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Abstract

The pathway leading from beta-amyloid deposition ctgnitive impairment is believed to be a
cornerstone of the pathogenesis of Alzheimer'sadisg AD). However, what drives amyloid build-up in
sporadic non-genetic cases of AD is still unknowD. brains feature an inflammatory reaction around

amyloid plaques, and a specific subset of the gatabiota (GMB) may promote brain inflammation.

We investigated the possible role of the GMB in p&thogenesis by studying the association of brain
amyloidosis with (i) GMB taxa with pro- and antifleimmatory activity, and (ii) peripheral inflammaii

in cognitively impaired patients.

We measured the stool abundance of selected BB taxa Escherichia/Shigella, Pseudomonas
aeruginosa, Eubacterium rectale, Eubacterium hallii, Faecalibacterium prausnitzi and Bacteroides
fragilis) and the blood expression levels of cytokines {pflammatory cytokines: CXCL2, CXCL10,
IL-1B, IL-6, IL-18, IL-8, NLRP3, TNFe,; anti-inflammatory cytokines: IL-4, IL-10, IL-13h cognitively
impaired patients with (n=40, Amy+) and with noibramyloidosis (n=33, Amy-), and also in a group of

controls (n=10, no brain amyloidosis and no cogaitmpairment, HC).

Amy+ patients showed higher levels of pro-inflamomgtcytokines (IL-6, CXCL2, NLRP3 and ILB)
compared to both controls and to Amy- patientseduction of the anti-inflammatory cytokine IL-10 sva
observed in Amy+ versus Amy-. Amy+ showed lower radance ofEubacterium rectale and higher
abundance ofEscherichia/Shigella as compared to both HC (Fold Change, FC=-9.6, 08d0.and
FC=+12.8, p<0.001, respectivelgnd to Amy- (FC=-7.7, p<0.00dnd FC=+7.4, p=0.003A positive
correlation was observed between pro-inflammatoyyolanes IL-13, NLRP3 and CXCL2 with
abundance of the inflammatory bacteria tax@scherichia/Shigella (rho=0.60, p<0.001; rho=0.57,
p<0.001; and rho=0.30, p=0.007, respectively) andegative correlation with the anti-inflammatory
Eubacteriumrectale (rho=-0.48, p<0.001; rho=-0.25, p=0.024; rho=-0120.001).

Our data indicate that an increase in the abundaotea pro-inflammatory GMB taxon,
Escherichia/Shigella, and a reduction in the abundance of an antisimil@tory taxon,Eubacterium

rectale, are possibly associated with a peripheral inflatary state in patients with cognitive impairment



and brain amyloidosis. A possible causal relatiebwieen GMB-related inflammation and amyloidosis

deserves further investigation.

Key words: cognitive impairment, brain amyloidosis, inflamneatj gut microbiota, neurodegeneration



I ntroduction

Neurodegenerative disorders, including Alzheiméisgase (AD), are characterized by the accumulation
in the brain of neurotoxic proteins. In AD, these f-amyloid (A3) and hyper-phosphorylated tau,
representing the major components of extracelkegarle plaques and intracellular neurofibrillarggkes,
respectively. The common feature of these protsitise loss of their physiologic activity and thergof
toxic properties, promoting neurodegeneratiofi.i®widely believed to be key in AD pathophysiology
(Jack et al, 2013). In non-genetic cases of AD,pwhophysiological mechanisms op Aleposition and
the ensuing neurodegeneration and cognitive syngptamain to be elucidated, but neuroinflammation
seems to play a key role (Heppner et al, 2015edddin addition to plaques and tangles, AD patient
feature central inflammation, mediated by activategtroglia, reactive astrocytes and complement
activation, that have been especially observedénvicinity of amyloid plaques and even in the arl
stages of AD (Heppner et al., 2015; Clark et @12 Heneka et al., 2015; Latta et al., 2015; $ta@ic
al., 2014). Enhanced inflammation occurs also idybituids of AD patients, such as cerebrospinaldflu
(CSF) and blood (Vom Berg et al., 2012; Kauwe et 2014; Nascimento et al., 2014; Monson et al.,
2014).

The increased interest in the complex network @ainmmatory mediators and the immune system has
allowed to identify a growing number of pro-inflaratory molecules involved in central nervous system
(CNS) disorders, such as Interleukin (IL)-6, Tumblecrosis Factor-alpha (TN} and the
inflammasome complex (NLRP3). These have been fassdciated with cognitive impairment and AD
pathology (Leung et al., 2013; Ray et al., 2007ar€s et al., 2012a; Doecke et al., 2012; Chen.get al
2015; Tan et al.,, 2013). However, the pathophysgickl cascade linking inflammation with A
deposition is still unknown (Heppner et al., 201Shme recent observations indicate that a specific
subset of the gut microbiota (GMB) can drive newnflaimmation in rodents (Palm et al., 2015; Petra et
al., 2015; Erny et al., 2015) and affect brain fioxc and behaviour in rodents and humans (Li et al.

2009; Diaz et al., 2011; Bercik et al., 2011).

Alterations of GMB composition have been observedultiple sclerosis (MS) and Parkinson’s disease
(PD), conditions also featuring neuroinflammatiord grotein misfolding. Indeed, the removal of GMB

in animal models of multiple sclerosis prevents dle¥elopment of relapsing-remitting demyelination
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(Berer et al., 2011) and oral ingestion of prolsietattenuates neuroinflammation (Toumi et al., 2014
Luo et al., 2014). In Parkinson’s disease, the enie is even stronger. The deposition of alpha (
synuclein, the underlying molecular pathology, hagn found both in the digestive tract and enteric
nervous system, already in the early phases dlit@ase (Del Tredici et al., 2010; Lebouvier et2010;
Goedert et al., 2013). Moreover, the gut mucosBarkinsonian patients shows increased permeability,
signs of inflammation and invasion of coliform ba@a (Forsyth et al., 2011), and hosts a peculBG
composition, characterized by decreased abundanicePrevotellaceae and an increase in
Enterobacteriaceae, which are also related to the severity of illndScheperjans et al.,, 2015).
Importantly, enhanced inflammation, as a consequegicalterations in GMB composition, has been

implicated in the initiation ofi-synuclein misfolding (Olanow et al., 2014).

To our knowledge, no evidence of GMB alterations been reported in AD patients yet; however, it has
been recently suggested that bacterial endotoxiay play a key role in the inflammatory and
pathological processes associated with amyloidasts AD (Asti & Gioglio, 2014; Vom Berg et al.,
2012), as bacterial components, such as endotaxawe been found within the typical senile plaque

lesions of the AD brain (Asti & Gioglio, 2014; Scartz et al., 2013).

The aim of this study was to test, in elder patiemith cognitive impairment, the association betwee
brain amyloidosis and: (i) candidate GMB taxa wkiown inflammatory activity (pro-inflammatory:
Escherichia/Shigella  and Pseudomonas aeruginosa; anti-inflammatory: Eubacterium rectale,
Eubacterium hallii, Faecalibacterium prausnitzii, andBacteroides fragilis) (Friedland et al., 2015; De la
Fluente et al., 2014; Bruzzese et al., 2014; Cahtral., 2015); (ii) peripheral inflammation mark
implicated in the pathogenesis of AD (pro-inflamorgtcytokines: CXCL2, CXCL10, IL{, IL-6, IL-
18, IL-8, NLRP3, TNFe; anti-inflammatory cytokines: IL-4, IL-10, IL-13_eung et al., 2013; Ray et
al., 2007; Doecke et al., 2012; Chen et al., 2085 et al., 2013;Soares et al., 2012a).



M ethods
Sudy Design and Patients Description

The patients have been recruited from a largerystud.8 memory clinics in Eastern Lombardy, Italy,
aiming to assess the added value of amyloid imaginge clinical work-up of patients with cognitive
complaints (the INDIA-FBP study — Incremental Diagtic value of Florbetapir Amyloid Imaging)

(http://www.centroalzheimer.org/sito/ip_lilly.php)Patients coming to observation with cognitive

impairment and AD as a possible etiology were efferon top and at the end of their routine clinical
assessment, amyloid PET witfF-Florbetapir. Two hundreds and forty-one patiemtsl twenty-six
cognitively healthy elders, mostly patients’ sp@jseere recruited between August 2013 and December
2014. All patients underwent routine diagnostic kvop as prescribed by their memory clinic spedialis
which in all cases included clinical and neuropsjobical assessment. Some patients underwent
structural brain MRI and CSF analyses fd¥ @nd total and phosphorylated tau levels deteciiba.local
Ethics Committee at IRCCS San Giovanni di Dio —eBanefratelli gave ethical approval of the present
as an embedded study into INDIA-FBP (authorizatio’7/2014). Accepting patients signedaahhoc

informed consent.

After completion of the INDIA-FBP procedures, 15@tipnts and controls who were not under antibiotic
and anti-inflammatory treatment over the past 3 t@wr had been diagnosed with major depression or
other psychiatric disorders were proposed to doultei samples of stools and blood for the currertyst
Patients were defined as cognitively impaired ia tase they matched these criteria: i) presence of
cognitive complaints reported by patients or praxyby the doctor; ii) presence of no intracranial
metabolic or psychiatric causes of cognitive impeints; iii) presence of abnormal scores in two oram
cognitive tests, and iv) history of progressioncofjnitive symptoms. Ten cognitively healthy amyloid
negative controls (HC), 40 cognitively impaired Awid-positive patients (Amy+), and 33 cognitively
impaired Amyloid-negative patients (Amy-) gave theonsent to participate to the study and donate

blood and stool samples.

Patients underwent clinical assessment includinglicaé cognitive and functional history, physical

examination including collection of height and weigneurological examination, drug history, mood an



behaviour assessment, and neuropsychological assesdncluding the Mini Mental State Exam
(MMSE) (Folstein et al., 1975). Body-mass index (BMas defined as height/weigrand measured in
cm/kg. The neuropsychological battery consisted of teafping verbal and non-verbal learning,
immediate memory, abstract thinking, visuospatlahping, constructional apraxia, verbal fluencyd an
comprehension. Medial temporal atrophy and submricerebrovascular disease were assessed with
validated and largely used visual rating tools (hedial Temporal Atrophy — MTA (Scheltens et al.,
1993) and the Age-Related White Matter Changes WAMT — scales (Wahlund et al., 2001), ranging
from O to 4 and 0 to 30 respectively, where 0 maeenabnormal changes. Neuropsychological test score

have been reported Bupplementary Table 1 and current medication Bupplementary Table 2.
Amyloid PET

Patients underwent amyloid PET at the Nuclear MediService of Spedali Civili and Fondazione
Poliambulanza in Brescia with GE Discovery 690 #iémens Biograph 40m PET-CT scanners,
respectively. PET was a 10-minute (two 5-minutesnis) 3-Dimensional acquisition, 50 minutes after
the injection of an intravenous bolus of 370 MBd@ (hCi) of ‘*F-Florbetapir (Clark et al., 2012).
Attenuation correction was calculated based orcthacquired CT. PET images were reconstructed onto
a 128x128 matrix with slice thickness of 3 to 3.8yusing a 2-3 mm Gaussian post reconstructiaer filt
Subjects were categorised into Amy+ and Amy- follmgv a validated procedure

(http://www.fda.gov/downloads/AdvisoryCommitteesf@mitteesMeetingMaterials/Drugs/Peripheraland

CentralNervousSystemDrugsAdvisoryCommittee/UCM248)@6f"). PET exemplars from a HC, an

Amy+, and an Amy- participant can be found in Sepptntary Materialsée Supplementary Figure 1).

Amyloid positivity was visually rated independentty two nuclear physicians, and blind to patients’
clinical information. A third expert was in chargé adjudicating discordant cases, which amounted to

12% of the total.
Sool sample collection and DNA isolation

Stool samples were collected by participants at t@n home in a sterile plastic cup, stored ate20
and delivered to IRCCS Fatebenefratelli Institutthin the following 24 hours, where they were stbag

-20°C until processing. Microbial DNA was extractiéniee times in three different sections from each



patient’s stool taking 200 mg of stool per timeingsthe QlAamp DNA Stool Mini Kit (Qiagen) and
according to manufacturer’s instructions, with thdditional glass-bead beating steps on a Mini-
beadbeater (FastPrep; Thermo Electron Corp.). D#ptes coming from the same patients were
subsequently tested as technical triplicates. DNAs wquantified using a NanoDrop ND-1000
spectrophotometer and DNA integrity and size wesesased by 1.0% agarose gel electrophoresis on gels
containing 0.5mg/mL ethidium bromide. DNA samplesrev then stored at -20°C until subsequent

analyses.
Bacterial DNA quantification in stools

The abundance analyses of the selected bactexal(Eacherichia/Shigella, Pseudomonas aeruginosa,
Eubacterium rectale, Eubacterium hallii, Faecalibacterium prausnitzii and Bacteroides fragilis) were
carried out using the Microbial DNA gPCR Assay K@iagen, Crawley, UK) and a StepOnePlus
instrument (Applied Biosystems, Foster City, CA,A)Saccording to manufacturer’s instructions. Fifty
nanograms of total DNA were used for each samga.Bacteria primers designed to detect the broadest
possible collection of bacteria hosted in the humgahwere measured together with candidate taxa to

normalize the abundance of each candidate bactaxiah.

The kits for the detection of the above mentioreed tdo not provide the primer sequences, and we her
include the code number for each assay (Pan Bactkri BPCLO0360AR;Escherichia/Shigella:
BPID00146AR;P.. aeruginosa: BPIDO0288AR E. rectale: BPIDO0149ARGE. hallii: BPIDO0147AR;F.
prausnitzii: BPIDO0154ARB. fragilis: BPIDO0146AR).

The abundance of each taxon was then calculatedrdicg to the comparative Ct method\ACt
method) (Schmittgen et al., 2008) and following thkcrobial DNA gPCR Assay kit protocol

(https://www.qgiagen.com/us/products/catalog/assainiologies/real-time-pcr-and-rt-pcr-

reagents/microbial-dna-gpcr-assay-kits/) where dbetrol subjects (HC) have been used as reference

group. When comparing groups, this method allaweltain a Fold Change (FC) value of differences

for each candidate bacteria taxon.

Gene expression analyses of inflammatory molecules in blood



Isolation of total RNA was performed using the PAXg blood miRNA kit, according to the
manufacturer’'s recommended protocol (Qiagen). RMAngity and quality were assessed by evaluation
of the A260/280 and A260/230 ratios, using a Naopdspectrophotometer (NanoDrop Technologies,
USA) and RNA samples were then kept at -80°C uhgir processing for gene expression analyses.
Gene expression levels were analysed by a 384 gRlISPCR instrument (Bio-Rad Instrument), using
the iScriptTM one-step RT-PCR kit for probes (BiaeRLaboratories) and Applied BioSystem Assays
(Gene Expression Assays: CXCL2, CXCL10, Ig-1.-6, IL-18, IL-8, NLRP3, TNFe, IL-4, IL-10, IL-

13) as previously reported (Cattaneo et al., 20%a8mples were run in triplicates and each targee ge
was normalized to the expression of three houséhkgegenes (HK), glyceraldehyde 3-phosphate
dehydrogenase (GAPDH}j;2-microglobulin (B2M) and3-actin. All the assays for the gene expression
analyses of both target and HK genes were purchfasedLife Technologies (Monza, Italy). For each
sample, 50 ng of RNA were added to the Real Tim& R@Gx. Thermal cycling was initiated with an
incubation at 50°C for 10 minutes, followed by 5notes at 95°C. After this initial step, 39 cyclds o
PCR were performed. Each PCR cycle consisted dirfgethe samples at 95°C for 10 seconds to enable
the melting process and then for 30 seconds at 86fGhe annealing and extension reactions. The
expression of target genes was calculated accotdittge Ct method £ACt method) (Schmittgen et al.,
2008), where the control subjects (HC) have beed as reference group. We thus obtained, as oatput,

Relative Expression Ratio (R) value for each cyiekin each sample.
Satistical analysis

Parametric (ANOVA, t-test and Chi-square) and narametric (Mann-Whitney) tests were applied to
compare dichotomous and continuous variables (deapbgs and clinical features) between the study
groups or other variables. Pearson linear cormidt) and Spearman rank correlation (rho) werel fise
Gaussian and non-Gaussian distributed variablepecésely, to evaluate correlations between
demographic and clinical variables. For the evabnaodf correlations between stool bacteria and dloo
inflammation biomarkers, the algorithm for smoothstatterplots by robust locally weighted regressio

(Cleveland et al., 1992) was applied to draw tttedicurves.

We chose to test MMSE, BMI, age and gender as Iplessonfounders based on literature evidence, and

checked empirically their confounder status, i.de tassociation with both outcome and
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treatment/exposure. Moreover, we have also tebeddsociation between cholinergic drugs and bacter

taxa, based on the notion that these drugs exeffect on intestinal motility.

Finally, a model-based evaluation of confounders warried out in terms of goodness of fit indexes
(AIC and BIC index for Generalized Linear Model)datparsimony” criterion other than change-in-

estimate evaluation”.

The normality assumption of cytokine blood levetsl dacteria taxa were evaluated by Tukey boxplot
(with 1.5 interquartile range, IQR) and QQ-plotgastion and tested by Shapiro-Wilk and Kolmogorov-
Smirnov tests. According to the distribution of dagdent variables (bacteria taxa abundances or
cytokines mRNA levels) we then applied: (i) Genieeal Linear Models (GLM), with log link function
for the Gamma distributed data, for the evaluatiball bacteria taxa across groups; and (ii) Anialys
Covariance (ANCOVA) models for cytokine blood levelGLM and ANCOVA were adjusted for

MMSE, BMI, age, and gender according to the resaflthe correlation/association analysis.

Post-hoc group comparisons were evaluated by Bamfieadjustment. Statistical significance was set a
p<0.05. Statistical analyses were performed by SR8Slon 22.0, and R: A language and environment

for statistical computing, version 3.2.5, R Fouratafor Statistical Computing, Vienna, Austria.
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Results
Clinical sample description

The three groups were similar for age, gender, 8hl. Amy+ patients had lower cognitive
performances than both Amy- and HCable 1). Both neurodegeneration in the medial tempotag land
microvascular white matter changes were similadnmy+ and Amy-. Indeed, Amy- and Amy+ patients
did not show any significant difference on medahporal atrophy (Scheltens' scale: mean + SD 118+1.
and 2.0+0.8; p=0.670) nor white matter changes (AMRWscale: mean + SD 2.5+3.1 and 1.8+2.2;
p=0.520).

Candidate bacteria taxon abundance in the stools

First, we assessed the association between abundéamdl bacteria taxa with demographic and clihica
(MMSE, BMI, age gender, assumption of cholinergieg] variables. We found a significant association
only betweerPseudomonas aeruginosa and BMI (rho=0.41, p=0.037). Thus, BMI was inctdld together
with the MMSE, as a covariate in the GLM willseudomonas aeruginosa as dependent variable. No
correlations with age (p values of Spearman cdroela>0.097) as well as no associations (evalubted
Mann-Whitney tests) with gender (p>0.100) were fbuor all bacteria taxa. The assumption of
cholinergic drugs was differentially distributedwween Amy+ and Amy- patients (Chi-squared p<0.001),

but the association with bacteria taxa abundanessnet significant (p>0.050) for all bacteria taxa.

The distribution of all bacteria taxa showed a digant density mass close to zero and a continuous
right-skewed distribution elsewhere indicating avaa distribution (p-values of Kolmogorov-Smirnov
test for Gamma distributions larger than 0.16 fbbacteria taxa). We thus applied GLM models to al
bacteria taxa. In keeping with the results of theeation/association analysis, we adjusted adlyses

for MMSE, excepPseudomonas aeruginosa’'s analysis which was adjusted also for BMI.

In Amy+ we found a specific pattern of alterationdacteria taxa abundance when compared to HC and
to Amy+. In particular, Amy+ showed lower abundaé&ubacterium rectale and higher abundance of
Escherichia/Shigella as compared to both HC (FC=-9.6, p<0.@1d FC=+12.8, p<0.001; MMSE p=
0.029 and 0.104 respectivglgnd to Amy- (FC=-7.7, p<0.001 and FC=+7.4, p=0.0@RJSE p= 0.053

and 0.205 respectivelyMoreover, Amy+ showed lower abundance Bacteroides fragilis than HC
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(FC=-24.5, p=0.032; MMSE p=0.369). No differencetlie abundance of the other bacteria taxa was

observedRigure 1).
Expression of inflammation biomarkers in the blood

The distribution of gene expression values was Sansfor all cytokines (p-values of Kolmogorov-
Smirnov test for normal distributions always largean 0.100). We assessed possible associations
between the demographic variables age, gender Ehgvith the levels of the cytokines and we found a
significant correlation between NLRP3 and age @%0.p=0.013), between IL-6 and age (r=-0.24,
p=0.032) and between IL-18 and gender (r=0.25, 2). Thus, in addition to MMSE, we have also

included age and/or gender as covariates, whemeegesssary, in the analyses.

As shown inFigure 2, Amy+ showed a specific pattern of higher levelsfaur pro-inflammatory
cytokines (NLRP3, CXCL2, IL-6 and ILR), as their levels were different compared to bdth and
Amy-. In particular, we found significantly incress expression of NLRP3, CXCL2, IL-6 and IB-in
Amy+ versus HC (+22%, p=0.030; +36%, p<0.001; +22%0).030; and +40%, p=0.004, respectively)
and versus Amy- (+19%, p=0.006; +24%, p<0.001; +3295.001; +22%, p=0.040).

Amy+ and Amy- showed a similar pattern of increasegression of TNl when compared to HC
(+29%, p<0.001 and +31%, p<0.001 respectively).hWiggard to anti-inflammatory cytokines, Amy+
patients showed a significantly reduced expressibrlL-10, but only compared to Amy- (-25%,
p=0.007); no significant difference in the expresdevels of CXCL10, IL-18, IL-8, IL-4 and IL-13 \8a

observed across groups (all p>0.05).
Correlation between stool bacteria and blood inflammation biomarkers

We performed Spearman correlation analyses betvegeokines and bacteria strains focussing on
cytokines and strains whose pattern was signifigatifferent in Amy+ patients both versus HC and

Amy-.

In particular, we correlated the blood levels @& tytokines CXCL2, IL-6, NLRP3, ILf, IL-10 with the
stool abundance oEscherichia/Shigella and Eubacterium rectale. We found a positive correlation
between the pro-inflammatory cytokines IB;1 NLRP3 and CXCL2 with abundance of

Escherichia/Shigella (rho=0.60, p<0.001; rho=0.57, p<0.001; rho=0.360.p07, respectively)Figure

13



3). A negative correlation was observed betweendlesels of the pro-inflammatory cytokines 113;1
NLRP3 and CXCL2 with stool abundance of anti-inftaatory bacterid&ubacterium rectale (rho=-0.48,
p<0.001; rho=-0.25, p=0.024; rho=-0.49, p<0.00%peetively) and a positive correlation between 0_-1

blood levels andubacteriumrectale (rho=0.30, p=0.030)Higur e 4).

Most of the correlations hold significant also wh&my+ and Amy- were investigated separately. In
particular, we found a positive correlation betweitie blood levels of ILf and NLRP3 with
Escherichia/Shigella in both Amy+ (rho=0.34, p=0.032 and rho=0.65, [0€Q., respectively) and Amy-
(rho=0.45, p=0.009 and rho=0.47, p=0.007), andgative correlation between the levels of Ig-dnd
CXCL2 with Eubacterium rectale in Amy +(rho=-0.37, p=0.020 and rho=-0.32, p=0)046d Amy-
(rho=-0.43, p=0.014 and rho=-0.37, p=0.040).

Importantly, when we evaluated the MMSE contribatio these analyses (through GLM with MMSE as

covariate), we found no influence on the main effecall tested correlations (all p>0.05).
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Discussion

In the present study we have investigated the &ggmt of brain amyloidosis with candidate GMB taxa
known to have inflammatory properties, and peripheiood inflammation biomarkers. We found that
subjects with cognitive impairment and brain anytsis had lower abundance of the anti-inflammatory
Eubacterium rectale and higher abundance of the pro-inflammatésgherichia/Shigella in their stools
when they were compared to both a group of cordutljects and also to a group of subjects with

cognitive impairment and amyloid-negative.

Consistently, Amy+ showed higher levels of the jprfitammatory cytokines IL-6, CXCL2, NLRP3 and
IL-18, as well as reduced levels of the anti-inflammatytokine IL-10. Interestingly, the abundance of
Escherichia/Shigella correlated positively with the levels of IlB1 CXCL2, NLRP3, whereas
Eubacterium rectale correlated negatively with the levels of 1B;1CXCL2 and NLRP3 and positively
with IL-10.

To our best knowledge, this is the first study réipg clinical evidence of GMB alterations in patie

with brain amyloidosis. Previous experimental aedrmopathological studies have suggested a possible
involvement of GMB composition in AD pathogenegitecent data show that bacterial endotoxins may
exert a key role in the inflammatory and patholabiprocesses associated with amyloidosis and AD
(Asti, Gioglio, 2014), as a co-incubation off Avith Escherichia endotoxins caused a potentiation of the
in vitro A fibrillogenesis. Bacterial components, such asoéndns, have indeed been found within the
typical senile plaque lesions of the AD brains {A&ioglio, 2014; Schwartz et al., 2013). Recently,
Kamer and collaborators (Kamer et al., 2016) hdeva that clinical measures of periodontal disease
cognitively normal healthy elders are positivelys@dated with the severity of brain amyloid
accumulation assessed by] PIB-PET, suggesting that dysbiosis related toowmtt periodontal

inflammation/infection may be involved in AD pathegsis.

In our study, the abundance of the gemissherichia/Shigella was significantly increased in Amy+
compared to Amy- patient&scherichia/Shigella has been associated with a pro-inflammatory status
(Morgan et al., 2013; Soares et al., 2012b) an@, iacent study, Small and collaborators (Smadll.et

2013) found that persistent infection with adherg@md invasiveescherichia led to chronic and persistent
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peripheral inflammation. Also De La Fuente and alwdirators reported an ability of the genus
Escherichia to induce the production of pro-inflammatory cytwds through NLRP3-dependent
mechanism (de la Fluente et al., 2014). Interelstimg line with the studies mentioned above, werid a
positive correlation between changes in the abuelahEscherichia/Shigella and changes in the levels
of the pro-inflammatory molecules IL-6, CXCL2 andRP3, which is consistent with a possible cause-
effect relationship (Huang et al., 2015). Of patar interest is the NLRP3 inflammasome, whose
activation leads to the induction of inflammatompgesses, including the maturation and the relefise
several pro-inflammatory cytokines and chemoki@sce activated, it can also promote the formation o
inflammatory crystals and protein aggregates, wtialgi AB. NLRP3 production has been found enhanced
in the brain of AD patients (Halle et al., 2008; itzon et al., 2009) and an NLRP3 inflammasome
deficiency resulted in decreased pro-inflammatortpokines release and decreased depositionfoinA

the APP/PS1 animal model of AD (Heneka et al., 2013

We also identified a significant reduction Hubacterium rectale abundance in Amy+ as compared to
Amy- subjects.Eubacterium rectale is a bacteria known to produce butyrate (an afi@mmatory
compound) that plays key protective roles againfammation (Pryde et al., 2002). A reduction is it
abundance correlated negatively with pro-inflammatmolecules in our sample, denoting enhanced
sensitivity to inflammatory processes. This isiimelwith recent evidence indicating that an inceeis
Eubacterium rectale abundance is associated with lesser degree ddninfiation. An increase in
Eubacterium rectale also predicted positive response to treatment aith-TNF«, in patients with

Inflammatory Bowel Disease (Kolho et al., 2015).

Our findings may also be interpreted at the lightexent data regarding other neurological dis@der
including multiple sclerosis (MS) and Parkinsonisedise (PD) that share with AD neuroinflammation
and protein misfolding, respectively. In MS, stigdie animal models and in germ-free mice (Forsythe
al., 2013; Lee et al., 2011) showed that GMB medifibns may cause the activation of immune and
inflammatory responses that can extend beyond theug to the brain. In PD patients, changes in the
GMB composition have been recently observed (Safepe et al., 2015; Keshavarzian et al., 2015;
Hasegawa et al., 2015), and also, as alteratiotiseirgut barrier function, membrane permeabilityd a

inflammatory mediators production have been reploa® affecting not only gut immune epithelial cells
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and immune system cells, but also neurons andaglitd in PD patients (Forsyth et al., 2011). Maao
specific bacteria taxa or their metabolites mayger a-synuclein misfolding (Chorell et al., 2015; Evans

et al., 2015).

Two interesting studies (Keshavarzian et al., 2Hasegawa et al., 2015) provide evidence that pro-
inflammatory dysbiosis could trigger inflammatiorduced misfolding ofi-synuclein and promote the
development of PD. In the Keshavarzian’'s study, esatassociated and microbiota compositions were
analyzed using high throughput ribosomal RNA gesrguencing, showing higher abundance of the anti-
inflammatory butyrate-producing bacteria in theefeof controls as compared to PD patients. Morgover
an increase ofaecalibacterium and a reduction dProteobacteria were found in the mucosa of controls
compared to PD patients. In the other study, Hasagand colleagues measured serum markers and
guantified 19 fecal bacterial taxa by gPCR in augrof PD patients compared to healthy controls. The
authors found that the abundancd_attobacilli was higher whereas those @fostridium coccoides and

Bacteroidesfragilis was lower in PD patients than in controls.

In this scenario, we can hypothesize that the ®6léMB composition in AD may be multiple. Indeed,
specific GMB taxa may cause, as also supportedubylata, the induction of immune and inflammatory
responses in the brain, which in turn may indude deposition. However, we cannot exclude that
alternative mechanisms exist, including the possittdility of GMB taxa or their metabolites to ditlgc
trigger protein misfolding and aggregation. Toxarnis of neurodegenerative diseases have been
described, such as ALS-dementia complex of Guam @fal., 2003) due to [R-methylamino-L-alanine

(BMAA) produced byCyanobacteria (Cox et al., 2005).

This study has some limitations. First, the crasstienal nature of the study prevents to test aiples
causal relationship, and any pathophysiologicalhway leading from GMB composition, to
neuroinflammation, to brain amyloidosis and latelyAD. Second, we have not used the most current
standard methods for GMB assessment that is thé generation sequencing (NGS), but we have
investigated 6 specific taxa. However, if the addaldie of NGS is to identify, by using a hypothdsie
approach, all the possible taxa differentially matked in a pathological condition, it is also tithat for
most of bacterial taxa the physiological propertes still poorly understood. This is the reasonused

specific hypothesis driven approach and thus wecsed taxa with inflammatory properties as we aimed
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to assess the specific hypothesis that alteratiotise abundance of specific gut taxa may be astati

with alterations in the inflammatory status in gegiphery and amyloidosis at the central level.

Third, we lack information about the dietary halmfsour patients. We are aware that long-term dyeta

differences can have major effects on the microbi@momposition (Holmes et al., 2012; Cryan et al.,
2012), and this issue deserves further investigafitile 3 points difference in the MMSE of Amy+ and
Amy- subjects may be interpreted as a downstreanmumtal effect of brain amyloidosis on cognitive

performance. However, this deserves further ingattin, both as to its possible significance athto

role of GMB, and for careful control of this confuder in future studies.

In conclusion, our data indicate that an increasthé abundance of a pro-inflammatory GMB taxon,
Escherichia/Shigella, and a reduction in the abundance of an antisimitl@tory taxon,Eubacterium

rectale, are possibly associated with a peripheral inflatary state in patients with cognitive impairment
and brain amyloidosis. This finding leads to thepdthesis that the GMB composition may drive
peripheral inflammation, contributing to brain awigosis and, possibly, neurodegeneration and
cognitive symptoms in AD. Further studies are ndetteexplore this possible causative role of GMB

composition in inflammatory changes and brain amdgsis.
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Legendsto Tablesand Figures

Table 1: Demographic and clinical features of study participants.

Numbers denote mean + standard deviation. p irecttie significance of the group differences on

Students’ t or chi-square test.

Figure 1. Abundance of bacterial taxa in the stools of study participants.

Bars denote Fold changes (FC) of difference in aidypositive (Amy+) and amyloid-negative (Amy-)
patients versus control subjects (HC). The FC heenlcalculated using control subjects as reference
(represented by the threshold line at zero), adogrtb the AACt method (for details see methods). *
Statistical significance at p<0.05, ** at p<0.01darf* at p<0.001 when comparing Amy+ and Amy- vs

HC; # Statistical significance at p<0.001 when canmg Amy+ vs Amy-.

Figure 2. Expression levels of inflammation-related cytokinesin the blood of study participants

Data are shown as Relative Expression Ratio of geqeession in control subjects (HC), amyloid
positive (Amy+) and amyloid negative (Amy-) patienBars denote mean + standard error. * Statistical
significance at p<0.05 and ** at p<0.001 when corimga Amy+ or Amy- vs HC; # Statistical

significance at p<0.05 when comparing Amy+ vs Amy-.

Figure 3. Spearman correlation of cytokines blood levels with Escherichia/Shigella stool abundance

in study participants.

Cytokines (in they axis) andescherichia/Shigella (in thex axis) were selected based on the significance
of the difference between groups. Full dots demotatrol subjects, open dots denote amyloid positive

(Amy+) and open diamonds amyloid negative pati¢Atay-). The graph shows Spearman correlations
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rho-values and locally-weighted polynomial fittedrees (in black line) with relative 95% confidence

band (in dotted line) obtained by a smoother saarpeter equal to 100%.

Figure 4. Spearman correlation of cytokines blood levels with Eubacterium rectale abundance in the

stoolsin study participants.

Cytokines (in the y axis) anHubacterium rectale abundance (in the x axis) were selected based on
significance of the difference between groups. Bats denote control subjects, open dots denotéoamy
positive (Amy+) and open diamonds amyloid negapatients (Amy-). The graph shows Spearman
correlations rho-values and locally-weighted polyial fitted curves (in black line) with relative @b

confidence band (in dotted line) obtained by a dhmerospan parameter equal to 100%.

Supplementary Figure 1: PET scanswith *°F-Flor betapir in exemplary study participants.

Tracer uptake is represented with a color map supesed on the individual CT scan of exemplary
cases. Unspecific tracer uptake confined to thetenmatter is present in control subjects and Amy-
patients (left and middle panels). Amy+ patientstdiee, in addition to unspecific uptake, specifacer

uptake in the cortex (right panel).

Supplementary Table 1: Psychological assessment evaluation in study participants.
Assessment included evaluation of:

- global cognition (Mini-Mental State Examination MMSE, and AlzheinseDisease Assessment

Scale — Cognitive ADAS-COG);

- long-term memory (Story Recall Test, Rey Auditory-Verbal Learningst — immediate and

delayed recall (Rey AVLT), and Recall of Rey-Osttir Complex Figure);

- attention (Trail Making Test — Part A TMT-A);
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- language (Token Test, Action and Object naming -subtestnfriihe Battery for Analysis of

Aphasic Deficits, BADA-, and Letter and Categoruéicy);
- constructional and visuo-spatial abilities (Copy of Rey-Osterrieth Complex Figure);
- upper limb apraxia (Movement imitation Test);

- executive functions (Trail Making Test — Part B (TMT-B), and Wiscons@ard Sorting Test

(WCST));

non-verbal reasoning (Raven’s Coloured Progressive Matrices (Raven’SIJP

Numbers denote the mean values of test resul@ntatd deviation.

Supplementary Table 2: List of current medicationsin study participants.

Table show the current medications in Amy+ and Aipgtients with numbers denoting percentage (%)

of subjects.
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Amy+ Amy- HC Significance
(n=40) (n=33) (n=10) (p)
Age (years) 717 707 68 +8 n.s.
Females 20/40 18/34 6/10 n.s.
Body Mass I ndex 245+3.5 25.6 £3.7 243+29 n.s.
Mini Mental 21.3+6.1 255+3.9 283+1.1 p<0.01 Amy+ vs Amyt;
State Exam

p<0.05 Amy+ vs HC

Table 1: Demographic and clinical features of study participants.



Pro-inflammatory bacteria Anti-inflammatory bacteria *p<0.05 vs HC;

**p<0.01 vs HC;
1 **#¥p<0.001 vs HC
# p<0.001 vs Amy-
15 4 # [ !
Sk Amy- B Amy+
9 2] 1
g 9 E P
N =
~ | wx 2 8 £ 3
g ) g E =
g | £ £ £ <
E o o N
G ° - — —
3 § E *
I 3 ) $ *
8 ] g
2 -6 8 3
5 S S
2 o B &
- - skokk
<o & #
o
g 12
8§
-5 -15
=
S 18
=5
=21
24
*
=27
-30

Figure 1 Abundance of bacterial taxa in the stools of the study participants.



Pro-inflammatory cytokines
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Figure 2 Expression levels of inflammation-related cytokines in the blood of study participants
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IL-1b mRNA levels
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Figure 3

Spearman correlation of cytokines blood levels with Escherichia/Shigella stool abundance in study participants.
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IL-1b mRNA levels

IL-10 mRNA levels
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Highlights

¢ We aimed to investigate the possible role of the GMB in AD pathogenesis

¢ GMB taxa were measured in the stools and inflammatory cytokines in the blood of Amy-,
Amy+ cognitively impaired patients and controls;

¢ Amy+ patients have higher abundance of pro-inflammatory GMB taxa and higher
peripheral inflammation

e pro-inflammatory GMB composition is associated with peripheral inflammation in patients
with cognitive impairment and brain amyloidosis



