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Abstract

Pediatric Acute liver failure (PALF) is a potentially devastating condition which occurs in
previously healthy children of all ages and frequently leads to a rapid clinical deterioration. An
identified cause for liver injury is lacking in approximately 30% of cases. Children with
undetermined diagnosis have lower spontaneous survival and higher rates of transplantation and
death than other diagnostic groups. A single day workshop sponsored by the National Institute of
Diabetes and Digestive and Kidney Diseases brought together clinicians and basic scientists to
integrate aligned research findings and develop a foundation for new mechanistic studies and
future treatment trials. The clinical phenotype of indeterminate PALF shares important similarities
to the hyperinflammatory state characteristic of Hemophagocytic lymphohistiocytosis (HLH) and
Macrophage Activation Syndrome (MAS). A failure of cytotoxic T cells to limit or contract
inflammatory responses may propagate injury and lead to a local and systemic milieu that does not
support normal hepatic regeneration. Evidence was presented that bone marrow (BM) derived
Sinusoidal endothelial cell PROgenitor Cells (sprocs) play a vital role in hepatic regeneration.
Overwhelming systemic inflammatory responses may suppress mobilization of BM sprocs and
dampen hepatic recovery. Conclusion: Thus, experience gained through treatment trials of HLH
and MAS in childhood may inform study design for therapy of PALF. Successful approaches to
limiting neuro-inflammation through reduction of systemic inflammation and standardized
neuroprotection protocols that limit glial injury could significantly improve intact survival. Finally,
since PALF is a rare disease, investigative efforts must include broad multi-center collaboration
and careful stewardship of biorepository specimens.

Acute liver failure in children is a potentially devastating condition occurring in previously
healthy children of all ages. Often a viral-like illness preludes the deterioration into jaundice,
coagulopathy, encephalopathy and frequently death. Early stages of encephalopathy can be
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difficult to detect in younger children. Therefore, the broadest, accepted definition of
pediatric acute liver failure (PALF) includes both moderate coagulopathy (INR > 1.5) with
encephalopathy and severe coagulopathy (INR > 2.0) without evidence of encephalopathy.
The precise incidence of PALF is not known, but several cases are seen each year in large
pediatric medical centers. According to UNOS/OPTN data from 1/1/11 through 5/31/13,
acute liver failure accounted for 11% of pediatric liver transplants.(1) In a large number of
PALF cases, the etiology has eluded discovery.

The PALF study group (PALFSG) was formed in 1999 (2), initially as a sub-study within the
adult Acute Liver Failure Study Group (ALFSG). It was funded independently through a
Cooperative Agreement beginning in 2005. To date, more than 1000 children have enrolled
in this study and an etiological diagnosis is lacking in approximately 30% of PALF cases.
Among subjects age 1-5 years, this percentage exceeds 60%. Children with liver failure of
undetermined cause have lower spontaneous survival and higher rates of transplantation and
death than other diagnostic groups. When the diagnosis is undetermined, it may reflect an
insufficient evaluation that was inappropriate or interrupted by death or transplant. Within
the PALFSG cohort, incomplete evaluations for autoimmune hepatitis, mitochondrial
disorders and other metabolic diseases were the most common deficiencies (3).
Supplemental testing of PALF repository samples also identified evidence of acute
hepatotropic viral infection that was not attributed as the cause of liver injury.(4) To
standardize and improve diagnostic testing, recommendations for age appropriate evaluation
were adopted by the PALFSG in 2010. Detailed diagnostic recommendations are included
elsewhere. (5) It should be noted that children with recurrent episodes of acute liver failure
need to be investigated thoroughly for metabolic disorders and for newly described
mutations in the Neuroblastoma Amplified Sequence.(6) However, in some cases of
undetermined cause, the evaluation is appropriate and complete and the cause is deemed
“indeterminate”. Experienced clinicians caring for these patients believe the etiology is truly
“indeterminate” in over a third of PALF cases.

A single day PALF workshop sponsored by the National Institute of Diabetes and Digestive
and Kidney Diseases took place at the National Institutes of Health in Bethesda on October
16, 2015. The goal of the meeting was to improve diagnostic approaches in PALF and define
the phenotype of indeterminate PALF (iPALF). The conference brought together experts
from several disciplines to discuss and integrate recent research findings in Hepatology,
Immunology, Pathology, Regenerative Medicine, Genetics and Stem Cell Biology.
Presentations focused on emerging concepts regarding mechanisms of hepatic injury, new
diagnostic tools and options for future treatment trials.

Clinical and Pathophysiological Features of iPALF

The PALFSG has made significant contributions in describing the epidemiology of acute
liver failure in childhood and has assembled a large cohort of iPALF cases. iPALF can occur
at any age and cases do not segregate by sex or race. Typically, there is a prodromal viral-
like illness days to weeks before presentation. The majority of children develop hepatic
encephalopathy, but signs can be subtle, especially in infants. Transient bone marrow
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suppression is common, and some patients progress to aplastic anemia even after successful
liver transplantation.

The search for clues to diagnose iPALF cases continues, acknowledging that several distinct
causes may be identified. Occult acetaminophen (APAP) injury has gained recognition as
one potential cause. APAP-protein adducts are found in serum of 10% of iPALF cases.
Adduct positive cases more closely resemble the clinical phenotype (higher transaminases,
lower bilirubin and increased spontaneous recovery) of known APAP toxicity cases than that
of the remaining iPALF cohort (7). Viral etiologies have also been explored. Wintertime
clustering of iPALF supports the theory that community acquired viral infection may play a
role, but a novel or common viral etiology has not been identified. Concurrence of aplastic
anemia in some cases suggests bone marrow injury that could be secondary to viral infection
or auto-inflammatory responses. Yet despite intensified diagnostic efforts over the past five
years, many PALF cases cannot be explained by our current understanding of disease
mechanisms.

Patients with iPALF have higher rates of death and liver transplantation than those with
known causes. Treatments exist for certain diagnoses that may present as PALF. Examples
include steroids for autoimmunity and copper chelation for Wilson disease. However, for
most PALF cases, general supportive measures and liver transplantation are the mainstays of
therapy. The PALFSG conducted a randomized trial of N-acetylcysteine in non-APAP cases
that did not demonstrate a treatment benefit (8). Recently, there has been a trend toward
utilizing steroid therapy for iPALF cases, especially when they display features of
hyperinflammatory immune dysregulation, such as elevated serum soluble interleukin 2
receptor levels. While circumstantial evidence is building that acquired immune
dysregulation may contribute to the pathophysiology in PALF, the ability to prove this
hypothesis remains challenging (9).

Opportunities to learn from the ALFSG experience are important since they have similarly
struggled to understand indeterminate cases. As of January 2014, the ALFSG had enrolled
over 2000 patients (10). The etiology of liver failure in adults is distinctly different from
children, the majority related to drug induced liver injury including APAP. Yet, the second
largest group were indeterminate cases (12% overall). A recent initiative was undertaken to
review and adjudicate indeterminate cases to establish if site investigators overlooked a
plausible cause. This approach included supplemental testing with newer diagnostic tests,
such as APAP adduct testing and more comprehensive testing for viral pathogens. APAP-
adducts were positive in 18% suggesting occult APAP toxicity. (11) This led to reassignment
of the diagnosis when the clinical characteristics were also consistent with APAP toxicity.
Likewise, some cases were reclassified as Autoimmune Acute Liver Failure based on
standardized diagnostic criteria (12). These patients had a longer duration from onset of
jaundice to encephalopathy, lower alanine aminotransferase, and improved survival when
compared to other indeterminate cases. The ALFSG group has also initiated a rigorous viral
discovery program, confirming viral cases recognized by enrollment centers, and identifying
additional cases of hepatotropic viruses, including Herpes Simplex Virus and Hepatitis C.
Ultimately, the adjudication committee ascribed a single diagnosis to 40% of indeterminate
cases and multiple plausible diagnoses to 30%. The remaining 30% of indeterminate patients
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(3% of overall cohort) were classified as having an incomplete work-up or no diagnosis
despite a complete evaluation.

Histopathology of Acute Liver Failure

Histopathology may inform potential mechanisms of injury as well as provide prognostic
information. Distinct patterns of injury can be recognized, Table 1. Several studies have
explored histological features as predictors of prognosis. In a recent examination of
transjugular liver biopsy results in 69 adults with acute liver failure, findings altered the
diagnosis in 19% of patients and predicted death and transplantation in patients with >75%
hepatocyte necrosis (13). Specific histologic features including steatosis and ductular
reaction predicted outcomes in suspected drug induced liver injury cases (14).

Analysis of biopsies from 59 adults with acute liver failure (40 of unknown cause) also
demonstrated that the degree of necrosis was greater for those who died or received liver
transplantation (15). Cases with more severe hepatocyte necrosis had significantly fewer
proliferating mature hepatocytes (Ki67 positive) and more hepatic progenitor cells
(cytokeratin 7/cytokeratin 19 positive) per high power field. The authors suggested a >50%
hepatocyte loss was needed for hepatic progenitor cell activation and that reaching this
threshold was associated with significantly decreased proliferative activity of the remaining
mature hepatocytes. Patients with >50% necrosis also had lower spontaneous survival,
despite robust hepatic progenitor cell activation. Since hepatic progenitor cell response is a
characteristic of overwhelming liver injury, it is not unexpected that patients with this
response would have a worse prognosis than those capable of repopulating hepatic mass by
proliferation of mature hepatocytes. Analysis comparing outcomes by level of hepatic
progenitor cell response within the sub-group of patients with extensive (50-75%) hepatic
necrosis has not been done.

Inflammatory Milieu in PALF

Recently published studies suggest overzealous systemic inflammatory responses (cellular
and humoral) are characteristic of iPALF. Some reports associate PALF with
Hemophagocytic Lymphohistiocytosis (HLH) or at least a forme fruste of the disease. HLH
is a potentially fatal, hyperinflammatory syndrome caused by excessive activation and
expansion of T lymphocytes and macrophages that exhibit hemophagocytic activity (16-18).
Familial HLH (FHLH) typically presents in early childhood. This condition is caused by
genetic lesions affecting the perforin-mediated cytolytic pathway, typically inherited in an
autosomal recessive manner. Normal cytolytic cell function is essential for appropriate
termination of immune responses. Defects in the cytolytic pathway seen in FHLH have been
associated with over-production of pro-inflammatory cytokines and it has been postulated
that failure of cytotoxic T cells to induce apoptosis of target cells delays the contraction
phase of the immune response, leading to persistent expansion of activated T cells. This
results in escalating production of pro-inflammatory cytokines particularly IFNvy, thus
creating a “cytokine storm” (Figure 1). In contrast, non-familial HLH occurs sporadically
throughout childhood and may be associated with precipitating conditions, such as
malignancies, infections and rheumatologic disease. When HLH presents in the setting of
rheumatologic disease it is labeled macrophage activation syndrome (MAS). In MAS,
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defects in cytolytic pathways are most often not found, even when elevated IFN-y and
subsequent organ dysfunction are present. This suggests a different initiating
pathophysiology can result in the same end point of HLH like disease.

Patients with iPALF have a liver injury pattern similar to observations in familial and
sporadic HLH and MAS (19-21). However, iPALF patients do not manifest the full
spectrum of criteria required for diagnosis of HLH. Like patients with HLH, some patients
with iPALF present with elevated ferritin and soluble interleukin 2 receptor levels, low
fibrinogen, and numerous infiltrating CD8+ T-cells on liver biopsy. (21) Mouse models of
FHLH have been utilized to explore liver injury in this inflammatory state. Data from the
Behrens lab demonstrated a role for IFNy and IL-33 in inflammatory liver injury in FHLH
models, leading to cellular infiltration and microvesicular steatosis.(22) Similar IFN-y-driven
liver events also occur in the Toll-like Receptor 9 driven model of MAS. While there is no
direct genetic or functional evidence to suggest iPALF patients have defects in cytolytic
pathways, the liver CD8+ T-cell infiltrate, elevated soluble interleukin 2 receptor and
ferritin, and decreased fibrinogen reported in iPALF suggests further consideration should be
given to an immunologic cause of iPALF related to HLH physiology.

Mechanisms of Immune Mediated Liver Injury

The cellular and molecular mechanisms that contribute to hepatocyte injury and death during
APAP induced liver failure may provide important insights into liver injury of other causes.
Intriguingly, the innate immune response plays a major role in hepatocyte injury, recalling
some of the processes described in FHLH and MAS associated liver injury.(23) In APAP
injury, the initial release of intracellular contents from toxin damaged hepatocytes act as
Damage Associated Molecular Patterns (DAMPS) which activate a number of innate
immune receptors including Toll-like Receptor 9. The molecules also initiate activation of
the inflammasome resulting in production of IL-1p and 1L-18, which are cytokines
associated with MAS. These pathways result in recruitment of neutrophils and macrophages
to the liver. The exact effector functions of these cells, pro-injury versus pro-repair, remain
controversial. Observations in these animal models suggest prolonged release of DAMPS,
activation of Toll-like Receptor 9, increased cytokine production, and inflammatory
infiltrates are prognostic of a poor outcome in acute liver failure, whereas delayed and self-
limited immune response correlates with recovery.

Investigators at the University of Pittsburgh examined inflammatory responses in PALF at
the systemic level to define mechanisms of injury and predict outcomes.(24) Although
inflammatory mediator levels assessed over time did not predict outcomes, dynamic network
analysis revealed inflammatory networks were different and more robust in non-survivors
versus survivors and transplant recipients. They identified a common inflammatory network
regulated via high mobility group box 1 protein and the chemokines interferon-y-inducible
protein 10 and monokine induced by gamma interferon, which may represent a general
“liver signature” in inflammatory conditions such as PALF, or which may represent the
central contribution of the liver to other inflammatory diseases. PALF non-survivors were
more likely to display self-sustaining inflammation networks, whereas survivors and liver
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transplant recipients displayed lower levels of inflammation and less connectivity within
networks.

Hepatic Regeneration

The liver is unique amongst visceral organs in its capacity to regenerate from injury.
Research investigating the regulation of liver regeneration has elucidated physiological,
cellular, and molecular mechanisms that control this process. For example, such studies have
identified humoral signals, including specific growth factors, cytokines, neuroendocrine
hormones, and metabolites whose induction in response to liver injury initiates intracellular
signaling events that ultimately restore liver mass and function (25). These observations
suggest the hepatic regenerative response in acute liver failure could be modifiable and that
regenerative biomarkers can be discovered and used to predict acute liver failure outcomes.
Consistent with these considerations, a recent report suggested glycemic management can be
manipulated to modulate experimental liver regeneration (26). Regenerative recovery of the
liver in a partial-hepatectomy model was delayed in dextrose-infused mice (versus vehicle
control) implying that hypoglycemia plays an important role in promoting hepatic
regeneration. In the same mouse model, comprehensive amino acid analysis revealed both
liver and plasma levels of the metabolite, alpha-NH-butyric acid, were elevated early in the
course of hepatic regeneration. Levels of alpha-NH-butyric acid were subsequently
measured in the serum of 40 PALFSG patients and were significantly greater in patients who
survived without transplantation compared to those who died or were transplanted (27).
These types of discoveries could allow the development of individualized approaches to
enhance hepatic regeneration (28).

During hepatic regeneration, multiple cell compartments must be restored. Regeneration of
hepatocytes and biliary epithelial cells are dependent upon proliferation of mature
hepatocytes and in more extensive injury, requires hepatic progenitor cell activation. Liver
sinusoidal endothelial cells are repaired and replaced by bone marrow Sinusoidal endothelial
cell PROgenitor Cells (sprocs) (29, 30). Sprocs are currently defined as CD133+45+31+
cells (31). Bone marrow (BM) sprocs are a major source of hepatocyte growth factor, and
therefore, may play a key role in hepatic regeneration following severe acute liver injury.
The vascular endothelial growth factor -stromal cell-derived factor 1 pathway is upregulated
in the liver following partial-hepatectomy which increases production of BM sprocs,
mobilization of sprocs into the circulation and engraftment of sprocs in the liver. The
stromal cell-derived factor 1 receptor C-X-C chemokine receptor type 7 (CXCRY7) is highly
expressed on engrafted BM sprocs and differentiation of engrafted BM sprocs is
accompanied by a significant decline in CXCR7 expression. Interventions that suppress
recruitment and engraftment of BM sprocs in the liver cause parallel changes in the number
of circulating sprocs. In control animals, only 1% of sprocs present in circulation are
CXCRT*, whereas after partial-hepatectomy 59% of circulating sprocs are CXCR7* (31).
The implications of these findings are:

1. Bone marrow injury, as can be seen in systemic inflammatory conditions such as
FHLH and MAS, can deplete sprocs or impair their proliferative capacity, and
thereby impair hepatic regeneration. Immune therapies that prevent or ameliorate
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bone marrow injury during systemic inflammation may be able to prevent sproc
loss and improve outcome after liver injury.

2. Quantifying circulating CXCR7"* sprocs could potentially predict hepatic
regenerative ability and outcome after liver injury.

Approaches to Discovery of Viral and Genetic Etiologies

Some iPALF cases could be related to unidentified viral infection. Circumstantial evidence,
such as prodromal viral-type symptoms, observed in many cases, supports this hypothesis.
However, lack of household transmission and known infectious exposures refutes this
association. Although screening for common forms of viral hepatitis, including Hepatitis A,
B and C, is nearly universal, testing for viruses less frequently considered hepatotropic may
not always be complete. A recent analysis of the PALF cohort that included supplemental
testing for either causative or associated viral infections identified several potentially
causative infections not attributed as the etiology by the managing clinicians. For example,
Herpes Simplex Virus infection was noted as the primary diagnosis in only 2 of 13 older
subjects who had serologic evidence of recent infection (4). In addition to well
characterized, but “overlooked” viral infections, there may be uncharacterized viruses that
cause hepatitis in susceptible hosts. Emerging techniques like metagenomic next-generation
sequencing, combined with newer bioinformatics methods, such as sequence-based
ultrarapid pathogen identification (32) have accelerated the search for these agents.
Metagenomic next-generation sequencing is an attractive diagnostic approach because it
does not rely on targeted primers or probes; rather, all viruses, bacteria, fungi, and/or
parasites are identified in a single assay on the basis of a distinctive sequence signature.
These approaches identify pathogens in a variety of tissues and acellular fluids with high
sensitivity and within a clinically actionable timeframe. Metagenomic next-generation
sequencing has been used to identify potential viral pathogens in a group of 187 ALFSG
indeterminate cases. Previously unrecognized viruses were identified in 7 patients including
herpes simplex virus -1, parvovirus B19, and human herpesvirus 7. It must be noted the
presence of a viral pathogen does not necessarily imply cause. Furthermore, no novel viruses
were detected in these patients. This powerful, unbiased approach to finding rare causes of
hepatitis has not yet been applied to the PALF population.

Genomic approaches can be leveraged to identify genetic variants that may increase
susceptibility to hepatic injury or uncover previously unsuspected Mendelian disorders.
Novel statistical methods and analytical tools can reduce the millions of potentially causal
genetic variants to a few candidate defects. For example, the Variant Annotation Analysis
and Search Tool scores every variant in the genome and compares each variant from a set of
case sequences to a set of healthy control sequences (33-35). The output is a list of genes
with mutations sorted by probability of phenotype causation, resulting in substantial
improvement in statistical power. Power is further increased by incorporating phenotypic
information. Whole genome and whole exome sequencing can be powerful approaches to
identify novel genetic defects or modifiers that could cause or exacerbate hepatic injury in
PALF patients. These analyses also support evaluation of a single proband as is typical in
PALF.
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Therapeutic Targets for Cytokine Storm, Macrophage Activation Syndrome and
Hemophagocytic Lymphohistiocytosis

Review of current therapy for hyperinflammatory states, such as HLH and MAS, may
suggest potential targets and novel approaches to treatment of the untethered hepatic
inflammatory response in PALF patients. Treatment of FHLH and HLH has previously
included non-specific immunosuppression with corticosteroids and more specific
suppression of T cell responses with anti-thymocyte globulin, cyclosporine, or Etoposide.
The standard approach to therapy of MAS in rheumatologic diseases remains corticosteroids
and cyclosporine, but biologic therapy targeting individual cytokines is attractive in this
setting as well, Table 3. Therapeutic approaches to block IL-18 are of particular interest.
Systemic I1L-18 levels are higher in sJIA patients that develop MAS. Also,
immunohistochemical staining of bone marrow and liver tissue from these patients reveals
the presence of IL-18 in areas of intense macrophage infiltration. Administration of
synthetic IL-18 binding protein in a perforin-deficient mouse model of FHLH/MAS did
ameliorate the liver damage, but the animals still produced substantial pro-inflammatory
cytokines and there was no change in overall survival. However, in a recent case report,
treatment with IL-18 binding protein was effective in a patient with a NLR family CARD
domain containing 4 protein -associated hyperinflammatory state.(36) These studies suggest
further work is needed to better characterize the potential role of anti-cytokine therapy in
these disorders.

Ongoing Treatment Trials and New Strategies in Acute Liver Failure in Adults and Children

In adult medicine, the majority of trials have been performed within the infrastructure of the
ALFSG. A phase 1l trial of ornithine phenylacetate, an ammonia scavenger, is being
completed by this group and detailed results are forthcoming. Preliminary results suggest
this treatment is safe and well-tolerated with ammonia levels improving in most patients.
Several adult trials of extracorporeal liver support devices are also currently enrolling, the
largest of which is a historically-controlled trial of the Extracorporeal Liver Assist System.

Trials currently open to pediatric patients in North America include a single center trial of
hepatocyte infusions and a trial of therapy for Amatoxin-induced liver failure. A European
trial of ALF-5755, a recombinant version of the secreted human protein, Hepatocarcinoma-
Intestine-Pancreas/Pancreatitis Associated Protein, is in progress. This paracrine factor
exerts anti-apoptotic, pro-survival, and mitogenic properties on injured hepatocytes. It was
also recently shown to display anti-oxidative activity and prolong hepatocyte survival in
vitro and in animal models of hepatocyte stress (37).

Treating Neuroinflammation

Results from clinical trials of neuroprotective agents in adults with acute brain injuries,
including stroke or traumatic brain injury, provide important lessons for the approach to
neuroprotection in PALF. Irreversible central nervous system injury can occur within
seconds to minutes, making early recognition and initiation of therapy essential. Therapies
targeting a single pathway are unlikely to be effective in this complex system of injury.
Multiple studies have determined injury to glial cells including astrocytes, microglia and
endothelial cells, play a key role in the neurological complications of acute liver failure.
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These cells are activated by a combination of insults, including DAMPs secondary to injured
hepatocytes, systemic inflammatory response to infection, and by central nervous system-
derived cytokines elicited by compromise of the blood brain barrier. These inflammatory
processes subsequently lead to loss of tight junction proteins, increase in transforming
growth factor beta 1, and activation of matrix metalloproteinase-9. Cytotoxic cerebral edema
can occur as expression of aquaporin-4 is altered, pro-inflammatory cytokines are
upregulated, and astrocyte swelling occurs. Autoregulation is impaired and synaptic
excitability is altered by loss of astrocyte glutamate transporters and changes in GABAergic
neurotransmission. Exposure to ammonia either causes or exacerbates many of these
pathophysiological processes, Table 3. Drugs and other therapies (e.g. hypothermia) that
target these mechanisms are available and in use for clinical indications other than
neuroprotection in acute liver failure. Clinical trials in adults with traumatic brain injury
have tested anti-inflammatory drugs such as Etanercept, Minocycline, Anakinra, statins, N-
acetylcysteine, Erythropoietin and hypothermia. Results suggest such approaches may
modulate the inflammatory response, but may not improve survival.

Meeting Summary and Recommendations for Future Research

One of the most pressing challenges within this area of research is the need to better
characterize the mechanisms of hepatocyte injury and regeneration in children with PALF.
These mechanisms may be significantly impacted by the developing immune system and
thus, distinct from what is observed in adults. Knowledge gained would inform the design of
treatment trials aimed at limiting ongoing injury and establishing a tissue milieu that
supports regeneration. Proposed treatment trials must be feasible and evidence based.

Evidence presented in this conference highlights the similarities between HLH, MAS in
rheumatologic diseases and the phenotype of iPALF. These similarities provide support for
treatment strategies that manipulate immune responses to ameliorate ongoing liver injury.
However, iPALF is fundamentally different from HLH and MAS in that the iPALF
phenotype lacks chronicity or recurrence in survivors. Likewise, the iPALF phenotype is
different from patients with FHLH in that there is no evidence of genetic defects in perforin
and granzyme function and many patients survive spontaneously. Thus, animal models of
FHLH may not adequately reflect cellular events in iPALF. Current research efforts would
greatly benefit from development of animal models that recapitulate the features that make
the “immune dysregulation” phenotype of iPALF distinctive from these other disorders.
However, a central goal of investigation is to determine whether iPALF is truly a primary
disease process, or an altered response to a variety of liver injuries. This area of investigation
will require translational studies in human subjects that assess immune responses throughout
the evolution of the injury in patients with known and unknown causes. This work should be
embedded within a multi-center treatment trial that includes focused mechanistic aims.

Future studies should consider novel aspects of hepatocytic regeneration, including the
relationship between bone marrow derived stem cells and repopulation of hepatic cellular
pools, Figure 2. BM sprocs may play a key role in recovery from severe acute liver injury by
producing essential growth factors and creating a local milieu that supports hepatic
regeneration. Bone marrow suppression, a frequent feature in iPALF, may lead to depletion
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of sprocs from the bone marrow compartment and compromise hepatic regeneration.
Metabolic drivers are likely crucial to the micro-environmental support of hepatic
regeneration. Studies to determine whether these influences are uniform across multiple
causes of severe liver injury would inform targeted strategies to enhance regeneration.
Identification of genetic polymorphisms that suppress regenerative processes would also
inform treatment development and improve prognostic models.

Genetic discovery has accelerated during the past ten years making previously expensive and
labor intensive approaches more feasible in this population. Bio-repository specimens from
the PALFSG should be utilized to complete viral discovery studies and to screen the cohort
for previously unrecognized genetic diseases. Despite evidence that diagnostic evaluations
for viral pathogens is often incomplete, viruses not commonly associated with significant
hepatic injury are unlikely to be singular causes of iPALF. It is more likely such viruses are
the first step in a series of events that are modified by genetic variations or defects.
Exploring these defects within family pedigrees that include members who were also
exposed and infected with these viral pathogens could be an important next step in
understanding such purported modifiers.

Finally, discussion following the workshop presentations supported the concern that
emerging treatment practices are not evidence based. Specifically, the growing trend toward
steroid therapy targeted at suppressing the immune response in patients with iPALF has not
been adequately tested. Most importantly, it is yet to be established whether robust or
“overzealous” immune responses are primary drivers of the ongoing injury or secondary
responses to overwhelming cell death. Treatment trials should be designed to determine the
benefit of immune modulation in this rapidly progressive disease and should include
mechanistic studies that advance the understanding of disease pathogenesis.

The workshop focused on several approaches to advance these research objectives and
explore the role of the immune system in propagating liver injury. These investigations
should leverage both basic and translational methodologies. Immune dysregulation is an
emerging term describing a phenotype which is observed most commonly in iPALF cases,
but which may also be expressed in patients with established etiologies, especially those
with evidence of auto-immunity. Development of an immune dysregulation liver injury
animal model would accelerate mechanistic studies in this rare disease. A biorepository of
human specimens would allow investigators to confirm findings from animal studies and
explore unique human responses. Manipulation of individual cell lines responsible for both
the innate and adaptive immune response in animal models of overwhelming liver injury
could provide important insights into how these responses impact liver regeneration.
Examination of circulating T lymphocytes, macrophages and stem cells, particularly BM
sprocs from patients with PALF is essential to understanding the relationship between
marrow injury and hepatic regeneration. Metagenomics next-generation sequencing of
serum and liver tissue should be completed to search for novel hepatotrophic viruses and
explore the role of common viral pathogens, such as Herpes Simplex Virus in this disorder.
Genomic approaches that maximize the ability to identify genetic modifiers in a single
proband should be leveraged. It is also important to examine processes at the tissue level.
Liver histopathology is a vital tool to differentiate cell populations. Immunotechniques can
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further the understanding of cell signaling and identify unexpected patterns of cytokine
expression. RNA sequencing can be used to confirm patterns of gene expression leading to
immune mediated injury and potentially improve prognostic models.

The overarching goal of these mechanistic studies is to develop targeted therapies. However,
emerging experience with empiric immunomodulatory therapy should be tested, even as
mechanistic investigations proceed. It is also essential to test supportive care strategies, such
as standardized neuroprotection protocols that could enhance survival and functional
outcomes. Innovative approaches to study the role of neuroinflammation in the evolution of
PALF could inform refinement of these protective strategies and support additional benefits
of systemic anti-inflammatory therapy.
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Online Summary

The cause of liver injury is undetermined in approximately 30% of Pediatric Acute Liver
Failure cases. A single day workshop sponsored by the National Institute of Diabetes and
Digestive and Kidney Diseases brought together clinicians and basic scientists to
integrate aligned research findings and review emerging concepts regarding mechanisms
of hepatic injury, new diagnostic tools and options for future treatment trials.
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Figure 1. Proposed M echanisms of M acrophage Activation in Hemophagocytic Syndromes
Hemophagocytic syndromes are characterized by an uncontrolled expansion of activated

CD38 cells that secrete pro-inflammatory cytokines such as interferon gamma and
granulocyte-macrophage colony-stimulating factor. These cytokines cause monocytes to
differentiate into macrophages, which then release pro-inflammatory cytokines, thus causing
an exaggerated, cyclical cascade. Persistent activation of macrophages leads to massive
increase in pro-inflammatory cytokines. The mechanism leading to expansion of activated
macrophages is not clear. One possible hypothesis for uncontrolled expansion of T cells is a
defect in cytolytic function.

Footnote for Figure 1: Granulocyte-macrophage colony-stimulating factor (GM-CSF),
soluble interleukin 2 receptor (sIL-2r), macrophage colony-stimulating factor (M-CSF).
Figure courtesy of Dr Alexie Gromm.
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Figure 2.
Proposed model of liver injury progression in indeterminate pediatric acute liver failure.

Systemic inflammatory insults may lead to local liver inflammation in conjunction with
exogenous local triggers such as viruses that contain PAMPs, and endogenous local triggers
in the form of DAMPS generated from liver injury itself. The release of DAMPS from liver
injury may promote a feed forward cycle of inflammation. This liver injury ultimately
results in the production of sdfl to promote the recruitment of sprocs and subsequent liver
regenerative programs including HGF. As sprocs arise from the bone marrow, systemic
inflammation may inhibit this process via suppression of bone marrow stem cells. Altered
metabolic state in the form serum glucose may also provide additional signals to promote
hepatic regeneration. Brain injury may result from systemic inflammation itself,
compounded by toxic metabolite build up from liver injury and altered metabolic state.
Together this network of events may lead to the liver, bone marrow, and brain injury often
seen in iPALF.
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Footnote for Figure 2: pathogen associated molecular patterns (PAMPs), damage associated
molecular patterns (DAMPS), sinusoidal endothelial cell PROgenitor cells (sprocs); stromal
cell-derived factor 1 (sdf1), hepatocyte growth factor (HGF), indeterminate Pediatric Acute
Liver Failure (iPALF), cytokeratin 7 positive (CK7™), cytokeratin 19 positive (CK19%),
hepatic progenitor cell (HPC).
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Common histologic patterns of injury in acute liver failure
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Pattern

Description

Associated Causes

Coagulative Necrosis

Typically zonal injury including hepatocyte “ghost cells”.
Usually accompanied by only minimal inflammatory infiltrate. If
the patient recovers, normal architecture is usually restored

Toxins, acetaminophen and ischemic
hepatitis

Confluent Necrosis

This injury is associated with prominent parenchymal
inflammation and an irregular pattern of necrosis. Injury
frequently results in parenchymal collapse and is often
accompanied by a marked ductular reaction.

Viral hepatitis, drug and indeterminate

Acuteon Chronic Liver
Injury

Hallmarks of this injury include fibrosis, inflammation, and
cholestasis

Autoimmune Hepatitis and Wilson
disease

Microvesicular Steatosis

Evidence of mitochondrial injury with hepatocytes that are
generally intact

Primary mitochondrial cytopathy or
secondary mitochondrial injury due to
aspirin or valproate.
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Mechanisms of acute liver failure induced central nervous system injury
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MECHANISM

THERAPEUTIC TARGET

ASTROCYTE SWELLING

Ammonia accumulation (glutamine
metabolism; nitrogen catabolism)

Limit protein intake; scavenge NH3 with
lactulose; L-ornithine and phenylacetate

EXCITOTOXICITY

Glutamate mediated NMDA-receptor
activation; Nitric oxide release

ceftriaxone to restore glutamate transporters

CNSSYSTEMIC INFLAMMATION

Peripheral cytokines; Nitric oxide
signaling

Hemodialysis/Molecular Adsorbent
Recirculation System

ACUTE LUNG INJURY/ACUTE
RESPIRATORY DISTRESS SYNDROME

Hypercapnia and cerebral vasodilatation

Recruitment; optimize lung compliance
Use of Propofol or etomidate during
induction
Avoid Ketamine (increased intracranial
pressure)

Do not treat spontaneous hyperventilation

CEREBRAL EDEMA

Cytotoxic > vasogenic edema
Compromise of AQP4 transporter
function
Astrocyte and microglial activation
Nitric oxide induced cerebral
vasodilatation

Mannitol
Minocycline
etanercept
anakinra
Barbiturates
Indomethacin
Hypothermia/Controlled Normothemia

COMPROMISED CEREBRAL METABOLISM

Mitochondrial dysfunction
Oxidative stress
Induction of mitochondrial permeability
transition pore

Antioxidant therapy (N-acetylcysteine)/
Vitamins
L-Carnitine
Hypothermia/Controlled Normothermia
Methylene Blue

CEREBRAL ISCHEMIA

Arterial vasodilatation and decreased
cerebral perfusion pressure

Vasopressors; treatment of adrenal
insufficiency

BLOOD BRAIN BARRIER BREAKDOWN

Matrix-metalloproteinase-activation

Neurosteroids/Progesterone
TGFB-antagonist (Losartan)

Footnote for Table 2: N-methyl-D-aspartate (NMDA), aquaporin 4 (AQP4). Table courtesy of Dr Mark Wainwright.
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Table 3

Therapeutic Strategies in Hyperinflammatory Conditions
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Hemophagocytic lymphohistiocytosis

Macrophage activation syndrome

Systemic juvenile

injury but not survival in familial
hemophagocytic lymphohistiocytosis
animal model.

binding protein in a single patient with
NLRC4-MAS.(36)

idiopathic
arthritis
Corticosteroids Standard therapy Standard therapy Can be used
initially while
awaiting response
to anti-cytokine
therapy.
T cell Directed Therapies
Cyclosporine A Standard therapy Standard therapy Typically only
used in patients
with SJIA
associated MAS.
Anti-thymocyte Globulin Standard therapy Not indicated Not indicated
Etoposide Standard therapy Usually not indicated Not indicated
Anti-cytokine Therapies
Tumor necrosis factor Not Effective Not Effective Limited efficacy
inhibition as compared to
other agents.
IL-1 inhibition Not tested IL-1p blockade with Canakinumab unable IL-1p blockade
to achieve statistically significant effect in with
treatment or prevention even when SJIA Canakinumab
well controlled.(38) effective to induce
IL-1a and B blockade with Anakinra may remission. (41)
have dose dependent efficacy.(39, 40)
IL-6 inhibition Tocilizumab not effective in prevention or Tocilizumab
treatment.(42) effective in human
Effective in Chimeric Antigen Receptor T- | trials.(44)
cell therapy “Cytokine Release
Syndrome™.(43)
IL-18 inhibition IL-18 binding protein improved liver Case report showed efficacy of IL-18 Not tested

Footnote for Table 3: hemophagocytic lymphohistiocytosis (HLH), macrophage activation syndrome (MAS), systemic juvenile idiopathic arthritis

(sJIA)
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