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Abstract

Numerous therapies aimed at driving an effective anti-glioma response have been employed over the last decade; neverthe-
less, survival outcomes for patients remain dismal. This may be due to the expression of immune-checkpoint ligands such
as PD-L1 by glioblastoma (GBM) cells which interact with their respective receptors on tumor-infiltrating effector T cells
curtailing the activation of anti-GBM CD8™ T cell-mediated responses. Therefore, a combinatorial regimen to abolish immu-
nosuppression would provide a powerful therapeutic approach against GBM. We developed a peptide ligand (CD200AR-L)
that binds an uncharacterized CD200 immune-checkpoint activation receptor (CD200AR). We sought to test the hypothesis
that CD200AR-L/CD200AR binding signals via he DAP10&12 pathways through in vitro studies by analyzing transcription,
protein, and phosphorylation, and in vivo loss of function studies using inhibitors to select signaling molecules. We report
that CD200AR-L/CD200AR binding induces an initial activation of the DAP10&12 pathways followed by a decrease in
activity within 30 min, followed by reactivation via a positive feedback loop. Further in vivo studies using DAP10&12KO
mice revealed that DAP10, but not DAP12, is required for tumor control. When we combined CD200AR-L with an immune-
stimulatory gene therapy, in an intracranial GBM model in vivo, we observed increased median survival, and long-term
survivors. These studies are the first to characterize the signaling pathway used by the CD200AR, demonstrating a novel
strategy for modulating immune checkpoints for immunotherapy currently being analyzed in a phase I adult trial.
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Introduction immunotherapy are immune-checkpoint inhibitors [1],

which have shown unparalleled success in cancer therapy

The unprecedented success of cancer immunotherapy has
revolutionized clinical management of malignancies that
previously had dismal prognoses [1]. At the forefront of
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[1, 2]. The 2 most clinically successful immune-checkpoint
blockade strategies to date are, i.e., targeting of cytotoxic
T-lymphocyte-associated protein 4 (CTLA4) and disruption
of the interaction between programmed cell death 1 (PD-
1) receptor and its ligand (PD-L1). However, only a small
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percentage of patients with certain solid tumors respond to
checkpoint inhibitors including sensitive tumors such as
melanoma [3, 4].

We have focused our research on the CD200 immune
checkpoint to develop novel immunotherapy for glioblas-
toma (GBM). The CD200 protein suppresses an immune
response by binding the CD200 inhibitory receptor
(CD200R1) [5, 6]. Other CD200 receptors exist that were
designated as CD200RLa-d by Wright in 2003 because
they are coded for by CD200R-related genes in mice. These
receptors will be referred to herein as CD200AR2, -3, -4,
and -5 in mice, and the single CD200R-related human gene
product designated is hCD200RLa [7].

We derived a peptide ligand (CD200AR-L) that elicits an
immune activation response when it binds to CD200ARs on
immune cells [8]. CD200AR-L was designed to be adminis-
tered subcutaneously near draining lymph nodes in combi-
nation with tumor antigens. CD200AR-L activates antigen-
presenting cells (APCs) resulting in CD80/86 upregula-
tion and increased production of cytokines, leading to an
enhanced anti-tumor response [9, 10] and survival benefit
in mice-bearing tumors from 2 tumor cell lines [11, 12].
In addition, significantly longer survival times were seen
in pet dogs with high-grade glioma when a canine-specific
CD200AR-L was administered in combination with autolo-
gous tumor lysate (TL) after tumor resection compared with
TL alone [13].

Although we demonstrated that targeting the CD200ARs
with CD200AR-L in murine and canine high-grade glioma
improved survival when used in combination with vacci-
nation strategies, the signaling pathways induced by the
CD200AR/CD200AR-L interaction that overpower the sup-
pressive properties of the CD200 protein remain unknown.
Paired receptor systems, such as the CD200 checkpoint, are
cell-surface proteins that are primarily expressed on immune
cells and contain conserved extracellular domains capable of
eliciting either inhibitory or stimulatory signals [7, 14, 15].
The inhibitory receptors have long immunoreceptor tyrosine-
based inhibitory motifs (ITIM) within the cytoplasmic
region, [16] whereas activation receptors usually have short
cytoplasmic tails, which associate with adaptor proteins such
as DAP12, CD3, CD79, and FcR that provide immunore-
ceptor tyrosine-based activation motifs (ITAM) as docking
sites for downstream signaling [17]. A tyrosine-based signal-
ing motif (YINM), which couples to phosphatidyl-inositol
3-kinase (PI3K) dependent pathways, is present in the adap-
tor protein DNAX-activating protein of 10 kDa (DAP10),
a transmembrane signaling adaptor protein predominantly
expressed in CD8-T cells and monocytes [18, 19] involved in
initiating cytotoxicity [18, 20] and mediating primary stimu-
lation and costimulatory signals in NK cells.

Previously, we generated CD200AR knockout mac-
rophages and demonstrated that CD200AR-L bound to

CD200AR complexes leading to the activation of mac-
rophages and cytokines secretion; however, the signaling
pathways that result in immune activation remain unknown
[21]. Here, we sought to determine whether the DAP10
and DAPI2 signaling pathways play a role in the immune
response initiated by CD200AR/CD200AR-L binding. We
demonstrate that ligation of CD200AR-L to CD200AR
upregulates transcription, and protein expression of DAP10
and DAP12 and downregulates expression of the inhibitory
receptor, CD200R 1. Furthermore, the effect of CD200AR-L
on in vitro tumor cell proliferation and in vivo survival of
mice-bearing glioma was lost when DAP10 was knocked
down. Our study further demonstrates that the use of the
CD200AR-L given concomitantly with gene therapy resulted
in an unprecedented survival in our GBM model provid-
ing the base for the translatable development of this novel
CD200 checkpoint peptide inhibitor for clinical use in gli-
oma patients.

Materials and Methods
Cell Isolation and Stimulation

Cells were isolated from the spleens of wild-type mice, and
DAP10KO and DAP12 KO mice were strained into a sin-
gle cell suspension. CD11b and T cells were isolated using
microbeads following the manufacturer’s protocol. Briefly,
cells were magnetically labeled with CD11b or CD3 Micro-
Beads, (Miltenyi Biotec, Auburn, CA, USA) and loaded
onto a MACS column (Miltenyi Biotec, Auburn, CA, USA)
that was placed in the magnetic field of a MACS separator
(Miltenyi Biotec, Auburn, California United States). Isolated
cells (1 x 10%) were seeded in 200 puL RPMI (Corning, Corn-
ing, NY) in a 48-well plate. Cells were washed 12 h later
with 1x PBS and pulsed with 10 pM CD200AR-L for 1 h.
Unpulsed and LPS-pulsed cells were used as negative and
positive controls, respectively.

Animal Studies and Cell Lines

The GL261 orthotopic transplant model was established
in 6-8-week-old female C57BL/6 mice (B6, Jackson
Laboratories Bar Harbor, Maine, United States); DAP10
and DAP12-deficient mice were a generous gift from Dr.
Lewis Lanier (University of California) by inoculating
GL261-Luc+ (15,000 cells in 1 pL saline) using stere-
otaxis into the right striatum (coordinates 2.5-mm lateral,
0.5-mm anterior of bregma, 3-mm deep from the cortical
surface of the brain) [25]. Mice received i) 65 pug tumor
lysate or ii) 65 ug tumor lysate + 50 ug of CD200AR-L,
iii) saline-treated group was used as a control. Mice were
maintained in a pathogen-free facility according to the
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guidelines of the University of Minnesota Animal Care
and Use Committee. Tumor burden was determined by
bioluminescent imaging, using 100 mg/kg p-luciferin
potassium salt (BioVision), and quantifying light emitted
from tumor tissue using Living Image software (Xeno-
gen) expressed in photons per second per square centim-
eter per steradian (p/s/cm?/sr). GL261 cells for tumor
lysate vaccines were cultured in neural stem cell medium
consisting of DMEM/F12 (1:1) with L-glutamine, sodium
bicarbonate, penicillin/streptomycin (100 U/ml), B27 and
N2 supplements (Life Technologies), and 0.1 mg/mL
Normocin (InvivoGen, San Diego, CA). Cultures were
maintained in 5% O, and supplemented with 20 ng/mL
EGF and FGF semiweekly (R&D Systems, Minneapolis,
MN).

Gene Therapy

All animal experiments were performed in accordance
with protocols approved by the University Committee
on Use and Care of Animals (UCUCA) at the Univer-
sity of Michigan. Briefly, 20,000 GL261 in 1 pL DMEM
were stereotactically implanted in the right striatum of
syngeneic female C57BL/6 mice (6—8 weeks; Taconic,
Rensselaer, NY) at the coordinates of 0.5 mm anterior
and 2.0 mm lateral from the bregma and 3.5 mm ventral
from the dura [22, 23]. The adenoviral vectors used in
this protocol are first-generation Ad.hCMV.hsFLT3L
(AdF1t3L) + Ad.hCMV.TK (Ad-TK). Gene therapy
was administered 7 days post-tumor implantation, as
described before [11, 24-26]. Briefly, mice received
5x 10® plaque-forming units (pfu) of Ad-FIt3L and
1.0 x 108 pfu of Ad-TK in 1.5 pL volume in 3 locations
at 3.7, 3.5, and 3.3 mm ventral from the dura, followed
by ganciclovir (GCV; Biotang Inc., Albuquerque, NM)
administration twice a day for 7 days [11, 24, 25].

qPCR Studies

Naive CD11b from DAP10, DAP12 KO or wildtype were
plated at a density of 1 x 10° cells per 0.2 mL per well in
48-well in RPMI medium 1 day before the experiment
and then stimulated with 10 uM CD200AR-L and incu-
bated for 1, 3, 5, 7, 15, 30, and 60 min or 6, 12, 18, and
24 h. RNA was isolated using TRIzol (Thermo Fisher,
Waltham, MA) following the manufacturer’s instructions.
TRIzol (0.5 mL) (Thermo Fisher, Waltham, MA) was
added to 10° CD11b or T cells. Cell suspensions were
incubated for 2 min at RT then lysed by adding 0.1 mL
of chloroform (Fisher Scientific, Hampton, NH), mixing
slowly by hand for 15 s, incubating at RT for 3 min, and
cell debris was removed by centrifugation at 12,500x g
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for 15 min at 4 °C. RNA in the lysate was precipitated by
adding 0.25 mL of isopropanol (Fisher Scientific, Hamp-
ton, NH), incubating for 24 h, and washing with 0.5 mL
of 75% of ethanol (Fisher Scientific, Hampton, NH). The
concentration of the dried RNA was measured, and 1 pg
of total RNA was used for the cDNA synthesis reaction.

Primers for qPCR were designed using primer-BLAST
and based on the following Mus musculus template
sequences at the NCBI database: NM_001289726.1 for
glyceraldehyde-3-phosphate dehydrogenase (nGAPDH),
NM_008798.2 for programmed cell death protein 1
(mPD1), and NM_021325.3 for CD200 receptor 1 mol-
ecule (mCD200R1). The primer sets were mGAPDH
forward: 5'-gtcaaggccgagaatgggaa-3', reverse: 5'-ctcgtg-
gttcacacccatca-3';; mDAP10 forward: 5'-atggaccccccag-
gctacctc-3’, reverse: 5'-tcagcctctgecaggceatgtt-3'; DAP12
forward: 5'-cctcctgactgtgggaggat-3', reverse: 5'-ggc-
gactcagtctcagcaat-3'; mCD200R1 forward: 5'-tgtgtcaa-
gtcccagagaagtt-3', reverse: 5'-aacttgacccagccacaaag-3';
mP38MAPK forward: 5'-cgcaaggtcactggaggaat-3’',
reverse: 5'-aggttgctgggctttaggtc-3'; mERK1/2 forward:
5'-gcgattccgecatgagaatg-3', reverse: 5'-attggaaggcttcag-
gtcce-3"; mSLP76 forward: 5'-cacacgcaaaccccagattc-3/,
reverse: 5'-cagagcctcctegttgttgg-3'; mPIk3 forward:
5'-agctcagtacaaccccaage-3’, reverse: 5'-tcctgggaag-
tacgggtgta-3’; mcJUN forward: 5'-caagaacgtgaccgac-
gag-3', reverse: 5'-gaagttgctgaggttggegt-3'; mJAKI
forward: 5'-acaaactccggg aagagtgg-3’', reverse: 5'-gtg-
gacaatcagtgggggag-3'; mJAK2 forward: 5'-actccgggaa-
gagtggaaca-3’, and reverse: 5'-ccatccaccagggacacaa-3'.
qPCR reactions were performed in 25-pL reaction vol-
ume in duplicate, using 5 pL cDNA diluted 1:20, using
the PerfeCTa® SYBR® Green SuperMix Kit (Quantabio,
Beverly, MA) and 1 uM of each primer. qPCR condi-
tions were 35 cycles and the following cycling condi-
tions: 95 °C, 3 min; 90 °C, 1 min; 58 °C, 1 min; 72 °C,
1 min; and 72 °C, 5 min. Four qPCR reactions were per-
formed independently. Relative expression analysis was
performed manually using the AACq method. The com-
parative cycle threshold (Cq) values of the samples were
normalized to the housekeeping gene, mouse GAPDH,
and to the positive control (LPS stimulation).

Cytokine Secretion

A total of 1x 10° cells were grown in 0. 500 mL in
RPMI-1640 in a 48-well plate for 12 h, then pulsed with
10 uM CD200AR-L and incubated for an additional
48 h. LPS (1 uM) and nonpulsed cells were used as con-
trols. Supernatant (50 ul) were collected and analyzed
for TNF-alpha levels using cytometry bead array (Bio-
sciences). Data was analyzed using FlowJo v10.
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Fig.1 CD200AR-L modeling.
A Cartoon representation of
the mouse CD200R1 (red)

and CD200 (green) crystal
structure (PDB: 4BFI) with the
highlighted sequence loca-
tion of CD200AR-L (yellow).
Association between CD200
and CD200R1 involves the

2 N-domains which includes
CD200AR-L residues 32-44
region that accounts for 42%
of the CD200R1 binding site.
B Sequence conservation of
CD200AR-L across the 26
available mammalian CD200
sequences from NCBI. C Mul-
tiple sequence alignment of
mammalian CD200 sequences
from NCBI. The highly con-
served CD200AR-L sequence
motif (boxed) is highlighted.
D Electrostatic potential surface
of the binding site highlighting
the electrostatic complementa-
rity between CD200AR-L and
CD200R4 residues
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Fig.2 CD200AR-L upregulated
DAPI10 and DAP12 pathways.
Preliminary nanostring analysis
suggest that the CD200AR-L
activated the DAP10 and DAP
12 pathways. To validate these
results, CD11b cells isolated
from wild-type mice were
pulsed with the CD200AR-L,
cells were harvested at various
times analyzed for A transcrip-
tion levels and B, C Western
analysis for protein levels. In
separate experiments, D-H cells
were harvested at 6 and 18 h;
select signaling molecules

were analyzed for transcription
levels. I To profile phosphoryla-
tion, cells were pulsed for 5 min
and analyzed by Fe-IMAC
enrichment and LC-MS/MS

to derive a Sigmoidal plot of
quantitative changes (log2)
between CD200AR-L treatment
and control. Error bars represent
standard deviation, *p <0.05,
*#p <0.005, ***p <0.0005 by

1 test
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«Fig. 3 Signaling molecule inhibitors reduce the CD200AR-L activ-
ity. CD11b cells isolated from wild-type mice were pulsed with the
CD200AR-L + various signaling molecule inhibitor for 6 h and ana-
lyzed for transcription levels of A p38MAPK, B ERK1/2, C Jak 1,
and D Jak 2. CD11b cells isolated from wild-type mice were pulsed
with the CD200AR-L +various signaling molecule inhibitor and
incubated for 48 h. Supernatants were analyzed for E TNF-alpha
production by bead array. CD200AR-L in combination with gene
therapy (GT) results in increased efficacy. F Timeline of treatment
of the combined CD200AR-L + GT survival study. 2 x 10* GL261
cells were implanted at day 0. G Kaplan—-Meier GT. All mice (5/5)
treated with the combination CD200AR-L + GT exhibits 100% long-
term survival with no signs of residual tumor. Error bars represent
standard deviation. Survival was analyzed by log-rank; Mantel-Cox
test, graphs by £ test; *p <0.05, **p<0.001, *p<0.05, **p <0.005,
*#%p <0.0005

Modeling and Sequence Analyses

All molecular modeling was carried out using Schrodinger
Modeling Suite software package [27]. Multiple sequence
alignment was first carried out against available protein
sequences of mammalian CD200 receptors and CD200 to
determine the evolutionary conservation regions. Homol-
ogy modeling of the CD200AR-L-bound CD200AR
complexes were carried out based on the X-ray crystal-
lographic structural template of mouse CD200 in com-
plex with mouse CD200R1 (PDB code: 4BFI) [14] using
the mouse CD200AR2 (NP_996258.1), CD200AR3
(NP_001121604.1), and CD200AR4 (NP_997127.1)
sequences obtained from the NCBI database. Because the
design sequence construct of CD200AR-L was based on the
mouse CD200 residue 3144 located at the observed crys-
tallographic structural interface, CD200AR-L was modeled
based on the observed mode of CD200 binding to CD200R1
for all the modeled CD200AR complexes.

Western Analyses

3% 10° cells were grown in 0. 200 mL in RPMI-1640
in a 48-well plate for 12 h then stimulated with 10 pM
CD200AR-L for (0, 1, 3, 5,7, 10, 15, 30, 60 min). Following
stimulation, cells were lysed on ice for 10 min in 200 pl of
RIPA buffer (Thermo Fisher Scientific). Protein concentra-
tions were determined using the bicinchoninic acid colori-
metric method (Pierce Biotechnology, Waltham, MA). Equal
amounts of lysate (20 pg) were loaded protein concentrations
were determined using the bicinchoninic acid colorimetric
method (Pierce Biotechnology, Waltham, MA). Tumor
lysates were diluted in reducing sample buffer (Novex),
and 50 pug were loaded per lane on a 4 to 12% SDS-PAGE
gel (Nu-Page) and run at 160 V (0.8 V h). Gels were then
transferred to nitrocellulose at 7 V (BioRad, Hercules, CA),
blocked using 5% nonfat dry milk/0.05 mM Tris-buffered
saline with 0.05% Tween 20 for 1 h, incubated overnight at
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4 °C with an anti-OX2 antibody, 200 pg/mL (1:1000, Santa
Cruz Biotechnology, Dallas, TX) in blocking buffer, washed
3 times in TBS/Tween 20 over 15 min, and incubated with
a secondary HRP-conjugated antibody for 1 h at room tem-
perature (1:10,000, Jackson ImmunoResearch, West Grove,
PA). Protein bands were visualized by ECL Plus Chemi-
luminescent Substrate (Pierce Biotechnology, Waltham,
MA) and exposed to HyBlot CL Autoradiography film
(Denville Scientific, Metuchen, NJ) for different exposure
times. Blots were then washed in TBS/Tween 20 over 1 h
and reincubated overnight at 4 °C with either anti-DAP10
or anti DAP12 antibodies, 200 pg/mL (1:500, Santa Cruz
Biotechnology, Dallas, TX) in blocking buffer. Membranes
were subsequently washed 3 times in TBS/Tween 20 and
DAP10; DAP12 protein bands were visualized as indicated
above. Immunoblots were analyzed quantitatively by car-
ried out densitometry with ImageJ software (Bethesda, MD).
Briefly, images were background-subtracted, and strips of
the blot corresponding to each band were demarcated and
analyzed for each time point/gel lane. Figures were prepared
in GraphPad Prism (La Jolla, CA).

Downstream Inhibition

5% 10° CD11b cells were pulsed with 10 uyM CD200AR-
L + (10 pM) P38MAPK inhibitor (SB203580) and SLP76 or
10 nM tofacitinib to target the Jak1/Jak3, 10 uM U0126 to
target MEK1/2, or 10 pM SP600125 to target JNK. Inhibi-
tion was analyzed by quantitative PCR for transcription rates
or cytokine production for loss of function analysis.

Fe-IMAC Sample Preparation and LC-MS/MS
Analysis

CD11b cells were pulsed with 10 pM CD200AR-L; cel-
lular extracts were sent to Cell Signaling Technology for
PTMScan Fe-IMAC analysis. Extracts were sonicated, cen-
trifuged, reduced with DTT, and alkylated with iodoacet-
amide. 500 pg total protein for each sample was digested
with trypsin, purified over C18 columns, and used for IMAC
enrichment using Fe-NTA magnetic beads (CST #20,432)
as previously described [28]. LC-MS/MS analysis was
performed using an Orbitrap-Fusion Lumos Tribrid Mass
Spectrometer as previously described [28, 29] with replicate
injections of each sample for the IMAC analysis. Briefly,
peptides were separated using a 50 cm X 100 uM PicoF-
rit capillary column packed with C18 reversed-phase resin
and eluted with a 150-min linear gradient of acetonitrile in
0.125% formic acid delivered at 280 nl/min.

MS/MS spectra were evaluated by Cell Signaling Tech-
nology using SEQUEST and the GFY-Core platform
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for TNF-alpha production by bead array. B Wildtype, C DAP12KO,
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(Harvard University, Cambridge, MA) [30-32]. Searches
were performed against the most recent update of the
Uniprot Mus musculus database with a mass accuracy
of + 50 ppm for precursor ions and 0.02 Da for product
ions. Results were filtered to a 1% peptide-level FDR with
mass accuracy +5 ppm on precursor ions and presence of a
phosphorylated residue for IMAC enriched samples. Results
were further filtered to a 1% protein level false discovery
rate. All IMAC quantitative results were generated using
Skyline [33] to extract the integrated peak area of the cor-
responding peptide assignments. Accuracy of quantitative
data was ensured by manual review in Skyline or in the ion
chromatogram files.

IPA Analysis

Ingenuity IPA (QIAGEN, Version 5292811, 06/02/2020)
was used to run core analyses on all proteins from the Fe-
IMAC analysis with at least 1 phosphopeptide that changed
in abundance with treatment. Direct interactions and exper-
imental or high confidence predicted interactions were
included. For DAP10/DAP12 pathways, DAP10 and DAP12
were added to a new pathway and connected to proteins that
changed with treatment in the Fe-IMAC analysis using direct
or indirect interactions and experimental or high confidence
predicted interactions, and direct downstream and experi-
mental evidence only were used to map additional nodes
that connect to changed proteins interacting with DAP10
and DAP12 pathways.

Results
CD200AR-L Modeling, Design, and Binding

CD200AR-L originates from the region containing resi-
dues 32-44 of CD200. It accounts for 42% of the CD200
protein—protein binding site residues with CD200R1
(Fig. 1A) [14]. Multiple sequence analysis among mam-
malian CD200 sequences showed a highly conserved
CD200AR-L sequence motif with only 3 mutable sites
(Fig. 1B, C and Supplementary Fig. 1). The CD200AR-L
binds to a nonconserved “LTQ” region and a highly con-
served “VTPEGNF” region of the CD200R (Supplemen-
tary Figs. 2A, B). Among the murine CD200 receptors, the
“LTQ” binding region is only shared between CD200R1
and CD200AR4. Homology modeling of CD200AR4 with
CD200AR-L showed a highly complementary electrostatic
potential surface for binding (Fig. 1C). Thus, at the molec-
ular level, the “VTPEGNF” region is on the GFCC’ of
the binding site between CD200 and CD200R1 of their
N-terminal, suggesting that the interaction evolved from a
homotypic interaction.
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CD200AR-L Activates the DAP10/12 Signaling
Pathways

CD11b cells isolated from wild-type mice were pulsed
with CD200AR-L at various time points, and subsequent
transcription levels of DAP10 and DAP12 were measured
(Fig. 2A). We observed a significant increase in transcrip-
tion of both DAP10 (p=0.003) and DAP12 (p=0.02) within
15 min. In addition, we saw a significant increase of both
DAP10 (p=0.002) and DAP12 (p=0.03) between 12 and
24 h. Transcription analysis was further validated by ana-
lyzing protein expression using Western blots density band
was measured and normalized to unpulsed controls (Fig. 2B,
C). These data demonstrate an increase of the DAP10 and
DAPI12 protein levels within minutes of CD200AR-L/
CD200AR binding. Interestingly, during our Western analy-
sis, we observed DAP 10 and DAP 12 bands at 10 and 20 kD
and 12 and 25 kD, respectively; however, the 20 and 25 kD
heavy bands were lost using DAP10KO tissues, indicating
dimerization of the 2 proteins (Supplementary Figs. 3A, B).

To further investigate involvement of the DAP10/12
pathways, CD11b cells were pulsed with CD200AR-L for
6 and 18 h and analyzed for transcription levels of specific
downstream signaling molecules. The transcription lev-
els of P3SMAPK, ERK1/2, and SLP76 were significantly
decreased (p=0.02, p=0.02 and p =0.003, respectively) at
18 h while significant increases of PI3K (p =0.02) and cJUN
(p=0.03) were observed (Fig. 2D-H). In a separate experi-
ment, CD11b cells pulsed for 5 min with CD200AR-L were
isolated and submitted to Cell Signaling Technology (Dan-
vers, MA) to profile sample phosphorylation using Fe-IMAC
enrichment and liquid chromatography-tandem mass spec-
trometry (Fig. 2I). Results from Fe-IMAC profiling were
analyzed by Ingenuity IPA (QIAGEN) to find DAP10 and
DAPI12 interaction networks (Supplementary Figs. 4A, B).
These results are consistent with a model in which immune-
activating receptors recruit DAP10 and DAP12 molecules to
induce a signaling cascade.

Inhibitors of Signaling Molecules Reduce
CD200AR-L Activity

To demonstrate loss of function, CD11b cells were pulsed for
6 h with CD200AR-L with and without inhibitors of select
signaling molecules. We observed significant decreases
in transcription levels of P3SMAPK, ERK1/2, Jakl, and
Jak2 (p=0.008, p=0.04, p=0.003, and p=0.009, respec-
tively) (Fig. 3A-D). In addition, we observed a decrease,
albeit not significant, in VAV1 (data not shown). In a sep-
arate experiment, we showed that there was a significant
increase in TNF-alpha secretion from CD11b cells treated
with CD200AR-L compared with unpulsed cells (p =0.006).
However, we observed significant decreases in TNF-alpha
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«Fig.5 CD200AR-L modulates CD200 checkpoint receptor expres-
sion. CD11b cells isolated from wild-type mice were pulsed with
the CD200AR-L; cells were harvested at various times analyzed
for transcription levels for the A inhibitory receptor, CD200RI1,
and the B activation receptors, CD200AR2, C CD200AR3, and
D CD200AR4 expression levels. CD11b cells isolated from wild-
type mice were pulsed with the CD200AR-L; cells were E analyzed
by flow cytometry for the inhibitory CD200R1 expression. F In a
separate experiment, CD11b cells isolated from wildtype mice were
pulsed with the CD200AR-L +OVA, washed, and added to T-cells.
CD3*CD200R1" cells were analyzed by flow cytometry. G Wildtype
and DAP10KO mice were vaccinated with CD200AR-L for 3 con-
secutive days over the inguinal lymph nodes. Mice were sacrificed
on day 4; lymphocytes isolated from inguinal lymph nodes were ana-
lyzed for CD11b*CD200R1" cells were analyzed by flow cytometry.
MFIs were normalized to no pulsed controls. Error bars represent
standard deviation, *p <0.05, **p <0.005, ***p <0.0005 by ¢ test

production in cells treated with inhibitors of P3EMAPK,
SB203580 (p=0.04); of the Jak1/Jak3 pathway, tofacitinib
(p=0.0007); of MEK1/2, U0126 (p=0.0002); and of INK,
SP600125 (p=0.001) compared with cells pulsed with
CD200AR-L alone (Fig. 3E). These data demonstrated that
CD200AR-L can signal through DAP10&12 pathways and
induces immune activation on immune cells.

CD200AR-L Enhances the Therapeutic Efficacy
of Inmune-Stimulatory Gene Therapy

Next, to determine the therapeutic impact of blocking the
CD200 immune checkpoint on the efficacy of gene-based
immunotherapy, we tested the effect of CD200AR-L in com-
bination with TK/FIt3L gene therapy in a murine glioma
model [11]. CD200AR-L strongly enhanced the long-term
survival of GL261-bearing mice; 100% of the mice were
alive at day 60 as compared with 40% of mice (p <0.01)
from the group treated with gene therapy alone (Fig. 3F).

CD200AR-L used as monotherapy did not enhance the
survival of GBM-bearing mice (median survival =29 days
for the saline-treated group versus 24 days for CD200AR-
L-treated group; ( p > 0.05). Thus, our data demonstrate that
the administration of CD200AR-L improves the efficacy of
immune-stimulatory gene therapy, inducing a potent anti-
GBM response through regulation of the CD200 immune
checkpoint. Interestingly, previous murine studies reported
the addition of anti-CTLA4 or anti-PD-L1 to gene therapy
increased survival ~25% (30 to 55% survival) and 30% (50
to 80%, respectively) [11]. In these studies, we observed a
60% increase in survival from 40 to 100% with the addition
of the CD200AR-L (Fig. 3F).

DAP10, But Not DAP12 Pathway Is Required
for CD200AR-L Ability to Control Tumor Growth

To assess whether both DAP10 and DAP12 are required
for CD200AR-L to elicit an anti-glioma response, CD11b
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cells were isolated from DAP10KO and DAP12KO mice
and stimulated with CD200AR-L. CD200AR-L signifi-
cantly increased TNF-alpha production in wild-type C57B/6
CD11b cells (p =0.03); however, there were no changes
in TNF-alpha production in DAP10KO and DAP12KO
CD11b cells (Fig. 4A) demonstrating the CD200AR-L is
DAP10&12 dependent for TNF alpha.

We next sought to determine the roles of DAP10 and
DAPI2 in vivo. Wildtype, DAP10KO, and DAP12KO mice
with GL261 tumors were vaccinated with tumor lysates (TL)
with and without CD200AR-L. As previously reported, tumor
growth was significantly reduced in wild-type mice vaccinated
with TL +CD200AR-L (p <0.0001) (Fig. 4B) as well as in
DAPI12KO mice (p=0.03) (Fig. 4C). In contrast, the anti-
glioma response was lost in the DAP10KO mice (Fig. 4D),
and survival was significantly decreased compared with wild-
type mice receiving TL +CD200AR-L (p=0.023) (Fig. 4E).
We conclude that activation of DAP10 signaling pathways
allowed DAP12KO mice to respond to CD200AR-L treatment.
These experiments demonstrate that the DAP10 pathway, not
DAP12, is required to control tumor growth through the liga-
tion of the activation receptor CD200AR.

CD200AR-L Modulates CD200 Checkpoint Receptor
Expression

Next, we investigated whether DAP10 plays a role in the
regulation of the CD200 checkpoint receptors. CD11b cells
were pulsed with the CD200AR-L at various time points and
transcription levels of the inhibitory CD200AR and activa-
tion receptors CD200AR2, CD200AR3, and CD200AR4
were measured. We observed a downregulation of the inhibi-
tory CD200R1 within 60 min (p =0.03), which remained low
throughout the experiment (Fig. SA). In contrast, transcription
levels of the activation receptors CD200AR2, CD200AR3, and
CD200AR4 were upregulated within 5 min post-CD200AR-L
pulsing (p=0.01, p=0.02, and p=0.03, respectively), then
downregulated by 30 min (p=0.02, p=0.02, and p=0.007,
respectively), followed by upregulation via the positive
feedback loop (p=0.04, p=0.02, and p =0.03 respectively)
(Fig. 5B-D).

To determine the effect of CD200AR-L on CD200R1 pro-
tein levels, CD11b cells pulsed with CD200AR-L were ana-
lyzed by flow cytometry, and a dramatic decrease in CD200R1
expression (p <0.0001) was observed (Fig. 5E). To determine
the effect on CD200R1 expression on T cells, CD11b cells
were stimulated with ovalbumin+ CD200AR-L and washed,
then T cells were added back to the CD11b cells signifi-
cantly downregulating the inhibitory CD200R1 on T cells
(p<0.0001) (Fig. SF).

Next, we investigated if CD200AR-L downregulated
CD200R1 in vivo. In these experiments, wildtype and
DAP10KO mice were vaccinated in the hind leg for drainage
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into the inguinal lymph nodes for 3 consecutive days. Lympho-
cytes isolated from the inguinal lymph nodes were analyzed by
flow cytometry for CD11b*CD200AR-L* expression (Fig. 5E,
Supplementary Fig. 5). We observed a significant downregula-
tion of the inhibitory CD200R1 (p <0.0001) in wild-type mice
but not in DAP10KO mice, demonstrating that CD200AR-
L downregulated the inhibitory receptor in vivo through the
DAPI10 pathway.

Discussion

In this study, we have uncovered a key signaling path-
way used by the CD200 immune checkpoint. Specifically,
we establish that this novel peptide ligand (CD200AR-
L) activates both DAP10 and DAP12 pathways, but only
the DAP10 pathway is required for tumor control. These
results represent a paradigm shift for immunotherapy.
There have been rigorous studies by several groups pro-
viding evidence that targeting the CD200 checkpoint
enhances the effects of immunotherapy [34-38]. In the
most advanced of these studies, a monoclonal antibody
against the CD200 protein (samalizumab) was evaluated
in a clinical trial initiated in 2008 for relapsed or refrac-
tory B-cell chronic lymphocytic leukemia (B-CLL) and
multiple myeloma (NCT00648739) [39]. However, there
was a negligible (10%) reduction in bulk disease in 36%
of the patients in the study. This poor efficacy may have
been caused by CD200 protein that is shed by tumors,
including glioma, that promoted an immunosuppressive
microenvironment prior to treatment with the monoclonal
antibody [6, 40-42].

The use of monoclonal antibodies to block suppressive
proteins elucidated by tumors resulted in extended survival
in patients with certain tumors; however, this therapy can
be associated with severe toxicities and adverse events.
We sought to develop a peptide ligand (CD200AR-L) to
be delivered in combination with antigen-source tumor
lysates (TL) to reduce the suppressive effects of the
inhibitory CD200 protein and stimulate an anti-glioma
response. Subsequent studies demonstrated that survival
was significantly extended when an additional injection of
CD200AR-L was given 24 h prior to the CD200AR-L +TL
vaccine [9]. The data suggest that the enhanced survival is
due to the ability of the CD200AR-L to heighten cytokine
and chemokine production [9] and upregulate CD80/86 in
antigen-presenting cells and induction of monocyte dif-
ferentiation to immature dendritic cells [8, 10]. Herein,
we report a positive feedback loop 24 h after CD200AR-L/
CD200AR ligation (Fig. 2A) that reactivates APCs and
upregulates CD200-activating receptors whereas down-
regulating expression of the inhibitory receptor, CD200R 1
(Fig. 5A—C). Therefore, vaccinating with CD200ARL +TL
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following CD200AR-L/CD200AR ligation allows for a
potent antigen-specific anti-tumor response [8].

Numerous studies have shown that the extent of T cell
infiltration into the tumor microenvironment (TME) posi-
tively correlates with a good prognosis in cancer patients
[43-45]. However, there are many ways to limit the body’s
ability to stimulate an anti-tumor response and to inhibit
induced CD8* T cells from extravasating into the TME.
We reported that CD200 inhibited the ability to mount
an anti-tumor response through 3 separate mechanisms:
1) vaccines derived from tumors contain the inhibitory
CD200 protein, and thus, vaccination introduces the
protein and reduces the ability to mount an effective
anti-tumor response; 2) CD200 solubilized from tumors
induces immunosuppression in the TME and draining
lymph nodes; and 3) CD200 expression is upregulated
on the tumor vasculature cells that may inhibit activated-
T cells from extravasating into the TME [9, 10]. Thus,
downregulation of the inhibitory CD200R1 by CD200AR-
L protects the immune cells from all potential suppressive
mechanisms of the CD200 protein.

In this study, we report that the activity of CD200AR-L is
mediated through the activation of the DAP10 and DAP12
pathways, which is demonstrated by upregulation of the
2 pathways upon CD200AR-L ligation of the activation
receptors and loss of APC activation in DAP10 and DAP12
knockout cells. However, in addition to the protein bands
for DAP10 and DAP12 in the expected locations of 10 and
12 kD, respectively, we found another band at 25 kD (Sup-
plementary Fig. 3A) that suggests that the 2 proteins form a
dimer. This supposition was confirmed in experiments using
DAP10KO cells that showed a strong DAP12 band at 12 kD,
but no bands at 10 kD or 25 kD compared with wild-type
cells (Supplementary Fig. 3B). Although the DAP10 and
DAP12 pathways have also been reported to work indepen-
dently [46], these studies confirm the findings of Rabinovich
et al. that suggested the 2 pathways work together by form-
ing dimers, possibly by the creation of cysteine bonds [47].
We suggest that this is also true for the anti-glioma response,
as CD200AR-L activation is shown by decreased TNF-alpha
production, and the ability of CD200AR-L to control tumor
growth was only lost in DAP10KO mice (Fig. 4A). This may
be explained by the presence of an intact DAP10 pathway in
the DAP12KO mice. These data demonstrate developed an
experimental model that CD200AR-L activates both DAP10
and DAP12 pathways for the secretion of cytokines like TNF
alpha (Fig. 6), but the effect of CD200AR-L on tumor con-
trol is only dependent on the DAP10 pathway.

Powerful immunosuppressive mechanisms occurring
within the GBM TME are mediated by the engagement
of immune-checkpoint blockade receptors like PD-1,
CTLA-4, LAG-3, and TIM-3, and others. Recent clini-
cal trials have demonstrated remarkable results with the
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use of inhibitors of immune checkpoints, such as anti-
CTLA-4 and anti-PD-1 antibodies, in patients with late-
stage melanoma and squamous cell lung cancer. Albeit
their efficacy in the clinic, when used to treat GBM as
monotherapies were not significant [48]. Our data, com-
bining the administration of CD200AR-L with the TK/
FIt3L gene therapy in GBM-bearing mice, showed an
impressive 100% long-term survivorship [4]. It has been
demonstrated that CD200 signaling has negative effects
on dendritic cell function and antigen presentation [5, 49].
Thus, the CD200AR-L was administered to coincide with
the peak of the TK/Flt3L-induced dendritic cell migra-
tion and antigen presentation. At this point, inhibition
of the CD200 pathway is more critical and is possibly
why CD200AR-L administration shows such high effi-
cacy when used in combination with TK/FIt3L-mediated
gene therapy. To summarize, our data indicate that block-
ing CD200 immune checkpoint enhances the efficacy of
immune-mediated gene therapy in an intracranial mouse
GBM model. Additionally, our data also highlight the
importance of developing multipronged strategies, because
immune-checkpoint blockade as single treatment modality
did not elicit therapeutic benefit. Previous data showing
maximal survival benefit when PD-L1, CTLA-4, and IDO
are blocked simultaneously support this assertion [50].

In conclusion, we are the first to develop a peptide
ligand that targets an immune checkpoint to actively stim-
ulate antigen-presenting cells, priming them to take up
tumor antigens, whereas downregulating the inhibitory
CD200 receptor to protect against an immune suppression
by CD200 protein secreted by tumors. We report here that
CD200AR-L binds to the CD200AR complex activating
the DAP10 and DAP12 pathways to overcome the sup-
pressive properties of the CD200 protein. We previously
reported that using tumor lysates in combination with a
canine CD200AR-L elicits improved median survival in
a spontaneous high-grade glioma clinical trial [9, 10, 13].
In this study, we report that CD200AR-L used in combina-
tion with immune-stimulatory gene therapy, which elicits
reprograming of the glioma immune microenvironment,
leads to 100% long-term survival in an aggressive intrac-
ranial glioma mouse model (Fig. 3F, G). This is a new
paradigm for cancer treatment; using the CD200AR-L pep-
tide designed to overpower the suppressive CD200 protein
whereas simultaneously activating the immune system for
an antigen-specific response should be effective in many
solid tumors [9].

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13311-021-01038-1.
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