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ABSTRACT

The Tasmanian devil is under threat of extinction due to the transmissible
devil facial tumor disease (DFTD). This fatal tumor is an allograft that does
not induce an immune response, raising questions about the activity of Tasma-
nian devil immune cells. T and B cell analysis has been limited by a lack of
antibodies, hence the need to produce such reagents. Amino acid sequence
analysis revealed that CD4, CD8, IgM, and IgG were closely related to other
marsupials. Monoclonal antibodies were produced against CD4, CD8, IgM,
and IgG by generating bacterial fusion proteins. These, and commercial anti-
bodies against CD1a and CD83, identified T cells, B cells and dendritic cells by
immunohistochemistry. CD4" and CD8" T cells were identified in pouch
young thymus, adult lymph nodes, spleen, bronchus- and gut-associated
Iymphoid tissue. Their anatomical distribution was characteristic of mamma-
lian lymphoid tissues with more CD4" than CD8" cells in lymph nodes and
splenic white pulp. IsM™ and IgG" B cells were identified in adult lymph
nodes, spleen, bronchus-associated lymphoid tissue and gut-associated lymph-
oid tissue, with more IgM™* than IgG™" cells. Dendritic cells were identified in
Iymph node, spleen and skin. This distribution is consistent with eutherian
mammals and other marsupials, indicating they have the immune cell subsets
for an anti-tumor immunity. Devil facial tumor disease tumors contained more
CD8" than CD4" cells, but in low numbers. There were also low numbers of
CD1a" and MHC class IT* cells, but no CD83™ IgM ™ or IgG™ B cells, consist-
ent with poor immune cell infiltration. Anat Rec, 297:925-938, 2014. © 2014
The Authors. The Anatomical Record: Advances in Integrative Anatomy and
Evolutionary Biology Published by Wiley Periodicals, Inc.
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INTRODUCTION

Devil facial tumor disease (DFTD) is a lethal transmis-
sible cancer that is driving the Tasmanian devil (Sarcoph-
tlus harrisii) population to extinction. Since its discovery
in 1996, the disease has spread rapidly through the popu-
lation and threatens the survival of this endemic Tasma-
nian marsupial (Hawkins et al., 2006). Tasmanian devils
were previously abundant in the wild, but since the emer-
gence of DFTD there has been an overall population
decline of 84% and local population declines of up to 97%
(DPIPWE, 2012). A greater understanding of this tumor
and how it is able to survive and transmit is vital for
future interventions to preserve this species.

The tumor is an undifferentiated neoplasm of Schwann
cell origin (Murchison et al., 2010). Lesions occur primar-
ily around the face and neck and the tumors metastasize
in 65% of cases (Loh et al., 2006a). After appearance of
the first tumor, death usually occurs within six months
due to metabolic starvation or complications due to
metastases (Loh et al.,, 2006a). An unusual feature of
DFTD is that it is transmitted as an allograft when Tas-
manian devils bite each other (Pearse and Swift, 2006).
This makes DFTD one of only two naturally occurring
clonally-derived transmissible tumors. The other is canine
transmissible venereal tumor (CTVT), a sexually trans-
mitted cell line found globally in dogs, believed to have
arisen thousands of years ago (Murchison, 2008). A major
difference between these tumors is their prognosis. The
disease progression of CTVT has predictable phases of
growth, stasis and finally regression as it succumbs to
the host’s anti-tumor immune responses (reviewed by
Mukaratirwa and Gruys, 2003). In contrast, DFTD
results in the death of the host and there is no evidence
of an effective immune response against the tumor. This
has prompted research into the competency of the Tasma-
nian devil’s immune system.

Our previous studies have indicated that the Tasma-
nian devil immune system has the fundamental struc-
tural and functional components for an effective adaptive
immune response (Woods et al., 2007; Kreiss et al., 2009).
The use of cross-reactive antibodies against highly con-
served antigens has enabled immunohistochemical inves-
tigation into Tasmanian devil immune cells. We have
identified CD3™ T cells and CD79b™ B cells in Tasmanian
devil lymphoid organs (Kreiss et al., 2009) and some
tumor samples contained a scattering of CD3" T cells
(Loh et al., 2006b). We were also able to identify MHC
class II" antigen presenting cells (APC), incorporating
dendritic cells and macrophages, which can process and
present antigen to T cells (Kreiss et al., 2009).

T cells, B cells, and APC consist of phenotypically dis-
tinguishable subsets with specific functions in marsupial
species (Bell, 1977; Duncan et al., 2012). In the Tasma-
nian devil the presence and localization of these subsets

have not been determined. In mouse and human there
are APC subset markers, particularly for dendritic cells,
that are well conserved among species (Berchtold et al.,
1999; Cisternas and Armati, 2000). Cross-reactive anti-
bodies for these markers have not yet been tested in the
Tasmanian devil. Characterization of T cell and B cell
subsets in the Tasmanian devil has been impeded by the
lack of specific antibodies, in particular to CD4, CDS,
IgM and IgG, which could help identify helper and cyto-
toxic T cells and Ig classes produced by B cells,
respectively.

In this study our aim was to analyze the presence and
location of dendritic cells, CD4" and CD8" T cells and
IgM™ and IgG™ B cells, in both healthy and DFTD-
affected animals. To achieve this, we produced antibod-
ies specific for Tasmanian devil CD4, CD8«, IgM, and
IgG and used them in immunohistochemistry to charac-
terize the presence of B cells and two major T cell sub-
sets in lymphoid tissue and DFTD tumors. We also
utilized cross-reactive antibodies to identify subsets of
APC.

Using these reagents, we describe for the first time
the distribution of CD4" and CD8" T cells, IgM and IgG
B cells and dendritic cells in Tasmanian devil lymphoid
organs. Analysis of DFTD tumors revealed a poor infil-
tration by T cells and dendritic cells, which may in part
explain why the animals are unable to reject what is
essentially a foreign tissue.

MATERIALS AND METHODS
Animal Samples

Tissue samples were collected from road-killed or
severely injured (and therefore euthanized) wild non-
diseased Tasmanian devils, eastern quolls (Dasyurus
viverrinus), spotted-tail quolls (Dasyurus maculatus)
and wombats (Vombatus ursinus). Non-diseased Tasma-
nian devil tissue was also sourced from the Department
of Primary Industries, Parks, Water and Environment
(DPIPWE) from captive animals that had died. Tasma-
nian devils were considered non-diseased following a
thorough autopsy. All samples were taken from adult
animals, except for thymuses, which were collected from
the pouch young of a euthanized diseased mother. Per-
mission to collect samples for scientific purposes from
threatened fauna was given by DPIPWE (permit num-
ber: TFA 08088). Samples from DFTD-affected Tasma-
nian devils were taken when diseased animals were
removed from the wild and euthanized. Brushtail pos-
sum (Trichosurus vulpecula), eastern bettong (Bettongia
gaimard), koala (Phascolarctos cinereus), red kangaroo
(Macropus rufus) and ringtail possum (Pseudocheirus
peregrinus) tissues were opportunistically collected and
kindly donated by the Taronga Conservation Society.
Australia. Opossum (Monodelphis domestica) tissue
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TABLE 1. Primers used for cloning and protein expression

Primer Use Primer sequence 5’ to 3’
CD4 C Forward: ATGGATGGAGGAACTTCC Reverse: CTAAAAATGATGGGGACACT
CD8« C Forward: AAAGATGGACTCCAGCTC Reverse: TTAAACATATCTCTCTGGTG
CD4 P Forward: gggatccCTTATTATTATGAGGGGCTTCAG
Reverse: gggaaTTCAAAGTTTTCTTGTCTTGACTCAGG
CD8«a P Forward: gggatccCAGCCCTTCGGGTCCCAAGCGCAG
Reverse: ggaattCTGAAGTCCTTCACGGTCAGGCGG
Cu Cand P Forward: gggaTCCTGTGGGAGTTCTCAAACAG
Reverse:gggaatt CACTGAAACAGGTTGAGGAAAC
Cy Cand P Forward: gggatccGTCTTTCCCCTGGCACCCAACTG

Reverse: ggaattcGAGATTGTCCTCTGGGAATATTGG

Lower case indicates linker sequences appended to devil coding sequences (upper case).

C, cloning; P, protein expression.

samples were obtained from captive animals at autopsy
and kindly donated by The University of Melbourne. All
samples were fixed in either RNAlater (Qiagen, Valencia,
CA) or 10% buffered formalin.

Identification of IgM, IgG, CD4, and CD8a
Genes

c¢DNA sequences encoding the constant regions of the
heavy chains of IgM (Cp) and IgG (Cvy) were obtained by
searching the incomplete Tasmanian devil genome and
transcriptomes of spleen and lymph node for sequences
encoding proteins highly homologous to mouse, wallaby
and possum Cp and Cr.

Sequences for CD4, CD8a and CD8B in the Tasma-
nian devil were obtained by aligning the tammar wal-
laby (Macropus eugenii) sequences (Wong et al., 2011) to
the Tasmanian devil genome sequence (Murchison et al.,
2012) using BLAST (Altschul et al., 1997). The exons/
introns of the Tasmanian devil genes were identified by
local alignment with tammar wallaby genes using the
EMBOSS Matcher software. Sequence alignments were
produced in BioEdit using the ClustalW tool (Thompson
et al., 1994; Hall, 1999). The full-length sequence was
obtained for CD4 and CD8B. Only a partial sequence
was identified for CD8«a due to missing sequences in the
genome. Full CD8a sequence length was obtained by
RACE-PCR. The CD4 and CD8 sequences have been
deposited in Genbank under the following accession
numbers; devil CD4: KF640217 and devil cd8 alpha:
KF640218

RACE-PCR for CD8u

Tasmanian devil mononuclear cells were isolated
using density gradient centrifugation over Histopaque-
1077 (Sigma-Aldrich, NSW, Australia) and RNA
extracted from these cells using RNeasy micro kit (QIA-
GEN). RNA quality was checked using the Agilent Bioa-
nalyzer. RACE-ready c¢DNA was produced using
Generacer kit with Superscript III (Invitrogen, CA) fol-
lowing the manufacturer’s instructions. A reverse CD8a
primer was designed using Oligo 6 and the partial CD8«
sequence (Table 1). The 50 pL. RACE-PCR reaction con-
tained 50 ng RACE-ready DNA, 1X High Fidelity PCR
Buffer (Invitrogen), 200 uM dNTP (Sigma-Aldrich), 10
pM of CD8a primer (5-TGGTGGTGGTCAGCA-
GAGTGGTAGT-3') (Sigma-Aldrich), 5 pM of 5 RACE
primer (Invitrogen) 1 U of Platinum Tag DNA Polymer-

ase High Fidelity (Invitrogen) and 2 mM MgSO, (Invi-
trogen). PCR cycling parameters were 94°C for 2 min,
five cycles of 94°C for 30 sec and 72°C for 1 min, five
cycles of 94°C for 30 sec and 70°C for 1 min, 30 cycles of
94°C for 30 sec, 64°C for 30 sec and 68°C for 1 min, with
a final extension step at 68°C for 10 min. Samples were
run on 2% agarose gel and bands excised. Bands were
purified using the QIAquick Gel Extraction kit (QIA-
GEN) and cloned into plasmids using the pGEM®-T
Easy vector system (Promega, Madison, WI). Plasmids
were transformed into JM109 Escherichia coli bacterial
cells (Promega) and clones were individually picked and
cultured overnight at 37°C. Plasmids were purified
using the QIAprep Minispin Kit (QIAGEN). The plasmid
DNA was sequenced at the Australian Genome Research
Facility (AGRF, Westmead, NSW). Sequences were
edited and quality checked using Sequencher 4.1.4
(Gene Codes Corp., Ann Arbor, MI).

IgM, IgG, CD4, and CD8a cDNA Cloning

Tasmanian devil spleen RNA was extracted using the
RNeasy kit (QIAGEN) and quality checked using 1%
agarose gel electrophoresis. The RNA was transcribed
to ¢cDNA using Superscript III following the manufac-
turer’s instructions (Invitrogen). Primers for Cp, Cv,
CD4, and CD8a were designed to amplify transcripts
(Table 1). PCR reactions contained 50 ng c¢cDNA, 1X
High Fidelity PCR Buffer (Invitrogen), 200 uM dNTP
(Sigma-Aldrich, NSW, Australia), 10 pM of each primer
(Sigma-Aldrich), 1 U of Platinum Tag DNA Polymerase
High Fidelity (Invitrogen) and 2 mM MgSO, (Invitro-
gen) in a volume of 25 pl.. PCR cycling parameters
were: 94°C for 2 min, 32 cycles of 94°C for 30 sec, 60°C
for 30 sec then 68°C for 1 min with a final extension
step at 68°C for 10 min. Samples were cloned into plas-
mids using the pGEM®-T Easy vector system (Prom-
ega) for sequence verification. Plasmids were
transformed into JM109 E. coli bacterial cells (Prom-
ega) and clones were individually selected and cultured
overnight at 37°C. Plasmids were purified using the
QIAprep Minispin Kit (QIAGEN).

Production of Monoclonal Antibodies (mAbs)

Using virtual translation of the c¢cDNA sequences
encoding Tasmanian devil Cu, Cy, CD4, and CD8«, we
identified regions of the proteins that were predicted to
be extracellular, antigenic and hydrophilic (using the
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TABLE 2. Antigen peptide sequences used for antibody production

Antigen

Amino acid sequence used in immunization

IgM

SCGSSQTEDASFAVGCLAKNFLPDSINFSWNYQNRTAVSNTDLKV

FPSLMIGSTYTATSQVILPANDVFQGQDSYLVCKTRHLKGEKEIKVPLPDRTINS
PNVTVYIPPDAFSSSSLRKSKLICQATNFRPSRITLTWLREGRPVLSGFSPSQAL
PDGSGNYFLQSTLTISENDWLSQSTFTCRVDHEGNRIQKNVSSTCFSEF

IgG

GAISSGIQIYPSVLQSSGLYTLSSQLTVPADTWPSQSYICNVVHKATSTKINKKIE

GPSSTPKPTECTCCKCSACDVGGLSVFIFPPNPKDTLKLSGSPKITCMVVDVS
DASDVKIAWFKNNKEIDSPKPTQKEQNNGTIQVISTLSVVHQEWLKGTVYTCK
VDTKELPFPETRTISHTSGDRKMPDMYVFAPHPDELKHKDTVSLTCFVKNFFP
QDIVVEWQCNDHPEPEENYYTTPAMKEKDTFFVYSKLTLNKAKWQENNSYT
CMVLHEGFPNQYSQRTIS

CD4

LIIMRGFRKSSPPRVIGKTKMKDRVDSSTNEWDSGNFSLIIKKLEIADSGSYFCEV

ENRKQEVQLLVFKLTANPNDYIFSGKNMTLTLHSPSSLPGFKVEWNGPGDKSKRI

CD8«a

GSQPFGSQAQPGFRMSPAEKRDVRPSEQVRLQCEALSASNTGCSWLRQSPGA

LTPTFLLYISGGTSSVKLAEGLDATKFAGERVSPSIYRLTVKDFRI

Protean tool of the DNASTAR suite of applications).
These protein domains were chosen to generate bacterial
fusion proteins for immunization and screening. For
CD4, DNA sequence encoding aa 59 to 169 of the full-
length 467 aa predicted protein, and for CD8a, sequence
encoding aa 19 to 113 of the predicted 243 aa proteins
were selected to generate antigens. The cDNA sequences
for each was amplified using primers described in Table
1, and cloned into two different bacterial expression vec-
tors, pPROEX HTb (Life Technologies) and pGex-KT
(Hakes and Dixon, 1992), such that two recombinant
fusion proteins (linked to hexa-His and glutathione-S-
transferase (GST) tags, respectively) were prepared for
each antigen. As the Tasmanian devil genome is incom-
plete and not yet fully annotated, the antigen protein
sequences were incorporated into the bacterial fusion
proteins (for amino acid sequence see Table 2).

Each fusion protein was then affinity purified using
nickel- or glutathione-coupled resins, as appropriate.
One fusion protein was used as an immunogen and the
other as a screening reagent for each antigen. This strat-
egy ensured that only antibodies directed at the Tasma-
nian devil-derived sequences, which are the only
common elements of each pair of fusion proteins, were
selected in the screening step. Antibody-secreting
hybridomas were produced from spleens of immunized
mice (Monoclonal Antibody Facilityy, WEHI) and the
supernatants screened by ELISA. The most promising
hybridomas were cloned, and cell lines obtained that
secreted pure mouse anti-Tasmanian devil antibodies.
These mAbs were screened using western blot (Fig. 1)
and immunohistochemistry on secondary lymphoid tis-
sues from Tasmanian devils to confirm specificity and
reactivity. Two independent anti-IgM clones (8A2 and
8B6), two anti-IgG clones (1G7 and 9H3), two anti-CD4
clones (5F7 and 8C9) and one mAb for CD8a (clone
10E8) were obtained. The mAbs were either IgGl or
IgG2a isotypes.

Western Blot

Total protein (30 pg) extracted from Tasmanian devil
lymph node was separated using gel electrophoresis
and transferred onto to nitrocellulose membrane for
immune detection using custom antibodies against IgM
(clone 8B6), IgG (clone 1G7), CD4 (clone 8C9) and CD8
(clone 10E8). Signal was detected using a chemilumi-

-100

. G P — — - E0
e g— - - 70

- 50

- 40
- 30

- 25

- 15

lgM 8B6 1gG 1G7 CD4 8C9 CD8 10E8

Fig. 1. Western blot of anti-IgM, IgG, CD4 and CD8 antibodies
against devil protein extracted from devil lymph node lymphocytes.
Some non-specific staining at high molecular weight occurred with
antibodies to CD4 and CD8. Scale bar (molecular weight) at the right

of panel is in kDa.

nescence substrate and images taken with a digital
camera.

Immunohistochemistry

Tissue samples were embedded in paraffin wax. The
tissues were sectioned (3 pum) onto 3-
aminotriethoxysilane (Sigma-Aldrich) coated slides. Sec-
tions were deparaffinized by placing in a histology oven
at 60°C for 15 min. Slides were incubated for 5 min
(twice) in xylene followed by rehydration in successive
grades of ethanol (100%, 95%, 70%) and washed for 5
min in water. Slides were placed in target retrieval solu-
tion (Dako, Carpinteria, CA) and heated in an electric
pressure cooker (Russell Hobbs RHNHP401) on medium
for 20 min. Slides were cooled to 35°C and endogenous
peroxidase activity quenched by incubating in 3% H30,
for 10 min. Slides were then incubated with serum-free
blocking solution (Dako) for 15 min. Primary antibodies
were diluted to the required concentration with antibody
diluent (Dako) and placed on slides for 1 hr (for antibody
details see Table 3). The primary antibody was detected
using anti-mouse or -rabbit EnVision System, HRP
(Dako) or LSAB+ System-HRP (Dako) according to
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TABLE 3. List of antibodies used for immunohistochemistry

Antibody Species Dilution for THC Manufacturer/catalogue number
Anti-human CD1a Mouse IgG1 1:50 Dako/M3571
Anti-human CD3 Rabbit polyclonal 1:200 Dako/A0452

Anti-TD CD4 Mouse IgG1 1:25 WEHI

Anti-TD CD8 Mouse IgG1 1:10 WEHI

Anti-human CD83 Mouse IgG 1:80 Serotec/MCA1582
Anti-human HLA-DR, alpha-chain Mouse IgG1 1:50 Dako/M0746

Anti-TD IgG Mouse IgG2a 1:1,000 WEHI

Anti-TD IgM Mouse IgG2a 1:1,000 WEHI

ITHC, immunohistochemistry; TD, Tasmanian devil; WEHI, Walter and Eliza Hall Institute of Medical Research.

manufacturer’s instructions. Liquid DAB+ Substrate
Chromogen System (Dako) was then added to each slide
and incubated for 10 min. The samples were counter-
stained with hematoxylin and mounted. Isotype controls
underwent the same protocol except the primary anti-
body was replaced with a control antibody with the
same isotype at the same concentration.

Cell Counts and Ratios

Tissues from lymph nodes and spleens from five
DFTD and five non-diseased animals were labeled with
T cell markers. To ensure that equal areas for each ani-
mal were evaluated, five representative areas of each
tissue region (cortex, paracortex, and medulla of lymph
node and red and white pulp of spleen) were imaged at
630X magnification using Leica Application Suite V3
software (Leica Microsystems). The number of positive
cells in each image was counted manually. The average
for each of the five representative areas per animal was
then calculated. The average = standard deviation was
calculated for the five diseased and non-diseased ani-
mals. The averages were used to determine a cell ratio.
Statistical significance was calculated using Student
paired two-tailed ¢ test.

RESULTS
Comparison of Tasmanian Devil Amino Acid
Sequence to Eutherian and Marsupial
Sequences

Using the MegAlign alignment tool and the Lipman-
Pearson method, the predicted Tasmanian devil protein
sequence obtained for Cua (453 aa) and Cvy(274 aa)
shared 81.7% and 67% aa identity, respectively with
tammar wallaby. This sequence identity was reduced
when comparing Cp with eutherian proteins, with the
Tasmanian devil sharing 55.3% aa identity with
humans. When comparing Cvy, the sequence identity was
reduced with the constant region of Tasmanian devil
IgG sharing ~33% to 47% aa identity with humans,
with IgG1 being the most similar.

The CD4 (443 aa) and CD8 (224 aa) proteins shared
70.8% and 68.8% aa identity respectively with the tam-
mar wallaby. This sequence identity was greatly reduced
when comparing to eutherian proteins, with the Tasma-
nian devil sharing only 39.2% and 45.5% aa identity
with humans. This knowledge of the Tasmanian devil
IgM, IgG, CD4 and CD8a sequences made it possible to
produce immunogenic peptides for the development of
specific antibodies.

Fig. 2. Immunohistochemical labeling with T cell subset markers in
Tasmanian devil thymus. (A) anti-CD3, (B) anti-CD4 (C) anti-CD8 and
(D) isotype control. CD4" T cells appear to be more prevalent than
CD8™" Tcells. Cx, cortex; M, medulla. Scale bar represents 100 um.

Identification of T Cell Subsets in Lymphoid
Organs in Non-diseased Animals

We have previously identified T cells in the Tasma-
nian devil (Kreiss et al., 2009). To determine the distri-
bution of T cell subsets in healthy Tasmanian devils,
sections of lymphoid organs were labeled using immuno-
histochemistry with antibodies against CD3, CD4, and
CD8.

Thymus. Tasmanian devil pouch young thymus
samples (n = 3) showed cells positive for T cell markers,
which were more densely populated in the cortex than
the medulla. Cells positive for CD3 were dense at the
boundary of the cortex near the medulla and sparse in
the outer cortex and medulla (Fig. 2A). Cells positive for
CD4 were densely distributed across the cortex (Fig.
2B). Cells positive for CD8a were sparsely distributed
across the cortex (Fig. 2C).

Lymph node. Tasmanian devil lymph node samples
(n = 10) showed cells positive for T cell markers, which
were primarily located in the cortex (CD3 = 217 *+ 42
per high power field) and paracortex (CD3 = 301 + 154
per high power field) with a small number of positive
cells in the germinal center (CD3 = 49 + 16 per high
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power field). There was a higher number of CD4" cells
compared with CD8" cells with CD4:CD8 ratios of 3.3,
2.8, and 1.4 for cortex, paracortex and medulla respec-
tively (Fig. 3 and Table 4).

Spleen. Tasmanian devil spleen samples (n = 10)
showed dense aggregates of cells positive for T cell
markers in the white pulp areas of the spleen (CD3 =
264 *+ 108; Table 4), such as the periarterial lymphoid
sheaths and splenic nodules (Fig. 4). In the white pulp
there was a higher number of CD4" cells, compared with
CD8™ cells with a CD4:CD8 ratio of 2.6. The red pulp had
a sparse distribution of positive cells and there was a
higher number of CD8" cells compared with CD4" cells
with a CD4:CD8 ratio of 0.3 (Fig. 4 and Table 4).

BALT. Tasmanian devil lung samples (n = 2)
showed cells positive for the T cell markers in BALT
(Fig. 5). Both CD4" cells and CD8™ cells were present.

GALT. Tasmanian devil small intestine samples
(n = 3) showed cells positive for the T cell markers sur-
rounding, and within, the lymphoid follicles of the GALT

Fig. 3. Immunohistochemical labeling with T cell subset markers in
Tasmanian devil lymph node. (A) anti-CD3, (B) anti-CD4, (C) anti-CD8
and (D) isotype control. T cells were predominantly identified in the
cortex. CD4" T cells appear to be more prevalent than CD8* T cells.
Cx, cortex; Fl, follicle. Scale bar represents 100 pum.

HOWSON ET AL.

(Fig. 6). Cells positive for CD3 and CD8 were also
located in the epithelia and lamina propria of the villi.

T Cell Subtype Cell Counts in Secondary
Lymphoid Tissues in DFTD-Affected Versus
Nondiseased Animals

T cell marker counts for spleen and lymph node of
DFTD-affected (n = 5) and non-diseased (n = 5) Tasma-
nian devils are presented in Table 4. The only significant
difference between DFTD-affected and non-diseased
groups was a lower number of CD8" cells in the lymph
node cortex in DFTD-affected animals. The ratios
showed that the proportion of CD4" cells compared to
CD8™" cells was greater in the cortex, paracortex, and
medulla of the lymph node in both diseased and non-
diseased groups. In the spleen the white pulp had a
greater number of CD4" cells, however, the red pulp
was the only lymphoid tissue region where CD8" cells
were greater than CD4" cells.

Identification of B Cell Subtypes in Lymphoid
Organs

We have previously identified B cells in the Tasma-
nian devil (Kreiss et al., 2009). To determine the distri-
bution of B cells expressing switched immunoglobulin
isotypes in the Tasmanian devil, sections of lymphoid
organs were labeled using immunohistochemistry with
antibodies against CD79b, IgM, and IgG.

Lymph node. Tasmanian devil lymph node samples
(n = 10) showed cells positive for B cell markers, which
were primarily located in the cortex in association with
the follicles (Fig. 7). Both CD79b and IgM shared a similar
distribution, with a large number of positive cells in pri-
mary follicles and in the mantle zone and strong cytoplas-
mic labeling of cells within germinal center of secondary
follicles. Cells positive for IgG were comparatively lower
in number with high cytoplasmic labeling of cells located
within the germinal centers of secondary follicles.

Spleen. Tasmanian devil spleen samples (n = 10)
showed dense distribution of cells positive for the B cell
markers in the white pulp areas of the spleen (Fig. 8).
In the white pulp the CD79b" and IgM* cells were
densely distributed and IgG" cells were sparsely

TABLE 4. T-cell subtype counts in lymphoid tissue of non-diseased versus devil facial tumor-diseased animals

Lymph node Lymph node
Lymph node cortex paracortex medulla Spleen red pulp Spleen white pulp
ND DFTD ND DFTD ND DFTD ND DFTD ND DFTD

(n =5) (n =5) (n =5) m=5) mMm=5) @m=5 m=5) (n=5) (n =5) (n = 5)
Cell count
CD3 217 =42 216 £58 301 =154 32768 49*16 499 26*+12 14 *+4 264 =108 245 * 41
CD4 206 £ 23 160 £ 77 249 £ 125 293 £75 38 £15 23 *+ 12 32 1+x1 193 =79 232+ 75
CD8 63 +21 36 *22* 90 =* 35 91+30 27+11 20=+3 9+6 13+8 73*x53 101 = 46
Ratio
CD4:CD8 3.3 4.4 2.8 3.2 1.4 1.2 0.3 0.1 2.6 2.3

Cell count values represent the average number of cells per field of view (X630) = standard deviation.
*Indicates significant (P < 0.05) difference compared with nondiseased animals.
n, number of animals; ND, non-diseased animals; DFTD, devil facial tumor-diseased animals.
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Fig. 4. Immunohistochemical labeling with T cell subset markers in
Tasmanian devil spleen. (A) anti-CD3, (B) anti-CD4, (C) anti-CD8 and
(D) isotype control. T cells were predominantly identified in the white
pulp. CD4" T cells appeared to be more prevalent than CD8" T cells.
RP, red pulp; WP, white pulp. Scale bar represents 100 um.
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Fig. 5. Immunohistochemical labeling with T cell subset markers in
Tasmanian devil bronchus-associated lymphoid tissue. (A) anti-CD3,
(B) anti-CD4 (C), anti-CD8 and (D) isotype control. Br, bronchus. Scale
bar represents 100 um.

distributed. In the red pulp there was a sparse distribu-
tion of all B cell subtypes.

BALT. Tasmanian devil lung samples (n = 2) showed
cells positive for the B cell markers in BALT (Fig. 9).
There was a sparse distribution of CD79b™, IgM ™", and
IgG™ cells. Both the IgM and IgG antibody showed back-
ground labeling of the lung connective tissue.

GALT. Tasmanian devil small intestine samples
(n = 3) showed cells positive for the B cell markers
within the lymphoid follicles of the GALT (Fig. 10). The
CD79b" and IgM™ cells were densely distributed and the
IgG" cells sparsely distributed. For both IgG and IgM

Fig. 6. Immunohistochemical labeling with T cell subset markers in
Tasmanian devil gut associated lymphoid tissue. (A) anti-CD3, (B) anti-
CD4, (C) anti-CD8 and (D) isotype control. Fl, follicle; Vi, villus. Scale
bar represents 100 um.

Fig. 7. Immunohistochemical labeling with B cell subset markers in
Tasmanian devil lymph node. (A) anti-CD79b, (B) anti-devil IgM, (C)
anti-devil IgG and (D) isotype control. B cells were predominantly
identified in the follicles. IgM™ cells appeared to be more prevalent
than IgG™ cells. Cx, cortex; Fl, follicle. Scale bar represents 100 pm.

labeled tissues, there was a considerable level of back-
ground labeling that was not present in the isotype control
(Fig. 10B,C). Both the IgM and IgG antibody showed back-
ground labeling of the small intestine connective tissue.

Identification of Dendritic Cells in Lymphoid
Organs and Skin

To determine the presence and distribution of dendri-
tic cells, sections of lymph node, spleen, and skin, where
dendritic cells are expected to reside, were labeled by
immunohistochemistry with MHC class II, the dendritic
cell marker CDla and the activated dendritic cell
marker CD83.
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Fig. 8. Immunohistochemical labeling with B cell subset markers in
Tasmanian devil spleen. (A) anti-CD79b, (B) anti-devil IgM, (C) anti-
devil IgG and (D) isotype control. B cells were predominantly identified
in the white pulp. IgM™ cells appeared to be more prevalent than
IgG" cells. RP, red pulp; WP, white pulp. Scale bar represents 100
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Fig. 9. Immunohistochemical labeling with B cell subset markers in
Tasmanian devil bronchus-associated lymphoid tissue. (A) anti-CD79b,
(B) anti-devil IgM, (C) anti-devil IgG and (D) isotype control. Br, bron-
chus. Scale bar represents 100 pm.

Lymph node. Tasmanian devil lymph node samples
(n = 4) showed cells positive for dendritic cell markers
primarily in the paracortex and cortex (Fig. 11). The
CD1a™ cells were mainly in the paracortex (Fig. 11B).
Cells positive for CD83 were in the paracortical and
cortical regions (Fig. 11C).

Spleen. Tasmanian devil spleen samples (n = 2)
showed cells positive for dendritic cell markers in both
the red and white pulp of the spleen (Fig. 12). The
CD1la" cells were sparsely distributed throughout the
spleen in both the red and white pulp (Fig. 12B). Cells
positive for CD83 were observed at a higher proportion
to CD1la cells, and were located primarily in the red
pulp region of the spleen (Fig. 12B,C).

Fig. 10. Immunohistochemical labeling with B cell subset markers in
Tasmanian devil gut-associated lymphoid tissue. (A) anti-CD79b, (B)
anti-devil IgM, (C) anti-devil IgG and (D) isotype control. Fl, follicle; Vi
villus. Scale bar represents 100 um.

Fig. 11. Immunohistochemical labeling with dendritic cell markers in
Tasmanian devil lymph node. (A) anti-HLA-DR (MHC class ll), (B) anti-
CD1a (C) anti-CD83 and (D) isotype control. Cx, cortex; Pcx, paracor-
tex. Scale bar represents 100 pm.

Skin. Tasmanian devil skin samples (n = 3) showed
MHC class IT* cells in the epidermis and dermis of Tasma-
nian devil skin (Fig. 13A). Cells positive for CD1a were also
scattered throughout the epidermis (Fig. 13B). There were
no CD83™ cells in the skin samples examined (Fig. 13C).

Identification of Dendritic Cells and T Cell
Subsets in Devil Facial Tumor Samples

To determine the presence and distribution of dendri-
tic cells, T cell subsets and B cell subsets in devil facial
tumor, sections of tumor (n = 10) were labeled by immu-
nohistochemistry with T cell markers CD3, CD4 and
CDS8, B cell markers CD79b, IgM, and IgG and DC
markers MHC class II, CD1a and CD83. To distinguish
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Fig. 12. Immunohistochemical labeling with dendritic cell markers in
Tasmanian devil spleen. (A) anti-HLA-DR (MHC class Il), (B) anti-CD1a,
(C) anti-CD83 and (D) isotype control. RP, red pulp; WP, white pulp.
Scale bar represents 100 um.
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Fig. 13. Immunohistochemical labeling with dendritic cell markers in
Tasmanian devil skin. (A) anti-HLA-DR (MHC class Il), (B) anti-CD1a
(arrow indicates positive cell), (C) anti-CD83 (no positive cells) and (D)
isotype control. E, epidermis; D, dermis. Scale bar represents 100 um.

tumor from stroma, sections were also labeled with peri-
axin, a marker of devil facial tumor tissue (Tovar et al.,
2011).

None of the Tasmanian devil facial tumor samples
examined had cells positive for B cell markers (data not
shown). Cells positive for CD3, CD4, or CD8 were in all
tumor samples. Cells were labeled in both stromal and
tumor cell regions. In all samples, CD8" cells could be
easily identified in the stroma whereas CD4" cells were
not always present (Fig. 14). Eight samples contained
cells positive for T cell markers within the tumor tissue.
Of these eight samples, all contained intra-tumoral
CD3" and CDS8" cells, but only three contained intra-
tumoral CD4™ cells.

Cells positive for MHC class II were present in all
tumor sections, with the majority of positive cells located

Fig. 14. Immunohistochemical labeling with T cell markers in Tasma-
nian devil DFTD tumors. (A) anti-periaxin (DFTD tumor cell marker), (B)
anti-CD3, (C) anti-CD4 (no positive cells), (D) anti-CD8. The isotype
control is shown in figure 15. S, stroma; T, tumor. Scale bar represents
100 pm.
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Fig. 15. Immunohistochemical labeling with dendritic cell markers in
Tasmanian devil DFTD tumors. (A) anti-periaxin (DFTD tumor cell
marker), (B) anti-HLA-DR (MHC class ll), (C) anti-CD1a and (D) isotype
control. S, stroma; T, tumor. Scale bar represents 100 pm.

within the tumor tissue (Fig. 15). Cells positive for CD1a
were observed in the stroma of the tumor samples that
were directly below the skin (Fig. 15). Deeper sections of
tumor did not have CD1a" cells. Cells positive for CD83
were not detected in any tumor sections (data not
shown).

Tasmanian Devil-Specific Antibody Cross-
Reactivity in Other Marsupial Species

To determine if the Tasmanian devil anti-CD4, anti-
CDS8, anti-IgM, and anti-IgG antibodies reacted with T
cell and B cell subsets in other marsupials, they were
tested by immunohistochemistry using peripheral lymph
node sections from various marsupials. The marsupials
tested were: brushtail possum, eastern bettong, eastern
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TABLE 5. Tasmanian devil antibodies cross-reactivity with other marsupial species

Marsupial species Anti-CD4

Anti-CD8 Anti-IgM

Brushtail possum
Eastern bettong
Eastern quoll
Koala

Opossum

Red kangaroo
Ringtail possum
Spotted-tail quoll
Wombat

e e

All antibodies were tested by immunohistochemistry on lymph node sections.

+ indicates labeling with antibody, — indicates no labeling.

Fig. 16. Immunohistochemical labeling with T cell subset markers in
eastern quoll lymph node. (A) anti-CD3, (B) anti-devil CD4, (C) anti-
devil CD8 and (D) isotype control. Cross species reactivity is shown
for all three antibodies. Cx, cortex; Fl, follicle. Scale bar represents
100 um.

quoll, koala, opossum, red kangaroo, ringtail possum,
spotted-tail quoll, and wombat.

The anti-CD3 antibody was used as a T cell control
and anti-CD79b as a B cell control, as they are estab-
lished immune cell markers in marsupials (Jones et al.,
1993; Hemsley et al., 1995). The results are summarized
in Table 5 and representative immunohistochemistries
are shown in Figs. 16 to 19. Anti-IgM reacted against
cells from all the marsupials tested whereas anti-IgG,
anti-CD4 and anti-CD8 only reacted against cells from
the spotted-tail quoll and the eastern quoll.

The majority of CD4" and CD8™" cells were located in
the cortex and lymphoid follicles of the lymph node of
the eastern quoll (Fig. 16B,C). There were more CD4*
cells than CD8™ cells. The anti-CD4 and anti-CDS8 anti-
bodies did not cross-react with brushtail possum (Fig.
17B,C), eastern bettong, koala, opossum, red kangaroo,
ringtail possum or wombat.

The anti-IgM antibodies reacted against the B cell
subset in all the marsupials tested and the results for
eastern quoll are shown in Fig. 18 and brushtail possum
are shown in Fig. 19. A high level of background label-
ing of connective tissue components with the IgM anti-
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Fig. 17. Immunohistochemical labeling with T cell subset markers in

brushtail possum lymph node. (A) anti-CD3, (B) anti-devil CD4, (C)

anti-devil CD8 and (D) isotype control. Cross species reactivity is

shown for all three antibodies. Cx, cortex; Fl, follicle. Scale bar repre-

sents 100 um.

body was observed to varying degrees in the lymph node
sections of the different species. The anti-IgG antibody
reactivity against eastern quoll is shown in Fig. 18C and
lack of reactivity against brushtail possum B cells in
Fig. 19C.

DISCUSSION

We have successfully identified the full sequence of
the CD4, CD8«, IgM, and IgG molecules in the Tasma-
nian devil. These genes were identified in silico from the
Tasmanian devil genome sequence and the predictions
were confirmed by PCR amplification and sequencing.
As expected, CD4, CD8, IgM and IgG aa sequences are
most closely related to the tammar wallaby and are
more distantly related to eutherian mammals.

This sequencing enabled the production of the first
Tasmanian devil specific anti-CD4 anti-CD8, anti-IgM
and anti-IgG antibodies. Previous attempts to use com-
mercial eutherian antibodies to study immune subsets
in marsupials failed to show any cross-reactivity (Cister-
nas and Armati, 2000; Old and Deane, 2002). The lack



DCS, B CELL, AND T CELL SUBSETS IN THE TASMANIAN DEVIL

Fig. 18. Immunohistochemical labeling with B cell markers in east-
ern quoll lymph node. (A) anti-CD79b, (B) anti-devil IgM and (C) anti-
devil IgG and (D) isotype control. Cross species reactivity is shown for
all three antibodies. Cx, cortex; Fl, follicle. Scale bar represents 100
pum..

Fig. 19. Immunohistochemical labeling with B cell subset markers in
brushtail possum lymph node. (A) anti-CD79b, (B) anti-devil IgM and
(C) anti-devil IgG and (D) isotype control. Cross species reactivity is
shown for all three antibodies. Cx, cortex; Fl, follicle. Scale bar repre-
sents 100 pm.

of cross-reactivity is likely to be the result of the diver-
gent protein sequences that prevents antibody binding.
The development of Tasmanian devil-specific antibodies
allow us to study immune cell subsets in Tasmanian
devil tissues.

We identified T cell subsets in pouch young thymus, a
primary lymphoid organ where T cells develop. The T
cell subsets had a distinct pattern of distribution. The
CD3" T cells were present in the cortex and medulla
with a high density at the cortex-medulla boundary. The
majority of CD4" and CD8" T cells were observed in the
cortex. This variation in T cell distribution is similar to
that of other eutherian mammals as it reflects the devel-
opmental process of T cells. In the eutherian thymus,
the developmental process involves the migration of
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developing T cells from the cortex to the medulla. As
this occurs, double-positive CD4*/CD8" immature T
cells lose expression of either CD4 or CD8 molecules and
develop into single positive CD4" or CD8" mature T
cells. Also during development, the CD3 molecule, which
is not expressed on immature T cells, starts to be
expressed on T cells (Smith, 1987; Egerton et al., 1990;
Alvarez-Vallina et al., 1993). This indicates that the
development of T cell subsets in the Tasmanian devil is
comparable to that of eutherian mammals. Normally,
once mature T cells have developed they relocate to the
secondary lymphoid organs.

In Tasmanian devil secondary lymphoid organs, where
T and B cells are expected to produce immune responses,
CD4" T cells were the predominant T cell subset in most
tissues. The predominant B cell subset was IgM in all
tissues. In lymph nodes, T cells were more abundant in
the paracortex and the average CD4:CDS8 ratios of lymph
node T cells were similar to the ratios reported in other
eutherian mammals (Black et al., 1980; Endo et al.,
1997). When we compared the CD4:CD8 ratios of DFTD-
affected and nondiseased animals, there was no signifi-
cant difference in the medulla or paracortex of the
lymph node. The cortex did show a significantly lower
number of CD8" T cells in diseased compared to nondi-
seased animals. The functional significance of this is not
clear, but it is possibly a factor of the dynamic state of
the cortical region of lymph nodes during immune
responses (Katakai et al., 2004).

B cells were primarily located in the cortex associated
with follicles. The IgM subset was most abundant and
located in the primary follicles and mantle zones of sec-
ondary follicles. Cells containing IgG were found in the
germinal centers. These subset distributions reflect the
process of differentiation and maturation of B cells into
immunogobobulin-secreting plasma cells in the germinal
center of follicles (Bhan et al., 1981). These results indi-
cate that the distribution of T cell and B cell subsets in
the lymph node is similar to eutherian mammals.

We identified T cells and B cells in BALT, which are
lymphoid aggregates located near bronchioles in the
lung. T cells were scattered along the bronchiole,
whereas B cells were associated with lymphoid follicles.
Both the IgM and IgG antibodies showed a significant
level of background labeling of connective tissue compo-
nents, for which soluble antibody may be a contributing
factor. This may limit the usefulness of these antibodies
in assessing B cell subsets in mucosal-associated lymph-
oid tissues. The presence and frequency of BALT in
eutherian and marsupial species varies in relation to
animal maturity or whether antigenic challenge has
occurred (Pabst and Gehrke, 1990; Old and Deane, 2003;
Old et al., 2004). As BALT is a variable lymphoid tissue
among species and due to the small sample size of this
study, comparison of Tasmanian devil BALT with other
species may not be valid.

Both T cells and B cells were identified in GALT, which
are lymphoid aggregates associated with the mucosal lin-
ing of the small intestine. The B cell subsets were primar-
ily located within lymphoid follicles of the mucosa.
Background labeling of IgM and IgG antibodies, as previ-
ously discussed, limited visualization of B cell subsets in
the mucosa. CD8" T cells were scattered within the epi-
thelia and lamina propria of villi. CD4* T cells were
found primarily on the outer regions of lymphoid follicles
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within the mucosa. This distribution of T cell subsets is
similar to those reported in studies of eutherian mammal
GALT, but the Tasmanian devil lamina propria appears
to have a higher density of CD8" T cells (Janossy et al.,
1980; Veazey et al., 1997). This may be due to reported
differences in both the structure and cellular composition
of GALT across eutherian and marsupial species, which is
influenced by both the diet and antigen exposure of the
different animals (Young et al., 2003).

Tasmanian devil spleen had a variation in relative
abundance of CD4" T cells to CD8" T cells. The white
pulp of the spleen has a greater abundance of CD4" T
cells, similar to other Tasmanian devil secondary lymph-
oid tissues. However, the red pulp diverged from this
trend as it consisted of more CD8™ T cells. This pattern
of distribution has also been observed in eutherian mam-
mal spleens (Steiniger et al.,, 2001) and functionally
CD8™ cells have been described as accumulating in the
red pulp in response to infection or activation (Potsch
et al., 1999). When we compared DFTD-affected versus
non-diseased animals, there was no significant difference
in the number of cells in the red pulp or white pulp.
Thus, our results suggest that both non-diseased and
DFTD-affected Tasmanian devil CD8" T cells appear to
be activated in the spleen, in a similar way to the spleens
of eutherian mammals. The B cell subsets were mainly
associated with follicles in the white pulp areas of the
spleen. There were a higher number of IgM™ cells com-
pared to IgG™" cells in these regions, with labeling pattern
similar to the organization of secondary follicles in the
lymph node, as previously discussed.

The identification of T cell and B cell subsets and
their distribution has provided some insight into the
competency of the Tasmanian devil immune system,
however, the function of T cells depends on the presence
and function of APC, making APC an important cell to
investigate.

In eutherian mammals, dendritic cells play an impor-
tant role in processing and presenting antigen to CD4™
and CD8" T cells (Inaba et al., 1990). A deficiency in
these cells would lead to a deficiency in T cell activation.
In a previous study we reported the presence of MHC
class IT" cells in secondary lymphoid organs of Tasma-
nian devils (Kreiss et al., 2009). This provided early evi-
dence for the presence of APC in the Tasmanian devil.
In this study we analyzed this further by identifying
cells positive for the dendritic cell markers CDla and
CD83 in the lymph node and spleen of Tasmanian dev-
ils. Furthermore, CD1a® and MHC class II" cells were
observed in the skin of Tasmanian devils, likely repre-
senting the Langerhans cells and dermal dendritic cells
observed in eutherian mammals (van de Rijn et al.,
1984). The identification of APC and the localization in
skin and lymphoid organs is consistent with previous
studies assessing marsupial immune systems (Coutinho
et al., 1995; Cisternas and Armati, 2000). The identifica-
tion of these cells suggests that the Tasmanian devil
immune system is composed of the important APC sub-
sets required for an effective immune response. Of par-
ticular interest is the identification of dendritic cells in
the skin, as these would be the APC expected to respond
to DFTD. Thus, a lack of local APC cannot be the reason
that the Tasmanian devil immune system does not reject
the tumor tissue. This led to investigation of the
immune cell subsets at the site of the tumor.
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It has been previously reported that a limited number
CD3" cells infiltrate some devil facial tumors. This gen-
erated interest as to which T cell subsets are associated
with the tumor. We determined that CD8" T cells were
the dominant T cell subset in devil facial tumors. This
was a surprising result as we expected that the majority
of T cells in tumors would be CD4" T cells, as some of
which could have represented CD4" T-regulatory cells,
as they have been reported to exert immunosuppressive
effects in a number of tumor microenvironments (Gane-
san et al., 2013; Li et al., 2013). Low CD4/CDS8 ratios in
tumors have been associated with a favorable prognosis
in studies of certain human cancers (Diederichsen et al.,
2003; Sato et al., 2005), but not in others (Halliday
et al., 1995). Thus, the role of infiltrating T cell subsets
is still controversial and appears to differ depending on
the tumor. As devil facial tumors cause 100% mortality,
it can be inferred that the limited numbers of CD8" T
cells within tumors are not contributing to an effective
anti-tumor immune response and are not related to a
favorable prognosis.

B cells were not identified in the devil facial tumor
tissue, however, APC were present. We observed CDla*
dendritic cells surrounding, but not within, devil facial
tumors. The presence of CD1a" dendritic cells is a rela-
tively common observation in tumors (Hillenbrand et al.,
1999; Troy et al., 1999; Bergeron et al., 2006). Despite
their potential to process and present antigen, CDla™
cells do not appear to correlate well with prognosis (Cov-
entry and Morton, 2003). This is supported by our find-
ings, as stromal CDla™ cells do not correlate with a
greater prognosis. There were no CD83™" cells present in
the tumor tissue. This finding is similar to studies of
human tumors, where the presence of CD83" cells in
the tumor environment is uncommon (Thurnher et al.,
1996; Coventry et al., 2002). Absence of CD83" cells in
devil facial tumors supports the observed lack of
immune response against devil facial tumors. We
observed MHC class II" cells both within, and surround-
ing, all devil facial tumors. The abundant presence of
these cells may reflect pathological recruitment of APC,
particularly macrophages, which have been implicated
in enhancing tumor progression (reviewed by Lewis and
Pollard, 2006). However, to confirm this, further
research into specific macrophages markers is required.
Thus, this study shows that although T cells and APC
are present in the tumor tissue, none of the cells corre-
late with better prognosis, or fully elucidate why there
is a lack of immune response against DFTD.

The usefulness of the antibodies produced against
Tasmanian devil CD4, CDS8, IgM, and IgG peptides is
not limited to studying Tasmanian devil immune cell
subsets. By testing the Tasmanian devil antibodies
against a host of different marsupial species we found
that the anti-devil CD4 and anti-devil CD8 antibodies
could be used to characterize T cell subsets in the east-
ern quoll and spotted-tail quoll. The anti-devil IgM
reacted with all marsupials tested and the anti-devil
IgG reacted with the eastern quoll and spotted-tail quoll.
This will provide tools for research in an area that has
very limited reagents.

In conclusion, we have identified CD4" and CD8" T
cells, IgM™, and IgG" B cells, CDla" cells and CD83"
cells in the Tasmanian devil. The location and distribu-
tion of these cells reflects what has been observed in
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eutherian mammals. The findings of this study support
our previous studies assessing the competency of the
Tasmanian devil immune system (Woods et al., 2007;
Kreiss et al., 2008, 2009). In addition, we have shown
that the distribution of these cells in the tumor microen-
vironment suggests a complex interaction between devil
facial tumor and the immune system that appears to be
similar to some human cancers. Production of antibodies
to these key immune cells provides an avenue to further
investigate the Tasmanian devil’s immune system. This
will be particularly useful in analyzing responses to
immunotherapy and vaccines.
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