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Abstract

Melanomacrophages (MMs) are phagocytizing cells with high amounts of pigments including mel-
anin which can be found in a number of cold-blooded species. In Osteichthyes, these cells cluster to
form so-called melanomacrophage centres (MMCs), which are predominantly present in the stroma
of hematopoietic and lymphoid tissues, that is, in the kidney and spleen. The functionality of MMs and
MMCs results from their involvement and role in the defence reactions, related to both the innate and
the adaptive immune mechanisms, and in processes unrelated to defence functions as well. There is
evidence that MMCs are structurally and functionally similar to mammals’ germinal centres (GCs).
It appears that mature IgM+ B cells in Osteichthyes can be the equivalent of mIgM+ centrocytes in
mammals, whereas MMs can be, in terms of the function, the equivalent of follicular dendritic cells
(FDCs), and MMCs can be, in terms of clustered specific cells, the equivalent of GCs. This paper pres-
ents selected facts about the structural and functional similarity between GCs and MMCs and about the
involvement and role of MMCs and MMs in the immune response. The facts help get a proper picture
of the location of MMs and MMCs within the structure of the fish immune system, also in the context of
their evolutionary relationship with GCs and of the possibility of pointing out the evolutionary closeness

between MMCs in Osteichthyes and GCs in mammals.
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Introduction

Melanomacrophages (MMs) are phagocytizing cells
with high amounts of melanin, lipofuscin and hemosid-
erin, and are present in a number of cold-blooded species,
including fish. In Osteichthyes, these cells cluster to form
so-called melanomacrophage centres (MMCs) which are
predominantly present in the stroma of hematopoietic and
lymphoid tissues, that is, in the anterior kidney, the spleen
and the posterior kidney. However, the degree of clus-
tering of MMs in the organs varies from large clusters in
the spleen to considerably smaller clusters in the anterior
kidney [1-4]. MMCs are also occasionally found in the
liver and in other body parts of this fish [1-4]. The role
of MMs and MMCs in the development of the defence
reaction in fish, in response to an antigen, was indicated
by Ellis and De Sous as early as in 1974 [2, 5]. These
authors identified MMCs as the likely place where the an-
tigen, being uptaken by MMs, can react with the immune
system units — the lymphocytes in which signals initiating
specific immunity are generated [2, 5]. Retention of the
antigen in the MMCs, and, in further stages, the activation
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of macrophages and lymphocytes, the synthesis and secre-
tion of antibodies and the development of immunological
memory are highly likely, as proved by Press et al. [6] in
their studies on Atlantic salmon (Salmo salar). Moreover,
it has been shown that MMCs are places where antigens,
including those bound to antibodies and thus forming sol-
uble immune complexes, can be stored for a long while
[4, 5, 7-9]. For this reason, the functionality of MMs and
MMCs is considered in the context of their involvement
and role in the immune reactions with regard to both
the innate and the adaptive immune mechanisms. Aside
from that, the role of MMs and MMC:s is also discussed
in the context of processes unrelated to the very defence
mechanisms conditioned by, inter alia, their involvement
in uptaking and storing iron as well in melanogenesis [2,
4]. It should be added that the range of activities of MMs
clustered in MMC:s is regarded as primal in relation to the
processes related to the involvement and role of these cells
in immune reactions such as antigen uptake, fulfillment of
the role of a cell presenting the antigen to lymphocytes and
sequestration of the products of cell degradation or of for-
eign substances of endogenous and exogenous origin [2, 4,
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10-12]. Studies have also shown that the quantity and size
of MMC:s increase in fish under increasing environmen-
tal stress. This provides an opportunity to use the “mela-
nomacrophage picture” as a biomarker for the state of fish
health and for the quality of the aquatic environment [2, 7,
11]. Despite a certain structural and functional similarity
between fish MMCs in fish and germinal centres (GCs) in
mammalian lymph nodes, and despite the hypothesis that
the centres can be considered to be evolutionary precursors
or primitive analogues of GCs, they still require further
research [2,4,7,9, 12, 13].

Structural and functional similarity
between GCs and MMCs

GCs in mammals have been thoroughly examined in
respect of their structural and functional properties. The
centres have been proven to be clusters of antigen-induced
B cells with a phenotype of CD19+ mIgM+ (membrane
IgM) in the secondary organs of the lymphatic system
where CD77+ mIgM+ centroblasts develop as a result of
blastic proliferation. Subsequently, following somatic hy-
permutation in the genes coding the variable part of the
antibody, mIgM+ centrocytes develop and the membrane
Ig appear in them again [4, 14, 15]. GCs are thus char-
acterized by the presence of specific B cells, follicular
dendritic cells (FDCs) and follicular helper CD4 T cells
(TFH) [4, 14, 15]. The B cells in those centres differentiate
into memory B cells and plasma cells, including early plas-
macytes of CD19+ CD24+ CD38+ CD138+ and mature
plasmacytes with phenotypes of CD38+ CD44+ CD49d+
CD19+ [4, 14, 15].

No GCs structurally and functionally identical with
mammalian GCs have been found in Osteichthyes. Regard-
less of that, however, a number of studies on fish [16-18]
have shown the immune system units’ ability to react and
respond to antigenic stimulation which is expressed in pro-
ducing and secreting highly specific antibodies with mature
affinity. The results presented by Saunders et al. [S], which
pertained to the occurrence of activation-induced cytidine
deaminase (AID+) B cells and T CD4+ and TcRp+ cells in
the very melanomacrophage environment, suggest that the
B cell affinity maturation in fish should be perceived as
a process being controlled, in the early stage of vertebrate
evolution, by structures resembling or similar to GCs. Ac-
cording to Steinel and Bolnick [4], previous studies and
analyses have shown that despite the many structural, cel-
lular and molecular similarities between MMC:s in Osteich-
thyes and GCs in mammals, it would appear more appropri-
ate to accept a hypothesis restricted to the important role of
MMCs in activating adaptive immunity in fish. Many rele-
vant studies have been carried out on these animals [4-12,
16, 17, 19, 20], allowing us to develop a thesis that there are
structural and functional elements in fish which involve the
development of an ability to generate memory B cells and
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plasma cells with high affinity. These cells are supposed to
be the earlier evolutionary forms of mammalian GCs. More-
over, studies have shown similarities between fish MMs and
FDCs, specialized in presenting the antigen to B lympho-
cytes, and between mammalian tingible body macrophages
(TBMs), a type of macrophage that is found in GCs contain-
ing phagocytized apoptotic cells at different stages of deg-
radation, and red pulp macrophages (RPMs) of the spleen,
affected by hemosiderin [4]. The properties of fish macro-
phages that are important in the context of the relationships
with GCs discussed in this paper include the ability of these
cells to cluster forming MMC:s, the ability to phagocytize,
including to erythrophagocytize, the positive result in re-
sponse to monoclonal antibodies (CNA.42) against FDCs
and the expression of the colony stimulating factor 1-recep-
tor (CSF1-R) [4, 5]. MMs are also characterized by that they
are present amongst immune complexes and in close prox-
imity to cells expressing AID in antigen-activated B cells
[4, 5]. According to Saunders et al. [5], the ring of MMs
surrounding a mixture of AID+ B cells can be considered as
the natural organization of MMCs in the spleen and poste-
rior kidneys. Findings from previous studies [4-12, 16, 17,
19, 20] show that MMC:s are structurally and functionally
similar to GCs in mammals. This is also supported by the
fact that MMCs respond to infection or immunization by
increasing their sizes and cluster quantities, as it is observed
in mammalian GCs [8, 20], although, as reported by Herrdez
and Zapata [8], such a reaction is not accompanied by any
increase in the synthesis or secretion of antibodies. Steinel
and Bolnick [4] have also drawn attention to the fact that for
fish, irrespective of the expression of AID B cells, there is
no evidence for somatic hypermutation (SHM) of antibody
coding genes in the hypervariable regions that determine the
antibody’s specificity, as has been proved by Saunders et
al. in their research [5]. Pointing out the structural, cellular
and molecular similarities between MMC:s in fish and GCs
in mammals, Steinel and Bolnick [4] imply that there is an
evolutionary relationship between those cells and specific
immunity in mammals. Those authors [4] emphasize, at the
same time, the need for undertaking further research into
the functional properties of MMCs, with the issues of pro-
liferation and differentiation of B cells and of hypermuta-
tion of antibody coding genes in the hypervariable regions
considered as processes dependent on MMCs, taking place
inside MMC:s or related to these clusters. The issues con-
cerning the functional relations between B cells and TFH
lymphocytes in a reaction with the involvement of T-de-
pendent antigens that induce reactions within GCs as well
as of T-independent antigens need to be clarified, also in the
context of differentiation and clonal expansion of B cells,
because T lymphocytes, especially TFH, are responsible for
the stimulation of the proliferation and differentiation of B
lymphocytes into GCs, and for the development of the im-
munological memory as well [4].
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Involvement and role of MMCs and MMs
in the immune response

The defence functions of MMCs are conditioned by,
apart from other things, the immunological activity of
MMs including phagocytosis of infectious material par-
ticles and erythrophagocytosis [4] as well as the function
of antigen-presenting cells (APCs), just as is the case with
FDCs in mammals, hence the involvement of these struc-
tures in the development of the innate and adaptive im-
mune response [4, 12, 19]. However, it should be stressed
that the most important functions of MMs clustered in
MMC s include the ability of these cells to accumulate, de-
stroy, detoxicate and recycle endogenous and exogenous
substances that are metabolically foreign, including dam-
aged erythrocytes, and to store compounds resulting from
erythrophagocytosis of, inter alia, iron and phospholipids
[2, 4, 21]. This role of MMs and MMCs can also be seen
during the ageing process in fish and during the subsequent
process of tissue destruction in these animals [2, 21].

In Osteichthyes, both the spleen and the posterior kid-
ney are peripheral lymphoid organs in which a specific
humoral immune response develops after antigen presen-
tation. The anterior kidney in Osteichthyes, equivalent to
bone marrow in mammals, is the central lymphoid organ
in which B cells develop and mature [22-25]. This organ
constitutes a core element for the development of specif-
ic humoral immunity in these animals. These cells come
from a common lymphocyte progenitor (CLP) and their
subsequent developmental stages are pro-B cells, large and
small pre-B cells as well as immature and mature B cells
[22, 23, 25]. Primary mature naive B cells migrate from
the anterior kidney to the blood stream and to the periph-
eral lymphoid organs, i.e. the spleen and posterior kidney
where they are subject to antigenic stimulation [5, 23]. The
differentiation of B cells in the spleen and posterior kid-
ney eventually results in the development of plasmablasts
and plasma cells which, at the next stage, migrate from
the spleen to the anterior kidneys [23, 26, 27]. At different
stages of the B cell differentiation in Osteichthyes and of
the immune response development, the cells are recognised
based on their phenotype — a picture of combined expres-
sion of specific transcription factors and class M immuno-
globulins (IgM), including membrane (mIgM) and secre-
tory (sIgM) immunoglobulins [22-25, 28-33]. It has been
proven that in the anterior kidney, mature naive B cells —
primary B IgM+ (sIgM+ mIgM+) gD+ (mIgD+) cells de-
velop from immature IgM+ (mIgM+) B cells and migrate
to the blood stream, spleen and posterior kidney [22, 23].
Then, following antigen recognition, they are subject to
antigen activation by MMs — the antigen-presenting cells
and by T lymphocytes, and this is the initial phase of the
activation of B and T lymphocytes (just as in mammals)
[5, 23]. The IgM+ B cells, antigen-activated within MMCs
(in mammals, the stage of development of GCs in lymphat-
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ic follicles, the dark zone of GCs, respectively) are subject,
just as is the case with mammals, to somatic hypermutation
that is responsible for so-called affinity maturation (AID
is expressed in B cells) and to proliferation. As a result,
mature IgM+ B cells develop and this process can be con-
sidered equivalent to positive selection [5]. It should be
added that AID expression was only observed in IgM+
IgD- B cells in absence of such a reaction in mature naive
B cells with a phenotype of IgM+ IgD+. It should also
be pointed out that in fish, at a similar location, T cell re-
ceptor beta (TcRp) chains, CD4 transcripts and the MHC
class II immunoglobulin heavy chain are expressed [5].
It is also worth noting that such cells in mammals form
GCs making up a cluster of antigen-induced B cells in the
secondary organs of the lymphatic system. There, in mam-
malian GCs, the blastic proliferation of CD19+ mIgM+
B cells leads to the development of proliferating CD77
mlg— centroblasts in the dark zone of GCs and to the sub-
sequent development of mIg+ centrocytes migrating to the
light zone of GCs where re-expression of Ig takes place
[5]. According to Saunders et al. [5], in Osteichthyes —
Ictalurus punctatus — AID-expressing B cells, as an equiv-
alent of the dark zone GCs in mammals, alternate with
MMs or are surrounded by a cluster of CSF1-R+ pigment
cells making up MMCs. It is also worth emphasizing the
fact that to these authors [5] it seemed highly unlikely that
the expression of the mutation enzyme called AID could
be possible in cold-blooded vertebrates in absence of GCs
or in absence of cell selection locations after mutations
with the involvement of AID. However, [gM+ B cells in
Osteichthyes may be an equivalent of centrocytes (IgM+)
in mammals and may be subject to processes typical of the
B cell selection area in these animals, that is, of the light
zone of GCs. In the next stages of the process develop-
ment in fish MMCs and in mammalian GCs, mature IgM+
B cells are re-activated following somatic hypermutation
in the genes coding the variable part of the antibody after
the recognition of the antigen, its endocytosis via mem-
brane Ig and after its processing and presentation in the
complex with MHC II to TFH lymphocytes, and, as it
can be assumed, the B cells are re-selected with respect
to their antigen affinity, or are verified for antigen speci-
ficity that also refers to TFH lymphocytes [5, 23, 24, 28,
34]. Ultimately, the differentiation of B cells is activated
in fish under the action of the cytokines released by TFH
and leads to the development of memory cells, antibody
secreting cells (ASCs), i.e. proliferating Pax5.PD+ mIgM+
plasmablasts, characterized by an increase in the synthesis
and secretion of IgM [26, 27], short-lived I[gM+ plasma
cells that remain in the spleen for a long time [23, 26, 27],
and of long-lived, non-proliferating Pax5.PD— mIgM plas-
ma cells that migrate back to the anterior kidney [5, 23,
25-28, 35], which is the main area where mature plasma
cells with a phenotype of Pax5.PD— mIgM- can be found
[25, 28]. These cells in the anterior kidney are character-
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ised by a great ability to synthesize and secrete IgM (sIgM,
mlgM), and the antigen “taken” and processed by these
cells is presented to CD4 Th-lymphocytes in the form of
a complex with the MHC II protein. It is also worth men-
tioning that in Osteichthyes, the increase in the affinity of
antibodies, just as the increase in the intensity of secretion
of IgM antibodies, only requires little enzymatic interfer-
ence to considerably increase the general avidity of each
polymeric molecule [16, 36]. Mature IgM+ B cells in Oste-
ichthyes can thus be the equivalent of mIgM+ centrocytes
in mammals, whereas MMs can be, in terms of function
but not origin, the equivalent of FDCs and GCs, and in
terms of clustered cells, the equivalent of MMCs.

Conclusions

Regardless of the data presented, there is still a jus-
tified need for exploring and explaining the picture re-
lated to the properties and functions of MMs and MMCs
in Osteichthyes, also in the context of their evolutionary
relationship with GCs in mammals. The exploration of
the knowledge on, inter alia, the histological properties
of MMCs or on the molecular structure of the elements
conditioning the specific immunity mechanisms in spe-
cific locations and stages of their activity, to the extent
and degree allowing for their phenotype identification,
will provide an opportunity to indicate the equivalents or
equally important components of the mammalian immune
system and to better assess the maturity of the defence sys-
tem in Osteichthyes. It is also worth emphasizing that the
organization of the immune system structures and of the
components of the defence system in fish, including MMs
and MMCs involved in the development of the innate and
adaptive immunity mechanisms should be considered in
the context of the evolutionary position of these animals,
especially in the context of related natural domination of
the innate immunity mechanisms that are more mature than
the adaptive immunity mechanisms.
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