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a b s t r a c t :

Harbor porpoises (Phocoena phocoena) in the North and Baltic Seas are exposed to anthropogenic in-
fluences including acoustic stress and environmental contaminants. In order to evaluate immune re-
sponses in healthy and diseased harbor porpoise cells, cytokine expression analyses and lymphocyte
proliferation assays, together with toxicological analyses were performed in stranded and bycaught
animals as well as in animals kept in permanent human care. Severely diseased harbor porpoises showed
a reduced proliferative capacity of peripheral blood lymphocytes together with diminished transcription
of transforming growth factor-b and tumor necrosis factor-a compared to healthy controls. Toxicological
analyses revealed accumulation of polychlorinated biphenyls (PCBs), dichlorodiphenyldichloroethylene
(DDE), and dichlorodiphenyltrichloroethane (DDT) in harbor porpoise blood samples. Correlation ana-
lyses between blood organochlorine levels and immune parameters revealed no direct effects of xeno-
biotics upon lymphocyte proliferation or cytokine transcription, respectively. Results reveal an impaired
function of peripheral blood leukocytes in severely diseased harbor porpoises, indicating immune
exhaustion and increased disease susceptibility.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Harbor porpoises (Phocoena phocoena) are the only reproducing
cetacean species of the eastern North and Baltic Seas (Scheidat
et al., 2008; Gilles et al., 2009). Their populations are exposed to
anthropogenic impacts in their habitat including acoustic stress
and hazardous substances (Kannan et al., 2000; Weijs et al., 2010;
Siebert et al., 2001). Organochlorine compounds, such as poly-
chlorinated biphenyls (PCBs), and heavy metals can have detri-
mental effects on the health and physiology of odontocetes (Vos
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Germany.
e (A. Beineke).
et al., 2000; Law et al., 2012). For instance, harbor porpoises from
German waters exhibit a higher incidence of bacterial infections
compared towhales from less polluted arctic waters (Wünschmann
et al., 2001). Elevated PCB levels were found in harbor porpoises
suffering from infectious diseases, suggesting an adverse effect of
environmental contaminants on the immune defense (Jepson et al.,
1999, 2005). Contaminant analysis revealed a correlation between
increased body burdens of xenobiotics, such as PCBs, and depletion
of lymphoid organs in harbor porpoises (Beineke et al., 2007) and
hypothyroidism in bottlenose dolphins (Schwacke et al., 2011).
Although blubber PCB concentrations initially declined in some
marine mammal populations following a mid-1980s EU ban
(Aguilar et al., 2005, Ross, 2002), they have since stabilized in UK
harbor porpoises and recent studies show that the effects of PCB
pollution continue to affect cetaceans in Europeanwaters (Jepson&
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Law, 2016; Desforges et al., 2018), causing e.g. reproductive failure
(Jepson et al., 2016) and increasing the risk of infectious disease
(Hall et al., 2006). However, the impact of PCB exposure on marine
mammals is still largely unknown (Jepson et al., 2016) and it re-
mains undetermined whether immunological changes are directly
contaminant-induced or a sequel of concurrent infectious diseases
and poor health status, respectively.

Lymphocyte proliferation assays are well-proven tools to
quantify immune responses in marine mammals ex vivo and can
help to assess the health status in vulnerable wildlife species
(Beineke et al., 2010; Desforges et al., 2016). Immune cells of beluga
whales exposed to in vitro mixtures of organochlorines were
observed to have reduced proliferation (De Guise et al., 1996) and
contaminant cocktails derived from polar bear and killer whale
blubber modulated marine mammal immune cells underlining the
cytotoxic effects of real world contaminant mixtures (Desforges
et al., 2016).

Suppressive effects of marine xenobiotics on lymphocyte pro-
liferation have been observed in free-ranging bottlenose dolphins
(Tursiops truncates) (Lahvis et al., 1995) and several seal species (de
Swart et al., 1994; Ross et al., 1995, Sormo et al., 2003; Mos et al.,
2006), and confirmed in rodent models (Fournier et al., 2000). In
meta-analysis, a clear doseeresponse relationship for the effects of
PCBs and heavy metals on lymphocyte proliferation in marine
mammals was found (Desforges et al., 2016).

Pro- and anti-inflammatory cytokines decisively orchestrate
innate and adaptive immune responses and represent surrogate
markers (biomarkers) in human and animal cohort studies to
determine the immunotoxic potential of xenobiotics (Bilrha et al.,
2003; Imbeault et al., 2012; Cigliano et al., 2016). However, while
these mechanisms are well documented in human medical science
and standardized animal experiments, cytokine research in marine
mammals also reflect inter-individual and interspecies variability
and inconsistent results across studies, underlining the complex
interactions in cytokine signaling and the need for further studies
(Desforges et al., 2016). Blood cytokine expression analyses have
been used to investigate health and stress status in harbor por-
poises (Beineke et al., 2007a; Müller et al., 2013; Fonfara et al.,
2007a,b) and seals (Fonfara et al., 2008, Lehnert et al., 2010).
Decreased proliferative ability and changed cytokine transcription
of lymphocytes in association with environmental contaminants
and immune-relevant effects of xenobiotics using gene transcrip-
tion were observed in harbour seals from the North Sea (Weirup
et al., 2013; Lehnert et al., 2014).

For ethical and juridical reasons experimental studies cannot be
performed in protected species like the harbor porpoise, resulting
in the need for thorough and critical investigations of wildlife
populations. Therefore, studies using minimally invasive sampling
and measuring contaminant-driven effects to assess health effects
in marine mammals are highly relevant, especially when corre-
lating environmental organochlorine load to immune endpoints
(Brown et al., 2017; Lehnert et al., 2018). The aims of the present
study were to (i) evaluate immune responses in healthy and
diseased harbor porpoise cells by the aid of cytokine expression
analyses and lymphocyte proliferation assay, and (ii) to determine
whether real world xenobiotic levels are associated with immune
dysfunction in this cetacean species.

2. Materials and methods

2.1. Sampling

Blood samples from 24 harbor porpoises were taken intra vitam
and investigated. The animals were divided into three different
groups: (1) Harbor porpoises (animals H1-H9) sampled at the
Dolfinarium Harderwijk (the Netherlands). They had been kept
permanently in human care (1e13 years) and were healthy on
clinical examination. These animals had been trained for medical
purposes to allow voluntary handling to minimize stress induced
changes during blood sampling. (2) Free-ranging animals (animals
B1-B11), accidentally by-caught in Danish pound-nets, were
sampled during field trials including tagging and recording of au-
diograms of the animals before release into the wild. (3) Stranded
harbor porpoises (animals S1-S4) found diseased/incapacitated at
the coastline and brought to the rehabilitation center SOS Dolfijn in
Harderwijk. The age, sex and background data are shown in Table 1.

Handling and sampling of the free-ranging porpoises (animals
B1-B11) were carried out directly on board the fishing boats after
the harbor porpoises had been lifted out of the pound nets.
Experimental research on the study animals followed internation-
ally recognized guidelines and was approved by an appropriate
ethics committee with permits from the Danish Forest and Nature
Agency SN 343/SN-0008 andMinistry of Justice 1995-101-62. Blood
sampling of animals in permanent human care (animals H1-H9)
and in rehabilitation (animals S1-S4) was performed during routine
medical examinations in the facilities. Sampling was conducted
immediately after the animals were taken out of the water.

2.2. Post mortem examination

Since the stranded harbor porpoises (animals S1-S4) were
diseased and euthanized due to animal welfare reasons, post
mortem investigations were performed as described by Siebert
et al. (2001). All organ systems were examined macroscopically
and organ samples were taken. The nutritional state was judged
from muscle condition and blubber thickness. Formalin fixed (10%
formalin) and paraffin embedded, 5 mm thick tissue sections were
stained with hematoxylin and eosin. Lung, liver, kidney, spleen, and
intestine were also sampled for mycological and bacteriological
culture. In addition, all pathological lesions suspected to contain
bacterial infections were analyzed (Siebert et al., 2001).

3. Lymphocyte transformation assay

3.1. Isolation of peripheral blood lymphocytes

EDTA blood samples were taken from the tail fluke as described
before. Cooled tubes were transported within 18 h. Blood was
diluted in a ratio of 1e2 with minimal essential medium Eagle with
Earle's salts with 10% fetal calf serum and 1% penicillin/strepto-
mycin(culture medium; ICN Biochemicals, Meckenheim, Germany;
PAA Laboratories, Linz, Austria; Seromed, Berlin, Germany). By one-
step gradient centrifugation (25min; 800�g; 15 �C) peripheral
blood mononuclear cells (PBMC) were isolated using Percoll®

(1.073mg/ml; Pharmacia Fine Chemicals, Uppsala, Sweden). After
washing of PBMC twice, cells were re-suspended in culture me-
dium. Following Percoll® isolation, the lymphocyte yield was
increased above 90% in each sample as determined microscopically
by Pappenheim stain (Carl Roth GmbH, Karlsruhe, Germany).
Number of viable cells used for cell culture experiments were
microscopically determined by trypan blue staining (Carl Roth
GmbH, Karlsruhe, Germany).

3.2. Cell culture

Pokeweed mitogen (PWM) and concanavalin A (Con A) were
diluted in culture medium (Sigma-Aldrich Chemie GmbH, Deisen-
hofen, Germany). 2� 105 viable harbor porpoise PBMC in dupli-
cates were treated with 100 mg/ml of the respective mitogen in a
96-well microculture plate (Falcon, New jersey, USA). Control



Table 1
Group, age, sex, origin, and contaminant levels in the blood of investigated harbor porpoises.

Animal ID Group Age Sex Origin PCB [ng/g lipid] p,p’-DDE [ng/g lipid] p,p’-DDT [ng/g lipid]

H1 human care juvenile male The Netherlands 2000 690 130
H2 human care adult male The Netherlands 3300 670 90
H3 human care adult female The Netherlands n.d. n.d. n.d.
H4 human care adult female The Netherlands n.d. n.d. n.d.
H5 human care juvenile female The Netherlands n.d. n.d. n.d.
H6 human care adult male The Netherlands n.d. n.d. n.d.
H7 human care juvenile male The Netherlands 4700 490 180
H8 human care adult female The Netherlands 40000 6700 1300
H9 human care adult female The Netherlands 13000 2300 1500
B1 bycaught juvenile male The Netherlands n.d. n.d. n.d.
B2 bycaught adult male Denmark 57000 2200 240
B3 bycaught juvenile male Denmark 44000 4600 370
B4 bycaught juvenile male Denmark 14000 2300 370
B5 bycaught juvenile male Denmark 19000 4300 640
B6 bycaught juvenile female Denmark 4900 710 110
B7 bycaught juvenile female Denmark n.d. n.d. n.d.
B8 bycaught juvenile female Denmark 15000 2500 170
B9 bycaught juvenile male Denmark 47000 2600 430
B10 bycaught juvenile female Denmark 27000 4200 520
B11 bycaught juvenile male Denmark 2780 644 209
S1 stranded juvenile male The Netherlands n.d. n.d. n.d.
S2 stranded juvenile female The Netherlands 10100 1240 545
S3 stranded neonate female The Netherlands 2200 150 74
S4 stranded juvenile female The Netherlands 26700 3470 1610

PCB¼ polychlorinated biphenyls (sum of congeners 99, 138, 149, 153, 180, and 187); DDE¼ p,p’-dichlorodiphenyldichloroethylene; DDT¼ p,p’-
dichlorodiphenyltrichloroethane.
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PBMC were incubated with mitogen free culture medium. PBMC
suspensions (final volume: 200 ml per well) were incubated for
72 h at 37 �C with 5% CO2 (Beineke et al., 2004).

3.3. 5-bromo-deoxyuridine assay

The 5-bromo-deoxyuridine (BrdU) assay was performed ac-
cording to the manufacturer's instructions (Roche; Mannheim,
Germany) as described previously (Beineke et al., 2004). Briefly,
following stimulation for 72 h with PWM or ConA, 20 ml of the
BrdU-labeling solution was added to each well. After an incubation
period of 2 h incubation at 37 �Cwith 5% CO2, microtiter plates were
centrifuged (300�g, 15 �C, 10min). Subsequently, cells were dried,
fixed, and the DNA was denatured. The anti-BrdU peroxidase con-
jugated antibody was added and incubated at room temperature
for 90min. Following three washing steps (washing solution)
bound peroxidase was visualized by substrate reaction. After add-
ing 1M H2SO4, the optical density (OD) of the yellow product was
measured at a wavelength of 450 nm (reference wavelength:
630 nm) using an ELISA reader (Titertek® Multiskan Plus, Flow
Laboratories, Switzerland). The stimulation index (SI) was calcu-
lated as follows: value of mitogen-stimulated cells divided by value of
non-stimulated cells multiplied by 100.

4. Reverse-transcription polymerase chain reaction

4.1. RNA analysis

RNA was isolated from 150 ml of whole blood samples using the
RNaid Plus Kit (Bio 101, LaJolla, CA) immediately upon arrival
(within 18 h after blood collection). RNA purity and concentration
were measured by a spectrophotometer (GeneQuant™ pro, Amer-
sham Biosciences Europe GmbH, Freiburg, Germany). Following
DNase-treatment, 200 ng RNAwas reverse transcribed with reverse
transcriptase (RT-PCR Core Kit, Perkin Elmer, Applied Biosystems,
Weiterstadt, Germany) as described before (Beineke et al., 2007).
Resulting cDNA served as a template for PCR using a LightCycler
rapid thermal cycler system (Roche Diagnostics, Mannheim,
Germany). For quantification by real time, the Brilliant III Ultra-Fast
SYBR®Green QPCR Master Mix (Agilent Technologies) was applied.
DNA amplification was performed using primer pairs specific for
interleukin (IL)-2, IL-4, IL-6, IL-10, tumor necrosis factor (TNF)-a,
transforming growth factor (TGF)-b, and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH). Relative amounts of cytokine
mRNA were determined by calculating the ratio between cytokine
mRNA and mRNA of the housekeeping gene GAPDH (units cytokine
mRNA/units GAPDH mRNA x 100¼ relative amount of cytokine
mRNA in %GAPDH). Amplicon specificities were confirmed by
melting curve analyses (Table 2).

4.2. Contaminant analysis

Blood contaminant levels were measured in five harbor por-
poises in human care, nine bycaught animals, and three stranded
animals (Table 1). 0.1 ge9 g of blood was added to a fivefold
quantity of sodium sulfate. Soxhlet extraction was performed for
6 h in a 1:1 mixture of dichloromethane and n-hexane. The
extractable lipid was measured gravimetrically in an extract aliquot
as described previously (Beineke et al., 2004). A separate extract
aliquot was used for analysis of polychlorinated biphenyls (PCBs),
dichlorodiphenyldichloroethylene (DDE), and dichlorodiphenyltri-
chloroethane (DDT). Internal standard was added (13C12 labeled
p,p'-DDE and 13C12 labeled PCB congeners 28, 52, 101, 138, 153, and
180) and the extracts were purified on an alumina/silica gel col-
umn. PCBs, DDT, and DDE were analyzed using GC/MS-MS (EI). The
sum of dominant PCB congeners present in the blood (IUPAC # 99,
138,149,153,180, and 187)was used in the statistical evaluation. All
contaminant concentrations were normalized to the extractable
lipid content.

4.3. Statistical analyses

For statistical analysis of non-normal distributed data, multiple
Mann-Whitney U-tests were performed to determine any differ-
ence between groups. The relationships between values obtained
by cytokine analyses, lymphocyte proliferation assay, and



Table 2
Primer sequences and annealing temperatures used for analysis of mRNA by real time PCR as well as specific melting point temperatures of the amplicon.

Gene Primer Sequence (50-30) Accession No. Annealing temperature Melting point temperature

IL-2 forward GCA CCT ACT TCA AGC TCT AC AF 346296 58 �C 81.7 �C
reverse TAG CAC ATC CTC CAG AGG TT

IL-4 forward GCA TGT ACC AGC AAC TTC GT AF 346295 57 �C 85.4 �C
reverse TTG GCT TCA TTC ACA GAA CAG

IL-6 forward GCA AGG AGG CAC TGG CAG AA AF 346297 60 �C 85.5 �C
reverse CCT CAG GCT GAA CTG CAG GA

IL-10 forward CCT GGG TTG CCA AGC CCT GTC AF 346294 58 �C 88.1 �C
reverse ATG CGC TCT TCA CCT GCT CC

TNF-a forward CCA AGT GAC AAG CCA GTA GC AF 346298 58 �C 89.2 �C
reverse TCT TGA TGG CAG AGA GTA GG

TGF-b forward TTC CTG CTC CTC ATG GCC AC AF 346299 66 �C 92.5 �C
reverse GCA GGA GCG CAC GAT CAT GT

GAPDH forward GCC AAA AGG GTC ATC ATC TC AF 346300 61 �C 89.8 �C
reverse GGG GCC ATC CAC AGT CTT CT

Accession No.¼GenbankTM/NCBI accession number; IL¼ interleukin; TNF¼ tumor necrosis factor; TGF¼ transforming growth factor; GAPDH¼ glyceraldehyde-3-phosphate
dehydrogenase.

Table 3
Summary of post mortem findings in stranded harbor porpoises.

Animal ID Main pathological findings Nutritional state Thymus Microbiology (infected tissue)

S1 � disseminated ulcerative dermatitis
� multifocal necrotizing hepatitis

emaciated severe atrophy � b-hem. E. coli (liver, spleen)

S2 � disseminated suppurative dermatitis
� multifocal suppurate bronchopneumonia

emaciated severe atrophy � Pseudomonas sp.(lung)
� Streptococcus sp. (skin)

S3 � pulmonary atelectasis normal normal � b-hem. E. coli (lung)
S4 � diffuse fibrino suppurative pneumonia

� diffuse fibrinous pericarditis
emaciated severe atrophy � b-hem. E.coli (pleura, lung lymph node)

� Aspergillus sp. (lung)

b-hem. E. coli¼ b-hemolytic Escherichia coli.

Fig. 1. Lymphocyte stimulation assay: concanavalin A (ConA)-induced lymphocyte
proliferation in harbor porpoises. Column bars display median and maximum values.
* ¼ significant difference p � 0.05.
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contaminant concentrations were expressed as the rank correlation
coefficient of Spearman (rs). A p-value of �0.05 was considered as
statistically significant. Analyses were performed by SPSS for win-
dows (SPSS Inc.). Graphs were created with GraphPad Prism®

(GraphPad Software).

5. Results and discussion

5.1. Poor prognosis in stranded harbor porpoises is associated with
generalized inflammatory disease

Free-ranging harbor porpoises (animals B1-B11) showed normal
behavior and clinical signs upon examination and were immedi-
ately released into the wild after clinical examination and blood
sampling. Animals in human care (animals H1-H9) showed no
clinical signs andwere clinically healthy after an observation period
of at least 6 months after sampling. Stranded animals (animals S1-
S4) exhibited poor body condition with stupor, indicating poor
clinical prognosis and were euthanized due to animal welfare
reasons and submitted to necropsy.

The main post mortem findings and microbiology results for
stranded porpoises are summarized in Table 3. Animals S1, S2, and
S4 showed severe inflammatory lesions in skin, lung, pericardium,
and liver associated with bacterial infection. In addition mycotic
infection was found in harbor porpoise S4. These three porpoises
also exhibited poor nutritional status and severe thymic atrophy,
indicating chronic disease processes. By contrast, the neonatal an-
imal S3 exhibited pulmonary bacterial growth without overt in-
flammatory lesions and an unaffected nutritional state, suggestive
of acute neonatal infection.

Lymphoid atrophy, either primary or secondary, is commonly
observed in harbor porpoises suffering from prolonged infectious
diseases and poor health status (Beineke et al., 2007b). Thymic
atrophy occurs frequently in human patients with systemic
bacterial infection, and this has also been observed in various ro-
dent models of infectious diseases. Malnutrition also causes
depletion of lymphoid organs in human beings and animals, which
leads to disturbed immune responses and increased susceptibility
to additional infections (Alwarawrah et al., 2018; Savino and
Dardenne, 2010).
5.2. Reduced lymphocyte responsiveness indicates poor prognosis
in diseased harbor porpoises

ConA and PWM have been used to stimulate proliferation of
cultured lymphocytes in a variety of marine mammals, including



Fig. 2. Cytokine mRNA expression analyses of harbor porpoises blood samples: (A) transforming growth factor-b (TGF-b). (B) tumor necrosis factor-a (TNF-a). Column bars display
median and maximum values. * ¼ significant difference p � 0.05.
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harbor porpoises (Beineke et al., 2010; De Guise et al., 1996; de
Swart et al., 1993). In order to investigate lymphocyte responses
in more detail, lymphocyte stimulation tests were performed,
complemented by cytokine expression analyses. Mitogen-induced
lymphocyte proliferation was significantly reduced in diseased
stranded harbor porpoises. ConA-stimulated PBMC of healthy
harbor porpoises in human care showed a significantly higher
stimulation index (SI) than in stranded porpoises (p¼ 0.045; Fig. 1).
Interestingly, bycaught porpoises showed no significant differences
in lymphocyte proliferation towards animals in human care and
stranded porpoises, respectively. Since only limited clinical and
laboratory data could be obtained from bycaught whales before
their release into wildlife, the reason for intermediate SI values in
this group remains speculative. An increased infection pressure and
reduced food supply in free-ranging porpoises compared to ani-
mals in human care have to be considered (Müller et al., 2013;
Siebert et al., 2001). Moreover, elevated blood stress hormone
levels (e.g. cortisol) during bycaught and handling have the ability
to reduce lymphocyte proliferative capacities (De Guise et al., 1996;
Noda et al., 2007). For PWM-stimulated lymphocytes no significant
Fig. 3. Toxicological analyses of harbor porpoise blood samples: (A) polychlorinated bi
odiphenyldichloroethylene (DDE); (C) p,p’-dichlorodiphenyltrichloroethane (DDT). Column
differences between the harbor porpoise groups were observed.
Our data reveal reduced lymphocyte proliferation in severely
diseased harbor porpoises when stimulated by the T cell mitogen
Con A.

Cytokine gene expression analyses have been used to assess
immune status and stress in cetaceans and pinnipeds (Beineke
et al., 2007a; Fonfara et al., 2008; Müller et al., 2013) and to
detect immune-relevant effects of xenobiotics in seals (Weirup
et al., 2013; Lehnert et al., 2014, 2016). In the present study, TGF-
b mRNA expression levels in whole blood were significantly higher
in porpoises from human care compared to bycaught (p¼ 0.004)
and stranded animals (p¼ 0.005; Fig. 2). In addition, there were
significant differences between bycaught and stranded harbor
porpoises, with bycaught animals showing significantly higher
expression levels (p¼ 0.004; Fig. 2). Similarly, mRNA expression
levels of TNF-a differed significantly between groups, with animals
from human care showing significantly higher expression levels
than bycaught (p¼ 0.025) and stranded harbor porpoises
(p¼ 0.030; Fig. 2). According to the proposed mechanisms for
reduced lymphocyte proliferative capacity, stress-induced
phenyls (PCB, sum of congeners 99, 138, 149, 153, 180, and 187); (B) p,p’-dichlor-
bars display median and maximum values. * ¼ significant difference p � 0.05.
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suppression of cellular immunity as well as infectious or nutritional
causes might also have led to diminished cytokine expression
observed in bycaught whales. Correlation analyses between
lymphocyte proliferation assay data and cytokine mRNA levels
revealed that both TGF-b (p¼ 0.028; rs¼ 0.448) and TNF-a levels
(p¼ 0.038; rs¼ 0.425) significantly correlate with ConA-induced
lymphocyte proliferation (Supplemental Fig. S1). Blood mRNA
levels of other investigated cytokines (IL-2, IL-4, IL-6, IL-10) did not
differ significantly between groups and did not correlate signifi-
cantly with mitogen-induced lymphocyte proliferation values.

Fonfara et al. (2007b) observed changes in TGF-b and TNF-a
mRNA expression in two harbor porpoises in human care and
related the findings to an activated immune system. Blood cytokine
expression in infectious diseases is a dynamic process, influenced
by a complex interplay between different inflammatory mediators.
Initially, acute infection leads to elevated blood levels of acute
phase proteins and pro-inflammatory cytokines, such as IL-1, IL-6,
and TNF-a (Wang et al., 2018). Short half-life of cytokines with
rapid disappearance from the blood and elevated levels of cytokine
inhibitors, such as soluble TNF receptors, account for cytokine ki-
netics during the disease course (Cabioglu et al., 2002; Ertel et al.,
1995; Goldie et al., 1995). Reduced expression of both pro- and
anti-inflammatory cytokines can be observed in human patients
with fatal systemic infectious diseases (Cabioglu et al., 2002). Septic
patients develop severe immune alteration for which the intensity
and duration correlate with increased risk of nosocomial infections.
Septic patients undergo a transition from systemic inflammatory
response syndrome (SIRS) to compensatory anti-inflammatory
response syndrome (CARS), which limit tissue damage but atten-
uate robust immune responses. Consequently disturbed lympho-
cyte function potentially aggravates bacteria overgrowth and
increases the risk of sepsis mortality (Venet et al., 2012). Similarly,
impaired T cell proliferation and effector function has been
observed in a mouse model of severe sepsis (Carson et al., 2010).
Chronic debilitating disease, as observed in animals S1, S2, and S4,
can induce immunosuppression due to adrenal glucocorticoid
secretion. Moreover chronic antigen exposure leads to disturbed T
cell effector functions and impaired cytokine production, including
TNF-a expression, by up-regulation of inhibitory molecules (e.g.
programmed cell death protein-1). Exhausted immune cells also
show a diminished proliferative ability and a failure of memory T
cell responsiveness (Agnellini et al., 2007; Saeidi et al., 2018).
Moreover, severe malnutrition and starvation is associated with
diminished lymphocyte survival, T cell proliferation and cytokine
responses in humanpatients and animalmodels (Alwarawrah et al.,
2018; Cohen et al., 2017). Interpretation of cytokine expression and
lymphocyte proliferation data together with additional immune
parameters, such as acute phase proteins (e.g. C-reactive protein,
haptoglobin), and blood hormone levels (e.g. cortisol, thyroid hor-
mones) will give further insights in leukocyte interaction in free
ranging harbor porpoise (Müller et al., 2013; Schnitzler et al., 2008).
Moreover, development of novel molecular techniques, such as
microarray-based gene expression analyses, will help to get a more
holistic view on leukocyte function in marine mammals in future
studies (Mancia et al., 2007; Raddatz et al., 2017).

5.3. Environmental contaminants accumulate in the blood of
harbor porpoises but do not directly influence lymphocyte
proliferation and cytokine expression

To determine whether the selected immune parameters are
directly influenced by environmental contaminants, toxicological
analyses of blood samples were performed. In this study PCB con-
centrations were highest in the investigated harbor porpoise blood
samples, followed by DDE and DDT concentrations. In a previous



Fig. 4. Correlation between polychlorinated biphenyl (PCB), p,p’-dichlorodiphenyldichloroethylene (DDE), and p,p’-dichlorodiphenyltrichloroethane (DDT) concentrations in the
blood of harbor porpoises.
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study in harbor porpoise serum, the levels of sum PCBs were higher
than sum DDTs followed by sum PBDEs (Weijs et al., 2009a).
Toxicological analyses showed that harbor porpoises had contam-
inant loads in blood comparable to those from other studies around
the North Sea and adjacent waters (Weijs et al., 2009a,b). The
highest PCB levels in blood were found in bycaught harbor por-
poises. However, none of the differences in levels between the
different groups were statistically significant (Table 1; Fig. 3).

The harbor porpoises’ high trophic feeding level and their
limited capacity to metabolize DDE and some PCB congeners leads
to a bioaccumulation of these contaminants (Houde et al., 2006;
Weijs et al., 2009c). Accordingly, all measured contaminants were
positively correlated, indicating co-accumulation of investigated
xenobiotics (Table 4; Fig. 4).

Persistent organic pollutants (e.g. PCB) are associated with al-
terations of both the innate and adaptive immune system inmarine
mammals (Jepson et al., 2005), and are suspected to negatively
affect health status in cetaceans (Ross, 2002; Weijs & Zaccaroni,
2016). Inhibited cellular immune response in free-ranging bot-
tlenose dolphins (Tursiops truncatus) was associated with increased
PCB and DDT levels (Lahvis et al., 1995) and PCB exposure has been
shown to inhibit lymphocyte proliferation in harbor and grey seals
(Mos et al., 2006; Dufresne et al., 2010). However, no significant
correlations between toxicant levels (PCB, DDE, DDT) and stimu-
lation indices (ConA, PWM) were observed in the present study.
Similarly, in ringed seals from east Greenland no significant cor-
relations were found between lymphocyte proliferation and any
blood or blubber contaminant measured (Levin et al., 2016). While
the analyzed/selected compounds showed no correlation with
lymphocyte proliferation and gene transcription, this does not
preclude that the contaminant mixture present in blood samples of
the porpoises had deleterious health effects. Because new chemical
compounds enter the global market constantly (Weijs and
Zaccaroni, 2016), compounds that were not quantified in this
study may be responsible for immune effects observed. Moreover,
many toxicological effects of PCBs and other organochlorines have
been attributed to their biologically reactive metabolites (Monta~no
et al., 2013), which were likely present and not identified here. For
instance, halogenated phenolic compounds with a resemblance to
thyroid hormones can reach high levels, especially in mammal
blood, and have caused hormonal and neuronal effects in polar
bears (Gutleb et al., 2010). Previous studies in cetaceans found
several compounds not reported in this study, among others
(methoxylated) polybrominated diphenyl ethers (PBDEs) and
polychlorinated naphthalenes (Ross, 2006; Rayne et al., 2004).
Methylmercury and heavy metal exposure are also suspected to
negatively influence the immune system, thereby increasing dis-
ease susceptibility in harbor porpoises (Jepson et al., 1999; Siebert
et al., 1999).

Cytokine transcription levels were not correlated with
contaminant concentrations in blood, indicating that the immune
endpoints measured in this study are not directly linked to expo-
sure of these xenobiotics. While the cytokine biomarkers TNFa and
TGFb selected here are good indicators of inflammatory actions and
infectious disease, their applicability for detecting direct effects of
contaminant exposure at the molecular level may be limited.
Recently adapted markers analyzing e.g. aryl hydrocarbon or thy-
roid hormone a receptor transcription (Lehnert et al., 2010) in
marine mammals or transcriptomics studies to identify genes of
interest modulated by pollutant burdens (Brown et al., 2017) are
potential choices for future research. Critically, it has to be
considered that confounding factors such as age, sex, different or-
igins of wild animals, and impaired immune function due to in-
fectious disease can obscure potential immunotoxic effects due to
the small number of available animals. Moreover, capture and
handling are stress factors which can impact innate and adaptive
immune responses of free-ranging harbor porpoises (Müller et al.,
2013). Also noise from shipping or offshore construction, and
prey depletion through fisheries may have had additional debili-
tating and synergistic effects on the physiology of free-ranging
porpoises causing immune suppression (Halvorsen et al., 2008).
Multiple environmental stressors have been shown to have cu-
mulative effects on lymphocyte proliferation in manatees (Walsh
et al., 2005). In addition, dose-dependent effects and the duration
of pollutant exposure is supposed to account for discrepancies
among different experimental settings, which hinder definitive
conclusions about immunotoxic effects in the present study (Brown
et al., 2014; Daniel et al., 2001; Devos et al., 2004; Neale et al., 2005;
Routti et al., 2010). Since standardized test conditions are often
difficult to realize in field studies, further study of a larger animal
cohort is clearly needed to confirm the observed lack of effect of
contaminant concentrations on lymphocyte responsiveness and to
assess possible indirect effects of environmental contaminants.
6. Conclusion

This is the first study investigating lymphocyte proliferation and
blood cytokine expression in free-ranging harbor porpoises. Results
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reveal an impaired function of peripheral blood leukocytes in
severely diseased harbor porpoise, indicating immune exhaustion
and increased disease susceptibility which might render the ani-
mals more susceptible to infectious diseases. Given the difficulties
in assessing the health status and clinical prognosis of free ranging
cetaceans, lymphocyte proliferation assays together with cytokine
expression analyses can be used as adjuvant tools to determine
immune function in wild harbor porpoises. The development of
novel approaches in marine mammal immunology will help to
objectify and better understand anthropogenic impacts upon ce-
taceans in the future.
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