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Abstract

Detrimental Th17 driven inflammatory and autoimmune disease such as Crohn’s disease,
graft versus host disease and multiple sclerosis remain a significant cause of morbidity and
mortality worldwide. Multipotent stromal/stem cell (MSC) inhibit Th17 polarization and acti-
vation in vitro and in rodent models. As such, MSC based therapeutic approaches are being
investigated as novel therapeutic approaches to treat Th17 driven diseases in humans. The
significance of naturally occurring diseases in dogs is increasingly recognized as a realistic
platform to conduct pre-clinical testing of novel therapeutics. Full characterization of Th17
cells in dogs has not been completed. We have developed and validated a flow-cytometric
method to detect Th17 cells in canine blood. We further demonstrate that Th17 and other
IL17 producing cells are present in tissues of dogs with naturally occurring chronic inflam-
matory diseases. Finally, we have determined the kinetics of a canine specific Th17 polari-
zation in vitro and demonstrate that canine MSC inhibit Th17 polarization in vitro, in a PGE,
independent mechanism. Our findings provide fundamental research tools and suggest that
naturally occurring diseases in dogs, such as inflammatory bowel disease, may be har-
nessed to translate novel MSC based therapeutic strategies that target the Th17 pathway.

Introduction

Theipl7 (Th17) driven inflammatory and autoimmune diseases such as multiple sclerosis,
Crohn’s disease, psoriasis, rheumatoid arthritis and graft versus host disease remain a signifi-
cant source of morbidity and mortality worldwide.[1-5] Th17 cells are a subset of T helper
cells (i.e. CD4+ T cells) that are defined by their capacity to secrete IL17 family member cyto-
kines (IL17A-E) upon activation.[6-9] IL17 family members are potent pro-inflammatory
cytokines that induce the production and secretion of numerous other pro-inflammatory cyto-
kines, chemokines, hematopoietic growth factors and prostaglandins by neighboring epithelial,
endothelial and stromal cells.[6] In turn, these factors lead to fever, systemic inflammation,
increased granulopoiesis and the recruitment of neutrophils, macrophages and activated T
cells.[6] IL17 cytokines are also secreted by non-Th17 cells including CD8+ T cells (aka Tc17),
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v3-T cells and innate lymphoid cells and their roles in homeostasis and disease are just begin-
ning to be explored.[10-13]

There is an urgent and unmet need to increase the number of US Federal Drug Administra-
tion (FDA) approved novel therapeutics to target Th17 mediated diseases.[14,15] These disor-
ders result from complex interactions between the patient’s genetic and epigenetic background
and environmental effectors,[16-18] interactions that are poorly mimicked by traditional
induced-models-of-disease in rodents.[19,20] Increasingly, the translational relevance of natu-
rally occurring diseases in companion animals is being explored to bridge the gap between clin-
ical trials in human beings and rodent models of disease.[19-21] Naturally occurring
idiopathic inflammatory and autoimmune diseases in dogs are common and complex like
human disease, and have the potential to facilitate translational research and serve as a critical
bridge between induced models of disease in rodents and clinical trials in humans.[22-25] Like
humans, the canine genome has been completely sequenced and annotated, providing a power-
ful research platform.[26] Dogs and humans have co-evolved in the last 32,000 years, sharing
the same environment and evolutionary stressors, leading to an overlap in numerous positively
selected genes in multiple key genetic pathways such as immunity, inflammation, neurological
process and cancer.[23,27-29] However, experimental methods to detect and manipulate Th17
pathways and data regarding Th17/IL17involvement in canine idiopathic inflammatory and
autoimmune disorders are very limited.[30-34]

Multipotent stromal/stem cell (MSC) therapy for Th17 driven diseases is a promising, novel
therapeutic option. MSCs are somatic stem cells that may be harvested, isolated and expanded
ex-vivo for therapeutic administration.[35,36] These cells are characterized by a spindle mor-
phology, plastic adherence, a specific cell surface phenotype, and the capacity to tri-lineage dif-
ferentiate in vitro.[37] MSCs secrete a host of paracrine mediators that have potent
immunomodulatory, pro-angiogenic and anti-apoptotic properties and they can recruit and
dictate the fate of local stem and progenitor cells in vitro and in vivo.[35,38] In humans and
mice, MSCs inhibit Th17 polarization and activation via the secretion of prostaglandin E,
(PGE,) and the induction of myeloid-derived immune suppressive cells and regulatory T
(Treg) cells.[39-43] Due to these attributes, MSC based therapies are in advanced (Phase I
through III) clinical trials for the treatment of many idiopathic inflammatory and autoimmune
disorders that are Th17 driven.[44]

We hypothesized that 1) Th17 cells are present in the blood of healthy dogs and in tissues
from dogs with chronic idiopathic inflammatory disorders and that 2) canine MSCs inhibit
Th17 polarization. We developed and validated experimental methodologies to explore Th17
pathways in the dog to specifically direct potential application as therapeutic targets for transla-
tional regenerative medicine research. We defined and validated protocols to study Th17 path-
ways in vitro and in vivo in dogs. We demonstrate that Th17 cells are present in the blood of
healthy dogs and that IL17 producing cells are present in inflamed tissues from dogs with vari-
ous chronic idiopathic inflammatory disorders including inflammatory bowel disease, ginigivi-
tis, chronic idiopathic rhinitis and chronic dermatoses. Finally, we show that, like human and
murine MSCs, canine MSCs inhibit Th17 polarization in vitro.

Materials and Methods
Animal use and cell culture

The protocols for this study were approved by the Institutional Animal Care and Use Commit-
tee and the Clinical Trials Review Board at the University of California, Davis (UCD). Blood
was collected via jugular venipuncture directly into 10ml heparinized vacutainer tubes (Becton,
Dickinson and Company (BD), Franklin Lakes, NJ). Blood was collected from healthy dogs

PLOS ONE | DOI:10.1371/journal.pone.0148568 February 12,2016 2/14



@’PLOS ‘ ONE

Targeting Th17 Pathway in Dogs

that serve as blood donors at UCD, William R. Pritchard Veterinary Medical Teaching Hospi-
tal blood bank. All dog owners signed an informed consent form. Cryopreserved canine fat-
derived MSCs were cultured and expanded exactly as previously described.[45] All experiments
were conducted using MSCs at passages 3—6. Madin-Darby Canine Kidney (MDCK) Epithelial
cells were obtained from American Type Culture Collection.

Blood CD4+ T cell isolation

Peripheral blood mononuclear cell (PBMC) isolation was carried out via a differential centrifu-
gation method exactly as described by Kol et al.[45] PBMCs were harvested and enumerated
using an automated cell counter (Coulter ACT diff, Beckman Coulter, Brea, CA). PBMCs were
depleted of monocytes, B cells and granulocytes via an LD column (MACS Separation Col-
umns, Miltenyi Biotec, Auburn, CA) using a cocktail of mouse anti-canine antibodies including
anti-CD11b (clone CA16.3E10), anti-CD8a (clone CA9.3D3), anti-CD21 (clone CA2.1D6)
and goat-anti mouse IgG-microbeads (Miltenyi Biotec) according to the manufacturer’s
instructions. Flow through cells were collected and treated with an anti-canine CD4 antibody
(clone CA13.1E4) followed by goat-anti mouse IgG-microbeads (Miltenyi Biotec) and run on
an MS column (MACS Separation Columns, Miltenyi Biotec), according to the manufacturer’s
instructions, to yield the final CD4+ T cell enriched fraction. All mouse anti-canine antibodies
were purchased from the Leukocytes Antigen Biology Lab, UCD School of Veterinary
Medicine.

MSC/CD4+ T cell co-culture

For MSC and CD4 co-culture experiments, MSC and CD4 T cells were plated in a 1:5 ratio and
Th17 polarization was induced as described below. Indomethacin (Sigma-Aldrich, St. Louis,
MO), a cyclooxygenase (COX) inhibitor, was used to chemically block PGE, production. Indo-
methacin was added to MSC-CD4 T cell co-culture assays during plating at a concentration of
10pM exactly as previously described.*’

Induction of Th17 polarization

Isolated T cells were resuspended in complete lymphocyte media as previously published.[46]
Th17 polarization was induced in 2 steps: T cells were activated with 5 pg/ml Concanavalin A
(Con A, Sigma-Aldrich) and Th17 polarization was induced via a cytokine cocktail that
included 10 ng/ml recombinant canine IL1p (Kingfisher Biotech, St Paul, MN), 5 ng/ml recom-
binant canine IL6 (Kingfisher Biotech), 2 ng/ml recombinant canine TGF-f (Kingfisher Bio-
tech) and 2 ng/ml neutralizing anti-canine IL4 antibody (clone 140429, R&D systems,
Minneapolis, MN). Cells were further cultured in standard conditions (humidified incubator,
37°C, 5% COy) prior to any further analysis.

Flow cytometry

The protocol for cytokine production and intracellular accumulation for flow cytometric detec-
tion was adopted from C. L. Fellman et al. and modified.[46] Cells were treated with 25 ng/ml
Phorbol-12-Myristate-13-Acetate (PMA, Sigma-Aldrich) and 500 ng/ml ionomycin (Sigma-
Aldrich). After 3 hours of incubation, 1 pug/ml Brefeldin-A (Sigma-Aldrich) was added and
cells were cultured for additional 3 hours. Cells were then washed, stained with a viability dye
(Fixable Viability Dye eFlour™780, eBioscience), fixed and permeabilized (Foxp3/Transcrip-
tion factor fixation/permeabilization concentrate and diluent, eBioscience) and stained with
the following primary conjugated antibodies: anti-canine CD3-AlexaFluor488 (clone
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CA17.2A12, Leukocyte antigen biology lab, UCD), anti-canine CD4-PE (CA13.1E4, Leukocyte
antigen biology lab, UCD) and anti-human IL17-AlexaFluor647 (Goat anti-human IL17, R&D
systems). Anti-IL17 antibody was conjugated using Alexa Fluor 647 monoclonal antibody
labeling kit (Invitrogen, Carlsbad, CA) per manufacturer’s instructions. Fluorescence was
detected by a flow cytometer (Cytomics FC500, Beckman Coulter) and flow cytometry data
were analyzed using Flow]Jo flow cytometry software (Tree Star Inc.).

Immunobloting

To confirm the specificity of the anti-human IL17 antibody that was used, a western blot analy-
sis of supernatants was performed. Briefly, supernatant from polarized and resting CD4+ T
cells was spun twice (400g x 10 minutes, followed by 2500g x 5 minutes) to remove cellular ele-
ments, boiled (95°C x 3 minutes), loaded into a 4-20% SDS Precast Gel (Expedeon, San Diego,
CA) and separated by electrophoresis. Proteins were transferred to PVDF membranes over-
night and then probed overnight with the same anti-human IL17 antibody that was used for
flow cytometric detection. Membranes were washed, followed by 1 hour incubation with HRP
conjugated-rabbit anti-cat IgG antibody, and finally incubated for 1 minute with Pierce ECL
Western Blotting Substrate (Thermo Scientific, Pittsburgh, PA). Digital images were obtained
via a FlourChem E imaging system (ProteinSimple, San Jose, CA).

IL17 ELISA

Media was aspirated and cells were spun down. Supernatant was aspirated off and IL17A con-
centration was determined with an anti-canine IL17 antibody by DuoSet ELISA (R&D systems)
per manufacturer’s instructions.

Gene expression

T helper cells were washed twice with Dulbecco’s Phosphate Buffered Saline (DPBS), lysed
with RLT buffer and RNA was extracted (RNAeasy mini kit Qiagen, Gaithersburg, MD) per
manufacturer’s instructions. cDNA was synthesized (First-Strand cDNA synthesis Origene,
Rockville, MD) per manufacturer’s instructions. Quantitative PCR (qQPCR) was performed on a
7300 Real Time PCR System (Applied BioSystems, Foster City, CA). Primers were designed
using Integrated DNA technology website (http://www.idtdna.com/Primerquest/Home/Index)
with sequences from Genebank accession numbers (Table 1). Changes in gene expression were
calculated by the AACT method[47] and depicted as fold change in gene expression compared
to control.

To confirm the specificity of our primers, qQPCR products were run on a 2% agarose gel and
product size as well as the presence of non-specific products were determined. IL17A and
RORc qPCR products were further cloned into 2.1 PCR product vector per manufacturer’s
instructions (TOPO-TA Cloning Kit, Life technologies). Plasmids were then transfected into
OneShot™ cells and positive colonies selected and expanded overnight prior to plasmid isola-
tion (Wizard™ Plus Minipreps DNA Purification System, Promega, Madison, WI) and
sequencing by an automated sequencer (Nucleics, Davis, CA).

Immunofluorescence

Archived formalin fixed and paraffin embedded (FFPE) tissues were identified by searching
the Veterinary Medical & Administrative Computer System at UCD School of Veterinary
Medicine. Five um tissue sections were cut and mounted onto glass slides. Tissues were depar-
affinized with xylene and a serial ethanol dilution. Slides were boiled at 95°C for 20 minutes
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Table 1. Primers sets used for the qPCR assays.

Target Forward primer sequence Forward primer sequence Product size (bp)
Canine RORa GGCTTCTTTCCCTACTGTTCTT CAGAATATATCTAAATCACATCTG 112
Canine RORc CTTACAATGCTGACAACCACAC CATCTTTGACTTCTCCCGCT 114
Canine IL17A CAATGAGGACCCTGAGAGATAC GACGGAGTTCATGTGGTAGTT 106
Canine IL17F AGTGTGAGGGTTGACATTCG GTCGCGGGTAATGTTGTAGT 108
Canine CCR6 TGTCCTCACTCTCCCATTCT AGTTGAAGTTGATGGCGTAGAT 106
Canine IL23R CACAGACTACAAGGCGGAAA TTGTGTATATTCCTGGTCTCAGC 106

doi:10.1371/journal.pone.0148568.t001

(Target Retrieval Solution, DAKO, Carpinteria, CA) following blocking with 15% donkey
serum (Jackson ImmunoResearch Laboratories Inc, West Grove, PA) and 1% Fc blocker (Mil-
tenyi Biotec) for 45 minutes. Slides were than incubated with rabbit anti-human CD3 (DAKO)
and goat anti-human IL17 (R&D) antibodies at 4°C overnight. Slides were then washed and
stained with donkey anti-rabbit AF488 (Invitrogen) and donkey anti-goat AF555 (Invitrogen)
for 1 hour at room temperature in the dark. Finally, slides were mounted with DAPI containing
mounting media (Vector Laboratories, Burlingame, CA). Images were acquired with a LSM
700 confocal microscope (Zeiss, Pleasanton, CA).

Statistical analysis

Normal distribution of the data was tested using the Shapiro-Wilk test. A paired t test (nor-
mally distributed data) or Mann-Whitney U test (non-normally distributed data) was used to
determine differences in flow-cytometric, gene expression and protein secretion data. A com-
mercially available statistical software was used for all statistical analyses (GraphPad InStat ver-
sion 3.06 for Windows; GraphPad, La Jolla, CA, USA). A P value of <0.05 was considered
statistically significant.

Results

Canine Th17 cells can be quantified in peripheral blood via flow
cytometry

To facilitate flow-cytometric detection of Th17 cells in peripheral blood, PBMCs were isolated
from whole blood and cytokine production and accumulation was initiated by stimulating the
cells with PMA, ionomycin and brefeldin-A. Fig 1A depicts the gating strategy that was
employed to define cell populations. IL17 producing cells accounted for 8.4% +/- 4.3% of CD4
+ T cells (i.e. Th17 cells) in canine blood (mean +/- standard deviation (SD), n = 5, Fig 1B).
Almost equal numbers of IL17 producing T cells were CD4- (7.7% +/- 3.2%). CD4+ Th17 cells
had a significantly higher (P<0.01) IL17 mean fluorescence intensity (MFI) than CD4- T cells,
suggesting that a greater amount of IL17 was produced by these specialized Th17 cells (Fig 1C).
Only rare (0.7% +/- 0.7) CD3- cells produce IL17 upon in vitro stimulation. The percentage of
IL17+ cells within the CD3- cells was significantly lower (P<0.05) than in the CD4+ T cells. In
order to determine the specificity of the polyclonal anti-human IL17 antibody that was used,
canine IL17 containing media was electrophorated and probed with the same antibody (S1
Fig). Western blot analysis indicated that 2 protein bands were detected with the appropriate
molecular weight (~17 and 20 kDa), consistent with native and glycosylated canine IL17.[9]
These findings confirmed that the polyclonal anti-human IL17 antibody was specific for canine
IL17.
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Fig 1. Th17 detection strategy and baseline levels in healthy dogs. Panel A depicts the gating strategy that was employed to detect circulating Th17 cells
in dogs. Peripheral blood mononuclear cells were isolated, stimulated with PMA and ionomycin and stained with CD3, CD4, IL17 and a viability dye as
described in the methods. Viable cells were gated and intracellular IL17 was detected within Th cells (i.e. CD3+/CD4+), non-Th cells (primarily CD8 T cells,
CD3+/CD4-) and within non T cells (primarily B cells, CD3-). The percentages of the various lymphocyte subsets that were IL17 positive (B) and the MFI of
IL17 within Th17 cells (i.e. CD3+/CD4+) as compared with CD4- T cells (C) are depicted. Note that while CD4+ and CD4- T cells had similar proportion of
IL17 positive cells (B), CD4+ T cells had higher MFI compared with CD4- T cells (C), suggesting greater capacity to produce IL17 upon stimulation. Data are
represented as mean +/- standard deviation, n = 5. (* P<0.05, ** P<0.01)

doi:10.1371/journal.pone.0148568.g001

IL17 producing cells are found in tissues affected by chronic idiopathic
inflammation in dogs

After the successful identification of Th17 cells via flow cytometry in healthy dog blood, we
next investigated whether IL17 producing T cells were present in chronic idiopathic inflamma-
tory lesions in dogs. We selected lesions that had histopathologic evidence of chronic lympho-
cytic-neutrophilic-histiocytic inflammation, where no primary etiology could be identified (Fig
2).IL17 positive cells were detected in duodenal and mesenteric lymph node tissues from dogs
with inflammatory bowel disease (Fig 2A and 2B, n = 5), chronic dermatoses (Fig 2C,n = 1),
chronic gingivitis (Fig 2D, n = 5), necrotizing meningoencephalitis (Fig 2E, n = 1), and chronic
lymphoplasmacytic and neutrophilic rhinitis (Fig 2F, n = 3). Overall, IL17 positive cells were a
rare population with the highest number of cells noted in the inflamed intestinal mucosa of
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Fig 2. IL17 and CD3 dual detection in idiopathic chronic inflammatory lesion in dogs. FFPE tissues
from dogs with naturally occurring diseases were identified, stained and scanned as described in the Material
and Methods section. Each panel (A-F) consists of a low power (objective X4) image of an H&E stained slide
and a high power (objective X63) image of the same slide stained with CD3 (green), IL17 (red) and DAPI
(blue). Presented are representative images from the duodenum (A) and mesenteric lymph node (B) of dogs
(n = 5) with inflammatory bowel disease, skin (C) of a dog with chronic idiopathic dermatitis, gingiva (D) of
dogs (n = 5) with chronic idiopathic gingivitis, cerebrum (E) of a dog (n = 1) with necrotizing
meningoencephalitis and nasal mucosa (E) of dogs (n = 3) with chronic rhinitis. CD3 positive (i.e. green) and
IL17 positive (i.e. red) cells are present in all of the represented lesions. Low numbers of double positive cells
(indicated by white arrows) are present while the majority of the IL17 positive cells are CD3 negative.

doi:10.1371/journal.pone.0148568.g002

dogs with inflammatory bowel disease and in gingival tissues of dogs with chronic gingivitis.
The majority of IL17+ cells were CD3- and only <10% were double positive (Fig 2, white
arrows). These findings indicate that IL17 producing immune cells are present and are easy to
identify in many tissue types in naturally occurring chronic idiopathic inflammatory disorders
in dogs. These findings set the stage for determining the role of IL17 producing cells in a wide
array of chronic idiopathic inflammatory lesions in the dog.

Blood derived canine CD4+ T cells can be efficiently polarized into Th17
cells in vitro

In order to establish an in vitro platform to study Th17 polarization and activation in the dog,
we established an in vitro Th17 polarization protocol for blood derived canine CD4+ T cells.
Peripheral blood derived CD4+ T cells were activated in the presence of a polarizing cytokine
cocktail. The kinetics of Th17 polarization was determined via Th17 cell identification, secreted
IL17 protein and transcription of key genes in the Th17 pathway (Fig 3). We found that maxi-
mal Th17 polarization was achieved at day 7 post initiation of polarization. At day 7, Th17%
was 28% +/-13.6 (n = 7, Mean +/- SD, Fig 3A) and IL17 concentration in the supernatant was
18,585 pg/ml +/- 14,051 (n = 7, Mean +/- SD, Fig 3B). Key genes in the Th17 pathway, includ-
ing the master transcriptional regulators, RORa and RORGg, cytokines (IL17A and IL17F) and
cell surface receptors (CCR6 and IL23R), were all statistically significantly upregulated during
the polarization protocol (Fig 3C). The transcription of RORc was upregulated primarily
within the first 24 hours, with a ~ 10 fold increase. Gene transcription of the IL17 family mem-
ber cytokines were upregulated up to several thousand fold increase. In order to determine that
the secreted IL17 was biologically active, we applied conditioned media (i.e. media supernatant
from day 7 cultures) onto cultured canine epithelial cells (MDCK cells) and determined its
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Fig 3. Induction of Th17 polarization in canine Th cells in vitro. Peripheral blood derived CD4+ T cells
from healthy dogs (n = 7) were isolated and stimulated as described in the Material and Methods section.
Th17 polarization was determined by flow cytometric detection of intracellular IL17 (A), secreted IL17 via
ELISA (B) and gene transcription via gRT-PCR (C). Th17 detection by flow cytometry was strongly correlated
with ELISA detection of secreted IL17 and both had reached a maximum at 7 days post stimulation
(P<0.001). Quantification of key transcription factors (RORa and RORc), cytokines (IL17A and IL17F) and
cell surface markers (CCR®6 and IL23R) were markedly upregulated during the first 72 hours post stimulation
and had picked at 24 hours post induction of polarization. Media from polarized cultures induced dose-
dependent gene expression of IL8 in canine epithelial cells (i.e. MDCK cells (D). (** P<0.01, *** P<0.001)

doi:10.1371/journal.pone.0148568.9g003

capacity to induce transcription of the key neutrophil chemotactic factor IL8 (aka CXCLS).
Media that contained high concentrations of secreted IL17 induced significant upregulation of
IL8 transcription in canine epithelial cells in a dose dependent fashion (Fig 3D).

Canine MSCs inhibit Th17 polarization in vitro in a PGE, independent
fashion

Finally, as our group is focused on the development and translation of novel MSC-based thera-
peutics to treat inflammatory disorders, we wanted to see if canine MSCs inhibit Th17 polariza-
tion in vitro. As PGE, has been implicated in the mechanism by which MSCs inhibit Th17
polarization in human CD4+ T cells, we investigated whether PGE, secretion by canine MSCs
plays a similar role in the inhibition of canine Th17 polarization. Th17 polarization was
induced in CD4+ T cells in the presence or absence of MSCs with or without the COX inhibi-
tor, indomethacin (Fig 4). The experiment was carried out with T cells from 3 donors and a
total of 7 MSC lines. While Th17 polarization yield 39.7% +/- 6.7 (mean +/- SD) Th17 cells
with our Th17 polarization protocol, Th17 polarization was significantly inhibited (P<0.01) in
the presence of MSCs yielding 16.7% +/- 8.6 Th17 cells (mean +/- SD). When PGE, secretion
was inhibited with indomethacin, Th17 polarization did not change. These findings suggest
that canine MSC inhibit Th17 polarization in vitro in a PGE, independent fashion.

Discussion

This is the first paper to identify Th17 cells in peripheral blood and IL17 producing immune
cells in inflamed tissues in healthy dogs and dogs with naturally occurring chronic inflamma-
tory diseases, respectively. We define Th17 polarization kinetics in dogs by protein production
and gene transcription that will enable further mechanistic study of this pathway and permit
the development of novel approaches to target Th17 polarization in vitro. Similar to humans
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Fig 4. MSC inhibit Th17 polarization in vitro in a PGE; independent fashion. Canine CD4+ T cells (n = 3)
were co-incubated with fat derived canine MSCs (n = 7) during the Th17 polarization protocol. Indomethacin,
a COX inhibitor was added to some wells to determine the role of MSC-derived PGE; in mediating the MSCs’
inhibitory effect. The addition of indomethacin to the CD4+ T cells that were stimulated in the absence of
MSCs did not alter Th17 polarization. Co-culture of stimulated CD4+ T cells in the presence of MSCs induced
marked and significant (P<0.05) inhibition of Th17 polarization. Blocking PGE, did not rescue Th17
polarization, suggesting that PGE, does not play an inhibitory effect in canine Th17 polarization. This
experiment was repeated three times.

doi:10.1371/journal.pone.0148568.g004

and mice, canine MSCs inhibit Th17 polarization in vitro, suggesting that naturally occurring
diseases in dogs may serve as good models to translate novel MSC-based therapeutics for IL17
driven diseases.

IL17 driven autoimmune/autoinflammatory diseases represent a group of severe immune
disorders in which the development and FDA approval of novel therapeutic agents is lagging
behind the advances made in pre-clinical studies in induced models of disease in laboratory
animals. There is increasing appreciation in the wider biomedical community that the study of
naturally occurring disease in dogs may serve as an excellent platform to conduct translational
research.[21] Naturally occurring diseases in dogs share some of the complexities of human
diseases such as heterogeneous genetic background, environmental interactions, longevity and
the availability of a model heath care system-advanced veterinary medicine.[21]

In peripheral blood, IL17 was detected both in CD4+ T cells (aka Th17) as well as in CD4-
T cells, which most likely represent CD8+ cells (Tc17).[48] Interestingly, IL17 MFI was signifi-
cantly higher in Th17 cells (CD4+) compared with CD4- T cells, suggesting that traditional
Th17 cells are able to produce higher concentrations of IL17 upon stimulation. As expected,
IL17 was not produced by non T cells in peripheral blood. Although we did not directly com-
pare the proportions of circulating dog and human Th17 cells, it appears that dogs may have
higher numbers of circulating Th17 cells in health.[49-52]

Unlike blood, where T cells are the primary source of IL17, in all of the inflamed tissues,
IL17 was mostly present in CD3- cells. The finding of IL17 producing non-T-cells in tissue sec-
tions is consistent with a previous report of inflammatory brain lesions in dogs, where most of
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the IL17+ cells were CD3-.[32] This has also been described in human patients with oral
inflammation,[53] chronic lymphocytic leukemia[54] and in normal[55] and post Salmonella
typhimurium infection of non-human primate intestinal tissues (Satya Dandekar, unpublished
data). Nevertheless, CD4+/IL17+ or CD3+/IL17+ double positive cells have been described in
inflamed sites including the intestinal tract,[1] skin,[56] brain[57] and synovial membrane.
[4,58] The discrepancies between blood and tissues may be partially explained by the different
detection methodologies. In flow cytometry it is common to stimulate the cells with PMA and
ionomycin prior to analysis whereas immunofluorescent analysis of tissue sections is con-
ducted on fixed, and otherwise untreated cells. These findings may suggest that IL17 produc-
tion has to be stimulated in CD4+ Th17 cells prior to detection and that CD3-/IL17+ cells may
represent a constitutively active, IL17 secreting immune cell subtype such as innate lymphoid
cells, macrophages or others.[10] Further characterization of these unusual CD3-/IL17+ cells is
warranted.

Our in vitro Th17 polarization assay confirmed that, like human Th17 cell polarization,
Th17 polarization in the dog is induced by T cell activation in the context of the key cytokines
TGEF-B, IL6 and IL1P.[59,60] We also confirmed that the secreted IL17 had biological activity
by demonstrating its induction of IL8 gene expression in a canine epithelial cell culture. This
canine specific in vitro polarization assay may be utilized to study novel therapeutic approaches
that target the Th17 polarization cascade and to illuminate species specific differences in this
pathway. In this study, due to limitations in reagent availability, the entire CD4 T cell fraction
was isolated which includes not only naive Th cells, but also central and effector CD4+ T mem-
ory cells. This limitation prohibited us from discriminating between de novo Th17 differentia-
tion of naive CD4 T cells versus the expansion of memory Th17 cells.[61]

Finally, our data demonstrate that like human and murine MSCs, canine MSCs have the
capacity to inhibit Th17 polarization in vitro. Nonetheless, while PGE, secretion by MSCs was
implicated as a critical factor that mediates human MSC inhibition of Th17 polarization, secre-
tion of PGE, by canine MSCs does not seem to play a significant role in the inhibition of canine
Th17 polarization.[41,42] These findings are consistent with previous publications from our
laboratory indicating that while canine MSCs secrete abundant PGE,, it does not play a signifi-
cant role in the inhibition of canine lymphocyte proliferation by MSCs.[45,62] PGE, has also
been implicated in various experimental settings as an enhancer of Th17 polarization and acti-
vation.[63,64] These data suggest that lymphocyte proliferation and Th17 differentiation may
be regulated by canine MSCs, although the exact mechanism and the role of PGE, need to be
further defined. Ultimately, our results warrant further investigation into the potential role that
canine MSCs may have in inhibiting Th17 polarization in vivo. As such, Th17 driven disease in
dogs may be valuable models for novel MSC-based translational research.

This work provides fundamental research tools and sets the foundation for future research
of IL17 and Th17 driven diseases in dogs and into the potential ways to target these disease
with MSC-based novel therapeutics. It further emphasizes the great translational potential of
naturally occurring chronic inflammatory diseases in dogs.

Supporting Information

S1 Fig. Goat anti-human IL17 antibody and qPCR primer validation. Given the lack of
canine specific IL17 antibodies for flow cytometry and lack of validated canine qPCR primers,
we used a polyclonal goat anti-human IL17 antibody and self-designed qPCR primers. Valida-
tion of the anti-IL17 antibody included the analysis of flow cytometry data which indicated
that the antibody recognizes an antigen that is expressed in the appropriate cell type (i.e. T cells
and not in non-T cells) and in the expected proportion of positive cells in healthy dogs. We
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confirmed by western blot analysis that the antigen that is being detected by the antibody has
the appropriate size bands(~16 and 20 kDa, A). The bands are likely to represent backbone (i.e.
the ~16 kDa band) and N-linked glycosylated form of the IL17 (i.e. the ~20 kDa band). The
specificity of our self-designed qPCR primers was verified by electrophoresing the PCR prod-
ucts in a 2% agarose gel and determining product size, the presence of additional PCR products
and the presence of primer dimers (B). All PCR products had the expected size and no addi-
tional products or primer dimers were detected. We further confirmed RORa and IL17A PCR
products by DNA sequencing. Sequence analysis confirmed that the sequences are 100% iden-
tical with canine RORa and IL17A mRNA sequences (C).

(TTF)

Acknowledgments

This work was supported by the Center of Companion Animal Health, UC Davis School of
Veterinary Medicine (Grant # 2015-06-F) and a generous gift from Mr. Dick and Carolyn Ran-
dall. AK was supported by the California Institute for Regenerative Medicine’s Stem Cell Train-
ing Program and a scholarship from the ARCS foundation. The authors gratefully
acknowledge the staff in the blood bank and the Regenerative Medicine Lab at the UC Davis
Veterinary Medical Teaching Hospital for technical support. The authors further wish to
thanks of the dog owners that have generously agreed to donate blood for this study. Presented
in abstract form at the 5th annual meeting of the North American Veterinary Regenerative
Medicine Association, Monterey, CA, June, 2015.

Author Contributions

Conceived and designed the experiments: AK DLB. Performed the experiments: AK NJW MN.
Analyzed the data: AK. Wrote the paper: AK DLB.

References

1. Pelletier M, Maggi L, Micheletti A, Lazzeri E, Tamassia N, et al. (2010) Evidence for a cross-talk
between human neutrophils and Th17 cells. Blood 115: 335-343. doi: 10.1182/blood-2009-04-216085
PMID: 19890092

2. Kebir H, Kreymborg K, Ifergan |, Dodelet-Devillers A, Cayrol R, et al. (2007) Human TH17 lymphocytes
promote blood-brain barrier disruption and central nervous system inflammation. Nat Med 13: 1173—
1175. PMID: 17828272

3. Baumgart DC, Carding SR (2007) Inflammatory bowel disease: cause and immunobiology. Lancet
369: 1627—-1640. PMID: 17499605
Lubberts E (2015) The IL-23-IL-17 axis in inflammatory arthritis. Nat Rev Rheumatol.
Marinoni B, Ceribelli A, Massarotti MS, Selmi C (2014) The Th17 axis in psoriatic disease: pathogenetic
and therapeutic implications. Auto Immun Highlights 5: 9—19. doi: 10.1007/s13317-013-0057-4 PMID:
26000152

6. Korn T, Bettelli E, Oukka M, Kuchroo VK (2009) IL-17 and Th17 Cells. Annu Rev Immunol 27: 485—
517. doi: 10.1146/annurev.immunol.021908.132710 PMID: 19132915

7. Fossiez F, Djossou O, Chomarat P, Flores-Romo L, Ait-Yahia S, et al. (1996) T cell interleukin-17
induces stromal cells to produce proinflammatory and hematopoietic cytokines. J Exp Med 183: 2593—
2603. PMID: 8676080

8. Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, et al. (2005) Interleukin 17-producing

CDA4(+) effector T cells develop via a lineage distinct from the T helper type 1 and 2 lineages. Nature
Immunology 6: 1123-1132. PMID: 16200070

9. Yao Z, Painter SL, Fanslow WC, Ulrich D, Macduff BM, et al. (1995) Human IL-17: a novel cytokine
derived from T cells. Journal of Immunology 155: 5483-5486.

10. Artis D, Spits H (2015) The biology of innate lymphoid cells. Nature 517:293-301. doi: 10.1038/
nature14189 PMID: 25592534

PLOS ONE | DOI:10.1371/journal.pone.0148568 February 12,2016 11/14


http://dx.doi.org/10.1182/blood-2009-04-216085
http://www.ncbi.nlm.nih.gov/pubmed/19890092
http://www.ncbi.nlm.nih.gov/pubmed/17828272
http://www.ncbi.nlm.nih.gov/pubmed/17499605
http://dx.doi.org/10.1007/s13317-013-0057-4
http://www.ncbi.nlm.nih.gov/pubmed/26000152
http://dx.doi.org/10.1146/annurev.immunol.021908.132710
http://www.ncbi.nlm.nih.gov/pubmed/19132915
http://www.ncbi.nlm.nih.gov/pubmed/8676080
http://www.ncbi.nlm.nih.gov/pubmed/16200070
http://dx.doi.org/10.1038/nature14189
http://dx.doi.org/10.1038/nature14189
http://www.ncbi.nlm.nih.gov/pubmed/25592534

@’PLOS ‘ ONE

Targeting Th17 Pathway in Dogs

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Yen HR, Harris TJ, Wada S, Grosso JF, Getnet D, et al. (2009) Tc17 CD8 T cells: functional plasticity
and subset diversity. Journal of Immunology 183: 7161-7168.

Rei M, Pennington DJ, Silva-Santos B (2015) The emerging Protumor role of gammadelta T lympho-
cytes: implications for cancer immunotherapy. Cancer Res 75: 798-802. doi: 10.1158/0008-5472.
CAN-14-3228 PMID: 25660949

Cua DJ, Tato CM (2010) Innate IL-17-producing cells: the sentinels of the immune system. Nat Rev
Immunol 10: 479-489. doi: 10.1038/nri2800 PMID: 20559326

Collins FS (2011) Reengineering translational science: the time is right. Sci Transl Med 3: 90cm17. doi:
10.1126/scitranslmed.3002747 PMID: 21734173

Zerhouni EA (2009) Space for the cures: science launches a new journal dedicated to translational
research in biomedicine. Sci Transl Med 1: 1ed1. doi: 10.1126/scitranslmed.3000341 PMID: 20368151

Kenealy SJ, Pericak-Vance MA, Haines JL (2003) The genetic epidemiology of multiple sclerosis. J
Neuroimmunol 143:7-12. PMID: 14575907

Knights D, Lassen KG, Xavier RJ (2013) Advances in inflammatory bowel disease pathogenesis: link-
ing host genetics and the microbiome. Gut 62: 1505—-1510. doi: 10.1136/gutjnl-2012-303954 PMID:
24037875

Yamamoto K, Okada Y, Suzuki A, Kochi Y (2015) Genetics of rheumatoid arthritis in Asia-present and
future. Nat Rev Rheumatol 11: 375-379. doi: 10.1038/nrrheum.2015.7 PMID: 25668139

Lin S, Lin Y, Nery JR, Urich MA, Breschi A, et al. (2014) Comparison of the transcriptional landscapes
between human and mouse tissues. Proc Natl Acad SciU S A 111: 17224-17229. doi: 10.1073/pnas.
1413624111 PMID: 25413365

Seok J, Warren HS, Cuenca AG, Mindrinos MN, Baker HV, et al. (2013) Genomic responses in mouse
models poorly mimic human inflammatory diseases. Proc Natl Acad Sci U S A 110: 3507-3512. doi:
10.1073/pnas.1222878110 PMID: 23401516

Kol A, Arzi B, Athanasiou KA, Farmer DL, Nolta JA, et al. (2015) Companion animals: Translational
scientist's new best friends Sci Trans| Med 7: 308.

Olsson M, Meadows JR, Truve K, Rosengren Pielberg G, Puppo F, et al. (2011) A novel unstable dupli-
cation upstream of HAS2 predisposes to a breed-defining skin phenotype and a periodic fever syn-
drome in Chinese Shar-Pei dogs. PLoS Genet 7: €1001332. doi: 10.1371/journal.pgen.1001332
PMID: 21437276

Wilbe M, Jokinen P, Truve K, Seppala EH, Karlsson EK, et al. (2010) Genome-wide association map-
ping identifies multiple loci for a canine SLE-related disease complex. Nat Genet 42: 250-254. doi: 10.
1038/ng.525 PMID: 20101241

Igarashi H, Ohno K, Uchida E, Fujiwara-lgarashi A, Kanemoto H, et al. (2015) Polymorphisms of nucle-
otide-binding oligomerization domain 2 (NOD2) gene in miniature dachshunds with inflammatory colo-
rectal polyps. Vet Immunol Immunopathol 164: 160-169. PMID: 25746347

Suchodolski JS, Dowd SE, Wilke V, Steiner JM, Jergens AE (2012) 16S rRNA gene pyrosequencing
reveals bacterial dysbiosis in the duodenum of dogs with idiopathic inflammatory bowel disease. PLoS
One 7:e39333. doi: 10.1371/journal.pone.0039333 PMID: 22720094

Lindblad-Toh K, Wade CM, Mikkelsen TS, Karlsson EK, Jaffe DB, et al. (2005) Genome sequence,
comparative analysis and haplotype structure of the domestic dog. Nature 438: 803—-819. PMID:
16341006

Wang GD, Zhai WW, Yang HC, Fan RX, Cao X, et al. (2013) The genomics of selection in dogs and the
parallel evolution between dogs and humans. Nature Communications 4.

Nagasawa M, Mitsui S, En S, Ohtani N, Ohta M, et al. (2015) Social evolution. Oxytocin-gaze positive
loop and the coevolution of human-dog bonds. Science 348: 333—-336. PMID: 25883356

Awano T, Johnson GS, Wade CM, Katz ML, Johnson GC, et al. (2009) Genome-wide association anal-
ysis reveals a SOD1 mutation in canine degenerative myelopathy that resembles amyotrophic lateral
sclerosis. Proc Natl Acad Sci U S A 106: 2794-2799. doi: 10.1073/pnas.0812297106 PMID: 19188595

Schmitz S, Henrich M, Neiger R, Werling D, Allenspach K (2014) Stimulation of duodenal biopsies and
whole blood from dogs with food-responsive chronic enteropathy and healthy dogs with Toll-like recep-
tor ligands and probiotic Enterococcus faecium. Scand J Immunol 80: 85-94. doi: 10.1111/sji.12186
PMID: 24813376

Ohta H, Takada K, Torisu S, Yuki M, Tamura Y, et al. (2013) Expression of CD4+ T cell cytokine genes
in the colorectal mucosa of inflammatory colorectal polyps in miniature dachshunds. Vet Immunol
Immunopathol 155: 259-263. PMID: 23953369

Park ES, Uchida K, Nakayama H (2013) Th1-, Th2-, and Th17-related cytokine and chemokine recep-
tor mRNA and protein expression in the brain tissues, T cells, and macrophages of dogs with

PLOS ONE | DOI:10.1371/journal.pone.0148568 February 12,2016 12/14


http://dx.doi.org/10.1158/0008-5472.CAN-14-3228
http://dx.doi.org/10.1158/0008-5472.CAN-14-3228
http://www.ncbi.nlm.nih.gov/pubmed/25660949
http://dx.doi.org/10.1038/nri2800
http://www.ncbi.nlm.nih.gov/pubmed/20559326
http://dx.doi.org/10.1126/scitranslmed.3002747
http://www.ncbi.nlm.nih.gov/pubmed/21734173
http://dx.doi.org/10.1126/scitranslmed.3000341
http://www.ncbi.nlm.nih.gov/pubmed/20368151
http://www.ncbi.nlm.nih.gov/pubmed/14575907
http://dx.doi.org/10.1136/gutjnl-2012-303954
http://www.ncbi.nlm.nih.gov/pubmed/24037875
http://dx.doi.org/10.1038/nrrheum.2015.7
http://www.ncbi.nlm.nih.gov/pubmed/25668139
http://dx.doi.org/10.1073/pnas.1413624111
http://dx.doi.org/10.1073/pnas.1413624111
http://www.ncbi.nlm.nih.gov/pubmed/25413365
http://dx.doi.org/10.1073/pnas.1222878110
http://www.ncbi.nlm.nih.gov/pubmed/23401516
http://dx.doi.org/10.1371/journal.pgen.1001332
http://www.ncbi.nlm.nih.gov/pubmed/21437276
http://dx.doi.org/10.1038/ng.525
http://dx.doi.org/10.1038/ng.525
http://www.ncbi.nlm.nih.gov/pubmed/20101241
http://www.ncbi.nlm.nih.gov/pubmed/25746347
http://dx.doi.org/10.1371/journal.pone.0039333
http://www.ncbi.nlm.nih.gov/pubmed/22720094
http://www.ncbi.nlm.nih.gov/pubmed/16341006
http://www.ncbi.nlm.nih.gov/pubmed/25883356
http://dx.doi.org/10.1073/pnas.0812297106
http://www.ncbi.nlm.nih.gov/pubmed/19188595
http://dx.doi.org/10.1111/sji.12186
http://www.ncbi.nlm.nih.gov/pubmed/24813376
http://www.ncbi.nlm.nih.gov/pubmed/23953369

@’PLOS ‘ ONE

Targeting Th17 Pathway in Dogs

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

necrotizing and granulomatous meningoencephalitis. Vet Pathol 50: 1127-1134. doi: 10.1177/
0300985813488957 PMID: 23651736

Schmitz S, Garden OA, Werling D, Allenspach K (2012) Gene expression of selected signature cyto-
kines of T cell subsets in duodenal tissues of dogs with and without inflammatory bowel disease. Vet
Immunol Immunopathol 146: 87-91. doi: 10.1016/j.vetimm.2012.01.013 PMID: 22333286

Valli JL, Williamson A, Sharif S, Rice J, Shewen PE (2010) In vitro cytokine responses of peripheral
blood mononuclear cells from healthy dogs to distemper virus, Malassezia and Toxocara. Vet Immunol
Immunopathol 134:218-229. doi: 10.1016/j.vetimm.2009.09.023 PMID: 19880197

Singer NG, Caplan Al (2011) Mesenchymal stem cells: mechanisms of inflammation. Annu Rev Pathol
6: 457-478. doi: 10.1146/annurev-pathol-011110-130230 PMID: 21073342

Crisan M, Yap S, Casteilla L, Chen CW, Corselli M, et al. (2008) A perivascular origin for mesenchymal
stem cells in multiple human organs. Cell Stem Cell 3: 301-313. doi: 10.1016/j.stem.2008.07.003
PMID: 18786417

Dominici M, Le Blanc K, Mueller |, Slaper-Cortenbach |, Marini F, et al. (2006) Minimal criteria for defin-
ing multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position
statement. Cytotherapy 8: 315-317. PMID: 16923606

Chatterjee D, Tufa DM, Baehre H, Hass R, Schmidt RE, et al. (2014) Natural killer cells acquire CD73
expression upon exposure to mesenchymal stem cells. Blood 123: 594—-595. doi: 10.1182/blood-2013-
09-524827 PMID: 24458278

Liu X, Ren S, Qu X, Ge C, ChengK, et al. (2015) Mesenchymal stem cells inhibit Th17 cells differentia-
tion via IFN-gamma-mediated SOCSS3 activation. Immunologic Research 61:219-229. doi: 10.1007/
$12026-014-8612-2 PMID: 25588866

Pianta S, Bonassi Signoroni P, Muradore |, Rodrigues MF, Rossi D, et al. (2014) Amniotic Membrane
Mesenchymal Cells-Derived Factors Skew T Cell Polarization Toward Treg and Downregulate Th1 and
Th17 Cells Subsets. Stem Cell Rev.

Luz-Crawford P, Kurte M, Bravo-Alegria J, Contreras R, Nova-Lamperti E, et al. (2013) Mesenchymal
stem cells generate a CD4(+)CD25(+) Foxp3(+) regulatory T cell population during the differentiation
process of Th1 and Th17 cells. Stem Cell Res Ther 4.

Ghannam S, Pene J, Torcy-Moquet G, Jorgensen C, Yssel H (2010) Mesenchymal Stem Cells Inhibit
Human Th17 Cell Differentiation and Function and Induce a T Regulatory Cell Phenotype. Journal of
Immunology 185: 302-312.

Obermajer N, Popp FC, Soeder Y, Haarer J, Geissler EK, et al. (2014) Conversion of Th17 into IL-17A
(neg) Regulatory T Cells: A Novel Mechanism in Prolonged Allograft Survival Promoted by Mesenchy-
mal Stem Cell-Supported Minimized Immunosuppressive Therapy. Journal of Inmunology 193: 4988—
4999.

ClinicalTrials.Gov https://clinicaltrials.gov/ct2/results?term=mesenchymal+stem+cells&Search=
Search.

Kol A, Foutouhi S, Walker NJ, Kong NT, Weimer BC, et al. (2014) Gastrointestinal microbes interact
with canine adipose-derived mesenchymal stem cells in vitro and enhance immunomodulatory func-
tions. Stem Cells Dev 23: 1831-1843. doi: 10.1089/scd.2014.0128 PMID: 24803072

Fellman CL, Stokes JV, Archer TM, Pinchuk LM, Lunsford KV, et al. (2011) Cyclosporine A affects the
in vitro expression of T cell activation-related molecules and cytokines in dogs. Vet Immunol Immuno-
pathol 140: 175-180. doi: 10.1016/j.vetimm.2010.11.005 PMID: 21227512

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-time quantitative
PCR and the 2(-Delta Delta C(T)) Method. Methods 25: 402—408. PMID: 11846609

Kondo T, Takata H, Matsuki F, Takiguchi M (2009) Cutting edge: Phenotypic characterization and dif-
ferentiation of human CD8+ T cells producing IL-17. Journal of Immunology 182: 1794—1798.

Li S, din T, Zhang HL, Yu H, Meng F, et al. (2014) Circulating Th17, Th22, and Th1 cells are elevated in
the Guillain-Barre syndrome and downregulated by IVIg treatments. Mediators Inflamm 2014: 740947.
doi: 10.1155/2014/740947 PMID: 24899787

Chao K, Zhang S, Yao J, He Y, Chen B, et al. (2014) Imbalances of CD4(+) T-cell subgroups in Crohn's
disease and their relationship with disease activity and prognosis. J Gastroenterol Hepatol 29: 1808—
1814. doi: 10.1111/jgh.12592 PMID: 24720272

Eysteinsdottir JH, Sigurgeirsson B, Olafsson JH, Fridriksson T, Agnarsson BA, et al. (2013) The role of
Th17/Tc17 peripheral blood T cells in psoriasis and their positive therapeutic response. Scand J Immu-
nol 78:529-537. doi: 10.1111/sji.12114 PMID: 24111693

Honkanen J, Nieminen JK, Gao R, Luopajarvi K, Salo HM, et al. (2010) IL-17 immunity in human type 1
diabetes. Journal of Immunology 185: 1959-1967.

PLOS ONE | DOI:10.1371/journal.pone.0148568 February 12,2016 13/14


http://dx.doi.org/10.1177/0300985813488957
http://dx.doi.org/10.1177/0300985813488957
http://www.ncbi.nlm.nih.gov/pubmed/23651736
http://dx.doi.org/10.1016/j.vetimm.2012.01.013
http://www.ncbi.nlm.nih.gov/pubmed/22333286
http://dx.doi.org/10.1016/j.vetimm.2009.09.023
http://www.ncbi.nlm.nih.gov/pubmed/19880197
http://dx.doi.org/10.1146/annurev-pathol-011110-130230
http://www.ncbi.nlm.nih.gov/pubmed/21073342
http://dx.doi.org/10.1016/j.stem.2008.07.003
http://www.ncbi.nlm.nih.gov/pubmed/18786417
http://www.ncbi.nlm.nih.gov/pubmed/16923606
http://dx.doi.org/10.1182/blood-2013-09-524827
http://dx.doi.org/10.1182/blood-2013-09-524827
http://www.ncbi.nlm.nih.gov/pubmed/24458278
http://dx.doi.org/10.1007/s12026-014-8612-2
http://dx.doi.org/10.1007/s12026-014-8612-2
http://www.ncbi.nlm.nih.gov/pubmed/25588866
https://clinicaltrials.gov/ct2/results?term�=�mesenchymal+stem+cells&Search=Search
https://clinicaltrials.gov/ct2/results?term�=�mesenchymal+stem+cells&Search=Search
http://dx.doi.org/10.1089/scd.2014.0128
http://www.ncbi.nlm.nih.gov/pubmed/24803072
http://dx.doi.org/10.1016/j.vetimm.2010.11.005
http://www.ncbi.nlm.nih.gov/pubmed/21227512
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1155/2014/740947
http://www.ncbi.nlm.nih.gov/pubmed/24899787
http://dx.doi.org/10.1111/jgh.12592
http://www.ncbi.nlm.nih.gov/pubmed/24720272
http://dx.doi.org/10.1111/sji.12114
http://www.ncbi.nlm.nih.gov/pubmed/24111693

@’PLOS ‘ ONE

Targeting Th17 Pathway in Dogs

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Firth FA, Friedlander LT, Parachuru VP, Kardos TB, Seymour GJ, et al. (2015) Regulation of immune
cells in oral lichen planus. Arch Dermatol Res 307: 333—-339. doi: 10.1007/s00403-015-1540-8 PMID:
25638329

Jain P, Javdan M, Feger FK, Chiu PY, Sison C, et al. (2012) Th17 and non-Th17 interleukin-17-
expressing cells in chronic lymphocytic leukemia: delineation, distribution, and clinical relevance. Hae-
matologica-the Hematology Journal 97: 599-607. doi: 10.3324/haematol.2011.047316 PMID:
22058222

Xu H, Wang X, Liu DX, Moroney-Rasmussen T, Lackner AA, et al. (2012) IL-17-producing innate lym-
phoid cells are restricted to mucosal tissues and are depleted in SIV-infected macaques. Mucosal
Immunology 5: 658-669. doi: 10.1038/mi.2012.39 PMID: 22669579

Raychaudhuri SK, Saxena A, Raychaudhuri SP (2015) Role of IL-17 in the pathogenesis of psoriatic
arthritis and axial spondyloarthritis. Clin Rheumatol.
Tzartos JS, Friese MA, Craner MJ, Palace J, Newcombe J, et al. (2008) Interleukin-17 production in

central nervous system-infiltrating T cells and glial cells is associated with active disease in multiple
sclerosis. American Journal of Pathology 172: 146—-155. PMID: 18156204

Gullick NJ, Abozaid HS, Jayaraj DM, Evans HG, Scott DL, et al. (2013) Enhanced and persistent levels
of interleukin (IL)-17(+)CD4(+) T cells and serum IL-17 in patients with early inflammatory arthritis. Clini-
cal and Experimental Immunology 174:292-301. doi: 10.1111/cei.12167 PMID: 23815507

Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, et al. (2006) Reciprocal developmental pathways for the
generation of pathogenic effector TH17 and regulatory T cells. Nature 441: 235-238. PMID: 16648838
Veldhoen M, Hocking RJ, Atkins CJ, Locksley RM, Stockinger B (2006) TGFbeta in the context of an
inflammatory cytokine milieu supports de novo differentiation of IL-17-producing T cells. Immunity 24:
179-189. PMID: 16473830

McGeachy MJ (2013) Th17 memory cells: live long and proliferate. J Leukoc Biol 94: 921-926. doi: 10.
1189/j1b.0313113 PMID: 24006508

Clark KC, Kol A, Shahbenderian S, Granick JL, Walker NJ, et al. (2015) Canine and Equine Mesenchy-
mal Stem Cells Grown in Serum Free Media Have Altered Immunophenotype. Stem Cell Rev.

Paulissen SM, van Hamburg JP, Davelaar N, Asmawidjaja PS, Hazes JM, et al. (2013) Synovial fibro-
blasts directly induce Th17 pathogenicity via the cyclooxygenase/prostaglandin E2 pathway, indepen-
dent of IL-23. Journal of Immunology 191: 1364—1372.

Chizzolini C, Chicheportiche R, Alvarez M, de Rham C, Roux-Lombard P, et al. (2008) Prostaglandin
E2 synergistically with interleukin-23 favors human Th17 expansion. Blood 112: 3696-3703. doi: 10.
1182/blood-2008-05-155408 PMID: 18698005

PLOS ONE | DOI:10.1371/journal.pone.0148568 February 12,2016 14/14


http://dx.doi.org/10.1007/s00403-015-1540-8
http://www.ncbi.nlm.nih.gov/pubmed/25638329
http://dx.doi.org/10.3324/haematol.2011.047316
http://www.ncbi.nlm.nih.gov/pubmed/22058222
http://dx.doi.org/10.1038/mi.2012.39
http://www.ncbi.nlm.nih.gov/pubmed/22669579
http://www.ncbi.nlm.nih.gov/pubmed/18156204
http://dx.doi.org/10.1111/cei.12167
http://www.ncbi.nlm.nih.gov/pubmed/23815507
http://www.ncbi.nlm.nih.gov/pubmed/16648838
http://www.ncbi.nlm.nih.gov/pubmed/16473830
http://dx.doi.org/10.1189/jlb.0313113
http://dx.doi.org/10.1189/jlb.0313113
http://www.ncbi.nlm.nih.gov/pubmed/24006508
http://dx.doi.org/10.1182/blood-2008-05-155408
http://dx.doi.org/10.1182/blood-2008-05-155408
http://www.ncbi.nlm.nih.gov/pubmed/18698005

