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Avian influenza viruses (AIVs) are a major economic burden to the poultry industry and pose serious zoonotic risks, with human infections being reported every year. To date, the vaccination of birds remains the most important method for the prevention and control of AIV outbreaks. Most national vaccination strategies against AIV infection use whole virus-inactivated vaccines, which predominantly trigger a systemic antibody-mediated immune response. There are currently no studies that have examined the antibody repertoire of birds that were infected with and/or vaccinated against AIV. To this end, we evaluate the changes in the H9N2-specific IgM and IgY repertoires in chickens subjected to vaccination(s) and/or infectious challenge. We show that a large proportion of the IgM and IgY clones were shared across multiple individuals, and these public clonal responses are dependent on both the immunisation status of the birds and the specific tissue that was examined. Furthermore, the analysis revealed specific clonal expansions that are restricted to particular H9N2 immunisation regimes. These results indicate that both the nature and number of immunisations are important drivers of the antibody responses and repertoire profiles in chickens following H9N2 antigenic stimulation. We discuss how the repertoire biology of avian B-cell responses may affect the success of AIV vaccination in chickens, in particular the implications of public versus private clonal selection.
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1 Introduction

Avian influenza viruses (AIVs) are responsible for major economic losses to the poultry sector and have a detrimental impact on the health and welfare of chickens (1). AIVs can also transmit between species, causing a disease burden in other livestock, wild animals, and humans, emphasising the importance of infection control in poultry (2). Prevention of poultry outbreaks is facilitated using biosecurity practices and vaccination. However, the efficacy of vaccines is frequently hindered by the high mutation rate of influenza genes that results in antigenic drift (3).

Influenza viruses are classified based on their haemagglutinin (HA) and neuraminidase (NA) surface proteins, which mediate cellular attachment and release, respectively (2). These proteins also serve as major antigenic targets for the adaptive immune systems of avian and mammalian hosts. Indeed, the majority of the antibody responses are directed towards the HA and NA proteins, with protective titres being able to block the infection of cells (4). The hyperdiverse “anticipatory” repertoire of BCR/Ig affords the ability of B cells to recognise a wide array of non-self-antigens, and this is created by a combination of somatic rearrangement, junctional modification, the pairing of heavy and light chains, and, in birds, gene conversion, which occurs in the bursa of Fabricius (5, 6). The critical antigen-binding region of the rearranged Ig is known as the complementary determining region 3 (CDR3) (7).

High-throughput sequencing (HTS) is increasingly being used to characterise human and mouse antibody repertoires (8, 9). Such studies have allowed for the identification of antigen-specific antibody CDR3 rearrangements reactive against dengue virus, influenza virus, human immunodeficiency virus (HIV), tetanus toxoid, Haemophilus influenzae, group C meningococcal polysaccharides, and SARS-CoV-2 virus (10–13). HTS applied to B-cell repertoires also facilitates the detection of B-cell malignancies, understanding autoimmunity, and characterising vaccine responses (8). As such, HTS analysis of the B-cell repertoire in response to different HIV vaccination regimes enabled the identification of a vaccine candidate with superior performance compared to alternatives (10).

To date, limited information is available regarding the dynamics of antibody repertoires of birds, especially in the context of infection or vaccination. Poultry, in particular commercial chickens, are subject to an intensive vaccination schedule starting as early as day 1 post-hatch, employing up to 16 or so vaccines over the 5- to 7-week production period of broiler (meat) chickens (14). Many of the AIV vaccines are based on inactivated virus formulations, which predominantly stimulate humoral immunity (4). As humoral responses are also known to contribute significantly to protection against AIVs, we set out to explore the effects of vaccination and/or infection on the IgM and IgY repertoires of chickens.




2 Materials and methods



2.1 Viruses and vaccines

Recombinant reverse-genetics (RG) viruses were generated using established methods (15). RG viruses comprised all eight genes from the A/chicken/Pakistan/UDL-01/2008 (UDL-01/08) influenza virus. Influenza virus vaccines were prepared by first inactivating stocks with β-propiolactone 0.1% (v/v) at room temperature for 8 hours and then incubating at 4°C for 24 hours (16). Virus inactivation was confirmed through three sequential inoculation experiments of 10-day-old embryonated hen eggs. The inactivated virus was then concentrated by ultracentrifugation at 135,000 ×g for 2 hours. The virus was resuspended in phosphate-buffered saline (PBS) and titrated by HA assay.




2.2 Experimental design and tissue samples

White leghorn chickens (Valo breed, n = 70) were hatched and reared in the poultry facility at the Pirbright Institute according to national- and institute-specific regulations (licence number P68D44CF4). Birds were divided into six treatment groups (G1–G6), maintained together until infection, and then transferred to isolators at day 21 post-hatching. Uninfected birds remained together for the duration of the experiment. Chickens from G1 (n = 10), G2 (n = 10), G4 (n = 10), and G5 (n = 10) received a single subcutaneous injection of 0.2 mL of 1,024 haemagglutinating units (HAU)/dose inactivated H9N2 vaccine immediately after hatching. Individuals from G2 and G5 received an additional dose of the vaccine 14 days after hatching. Birds from G3 (n = 15) and G6 (n = 15) did not receive the vaccine. Weekly blood samples were collected from all birds immediately after the first intervention (i.e., infection or vaccination). At day 21 post-hatching, birds from G1–G3 received a single intranasal inoculation of 0.1 mL of 106 pfu/mL H9N2 low-pathogenic avian influenza virus (50 µL in each nostril). Following infection, birds (G1–G3) were weighed daily, and buccal and cloacal swabs were collected each day for 10 consecutive days to confirm infection status via qRT-PCR (see below). At day 3 and day 14 post-infection, five birds from each group (G1–G6) were culled, and tissue samples (trachea, spleen, and bursa) were harvested and stored in RNAlater (Thermo Fisher Scientific, Waltham, MA, USA). Additionally, at day 7 post-infection, five birds from G3 and G6 were culled, and their tissues were harvested for the rest of the time points. A diagram of the experimental design is provided in Supplementary Figure 1. The tissues used for repertoire analysis were the ones harvested at the last time point of the experiment (14 days post-infection).




2.3 Haemagglutination and haemagglutination inhibition assays

The HA titre of the virus and the haemagglutination inhibition (HI) titre of chicken antisera were determined using established protocols (17). Briefly, to determine HA titre, a twofold dilution series of virus in PBS was prepared in V-bottom 96-well plates (Thermo Fisher Scientific) and incubated 1:1 with 1% chicken red blood cells (RBCs) in PBS for 1 hour at 4°C. The HA titre was recorded as the reciprocal of the highest dilution that virus caused complete haemagglutination of RBCs.

To determine the HI titre, a series of 25-μL twofold dilutions of post-infection chicken polyclonal antisera were incubated with 4 HAU per 25 µL of virus for 1 hour at room temperature and then incubated 1:1 with chicken 1% RBCs in PBS for 1 hour at 4°C. The HI titre was recorded as the reciprocal of the highest dilution of chicken antiserum that completely inhibited haemagglutination of RBCs.




2.4 ELISA

To assess the levels of H9N2-reactive IgM and IgY in vaccinated and/or challenged birds, enzyme-linked immunosorbent assays (ELISAs) were developed using inactivated virus. Nunc MaxiSorp (Thermo Fisher Scientific) flat-bottom 96-well plates were coated with 50 µL per well of 0.25 µg/mL inactivated virus and incubated overnight at 4°C. The following day, plates were washed four times using 0.1% Tween 20 (Sigma-Aldrich, St. Louis, MO, USA) in PBS. Subsequently, the plates were incubated for 30 minutes at room temperature using 100 µL of blocking buffer [0.25% bovine serum albumin (BSA) in 0.1% Tween-20 in PBS]. Following another wash step, 50 µL of 1:800 serum dilution was added to duplicate wells and incubated for 1 hour at room temperature. The plates were then washed again and incubated for 30 minutes with 50 µL of either a 1:7,000 dilution of goat IgG conjugated with horseradish peroxidase (HRP) having anti-chicken IgY specificity (Bio-Rad, Hercules, CA, USA), or 1:3,000 dilution of goat IgG conjugated with HRP having anti-chicken IgM specificity (Invitrogen, Carlsbad, CA, USA; cat. PA1-84676). After another wash step, 50 µL of OptEIA TMB Substrate (BD Biosciences, San Jose, CA, USA) was added to each well of the plate and incubated at room temperature. The reaction was stopped using 50 µL of 2 M H2SO4 after 20 minutes of incubation. The optical density of the wells was then read using a 450/630 nm setting of an ELx808 plate reader (BioTek, Winooski, VT, USA). The raw optical density (OD) values were then standardised using the sample-to-positive ratio. For this, a sample of pooled sera from three 24-day-old naïve birds from a separate experiment was used as a negative control on the ELISA plates. Similarly, a sample of pooled sera from three 24-day-old birds that were vaccinated at days 1 and 14 post-hatching during a separate experiment was used as a positive control. Because of the high number of serum samples, multiple 96-well plates were used for the ELISA procedure. Cross-plate standardisation was performed by calculating the sample-to-positive ratio using the following formula:

	




2.5 qRT-PCR

Total RNA from buccal and cloacal swab samples from H9N2 infected birds was extracted using the QIAamp Virus BioRobot MDx Kit (Qiagen, Valencia, CA, USA) on a BioRobot Universal (Qiagen). Total RNA concentration was then measured using the NanoPhotometer NP80 (IMPLEN GmbH, Westlake Village, CA, USA) to standardise across samples. A quantitative real-time PCR (qRT-PCR) using H9N2 matrix (M) gene primers was performed on samples using an M gene of known concentration (8.5 × 107 copies/µL) as a standard, which was previously generated within the AIV group at the Pirbright Institute. For the qRT-PCR reactions, the Superscript III Platinum One-Step qRT-PCR Kit (Invitrogen) was used following the manufacturer’s instructions on a QuantStudio 5 Real-Time PCR System (Thermo Fisher Scientific). The results were then analysed using the QuantStudio 5 software (Thermo Fisher Scientific).




2.6 RNA extraction from tissues

RNA isolation from chicken tissue samples was carried out as described in our previous work (18). Fifteen milligrams of tissue samples was transferred to tubes containing 600 µL of ice-cold RLT lysis buffer (Qiagen) and 100 µL of 0.2-mm silica beads. Tissues were homogenised in a Mini-Beadbeater-24 (BioSpec, Bartlesville, Ok, USA) using 5 cycles of 1 minute each. Homogenate was then cooled on ice for 30 seconds, and RNA was extracted using the RNeasy Mini kit (Qiagen). On-column genomic DNA digestion was carried out using the RNase-Free DNase Set (Qiagen). Extracted RNA was eluted in 40 µL of nuclease-free water, and RNA quality and integrity were assessed using an RNA ScreenTape (Agilent Technologies, Santa Clara, CA, USA) and a 4200 TapeStation (Agilent Technologies), respectively. Samples were immediately stored at −80°C.




2.7 cDNA generation and 5′ RACE PCR

5′ RACE-ready cDNA was generated using the SMARTer kit (Takara, Mountain View, CA, USA) according to the manufacturer’s instructions, and then 5′ RACE PCR was carried out to amplify B-cell receptor genes. 5′ RACE PCR involved the use of 7-bp barcoded forward primers for immunoglobulin Cμ (NNNNNNNCACAGAACCAACGGGAAG) and immunoglobulin Cγ (NNNNNNNCGGAACAACAGGCGGATAG). The 5′ RACE PCR was carried out in accordance with our previous protocol (18). This involved universal SMARTer kit reverse primers that were specific to the common 5′ adapter added during 5′ RACE cDNA synthesis. 5′ RACE PCR reaction mixes contained 5 µL of Phusion 5X Buffer (New England Biolabs, Ipswich, MA, USA), 0.5 µL of 10 mM dNTP, 0.5 µL of 10 µM UPA-short primer, 0.5 µL of 2 µM UPA-long, and 0.25 µL Phusion Hot Start Flex DNA Polymerase (New England Biolabs), which were added to 15.25 µL nuclease-free water, for a total of 22 µL volume. To this, 0.5 µL of the 10 µM gene-specific 7-bp barcoded primer and 2.5 µL of cDNA were added. The individual 25-µL volume 5′ RACE PCR reactions were then carried out in 96-well plates using the thermocycler program recommended by the 5′ RACE kit (Takara), with 35 cycles of gene-specific amplification with an annealing temperature of 60°C. Barcoded PCR products were pooled and subjected to electrophoresis on a 1.4% agarose in 45 mM Tris-Borate/1 mM EDTA (TBE) buffer gel containing 1:10,000 SYBR green (Sigma-Aldrich) at 120 V for 35 minutes. The bands of the expected lengths were gel extracted and purified using the QIAquick Gel Extraction Kit (Qiagen).




2.8 DNA library preparation and sequencing

Pooled barcoded PCR products were used to generate DNA libraries using the NEBNext Ultra II DNA Library Prep Kit for Illumina (New England Biolabs). A NEBNext Library Quant Kit for Illumina (New England Biolabs) and a D1000 DNA tape (Agilent Technologies) for the 4200 TapeStation (Agilent Technologies) were used to assess the quantity and quality of the DNA libraries. Library preparation and sequencing was carried out using an Illumina MiSeq platform by the Bioinformatics, Sequencing & Proteomics group at the Pirbright Institute.




2.9 Repertoire sequence data processing and analysis

In order to call V and J genes and extract CDR3 sequences, we developed the python package reptools (available on GitHub: https://github.com/sgp79/reptools), which employs a strategy of using BLAST (19) search to identify V genes and Smith–Waterman alignment [with the SWIPE package (20, 21)] to identify J genes. BLAST alignments were found to be unreliable for precise identification of the start of CDR3 regions, so reptools finds the start of the CDR3 by carrying out an additional Smith–Waterman alignment with a database comprising only the final 30 nucleotides of each V gene. We used custom V and J gene databases (available on request to the authors) with the reptools default settings for the searches: these include an E-value threshold of 0.001 for BLAST and Smith–Waterman alignment results, the exclusion of V gene hits of<50 nucleotides in length (for V gene calling) or <20 nucleotides (for finding the CDR3 start), and the exclusion of J gene hits of<10 nucleotides. The output was then analysed using R (22), and unique clonal IDs were assigned to individual IgM and IgY sequences based on CDR3 nucleotide identity alone. As chickens only exhibit one copy of the J genes and BCR diversification occurs through the process of gene conversion, V and J identities were not used for assigning clonal identity (5). The models used for statistical analyses [see below and reference (18)] were implemented using the lme4 package in R using Satterthwaite’s approximation, with p-values and 95% bootstrap confidence intervals for the model estimates being computed using the lmerTest package (23, 24).




2.10 Repertoire diversity

Patterns of clonal expansion with respect to tissue type and immunisation regime were investigated by analysing the diversity present within samples, as established previously (18). Briefly, the effective number of species, here equating to the “effective number of clones” (D), can be calculated using the weighted abundance of unique reads in each sample (25, 26). Diversity was measured using the following definitions: clonal richness (D0—the total number of clones found regardless of abundance), the exponential of the Shannon entropy (D1—defined here as “typical clones”), and the inverse Simpson concentration (D2—defined here as “dominant clones”). Diversity measures were computed, thus incorporating the effect of clonal expansions at different levels. This was achieved using the iNEXT package (27) in R, and interpolation or extrapolation was carried out to standardise between samples at a value of 1,000 total reads. Square root transformations were applied for the effective number of clones, and statistical analysis was carried out through a linear mixed-effects model using the tissue type and immunisation group as explanatory variables and the estimated effective number of clones (D0, D1, and D2) as a response variable.




2.11 Public and private clonal compartments

Public and private clonal compartments were analysed using previously established methods (18). Briefly, CDR3 nucleotide sequences were divided into private or public compartments depending on whether they were shared between individuals (at 100% identity). Due to the proportional nature of the observations, the percentages of clones within each tissue were logit-transformed for further analysis. A linear mixed-effects model was then generated to assess the percent contribution to the private or public clonal compartment, estimated as a function of the immunisation regime, tissue type, and clonal compartment (private or public). At first, all clones that were found in more than one individual were regarded as public, irrespective of the number of individuals that shared them. Subsequently, a new model was constructed where public clones were divided into multiple categories based on their presence across birds: rare publics (2 or more, up to 50% of birds), common publics (more than 50%, up to 90% of birds), and ubiquitous clones (more than 90% of birds).





3 Results



3.1 Confirmation of vaccination and/or infection status of birds

AIV-reactive IgM and IgY antibody titres were measured by ELISA and HI assays throughout the study (prior to, during, and after the infectious challenge). This confirmed the vaccinated or infected status of birds as planned (Supplementary Figure 2). Buccal and cloacal swabs were collected from all bird groups daily until 8 days post-infection (dpi). The buccal swabs confirmed the infection status (Supplementary Figure 3) via qRT-PCR for the M gene of the virus, while the cloacal swab samples did not exhibit any detectable levels of viral shedding (data not shown).




3.2 Productive rearrangement of IgM and IgY sequences

Sequencing of 5′ RACE PCR products yielded a total of 2,295,729 IgM reads and 2,165,701 IgY reads. Of these, ~97.3% and ~96.1% were productively rearranged (i.e., could yield a protein product free from premature stop codons or frameshifts), respectively. There was substantial heterogeneity in total reads obtained across individual samples (Supplementary Figures 4, 5), with no consistent patterns being observed between immunisation regimes or tissue types. Almost all IgM samples had more than 1,000 productive reads, except for the trachea of one bird from which five sequences were recovered, of which three were productively rearranged. This tissue sample was excluded from the analysis due to the insufficient number of reads. Four IgY samples were also excluded from the proportion-based analyses, as they had ≤500 productively rearranged reads. This was conducted to minimise the influence of potentially dominant clones on the repertoire composition of the samples in question. The immunisation regime groups affected by the removal of these samples had at least n = 4 samples per tissue, which is comparable to the samples of the groups with the lowest number of birds (i.e., the single vaccination and single vaccination and infected).




3.3 IgM clonal homeostasis

To determine the effect of the immunisation regime on the proportion of IgM clonotypes, we generated IgM clonal homeostasis plots for the spleen, bursa, and trachea for each immunisation regime (Figure 1). The clonal homeostasis plots were computed by assigning ranks to unique clones based on their proportion within each sample. In the case of two or more equal proportions (i.e., in the case of tied ranks), the highest rank was assigned to all tied clones, with the next rank(s) being omitted until the next (lower proportion) clone. This was conducted to emphasise the differences in abundance and corresponding proportion within the sample in question. As such, clones with a higher abundance (and rank) would be indicative of potential clonal expansions. The resulting homeostasis plots were then visually inspected with regard to the number of unique clones per sample (Supplementary Table 1). This was conducted to control for the overrepresentation of clonal ranks in samples with potentially lower numbers of unique clones. Although there was no apparent regime-specific effect, apart from relatively reduced clonal expansion in the spleen of double-vaccinated birds, there were more clear differences between the tissues, whereby the trachea displayed the highest proportion of expanded clones and the bursa the lowest.




Figure 1 | IgM clonal homeostasis plots of individual tissue samples. Bird numbers are displayed on the x-axis, and individuals are grouped based on immunisation status, which is illustrated above each panel. Clones were ranked based on their abundance into four categories: first 10 most abundant (red), 11–100 (yellow), 101–1,000 (blue), and above 1,000 (black) in terms of total abundance within each sample. The proportions of clonotypes are displayed on the y-axis.






3.4 IgM repertoire diversity

We next investigated the IgM clonal diversity across tissues and immunisation regimes (Figure 2). The bursa showed no differences in clonal diversity. The spleen showed differences between naïve birds and the double-vaccinated, and the double-vaccinated and infected dominant clones (D2) only, which both exhibited significantly higher levels of diversity. In contrast, the trachea showed significantly higher levels of diversity in all groups in both clonal richness (D0) and typical clones (D1), when compared to the naïve group. However, only the double-vaccinated and infected group showed significantly higher diversity than the naïve birds when looking at the dominant clones (D2).




Figure 2 | IgM clonal diversity within samples. Different rows show the Hill numbers corresponding to clonal richness (D0), the “typical” clones (D1), and the “dominant” clones (D2) in a theoretical sample of 1,000 sequences. Immunisation regimes are colour-coded and displayed on the x-axis. Dots represent individual bird observations of the effective number of species calculated in each tissue for the corresponding H values. Error bars show the 95% bootstrap confidence intervals for the point estimates generated from 1,000 simulations of the model. Statistically significant differences between the model estimates are depicted above the plots based on their corresponding p-values: *p< 0.05; **p< 0.01; ***p< 0.001.






3.5 Public and private IgM clonal compartments

The partitioning of IgM sequences into private and public clones (at the nucleotide level) reveals the effects of both tissue type and immunisation regime on the composition of the repertoires (Figure 3). The bursal tissue samples of all groups exhibited significantly more private than public clones, with the notable exception of the double-vaccination and infected group, which had comparable proportions of public and private clones. By contrast, the tracheal samples of groups exhibited significantly higher proportions of public clones than private clones, with the former reaching more than 75% of the total clones in some individuals. In the spleen, the infection-only group had significantly more private clones than public clones. At the same time, the single-vaccination and infected group exhibited more public than private clones in the spleen. The splenic samples from other groups had comparable levels of private and public clones.




Figure 3 | Differences between the IgM public and private compartments under different H9N2 immunisation regimes based on clone CDR3 nucleotide structure. Private (individual-restricted) clones are shown in orange. Public clones (shared between more than two individuals) are shown in light blue. Dots represent individual bird observations of public and private clonal compartments. Error bars represent 95% bootstrap confidence intervals for the point estimates generated from 1,000 simulations of the model. Statistically significant differences between the model estimates are depicted above the plots based on their corresponding p-values: *p< 0.05; **p< 0.01; ***p< 0.001.



Differences between the groups were also evident regarding the contribution of private and public clones to the repertoire (Figure 4). In the bursa, the double-vaccination regimes exhibited lower proportions of private clones and higher proportions of public clones. In the trachea, the only immunisation regime that exhibited a difference to the naïve birds was the infection-only group, showing significantly higher proportions of private clones and lower proportions of public clones.




Figure 4 | Differences within the IgM public and private compartments under different H9N2 immunisation regimes based on clone CDR3 nucleotide structure. Private (individual-restricted) clones are shown in orange. Public clones (shared between more than two individuals) are shown in light blue. Dots represent individual bird observations of public and private clonal compartments. Error bars represent 95% bootstrap confidence intervals for the point estimates generated from 1,000 simulations of the model. Statistically significant differences between the model estimates are depicted above the plots based on their corresponding p-values: *p< 0.05; **p< 0.01; ***p< 0.001.



The partitioning of public IgM clones based on their degree of clonal sharing reveals additional effects between the samples (Figure 5). Notably, the most substantial component of the total public repertoire is comprised of rare public clones. As such, the differences to the naïve birds regarding the proportion of total public clones were also displayed by the rare public compartment of the immunisation regimes across tissues. When looking at the private clones, the differences to the naïve group in the trachea and bursa were also consistent with the ones revealed by the model without the partitioning of the public compartment. However, in the spleen, the single-vaccination and infected group now exhibited significantly lower proportions of public clones than the naïve group.




Figure 5 | Model estimates of IgM clone CDR3 nucleotide private and public compartments based on different levels of clonal sharing. Private (individual-restricted) clones are shown in orange. Rare publics (shared between two or more than two individuals up to 50%) are shown in light blue. Common publics (shared between more than 50% and up to 90% birds) are shown in dark blue. Ubiquitous publics (found in 90% or more of the birds that were incorporated in the analysis) are shown in purple. Dots represent individual bird observations of private and distinct public clonal compartments. Error bars represent 95% bootstrap confidence intervals for the point estimates generated from 1,000 simulations of the model. Statistically significant differences between the model estimates are depicted above the plots based on their corresponding p-values: *p< 0.05; **p< 0.01; ***p< 0.001.



Regarding the more frequently shared IgM clones, both the common public and ubiquitous clonal compartments were at relatively low levels, each generally amounting to less than 5% of the repertoire of individual birds. There were no significant differences between the IgM repertoires of the immunisation regimes regarding the common clones, but some were evident in the ubiquitous clonal compartments. In the bursa, the single-vaccination group and the single-vaccination and infected group showed significantly higher levels than the naïve birds. In the trachea, the double-vaccinated group had significantly higher proportions of ubiquitous clones than the naïve chickens.




3.6 IgM public repertoires restricted to immunisation regimes

Only three IgM clones that were present and expanded across multiple individuals were found restricted to the infected birds and unexpanded or absent in the uninfected birds (Figure 6). Of these, one clone (CDR3: CAKSTAGTCWYDDAGSID) was present only in birds from the vaccination and infection treatments. This clone was expanded in the spleen and tracheas of two single-vaccinated and infected birds. Additionally, one of the single-vaccination and infected birds also showed an expansion of this clone in the bursa, whereas the clone was not detected in the other bird. This clone was also identified in the bursa of a bird from the double-vaccinated and infected group, but it was not expanded.




Figure 6 | IgM clonal expansions in the restricted repertoire of infected birds. Circles indicate the presence of clones with a specific CDR3 amino acid sequence and are proportional to the abundance within each bird’s tissue clonal compartment. The plot shows only the clones that are expanded in the infected treatment groups (at or above 0.5% and at less than 0.5% in any of the uninfected). Background and circle colours indicate the immunisation regime identity: red, infection only; dark red, single vaccination and infection; purple, double vaccination and infection.



The remaining two public IgM clones restricted to the infected groups were identified in both infection-only birds and single-vaccinated and infected individuals, although expansions were present only in infection-only birds. One clone (CDR3: CAKESDGAGSID) was present in almost all the analysed tissues of the individuals belonging to the infection-only group and in one splenic sample of a single-vaccinated bird. The expansions of this IgM clone were identified in the trachea of one bird and the bursa of another. Interestingly, the clone was not identified in the trachea of the bird that exhibited an expansion in the bursa. The other clone (CDR3: CAKNADAGGCCDDID) was found in both the infection-only group and the single-vaccination and infected group but only showed expansions in three tracheal samples of the infection-only birds.

Expansion patterns were found when observing IgM clones in the uninfected treatment groups (Figure 7A). Expansions were only observed in the vaccinated groups and not in the naïve birds. Of these, three clones were found expanded in the single vaccination and one clone in the double-vaccination treatment. In the former group, all three clones were present in all analysed tissues of three birds, although their patterns of expansion differed. One clone (CDR3: CAKGSGCCGSRGRTAGTID) was found at comparable proportions (~1%) in the tissues of the three birds. Another clone (CDR3: CAKSSYECAYDCWGYAGSID) also displayed expansions across all tissues of the three single-vaccinated chickens, particularly in the spleen of one bird, where it reached close to 10% of the repertoire. The remaining one (CDR3: CAKSYGGNWGGFIEDID) was only expanded in the spleen and trachea of one single-vaccinated bird, but still present in the bursa and all the tissues of the remaining two birds. The clone that was expanded in the double-vaccinated birds (CDR3: CAKESSSAVSID) was present in the five individuals of the group in all tissues, except for one bursal sample. The identified expansions were in the tracheas of two birds, reaching ~0.5% and ~2% of the repertoire.




Figure 7 | IgM clonal expansions in the restricted repertoire of uninfected birds and of vaccinated birds. Circles indicate the presence of clones with a specific CDR3 amino acid sequence and are proportional to the abundance within each bird’s tissue clonal compartment. (A) The plot shows only the clones that were expanded in the uninfected treatment groups (at or above 0.5% and at less than 0.5% in any of the infected). (B) The plot shows only the clones that were expanded in the vaccinated treatment groups (at or above 0.5% and at less than 0.5% in any of the naïve or infection-only groups). CDR3 amino acid sequences that coincide with clones restricted to infected and uninfected birds are shown in red and blue, respectively. Background and circle colours indicate the immunisation regime identity: light blue, single vaccination; dark blue, double vaccination; dark red, single vaccination and infection; purple, double vaccination and infection. No expansion patterns fitting these criteria were observed in the naïve group.



When considering the public IgM expansions restricted to the vaccination groups (including under infection settings), only one clone (CDR3: CAKESSYADSID) was expanded in both the infected and uninfected vaccinated groups (Figure 7B). In the double-vaccinated treatment group, this IgM clone was expanded in all splenic and tracheal samples. Furthermore, this clone was present in all bursal tissues of the double-vaccinated birds but only expanded in one. This clone was also identified in the bursa and trachea of one single-vaccinated bird, although it was unexpanded. However, in the double-vaccination and infected group, the clone was present at unexpanded levels in the spleen and three bursal samples. In the trachea, all birds of the double-vaccinated and infected group possessed this clone, with one expansion being present. The remaining public IgM clones were found previously as restricted to either the uninfected treatment groups (shown in blue) or the infection immunisation regimes (CAKSTAGTCWYDDAGSID, shown in red).




3.7 IgY clonal homeostasis

Clonal homeostasis plots were generated for the IgM sequences (see Section 3.3). The patterns of clonal homeostasis illustrated the influence of tissue type and treatment group on the IgY repertoire (Figure 8). The tracheal samples generally exhibited the highest levels of expansion followed by the spleen and then the bursa, irrespective of the immunisation regime. Heterogeneity between samples was pronounced, indicating that the influence of the individual is important. In the bursa and spleen, the clonal homeostasis patterns between the groups were generally comparable to one another. The trachea exhibited the highest levels of IgY clonal expansions, most notably in the uninfected groups.




Figure 8 | IgY clonal homeostasis plots of individual tissue samples. Bird numbers are displayed on the x-axis, and individuals are grouped based on the corresponding immunisation status, which is illustrated above each panel. Clones were ranked based on their abundance into four categories: first 10 most abundant (red), 11–100 (yellow), 101–1,000 (blue), and above 1,000 (black) in terms of total abundance within each sample. The proportions of clonotypes are displayed on the y-axis. Samples that were removed due to a low read number are displayed as having no data (ND) at the corresponding locations.






3.8 IgY repertoire diversity

The IgY diversity patterns provided further information on the IgY clonal landscapes within the analysed tissues (Figure 9). In the bursa, the groups that received one immunisation, through either vaccination or infection, are significantly more diverse in terms of clonal richness (D0) than the naïve treatment. These differences were maintained when considering the typical clones (D1) or the dominant clones (D2). The diversity of the splenic samples for the immunisation regimes and the naïve birds showed no significant difference in either clonal richness or typical clones. However, when looking at the dominant clones, the single-vaccination and infected group had significantly more diverse repertoires than the naïve group. The single-vaccination treatment also seemed to be more diverse than the naïve, although this difference was not statistically significant. In the trachea, all immunised groups were statistically more diverse in terms of both IgY clonal richness and typical IgY clones than the naïve group. When considering the dominant clones, however, the infection-only group and the single-vaccination and infected group had significantly higher levels of diversity than the naïve birds in the trachea.




Figure 9 | IgY clonal diversity within samples. Different rows show the Hill numbers corresponding to clonal richness (D0), the “typical” clones (D1), and the “dominant” clones (D2) in a theoretical sample of 1,000 sequences. Immunisation regimes are colour-coded and displayed on the x-axis. Dots represent individual bird observations of the effective number of species calculated in each tissue for the corresponding H values. Error bars show the 95% bootstrap confidence intervals for the point estimates generated from 1,000 simulations of the model. Statistically significant differences between the model estimates are depicted above the plots based on their corresponding p-values: *p< 0.05; **p< 0.001. ***p< 0.01.






3.9 Public and private IgY clonal compartments

The IgY repertoires of the H9N2 immunisation regimes exhibited significant differences in terms of their private and public clones (Figure 10). In the bursa, the naïve, single-vaccination, and infection-only groups showed significantly higher contributions of private clones than public clones to the repertoire. The opposite pattern was observed for the double-vaccination treatment, which exhibited significantly higher contributions of public clones as opposed to private clones. The vaccinated and infected groups showed similar contributions in terms of public and private clones to the repertoire. In the spleen, the double-vaccinated group and the single-vaccination and infected group exhibited significantly higher proportions of public rather than private clones. Lastly, all tracheal samples of the immunisation regimes had significantly higher proportions of public clones as opposed to private clones, which reached more than 50% of the repertoire on most occasions, with public clones exceeding 80% of the total clones.




Figure 10 | Differences between the IgY public and private compartments under different H9N2 immunisation regimes based on clone CDR3 nucleotide structure. Private (individual-restricted) clones are shown in orange. Public clones (shared between more than two individuals) are shown in light blue. Dots represent individual bird observations of public and private clonal compartments. Error bars represent 95% bootstrap confidence intervals for the point estimates generated from 1,000 simulations of the model. Statistically significant differences between the model estimates are depicted above the plots based on their corresponding p-values: *p< 0.05; **p< 0.01; ***p< 0.001.



The private and public clonal compartments of the immunised groups also differed in terms of their relative sizes in the repertoire when compared to the naïve birds (Figure 11). In the bursa, the double-vaccination regime and the single-vaccination and infected birds had significantly higher proportions of public clones and lower levels of private clones than the naïve group. In the spleen, only the double-vaccinated birds exhibited a significant difference to the naïve, having higher levels of public clones and lower levels of private clones. Lastly, the tracheal samples of the single-vaccination group and the infection-only group exhibited higher proportions of private clones and lower proportions of public clones than the naïve birds.




Figure 11 | Differences within the IgY public and private compartments under different H9N2 immunisation regimes based on clone CDR3 nucleotide structure. Private (individual-restricted) clones are shown in orange. Public clones (shared between more than two individuals) are shown in light blue. Dots represent individual bird observations of public and private clonal compartments. Error bars represent 95% bootstrap confidence intervals for the point estimates generated from 1,000 simulations of the model. Statistically significant differences between the model estimates are depicted above the plots based on their corresponding p-values: *p< 0.05; **p< 0.01; ***p< 0.001.



Further partitioning of the public clones into categories based on the degree of clonal sharing between individuals revealed several patterns in terms of tissue and group-specific differences (Figure 12). Most public clones are rare publics (shared between 2% and up to 50% of all birds), irrespective of tissue type or immunisation regime. However, some of the previously observed differences between the groups were masked when partitioning the public clones through this model. As such, the single-vaccinated and infected group in the bursa and the single-vaccinated group in the trachea were not deemed to be significantly different anymore in terms of private clones to the naïve. The other previously described differences in terms of private clones remained significant and were also mirrored in the rare public compartment, with the exception of the aforementioned samples of the single-vaccination groups. Other significant differences between the immunised groups and the naïve birds were revealed when considering the common public clones (shared by ≥50% and<90% of birds) and the ubiquitous clones (found in ≥90% of individuals). In the bursa, the double-vaccination and infected birds had significantly lower common public clones than the naïve, while the other groups did not exhibit any differences. In the trachea, all three infected groups, irrespective of vaccination status, showed significantly higher proportions of common publics than the naïve group. No differences between the groups were observed in the spleen. By contrast, when considering the ubiquitous clones, there were no differences between the groups in either the trachea or the bursa, but one difference was apparent in the spleen. There, the ubiquitous clones of the double-vaccination treatment were at statistically higher levels than the naïve group. Taken together, these results reveal interesting effects of both tissue type and H9N2 immunisation regime on the private and public clonal compartments of the birds.




Figure 12 | Model estimates of IgY clone CDR3 nucleotide private and public compartments based on different levels of clonal sharing. Private (individual-restricted) clones are shown in orange. Rare publics (shared between two or more than two individuals up to 50%) are shown in light blue. Common publics (shared between more than 50% and up to 90% birds) are shown in dark blue. Ubiquitous publics (found in 90% or more of the birds that were incorporated in the analysis) are shown in purple. Dots represent individual bird observations of private and distinct public clonal compartments. Error bars represent 95% bootstrap confidence intervals for the point estimates generated from 1,000 simulations of the model. Statistically significant differences between the model estimates are depicted above the plots based on their corresponding p-values: *p< 0.05; **p< 0.01; ***p< 0.001.






3.10 IgY public repertoires restricted to immunisation regimes

A total of 28 IgY public CDR3 amino acid clones were expanded in birds belonging to the infected groups and found absent or unexpanded in the uninfected groups (Figure 13). Of these, one CDR3 amino acid clone (CTKCAYSWCAAGSID) was comprised of two unique clonal lineages with different CDR3 nucleotide sequences. Although only showing expansions in the trachea and bursa of one double-vaccinated and infected bird, it was found present at unexpanded levels in all the individuals of the group across multiple tissues and in the bursa of a single-vaccination and infected bird. The majority of the other infection-restricted public clones were also only expanded in one individual and generally only in one tissue, in spite of them being shared across multiple birds. Only one clone (CDR3: CAKAAGSID) was found at expanded levels in the tracheas of one infection-only individual and one single-vaccination and infected individual.




Figure 13 | IgY clonal expansions in the restricted repertoire of infected birds. Circles indicate the presence of clones with a specific CDR3 amino acid sequence and are proportional to the abundance within each bird’s tissue clonal compartment. Overlapping circles display different clones based on nucleotide sequences that share the same CDR3 amino acid sequence. The plot shows only the clones that were expanded in the infected treatment groups (at or above 0.5% and at less than 0.5% in any of the uninfected). Clones that were expanded in multiple birds are identified with a dagger sign next to the CDR3 amino acid sequence. Background and circle colours indicate the immunisation regime identity: red, infection only; dark red, single vaccination and infection; purple, double vaccination and infection.



In the uninfected bird groups, 25 IgY public clones were present at expanded levels but absent or unexpanded in the infected groups (Figure 14). Interestingly, the identified public clones only showed one or more expansions within the members of a single group, while generally not being detected outside of the particular immunisation regime where it was found. The only exception to this pattern was a clone (CDR3: CAKSAYGGYFGWGTYAGSID) that was found expanded in the spleen and bursa of a single-vaccinated bird while also being present at unexpanded levels in a double-vaccinated bird. Additionally, six of the 11 clones identified in the double-vaccinated group and three of the eight clones identified in the single-vaccinated group were expanded across multiple individuals and tissues. By contrast, no clone that was identified in the naïve exhibited expansions across multiple individuals.




Figure 14 | IgY clonal expansions in the restricted repertoire of uninfected birds. Circles indicate the presence of clones with a specific CDR3 amino acid sequence and are proportional to the abundance within each bird’s tissue clonal compartment. The plot shows only the clones that are expanded in the uninfected treatment groups (at or above 0.5% and at less than 0.5% in any of the infected). Clones that were expanded in multiple birds are identified with a dagger sign next to the CDR3 amino acid sequence. Background and circle colours indicate the immunisation regime identity: light grey, naïve; light blue, single vaccination; dark blue, double vaccination.



The majority of the 43 public IgY clones that were expanded in any of the vaccinated groups but below the expansion threshold or absent altogether from the unvaccinated groups (Figure 15) were found previously as restricted to either the infection immunisation regimes (19/43, shown in red) or the uninfected treatment groups (20/43, shown in blue). The remaining four clones were expanded across both the infected and uninfected groups (shown in black). Only one of these clones (CDR3: CAKSAYGGSWGGFIEDID) was present across birds from all the vaccinated groups and exhibited expansions in individuals belonging to different immunisation regimes. The other three sequences were present either only in the single-vaccinated groups (CDR3: CARAPCSTTWSCWYAAGSID) or only in the double-vaccinated groups (CDR3s: CAKAARTAGYGVDDID and CAKAALTAGYGVDDID). Interestingly, the clones that were present in the double-vaccinated immunisation regimes only differed by a single amino acid and were found in all the birds of these groups. These clones were absent from some tissue samples and only expanded in the tissues of a double-vaccinated bird and a double-vaccinated and infected bird.




Figure 15 | IgY clonal expansions in the restricted repertoire of vaccinated birds. Circles indicate the presence of clones with a specific CDR3 amino acid sequence and are proportional to the abundance within each bird’s tissue clonal compartment. Overlapping circles display different clones based on nucleotide sequences that share the same CDR3 amino acid sequence. The plot shows only the clones that are expanded in the vaccinated treatment groups (at or above 0.5% and at less than 0.5% in any of the naïve or infection-only groups). CDR3 amino acid sequences that coincide with clones restricted to infected and uninfected birds are shown in red and blue, respectively. Background and circle colours indicate the immunisation regime identity: light blue, single vaccination; dark blue, double vaccination; dark red, single vaccination and infection; purple, double vaccination and infection.







4 Discussion

The antibody responses to AIVs are an important mechanism for viral clearance (28). However, the influences of viral infection or immunisation on the humoral immune system of birds are poorly understood, and the changes in the immune repertoire of H9N2-immunised chickens have not been previously explored. As the features of the avian immunoglobulin repertoire underpin the antigen specificity of the humoral response, information about the changes caused by antigenic exposure is key to both the understanding of the systemic antibody responses to infection and the protection offered by vaccination.

The patterns of expansion showed that the marked differences in the IgY and IgM repertoires of the birds are dependent on both the immunisation regime and tissue type. Overall, the IgY repertoire exhibited higher clonal dominance than the IgM in the spleen and bursa, a pattern that is consistent with the antigen-specific expansion and class switching, characteristic of IgY (29). Interestingly, the IgM repertoire in the trachea across all groups also exhibited higher dominance than in the bursa or spleen, showing levels that were slightly lower, yet comparable, to IgY. Moreover, the infected groups exhibited lower levels of IgY dominance in the trachea, which may indicate multiple clonal expansions in response to H9N2 infection in the upper respiratory tract. This pattern, although not as pronounced, was also observed in the IgM repertoires of the infected groups. Together, these differences suggest the resident IgM+ and IgY+ B cells are not as diverse in the trachea, but as class switching, expansion, and recruitment to the site of infection occur, the diversity of the IgY repertoire decreases with antigen-specific cells responding to infection. These observations are also supported by the diversity analyses, which revealed that at the level of dominant clones, the infected groups are significantly more diverse in both IgM (double vaccination and infection) and IgY (infection only and single vaccination and infection).

The differences in diversity identified in the bursa and spleen may reflect a combination of tissue identity as well as the number and nature of the immunisations. In the bursa, the IgM repertoires displayed no differences in diversity between the groups. However, the IgY repertoires of the single-vaccinated and infection-only groups exhibited significantly higher diversity levels than the naïve birds for clonal richness (D0), typical clones (D1), and dominant clones (D2). As the bursa is an organ not commonly associated with germinal centre development and class switching to IgY, antigen-specific responses of resident IgY+ cells in the bursa constitute an interesting topic for future investigations. In the spleen, the differences between the groups in both IgM and IgY diversities were only statistically significant at the dominant clone (D2) level. The groups that received two or more immunisations exhibited higher dominant clone diversity in either the IgY (double vaccination and double vaccination and infection) or IgM (single vaccination and infection) repertoires. Only the double-vaccinated groups, irrespective of infection, exhibited higher dominant clone diversities in their IgM repertoires, whereas the single-vaccination and infected group showed higher levels of IgY diversity, which may reflect increased repertoire focussing with multiple immunisations. Lastly, with regard to the trachea, all immunised groups exhibited higher diversity levels for IgM and IgY when compared to the naïve birds, in terms of both clonal richness and typical clones. When tracheal dominant clones (D2) were considered, only infected groups showed higher levels of diversity in IgM (double vaccinated and infected) or IgY (infection only and single vaccinated and infected). This is most likely due to the local infection recruiting antigen-specific B cells. Overall, these data suggest that the nature of the immunisation(s) (vaccine and/or live infection) differentially affects the diversity of the BCR repertoire structure. Indeed, such differences in the BCR repertoire structure according to AIV vaccination have also been reported in humans (30, 31).

A high degree of clonal sharing (publicness) between individuals was observed in both IgM and IgY repertoires, with the latter generally exhibiting higher proportions of public clones. The IgM and IgY public clones occupied significantly higher proportions of the repertoire than the private clones in the trachea, irrespective of the immunisation regime. By contrast, the other tissues did not display such consistent differences between the public and private repertoires, with the exception of the IgM repertoires in the bursal samples, where all the groups, with the exception of the double vaccination and infection, had significantly higher proportions of private clones. This pattern was expected, as the bursa is a site of BCR diversification in birds (5). However, no clear rule that can be attributable to the immunisation regimes seems to govern the public vs. private clonal compositions in the analysed bird tissues, but the data indicate that exposure to antigens by vaccination or infection influences these patterns. This may be expected if the naïve repertoire was limited and exposure to antigen leads to expansion of similar/identical clones in different individuals. Public influenza-specific BCR CDR3 amino acid sequences have been reported in humans, although many of these appear to arise from convergent selection rather than identical nucleotide sequences in different individuals (30, 32). Furthermore, in humans, although the proportion of sequences attributed to these amino acids was relatively small, these clusters were larger than those attributed to private BCR (31).

The degree of clonal sharing among individuals revealed that the majority of the public compartment is comprised of rare publics, which were shared between 2% and up to 50% of the birds included in this analysis. Indeed, most of the previously identified differences in terms of (total) public clones were mirrored by the rare publics. Although the clonal compartments with higher degrees of clonal sharing, the common and ubiquitous publics, occupied a much smaller proportion of the IgM and IgY repertoires, their proportional contribution indicates that a baseline of clonal sharing is present across individual birds. Furthermore, it is very likely that a higher sequencing depth would have resulted in clones that were deemed private by the current analysis to be found at low levels in multiple individuals and would thus be public. Together, the findings about clonal sharing have important implications, as they indicate that the diversity of immunoglobulin CDR3 specificities may be much more limited between multiple individuals than previously believed. This, in turn, may imply a constraint on an individual bird’s ability to respond to antigenic challenges, which has profound consequences in the defence against pathogens and efficient responses to vaccination. A possible explanation for the high degree of publicness observable in the IgM and IgY repertoires relates to the mechanism of immunoglobulin rearrangement during B-cell development. While mammals use a RAG-dependent V(D)J rearrangement process, birds rely on gene conversion. Although, in theory, gene conversion can yield comparable or even higher magnitudes of CDR3 diversity, the genetic and physiological processes may in fact be constrained by or exhibit biases towards specific gene segments and/or towards specific CDR3 arrangements (32). This is an interesting hypothesis to explore, and future molecular studies are required to examine the gene conversion during immunoglobulin diversification in avian species.

Profound differences in the clonal expansion profiles restricted to specific treatments were evident between the IgM and IgY repertoires. Considerably fewer treatment-restricted expansions were present in the IgM repertoires as opposed to the IgY, a result that supports that antigen-stimulated IgM+ B cells undergo expansion and class switching to IgY. Interestingly, for both IgM and IgY uninfected-restricted and infected-restricted expansions, the identified clones were generally only found in birds belonging to the same immunisation group. One explanation for this pattern is that environmental effects have impacted the bird groups differently, and this has influenced their IgM and IgY repertoires. This may be true for the infected groups, as they were moved to isolators just prior to infection on day 21, and the environment, although expected to be similar to the initial conditions, was sufficiently different to exert this influence on their repertoires. However, the single-vaccinated group and the double-vaccinated group were housed in the same isolator, unlike the infection-only group, which was housed in a separate isolator. Similarly, all three of the uninfected groups were housed together throughout the experiment, including after the infection groups were moved to the isolators. Therefore, environmental differences alone could not account for the observed differences, as groups that were housed together still exhibited expansions of the same clones that were not identified in other groups. Another explanation relates to experimental cross-contamination or day-to-day variation in the process, but neither of these is likely since samples were batch-processed for 5′ RACE PCRs, and there were many group-specific features to the data. Since environmental factors, analytical variation, or cross-contamination were not able to account for the observed patterns, the interesting possibility remains that the specific combination of immunisation through infection and/or vaccination(s) may lead to convergent expansions of identical CDR3 between individuals.

The few IgY and IgM clones that were expanded across individuals belonging to multiple groups were restricted to infection, with none being shared across the uninfected groups. When the vaccination-restricted clones were considered, only one IgM clone and four IgY clones were found expanded in birds from the infected and uninfected groups. These identified CDR3 sequences restricted to the vaccinated groups and expanded in birds belonging to infected and uninfected groups may represent lineages of B cells that respond to H9N2 under both immunisation scenarios. These clones, stimulated through vaccination(s), may intrinsically possess a higher affinity for the virus and could offer increased protection during infection. Furthermore, if a comparable number of restricted clonal expansions were to be detected in the IgL repertoires, screening for antigen-specific (paired) light- and heavy-chain sequences (e.g., for the production of H9N2-specific monoclonal antibodies) may be narrowed down to a few antigen-specific light chain (IgL) and heavy chain (IgH) CDR3 sequences based solely on repertoire data. Although this was outside the scope of the current research, such endeavours could substantially increase the throughput in generating antigen-specific antibodies not just for avian influenza viruses but for other infectious agents as well.

In our study, the birds were monitored daily during the time of infection, but there were no major signs of decline in health, irrespective of vaccination status. Furthermore, due to the broad approach of the repertoire analysis, we did not aim to address the correlation between repertoire diversity and characteristics and the outcome of the disease. While such a correlation very likely exists, it sits outside the scope of the current work, where infection and vaccination (and their various combinations) were used mainly to analyse the changes and broad characteristics of the repertoire. Further research into the correlation between repertoire characteristics and the outcomes of disease will enhance our understanding of both the pathogenic process and the biology of immunity itself. However, our current work provides a foundation for B-cell repertoire analyses in avian species, having revealed important characteristics of IgM and IgY clonal profiles under the contexts of vaccination and/or infection.

In conclusion, our analyses of the IgM and IgY repertoires of chickens subjected to different H9N2 immunisation regimes revealed important findings that constitute a solid foundation for future research aimed at increasing our understanding of the avian humoral responses to avian influenza and the adaptive immune system more broadly. The findings presented herein strongly suggest that not only does the nature of the immunisation (i.e., vaccination or infection) influence the immunoglobulin repertoires of the individuals, but also the number of immunisations received and the particular combination of immunisations to which the birds were subjected to. Unravelling the complexities of the avian immunoglobulin repertoires thus serves as a fruitful area for future research, while also having the potential to inform on practices such as vaccination, which remains paramount for efficient infectious control at a global level.
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Supplementary Figure 1 | Design of the H9N2 vaccination and infection experiment. Birds were split into 6 groups which received either an inactivated H9N2 vaccine at day 1, or both at days 1 and 14, or no vaccination. At day 21, half of the birds (belonging to all vaccination regime treatments) were infected with H9N2 avian influenza virus. Birds were then culled at days 24 (n=5 from all groups), day 28 (n=5 from the unvaccinated treatments), and at day 35 (n=5 from all groups). Blood and tissue samples were harvested and processed for subsequent analyses. Buccal and cloacal swab samples were collected from the infected birds with one pre-infection sampling and 10 other daily swabs after infection.

Supplementary Figure 2 | H9N2-specific antibody levels and haemagglutination inhibition (HI) potential of sera in chickens following vaccination and infectious challenge. (A) IgM ELISA sample-to-positive ratios. (B) IgY ELISA sample-to-positive ratios. (C) HI titres of serum samples.

Supplementary Figure 3 | H9N2 matrix gene qRT-PCR results of buccal swab samples. Viral copy number equivalent per μg total RNA extract was calculated for the infected bird groups from day 0 (pre-infection) until day 8 post-infection.

Supplementary Figure 4 | Total number of IgM sequence reads identified in tissues of chickens that were subjected to different immunisation regimes. (A) Splenic samples, (B) bursal samples, (C) tracheal samples. Bird numbers displayed on the x axis and individuals are grouped based on the corresponding immunisation status which is illustrated above each panel. Productive and unproductive reads are shown in blue and red, respectively.

Supplementary Figure 5 | Total number of IgY sequence reads identified in tissues of chickens that were subjected to different immunisation regimes. (A) Splenic samples, (B) bursal samples, (C) tracheal samples. Bird numbers displayed on the x axis and individuals are grouped based on the corresponding immunisation status which is illustrated above each panel. Productive and unproductive reads are shown in blue and red, respectively.




References

1. Alexander, DJ. An overview of the epidemiology of avian influenza. Vaccine. (2007) 25:5637–44. doi: 10.1016/j.vaccine.2006.10.051

2. Webster, RG. Influenza: An emerging disease. Emerging Infect Dis (Centers Dis Control Prevention)., 436–41. doi: 10.3201/eid0403.980325

3. Peacock, TP, James, J, Sealy, JE, and Iqbal, M. A global perspective on H9N2 avian influenza virus. Viruses. (2019) 11:620. doi: 10.3390/v11070620

4. Swayne, DE, and Kapczynski, D. Strategies and challenges for eliciting immunity against avian influenza virus in birds. Immunol Rev. (2008) 225:314–31. doi: 10.1111/J.1600-065X.2008.00668.X

5. Ratcliffe, MJH, and Härtle, S. B Cells, the Bursa of Fabricius and the Generation of Antibody Repertoires. In: Avian Immunology. Academic Press. (2014). 65–89. doi: 10.1016/B978-0-12-396965-1.00004-2

6. Reynaud, CA, Anquez, V, Grimal, H, and Weill, JC. A hyperconversion mechanism generates the chicken light chain preimmune repertoire. Cell. (1987) 48:379–88. doi: 10.1016/0092-8674(87)90189-9

7. Xu, JL, and Davis, MM. Diversity in the CDR3 region of V(H) is sufficient for most antibody specificities. Immunity. (2000) 13:37–45. doi: 10.1016/S1074-7613(00)00006-6

8. Georgiou, G, Ippolito, GC, Beausang, J, Busse, CE, Wardemann, H, and Quake, SR. The promise and challenge of high-throughput sequencing of the antibody repertoire. Nat Biotechnol. (2014) 32:158–68. doi: 10.1038/nbt.2782

9. Reddy, ST, Ge, X, Miklos, AE, Hughes, RA, Kang, SH, Hoi, KH, et al. Monoclonal antibodies isolated without screening by analyzing the variable-gene repertoire of plasma cells. Nat Biotechnol. (2010) 28:965–9. doi: 10.1038/nbt.1673

10. Wang, L, Zhang, W, Lin, L, Li, X, Saksena, NK, Wu, J, et al. A comprehensive analysis of the T and B lymphocytes repertoire shaped by HIV vaccines. Front Immunol. (2018) 9:2194/BIBTEX. doi: 10.3389/FIMMU.2018.02194/BIBTEX

11. Yuan, M, Wang, Y, Lv, H, Tan, TJC, Wilson, IA, and Wu, NC. Molecular analysis of a public cross-neutralizing antibody response to SARS-CoV-2. Cell Rep. (2022) 41. doi: 10.1016/J.CELREP.2022.111650

12. Trück, J, Ramasamy, MN, Galson, JD, Rance, R, Parkhill, J, Lunter, G, et al. Identification of antigen-specific B cell receptor sequences using public repertoire analysis. J Immunol. (2015) 194:252–61. doi: 10.4049/JIMMUNOL.1401405/-/DCSUPPLEMENTAL

13. Horst, A, Smakaj, E, Natali, EN, Tosoni, D, Babrak, LM, Meier, P, et al. Machine learning detects anti-DENV signatures in antibody repertoire sequences. Front Artif Intell. (2021) 4:715462/BIBTEX. doi: 10.3389/FRAI.2021.715462/BIBTEX

14. Baron, MD, Iqbal, M, and Nair, V. Recent advances in viral vectors in veterinary vaccinology. Curr Opin Virol. (2018) 29:1–7. doi: 10.1016/J.COVIRO.2018.02.002

15. Hoffmann, E, Neumann, G, Kawaoka, Y, Hobom, G, and Webster, RG. A DNA transfection system for generation of influenza A virus from eight plasmids. Proc Natl Acad Sci. (2000) 97:6108–13. doi: 10.1073/PNAS.100133697

16. Lone, NA, Spackman, E, and Kapczynski, D. Immunologic evaluation of 10 different adjuvants for use in vaccines for chickens against highly pathogenic avian influenza virus. Vaccine. (2017) 35:3401–8. doi: 10.1016/j.vaccine.2017.05.010

17. WHO Global Influenza Programme Surveillance and Epidemiology team. WHO Global Influenza Surveillance Network Manual for the laboratory diagnosis and virological surveillance of influenza. (2011).

18. Dascalu, S, Preston, SG, Dixon, RJ, Flammer, PG, Fiddaman, S, Boyd, A, et al. The influences of microbial colonisation and germ-free status on the chicken TCRβ repertoire. Front Immunol. (2023) 13:1052297. doi: 10.3389/fimmu.2022.1052297

19. Altschul, SF, Gish, W, Miller, W, Myers, EW, and Lipman, DJ. Basic local alignment search tool. J Mol Biol. (1990) 215:403–10. doi: 10.1016/S0022-2836(05)80360-2

20. Smith, TF, and Waterman, MS. Identification of common molecular subsequences. J Mol Biol. (1981) 147:195–7. doi: 10.1016/0022-2836(81)90087-5

21. Rognes, T. Faster Smith-Waterman database searches with inter-sequence SIMD parallelisation. BMC Bioinf. (2011) 12:1–11. doi: 10.1186/1471-2105-12-221

22. R Core Team. R: A language and environment for statistical computing (2018). Available online at: https://www.r-project.org/.

23. Bates, D, Maechler, M, and Bolker, B. CRAN - Package lme4 (2014). CRAN. Available online at: https://cran.r-project.org/web/packages/lme4/index.html (Accessed March 1, 2022).

24.CRAN - Package lmerTest . Available online at: https://cran.r-project.org/web/packages/lmerTest/index.html (Accessed March 1, 2022).

25. Chao, A, Chiu, CH, and Jost, L. Phylogenetic diversity measures based on Hill numbers. Philos Trans R Soc B Biol Sci. (2010) 365:3599–609. doi: 10.1098/RSTB.2010.0272

26. Chao, A, Gotelli, NJ, Hsieh, TC, Sander, EL, Ma, KH, Colwell, RK, et al. Rarefaction and extrapolation with Hill numbers: A framework for sampling and estimation in species diversity studies. Ecol Monogr. (2014) 84:45–67. doi: 10.1890/13-0133.1

27. Hsieh, TC, Ma, KH, and Chao, A. iNEXT: an R package for rarefaction and extrapolation of species diversity (Hill numbers). Methods Ecol Evol. (2016) 7:1451–6. doi: 10.1111/2041-210X.12613

28. Suarez, DL, and Schultz-Cherry, S. Immunology of avian influenza virus: A review. Dev Comp Immunol. (2000) 24:269–83. doi: 10.1016/S0145-305X(99)00078-6

29. Yasuda, M, Kajiwara, E, Ekino, S, Taura, Y, Hirota, Y, Horiuchi, H, et al. Immunobiology of chicken germinal center: I. Changes in surface Ig class expression in the chicken splenic germinal center after antigenic stimulation. Dev Comp Immunol. (2003) 27:159–66. doi: 10.1016/S0145-305X(02)00066-6

30. Jackson, KJL, Liu, Y, Roskin, KM, Glanville, J, Hoh, RA, Seo, K, et al. Human responses to influenza vaccination show seroconversion signatures and convergent antibody rearrangements. Cell Host Microbe. (2014) 16:105. doi: 10.1016/J.CHOM.2014.05.013

31. Mai, G, Zhang, C, Lan, C, Zhang, J, Wang, Y, Tang, K, et al. Characterizing the dynamics of BCR repertoire from repeated influenza vaccination. Emerg Microbes Infect. (2023) 12. doi: 10.1080/22221751.2023.2245931

32. Nielsen, SCA, Yang, F, Jackson, KJL, Hoh, RA, Röltgen, K, Jean, GH, et al. Human B cell clonal expansion and convergent antibody responses to SARS-cov-2. Cell Host Microbe. (2020) 28:516. doi: 10.1016/J.CHOM.2020.09.002

33. Dascalu, S, Sealy, J, Sadeyen, J-R, Flammer, P, Fiddaman, S, Preston, S, et al. IgM and IgY CDR3 sequences from naive, vaccinated and/or infected chickens [Dataset]. Dryad. (2024).




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Dascalu, Sealy, Sadeyen, Flammer, Fiddaman, Preston, Dixon, Bonsall, Smith and Iqbal. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-15-1461678-g012.jpg
Trachea

Spleen

Bursa

Private Rare publics Common publics

*%

P B

4
e CEET

*
.ﬁ.

*

k%%

*%

*k
1

elled  Emad

m.

1.0
0.5

0.0
1.0

0.5
0.0

a|dwes uiyym sauojd ABj Jo uoniodoud

0.02

Ubiquitous

° UONO8jUl % UOIJBUIDOBA 3|gno(

® uoIj08julI ® uoleUIDOBA 9|buIg
Ajuo uonoaju|
uolBUIDOBA 8|gno(

uoneulooeA a|buls

aAleN

= P,

UOIJOdJUI R UOIJeUIDORA 3|gnoQ
uonOdjUI ¥ uoljeuIDoeA 36ulg
Ajuo uonoaju|

uoneuIooeA 8|gnoq

*

P

uoneulooeA a|bulg

o
2
©
Z

UONO8jUl % UOIJBUIDOBA 3|gno(

UoNodJUl ¥ UoIljeuIddeA 8|bulg

Sl

Ajuo uonoaju|
uoljeuIddBA 8|gnoQ
uoneulooeA a|buls

aAlEN

ch

0.01
0.00

Immunisation Regime

Common publics

Rare publics . Ubiquitous

Private

Clonal compartment:





OEBPS/Images/fimmu-15-1461678-g004.jpg
Trachea

Spleen

Bursa

*%

Q
-

Private Public

o *k
o
o
00
i
*k

o0 o
e0] ©
i..

o
*

o
*%

Q
-

0.5
0.0
0.5

a|dwes uiyjim sauojd |N6] jo uoiiodold

UoIJO8jUI g UOIBUIDOBA 3|gnoQ
uonoaul R uoljeuldoeA a|bulg
Ajuo uonoayu|

uoleuldoeA ajgnog
uoneulooena a|bulg

aAlEeN

UoI308jUI ' UOIRUIDORA 8|gno(
uonoaul R uoljeuldoeA a|bulg
Ajuo uonosyu|

uolneuldoeA a|gnod
uoneulooena a|bulg

anlEeN

UOoIJO8jUI ' UOIBUIDORA 9|qno(
uonoaul % uoljeulooeA ajbulg
Ajuo uonosyu|

uoleuldoeA ajgnod
uoneuoeA a|bulg

anleN

Immunisation regime

[E] Private [E] Public

Clonal compartment





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Immunisation of chickens with inactivated and/or infectious H9N2 avian influenza virus leads to differential immune B-cell repertoire development

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Viruses and vaccines

          



          		

            2.2 Experimental design and tissue samples

          



          		

            2.3 Haemagglutination and haemagglutination inhibition assays

          



          		

            2.4 ELISA

          



          		

            2.5 qRT-PCR

          



          		

            2.6 RNA extraction from tissues

          



          		

            2.7 cDNA generation and 5′ RACE PCR

          



          		

            2.8 DNA library preparation and sequencing

          



          		

            2.9 Repertoire sequence data processing and analysis

          



          		

            2.10 Repertoire diversity

          



          		

            2.11 Public and private clonal compartments

          



        



        



        		

          3 Results

        

          		

            3.1 Confirmation of vaccination and/or infection status of birds

          



          		

            3.2 Productive rearrangement of IgM and IgY sequences

          



          		

            3.3 IgM clonal homeostasis

          



          		

            3.4 IgM repertoire diversity

          



          		

            3.5 Public and private IgM clonal compartments

          



          		

            3.6 IgM public repertoires restricted to immunisation regimes

          



          		

            3.7 IgY clonal homeostasis

          



          		

            3.8 IgY repertoire diversity

          



          		

            3.9 Public and private IgY clonal compartments

          



          		

            3.10 IgY public repertoires restricted to immunisation regimes

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1461678-g009.jpg
Trachea

Spleen

Bursa

Do

*%*
**k%*
*k*
*%
**

1
*kk
*

*%*
*
ﬁ

1000

S =
B =

[ ) -
- i .

D1

k%%

R ol Bl

B

*
ﬁ
i.

7]
i

500

0
0

1000
500

S9UO|D JO Joaquinu 3Al}094}3

*%

D2

*
ﬁ
o

o 5]

1000

*

K=

s

500

UOI}O3jUl ' UOIIBUIDOBA 9|gno(
uoIjO3jul % UoeUIDOBA 3buIS
Ajuo uonoaju|

uoljeulddoeA a|gno(
uolneulooeA a|buig

=INEIN

UOoIjO3jUI ' UOIIBUIDOBA 9|gno(
uoIjOdjUI g UOoeUIDOBA 3BuIS
Ajuo uonoayu|

uoljeuIdOBA 8|gno(

uoneunoeA a|bulg

(0]
=
‘©
Z

UOIJO3jUl % UOIIBUIDOBA 8|qno(
uoIjOdjUI g UoeUIDOBA 3]buIS
Ajuo uonoasju|

uoljeuIdOeA 3|gNo(
uoneuooeA a|bulg

=INEIN

Immunisation regime

Single vaccination & infection
Double vaccination & infection

Double vaccination
Infection only

Naive
Single vaccination

[ ]
L]





OEBPS/Images/fimmu-15-1461678-g013.jpg
Spleen Bursa Trachea

2
CTKCAYSWCAAGSID i P @ @
t CARAPCSGTGSGYCGWSADNID ) o e @
CAKTTCTNCWYSVDYID co. @ O [
+ CAKTTCTGCWYATYTGDID @ ¢ o o @: o ® :--
t CAKTTCAGYCGWGYTGSID L LA {
CAKTSCTGCLYAAGWID — °® . @ o -
CAKSSYSGSWGVFCYADNID = @ e . °c® e o
CAKSSYGSSTWCGWGAGWID o o - - @ - @
t CAKSSYECAYSCLYTTDSID ®o e o
CAKSAYGGSWGGCVEDID = = o . o . co @
CAKSAGWYDTACSID I @ o -@:- - -
CAKSAGGCTWGGCGDDID e ¥e) e @
CAKSADSGYCTGGCGGGTID ® - e o ®-
CAKNAYVDIWGDNID o . K O -
CAKNAYGDIWGDNID ®- -@- ® -
CAKGWGADNID - @ - o o co@o o
t CAKESSSGGWIADDID - - @ - . e °o o e o @oo
CAKDASSGGGCGGGGWID .o o Su NN e o .
CAKATGSSYSCGGCTAGSID e @ o o o o o@- -
CAKATGSGYCSWGYSVYSCGAGEID = ® = c® o ® -
CAKASCTGCWYDTGQID o e - @ ®-
CAKAIGCCGWGAAGDID ¢ = ® - ® -
CAKAASGYCSWCAGSID o o - o @ )
TCAKAAGSID ¢ 2= o s s s s ) -y I | ® - O -
CAKAAGSGSCDYGDYDAGYID co@ - e o @) -
CAKAAGNWCGSWAGCAGQID - - @ °® c oo o
CAKAAGGYCGSGAEDID - @ - o - . @
CAKAAGCGYCGWGSID °® o - @ - @ *

IgY CDR3 amino acid sequence

R N (R ([ (. N L [P NP (PSR N N NGNS (. [ [ (RN [ NP (P . U NP (L (L (P (N . G W N [R N R NS (. (PSS [ (P (P N (P N N G W

WWWWWHAOOO =222 N) WWWWWHAOOO =222 aN) WWWWWHAOOO 222N
OIONO0OOOONOOOON0OO O1IONO00OOOONOOOON0OO OIONO00OOOONOOOON0OO

Bird ID

Abundance within sample: © 1% O 2.5% O 5% Q 7.5% Q 10%

Immunisation regime: @ Infection only @ Single vaccination and infection @) Double vaccination and infection





OEBPS/Images/fimmu-15-1461678-g011.jpg
Trachea

Spleen

Bursa

*k*

(@)
i'
*%k%

1.0

Private Public

UOI}08}Ul %9 UOIJBUIDOBA 9|qno(
uoIjO8jUI ¥ uoleuIdoeA 3|bulg
Ajuo uonoaju|

UOoI_UIdoBA 8|qno(

iiii

*%*

uoljeulooeA a|bulg

*
1
I .
. '

oaAlEN

**

* o
ﬁ

ii

uoN98JUl 9 UOIBUIDIEA 8|qnOo(]

UOoIjO8jUI ¥ UoljeulddeA 8|buls

Ajuo uonosyu|

UOoIeUIdoBA 8|qno(

uoljeuldoeA a|bulg

*%

*%
o
i

oAlEN

UOII98JUI 9 UOIBUIDOBA 8|qno(]

UOI08JUI '@ UONBUIDOBA 8|6uIg

Ajuo uonosyu|

| A

uoIeuIdo.A 8|qno(

uoneulooeA a|bulg

*
(@)
i

oAleN

0.5

o o
(@) ~

0.5
0.0

a|dwes uiyyim sauo|d AbBj| jo uonuodoid

Immunisation regime

[E] Private [E] Public

Clonal compartment





OEBPS/Images/fimmu.2024.1461678_cover.jpg
& frontiers | Frontiers in Immunology

Immunisation of chickens with inactivated
and/or infectious HIN2 avian influenza virus
leads to differential immune B-cell repertoire

development





OEBPS/Images/fimmu-15-1461678-g005.jpg
Trachea

Spleen

*
o
o

*k%k

miillis
il
st

Bursa

Private Rare publics Common publics Ubiquitous

e UOI}O84UI % UOIBUIDOBA 3|qno(
UOI}O84UI %9 UOleUIDOeA 3|buIg
o Ajuo uonoayu|
o uoljeuId9eA 3|qnoQ
: uoneulooea a|bulg
W“ aANIEN

UOIJO8JUI @ UONBUIOOBA 8|qnoQ

&

[

uoIjo8jUI B UoNeUIooeA 8|bulg

erElE FLET
R

Ajuo uonoayu|

UoNB_UIDOEA 3|qno(

Common publics
Ubiquitous

uolneuiooen abulg

=INIEIN

Immunisation Regime

UoI198JUl @ UONBUIOORA 8|qnoQ

Private
Rare publics

uoIjo8jUI B UoNeUIooeA 8|bulg

Ajuo uonoaju|

UOoNBUIDOEA 3|qno(
uoneulooeA ajbulg

aAleN

1.0
0.5
1.0
05 o

0.0

0.0

0.06

0.04

0.02

0.00
Clonal compartment:

ajdwes uiyym sauojd \B| Jo uonuodoad





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/M1.jpg
[Sample OD) ~ [Negative control OD]
(Positive control OD) — [Negative control OD)





OEBPS/Images/fimmu-15-1461678-g014.jpg
T CTKNADGPYSCGAYADEID

T CATAAGSGYCGWGGYITAGCID

T CARVTRVGGSWSYGAWSYSAGSID
CARNGNIYCGAYAHCID

CARAPCSGWCGSGTWSCAGCID © - -
CAKTTCSGWAGCAGRID - O -

CAKSTYGGSID © o o o

T CAKSSYECAYSCWGYIAAGSID
CAKSPCTGCWYDTAGSID
CAKSGYGCGTWSCGADSID © = © -
TCAKSAYGYCGSGSWCAADSID
CAKSAYGGYFGWGTYAGSID
CAKSAGSGACNFFYPSCPYTANDID
CAKSAAGHYGSGGADEID
CAKPAGSGYCDYGDYDAGWID ¢ ¢ =

IgY CDR3 amino acid sequence

CAKNAGSGYCGSGAYAGSID
CAKGSGSVSGAADNID
T CAKESGSGGCGGAGWID

CAKESGCSSYCWYAASID -

T CAKDVRSGFITAAFID

T CAKDAGAGTID
CAKAYAGYCGSGASID

T CAKAASGSGSGADNID
CAKAAGTGYCGSGAYAGSID

CAKAAACCGVGSGDNID -

691
0L ©
VL1
¢l
€Ll
L6l
c6l
€6l
v6l
00¢
102
c0¢
€0¢
¥0¢c
691
0ZL o

Abundance within sample: © 1% © 2.5% Q 5% Q 7.5% O 10%

Immunisation regime:

© | Single vaccination

Double vaccination

LLL
¢l
€Ll

L6l
c6l
€6l
v6l

Bird ID

00¢
10C
c0¢
€0¢
¥0¢c

Trachea

691
0Ll O
LLL
¢l
€Ll
L6l
c6l
€6l
v6l
00¢
10C
c0¢
€0¢
¥0¢c





OEBPS/Images/fimmu-15-1461678-g010.jpg
Trachea

Spleen

Bursa

1.00

0.75

0.50

0.25

0.00

UoIjO8}Ul % UOIjeUIDDBA 3|qNo(]
uoljo8}Ul % UoljeuIdOeA 8|buIg
Ajuo uonoasju|

uoljeuIdoBA 8|gqnoQ
uoljeulooeA a|bulg

aAlEeN

uOoIjO8jUI @ UOljeUIDOBA 8|gho(d
uoIjO8jUI ¥ uoljeuIDoeA 8|bulg
Ajuo uonosyu|

uolneulddoeA a|gnog
uoljeulooeA a|bulg

oaAIEN

uOoIjO8jUI @ UOIjeUIDOBA 8|gno(
uoIjO8jUI ¥ uoljeUIDOeA 8|bulg
Ajuo uonoayu|

uoneulddoeA a|gnod
uoleulooeA a|bulg

oaAlEN

a|jdwes uiyyim sauods ABJ jo uonsodouad

Immunisation regime

Clonal compartment: [E] Private [E] Public





OEBPS/Images/fimmu-15-1461678-g001.jpg
| g M Naive

Proportion of clonotypes

Single Double
Infection only vaccination vaccination
& infection & infection

Single Double
vaccination vaccination

' m——— ENEE NEEED

0.75
0.50
0.25 I I
0.00

1.00 m———U = s p— e p— B e | I
o e - EE i ailE Bl
Q.
g o075
1]
7))
= 050
=
T 025 I
0.00

0.50

1.00
0.00 III

RGN - A A - R O I QL G | - A A R G O G |
~N N ~ o O © W wWwwwwhs o o - = A a A
@ o - M w = DN QJ s O —* N OQ -h 0100 N o OO (@) \l O O o N 00 © O
Bird ID

Ranks of clones: [l 1-10 [ | 11-100 [l 101-1000 Jl >1000

uoa9|dsg

esing

eayoel|





OEBPS/Images/fimmu-15-1461678-g006.jpg
Spleen Bursa Trachea

CAKSTAGTCWYDDAGSID ®e o - o0

@

o

c

Q

=

o

Q

7

=

8

o CAKNADAGGCCDDID © o o o o o c o s o0 @® -0 - o

E

©

™

14

0

o

=

2

CAKESDGAGSID © ¢ o o s @ - s 0 @ °© s 0 0@
PDRRDDROO N PRV DDRODO N DDV DDEOD O N
OO0 N O©OOoNNOo OO0 N0 OO O NNOo OO0 N O OO NNOoO
Bird ID

Abundance within sample: © 1% © 2.5% O 5% Q 7.5% O 10%

Immunisation regime: @ Infection only @ Single vaccination and infection @ Double vaccination and infection





OEBPS/Images/fimmu-15-1461678-g002.jpg
Trachea

Spleen

TREAE (TAAAC

Bursa

*kk

k%%

*kk

k%%

Do

k%%
*%*

1000

500

D1

*k%k

*k
*
1

“THERE ReAR

0

o O
o O
o

<~

S9UO|D JO Jaquinu 3AIl}O3} 3

0

D2

*

e

1000

i B

MRS =

500

0

UOI}O8jUI @ UOIIBUIDOBA 9|qnoQ
uoIjO8jUI @ UOIBUIDOBA 3)BuIS
Ajuo uonosyu|

uoljeuIdoeA 3|gnoQ
uoljeurooea s|buls

aAlEN

UoIJO8jUI ' UOIIBUIDOBA 8|qnoQ
uoljo8jUI R uoneuIdoeA 3|bulg
Ajuo uonosyu|

uolneundeA a|gno
uoljeulIooeA a|buls

AN

uoIJO8jUI ' UOIIBUIDOBA 8|gno(Q
uoljo8jUI ' uoieuIDOeA 3|buIS
Ajuo uonosju|

uoleuldoeA a|gno(
uoljeuiooea a|buig

aAIEN

Immunisation regime

Single vaccination & infection
Double vaccination & infection

Double vaccination
Infection only

Single vaccination

Naive

[]
[ ]





OEBPS/Images/fimmu-15-1461678-g015.jpg
IgY CDR3 amino acid sequence

CTKNADGPYSCGAYADEID
CTKCAYSWCAAGSID
CATAAGSGYCGWGGYITAGCID
CARVTRVGGSWSYGAWSYSAGSID
CARNGNIYCGAYAHCID
CARAPCSTTWSCWYAAGSID
CARAPCSGTGSGYCGWSADNID
CAKTTCTNCWYSVDYID
CAKTTCAGYCGWGYTGSID
CAKTSCTGCLYAAGWID
CAKSSYGSSTWCGWGAGWID
CAKSSYECAYSCWGYIAAGSID
CAKSSYECAYSCLYTTDSID
CAKSPCTGCWYDTAGSID
CAKSAYGYCGSGSWCAADSID

CAKSAYGGYFGWGTYAGSID ©

CAKSAYGGSWGGFIEDID
CAKSAGWYDTACSID
CAKSAGSGACNFFYPSCPYTANDID
CAKSAGGCTWGGCGDDID
CAKSADSGYCTGGCGGGTID
CAKSAAGHYGSGGADEID
CAKNAYVDIWGDNID
CAKNAYGDIWGDNID
CAKNAGSGYCGSGAYAGSID
CAKGWGADNID
CAKGSGSVSGAADNID
CAKESSSGGWIADDID
CAKESGSGGCGGAGWID
CAKDVRSGFITAAFID
CAKDAGAGTID
CAKAYAGYCGSGASID
CAKATGSSYSCGGCTAGSID
CAKASCTGCWYDTGQID
CAKAASGYCSWCAGSID
CAKAASGSGSGADNID
CAKAARTAGYGVDDID
CAKAALTAGYGVDDID
CAKAAGTGYCGSGAYAGSID
CAKAAGSGSCDYGDYDAGYID
CAKAAGNWCGSWAGCAGQID
CAKAAGGYCGSGAEDID
CAKAAGCGYCGWGSID

Spleen

ooo‘ e e e
e & o (]

Q HH
$.4 ::: s
SR e

=LA A DNONONDNIN A A A A

OOOOOOCOO0O0O0OO—-A2aN)
=NWHARO-2NWAROONOONN00OO

Bursa
00000 ‘
00000
Qo
e O
® e o o
[
oo @
°c®
- ®
0000
@®
O
c0O0
O
@ o
@
°@®
o @ o
O
o @ o
o.o
e O
(o] (-]
° [ I ]
o o o (o] o
(T IY I
o000 °
C LX)
@
@
c o @
00000
@00 o o o
@ e°o 0 @ o
e @
° (]
°cQ®
....

L VR W WY \15) 10 ) 6] ) 5] | &[S VK WL VI W WL W Wi W §

OOOOOOOO0O00OO—-A22N)
=NWHAO-2NWROONOOMHN00OO

Bird ID

Abundance within sample: © 1% @ 2.5% ) 5% () 7.5% O 10%

Immunisation regime:

© | Single vaccination o

@ Single vaccination and infection

Double vaccination

Trachea
00000

I
Q.. ..
)
Q000 T
Qoo oo . o
O Myt
Q-
@
-1
‘@ RN
co@-e o
T T IR
® o000
e '
‘......
* @

o o @
(-] . o o
=LA DNONNDDMNIN PP A A

OOOOOOOO0O0O0OO-AAN)
=NWHARO-2NWROONOOHN00OO

(@) Double vaccination and infection





OEBPS/Images/fimmu-15-1461678-g007.jpg
Spleen
CAKSSYECAYDCWGYAGSID o Q o
Q
(8)
[ o=
Q
>
®  CAKSGYGGNWGGFIEDID © ¢ o
pe
(&)
(]
(@]
£
£
©  CAKGSGCCGSGRTAGTID © © o
()]
O
s
Koy
CAKESSSAVSID RN R T
= a2 A NDDNNDDNDDNDDN
O © © O O O O O
N WO A O~ NN W DN

Bursa Trachea
® © © © O O
©o o o O o o
® © © ® © O
e o O o ® o6 o C)O
= a2 a2 NDDNNDDNDDNDDN = a2 NDDNNDDNDDNDDN
O © © O O O O O O O© © O O O O O
N WO D O =~ NN W D N WO O =~ NN W HD
Bird ID

Abundance within sample: © 1% @ 2.5% Q) 5% () 7.5% O 10%

Immunisation regime: © | Single vaccination @® Double vaccination
Spleen Bursa Trachea
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Bird ID

Abundance within sample: © 1% © 2.5% O 5% Q 7.5% O 10%

Immunisation regime:

© | Single vaccination @® Double vaccination

@ Single vaccination and infection

(@) Double vaccination and infection
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Immunisation regime

Clonal compartment: [E] Private [8] Public
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Bird ID

Ranks of clones: [l 1-10 [ | 11-100 [l 101-1000 [} >1000





