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Agonistic CD200R1 DNA Aptamers Are Potent
Immunosuppressants That Prolong Allogeneic Skin Graft
Survival

Aaron Prodeus'? Marzena Cydzik'2 Aws Abdul-Wahid'? Eric Huang? Ismat Khatri®, Reginald Gorczynski* and Jean Gariépy">*

CD200R1 expressed on the surface of myeloid and lymphoid cells delivers immune inhibitory signals to modulate inflammation
when engaged with its ligand CD200. Signalling through CD200/CD200R1 has been implicated in a number of immune-related
diseases including allergy, infection, cancer and transplantation, as well as several autoimmune disorders including arthritis,
systemic lupus erythematosus, and multiple sclerosis. We report the development and characterization of DNA aptamers, which
bind to murine CD200R1 and act as potent signalling molecules in the absence of exogenous CD200. These agonistic aptamers
suppress cytotoxic T-lymphocyte induction in 5-day allogeneic mixed leukocyte culture and induce rapid phosphorylation of
the CD200R1 cytoplasmic tail thereby initiating immune inhibitory signalling. PEGylated conjugates of these aptamers show
significant in vivo immunosuppression and enhance survival of allogeneic skin grafts as effectively as soluble CD200Fc. As
DNA aptamers exhibit inherent advantages over conventional protein-based therapeutics including low immunogenicity, ease
of synthesis, low cost, and long shelf life, such CD200R1 agonistic aptamers may emerge as useful and safe nonsteroidal anti-

inflammatory therapeutic agents.

Molecular Therapy—Nucleic Acids (2014) 3, e190; doi:10.1038/mtna.2014.41; published online 26 August 2014
Subject Category: Aptamer Special Issue Aptamers, ribozymes and DNAzymes Therapeutic proof-of-concept

Introduction

Controlled modulation of the immune system using agonistic
or antagonistic ligands targeting costimulatory or coinhibi-
tory cell surface receptors offers great potential for the treat-
ment of diseases including allergy, infection, autoimmune
syndromes, transplantation, heart disease, and cancer. One
such receptor, CD200R1, a type | glycoprotein expressed on
cells of myeloid and lymphoid lineage, delivers immune inhib-
itory signals upon ligation to the widely distributed cell sur-
face glycoprotein CD200.® Structurally, CD200R contains
two Ig-like domains, a transmembrane region, and a cyto-
plasmic tail containing a NXPY motif which is phosphorylated
upon CD200 ligation inducing the recruitment of the adaptor
protein Dok2 and subsequent signal transduction events.**
The physiological importance of CD200:CD200R1 inhibi-
tory signalling has been established in a number of diseases
including arthritis,”° transplantation,’-'* as well as central
nervous system autoimmune diseases such as Parkinson’s
disease and multiple sclerosis.’®2" A recombinant CD200Fc
fusion protein has been shown to behave as a potent in vivo
immunosuppressant, prolonging allo- and xenograft sur-
vival''?2 as well as suppressing collagen-induced arthritis in
mice.” Also, the inhibition of CD200:CD200R1 signalling on
microglial cells using a blocking antibody to CD200R1 exac-
erbated neurodegeneration and disease state in a murine
model of experimental autoimmune encephalomyelitis.?®
These findings were further supported in a separate experi-
mental autoimmune encephalomyelitis study where treat-
ment with CD200Fc suppressed microglial accumulation,

and decreased the production of proinflammatory cytokines
IL-6, TNF-a, and nitric oxide by myeloid cells in the spleen
and central nervous system.?* CD200R1 signalling has been
implicated in tissue specific autoimmunity as well, as both
systemic and local treatment with an anti-CD200R1 agonis-
tic antibody suppressed experimental autoimmune uveitis,
a model of CD4+ T-cell organ-specific autoimmunity of the
eye.? Thus, the development of safe and effective immuno-
modulatory agents which stimulate CD200R1 signalling are
of clinical interest.

Aptamers are short single-stranded nucleic acids (RNA or
ssDNA) that can be readily developed to bind a molecular
target of interest with affinity and specificity features which
compare well with monoclonal antibodies. As in the case of
antibodies, aptamers can be derived to either block protein—
protein interactions or act as agonists to cell surface recep-
tors, suggesting the use of such functional aptamers as
therapeutic agents.?28 In contrast to antibodies and other
protein-based agents, aptamers have a number of advan-
tages including a long shelf life, low immunogenicity, and
cost-effective scalable chemical synthesis.?6-2® However,
aptamers as therapeutic entities do display poor pharmaco-
kinetic profiles as unprotected RNA or DNA aptamers are
rapidly removed from circulation due to renal filtration and
nuclease degradation.?” Their pharmacokinetic properties
can be improved upon site-specific conjugation of polyethyl-
ene glycol (PEG) polymers to aptamer termini to reduce renal
filtration as well as the incorporation of nuclease resistant
2’-F or 2’-O-Me nucleotides in the case of RNA aptamers to
impart nuclease resistance.?”2°%° Functional aptamers which

'Department of Medical Biophysics, University of Toronto, Toronto, Ontario, Canada; 2Department of Physical Sciences, Sunnybrook Research Institute, Toronto, Ontario,
Canada; *Transplant Research Division, Toronto Hospital and University Health Network, Toronto, Ontario, Canada; ‘Departments of Surgery and Immunology, University
Health Network, Toronto, Ontario, Canada; Department of Pharmaceutical Sciences, University of Toronto, Toronto, Ontario, Canada Correspondence: Jean Gariépy,
Department of Physical Sciences, Sunnybrook Research Institute, Toronto, Ontario M5S3M2, Canada. E-mail: gariepy @sri.utoronto.ca

Keywords: aptamer; CD200R1; immunomodulation; immunosuppression; transplantation

Received 8 April 2014; accepted 16 July 2014; published online 26 August 2014. doi:10.1038/mtna.2014.41


http://www.nature.com/doifinder/10.1038/mtna.2014.41
mailto:gariepy@sri.utoronto.ca

Anti-CD200R1 Aptamers as Potent Immunosuppressants
Prodeus et al.

|

target costimulatory or coinhibitory receptors represent a
new class of targeted immunotherapeutic agents with unique
and advantageous properties. Thus far, aptamers with either
agonistic or antagonistic function have been developed to a
number of immune receptors including CTLA-4,3" 4-1BB,*
0OX-40,%3 |L-6R,* IL-10R,* and CD28% with only a few of
them being validated for activity in vivo.3!-3336.57

Here we report the development and characterization of
two DNA aptamers, which bind to murine CD200R1 and stim-
ulate immune inhibitory signalling. These agonistic aptamers,
termed M49 and M52, exhibit in vitro immunosuppressive
properties as measured by their ability to suppress cytotoxic
T-lymphocyte (CTL) induction in allogeneic-mixed lympho-
cyte cultures (allo-MLC). Importantly, PEGylated conjugates
of these aptamers retain their immunosuppressive function
both in-vitro and in-vivo. Furthermore, we demonstrate the
therapeutic potential of agonistic CD200R1 aptamers as the
intravenous administration of PEG-M49 and PEG-M52 pro-
longs the survival of murine skin allografts to a similar extent
as CD200Fc.

Results
Generation of CD200R1-specific DNA
displaying agonistic signalling properties
Over 20 DNA aptamer sequences specifically recognizing a
murine CD200R1 recombinant protein were identified after
15 rounds of Systematic Evolution of Ligands by Exponential
Enrichment (SELEX) screens.These 75-base long sequences
along with a scrambled control aptamer (cApt) (Figure 1a)
were synthesized and systematically screened for CD200R1
agonistic activity by evaluating their ability to suppress the
induction of CTL in a 5 day allo-MLC assay. Aptamer-induced
suppression of CTL induction was monitored using a chro-
mium release assay of loaded P815 mastocytoma cells serv-
ing as target cells for CTL lysis. Four aptamers termed M21,
M48, M49, and M52 (Figure 1a) displayed CD200R1 ago-
nistic properties (Figure 1b). Specifically, aptamers M49 and
M52 suppressed CTL induction at levels comparable to that
of a soluble CD200Fc ligand with less than 5% CTL specific
lysis of P815 cells occurring at aptamer concentrations >325
nmol/l. M49 and M52 were chosen for further evaluation.
The binding affinity of each aptamer to the murine CD200R1
extracellular domain was derived using a nitrocellulose filter
retention assay. M49 bound to CD200R1 with a dissociation
constant (K;) of 390+86 nmol/l while the K for M52 inter-
acting with its target was estimated to be >1 pmol/l; a value
comparable with the reported binding affinity of mCD200 to
mCD200R1 of 4 pmol/l.%®

The 75-base long M49 and M52 aptamer sequences were
truncated based on their predicted secondary structure
derived from mfold®® software (Figure 2a). M49 retained ago-
nistic activity when truncated to a minimal size of 55 nucleo-
tides while the optimal activity for M52 was retained down to
a length of 44 nucleotides (Figure 2b).

aptamers

PEGylation of M49 and M52

Conjugation of aptamers to high molecular mass polymers
such as polyethylene glycol (PEG) has been shown to dra-
matically improve their circulating half-lives from 5—10 minutes
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M21 CCGCTACCCCATCCACGCCAATCC
M48 GCAGATGGATGATCAGGCTATTTCC
M49 GACGTGACATGCTTGACCAACTCGC
M52 TTTATTACCATTATGCCTATGTAA
cApt TCCCGCATCCTCCGCCGTGCCGACC
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Figure 1 DNA aptamers selected to bind to the extracellular
domain of murine CD200R1 suppress cytotoxic T lymphocytes
(CTL) induction in primary allo-MLC. (a) Table of selected aptamer
sequences identified after 15 iterative SELEX rounds. Full-length
aptamers consist of an internal variable region of 25nt, flanked by two
constant regions of 25nt each. A control aptamer (cApt) composed
of a randomly selected variable sequence and the same constant
regions present in the library was used throughout this study. (b)
DNA aptamers were added to 5-day allo-MLC with 2.5x 10° C57BL/6
responder cells incubated with an equal number of irradiated BALB/c
stimulator cells. Induction of CTLs was monitored by the release of
5'Cr from P815 mastocytoma target cells at a 25:1 effector-to-target
ratio. Soluble CD200Fc was used as a positive control. Each bar
represents the mean percent of CTL-specific lysis + SEM from three
replicate wells. Aptamers were added at 975 nmol/l (closed bars),
325 nmol/l (open bars), or 110 nmol/l (hatched bars). *P < 0.01 when
compared to cApt or no treatment.

to as long as 1-2 days.?2%% Thus, a 20kDa monofunctional
PEG moiety carrying an N-hydroxysuccinimide ester was
thus reacted with a 5” hexylamine arm introduced during the
synthesis of DNA aptamers M49 and M52 (Supplementary
Figure S1a). The resulting PEGylated M49, M52, and cApt
conjugates were recovered by ultrafiltration and further puri-
fied by size exclusion chromatography. The purity of the final
PEGylated products were confirmed by size exclusion fast
protein liquid chromatography (Supplementary Figure S1b)
and polyacrylamide gel electrophoresis (data not shown).

PEGylated M49 and M52 retain agonistic CD200R1
function

To ensure that the PEGylation of DNA aptamers M49 and
M52 did not disrupt their folding and agonistic activity, these
modified aptamers as well as PEG-cApt were compared
to unconjugated aptamers for their ability to suppress CTL
induction in an allo-MLC assay. Interestingly, both PEG-M49
and PEG-M52 suppressed CTL induction to a greater extent
than M49 and M52 (Figure 3a) confirming that PEGylation
did not disrupt their immunosuppressive function.

The immediate signalling event following CD200:CD200R1
ligation is the phosphorylation of the tyrosine residue in the
NPXY motif on the C-terminal cytoplasmic tail of CD200R1.57
The phosphorylated NPXY motif interacts with adaptor pro-
teins thereby transducing immune inhibitory signalling.*-® To
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Figure 2 Truncation of CD200R1 aptamers M49 and M52. (a) Table of aptamer sequences truncated based on secondary structure
predictions. Shown is aptamer name, sequence, and length in nucleotides (nt). The constant primer regions on each sequence are highlighted
in red. (b) Secondary structure predictions derived from mfold* were used to guide truncation of M49 and M52. (¢) Truncated aptamers were
added to 5-day allo-MLC and suppression of CTL induction assayed as described. Truncated sequences M52-T1 and M49-T1 suppress CTL
induction with comparable efficacy to that of the full-length aptamers. Each bar represents the mean percent CTL specific lysis + SEM from
three replicate wells and is representative of two independent experiments (*P < 0.01, NS, not significant).

confirm that the suppression of CTL induction observed in
our allo-MLC assays is indeed a consequence of aptamer-
induced CD200R1 signalling, we asked whether PEG-M49
and PEG-M52 could induce the phosphorylation of this
motif. HEK-293 cells were stably transfected to express
murine CD200R1 (Figure 3b) and treated with aptamers
PEG-M49 and PEG-M52. The phosphorylation of CD200R1
was detected using a phosphospecific antibody. Both PEG-
M49 and PEG-M52 induced the rapid phosphorylation of
the C-terminal tail of CD200R1 (Figure 3c). There was no
detectable signal from medium alone or PEG-cApt confirm-
ing that the identified aptamers signal through CD200R1 in a
similar manner to CD200.
PEGylated CD200R1 immune
responses in vivo

PEG-M49, PEG-M52, PEG-cApt, or CD200Fc were injected
intravenously into C57BL/6 mice harboring skin allografts
with a view to evaluate the potential in vivo therapeutic
use of the CD200R1 agonistic DNA aptamers. PEGylated
aptamers were administered at 72-hour intervals over 12
days and their immune inhibitory effects evaluated by per-
forming ex vivo allo-MLC assays at day 14 (Figure 4a). CTL
induction was significantly suppressed by treating animals
with PEG-M49, PEG-M52, or CD200Fc but not with PEG-
cApt (P < 0.05) (Figure 4b). Exposure of circulating lympho-
cytes to PEG-M49 and PEG-M52 both in vivo and after their
recovery (in vitro) did not further augment the suppression
of CTL induction as compared to the in vivo treatment alone
(Figure 4b).

aptamers suppress

A common concern regarding the in vivo use of DNA
aptamers is the potential induction of TLR9-mediated innate
immune activation similar to oligodeoxynucleotides contain-
ing CpG motifs. To address whether PEG-M49 or PEG-M52
induce innate TLR9 responses, naive C57BL/6 mice were
administered aptamers or a CpG oligonucleotide (ODN)
and TNF-o and IL-6 sera levels quantified after six hours
by ELISA. Only the control CpG ODN exhibited detectable
cytokine levels (Supplementary Figure S2) suggesting that
these aptamers do not activate a TLR9-mediated innate
immune response in mice.

Together, these findings suggest that the in vivo administra-
tion of PEGylated CD200R1 agonistic aptamers is sufficient
to downregulate immune responses and that such aptamers
may serve as anti-inflammatory agents for diseases in which
CD200:CD200R1 signalling is implicated.

PEGylated CD200R1 aptamers prolong allogeneic skin
graft survival

The importance of CD200:CD200R1-based immune regula-
tion in transplantation is well documented. Soluble CD200Fc
administration has been shown to significantly prolong the
survival of both allo- and xenografts.'?2 Moreover, transgenic
mice overexpressing CD200 display prolonged allograft sur-
vival rates relative to control animals. In contrast, CD200R1
knockout mice reject allografts more vigorously.'* Lastly, a
soluble form of CD200 (sCD200) with immunosuppressive
function has been observed in the sera of mice after trans-
plantation with serum levels correlating positively with graft
survival.”® Therefore, we hypothesized that the administration

www.moleculartherapy.org/mtna
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Figure 3 PEG-conjugated M49 and M52 function act as CD200R1 agonists. (a) PEGylated and non-PEGylated aptamers (325 nmol/l,
based on nucleic acid content) were added to 5-day allo-MLC and suppression of cytotoxic T lymphocytes (CTL) induction assayed. PEG-M49
and PEG-M52 significantly suppress CTL induction. Each bar represents the mean percent CTL specific lysis + SEM from three replicate
wells. *P < 0.01 relative to no treatment; NS, not significant. (b) HEK-293 cells (grey) or HEK-293 transfectants expressing CD200R1 on the
cell surface (white) were stained with a fluorescein isothiocyanate-labelled anti-CD200R1 antibody and analyzed by flow cytometry to confirm
expression. (c) HEK293 cells expressing CD200R1 were incubated with the indicated concentrations of PEG-M49, PEG-M52, or PEG-cApt to
monitor aptamer-induced phosphorylation of the CD200R1 cytoplasmic tail. The phosphorylated form of CD200R1 was detected by western
blot using an antibody specific to phosphorylated-CD200R1 cytoplasmic tail. Supernatant from CD200-expressing cells was used as a positive
control. Both PEG-M49 and PEG-M52 induce CD200R1 intracellular phosphorylation.

of CD200R1 agonistic aptamers could prolong survival of
murine skin allografts.

To evaluate this possibility, BALB/c skin grafts were
transplanted onto C57BL/6 mice (n = 6; day 0). The
aptamers PEG-M49, PEG-M52, PEG-cApt (650 pmol,
based on nucleic acid content) or CD200Fc (325 pmol)
were then administered intravenously into these mice
every 3 days over a period of 15 days in combination with
low-dose rapamycin (0.5 mg/kg, i.p) given every 48 hours
(Figure 5a). Rapamycin at this dosage has been shown
to have no effect on graft survival when administered
alone (Supplementary Figure S3 and data not shown).
Treatment with PEG-M49 and PEG-M52 protected against
allograft rejection when compared to phosphate-buffered
saline (PBS) or PEG-cApt groups (Figure 5b) (P < 0.05,
Mann-Whitney U-test). Importantly, at the time of last
injection (day 15), all control group animals had rejected
their skin grafts while only 16-32% of mice receiving
PEG-M49 or PEG-M52 respectively displayed signs of
graft rejection (Figure 5b). Thus, the level of immuno-
suppression observed for these aptamers in this trans-
plantation model was comparable to that of a bivalent
form (CD200Fc) of the natural ligand for CD200R1. As
described previously, conjugation of aptamers to PEG
has been shown to increase their circulatory half-life and
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therapeutic potency.?”2%3° Consistently, PEGylated M49
prolonged allograft survival to greater extent than non-
PEGylated M49 (Supplementary Figure S3).

Discussion

Ligands which bind to immune coreceptors and promote or
impair signalling pathways have emerged as powerful immu-
notherapeutics. The best examples to date of such agents
are neutralizing antibodies toward the coinhibitory molecules
CTLA-4 and PD-1, which demonstrate profound activity in
mobilizing immune responses and preventing tumor immune
evasion in humans.*®! In contrast, agents which impart ago-
nistic activity to such inhibitory coreceptors may prove useful
in clinical situations where an immune response needs to be
repressed such as transplantation, allergy, and autoimmu-
nity. For instance, preclinical studies have shown that soluble
forms of CD200 or a monoclonal antibody to CD200R1 can
act as potent agonists to the CD200R1 inhibitory receptor in
prolonging the survival of murine allografts,'2? reducing the
severity of collagen-induced arthritis,” and in suppressing
the progression of experimental autoimmune encephalomy-
elitis.* In the present study, we report the identification of
short synthetic DNA aptamers that can mimic the functional
(agonistic) properties of protein ligands such as CD200, in
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Figure 4 PEG-M49 and PEG-M52 function in vivo. (a)
Experimental outline of in vivo experiment. BALB/c skin allografts
(day 0) were transplanted onto C57BL/6 mice. These animals were
subsequently treated over a 12-day period with tail vein injections
of either 650 pmol PEG-M49, PEG-M52, PEG-cApt, or 325 pmol
of CD200Fc at 72-hour intervals in combination with a low dose of
rapamycin (0.5mg/kg, 36 hours, i.p.). (b) After 14 days, mice were
sacrificed and their splenocytes used as responder cells in ex vivo
allo-MLC assays. Cultures were subsequently treated in vitro with
further addition of aptamers or CD200Fc in culture (open bars) or
left as is (closed bars). The in vivo administration of PEG-M49 and
PEG-M52 was sufficient to suppress CTL induction without further
addition of aptamer in culture (*P < 0.01). Each bar represents the
mean percent of CTL specific lysis + SEM from three replicate wells
and data shown is representative of two independent experiments.

binding to CD200R1 and repressing immune cell responses.
Two such aptamers, M49 and M52, were shown to potently
suppress induction of CTL in allo-MLC assays (Figure 1).
Importantly, PEGylated forms of M49 and M52 (PEG-M49
and PEG-M2) aptamers rapidly induced the phosphorylation
of the CD200R1 cytoplasmic tail confirming that the aptam-
ers work as agonists in inducing signalling in CD200R1-
expressing cells in a similar manner to CD200. These two
PEGylated aptamers retain immunosuppressive function in
allo-MLC (Figure 3), their administration in vivo dampened
immune activity in an ex vivo allo-MLC (Figure 4) and pro-
longed the survival of murine skin allografts (Figure 5). The
treatment of mice with PEGylated aptamers or CD200Fc in
transplantation experiments was halted at day 15 when all
mice receiving either PBS or PEG-cApt had rejected their
skin grafts. At that stage, allograft rejection was observed in
only 16 or 32% of mice receiving PEGylated forms of M49
or M52 respectively, results that were similar to that of the
bivalent CD200Fc (16%). Differences beyond this point
may reflect different pharmacokinetic properties between
PEGylated aptamers and recombinant protein rather than
their ability to stimulate CD200R1 signalling. Notably, previ-
ous research has shown that continued CD200R1 stimulation
using a transgenic mouse strain (CD200™) which overex-
presses CD200 upon doxycycline administration can induce
full allograft acceptance, suggesting that sustained treatment
with CD200R1 agonists such as PEGylated aptamers may
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Figure 5 PEG-M49 and PEG-M52 prolong the survival of
transplanted murine skin grafts. (a) Experimental outline of
in vivo experiment. C57BL/6 mice (n = 6) received BALB/c skin
allografts on day 0 and were treated every 3 days over 15 days with
phosphate-buffered saline (PBS) (closed triangles) or 650 pmol of
either PEG-cApt (open triangles), PEG-M49 (open circles), PEG-
M52 (closed squares), or 325 pmol of CD200Fc (closed circles) in
combination with low-dose rapamycin (0.5 mg/kg, 36 hours, i.p.). (b)
Treatment with PEG-M49 and PEG-M52 significantly extended graft
survival (P < 0.05, Mann—Whitney U-test) relative to control. Arrow
represents time of last injection. Data shown is representative of two
independent experiments.

similarly induce long-term allograft acceptance.” Further-
more, using the CD200™ model, it was shown that contin-
ued transgene expression was not necessary after allograft
acceptance suggesting that ongoing or life-long administra-
tion of CD200R1 agonists may not be necessary."®

We have recently shown that functional DNA aptamers tar-
geting TNF-0*2 and CEA,*® do not trigger cytokine responses
linked to innate immunity. Consistently, the PEGylated aptam-
ers used in this study did not activate a TLR9 innate immune
response. Furthermore, administration of DNA aptamers
have not been associated with the generation of T and B
cell responses.*# These features are especially relevant
to chronic or long-term administration of aptamers aimed
at treating patients with allergies, arthritis, and autoimmune
responses including rejection of tissues following transplanta-
tions. In contrast, most protein-based agents including human-
ized monoclonal antibodies do engender an immune response
when administered chronically to patients.“® Lastly, low pro-
duction costs and scalable chemical synthesis make DNA
aptamers especially viable agents for therapeutic applications.

Currently, there is one US Food and Drug Administration—
approved aptamer called Macugen (Pegatinib), which is a

www.moleculartherapy.org/mtna
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PEGylated protected RNA aptamer which binds to vascular
endothelial growth factor to treat wet macular degeneration.*”
There are no immune modulatory aptamers in phase trials,
however, several have been reported including aptamers
targeting CTLA-4,%' 4-1BB,*2 OX-40,%3 |L-6R,*® IL-10R,*®
and CD28.%" Interestingly, several agonistic aptamers devel-
oped to these receptors thus far have required dimerization
through chemical scaffold or using a hybridized DNA tech-
nique.??343% In fact, the CD200Fc ligand used in the pres-
ent study is actually bivalent in nature harbouring two CD200
domains, yet the monovalent PEGylated aptamers M49 and
M52 have proven to be as effective in suppressing immune
responses as CD200Fc.

In summary, we have shown as a proof of concept, that
PEGylated aptamers directed at murine CD200R1 can act
in an agonistic function to suppress immune response both
in vitro and in vivo. Furthermore, these conjugated aptam-
ers significantly prolong the survival of murine skin-allografts
thereby highlighting their potential clinical utility. Further
studies are ongoing to evaluate these aptamers in blocking
acute and chronic inflammatory responses arising from other
clinical situations including arthritis, trauma, and autoimmune
conditions.

Materials and methods

Mice. C57BL/6 and BALB/c mice were purchased from The
Jackson Laboratory (Bar Harbor ME). Mice were housed at
five per cage in an accredited facility at the University Health
Network, allowed food and water ad libitum, and used at
8-12 weeks of age.

Aptamer selection by SELEX. Single-stranded DNA aptam-
ers (ssDNA) recognizing murine CD200R1 were identi-
fied using the polymerase chain reaction—based SELEX
method.*®4° Briefly, a 25 nucleotide long random synthetic
oligonucleotide library flanked by 25-base long 5" and 3’
primer regions (5-GACGATAGCG GTGACGGCACAG
ACG NNNNNNNNNNNNNNNNNNNNNNNNNCGTATGCC
GCTTCCGTCCGTCGCTC-3) was synthesized (Integrated
DNA Technologies, Coralville, 1A) along with the corre-
sponding primer sequences (forward: 5-GACGATAGCGG
TGACGGCACAGACG-3" and reverse: 5° GAGCGACGGAC
GGAAGCGG CATACG-3'). A 4 nmol aliquot of the library rep-
resenting ~2.5x 10'® sequences was adsorbed onto Magne-
His Ni-Particles (Promega, Fitchburg, WI) at 37 °C for 1 hour
to remove sequences which bound to the solid support. The
resulting sublibrary was incubated for 1 hour at 37 °C with
10 pg of a recombinant HIS-tagged murine CD200R1 pro-
tein immobilized on MagneHis Ni-Particles suspended in 1 ml
PBS (pH 7.4). Unbound and weakly bound sequences were
removed by washing the beads with PBS for 5 minutes and
protein—aptamer complexes were eluted with PBS contain-
ing 0.5mol/l imidazole. Aptamers were recovered (Qiagen
Nucleotide Removal kit) and the ssDNA pool enriched for
murine CD200R1 ligands was amplified for the next round of
selection using asymmetric polymerase chain reaction at a
10:1 forward:reverse primer ratio. Fifteen rounds of selection
were performed with the selection stringency increasing as
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the concentration of immobilized CD200R1 was reduced by
a factor of 2 every three rounds while simultaneously increas-
ing the number of wash steps. After the 15th cycle, selected
DNA aptamers were cloned into pCR4-TOPO vector (Life
Technologies, Burlington, Canada) and sequenced.

Allogeneic mouse mixed lymphocyte culture (allo-MLC).
Agonistic CD200R1 aptamers were identified and evaluated
for their ability to suppress the induction of cytotoxic T-lym-
phocytes (CTL) in 5-day allogeneic mouse mixed lymphocyte
cultures (allo-MLC). Briefly, 2.5x105 C57BL/6 responder
splenocytes were incubated with an equal number of irra-
diated BALB/c stimulator cells in the presence of synthetic
aptamers, PEGylated aptamers, or CD200Fc for 5 days. Lev-
els of CTL induction were assayed by monitoring the release
of ¥ Cr from loaded P815 mastocytoma target cells over a
5-hour time period at a 25:1 effector-to-target ratio.

Aptamer:CD200R1 nitrocellulose filter retention analysis. The
binding affinity of M49 and M52 toward CD200R1 was deter-
mined using a nitrocellulose filter binding assay. DNA aptam-
ers were labelled at their 5" end with a terminal 32-P using
T4 Polynucleotide Kinase (Life Technologies). Radiolabelled
aptamers were purified using Micro Bio-Spin 6 desalting col-
umns (BioRad, Mississauga, Canada) and adjusted to 5,000
CPM/pl in HEPES-buffered saline (20 mmol/l HEPES, 150
mmol/l NaCl, pH 7.4) with 1 mmol/l MgCl,.. 5 pl aptamers were
incubated with 15 pl of increasing concentrations of murine
CD200R1 (Sino Biological, Beijing, China) in HEPES-buffered
saline containing 1 mmol/l MgCl, and 0.01% BSA at 37 °C
for 1 hour. After incubation, complexes were filtered through
a dual filter system with an upper 0.4 ym nitrocellulose (Bio-
Rad) and lower nylon Hybond N* membrane (GE Healthcare,
Missisauga, Canada) using a 96-well dot-blot apparatus.
Membranes were exposed to film for 16 hours at room tem-
perature, developed, and radiolabel signal quantified using
Imaged software (National Institute of Health, Bethesda, MD).

PEGylation of DNA aptamers. The 5’ termini of aptamer M49,
M52, and the control aptamer (cApt) were modified with a
20kDa polyethylene glycol (PEG) moiety to increase their cir-
culatory half-life. Briefly, a 5" amino group was incorporated
into each DNA aptamer during their synthesis. A 100-molar
excess of a mPEG-succinimidyl glutarate ester (Creative
PEGWorks, Winston Salem, NC) was added stepwise over
a period of 10 hours to 25 pmol/l solutions of the modified
aptamers dissolved in 100 mmol/I NaHCO,/CH,CN (1:1 pH
8.5). The PEGylated aptamers were purified by ultrafiltration
using Amicon Ultra Centrifugal Filters with a 30kDa MWCO
(Millipore, Billerica, MA) followed by size exclusion fast pro-
tein liquid chromatography using a Superdex 75 10/300 col-
umn (GE Healthcare) with 100 mmol/I NH,CO, as the eluent.
Purified PEGylated-aptamer conjugates were lyophilized and
resuspended in sterile PBS for subsequent experiments.

Detection of CD200R1 phosphorylation. Intracellular phos-
phorylation of CD200R1 in response to PEG-M49, PEG-
M52, and PEG-cApt was detected using a rabbit polyclonal
antibody specific to the phosphorylated cytoplasmic tail
of CD200R1.5° HEK-293 cells stably expressing murine



CD200R1 were serum-starved in OptiMEM (Life Technolo-
gies) medium for 3 hours and subsequently incubated for
30 minutes in OptiMEM medium containing either 2.5 pmol/l
PEG-M49, PEG-M52, PEG-cApt, or a CD200-positive cell
lysate (positive control). Cells were washed with PBS and
lysed in radioimmunoprecipitation assay buffer (150 mmol/l
NaCl, 1.0% lgepal, 0.5% sodium deoxycholate, 0.1% SDS,
and 50 mmol/l Tris, pH 8.0) containing 50 mmol/l NaF, 1
mmol/l Na3VO4, and protease inhibitors. Phosphorylated
and unphosphorylated forms of CD200R1 were recovered
by immunoprecipitation using an anti-CD200R1 (clone 2A10)
monoclonal antibody (overnight 4 °C) and protein G agarose
beads (Pierce, Rockford, IL). The phosphorylated form of
CD200R1 was detected by western blot using the rabbit poly-
clonal antibody (1:1,000 dilution) and anti-rabbit horseradish
peroxidase (1:15,000 dilution).

Activity of PEGylated aptamers in vivo. C57BL/6 mice received
BALB/c skin allografts followed by tail vein injections at day
0, 3, 6, 9, and 12 of either PEG-M49, PEG-M52, PEG-cApt,
(650 pmol, based on oligonucleotide content) or CD200Fc
(825 pmol) dissolved in 0.2ml PBS, pH 7.4 in combination
with low-dose (0.5mg/kg) rapamycin administered intraperi-
toneally every 48 hours. On day 14, mice were sacrificed and
their splenocytes used as responder cells in 5-day ex vivo
allo-MLC with or without further aptamer addition in vitro.

Analysis of aptamer-induced innate immune responses.
PBS, PEGylated aptamers (650 pmol, based on oligonucle-
otide content) or a TLR9 ligand CpG ODN (ODN 1826, Invi-
vogen, CA) were administered by tail vein injection to naive
C57BL/6 mice (n = 3). Mice were sacrificed 6 hours later, and
the serum levels of TNFo. or IL-6 quantified using commercial
ELISA sets (R&D Systems, Minneapolis, MN).

Allogeneic skin graft transplantation. PEG-M49 and PEG-
M52 were evaluated for their ability to prolong survival of
allogeneic murine skin grafts. C57BL/6 mice (n = 6) received
BALB/c skin allografts prior to receiving six tail vein injec-
tions of either PEG-M49, PEG-M52, PEG-cApt (650 pmol),
or CD200Fc (325 nmol) dissolved in 0.2ml PBS, pH 7.4 once
every 3 days over 15 days in combination with low-dose
(0.5mg/kg) rapamycin administered intraperitoneally every
48 hours. Graft survival was monitored daily.

Statistical analysis. P values for survival analysis were deter-
mined using a Mann-Whitney U-test while P values for MLC
assays were calculated using a Student’s t-test.

Suppelemntary material

Figure S1. Modification and purification of DNA aptamers
with a 20kDa PEG.

Figure S2. PEGylated aptamers do not activate a TLR9 In-
nate Immune Response.

Figure S3. PEGylation is necessary for prolongation of al-
lograft survival.

Acknowledgments. This work was financially supported by
an operating grant from the Canadian Institutes of Health

Anti-CD200R1 Aptamers as Potent Inmunosuppressants
Prodeus et al.

Research to J.G. A.P. is the recipient of an Ontario Graduate
Studentship. The authors declare no conflict of interest.

1. Wright, GJ, Cherwinski, H, Foster-Cuevas, M, Brooke, G, Puklavec, MJ, Bigler, M et al.
(2003). Characterization of the CD200 receptor family in mice and humans and their
interactions with CD200. J Immunol 171: 3034-3046.

2. Cherwinski, HM, Murphy, CA, Joyce, BL, Bigler, ME, Song, YS, Zurawski, SM et al. (2005).
The CD200 receptor is a novel and potent regulator of murine and human mast cell
function. J Immunol 174: 1348-1356.

3. Jenmalm, MC, Cherwinski, H, Bowman, EP, Phillips, JH and Sedgwick, JD (2006).
Regulation of myeloid cell function through the CD200 receptor. J Immunol 176: 191-199.

4. Mihrshahi, R, Barclay, AN and Brown, MH (2009). Essential roles for Dok2 and RasGAP in
CD200 receptor-mediated regulation of human myeloid cells. J Immunol 183: 4879-4886.

5. Zhang, S, Cherwinski, H, Sedgwick, JD and Phillips, JH (2004). Molecular mechanisms of
CD200 inhibition of mast cell activation. J Immunol 173: 6786-6793.

6. Zhang, S and Phillips, JH (2006). Identification of tyrosine residues crucial for CD200R-
mediated inhibition of mast cell activation. J Leukoc Biol 79: 363-368.

7. Gorczynski, RM, Chen, Z, Yu, K and Hu, J (2001). CD200 immunoadhesin suppresses
collagen-induced arthritis in mice. Clin Immunol 101: 328-334.

8. Gorczynski, RM, Chen, Z, Lee, L, Yu, K and Hu, J (2002). Anti-CD200R ameliorates
collagen-induced arthritis in mice. Clin Immunol 104: 256-264.

9. Simelyte, E, Criado, G, Essex, D, Uger, RA, Feldmann, M and Williams, RO (2008).
CD200-Fc, a novel antiarthritic biologic agent that targets proinflammatory cytokine
expression in the joints of mice with collagen-induced arthritis. Arthritis Rheum 58:
1038-1043.

10. Gao, S, Hao, B, Yang, XF and Chen, WQ (2014). Decreased CD200R expression on
monocyte-derived macrophages correlates with Th17/Treg imbalance and disease activity
in rheumatoid arthritis patients. Inflamm Res 63: 441-450.

11. Gorczynski, RM, Cattral, MS, Chen, Z, Hu, J, Lei, J, Min, WP et al. (1999). An
immunoadhesin incorporating the molecule OX-2 is a potent immunosuppressant that
prolongs allo- and xenograft survival. J Immunol 163: 1654-1660.

12. Gorczynski, RM, Hu, J, Chen, Z, Kai, Y and Lei, J (2002). A CD200FC immunoadhesin
prolongs rat islet xenograft survival in mice. Transplantation 73: 1948-1953.

13. Gorczynski, RM, Chen, Z, He, W, Khatri, |, Sun, Y, Yu, K et al. (2009). Expression of a
CD200 transgene is necessary for induction but not maintenance of tolerance to cardiac
and skin allografts. J Immunol 183: 1560-1568.

14. Yu, K, Chen, Z and Gorczynski, R (2013). Effect of CD200 and CD200R1 expression
within tissue grafts on increased graft survival in allogeneic recipients. Immunol Lett 149:
1-8.

15.  Gorczynski, R, Chen, Z, Khatri, | and Yu, K (2013). sCD200 present in mice receiving
cardiac and skin allografts causes immunosuppression in vitro and induces Tregs.
Transplantation 95: 442-447.

16. Wang, XJ, Ye, M, Zhang, YH and Chen, SD (2007). CD200-CD200R regulation of microglia
activation in the pathogenesis of Parkinson’s disease. J Neuroimmune Pharmacol 2:
259-264.

17. Luo, XG, Zhang, JJ, Zhang, CD, Liu, R, Zheng, L, Wang, XJ et al. (2010). Altered
regulation of CD200 receptor in monocyte-derived macrophages from individuals with
Parkinson’s disease. Neurochem Res 35: 540-547.

18. Zhang, S, Wang, XJ, Tian, LP, Pan, J, Lu, GQ, Zhang, YJ et al. (2011). CD200-CD200R
dysfunction exacerbates microglial activation and dopaminergic neurodegeneration in a rat
model of Parkinson’s disease. J Neuroinflammation 8: 154.

19. Hoek, RM, Ruuls, SR, Murphy, CA, Wright, GJ, Goddard, R, Zurawski, SM et al. (2000).
Down-regulation of the macrophage lineage through interaction with OX2 (CD200).
Science 290: 1768-1771.

20. Koning, N, Swaab, DF, Hoek, RM and Huitinga, | (2009). Distribution of the immune
inhibitory molecules CD200 and CD200R in the normal central nervous system and
multiple sclerosis lesions suggests neuron-glia and glia-glia interactions. J Neuropathol
Exp Neurol 68: 159-167.

21. Koning, N, B&, L, Hoek, RM and Huitinga, | (2007). Downregulation of macrophage
inhibitory molecules in multiple sclerosis lesions. Ann Neurol 62: 504-514.

22. Gorczynski, RM, Chen, Z, Shivagnahnam, S, Taseva, A, Wong, K, Yu, K et al. (2010).
Potent immunosuppression by a bivalent molecule binding to CD200R and TGF-betaR.
Transplantation 90: 150-159.

23. Wright, GJ, Puklavec, MJ, Willis, AC, Hoek, RM, Sedgwick, JD, Brown, MH et al. (2000).
Lymphoid/neuronal cell surface OX2 glycoprotein recognizes a novel receptor on
macrophages implicated in the control of their function. Immunity 13: 233-242.

24. Liu,Y, Bando, Y, Vargas-Lowy, D, Elyaman, W, Khoury, SJ, Huang, T et al. (2010).
CD200R1 agonist attenuates mechanisms of chronic disease in a murine model of
multiple sclerosis. J Neurosci 30: 2025-2038.

25. Copland, DA, Calder, CJ, Raveney, BJ, Nicholson, LB, Phillips, J, Cherwinski, H et al.
(2007). Monoclonal antibody-mediated CD200 receptor signaling suppresses macrophage
activation and tissue damage in experimental autoimmune uveoretinitis. Am J Pathol 171:
580-588.

26. White, RR, Sullenger, BA and Rusconi, CP (2000). Developing aptamers into therapeutics.
J Clin Invest 106: 929-934.

www.moleculartherapy.org/mtna



Anti-CD200R1 Aptamers as Potent Immunosuppressants
Prodeus et al.

i

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

Keefe, AD, Pai, S and Ellington, A (2010). Aptamers as therapeutics. Nat Rev Drug Discov
9: 537-550.

Gilboa, E, McNamara, J 2nd and Pastor, F (2013). Use of oligonucleotide aptamer ligands
to modulate the function of immune receptors. Clin Cancer Res 19: 1054-1062.

Da Pieve, C, Blackshaw, E, Missailidis, S and Perkins, AC (2012). PEGylation and
biodistribution of an anti-MUC1 aptamer in MCF-7 tumor-bearing mice. Bioconjug Chem
23:1377-1381.

Healy, JM, Lewis, SD, Kurz, M, Boomer, RM, Thompson, KM, Wilson, C et al. (2004).
Pharmacokinetics and biodistribution of novel aptamer compositions. Pharm Res 21:
2234-2246.

Santulli-Marotto, S, Nair, SK, Rusconi, C, Sullenger, B and Gilboa, E (2003). Multivalent
RNA aptamers that inhibit CTLA-4 and enhance tumor immunity. Cancer Res 63:
7483-7489.

McNamara, JO, Kolonias, D, Pastor, F, Mittler, RS, Chen, L, Giangrande, PH et al. (2008).
Multivalent 4-1BB binding aptamers costimulate CD8+ T cells and inhibit tumor growth in
mice. J Clin Invest 118: 376-386.

Dollins, CM, Nair, S, Boczkowski, D, Lee, J, Layzer, JM, Gilboa, E et al. (2008). Assembling
OX40 aptamers on a molecular scaffold to create a receptor-activating aptamer. Chem Biol
15: 675-682.

Pratico, ED, Sullenger, BA and Nair, SK (2013). Identification and characterization of an
agonistic aptamer against the T cell costimulatory receptor, OX40. Nucleic Acid Ther 23:
35-43.

Meyer, C, Berg, K, Eydeler-Haeder, K, Lorenzen, |, Grétzinger, J, Rose-John, S et al.
(2014). Stabilized Interleukin-6 receptor binding RNA aptamers. RNA Biol 11: 57-65.
Berezhnoy, A, Stewart, CA, Mcnamara, JO 2nd, Thiel, W, Giangrande, P, Trinchieri, G et
al. (2012). Isolation and optimization of murine IL-10 receptor blocking oligonucleotide
aptamers using high-throughput sequencing. Mol Ther 20: 1242-1250.

Pastor, F, Soldevilla, MM, Villanueva, H, Kolonias, D, Inoges, S, de Cerio, AL et al. (2013).
CD28 aptamers as powerful immune response modulators. Mol Ther Nucleic Acids 2: €98.
Hatherley, D, Cherwinski, HM, Moshref, M and Barclay, AN (2005). Recombinant CD200
protein does not bind activating proteins closely related to CD200 receptor. J Immunol 175:
2469-2474.

Zuker, M (2003). Mfold web server for nucleic acid folding and hybridization prediction.
Nucleic Acids Res 31: 3406-3415.

Hodi, FS, O'Day, SJ, McDermott, DF, Weber, RW, Sosman, JA, Haanen, JB et al. (2010).
Improved survival with ipilimumab in patients with metastatic melanoma. N Engl J Med
363:711-723.

Hamid, O, Robert, C, Daud, A, Hodi, FS, Hwu, WJ, Kefford, R et al. (2013). Safety and
tumor responses with lambrolizumab (anti-PD-1) in melanoma. N Engl J Med 369:
134-144.

42. Orava, EW, Jarvik, N, Shek, YL, Sidhu, SS and Gariépy, J (2013). A short DNA aptamer
that recognizes TNFa: and blocks its activity in vitro. ACS Chem Biol 8: 170-178.

43. Orava, EW, Abdul-Wahid, A, Huang, EH, Mallick, Al and Gariépy, J (2013). Blocking the
aftachment of cancer cells in vivo with DNA aptamers displaying anti-adhesive properties
against the carcinoembryonic antigen. Mol Oncol 7: 799-811.

44. Eyetech Study Group. (2003) Anti-vascular endothelial growth factor therapy for subfoveal
choroidal neovascularization secondary to age-related macular degeneration: Phase Il
study results. Ophthalmol 110, 979-986.

45. Eyetech Study Group. (2002) Preclinical and phase IA clinical evaluation of an anti-
VEGF pegylated aptamer (EYEQ01) for the treatment of exudative age-related macular
degeneration. Retina 22, 143-152.

46. Nelson, AL, Dhimolea, E and Reichert, JM (2010). Development trends for human
monoclonal antibody therapeutics. Nat Rev Drug Discov 9: 767-774.

47. Ng, EW, Shima, DT, Calias, P, Cunningham, ET Jr, Guyer, DR and Adamis, AP (2006).
Pegaptanib, a targeted anti-VEGF aptamer for ocular vascular disease. Nat Rev Drug
Discov 5:123-132.

48. Ellington, AD and Szostak, JW (1990). In vitro selection of RNA molecules that bind
specific ligands. Nature 346: 818-822.

49. Tuerk, C and Gold, L (1990). Systematic evolution of ligands by exponential enrichment:
RNA ligands to bacteriophage T4 DNA polymerase. Science 249: 505-510.

50. Khatri, |, Boudakov, I, Lamptey, B, Taseva, A, Wong, K, Podnos, A et al. (2012) Structural
and functional consequences of switching carboxy terminal domains in mouse CD200
receptors. Open J Immunol 2, 168-186.

@@@@ This work is licensed under a Creative Commons
s  Attribution-NonCommercial-ShareAlike 3.0 Unported
License. The images or other third party material in this article are
included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from
the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by-nc-sa/3.0/

Supplementary Information accompanies this paper on the Molecular Therapy—Nucleic Acids website (http://www.nature.com/mtna)

Molecular Therapy—Nucleic Acids



