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Abstract

Increasing evidence implicates endo-lysosomal dysfunction in frontotemporal dementia (FTD). 18 proteins were quantified
using a mass spectrometry assay panel in the cerebrospinal fluid of 36 people with the language variant of FTD, primary
progressive aphasia (PPA) (including 13 with non-fluent variant (nfvPPA), 11 with semantic variant (svPPA), and 12 with
logopenic variant (IvPPA)) and 19 healthy controls. The concentrations of the cathepsins (B, D, F, L1, and Z) as well as AP-2
complex subunit beta, ganglioside GM2 activator, beta-hexosaminidase subunit beta, tissue alpha L-fucosidase, and ubiquitin
were decreased in nfvPPA compared with controls. In contrast, the concentrations of amyloid beta A4 protein, cathepsin Z,
and dipeptidyl peptidase 2 were decreased in svPPA compared with controls. No proteins were abnormal in IvPPA. These
results indicate a differential alteration of lysosomal proteins in the PPA variants, suggesting those with non-Alzheimer’s

pathologies are more likely to show abnormal lysosomal function.
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Introduction

The primary progressive aphasias (PPA) are disorders char-
acterized by focal degeneration of the brain regions involved
in language function and can be divided into three main
subtypes: the non-fluent or agrammatic variant (nfvPPA),
the semantic variant (svPPA), and the logopenic variant
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(IvPPA) [1]. These three variants are distinguished by the
type of linguistic deficits with which they present, as well
as their neuroanatomical signatures and underlying pathol-
ogy [2]. For example, nfvPPA is most commonly a primary
tauopathy as seen in progressive supranuclear palsy or cor-
ticobasal degeneration [3, 4] and svPPA is in most cases a
TDP-43 proteinopathy [5], both reflecting frontotemporal
lobar degeneration (FTLD) pathology, whereas IvPPA is
usually caused by Alzheimer’s disease (AD) pathology [6].

Knowledge about the underlying pathophysiology of the
PPA disorders, which are all usually sporadic, is limited.
However, in other forms of frontotemporal dementia (FTD),
one of the pathways that has been highlighted in recent years
as likely to be affected, is the endo-lysosomal system [7-9].
There is increasing evidence that suggests alterations in this
system, leading to dysfunctional proteostasis, play a key role
in neurodegenerative disorders. The role of lysosomes in the
cell is to break down proteins and maintain homeostasis of
the cell through processes like endocytosis and autophagy.
Impairment of the normal function of the lysosomal path-
way leads to protein accumulation and aggregation and,
therefore, neurodegeneration. Lysosomal dysfunction has
been implicated particularly in the pathophysiology of pro-
granulin-related FTD, where progranulin itself and related
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lysosomal proteins such as prosaposin, the cathepsins, and
glucocerebrosidase are affected [9]. However, this has yet
to be investigated in sporadic PPA. The ubiquitin—protea-
some system (UPS) is similarly a major intracellular protein
degradation system whose dysfunction has been associated
with many neurological diseases including AD and amyo-
trophic lateral sclerosis (ALS) [10]. Disruption of the UPS
leads to deficits in the clearance of misfolded proteins, in
turn causing intracellular protein aggregation, cytotoxicity,
and cell death [11]. Furthermore, it has been demonstrated
that the UPS plays a key role degrading TDP-43 [12], and
clearing hyperphosphorylated tau, as well as degrading
intra-neuronal insoluble tau aggregates [13]. Overall, the
endo-lysosomal network, therefore, plays an important role
in the clearance of the core proteins that aggregate within
FTD spectrum disorders.

One way of measuring a change in cellular function
in vivo is to develop fluid biomarkers to assess a change in
the concentration of proteins in different parts of the path-
way [14]. In this study, we measured the cerebrospinal fluid
(CSF) concentration of a panel of proteins involved in both
the endo-lysosomal and ubiquitin—protease system to inves-
tigate the presence of dysfunction in these pathways within
the PPA disorders.

Methods
Participants

Thirty-six people with sporadic PPA and available CSF were
recruited through the Longitudinal Investigation of FTD
(LIFTD) study at University College London (Table 1):
13 nfvPPA, 11 svPPA, and 12 IvPPA, diagnosed according
to current consensus criteria [2]. All cases were negative
for any of the genes that are causative of FTD including
the C9orf72 expansion. Nineteen healthy controls were
also recruited through the LIFTD study over the same time
period. All patients with IVPPA had a biomarker profile con-
sistent with underlying Alzheimer’s disease: mean (standard
deviation) total tau/Ap42 ratio of 3.2 (2.2) with a range of

1.2-8.3 where > 1 is considered abnormal. All nfvPPA and
svPPA participants and all controls had a ratio of < 1.

CSF samples

CSF was collected from all participants in polypropylene
tubes through a lumbar puncture and centrifuged to remove
insoluble material and cells. Supernatants were aliquoted
and stored at — 80 °C within 2 h after withdrawal. CSF
ApP42, total tau, and phosphorylated tau concentrations
were measured using commercially available enzyme-
linked immunosorbent assays (INNOTEST; Fujirebio
Europe, Ghent, Belgium), according to the manufacturer’s
instructions.

Sample digestion and solid-phase extraction

Digestion and solid-phase extraction (SPE) were performed
as described previously [15, 16]. One hundred pL of CSF
from subject samples was mixed with internal standard
and then reduced and alkylated with 1,4-dithiothreitol and
iodoacetamide, respectively. The samples were then digested
using sequencing grade modified trypsin (Promega Co.,
Madison, WI, USA). Trypsination was ended by the addition
of trifluoroacetic acid and was followed by SPE using Oasis
HLB 96-well pElution Plates (2 mg sorbent and 30 pm par-
ticle size; Waters Co., Milford, MA, USA) according to the
generic protocol of the manufacturer. As the final step, the
samples were eluted in methanol and dried by vacuum cen-
trifugation. The samples were frozen and stored at — 80 °C
pending analysis.

Parallel reaction monitoring-mass spectrometry

Eighteen proteins (49 peptides) were quantified by paral-
lel reaction monitoring-mass spectrometry (PRM-MS) and
are shown in Fig. 1 as well as being listed in Table 2: AP-2
complex subunit beta (AP2B1), amyloid beta A4 protein
(APP), complement component C9, cathepsins B, D, F, L1,
Z, dipeptidyl peptidase 2 (DPP2) ganglioside GM2 activa-
tor (GM2A), beta-hexosaminidase subunit beta (HEXB),

Table 1 Demographics of the

. ° . Controls svPPA nfvPPA IvPPA
primary progressive aphasia
groups and health controls. Number of participants 19 11 13 12
Zi‘;i;ifgedzg‘l’:& 2; fmean Age at CSF collection 63.5 (6.9) 60.5 (5.9) 67.0 (6.3) 66.7 (6.3)
Sex (% male) 474 54.5 53.8 50
Disease duration at CSE N/A 4.6 (2.0) 4.5(1.9) 3.6(2.2)
collection (years)
Ab42 (pg/mL) 999.9 (235.4) 879.7 (259.5) 845.6 (318.3) 439.8 (159.4)
Total tau (pg/mL) 325.7 (93.3) 355.7 (152.9) 405.8 (184.7) 1206.0 (555.4)
Total tau/Ab42 ratio 0.3 (0.1) 0.4 (0.1) 0.5 (0.3) 32(2.2)
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CTSB, CTSD, CTSF, CTSL,

CHAPERONE MEDIATED CTSZ, DP2P, GM2A, HEXB,
LAMP1, LAMP2, T-ALF,
Transcobalamin-2, TPP1
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Fig.1 Schematic diagram showing the endo-lysosomal system and the proteins measured in the study (see main text for abbreviations)

lysosome-associated membrane glycoprotein 1 (LAMP1),
lysosome-associated membrane glycoprotein 2 (LAMP2),
lysozyme C, tissue alpha-L-fucosidase T-ALF, transcobala-
min-2, tripeptidyl peptidase 1 (TPP1), and ubiquitin. PRM-
MS analysis was performed as described previously [16]
using an UltiMate 3000 standard-LC system (Thermo Fisher
Scientific Inc., Waltham, MA, USA) and a Hypersil GOLD
HPLC C, column (length 200 mm; inner diameter 2.1 mm;
particle size 1.9 pm; Thermo Fisher Scientific Inc.), and
a Q Exactive mass spectrometer (Thermo Fisher Scientific
Inc.). Electrospray ionization was performed in positive
ion mode with a Heated Electrospray Ionization (HESI-II)
probe (Thermo Fisher Scientific Inc.). Acquisition of single
microscans was performed in PRM mode with an isolation
window of m/z 3, a resolution setting 70 k, an AGC target
1x 10°, a maximum injection time 300 ms, and fragmenta-
tion with beam type collision-induced dissociation (HCD).
Peak detection and area integration were performed using
Skyline v3.6 [17], targeting [M +H]'" y-ions with a data-
independent acquisition method setting and a fixed isola-
tion window of m/z 3 and an orbitrap analyzer resolution
setting of 70 k at m/z 200. The concentration of the pep-
tides is expressed as a ratio between the sum of fragment
ions of the tryptic peptide against the corresponding heavy
labeled internal standard peptide (L/H peptide ratio). For the

proteins for which more than one peptide was quantified, the
peptide with the best analytical performance (lowest coef-
ficient of variation) was selected.

Statistical analyses

All statistical analyses were performed in STATA (v.16)
and RStudio (R version 4.0.2). The Shapiro—Wilk test was
performed to determine the normality of distribution of
each endo-lysosomal marker in each group. The levels of
each endo-lysosomal and ubiquitin protein were compared
between groups using a linear regression model adjusting
for age at CSF sample collection and sex; bootstrapping with
2000 repetitions was used if the measures were not normally
distributed.

Results

The concentration of ten out of the 18 proteins was lower in
nfvPPA compared with both controls and IvPPA: AP2B1,
cathepsins B, D, F, L1 and Z, GM2A, HEXB, T-ALF, and
ubiquitin (Table 2, Fig. 2). Four further proteins were lower
in nfvPPA compared with IvPPA: APP, complement 9,
LAMPI, and transcobalamin-2 (Table 2, Fig. 2).
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«Fig.2 Altered CSF endo-lysosomal protein concentration in nfvPPA
and svPPA groups compared to controls and lIvPPA. Concentrations
are expressed as a ratio between measured area of the tryptic pep-
tide against the corresponding internal standard heavy label peptide
(L/H peptide ratio). p values: *p<0.05, **p<0.01, ***p<0.001,
and ****p <0.0001. The bars indicate the median and interquartile
range. AP2B1 AP-2 complex subunit beta, APP amyloid beta A4 pro-
tein, DPP2 dipeptidyl peptidase 2, GM2A ganglioside GM2 activator,
HEXB beta-hexosaminidase subunit beta, LAMPI lysosome-associ-
ated membrane glycoprotein 1, T-ALF tissue alpha-L-fucosidase

Three proteins were at lower levels in svPPA compared
with both controls and IvPPA: APP, cathepsin Z, and DPP2
(Table 2, Fig. 2). Three additional proteins were lower in
svPPA compared with IvPPA: cathepsin B, LAMP1, and
lysozyme C (Table 2, Fig. 2). There were no significant dif-
ferences between the IvPPA and controls, although for many
of the peptides, there was a trend to higher levels in the
IvPPA group.

Group differences are summarized in Table 3.

Discussion

In this study, we show that there are abnormalities in the
CSF concentrations of proteins associated with endocytosis,
lysosomal function, and the ubiquitin—proteasome system
in PPA. Interestingly, there was a decrease in the concentra-
tions of proteins in those with a form of FTLD pathology
(i.e., svPPA and nfvPPA) with an opposite trend in those
with underlying AD pathology (IvPPA). The nfvPPA (usu-
ally due to a tauopathy) showed changes across multiple
proteins, suggesting dysfunction in endocytosis and chap-
erone-mediated autophagy in this disorder. A more limited
set of proteins were decreased in svPPA (usually a TDP-43
proteinopathy), but nonetheless, indicating abnormalities in
the endo-lysosomal pathway in this condition.

The cathepsins are proteases whose key function in the
lysosome is the degradation of proteins [18, 19]. To our
knowledge, there are no previous reports on the levels of
cathepsins in the biofluids of people with PPA, with the
only previous study in an unspecified FTD cohort showing
an increase in cathepsin D in plasma exosomes [7]. CSF
cathepsins have been poorly studied in general in neuro-
degenerative diseases with few studies investigating their
concentrations, e.g., a previous study reported a decrease
in cathepsin B and cathepsin F in Parkinson’s disease (PD)
when compared to controls and prodromal AD [16]; while in
another study, cathepsin D was increased in AD [20]. In our
study, while multiple cathepsins are decreased in nfvPPA (B,
D, F, L1, and Z), only cathepsins B and Z are decreased in
both nfvPPA and svPPA, particularly in relation to IvPPA.
Interestingly, cathepsin D has been particularly implicated
in progranulin-related FTD pathophysiology before [21] and

clearly, further work is needed to understand how these other
cathepsins are involved in these other pathological forms
of FTD.

We further report a significant decrease in HEXB, a pro-
tein involved in chaperone-mediated autophagy, in nfvPPA
in this study. To our knowledge, this has not been previously
reported to be altered in the CSF of neurodegenerative dis-
orders [16]. Lysosomal B-hexosaminidase A is a heterodi-
meric complex composed of HEXB and subunit alpha [22].
B-hexosaminidase A hydrolyses ganglioside GM2 with the
aid of ganglioside GM2 activator [23], which of particular
interest, is also decreased in the nfvPPA.

The LAMP proteins are also implicated in lysosomal
autophagy, with functions in vesicle fusion [24], preserving
lysosomal integrity and lysosomal exocytosis [25]. LAMP1
has been recently studied as a potential candidate marker
of lysosomal alteration in neurodegenerative diseases with
decreases shown in CSF in PD [8, 16, 26], although it has
been previously reported to be unaltered in FTD [7]. Both
proteins have been investigated in AD, with increases shown
in previous studies [27]. However, in this study, there is a
decrease in LAMP1 but not LAMP2, in the FTLD-related
disorders, a key difference from 1IvPPA, a disorder with AD
pathology.

Endocytosis and clathrin-mediated formation of the early
endosome are the starting points of the endo-lysosomal path-
way. AP2B1 and APP are implicated in this early stage of
the lysosomal system [28-30]. AP2B is specifically altered
in the nfvPPA group and has been reported to be signifi-
cantly increased in AD and decreased in PD [16]. Our results
regarding AP2B1 and APP suggest that the early stages of
the lysosomal pathway are specifically altered in the FTLD-
linked disorders (and potentially particularly the primary
tauopathies) when compared to those disorders with under-
lying AD pathology.

Finally, we also studied the levels of ubiquitin in CSF. A
key role of ubiquitin involves labeling proteins for degrada-
tion by the proteasome [31], but it also has a multitude of
functions as a post-translational modification [32]. It has
been reported to be increased in AD [16, 33]; however, our
results in the FTLD-associated disorders parallel what has
been found in other neurodegenerative diseases such as PD
in which ubiquitin levels are decreased when compared to
controls and AD [16].

Overall, the present study shows a decrease in protein
degradation in FTLD-associated disorders nfvPPA and
svPPA when compared to the AD group (IvPPA) and con-
trols. We also see a trend to an increase in the levels of the
proteins measured in the IvPPA group similar to that seen in
typical amnestic AD. These results suggest a dysfunction of
endo-lysosomal and ubiquitin systems in the FTD spectrum
that will lead to a decrease in the degradation of proteins and
possible accumulation.
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Table 2 List of proteins and their corresponding peptides included in the analysis

Protein name UniProtKB accession Abbreviation Peptide Controls IvPPA nfvPPA svPPA

AP-2 complex subunit beta P63010 AP2B1 712-719  0.90(0.27)  1.15(0.43) 0.68 (0.24)*  0.80 (0.40)
835-842  1.10(0.41) 146 (0.62) 0.81(0.29)*  0.92 (0.48)
868-878  1.58 (0.60) 1.93(0.79) 1.21 (0.64)*  1.33(0.72)

Amyloid beta A4 protein P05067 APP 289-301  1.43(049) 1.71(0.67) 1.17(0.55)*  1.02 (0.30)*
439450  1.75(0.70)  2.52(1.25) 1.35(0.68)*  1.40 (0.65)*
Complement component C9 PO2748 C9 146-154  1.05(0.78) 1.25(1.26) 1.17(0.73)  1.69 (0.95)

186-194 050 (0.24)  0.61 (0.46)  0.47 (0.20)*  0.61 (0.34)
232-242  2.15(1.010 2.80(2.14)  2.05(0.87)*  3.01 (2.04)
473483 237(1.14)  2.88(2.06) 2.12(0.88)  3.40 (2.69)
497-508  3.40(1.66) 4.52(3.40) 322(137)  5.15(4.23)
Cathepsin B P07858 Cathepsin B 58-71  0.52(0.18)  0.63(0.23) 046 (0.12)*  0.51(0.23)
80-87  0.79(0.28) 0.90(0.25) 0.70 (0.19)*  0.69 (0.20)

210-220  0.57 (0.17)  0.65(0.18)  0.48 (0.11)*  0.48 (0.15)*
Cathepsin D P07339 Cathepsin D 5572 0.97(0.49) 1.25(0.58) 0.88(0.29)*  0.84 (0.50)
112-122  1.32(0.39)  1.50 (0.58) 1.15(0.24)*  1.31(0.72)
349-357  0.96 (0.27)  1.06(0.30) 0.90 (0.18)  0.84 (0.15)
Cathepsin F QYUBX2 Cathepsin F 103-116  0.54 (0.14)  0.64(0.25)  0.45 (0.12)*  0.55(0.29)
236-345  0.90(022) 1.06(0.32) 0.8 (0.20)*  0.80 (0.23)
266-278  1.12(0.33)  1.38(0.63) 0.96 (0.26)*  1.16(0.59)
442-450  1.01(027) 1.17(042) 0.87 (0.25)%  0.96 (0.38)

Cathepsin L1 P0O7711 Cathepsin L1 105-116  1.16(0.37)  1.34 (0.50 0.96 (0.27)*  1.08 (0.42)

Cathepsin Z QIUBR2 Cathepsin Z 3947 1.15(0.44)  1.28(0.48) 1.07(0.39) 0.92 (0.37)
261-270  1.00 (0.32) 1.01 (0.24) 082 (0.2D)*  0.75 (0.24)*

Dipeptidyl peptidase 2 Q9UHLA4 DPP2 4047 1.38 (0.86) 1.34(0.79)  1.02(0.30) 0.80 (0.35)*

113-123  1.66(0.98) 1.75(0.84) 1.41(045)  1.22(0.60)
449462 0.84(0.61) 0.87(0.38) 0.64(0.21)  0.50 (0.27)*

Ganglioside GM2 activator P17900 GM2A 89-96 0.92 (0.18) 1.04 (0.39) 0.82(0.28) 0.87 (0.27)
170-179  1.38(0.35)  1.58(0.73) 1.15(0.37)*  1.25(0.47)
Beta-hexosaminidase subunit beta P07686 HEXB 285-300  1.69 (0.61) 1.87 (0.77)  1.33 (0.42)* 1.59 (0.81)
391400 1.14(0.38)  1.22(0.51)  0.90 (0.26) 0.99 (0.48)*
Lysosome-associated membrane glyco- P11279 LAMPI1 138-146 1.28 (0.35) 1.46 (0.49) 1.14 (0.36) 1.06 (0.28)*
protein 1 327-337  128(042) 1.66(0.66) 1.27(0.46)  1.17 (0.51)
357-363  0.97(0.33)  1.31(0.58) 0.89 (0.33)*  0.91 (0.38)
Lysosome-associated membrane glyco- P13473 LAMP2 133-144  3.38 (0.95) 3.66 (1.37)  2.96 (1.06) 3.18 (1.37)
protein 2 145-152  1.19(0.33) 148 (0.62) 1.13(043)  131(0.71)
153-161  0.06 (0.02)  0.06 (0.03)  0.05 (0.02) 0.05 (0.01)
Lysozyme C P61626 Lysozyme C 52-59 0.80(0.37)  0.90(0.47)  0.63 (0.22) 0.75 (0.57)*
69-80  0.45(0.18) 0.51(0.24) 0.36(0.11)  0.51(0.51)
Tissue alpha-L-fucosidase P04066 T-ALF 114-130  0.11(0.04)  0.12(0.05)  0.09 (0.02)*  0.10 (0.05)

163173 1.27(049) 1.45(0.51) 1.05(0.24)*  1.06 (0.46)

344354  1.34(0.50) 1.54(0.54) 1.11(0.25)%  1.20(0.57)

Transcobalamin-2 P20062 Transcobalamin-2 45-59  1.60(0.56) 1.83(0.70) 1.33 (0.46)*  1.48 (0.86)
300-313  0.80(0.29)  0.97 (0.39)  0.68 (0.27)*  0.80 (0.54)

393-399  1.06(0.39) 129 (0.41) 099 (031)  1.19(0.76)

Tripeptidyl peptidase 1 014773 TPP1 61-78  1.54(0.56) 1.64(0.67) 1.39(045)  1.42(0.62)
246-259  1.34(0.44) 1.45(0.55) 1.11(0.29)  1.77 (2.13)

507-520  0.95(0.35)  1.06(0.52) 0.83(0.25)  0.87 (0.41)

Ubiquitin POCG48 Ubiquitin 1227  152(040) 1.87(0.59) 1.23(0.42)* 1.35(0.55)
64-72  0.82(021)  0.99(0.31) 0.65(0.22)* 0.78 (0.41)

Mean (standard deviation) of the concentration of each peptide for each group is indicated in the corresponding column. Concentrations are
expressed as a ratio between measured area of the tryptic peptide against the corresponding internal standard heavy label peptide. Peptides sig-
nificantly altered in the corresponding group when compared to the control group are shown in bold, while significant differences compared with
IvPPA are shown by an asterisk
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Table 3 Summary of the changes in each disease group

Change

Protein (significant peptides/peptides measured)

| nfvPPA vs control

AP2B1 (2/3); Cathepsin B (1/3); Cathepsin D (1/3); Cathepsin F (3/4); Cathepsin L1 (1/1); Cathepsin Z

(1/2); GM2A (1/2); HEXB (1/2); T-ALF (3/3); Ubiquitin (2/2)

| nfvPPA vs IvPPA

AP2BI1 (3/3); APP (2/2); Complement 9 (2/4); Cathepsin B (3/3); Cathepsin D (2/3); Cathepsin F (4/4);

Cathepsin L1 (1/1); Cathepsin Z (1/2); GM2A (1/2); HEXB (1/2); LAMP1 (1/3); T-ALF (3/3); Transco-

balamin-2 (2/3); Ubiquitin (2/2)
| svPPA vs control
1svPPA vs control
| svPPA vs IvPPA

Complement 9 (1/4)

APP (1/2); Cathepsin Z (1/2); DPP2 (2/3)

APP (2/2); Cathepsin B (1/3); Cathepsin Z (1/2); DPP2 (2/3); HEXB (1/2); LAMP1 (1/3); Lysozyme C (1/2)

The number of peptides altered for each of the proteins out of the total number of peptides (i.e., peptides altered/total) is shown in parentheses

There are a number of limitations of the study. We did
not have access to detailed behavioral or neuropsychometry
data within the cohort and it would be useful for future stud-
ies to investigate the correlation of clinical features with
endo-lysosomal proteins and ubiquitin levels. The presence
of co-morbidities such as systemic disease, mood disorders,
and cerebrovascular disease (including for the latter, the
presence of white matter hyperintensities on MRI) was also
not evaluated: their effect on lysosomal-associated protein
levels would be important to investigate in further analy-
ses. While each group was of similar disease duration (time
since symptom onset), participants were on average around
3-5 years into their illness. It would, therefore, be helpful
to study both people very early in their clinical syndrome as
well as to investigate longitudinal change in endo-lysosomal
proteins and ubiquitin in PPA to understand the temporal
relationship within the disease.

Conclusions

This study highlights the complex endo-lysosomal system
in the different variants of PPA and shows clear differences
between those with AD and FTLD pathology. Our results
establish a baseline for further study of the role of endo-
lysosomal and ubiquitin proteins in PPA with the potential
role of lysosomal dysfunction as a therapeutic target in these
sporadic disorders, an important area of future research.
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