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ABSTRACT

Significant progress has been made in the understanding of cellular and molecular mediators of im-
munity in invertebrates in general and bivalve mollusks in particular. Despite this information, there is a
lack of understanding of factors affecting animal resistance and specific responses to infections. This in
part results from limited consideration of the spatial (and to some extent temporal) heterogeneity of
immune responses and very limited information on host-pathogen (and microbes in general) in-
teractions at initial encounter/colonization sites. Of great concern is the fact that most studies on
molluscan immunity focus on the circulating hemocytes and the humoral defense factors in the plasma
while most relevant host-microbe interactions occur at mucosal interfaces. This paper summarizes in-
formation available on the contrasting value of information available on focal and systemic immune
responses in infected bivalves, and highlights the role of mucosal immune factors in host-pathogen
interactions. Available information underlines the diversity of immune effectors at molluscan mucosal
interfaces and highlights the tailored immune response to pathogen stimuli. This context raises fasci-
nating basic research questions around host-microbe crosstalk and feedback controls of these in-
teractions and may lead to novel disease mitigation strategies and improve the assessment of resistant
crops or the screening of probiotic candidates.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

over the last century. Since the pioneering work of Cuenot [1], there
was a growing interest in the study of bivalve immunity and in the

The field of bivalve immunity has been a prolific area of research exploration of mechanisms used by these organisms to fight and
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resist infectious agents. Initial interest in these questions was
driven by a thrive for basic understanding of mollusk immunity in a
comparative framework among the invertebrates. Bivalves offer
several advantages compared to other invertebrate taxa as they are

E-mail address: Bassem.Allam@stonybrook.edu (B. Allam).

http://dx.doi.org/10.1016/j.fsi.2016.03.037
1050-4648/© 2016 Elsevier Ltd. All rights reserved.


Delta:1_given name
Delta:1_surname
mailto:Bassem.Allam@stonybrook.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fsi.2016.03.037&domain=pdf
www.sciencedirect.com/science/journal/10504648
http://www.elsevier.com/locate/fsi
http://dx.doi.org/10.1016/j.fsi.2016.03.037
http://dx.doi.org/10.1016/j.fsi.2016.03.037
http://dx.doi.org/10.1016/j.fsi.2016.03.037

B. Allam, E. Pales Espinosa / Fish & Shellfish Inmunology 53 (2016) 4—12 5

often easy to collect and raise in laboratory settings, and blood
(hemolymph) can be readily harvested and maintained for in vitro
investigations. During the last few decades, the acknowledgment of
infectious diseases as a major driver for bivalve population dy-
namics also fueled interest in the immunity of these animals.
Currently, there are seven infectious diseases impacting mollusks
that are listed by the Office International des Epizooties [2], 5 out of
these 7 infections impact bivalves. The increased awareness of in-
fectious diseases affecting these animals was accompanied by a
significant growth in bivalve aquaculture leading to the doubling of
production in the last 15 years. Today, global bivalve production
represents about 15.4 million tons valued at over 18 billion USS$,
most of which (89%) being derived from aquaculture [3]. In this
framework, the understanding of immune mechanisms and
response to infections represents a great advantage for the devel-
opment of disease-resistant varieties of cultured bivalves.

Most prior work on bivalve immunity targeted internal immune
factors and activities associated with circulating hemocytes and
dissolved humoral factors of the plasma which work in a comple-
mentary fashion to neutralize invading organisms [reviewed by
[4—6]]. These investigations led to major progress in our under-
standing of fundamental aspects of bivalve immune functioning
and similarities or differences with other taxonomic groups. As in
other invertebrates, invaders are detected via humoral and
hemocyte-bound recognition factors, triggering the production of
cytokines [7] that could mediate the recruitment of additional
hemocytes, activation of phagocytosis and the production and/or
release of a wide range of antimicrobial compounds. Recent
research in bivalves supported the maternal transfer of immune
protection [8], identified factors involved in hemocyte production
[[9]; even though a hematopoeitic organ/tissue remains elusive],
highlighted the diversity of immune recognition molecules [10—12]
and supported a certain level of specific immune priming in bi-
valves [13,14]. Even though precise mechanisms for “immune
memory” have not been fully established in the invertebrates, they
are thought to involve recognition factors such as thioester-
containing proteins [15], C-type lectins [13] or the Down syn-
drome cell adhesion molecule or Dscam [16].

The assessment of changes in cellular and humoral effectors of
the hemolymph has been a major focus of studies investigating
immune responses of bivalves to infections [4]. While such in-
vestigations provide a snapshot of systemic alterations caused by
infections, they are hardly linkable to “effective immunity” in most
cases. The truth is that it is often difficult to identify immune re-
sponses proper towards an infection versus systemic changes in
defense-related factors as an indirect, general, stress response. This
is exacerbated by the dynamic nature of immune responses where
early, effectively protective, responses likely differ from late im-
mune alterations. What adds to the ambiguity is the fact that
virtually all infectious diseases affecting bivalve mollusks (and most
animals for that matter) are initiated at mucosal interfaces while
most studies on bivalve response to infections have focused on
immune factors present in the circulatory system. Therefore, im-
mune alterations in the circulatory system do not reflect immune
responses at the initial infection sites. In particular, the lack of in-
formation on the immune landscape at bivalve mucosal barriers
hampers the evaluation of early immune responses at these path-
ogen recruitment foci, therefore limiting our understanding of
conditions leading to the success or failure of infection establish-
ment. This provocatively entitled paper presents some of the in-
formation available on the spatial heterogeneity of bivalve immune
response to infections and highlights the role of mucosal secretions
in immunity and host-microbe interactions.

2. Immune response to infections is spatially heterogeneous

The temporarily dynamic nature of bivalve immune responses
to infections has been highlighted in a large number of studies
[reviewed by [4]]. This has often been shown or suggested to be
linked to change in disease stage status over time or to the mobi-
lization of immune effectors towards infection foci resulting in al-
terations in the circulatory system. For instance, recruitment of
hemocytes to infection sites (focal inflammation) is a common
cellular response in bivalves even though it remains unclear if he-
mocytes primarily migrate to products released by infectious
agents, intact and damaged hemocytes and other host cells already
on site, or, most likely, both. Hemocyte trafficking can result in al-
terations of the number of circulatory hemocytes and a general
increase in hemocyte infiltration in affected tissues as shown in
typically focal infections such as Roseovarius Oyster Disease (i.e.
Juvenile Oyster Disease, caused by the bacterium Roseovarius
crassostreae) in the eastern oyster Crassostrea virginica and Brown
Ring Disease (BRD; a bacterial disease caused by Vibrio tapetis) in
the clam Ruditapes philippinarum. In both of these two shell dis-
eases, infection initiates in the periostracum at the external surface
of the mantle and hemocyte counts display a transient increase in
hemolymph before a more consistent increase in the extrapallial
fluid (located between the mantle and the shell and in direct
contact with the infection site) and in the connective tissue un-
derlying the affected mantle epithelia [17—20]. Similar localized
hemocyte infiltrations have also been documented in other in-
fections affecting bivalve connective tissues such as QPX disease in
the hard clam Mercenaria mercenaria where massive focal hemo-
cyte recruitment is typical [21].

Some relevant questions that then arise are: what value can we
infer to alterations visible in the circulatory system? Are these truly
indicative of the processes at play during the host-pathogen in-
teractions, particularly during early infection stages? Wouldn't the
investigation of immune responses at infection foci be more rele-
vant than the evaluation of systemic responses?

A few recent studies used high throughput transcriptomic
methods to contrast focal and systemic immune response in bi-
valves following infections and showed that the specific activities
of hemocytes differed between infection foci and the circulatory
system. For example, Allam et al. [22] showed strong contrast in
gene transcription levels between hemocytes derived from the
circulatory system as compared to hemocytes collected from the
extrapallial fluid of clams infected with BRD. Not only expression
levels were different for several hundreds of transcripts between
hemocytes sourced from both fluids (Fig. 1), but trends were even
opposed for several dozens of immune transcripts (e.g. decrease in
hemolymph and increase in extrapallial fluid, including for im-
mune recognition and antimicrobial proteins) suggesting a tailored
immune response at the infection locus. Similar findings were also
reported in tissues (mantle) from clams infected with the thraus-
tochytrid parasite QPX where a strong focal immune signature was
also detected [23; Fig. 1].

Even in the case of bivalve “systemic” infections such as those
caused by opportunistic bacteria (e.g. many Vibrio species) or more
specialized pathogens such as the alveolate Perkinsus marinus
(a.k.a. Dermo) or the ascetosporean Haplosporidium nelsoni (a.k.a.
MSX) both of which populate the blood stream during advanced
infection stages, the understanding of host-pathogen interactions
at the infection initiation sites is primary for unraveling factors
mediating host susceptibility or resistance to the infection. For
example, P. marinus infections initiate in pallial organs (mantle, gills
and palps) and remain confined there in early infections to become
systemic in later stages [24,25]. In other words, the parasite reaches
the circulatory system only after failure of “peripheral” immune
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Fig. 1. Gene transcription profiling (number of differentially-expressed transcripts)
contrasting systemic and focal immune responses. A: gene transcription profiling of
hemocytes collected from the circulatory system or the extrapallial fluid of Manila
clams infected with Brown Ring Disease (Agilent 15K oligoarray data from Allam et al.,
2014). B: gene transcription profiling of mantle biopsies from QPX infection foci or
symmetrically-located biopsies from the same clams (RNASeq data from Wang et al.,
2016).

effectors in stopping its progress; so can the assessment of hemo-
lymph factors inform about oyster immune response and resis-
tance? Similarly, oyster infection with H. nelsoni was reported to
initiate at the gill epithelia where the parasite remains restricted to
that epithelia in resistant oysters while it invades underlying con-
nective tissues and the circulatory system in susceptible oysters
[26]. Therefore, the main immune barrier to the spread of the
infection appears to be associated with processes associated with
the epithelia and it is unclear how the evaluation of hemolymph
factors can help unravel host defense factors against the infection
or identify the biological bases for resistance. Clearly, a higher
resolution of the immune landscape at the portal of entry is
essential for understanding biological bases of bivalve refraction
and resistance to infections.

3. Enemy at the gate: the uncovered role of mucosal factors in
bivalve immunity and resistance to infections

The success or failure of a pathogen in establishing infection
largely depends upon the results of early interactions with its host.
For instance, the infectious process aborts if a pathogen is suc-
cessfully neutralized by the host at a portal of entry [27—29].
Arguably, most research on bivalve immunity has been done on the
cellular and humoral factors present in the hemolymph, which is
the last defense layer in these organisms where the quantity of
microorganisms reaching the circulatory system represents an
extremely small fraction of those bathing mucosal tissues. This
represents a major drawback in our understanding of mechanisms
mediating bivalve resistance to infections. In this context, adult
marine bivalves are typically resistant to extremely high numbers
of pathogenic microbes (e.g. universal pathogens such as Listo-
nella—formerly Vibrio-anguillarum or specific pathogens such as
V. tapetis) when they are exposed by immersion, but become very
sensitive when small amounts of bacteria are directly introduced
into their tissues [30—32]. This underlines the importance of
external defense barriers in the resistance process. Despite this
common understanding, very little attention has been given to
defense factors associated with bivalve mucosal surfaces. This
section summarizes some of the information available on the
characteristics of mucosal tissues and mucus secretions in bivalves
and on their role in host-microbe interactions and overall animal
health.

As in vertebrates, epithelia lining the digestive tract of bivalves
represent an important mucosal interface that can mediate host-
microbe interactions. Nevertheless, because of its efficient me-
chanical and chemical processes, the digestive tract seems to
represent a good barrier to infectious agents, and consequently
most fatal infections affecting bivalves are initiated in organs
exposed to the external environment, such as pallial organs in
bivalve mollusks [25,33—42]. In these animals, respiration and
feeding activities expose soft tissues of the pallial organs (mantle,
gills, labial palps, foot and body wall) to an extremely large amount
of waterborne microbes. For example, oysters can filter over
10 Lh~! g1 dry tissue [43] equating over 25,000 microbes/second
considering a 1 g oyster and a modest 10* microbes ml~! seawater
(microbial concentrations in estuarine areas are often orders of
magnitude higher). The convolution of pallial organs also greatly
increases the effective surface of these interfaces and enhances
their exposure to waterborne microbes, highlighting the need for
an efficient defense system associated with the pallial mucosa.

3.1. Mucus contains a wide array of immune effectors

The role of mucosal secretions in host-microbe interactions and
animal protection is now well recognized across various taxa,
particularly among medically-relevant model species. Mucus itself
is an excellent physical barrier to cells or microorganisms. The net
created by cross-linked glycoproteins (mucoproteins matrices)
contained in mucus traps microorganisms before reaching the soft
tissues. Mucus matrices also contain various cells and bioactive
molecules and have gained prominence in the last few decades as a
main component of the innate and acquired immune system [44].

In mollusks, mucus is produced from virtually all epithelia [45]
and plays a role in several biological functions [46] such as loco-
motion [47—51], freeze protection [52], desiccation protection
[48,53], attachment [50] and defense against predators [54]. Mucus
is also widely used in mollusks to trap and transport particles on
ciliated epithelia for cleansing or feeding through mucociliary
transport [55]. The importance of mucus in the biology of these
animals is well reflected in the energy allocated to mucus pro-
duction, sometimes exceeding 15% of energy gained from food [46].

Most prior work investigating bivalve pallial mucus was per-
formed in the framework of studies of the suspension-feeding
process where mucus carries particles intended for ingestion or
rejection as pseudofeces [reviewed by [56]]. The pallial mucus layer
is also the first host factor encountered by microbes that attach to
the surface of pallial organs before the establishment of mutualistic
(e.g. sulfo-oxidant bacteria in gill bacteriocytes) or parasitic asso-
ciations [reviewed by [57]]. In other words, pallial mucus is
involved in the processing of any and all waterborne microbes
entering the pallial cavity and captured by the pallial organs,
regardless of whether it leads to predation, mutualism, commen-
salism or parasitism. Therefore, an efficient processing of water-
borne microbes by pallial mucus is essential for bivalves to
maintain their health given the extraordinarily large number of
microbes they encounter through their suspension-feeding activity.

In this context, previous studies have shown that bivalve pallial
mucus contains agglutinins that interact with various bacterial
species [58,59]. More recent work showed that some of these ag-
glutinins are lectins that bind microbes through protein-
carbohydrate interactions [60—62]. Previous studies also reported
the presence in pallial mucus of hydrolytic enzymes that likely
contribute to host protection, such as lysozyme [63] and proteases
[64]. A recent high-throughput proteomics analysis unraveled the
diversity of immune proteins present in mucosal secretions
covering oyster pallial organs [65, Fig. 2]. These included a wide
array of immune recognition proteins such as lectins (10 proteins,
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Fig. 2. A selection of immune-related proteins identified by liquid chromatography/
mass spectrometry in mucus covering the pallial organs (mantle, gills, palps) of the
oyster Crassostrea virginica (data from Pales Espinosa et al., 2016).

including galactose and mannose-binding lectins), C1q-domain
containing proteins (3), and thioester-containing proteins (7). A
defensin and a lysozyme were also detected as well as a robust pool
of proteases (23) and protease inhibitors (11 proteins). Some of the
proteins appear to be regulated via external stimuli as the tran-
scription levels of a mucosal lectin increased significantly in oysters
exposed to a bacterial challenge (Vibrio alginolyticus) but only
following bath exposure and not bacterial injection into the circu-
latory system. This result shows that this lectin responds to
external cues associated with the presence of pathogens in the
pallial cavity but not in tissues highlighting its role in mucosal
immunity [62]. Similarly, lysozyme activity in mantle secretions
(extrapallial fluid) was shown to increase in clams exposed to
bacterial pathogens, supporting the role of these products in im-
munity [20,66]. Nevertheless, the contribution of these “periph-
eral” immune factors to bivalve health remains greatly under-
investigated and very likely under-estimated.

3.2. Mucosal factors interact with microbes and regulate pathogen
growth and virulence

The adhesion of pathogenic microorganisms to mucosal surfaces
is considered to be the first step of many infections in vertebrates
and invertebrates [67—69]. Glycoproteins and peptidoglycans
contained in mucus promote sugar-protein interactions leading to
recognition and adhesion of microorganisms via adhesins/lectins
that bind specific mucosal ligands. Microbes often have multiple
lectins with different carbohydrate specificities, and modulation of
surface receptor density or topographical distributions of these
receptors on cell membranes regulate adhesion [70—72]. At the
same time, host mucus lectins can serve as anchor sites for carbo-
hydrates present on microbial surfaces [61,73,74]. Therefore, mucus
production and composition have a direct impact on microbes
which themselves can regulate mucus secretion and alter these
matrices [75—81]. In addition to its role as an anchor site, mucus
can also trigger microbial machinery needed for host colonization
(and invasion in the case of pathogens). For example, adhesion to
mucus can trigger the production of various mucolytic strategies to
overcome mucus entrapment as shown in Vibrio cholerae [82].
Similarly, exposure to mucus enhances the production of toxins and
the in vivo virulence of Escherichia coli in higher vertebrates [83].

Previous studies on marine animals also showed that mucus

secretions can favor the attachment and growth of adapted (or
specialized) microbes and mediate symbiont recognition. For
instance, fish mucus contains factors that enhance or inhibit the
growth of different bacterial species [84—86]. Furthermore, expo-
sure of the fish pathogen Vibrio anguillarum to salmon gastroin-
testinal mucus enhances virulence by inducing the production of a
metalloprotease [87]. Fish skin mucus also induces an over-
expression of proteins involved in bacterial motility in Vibrio sal-
monicida [88]. Similarly, the involvement of mucus in regulating
microbial dynamics has been demonstrated in several marine in-
vertebrates. For example, bacterial growth is enhanced, including
that of the opportunistic pathogen V. alginolyticus, in media sup-
plemented with coral mucus [89,90]. Always in corals, bacterial
communities living in the surface mucus layer have been found to
be different from those present in the water column suggesting that
mucus recruits and maintains specific microorganisms [90,91].
Finally, the mucus of the nematode Laxus oneistus was shown to
contains a C-type lectin that has been suggested to facilitate the
aggregation and recruitment of symbionts [92].

Even though the examples from mollusks are very limited,
growing evidence suggests that the colonization of mucus repre-
sents the first step in specific interactions between waterborne
microbes and their hosts. In their investigations of host/symbiont
association in the squid Euprymna scolopes, Nyholm et al. [93] and
Nyholm and McFall-Ngai [94] demonstrated that the symbiont
Vibrio fischeri specifically accumulates and remains retained within
the mucus covering squid's light organ. Davidson et al. [95] further
demonstrated that mucus actually regulates the dynamics of mi-
crobial communities of the light organ to favor the survival and
growth of V. fischeri. These studies concluded that the specificity of
the squid-Vibrio symbiosis begins early in the interaction, within
the mucus itself. In another squid species (Illex argentinus), mucus
was suggested to trap and promote growth microorganisms
entering in the diet of young individuals [96]. In symbiotic mem-
bers of Thyasiridae (venerid bivalves), pallial mucus is thought to
represent the main contributor to the recruitment of chemosyn-
thetic bacterial symbionts [97,98]. Recent investigations in oysters
(C. virginica) showed significant regulation of the proliferation and
virulence of the alveolate parasite P. marinus following exposure to
host mucus [25,99,100]. While mucus collected from oyster pallial
organs enhanced the proliferation of the parasite (mantle in
particular), mucus collected from the digestive gland was inhibitory
(Fig. 3). Interestingly, pallial mucus of the non-compatible host
Crassostrea gigas (Pacific oyster) was strongly inhibitory suggesting
that P. marinus host specificity may begin in the mucus [100]. The
in vivo virulence of P. marinus was also significantly enhanced when
the parasite was exposed to pallial mucus from C. virginica. Mor-
tality was significantly higher (up to 10 fold) in oysters injected
with parasite cultures supplemented with pallial mucus as
compared to oysters injected with parasite cells supplemented
with digestive mucus or unsupplemented cultures (Fig. 3). RNASeq
experiments showed that increased in vivo virulence of P. marinus
following exposure to mucus was associated with a significant
upregulation of potent virulence-related factors [99].

3.3. Mucosal epithelia contribute to microbial homeostasis

While phagocytic activity of hemocytes is a hallmark of the
innate immune system and has been well described in bivalves, the
diverse activities of epithelial cells lining mucosal surfaces also
contribute to microbial homeostasis at these pathogen portals of
entry. Epithelial cells produce and secrete a wide range of bioactive
molecules that are embedded in mucus. In addition, virtually all
mucosal epithelia of bivalves are capable of endocytosing biotic and
abiotic particles and colloids, including epithelial cells lining the
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In B), P. marinus cultures were supplemented with Crassostrea virginica mucus before
injection into the pallial cavity of naive oysters. * indicate significant difference as
compared to unsupplemented cultures (data from Pales Espinosa et al., 2013).

external (extrapallial) and internal (pallial) surfaces of the mantle
[101—-103], the gill [104,105], or epithelia lining different sections of
the digestive gland and gut [106—108]. Phagocytic activity per-
formed by these epithelia provides a dual nutritional/defense
function by enhancing the uptake and digestion of food particles
and by keeping pathogens in check and limiting infections. Particles
phagocytozed by epithelial cells are then exposed to toxic reactive
oxygen species produced by the host cells during the respiratory
burst associated with phagocytosis and are neutralized by antimi-
crobial compounds and hydrolytic enzymes released in phag-
osomes. Microbes that inhibit, or that are able to resist, intracellular
killing and digestion can initiate infection in epithelial cells. This is
typically the case for members of the Chlamydiales and Rick-
ettsiales that infect mucosal epithelial cells throughout various
taxa, including mollusks [109].

3.4. Blood cells associated with mucosal epithelia: protective
sentinels or pathogen acquisition vehicles?

Like most mollusks, bivalves have an open circulatory system
populated by hemocytes that circulate in hemolymph vessels and
sinuses as well as throughout soft tissues. Mucosal tissues are often
well-irrigated by the blood due to their primary role in exchanges
with the surrounding environment for processes such as oxygen or
nutrient extraction. For that matter, connective tissues of the gills
and sub-epithelial tissues along the digestive tract are among the
most hemocyte-rich tissues in mollusks. These hemocytes are able
to cross the basement membrane to wander at the surface of the
epithelial barrier in close association to the mucus layer (Fig. 4).
Transepithelial migration of immune cells is well described in
vertebrates where mucus contains representatives of innate and
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Fig. 4. A hemocyte transmigrating across the extrapallial epithelium of the clams
Mercenaria mercenaria (A) and Ruditapes philippinarum (B). In (A), the hemocyte is seen
crossing the basement membrane. In (B), the hemocyte is visible at the apical surface
of the epithelial layer. From Allam and Pales Espinosa, 2015.

adaptive immune cells including neutrophils and dendritic cells
that cross epithelial surfaces to interact with environmental mi-
crobes and mount an appropriate host response [110]. In mollusks,
the pioneering works by Yonge [106] and Takatsuki [111] were the
first to report the presence of hemocytes associated with mucosal
secretions covering the pallial cavity and in the gut lumen. Both
authors showed that these hemocytes were functionally active and
were capable of phagocytosing biotic and abiotic particles and
transferring phagocytosed materials across the epithelial barrier. In
fact, several reports suggested hemocytes trafficking across
epithelial barriers to be bi-directional, at least in the gut [112].
Interestingly, Feng et al. [112] reported the presence, in oyster cir-
culatory hemocytes, of carotenoid pigments known to be synthe-
sized only in plants, suggesting these pigments to be acquired by
hemocytes through phagocytosis of algal cells during excursions
into the gut lumen before transmigrating back and carrying these
products to the circulatory system. More recently, trans-epithelial
migration of hemocytes has been reported in the clam
R. philippinarum [113,114] and the oyster C. virginica [115] were
hemocytes were found associated with mucus covering pallial or-
gans. Hemocytes identified in bivalve extrapallial fluid and those
associated with pallial mucus are functionally active as demon-
strated by their ability to phagocytose biotic and abiotic particles
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and to secrete hydrolytic and antimicrobial compounds
[111,113—115]. While hemocytes present in the extrapallial
compartment are thought to play a role in biomineralization and
shell growth, hemocytes lining pallial epithelia (which are in con-
tact with environmental microbes) are thought to play a sentinel
role providing a first alert system and to secrete humoral factors
that become integral part of the mucus.

These findings provide a body of evidence that can explain how
aquatic mollusks sense and respond to changes in the microbial
make-up of their environment. In this context, evidence shows the
presence in molluscan mucosal secretions of functionally active
hemocytes that are capable of phagocytosing microbes before
migrating back inside tissues [111,112,114,115]. Through trans-
epithelial migration, oyster hemocytes were shown to translocate
within hours from pallial surfaces to underlying tissues and the
circulatory system [116]. Therefore, these hemocytes seem to play a
sentinel role similar to that of dendritic cells in vertebrates which
migrate across epithelial barriers and venture along mucosal sur-
faces to “sample” environmental microbes [110]. Interestingly,
“pallial hemocytes” in oysters had higher phagocytic activity than
circulating hemocytes [115]. They also showed epitope signatures
(surface carbohydrates and clusters of differentiation) different
from those of circulating hemocytes [116] suggesting that they
represent a specialized category of hemocytes. Specifically, labeling
with the cluster of differentiation 14 (CD14, a receptor of lipo-
polysaccharides and other PAMPs) was significantly higher in
pallial hemocytes as compared to circulatory cells underlining a
higher expression of this pattern recognition receptor and high-
lighting a sentinel role for these cells. The fact that CD14 is a
common constituent of mucosal secretions of vertebrates [117]
could suggests this may represent a conserved mediator of
mucosal innate immunity in metazoans.

The occurrence of two-way movements of hemocytes across
mucosal epithelia raises the possibility for these cells to serve as
vehicles allowing the acquisition of adapted microbes that are

A

capable of surviving phagocytosis. In fact, our investigations
showed the ability of the obligate oyster parasite P. marinus uses a
Trojan horse strategy to take advantage of transepithelial migration
of pallial hemocytes to gain access to the internal tissues of its
oyster host (Fig. 5) [118]. Furthermore, exposure of naive oysters to
P. marinus was shown to increase transepithelial migration of he-
mocytes likely resulting in higher infection rates [116]. In contrast,
exposure of oysters to the opportunistic bacteria V. alginolyticus did
not cause any change in transmigration suggesting that change in
transepithelial migration rates is not a generic response to micro-
bial exposure. Overall, a better characterization of mucosal hemo-
cytes (functional characterization, turnover rate, etc.) is needed for
a better evaluation of their role in mucosal immunity and in-
teractions with pathogens.

4. Conclusions

Significant progress has been made in the understanding of
cellular and molecular mediators of immunity in invertebrates in
general and bivalve mollusks in particular. Despite this information,
there is a lack of understanding of factors affecting animal resis-
tance and specific responses to infections. This in part results from
limited consideration of the spatial (and to some extent temporal)
heterogeneity of immune responses and very limited information
on host-pathogen (and microbes in general) interactions at initial
encounter/colonization sites. The refractive/resistance ability of a
host to a pathogen may lie in the outcome of these early in-
teractions at infection sites. In this context, a better understanding
of microbe-bivalve interactions at mucosal interfaces is particularly
promising given the interplay between mutualistic, commensal
and pathogenic microbes at these sites. This is supported by a
growing body of evidence highlighting the role mucosal micro-
biomes in regulating host resistance to infection either directly via
microbe-microbe interactions; [69,119,120] or indirectly via im-
mune stimulation and maturation [44]. Our current understanding

Fig. 5. Confocal microscopy images showing a transmigrating pallial hemocyte (A) containing a P. marinus cell (B) 42 um below the surface of the mantle pallial epithelium. C:
merged pictures. Pallial hemocytes were labeled by adding rhodamine to seawater containing oysters before parasite cells labeled with the vital dye carboxyfluorescein succinimidyl

ester were added and incubated for 6 h.
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underlines the diversity of immune effectors at molluscan mucosal
interfaces [65] and highlights the tailored immune response to
pathogen stimuli [62]. This context raises fascinating questions
around host-microbe crosstalk and feedback controls of these in-
teractions and may lead to novel disease mitigation strategies and
improve the assessment of resistant crops or the screening of
probiotic candidates.
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