response in our previous study of the immediate response following immmunization (18), and differences with the other three sequences were substitutions by AA with similar properties. These 8 public clonotypes were also among the VH5Cμ Top50 clonotype lists from the vaccinated and boosted groups (TCLVac and TCLBst) (Figures 5A,B, Figures S4C,D).
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FIGURE 4. Identification of eight clonotypes of the public response against VHSV. (A) The distribution of VH5JH IgM clonotypes shared within vaccinated and boosted groups (detected in ≥3 fish per group) and differentially expressed, compared to the naïve unvaccinated control (Ctl) groups (average FC >50) is shown. (B) Expression heatmap of the eight clonotypes detected >10 times in at least vaccinated (vac) or bosted (Bst) fish. All these clonotypes express the VH5JH5 combination. The bar on the left defines the color code of the heatmap, graduated in average MID numbers per subsample.




[image: image]

FIGURE 5. Clonotypes implicated in the shared/public response are already frequent in naive unvaccinated fish. (A,B) the eight clonotypes of the VH5 public response are placed into the expression profile of the VH5 TCLvac (respectively TCLbst) of each fish. VH5Cμ Top50 clonotypes of each fish are plotted on circumference of the outer circle, by decreasing expression order, with the alternated red and blue bars representing their respective abundance at logarithmic scale. When detected within the Top50 lists of two individuals, clonotypes are connected with black lines. (C) Ranking of the VH5-JH5 “public” clonotypes detected within the whole distribution of VH5Cμ clonotypes in controls. Small arrows denote the most frequent clonotypes at the top side of the distribution (D) Distribution of generation probability of junctions coding for the 8 core responding clonotypes (in red), compared with the distribution computed for all VH5Cμ junctions (in blue), or for all VH5JH5 junctions of the same length (in green).



Each of the these eight public VH5JH5Cμ clonotypes was encoded by 4–17 different nucleotide sequences in vaccinated and boosted fish; this diversity highlights a form of convergence, strongly suggesting that these clonotypes had been subjected to antigen-driven clonal selection during the response (Table S4). Additionally, these Ig sequences had overall very few N/P nucleotides especially at the V-D joint, in line with their increased probability of generation (Figure 5D).

We next examined unvaccinated controls to determine how frequent these clonotypes were, and their degree of sharing prior to vaccination. At least 2 and up to 6 of these clonotypes were detected per control fish in the various sub-samplings. Within the frequency distribution of all the clonotypes found in unvaccinated fish (Figure 5C), they were among the relatively frequent clonotypes.

We then used the computational model presented above to evaluate whether these clonotypes were favored by the VDJ recombination process. Indeed, the distribution of the generation probabilities Pgen of all the nucleotide sequences coding for the 8 public amino acid clonotypes was higher than for all VH5Cμ nucleotide sequences (Figure 5D). The set of VH5-JH5 rearrangements with a CDR3 length of 10 AA also had a higher probability of generation than the one estimated for all VH5Cμ (Figure 5D). Thus, the high probability of generation of these eight rearrangements is at least partially due to the length of the CDR3 and the usage of JH5.

Collectively, these data suggest that the IgM clonotypes implicated in the public memory response are already present at modestly elevated frequencies in all/most unvaccinated controls, consistently with the higher probability of rearrangement of these clonotypes.

Distinct VHC Combinations Differ by Their Production of Similar Clonotypes

So far we have considered the public response from the point of view of individual clonotypes taken separately. However, public responses generally involve a mixture of similar clonotypes differing only by one or two “conservative” mutations in their CDR3 i.e., by substitutions with amino acids that share similar properties and usually preserve the recognition of the same epitope (29–	31, 18). Such clonotypes—hereafter refered to as “similar”—are often present at variable frequencies in different immunized individuals. Notably, the 8 VH5JH5 clonotypes identified in this study are similar to each other since they differ only by small changes in their CDR3 sequences (Figure 4). For any clonotype found in the public response, a class of “similar” clonotypes may also have responded. The size of these classes in unvaccinated controls is likely to influence the probability that they are shared between distinct individuals and their likelihood of being implicated in a public response. It is therefore important to take into account these classes of “similar” sequences when assessing the propensity of clonotypes to generate a public response.

We first assessed whether distinct VHC combinations differed in the amount of junction similarity exhibited between clonotypes from the same VHC combination. We thus counted pairs of “similar” sequences formed from any set of two individual repertoires among the 4 fish in a given group (i.e., 6 such sets of two repertoires per group), for each VHC combination. This procedure was applied to data obtained from each of the control, vaccinated and boosted conditions (see Figure 6A). We observed that these counts were much higher for VH5Cμ than for any other combination and progressively more in the vaccinated and boosted groups. This feature was present already before vaccination (Figure 6A, left panel). Thus, this higher level of convergence might confer to the VH5Cμ combination a higher probability of generating public responses than the other analyzed VHC combinations.


[image: image]

FIGURE 6. VH5Cμ exhibits distinctly higher CDR3 similarity classes than other VHC, even in naive unvaccinated individuals, but not in the model prediction. Bars show the mean number of similar pairs of clonotypes, (i.e., those with a CDR3 differing by up to 2 AA substitutions within AA groups with similar properties). (A) Mean number of pairs of clonotypes deemed similar to each other for each VHC combination and across conditions. For a given condition, pairs of clonotypes were formed from any of the 6 distinct sets of two individual repertoires among the four individuals analyzed. Blue bars represent Cμ, while red bars represent Cτ. Means are calculated across the 6 possible distinct combinations and error bars show their standard error. Note the distinctly larger number of shared clonotype for VH5Cμ. (B) Number of similar pairs of clonotypes within the measured control (left) and predicted model (right) repertoires for each VHC combination. Means and standard errors calculated as in (A). Note that the number for VH5Cμ is less distinct compared to (A). (C) The number of VH5Cμ clonotypes similar to any of the eight VH5JH5 clonotypes of the public response for the measured control (left bar) and model predicted (right bar) repertoires for the model and three conditions. Means and standard errors are calculated across four individual repertoires.



We then checked whether the computational model could predict this particular feature of the VH5Cμ repertoire. Using the same definition of clonotype similarity class, we assessed the propensity for convergence within repertoires predicted by the recombination model describe earlier, for each VHC combination (see Supplementary Methods), and compared it to the observed data for the unvaccinated controls (Figure 6B). We found that VH5Cμ (along with VH4Cμ) exhibited only slightly higher amounts of convergence than the rest of the combinations in the modeled data (Figure 6B), while it was much higher in the experimental data. The same difference of convergence between model and experimental data was observed when the analysis was restricted to the 8 public clonotypes (Figure 6C), confirming that selection before vaccination (i.e., within the naive repertoire or during the differentiation at earlier stages), rather than the rearrangement process alone, promoted the presence of large shared classes of “similar” clonotypes for the VH5Cμ rearrangement.

DISCUSSION

High-throughput sequencing has made the complexity of immunological repertoires accessible to experimental investigations (32). We used this approach to characterize the persistent public immune response induced upon vaccination in fish, and to examine its origin in the naïve pre-vaccination repertoire. The public Ab response after vaccination against VHSV, a natural pathogen of rainbow trout, constituted a unique fish model for this approach, with isogenic genetic background available. Our study led us to identify three layers of organization of the IgM repertoire in naïve unvaccinated controls. The first layer comprises the most abundant clonotypes, of which we characterized the top 50 as being mostly present only in given individuals and arising from selection during Ag driven responses. The second layer contains clonotypes favored genetically by the rearrangement process, which are more abundant than if generated via an equally likely rearrangement process. Such clonotypes are more likely to be found in multiple fish, and some of them do give rise to the public response after vaccination, as shown here for the VH5JH5 clonotypes of the anti-VHSV public response. The third layer, which we did not characterize in detail, is made of less frequent clonotypes and encompasses the main fraction of the repertoire. Collectively, our findings identify two complementary processes of the naïve repertoire that are associated with the VH5 public memory response: (1) the high probability of rearrangements encoding public junctions, and (2) a high frequency of selection of classes of clonotypes with CDR3 similar to each other into the naive pre-vaccination VH5 IgM repertoire.

Importantly, while we have no biochemical evidence that the 8 public clonotypes encode Ab directed against the VHSV epitope, this specificity is strongly suggested by several lines of evidence: following our definition of “public,” the set of 8 clonotypes was expanded in all immunized individuals, as in our previous study. These clonotypes or similar ones were not expanded in isogenic trout after vaccination against another virus, the Infectious Pancreatic Necrosis Virus (data not shown). Second, these expanded clonotypes were encoded by multiple nucleotide sequences, which is a good indication for Ag driven selection. Altogether, these observations indicate that the 8 public sequences are very different from clonotypes named “public” in other contexts. Indeed, another definition for public clonotypes that has recently been used by different authors is “shared by at least two individuals” (17, 33), or (3) for T cells.

Contrasted Structures of IgM and IgT Repertoires in Spleen Before Vaccination

For both IgM and IgT, most VDJ combinations were present at low frequency in unvaccinated controls. However, the normalized distributions of IgM and IgT clonotypes differed when considering the most abundant ones. The abundance of Top50 clonotypes was typically 10–20 times higher for IgM than for IgT. This pattern was not predicted by our computational model of rearrangements, indicating that it was due to post-recombination selective processes exerted on B cells before vaccination. The spleen IgM and IgT repertoires also differed in the degree of sharing of the most frequent clonotypes (Figure 7). Very few top IgM clonotypes, except for VH5, were shared by more than two individuals, while more than one third of the top IgT clonotypes were shared. A similar pattern was observed when considering all clonotypes. Hence, IgM most abundant clonotypes may reflect each individual's unique immunological history, while the stereotyped IgT repertoire may be shaped by common components of the environment. Since IgT is the main isotype involved in mucosal immunity, this may reflect the effect of common components of the microbiota, in line with the key role of intestinal microbes in the generation of the IgA repertoire in human and mice (34). Additionally, differences of IgH mRNA expression level between (activated) IgM+ and IgT+ B cells may also affect clonotype sharing in sequence data. This remains difficult to take into account because these expression levels are poorly defined.
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FIGURE 7. Schematic model of trout IgM and IgT responses against the virus. The diameter of circles reflects the size of clonotypes. Two individual fish are identified by vertical or horizontal stripes. Naïve unvaccinated IgT repertoires contain shared clonotypes of small size, even the Top clonotypes, while IgM repertoires included clonotypes of large size that are mainly specific to individuals. Response to the virus comprises private IgM or IgT clonotypes (represented in orange), or public clonotypes (represented in red). Note that IgT private response reduces the level of sharing of top clonotypes, and leads to highly frequent clonotypes specific to the virus. The VH5 IgM public response is based on highly shared clonotypes already present in naïve unvaccinated controls. Sets of clonotypes similar (but not identical) to public anti VHSV clonotypes, are denoted by*. Such sets of similar clonotypes are very prominent in the VH5 IgM repertoire. The proportions of clonotypes of different sizes reflect the global structure of the repertoires, but does not exactly correspond to the average distribution of our datasets (see Figure S4 for such a representation).



Fish Maintain IgM and IgT Components of the Response to Vaccination Over 5 Months in the Spleen

The B cell repertoire response signatures persisted in spleen for months after vaccination, involving public clonotypes previously found in fish infected twice at 3 weeks interval (18). Our previous data suggested that the most frequent clonotypes of the VH5Cμ public response after two infections in quick succession could represent up to 25–30% of the total VH5Cμ transcripts (18). In this dataset, they reached 10–15% at most, suggesting that the size of public VHSV-specific top clonotypes is smaller 5 months post-vaccination. This is consistent with the maintenance of a lower pool of “memory” clonotypes after the elimination of the attenuated virus. This result differs from immunizations with hapten-carrier conjugates (TNP-KLH), where the high-affinity Abs appeared only 3 months after trout immunization (35). In line with the notion that the vaccination induced the generation of memory cells, the boost was associated with a marked accumulation of virus-specific antibody-secreting cells in the pronephros, and an increased abundance of similar clonotypes shared by all fish in the spleen for the VH5Cμ rearrangement that contained the public response (Figure 2).

The VH Repertoire Involved in Public Memory Responses has Distinctive Characteristics

Eight VH5JH5 clonotypes were expanded in most or all vaccinated fish, with CDR3 differing only by one or two “conservative” substitutions. Overall, this VH5JH5 IgM response can therefore be named truly “public” (36). These public clonotypes were among the most frequent in VH5Cμ, and were as frequent as the top clonotypes of the other responding VHC families (data not shown), indicating that public and private responses were of the same order of magnitude.

Public responses depend on clones that are relatively frequent before immunization (5, 16, 17, 37). It is more likely for such clones to be selected by their specific epitope early in the response in all individuals, and to outcompete other clones as was proposed for T-cell receptors (38). Most public VH5JH5Cμ clonotypes were detected in several unvaccinated controls, and ranked on the high side of the frequency distribution, although far below the Top50. Our computational model showed that these public rearrangements were more likely produced by the recombination machinery than other VH5-JH5 junctions. The IgM public response is therefore at least partly biased by recombination. In contrast, the clonotypes involved in the large private VH4Cτ expansions observed in infected fish were not detected in controls (data not shown). These findings should be put in the context of a growing evidence for repertoire biasing across vertebrates. In adult zebrafish, Weinstein et al. found that 250 clonotypes were shared much more often than predicted by a uniform random model (2). A strong bias in the recombination process was also reported for human (10) and mouse (17) B cell repertoires, and the effect of such bias on the sharing of repertoires has been extensively studied for T cell receptors (39–42).

In human and mice, public responses comprise multiple clonotypes with the same VH and JH, and CDR3 amino acid sequences of identical length differing by one or two AA (9, 26–28, 38, 39). To investigate the role of this property in our system, we first determined the fraction of the repertoire that consisted in classes of similar clonotypes differing from each other in such a way. We found that this fraction was higher for VH5Cμ than for any other VHC combination even in unvaccinated controls, suggesting a generic characteristic of the VH5Cμ combination independent of the public response to VHSV. Since our model of rearrangements did not predict this distinctive property of VH5Cμ (Figure 6), it must be mainly due to the selection processes shaping the naive pre-vaccination repertoire, possibly involving previous exposure to environmental microbes, as reported for mice (17). Thus, the junctions of the public clonotypes are not only favored by the rearrangement process, but also are found together with many other highly similar VH5DHJH5 junctions in unvaccinated controls that may bind related epitopes. A schematic representation of the IgM public response, compared to IgM and IgT private responses, is shown in Figure 7. VHSV being a natural pathogen of rainbow trout evolving as a viral quasi-species, our data may suggest that some properties of the VH5Cμ repertoire have been selected during trout/VHSV co-evolution. Further studies in different host/pathogens models across vertebrates will determine whether the degree of convergence of IgH CDR3 between different VH (before immunization) is correlated to their implication in public responses.

CONCLUSION

Our data provide novel insights into the generation of public memory responses in the context of vaccination with an attenuated virus in fish. This information could be useful practically: if public clonotype expansions are correlated to protective specific Ab responses against pathogens, they could constitute excellent biomarkers of the efficiency of vaccines in aquaculture. On the other hand, observations from fish have a further interest when compared to other vertebrates. Teleost fish are an old, basal lineage of vertebrates, which has evolved in parallel with tetrapods for more than 350 million years. Their immune system shares basic components with other vertebrates, but is nonetheless very divergent. Regarding B cells and Ab responses, lack of lymph nodes and germinal centers, slow kinetics of Abs responses, poor affinity maturation are important differences compared to humans and mice. Hence, the fish B cell system is adapted to very different anatomical and physiological constraints (43). Therefore, features conserved with respect to the common ancestors of fish and mammals are likely to be essential, while other characteristics may represent fish-specific original solutions. The implication of clonotypes with a high probability of generation in public responses therefore appears to be one of the fundamental traits conserved across vertebrates, for B and T cells (39, 41). This mechanism could have been selected during evolution because it favored B cells mediating public responses against microbial epitopes. In contrast, the idea that for certain VH (VH5 in this study) large classes of “similar” clonotypes are positively selected before vaccination, guaranteeing the presence of relevant clonotypes targeting key epitopes, remains to be tested in other groups of vertebrates. Overal, our data show that the fish public memory antibody response to a virus is determined at three levels: by recombination biases, by selection acting on the formation of the pre-vaccination repertoire, and by convergent selection of functionally similar clonotypes during the response. Our data pave the way for a better definition of the features of public responses across vertebrates.
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