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TLR4-Binding DNA Aptamers Show a Protective
Effect against Acute Stroke in Animal Models
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Since Toll-like receptor 4 (TLR4) mediates brain damage after
stroke, development of TLR4 antagonists is a promising ther-
apeutic strategy for this disease. Our aim was to generate
TLR4-blocking DNA aptamers to be used for stroke treat-
ment. From a random oligonucleotide pool, we identified
two aptamers (ApTLR#1R, ApTLR#4F) with high affinity
for human TLR4 by systematic evolution of ligands by expo-
nential enrichment (SELEX). Optimized truncated forms
(ApTLR#1RT, ApTLR#4FT) were obtained. Our data demon-
strate specific binding of both aptamers to human TLR4
as well as a TLR4 antagonistic effect. ApTLR#4F and
ApTLR#4FT showed a long-lasting protective effect against
brain injury induced by middle cerebral artery occlusion
(MCAO), an effect that was absent in TLR4-deficient mice.
Similar effects were obtained in other MCAO models,
including in rat. Additionally, efficacy of ApTLR#4FT in a
model of brain ischemia-reperfusion in rat supports the use
of this aptamer in patients undergoing artery recanalization
induced by pharmacological or mechanical interventions.
The absence of major toxicology aspects and the good safety
profile of the aptamers further encourage their future clinical
positioning for stroke therapy and possibly other diseases in
which TLR4 plays a deleterious role.
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INTRODUCTION
Stroke is a devastating illness, being the second cause of death and
disability worldwide after cardiac ischemia. Currently, thromboly-
sis with tissue plasminogen activator (t-PA) is the only effective
pharmacological therapy for the acute phase of stroke but, owing
to the narrow therapeutic window of less than 4.5 hr and safety
concerns, fewer than 5% of stroke patients are eligible for this
treatment, reaching an effective reperfusion in approximately
50% of them. Therefore, stroke remains an enormous therapeutic
challenge.

The Toll-like receptors (TLRs) are a family of pattern-recognition re-
ceptors initially identified for their role in the activation of innate im-
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munity that can also control the activation of adaptive immune re-
sponses.1,2 TLRs play a role in multiple pathologies even in the
absence of infection. Specifically, TLR4, the first TLR characterized
in mammals, has been involved in a large number of highly prevalent
pathologies, such as stroke, acute myocardial infarction, atheroscle-
rosis, sepsis, multiple sclerosis, acute and chronic pain, drug with-
drawal, etc. Indeed, we and others demonstrated the implication of
TLR4, a receptor with a fundamental role in the activation of innate
immunity and in the inflammatory response elicited by an ischemic
injury.3–5 Since drugs able to modulate TLR4 are scarce, there is a
growing interest in developing TLR4 agonists and antagonists for
the treatment of different diseases in which this receptor plays a cen-
tral role.6–8

Aptamers (from the Latin aptus, to fit, and the Greek meros, part
or region) are single-stranded oligonucleotides selected from
combinatorial libraries by systemic evolution of ligands by expo-
nential enrichment (SELEX) technology. SELEX is used to identify
DNA and RNA aptamers that recognize and selectively bind ex-
tra- and intracellular target molecules with high specificity and
nanomolar affinity.9–11 Once folded under physiological condi-
tions, aptamers acquire unique three-dimensional structures based
on their nucleotide sequence, being the tertiary structure of ap-
tamers that confers the selectivity and affinity for their tar-
gets.12–15 Aptamers offer the advantages of antibodies—high spec-
ificity and affinity—in a relatively small, chemically synthesized
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Figure 1. Identification and In Vitro

Pharmacodynamic Characterization of Aptamers

with Higher hTLR4 Binding Affinity

(A) Graph showing binding of the selected aptamers to

hTLR4 in ELONA assays. Data represent mean ± SEM of

three independent experiments performed in triplicate.

(B) Fold increase aptamer recovery after incubation of

resin-hTLR4-protein complexes with ApTLR#1R and

ApTLR#4F relative to RND40 (n = 3) by qPCR. (C) Fold

increase aptamer recovery after incubation of 293-

hTLR4A cells with ApTLR#1R and ApTLR#4F relative to

HEK293 (n = 3) by qPCR. (D) SEAP assay for the char-

acterization of the antagonistic effect of ApTLR#1R and

ApTLR#4F on hTLR4. HB-hTLR4 cells were exposed to

LPS (0.1 ng/mL; left) or DAMPs (5 mL; right) 1 hr prior to the

addition of aptamers (0.2–200 nM) to the medium. Data

are expressed as the percentage of SEAP activity relative

to LPS or DAMPs alone (agonist control) (n = 9). Student’s

t test (*p < 0.05 versus agonist control).
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molecule free from cell-culture-derived contaminants. Aptamers
are obtained by chemical synthesis, are non-immunogenic, and
their smaller size allows more efficient entry into biological com-
partments. In addition, aptamers can be chemically modified to
become extremely stable14,15 or can be further truncated to elim-
inate oligonucleotide sequences that are not important for the
interaction with the target or for the correct three-dimensional
aptamer structure.12,16 Consequently, they are currently being
developed as agents for a wide array of applications, including
biosensors, diagnostics, and therapeutics. Functional aptamers
that antagonize the activity of several secreted targets17–22 and
cellular proteins23–25 have been developed and several are
currently under clinical testing.26 Importantly, there is already
an aptamer commercially available, pegaptanib, an RNA aptamer
against vascular endothelial growth factor (VEGF), which is effec-
tive in treating choroidal neovascularization associated with age-
related macular degeneration.27 While therapeutic-oriented ap-
tamers normally undergo modifications aimed to increase their
resistance to degradation by nucleases and their half-life in circu-
lation, unmodified single-stranded DNA (ssDNA) aptamers may
present an optimal approach for the treatment of acute conditions
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such as ischemic stroke, due to their “rapid”
pharmacokinetics and low toxicity profile.
In this context, aptamers that specifically
bind TLRs such as TLR9 and TLR2,28,29

which modify the subsequent immune re-
sponses upon their activation, have been
described.

We hereby report the discovery and character-
ization of novel aptamers capable to specif-
ically bind and regulate TLR4 function. These
aptamers have the potential to be effective in-
hibitors of TLR4-mediated signaling in vitro
and in vivo, offering an effective and safe alternative treatment op-
tion for stroke and other diseases in which TLR4 plays an ethiopa-
thogenic role.

RESULTS
DNA Aptamers Binding hTLR4 Show an Antagonistic Effect

In this work, we utilized two SELEX strategies in order to obtain
specific aptamers against TLR4 able to block its activity. After six
rounds of aptamer selection (described in the Materials and
Methods section), a total of 14 non-redundant sequences were iden-
tified (Table S1). In the binding assays using enzyme-linked oligo-
nucleotide assay (ELONA), ApTLR#1R, proceeding from the selec-
tion using recombinant protein, and ApTLR#4F aptamer, obtained
from the selection using cells overexpressing TLR4, showed the
highest binding capability to TLR4 recombinant protein (Figures
1A and S1).

Next, we analyzed the ability of ApTLR#1R and ApTLR#4F aptamers
to bind the soluble TLR4 protein using qPCR, an alternative approach
which allows us to quantify the presence of an aptamer bound to
its target molecule. In this case, recombinant protein or cells



Figure 2. In Vitro Pharmacodynamics Characterization and Lead

Optimization of Candidate Aptamers

(A) Representative flow cytometry charts showing fluorescence intensity

(FL1-height) of human HEK293 (left) and 293-hTLR4A (right) cells incubated with

20 nM of Alexa 488-labeled aptamers (n = 3). (B) Representative flow cytometry

charts showing fluorescence intensity (FL1-height) of 293-hTLR4A cells treated

(right) or not (left) with LPS and incubatedwith Alexa 488-labeled aptamers as above

(n = 3). (C) Characterization of the antagonistic activity of ApTLR#1RT, ApTLR#4FT,

and their parent aptamers by SEAP assay (n = 6). Student’s t test (*p < 0.05 versus

agonist control).
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overexpressing the TLR4 receptor are incubated with the aptamer
and, after the corresponding washes, the aptamer bound is amplified
by qPCR using the specific primers. Figure 1B shows the increase in
aptamer recovery from the recombinant protein relative to the
RND40 initial population. The results show that the threshold cycle
(Ct) corresponding to the two selected aptamers is lower than that
for the RND40 initial population, indicating that a higher amount
of aptamers ApTLR#1R and ApTLR#4F is recovered.
In another set of experiments, the ability of aptamers to bind the
TLR4 protein expressed in cells was analyzed. In these assays,
ApTLR#1R and ApTLR#4F aptamers were added to 293-hTLR4A
or HEK293T cells, and the aptamers recovered were used as templates
in qPCR assays. Figure 1C shows the increase in recovery for each of
the specific aptamers against TLR4 from cells that overexpress TLR4
(293-hTLR4A) with respect to cells that do not express the protein
(HEK293T). As above, the results show that a greater amount of ap-
tamers ApTLR#1R and ApTLR#4F bind to the surface of cells that
overexpress TLR4, strongly suggesting a specific interaction with
this receptor (Figure 1C).

We then explored whether the selected aptamers are able to affect
TLR4 receptor activity. For this, HEK-Blue-hTLR4 cells were activated
using the TLR4 agonist lipopolysaccharide (LPS) from E. coli K (LPS-
EK) or DAMPs (molecular patterns associated to damage) obtained
from cell lysis, and TLR4 activation was detected using a “secreted em-
bryonic alkaline phosphatase” (SEAP) reporter gene. Our results show
that both aptamers inhibited TLR4 activity (antagonist activity). From
the concentration-response curve conducted for each aptamer (Fig-
ure 1D), we can conclude that the maximal antagonistic activity is ob-
tained at 20 nM for both aptamers. An unspecific 38x(AG) aptamer
did not produce any effect at the higher concentration. No agonistic
effect was observed at any of the aptamer concentrations assayed.

Optimized Aptamers Maintain TLR4 Binding and Antagonistic

Activity

Aptamers showing ability to inhibit TLR4 activity were modified by
deleting specific regions of the sequence in order to increase their
stability and, more importantly, to decrease their size. Thus, we de-
signed the aptamers ApTLR#1RT and ApTLR#4FT, corresponding
to the truncated forms of ApTLR#1R and ApTLR#4F, respectively
(Figure S1). These new aptamers have structural motifs similar to
the original ones, although with a higher theoretical free energy
(DG = �4.61 kcal/mol for ApTLR#1RT and DG = �2.13 kcal/mol
for ApTLR#4FT).

In order to check that optimized aptamers maintain the ability to bind
TLR4, we performed flow cytometry assays to explore the binding of
Alexa Fluor 488-labeled aptamers to 293-hTLR4A. Again, the parent
human HEK293 cell line, lacking human TLR4, was used as a control.
Figure 2A shows a peak shift relative to the control, indicating that the
Alexa Fluor 488-labeled aptamers bind to 293-hTLR4A cells (Fig-
ure 2A, right), but not to HK293 cells (Figure 2A, left). In addition,
our data show that ApTLR#4FT (Figure 2A, green line) binds to
the target with higher affinity thanApTLR#1RT (gray line, Figure 2A).
Interestingly, a slight increase in the fluorescence can be observed
when cells are previously activated with LPS, relative to non-activated
cells (median increase of 9.9 for ApTLR#1RT and 9.04 for
ApTLR#4FT) (Figure 2B).

We also performed experiments to study the activity of the truncated
forms of the aptamers. Our data show that both ApTLR#1RT and
ApTLR#4FT maintain the antagonistic activity shown by their
Molecular Therapy Vol. 26 No 8 August 2018 2049
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Figure 3. Pharmacological Characterization of ApTLR#4F and ApTLR#4FT

(A) Absence of antagonistic activity of ApTLR#4F and ApTLR#4FT (20 and 200 nM)

on HB-hTLR2 and HB-hTLR5 cells activated with the selective TLR2 and TLR5

agonists Pam3 and Flat-ST. Data are expressed as SEAP activity compared to the

control cells (n = 4). (B) Effect of the incubation of murine macrophages with

ApTLR#4F and ApTLR#4FT (20 and 200 nM) 1 hr after LPS activation (500 ng/mL).

Nitrites released to the incubation medium were quantified by the Griess reaction

24 hr after the addition of aptamers as an end-point marker of inducible nitric oxide

synthase (iNOS) activity. Data represent mean ± SEM of three independent ex-

periments performed in duplicate, two-way ANOVA followed by Bonferroni test.

(*p < 0.05 versus control; #p < 0.05 versus LPS).

Molecular Therapy
non-truncated precursors and exert their effect at the same extent as
the original aptamers (Figure 2C).

ApTLR#4F and ApTLR#4FT Show TLR4-Specific Antagonistic

Activity

In view of the lack of effect of ApTLR#1RT on infarct volume subse-
quently reported (Figure 4A), we decided to fully characterize
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ApTLR#4F and ApTLR#4FT. First, we explored the specificity of
the antagonist effect of ApTLR#4F and ApTLR#4FT against hTLR4
receptor by using the cell lines HB-hTLR2 and HB-hTLR5 with
SEAP reporter gene. Cells were stimulated with their natural agonist,
Pam3-up and FLA-ST, respectively, 1hr before the addition of the ap-
tamers (20–200 nM). In this case, the aptamers used did not show any
antagonistic effect on TLR2 or TLR5 receptors (Figure 3A).

Next, we confirmed the TLR4 antagonistic effect of these aptamers on
peritoneal macrophages stimulated with LPS (500 ng/mL). Aptamers
(20 and 200 nM)were added 1 hr after LPS treatment, and nitric oxide
(NO) production was estimated as NOx

� concentration in the me-
dium after 24 hr of incubation with aptamers (Figure 3B). Our results
show that both aptamers produce a concentration-dependent inhibi-
tion of NOx

� release induced by LPS administration, although
TLRApt#4F seems more active than TLRApt#4FT for the same
concentrations.

ApTLR#4F and ApTLR#4FT Are Partially Resistant to

Degradation and Do Not Produce Toxicity in Cells

The integrity of the aptamers in the presence of l-exonuclease, DNase
I, or human plasma was quantified. The results show that aptamers
ApTLR#4F and ApTLR#4FT were resistant to l-exonucleases even
after 4 hr of incubation (Figure S2A). However, both aptamers were
completely degraded after only 5 min incubation in the presence of
DNase I in the assay conditions (Figure S2B). In addition, when ap-
tamers were incubated in human plasma in physiological conditions,
a time-dependent degradation was observed (Figure S2C).

In vitro toxicity was measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay using two cell lines (HepG2
and HL-60) incubated with different concentrations of the aptamers
(2–2,000 nM) for 24 and 48 hr. Our results show that a 20% of
decrease in MTT activity in HepG2 cells and 35% in HL-60 cells
was only observed at the highest concentration used after 24 hr of in-
cubation (Figure S3). After 48 hr, the MTT activity was recovered,
probably due to aptamer degradation.

ApTLR#4F and ApTLR#4FT, but Not ApTLR#1RT or 38x(AG),

Reduce Infarct Volume after Stroke

In order to characterize the effect of aptamers on infarct volume after
stroke, wild-type (WT) mice (C57BL/10J, expressing TLR4) subjected
to permanent middle cerebral artery occlusion (pMCAO) were intra-
peritoneally (i.p.) treated with different doses of aptamers 10 min af-
ter the ischemic occlusion (Figure 4A). At 24 hr after pMCAO, WT
mice treated with ApTLR#4F and ApTLR#4FT, but not with
ApTLR#1RT, showed a significant reduction in the infarct volumes
at 1 nmol when compared with WT-vehicle animals (p < 0.05;
Figure 4A).

To discard non-specific effects, we performed some studies to deter-
mine the infarct volume in animals treated with 38x(AG) aptamer,
which is an oligonucleotide consisting of a linear sequence containing
38 consecutive pairs AG, therefore useful as negative control. As



Figure 4. In Vivo Pharmacodynamics Characterization of the Protective

Effect of Aptamers in Mice Subjected to Permanent Middle Cerebral Artery

Occlusion

(A) Representative T2W MRI sequences showing the extent of brain infarction at

24 hr after pMCAO. Dose-response profile of ApTLR#4F and ApTLR#4FT admin-

istered i.p. 10 min after induction of pMCAO showing protective effect for 1 nmol

(ApTLR#4F, n = 13) and 0.1 and 1 nmol doses (ApTLR#4FT, n = 8–9). ApTLR#1RT

(n = 8) or 38x(AG) (as negative control of the aptamer; n = 8) did not affect lesion size.

(B) Representative T2W MRI sequences showing the extent of brain infarction at

24 hr after pMCAO. Effect of ApTLR#4F (n = 8), ApTLR#4FT (n = 8), and

ApTLR#1RT (n = 8) (1 nmol) on TLR4 knockout (KO) mice. (C) Representative TTC-

stained sections at 24 hr after pMCAO in the therapeutic window study. Protective

effect mediated by ApTLR#4F (n = 6) and ApTLR#4FT (n = 13) injected intravenously
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observed in Figure 4A, animals treated i.p. with 38x(AG) 10 min after
cerebral ischemia displayed similar infarct volumes to those observed
in the vehicle-treated group determined 24 hr after ischemia by MRI.

To confirm that aptamer-induced reduction in infarct volume results
from a specific effect on TLR4 receptor, TLR4 KO mice (C57BL/
10ScNJ; mice lacking TLR4) exposed to pMCAO were also treated
with 1 nmol of different aptamers. Our data show that, in this case,
the size of the ischemic lesion in the groups treated with aptamers
was no different from that found in the KO-vehicle group (Figure 4B),
confirming that the effect of the aptamers is dependent on the pres-
ence of TLR4 receptor.

Since the intravenous (i.v.) route would be preferred for administra-
tion in stroke patients, we performed additional experiments in order
to compare the effects of i.v. and i.p. administration of aptamers after
stroke. WT mice subjected to pMCAO were treated with ApTLR#4F
and ApTLR#4FT at 1 nmol 10 min after the occlusion by i.v. or i.p.
route. At 24 hr after pMCAO, the reduction in infarct volume was
similar after both routes (p < 0.05; Figure 4C). Considering that the
average time frame of clinical intervention of patients after stroke
onset is 2–4 hr, we studied the therapeutic window of protection
mediated by ApTLR#4FT injected i.v., showing that the protective ef-
fect remains when aptamer is administered at 2 and 6 hr after
pMCAO (p < 0.05; Figure 4C).

To study the distribution of ApTLR#4FT, we performed peripheral
and central studies using Alexa Fluor 488-labeled ApTLR#4FT. First,
we performed a flow cytometric analysis of aptamer in blood from
TLR4+/+ and TLR4�/� mice subjected to pMCAO that received an
i.v. administration of Alexa Fluor 488-labeled ApTLR#4FT
(1 nmol) 10 min after the surgery (n = 3–5). Basal and serial blood
samples from tail were obtained at 5, 10, 15, and 30 min and 5 hr after
aptamer administration. Our results demonstrate that ApTLR#4FT is
detected in blood 5 min after the administration in pMCAO TLR4+/+

mice (Figure S4A). However, in TLR4�/� mice, we did not detect ap-
tamer binding at any of the times studied. Also, we found that Alexa
Fluor 488-labeled ApTLR#4FT gated cells were mainly in the granu-
locyte region based on forward scatter (FSC) and side scatter (SSC)
gating strategy (Figure S4B).

We have also found that ApTLR#4FT was able to cross the blood-
brain barrier and reach the ischemic brain region by fluorescence mi-
croscopy analysis of brain sections, showing Alexa Fluor 488-labeled
ApTLR#4FT in cells located within the core region of the ischemic
lesion in mouse brain tissue (Figure S4C, green). Signal specificity
was confirmed by incubation with Cy3-conjugated anti-Alexa 488
antibody (Figure S4C, red). Unconjugated ApTLR#4FT was used as
negative control (Figure S4D).
10 min after pMCAO. Window of protection mediated by ApTLR#4FT given intra-

venously after pMCAO (n = 6). Data represent mean ± SEM. Non-parametric, one-

way Kruskal-Wallis ANOVA with Dunn’s post-hoc test (*p < 0.05 versus pMCAO +

vehicle).
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Figure 5. Characterization of the Protective Effect of

ApTLR#4FT in the Long-Term

(A) Reduction of infarct size mediated by ApTLR#4FT

(1 nmol) measured longitudinally by T2WI-MRI was

sustained at 72 hr after pMCAO (n = 21). (B) Quantifi-

cation of % of injured cortex performed on Nissl-

stained serial sections showed long-lasting perma-

nence of protection mediated by ApTLR#4FT (n = 10)

at 21 days after pMCAO. (C and D) Assessment of

neurological function by the footprint test at 21 days

after pMCAO showed a normalization of the stride

length in forelimbs (C) and hindlimbs (D) induced by

ApTLR#4FT (n = 10). (E) Representative depiction of the

distances measured in the footprint test. Data repre-

sent mean ± SEM, two-way ANOVA followed by Bon-

ferroni test for (A), (C), and (D). *p < 0.05 versus Veh or

sham; #p < 0.05 versus ipsilateral. Student t test for (B)

(*p < 0.05 versus Veh).
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ApTLR#4FT Produces a Long-Term Reduction of the Infarct

Volume and a Recovery of Neurological Function after pMCAO

in Mice

Since clinical evaluation of novel therapies in stroke patients typi-
cally rely on a primary end-point for anatomical and functional
improvement at 90 days after stroke, we explored in the long-term
the persistence of the protective effect of ApTLR#4FT observed
acutely. Longitudinal analysis using T2WI MRI showed a sustained
reduction of brain infarction up to 72 hr after stroke (Figure 5A).
Long-lasting permanence of the acute protective effect of
ApTLR#4FT was observed at 21 days after pMCAO, a time when
infarct is considered stable in mice (Figure 5B). A correlation with
a recovery of neurological function was also observed in the foot-
print test (Figure 5E) as a reduction in the stride length of forelimbs
(Figure 5C) and hindlimbs (Figure 5D) as a result of the acute treat-
ment with ApTLR#4FT.
ApTLR#4F and ApTLR#4FT Do Not Produce Neurotoxic or

Physiological Effects

Neurotoxicity in vivowas evaluated by using themodified Irwin test, a
battery of tests classically used for assessment of the presence of
neurotoxic effects derived from drugs.30 Naive mice injected with
2052 Molecular Therapy Vol. 26 No 8 August 2018
ApTLR4#4FT (1 nmol) or vehicle were tested.
No effects were observed on parameters related
to muscular tone, coordination, and sensori-
motor responses. However, an alteration of the
performance of mice in the open-field test was
noted. Mice injected with ApTLR4#4FT spent
more time in the periphery of the field (Figures
6A and 6B) in detriment of exploration of the
central area (Figures 6A and 6C). This is nor-
mally interpreted as a sign of higher anxiety af-
ter exposure to a new environment. Likewise, a
transient decrease in animal’s weight was de-
tected at 24 hr, which was reverted at 48 hr.
Further additional anxiety tests need to be performed to confirm
the presence of an anxiogenic effect of ApTLR4#4FT.

Finally, the effect of i.v. administration of aptamers or vehicle
on physiological parameters was explored. Administration of
ApTLR4#4FT or ApTLR4#4F showed no effect on any of the param-
etersmeasured when compared to vehicle administration (Figure 6D).
In addition, ApTLR4#4FT did not produce any in vivo toxic effects in
a wide variety of tissues and organs studied, including liver (data not
shown).

ApTLR#4FT Reduces the Infarct Volume in Other StrokeModels:

Mechanisms Involved

Therapeutic potential of ApTLR#4FT and ApTLR#4F was explored
using another brain ischemia model with a proximal occlusion
(affecting cortex and striatum) and involving reperfusion (intralumi-
nal transient MCAO [tMCAO]; Figures 7A and 7B), in a different ro-
dent species (rat). In this setting, only ApTLR#4FT showed significant
protection over vehicle, while no effect of ApTLR#4F administration
was observed (Figures 7A and 7B). Remarkably, protection achieved
by ApTLR#4FT reached 49% reduction of infarct size, being consid-
erably higher than that observed in the pMCAO model in mice. We



Figure 6. In Vivo Toxicity Assays of ApTLR#4F and

ApTLR#4FT

(A) Representative depictions showing the trajectory of

mice in the open-field test, as part of the Irwin battery.

(B and C) Graphs showing the time spent by the mice in

the periphery (B) and center (C) of the open field (n = 9),

suggesting a higher level of anxiety in mice treated with

ApTLR#4FT. Data represent mean ± SEM, two-way

ANOVA followed by Bonferroni test (*p < 0.05 versus Veh

or sham). (D) Graph showing the effect of intravenous

administration of vehicle, ApTLR#4FT, and ApTLR#4F on

a battery of physiological parameters measured in blood.

No significant effect of ApTLR#4FT or ApTLR#4F (n = 6–9)

was observed.
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have also determined the neurological function using the motor score
test up to 21 days after tMCAO, showing a significant protection at 2
and 7 days after stroke in rats treated with ApTLR#4FT (Figure 7C).

Likewise, we explored the effect of ApTLR#4FT in a third brain
ischemia model (MCAO by electrocoagulation; Figure 7D) in mice.
The administration of 1 nmol of ApTLR#4FT 10 min after injury
also showed a significant and robust protection over vehicle, reaching
33% reduction of infarct size (Figure 7D).

We also used this model to study mechanisms involved in the protec-
tive effect of ApTLR#4FT, by performing a quantitative analysis of
different plasma cytokines using a customized cytometric bead array
(CBA) (see Materials andMethods). Treatment with the ApTLR#4FT
significantly reduced the plasma levels of interleukin-6 (IL-6),
IL-12p70, and interferon-g (IFN-g), but not of tumor necrosis factor
(TNF), IL-10, or Monocyte Chemoattractant Protein-1 (MCP-1), at
24 hr after the ischemic insult, compared with the vehicle mice group
(n = 8–15; p < 0.05) (Figure 7E).

Additionally, we studiedmicroglial activation and blood-brain barrier
damage after pMCAO in both groups. Our results did not demon-
Molec
strate any significant differences between
vehicle- and ApTLR#4FT-treated groups in
number, area or integrated density of microglial
cells in the peri-infarct area (Figures S5A and
S5B). On the other hand, extravasated immuno-
globulin G (IgG) area (indicating blood-brain
barrier damage) was decreased in animals
treated with ApTLR#4FT, 10 min after
pMCAO, when compared with vehicle group
(p < 0.05; Figure S6).

DISCUSSION
In this study, we have characterized an aptamer,
ApTLR#4F, and its truncated form,ApTLR#4FT,
which show antagonistic activity against TLR4
and, subsequently, a protective effect against
experimental stroke, a setting where TLR4 plays a crucial role in the
initiation of ischemic injury.

First, we identified two aptamers (ApTLR#1R and ApTLR#4F)
against human TLR4 (hTLR4) by using the systematic evolution of
ligand by exponential enrichment (SELEX) method, which show
TLR4 antagonistic activity. Since it has been described that TLR4
functions can vary across different species and, in particular, between
humans and rodents, it is important to emphasize that these aptamers
are specific to human TLR4 (for review see Vaure and Liu31). In order
to enhance their pharmacokinetic properties, we carried out a
post-SELEX optimization to obtain their truncated (T) forms
(ApTLR#1RT and ApTLR#4FT). For that, the aptamers were modi-
fied by deleting specific regions of the sequence after studying the sec-
ondary structures of aptamers and analyzing the ability of aptamers to
form G-quadruplex structures. Aptamers must ideally have a high
stability, important for applications in biological systems in order
to reach their target proteins without being degraded. Many of the
aptamers described in the literature contain G-quadruplex struc-
tures,32–34 which strongly stabilize the tertiary structure. Interestingly,
ApTLR#1RT exhibits relatively high free energy but, eventually, it
would be able to form a G-quadruplex structure. However, our results
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Figure 7. Study of the Mechanisms Involved in the

Infarct Volume Reduction Produced by ApTLR#4FT

in Other Stroke Models

(A) Depiction showing the surgical procedure for intra-

luminal tMCAO. (B) Representative TTC-stained sec-

tions at 24 hr after tMCAO in rats. Protection mediated

by ApTLR#4FT (n = 15) given intravenously 10 min after

reperfusion following tMCAO in rats. Data represent

mean ± SEM. Non-parametric, one-way Kruskal-Wallis

ANOVA with Dunn’s post-hoc test (*p < 0.05 versus

Veh). (C) Assessment of neurological function by the

motor score test up to 21 days after tMCAO showed a

significant protection at 2 and 7 days after stroke

induced by ApTLR#4FT (n = 10). Data represent

mean ± SEM, two-way ANOVA followed by Bonferroni

test (*p < 0.05 versus Veh). (D) Protection mediated by

ApTLR#4FT (n = 8–15) given i.p. 10 min after pMCAO

by electrocoagulation in mice and (E) effects of

ApTLR#4FT on plasma protein levels of inflammatory

mediators after pMCAO in mice. Protein levels were

determined 24 hr after pMCAO by cytometric bead

array. Samples were tested in duplicate (n = 8–15 in

each group). Data are expressed as mean ± SEM,

Student’s t test (*p < 0.05 versus Veh).
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show that ApTLR#4FT is able to bind to the target with higher affinity
than ApTLR#1RT, although both truncated aptamers maintain
similar structural motifs and antagonistic activities as their non-trun-
cated precursors.

We focused our study on ApTLR#4F and its truncated form
ApTLR#4FT, for which subsequently discussed studies showed a neu-
roprotective decrease in infarct volume after experimental stroke. The
human TLR family can be divided into extracellular members, TLR1,
TLR2, TLR4, TLR5, TLR6, and intracellular members, TLR3, TLR7,
TLR8, and TLR9. Upon ligand binding, TLR4 and TLR5 form
homo-dimers, whereas TLR2 forms hetero-dimers with TLR1 or
TLR6.35 We have confirmed the specificity of our aptamers against
TLR4 by analyzing the effect on extracellular TLR2 and TLR5 which,
moreover, form homo-dimers (TLR5) and hetero-dimers (TLR2).
Our results show that none of these aptamers exerts any effect on
TLR2 or TLR5, confirming the specificity for TLR4.

Regarding stability, we have found that both aptamers are degraded at
different times after incubation with human plasma. It is interesting to
point out that aptamers aimed at the treatment of acute diseases could
be degraded after a short period to prevent unwanted toxic effects.
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Importantly, we have studied the effect of
ApTLR#4F and ApTLR#4FT on infarct volume
after ischemic stroke, a disease in which we and
others have demonstrated the key role of TLR4
in the brain damage associated to this pathol-
ogy. We showed that TLR4-deficient mice
have smaller infarctions and less inflammatory
response after an ischemic insult.3,4 Further-
more, the exogenous administration of the TLR4 antagonist TAK-
242 also protected brain from acute damage induced by intracerebral
hemorrhage36 and by ischemic injury.37 Now, our present data show
that the post-stroke administration of both aptamers produces a
remarkably neuroprotective effect by decreasing infarct volume.

Interestingly, this effect is TLR4 dependent, because none of them
showed any effect on TLR4-deficient mice. The long-lasting protec-
tion mediated by ApTRL#4FT at 21 days, as well as the correlation
of the anatomical infarct size reduction with the functional recovery,
adds a critical translational value to the results, since these endpoints
mimic clinical endpoints and timing of monitoring in stroke patients.
In this context, it has been demonstrated5 that TLR4 is active long
enough after stroke to act effectively with drugs that block TLR4-
signaling response. In addition, there is a release and secretion of
DAMPs from dying cerebral tissue after stroke (for review, see Busta-
mante et al.38) that activate these receptors, thereby triggering the in-
flammatory response.

We have also demonstrated that ApTLR#4FT, administered after the
onset of ischemic injury, diminishes the plasma protein levels of
several pro-inflammatory molecules (IL-6, IL-12p70, and IFN-g)
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and reduces the blood-brain barrier disruption, effects that could be
involved on the protective effect found.

Importantly, the efficacy of ApTLR#4FT in a model of brain
ischemia-reperfusion in rat supports the use of this aptamer in pa-
tients undergoing artery recanalization induced by pharmacological
(thrombolysis) or mechanical (endovascular thrombectomy) inter-
ventions, as an adjuvant therapy in patients in whom recanalization
does not lead to major recovery. The absence of major toxicological
aspects and the good safety profile characterized for ApTLR#4FT
and ApTLR#4F further encourage their future clinical positioning
for stroke therapy.

Other aptamers against TLRs have been also developed. Thus, Wata-
nabe et al.39 isolated two RNA aptamers against human TLR3 with
high affinity in TLR3-transfected HEK293 cells. Later, Wu et al.28

demonstrated the in vivo efficacy of a phosphodiester TLR9 aptamer
and its beneficial effect in a pulmonary anthrax infection model.
Chang et al.29 also described an aptamer, AP177, that can effectively
antagonize TLR2, inhibit nuclear factor kB (NF-kB) activity, and
reduce cytokine secretion by >80%, showing therapeutic potential
in the treatment of diseases related with deregulated TLR2 immune
responses.

The two new aptamers described herein provide a novel and powerful
therapeutic strategy for stroke. Before aptamers can be used in hu-
mans, several additional tests will need to be performed in animal
models, including biodistribution and dose-response analyses. Once
the parameters of pharmacokinetics and dynamics are determined
in animal models, we envision that the aptamers could be tested in
human clinical trials, perhaps first in patients who are treated with
tPA. In addition, the great affinity and specificity shown by the ap-
tamers, together with their advantages when compared with tradi-
tional drugs or antibodies (safety, stability, in vitro selection, ability
to be modified without structural alterations, production costs, etc.)
makes them excellent candidates for their incorporation into the ther-
apeutic arsenal not only for stroke but also for other diseases in which
TLR4 plays a deleterious role.

MATERIALS AND METHODS
Cell Lines and Reagents

Five different cell lines, HEK293, 293-hTLR4A, HEK-Blue-hTLR4,
HEK-Blue-hTLR2, and HEK-Blue-hTLR5 cells, were used in this
study. HEK293 cells are human embryonic kidney epithelial cells.
293-hTLR4A cells were obtained by stable transfection of the hTLR4a
gene (InvivoGen, San Diego, CA, USA). HEK293 cells were cultured
in DMEM supplemented with 10% fetal bovine serum (FBS) (Life
Technologies, Inc., Carlsbad, CA, USA), 10 U/mL penicillin, and
100 mg/mL streptomycin (Gibco). 293-hTLR4A cells were cultured
in the same medium supplemented with 10 mg/mL blasticidin
(Sigma-Aldrich, St. Louis, MO, USA).

HEK-Blue-hTLR4 (InvivoGen # hkb-htlr4) were obtained by co-
transfection of the hTLR4 receptor and MD-2/CD14 co-receptor
genes into HEK293 cells. The cells were cultured in DMEM supple-
mented with 10% FBS, 10 U/mL penicillin, and 100 mg/mL strepto-
mycin and (1�) HEK-Blue Selection (InvivoGen, San Diego, CA,
USA). HEK-Blue-hTLR2 (InvivoGen #hkb-htlr2) and HEK-Blue-
hTLR5 (InvivoGen #hkb-htlr5) were obtained by co-transfection
hTLR2 and hTLR5 receptor genes, respectively, and SEAP reporter
gene into HEK293 cells. These cells were cultured with the same me-
dium that HEK-Blue hTLR4 cells supplemented with (1�) Blasticidin
(InvivoGen ref, ant-bl-1) for HEK-Blue-hTLR2 cells and (1�) Zeocin
(Invivogen ref, ant-zn-1) for HEK-Blue-hTLR5 cells.

Primers and Aptamers

The ssDNA library composed of 40-nucleotide (nt) randomized probe
sequences flanked by 18-nt PCR priming sequences at both the 50 and
the 30 ends (50-GCGGATGAAGACTGGTGT-[N]40-GCCCTAAA
TACGAGCAAC-30), named RND40, and all other labeled and non-
labeled primers and aptamers were synthesized by IBA (Gottingen,
Germany). The bound sequences, isolated during the SELEX process,
were amplified by PCR primers with the sequences 50-GCGGATGAA
GACTGGTGT-30 (F3) and 50-GTTGCTCGTATTTAGGGC-30 (R3).
To ensure proper folding, aptamers were denatured at 95�C for
10 min, cooled to 4�C for 10 min, and then used at 37�C until used.

Expression and Purification of Recombinant Human TLR4

Coding sequence for mature recombinant human TLR4 (rhTLR4)
(Glu24-Lys631) was cloned in pFastBacI vector and the recombinant
construct transformed in DH10Bac cells. Recombinant hTLR4 fused
to a 6xHis tail at the C-terminal end was expressed in Sf9 cells and
purified by affinity chromatography on niquel-nitrilotriacetic acid
(Ni-NTA) resin columns using ÄKTA Prime. The predicted molecu-
lar weight of rhTLR4 is 70.1 kDa.

Aptamer Selection: Cell-SELEX and Protein-SELEX

Two selection procedures using hTLR4-expressing HEK293T cells
(293-hTLR4A, InvivoGene) (cell-SELEX) or HIS-tagged hTLR4 pro-
tein (protein-SELEX) have been performed. In the first round of the
cell-SELEX, intact hTLR4-expressing HEK293T cells were plated in a
p96 plate and incubated in culture medium with 1 nmol of ssDNA
RND40 library previously folded in SELEX buffer (20 mM Tris-
HCl [pH 7.4]; 150 mM NaCl; 1 mMMgCl2) at 37�C for 1 hr (rounds
1–3) or 30 min (rounds 4–6). The cells were washed twice with PBS
and then recovered and used as template for aptamer amplification.
The aptamers were amplified using F3 and R3 primers in PCR buffer
under the conditions of 1 mM/primer, 250 mM deoxinucleoside tri-
phosphates (dNTPs), in a final volume of 100 mL. Contraselection
steps were performed before the initial round and after rounds three
and six of the SELEX procedure with HEK293 cells.

The protein-SELEX procedure was performed as previously
described.13 In brief, 1 nmol of structured RND40 population was
mixed with 100 pmol of rhTLR4 and incubated in SELEX buffer as
above. The bound aptamer-hTLR4 complexes were purified using
Ni-NTA superflow (QIAGEN, Madrid, Spain). Contraselection steps
were performed before the initial round and after rounds three and six
Molecular Therapy Vol. 26 No 8 August 2018 2055
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of the SELEX procedure with Ni-NTA superflow resin (Supplemental
Materials and Methods).

Aptamer Cloning, Sequencing, and Secondary Structure

Prediction

After six rounds, the selected aptamer populations were amplified by
using 1 U Taq DNA polymerase (Biotools) in 50 mL of reaction also
containing 1� PCR buffer, 125 mM dNTPs, 1 mM F3 primer, and
1 mMR3 primer. The dsDNA product with “A”-overhangs was cloned
into pGEM-T Easy-cloning vector (Promega) following manufac-
turer’s instructions. Individual clones were sequenced using T7 (50-
TAATACGACTCACTATAGGG-30) and Sp6 (50-ATTTAGGTGA
CACTATAGAA-30) primers. Selected ssDNA molecules were sub-
jected to secondary structure prediction using the mFold version
3.5 software (http://unafold.rna.albany.edu)40 at 37�C in 150 mM
NaCl and 1 mM MgCl2 and QGRS Mapper (http://bioinformatics.
ramapo.edu/QGRS), a web-based server for predicting G-quadruplex
in nucleotide sequence.41

ELONA

ELONA was used to screen aptamers binding to rhTLR4 protein as
described.13 In brief, 200 mL of the solution (5 mg/mL, 71 pmol/mL)
of rhTLR4 protein in SELEX buffer with 0.2% BSA were added to a
96-well microtiter plate (NUNC) and incubated overnight at 4�C. Af-
terward, digoxigenin-labeled aptamers were diluted in SELEX buffer
at 500 ng/mL (20 nM), denatured for 10 min at 95�C, and cooled for
10 min on ice. Then, 200 mL of the solution were added to each well,
and the plate was incubated at 37�C for 1 hr, after which individual
wells were washed four times with SELEX buffer to remove unbound
ssDNA. Next, 200 mL of a 1/1,000 dilution of anti-digoxigenin anti-
body conjugated with horseradish peroxidase (POD) (Roche) were
added to the individual wells. Following 30 min incubation at room
temperature on a shaking platform, the plates were washed four times
and developed using 2,2’-azino-bis(3-ethylbenzothiazoline-6-sul-
phonic acid) (ABTS) solution (Boehringer-Mannheim) according to
the manufacturer’s instruction. Optical density (OD) values at
405 nm were determined using a microplate reader from TECAN.

Binding Affinity Assays

To confirm the binding of the selected aptamers to the target, the re-
combinant protein or cells expressing hTLR4 were incubated with the
aptamers and the bound aptamers amplified by qPCR. In a first set of
experiments, rhTLR4 protein was bound to Ni-NTA agarose resin
(QIAGEN). Twenty microliters of resin containing 70 ng (1 pmol)
of rhTLR4 protein were incubated with 12.5 ng (0.5 pmol) of each ap-
tamer in a final volume of 500 mL of PBS complemented with 1 mM
MgCl2 at 37�C for 10 min. Afterward, individual wells were washed
four times with SELEX buffer to remove unbound ssDNA and
resin-rhTLR4: aptamer complexes were recovered by centrifugation
at 10,000 � g for 5 min in 50 mL H2O. In another set of experiments,
HEK293 and 293-hTLR4A cells were plated in P96 multiwell plates
(10,000 cells/well). After 6 days, 500 ng of previously folded aptamers
were added to the cells and incubated for 30 min at 37�C. Cells were
washed twice with PBS and recovered in 10 mL of PBS. In both cases,
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the aptamers recovered were amplified by qPCR. Briefly, qPCR was
performed on an iQ5 Cycler instrument (Bio-Rad) with Sybr green
master mix (Biotools) according to the manufacturer’s instructions.
Specifically, for binding affinity assays, 20 mL reactions included
0.25 mMF3 and R3 primers and 2 mL (from experiments using soluble
rhTLR4) or 10 mL (from experiments using rhTLR4-expressing cells)
of the samples containing the aptamers. PCR was performed as fol-
lows: 95�C for 5 min; 25 cycles (95�C for 20 s; 57�C for 15 s; 72�C
for 20 s).

Secreted Alkaline Phosphatase Assay for Screening TLR4

Antagonistic Effects of Aptamers

HEK-Blue-hTLR4 cells expressing hTLR4, MD2, and CD14 proteins
were seeded onto 96-well culture plates at 2 � 104 cells/well. When
the cells reached 70%–80% confluence, they were incubated
with LPS-EK-ultra pure (InvivoGen, USA) at a concentration of
0.1 ng/mL or 5 mL of DAMPs, supernatant from 5� 106 HEK293 cells
lysed in 200 mL of H2O and centrifuged 1 min at 10,000� g, in a final
volume of 190 mL. After 1 hr of incubation, 10 mL of aptamer diluted
in SELEX buffer at several concentrations (0.2, 2, 20, and 200 nM)
were added. LPS from Rhodobacter sphaeroides (LPS-RS; InvivoGen,
USA) at a concentration of 200 ng/mL was used as an antagonist con-
trol. An oligonucleotide consisting of a linear sequence containing 38
consecutive pairs AG [38x(AG)] was used as a negative control. SEAP
activity was measured after 24 hr using QUANTI-Blue substrate
(InvivoGen, USA) at 630 nm. Cells incubated in the presence of the
vehicle were used as a blank.

The specificity of aptamers ApTLR#4F and ApTLR#4FT was tested
by SEAP assay. In these assays, we used the cell lines HEK-Blue-
hTLR2 and HEK-Blue-hTLR5, stimulated with their natural
agonist, Pam3-up (synthetic triacetilated lipoprotein ultrapure;
InvivoGen#tlrl-pam) at 0.1 ng/mL and FLA-ST (flagelin from
S. typhimurium ultrapure; InvivoGen ref, tlrl-stfla) at 50 ng/ml,
respectively, for 1 hr. Afterward, ApTLR#4F and ApTLR#4FT at
20 nM and 200 nM were added and the SEAP activity measured
as above.

Effect of Aptamers on Nitric Oxide Release in RAW 264.7

Macrophages

Peritoneal macrophages were seeded in 12-well plates at a density of
1� 106 cells/mL and were incubated with 500 ng/mL of LPS (Sigma)
at 37�C for 20 hr. Aptamers were added 1 hr after LPS treatment at 20
or 200 nM final concentration. The release of NO into phenol red-free
medium was determined from the amount of accumulated nitrite,
measured spectrophotometrically with the Griess reagent at 24 hr af-
ter aptamers administration (Sigma, St. Louis, MO, USA). The absor-
bance at 548 nmwas compared to a standard NaNO2 solution.

42 Sam-
ples were assayed in duplicate.

Flow Cytometry Analysis

All flow cytometry analyses were performed on a FACScan model
flow cytometer (Becton Dickinson Immunocytometry systems).
Binding of aptamers to cell-surface TLR4 was analyzed by seeding
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HEK293 or HEK-Blue-hTLR4 cells onto 24-well culture plates at
2 � 105 cells/well in 200 mL complete DMEM supplemented with
HEK-Blue Selection buffer. Afterward, cells were incubated in the
absence or presence of the TLR-4 activator LPS-EK-ultrapure (LPS-
EK-UP) (0.4 ng/well) for 30 min and then with the Alexa Fluor
488-labeled aptamers (20 nM) in 50 mL volume of PBS buffer contain-
ing 1 mMMgCl2 and 1 mg/mL BSA for 30 min at room temperature
in the dark. Cells were then washed and subjected to flow cytometry
analysis.

Animals

Adult male mice C57BL/10J (WT; mice expressing TLR4) and
C57BL/10ScNJ (KO; lacking functional TLR4) (8–10 weeks) and
adult male Sprague-Dawley (200–250 g) were obtained from The
Jackson Laboratory. Animals were housed individually under stan-
dard conditions of temperature and humidity and a 12-hr light/
dark cycle (lights on at 08:00) with free access to food and water.
All procedures were carried out in accordance with ARRIVE guide-
lines and the European Communities Council Directive (86/609/
EEC) and reviewed by the Ethics Committees on Animal Welfare
of Universidad Complutense.

Experimental Groups

All groups were performed and quantified in a randomized fashion by
investigators blinded to the specific treatments. Mice were subjected
to a pMCAO. Animals received an i.p. or i.v. (tail vein, i.v.) adminis-
tration of ApTLR#4F (0.01–1 nmol), ApTLR#4FT (0.01–1 nmol),
ApTLR41RT (1 nmol), 38x(AG), or vehicle (PBS + 150 mM
MgCl2) 10 min, 2 hr, or 6 hr after pMCAO. Rats were subjected to
tMCAO and received 0.59 mg/kg ApTLR#4F, 0.45 mg/kg
ApTLR#4FT, or vehicle i.v. (tail vein, i.v.).

Induction of Permanent Focal Ischemia in Mice

Mice were subjected to a distal pMCAO through ligation of the MCA
with a 9–0 suture just before its bifurcation into the frontal and
parietal branches as previously described.4 The ipsilateral common
carotid artery was also permanently occluded. These experimental
conditions led to moderately sized cortical infarcts. In other groups
of mice, the middle cerebral artery (MCA) was also occluded perma-
nently by the electrocoagulation method as previously described.43

Mice were anesthetized with isoflurane 1.5%–2% in a mixture of
80% air/20% oxygen, and body temperature was maintained at phys-
iological levels with a heating pad during the surgical procedure and
anesthesia recovery. Following surgery, individual animals were re-
turned to their cages with free access to water and food. Animals
were sacrificed by an overdose of isoflurane. Physiological parameters
were not significantly different among the different groups studied.
No spontaneous mortality was found after pMCAO with this model
in any experimental group.

Induction of Transient Focal Ischemia in Rats

Transient focal brain ischemia (tMCAO) was induced by intralumi-
nal occlusion of the right MCA with reperfusion, as reported.44 In
brief, rats were anesthetized with isoflurane in a mixture of O2
and N2O (30:70) and intubated through the trachea for controlled
ventilation. Mean arterial blood pressure was monitored, and body
temperature was maintained between 36.5�C and 37.5�C during sur-
gery. Briefly, the common and external carotid arteries were
exposed, and the pterigopalatine artery was ligated. A filament
(nylon monofilament 4/0, Look-sutures; Harvard-Apparatus, Hollis-
ton, MA, USA) heat-rounded at the tip was introduced (21 mm)
through the external carotid artery to the level where the MCA
branches out, and a ligature was placed on the internal carotid ar-
tery. Reduction of cerebral blood flow in the MCA territory was
confirmed by laser Doppler flowmetry (Table S2). Rats showing a
reduction of less than 50% of basal flow were excluded. For reperfu-
sion, the ligature of the internal carotid artery was taken off, and the
filament was cautiously removed 45 min after occlusion. Rats were
randomized, and researchers were blinded to the treatment after
final analysis was completed.
Infarct Size Determination

For infarct size determination, 24 hr after MCAO, magnetic reso-
nance examination was performed using a BIOSPEC BMT 47/40
(Bruker, Ettlingen, Germany; MRI Unit, Instituto Pluridisciplinar,
UCM). Infarct volume was calculated using ImageJ 1.41 (NIH, Be-
thesda, MD, USA) from the T2-weighted images. Additionally, stain-
ing of 0.5-mm-thick brain sections with 2,3,5-triphenyltetrazolium
chloride (TTC) was used for quantification of brain infarctions on
digitalized photographs using ImageJ software.
Long-Term Injury Follow-Up

A subgroup of mice receiving 1 nmol of ApTLR#4FT or ApTLR#4F
or vehicle 10 min after pMCAO was used for follow-up of injury
progression in the long-term. T2-weighted images were obtained
at 24, 48, and 72 hr after MCAO in order to measure sub-acute pro-
gression of brain infarction and edema, and mice were terminated at
21 days after MCAO by transcardiac perfusion with 4% paraformal-
dehyde in 0.1 M phosphate buffer (pH 7.4). Brains were removed
and cryoprotected in 0.1 M sucrose in 0.1 M phosphate buffer
(pH 7.4). Coronal series were sectioned to a thickness of 30 mm
(five sections), each 400 mm and stained with cresyl violet. Injury
was expressed as % of reduction of cortical volume by the formula
([vol contralateral cortex � vol remaining ipsilateral cortex]/vol
contralateral cortex) � 100.
Long-Term Evaluation of Neurological Function

Footprint patterns were analyzed in mice 21 days after pMCAO using
a runway (80 cm long, 10.5 cm wide) with white paper on the bottom.
Mouse paws were painted with non-toxic, water-soluble ink of
different colors for the hindlimbs and the forelimbs. Stride length,
stance length, and sway length (Figure 4E) were measured in five
strides per animal.45,46

Neurological status in rats was assessed blinded to drug treatment
before and at different time points up to 21 days after stroke and
by the use of motor and behavioral tests.47,48
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Fluorescence Microscopy

ApTLR#4FT conjugated with Alexa 488 was injected i.v. in mice
10 min after pMCAO. Unconjugated ApTLR#4FT was used as a
negative control. Animals were killed at 24 hr after MCAO by isoflur-
ane overdose followed by transcardiac perfusion through the left
ventricle with 0.1 M phosphate buffer as a vascular rinse and by a
fixing solution containing 4% p-formaldehyde in 0.1 M phosphate
buffer (pH 7.4). Brains were removed, post-fixed overnight, and
placed in 30% sucrose for 48 hr. Coronal series were sectioned to a
thickness of 30 mm (five sections), each 400 mm. The sections were
incubated with an anti-Alexa 488 antibody conjugated to Cy3, and
nuclei were counterstained with TO-PRO-3.

In Vivo Neurotoxicity and Measurement of Physiological

Parameters

Potential neurotoxicity derived from ApTLR#4FT administration
was evaluated by the modified Irwin test, a battery of tests classically
used for assessment of the presence of neurotoxic effects derived from
drugs. The potential effect of ApTLR4#4FT on general physiological
parameters (pH, pCO2, pO2, BEEcf [base excess in the extracellular
fluid], HCO3, TCO2, sO2%, Na+, K+, iCa2+, glucose, hematocrit)
was also tested in naive animals (iSTAT SystemBloodAnalyzer,
Ven-Bios ES).

Protein Determination by Cytometric Bead Array

Plasma samples obtained 24 hr after pMCAO were used to measure
quantitatively the protein levels of IL-6, IL-10, Monocyte Chemoat-
tractant Protein-1 (MCP-1), interferon-g (IFN-g), TNF, and
IL-12p70 protein levels in a single sample by a BD CBA. This assay
allows for the discrimination of different particles based on size and
fluorescence. Capture Antibodies (Abs) were covalently coupled to
microspheres (beads) according to the manufacturer’s instructions
(BD Biosciences). Samples in duplicate or standards were added to
75-mm tubes containing 50 mL of mixed capture beads following at
1 hr incubation at room temperature. Then, 50 mL of phycoerythrin
(PE) detection reagent (BD Biosciences) was added to each sample
or standard tube and left 1 hr at RT. After the incubation, samples
and standards were washed with the kit’s buffer and centrifuged
5 min at 200� g. Finally, the supernatant was discarded, and another
300 mL of wash buffer were added to each tube. Four-color flow cyto-
metric analysis was performed using a FACSCalibur flow cytometer
(BD Biosciences). Data were acquired with the BD CellquestTM
PRO and analyzed using the FCAP Array software. FSC versus SSC
gating was employed to exclude any sample particles other than the
7.5-mm polystyrene beads. Data were displayed as two-color dot plots
(FL-2 versus FL-4) such that the six discrete FL-4 microparticle dye
intensities were distributed along the y axis.

Statistics

In all studies, analyses were performed blindly, and randomization
was applied. Data are expressed as mean ± SEM for the indicated
number of experiments (n is noted in the figure legends). Statistical
significance was determined by use of an unpaired Student’s t test,
of a non-parametric one-way Kruskal-Wallis ANOVA test followed
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by a Dunn’s post hoc test, and of a non-parametric two-way
ANOVA followed by Bonferroni post-hoc test as indicated in each
figure legend. All statistical analyses were performed with Prism
version 5.0 (GraphPad Software, San Diego, CA, USA). p < 0.05
was considered statistically significant.
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