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Abstract

Traumatic brain injury (TBI) is a frequent finding during forensic autopsies and neuropathological examinations in
medico-legal practices. Despite the unprecedented attention currently focused on TBI pathogenesis, there is a need to
improve its diagnostics through the use of novel biomarkers to facilitate detection, treatment, and prognosis. Recently,
growth factor progranulin (PGRN) has attracted significant attention because of its neurotrophic and anti-inflamma-
tory activities. The role of PGRN in TBI has not been widely discussed, although PGRN-related neuroinflammatory and
neurodegenerative phenomena have been described. The aim of this study was to identify PGRN concentration levels
in biofluids and examine PGRN and CD68 protein expression in brain tissue using immunohistochemical staining in
individuals with fatal TBI in its early phase. The study was performed using cases (n= 30) of fatal head injury and
control cases (n= 30) of sudden death. The serum and urine were collected within ~24 h after death and compared
using the ELISA test, where brain specimens were stained with anti-PGRN and anti-CD68 antibodies. In our study, we
observed elevated concentration levels of PGRN in the serum and urine of TBI individuals in the early phase of TBI.
These changes were accompanied by increased expression of PGRN in the frontal cortex (15%-3% layers), in which anti-
CD68 immunostaining revealed disseminated cortical microglia activation. The possible implementation of performing
such assays offers a novel and interesting tool for investigation and research regarding TBI diagnosis and pathogenesis.
Furthermore, the above-mentioned surrogate biofluid assays may be useful in clinical prognosis and risk calculation of
non-fatal cases of TBI, considering the development of neurodegenerative conditions of TBI individuals.
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Introduction (CDQO), surveillance studies on traumatic brain injury

According to data provided by the United States  (TBI) for the year 2013 show an average of 2.5 mil-
(US) Centers for Disease Control and Prevention lion TBI-related emergency department (ED) visits in
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the US, resulting in over 282,000 related hospital-
isations and 56,000 deaths [46]. In Europe, accord-
ing to 28 epidemiological studies from 16 countries,
the yearly incidence of TBI is estimated at 262 per
100,000 people, with an average mortality rate of
10.5 per 100,000 people [37]. Standardised popu-
lation data from 24 countries provided by Eurostat
(European Statistical Office) in 2012 suggest that
the pooled age-adjusted incidence of TBI was 287.2
per 100,000 people, with an average mortality of
11.7 per 100,000 [29]. Insights afforded by detailed
studies and current understanding of key patholog-
ical processes in TBI pathogenesis suggest that this
condition should be considered as a long-lasting
complex neurodegenerative disease and not only
as a single pathophysiological phenomenon [19].
The complexity of the natural course of TBl-relat-
ed pathophysiological events occurs as a result of
2 subsequent and not clearly demarcated phases —
i.e. primary and secondary (delayed) injury — where
virtually all parts and compartments of the brain are
vulnerable and could be affected, which represents
a distinct biology [21]. Primary injury is categorised
as the rapid and irreversible result of a transient
application (~20 msec) of various external physical
forces the character of which determines the sever-
ity of the initial injury [28]. In contrast, secondary
injury develops over time as a non-linear phenom-
enon ranging in scale from minutes to years, and
includes numerous self-propagating synergistic cel-
lular, molecular, neurometabolic, and neurochemical
events acting as a neurodegenerative effect initiated
by the primary mechanical force [9]. TBI is not only
related to local neural damage but is a multi-system
pathology, which is revealed in its multicomplex sys-
temic immune response via a broad spectrum of phe-
nomena including changes in transcriptome set, pro-
teome set, immune cell recruitment, and production
of inflammatory mediators [20]. Neuroinflammation
is known to be one of the key emerging front-line sec-
ondary injury components that drive ongoing neuro-
nal injury [56]. One of the main multiphasic events
in TBI and spinal cord injury (SCI) is the local acti-
vation and proliferation of native microglia (Iba-1+)
and astrocytes (GFAP+) associated with an over-
flow of central nervous system (CNS) by peripheral
immune cells recruited in a time-dependent manner,
which participate together in the creation of a tight-
ly regulated inflammatory microenvironment [7].
Activated microglia and astrocytes serve in this case
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as one of the main sources of cytokines, proteinas-
es, extracellular matrix (ECM) molecules, and growth
factors in the lesion epicentre [24,27]. In regard to
scientific and clinical progress, there is a continuing
need to attempt to establish novel relevant bioas-
says and compilation platforms for use in the field
of TBI diagnostics in both in ante- and post-mortem
cases [10]. Currently available biofluid assays for
TBI in the pre- and clinical settings include a panel
of neuronal, astroglia, and axonal injury indicators,
which can be detected mainly in cerebrospinal fluid
(CSF) and serum [14]. Recently, multifunctional and
pleiotropic growth factor progranulin (PGRN) has
attracted significant attention in the neuroscience
community, because of its potent and specific neuro-
trophic, anti-inflammatory, and immunomodulatory
activities [54]. Two breakthrough studies published
in the year 2006 revealed that null mutations and
haploinsufficiency in the PGRN gene were identified
as a cause of several familiar forms of frontotempo-
ral lobar degeneration (FTLD) and sparked landmark
research aimed at elucidating PGRN function in CNS
[4,13]. The ultrastructure of PGRN covers a polypep-
tide chain composed of 593 amino acid residues
with a total molecular weight of 68.5 kDa, becom-
ing 88 kDa when secreted from cells after glycosyla-
tion [5]. In this case, the polypeptide chain of PGRN
contains 7.5 tandem repeats of a highly conserved
12 cysteines (Cys) rich motif (CX5-6CX5CCX8CCX6C-
CXDX2HCCPX4CX5-6C) in the order p-G-F-B-A-C-D-E
(p-P1-G-P2-F-P3-B-P4-A-P5-C-P6-D-P7-E), where A-G
are full repeats and p is one half-motif [47]. Within
the pathologies of the nervous system, dysregula-
tion of PGRN functioning associated with mutations
in its encoding gene have been to date potentially
linked with the development of Parkinson’s disease,
Alzheimer’s disease, amyotrophic lateral sclerosis,
motor neuron disease, neuronal ceroid lipofusci-
nosis, Creutzfeldt-Jakob disease, epilepsy, bipolar
disorder, and schizophrenia [12]. In the brain, PGRN
is predominantly expressed in pyramidal neurons
and activated microglia, whereas astrocytes have
been shown to take up PGRN and serve as a reser-
voir [2,38]. In a wider context, it seems that PGRN
serves as a physiological regulator of homeostasis
and neuronal functions, a neurotrophic factor which
regulates neurite outgrowth and maintains its sur-
vival [48]. Furthermore, new evidence indicates that
PGRN may function as a pivotal chemoattractant by
recruiting and shift-activating microglia and mac-
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rophages [18]. The growing knowledge about PGRN
and its associated multiple receptors and pathways
suggest that in several pathologies PGRN could con-
stitute a distinct, critical molecule essential to the
biological functioning of all cells in the nervous sys-
tem. Studies published over the last several years
describing the newly discovered phenomena in
regard to the competitive influence of endogenous
PGRN and related smaller polypeptides on receptors
associated with tumour necrosis factor o (TNF-a)/
tumour necrosis factor receptor 1/2 (TNFR1/2) may
indicate the main potential mechanism of PGRN
contribution in pathophysiological mechanisms that
precisely orchestrate and modulate neuroinflamma-
tory phenomena[1,30]. To date, the role of PGRN and
its potential application as a biomarker has not been
widely discussed in the context of TBI, although cur-
rently available literature describes PGRN-related
neuroinflammatory and neurodegenerative phe-
nomena, well studied in preclinical rodent models.
In order to provide an accurate and current over-
view of the issue, we have performed a study in an
attempt to elucidate and identify if elevated PGRN
concentration levels in biofluids such as blood and
urine are seen in cases of TBI in a population-based
autopsy screening. We have also extended our study
by the comparative examination of the PGRN and
CD68 protein expression in the obtained brain tissue
by performing additional immunohistochemical and
histological staining. Finally, we discuss the possible
role of PGRN in TBI diagnostics in both ante- and
post-mortem case settings, with a special focus paid
to relevant clinical implications, aiming to delineate
its potential predictive role in both survival outcome
and development of post-traumatic neurodegenera-
tive conditions.

Material and methods
Autopsy cases

The study and following analyses have been
conducted on biofluids and tissue samples collect-
ed during routine autopsies carried out by foren-
sic pathologists from the Department of Forensic
Medicine at the Medical University of Warsaw. In
this case, a total of 60 cases (n = 60) was includ-
ed in this study and subsequently divided into
2 consecutive groups. Consequently, the study group
consisted of 30 cases (n = 30) of focal and severe
head injury, which was confirmed to be the cause
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of death by the forensic autopsy. The control group
included 30 cases (n = 30) of instantaneous death
due to cardiopulmonary failure (cardiac arrest) with-
out injuries of the head and morphological signs of
a brain injury on a macroscopic level. Both groups
consisted of cases that were not followed by cardio-
pulmonary resuscitation (CPR), submission to hos-
pital, and did not subsequently undergo any other
emergency or intensive therapy procedures (death
at the place of the incident). After death was con-
firmed, the corpses were transported to cold storage
with controlled temperature conditions (4°C), where
they were kept until the forensic autopsy was per-
formed and material was collected for examination.
The supplemental data regarding the circumstances
of the death was acquired from the available case
files during the medico-legal investigation. Addition-
al medical records and family testimony underwent
a detailed qualification process based on specified
exclusion criteria. Exclusion criteria included neu-
rological diseases: frontotemporal lobar degener-
ation, Alzheimer’s disease, Parkinson’s disease,
amyotrophic lateral sclerosis, motor neuron disease,
neuronal ceroid lipofuscinosis, multiple sclerosis,
epilepsy, cerebrovascular disease, Creutzfeldt-Jakob
disease, schizophrenia, and bipolar disease; and
non-neurological diseases: rheumatoid diseases,
other inflammatory and autoimmune diseases, dia-
betes mellitus, impaired kidney function and dis-
ease, impaired liver function and disease, previous
history of malignancy (tumour), history of infectious
disease within 6 months, and history of acute trau-
ma or surgery within 6 months. Implemented strict
selection was performed with the assumption that
changes in PGRN presence and concentration level
are known to be related to a variety of neurological
and non-neurological human disorders. The average
age of the deceased was 48.1 9.7 years in the study
group and 52.4 +11.2 years in the control group. We
did not observe statistical (p > 0.05) differences
regarding the lifetime between groups.

Obtaining and preparing biofluid
and tissue specimens

The medico-legal autopsy procedure was carried
out within 12-24 h after death, during which 2 types
of material for subsequent analyses and examina-
tions were collected. The primary type consisted of
biofluid samples including blood and urine, which
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were obtained for assessment of PGRN occurrence
and subsequent concentration level. Another type of
tissue material were specimens of the frontal lobe of
the brain, consisting of the corpus callosum and cin-
gulate cortex, used for H&E and immunohistochem-
ical stainings. Blood samples were obtained through
femoral vein puncture, whereas urine samples were
aspirated directly from the bladder by a percutane-
ous suprapubic puncture after decontamination of
the skin with a 90% ethanol (C,H.,OH) solution pri-
or to both procedures. In both cases, the remaining
fluid containing particulate material was not used
during sampling, to avoid potential contamination of
the material. Blood samples were immediately cen-
trifuged at 6000 rpm for 10 min to obtain serum,
whereas urine samples were processed at 1600 rpm
for 10 min to obtain a supernatant. Both sample
types were stored in sterile sample tubes and pre-
served (at —80°C) until further analysis. All samples
with features of haemolysis were excluded from
testing. The brain tissue fragments taken from fron-
tal lobes were collected in a routine way and then
fixed in 10% buffered formalin (CH,0) and subse-
quently embedded in paraffin wax (CnH,, ,,) blocks.

ELISA

Analysis of the occurrence and concentration lev-
el of PGRN in sampled biofluids such as serum and
urine was performed using an enzyme-linked immu-
nosorbent assay (ELISA) test. A series of assays were
carried out using the commercially available Human
PGRN (Progranulin) ELISA Kit (EH4861; Wuhan Fine
Biotech, Wuhan, Hubei, China) according to the
standardised manual supplied by the manufacturer.
The following series of assays was tested in 2 sub-
sequent repetitions, and average results were used
for analysis.

Immunohistochemical and histological
methods

The collected intact brain specimens were
stained histologically with haematoxylin and eosin
(H&E) as well as immunohistochemically using
assigned antibodies. In this case, the brain slices
were consecutively stained with anti-Granulin anti-
body (FNab03632; Wuhan Fine Biotech, Wuhan,
Hubei, China) in 1 : 100 dilution and anti-CD68 anti-
body (M0814; Dako, Glostrup, Denmark) in 1 : 75 di-
lution according to the standardised manual sup-
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plied by the manufacturers. The microphotographs
of the brain slices were taken using an Olympus
BX53 microscope (Olympus Optical, Tokyo, Japan)
equipped with an Olympus UC90 digital camera
(Olympus Optical, Tokyo, Japan) and coupled with
on-screen data acquisition and image analysis cell-
Sens Dimension version 2.3 software (Olympus Soft
Imaging Solutions, Miinster, Germany).

Statistical analysis

The data were analysed, and comparisons of
both groups were performed using Statistica 13.1 PL
(StatSoft, Tulsa, OK, USA) software package for Win-
dows (Microsoft Corporation). The results were con-
sidered statistically significant when p-values were
less than 0.05 (p < 0.05). The one-sample Kolmog-
orov-Smirnov test was used to assess whether the
PGRN concentration levels were normally distribut-
ed. Because the concentrations of PGRN in serum
and urine were not normally distributed, the data
were analysed using a Mann-Whitney-Wilcoxon
(MWW) rank-sum test (two-tailed). The data were
presented as a mean value + SEM.

Results
Concentration of PGRN in biofluids

The performed ELISA test revealed increased
PGRN concentration levels in both the serum and
urine of the study group, as compared to the control
group. The results presented in Figure 1A show an
elevated serum concentration of PGRN in the study
group (51.97 +11.01 ng/ml) compared to the control
group (20.62 +2.81 ng/ml), which was statistical-
ly significant (p < 0.0004). Consecutively, Figure 1B
shows an elevated urine concentration of PGRN in
the study group (4.96 +0.3 ng/ml) compared to the
control group (3.04 +0.42 ng/ml), which was also
statistically significant (p < 0.02).

Immunohistochemical and histological
stains

The neuropathological examination revealed mac-
roscopic signs of a lethal brain injury (brain contusion
and laceration, subdural haemorrhage, intraventricu-
lar bleeding) assumed as the cause of death in all cas-
es from the study group. Control group cases revealed
no morphological signs of a brain injury either on the
macro- or microscopic levels. The microscopic assess-
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Fig. 1. The proportion of PGRN concentration levels in obtained biofluids such as blood serum (A) and urine (B)
measured in ng/ml respectively. Elevated PGRN concentration levels are visible in the serum and urine in the
study group. Data are presented as a mean value + SEM. *Differs from control group, *p < 0.05, ***p < 0.001.
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Fig. 2. Representative microphotographs showing PGRN expression in examined brain slices of frontal
cortex. A) Control group, minimal PGRN expression (100x), B) Study group, increased PGRN expression in
neurons, brain contusions marked with the black arrows (100x), C) Control group, minimal PGRN expression
(200x), D) Study group, increased PGRN expression in neurons, brain contusions marked with the black

arrows (200x), E) Control group, minimal PGRN expression (400x), F) Study group, increased PGRN expres-
sion in neurons marked with the black arrows (400x).
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Fig. 3. Representative microphotographs showing microglia activation (anti-CD68 immunostaining) in
examined brain slices of frontal cortex. A) Control group, no CD68 expression associated with microglia
activation (400x), B) Study group, increased microglia activation marked with black arrows (400x).

ment did not show specific signs of neurodegener-
ation in obtained brain slices from both evaluated
groups (data not shown). The performed anti-PGRN
immunostaining revealed increased expression of the
protein in the frontal cortex, especially in the 1°t-3™
layers in the study group, as compared to the control
group (Fig. 2). Consecutively, the anti-CD68 immunos-
taining revealed disseminated cortical microglia acti-
vation in the study group, as compared to the control

group (Fig. 3).

Discussion

In the following study, we have consecutively
shown statistically significant elevated serum and
urine concentration levels of PGRN in the study
group (severe head injury/TBI in its early phase),
compared to the control group. These changes were
accompanied by generalised microglia activation in
the frontal cortex of the study (head injury) group. In
healthy human individuals, the CSF concentration
level of PGRN oscillates in the range 4.07-6.60 ng/ml
(£ 5 ng/ml) and is relatively weakly correlated with
modifiers such as demographic and anthropometric
parameters (including genetic factors) compared to
its quantified serum equivalent value [33,51]. There-
fore, the serum and CSF concentration of PGRN do
not correlate, which indicates a differential regula-
tion of its central and peripheral levels [50]. As stated
in the methodology above, the strict case selection
and qualification process based on neuropathologi-
cal examination and specified exclusion criteria,
which included the presence of conditions previously
proposed and documented to be PGRN dependent
(including lifetime), potentially influenced the
obtained results. This indicates the very important
issue that elevated PGRN serum and urine concen-
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tration levels occur in the case of the early TBI phase,
and they are probably associated with the occurrence
of axonal and neuronal damage, which is consistent
with previous studies on acute neurological condi-
tions, e.g. Xie et al. in 2016 observed increased PGRN
serum concentration levels in patients with acute
ischaemic stroke and provide an independent prog-
nostic value for all-cause mortality [53]. Similar
observations were observed in the study of Lasek-
Bal et al. in 2019, in which increased PGRN levels in
serum were noticed on the first day after stroke [25].
Although the multidirectional actions of PGRN,
including a variety of physiological and pathological
processes within the nervous system, are well
known, there are few available data on the role of
PGRN in the pathogenesis of TBI. In this case, pre-
clinical transgenic rodent studies using a complex
set of proteomic, transcriptomic, and immunofluo-
rescence methods provide the main insight into the
implied role of PGRN in the pathophysiology of TBI.
In the initial study evaluating this issue, Matzilevich
et al. in 2002 for the first time observed that hippo-
campal (CA) expression of the PGRN gene is up-reg-
ulated after controlled cortical impact (CCl) to Long-
Evans rats [31]. A study with a similar methodology
was conducted by Wang et al. in 2010 on C57BL/6
mice subjected to CCl, which exposed a correlative
microRNA-107 (miR-107) expression decrease within
the hippocampus with an augmentation of PGRN
expression [49]. Regarding the interconnected topic
of neurotrauma, it is worth mentioning that similar
findings were made in cases of SCl — Naphade et al.
in 2010 observed more intense immunoreactivity of
PGRN throughout the injury epicentre that peaked at
7-14 days in the C57BL/6 mice that were subjected
to midthoracic (Th9 level) contusion [34]. Additional-
ly, the coexisting PGRN immunoreactivity was asso-
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ciated with an increase of CD11b and CD68 marker
immunoreactivity, indicating the involvement of pri-
marily activated microglia and macrophages. Con-
secutively, the study of Tanaka et al. in 2013 per-
formed on C57BL/6) mice that where PGRN-deficient
(KO) indicates that PGRN expression increases after
TBI, and that CD68-positive activated microglia con-
stitute a major source of PGRN [45]. Simultaneously,
PGRN deficiency was associated with exacerbated
inflammatory response observed as an increased
proportion of CD68-positive activated microglia
where no changes in CD11b immunoreactivity were
observed. After the first evaluation of this topic, we
have shown a similar increase of PGRN and CD68
immunoreactivity within contused brains. In the
adult brain, PGRN is constitutively expressed within
all 6 layers of the neocortex, remaining strongest in
the 5t-6t layer comprising pyramidal and multiform
neurons; whereas, in the cases of TBI evaluated in
our study, it is highly expressed within the 13" lay-
ers after trauma [8,15,16]. In our study the head inju-
ry group presented disseminated microglia activa-
tion in the examined brain slices of the frontal
cortex. Therefore, the elevated PGRN concentration
level in serum can be linked with the activation of
microglia associated with its proliferation, aggrega-
tion, and further differentiation. Similar findings of
disseminated microglia activation in the early phase
of TBI were observed in our previous study [36]. Until
now, only a few investigations have considered
issues relating to the influx of brain-originated pro-
teins into the urinary and renal system in neurologi-
cal diseases [3]. Therefore, to date, the assay of
potential variations due to neurological diseases did
not take into consideration the “outlying” anatomi-
cal relation between the urinary and nervous sys-
tems, along with the existence of restricted and peri-
odic barrier access [3,55]. Detection and assay of
PGRN concentration in urine did not find much of
interest regarding the scientific and clinical field. In
this case, its usefulness was evaluated in the case of
diabetes, cancer,and rheumatoid diseases[35,43,52].
Nevertheless, the combined re-evaluation of both
issues provided us with new information on the
potential PGRN efflux from the injured brain into
peripheral biofluid such as evaluated urine. In this
way, for the first time, it was shown that evaluation
of the PGRN concentration could constitute a novel
assay suitable for post-mortem axonal injury assess-
ment when used alone or in combination with other
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diagnostic tools, which overall could have the poten-
tial to contribute to early TBI diagnosis. In addition
to the above-described usefulness of PGRN assays in
post-mortem diagnostics of TBI, special consider-
ation should be additionally given to patients who
survive and recover after brain trauma. Evaluation
and validation of different PGRN gene-associated
variants showed that patients carrying PGRN muta-
tions were reported to exhibit decreased plasma lev-
els of PGRN compared to individuals without muta-
tions, suggesting the possibility of a loss-of-function
disease mechanism [11]. As was previously reported,
TBI is an environmental risk factor of FTLD — accord-
ing to retrospective case-control analyses, patients
with diagnosed FTLD were ~3.3 (range, 1.3-8.1)
times more likely to have experienced head trauma
as compared to appropriate control groups [22,42].
Insights afforded in our study seem to correspond
with the abovementioned relationship and indicate
the significance of TBI in patients suffering in the
future from neurodegenerative diseases. Recently,
PGRN was suggested to participate in neuronal
recovery within the CNS as a neurotrophic and
anti-inflammatory factor [41]. In the study of Menzel
et al. in 2017, PGRN-deficient mice that underwent
CCl displayed increased perilesional axonal injury,
which was associated with increased transcription
of inflammatory and decreased transcription of
anti-inflammatory cytokines [32]. Similarly, intrace-
rebroventricular administration of PGRN protein
before CCl was associated with the reduction of
brain damage and functional deficit, as well as res-
toration of cytokine transcription profile with con-
comitant reduction of astrogliosis. The related func-
tions of PGRN are associated with its metabolism
related with its proteolytic cleavage, leading to the
release of several individually liberated GRN includ-
ed in 56-57 aa residues — which, after proteolysis
occurs in both, in individual or linked combination
form (~6-25 kDa), have opposing inflammatory
properties [6,39]. The proteolytic cleavage process is
mediated by various intra- and extracellular serine
(Ser) and threonine (Thr) proteinases; these interac-
tions occur in both directions based on a feed-for-
ward loop [44,54,57]. In this case, the initial trauma
seems to be associated with a disruption of PGRN
metabolism, causing its insufficiency through an
efflux of proteinases by microglia, all as part of an
ongoing secondary injury mechanism associated
with an increase of susceptibility to the develop-
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ment of neurodegenerative conditions even after
a mild episode of TBI. Despite the obtained data, the
role of PGRN in the pathogenesis of TBI and neuro-
degenerative diseases is multifactorial and is associ-
ated with multiple overlapping molecular issues.
Our neuropathological observations using selected
immunohistochemical and histological stains sup-
port the point of view that efflux of PGRN to several
biofluids occurs and is associated with disseminat-
ed cortical microglia activation as an effect of ongo-
ing neuroinflammatory reaction. Along these lines,
the possible implementation of performed assays
provides technical options for a novel and interest-
ing tool for subsequent TBI research, diagnosis, and
pathogenesis. Furthermore, the above-mentioned
surrogate biofluid assays may be useful in clinical
prognosis and risk calculation considering the devel-
opment of neurodegenerative conditions of TBI indi-
viduals. Studies conducted over the past several
years have indicated that assessment of serum
molecular biomarkers are worthy of attention in
neuroscientific practice, due to their non-invasive-
ness and cost-effectiveness to collect while bringing
far-reaching information associated with the clinical
status of the patient and predictions for disease
forecasting [17,40]. At present, this outlook supports
the implementation of not just single, but multi-
plexed platforms of less invasive and rapid assays in
various neurological conditions covering diagnosis
and monitoring [23,26].
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