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Cytotoxic T lymphocyte-associated protein 4 (CTLA-4)
blockade therapy is able to induce long-lasting antitumor re-
sponses in a fraction of cancer patients. Nonetheless, there is
still room for improvement in the quest for new therapeutic
combinations. ICOS costimulation has been underscored as a
possible target to include with CTLA-4 blocking treatment.
Herein, we describe an ICOS agonistic aptamer that potentiates
T cell activation and induces stronger antitumor responses
when locally injected at the tumor site in combination with
anti-CTLA-4 antibody in different tumor models. Further-
more, ICOS agonistic aptamer was engineered as a bi-specific
tumor-targeting aptamer to reach any disseminated tumor le-
sions after systemic injection. Treatment with the bi-specific
aptamer in combination with CTLA-4 blockade showed strong
antitumor immunity, even in a melanoma tumor model where
CTLA-4 treatment alone did not display any significant thera-
peutic benefit. Thus, this work provides strong support for the
development of combinatorial therapies involving anti-CTLA-
4 blockade and ICOS agonist tumor-targeting agents.

INTRODUCTION
Immune-checkpoint blockade (mainly anti-cytotoxic T lymphocyte-
associated protein 4 [CTLA-4] and anti-programmed cell death pro-
tein 1 [PD-1]/programmed death-ligand 1 [PD-L1]) is being intro-
duced as a standard treatment in advanced melanoma, inducing
long-term survival in a small set of cancer patients. Anti CTLA-4 anti-
body (ipilimumab) was approved for clinical use in 2011 for the treat-
ment of unresectable or metastatic melanoma. Themechanisms of ac-
tion of CTLA-4 and PD-1 blockade are different, which has led to the
endorsement of a clinical trial combining the blockade of both im-
mune checkpoints.1–3 The clinical trial outcomes showed therapeutic
improvement, and the use of both antibodies in combination was
FDA approved; the toxicities observed in combination of anti-PD-1
and anti-CTLA-4 were exacerbated (even with reduced doses of
ipilimumab). The identification of other immunotherapeutic combi-
nations with higher therapeutic efficacy and safer profile are still
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actively sought after. Ipilimumab monotherapy is still indicated for
adults and adolescents with melanoma, and combination with anti-
PD-1 is approved for adults but not for adolescent patients. Inducible
T cell costimulator (ICOS) is a CD28-superfamily receptor induced in
activated T lymphocytes. Providing artificial ICOS costimulation
together with CTLA-4 blockade glimmers as a reasonable combina-
tion based on the observation that, first, patients treated with anti-
CTLA-4 antibody induce higher expression of ICOS on tumor-infil-
trating T lymphocytes and, second, that ICOS�/� or ICOS ligand
(ICOSL)�/� mice have a diminished response to CTLA-4 therapy.4

Successful preclinical experiments using artificial expression of
ICOS ligand in the tumor (throughout genetically engineered onco-
lytic virus) or irradiated tumor cells (such as IVAX vaccine) further
support the pursuit of this therapeutic combination.5,6 Conversely,
there is another school of thought predicting that ICOS may be detri-
mental in cancer immunotherapy, as it has been associated with the
expansion of immunosuppressive pathways mediated by T regulatory
cells (Tregs).7 As a matter of fact, ICOS agonist and antagonist anti-
bodies for cancer immunotherapy are currently under research in the
clinical pipeline.7 To the best of our knowledge, so far there are no
published data reporting the efficacy of combining agonist ICOS
antibodies and CTLA-4 blockade, and no trials are foreseen as
tumor-targeted delivery therapy.

Lack of accessibility to monoclonal antibodies agonistic to ICOS led
us to develop an alternative agonist. In the last few years, aptamers,
which are single-stranded 3D globular structured oligonucleotides,
have been used as artificial agonist ligands to different costimulatory
receptors with reported aptamers against 4-1BB, OX40, and CD28.8,9

Aptamers, though still very expensive to produce at low scale for
thor(s).
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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preclinical in vivo application, show some features that can make
them amenable to cancer immunotherapy: They are chemically syn-
thesized molecules and not cell-derivative products, which will likely
simplify regulatory processes facing future clinical trials; they can be
easily engineered to adequate their activity, for instance to generate
multimers or bi-specific constructs with dual activity.10,11 Addition-
ally, they are poorly antigenic with reduced chances of triggering
T-cell-dependent neutralizing antibodies that can hamper their usage
after repetitive administrations, something that occurs frequently in
chimeric recombinant protein therapeutics.8,9 Furthermore, it is ex-
pected that as the technology is improved and expanded, prices for
aptamer synthesis will decrease, making them more accessible and
competitive as therapeutic tools in preclinical and clinical settings.

Herein, we describe the first agonistic aptamer against the murine
ICOS receptor. ICOS agonistic aptamer was proven to elicit a higher
activation of T lymphocytes in vitro. In vivo, the tumor delivery of
ICOS agonistic aptamer in combination with CTLA-4 blockade anti-
body therapy induces stronger antitumor responses in different
tumor models. Furthermore, using the oligonucleotide aptamer ther-
apeutic platform allows us to engineer bi-specific aptamer constructs
to drive ICOS costimulus at the tumor site after systemic injection. In
a highly aggressive melanoma model, tumor-ICOS bi-specific ap-
tamer in combination with CTLA-4 blockade therapy showed
reduced tumor growth with higher lymphocyte infiltration.

RESULTS
ICOS Agonist (Apt8a) Triggers T Cell Costimulation In Vitro

Anti-ICOS aptamers were selected by HT-SELEX (Supplemental In-
formation). It has been previously shown that certain aptamers can
act as agonists by multimerization.12 This happens with ligands
that trigger their signaling via receptor clusterization, as in the case
of costimulatory receptors that usually form part of the T cell receptor
signalosome. Among these receptors are 4-1BB, OX40, and CD40,
which belong to the tumor necrosis factor receptor (TNFR) family,
but also some other costimulatory receptors such as CD28.9 ICOS
shows high homology to CD28, making it likely that its costimulatory
signal could be triggered by crosslinking of the receptor as well.13 To
address this possibility, we dimerized the ICOS-binding aptamer
(Apt8) (Figure S1) to convert it into an ICOS agonist (Apt8a) (Fig-
ure S2A). Apt8a were separated and purified by PAGE; the size of
dimer from monomers can be easily distinguished by electrophoresis
(Figure S2B).

ICOS, just like some other costimulatory receptors, is exclusively
induced on effector-activated lymphocytes and not expressed on
naive lymphocytes (Figures S3 and S4). We confirmed ICOS agonist
aptamer (Apt8a) binding to ICOS-expressing lymphocytes by using
32P-labeled aptamers; a randomized aptamer of the same size as
Apt8a was used as the control aptamer (Apt-ctrl) (Figure 1A).

Importantly, costimulatory receptors such as ICOS are aimed at
inducing a higher T cell activation after TCR stimulus (Figure S4),
precluding a defective signal that could lead to T cell anergy. There-
fore, to validate that the Apt8a was able to induce costimulation, we
used two independent functional T cell assays, based on proliferation
and interferon (IFN)-g secretion. Isolated CD8 and CD4 lympho-
cytes were suboptimally activated with an anti-CD3 agonistic anti-
body. T lymphocytes incubated with 0.5 mM of ICOS Apt8a depicted
a higher proliferation rate as compared to the controls, as measured
by carboxyfluorescein succinimidyl ester (CFSE) dilution (Figures
1C and 1D). Another indicator of T cell activation is the secretion
of IFN-g. To that end, we stimulated CD8-purified lymphocytes
with a suboptimal amount of CD3 antibody, and we provided
Apt8a as costimulus. We observed that the amount of IFN-g pro-
duced by activated T lymphocytes with ICOS aptamer was higher
than that of the control groups (Figure 1B).

Intratumoral Administration of ICOS Agonist (Apt8a) Inhibits

Tumor Growth in Combination with CTLA-4 Blockade

Previous work from leading groups in the field has shown that the
antitumor effect of CTLA-4-blocking antibody could be enhanced
by ICOSL expression.6 In preliminary experiments with B16/F10mel-
anoma tumor-bearing mice, intratumoral Apt8a as monotherapy did
not display any antitumor effect (Figure S5) at the experimental estab-
lished dose; combination with anti-CTLA-4 antibody (9H10) was
required (Figure 2) to induce tumor regression. Mice subcutaneously
implanted with B16/F10 cells were treated systemically with anti-
CTLA-4 antibody and intratumorally with Apt8a following the
schedule depicted in Figure 2A. Systemic intravenous injection of
Apt8a in preliminary experiments did not show a significant thera-
peutic benefit under this treatment schedule (Figure S6); intratumoral
injection of Apt8a was necessary for tumor regression. The group of
mice that were treated with the combination (anti-CTLA-4 antibody
and Apt8a intratumorally) showed slower tumor growth as compared
to the controls (Figure 2B). The mice treated with the combination
showed a reduced tumor volume change with tumor rejection in
two mice out of 10 (Figure 2C). The overall survival of the mice
treated with the combination was also enhanced (Figure 2D). To
confirm these results in another tumor model and in a different
mouse strain, we used a less aggressive hepatocarcinoma model
(HEPA-129) in C3H mice. Hepatocarcinoma-implanted mice were
treated following the schedule shown in Figure S7A but with anti-
CTLA-4 monoclonal antibody 9D9 and intratumoral injection of
Apt8a. We chose to use 9D9 clone in this instance as it was already
calibrated and tested in this tumor model with partial antitumor ef-
fect; it is noteworthy that 9D9 has been reported to show less depleted
Treg activity than 9H10.14 In this hepatocarcinoma model, the group
of mice treated with the combination therapy rejected established tu-
mors in 90% percent very quickly, while the mice treated with the
Apt-ctrl with anti-CTLA-4 antibody rejected the tumor only in
40% of the cases (Figure S7B).

We next assessed whether the antitumor effect elicited by Apt8a was
associated with the potentiation of an adaptive antitumor immune
response. B16/F10 melanoma-bearing mice were treated with
CTLA-4 blocking antibody systemically intraperitoneally and Apt8a
or Apt-ctrl intratumorally as described in Figure 3A. On day 14 after
Molecular Therapy Vol. 27 No 11 November 2019 1879
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Figure 1. ICOS Agonist (Apt8a) Enhances T Lymphocyte Activation In Vitro

(A) Aptamer binding to cell detected by 32P-labeled aptamer incubated with different amounts of ICOS expressing lymphocytes or naive ICOS-null lymphocytes. (B) IFN-g

detected by ELISA in the supernatant of CD8 lymphocytes suboptimally activated with CD3 agonist antibody coated in 96-well plates and incubated with Apt8a aptamer or

Apt ctrl. (Data are expressed as the mean ± SEM of triplicate cultures. The data are from one representative experiment out of two, with similar results.) (C and D) Proliferation

measured by CFSE dilution of CD8 (C) and CD4 (D) isolated lymphocytes stimulated with CD3 agonist antibody and Atp8a or Apt ctrl. CFSE intensity was measured by flow

cytometry on the CD8 or CD4 gated population (The data are from one representative experiment out of two with similar results.)
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Figure 2. Intratumoral ICOS Agonist (Apt8a)

Potentiates CTLA-4 Blockade Therapy in a

Melanoma Mouse Model

(A) B16/F10 melanoma tumors were implanted subcuta-

neously in C57/BL6 mice. On days 4, 7, and 10 after tumor

implantation, mice were injected intraperitoneally (i.p.) with

CTLA-4 blocking antibody (9H10) and intratumorally (i.t.)

with Apt8a or Apt ctrl to evaluate tumor growth and sur-

vival. (B) Tumor growth kinetics was measured by calipers,

and tumor volume was determined using the formula W2�
L/2; W is tumor width, and L is tumor length. The average

tumor size of each group of mice treated is shown. Data are

expressed as themean ±SEM. **p < 0.01, ***p < 0.005. (C)

Percentage of tumor volume change of each mouse once

the treatment is initiated (isotype control in black, Apt ctrl

with CTLA-4 antibody in gray, and Apt8a with CTLA-4

antibody in red). (D) Overall survival of mice treated with

anti-anti-CTLA-4 antibody and Apt8a or Apt ctrl as

described in the calendar. (Experiments were repeated

twice with similar results.) *p < 0.05, **p < 0.01.
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treatment, mice were sacrificed, and splenocytes were cultured
in vitro with B16/F10 irradiated melanoma cells. Activation of T lym-
phocytes was evaluated by three different independent assays: T cell
proliferation by 3H thymidine incorporation, IFN-g ELISPOT, and
IFN-g ELISA (Figure 3A). Mice that received ICOS agonist aptamer
treatment, in all cases, displayed higher T cell activation, especially
highlighted by a more than 2-fold increase in IFN-g secretion
compared to control groups (Figures 3B–3D). It is worth noting
that CTLA-4 blocking antibody under this particular treatment
regimen and in this tumor model does not reach an increased im-
mune response that can be detected under these methods.

We observed a higher infiltration of CD45 leucocytes and CD8 lym-
phocytes in B16/F10 tumor-bearing mice treated with CTLA-4 anti-
body and intratumorally Apt8a as compared to untreated mice,
measured by flow cytometry (Figure S8). CTLA-4 antibody treatment
alone induces a slight increase in lymphocyte infiltration, but it does
not reach statistical significance, only when combined with Apt8a.

Systemic Treatment with Tumor-Targeted Bi-specific ICOS

Agonistic Construct Enhances the Efficacy of CTLA-4 Blocking

Therapy

In cancer patients, tumor lesions might not be accessible, precluding
direct intratumoral therapeutics. With this in mind, we designed a
bi-specific aptamer to target ICOS costimulation at the tumor site,
as we have previously done with other costimulatory agonistic ap-
tamers.12,15 To that end, we used a previously described multidrug
resistance protein 1 (MRP1)-targeting aptamer16 to conjugate with
ICOS aptamer in order to generate aMRP1-ICOS bi-specific aptamer.
MRP1 is commonly expressed in cancer stem cells and is associated
with chemotherapy resistance.17 The MRP1-ICOS bi-specific ap-
tamer was designed based on its predictive structure resolved using
RNAstructure and Rosetta FARFAR software. The most thermody-
namic stable MRP1-ICOS bi-specific aptamer was produced in vitro
as a single molecule (Figure S10). To confirm that MRP1-ICOS bi-
specific aptamer was able to recognize ICOS protein, we performed
a binding blotting assay to ICOS recombinant protein (Figure 4A).
MRP1-ICOS bi-specific aptamer was radiolabeled with 32P to assess
binding to B16 cells overexpressing MRP1 (B16-MRP1), the aptamer
bound to cells that express MRP1 but not to the parental B16/F10 cell
line (Figure 4B). To ensure that the MRP1-ICOS bi-specific aptamer
was able to induce costimulation on T lymphocytes, we performed
T cell activation assays measuring proliferation as CFSE dilution
and secretion of IFN-g by ELISA (Figures 4C and 4D). MRP1-
ICOS bi-specific aptamer was able to promote higher T cell activation
by both assays as compared to the control groups. Of note is the fact
that Apt8a and MRP1-ICOS bi-specific aptamer displayed similar
costimulatory activity on primary lymphocytes activated with subop-
timal doses of CD3 agonistic antibody (Figure S11).

As a final test to validate whether MRP1-ICOS bi-specific aptamer
was able to bind concurrently to MRP1-expressing cells and trigger
ICOS costimulation on T lymphocytes, we performed a functional
in vitro assay. Irradiated tumor B16-MRP1 cells were incubated
with the MRP1-ICOS bi-specific aptamer and washed to remove
any unbound aptamers. Afterward, the B16-MRP1 cells decorated
with MRP1-ICOS bi-specific aptamer were cultured with suboptimal
CD3-stimulated CD8 lymphocytes. As an endpoint to measure ICOS
costimulation, IFN-g secretion was determined by ELISA (Figure 4E).
MRP1-ICOS bi-specific aptamer was able to significantly increase the
production of IFN-g, while MRP1/ICOS unconjugated aptamers did
not (unbound aptamers were removed after tumor cell washes before
being added to the T lymphocytes) (Figure 4F).

MRP1-ICOS bi-specific aptamer injected systemically intravenously
preferably accumulates in B16-MRP1 as compared to B16/10 parental
tumors implanted in the same mice in opposite flanks (Figures 5A
and 5B, left panel). Furthermore, tumor-bearing mice (B16-MRP1
and B16/F10) injected intravenously with Apt8a displayed equal
distribution in both tumors (Figure 5B, right panel). In the same
Molecular Therapy Vol. 27 No 11 November 2019 1881
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Figure 3. Intratumoral ICOS Agonistic (Apt8a) Treatment in Combination with CTLA-4 Blockade Promotes Antitumor Immune Response

(A) B16/F10 melanoma tumor-bearing mice were treated with ICOS Apt8a intratumorally as well as anti-CTLA-4 antibody intraperitoneally on days 4, 7, and 10, and

splenocytes were extracted at day 14 and then cocultured with B16/F10 irradiated cells. As measurement of T cell activation, proliferation was assessed by 3H incorporation

(B) and IFN-g production by ELISPOT (C) and ELISA (D). (Data are expressed as the mean ± SEM of three mice per group. Experiments were repeated twice with similar

results.) *p < 0.05, ***p < 0.005.
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tumor-bearing mice, we also studied tissue biodistribution of MRP1-
ICOS bi-specific aptamer and Apt8a (Figure S12). As the bi-specific
aptamer preferentially enriches in MRP1 tumors, it shows reduced
accumulation in peripheral tissues; on the other hand, Apt8a was
more abundant in non-tumor tissues (Figures 5B and S12).

Next, we characterized the potential therapeutic effect of the MRP1-
ICOS bi-specific aptamer in a melanoma model (B16-MRP1) that is
actually more aggressive than B16/F10.16 As B16-MRP1 is an aggres-
sive tumor model and the amount of MRP1-ICOS bi-specific aptamer
that reaches the tumor will not be comparable with direct intratu-
moral injection of Apt8a, we decided to include a vaccine with irradi-
ated cells (VAX) to improve the efficacy of the treatment. Further-
more, VAX would mimic to a certain extent the release of tumor
neoantigens that can be induced in melanoma cancer patients under-
going local radiotherapy in a prominent tumor lesion. It is worthy of
note that intravenous injection of Apt8a with VAX at the experi-
1882 Molecular Therapy Vol. 27 No 11 November 2019
mental schedule and established dose (Figure 5C) did not improve
the therapeutic outcome of anti-CTLA-4 antibody therapy (Fig-
ure S9). B16-MRP1 tumor-bearing mice treated with MRP1-ICOS
bi-specific aptamer combined with CTLA-4 blocking antibody and
tumor-irradiated cells (VAX) (Figure 5C) reduced tumor growth
significantly as compared to the control groups (Figures 5D and
5E). Anti-CTLA-4 antibody with VAX and Apt-ctrl did not show a
significant drop in tumor growth, highlighting the aggressiveness of
this tumor model (Figures 5D and 5E). Notwithstanding, anti-
CTLA-4 antibody with VAX slightly increases mouse survival as
compared to untreated mice; however, it was still required the inclu-
sion of MRP1-ICOS aptamer to reach statistical significance (Fig-
ure 5F). These results in the survival studies indicate that the anti-
tumor effect of CTLA-4 blockade antibody and MRP1-ICOS
aptamer are additive, as the p value between these two groups is
0.052 and only when both treatments are combined does the p value
drop to 0.009.
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As evidence of immune-mediated tumor response associated with the
treatment, we measured the infiltration of lymphocytes in the tumor.
We analyzed B16-MRP1 tumors from mice treated with CTLA-4
blocking antibody, VAX, and MRP1-ICOS bi-specific aptamer in-
jected intravenously (Figure 6A). Tumors treated with the combina-
tion showed a significant increase in the percentage of CD3+ tumor-
infiltrating T lymphocytes as compared to CTLA-4 blockade and
VAX-treated groups, measured by immunofluorescence (Figures 6B
and 6C). Importantly, we detected a significant enrichment of
CD8+ and CD4+ infiltrating cells (Figures 6B and 6C); CD8+ lympho-
cyte infiltration was also corroborated by flow cytometry (Figure 6D).
No significant changes in the FOXP3+ infiltrating cells were observed
(Figures S13 and S14F). ICOS has been considered important in the
activation of CD4 follicular lymphocytes that are involved in the acti-
vation and expansion of B lymphocytes. Furthermore, tumors with
higher infiltration of B lymphocyte areas are associated with better
prognosis in many tumor types.18,19 Based on these observations,
we decided to evaluate whether the treatment could also promote
higher infiltration of B lymphocytes in the tumor. Combination ther-
apy in mice displayed higher infiltration of B220+ cells in the tumor
than the control group, as measured by immunofluorescence (Figures
6B and 6C). It is to be noted that CTLA-4 blockade in combination
with VAX on its own does not induce a significant increase in T or
B lymphocyte infiltration under this treatment schedule in B16-
MRP1 tumors.

To better evaluate the stage of immunosuppression that is taking
place in the tumor milieu after each treatment, we performed gene
expression analysis of the most relevant immune genes by qRT-
PCR (Figure S14). As expected, CD8 gene was highly expressed in
the group of mice treated with MRP1-ICOS bi-specific aptamer (Fig-
ure S14A). Interestingly, in tumors of mice treated with MRP1-ICOS
bi-specific aptamer, the T cell exhaustion markers PD-1 and LAG-3
were upregulated, but not TIM-3 (Figures S14B–S14D). No changes
were observed in the immunosuppressive markers expressed on Tregs
(Foxp3, CTLA-4, transforming growth factor b [TGF-b], CD73,
interleukin-10 [IL-10], and IL-6), indicating that Treg activity is not
enhanced by MRP1-ICOS bi-specific aptamer (Figure S14).

DISCUSSION
CTLA-4 blocking antibody therapy has shown striking long-term re-
sponses inmelanoma patients, yet the clinical benefit of this therapy is
limited to a small fraction of patients.20 Thus, the quest to improve
response rates by combining other immunomodulatory compounds
with CTLA-4 blockade therapy is highly pursued in cancer immuno-
therapy.21,22 A compelling set of publications have highlighted that
Figure 4. In Vitro Characterization of Tumor-Targeted MRP1-ICOS Bi-specific

(A) Binding of the bi-specific aptamer to ICOS recombinant protein by 32P blotting. (B) Bi

activation was determined as proliferation using CFSE dilution (C) or IFN-g secretion me

are functional concurrently. B16-MRP1 cells were incubated with the MRP1-ICOS bi-spe

coated tumor cells were incubated with anti-CD3-stimulated T lymphocytes. (F) Activat

ELISA of IFN-g production in the cell supernatant. (All data are expressed as the mean ±

results.) **p < 0.01, ***p < 0.005.
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anti-CTLA-4 antibody activity might depend on the induction of a
T cell population that expresses ICOS.4–6 ICOS is expressed by T lym-
phocytes, and upon engagement with its ligand (CD275) on antigen-
presenting cells (APC), T lymphocytes are further reinvigorated.
However, its role in tumor immunology has been under debate, as
ICOS is also expressed on Treg lymphocytes, leading to the possibility
that artificial ICOS costimulus may promote Treg expansion.7,23,24

The primary mechanism by which CTLA-4 blocking antibody may
function is by competing with CD28 for binding to CD80 and
CD86. Other findings indicate that anti-CTLA-4 antibodies with
immunoglobulin G2a (IgG2a) murine isotope or IgG1 human isotope
could trigger depletion of tumor-infiltrating Tregs in some in-
stances.6,14,25 A recent publication claims that ipilimumab actually
does not deplete tumor Tregs in spite of being humanized with
IgG1 isotype.26 Under our experimental conditions, we have not
observed a significant reduction of Foxp3 expression in the treated tu-
mors (Figures S13 and S14F). This is probably due to the lower dose of
anti-CTLA-4 antibody used as compared to previous reports.14

Despite the presence of Treg lymphocytes in the tumor, ICOS
agonistic aptamer improves anti-CTLA-4 antibody therapy. It is
also possible that ICOS costimulation at the tumor site in combina-
tion with anti-CTLA-4 and Treg depletion might exhibit an even
higher antitumor effect. Experiments using other modalities of Treg
depletion (independent of anti-CTLA-4 antibody) together with
ICOS costimulus will likely address this possibility in further
studies.27–29

Using the B16-MRP1 tumor model16 and calibrated doses of anti-
CTLA-4 antibody, we successfully generated a setting in which
CTLA-4 blockade therapy did not display a profound effect on tumor
kinetics and T cell infiltration (Figures 5 and 6). These settings mimic
to a certain extent the conditions observed in non-responding ipili-
mumab-treated melanoma cancer patients.30 Our results suggest
that ICOS-targeted costimulation at the tumor site induced a signif-
icant reduction in tumor growth and an outburst of T and B lympho-
cyte infiltration, turning an immunologically cold tumor microenvi-
ronment into a hot one.

ICOS is involved in the development and maintenance of T follicular
helper cells (Tfh), Th1, Th2, Th17, Tc, and even memory effector
T cells. ICOS is highly expressed in tonsillar T cells, which are usually
associated with B lymphocytes in germinal centers facilitating the for-
mation and maturation of B lymphocytes, and lack of ICOS triggers
disruption of germinal center formation and reduction of lymphoid
tissue.31 A tantalizing possibility is that persistent ICOS costimulus
Aptamer

nding of the bi-specific aptamer labeled with 32P to B16-MRP1 cells. (C and D) T cell

asured by ELISA (D). (E) Assay to elucidate that both parts of the bi-specific aptamer

cific aptamer and washed twice to remove the unbound aptamer fraction. Aptamer-

ion of T lymphocytes cocultured with tumor cells as described in (E) determined by

SEM of experimental triplicates. The experiments were repeated twice, with similar
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Figure 5. Tumor Inhibition by Systemic Injection of ICOS Agonist Targeted to the Tumor

(A) B16-MR1 and B16/F10 tumors were implanted contralaterally in the same mice, and MRP1-ICOS aptamer or Apt8a were injected intravenously to measure aptamer

accumulation in each tumor by qRT-PCR using specific primers for the aptamers. (B) Accumulation of MRP1-ICOS aptamer and Apt8 in each tumor (n = 3). Data are

expressed as the mean ± SEM. (C) B16-MRP1 melanoma tumors were implanted subcutaneously in C57/BL6 mice. On days 4, 9, and 11 after tumor implantation, mice

were injected intraperitoneally with CTLA-4 blockade antibody (9H10) and subcutaneously with B16/F10 irradiated cells as vaccine (VAX); on days 9, 10, 11, 12, and 14,

(legend continued on next page)
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at the tumor site favors long-term formation of ectopic tertiary-like
lymphoid tissue with enriched organized B and T lymphocyte areas
in the tumor. CTLA-4 antibody blockade might reshape the tumor
antigen-specific CD8 lymphocyte repertoire,32 leading to the activa-
tion of new tumor-specific CD8 lymphocytes within the tumor. It is
possible that the new wave of tumor-reactive lymphocytes homing
to the tumor triggered by CTLA-4 blockade would be optimally
primed and expanded in situ thanks to ICOS costimulus at the tumor
site, triggering the potential formation of ectopic lymphoid tissue.
We also observed a significant enrichment of B lymphocytes in the
tumors of mice treated with ICOS agonist aptamer. Activated B lym-
phocytes in the tumor can provide further activation signals to T lym-
phocytes potentiating antitumor immunity.33 Longer follow-up times
will be required to further investigate whether these tumor-infil-
trating B cells triggered by the ICOS agonist aptamer will be able to
stimulate formation of organized, ectopic lymphoid tissue-like
structures.

Therapeutic approaches combining ICOS costimulus and CTLA-4
blockade have been previously explored: IVAX, an irradiated-cell-
based vaccine generated from tumor cells genetically modified to ex-
press ICOSL (IVAX) as well as an oncolytic virus that encodes ICOSL
have been shown to synergize with CTLA-4 blockade therapy.5,6

Nevertheless, the clinical translation of such therapeutic approaches
(IVAX or oncolytic virus encoding ICOSL) might be more technically
cumbersome in a clinical setting than a single tumor-targeted ICOS
agonist therapeutic agent. There are some ICOS agonist antibodies
under development and in clinical trials for cancer immunotherapy,
but to the best of our knowledge, there are no published data so far
reporting the combination of anti CTLA-4 checkpoint blockade
and anti-ICOS therapy concurrently (0.1158/2326-6074.CRICIM-
TEATIAACR15-A059) (JTX-2011, GSK3359609). Furthermore,
none of the described approaches have explored the intratumoral de-
livery of this treatment.

Herein, we described an alternative ICOS agonist, an oligonucleo-
tide-based aptamer that can be engineered as a bi-specific target
molecule to deliver ICOS costimulus at the tumor in situ. We
show that ICOS costimulation at the tumor site after treatment
with CTLA-4 blocking antibody significantly amplifies the existing
antitumor response and perhaps even potentiates it de novo.
Furthermore, treatment with the ICOS agonist favors the generation
of a systemic, T-cell-based immune response against the tumor cell
that can be detected ex vivo.

Tumor targeting bi-specific therapeutic aptamers have the potential
to reach any disseminated tumor lesions, mobilizing an immune
response in situ and thus precluding the escape of variants that ex-
press differentially immunodominant neoantigens in different tumor
MRP1-ICOS bi-specific aptamer was injected intravenously. (D) Tumor growth kinetics

mean ±SEM. (E) Percentage of tumor volume change after treatment initiation (PBS salin

and Apt Ctrl in darker gray; VAXwith CTLA4 Ab and Apt MRP1-ICOS in red). (F) Overall su

similar results.) **p < 0.01.
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lesions.34,35 Moreover, the costimulatory tumor-targeting bi-specific
aptamer elicits strong tumor inflammation with a high T cell infiltra-
tion (Figure 6), stronger than with intratumoral injection of Apt8a
(Figure S8). This might be explained as the bi-specific aptamer being
able to persist in the tumor milieu for a longer time attached to the
tumor cell membrane, favoring also the immobilization of the costi-
mulatory aptamer, which renders a more efficient crosslink of ICOS
receptor. Tumor-targeted therapeutics usually displays better thera-
peutic indices, increasing efficacy and reducing undesirable side ef-
fects.11,36 CTLA-4 blocking antibody has previously been shown to
trigger severe autoinflammatory-like reactions in some instances
that can force the interruption of the treatment.37,38 With the use
of ICOS costimulation targeted to the tumor, it might allow the reduc-
tion of anti-CTLA-4 antibody dosage, minimizing toxicity signifi-
cantly.37 Furthermore, by customizing the specificity of the targeting
tumor aptamers, this approach could be easily adapted for broad use
in most types of cancers.10,11,36,39

MATERIALS AND METHODS
Binding to Cells with 32P-Labeled Aptamer

Aptamers were transcribed in vitro using the DuraScribe T7 tran-
scription kit, following manufacturer’s instructions in the presence
of ATP32 (PerkinElmer, Boston, MA, USA; ref. BLU003H250UC).

CD4+ lymphocytes were isolated from the spleen of a C57/BL6 mouse
using Myltenyi negative selection kit (Miltenyi Biotec, Bergisch Glad-
bach, Germany; ref. 130-104-454). Afterward, 2.5 � 105 CD4+ puri-
fied cells were activated with anti-mouse 1 m/mL CD3e on a coated
plate, washed with lymphocyte medium, and seeded by serial dilution
up to blank. Naive lymphocytes and activated CD4+ lymphocytes
were seeded in 96-well plate in serial dilutions, and 1 � 105 cpm of
32P-labeled Apt8a dimer aptamer and Apt-ctrl were added to cells
and incubated for 30 min at 37�C. Afterward, cells were washed three
times with 37�C pre-warmed lymphocyte medium (Supplemental In-
formation). Binding to cells was measured by scintillation.

B16/F10 or B16-MRP1 melanoma cells were seeded by serial dilution
up to blank, and 105 cpm of 32P-labeled MRP1-ICOS bi-specific ap-
tamer or control aptamer were added to the cells and incubated for
30 min at 37�C. Afterward, cells were washed three times with
37�C pre-warmed medium. Binding to cells was measured by
scintillation.

In Vitro Measurement of T Cell Activation

To evaluate the costimulatory capacity of each aptamer construct,
CD4 and CD8 polyclonal proliferation assays by CFSE dilution
were performed. CD4+ and CD8+ lymphocytes were isolated from
the spleen using the Miltenyi negative selection kit (Miltenyi Biotec,
Bergisch Gladbach, Germany; ref. 130-104-454 and 130-104-075,
represented as average of tumor volume of each group. Data are expressed as the

e control mice in black; VAXwith isotype and Apt ctrl in light gray; VAXwith CTLA4 Ab

rvival of mice treated as described in (C). (The experiments were repeated twice with
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respectively). 105 purified CD4+ and CD8+ lymphocytes were stained
with CFSE at the final concentration of 3 mM. CFSE-labeled cells were
incubated with 1 mg/mL of anti-mouse CD3e previously coated to
wells of a U-bottom 96-well plate (BD Biosciences, San Jose, CA,
USA; ref. 353077). 0.5 mM of ICOS agonist aptamer (Apt8a or
MRP1-ICOS aptamer) was added and incubated for 72 h. Prolifera-
tion rate was measured using BD FACSCantoTM II and analyzed us-
ing FlowJo vX.0.7.

A similar experiment was performed to measure IFN-g secretion
in purified CD8 lymphocytes stimulated with a suboptimal dose
or CD3e agonistic antibody and 0.5 mM of Apt8a. INF-g was
measured by ELISA in the supernatant after 72 h (BD Biosciences,
San Diego, CA, USA; ref. 555138). ELISA was quantified by
TECAN Sunrise (TECAN, Männedorf, Switzerland) and analyzed
with Magellan (TECAN, Männedorf, Switzerland).

To assess the dual function of MRP1-ICOS bi-specific aptamer, we
performed an IFN-g ELISA. 104 B16-MRP1-irradiated tumor cells
were incubated with 100 pmol of MRP-ICOS bi-specific aptamer or
MRP1/ICOS unconjugated aptamer and a control aptamer. After
30 min of incubation at 37�C in PBS (Gibco, Life Technologies,
Waltham, MA, USA; ref. 14190-094), cells were washed twice and
added to 105 isolated CD8+ T cells activated in 96-well anti-mouse
CD3e (BD Biosciences, San Jose, CA, USA; ref. 145-2C11)-coated
U-bottom 96-well plates (BD Biosciences, San Jose, CA, USA; ref.
353077) at 1mg/mL. IFN-gwasmeasured by ELISA in the supernatant
after 72 h (BD Biosciences, San Diego, CA, USA; ref. 555138). ELISA
was quantified byTECANSunrise (TECAN,Männedorf, Switzerland)
and analyzed with Magellan (TECAN, Männedorf, Switzerland).

In Vivo Tumor Model Studies

Ethical approval for animal studies was granted by the Animal Ethical
Committee of the University of Navarra. Animal studies were per-
formed in the veterinary facilities of the Center for Applied Medical
Research (CIMA) following the institutional, regional, and national
laws and ethical guidelines for experimental animal care. Animal
wellness wasmonitored on a daily basis. All the mice used in the study
were received from Harlan Laboratories.

B16/F10 Mouse Tumor Model

1.5 � 105 B16/F10 melanoma cells were subcutaneously injected in
the right flank of 6- to 8-week-old female C57BL6/J mice. At days
4, 7, and 10 after tumor inoculation, 50 mg of anti-mouse CTLA-4
clone 9H10 (BioXCell, West Lebanon, NH, USA; ref. BE0121) or iso-
type antibody (BioXCell, West Lebanon, NH, USA; ref. BE0094)
was systemically administered via peritoneum. At days 4, 7, and 10
Figure 6. ICOS Agonist Targeted to the Tumor Enhances Lymphocyte Tumor I

(A) Treatment schedule of B16-MRP1 tumor-bearing mice. (B) Immunofluorescence ima

CD4+, and B220 infiltration in treated B16-MRP1 tumors. It is represented as the re

mean ± SEM. (D) Percentage of CD8+ cells of the whole CD45+ fraction of cells that infil

and VAX with CTLA-4 Ab treatment; eight mice per group of MRP1-ICOS aptamer, a

mean ± SEM. *p < 0.05, **p < 0.01.
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after tumor injection, 250 pmol of Apt8a or Apt-ctrl were
administered intratumorally. Tumor volume was measured using
a caliper and calculated using the following formula: tumor
volume = [length � (width)2]/2. Log rank test was used to evaluate
mouse survival. Mice were euthanized when the tumor reached larger
diameter of 15 mm or they showed signs of discomfort with signifi-
cant reduction of weight and mobility.

B16-MRP1 Mouse Tumor Model

1.5� 105 B16-MRP1 cells were injected in C57BL6/J mice in the right
flank. At days 4, 9, and 11 post-tumor-inoculation, mice were injected
with irradiated B16/F10 cells (VAX) subcutaneously in the inguinal
area of both rear legs, and 50 mg of anti-mouse CTLA-4 clone
9H10 intraperitonially (BioXCell, West Lebanon, NH, USA; ref.
BE0121) or isotype antibody (BioXcell, West Lebanon, NH, USA;
ref. BE0094). VAX consists of B16/F10 cells irradiated at 5,000 rad,
and 5 � 105 irradiated cells per leg (1 � 106 total cells) were subcu-
taneously injected in the inguinal area. At days 9, 10, 11, 12, and 14
post-tumor-inoculation, 250 pmol of MRP1-ICOS bi-specific ap-
tamer or the Apt-ctrl were intravenously administered. Assessment
of antitumor effect was evaluated by calculating the tumor size
and mouse survival. Tumor size was calculated as follows: tumor
volume = [length � (width)2]/2 .

Aptamer Biodistribution

200 pmol of Apt8a or MRP-ICOS bi-specific aptamer were intrave-
nously administered via tail vein in 6- to 8-week-old female mice im-
planted with B16/F10 and B16-MRP1 tumors contralaterally. Mice
were allocated into two groups of three mice each. 12 h later, cells iso-
lated from each tumor, brain, lungs, spleen, heart, kidney, liver,
and bone marrow were processed, and total RNA was extracted
with TRIzol (Invitrogen, Life Technologies, Carlsbad, CA, USA; ref.
15596018). 4 mg of RNA was retro-transcribed (Invitrogen, Thermo
Fisher Scientific, Carlsbad, CA, USA; ref. 28205013). qPCR was per-
formed with Fast SYBR green (Applied Biosystems, Vilnius,
Lithuania; ref. 4385612) using the Fast RT-PCR system (7900 HT,
Applied Biosystems, Foster City, CA, USA); the RNA fluorinated ap-
tamers were retrotranscribed and amplified by qRT-PCR using the
Sel_Fwd and Sel_Rev primers indicated in the Supplemental Infor-
mation and normalized to an endogenous gene HPRT as previously
described.16 The aptamer amplicon was confirmed by Sanger
sequencing.

Monitoring Immune Responses

ELISpot IFN-g

4 � 105 splenocytes of C57BL/6J mice previously treated as
mentioned in Figure 3A were incubated in the presence of 104
nfiltration

ging of tumors stained with CD3, CD8, CD4, and B220 antibodies. (C) CD3+, CD8+,

lative area of stained cell over the whole tumor slide. Data are expressed as the

trates each tumor, quantified by flow cytometry (five mice per group of control, VAX,

nti-CTLA-4 antibody, and VAX combination treatment). Data are expressed as the
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irradiated B16/F10 melanoma cells. The experiment was performed
following manufacturer’s instructions (BD Biosciences, San Diego,
CA, USA; ref. 551083). Assessment of IFN-g-expressing cells was
measured and analyzed with CTL ImmunoSpot analyzer (CTL-
Europe, Bonn, Germany).

3H Thymidine Proliferation Assay

105 splenocytes of C57BL/6J mice previously treated as described in
Figure 3A (BD Biosciences, San Jose, CA, USA; ref. 145-2C11) in
the presence of 1� 104 B16 or B16-MRP1-irradiated melanoma cells.
The coculture was incubated for 72 h in U-bottom 96-well plates (BD
Biosciences, San Jose, CA, USA; ref. 353077). 0.5 mCi of H3 thymidine
(PerkinElmer, Boston, MA, USA; ref. NET027E005MC) was added
overnight and measured by scintillation.

ELISA IFN-g

105 splenocytes of C57BL6 mice were treated as in Figure 3A (BD
Biosciences, San Jose, CA, USA; ref. 145-2C11) for 72 h in U-bottom
96-well plates in presence of irradiated B16/F10 melanoma cells. The
supernatant was collected to perform ELISA experiments. IFN-g was
measured by ELISA (BD Biosciences, San Diego, CA, USA; ref.
555138) following manufacturer’s instructions. ELISA was quantified
by TECAN Sunrise (TECAN, Männedorf, Switzerland) and analyzed
with Magellan (TECAN, Männedorf, Switzerland).

Tumor-Infiltrating Lymphocytes by Immunofluorescence

Labeling

For immunofluorescence studies, paraffin sections (3 mm thick) were
cut, dewaxed, and hydrated. Antigen retrieval was performed for
30 min at 95�C in 0.01 M Tris-1 mM EDTA buffer (pH 9) in a Pascal
pressure chamber (S2800, Dako). Tumor-embedded paraffin slices
were incubated overnight at 4�C with primary antibodies. Rabbit
monoclonal a-CD8a antibody clone D4W2Z was used as a primary
antibody at dilution 1:300 (Cell Signaling, Danvers, MA, USA; ref.
98941). Rabbit monoclonal a-CD3 antibody clone SP7 was used as a
primary antibody at dilution 1:300 (Thermo Fisher, Freemont, CA,
USA; ref. RM9107). Rabbit monoclonal a-CD4 antibody clone
EPR19514 was used as a primary antibody at dilution 1:1,000 (Abcam,
Cambridge, UK; ref. ab183685). Slices underwent a second incubation
with Alexa Fluor 555 goat anti-rabbit IgG (H+L) (Thermo Fisher Sci-
entific, Freemont, CA, USA; ref. A31572) as secondary antibody at
1:200 dilution. Anti-mouse a-B220 antibody clone RA3-6B2 (BD
PharMingen, San Diego, CA, USA) was used as primary antibody at
1:20,000 dilution and donkey anti-rabbit Alexa Fluor 555 (Thermo
Fisher Scientific, Freemont, CA, USA; ref. A31572) was used as a
secondary antibody at 1:200 dilution. For FoxP3 staining, anti-rat
monoclonal antibody at dilution 1:800, clone FJK-16 (Thermo Fisher,
Freemont, CA, USA; ref. 14-5773) was used as described above. Bio-
tinylated rabbit anti-rat (Vector Labs, Burlingame, CA, USA; ref.
416490) was added and followed by incubation with Alexa Fluor
555 streptavidin (Thermo Fisher, Freemont, CA, USA; ref. S32355).
All samples were counterstained with DAPI. Fluorescent images
were recorded at 40�with AxioImagerM1microscope with Zen soft-
ware and AxioCam MRm camera (Zeiss, Oberkochen, Germany).
Fluorescent images were taken as described above, and relative area
was quantified using Fiji (ImageJ). Five randomized pictures were re-
corded from each slide. The relative area was defined as the summa-
tory of positive areas for the specific marker divided by the tumor area
of each picture. For the calculation, “positive staining area” was
divided by “tumor area” to obtain the “relative area” and multiplied
by 100 to obtain the percentage. “Relative area” is represented as
the percentage of “positive staining area” out of the “tumor area.”
Relative area (%) = [positive staining area/tumor area] � 100.

Tumor-Infiltrating Lymphocytes by Flow Cytometry

For the assessment of tumor-infiltrating lymphocytes (TILs), mice
were euthanized and tumors were excised. Tumors were placed
each in 100/15 mm Petri dishes (Greiner Bio-One, Monroe, NC,
USA; ref. 663102) with 5 mL of collagenase D (Roche, Basel,
Switzerland; ref. 11088866001)-DNase I (Roche, Basel, Switzerland;
ref. 284932001)-containing medium and digested for 30 min at
37�C. After incubation, 60 mL of EDTA (Invitrogen, Life Technolo-
gies, Waltham, MA, USA; ref. 15575-038) were added to the tumors
in order to stop the reaction. Tumor samples were smashed and
filtered through a 40-mm nylon cell strainer (Falcon, Corning, NY,
USA; ref. 352340) to a 50-mL centrifuge conical tube (Corning, Corn-
ing, NY, USA; ref. 430291). Cells were spun down at 1,500 rpm for
5 min. Supernatants were discarded, and 1 mL of ACK lysis buffer
(Gibco, Life Technologies, Waltham, MA, USA; ref. 15575-038) was
added to each pellet for 1 min on agitation. Free medium was added
up to 50 mL to neutralize the lysis, and cells were spun down again at
1,500 rpm for 5 min. The pellet was re-suspended in PBS buffer for
counting, and 3� 106 cells were washed with PBS buffer for staining.
Cells were incubated with Zombie Aqua fixable viability kit at dilution
1:500; CD45 APC/Cy7 clone 30-F11 at dilution 1:400, CD8 APC
clone 53.67 at dilution 1:400 were all purchased from BioLegend
(San Diego, CA, USA; ref. 423102, 103115, 100712, and 107705,
respectively). The expression level of these markers was measured us-
ing BD FACSCanto II (BD Biosciences, San Diego, CA, USA) and
analyzed using FlowJo vX.0.7.

Statistics

One-way ANOVA was used to assess the best treatment followed by
post-hoc Tukey tests. Long rank test on Kaplan-Meier curves was
conducted for survival and tumor-rejection experiments. Data are
presented as mean ± SEM using GraphPad Prism 5.
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Fig.S1. Selection and in vitro characterization of ICOS-binding aptamers. A) Most abundant aptamer species identified after round 6 of 
SELEX by Ion Torrent sequencing against ICOS recombinant protein. The constant regions from the 5′ end (5′GGGGAATTCTAATACGACT-
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monotherapy or with Apt-ctrl following the schedule depicted in Figure 2A (n=6).
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Fig. S10. MRP1-ICOS aptamer structure. A) Predicted secondary structure of MRP1-ICOS aptamer 
using RNAstructruture software. B) Predicted tertiary structure of MRP1-ICOs aptamer by Rosseta software.
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Fig. S14. Effect of MRP1-ICOS bi-specific aptamer combination treatmenton the tumor gene immune profile. B16-MRP1 mice 
receiving the treatment depicted in Fig. 5C were analyzed by qRT-PCR for the expression of CD8 (A), PD-1(B), LAG-3 (C), TIM-3 (D), 
CTLA-4 (E), FOXP3 (F),  TGF-β (G), CD73 (H), IL10 (I) and IL6 (J).
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Table S1. SELEX conditions

Round 

RNA 

(µM) 

ICOS-Fc 

(nM) 

1 2 1 

2 1 0.5 

3 0.25 0.5 

4 0.125 0.5 

5 0.015 0.5 

6 0.015 0.3 

 



Supplementary material 

ICOS aptamer selection by HT-SELEX  

Anti-ICOS RNA aptamers were selected through high-throughput sequencing SELEX using a recombinant Fc tagged ICOS 

protein as target after counter selection with an Fc tagged control protein. RNA Transcription used to generate selection 

libraries was performed with 2’ fluoropyrimidines to increase RNA stability and resistance to RNAses. The selection was 

conducted at increasingly restrictive conditions to favor the selection of aptamers with higher affinities  to target after every 

round of SELEX (Table S1). The selection was stopped at round 6 as we observed that the RNA recovery was reaching a 

plateau. Rounds 5 and 6 RNA aptamer libraries were high-throughput sequenced by Ion Torrent. The sequence aptamer 

analysis was carried out using Galaxy and FASTAptamer softwares. We selected the nine most prevalent aptamers in round 6 

for further analysis and characterization (Fig. S1A). The enriched selected aptamers were further analyzed for clusterization 

by using ClustalW software. The phylogenetic distribution of all the aptamer families at round 6 is shown in Fig. S1D. 

Binding affinities of the most abundant aptamer families were assessed by 32P blotting. We observed that some higher affinity 

aptamers such as Apt1 and Apt5 were not specific to the target molecule, ICOS, as they could also bind other recombinant 

proteins. Aptamers 2, 4 and 6 were low affinity binders with Kds greater than 200 nM . Apt8 and Apt9 were high affinity 

binders, with Kds determined to be less than 50 nM. Interestingly, Apt8 had one of the highest affinities even though it 

showed accumulation of RNA motif sequences that were also shared by low affinity binders. These results support our 

previous observation that aptamer species with higher affinity contain binding domains present in other lower affinity 

aptamers (CMA) (Soldevilla et al, PlosOne 2017), putting into perspective that selection generates aptamers that likely 

display multiple accumulative binding sites and the sum of their ability to bind target is what determines their final 

augmented affinity. Probably the most important binding moieties formed within the aptamer sequences are CUACAUC and 

CAGCCCCU. The proportion of all potential binding site sequences (CAGCCCCU, CUACAUC, CACCAG, CAUGG, 

AGAAC, CUUUG, UUUAC, CCCUAC) are shown in Fig. S1B. The secondary structure of each aptamer was predicted by 

using RNAStructure software (Fig. S1C); conserved motifs that might be relevant in binding to ICOS protein are depicted  

and annotated in color. Binding of Apt8 and Apt9 was also confirmed by surface plasmon resonance (SPR) (Fig. S1E). We 

also wanted to test whether the aptamers were able to recognize the human ICOS protein that has high homology with the 

murine one. No binding to human ICOS-Fc was detected by SPR reflecting the high specificity of these aptamers (Fig. S15). 



Apt8 was selected to carry out all further experiments as it was given higher yiels of in vitro production reducing cost for in 

vivo experiment where higher amount material is require, nonetheless Apt9 could be engineered for a potential ICOS agonist. 

We further validated binding of Apt8 by flow cytometry to beads coated with ICOS protein (Fig. S1G), and to cells 

expressing ICOS (Fig. S1H). To that end, we used activated CD4+ lymphocytes on which ICOS is induced, and naïve T cells 

as negative controls (Fig. S3).  

 

 

 



Supplementary Methods and Materials 

 

Aptamer HT-SELEX 

SELEX was performed as previously described against a chimeric-recombinant ICOS-IgG protein that comprises of the 

extracellular domain of mouse ICOS fused to human IgG1-Fc (R&D, Minneapolis, MN, USA. Ref:168-CS-100). A 31N-

nucleotide randomized DNA library flanked by two constant regions was used the template library for selection: 

GGAGGGAGAGGAGTGAGGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNCCCTACACTATCTCTCC

C; the primers used for library amplification were: Fwd-Sel 

GGGGAATTCTAATACGACTCACTATAGGGAGAGATAGTGTAGGG and Rev-Sel GGAGGGAGAGGAGTGAGGG. 

2-Fluoro-UTP and 2-Fluoro-CTP modification was included during RNA transcription to improve RNA stability and increase 

resistance to RNAses. All in vitro transcriptions were performed with the DuraScribe kit (Epicentre, Madison, WI, USA). In 

Table, S1 selection conditions for each round of SELEX are described. The binding of the library to the target protein was 

carried out at 37°C in saline buffer (20mM HEPES, 150 mM NaCL, 2mM CaCl2 and 0.01% BSA) for 30 minutes. mICOS-

Fc recombinant protein was immobilized to protein A bound sepharose beads (GE Healthcare Bio-science, Uppsala, Sweden). 

The RNA-bound fraction was extracted via phenol-chloroform-isoamyl alcohol fractionation; the recovered RNA was 

precipitated. Eluted RNA was retro-transcribed and amplified by PCR, as previously described. In each round of SELEX, we 

performed counter-selection against human IgG1 bound to sepharose beads (Sigma Aldrich, Saint Louis, MO). 

The aptamer libraries generated after round 5 and 6 were HT-sequenced by Ion Torrent, and analysis of multiple-sequence 

alignment was performed by using FASTAptamer software. The results from FASTAptamer were clustered with ClustalW 

and visualized with Seaview software. All the processes were conducted in a Linux CentOS 6.3 cluster of 4 cores and 64GB. 

RNA-structure predictions were performed with RNAstructure 5.3 software. 

All selected aptamers were directly generated from transcriptions of double-stranded DNA oligonucleotide templates which 

were hybridized from two partially complementary sequences and extended by Klenow reaction. The purified DNA template 

was transcribed using the T7 DuraScribe Kit and purified by polyacrylamide gel electrophoresis (PAGE). 

Dimeric aptamers were produced by engineering the 3′ end of each aptamer to create two complementary regions so they 

could be attached together by hybridization.  After annealing, dimeric aptamers were purified by PAGE and concentrated 

using a 30 kDa Amicon® Ultra-4 column in PBS. 



The MRP1-ICOS bi-specific aptamer was engineered to include MRP1 binding aptamer and the costimulatory ICOS Apt8a, 

resulting in the following sequence; 5’ -

GGGGAATTCTAATACGACTCACTATAGGGAGACCCACCCTCCCAGAGATAGTGTAGGGGTGTTGCTTTGTGTCT

ACATCGGCCAGCCCCTCTGCCCTCACTCCTCTGGGTGGGAGAGATAGTGTAGGGGTGTTGCTTTGTGTCTACAT

CGGCCAGCCCCTCTGCCCTCACTCCTCTCCCTGGGTGGGTCTCCCGGGAGAATAGTCAACAAATCGTTTGGGGC

GACTTCTCCTTCCTTTCTCCC-3’. It was further cloned into the pUC57 plasmid. This product was used as template for 

the PCR with the following primers: Fwd-bi 5′-GGGGAATTCTAATACGACTCACTATAGGG-3′ and Rev-bi 5′-

GGGAGAAAGGAAGGAGAAGTC-3′. The PCR product was purified and in vitro transcribed with Durascribe. 

SPR 

Aptamer binding to ICOS protein was determined by surface plasmon resonance using the ProteOn XPR36 system. 

Biotinylated aptamers were immobilized onto independent channels of streptavidin coated sensor chips (Bio-Rad). ICOS-Fc 

or control Fc protein was injected in a 50 nM running buffer consisting of PBS and 0.005% [v/v] Tween 20, pH 7.4 at a flow 

rate of 30 μl/min.  

Binding to beads 

mICOS recombinant protein (R&D, Minneapolis, MN, USA. Ref:168-CS-100) was conjugated to Dynabeads® M-450 

Tosylactivated (Invitrogen, Life technologies, Carlsbad, CA, USA. Ref: 14013) following manufacturer’s instructions. ICOS-

beads were stained with 50 pmol of the biotinylated aptamer and 0.05 μg/μl of streptavidin-PE for 30 minutes at 37 °C. 

Afterwards, cells were washed twice with PBS (Gibco, Life Technologies, Waltham, MA, USA. Ref: 14190-094) and 

analyzed by flow cytometry (BD Bioscience, San Diego, CA, USA) and analyzed using FlowJo vX.0.7. 

Assessment of ICOS expression in T lymphocytes 

105 CD4  were isolated from spleen by Mylteny keit and were activated for 24 hours with 1 µg/ml of anti-mouse CD3e coated 

on a 96 well plate (BD Biosciences, San José, CA, USA. Ref: 145-2C11) and SIINFEKL (GeneCust, Ellange, Luxembourg. 

Ref: PO#P160373_2). 105 CD8 OT-I isolated lymphocytes were activated with 1 µg/ml of SIINFEL for 24 hours. CD4 

lymphocytes were , washed with PBS buffer and stained with either CD4 PE clone GK1.5 at dilution 1:200 and ICOS APC 

clone C398.4A at dilution 1:400. CD8 OT-I lymphocytes were stained withCD8 APC clone 53.67 at dilution 1:400 and ICOS 

PE clone 15F9 at dilution 1:400, (BioLegend, San Diego, CA, USA. Ref: 100407, 313509, 100712 and 107705 respectively) 



for 20 minutes at 4oC. Cells were washed twice with PBS buffer and analyzed by flow cytometry using the BD 

FACSCaliburTM (BD Bioscience, San Diego, CA, USA) and analyzed using FlowJo vX.0.7. 

Binding to cells measured by flow cytometry  

105 CD4+ cells were activated with anti-mouse CD3e, washed with PBS buffer and stained with 50 pmol of the biotin-Apt8 

and 0.05 μg/μl of streptavidin-PE for 30 minutes at 37ºC. Naïve T lymphocytes were stained as well as negative control. 

Afterwards, cells were washed twice with PBS buffer and analyzed by flow cytometry using the BD FACSCaliburTM and 

analyzed using FlowJo vX.0.7. 

3D-Structure prediction  

For each modeled aptamer, the most stable 2D structure was generated by using RNAstructure 5.3. For the generation of 3D 

RNA structures, the Rosetta package FARFAR was used to build a total of 200 models. Next, the models were sorted by 

Rosetta energy and selected for 3D structural clustering with an auto-adjusted radius. After examining the cluster population 

distribution, the lowest Rosetta energy representative model was selected from the most populated cluster for further visual 

inspection. 

qRT-PCR for immune gene profile in tumor samples 

RNA from the tumor tissue was extracted with TRIzol (Life Technologies, Carlsbad, CA, USA). 2 μg of RNA was 

retrotranscribed (Applied Biosystems, Foster city, CA, USA). and amplified by quantitative PCR in 790047 Fast Real Time 

PCR machine with SYBR green using the following primers: TIM3-FWD AGACATCAAAGCAGCCAAGGT, TIM3-REV 

TCCGTGGTTAGGGTTCTTGG, LAG3-FWD CTTCACCTTGAGGCTGTGGG, LAG3-REV 

GGAGTCACTGTGATGACCGC, CTLA4-FWD AGGTGGAACTCATGTACCCAC, CTLA4-REV 

AGGAAGTCAGAATCCGGGCA, IL6-FWD AGCCAGAGTCCTTCAGAGAGAT, IL6-REV 

AGGAGAGCATTGGAAATTGGGG, IL10-FWD AGGCGCTGTCATCGATTTCT, IL10-REV 

ATGGCCTTGTAGACACCTTGG, PD1-FWD GGAGACTGCTACTGAAGGCG, PD1-REV 

CCCTGATTGCCAGCTCAACT, CD73-FWD GGACATTTGACCTCGTCCAAT, CD73-REV 

GGGCACTCGACACTTGGTG, CD8-FWD CCGTTGACCCGCTTTCTGT, CD8-REV CGGCGTCCATTTTCTTTGGAA, 

TGFB-FWD GGATACCAACTATTGCTTCAGCTCC, TGFB-REV AGGCTCCAAATATAGGGGCAGGGTC, FOXP3-



FWD CACCTATGCCACCCTTATCCG,  FOXP3-REV CATGCGAGTAAACCAATGGTAGA.  All the primer sets have 

been validated by sequencing each amplicon by Sanger. 

 

Cells and Media 

B16/F10 melanoma cells were obtained from ATCC and cultured with DMEM medium (Gibco, Life Technologies, Waltham, 

MA, USA. Ref: 41966-029) supplemented with FBS 10% (Merck, Darmstadt, Germany. Ref: S0115), L-Glutamine 1% 

(Gibco, Life Technologies, Waltham, MA, USA. Ref: 25030024) and P/S 1% (Gibco, Life Technologies, Waltham, MA, 

USA. Ref: 15140-122). B16-MRP1 melanoma cells were obtained as described before (Soldevilla MM Oncotarget 2016) and 

cultured with DMEM medium (Gibco, Waltham, MA, USA. Ref: 41966-029) supplemented with FBS 10% (Merck, 

Darmstadt, Germany. Ref: S0115), L-Glutamine 1% (Gibco, Life Technologies, Waltham, MA, USA. Ref: 25030024) and 

P/S 1% (Gibco, Life Technologies, Waltham, MA, USA. Ref: 15140-122). Hepa129 were obtained from ATCC and cultured 

with RPMI 1640 (Gibco, Life Technologies, Waltham, MA, USA. Ref: 42401-018) supplemented with FBS 10% (Merck, 

Darmstadt, Germany. Ref: S0115) and P/S 1% (Gibco, Life Technologies, Waltham, MA, USA. Ref: 15140-122). 

Lymphocyte medium was obtained adding the following supplements to RPMI 1640 medium (Gibco, Waltham, MA, USA. 

Ref: 42401-018); β-mercaptoetanol 50μM (Sigma-Aldrich, Merck, Darmstadt, Germany. Ref: M-6250), FBS 10% (Merck, 

Darmstadt, Germany. Ref: S0115), L-Glutamine 1% (Gibco, Life Technologies, Waltham, MA, USA. Ref: 25030024), 

NEAA 1% (Gibco, Life Technologies, Waltham, MA, USA. Ref: 11140-035), NaPyruvate 1% (Gibco, Life Technologies, 

Waltham, MA, USA. Ref: 11360-039), HEPES 1% (Gibco, Life Technologies, Waltham, MA, USA. Ref: 15630-056) and 

P/S 1% (Gibco, Waltham, MA, USA. Ref: 15140-122). PBS buffer was obtained by adding 0,5% BSA (Sigma-Aldrich, 

Merck, Darmstadt, Germany. Ref: A9647-100G) and 2mM EDTA (Invitrogen, Life Technologies, Waltham, MA, USA. Ref: 

15575-038) to PBS without MgCl2 nor CaCl2. 

Hepa 129 hepatocarcinoma 

106 Hepa 129 hepatocarcinoma cells were implanted in the right flank of 6-8 week-old female C3H mice. At days 7 and 14 

post tumor inoculation, 50 μg of anti-mouse CTLA-4 clone 9D9 or isotype antibody (BioXCell, West Lebanon, NH, USA) 

was administered intraperitonially. At days 9, 11 and 14 post tumor injection, 250 pmol of Apt8a or Apt-ctrl was 

administered intratumorally. Mice were allocated into 4 groups; Isotype, Isotype + Aptamer, anti-CTLA-4 + Apt-ctrl and 



anti-CTLA-4 + Apt8a. The antitumor effect elicited by these treatments was measured by evaluating the percentage of tumor-

free mice by determining the absence of tumor after the treatment. 
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