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Abbreviations

BBB: blood-brain barrier

CD: cortical devascularization

CNS: central nervous system

DIV: days in vitro

DPL: days post ischemic lesion

FBS: Fetal bovine serum

FITC: fluorescein isothiocyanate isomer |
GFAP: Glial fibrillary acidic protein

h: hours

HBSS: Hank's Balanced Salt Solution

LPS: Lipopolysaccharide

MTT: 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide)

OGD: Oxygen and glucose deprivation
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PAMAM: polyamidoamine

PBS: phosphate-buffered saline

Abstract

Secondary neuronal death is a serious stroke complication. That process is facilitated by the
conversion of glial cells to the reactive proinflammatory phenotype that induces
neurodegeneration. Therefore, regulation of glial activation is a compelling strategy to reduce
brain damage after stroke. However, drugs have difficulties to access the central nervous system
(CNS), and to specifically target glial cells. In the present work we explored the use core-shell
polyamidoamine tecto-dendrimer (G5G2.5 PAMAM) and studied its ability to target distinct
populations of stroke-activated glial cells. We found that G5G2.5 tecto-dendrimer is actively
engulfed by primary glial cells in a time- and dose-dependent manner showing high cellular
selectivity and lysosomal localization. In addition, oxygen-glucose deprivation or
lipopolysaccharides (LPS) exposure in vitro and brain ischemia in vivo increase glial G5G2.5
uptake; not being incorporated by neurons or other cell types. We conclude that G5G2.5 tecto-
dendrimer is a highly suitable carrier for targeted drug delivery to reactive glial cells in vitro and

in vivo after brain ischemia.

INTRODUCTION

Stroke, brain attack or brain ischemia is a severe pathological state, that can have devastating
consequences for patients. The available therapies are limited to the recanalization of the
occluded vessel, a strategy with serious intrinsic risks that requires rapid access to tertiary care

healthcare services (Levine et al. 2013, Grotta & Hacke 2015).

Following brain ischemia, astroglial and microglial cells become reactive and the cell crosstalk
with the innate immune system results in a widespread neuroinflammation that increases
secondary neuronal death (Burda & Sofroniew 2014, Liddelow et al. 2017). Reactive astrocytes
undergo a complex biological process that includes the upregulation of a plethora of genes. In
spite that some genes seem to contribute to neuronal survival, others are closely related to
proinflammatory pathways that facilitate neurodegeneration and glial scar formation (Zamanian
et al. 2012, Anderson et al. 2014, Burda & Sofroniew 2014, Villarreal et al. 2014, Wanner et al.

2013, LeComte et al. 2015). Microglial cells, on the other hand, become activated by the primary
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cell death in the ischemic core and they may suffer polarization to the opposite phenotypes
known as the proinflammatory-neurodegenerative M1 or the anti-inflammatory-

neuroregenerative M2 profile (reviewed in Huang & Feng 2013)).

The prevailing hypothesis is that controlling glial conversion to the proinflammatory-
neurodegenerative phenotypes will dramatically reduce neuroinflammation and will facilitate
neuronal survival after stroke, thus reducing patient morbidity and mortality. The
pharmacological approach to that end is hindered by the fact that drug access to the central
nervous system (CNS) is strictly limited by the presence of the blood-brain barrier (BBB). In
addition, most drugs have low cellular selectivity, which seriously precludes their use due to side

effects on other cell types.

The nanometer-scale dendrimer-based platforms emerged as promising carriers for different
types of drugs due to their capacity to carry different loads, the possibility of chemically
modifying their structure and chemically engineering the structure of the carrier (see revision in
Kannan et al. 2014). Specifically, polyamidoamine (PAMAM) dendrimers stand out as promising
targeted delivery nanodevices with potential use in CNS-targeted therapies (Nance et al. 2015,
Lesniak et al. 2013, Kannan et al. 2012, Guo et al. 2016, Cerqueira et al. 2012, Albertazzi et al.
2013). Both native hydroxyl-modified generation 4 PAMAM dendrimers (G4-OH) (Nance et al.
2015, Lesniak et al. 2013, Kannan et al. 2012) and other chemically-modified dendrimers (Guo et
al. 2016, Cerqueira et al. 2012, 2013, Albertazzi et al. 2013) have been shown to successfully
reach the CNS.

The increase in dendrimer generation during synthesis, yielding larger structures that carry larger
number of active molecules has shown that, beyond G5 generation, the de Gennes dense-packing
phenomenon reduces good monodispersity and precludes ideal dendritic construction leading to
a crowding of functional groups in the dendrimer surface (Lothian-Tomalia et al. 1997). In this
context, the core-shell tecto-dendrimers, which consist of a dendrimer core surrounded by a shell
of lower-radii dendrimers, would provide additional loading capacity as drug carriers, yet

preserving the well-organized dendrimer structure (Uppuluri et al. 2000, Schilrreff et al. 2012).

Using the core-shell tecto-dendrimers obtained by conjugating G5 dendrimers as core with G2.5
as shell surface, as previously described (Schilrreff et al. 2012), we here explored the tecto-
dendrimer ability to specifically reach reactive glia in vitro and in vivo after brain ischemia, a

pharmacological strategy that would make G5G2.5 suitable for glial-targeted therapy.
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METHODS

Materials. Cell culture reagents and LysoTracker Red (cat# L7528) were obtained from Invitrogen
Life Technologies (RRID:SCR_008817, Carlsbad, CA, USA). Fetal bovine serum (FBS) was purchased
from Natocor (Cérdoba, Argentina). Poly-L-lysine (cat# P1399), DAPI (4',6-diamidino-2-
phenylindole) (cat#t D9542), Ethylendiamine PAMAM G5, G2.5, and G6.5 dendrimers (cat#
536709; 412414 and 536792 respectively), LiCl (cat#f L9650), 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC) (cat# E7750), fluorescein isothiocyanate isomer | (FITC)
(cat# F7250), Lipopolysaccharides (LPS) from Escherichia coli 026:B6 (cat# L8274), 3-(4,5-
dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide) (MTT) (cat# M2128), high-retention
cellulose dialysis tubing, Sephadex G-100 (cat# S6147) and G-25 (cat# S5772) and other chemicals
were purchased from Sigma-Aldrich (RRID:SCR_008988; MO, USA). Antibodies were purchased
from Abcam (RRID:SCR_012931, anti- Iba-1; cat# ab5076), Promega (RRID:SCR_006724; anti- BlIl-
tubulin; cat# G7121) and Dako (RRID:SCR_013530; anti- GFAP cat# Z0334). Fluorescent secondary
antibodies were purchased from Jackson Immunoresearch (RRID:SCR_010488; West Grove, PA,

USA). All antibodies were characterized and validated by the manufacturers.

Synthesis and characterization of G5G2.5. G5G2.5 tecto-dendrimers were synthesized and
characterized as previously described (Schilrreff et al. 2012). Then, the tecto-dendrimer and the
G6.5 dendrimer were labeled with FITC as described in (Kitchens et al. 2006) and (Schilrreff et al.
2012) with minor modifications. In brief, FITC (5 mg/mL) was dissolved in acetone and slowly
added to G5G2.5 solutions at a 1:20 molar ratio, followed by incubation at room temperature for
24 hours in the dark. The FITC-labeled tectodendrimer was then separated from free FITC by size-

exclusion chromatography on a Sephadex-G25 column.

The physicochemical characteristics of G5G2.5 tecto-dendrimer have been previously described
in Schilrreff et al., (2012). In brief, the MW of G5G2.5 as estimated by MALDI-TOF-MS had a
molecular weight peak at ~87,000 Da, with a MW distribution between 75,000 and 96,000 Da
(Schilrreff et al. 2012). Regarding shape and size, TEM images showed fractal structured
aggregates and spherical structures with an average diameter of 7.20 + 2.06 nm. The
hydrodynamic diameter of G5G2.5 was around 11 nm both in HBSS and in culture media (MEM).
On the other hand, the Z-potential of G5G2.5 in HBSS was slightly negative (-4 to -9 mV), while it
decreased in culture media to -16.6 (Schilrreff et al. 2012). Considering that each G5G2.5 consists

of a single G5 core dendrimer, a mean of 9-10 G2.5 dendrimer shell would be surrounding the
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central core, which corresponds to a saturation level of 60%—67%. The extent of FITC conjugation
was determined by measuring the absorbance of labeled polymers at 492 nm using a UV-visible
spectrophotometer (UV-1603; Shimadzu, Kyoto, Japan). Number of moles of FITC conjugated per
polymer was calculated using FITC calibration curve in Tris-HCI buffer. The quantification of the
amount of FITC per polymer conjugate showed 22 FITC molecules per G5G2.5 molecule (Schilrreff

etal. 2012).

Primary Cultures. Brain cortical mixed glial cultures containing astrocytes and microglia were
done from neonatal (P3-P5) rat pups (Wistar strain) as described in (Villarreal et al. 2014).
Neonatal Wistar rat pups were obtained from pregnant rats from the Animal Facility of the
School of Pharmacy and Biochemistry, University of Buenos Aires. To obtain astrocytic-enriched
cultures, cells from primary glial cultures were subjected to shaking at 180 RPM for 48 hours (h)
at 37°C to detach microglia and oligodendrocytes and a subsequent treatment with 5-
fluorouracyl [50 pg/ml] to inhibit mitotic microglia. Cultures obtained with this procedure showed
more than 98% astrocytes with positive GFAP staining. Hippocampal mixed cultures were
obtained as described in Lee and Parpura (Lee & Parpura 2012), with minor modifications (Angelo
et al. 2014) and experimental procedures were done after 8-10 days in vitro (DIV). Meningeal
cells were obtained by collecting cortical meninges from P3-P5 rat pups in Hank's Balanced Salt
Solution (HBSS). Then, enzymatic digestion was performed with 0.25% trypsin, 0.2% collagenase,
in HBSS for 30 min at 37°C. Following mechanical disaggregation in the presence of 25 U of DNase
I, cells were washed and the cell suspension from 5 meninges was grown to confluence (7-10
days) in DMEM/F12, 10% FBS, 100 pg/ml penicillin/streptomycin in a 3.5 cm diameter plate,
previously coated with poly-L-lysine. Co-cultures were prepared by adding a suspension of
15,000—-30,000 meningeal cells to each well of confluent astrocytes prepared in a 24-well plate.
Co-cultures were incubated in DMEM/F12, 10% FBS, 100 pg/ml penicillin/streptomycin for 2—-3

days.

Glial activation experiments. Oxygen and glucose deprivation (OGD) exposure was performed by
extracting the culture medium and replacing it with glucose- and serum-free DMEM and
incubating the cells for 1 hin 0.1% 0O,, 5% CO, and balance N,. Glial exposure to LPS was done for
3 h. In all experiments, exposure to G5G2.5 was done after the indicated treatments, for 18 h at

37°C (as determined by the time course experiment, figure 1), unless stated otherwise. Cell
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fixation was done with 4% PFA- 4% sucrose PBS solution for 15 min at room temperature. For the
lysosomal assay, Lysotracker was incubated for 15 min after exposure to the tecto-dendrimer.
Cell viability upon treatment with the tecto-dendrimer was measured by the MTT assay following

manufacturer instructions.

Brain ischemia by cortical devascularization. Adult male Wistar rats (300-350 g) were obtained
from the Animal Facility of the School of Pharmacy and Biochemistry, University of Buenos Aires.
Animals were housed in a controlled environment (12/12-h light/dark cycle, controlled humidity
and temperature, free access to standard laboratory rat food and water) under the permanent
supervision of a professional veterinarian. For all surgical procedures animals were anaesthetized
with ketamine/xylazine (90/10 mg/kg i.p.). Rats were subjected to a unilateral cortical
devascularization (CD) as previously described (Herrera & Robertson 1989, Villarreal et al. 2011,
Villarreal et al. 2016) making every effort to reduce the suffering by applying and anesthetic
mixture that has analgesic effects (Lee-Parritz, 2007) and the number of animals used was
reduced by the appropriate calculations (see below) and by using the contralateral non ischemic
hemisphere as internal control in each animal. Briefly, rats were placed in a stereotaxic frame so
that the head was held in place during the procedure, and after dissecting the temporal muscle
and the fascia, a small 2x2 mm surface of the skull between the coronal suture and the bregma
line was removed, exposing the underlying vasculature. Using a 27-gauge needle, a small portion
of the exposed pia was removed, disrupting pial blood vessels and generating a highly localized
focal ischemic lesion. Immediately, small sterile cotton pieces were applied on the cortical
surface to stop the bleeding (usually not longer than 50 seconds). Finally, the incision was closed,
and the animals were monitored for complete recovery before returning them to their cages.
After 3 days the tecto-dendrimer was delivered intracranially, close to the ischemic lesion
(ipsilateral), and in the same coordinates of the contralateral hemisphere as a control. Briefly,
rats were anaesthetized, placed in the stereotaxic frame, and a small hole was drilled into the
skull. With a Hamilton syringe, 1 ul of the G5G2.5-FITC [1mg/ml] was delivered both in the
ipsilateral and contralateral (control) brain hemispheres. This volume was chosen to minimize
damage associated with the injection (Murta et al. 2012, Murta et al. 2015), and the amount of
tecto-dendrimer injected was in agreement with previous reports (Dai et al. 2010, Kang et al.
2010). The tecto-dendrimer was infused over a 5 minute period of time, with the needle left in
place for an additional minute to minimize reflux. The injection was applied in the ipsilateral

cortex, 1.5 mm away from the ischemic CD lesion, and in the contralateral hemisphere (bregma,
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AP: - 2 mm; L: £ 3 mm; V: -1 mm)(Paxinos & Watson 1986). The incision was closed, and the
animals allowed to recover as described above. After 24 h, animals were deeply anaesthetized
with ketamine/xylazine (90/10 mg/kg, i.p.) and perfused through the left ventricle as described
previously (Aviles-Reyes et al. 2010, Murta et al. 2015). Briefly, rats were perfused with
heparinized saline followed by ice cold 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH
7.2. Brains were dissected and placed in the same fixative for 90 minutes at 4°C, followed by
sequential cryoprotection in in a 5-30% sucrose 0.1M PB solution. Finally, brains were snap frozen
and 40 um serial coronal sections were cut in a cryostat. The animal care for this experimental
protocol was in accordance with the NIH guidelines for the Care and Use of Laboratory Animals,
the principles presented in the Guidelines for the Use of Animals in Neuroscience Research by the
Society for Neuroscience, the ARRIVE guidelines, and was approved by the CICUAL committee of
the School of Medicine, University of Buenos Aires (Res. 2873/15). No randomization was
performed since all animals received tecto-dendrimer on the ipsilateral hemisphere and the

contralateral hemisphere were used as internal control for non-ischemic hemisphere.

Immunofluorescence. Brain sections were simultaneously processed in the free floating state as
previously described (Aviles-Reyes et al. 2010, Angelo et al. 2014). Isotypic specific secondary
antibodies labeled with Alexa 488 or 594 were used, and counterstaining was made with DAPI
0.1 pg/ml. For cell cultures, fixed cells were washed three times with cold phosphate-buffered
saline (PBS) and permeabilized with 0.1% Triton X-100. The procedure was then followed as
stated for tissue sections, using the indicated dilutions of the primary antibodies with the
exception that Triton X-100 was included neither in the blocking nor in the antibody solution.
Epifluorescence images were obtained in an Olympus I1X-81 microscope equipped with a DP71
camera (Olympus, Tokyo, Japan). At least 25 randomly collected images were used for each

treatment.

Quantitative studies and statistical analysis. Each in vitro experiment was repeated three times
using duplicates or triplicates in each experiment. Analysis was made in blind conditions on coded
images. Experiments involving animals were performed independently three times, and each
experiment used at least three animals based in the past experience with the animal model
(Villarreal et al., 2014; 2016) and sample size calculations by resource equation (Charan and

Kantharia, 2013). This calculation rendered a total number of 10 animals as necessary for these
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experiments since only one group was defined, with an unique dose and being the internal
control the contralateral hemisphere in each animal. Representative experiments and
photographs are presented in the figures. Data is expressed as mean + SEM. Data were analysed
for normal distribution and homogeneity of variances and then subjected to the appropriate test
(parametric or non-parametric) as stated in each figure legend. The statistical software package
used was GraphPad Prism 5.0, (San Diego, CA) and statistical significance was assumed when
p<0.05. All detailed experimental protocols and antibody sources are available from authors

under request.

RESULTS
G5G2.5 tecto-dendrimer uptake by glial cells in vitro:

In the first set of experiments we tested the ability of glial cells in glial mixed cultures, containing
astrocytes, microglia and oligodendrocytes, to incorporate the FITC-labeled G5G2.5 tecto-
dendrimer. As shown in figures 1A and 1B the G5G2.5 tecto-dendrimer was incorporated to glial
cells in a dose-dependent manner. Unspecific uptake or adsorption was evaluated using free FICT
in an equivalent molar concentration to that loaded in the tecto-dendrimer (Figure 1B). The
kinetics of glial uptake was evaluated by incubating the FITC labeled G5G2.5 tecto-dendrimer
during different periods of time and we found that uptake is time-dependent up to 6 h, and then
incorporation reaches a plateau (Figure 1C-D). The G5G2.5 tecto-dendrimer showed improved
uptake by glial cells when compared with a G6.5 dendrimer loaded with FITC (G6.5-FITC) as a
control (Supplementary Figure 1). Specifically, the kinetics of glial uptake for the G6.5-FITC
[0.1uM] revealed a much lower incorporation, with a plateau reached within the first hour of
incubation (Supplementary figure 2). The G6.5-FITC was used as control since this dendrimer has
a similar size and z potential to that measured for the G5G2.5 tecto-dendrimer (Schilrreff et al,
2012). We then analyzed the toxicity of the G5G2.5 tecto-dendrimer by incubating it during 18 h,
and studied cell survival by measuring the mitochondrial activity using the MTT assay. As shown
in figure 1E, a statistically significant loss of viability of glial cells was found at a tecto-dendrimer
concentration of 1 uM. Based on this result, for the subsequent experiments we set the dose at

0.1 uM to prevent the cytotoxic effects of the tecto-dendrimer.
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Cell specificity of the G5G2.5 tecto-dendrimer uptake by glial cells in vitro:

Since glial cells in vivo largely outnumber the number of neurons, we then set a dissociated mixed
cell culture from postnatal rat hippocampi (Lee & Parpura 2012, Angelo et al. 2014) that better
resembles the situation in the intact CNS containing different neuronal phenotypes in addition to
glial cells. We exposed these cultures to 0.05, 0.1 or 1 uM FITC-labeled G5G2.5 tecto-dendrimer
and observed an absence of neuronal uptake of the tecto-dendrimer at all tested concentrations
(Figure 2A). In the mixed postnatal rat hippocampi cultures, we repeatedly observed microglia
and astrocytes engulfing the FITC-labeled tecto-dendrimer (Figure 2B). Interestingly, exposure to
oxygen and glucose deprivation (OGD), an in vitro condition that mimics the metabolic restriction
produced by in vivo ischemia, dramatically increased tecto-dendrimer uptake by glial cells but did
not produce tecto-dendrimer internalization in hippocampal neurons in mixed cultures (Figure
2B). Remarkably, the OGD-induced tecto-dendrimer incorporation seems to be a specific effect

since it was not seen of the similar size G6.5-FITC dendrimer (Supplementary figure 1).

We next set up mixed glial cultures containing only astrocytes and microglia, incubated them with
the FITC-labeled G5G2.5 tecto-dendrimer at a concentration of 0.1 uM, and analyzed the
comparative tecto-dendrimer uptake between microglia and astroglia. As shown in Figure 2C and
2D, microglia incorporated the FITC-labeled G5G2.5 tecto-dendrimer more efficiently, when

compared with astrocytes, in control culture conditions without metabolic restrictions.

Reactive glia increases G5G2.5 tecto-dendrimer uptake:

The previous result showing an increased ability of microglia to uptake the tecto-dendrimer is not
surprising, since brain resident microglial cells are the professional macrophages in the CNS and
they have a main role in innate immunity surveillance. Following CNS injury, in
neurodegenerative diseases or even in sterile injury conditions, such as brain ischemia, both
microglia and astroglia become activated and suffer a dramatic change in their physiological
behavior. In addition, the ischemic core is rapidly invaded by blood-borne immune cells
(reviewed in Benakis et al. 2014). After 2-4 weeks, reactive astrocytes reorient their processes
into a dense mesh that forms a wall-like structure described as the glial scar, which was classically
regarded as a main obstacle for axonal regrowth and neuronal reconnection (Burda & Sofroniew

2014).
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In an attempt to reproduce in vitro the plethora of conditions faced by the different cell types,
and in order to analyze the ability of the G5G2.5 tecto-dendrimer to reach each of these cell
types, we set up different types of cultures exposed to oxygen and glucose deprivation (OGD), a
paradigm that reproduces the metabolic features of the ischemic region. Firstly, we tested
hippocampal neuro-glial mixed cultures and glial mixed cultures exposed to OGD. The results
showed that OGD exposure globally increased the FITC-G5G2.5 uptake by glial cells both in
hippocampal neuro-glial (Figure 2B) or mixed glial cultures (Figure 3A-B). LPS is a classical
microglial and astroglial activator that engages the innate immunity receptor Toll-like 4 and
facilitates the pro-inflammatory polarization (Liddelow et al. 2017, Rosciszewski et al. 2017). As
shown in Figure 3 (A-B) LPS exposure was not so efficient in stimulating the G5G2.5 uptake, thus
demonstrating that the OGD-induced increase in tecto-dendrimer incorporation to glial cells is a
specific effect. We then analyzed if OGD conditions facilitate the FITC labeled G5G2.5 uptake
specifically in astrocytes. In figure 3C representative images and quantitative analysis of GFAP-
labeled astrocytes in control and OGD conditions show that an increased number of GFAP+
astrocytes incorporated the FITC labeled G5G2.5 when exposed to OGD. On the other hand,
studies performed on microglial cells present in those mixed cultures confirmed that OGD did not
affect the microglial ability to uptake the tecto-dendrimer (Figure 3D). The comparative analysis
of microglial and astroglial tecto-dendrimer uptake clearly showed that astrocytes reach the
microglial ability to incorporate G5G2.5 tecto-dendrimer after OGD (Figure 3E). We conclude that
OGD increases astroglial ability to engulf G5G2.5 tecto-dendrimer, but without affecting

microglial G5G2.5 uptake.

Having demonstrated that astrocytes exposed to OGD in vitro increase tecto-dendrimer uptake,
we next tested a paradigm that produces scar-like structures in vitro to study the tecto-
dendrimer uptake by glial scar astrocytes. Glial scar formation is a key feature of focal CNS
lesions, and it is considered the final step in astroglial activation following CNS injury (Sofroniew
& Vinters 2010). As previously shown by Wanner and colleagues (Wanner et al. 2008, . 2013),
primary astrocytes actively surround macrophages and spontaneously form scar-like structures
that corral inflammatory meningeal macrophages in a STAT-3 dependent manner. In order to
assess the tecto-dendrimer avidity in astrocytes with a different activation profile, we used a
similar experimental paradigm (Wanner et al. 2008, 2013); we incubated primary astrocytes with
meningeal cells, and allowed the formation of scar-like structures. Once the glial scar-like
structures were formed (48-72 h), we exposed the cultures to 0.1 uM FITC-labeled G5G2.5 tecto-
dendrimer and observed that astrocytes incorporated the dendrimer, but without showing

increased uptake by scar-forming astrocytes (Supplementary Fig. 2). These results corroborate
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the differential response astrocytes have depending on the context, and show a preferential
uptake of the G5G2.5 tecto-dendrimer by the early OGD activated astrocytes, and not by the

glial-scar forming astrocytes.

G5G2.5 tecto-dendrimer uptake by glial cells is an active process:

Having shown that tecto-dendrimer uptake is preferentially done by astrocytes and microglia,
and that OGD specifically increases astroglial, but not microglial uptake, we next studied the
characteristics of the internalization process in glial cells and the subcellular localization of the
dendrimer after uptake. We first determined that dendrimer uptake in the first hour of
incubation dramatically decreased when culture temperature was reduced to 4°C (Figure 4A).
The number of cells engulfing the G5G2.5-FITC tecto-dendrimer was lower (Figure 4B) but also
the amount of nanoparticles effectively incorporated to cells seemed to be reduced, as shown in
high magnification images (Figure 4C). The sub-cellular destination is a key feature to design the
chemical interaction between the dendrimer and the potential cargo drug. After allowing the
FITC-labeled G5G2.5 tecto-dendrimer to be incorporated for 18 h, we found that subcellular
localization of the tecto-dendrimer colocalized with the lysosomal marker Lysotracker (Figure
4D). We conclude that G5G2.5 tecto-dendrimer is incorporated to glial cells by an active

mechanism requiring metabolic activity and that nanoparticles reach the lysosomes.

G5G2.5 tecto-dendrimer reaches glial cells in the ischemic brain

Experimental models of focal ischemia in rodents reproduce most of the clinical features found in
ischemic human brains. Unilateral cortical devascularization (CD) induces a permanent cortical
focal ischemia with a clearly defined ischemic core and surrounding penumbra (Villarreal et al.
2014, 2016). At 3 days post ischemic lesion (DPL), the ischemic core presents a GFAP-negative
staining, and is invaded by blood-borne macrophages cells, whereas the surrounding penumbral
area shows hypertrophied GFAP+ reactive glia. We performed the CD focal ischemic lesion on
male Wistar rats and 3 days later (3DPL) FITC-labeled G5G2.5 tecto-dendrimer was administered
locally by intra-cortical injection, both in the ipsilateral and contralateral hemispheres, at 1.5 mm
from the ischemic core. In figure 5A, low magnification images show the G5G2.5-FITC dendrimer
uptake by cells in the ischemic lesion, while in the contralateral hemisphere the dendrimer

remains in the injection site, but located in the extracellular space since no cell images were
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observed in the hemisphere (Figure 5A). Detailed imaging showed that G5G2.5 tecto-dendrimer
accumulates in the area of the lesion, and more specifically is taken up by cells within the core
and penumbra. We then identified the cells that uptake the G5G2.5-FITC tecto-dendrimer. As
shown in figure 5B, immunostaining studies evidenced that tecto-dendrimer is incorporated
preferentially to microglia and macrophages infiltrating the ischemic core, that is essentially free
of astrocytes at this time point after ischemia (3DPL). In the core, G5G2.5-FITC tecto-dendrimer
colocalized with Iba-1 microglia/macrophage marker (Figure 5B, lower panel). While GFAP+
hypertrophied astrocytes localized in the penumbra were essentially free of G5G2.5-FITC tecto-
dendrimer, some penumbral astrocytes in the demarcation zone near the core showed faint
images of G5G2.5 uptake (Figure 5C). We conclude that most of the G5G2.5 tecto-dendrimer is
incorporated to microglial cells and macrophages within the ischemic core, an area essentially

free of GFAP+ astrocytes.

DISCUSSION:

The present study demonstrates the specific uptake of tecto-dendrimers by glial cells in vitro and
in vivo in the ischemic brain. The tecto-dendrimer structure is composed of a shell consisting of
G2.5 carboxyl-terminated PAMAM dendrimers and an amino G5 core dendrimer. The tecto-
dendrimer structure was previously characterized as having a molecular weight similar to the
G6.5 dendrimer, but showing a less-crowded surface (Schilrreff et al. 2012). The less crowded
surface is an advantage at time of performing specific reactions with the loaded drug; otherwise
it would show steric hindrance. In our case, the G2.5 carboxi-dendrimer shell covered the
dendritic core formed by a G5-amino dendrimer, and the resulting tecto-dendrimer prevented

the toxic effects of amino-surface dendrimers (Schilrreff et al. 2012).

The G5G2.5 tecto-dendrimer was specifically incorporated to microglia and astrocytes. In vitro
dose-response and time-dependency studies have shown that this tecto-dendrimer has an
interesting non-toxic concentration window, and that the uptake rapidly reaches a plateau, being
highly specific to glial cells. The specific mechanisms involved in tecto-dendrimer internalization
in glial cells are yet to be fully defined, but we here show that uptake is an active cellular process
requiring metabolic activity and that the subcellular destination is the lysosomal pathway. In
addition, the G5G2.5-FITC uptake is sensitive to inhibitors of the endocytic processes in a
melanoma cell line (Schilrreff et al. 2014). Mammalian cells incorporate nanoparticles by

endocytosis; this process can be classified as phagocytosis or pinocytosis (Sahay et al. 2010).
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While immune professional cells such as microglia exploit their ability to do phagocytosis,
astrocytes and other cell types usually perform pinocytosis. Microglial cells are the professional
resident macrophages in the CNS and it should not be surprising that they engulf particulate
materials such as dendrimeric nanoparticles in pathological settings (Kannan et al. 2012,
Couturier et al. 2016). In fact, we show here that G5G2.5 tecto-dendrimer is incorporated to
microglia in vitro and in vivo. On the other hand, astrocytes have not been classically regarded as
cells specialized in the engulfment of particulate materials. However, a growing body of data is
showing that astrocytes have the ability of engulfing synaptic components in physiological
conditions (Risher et al. 2014), apoptotic bodies, extracellular Amyloid B and other cellular
components including myelin debris (Kalmar et al. 2001, Loov et al. 2012, Cornejo & von
Bernhardi 2013, Couturier et al. 2016, Ponath et al. 2016). The mechanisms by which astrocytes
engulf synaptosomes and particles are not fully understood, but available data demonstrate that
during development astrocytes cooperate with microglia engulfing synaptic components (Hong et
al. 2016). On the other hand, phagocytosis under pathological conditions has been related to a
bouquet of molecules and pathways including pattern recognition receptors such as RAGE and
TLR and scavenger receptors (Villarreal et al. 2014, Loov et al. 2012, Cornejo & von Bernhardi
2013, Ponath et al. 2016). In addition, other authors have observed internalization of dendrimeric
nanoparticles by astrocytes (Cerqueira et al., 2012, 2013;Salgado et al. 2010). Our results are in
accordance with these data and provide support to idea that astrocytes, and particularly reactive
astrocytes, are capable of phagocytizing molecules, and specifically nanoparticles resembling the

ability previously regarded for innate immunity responses by professional immune cells.

Reactive gliosis is a generic response of glial cells upon brain injury. Following acute or chronic
injury, microglia and astrocytes become reactive, and enter into a gene expression program that
changes dramatically their physiological role. Importantly, the reactive microglial and astroglial
conversion to the pro-inflammatory M1 and Al phenotypes is highly detrimental for neuronal
survival (Liddelow et al. 2017). Reactive astrocytes seem to increase their ability to incorporate
nanoparticles, as shown for hydroxyl-G4 labeled dendrimers in a model of maternal
inflammation-induced cerebral palsy in rabbits (Kannan et al. 2012, Dai et al. 2010); while
reducing their ability to engulf synaptic components and myelin debris in vitro (Liddelow et al.
2017). Our results consistently showed that microglial cells preferentially incorporate the tecto-
dendrimer in control culture conditions; however reactive astrocytes significantly increased their
ability to uptake the G5G2.5 tecto-dendrimer when exposed to OGD. In vivo, following
intracortical injection, the G5G2.5 tecto-dendrimer uptake was observed specifically in the

ischemic hemisphere. After ischemia by cortical devascularization (Villarreal et al. 2014, Herrera

This article is protected by copyright. All rights reserved.



& Robertson 1989, Villarreal et al. 2016), the G5G2.5 uptake was detected in the ipsilateral
hemisphere, specifically in the core and demarcation zone of the penumbra. The majority of cells
incorporating the G5G2.5 tecto-dendrimer were identified as Iba-1+ microglia and macrophages.
This was not an unexpected finding, since the resident microglia and blood-derived macrophages
are the professional cells involved in debris and particle clearing. Surprisingly, only a few pale
images of GFAP+ astrocytes incorporating G5G2.5 tecto-dendrimer were observed in the
penumbral demarcation zone. Different explanations can be hypothesized for this effect; ranging
from a simply quenching of the nanoparticle due to the uptake by professional macrophages and
activated microglia, to a more complex situation where astroglial heterogeneity, exacerbated by
the ischemic injury, defines different types of astrocytes, some of which can be more active in
engulfing the dendrimer (Villarreal et al. 2016, Ramos 2016). Despite the fact that brain ischemia
and other pathological states produce the BBB disruption, an obvious limitation of our in vivo
approach is that intracortical administration overcomes the BBB limitation to access to the CNS.
Further detailed pharmacokinetics studies will be required to analyze the detailed biodistribution

of the tecto-dendrimer.

The targeted drug delivery to glial cell specific phenotypes could prevent their conversion to the
detrimental phenotypes and/or preserve the beneficial ones. In terms of therapy, the intrinsic
ability of the G5G2.5 tecto-dendrimer to specifically localize to reactive astrocytes and microglia
activated by ischemia or in vitro OGD can enable targeted delivery of molecules to these specific
cell types. In this respect, G5G2.5 tecto-dendrimer shows a similar ability to that observed for G4-
OH dendrimer in several recent reports (Dai et al. 2010, Kannan et al. 2012, Zhang et al. 2016). In
general terms, the cell specificity observed for different dendrimers seems to depend on the
surface chemistry and the contextual inflammatory environment (Barata et al. 2011, Kim et al.
2010, Albertazzi et al. 2010, Lesniak et al. 2013, Zhang et al. 2016); in line with this, in our
experiments the G5G2.5 tecto-dendrimer showed increased uptake in ischemia-related
neuroinflammation. Interestingly, astroglial uptake of the dendrimer is also increased in OGD
conditions in vitro, even when astrocytes were devoid of other cell types. This result implies that
reactive astrocytes induced by OGD have the intrinsic ability to engulf the tecto-dendrimer,

without requiring secondary signals from other cell types.

In general terms, tecto-dendrimers show many advantages over classical dendrimers, including
the high loading capacity and less crowded surface compared with the native dendrimers of
similar molecular weight, the possibility of having differential superficial domains and inner

structure to improve the molecular interaction with the loaded compound and to provide better
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cell selectivity, and the relatively easier synthesis compared with the classical divergent or
convergent methods for high generation dendrimer synthesis (Schilrreff et al. 2012, Hawker &
Fréchet 1990). The present findings expand the repertory of available dendrimers that can be
used for specific glial-targeted therapies in different CNS pathological states and diseases where
neuroinflammation drives secondary neuronal death. In addition, tecto-dendrimers can be also
suitable for the glial-cell specific delivery of molecules, expression genes, or gene expression

modifiers in experimental settings.

We conclude that G5G2.5 tecto-dendrimer has a potential use as carrier molecule for glial-cell
based therapy, a yet unexplored strategy to control or prevent reactive glia polarization to the
pro-inflammatory neurodegenerative phenotype. This approach would bring the opportunity of
reducing neuroinflammation to mitigate secondary neuronal death, thus improving patient

recovery in stroke and other devastating diseases of the CNS.
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Figure Legends

Figure 1. Dose-response and temporal dynamics of G5G2.5 uptake. (A) Mixed glial primary
cultures incubated with different concentrations of G5G2.5-FITC, or with free FITC for 18 hours.
(B) Quantitative study showing the tecto-dendrimer uptake as the concentration increases; high
FITC concentration is the molar equivalent of the relative FITC concentration in the 1 uM G5G2.5-
FITC, and low FITC concentration is equivalent to that one found in the 0.1 uM G5G2.5. N=3
(independent experiments, with triplicates in each); One way ANOVA; Bonferroni's Multiple
Comparison Test. (C) Time-course of tecto-dendrimer uptake by glial cells shows that the
incorporation increases with time; concentration tested is 0.1 uM G5G2.5-FITC. (D) Quantitative
evaluation of tecto-dendrimer uptake showing that dendrimer is internalized as early as 0.5
hours, and its incorporation continues to increase, reaching a plateau at 6 hours. N=3
(independent experiments, with triplicates in each); One way ANOVA; Bonferroni's Multiple
Comparison Test. (E) Cell viability studied with the MTT assay to determine the impact of tecto-
dendrimer in primary glia viability. N=3 (independent experiments, with duplicates in each); One
way ANOVA; Dunnett’s Multiple Comparison Test. * p< 0.05; ** p< 0.01; *** p< 0.001. Scale bars

=50 um.

Figure 2. Cell specificity in the G5G2.5 tecto-dendrimer uptake. (A) The incubation of the FITC-
labeled G5G2.5 tecto-dendrimer [0.1 uM] for 18 h in primary mixed neuro-glial hippocampal
cultures shows that the G5G2.5 is not incorporated into Blll-tubulin+ neurons (red) but clearly
engulfed by glial cells (arrows). (B). Specific immunostaining for GFAP astroglial marker (red) in

primary mixed neuro-glial hippocampal cultures showed that astrocytes and microglia are the
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cells that preferentially uptake the FITC-G5G2.5 tecto-dendrimer. OGD exposure for 1 h
dramatically increased glial uptake of the FITC-labeled G5G2.5 tecto-dendrimer, without evidence
of neuronal uptake in these mixed neuro-glial hippocampal cultures. (C) Primary glial cultures
exposed to 0.1 uM FITC tecto-dendrimer for 18 hours show that both Iba-1+ microglia (red, upper
panel), and GFAP+ astrocytes (red, lower panel) incorporate the FITC-G5G2.5 tecto-dendrimer.
(D) Quantitative analysis of these cultures containing astrocytes and microglia showed that
microglial cells are more capable to engulfing the G5G2.5-FITC tecto-dendrimer than astrocytes.

N=3 (independent experiments, with triplicates in each); Unpaired t Test. * p< 0.05. Bar = 100

um.

Figure 3. Glial activation increases tecto-dendrimer incorporation. (A) Representative images of
primary mixed glial cell cultures exposed to activating stimuli (1 h of OGD, or 3 h of LPS), and then
incubated with 0.1 UM G5G2.5-FITC for 18 hours. (B) Higher magnification images of a similar
experiment to that depicted in (A) showing that more cells incorporated the nanoparticle when
exposed to either OGD or LPS. Quantification confirmed a significant increase in the G5G2.5-FITC
uptake when the cells were exposed to OGD in vitro. N=3 (independent experiments, with
triplicates in each); One way ANOVA. * p< 0.05. (C) Representative images of GFAP+ astrocytes
(red) showing G5G2.5-FITC (green) uptake in control and OGD conditions. Quantitative analysis
showed that OGD exposure induced a significant increase of the tecto-dendrimer uptake in
GFAP+ astrocytes. Unpaired t Test. * p< 0.05. (D) Representative images of Iba-1+ microglia (red)
showing G5G2.5-FITC (green) uptake in control and OGD conditions. Quantitative analysis
showed that OGD exposure did not change tecto-dendrimer uptake in lba-1+ microglia. N=3
(independent experiments, with triplicates in each); Unpaired t Test. * p< 0.05. Scale bar = 100
um. (E) Comparative analysis of the ratio of microglia Iba-1+ vs. astrocytes GFAP+ engulfing the
tecto-dendrimer in control and OGD conditions. Note that GFAP+ astrocytes increased the uptake

in OGD. Unpaired t Test. * p< 0.05. N=3 (independent experiments, with triplicates in each)

Figure 4. Mechanisms of G5G2.5 incorporation and subcellular localization. (A) Representative
images of G5G2.5-FITC tecto-dendrimer incorporated to glial cells after 1 hour incubation at 4 or
37°C in mixed glial primary culture. Scale bars = 50 um (B) Quantification of the incorporation of
the G5G2.5-FITC tecto-dendrimer, (N=3; independent experiments, with triplicates in each)

analyzed by Mann-Whitney test, * p < 0.05. Incubation at 4°C decreased the uptake of the
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dendrimer. (C) Detailed microphotograph of live imaged unfixed cells incubated at 37°C or 4°C
with G5G2.5-FITC tecto-dendrimer. Scale bar = 5 um (D) Representative images of primary mixed
glial cultures exposed 1 hour to OGD, 18 hours to the tecto-dendrimer, and 15 minutes to
lysosomal marker Lysotracker (LYSO) showing that G5G2.5 is incorporated to the lysosomes.

Scale bars =50 pm and 5 um.

Figure 5. Increased uptake of tecto-dendrimer after in vivo brain ischemia. (A) Representative
images of the ischemic lesion (ipsilateral) and contralateral hemisphere in rats subjected to focal
brain ischemia. After 3 days post-ischemia, rats received 1ul of 12 uM G5G2.5-FITC bilaterally, 1.5
mm apart from the focal ischemic site (yellow arrow indicates injection site) and images were
obtained 24 h later. G5G2.5-FITC showed punctated staining indicative of cellular uptake in the
ischemic core and penumbral demarcation zone. Contralateral hemisphere showed
homogeneous fluorescence, indicative of the extracellular location of G5G2.5-FITC that was not
incorporated to cells. Scale bar = 1 mm (upper panel); 100 um (lower panel). (B) Representative
images of double staining with GFAP (astroglial marker) and lba-1 (microglia/macrophage
marker) showing that G5G2.5-FITC tecto-dendrimer was preferentially incorporated to microglia
and macrophages in the core and penumbral demarcation zone. Ischemic core shows absence of
GFAP-immunostained astrocytes and it is depicted with an asterisk (*). Scale bar: 100 um (left
panel); 25 um (right panel). (C) High magnification images of GFAP+ astrocytes in the penumbral
demarcation zone showing a less intense G5G2.5-FITC incorporation compared with microglia

and macrophages. N=3 (independent experiments, with triplicates in each).
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