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Considerable efforts have been made to better understand the immune system of

bottlenose dolphins in view of the common environmental challenges they encounter,

such as exposure to polychlorinated biphenyls, oil spills, or harmful algal bloom biotoxins.

However, little is known about the identity and functionality of the Th1, Th2, and Treg

T helper cell subsets in bottlenose dolphins. The present study aimed at validating

assays and reagents to identify T helper cell subsets and their functions in a subset of

dolphins from Sarasota Bay, Florida, USA, which have been long studied and often used

as a reference population. A population of CD4+ FOXP3+ lymphocytes was identified

representing an average <1% of blood lymphocyte population, which is in the range

observed in for Treg cells in other species. The use of porcine reagents to measure TGFß,

one of the key Treg cytokines, was further validated using the relatively high-throughput

and highly standardized Luminex technology. The proportion of circulating Treg cells was

not correlated with the serum concentrations of the Treg effector cytokines TGFß and

IL-10, nor could it significantly contribute to predicting the variability of T lymphocyte

proliferation, suggesting that not all dolphin circulating Treg cells are functional and

active. However, stimulation of dolphin lymphocytes with TGFß and IL-2 increased the

expression of the gene for TGFß and IL-10, and stimulation with IL-12 and IFNγ induced

a robust increase in the expression of the gene for IFNγ, suggesting the potential

for polarization and differentiation of dolphin T helper cells toward a Treg and Th1

response, respectively. The lack of an increase in the expression of the genes for the

Th2 cytokines IL-4 and IL-13 upon stimulation with IL-4 may be due to the requirement

for IL-2 for a Th2 polarization as described in mice. However, regression analysis and

PCA suggested the potential ability of both the Th1 and Th2 response to be triggered

upon acute inflammatory signals. These results may be useful in better understanding

the mechanisms by which the dolphin immune system is affected upon exposure to

environmental challenges and how it responds to pathogen challenges.
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INTRODUCTION

Considerable efforts have been made to better understand the
immune system of marine mammals in general and of common
bottlenose dolphins (Tursiops truncatus) in particular (1), in view
of the common environmental challenges they encounter, such as
exposure to polychlorinated biphenyls or PCBs (2), oil spills (3),
or harmful algal bloom biotoxins (4). However, little is known
about the identity and functionality of different T helper cell
subsets in these species.

It has long been recognized that naïve T cells can differentiate
into T helper 1 (Th1) or T helper 2 (Th2) cells that play an
important role in the adaptive immune system. The commitment
toward a Th1 response is promoted by interferon gamma (INFγ)
and interleukin (IL)-12, and Th1 cells in turn secrete INFγ, which
stimulates cell-mediated immunity to help combat intracellular
pathogens (e.g., viruses), eliminate cancerous cells, and stimulate
delayed-type hypersensitivity (DTH) skin reactions, while at the
same time inhibiting Th2 differentiation (5). The commitment
toward a Th2 response is promoted by IL-4, and Th2 cells
in turn produce IL-4, IL-5, IL-6, and IL-13, which inhibit cell
mediated (Th1) immunity and promote humoral (i.e., antibody
mediated) immune responses to help combat extracellular
pathogens (e.g., extracellular bacteria, parasites) (5). However,
important additional Th cell subsets have more recently
been recognized.

T regulatory (Treg) cells are specialized CD4+ T cells that
function to maintain self-tolerance and immune homeostasis by
suppressing the activation, proliferation, and effector functions
of various immune cells (6). In humans, alterations in the
number and function of Treg cells have been implicated in many
diseases such as type I diabetes (7), graft vs. host disease (8),
systemic lupus erythematosus (9), and rheumatoid arthritis (10).
Treg cells can be identified based upon cell surface expression
of CD4+CD25+CD127low or by the intracellular transcription
factor Forkhead box P3 (FOXP3) (11). The commitment toward
a Treg response is promoted by TGFß, and Treg cells in
turn secrete IL-10 and TGFß, which down-regulate immune
responses (11, 12).

Several functions of the immune system in general, and of
T lymphocytes in particular, are modulated by the balance of
cytokines secreted by different T cell subsets. The differentiation
and regulation of naive T cells into different T cell subsets with
specific functions are in turn modulated by a number of critical
signals including cell to cell interactions and cytokines (12). A
recent report suggested the potential for dysregulation of the
Th1/Th2 balance and changes in T lymphocyte proliferation that
might be attributable to effects on Treg in bottlenose dolphins
following exposure to oil after the Deepwater Horizon oil spill,
but more in-depth studies were hindered by the lack of validated
methods and reagents in this species.

The present study aimed to identify and assess the functions
of Th1, Th2, and Treg cells in bottlenose dolphins. It clearly
identified Treg cells from dolphin blood and their serum
cytokines, demonstrated the functionality of Th1 and Treg
dolphin cells, and assessed relationships among serum cytokines
in wild bottlenose dolphins.

MATERIALS AND METHODS

Source of Blood
Twenty long-term resident bottlenose dolphins from Sarasota
Bay, FL, United States, were captured in June 2018, sampled, and
released as part of health assessment programs (which included
the immunological data presented here), as previously described
in detail elsewhere (13, 14). The dolphins sampled included
10 males and 10 females, ranging in age from 2 to 48 years
old (mean 17 years old), and likely represented a good cross
section of the population sampled. Whole blood was collected
in Vacutainer tubes (Becton Dickinson, Franklin Lakes, New
Jersey, USA) with sodium heparin as part of the routine physical
examinations, kept cool on ice packs and shipped overnight
for functional immunological assays. In addition, 1ml serum
from each of those 20 dolphins was collected and immediately
frozen prior to shipping on dry ice for cytokine analysis. Dolphin
samples were collected under National Marine Fisheries Service
Scientific Research Permit No. 20455, issued to RSW, as approved
by the Mote Marine Laboratory Institutional Animal Care
and Use Committee (IACUC). All samples were received and
experiments performed following approval from the University
of Connecticut IACUC. Human whole blood was purchased
from Biological Specialties Corporation (Colmar, PA 18915,
USA) and bovine and ovine whole blood were purchased from
Lampire Biological Laboratory (Pipersville, PA 18947, USA).
Blood purchased from commercial sources was deemed exempt
from IACUC oversight by the University of Connecticut IACUC.

Isolation of Peripheral Blood Mononuclear
Cells
Dolphin blood samples were processed immediately upon receipt
in the laboratory, within 24 h of collection. Blood samples from
other species were also processed immediately upon receipt in
the laboratory, however the collection time of samples from
commercial sources was not known. Dolphin, human, bovine,
and ovine whole blood was diluted 1:1 with phosphate buffered
saline (PBS) with 2mM EDTA (Miltenyi, Auburn, CA 95602,
USA), layered on top of an equal volume of Ficoll-Paque
Plus 1.077 (GE, Pittsburgh, PA 15264, USA), and centrifuged
for 40min at 400 g, as per manufacturer’s instructions. The
peripheral blood mononuclear cell (PBMC) layer was collected,
washed twice with Dulbecco’s Modified Eagle Medium (DMEM;
Life Technologies, Grand Island, NY 14072, USA) supplemented
with 1mM sodium pyruvate, 100mM non-essential amino acids,
25mM HEPES, 2mM L-glutamine, 100 U/mL, penicillin, 100
mg/mL streptomycin, and 0.25 mg/mL Fungizone (all from
Thermo Fisher Scientific, Grand Island, NY 14072, USA), along
with 10% fetal bovine serum (Hyclone, Logan, UT 84321,
USA), hereafter referred to as complete DMEM, and cells were
enumerated with their viability assessed using the exclusion dye
trypan blue (Life Technologies, Grand Island, NY 14072, USA).
Cell viability was typically >90%. PBMC isolation after Ficoll-
Paque centrifugation was confirmed using a BD FACScan flow
cytometer (Becton Dickinson, Franklin Lakes, NJ 07417, USA)
using forward scatter (relative cell size) and side scatter (relative
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cell complexity) settings to assess the proportion of PBMCs in
the sample.

Immunophenotyping
Table 1 lists the primary antibodies, as well as the isotype control
antibodies, tested on bottlenose dolphin PBMCs. Human, ovine,
and bovine PBMCs were used as positive controls to assure
that expected labeling was observed in the species against which
the antibodies were raised. For CD4 labeling, 1 × 106 PBMCs
were labeled with 100 µl of either fluorochrome-conjugated or
unconjugated primary antibodies, as well as with the isotype
control antibodies (conjugated or unconjugated), at the dilutions
listed in Table 1, for 30min at 4◦C in the dark. PBMCs were
then washed with 1ml PBS and centrifuged at 400 g for 5min.
For fluorochrome-conjugated primary antibodies, PBMCs were
then re-suspended with 200 µl of 1% neutral buffered formalin
in PBS. For unconjugated antibodies, PBMCs were re-suspended
with the 100 µl of a goat anti-mouse FITC conjugated secondary
antibody (Life Technologies, Grand Island, NY 14072, USA) for
30min at 4◦C in the dark. PBMCs were then washed with 1ml
PBS, centrifuged, and re-suspended in 200 µl of 1% neutral
buffered formalin in PBS.

For CD25 labeling, PBMCs (2× 105 cells/well) were plated in
96 well flat bottom plates (Fisher Scientific, Agawam, MA 01001,
USA) with either no mitogen (complete DMEM alone) or the T
cell mitogen, concanavalin A (ConA) at 1µg/ml. PBMCs were
incubated for 24 h at 37◦C and 5% CO2. Cells were pooled from
five replicate wells (for a total of∼1× 106 cells) in a 5ml conical
tube. Tubes were centrifuged and the cells were re-suspended
in 100 µl of either fluorochrome-conjugated or unconjugated
primary antibodies, as well as with the isotype control antibodies
(conjugated or unconjugated), at the dilutions listed in Table 1,
for 30min at 4◦C in the dark. Afterwards, the procedures were
the same as with CD4 labeling described above.

The fluorescence of approximately 10,000 lymphocytes was
read using a FACScan flow cytometer (Becton Dickinson,
Franklin Lakes, NJ 07417, USA) and the automated CellQuest
software (Becton Dickinson Immunocytometry System, San Jose,
CA 95131, USA). Lymphocytes were identified by their relative
size (forward-scattered light, FSC) and their complexity (side-
scattered light, SCC). The percent of cells that were positive for
CD4 or CD25 were compared to the isotype control for CD4 or
CD25. Cells were considered positive for CD4 or CD25 if cell
fluorescence was above the isotype control.

For intracellular FOXP3 labeling, 1 × 106 PBMCs were
incubated with 100 µl of a 1:100 dilution of the CD4 antibody,
SIM.4, for 30min at 4◦C in the dark. Cells were then washed
with 1ml of eBioscienceTM flow cytometry staining buffer (Life
Technologies, Grand Island, NY 14072, USA) and centrifuged.
PBMCs were then re-suspended with 100µl of a goat anti-mouse
FITC conjugated secondary antibody (1:100) (Life Technologies,
Grand Island, NY 14072, USA) for 30min at 4◦C in the dark and
washed with eBioscienceTM staining buffer. Intracellular FOXP3
was labeled with FOXP3 Monoclonal Antibody (FJK-16s), APC,
and the Foxp3/Transcription Factor Staining Buffer Set Kit
(both from Life Technologies, Grand Island, NY 14072, USA),
per Thermo Fisher Scientific’s Protocol B: one-step protocol

(intracellular (nuclear) proteins) instructions. For the isotype
control, an APC labeled rat IgG2a kappa isotype control antibody
(Life Technologies, Grand Island, NY 14072, USA) was used at
the same recommended dilution as for the FoxP3 antibody (1:20).

The fluorescence of approximately 10,000 lymphocytes
was read using a BD Biosciences LSRFortessa X-20 Cell
Analyzer (Becton Dickinson, Franklin Lakes, NJ 07417, USA)
and FACSDiva software (Becton Dickinson Immunocytometry
System, San Jose, CA 95131, USA). Lymphocytes were identified
by their relative size (forward-scattered light, FSC) and their
complexity (side-scattered light, SCC). Two-color flow cytometry
was used to identify cells that were positive for both CD4 and
FOXP3. The percent of cells that were positive for FOXP3 was
compared to the isotype control for FOXP3.

Cytokines
Dolphin serum cytokines were quantified using the Bio-Plex
ProTM Human Cytokine Th1/Th2 Panel (Bio-Rad, Hercules, CA
94547, USA) and the Millipore Porcine 3-plex Panel (Millipore,
Billerica, MA 01821, USA), as previously described (3). The
Th1/Th2 cytokine kit included antibodies to detect IL-2, IL-4, IL-
5, IL-10, IL-12, IL-13, IFNγ, TNFα, and GM-CSF. The porcine
kit included antibodies to IL-1b, IL-4, and IL-8.

TGFß was quantified using the TGF beta-1 Porcine
ProcartaPlexTM Simplex Kit (Thermo Fisher Scientific, Grand
Island, NY 14072, USA) or the Bio-Rad Bio-Plex ProTM TGFß
Kit (Bio-Rad, Hercules, CA 94547, USA), according to the
manufacturers’ instruction. To validate this kit, dolphin and
porcine PBMCs were adjusted to 2× 106 cells/ml and plated in 96
well flat bottom plates, in triplicate wells (2 × 105 cells per well).
PBMCs were incubated at 37◦C with 5% CO2 for a total of 48 h
with purified Escherichia coli 0111:B4 LPS (lipopolysaccharide;
Sigma, St. Louis, MO 63118, USA), a mitogen shown to induce
secretion of TGFß (15), at a final concentration of 0.1µg/ml
in pigs, a concentration (referred to as suboptimal for graphic
display) previously demonstrated to induce cytokine secretion in
humans (16) and pigs (17), and 0.05 or 5.0µg/ml, which induced
suboptimal and optimal B lymphocyte proliferation in bottlenose
dolphins (3) and bracketed the concentration used for pigs to
maximize the likelihood of detecting a response if one existed.
In a separate set of wells, PBMCs were incubated with medium
alone, i.e., unstimulated cells, to serve as negative control. At the
end of 48 h, tissue culture supernatant was harvested and stored
in multiple aliquots at−80◦C until analysis.

After the incubation and conjugation process, the plates were
measured on the Bio-Plex 200 system (Bio-Rad, Hercules, CA
94547, USA), and analyzed using Bio-Rad Manager 5.0. The
observed concentration (pg/ml or ng/ml) of each analyte for
each sample was calculated using a curve fit generated for each
analyte from seven or eight standards (depending on kit). If
a sample concentration was extrapolated outside the standard
curve and designated as “Value extrapolated beyond standard
range” by the software, that sample concentration was accepted
as the calculated value. If a sample concentration was reported
as “out of range” by the software, that sample concentration was
given a 0 pg/ml or 0 ng/ml value or the highest value on the
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TABLE 1 | Antibodies tested on bottlenose dolphin mononuclear cells.

Primary antibody (clone) Vendor Documented species

reactivity

Species tested as

positive control

Isotype Antibody dilution

RPA-T4 (CD4) Thermo Fisher Scientific Human Human IgG1 1:50

VIT4 (CD4) Miltenyi Human Human IgG2a 1:11

TR-204-33 (CD4) Tracy Romano Dolphin Dolphin IgG1 1:124

SIM.4 (CD4) NIH-AIDS Human Human IgG1k 1:100

CACT108A (CD25) Kingfisher Biotech Bovine Bovine IgG2a 1:100

CACT116A (CD25) Kingfisher Biotech Bison, bovine, caprine, ovine,

water buffalo

Bovine IgG1 1:100

MEM-181 (CD25) Life Technologies Human, mouse Human IgG1 1:100

MEM-140 (CD25) Life Technologies Human Human IgM 1:100

HI25a (CD25) Abbiotic Human Human IgG1 1:100

PC61.5-PE (CD25) Life Technologies Human, mouse Mouse IgG1 1:1,600

9.14 (CD25) Bio-Rad Ovine Ovine IgG1 1:100

BC96 (CD25) eBioscience Human Human IgG1 1:5

4E3 (CD25) Miltyeni Human, rhesus monkey,

cynomolgus monkey

Human IgG2b 1:50

FJK-16s (FOXP3) Life Technologies Bovine, dog, cat, mouse, pig, rat Dolphin IgG2a 1:20

Mouse IgG (isotype control) Life Technologies n/a n/a IgG 1:100

Mouse IgG1 FITC (isotype control) Life Technologies n/a n/a IgG1 1:5

Mouse IgG2a FITC (isotype control) Miltyeni n/a n/a IgG2a 1:11

Mouse IgG2b (isotype control) Miltyeni n/a n/a IgG2b 1:50

Rat IgG1k PE (isotype control) Life Technologies n/a n/a IgG1 1:1,600

Rat IgG2a kappa (isotype control) Life Technologies n/a n/a IgG2a 1:20

standard curve, depending on whether it was below or above the
measurable range.

Prior to each use of the Bio-Plex 200 system, an instrument
calibration and validation procedure using the Bio-Rad
Validation and Calibration kit (Bio-Rad, Hercules, CA
94547, USA) was performed to assure the instrument was
performing properly, as per manufacturer’s instruction. The
instrument passed both calibration and validation tests prior to
each use.

Lymphocyte Stimulation With Th1, Th2, or
Treg Cytokines
In order to assess ability of dolphin lymphocytes to respond
to a Th1, Th2, or Treg stimulus, dolphin PBMCs (2 × 106

cells/ml) were incubated in 96 well flat bottom plates with human
recombinant cytokines at concentrations of 0 (unstimulated), 1,
10, and 25 pg/ml for 24 h. To assess a Th1 response, cells were
stimulated with IL-12 (Millipore Sigma, Burlington, MA 01803,
USA) and IFNγ (Thermo Fisher Scientific, Grand Island, NY
14072, USA) and analyzed for IFNγ expression. To stimulate a
Th2 response, cells were stimulated with IL-4 (Millipore Sigma,
Burlington, MA 01803, USA) and analyzed for IL-4 and IL-13
expression. To assess a Treg response, cells were stimulated with
IL-2 (Thermo Fisher Scientific, Grand Island, NY 14072, USA)
and TGFβ (Thermo Fisher Scientific, Grand Island, NY 14072,
USA) and analyzed for TGFβ and IL-10 expression. After a 24 h
incubation at 37◦C and 5% CO2, cells were collected from the
plates, centrifuged at 220 g for 10min, re-suspended in RNAlater

TABLE 2 | Sequence of the forward and reverse primers used to amplify

housekeeping and cytokine genes.

Cytokine Sequence: 5′ to 3′ References

S-9 Forward GAGGATTTCTTGGAGAGACGCCTG (18, 19)

Reverse CTTGCGGACCCTGATATGGCGC

HPRT1 Forward GTGGCCCTCTGTGTGCTC (19)

Reverse ACTATTTCTGTTCAGTGCTTTGATGT

IFNγ Forward CAGAGCCAAATAGTCTCCTTCTACTT (18)

Reverse CTGGATCTGCAGATCATCTACCGGAATTTG

IL-4 Forward GGAGCTGCCTGTAGAAGACGTCTTTG (18)

Reverse CTTCATTCACAGAACAGGTCATGTTTGCC

IL-13 Forward CCTCTACAGCCCTCAAGGAGC (18)

Reverse CTTCCAGGGCTGAACAGTACATGT

TGFß Forward GAGCTGCGCCTGCTGAGGCT (18)

Reverse CCTCTATTTCCTCTCCGTGGGTC

IL-10 Forward GACTTTAAGGGTTACCTGGGTTG (18)

Reverse TCCACTGCTTTGCTCTTGTTTTC

solution (Thermo Fisher Scientific, Grand Island, NY 14072,
USA) and stored at 4◦C for up to 1 month. RNAlater samples
were then moved to−20◦C for long-term storage.

Primers
Primers were chosen based on published bottlenose dolphin
primer sequences (18, 19). Primer sequences are reported
in Table 2.
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Gene Expression
RNA was extracted from dolphin PBMCs samples using a
RNeasy Mini Kit (Qiagen, Valencia, CA 91355, USA), and
genomic DNA was removed using a TURBO DNA-free kit
(Thermo Fisher Scientific, Grand Island, NY 14072, USA).
RNA concentration was determined using a Qubit fluorometer
(Thermo Fisher Scientific, Grand Island, NY 14072, USA). After
isolation and quantification, RNA was reverse transcribed into
cDNA with 100 ng RNA per reaction using a high capacity
cDNA reverse transcription kit (Thermo Fisher Scientific, Grand
Island, NY 14072, USA). Real time PCR (qRT-PCR) reactions
were performed using SYBR green (Thermo Fisher Scientific,
Grand Island, NY 14072, USA) on a CFX96 Real-Time PCR
Detection System (Bio-Rad, Hercules, CA 94547, USA). All
samples were analyzed for housekeeping genes HPRT1 and S-9.
Cycling conditions for genes were 95◦C for 10min, 40 cycles of
denaturation at 95◦C for 15 s and annealing at 63◦C for 1min,
followed by a dissociation stage. For IL-4 and IL-10, the annealing
temperature was 54◦C. Reactions containing water, but no cDNA,
were used as negative controls. Product specificity was monitored
by analysis ofmelting curves. Gene expression data were analyzed
using the Comparative CT (11CT) Method. Samples for which
the amplification of the housekeeping genes were outside of the
expected range were discarded, so as to not misinterpret a change
in the expression of a target gene as an inadequate PCR reaction.

Mitogen-Induced T Lymphocyte
Proliferation
Lymphocyte proliferation was evaluated as previously described
(3). Briefly, lymphocytes were incubated with mitogens for 66 h
in flat-bottom 96-well plates (Fisher Scientific, Agawam, MA
01001, USA) at 37◦C and 5% CO2. Mitogens chosen included
two T cell mitogens (ConA and phytohemagglutinnin A, or
PHA). Mitogens were used at optimal as well as suboptimal
concentrations, since suboptimal concentrations of mitogens
allowed for higher sensitivity to subtle deficits when optimal
concentrations of mitogens did not reveal differences (20).
Lymphocyte proliferation was evaluated by the incorporation of
5-bromo-2′-deoxyuridine (BrdU), a thymidine analog, detected
with a monoclonal antibody and colorimetric enzymatic
reaction (Cell Proliferation ELISA BrdU (colorimetric), Roche
Diagnostics GmbH, Mannheim, Germany) as per manufacturer’s
instructions using an ELISA plate reader (Multiskan EX v.1.0)
at 450 nm with a reference wavelength of 690 nm. Results were
expressed as optical density (OD).

Cells from mice (one mouse for each experimental day) were
assayed concurrently with dolphin samples for quality control, as
previously described (2). After field sampling, mouse data were
assessed for the presence of outliers using the SPSS software (IBM
SPSS Statistics version 21, Armonk, NY 10504, USA). If outliers
were detected, it was assumed that normal daily variability for the
assay was exceeded, and the corresponding dolphin data for that
assay on that day were eliminated from the dataset.

Statistical Analyses
Correlation and regression analyses as well as t-tests were
conducted using the SPSS software (IBM SPSS Statistics version

21, Armonk, NY 10504, USA) and Principal Component Analysis
was performed using the Minitab software v. 18.1 (Minitab, Inc.,
State College, PA 16801, USA).

RESULTS

In order to identify dolphin Treg cells, we tested a battery
of antibodies to CD4, CD25, and FOXP3 (Table 1).
Immunolabeling was observed for all antibodies in the species
of origin (human, bovine, and ovine) used as a positive control
(data not shown). A cross-reacting antibody to human CD4
(SIM.4) labeled on average 32% (SD= 8%) of bottlenose dolphin
lymphocytes (n = 20), while an antibody generated against
cetacean CD4 (TR202) labeled 23 and 36% of bottlenose dolphin
peripheral blood lymphocytes in preliminary experiments (n
= 2), when the fluorescence of isotype control was subtracted
from that of cells labeled with a CD4 antibody (Figure 1),
while three other antibodies to human CD4 did not cross-react.
None of the nine antibodies to CD25 tested cross-reacted
with dolphin lymphocytes, with or without ConA stimulation
to induce expression as observed in positive control species
(data not shown). The antibody to FOXP3 clearly labeled a
distinct population of CD4+ lymphocytes not present in cells
labeled with the isotype control (Figure 2). In Sarasota Bay
dolphins, when isotype control was subtracted, 0.67 ± 0.40% of
all dolphin lymphocytes were FOXP3+, and 1.93 ± 1.07% of
dolphin CD4+ lymphocytes were FOXP3+. The proportions of
lymphocytes were FOXP3+ and of dolphin CD4+ lymphocytes
were FOXP3+ were not significantly different between males
and females, and were not significantly correlated with age (data
not shown).

In order to determine the functionality of dolphin Treg
cells, we validated the use of human and porcine reagents
to measure TGFß, the major Treg effector cytokine. To do
so, we stimulated dolphin and porcine PBMCs with LPS in
vitro to induce the secretion of TGFß in the tissue culture
supernatant. Dolphin lymphocytes showed a concentration-
response increase in TGFß production upon stimulation with
LPS using the porcine reagents (34 and 61% increase in TGFß
production with 0.05 and 5.0µg/ml of LPS, respectively), as
did porcine lymphocytes (31% increase in TGFß production
with sub-optimal concentration, Figure 3). The use of human
reagents did not allow themeasurement of such an increase in the
expression of TGFß in dolphin cells upon stimulation with LPS
(data not shown). We therefore concluded that the porcine, but
not the human reagents, cross-reacted in a specific manner with
dolphin TGFß, and further experiments were performed using
the porcine reagents.

The serum concentrations of TGFß in 20 wild bottlenose
dolphins from Sarasota Bay ranged from 0 to 868 pg/ml, with
an average of 170 pg/ml and a standard deviation of 106, while
IL-10 ranged from 0 to 7 pg/ml, with an average of 0.62 pg/ml
and a standard deviation of 1.01. The serum concentrations
of TGFß were not significantly different between males and
females, and were not significantly correlated with age (data
not shown). In order to assess if the proportion of peripheral
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FIGURE 1 | Identification of CD4+ bottlenose dolphin cells using flow cytometry. Dolphin PBMCs were labeled with the commercially available anti-human CD4 SIM.4

(left) or research anti-cetacean CD4 TR202 (right). The white histogram represents isotype control and the gray histogram represents CD4 labeling, and the dashed

line discriminates positive (right) from negative (left) labeling, with isotype control consistently including <1% background. Both antibodies labeled ∼30% of bottlenose

dolphin peripheral blood lymphocytes.

FIGURE 2 | Identification of CD4+/FOXP3+ bottlenose dolphin Treg cells using flow cytometry. A distinct population of CD4+/FOXP3+ cells are observed in the

upper right quadrant (Q2, in pink) (A) that was absent upon labeling with isotype control for FOXP3 (B).

blood FOXP3+ dolphin lymphocytes were representative of
Treg function we tested the hypothesis that dolphins with more
FOXP3+ lymphocytes had higher levels of serum TGFß and
IL-10, the two major Treg effector cytokines. There was no
significant correlation between either dolphin serumTGFß or IL-
10 concentrations and the proportion of FOXP3+ lymphocytes,
or with the proportion of CD4+ lymphocytes that were
FOXP3+ (Figure 4).

In order to assess the capacity of dolphin Th cell subsets to
respond to a Th1, Th2, or Treg stimulus, we tested the relative
expression of effector cytokines upon in vitro stimulation with
human recombinant cytokines, as previously done on a limited
basis in cetaceans (21, 22). A robust 9.7 fold increase in the
expression of the gene for IFNγ was observed upon stimulation

with 25 pg/ml IL-12 and IFNγ compared to unstimulated cells,
with a clear dose-response pattern (Figure 5). An increase in
Th2 cytokines was not observed upon stimulation with 25
pg/ml IL-4; rather, IL-4 down-regulated the expression of IL-
4 and IL-13 to 68 and 44%, respectively, of the levels in
unstimulated cells (Figure 5). This down-regulation was clearly
dose-dependent for IL-13, but not for IL-4. Treg stimulation
by IL-2 and TGFß resulted in nearly no change at 1 pg/ml, a
modest up-regulation of the genes for TGFß and IL-10 (1.2 and
2.0 fold increase, respectively, at 10 pg/ml, and 1.3 and 1.5 fold
increase, respectively, at 25 pg/ml), compared to unstimulated
cells (Figure 5).

To understand the balance of cytokines in wild dolphins,
we measured serum concentrations of 12 cytokines including
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FIGURE 3 | Tissue culture supernatant concentrations of TGFß following a

48 h stimulation of porcine (n = 3) or dolphin (n = 5) PBMCs with LPS at

sub-optimal (subLPS, 0.05µg/ml for dolphin and 0.1µg/ml for pigs) and

optimal (optLPS, 5.0µg/ml for dolphin) concentrations, compared to no

mitogen stimulation (NM). TGFß concentrations were measured using the

Luminex platform with porcine reagents. Data are presented as mean and

error bars represent standard error of the mean.

the Th1 cytokines IL-2, IL-12, and IFNγ, the Th2 cytokines IL-
4, IL-5, and IL-13, the Treg cytokines IL-10 and TGFß, and
the inflammatory cytokines IL-1ß, IL-8, TNFα, and GM-CSF, in
20 wild dolphins and performed Principal Component Analysis
(PCA) to see how cytokines clustered (Figure 6). The plot of the
first two components showed the Treg cytokines IL-10 and TGFß
varying in the same general direction, which was also similar to
that for IL-8. Further, IL-4 and IL-1ß, and to a lesser extent IL-
12, varied in a similar direction, which was different from that for
the previous cluster. IL-5 and IL-13 varied in different directions,
which were also different from that for IL-4. GM-CSF varied in a
direction which was closest to that for IL-13, and IL-2 varied in
a direction that was closest to that for TGFß. Note the absence
of IFNγ and TNFα that were removed from the analysis by the
software as they did not include variance in this dataset.

We further assessed the relationship between serum cytokine
concentrations in wild dolphins and the results of in vitro
mitogen-induced T cell proliferation using regression analysis.
The only cytokines that significantly contributed to explaining
the variability in T cell proliferation were IL-4 upon sub-optimal
and optimal stimulation with ConA and optimal stimulation
with PHA, and IL-2, IL-10, and GM-CSF upon sub-optimal
stimulation with PHA (Table 3). The R2 for models explaining
the variability of T cell proliferation with IL-4 upon sub-optimal
and optimal stimulation with ConA and optimal stimulation with
PHAwere relatively low, whereas the R2 for the model explaining
the variability T cell proliferation with IL-2, IL-10, and GM-
CSF upon sub-optimal concentration of PHA was considerably
higher. Further, regression analysis did not find a significant
contribution of the proportion of FOXP3+ lymphocytes in
explaining the variability of mitogen-induced T lymphocyte
proliferation using either sub-optimal or optimal concentrations
of the mitogens ConA or PHA (data not shown).

DISCUSSION

We have, for the first time to the authors’ knowledge, detected
the presence of Treg cells in bottlenose dolphin blood, and
shown the potential for bottlenose dolphins to mount a Th1,
Th2, and Treg response. This represents a significant new step in
fundamental and applied dolphin immunology, which will help
us better understand the importance of these responses in health
and disease.

Antibodies were used to label dolphin cell subsets. Studies
requiring the use of antibodies in marine mammals are
challenging given the paucity of reagents available, and the lack
of commercially available marine mammal specific antibodies.
In addition to a small number of antibodies developed against
marine mammal leukocyte subset markers (23–29), several
studies reported the use of cross-reactive monoclonal antibodies
to label leukocyte subsets in marine mammals (30–38). This
study used blood samples from original target species or species
with documented cross reactivity as positive control, to assure
quality control in documenting lack of cross-reactivity with
dolphin cells.

We successfully detected a subset of CD4+ lymphocytes in
dolphin blood samples. The specificity of SIM.4 for labeling
beluga whale CD4 has previously been demonstrated through
immunoprecipitation of a 56.4 kDa protein in beluga, in the
range of the 53.5 kDa protein in human (30), and the proportion
of lymphocytes labeled in bottlenose dolphins (X = 32.2%, SD
= 8.3%) was similar to that previously reported in belugas (X
= 29.8%, SD = 6.9%). This is not surprising since bottlenose
dolphins and beluga whales CD4 molecules share 98% homology
at the nucleotide level and 97% at the amino acid level (39). In
addition, the proportion of CD4+ cells over the sum of CD2+
T lymphocytes and CD19+ B lymphocytes in “normal” dolphins
was also 30% in a field study to quantify the immune changes in
bottlenose dolphins with lobomycosis (26). Further, in this study,
SIM.4 labeled a relatively similar proportion of lymphocytes as
TR202, an anti-CD4 developed specifically against bottlenose
dolphin CD4 (26, 27).

This study did not successfully identify CD25+ dolphin
lymphocytes, despite the use of unstimulated and stimulated
T cells to increase the frequency of those cells. No study has

reported cross-reactive antibodies to marine mammal CD25,
except for one study that tested one antibody in dolphins and

stated that it cross-reacted but was not selected for further use
because of “low detectability” without further explanation (40).
A separate study also reported the lack of cross-reactivity in
dolphin of two antibodies to CD25 (38), although they did not
appear to test upon stimulation as we did. An earlier study
used fluorochrome-labeled IL-2 to detect the increase in surface
expression of IL-2 receptor on the surface of mitogen-activated
bottlenose dolphin lymphocytes (41), however this reagent
unfortunately appears to be no longer available commercially.

This study successfully identified FOXP3+ dolphin
lymphocytes. Treg cells are generally defined as
CD4+/CD25+/FOXP3+ lymphocytes (11). While we could not
find a cross-reactive antibody to CD25, we observed the presence
of a clear and distinct population of CD4+/FOXP3+ Treg cells
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FIGURE 4 | Relationship between the proportion of peripheral blood FOXP3+ dolphin lymphocytes (A,C) or the proportion of CD4+ T cells that are FOXP3+ (B,D)

and serum concentrations of TGFß (A,B) or IL-10 (C,D), the major Treg effector cytokines (n = 20).

FIGURE 5 | Relative gene expression of effector Th1, Th2, and Treg cytokines upon polarizing stimulus with the Th1 inducing cytokines IL-2 and IFNγ, the Th2

inducing cytokine IL-4, and the Treg inducing cytokines IL-2 and TGFß, all tested at 1, 10, and 25 pg/ml. Data are expressed relative to unstimulated cells (value of 1).

Dolphin PBMCs responded most robustly to a Th1 stimulus, and to some extent to a Treg stimulus (at some but not all concentrations), but Th2 polarization with IL-4

resulted in a down-regulation, and not an enhancement, of the expression of the genes for IL-4 and IL-13. The number of dolphins tested for each stimulation

condition, once samples with inadequate expression of housekeeping genes were removed, is indicated on the figure over the bars.
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FIGURE 6 | Principal Component Analysis of Th1, Th2, Treg, and inflammatory cytokines in bottlenose dolphin serum (n = 20), according to the first two components

(first component on the x axis and second component on the y axis).

TABLE 3 | Forward regression analysis to assess which cytokines contribute

significantly to explaining the variability of T lymphocyte proliferation (n = 20).

Mitogen Variables Model R2 Model p-value

Sub ConA IL-4 0.284 0.015

Opt ConA IL-4 0.310 0.011

Sub PHA IL-2, IL-10, GM-CSF 0.737 0.008

Opt PHA IL-4 0.264 0.025

in dolphin blood samples. The antibody to FOXP3 used in this
study appeared to be broadly cross-reactive, with demonstrated
labeling in cows (42), sheep (43), pigs (44), and dogs (45), in
addition to the numerous species cited by the manufacturer,
including cats, mice and rats (eBioscience/ThermoFisher
Scientific). Dolphin CD4+/FOXP3+ Treg cells generally
represented <1% of lymphocytes, a proportions very similar
to what was observed in cows (∼0.66%) (42), sheep (4.6%),
(43), pigs (∼1.6%) (44), and dogs (1–2.6%) (45). The relatively
small proportion of Treg cells labeled in this study is not a
concern given the sensitivity and precision of the instrument
used and the consistent specificity of the labeling (Figure 2).
While we have not ruled out the possibility that some of the
CD4+/FOXP3+ dolphin cells identified as Treg in this study
are CD25-, the literature in other species consistently reports
the vast majority of CD4+/FOXP3+ cells are CD25+ (42–45).
Overall, the labeling pattern limited to CD4+ cells in dolphins,
the proportion of PBMCs labeled, and the specificity of FOXP3
labeling for Treg cells (42, 44), altogether suggest the specificity
of FJK-16s labeling for dolphin Treg cells.

Cytokines are important mediators of the immune response,
and several studies have explored the use of cytokines to relate
to health status of marine mammals in different manners.

Amplification of mRNA for cytokines using quantitative reverse-
transcription polymerase chain reaction (qRT-PCR) to quantify
cytokine expression in marine mammals, with or without
stimulation of PBMCs, has been used in several studies (18,
46–53). While useful to measure responsiveness to a signal,
the quantification of mRNA does not necessarily represent the
circulating bioactive protein, which requires important steps,
in which translation and secretion need to take place. One
study used brefeldin to block secretion and flow cytometry
with intra-cellular labeling for cytokines using cross-reactive
monoclonal antibodies (54). While powerful at associating
cytokine production with specific cell types using simultaneous
extra-cellular labeling, this approach is tedious and time
consuming, and allows the labeling for a relatively low number
of cytokines at a time, in this case only two cytokines. Similarly,
immunohistochemistry has been used to detect cytokines in
cetacean tissue section (53, 55, 56). While informative on the
distribution of the cell types secreting cytokines in different
tissues, this method is limited to the use of tissues from dead
animals, or biopsies in live animals, which would be a rather
invasive procedure. ELISAs have been developed to measure
killer whale-specific IL-6 (57) and dolphin-specific IFNγ and
TNFα (58) in serum and tissue culture medium. While sensitive
and reproducible under stringent laboratory conditions, ELISAs
are relatively time consuming and labor-intensive. This study
focused on measuring bioactive cytokines circulating in serum
using the relatively high-throughput Luminex technology and
highly standardized commercial reagents for highly replicable
results (3, 59).With the specificity of human and porcine reagents
was validated based on the detection of the analytes in dolphin
serum and in vitro cell responsiveness to stimuli similar to the
species of origin (59), this new approach might significantly
advance the use of cytokine measurements as part of marine
mammal health assessment.
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While bottlenose dolphin Treg cells could be identified and
quantified, we also wanted to assess their functionality by
measuring their effector cytokines. Our lab previously validated
the use of human reagents to detect bottlenose dolphin IL-10
using the Luminex platform and human Th1/Th2 reagent kits
(3). The present study validated the use of porcine, but not
human reagents, to document a <2 fold increase in expression of
TGFß upon in vitro stimulation with LPS, as seen using porcine
PBMCs (Figure 3) and goat macrophages (15). This validation
allowed the quantification of TGFß in the serum of free-ranging
bottlenose dolphins, as a reference for future comparisons.

The evaluation of Treg should include their identification
as well as their functions. Our inability to label CD25 on
dolphin cells prevented us from sorting live CD4+ CD25hi

CD127low Tregs for functional assays, as described by others
(60). Intracellular labeling for FOXP3 required cell fixation
and permeabilization, and cells could no longer be used in
functional assays. However, we could induce the expression of
the gene for TGFß and IL-10 upon stimulation with TGFß
and IL-2, as expected for functional Tregs (11), demonstrating
the functionality of Treg in bottlenose dolphins. Importantly,
the clustering of serum IL-10 and TGFß using PCA in our
subset of dolphins suggested the potential for actual in vivo Treg
polarization and differentiation. The proportion of circulating
Treg lymphocytes was not correlated with serum concentrations
of the Treg effector cytokines TGFß and IL-10, or with
mitogen-induced T lymphocyte proliferation, suggesting that
not all circulating Treg cells are functional and active. This is
not surprising given the demonstration that the proliferation
(expansion of the pool) of Treg and their functional suppressive
capacity are driven by different pathways (61). Further, while the
effector T cell subsets Th1, Th2, and Th17 mostly draw their
energy through glycolysis, Treg use fatty acid oxidative pathways
for energy (62), and it is possible that qualitative or quantitative
differences in serum lipids may affect the functioning of Treg
cells in dolphins. With the diversity of emerging receptors and
pathways involved in the modulation of Treg cells (63), it is
also possible that the proliferation or functions of dolphin Treg
may be affected by environmental contaminants such as dioxin-
like PCBs via the Ah receptor. It is also understood that the
regulatory functions of Treg cells are not solely modulated by
their effector cytokines, and in part require cell-cell interactions
(6, 64). The proportion of circulating FOXP3+ lymphocytes
did not contribute to significantly explaining in vitro mitogen-
induced T cell proliferation in our study, which may relate to
the relatively small number of dolphins used and/or the use of
mitogens that stimulate T cell proliferation in a manner that
likely exceeds physiological stimuli. It would be valuable to find
reagents to sort bottlenose dolphin live Treg cells for use in
functional test for suppressive activity as described in humans
(60). Additional studies are required to further characterize the
functionality of Treg cells in bottlenose dolphins.

There is mounting evidence for the importance of the
Th1/Th2 balance and functionality to appropriately respond
to immunological challenges. While Th1 and Th2 cells have
not been specifically identified or quantified in this study, we
demonstrated a robust expression of the gene for IFNγ upon

stimulation with IL-12 and IFNγ, as expected for Th1 cells (11),
suggesting the potential for Th1 polarization and differentiation
in bottlenose dolphin Th cells. Stimulation with IL-4, however,
unexpectedly did not induce the expression of the genes for
the Th2 cytokines IL-4 and IL-13. This may be due to the
requirement for IL-2 for a Th2 polarization as described in
mice (65). It is interesting that the Th2 cytokines IL-4, IL-
5, and IL-13 did not cluster closely using PCA, suggesting a
potential disconnect between the different effector cytokines in
the wild bottlenose dolphins sampled. However, IL-4, and to a
lesser extent IL-12, clustered closely with the pro-inflammatory
cytokine IL-1ß, suggesting the potential ability of both the Th1
and Th2 response to be triggered upon acute inflammatory
signals, and the possibility that a Th2 response might be favored.
Regression analysis including IL-4 as a significant contributor
to explaining the variability in mitogen-induced T lymphocyte
proliferation under three out of four scenarios may support a
preference for a Th2 over Th1 response in bottlenose dolphin.
Continued studies to better understand the relationships between
Th1 and Th2 cytokines and immune responsiveness will be
critical to better understand the functionality of the immune
system in dolphins.

This study focused on live captures of wild dolphins, and the
authors acknowledge that the chase and capture, with associated
stress response, could have influenced some aspects of the
immune functions measured. However, the focus on live captures
of wild dolphins will allow direct comparisons with health
assessments in other populations of wild dolphins, subjected to
challenges such as exposure to environmental contaminants or
disease outbreaks, that are also captured using similar methods.

Overall, this study for the first time demonstrated the ability
to quantify FOXP3+ Treg cells in bottlenose dolphins, and the
potential for polarization and functional differentiation of Th
cells toward a Th1 or Treg response. While we have not directly
demonstrated the polarization and functional differentiation
of Th cells toward a Th2 response, we provided evidence
for such potential, and the potential for a preferential Th2
over Th1 response in bottlenose dolphin in a relatively small
subset of individuals from a well-studied reference population
of bottlenose dolphins. These results may be useful in better
understanding the mechanisms by which the dolphin immune
system is affected upon exposure to environmental challenges
and how it responds to challenges with pathogens.
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