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Abstract: Progranulin (PGRN), a multifunctional glycoprotein, is widely expressed in the central nervous system, 
particularly in microglia. Dysregulation of PGRN is strongly linked to the pathogenesis of frontotemporal dementia 
(FTD), Alzheimer’s disease (AD), and Parkinson’s disease (PD), highlighting its essential role in brain homeostasis. 
While there are several mechanisms through which PGRN regulates lysosomal function, lipid metabolism, neuroin-
flammation, and microglial activation have been elucidated, its precise pathological network in neurodegenerative 
diseases remains incompletely understood. This review summarizes the biological functions of PGRN and recent re-
search progress in neurodegenerative diseases, and discusses its potential as a biomarker and therapeutic target. 
In addition, we propose an integrative “cascade-amplifying pathological network” hypothesis - a self-reinforcing posi-
tive feedback loop involving lysosomal dysfunction, lipid accumulation, and microglial activation, with the strongest 
evidence in GRN-mutation FTD and emerging relevance to AD and PD. Moreover, we incorporate recent advances 
from 2024-2026, including updated clinical trial outcomes, novel insights into PGRN-mediated lipid metabolism 
regulation, and emerging evidence on cell-type-specific mechanisms of PGRN function.
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Introduction

Progranulin (PGRN) is a secreted glycoprotein 
that contains 7.5 cysteine-rich repeats, called 
“granulin” peptides [1], and is widely expressed 
in many cell types, especially in microglia and 
macrophages [2]. PGRN can act via the secre-
tory pathway or be trafficked to lysosomes 
where it is cleaved into individual granulin pe- 
ptides [3]. PGRN haploinsufficiency has been 
established as a common cause of frontotem-
poral dementia (FTD) in carriers of GRN muta-
tions [4, 5]. Recent studies have begun to elu- 
cidate PGRN functions and highlight its im- 
portant roles in lysosomal homeostasis, lipid 
metabolism, neuroinflammation and myelina-
tion [6-8]. In addition, PGRN deficiency results 
in mitochondrial swelling, reduced respiratory 
function, and increased lipid droplets in animal 

models, suggesting a close relationship with 
defects in mitochondrial and lipid functions [7]. 
Regarding neuroinflammation, PGRN deficiency 
leads to significantly increased inflammation-
related proteins (glycoprotein nonmetastatic 
melanoma protein B (GPNMB) and galectin-3 
(LGALS3)) in microglia and macrophages, trig-
gering persistent neuroinflammatory responses 
[6-10]. Emerging evidence reveals that dysregu-
lated PGRN expression is robustly associated 
with diseases of the central nervous system, 
and recent research has been progressing to- 
ward a mechanistic understanding of PGRN’s 
role in CNS disease pathophysiology [11]. 
However, the relationship between full-length 
PGRN and its hydrolytic granulin products and 
how PGRN deficiency leads to neurodegene- 
ration remain unclear and controversial, war-
ranting further in-depth investigation.
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Although these advances have been made, a 
systematic synthesis of PGRN’s roles across 
the interconnected domains of lysosomal func-
tion, lipid metabolism, and microglial regula-
tion, and how these domains collectively con-
tribute to neurodegeneration remains lacking. 
In this narrative review, we summarize the bio-
logical functions of PGRN and recent research 
progress in major neurodegenerative diseas- 
es, including FTD, Alzheimer’s disease (AD), 
Parkinson’s disease (PD), amyotrophic lateral 
sclerosis (ALS), and multiple sclerosis (MS). We 
also discuss the potential of PGRN as a bio-
marker and therapeutic target [5, 7, 12, 13]. 
Recent studies have demonstrated that PGRN 
has diverse roles as a cell signaling molecule 
that regulates lysosomal function, immune  
processes, and growth [11]. Building on the 
available evidence, we propose an integra- 
tive “cascade-amplifying pathological network” 
hypothesis, in which PGRN deficiency triggers  
a self-reinforcing positive feedback loop am- 
ong lysosomal dysfunction, lipid accumulation, 
and sustained microglial activation [7, 14]. This 
model is best supported in GRN-mutation FTD 
[4, 5], with emerging relevance to AD and PD [7, 
15, 16]. This review covers the structural char-
acteristics, lysosomal functions, lipid metabo-
lism, neuroinflammation, disease-specific pa- 
thology, biomarker potential, therapeutic strat-
egies, and future perspectives.

Structural characteristics and intracellular 
processing of PGRN

Gene and protein structural features of PGRN

PGRN is coded by the GRN gene on human 
chromosome 17q21.31 [17]. The transcribed 
and translated product is a secreted glycopro-
tein of seven and a half complete granulin 
domains, with one half-granulin domain, con-
taining a total of 7.5 conserved repeat units 
[18] that are able to fold into stable three-
dimensional structures formed by disulfide 
bonds, which are the foundation for the broad 
biological activities of PGRN. Individual granu-
lin peptides may thus have distinct or over- 
lapping activities. Granulin-3 and granulin-5 
reportedly have disordered structures in reduc-
ing conditions, and high affinities for copper 
ions, suggesting functions in metal homeosta-
sis and oxidative-stress regulation [19]. Several 
mutations in the GRN gene, including nonsense 

and frameshift mutations and splice-site mu- 
tations, are important causes of reduction or 
loss of function and PGRN expression, and 
therefore lead to neurodegenerative diseases 
such as FTD. The 5’ untranslated region of the 
GRN contains upstream open reading frames 
that prevent translation; variations in this re- 
gion (e.g. rs76783532) enhance downstream 
protein expression, indicating the complexity of 
gene regulation within genes [20]. GRN gene 
expression is then finely regulated by epigene-
tic mechanisms. Studies have shown that DNA 
hypermethylation in the promoter region of 
GRN is associated with reduced levels of 
PGRN mRNA. This non-hereditary gene silenc-
ing mechanism may contribute to the progres-
sion of sporadic FTD and other neurodegene- 
rative diseases, expanding the horizon of un- 
derstanding PGRN deficiency in non-mutation 
carriers [21, 22]. These structures and genetic 
variations together dictate the distribution and 
role of PGRN, the core of its involvement in 
physiological and pathological processes. GRN 
polymorphisms are also associated with in- 
creased risk for Alzheimer’s disease and Par- 
kinson’s disease, and may influence cognitive 
aging. A common GRN polymorphism associat-
ed with the risk of AD and FTD modestly reduc-
es progranulin levels, indicating that even a 
mild reduction in progranulin may increase the 
risk of neurodegenerative disease [23].

Lysosomal targeting and proteolytic processing 
of PGRN

Once secreted, PGRN can be trafficked to lyso-
somes through clathrin-dependent endocytosis 
or via sortilin as well as other receptors [19, 
24]. Once inside the lysosome, PGRN is rapidly 
hydrolysed by a variety of proteases under acid-
ic conditions to liberate individual granulin  
peptides [19]. Lysosomal processing of PGRN 
is critical to its function. Using cell type-specif-
ic lysosomal isolation proteomics in a recent 
study, it was shown that PGRN deletion leads 
to a cell type-specific alteration of the lyso-
somal proteome of astrocytes, neurons, and 
microglia, with respect to selected sphingo- 
lipid metabolism-related proteins and lyso-
some organization components suggesting 
that PGRN may fine-tune the lysosomal pro-
teome post-translationally [25]. Human PGRN 
not only interacts with the lysosomal cargo 
receptor, but also with another lysosomal pro-
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tein, prosaposin, in the ER lumen, promoting  
its efficient export from the ER via the Surf4 
receptor for proper delivery to lysosomes [26]. 
These findings underscore the tight regulation 
that governs lysosomal targeting, hydrolysis, 
and feedback control of the lysosomal milieu  
by PGRN - a regulation that, when compro-
mised, contributes to the pathogenesis of neu-
rodegenerative diseases. Progranulin localizes 
to lysosomes and is necessary for maintaining 
lysosomal function, as people with mutations 
on both GRN alleles develop a lysosomal stor-
age disorder, neuronal ceroid lipofuscinosis. 
Progranulin stimulates the activity of multiple 
lysosomal enzymes, including the protease ca- 
thepsin D and several sphingolipid-metaboliz-
ing enzymes [23].

Functional relationship between full-length 
PGRN and granulins

While it is commonly believed that full-length 
PGRN is the active form, recent work has sug-
gested that specific granulin peptides have 
their own important independent actions in 
addition to those of the full-length protein. 
Studies in mouse models have demonstrated 
that in PGRN-deficient mice, independent ex- 
pression of either of the granulin peptides 
GRN-2/F or GRN-4/A is sufficient to amelio- 
rate dysregulated lysosomal proteins and lip-
ids, microgliosis, and lipofuscin deposition [27]. 
Furthermore, functional studies have shown 
that overexpression of full-length PGRN inhi- 
bits autophagic flux and promotes the forma-
tion of pathological protein aggregates [28]. 
Moreover, Hofer and colleagues found that 
overexpressing C-terminally truncated PGRN 
(lacking the last two or four granulin domains) 
did not affect the colony formation ability of 
HepG2 hepatoma cells, whereas full-length 
PGRN promoted colony formation [29]. This 
raises the possibility that full-length PGRN and 
certain granulins have opposing functions, and 
that proteolytic processing might serve as an 
important regulatory switch for PGRN activity. 
Other studies suggest that the balance be- 
tween full-length PGRN and granulins is im- 
portant for normal cellular function [30, 31]. 
Ultimately, gradual understanding of the spe-
cific function of different forms of PGRN will be 
of paramount importance for the design of pre-
cision therapeutic strategies targeting PGRN-
related diseases. The unique “progranulin-pep-

tide” structure of PGRN as well as its protease 
processing balance is the biological basis of its 
function, and when that balances breaks down 
due to the gene mutation or protease imbal-
ance, it directly triggers lysosome dysfunction 
and lipid metabolism abnormality afterwards, 
giving rise to important insight for understand-
ing its pathological role. Progranulin is con- 
stitutively secreted before trafficking to lyso-
somes, and may interact with several signaling 
receptors. There is evidence that progranulin 
may act either in lysosomes or through extra-
cellular signaling to restrain inflammation and 
promote neuronal growth and survival [23].

Regulation of lysosomal function and lipid 
metabolism by PGRN

Interaction of PGRN with lysosomal membrane 
proteins

PGRN/Granulins exert their functions in the 
lysosomal microenvironment in part by depend-
ing on the fine interactions they establish with 
specific lysosomal membrane proteins. Work 
done at Cornell University established a direct 
interaction between granulin E and the lyso-
somal membrane protein cluster of differen- 
tiation 68 (CD68), with both progranulin and 
CD68 reciprocally regulating each other’s pro-
tein homeostasis [32]. In the subfornical organ 
of SAP-D-deficient mice activated microglia 
highly express prosaposin (PSAP) and PGRN 
and the infiltration of microglia that are posi- 
tive for the membrane protein CD68 is corre-
lated with the accumulation of PSAP and PGRN. 
CD68 deletion selectively decreases granulin  
E levels without affecting the lysosomal loca- 
lisation of full-length PGRN or any other granu-
lin peptide - revealing another mechanism by 
which PGRN/granulins exert regulatory func-
tions in specific cell types through specific in- 
teraction partners [33]. Beyond CD68, another 
important risk modifier of frontotemporal lobar 
degeneration, in particular, is the lysosomal 
membrane protein transmembrane protein 
106B (TMEM106B) [34, 35]. TMEM106B mod-
ulates lysosomal axonal transport and acidifi-
cation [36]; in animal studies TMEM106B dele-
tion exacerbates pathology in PGRN knockout 
mice [37]. TMEM106B was initially implicated 
in FTLD with TDP-43 inclusions, and recent 
reviews have summarized advances in under-
standing PGRN and TMEM106B function within 
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the endolysosomal system. PGRN interacts 
with molecules like the ER protein endoplasmic 
reticulum protein 57 (ERp57) via its C-terminal 
granulin E domain and these interactions facili-
tate the protective role of PGRN in lysosomal 
storage disorders such as Gaucher disease 
[37]. Collectively these studies suggest that 
PGRN is not a standalone facilitator but rather 
a constituent that creates a dynamic interac-
tion network with a series of lysosome-associ-
ated membrane proteins or auxiliary factors 
such as CD68, TMEM106B, and ERp57 and 
fine-tunes several aspects including lysosomal 
localization, transport, acidification, and sub-
strate degradation, the imbalance of which is 
directly implicated in the pathologies of neuro-
degenerative diseases.

Regulation of sphingolipid metabolism by 
PGRN

PGRN plays a very important role in sphingolip-
id metabolism and maintenance of lysosomal 
lipid homeostasis. Boland et al. found that in 
PGRN-deficient human cells, mouse brains and 
frontal lobe tissues of FTD patients carrying 
GRN mutations, sialic acid containing glyco-
sphingolipids such as gangliosides were signi- 
ficantly elevated, whilst levels of their degrad-
ing enzymes remained normal [37]. The key 
reason for this apparent paradox is that PGRN 
or perhaps even more importantly its deriv- 
ed granulins, are required to maintain lysoso- 
mal levels of bis(monoacylglycerol)phosphate 
(BMP), an endolysosomal phospholipid that is a 
pH-dependent interactor of PGRN and also a 
redox-sensitive enhancer of lysosomal proteol-
ysis and lipolysis. Global BMP deficiency exists 
in GRN knockout mice [38]. Since BMP is a  
requisite cofactor for ganglioside degradation, 
PGRN deficiency is essentially a gangliosidosis 
[39]. This aberrant lipid loading is presumed to 
perturb lysosomal homeostasis and to trigger 
neuroinflammation and susceptibility to neuro-
degeneration. In line with this paradigm, loss  
of PGRN also leads to age-dependent marked 
accumulation of glucosylceramide and the glu-
cosylsphingosine derivative, a lipid well charac-
terized for its roles in neuroinflammation [38]. 
In Gaucher disease models, PGRN acts as an 
important cofactor for glucocerebrosidase and 
its deficiency exacerbates the glycosphingolipid 
accumulation and disease phenotype caused 
by GBA1 mutations [40, 41]. As such, this main-

tenance of normal sphingolipid degradation by 
regulating BMP levels contributes to how the 
PGRN loss of function disorder serves as a 
bridge between lysosomal disorder and neuro-
degeneration. In essence, PGRN does not sim-
ply function in lysosome regulation, but acts as 
a coupling node between lysosomal homeosta-
sis and lipid metabolism through its regulation 
of levels of key phospholipids such as BMP. 
This metabolic alteration not only directly dam-
ages neurons, but sends aberrant signaling to 
the brain immune cells from which they mount 
neuroinflammatory responses. Dysregulated li- 
pid metabolism in microglia represents a hall-
mark of neuroinflammation and is often ob- 
served in a variety of neurodegenerative dis-
eases. PGRN has recently been identified as a 
regulator of lipid droplet formation in microglia. 
Additionally, PGRN has been reported to inter-
act with various molecules to modulate lyso-
somal lipid metabolism, including glycerolipids 
and sphingolipids in neurons. PGRN deficiency-
mediated lipid dysregulation may be a signifi-
cant contributing factor in neuroinflammation 
and the pathogenesis of related neurodegen-
erative diseases [7].

Regulation of neuroinflammation and microg-
lial function by PGRN

PGRN is a lysosomal glycoprotein that is highly 
expressed in microglia. PGRN is required for 
normal homeostatic function and lipid metabo-
lism in microglia; when PGRN is lost, distinct 
stages of microglial pathology ensue [42]. Yiyue 
Shi et al. demonstrate that loss of PGRN 
causes disruptions in microglial lipid metabo-
lism, leading to accumulation of lipid droplets, 
which have been associated with neuroinflam-
mation and various neurodegenerative diseas-
es [7]. This impairment of lipid homeostasis, 
together with mitochondrial dysfunction and 
increased glycolysis, underlies the dysfunc- 
tional microgliopathy [7]. Such metabolic repro-
gramming consequently hinders the ability of 
microglia to migrate and phagocytose, whilst 
simultaneously ramping up the release of pro-
inflammatory cytokines and reactive oxygen 
species [43-45]. In a remarkable series of 
observations, it has been demonstrated that 
microglia-derived PGRN itself is sufficient to 
rescue core pathological and behavioural phe-
notypes from systemic deficiency of the pro-
tein, implicating the immune cells as cellular 
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conduits of PGRN function, but also as effector 
cells of PGRN-mediated neuroprotective path-
ways. PGRN supports microglial homeostasis 
via programming of lysosomal function, lipid 
metabolism and autophagy; in the absence of 
this the integrity of neuroimmune signalling cir-
cuits falls apart leading to neuronal dysfunc-
tion. A resolution of neuroinflammation, for 
example, will depend on an understanding of 
how PGRN safeguards microglial homeostasis, 
and how the loss of this alters their rapid 
response. Microglial PGRN plays an important 
role in maintaining hypothalamic lysosomal 
function under healthy diet conditions, where-
as increased cleavage of microglial PGRN in 
states of overnutrition disrupts hypothalamic 
lysosomal function, thereby fostering hypotha-
lamic inflammation and obesity. Under normal 
diet conditions, microglial Grn depletion leads 
to increased lysosome mass, reduced lysoso- 
mal degradative capacity, and accumulation  
of lipofuscin and cytoplasmic TDP-43 in hypo-
thalamic cells, indicative of lysosomal stress 
and dysfunction [46].

Pathological role of PGRN in major neurode-
generative diseases

PGRN and frontotemporal dementia with GRN 
gene mutations

PGRN is encoded by the GRN gene, which con-
tains several types of mutations, including 
frameshift, nonsense, splice site mutations 
and segmental deletions that appear to create 
premature termination codons, which result in 
the degradation of GRN mRNA and PGRN hap-
loinsufficiency. Besides that, missense vari-
ants that do not lead to mRNA degradation also 
lead to PGRN deficiency [47-49]. This haploin-
sufficiency reduces PGRN by approximately 
50% and initiates a cascade of pathological 
events. First, PGRN deficiency leads to imbal-
ance in the homeostasis of lysosomal β- 
glucocerebrosidase activity and BMP, leading 
to abnormal accumulation of glycosphingolip-
ids [38]. Second, this lysosomal dysfunction 
triggers microglial activation and chronic ne- 
uroinflammation [42]. Third, these events pro-
mote TDP-43 protein aggregation, a pathologi-
cal hallmark of FTD [14]. Heterozygous muta-
tions in GRN gene lead to insufficient levels of 
the progranulin (PGRN) protein, resulting in 
frontotemporal dementia (FTD) with TAR DNA-

binding protein 43 (TDP-43) inclusions, classi-
fied pathologically as frontotemporal lobar de- 
generation (FTLD-TDP) [2]. Homozygous GRN 
mutations are exceedingly rare and cause neu-
ronal ceroid lipofuscinosis 11, a lysosomal stor-
age disease with onset in young adulthood, or 
an FTD syndrome with late-onset manifesta-
tions [2]. Regarding the role of microglia, cur-
rent evidence suggests that microglial PGRN 
deficiency actively contributes to disease pa- 
thogenesis and that microglia act as primary 
drivers rather than merely downstream effec-
tors [42]. Patients with FTD harboring GRN 
mutations have highly distinct clinical pheno-
types. A large cohort study has estimated that 
the age at onset of motor symptoms in FTD 
patients with GRN mutations is later, and they 
are more likely to exhibit features such as 
apraxia, focal limb dystonia [50]. In the early 
stages of FTD, even before symptoms appear, 
the brains of FTD patients carrying GRN mu- 
tations undergo complex dynamic reorganiza-
tion. Spatiotemporal chronnectome studies 
have found that in presymptomatic GRN mu- 
tation carriers, brain network connectivity is 
altered both spatially and temporally, charac-
terized by a greater time spent in a spatial state 
with stronger activation of the insular and pari-
etal cortices, and the duration of this state is 
significantly correlated with the expected years 
to symptom onset [51]. Currently, therapeutic 
strategies targeting PGRN haploinsufficiency 
are being actively developed, including adeno-
associated virus-mediated gene therapy, stop-
codon read-through compounds, sortilin 1 in- 
hibitors, and antisense oligonucleotides, aim-
ing to restore PGRN levels and slow disease 
progression [42]. GRN mutations were first 
identified in 2006 as a cause of frontotem- 
poral dementia with TDP-43 inclusions. Six 
years later, they were identified to be also 
linked to neuronal ceroid lipofuscinosis 11 
(CLN11), expanding the spectrum of GRN-
related neurodegenerative disorders.

PGRN and Alzheimer’s disease

Alzheimer’s disease is a neurodegenerative dis-
order characterized by progressive cognitive 
decline; it has characteristic pathophysiolo- 
gical changes of extracellular senile plaques 
composed mainly of Aβ peptides and intrace- 
rebral neurofibrillary tau accumulations [52, 
53]. Genetic studies suggest that PGRN levels 
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are associated with the risk of AD, suggesting 
that PGRN may play an important role in AD 
pathophysiology. For example, studies have 
shown that the rs5848 single nucleotide poly-
morphism of the GRN gene is significantly as- 
sociated with AD risk, and this variant may 
affect PGRN expression levels and function 
[51]. Furthermore, a study by Huashan Hospi- 
tal affiliated with Fudan University on the 
FAM171A2 gene found that FAM171A2 regu-
lates PGRN production, affecting PGRN levels, 
and is significantly associated with AD risk [15].

Neuroinflammation plays a key role in AD pro-
gression, and microglial activation is a central 
component [4, 5, 51]. A study involving the 
CABLE and ADNI cohorts found that cerebros- 
pinal fluid (CSF) PGRN levels were significantly 
positively correlated with soluble Triggering Re- 
ceptor Expressed on Myeloid cells-2 (sTREM2), 
and both may modulate Aβ deposition. Me- 
diation analysis showed that PGRN indirectly 
increased CSF Aβ1-42 levels by upregulating 
sTREM2 [54], suggesting that the PGRN-
sTREM2 axis may modulate Aβ metabolism. 
This regulatory effect may be achieved throu- 
gh microglial metabolic reprogramming. PGRN 
may act as a regulator of immune homeostasis, 
maintaining stable TREM2 expression on the 
cell membrane and its proteolytic shedding by 
promoting microglial oxidative phosphorylation 
and energy supply, a process that may also 
involve signaling cascades mediated by cyto-
kines such as IL-33. By optimizing the metabol-
ic state of microglia, PGRN indirectly enhances 
their ability to monitor and clear amyloid pa- 
thology. These findings indicate a potential role 
for PGRN in modulating Aβ pathology, though 
direct causal evidence remains to be estab-
lished. A recent two population-based study 
analyzing data from 905 participants in the 
CABLE cohort and 973 participants in ADNI 
found that CSF PGRN was associated with high-
er sTREM2 across the AD continuum and non-
AD pathophysiology [55]. Bidirectional media-
tion was observed between PGRN (14.6% in 
CABLE, 15.6% in ADNI) and sTREM2 (29.7% in 
CABLE, 33.5% in ADNI) in modulating Aβ pa- 
thology (P < 0.0001). Proteomic analysis iden- 
tified 1,539 CSF proteins simultaneously asso-
ciated with PGRN, sTREM2, and Aβ1-42, mainly 
enriched in immune processes and neural 
plasticity. These findings suggest that the in- 
terplay between lysosome function and microg-

lia-related neuroinflammation plays key roles in 
amyloid metabolism [55]. This indicates that 
PGRN participates in the regulation of Aβ 
pathology, and this regulation may be related  
to microglial metabolic status. However, direct 
causal evidence is still needed. Also, the 
expression of PGRN in Alzheimer’s Disease 
(AD) is dynamic and follows a differential 
expression pattern across the disease spec-
trum. Within the Aβ continuum of AD, PGRN 
expression exhibits a distinct pattern of varia-
tion depending on the stage of the disease; in 
earlier stages of the continuum compensatory 
upregulation of PGRN may occur in response  
to early Aβ deposition and neuroinflammatory 
activation, followed by a failure of this compen-
satory mechanism in more moderate stages  
of disease where PGRN levels then decline. In 
late stages, persistent neuroinflammation and 
lysosomal failure may further lower PGRN 
expression [5]. This dynamic change reflects 
the complex role of PGRN in the AD pathologi-
cal process.

PGRN and Parkinson’s disease

Parkinson’s disease is a common neurode- 
generative disorder characterized primarily by 
motor dysfunction [52], and PGRN also plays 
an important role in PD. A meta-analysis found 
a significant association between the PGRN 
polymorphism rs5848 and PD risk [53]. How- 
ever, findings from animal models should be 
interpreted with caution, as they do not direct- 
ly demonstrate a definitive disease-modifying 
therapeutic role in human PD. A study by 
Kampen et al. using lentiviral vector-mediated 
PGRN gene delivery showed neuroprotective 
effects in an MPTP-induced mouse model of 
PD: PGRN overexpression enhanced resistance 
of nigral dopaminergic neurons to MPTP toxici-
ty, preserved striatal dopamine levels, and pre-
vented motor dysfunction, with mechanisms 
involving inhibition of neuroinflammation and 
reduction of apoptosis markers [56]. Similarly, 
intracerebroventricular administration of PGRN 
ameliorated tyrosine hydroxylase loss in MPTP-
treated mice and improved motor deficits in a 
6-hydroxydopamine model; in cellular models, 
PGRN promoted α-synuclein degradation via 
the autophagic-lysosomal pathway [57]. PGRN 
participates in α-Syn degradation via accelera-
tion of the autophagy-lysosome pathway and is 
a potential therapeutic target for PD [58]. A 
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clinical study reported that plasma PGRN levels 
were significantly reduced in PD patients com-
pared to healthy controls and negatively corre-
lated with PD severity [59]. However, consen-
sus is lacking due to limited studies. A case 
report described a GRN mutation carrier who 
exhibited a tremor-dominant PD phenotype 
with preserved cognition for 11 years, challen- 
ging the view that GRN mutations inevitably 
cause severe cognitive impairment and sug-
gesting that genetic or environmental modi- 
fiers may influence phenotypic expression [60].

Regarding the association between PGRN lev-
els and UPDRS-III scores, conflicting findings 
have been reported. One study found no corre-
lation [61], whereas another reported a signi- 
ficant negative correlation [62]. This discrep-
ancy may arise from multiple factors: sample 
type (plasma vs. CSF), disease stage, medi- 
cation status (e.g., levodopa), motor subtype 
(tremor-dominant vs. akinetic-rigid), inflamma-
tory comorbidities, assay methodology, and 
statistical adjustment for confounders. Longi- 
tudinal studies tracking PGRN levels over time 
in the same patients are needed to clarify the- 
se associations. Additionally, one study found 
that in PD patients with depression, lower 
PGRN levels in both CSF and plasma correlat- 
ed with more severe depressive symptoms 
[63]. Whether reduced PGRN directly affects 
depression-related brain regions (e.g., prefron-
tal cortex, hippocampus, amygdala) remains 
inconclusive. Genetic evidence supports the- 
rapeutic modulation of progranulin levels in 
Alzheimer’s Disease, with a genetically predict-
ed two-fold increase in CSF PGRN levels poten-
tially associated with approximately 35% lower 
odds of developing AD (OR = 0.65, P = 2.2 × 
10-12) [58].

PGRN and other neurodegenerative diseases

In recent years, PGRN has also been investi-
gated in the field of multiple sclerosis. A recent 
clinical study demonstrated that PGRN is sig-
nificantly overexpressed in brain tissue of MS 
patients, and higher PGRN levels in patients’ 
CSF correlate with increased macrophage/mi- 
croglial activation, especially in relapse and 
progressive phases of MS [62]. Furthermore, 
PGRN plays an important role in the pathogen-
esis of amyotrophic lateral sclerosis. Several 
studies have shown that aberrant expression 
of PGRN is closely associated with the patho-

genesis of ALS including neuroinflammation, 
oxidative stress, and TDP-43 proteinopathies 
[8]. In ALS animal models, loss of function of 
PGRN leads to microglial activation, lysosomal 
dysfunction and increased motor neuron death 
[63]. CSF levels of PGRN are found to be elevat-
ed in ALS patients and rising levels have been 
detected with progression of disease and may 
reflect an active neuroinflammatory state and 
macrophage/microglial activation, leading re- 
searchers to posit it as a biomarker reflecting 
axonal damage and disease progression [64]. 
Importantly, progranulin both boosts motor 
neuron survival and reduces inflammation in 
the ALS spinal cord, in part by regulating lyso-
somes, which remove harmful TDP-43 from the 
cell. However, a recent study found that PGRN 
deficiency leads to mild glial activation and 
behavioral deficits in TDP-43Q331K mice with-
out inducing typical TDP-43 pathology, sug-
gesting that the relationship between PGRN 
and TDP-43 proteinopathy may be more com-
plex than previously appreciated [58]. PGRN is 
also associated with Huntington’s disease and 
other tauopathies. In these diseases, PGRN 
may affect the onset and progression of the 
disease through mechanisms in common, such 
as modulating neuroinflammation, protein ho- 
meostasis and protective functions for neuro-
nal health. The disease-specific roles of PGRN 
across neurodegenerative disorders are sum-
marized in Figure 1.

Potential and challenges of PGRN as a bio-
marker for neurodegenerative diseases

PGRN is a promising biomarker for neurode-
generative diseases. Studies show that PGRN 
expression levels are closely tied to the pathol-
ogy of many neurodegenerative diseases. In 
familial FTD, loss-of-function mutations in the 
GRN gene are a common genetic cause, re- 
sulting in reduced levels of the protein. Plasma 
PGRN concentration is a promising biomarker 
for identifying and diagnosing FTD patients 
with GRN mutations [65]. In AD, higher CSF 
PGRN levels have been shown to significantly 
mitigate the annual rate of cognitive decline 
and brain atrophy in key brain regions like the 
hippocampus by attenuating the neurotoxicity 
of aberrant tau proteins, indicating its poten- 
tial as a biomarker for disease progression  
and prognostication [66]. However, the clinical 
application of PGRN as a potential biomarker 
for neurodegenerative diseases faces many 
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challenges. The primary issue is its lack of dis-
ease specificity. As a multifunctional protein 
involved in inflammation, wound repair, and  
cell survival, PGRN levels are also abnormal in 
non-neurological conditions such as infections, 
autoimmune diseases, and tumors [67-70]. 
This broad reactivity greatly limits its value for 
differential diagnosis. Second, PGRN levels are 
influenced by various physiological and meta-
bolic factors, including age, sex, and body mass 
index [66-68, 71, 72]. These confounding vari-
ables complicate the establishment of uni- 
form diagnostic cut-off values. Furthermore, 
the direction of change in PGRN levels varies 
across different neurodegenerative diseases, 
further increasing the difficulty of interpreting 
results.

To address clinically relevant questions regard-
ing PGRN as a biomarker:

First, plasma PGRN and CSF PGRN do not nec-
essarily reflect identical pathological process-
es. Plasma PGRN primarily reflects peripheral 
sources (e.g., immune cells, liver), whereas CSF 

PGRN more closely mirrors central nervous sys-
tem (CNS) production, particularly from microg-
lia. In GRN mutation carriers, reductions are 
seen in both compartments, but the correlation 
between plasma and CSF levels is moderate. 
Therefore, CSF PGRN is preferred for assess- 
ing CNS-specific pathology, while plasma PGRN 
may be useful for screening of GRN mutations 
[65, 66].

Second, PGRN has greater diagnostic value  
for identifying GRN mutation carriers than for 
sporadic neurodegenerative diseases. In FTD, 
reduced plasma PGRN (typically < 60 ng/mL) 
has high sensitivity and specificity for GRN 
mutations. In contrast, in sporadic AD and PD, 
PGRN levels are inconsistently altered and  
cannot reliably distinguish patients from con-
trols. Thus, PGRN is best used as a genetic 
screening tool rather than a generalized bio-
marker for sporadic disease [65, 67].

Third, elevated PGRN levels do not necessarily 
confer clinical benefit. Although raising PGRN is 

Figure 1. Disease-specific roles of progranulin (PGRN) in neurodegenerative disorders. The image summarizes 
PGRN’s roles across neurodegenerative disorders: FTD (GRN mutations, lysosomal dysfunction, TDP-43), AD (Aβ, 
tau, microglial activation), PD (α-synuclein, autophagy), ALS (neuroinflammation, TDP-43), and MS (demyelination, 
immune activation). These findings support PGRN’s potential as a diagnostic and therapeutic biomarker. Disease-
specific patterns are summarized in Table 1.
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Table 1. Disease-specific alterations and biomarker potential of progranulin (PGRN) in major neurode-
generative disorders

Disease Major PGRN Alteration Principal Pathological 
Mechanisms Biomarker Evidence Therapeutic  

Implications
Frontotemporal 
Dementia (FTD)

Reduced PGRN due to 
GRN mutations

Lysosomal dysfunction, 
TDP-43 aggregation, im-
paired neuronal survival

Strong; plasma and CSF 
PGRN reliably identify 
GRN mutation carriers

PGRN replacement 
therapies, gene thera-
py, sortilin inhibition

Alzheimer’s Disease 
(AD)

Altered PGRN expression; 
GRN variants associated 
with disease risk

Amyloid-β accumulation, 
tau pathology, neuroin-
flammation, microglial 
dysregulation

Moderate; altered CSF 
and plasma PGRN re-
ported in several studies

Modulation of 
neuroinflammation 
and enhancement of 
lysosomal function

Parkinson’s Disease 
(PD)

Reduced circulating 
PGRN levels in some 
cohorts

α-Synuclein aggregation, 
autophagy impairment, 
neuroinflammation

Emerging; potential 
association with disease 
progression and severity

Neuroprotective and 
anti-inflammatory ther-
apeutic approaches

Amyotrophic Lateral 
Sclerosis (ALS)

Increased CSF PGRN ob-
served in some studies

Neuroinflammation, TDP-
43 dysregulation, motor 
neuron degeneration

Emerging; may reflect 
inflammatory activity 
and disease state

Regulation of neuroin-
flammatory pathways

Multiple Sclerosis 
(MS)

Elevated CSF PGRN levels 
during disease activity

Demyelination, microglial 
activation, immune-me-
diated inflammation

Emerging; may serve as 
an indicator of disease 
activity

Immunomodulatory 
and neuroprotective 
strategies

Abbreviation: PGRN, progranulin; CSF, cerebrospinal fluid; GRN, progranulin gene; TDP-43, TAR DNA-binding protein 43; Aβ, amyloid-beta; sTREM2, 
soluble Triggering Receptor Expressed on Myeloid cells-2.

a therapeutic goal in GRN haploinsufficiency, 
overexpression may be neurotoxic (see Section 
7.3). Moreover, in some inflammatory condi-
tions, elevated PGRN may reflect reactive glio-
sis instead of a protective response. Therefore, 
interpreting elevated PGRN levels requires con-
text: the disease, the compartment (plasma 
vs. CSF), and the therapeutic intervention all 
influence whether higher PGRN is associated 
with benefit or harm [65, 71].

Therapeutic strategies targeting PGRN

Strategies to increase PGRN levels

For neurodegenerative diseases that involve a 
partial loss of PGRN function, methods are 
being explored to increase PGRN levels within 
the CNS. In the field of FTD, drug discovery 
efforts are also being focused on therapeutic 
strategies targeting GRN mutation carriers, 
especially monoclonal antibody therapies that 
aim to increase PGRN levels. For example, 
latozinemab is a humanized monoclonal anti-
body directed against the sortilin receptor. This 
antibody prevents PGRN sorting to lysosomes, 
leading to a 2- to 3-fold increase in circulating 
PGRN levels in plasma and CSF in non-human 
primates and in clinical trials in healthy volun-
teers [68, 70]. Latozinemab was granted U.S. 
Food and Drug Administration Breakthrough 
Therapy Designation for FTD-GRN in early 2024 

[73]. However, the pivotal INFRONT-3 Phase 3 
clinical trial of latozinemab did not meet its pri-
mary efficacy endpoint; researchers found that 
latozinemab succeeded in raising levels of plas-
ma progranulin, but that didn’t translate to tan-
gible effects on disease progression. Topline 
data from this trial were anticipated by Q4 
2025, and following the trial failure, Alector 
announced a workforce reduction of 49% [73]. 
Similarly, AL101 (GSK4527226) a monoclonal 
antibody against sortilin, was shown in precli- 
nical studies, and Phase I in healthy subjects, 
to markedly increase PGRN levels in both plas-
ma and CSF and thus has potential as a thera-
py for AD and other neurodegenerative diseas-
es [50]. More recently, gene therapy approach- 
es have made some headway in terms of the 
treatment of FTD due to GRN mutations where-
by a normal copy of the GRN gene is delivered 
to cells of the central nervous system using 
viral vectors, thus allowing the cells to produce 
PGRN themselves continuously. A team led by 
Professor James M. Wilson at the University of 
Pennsylvania developed an in vivo gene thera-
py, PR006, which can cross the blood-brain 
barrier and act directly on the central nerv- 
ous system to promote PGRN expression [74]. 
PR006 uses an adeno-associated virus sero-
type 9 (AAV9) vector, delivered directly into  
the central nervous system via intracisternal 
magna injection, bypassing the blood-brain bar-
rier to achieve efficient neuronal transduction 
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and sustained PGRN expression for treating 
FTD patients carrying GRN mutations. Pre- 
clinical studies showed that PR006 effec- 
tively transduced induced pluripotent stem 
cell-derived neurons from FTD patients with 
GRN mutations and promoted PGRN expres-
sion, and also ameliorated lipofuscin deposi-
tion, lysosomal dysfunction, and neuroinflam-
matory pathology in GRN knockout mice. Sub- 
sequently, a Phase I/II open-label human trial 
showed that after a single intracisternal magna 
injection of PR006, all treated patients had 
elevated PGRN levels in CSF, and most pa- 
tients also had transient elevations in blood 
PGRN levels [69]. The findings presented here 
provide important evidence and potential for 
gene therapy in neurodegenerative diseases. 
The advantages of gene therapy such as tis-
sue-specific expression and long-term effects 
need longer follow-up and more studies to war-
rant its safety.

One option to deliver recombinant PGRN direct-
ly to patients is protein replacement therapy, 
giving PGRN protein as a therapy. The hardest 
part about this is delivery of such a large mole-
cule across the blood-brain barrier, but Denali 
Therapeutics tackled this research and has 
developed a biologic, for FTD patients with GRN 
mutations, called PTV:PGRN. Their platform 
uses transferrin receptor-mediated transcyto-
sis to bring PGRN across the blood-brain ba- 
rrier (BBB) into the brain. In preclinical studies 
peripheral administration of the protein cor-
rected BMP levels and glucosylsphingosine lev-
els in the CNS of GRN knockout mice, amelio-
rating pathological phenotypes [38]. This drug 
is currently in Phase 1/2 for these FTD patients 
with GRN mutations, and the first patient data 
is expected in 2026.

Although the above strategies hold promise for 
enhancing PGRN levels, the biological effects 
of PGRN are bidirectional, underscoring the 
importance of finely tuning its levels to avoid 
unwanted side effects. Work from Tokyo Me- 
dical University indicated that transgenic mice 
with high levels of wild-type human PGRN 
showed a shorter lifespan, cerebellar pheno-
types, cognitive defects, gliosis and lysosomal 
problems. This finding suggests that sustain- 
ed, excessive upregulation of PGRN expression 
via viral vectors or genetic manipulation may 
cause potential neurotoxicity [71]. Therefore, 
future PGRN replacement therapies must achi- 

eve precise dose control to maintain PGRN 
within an optimal physiological homeostatic 
window for different neuron types and speci- 
fic brain regions [71]. Currently, several PGRN-
targeting therapeutics have entered clinical tri-
als. Their specific mechanisms of action, indi-
cations, and latest progress are summarized in 
Table 2.

Modulating downstream pathways and cell 
therapy

Intervening in specific downstream pathway 
defects caused by PGRN deficiency is another 
important strategy. PGRN is a key regulator of 
lysosomal function, and its deficiency leads to 
widespread lipid metabolic disturbances [7]. 
Additionally, PGRN deficiency impairs microglial 
metabolic homeostasis, leading to mitochon-
drial dysfunction, elevated glycolysis, and lipid 
droplet accumulation, thereby compromising 
their migration and phagocytic functions and 
increasing pro-inflammatory cytokine secre- 
tion [72]. Therefore, modulating sphingolipid 
metabolism, enhancing phagocytic function,  
or correcting microglial metabolic abnormali-
ties represent potential therapeutic directions. 
Cyclic phosphatidic acid (cPA), a natural phos-
pholipid mediator characterized by a unique 
cyclic phosphate ring, has been identified as a 
novel candidate therapeutic agent for a mouse 
model of frontotemporal dementia with pro-
granulin deficiency [75]. In recent years, mic- 
roglia-based cell therapy has been emerging. 
Since PGRN is highly expressed in microglia 
and reduction of PGRN in microglia alone is  
sufficient to trigger inflammation and lysosom-
al dysfunction in a cell-autonomous manner, 
targeting microglial dysfunction caused by 
PGRN deficiency represents a potential thera-
peutic strategy [41]. One cutting-edge approa- 
ch is to replace dysfunctional microglia with 
peripheral macrophage precursors or induced 
pluripotent stem cell-derived microglia [16, 41, 
76]. Another cutting-edge approach is to engi-
neer microglia to target toxic protein aggre-
gates or deliver therapeutic substances [14]. 
Studies have confirmed that PGRN plays an 
important role in regulating the microglial re- 
sponse to demyelination; its deficiency leads to 
sustained microglial activation and defective 
remyelination, and this effect is sex-dependent 
[8]. This indicates that microglia-targeted ther-
apies need to consider sex differences. 
Furthermore, in a prion disease model, com-
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Table 2. Summary of major clinical trials targeting PGRN for the treatment of neurodegenerative diseases

Drug/Therapy Mechanism of Action Route of  
Administration Indication

Clinical 
Trial 
Phase

Trial Identifier Key Results/Conclusions

Latozinemab Humanized monoclonal antibody targeting 
sortilin receptor; elevates PGRN by blocking 
sortilin-mediated lysosomal degradation

Intravenous (IV) FTD-GRN Phase I NCT03636204 Significantly increased PGRN levels in plasma and CSF [68].

Phase II NCT03987295 Significantly elevated PGRN levels and slowed the rate of clinical pro-
gression by approximately 54% as measured by the Clinical Dementia 
Rating Scale Sum of Boxes (CDR®-SB) according to a company press 
release (Alector, 2022; not peer-reviewed).

Phase III NCT04374136 Did not meet the primary efficacy endpoint; failed to significantly delay 
disease progression.

AL101 
(GSK4527226)

Binds to sortilin receptor, reduces cell surface 
sortilin levels, partially blocks PGRN-sortilin inter-
action, reducing lysosomal degradation of PGRN

Intravenous (IV) AD Phase I NCT04111666 In healthy volunteers, single or multiple doses resulted in significant 
increases in PGRN levels in plasma and CSF [50].

Phase II NCT06079190 Results not yet available.

VES001 Oral, brain-penetrant small molecule that 
selectively blocks sortilin-PGRN interaction via 
competitive binding

Oral FTD-GRN Phase I NCT05424783 Demonstrated excellent safety and tolerability in healthy volunteers; 
no serious adverse events. Oral administration resulted in significant, 
cumulative increases in PGRN levels in plasma and CNS.

Phase 
Ib/IIa

NCT06705192 In 6 asymptomatic GRN mutation carriers, daily oral dosing for 3 
months led to a mean increase in CSF PGRN of over 95% from base-
line, restoring levels to normal. Safety and tolerability were good.

PR006 
(LY3884963)

AAV9 vector-mediated gene therapy delivering 
functional GRN gene to CNS

Intracisternal magna 
injection (direct CNS 
delivery)

FTD-GRN Phase 
I/II

NCT04408625 All treated patients showed elevated PGRN levels in CSF; most had 
transient elevations in blood PGRN-[69].

PBFT02 AAV1 vector-mediated gene therapy delivering 
functional GRN gene to CNS via intracisternal 
magna injection

Intracisternal magna 
injection (direct CNS 
delivery)

FTD-GRN Phase 
I/II

NCT04747431 In the highest dose cohort, sustained, stable increases in CSF PGRN 
over 18 months. Annual rate of increase in plasma neurofilament light 
chain (NfL) was significantly lower compared to natural history data. 
Four out of 8 patients experienced serious adverse events.

AVB-101 AAV9 vector-mediated gene therapy deliver-
ing functional GRN gene to CNS via bilateral 
thalamic injection

Bilateral thalamic 
injection (direct CNS 
delivery)

FTD-GRN Phase 
I/II

NCT06064890 Results not yet available.

AZP2006 Oral small molecule that enhances lysosomal 
function by stabilizing the PGRN-prosaposin 
complex

Oral PSP Phase I NCT04008355 Nineteen mild adverse events resolved spontaneously; no serious 
adverse events.

Phase 
IIa

(same) Rapid absorption, long half-life. Demonstrated BBB penetration and 
target engagement, with stable PGRN levels. Well tolerated, with favor-
able trends in biomarkers and clinical outcomes.

PTV:PGRN Utilizes Denali’s protein transport vehicle 
technology; engineered Fc fragment binds to 
transferrin receptors on BBB, leveraging receptor 
mediated transcytosis

Intravenous (IV) with 
transferrin receptor-
mediated transcytosis

FTD-GRN Phase 
I/II

NCT05262023 Following a single IV dose, PGRN levels in CSF increased in a dose-
dependent manner, confirming successful BBB penetration and central 
target engagement [38].

Abbreviations: PGRN, progranulin; FTD-GRN, frontotemporal dementia with GRN mutations; AD, Alzheimer’s disease; NfL, neurofilament light chain; AAV, adeno-associated virus; PSP, progressive supranuclear palsy; BBB, blood-brain barrier; 
CNS, central nervous system; CSF, cerebrospinal fluid; IV, intravenous; CDR, Clinical Dementia Rating Scale.
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imaging biomarkers and inflammatory cytokine 
profiles to flag those patients most likely to 
respond to PGRN-targeted therapy. Finally, by 
combining GRN genotype with PGRN levels  
and neuroinflammatory status, we will be able 
to precisely define which subpopulations of 
neurodegenerative diseases are most amena-
ble to treatment. To give an example, for FTD: 
For those FTD patients with loss-of-function 
mutations in the GRN gene, whose disease is 
actually a direct result of PGRN haploinsuffi-
ciency, they are the most direct and likely popu-
lation to benefit from PGRN-elevating thera-
pies. For sporadic patients, whose impairment 
of the PGRN pathway may be due to someth- 
ing other than mutations in GRN, the effective-
ness for a given patient to elevate PGRN may 
vary from individual to individual and should  
be screened for using biomarkers. Recent 
genetic studies using Mendelian randomiza- 
tion to mimic the CSF progranulin increases 
observed in Phase 1 clinical trials of PGRN-
elevating antibodies that inhibit sortilin sug-
gest that a two-fold increase in CSF PGRN may 
be associated with approximately 35% lower 
odds of developing AD [78].

The cascade-amplifying pathological network: 
definition, feedback loops, and evidence

The “cascade-amplifying pathological network” 
is a self-reinforcing positive feedback loop in 
which PGRN deficiency triggers lysosomal dys-
function, leading to lipid accumulation, which in 
turn activates sustained microglial responses; 
the resulting neuroinflammation further exacer-
bates lysosomal and lipid pathology. Three  
specific feedback loops are proposed: (1) 
Lysosomal dysfunction → impaired lipid de- 
gradation → accumulation of gangliosides and 
BMP reduction → further lysosomal impair-
ment (direct evidence from GRN knockout mod-
els); (2) Lipid accumulation → microglial activa-
tion → release of pro-inflammatory cytokines 
→ lysosomal stress → more lipid accumula- 
tion (supportive evidence from microglial stud-
ies); (3) Microglial activation → chronic ne- 
uroinflammation → neuronal dysfunction → 
additional microglial recruitment → amplifica-
tion of inflammation (suggestive evidence from 
FTD and AD models [5, 14]). Recent reviews 
have characterized lipid droplet-accumulating 
microglia and alterations of myelin lipid content 
resulting from lysosomal dysfunction caused by 

plete PGRN deficiency accelerated disease  
progression and enhanced early microglial acti-
vation, followed by excessive complement acti-
vation and insufficient clearance, suggesting 
that PGRN plays a key role in regulating prion-
induced microglial activation [15].

Challenges and future directions of PGRN-
targeted therapy

Although PGRN-targeted therapeutic strate- 
gies hold great promise, clinical translation 
also faces several challenges. The first issue  
to be addressed is how to balance central and 
peripheral effects. PGRN has pro-tumor and 
metabolic regulatory effects in peripheral tis-
sues; therefore, globally upregulating PGRN 
could potentially bring adverse consequences 
to patients [15]. An optimal strategy here will 
be the development of tissue specific regulato-
ry methods that engender central nervous sys-
tem specific upregulation of PGRN in the ab- 
sence of peripheral effects. Route of adminis-
tration and control of dose also need to be 
accounted for. How to achieve efficient drug 
penetration across the blood-brain barrier and 
reach the optimal therapeutic window is the 
pressing issue. Regarding the potential ne- 
urotoxicity of excessive PGRN, the study by 
Kusakari et al. demonstrated that transgenic 
mice with high wild-type human PGRN expres-
sion developed a shorter lifespan, cerebellar 
phenotypes, cognitive defects, gliosis, and ly- 
sosomal abnormalities [71]. This indicates that 
PGRN levels must be maintained within a nar-
row therapeutic window - over-expression may 
be as harmful as deficiency. Therefore, future 
therapies should incorporate dose-finding stu- 
dies that monitor both efficacy (e.g., CSF PGRN 
levels, lysosomal function) and safety (e.g., 
neurofilament light chain, cognitive assess-
ments, brain imaging). Preclinical models sh- 
ould establish the maximum tolerated dose 
before clinical trials. Adaptive trial designs with 
sequential dose cohorts may help identify the 
optimal balance between benefit and toxicity 
[71, 77]. Novel delivery approaches (e.g. na- 
noparticles, exosome carriers) may enhance 
the brain delivery of PGRN or its inducers. Next 
steps the development of biomarkers and per-
sonalized therapies. Reliable biomarkers will 
be required for the stratification of patients as 
well as the monitoring of treatment responses, 
such as CSF PGRN levels, neuroinflammatory 
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PGRN deficiency [2]. Dysregulated lipid metab-
olism in microglia represents a hallmark of neu-
roinflammation, and PGRN deficiency-mediat- 
ed lipid dysregulation may represent a signifi-
cant contributing factor to neuroinflammation 
and the pathogenesis of related neurodegen-
erative diseases. PGRN has recently been iden-
tified as a regulator of lipid droplet formation in 
microglia [7]. Evidence levels: Loops 1 and 2 
are supported by direct experimental data; loop 
3 is currently speculative and requires further 
validation. This model is best supported in 
GRN-mutation FTD, with emerging relevance to 
AD (based on microglial and lipid changes) and 
PD (based on α-synuclein and lysosomal links).

Summary and perspectives

PGRN is one of the core regulatory molecules 
for brain health, and its functional network is 

intricately intertwined with the pathological 
mechanisms of neurodegeneration. The core 
physiological functions of PGRN in the nervous 
system, the cascade pathological network trig-
gered by its deficiency, and current target- 
ed therapeutic strategies are summarized in 
Figure 2. As detailed in Section 8, the casca- 
de-amplifying network provides a mechanistic 
framework for understanding how PGRN defi-
ciency leads to progressive pathology. Both full 
length PGRN and individual granulins are bio- 
active and the balance of these products in 
vivo can be crucial in functioning normally. This 
means that replacement therapies cannot only 
increase the total PGRN level but rather fine-
tune the ratio between processing and product. 
Potentially combining our previously identified 
blood marker PGRN with a pharmacodynamic 
measure of disease activity such as ER proto-
oncogene tyrosine kinase (MERTK) in CSF, we 

Figure 2. Physiological functions, pathological mechanisms, and therapeutic strategies of PGRN in neurodegenera-
tive diseases. A. Physiological state: Under physiological conditions, secreted PGRN binds to sortilin receptor at the 
cell membrane, undergoes endocytosis, and is delivered to lysosomes. In the acidic lysosomal milieu (pH < 5.0), 
PGRN is cleaved into granulin peptides (A-G). PGRN and its granulins modulate bis(monoacylglycerol)phosphate 
(BMP) levels, promoting normal lipid metabolism and sphingolipid degradation. B. Pathological mechanism (PGRN 
deficiency): Loss of PGRN leads to lysosomal dysfunction, reduced BMP, and consequent accumulation of ganglio-
sides, lipid droplets, and mitochondrial swelling. These changes drive microglia toward a pro-inflammatory pheno-
type, causing chronic neuroinflammation. This cascade ultimately promotes aggregation of toxic proteins: TDP-43 
in frontotemporal dementia (FTD), amyloid-β (Aβ) in Alzheimer disease (AD), and α-synuclein (α-Syn) in Parkinson 
disease (PD). C. Therapeutic strategies: Three major approaches are under investigation: (1) Sortilin blockade us-
ing monoclonal antibodies (Latozinemab, AL101) or small molecules (VES001) to increase extracellular PGRN; (2) 
AAV9-mediated gene therapy delivered directly to the central nervous system (e.g., intracisternal magna injection) 
- not via blood-brain barrier crossing - (correction of inaccurate description); (3) Protein replacement (PTV:PGRN) 
using transferrin receptor-mediated transcytosis to cross the blood-brain barrier. Emerging microglia-based cell 
therapies are also being explored.
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may achieve near complete disease course 
management from risk prediction through effi-
cacy monitoring. Recent studies have revealed 
that progranulin has diverse roles as a cell sig-
naling molecule that regulates lysosomal func-
tion, immune processes, and growth. Under- 
standing how PGRN regulates lipid metabolism 
is crucial for developing therapeutic strategies 
to restore lipid homeostasis in microglia and 
mitigate neuroinflammation.

Looking ahead, therapeutic development sh- 
ould adopt the principle of systemic interven-
tion. PGRN/granulin replacement therapy is the 
basis of direct etiologic treatment, while modu-
lation of its downstream pathways (large-scale 
lysosomal enhancement, lipid metabolism cor-
rection) can act as useful adjuncts. Perhaps 
the most exciting direction is durable microglia-
based cell therapies that would sever the neu-
roinflammatory-neurodegenerative link throu- 
gh a fairly radical remodelling of brain immune 
homeostasis. Effective translation of these 
strategies depends on building a solid under-
standing of cell-type and circuit specificities for 
the function of PGRN. Only by dissecting its 
function at the level of specific cell types and 
fine circuits in the nervous system, will it be 
possible to design safe, efficacious interven-
tions that translate basic research on this fa- 
scinating molecule into clinical reality for pa- 
tients. The broad spectrum of clinical pheno-
types associated with PGRN deficiency, includ-
ing primary progressive aphasia and behavioral 
variants of frontotemporal dementia, highlights 
the need for cell-type-specific therapeutic app- 
roaches. Emerging evidence has revealed that 
PGRN deficiency is associated with cell cluster-
specific, often conserved, genetic and molecu-
lar phenotypes in the central nervous system.
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