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Acetaminophen (APAP) overdose (APAPo) is predominant in the NIH Pediatric Acute Liver Failure

. (PALF) Study. We assayed multiple inflammatory mediators in serial serum samples from 13 PALF
survivors with APAPo + N-acetylcysteine (NAC, the frontline therapy for APAPo), 8 non-APAPo + NAC,
40 non-APAPo non-NAC, and 12 non-survivors. High Mobility Group Box 1 (HMGB1) was a dominant
mediator in dynamic inflammation networks in all sub-groups, associated with a threshold network

 complexity event at d1-2 following enrollment that was exceeded in non-survivors vs. survivors. We

. thus hypothesized that differential HMGB1 network connectivity after day 2 is related to the putative

© threshold event in non-survivors. DyNA showed that HMGB1 is most connected in non-survivors
on day 2-3, while no connections were observed in APAPo + NAC and non-APAPo + NAC survivors.
Inflammatory dynamic networks, and in particular HMGBL1 connectivity, were associated with the use
of NAC in the context of APAPo. To recapitulate hepatocyte (HC) damage in vitro, primary C57BL/6 HC
and HC-specific HMGB1-null HC were treated with APAP + NAC. Network phenotypes of survivors were
recapitulated in C57BL/6 mouse HC and were greatly altered in HMGB1-null HC. HC HMGB1 may thus
coordinate a pro-inflammatory program in PALF non-survivors (which is antagonized by NAC), while
driving an anti-inflammatory/repair program in survivors.

Pediatric Acute Liver Failure (PALF) is a life-threatening clinical syndrome with poor outcomes and where
one-half of patients die or receive liver transplantation (LTx)". The etiology of PALF and its different clinical
manifestations are very complex and still poorly understood. The precise onset of disease is rarely identified, with
an exception being acute ingestions (e.g., mushrooms, acetaminophen)’. PALF has a dynamic and multifactorial
clinical trajectory, and the outcomes vary among children with seemingly similar etiology, disease severity, and
treatment; thus, additional factors are likely involved to explain these variations. Such factors likely include a
complex interaction among the inflammatory milieu, end-organ damage, immune activation, potential for liver
regeneration, and interventions.

Acetaminophen (APAP) toxicity, commonly due to APAP overdose (APAPo) is the most common identifiable
cause of Acute Liver Failure (ALF) in both children? and adults’. Liver injury due to APAP toxicity occurs when
inherent mechanisms to detoxify APAP - including conjugation with glutathione - are overwhelmed, resulting in
the formation of reactive oxygen species that form destructive adducts with vital intracellular proteins. N-acetyl
cysteine (NAC) serves to replete glutathione stores and is the established treatment for acute APAP toxicity.
However, while NAC is a clinically accepted treatment of acute liver injury due to APAP toxicity, a potential
mechanism to support its use in non-APAP ALF has not been established*.

High-mobility group box-1 (HMGB1) is an evolutionarily conserved, chromatin-binding protein expressed
in virtually all types of cells®. Cells that are undergoing necrosis passively release HMGBI into the extracellular
space, where HMGB1 works as a damage-associated molecular pattern (DAMP) molecule. HMGBI is also a
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Figure 1. Flow chart of recruitment and PALF study participation. From a large cohort of 1,144 participants in
the PALF study, an initial Convenience Sample was identified consisting of 371 participants with serum samples
collected per protocol for analysis of immune and inflammatory markers. Participants were further selected
(n=101) if they had at least three daily samples with at least 100 ul of serum available. Following exclusion of 28
participants who received a LTx, selection criteria were met by 73 participants and clinical outcomes at 21 days
following enrollment were assigned as indicated.

potential mediator of APAP-induced hepatotoxicity, and anti-HMGB1 antibodies and knocking out HMGBI in
the liver can reduce hepatic inflammation and liver injury in mouse models of APAP toxicity®.

We hypothesized that differential HMGB1 network connectivity is related to a putative threshold event that
differentiate PALF patients. In addition, we also hypothesized that key inflammatory mediators and networks
suggested from our computational analyses may differentiate patient etiologies and suggest novel therapeutic
opportunities for PALE To address these hypotheses, a panel of relevant serum mediators, including HMGBI,
were measured in PALF participants. We focused on HMGBI as a proximal mediator of interest because of its
known role as a driver of inflammation in models of APAP-induced liver injury’. As an extension of our previous
work®?, Translational Systems Biology modeling methodology developed for biologically complex and dynamic
conditions'®!! was applied to correlate biomarkers with clinical outcomes as well as identify potential therapeutic
targets in PALF. Recapitulation of these findings using an in vitro model of isolated HC exposed to APAP - NAC
was used to create a bedside-to-bench translational platform for further investigation.

Results

Time-courses of inflammatory mediators in PALF survivors vs. non-survivors. To assess the
response and time-dependent changes in inflammatory mediators across the PALF non-survivors and three sur-
vivor sub-groups (APAPo + NAC, non-APAPo +NAC, and non-APAPo non-NAC) (Fig. 1), we assayed a number
of mediators that represent most of the major inflammatory and immune pathways. All inflammatory mediators
varied over time in a complex fashion. Furthermore, all mediators except IL-10, MIP-13, and HMGBI, differed
significantly over time as a function of patient sub-group (Suppl. Fig. 1). This analysis suggested that the stand-
ard statistical analysis of mediators, singly or as a group, may be of limited use for characterizing and predicting
patient outcomes, because of potentially more complex, non-linear, and non-intuitive interactions among inflam-
matory mediators. Thus, we next utilized computational analyses to study the PALF patient sub-groups.

Dynamic Bayesian Network (DBN) analysis suggests a central role for HMGB1 in PALF. We
next hypothesized that computational analysis would point us to the central inflammatory mediators and path-
ways associated with specific PALF patient sub-groups. Similar to our previous studies in PALF®’, we utilized
DBN inference to determine such network structures that could be discerned from the time courses of circu-
lating inflammatory mediators in PALF participants. Central nodes were identified by seeking mediators that
exhibited self-feedback. Though the data were segregated by outcome group prior to being subjected to DBN
inference, the algorithm did not make assumptions about the connectivity of the network in any of the outcome
sub-groups. Results of this analysis for each of the PALF sub-groups (as defined above) are shown in Fig. 2. First,
similar to what we previously observed in non-survivors’, DBN inference suggested a primary network driven by
a core motif consisting of HMGB1, which drives its own expression, in all patient sub-groups. However, certain
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Figure 2. Dynamic Bayesian Network (DBN) analysis of circulating inflammatory mediators in PALF patients.
Circulating inflammatory mediators in serum samples from PALF spontaneous survivors were segregated into
three sub-groups (APAPo + NAC [n =13 patients], non-APAPo + NAC [n = 8 patients], and non-APAPo non-
NAC [n=40 patients]) and non-survivors (n = 12 patients). DBN inference was performed as described in
Materials and Methods. Inflammatory mediators are shown as nodes, and the arrows connecting them suggest
an influence of one mediator on the one(s) to which it is connected. The arrows do not distinguish positive
from negative influences of one mediator on another. Semi-circular arrows suggest either positive or negative
feedback of a given mediator on itself. The thickness of each edge denotes the relative algorithmic confidence in
a given interaction between nodes.

differences were noted. In non-survivors, HMGB1 was the only mediator with an inferred positive self-feedback
loop. In contrast, in the survivor sub-groups we observed, in addition to HMGB], a cross-interaction consisting
of MIG in APAPo +NAC, non-APAPo + NAC, and non-APAPo non-NAC, and IP-10 in non-APAPo non-NAC,
each of which regulates its own expression.

Dynamic Network Analysis (DyNA) of circulating inflammatory mediators shows differential
trajectories that differentiate PALF patient sub-groups and suggests key network complexity
thresholds. Previously, we showed that PALF non-survivors had more robust dynamic networks of inflam-
mation than those of survivors, in line with the concept of pathology driven by self-sustaining inflammation®.
Accordingly, we next hypothesized that employing the same methodology would further differentiate among
the three sub-groups of PALF survivors. DyNA®!>!* was used to discern and compare the interconnections
among inflammatory mediators in the three survivor sub-groups vs. non-survivors over defined ranges of time (a
detailed DyNA output template is shown in Suppl. Fig. 2 for reference). In support of our hypothesis, DyNA sug-
gested a different dynamic network connectivity in each of the patient sub-groups (Fig. 3). Comparison of these
networks by total number of connections in each sub-group showed that all survivors had fewer connections
(APAPo + NAC [651], non-APAPo + NAC [677], non-APAPo non-NAC [369]) as compared to non-survivors
[869] (Fig. 3A). Furthermore, analysis of the network complexity suggested the presence of two threshold net-
work complexity events: the first one at d1-2 following enrollment, and a latter one around d4-5 (Fig. 3B).
Prior to the d1-2 threshold, the presence of similar complexity scores suggests similar dynamic inflammatory
responses among the patient sub-groups. However, after the first hypothesized threshold, network complexity was
clearly higher in non-survivors but not in the other patient sub-groups. After d4-5, the complexity trajectories of
all sub-groups, except that of non-APAPo non-NAC patients, again became nearly undistinguishable from each
other (Fig. 3B). The non-APAPo/non-NAC group of survivors exhibited the fewest network connections when
initially entered into the study, and the fewest overall, with the least change over time. In this group, the complex-
ity of the mediator interactions never rose above a threshold level of 5 at any time period, and these patients were
coincidentally not administered NAC by the care team.

Based on our previous report’, as well as the implication of HMGBI in the pathobiology of APAP toxicity
in prior studies by others'*, we hypothesized that the putative threshold events described above (Fig. 3B) are
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Figure 3. Dynamic Network Analysis (DyNA) of circulating inflammatory mediators in PALF patients.
Circulating inflammatory mediators in serum samples from PALF spontaneous survivors were segregated

into three sub-groups (APAPo + NAC [n =13 patients], non-APAPo + NAC [n = 8 patients], and non-APAPo
non-NAC [n =40 patients]) and non-survivors (n= 12 patients). DyNA (stringency level =0.7) was performed
during each of the following seven time frames: d0-d1, d1-2, d2-3, d3-4, d4-5, d5-6, d6-7 as described in
Materials and Methods. Panel A shows an overview of all the networks and mediator connections over all time
intervals (the closed red circles represent mediators with at least one connection to another mediator, while
open yellow circles represent mediators that had no connections to other mediators). Panel B shows the network
complexity for the PALF sub-groups calculated as described in Materials and Methods.

related to the differential HMGBI1 connectivity in the different patient sub-groups. We therefore analyzed the
DyNA networks associated solely with HMGBI. This analysis of connectivity in the HMGB1-focused DyNA
showed that HMGB1 is most connected on d2-3 (connecting to IL-6, IL-8, and IP-10) in non-survivors, and
has no connections at d3-4 and beyond (Fig. 4). In contrast, HMGB1 had no connections in the APAPo 4+ NAC
sub-group at d1-5. Furthermore, DyNA revealed a similar, relatively low number of HMGBI connections in both
the non-APAPo + NAC and non-APAPo non-NAC sub-groups at d0-d4 (Fig. 4). Interestingly, HMGBI acquired
additional connections between d5-7, but only in the APAPo +NAC and non-APAPo 4 NAC sub-groups. We
note that comparison of the time-dependent changes in inflammatory mediators between PALF non-survivors
with (n=4 patients) and without NAC treatment (n =8 patients) found no statistically significant difference in
26/27 of the inflammatory mediators assessed (data not shown), suggesting that the distinct and robust inflam-
matory networks in non-survivors are not dependent on the administration of NAC.

Dynamic Network Analysis (DyNA) of inflammatory mediators in primary mouse hepatocytes
confirms the central role for HMGB1 in the response to APAP toxicity. The effect of APAP in
isolated cells has been studied widely and concentrations that range from 5 to 40 mM have been used to study
APAP-mediated toxicity in vitro'®. Given the central inflammatory role for HMGB1, we thought to compare the
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Figure 4. HMGBI connectivity to other inflammatory mediators depends on the use of NAC in the context of
APAPo in PALE Circulating inflammatory mediators were assessed in serum samples from PALF spontaneous
survivors (APAPo + NAC [n = 13 patients], non-APAPo 4+ NAC [n =8 patients], and non-APAPo non-NAC
[n=40 patients]) and non-survivors (n =12 patients). DyNA was performed as described in Fig. 3. Figure
panels highlight the significant connections of HMGBI, extracted from the dynamic patterns and overall
network connectivity shown in Fig. 3A.

response to a toxic dose of APAP (10 mM) for 1h alone or followed by 1 mM NAC added at 1, 3, 6 and 24 h follow-
ing APAP in isolated mouse HC from C57BL/6 (wild-type) vs. HC-specific HMGB1-null mice (HC-HMGB1~/7).
The time-courses of the 22 inflammatory mediators analyzed by Two-Way ANOVA showed different trajectories
and revealed multiple inflammatory mediators that changed significantly (Suppl. Fig. 3). We next thought to com-
pare the dynamic patterns of inflammatory mediators in isolated HC from C57BL/6 and HC-HMGB1~/~ mice
under the four experimental conditions (untreated Control, APAP, NAC, APAP + NAC) using DyNA as described
above. This analysis showed a much more complex network pattern and higher total number of network connec-
tions in C57BL/6 HC (Fig. 5A) as compared to HC-HMGB1 '~ cells (Fig. 5B). Interestingly, we also observed a
difference in the number of negative mediator connections (mediators that change in an anti-correlated fashion
in a given time-interval) depending on the use of NAC (APAP vs. APAP + NAC) and mouse strain: while in
C57BL/6 HC the presence of negative connections increased from 4.2% (9/216 in APAP) to 25.9% (38/147 in
APAP + NAC) (Fig. 5A), in HC-HMGB1~/~ the number of negative connections remained essentially unchanged
(6% vs. 7.5% in APAP [4/67/] and APAP + NAC [8/106], respectively) (Fig. 5B). Furthermore, the quantifica-
tion of network complexity revealed a striking difference in the response of HC to APAP from the two mouse
strains. There was no difference in control (Fig. 6A), NAC alone (Fig. 6C), or APAP + NAC-treated cells (Fig. 6D).
However, APAP-treated C57BL/6 HC exhibited a much more complex dynamic networks than HC-HMGB1 /-
cells (Fig. 6B), suggesting that HMGBI plays a central role in orchestrating the inflammatory response to APAP.

Discussion
Pediatric Acute Liver Failure is a rare but life-threatening clinical syndrome whose onset is not completely under-
stood'. Despite recent advances in diagnosis and management, specific diagnostic and therapeutic targets and
tools to predict spontaneous survival/death or to inform liver transplantation decisions in PALF are still not avail-
able. The present study sought to define central regulatory mechanisms associated with APAP-induced inflamma-
tion in PALE. We have reported previously that computational and data-driven analysis of principal inflammatory
drivers and dynamic inflammatory networks could discriminate among sub-groups of PALF patients®. As an
extension of these previous studies®’, we hypothesized that novel insights into inflammatory responses in
APAPo +NAC, non-APAPo + NAC, and non-APAPo non-NAC could be defined and differentiated from that of
PALF non-survivors using multiplex assays of inflammatory mediators and data-driven analysis. The key insights
from the present study are (1) the identification of a putative temporal threshold of inflammatory network con-
nectivity; (2) the demonstration of a central role for HMGBI in nucleating systemic inflammatory responses in
PALF; and (3) a demonstration of the translational potential of combining in vitro, in silico, and clinical studies.
Numerous studies, both in vitro and in vivo, have been directed to investigate the role of HC in the context
of Acute Liver Failure (ALF), but to a lesser extent in PALF. Of particular interest to our present work are those
experimental and clinical studies related to APAP overdose, the leading cause of ALF in most industrialized
countries'S. Those studies include the involvement of critical signaling pathways (e.g. APAP-mediated induction
of receptor-interacting protein (RIP) signaling as a critical switch for hepatocellular necrosis!’); the identification
of proteins as potential biomarkers of liver injury (e.g. high levels of sFas and hepatocyte growth factor (HGF) in
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Figure 5. Dynamic Network Analysis (DyNA) of inflammatory mediators released by mouse HC from
C57BL/6 and HC-HMGB1~/~ mice. Freshly isolated HC from C57BL/6 or HC-HMGB1~/~ mice were
treated with 10mM APAP alone (C57BL/6: n=3, HC-HMGB1~/~: n =5 mice) or for 1 h followed by 1 mM
NAC (C57BL/6: n=9, HC-HMGB1~/~: n = 6 mice) administered at 1-24 h following APAP (APAP + NAC)
(C57BL/6: n=3, HC-HMGB1~/~: n= 3 mice). Non-treated HC harvested at the same time points served

as controls (C57BL/6: n= 12, HC-HMGB1~/~: n= 11 mice). Inflammatory mediators in supernatants were
measured and analyzed using DyNA as described in Materials and Methods. An overview of all networks
together with the number of network connections for each experimental condition (Control, APAP, NAC,
and APAP +NAC) is shown in Panels A (C57BL/6 HC) and B (HC-HMGB1~/~ HC). Black and red arrows
represent positive and negative connections, respectively.

APAP-related ALF'S; associations between levels of given proteins (e.g of M-30 antigen and CPS1) with clinical
outcomes'®'’; and increased levels of HMGBI in both adult ALF?® and PALF®. We now suggest that the network
coordination of HMGBI is a key aspect of HC biology in the context PALF-associated inflammation.
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Figure 6. Inflammatory network complexity of mediators released by HC from C57BL/6 and HC-HMGB1 /-
mice suggests a central, coordinating role for HMGBI. Freshly isolated HC from C57BL/6 or HMGB1~/~ mice
were incubated with 10 mM APAP alone or for 1 h followed by 1 mM NAC administered at 1-24 h following
APAP as described in Fig. 5. Non-treated HC harvested at the time points served as controls. Inflammatory
mediators in supernatants were measured and analyzed using DyNA as described in Materials and Methods.
Comparison of inflammatory network complexity in C57BL/6 vs. HC-HMGB1~/~ HC in each experimental
group is shown in Panel A (Control), Panel B (APAP), Panel C (NAC), and Panel D (APAP 4+ NAC).

A recent study from the PALF Study Group has shown that children with undetermined diagnosis have lower
spontaneous survival and higher rates of transplantation and death than other diagnostic groups, suggesting
that reducing systemic inflammation would also limit neuroinflammation and improve survival significantly?'.
We have previously shown that PALF non-survivors had more robust dynamic networks of inflammation than
those of survivors’, in line with the concept of pathology driven by self-sustaining inflammation in other disease
states?>. Dynamic Network Analysis®'>!* highlighted the dynamic differences in the interconnections among
inflammatory mediators in the three survivor sub-groups vs. non-survivors, and in particular the different net-
work connectivity and total number of connections in each of the patient sub-groups (NS > APAPo 4+ NAC,
non-APAPo + NAC, non-APAPo non-NAC). This analysis, in line with our previous report® and other studies
implicating HMGBI in the pathobiology of APAP toxicity'4, also suggested the presence of two threshold net-
work complexity events that seemed to be related to the differential HMGB1 connectivity in the different patient
sub-groups.

The current approach to the management of APAP toxicity continues to be limited by imprecise and
time-constrained risk assessments and late-stage markers of liver injury. Our present results suggest that the
connectivity of HMGBI may be a potential novel biomarker or drug target for PALE Our results suggest that
HMGBI inflammatory connectivity, is affected significantly by the differential use of NAC in the context of
APAP overdose. N-acetylcysteine has been the most effective therapy against APAP-induced liver injury in both
adults®? and children®?*. This treatment is effective in patients with acute APAP-induced ALF, but its use for
treating patients with liver injury caused by chronic APAP exposure warrants further investigation?. For exam-
ple, a retrospective study of pediatric non-APAP-induced ALF showed that NAC was associated with a shorter
length of hospital stay, higher incidence of native liver recovery without transplantation, and better survival after
transplantation?. In contrast, the use of NAC failed to improve 1-year transplant-free survival in children with
non-APAP ALEF highlighting the importance of conducting prospective pediatric drug trials, regardless of results
in adults®.

A practical and ethical consideration that complicates predictive biomarker research in this area is the clinical
need to deliver antidote treatment within 10h of APAP overdose®. In adult liver injury, inclusion of HMGBI1 in
a biomarker panel has been suggested to improve the speed of clinical decision-making, both in the treatment of
acute liver injury and patient-individualized treatment strategies®’. Our analysis suggests that the patients who
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were coincidentally not administered NAC by the care team (non-APAPo non-NAC group) exhibited both the
fewest overall inflammatory network connections and the fewest connections when entered initially into the
study. Interestingly, HMGBI appeared to reemerge on day 5-7 in the APAPo + NAC and non-APAPo + NAC
cohorts. HMGBI has been shown to promote wound healing and endogenous stem cell differentiation®®. Thus,
HMGBI1 may play a role not only in the initiation and propagation of the inflammatory response, but also in
hepatocellular regeneration following liver injury.

Unraveling the association of HMGB1 network connectivity is difficult in the clinical setting. Accordingly, we
reasoned that the putative role of HMGBI in coordinating the hepatic inflammatory response in PALF patients
could be recapitulated in vitro. Ordinarily, extrapolating directly from in vitro studies to the clinical setting
would be difficult if not impossible. However, the use of advanced computational tools demonstrated a quali-
tative agreement at the network level between mouse HC exposed to APAP 4+ NAC in vitro vs. APAPo +NAC
patients. Thus, we tested the hypothesis that a reduction or elimination of HMGBI1 in HC in vitro would block
the APAP-induced evolution of dynamic networks of inflammation. In support of this hypothesis, we found a
much more complex network pattern and higher total number of network connections in C57BL/6 HC as com-
pared to HC-HMGB1~/~ cells, suggesting that indeed HMGBI plays a central role in orchestrating the inflam-
matory response to APAP. This analysis was performed in the absence of adjacent immune cells that would be
present in vivo, and therefore likely underestimates the full magnitude and complexity of the HMGB1-driven
inflammatory response induced be HMGBI following APAP toxicity. HMGBI is a ubiquitous nuclear protein
present in almost all cell types with both intracellular functions in the nucleus and extracellular functions as a
DAMP?. In the context of liver injury, neutralizing HMGB1was protective against APAP-induced inflammation
in mice®. Interestingly, in our experiments the levels of HMGB1 were significantly reduced in APAP-treated
HC-HMGBI1~/~ cells, yet some form of HMGB1 or HMGBI reactive molecule was detected in the supernatants
of those cultures. This may be due to differential processing of HMGB1, or to a small contamination with non-HC
cells in our primary cultures. Hyperacetylation of HMGBI shifts its equilibrium from a predominant nuclear
location toward a cytosolic and subsequent extracellular presence®. In addition, it has been demonstrated that
the extracellular activity of HMGBI as inflammatory mediator is closely related to the redox state of its three key
cysteine residues®**!. Under strong oxidizing conditions such as those seen with APAP exposure in vitro, the oxi-
dation of some or all of the cysteine residues could lead to loss of biological activity of HMGB1%°. Future studies
will need to address the potential role of these HMGB1 modifications in coordinating networks of inflammation.
Nonetheless, in our system the overall effect of APAP is likely not due to the presence of a pro-inflammatory form
of HMGBI, as evidenced by the distinct and low network complexity in HC-HMGB1~/~ cells as compared to
wild-type cells.

Similar to our previous PALF studies®”, there are some unavoidable limitations to the present work. First, we
are unable to determine the onset for the systemic inflammation in PALF patients as the exact onset date for PALF
cannot be determined. Equally important is that fact we only analyzed 8 days of samples, so changes in dynamic
networks either before or after this time period remain unidentified; future studies will address this issue. The
same applies to samples from participants with short, mild events or severe, rapid progression to death or trans-
plantation that were excluded from this analysis given the analytical requirement for at least three available blood
samples. We also note the relatively small number of patients and age heterogeneity in the non-survivors group.
Finally, we acknowledge the difficulties in both measuring all the potential inflammatory mediators involved in
(and relevant to) PALF and translating these complex analyses and hypotheses into a diagnostic test that could
be used to assess outcome.

In conclusion, our results suggest that the inflammatory dynamic networks, and in particular HMGB1 con-
nectivity, are dependent on (or reflect) the use of NAC in the context of APAP toxicity in PALF patients. In
isolated HC, high APAP dose led to a much more complex dynamic networks in C57BL/6 HC than in cells from
HMGB1~/~ animals, suggesting that HMGB1 plays a central role in orchestrating the inflammatory response to
APAP. In a broader context, our findings extend previous observations and suggest that analysis of dynamic net-
works of inflammation may be used to differentiate patient etiologies, which, when combined with appropriate in
vitro studies, may lead to novel therapeutic opportunities for PALFE. Specifically, PALF patients with high HMGB1
levels and high levels of inflammatory mediators early could be considered for therapies that target HMGBI, as
they are at the greatest risk for death.

Methods

Selection of PALF patients and study design. This is a multi-center study conducted through the
Pediatric Acute Liver Failure Consortia (PALF; National Institutes of Health/National Institutes of Diabetes,
Digestive, and Kidney Disease: 5U01 DK072146). The study was performed in accordance with the relevant
guidelines and regulations and was approved by the Institutional Review Boards from all participating insti-
tutions (listed in the Acknowledgments), with written informed consent from parents and/or legal guardians
and Certificate of Confidentiality provided by NIH. Entry criteria for the study included children less than 18
years of age with (1) no known evidence of chronic liver disease, (2) biochemical evidence of acute liver injury,
and (3) hepatic-based coagulopathy (not corrected with parenteral vitamin K) defined as a prothrombin time
(PT) > 15seconds or international normalized ratio (INR) > 1.5 in the presence of clinical hepatic encephalopa-
thy (HE), or a PT > 20 seconds or INR > 2.0 regardless of the presence or absence of HE. After enrollment, demo-
graphic and clinical data were recorded daily for up to seven days with a single daily serum sample for research
scheduled to be collected on the calendar day of enrollment (d0) or with the first morning blood draw following
enrollment and daily for up to seven days (d1-d7), or until death, LTx, or discharge from hospital. Serum samples
were promptly frozen at —80 °C at the enrollment site and later batch-shipped to the research bio-repository for
long-term storage. At the time of this analysis, PALF study enrollment included 1,144 participants and the selec-
tion criteria for the analysis is shown in Fig. 1. Participants were selected if they had at least three daily samples
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No. of Age Age
Outcome Patient Sub-group patients (mean) (median) Q1-Q3
APAPo+NAC 13 15.2 16.1 15.3-17.7
non-APAPo +NAC 8 11.8 13.1 9.0-15.6
survivors
non-APAPo non-NAC 40 5.5 3.1 1.1-9.7
All survivors 61 8.4 6.7 1.5-15.3
non-survivors — 12 3.4 0.1 0.0-5.3

Table 1. Age distribution for PALF Study Patients.

with at least 100 pl of serum available. Selection criteria were met by 73 participants and clinical outcomes at
twenty-one days following enrollment were assigned as follows: survival without LTx (spontaneous survivors,
n=61 patients) or death without LTx (non-survivors, n = 12 patients). Those receiving LTx prior to 21 days
following enrollment were excluded. Otherwise, our cohort would have been a mixed cohort of participants who
would have lived or would have died within 21 days had LTx not interrupted the clinical course. In the APAPo
cohort, all received NAC and were survivors. We note that given the clinical nature of PALF, the interval between
time of ingestion, recognition/acknowledgement of ingestion, admission to hospital, and enrollment cannot be
expected to be uniform for all APAP PALF participants. In a previous study??, we reported that among 58 PALF
cases with acute APAP toxicity, participants were enrolled between 1 to 6 days following ingestion with 93%
enrolled within <4 days. Examining PALF survivors who did and did not receive NAC may provide insight
into the impact of NAC in non-APAP PALF In our previous study, we examined the cohort of spontaneous
survivors as a whole’. For this new analysis, survivors were divided into three sub-groups including participants
in a placebo-controlled clinical trial of NAC* APAPo plus NAC, non-APAPo plus NAC, and non-APAPo non-
NAC (Table 1). PALF non-survivors were a heterogeneous group that included 4 patients who received NAC
and served to characterize differences in their inflammatory network from the three sub-groups of survivors.
Serum samples from participants meeting all criteria were shipped from the NIH biorepository to the Surgery
Research Laboratory at the University of Pittsburgh for Luminex™ analysis (see below). A comprehensive table
with detailed demographic and clinical data in both survivors and non-survivors can be found in a previous
publication from our group’.

Mouse hepatocyte isolation and culture.  All experiments involving animals were performed in accord-
ance with relevant NIH guidelines and regulations and were approved by the Animal Care and Use Committee
of the University of Pittsburgh. Primary mouse hepatocytes (HC) were harvested from male wild-type C57BL/6
mice (purchased from Charles River Laboratories, Wilmington, MA) and hepatocyte-specific HMGBI1-null mice
(HC-HMGB1~'~, generated on a C57BL/6 genetic background?®®) and plated as previously described". Briefly,
after overnight incubation, the medium was removed and cell monolayers (200,000 cells/well) were further incu-
bated with fresh media containing 5% heat-inactivated calf serum and 10 mM Acetaminophen (APAP) alone or
for 1h followed by 1 mM N-acetylcysteine (NAC) administered at multiple time-points from 1 to 24 h following
APAP (APAP+NAC) (n=3 independent experiments performed in triplicate or as otherwise indicated in the
Figure Legends). At the end of each experiment, the cell supernatants were stored at —20 °C until further analysis
(see below). APAP was purchased from Sigma-Aldrich (St Louis, MO) and dilutions were made using a 250 mM
stock solution prepared in ethanol. NAC was purchased from Sigma-Aldrich (St Louis, MO) and dilutions were
made in cell culture media. Non-treated HC and HC treated with NAC alone for the times indicated served as
control.

Assays of inflammatory mediators. We measured a number of cytokines and chemokines that serve as
biomarkers for the complex inflammatory response using the Luminex™ 100 IS system (Luminex™, Austin, TX)
and the Human 25-plex® Luminex™ and Milliplex™ Mouse Cytokine/Chemokine Panel I beadsets (Millipore,
Billerica, MA). These antibody bead kits include:

Human (25 mediators): Eotaxin, Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF), Interferon
(IFN)-02, IFN-~, Interleukin (IL)-1(3, IL-1 Receptor Antagonist (IL-1RA), IL-2, Soluble IL-2 Receptor «
chain (sIL-2Ra), IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12p40, IL-12p70, IL-13, IL-15, IL-17A, IFN-~-inducible
Protein of 10kDa (IP-10; CXCL10), Monocyte Chemotactic Protein-1 (MCP-1; CCL2), Monokine Induced by
~-Interferon (MIG; CXCL9), Macrophage Inflammatory Protein (MIP)-1a, MIP-13, and Tumor Necrosis Factor
(TNF)-a).

Mouse (20 mediators): GM-CSF, IFN-~, IL-1q, IL-1f3, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p40, IL-12p70, IL-13,
IL-17, IP-10/CXCL10, Keratinocyte-derived Cytokine (KC/CXCL1), MCP-1/CCL2, MIG/CXCL9, MIP-1a/
CCL3, TNF-q, and Vascular Endothelial Growth Factor (VEGF).

In addition, all samples were assayed for HMGBI1 using a commercially available ELISA (Shino-Test,
Kanagawa, Japan). We found that the cell culture media supplemented with calf serum used in our study con-
tained significant amounts of HMGB1 or HMGB1-like protein as detected by the ELISA kit. Therefore, the con-
centrations of HMGBI released by mouse HC were corrected before the computational analyses and are shown
in Suppl. Fig. 3. The nitric oxide (NO) reaction products NO,™ 4+ NO;~ were assayed using the nitrate reductase
method (Cayman Chemical, Ann Arbor, MI). All mediator data were measured in pg/ml except for NO,” +NO;~
measured in uM. The time courses of the inflammatory mediators were then plotted, shown as box plots repre-
senting the 25" and 75" percentiles with a line at the median and error bars defining the 10 and 90" percentile
in PALF patients, and as mean £ SEM in mouse HC experiments.
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Statistical and data-driven computational analysis. Two-Way Analysis of Variance (ANOVA) fol-
lowed by the Holm-Sidak post-hoc test was used to analyze the response and time-dependent changes in inflam-
matory mediators across PALF sub-groups and in the mouse HC experiments using SigmaPlot (Systat Software,
San Jose, CA) as indicated.

Dynamic Bayesian Network (DBN) inference was carried out in order to define the most likely single network
structure that best characterizes the dynamic interactions among systemic inflammatory mediators across all
time points and, in the process, suggesting likely feedback structures that define central nodes. The networks
may suggest possible mechanisms by which the progression of the inflammatory response differs within a given
patient sub-group. Characterization of central nodes serves to suggest possible control points for a given dynamic
process. In this analysis, time courses of unprocessed inflammatory mediator measurements from each patient
were used as input for a DBN inference algorithm, implemented in MATLAB® as described previously for gene
array data* and modified by our group for the study of systemic acute inflammation®*.

Dynamic Network Analysis (DyNA) was carried out to define, in a granular fashion, the central inflamma-
tory network nodes as a function of both time and PALF patient sub-group, and experimental condition in vitro.
Using inflammatory mediator measurements of at least three time-points for each patient, networks were created
over seven consecutive time periods (d0-d1, d1-2, d2-3, d3-4, d4-5, d5-6, d6-7) using MATLAB® software®*',
Connections, defined as the number of trajectories of serum inflammatory mediators that move in parallel,
were created if the Pearson correlation coefficient between any two nodes (inflammatory mediators) at the same
time-interval was greater or equal to a threshold of 0.7 (a correlation value commonly used to characterize tra-
jectories that move in parallel either up or down). The network complexity for each time-interval was calculated
using the following formula: Sum (N, + N, + ... +Nn)/n-1, where N represents the number of connections for
each mediator and n is the total number of mediators analyzed. The total number of network connections rep-
resents the sum of the number of connections across all time-intervals for all patients in a given sub-group. The
same methodology was applied to create networks using inflammatory mediator measurements over three con-
secutive time periods (1-3h, 3-6h, 6-24h) from mouse HC as described.

Data Availability
All data generated or analyzed during this study are included in this published article (and its Supplementary
Information files).

References

1. Squires, R. H. Jr. et al. Acute liver failure in children: the first 348 patients in the pediatric acute liver failure study group. The Journal
of pediatrics 148, 652-658, https://doi.org/10.1016/j.jpeds.2005.12.051 (2006).

2. Leonis, M. A., Alonso, E. M., Im, K,, Belle, S. H. & Squires, R. H. Chronic acetaminophen exposure in pediatric acute liver failure.
Pediatrics 131, €740-€746, https://doi.org/10.1542/peds.2011-3035 (2013).

3. Khan, R. & Koppe, S. Modern Management of Acute Liver Failure. Gastroenterology clinics of North America 47, 313-326, https://
doi.org/10.1016/j.gtc.2018.01.005 (2018).

4. Squires, R. H. et al. Intravenous N-acetylcysteine in pediatric patients with nonacetaminophen acute liver failure: a placebo-
controlled clinical trial. Hepatology 57, 1542-1549, https://doi.org/10.1002/hep.26001 (2013).

5. Lu, B. et al. Molecular mechanism and therapeutic modulation of high mobility group box 1 release and action: an updated review.
Expert review of clinical immunology 10, 713-727, https://doi.org/10.1586/1744666x.2014.909730 (2014).

6. Lundback, P. et al. A novel high mobility group box 1 neutralizing chimeric antibody attenuates drug-induced liver injury and
postinjury inflammation in mice. Hepatology 64, 1699-1710, https://doi.org/10.1002/hep.28736 (2016).

7. Antoine, D. J. et al. Molecular forms of HMGB1 and keratin-18 as mechanistic biomarkers for mode of cell death and prognosis
during clinical acetaminophen hepatotoxicity. Journal of hepatology 56, 1070-1079, https://doi.org/10.1016/j.jhep.2011.12.019
(2012).

8. Azhar, N. et al. Analysis of serum inflammatory mediators identifies unique dynamic networks associated with death and
spontaneous survival in pediatric acute liver failure. PLoS One 8, €78202, https://doi.org/10.1371/journal.pone.0078202 (2013).

9. Zamora, R. et al. Data-Driven Modeling for Precision Medicine in Pediatric Acute Liver Failure. Mol Med 22 https://doi.
org/10.2119/molmed.2016.00183 (2016).

10. Vodovotz, Y., Csete, M., Bartels, J., Chang, S. & An, G. Translational systems biology of inflammation. PLoS Comput.Biol. 4,
€1000014, https://doi.org/10.1371/journal.pcbi.1000014 (2008).

11. Vodovotz, Y. Computational modelling of the inflammatory response in trauma, sepsis and wound healing: implications for
modelling resilience. Interface Focus 4, 20140004, https://doi.org/10.1098/rsfs.2014.0004 (2014).

12. Mi, Q. et al. A dynamic view of trauma/hemorrhage-induced inflammation in mice: principal drivers and networks. PLoS.One. 6,
€19424, https://doi.org/10.1371/journal.pone.0019424 (2011).

13. Ziraldo, C. et al. Central role for MCP-1/CCL2 in injury-induced inflammation revealed by in vitro, in silico, and clinical studies.
PLoS One 8, €79804, https://doi.org/10.1371/journal.pone.0079804 (2013).

14. Vliegenthart, A. D., Antoine, D. J. & Dear, J. W. Target biomarker profile for the clinical management of paracetamol overdose.
British journal of clinical pharmacology 80, 351-362, https://doi.org/10.1111/bcp.12699 (2015).

15. Jemnitz, K., Veres, Z., Monostory, K., Kébori, L. & Vereczkey, L. Interspecies differences in acetaminophen sensitivity of human, rat,
and mouse primary hepatocytes. Toxicology in Vitro 22, 961-967, https://doi.org/10.1016/j.tiv.2008.02.001 (2008).

16. Cai, C. et al. Benzyl alcohol attenuates acetaminophen-induced acute liver injury in a Toll-like receptor-4-dependent pattern in
mice. Hepatology 60, 990-1002, https://doi.org/10.1002/hep.27201 (2014).

17. An, . et al. ARC is a novel therapeutic approach against acetaminophen-induced hepatocellular necrosis. Journal of hepatology 58,
297-305, https://doi.org/10.1016/j.jhep.2012.10.002 (2013).

18. Rutherford, A. E. et al. Serum apoptosis markers in acute liver failure: a pilot study. Clinical gastroenterology and hepatology: the
official clinical practice journal of the American Gastroenterological Association 5, 1477-1483, https://doi.org/10.1016/j.
cgh.2007.08.007 (2007).

19. Weerasinghe, S. V,, Jang, Y. ], Fontana, R. J. & Omary, M. B. Carbamoyl phosphate synthetase-1 is a rapid turnover biomarker in
mouse and human acute liver injury. American journal of physiology. Gastrointestinal and liver physiology 307, G355-364, https://doi.
org/10.1152/ajpgi.00303.2013 (2014).

20. Oshima, G. et al. Increased plasma levels of high mobility group box 1 in patients with acute liver failure. Eur Surg Res 48, 154-162,
https://doi.org/10.1159/000338363 (2012).

SCIENTIFICREPORTS| (2019) 9:5971 | https://doi.org/10.1038/s41598-019-42564-5 10


https://doi.org/10.1038/s41598-019-42564-5
https://doi.org/10.1016/j.jpeds.2005.12.051
https://doi.org/10.1542/peds.2011-3035
https://doi.org/10.1016/j.gtc.2018.01.005
https://doi.org/10.1016/j.gtc.2018.01.005
https://doi.org/10.1002/hep.26001
https://doi.org/10.1586/1744666x.2014.909730
https://doi.org/10.1002/hep.28736
https://doi.org/10.1016/j.jhep.2011.12.019
https://doi.org/10.1371/journal.pone.0078202
https://doi.org/10.2119/molmed.2016.00183
https://doi.org/10.2119/molmed.2016.00183
https://doi.org/10.1371/journal.pcbi.1000014
https://doi.org/10.1098/rsfs.2014.0004
https://doi.org/10.1371/journal.pone.0019424
https://doi.org/10.1371/journal.pone.0079804
https://doi.org/10.1111/bcp.12699
https://doi.org/10.1016/j.tiv.2008.02.001
https://doi.org/10.1002/hep.27201
https://doi.org/10.1016/j.jhep.2012.10.002
https://doi.org/10.1016/j.cgh.2007.08.007
https://doi.org/10.1016/j.cgh.2007.08.007
https://doi.org/10.1152/ajpgi.00303.2013
https://doi.org/10.1152/ajpgi.00303.2013
https://doi.org/10.1159/000338363

www.nature.com/scientificreports/

21. Alonso, E. M., Horslen, S. P, Behrens, E. M. & Doo, E. Pediatric acute liver failure of undetermined cause: A research workshop.
Hepatology 65, 1026-1037, https://doi.org/10.1002/hep.28944 (2017).

22. Abboud, A. et al. Computational Analysis Supports an Early, Type 17 Cell-Associated Divergence of Blunt Trauma Survival and
Mortality. Crit Care Med 44, e1074-1081, https://doi.org/10.1097/ccm.0000000000001951 (2016).

23. Prescott, L. E et al. Intravenous N-acetylcystine: the treatment of choice for paracetamol poisoning. Br Med ] 2, 1097-1100 (1979).

24. Marzullo, L. An update of N-acetylcysteine treatment for acute acetaminophen toxicity in children. Curr Opin Pediatr 17, 239-245
(2005).

25. Kortsalioudaki, C. et al. Safety and efficacy of N-acetylcysteine in children with non-acetaminophen-induced acute liver failure.
Liver transplantation: official publication of the American Association for the Study of Liver Diseases and the International Liver
Transplantation. Society 14, 25-30, https://doi.org/10.1002/1t.21246 (2008).

26. James, L. P, Gill, P. & Simpson, P. Predicting risk in patients with acetaminophen overdose. Expert review of gastroenterology ¢
hepatology 7, 509-512, https://doi.org/10.1586/17474124.2013.814901 (2013).

27. Antoine, D. J. et al. Mechanistic biomarkers provide early and sensitive detection of acetaminophen-induced acute liver injury at first
presentation to hospital. Hepatology 58, 777-787, https://doi.org/10.1002/hep.26294 (2013).

28. Bianchi, M. E. et al. High-mobility group box 1 protein orchestrates responses to tissue damage via inflammation, innate and
adaptive immunity, and tissue repair. Immunological reviews 280, 74-82, https://doi.org/10.1111/imr.12601 (2017).

29. Yang, H., Wang, H., Czura, C. J. & Tracey, K. J. The cytokine activity of HMGBI. Journal of leukocyte biology 78, 1-8, https://doi.
org/10.1189/j1b.1104648 (2005).

30. Yang, H. et al. Redox modification of cysteine residues regulates the cytokine activity of high mobility group box-1 (HMGB1). Mol
Med 18, 250-259, https://doi.org/10.2119/molmed.2011.00389 (2012).

31. Yang, H., Antoine, D. J., Andersson, U. & Tracey, K. J. The many faces of HMGB1: molecular structure-functional activity in
inflammation, apoptosis, and chemotaxis. Journal of leukocyte biology 93, 865-873, https://doi.org/10.1189/jlb.1212662 (2013).

32. Alonso, E. M., James, L. P, Zhang, S. & Squires, R. H. Acetaminophen Adducts Detected in Serum of Pediatric Patients With Acute
Liver Failure. Journal of pediatric gastroenterology and nutrition 61, 102-107, https://doi.org/10.1097/mpg.0000000000000814 (2015).

33. Huang, H. et al. Hepatocyte-specific high-mobility group box 1 deletion worsens the injury in liver ischemia/reperfusion: a role for
intracellular high-mobility group box 1 in cellular protection. Hepatology 59, 1984-1997, https://doi.org/10.1002/hep.26976 (2014).

34. Grzegorczyk, M. & Husmeier, D. Improvements in the reconstruction of time-varying gene regulatory networks: dynamic
programming and regularization by information sharing among genes. Bioinformatics 27, 693-699, https://doi.org/10.1093/
bioinformatics/btq711 (2011).

35. Zaaqoq, A. M. et al. Inducible protein-10, a potential driver of neurally controlled interleukin-10 and morbidity in human blunt
trauma. Crit Care Med 42, 1487-1497, https://doi.org/10.1097/ccm.0000000000000248 (2014).

Acknowledgements

This work was supported by a Multi-Center Group to Study Acute Liver Failure in Children (NIH/NIDDK
grant UO1 DK072146). We thank the collaborative effort of the following current and former principal and
co-investigators of the Pediatric Acute Liver Failure Study (by site): University of Pittsburgh: Robert H. Squires
MD, Benjamin L. Shneider MD; Cincinnati Children’s Hospital: John Bucuvalas MD and Mike Leonis MD PhD;
Lurie Children’s Hospital of Chicago (Chicago): Estella Alonso MD; University of Texas Southwestern: Norberto
Rodriguez-Baez MD; Seattle Children’s Hospital: Karen Murray MD and Simon Horslen MB ChB; Children’s
Hospital Colorado (Aurora): Michael R. Narkewicz MD; St Louis Children’s Hospital: David Rudnick MD PhD
and Ross W. Shepherd MD; University of California at San Francisco: Philip Rosenthal MD; Hospital for Sick
Children (Canada): Vicky Ng MD; Riley Hospital for Children (Indianapolis): Girish Subbarao MD; Emory
University: Rene Romero MD; Children’s Hospital of Philadelphia: Elizabeth Rand MD and Kathy Loomes MD;
Kings College-London (England): Anil Dhawan MD; Birmingham Children’s Hospital (England): Dominic
Dell Olio MD and Deirdre A. Kelly MD; Texas Children’s Hospital: Saul Karpen MD PhD, Mt. Sinai Medical
Center: Nanda Kerkar MD; University of Michigan: M. James Lopez MD PhD; Children’s Hospital Medical
Center (Boston): Scott Elisofon MD and Maureen Jonas MD; Johns Hopkins University: Kathleen Schwarz MD;
Columbia University: Steven Lobritto MD. We would also like to thank Regina M. Hardison, Tamara Lee Haller,
and Steven H. Belle from the Data Coordinating Center at the University of Pittsburgh and the dedicated research
coordinators at each site.

Author Contributions

R.Z.,R.H.S. and Y.V. contributed to study design, data analysis, funding and manuscript writing. D.B. and ].Y.
D.B. performed the sample processing and Luminex analyses. Q.M. contributed to computational analyses.
E.M.A. and M.A.L. contributed to the discussion of the clinical data. T.R.B. provided the knockout animals and
contributed to the discussion of the data. R.L.S. contributed to the discussion of the data and manuscript writing.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-42564-5.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:5971 | https://doi.org/10.1038/s41598-019-42564-5 11


https://doi.org/10.1038/s41598-019-42564-5
https://doi.org/10.1002/hep.28944
https://doi.org/10.1097/ccm.0000000000001951
https://doi.org/10.1002/lt.21246
https://doi.org/10.1586/17474124.2013.814901
https://doi.org/10.1002/hep.26294
https://doi.org/10.1111/imr.12601
https://doi.org/10.1189/jlb.1104648
https://doi.org/10.1189/jlb.1104648
https://doi.org/10.2119/molmed.2011.00389
https://doi.org/10.1189/jlb.1212662
https://doi.org/10.1097/mpg.0000000000000814
https://doi.org/10.1002/hep.26976
https://doi.org/10.1093/bioinformatics/btq711
https://doi.org/10.1093/bioinformatics/btq711
https://doi.org/10.1097/ccm.0000000000000248
https://doi.org/10.1038/s41598-019-42564-5
http://creativecommons.org/licenses/by/4.0/

	HMGB1 is a Central Driver of Dynamic Pro-inflammatory Networks in Pediatric Acute Liver Failure induced by Acetaminophen

	Results

	Time-courses of inflammatory mediators in PALF survivors vs. non-survivors. 
	Dynamic Bayesian Network (DBN) analysis suggests a central role for HMGB1 in PALF. 
	Dynamic Network Analysis (DyNA) of circulating inflammatory mediators shows differential trajectories that differentiate PA ...
	Dynamic Network Analysis (DyNA) of inflammatory mediators in primary mouse hepatocytes confirms the central role for HMGB1  ...

	Discussion

	Methods

	Selection of PALF patients and study design. 
	Mouse hepatocyte isolation and culture. 
	Assays of inflammatory mediators. 
	Statistical and data-driven computational analysis. 

	Acknowledgements

	Figure 1 Flow chart of recruitment and PALF study participation.
	Figure 2 Dynamic Bayesian Network (DBN) analysis of circulating inflammatory mediators in PALF patients.
	Figure 3 Dynamic Network Analysis (DyNA) of circulating inflammatory mediators in PALF patients.
	Figure 4 HMGB1 connectivity to other inflammatory mediators depends on the use of NAC in the context of APAPo in PALF.
	Figure 5 Dynamic Network Analysis (DyNA) of inflammatory mediators released by mouse HC from C57BL/6 and HC-HMGB1−/− mice.
	Figure 6 Inflammatory network complexity of mediators released by HC from C57BL/6 and HC-HMGB1−/− mice suggests a central, coordinating role for HMGB1.
	Table 1 Age distribution for PALF Study Patients.




