








transcription or epigenetic factors. Regardless, the down-regulation 
of MHC molecules via regulatory rather than structural mutations 
has implications for the interaction of the tumor with the devil 
immune system and may be exploited to design an effective vaccine 
against DFID. 

We propose that priming the devil immune system with MHC 
positive and TSA-treated DFTD cells could provide an effective 
vaccine against DFTD. A whole-cell vaccine would expose devil 
T cells to antigenic peptides derived from the DFTD cells and 
presented by foreign MHC molecules. Upon subsequent challenge 
with wild-type DFTD cells, host cells should be activated against 
those antigens found even at low levels on the surface of DFTD 
cells and/or intracellular antigens released by DFTD cells during 
tumor growth. Once an immune response is initiated, the release 
of cytokines such as IFN-y should stimulate wild-type DFTD cells 
to express MHC molecules, as we have shown, potentially leading 
to a more significant and protective immune response. 

The regulation of MHC gene expression we describe for 
DFTD also has implications for the evolution of DFTD, perhaps 
representing an advantage for long-lived transmissible tumors. 
The only other naturally occurring contagious cancer, CTVT, has 
existed for as much as 2,500 y (2) and is rarely fatal to dogs. 
crvT down-regulates MHC class I expression during tumor 
transmission and growth before up-regulating expression as it 
enters a stationary phase associated with lymphocyte infiltration 
and IFN-y release (7). Like DFTD, CTVr has not switched off 
MHC expression permanently by structural mutations, but reg
ulates MHC expression, although the mechanisms of regulation 
are not fully understood (2). Evolutionary pressure may have 
favored crvr subclones that can subsist in the population 
through a balance between tumor growth and the host-immune 
response (2). It remains to be seen whether DFTD will evolve 
into a less aggressive cancer and ensure its own survival, but in 
any case, control of gene expression by regulatory, rather than 
structural mutations, gives DFTD cells the ability to adjust MHC 
expression in response to changing cellular environments. 

The results presented here explain why the adaptive immune 
system fails to reject DFTD cells and provide the basis for an
swering other important questions. For instance, down-regulation 
of class I molecules should make DFTD cells good targets for NK 
cells (31). Do DFTD cells use regulatory mechanisms to alter the 
balance of activating and inhibitory NK ligands as an additional 
mechanism of immune escape? In a more general sense, dogs 
control CTVrwhereas devils do not control DFTD, although both 
tumors down-regulate MHC molecules and up-regulate them 
upon treatment with IFN-y. What additional mechanisms of im
mune evasion (speed of replication, release of immunosuppressive 
cytokines, manipulation of the tumor environment) make DFTD 
tumor cells so difficult for the devil immune system to control? 
And finally, DFTD and CTVr are contagious cancers, but they 
share some features with trophoblasts in the fetus of placental 
mammals (32). To what extent are the regulatory mechanisms 
shared between transmissible tumors and normal cells in special
ized situations? The mechanisms of immune escape used by DFTD 
have the potential to provide a greater understanding of the 
complex interaction of a tumor with its host, in addition to more 
general mechanisms of immune surveillance and regulation. 

Materials and Methods 
Cells and Cell CUlture Co!Hitions. A devil fibroblast cell line (18) was used as 
a control. Three cell lines derived from DFTD primary tumors (1426, 4906 and 
C5065) are described (33, 34). Complete medium and cell culture conditions 
are described in Sl Appendix. An additional DFTD cell line (DFTD_NV) was 
derived from a DFTD biopsy taken from a wild Tasmanian devil as follows. A 
flne needle aspiration from the DFTD tumor mass was placed into complete 
medium (but with kanamycin at 200 tJg/ml). The cells were centrifuged (350 g 
for 10 min) and the resulting pellet was resuspended In complete medium 
before plating at -2 x 106/ml followed by incubation at 35 •c with 5% (voV 
vol) C02 • Cell lines 1426, 4906, and C5065 have been kept in culture since 
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2005, whereas cell line NV was in culture for only 3 wk before analysis. All 
field procedures were carried out with approval from the University of 
Tasmania's Animal Ethics Committee (AEC Ref t A0011696). 

Cell Treatments. DFTD cells were treated with the histone deacetylase in
hibitor trichostatln A (Sigma; T1952) at 10 nglrnl in culture for 72 h. A range 
of concentrations (5-20 ng/ml) and culture times (24, 48, and 72 h) were 
trialed to ensure minimal cell death during treatment. 

Three DFTD celllines(1426, 4906, and C5065)weretreated with recombinant 
devil Briefly, deviiiFN-y was identified in the Tasmanian devil genome 
sequence (ref. 16; www.ensembl.org/Sarcophilus_harrisii; Location: Gl.861606. 
1:1664620-1670021:1) and amplified by using the following primers (F- 5' 
AGCGGATCCGCCATGAATIATICAAGCTACCTCTTAGC 3' and R - 5' TATCTC
TAGATTACTGTGTGATilTTCCTTGGcrrrT 3'). The ampllcon was cloned into 
the pcDNA3.1 expression vector (Invitrogen) by using standard molecular bi
ology procedures. The resulting construct was sequenced In both directions to 
ensure no errors were introduced during amplification or cloning. The con
struct (pcDNA3-IFN-y) was transiently transfected into Chinese hamster ovary 
(CHO) cells (cultured as described in Sl Appendix) by using FuGENE transfection 
reagent (Promega). A construct-only control, transfectlon reagent-only con
trol, and untreated cells were also included in the experiment. Cells were 
cultured for 30 h, before the supernatants from transfected and control cells 
were harvested and filtered by using a 0.45-jun filter (Millipore). DFTD cells 
were cultured for 48 h In 50% (voltvol) culture supernatant from transfected or 
control Chinese hamster ovary cells, before cells were harvested for RT-PCR and 
flow cytometry analysis. as described below. 

RT.PCR and DNA POL RNA was extracted from cells by using the Nudeospin 
RNA II kit (Macherey-Nagel). One microgram of RNA was reverse transcribed 
to eDNA by using Verso eDNA synthesis kit CThenno Scientific). DNA was 
extracted from cultured cells by using DNeasy blood kit (Qiagen). Primers 
were designed for RPL13A, TAP1, TAP2, P,zm, MHC class I heavy chain, 
tapasin, CIITA, MHC dass liB, class II A, and DMB, and the promoters af J1zm. 
TAP1, and TAP2 (500 base pairs upstream of the translation start sites), by 
aligning sequences from a range of species or where possible from the 
reference genome for the Tasmanian devil. All primers with the reactions 
and cycling conditions are In Sl Appendix, Tables S 1-54). All gel products 
were purified (QiaQuick gel purification kit; Qiagen) and cloned into pJET 
plasmid (doneJet; Fennentas). Six clones for each PCR were selected and 
sequenced in both directions by using T7 and bovine growth hormone pri
mers, to determine whether the RT-PCR primers amplify all sequences from 
the devil MHC loci recently Identified (25). 

RT-qPCR. RT-qPCR was carried out for RPL 13A, MHC class I, and p_zm genes on 
the Biorad iCycler (Biorad) with eDNA generated as described above, using 
the Absolute Blue Sybr Green Fluorescein qPCR mix CThenno Scientific). 
Details of reaction conditions, housekeeping genes, and analysis can be 
found in Sl Appendix. 

RACE PCRs. 5' and 3' RACE cDNAs were constructed from total RNA af DFTD 
cells and fibroblast e2lls (Isolated as described above) by using the Gen
eRacer kit according to the manufacturer's Instructions (GeneRacer; Invi
trogen), with primers and PCR conditions described in Sl Appendix, Sl 
Methods. All gel products were cloned, and 12 clones were sequenced as 
described above. 

Blsulphite Sequencing of jJ2m, TAP1, and TAPZ Prvmoters. DNA from three 
DFTD cell lines (1426, 4906, and C5065) and a fibroblast cell line was treated 
with bisulphlte to convert cytosines to thymines by using the Epltect Kit 
according to the manufacturer's instructions (Qiagen). Primers were designed 
to amplify the CpG islands across the promoter sequences of and TAP1, 
using amplification conditions in 51 Appendix, Tables 53 and 54. Amplified 
sequences were cloned, and 12 clones for each sample were sequenced as 
described above. The promoter of TAP2 was not amplified as no CpG dinu
deotides were detected. 

Development of Antibodies. Mice were immunized s.c. three times with 
25 )lg of a peptide representing the cytoplasmic region of devil MHC class I 
[GGKGGDYVPAAGN: baed on Saha*01, a previously published full-length 
class I transcript (National Center for Biotechnology Information accession no. 
EF591 089)) coupled to diphtheria toxoid by using glutaraldehyde. The antigen 
was adsorbed to AI(OHh and mixed In 1:1 ratio with incomplete Freund's 
adjuvant. Four days before the fusion, the mice received an i.v. injection with 
25 l'g of antigen administered with adrenalin. Spleen cells and SP2JG.AG14 
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myeloma cells were used for fusion. Positive clones were selected by screening 
against the peptide coupled to ovalbumin in ELISA, with spedficity of the 
MHCI-mAb clone TD50 illustrated in 5/ Appendix, Fig. S12. 

Full-length devil ~2m was amplified from eDNA derived from fibroblast 
cells with primer B2mF (5' TTGCCATATGGTCACAAGTCCTCCCAGAGTTC 3 ') 
and B2mR (5' GCACCAAGTTCTGTTCTGGATCCCATTTAATTAC 3'). The sub
sequent amplicon was cloned into the pET22b+ vector (Novagen) and 
transformed into Rosetta plysS cells (Novagen) according to the manu
facturer's instructions. Details of the expression induction and protein pu
rification can be found in 5/ Appendix. 

Rats of the Sprague-Dawley strain were immunized s.c. at 2- to 3-wk 
intervals by using ~30 11g recombinant devil p2m in 100 11l of PBS mixed with 
100 11l of the GERBU 10 adjuvant (Gerbu Biotechnik). Two weeks after each 
Immunization, the rats were bled from the tail vein and antibodies were 
recovered as EDTA plasma. Specificity of the Pzm-Ab is shown In Fig. 1 by 
preincubation of the antibodies with purified recombinant devil jl2m. 

Flow Cytometry. Cells were incubated on ice with protein-G purified j12m-Ab 
(3 l'g/ml) or protein-G purified preimmune rat serum for 20 min, followed 
by secondary antibody (goat anti-rat lgG conjugated to FITC; Sigma, F6258) 
for 20 min. In addition to secondary antibody-only and no-antibody controls, 
the specificity of the antibody was determined by adding 1 mg of devil p2m 
protein to the j12m-Ab and incubating on ice for 30 min before Incubation 
with cells. Cells were analyzed on the FACScan cytometer (BD Biosclences), 
with data analyzed by using FlowJo software. 

Western Blots. Cells were detached by using PBS with 2 mM EDTA, cell pellets 
were lysed on ice for 30 min In a lysis buffer [100 mM Trisa, 150 mM NaCI, 1 mM 
MgCI2, 0.5 mM 4-(2-Aminoethyl) benzenesulfonyt fluoride hydrochloride, and 
1% digitonin), and the lysates were clarified by centrifugation to give 108 cells 
per ml, as described (35). The total protein in lysates was measured by using 
Bradford Reagent (Sigma) following the manufacturer's instructions. Elec
trophoresis and blotting was performed as described (35) with the primary 
antibody, a tissue culture supernatant containing mAb TD50, and incubated 
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overnight at 4 •c. To ensure equal loading of all samples gels were stained 
with Commassie Brilliant Blue posttransfer and membranes were stripped 
(Restore Stripping Buffer; Thenno Scientific) and blotted with a primary actin 
antibody (clone AC-15; Sigma) according to the manufacturer's instructions. 

Immunohistochemistry. DFTD primary tumors and metastases were fixed In 
10% (masslvol) PBS-buffered formalin solution for 2 to 4 d. Tissues were 
processed and embedded in paraffin blocks, which were cut onto 3-amino
triethoxysilane-coated slides at 3;lm thickness. Sections were deparaffinized 

in xylene and rehydrated through graded akohol solutions to water and 
antigen epltopes were retrieved by using heat treatment with citrate buffer 

solution (pH 6) for 1 5 min. Endogenous peroxidase and nonspecific protein 
binding were blocked by Incubation of the slides with 3% (mass/mass) hy
drogen peroxide (Analar) and serum-free block solution (Dako). Sections 
were then incubated with protein G-purified anti-devil ~2m-Ab (1 .5 mg/ml), 
protein G-purified preimmune rat serum, anti-periaxin (Sigma; diluted 1 :300), 
or anti-CD3E (Sigma; A0452) (list of antibodies in Sl Appendix, Table S5), all 

diluted in antibody diluent (Dako) and incubated overnight at 4 •c. Primary 
antibody binding was detected with peroxidase-coupled secondary antibody 
(Envision kit; Dako). Sections were counterstained with hematoxylin for 40 s, 
dehydrated through graded alcohol solutions to xylene and cover-5lipped. 
Sections were visually analyzed by using a Leica DM 2500 microscope, and 

selected micrographs were obtained with a Leica Fire Cam DFC320 camera. 
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