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Abstract

Background—Danger associated molecular patterns (DAMPS) are nuclear or cytoplasmic
proteins that are released from the injured tissues and activate the innate immune system.
Mitochondrial DNA (mtDNA) is a novel DAMP that is released into the extracellular milieu
subsequent to cell death and injury. We hypothesized that cell death within the central nervous
system in children with traumatic brain injury (TBI) would lead to release of mtDNA into the
cerebrospinal fluid (CSF) and has the potential to predict the outcome after trauma.

Methods—CSF was collected from children with severe TBI that required intracranial pressure
monitoring with Glasgow Coma Scale (GCS) scores < 8 via an externalized ventricular drain.
Control CSF was obtained in children without TBI or meningoencephalitis that demonstrated no
leukocytes in the diagnostic lumbar puncture.

Results—The median age for patients with TBI was 6.3 y and 62% were male. The common
mechanisms of injury included motor vehicle collision (35.8%) followed by falls (21.5%) and
inflicted TBI (19%); 6 children (14.2%) died during their ICU course. The mean CSF mtDNA
concentration was 1.10E +05 + 2.07E+05 and 1.63E+03 + 1.80E+03 copies/uL in the pediatric
TBI and control population respectively. Furthermore, the mean CSF mtDNA concentration in
pediatric patients who later died or had severe disability was significantly higher than that of the
survivors (1.63E+ 05 + 2.77E+05 vs. 5.05E+04 + 6.21E+04 copies/pL) (p<0.0001). We found a
significant correlation between CSF mtDNA and HMGBL1, another prototypical DAMP,
concentrations (p = 0.574, p<0.05), supporting the notion that both DAMPs are increased in the
CSF following TBI.
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Conclusions—Our data suggest that CSF mtDNA is novel DAMP in TBI, and appears to be a
useful biomarker that correlates with neurological outcome after TBI. Further inquiry into the
components of mtDNA that modulate the innate immune response will be helpful in understanding
the mechanism of local and systemic inflammation after TBI.
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Introduction

Severe traumatic brain injury (TBI) accounts for 25% of all TBI and exacts a considerable
societal and economic toll (1, 2). According to the Centers for Disease Control and
Prevention, TBI accounts for an estimated 7400 deaths in children 0-19 years of age
annually (3). The pro-inflammatory cytokine response after TBI has been fairly well
characterized (4-6) and recently the role of damage-associated molecular patterns (DAMPs,
also known as alarmins) has also been recognized. The pattern recognition receptors (PRRS)
present on the microglia and astrocytes can sense cellular damage and stress in the absence
of infection due to the presence of DAMPs. DAMPs are rapidly released into the
extracellular milieu following injury and modulate the innate immune system. Some
examples of DAMPs include nuclear and cytoplasmic proteins e.g., high mobility group box
1 (HMGB1), heat shock proteins, the S100 family of calcium-binding proteins, histones, and
interleukin 1 (IL-1) family members (7, 8).

HMGBL1 is a prototypical danger associated molecular patterns (DAMP) molecule that
activates the innate immune system in response to tissue injury due to trauma, ischemia/
reperfusion or infection (9). HMGB1 exerts pro-inflammatory properties through its effects
on Toll-like receptor (TLR) -2, -4 and the receptor for advanced glycation end products
(RAGE) (7, 10-13), and it has been identified as a late mediator of LPS-induced mortality in
mice (7, 8). Previously, we reported that cerebrospinal fluid (CSF) levels of HMGB1 are
markedly increased in children after severe TBI. We also demonstrated that peak HMGB1
levels are inversely and independently associated with Glasgow Outcome Scale (GOS)
scores. The traumatic events leading to release of HMGBL1 into the CSF can also lead to
release of other DAMPs into the CSF with subsequent activation of the innate immune
response. Since mitochondria are abundantly distributed along axons, nerve terminals and
dendrites, mitochondrial constituents once released into the extracellular space can also act
as DAMPs (14). Examples of mitochondrial DAMPs include mitochondrial DNA (mtDNA),
N-formyl peptides and mitochondrial transcription factor A (TFAM) (15). MtDNA is a
novel DAMP that is released into the extracellular milieu subsequent to cell death and injury
and acts via TLR-9, a PRR of the immune system that detects bacterial and viral DNA (16).
In addition, as compared to genomic DNA, there are multiple copies of mtDNA per cell.
Following trauma, circulating mitochondrial DNA (mtDNA) acts as a DAMP, leading to
systemic inflammatory response syndrome (17).

To our knowledge, little is known about CSF mitochondrial DNA concentrations in pediatric
TBI. We hypothesized that cell death within the CNS in children with TBI would lead to
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release of mtDNA into the CSF in TBI and has the potential to predict the outcome after
trauma.

This study was approved by the Institutional Review Board at the University of Pittsburgh
Medical Center. As part of other past and ongoing clinical studies, informed consent was
obtained for collection of the CSF made available for this study.

A clinical protocol for the treatment of children with severe TBI has been used at our
institution and has been previously described (18). Briefly, all children with severe TBI
received comprehensive neurocritical care to rapidly stabilize and assess for injuries, prevent
secondary insults, and promote neurological recovery, in accordance with published
guidelines (19). Intracranial pressure (ICP) monitoring was instituted for all children with
post-resuscitation Glasgow Coma Scale (GCS) scores < 8 (although some children had an
initial GCS > 8, but later deteriorated to meet the above criteria) via an externalized
ventricular drain. CSF drainage was part of standard management throughout this study and
CSF was drained continuously at a level of 10 cm above the midbrain. Attempts to mitigate
intracranial hypertension (generally defined as ICP = 20 mm Hg) were instituted including
head positioning (raising the head of the bed to 30°) and other mechanical maneuvers.
Episodic intracranial hypertension (lasting > 5 min) were treated with a step-wise escalation
of therapies including analgesia with fentanyl, neuromuscular blockade with vecuronium,
PaCO, 34-36 mm Hg, and hyperosmolar therapy (mannitol or 3% NaCl). Failure of these
maneuvers led to addition of second-tier therapies including barbiturate administration,
hypothermia, or decompressive craniectomy, based on the decisions made by the clinicians
caring for the child. No interventions were made for the performance of the procedures
within this manuscript.

CSF collection

As previously described (20), CSF was continuously drained by gravity into a sterile
buretrol at the bedside at 10 cm above the mid-brain. Once drained, CSF of the study
subjects was extracted from this system using sterile technique. This procedure was done
daily for up to 7 days after TBI, with samples analyzed at two time intervals (0-24h, 72h
after injury). Control CSF was obtained in children without TBI or meningoencephalitis that
demonstrated no leukocytes in the diagnostic lumbar puncture. The CSF was immediately
centrifuged for 10 min at 2000 rpm to remove cellular debris and frozen at —80°C until
analysis. Study samples (from both TBI subjects and controls) were centrifuged (10 min at
2000 rpm) again prior to DNA extraction.

DNA was extracted from 200 pl of CSF using the QlAamp Blood Kit (Qiagen GmbH), and
the concentration of mito DNA (cytochrome ¢ oxidase 1) was measured by real-time
quantitative PCR assay in CSF (qQPCR, SYBR® Green chemistry). We chose COX1gene to
assess mitochondrial DNA, as plasma levels of mtDNA encoding COX1 has been reported
to be elevated in severely injured patients (21). The primer sequences COX1 used were
(forward: GCC TCC GTA GAC CTA ACC ATC TTC; reverse: GTA AGT TAC AAT ATG
GGA GAT TAT TCC). PCR reaction mixture was prepared using SYBR Green PCR master
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mix (PE Applied Biosystems, Foster City, CA), using the primers described above. PCR was
set up in a reaction volume of 20 pL using 10 u of 2X SYBR® Green Master Mix (2X), 1
pL Forward primer (1 pM), 1 pL Reverse primer (1 pM), 3 pL of nuclease-free H20 and 5
UL of CSF nuclear extract The following thermocycler conditions were used: 3 minute
incubation at 95° C followed by 40 cycles of an initial denaturation step at 95° C for 30
seconds, an annealing step of 54° C for 45 seconds, and an elongation step of 68° C for 1
min.

Standard Curve Preparation

The linearity of the quantitative assay was assessed by using a cloned plasmid DNA, which
was serially diluted to prepare a series of calibrators with known concentrations as described
by Chiu et al (22). Briefly, using primers described above we amplified bases between 421
and 781 encoding the mitochondrial gene cytochrome c oxidase | (Ref Seq: NC_012920).
The PCR amplicons were cloned into a pPGEM-T-Easy vector (Promega), and the identity of
the cloned insert was confirmed. DNA was extracted, quantified and used as a calibrator. As
has been described previously, the mitochondrial DNA copy number of this calibrator was
derived by dividing the total DNA concentration by the weight of each plasmid molecule
(22). Calibrators were prepared by serial dilution of the stock solution and contained 1 — 10°
mitochondrial DNA copies/uL.

Statistical analysis

Results

Clinical data collection included patient age, sex, mechanism of injury, admission GCS
score, GOS score determined 6 months after injury, and mortality. GOS was defined as GOS
1=dead, 2=vegetative state, 3=severe disability, 4=moderate disability, and 5=normal.
Furthermore, good outcome was defined as a GOS score of 4 or 5, and poor outcome as a
GOS score of 1-3. Data are expressed as mean + standard error of the mean (SEM), or
median [range], as appropriate. Comparisons between DNA levels as it relates to clinical
variables age, sex, initial GCS score, mechanism of injury, and GOS scores in TBI and
control patients were made using the Mann-Whitney rank sum test. Changes over time were
analyzed using repeated-measures analysis of variance (RM-ANOVA). To compare the
correlation between CSF mtDNA and another prototypical DAMP, HMGBL1, we used
spearman’s correlation test. Receiver-operating characteristic (ROC) curves were carried out
for mtDNA levels as a predictor of outcome at 6 months. Statistical calculations were
performed with SigmaPlot 11.0 (Systat Software, Inc., San Jose, CA) and Stata/IC
(StataCorp LP, College Station, TX).

There were 42 TBI and 13 control patients. The median age for patients with TBI was 6.3y
and 62% were male (Table 1). The GCS scores on presentation to the hospital were diverse
ranging from 3-15, but all the patients had a GCS score <8 prior to their enrollment in the
ICP monitoring protocol. The common mechanisms of injury included motor vehicle
collision (35.8%) followed by falls (21.5%) and inflicted TBI (iTBI) (19 %) (Table 2); 6
children (14.2%) died during their ICU course.
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On admission to the ICU, the mean CSF mtDNA was significantly higher in TBI patients as
compared to the controls. The mean CSF mtDNA concentration in pediatric TBI patients
was 1.10E +05 + 2.07E+05 copies/pL as compared to 1.63E+03 + 1.80E+03 copies/pL in
the control population (P = 0.003, Mann-Whitney test)(Figure 1). However, neither age nor
sex was associated with CSF mtDNA concentrations (data not shown; p=0.877 and p=0.684
respectively). Similarly, there was no association between CSF mtDNA and GCS. The mean
concentrations of CSF mtDNA in the mild/moderate TBI (GCS = 8) and the severely injured
(GCS < 8) cohort were 5.71 E+04 + 7.69E+04 and 7.22+04 + 8.27E+04 copies/uL.
Furthermore, there was no significant difference in CSF mtDNA concentrations in children
with iTBI (n=8) as compared to children with accidental TBI (n=34) (1.02E+05 + 1.99E+05
vs. 1.03E +05 + 1.78E+05 copies/uL) respectively.

We measured mtDNA concentrations at 72 h and compared it to the mtDNA levels at 24 h.
At 72 h, there was a significant reduction in CSF concentrations of mtDNA as compared to
mtDNA at 24 h (4.80E+04 + 8.07E+04 vs. 1.10E +05 + 2.07E+05 copies/uL) respectively
(Figure 1).

To assess the predictive ability of CSF mtDNA, we examined the correlation of mtDNA
with GOS. GOS was dichotomized into unfavorable vs favorable outcome — GOS 1-3 was
indicative of severe disability to death as compared to GOS 4-5 that signifies moderate
disability to normal outcome. We noted that initial mtDNA concentrations were inversely
proportional to the GOS score at 6 months i.e., the mean CSF mtDNA concentration in
pediatric patients who later died or had severe disability were significantly higher than that
of the patients who were normal or had mild disability (1.63E+ 05 + 2.77E+05 vs. 5.05E+04
+ 6.21E+04 copies/uL) (p<0.0001), Mann-Whitney test; Figure 2).

To investigate if changes in CSF mtDNA concentration were parallel to another prototypical
DAMP, HMGB1, we compared the CSF mtDNA concentrations to HMGB1 concentrations.
Using a commercial ELISA, we had previously measured CSF HMGBL levels in the same
samples (23). We found a significant correlation between CSF mtDNA and HMGB1
concentrations (p = 0.574, p<0.05), supporting the notion that both DAMPs are increased in
the CSF following TBI (Figure 3). Subgroup analysis demonstrated parallel increase in CSF
HMGBL1 and mtDNA in both the group of patients with favorable (p = 0.511, p=0.021) and
unfavorable outcome (p = 0.807, p=0.00047). We next performed an ROC analysis to
determine the ability to predict outcome at 6 months. Previously, we had reported that ROC
analysis of the performance of peak HMGBL level to predict outcome at 6 months had an
area under the curve (AUC) of 0.70 (95% confidence interval [CI] 0.51,0.90 (23). Similarly
for CSF mtDNA concentrations, ROC analysis demonstrated an area under the curve (AUC)
of 0.77 (95% confidence interval (Cl) 0.51, 0.90; Fig 4). CSF mtDNA concentration of
15.50E+03 copies/pL had a sensitivity of 45.45% and specificity of 84.2%. Combining the
two biomarkers did not yield any additive effect. A repeat ROC analysis, after exclusion of
children with iTBI demonstrated an area under the curve (AUC) of 0.76 (95% confidence
interval (Cl) 0.57, 0.89).
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Discussion

The “danger model” theory, as proposed by Polly Matzinger, states that the immune system
can discriminate self from non-self, due to DAMPs that are nuclear or cytoplasmic proteins
released from the injured tissues (24). These intracellular molecules are derived from
different subcellular compartments, including the plasma membrane, nucleus, endoplasmic
reticulum and cytosol, and they have the capacity to affect the function of the antigen
presenting cells(25), mast cells and neutrophils (17).

Mitochondria have evolved from saprophytic bacteria; therefore unlike the non formylated
human genomic proteins, mitochondria possess formyl peptides and circular DNA with non-
methylated repeats like bacterial DNA. Human mitochondrial DNA is a double stranded
circular molecule of 16569 base pairs and contains 37 genes coding for 2 ribosomal RNAs,
22 transfer RNAs and 13 polypeptides (26, 27). Recent studies have examined the role of
extracellular mtDNA in modulation of the innate immune response (15, 17). Circulating
mtDNA activates human polymorphonuclear neutrophils (PMNs) through formyl peptide
receptor-1 and TLR-9, respectively (17). Similarly, mtDNA from supernatants of fracture
reamings from trauma patients was shown to activate polymorphonuclear cells (15).

Since the CSF is in direct contact with the brain parenchyma, examining CSF has always
been considered an attractive source for biomarker discovery in the brain and neurological
diseases. As mentioned previously, the circular form of mtDNA and the presence of multiple
copies of mtDNA per cell make it a potential candidate for release into the CSF. CSF
mtDNA has been previously studied in patients with Alzheimer’s disease (28). In
asymptomatic at-risk individuals and symptomatic patients with sporadic Alzheimer’s
disease, CSF mtDNA levels were significantly lower than in healthy age-matched controls.
In contrast, we noticed an increase in CSF mtDNA concentrations, suggesting that mtDNA
is released either directly or indirectly from traumatic tissues. Our findings support the novel
paradigm that brain injury contributes to the genesis of mitochondrial-derived DAMPs as
measured in the CSF. We also report changes in mtDNA concentration within the first 3
days after injury in these patients; mtDNA concentrations in critically ill children with
trauma demonstrated a significant decrease at 72 h after trauma as compared to
concentrations within the first day after admission. To our knowledge, this is the first study
which documents elevated concentration of mtDNA in TBI and its correlation with outcome.

The clinical findings are different in iTBI as compared to accidental TBI. The constellation
of findings observed in iTBI include interhemispheric subdural hematoma (SDH), shear
injuries, diffuse axonal injury, contusional white matter tears, and retinal hemorrhage as
compared to accidental TBI that demonstrates skull fracture, epidural, subdural or
subarachnoid hemorrhage, or cortical contusion depending on the impact of the force (29,
30). There is some evidence to suggest that children with iTBI sustain more severe injuries,
have a higher mortality rate, and endure worse outcomes than children who experience non-
inflicted TBI (31). However, our data did not demonstrate any difference in CSF mtDNA
concentrations of children with inflicted as compared to children with accidental TBI. These
findings need to be validated in a larger cohort of children with inflicted TBI.
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There was no association between CSF mtDNA and GCS. The GCS is difficult to apply
precisely to infants and young children—several criteria such as “follows commands” are
developmentally inappropriate for the young child, particularly <4 y old. Additional factors
such as presence of subclinical seizures, residual neuromuscular blockade or overestimation
of injury severity in some children may have contributed to this discordance between
clinical and biological measure of brain injury (32).

Cellular disruption by trauma releases DAMPs which signal via the innate immune
pathways and subsequently induce local and systemic inflammation. Previously, it has been
shown that mtDNA from shock-injured tissues activates neutrophils, produces degranulation
and contributes to the systemic inflammatory response syndrome (15); in contrast nuclear
DNA did not induce neutrophil activation, thereby affirming that mtDNA is a DAMP that is
capable of activating the innate immune system. Furthermore, mechanically disrupted
mitochondria when injected into rats led to hepatic inflammation as evidenced by activation
of MAPK signaling and cytokine synthesis (15).

We previously demonstrated that CSF concentrations of HMGBL, a prototypical DAMP, are
elevated in CSF after trauma, and furthermore, these were independently associated with
poor outcome (23). The release of HMGBL1 in inflammation supports the notion of HMGB1
as an endogenous danger signal alerting the immune system to the presence of inflammation
and necrosis (33, 34). Germane to the current studies, we demonstrated that there was a
significant correlation between CSF mtDNA and HMGB1 concentrations at 24 h after
trauma. In addition, elevated levels of CSF mtDNA and HMGB1 portended a poor
prognosis for children with TBI. We also determined the potential utility of CSF mtDNA as
a prognostic biomarker. Surprisingly, ROC analysis after exclusion of children with iTBI,
demonstrated an area under the curve (AUC) of 0.76 (95% confidence interval (Cl) 0.57,
0.89). Thus, elevated mtDNA concentrations were highly predictive of poor outcome.

All together these observations suggest that DAMPs play a possible role in either
inflammation or other aspects of the secondary injury response to pediatric TBI. We have
demonstrated that elevated CSF mtDNA concentrations were highly predictive of poor
outcome. Although not ready for prime-time, the use of CSF mtDNA concentrations can
assist in patient stratification for clinical research, and opens up additional lines of
investigation as a potential therapeutic target.

This study was not powered to identify association of mtDNA with demographic parameters
i.e., age and sex of the patient. Another limitation of the study was the lack of age matched
CSF controls as a majority of children undergoing diagnostic lumbar puncture are infants
and toddlers.

In summary, our data suggest that CSF mtDNA is novel DAMP in TBI, and appears to be a
useful biomarker that correlates with neurological outcome after TBI. Further inquiry into
the components of mtDNA that modulate the innate immune response will be helpful in
understanding the mechanism of local and systemic inflammation after TBI.
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Figure 1.
CSF mtDNA levels in children with severe TBI versus controls at 24 and 72 h after injury

(*, p<0.05, vs. control and #, p<0.05, vs. mtDNA 24 h).
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Figure 2.

CSF mtDNA concentrations plotted against 6-month Glasgow Outcome Scale (GOS) score.
GOS: 1=dead, 2=vegetative state, 3=severe disability, 4=moderate disability, 5=normal; the

mean CSF mtDNA concentrations in pediatric patients who later had death - severe

disability were significantly higher than that of the survivors (*, p< 0.0001, vs. GOS 4 and

5).
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Figure 3.

Scatterplot of CSF mtDNA versus HMGBL1 in patients with severe TBI. There was a
significant correlation between CSF mtDNA and HMGBL1 concentrations following TBI.
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Figure4.
Receiver-operating characteristic (ROC) analysis using CSF mtDNA as a predictor of

outcome at 6 months. ROC analysis demonstrated an AUC of 0.77 (95% CI 0.51, 0.90).
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Table 1

Demographic Data of the Study Subjects

Age, years [range] 6.31+0.9
[0.16-16 years]
Number of male patients (%) 26 (61.9%)
Initial Glasgow Coma Score 7 [3-15]
Glasgow Outcome scale score at 6 months* 3[1-9]

1=dead, 2=vegetative state, 3=severe disability, 4=moderate disability, 5=normal

Age expressed as mean * standard error of the mean GCS/GOS - expressed as mean [range]
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Mechanism of Injury

n Percent
Motor vehicle collision 15 35.8
Fall 9 215
Inflicted traumatic brain injury 8 19.0
Pedestrian/automobile accident 4 9.5
Bicycle/automobile accident 2 4.7
Other 4 9.5
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