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Dendrimer–tesaglitazar conjugate induces a
phenotype shift of microglia and enhances
β-amyloid phagocytosis†

Louis DeRidder, a,b Anjali Sharma, a Kevin Liaw,a,b Rishi Sharma, a

John John,a,c Sujatha Kannand,e and Rangaramanujam M. Kannan *a,b,e

Switching microglia from a disease exacerbating, ‘pro-inflammatory’ state into a neuroprotective, ‘anti-

inflammatory’ phenotype is a promising strategy for addressing multiple neurodegenerative diseases. Pro-

inflammatory microglia contribute to disease progression by releasing neurotoxic substances and acceler-

ating pathogenic protein accumulation. PPARα and PPARγ agonists have both been shown to shift micro-

glia from a pro-inflammatory (‘M1-like’) to an alternatively activated (‘M2-like’) phenotype. Such strategies

have been explored in clinical trials for neurological diseases, such as Alzheimer’s and Parkinson’s disease,

but have likely failed due to their poor blood–brain barrier (BBB) penetration. Hydroxyl-terminated poly-

amidoamine dendrimers (without the attachment of any targeting ligands) have been shown to cross the

impaired BBB at the site of neuroinflammation and accumulate in activated microglia. Therefore, dendri-

mer conjugation of a PPARα/γ dual agonist may enable targeted phenotype switching of activated micro-

glia. Here we present the synthesis and characterization of a novel dendrimer-PPARα/γ dual agonist con-

jugate (D-tesaglitazar). In vitro, D-tesaglitazar induces an ‘M1 to M2’ phenotype shift, decreases secretion

of reactive oxygen species, increases expression of genes for phagocytosis and enzymatic degradation of

pathogenic proteins (e.g. β-amyloid, α-synuclein), and increases β-amyloid phagocytosis. These results

support further development of D-tesaglitazar towards translation for multiple neurodegenerative dis-

eases, especially Alzheimer’s and Parkinson’s Disease.

Introduction

In the United States alone, there are currently over 5.3 million
people with Alzheimer’s disease (AD) and 1 million people
with Parkinson’s disease (PD).1 As increased age is the largest
risk factor for many neurodegenerative diseases, the preva-
lence and cost of treatment for these diseases will continue to
increase as the population continues to grow older. Moreover,
the lack of recent success in developing new drugs to treat
these diseases has highlighted the need for the development

of innovative therapies.2,3 These clinical failures highlight the
difficulties in developing a drug, including delivering a high
enough concentration of the drug to the brain for efficacy
without causing adverse side effects.

Neurodegenerative diseases such as AD and PD share three
major neuropathological components: neuroinflammation,
pathogenic protein accumulation, and neuronal death.4–7 In
healthy people, the innate immune cell of the brain (the
microglia) constantly phagocytose the misfolded proteins (e.g.
β-amyloid, α-synuclein) that cause neuronal death as they are
produced, which prevents the hallmark aggregates from
forming. However, in people who eventually develop neurode-
generative diseases, the microglia no longer remove these pro-
teins effectively and shift into a disease exacerbating, pro-
inflammatory phenotype (typically designated as M1). While
the predominantly pro-inflammatory/anti-inflammatory (M1/
M2) classification of microglial activation is an oversimplifica-
tion of the spectrum of macrophage polarization, it is still
used as a broad nomenclature to describe the dominant phe-
notype of microglia in neuroinflammation and in response to
therapy. M1-like microglia release reactive oxygen species and
other inflammatory mediators that both induce neuronal
death and exacerbate disease pathology by increasing the pro-
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duction of pathogenic proteins (e.g. β-amyloid, α-synuclein).
Moreover, the major genetic risk factors for developing AD
(TREM2 and APOE) are expressed at high levels in microglia,
and the TREM2/APOE pathway has been shown to cause a
microglial phenotype shift in AD, amyotrophic lateral sclerosis
(ALS), and multiple sclerosis animal models.8 These findings
further demonstrate the role of microglia in the pathology of
multiple human neurodegenerative diseases. An approach to
manipulate the phenotype of microglia would enable research-
ers to understand their role in neurodegenerative diseases, in
addition to potentially being an effective therapeutic.

Switching microglia from a M1 to an anti-inflammatory and
neuroprotective (M2) phenotype has been proposed as a thera-
peutic strategy to treat multiple neurodegenerative diseases.5,6

Two currently FDA approved PPARγ agonists, type II diabetes
drugs rosiglitazone and pioglitazone, have been shown to
induce an M1 to M2 phenotype shift in macrophages and
microglia in vitro and in vivo.9,10 PPARγ agonists have been
shown to reduce the LPS-induced secretion of reactive oxygen
species by reducing the activity of NF-κB by inducing NF-κB
degradation and export from the nucleus, as well as ligand-
dependent transrepression.11 Moreover, epidemiological
studies have shown that diabetes patients who take rosiglita-
zone or pioglitazone are at a reduced risk for developing AD
and PD.12 Subsequently, rosiglitazone and pioglitazone were
investigated through phase III clinical trials for AD, but
failed.13 One likely explanation for the failure of the aforemen-
tioned clinical trials is the poor transport of these drugs across
the blood–brain-barrier (BBB), thus limiting the amount of
drug that reached the brain of patients enrolled in these clini-
cal trials.14 Indeed, it is estimated that the BBB prevents about
98% of all small molecule drugs from reaching the brain, and
only a fraction of the drug that enters the brain reaches the
microglia.15 In addition, PPARα is another nuclear receptor in
the PPAR family.16 It exhibits a role in lipid homeostasis and
regulating inflammation, and PPARα agonists have also been
shown to exhibit anti-inflammatory effects in microglia.

Clinical studies using neuroimaging, post-mortem tissue
analysis, and CSF biomarkers have provided evidence that the
BBB is impaired in AD and PD, as well as other neurodegenera-
tive diseases.17 Generation-4 hydroxyl-terminated polyamidoa-
mine (G4-PAMAM-OH) dendrimers have been shown to intrin-
sically bypass the impaired BBB and accumulate in activated
microglia without the need for targeting ligands, after systemic
administration in multiple different neuroinflammation
disease models, including in rodents, rabbits, dogs, and non-
human primates.18–28 Significantly, G4-PAMAM-OH can be
administered systemically and cross the BBB in disease
models with mild BBB disruption such as Rett Syndrome.29

Additionally, the extent of uptake of G4-PAMAM-OH into the
brain is directly proportional to disease severity in a rabbit
model of cerebral palsy.30 Hydroxyl terminated dendrimers
have the advantage of being delivered noninvasively compared
to the highly invasive, local delivery through the skull required
in previous studies with other nanoparticles such as poly-ε-
caprolactone and PEG, negatively charged PAMAM dendri-

mers, quantum dots, and nanoformulations composed of poly-
ethylenimine (PEI) and dextran sulfate.31–35 In addition, these
hydroxyl PAMAM dendrimers are ideally positioned for trans-
lation due to their scalability and well-tolerated in vivo safety
profile.36–38 Due to positive pre-clinical efficacy data, a (G4-
PAMAM-OH)-N-acetyl-cysteine conjugate is currently being
evaluated in early clinical trials for childhood cerebral adreno-
leukodystrophy (NCT03500627) and severe coronavirus disease
2019 (COVID-19) associated inflammation (NCT04458298).

We studied a dendrimer–drug conjugate of tesaglitazar
(Tesa) attached to generation-4 hydroxyl-terminated PAMAM
dendrimer. Tesaglitazar is a potent PPARα/γ dual agonist that
combines the beneficial effects of PPARα and PPARγ agonists. It
contains a carboxylic acid functional group for covalent conju-
gation to the dendrimer and for subsequent release. Additional
glitazars have been developed and tested clinically, but Tesa was
chosen due to its larger PPARγ to PPARα activity ratio, relatively
simple chemical structure, and safety profile.39–43 Tesa has pre-
viously reached phase III clinical trials for type 2 diabetes in the
United States of America, but failed due to dose-dependent tox-
icity, which may be prevented by decreasing the necessary dose
of administration by the controlled dendrimer delivery.39,40,44

Since Tesa is a PPARα/γ dual agonist, its targeted delivery to acti-
vated microglia at the site of neuroinflammation could be
highly beneficial. Herein, we demonstrate the synthesis and
characterization of a dendrimer–tesaglitazar conjugate (D-Tesa)
and demonstrate this compound’s ability to induce a ‘M1 to
M2’ phenotype shift in microglia and enhance phagocytosis of
fluorescently labeled β-amyloid.

Materials and methods
Materials

1-[3-(Dimethylamino)propyl]-3-ethylcarbodiimide methiodide
(EDC), 4(dimethylamino)pyridine (DMAP), CuSO4·5H2O,
sodium ascorbate, hexynoic acid and bovine serum albumin
(BSA) were purchased from Sigma Aldrich US and used as
received (St Louis, MO). Tesaglitazar was obtained from
AstaTech Inc. (Bristol, PA). Ethylenediamine-core PAMAM den-
drimer (generation 4 with 64 hydroxyl end-groups) was
received from Dendritech Inc. (Midland, MI) as a solution in
methanol. The dendrimer was stored in methanol at 4 °C and
methanol was evaporated before use. Dialysis membrane with
a molecular weight cut-off (MWCO) of 1 kDa was purchased
from Spectrum Laboratories Inc. (New Brunswick, NJ). All
other solvents were used as received in their anhydrous forms.
All reactions, except the copper(I) catalyzed alkyne–azide cyclo-
addition (CuAAC) click reactions, were conducted under anhy-
drous conditions in organic medium with oven-dried glass-
ware under an inert nitrogen atmosphere. For cell culture:
Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine
serum (FBS), penicillin–streptomycin (P/S), 0.05% trypsin-
EDTA, and MTT reagent were obtained from Invitrogen
(Carlsbad, CA, USA). Griess reagent was obtained from
Promega (Madison, WI) and TNF-α ELISA was obtained from
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R&D Systems (Minneapolis, MN). Analytical grade methanol
was purchased from Sigma-Aldrich. Trypan blue was obtained
from Corning (Manassas, VA, USA).

Synthesis procedures for D-Tesa conjugates

Tetraethylene glycol mono azide (2) was synthesized using a
previously published protocol.45

Synthesis and purification of Tesa-TEG-azide (3). Tesa
(950 mg, 2.32 mmol) was dissolved in 10 ml dimethyl-
formamide (DMF). To this stirred solution, tetraethylene glycol-
mono-azide (2, 662.1 mg, 3.02 mmol) in DMF (1 ml) was added
dropwise. DMAP (255.4 mg, 2.09 mmol) and EDC (577.5 mg,
3.02 mmol) were then added to the reaction mixture, and the
reaction was stirred under nitrogen purge at room temperature
for 24 hours. The reaction was monitored using thin-layer
chromatography and high-performance liquid chromatography
(HPLC). The reaction mixture was diluted with 100 ml dichloro-
methane (DCM) and the crude reaction mixture was shifted into
a separatory funnel, and the organic layer was subsequently
washed thrice with saturated sodium bicarbonate solution, fol-
lowed by saturated ammonium chloride solution and finally
with brine. The organic layer was then dried with anhydrous
sodium sulfate. The solvent in the organic layer was then
removed using a rotary evaporator, and the solution was redis-
solved in 3 ml DCM and absorbed onto silica gel to be purified
with a CombiFlash® chromatography system using a gradient
method with ethyl acetate/hexane as the solvents to produce 3
as clear-yellow oil. The desired, pure product eluted at approxi-
mately 30–40% ethyl acetate. (Yield: 70%.)

1H NMR (500 MHz, CDCl3) δ 7.27 (d, J = 8.6 Hz, 2H), 7.15
(d, J = 1.9 Hz, 2H), 7.08 (d, J = 8.6 Hz, 2H), 6.73 (d, J = 8.6 Hz,
2H), 4.25–4.14 (m, 2H), 4.07 (t, J = 6.8 Hz, 2H), 3.94 (dd, J =
7.8, 5.2 Hz, 1H), 3.67–3.47 (m, 14H), 3.30 (dd, J = 8.7, 3.8 Hz,
2H), 3.06 (s, 3H), 3.02 (t, J = 6.7 Hz, 2H), 2.91–2.84 (m, 2H),
1.08 (t, J = 7.0 Hz, 3H).

ESI-MS: theoretical C28H39N3O10S: 609.24, obtained (M + 1):
610.13.

Synthesis and purification of D-YNE (5). 5-Hexyonoic acid
(480 mg, 4.22 mmol) was added to a stirred solution of G4-
PAMAM-OH (2.5 g, 0.176 mmol) in 20 ml anhydrous DMF. To
this mixture, DMAP (430 mg, 3.52 mmol) and EDC (1 g,
5.28 mmol) were added. The reaction mixture was stirred
under nitrogen purge for 24 hours at room temperature. On
completion of the reaction, the reaction mixture was trans-
ferred to a 1000 MWCO dialysis tube and DMF dialysis was
performed for 24 hours, and the DMF was changed about
every six hours. Then dialysis with deionized (DI) water was
performed for 24 hours, with the water being changed about
every six hours. Lastly, the resulting dialysis tube contents
were lyophilized for 48 hours, yielding a white, fluffy powder.
(Yield: 61%.)

1H NMR (500 MHz, DMSO) δ 8.10–7.67 (m, dendrimer
internal amide H), 4.72 (s, dendrimer surface OH), 4.01 (t,
ester –CH2), 3.32 (m, dendrimer –CH2), 3.06 (m, dendrimer
and linker –CH2), 2.85–2.58 (m, dendrimer –CH2), 2.56–1.89
(m, dendrimer and linker –CH2), 1.78–1.61 (m, linker –CH2).

Synthesis and purification of D-Tesa (6). Tesa-TEG-azide (3,
177.8 mg, 0.303 mmol) was added to a stirred mixture of D-YNE
(5, 350 mg, 0.023 mmol) in 5 ml of a 1 : 1 mixture of tetrahydro-
furan (THF) and water with 0.5 ml of DMF in a microwave
reactor safe 20 ml vial. For the CuAAC click reaction, copper
sulfate pentahydrate (11.6 mg, 0.0467 mmol) and (+)-sodium-L-
ascorbate (9.3 mg, 0.0467 mmol) were added to the reaction
mixture. The vial was sealed, and the reaction vessel was then
placed in a Biotage® Initiator microwave reactor and reacted
under 20 W microwave radiation with stirring for 8 hours at
50 °C. The reaction mixture was transferred to a 1000 MWCO
dialysis tube, and DMF dialysis was performed for 24 hours,
with DMF being replaced by fresh solvent approximately every
4 h. Then, the contents of the dialysis tube were transferred to a
falcon tube, and an equivalent amount of DI water was added.
Additionally, 200 µl of ethylenediaminetetraacetic acid diso-
dium salt solution was added to the contents of the falcon tube.
This mixture was then placed into a new 1000 MWCO dialysis
tube, and dialysis was performed for 12 hours in 1000 ml DI
water with EDTA solution added followed by the water dialysis
for 12 hours. The mixture was then lyophilized for 48 hours,
and resulted in a white, fluffy powder. (Yield: 64%.)

1H NMR (500 MHz, DMSO) δ 8.2–7.6 (m, dendrimer internal
amide H), 7.36 (d, Tesa ArH), 7.21 (d, Tesa ArH), 7.03 (d, Tesa
ArH), 6.76 (d, Tesa ArH), 4.37 (s, Tesa H), 4.18–4.04 (m, linker
H), 3.96 (dd, Tesa and linker H), 3.70 (m, Tesa and linker H),
3.58–3.14 (m, dendrimer –CH2), 3.14–2.86 (m, dendrimer
–CH2), 2.87–2.49 (m, dendrimer and linker –CH2), 2.25 (m, den-
drimer –CH2), 1.82–1.67 (m, linker –CH2), 0.97 (t, Tesa –CH3).

Characterization techniques

Nuclear magnetic resonance (NMR). NMR spectra were
recorded on a Bruker 500 MHz spectrometer at room tempera-
ture. Proton chemical shifts (δ) are reported in ppm. 1H NMR
was used to determine the number of Tesa molecules attached
to each molecule of D-Tesa by proton integration method, by
comparing the peaks of internal amide protons of dendrimer at
δ 7.6–8.2 ppm with aromatic protons of Tesa at δ 7.36–6.76 ppm
and methyl protons of Tesa in the aliphatic region.

High performance liquid chromatography (HPLC). HPLC
(Waters Corporation, Milford, Massachusetts) equipped with a
1525 binary pump, an In-Line degasser AF, a 717 plus auto-
sampler, a 2998 photodiode array detector, and a 2475 multi λ
fluorescence detector interfaced with Waters Empower soft-
ware was used. A Symmetry C18 reverse phase column (Tosoh,
Japan) having 5 μm particle size, 25 cm length, and 4.6 mm
internal diameter was used. Compounds were monitored at
210 nm and 254 nm using the PDA detectors. Solvent A was
HPLC grade water with 0.1% trifluoroacetic acid (TFA), and
solvent B was acetonitrile (ACN) with 5% water and 0.1% TFA.
The method used started at 100 : 0 (ACN : water), decreased to
10 : 90 (water : ACN) in 5 minutes, stayed at that polarity for
15 minutes, and returned to 100 : 0 (ACN : water) in 5 minutes.
The flow rate was maintained at 1 ml min−1.

Mass spectroscopy. ESI-MS was performed on Bruker
microTOF-II mass spectrometer using acetonitrile/water (9 : 1)
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as solvent system. The molecular ions as protonated peaks
[M + nH]n+ or adducts [M + nX]n+ (X = Na, K, or NH4) were used
to confirm empirical formula.

Dynamic light scattering and ζ-potential. A Zetasizer Nano
ZS (Malvern Instrument Ltd, Worchester, U.K) equipped with a
50 mW He–Ne laser (633 nm) was utilized to determine par-
ticle size and ζ-potential distribution. D-Tesa was dissolved in
DI water to a concentration of 0.2 mg ml−1 for DLS and in
10 mM sodium chloride to a concentration of 0.1 mg ml−1 for
ζ-potential. The measurements were made at 25 °C, using a
scattering angle of 173° as previously described.27,46

Drug release study. D-Tesa was dissolved at a concentration
of 1 mg ml−1 in either phosphate buffer solution (pH 7.4) to
mimic plasma conditions or sodium citrate solution (pH 5.5)
to mimic lysosomal conditions. Esterases from porcine liver
(from Sigma Aldrich) were added to the sodium citrate solu-
tion at the start of the release study and were replenished
approximately every 3 days of the study. Each vial contained
15 ml sample and they were continuously shaken at 37 °C for
the duration of the experiment. At different time points, dupli-
cate 200 µl samples from each pH were collected and the ester-
ase activity was subsequently quenched by adding 200 µl of
methanol. Zero-hour time point samples served as the control.
The samples were stored at −80 °C to further avoid any hydro-
lysis. The samples were further analyzed by HPLC and the area
under the curve (at 210 nm) for the free drug peak was calcu-
lated. The area under the curve was correlated to the amount
of drug released by utilizing a calibration curve where known
concentrations of free Tesa were run on the HPLC at 210 nm.

In vitro biological assays

Cell culture. BV2 murine microglial cell line was obtained
from the Children’s Hospital of Michigan Cell Culture Facility.
BV2 cells were cultured in Dulbecco’s Modified Eagles
Medium (DMEM) media with 10% heat inactivated fetal
bovine serum (HI FBS) and 1% penicillin/streptomycin (P/S) at
37 °C and 5% CO2. Once cells reached confluency in the cul-
turing flask, the cells were passaged into a new flask utilizing
0.05% trypsin–ethylenediamine tetra-acetic acid (EDTA). For
the experiments, BV2 cells were seeded in DMEM with 5% HI
FBS and 1% P/S. 24–48 hours later, the cells were stimulated
with 100 ng ml−1 (300 EU ml−1) of LPS for 3 hours to allow the
cells to enter a pro-inflammatory (M1) phenotype to simulate
the neuroinflammatory environment present in many neuro-
logical diseases. The cells were then co-treated with LPS and
either free Tesa or D-Tesa at varying concentrations for 48 h
and then the supernatant and cells were collected for proces-
sing. Cells never treated with LPS (No LPS) and cells treated
with LPS-only at all times (LPS-only) served as the control
groups. Free Tesa and D-Tesa stock solutions were sterilized
utilizing poly(ether sulfones) 0.2 µm filters. D-Tesa was soluble
in the cell media. Tesa was solubilized by utilizing dimethyl
sulfoxide (DMSO) at less than 0.1% (v/v) final concentration.

Cytotoxicity, nitric oxide assay, and TNF-α ELISA. For the
cytotoxicity assay, cells were treated as described above in a
96-well plate, and then cytotoxicity of free Tesa and D-Tesa was

assessed by MTT assay following the manufacturer’s instruc-
tions. For the nitric oxide assay, cells were treated as described
above in 12-well plates, and then supernatants from treated
cells were collected and immediately nitric oxide levels were
quantified by following the manufacturer’s protocol for the
Griess Reagent. For the TNF-α ELISA, cells were treated as
described above in 12-well plates, and then supernatants from
treated cells were collected and stored at −80 °C until ready for
further processing. Then samples were thawed on ice and the
TNF-α ELISA was run by following the manufacturer’s protocol.

For these studies, both D-Tesa and free Tesa were sonicated
and vortexed until they were both completely soluble. To solubil-
ize free Tesa, it was first solubilized in DMSO before being
diluted, where the final concentration of DMSO was under 0.1%
(v/v) for all free Tesa samples. Since D-Tesa was soluble in cell
culture media, DMSO was not added to those samples. For all
in vitro studies, an equivalent amount of free or conjugated drug
was applied to cells in both the free Tesa and D-Tesa groups.

Quantitative real-time PCR (qRT-PCR). Cells were treated as
described above in 12-well plates, and after collecting the super-
natant, cells were collected in Invitrogen™ TRIzol™ Reagent
(from Fisher Scientific) and RNA was extracted by following the
manufacturers protocol. The concentration and the purity of
the resulting RNA was analyzed utilizing Nanodrop. Equivalent
amounts of RNA from each sample was converted to cDNA by
following the manufacturer’s protocol for the High Capacity
cDNA Reverse Transcription Kit (from Applied Biosystems by
Thermo Fisher Scientific). The resulting cDNA was utilized for
qRT-PCR analysis utilizing the FAST-SYBR green reagent and by
following the manufacturer’s protocol. Ct values were calculated
by the machine and data was analyzed utilizing the 2−ΔΔCt

method. For each different marker, the ΔΔCt value was calcu-
lated by subtracting the ΔCt for the No LPS group from the ΔCt
for each sample. The ΔCt value was the Ct value for the gene of
interest minus the Ct for GAPDH for each given sample. Once
the 2−ΔΔCt was calculated for all groups, they were then all nor-
malized to the No LPS group, thereby giving the No LPS group a
relative expression level of 1.0 for all markers.

The forward and backward primer sequences used for
qRT-PCR are shown in the below table. All sequences are
written from 5′→3′.

Target Forward sequence Backwards sequence

TNF-α CCA GTG TGG GAA
GCT GTC TT

AAG CAA AAG AGG AGG
CAA CA

IL-1β AGC TTC AAA TCT
CGC AGC AG

TGT CCT CAT CCT GGA
AGG TC

IL-6 TCC AGT TGC CTT
CTT GGG AC

GTG TAA TTA AGC CTC
CGA CTT G

Arg1 TCATGGAAGTGAAC
CCAACTCTTG

TCAGTCCCTGGCTTAT
GGTTACC

IL-4 TGT AGG GCT TCC
AAG GT

GAA AGA GTC TCT GCA
GCT C

GAPDH TGT CGT GGA GTC
TAC TGG TGT CTT C

CGT GGT TCA CAC CCA
TCA CAA

Additionally, commercially available primers were pur-
chased from BIORAD for iNOS/Nos2 (qmmuCID0023087),
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TLR4 (qmmuCID0023548), CD206/Mrc1 (qmmuCID0012670),
TGF-β1 (qmmuCID0017320), IL-10 (qmmuCID0015452),
SOCS1 (qmmuced0024846), CD36 (qmmucid0014852), Ide
(qmmuced0049796), MMP9 (qmmucid0021296), CCL1
(qmmuced0038249), TLR8 (qmmuced0039837), CD86
(qmmucid0006086), STAT6 (qmmucid0006404), and PPARγ
(qmmucid0018821).

Phagocytosis assay. The impact of free Tesa and D-Tesa on
phagocytosis of β-amyloid was determined using a previously
reported method.47 Briefly, HiLyte™ Flour 488-labeled
β-amyloid1–42 (from Anaspec Inc.) was dissolved in DMSO
(final DMSO concentration under 0.5% (v/v)) and diluted to
5 µg ml−1 in PBS. After treating the cells with Tesa and D-Tesa
with the treatment scheme outlined above, the β-amyloid solu-
tion was applied to the cells for 2 hours. Then, the cells were
washed thrice with Hank’s Balanced Salt Solution with diva-
lent cations (calcium and magnesium), removed from the
wells using trypsin, and were resuspended in FACS buffer
(from Invitrogen). Samples were stored on ice, and immedi-
ately were run on a Sony Cell Sorter SH800 flow cytometry
machine, and data was analyzed with the associated software.
The gate was set using cells not treated with fluorescent
β-amyloid, and the results shown are the percent of cells from
each group that exhibited fluorescence above the background
fluorescence. The mean fluorescent intensity (MFA) of
HiLyte™ 488-labeled β-amyloid was also reported for each
group. This assay was performed in duplicate.

Statistics. All data shown is the result of three separate experi-
ments, each performed in triplicate unless otherwise noted.
GraphPad Prism 5 and Microsoft Excel were used to perform
statistics. Two-tailed, paired Student’s t-tests, with Bonferroni
Correction, were performed. Grubbs’ test was used to determine

outliers. GraphPad Prism 5 for Windows was used to plot data
(San Diego, CA). Data shown is the average + SEM.

Results and discussion
Synthesis and characterization of D-Tesa

To allow for targeted, intracellular delivery to activated micro-
glial cells in the brain, Tesa was covalently conjugated on the
surface of G4-PAMAM-OH with cleavable ester bonds between
the drug and the dendrimer-linker (Fig. 1). In the first step,
Tesa (1) was reacted with tetraethylene glycol azide (TEG-azide)
(2) to produce Tesa-TEG-azide (3), which has an ester linkage
between the drug and linker (Fig. 1A). The HPLC of compound
(3) showed a retention time of 13.4 minutes with purity greater
than 99% (Fig. S1B†). The mass spectrum of (3) showed a peak
at 610.13 [M + 1]+ corresponding to the Tesa-TEG-azide mole-
cular weight further confirming the formation of the product
(Fig. S2†). Separately, G4-PAMAM-OH dendrimer (4) was reacted
with 5-hexynoic acid using an esterification reaction to
produce D-YNE (5) (Fig. 1B). Lastly, Tesa-TEG-azide (3) and
D-YNE (5) were reacted by the highly efficient copper-catalyzed
azide–alkyne cycloaddition (CuAAC) click reaction to produce
D-Tesa (6) (Fig. 1B).48 The 1H NMR confirmed the successful
synthesis of all intermediates and the final product; D-Tesa (6)
contained the characteristic peaks of dendrimer and drug-
linker protons demonstrating the successful synthesis of
D-Tesa (Fig. 2A). NMR of the final D-Tesa conjugate revealed
that an average of ten molecules of Tesa were attached to each
dendrimer. HPLC confirmed successful covalent conjugation,
as D-Tesa exhibited a shift from both the D-YNE and Tesa-
TEG-azide (Fig. 2B and S1†). Tesa has poor aqueous solubility,

Fig. 1 Synthetic schemes for D-Tesa conjugate. (A) Synthetic route to azide-functionalized Tesa and (B) synthetic route to the conjugation of Tesa
on dendrimer surface. Reagents and conditions: (i) EDC, DMAP, DMF, room temperature (rt), 24 hours; (ii) hexynoic acid, EDC, DMAP, DMF, rt,
24 hours; and (iii) CuAAC Click: Tesa-TEG-azide, CuSO4·5H2O, sodium ascorbate, DMF, THF, H2O, microwave, 50 °C, 8 hours.
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estimated to be 0.0035 mg mL−1.49 The conjugation of Tesa on
hydroxyl dendrimer improved its water solubility several orders
of magnitude from this estimate. D-Tesa was solubility in
water at 22 mg mL−1, and since Tesa comprises ∼19% of the
mass of D-Tesa, 4.2 mg ml−1 equivalent of Tesa was solubilized
(Fig. 3A). The increased solubility afforded by the dendrimer
increases the ease of formulation and removes the need for
potentially toxic excipients.50 These benefits are all in addition
to the dendrimer’s superior ability to deliver free drugs across
the BBB to microglia in vivo, and potentially reduce the dose
needed to achieve therapeutic effect.18–28 Lastly, D-Tesa had an
average size of 7.75 ± 0.29 nm (Fig. S3†), and the zeta-potential
of 2.86 ± 0.38 mV (N = 5 and N = 3 measurement, respectively).

Drug release

We designed D-Tesa to release Tesa intracellularly within the
low pH and high esterase concentration environment in
endosomes/lysosomes of activated microglia. We have pre-
viously reported that the PAMAM dendrimers mainly enter
the cells via fluid-phase endocytosis, and the vesicles that

contain the conjugates transform into lysosomes.51 We incu-
bated D-Tesa at 37 °C in sodium citrate buffer (pH 5.5) in the
presence of esterases to mimic the conditions of lysosomes,
as performed previously.52–54 We also investigated release
under conditions that mimic plasma conditions (phosphate-
buffered saline [PBS] buffer, pH 7.4). Under plasma con-
ditions, only about 1.5% of Tesa is released after 48 hours,
and less than 20% Tesa is released by day 25 suggesting the
plasma stability of the conjugate (Fig. 3B). Under lysosomal
conditions, about 60% of Tesa is released from D-Tesa within
the first 48 hours, and within 19 days, nearly 100% of Tesa is
released. These results demonstrate that D-Tesa provides sus-
tained, triggered release of the free drug for the first two
weeks incubated under physiologically relevant, lysosomal
conditions. Additionally, the minimal release of Tesa in the
simulated plasma conditions (pH 7.4 group) over the first
48 hours is significant, since this is the typical
G4-PAMAM-OH circulation time before kidney clearance, so
minimal Tesa will likely be released from the conjugates
before they reach the microglia.24

Fig. 2 Characterization of D-Tesa conjugate: (A) 1H NMR showing characteristic protons of dendrimer, and drug, and (B) comparative HPLC traces
of D-YNE, Tesa linker, and D-Tesa at 210 nm.
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D-Tesa decreased expression of M1 markers and increased
M2 markers

To evaluate the ability of D-Tesa to induce an M1 to M2 pheno-
type shift, we evaluated D-Tesa’s ability to alter expression of
M1 and M2 markers in vitro using a murine microglial cell line
(BV2). BV2 cells were created by immortalizing murine micro-
glial cells, and were shown to be a suitable alternative to
primary microglia cells to study the microglial inflammatory
response.55,56 In our experiments, to mimic the neuroinflam-
matory environment present in multiple neurological diseases,
we pretreated the microglia with 100 ng ml−1 (300 endotoxin
units (EU) per ml) LPS for 3 hours. Then, we co-treated the

cells with LPS and either free Tesa or D-Tesa for 48 hours, and
then collected the samples. We treated the cells at concen-
trations of 1.5, 15, and 150 µM free Tesa or D-Tesa, on an equi-
valent drug basis. The MTT assay demonstrated that free Tesa
or D-Tesa at these concentrations did not cause cytotoxicity
(Fig. S4†). An initial dose finding study was done with Tesa
and D-Tesa to determine the most effective dose of Tesa and
D-Tesa. Treatment with 1.5 and 15 µM free Tesa and D-Tesa
did not alter the secretion of nitric oxide or TNF-α, as deter-
mined by the Griess Reagent and a TNF-α ELISA, respectively
(Fig. S5†). Based on these results, we did not analyze these
lower concentrations in our qRT-PCR assays.

Fig. 3 Solubility and drug release study of D-Tesa. (A) Aqueous solubility comparison of free Tesa and D-Tesa. Free Tesa (1 mg mL−1) is insoluble in
water while dendrimer conjugated Tesa (4 mg mL−1) demonstrates enhanced water solubility. (B) Drug release study to mimic drug release from
D-Tesa under plasma conditions (pH 7.4, no esterases, 37 °C) and under lysosomal conditions (pH 5.5 with esterases, 37 °C). The insert allows better
visualization of the drug release profile over the first twenty-four hours.

Fig. 4 D-Tesa decreases expression of M1 markers and induces upregulation of M2 markers. BV2 microglia cells were treated with LPS (100 ng
ml−1) for 3 hours, and then they were co-treated for 48 hours with LPS (100 ng ml−1) and free tesaglitazar (Tesa) or D-Tesaglitazar (D-Tesa) at
150 µM on a drug basis. Cells that were neither treated with LPS nor drug (No LPS) and LPS only treated cells (LPS) served as the controls. (A)
Supernatants were collected, and nitric oxide levels were measured using the Griess Reagent. (B–F) qRT-PCR analysis of the M1 marker: (B) iNOS,
and the M2 markers: (C) Arg1, (D) IL-10, (E) IL-4, and (F) TGF-β1. All data is mean + SEM (N = 3). *p < 0.05, ***p < 0.001 (Bonferroni corrected).
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In many neurodegenerative diseases, one major neurotoxic
function of proinflammatory, M1 microglia is their secretion of
reactive oxygen species (e.g. nitric oxide) that directly kill
neurons.57,58 Subsequently, it has been postulated that one
potential therapeutic strategy would be to decrease the
secretion of these molecules. We evaluated D-Tesa’s ability to
achieve this effect. After LPS stimulation, D-Tesa decreased
secreted nitric oxide and inducible nitric oxide synthase (iNOS)
mRNA levels 3.7-fold (p < 0.0001) and 2-fold (p = 0.011), respect-
ively, compared to cells only treated with LPS (LPS-only) (Fig. 4A
and B). On the other hand, free Tesa decreased the secreted
nitric oxide more moderately (1.4-fold, p = 0.004) and did not
lead to a significant decrease in the iNOS mRNA expression
(Fig. 4A and B). D-Tesa was much more effective than free Tesa
in suppressing nitric oxide secretion. Next, depending on if
microglia are in a M1 or M2 phenotype, microglia upregulate
either iNOS or Arginase 1 (Arg1) to metabolize L-arginine to
produce nitric oxide for their M1 pathogen killing response, or
ornithine and urea for the M2 wound healing response, respect-
ively.59 Consistent with its downregulation of iNOS, D-Tesa
increased Arg1 mRNA levels 2-fold (p = 0.011) compared to the
LPS-only control, while free Tesa did not increase expression
significantly (p = 0.40) (Fig. 4C). D-Tesa, and to a lesser extent
free Tesa, switched microglia from releasing cytotoxic nitric
oxide to metabolizing L-arginine for wound healing, which has
implications in reducing, and potentially reversing, the neuro-
toxicity caused by microglia in neurodegeneration.5–7,10 The
downregulation of iNOS and secreted nitric oxide levels with
D-Tesa treatment is in accordance with previous work that
demonstrated PPARγ’s natural ligand (15-deoxy-Δ12,14-prosta-

glandin J2) decreased iNOS and nitric oxide expression and
secretion in LPS treated primary microglia.60

IL-10, IL-4 and TGF-β1 are all cytokines that are secreted by
alternatively activated M2 microglia that can induce a neuro-
protective, anti-inflammatory environment in the brain.58,61,62

Towards this end, D-Tesa increased the expression of IL-10
5.5-fold (p = 0.011) and IL-4 8.2-fold (p = 0.013) compared to
the LPS-only control (Fig. 4D and E). Free Tesa did not signifi-
cantly increase either IL-10 or IL-4 levels, although the
averages were 1.7-fold (p = 0.066) and 2.4-fold (p = 0.11)
higher, respectively, for Tesa treated microglia compared to
LPS-only controls (Fig. 4D and E). Additionally, D-Tesa
increased the expression of TGF-β1 2.3-fold (p = 0.015) and
free Tesa did not significantly change expression (Fig. 4F).
Thus, D-Tesa induces the secretion of anti-inflammatory cyto-
kines after LPS treatment of microglia, which can mitigate the
neurotoxic, pro-inflammatory environment present in neurode-
generative diseases.5–7,10

D-Tesa induced expression of M2-subtype markers

CD206, Ccl1, and TLR8 are specific markers for the M2a, M2b,
and M2c microglia subtypes, respectively.58 D-Tesa upregulated
CD206 expression 4.5-fold (p < 0.001), Ccl1 3.5-fold (p < 0.005),
and TLR8 5-fold (p < 0.01), while free Tesa did not significantly
increase expression of any of these three markers (Fig. 5A–C).
These data show that D-Tesa treated microglia demonstrate
significant upregulation of markers of all three M2 subtypes,
which agrees with the understanding that microglia phenotype
is plastic and not binary.63–65 The M1/M2 nomenclature over-
simplifies the complexity that microglia can exist in a spec-

Fig. 5 D-Tesa induces a M2-mixed phenotype in microglia and modulates expression of key proteins in the IL-4/STAT6/PPARγ and LPS/TLR4 path-
ways. BV2 microglia cells were treated with LPS (100 ng ml−1) for 3 hours, and then they were co-treated for 48 hours with LPS (100 ng ml−1) and
free tesaglitazar (Tesa) or D-Tesaglitazar (D-Tesa) at 150 µM on a drug basis. Cells that were neither treated with LPS nor drug (No LPS) and LPS only
treated cells (LPS) served as the controls. (A–F) qRT-PCR analysis of: (A) M2a marker CD206, (B) M2b marker CCl1, (C) M2c marker TLR8,
(D) M2 marker PPARγ, (E) M2 marker STAT6, and (F) TLR4. All data is mean + SEM (N = 3). *p < 0.05, **p < 0.01 (Bonferroni corrected).
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trum of activation states; along this continuum, three distinct
M2 phenotypes (M2a, M2b, and M2c) have been characterized,
and D-Tesa induces expression of markers consistent with
each of these states.58,61,63,66,67 M2a microglia are involved in
increased phagocytosis of pathogenic proteins by upregulating
scavenger receptors, tissue repair, and anti-inflammatory
actions. M2b microglia are like M1 microglia in that they
express IL-1β, TNF-α, and IL-6; however, M2b are distinct from
M1 microglia in that they express IL-10 at high levels and
downregulate iNOS expression. M2b macrophages and micro-
glia stimulate Th2 T-cells, which is indicative of one of the
roles of M2b in inducing an anti-inflammatory response. M2c
microglia are involved in wound-healing, tissue remodeling,
iron sequestration, and STAT3 activation that reduces pro-
inflammatory signaling.58,61,63,66

The PPARγ activity of Tesa stimulates a feedforward loop
that results in increased expression of PPARγ and its upstream
signaling protein (STAT6), which are both M2a markers.58

D-Tesa increased the expression of PPARγ 2.3-fold (p = 0.0036)
and STAT6 3.4-fold (p < 0.001), while free Tesa increased
STAT6 1.8-fold (p = 0.011) without a significant increase in
PPARγ expression (1.58-fold increase, p = 0.17) (Fig. 5D and E).
The increased expression of STAT6 and PPARγ results in anti-
inflammatory gene production and inhibition of pro-inflam-
matory signals by inhibiting NF-κB activity. Since M2a micro-
glia can be induced by treating microglia with IL-4, which
signals through STAT6 and PPARγ, the upregulation of these
two downstream signaling proteins can result in feedforward
M2a polarization.68

In our assays, LPS activation increased IL-6, TNF-α and IL-1β
levels and treatment with D-Tesa further upregulated the
expression of these cytokines (Fig. S6A–D†), which is likely due
to D-Tesa inducing the M2b phenotype (Fig. 5B). Free Tesa
increased the expression of IL-6 and did not significantly
change TNF-α and IL-1β expression (Fig. S6A–D†). While these
cytokines are secreted by M1 microglia, M2b microglia also
express these cytokines.58,61 CD86 is a marker of both M1 and
M2b microglia, and is increased with D-Tesa treatment
(Fig. S6E†). Additionally, suppressor of cytokine signaling
(SOCS) is a family of intracellular proteins that regulate the phe-

notypic polarization of microglia by suppressing multiple signal-
ing pathways activated by cytokines.69 SOCS1 is one member of
this family, and it has been shown to inhibit LPS/
TLR4 mediated NF-κB and JAK2 signaling, thereby reducing the
amount of TNF-α, IL-1β, and IL-6 released by M1 microglia
through the LPS/TLR4 pathway. D-Tesa upregulates expression
of SOCS1 compared to LPS-only control (Fig. S6F†), suggesting
that the increase in IL-6, TNF-α and IL-1β exhibited by D-Tesa
could be due to induction of the M2b phenotype and not via
enhancement of the LPS/TLR4, M1-inducing phenotype.
Moreover, LPS signals through TLR4 and to prevent excessive
cellular activation, microglia possess a negative feedback mecha-
nism whereby TLR4 activation leads to decreased expression of
TLR4.70 Treatment with free Tesa and D-Tesa increased TLR4
levels 3.6-fold (p < 0.001) and 3.7-fold (p < 0.001), respectively
(Fig. 5F), suggesting that Tesa and D-Tesa altered the typical
LPS/TRL4 negative feedback signaling pathway.

D-Tesa increased expression of enzymes responsible for
removal of pathogenic proteins

Insulin degrading enzyme (Ide) and matrix metalloprotease 9
(MMP9) are enzymes secreted by microglia that degrade extra-
cellular β-amyloid and α-synuclein.71,72 D-Tesa treatment sig-
nificantly increased expression of Ide 3.1-fold (p < 0.001) with
a trend towards increasing MMP9 expression (1.8-fold
increase, p = 0.057) compared to LPS-only treated controls
(Fig. 6A and B). Free Tesa significantly increased expression of
Ide 2-fold (p = 0.011), and non-significantly increased MMP9
2-fold (p = 0.35) (Fig. 6A and B). M2 microglia in neurodegen-
erative diseases have the ability to remove β-amyloid,
α-synuclein, and other pathogenic proteins via enzymatic
degradation or phagocytosis, and D-Tesa upregulates proteins
involved in these processes (i.e. Ide and MMP9).71–73 Ide
expression is downregulated in AD and PD pathology, and is
known to be upregulated by PPARγ agonists, which is consist-
ent with our results.71,72 Functionally, only a 2-fold increase in
Ide levels has been shown to decrease β-amyloid accumulation
and neuronal death in vivo.74,75 Therefore, the 3-fold increase
in Ide observed by D-Tesa, and 2-fold increase of Ide by free
Tesa could be therapeutically efficacious in vivo.

Fig. 6 D-Tesa increases expression of β-amyloid and α-synuclein degrading enzymes and scavenger receptor CD36. BV2 microglial cells were
treated with LPS (100 ng ml−1) for 3 hours, and then they were co-treated for 48 hours with LPS (100 ng ml−1) and free tesaglitazar (Tesa) or
D-Tesaglitazar (D-Tesa) at 150 µM on a drug basis. Cells that were neither treated with LPS nor drug (No LPS) and LPS-only treated cells (LPS) served
as the controls. qRT-PCR analysis of: (A) insulin degrading enzyme (Ide), (B) matrix metalloproteinase 9 (MMP9), and (C) CD36. All data is mean +
SEM (N = 3). *p < 0.05, **p < 0.01, ***p < 0.001 (Bonferroni corrected).

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2021 Nanoscale, 2021, 13, 939–952 | 947

Pu
bl

is
he

d 
on

 1
5 

D
ec

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

14
/2

02
5 

11
:3

9:
13

 P
M

. 
View Article Online

https://doi.org/10.1039/d0nr05958g


D-Tesa increases phagocytosis of β-amyloid

CD36 is a microglial scavenger receptor that facilitates phago-
cytosis and degradation of β-amyloid.73 Its downregulation in
AD results in decreased removal of β-amyloid, but it is upregu-
lated by PPARγ activation. Both D-Tesa and free Tesa signifi-
cantly increased CD36 expression levels when compared to
LPS-only exposed cells (p < 0.0001 vs. p < 0.005 for D-Tesa and
free Tesa, respectively), but D-Tesa was much more effective
than free Tesa (6-fold increase vs. 2.8-fold increase for D-Tesa
and free Tesa, respectively, p < 0.0005) (Fig. 6C). Our results
are consistent with previous studies with pioglitazone (another
PPARγ agonist) that showed that increased microglial phagocy-
tosis of β-amyloid occurs through a PPARγ and CD36 depen-
dent mechanism.73

To investigate if the upregulation of CD36 from D-Tesa
treatment correlated to increased phagocytic ability of these
cells, we performed a functional phagocytosis assay of
β-amyloid.73 Briefly, after treating the cells as we did in the
previous in vitro assays, we applied fluorescently-labeled
β-amyloid1–42 to the cells for two hours, washed the cells, and
then performed flow-cytometry to investigate the extent of cel-
lular uptake of β-amyloid. D-Tesa increased both the percen-
tage of cells that phagocytosed β-amyloid and the average
amount of β-amyloid internalized per cell (Fig. 7A and B). In
contrast, free Tesa yielded no improvements in phagocytosis of
β-amyloid. The superior effects of D-Tesa compared to Tesa is
likely attributable to improved cellular internalization enabled
by dendrimer conjugation. This is consistent with previous
work that demonstrated over 95% of BV2 cells treated with
fluorescently labeled G4-PAMAM-OH had internalized the den-
drimer within thirty minutes and continued to internalize the
dendrimer for at least 24 hours.76 Likewise, conjugation of the
small molecule minocycline to fluorescently-labeled G4-
PAMAM-OH demonstrated 99% of BV2 cells had internalized
the fluorescently-labeled dendrimer–drug conjugate within
3 hours.26 They also showed that the conjugate reduced nitric
oxide levels superior to free drug after treating BV2 cells with

LPS, consistent with our results. The cells treated with D-Tesa
phagocytosed 1.9-fold more β-amyloid than the LPS treated
control cells (p < 0.001), which is comparable to the 2.5-fold
increase of β-amyloid phagocytosis by rat primary microglial
cells treated with pioglitazone reported by Yamanaka et al.73

The slightly higher extent of β-amyloid phagocytosis by the
previous study could be either because they did not co-treat
their cells with LPS as we did, or because primary microglia
express PPARγ at a higher level than BV2 cells used in this
study.77 As such, a dose of D-Tesa lower than that estimated
from the in vitro experiments in our study can likely be effica-
cious in in vivo studies and in humans, since BV2 cells are
known to express PPARγ at lower levels than primary
microglia.77

Microglia have been implicated in many neurodegenerative
diseases, and the BBB has prevented many drugs that can
modify the phenotype of microglia from a pro-inflammatory,
neurotoxic M1 phenotype to an anti-inflammatory, neuro-
protective M2 phenotype from reaching therapeutic levels in
the brain.5,6,14,15 For example, two PPARγ agonists, pioglitazone
and rosiglitazone, were each investigated through phase III
clinical trials for Alzheimer’s disease due to their ability to
alter the phenotype of microglia, but failed likely due to poor
transport across the BBB.13,14 Thus, there is clinical interest in
altering the phenotype of microglia in neurodegenerative dis-
eases. Such an approach requires delivery of the drug to micro-
glia at sufficient levels to drive a response. Towards this end,
G4-OH-PAMAM dendrimers have been shown to deliver drugs
to microglia in many animal models after systemic injection,
and as a result are currently being evaluated in clinical trials
for the treatment of ccALD (NCT03500627) and severe
COVID-19 associated inflammation (NCT04458298).18–28

To combine the beneficial effects of altering microglial phe-
notype with the ability to deliver drugs to microglia, we conju-
gated tesaglitazar (a PPARα/γ dual agonist) to a G4-OH-PAMAM
dendrimer (Fig. 1–3). We demonstrated that D-Tesa is capable
of altering the phenotype of M1 microglia towards a M2

Fig. 7 D-Tesa increases phagocytosis of fluorescently labeled β-amyloid. BV2 microglia cells were treated with LPS (100 ng ml−1) for 3 hours, and
then they were co-treated for 48 hours with LPS (100 ng ml−1) and free tesaglitazar (Tesa) or D-Tesaglitazar (D-Tesa) at 150 µM on a drug basis.
Cells that were neither treated with LPS nor drug (No LPS) and LPS-only treated cells (LPS) served as the controls. Then, fluorescently labeled
β-amyloid was applied to the cells for 2 hours, and cells were collected for flow cytometry. Data shown is: (A) the mean fluorescent intensity (MFA)
that is proportional to amount of β-amyloid phagocytized, and (B) the percentage of cells that up took fluorescently labeled β-amyloid. All data is
mean + SEM (N = 3). **p < 0.01, ***p < 0.001 (Bonferroni corrected).
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phenotype (Fig. 4 and 5), resulting in a decrease in secretion of
harmful reactive oxygen species. Furthermore, we demon-
strated that the microglia treated with D-Tesa increase their
expression of enzymes that degrade pathological proteins such
as α-synuclein and β-amyloid, as well as upregulating the pha-
gocytosis of β-amyloid in a functional assay (Fig. 6 and 7).
Although we do not present data demonstrating the ability of
D-Tesa to bypass the BBB and accumulate in microglia, we
have previously shown that G4-OH-PAMAM drug conjugates
with similar drug loading, size and zeta potential are capable
of passing through the impaired BBB and accumulating in
microglia after intravenous administration.26,36,52 These
results support the further development of D-Tesa for the treat-
ment of multiple neurological diseases.

While we focus on Alzheimer’s and Parkinson’s diseases in
this paper, D-Tesa has the potential for clinical translation in
multiple neurological disorders. Due to the similar role of
microglia in the pathology of multiple neurodegenerative dis-
eases, the PPARγ agonist pioglitazone was also investigated or
is currently being investigated in phase II clinical trials for
Parkinson’s disease,78 ALS,79 adrenomyeloneuropathy
(NCT03864523), multiple sclerosis (NCT03109288), and hema-
toma resolution in intracerebral hemorrhage (NCT00827892).
If these clinical trials also fail due to poor delivery of pioglita-
zone across the BBB, D-Tesa could overcome this delivery
obstacle and treat patients with these diseases.

Other groups have utilized nanoparticles to improve deliv-
ery of PPAR agonists to macrophages, but they have not
attempted to deliver these agonists to microglia. Osinski et al.
demonstrated that Tesa loaded liposomes were mostly taken
up by macrophages in visceral white fat in a male leptin-
deficient obesity model.80 They additionally demonstrated that
Tesa loaded liposomes did not alter the expression of the
M1 marker Mcp-1, but did increase expression of the
M2 marker Arg1, while treatment with free Tesa decreased the
total number of M1 macrophages and expression of Mcp-1,
and did not increase expression of Arg1. Nakashiro et al. used
poly(lactic-co-glycolic-acid) (PLGA) nanoparticles to deliver pio-
glitazone (a PPARγ agonist) to macrophages in the context of
atherosclerosis.81 In vivo, they demonstrated that PLGA-piogli-
tazone reduced the levels of immune cells in the blood. In
primary bone marrow derived macrophages treated with LPS
and interferon-γ, they found that PLGA-pioglitazone increased
IL-4 and IL-10 (M2 markers) and did not decrease IL-6 or TNF-
α levels. Their findings are similar to ours; M2 markers were
increased by nanoparticle-PPAR agonist treatment, while IL-6
and TNF-α levels did not decrease. Di Mascolo et al. used
PLGA-polyvinyl alcohol nanoparticles to deliver rosiglitazone
(another PPARγ agonist).82 In vitro they demonstrated their
nanoparticle-drug complexes decreased iNOS, TNF-α, and
IL-1β expression in bone marrow derived macrophage. They
pretreated their cells with the nanoparticle-drug before stimu-
lating with LPS, while we pretreated cells with LPS before treat-
ing with D-Tesa, which could be a reason we did not observe a
decrease in TNF-α and IL-1β, although we also observed a
decrease in iNOS expression.

Conclusion

There is currently no pathology altering therapy for many neu-
rodegenerative diseases, and as the population continues to
age, the prevalence and cost of treating these diseases will con-
tinue to rise, highlighting the urgent need for a solution to be
developed. Recently, pro-inflammatory M1 microglia have
been shown to be critical in the pathology of multiple neuro-
degenerative diseases. Subsequently, being able to deliver a
drug across the blood–brain-barrier that can induce an ‘M1 to
M2’ phenotype shift in microglia has therapeutic potential for
multiple diseases, especially Alzheimer’s and Parkinson’s
disease. D-Tesa was designed to deliver an ‘M1 to M2’ inducing
drug to microglia after systemic administration to reduce
microglial secretion of neurotoxic substances, while also indu-
cing an anti-inflammatory state that increases degradation and
phagocytosis of pathogenic proteins in the brain. We success-
fully synthesized D-Tesa using a highly efficient click chemistry
approach. The drug is attached to the dendrimer via an ester
bond that is cleavable intracellularly at lysosomal conditions,
with approximately 60% of Tesa being released in the first
48 hours under lysosomal conditions. D-Tesa was shown to be
superior to Tesa in vitro in inducing an M1 to M2a/M2b/M2c
phenotype shift, which resulted in reduced nitric oxide
secretion, increased expression of α-synuclein and β-amyloid
degrading enzymes, and increased phagocytosis of β-amyloid.
Thus, D-Tesa combines the beneficial delivery properties of
the dendrimer, with the M1 to M2 switching properties of
Tesa. Due to the common role of microglia and the common
therapeutic benefit of inducing a M1 to M2 phenotype shift,
D-Tesa has the potential to treat many neurological disorders
when administered at the right stage of disease progression.
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