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Targeting the PD-1/PD-L1 Immune Evasion Axis With
DNA Aptamers as a Novel Therapeutic Strategy for the
Treatment of Disseminated Cancers

Aaron Prodeus'?, Aws Abdul-Wahid? Nicholas W. Fischer'?, Eric H-B Huang?, Marzena Cydzik? and Jean Gariépy'-

Blocking the immunoinhibitory PD-1:PD-L1 pathway using monoclonal antibodies has led to dramatic clinical responses by reversing
tumor immune evasion and provoking robust and durable antitumor responses. Anti-PD-1 antibodies have now been approved for
the treatment of melanoma, and are being clinically tested in a number of other tumor types as both a monotherapy and as part of
combination regimens. Here, we report the development of DNA aptamers as synthetic, nonimmunogenic antibody mimics, which
bind specifically to the murine extracellular domain of PD-1 and block the PD-1:PD-L1 interaction. One such aptamer, MP7, functionally
inhibits the PD-L1-mediated suppression of IL-2 secretion in primary T-cells. A PEGylated form of MP?7 retains the ability to block the
PD-1:PD-L1 interaction, and significantly suppresses the growth of PD-L1+ colon carcinoma cells in vivo with a potency equivalent to
an antagonistic anti-PD-1 antibody. Importantly, the anti-PD-1 DNA aptamer treatment was not associated with off-target TLR-9-related
immune responses. Due to the inherent advantages of aptamers including their lack of immunogenicity, low cost, long shelf life, and
ease of synthesis, PD-1 antagonistic aptamers may represent an attractive alternative over antibody-based anti PD-1 therapeutics.

Molecular Therapy—Nucleic Acids (2015) 4, e237; doi:10.1038/mtna.2015.11; advance online publication 28 April 2015

Introduction

Cancer cells evade immune surveillance through multiple
mechanisms including increased secretion of immunosup-
pressive cytokines (i.e., interleukin (IL)-10 and tumor growth
factor (TGF)-B), reduced expression of major histocompatibil-
ity antigens on their cell surface, the enhanced differentiation
of immune effector cells to a regulatory phenotype, as well as
an influx of myeloid-derived suppressor cells and tumor asso-
ciated macrophages.' Importantly, tumors also limit immune
responses by activating immune inhibitory checkpoint path-
ways by the cell surface expression of coinhibitory ligands
(i.e., PD-L1, B7-H4, VISTA) within the tumor microenviro-
ment which bind to paired coinhibitory receptors on infiltrat-
ing effector T-cells and limit antitumor immune responses.?
The combined action of all these mechanisms results in the
creation of an immunosuppressive tumor microenvironment
that explains in part the lack of clinical effectiveness of pres-
ent-day cancer vaccines aimed at generating tumor antigen-
specific T-cell responses.?

One key immune inhibitory pathway involves PD-1 interact-
ing with either PD-L1 or PD-L2 (refs. 5). While PD-L2 expres-
sion is limited to cells of the hematopoietic lineage,® PD-L1
is inducibly expressed on most tissues and is a key player in
maintaining peripheral tolerance.*® In cancer, PD-L1 is often
adaptively expressed by cells derived from many tumor types
including melanoma, lung, ovarian, and colon in response
to IFNy.” The engagement of PD-1 on T-cells by its ligands
present on either tumor cells, cells of the tumor microenvi-
ronment, or antigen presenting cells, signals for the recruit-
ment of SHP-2 to the phosphorylated tyrosine of ITIM and
ITSM motifs within the PD-1 cytoplasmic tail.® The recruited

SHP2 functions to suppress T-cell receptor signaling thereby
inducing anergy, exhaustion, or apoptosis of tumor-specific
T-cells.®® Supportingly, PD-1 signaling induces IL-10 secre-
tion by purified T-cells undergoing activation in vitro, while
decreasing IL-2 and IFNy secretion.*'® Moreover, this signal-
ing pathway has been shown to be bidirectional in nature, as
PD-L1 signaling within tumor cells delivers an antiapoptotic
signal to resist cytotoxic lysis by tumor-infiltrating CTLs.

PD-1:PD-L1 blockade by monoclonal antibodies has
proven to be an effective modality to overcome immune eva-
sion and mobilize specific antitumor responses in mouse
models and clinically in patients.'?'® For instance, 38% of 135
advanced melanoma patients treated with the anti-PD-1 anti-
body lambrolizumab (Keytruda, MK-3475) displayed objec-
tive response outcomes.' Furthermore, 15-25% objective
response has been reported in an anti-PD-1 monotherapy
phase trial in non—small-cell lung cancer patients, a tumor
type previously thought to be unresponsive to immune ther-
apy.'® Currently, over 50 clinical trials are evaluating anti-PD-1
antibodies as a single agent, or in a combination setting,
across greater than 25 tumor types.

However, monoclonal antibody therapy inherently carries
a number of disadvantages such as their immunogenic-
ity (following repeated administration) and high production
costs which may limit their use and broad availability to
patients.'®"® In contrast, short single-stranded synthetic oli-
gonucleotides termed aptamers, can be rapidly identified to
bind molecular targets such as PD-1 with affinity and speci-
ficity features rivaling that of antibodies.'®?' Importantly, DNA
aptamers have been shown to lack immunogenicity, and are
synthesized using scalable, low-cost solid-phase chemistry,
avoiding the requirement for biological cultivation, protein
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expression, and the subsequent purification which is asso-
ciated with antibody production.'®?>2* Thus, anti-PD-1 DNA
aptamers may represent novel therapeutic entities with
improved characteristics relative to anti-PD-1 monoclonal
antibodies. In this study, we report as a proof of principle the
development of DNA aptamers which bind specifically to the
extracellular domain of murine PD-1 with nanomolar affinity.
One of them, MP7, functionally blocks PD-1 from interacting
with PD-L1, and its PEGylated form suppresses the tumor
growth of a PD-L1 positive murine colon carcinoma in vivo.

Results

Identification of murine PD-1-binding DNA aptamers

In vitro-based SELEX was performed to identify DNA aptam-
ers which specifically recognize the extracellular domain of
murine PD-1 (mPD-1) by screening a random DNA library
against a recombinant chimera consisting of the mPD-1
extracellular domain fused to a histidine-tagged human Fc
domain (hereafter referred to as mPD-1.FcHIS). Five rounds
of enrichment were performed consisting of a selection step
towards mPD-1.FcHIS and a counter selection step toward an
irrelevant isotype matched hlgG. Next-generation sequenc-
ing (NGS) was then performed on the enriched sublibrary of
DNA oligonucleotides, revealing a significant enrichment of
aptamer families harboring sequences with high sequence
identity to a parental highly enriched sequence. Specifically,
the two highest enriched sequence families called MP5 and
MP7 (Table 1) were observed to be present at 11.7 and
13% respectively of the total sequences before a substan-
tial decrease in enrichment (<1%) was observed for another
family MP23. A pull down experiment was performed where
biotinylated versions of these aptamers immobilized onto
magnetic streptavidin beads was used to immunoprecipi-
tate mPD-1.FcHIS, confirming that these sequences were
enriched from the bulk library during selection due to their
ability to bind mPD-1.FcHIS (Supplementary Figure S1).

Anti-PD-1 DNA aptamers MP5 and MP7 bind to mPD-1.
FcHIS with nanomolar affinity

The highest enriched parental sequences MP5 and MP7 were
chosen for further evaluation. Structural predictions performed

Table 1 Sequence enrichment of anti-PD-1 DNA aptamers from SELEX

K
Family Aptamer N252 Copies (%)° (nmglll)°
MP5 5.1 GCTACTGTACATCAC 7,358 (6.9) 112
GCCTCTCCCC
5.2 CTACTGTACATCACG 2,108 (2.0)
CCTCTCCCC
Total — 12,415 (11.7)
MP7 71 GTACAGTTCCCGTC 11,858 (11.2) 167
CCTGCACTACA
7.2 GTACAGTTCCCGT 434 (0.4)
CCTGCACTACA
Total — 13,814 (13.1)

aShown sequence is of internal variable 25 nucleotides excluding 5" and 3’
constant sequences. % enrichment calculated by sequence copy number/
total number of sequences x 100. °Dissociation constant (K estimated by
nitrocellulose filter binding assay with mPD-1.FcHIS (Figure 1).
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on these aptamer sequences illustrate a complex hairpin-bulge
folding state (Figure 1a,b). Neither of these sequences con-
tain a high prevalence of GG repeats and are not predicted to
fold into a G-quadruplex structure. Nitrocellulose filter binding
assay demonstrates that MP5 and MP7 bind to mPD-1.FcHIS
in solution with dissociation constants (K;) of 112 and 167
nmol/l respectively (Figure 1c,d). In contrast, the reverse com-
plement of these aptamers (Rev-MP5 and Rev-MP7) and a
negative control sequence (cSeq: CCTGTGTGAGCCTCCTA-
ACCAGAACAGTTAAAGTGTCCCACTCCCATGCTT ATTCTT-
GTCTCTC) did not bind mPD-1.FcHIS to a comparable extent.

Anti-PD-1 DNA aptamers bind specifically to the
extracellular region of murine PD-1

Mouse and human isoforms of PD-1 are highly homologous
with 67% amino acid identity within their extracellular bind-
ing domain. Similarly, the IgV domains of these molecules
share significant structural homology with each other and
other members of the IgV superfamily (Figure 2a,b).% Fur-
thermore, it has been demonstrated that cross-species bind-
ing between mPD-1 and hPD-L1, or hPD-1 and mPD-L1
occurs with comparable affinity as the same species interac-
tion. Yet, surface plasmon resonance (SPR)-based binding
studies performed with aptamers MP5 and MP7 immobi-
lized onto a solid sensor chip confirmed that both aptamers
bound with specificity towards mPD-1.FcHIS with no detect-
able binding to hPD-1.Fc injected at the same concentra-
tion (50 nmol/l) (Figure 2c). Importantly, these aptamers did
not bind to an isotype-matched higG (500 nmol/l), the IgV
superfamily member mPD-L1.Fc (50 nmol/l) nor to the IgV-
related domain of CEA-N.HIS (500 nmol/l) confirming that
both selected aptamers bind specifically to the extracellular
region of mPD-1 as opposed to binding the histidine tag, the
Fc region, or to structurally-related IgV domains (Figure 2c).
Additionally, fluorescently labeled versions of MP5 and MP7
as well as two anti-PD-1 monoclonal antibodies, but not cSeq
or isotype control antibodies, bound to PD-1 expressed on
the surface of P815 mouse mastocytoma cells (Supplemen-
tary Figure S2). Apparent avidity constants for the aptamer-
mPD-1 interaction were determined by SPR to be <1 nmol/l
for both MP5 and MP7 as they reflect the nonphysiological,
bivalent binding of the mPD-1.FcHIS chimera to the aptam-
ers immobilized on the solid surface (data not shown).

Aptamer MP7 functionally antagonizes PD-1/PD-L1-
mediated immunosuppression

An IL-2-based enzyme-linked immunospot (ELISPOT) assay
was performed to determine if aptamers MP5 or MP7 function-
ally antagonize PD-1/PD-L1 signaling in primary cells. In this
assay, PD-L1.Fc, but not an isotype matched higG Fc control
significantly suppresses IL-2 secretion by primary murine
T-cells stimulated with a polyclonal TCR-signal from plate
bound anti-CD3 antibody (Figure 3a). Addition of aptamer MP7
(250 nmol/l) or a known blocking anti-PD-1 antibody (RMPI-14
mADb) to the culture, but not a control aptamer sequence (cSeq)
nor MP5, significantly restored IL-2 secretion in the presence of
PD-L1.Fc (Figure 3b). Importantly, addition of MP7 to spleno-
cytes stimulated with anti-CD3 in the absence of PD-L1 did not
increase the amount of IL-2 secretion above that of anti-CD3
stimulus alone (Supplementary Figure S3) suggesting that the
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Figure 1 Secondary structure and binding affinities of highly enriched anti-PD-1 aptamer sequences MP5 and MP7. Mfold*° secondary
structure predictions of the top two enriched aptamer sequences MP5 (a) and MP7 (b) identified by next-generation sequencing after five
rounds of SELEX toward mPD-1.FcHIS. (¢,d) Concentration-dependent binding of *2P-labeled aptamers MP5 (¢) and MP7 (d) to mPD-1.
FcHIS captured in a nitrocellulose filter binding assay. Filled symbols represent the % DNA bound of the full-length aptamer at each mPD-1.
FcHIS concentration while empty symbols represent the % DNA Bound of the respective reverse complement of each aptamer used as a

negative binding control.

increase in IL-2 in the presence of PD-L1 is due to the specific
blocking of the PD-1:PD-L1 inhibitory signal. Finally, the ability
of aptamer MP7, but not MP5, to restore PD-L1 suppressed
proliferation of anti-CD3 stimulated lymphocytes was confirmed
using a CFSE dilution assay (Supplementary Figure S4).

PEGylated MP7 directly blocks PD-1 binding to PD-L1

Unmodified DNA aptamers exhibit short in vivo half-lives
(<1 hour) owing to the rapid renal filtration of such relatively
small molecules (~8-25kDa)." It has been demonstrated that

conjugation of aptamers to high molecular weight polyethyl-
ene glycol (PEG) can limit rate of filtration and extend half-life
up to 24-48 hours.?”2 Thus, control and antagonistic anti-
PD-1 DNA aptamers were PEGylated prior to evaluating their
in vivo antitumor protective properties. Specifically, aptamers
MP5, MP7, and cSeq were modified at their 5’ termini with a
40kDa PEG and the conjugated aptamers recovered by RP-
HPLC (Figure 4a and Supplementary Figure S5).

The ability of the PEGylated and non-PEGylated aptam-
ers to directly block the binding of PD-1 with PD-L1 was

B
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Figure 2 Specificity of anti-PD-1 aptamers MP5 and MP7 towards the mPD-1 extracellular domain. (a) Ribbon structure overlays
highlighting similarities between the mouse (blue) and human (gray) PD-1 extracellular IgV-like domain. (b) Aligned primary sequences
emphasizing homology between the extracellular regions of mouse (PDB ID: 1NPU) and human (PDB ID: 3RRQ) PD-1 (refs. 442). Gray
highlights represent conserved primary sequences. (¢) Surface plasmon resonance binding responses of mPD-1.FcHIS, hPD-1.Fc, an
irrelevant Fc control, histidine-tagged rCEA-N domain, and mPD-L1.Fc toward immobilized MP5 (filled bars) or MP7 (empty bars). Histograms

represent mean binding response of duplicate injections + SD.

assessed using a competitive enzyme-linked immunosor-
bent assay (ELISA)-based assay where the binding of solu-
ble mPD-1.FcHIS to immobilized mPD-L1.Fc is inhibited by
the addition of aptamer. Consistent with the IL-2 ELISPOT
experiments, both PEG-MP7 and RMPI-14 mAb were able
to significantly block >75% of PD-1/PD-L1 binding in this
assay confirming that aptamer MP7 functions as a PD-1
antagonist (Figure 4b). In contrast, neither an isotype
matched antibody nor PEG-MP5 inhibited PD-1 binding to
PD-L1 while the cSeq weakly blocks ~20% of the interac-
tion, a value that is not statistically significant in comparison
to wells where no aptamer was added. Notably, PEG-MP7
blocked the PD-1/PD-L1 interaction in this assay to a com-
parable extent as unmodified MP7 (80 versus 94%, Sup-
plementary Figure S6) indicating that PEGylation does not
overtly alter the structure or inhibit its antagonistic function
in vitro.

PEGylated anti-PD-1 aptamer suppresses growth of
disseminated MC38.CEA colon carcinoma cells

Release of PD-1:PD-L1 immunosuppression by anti-PD-1
or PD-L1 antibodies has been shown to provoke remarkable
antitumor responses to slow growth of tumors in both animal
models and in human clinical trials. To evaluate the ability of
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our anti-PD-1 aptamers to similarly promote in vivo antitumor
responses, we used a tumor mouse model where murine colon
carcinoma MC38 cells stably expressing human CEA (MC38.
CEA) as a heterologous antigen were injected intraperitone-
ally to wild-type C57BI/6 mice. Consistent with previous studies
using MC38 cells,* we found that MC38.CEA cells express low
basal levels of PD-L1, which is upregulated 10-fold by stimula-
tion with IFNy (Figure 5a). After implantation, the mice were
treated with the PEGylated aptamers MP7 (n = 5), cSeq (n
= 4), and as a positive control the RMPI-14 mAb (n = 5) or
an isotype matched irrelevant IgG (n = 5) (Figure 5b). The
monotherapy PD-1 blockade using either the mAb or aptamer
MP7 significantly suppressed tumor burden as measured by
the number of peritoneal nodules formed (Figure 5c,d) or
the total cumulative volume of all tumors within each animal
(Figure 5c,e). Impressively, animals treated with PEG-MP7
(on average 0.6 nodules/animal with 46 mm? cumulative vol-
ume/animal) displayed an equivalent or higher antitumor effi-
cacy as the mAb (3.2 nodules/animal, 210mm? cumulative
volume). As expected, the injection of an irrelevant PEGylated
oligonucleotide sequence (PEG-cSeq) did not alter tumor pro-
gression. Notably, we did not observe any overt toxicity upon
aptamer treatment such as splenomegaly or organ hyperpla-
sia in the liver or lymphoid organs. Furthermore, in a similar
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Figure 3 Anti-PD-1 DNA aptamer MP7 antagonizes PD-1/
PD-L1 mediated suppression of IL-2 secretion in vitro. (a) IL-2
ELISPOT assay to compare the effects of PD-L1.Fc or an isotype
matched control Fc on the IL-2 secretion by splenocytes stimulated
with anti-CD3 antibody. PD-L1.Fc (15 pg/ml) reduced IL-2 SFU
by 51% as compared to the Fc control. Each bar represents the
mean SFU/2 x 10° cells from at least three replicate wells + SEM.
**P < 0.05 relative to anti-CD3 + Fc-control group. (b) Phosphate-
buffered saline, cSeq, anti-PD-1 aptamers (250 nmol/l) or an
antagonistic anti-PD-1 antibody (RMPI-14 mAb, 125 nmol/l) were
added to splenocytes in wells coated with anti-CD3 + PD-L1.Fc
to monitor the blockage of PD-L1-mediated suppression of IL-2
secretion. Bars represent % Blockage of PD-L1 suppressed
IL-2 Secretion where the IL-2 spot forming units (SFU) in wells
without aptamer/antibody are set to 0% and IL-2 SFU in wells
supplemented with anti-PD-1 blocking antibody are set to 100%
as anti-PD-1 antibody restored IL-2 secretion to levels 20% above
that of anti-CDS3 stimulation alone. Each histogram bar represents
the mean value + SEM (n = 5). NS, not significant.

but more aggressive tumor model where animals were fed a
higher fat diet reaching an endpoint within 14 days, PEG-MP7
significantly suppressed tumor growth when compared to ani-
mals receiving buffer alone (phosphate-buffered saline (PBS))
or an anti-adhesive PEGylated DNA aptamer specific to car-
cinoembryonic antigen (CEA)*® (PEG-N54; a DNA aptamer
shown to block CEA-mediated, MC38.CEA implantation in the
peritoneal cavity) (Supplementary Figure S7).

PEGylated MP7 is not cytotoxic and does not trigger
TLR9-innate immune signaling

Experiments were carried out to confirm that the reduc-
tion in tumor growth in animals treated with PEG-MP7 is
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Figure 4 PEGylated MP7 directly blocks PD-1/PD-L1
binding. (a) Reaction scheme of aptamer conjugation to a
40kDa polyethylene glycol (PEG) at the 5’ termini. (b) The ability
of PEGylated anti-PD-1 aptamers (PEG-MP5, PEG-MP7),
PEG-cSeq, RPMI-14 mAb, or an isotype matched IgG control
to inhibit the binding of soluble mPD-1.FcHIS to plate bound
mPD-L1.Fc was determined using a competitive enzyme-linked
immunosorbent assay utilizing an anti-HIS-HRP conjugated
antibody. Each histogram bar represents the mean % of PD-1
blocked from binding PD-L1 + SD (n = 3).

due to its PD-1 antagonistic activity and not as a result of
off-target PD-1 independent effects. First, we confirmed
that aptamer MP7 was not cytotoxic toward MC38.CEA
cells grown in-vitro, excluding the possibility that reduc-
tion in tumor growth is a result of off-target aptamer-
induced cytotoxicity of tumor cells (Figure 6a). Second,
oligodeoxynucleotides (ODN) containing CpG motifs have
been shown to promote Th1 type immune responses by
triggering innate immune signaling through TLR9
expressed on human plasmacytoid DC and B cells.?':%
To test whether MP7, which contains several CG repeats,
can trigger TLR9 innate immune signaling, PEG-MP7 or
a known TLR-9 agonistic CpG ODN were injected in the
peritoneal cavity of naive mice at a dosage which mirrored
the amount used in our tumor model and the serum levels
TNFo and IL-6 were quantified by ELISA 3 hours later. The
CpG ODN significantly increased serum levels of TNFa and
IL-6, meanwhile PEG-MP?7 did not induce cytokine produc-
tion to levels that are detectable by these assays, exclud-
ing the possibility of this aptamer behaving as a strong
TLR9 agonist (Figure 6b,c). Furthermore, real-time poly-
merase chain reaction performed on cultured RAW264.7
mouse macrophages treated with PEG-MP7 or a CpG ODN
confirmed that PEG-MP7 does not induce IFNo or IL-12
transcription in vitro relative to a specific CpG ODN (Sup-
plementary Figure S7). Taken together, our data suggest
that that the anti-PD-1 DNA aptamer PEG-MP?7 functions in
vivo as a specific PD-1 antagonist to promote strong antitu-
mor immune responses.

www.moleculartherapy.org/mtna



@ Immunotherapeutic Potential of Anti-PD-1 Aptamers

Prodeus et al.
6
Nonstimulated IFNy Stimulated
a 10* 104 i 104
112,3 57,1 1187 80,8 T J0,23 4,12
104 1084 5 10°4
3 E £ 3
o
(« :
(0]
3 1024 1024 [ S 1024
g 3 g
= (6]
S0 6@ 10 < 10'-
g : : ((
6,07 24,6 0,16 0,31 16,6 79,1
10° S 10° et 10° e A
10° 107 102 10° 10* 10° 10’ 102 10° 10* 10° 10’ 102 10° 10*
FITC anti-human CEA >
b c
s . RMPI-14 mAb ‘
&Y ~=
Experimental groups :
1. Isotype control 2. RMPI-14 mAb
3. PEG-cSeq 4. PEG-MP7
MC38.CEA 1.3 nmol Tx (ip)
(p)
EREE R .
Day 0 1 3 5 7 21
d P<0.05 €
3,000 A
15 - P<0.05
P < 0.001 — v
E £
£ 2,000 A v
58 104 2 9
= 3
238 E
BE °° z M
= O = 4
52 5- S 1,000 o
== S 0,0
5 = o
= v
wy (o} Y v
0 00 w 0 1 000
X . ' e \} e 1
g PO 660‘ ¢! o® p o W
50\\! < Ko & \& A & o
\S N\?\,‘\ ?Q/G o o\ o< o<

X

Figure 5 PEGylated MP7 suppresses growth of disseminated PD-L1+ colon carcinoma MC38.CEA cells in vivo. (a) Flow cytometry
analysis of MC38.CEA cells costained with FITC-conjugated anti-CEA antibody and APC-conjugated anti-PD-L1 antibody confirming low
basal PD-L1 expression which is upregulated by IFNy stimulation (500 units/ml, 24 hours). (b) Experimental outline of in vivo tumor model.

MC38.CEA cells were injected i.p. into groups of C57BI/6 mice (n=5;

day 0) and animals were subsequently treated with either RMPI-14

mAb, an isotype matched IgG (Isotype), PEG-MP7 or PEG-cSeq on days 1,3,5, and 7. (c) Photographs highlighting tumor nodules found in
the intraperitoneal cavity of treated or control mice upon necropsy at day-21 post-tumor implantation. The total number of tumor nodules in

each animal (d) and their cumulative tumor volume (e) was quantified
blocking reagent.

Discussion

Immune responses are heavily regulated at the cellular
level by a number of ligand: receptor interactions which
transduce either proinflammatory costimulatory signals or
negative coinhibitory signals.? These orchestrated signals
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upon necropsy to evaluate the antitumor effect of each PD-1:PD-L1

finely balance the immune system by provoking appropriate
responses to danger signals, while the coinhibitory ligands,
otherwise known as immunological checkpoints, are key in
promoting self-tolerance and preventing autoimmunity®®.
However, malignant cancer cells often usurp these check-
point pathways to limit antitumor immune responses and
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Figure 6 Anti-PD-1 aptamer PEG-MP7 is not cytotoxic and
enhances tumor-specific T-cell responses in vivo without
induction of aTLR9-mediated innate immune response. (a) Cell
viability assay was quantified using (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS)
dye after a 24-hour incubation of MC38.CEA cells with 5 pmol/I of
PEG-MP7, PEG-cSeq, MP7, or 8M urea. Bars represent the mean
OD,q; ., + SD from replicate wells. ***P < 0.001. Aptamer-induced
TLR-S' S|gnallng was assayed by injection of PEG- cSeq, PEG-MP7,
PBS, or a control CpG ODN into naive C57BI/6 mice (n=3) and 3
hours later the sera levels of TNFa (b) and IL-6 (c¢) were quantified by
ELISA. Only injection of the CpG ODN yielded signal above the lower
limit of detection (dotted line). Each symbol represents the average
cytokine levels from each individual animal measured in duplicate.

evade immunological deletion.? Thus, checkpoint blockade
by monoclonal antibodies has become a viable therapeu-
tic intervention functioning to prevent evasion and provoke
strong and durable antitumor immune responses. The first
in-class therapeutic used in this manner was an anti-CTLA-4
monoclonal antibody which functions by antagonizing the
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T-cell inhibitory signals delivered through the CTLA-4:B7-1/
B7-2 pathway resulting in increased activation of CD4* and
CD8 effector cells.”™ More recently, antagonistic anti-PD-1
monoclonal antibodies have shown potent antitumor effect
with objective response rates of 38% in 135 patients tested
with advanced melanoma.' Supportingly, another trial using
a distinct anti-PD-1 antibody showed objective responses in
28% (26 of 94) of advanced melanoma patients.'® Collec-
tively, the preclinical and clinical data validate that therapeu-
tic intervention to block to PD-1 inhibitory signal delivered by
either PD-L1* tumor cells, antigen presenting cells, or cells
within the tumor microenvironment results in mobilization of
powerful antitumor immune responses capable of eradicat-
ing malignant disease.

To date, all biotherapeutics directed at blocking the PD-
1:PD-L1 pathway are protein-based agents including mono-
clonal antibodies as well as a PD-L2 Fc-fusion chimera.
These reagents are being clinically validated in over 50 trials,
across several cancers, as monotherapies or in combination
with other therapeutic reagents or interventions. However, as
these protein-based reagents become widely used, there are
key limitations which may impact their effectiveness and use.
First, the repeated use of monoclonal antibodies (including
humanized and fully human antibodies) can still engender
humoral immune responses which may become problematic
and limit therapeutic efficacy.!”'® Another important limitation
which will be realized as these reagents are broadly used—in
some cases as a front line therapy—is the cost associated
with manufacturing protein biologics for human use.'®!7°
Consequently, there remains a need for novel, preferably
synthetic agents which target immune inhibitory pathways
while being cost-effective and nonimmunogenic. In the pres-
ent study, we report for the first time the development of short
synthetic anti-PD-1 DNA aptamers. In contrast to antibod-
ies, aptamers have been shown to be nonimmunogenic, are
readily synthesized in a scalable low-cost process with mini-
mal batch to batch variation, and are reversibly denatured
with long shelf-life, all properties which inherently make DNA
aptamers attractive alternatives as biotherapeutics.™

As a proof-of principle, we have identified DNA aptam-
ers using traditional in vitro SELEX that are specific to the
murine extracellular domain of PD-1. By coupling our SELEX
searches with NGS technology, we have identified a number
of highly enriched sequence families (Table 1), which led to
the identification of high affinity PD-1 binding ligands after five
rounds of selection. The two most highly enriched aptamers,
termed MP5 and MP7, were synthesized and found to bind to
mPD-1.FcHIS with high affinity, and high specificity, with no
detectable binding observed to homologous proteins including
human PD-1 (Figures 1 and 2). In contrast to aptamer MP5
which did not block PD-L1 induced signal despite its ability to
bind PD-1, aptamer MP7 was found to inhibit PD-L1 medi-
ated immunosuppression (i.e., suppression of IL2 secretion in
response to polyclonal anti-CD3 stimulus) on primary T-cells
(Figure 3), and was also able to antagonize direct PD-1/
PD-L1 binding in a competitive ELISA (Figure 4 and Supple-
mentary Figure S5). A major disadvantage of aptamers as
therapeutic entities is their poor pharmacokinetic profiles, as
these short DNA strands are rapidly removed from circulation
due to renal filtration.'® However, the conjugation of aptamers
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to high molecular weight polymers such as polyethylene glycol
(PEG) has been reported to dramatically increase their half-
life up to 24-48 hours in some cases. Thus, a 40kDa PEG
moiety was attached to the 5 amino end of MP7, the most
effective PD-1 antagonistic aptamer in our in vitro studies,
with a view to evaluate its therapeutic potential in vivo (Figure
4 and Supplementary Figure S4). Finally, the ability of PEG-
MP?7 to restore antitumor immune responses in vivo and slow
growth of disseminated tumors was illustrated in a synge-
neic mouse model using immunocompetent animals (Figure
5). In this model, we monitored the growth of murine MC38
colon carcinoma cells in syngeneic mice, a model in which
tumor growth has been previously reported to be susceptible
to PD-1 blockade.?® However, to improve antigenic immune
responses provoked by PD-1 blockade as a monotherapy, we
used MC38 cells transfected to stably express human carci-
noembryonic antigen (MC38.CEA cells) as a heterologous
tumor antigen. Similar to MC38 cells, the MC38.CEA cells
retained low basal levels of PD-L1 expression which is upreg-
ulated by inflammatory stimuli (i.e., IFNy). Notably, treatment
of animals with PEG-MP7 reduced tumor burden to a similar
extent as a known antagonistic antibody (Figure 5d,e). Lastly,
aptamer MP7 did not reduce tumor burden due to a direct
cytotoxic effect toward tumor cells, nor through an off-target
TLR9 innate immune triggering (Figure 6).

In summary, we have shown that DNA aptamers directed
at PD-1 are capable of antagonizing PD-L1 signaling, and
similar to antibodies, can provoke strong antitumor immune
responses to eradicate aggressive disseminated tumors. In
addition to PD-1, we and others have developed functional
aptamers (acting as agonists or as antagonists) to other
immune regulatory molecules such as CTLA-4 (ref. 33),
4-1BB%*, CD28 (ref. 35), TNFo®, and CD200R1 (ref. 37).
Importantly, we have demonstrated for CD200R1 agonistic
aptamers that PEGylation can readily improve the therapeu-
tic potential by improving the pharmacokinetic properties of
aptamers, readily addressing a past limitation associated
with their in vivo use. Future studies are ongoing to identify
human-specific anti-PD-1 aptamers and to determine and
optimize the in vivo biodistribution and pharmacokinetic prop-
erties of these reagents.

Materials and Methods

Mice and tumor cell line. C57BL/6 mice (6—12 weeks old)
were kept under pathogen-free conditions at the Sunnybrook
Health Sciences Center Comparative Research Animal facil-
ity. All experiments were performed under the approval of
the local animal welfare committee in accordance with the
rules and regulations of the Canadian Council for Animal
Care. The murine colon carcinoma cell line MC38 express-
ing the human carcinoembryonic antigen (MC38.CEA) was
a kind gift from Dr. Jeffrey Schlom (National Cancer Institute,
Bethesda, MD).

Fusion proteins and monoclonal antibodies. A chimeric pro-
tein consisting of the murine PD-1 extracellular domain fused
to a human IgG constant region with a C-terminal histidine
tag (mPD-1.FcHIS) was purchased from Sino Biological
(Beijing, China) and used for aptamer selection and in vitro
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experiments. Recombinant purified hPD-1.Fc and mPD-L1.
Fc were purchased from R&D Systems (Minneapolis, MN).
A blocking anti-mPD-1 antibody (clone RMPI-14) and isotype
control 2A3 were purchased from BioXcell (West Lebanon,
NH). Flow cytometry was performed with APC labeled anti-
mPD-L1 antibody (clone 10F.9G2, BioLegend, San Diego,
CA), FITC-labeled anti-CEACAMS5 antibody (clone C365D3
(NCRC23), Cedarlane, Canada), Fluorescein isothiocyanate
(FITC) -labeled anti-PD-1 antibody (clone 29F.1A12, BiolLe-
gend), or the RMPI-14 anti-PD-1 monoclonal antibody con-
jugated to FITC (4 °C overnight in 100 mmol/l NaCO,, pH
8.3) yielding 10 fluorophores per antibody. Histidine-tagged
CEA-N domain (CEA-N.HIS) was expressed and purified as
previously described.®®

DNA aptamer selection. Single-stranded DNA aptam-
ers recognizing murine PD-1 were identified using the
in vitro SELEX method.?2°?" A randomized ssDNA library
constructed to have a 25 nucleotide (nt) internal vari-
able sequence flanked by 25nt 5" and 3’ constant primer
regions regions (5-GACGATAGCGGTGACGGCACAGAC-
GNNNNNNNNNNNNNNNNNNNNNNNNCGTATGCC-
GCTTCCGTCCGTCGCTC-3) was synthesized by Integrated
DNA Technologies. A 4nmol aliquot of this library, represent-
ing ~2.5x10'® sequences, was counter-selected three times
against MagneHis Ni-Particles (Promega, Madison, WI) at 37
°C for 1 hour in selection buffer (10 mmol/l (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid) (HEPES), 150 mmol/I NaCl,
0.05% Tween-20, 1 mmol/l MgCl,, 1 mmol/I CaCl,) followed
by counter selection to an irrelevant human IgG immobi-
lized onto Protein A beads (Life Technologies, Burlington,
ON). Subsequently, the counter-selected library was incu-
bated with recombinant mPD-1.FcHIS immobilized on the
Ni-Particles for 1 hour at 37 °C in binding buffer. After three
washes, bound aptamers were eluted by denaturation at 95
°C for 5 minutes. The enriched library was amplified for the
next round of SELEX by asymmetric PCR using a 20:1 for-
ward: reverse primer ratio. Five rounds of SELEX were car-
ried forward as described above, each round consisting of
counter selection to both the MagneHIS particles and human
IgG followed by selection to mPD-1.FcHIS. Selection strin-
gency was increased by halving the concentration of mPD-1.
FcHIS from 10 pg/cycle during rounds 1-3 to 5 pg/cycle in
the remaining rounds, and by increasing wash time from 10
to 15 minutes after cycle 2.

NGS. To identify sequences after five rounds of selection,
adaptor sequences were ligated to the enriched library using
the lon Plus Fragment Library Kit (Life Technologies) and
NGS performed using lon Torrent PGM (SRI Genomics Core
Facility) with the lon 314 chip (Life Technologies) and data
processed using Galaxy and FASTAaptamer software.®

Nitrocellulose filter binding assay. The binding affinity of
selected aptamers toward mPD-1.FcHIS was determined
using a double membrane filter binding assay as previously
described.® Briefly, 32P-labeled aptamers were incubated with
a serial dilutions of mPD-1.FcHIS prepared in selection buf-
fer supplemented with 0.1% bovine serum albumin at 37 °C
for 1 hour before being filtered through a double membrane



system. Protein-bound aptamers adsorbed to the nitrocellu-
lose membrane and unbound aptamers captured on the lower
nylon membrane were detected by exposure to x-ray film.

Aptamer flow cytometry. Fluorescently labeled aptamers
MP7, MP5, and cSeq were synthesized with a 3’ terminal
FAM (IDT). 1x10® P815 mastocytoma cells were prein-
cubated in 100 pl PBS supplemented with 1% fetal bovine
serum, 0.09% NaN,, 1 mmol/l MgCl,, 1 mmol/I CaCl,, 100
pg/ml salmon sperm DNA, 100 pg/ml yeast tRNA, and 1 pg
Fc blocker (BioLegend) for 15 minutes before addition of 2.5
pmol/l aptamer or FITC-labeled antibody. After a 30-minute
incubation at 37 °C each sample was washed with PBS and
flow cytometry performed using a FACScalibur Cell Analyser
(BD Biosciences, San Jose, CA.)

SPR. Aptamer specificity to the extracellular domain of mPD-1
was evaluated by SPR binding experiments using the Biacore
T200 (GE Healthcare Mississauga, ON, Canada). Aptamers
were synthesized with a 5’ biotin and immobilized onto sepa-
rate flow cells of a streptavidin-coated sensor chip reaching
50-100RU. Binding analyses were performed by exposing
each immobilized aptamer as well as a blank reference flow
cell to injections (120 seconds, 30 pl/minute) of mPD-1.FcHIS
(50 nmol/l), hPD-1.Fc (50 nmol/l), mPD-L1.Fc (50 nmol/l),
higG (500 nmol/l), or CEA-N.HIS (500 nmol/l) dissolved
in HBS-P running buffer (10 mmol/l HEPES pH 7.4, 150
mmol/l NaCl, 0.05% v/v Tween 20). Flow cells were regener-
ated before each cycle by a 60-second pulse with 10 mmol/l
NaOH/1M NaCl followed by a 5-minute stabilization period.

IL-2 ELISPOT assay. The antagonistic activity of mPD-1
aptamers was assessed by their ability to restore IL-2 secre-
tion by splenocytes which was suppressed by PD-L1 signal-
ing. C57BL/6 splenocytes (2x10° cells/well) were cultured
in microtiter wells precoated with anti-IL2 capture antibody,
anti-CD3 antibody (1 pg/ml) and either mPD-L1.Fc (15 pg/ml)
or an irrelevant higG-Fc isotype control (15 pg/ml). To moni-
tor the effect of PD-1 blockage by anti-PD-1 aptamers (250
nmol/l, 1.15 pg, 200 pl) or antibody (125 nmol/l, 3.75 pg, 200
ul) were added to the appropriate wells. Levels of secreted
IL-2 were detected after 48 hours of culture using a biotinyl-
ated anti-IL-2 detection antibody and the ELISPOT Blue Color
Module (R&D Systems, Minneapolis, MN). After color devel-
opment, spots were enumerated using an automated CTL
Immunospot Analyser (Cellular Technology, Shaker Heights,
OH). Proliferation experiments were performed by stimulat-
ing CFSE-labeled splenocytes in microtiter plates coated
as described above. Splenocytes were labeled with 5 pmol/l
CFSE as recommended by the manufacturer (Life Technolo-
gies) and dilution profiles analyzed 3 days after culture using
a FACScalibur Cell Analyser. When used, aptamers were
present in culture at a final concentration of 1.25 pymol/l.

Competitive ELISA The ability of anti-PD-1 aptamers or anti-
body to block the PD-1/PD-L1 interaction was evaluated using
a competitive ELISA. Recombinant mPD-L1.Fc (3 pg/ml) pre-
coated onto wells of a 96-well microtiter plate was incubated
with recombinant mPD-1.FcHIS (3 pg/ml, 130 nmol/l) in com-
petition with aptamer (2.5 pmol/l) or antibody (1 pmol/l) and
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bound mPD-1.FcHis detected using an anti-HIS HRP anti-
body followed by color development with TMB as substrate.
The amount of mPD-1.FcHIS bound in each well was quanti-
fied using a standard curve generated using a dilution series
of mPD-1.FcHIS and used to determine the percent of PD-1
blocked by each aptamer or antibody.

PEGylation of DNA aptamers. DNA aptamers with a 5’ hex-
ylamine modifier (IDT) were incubated with a 10-fold excess
of a 40kDa mPEG-succinimidyl glutarate ester (NOF Amer-
ica, White Plains, NY) added drop wise over 3 hours to a 0.5
mmol/l solution of aptamer dissolved in 0.1M NaHCO,/CH,CN
(1:1, pH 9.0). PEGylated aptamers were prepared in 0.1M
triethylammonium acetate (TEAA, pH 7.0) and purified by
reverse phase high-performance liquid chromatography using
a C,, OST semipreparative column (Waters, Milford, MA). The
bound PEGylated aptamers were eluted using a linear gradi-
ent going from 5-90% CH,CN over a 60-minute period.

MC38.CEA tumor challenge MC38.CEA colon carcinoma
cells (5x10° cells) were implanted intraperitoneally (i.p.) into
C57BI/6 mice. Mice were subsequently treated i.p. with either
PEGylated aptamers (40 pg oligonucleotide weight, 1.3 nmol)
or antibody (200 pg, 1.3 nmol) on days 1, 3, 5, and 7 following
tumor implantation. After 21 days, animals were sacrificed for
necropsy and their tumor burden examined by blinded inves-
tigators. Longitudinal diameters of tumor masses were mea-
sured using callipers and a modified ellipsoid formula was
used to determine tumor volume where

Tumor volume = %2 ((greatest longitudinal diameter) x
(smaller longitudinal diameter)?)

Aptamer-induced TLR9immune responses. PEGylated aptam-
ers (40 pg, 1.3 nmol) or a TLR9 ligand CpG ODN (ODN 1826,
Invivogen, CA) were administered i.p. into naive C57BL/6 mice
(n = 3). Mice were sacrificed 3 hours later and serum levels of
TNFo and IL-6 were quantified using commercial ELISA duo-
sets (R&D Systems). For in vitro studies, RAW 264.7 mouse
macrophages (American Type Culture Collection, Manassas,
VA) were treated with 3 umol/l CpG ODN 1585 or PEG-MP7
for 3 hours. RNA was harvested using an RNeasy Mini Kit
(Qiagen, Valencia, CA) and one-step real-time polymerase
chain reaction performed following manufacturers recommen-
dations with optimized primers and conditions.

Statistics. P values for ELISPOT and ELISA assays were cal-
culated using Student’s t-test or analysis of variance where
appropriate. GraphPad PRISM 6 software was used to plot all
data, perform statistical analysis, and fit binding curves using
a one site binding model.

Supplementary Material

Figure S1. Enriched aptamers pull down mPD-1.FcHIS.
Figure S2. Aptamers MP5 and MP7 bind PD-1 expressing
cells.

Figure S3. Anti-PD-1 DNA Aptamers do not stimulate IL-2
secretion in the absence of PD-L1 signalling.

Figure S4. MP7 restores anti-CD3 induced PD-L1 sup-
pressed lymphocyte proliferation.
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Figure S5. Purification of PEGylated aptamers.

Figure S6. PEGylation does not disrupt the ability of MP7 to
block the PD-1:PD-L1 interaction.

Figure S7. PEGylated MP7 does not induce transcription of
genes associated with TLR-9 triggering.
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