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®SAGE

Feature Article

New astroglial injury-defined biomarkers
for neurotrauma assessment

Julia Halford', Sean Shen?, Kyohei Itamura', Jaclynn Levine',
Albert C Chong', Gregg Czerwieniec?, Thomas C Glenn?,
David A Hovda®, Paul Vespa*, Ross Bullock®,

W Dalton Dietrichb, Stefania Mondello7,

Joseph A Loo>? and Ina-Beate Wanner'

Abstract

Traumatic brain injury (TBI) is an expanding public health epidemic with pathophysiology that is difficult to diagnose and
thus treat. TBI biomarkers should assess patients across severities and reveal pathophysiology, but currently, their
kinetics and specificity are unclear. No single ideal TBI biomarker exists. We identified new candidates from a
TBI CSF proteome by selecting trauma-released, astrocyte-enriched proteins including aldolase C (ALDOC), its 38kD
breakdown product (BDP), brain lipid binding protein (BLBP), astrocytic phosphoprotein (PEAI5), glutamine synthetase
(GS) and new 18-25kD-GFAP-BDPs. Their levels increased over four orders of magnitude in severe TBI CSF. First post-
injury week, ALDOC levels were markedly high and stable. Short-lived BLBP and PEAI5 related to injury progression.
ALDOC, BLBP and PEAI5 appeared hyper-acutely and were similarly robust in severe and mild TBI blood; 25kD-GFAP-
BDP appeared overnight after TBIl and was rarely present after mild TBI. Using a human culture trauma model, we
investigated biomarker kinetics. Wounded (mechanoporated) astrocytes released ALDOC, BLBP and PEAI5 acutely.
Delayed cell death corresponded with GFAP release and proteolysis into small GFAP-BDPs. Associating biomarkers with
cellular injury stages produced astroglial injury-defined (AID) biomarkers that facilitate TBI assessment, as neurological
deficits are rooted not only in death of CNS cells, but also in their functional compromise.
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Introduction
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Traumatic brain injury (TBI) is an expanding global
public health concern and is the leading cause of

death and disability among youth.! The TBI spectrum
covers a wide range of severities with multiple adverse
outcomes.” The most common TBIs are mild and occur
frequently during sports activities and military oper-
ations. Some mild TBI patients develop persisting
neurological deficits that would be desirable to pre-
dict.** Unambiguous diagnosis, both real-time and
delayed, is paramount for safe return-to-action because
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repeated head impacts can exacerbate symptoms and
increase risk for later neurological deficits.’

TBI is heterogeneous with variable periods of coma,
different pathologies such as intracranial hematoma,
contusion or axonal injury and complex injury evolu-
tion.® Diagnosing TBI pathology is difficult, and moni-
toring progression is often impractical, confounding
treatment of TBI patients. Further, clinical endpoints
with variable degrees of brain dysfunction are hard to
predict. Current clinical approaches to assessing TBI
patients, based on the Glasgow Coma Scale (GCS)
and computed tomography (CT)-scans, incompletely
capture TBI complexity.” While CT-scans are
common and report macroscopic brain lesions, detec-
tion of diffuse microstructural injuries and metabolic
dysfunction after TBI requires more refined and
advanced imaging techniques that are less accessible.®”
Microstructural injuries such as fiber damage and cell
membrane permeability (mechanoporation) are accom-
panied by protein changes that can provide insight into
early cellular and structural pathophysiology following
TBIL.'"'* We hypothesize that cellular injury processes
and their protein signatures are useful resources for
improving the acute assessment of neurotrauma
patients.

Many studies have been conducted to identify new
neurotrauma protein biomarker candidates.'>'® GFAP,
neuron specific enolase, neurofilaments, tau, ubiquitin
C-terminal hydrolase (UCHLI1) and S100 3 have been
previously chosen for their neuropathological presence.
While these candidates’ expression in neurons or glia is
well known, their trauma-induced release mechanisms
are not well established. Furthermore, clinical transla-
tion of these candidate biomarkers is limited by their
short-lived biofluid presence, extra-CNS sources,
delayed circulatory appearance and age-dependent con-
tingencies.''® Most protein biomarker mining studies
have drawbacks, including failure to address fluid
changes, differences in time-scales between rodent and
human pathophysiology and analytical challenges that
obstruct the identification of new biomarkers.'” %
Furthermore, selection of suitable biomarker candidates
from untargeted (global) proteomics discovery experi-
ments is difficult and often unsuccessful.>> These obser-
vations emphasize the need for a new class of
biomarkers associated directly and immediately with
traumatic impact on brain cells.

Astrocytes were chosen as the study’s focus due to
their central roles in the neuro vascular unit including
brain metabolism, blood flow and blood—brain barrier
(BBB) function.”*?® Astrocytes outnumber neurons
in the human neocortical white matter and are vulner-
able and responsive to injury.'**” % We recently
reported that substantial amounts of cellular proteins
are released into fluids minutes after abrupt astrocyte

stretch-injury.®® Overall, astrocytes are ideal sources
for neurotrauma biomarkers.

In the present work, we determined a TBI cerebrosp-
inal fluid (CSF) proteome and a strategy to overcome
the typical ““proteomics bottlenecks.” We capitalized on
astrocyte enrichment and our previous work on initial
trauma-released proteins to identify a panel of new
neurotrauma biomarker candidates.?*% *? Clinical stu-
dies documented new biomarker elevation and new
profiles in severe TBI patients’ biofluids and explored
early presence of these biomarkers in serum of mild
TBI patients. Surprisingly, our parallel studies in a
simple human culture trauma model produced similar
profiles early post injury. We then linked the biomarker
profiles with coinciding cell injury processes.
Importantly, biomarkers of cell wounding and cell
death provide biosignatures of brain cell compromise
and demise. Thus, our new astroglial injury-defined
(AID) biomarkers could become powerful tools for
understanding TBI pathophysiology.

Materials and methods
Donors, patients, samples and ethics guidelines

This study follows UCLA Policy 991, which follows
guidelines from the Belmont report and is enforced by
the Office of Human Research Protection Program.*?
All CSF and plasma samples were collected under
protocols approved by the Institutional Review
Boards of UCLA-David Geffen School of Medicine,
University of Miami-Miller School of Medicine and
University of Messina. Written informed consent was
obtained from patients or authorized representatives.
CSF from TBI patients was collected by ventriculost-
omy, and blood by venipuncture as early as 1 h and up
to every 6h over a maximum of five days following
injury. The inclusion criteria were a post-resuscitation
GCS score of eight or less for severe TBI patients
(GCS < 8) and larger than eight (GCS 9-12) for mod-
erate TBI patients. Adult patients admitted to the emer-
gency department with mild TBI (GCS 13 to 15) within
4h after injury and requiring a CT as part of their ini-
tial management were also included. The exclusion cri-
teria were no informed consent, patients younger than
16 years old, no head CT scan, pregnant women, pris-
oners or history of psychotic illness or neurological dis-
ease. CSF control samples were obtained by lumbar
drain from patients with unruptured aneurysms
(UCLA) or were donated from healthy subjects
(Precision-Med). Subject details are listed in
Supplementary Table 1. CSF, plasma and serum sam-
ples were handled following common data elements for
biomarker studies and protocols have been approved
by UCLA Institutional Biosafety Committee.>*
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CSF proteomics

Equal CSF volumes from TBI patients and healthy sub-
jects were dried, reduced, alkylated and trypsin digested
(for details, see Supplementary Methods). The resulting
samples were acidified, cleared of precipitates and then
dried. Protocol details are provided in Supplementary
Methods. For mass spectrometry measurements, the
CSF tryptic digests were reconstituted and desalted,
and liquid chromatography-tandem mass spectrometry
(LC-MS/MS) was conducted using an LTQ-Orbitrap
or Q-Exactive Orbitrap mass spectrometer (Thermo
Scientific). Peptide separation, acquisition, analysis
and validation details are provided in Supplementary
Methods.

Immunoblotting, sub-saturated densitometry
and technical variance

Conditioned media of the human astroglial trauma model
were collected from six cultures (12ml); samples were
prepared as described previously.’® Clinical biofluid
samples were treated following common data element
recommendations.’® Sample preparation details are
given in Supplementary Methods. Immunoblotting was
performed as described with details provided previously
and in Supplementary Methods.*® All fluid analyses were
normalized by volume (30 pl/lane). Signal specificity was
validated using different specific antibodies for GFAP
and GS and isoform-specific antibodies for ALDOC
and BLBP (Supplementary Table 2). His-tagged pure pro-
teins ALDOC, BLBP, PEA15 (EnCor Biotechnology)
and GFAP full size, 37kD and 20kD fragments
(Abbott Diagnostics) were analyzed in parallel
(Supplementary Table 3). Secondary antibodies are
listed in Supplementary Table 4. Multiple films of differ-
ent exposure lengths were applied consistently.
Densitometry is  described in detail in the
Supplementary Methods and Supplementary Figure 1.
Post hoc normalization within an expanded linear range
covered two to four orders of magnitude. Overall, ana-
lysis variance was at least 10-fold smaller than significant
cross-condition differences. In the trauma model, each
biomarker’s release varied no more than 1-2 z-scores.

Quantitation of biomarkers in CSF using multiple
reaction monitoring-mass spectrometry

Internal standard peptides specific to each biomarker
were synthesized with heavy isotope-labeled arginine
and lysine and spiked into CSF samples (Thermo
Scientific, see Supplementary Table 5). CSF samples
were reduced, alkylated, and then digested before
undergoing drying, reconstitution and desalting, as
described in Supplementary Methods. Samples were

analyzed using either a Q-Exactive Orbitrap MS or a
4000 QTRAP triple quadrupole MS (AB Sciex).
Peptides were fragmented into their components by
high-energy collision, and the resulting product ions
were measured as transitions (Supplementary Table 5).
Biomarker concentrations were calculated based on area
under the curve. The signal levels from three transitions
are summed for each biomarker and the signal ratio of
the endogenous to the heavy labeled peptide was deter-
mined (see Supplementary Methods).

Human astroglial trauma model

Primary human astrocytes were prepared from
donated, de-identified human fetal cerebral neocortices
at 16-19 gestational weeks as described previously.*>
After mechanical dissociation, astrocytes were subse-
quently isolated by size in a 33% Percoll gradient
(Sigma). Washed cells were cultured in T150 cell cul-
ture-treated plastic flasks (Corning). Purified astrocytes
were seeded at a density of ~135,000 human
cells/962 mm?® onto collagen-coated deformable mem-
branes (Bioflex, Flexcell Intl.; see Supplementary
Methods for cell isolation, purification and passaging).
Serum was stepwise removed, leading to expression of
mature astrocyte morphology and markers as previously
described.®® Cultures were stretch-injured using one mild
(2.64.0psi) or severe (4.4-5.3 psi) 50 ms pressure-pulse
produced by a CIC II pressure controller (custom design
and fabrication).

Cell permeability and viability assays,
immunocytochemistry and analyses

Cell death and permeability rates were determined in
unstretched cultures and at various times after stretch-
ing for every donor. Dead cells had small nuclei
with condensed chromatin (pyknotic) and took up pro-
pidium iodide (PI) due to integrity loss.*® Integrity
compromised, wounded cells had control-shaped
nuclei with PI-stain due to transient plasma membrane
permeability.®® After fixation, all nuclei were stained
using Hoechst. On average, 800 cells per culture were
counted in randomly chosen images and all nuclei
were scored as belonging to intact (PI-negative), leaky
or dead cells. Percentages of dead and wounded
cells were calculated and averages and standard devi-
ations determined. Live-staining details are given in
Supplementary Methods. Pl-stained cultures were
counter-stained for astroglial biomarkers using antibo-
dies and procedures listed in Supplementary Methods.
Cellular immunofluorescence intensities for BLBP,
ALDOC and PEA1S were measured using ImagelJ in
100-160 cells for each biomarker in control and 30 min
post-stretch cultures for three to five donors. Single-cell
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biomarker intensities after stretching were normalized
to those of unstretched cells; means were plotted as
percent of control. In addition, binary scoring pro-
duced percent cell populations with biomarker intensity
decrease. On average, 500 cells for each biomarker were
scored in four to seven cultures of each condition (con-
trol, 30 min post stretch). Pie charts were generated by
grouping intact and leaky cells by PI-positivity. Then,
the fraction of cells with decreased biomarker levels was
determined in the two groups as previously described.*
For assessment of acute post-injury biomarker status,
the small percentage of dead cells was not included.

Statistical analyses

Quantitative analyses of clinical samples. Optical density
(OD) measurements were log-transformed for normal
distribution and standardized; analytical replicates
were averaged. TBI patient biomarker levels were com-
pared to controls and over time by factorial analysis of
variance (ANOVA), assuming independence across
time. Repeated measures (mixed model) ANOVA with
non-constant intra-class variances over time yielded the
same results. Immunoblot and MRM-MS measures cor-
related by Spearman rank and their strengths were eval-
uvated using quantile-quantile plots. MRM-MS
concentration differences across biomarkers were com-
pared using repeated measures ANOVA mixed model
with non-constant variance. Exploratory factor analysis
(EFA) was carried out for all 10 biomarkers. A bio-
marker was retained as part of a factor if its loading
exceeded 0.50. Factors were estimated using an iterative
method of maximum likelihoods and a varimax rota-
tion.*”*® Classification tree analysis partitioned the
cohort by determining factor thresholds for TBI sur-
vivors, nonsurvivors and controls.®

Quantitative analyses in the trauma model. Donor-paired
log-transformed biomarker culture fluid levels were
compared using repeated measures (mixed model)
ANOVA with homogeneous variances over time.*
Associations between biomarker levels and cell fate
were quantified using Spearman correlation coeffi-
cients. Cell wounding and cell death mean differences
were determined using mixed model ANOVA allowing
for non-constant variance and random donor effects.
Percent wounded and dead cells were normally distrib-
uted but had different standard deviations. Cell
number-weighted means were used for all cell fate
and biomarker scoring data and intensity measure-
ments. Single-cell immunofluorescence densities were
compared using Student’s or Welch-corrected t-tests
or Mann—Whitney U test. Statistical analyses were con-
ducted using Sigmaplot, Excel, Instat (Graphpad), JIMP
and SAS (version 9.4).

Results

Cerebrospinal fluid of TBI patients carries a signature
of trauma-released astroglial proteins

A proteomic approach identified proteins in CSF from
19 TBI patients and 9 control subjects. Among the 484
proteins identified, 232 were unique to TBI, while 252
overlapped with the control CSF proteome
(Supplementary Figure S2, Supplementary Table 6).
To select neurotrauma biomarker candidates, we deter-
mined the overlap with our previously published
trauma-released proteins that were elevated in condi-
tioned medium of cultured mouse astrocytes after
stretch-injury®® (Supplementary Figures S2 and S3).
This comparison identified proteins released as direct
consequence of mechanical trauma, 62% of which
were represented in the human TBI CSF proteome.
To further improve specificity, we determined astro-
cyte-enriched proteins using published gene array
data and excluded proteins found in plasma from
healthy individuals or are abundant outside the
CNSA1414 From this, four astroglial injury-asso-
ciated proteins were identified: (1) aldolase C
(ALDOC), which is exceptional, both in astrocyte
enrichment and abundance among brain proteins,***
(2) glutamine synthetase (GS, also known as GLNA),
(3) brain lipid binding protein (BLBP, also known as
brain fatty acid binding protein, FABP7) and (4)
astrocytic phosphoprotein 15 (PEA15). To assess
their diagnostic value, we confirmed their presence
and quantified amounts of these candidate biomarkers
in TBI patient biofluids using two independent
approaches: immunoblotting with scaled densitometry
and multiple reaction monitoring-mass spectrometry
(MRM-MS).

TBI patients show distinct AID biomarker profiles in
CSF and blood across trauma severities

We analyzed CSF from 26 severe TBI patients and
13 control subjects (Figure 1). Supplementary Table 1
displays the characteristics of the controls (1A) and
severe TBI patients (1B). Longitudinal samples were
available from six TBI patients. The CSF levels of the
new astroglial biomarkers, ALDOC, GS, BLBP and
PEA15 were measured and compared with two previ-
ously studied ones, GFAP and S100 3. Immunoblot
data of the serum protein apolipoprotein B (APOB)
in CSF indicated blood entry, as APOB was absent
from control CSF (Supplementary Table 6). Use of
APOB in this manner is independently supported by
previous work in a rodent spinal cord injury CSF prote-
omic study.'® The abundant CSF protein prostaglandin
synthase (PTGDS) served as a CSF standard.
Immunoblot signals for those eight proteins in CSF
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Figure 1. Biomarkers show diverse temporal CSF profiles during the first week after TBI. (a) Immunoblots of 30 pl CSF samples
show GFAP (50 kD with BDPs 37, 25, 20 and 18kD), S100 3 (10kD), ALDOC (40 kD), GS (45 kD), BLBP (15 kD) and PEAIS5 (15 kD)
on injury day (i) and five post-injury days (i+ | to i+ 5) in a severe TBI patient (TBI I, clinical data see Supplementary Table |(b)).
These data are shown alongside a control (Crl). Bleeding indicator APOB (130 + 250 kD) varied over time post injury and was absent
in control. CSF standard PTGDS (22 kD) had robust signal in Crl but was absent immediately after TBI with slow recovery. (b) CSF
samples (30 pil/lane) from three TBI patients (TBI 2 to 4) showed variable GFAP levels, exhibiting full size signal in addition to both
large breakdown products (50-37 kD BDPs) and small BDPs (25 kD, 20 + I8 kD) on injury day and day i+ |. Control lacked GFAP
signal. (c) CSF immunoblots (30 pl/lane) show full size ALDOC in four TBI patients (TBI 5 to 8) and variable intensity of a 38 kD
ALDOC-BDP on i+ 4 in two patients (TBI 7, 8). Control lacked ALDOC signal. (d—k) Box-and-whisker plots show median (black line)
and geometric means (white dashed line) of exposure-normalized CSF immunoblot optical densities (OD) of astroglial biomarkers,
APOB and PTGDS from 20-25 TBI patients (on injury day to day i+ 5) and 8-11 Controls. Individual data points are shown, and data
shown on a log-spaced axis. Data from post-injury days 4 and 5 were combined, as values did not differ significantly (repeated
measures mixed ANOVA). n = subject numbers listed for each day, and same day replicates were averaged. See Supplementary
Methods for quantification. (d) Total GFAP was elevated on all TBI days (*p < 0.05) but declined over indicated times (red asterisk,
*p < 0.002). (e) SI00 B levels were higher on all TBI days versus controls (*p < 0.0022). (f) ALDOC (p < 0.004) and (g) GS (p < 0.001)
were elevated on all TBI days without significant decline over time. (h) BLBP (p < 0.03) and (i) PEAI5 (p < 0.004) were elevated after
TBI on indicated days. (j) APOB was elevated in TBI versus Crl (*p < 0.005). (k) PTGDS decreased variably on indicated TBI days
versus Crl (*p < 0.004), with mean PTGDS level recovering four to five days post TBI.
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showed different temporal profiles in one severe TBI
patient during the first week after TBI (Figure 1(a)).
ALDOC and GS were persistently elevated up to five
days post injury, while GFAP and S100 8 decreased on
the second post-injury day. Injury day BLBP and
PEA15 levels were high, but varied on subsequent
days (Figure 1(a)). APOB levels fluctuated together
with those of BLBP and PEA1S5 (Figure 1(a)). This
patient had an ischemic episode on the third post-
injury day that coincided with a spike in these markers’
levels. The CSF from a control subject had high levels
of PTGDS, whereas PTGDS was not detected on injury
day and its levels recovered over subsequent days in the
CSF of a TBI patient (Figure 1(a)).

Sub-saturated CSF immunoblotting densitometry
showed mean increases in TBI subjects of three
(GFAP, S100B, GS and BLBP) to four (ALDOC)
orders of magnitude, while PEA15 and APOB were
not detected in control subjects (Figure 1(d) to (j)).
Median GFAP CSF levels increased most on injury
and initial post-injury day followed by significant
decreases on and after the second post-injury day
(Figure 1(d)). S100f signals varied more, but showed
a similar decrease over time (Figure 1(e)). In contrast,
most patients’ ALDOC levels remained elevated over
the five days examined post injury (Figure 1(f)). The
two patients without measurable ALDOC also had
lowest or no signals for all other measured injury mar-
kers and low overall protein concentrations. GS and
BLBP varied more between TBI patients, yet also with-
out significant mean decreases on later post-injury days
(Figure 1(g) to (h)). PEA15 had the most heterogenecous
signals across TBI patients, with mean elevation over
controls on indicated days after TBI (Figure 1(i)).
Similar to GFAP, mean APOB levels were highly ele-
vated on the first two injury days in the TBI cohort,
followed by variable decrease and significantly lower
means four and five days post injury (Figure 1(j)).
Mean PTGDS levels were invariably high among con-
trols and decreased significantly after TBI on early
post-injury days (Figure 1(k)). Preliminary analysis of
this cohort shows that mean PTGDS levels recovered in
TBI survivors, while levels declined further in nonsur-
vivors (Supplementary Figure S4(a)).

We also identified and measured trauma-generated
small GFAP breakdown products (BDPs), of 18, 20
and 25kD in size that are new to the TBI field. CSF
levels of small GFAP BDPs varied over time and
between patients (Figure 1(a) and (b)). In this small
cohort, preliminary comparisons between survivors
and nonsurvivors show a 10-fold greater survival dif-
ference for small GFAP BDPs than for total GFAP
signals, suggesting that small GFAP BDPs improved
survival prediction (Supplementary Figure S4(b)).
Half of the TBI CSF samples also displayed a

trauma-generated 38kD ALDOC fragment that
appeared predominantly on later post-injury days
(Figure 1(c)). Overall, AID biomarkers displayed
extended longitudinal CSF presence compared to pre-
viously known astroglial biomarkers, and variation in
their longitudinal profiles documents that different kin-
etics exist among astroglial biomarkers.

AID biomarker concentrations are measured using
protein and peptide-based approaches

Quantitative mass spectrometry via MRM-MS was
used to systematically quantify several biomarkers in
TBI patients (Figure 2). MRM-MS uses ratios between
peptides from CSF-derived endogenous proteins and
internal standard isotope-labeled peptides to determine
biomarker concentrations. From MRM-MS measure-
ments, GFAP and ALDOC had greater levels in TBI
CSF than in control CSF (Figure 2(a); similar data for
PEAL1S, BLBP and GS are not shown). In addition,
longitudinal CSF profiles showed matching trends
between immunoblot and MRM-MS measurements
for a severe TBI survivor, as documented for GFAP
and ALDOC (Figure 2(b); BLBP and GS also had
matching longitudinal trends between the two methods,
not shown). Immunoblot densities correlated well with
MRM-MS measurements, as shown for GFAP
(Figure 2(c)). MRM-MS allowed comparison of astro-
glial biomarker concentrations independent of using
antibodies, yielding differences between biomarkers
over four orders of magnitude. Injury day CSF levels
were highest for ALDOC with GFAP next in order,
while BLBP and GS levels were significantly lower
(Figure 2(d)). By the third post-injury day, ALDOC
concentrations were significantly (10-fold) above those
of GFAP (Figure 2(¢)). Known amounts of marker-
specific peptides for MRM-MS and recombinant pro-
tein isoforms for immunoblots were used to estimate
concentrations  (see  Supplementary = Methods).
Comparison of concentration estimates between the
two methods showed similar detection limits and inter-
quartile concentration ranges for ALDOC, BLBP and
GFAP, further validating the trends obtained by both
approaches (Figure 2(f)). The wide dynamic range of
TBI biomarker concentrations reflects large clinical
TBI heterogeneity.

Pairwise correlations and factor analysis reveal
two divergent biomarker groups, each with
similar TBI CSF kinetics

A comparison of biomarker levels for covariant and
divergent profiles produced strongest correlation
between small GFAP-BDPs, APOB and S100f that
may reflect an association between blood presence in
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Figure 2. MRM mass spectrometry and concentration comparison of AlID biomarkers. (a) MRM-MS traces biomarker-specific
peptides for GFAP and ALDOC in severe TBI CSF (TBI I, 2) and from a control (Crl). Three product ion traces (y6-11) with given
mass over charge (m/z) values and retention times (min, x-axis) are shown. They are from precursor ions with m/z 549.816 (GFAP)
and m/z 526.970 (ALDOC). (b) Immunological and mass spectrometry measurements show comparable TBI CSF temporal profiles for
GFAP and ALDOC in longitudinal CSF samples of a severe TBI patient (TBI I). Biomarker levels were measured using immunoblot
densitometry (continued lines show ODs, left y-axes) and multiple reaction monitoring-mass spectrometry, MRM-MS (dashed lines,
ng/ml, right y-axes). (c) Biplot shows TBI patients’ CSF log MRM-MS data for the GFAP peptide using endogenous divided by standard
ion transition ratios (x-axis) and GFAP log immunoblot ODs (y-axis) with regression line and Spearman correlation (r; =0.874,

p <0.0001) to demonstrate strong agreement between the two methods. (d) Mean MRM-MS concentrations for GFAP, BLBP, GS and
ALDOC in TBI CSF on injury day (n= patient numbers). ALDOC had 2.5-fold higher concentrations than GFAP on injury day (not
significant). GFAP and ALDOC concentrations were over two orders larger than those of BLBP (p <0.001) and over three orders
higher than those of GS (p < 0.002). (¢) Mean MRM-MS biomarker CSF concentrations on the third post-injury day after TBI. Mean
ALDOC concentration was |0-fold higher than that of GFAP (p =0.008). BLBP levels were lower than those of ALDOC and GFAP
(p <0.001) and ALDOC levels were three orders larger than those of GS (p=0.02). (f) ALDOC, GFAP and BLBP interquartile
concentration ranges were estimated from immunoblot densities using known amounts of pure proteins and calculated from MRM-MS
signals using known amounts of isotope-labeled biomarker-specific peptides as standards. Reported detection thresholds are from
30 pl analyzed in immunoblots and 2 pl in MRM-MS.
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CSF and astroglial demise (Spearman rank correlation
coefficients, see Supplementary Table 7). BLBP and
PEA15 correlated robustly with each other as did
ALDOC and GS, indicating similar kinetics between
these marker pairs. ALDOC correlated poorly with
GFAP and S100 B, reflecting different temporal pro-
files. Astroglial biomarker levels correlated negatively
with PTGDS, representing injured versus healthy con-
ditions. Proteolytic fragments for ALDOC and GFAP
did not covary, implying different proteolytic degrad-
ation kinetics (Supplementary Table 7).

Beyond pairwise comparison, iterative EFA simpli-
fied profiles of 10 markers, clustering them by under-
lying relationships as previously done with TBI patient
comorbidities.*® This unsupervised analysis grouped
nine neurotrauma markers into two factors, with CSF
standard PTGDS resulting in a third factor.
Altogether, the three factors accounted for 84% of
the cohort’s data variance. Factor A comprised
GFAP, its lower BDPs, S1003 and APOB, while
Factor B contained ALDOC, its 38kD fragment,
BLBP, GS, and PEA15 (Figure 3(a)). Each biomarker

a
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Figure 3. Exploratory factor analysis simplifies and classifies the biomarker panel based on different CSF kinetics. (a) Unsupervised
exploratory factor analysis (EFA) grouped biomarkers S100 3, GFAP, small GFAP-BDPs and APOB into Factor A (gray) and ALDOC,
ALDOC-BDP, BLBP, GS and PEAIS into Factor B (green). Each biomarker’s loading and both factors’ correlation coefficient
(Cronbach’s o) document strong inter-relatedness of biomarkers within each factor. (b) The biplot combines signals from nine
biomarkers, giving CSF levels in z-units from 12 subjects with Factor A on x-axis and Factor B on y-axis. The Factors partitioned
control from TBI using a Factor B threshold (green dashed line) and survivors from nonsurvivors of TBI using a Factor A threshold
(gray dashed line). n =number of observations with available readings for all nine biomarkers. (c) Table reports the classification tree
boundaries (factor thresholds, z-units) for partitioning between control subjects, died and survived TBI patients. (d) Longitudinal
profiles of Factor A standardized means are plotted for survivors (red) and nonsurvivors (blue) of TBI over five post-injury days,
documenting a significant decrease from injury day onwards, indicated with lines for respective groups (black =all TBI, p < 0.005).
Factor A differed between TBI survivors and nonsurvivors significantly on post-injury days marked with double-asterisks (*/*, p < 0.03,
effect size = |). (e) Factor B means were elevated in TBI versus controls (p < 0.001), remained elevated over five post-injury days but

did not differ with respect to survival; n=number of subjects.
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had high loading to its respective factor, documenting
strong correlation between biomarkers grouped
together by EFA. The factor coefficient alpha was
high as well, further describing close underlying rela-
tionships of the biomarkers within each factor
(o, Figure 3(a)). As shown in the following sections,
some of these relationships were investigated. The
two-dimensional factor biplot condensed trends across
all nine biomarkers to concisely document the hetero-
geneity among TBI  patients (Figure 3(b)).
Classification tree analysis using factor boundaries
separated controls, TBI survivors and nonsurvivors.
CSF levels for Factor A decreased significantly over
post-injury days, while Factor B profiles did not, sug-
gesting faster CSF clearance of Factor A biomarkers
and more stable Factor B biomarkers (Figure 3(d) and
(e)). Factor A had significant difference on injury day
between survivors and nonsurvivors that could improve
early outcome prediction; this difference is further
documented by partitioning lines in the scatterplot
based on thresholds obtained by classification tree ana-
lysis (Figure 3(b) to (d)). Thus, EFA succinctly sum-
marized nine biomarker profiles and revealed key
kinetic differences between two biomarker groups.
Biomarker release and clearance were subsequently
investigated in blood profiles after TBI as well as in a
trauma model.

Early AID biomarker blood elevation after severe and
mild TBI are unique

Blood samples from 22 severe TBI patients of the afore-
mentioned cohort were analyzed alongside 12 control
subjects and 15 mild TBI patients (Figure 4). BLBP and
PEA15 were detected in the earliest severe TBI serum
sample (3 h post injury) prior to their detection in the
same patient’s CSF (Figure 4(a)). In contrast, small
GFAP-BDPs were elevated in CSF before their appear-
ance in circulation, coinciding with clearance of GFAP
from CSF (Figure 4(a)). The 25kD GFAP fragment
was consistently absent from blood on injury day and
appeared robustly one day post injury in the entire TBI
patient cohort (Figure 4(c) and (d)). ALDOC signals
were present at 3 and 34 h in same patients’ CSF and
blood (Figure 4(a)), confirming recent findings of serum
ALDOC using proteomic profiling after rat controlled
cortical impact.*” Cohort ALDOC blood levels were
consistently elevated for all five post-injury days,
rising significantly between injury day and two days
post injury (Figure 4(c) and (e)). Mean injury day
levels for BLBP and PEA15 were significantly elevated
over control levels but were less frequently elevated on
later post-injury days (Figure 4(c), (f) and (g)).
ALDOC, GFAP 25kD fragment and BLBP interquar-
tile concentration ranges were estimated in the tens of

nanograms (Figure 2(f)). Together, the data suggest dif-
ferences in release and circulation kinetics among these
four astroglial biomarkers.

Greater presence of AID biomarkers on injury day
in 15 mild TBI patients than in controls is documented.
Robust elevation of the biomarkers in serum from mild
TBI subjects was detected at the earliest available time
(1h after mild TBI) for ALDOC, BLBP and PEAI1S
(Figure 4(h)). ALDOC was present in 80%, BLBP in
47% and PEA1S in 60% of this mild TBI cohort
regardless of CT-scan status. Noticeably, levels of the
25kD-GFAP-BDP were zero or very low and were
detected only in 13% of the samples, consistent with
recent findings.*® Interestingly, several injury day mild
TBI sera positive for ALDOC, BLBP and PEA15 had
signals of comparable strength to those typically
observed in injury day severe TBI blood (Figure 4(c)
and (h)). Taken together, ALDOC, PEA15 and BLBP
had profiles distinctly different from those of GFAP
BDPs in severe TBI patients. These observations led
us to investigate early cellular post-injury biomarker
release in an in vitro human trauma model.

Traumatized human astrocytes show membrane
wounding, reactivity and cell death at different
times post injury

Differentiated, serum-free human astrocytes grown
on deformable membranes received pressure-pulses
that produced diffuse shear-stretch injuries reminiscent
of an abrupt traumatic force.*>* Subpopulations
of traumatized human astrocytes (1) displayed mem-
brane wounding, (2) died or (3) became reactive, as
indicated by star-shaped morphology and GFAP up-
regulation®-® (Figure 5). Wounded cells displayed
beaded, fragmented or amputated processes with ele-
vated GFAP signals already at 30-min post stretch,
prior to reported GFAP gene expression changes’®>°
(Figure 5(c)). Intact, wounded and demised astrocytes
were counted by distinguishing characteristic nuclear
shapes, and live dye-uptake was used to assess mem-
brane integrity (see Methods). The population of mem-
brane-wounded cells increased significantly by 30 min
after injury, with similar means after mild and severe
stretches (Figure 5(e)). Their numbers decreased sub-
stantially by two days (2d) after stretching
(Figure 5(e)). In contrast, cell death rates were low at
30-min post injury and rose to substantial levels by
2d post injury, at which point they differed significantly
between mild and severe pulses (Figure 5(f)). Thus, cell
death in this human trauma model reflected two dis-
tinct outcome-defined severities. Furthermore, tem-
poral distinction between cell wounding and cell
death allowed correlation of biomarker release with cel-
lular injury states after trauma.
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Figure 4. AID biomarkers appear hyper-acute and robust in blood of severe and mild TBI patients. (a) Immunoblots show that small
GFAP-BDPs, ALDOC, BLBP and PEAI5 appear in CSF and serum at different times when compared in one severe TBI patient (TBI 1)
at 3 and 34h post injury (i and i+ I). (b) Temporal profiles of same markers are plotted for concurrent CSF (light lines) and serum
(dark lines) samples of the same patient. Biomarker increase in serum correlates with decrease in CSE. ALDOC, PEAI5 and BLBP
were present in serum earlier than GFAP. (c) Immunoblot of 30 I depleted plasma samples show signals for 25kD-GFAP-BDP, aldolase
A+ C (ALDO, mab E9), PEAIS5 and BLBP in three severe TBI patients on injury day and two to four post-injury days (TBI 2, 3, 4).
Corresponding signals are absent in control. (d—g) Scatterplots show biomarker levels in plasma with temporal profiles for (d) 25 kD-
GFAP-BDP, (e) ALDOC (isoform-specific mab 5C9), (f) BLBP and (g) PEAI5. Consecutive samples from the same patient are con-
nected by a gray line. (d) 25 kD-GFAP-BDP was absent on injury day in all TBI patients, but was elevated on post-injury days |-5
(p <0.0001). (e) ALDOC levels were elevated on TBI injury day by 88-fold over control (black lines, asterisk, *p < 0.027). On the
following two post-injury days, ALDOC levels rose > 300-fold over controls (black lines, asterisk (*p < 0.009) with levels on i+ | and
i + 2 significantly above those of injury day (red lines, asterisk: *p < 0.027). On i+ 3 and i+ 4, ALDOC mean levels decreased (red
lines, asterisk, *p < 0.05). (f) Mean BLBP levels were elevated on injury day by 122-fold (black line, asterisk, *p = 0.007), remained
elevated on i+ | and decreased subsequently (red line, asterisk, *p < 0.02). (g) PEAI5 levels increased on TBI injury day by 40-fold
(black line, asterisk, *p =0.02) and decreased thereafter (red line, asterisk, *p < 0.04). (h) Immunoblots show 30 pl depleted serum
samples from mild TBI patients at early post-injury hours. The same film exposures are shown for mild and severe TBI samples. In
mTBI, ALDO (mab E9), BLBP and PEAI5 signals co-varied, while 25 kD-GFAP-BDP signal was weak or absent. mTBI patients one to
three had reported CT scan findings (CT-positive, + ) while mTBI four to seven had no brain injury-associated CT findings
(CT-negative, —). See Supplementary Table |(c) for mTBI patient details.
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Figure 5. Mechanical trauma causes acute membrane wounding, reactivity and delayed cell death in human astrocytes. (a) GFAP
(green) is weakly expressed in uninjured, differentiated neocortical human astrocytes. (b) Reactive astrocytes |d post injury were star-
shaped with enlarged processes and upregulated GFAP. (c) Acutely wounded, mechanoporated astrocytes 30 min after stretching had
bright GFAP signals and beaded, disintegrated (arrows) or amputated (¥) processes in cells that had taken up Pl (red). (d) Nuclear
morphologies distinguish intact cells with large, oval-shaped Hochst-stained nuclei (pale blue). Leaky, membrane-wounded astrocytes
had same shape and Hochst-stained nuclei but with Pl-positive nucleoli (pink). Dead astrocytes had small nuclei with condensed
chromatin (pyknotic), which were bright Héchst- and PI- stained (pink). (e) Counted leaky cell medians were elevated at 30 min

(p <0.0001) and 2d post injury (p < 0.01) after mild (2.6—4.0 PSI, ®, small red dot) and severe (4.4-5.3 PSI, large red dot, ®, p <0.001)
stretching. Leaky-cell fractions decreased between 30 min and 2d post injury (A, p < 0.01). (f) Median cell death numbers were slightly
elevated at 30 min (*p < 0.05, mild; *p < 0.01 severe). Cell death substantially increased by 2d after stretching from 30 min

(A, p <0.0001, 2d difference to unstretched were *p < 0.01, mild; *p < 0.001, severe). A severity difference in cell death means was
found at 2d post injury between mild and severely stretched cultures (indicated by a black dot e p <0.001).

Sub-saturated immunoblot densitometry from control

Biomarkers and their release kinetics correlate with 1 : ‘ :
and four post-injury time points documents exponential

astrocyte wounding and cell death

Immunoblotting of conditioned media (fluid) from con-
trol and stretched astrocyte cultures shows intact GFAP
only immediately after severe stretching. Small proteoly-
tically-generated GFAP BDPs (18, 20 and 25kD)
appeared one to two days after injury (Figure 6(a)).
In contrast, ALDOC, BLBP and PEA1S5 were already
robustly released 30-min post injury (Figure 6(a)).

biomarker elevation with mean levels rising over three
orders of magnitude (Figure 6(b) to (e¢)). GFAP Ilevels
increased five-sevenfold over time post injury (p < 0.013)
and showed a fivefold severity difference at Sh post
stretch (p=0.042, Figure 6(b)). In contrast, ALDOC,
BLBP and PEA1S levels rose already 30 min after mild
stretching (60-460-fold, p < 0.0001) but were not signifi-
cantly different (two-threefold) from severe stretching.
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Figure 6. Human astroglial biomarker release is defined by membrane wounding and cell death after mechanical trauma. (a)

Immunoblots from concentrated conditioned medium (fluid) of unstretched (control, Crl), mild stretched (2.6—4 psi, small red dot, e)
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Further, their levels remained similarly clevated at all
time points post injury after mild and severe stretching
(Figure 6(c) to (e)). This suggests that release of cytosolic
biomarkers ALDOC, BLBP and PEA15 was related to
both early cell wounding and later cell death, while the
release of cytoskeletal GFAP, particularly its small
BDPs, corresponded selectively with delayed cell death.
To further investigate this finding, each biomarker’s
levels in fluid were plotted against cell wounding and
cell death rates, and their Spearman correlations were
determined (Figure 6(f) to (i1)). ALDOC and PEAI15
associated strongly and BLBP moderately with cell
wounding. ALDOC and BLBP also correlated moder-
ately with cell death. GFAP had the strongest correl-
ation with cell death and did not correlate with cell
wounding. This is the first report of fast ALDOC,
BLBP and PEAIS release due to cell membrane wound-
ing after mild and severe human astrocyte trauma, and it
is the first to selectively relate GFAP, particularly its
small fragments, with astroglial death.

Trauma causes astroglial protein depletion and
disassembly in wounded and dying cell populations

To begin addressing the striking difference in bio-
marker release kinetics and to further understand the
relationship between fluid levels and cell injury states,
we combined membrane leak (or wounding, tracked by
dye-uptake) and biomarker immunofluorescence at 30-
min post injury. Viable GFAP-expressing control astro-
cytes had typical fibers of cytoskeletal filaments. These
fibers disappeared acutely after stretching and GFAP
signal appeared homogeneous (Figure 7(a)). This pat-
tern change was scored, documenting a significant
increase in cells with GFAP fiber loss observed predom-
inantly in leaky astrocytes (Figure 7(i) and (e)). Control
GFAP-expressing astrocytes had brighter BLBP signals
than those 30-min post stretch (Figure 7(b) and (k)).
Stretched astrocytes with dimmed BLBP signals still
retained noticeable GFAP signals with disassembled

appearance (Supplementary Figure S5). The number
of bright BLBP-stained cells decreased significantly
30min after stretching (Figure 7(f), (j) and (k)).
ALDOC and PEAI15 were ubiquitously expressed in
control astrocytes, and their signals decreased in a frac-
tion of leaky cells 30 min after stretching (Figure 7(c),
(d) and (k)). Some leaky cells showed blebbing, a sign
of plasma membrane irregularity (Figures 7(c)). Thirty
minutes after stretching, ALDOC and PEA15 depletion
occurred in 29-39% of leaky cells and in 11-14% of
intact cells, which could have resealed by 30 min after
initial leakiness post stretch (Figure 7(g) and (h)).
Single cell biomarker immunofluorescence intensity
measurements documented acute and significant cellu-
lar marker loss 30 min after stretching for BLBP (by
29%), ALDOC (by 34%) and PEAI1S5 (by 43%,
Figure 7(k), p <0.001).

These cellular studies document for the first time a
subpopulation of wounded human astrocytes that con-
tributes to early biomarker increase measured in fluids.
This evidence further supports the new concept that
hyper-acute release of cytosolic markers ALDOC,
BLBP and PEAIS originated from wounded human
astrocytes post trauma without substantial cell death.
In contrast, GFAP was temporarily retained but under-
went cytoskeletal filament loss before its delayed release
and proteolytic cleavage with cell death. These trauma-
inflicted release kinetics highlight different post-injury
stages, classifying astroglial biomarkers into two
groups based on different cellular injury processes.

Culture trauma model findings echo clinical
biomarker profiles

The in vitro trauma model revealed significant differ-
ences in GFAP release and its cleavage that correspond
well with the different cell death rates documented for
the two pressure ranges and reflect different severities in
the culture model. GFAP levels in TBI patients pre-
dicted outcome, as shown here and in many studies

Figure 6. Continued

and severe stretched (4.4-5.3 psi, large red dot, ®) astrocyte cultures are shown at 30 min (30’) and 2d post injury. Blots show fluid
signals for GFAP, ALDOC, BLBP and PEAI15. Small GFAP-BDPs (25-18 kD) were absent at 30 min and present by 2d post injury,
whereas ALDOC, BLBP and PEAI5 were present 30 min post injury and at 2d. Ponceau S shows total protein amount for 30 pl fluid
per lane. (b—e) Geometric means of optical densities (OD) for (b) GFAP, (c) ALDOC, (d) BLBP and (e) PEAI5 are plotted for
unstretched, 30 min, 5 h, Id and 2d mild and severe stretched cultures. All stretched fluid samples show significant biomarker elevation
compared to those of unstretched fluids (*GFAP 5h mild stretch: p =0.005, all others p < 0.001; n =number of donors).

The exception was that GFAP elevation in fluids was only threefold (p > 0.05) 30 min after mild stretching. In contrast, 30-min mild
stretched cultures had significantly elevated levels of ALDOC (66-fold), BLBP (130-fold), and PEAI5 (460-fold, all *p < 0.001). GFAP
release levels increased over indicated times (see lines and A, p < 0.02). GFAP levels showed severity difference at 5 h after stretching
(e, p =0.042). Severity differences for ALDOC, BLBP and PEAI5 were two-threefold and not significant. (f-i) Biplots correlate
biomarker levels on y-axes with percent wounded astrocytes (red, leaky) and percent dead cells (black) on x-axes. Spearman cor-
relations (rg) are given with p-values and lines of best fit. Error bars are standard deviations of replicate analyses. (f) GFAP correlated
only with cell death rates. (g ALDOC and (h) BLBP correlated with cell wounding and cell death. (i) PEAI5 correlated only with cell
wounding.
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Figure 7. Acute cell wounding is associated with depletion of astroglial markers and GFAP filament disruption. Pl-dye uptake for
membrane leak was combined with biomarker immunofluorescence in control and stretched human astrocytes 30 min after injury.
(Al) Intact Pl-negative control astrocytes displayed filament-assembled fibrous GFAP (white). (A2) Leaky Pl-positive astrocytes (pink in
nuclei, arrows) had homogeneous non-fibrous GFAP. (BI) Control astrocytes show bright BLBP staining (green). (B2) Stretched leaky
astrocytes had dim BLBP staining. Control cultures show ubiquitous (Cl) ALDOC and (DI) PEAI5 expression. (C2) Stretched
cultures at 30 min post injury had leaky astrocytes (Pl-positive, red, arrows) showing plasmalemmal blebbing (arrowheads) and dim
ALDOC signals. (D2) PEAIS positive and negative cells were seen 30 min post stretch. Leaky Pl-positive cells lacked PEAI5 signals
(arrows). (e—h) Pie charts show cell fate and marker scoring results corresponding to events in micrographs for four to seven cultures
per condition and biomarker. (e) Proportions of fibrous (striped) and non-fibrous (gray) GFAP in populations of intact (blue ring) and
leaky (pink ring) astrocytes. Stretching increased non-fibrous GFAP in intact/resealed (p =0.006) and leaky populations (p < 0.001,
n=35). (f) The population of bright BLBP-stained, GFAP-positive astrocytes decreased 30 min after stretching and was nearly absent

(continued)
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across the TBI spectrum.’’>> On the other hand, acute
release of ALDOC, BLBP and PEA15 was high, show-
ing levels in the same ranges after mild and severe
stretching. This could be explained by the similar mean
percentages of acutely wounded cells between stretch
severities. Notably, ALDOC, BLBP and PEA15 also
displayed robust serum levels in mild TBI patients that
were in the same ranges as those found in severe TBI
patients’ blood. Ultimately, the trauma model con-
nected biomarker release to cell injury stages, resulting
in marker groups that agreed with EFA factors derived
from clinical CSF biomarker profiles. Together, our
results yield neurotrauma biomarker groups defined by
cell injury processes, i.e. membrane integrity comprom-
ise, and biofluid kinetics, including release, degradation
and passage into circulation.

Discussion

A new panel of AID biomarkers was identified from
our TBI CSF proteome using in vitro trauma-released
and astrocyte-enriched proteins. Clinical studies estab-
lished AID biomarker elevation with different post-
injury kinetics in TBI patient biofluids. AID bio-
markers were further distinguished by their release
from either wounded or dying human traumatized
astrocytes in a trauma model. This concordance led
us to introduce a new concept for biomarker classifica-
tion based on astroglial compromise and demise.

Need for unbiased and timely assessment of TBI
patients

Presently, the initial assessment of TBI patients relies
on GCS scores and CT scans, both of which correlate
poorly with outcome and functional compromise after
TBI.” Mild TBI victims are assessed using behavioral
testing and cognitive questionnaires.”® These tests rely
on subjective self-reporting and require baseline assess-
ment. An unbiased brain injury signature that can
assess TBI patients and identify complicated injuries
among mild TBI patients is required.’* On-site and

urgent care diagnosis of TBI patients, particularly of
athletes and military personnel, would provide valuable
objective advice on transportation and treatment
choices. Connecting acute cellular injury processes
with biomarker release and concomitant presence in
the circulation are prerequisites for future real-time
blood-based TBI patient assessment. Few animal stu-
dies address primary cellular injury events or early bio-
marker release.”>® After mild TBI, GFAP’s passage
into the circulation is delayed, limiting its benefit as an
urgent care tool.”> UCHLI declines on injury day,
restricting its later post-injury use.’>> These and
other limitations account for the lack of a clinical diag-
nostic TBI test.®” Our study addresses those current
limitations, as ALDOC, PEA15 and BLBP are released
nearly instantly upon impact, are clevated over an
extended window after TBI and are present robustly
after mild TBI.

Overcoming biomarker bottlenecks using a multiplex
standardized TBI assay

Proteomics can provide a comprehensive view of pro-
tein changes after neurotrauma, yet clinically useful
neurotrauma biomarkers remain elusive.”>*! A major
hurdle has been the selection of clinically relevant bio-
markers from extensive lists of identified proteins,
which our controlled human trauma model and selection
strategy have cleared.”**** Non-standardized assays are a
problem in comparing neurotrauma biomarkers.®®
Efficient throughput that measures multiple candidates
requires a standardized approach.®* MRM-MS is
favored as a multiplex, antibody-independent assay for
simultaneous measurement of multiple biomarkers. To
our knowledge, it has not yet been applied systematically
in the neurotrauma field.>*%

Astrocyte trauma responses are heterogeneous

We previously documented heterogeneity among astro-
cytes based on variable expression of astroglial markers
and different trauma responses.’** Morphological signs

Figure 7. Continued

in leaky cells (p =0.007, n=35, see Supplementary Figure S4 for biomarker double-labeling). (g) Most intact control astrocytes were
ALDOC-positive (green). Stretching increased the fraction of ALDOC-depleted cells compared to controls (p < 0.03), with greater
numbers of ALDOC-depleted cells among leaky than among resealed/intact subpopulations (p < 0.001, n = 6). (h) Most intact control
astrocytes were PEA|5-positive. Percentage of PEAI5-positive astrocytes diminished 30 min after stretching (p < 0.01), with larger
depleted fractions among leaky than among intact/resealed stretched cells (b < 0.0001, n = 6). (i) Percent GFAP-expressing astrocytes
with fibrous and non-fibrous patterns in control and in acutely post-stretch astrocytes are plotted. The shift from fibrous to non-
fibrous GFAP was significant early post injury (*p <0.01), but the reduction of overall GFAP-expressing cells was not significant. (j)
Percentages of cells with bright and dim biomarker signals differed between control and 30-min post-stretch cultures for BLBP

(*» =0.007), ALDOC (*p =0.001) and PEAI5 (*p =0.003). (k) Single-cell measurements of immunofluorescence intensities show the
decrease in BLBP, ALDOC and PEAIS5 signals 30-min post injury versus signals in control cells (*p < 0.001, n=3-5 cultures).
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of astrocyte wounding were found early and were scattered
in stretch-injured cultures, possibly reflecting both selective
astrocyte vulnerability and ‘hot spots’ of focal tensile
forces. While distinct subpopulations of wounded human
astrocytes underwent depletion of cytosolic markers and
GFAP filament disassembly, adjacent cells appeared
unchanged, illustrating diffuse injury distribution. Rapid
cell membrane wounding was associated with GFAP fila-
ment disassembly and brighter GFAP immunofluores-
cence signals. This new observation in mechanically
wounded astrocytes preceded reported GFAP gene expres-
sion changes in reactive astrocytes.’® Similarly, rapid
alteration in GFAP antigenicity is found after acid treat-
ment due to elevated calcium and is associated with cal-
pain activation.®>® Cytoskeletal filament disassembly
could contribute to the vulnerability of mechanoporated
astrocytes, particularly to secondary insults.

Mechanical trauma-induced reactivity includes
specific shape changes and upregulation of astroglial
markers. It occurs within hours and evolves over days
post injury in human astrocytes.*> Trauma-induced
transcription factor STAT3 upregulates expression of
GFAP, ALDOC, BLBP and PEA15 during reactive
gliosis.?®**%7 Their reactive upregulation may amplify
secondary release associated with injury progression.
Thus, it is important to distinguish different astrocyte
cell fates after trauma-acute membrane wounding,
astrogliosis and delayed astroglial demise, each of
which exhibit distinct temporal profiles and are differ-
ent aspects of neurotrauma.

AID biomarkers monitor acute trauma pathology
of astroglial membrane wounding and fiber
damage relevant to mild TBI diagnosis

Mechanoporation, or plasmalemmal permeability, is an
early and enduring pathology in acutely traumatized
CNS tissues and is also a hallmark of diffuse axonal
injury, characterized by process beading and fragmenta-
tion.'%!"-%® Diffuse white matter damage is seen in mild
TBI patients with post-concussive symptoms.®” How
long mechanoporated cells endure in a compromised
state and whether they recover or undergo subsequent
cell death are open questions.”’ Acutely traumatized
astrocytes showed integrity compromise and process
damage in this trauma model. In vivo astroglial fiber
damage, clasmatodendrosis, is reported after mouse
spinal cord injury as well as in the traumatically injured
primate and human cortex and is associated with protein
degradation.'***7! Astrocytes outnumber neurons in
human neocortical white matter, and human astrocytes
carry oversized processes, manifesting their clinical rele-
vance to white matter health.”””> Thus, astroglial
wounding-released biomarkers ALDOC, BLBP and
PEA1S provide the potential for diagnostic insight into

the pathophysiology of diffuse glial fiber damage acutely
after mild and severe TBI that goes beyond tissue
demise. In vitro and in clinical biofluids, acute marker
elevation supports a scenario in which traumatic impact,
whiplash or blast produces an initial wave of mechan-
oporation. Future studies will determine the eventual
fate of these cells and their relevance for TBI outcomes.
The clear presence of ALDOC, BLBP and PEAI1S in
several mild TBI patients as opposed to GFAP’s absence
or scarcity makes wounding markers more likely to be
diagnostically useful for assessing mild TBI patients.

Astroglial depletion of AID biomarkers may
contribute to metabolic depression

Astrocytes maintain high rates of active oxidative glucose
metabolism, express high levels of glycolytic and tricar-
boxyl acid cycle enzymes and carry many mitochon-
dria.?**' GS and BLBP have vital roles in glutamate
recycling and fatty acid uptake at the tripartite syn-
apse.”*™ ALDOC provides the substrate for lactate and
ATP production and its product glyceraldehyde-3-phos-
phate controls cell fate and astrocyte-neuron crosstalk.”
PEAIS regulates glucose metabolism, provides resistance
to glucose deprivation and adapts cells to changing meta-
bolic states.”®”” Astrocytes can regulate neuronal meta-
bolic supply by adjusting local blood flow on demand
because they ensheath synapses as well as capillaries.”*”®
Thus, astroglial metabolism is essential for maintaining
neuro-metabolic coupling and brain energy homeostasis.

As measured by positron emission tomography (PET)
scans, many mild and severe TBI patients undergo meta-
bolic depression with reduced cerebral oxidative metab-
olism and an imbalance of lactate, pyruvate, glutamate
and glucose.>””® In a rat cerebral concussion model,
metabolic depression after lateral fluid percussion is
associated with altered astrocyte metabolism.®!" %3
Selective depletion of metabolic enzymes and regulators
may impair energy capacity of injured astrocytes and the
neurons they supply. Our work provides the first evi-
dence that ALDOC, BLBP and PEA1S5 release accounts
for metabolic protein loss in subpopulations of trauma-
tized human astrocytes. In vivo, ALDOC and PEAIS
are also reduced in perilesional astrocytes acutely after
mouse spinal cord injury.>® The loss of these biomarkers
from wounded astrocytes indicated by their elevation in
fluid could contribute to metabolic depression in TBI
patients.

GFAP release and degradation associate with
astrocyte death after traumatic injury and predict
survival after severe TBI

Severe TBI with lesions and contusions is associated
with tissue demise, vascular damage, hemorrhage and
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irreversible perilesional astrocyte swelling leading to
cytotoxic edema.®*®> Astrocyte demise is reported
after cortical lateral fluid percussion in rats and one
day after mouse spinal cord contusion.*®®” Human
post-mortem cerebral and hippocampal cell counts
document severity-dependent progressive astroglial
death at different mortality times after TBL.®*® Severity-
dependent release of GFAP and S100 f after stretching
of rat hippocampal slice cultures is documented, but
hyper-acute changes were not investigated.*” We show
for the first time that cell death in human astrocytes had
a considerable delay, was preceded by GFAP release,
and coincided with the generation and release of small
GFAP-BDPs. Thus, trauma-inflicted astroglial demise
can be monitored using GFAP, and more selectively,
its cell death-associated fragments, which better distin-
guished surviving from dying TBI patients. Severe TBI
patients’ CSF levels of proteolytic oll spectrin frag-
ments also increase over time post injury and similarly
differentiate nonsurvivors from survivors.” Together,
the observations strengthen an association between
cytoskeletal breakdown, cell death and mortality
after TBI.

Astroglial neurotrauma biomarkers have
kinetic diversity

Biomarker profiles fluctuate as a result of injury pro-
gression after TBI. We demonstrate different astroglial
marker-specific kinetics, paralleling previous observa-
tions using an entirely different biomarker panel.®!
Yet, this study’s novelty is in the identification of pat-
terns and underlying mechanisms of biomarkers related
in their kinetics. The EFA revealed two biomarker
groups with differential kinetics that aligned with
in vitro release observations; thus, cell injury processes
contribute to biomarker fluid kinetics.

Proteolytic degradation also contributes to kinetic
differences between biomarkers. ALDOC shows
remarkable CSF stability over the first post-injury
week and was found to be elevated simultaneously in
blood of TBI patients. ALDOC serum levels are
reported to be stable up to three weeks in sheep and
bovine blood, but decrease over 28 days after con-
trolled cortical contusion in rat.*”*>3 ALDOC prote-
olysis by calpain or cathepsin produces a 38kD
ALDOC fragment on later post-injury days.**° In
contrast, GFAP proteolysis by calpains or caspases
produces massive enzymatic degradation into several
fragments that are reported in CSF from patients
with various neurodegenerative diseases.”” '°' Thus,
our data show that protein-specific breakdown contrib-
utes to different temporal biomarker profiles. BLBP
and PEAL1S levels were highly variable, likely reflecting
their very short biofluid stability, yet they are also

found on later post-injury days.'> Hence, these small-
sized markers are suited to capture injury progression
and secondary adverse events. Overall, our data docu-
ment diversity in the kinetics of astroglial bio-
marker patterns caused by differences in release and
degradation.

Proteins such as GFAP may pass from CSF to blood
via overnight glia-mediated CSF clearance as recently
reported.'®® Yet, hyper-acute blood presence of AID
markers suggests immediate release after a traumatic
impact and direct passage into the circulation.
Astrocytes are gatekeepers in the neuro-vascular unit:
perivascular astrocytes are part of the blood—brain dif-
fusion barrier (BBB) and astroglial endfeet cover
microvessels nearly completely.'*!> ALDOC is pre-
sent in astroglial process endings and could be directly
released with their rupture.’® TBI disrupts the micro-
vasculature and damages astroglial fibers, resulting in
BBB permeability.'?-2#0%:196:197 This makes the presence
of ALDOC and other cytosolic AID markers in blood
plausible. Interestingly, BBB disruption is also docu-
mented in the early hours after mild TBI from mild
cortical fluid percussion and blast shock waves.'*%!1%
Additionally, neocortical BBB permeability is docu-
mented in mild TBI patients.'' Finally, blood elevation
of astroglial marker S100 B indicates BBB permeability,
and occurs after mild TBI and/or repeated sub-concus-
sive events.''""'"? Hence, cytosolic astroglial proteins,
including ALDOC, BLBP and PEALS, are situated for
fast release and direct passage into circulation, even after
mild mechanical impacts.

AID biomarker panel uniqueness and significance
for future TBI patient assessment and monitoring

Confounding variables of age and gender were matched
in this study, while medications and comorbidities were
not controlled for. The retrospective clinical studies were
limited in cohort size, and as such, provide introductory
evidence for AID marker elevation and profiles in TBI
patients. Our new data on ALDOC, BLBP and PEA15
kinetics after mild TBI differ from those of GFAP and
similar cytoskeletal and associated proteins; validation
studies for AID biomarkers on larger cohorts are
needed. Methodological rigor is provided by using two
technically independent assays to validate biomarker
measurements. Data analysis was separated by day.
Given the short-lived nature of some biomarkers,
future finer-resolution kinetic studies are advised.
Selection of unique biomarkers was achieved using
astrocyte enrichment and trauma-release. All markers
are highly enriched in the CNS: ALDOC is among the
most abundant of brain proteins*>''® and BLBP, GS
and PEA15 are expressed highest in the CNS. Thus, the
combined biofluid elevation of any two astrocyte-
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enriched biomarkers presented here points exclusively
and sensitively to CNS injury.

A biomarker panel is anticipated to improve TBI
patient assessment compared to a single marker.''
Several neurotrauma biomarkers have been previously
combined to evaluate patients with CNS inju-
ries.'®!"115 Unsupervised factor analysis is typically
used for psychological scores aiding in cognitive assess-
ment of TBI patients.''®!'"” To our knowledge, this is
the first study to apply EFA on a new small neuro-
trauma biomarker panel that revealed kinetic differ-
ences. Surprisingly, clinical biomarker groups aligned
with those generated by the culture trauma model,
emphasizing the importance of analyzing biomarker
profiles in both clinical and model biofluids after
trauma. Aldolases, among other enzymes, have been
analyzed before in biofluids of patients with brain inju-
ries, but isoforms were not distinguished.!'® ALDOC,
which was evaluated after cerebrovascular disease and
other neurological disorders, is identified in a rat cor-
tical contusion and hypoxia model but has not been
quantified in human TBL*"'"12* BLBP and its heart-
specific isoform have been considered as brain injury
markers.'*?

This study uniquely links cellular injury stages with
biomarker release and delivers clinically relevant fluid
biosignatures of brain trauma. Aligning with clinical
findings, in vitro data confirm AID marker elevation
after mild trauma and differential cellular and clinical
release kinetics between biomarkers. Taken together,
our data inform on underlying cellular injury processes
and introduce AID biomarkers as future tools for neu-
rotrauma assessment.
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