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Abstract

Microglia are a specialized population of myeloid cells that mediate CNS innate immune
responses. Efforts to identify the cellular and molecular mechanisms that regulate microglia
behaviors have been hampered by the lack of effective tools for manipulating gene expression.
Cultured microglia are refractory to most chemical and electrical transfection methods, yielding
little or no gene delivery and causing toxicity and/or inflammatory activation. Recombinant
adeno-associated viral (rAAVSs) vectors are non-enveloped, single-stranded DNA vectors
commonly used to transduce many primary cell types and tissues. In this study, we evaluated the
feasibility and efficiency of utilizing rAAV serotype 2 (rAAV2) to modulate gene expression in
cultured microglia. rAAV2 yields high transduction and causes minimal toxicity or inflammatory
response in both neonatal and adult microglia. To demonstrate that rAAV transduction can induce
functional protein expression, we used rAAV?2 expressing Cre-recombinase to successfully excise
a LoxP-flanked miR155 gene in cultured microglia. We further evaluated rAAV serotypes 5, 6, 8,
and 9, and observed that all efficiently transduced cultured microglia to varying degrees of success
and caused little or no alteration in inflammatory gene expression. These results provide strong
encouragement for the application of rAAV-mediated gene expression in microglia for
mechanistic and therapeutic purposes.
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Introduction

Microglia are a specialized population of resident myeloid cells in the central nervous
system (CNS) that comprise 5-15% of CNS cells (Carson et al., 1998). Microglia participate
in the regulation of diverse physiological processes, influencing the development, growth,
and function of other brain cells and serving as a key immune surveillance system. Their
diverse repertoire of activities in the inflammatory response include destroying infectious
pathogens, removing cell debris, and promoting brain tissue repair (Garden et al., 2004).

Understanding the molecular signals responsible for determining specific microglia
behaviors has been slow to develop compared to other CNS cell types. One reason for this is
that microglia are strongly refractory to various means of gene transfer, both invitroand in
vivo. In the past, attempts to genetically manipulate primary hematopoietic cells have
principally focused on transferring genes into pluripotent stem cell populations (Cucchiarini
et al., 2003). Some significant steps have been taken to genetically modify cultured
microglia as therapeutic tools. For example, implantation of ex vivo engineered microglial
cell lines, or precursor cells, has been successfully performed in several animal models
(Benninger et al., 2000; Sawada et al., 1998). In vitro engineered microglia that retain the
nuclear content of olfactory ensheathing cells were also successfully delivered into brain as
a method of somatic cell nuclear transfer, in hope of reprogramming somatic cells to treat
neurodegenerative diseases caused by mitochondrial DNA mutations (Baig, 2014).
However, techniques to reliably manipulate gene expression in cultured microglia without
toxicity or inflammatory activation have been extremely difficult to develop. Methods
involving chemical or electrical transfection have shown little or no delivery of vector and
cause moderate toxicity and inflammatory gene expression (Lungwitz et al., 2005).

Previous studies with lentiviral vectors have shown effective gene transfer into microglia
cell lines and neonatal microglia (Balcaitis et al., 2005; Tun et al., 2007). However, we
observed that in primary neonatal microglia cultures, lentiviral infection was associated with
modest toxicity and mild inflammatory activation, limiting the experimental utility of these
vectors. Here, we developed a novel methodology for the culture of microglia from adult
mouse brain and observed that toxicity following lentiviral infection was significantly higher
than that in neonatal microglia cultures. Therefore, we sought to develop a new approach to
modify gene expression in cultured microglia that would be amenable for use in both adult
and neonatal preparations. To approach this task, we elected to use recombinant adeno-
associated viral (rAAV) vectors as gene transfer vehicles. In recent years, rAAV vectors
have become increasingly valuable for in vivo studies in animals, and are also currently
being tested in human clinical trials. rAAV vectors are nonenveloped, single-stranded DNA
vectors that reside episomally with exceedingly rare integration events, and are able to
establish stable long-term gene expression in both dividing and non-dividing cells (de
Backer et al., 2011) with little to no immunogenicity (Fisher et al., 1997). Studies using
AAV initially involved rAAV serotype 2 (rAAV2), the first characterized AAV serotype,
where the majority of clinical trials currently underway involve delivery of rAAV2 into the
brain, a relatively immunologically privileged organ. To date, rAAV2-based recombinant
genomes have been packaged in dozens of different capsid types, resulting in a wide array of
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“pseudotyped vectors” that constitute a rich resource for the development of gene therapy
clinical trials (Gao et al., 2011b).

While the efficiency of rAAV-mediated gene transfer varies widely between different cell
types, this class of vector has been used successfully to transduce several primary cell types
and tissues that are refractory to most viral vectors, including striated muscle, liver
hepatocytes, and vessel endothelium (Flotte et al., 1993; Gregorevic et al., 2004; Inouye et
al., 1997; Snyder et al., 1999; Xiao et al., 1996). It was recently reported that rAAV2 was
successfully utilized to express Follistatin in ovine myoblast cells (Nazari et al., 2014).
However, the use of rAAV vectors to modulate gene expression in cultured microglia has
not yet been well documented.

The majority of in vitro microglia studies utilize rodent neonatal microglial cultures
(Santambrogio et al., 2001). Although these cells have been useful to study several signal
transduction and transcriptional response systems (Przanowski et al., 2014; Su et al., 2014),
neonatal microglia are likely to be functionally distinct from adult microglial cells. Analysis
on microglia isolated from different postnatal ages shows that microglia undergo
developmental reorganization by exhibiting changes in gene expression profile and varied
cellular responses following TLR4 stimulation (Scheffel et al., 2012). Moreover, neonatal
microglia exhibit a partially activated phenotype in vitro, as indicated by an intermediate
expression level of MHC class 11 and co-stimulatory molecules not observed in adult
microglia in situ (Aloisi, 2001; Carson et al., 1998). Cumulatively, this evidence suggests
that neonatal microglia are not functionally mature. To date, a small number of studies have
utilized freshly isolated, ex vivo adult microglia to study changes in gene expression induced
by in vivo disease or injury models (Floden and Combs, 2006; Moussaud and Draheim,
2010). Unfortunately, early studies with adult microglia in vitro reported that they undergo
cell death within several days of culture. It was observed that mouse adult microglia do not
proliferate in vitro, while they could be differentiated into dendritic-like cells in the presence
of GM-CSF (Fischer and Reichmann, 2001). Astrocyte feeder layers from neonatal culture
have been used to sustain adult microglia culture (Scheffel et al., 2012), but the complex
interaction between microglia and astrocytes makes it difficult to specifically assay
microglia behaviors and/or modulate microglia gene expression. A study utilized Percoll
gradient to isolate microglia and macrophage colony-stimulating factor (M-CSF) to aid cell
proliferation (Ponomarev et al., 2005). Traditional isolation method using Percoll-based
gradient is time-consuming, and resulted in a mixed population of microglia, astrocytes, and
oligodendrocytes. Additionally, Percoll is toxic to microglia and the cell yield is usually not
sufficient for immediate cellular analysis (Banker and Goslin, 1998).

In this study, we developed a modified method for adult microglia culture and evaluated the
feasibility and efficiency utilizing rAAV serotype 2 as a transfer vector to modulate gene
expression in cultured microglia. We compared 4 different transfection reagents as well as
two viral vectors on cultured microglia, and found that rAAV-mediated gene transfer
resulted in best transduction efficiency with least cellular toxicity. In addition, rAAV2
transduction yielded no inflammatory responses or toxicity in both neonatal and adult
microglia. Using a combination of rAAV and Cre-LoxP systems, we were able to
successfully excise a LoxP flanked miR155 gene in cultured microglia, demonstrating that a
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functional protein was generated from the rAAV vector. To our knowledge, this is the first
demonstration of selective gene transfer in cultured adult microglia using rAAV-derived
vectors. Additionally, our survey of rAAV serotypes determined that rAAV6 displayed the
highest capacity for the transduction of neonatal microglial cells in vitro, approaching a 2-
log increase in reporter gene mRNA levels relative to rAAV2. These results provide strong
encouragement for the application of this approach for manipulating gene expression in
cultured microglia for mechanistic and therapeutic purposes.

Materials and Methods

Animals

C57/BL6 mice (The Jackson Laboratory, Bar Harbor, Maine) were referred as “wild type
(WT)” in this study. The floxed miR-155 mice, referred as “fIx miR-155" in this study,
possess |oxP sites flanking exon 2 of the Mir 155 gene on both alleles. All mice were
maintained in a specific pathogen-free facility and all procedures were performed in
accordance with an IACUC-approved protocol.

Microglia Preparation and Cell Culture

Mixed neonatal glia cultures were generated from cortical tissue dissected on postnatal day 3
or 4, using previously published methods (Jayadev et al., 2011). Pups of both sexes were
used. The mixed glia were cultured in DMEM (Dulbecco’s Modified Eagle Medium) high
glucose (Gibco, Life Technologies, Grand Island, NY) supplemented with 10% heat
inactivated horse serum (Gibco, Life Technologies), 10% nutrient mixture F-12 ham
(Sigma-Aldrich, St. Louis, MO), 2mM L-glutamine (Sigma-Aldrich), 10mM HEPES
(Sigma-Aldrich), and 20% L929 conditioned medium (Mdller et al., 2000). Microglia were
isolated from the cultures 7-10 days post-dissection by collecting floating cells. Primary
microglia were plated on poly-d-lysine-coated (Sigma-Aldrich) plates at a density of 1x108
per 60mm well, 5x10° per 35mm well, or 2.5x10° per 15 mm well in D10C media
supplemented with 10 ng/ml Macrophage Colony-Stimulating Factor (MCSF, R&D
Systems, Minneapolis, MN).

Adult microglia were generated using a new protocol modified from a previously published
method (Ponomarev et al., 2005) and our published method for ex vivo isolation of adult
microglia (Su et al., 2014). For each adult microglia culture, adult mice of both sexes (12-22
wks., n=3 mice per genotype) were intracardially perfused with cold HBSS (No Ca%*/
Mg2*)/1mM HEPES (Gibco). Cortical tissue was separated from whole brain and
dissociated using the MACS Neural Dissociation Kit (Miltenyi). Dissociated tissues were
filtered through a sterile 70 um filter (Fisher Scientific, Grand Island, NY) and then
incubated with myelin removal beads at 4 °C for 15 min (Miltenyi). After incubation, the
mixture was washed, and then loaded onto a pre-rinsed LS column (Miltenyi) and the
unbound flow through (myelin depleted) was collected and incubated with 80 ul CD11b
microbeads at 4 °C for 15 min (Miltenyi), from which the CD11b+ population was collected
using LS column. Finally, the collected cells were centrifuged at 300 g for 10 min at 4 °C,
resuspended in D10C media supplemented with 10 ng/ul MCSF, and seeded onto poly-d-
lysine-coated 4-well plates at a density of 0.5x10° per well. Medium was changed after 3
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days in vitro, and cells were used for experimental purposes after 7 days in vitro. For flow
cytometry analysis, cells were collected, stained with microglial specific antibodies, and
analyzed as previously described (Su et al., 2014).

The HEK293D (kindly provided by Dusty Miller, Fred Hutchinson Cancer Research Center)
and BV2 cell line were grown in high glucose DMEM supplemented with 10% FBS
(Gibco), 25 U/ml penicillin and 25 mg/ml streptomycin and incubated in a 37 °C cell
incubator with 5% CO» supplemented.

For experiments testing different transfection reagents, neonatal microglia were harvested
and plated at a density of 2.5x10° per 15 mm well. For MACSfectin (Miltenyi)
transfections, 1 ug of CMV-eGFP plasmids diluted in 50 pl of serum-free medium (SFM)
were added into 2 pl or 4 pl of MACSfectin transfection reagent diluted in 50 pl of SFM.
The mixtures were incubated at room temperature (RT) for 20min before added into cell
medium. For Lipofectamine 2000 (Life Technologies) transfection, 1 ug of CMV-eGFP
plasmids diluted in 50 ul of OPTI-MEM® Reduced Serum Medium were added into 2 pl or
4 pl of Lipofectamine 2000 transfection reagent diluted with 50 pl of OPTI-MEM® Reduced
Serum Medium. The mixtures were incubated at RT for 5 min before added into cell
medium. For Lipofectamine 3000 (Life Technologies) transfection, 0.5 ug of CMV-eGFP
plasmids diluted in 25 pul of OPTI-MEM® Reduced Serum Medium and supplemented with
1 pl of P3000 Reagent were added into 0.75 pl or 1.5 pl of Lipofectamine 3000 transfection
reagent diluted in 25 pl of OPTI-MEM® Reduced Serum Medium. The mixtures were
incubated at RT for 5 min before added into cell medium. For Geneln (Global Stem,
Gaithersburg, MD) transfection, 2 pl or 4 pl of Red Geneln reagent were added into 0.5 g
or 1 g of CMV-eGFP plasmids diluted in 50 pl of OPTI-MEM® Reduced Serum Medium
and the mixtures were incubated at RT for 5 min. 2 ul of Blue Geneln reagent was then
added into each mixture and incubated at RT for additional 10-15 min before added into the
cell medium. For Lentiviral infections, serial dilutions of Lenti-CMV-eGFP vectors (Core
Center for Excellence in Hematology at Fred-Hutchinson Cancer Center, Seattle, WA) at
0.5, 1, 2,4, 6, 8, and 10 vector genome per cell (vg/cell) were added into the cell medium.
For rAAYV infections, serial dilutions of rAAV2-CMV-GFP vectors at 0.875 x 103, 1.75 x
103, 3.5 x 103 and 7 x 103 vg/cell were added into the cell medium. For all of the treatments,
cell medium was changed 12 hr after transfection or infection to reduce toxicity. Cell
morphology and GFP expression were examined under the microscope 24 hr and 48 hr post
transfection. Cells incubated with Lenti-CMV-eGFP and rAAV2-CMV-eGFP were fixed 72
hr after addition of virus.

rAAV production, purification, and infection conditions

Recombinant AAV vector serotypes (2, 5, 6, 8, 9) that contain eGFP driven by the
cytomegalovirus (CMV) immediately early enhancer/promoter were generated using
previously published methods (Ayuso et al., 2010). rAAV2 and rAAV6 containing mCherry,
firefly luciferase, and Cre-recombinase - driven by cytomegalovirus (CMV) promoter - were
prepared by calcium phosphate transfection (CaPO4 co-precipitation) into HEK293D cells
with the corresponding shuttle plasmids and pDG2 packaging capsids (for rAAV?2) or
pDGMB6 (for rAAV6) according to previously published methods with several modifications
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(Allen et al., 2000). Briefly, co-transfection of HEK293D cells with the calcium phosphate
method was carried out using pDG(*)-encoding the appropriate capsid (CAP) gene for
packaging viral genome and AAV vector plasmids (two plasmid system) to produce high-
titer infectious AAV (Grimm et al., 2003). 6 hr post-transfection, medium was changed to
serum-free media and cultured for 48-60 hours. Cells and virus-containing medium were
harvested by scraping cells off the plate and intracellular vectors were released by
performing 3 freeze-thaw cycles (dry ice/ethanol — 37 °C water bath). rAAV vector serotype
2 and 6 were purified by affinity chromatography using a heparin column (McClure et al.,
2011), while other serotypes were purified using CsClI gradient ultracentrifugation as
previously described (Halbert et al., 2001), eluent was concentrated using 100K Amicon
Ultra-4 centrifugal filters (Millipore, Billerica, MA) and titered by qRT-PCR as previously
described (Halbert et al., 2001). Stock solutions of virus were diluted in PBS. Microglia
were initially incubated with serial dilutions of rAAV2-CMV-mCherry and a titer of 1.75 x
103 vg/cell in 500 pl culture medium resulted in maximal infectivity with no apparent cell
death. In the following experiments, neonatal or adult microglia medium was replaced with
virus-containing media at 1.75 x 103 vg/cell, and were harvested for either RNA extraction,
microscopy, or flow cytometry analysis 7 days post infection. For comparison of rAAV
serotype 2, 5, 6, 8 and 9, neonatal microglia were replaced in the same density as above and
infected with different serotype at 1.75 x 103 vg/cell, RNAs were then extracted 7 days post
infection. Similar high titers of rAAV being used in vitro on different cultured cell types
were previously reported by other groups (Arbetman et al., 2005; Ellis et al., 2013).

Immunocytochemistry

Cultured neonatal and adult microglia were incubated in 4% Paraformaldehyde (PFA,
Electron Microscopy Sciences, Hatfield, PA) for 10 min at RT, washed with cold PBS for 3
times at 5 min each, and permeabilized with 0.5% TritonX-100 in PBS for 10 min at RT.
Cells were then washed with cold PBS 3 times at 5 min each, blocked with 2.5% BSA/PBS
for 1hr at RT, and incubated with primary antibody in 2.5% BSA/PBS overnight at 4 °C
with gentle agitation. On the second day, cells were washed with cold PBS 3 times at 5 min
each and then incubated with secondary antibodies for 1 hr. at RT. The primary antibodies
used in this study were: rabbit anti Ibal (ionized calcium binding adaptor molecule 1,
019-19741, WAKO, Richmond, VA) 1:200 dilution, mouse anti GFAP (Glial Fibrillary
Acidic Protein, G3893, Sigma-Aldrich) 1:400, rabbit anti RFP (ab34771, Abcam,
Cambridge, MA) 1:300. The secondary antibodies used in this study were Alexa Fluor dye-
conjugated (1:400, Invitrogen).Nuclei were labeled with Hoechst 33258 (2.5 pg/ml) for 10
min at RT.

Real-time Quantitative Reverse Transcriptase PCR

Total RNA was extracted using the miRNeasy kit (Qiagen, Valencia, CA) and/or Direct-zol
RNA mini-prep (Zymo Research, Irvine, CA). cDNAs were generated using the High
Capacity cDNA Reverse Transcriptase Kit (Applied Biosystems, Life Technologies).
Primers were designed using the ProbeFinder software provided on the Roche Universal
Probe Library Website (http://lifescience.roche.com/shop/en/mx/overviews/brand/universal-
probe-library). qPCR was performed using the StepOnePlus Real Time PCR Instrument
(Applied Biosciences) with the Roche Primer/Probe sets as previously described (Su et al.,
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2014). New primers were designed for FIZZ1 (forward: TTCCCTTCTCATCTGCATCTC,
reverse; GTTACAGTGGAGGGATAGTTAGCTG, probe #78) and YM1 (forward:
TCTGGGTACAAGATCCCTGAA, reverse: TCATATGGAGATTTATAGAGGGGACT,
probe #47).

Phagocytosis Assay

Labeled apoptotic bodies were generated by fluorescently labeling BV2 cells with PKH26
Red Fluorescent Cell Linker Kit (Sigma, St. Louis, MO), followed by UV treatment for 90
min. UV treated cells were incubated at 37°C for 48 to 60 hr. Rounded apoptotic bodies in
complete BV2 media were isolated, washed, and diluted two-fold. These diluted apoptotic
bodies were then added to PKH2 Green Fluorescent Cell Linker (Sigma, St. Louis, MO)
labeled adult or neonatal primary microglia pretreated with 10 ng/ mL TNF-a (R&D
Systems), 10 U/mL IFN-y (R&D Systems), or 10 ng/mL IL-4 (R&D Systems) for 24 hr.
After 6 hr. incubation at 37°C, the cultures were washed to remove excess apoptotic cells,
trypsinized (0.05% trypsin EDTA) to lift cells and resuspended in FM medium (HBSS with
no Ca2*/Mg?*, 10% Fetal Bovine Serum, 10mM HEPES, pH 7.3) in preparation for flow
cytometry. Samples were stained with DAPI for live/dead cell exclusion and analyzed using
the yellow-green, blue, and UV lasers (561 nm, 488 nm, and 355 nm for PE, FITC-A and
DAPI detection respectively) on the LSR 1l flow cytometer (BD Biosciences, San Jose, CA)
at the University of Washington Pathology Flow Cytometry Core Facility. The population of
microglia that internalized apoptotic bodies was determined by calculating the percent of
events detected to be both PE and FITC-A positive relative to the number of FITC-A only
positive cells in each sample. Compensation was performed when appropriate during sample
collection utilizing PE and FITC-A positive and negative populations, or by the data
analysis software FlowJo® (Ashland, OR) after data was fully acquired.

Statistical Analysis

All data from this study, except the flow cytometry, are given as mean+SEM. Statistical
evaluations were carried out using PRISM software (GraphPad, San Diego, CA).
Comparisons were made by analysis of variance (ANOVA) or unpaired t-test, as stated in
the Figure Legends for each specific experiment.

Results

Isolation and In vitro culture of microglia from adult mouse brain

We sought to develop a protocol to culture microglia from adult mouse brain as they are
functionally different from neonatal microglia cultures that are commonly used. Protocols
for microglia isolation using Percoll gradients to separate monocytes from myelin have been
previously reported (Lee and Tansey, 2013; Ponomarev et al., 2005). However, we observed
that the Percoll gradient approach to separation results in a mixed population of microglia,
astrocytes, and oligodendrocytes with very low yield of microglia. We therefore developed a
modified method based on MACS® Technology (Miltenyi Biotec GmbH) to achieve a
higher purity and recovery of adult microglia. As demonstrated in Figure 1A, adult mice that
are 12-22 wks. old were perfused, whole brain was isolated and dissociated using the
optimized program on GentleMACS™ Dissociator and MACS Neural Dissociation Kit.
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Dissociated tissues were then processed through myelin removal and CD11b selection steps,
from which the CD11b positive population was collected and plated. On day 3 post
isolation, unattached debris was washed off and recovered cells were replaced with fresh
culture medium. These ex vivo isolated cells looked phase bright and round with no
significant microglial morphology. Starting from day 4, cells extended processes and began
to display the unique microglial ramified shape. By 7 days post isolation, flow cytometry
analysis demonstrated that 99% of cultured cells were microglia (CD45intermediate,
CD11bpositive ] agnegative F4/gpositive data not shown). Interestingly, compared to
neonatal microglia, these adult cells looked larger with a relatively bigger soma and longer
processes (Figure 1B). Immunocytochemical staining demonstrated that 97.5% of cultured
CD11b+ cells were Iba-1 positive. Cultured adult microglia were maintained for up to 8
weeks without any significant morphological change.

rAAV2 is an effective approach to gene delivery for cultured neonatal and adult microglia

Microglia are strongly refractory to most means of gene transfer, and we observed that adult
microglia were not amenable to infection by lentiviral vectors. We therefore evaluated the
feasibility of utilizing rAAV as a transfer vector to modulate gene expression in cultured
microglia. For a given application and target cell, many possible pseudotyped vectors are
available. rAAV2 and rAAV5 vectors are the only serotypes previously reported to drive
gene expression in microglia (Cucchiarini et al., 2003) and little information on toxicity or
inflammatory activation was included in this report. Since most rAAV generated to date
have been derived from serotype 2, and rAAV2 was reported with the longest history of
usage and the least immunogenicity (Chamberlin et al., 1998; Kaplitt et al., 1994; Riviere et
al., 2006), we first utilized rAAV2 as our primary gene transfer vehicle.

We performed a direct comparison for gene transduction efficiency in cultured microglia
utilizing different transfection reagents as well as viral vectors. We picked four transfection
reagents: MACSfectin, Lipofectamine 2000, Lipofectamine 3000, and Geneln. Lenti-CMV-
eGFP was also included as a comparison. Wild type neonatal microglia were harvested from
neuronal-glial co-culture 7 days after dissection and re-plated onto coated 4-well plates at
density of 2.5 x 105 /well. CMV-eGFP plasmids were mixed with transfection reagent at
different lipid/cationic polymer to DNA ratio as described in Materials and Methods. As
shown in Figure 2A, we found that all four transfection reagents had very poor transduction
efficiencies, consistent with what we have observed in the past. Cells incubated with
MACSfectin and lipofectamine 2000 started to look unhealthy as early as 24hr post
transfection. At 48hr, over 80% of cell death was observed in MACSfectin and
Lipofectamine 2000 infected cells. Lipofectamine 3000 caused less toxicity, however
approximately 20~30% of cell death could be seen at all lipid/cationic polymer to DNA
ratios tested. Out of all four transfection methods, Geneln showed the least microglia
toxicity, however the degree of GFP expression was low (Figure 2A). Compared to
transfection reagents, cells incubated with viral vectors had better transduction efficiency.
Cells were incubated with serial dilutions of Lenti-CMV-eGFP or rAAV2-CMV-eGFP
vectors and the wells with maximal infectivity/minimum cell death were selected for
comparison. With the similar cell survival rate, we observed a much greater percentage of
GFP positive cells with rAAV?2 infection (Figure 2A). We then stained the cells with anti-
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GFP antibody and were able to calculate the percentage of GFP positive cells (Figure 2B
and 2C). We observed about 80% of gene transduction efficiency for rAAV2-CMV-eGFP
while only 43% for Lenti-CMV-eGFP.

We next tested the feasibility of rAAV on microglia isolated from adult mice brain. Adult
microglia were used for viral infection starting from day 7 after isolation. rAAV2-CMV-
mCherry vectors were diluted and added into the medium at 1.75 x 103 vg/cell. 7 days after
vector addition cultured microglia were fixed and stained with anti-red fluorescence protein
(RFP) antibody and subject to microscopy for RFP expression (Figure 3A). We observed
>98% of neonatal microglia expressed RFP with no obvious morphological change
compared to non-infected cells. The amount of RFP expression was plotted onto a standard
curve generated by titrating serial amount of rAAV2-CMV-mCherry DNA into the total
purified cellular RNA (Figure 3B). The average Ct value for RFP detected from non-
infected cells was 36.3, while the one from rAAV2-CMV-mCherry infected cells was 25.84
(Figure 3B). Similarly, we observed >99% of adult microglia successfully expressed RFP 7
days post infection with no obvious morphological change or reduction in cell number
(Figure 3C). Average Ct value for RFP mRNA was 36.04 for non-infected cells and 27.59
for rAAV2-CMV-mCherry infected cells (Figure 3D). Taken together, these results
demonstrated that both neonatal and adult microglia can be transduced to express exogenous
genes without morphological evidence for inflammatory activation or toxicity using rAAV2.

rAAV infection does not alter microglial behavior

As the primary effectors of innate immunity, microglia actively internalize material from
damaged or dying neurons, present antigens at their surface, and secrete a variety of pro-
inflammatory mediators that influence the survival of surrounding neurons (Zhang et al.,
2010). To determine if rAAV infection alone induced inflammatory activation of microglia,
we first examined whether rAAV infection would alter microglia phagocytic activity by
assaying for the internalization of apoptotic cells. To generate apoptotic bodies, BV2 cells
were labeled with PKH26 Red Fluorescent cell linker kit and apoptosis induced by UV light
exposure. Neonatal or adult microglia were infected with rAAV2 containing firefly
Luciferase sequence (rAAV2-CMV-Luc) 7 days prior to the phagocytosis assay. rAAV2-
CMV-Luc was employed to avoid the impact of RFP expression on the fluorescence based
phagocytosis assay. Adult and neonatal microglia cultures were labeled with PKH2 Green
Fluorescent Cell Linker kit approximately 24 hours prior to the phagocytosis assay. On the
day of experiment, PKH-Red labeled apoptotic bodies were added onto PKH2 labeled
microglia at an approximate ratio of ~1:1 and incubated for 6 hours. Un-phagocytosed
apoptotic bodies were removed by serial washes, and then microglia were trypsinized and
analyzed by flow cytometry. PKH26 red fluorescence linker has a maximum excitation at
551 nm and emission at 567 nm which overlaps with PE channel, while PKH2 linker has
maximum excitation at 490 nm and emission at 504 nm which overlaps with FITC channel.
All experiments included a control culture maintained at 4 °C. Apoptotic bodies appeared as
PE positive (Figure 4A, upper left panel), microglia unexposed to apoptotic bodies were
exclusively FITC positive (Figure 4A, upper right panel). Microglia that ingested apoptotic
bodies became double positive (Figure 4A, lower two panels). For neonatal microglia, we
observed 45% of non-infected microglia population were double positive, while 42.6% of
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rAAV infected cells were double positive (Figure 4B). For adult microglia, we observed
72.5% of non-infected microglia population were double positive, while 65% of rAAV
infected cells were double positive (Figure 4C). As a result, compared to non-infected cells,
treatment with rAAV2-CMV-Luc did not significantly alter the percentage of microglia
undergoing phagocytosis in both neonatal and adult microglia, suggesting neither the rAAV
capsid nor the transgene inadvertently altered phagocytosis events.

Microglia, like macrophages, are capable of a variety of inflammatory responses to altered
environmental stimuli (Rickard and Young, 2009). The classical (M1) activation state of
myeloid cells has been linked with promoting inflammation (Weber et al., 2007), whereas
the alternative (M2) phenotype is anti-inflammatory and promotes tissue repair (Kigerl et
al., 2009). Although host immune response towards rAAV infection are reported minimal in
vivo, microglia are innate immune sensors and could be activated by sensing of rAAV
particles in vitro or infection with foreign DNA. Therefore, we evaluated M1 and M2
activation markers of microglia in response to rAAV?2 infection. Neonatal and adult
microglia cultured from wild type mice were harvested and treated 1.75 x 103 vg/cell for 7
days and mRNAs associated with classical or alternative activation were evaluated by RT-
PCR. We examined three previously reported genes that are associated with a type |
inflammatory response: the cytokines IL-1a, IL-1p and a scavenger receptor upregulated
during classical activation, MARCO (Mukhopadhyay et al., 2006).We observed that rAAV
infection did not alter expression of these M1 response genes in both neonatal and adult
microglia (Figure 4D and Figure 4E). We also observed no induction of FIZZ1 and YM1
expression (Figure 4D and Figure 4E), two frequently used markers of alternative activation
(Gordon, 2003; Jayadev et al., 2011). These data suggest that infection with rAAV2 virus
does not cause inflammatory activation in cultured neonatal or adult microglia.

Cre recombinase expressed by infection with rAAV2-CMV-Cre successfully excises a
floxed gene in neonatal and adult microglia

One purpose to develop in vitro culture of microglia and rAAV-mediated gene delivery is to
enable the study of molecular mechanisms that regulate microglia behaviors, e.g. microglial
activation in response to neuroinflammation. Previously, we have reported that p53 plays an
important role in regulation of microglial inflammatory responses by promoting induction of
miR-155, a pro-inflammatory microRNA (Su et al., 2014). As a continuation of the study,
we generated mice with loxP sites flanking exon 2 of Mir155 to further explore the role of
miR-155 in regulation of CNS inflammation (Hu et al., 2014; Lopez-Ramirez et al., 2014;
Su et al., 2014). Neonatal and adult microglia were isolated from floxed miR-155
homozygotic mice or wild type mice and infected with rAAV2-CMV-Cre for 7 days. Total
RNA was extracted and assayed for miR-155 expression by quantitative RT-PCR. As shown
in Figure 5, miR-155 was significantly reduced in flox miR-155 cell infected with rAAV2-
CMV-Cre 7 days post infection, to 20% in neonatal (Figure 5A) and 32% in adult microglia
(Figure 5B). These results demonstrate that Cre recombinase delivered by rAAV2 is
successfully expressed and functions to excise a loxP flanked site.
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Additional rAAV serotypes can be employed to modulate gene expression in cultured

microglia

While the efficiency of rAAV-mediated gene transfer varies widely between different cell
types, different serotypes of vector have been used successfully to transduce several primary
cell types and tissues that have been refractory to infection by alternate rAAV viral vectors.
To determine if microglia demonstrate serotype selectivity, we compared several established
serotypes of rAAV in microglial culture, including rAAV2, rAAV5, rAAV6, rAAVS8 and
rAAV9. Cultured neonatal microglia were infected with 1.75 x 103 vg/cell in a volume of
500 pl using 4-well plates with the rAAV-CMV-eGFP from each serotype for 7 days and the
level of eGFP expression was assessed by RT-PCR. Surprisingly, rAAV6-CMV-eGFP gave
the highest gene expression (80 fold increase) compared to rAAV2-CMV-eGFP (Figure
6A). rAAVS also resulted in a 25 fold increase in eGFP expression compared to rAAV2-
CMV-eGFP. No difference was observed for gene expression driven by rAAV5 and rAAV9.
We then asked whether microglial activation is altered among treatment of different
serotypes. We measured expression of microglial M1 and M2 activation markers (IL-1a,
IL-1B, MARCO, and YM1) in neonatal microglia in response to treatment of rAAV2,
rAAVS5, rAAVE, rAAVE8 and rAAV9. As shown in Figure 6B and Figure 6C, we observed
no difference among all serotypes for IL1a or IL1p in cells treated with any of five
serotypes. However, expression of MARCO was elevated in cells treated with rAAV6 and
rAAV9 (Figure 6D), while YM1 was down-regulated in cells treated with rAAVS5 and
rAAVS (Figure 6F). Taken together, these experiments suggest that while all serotypes are
effective at transducing gene expression in cultured microglia, only infection with the
rAAV2 serotype enables gene transduction without altering the expression of activation
marker genes.

Discussion

Cultured adult microglia are a powerful tool for understanding microglia biology

In this study, we developed a novel method to isolate primary microglia from adult mouse
brain. As adult microglia express high levels of CD11b epitope (Floden and Combs, 2006),
the combination of GentleMACS tissue dissociation and utility of CD11b magnetic beads
resulted in the highly pure population of microglia. Compared to previously published
methods, this procedure is simple, quick and reproducible, with a much higher cell survival
rate than previously reported (Ponomarev et al., 2005). We believe that the increased yield
of microglia obtained with our method is the result of optimized conditions that maintain
viability through the gentle dissociation/selection procedure. Functional validation of the
microglial cells obtained by this protocol is crucial to demonstrate the feasibility of a new
isolation technique. We probed mRNAs extracted from these cells for microglial/
macrophage markers: Iba-1, MRC1 (macrophage mannose receptorl), and CSF1 (Colony-
stimulating factor 1) and all were expressed (data not shown). We also tested the microglia
obtained by this method using different functional assays. Cultured adult microglia show
typical morphological changes associated with IFNy stimulation and increased mRNA for
genes associated with a pro-inflammatory response. Thus, the novel approach for obtaining
adult microglia reported here could provide the field with a means to perform reductionist
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experimentation on functionally mature microglia that reflect the environmental and
epigenetic changes associated with the maturation process within the CNS environment.

Gene transduction mediated by rAAV is an effective means of modulating gene expression

in microglia

Cross-packaging vectors that use the same vector genome in different capsids have allowed
direct comparisons of different serotypes. rAAV2-based recombinant genomes have been
packaged into dozens of different capsid types, resulting in a wide array of “pseudotyped
vectors” that constitute a valuable resource for the development of gene transduction
vehicles (Gao et al., 2011b). Previous studies have shown that the tropism can vary among
different tissues in vivo (Aschauer et al., 2013; Rabinowitz et al., 2002). The utility of rAAV
is especially beneficial in CNS systems as the viral capsid is primarily targeted by the T-cell
and B-cell host-mediated immune responses, which are minimized in the CNS environment
(de Backer et al., 2011). However, in the CNS, rAAVs have preferential tropism towards
neurons (McCown et al., 1996), and the cause of this specificity is not well understood. The
susceptibility of microglia to infection by rAAV2 was originally suggested by Bertlett et al
using wild-type virus (Bartlett et al., 1998). The presence of the rAAV was detected in
microglia following stereotaxic injection of Cy3-labelled virions into rat brain, although
preferential binding and uptake by neurons occurred to a much greater extent and at much
earlier times, and they were unable to detect rAAV gene expression in the microglia. Later
work done by Aschuer et al reported that rAAV1-9 all have the general ability to transduce
all major cell type in the brain (neurons, microglia, astrocytes, and oligodendrocytes),
although the expression level of a reporter gene varies significantly for specific cell type/
serotype combinations (Aschauer et al., 2013). In addition, Arnett et al compared the closely
related rAAV1 and 6 in the CNS and found that rAAV1 preferentially targets neurons, while
rAAV6 has preference for non-neuronal cell types (Arnett et al., 2013)

Here we demonstrate that rAAV-mediated gene transduction is highly effective in cultured
microglia and the degree of gene expression mediated by different serotypes varies. We
confirmed the permissivity of primary microglia to rAAV2 transduction and were able to
detect high levels of transgene expression in these cells, using two different reporter genes
(mCherry and Luciferase) placed under the control of the strong heterologous CMV-IE
promoter. We also compared the transduction properties of rAAV 2, 5, 6, 8, and 9 on
microglia cultures and discovered that gene expression driven by rAAV6 was the highest.
To some degree, this result was unexpected, since rAAV6 was mostly used in airway
(alveolar) cell gene transduction (Halbert et al., 2001) or in striated muscles (Gao et al.,
2011a; Gregorevic et al., 2004; Salva et al., 2007). rAAV6 was recently compared with
other rAAV serotypes for their tropism towards different CNS cell types in mouse brain
(Arnett et al., 2013; Aschauer et al., 2013). In this report, minimal infection of microglia was
noted compared to neurons. However, confocal microscopy revealed that hippocampal
microglia have a preference for rAAV6 and rAAVS8, while microglia in striatum and cortex
exhibit different preferences (Aschauer et al., 2013). In our study, rAAV6 and 8 are the most
efficient for gene transduction in cultured microglia, but activate M1 or suppress M2 gene
expression, respectively. Therefore, rAAV2 may be the preferred vector for mechanistic
studies, while rAAV 6 or 8 may be better for gene expression of a functional target (e.g. Cre
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recombinase), or therapeutically where activation of a microglial phenotype along with
increasing specific gene expression is intended or accepted for the study.

Since we employed rAAV2 and rAAV6 that varied only in capsid sequence, but rAAV6
produced much higher gene expression, it is possible that a rAAV6-specific cellular surface
receptor is present on microglia. Despite the high degree of sequence homology between
rAAV serotype 1-9 (99.2%), comparisons between the rAAV capsid structures suggests that
variation in surface topology determines the cell surface attachment and receptor usage,
intracellular trafficking pathways, and antigenicity between closely related serotypes
(Schultz and Chamberlain, 2008; Wu et al., 2006; Xie et al., 2002). Cell transduction
phenotypes for different rAAV serotypes have been shown to be due to the ability of their
capsids to use different cell surface glycans for binding. rAAV infection involves a
multistep process beginning with virus binding to the cell surface, followed by viral uptake,
intracellular trafficking, nuclear localization, uncoating, and second-strand DNA synthesis
(Bartlett et al., 2000; Schultz and Chamberlain, 2008; Summerford et al., 1999; Summerford
and Samulski, 1998). rAAV?2 initiates infection by binding to its primary receptor, heparan
sulfate proteoglycans (HSPG) (Summerford and Samulski, 1998). In addition, the efficiency
of forming the complementary strand can also significantly impact vector transduction
(Ferrari et al., 1996; Fisher et al., 1996). Studies also revealed that internalization is
enhanced by interactions with one or more of at least six known co-receptors including av/fs
integrins (Summerford et al., 1999), fibroblast growth factor receptor 1 (Qing et al., 1999),
hepatocyte growth factor receptor (Kashiwakura et al., 2005), ay/f; integrin (Asokan et al.,
2006), and laminin receptor (Akache et al., 2006). Defect in any or all of these stages of
viral infection can influence the resulting transduction profiles of recombinant rAAV in
different cell types. Although not as thoroughly studied as rAAV2, rAAV6 is known to
utilize both heparan sulfate (HS) and sialylated proteoglycans as a unique dual receptor-
mediated binding for cell recognition (Ng et al., 2010; Zhang et al., 2013). Any factor, even
a single amino acid substitution, can influence viral titer, receptor binding, and tissue
tropism in different rAAV serotypes (Arnett et al., 2013; Wu et al., 2006). Therefore, the
detailed mechanism for high efficiency of gene transduction mediated by rAAV6 requires
further investigation.

Conclusions

Our results provide the first evidence that a rAAV vector can be used for gene transfer in
adult microglia cultured in vitro. Moreover, the results showed that rAAV vectors can
successfully induce expression of functional Cre recombinase in cultured microglia. Given
the increased interest in understanding microglial function in CNS health and disease,
particularly in neurodegenerative diseases where age is a critical factor, the combination of
adult microglia culture and utility of rAAVs could be of immense utility for researchers
studying microglial cell biology.
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Figure 1. Adult microgliaisolated by magnetic bead separation survivein culture
(A): Diagram of microglia isolation from adult mice brain. Adult mice (12-22 wks., n=3

mice per genotype) were intracardially perfused, whole brain was isolated and dissociated
by GentleMACS® tissue dissociator (Miltenyi). The dissociated tissues were incubated with
Miltenyi magnetic myelin beads to remove myelin, followed by positive selection with
CD11b microbeads. The CD11b positive population of cells was collected and plated for
culture. (B): Immunofluorescence demonstrated that >98% of cultured CD11b+ cells from
adult brain cultured with M-CSF expressed the microglia marker protein Iba-1.
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Fi_gurelg. rAAV isthe most effective and least toxic means of genetransduction in cultured
microglia

(A): F(;}jhase images and GFP expression of the neonatal microglia incubated with different
transfection reagents and viral vectors. Neonatal microglia were plated and incubated with
transfection reagents or viral vectors as described in Materials and Methods. Phase and
fluorescent images were obtained 48 hr post transfection/viral infection. Images of cells with
best survival and least toxicity from each method are shown. All images were taken under
10x magnification. (B): Comparison of transduction efficiency in cells incubated with Lenti-
CMV-eGFP or rAAV2-CMV-eGFP vectors. 72 hr post infection, cells were fixed and
stained with anti-GFP antibodies. Images under either 10x or 32x magnification were taken
immediately after labeling. Scale bar represents 10 pum in the field. (C) Infectivity of cells
incubated with Lentivirus or rAAV was calculated as percentage of eGFP positive cells
(green) versus Hoechst positive cells (blue). 80% of rAAV2-CMV-eGFP treated cells and
43% of Lenti-CMV-eGFP treated cells were eGFP positive (n=2 separate culture
experiments, and 5 images were taken from each treatment in each culture experiment,
p<0.001 by unpaired t-test).
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Figure 3.rAAV2isan effective vector for gene delivery in cultured neonatal and adult microglia
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(A): Wild type neonatal microglia were harvested and re-plated as stated in materials and
methods. rAAV2-CMV-mCherry vectors were added into the medium at 1.75 x 103 vg/cell.

Cells were fixed and stained with anti-RFP antibody and subject to microscopy for RFP

expression. (B): Standard curve to titrate the amount of CMV-mCherry was generated by
titrating serial dilution of DNA into total cellular cDNAs and plotted as Ct value against
log[mCherry DNA(ng)]. Equation generated by linear fitting is y=—3.226x+8.9322,
R2=0.9959. On top of the standard curve, absolute Ct values of mCherry expression in non-
infected cells and rAAV2-CMV-mCherry infected cells were plotted. Compared to non-
infected cells, infection with rAAV2-CMV-mCherry induced RFP expression by 682 fold,

measured by gRT-PCR. (C): Adult microglia were treated with rAAV2-CMV-mCherry with

the same titer and expressed RFP 7 days post infection with no obvious change in
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morphology. (D): mRNA from adult microglia was analyzed for mCherry expression using
gRT-PCR as in (B), transduction of RFP mRNA was 502 fold higher in infected cells than
non-infected cells. (n=3 from separate culture experiments and g-PCR assays).
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Figure 4. rAAV2-mediated viral infection does not influence microglia behavior
(A): Neonatal microglia phagocytosis of apoptotic bodies analyzed by flow cytometry. The

population of apoptotic bodies is shown as PE positive. Microglia that did not phagocytize
any apoptotic bodies (4 °C control) are shown as FITC positive only. Microglia that ingested
apoptotic bodies are shown as double positive in the upper right quadrant. (B): The percent
of neonatal microglia that internalized labeled apoptotic cells was not altered by rAAV-2
infection. (n=3 separate experiments, between non-infected vs. infected group, p>0.05 by
one-way ANOVA). (C): For adult microglia, there was no significant impact of rAAV-2
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infection on the percent of microglia that internalized labeled apoptotic bodies. (n=3
separate experiments, between non-infected vs. infected group, p>0.05 by one-way
ANOVA) (D): M1 and M2 activation markers of microglia in response to rAAV2 treatment
were examined by RT-PCR in wild-type neonatal microglia. (E): M1 and M2 activation
markers of microglia in response to rAAV2 treatment were examined by RT-PCR in wild-
type adult microglia as in (D). (n=3 separate experiments, between non-infected vs. infected
group, p>0.05 by two-way ANOVA).
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Figure5. Infection with rAAV2-CMV-Cre successfully excises a floxed genein cultured

microglia

rAAV2-CMV-Cre plasmid was constructed and packaged with pDG2 vectors. Neonatal and
adult microglia were isolated from floxed miR-155 homozygotic mice and wild type mice
(as control group), and treated with rAAV2-CMV-Cre for 7 days. Total RNAs were assayed
for miR-155 expression by quantitative RT-PCR. (A): miR-155 was successfully excised in
floxed miR-155 neonatal microglia infected with rAAV2-CMV-Cre 7 days post infection.
(B): miR-155 was successfully excised in flox miR-155 adult microglia infected with
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rAAV2-CMV-Cre 7 days post infection. (n=3 from separate isolation of microglia and g-
PCR assays, *p<0.001 by two-way ANOVA).

J Neurochem. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

Relative MARCO mRNA level
o - N w
L 1 L L
E
Relative YM1 mRNA level

1duosnue Joyiny

Suetal.

Page 27

Fold change in eGFP mRNA level
N

P

-

3]
1

g

o
1

-
54
1

Relative IL10. mRNA level
o o = h
o (3, o
L L
Vr |
Relative IL13 mRNA level
o o -
B & ©

1.5+

1.0+

0.5+ * *

0.0-

Figure 6. Comparison of rAAV serotype 2, 5, 6, 8, and 9 for gene transduction efficiency and
their impact on microglial activation

(A) Neonatal microglia were harvested and plated at the same density of 2.5x10%/well and
infected with rAAV2, 5, 6, 8, and 9 containing GFP driven by CMV promoter at the same
titer of 17500 vg/cell. 7 days later, mMRNAS were extracted and level of GFP expression were
evaluated by qRT-PCR, and the Ct values were normalized to the expression of endogenous
housekeeping gene beta-Actin. (n=3 from separate isolation of microglia and gPCR runs,
*p<0.05, **p<0.01 by one-way ANOVA). (B)-(E): M1 and M2 activation markers of
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microglia in response to various rAAV serotype treatment were examined by RT-PCR in
wild-type neonatal microglia. Cells were infected with rAAV(2, 5, 6, 8, and 9)-CMV-GFP
for 7 days, RNAs were extracted and expression of IL-1a, IL-1, MARCO, and YM1 were
evaluated. (n=2 from separate isolation of microglia and gPCR runs, *p<0.05, **p<0.01 by
one-way ANOVA).
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