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Abstract
Purpose Downregulation of MHC class I (MHC-I) is a common immune evasion strategy of many cancers. Similarly, two 
allogeneic clonal transmissible cancers have killed thousands of wild Tasmanian devils (Sarcophilus harrisii) and also 
modulate MHC-I expression to evade anti-cancer and allograft responses. IFNG treatment restores MHC-I expression on 
devil facial tumor (DFT) cells but is insufficient to control tumor growth. Transcriptional co-activator NLRC5 is a master 
regulator of MHC-I in humans and mice but its role in transmissible cancers remains unknown. In this study, we explored 
the regulation and role of MHC-I in these unique genetically mis-matched tumors.
Methods We used transcriptome and flow cytometric analyses to determine how MHC-I shapes allogeneic and anti-tumor 
responses. Cell lines that overexpress NLRC5 to drive antigen presentation, and B2M-knockout cell lines incapable of pre-
senting antigen on MHC-I were used to probe the role of MHC-I in rare cases of tumor regressions.
Results Transcriptomic results suggest that NLRC5 plays a major role in MHC-I regulation in devils. NLRC5 was shown 
to drive the expression of many components of the antigen presentation pathway but did not upregulate PDL1. Serum from 
devils with tumor regressions showed strong binding to IFNG-treated and NLRC5 cell lines; antibody binding to IFNG-
treated and NRLC5 transgenic tumor cells was diminished or absent following B2M knockout.
Conclusion MHC-I could be identified as a target for anti-tumor and allogeneic immunity. Consequently, NLRC5 could be 
a promising target for immunotherapy and vaccines to protect devils from transmissible cancers and inform development of 
transplant and cancer therapies for humans.
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Introduction

In 1996, a wild Tasmanian devil (Sarcophilus harrisii) was 
photographed with a large facial tumor. In subsequent years, 
similar devil facial tumors (DFTs) were recorded (Jones 
et al. 2004), and in 2006, it was confirmed that DFTs are 
clonally transmissible cancers that spread among devils 
through social interactions (Pearse and Swift 2006; Loh 
et al. 2006). In 2014, a second genetically independent trans-
missible devil facial tumor (DFT2) was discovered in south-
ern Tasmania (Pye et al. 2016b). Despite the independent 
origin of the first devil facial tumor (DFT1) and DFT2, both 
clonal tumors arose from a Schwann cell lineage (Murchison 
et al. 2010; Patchett et al. 2020), suggesting devils could be 
prone to transmissible Schwann cell cancers. These lethal 
and unique tumors are simultaneously cancers, allografts, 
and infectious diseases, and have been the primary driver of 
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an average 77% decline in devil populations across the island 
state of Tasmania (Lazenby et al. 2018).

The successful transmission and seeding of DFT cells 
from one devil to another as an allograft (Pearse and Swift 
2006) reveals its ability to circumvent both allogeneic and 
anti-tumor immune responses. Genetic mismatches between 
host and tumor, particularly at the major histocompatibility 
complex (MHC) loci, should provide an allogeneic target 
for an immune response against DFTs. However, DFT1 cells 
generally express little or no MHC class I (MHC-I) on their 
surface (Siddle et al. 2013), an immune escape mechanism 
commonly observed in human cancers to avoid cytotoxic 
 CD8+ T cell recognition (Yoshihama et al. 2016). Loss of 
MHC-I expression in DFT1 appears to be initiated by an 
impaired antigen presentation pathway. The clonal DFT1 
cell lineage has a hemizygous mutation in beta-2-microglob-
ulin (B2M) gene (Stammnitz et al. 2018) which encodes a 
light chain of the trimeric MHC-I complex. In addition to 
this, there is an epigenetic downregulation of B2M, and 
transporters associated with antigen processing TAP1 and 
TAP2 (Siddle et al. 2013), suggesting that immune evasion 
through reduced MHC-I expression has been a target of evo-
lutionary selection pressure. Loss of MHC-I should lead to 
recognition and cytotoxic responses by natural killer (NK) 
cells. Devils have demonstrated NK-like activity in vitro 
(Brown et al. 2011) but the ongoing transmission of DFT1 
cells suggests that NK cytotoxic response against DFT1 
cells either do not occur or are ineffective. All DFT1 cell 
lines tested to date can upregulate MHC-I in response to 
interferon gamma (IFNG) treatment (Siddle et al. 2013). 
Rare cases of DFT1 regression have been reported in the 
wild (Pye et al. 2016a) and serum antibody responses of 
these devils are generally higher against cell lines treated 
with IFNG to upregulate MHC-I (Pye et al. 2016a, 2018). 
In contrast to DFT1 cells, DFT2 cells constitutively express 
MHC-I, but the most highly expressed alleles appear to be 
those shared by the DFT2 cells and the host devil (Caldwell 
et al. 2018). This further suggest a critical role of MHC-I 
in immune evasion of transmissible cancers such as DFTs.

Upregulation of MHC-I on DFT1 cells via treatment with 
IFNG has served as the foundation for a vaccine against devil 
facial tumor disease (DFTD), which is caused by DFT1 cells. 
However, there are caveats to using a pleiotropic cytokine 
such as IFNG. IFNG plays multiple roles in the innate and 
adaptive immune system and can function to drive either an 
anti-tumor or a pro-tumor response depending on the circum-
stances (He et al. 2005; Abiko et al. 2015; Folgiero et al. 2015; 
Lo et al. 2019; Song et al. 2019). While IFNG is well known 
for directing the immune response towards anti-tumor immu-
nity, it causes the upregulation of programmed death ligand 1 
(PDL1) on DFT cells (Flies et al. 2016) as well as non-classi-
cal, monomorphic MHC-I SAHA-UK (Caldwell et al. 2018). 
PDL1 and SAHA-UK molecules can be counterproductive to 

the cell-mediated immune response mediated by MHC-I rec-
ognition. Additionally, the inhibition of cell proliferation and 
increased DFT cell death associated with IFNG (Ong et al. 
2019) constrain large-scale production of IFNG-treated DFT 
cells for whole cell vaccines.

NLRC5 (NLR caspase recruitment domain containing pro-
tein 5), a member of the NOD-like receptor (NLR) family, was 
first identified in 2010 as a regulator of MHC-I expression 
(Meissner et al. 2010). In subsequent years, several studies 
have independently shown the critical role of NLRC5 in con-
stitutive and IFNG-induced MHC-I expression in humans and 
mice, although little is known about NLRC5 in other species 
(Staehli et al. 2012; Tong et al. 2012; Yao et al. 2012; Robbins 
et al. 2012; Biswas et al. 2012). NLRC5 acts as a co-activator 
with high specificity and contributes to MHC-I transcription 
by interacting with several other transcription factors to form 
a multi-protein complex called the enhanceosome (Gobin 
et al. 2001; Meissner et al. 2010, 2012; Neerincx et al. 2012). 
The enhanceosome activates the promoters of MHC-I genes 
and components of the antigen processing machinery such as 
B2M, immunoproteasome subunits PSMB8 (also known as 
LMP7) and PSMB9 (also known as LMP2), and TAP1 (Meiss-
ner et al. 2010; Yoshihama et al. 2016). Aside from MHC-I 
regulation, NLRC5 has been reported to be involved in innate 
immune responses as well as malignancy of certain cancers 
(Cui et al. 2010; Neerincx et al. 2010; Ranjan et al. 2015; Liu 
et al. 2016; Peng et al. 2016). Despite a potential central role 
of NLRC5 in immune evasion, studies of NLRC5 are limited 
and several hypothesized secondary roles of NLRC5 remain 
unexplored.

In this study, we take advantage of a unique natural exper-
iment in which two independent clonal tumor cell lines have 
essentially been passaged through hundreds of free-living 
animals to assess the role of NLRC5 and MHC-I in immune 
evasion. The overexpression of NLRC5 in DFT1 and DFT2 
cells induced the expression of B2M, MHC-I heavy chain 
SAHAI-01 and other functionally related genes. PDL1 and 
the non-classical MHC-I SAHA-UK which are upregulated 
by IFNG were not induced by NLRC5. MHC-I was constitu-
tively expressed on the surface of DFT cells overexpressing 
NLRC5, which suggests that modulation of NLRC5 expres-
sion could be a potential substitute for IFNG to increase 
DFT cell immunogenicity. Additionally, MHC-I molecules 
on DFT cells were revealed to be an immunogenic target of 
allogeneic responses in wild devils.

Materials and methods

Cells and cell culture conditions

DFT1 cell line C5065 strain 3 (Pearse et  al. 2012) 
(RRID:CVCL_LB79) and DFT2 cell  l ines RV 
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(RRID:CVCL_LB80) and JV (RRID not available) were 
used in this study as indicated. DFT1 C5065 was provided 
by A-M Pearse and K. Swift of the Department of Pri-
mary Industries, Parks, Water and Environment (DPIPWE) 
(Hobart, TAS, Australia) and was previously established 
from DFT1 biopsies obtained under the approval of the Ani-
mal Ethics Committee of the Tasmanian Parks and Wildlife 
Service (permit numbers 33/2004–5 and 32/2005–6). DFT2 
cell lines RV and JV were established from single cell sus-
pensions obtained from tumor biopsies performed under 
the approval of the University of Tasmania Animal Ethics 
Committee (permit number A0012513) or under a Stand-
ard Operating Procedure approved by the General Man-
ager, Natural and Cultural Heritage Division, Tasmanian 
Government DPIPWE. Cells were cultured at 35 °C with 
5%  CO2 in complete RPMI medium: RPMI 1640 medium 
with L-glutamine (Thermo Fisher Scientific, Waltham, MA, 
USA), 10% heat-inactivated fetal bovine serum (Bovogen 
Biologicals, Melbourne, VIC, Australia), 1% (v/v) Antibi-
otic–Antimycotic (100X) (Thermo Fisher Scientific), 10 mM 
HEPES (Thermo Fisher Scientific) and 50 μM 2-mercaptoe-
thanol (Sigma-Aldrich, St. Louis, MO, USA).

RNA sequencing and analysis

Initial RNA sequencing was performed using DFT1 C5065 
and DFT2 RV cells treated with and without 5  ng/mL 
recombinant devil IFNG (provided by Walter and Eliza 
Hall Institute (WEHI), Melbourne, VIC, Australia) for 24 h 
according to the previously described protocols (Patchett 
et al. 2018, 2020). For the remaining cell lines (Table 1, ID 
# 5–9), total RNA was extracted using the NucleoSpin® 
RNA plus kit (Macherey Nagel, Düren, Germany) per 

manufacturer’s instructions. Two replicates were prepared 
for each cell line. RNA sequencing was conducted at the 
Ramaciotti Centre for Genomics (Sydney, NSW, Australia) 
using the following methods. RNA integrity was assessed 
using Agilent TapeStation (Agilent Technologies, Santa 
Clara, CA, USA). All samples had RNA Integrity Number 
(RIN) scores of 10.0. mRNA libraries were prepared using 
the TruSeq Stranded mRNA Library Prep (Illumina Inc., 
San Diego, CA, USA). The libraries were sequenced on an 
Illumina NovaSeq 6000 platform (Illumina) with 100 base-
pair single-end reads. The quality of the sequencing reads 
were analyzed using FastQC version 0.11.9 (Andrews 2010). 
Raw FASTQ files have been deposited to the European 
Nucleotide Archive (ENA) and are available at BioProject 
# PRJEB39847.

The sequencing reads were mapped to the Tasmanian 
devil reference genome (GCA_902635505.1 mSarHar1.11) 
using Subread version 2.0.0 (Liao et al. 2013). Uniquely 
mapped reads were counted and assigned to genes using 
featureCounts (Liao et al. 2014). Differential expression 
analysis of gene counts was performed using statistical soft-
ware RStudio (RStudio Team 2020) on R version 4.0.0 (R 
Core Team 2020). Firstly, genes with less than 100 aligned 
reads across all samples were filtered out to exclude lowly 
expressed genes. Gene counts were then normalized across 
samples by upper quartile normalization using edgeR (Rob-
inson et al. 2009; Robinson and Oshlack 2010; Anders and 
Huber 2010) and EDASeq (Bullard et al. 2010; Risso et al. 
2011). Normalized read counts were scaled by transcripts 
per kilobase million (TPM) to account for varied gene 
lengths. For differential expression analysis, gene expres-
sion of NLRC5-overexpressing cell lines (DFT1.NLRC5, 
DFT2.NLRC5) were compared against BFP-control cell 

Table 1  Devil facial tumor (DFT) cell lines and treatments

a DFT1.WT data from Patchett et al. (2018) available through European Nucleotide Archive # PRJNA416378
b DFT2.WTRV data from Patchett et al. (2020) available through European Nucleotide Archive # PRJEB28680

ID # Sample name Parent cell line Treatment

1 DFT1.WTa DFT1 C5065 Untreated
2 DFT1.WT + IFNG DFT1 C5065 5 ng/mL IFNG, 24 h
3 DFT2.WTRVb DFT2 RV Untreated
4 DFT2.WTRV + IFNG DFT2 RV 5 ng/mL IFNG, 24 h
5 DFT1.BFP DFT1 C5065 Transfected with control vector pSBbi-BH
6 DFT1.NLRC5 DFT1 C5065 Transfected with NLRC5 vector pCO1
7 DFT2.WT DFT2 JV Untreated
8 DFT2.BFP DFT2 JV Transfected with control vector pSBbi-BH
9 DFT2.NLRC5 DFT2 JV Transfected with NLRC5 vector pCO1
10 DFT1.B2M−/− DFT1 C5065 Transfected with B2M targeting vector pAF217
11 DFT1.B2M−/− + IFNG DFT1 C5065 Transfected with B2M targeting vector pAF217 and treated with 5 ng/mL 

IFNG for 24 h
12 DFT1.NLRC5.B2M−/− DFT1 C5065 Transfected with NLRC5 vector pCO1 and B2M targeting vector pAF218
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lines (DFT1.BFP, DFT2.BFP) while IFNG-treated cells 
(DFT1.WT + IFNG, DFT2.WTRV + IFNG) were compared 
against the untreated wild-type (DFT1.WT, DFT2.WTRV), 
according to their respective tumor origin. Differential gene 
expression was calculated using the voom (Law et al. 2014) 
function in limma (Ritchie et al. 2015) with linear model-
ling and empirical Bayes moderation (Phipson et al. 2016) 
(Online Resource 1). Genes were defined as significantly 
differentially expressed by applying FDR < 0.05, and  log2 
fold change (FC) ≥ 2.0 (upregulated) or ≤  − 2.0 (downregu-
lated) thresholds.

A bar plot of fold change in mRNA expression upon treat-
ment was created from TPM values in GraphPad Prism ver-
sion 5.03. Venn diagrams of differentially expressed genes 
were developed using Venny version 2.1 (Oliveros 2015). 
Heatmaps were created from  log2TPM values using the 
ComplexHeatmap (Gu et al. 2016) package in R studio. For 
functional enrichment analysis, over-representation of gene 
ontology (GO) and Reactome pathways was analyzed on 
differentially expressed genes in R studio using functions 
enrichGO in ClusterProfiler (Yu et al. 2012) and enrich-
Pathway in ReactomePA (Yu and He 2016), respectively. 
Significant GO terms and Reactome pathways were selected 
by applying the cut-offs p-value < 0.001, q-value < 0.05 and 
adjusted p-value < 0.05. P values were adjusted for multiple 
testing using Benjamini–Hochberg method.

Plasmid construction

The coding sequence for full length devil NLRC5 (ENS-
SHAT00000015489.1) was isolated from cDNA of devil 
lymph node mononuclear cells stimulated with recombi-
nant devil IFNG (Flies et al. 2016) (10 ng/mL, 24 h). Devil 
NLRC5 was then cloned into plasmid pAF105 (detailed 
description of pAF105 plasmid construction available in 
Online Resource 2). For this study, devil NLRC5 was ampli-
fied from pAF105 with overlapping ends to the 5′ and 3′ SfiI 
sites of the Sleeping Beauty transposon plasmid pSBbi-BH 
(Kowarz et al. 2015) (a gift from Eric Kowarz; Addgene # 
60,515, Cambridge, MA, USA) using Q5® Hotstart High-
Fidelity 2X Master Mix (New England Biolabs (NEB), 
Ipswich, MA, USA) (see Online Resource 3 for primers 
and reaction conditions). The fragment was cloned into 
SfiI-digested (NEB) pSBbi-BH using NEBuilder® HiFi 
DNA Assembly Cloning Kit (NEB) and the assembled 
plasmid pCO1 was transformed into NEB® 5-alpha com-
petent Escherichia coli (High Efficiency) (NEB) according 
to manufacturer’s instructions (see Online Resource 4 for 
plasmid maps). Positive clones were identified by colony 
PCR and the plasmid was purified using NucleoSpin® 
Plasmid EasyPure kit (Macherey–Nagel). The cloned devil 
NLRC5 transcript was verified by Sanger sequencing using 
Big Dye™ Terminator v3.1 Cycle Sequencing Kit (Applied 

Biosystems (ABI), Foster City, CA, USA) and Agencourt® 
CleanSEQ® (Beckman Coulter, Brea, CA, USA) per man-
ufacturer’s instructions. The sequences were analyzed on 
3500xL Genetic Analyzer (ABI) (see Online Resource 5 for 
list of sequencing primers). For detailed step-by-step proto-
cols for plasmid design and construction, reagent recipes, 
and generation of stable cell lines, see Bio-protocol # e3986 
(Flies et al. 2020b).

Transfection and generation of stable cell lines

Stable cell lines of both DFT1 and DFT2 (C5065 and JV 
cell lines, respectively) overexpressing NLRC5 were pre-
pared as follows. 5 ×  105 cells were seeded in a six-well 
plate and incubated overnight to achieve 50–80% conflu-
ency on the day of transfection. As the vector constructed 
uses a Sleeping Beauty (SB) transposon system for gene 
transfer, co-transfection of an expression vector encoding 
an SB transposase enzyme pCMV(CAT)T7-SB100 (Mátés 
et al. 2009) (a gift from Zsuzsanna Izsvak; Addgene plas-
mid # 34,879) was needed to facilitate this process. Per 
2.0 mL of culture volume, 2.0 μg of plasmid DNA (1.5 μg 
pCO1 + 0.5 μg pCMV(CAT)T7-SB100) was diluted in phos-
phate-buffered saline (PBS) to 100 μL and then added to 
6.0 μg of polyethylenimine (PEI) (1 mg/mL, linear, 25 kDa; 
Polysciences, Warrington, FL, USA) diluted in PBS to 100 
μL (3:1 ratio of PEI to DNA (w/w)). The DNA:PEI solu-
tion was mixed by gentle pipetting and incubated at room 
temperature for 15–20 min. The media on DFT cells were 
replaced with fresh complete RPMI medium and the trans-
fection mix was added dropwise to the cells. The cells were 
incubated with the DNA:PEI solution overnight at 35 °C 
with 5%  CO2. The next morning, media was replaced with 
fresh complete RPMI medium. 48 h post-transfection, the 
cells were observed for fluorescence through expression of 
reporter gene mTagBFP and were subjected to seven days 
of positive selection by adding 1 mg/mL hygromycin B 
(Sigma-Aldrich) in complete RPMI medium. Once selec-
tion was complete, the cells were maintained in 200 μg/mL 
hygromycin B in complete RPMI medium. pSBbi-BH was 
used as a control to account for the effects of the transfection 
and drug selection process.

Flow cytometric analysis of B2M expression

Cells were harvested and plated in a round-bottom 96-well 
plate (1 ×  105 per well) and centrifuged at 500 g for 3 min 
at 4 °C to discard the medium. Cells were blocked with 50 
μL of 1% normal goat serum (Thermo Fisher Scientific) in 
FACS buffer (PBS with 0.5% BSA, 0.02% sodium azide) 
for 10 min on ice. After blocking, 0.4 μL anti-devil B2M 
mouse antibody in supernatant (13-34-45, a gift from Han-
nah Siddle) (Siddle et al. 2013) diluted to a total of 50 μL 
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in FACS buffer was added to the cells for 15 min on ice. 
The cells were washed with 150 µL FACS buffer and centri-
fuged at 500 g for 3 min at 4 °C. Goat anti-mouse IgG-Alexa 
Fluor 488 (Thermo Fisher Scientific) was diluted in FACS 
buffer to 4 µg/mL and 50 μL of the solution was incubated 
with the target cells in the dark for 30 min on ice. The cells 
were washed twice with FACS buffer to remove excess sec-
ondary antibody. Lastly, the cells were resuspended in 200 
µL FACS buffer with propidium iodide (PI) (500 ng/mL) 
(Sigma-Aldrich) prior to analysis on BD FACSCanto™ II 
(BD Biosciences, Franklin Lakes, NJ, USA). As a positive 
control for surface B2M expression, DFT1 C5065 and DFT2 
JV cells were stimulated with 5 ng/mL recombinant devil 
IFNG (Flies et al. 2016) for 24 h.

Generation of B2M CRISPR/Cas9 knockout cell lines 
 (B2M−/−)

Two single guide RNAs (sgRNAs) targeting the first exon of 
devil B2M gene (ENSSHAG00000017005) were designed 
using a web-based CRISPR design tool CHOPCHOP (Labun 
et al. 2019) (Online Resource 6). Complementary oligonu-
cleotides encoding each B2M sgRNA sequence were syn-
thesized (Integrated DNA Technologies (IDT), Coralville, 
IA, USA), phosphorylated and annealed before cloning into 
lentiCRISPRv2 plasmid (Sanjana et al. 2014) (a gift from 
Feng Zhang; Addgene # 52,961) at BsmBI (NEB) restriction 
sites using T4 DNA ligase (NEB) (see Online Resource 7 for 
oligonucleotide sequences). The ligated plasmids pAF217 
and pAF218 were then transformed into NEB® Stable 
Competent Escherichia coli (High Efficiency) (NEB). Sin-
gle colonies were selected, and the plasmids were purified 
using ZymoPURE™ Plasmid Miniprep Kit (Zymo Research, 
Irvine, CA, USA). The sgRNA sequence in each plasmid 
was validated by Sanger sequencing according to the method 
described above (see Online Resource 5 for list of sequenc-
ing primers).

B2M targeting vectors pAF217 and pAF218 were each 
transfected into DFT1.WT and DFT1.NLRC5 cells to gen-
erate B2M knockout cell lines DFT1.B2M−/− and DFT1.
NLRC5.B2M−/−. Transfection of cells were carried out as 
described above with the exception that 1.5 μg of plasmid 
was used instead of 2.0 μg. A day after transfection, the cells 
were subjected to positive selection by adding 100 μg/mL 
puromycin (InvivoGen, San Diego, CA, USA) for a week.

Post-drug selection, the cells were screened and sorted 
multiple rounds using a Beckman-Coulter MoFlo Astrios 
cell sorter to select DFT1.B2M−/− and DFT1.NLRC5.
B2M−/− cells with negative B2M expression. DFT1.
B2M−/− cells were treated with 10 ng/mL devil recombinant 
IFNG (Flies et al. 2016) for 24 h to stimulate surface B2M 
upregulation prior to analysis. For flow cytometry, cells were 
first harvested by centrifugation at 500 g for 3 min at 4 °C, 

and then blocked with 100 μL of 1% normal goat serum 
(Thermo Fisher Scientific) in complete RPMI medium for 
10 min on ice. After blocking, the cells were incubated with 
0.8 μL anti-devil B2M mouse antibody in supernatant (Sid-
dle et al. 2013) diluted in complete RPMI to a total of 100 
μL for 15 min on ice. The cells were washed with 2.0 mL 
complete RPMI and centrifuged at 500 g for 3 min at 4 °C. 
Next, the cells were incubated with 100 μL of 2 µg/mL goat 
anti-mouse IgG-Alexa Fluor 647 (Thermo Fisher Scien-
tific) diluted in complete RPMI in the dark for 15 min on 
ice. The cells were washed with 2.0 mL of complete RPMI 
medium to remove excess secondary antibody. Lastly, the 
cells were resuspended to a concentration of 1 ×  107 cells/
mL in 200 ng/mL DAPI (Sigma-Aldrich) diluted in com-
plete RPMI medium. B2M negative cells were selected and 
bulk-sorted using cell sorter Moflo Astrios EQ (Beckman 
Coulter).

After multiple rounds of sorting to establish a B2M nega-
tive population, genomic DNA of the cells was isolated and 
screened for mutations in the B2M gene by Sanger sequenc-
ing (see Online Resource 5 for sequencing primers). Indels 
(insertions or deletions) in the B2M gene were assessed 
using Inference of CRISPR Edits (ICE) analysis tool version 
2.0 from Synthego (Synthego 2019) (Menlo Park, CA, USA) 
(Online Resource 6). B2M knockout cell lines: (i) DFT1.
B2M−/− derived from DFT1 cells transfected with pAF217, 
and (ii) DFT1.NLRC5.B2M−/− derived from DFT1.NLRC5 
transfected with pAF218 were selected for downstream anal-
ysis (see Table 1 for full list of cell lines).

Flow cytometric analysis of serum antibody target

Serum samples of wild Tasmanian devils were obtained 
from previous studies as described (Pye et al. 2016a; Tovar 
et al. 2017). To induce surface expression of MHC-I, DFT 
cells were treated with 10 ng/mL devil recombinant IFNG 
(Flies et al. 2016) for 24 h prior to analysis. Cells were 
washed with cold FACS buffer and 1 ×  105 cells per well 
were plated in a round-bottom 96-well plate. The cells were 
centrifuged at 500 g for 3 min at 4 °C to discard the medium. 
Serum samples (see Online Resource 8 for serum sample 
information) were thawed on ice and diluted 1:50 with FACS 
buffer. 50 μL of diluted serum was added to the cells and 
incubated for 1 h on ice. After incubation, the cells were 
washed twice with 200 μL FACS buffer. 50 μL of 10 μg/mL 
monoclonal mouse anti-devil IgG2b antibody (A4-D1-2-1, 
provided by WEHI) (Howson et al. 2014) in FACS buffer 
was added to the cells and incubated for 30 min on ice. The 
cells were washed twice with FACS buffer and then incu-
bated with 50 µL of 4 μg/mL goat anti-mouse IgG-Alexa 
Fluor 488 (Thermo Fisher Scientific) in FACS buffer for 
30 min on ice, protected from light. The cells were washed 
twice with ice-cold PBS (Thermo Fisher Scientific). After 
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washing, the cells were stained with LIVE/DEAD™ Fix-
able Near-IR Dead Cell Stain (Thermo Fisher Scientific) 
per manufacturer’s instructions. For B2M surface expression 
analysis, the cells were stained as described in the protocol 
above. However, LIVE/DEAD™ Fixable Near-IR Dead Cell 
Stain (Thermo Fisher Scientific) was used instead of PI to 
determine cell viability. All cells were fixed with FACS fix 
(0.02% sodium azide, 1.0% glucose, 0.4% formaldehyde) 
prior to analysis on BD FACSCanto™ II (BD Biosciences).

Results

NLRC5 is upregulated in DFT1 and DFT2 cells treated 
with IFNG

IFNG has been shown to upregulate MHC-I (Siddle et al. 
2013) and PDL1 (Flies et al. 2016) on DFT cells. To probe 
the mechanisms driving upregulation of these key immune 
proteins, we performed RNA-seq using mRNA extracted 
from IFNG-treated DFT1 cell line C5065 (DFT1.WT) and 
an IFNG-treated DFT2 cell line RV (DFT2.WTRV). Mark-
ers for Schwann cell differentiation, SRY-box 10 (SOX10) 
and neuroepithelial marker nestin (NES), that are expressed 
in both DFT1 and DFT2 cells (Patchett et al. 2020), were 
selected as internal gene controls. As expected, transcrip-
tome analysis showed that B2M, MHC-I gene SAHAI-01, 
and PDL1 were strongly upregulated by IFNG. MHC-I 
transactivator NLRC5 was also upregulated upon IFNG 
treatment, more than a 100-fold in both DFT1.WT (275-
fold) and DFT2.WTRV cells (124-fold) relative to untreated 
cells (Fig. 1).

NLRC5 upregulates MHC‑I and antigen presentation 
genes but not PDL1 and non‑classical MHC‑I

To assess the role of NLRC5 in antigen processing and 
presentation, we developed an expression vector that stably 
upregulates NLRC5 in DFT cells. DFT1 cell line C5065 
and DFT2 cell line JV were used for production of NLRC5-
overexpressing DFT cells. Following drug selection to create 
stable cell lines, we performed RNA-seq on DFT1 and DFT2 
cells stably transfected with BFP-control and NLRC5 vec-
tors (see Table 1 for list of cell lines). Changes in the mRNA 
expression profile of DFT cells overexpressing NLRC5 rel-
ative to BFP-control cells were examined in parallel with 
changes observed in wild-type DFT cells following IFNG 
treatment (Fig. 2 and Online Resource 9). The transcriptome 
for IFNG-treated DFT2 cells was previously generated from 
the DFT2 RV cell line (DFT2.WTRV) (Patchett et al. 2020). 
Otherwise, all DFT2 results are from DFT2 JV.

Differential expression analysis showed that 159 genes 
were upregulated by IFNG (DFT1.WT + IFNG) in contrast 

to 40 genes by NLRC5 (DFT1.NLRC5) in DFT1 cells 
(Fig. 2). In DFT2 cells, 288 genes were upregulated by 
IFNG (DFT2.WTRV + IFNG) and 30 genes by NLRC5 
(DFT2.NLRC5) (Fig. 2). There were ten genes that were 
upregulated by both IFNG and NLRC5 in DFT1 and DFT2 
cells. These shared genes were predominantly related to 
MHC-I antigen processing and presentation pathway 
which suggests a role of NLRC5 in IFNG-induced MHC-I 
expression.

A heatmap was used to explore the expression profiles 
of genes associated with MHC-I and MHC-II antigen pro-
cessing and presentation. In addition to SOX10 and NES, 
the myelin protein periaxin (PRX), a marker for DFT1 cells 
(Tovar et al. 2011), was included as an internal control. 
Overall, NLRC5 upregulated genes involved in MHC-I 
antigen presentation to a smaller magnitude than IFNG 
(Fig. 3). NLRC5 upregulated a subset of IFNG-induced 
MHC-I genes SAHAI-01, SAHAI (LOC105750614) and 
SAHAI (LOC100927947), and genes of the antigen pro-
cessing machinery including B2M, PSMB8, PSMB9, and 
TAP1. In comparison, other IFNG-induced genes such as 
PSMB10, TAP2 and TAP binding protein (TAPBP) were not 
upregulated by NLRC5 in either DFT1.NLRC5 or DFT2.
NLRC5 cells. MHC-I genes that were induced by IFNG 
but not NLRC5 include non-classical MHC-I genes SAHA-
UK and SAHA-MR1, although the latter was only induced 
in DFT2 cells treated with IFNG. Additionally, PDL1 was 
upregulated by IFNG, but not NLRC5. Examination of the 
promoter elements immediately upstream of SAHA-UK and 
PDL1 did not identify the putative MHC-I-conserved SXY 
module (Cheng et al. 2012) necessary for NLRC5-mediated 
transcription in the devil genome. A putative interferon-
stimulated response element (ISRE) for devil MHC-I genes 

Fig. 1  Upregulation of NLRC5 by IFNG in DFT1 and DFT2 cells. 
Fold change in mRNA expression (transcripts per kilobase million 
(TPM)) of B2M, MHC class I gene SAHAI-01, PDL1 and NLRC5 
upon IFNG treatment in DFT1 C5065 cell line (DFT1.WT) and 
DFT2 RV cell line (DFT2.WTRV). SOX10 and NES were included as 
internal controls. Bars show the mean of N = 2 replicates per treat-
ment. Error bars indicate standard deviation
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was identified 127 bp upstream of the start codon of SAHA-
UK (Online Resource 11).

NLRC5 did not consistently regulate MHC-II genes. 
However, the invariant chain associated with assembly of 
MHC-II complexes, CD74, was significantly upregulated in 
DFT1.NLRC5. Similarly, IFNG treatment on DFT1 cells 
only upregulated MHC-II transactivator CIITA. Strikingly, 
IFNG treatment on DFT2 cells induced several MHC-II 
genes such as HLA-DRA (LOC100923003), HLA-DMA 
(LOC100925801), HLA-DMB (LOC100925533), CD74 
and CIITA.

NLRC5 primarily functions in MHC‑I antigen 
processing and presentation but is not limited 
to immune‑related functions

The majority of research into NLRC5 has been devoted to its 
role as a regulator of MHC-I expression. In addition, some 
studies have reported possible roles of NLRC5 in antiviral 
immunity, inflammation and cancer through modulation of 
various signaling pathways (Kuenzel et al. 2010; Cui et al. 
2010; Benko et al. 2010; Neerincx et al. 2010; Davis et al. 
2011; Wang et al. 2019). To identify additional biological 
functions of NLRC5 in DFT cells, over-representation analy-
sis of gene ontology (GO) biological processes and Reac-
tome pathways was performed using the list of differentially 
expressed genes between NLRC5-overexpressing DFT cells 

and BFP-controls (FDR < 0.05,  log2FC ≥ 2.0 or ≤  − 2.0). 
Both analyses revealed significant up- and downregulation 
of genes associated with immune system processes and 
developmental processes in cells overexpressing NLRC5.

Among the list of genes upregulated in DFT1.NLRC5 and 
DFT2.NLRC5 cells, the most significantly associated GO 
biological process was antigen processing and presentation 
of exogenous peptide antigen via MHC class I, TAP-depend-
ent (Figs. 4a and 5a). Several additional immune-related pro-
cesses were also associated with NLRC5 overexpression, 
particularly in DFT1 cells. Some of these included positive 
regulation of immune response, interferon-gamma-mediated 
signaling pathway, immune response-regulating cell surface 
receptor signaling pathway (Fig. 4a), and regulation of inter-
leukin-6 biosynthetic process (Fig. 4c). In DFT1.NLRC5 and 
DFT2.NLRC5, GO terms related to development that were 
significantly over-represented included morphogenesis of an 
epithelium (Fig. 4a) and negative regulation of epidermis 
development (Fig. 5a), respectively. 

As DFT cells are of neuroendocrine origin, specifically 
of the Schwann cell lineage (Murchison et al. 2010; Patchett 
et al. 2020), a number of neural-related genes were targeted 
by NLRC5. In DFT2 cells, NLRC5 upregulated genes that 
are involved in myelination, which are usually expressed 
at low levels in DFT2 cells (Patchett et al. 2020) (Fig. 5a). 
These genes include brain enriched myelin associated pro-
tein 1 (BCAS1), myelin binding protein (MBP), myelin pro-
tein zero (MPZ) and UDP glycosyltransferase 8 (UGT8) 

Fig. 2  Venn diagram of genes significantly upregulated upon IFNG 
treatment and NLRC5 overexpression in DFT1 and DFT2 cells. 
Genes were defined as significantly upregulated when false discovery 
rate (FDR) < 0.05 and  log2FC ≥ 2.0. Total number of genes upregu-
lated for each treatment is indicated in parentheses under the sam-
ple name. The box shows genes upregulated in all four treatments: 

(i) IFNG-treated DFT1 cells (DFT1.WT + IFNG), (ii) IFNG-treated 
DFT2 cells (DFT2.WTRV + IFNG), (iii) NLRC5-overexpressing 
DFT1 cells (DFT1.NLRC5), and (iv) NLRC5-overexpressing DFT2 
cells (DFT2.NLRC5). See Online Resource 1 for a full list of differ-
entially expressed genes and Online Resource 10 for description of 
devil-specific genes (LOC symbols)
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(Fig. 5b). Furthermore, many of the downregulated genes 
in DFT2.NLRC5 were related to nervous system function, 
mainly pertaining to synaptic signaling and sensory percep-
tion (Fig. 5c).

Reactome pathway analysis revealed an enrichment of 
pathways that were consistent with those identified by GO 
analysis. This included enrichment of the ER-phagosome 
pathway and antigen processing-cross presentation in DFT1.
NLRC5 (Table 2) and DFT2.NLRC5 (Table 3); signaling by 
the B cell receptor (BCR) in DFT1.NLRC5; and transmis-
sion across chemical synapses in DFT2.NLRC5 cells. Inter-
estingly, nuclear factor of activated T cells 1 (NFATC1), pro-
tein kinase C beta (PRKCB), PSMB8 and PSMB9, associated 

with several GO immune-related processes in DFT1.NLRC5 
(Fig. 4B), were enriched for the beta-catenin independent 
WNT signaling pathway (Table 2). Other enriched pathways 
included those involved in extracellular matrix organization 
such as collagen chain trimerization (Table 2) and assembly 
of collagen fibrils and other multimeric structures (Table 3).

NLRC5 induces MHC‑I expression on the cell surface

To determine if NLRC5 is capable of regulating MHC-I 
expression at the protein level, surface MHC-I was analyzed 
by flow cytometry in DFT cells overexpressing NLRC5 
using a monoclonal antibody against B2M (Siddle et al. 

Fig. 3  Heatmap showing expression profiles of genes involved in 
MHC-I and MHC-II antigen processing and presentation pathways, 
and PDL1 in IFNG-treated, and NLRC5-overexpressing DFT1 and 
DFT2 cells.  Log2TPM expression values were scaled across each 
gene (rows) and represented by Z-Score, with red and blue repre-
senting high and low relative expression, respectively. Replicates for 

each treatment (N = 2) are included in the heatmap. SAHAI encodes 
the Tasmanian devil MHC-I heavy chain gene. For genes with no offi-
cial gene symbol (LOC symbols), alternative gene symbols were used 
according to the gene description on NCBI. See Online Resource 10 
for corresponding NCBI gene symbols and description
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2013). The overexpression of NLRC5 induced upregula-
tion of surface expression of B2M in both DFT1.NLRC5 
(Fig. 6a) and DFT2.NLRC5 cells (Fig. 6b). The level of 
B2M expression was also comparable to wild-type DFT cells 
treated with IFNG.

Next, we assessed the stability of NLRC5-induced 
MHC-I expression by examining the expression of B2M in 
long-term cultures. One-month post-drug selection, DFT1.
NLRC5 cells cultured in the presence or absence of hygro-
mycin B were stained for B2M every 4 weeks for a total 

Fig. 4  GO biological processes that were enriched in DFT1 cells with 
NLRC5 overexpression. GO biological process terms associated with 
genes upregulated (UP) (a, b) and downregulated (DN) (c) in DFT1.
NLRC5. b Heatplot of genes associated with each positively regu-
lated GO term. The cut-offs p-value < 0.001 and adjusted p-value (p. 

adjust) < 0.05 were used to determine significant biological processes. 
P values were adjusted for multiple testing using Benjamini–Hoch-
berg method. See also Online Resource 12 for full list of GO biologi-
cal processes
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Fig. 5  GO biological processes that were enriched in DFT2 cells with 
NLRC5 overexpression. GO biological process terms associated with 
genes upregulated (UP) (a, b) and downregulated (DN) (c) in DFT2.
NLRC5. b Heatplot of genes associated with each positively-regu-
lated GO term. The cut-offs p-value < 0.001 and adjusted p-value (p. 

adjust) < 0.05 were used to determine significant biological processes. 
P values were adjusted for multiple testing using Benjamini–Hoch-
berg method. See also Online Resource 13 for full list of GO biologi-
cal processes
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Table 2  Reactome pathways enriched in differentially expressed genes in DFT1.NLRC5

Cut-offs  p-value < 0.001 and p.adjust < 0.05 were used to display significant pathways.  P values were adjusted (p.adjust) for multiple testing 
using Benjamini–Hochberg method. See also Online Resource 14 for full list of Reactome pathways

Reactome ID Pathway Count Term size p value p.adjust Genes

Upregulated
R-HSA-1236974 ER-Phagosome pathway 4 74 4.69E-05 4.75E-03 B2M, PSMB8, PSMB9, TAP1
R-HSA-1168372 Downstream signaling events of B Cell 

Receptor (BCR)
4 80 6.37E-05 4.75E-03 NFATC1, PRKCB, PSMB8, PSMB9

R-HSA-1236975 Antigen processing-Cross presentation 4 81 6.69E-05 4.75E-03 B2M, PSMB8, PSMB9, TAP1
R-HSA-983705 Signaling by the B Cell Receptor (BCR) 4 104 1.77E-04 9.44E-03 NFATC1, PRKCB, PSMB8, PSMB9
R-HSA-3858494 Beta-catenin independent WNT signal-

ing
4 129 4.06E-04 1.73E-02 NFATC1, PRKCB, PSMB8, PSMB9

R-HSA-1169091 Activation of NF-kappaB in B cells 3 64 7.19E-04 2.55E-02 PRKCB, PSMB8, PSMB9
Downregulated
R-HSA-216083 Integrin cell surface interactions 5 62 1.16E-05 4.04E-03 CDH1, COL18A1, COL6A1, COL6A2, 

JAM2
R-HSA-1251985 Nuclear signaling by ERBB4 3 28 3.33E-04 4.93E-02 EREG, GFAP, S100B
R-HSA-5173105 O-linked glycosylation 4 73 4.27E-04 4.93E-02 ADAMTS7, B3GNT7, GALNT13, 

GALNT17
R-HSA-913709 O-linked glycosylation of mucins 3 34 5.96E-04 4.93E-02 B3GNT7, GALNT13, GALNT17
R-HSA-8948216 Collagen chain trimerization 3 36 7.06E-04 4.93E-02 COL18A1, COL6A1, COL6A2

Table 3  Reactome pathways enriched in differentially expressed genes in DFT2.NLRC5

Cut-offs  p-value < 0.001 and p.adjust < 0.05 were used to display significant pathways. P values were adjusted (p.adjust) for multiple testing 
using Benjamini–Hochberg method. See also Online Resource 15 for full list of Reactome pathways

Reactome ID Pathway Count Term size p value p.adjust Genes

Upregulated
R-HSA-1236974 ER-Phagosome pathway 4 74 3.43E-06 3.80E-04 B2M, PSMB8, PSMB9, TAP1
R-HSA-1236975 Antigen processing-Cross presentation 4 81 4.93E-06 3.80E-04 B2M, PSMB8, PSMB9, TAP1
R-HSA-983169 Class I MHC mediated antigen processing 

& presentation
5 312 5.96E-05 3.06E-03 B2M, PSMB8, PSMB9, TAP1, TRIM69

R-HSA-983170 Antigen Presentation: Folding, assembly 
and peptide loading of class I MHC

2 18 3.31E-04 1.27E-02 B2M, TAP1

R-HSA-162909 Host Interactions of HIV factors 3 119 6.91E-04 1.36E-02 B2M, PSMB8, PSMB9
Downregulated
R-HSA-112316 Neuronal System 33 276 1.73E-06 1.28E-03 see Online Resource 15
R-HSA-1474228 Degradation of the extracellular matrix 16 97 1.82E-05 6.73E-03 see Online Resource 15
R-HSA-264642 Acetylcholine Neurotransmitter Release 

Cycle
5 10 5.87E-05 1.45E-02 see Online Resource 15

R-HSA-181429 Serotonin Neurotransmitter Release Cycle 5 12 1.70E-04 2.27E-02 see Online Resource 15
R-HSA-181430 Norepinephrine Neurotransmitter Release 

Cycle
5 12 1.70E-04 2.27E-02 see Online Resource 15

R-HSA-112315 Transmission across Chemical Synapses 21 179 1.84E-04 2.27E-02 see Online Resource 15
R-HSA-1474244 Extracellular matrix organization 24 224 2.65E-04 2.80E-02 see Online Resource 15
R-HSA-166658 Complement cascade 6 21 4.02E-04 3.38E-02 see Online Resource 15
R-HSA-1296072 Voltage gated Potassium channels 7 29 4.11E-04 3.38E-02 see Online Resource 15
R-HSA-2022090 Assembly of collagen fibrils and other mul-

timeric structures
9 49 5.62E-04 4.16E-02 see Online Resource 15

R-HSA-210500 Glutamate Neurotransmitter Release Cycle 5 16 7.96E-04 4.91E-02 see Online Resource 15
R-HSA-212676 Dopamine Neurotransmitter Release Cycle 5 16 7.96E-04 4.91E-02 see Online Resource 15
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of 12 weeks. As shown in Fig. 6a, MHC-I expression was 
stably maintained in DFT1.NLRC5 cells, with or without 
ongoing drug selection pressure throughout the 12-week cul-
ture thus, demonstrating the relative stability of the human 
EF1a promoter driving NLRC5 expression in long-term cell 
cultures. PDL1 was also not upregulated on the cell surface 
in NLRC5-overexpressing DFT cells compared to IFNG-
treated DFT cells (Online Resource 16).

MHC‑I is a predominant target of anti‑DFT antibody 
responses

It was previously reported that the antibodies from devils 
infected with DFT1 were specific to MHC-I, as determined 
by incubating serum from these devils with IFNG-treated 
DFT cells (Pye et al. 2016a). Considering the diverse roles 
of IFNG, there could be other IFNG-induced antigens that 
can serve as targets for the anti-DFT antibody response.

To establish if MHC-I is the target of anti-DFT serum 
antibodies, surface MHC-I expression was first ablated 
by knocking out the hemizygous B2M allele (Stammnitz 
et  al. 2018) in wild-type DFT1 cells (DFT1.WT) and 

NLRC5-overexpressing DFT1 cells (DFT1.NLRC5) using 
CRISPR/Cas9 technology. Gene disruption of B2M was con-
firmed by genomic DNA sequencing (Online Resource 6), 
and flow cytometry using a monoclonal anti-B2M antibody 
(Fig. 7). CRISPR/Cas9-mediated B2M knockout  (B2M−/−) 
in DFT1 cells rendered the cells irreversibly deficient for 
surface expression of B2M despite IFNG and NLRC5 stimu-
lation (DFT1.B2M−/− + IFNG and DFT1.NLRC5.B2M−/−). 
Due to the pivotal role of B2M in stability of MHC-I com-
plex formation and surface presentation (Arce‐Gomez et al. 
1978; Williams et al. 1989; Vitiello et al. 1990; Kozlowski 
et al. 1991; Boyd et al. 1992), absence of surface B2M is 
indicative of a lack of surface MHC-I expression.

After surface MHC-I ablation was confirmed, serum from 
six wild devils (TD1–TD6) that demonstrated anti-DFT 
responses including natural DFT1 regressions (Pye et al. 
2016a) was tested against B2M knockout cell lines DFT1.
B2M−/− and DFT1.NLRC5.B2M−/−. Serum from a healthy 
devil (TD7) and an immunized devil with induced tumor 
regression (My) (Tovar et al. 2017) were used as negative 
and positive controls for antibody binding. All six sera from 
 DFTD+ devils (TD1–TD6) showed weak to no binding to 
DFT1.WT and DFT1.BFP, which are inherently negative for 
surface MHC-I (Fig. 7). With forced expression of MHC-I 
using IFNG (DFT1.WT + IFNG) and NLRC5 (DFT1.
NLRC5), a positive shift in antibody binding was observed. 
There was no apparent difference in the level of antibody 
binding between IFNG-treated and NLRC5-overexpressing 
DFT1 cells, suggesting a similarity between the antibody 
target(s) induced by IFNG and NLRC5. Following B2M 
knockout, antibody binding of all six sera was reduced in 
both IFNG-induced (DFT1.B2M−/− + IFNG) and NLRC5-
induced B2M knockout DFT1 cells (DFT1.NLRC5.B2M−/−), 
suggesting that MHC-I is a target of DFT1-specific antibody 
responses in natural tumor regressions.

Discussion

Overexpression of NLRC5 in DFT cells has revealed a major 
and evolutionarily conserved role for NLRC5 in MHC-I anti-
gen processing and presentation. Consistent with studies in 
human and mouse cell lines (Meissner et al. 2010; Yao et al. 
2012; Biswas et al. 2012; Yoshihama et al. 2016; Rodri-
guez et al. 2016), NLRC5 induced the expression of clas-
sical MHC-I genes (SAHAI-01, SAHAI (LOC105750614), 
SAHAI (LOC100927947)), B2M, PSMB8, PSMB9 and TAP1 
in both DFT1 and DFT2 cells. Despite the lack of increase in 
TAP2 expression, the selective upregulation of MHC-I and 
other functionally related genes by NLRC5 was sufficient 
to restore MHC-I molecules on the cell surface. Although 
the peptide transport function of TAP proteins typically 
involves the formation of TAP1 and TAP2 heterodimers, 

Fig. 6  Upregulation of MHC-I following NLRC5 overexpression. 
Surface expression of B2M in DFT1.NLRC5 (a) and DFT2.NLRC5 
(b). B2M expression in the NLRC5 cell lines were compared to wild-
type (DFT.WT), BFP-control (DFT.BFP), and IFNG-treated (DFT.
WT + IFNG) DFT cells. (a) Stable expression of B2M in DFT1.
NLRC5 was assessed every 4 weeks for 12 weeks post-drug selection 
in the presence and absence of hygromycin B (hygB) selection pres-
sure. Secondary antibody-only staining (DFT.WT (2° ab only)) was 
included as a control. The results shown are representative of N = 3 
replicates/treatment
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homodimerization of TAP proteins have been described 
(Lapinski et al. 2000; Antoniou et al. 2002). However, the 
functionality of TAP1 homodimers remains to be verified. 
The conservation of NLRC5 regulation of the MHC-I path-
way across species highlights the important role of NLRC5 
in MHC-I expression.

Previous studies have shown that sera from wild dev-
ils with anti-DFT immune response contained high titers 

of antibody that bound to IFNG-treated DFT1 cells. It was 
proposed that the primary antibody targets were MHC-I pro-
teins on the tumor cell (Pye et al. 2016a). Additionally, some 
of these devils experienced tumor regression despite the lack 
of strong evidence for immune cell infiltration into tumors. 
Potential targets of these DFT-specific antibodies include: 
(i) non-MHC IFNG-induced cell surface antigens, (ii) tumor 
antigens complexed to MHC-I, or (iii) MHC-I molecules 

Fig. 7  Flow cytometric analysis of serum antibody binding from 
devils with anti-DFT1 antibody response. Ablation of surface B2M 
in CRISPR/Cas9-mediated B2M knockout cells  (B2M−/−) was con-
firmed using a monoclonal anti-B2M antibody (anti-B2M ab). Sera 
from six devils (TD1-TD6) with seroconversion (immune) following 
DFTD infection were tested against wild-type DFT1 (DFT1.WT), 
IFNG-treated DFT1 (DFT1.WT + IFNG), IFNG-treated B2M knock-

out DFT1 (DFT1.B2M−/− + IFNG), BFP-control (DFT1.BFP), DFT1 
overexpressing NLRC5 (DFT1.NLRC5) and B2M knockout NLRC5-
overexpressing DFT1 (DFT1.NLRC5.B2M−/−) cells. An immunized 
devil with induced tumor regression (My) was included as a positive 
control, meanwhile serum from a healthy devil (TD7) was included 
as a negative control as represented in the shaded grey area. Ab, anti-
body; AF488, Alexa Fluor 488
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independent of the antigen. Because DFT1 and DFT2 are 
tumor cell lines that arose independently from single founder 
devils (Deakin et al. 2012; Murchison et al. 2012; Pye et al. 
2016b), the different MHC alleles on the tumor compared 
to individual host devils may represent a source of antigens 
for an allogeneic response. The function of NLRC5 that is 
mainly restricted to MHC-I regulation compared with IFNG 
provided an opportunity to re-examine the antibody target(s) 
of serum antibodies from wild devils burdened with DFTs. 
A clear understanding of immunogenic targets of DFTs will 
provide direction for a more effective vaccine against DFTD.

In this study, the MHC-I complex was identified as the 
predominant target of anti-DFT serum antibodies. The 
antibody binding intensity against NLRC5-overexpressing 
DFT cells was similar to IFNG-treated DFT cells, sug-
gesting similar levels of target antigen expression. When 
MHC-I expression was ablated through B2M knockout, 
antibody binding was reduced to almost background levels 
despite IFNG and NLRC5 stimulation. This finding pre-
sents an option to exploit NLRC5 for induction of anti-DFT 
immunity, potentiated by humoral responses in Tasmanian 
devils. Although cellular immunity is likely a key mecha-
nism for tumor rejection, B cells and antibodies can play 
eminent roles in transplant rejection (Schmitz et al. 2020) 
and anti-tumor immunity (Nelson 2010). B cells can pro-
mote rejection through antibody-dependent mechanisms 
that facilitate FcR-mediated phagocytosis by macrophages, 
antibody-dependent cellular cytotoxicity (ADCC) by NK 
cells, complement activation and antigen uptake by dendritic 
cells (reviewed in (Yuen et al. 2016)). Moreover, B cells can 
enhance immune surveillance and response through direct 
antigen presentation to T cells and production of immune-
modulating molecules such as cytokines and chemokines 
(Yuen et al. 2016).

Caldwell et al. reported that the most highly expressed 
MHC alleles on DFT2 cells are those that matched host 
MHC alleles (Caldwell et al. 2018), which suggests that DFT 
cells may hide from host defenses or induce immunological 
tolerance via shared MHC alleles. If MHC-I is the major 
antibody target and potentially the overall immune system 
target, devils having the largest MHC mismatch with DFT 
cells will be the most likely to have strong MHC-I specific 
responses and reject DFTs, leading to natural selection in the 
wild. For example, previous studies have shown that some 
devils have no functional MHC-I allele at the UA loci and 
that these individuals can be homozygous at the UB and UC 
loci (Tovar et al. 2017). These individuals present a reduced 
MHC-peptide that would have the lowest probability of a 
match to the DFT MHC alleles that induce host DFT1 tol-
erance. However, selection for reduced genetic diversity in 
MHC alleles would be unfavorable for long-term conserva-
tion. A prophylactic vaccine would ideally be designed to 

assist in the preservation of the genetic diversity of wild 
devils (Flies et al. 2020c).

Although the MHC proteins themselves are likely a 
primary target of humoral and cellular immunity, MHC-I 
alleles generally differ by only a few amino acids (Caldwell 
et al. 2018; Gastaldello et al. 2020). Mutations in DFTs and 
somatic variation between host and tumor cells provide a 
rich source of additional antigenic targets for humoral and 
cellular immunity (Stammnitz et al. 2018). The reduction 
in antibody binding to B2M knockout cells suggests that 
these tumor antigens are unlikely to be the primary antibody 
targets, although binding of antibodies to peptide-MHC 
complexes and other B2M-associated proteins cannot be 
excluded. Besides classical MHC-I molecules, B2M has 
been found in association with several other membrane pro-
teins that are MHC-I-like such as cluster of differentiation 
1 (CD1), MHC class I-related (MR1), neonatal Fc recep-
tor (FcRn), and homeostatic iron regulator (HFE) (Knowles 
and Bodmer 1982; Simister and Mostov 1989; Feder et al. 
1996; Yamaguchi and Hashimoto 2002). However, none of 
these genes were upregulated upon NLRC5 and IFNG induc-
tion in DFT cells, which further suggest that the antibody 
target is restricted to classical MHC-I expression on tumor 
cells. Knocking out individual MHC alleles in DFT cells or 
overexpression of MHC alleles in alternative non-DFT cell 
lines could be used to disentangle the importance of specific 
alleles and investigate the potential for peptide-MHC com-
plexes to be antibody targets.

Our results confirm that IFNG affects more immunoreg-
ulatory processes than NLRC5. However, the functional 
dichotomy of IFNG in cancer means that NLRC5 modula-
tion could be an alternative to IFNG treatment for enhancing 
tumor cell immunogenicity in a range of species, including 
humans. Importantly, NLRC5 upregulated B2M on the sur-
face of DFT cells to similar levels as IFNG, but it does not 
upregulate inhibitory molecules. The restoration of func-
tional MHC-I molecules without concomitant upregula-
tion of PDL1 and SAHA-UK has multiple advantages over 
IFNG for triggering effective cytotoxic responses against 
DFT cells. First, cells transfected with NLRC5 constitu-
tively express MHC-I and therefore do not require cultur-
ing in IFNG, which can be problematic as IFNG can also 
reduce cell viability (Ong et al. 2019). Second, PDL1 nega-
tively regulates T cell responses by inducing T cell anergy 
(Selenko-Gebauer et al. 2003) and apoptosis (Dong et al. 
2002) while limiting T cell activity (Butte et al. 2007). 
Moreover, PDL1 promotes tumor growth and survival by 
stimulating cell proliferation (Ghebeh et al. 2007) and resist-
ance to T cell killing (Iwai et al. 2002; Azuma et al. 2008). 
Third, the expression of monomorphic MHC-I SAHA-UK 
induced by IFNG would allow DFT cells to escape cytotoxic 
attack from both NK cells and  CD8+ T cells (Kochan et al. 
2013). Fourth, several other immune checkpoint protein 
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receptor-ligand interactions were recently shown to be con-
served in devils (Flies et al. 2017, 2020a), but we found 
no significant upregulation of these genes by NLRC5. The 
ability to improve tumor immunogenicity in the absence of 
inhibitory signals has positive implications for immuniza-
tion and immunotherapeutic strategies. NLRC5 could evoke 
protective anti-tumor immunity against DFTs, similar to 
NLRC5-expressing B16-F10 melanoma cells in mice (Rod-
riguez et al. 2016).

The absence of a regulatory effect on SAHA-UK and 
PDL1 by NLRC5 in contrast to IFNG could be due to the 
composition of the promoter elements of these genes. The 
promoter of MHC class I genes consists of three conserved 
cis-regulatory elements: an NFκB-binding Enhancer A 
region, an interferon-stimulated response element (ISRE) 
and an SXY module (Van Den Elsen et al. 1998b, a). The 
SXY module is critical for NLRC5-mediated MHC-I trans-
activation as it serves as the binding site for the multi-protein 
complex formed between NLRC5 and various transcription 
factors (Meissner et al. 2012; Neerincx et al. 2012; Ludigs 
et al. 2015). An ISRE and SXY module is present within 
200 base pairs of the start codon for all three classical devil 
MHC-I genes (Cheng et al. 2012). We identified an ISRE 
element in the SAHA-UK promoter region but were unable 
to identify an SXY module in this region. This could explain 
the upregulation of SAHA-UK upon IFNG stimulation but 
not in NLRC5-overexpressing DFT cells. Similarly, the 
SXY module was not identified in orthologues of SAHA-
UK, which are Modo-UK in the grey short-tailed opossum 
(Belov et al. 2006) and Maeu-UK in the tammar wallaby 
(Siddle et al. 2009). The difference in regulation and there-
fore, pattern of expression of the UK gene in marsupials 
(Belov et al. 2006; Siddle et al. 2009; Cheng and Belov 
2014) may reflect a separate function from classical MHC-
I. The marsupial UK gene has been hypothesized to play a 
marsupial-specific role in conferring immune protection to 
vulnerable newborn marsupials during their pouch life (Sid-
dle et al. 2009). SXY modules are typically not found in the 
promoter region of PDL1 (Lee et al. 2006) therefore, it is 
not expected for NLRC5 to be a regulator of PDL1. Rather, 
IFNG-mediated induction of PDL1 occurs via transcrip-
tion factor interferon regulatory factor 1 (IRF-1) (Lee et al. 
2006), which is induced by STAT1 (Loke and Allison 2003).

Beyond MHC-I regulation, NLRC5 expression in DFT1 
cells displayed other beneficial immune-regulating func-
tions, mainly via the non-canonical β-catenin-independent 
WNT signaling pathway. One of the downstream effec-
tors that was upregulated by NLRC5 included PRKCB, 
an activator of NFκB in B cells (Saijo et al. 2002). NFκB 
is a family of pleiotropic transcription factors known to 
regulate several immune and inflammatory responses 
including cellular processes such as cell proliferation 

and apoptosis (Hayden and Ghosh 2004). In recent years, 
aberrations in NFκB signaling have been implicated in 
cancer development and progression (Xia et al. 2018; Ver-
zella et al. 2020). The regulation of NFκB signaling by 
NLRC5 has been documented in several studies although 
the findings have been contradictory (Cui et al. 2010; 
Benko et al. 2010; Tong et al. 2012; Liu et al. 2017).

In summary, we have demonstrated the role of NLRC5 
in MHC-I regulation of DFT cells thereby, displaying the 
functional conservation of NLRC5 across species. The 
finding that allogeneic MHC-I on DFT cells is a major 
antibody target in wild devils with anti-DFT response 
and natural DFT regression can help guide DFTD vac-
cine development and conservation management strate-
gies. NLRC5-overexpressing DFT cells can be harnessed 
to elicit both cellular and humoral immunity against future 
and pre-existing DFT infections in wild devils using 
MHC-I as a target. Given the prevalence of altered MHC-I 
expression in cancer as a form of immune escape mecha-
nism (Garrido et al. 1993; Hicklin et al. 1999; Campoli 
and Ferrone 2008), NLRC5 presents as a new target for 
providing an insight into the role of MHC-I in cancer as 
well as transplantation, and its manipulation for human 
cancer treatment and transplant tolerance.
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