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A B S T R A C T

Vaccination is the most effective strategy to control infectious diseases in species with adaptive immunity. In
human and in mouse, vaccination typically induces specific memory cells, which can mediate a fast anamnestic
response upon infection by the targeted pathogen. In these species, successful vaccination induces a long-lasting
protection, long after the titres of specific antibodies and the frequency of specific T cells have returned to steady
state. Vaccination is also an important challenge in aquaculture, since alternative treatments are either too
costly, or, in the case of antibiotics, are harmful for the environment or may result in dangerous resistances.
However, the mechanisms of the long-term protection elicited by vaccines in fish remain poorly understood.
Although fish possess typical B- and T-cells expressing diverse repertoires of immunoglobulins and T-cell re-
ceptors, many features of antigen specific responses are different from what is known in mouse and in human.
Memory is one of the most elusive properties of fish adaptive immunity, and its basis is widely unknown. In this
opinion article, we discuss the concept of immune memory in the context of the fish immunity. We illustrate the
complexity of this question by discussing the results of experiments showing that protection can be passed
through adoptive transfer of leukocytes from vaccinated donor fish to naive histocompatible recipients.
Combined with tools developed in Targetfish and in previous projects, such as monoclonal antibodies against B-
and T-cell markers, we propose that such models of protection transfer provide excellent systems to dissect the
mechanisms of B- and T-cell memory in the future.

1. How to define immune memory?

Immune memory is a fundamental characteristic of the adaptive
immune system in vertebrates. However, the definition of memory is
still changing, under the influence of new mechanisms of long-term
protection. A recent article [1] put in perspective different points of
view about the nature of immunological memory. According to Donna
Farber, memory is defined by three conditions: (1) memory immune
cells are long-lived and maintained independently of stimulation by the
antigen, (2) memory immune cells are epitope specific and (3) memory
immune cells are intrinsically changed by the previous encounter with
the antigen. Andreas Radbruch and Klaus Rajewsky consider that im-
munological memory is defined by “a stimulus-specific change of im-
mune reactivity that persists in the absence of the stimulus”. Rolf Zin-
kernagel reminds the classical definition of a memory response as a
faster and stronger response against a previously encountered antigen,
compared with the primary response, and emphasizes that the key
question is whether or not protective immunity is maintained in an
antigen-dependent or -independent manner. Finally, Mihail Netea

proposes a wider definition of memory as the capacity of the immune
system to keep and recall information on encountered antigens or pa-
thogens, which also includes the concept of innate immune memory or
trained immunity [2]. While adaptive immune memory involves per-
manent genetic changes such as mutations and recombinations, innate
immune memory is characterized by epigenetic reprogramming invol-
ving sustained changes in gene expression and cell physiology. These
multiple definitions and concepts underscore the complexity of the
question, while these authors essentially refer to the immunity of well-
known species of mammals. Overall, however, it is accepted in mam-
mals that vaccination against an infectious pathogen is based on the
establishment of populations of memory cells after an intentional im-
munization with a homologous attenuated/inactivated strain of the
corresponding pathogen or with parts of it. Beyond individual protec-
tion, mammalian immunological memory is certainly also important for
the survival of offsprings in utero and during the neonatal life. This is
mainly due to antibodies, since protecting antibodies can be transferred
from the mother to offspring during the foetal life in many species, and
also via colostrum (reviewed in Refs. [3,4]).
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Importantly, the modalities of secondary responses, which allow
assessment of immunological memory, vary considerably across verte-
brates. Differences between primary and secondary responses have
been observed from fish to mammals. Typical secondary responses, si-
milar to those described in mouse and human, are fast and lead to
higher titres of specific antibodies when compared to primary re-
sponses; they are found in mammals and birds, where Ig gene hy-
permutation occurs in germinal centres [5–7]. Early works in frogs
proved the existence of secondary responses in “lower” vertebrates, but
showed they were not accompanied with a substantial increase in an-
tibody affinity, though Ig genes get hypermutated even in tadpoles [8].
In fish, the modalities of secondary responses and long-term protection
are even less similar to the typical situations described in mammals.

2. Secondary response and long-term protection in teleost fish

The existence of a true secondary response with typical character-
istics in fish was initially debated [9]: the primary B cell response is
generally much slower and develops over several weeks or even months
especially in cold water. For example, the antibody response against the
hapten dinitrophenyl keyhole limpet haemocyanin (DNP-KLH) in
rainbow trout peaked 50 days post immunization, and antibody titres
remained high for a long time, at least until 150 days post immuniza-
tion [10]. Thus, the maintenance of protection might be partly due to a
long-term primary response and long-lasting increase of specific anti-
body titres. However, significant differences between primary and
secondary responses were demonstrated in several fish species. A faster
secondary response along with elevated antibody titres (about doubled
titres) were reported after immunization with bovine serum albumin
[11] and with sheep red blood cells (SRBC) [12] in carp, as well as
against the pathogenic bacteria Y. ruckeri [13] and Aeromonas salmo-
nicida [14] in rainbow trout. The dose dependency of the secondary
antibody response was studied in detail in carp, further supporting the
presence of a cell based immune memory: fish were immunized with
105, 107 and 109 SRBC by intramuscular injection and challenged 1, 3,
6 or 10 months later with the same dose; with 109 SRBC, a secondary
response was already observed at 3 months and was maintained until
later time points, and even with the lowest dose, titres reached com-
parable or higher levels. However, the high-dose, 109 SRBC, did not
lead to a clear secondary response with enhanced titres, while a high
primary response was induced [12]. These data showed that the sec-
ondary response was at least quantitatively higher than the primary
response, supporting the existence of a certain level of immunological
memory.

The existence of efficient “memory” in fish is also advocated by the
(relatively) long-term protection afforded by vaccination. For example,
in rainbow trout, bath vaccination with a bacterin of Y. ruckeri, the
causative agent of enteric red mouth disease (ERM), was shown to
provide a significant protection of vaccinated fish 4 and 8 weeks post-
vaccination [15]. DNA vaccination of rainbow trout against infectious
hematopoietic necrosis (IHN) has been shown to confer protection over
a period of two years, which would cover the life cycle of a commercial
fish [16]. It remains unclear whether a continuous stimulation of the
immune system through long-term expression of the viral G protein
expression from the plasmid is required for this protection. Importantly,
reporter protein expression from injected plasmids can still be detected
over long periods [17,18]. Another example is DNA vaccination against
viral haemorrhagic septicaemia (VHS), which was also shown to induce
long-lasting protection post vaccination [19]. While protection estab-
lished shortly after vaccination was cross-protective in terms of a het-
erologous viral pathogen this cross-protection was absent two months
after vaccination, while the specific response to the homologous virus
persisted. In most cases, this protection seems to be based on ana-
mnestic secondary responses, which provide a better defence against
the pathogens compared to a naive immune system. Analysis of gene
expression showed that such a protection was somehow associated with

up- or down-regulation events of the expression of immune related
molecules such as cytokines and transcription factors [15,20,21].
However, the detailed cellular basis of protection including T- and B-
cell dynamics after fish vaccination is often poorly understood and,
most importantly, the persistence of the antigen between the initial
immunization and the challenge is most often not directly evaluated.

Other key features associated with immune B cell memory forma-
tion in mammals are class switch and affinity maturation. While an Ig
class switch seems to be absent in teleosts, at least in all species studied
in sufficient detail, it is generally believed that most lower vertebrates
can hypermutate Ig genes but lack the microenvironment required for
the selection of B cells with hypermutated Ig receptors of high affinity
for the antigen [22,23]. The enzymatic machinery needed for somatic
hypermutation of Ig genes is present in teleosts [24–26], and indeed
hypermutation was observed in zebrafish mature Ig repertoires [27].
Interestingly, long-term studies of the antibody responses in rainbow
trout showed that high affinity antibodies appear late and become
dominant, more than 25 weeks after (primary) immunization [28,29].
The kinetics of antibody affinity in trout immunized with TNP-KLH
revealed that a relatively low affinity antibody subpopulation appears
early, does not achieve high titres and is transient; an intermediate
affinity subpopulation appears later (five weeks after immunization),
achieves relatively high titres and persists longer than the low affinity
antibodies; and the highest affinity subpopulation emerges only after
15 weeks at still high titres [30,31]. These studies suggest, that a slow
affinity maturation may actually occur in fish through alternative me-
chanisms.

The vast diversity of fish (and their immune systems) should also be
considered in investigations about putative immune memory in this
group. Thus, species related to cod (Gadidae) and pipefish lack MHC
class II and CD4 [32,33], which implies that B cell responses cannot rely
on a T cell help as in mammals. In these species, B cell memory, if it
exists, must be based on particular pathways and this assumption
should be taken into account with regard to the successful vaccination
protocols in these fish species.

In this general context, the definition and the putative location of
fish memory cells also remain elusive. B cells from rainbow trout head
kidney still produced specific antibodies later than 20 weeks post im-
munization with TNP-KLH [34]. In contrast, spleen or blood leukocytes
contained very few or no TNP-specific antibody secreting cells 10–15
weeks after immunization. Thus, rainbow trout anterior kidney anti-
body secreting cells may resemble mammalian long-lived plasma cells,
and they are likely responsible for sustained serum antibody titres [34].
In the channel catfish, it has been proposed that hypermutation of Ig
genes may occur in melanomacrophage centres of the spleen, since
activation-induced cytidine deaminase (an enzyme causing somatic
hypermutation, gene conversion, and class-switch recombination of
immunoglobulin genes in mammalian B cells) is expressed in these
structures [35], but the cellular context remains to be further dissected
in fish (discussed in Ref. [26]). Overall, fish memory cells are very
poorly defined and their existence remains debatable.

3. A system to further define the basis of immune memory:
transfer of protection through cell transplant in rainbow trout

If fish possess memory cells, their phenotypes, frequency, lifespan
and functions remain essentially unknown. The lack of antibodies
against key surface markers has certainly hampered progress in this
field, making difficult the definition and isolation of relevant cell sub-
sets. Furthermore, the lack of syngeneic or congenic animals has hin-
dered cell transfer experiments, which would help defining a “memory”
cell compartment. Taking advantage of the availability of clonal, iso-
genic rainbow trout, we could recently transfer protection by trans-
plantation of peripheral blood leukocytes (PBL) from vaccinated fish to
histocompatible individuals. The potential interest of this experimental
set up for the study of immunological memory will be discussed below.
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Isogenic fish were vaccinated by immersion using a commercial
vaccine against ERM, and boosted ten weeks later, also by immersion
(material and methods in supplements). Control fish of the same iso-
genic progeny were mock-vaccinated and -boosted. Two weeks after the
boost, PBL were transferred to histocompatible, naive recipients from
the same fish clone, i.e. with the same genetic background. Recipients
were challenged by bath with different dosages (mock, low and high) of
Y. ruckeri twenty-four hours later and mortalities were recorded
(Table 1). The high dose challenge led to high mortality (63%) of re-
cipient fish that had received PBL from non-vaccinated donors
(group3). While mortalities were observed between day 5 and 12 after
challenge, most fish died until day 9. In contrast, fish which had re-
ceived PBL from vaccinated donors (group 6), were fully protected,
indicating that protection against Y. ruckeri was conferred to the re-
cipients by adoptive transfer of PBL from vaccinated donors.

Following PBL transfer, dynamics of CD8α+, IgM+ and IgT+ lym-
phocytes in the blood, gills and spleens of recipients that had survived
the infection were analysed. We are aware that bath challenge did not
ensure that all fish had received the same amount of bacteria, and that
the survival might have been affected by this factor; however, these
observations allow a first comparison between immune cell populations
in protected fish and in the other groups on 22 (Fig. 1a) and 29 days
(Fig. 1b; Fig 1c) after transfer, which are corresponding to 21 and 28
days post challenge, respectively.

Twenty two days post transfer, the total number of CD8α+ T cells in
non-challenged recipients which had received PBL from non-vaccinated
fish (group 1), were about 2× 104 in PBL and approx. ten times more in
spleen and gills (Fig. 1a). In comparison, non-challenged recipients,
which were injected with PBL from vaccinated donors (group 4), had
much more CD8α+ T cells in the gills (about 2.5 times more than those
of group 1), while this trend was not observed in spleen and PBL. This
suggests that T cells might have accumulated (or proliferated) in gills
three weeks after the transfer. In challenged recipients, twenty-one days
after bath infection, the number of CD8α+ T cells was higher in PBL of
recipients, which had received cells from non-vaccinated donors (group
2 and 3), but not in those transferred with cells from vaccinated donors
(group 5 and 6). This trend was also observed in the spleen of recipients
challenged at low dose (compare group 2 to group 5), but not in other
cases. This suggests that although recipient groups challenged with low
dose did not show mortality, different responses and recruitments of T
cells occurred between fish transferred with cells from vaccinated and
control fish. These patterns were not observed 28 days post challenge,
the most obvious change being then an increase (approx. 3.5 times) of
CD8α+ T cells in the spleen of high dose challenged recipient fish,
which had received PBL from vaccinated donors (and were protected,
group 6). In the same recipient group, there was an increase (approx.
2.5 times) of CD8α+ splenocytes between day 21 and 28 (Fig. 1c) post
challenge, while such an increase was not observed in recipient fish
which had received PBL from control donors (group 3, in which high
mortalities were recorded). To what extent this protection relates to a
CD8α+ T cell response remains to be analysed. Of note, no differences
in CD8α+ T cell numbers were observed 28 days post challenge, be-
tween non-challenged fish, which had received PBL from vaccinated

(group 4) and control donors (group 1). Additional studies will be ne-
cessary to establish firmly that this kinetics is reproducible and to
further elucidate the role of CD8α+ T cells in the transferred protection
to ERM.

Similar to CD8α+T cells, twenty two days post transfer, IgM+ and
IgT+ B cell numbers were about three times increased in gills of non-
challenged recipients, which had received PBL from vaccinated donors
(group 4) compared to those which had received PBL from non-vacci-
nated control donors (group 1). Again, this pattern was not found
twenty nine days post transfer. The only remarkable trend regarding B
cells was observed at the second time point of sampling. 28 days after
high dose infection an accumulation (or proliferation) of both IgM+

and IgT+ B cells in the spleen of challenged fish was observed, espe-
cially in recipients which had received PBL from vaccinated donors
(group 6). Combining the most obvious increase in B cell numbers in
high dose challenged recipients that have received immune cells from
vaccinated donors with the fact they were fully protected (Table 1)
points on a role of B cells in the immune response against ERM.

An interesting observation was made in the spleen, where the
numbers of CD8α+, IgM+ and IgT+ cells of high dose challenged re-
cipient fish, which had received PBL from vaccinated donors (group 6)
at 28 d p.i. were higher than in those at 21 d p.i. Such an increase was
not observed in low dose challenged (group 1 and 4) or mock chal-
lenged (group 2 and 5) recipients (Fig. 1c). This suggests that B- and T-
cell responses might continue developing at this stage in the spleen of
group 6 recipients at 28 d p.i.

Importantly, such trends should be taken with great caution, since
they come from a pool of 3–6 survivors from a single campaign of ex-
periments. Although a single individual with a remarkable phenotype
may induce a bias, we believe the strongest trends are interesting.
Although the modest numbers of fish used in this first set of experiment
do not fully demonstrate trends, they provide a first frame of analysis to
be confirmed by further studies. The adoptive transfer model appeared
to be excellent to pursue the characterization of mechanisms involved
in the transfer of “memory” and/or protection.

In order to check the titres of secreted IgM antibodies against Y.
ruckeri, sera as well as muci from gills and skin were collected from
surviving recipients 28 days after challenge and were analysed by
ELISA. Among all examined groups, the titres of anti-Y. ruckeri IgM in
muci and sera were clearly elevated only in recipients of group 6 that
had received PBL from vaccinated donors and that thereafter had been
challenged with high dose of Y. ruckeri (Fig. 2) further suggesting that a
secondary response is dose dependent. Nevertheless, these results in-
dicate that transfer of PBL from vaccinated donors successfully trans-
ferred the capacity to produce high titres of anti-Y. ruckeri antibodies
upon infection in the recipients, hence to mount a “memory” response.
This was correlated with high levels of protection. In contrast, recipient
fish that had received PBL from non-immunized donors (group 3)
showed high mortality after high dose challenge, and survivors did not
develop anti-Y. ruckeri IgM antibodies. Interestingly, not all recipients
of group 6 were seroconverted although full protection and high levels
of IgM+ and IgT+ cells were recorded. Group 6 can be divided into non-
and high IgM responders (which is partially also true for vaccinated

Table 1
Summary of the experimental design, including groups, recorded mortalities and numbers of sampled fish.

Group Donor Total No. of fish Infection status No. of dead fish Mortality No. of FCM-analysed fish No. of ELISA- analysed fish

21 dpi 28 dpi 28 dpi

1 non-vaccinated 22 0 (mock) 0 0% 3 3 3
2 22 Low 0 0% 6 6 6
3 22 High 14 63.6% 4 4 4
4 AquavacERM vaccinated 22 0 (mock) 0 0% 3 3 3
5 22 Low 0 0% 6 6 6
6 22 High 0 0% 6 6 6
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donors). This implies that several mechanisms may explain survival and
that, although genetically identical fish were used in these experiments,
immune responses to a given pathogen may show considerable inter-
individual variability in fish. These observations underline the im-
portance of following these parameters when tracking immune
memory.

4. Perspectives and discussion

The available literature illustrates and the case study described
above exemplifies that much remains to be understood and defined
regarding the protection against pathogens - including the protection
induced by vaccination - and a putative immunological memory in fish.
An important issue would be to identify the cellular compartment re-
sponsible for the long-term protection. Whether the mechanisms trig-
gered by such cells may be named “memory” would be the next ques-
tion. Several mechanisms can be proposed on how protection has been
transferred from vaccinated donor fish to recipient fish. One possibility
is that effector cells were transferred in an activated stage induced by
vaccination plus boost, and that thus have directly contributed to
rescue recipients from infection. Such activated effector cells could

have acted specifically for example via specific antibody production,
neutralising the pathogen. It is also reasonable to consider that trans-
ferred donor effector cells mounted a more efficient immune response
in concert with the hitherto naïve immune system of the recipient.
Thus, innate immunity of the recipients complemented by the action of
transferred cells could be efficient enough to promote survival. Last but
not least, bona fide memory cells could have been transferred to re-
cipients allowing a fast and effective response to the infection and
leading to high survival. These different hypotheses could be tested by
performing transfer of particular sorted cell subsets, and detailed
characterization of the response to different challenges (homologous
versus heterologous pathogens, multiples routes). Using a similar ex-
perimental set-up in isogenic ginbuna crucian carp [36] where Yama-
zaki et al. have shown that adoptive transfer of CD4+ and CD8α+ cells
from vaccinated donors protects recipients against a homologous Ed-
wardsiella tarda challenge. The carriers of protection were CD8α+ cells
and, to a lesser extent, CD4+ cells. However in this study, ginbuna
lymphocytes were isolated from donor fish only 8 days after im-
munization, which is probably enough to mount a specific immune
responses in this species, but clearly too short to study long-term,
persistent “memory” cells.

Fig. 1. Numbers of CD8α+, IgM+ and IgT+ leukocytes in six recipient groups. 21 (A) and 28 (B) days after bath (or mock) challenge, percentages of three leukocyte subpopulations in
PBL, gill leukocytes and splenocytes were analysed by flow cytometry, and the total numbers of leukocyte subpopulations per fish were calculated. Pooled samples from each group (three
to six fish/group; shown in Table 1) were analysed. Data from PBL of group 1 are not available for 28 d p.i. (N.A.) due to a technical failure (blood clotting). In these figures, the results are
shown as follows; left vertical panels depict PBL, centre panels gill and right panels spleen; upper horizontal panels depict CD8α+, middle panels IgM+ and lower panels IgT+ cells. (C)
Here percentages of the three leukocyte subpopulations in splenocytes from group 1, 3, 4 and 6 were compared on 21 and 28 d p.i. (note the increase of CD8α+ cells in group 6 at day 28).
Black bars show the data from day 28 p.i., white bars show the data from 21 d p.i., respectively. The X-axis corresponds to the total numbers of the respective leukocyte subpopulations
per fish (× 104).
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To get more insights in the mechanisms of long-term protection and
memory, transfer experiments of sorted cell subsets should be per-
formed in models similar to the one described above in trout. When the
size of the fish and the time line allows, it would be very powerful tool
to follow immune parameters such as antigen specific antibody titres in
individual fish, using non-lethal sampling, before and after challenge.

In conclusion, models such as the cell transfer between histo-
compatible fish presented in this article will be instrumental to un-
derstand the mechanisms and impact of anamnestic memory responses
in fish. These future analyses will benefit from antibodies specific for
lymphocytes markers. A better characterization of memory cell markers
such as CD27, CD38, CD45RO, CD45RA and CD62L (and production of
the corresponding reagents) in fish would be also extremely useful.
Besides, the development of new high-throughput transcriptomic ap-
proaches will likely be instrumental for the definition of memory cell
subsets in fish. Modifications of lymphocyte populations in lymphoid
organs after PBL transfer and or challenge suggests that transferred cells
might be prone to recruitment into defined territories, or to re-locali-
sation of immune cells.
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