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Laser-captured microglia in the Alzheimer’'s and Pakinson’s brain reveal unique regional
expression profiles and suggest a potential role rfthepatitis B in Alzheimer’s brain.
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Abstract

Expression array data from dozens of laboratometiding our own, show significant changes

in expression of many genes in Alzheimer's (AD)igrs compared to normal controls

(NC). These data typically rely on brain homogesasad information about transcripts specific
to microglia and other CNS cell types, which fatrmumber microglia-specific transcripts, is

lost. We therefore employed single cell laser wagptmethods to assess the full range of
microglia-specific expression changes that occutifferent brain regions (substantia nigra and
hippocampus CAl), and disease states (AD, ParKimstisease (PD), and NC). Two novel

pathways, neuronal repair and viral processing Wwhetified. Based on KEGG analysis, one of
the most significant viruses was hepatitis B viruHBV) (FDR<.0000000%L

Immunohistochemistry with HBV core antibody in HBsitive control, amnestic mild
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cognitive impairment, and AD cases, showed incread8VY immunoreactivity as disease
pathology increases. These results are the fosiur knowledge, to show regional differences
in human microglia. In addition, these data reveal functions for microglia, and suggest a

novel risk factor for AD.

Key Words: Microglia; Alzheimer's disease; Parkinson's diseakaser Capture; RNA

sequencing; Virus; Synapse

1. INTRODUCTION

Microglial cells are well accepted to be residemtate immune cells within the CNS and key
regulators of the inflammatory cascade (Farinalet2807; Rivest, 2009; Solito and Sastre,
2012). They have been shown to release neurotafiéenmatory factors, as well as factors that
regulate the extent and duration of the inflammatesponse (reviewed in (Rogers et al., 1996;
Wyss-Coray and Rogers, 2012). These data haveppednseveral clinical studies to alter
microglial actions such as pro-inflammatory cyteksecretion in Alzheimer’s disease (AD), but
none of these efforts has been successful to dateeed in (Wyss-Coray and Rogers, 2012).
One reason may be the choice of a single inflammatediator (e.g., TNk (Tobinick, 2009))

as a drug target, whereas microglia are known faorems a virtual textbook of destructive
molecules when activated (Alam et al., 2016; Wyssa@ and Rogers, 2012). A complete,
microglia-specific expression profile might thenefandicate upstream, more global pathways as
drug targets. Likewise, microglia clearly underdastinct immunohistochemical changes
indicative of different activation states in respento various environmental stressors

(Kettenmann et al., 2011), but a consensus viethetinderlying mechanisms, particularly with



55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

respect to differences that occur in different ibr&gions, has not been achieved. Here, again, a
more complete portrait of microglia-specific gemxgression would obviously be helpful.

Unfortunately, a full description of changes in roglial gene expression cannot be
elucidated in large-scale expression arrays thgtare brain homogenates, since cell specificity
information is lost with such preparations. Altigbusome specificity is afforded by genes
whose expression is relatively unique to microgliee number of such cell-specific genes is
actually quite small compared to the thousandsenieg that microglia share in common with
other CNS cell classes. Doorn et al. (2015) coetdbidensity gradient centrifugation with
fluorescence-activated cell sorting (FACS) to purificroglia from brain homogenates prior to
array expression analyses. Although this well-eorexd approach proved useful in
demonstrating novel brain regional differences icroglia expression profiles, the extent to
which such profiles might be distorted by the pss&s of dissociation, centrifugation, and cell
sorting remains unclear.

To overcome these challenges, we have used siefildaser capture methods to
compare isolated microglia from normal elderly coh{NC) patients with isolated microglia
from two different disease states, AD and Parkifsodisease (PD), in two different
pathologically-impacted brain regions in each disedippocampus CAl and substantia nigra
(SN). By including only microglia, the full pangpbf gene expression changes in this cell type
and their potential pathologic relevance may beogazed. Our results demonstrate
significantly enhanced pathways in microglia thaigh otherwise have been obscured in
homogenate studies by lack of change in othertge#ls. This was particularly true with respect

to changes in neuronal repair genes, as well amaxpected pathway, viral processing, that was
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detected in CA1 AD microgliaAn overview of our unbiased approach and work floam be

found in Supplementary Figure 1.

2. METHODS:

2.1. Tissue collection

10um frozen, unfixed and 40n 4% buffered paraformaldehyde-fixed midbrain amdbic
regions containing SN and CA1 of hippocampus, resgey, were obtained from the tissue
bank at Banner Sun Health Research Institute, aiNdtinstitute on Aging AD Center. For
laser capture microdissection (LCM) studies, themgas were from clinically-diagnosed and
neuropathologically-confirmed late-onset AD casest) with a mean age of 74.6 + 6.8 years,
healthy elderly control (NC) cases (n=6) with a mege of 73.6 + 6 years, and PD cases (n=6)
with a mean age of 74.6 £ 15.6 years (Supplementabje 1). AD and PD cases were devoid
of pathology other than that of their respectiv&edses (i.e., no material overlapping pathology),
and NC cases showed no material AD or PD patholmyond that normally associated with
age. All cases in the LCM study were male in ortteravoid gender-related variability. For
immunohistochemical studies, we selected 4 malé/4dBsitive, Braak Stage V AD cases with
a mean age of 78.75+ 4.5 years, and a mean postmanterval (PMI) of 1.94 hours + 12 min;
3 male, HBV-positive, Braak | NC cases with a maga of 80.5 + 7.7 years and a mean PMI of
1.9 hours £ 12 min; and 2 male, HBV-positive, BragkMCI cases , with a mean age of 79 +
2.8 years and a mean PMI of 2.9 hours £ 1 hourp{l@mentary Table 1).

2.2. Laser capture of microglia
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As previously published (Mastroeni et al., 20179zén midbrain and limbic regions containing
the SN and hippocampus CAL, respectively, werdmsesd at 8-10um. The sections were then
mounted onto polyethylene naphthalate membrane YPENdJes, fixed in ice-cold
acetone/ethanol for 10 min on ice, and washedercald 1X PBS (Phosphate buffered saline).
After blocking in 1% hydrogen peroxide for 2 minjléwed by 3 quick dips in ice cold 1X PBS,
the sections were placed in a 1:500 dilution ofnary antibody LN3 (Sigma) in 1X PBS
supplemented with 50U RNAseOUT (Invitrogen) forrhith at room temperature. In brain, LN3
is a specific marker for activated microglia (Caree et al., 1993; Parachikova et al., 2007) that
does not stain neurons or other glial types (Wadet Lue, 2015). After incubation, sections
were washed 3X in 1X PBS, followed by incubationhaavidin (1:300)-biotin (1:300) complex
(Vector) in 1X PBS for 10 min at room temperaturd). Sections were washed 3X in 50mM
Tris buffer and immersed in DAB solution (9.3 mInd®l Tris, 20Qul of 5mg/ml DAB, 500pl
saturated nickel, and 4 of 1% hydrogen peroxide) for 5 min, followed hya quick rinses in
50mM Tris to stop the reaction. Immediately af¢éaining, sections were dipped in 100%
ethanol, allowed to dry, and loaded onto a LeicalAMD laser capture microscope. After stage
and objective calibration, 600 LN3 positive cellere captured from each section using 20X
magnification (Supplementary Fig. 2). Individualcnaglial cells were cut and dropped into an
inverted microcentrifuge cap containingub®uffer RLT (RNeasy Micro Kit (Qiagen) and 1%
B-Mercaptoethanol. For each subject, 600 microgkae captured in each of two serial sections
of CAl and an additional 600 microglia were capduire each of two serial sections of the SN,
providing a total sample of 21,600 microglia ovee 6 AD, 6 PD, and 6 NC cases. In order to
determine if immunohistochemical experiments haef@ct on RNA quality, all samples were

scraped after microdissection and tested on a Blgaer. All brain samples had RIN values
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greater than 6.5 (supplementary Table 1), the pimthich RNA is generally considered to be

of acceptable quality for molecular research st@@urrenberger et al., 2010).

2.3. Quantitative RT-PCR of immunolabeled, laser-gatured microglia

Total RNA was extracted using RNeasy Micro Kit (@#a) and completed following the
manufacturer’s protocol, including DNase treatmeRINA was reverse transcribed using High
Capacity cDNA Reverse Geneion Kits (Life Technoésghpplied Biosystems). The resulting
cDNA was pre-amplified using TagMan PreAmp Masteix MLife Technologies/Applied
Biosystems), after which quantitative real time P@®@&s performed in triplicate on the iCycler
iQ (Bio-Rad) with TagMan Gene Expression Assayde(diechnologies/Applied Biosystems).
To assess microglial purity of the samples, thalitate QPCR expression data were evaluated
for relative expression levels of the microglia-gfie transcripts CD14, CD68, and CD11b (Liu
et al., 2005; Walker and Lue, 2015); the astrosgeeific transcript GFAP (Mandybur and
Chuirazzi, 1990); and the neuron-specific transsr(pHRM1, SYP, and MAP2 (Cahoy et al.,
2008; Liang et al., 2008). The results clearly destrated high specificity for microglia, with
minimal GFAP or neuronal contamination (Supplemenig. 3).

2.4. RNA sequencing: RNAseq Library Preparation: Total RNA was employed to generate
whole transcriptome libraries for RNA sequencingirlg the Nugen Ovation RNA-Seq System
v2, total RNA was used to generate double stramfldA, which was subsequently amplified
using Nugen’s SPIA linear amplification process. gified products were cleaned using
Qiagen’s QIAquick PCR Purification Kit and quantéd using Invitrogen’s Quant-iT Picogreen.
1 ng of amplified cDNA was fragmented on the Coyvd&P10 to a target size of 300bp. Kapa

Biosystems’ Library Preparation Kit and llluminaagders and sequencing primers were used for
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preparing libraries from amplified cDNA. Final ldmies were quantified using the Agilent
Bioanalyzer and Life Technologies/Invitrogen QuiBiaired End Sequencing: Libraries with a
1% phiX spike-in were used to generate clusterdH@deq Paired End v3 flowcells on the
lllumina cBot using lllumina’s TruSeq PE Clustert KB. Clustered flowcells were sequenced by
synthesis on the lllumina HiSeq 2000 using pained-&echnology and Illumina’s 200 cycle
TruSeq SBS Kit, extending to 83 bp for each of teads and a 7bp index read. Approximately
250-300 Gigabases (Gb) of reads were generatedgvesell based on Illumina’s published
throughput. Quality Control Steps: During library preparation, electrophoretically aegted
DNA fragments were analyzed on a TAE gel to velifgmentation. Final libraries were run on
a Bioanalyzer to verify sizes and quantitate lilsuprior to sequencing. During and following
sequencing, we evaluated the total amount of Q38 dganerated per library, total number of
reads generated, and the total number of mappeahtisiData analysis: Following completion

of sequencing, we initiated an automated pipeloreNGS analysis. At each step within the
pipeline, statistics files were created to enshet all processes had been completed and files
were uncorrupted. Early within the pipeline, seVadditional checks were invoked including
estimates of overall coverage on a library, evemnek a library, quality of bases, and
contamination checks. Standardized file formatsitiple quality control checks, automated
processing, scheduled releases of sequence dapaenseng alignments, variant calls, and
centralized primary data processing are built the pipeline. Reads first went through a series
of quality control steps quantifying for biasesay given base, and were then parsed by barcode
into independent FASTQ files. FASTQ alignments waligned with TopHat (Trapnell et al.,
2009; Trapnell et al., 2012). Alignment produceagg BAM files containing both aligned and

unaligned data. For analysis, TopHat and Cufflinese used to assemble reads into genes, and
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HTSeq was used to generate counts data from Cksfloutput. DESeq2 calculated normalized
read counts for each gene/gene and used a geedrdiliear model to evaluate differential
expression between sample groups while accountingiblogical variance. DESeq2 uses a
Wald statistic as a measure of significance. Tkej@nin and Hochberg False Discovery Rate
(FDR) was used for multiple testing corrections.n&@e with an adjusted or corrected
significance criterion of P < 0.05 were evaluat®@riability in the number of reads was
accounted for during normalization of read couhitdotal, we collected data from samples that
gave at least 50 million reads; samples with lowean 50 million reads were omitted
(Supplementary Fig. 4). Intronic sequences weralyaad using an unbiased approach to
evaluate changes in expression of all RNAs. Fibahties were run through the Bioanalyzer to
verify sizes and to quantitate libraries prior émsencing. During and following sequencing, we
evaluated the total amount of Q30 data generatedilpary, total number of reads generated,
and the total number of mappable reads. Additigoality control and picard tool metrics can be
found in Supplementary Figs. 5 and 6. For pathasaalysis (2D-single cluster analysis) we
employed Cytoscape network visualizer and strinftwswe (Lopes et al., 2010; Szklarczyk et
al., 2017).

2.5. Immunohistochemistry for viral antigens

Midbrain and limbic regions containing SN and hippmpus CA1, respectively, were fixed with
4% buffered paraformaldehyde and sectioned at 4(gree-floating sections were washed in
PBS/Triton X-100 (PBST), blocked in 1% hydrogengxéde followed by 1h incubation in 3%
bovine serum albumin (BSA), then incubated in &efatitis B virus (HBV) primary antibody
(Anti-HBV, ThermoFisher Scientific, cat# RB1413A)ADAKO Cat# BO586) (Alarcon et al.,

2016; Di Scala et al., 2016; Murray et al., 198tghEet al., 1982) at a concentration of 1:1000,
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4°C, overnight. Primary antibody solutions corngain0.25% BSA to inhibit non-specific
binding. After incubation, sections were washeadubated in biotinylated, species-specific
secondary antibodies (Vector) for two hours at Rashed 3X in PBST and incubated in avidin-
biotin complex (ABC, Pierce) for 30 min. Followingcubation with ABC, sections were
washed 2X in 50 mM Tris buffer, immersed in DAB wan (50l 5mg/ml DAB, 2 ml
saturated nickel, 30 1% hydrogen peroxide), and brought to a finalumeé of 50 ml with 50
mM Tris buffer), followed by two quick rinses in 5OM Tris to stop the reaction. AD, MCI,
and NC sections were immunoreacted simultaneousipgunetwells in well-less plates.
Sections were mounted with Permount (Pierce). Inostained tissue sections were examined
on an Olympus IX70 microscope. The findings werewoented photographically with an
Olympus DP-71 color digital camera. To provideireates of viral immunoreactivity, bright
field intensity analysis was performed using Imdgsftware (Image J, U.S. National Institutes
of Health, Bethesda, MD; imagej.nih.gov/ij/). Sificeance was determined using a 2-tailed
Student t-test and declared significant ap-galue < 0.05. Intensity measurements were
corrected for background differences by dividing tmeasured intensities with the average
intensity of a background region (e.g., a cell-fregion such as the hippocampal white matter)
in each section. Correlation analyses were cawoigdby calculating the Pearson’s correlation
coefficient (rp). All statistical calculations weperformed using STATA 11 (StataCorp, College

Station, TX) or the Statistical Package for thei&ldsciences (SPSS 17; SPSS Inc, Chicago, IL).

3. RESULTS
3.1. Brain regional differences in microglia expresion profiles

NC cases provided the clearest opportunity to dmsteain regional differences in microglia
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expression profiles since they were relatively uricanded by regional differences in pathology
associated with disease (e.g., CAl in AD, SN in.PD)e began by selecting microglial
transcripts that exhibited significant (p<.05) lof#d changes in NC CA1 versus NC SN.
Hierarchical clustering analysis of the log2 folthoges of the significantly altered transcripts is
summarized in the heat map of Fig. 1, and showslkang dissimilarity between brain regions.
Categorical data (Fig. 1., cluster 1 versus clugjesuggested unexpected biological processes
that were upregulated in CA1 microglia relative 36l microglia, with the top three being
nervous system development, regulation of neurayalaptic plasticity, and neurogenesis.
Although these are functions that one might supiatfy associate with neurons, control assays
(Supplementary Fig. 3) showed virtually no matemauronal contamination of the laser-
captured microglia samples. Additionally, clustr versus cluster 4 analyses showed
downregulation of mitochondria-associated transsrip CA1l relative to SN (G0O:0007399,
GO0:004533, GO:0046034). Many of the effected pattsyaespecially mitochondrial, had
overlapping genes within the same pathways. Coliglgt the data indicate that even in the
normal elderly brain, where differential pathologylimbic versus midbrain structures should
not play a role, microglia expression patternsedifegionally and include unexpected neuronal
and neuronal repair functions that may have beesowbd by analyses of brain homogenates. In
fact, some 48% of the significantly altered CA1 roglia transcripts in the present experiments
were either not significant or not detectable im previous studies of hippocampal homogenates
(Berchtold et al., 2013; Berchtold et al., 2008rdwold et al., 2014; Mastroeni et al., 2016) and

comparisons to GEO database www.ncbi.nim.nih.gav/@gccession no. GSE11882). These

results highlight the value of LCM methods, sincesinof the undetected microglia transcript

changes were in functions common to multiple CNIB @dasses that could not be specifically
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ascribed to microglia without LCM. Moreover, inhamogenate sample, such changes could
also be swamped by lack of change or opposite @sairgthe other cell types. The complete
dataset for the present study can be found at thigomal Institute on Aging Genetics of
Alzheimer's disease (NIAGADS) data storage siteeuiagcession number NG00057.

3.2. Disease-state differences in microglia expréss profiles

In AD CA1l there were 366 significantly altered tsaripts compared to NC CAl (Fig. 2A),
whereas in PD CA1 there were 409 significantlyratietranscripts compared to NC CA1 (Fig.
2B). Perhaps consistent with the fact that hippgmass CAL is one of the most pathologically
vulnerable brain structures in AD (Padurariu et 2012), whereas it is relatively spared of
pathology in PD, only 7% of the significantly akdrtranscripts were the same for AD and PD.
Hierarchical cluster analysis of the significandifered AD transcripts in CAl revealed four
expression clusters in which ~60% of the transsnpére up-regulated and ~40% were down-
regulated relative to NC microglia (Fig. 2A). Tarelusters were observed for PD microglia,
with ~55% up-regulated and ~45% down-regulatedstapts compared to NC microglia (Fig.
2B). Pathway analysis of AD versus NC CA1 identifteventy-five pathways (Fig 2C). The top
five pathways were thyroid hormone synthesis, inoghmetabolic process, regulation of viral
processes, negative regulation of homotypic cédllazhesion, and negative regulation of protein
phosphorylation. In contrast, PD CA1 microglia éxted nineteen unique pathways compared
to NC cases (Fig 2D). The top five affected patysven PD were aldosterone synthesis and
secretion, positive regulation of protein complessembly, focal adhesion assembly, tonic
smooth muscle contraction, and positive regulatddnreactive oxygen species biosynthetic
processes. Further analysis of the top 100 sggmfly (p<.01) altered transcripts in AD CAl

compared to control and the top 100 transcripBINCA1 compared to control showed only 6
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overlapping transcriptsGLB1L2, INTS9, LRRC46, MOCSL, OAS3, and SRGAP3-A?) for the
two disorders, all of which have regulatory rolesRNA processing. A complete list of all
significant transcripts represented in the pathamaglysis can be found in Supplementary Table
2.

To further assess disease-state differences, wecalapared expression profiles of AD
CAl versus AD SN microglia and PD CAl versus PD ®Mroglia. AD cases had 104
significantly altered transcripts in the patholadig-vulnerable CA1 compared to the AD SN, a
brain region that is typically spared in AD (FigA)3 PD cases had 313 significantly altered
transcripts in the pathologically vulnerable SN gamed to PD CAl, a brain region that is
typically spared from PD pathology (Fig. 3B). @€&t417 total significantly altered transcripts in
AD and PD, only 7 overlappeddACKR2, ANK1, CCDC64, CHPT1, CMTM5, GPR17 and
NHLRC3, all of which are largely associated with axondgumce and chemotaxis mechanisms.
Despite the lack of commonality in AD and PD midralgresponses to regional pathology,
pathway analysis of the significantly altered t@ais nonetheless identified up-regulation of
the GO term synaptic transmission as the most Yightegulated pathway in both AD (FDR 9.4
E-05) and PD (FDR 1.22 E-07) CALl relative to the. SWhese findings again indicate that
microglia may be involved in synaptic functionsttia well beyond synaptic pruning (Paolicelli
et al., 2011). Finally, a comparison of signifitgraltered transcripts in AD CA1 versus PD SN
revealed only 2% overlap despite the fact that B&®@hCA1 and PD SN are high pathology areas
for their respective diseases, including profuseraglial inflammatory activity (Alam et al.,
2016).

Although it has become clear that microglial cell® capable of transforming from

resting to activated and phagocytic states in pleltCNS disorders (Boche et al., 2013), the

12
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present data also suggest that microglial altanatere more complex than simple alterations in
their activation states. In fact, despite residimgknown neurodegenerative, proinflammatory
microenvironments, the AD CAl and the PD SN (Alamal., 2016), very few microglial
transcripts in AD CA1 and PD SN were overlapping.

3.3. Expression of viral-associated transcripts iAD brain

Functional enrichment analysis of microglial tramsts that were differentially expressed in AD
CA1 compared to NC CA1l (Table 1) predicted 224 &@ns with a false discovery rate of 0.05
or less (supplementary Table 3a). The most simifi (FDR =6.93°) GO term was
G0.0016032, viral processes. KEGG pathway analysissequently identified 16 relevant
pathways (Supplementary Table 3B), the most swogmifi of which were endocytosis
(FDR=0.0007), hepatitis B virus (HBV) infection (R20.0007), and Epstein-Barr virus
infection (FDR=0.0002). By contrast, only 15 oftle5 differentially expressed AD CA1l
microglia transcripts within GO.0016032 (viral pesses) were significantly changed in PD
CA1 microglia (Supplementary Fig..85ix percent of all differentially expressed tramsts in
AD CA1 microglia were found to be associated wittalvprocesses, whereas only 1% of PD
CA1 microglial transcripts, and less than 1% of Bl AD SN microglial transcripts, were
associated with viral processes (Fig. 4). Funefigmotein association analysis of viral-related
transcripts in AD CA1 showed significant proteire@in enrichmentp<1.11 E-16) among the
65 nodes (proteins) and 91 edges (which denote ewrknor predicted interaction)
(Supplementary Fig. 9).

3.4. HBV-core brain immunoreactivity in HBV-positive subjects.

In order to confirm the ability of HBV to cross thsood brain barrier and be detected in the

brains of HBV-positive individuals, we used immuigibchemical techniques. Representative

13



306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

photomicrographs of HBV-core antibody immunoreattiin CA1 of an HBV-positive, Braak |
NC subject (Fig. 5A), HBV-positive, Braak IV MCI kject (Fig. 5B), and HBV-positive, Braak

V AD case (Fig. 5C) illustrate the clear differeade disease states. Despite the fact that all the
cases had been diagnosed with, and were serolygicaitive for HBV, NC cases showed only
equivocal immunoreactivity for brain HBV, wherea® Aases exhibited robust, intracellular-

punctate neuronal immunoreactivity and MCI casekihgermediate findings.

4. Discussion:

Previous studies of microglial gene expression halmost exclusively focused on the

neuroinflammatory properties of these cells becalseing employed brain homogenates,
microglial specificity could only be definitivelyt@ibuted to transcripts exclusively expressed by
microglia—and almost all of these are inflammati@iated. As important as the role of

microglia in AD and PD inflammation clearly is (Rerg et al., 2007), inflammation-related

transcripts constitute only a small minority of @000 or so protein-producing transcripts in a
human microglial cell. Considering the potentimpbrtance of changes in these other, much
more numerous microglial transcripts, we employedle-cell laser capture in order to assess
the full panoply of microglial gene expression o Our results demonstrate that brain
microglia exhibit substantially different gene eagsion patterns and profiles depending on the
brain region assayed and the disease state of @bes.c Importantly, however, the most

significant changes were not, as expected, innmfl@atory transcripts, but in transcripts related
to neuronal repair (e.g., neuronal developmentstigidy, and neurogenesis). Thus, by

employing single cell laser capture methods thampgeanalysis of transcripts common to

multiple brain cell types, our data suggest an irtgya new class of functions for microglia, and
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support and extend the growing recognition thatrogka may play significant roles in nervous

system development (Frost and Schafer, 2016; Schaf® Stevens, 2015), synaptic plasticity
(Hong et al., 2016; Kettenmann et al., 2013; Padiiet al., 2011; Perry and O'Connor, 2010;
Schafer and Stevens, 2015), and neurogenesis (Ba &tal., 2016; Luo et al., 2016; Pikhovych
et al.,, 2016; Shigemoto-Mogami et al., 2014; Siatral., 2010). In addition, we have, long

emphasized that inflammation is a double-edged gweith both destructive and restorative

arms (Rogers et al., 2007). The present findingscansistent with this view and suggest that
more attention might be given to microglial actiotisat facilitate neuronal repair after

inflammatory damage.

As with the analysis of brain regional differencd® present results on the effects of
disease state also highlight the utility of celésific, rather than brain homogenate approaches
to expression studies. For example, recent ADarebebased on human brain homogenates has
suggested critical hypermethylation changes ofANK1 gene (De Jager et al., 2014; Lunnon et
al., 2014), one of the few transcripts in our staidgt was commonly altered in both AD and
PD. As noted by the authors (De Jager et al.42Ddnnon et al., 2014), lacking cell specificity
they could only speculate that theM\K1 findings were related to activation of microglia
through association witRTK2B, a gene associated with many microglial procedSksiste et
al., 2016; Giralt et al., 2016; Jin et al., 2016\ et al., 2016; Morbach et al., 2016; Vanarotti
et al., 2016; Zhang et al., 2016; Zhao et al., 201Bur cell-specific results may help clarify and
extend these findings by demonstrating that, ind@dliK1 is significantly up-regulated in AD
compared to NC microglia, and that such upregutatiay be a common feature in both AD and

PD (Mastroeni et al., 2017).
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Analyses of our RNAseq data also indicate sigarftachanges in expression of a number
of transcripts under the umbrella of viral procegs{G0O.0016032) (Table 2). Persistent viral
infection in the AD brain has been reported (Ban&tel., 1996; Hill et al., 2014; Itzhaki, 2004;
Itzhaki, 2014, ltzhaki et al., 2016; Jamieson et B991; Lin et al., 1996; Martin et al., 2011;
Walker et al., 1989), including a potential role foicroglia in viral clearancéoutsouras et al.,
2016; Rock et al., 2004)More generally, there have been multiple reporgggesting viral (or
bacterial or fungal) involvement in the etiology AD (summarized in (ltzhaki et al., 2016).
Although most studies to date have focused on Bevpeses, chlamydia, and select bacteria
(reviewed in (ltzhaki et al., 2016), HBV infectiaa also detectable in brain, specifically in
cirrhosis or hepatocarcinoma patients (Beretta.e2801; Choi et al., 2009; Kamimura et al.,
2017; Pontisso et al., 1986; Post and Nagendra9)200Likewise, we now show that
pathologically confirmed AD cases with persistenB\WH infection exhibit clear HBV
immunoreactivity in the pathologically-vulnerableAC Though speculative, the increasing
HBV immunoreactivity in NC versus MCI versus AD easin our study may suggest that if
HBV infection reaches the brain, it could becomsignificant player in AD pathogenesis.
Further studies with many more cases would be meedsupport this hypothesis.

Whether or not the present findings reflect ntiad responses to viruses such as HBV
or represent a set of unrelated responses thatehafgpbe common to viral processes also
remains to be determined. It would be of interést,example, to investigate whether or not
prospective infection with HBV in an appropriatéraal host would produce the same pattern of
microglial gene expression changes as were obsdmeeel Moreover, the same molecular

machinery engaged during a viral infection couldlvee engaged in neurodegeneration. This
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may be particularly pertinent with regard to midrag considering their role in both viral

clearance and clearance of disease associatedquagso
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Figure Legends:
Table 1: List of the significant(p<.05) 65 viral-associated genes and respective log2 fold

changes identified in AD CA1 compared to NC sulgject
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Figure 1: Microglia exhibit different expression profiles different brain regions of the non-
diseased human elderly brain. Heat maps of tha&fsignt (p<.05) log2 fold changes in non-
demented elderly control microglia within two braiegions, CA1l of the hippocampus and
substantia nigra (SN), demonstrate unique expnegsiofiles within regions. Heuristic cluster
analysis of cluster 1 vs. cluster 2, or NC CAl1 v€ SN reveal three significanp<.05,
FDR<.02), upregulated biological processes in NC CAl ngteo nervous system
development, regulation of neuronal synaptic ptétgti and neurogenesis. Further analysis in
the same subjects, cluster 3 vs. cluster 4, shaytdyhsignificant f<.05, FDR<.000000000001)
log2 fold changes in genes associated with mitodtiahfunction.

Figure 2: Microglia exhibit different expression profiles @A1 of the diseased human brain.
Heat maps are provided that represent the signifige.05) log2 fold changes in laser capture
microglia from AD and PD cases compared to NC p#die A,B) Heuristic heat map
illustrations of differentially expressed (log2dothanges) in genes in AD CA1 vs. NC CAl (A)
and PD CA1 vs. NC CA1 (B). C) Pathway Analysis (&iDgle cluster analysis) using Cytoscape
network visualizer. The pie charts depict molecudéeraction network and biological pathways
in AD CAl (C) and PD CA1 (D). C) 367 significami<(.01-Bonferroni step down correction)
genes were used in the pathway analysis for AD/H@parisons. The top three pathways in
AD microglia were thyroid hormone synthesis, icagdnmetabolic process, and regulation of
viral process. D) 409 significant (p<.01-Bonferrsteép down correction) genes were used in the
pathway analysis for PD/NC comparisons. The togehpathways in PD microglia were
aldosterone synthesis and secretion, positive aéigal of protein complex assembly, and focal

adhesion assembly.
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Figure 3: Microglia exhibit different expression profilea different regions of the diseased
human brain. Heat maps are shown that illustragestpnificant(p<.05) log2 fold changes in a
heuristic hierarchical clustering output from lasapture microglia from AD and PD brain. A) A
heat map, within group comparison (e.g. AD CAl1 »® SN) reveals 100 differentially
expressed genes in laser captured microglial c&lalysis of the log2 fold changes between
cluster 1 and cluster 2 identifies three significgp<.05, FDR<.002) processes: synaptic
transmission, cell-cell signaling, and metal icensport. Comparison of cluster 3 and cluster 4
shows no significant biological pathway. B) 313nsfigantly altered, log2 fold changes were
found in PD CAl vs. PD SN. Cluster analysis—clusteversus cluster 3—shows three
significant £<.05, FDR<.00000001) biological processes: behavior, leggun of transport, and,
like AD, synaptic transmission. No significant ligical pathways were identified for cluster 3
and cluster 4.

Figure 4: Percent of viral associated genes in laser caphiceoglia. AD and PD microglia
were both compared to age-matched NC subjects.nfiGgt alterations in viral-associated
transcripts were some 5-fold more common in AD Gidn in PD CAL, AD SN, or PD SN.
Figure 5: Representativgphotomicrographs of HBV core immunoreactivity inppocampus
CAl in a Braak | NC subject (A), Braak IV MCI subfgB), and Braak V AD subject (C).
Supplementary Table 1:Detailed demographic data from NC, AD and PD subjewluded in
the laser capture and immunohistochemistry studies.

Supplementary Table 2: Top 100 genes significantlp<0.05) altered in AD CA1 microglia
and PD CA1 microglia compared to microglia in agatched control subjects.

Supplementary Table 3: A) Functional enrichment analysis and B) KEGGhpatys identified

in CA1 microglia compared to normal control subgect
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Supplementary Figure 1: Schematic and workflow of unbiased HBV identifioa.
Supplementary Figure 2: Schematic of laser capture microdissection of dgapnpal tissue
sections. (A) Hippocampal sections were immundszhasing an antibody to HLA-DR. (B)
~600 HLA-DR positive microglia cells were capturebhdividual microglial cells were cut and
dropped into an inverted microcentrifuge cap (C) .

Supplementary Figure 3:Triplicate QPCR expression data for relative eggpi@n levels of the
microglial-specific transcripts CD14, CD68, and Abl1(Liu et al., 2005; Walker and Lue,
2015), the astrocyte-specific transcript GFAP (Mdnd and Chuirazzi, 1990), and the neuron-
specific transcipts CHRM1, SYP, and MAP2 (Cahoyakt 2008; Liang et al., 2008). These
expression data show nearly complete microglidatgmn within the samples, with little to no
contamination from other cell types, as well as d@bdity to amplify transcripts from a small
number of identified cells without confounding biner cell types.

Supplementary Figure 4:Quality control measures. A) Total number of repds sample and
B) percent mapped reads and percent duplication.

Supplementary Figure 5:Quality control measures: A) Percent mRNA and geeic, intronic
and ribosomal bases identified in RNA sequencirtg.d8) Representation of the median 5" and
3’ biases.

Supplementary Figure 6: Quality control measures: A) Library insert sizestdbutions:
Representative graphs of the distribution of inssizes for each library. We expect
approximately 150-250bp long inserts. B) Qualitpre distribution: Representative graphs of
the distribution of quality scores for each libraQuality scores are on a pared scale such that a

score of 30 indicates 99.9% base call accuracy
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653 Supplementary Figure 7:Known and Predicted Protein-Protein Interactioitiw the top 100
654 genes using string software. Visual protein inteoacof the top 100 significant genes witlpa
655 value<0.01 in AD CA1 vs. NC CA1 (A) and (B) PD CA1l vs. NC CADetailed information
656 regarding the top 100 genes can been found in Soguitary Table 2.

657 Supplementary Figure 8 Overlapping Genes in PD CAl, PD SN, and AD SN gared to AD
658 CAl. Fifteen of the 65 differentially expressed genwithin GO.0016032 (viral process)
659 identified in AD CA1 microglia were also significéy changed in PD CA1 microglia, as were
660 five in AD SN and two in PD SN.

661 Supplementary Figure 9: String protein interactions of the 65 viral-assted genes in AD
662 CAl microglia (Table 1) depicted by colored noffest shell interactions). Known interactions
663 derived from both curated databases and experithekatermined interactions predicted the

664 strongest association with viral processes GO.08B2§PDR =6.90E?).

665
666
667
668
669
Table 1: List of the significant(p<.05) 65 viral-associated genes and respective log2 dblhges
identified in AD CA1 compared to NC subjects.
670
Gene
Gene ID Name Gene Discription Fold Change
v-src avian sarcoma (Schmidt-Ruppin A-2) viral ogeee homolog
ENSG000001971: SRC [Source:HGNC Symbol;Acc:112€ -4.55201224
ENSG00000134058 CDK7 cyclin-dependent kinase 7 [Source:HGNC Symbol;A¢Zg] -4.076830618
glutamic-pyruvate transaminase (alanine aminoteasg)
ENSG000001677( GPT [Source:HGNC Symbol;Acc:455 -4.0737050
2'-5'-oligoadenylate synthetase 3, 100kDa [SourGdiB
ENSG00000111331 OAS3 Symbol;Acc:8088] -3.993370726
ENSG000001876( ISG1E ISG15 ubiquiti-like modifier [Source:HGNC Symbol;Acc:40¢ -3.98114303¢
ENSG00000130164 LDLR low density lipoprotein receptor [Source:HGNC Syioc:6547] -3.967429836
ENSG00000068001 HYAL2  hyaluronoglucosaminidase 2 [Source:HGNC Symbol;5821] -3.904386945
proteasome (prosome, macropain) subunit, alpha 6/pe
ENSG000001009( PSMAE  [Source:HGNC Symbol;Acc:953 -3.65694461
ENSG00000181026 AEN* apoptosis enhancing nuclease [Source:HGNC Symbal25@22] -3.420039156
biphenyl hydrolase-like (serine hydrolase) [Souf¢NC
ENSG0000013727 BPHL Symbol;Acc:1094 -3.38457393

ENSG00000160791 CCR5*  chemokine (C-C motif) receptor 5 (gene/pseudoged@)rce:HGNC  -3.319029326
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ENSG00000143319

ENSG00000115267
ENSG000001849¢
ENSG00000136986

ENSG000001028¢

ENSG00000060069

ENSG000001610¢
ENSG00000166266

ENSG000001383¢

ENSG00000186468
ENSG00000169871
ENSG00000126456

ENSG00000185624
ENSG000001708¢
ENSG00000137076
ENSG00000175166
ENSGO000001706¢
ENSG00000204713
ENSG000001424¢
ENSG00000204389
ENSG000000928¢

ENSG00000033800
ENSG00000114166

ENSG00000136436

ENSG00000120948
ENSG00000122406
ENSGO000000675¢
ENSG000001322%

ENSG00000124164
ENSG00000110395
ENSG000000950!
ENSG000001135¢
ENSG00000063322
ENSG00000076248
ENSG000001199!
ENSG00000116062
ENSG00000149136
ENSG00000189091
ENSG000001387¢

ENSG000001396!

ISG20L
2

IFIH1
SIVA1
DERL1

GDPD:¢

CTDP1

PSMC:
CULS

DNA2
RPS23
TRIM56
IRF3

P4HB
RPS(
TLN1

PSMD2
ATF7
TRIM27

CARM1
HSPAl
A

AGO1

PIAS1
KAT2B
CALCO
co2
TARDB
P
RPL5
RHOA
TRIM22

VAPB

CBL
MAP3K
1
TRIM23
MED29
UNG
IDE
MSH6

SSRP1

SF3B3
NUP5<

SMARC
C2

Symbol;Acc:1606]

interferon stimulated exonuclease gene 20kDa-lig@dirce:HGNC
Symbol;Acc:25745]

interferon induced with helicase C domain 1 [SolHGNC
Symbol;Acc:18873]

SIVAL, apoptosi-inducing factor [Source:HGNC Symbol;Acc:177
derlin 1 [Source:HGNC Symbol;Acc:28454]
glycerophosphodiester phosphodiesterase domaiaioorg 3
[Source:HGNC Symbol;Acc:2863

CTD (carboxy-terminal domain, RNA polymerase Il|ypeptide A)
phosphatase, subunit 1 [Source:HGNC Symbol;Acc:p498
proteasome (prosome, macropain) 26S subunit, ATRase
[Source:HGNC Symbol;Acc:954

cullin 5 [Source:HGNC Symbol;Acc:2556]

DNA replication helicase/nuclease 2 [Source:HGNC
Symbol;Acc:293¢

ribosomal protein S23 [Source:HGNC Symbol;Acc:10410
tripartite motif containing 56 [Source:HGNC Symiair:19028]
interferon regulatory factor 3 [Source:HGNC SymBok:6118]
prolyl 4-hydroxylase, beta polypeptide [Source:HGNC
Symbol;Acc:8548]

ribosomal protein S9 [Source:HGNC Symbol;Acc:10-

talin 1 [Source:HGNC Symbol;Acc:11845]

proteasome (prosome, macropain) 26S subunit, ndPaAg, 2
[Source:HGNC Symbol;Acc:9559]

activating transcription factor 7 [Source:HGNC SyihAcc: 792
tripartite motif containing 27 [Source:HGNC Syml#air:9975]
coactivator-associated arginine methyltransferg@olirce:HGNC
Symbol;Acc:2339:

heat shock 70kDa protein 1A [Source:HGNC Symbol;B282]
argonaute RISC catalytic component 1 [Source:HGNC
Symbol;Acc:3262

protein inhibitor of activated STAT, 1 [Source:HGNC
Symbol;Acc:2752]

K(lysine) acetyltransferase 2B [Source:HGNC Symhbot;8638]
calcium binding and coiled-coil domain 2 [SourceMG
Symbol;Acc:29912]

TAR DNA binding protein [Source:HGNC Symbol;Acc: 115
ribosomal protein L5 [Source:HGNC Symbol;Acc:10360]

ras homolog family member A [Source:HGNC Symbol;867]
tripartite motif containing 22 [Source:HGNC Syml#air:16379
VAMP (vesicle-associated membrane protein)-assediptotein B
and C [Source:HGNC Symbol;Acc:12649]

Cbl proto-oncogene, E3 ubiquitin protein ligasel®e:HGNC
Symbol;Acc:1541]

mitogen-activated protein kinase kinase kinase3lyliiquitin protein
ligase [Source:HGNC Symbol;Acc:68:

tripartite motif containing 23 [Source:HGNC Syml#aic:660°
mediator complex subunit 29 [Source:HGNC Symbol;28074]
uracil-DNA glycosylase [Source:HGNC Symbol;Acc:1257
insulin-degrading enzyme [Source:HGNC Symbol;Acc:5.
mutS homolog 6 [Source:HGNC Symbol;Acc:7329]
structure specific recognition protein 1 [SourceNG
Symbol;Acc:11327]

splicing factor 3b, subunit 3, 130kDa [Source:HGNC
Symbol;Acc:10770]

nucleoporit 54kDa [Source:HGNC Symbol;Acc:173!
SWI/SNF related, matrix associated, actin dependsgnutiator of
chromatin, subfamily ¢, member 2 [Source:HGNC
Symbol;Acc:1110¢

-3.304407584

-3.255977918
-3.16832950
-3.008998244

-2.86569948

-2.807618162

-2.70936846
-2.704201444

-2.62141660

-2.529189573
-2.435195358
-2.279811099

-2.036493552
-2.03579579
-1.933824787
-1.927802701
-1.89964557
-1.896345577
-1.83467323
-1.828274094
-1.59470888

-1.521557046
-1.432667577

-1.430771501

-1.42080567
-1.412980701
-1.21016316
1.21024457

1.259873133
1.534895565
1.53598309
1.7257471
1.936409629
1.952332227
2.03804349
2.046303008
2.142662805
2.25427061
2.2862208

2.32844037
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671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687

ENSG000001018¢

ENSG00000147457

ENSG000001285¢

ENSG00000100353

ENSG000002498¢

ENSG000001369¢
ENSG000001717:

ENSG00000146425
ENSG00000144231
ENSG00000183853
ENSG00000101412
ENSG00000163634

ENSG00000180198

POLA1
CHMP7
CDHR:
EIF3D
HS3ST!
MYC
HDAC3
DYNLT
1
POLR2
D
PSMC3
E2F1
THOC7

RCC1

polymerase (DNA directed), alpha 1, catalytic subjBource:HGNC
Symbol;Acc:917:

charged multivesicular body protein 7 [Source:HGNC
Symbol;Acc:28439]

cadherin-related family member 3 [Source:HGNC
Symbol;Acc:2630¢

eukaryotic translation initiation factor 3, sububi{Source:HGNC
Symbol;Acc:3278]

heparan sulfate (glucosamine) 3-O-sulfotransfebgd@ource:HGNC
Symbol;Acc:1941¢

v-myc avian myelocytomatosis viral oncogene homolog
[Source:HGNC Symbol;Acc:755

histone deacetylase 3 [Source:HGNC Symbol;Acc:4

dynein, light chain, Tctex-type 1 [Source:HGNC Syrhcc:11697]
polymerase (RNA) Il (DNA directed) polypeptide Dai@ce:HGNC
Symbol;Acc:9191]

kin of IRRE like (Drosophila) [Source:HGNC Symboté15734]
E2F transcription factor 1 [Source:HGNC Symbol; At 3]

THO complex 7 homolog (Drosophila) [Source:HGNC
Symbol;Acc:29874]

regulator of chromosome condensation 1 [Source:HGNC
Symbol;Acc:1913]

2.7479910

2.771205206

2.80539732

2.911057347

2.99550877

3.05550723
3.23403779

3.258469833
3.395242197
3.449412673
3.612453322
3.852427434

4.664535808
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Highlights:

Microglia expression profiles are unique depending on brain region in normal
aging.

Microglia exhibit unique expression profiles in different neurological diseases.
Microglia in AD associated with a new role in neuronal repair and maintenance.
Microglia expression profiles in AD identifies response to viruses.

Increase risk for AD in hepatitis B carriers revealed in brain bank.
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