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Divergent B-cell repertoire remodelling by
mRNA, DNA and live attenuated
vaccines in fish
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DeanPorter1, CatherineCollins1,2,3, AndreaMazzolini4, Luc Jouneau1,5, VanessaMhanna6, CélineCoiffier7,
Mathilde Peruzzi1, Yan Jaszczyszyn8, Encarnita Mariotti-Ferrandiz6, Francois Huetz9, Bertrand Collet1,
Thierry Mora4, Aleksandra M. Walczak4, Bernard Verrier7,10 & Pierre Boudinot1

Vaccination is critical for the future of aquaculture, and nucleic acid vaccines have amajor potential for
fighting emerging fish infectious diseases, yet their mechanisms remain poorly understood. We
compared B-cell responses induced by anmRNA, a DNA, and an attenuated vaccine, all encoding the
same antigen against a fish rhabdovirus. Rainbow trout IgHμ repertoires were examined to investigate
howvaccines reshapeclonal composition andcomplexity of theB-cell repertoire. Theattenuatedvirus
drove protection through a small number of highly shared public clonotypes encoding neutralizing
antibodies. The mRNA vaccine profoundly remodelled the repertoire in some individuals and induces
low, but still protective, neutralising Ab titers without public expansions. The DNA vaccine induced
high neutralizing Ab titers, providing full protectionwithminimal impact onB-cell repertoire. Clustering
analysis revealed partial sharing of private responses between fish. These findings highlight profound
divergences between fish B-cell responses to nucleic acid and attenuated vaccines whilst all of three
vaccines induce protective responses.

The immune system of jawed vertebrates relies on adaptive immune
responses driven by antigen (Ag) specific clonal expansions of T and B
lymphocytes. Each lymphocyte expresses a single Ag-specific receptor
generated by somatic V(D)J gene rearrangement during differentiation.
Upon infection, B and T lymphocytes carrying receptors specific to the
pathogen’s Ag become activated, proliferate, and differentiate into effector
cells, including antibody-producing plasma cells for B lymphocytes1. After
resolution, persistence of long lived and memory B and T cells specific for
the pathogen sustains a long-term immunity that constitutes the basis of
vaccination.

The fundamental features of this adaptive immune system emerged in
the common ancestor of jawed vertebrates ~450million years ago and have
remained remarkably conserved across all branches of cartilaginousfish and
bony vertebrates, including teleost fish and tetrapods2,3. However, the
organisation of lymphoid tissues and the biology of lymphocytes are very
different between fish and mammals. Unlike mammals, fish lack lymph

nodes and their B lymphocytes differentiate in the pro- and meso-nephros
rather than in the bonemarrow4,5. In contrast to the classical dogma stating
the absence of germinal centers (GC) in fish, recent studies have identified
the existence of inducible teleost melanomacrophage centers-associated
lymphoid aggregates (M-LAs)with features analogous to endothermGCs6,7.
These structures, observed within fish spleen and pronephros, support the
induction of systemic antibody (Ab) responses and somatic hypermutation
of immunoglobulin (Ig) genes involving both B and T cells. The long-term
survival niche for fish plasma cells is thought to be the pronephros8,9. In the
absence of lymph nodes, howAg is captured by antigen presenting cells and
presented to B and T cells remains poorly understood10, as is the biology of
fish dendritic cells. Systemic Ab responses in teleost species are primarily
mediated by IgM, with two additional Ig classes: IgD, whose function
remains elusive11 and IgT, a fish specific immunoglobulin specialised in
mucosal immunity12. Similar to mammals, fish exhibit a faster and stronger
secondary response (i.e., higherAb titers) after repeated immunisations13–15,
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opening up the possibility of vaccinations to protect against infection.
Importantly, fish are ectotherms as such their immune response is strongly
affected by the temperature of the environment, especially for T cells16. The
implication of the profound anatomical, physiological, and genetic diver-
gences between the immune systems of fish and mammals is still largely
unknown. Therefore, analysing fish responses to various vaccines is
important, both for practical applications and from an evolutionary
perspective.

Vaccination plays a pivotal role in combatting the spread of pathogens
in aquaculture,minimising their harmful effects on the health of farmedfish
species. Multiple vaccine platforms have been developed for use in fish
comprising inactivated, attenuated, subunit, and nucleic acid vaccines17,18.
Inactivated vaccineswerefirst developed andwidely used to protectAtlantic
salmon against bacterial diseases18. Attenuated vaccines efficiently protect
against several viral diseases and generally induce very good protection but
are associated to safety issues. DNA vaccines have proved to be particularly
effective in protecting against Rhabdoviruses such as the viral haemorrhagic
septicaemia virus (VHSV) experimentally19,20 and two commercial
DNA vaccines are available for use in aquaculture17. mRNA vaccines
for fish are still in their infancy21 but we have recently reported a
protective mRNA vaccine formulated in liponanoparticles (LNPs)
against VHSV22. Despite their widespread use in aquaculture, the
adaptive immune mechanisms underlying vaccine-induced protec-
tion, as well as the molecular and cellular basis of immune responses,
remain poorly understood.

To get insights into vaccine-induced immunememory and protection,
we first undertook the characterisation of the B cell response induced by a
protective attenuated VHSV vaccine23 through repertoire sequencing24. We
identified a strong public IgHμ clonotypic response directed against the
VHSV in a clonal lineof rainbow trout (Oncorhynchusmykiss). These public
anti-VHSV clonotypes pre-existed at low frequency before infection25, and
were prominently expanded during the response in the spleen24,25 and
pronephros26. Importantly, they encode the heavy chain of VHSV
neutralising Abs27, which are critical for protection, as neutralising
Abs are typically associated with host protection during rhabdovirus
infections19,28,29.

In this study, we aimed to compare B cell responses induced by this
attenuated live vaccine and by nucleic acid vaccines. Direct studies into the
differences in clonal expansion between different vaccine platforms are
limited even in mammalianmodels. Comparisons of B cell repertoires after
multiple vaccinations with mRNA vaccines against COVID-19 show that
multiple doses promote the expansion of receptor-binding domain-specific
memory B cells with an increased affinity to the binding domain of clo-
notypes that were persistent between vaccinations30. The level of titers of
these specific antibodies has also been shown to be relatively low, demon-
strating the effectiveness of rare but reoccurring antibodies specific to the
receptor-binding domain31. Whilst recent studies have shown that vacci-
nation with themRNA vaccine in comparison to the COVID-19 virus itself
drives a narrower clonotype expansion32,33. However, the differences in
response between DNA and mRNA vaccines, if any, are yet to be clearly
defined. To address this, we leveraged protective DNA andmRNA vaccines
againstVHSV in rainbow trout, with both vaccines encoding the exact same
glycoprotein Ag as the attenuated vaccine used in our previous studies.
Using a rainbow trout doubled haploid isogenic line, ensuring optimal
comparability of IgHμ repertoires across genetically identical individuals,
we analysed the clonal composition and dynamics of the IgM+ B cell
response to these threevaccines.Ourfindings reveal that protection induced
by mRNA, DNA and attenuated vaccines is associated with different levels
ofAbs responses, and that each vaccine exerts a unique impact on the spleen
IgM repertoire. While mRNA vaccine leads to the highest repertoire per-
turbation, large public expansions encoding neutralisingAbs are foundonly
after vaccination with the attenuated virus and are marginally expressed in
response to nucleic acid vaccines. These insights deepen our understanding
of nucleic acid vaccinemechanismsandprovide a framework for comparing
immune responses across fish and mammals.

Results
Nucleic acid vaccines’ protection against VHSV is driven by
specific IgM antibodies in serum
The production of antibodies by the host against VHSV is vital for pro-
tection. We first carried out serum neutralisation and ELISA assays on the
serum of fish 3-months post prime immunisation using DNAgVHSV19,
LNP (RNAgVHSV)17, or live attenuated VHSV vaccine (AttVHSV)23. At
day 90, serum from all three vaccines induced neutralisation against VHSV.
Fish vaccinated with either DNAgVHSV or LNP (RNAgVHSV) showed a
partial reduction of plaques, whereas the attenuated vaccine led to an almost
complete reduction compared to PBS injected controls (Fig. S1A). Fish
vaccinated with either the DNAeGFP or LNP (RNAeGFP) showed no
reduction in plaques. Importantly, adding the anti-trout IgM monoclonal
Ab 1.1434 abolished the neutralisation, confirming that it was due to the
presence of anti-VHSV IgMAbs andnot to other components of the serum,
as previously reported in (Castro et al., 2013, 2021) (Fig. S1A). Interestingly,
the levels of circulating anti-VHSV antibodies (Abs) in the serum were not
increased compared to PBS injected fish in both the DNAgVHSV and LNP
(RNAgVHSV) vaccinated groups (Fig. S1B). In contrast, these levels were
significantly higher in the group vaccinated with the attenuated vaccine.

Similar IGHVandJgeneusage in thespleen IgHrepertoireacross
different vaccine groups
The diversity of B cell repertoires is shaped by IGHV/J gene usage and IGH
CDR3, which vary due to different probabilities of rearrangement, IgH/IgL
pairing constraints and B cell selection processes. We examined the reper-
toires of IgM B cell from the spleen between all three vaccinated groups in
comparison with the PBS injected fish (Fig. 1, Fig. S2). Figure 1A shows
IGHV/J gene usage threemonths post vaccination. Largely the IGHVusage
is very similar amongst all groups with no major differences other than
IGHV6-31 in LNP (RNAgVHSV) vaccinated fish. Principle component
analysis illustrates PBS, DNAgVHSV, and AttVHSV groups share com-
parable profiles, whereas the RNAgVHSV group shows a relatively distinct
pattern with higher variance (Fig. S2B).

No clear differences in IGHJ gene usage and CDR3 length (Fig. S2A)
were observed. The proportion of the expressed repertoire attributed to the
most frequent clonotypes (Fig. 1B, Top100 clonotypes) revealed generally
similar frequency distributions after PBS injection and after vaccination
with AttVHSV, DNAgVHSV, or RNAgVHSV; however, two of five LNP
(RNAgVHSV) vaccinated fish (RNAgVHSV_118 and _119) displayed
marked expansions, with their top 100 clonotypes comprising 40–50% of
the repertoire. These outliers also showed reduced diversity indices
(Figs. 1C, S2C), skewing the group’s overall diversity metrics. Overall,
vaccination generally did not strongly modify the global structure of the
spleen expressed IgHμ repertoire, as previously reported by Castro et al. at
5 months post vaccination with the attenuated vaccine26, but exacerbated
responses to the LNP (RNAgVHSV) vaccine may occur.

Clonotype sharing and expression across vaccine groups
Expanded responsive clonotypes are expected to be shared by fish within
groups (convergent/public responses), or to be among the most frequent
clonotypes in each repertoire of individual vaccinated fish (private
responses).

Figure 2A illustrates the degree of clonotype sharing among dif-
ferent vaccine groups, in comparison to the control group (PBS) (hor-
izontal green bars). To identify highly shared clonotypes between fish,
sharing was defined as a molecular identifier (MID) count of ≥1 in 4 or 5
fish per vaccination group, based on a subsampling of 100,000 MID
counts per fish. Notably, AttVHSV-vaccinated fish exhibited the highest
degree of clonotype sharing, with 183 clonotypes shared across four or
more fish (Fig. 2A, horizontal green bars). In contrast, the DNAgVHSV
and LNP (RNAgVHSV) vaccinated fish demonstrated much lower levels
of sharing between fish, 53 and 54 clonotypes respectively, similar to the
level sharing seen within the PBS control group, 61 clonotypes (Fig. 2A,
horizontal green bars). This finding indicates that AttVHSV likely
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induces a more convergent immune response across individuals, with a
greater importance of public components. When comparing clonotype
sharing patterns across different vaccine groups (vertical purple bars), the
majority of group-shared clonotypes were found to be unique to each

specific vaccination type. Some evidence of sharing was observed
between groups immunised with different vaccines. However, 38 clo-
notypes were shared between vaccinated and control fish, while only 14
were shared between vaccinated groups (and not by controls), with only

Fig. 1 | Characteristics of the clonotype composition three months after vacci-
nation with nucleic acid vaccines. A IGHV and J gene usage for each vaccine type.
B Frequency distribution of IgHμ clonotypes, categorised into rank ranges, is shown

for each fish. The repertoire corresponding to the top 10most frequent clonotypes is
shown in black. C Measures of clonotype diversity between different vaccination
types using the Shannon Diversity Index.
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one clonotype being shared by all three vaccinated groups. Shared clo-
notypes tended to primarily involve the IGHV1-18, IGHV6-4, and
IGHV6-31 gene families. While overall responses are vaccine-specific,
certain IGHV genes/subgroups are therefore preferentially involved in
shared expansions across different vaccine types, including IGHV1-18
which is expressed in known anti-VHSV public clonotypes25,27.

The distribution of themost frequent clonotypeswas then investigated
across individual fishwithin and between experimental groups (Fig. 2B). To
do so, the 5 “Top50”most expressed clonotype sets from each of the 5fish in
each group were aggregated to obtain a non-redundant list (TCL for Top
ClonotypeLists). The total numberof clonotypes in aTCLwas thus between
50 (if all were shared by the 5 fish of the group), and 250 (if none were
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shared). Figure 2B (horizontal bars) shows that TCL for PBS-ctrl,
DNAgVHSV, and LNP (RNAgVHSV) comprised almost 250 clonotypes,
indicating that virtually all of the Top50 clonotypes were unique to indi-
vidual fish. Figure 2C illustrates that even the top 25 most frequent clono-
types of the two fish with very strong responses induced by LNP
(RNAgVHSV) (fish #118 and #119)were poorly shared by other vaccinated
fish, not significantly more than with controls. Whilst for the AttVHSV-
vaccinated fish, the TCL (N = 188) revealed clonotype sharing evoking the
known public response (Fig. 2B). The sharing of TCL clonotypes between
groups was also minimal (Fig. 2B, vertical bars), again indicating that each
vaccine generates a distinct top clonotypic signature, reflecting unique
modulation of the B cell repertoire. The limited sharing of dominant clo-
notypes highlights vaccine composition on shaping specific and diverse B
cell responses. The public response dominant in fish vaccinated by the
AttVHSV vaccine24–26 was apparently not prominent within the most
expressed clonotypes after immunisation with nucleic acid vaccines.

VDJ recombination is a highly variable process, resulting in a broad
range of generation probabilities for different clonotypes. The probability of
generation (pgen) quantifies the likelihood of a specific VDJ rearrangement
being produced by the recombination machinery (see Methods for the
accurate definition of pgen of anAA clonotype). Figure 2Ddisplays the pgen
values for the top 5 expressed clonotypes in each fish in the LNP
(RNAgVHSV) group, demonstrating that the majority of these highly
expanded clonotypes do not correlate with high pgen values. Interestingly,
the top frequent clonotypes of DNAgVHSV vaccinated fish follow a similar
distribution. In general, thedata fromnucleic acidvaccinatedfish shows that
the pgen of top expanded clonotypes are not particularly large, which is
consistent with a random draw. However in 2 of the LNP (RNAg:gVHSV)
fish, 104 and 118, we saw evidence of two highly expanded clonotypes (one
in each fish) with high pgen values, ARENNAFDY_IGHV1-28-2*01
P_IGHJ3,5D and ARAYNAFDY_IGHV6-4*02 F_IGHJ3,5D respectively.
Strikingly, the highly expanded clonotype in fish #119 was not associated
with a high pgen, showing it is not always the case. We also showed pre-
viously that pgen of nucleotide sequences coding for the eight public amino
acid clonotypes dominant in the response inducedby the attenuated vaccine
were at the top of the distribution of pgen of VH1-18(V)J rearrangements25.
We observed three of the amino acid public clonotypes foundwithin the top
5 of the attenuated VHSV fish (Fig. 2D). Among all tested groups, only the
attenuated VHSV vaccine group exhibited a statistically significant differ-
ence in the pgen distribution compared to PBS, based on the two-sided
Kolmogorov–Smirnov test (p = 0.0077) (Fig. 2D). A one-sided test further
confirmed that the pgen distribution in the attenuated group was sig-
nificantly greater than that of PBS (p = 0.0039). No significant differences
were observed between the DNA or RNA vaccinated groups and PBS,
regardless ofwhether a two-sidedor one-sided testwasused.Together, these
results demonstrate that nucleic acid-based vaccines and the live attenuated
virus vaccine induce Ab responses with different importance of public/
shared and private components.

DNAgVHSV and LNP (RNAgVHSV) vaccines elicit expansion of
theknownpublicanti-VHSVclonotypes inmost individuals, butat
much lower frequencies than the attenuated vaccine
A strong public anti-VHSV response has been previously identified in
spleen and head kidney of fish immunised with the attenuated VHSV

vaccine; this response involves eight IGHV1-18*02/IGHJ3 IgHμ clonotypes
containing highly similar CDR3 sequences24–26. In this study, we sought to
identify if these same public components were expressed after nucleic acid
vaccination (Fig. 3A). As previously observed, the group vaccinated with
attenuated VHSV showed high levels of expression of all 8 clonotypes, of
which nearly all were shared by over 80% of fish, with IGHV1-
18*02_IGHJ3_ARYNGDAFDY being the most abundant. Both the LNP
(RNAgVHSV)andDNAgVHSVvaccinatedfish also expressed antiVHSV-
public clonotypes in most fish, but at significantly lower levels than fish
vaccinated with the attenuated virus (Fig. 3B). Strikingly, one of the public
clonotypes (IGHV1-18*02_IGHJ3_ARYGDNAFDY) was expressed in
both the DNAgVHSV and LNP (RNAgVHSV) vaccinated fish at higher
counts than in fish vaccinated with the attenuated virus, and IGHV1-
18*02_IGHJ3_ARYGGNAFDY clonotype was also found at substantial
frequencies in the LNP (RNAgVHSV) group. These anti-VHSV public
clonotypeswere found at low level in a number of controls, in linewith their
highpgen. These public clonotypes inPBS injectedfish tended tobedetected
at low “pre-expansion” frequencies as previously observed24–26. However,
the average frequency of public clonotypes was not significantly different
between controls, DNAgVHSV and LNP (RNAgVHSV) vaccinated fish
(Fig. 3B). A low frequency IGHV1-18*02_IGHJ3 public response to DNA
vaccines was also observed in an independent experiment testing the
DNAgVHSV vaccine alone (average frequency of 2.5 E-4) compared a
typical frequency of 0.001 to a few percent in attenuated vaccinated fish in
the present experiment (Supplementary Text).

Patterns of clonotype sharing in responses to the three vaccines
confirm the lack of strong public component in the response to
nucleic acid vaccines
To further investigate the composition of the IgM+B cell response induced
by vaccination at higher resolution, we compared the contribution of
shared/public clonotypes to the repertoire for each VH subgroup and each
fish, three months post vaccination. Focusing on non-redundant lists of
Top50 most frequent clonotypes for each VH subgroup and each experi-
mental group, (TCL as defined above), we analysed the presence of clono-
types across fish of each experimental group, or across fish of different
groups. The sharing level betweendifferentfishwas then shown in a bar plot
as the cumulated frequency of Top50 IgHμ clonotypes present in n indivi-
duals (n = 1, 2, 3, 4) within a given group (i.e. in 1, 2, 3 or 4 individual fish)
(Fig. 4). TCL clonotypes from controls are represented as dark blue bars,
those from AttVHSV in orange bars, those fromDNAgVHSV in cyan bars
and those from LNP (RNAgVHSV) in green bars (Fig. 4). These plots
therefore combine sharing and expression level to provide an overview of
the contribution of the TCL clonotypes of a group to the IgHμ repertoire in
different conditions.

The comparison of sharing patterns for each VH subgroups points to
the main contribution of public clonotypes to the VH1 repertoire after
AttVHSV vaccination (these clonotypes were absent in controls), and also
uncovers lower contributions of public components to VH9 and VH11
responses to this vaccine (Fig. 4). To analyse clonotype sharing at a higher
resolution, the same analysis performed at theVH gene level showed that all
VH1 public clonotypes express VH1-18, and one of the public CDR3 pre-
viously identified. As seen above in the targeted analysis this public response
has a plain but modest contribution to the IgHμ repertoire of DNA and

Fig. 2 | Distinct private responses of the LNP (RNAgVHSV) vaccine. AUpSet plot
illustrating highly shared clonotypes, defined as those detected in four or five fish per
group based onMID counts. The left panel shows the number of clonotypes meeting
this shared criterion within each vaccination group. The right panel presents the
number of clonotypes shared between groups (top) and the selected pairwise
comparisons (bottom). BUpSet plot showing the top 50most abundantly expressed
clonotypes for each vaccination group. The left panel shows the number of clono-
types in the top clonotype lists within each vaccination group. The right panel
presents the number of clonotypes shared between groups (top) and the selected
pairwise comparisons (bottom). Both UpSet plots are based on data from a

subsampling of 100,000 sequences per condition.C The top 25 clonotypes identified
in each RNAgVHSV-vaccinated fish, highlighting the unique private immune
responses elicited by the vaccine. The heat map colouring represents theMID count,
with red indicating 800 ormore reads and grey indicating the absence of a clonotype.
D Probability of generation of the top 5 clonotypes from each RNA vaccinated fish
compared to the top 5 clonotypes across all 5 fish in the DNA, PBS and attVHSV
vaccinated groups (upper panel). The lower panel shows pgen distribution of clo-
notypes from PBS samples. * denotes significant difference from the PBS distribu-
tion where p < 0.01 by a one or two-sided Kolmogorov–Smirnov test.
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mRNA vaccinated fish (Fig. 5A, top line, orange bars in 3rd and 4th bar
plots). Respective contributions of the top shared clonotypes of the response
to the attenuated vaccine is illustrated on Fig. 5B, top line, second column.
Notably, Top50 VH1 clonotypes from DNA (resp. mRNA) did not con-
tribute to the repertoires of other vaccinated groups.While the lack of public
response for all the other VH subgroups had been observed previously after
AttVHSV vaccination, we showhere that DNA andmRNAvaccines do not
lead to strong public response within any VH subgroup. The pattern
observed for VH6 (Fig. 4), with clonotypes highly shared after AttVHSV
vaccination being also present andwell expressed in all/most fish in controls
and found again after DNA vaccination, is reminiscent of our previous
observations26. However, these clonotypes were not shared after mRNA
vaccination suggesting a different perturbation of the repertoire in this
experimental group.

While no significant expression of public clonotypes expressing aVH9
gene could be detected after AttVHSV or DNA vaccination, a response
shared by 3 fish was observed after mRNA vaccination (Fig. 4). Several
clonotypes relating to IGHV9-23*02 F were found shared between 3 or
more fish, commonly these clonotypes were found relatively low expressed
(<100 MID counts per fish) however one clonotype ARE-
LRGHYYFDY_IGHV9-23*02 F_IGHJ1 was found to be largely expanded
(>4000 MID count) in one fish (LNP (RNAgVHSV)_105). Another inter-
esting observation is that clonotypes belonging to the VH11 TCL after
AttVHSV vaccination were expressed by 4 or more fish after mRNA vac-
cination (Fig. 4, IGHV11 line, 2nd and4th panels). These clonotypes related to
the IGHV11-25*02 gene andwere found atmodest levels of expression (<50

MIDcountsperfish).Additionally, the increase of the cumulated expression
scale after mRNA vaccination in the VH1, VH9 and VH11 (Fig. 4) sub-
groups was compatible with a strong perturbation/response in some fish at
least, in line with Fig. 1B, C.

We also analysed the frequencies of themost frequent IgHμ clonotypes
in each fish of each experimental group (Fig. 6A). Large expansions
(found > 100 MID counts in a subsampling of 20,000) were mostly found
after mRNA and, to a lesser extent, DNA vaccination. In contrast, frequent
clonotypes were less frequent in controls, and curiously, even more so after
AttVHSV (at this time point, three months post-injection) (Fig. 6B) sug-
gesting completely different dynamics of clonal expansion between the
different vaccinations. The intensity of the IGHV1.18 – IGHJ3 public
response followed a completely different pattern, being found mainly after
vaccination with the attenuated virus.

Clustering clonotypes into convergent clusters identify private
responses shared by several mRNA vaccinated fish
To further assess sequence similaritywithin the immune repertoire, we used
a clusteringmethod,which groups together functionally similar sequences35.
Clusters were created by comparing the amino acid-sequences similarity of
CDR3s, and clonotypes with similar or identical CDR3 sequences but dif-
fering IgHJ or IgHV regions being assigned to separate clusters. This
approach allowed the detection of potential antigen-specific responses,
including those composed of non-public clonotypes. Figure 7A illustrates
the number of clusters identifiedper group, revealing a significant difference
between RNAgVHSV- and AttVHSV-vaccinated fish. This difference was

Fig. 3 | Public clonotypes against VHSV. A Bubble
plot displaying the public response to VHSV in each
vaccination group. Bubble size corresponds to the
average frequency of MID counts across fish in each
vaccination group, while bubble colour indicates the
number of fish expressing each clonotype. All 8
public clonotypes belong to the IGHV1-18*01 and
IGHJ3 families with their respective CDR3 regions
being shown. B Bar chart showing the average sum
of MID counts relating to all 8 public clonotypes. a

and b denote significant differences after one-way
ANOVA where p < 0.05. Data are based on a sub-
sampling of 100,000 MID counts per fish.
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primarily driven by a reduction in clusters observed in RNAgVHSV_118
and RNAgVHSV_119, both of which exhibited a remarkable increased
expression of the top clonotypes and decreased clonotype diversity. To
further investigate the contribution of highly expressed clusters, we com-
pared clusters with a total expression greater than 2000 MID counts per
group (Fig. 7B). This analysis identified a few highly expressed clusters
present in the PBS injected fish; Cluster 102047 (ARDGGNAFDY_IGH-
V9_2302_IGHJ3,5D) present in all groups and Cluster 69115
(ARLTGGNVFDY_IGHV6-402F_IGHJ2,4D present in both the PBS and
RNAgVHSV-vaccinated fish, indicating their presence in the baseline
repertoire. Notably, the RNAgVHSV group exhibited 10 unique clusters
(Clusters 63430, 97206, 71976, 72448, 76335, 72186, 68740, 75229, 102481,
and 68831), while the DNA and AttVHSV groups each had a single unique
cluster (Cluster 7646 and Cluster 9352, respectively). The amino acid

sequence logos for these clusters are provided in Fig. S5. To identify
dominant clusters within each group, we compiled the top 25 clusters from
each individual and combined them into a Top Cluster List (TCLus) per
group (Fig. S6). This showed us there was a high number of shared clusters
between all groups, but that each vaccination groupdrove unique responses,
particularly the RNA vaccinated fish. The summed expression of the highly
expressed clusters was then compared between groups (Fig. 7C), high-
lighting significantly increased expression of Clusters 71976 (ARLNNAF-
DY_IGHV6-402 F_IGHJ2,4D) and 75229 (ARLYNAFDY_IGHV6-402
F_IGHJ3,5D) in RNAgVHSV-vaccinated fish. These clusters exhibited
highly similar amino acid sequences but differed in IGHJ gene usage.
Sequences of rainbow trout IGHJ genes are highly similar, and these clusters
therefore likely participated to a convergent response to themRNAvaccine.
While not statistically significant, Cluster 9352 (ARYNGNADFY_IGHV1-

Fig. 4 | Highly shared clonotypes within IGHV subgroups. Barplots showing
cumulative expression of the top 50 clonotypes shared by n individuals (i.e., present
in 1, in 2, in 3 or in 4 fish), for a given IGHV subgroup, within each vaccinated group
after threemonths post initial vaccination. Individual barplots show total expression
and sharing of the TCL clonotypes for that condition compared to other conditions
with PBS (in black), AttVHSV (in orange), DNAgVHSV (in blue) and RNAgVHSV

(in green). X axis (1, 2, 3 and 4) demonstrates the level of sharing within each
condition. Y axis represents cumulative expression based on the averageMID count of
10 subsamplings of 10,000 per individual. To improve visualization of sharing at theVH
subgroup level, we excluded the fish with the lowest MID counts for certain VH sub-
groups in each vaccination group from this part of the analysis, this was also done at the
VH gene level. See Fig. S3 for IGHV subgroups where subsampling was possible.
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18*01 F_IGHJ3,5D) showed increased expression in the AttVHSV group
and contained several clonotypes associated with the public response.

To establish whether these highly expressed clusters were highly
probable, the sum of pgen was calculated for each fish within each group
based on the clonotypes present within each cluster. This analysis
assessed whether the large private expansions of the LNP

(mRNAgVHSV) vaccinated fish or the public response had a significant
impact on the total pgen values. Cluster 9352, associated with the public
response, showed a significant increase in the sum of pgen values in the
attVHSV vaccinated fish compared to both the LNP (mRNAgVHSV)
and PBS groups indicating a large expansion of highly probable clono-
types (Fig. 7D). Attenuated VHSV also led to increased sum of pgen

Fig. 5 | Highly shared clonotypes at the IGHV
gene level. A Bar plots showing cumulative
expression of the top 50 clonotypes shared by n
individuals (i.e., present in 1, in 2, in 3 or in 4 fish),
for a given IGHV gene, within each vaccinated group
after three months post initial vaccination. Indivi-
dual bar plots show total expression and sharing of
the TCL clonotypes for that condition compared to
other conditions with PBS (in black), AttVHSV (in
orange), DNAgVHSV (in blue) andRNAgVHSV (in
green). X axis (1, 2, 3 and 4) demonstrates the level of
sharing within each condition. Cumulative expres-
sion is based on the average MID count of 10 sub-
samplings of 1000. B Dotplot showing the
distribution of clonotype frequency at different
levels of sharing (n = in 1, in 2, in 3 or in 4 fish)
between the top 50 clonotypes for each vaccinated
group with the average MID count also shown. The
data are calculated based on the average MID count
of 10 subsamplings of 1000 per individual. See Fig.
S4 for all IGHV gene bar plots where subsampling
was possible.
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Fig. 6 | Classes of clonotype frequencies. A Schematic representation of the top
expressed private clonotypes (empty circles), and public VH1-18-JH3 clonotypes
(grey circles). Circle size indicates the frequency class of a given clonotype, with the
number next to each circle representing the number of clonotypes within that class.
B Bar plot showing the distribution of clonotype frequency classes (both public and

private). Frequencies are based on MID counts, summing both public and other
responses. Clonotype classification is derived from nucleotide sequence data. Fre-
quency classes are arbitrarily defined for visualization purposes. Data are based on a
subsampling of 20,000 MID counts per fish.
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values for several other clusters, including clusters 76335 and 98522
compared to DNAgVHSV vaccinated fish and also in cluster 63430
compared to the LNP (mRNAgVHSV) vaccinated fish. It is of note that
these three clusters were found to be highly expressed in the LNP
(mRNAgVHSV) fish suggesting there is a difference in the selection
pressures between both nucleic acid vaccines and the attenuated VHSV

vaccine, with the latter resulting in the selection of more highly probable
clones. Interestingly, certain private responses in the LNP
(mRNAgVHSV) vaccinated fish also led to significantly higher sum of
pgen values, with clusters 75229 and 71976 being significantly increased
in comparison to DNAgVHSV with cluster 75229 also being significantly
higher than PBS fish, indicating that these expansions can contribute to

Fig. 7 | Clonal clustering analysis. A Bar chart
showing average number of clusters found per vac-
cine condition. B Venn diagram showing the top
expressed clusters (>2000 MID sum in at least one
fish per vaccination group). C Bar chart showing
average frequency of clonotypes within each cluster
of interest per vaccination group. D Dot plot
showing the average per group of “cluster pgen”. We
define the cluster pgen as the sum of pgen associated
to all clonotypes detected within each individual for
a cluster of interest.
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the generation of highly probable clones. Overall, these findings suggest
that expanded clusters, particularly after mRNA vaccination, are asso-
ciated to heterogeneous pgen values.

To explore the biological significance of these clusters, we selected
Clusters 9352 and 75229 for detailed analysis, as they represented key
components of the public response driven by AttVHSV and a large private
response induced by RNAgVHSV, respectively. Figure 8 illustrates the
sharing of clonotypes within the public response Cluster 9352, demon-
strating a marked increase in shared clonotypes and expression in
AttVHSV-vaccinated fish compared to other groups. Interestingly,
DNAgVHSV and RNAgVHSV-vaccinated fish exhibited slight amino acid
sequence variations at position 4, where a glycine (G) replaced asparagine
(N). Similarly, Fig. 9 presents the sharing of clonotypes within the private
response Cluster 75229, showing that while similar sequences were detected
at low expression levels across all groups, the RNAgVHSV vaccine drove a
distinct response. This was particularly evident in RNAgVHSV_118 and
RNAgVHSV_119, both of which exhibited markedly higher expression
levels and unique amino acid sequence features, further supporting the
hypothesis of a differential immune response inducedby themRNAvaccine
in some, but not all, individuals.

Discussion
In this study, we compared rainbow trout B cell response to three different
anti-VHSVvaccineswith the sameviral antigen leading to theproductionof
neutralising Abs. All three vaccines have previously been shown to induce
complete or quasi complete protection against the viral challenge by
injection19,20,22,23. Deep sequencing of the spleen IgHμ repertoire revealed
that these vaccines induce remarkably divergent B cell responses. This
comparative approach offers insight into the benefits and limitations of

different vaccine platforms, which could help to improve vaccine efficacy
and application against viral pathogens.

The protection induced bymRNA, DNA and attenuated vaccines
is associated to different levels of Abs responses
Both DNA and mRNA vaccination drove the production of neutralising
antibodies against VHSV, with both showing similar levels of neutralisation.
Neutralisation activity of the serum of fish vaccinated with each of the three
vaccineswas abolishedby incubationwith the anti-trout IgMmonoclonalAb
1.14, confirming that neutralisation was Ab-dependent regardless of vaccine
type24,27. The overall titers of anti-VHSV Abs in the serum determined by
ELISAwere evenmore contrasted, with high titers in fish vaccinatedwith the
attenuated virus, and very low after immunisationwith nucleic acid vaccines.
However, all three vaccines afforded full protection19,20,22,23. These observa-
tions were in line with the idea that neutralising Abs ensure host protection
against rhabdoviruses even at low titers19,28,29. Similarly in humans, plasma
samples from convalescent COVID19 patients did not contain high levels of
neutralising activity, but all contained rare but reoccurringAbs specific to the
receptor-binding domain which were strongly antiviral31. In fact, analysis of
the trout IgHμ repertoire showed that the responses induced by the three
vaccines did not differ only in intensity.

mRNA,DNA andattenuated vaccines each have a unique impact
on the spleen IgM repertoire
Whole spleen tissue was used for repertoire analysis to ensure we captured
the full diversity of IgMexpressingB cells present in the spleen. This allowed
us toobtain a comprehensive snapshot of the in-situB cell repertoire at three
months post-vaccination, reflecting the full immunological landscape of the
spleen at this time point. However, it would be interesting for future studies
to test the repertoire of isolated leukocytes, or single cell repertoire analysis

Fig. 8 | Schematic diagram of cluster 9352 (IGHV1-18*01 F_IGHJ3,5D) relating
to the public response. Outer Venn’s depict sharing of clonotypes found in cluster
9352 between fishwithin groups (subsampling of 20,000MIDs), whilst the size of the

circle represents the sumof expression of clonotypes within cluster 9352 for each fish
(subsampling of 100,000 MIDs). Amino acid logos are given for each group. The
central Venn depicts sharing of clonotypes with cluster 9352 between groups.
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to identify if these methods can offer a more targeted and sensitive assess-
ment of immune-related transcripts, thereby enhancing the resolution of
clonotype detection.

The limited sharing of top-expressed clonotypes and the overall low
levels of shared clonotypes among fish vaccinatedwithnucleic acid vaccines
suggested that these vaccines drove mainly private, though effective, B cell
responses. This variability implies that nucleic acid vaccine may stimulate a
number of distinct antigen-specific responses directed against distinct epi-
topes, in contrast to the more homogeneous responses observed with
attenuated VHSV, in which public components represent a dominant
fraction26. We looked for responses shared within and across groups, at
different scales (for clonotypes at the whole IgHμ repertoire, VH subgroup,
and VH gene levels, and for clusters produced by ATrieGC clustering).
Besides the IGHV1-18 public response to the attenuated vaccine, we found
very limited overlap between individuals, for example for IGVH9within the
mRNA vaccinated group. There was evidence of very limited clonotype
sharing between groups, particularly for the IGHV1-18, IGHV6-4, IGHV9-
25, and IGHV11-25 genes, between the attenuated VHSV and nucleic acid
vaccine groups. However, clonotype frequencies of the IGHV1-18 public
response to the attenuated vaccine were at best modest in fish vaccinated
with nucleic vaccines. The other common responses were even less
important. Importantly, clustering analysis shows that the private responses
induced, particularly within the RNA vaccinated fish, were not strictly
restricted to a singlefishwith clusters being found and sharedamongstmost
individuals. Highly expressed clusters (where MIDS were >2000) were
mostly expressed at high levelswithin a single group, andneverprominently
co-amplified in fish immunisedwith different vaccines, as illustrated for the
twoclusters analysed indetail. The top25 clusters fromeachgroup showeda
high level of sharing with clusters found in the PBS group but showed there
were clusters unique to each vaccination group, particularly the RNA vac-
cinated fish.

Interestingly, the different vaccines induced very different levels of
repertoire perturbation. We found a notable expansion of the top-
expressed clonotypes in some fish vaccinated with the LNP
(RNAgVHSV) vaccine. Specifically, clonotypes with large compositions
(>100 MID counts) were significantly expanded in the LNP
(RNAgVHSV) vaccinated group, while no such expansion was observed
in the DNA or attenuated VHSV vaccine groups. This was also reflected
by the high number of highly expressed clusters in the LNP
(RNAgVHSV) vaccinated group. It is of note that the DNAgVHSV
vaccine did not provoke a similar dynamic of the B cell repertoire while it
led to full protection and neutralising Abs production. When DNA
vaccinated fish received a boost at either 1- or 2-months post prime the
structure of their repertoire showed no clear increase of clonotypic or
cluster expansion compared to PBS. mRNA vaccines are known to elicit
strong innate immune responses in humans36, driving extensive B cell
activation and clonal expansion in response to the expressed antigen.
They appear to have the same effect on the fish B cell repertoire. Inter-
estingly, vaccination with LNP (RNAgVHSV) leads to a significant
decrease in clonotype diversity within a large subsampling compared to
the attenuated VHSV suggesting that clonal expansions induced by the
LNP (RNAgVHSV) vaccine may be narrower. Components of the LNP
vector, particularly PEGylated lipids, are known to trigger innate
immune responses in mammals37,38 and likely in fish21, which may also
contribute to the observed B cell activation in fish and indirectly to
repertoire perturbation.

Investigating the known anti-VSHV public clonotypes24–26, which
encode the IgH of neutralising Abs27, shows us that these are somewhat
expanded in some individuals 3months postmRNAandDNAvaccination.
This result suggests that they may participate in the protective response
demonstrated by both nucleic acid vaccines; however, they did not list
among the Top50 most frequent clonotypes in contrast to fish vaccinated

Fig. 9 | Schematic diagram of cluster 75229 (IGHV6-4*02 F_IGHJ3,5D). Outer
Venn’s depict sharing of clonotypes found in cluster 75229 between fish within
groups (subsampling of 20,000MIDs), whilst the size of the circle represents the sum

of expression of clonotypes within cluster 75229 for each fish (subsampling of
100,000MIDs). Amino acid logos are given for each group. The central Venn depicts
sharing of clonotypes with cluster 75229 between groups.
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with attenuated VHSV, suggesting there may be differences in selection
pressures that result in the production of these antibodies.

Overall, our data reveal that each of the three vaccine induces a unique
type of B cell response in the trout spleen: mRNA vaccine induces many
large expansions in some individuals, convergent to some extent between
individuals, thus deeplymodifying the structure of the IgHμ repertoire. This
is in contrast to the response induced in humans by the mRNA-based
BNT162b2 COVID-19 vaccine which elicited a narrow, spike protein-
specific antibody response compared to the broader anti-spike response
generated by natural infection33. These expansions were associated to a
modest increase in anti-VHSV IgM titers, and to limited, but protecting
neutralising Abs production. The DNA vaccine did not induce large
changes of the IgHμ repertoire, with very few large clonotypic expansions
and no top frequent expanded cluster. Most large expansions seem to be
limited to individual fish. As with the DNA vaccine, the attenuated vaccine
production did not induce a large perturbation of the B cell repertoire
structure, but led to much higher anti-VHSV and neutralising Ab titers.
Public clonotypes and shared clusters were among the top expansions, as
described in our previous work24–26. Importantly, some of the public clo-
notypes amplified by the attenuated vaccine were also found expanded, to a
limited extent, in most other vaccinated fish, although the difference of
frequency between these groups and the control group was not statistically
significant.

Why B cell responses to the three vaccines are so different and
why do nucleic acid vaccines not induce the same public
expansions observed in attenuated vaccines?
Several non-exclusive explanations may be considered to explain the
remarkable divergence between the B cell responses induced by mRNA,
DNA and attenuated vaccines.

A first idea is that each vaccine strategy presents a different set of
epitopes to the host immune system. Importantly, all fish used in this study
belong to the same isogenic, doubled haploid trout line B5739, meaning they
are homozygous at all loci and share identical MHC class I and class II
haplotypes, as well as the same immunoglobulin (and TCR) gene sets.
Furthermore, the VHSV G sequence used for our DNA vaccine19 and
mRNA vaccine22 was cloned from the attenuated VHSV strain 25-111 that
was used here as vaccine. While viral variants may be produced within the
quasi species during infection, the exact same sequence was used across all
three immunisation protocols. However, differences in protein folding or
presentation in each context could influence epitope availability. Given that
the public response encodes neutralising Abs27, the fact that all three vac-
cines provided full protection and induced neutralising antibodies implies
that they may not be targeting the same epitopes. This is further illustrated
by the sequence logos in nucleic acid vaccinated fish showing variation
within the cluster 9352 (public response). These differences need to be
explored inmore detail to determine if there is an impact on the selection or
rearrangement of B cell clones.

Whilst our analysis focused on the IgH (IgMheavy chain repertoire), it
is important tonote that the functional specificity anddiversity of antibodies
are also shaped by the pairing of heavy and light chains. Investigating the
corresponding immunoglobulin light chain (IgL) could provide further
insights into how different vaccine platforms influence B cell repertoire.
Future single cell repertoire sequencing will address this question, opening
the possibility of in vitro expression and characterisation of relevant anti-
bodies. It may also enhance the sensitivity of the detection of relevant clonal
B cell expansions.

Since we analysed IgHμ repertoire in the spleen, another plausible
explanation for the absence of B cell expansions is a fast egress of these cells
to relocate into other territories. The head kidney is generally considered as
themain long term survival for plasma cells in rainbow trout8, but this is still
debated40. We have previously reported that public B cells were found in
both the spleen and head kidney after vaccination with attenuated VHSV
although these tissues should be considered as distinct compartments26.
Other potential long term survival niches for plasma cells might be in other

recently identified lymphoid tissues41–43 or in the peritoneal cavity44. Future
experiments should evaluate the B cell response to different vaccines in the
head kidney to gain additional insights into the longevity, maturation state,
and compartmentalisation of vaccine-induced responses. Migrations of B
lymphocytes during infections and responses are still poorly understood in
salmonids, and will have to be further studied in future works45.

Finally, differences in both intensity and clonal composition are likely
influenced by themechanisms of initiation of B cell response, T cell help and
selection. We have recently identified Melano-macrophage associated
lymphoid aggregates (MLAs) in salmonids as functional counterparts of
mammalian germinal centers6. MLA formation is induced by infection and
immunization with adjuvant, but remains to be characterised after DNAor
mRNA vaccination. The inflammatory and costimulatory context after
infection with the attenuated virus is clearly different from nucleic acid
vaccination. The live attenuated virus can replicate in host cells in many
tissues, especially in endothelial cells and should lead to high levels of Ag
uptake during the infectious process. In contrast, nucleic acid vaccines
typically produce relatively short-term transient antigens aftermRNA22,46 or
DNA19,20 delivery, typically within non-APCs. Thismight lead to potentially
limited exposure and different patterns of antigen uptake and presentation.
How and where such differences might favour private expansions of B cells
expressing low pgen rearrangements versus public responses involving
typically high pgen clonotypes, remains to be understood. The difference of
intensity and composition of responses induced by mRNA and DNA vac-
cination with an Ag encoded by the same sequence in fish sharing the same
genetic background is remarkable and underline the deep divergence
between the responses they induce. Of note, it has been previously observed
that rainbow trout TCRβ repertoire modification induced by DNA vacci-
nation against VHSV were minimal compared to viral infection47.

While such direct comparisons between vaccination strategies remain
largely unexplored inmammalianmodels, ourfindingswarrant the need for
further investigation into the fundamental differences in immune response
dynamics to different vaccines in mammals. The observed intrinsic diver-
gence in B cell responses despite identical antigen sequences suggests that
nucleic acid vaccines may influence antigen processing and epitope pre-
sentation in ways distinct from live-attenuated vaccines. This parallels
questions in human vaccinology, where mRNA and DNA vaccines elicit
differing antibody responses, potentially impacting neutralising epitope
targeting and long-term immunity. However, further experiments are
needed infish to establish thedifference inpersistence of long-termmemory
between the different vaccines. Furthermore, the possibility of rapid B cell
egress from the spleen raises broader considerations regarding tissue-
specific immune responses, a key factor in optimising vaccine efficacy across
vertebrates. Whilst this study used an unmodified mRNA vaccine, human
vaccine development has already shifted to using modified mRNA plat-
forms, a topic requiring further study in thefishmodel.Understanding these
mechanisms could contribute to the refinement of both fish and human
vaccines, particularly in thedevelopment of nucleic acid-basedplatforms for
long-lasting and protective immunity.

Methods
Experimental design
Adult rainbow troutwere reared, vaccinated, boostedand infected at thefish
facilities at the Institute National de la Recherche en Agriculture et envir-
onnement (INRAE, Jouy-en-Josas, France). Fish were PIT tagged 21 days
before vaccination to allow for individual monitoring and kept at 15 °C. A
first experiment using juvenile rainbow trout (350 g) (N = 12 per group)
(2-year-old) were vaccinated using a DNA vaccine, other controls can be
seen in Fig. S7. A dose of 10 µg of pcDNA3.1 plasmid encoding for the
VHSV glycoprotein or encoding for eGFP was used per fish. 2 year old fish
were used due to the efficacy of theDNA vaccine being proven previously19.
All fish were vaccinated by intramuscular injection (IM) at day 0, followed
by a booster injection at day 60. The 60-day time point was used for the
booster DNA vaccination to provide the best possible complement to a
previous experiment which showed aminimal public response at 90 days in
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the blood of rainbow trout after a booster vaccination at 30 days (as
explained in Supplementary Text).”

A second experiment using juvenile rainbow trout (100 g) (1-year-old)
were vaccinated using anmRNA vaccine (N = 12 per group), other controls
canbe seen inFig. S7.As before allfishwere injectedby IMroutewith 5 μgof
LNPs encapsulating an mRNA encoding for the VHSV glycoprotein or
encoding for eGFPwas usedperfish at day 0, followed by a booster injection
at day 36. At day 90 in both experiments, fish were culled (overdose of
Tricaine followed by destruction of the brain) with serum and spleen
samples being taken. All relevant groups were kept in the same tank within
each experiment, ensuring that all fish were subjected to the same condi-
tions. An independent experiment was carried out for the DNAgVHSV
vaccine with the methodology being shown in the Supplementary Text.

Young adult fish were used for these experiments to characterise the
modifications of the B cell repertoire induced byDNAandmRNAvaccines,
in comparison to the response to the attenuated vaccine we previously
characterised25,27. We are aware that fish have to be vaccinated at an earlier
developmental stage in commercial aquaculture.

All experiments were carried out in accordance with the European
Union guidelines for the handling and welfare of laboratory animals
(https://ec.europa.eu/environment/chemicals/lab_animals/index_en.htm).
The experimental protocols were approved by the INRAE institutional
ethics committee “COMETHEA” (DAP 18-37).

Vaccine production
The attenuated vaccine is comprised of a thermoresistant VHSV Strain
25.111 that does not replicate well at 16 oC23. The same VHSV glycoprotein
gene was used to producemRNA for LNP formulation, and to construction
the DNA vaccine vector in pcDNA3.119. The LNP (RNAgVHSV) vaccine
was prepared as previously described in Ayad et al.22.

ELISA and neutralisation assays against VHSV
Total anti-VHSV IgM antibodies in serum samples were quantified using
an indirect enzyme-linked immunosorbent assay (ELISA). Ninety-six-
well plates (Nunc MaxiSorp, Thermo Fisher Scientific, USA) were coated
overnight at room temperature with 100 μL per well of a whole-virus
lysate of VHSV strain 07.71, diluted 1:1000 in Dulbecco’s phosphate-
buffered saline (DPBS; Life Technologies, USA). The amount of virus
introduced in each well corresponded to a VHSV suspension containing
2 × 10⁵ pfu. The virus had been propagated in epithelioma papulosum
cyprini (EPC) cells, purified by ultracentrifugation through a glycerol
cushion, and inactivated using β-propiolactone. Following coating, plates
were blocked for 1 h at 37 °C with 200 μL per well of DPBS containing
10% milk powder (UGAP, France). Plates were washed three times with
400 μL per well of PBS containing 0.05% Tween-20 (PBS-T; Euromedex,
France) using an automatic plate washer (Thermo Scientific, USA). Sera
were serially diluted (1:100 to 1:12,800) in DPBS supplemented with 1%
bovine serum albumin (BSA; Euromedex, France), and 100 μL of each
dilution was added to the wells. Plates were incubated for 1 h at 37 °C and
subsequently washed three times with PBST. Mouse monoclonal anti-
trout IgM (0.5 μg/mL in DPBS with 1% BSA) was then added (100 μL per
well) and incubated for 1 h at 37 °C. After washing, plates were incubated
for 1 h at 37 °C with 100 μL per well of horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgG (Southern Biotech, USA), diluted to
0.1 μg/mL in DPBS with 1% BSA. Plates were washed again with PBS-T
before adding 100 μL per well of TMB substrate (1-Step Ultra TMB
ELISA, Thermo Fisher Scientific, USA). After 30min of incubation at
room temperature in the dark, the reaction was stopped by adding 100 μL
per well of 0.5M sulfuric acid (VWR, France). Absorbance was measured
at 450 nm with reference at 620 nm using a microplate reader (Multiskan
FC, Thermo Fisher Scientific, France).

Serum neutralisation assays were conducted following the method
described by Castro et al. (2022). To assess the role of IgM, the anti-IgM
monoclonal antibody 1.14 was used as outlined in Castro et al. (2013).
Briefly, 5 μg of 1.14 Ab was pre-incubated with serum for 3 h at room

temperature before being incorporated into the virus neutralisation assay,
with the rest of the protocol remaining unchanged.

Library preparation for B-cell repertoire
Librarieswereprepared for those sampleswhichdemonstratedevidence of a
protective response (DNA, mRNA and attenuated vaccine) alongside PBS
injected controls. Libraries were synthesized following the methodology
outlined in Castro et al.26. Total RNA was extracted from one half of the
spleen in 1ml of TRI-reagent (SigmaAldrich) following themanufacturer’s
instructions. Using full spleen tissue allowed to get a comprehensive
snapshot of the in-situ B cell repertoire at three months post-vaccination,
reflecting the full immunological landscape of the spleen at this time point.
The RNA was then washed using 80% ethanol and dissolved in RNase-free
water and stored at −80 °C until further use. RNA concentration was
determined by nanodrop (Sigma Aldrich). One microgram of total RNA
from the spleen served as the initial starting material for library construc-
tion. All primers for this study can be found in Supplementary Table S1.
Reverse transcription was carried out using the SMARTer 5′ RACE kit
(Clontech) as per the manufacturer’s guidelines, starting at the C region-
specific primers for IgM (Cmu2) and incorporates the SMARTer II A oli-
gonucleotide (universal adaptor) at the 5′ end. Second strand synthesis was
carried out using the SeqAmp DNA polymerase (Clontech), Cmu2 primer
and Rd2p_UTD_5′Race primer (Contains an illumina adaptor and a 15
random nucleotide sequence (Unique Molecular Identifier (UMI))) under
the following thermal cycling conditions: 98 °C for 3min, 59 °C for 4min,
72 °C for 10min, 4 °C hold. The resulting double-stranded cDNA (ds-
cDNA)was purified usingMag-Bind total pure next generation sequencing
beads (VWR) at a ratio of 1:1.2 (sample:beads) following themanufacturer’s
instructions. The cDNA library was further amplified in a two-stage PCR.
The ds-cDNAwas amplified with DreamTaq (Thermofisher) using 0.3 μM
forward primers (containing Illumina adaptor sequences and six fish bar-
code nucleotides (FBD) (Rd2_FBD_Rd2p) and the reverse primer for the
C-region Cmu1 under the following thermal cycling conditions: 95 °C for
5mins, 28 cycles (95 °C for 30 s, 59 °C for 35 s, 72 °C for 60 s), 72 °C for
7min, 4 °C hold. The resulting PCRproductwas purified by gel purification
using theNucleoSpingel andPCRclean-upkit (Clontech).The second stage
of the PCR was carried out using the same forward primer and a reverse
primer containing an Illumina adaptor, an 8-nucleotide barcode (FBT) and
2 random nucleotides at the 5′ end for different samples
(Rd1_2N_FBT_Cmu1). Cycling was as follows 95 °C for 5min, 15 times
(95 °C for 30 s, 64 °C for 35 s, 72 °C for 60 s), 72 °C for 7min, 4 °C hold. The
secondPCRproductwas purifiedusing theMag-BindTotalRNApureNGS
beads with a ratio of 1:1.6 (sample:beads) to remove small fragments. A
small aliquot of the purified samples was run on a 1% agarose gel to ensure
amplification of the correct size (~700 bp) had taken place.

B-cell repertoire sequencing and analysis
Libraries were sequenced using the NextSeq 2000 Machine in paired end
runs (2 × 300-bp) (P1 - 600 cycles kit) at the Institute for Integrative Biology
of the Cell (I2BC), Gif-sur-Yvette. Initial data analysis involved demulti-
plexing of the samples using bcl-convert 4.1.5. Adaptor trimming was
performed using Cutadapt 3.2 and quality control of the reads was assessed
using FastQC v0.11.5. Reads were filtered and merged to create consensus
sequences using pRESTO. Consensus sequences were then annotated using
IMGT/HighV-Quest using the arlee genomeaccording to IMGTgene tables
and standardised IMGT nomenclature of IgH genes. Resulting in each
consensus sequence containing aunique identifier (UID), IGHVgene, IGHJ
gene, a Cμ1 gene and complementarity determining region 3 (CDR3)
region. The UID and CDR3 regions were combined to create a molecular
identifier (MID) facilitating subsequent sample identification and quanti-
fication. The expression of each clonotype, defined by the V region, J region
and CDR3, could then be calculated by identifying the corresponding
number of MID barcodes.

AdiversiTRweb-based interfacewasused to aid in the extractionof the
data. To select top 50 clonotypes or to identify shared clonotypes the
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expression of clonotypes across all vaccination conditions was calculated
using the MID subsamples and used to rank or identify clonotypes initially
at a 20,000 subsampling. Since we observed very low sharing of top50
clonotypes in DNAgVHSV and LNP (RNAgVHSV) vaccinated groups, we
increased the subsampling size to 100,000 clonotypes, in order to increase
the chance of detecting clonotypes of interest. To visualize the public
response to VHSV across all groups a dotplot was generated using ggplot2
(V3.3.4) in R (v4.4.0). The AnalyzAIRR package (https://github.com/i3-
unit/AnalyzAIRR) was used to calculate various measures of clonotype
diversity; Gini index, and Shannon diversity index48.

Probability of generation
Probability of generation (Pgen)was calculated for selected clonotypes using
the OLGAmodel49 with V/J restrictions. The software uses an IGoRmodel
trained with unproductive sequences of BCRs of rainbow trouts50. The
probabilities for each clonotype were calculated based on the nucleotide
sequence alongwith theVand J gene(s) andCDR3sequence. For clonotypes
with ambiguous J gene, selection of the J gene was based on the position of
the V gene.

Clustering of clonotypes
Clustering of similar clonotypes was performed using ATrieGC (https://
github.com/statbiophys/ATrieGC), a software that quickly performs a
single-linkage clustering. A clonotype is put in a cluster if the cluster con-
tains at least one clonotype with a CDR3 having a Hamming distance
smaller or equal to 1 (in amino acid space). Note that clonotypes with
different CDR3 lengths will never be in the same cluster. Sequence logos for
each cluster were generated using WebLogo 351, providing a graphical
representation of conserved sequence motifs and amino acid distributions
within each cluster.

Statistical analysis
Statistical analysis was carried out using Graphpad Prism 9 for one- and
two-way ANOVAs. R (v4.4.3) was used to carry out one- and two-sided
Kolmogorov-Smirnov tests.

Data availability
Sequence data that support the findings of this study have been deposited in
the BioProject National Center for Biotechnology Information database
under accession number PRJNA1245658.Here is the link to the bioproject:
https://dataview.ncbi.nlm.nih.gov/object/PRJNA1245658.
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