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Abstract
Background: Both progranulin (PGRN) and neuroin�ammatory activities increased over the course of
Alzheimer’s disease (AD). In this study, we set out to determine if cerebrospinal �uid (CSF) PGRN could be
a marker of neuroin�ammation, and if so, how it contributed to AD pathogenesis and cognitive
impairments.

Methods: A total of 965 participants from the Alzheimer's Disease Neuroimaging Initiative (ADNI) were
grouped within the framework of A-T-N biomarker pro�le and clinical stage. Causal mediation analyses
with 10,000 bootstrapped iterations were conducted to explore the mediation effects of
neuroin�ammatory markers on the associations of PGRN with amyloid burden indicated by CSF β-
amyloid (Aβ) levels. The longitudinal in�uences of PGRN on cognition were tested.

Results: Increases of CSF PGRN and multiple neuroin�ammatory markers (sTNFR1, sTNFR2, TGF-β1,
VCAM1, and ICAM1) were associated with tau-related neurodegeneration, but not with Aβ pathology.
PGRN was positively linked with these neuroin�ammatory markers only in the presence of tau
pathologies (TN+). In TN+ pro�le, PGRN was associated with higher CSF Aβ42 via mediating
neuroin�ammatory markers and could also predict slower cognitive decline. The abovementioned
associations became non-signi�cant in TN- pro�le.

Conclusions: PGRN could protect against Aβ pathology and cognitive impairments via modulating
neuroin�ammation that occurs with neuronal injuries.

1. Background
Progranulin (PGRN) is a secreted glycoprotein expressed in the central nervous system (CNS). Its
de�ciency has been associated with lysosomal function [1, 2], autophagy [3], neuroin�ammation [4, 5],
and neurodegenerative diseases [1, 2], such as Alzheimer’s disease (AD) [6, 7]. Neuroin�ammation plays a
critical role in AD [8]. We previously reported that levels of multiple in�ammatory markers (e.g., soluble
tumor necrosis factor receptor [sTNFRs], intercellular cell adhesion molecule-1 [ICAM1], and vascular cell
adhesion molecule-1 [VCAM1]) in the cerebrospinal �uid (CSF) were signi�cantly elevated in AD patients
compared to healthy controls [9]. Interestingly, CSF PGRN was also found to be increased over the course
of AD [10]. However, little is known about the associations of PGRN with these neuroin�ammation
markers. Additionally, the impacts of PGRN on AD pathologies, especially β-amyloid (Aβ), was disputable
in in-vivo or in-vitro studies. Aβ plaques with PGRN were identi�ed in low-plaque individuals, suggesting
PGRN was involved in early plaque formation. Some reported that PGRN showed positive [11] or no [4]
correlations with Aβ, while others found PGRN overexpression protected against Aβ deposition and
toxicity [12]. The cause of these controversial �ndings warrants further investigation in humans.
Furthermore, little is known about whether neuroin�ammation could mediate the associations between
PGRN and AD pathologies.
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In the present study, we aimed to i) examine whether PGRN could re�ect in�ammatory activity in CNS, ii)
test the roles of neuroin�ammation in mediating the in�uences of PGRN on amyloid pathologies, and iii)
test the longitudinal in�uences of PGRN on cognitive functions. All analyses were conducted within the
framework of A-T-N biomarker pro�le using the Alzheimer's Disease Neuroimaging Initiative (ADNI).

2. Methods
2.1 Study participants

ADNI is designed to develop clinical, imaging, genetic, and biochemical biomarkers for the early detection
and tracking of AD. The participants are volunteers aged 55-90 years with normal or impaired cognition.
Further information can be found at http://www.adni-info.org/ and in previous reports [13-15]. At baseline,
each participant underwent an in-person interview of general health and functional ability, followed by a
standardized assessment including a battery of neuropsychological tests. Follow-up data were collected
during evaluations at sequential intervals of approximately 12 months. ADNI was approved by
institutional review boards of all participating institutions, and written informed consent was obtained
from all participants or their guardians.

In the present study, a total of 965 participants who had baseline measurements of CSF PGRN and AD
core biomarkers, as well as longitudinal measurements of cognitive functions were included. Among
these individuals, 228 had measurements of CSF neuroin�ammatory markers.

2.2 Classi�cation methods

The classi�cation methods were in line with those proposed by Marc Suárez-Calvet et al. [10, 16]
according to 2018 NIA-AA “research framework” for AD diagnosis [17]. In brief, participants were
categorized into speci�c groups based on both biomarker pro�le (as described by the A/T/N scheme [18])
and clinical stage (as de�ned by the clinical dementia rating [CDR] score). The A/T/N scheme includes 3
biomarker groups: “A” aggregated amyloid pathology (as indicated by CSF Aβ1-42), “T” aggregated tau (as
indicated by CSF p-tau181), and “N” neurodegeneration or neuronal injury (as indicated by CSF t-tau). “A+”
participants refer to those with CSF Aβ1-42 < 976.6 pg/ml; “T+” those with CSF p-tau181 > 21.8 pg/ml; and
“N+” those with CSF t-tau > 245 pg/ml. The CSF biomarker statuses established by these cutoffs were
proven to be highly concordant with PET classi�cation in ADNI [19]. Given that T and N groups were
highly correlated, we merged them together to facilitate the analyses, producing a TN group: “TN+”
indicates T+ or N+ and “TN-” indicates T- and N-.

2.3 CSF measurements of PGRN, neuroin�ammatory markers, and AD core biomarkers

CSF procedural protocols in ADNI have been described previously [20]. CSF PGRN was measured by a
previously reported sandwich immunoassay using the Meso Scale Discovery platform [21]. All CSF
samples were distributed randomly across plates and measured in duplicate. All the antibodies and
plates were from a single lot in order to exclude variability between batches. The mean intraplate
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coe�cient of variation (CV) was 2.2%; all duplicate measures had a CV < 15%. PGRN levels were
corrected by inter-batch variation and corrected values were used for analyses (for the method see
Appendix 1).

CSF AD core biomarkers, including Aβ1-42, p-tau181, and t-tau were analyzed by the
electrochemiluminescence immunoassays (ECLIA) Elecsys on a fully automated Elecsys cobas e 601
instrument and a single lot of reagents for each of the three measured biomarkers (provided in
UPENNBIOMK9.csv �le). These measurements are for explorative research use only. A total of 8 types of
CSF neuroin�ammatory markers, including four anti-in�ammatory markers (sTNFR1, sTNFR2, TGF-β1,
and IL-10) and four pro-in�ammatory markers (ICAM1, VCAM1, IL-6, and IL-7) were measured, using
commercially available multiplex immunoassays (Millipore Sigma, Burlington, MA). All samples were run
in duplicate along with six standards on each plate. Samples were normalized across plates using CSF
standard values. Precision of each analyte was calculated using inter-plate CV < 15%.

2.4 Cognitive measures

Global cognitive function was re�ected by the total scores of Alzheimer’s Disease Assessment Scale
(ADAS). Composite scores for executive and memory functions were constructed and validated by
referring to the neuropsychological batteries [22, 23]. Speci�cally, the indicators of executive functions
include Category Fluency, WAIS-R Digit Symbol, Trails A & B, Digit Span Backwards, and clock drawing.
The indicators of memory function include relevant items of the Rey Auditory Verbal Learning Test
(RAVLT), ADAS, Logical Memory, and Mini-Mental State Examination (MMSE). The CDR score was used
to represent the clinical stage: “0” represents normal cognition, “0.5” represents very mild dementia, and
“1” represents mild dementia.

2.5 Statistical analysis

Before the analyses, values of CSF markers as dependent variables were log10-transformed to achieve or
approximate normal distributions as assessed by Kolmogorov-Smirnov test. All analyses were adjusted
for age, gender, educational level, and CDR, except where speci�cally noted.

First, one-way analyses of covariance (ANCOVAs) were separately performed to examine the associations
of CSF PGRN and neuroin�ammatory markers with A/TN status, within the framework combining A/TN
classi�cation and clinical stage. Four comparisons were separately conducted for each CDR group,
including A-/TN+ vs. A-/TN-, A+/TN+ vs. A+/TN- (the former two comparisons were to test the
associations of tau-related neurodegeneration with biomarkers), A+/TN+ vs. A-/TN+, and A+/TN- vs.
A-/TN- (the latter two were for the associations with amyloid pathology). Next, multiple linear regressions
were conducted to explore the associations of CSF PGRN (an independent variable) with
neuroin�ammatory markers (dependent variables) within the A/TN framework.

Further, we tested whether PGRN could modulate CSF Aβ1-42 via mediating speci�c neuroin�ammatory
markers. To achieve this, causal mediation analyses were conducted using linear regression models �tted
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based on the methods proposed by Baron and Kenny [24]. The direct effects, indirect effects, and the
mediating proportion were estimated by Sobel’s test [25] with the signi�cance determined using 10,000
bootstrapped iterations.

Finally, linear mixed effects (LME) models were used to estimate the longitudinal in�uences of CSF PGRN
on cognitive functions. To facilitate the depiction, CSF PGRN was categorized into three groups (low,
moderate, and high) using cutoffs of 1,396 pg/ml and 1,684 pg/ml according to the tertiles of the
concentration. The LME models had random intercepts and slopes for time and an unstructured
covariance matrix for the random effects, and included the interaction between time (continuous) and the
dependent variable (PGRN) as a predictor.

Sensitivity analyses were conducted as follows. a) We repeated the analyses after excluding outlier
values of CSF markers, de�ned as values situated outside the 3 standard deviations from the mean; b)
rs5848 genotype of GRN gene, which was associated with PGRN levels, was added as a covariate in
analyses with CSF PGRN as the dependent variable. The results barely changed after these analyses. R
version 3.5.1 (major packages include “lm”, “ggplot2”, “mediate”, and “nlme”) and GraphPad Prism 7.00
software were used for statistical analyses and �gure preparation. All tests were two-tailed, with a
signi�cance level of α = 0.05.

3. Results
3.1 Increase of PGRN was associated with tau-related neurodegeneration, but not with β-amyloid.

We separately studied the associations of CSF PGRN with Aβ deposition and tau-related
neurodegeneration within the framework combining A/TN classi�cation and clinical stage in 965
participants from the ADNI (Table 1). The combination of A/TN classi�cation and clinical stage divided
subjects into 12 different groups that are summarized in Table e-1.

In total samples, CSF PGRN was signi�cantly higher in TN+ pro�le (p < 0.0001, Table e-2). The
association remained signi�cant irrespective of the presence of amyloid pathology, within either CDR = 0
(F = 29, p < 0.0001 for A- group and F = 7.95, p = 0.004 for A+ group) or CDR = 0.5 (F = 8.47, p = 0.002 for
A- group and F = 8.67, p = 0.004 for A+ group) group. The CDR = 1 group did not yield a su�cient number
of subjects per A/T/N pro�le to allow for group comparisons. (Figure 1) In contrast, CSF PGRN was
signi�cantly lower in A+ pro�le (p < 0.0001). The difference remained signi�cant only in TN+ pro�le (F =
9.59, p = 0.002 for CDR = 0 group and F = 11, p = 0.0001 for CDR =0.5 group). Within the CDR = 1.0 group,
the abovementioned difference showed a trend toward signi�cance in TN+ pro�le (p = 0.07).

3.2 Speci�c neuroin�ammatory markers were elevated following neuronal damages

We next tested the distribution pattern of CSF neuroin�ammatory marker within the framework in 228
ADNI participants (Table 1). Different groups according to the combination of A/TN classi�cation and
clinical stage are summarized in Table e-1.
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The levels of �ve neuroin�ammatory markers (sTNFR1, sTNFR2, TGF-β1, VCAM1, and ICAM1) were
signi�cantly elevated in TN-positive individuals (Table e-2). Speci�cally, within the CDR = 0 group, levels
of sTNFR1, sTNFR2, and VCAM1 were signi�cantly increased in TN+ pro�le. Similar trends were identi�ed
in the CDR = 0.5 group, such that levels of sTNFR1, sTNFR2, TGF-β1, VCAM1, and ICAM1 were
signi�cantly elevated in TN+ pro�le. Notably, the associations with several markers (including sTNFR1,
sTNFR2, and VCAM1) were signi�cant, independent of the A status, while the relationships of TGF-β1 and
ICAM1 were signi�cant only in A+/TN+. Within the CDR = 1 group, levels of TNFR1, TNFR2, TGF-β1, and
VCAM1 were signi�cantly higher in A+/TN+, compared with those in A+/TN- pro�le. (Figure 1) No
signi�cant differences were identi�ed for IL-6 and IL-7 (Table e-3).

3.3 PGRN was associated with increased neuroin�ammatory markers following neuronal damages

Since both PGRN and speci�c neuroin�ammatory markers were elevated following the tau-related
neurodegeneration, we further examined whether PGRN could be a neuroin�ammatory marker following
neuronal damages. PGRN was positively related to the abovementioned markers (including sTNFR1,
sTNFR2, TGF-β1, ICAM1, and VCAM1) and the associations were signi�cant only in TN+ pro�le (Figure 2A
to 2E). Interestingly, PGRN showed signi�cant associations with ICAM1 and TGF-β1 only in A+/TN+
pro�le. These �ndings highlighted that neuronal damages might be an upstream trigger which promoted
PGRN and speci�c neuroin�ammation.

3.4 PGRN protected against amyloid burden via mediating tau-related neuroin�ammation.

We further asked how these responses (elevation of PGRN as well as neuroin�ammatory molecules)
could in�uence amyloid pathology. We found the association of CSF PGRN (Figure 3A) and CSF
neuroin�ammatory markers (Figure 3B to 3F) with CSF Aβ42 were only signi�cant (or stronger) in TN+
group. Moreover, PGRN could alleviate cerebral amyloid deposition via promoting these
neuroin�ammatory markers, including sTNFR1 (proportion = 50.3%, p = 0.006), sTNFR2 (proportion =
28.4%, p = 0.01), and VCAM1 (proportion = 44.2%, p = 0.008) (Figure e-1A). Within the A-T-N framework,
the abovementioned mediation effects of neuroin�ammation (sTNFR1, sTNFR2, and VCAM1) were
signi�cant only in TN+ pro�le, with the mediation proportion ranged from 30% to 60% (Figure 3G).
Interestingly, we also found signi�cant but smaller (10%~30%) mediation effects of CSF PGRN in
in�uencing association of CSF neuroin�ammatory markers (sTNFR1, sTNFR2, and ICAM1) with CSF
Aβ42 in TN+ pro�le (Figure 3H). Similar results were obtained in A+/TN+ group (Figure 3I): ICAM1 and
TGF-β1 were speci�cally revealed as mediating molecules for the association between PGRN and
amyloid burden in A+/TN+ group (Figure e-2.

3.5 PGRN protected against cognitive impairments.

Finally, we explored whether CSF levels of PGRN could predict longitudinal changes of cognitive
functions. We found protective roles of CSF PGRN in cognitive function, including the general cognition (p
= 0.008, Figure 4A), memory function (p = 0.0002, Figure 4B), and executive function (p = 0.028, Figure
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4C) in TN+ pro�le, but not in TN- pro�le. These indicated that PGRN might serve as a responding
molecule that actively �ght against the neuronal injuries.

4. Discussion
Herein, we explored the relationships of PGRN with neuroin�ammatory makers and evaluated the roles of
neuroin�ammation in mediating the in�uences of PGRN on amyloid pathology and cognition. Finally, we
found PGRN could protect against amyloid pathology and cognitive impairments via mediating speci�c
neuroin�ammatory markers. These �ndings supported the guardian roles of PGRN, a marker of
lysosomal functioning [1], in �ghting against AD via modulating neuroin�ammation occurring with
neurodegeneration.

PGRN was proposed to be a hallmark of microglia-mediated neuroin�ammation [10]. Similar with PGRN,
CSF sTREM2, a marker of microglial activation, was found to be elevated in early AD with TN+ pro�le
[16]. It was also reported that CSF PGRN was associated with CSF sTREM2 only in AD and SNAP groups
[10], suggesting PGRN might be a hallmark of neuroin�ammation occurring with neurodegeneration.
Though no causal conclusion can be made due to the cross-sectional design, these �ndings indicated a
close relationship between tau load and enhanced neuroin�ammation. Future studies were warranted to
explore the differences in the in�ammatory processes induced by amyloid and tau, and their in�uences
on development of neurodegeneration.

Neuroin�ammation plays a critical role in modulating AD pathologies. We and other teams previously
reported increased peripheral levels of sTNFR1, sTNFR2 [9, 26, 27] and IL-6, as well as elevated CSF levels
of IL-10 and TGF-β1 in AD compared with the controls [9]. TNFRs could be activated by binding of soluble
TNF, a hallmark of neuroin�ammation as well as neurodegenerative conditions [28], and could be cleaved
to generate sTNFRs. The circulating levels of sTNFR were positively associated with the levels of plasma
amyloid and tau [26, 27] and the conversion rate to dementia [27]. Another study on transgenic mice
showed TNFR1 deletion reduced Aß pathology, microglia activation, neuron loss, and memory de�cits
[29]. In concordance with the present study, previous studies found CSF levels of ICAM1 and VCAM1 were
increased during the preclinical and prodromal stages of AD [30, 31].

It was found that PGRN could suppress neuroin�ammation following induced toxic stimuli or injury [5,
32]. The present study revealed PGRN might be a hallmark of tau-related neuroin�ammatory activities
(including anti- and pro-in�ammatory markers), which were favorable for alleviating amyloid pathology.
This suggested that neuroin�ammation in CNS might play a “double-edged sword” role in dealing with
neurodegeneration. Similar clues were reported for microglia, which adopted numerous fates with
homeostatic microglia and a microglial neurodegenerative phenotype representing two opposite ends
[33]. In addition, the impacts of PGRN on cerebral amyloid metabolism were con�icting [4, 12], possibly
because the TN status were not considered.

Some caution is warranted given that several limitations existed for the present study. First, the sample
size is not large enough in some groups and we thus conducted analyses in total sample after adjusting
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for A/TN pro�le or CDR. Second, causal mediation associations only re�ect but cannot equal to the
causal relationships. Longitudinal analyses should be conducted to con�rm our �ndings about the
in�uences of PGRN on neuroin�ammatory markers and AD pathologies in well-characterized samples.
Third, in vivo and in vitro studies are warranted to examine the in�uences of neuronal injuries on or tau-
related neurodegeneration on PGRN, neuroin�ammatory markers, and amyloid metabolism.

5. Conclusions
In conclusion, we demonstrated PGRN was not only a marker of neuroin�ammatory activities occurring
with neuronal injuries, but could alleviate the cerebral amyloid-β burden and cognitive impairments via
neuroin�ammatory mechanisms. These �ndings warrant further validation in larger, well-characterized
samples.
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Figure 1

Early increases of CSF �ve neuroin�ammatory markers and PGRN were associated with tau-related
neurodegeneration but not amyloid pathology Scatter plot depicting CSF levels of �ve neuroin�ammatory
markers (including sTNFR1, sTNFR2, TGF-β1, ICAM1, and VCAM1) as well as PGRN for each of the four
biomarker pro�les, as de�ned by the A/T/N framework, coupled with clinical staging, as de�ned by CDR.
The T (tau pathology) and N (neurodegeneration) group were merged because these two biomarker
groups were highly correlated. The CDR = 1 stage group includes some biomarker pro�les containing
insu�cient number of subjects, which precludes conducting group comparison. They are still shown for
sake of completeness. Each A/T/N biomarker pro�le is represented in a different color: A-/TN- are
depicted in purple, A+/TN- in blue, A+/TN+ in grey, and A-/TN+ in orange. Solid bars represent the mean
and the standard deviation (SD). P-values were assessed by one-way ANCOVAs adjusted for age, gender,
and educational level. P-values were reported in bold after surviving Bonferroni correction (four
comparisons for each CDR group). Abbreviations: A: Aβ pathology biomarker status; T: tau pathology
biomarker status AD; N: neurodegeneration biomarker status; Alzheimer’s disease; CDR: clinical dementia
rating; CSF: cerebrospinal �uid.
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Figure 2

Associations of CSF PGRN with CSF neuroin�ammatory markers The x axis represents CSF PGRN level
and the y axis represents CSF speci�c neuroin�ammatory marker level. Each A/T/N biomarker pro�le is
represented in a different color: A-/TN- are depicted in green, A+/TN- in blue, A+/TN+ in dark red, and
A-/TN+ in orange. P-values were assessed by multiple linear regression models adjusted for age, gender,
education, and CDR stage.
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Figure 3

PGRN could buffer cerebral amyloid-β burden via mediating tau-related neuroin�ammation The
association of CSF PGRN (3A) and abovementioned CSF neuroin�ammatory markers (3B to 3F) with CSF
Aβ42 were only signi�cant or stronger in TN+ group compared to TN- group. The mediation effects of
neuroin�ammatory markers (including sTNFR1, sTNFR2, and VCAM1) on the relationships of CSF PGRN
with CSF Aβ42 were signi�cant only in TN+ pro�le, with the mediation proportion ranged from 30% to
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60% (3G). Interestingly, we also found smaller (10%~30%) but signi�cant mediation effects of CSF PGRN
in in�uencing association of CSF neuroin�ammatory markers (sTNFR1, sTNFR2, and ICAM1) with CSF
Aβ42 in TN+ pro�le (3H). Similar results were obtained in A+/TN+ group (3I). P-values were adjusted for
age, gender, education, APOE4 status, and CDR stage.

Figure 4

Longitudinal in�uences of CSF PGRN on the cognitive functions, strati�ed by the TN pro�le CSF PGRN
were categorized into three tertiles (low, moderate, and high level) in order to facilitate the drawing. P-
values were assessed by mixed-effect models adjusted for age, gender, education, APOE4 status, CDR,
and amyloid status (A pro�le). We found protective roles of high CSF levels of PGRN in preventing decline
of cognitive functions, including the general cognition (A), memory function (B), and executive function
(C), in TN+ but no TN- pro�le.
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