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Abstract

Aneurysmal subarachnoid hemorrhage (aSAH), ischemic stroke (IS), and traumatic brain injury (TBI) are severe conditions
impacting individuals and society. Identifying reliable prognostic biomarkers for predicting survival or recovery remains
a challenge. Soluble urokinase type plasminogen activator receptor (suPAR) has gained attention as a potential prognostic
biomarker in acute sepsis. This study evaluates suPAR and related neuroinflammatory biomarkers in serum for brain injury
prognosis. This prospective study included 31 aSAH, 30 IS, 13 TBI, and three healthy controls (n =77). Serum samples were
collected on average 5.9 days post-injury, analyzing suPAR, IL-1f, cyclophilin A, and TNFa levels using ELISA. Outcomes
were assessed 90 days post-injury with the modified Rankin Scale (mRS), categorized as favorable (mRS 0-2) or unfavorable
(mRS 3-6). Statistical analyses included 2-tailed t-tests, Pearson’s correlations, and machine learning linear discriminant
analysis (LDA) for biomarker combinations. Elevated suPAR levels were found in brain injury patients compared to controls
(p=0.017). Increased suPAR correlated with unfavorable outcomes (p=0.0018) and showed prognostic value (AUC =0.66,
p=0.03). IL-1p levels were higher in the unfavorable group (»p =0.0015). LDA combinatory analysis resulted a fair prognostic
accuracy with canonical equation=0.775[suPAR] + 0.667[IL1-B] (AUC=0.77, OR 0.296, sensitivity 93.1%, specificity
53.1%, p=0.0007). No correlation was found between suPAR and CRP or infection status. Elevated suPAR levels in acute
brain injury patients were associated with poorer outcomes, highlighting suPAR’s potential as a prognostic biomarker across
different brain injury types. Combining IL-1p with suPAR improved prognostic accuracy, supporting a multimodal biomarker
approach for predicting outcomes.
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Introduction

Aneurysmal subarachnoid hemorrhage (aSAH), traumatic
brain injury (TBI), and ischemic stroke (IS) are prevalent
and devastating conditions, imposing significant burdens
on patients, their families and society [1, 2]. Inflamma-
tion plays a critical role in the progression of these neu-
rological disorders, contributing to poorer outcomes and
hindering neurological recovery [3—5]. The neuroimmu-
nological response to brain injuries is complex, involving
both pro-inflammatory and anti-inflammatory mediators
that can either exacerbate damage or promote repair and
regeneration [6-9].

Following acute brain injuries, mitochondrial dysfunc-
tion and neuroinflammation drive diffuse damage and
chronic neurodegeneration [6—9]. In both ischemic and
hemorrhagic strokes, impaired cerebral blood flow or vas-
cular rupture results in metabolic insufficiency, exacerbat-
ing brain damage [8, 9]. Microglia and brain-infiltrating
macrophages produce neuroinflammatory cytokines and
reactive oxygen species (ROS), disrupting homeostatic
functions such as immunosurveillance and phagocyto-
sis [6-9]. This inflammatory response, involving various
cells and pro-inflammatory mediators, not only exacer-
bates acute brain damage but also impedes recovery [4,
10]. Further complicating the prognosis after aSAH is the
well-acknowledged complication of vasospasm, which has
been notably linked to inflammatory processes [11].

Urokinase-type plasminogen activator receptor (uPAR)
is a glycosylphosphatidylinositol-linked membrane pro-
tein predominantly found in immunologically active
cells, such as T-lymphocytes and macrophages, but also
in endothelial and smooth muscle cells [12]. Upon cleav-
age, the membrane-bound uPAR yields its soluble (s)
form, suPAR. Previously, suPAR has been leveraged as
a prognostic marker for septic infections, a variety of
inflammatory diseases and pancreatic diseases [13—-15].
Elevated urinary suPAR levels have been correlated with
poor prognosis in patients with pancreatic ductal carci-
noma [16] and preoperatively elevated serum suPAR lev-
els have been linked to differentiating between malignant
and non-malignant pancreatic lesions [15]. Elevated serum
suPAR, together with c-reactive protein (CRP), has also
been shown to correlate with the severity of acute pancrea-
titis [17]. Furthermore, elevated serum suPAR levels have
been associated with increased stage of diabetic nephropa-
thy [18]. Serum suPAR, together with other inflammatory
markers IL-6, IL-16, CRP, and CCL3, was associated to
the severity of sepsis-induced acute kidney injury [19].
Serum suPAR, along with other inflammatory biomarkers
such as CRP, IL-6, and TNFa, correlated with the sever-
ity of chronic systemic inflammation [20]. High serum

@ Springer

suPAR concentration predicted worse outcomes after
COVID-19 [21]. Moreover, elevated suPAR concentra-
tions in serum samples have shown associations with a
spectrum of vascular pathologies [22, 23]. One previous
study demonstrated that serum suPAR levels were corre-
lated with aneurysmal subarachnoid hemorrhage (aSAH)
compared to healthy controls, and elevated serum suPAR
levels were associated with an increased risk of delayed
cerebral ischemia [24]. These previous findings about
suPAR underline its crucial role in the mechanism of vari-
ous inflammatory processes.

To explore the prognostic value of inflammatory biomark-
ers in acute brain injuries, we selected suPAR, tumor necro-
sis factor alpha (TNFa), interleukin-1f (IL-1p), and cyclo-
philin A for our study. SuUPAR was chosen as our primary
candidate due to its established role in various inflammatory
and vascular pathologies, and we hypothesized that suPAR
could serve as both a prognostic and diagnostic marker
in acute brain injuries. TNFa and IL-1p were included
because they are widely studied inflammatory molecules,
well-known for their significant roles in mediating neuro-
inflammation and neuronal damage [25-33]. Cyclophilin A
was selected due to its critical involvement in inflammatory
pathways and its inhibition by cyclosporine, which has been
studied in TBI contexts for its therapeutic potential in reduc-
ing cyclophilin A levels [34]. These biomarkers were also
validated through Reactome network analysis [35], which
addressed their interconnected biological roles and syner-
gistic effects.

Materials and Methods
Study Design and Participants

This prospective cohort study enrolled 74 consecutively
admitted patients, comprising individuals with IS (n=30),
aSAH, (n=31), and TBI, (n=13) (Fig. 1). Inclusion cri-
teria were aneurysmal subarachnoid hemorrhage, ischemic
stroke (embolic, thrombotic, or cryptogenic), or traumatic
brain injury resulting in subdural hematoma requiring sur-
gical evacuation. Eligible participants were over 18 years
of age and provided informed consent. These patients were
admitted to the tertiary care University Hospital of Turku,
Finland, between 2016 and 2019 and received standard
clinical treatment following in-house protocol aligned with
treatment recommendations for aSAH, IS and TBI manage-
ment [36-38]. Infection was defined as diagnosis (ICD-10)
of bacterial infection, with initiated antibiotic treatment for
the infection. If antibiotics were administered prophylac-
tically that was not counted as infection. Eleven patients
declined to give consent for the study. One patient initially
gave consent but later withdrew resulting in their samples
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Fig. 1 Flow chart of the study.
The prospective cohort (n="74)
consisted consecutively col-
lected patients of ischemic
stroke (IS) (n=30), aneurys-
mal subarachnoid hemorrhage
(aSAH) (n=31), traumatic brain
injury (TBI) (n=13) patients
and healthy controls (n=3).
Blood samples were drawn, and
serum was used in analyses.

ELISA method was used to .
detect biomarker levels (suPAR,
TNFa, IL-1p, cyclophilin a).
Patients were categorized based
on their modified Rankin scale
(mRS) scores into favorable
(mRS =0-2) and unfavorable
(mRS =3-6) outcome groups.

and other data being excluded from the study. Lastly, six
enrolled patients were excluded from the protein biomarker
detection measurements due to the availability of only early
samples (1-2 days post-insult). No study patients were lost to
follow-up. In addition, three (n=3) healthy control patients
were included with no neurological diseases.

Serum Sample Preparation

Blood samples were taken at 5.9 + 2.2 (SD) days after the
insults. Standard 10 ml venous blood serum collection tubes
(BD Vacutainer No Additive, REF 364915) were utilized for
blood collection. Following the blood draw, each sample was
allowed to rest at room temperature for 30 to 60 minutes
to allow for the clot to form. The serum was then isolated
by centrifuging the blood sample at the end of the clotting
time in a horizontal rotor (swing-out head) for 15 minutes
at 2200 g at room temperature. Subsequently, the serum was
aliquoted in three 10 ml clean serum collection tubes for
storage at —80 °C.

Sample Analytics

To explore the prognostic value of inflammatory bio-
markers in acute brain injuries, we selected soluble
urokinase-type plasminogen activator receptor (SuPAR),
tumor necrosis factor alpha (TNFa), interleukin-1f (IL-
1pB), and cyclophilin A for our study as described in the
introduction. SuPAR was chosen as our primary candi-
date due to its established role in various inflammatory
and vascular pathologies. We hypothesized that suPAR
could serve as both a prognostic and diagnostic marker

Acute brain injury (n=74)
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e Aneurysmal subarachnoid hemorrhage (n=31)
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in acute brain injuries. Biomarkers were analyzed with
curated Reactome Flviz network analysis program [35],
which highlighted their potential synergistic roles in func-
tional network (input proteins uPAR. IL-1f, Cyclophilin A
and TNFa) (Supplemental fig. S1, supplemental material).
SuPAR, TNFa, IL-1f, and cyclophilin A concentrations
were measured in serum samples using the commercially
available enzyme-linked immunosorbent assay (ELISA)
(Invitrogen®, Catalog numbers: EHPLAUR, EH138RB,
BMS224-2, KHC3011). Assay range and analytical sensi-
tivity were for each molecule: suPAR (16.38-4000 pg/ml;
15 pg/ml), Cyclophilin A (2.05-500 ng/ml; 2,05 ng/ml),
IL-1p (3.9-250 pg/ml; 0.3 pg/ml), TNFa (15.6-1000 pg/
ml; 1.7 pg/ml). The protocol was performed as per manu-
facturer’s guidelines. The samples were thawed only once.
An experienced researcher performed loading of the wells
and was blinded to the patients’ outcomes. All the samples
were loaded in duplicates and averaged. Measurements
were performed with a Varioskan® Flash analyzer running
SkanIt Software version 2.4.3 RE. Four-parameter logistic
regression analysis was performed to estimate the sample
concentration.

Evaluation of Functional Outcome

The outcomes for aSAH patients were assessed during a
three-month structured follow-up at the outpatient clinic. For
IS and TBI patients, outcomes were evaluated via structured
telephone interviews. The modified Rankin Scale (mRS) was
used to determine outcomes, dividing the cohort into favora-
ble (mRS 0-2) and unfavorable (mRS 3-6) subgroups.
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Statistical Methods

We conducted a two-tailed t-test to compare serum bio-
marker levels (suPAR, IL-1p, Cyclophilin A, and TNFax)
across patient outcomes. Differences in measured protein
biomarker concentrations between disease groups were ana-
lyzed with one-way ANOVA. Pearson’s correlation coeffi-
cients were calculated to explore the linear relationships
between these biomarkers. The Chi-squared test or Fisher’s
exact test was used to calculate p values for categorical vari-
ables. Additionally, multivariate linear canonical discrimi-
nant analysis (LDA) was performed, and canonical scores
were used to build a combinatory biomarker with logistic
modeling predicting the outcome [39, 40]. The Youden
method was applied to determine the best sensitivity and
specificity in receiver operating characteristic (ROC) analyt-
ics [41]. Areas under the curve (AUCs) ranging from 0.6 to
0.7,0.7 t0 0.8, 0.8 to 0.9, and greater than 0.9 were classified
as acceptable, fair, good, and excellent for discrimination,
respectively [42]. A significance level of p <0.05 was set for
statistical tests. When candidate biomarkers were selected
into a combinatory model, only molecules passing Bon-
ferroni correction p <0.05 was selected into a final model
[43]. We identified and excluded outliers using the ROUT
method, with a false discovery rate set at Q=1% [44]. All
data analyses were conducted using SAS 9.4 (SAS Institute
Inc., 2016, Cary, NC, US) and Prism 9.4.1 (GraphPad Soft-
ware, LLC).

Results
Patient Demographics and Clinical Characteristics

The cohort consisted of 31 (41.9%), 13 (17.6%), and 30
(40.5%) patients respectively, totaling 74 patients. Demo-
graphic analysis revealed a slightly higher proportion of
male patients (39/74, 52.7%) (Supplemental table S1). The
age distribution in the cohort was between 23 and 75 years
while the mean age of the patients was 58.4 + 12.7 years.
Of the patients, 54.1% (40/74) of the cohort had a favora-
ble outcome (mRS 0-2) while 45.9% (34/74) had an unfa-
vorable outcome (mRS 3-6). Among patients with a favora-
ble outcome the division between different brain injuries
was 17 aSAH (54.8%), 19 IS (63.3%) and 4 TBI (30.8%)
patients. The division between patients with unfavorable
outcomes were 14 aSAH (45.2%), 11 1S (36.7%) and 9 TBI
(69.2%) (Supplemental table S1). Favorable and unfavora-
ble groups compared were matched sex (p=0.98). Patients
in the unfavorable outcome group were older (p =0.03)
(Table 1). Further analysis of age and suPAR concentra-
tions confirmed that suPAR did not correlate with age
(r=0.03010, R*=0.0009, p =0.7990). Additionally, age did
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not correlate with suPAR in either outcome group: favora-
ble (r=0.03790, R?>=0.0014, p=0.8164) or unfavorable
(r=-0.0448, R?=0.0020, p=0.8013) (Table 1, Supple-
mental fig. S2). IL-1p showed a trend toward negative cor-
relation (r=-0.01657, R%=0.02745, p=0.1673) (Table 1,
Supplemental fig. S2).

suPAR Concentration Associate with Outcome
after Brain Injury

We observed a significant increase in suPAR levels among
patients with acute brain injuries compared to healthy con-
trols (p=0.0176) (Fig. 2A and Table 1). Patients with unfa-
vorable outcome (mRS scores of 3-6) had higher suPAR con-
centrations (p =0.0018) (Fig. 2B and C). Receiver operating
characteristics (ROC) analysis demonstrated that suPAR
has an acceptable prognostic value, with an area under the
curve (AUC) of 0.66 (p=0.03, 95% CI 0.52-0.79) (Fig. 2D).
When we studied suPAR levels between diseases, we did
not find any statistically significant differences between the
disease groups (IS, aSAH, and TBI) (favorable outcome
group p=0.30, unfavorable outcome group (p =0.33) (Sup-
plemental Fig. 3, supplemental material).

Infection Status and suPAR

In our investigation into the relationship between suPAR
levels and infection status, we found no significant asso-
ciation (Fig. 3). Analysis showed that suPAR levels were
similar irrespective of the infection status (p =0.8040)
(Fig. 3A). This finding was consistent when the data were
segregated into outcome groups. In the favorable outcome
group, suPAR levels showed no significant association with
infection status (p =0.9450) (Fig. 3B). Similarly, within the
unfavorable outcome group, there was no significant associa-
tion between suPAR levels and infection status (p =0.4346)
(Fig. 3C). Further, our results indicated no correlation
between suPAR concentrations and the highest C-reactive
protein (CRP) levels (p =0.2680, r=-0.1304, R>=0.01 70)
(Fig. 3D).

Circulating Inflammatory Biomarker Response
after Brain Injury

After evaluating the associations between suPAR, infec-
tion status, and CRP, we expanded our analysis to encom-
pass a broader range of inflammatory biomarkers and their
potential change in response following brain injury. IL-1p
was increased in unfavorable patient group compared to
favorable outcome and healthy (p =0.0015 and 0.064,
respectively) (Fig. 4A, Table 1). Regarding Cyclophilin A,
the data showed an upward trend in concentrations among
patients with unfavorable outcomes (p =0.1378), indicating
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Table 1 Patient characteristics

. Variables Favorable (n=40) Unfavorable (n=34) p-value
and concentrations of soluble
urokinase-type plasminogen Age* in years 0.031
activator receptor (SuPAR), Mean+SD 55.5+12.0 61.9+12.8
interleukin-1, cyclophilin a and - - -
tumor necrosis factor o (TNFo) Min-Max 23.0-74.0 30.0-75.0
from the acute brain injury Median (IQR) 56.5 (46.3-65.0) 66.5 (52.0-71.3)
cohort (n="74) and healthy Sex 0.98
E:rlﬂ?ii?cljlén(m?éy lggxllgf;ble Male 21625 18 (52.9)
0-2, unfavorable mRS 3-6. Two- Female 19 (47.5) 16 (47.1)
sample t-test (continuous) or chi Type of brain injury 0.14
square test or Fisher’s exact test aSAH 17 (54.8) 14 (45.2)
(categorical) for p values TBI 4(30.8) 9(69.2)
IN 19 (63.3) 11 (36.7)
suPAR (ng/ml) 0.0018
Mean+SD 2.84+1.06 4.56+2.81
Min-Max 0.94-5.47 1.09-11.42
Median (IQR) 2.75 (2.06-3.58) 3.83 (2.26-6.96)
IL-1B (pg/ml) 0.0015
Mean+SD 15.70+10.55 26.70+16.72
Min-Max 4.18-39.35 3.93-73.28
Median (IQR) 14.64 (6.60-20.44) 27.10 (10.32-36.74)
Cyclophilin A (ng/ml) 0.14
Mean+SD 64.57+117.60 110.50+120.40
Min-Max 0-427.60 0-349.90
Median (IQR) 2.88 (0-53.62) 52.77 (0.21-236.50)
TNFa (pg/ml) 0.39
Mean+SD 20.23+4.39 19.29+4.87
Min-Max 10.04-28.10 10.27-27.44
Median (IQR) 20.12 (17.50-23.47) 19.23 (15.36-22.39)
suPAR (ng/ml) Healthy (n=3) 0.018+
Mean+SD 0.47+0.12
Min-Max 0.37-0.60
Median (IQR) 0.45 (0.37-0.60)
Age in years 0.04%
Mean+SD 47.33+19.09
Min-Max 33.0-69.0
Median (IQR) 40.00 (33.00-69.00)
Sex 0.94%
Male 1(33.33)
Female 2 (67.67)

* suPAR and IL-1f levels did not correlate with age

T Statistical comparisons of suPAR between healthy versus favorable plus unfavorable outcome groups

IStatistical comparisons of age and sex between healthy versus favorable plus unfavorable outcome groups

a potential association with more severe injury cases
(Fig. 4C). Furthermore, when compared to healthy individu-
als, Cyclophilin A demonstrated an increasing trend, but
not statistically significant (p=0.1392). In contrast, TNFa
levels did not exhibit substantial variation between different
outcome groups (p =0.3858), suggesting a more consistent
expression irrespective of injury severity (Fig. 4D). How-
ever, when comparing TNFa concentrations in the healthy

group, we noted significantly lower levels (p =0.0197), indi-
cating a potential baseline difference in the context of brain
injuries.

Combinatory Prognostic Model

Our investigation into the potential of a combinatory
prognostic model for brain injury outcomes focused on
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Fig.2 Soluble urokinase-type A)
plasminogen activator receptor

(suPAR) concentrations in acute 15—
after brain injury and healthy

controls. A) Significantly higher

suPAR concentrations were °
detected in acute brain injury 10 - °
group versus healthy controls
(p=0.0176) B) favorable
outcome, unfavorable outcome
and healthy control group were
significantly different in suPAR 5
concentration (p =0.0004)
(ANOVA) C) higher suPAR
concentration was associated

0.0176

ng/ml

suPAR

B) suPAR

57 0.0004

10 °

ng/mi

with unfavorable outcome 0 I
(p=0.0018). D) Receiver
operating characteristic analysis 06
(ROC) showed acceptable
prognostic accuracy (area under @
the curve=0.66, p=0.03, 0
95% C10.52-0.79). Favora-
ble outcome =0-2 modified v
Rankin scale (mRS), favorable

outcome =3-6 mRS. acute C)
brain injury =ischemic stroke,

aneurysmal subarachnoid 15—
hemorrhage and traumatic brain

injury groups combined. Two-

tailed 2-sample t-test. Panel B

ANOVA. Data represent mean 10 -
+ SEM.

0.0018

suPAR and outcome D)

ROC suPAR outcome
100

AUC = 0.66

801 o-003

60

40

20 -

True positive rate (Sensitivity)

04— T T T 1

integrating statistically significant IL-1p and suPAR
(p <0.05, Bonferroni corrected) biomarkers. Despite IL-1f’s
significant association with unfavorable outcomes and its
fair performance in the AUC analyses, it is noteworthy that
IL-1P and suPAR were not co-correlated (r=0.09, p=0.48,
R*=0.008). This lack of correlation suggests that each bio-
marker may contribute unique and independent information
to the prognosis of brain injury outcomes.

In the independent ROC analysis, IL-1p showed a
fair level of prognostic accuracy with an AUC of 0.70
(»p=0.004, 95% CI=0.57-0.83) (Fig. 5A). The machine
learning algorithm linear discriminant analysis combining
these biomarkers demonstrated improved predictive power
for favorable outcome: OR 0.296 (95% CI=0.147-0.597);
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AUC 0.77 (95% CI=0.66-0.89), p=0.0007, with 93.1%
sensitivity and 53.1% specificity (Youden J=0.462)
(Fig. 5B). Furthermore, the LDA formula, utilizing
canonical scores of sSuPAR and IL-1f, provides a quanti-
fied assessment of their combined influence on prognostic
predictions:

Canonical score = 0.775[suPAR] + 0.667 [IL — 1B].

These findings affirm the potential of using a multimodal
biomarker approach in clinical settings to enhance the preci-
sion of outcome predictions in patients even with different
types of brain injuries.
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Fig. 3 Analysis of soluble A) suPAR and infection
urokinase-type plasminogen

activator re.cepto'r (suPAR). 15 0.8040

levels and infection status in

brain injury outcomes. A) no .l |
significant association between 10- .
suPAR levels and infection

status observed across the ng/ml - .
entire cohort (p=0.8040). B) ; b
within the favorable outcome 5 —..?-.7"
group, suPAR levels show no _g 099300
association with infection status %
(p=0.9450). C) Examination -+
of the unfavorable outcome S o
group also indicates a lack of ‘&c}' ‘@c’}'
association between suPAR o\(‘ ©

levels and infection status <

(p=0.4346). D) SuPAR did not
correlate with C-reactive protein

levels (p=0.2680, r=-0.1304, 15—

R?*=0.0170). Favorable 0.4346
outcome =0-2 modified I |
Rankin scale (mRS), favorable ° .
outcome =3-6 mRS. two-tailed 104
2-sample t-test, data represent ng/ml eoeee °
mean + SEM. Pearson correla- —_:f i
tion analysis in panel D. 5
L]
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Discussion

This study aimed to elucidate the prognostic value of serum
suPAR levels and associated neuroinflammatory biomark-
ers in patients with acute brain injuries, including aSAH,
IS, and TBI. Elevated suPAR levels were consistently asso-
ciated with unfavorable outcomes, supporting the notion
that suPAR serves as a global marker of inflammation
and immune activation, potentially reflecting the severity
and prognosis of brain injuries. The association between
increased serum suPAR levels and unfavorable outcomes
across different types of brain injuries underscores the
potential of suPAR as a promising biomarker for assess-
ing prognosis in acute brain injuries. This is particularly
noteworthy as the search for reliable biomarkers that can
predict outcomes across various types of brain injuries has
been challenging. The moderate prognostic value of suPAR
suggests that suPAR could be an important component of a
multimodal biomarker strategy to refine outcome predictions
in acute brain injury.

We also observed elevated suPAR levels in all disease
groups compared to healthy controls. Previous studies have
reported suPAR levels in healthy populations ranging from
0.5 to 4 ng/ml, depending on the measurement method,

C) suPAR and infection/unfavorable D)

B) suPAR and infection/favorable

10+ 0.9450
8- eeocee L4
° L]
6- L[]
ng/ml
2 d2t Tt
.oo °

suPAR (ng/ml)

0 100
CRP (mg/l)

200 300

which aligns with our study’s healthy control group mean
of 0.47 ng/ml (Table 1). Although the control group size was
limited, these preliminary findings suggest a potential role
for suPAR as a distinguishing marker in brain injury. Previ-
ous studies have shown that suPAR levels may increase with
age [45-47]. Notably, age was not associated with higher
suPAR levels in our outcome analysis (Fig. S2), supporting
the utility of suPAR as an independent biomarker in this con-
text. Nonetheless, future studies with larger control groups
will be necessary to accept suPAR’s diagnostic potential.

suPAR Associating with Outcome

SuPAR is a promising prognostic biomarker in acute brain
injuries such as TBI and IS [22, 48, 49]. Elevated serum and
cerebrospinal fluid suPAR levels have also been observed in
patients with aSAH compared to healthy controls [24]. How-
ever, there are not many studies on suPAR and related brain
injuries; suPAR has been studied more widely in the context
of general inflammatory processes and cancer [14-16, 19,
20, 45] (Table 2).

Our study found no correlation between serum suPAR
and CRP levels, which is consistent with an earlier studies
reporting no correlation between plasma suPAR levels and
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Fig.4 Brain injury induced e
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CRP, IL-6, or IL-10 in patients with severe sepsis [52].
There is evidence indicating that high-sensitivity CRP is
associated with higher suPAR levels in chronic kidney
disease, where high-sensitivity CRP reflects low-grade,
chronic inflammation, while normal CRP typically signals
more acute inflammatory responses. [51]. Interestingly,
weak correlation between suPAR and myeloperoxidase
suggests that suPAR may reflect general immune system
activation rather than directly mediating inflammatory
actions [52]. SuPAR has also been associated with other
inflammatory processes such as systemic chronic inflam-
mation, various cardiovascular diseases, pancreatitis,
pancreatic carcinoma and diabetic nephropathy [16—18,
20, 23]. These associations underscore the significant role
of suPAR in inflammation processes. Notably, there are
other studies reporting an association with CRP (Table 2),
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indicating that the relationship between CRP and suPAR is
multifactorial and likely not direct association.
Contrastingly, the findings by Kiiski et al. revealed no
significant association between plasma suPAR levels and
neurological outcomes in aSAH patients [50]. Several fac-
tors might contribute to these divergent findings. Firstly, the
difference in patient populations and injury types between
the two studies could account for the variability in suPAR’s
prognostic utility. While our study spanned a broad spectrum
of acute brain injuries, Kiiski et al. [50] focused exclusively
on aSAH patients. However, we did not find any differ-
ences in SuPAR concentration between aSAH, TBI, and IS.
Moreover, the methodology of suPAR measurement could
influence its prognostic value. Our study assessed serum
suPAR levels, whereas Kiiski et al. [S0] measured plasma
concentrations. In our cohort, the mean suPAR level in the
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Fig.5 Prognostic performance of the IL-1p and combinatory suPAR
biomarker. A) Receiver operating characteristic (ROC) analy-
sis showed satisfactory prognostic accuracy (area under the curve
(AUC)=0.70, p=0.004, 95% CI 0.57-0.83). B) Linear discrimi-
nant analysis (LDA) of soluble urokinase-type plasminogen activa-
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tor receptor (SuPAR) and interleukin-1f (IL-1P) showed a good and
improved model prognosing favorable outcome (OR 0.296, 95% CI
0.147-0.597; AUC=0.77, 95% CI 0.66-0.89; sensitivity 93.1%, speci-
ficity=53.1%, p=0.0007). LDA of combinatory biomarker resulted
an equation with canonical scores: 0.775[suPAR] + 0.667[IL1f].

Table 2 Soluble urokinase-type plasminogen activator receptor (suPAR) studies and associations with outcome and inflammatory biomarkers

Disease studied Association with Association with inflammatory molecules Reference
outcome

Acute kidney injury and sepsis Yes IL-6, IL-16, CRP, CCL3 Nusshag et al. [19]

Diabetic nephropathy Yes - Wuetal. [18]

Systemic chronic inflammation Yes CRP, IL-1b, IL-6, IL-8, IL-10, IL-18, MCP-1, Rasmussen et al. [20]

CCL2, TNFa

Cardiovascular diseases Yes CRP, IL-6 Hodges et al. [23]

SAH No CRP Kiiski et al. [50]

Pancreatitis Yes CRP Zhang et al. [17]

Pancreatic ductal adenocarcinoma Yes - Sorio et al. [16]

COVID-19 Yes PTX3,CD14 Zhan et al. [21]

Ischemic stroke and TIA Yes CRP, Procalcitonin, IL-6, IL-17, IL-10 Smitowska et al.
[49]; Onatsu et al.
[22]

Traumatic brain injury Yes - Yu et al. [48]

Chronic kidney disease Yes high-sensitivity CRP, CD40 Hayek et al. [51]

favorable outcome groups was 2.84 ng/ml, which is in line
with their measurements. However, in the unfavorable out-
come group, our findings differed from those of Kiiski et al.,
with our cohort having mean concentration of 4.56 ng/ml
compared to their 2.66 ng/ml.

In our study, machine learning LDA model incorporat-
ing suPAR and IL-1f demonstrated a promising prognostic
performance for predicting favorable outcomes, with an OR
of 0.296. Notably, the model exhibited very high sensitiv-
ity (93.1%) but moderate specificity (53.1%). This is par-
ticularly advantageous feature for a prognostic biomarker
as the high sensitivity means that unfavorable patients are
not loosely identified, reducing the risk of misclassifying

favorable outcome patients as unfavorable. This ensures
that possible clinical decisions, such as withdrawing treat-
ment based on poor prognosis, are more accurate. The
canonical equation derived from the LDA, 0.775[suPAR] +
0.667[IL1p], underscores the combined biomarker’s poten-
tial utility in clinical settings where accurate prognostication
is essential for optimizing patient outcomes.

Circulating Inflammatory Molecules after Neuronal
Injury

The interaction between Cyclophilin A and apoptosis-induc-
ing factor (AIF) has been shown to promote neuronal injury

@ Springer



Inflammation

in neonatal mice models after ischemic brain injury [53].
Inhibition of this cascade reduced apoptotic processes fol-
lowing ischemic injury [54]. In aSAH models Cyclophilin
A is increased activating the CD147 receptor and NF-kB
inflammatory signaling pathway, which can also induce
blood-brain barrier disruption [55]. Our findings regarding
Cyclophilin A align with these previous studies, as Cyclo-
philin A levels showed an upward trend in the unfavorable
patient group, though the change was not statistically sig-
nificant (p =0.1392).

There is marked evidence in the literature supporting that
IL-1p is a crucial inflammatory mediator in neuronal injury
of stroke and TBI [30]. IL-1p is a key inflammatory mediator
after TBI in mice models. Neutralization of IL-1p improved
cognitive outcomes in TBI mice models [55]. In our study,
IL-1p was significantly increased in the unfavorable patient
group, highlighting its important role in neuroinflammatory
processes and its prognostic value after acute brain injury,
and interestingly irrespective of the type of brain injury. The
lack of a correlation between IL-1f and suPAR suggests that
these biomarkers may reflect different aspects of the neuro-
inflammatory response, potentially offering a broader under-
standing of the underlying pathophysiological processes.

TNFa was found to be upregulated and induce neuronal
apoptosis via p53 activation after TBI in mice [56]. Higher
TNFa and IL-6 levels were also measured in the cerebrospi-
nal fluid of patients with aSAH, compared to healthy con-
trols [57]. In our study, there was no statistically significant
difference in serum TNFa levels between the unfavorable
and favorable outcome groups. This may suggest that while
TNFa may play a role in the acute phase of neuroinflamma-
tory response at a mechanistic level, its serum levels might
not be a good indicator for outcome.

This study integrated two circulating inflammatory mol-
ecules with suPAR and identified new potential prognostic
biomarkers and therapeutic targets for the future develop-
ment of diagnostic, prognostic, and treatment strategies
for acute brain injuries. The lack of correlation between
suPAR and clinical infection status in this cohort, as well
as with CRP values, indicates that suPAR elevation in
post-acute brain injury is more likely reflective of the neu-
roinflammatory response rather than secondary infectious
complications.

Limitations

Our study is not without limitations. The sample size, while
adequate to demonstrate significant associations, limits the
generalizability of our findings. The primary focus in this
study was to develop a prognostic model; however, the lim-
ited number of healthy controls constrains the significance of
suPAR’s diagnostic value. The limited control size reduces
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our capacity to account for natural variability in suPAR
levels due to demographic factors such as age, sex, and
underlying health conditions that may be present in larger
populations. While prior studies indicate that suPAR levels
were in the range of our results in healthy populations, a
larger control group would provide a more accurate basis
for comparison and help refine diagnostic utility. Thus, the
results regarding suPAR’s diagnostic properties should be
interpreted with these limitations in mind.

While multivariate analysis could further explore the
independent predictive value of suPAR, the lack of signifi-
cant correlations between suPAR and confounding variables
such as age, sex, and infection status provide confidence
in interpreting the LDA model, which was derived from
Bonferroni-corrected biomarker candidates. Future studies
with larger patient populations are needed to validate our
results and explore the applicability of the suPAR and IL-1
prognostic model across different settings and populations.

Genetic, environmental, and medical factors were not
analyzed in this study. These factors may also influence
the prognosis after acute brain injuries. Additionally, our
study’s observational nature precludes the establishment of
causal relationships between biomarker levels and patient
outcomes. Longitudinal studies that track biomarker levels
over time could provide deeper insights into their dynamic
changes and prognostic relevance.

Conclusions

Our study contributes valuable evidence supporting the role
of suPAR as a prognostic biomarker in acute brain injuries,
with elevated levels associated with worse outcomes. The
incorporation of IL-1f into a combined biomarker model
further refines the prognostic accuracy offering a promis-
ing approach for improving patient management. This study
paves the way for future research to explore the underlying
common inflammatory mechanisms in recovery after differ-
ent types of acute brain injuries.
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