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C A N C E R

A novel system to map protein interactions reveals 
evolutionarily conserved immune evasion pathways 
on transmissible cancers
Andrew S. Flies1*, Jocelyn M. Darby1, Patrick R. Lennard1,2†, Peter R. Murphy1,3†, Chrissie E. B. Ong1, 
Terry L. Pinfold4, Alana De Luca4, A. Bruce Lyons4, Gregory M. Woods1, Amanda L. Patchett1

Around 40% of humans and Tasmanian devils (Sarcophilus harrisii) develop cancer in their lifetime, compared to 
less than 10% for most species. In addition, devils are affected by two of the three known transmissible cancers in 
mammals. Immune checkpoint immunotherapy has transformed human medicine, but a lack of species-specific 
reagents has limited checkpoint immunology in most species. We developed a cut-and-paste reagent development 
system and used the fluorescent fusion protein system to show that immune checkpoint interactions are conserved 
across 160,000,000 years of evolution, CD200 is highly expressed on transmissible tumor cells, and coexpression 
of CD200R1 can block CD200 surface expression. The system’s versatility across species was demonstrated by 
fusing a fluorescent reporter to a camelid-derived nanobody that binds human programmed death ligand 1. The 
evolutionarily conserved pathways suggest that naturally occurring cancers in devils and other species can be 
used to advance our understanding of cancer and immunological tolerance.

INTRODUCTION
Metastatic cancer affects most mammals, but the cancer incidence 
can vary widely across phylogenetic groups and species (Fig. 1 and 
table S1) (1–3). In humans, the lifetime risk of developing cancer is 
around 40% (4). This figure is in stark contrast to a general cancer in-
cidence of 3% for mammals, 2% for birds, and 2% for reptiles reported 
by the San Diego Zoo (N = 10,317) (2, 5). A more recent study at the 
Taipei Zoo reported cancer incidence of 8, 4, and 1% for mammals, 
birds, and reptiles, respectively (N = 2657) (6). Cancer incidence in 
domestic animals is generally less than 10% (N = 202,277) (3). However, 
two studies performed 40 years apart reported that greater than 
40% of Tasmanian devils develop spontaneous, often severe neoplasia 
in their lifetime (5, 7). Devils are also unique because they are affected 
by two of the three known naturally occurring transmissible cancers in 
vertebrate species (8, 9). Transmissible cancers are a distinct form of 
cancer in which the tumor cells function as an infectious pathogen and 
an allograft. Dogs (Canis lupus familiaris) are the only other vertebrate 
species affected by a transmissible cancer (10), and interestingly, some 
breeds of dogs also have high cancer incidence (3, 11).

The devil facial tumor (DFT) disease was first detected in Northwest 
Tasmania and has been a primary driver of an 80% decline in the 
wild Tasmanian devil population (8, 12). The clonal DFT (DFT1) 
cells have been continually transmitted among devils and are esti-
mated to have killed at least 10,000 individuals since at least 1996. In 
2014, a second independent transmissible Tasmanian DFT (DFT2) 
was found in wild devils (9), and 23 cases have been reported to date 
(13). Genetic mismatches, particularly in the major histocompatibility 
complex (MHC) genes, should lead to rejection of these transmissible 
tumors. Consequently, the role of devil MHC has been a focus of 

numerous studies (Fig. 1 and table S1) to understand the lack of 
rejection of the transmissible tumors. These studies have revealed that 
the DFT1 cells down-regulate MHC class I (MHC-I) expression 
(14), a phenomenon observed in many human cancers. In contrast 
to DFT1 cells, the DFT2 cells do express MHC-I (15). DFT1 and 
DFT2 cells have 2884 and 3591 single-nucleotide variants, respectively, 
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Fig. 1. Phylogenetic tree of immune system–related studies in mammal orders 
from 2009 to 2019. Metastatic cancer has been reported in nearly all mammalian 
orders, and MHCs have been the most intensely studied molecules in most orders. 
In the past decade, studies of immune checkpoint molecules (PD1, PDL1, and 
CTLA4) have become a primary focus in humans and rodents. However, immune 
checkpoint studies in other species are limited, particularly at the protein level, 
because of the lack of species-specific reagents. This creates a vast gap in our under-
standing of the evolution of the mammalian immune system. The numbers in the 
columns represent the number studies matching Web of Science search results 
between 2009 and 2019. See table S1 for search terms.
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that are not present in 46 normal devil genomes (16). The continual 
transmission of DFT1 and DFT2, despite MHC-I expression by 
DFT2 cells and genetic mismatches between host and tumor, suggests 
that additional pathways are likely involved in immune evasion.

Human cancer treatment has been transformed in the past decade 
by manipulating interactions among immune checkpoint molecules. 
These have proven broadly effective in part because they function 
across many different MHC types and tumor mutational patterns. 
However, these pathways have received little attention in transmissible 
cancers and other naturally occurring cancers in nonmodel species 
(Fig. 1 and table S1) (17–19). We have previously shown that the 
inhibitory immune checkpoint molecule programmed death ligand 1 
(PDL1) is expressed in the DFT microenvironment and is up-regulated 
by interferon- (IFN-) in vitro (17). This finding led us to question 
which other immune checkpoint molecules play a role in immune 
evasion by the transmissible cancers and the devil’s high spontaneous 
cancer incidence. Understanding immune evasion in a natural 
environment will support DFT vaccine development to help protect 
this endangered species (20) and has the potential to identify protein 
interactions that are conserved across divergent species to improve 
translational success of animal models (19). Unfortunately, a persistent 
limitation for immunology in nontraditional study species is a lack 
of species-specific reagents. Wildlife biologists and veterinarians are 
at the front lines of emerging infectious disease outbreaks, but they 
often lack species-specific reagents to fulfill the World Health Orga-
nization’s call for “cross-cutting R&D preparedness” and perform 
mechanistic immunological investigations.

To solve the paucity of reagents available for Tasmanian devils 
and address ongoing limitations for nontraditional study species, we 
developed a Fluorescent Adaptable Simple Theranostic (FAST) protein 
system that builds on the diverse uses of fluorescent proteins previously 
reported (21–23). This simple system can be used for rapid development 
of diagnostic and therapeutic (i.e., theranostic) immunological toolkits 
for any animal species (Fig. 2). We demonstrate the impact of the 
FAST system by using it to confirm seven receptor-ligand inter-
actions among 12 checkpoint proteins in devils. We demonstrate 
the versatility of the system across species by fusing a fluorescent 
reporter to a well-characterized camelid-derived nanobody that binds 
human PDL1 (24).

In humans, checkpoint proteins have been targets of immuno-
therapy in clinical trials, but the functional role and binding patterns 
of these proteins are unknown for most other species. We have used 
the FAST system to show that the inhibitory checkpoint protein 
CD200 is highly expressed on DFT cells, opening the door to single- 
cell phenotyping of circulating tumor cells (CTCs) in devil blood. 
Furthermore, we are the first to report that coexpression of CD200R1 
can block surface expression of CD200 in any species. Understanding 
how clonal tumor cells graft onto new hosts, evade immune defenses 
and metastasize within a host will identify evolutionarily conserved 
immunological mechanisms to help improve cancer, infectious dis-
ease, and transplant outcomes for human and veterinary medicine.

RESULTS
Fluorescent fusion proteins can be secreted 
from mammalian cells
Initially, we developed FAST proteins to determine whether mono-
meric fluorescent proteins could be fused to devil proteins and 
secreted from mammalian cells (Fig. 2A and table S2). We used 41BB 

(TNFRSF9) for proof-of-concept studies by fusing the extracellular 
domain of devil 41BB checkpoint molecule to monomeric fluorescent 
proteins (Fig. 2, A and B, and fig. S1). We used wild-type Chinese 
hamster ovary (CHO) cells and CHO cells transfected with 41BBL 
(TNFSF9) to confirm specificity of the 41BB FAST proteins and 
demonstrate that the fluorescent proteins [mTag-blue fluorescent 
protein (BFP), mCerulean3, mAzurite, mCitrine, mOrange, mCherry, 
and mNeptune2] remained fluorescent when secreted from mam-
malian cells (Fig. 2C).

We chose mCherry, mCitrine, mOrange, and mBFP for ongoing 
FAST protein development. Initial batches of FAST proteins were 
purified using the 6xHis tag and eluted with imidazole. Following 
purification of FAST protein the color can be immediately observed 
with blue light and an amber filter unit, allowing confirmation that 
the fluorescent protein DNA coding sequences were in frame and 
the proteins were properly folded. After combining, concentrating, 
and sterile filtering the eluted fractions, 100 l at 1 mg/ml was ali-
quoted and visualized again using blue light to confirm fluorescent 
signal (Fig. 2B). A full step-by-step protocol and set of experimental 
templates for creating and testing FAST proteins for any species are 
available online in the Supplementary Materials.

Receptor-ligand binding confirmed in single-step  
staining assays
We chose candidate immune checkpoint molecules for FAST protein 
development (Fig. 3A and table S2) based on targets of human clinical 
trials and then selected devil genes for which a reliable sequence was 
available either in the published devil genome or transcriptomes 
(19, 25, 26). We transfected the FAST protein expression vectors 
(table S3) into CHO cells and tested the supernatant against CHO 
cell lines expressing full-length receptors. 41BB FAST proteins in 
supernatant exhibited strong binding to 41BBL cell lines, but the 
fluorescent signals from most other FAST proteins were too weak to 
confirm binding to the expected receptors (fig. S2). As FAST pro-
teins do not require secondary reagents, we next incubated target 
cells with purified FAST proteins and added chloroquine to block 
the lysosomal protein degradation pathway. This allowed us to take 
advantage of receptor-mediated endocytosis, which can allow accu-
mulation of captured fluorescent signals inside the target cells (27). 
This protocol adjustment allowed confirmation that CD47-mCherry, 
CD200-mBFP, CD200-mOrange, CD200R1-mBFP, and CD200R1- 
mOrange, and PD1-mCitrine bound to their expected receptors 
(Fig. 3B). We also demonstrated the flexibility of the FAST proteins 
by showing that alternative fusion conformations (fig. S1, C and D), 
such as type II proteins (e.g., mCherry-41BBL) and a devil Fc tag 
(e.g., CD80-Fc-mCherry) bound to their expected ligands (Fig. 3B). 
The stability of the fusion proteins was demonstrated using super-
natants that were stored at 4°C for 2 months before use in a 1-hour 
live-culture assay with chloroquine (fig. S3).

Cell lines secreting FAST proteins confirm protein 
interactions in live coculture assays
To further streamline the reagent development process, we next 
took advantage of the single-step nature of FAST proteins (i.e., no 
secondary antibodies or labels needed) in live-cell coculture assays 
(Fig. 4A). Cell lines secreting 41BB-mCherry, 41BBL-mCherry, or 
CD80-Fc-mCherry FAST proteins were mixed with cell lines expressing 
full-length 41BB, 41BBL, or CTLA4-mCitrine and cocultured at 
a 1:1 ratio overnight with chloroquine. Singlet cells were gated (Fig. 4B) 
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and binding of mCherry FAST proteins to carboxyfluorescein 
diacetate succinimidyl ester (CFSE) or mCitrine-labeled target cells 
was analyzed (Fig. 4C). The strongest fluorescent signal from 41BB- 
mCherry, 41BBL-mCherr, and CD80-Fc-mCherry was detected when 
cocultured with their predicted receptors, 41BBL, 41BB, and CTLA4, 
respectively.

Optimization of the FAST-Fc construct
The fluorescent binding signal of CD80-Fc-mCherry was lower than 
expected, so we next reexamined our Fc tag construct. In humans 
and all other mammals examined to date, the immunoglobulin G (IgG) 
heavy chain has glycine-lysine (Gly-Lys) residues at the C terminus; 
the initial devil IgG constant region sequence available to us had an 
incomplete C terminus, and thus, our initial CD80-Fc-mCherry vector 
did not have the C-terminal Gly-Lys. We subsequently made a new 
FAST-Fc construct with CTLA4-Fc-mCherry, which exhibited strong 
binding to both CD80 and CD86 transfected DFT cells (Fig. 4D).

CD200 mRNA and protein are highly expressed in DFT cells
Analysis of previously published devil and DFT cell transcriptomes 
suggested that CD200 mRNA is highly expressed in DFT2 cells and 
peripheral nerves, moderately expressed in DFT1 cells, and lower in 
other healthy devil tissues (Fig. 5A) (25, 26, 28). As CD200 is an 
inhibitory molecule expressed on most human neuroendocrine 
neoplasms (29), and both DFT1 and DFT2 originated from Schwann 
cells (26, 30), we sought to investigate CD200 expression on DFT cells 
at the protein level. Staining of wild-type DFT1 and DFT2 cells with 
CD200R1-mOrange FAST protein showed minimal fluorescent signal 
(Fig. 5B). However, overexpression of CD200 using a human EF1 
promoter yielded a detectable signal with CD200R1-mOrange binding 
to CD200 on DFT1 cells. A weak signal from CD200-mOrange was 
detected on DFT1 cells overexpressing CD200R1 (Fig. 5B). To confirm 
naturally expressed CD200 on DFT cells, we digested CD200 and 41BB 

FAST proteins using tobacco etch virus (TEV) protease to remove the 
linker and fluorescent reporter. The digested proteins were then used to 
immunize mice for polyclonal serum production. We stained target 
CHO cell lines with preimmune or immune mouse sera collected after 
three-times immunizations. Only the immune sera showed strong 
binding to the respective CD200 and 41BB target cell lines (Fig. 5C). 
After the final immunization (four times), we collected another batch 
of sera and tested it on DFT1 and DFT2 cells (Fig. 5D). In agreement 
with the transcriptomic data for DFT cells (25), the polyclonal sera 
revealed high levels of CD200 on DFT cells, but low levels of 41BB.

Overexpression of CD200R1 blocks surface  
expression of CD200
In humans, overexpression of some checkpoint proteins can block 
surface expression of heterophilic binding partners in cis (e.g., CD80 
and PDL1) (31). As a potential route for disrupting the inhibitory 
effects of CD200 on antitumor immunity, we tested whether over-
expression of CD200R1 on DFT cells could reduce CD200 surface 
expression. We stained a DFT1 strain, C5065, and DFT1 C5065 cells 
transfected to overexpress CD200 or CD200R1 with polyclonal 
anti-CD200 sera and secondary anti-mouse IgG Alexa Fluor 647 
(AF647). We detected no surface protein expression of CD200 
DFT1 cells overexpressing CD200R1 (Fig. 5E).

Identification of DFT cells in whole blood using anti-CD200
In addition to high expression of CD200 on neuroendocrine neo-
plasms (29), CD200 is used as a diagnostic marker for several human 
blood cancers (32). DFT cells metastasize in the majority of cases 
(33), and our transcriptome results (Fig. 5A) suggest that CD200 
mRNA is more highly expressed in DFT cells than in peripheral blood 
mononuclear cells (PBMCs) (25, 26). As a result, we tested whether 
CD200 could be used to identify DFT cells in blood. We stained 
PBMCs and DFT2 cells separately with polyclonal anti-CD200 sera 

Fig. 2. FAST protein schematic and initial testing. (A) Schematic diagram of FAST protein therapeutic and diagnostic (i.e., theranostic) features. POI, protein of interest. 
(B) Graphic overview of FAST protein system including key steps: (i) characterize gene of interest (GOI) in silico; (ii) design expression vectors; (iii) digest FAST base vectors 
and insert alternative genes of interest or colors; (iv) transfect FAST vectors into mammalian cells and monitor using fluorescent microscopy or flow cytometry; (iv) purify 
the protein using 6xHis tag, visualize fluorescent color to show that protein is in frame and correctly folded. Image of microfuge tubes shows 100 l of mCitrine, mOrange, 
and mCherry FAST proteins (1 mg/ml) excited with blue light with an amber filter. Full protocols for vector construction and protein testing are available in the Supplementary 
Materials. (C) Results of flow cytometry binding assay with devil 41BB FAST proteins. The colored lines in the histograms show binding of devil 41BB fused to mTagBFP, 
mCerulean3, mAzurite, mCitrine, mOrange, mCherry, or mNeptune2 to CHO cells transfected with devil 41BBL, and the black lines show binding to untransfected CHO cells. 
FSC, forward scatter; SSC, side scatter.
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Fig. 3. Map and testing of soluble proteins FAST proteins. (A) Diagram of soluble FAST proteins and full-length proteins used for testing of FAST proteins. 41BBL is a 
type II transmembrane protein; all other proteins are type I. CD80 and CTLA4 soluble FAST proteins included a devil immunoglobulin G (IgG) Fc tag. Arrows indicate 
interactions confirmed in this study. TNF, tumor necrosis factor. (B) Histograms showing binding of FAST proteins to CHO cells expressing full-length devil proteins. Target 
CHO cells were cultured with chloroquine to block lysosomal degradation of FAST proteins and maintain fluorescent signal during live-culture binding assays with puri-
fied FAST proteins (2 g per well) for 30 min or 18 hours to assess receptor-ligand binding (N = 1 per time point).

Fig. 4. Live-cell coculture assays with FAST proteins. (A) Schematic of coculture assays to assess checkpoint molecule interactions (absent, weak, and strong). Cells 
were mixed and cultured overnight with chloroquine. Protein binding and/or transfer were assessed using flow cytometry. (B) Gating strategy for coculture assays. 
(C) CHO cells that secrete 41BBL-mCherry, 41BB-mCherry, or CD80-Fc-mCherry were cocultured overnight with target CHO cells that express full-length 41BB, 41BBL, or 
CTLA4. 41BB and 41BB-L were labeled with CFSE, whereas full-length CTLA4 was directly fused to mCitrine. Cells that secrete mCherry FAST proteins appear in the upper 
left quadrant. Cells expressing full-length proteins and labeled with CFSE or mCitrine appear in the lower right quadrant. Cells in the upper right quadrant represent 
binding of mCherry FAST proteins to full-length proteins on carboxyfluorescein diacetate succinimidyl ester (CFSE) or mCitrine-labeled cells. Results shown are repre-
sentative of n = 3 per treatment. (D) CTLA4-Fc-mCherry FAST protein binding to DFT cells. DFT1 C5065 cells transfected with control vector (black), 41BB (gray), CD80 (red), 
or CD86 (blue) were stained with CTLA4-Fc-mCherry supernatant with chloroquine. Results are representative of N = 2 replicates per treatment.
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and anti-mouse AF647 and then analyzed CD200 expression by flow 
cytometry (fig. S4A). We then mixed the stained PBMCs and DFT2 
cells at ratios of 1:10 (fig. S4A) and 1:5 (fig. S4B) and analyzed the 
mixed populations. PBMCs showed minimal CD200 expression 
and background staining (fig. S4), whereas CD200 was highly 
expressed on DFT2 cells. CD200+ DFT2 cells were readily dis-
tinguishable from PBMCs.

As our RNA sequencing (RNA-seq) results only included mono-
nuclear cells, we next performed a pilot test to determine whether 
DFT cells could be spiked into whole devil blood and identified via 
flow cytometry using CD200 staining. DFT1 and DFT2 cells were 
labeled with CellTrace violet (CTV), and 10,000 cells were diluted 
directly into 100 l of whole blood from a healthy devil (N = 1 per 
treatment; n = 1 devil). The cells were then stained with purified 
polyclonal anti-CD200 with and without secondary anti-mouse IgG 
AF647 before red blood cell (RBC) lysis. Initial results showed that 
DFT2 cells expressed CD200 above the leukocyte background but 
that DFT1 cells could not be distinguished from leukocytes (fig. S5). 
To eliminate the secondary antibody step from the whole blood stain-

ing protocol, we next labeled the polyclonal anti-CD200 and normal 
mouse serum (NMS) with a no-wash Zenon mouse IgG AF647 
labeling reagent (n = 1 per treatment; n = 2 devils). This system again 
showed that CD200 expression could be used to identify DFT2 
cells in blood (Fig. 6, A to E), suggesting that CD200 is a candidate 
marker for identification of metastasizing DFT2 cells.

FAST nanobody proof of concept
Last, to test whether the FAST system could be applied to other 
species (e.g., camelid-derived nanobody) and applications (FAST 
nanobody), we reverse-translated the protein sequence for an anti- 
human PDL1 nanobody (24) and inserted the codon-optimized DNA 
sequence into a FAST mCitrine vector. The assembled plasmid was 
transfected into ExpiCHO cells, and the supernatant was tested for 
binding to CHO cells stably transfected with either full-length human 
PDL1 or human CD80; the human proteins were fused to miRFP670 
(Addgene no. 79987) in a FAST vector. The nanobody supernatant was used 
undiluted or at 1:10 or 1:100 dilutions. The nanobody showed strong 
binding to PDL1-expressing cells, but not CD80-expressing cells (Fig. 6F).

Fig. 5. Elevated CD200 expression on DFT cells. (A) GOIs for this study are plotted as a log2-transformed transcripts per million (TPM) heat map with dark blue indicating 
the most highly expressed genes. Technical replicates (N = 2) from separate flasks were used for the cell lines (C5065, RV) and biological replicates (N = 2) were used for 
primary tissues, except peripheral nerve (PN) (N = 1). (B) Wild-type DFT1.C5065, DFT2.JV, DFT2.SN, and DFT1.C5065 transfected to overexpress CD200 or CD200R1 were 
stained with either CD200R1-mOrange or CD200-mOrange FAST protein. Histograms filled with blue or red highlight expected strong binding interactions. The percentage 
of events that falls within the marker is shown. Results are representative of N = 2 replicates per treatment. (C) Mice were immunized with 41BB or CD200 FAST proteins. 
Black, preimmune; gray, immune sera from a mouse immunized with 41BB; red, preimmune; blue, immune sera from a mouse immunized with CD200. CHO cells transfected 
with either full-length 41BB or CD200 were stained with sera and then anti-mouse AF647. Results are representative of N = 2 per treatment. (D) Sera were used to screen 
two strains each of DFT1 and DFT2 cells for 41BB and CD200 expression. Results are representative of N = 3 per treatment. (E) DFT1 C5065 transfected with either vector 
control, CD200, or CD200R1 was stained with purified polyclonal anti-CD200 and anti-mouse IgG AF647 (black, no antibodies; red, secondary antibody only; blue, 
primary and secondary antibody). Results are representative of N = 2 per treatment.
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DISCUSSION
Naturally occurring cancers provide a unique opportunity to study 
immune evasion and the metastatic process across diverse hosts 
and environments. The exceptionally high cancer rate in Tasmanian 
devils coupled with the two transmissible tumors currently circulating 
in the wild warrants a thorough investigation of the devil immune 
system. However, taking advantage of these natural disease models 
has been out of reach for most species because of a lack of reagents. 
The FAST protein system that we developed here is well suited to 
discovering additional DFT markers and, more generally, to filling 
the reagent gap for nontraditional species. For proteins like 41BB that 
have high affinity for 41BBL, FAST proteins can be used as detec-
tion reagents directly from supernatant. For other molecules with 
lower receptor-ligand affinity, the FAST proteins can be purified, 
digested with a protease to remove the nontarget proteins, and used 
for production of higher-affinity binding proteins (e.g., antibodies, 
aptamers, and nanobodies).

The versatility of the FAST system was demonstrated by fusing a 
validated human anti-PDL1 nanobody derived from a camel 
(Camelus bactrianus) heavy-chain variable region to mCitrine. The 
nanobody-reporter fusion allowed direct testing of the nanobody 
from supernatant without the need for purification or secondary 
labeling and provided a 1:1 ratio of nanobody and reporter to allow 
quantification of target proteins. In addition to fusing nanobodies 
to fluorescent proteins, fluorescently labeled target proteins could 
be used with nanobody display libraries to pull down or sort nano-
bodies that bind the target protein.

The simple cut-and-paste methods for vector assembly lend the 
FAST protein system to entry-level immunology and molecular bi-
ology skill sets. In addition, the ability of FAST proteins to be used 
in live coculture assays and with elimination of secondary reagents 
will increase efficiency and reduce experimental error for advanced 
human and mouse cancer immunology studies. For example, previous 

high-throughput studies have used a two-step staining process (i.e., 
recombinant protein and secondary antibody) to screen more than 
2000 protein interactions (34); this type of assay can be streamlined 
using FAST proteins to eliminate the need for secondary antibodies. 
Fc tags or other homodimerization domains can be incorporated 
into FAST proteins to increase binding for low-affinity interactions 
and to assess potential Fc receptor–mediated functions.

Production of recombinant proteins in cell lines that closely 
resemble the physiological conditions of the native cell type (i.e., 
mammalian proteins produced in mammalian cell lines) is more 
likely to yield correct protein folding, glycosylation, and function 
than proteins produced using evolutionarily distant cell lines. The 
fluorescent fusion proteins developed here take advantage of natural 
receptor expression and cycling processes (e.g., CTLA4 transendo-
cytosis) in eukaryotic target cells; bacterial protein production 
methods are not amenable to coculture with eukaryotic target cells 
in immunological assays. Our demonstration of the FAST protein 
system in CHO cells suggest that this method can be efficiently 
integrated into existing research and development pipelines for humans 
and other vertebrate species.

A primary question in transmissible tumor research is why 
genetically mismatched cells are not rejected by the host. Successful 
infection of devils with DFT cells relies on the ability of the tumor 
allograft to evade and manipulate host defenses. The “missing-self” 
hypothesis suggests that the lack of constitutive MHC-I expression 
on DFT1 cells should lead to natural killer (NK) cell–mediated 
killing of the allograft tumor cells. Here, we used the FAST protein 
system to develop a tool set to address this question and show that 
DFT1 and DFT2 cells express CD200 at higher levels than most 
other devil tissues examined to date. CD200 has been shown to 
directly inhibit NK cells in other species (35), so overexpression of 
CD200 is a potential mechanism of immune evasion of NK re-
sponses by DFT cells.

Fig. 6. CD200 identifies DFT cells in whole blood and nanobody testing. Color dot plots showing DFT cells in green (CFSE), PBMCs in black, DFT Alexa Fluor 647+ 
(AF647+) cells in red, and PBMC AF647+ in blue. Forward- and side-scatter plot of DFT2.JV cells alone (A) and DFT2.JV cells mixed with PBMCs (B). (C) Color dot plot show-
ing dead cells stained with 4′,6-diamidino-2-phenylindole (DAPI) (right quadrants) and CFSE-labeled DFT cells (upper quadrants). (D) The top row shows unmixed PBMCs. 
The middle row and bottom row show PBMCs mixed with DFT1.C5065 (middle) and DFT2.JV (bottom) cells. Cell mixtures were either untreated or incubated with Zenon 
AF647–labeled NMS or Zenon AF647–labeled -CD200 serum. AF647+ DFT (red) and PBMC (blue) are in the right quadrants. (E) Histogram overlays to highlight AF647+ 
(right quadrants) from DFT1-PBMC and DFT2-PBMC mixtures. Cells were analyzed on the Beckman Coulter MoFlo Astrios. (F) FAST nanobody proof of concept was accom-
plished using supernatant from untransfected ExpiCHO cells or ExpiCHO cells secreting human anti–PDL1-mCitrine nanobody. Nanobody supernatant was used undiluted 
or at 1:10 or 1:100 dilutions in media and used to stain CHO cells that express either human PDL1 or human CD80. Results are representative of N = 2 per treatment.
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We hypothesize that CD200 could be particularly important in 
DFT transmission as the CD200-CD200R pathway is critical to the 
initial stages of establishing transplant and allograft tolerance in 
other species (36). In line with this hypothesis, a recent study re-
ported that overexpressing several checkpoint molecules, including 
CD200, PDL1, and CD47, in mouse embryonic stem cells could be 
used to generate teratomas that could establish long-term allograft 
tolerance in fully immunocompetent hosts (37). We have previously 
reported that PDL1 mRNA and protein are up-regulated on DFT2 
cells in response to IFN- (17), and our transcriptome results show 
that CD47 is expressed at moderate to high levels in DFT cells. 
Here, we show that overexpression of CD200R1 on DFT1 eliminates 
binding of our polyclonal anti-CD200 antibodies, suggesting that 
DFT cells overexpressing CD200R1 could be used to test the role of 
CD200 in allograft tolerance. Alternatively, genetic ablation of 
CD200 in DFT cells could be used as a complementary approach to 
examine the role of immune checkpoint molecules in DFT allograft 
tolerance. Low MHC-I expression is a primary means of immune 
evasion by DFT1 cells, and disrupting the CD200-CD200R1 pathway 
could facilitate improved recognition of DFT1 cells by CD8 T cells 
by enhancing IFN-–mediated MHC-I up-regulation. Recent work 
in mice has identified immunosuppressive natural regulatory plasma 
cells that express CD200, LAG3, PDL1, and PDL2; we have pre-
viously identified PDL1+ cells with plasma cell morphology near or 
within the DFT microenvironment (17).

Previous DFT vaccine efforts have used killed DFT cells with 
adjuvants (38, 39). A similar approach to treat gliomas in dogs re-
ported that tumor lysate with CD200 peptides nearly doubled 
progression-free survival compared to tumor lysate alone (40). Like 
devils, several breeds of dog are prone to cancer, and these genetically 
outbred large animal models provide a fertile ground for testing 
cancer therapies. The CD200 peptides are reported to provide agonistic 
function through CD200-like activation receptors (CD200R4) rather 
than by blocking CD200R1 (40). The functional role of CD200-
CD200R pathway in devils remains to be elucidated, but the 
CD200R1NPLY inhibitory motif and key tyrosine residues are con-
served in devil CD200R (19, 41, 42), demonstrating that this motif 
is conserved over 160 million years of evolutionary history (43). In 
addition to agonistic peptides, several other options for countering 
CD200-CD200R immune inhibition are possible. Human chronic 
lymphocytic leukemia cells often express high levels of CD200, 
which can be down-regulated in response to imiquimod (44). Likewise, 
we have previously shown that DFT1 cells down-regulate expression 
of CD200 mRNA in vitro in response to imiquimod treatment (25). 
In one of the longest running and most in-depth studies of host- 
pathogen coevolution, CD200R was shown to be under selection in 
rabbits in response to a myxoma virus biocontrol agent (45). As 
DFT1 and DFT2 have been circulating in devils for more than 20 and 
5 years, respectively, it will be important to monitor CD200/R 
expression and the potential evolution of paired activating and in-
hibitory receptors in these natural disease models.

Immunophenotyping and single-cell RNA-seq of CTCs have a 
potential to identify key gene expression patterns associated with 
metastasis and tissue invasion. CD200 is a potential marker for the 
identification of CTCs from devil blood. As proof of concept, DFT2 
cells could be identified in devil blood spiked with DFT2 cells. As 
CTCs are likely to be rare in the blood of most infected devils, 
CD200 alone would be insufficient for identifying DFT1 cells. 
Additional surface DFT markers would be required to purify CTCs 

for metastases and tissue invasion analyses. The FAST protein system 
provides a simple procedure to facilitate the production of a panel 
of DFT markers to help identify key proteins in the metastatic process.

In summary, the simple “cut-and-paste” production of the vectors 
and single-step testing pipeline of the FAST system provided multiple 
benefits. The FAST system allowed us to characterize receptor- 
ligand interactions and to identify evolutionarily conserved immune 
evasion pathways in naturally occurring transmissible cancers. Our 
initial implementation of the system confirmed numerous predicted 
protein interactions in a marsupial species and documented high 
expression of the inhibitory molecule CD200 on DFT cells. The 
high expression of CD200 in devil nervous tissues and neuroendocrine 
tumors, down-regulation of CD200 in response to imiquimod, and 
binding of CD200 to CD200R1 are consistent with results from human 
and mouse studies. Consequently, the CD200/R pathway provides a 
promising immunotherapy and vaccine target for DFTs (20). Beyond 
this study, FAST proteins meet the key attributes needed for reagent 
development, such as being straightforward to make, stable, versatile, 
renewable, cheap, and amenable to high-throughput testing. The 
direct fusion of the reporter protein to the protein of interest allows for 
immediate feedback during transfection, supernatant testing, and protein 
purification; proteins with frameshifts, introduced stop codons, or folded 
improperly will not fluoresce and can be discarded after a simple visual-
ization, rather than only after extensive downstream testing. Efficient 
mapping of immune checkpoint interactions across species can identify 
evolutionarily conserved immune evasion pathways and appropriate 
large-animal models with naturally occurring cancer. This knowledge 
could inform veterinary and human medicine in the fields of immuno-
logical tolerance to tissue transplants, infectious disease, and cancer.

MATERIALS AND METHODS
Experimental design
The objectives of this study were to fill a major gap in our under-
standing of the mammalian immune system and to understand how 
genetically mismatched transmissible tumors evade host immunity. 
To achieve this goal, we developed a recombinant protein system 
that directly fuses proteins of interest to a fluorescent reporter protein. 
The first phase was to determine whether the fluorescent protein 
remained fluorescent after secretion from mammalian cells and to 
confirm that proteins bound to their predicted receptors (i.e., ligands). 
Initial testing was performed in CHO cells and follow-up assays 
used devil cells. To reduce the risk of false positives in binding assays, 
we tested each FAST protein against the expected target protein and 
additional nontarget proteins. To further demonstrate the functionality 
of this system for antibody development, mice were immunized with 
either 41BB or CD200 proteins. Pre- and postimmunization polyclonal 
sera were used to confirm that the proteins used for immunization 
induced antibodies that specifically bound to surface-expressed recom-
binant proteins and native proteins on DFT cells. Last, to demonstrate 
the flexibility of the system, we replicated a known anti-human PDL1 
nanobody that we fused to mCitrine. This shows that the FAST system 
can be used to target human proteins, to produce recombinant pro-
teins derived from other species (e.g., camelid-derived nanobody), 
and for functions other than receptor-ligand interactions.

Target transcript amplification
Target gene DNA sequences for vector construction were retrieved 
from Genbank, Ensembl, or de novo transcriptome assemblies 
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(table S2). Target DNA was amplified from a complementary DNA 
template or existing plasmids using primers and polymerase chain 
reaction (PCR) conditions shown in tables S2 and S4 using Q5 
High-Fidelity 2X Master Mix (New England Biolabs no. M0494L). 
Primers were ordered with 5′ base extensions that overlapped expres-
sion vectors on either side of the restriction sites. The amplified 
products were identified by gel electrophoresis and purified using 
the NucleoSpin PCR and Gel Clean Up Kit (Macherey-Nagel 
no. 740609.5). Alternatively, DNA sequences were purchased as double- 
stranded DNA gBlocks (table S5) (Integrated DNA Technologies) 
for direct assembly into expression vectors.

Construction of all-in-one Sleeping Beauty transposon vectors
All new plasmids were assembled using the NEBuilder kit (New England 
Biolabs; NEB no. E5520S) following the manufacturer’s recommendations 
unless otherwise noted. DNA inserts, digested plasmids, and NEBuilder 
master mix were incubated for 60 min at 50°C and then transformed 
into DH5 included with the NEBuilder kit. Plasmid digestions 
were performed following manufacturer recommendations and 
generally subjected to Antarctic phosphatase (New England Biolabs 
no. M0289S) treatment to prevent potential reannealing. Sleeping Beauty 
transposon vectors pSBbi-Hyg (Addgene no. 60524), pSBbi-BH (Addgene 
no. 60515), pSBtet-Hyg (Addgene no. 60508), and pSBtet-RH (Addgene 
no. 60500) were gifts to Addgene from E. Kowarz (46). The pCMV 
(CAT)T7-SB100 containing the cytomegalovirus (CMV) promoter 
and SB100X transposase was a gift to Addgene from Z. Izsvak 
(Addgene no. 34879) (47). We first constructed an all-in-one Sleeping 
Beauty vector by inserting a CMV promoter and SB100X transposase 
from pCMV(CAT)T7-SB100 (47) into pSBi-BH (46) (tables S3 and S4). 
This was accomplished by using pAF111-vec.FOR and pAF111.1.REV 
primers to amplify an overlap region from pSBbi-BH (insert 1) and 
pAF111-2.FOR and pAF111-2.REV to amplify the CMV-SB100X 
region from pCMV(CAT)T7-SB100 (insert 2). The purified amplicons 
were then used for NEBuilder assembly of pAF111. The final all-in-
one vectors pAF112 (hygromycin resistance and luciferase) and 
pAF123 (hygromycin resistance) were assembled from the pAF111 
components. pAF112 was assembled by amplifying the Luc2 luciferase 
gene (insert 1) from pSBtet-Hyg and the P2A-hygromycin resistance 
gene (insert 2) from pSBbi-BH and inserting into the pAF111 Bsu36 I 
digest using NEBuilder. pSBbi-Hyg was Bsu36 I–digested to obtain 
the hygromycin resistance gene, and this fragment was inserted into 
Bsu36 I–digested pAF111 using T4 ligase cloning to replace the 
BFP-P2A-hygromycin segment in pAF111.

Construction of full-length protein vectors
All full-length gene coding sequences except CTLA4 were cloned 
into the pAF112 Sfi I digest (table S2). All full-length vectors also 
contain luciferase with T2A peptide linked to the hygromycin resistance 
protein; luciferase was included for use in downstream functional 
testing that was not part of this study. Tasmanian devil CTLA4 was 
cloned into a NotI-HF and Xma I digest of pAF100 that was used in 
a different study but is derived from vectors pAF112 and pAF138. 
In addition, we also used devil PDL1 (CHO.pAF48) and 41BBL 
(CHO.pAF56) cell lines developed using a vector system described 
previously (17).

Construction of FAST protein vectors
Plasmids containing fluorescent protein coding sequences mCerulean3- N1 
(Addgene no. 54730), mAzurite-N1 (Addgene no. 54617), mOrange-N1 

(Addgene no. 54499), and mNeptune2-N1 (Addgene no. 54837) were 
gifts to Addgene from M. Davidson. mTag-BFP was amplified from 
pSBbi-BH, mCitrine was amplified from pAF71, and mCherry was 
amplified from pTRE-Dual2 (Clontech no. PT5038-5). pAF137 was 
constructed by amplifying the devil 41BB extracellular domain with 
primers pAF137-1.FOR and pAF137-1.REV and amplifying mCherry 
with pAF137-2a.FOR and pAF137-2.REV (tables S3 and S4). 5′ ex-
tensions on pAF137-1.FOR and pAF137-2.REV were used to create 
overlaps for NEBuilder assembly of pAF137 from a pAF123 Sfi I–
digested base vector. 3′ extensions on pAF137-1.REV and pAF137-
2a.FOR were used to create the linker that included an Xma I/Sma I 
restriction site, TEV cleavage tag, GSAGSAAGSGEF linker peptide, 
and 6xHis tag between the gene of interest and fluorescent reporter. 
The GSAGSAAGSGEF was chosen because of the low number of 
large hydrophobic residues and less repeated nucleic acids than are 
needed with other flexible linkers such as (GGGS)4. The pAF137 primer 
extensions also created 5′ Not I and 3′ Nhe I sites in the FAST vector 
to facilitate downstream swapping of functional genes and to create 
a Kozak sequence (GCCGCCACC) upstream of the FAST protein 
open-reading frame. Following confirmation of correct assembly 
via DNA sequencing, the FAST 41BB-mCherry (pAF137) was di-
gested and used as the base vector (Fig. 2B and fig. S1, A and B) for 
development of FAST vectors with alternative fluorescent proteins. 
This was accomplished by digestion of pAF137 with Sal I and Nhe I 
and then inserting PCR-amplified coding sequences for other fluo-
rescent proteins using NEBuilder (tables S3 and S4).

Type I FAST (extracellular N terminus and cytoplasmic C terminus) 
protein vectors were constructed by digestion of 41BB FAST vectors 
with Not I and either Xma I or Sma I (Fig. 2B and fig. S1, A and B) 
and then inserting genes of interest (tables S2 to S4). To create an 
Fc-tagged FAST protein, we fused the extracellular domain of devil 
CD80 to the Fc region of the devil IgG (fig. S1C). The Fc region was 
amplified from a devil IgG plasmid provided by L. Corcoran (Walter 
and Eliza Hall Institute of Medical Research). All secreted FAST 
proteins in this study used their native signal peptides, except for 
41BBL. 41BBL is a type II transmembrane protein in which the signal 
peptide directly precedes the cytoplasmic and transmembrane domains 
of the protein (cytoplasmic N terminus and extracellular C terminus). 
As type I FAST vectors cannot accommodate this domain architecture, 
we developed an alternative base vector for type II transmembrane 
FAST proteins (fig. S1D). To increase the probability of efficient 
secretion of type II FAST proteins from CHO cells, we used the hamster 
interleukin-2 (IL-2) signal peptide (accession no. NM_001281629.1) 
at the N terminus of the protein, followed by a Sal I restriction site, 
mCherry, an Nhe I restriction site, 6xHis tag, GSAGSAAGSGEF 
linker, TEV cleavage site, Xma I/Sma I restriction site, the gene of 
interest, and a Pme I restriction site following the stop codon.

General plasmid assembly, transformation, and sequencing
Following transformation of assembled plasmids, colony PCR was 
performed as an initial test of the candidate plasmids. Single colonies 
were inoculated directly into a OneTaq Hot Start Quick-Load 2X 
Master Mix (NEB no. M0488) with primers pSB_EF1a_seq.FOR 
(atcttggttcattctcaagcctcag) and pSB_bGH_seq.REV (aggcacagtc-
gaggctgat). PCR was performed with 60°C annealing temperature 
for 25 to 35 cycles. Colonies yielding appropriate band sizes were 
used to inoculate Luria broth with ampicillin (100 g/ml) for bacterial 
outgrowth overnight at 37°C and 200 rpm. The plasmids were purified 
using standard plasmid kits and prepared for Sanger sequencing using 
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the BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher 
Scientific no. 4337455) with pSB_EF1a_seq.FOR and pSB_bGH_seq.REV 
primers. The BigDye Terminator was removed using Agencourt CleanSEQ 
(Beckman Coulter no. A29151) before loading samples to a 3500xL 
Genetic Analyzer (Applied Biosystems) for sequencing by fluorescence- 
based capillary electrophoresis.

General cell culture conditions
DFT1 cell line C5065 and DFT2 cell line JV were cultured at 35°C 
with 5% CO2 in cRF10 [10% complete RPMI (Gibco no. 11875-093) with 
2 mM l-glutamine, supplemented with 10% heat-inactivated fetal bovine 
serum, and 1% antibiotic-antimycotic (Thermo Fisher Scientific 
no. 15240062)]. RPMI without phenol red (Sigma-Aldrich no. R7509) was 
used to culture FAST protein cell lines when supernatants were col-
lected for downstream flow cytometry assays. Devil peripheral blood cells 
were cultured in cRF10 at 35°C with 5% CO2. CHO cells were cultured 
at 37°C in cRF10 during transfections and drug selection but were 
otherwise cultured at 35°C in cRF5 (5% complete RPMI). For produc-
tion of purified recombinant proteins, stably transfected CHO cells were 
cultured in suspension in spinner flasks in chemically defined, serum- 
free CHO EX-CELL (Sigma-Aldrich no. 14361C) media supplemented with 
8 mM l-glutamine, 10 mM Hepes, 50 M 2-ME, 1% (v/v) antibiotic- 
antimycotic, and 1 mM sodium pyruvate and without hygromycin.

Transfection and generation of recombinant cell lines
Stable transfections of CHO and DFT cells were accomplished by 
adding 3 × 105 cells to each well in six-well plates in cRF10 and 
allowing the cells to adhere overnight. The next day, 2 g of plasmid 
DNA was added to 100 l of phosphate-buffered saline (PBS) in 
microfuge tubes. Polyethylenimine (PEI) (linear, molecular weight, 
25,000; Polysciences no. 23966-2) was diluted to 60 g/ml in PBS and 
incubated for at least 2 min. The PEI solution (100 l) was added to 
the 100 l of plasmid DNA in each tube to achieve a 3:1 ratio of 
PEI:DNA. The solution was mixed by gentle pipetting and incubated 
at room temperature for 15 min. While the solution was incubating, 
the media on the CHO cells were replaced with fresh cRF10. All 200 l 
from each DNA:PEI mix was then added dropwise to the CHO cells and 
gently rocked side to side and front to back to evenly spread the solution 
throughout the well. The plates were then incubated overnight at 37°C 
with 5% CO2. The next day, the plates were inspected for fluorescence, 
and then the media were removed and replaced with cRF10 containing 
hygromycin (1 mg/ml) (Sigma-Aldrich no. H0654). The media were 
replaced with fresh cRF10 hygromycin (1 mg/ml) every 2 to 3 days for 
the next 7 days until selection was complete. The cells were then 
maintained in hygromycin (0.2 mg/ml) in cRF5 at 35°C with 5% CO2. 
Supernatant was collected 2 to 3 weeks after transfection and stored 
at 4°C for 2 months to assess stability of secreted FAST proteins.

Protein production and purification
Sixteen days after transfection, the first batch of FAST protein cell 
lines was adapted to a 1:1 mix of cRF5 and chemically defined, 
serum-free CHO EX-CELL media for 1 to 2 days to facilitate adap-
tation of the adherent CHO cells to suspension culture in serum-free 
media. At least 5 × 107 cells were then transferred to ProCulture spinner 
flasks (Sigma-Aldrich no. CLS45001L and no. CLS4500250) and stirred 
at 75 rpm at 35°C in 5% CO2 on magnetic stirring platforms (Integra 
Bioscience no. 183001). Cells were maintained at a density ranging from 
5 × 105 to 2 × 106 cells/ml for 8 to 14 days. Supernatant was collected every 
2 to 3 days, centrifuged at 3200 relative centrifugal force (RCF) for 10 min, 

stored at 4°C, and then purified using the ÄKTA start protein purification 
system (GE Life Sciences no. 29022094). The supernatant was diluted 1:1 with 
20 mM sodium phosphate (pH 7.4) and then purified using HisTrap 
Excel columns (GE Life Sciences no. 17-3712-05) according to the 
manufacturer’s instructions. Samples were passed through the columns 
using a flow rate of 2 ml/min at 4°C; all wash and elution steps were 
done at 1 ml/min. Elution from HisTrap columns (GE Life Sciences 
no. 17-3712-05) was accomplished using 0.5 M imidazole and frac-
tionated into 1-ml aliquots using the Frac30 fraction collector 
(GE Life Sciences no. 29023051). Fluorescence of FAST proteins was 
checked via brief excitation (Fig. 2) on a blue light transilluminator 
with an amber filter unit. In the case of mCherry, chromogenic color 
was visible without excitation. Fractions containing target proteins were 
combined and diluted to 15 ml with cold PBS, dialyzed (Sigma-Aldrich 
no. PURX60005) in PBS at 4°C, 0.22-m sterile-filtered (Millipore 
no. SLGV033RS), and concentrated using Amicon Ultra centrifugal 
filter units (Sigma-Aldrich no. Z706345). The protein concentration was 
quantified using the 280-nm absorbance on a NanoDrop spectro-
photometer. Extinction coefficients using for each protein were 
calculated using the ProtParam algorithm (48). The proteins were 
then aliquoted into microfuge tubes and frozen at −80°C until further 
use. The CTLA4-Fc-mCherry protein was designed, assembled, 
and tested separately from the other FAST proteins and was tested 
directly in supernatant without purification.

Preparation of CHO cells expressing full-length proteins 
for flow cytometry
CHO cells expressing full-length proteins were thawed in cRF10 and 
then maintained in cRF5 with hygromycin (0.2 mg/ml). The adherent 
CHO cells were washed with PBS and incubated with trypsin for 
5 min at 37°C to remove cells from the culture flask. Trypsin was 
diluted five times with cRF5 and centrifuged at 200 RCF for 5 min. 
Cells were resuspended in cRF5, counted (viability >95% in all cases), 
and resuspended and aliquoted for assays as described below.

Initial staining of CHO cells with 41BB FAST protein 
supernatants (without chloroquine)
Supernatants (cRF5) were collected from CHO cells expressing devil 
41BB extracellular domain fused to either mCherry (pAF137), 
mCitrine (pAF138), mOrange (pAF164), mBFP (pAF139), mAzurite 
(pAF160), mCerulean3 (pAF161), or mNeptune2 (pAF163) (tables 
S2 to S4). The supernatant was spun for 10 min at 3200 RCF to re-
move cells and cellular debris and then stored at 4°C until further 
use. CHO cells expressing devil 41BBL (CHO.pAF56) and untrans-
fected CHO cells were prepared as described above. Flow cytometry 
tubes were loaded with 5 × 104 target CHO cells per well in cRF5, 
centrifuged 500 RCF for 3 min, and then resuspended in 200 l of 
supernatant from the 41BB FAST cell lines (N = 1 per treatment). 
The tubes were then incubated for 15 min at 4°C, centrifuged at 500 
RCF for 3 min, resuspended in 400 l of cold fluorescence-activated 
cell sorting (FACS) buffer, and stored on ice until the data were 
acquired on a Beckman Coulter Astrios flow cytometer (Fig. 2C). 
All flow cytometry data were analyzed using FCS Express 6 Flow 
Cytometry Software version 6 (De Novo Software).

Staining CHO cells with FAST protein supernatants  
(without chloroquine)
U-bottom 96-well plates were loaded with 1 × 105 target CHO cells 
per well in cRF5, centrifuged 500 RCF for 3 min, and then resuspended 
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in 175 l of cRF5 supernatant from FAST cell lines collected 11 days 
after transfection (N = 1 per treatment). The plates were then incu-
bated for 30 min at room temperature, centrifuged at 500 RCF for 3 min, 
resuspended in 200 l of cold FACS buffer, centrifuged again, and 
fixed with FACS fix buffer [PBS, 0.02% NaN3, 0.4% formalin, glucose 
(10 g/liter)]. The cells were transferred to tubes, diluted with FACS buffer, 
and analyzed on a Beckman Coulter Astrios flow cytometer (fig. S2).

Staining CHO cells with purified FAST proteins  
(with chloroquine)
Purified FAST proteins were diluted to 20 g/ml in cRF5, aliquoted 
into V-bottom 96-well transfer plates, and then stored at 37°C until 
target cells were ready for staining. Target cells were resuspended in 
cRF5 with 100 M chloroquine, and 100,000 cells per well were 
aliquoted into U-bottom 96-well plates. One hundred microliters of 
the diluted FAST proteins (N = 1 per treatment, two time points per 
treatment) was then transferred from the V-bottom plates into the 
U-bottom 96-well plates containing target cells. The final volumes 
and concentrations were 200 l per well in cRF5 with 50 M chloro-
quine and 2 g per well of FAST proteins. One set of plates was in-
cubated at 37°C for 30 min, and another set of plates was incubated 
at 37°C overnight. The cells were then centrifuged 500 RCF for 3 min, 
the media decanted, and incubated for 5 min with 100 l of trypsin 
to dislodge adherent cells. The cells were then washed with 200 l of 
cold FACS buffer, fixed, resuspended in cold FACS buffer, and trans-
ferred to tubes for analysis on the Astrios flow cytometer (Fig. 3B).

Staining CHO cells with FAST supernatants  
(with chloroquine)
The protocol for using FAST protein supernatants was the same 
above as the preceding experiment except for the modifications de-
scribed here. Supernatants were collected 2 to 3 weeks after trans-
fection, centrifuged at 3200 RCF for 10 min, and stored at 4°C for 
2 months. Before staining for flow cytometry, the supernatant was 
0.22-m filtered. Supernatant was then loaded into V-bottom 96-well 
plates to facilitate rapid transfer to staining plates and stored at 37°C 
until target cells were ready for staining. Target cells were prepared 
as described above except for being diluted in cRF5 with 100 M 
chloroquine. A total of 2 × 105 cells per well (100 l) were then loaded 
into U-bottom 96-well plates. One hundred microliters of FAST pro-
tein supernatant (N = 1 per treatment) was then transferred from the 
V-bottom plates to achieve 50 M chloroquine, and the cells were 
then incubated at 37°C for 60 min. The plates were then washed, fixed, 
and analyzed on the Astrios flow cytometer (fig. S3). A similar proce-
dure was used for staining stably transfected DFT cells with CTLA4- 
Fc-mCherry, except that the supernatant was used fresh (Fig. 4D).

Coculture assay with full-length target and FAST protein 
CHO cell lines (with chloroquine)
CHO cells expressing full-length CTLA4 with a C-terminal mCitrine 
and CHO cells expressing full-length 41BB or 41BBL were labeled 
with 5 M CFSE; CFSE and mCitrine were analyzed using the same 
excitation laser (488 nm) and emission filters (513/26 nm). A total 
of 1 × 105 FAST protein–secreting cells were mixed with 1 × 105 
target cells in cRF5 with 50 M chloroquine and incubated overnight 
at 37°C in 96-well U-bottom plates (Fig. 4A). The next day, the cells 
were rinsed with PBS, trypsinized, washed, fixed, and resuspended 
in FACS buffer before running flow cytometry. Cells were gated on 
forward and side scatter (FSC × SSC) and for singlets (FSC-H × FSC-A) 

(Fig. 4B). Data shown in Fig. 4C are representative of N = 3 technical 
replicates per treatment. Data were collected using a Beckman 
Coulter MoFlo Astrios and analyzed using FCS Express.

Analysis of checkpoint molecule expression in DFT cells 
and Tasmanian devil tissues
RNA-seq data were generated during previous experiments, aligned 
against the reference Tasmanian devil genome Devil_ref v7.0 
(GCA_000189315.1), and summarized into normalized read counts 
as previously described (25, 26). Transcripts per million–normalized 
read counts were calculated in R, and a heat map was produced 
from log2-converted values using the heatmap.2 function of gplots.

Staining DFTs cell with CD200/R FAST proteins
A total of 50,000 DFT cells per well were aliquoted into U-bottom 
96-well plates, washed with 150 l of cRF10, and resuspended in 100 l 
of warm cRF10 containing 100 M chloroquine. Five micrograms 
of FAST protein per well was then added and mixed by pipetting. 
The plates were then incubated at 37°C for 30 min. The cells were 
then transferred to microfuge tubes without washing, stored on ice, and 
analyzed on a Beckman Coulter MoFlo Astrios (N = 2 per treatment).

Polyclonal antibody development
CD200 and 41BB FAST proteins were digested overnight with TEV 
protease (Sigma-Aldrich no. T4455) at 4°C in PBS. The cleaved linker and 
6xHis tag were then removed using a His SpinTrap kit (GE Healthcare 
no. 28-9321-71). Digested proteins in PBS were diluted 1:1 in Squalvax 
(OZ Biosciences no. SQ0010) to a final concentration of 0.1 g/l and 
were mixed using interlocked syringes to form an emulsion. Immu-
nization of BALB/c mice for antibody production was approved by 
the University of Tasmania Animal Ethics Committee (no. A0014680). 
Preimmune sera were collected before subcutaneous immunization 
with at least 50 l of the emulsion. On day 14 after immunization, 
the mice were boosted using a similar procedure. On day 50, the 
mice received a booster with proteins in IFAVax (OZ Biosciences 
no. IFA0050); mice immunized with CD200 again received subcutaneous 
injections, whereas 41BB mice received subcutaneous and intra-
peritoneal injections. Preimmune and sera collected after three-times 
immunizations were then tested by flow cytometry against CHO cells 
expressing either 41BB or CD200. CHO cells were prepared as de-
scribed above, and 2 × 105 cells were incubated with mouse serum 
diluted 1:200 in PBS for 30 min at 4°C. The cells were then washed 
two times and stained with 50 l of anti-mouse IgG AF647 diluted 
1:1000 in FACS buffer. The cells were then washed two times, 
stained with 4′,6-diamidino-2-phenylindole (DAPI) to identify live cells, 
and analyzed on a CyAn ADP flow cytometer (Fig. 5C). CD200 and 
41BB expression on DFT cells was tested using a procedure similar 
to the CHO cell staining, except that the sera used were collected 
after four-times immunizations and was diluted 1:500 and analyzed 
on the BD FACSCanto II (Fig. 5D).

Purification of antibodies from NMS and anti-CD200 serum
Approximately, 200 l of NMS or anti-CD200 serum day 157 (after 
four-times immunizations) was purified using an Ab SpinTrap 
(GE Healthcare no. 28-4083-47) according to the manufacturer’s in-
structions. Serum was diluted 1:1 with 20 mM sodium phosphate 
and binding buffer (pH 7.0) and eluted with 0.1 M glycine-HCl (pH 2.7), 
and the pH was neutralized with 0.1 M glycine-HCl (pH 2.7). The 
eluted antibodies were then concentrated using an Amicon Ultra 
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0.5 centrifugal unit (Merck no. UFC500308) by centrifuging at 14,000 
RCF for 30 min at 4°C and then washing the antibodies with 400 l 
of PBS twice. The protein concentration was then quantified on a 
NanoDrop spectrophotometer at 280 nm using the extinction co-
efficients for IgG.

Testing CD200 expression on DFT cells that  
overexpress CD200R1
A total of 50,000 DFT cells per well were aliquoted into U-bottom 
96-well plates and washed with 200 l of cold FACS buffer. Purified 
polyclonal anti-CD200 was diluted to 2.5 g/ml in cold FACS buffer, 
and the cells in appropriate wells were resuspend in 100 l per well 
(0.25 g per well) diluted antibody; wells that did not receive anti-
body were resuspended in 100 l of FACS buffer. The cells were 
incubated on ice for 20 min and then washed with 200 l of FACS 
buffer. While incubating, anti-mouse IgG AF647 was diluted to 1 g/ml 
in cold FACS buffer and then used to resuspend cells in the appro-
priate wells. The plates were incubated on ice for 20 min and then 
washed with 100 l of cold FACS buffer. The cells were then resuspended 
in 200 l of FACS fix and incubated on a rocking platform at room tempera-
ture for 15 min. The cells were then centrifuged 500 RCF for 3 min at 
4°C, resuspended in 200 l of FACS buffer, and stored at 4°C until 
they were analyzed on a FACSCanto II (N = 2 per treatment) (Fig. 5E).

Isolation of devil PBMCs
Blood collection from Tasmanian devils was approved by the Uni-
versity of Tasmania Animal Ethics Committee (permit no. A0014599) 
and the Tasmanian Department of Primary Industries, Parks, Water 
and Environment. Blood was collected from the jugular vein and 
stored in EDTA tubes for transport to the laboratory. Blood was 
processed within 3 hours by diluting 1:1 with serum-free RPMI and then 
layering onto Histopaque (Sigma-Aldrich no. 10771) before centrifuging 
at 400 RCF for 30 min. The interface containing the PBMCs was then 
collected using a transfer pipette, diluted with 50 ml of serum-free 
RPMI, and centrifuged for 5 min at 500 RCF. Cells were washed 
with again with cRF10 and then either used fresh or stored at −80°C 
until further use.

Detecting DFT2 cells in PBMC using CD200
Frozen devil PBMC was thawed and cultured in cRF10 at 35°C with 
5% CO2 for 2 hours; cells were then washed in FACS buffer and counted, 
and 3 × 105 PBMCs were used per sample. DFT2.JV cells were removed 
from culture flasks and counted, and 2 × 105 cells were used per sample. 
Samples were incubated with 50 l of normal goat serum (Thermo Fisher 
Scientific, catalog no. 01-6201) diluted 1:200 in FACS buffer for 15 min at 
4°C, and 50 l of anti-CD200 serum diluted 1:100 was added (1:200 final) 
for 30 min at 4°C. Cells were then washed two times and stained 
with 50 l of anti-mouse IgG AF647 diluted to 1 g/ml in FACS 
buffer for 30 min at 4°C. The cells were then washed two times, 
stained with DAPI (Sigma-Aldrich, catalog no. D9542) to identify 
live cells, and analyzed on the BD FACSCanto II. PBMC and DFT 
cells were run separately, and then PBMC and DFT2 were mixed at 
a ratio of 10:1 by volume for the combined samples (N = 1 per treatment) 
(fig. S4A). The experiment was repeated (N = 1 per treatment), except 
that PBMCs and DFT cells were mixed at a 5:1 ratio (fig. S4B).

Staining of DFT cells in devil whole blood
DFT1.C5065 and DFT2.JV cells were labeled with 5 M CTV and 
cultured for 3 days at 37°C. On the day of the assays, peripheral 

blood from one devil was collected and stored at ambient tempera-
ture for less than 3 hours. One hundred microliters of whole blood 
was aliquoted into 15-ml tubes and stored at ambient temperature 
while DFT cells were prepared. The media on CTV-labeled DFT 
cells were decanted, and the cells were detached from the flask by 
incubating in 2.5 ml of TrypLE Select for 5 min at 37°C. The cells 
were washed with cRF10, resuspended in cRF10, and counted. DFT 
cells were then diluted to 1 × 104 cells/ml in cRF10, and 100 l was 
aliquoted into appropriate 15-ml tubes containing 100 l of whole 
blood. One microliter of purified anti-CD200 (0.5 g per tube) was 
diluted into the appropriate tubes and incubated for 15 min at 
ambient temperature. Next, anti-mouse IgG AF647 (0.5 g per tube) 
was added to each tube. Note: 0.5 l (0.5 g) of concentrated secondary 
antibody was accidentally added directly to the tube for the data 
shown in the top row, middle column of fig. S5A; for all other tubes, 
the secondary antibody was diluted 1:20 in PBS and 10 l was added 
to each tube. The cells were then incubated for 15 min at ambient 
temperature. The cells were then diluted in 1 ml of ammonium 
chloride RBC lysis buffer [150 mM NH4Cl, 10 mM KHCO3, and 0.1 mM 
EDTA disodium (Na2-2H2O)] and mixed immediately gently pipetting 
five times. The cells were incubated at ambient temperature for 10 min, 
then diluted with 5 ml of PBS, and centrifuged 500 RCF for 3 min. 
Some tubes contained residual RBCs, so the pellet was vigorously 
resuspended in 5 ml of RBC lysis buffer, incubated for 5 min, diluted 
with 5 ml of cold FACS buffer, and centrifuged 500 RCF for 3 min. 
The cells were then resuspended in 250 l of FACS buffer and stored on 
ice until analysis on a Beckman Coulter MoFlo Astrios (N = 1 per 
treatment). Data were analyzed in FCS Express version 6 (fig. S5).

The experiment above was repeated with the following modifi-
cations. DFT cells were labeled with 5 M CFSE and incubated for 
2 days at 37°C. On the day of the assays, fresh blood was collected 
from two devils. Purified anti-CD200 and NMS were labeled with 
Zenon mouse IgG AF647 (Thermo Fisher Scientific no. Z25008) and 
blocked with the Zenon blocking agent. A total of 1 × 104 CFSE-labeled 
DFT cells were diluted directly into 100 l of whole blood in 15-ml 
tubes, and 12 l (2-l antibody, 5-l labeling agent, and 5-l blocking 
agent) of Zenon AF647–labeled purified NMS or anti-CD200 was 
added directly to the cells. The cells were incubated for 30 min at 
ambient temperature. The cells were then gently resuspended in 2.5 ml 
of RBC lysis buffer and incubated for 10 min at ambient tempera-
ture. The cells were diluted with 10 ml of PBS and centrifuged 500 
RCF for 3 min. The cells were resuspended in 1.5 ml of RBC lysis 
buffer and incubated for another 10 min to lyse residual RBCs. The 
tubes were then resuspended in 9 ml of cRF10 and centrifuged 500 
RCF for 3 min. The cells were resuspended in 350 l of cold FACS 
buffer containing DAPI (200 ng/ml) and stored on ice until analysis 
on a Beckman Coulter MoFlo Astrios (N = 1 per treatment for n = 2 
devils) (Fig. 6, A to D).

Construction of anti-human PD-L1 nanobody
The anti-human PD-L1 nanobody (KN035) (24) protein sequence 
was reverse-translated and as a double-stranded DNA gBlock (Integrated 
DNA Technologies) (table S5). The sequence was modified to include 
DNA extension that overlaps FAST vectors. The signal peptide from 
hamster IL-2 (also in pAF92) was added to the nanobody to increase 
secretion efficiency in CHO cells. The gBlock was inserted into a NotI- 
HF– and Sma I–digested mCitrine FAST vector with NEB HiFi DNA 
Assembly Master Mix (NEB no. E2621). Transformation, purification 
of plasmid DNA, and sequencing were performed as described above.
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ExpiCHO transfection for nanobody production
ExpiCHO cells (Thermo Fisher Scientific no. A29127) for high-yield 
protein production were maintained at 37°C with 8% CO2 with 
constant shaking at 200 rpm in ExpiCHO Stable Production Medium 
(SPM) (Thermo Fisher Scientific no. A3711001). ExpiCHO cells were 
added to a six-well plate at 3 × 105 cells per well in ExpiCHO SPM 
and cultured overnight. The next day, 2-g plasmid DNA was added 
to 100 l of PBS in a microcentrifuge tube. PEI was diluted to 60 g/ml 
in PBS and incubated at room temperature for 5 min. Diluted plasmid 
DNA was added to 100 l of PEI solution to achieve a 3:1 PEI:DNA 
ratio and incubated at room temperature for 15 min. During this 
time, ExpiCHO cells were transferred to 15-ml centrifuge tubes, washed 
with PBS at 300g for min, resuspended in 3-ml OptiPRO serum-free 
media (Thermo Fisher Scientific no. 12309019), and returned to the six-
well plate. The PEI:DNA solution was then added directly to cells and 
incubated overnight. The next day, plates were inspected for fluo-
rescence, and the media were removed and replaced with ExpiCHO 
SPM supplemented with hygromycin (1 mg/ml). Media were changed 
every second day until selection was complete. Once selection was 
complete, the cells were moved to 50-ml TPP TubeSpin bioreactor 
tubes (Sigma-Aldrich no. Z761028) and maintained at 4 × 106 to 6 × 
106 cells/ml in ExpiCHO SPM with hygromycin (0.2 mg/ml). Super-
natant was collected 2 weeks after transfection and stored at 4°C.

Staining CHO cells with PD-L1 nanobody in supernatant
CHO cells expressing either human PD-L1 or human CD80 fused 
to miRFP670 (table S3) were plated at 100,000 cells per well into a 
U-bottom 96-well plate and centrifuged at 300g for 5 min, and the 
supernatant was discarded. Two hundred–microliter supernatant 
containing secreted PD-L1 nanobody was added to CHO cell lines 
either neat or diluted in 1:10 and 1:100 in FACS buffer. Cells were 
incubated at 4°C for 30 min before being washed in FACS buffer for 
analysis on a Beckman Coulter FACSCanto II (Fig. 6F).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/27/eaba5031/DC1

View/request a protocol for this paper from Bio-protocol.
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