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Due to theirmarine ecology and life-history, marinemammals accumulate some of the highest levels of environ-
mental contaminants of all wildlife. Given the increasing prevalence and severity of diseases inmarine wildlife, it
is imperative to understand how pollutants affect the immune system and consequently disease susceptibility.
Advancements and adaptations of analytical techniques have facilitated marine mammal immunotoxicology
research. Field studies, captive-feeding experiments and in vitro laboratory studies with marine mammals
have associated exposure to environmental pollutants, most notable polychlorinated biphenyls (PCBs), organo-
chlorine pesticides and heavy metals, to alterations of both the innate and adaptive arms of immune systems,
which include aspects of cellular and humoral immunity. For marine mammals, reported immunotoxicology
endpoints fell into several major categories: immune tissue histopathology, haematology/circulating immune
cell populations, functional immune assays (lymphocyte proliferation, phagocytosis, respiratory burst, and natu-
ral killer cell activity), immunoglobulin production, and cytokine gene expression. Lymphocyte proliferation is by
far the most commonly used immune assay, with studies using different organic pollutants and metals predom-
inantly reporting immunosuppressive effects despite the many differences in study design and animal life histo-
ry. Using combined field and laboratory data, we determined effect threshold levels for suppression of
lymphocyte proliferation to be between b0.001–10 ppm for PCBs, 0.002–1.3 ppm for Hg, 0.009–0.06 for MeHg,
and 0.1–2.4 for cadmium in polar bears and several pinniped and cetacean species. Similarly, thresholds for sup-
pression of phagocytosis were 0.6–1.4 and 0.08–1.9 ppm for PCBs and mercury, respectively. Although data are
lacking for many important immune endpoints and mechanisms of specific immune alterations are not well
understood, this review revealed a systemic suppression of immune function inmarinemammals exposed to en-
vironmental contaminants. Exposure to immunotoxic contaminants may have significant population level con-
sequences as a contributing factor to increasing anthropogenic stress inwildlife and infectious disease outbreaks.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

1.1. Immunotoxicology and risk assessment

The field of toxicology grew due to concerns about adverse effects of
chemical substances on humans, then gradual attention was given to
domestic animals and wildlife (Newman and Unger, 2003). Traditional
toxicity assessments focused on endpoints relating to morbidity or mor-
tality, but it was not until the 1970s that specific interactions of xenobi-
otics with elements of the immune system were discovered. The first
review of immunotoxicology by Vos (1977) was fundamental in estab-
lishing that exposure to a broad spectrum of xenobiotics can alter lym-
phoid tissues and cell populations as well as the function of immune
responses, subsequently affecting the health of exposed animals. The
immunotoxicity of chemicals can now be assessed via their effects in
three broad categories: histopathology of lymphoid tissues, changes in
immune function and/or frequency and characteristics of immune cell
populations, and changes in host resistance to infectious pathogens
(Kimber and Dearman, 2002). In a comprehensive study of the
immunotoxicity of over 50 chemicals in mice (Mus musculus), the U.S.
National Toxicology Program (NTP) established strong correlations be-
tween changes in a battery of immune endpoints and altered host resis-
tance (Luster et al., 1992, 1993). These results confirmed the utility and
sensitivity of immune endpoints as indicators of toxic insult.

Knowledge of the nature and magnitude of potential adverse health
risks from exposure to immunotoxic contaminants is invaluable for the
generation of management or conservation plans in highly exposed
populations. The assessment of risk combines exposure and relevant
dose–response data to estimate the potential of adverse effects (Luster
et al., 1994), and while much information is available on exposure and
tissue levels of contaminants in marine mammals and other wildlife,
dose–response data are lacking, particularly for immunotoxicity. Estab-
lishment of threshold effect levels, lowest observable effect levels and/
or EC50 for various contaminants are needed for relevant immune end-
points in order to assess potential hazards. These are often difficult to
establish for marine mammals due to ethical and logistical constraints
related to field and experimental work. Furthermore, there is additional
Fig. 1. Cells and molecules of the mammalian innate and adaptive immune system. The functio
tionality relies on the interaction of a number of innate and adaptive cells and secreted protein
need and challenges to extrapolate effects at themolecular, cellular and
individual level to the population level, which is most relevant for man-
agement and conservation.

1.2. The marine mammal immune system

The ultimate function of the immune system is to protect against in-
fectious diseases, which may be caused by invading parasites, viruses,
bacteria or othermicroorganisms, and also to respond to aberrantmacro-
molecules such as cancerous cells (Abbas et al., 2012). The immune
system is comprised of a complex network of tissues, cells andmolecules
thatwork in a concerted effort to resist infections (Fig.ure 1). The immune
response to invading pathogens consists of two separate, but intercon-
nected functional systems: innate/non-specific immunity and adaptive/
specific immunity; the most important difference between the arms of
the immune system is the specificity and memory response of adaptive
immunity. Together, the innate and adaptive arms provide immediate
and long-term protection from infectious pathogens.

Research over the decades has revealed few differences between the
immune system of marine and more highly studied terrestrial mam-
mals, such that much of our understanding of marine mammals
comes from rodent and human immunology. The innate immune sys-
tem consists of various cells and biochemical mechanisms in place to
protect the host within minutes and hours of exposure to antigenic
stimuli (Fig. 1). Immune cells in marine mammals have been character-
ized using cross-reactive and species specific monoclonal and polyclon-
al antibodies against cell surface antigens, including various Cluster of
Differentiation (CD) markers, major histocompatibility complex
(MHC), and other surface proteins (De Guise, 2004; Ross and De
Guise, 2007). Phagocytic cells involved in the rapid destruction of invad-
ing pathogens, such as neutrophils, macrophages and dendritic cells,
were characterized first in several cetacean species (De Guise et al.,
2004; Jaber et al., 2003a,b; Kawashima et al., 2004) and quantitative as-
says to measure phagocyte function were also developed (De Guise
et al., 1995a; Noda et al., 2003). The function of natural killer (NK)
cells, specialized lymphocytes involved in the killing of virus infected
and tumour cells, has been described in harbour seals (Ross et al.,
n of the immune system is to combat invading pathogens or cancerous cells and this func-
s.
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1996c) and beluga (DeGuise et al., 1997). The acute phase proteins such
as C-reactive protein and haptoglobin as well as many cytokines have
been quantified in circulation and characterized at the molecular level
in marine mammals (see Beineke et al., 2010 and Ross and De Guise,
2007).

The acquired/adaptive immune system evolved to combat patho-
gens beyond the control of innate immunity. The principal cells in-
volved in the adaptive immune response are lymphocytes, including B
and T cells, and their secretedmolecules (Fig. 1). Thesemorphologically
indistinguishable cell subsets have been identified via expression of sur-
face antigens; T cells were recognized by CD2, and further subsets by
CD4 and CD8, while B cells were recognized by CD19 and CD21 mole-
cules (De Guise et al., 2002). Immunoglobulin subclasses have been
purified and quantified in plasma and/or partially sequenced in many
species of marine mammals (see review by Beineke et al., 2010). To-
gether, B cells and their secreted antibodies form the humoral immune
response which acts against extracellular pathogens, while different T
cell subsets (helper, cytotoxic and regulatory cells) mediate cellular im-
munity via interactions with antigen-presenting cells (e.g. macro-
phages, dendritic cells). Ultimately, activated lymphocytes undergo
massive clonal expansion and interact with innate immune cells, other
lymphocytes, and a flurry of cytokines to undertake an impressive and
complex immune response to eliminate pathogens (Mosmann and
Sad, 1996).

1.3. Basis for marine mammal immunotoxicology

Worldwide reporting of diseases in marine organisms has increased
over the past decades, raising concerns about the health of marine eco-
systems (Gulland and Hall, 2007). Outbreaks typically occur near heavi-
ly urbanized and polluted coastal areas, and there are several significant
cases of deterioratedmarinemammal health, which highlight the influ-
ence of anthropogenic pollution on health and disease dynamics
(Duignan et al., 2014). High persistent organic pollutant (POP) tissue
burdens (eg. ΣPCBs: N50–100 μg/g lw) in Baltic grey seal (Haliocherus
grypus) and ringed seal (Pusa hispida) populations in the 1970–80s
were linked to leiomyoma, stenosis and occlusions of the uterus. In ad-
dition, pathological investigations revealed a high prevalence of lesions
such as adrenocortical hyperplasia and osteoporosis later called the
“Baltic Seal Disease Complex” (Helle, 1980; Helle et al., 1976; Olsson
et al., 1994; Roos et al., 2012). In the same time period, the endangered
beluga (Delphinapterus leucas) population in the St.-Lawrence Estuary
was shown to have very high organohalogen tissue burdens (eg.
ΣPCBs: 10–500 μg/g lw) andhigh prevalence of degenerative, infectious,
neoplastic, hyperplastic and necrotic lesions (De Guise et al., 1995b;
Martineau et al., 1994). Lastly, epizootic outbreaks of morbillivirus in
1988/89, 1990/91 and 2002 in harbour seals (Phoca vitulina) and
stripped dolphins (Stenella coeruleoalba) in polluted European and
Mediterranean waters resulted in the death of thousands of animals
(Dietz et al., 1989; Duignan et al., 2014). Many environmental and
chronic anthropogenic stressors likely contributed to overall immune
health and cumulative evidence suggests that exposure to high concen-
trations of organohalogenated pollutants andmercury played a key role
in reducing host resistance (Aguilar and Borrell, 1994; Hall et al., 1992,
2006; Jepson et al., 1999; Siebert et al., 1999).

Marine mammals are particularly vulnerable to the accumulation of
environmental pollutants. In addition to inhabiting human polluted
coastalwaters,marinemammals are vulnerable to bioaccumulative pol-
lutants due to their typical position at the top of long marine food
chains. Bioaccumulative pollutants are often fat-soluble and resistant
tometabolic break-down, thus they persist in the environment and pro-
gressively accumulate and magnify through the food web (Macdonald
et al., 2002; Mackay and Fraser, 2000). As long-lived animals, marine
mammals are exposed throughout their lifetime to complex mixtures
of environmental pollutants, making them the most contaminated ani-
mals on the planet (Letcher et al., 2010; Muir et al., 1996; Ross et al.,
2000). Furthermore,many species ofmarinemammals undergo periods
of energy deficiency and nutritional stress related to reproduction, mi-
gration or hibernation, which may lead to seasonal mobilization of
lipid stores and associated pollutants, resulting in higher exposure to
target organs (de Swart et al., 1995; Debier et al., 2006).

Controlled feeding experiments with laboratory rodents have pro-
vided the mechanistic understanding and causal evidence for the rela-
tionship between exposure to various environmental pollutants and
immune modulation (Luebke et al., 2007; Luster et al., 1994; Vos et al.,
1989). Though similar controlled conditions are nearly impossible to
create for marine mammal studies, a “weight of evidence” approach
coupling results from laboratory experiments to semi-controlled and
free-rangingwildlife studies can offer useful and comprehensive knowl-
edge about the adverse effects of immunotoxic pollutants in marine
mammals (Ross, 2000). The following sections will examine the pub-
lished marine mammal literature in detail for each immune endpoint
and draw conclusions based on this “weight of evidence” approach.

There exists a number of comprehensive reviews of immunotoxic-
ological effects and methodologies for laboratory animals and wildlife
(Luster et al., 1987; Vos et al., 1989; Luebke et al., 1997; Tryphonas
et al., 2004) and for specific pollutants (Corsini et al., 2014; Sweet and
Zelikoff, 2010). Though several excellent reviews exist for immunology
and immunotoxicology in marine mammals, these are either dated
(Ross et al., 1996a,b) or topically review the subject (e.g. Beineke et al.,
2010; De Guise, 2004; Ross and De Guise, 2007); there is a lack of a com-
prehensive overview of immunotoxicity studies in marine mammals.
Here, we review the extensive and growing literature on the effects of en-
vironmental pollutants on the immune system of marine mammals. The
aim of this paper is to provide an updated overview of existing data and
to critically examine and extricate data on immune specific endpoints in
multiple marine mammal species. This analysis is undertaken in order
to integrate and extrapolate immunotoxic effects from multiple studies
to better understand effect thresholds and dose–response relationships
of environmental chemicals in marine mammals, which serves as the
basis for population effect assessments.

2. Immunotoxicology of marine mammals

Field studies, captive-feeding experiments and in vitro laboratory
studies reporting contaminant-mediated alterations of the immune sys-
tem inmarinemammals are summarized in Tables 1–5, Figs. 2–4 and in
supplementary tables. We review over 50 published reports where
some measure of immunity is associated with pollutants. The number
of reports examining cetaceans, pinnipeds and polar bears were 18, 29
and 4, respectively. These included 34 studies linking to PCBs, 24 to
other organic pollutants (organochlorines, PBDEs, PAHs, dioxin and
butyltins; many shared PCBs), 9 to mercury, 11 to other heavy metals,
and 3 to perfluorinated compounds (PFCs). Contaminant effects in
marine mammals were detected for the following immune endpoints:
immune tissue histopathology, haematology/circulating immune cell
populations, lymphocyte proliferation, phagocytosis, respiratory burst,
natural killer cell activity, immunoglobulin production and cytokine
gene expression.

We used ISI Web of Knowledge/Web of Science, ScienceDirect and
Google Scholar to locate peer-reviewed scientific articles using key
words to focus the search on marine mammal species and immune ef-
fects such as marine mammals, seal, whale, polar bear, contaminants,
PCB, mercury, immunological effects, immunotoxic, lymphocyte prolif-
eration, etc. Although we attempted to be systematic within the scope
of the review, we acknowledge that this may not be an exhaustive rep-
resentation of all the material that may exist in the scientific literature.

Where available, raw data was extracted manually from the pub-
lished articles in order to perform further meta-analyses. Lymphocyte
proliferation and phagocytosis were the endpoints with the most data
that could be analysed statistically. To compare among studies, these
immune endpoints values were transformed to ‘percent of control’



Table 1
Marine mammal haematological alterations associated with exposure to environmental contaminants.

Species Area Pollutant (μg/l ww) Observed alterations Reference

Harbour seal Wadden Sea PCB: 7109-15062a ↑ Concentration granulocytes
↑ Concentration lymphocytes
↑ Concentration basophils
↓ Concentration monocytes

de Swart et al. (1994), Reijnders (1988)

North Sea NA ↑ Concentration monocytes Weirup et al. (2013)
Wadden Sea Metals: 1-4000b ↑ Concentration lymphocytes

↓ Percent macrophages
Kakuschke et al. (2011)

NE Pacific PCB: 0.4–7.0c ↓ Concentration lymphocytes
↓ Percent lymphocytes

Mos et al. (2006)

Northern fur seal Alaska PCB: 20.6 ± 6.9c ↑ Concentration neutrophils
↑ Concentration leukocytes
↑ Concentration haptoglobin

Beckmen et al. (2003)

Stellar sea lion Alaska NA ↑ Concentration haptoglobin Zenteno-Savin et al. (1997)
Bottlenose dolphin Florida Hg: 0.01–3.0 ↑ Concentration neutrophils

↑ Concentration band cells
↓ Concentration lymphocytes
↓ Concentration eosinophils
↓ Concentration platelets

Schaefer et al. (2011)

South Carolina PFC: 500-9000d ↑ Concentration lymphocytes
↓ Concentration eosinophils
↓ Concentration monocytes
↓↑ Concentration α-globulin

Fair et al. (2013)

a PCB concentrations represent pooled blood samples from control and exposed groups.
b Metals include Ag, Al, Be, Cd, Ni, Pb, Ti, and Zn.
c Concentration in μg/g blubber lw.
d ∑PFC include PFCA, PFSA, PFOS, PFOA and PFDA.
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(e.g. no exposure); where controls were not available, the intercept of
the relationship between the contaminant and the proliferative/phago-
cytic response was used. For the few cases in the in vivo exposure liter-
ature for lymphocyte function where contaminant concentrations were
reported in serum, they were converted to blubber levels using the
blood-blubber conversion factor in Yordy et al. (2010). In vitro data
often included single congener exposures and these were not modified.
Dose–response relationships were analysed using the DRC package in R
(Ritz and Streibig, 2005). Parameters such as age class, wild or captive,
in vitro or in vivo, mitogen type, exposure time, contaminant levels
and contaminant typewere recorded for each study. Lymphocyte prolif-
eration was the only parameter with enough data for in-depth analysis
and multiple regression models combined with Akaike Information
Criteria were used to determine which parameters best explained lym-
phocyte proliferation (not enough data for similar analysis with phago-
cytosis). All statistics were done using R (R Core Team, 2014).

2.1. Lymphoid tissue histopathology

Tissues of the immune system consist of those that generate naïve
lymphocytes, the primary or generative immune organs (bone marrow
and thymus), and those that initiate a specific adaptive response, the
Table 2
Adverse effect concentrations (ppm) for lymphocyte proliferation inmarine mammals. Effect le
See Figs. 2 and 3 captions for details of the data used in this analysis.

PCB Hg

Thresholda EC50 Thresholda EC5

All marine mammals 0.022 ± 0.019 51.8 ± 14.6 0.0048 ± 0.011 0.20
Polar bears b0.01b 133.7 ± 250.4 na na
Seals b0.01c 68.7 ± 32.2 0.0084 ± 0.020 0.46

Harbour seal 2.08 ± 1.07 4.67 ± 1.76 0.0023 ± 0.0094 0.23
Grey seal 0.17 ± 0.12 60.6 ± 15.1 1.30 ± 0.91 2.49
Ringed seal 0.092 ± 0.14 16.1 ± 1.36 na na

Cetaceans 5.42 ± 2.15 48.4 ± 9.26 0.047 ± 0.059 0.36
Beluga 10.2 ± 4.25 21.3 ± 2.06 0.067 ± 0.094 0.32
Bottlenose dolphin 0.14 ± 0.25 30.5 ± 13.5 0.21 ± 0.065 0.81

a Calculated as the effective concentration giving a one percent response (EC1).
b 4.15 × 10−6 ± 5.26 × 10−5.
c 8.32 × 10−3 ± 1.11 × 10−2.
secondary or peripheral immune organs (lymph nodes, spleen and
mucosa-associated lymphatic tissues) (Moser and Leo, 2010). In vivo
laboratory studies have revealed that effects on primary and secondary
lymphoid organs have important consequences on various aspects of
the immune system; for instance, altered or arrested maturation of im-
mune cells in the thymus and bone marrow can lead to significant
changes in cellular and humoral immune responses (Luebke et al.,
2007; Silkworth and Antrim, 1985; Suh et al., 2002; Thurmond et al.,
2000). Thus, effects on the immune endpoints discussed in subsequent
sections may stem originally from toxic insults on lymphoid tissues.

Morphological changes in lymphoid tissues in connection to pollut-
ant exposure have been reported in only one study on polar bears
(Ursus maritimus) and one on harbour porpoises (Phocoena phocoena).
Thymic and spleen dysfunction, characterized by interfollicular fibrosis,
cortical lymphoid depletion, loss of the corticomedullary junction, and
splenic lymphocyte depletion, correlated with blubber concentrations
of organohalogen contaminants (eg. ΣPCB: 1–26 μg/g lw) in harbour
porpoises stranded or by-caught in northern European waters (North
Sea, Baltic Sea, coastal Iceland and Norway) (Beineke et al., 2005). His-
tological examination of lymph nodes, spleen and thymus in 82 polar
bears from East Greenland revealed a weak positive relationship
between the amount of secondary follicles in spleen and lymph nodes
vels were calculated using the dose–response package ‘DRC’ in R (Ritz and Streibig, 2005).

MeHg Cd

0 Thresholda EC50 Thresholda EC50

± 0.20 0.0098 ± 0.0054 0.067 ± 0.18 0.19 ± 0.13 1.53 ± 0.45
na na na na

± 0.50 0.026 ± 0.025 0.12 ± 0.039 0.33 ± 0.15 1.21 ± 0.29
± 0.31 0.062 ± 0.13 0.17 ± 0.12 0.39 ± 0.85 1.83 ± 1.94
± 0.90 0.032 ± 0.028 0.12 ± 0.032 0.39 ± 0.23 1.11 ± 0.23

na na na na
± 0.21 0.016 ± 0.0049 0.039 ± 0.0059 0.21 ± 0.45 5.64 ± 5.05
± 0.18 0.016 ± 0.0049 0.039 ± 0.0059 0.32 ± 4.42 1.15 ± 10.0
± 0.092 na na 2.44 ± 0.38 10.6 ± 0.63



Table 3
Modulation of respiratory burst in marine mammal leukocytes by exposure to environmental pollutants.

Species Location Study type Pollutant (μg/ml ww) Effect on respiratory burst Reference

Harbour seal NE Pacific in vivo PCB: 0–7a Stimulation Mos et al. (2006)
Captive (aquarium) in vitro PCB: 0–20b Suppression Levin et al. (2004)
St Andrews in vitro PCB: 0–0.03c Mixedd Hammond et al. (2005)
St Lawrence in vitro PBDE: 0–6 Stimulation Frouin et al. (2010b)

Grey seal St Andrews in vitro PCB: 0–0.03c No effect Hammond et al. (2005)
Beluga Captive (aquarium) in vitro PCB: 0–20b Stimulation Levin et al. (2004)
Bottlenose dolphin Captive (aquarium) in vitro PCB: 0–20b Stimulation Levin et al. (2004)
Killer whale Captive (aquarium) in vitro PCB: 0–20b Stimulation Levin et al. (2004)

a PCB measured in μg/g blubber lw.
b PCB congeners tested separately.
c Used 1:1 mixture of Aroclor 1242 and 1260.
d Stimulation at 0.003 μg/g and suppression at 0.03 μg/g.
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and tissue levels of organochlorine contaminants (eg. ΣPCB: 1–20 μg/g
lw; Kirkegaard et al., 2005). Histopathology of lymphoid organs, includ-
ing thymic atrophy in particular, is one of the most widely accepted
immunotoxic effects of dioxins and other similar pollutants in exposed
laboratory animals (Vos et al., 1989; Vos andVan Loveren, 1994). There-
fore, despite the minimal published reports on the topic in marine
mammals, the similarity of pathological observations with laboratory
animals supports a universal detrimental effect of organohalogen
contaminants on lymphoid tissues.

2.2. Circulating immune cells & haematology

Haematology is used in clinical health assessments of wildlife,
providing useful information if baseline species-specific levels and var-
iations are known (Boughton et al., 2011; Luebke et al., 2007). Haema-
tological analyses can provide information on the number and relative
proportion of white blood cells in circulation. Reference baseline
haematology and biochemistry from free-ranging and captive marine
mammals are reported comprehensively in the Marine Mammal Medi-
cine Handbook (Dierauf and Gulland, 2001). There were 12 studies
using clinical blood parameters as measures of immune toxicity in ma-
rine mammals, and those showing a link to contaminant exposure are
summarized in Table 1. Three studies unable to associate changes with
pollutants were not included in Table 1 in order to conserve space,
and these were Schumacher et al. (1995); Hall et al. (1997) and
Nyman et al. (2003).

The absolute number of granulocytes was correlated with tissue
contaminant levels in four of the nine studies shown in Table 1. The
number of total granulocytes, neutrophils and basophils were positively
correlated with PCBs in harbour and northern fur seals (Callorhinus
ursinus) (Beckmen et al., 2003; de Swart et al., 1994) and neutrophils
and band cells were positively correlated with Hg in bottlenose dol-
phins (Tursiops truncatus) (Schaefer et al., 2011). However, mixed re-
sults were found for circulating lymphocytes and monocytes in many
species, while eosinophils negatively correlated with Hg and PFCs in
bottlenose dolphins (Table 1). Pollutant-mediated changes in circulat-
ing blood cells can be interpreted several ways and are notably con-
founded by natural fluctuations with age/development, infections and
stress (Beckmen et al., 2003; Beineke et al., 2010; de Swart et al.,
Table 4
Modulation of natural killer (NK) cell activity in marine mammals by exposure to environmen

Species Location Study type Po

Harbour seal Wadden Sea in vivo PC
St Andrews in vitro PC

Grey seal St Andrews in vitro PC
Bottlenose dolphin South Carolina in vivo PF

Captive (aquarium) in vitro PF
Captive (aquarium) in vitro PB

a Captive feeding study of two groups of seals, with pooled plasma PCB in control and expos
b Used 1:1 mixture of Aroclor 1242 and 1260.
1996; Fonfara et al., 2007; Hall et al., 1997; Kakuschke et al., 2011;
Mos et al., 2006). The difficultly in predicting the direction and magni-
tude of effect of pollutants on immune cells and the lack of specificity
of altered haematological parameters limit the use of this endpoint as
a standalone indicator of immunotoxicity in marine mammals.

Haptoglobin is an acute phase response protein that helps mediate
the innate immune response (Moser and Leo, 2010). Many factors can
cause increased haptoglobin levels in circulation, including disease,
trauma, stress and environmental pollutants. Elevated serum haptoglo-
bin has been reported in PCB and PFC exposed harbour seals, northern
fur seals and bottlenose dolphins (Beckmen et al., 2003; Fair et al.,
2013; Zenteno-Savin et al., 1997). All three studies were unable to con-
clusively report that contaminants were the primary cause of the ob-
served haptoglobin changes due to confounding variables in those
stressed populations.

2.3. Lymphocyte proliferation

Lymphocytes are the active immune cells of adaptive immunity and
functional assays have been developed to assess their ability to prolifer-
ate and thus mount a proper immune response. Mitogens, proteins
which can non-specifically induce lymphocytes to proliferate, can be
used to measure B and T cell activity and have been validated in marine
mammals (De Guise et al., 1996a; de Swart et al., 1993); concanavalin A
(ConA) and phytohemagglutinin (PHA) stimulate T cells, lipopolysac-
charides from Salmonella typhimurium (LPS) stimulates B cells, and
pokeweedmitogen (PWM) stimulates both B and T cells. Of all immune
responses measured in immunotoxicology studies of marinemammals,
lymphocyte proliferation is by far the most commonly used. We docu-
mented a total of 33 studies in marine mammals where lymphocyte
proliferation was measured in relation to contaminant exposure (Sup-
plementary Table 1).

Most studies of marine mammals reported a suppressive effect of
contaminant exposure on lymphocyte proliferation (Supplementary
Table 1). For those studies reportingmixed effects, the results were typ-
ically confounded by the use of several mitogens or for in vitro studies,
through exposing with various chemical congeners. Generally, studies
using several mitogens reported reduced T cell proliferation and
minimal effect on B cell proliferation. Immuno-stimulation by
tal pollutants.

llutant (μg/ml) Effect on NK activity Reference

B: 7–15a Suppression Ross et al. (1996c)
B: 0–0.03b No effect Hammond et al. (2005)
B: 0–0.03b No effect Hammond et al. (2005)
Cs: 0.5–9 No effect Fair et al. (2013)
OS: 0–5 No effect Wirth et al. (2014b)
DE: 0–50 No effect Wirth et al. (2014a)

ed seals of 7.1 and 15.1 μg/ml respectively.



Table 5
Modulation of immunoglobulin production in marine mammals by exposure to environmental pollutants.

Species Location Study design Pollutant
(μg/ml)

Effect on immunoglobulins reference

Harbour seal Wadden Sea Immunization with ovalbumin,
tetanus toxoid, polio- and
rabies-virus

PCB: 7–15a ↓ Ig vs. ovalbumin
No effect vs. viruses

Ross et al. (1995)

Northern fur seal Alaska Circulating IgG + immunization with
tetanus toxoid

PCB: 0–0.05 ↓ Total serum Ig
↓ IG vs. tetanus toxoid

Beckmen et al. (2003)

Bottlenose dolphin South Carolina Circulating IgG PFCs: 0.5–9 ↑ Serum IgG Fair et al. (2013)
Polar bear Svalbard Circulating IgG PCB: 0–0.2 ↓ Serum IgG Bernhoft et al. (2000)

Svalbard & Churchill Circulating IgG + immunization with
tetanus toxoid, influenza-, reo- and
herpes-virus

PCB: 0–0.2 ↓ Serum IgG
↓ Ig vs. influenza, reo- and herpes virus
↑ Ig vs. tetanus toxoid

Lie et al. (2004),
Derocher et al. (2000)

a Captive feeding study of two groups of seals, with pooled plasma PCB in control and exposed seals of 7.1 and 15.1 μg/ml respectively.

Fig. 2. PCB exposure reduces the lymphoproliferative response inmarine mammals. Dose–response relationships are shown formajor species groupings (A) as well as for individual spe-
cies of seals (B), cetaceans (C) and polar bears (D). The inset in (A) shows the dose–response relationship on a logarithmic scale so as to visualize the sigmoidal curve over the broad range
of PCB concentrations. As no data exists for effects at low concentrations in polar bears, results fromNakata et al. (2002) on cetaceanswere used for concentrations b0.01 ppm in (A) to get
the ‘no effect’ plateau; this was not done in (D). Data include results from in vitro (x; μg/ml) and in vivo (●; μg/g lw) exposure studies and include∑PCB for in vivo studies and∑PCB,
Aroclors and individual congeners for in vitro studies. Shaded areas represent 95% confidence intervals. Figure is the result of a meta-analysis of raw data from all available published lit-
erature (see summary in Supplementary Table 1).
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Fig. 3. Exposure to heavy metals (ppm; μg/ml) reduces the lymphoproliferative response in marine mammals. Dose–response relationships are compared between different metals in
(A) and between species groupings for each metal in (B–D). Data for metals include only in vitro studies as these were the only ones available. Shaded areas represent 95% confidence
intervals. Figure is the result of a meta-analysis of raw data from all available published literature (see summary in Supplementary Table 1).
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environmental exposure in free-ranging marine mammals has been
found in two studies of harbour seals (PCBs: Levin et al., 2005; metals:
Kakuschke et al., 2005) and one study of bottlenose dolphins (PFCs:
Fair et al., 2013). The positive correlation found for PFCs and metals
was corroborated by in vitro studies on the same animals, and
immuno-stimulation was detected in vitro for certain PCB congeners
in various captive marine mammal species (Mori et al., 2006, 2008).
These results suggested that certain pollutants may stimulate immune
responses and/or produce a hormesis effect at low doses (i.e. biphasic
response). Nonetheless, the weight of evidence from this review clearly
revealed that PCBs and Hg reduced the proliferative ability of lympho-
cytes in vitro and in vivo, a cause-effect relationship supported by
ample controlled laboratory evidence from rodent studies (eg. Luster
et al., 1994).

A meta-analysis of all available published data showed a striking
dose–response relationship for the effects of PCBs and heavy metals
on lymphocyte proliferation for marine mammal groups and species
(Figs. 2 & 3). The strength and continuity of the dose–response relation-
ships revealed a collective and universal response to pollutant exposure
in marine mammals, despite the many differences in study design,
congener mixture exposures, and animal life history existing between
studies (i.e. in vitro vs in vivo,∑PCB vs Aroclor vs individual congeners,
captive vs wild, etc) (Fig. 2A). Polar bearwas the only species where the
dose–response relationship was not very strong (r2 b 0.06) due to con-
founding factors such as age, sex, condition and body mass influencing
immune responses in wild polar bears (Derocher et al., 2000; Lie et al.,
2005). Using the full dataset, multiple linear regression analysis includ-
ing contaminant, methodological and biological factors found that PCB
concentration was the primary predictor of lymphocyte proliferation
(41.4% of the model variance). The effect threshold and EC50 of PCBs
on lymphocyte proliferation for marine mammals (combined species
data) was 0.022 ± 0.019 and 51.8 ± 14.6 ppm (μg/g lw), and species
specific values ranged from b0.0001–10.2 and 4.7–134 ppm,
respectively (Table 2). Effect threshold levels and EC50's for metals
were typically lower than PCB values, with Hg and MeHg being lower
than Cd (Table 2).

Though pollutant concentrationswere the primary predictor of lym-
phocyte proliferation, multiple linear regression modelling found
pollutant type (total, congeners, or specific metal), marine mammal
group (whales, seals, polar bears) and species, and lymphocyte sub-
group to be significant variables in the dose–response relationships
(p b 0.001). Model results corroborate those from individual studies,
which show that the range of effect on lymphocyte function is different
for various PCB congeners, metals and other pollutants (De Guise et al.,



Fig. 4. PCB exposure reduces phagocytosis in marine mammals. Dose–response relationships are shown for major pollutant classes and species. PCB class includes∑PCB, Aroclors and
individual congeners; PBDEs include only BDE-47, Hg includes Hg and MeHg; metals include Al, Cd, V, As, Se and Zn. All but two studies represent in vitro pollutant exposures; in vivo
studies include one of harbour seals (Mos et al., 2006) and one of bottlenose dolphins (Schwacke et al., 2012). Grey squares are total PCBs in bottlenose dolphin from Schwacke et al.
(2012) which fell well outside the dose–response curve of all other PCB studies. Figure is the result of a meta-analysis of raw data from all available published literature (see summary
in Supplementary Table 2).
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1996b, 1998; Frouin et al., 2010a,c, 2012; Lahvis et al., 1995; Mori et al.,
2006, 2008; Neale et al., 2002; Pellissó et al., 2008). Species-specific re-
sponses to pollutants have also been reported previously in marine
mammals, suggesting some species may be more vulnerable to pollut-
ant exposure (Dufresne et al., 2010; Hammond et al., 2005; Mori et al.,
2006, 2008). Lastly, the model substantiates the greater sensitivity of T
cells compared to B cells to pollutant exposure observed in the literature
(de Swart et al., 1994; Mos et al., 2006; Schwacke et al., 2012; Sørmo
et al., 2009).

Interestingly, linear modelling of the meta-analysis data suggested
that experiment type – in vitro vs. in vivo –was not of primary importance
in the dose–response relationship. The complete overlap of in vitro and
in vivo data for lymphocyte proliferation vs. pollutant concentrations fur-
ther supported this and ANCOVA revealed a non-significant interaction of
experiment type (i.e. in vitro vs. in vivo) with the dose–response relation-
ship (p = 0.072, Supplementary Fig. 1). This is a particularly important
finding as in vitro studies are conducted not only to pinpoint specific cel-
lular immune effects, but also to predict real life responses. The problem
with in vitro tests is that they do not incorporate whole-organism level
processes such as various cell interactions and messenger molecules as
well as chemical exposure, absorption, metabolism and excretion (Ross
and De Guise, 2007). Nonetheless, many studies have demonstrated ef-
fective extrapolation of in vitro studies (e.g. Luebke et al., 1997) and our
present results provide further support for the use of in vitro dose–
response data in wildlife risk assessment.

2.4. Phagocytosis & respiratory burst

Neutrophils are themost abundantwhite blood cell inmarinemam-
mals and play an important role in inflammatory responses as the first
line of defence against invading microorganisms, especially bacteria
(De Guise et al., 1995a). As a type of phagocytic cell, neutrophils engulf
pathogens through phagocytosis and destroy phagocytized material via
biochemical processes of the respiratory burst. Phagocytosis can be
measured by the leukocyte incorporation of fluorescent latex beads
and quantified using flow cytometry and fluorescence. Respiratory
burst activity can also be analysed by fluorescence flow cytometry, but
uses specific probes to measure the production of reactive oxygen spe-
cies, includingH2O2 (De Guise et al., 1995a).We documented 11 studies
covering four marine mammal species (harbour seal, grey seal, beluga
and bottlenose dolphin) that directly related in vitro or in vivo phagocy-
tosis to contaminant exposure (Supplementary Table 2). There were
only four studies reporting effects on respiratory burst and those includ-
ed five marine mammal species (harbour seal, grey seal, beluga,
bottlenose dolphin and killer whale) and focused largely of PCBs
(Table 3).

The vast majority of studies showed that contaminant exposure
acted to suppress phagocytosis in marine mammal neutrophils; this
relationship held true for PCBs, PBDEs, heavy metals and polyaromatic
hydrocarbons (PAHs) (Supplementary Table 2). The effective concen-
tration causing 50% reduction in lymphocyte function (EC50) calculated
using available raw data from published studies are shown in Supple-
mentary Table 2; EC50 for PCBs was typically 5–12 μg/g ww (exception
of dolphins in Schwacke et al., 2012), MeHg is more potent than Hg and
together EC50s ranged from 4 to 30 μg/g ww, and other metals range
from 1 to 100 μg/g ww. Well defined and overlapping dose–response
relationships were apparent when plotting available data for each pol-
lutant class (Fig. 4). Limited data prevented species specific dose–re-
sponse curves, however when pooled together these resulted in
consistent relationships over a large range of exposure concentrations.
The effect threshold and EC50 of PCBs on phagocytosis formarinemam-
mals (combined species data) was 1.05 ± 0.82 and 10.2 ± 2.55 ppm
(μg/g ww), with seals (threshold: 0.65 ± 0.44 ppm, EC50: 3.7 ±
13.1 ppm) more sensitive to PCBs than cetaceans (threshold: 1.1 ±
0.7 ppm, EC50: 8.2 ± 1.1 ppm). PBDE data were only available for har-
bour seals and threshold and EC50 values were 0.34 ± 0.81 and 8.53 ±
3.69 ppm, respectively. Lastly, the effect thresholds for mercury on all
marine mammals and seals and cetaceans separately were 0.098 ±
0.066, 0.082 ± 0.059 and 1.88 ± 36.16 ppm, respectively; EC50 values
for the same groups were 4.49 ± 1.26, 3.94 ± 1.25 and 10.42 ± 10.00.

For PCBs, therewere reportedly clear differences in species suscepti-
bility to phagocytosis as well as differences in the effect of congeners.
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Hammond et al. (2005) found phagocytosis in harbour seals was signif-
icantly reduced (20–30%) after exposure of up to 0.03 μg/ml of mixed
Aroclors, while no effect was found for grey seals; similarly, Levin
et al. (2004) reported more marked effects for bottlenose dolphins
than belugas exposed to PCBs. Exposure studies with several congeners
suggested that responses were mediated by non-coplanar PCBs and
therefor effects were likely aryl hydrocarbon receptor (AhR) indepen-
dent; interactions between congeners in mixtures was also observed
resulting in synergistic and antagonistic effects (Levin et al., 2004).
Though the mechanism of pollutant effect on phagocytosis remains
unclear, differences in species and congener sensitivity suggest a recep-
tor mediated pathway. Binding to cell surface receptors may block rec-
ognition pathways or interfere with transcription mechanisms critical
for effective phagocytosis (Hammond et al., 2005). The effects of non-
planar PCBs and mercury on phagocytosis are mediated in part by
changes in calciummobilization, cell membrane fluidity and permeabil-
ity, and via interactions with metallothioneins (Lalancette et al., 2003;
Pillet et al., 2000). Ultimately, modulation of phagocytosis may compro-
mise the immune systems crucial first line of defence and increase an
animal's susceptibility to infectious disease.

The influence of contaminants on leukocyte respiratory burst was
mostly stimulatory, though suppression and biphasic (i.e. hormesis)
effects have also been shown (Table 3). As with phagocytosis, differ-
ences existed in species sensitivity to PCB exposure for respiratory
burst (Hammond et al., 2005; Levin et al., 2007); however, unlike
phagocytosis, both planar and non-planar PCBs mediated respiratory
burst activity, suggesting the potential for AhR-dependent and indepen-
dent effects (Levin et al., 2007). Thus, despite the intimate link between
these immune functions, contaminants may act through different
mechanisms to disrupt leukocyte activity. Modulation of the respiratory
burst may occur by way of several pathways; a) disruption of cellular
calcium homeostasis via interaction with phospholipase C/protein
kinase C; b) activation of NADPH oxidase via phospholipase A2, which
stimulates production of ROS; c) activation of tyrosine kinase activity
and generation of ROS; and d) disruption of superoxide dismutase and
scavenging of ROS (Fischer et al., 1998). A hormesis effect is possible
where stimulation occurs at low exposures but over time cells in sensi-
tive speciesmay become over-stimulated and unable tomount a proper
response. Nonetheless, disruption of any kind in respiratory burst func-
tion can have negative consequences; excess ROS production can cause
cell and tissue injury and deplete antioxidant defences, while deficient
ROS productionmay impair phagocyte ability to kill ingested pathogens
(Levin et al., 2007).

2.5. NK cell activity

Natural killer (NK) cells are a heterogeneous population of large
granular lymphocyteswhose function is primarily against virus infected
cells and tumour cells (Ross et al., 1996c). NK cells are critical in the
early phase of viral infections and as non-specific defenders against
the spread of pathogens; their cytotoxic activity results from the release
Table 6
Altered cytokine gene expression in marine mammals exposed to environmental contaminant

Species Location Cytokine analysed Pollutant (μg/ml)

Harbour seal North Sea IL-2, IL-4, TGF-β MeHg: 0–0.2

North Sea IL-2, IL-4, TGF-β MeHg: 0–0.5
California IL-1β, IL-2 PCB169: 7.2

BaP: 5
Grey seal North Sea IL-2, IL-4 Hg, Cd, Be, Nia

Ringed seal Baltic Sea IL-1β PCB: 3–170b

Labrador IL-1β PCB: 0.1–2.5b

a 96-well plate coated with 50 μg per well for each metal.
b PCB concentration in liver in μg/g lw.
of granule content near infected cells, allowing the released proteins
(e.g. perforins and proteases) to induce apoptosis (Luebke et al.,
2007). NK activity is measured by either the 51Cr release assay or flow
cytometry. In the Cr assay, target tumour cells radiolabelled with 51Cr
are incubated with PBMCs and the cytotoxic effect is measured as the
release of radioisotopes resulting from the killing of target cells. The
flow cytometry assay uses fluorescence tomeasuremembrane integrity
of target cells after incubation with NK cells (De Guise et al., 1997).

Despite the importance of NK cells in the immune response against
viral infections, only five studies have been published on contaminant
effects on NK activity in marine mammals (Table 4). Ross et al.
(1996c) were the first and only to show reduced NK cell activity in ex-
posed animals in their long-term captive feeding experiment of 22 har-
bour seals fed either polluted Baltic herring or relatively ‘clean’ Atlantic
herring. In the other four studies NK activity from harbour seals, grey
seals and bottlenose dolphins was not influenced by PCBs (Hammond
et al., 2005), PBDEs (Wirth et al., 2014a) or PFCs (Fair et al., 2013;
Wirth et al., 2014b). The lack of effect on NK function in these studies
may be due to low exposure levels, low sensitivity of marine mammal
NK cells to certain pollutants, or differences between in vivo and
in vitro studies. PCB exposures in grey and harbour seals by
Hammond et al. (2005) were orders of magnitude lower than those
that elicited effects in the Baltic study; PCB thresholds thus likely lie be-
tween 0.03 and 15 μg/g lw. PFOS and PBDE exposure levels for
bottlenose dolphin NK assays were selected as effects were observed
in that range in a previous study in mice by the same researchers, sug-
gesting dolphins are much less sensitive in this endpoint (Wirth et al.,
2014a,b). Further investigations are needed to cover a wider range of
exposure levels and obtain a better understanding of the effect thresh-
olds for NK cell activity in marine mammals.

2.6. Antibody production

Antibodies are secreted into circulation where they bind microbial
antigens to neutralize infectivity and promote critical effector functions,
including phagocytosis, NK cell activity and complement activation.
Antibodies are divided into several immunoglobulin (Ig) isotypes
which differ in their structure, distribution in the body, and function;
these have been characterized and quantified inmany species ofmarine
mammal (De Guise, 2004; Ross and De Guise, 2007). New-borns are
limited to antibodies from the mother through placental transfer (vari-
able between species and placenta type) and then lactation, and circu-
lating immunoglobulins then increase with age as individuals are
progressively exposed to new environmental microbes (Ross et al.,
1994). Marine mammal studies of immunoglobulins have looked at
general circulating levels of IgG, the most abundant isotype in circula-
tion, and specific antibodies after immunization with different viruses
or antigens. A summary of the studies and their results is shown in
Table 5.

There were only six studies that investigated the influence of con-
taminant exposure on humoral immunity and most revealed
s.

Study type Effect on gene expression Reference

in vitro ↓ IL-2 & TGF-β
↑ IL-4

Das et al. (2008)

in vitro No effect Kakuschke et al. (2009)
in vitro ↓ IL-1 & IL-2 Neale et al. (2005)

in vitro ↑ IL-2 & IL-4 (Hg)
↓ IL-2 & IL-4 (Be, Ni)
No effect (Cd)

Kakuschke et al. (2006)

in vivo ↑ IL-1β Routti et al. (2010)
in vivo ↑ IL-1β Brown et al. (2014)
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suppressed production of antibodies (Table 5). Circulating levels of an-
tibodies (total or IgG) were reduced in more PCB exposed fur seal
pups and polar bears, while they correlated positively with PFC concen-
trations in bottlenose dolphins. The opposite effects between studies
may be linked to mechanistic or dose-related differences in the effect
of PFCs and PCBs or a result from confounding biological factors, such
as age and natural exposure to pathogens. As serum levels of IgG or
total Ig are not specific to any pathogen, their modulation by pollutants
may indicate an overall reduced production of antibodies.

More complex studies of humoral immunity inmarinemammals re-
vealed that POPs were associated with reduced production of specific
antibodies after exposure to viral antigens through immunizations
(Table 5). After immunization with tetanus toxoid, influenza, reovirus
and herpes-virus, Lie et al. (2004) re-captured 56 wild polar bears
from Canada and Svalbard and determined that PCB concentrations in
the bears were negatively associated with the ability to produce anti-
bodies specific to those viruses. In contrast, the harbour seal captive
feeding experiment did not find a difference between exposed and con-
trol groups (n = 22) after exposure to tetanus toxoid, rabies virus and
poliovirus; they did however measure lower antibody titres after oval-
bumin immunization in the exposed group (de Swart et al., 1996). In a
captive feeding experiment with sledge dogs used as proxies for polar
bears, Sonne et al. (2010) reported reduced antibody response to teta-
nus toxoid and influenza virus 4–12 weeks after immunization.
Antibody production is a complex process involving multiple immuno-
logical compartments and lymphoid organs and all phases of the
humoral immune response, including antigen recognition and presen-
tation, lymphocyte activation and differentiation, and cell cooperation
(Beckmen et al., 2003). Therefore, many endpoints may be modulated
by pollutants. Mixed responses between studies limits the predictive
power of antibody modulation as an indicator for host-resistance in
marine mammals, but further studies should be conducted to reduce
confounding factors and identify threshold levels for pollutant-
mediated effects on antibody production.

2.7. Cytokines

The immune system is a complex network of individual cells, cell ag-
gregations, and lymphoid tissues and organs, and thus a coordinated
immune response requires efficient communication within this net-
work; cytokines fulfil that important role (Kidd, 2003). Cytokines in-
clude interferons (IFNs), interleukins (ILs) and various growth and
stimulating factors (eg. Colony Stimulating Factor (CSF), Tumour Necro-
sis Factor (TNF)). Through their interactions with surface receptors of
various cells, cytokines function to modulate lymphocyte proliferation
and differentiation, lymphoid development, cell trafficking, and inflam-
mation. Furthermore, cytokines can be divided into pro-inflammatory
(IL-1, IL-6, IL-8 and TNF) and anti-inflammatory (IL-4, IL-10, and IL-
13) and their secretion pattern can be associated with predominantly
cellular and humoral responses (Abbas et al., 2012).

The analysis of cytokines in marine mammal effect studies is a rela-
tively new field and studies have only appeared over the past few years
(e.g. Lehnert et al., 2014;Weirup et al., 2013). We found six studies that
related contaminant exposure to cytokines in marinemammals, and all
used a genomic approach to study gene expression of specific cytokines
(Table 6). In vivo IL-1 expression was positively associated with PCBs in
ringed seals from Labrador and northern Europe (Brown et al., 2014;
Routti et al., 2010) while in vitro exposure to CB-169 and benzo-a-
pyrene suppressed IL-1 expression in California harbour seals (Neale
et al., 2005). IL-1 is a pro-inflammatory cytokine associatedwithmacro-
phage function among other roles, and has been shown to respond to
dioxins through the AhR (Monteiro et al., 2008). The cause of discrepan-
cy between studies is unclear, butmay relate to complex differences be-
tween in vitro and in vivo cytokine profiles and signalling and the
overall cytokine balance in animals related to physiological or potential
sub-clinical infections.
The few existing studies in marine mammals support a model of
contaminant-mediated modulation of lymphocyte function through
suppressed IL-2 and stimulated IL-4 expression (Table 6). IL-2 is an
important cytokine for T cell proliferation, NK cell activation and anti-
body production in B cells. IL-4 is anti-inflammatory and promotes T
cell differentiation into Th2 cells (Das et al., 2008; Lehnert et al., 2014;
Weirup et al., 2013). Neale et al. (2005) showed reduced IL-2 expression
despite increased expression of the tyrosine kinase genes Fyn and Lck,
which stimulate T cell receptor signalling, which suggested the contam-
inant effect occurred during signal transduction. Conclusions about
contaminant effects on cytokines are further complicated by the large
inter-individual and temporal variability in cytokine expression during
exposures (Das et al., 2008; Fonfara et al., 2007; Kakuschke et al.,
2009; Lehnert et al., 2014; Weirup et al., 2013). Nonetheless, cytokine
profiling is an exciting new field in marine mammal immunology and
toxicology and further studies will shed light into the mechanisms of
cytokine disruption by contaminants in marine mammals.

3. Summary and conclusion

Marinemammalsworldwide are exposed to the highest levels of en-
vironmental contaminants of all wildlife. The present review revealed
that persistent organic pollutants and heavy metals, with PCBs and Hg
most often reported, are associated with alterations of both the innate
and adaptive arms of the immune system, and including cellular and
humoral effects (Fig. 5). Because of abundant data,we nowhave a better
understanding of howcontaminants affect certain immuneendpoints in
marine mammals, such as lymphocyte proliferation and phagocytosis,
but a lack of data on NK cell activity, respiratory burst, immunoglobulin
production and cytokines is preventing similar understanding for these
systems, especially as various diseases and chronic stress also influence
the immune system. Nonetheless, our review shows a clear picture
emerging regarding the directionality of contaminant effects; contami-
nant exposure is systemically suppressing immune function in marine
mammals. Furthermore, immune responses are energetically costly
and the immune system is intimately tied to the reproductive and endo-
crine system, such that pollutant-mediated immune effects may extend
to other physiological systems with potentially costs for fitness and
reproduction, and ultimately, population growth (McDade, 2003;
Sonne, 2010).

The challenge in all ecotoxicology research is linking an observable
effect in individuals to a specific cause, such as exposure to contami-
nants. Marine mammal science is particularly challenging given the
logistical and ethical constraints of studying mammals that spend
much or all their time at sea, in often remote areas accessible only at
certain times of the year and only during certain periods of the animals
life-cycle. As with most other biomarkers of effect, immune function
varies in relation to many biological and ecological factors, including
age, sex, condition and exposure to pathogens, among others (Dupont
et al., 2013; Kakuschke et al., 2008a,b; Luebke et al., 2007; Ross, 2002;
Ross et al., 1994; Tryphonas et al., 2004). It is only through minimizing
and/or understanding these confounding factors as well as other an-
thropogenic stressors thatwemay accurately assess the relationship be-
tween pollutants and immune responses of free-ranging marine
mammals and other wildlife. In vitro assays have provided controlled
experimental conditions in which to test specific toxic effects and
have advanced our understanding of the immunotoxic potential of con-
taminants, including hints on themechanisms involved. The lack of dif-
ferences between in vitro and in vivo effects on lymphocyte
proliferation in this study strongly supports the relevance of in vitro as-
says to predict effects in vivo. Further work is needed however to link
in vitro results to in vivo effects, and more importantly to population-
level consequences.

Several reports suggest that the incidence of infectious diseases in
the marine environment, including marine mammals specifically, has
increased over the past decades (Gulland and Hall, 2007; Harvell,



Fig. 5. Summary of documented contaminant-mediated effects on the immune system of marine mammals. The weight of evidence in the marine mammal immunotoxicology literature
suggests that environmental pollutants modulate both innate and adaptive immunity, including aspects of cellular and humoral responses. Although still unclear, effects on the immune
system may have consequences on intimately tied reproductive and endocrine systems, potentially leading to reduced fitness and population growth.

136 J.-P.W. Desforges et al. / Environment International 86 (2016) 126–139
1999; Van Bressem et al., 2009). Interactions between populations and
pathogens are nothing new, but this equilibrium is increasingly
disturbed by environmental degradation (e.g. biological and chemical
pollution, habitat destruction and nutritional stress, climate change,
etc) potentially leading to increased stress, immune suppression and re-
duced host-resistance to disease (Beineke et al., 2010; Jenssen et al.,
2015; VanBressemet al., 2009;Weirup et al., 2013). Indeed,many stud-
ies have associated increased prevalence and severity of disease, includ-
ing death, to contaminant exposure in heavily pollutedmarinemammal
populations (Bennett et al., 2001; Hall et al., 2006; Jepson et al., 1999;
Kannan et al., 2006; Martineau et al., 1994; Siebert et al., 2009;
Wunschmann et al., 2001). Considering contaminant-mediated im-
mune suppression has been quantitatively linked to disease host-
resistance in controlled studies (Luster et al., 1992, 1993), immune
assays represent one of the most relevant indicators to detect subtle
and/or sub-clinical effects of contaminants on human and wildlife
health.Most importantly, contaminant-mediated alterations of immune
function may have population level consequences if marine mammals
increasingly succumb to infection. Given evidence of the rise of marine
diseases and the immunotoxic potential of POPs and heavy metals, fur-
ther research and risk assessment of immune modulation in wildlife
populations and humans is more important now than ever.
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