

[image: image1]
A non-human primate model of acute liver failure suitable for testing liver support systems
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Acute hepatic failure is associated with high morbidity and mortality for which the only definitive therapy is liver transplantation. Some fraction of those who undergo emergency transplantation have been shown to recover native liver function when transplanted with an auxiliary hepatic graft that leaves part of the native liver intact. Thus, transplantation could have been averted with the development and use of some form of hepatic support. The costs of developing and testing liver support systems could be dramatically reduced by the availability of a reliable large animal model of hepatic failure with a large therapeutic window that allows the assessment of efficacy and timing of intervention. Non-lethal forms of hepatic injury were examined in combination with liver-directed radiation in non-human primates (NHPs) to develop a model of acute hepatic failure that mimics the human condition. Porcine hepatocyte transplantation was then tested as a potential therapy for acute hepatic failure. After liver-directed radiation therapy, delivery of a non-lethal hepatic ischemia-reperfusion injury reliably and rapidly generated liver failure providing conditions that can enable pre-clinical testing of liver support or replacement therapies. Unfortunately, in preliminary studies, low hepatocyte engraftment and over-immune suppression interfered with the ability to assess the efficacy of transplanted porcine hepatocytes in the model. A model of acute liver failure in NHPs was created that recapitulates the pathophysiology and pathology of the clinical condition, does so with reasonably predictable kinetics, and results in 100% mortality. The model allowed preliminary testing of xenogeneic hepatocyte transplantation as a potential therapy.
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Introduction

The liver is a complex organ whose function is life sustaining and critical for such processes as protein synthesis, detoxification and metabolic regulation (1). As a result, liver failure is associated with very high morbidity and mortality, requiring complex medical interventions for metabolic abnormalities, coagulopathy, encephalopathy, and in the case of acute, fulminant hepatic failure, management can be further complicated by hypotension, hypoglycemia, increased intracranial pressure, multi-organ system failure, and sepsis (2). There are approximately 2,000 cases of acute liver failure that occur in the United States every year (3).

Recent therapeutic advances, especially in liver transplantation, have been transformative for patients affected by liver disease. Clinicians can approximate the extent of disease and risk of mortality for patients with cirrhosis and end-stage chronic liver failure by combining physical exam findings and laboratory studies by calculating Model for End-Stage Liver Disease (MELD) and Child-Pugh scores (4). However, in patients with acute liver failure (ALF), individual clinical and laboratory parameters do not always predict survival from non-survival (5–7). Nevertheless, because of advances in transplantation, mortality from ALF has dramatically improved (8). The Acute Liver Failure Study Group (USA) reports that approximately 45% of patients with severe acute liver failure recover liver function spontaneously, 25% undergo liver transplantation, and 30% expire, including approximately 30% of those transplanted (9). Because determining who will survive without transplantation is so difficult, it is known that some fraction of those who undergo emergency liver transplantation would have recovered without it. Thus, the increasing success in managing acute liver failure cloaks the particularly sad and frustrating fact that some fraction of those who undergo orthotopic liver transplantation for acute liver failure might nevertheless have spontaneously recovered liver function over a period of weeks to months if transplantation could have been averted.

Ideal management of acute liver failure would avert liver transplantation when recovery of the liver is possible, and when recovery does not occur, enable survival until a liver transplant can be performed. Development of such support has been a research priority in hepatology for decades. Unfortunately, development of liver support devices has been hindered by the low incidence of severe acute failure, the diverse clinical presentation, and by unpredictable outcomes. While liver support devices of various types have been developed, trials in cohorts with ALF conducted to date have generated inconclusive results, and their use failed to significantly increase survival or avert transplantation (10–13). The results do not suggest the devices were ineffective but instead confirm that an impossibly large number of subjects would need to be enrolled to overcome the confounding impact of the vast range of baseline indices of liver function and outcomes of ALF. Thus, the vast range of manifestations of acute liver failure has made it nearly impossible to reach conclusions regarding efficacy and to identify patients who might benefit.

To date, many thousands of patients have been treated with these devices. Artificial liver support systems can replace liver detoxification functions to a limited degree and correct some biochemical parameters; however, clinical data on improved survival is lacking (14). Actual replacement of liver function is thought to require development of bioartificial systems, which entails complex cell cultures and flow dynamics and, in turn, very high production costs (14, 15). Unfortunately, the true mechanisms by which hepatocytes fail and the consequences of their failing are not fully understood, and there is no fully workable model of hepatic failure that recapitulates what occurs in man except toxin-induced hepatic decompensation (16). The costs of development and the expense of running a clinical trial could be dramatically reduced by the availability of a reliable large animal model of hepatic failure that included a large therapeutic window that allows testing the efficacy and timing of intervention.

We created a model of severe ALF in non-human primates (NHPs) that recapitulates the pathophysiology and pathology of the clinical condition, does so with reasonably predictable kinetics, and results in 100% mortality. We show that after liver-directed radiation therapy (RT), the delivery of non-lethal hepatic ischemia-reperfusion (I-R) injury reliably and rapidly generates life-threatening manifestations of ALF that in turn provide conditions that can enable pre-clinical testing of liver support or replacement therapies. Indeed, we show that ALF induced in this way allowed preliminary testing of xenogeneic hepatocyte transplantation as a potential therapy (Figure 1).
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FIGURE 1
Schematic illustration showing the generation of a non-human primate model for acute liver failure (ALF) using liver-directed radiation therapy followed by hepatic ischemic-reperfusion injury and the subsequent assessment of xenogeneic hepatocyte transplantation as a potential therapy for ALF.




Materials and methods


Non-human primates and central IV placement

Male cynomolgus macaques (Macaca fascicularis) weighing between 5 and 9 kg were used for these studies. The animals were kept at the John G. Rangos Sr. Research Center, UPMC Children’s Hospital of Pittsburgh. All NHPs were kept in a state-of-the-art facility with automatic 12-h light and 12-h dark cycles with lights on from 7 a.m. to 7 p.m. Water was readily available to the NHPs and their diet consisted of biscuits, fruits, vegetables, and forage mix. Prior to surgery, the NHPs required acclimatization to a jacket and tether system for 2 weeks. Immediately prior to surgery, NHPs were sedated using ketamine (5–10 mg/kg) and then underwent endotracheal intubation with subsequent administration of inhalational anesthesia in the form of isoflurane. A long-dwelling single lumen central venous catheter was inserted into the internal jugular vein. The catheter was tunneled subcutaneously to exit through the skin midway between the ipsilateral tip of the scapula and the vertebral spinous process. The jacket and tether system was used to protect the indwelling catheter and facilitate access. The central venous catheter is important for managing possible post-operative complications, including dehydration, electrolyte imbalance, and eventual liver failure, sampling blood, and administering medications. Table 1 provides a summary of procedures and findings in each animal.


TABLE 1    Summary of procedures and findings in non-human primates.
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Liver-directed radiation therapy

All primates were anesthetized using isoflurane and immobilized in the supine position with whole-body Vac-Lok cushions (CIVCO, Kalona, IA) during pre-intervention CT and radiation therapy (RT) with their arms above their head. Pre-intervention CT scans were obtained, procuring 2.5 mm slices with IV contrast from the level of the carina to the roof of the acetabulum. Radiation oncology marked the location of the isocenter on the skin (AP and lateral). Next, scanned CT images were transferred to an Eclipse V15.6 treatment planning system (Varian Medical System, Palo Alto, California), and whole liver (PTV) and organs at risk – duodenum, esophagus, small bowel, and spinal cord were contoured by the radiation oncologist. The treatment plans were then generated using 11–12 coplanar IMRT fields. The prescribed dose for the whole liver (PTV) was 35Gy delivered in 5 fractions. On the day of treatment, the skin marks and SSD at the isocenter obtained from the treatment plan were used for the initial set-up. After correctly positioning the primate at the isocenter, CBCT (cone-beam computed radiotherapy) images were acquired. Image co-registration process (for all CBCT registrations) was done by the radiation oncologist, and co-registrations were used to correct the treatment position, ensuring proper positioning in all three cardinal planes. Each primate received whole liver stereotactic body radiotherapy treatments (SBRT) using a 6MV beam from a CLINAC 23IX Varian accelerator (Varian Medical System, Palo Alto, California) CBCT image guidance.



Induction of acute liver failure by carbon tetrachloride (CCl4) treatment after radiation therapy

For treatment of NHPs with CCl4 by subcutaneous injection, a 40% (v/v) solution of CCl4 (Sigma, St. Louis, MO) was prepared by diluting CCl4 in olive oil. An initial dose of 0.2 mL of 40% CCl4 solution per kg body weight was used for each naïve NHP with subsequent doses increased based on elevations in alanine aminotransferase (ALT) levels measured 2 days after every CCl4 treatment. This dose-escalation approach was followed for each NHP until an effective dose that led to an ALT level of 300–1,000 IU/L was attained. Because the irradiated liver is potentially more susceptible to CCl4–induced liver injury, the initial CCl4 dose used for each NHP after liver-directed radiation therapy was lower than the effective dose determined before radiation treatment. However, increasing CCl4 doses did not consistently generate higher ALTs, and 2 out of 3 animals developed bronchospasm and diffuse pulmonary hemorrhage to subcutaneously administered CCl4 after hepatic radiation. The route of CCl4 administration was therefore modified for subsequent NHPs because pulmonary side effects were never observed when NHPs were given CCl4 by oral gavage.

For treatment of NHPs with CCl4 by oral gavage, a 10% (v/v) solution of CCl4 was prepared by diluting CCl4 in olive oil. A starting dose of 0.002 mL of 10% CCl4 solution per kg body weight was used for each NHP with subsequent doses increased based on elevations in alanine aminotransferase (ALT) levels measured 2 days after every CCl4 treatment. This dose-escalation approach was followed for each NHP until an ALT level of 300–1,000 IU/L was attained. Because CCl4 treatment proved to be an unreliable method for inducing ALF after radiation therapy, I-R injury was assessed as a potential replacement for CCl4 treatment.



Induction of acute liver failure by surgically induced transient ischemia-reperfusion injury after radiation therapy

Through a midline laparotomy, the portal triad, which contains the extrahepatic segments of the hepatic portal vein, hepatic artery proper, and the common bile duct, was identified and circumferentially dissected to ensure that there were no accessory or replaced arteries to the liver. The NHP was then heparinized (100 U/kg) and the portal triad was occluded using multiple bull dog clamps. Ischemia to the liver was sustained for between 80 and 150 min. Upon completion of the designated ischemia time, the clamps were removed, and the area was evaluated for any potential iatrogenic injuries or areas of bleeding. The abdomen and skin were closed in a standard fashion and a clean jacket and tether system was then applied.



Scoring for hepatic encephalopathy

The level of hepatic encephalopathy was determined based on observations or tests for appetite, attention, neurologic condition, and strength following a rating scale (Supplementary Table 1). Encephalopathy scores (EN score) were then calculated by combining the points for each of the four subtests.




Results


High dextrose-containing parenteral nutrition or CCL4 produce irreversible acute liver failure following liver-directed radiation

We previously reported that fulminant liver failure can be induced in monkeys by administration of liver-directed radiation followed by infusion of high dextrose-containing parenteral nutrition (TPN) (17). High-dose radiation inflicts injury and interferes with regeneration, while the high dextrose TPN infusion induces a non-specific injury to hepatocytes. The histology of the liver and clinical manifestations of acute liver failure induced in this way in monkeys resembles characteristics of acute liver failure in humans (17). However, consistent with manifestations of acute liver failure in humans, monkeys exhibited marked variation in the kinetics of development of liver failure. Although our method could reliably recapitulate the clinical presentation of acute liver failure, the variation in timing would hinder if not preclude use for testing therapeutics, such as liver assist devices or transplantation. We therefore sought to modify the model to generate more uniform and predictable injury.

We first attempted to control the timing of liver failure by administering CCl4, which reliably induces liver failure in rodents at least in part by known mechanisms (18). Unfortunately, we observed numerous unanticipated problems with this approach. Animals were given escalating doses of CCl4 before receiving radiation therapy so that a reproducible liver injury could be anticipated post radiation, aiming for an ALT level between 300 and 1,000 IU/mL at 48 h following exposure. Unfortunately, animals experienced pulmonary distress and expired from subcutaneously administered CCl4 after hepatic radiation (Table 1, M001 and M002). CCl4 treatment by oral gavage did not induce bronchospasm and diffuse pulmonary hemorrhage, but the treatment generated even more inconsistent levels of hepatic injury (Table 1, M003 and M004). Escalating doses of CCl4 did not always generate higher ALTs, and, following liver-directed radiation therapy, the selected dose of CCl4 often no longer produced the desired level of liver injury.



Homogeneity of acute liver failure generated by liver-directed radiation followed by hepatic ischemia-reperfusion (I-R)

Reasoning that genetic differences were less likely to affect the degree of hepatic injury mediated by ischemia, we next tested whether hepatic ischemia superimposed on irradiation could generate acute liver failure and do so with greater homogeneity than RT plus TPN or CCl4. To induce liver ischemia, the portal vein and hepatic artery were occluded for 80–150 min. After induction of ischemia, the vessels were re-perfused and the monkeys were carefully monitored during recovery and subsequent course.

As anticipated, I-R induced liver injury varied with dose, i.e., duration of ischemia, but manifested with greater homogeneity than metabolic insults. Ischemia for more than 120 min induced severe hepatic necrosis within hours of injury manifested by an ALT > 3,000 IU/L, NH3 > 300 μmol/L, and INR > 2 and death from hyperkalemia. Ischemia for 80–90 min led to relatively uniform liver injury with peak ALT levels of 327–849 IU/L 48 h after I-R induced liver injury. After that time, the ALT decreased and no signs of liver failure were evident for several weeks, but progressive liver dysfunction ensued leading to manifestation of severe hepatic failure with encephalopathy. Figure 2A shows the course of hepatic failure in three animals (M005, M006, and M008) treated with liver irradiation and hepatic ischemia, and in one animal (M004) treated with liver irradiation and CCl4 by gavage, who developed an ALT of 345 IU/L 48 h after exposure to last CCl4 dose. Indicators of hepatic function [ammonia level (NH3), total and direct bilirubin, INR, and encephalopathy score (EN score, normal EN score: 20)] became abnormal, and euthanasia was ultimately required. An increase in the ammonia, direct bilirubin, INR, and encephalopathy predicted severe liver failure requiring euthanasia within 10–12 days. Histology consistent with acute liver failure, including necrosis, loss of hepatocytes, and parenchymal collapse, was present in each liver (Figures 2B–D).
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FIGURE 2
Liver-directed radiation therapy in combination with hepatic ischemic-reperfusion leads to severe liver failure requiring euthanasia with histological hallmarks consistent with acute liver failure. (A) NHPs underwent liver-directed radiation therapy and, after 2 weeks, were subjected to 80–90 min of hepatic I-R injury (day 0). NH3, total bilirubin, direct bilirubin, and INR levels as well as encephalopathy scores of NHPs were recorded. Animals developed severe liver failure requiring euthanasia 10–12 days after key indicators of hepatic function begin to show abnormal levels. M004 is included for comparison of CCl4-induced ALF with the day of last CCl4 dose set as day 0. (B) Representative photomicrograph of H&E stained liver sample showing extensive loss of hepatocytes with the collapse of the parenchyma leading to the approximation of portal tracts (arrowheads). Entire rows of hepatocytes have disappeared, leaving only a fraction of the original cells (arrows). (C) Representative photomicrograph of Masson’s trichrome staining of liver sample highlighting in blue the periportal collagen (arrow) and the interstitial fibrosis (arrowheads). (D) Representative reticulin staining of liver tissue showing that the fiber meshwork that normally lines each row of hepatocytes is now collapsed (arrows) as the intervening hepatocytes have died and disappeared.


Several studies have reported unique cytokine profiles during the development of pediatric ALF and drug-induced liver injury (19–21). We therefore analyzed the serum cytokine levels in NHPs before and after treatment with liver-directed radiation and hepatic ischemia to determine if a similar trend was present in this NHP model of ALF. In contrast to clinical indicators of hepatic function which progressively deteriorated as the NHPs approached ALF, there was no consistent trend in the serum cytokine levels in this NHP model of ALF (Supplementary Figure 1).

Animals treated with this regimen can experience hemodynamic changes, dehydration, and electrolyte disturbances after I-R induced liver injury. Careful monitoring of vital signs, urine output, and chemistries in the preoperative and operative period was essential. As a result of low central venous pressures, two animals developed severe hemodynamic instability, renal failure, and neurologic abnormalities immediately following transient hepatic ischemia and required euthanasia.



Hepatocyte xenotransplantation for acute liver failure

Having established that ALF could be reliably induced in randomly bred monkeys, we asked whether homogeneity would allow testing of a therapeutic strategy. We previously explored hepatocyte transplantation in rodent models of chronic liver failure (22) and others have shown that hepatocyte transplantation could rescue rodents with ALF (23, 24). However, the potential use of hepatocyte transplantation in a pre-clinical NHP model of ALF was never explored in part because variability of manifestations and course would make it difficult or impossible to evaluate outcomes, as discussed above. Thus, we exploited the homogeneous features of the model of ALF to undertake a pre-clinical test of hepatocyte xenotransplantation in ALF.

Three monkeys were treated with RT and I-R to induce ALF as described above. Porcine hepatocytes were isolated, and between 300 million to 1 billion hepatocytes were transplanted into each animal by direct injection into the spleen as we have previously published (Supplementary materials and methods) (25). Because we were interested in the extent to which transplant could improve liver function in the short term, which would be critical for averting immediate organ transplant, we erred toward over-immune suppression in these early studies. Recipient monkeys were treated with Thymoglobulin and anti-CD154 at the time of transplantation and FK506 was to be used for maintenance immune suppression. All animals developed complications from over-immune suppression. Two of the three animals developed FK506 toxicity resulting from an inability to metabolize the drug (Supplementary Results).

After transplant, we followed ammonia levels, total and direct bilirubin levels, INR, and encephalopathy scores in recipients, which did not change significantly compared to pre-transplant levels (Figure 3A). While microscopically, donor hepatocytes were found engrafted in the spleen and in the liver (Figures 3B–I), the level of engraftment was not large as there was little time for their numbers to expand even though there existed a repopulation advantage to the transplanted cells.
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FIGURE 3
Hepatocyte xenotransplantation into the spleen of NHPs with ALF appeared to show possible transient stabilization of hepatic function and led to engraftment of donor porcine hepatocytes in the recipient spleen and liver. NHPs underwent liver-directed radiation therapy and, after 2 weeks, were subjected to 90 min of hepatic I-R injury to induce ALF. At various timepoints after the induction of ALF, NHPs were transplanted with porcine hepatocytes. (A) Graphs show the changes in NH3, total bilirubin, direct bilirubin, INR, and encephalopathy scores in NHPs days after porcine hepatocyte transplant (day 0). M007 underwent I-R injury and hepatocyte transplantation on day 0 and was euthanized on day 7 due to renal failure. M008 received hepatocyte transplantation 83 days after hepatic I-R injury and survived for 12 days following the transplant but eventually expired from hepatic failure. M009 received hepatocyte transplantation 14 days after hepatic I-R injury and survived for 12 days but eventually succumbed due to respiratory distress from CMV pneumonitis. (B,C) Representative image of immunohistochemical staining for Hep Par-1 (brown) of recipient NHP spleen showing clusters of transplanted hepatocytes in the splenic parenchyma. (D) Representative photomicrograph of H&E stained recipient NHP liver showing a small group of donor hepatocytes within portal veins (arrows). (E) Representative photomicrograph of H&E stained recipient NHP liver showing a small group of donor hepatocytes (surrounded by arrowheads) in the middle of the liver tissue. (F–I) Representative images of immunofluorescence staining for porcine albumin (red) and actin (green) in the recipient NHP liver showing clusters of porcine hepatocytes near or within the portal veins. Nuclei are stained with Hoechst (blue). (G,I) Are higher magnification images of (F,H).





Discussion

Herein, we describe the first reliable and reproducible model of ALF in NHPs. Sequential treatment of monkeys with liver directed RT and ischemia-reperfusion led reliably to acute injury and transient recovery followed by progression to ALF. Importantly, the model generated relatively uniform pathophysiology with kinetics sufficiently predictable to allow testing a new approach to therapy. The model thus appears suitable for testing a range of therapies for the management of hepatic failure. Furthermore, the model could be modified to generate an ALF model for other large animals such as pigs.

The work was developed as part of an effort to determine whether hepatocyte xenotransplantation could effectively treat acute liver failure. While our efforts to use hepatocyte transplantation to overcome the pathophysiology of acute liver failure were unsuccessful, the model allows further experimentation to definitively determine whether this approach or others can be successfully used for liver support.

Our group had previously published the effect of different doses of RT (30, 36, 40, and 50 Gy) on the liver of NHPs (17). In that study, animals treated with 30–36 Gy did not develop hepatic dysfunction from hypofractionated RT. Histological analysis of the livers showed injury to hepatic central veins, most severe in small venules, with significant extension to larger central veins at higher radiation dosage. At 30–36 Gy, central veins showed only mild medial fibrosis, and occasional prominent endothelial cells, but not intimal swelling. There were a few subendothelial inflammatory cells but the lumens were not narrowed or occluded. Interestingly, animals that received ≥ 36 Gy developed fulminant hepatic failure with encephalopathy when they received parenteral nutrition containing 15–20% dextrose. This strategy reliably generated ALF with histology and clinical manifestations approximating what is seen in the clinical setting. However, that model proved challenging to use for testing the extent to which hepatocyte transplantation could affect liver failure, as the time to induction of ALF was not predictable. For our purpose, we needed a model in which we could control both the severity and the kinetics of the disease process. Therefore, we modified the liver injury component of our model to using a known acute toxin, carbon tetrachloride (CCl4). We attempted to establish the susceptibility of each monkey to CCl4 to allow more uniform responses to the toxin. Unfortunately, we found extensive variability in the extent of acute hepatocyte injury and idiosyncratic reactions to CCl4.

Given the lack of a uniform response with CCl4, we then tested whether ischemia-reperfusion superimposed on irradiation could generate a more homogenous response. Using transient ischemia of the liver by cross-clamping the portal triad, we successfully induced reproducible hepatocyte injury following radiation conditioning of the liver and all the animals developed lab indicators of hepatic dysfunction within 1–2 weeks before succumbing to irreversible hepatic failure. Having a model that allows intervention days to weeks before death from ALF should now, hopefully impact the development of therapies for ALF. Furthermore, having parameters that anticipate death from ALF up to 14 days before the need for euthanasia allows interventions late in the course of the disease.

In severely afflicted patients with acute liver failure, the native liver can regenerate if the patient is supported for months using auxiliary liver transplant (26). Therefore, orthotopic liver transplantation might be avoided in some, perhaps many of those now transplanted for ALF (14). We, therefore, attempted to address whether hepatocyte xenografts could provide hepatic support in acute liver failure. We have previously shown that discordant hepatocyte xenografts can provide physiological hepatic function and rescue rodents with liver failure (22–24), and have shown that porcine hepatocyte xenografts can survive for many months in NHPs and expand in number in radiation conditioned livers (27, 28). However, we were not able to determine unequivocally physiologic function by those transplanted porcine hepatocyte in NHPs.

Although clinical hepatocyte transplants are performed by infusion into the portal vein (29–33), in these studies we introduced hepatocytes into the spleen to avoid portal vein stasis and portal-hepatic vein shunting. In preliminary studies, we showed that injection into spleen parenchyma led to far superior initial engraftment after radiation conditioning and no translocation of hepatocytes into the lungs, which occurred with transplantation via the portal vein after induction of ALF (data not shown).

Unfortunately, we did not demonstrate significant improvement in liver function in our animals with liver failure. Clearly, over-immune suppression led to the undesired complications of overwhelming opportunist infection by CMV in one recipient and FK506 toxicity in at least one other. More importantly, we found limited initial engraftment in the livers and spleens, making it unlikely that significant hepatic support was provided using the transplant techniques we employed. In previous studies of porcine hepatocyte transplant in NHPs, we demonstrated replacement of 10–15% of hepatic mass (28). However, this occurred because the donor porcine hepatocytes also had a selective repopulation advantage over native hepatocytes, but the process transpired over a period of weeks. Further studies using alternative engraftment strategies and less toxic immune suppression would be enlightening. While we were most interested in the extent to which cell transplantation could improve liver function in the short term, which would be critical for determining whether organ transplant could be averted, we over-immune suppressed our recipients. In severe hepatic failure, it is likely that significantly less immune suppression will be needed.

One of the hurdles to testing the efficacy of hepatocyte transplantation, liver support devices, and medical therapeutics for ALF has been the extraordinary variability of presentation and course of the disease. Initial studies of such devices in the laboratory are often promising because they attempt to correct hypothetical causes and outcomes of decompensated hepatic function. This is not surprising as indications for hepatic support have expanded over the years to include patients with acute liver failure, patients deteriorating from progressive end-stage chronic liver disease or alcoholic hepatitis, and finally, patients with post-hepatectomy or post-transplant liver dysfunction (14). In addition, patients with stable chronic liver disease can develop severe and rapid deterioration of liver function, termed acute-on-chronic liver failure (ACLF), from processes such as sepsis, dehydration, or variceal bleeding (34). Thus, the most crucial obstacle to developing and optimizing liver support technologies has been the lack of a reliable, quantitative, and reproducible preclinical model of acute and semi-acute liver failure for testing efficacy and toxicity. Because there is no good model of hepatic failure (except toxin-induced hepatic decompensation) and the actual mechanisms by which hepatocytes fail and the consequences of their failure are not fully understood, liver assist devices are frequently found to be ineffective upon translation out of the laboratory. The need for an ideal liver assist device is very high. We are hopeful that the model described here may be helpful for studies aimed at developing systems for temporary hepatic support.
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Induction of ALF after liver-directed RT

NHP received a starting dose of 0.1 mL/kg of 40% CCl4 by SQ
injection but experienced respiratory distress and expired 5 min
after administration.

NHP received increasing doses of 0.02-0.8 mL/kg of 40% CCly
by SQ injection with no significant increases in ALT levels
(30-50 TU/L). He received a higher dose of 1.8 mL/kg but
experienced respiratory distress and expired during
administration.

NHP received increasing doses of 0.002-0.384 mL/kg of 40%
CCly by oral gavage with no significant increases in ALT levels
(91-152 IU/L).

NHP received a starting dose of 0.032 mL/kg of 40% CCl4 by
oral gavage that led to ALT levels of 1,131 IU/L. He received a
higher dose of 0.064 mL/kg by oral gavage that led to lower ALT
levels of 345 IU/L. He progressively showed abnormal NH3,
total and direct bilirubin, INR, and EN score.

NHP underwent 80 min I-R injury. He progressively showed
abnormal ammonia level (NH3), total and direct bilirubin, INR,
and encephalopathy score.

NHP underwent 90 min I-R injury. He progressively showed
abnormal NH3, total and direct bilirubin, INR, and EN score.

NHP underwent 90 min I-R injury followed by pig hepatocyte
transplant on the same day.

NHP underwent 90 min I-R injury. He progressively showed
abnormal NH3, total and direct bilirubin, INR, and EN score.

NHP underwent 90 min I-R injury. He progressively showed
abnormal NH3, total and direct bilirubin, INR, and EN score.

Transplant after induction of ALF

N/A

N/A

N/A

N/A

N/A

N/A

NHP was transplanted with 300 million porcine hepatocytes on
the same day as I-R injury. Hepatic function appears to stabilize
post-transplant but the NHP developed renal failure and was
euthanized 7 days after I-R injury and transplant.

NHP was transplanted with 600 million porcine hepatocytes
83 days after I-R injury. Hepatic function appeared to stabilize
post-transplant but the NHP expired of hepatic failure 12 days

after transplant.

NHP was transplanted with 1 billion porcine hepatocytes
14 days after I-R injury. Hepatic function appeared to stabilize
post-transplant but the NHP expired of CMV pneumonitis
14 days after transplant.
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