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ABSTRACT
Objective. To determine relative frequencies and linguistrofifes of primary progressive
aphasia (PPA) variants associated with progran®RN mutations, and study their
neuroanatomical correlates.
Methods. PPA patients carryinGRN mutations (PPASRN) were selected amongst a national
prospective research cohort of 1,696 frontotempdeahentia (FTD) patients, including 235
patients with PPA. All PPA patients with amyloidgitive CSF biomarkers were excluded. In
this cross-sectional study, speech/language anaitoa profiles were characterized with
standardized evaluations, and grey matter (GM) pairo patterns using voxel-based
morphometry. Comparisons were performed with cdsitaind sporadic PPA patients.
Results. Among the overall population of 235 patients, 45%) carriedGRN mutations. We
studied 32 of these and showed that logopenic IAAPA) was the most frequent linguistic
variant (13, 41%), followed by non-fluent/agrammanfvPPA: 9, 28%) and mixed forms (8,
25%). Semantic variant was rather rare (2, 6%).RA/Ppatients, qualified as non-amyloid-
IVPPA, presented canonical logopenic deficit. Sewvah of 13 had a pure form, six showed
subtle additional linguistic deficits not fittingriteria for mixed PPA, hence labelled as
“logopenic-spectrum variant”. GM atrophy primarilgvolved left posterior temporal gyrus,
mirroring neuroanatomical changes of amyloid-pesdvPPA. NfvPPA patients presented

agrammatism (89%) rather than apraxia of speec¥)11

Conclusions. This study shows that most frequent PPA variasbe@ated withGRN mutations
is non-amyloid IVPPA, preceding nfvPPA and mixednfs, and illustrates that language
network may be affected at different leveBRNtesting is indicated for PPA patients, whether

familial or sporadic. This finding is important fopcomingGRNgene-specific therapies.
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INTRODUCTION

Primary progressive aphasias (PPAs) are rare negemérative disorders divided into three
main clinical variants’. The non-fluent/agrammatic variant (nfvPPA, forimearogressive non-
fluent aphasia, PNFA) is characterized by disrupteffortful language production, with
agrammatism and apraxia of speech (AOS). The sémeatiant (SVPPA, formerly semantic
dementia, SD) is dominated by anomia, conceptualedge and language comprehension
deficits. Patients with logopenic variant (lIvPPAgature impairment of phonological working
memory with single-word retrieval, sentence repmtitdeficits, and phonological errors. Those
variants show characteristic neuroanatomical m@sfinvolving left inferior frontal gyrus in
nfvPPA, anterior temporal lobe in svPPA, and teroguarietal junction in IVPPA NfvPPA and
svPPA are predominantly associated with frontotenraobar degeneration (FTLD) with TAU
or TDP-43 neuronal inclusioh® Most IVPPA cases are reported to be associatédamiyloid

pathology **

GRNandC9orf72 the most prevalent FTD genes, are predominantlyczged with behavioral
variant of FTD (bvFTD) and, much more rarely, witiPPA phenotyg&™® The description of
case-reports suggested that “genetic PPA” mighte hapecific language and cognitive
profilest®*?*! Moreover, defining their linguistic spectrum iarde cohorts, and depicting
specific profiles which may deserve appropriateegiertesting, would be of utmost importance
in light of upcoming therapies. For this purpose, amed to comprehensively characterize the
linguistic and cognitive profiles, and the patteofigirey matter (GM) atrophy of PPA associated
with GRNmutations in a series of 32 patients, offeringdpportunity to analyze homogeneous
groups with highly predictable pathology, and ptitdly link specific molecular dysfunctions

with clinical phenotypes.



MATERIALSAND METHODS

Selection of patients

The patients included in this study were prospettienrolled in a clinico-genetic research cohort
from 1996 to 2018 by neurologists of tertiary redércenters for neurodegenerative dementias,
FTD and PPA, from 12 French university hospitalatdbuting to a national research network
(Inserm RBM 02-59). All centers applied similar relardized evaluations and diagnostic
procedures. Behavioral changes were evaluated wsisgale derived from Frontal behavioral
scale, the Frontal Behavioral Inventory and the rdpsychiatric Inventory integrating the main
elements of frontal syndrome (including apathyindi®ition, hyperorality, stereotyped/ritualistic
behaviors, emotion/affects), with the main caregiemd the patiert?*?® Cognitive and
speech/language deficits were evaluated with sémdsrdized protocols, whose scales are
described below, by neuropsychologists and spemuluage pathologists specialized in
neurodegenerative dementias and PPA. Patientsal@veevaluated by neuroimaging procedures
(brain MRI and/or SPECT and/or FDG-PET), and by G#émarkers in more recent cases.
Biological samples were collected for genetic asedyand progranulin plasma dosage. Diagnoses

were based on international diagnostic crifetia

During this period, a total of 1,696 patients wiE#TD or PPA were evaluated with these
procedures, including 1,103 (65.0%) patients prasgrovFTD, 292 (17.2%) bvFTD associated
with amyotrophic lateral sclerosis (FTD-ALS), 2383(8%) PPA, 39 (2.4%) progressive
supranuclear palsy, and 27 (1.6%) corticobasalrsynd (CBS). Among the 1,696 patients, 162
carried pathogeniGRN mutations, 45 of whom received a diagnosis of PPRA-GRN based
on investigations detailed below (Figure 1). Ofeno830 of 1,696 patients carriedC9orf72

expansion, but only seven received a diagnosi$#ét. P

In the context of the present investigation, a tedmeurologists (RM, LS, DS), speech-language

pathologists (SF, MNL), and a neuropsychologist)(AFom the French reference center on FTD



and PPA, reviewed the clinical data and scales @b PPASRN patients. They independently
validated the final diagnosis and variant clasatfian based on current international criterdRI
and/or functional neuroimaging were visually reveslv to confirm the PPA-consistent
neuroimaging pattern. Notably, eight patients itigased before the definition of IvPBAvere
reclassified according to current criteria whengilae (n=6), or excluded when not as a result of
insufficient data to establish the variant (n=2}h& exclusion criteria were: CSF biomarkers
consistent with Alzheimer’s disease (AD) co-patlggign=2), non-French native language (n=1),
too severely compromised language at first evadnath=4) or incomplete language/cognitive
evaluations (n=4) to formally diagnose a PPA vdraironset. CSF biomarkers were considered in
favor of AD according to the following cut-offs: Al peptide below 500 pg/mL, total Tau
protein above 450 pg/mL and phosphorylated Taug®)Bbove 60 pg/mL. In case of discordant
results, the following cut-offs were applied: TaB{A,>1.15 and P-Tau/Af, >0.21, according

to manufacturer’s instructions (ELISA kit, Innog&ns).

At the end of this selection process, 32 patieritis @RN-related PPA were included in this study.
Notably, AD pathology was excluded for 24/32 (739%)CSF biomarkers. CSF was not obtained
for eight carriers, among whom only three had IvPPi#e 32 PPA patients were kept in the study,
as demographic and clinical characteristics wemalai in both groups (with or without CSF),

especially for executive functions and episodic men{Supplemental data available from Dryad,
Table e-1, https://doi.org/10.5061/dryad.x3ffbg7hFhe list of GRN mutations is provided in

Table e-2. After their inclusion, the patients h#een clinically evaluated in the context of their

usual neurological follow-up.

Speech/language assessments

Speech and language evaluations



Speech/language deficits in the 32 PPA patient® wssessed by speech-language pathologists
specialized in neurodegenerative dementias. THernpeed tests are shown in Table e-3. Detailed
speech/language evaluations were based on therBDsagnostic Aphasia Examination—French
version (BDAE/HDAE-F}* (n=26 patients) or/and the Montreal-Toulouse proto for
examination of aphasia (MT&86)n=18). Twelve had both batteries. Briefly, thesales evaluate
motor speech production, grammar, single-word amdence comprehension, repetition of words
and sentences of increasing length and grammatmalplexity, knowledge of objects/people,
reading, spelling, and writing skills. Speech/laage assessment also evaluated oral confrontation
naming using the DO80 Picture-Naming F&sbuccofacial praxis, phonological and semantic
fluencie$’. The Pyramid and Palm-Tree Test (PPTT) or BECS-GBBemantic batte? were

performed in the patients who showed semantic imgnt in previous batteries.

Spontaneous speech was elicited by means of astamtured interview, followed by the Cookie
Theft picture description from BDAE. The patiensgeech was scored at the time of the test by
the speech-language pathologists. Written transonip were available for all patients. The verbal
output was analyzed with respect to its productade and the possible presence of word-finding
pauses, phonological errors ancbfiduites d’approcHe(i.e., repetitive effortful production of
syllables and phonemes to approximate the targed)WoThe dissociation between single-word
retrieval difficulties in spontaneous speech anthing (DO80 confrontation naming test) was
signaled whenever present. Phonological errorspontneous speech and naming tasks were
transcribed. Additionally, the rate of phonologi@tors in the confrontation naming task was
calculated (as well as for other types of erronschsas verbal and semantic paraphasias,

neologisms, periphrases, lack of response).

Grammaticality was evaluated by assessing the pppteness of syntactic elaboration during
spontaneous speech, referring to the scale profmséeytonet al. (2011)°. Agrammatism was

defined by the presence of a “frank” impairmengmmmar/syntax (corresponding to “definite”



or “severe” grade). To assess grammaticality inglage reception, we referred to the
performances in sentence comprehension tasks inBB&#l/or MT86. AOS was diagnosed in the
presence of effortful, groping speech, with incetesit phonemic substitutions or distortions due
to inaccurate articulation, and difficulty with fi@ting utterances, as defined by Gorno-Temgptni

al. (2011¥. Auditory-verbal working memory was evaluated gsforward and backward digit
span tests (see below). Finally, the global seyefideficits in spontaneous/conversational speech
was scored from 0 (no usable speech or auditoryposimension) to 5 (subjective difficulties not

apparent to the listener) following BDAE recommeimizs (Table e-4).

Criteria fulfilment and aphasia classification

The diagnosis of nfvPPA, svPPA, or IVPPA was vdédan patients strictly fulfilling the current
criteria for one of these variants but not the théhe patients were diagnosed as “mixed PPA”
when the criteria for more than one variant werd,raad as “unclassifiable PPA” when not
meeting criteria for any specific PPA variattsin order to thoroughly describe the linguistic
spectrum of IVPPA InGRN patients, we labelled those without any additiosighs of other
variants as “pure IVPPA”, and some meeting candmgPA criteria with very mild additional
signs as “IvPPA+". “LVPPA+” patients presented thi elements for IvPPA diagnosis with mild

other features not allowing to classify them aseadiPPA.

Neur opsychological evaluations
All cognitive domains other than language were eatd with a semi-standardized battérjn

order to investigate the presence of additionahitdg impairments (Table e-3).



Comparisons between PPA-GRN and spor adic PPA patients

We compared PP&RN patients with two groups of sporadic PPA patigiits IvVPPA and 9
nfvPPA patients) who did not carry any FTD-causatmutations and underwent the same
diagnostic workup. The 11 IVPPA patients had a @&file in favor of underlying AD (IvPPA-
AD). We compared demographic characteristics, $pkaguage, neuropsychological scores, and
clinical symptoms between groups according to tiA variant using Fisher's exact test for
categorical variables, because of small frequendMikcoxon rank-sum test was employed for
numerical variables, since the continuous variallese not Gaussian. Correction for multiple
testing was handled with the Benjamini-Hochberghuodt Statistical analyses were performed

using R4.0.3 (Vienna, Austria).

GM atrophy in GRN patients with IvPPA (IvPPA-GRN)

We analyzed brain 3D-T1-weighted MRI| sequenceslabiai for eight IVPPASRN patients. The
mean delay between the clinical evaluation andthen MRI was<6 months. Their demographic
and clinical data were similar to those of all MRBRN patients of this study, so as to ensure they
were representative of the entire group (Table.eFbey were compared to 20 controls with

similar demographic characteristics, and to 11 A4AP patients.

VBM analyses were performed using tevolumepipeline of Clinica (http://www.clinica.run), a
wrapper of the segmentation, run Dartel, and ndmadb Montreal Neurological Institute (MNI)
space routines implemented in Statistical ParanatrMapping (SPM). After the unified
segmentation procedure, a group template was drasmang Dartel, and the Dartel-to-MNI
method was then applied, incorporating the natpece images into the MNI space. For group

analyses, we used two-sample t-tests with age dtavi gender as confounding covariates. The



following set of contrasts was applied: IVPEARN vs controls; IVPPA-ADvs controls; IVPPA-
GRNvs IVPPA-AD. The statistical threshold was setpa0.05, corrected at the peak-level for
family-wise error (FWE). The Neuromorphometricsaatiwww.neuromorphometrics.com) was
employed to identify anatomical regions with sigraht differences. To validate our findings by
means of a complementary approach, we also anatyagidal thickness profiles in IVPP&RN

patients with the FreeSurfer software (Supplemeddtd, available in Dryad).

Literaturereview

Finally, to place our study in the context of thaséng literature, and to get further insights in
previously published PP&RN phenotypes, we performed an extensive review efliterature
(DS and ILB). Our PubMed search used the ternSR{{ OR PGRN OR progranulin) OR
(Frontotemporal lobar degeneration AND geneticsDAIRPA OR Primary Progressive Aphasia).
A total of 190 articles were found, published besw®006 (year o6RNidentification) and 2020.
In order to determine PP&RN frequencies within PPA oGRN patient cohorts, we selected
cohort studies based on the following inclusionetia: i) identification ofGRN mutations with
validated pathogenicity, 1i) PPA diagnosis basedfulfillment of consensus criteria, and iii)
cohort including at least 30 PPA patientsGRN carriers. This led to the inclusion of 8 cohort
studies, from which we extracted essential measafréequency (number of PP&RNcases out
of total number of patients). In order to charaegtethe phenotypes of previously published PPA-
GRN we selected case reports and small case serl@infy the following criteria: i)
identification of GRN mutations of proven pathogenicity, ii) accuratesatgptions of individual
PPA phenotypes at onset and during follow-up, @ndavailability of the scores of formal
speech/language evaluations. Notably, patients mitted bvFTD-PPA phenotype at onset were
excluded. We therefore encompassed 12 studiesudiimgj one published in 2003 identified

through cross-referencing), comprehensively deswiB3 PPAGRN patients. For each of them,



we extracted essential clinical information andified the fulfillment of criteria of each PPA

variant.

Standard protocol approvals, registrations and patient consents.
The ethics committee of Paris-Necker Hospital appdathe research study (Project RBM 02-59).

All patients provided written informed consent beftheir inclusion.

Data availability
All relevant data are reported in the article. TAe data supporting the findings of this study are

available from the corresponding author upon realsienrequest.

RESULTS

Description of the PPA-GRN population

Among the overall population of 235 PPA patient (#9%) carriedsRNmutations, of whom 32
(14%) were included in this study. Besides, thgdency of PPA phenotype among the GR2N

carriers was estimated at 20% (32/162) or at 283/d.6R).

The demographic, clinical, linguistic and cognitsiearacteristics of the 32 patients are presented
in Table 1, 2 and Table e-6. All were White. Theedian age at onset was 62 years (interquartile
range, IQR: 59.0, 63.3). Notably, only 26 (81%) lmapositive family history (Table 1). Patients
were at an early stage of the disease, as refléstedde short median disease duration (DD) (2.0
years; IQR: 1.5, 2.5) and the median aphasia sgvecore of 3.0 at the first evaluation. All

signs/symptoms occurring afterwards, during disgasgression, are detailed in Table 1.



Linguistic characteristicsin PPA-GRN patients

A canonical PPA variant was diagnosed in 24 patiantheir first evaluation (Figure 2). Overall,
IVPPA was the most frequent variant (41%, 13/3Z2spdollowed by nfvPPA (28%, 9/32), and
mixed PPA (25%, 8/32). SVPPA was much less freqUe¥tt, 2/32). None had “unclassifiable
PPA”. The eight patients diagnosed with mixed PRIlfiled the criteria of more than one variant.
Nevertheless, the complexity of their phenotype natsdue to a longer DD (2+0.8 years), which

was similar to that of the entire cohort (2.2+0eas).

Specific profiles emerged from in-depth analysis thé linguistic deficits of each patient,
presented in Table e-6. LvPRBRN patients presented sparse spontaneous speechedmayk
word-finding difficulties, incomplete sentencesplpnged pauses without motor speech deficit.
Most patients exhibited sentence-level processeficit (repetition and comprehension of long
sentences), contrasting with preserved processititeaingle-word level. Seven (22%) had “pure
IVPPA” while six had “IvPPA+", with co-occurrencd a mild articulatory disorder (n=1 case),
and/or syntax oversimplification (n=3), and/or seti@ impairment (n=5). lllustrative case-
reports of “pure IVPPA” (patient #25) and “IVPPA{#02) are described in Supplemental data
(available in Dryad). At group level, the profilé lwPPA-GRN was indistinguishable from the

sporadic IVPPA-AD patients’ one (Table e-7).

Agrammatism prevailed in most (8/9) nfvPPA patiemteereas AOS was the predominant
presentation in only one case (#04). Notably, nfvPRtients had slightly better performances in
overall cognitive functioning and verbal memoryrhtae global cohort (Table 2). Language and
cognitive scores did not significantly differ besvenfvPPAGRN and sporadic nfvPPA patients

(Table e-8). As the disease progressed, 22% offivBRN patients evolved to a CBS.



Eight patients with mixed PPA presented varyingrdeg of reduced speech output and word-
finding difficulties with pauses. Confrontation neng and repetition of long sentences were
impaired in all, and almost all exhibited phonot@dierrors in spontaneous speech/naming. These
logopenic/phonological impairments co-occurred widmantic deficits (5/8 patients) and/or

grammar production and reception deficits (6/8).

Progression of PPA-GRN
All the patients have been clinically followed upthe context of their usual neurological care.
Twelve patients also underwent one to three com@tndardized speech/language assessments

during their clinical follow-up.

Disease progression in PRARN patients was remarkably severe and rapid (Tabl@Hg mean
DD at complete mutism was 5.0+1.3 years. Eight diftdr a mean DD of 7.3+1.2 years, in line
with the short survival of5SRN patients. Fourteen were lost to follow-up aftemean DD of

3.9+1.4 years, and 10 were still being followedatithe time of the study (5.6+1.7 years).

During disease progression, all patients secorydaldéveloped overt frontal disturbances. A
cognitive executive syndrome was present in alnabktpatients at follow-up (31/32), and

prevailed over behavioral impairment (18/32). Mtran half of patients subsequently developed
a parietal syndrome. This could be likely relatedthie fast propagation of lesions to anterior
frontotemporal and posterior parietal regionsGRN disease. A paradigmatic case description
from our series exemplifies this progression pati@upplemental data). The broadening of the
clinical syndrome during disease evolution ledte formulation of secondary diagnoses, later

fulfilling criteria for bvFTD (n=16) or for CBS (r3) (Table e-6).



Neur oanatomical changesin IvVPPA-GRN

LVPPA-GRN patients showed significant atrophy in the left dédtemporal (MT) and posterior
orbital gyri compared to controlp<0.05, FWE correction) as illustrated in Figure 32ortical
thickness analyses were concordant with thesetsedabpite showing more extended prefrontal
and left temporo-parietal junction involvementglik due to the less stringent correction adopted

(Figure e-1).

LVPPA-AD patients showed significant atrophy ontythe left MT gyrus compared to controls
(Figure 3B). When directly compared, no significalifferences emerged between the IVPPA-
GRNand the IVPPA-AD groups (Figure 3C). The detalistof coordinates with local maximum

atrophy for each comparison is provided in Tab% e-

PPA-GRN casesin theliterature
In the literature, the frequency of PPA phenotype<sRN carriers ranged from 12 to 38%

according to cohort studigg 3%

(Table e-10). Besides, the frequencyG®N mutation carriers
within PPA cohorts ranged from 2% to 1595 (Table e-11).

The descriptions of the 23RN cases with in-depth linguistic characterizatioa smummarized in
Table 3. Fourteen were reported up to 2011, the gethe definition of the current diagnostic
criteria. They were diagnosed with PPA (n=4), PNRA8), nfvPPA (n=1) or progressive anomia
(n=1). It is noteworthy that the most recurrenglirstic deficits were impaired naming (13/14),
reduced speech output (12/14), word-retrieval dliffies in spontaneous speech (11/14) and
phonological errors (10/14). Frank agrammatism walslom present, as well as AOS, which
characterized four PNFA/nfvPPA cases.

Interestingly, when splitting the nine most receases described after 2011 according to their

diagnoses, IVPPA was the most frequent variant /@)=8ven if mild comprehension deficits



emerged in two of theth?’ The cause of which is possibly to be ascribeii¢ceasing sentence
complexity or latent semantic impairment. The d@ggs of nfvPPA mainly relied on the presence
of agrammatism, whereas AOS was a rare occurreti®®. Overall, sentence-level processing

deficits, when investigated, were a common findingpng PPAGRNcases from the literature.

DISCUSSION

The first evidence that FTD genes could produce PRé&notypes was provided by Snowadsn
al., (2006§> and Mesulanet al. (2007} after discovery of th&RNgene. They described patients
with “non fluent” aphasia who had phonological d&§, namely progressive anomia, without
overt motor speech impairment, and subsequentitiepeand reading deficits. Circumscribed,
profound anomia was remarkably predominant in ocheéhem who received a diagnosis of
“progressive anomid®. A few GRNcarriers with PNFA or nfvPPA have since been regshrbut
most were characterized based on the dichotomizaifoPPA in SD and PNFA, before the
definition of the IVPPA. More recently, it emergdtat not only agrammatism but also
phonological/logopenic deficits may be predomiriardome cases. However, only few underwent
extensive linguistic characterization, and spedafiaracteristics of genetic PPA have not yet been
investigated in large series of patients. Here, describe the linguistic, cognitive, and
neuroimaging characteristics of 32 PPA patients wdmwiedGRN mutations, representing a large

cohort for a rare genetic disease, thus providiedfitst in-depth characterization of PEFRN.

The first important finding of the study is the hirequency of PPA among&RN carriers as
high as 20%, or even 28% when consideafigt5 PPAGRN patients (including also those with
insufficient clinical data to be in the study). $hs in line with frequencies of PPA in oth@RN
cohorts varying from 12 to 38% (Table e-10). Sonsergpancies between these studies might
reflect distinct geographic origins and genetic Kgaounds amongst populations, or different

proportions of each PPA variant (especially IvPRMthin these cohorts. Some cohorts, as ours,



may also be enriched in familial and genetic cd3edble e-11). Of note, only seven out of 330
(2%) C9orf72expansion carriers in the overall cohort receiaeliagnosis of PPA, not allowing to
describe and compare them as a group. The markitiyent frequency ofSRN and C9orf72
mutations in PPA patients suggests that gene-spdiuiflogical defects lead to distinct brain
structures and language networks vulnerability, aighlights the importance of conducting

separate studies of each genotype.

The logopenic-spectrum variant isthe most frequent form of PPA-GRN

Another major finding is the high prevalence ofdpegnic variants, representing the main PPA
phenotype associated withRN mutations. The consensus criteria for IVPPA requimpaired
single-word retrieval in spontaneous speech andnggnmpaired repetition of sentences/phrases
with three of the following deficits: phonologicalrrors, spared single-word comprehension,
spared motor speech, and absence of frank agrasmfaill our IVPPA patients fit these criteria.
Seven of them had no other linguistic deficits {g@UvPPA”"), whereas six (“IVPPA+") had an
obvious predominant logopenic deficit but a broadeld deficit in semantics, grammar, or
articulation not fitting criteria for mixed PPA. @©rall, these subtle variabilities in IVPPA

phenotypes could be betier gathered under the llambeem “logopenic-spectrum variant”.

By itself, the former group, defining IVPPA in is$rictest sense, encompassed 22% ofGR&
carriers. This high prevalence was unexpectedyRIBA typically results from amyloid pathology
suggestive of Afh Notwithstanding, recent studies have reportedlaioiynegative IVPPA cases
that could represent as much as 14% of IVPPA matibased on negative AD biomarkers in
CSF?, negative PiB-PE**22! or non-amyloid pathology at auto§s¥ In the literature, no major
linguistic differences distinguish amyloid-negatiaed amyloid-positive IVPPA, except for worse
sentence repetition, naming and single-word congrelon deficits in amyloid-negative

patient$®3®



The coincidental association GRN mutations with comorbid amyloid pathology respbiesifor
IVPPA is unlikely in our patients, as AD biomarkersre negative for all patients for whom CSF
was available (10/10, not available in three). fedi role ofGRN mutations in the emergence of
the phonological/logopenic deficis much more likely. This is supported by the répofr a
number ofGRNpatients displaying predominant logopenic defiéit>> and by prior descriptions
of six non-amyloid I[VPPA patients, amongst whoneéhcarriedsSRN mutationé®. The frequency
of logopenic-spectrum in our study is also concotaeith a pathological study on four PRARN
patients, half of whom presented a logopenic v#iriahastly, strong evidence linked amyloid-
negative IVPPA with TDP-43 pathology, mostly typ& Which is also the major pathological type

underlyingGRN mutations.

The diagnosis of IVPPA according to the consensisria remains challenging, partially due to
the intrinsic difficulties in assessing key featiend the possible overlap between variants. Most
studies have demonstrated the good predictabilisvBPA criteria, but the separation of IVPPA
from nfvPPA is more elusive. The features definimgPA are still a matter of debate. Some
groups have proposed adaptations to consensusa;rigeggesting the replacement of impaired
repetition by “absence of definite grammar and cahension impairment” as a core feature of
IVPPA¥’. Others have proposed less strict criteria, ttlgamoderate impairment of single-word
comprehension “as long as it doesn't exceed thatoofiplex sentence comprehensfBnThe
importance of considering phonological errors ansbnthe main criteria has also been
underlined®. Finally, some studies showed that the most disodtive features to correctly
classify patients were single-word comprehensioficide agrammatism, impaired sentence

repetition, and motor speech disordefs®

The diagnostic complexity and criteria inconsisteacfor IVPPA might possibly explain its
unexpected frequency in our series, especiallyusecthe criteria were applied retrospectively for

some patients (two IVPPAS) evaluated before 20@ever, this is unlikely to explain all our



cases, and the application of the most discrimiedeatures cited above also categorized most of
theseGRN patients as IVPPA, thus validating the robustredsthe diagnoses. Additionally, our
IVPPA-GRN patients showed significant GM atrophy in the [efsterior MT gyrus, a part of the
left temporo-parietal junction shown to be critigainvolved in phonological processing and
verbal short-term memory, and predominantly alteiedVPPA®™® Consistent with our
neuroanatomical results, pathological studies detnated predominant TDP-43 inclusions in the
left posterior temporal gyri and inferior parietabule in two IVPPAGRN patients’. More
generally, the posterior lateral temporal lobe appeo be a crucial area particularly vulnerable in
GRNdisease, even at the earliest stages gbaltieological proceés The neuroimaging pattern in
our patients was also comparable to that of [vPHA#A our study, except for additional atrophy
in fronto-orbital areas. That likely mirrored thalenimpairment in frontal functions in IvPPA-

GRNpatients, both of which are not unexpected inteodoof GRNcarriers.

Plasma progranulin dosage, predictiG®N mutations when low, has been routinely used by
French centers since 2009 for all bvFTD and PPAeptd, including IVPPA when AD biomarkers
are negative. This provides another possible exsgilam for the high prevalence of IVPPA in our
study. LVPPA is also possibly underdiagnosed berafishe lack of molecular investigations in
amyloid-negative IVPPA cases, and of detailed hsiiu explorations in larggGRN cohorts.
Overall, our study confirms that different molecudand pathological processes may underlie the
clinical and topographic syndrome of IvPPA, andvptes strong evidence th&RN mutations
may be involved in a part of amyloid-negative IVPRZenetic screening in cohorts of amyloid-

negative IVPPA will be needed to confirm this hypesis and, eventually, clarify their etiology.

Agrammatism prevailsover AOSin nfvPPA-GRN
Two different forms of nfvPPA, dominated by agrantista or AOS, have emerged from the

description of their linguistic characteristicsitpans of atrophy, and underlying pathol&t7*



Prevailing AOS is associated with focal atrophypiremotor cortex and rather predictive of
FTLD-TAU, whereas agrammatic patients had more gpdead atrophy, extending to premotor,
prefrontal, and temporo-parietal regions, and weaee likely to harbor TDP-43 inclusiofs’.

The more diffuse pattern of atrophy evidenced m Itttter group has been associated with more
severe language deficits during disease progressidra worse outcorife

The relatively large number of patients in our gtatlowed to depict the most recurrent linguistic
profile characterizing nfvPPA&RN Nearly all ourGRNpatients had frank agrammatism, whereas
the phenotype dominated by AOS was rare in thigystas in the literature. This study thus
provides an additional piece of evidence for aictirpathological duality among nfvPPA, and for
a privileged link between the agrammatic subtypafePPA and TDP-43 pathology, which is the

pathological substrate RN mutations.

Beyond the criteria: the mixed PPA-GRN phenotypes

Multiple levels of language elaboration (auditosrval short-term memory, grammar processing,
semantic access, and, seldomly, semantic storagge pihbe simultaneously altered in PIRN
Anatomical regions associated with these functiaokide left posterior inferior frontal, anterior
inferior parietal, temporo-polar, posterior superiand MT cortice8*® The most prevalent
linguistic deficits in our mixed PPAvatients almost always included core features BPK
associated with moderate grammatical, word-comm&ba deficits and deep/phonological

dyslexia, similarly to some report&RNcarrierd®!6-21:3°

The multifaceted presentation of PPA phenotypestiqodarly in their mixed forms, offers an
interesting opportunity to consider the degeneeatoonditions associated with progranulin
deficiency from a network perspective. Accordinghe current model of language processing, a

ventral stream involved in word meaning links therior temporal gyrus to the middle/inferior



temporal gyri, temporal pole, and inferior frontartices. A dorsal pathway involved in sound
articulation connects the superior temporal gyrith wferior parietal and frontal cortices. Our
results and previous studies suggest that the texhjmbe and temporo-parietal junction are key
regions in theGRN-mediated pathological procéd3%’ and that both the dorsal and ventral
language pathways may be altered to varying degre@®PAGRN We can speculate that the
resulting predominant phenotype largely dependwlhoich parts of the network are affected and

to what extent.

Diagnostic impact and recommendations for clinical practice

This study provides important information for ctial practice. Based on the literature and our
results, we propose some recommendations for getestiing according to the PPA variant. The
remarkably high frequency of PPA patients with familial FTD in our series (up to 19%)

indicates that genetic studies should not be lonitefamilial cases.

Overall, PPA is more often associated W{EHRN than with C9orf72 mutations. We suggest
measuring plasma progranulin levels in all patievith nfvPPA and those with amyloid-negative
IVPPA (even without family history) before analygithe GRN gene when levels are decreased.
Moreover, considering both the IVPPA+ and the mipatients, an important proportion of our
GRN cohort (14/32, 44%) escaped a strict classificatiadicating thatGRN mutations should

also be primarily considered in patients displayatgpical/mixed PPA variants.

AOS is rarely associated witBRN and generally predictive of FTLD-TAU patholdgy®
supporting theMAPT gene analysis as the first indication in this gtgpe, particularly in patients
with family history of FTD SvPPA is also rarely associated Wi#RN mutations and, more

broadly, with FTD gene mutations.



CONCLUSION

This study contributes to a better descriptionheflinguistic spectrum in a large cohort of pasent
with PPA related taGRN mutations, with major clinical impact due to upéoghGRN+targeted
therapies. The heterogeneous phenotypes in owenpatsuggesGRN mutations may exert a
noxious effect on distinct neocortical networksthapartial overlap in some key linguistic areas.
Importantly, the most prevalent PRERN phenotype determines logopenic/phonological dsficit
correlated with left posterior temporal atrophy.climical practice, this study highlights thaRN
should be investigated in the emerging group obpamic variants with negative AD biomarkers,

and emphasizes the usefulness of measuring plasgeapulin levels in this indication.

Our study had some limitations. Due to the raritygenetically determined PPA, cases were
recruited over a long time-lapse and required sdata harmonization to compare linguistic and
cognitive impairments. However, the rigorous evabraand selection process of the patients
ensured the reliability of the diagnoses and tlesgification of PPA variants. Conversely, our
inclusion procedure, based on fulfillment of int#innal criteria for PPA, may have prevented us
from capturing milder and unclassifiable phenotypethis study. Lastly, some subgroups such as
svPPA were only presented in a descriptive wayhay tvere too small to perform statistical

analyses.

The prediction of the trajectory of neurodegengeatliseases, in particular PPA, at the individual
level is still very challenging. Our study showsittimutations irGRNgene, all resulting iGRN
deficiency, can lead to different PPA variantsdems to indicate that the causal mechanism may
be more complex than the gene alone, and still onvknpatient-specific factors might interact
with causal mutations, resulting in variable claliphenotypes. Further studies, addressing the
earliest disease stages in gene carriers, willylipeovide insights into which factors affect the
severity of the linguistic and extra-linguistic méfs, and preferentially drive the phenotype to

PPA. More specifically, the study of genetic maeli§, especially those connected to language-



learning disabilities, might clarify the biologicdeterminants of selective lesion tropism for the
language networks in patients displaying genetid.PRIvances in these domains could enhance
our understanding of the disease trajectory in FThidvide new evidence supporting different
degenerative pathways, link specific molecular dgsfions with clinical phenotypes, and, finally,

facilitate the correct classification of thesel gilisive cognitive phenotypes.
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FIGURE LEGENDS

Figure 1. Flow-chart of the inclusion process. AD: Alzheimer’'s diseaseALS: amyotrophic lateral

sclerosis; FTD: frontotemporal dementia; PPA: pryrarogressive aphasia.

Patiets with FTD
(French FTD-ALS research network)
(N =1,696)

Patients carrying a GRN mutation (n = 162):
* C9orf72 (n = 330)
+ Other genes (n = 133)

Patients with initial diagnosis of possible PPA
(n = 45)

. . Excluded (n = 2):
Diagnosed after 2004 Diagnosed before 2004 Not classifiable according
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(n=43)

Excluded (n=11):
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* Incomplete language or
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+ CSF biomarkers

h 4 consistent with AD (2)

Patients with PPA-GRN included in the study
(n=32)
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Figure 2. Schematic description of the PPA-GRN cohort. A: number of patients diagnosed with each
of the clinical variants. B: distribution of theloart with respect to the linguistic deficits. Egudttient is

represented by a dot, whose position mirrors thedgminant linguistic deficits. LvPPA: logopenic
variant of PPA; nfvPPA: non-fluent/agrammatic vatiaof PPA; PPA: primary progressive aphasia;

svPPA: semantic variant of PPA.
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Figure 3. VBM analyses in IVPPA patients. A: comparison between IVPPARN and controls; two
main clusters of atrophy are present at the let/¢h® left middle temporal gyrus and the left posie
orbital gyrus. B: comparison between IVPPA-AD awndteols; isolated cluster of atrophy at the leviel o
the left middle temporal gyrus. C: comparison betwdvPPAGRN and IVPPA-AD; no significant
differences between the two groups of patients vierad. The color bar refers to the T values (Table
9). LvPPA-AD: logopenic variant of primary progrags aphasia associated with Alzheimer’'s disease;
IVPPA-GRN logopenic variant of primary progressive aphasaociated wittGRN mutations; VBM:

voxel-based morphometry.

A. IVPPA-GRN vs controls B. IvPPA-AD vs contrdls
L R 7=
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n

All patients IVPPA nfvPPA svPPA mixed PPA
Number of patients 32 13 (41%) 9 (28%) 2 (6%) 8 (25%)
Demographic data
Gender (F/M) 20/12 8/5 712 1/1 4/4
Handedness
(RIUAdX), 29/2/1 10/2/1 9/0/0 2/0/0 8/0/0
Family history, f 26 (81%) 10 (77%) 9 (100%) 2 (100%) 5 (63%)
Education level, y 9.0[8.8,13.3] 9.0[6.0, 15.0]9.0[9.0, 12.0] 7.0[6.0,8.01 10.5[9.0,11.5]
Age at onset 62.0 [59.0, 62.0 [59.0, 62.0 [56.0, 63.5 [60.3, 63.0 [61.5,
9 Y 63.3] 63.0] 63.0] 66.8] 64.8]
Age at first 64.0 [60.0, 63.0 [62.0, 63.0 [58.0, 66.0 [63.0, 65.0 [63.3,
evaluation, 66.0] 65.0] 65.0] 69.0] 66.8
Disease duration at
first evaluation, y 2.0[1.5, 2.5] 1.5[1.5, 2.5] 1.5[1.0, 2.0] 2.8422.9] 2.2[1.9,2.5]
Speech and language
assessment
Global Aphasia
Severity score (/5) 3.0[2.0, 3.0] 3.0[2.3, 3.0] 3.0[3.0, 4.0] 1.0411.0] 3.0[2.0, 3.0]
Agrammatism
(discrete to severe), 14 (44%) 0 8 (89%) 0 6 (75%)
nC
Semantic fluency in g )
> minutes 10 [5, 16] 11 [6, 18] 1319, 16] 412, 6] 5[4, 11]
Phonological (F)
fluency in 2 minutes 5[2,9] 9 [2’1_0] 418, 7] 31, 4] 75,7
Confrontation
naming, % E) [50, 91] 76 [59, 89] 88 [83, 94] 111, 1] 64 [F5]
Oral single-word 0 o 0 0 o
comprehension,n 9 (28%) 3 (23%) 1(11%) 2 (100%) 3 (38%)
Oral sentence
comprehension, % 66 [34, 82] 77 [53, 86] 69 [66, 88] 19 [10, 29] R®, 67]
Repetition of
sentences, % 56 [50, 69] 50 [38, 69] 63 [56, 100] 50 [50, 50] [®169]
Written sentence
comprehension, % 77 [63, 85] 7470, 80] 68 [43, 89] 38 [30, 46] Bw, 85]
Disease progression
Median disease 75[6.8,8.0] 7.5[7.3,7.8] 6.5[5.9,7.3] - 8.5 [8.3, 8.8]
duration at death, y
(n of deceased) (8) ) (4) 0) )
Frontal lobe
dysfunction, n 32 (100%) 13 (100%) 9 (100%) 2 (100%) 8 (100%)
Executive
dysfunction, n 31 (97%) 13 (100%) 8 (89%) 2 (100%) 8 (100%)
And/or behavioral 44 5604 8 (62%) 2 (22%) 2 (100%) 6 (75%)
symptoms, n
Amnestic syndrome, ;5 (304 6 (46%) 2 (22%) 2 (100%) 2 (25%)




Parietal syndrome, n 18 (56%) 8 (62%) 5 (56%) 24p0 4 (50%)

Parkinsonism, n 11 (34%) 3 (23%) 5 (56%) 0 3 (38%)
Psychiatric 0 . , . )
disorders, 5 (16%) 1(8%) 1(11%) 1 (50%) 2 (25%)

Table 1. Demographic, linguistic and clinical characteristics of PPA patients carrying GRN
mutations at first evaluation. Numbers are presented for categorical measuredy wit
percentages in parentheses. Medians are presemtedrherical measures, with first and third
quartiles within bracket§Family history of FTLD spectrum disordeféphasia severity rating
score evaluates the global severity of impairmehismontaneous speech and conversation
following BDAE recommendations’Number (and percentage) of patients with impaired
performancef’DeIusions, depression or bipolar disord&dx: ambidextrous; F: female; FTLD:
frontotemporal lobar degeneration; L: left-hande®PA: logopenic variant of PPA; M: male;
nfvPPA: non-fluent/agrammatic variant of PPA; PRAimary progressive aphasia; R: right-

handed; svPPA: semantic variant of PPA,; y: years.



All patients IVPPA nfvPPA svPPA mixed PPA
MMSE (/30) 20.0[15.0, 20.5[15.8, 23.0[19.0, 9.5[7.3, 16.5[11.0,
24.5] 24.8] 25.0] 11.8] 22.8]
MDRS (/144) 110.0 [91.5, 112.5[102.2, 113.0[109.0, 72.0 102.0 [77.0,
115.3] 115.2] 121.0] 108.0]
Attention (/37) 33.5[32.0, 33.0[32.0, 34.0[34.0, 30.0 32.0[32.0,
34.8] 35.0] 34.0] 35.0]
Initiation (/37) 23.0[15.8, 26.0[18.0, 28.0[25.5, 9.0 21.0[13.0,
30.3] 33,0] 29.5] 23.0]
Construction (/6) 4 (29%) 0 2 (67%) 1 (100%) 1 (20%)
Conceptualization 26.5[21.0,  29.0[29.0, 27.0[25.5,  19.0 25.0 [15.0,
(/39) 30.5] 31.0] 32.0] 26.0]
Memory (/25) 16.5[11.3, 19.0[15.0, 19.0[17.5, 9.0  12.0[11.0,
19.0] 25.0] 21.5] 17.0]
FAB (/18) 10.5[7.8, 12.0 [8.5, 11.0[9.5, 3.5[2.3, 4.9] 8.5[7.0,
13.0] 13.5] 14.8] 12.3]
Forward digit span 4.0[3.0,5.0] 4.0[3.0, 4.0] - 5.0 [3.0,5.5] 5.0[4.5,5.5] 4.0034.3]
Backward digit 3.0[2.0,30] 3.0[2.0,3.0 3.0[3.0,30] 1.0[1.0,1.0 25[2.0,3.C
span
TMT-A 62.0[54.0, 62.0[48.0, 61.5[53.5, ne 65.0 [59.5.
74.0] 73.0] 65.0] 78.5]
TMT-B 263.0 [180.5, 188.0[178.2 263.0[186.0 ne 439.5[372.8
329.5] 245.0] 313.0] 506.2]
TMT(B-A) 190.0 [122.5, 132.5[122.2 201.0[139.5 ne 380.0[310.5
237.5] 178.0] 251.5] 449.5]
FCSRT: free recall  21.0 [14.3, 23.5[19.5, 21.0[16.0, ne 12[8.0, 13.C
(/48) 26.8] 30.0] 26.0]
FCSRT: total recall  39.0 [27.0, 40.0 [34.3, 43.0 [40.0, ne 25.0[24.0.
(/48) 46.0] 46.8] 46.0] 31.5]
FCSRT: sensitivity 75 [43, 92] 71[42, 93 85 [77, 92 ne 43[40, 57
to cueing, %
ROCF recall (/36) 15.0[12.0, 17.0[11.8, 12.0[12.0. 15.0[15.0, 15.8[14.5,
19.0] 19.0] 14.3] 15.0] 17.4]
ROCF copy (/36) 33.0[28.5, 31.0[27.3, 33.0[31.5, 33.0[32.0, 36.0[30.0.
36.0] 35.0] 35.3] 34.0] 36.0]
Ideo-motor apraxia 57.5 [46.0, 58.0 [55.0, 58.0 [34.0, 33.0[30.0, 47.0 [43.0.
(163) 60.3] 60.0] 59.0] 36.0] 63.0]

Table 2. Cognitive characteristics of PPA patients carrying GRN mutations at first

evaluation. Results are expressed as the median values, véthirgt and third quartiles within



brackets, for numerical measures. Maximal scoregawh test are indicated in parentheses.
®Absolute count and percentage (in parentheses)aténs with impaired performance, with
respect to the total number of subjects who undeintre test. FAB: Frontal Assessment Battery;
FCSRT: Free and Cued Selective Reminding Test; AvR&gopenic variant of PPA; MDRS:
Mattis Dementia Rating Scale; MMSE: Mini Mental 8 Examination; na: not available or
unable to test; nfvPPA: non-fluent/agrammatic vatriaf PPA; PPA: primary progressive aphasia;
ROCF: Rey-Osterrieth Complex Figure; svPPA: sersawdiriant of PPA; TMT: Trail Making

Test.



Krefft et al, 2003° Snowderetal, | Snowderet Becket al, 2008° Iz?l;zer
Mesulamet al, 2007* 20062 al., 2007° 76
2010
. PPA | PPA | PPA 255-
Patient 1A 1:C 1D 1I-5 -1 N. 240-4 | 255-9 10 430-2 | 431-3 SC
. . Progressive| PNF | PNFA PNFA
Diagnosis PPA | PPA| PPA| PNFA| PNFA " ° "% A | Jcgs | PNFA | PNFA| 5 o™ | PPA
AAO (y) 60 61 65 63 65 66 na na na| ng na 62
DD at evaluation 5 1 3 2 2 3 4 1 3 4 1 3
v
Reduced speech ) . n n 4 + + + + + R +
output
Impaired naming |+ + + + + + - + v X + +
V\_/ord-r_etrieval . " ¥ 4 + + _ _ + - o +
difficulties
Impa!rled word ) na na 2 42 R na na na na na +
repetition
Impaired
sentences - na na + +* - na na na na na +
repetition
Phonological ) } i 4 i _ + _ + + + +
paraphasias
Agrammatism - - - - + () - - - - - +
AOS - - - +° - - s + - + - -
Impaired
sentences - + + - + - na na na na na e+
comprehension
Impaired word . + na - - - na - - + - *
comprehension
Impaired object ) . R _ R R R - - -
knowledge na ’
Impe_:u'red na + na 3 - - - + - + £ +
reading
Verbal/semantic + ¥ + ) - - na na na na na +
paraphasias

Table 3. Description of previoudy published PPA cases with GRN mutations (continues at
next page).
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gsdin;f Cerami | Casoet Mesulamet al, 2007*
al etal, al., Josephet al, 2014* Mesulamet al, 2014
201.’0’0 2011 20147 Kim et al, 20167

. PPA3: PPA3:B
Patient 7 2 SC 1 2 3 A 1 P22/ 2 3 /P21 4
Diagnosis nfvPPA PNFA nfvPPA IVPPA IVPPA IVPPA PPA nfvPPA  RRA IVPPA IVPPA
AAO (y) 60 na 60 56 61 56 65 56 50 53 62
8')3 at evaluation 1 1 3 2 3 2 1 26h| 26N @hH| 26D
Elit:;iﬁed speech + + + + + + + + + + +
Impaired naming + + + - + + + 5 3 + +
Word-retrieval + + + + + + + + + +
difficulties
Irgpee:;triitri]word - - (+Y na na na - na na na -
Irr;;r:;'triitisentenca + + + + + + £ na ) na na
52?:%29523 + + + + + + + na + na
Agrammatism + + + = = - + + + - -
AOS +) - + - - - - - - - -
comprenengon |+ * L L e . O L
Impaired word } ) ) } D + ) na ) na h
comprehension -
L?gﬁg}gbj ect - na na - + - na na na -
Impaired reading - A na - - + 4 na na na na
:J/:rrg;]hgﬁzsam'c + na - na na na - na - na -

Table 3. Description of previously published PPA cases with GRN mutations (continued).
¥Phonological errors”Stuttering. “Buccofacial apraxia®Phonological dyslexia®Worse for
passive, reversible and complex sentenb#fith word length effect®For complex sentences.
"Intermittent comprehension deficits. AAO: age atsetn AOS: apraxia of speech; CBS:
corticobasal syndrome; DD: disease duration; IvVPR#gopenic variant of PPA; na: not

available; nfvPPA: non-fluent/agrammatic variant BPA; PNFA: progressive non-fluent



aphasia; PPA: primary progressive aphasia; SClesicgse; SD: semantic dementia; y: years.

(+): occasional or mild difficulties. (T): diseaderation at death.



