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Abstract: Fibrolamellar carcinoma (FLC) of the liver is a rare type of liver cancer that is prevalent in children and young adults, often
less than 40 years old. The etiology is unclear. It presents without underlying liver disease with distinctive histological features such as
fibrous collagen bands surrounding the tumor cells. Fusion protein DNAJB1-PRKACA is found in most of the cases. The prognosis of
FLC is poor. Even though curative treatment option is surgery for a certain patient population, other treatment modalities including
radiation, chemotherapy are currently being used without significant improvement of overall survival. Recently, targeted therapy and
immunotherapy have been studied which may provide survival advantage in the future. This review sought to compile data from
clinical trials and case reports/series to outline the current state of FLC treatment.
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Introduction
In 1956, Edmondson was the first to describe fibrolamellar carcinoma (FLC) of the liver in a 14-year-old female patient
with no underlying liver disease' Currently, it is well-recognized that FLC is a rare subtype of liver cancer that mostly
affects children and young adults, which accounts for 0.5-9% of primary liver cancers in various case series.” It usually
presents as a solitary mass in the liver, often diagnosed in individuals less than 40 years old and with a greater incidence
in males.” It differs from classical hepatocellular carcinoma (HCC) not only in the clinical, histological, but also
molecular features. The etiology of FLC is largely unknown, typically arising in normal livers without any underlying
liver fibrosis or cirrhosis with lack of alpha fetoprotein.® Due to the scarcity of this tumor type, there is a lack of reports
that accurately characterize patients with FLC as well as predictors of recurrence and survival. Previous studies have
initially presumed focal nodular hyperplasia as a potential precursor lesion for FLC, however no causal relationship could
be established.” Multiple disease models have been established to illuminate pathological process of FLC and explore
therapeutic targets.®

Although FLC has a low tumor mutation burden (TMB) with a median TMB of 1.85 mut/MB (range 0—6 mut/MB),” the
presence of a fusion protein encoded by DNAJB1-PRKACA has been found in the majority of FLC patients.'® This fusion
protein results in increased protein kinase A activity through the dysregulation of catalytic PRKACA.'®!" Further, these
changes cause dysfunction of c-Myc and ornithine decarboxylase, resulting in the depletion of amino acids crucial to the
urea cycle.'? Dysfunction of the urea cycle in turn causes accumulation of ammonia and hyperammonemia. However, when
these symptoms are treated with routine therapies for cirrhotic patients with hepatic encephalopathy, these patients tend to
not respond. To reconfirm the role of DNAJB1-PRKACA, Engelholm et al used CRISPR/Cas9 to induce formation of the
DNAJBI-PRKACA fusion gene in wild-type mice. This mouse model produced tumors with similar features to human FLC,
but human carcinogenesis may be more complex than previously thought.'® Interestingly, another theory revolves around
the Carney complex where certain cases of FLC do not have the characteristic DNAJB1-PRKACA fusion gene that is seen
in sporadic FLC."" Thus, this indicates the presence of an alternative molecular culprit other than the DNAJB1-PRKACA
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fusion gene for the formation of FLC. Beside the occurrence of this fusion gene, several other molecular/genetic changes in
FLC were noted, including activating promoter mutation of TERT,14 mutation of MUC4!® and BRAC2,16 19p13.1 focal
deletion,'® and overexpression of LINC00473, CA12,"" and MDM4.'®

Histologically, FLC is characterized by nests of large tumor cells with distinct granular eosinophilic cytoplasm,
a prominent nucleoli encased within fibrous lamellar collagen bands and intratumoral fibrosis.'” FLC commonly
expresses cytokeratin7 and CD68.2°*! Additionally, very limited immunological features have been characterized for
FLC. One report showed negative programmed death-ligand 1 (PD-L1) expression among 11 patients through immuno-
histochemistry (IHC) staining.” However, another study looked at two surgically resected samples which were treated
with neoadjuvant f-fluorouracil and interferon prior to surgery and found that the resected samples had low expression for
immune cell exhaustion markers, which included 5—6% positivity of programmed cell death protein 1 (PD-1) expression,
3—4% positivity of PD-L1 expression, 0.3—1% positivity of FoxP3 and 0.2—-1% positivity of inducible costimulatory
(ICOS) among total cells.”? The discordant expression of PD-L1 between FLC studies may be attributed to differing
methods of processing samples.

Due to the significant histologic differences between HCC and FLC, histologic confirmation is necessary to properly
diagnose FLC. In conjunction, core biopsies are recommended over fine-needle aspiration for percutaneous biopsies
because malignant hepatocytes may be aspirated without collection of the distinctive fibrotic lamellae, resulting in
misdiagnosis of FLC as HCC.?*> Moreover, molecular testing for PRKACA gene rearrangement with fluorescence in situ
hybridization (FISH) may provide more evidence for a definitive diagnosis in some cases.**

The overall prognosis of FLC is greater than conventional HCC.?®> One and 5-year cause-specific survivals for FLC
were 72.0% and 37.3%, respectively, with a median overall survival (OS) of 32.9 months.” It was reported that the 5-year
OS rate of all FLC patients was 40.3%, while those who were eligible for surgical resection had a 5 year OS rate of
60.7%.* Patient age was the largest predictor of OS, followed by surgery, and tumor stage.* High risk prognostic factors
include vascular infiltration, a tumor size >7 cm, multifocality, lymph node positivity, multiple liver tumors, and
metastases.”® Recently treatment of classic HCC, including immunotherapy, has made great progress in improving
HCC patient survival.>’>° However, given the intrinsic significant difference of etiology, pathogenesis and molecular
pattern between classic HCC and FLC, FLC is usually excluded from clinical trials designed for HCC.®

For FLC patients with early stage disease where the tumor is confined to the liver, curative treatment options include
surgical resection or liver transplant. Even though more patients are diagnosed at advanced stages, curative treatment
options can be offered to up to 70% of patients.”> For patients presenting with late or advanced stage of disease where
FLC is unresectable, multimodality treatment can be effective. There is a lack of large-scale randomized controlled
studies ascribable to disease rarity, this emphasizes the need for more standardized systemic therapeutic options. Most of
the systemic treatments that are currently being used are extrapolated from sporadic case reports, where patients were
treated with different systemic agents, case series, or based on established treatment for advanced HCC even though both
types of cancer vary significantly. Thus, this review sought to cover recent advancements in treatment modalities reported
by different case reports, research papers, and clinical trials in patients with FLC.

Surgery

Common surgical treatment modalities for FLC include partial/complete hepatectomy or liver transplantation. Previous
studies have indicated that more than 70% of patients require a major hepatectomy, including hemihepatectomy or
extended hepatectomy, while about 24% of patients undergo a partial or minor hepatectomy.>' A meta-analysis of 17
studies and 368 patients with FLH showed a significant increase in the mean OS for patients with FLC compared to those
with non-FLC (84.9 vs 42.9 months), who underwent partial hepatectomy.®’ Additionally, 30-60% of patients were noted
to have lymph node involvement on presentation, thus a complete periportal lymphadenectomy must be performed
routinely for all FLC patients.’’ A complete resection (R0) was found to significantly improve OS.*'**? Therefore,
unifocal masses confined to the liver should be pursued with the aim of RO resection. For advanced stage FLC patients,
18-50% presented with regional lymph node involvement and 30-40% with distant metastasis.’®> >> Nevertheless,
regional lymph node involvement was found to be an independent risk factor’® and suggests that additional lymph
node dissection may be beneficial. Although neoadjuvant/adjuvant chemotherapy has been used broadly for patients with
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gastrointestinal malignancy managed with surgical resection, there has not been a study that demonstrates how neo-
adjuvant/adjuvant systemic therapy has improved survival for patients with surgically excised FLC.?**’

Up to 86% of patients will have disease recurrence following resection.’® The indolent nature of FLC allows for
additional surgical resection of recurrent lesions. Surgical removal of recurrent FLC results in a greater median OS over
120 months compared to 35 months without subsequent surgeries.***°

For certain patients who present with hyperammonemic encephalopathy derived from FLC, successful management
of hyperammonemia with surgical debulking of FLC tumors is feasible, as described in case reports where hyperammo-
nemia was medically managed simultaneously.*

Liver transplantation remains an option for select patients with unresectable FLC without extrahepatic disease.
However, due to the rarity of FLC, there is a lack of robust evidence supporting liver transplantation as a beneficial
treatment option. Most of the evidence is derived from small case reports and case series reporting improved outcomes of
FLC patients who underwent liver transplantation. In a retrospective study following 13 advanced stage FLC patients
who underwent liver transplantation, the mean OS ranged from 34 months to 120 months depending on tumor size,
numbers, distribution, surgical margin positivity, lymph node positivity, vascular invasion, TNM stage, and adjuvant
chemotherapy/radiation.*’ A systematic review of a total of 35 series and 575 FLC patients showed 23% patients
underwent liver transplantation and the 5 year survival ranged from 29 to 55%.** Another systematic review of a total of
17 studies and 368 FLC patients demonstrated liver transplantation obtained mean OS of 47.5 months.*® Lastly, an
analysis of the United Network of Organ Sharing (UNOS) database between October 1988 and January 2013 showed the
OS for FLC patients who underwent liver transplantation at 1, 3, and 5 years was 96%, 80%, and 48% respectively.**
Therefore, these studies indicate that liver transplantation may be a potential option for patients with advanced FLC.

Chemotherapy

Although FLC is not a chemo-sensitive malignancy given the reported modest or lack of therapeutic effect in patients,
chemotherapy has still been used for resectable disease in both neoadjuvant and adjuvant setting or advanced disease.
A few studies have reported limited efficacy with cisplatin/5-fluorouracil/vincristine, cisplatin/doxorubicin, carboplatin/
doxorubicin/cisplatin, and gemcitabine/oxaliplatin.*>*® Platinum-based chemotherapy in pediatric patients with FLC
resulted in a partial response in 31% of patients upon imaging and a 3-year survival of only 22%.*> Some studies have
reported that patients who have undergone chemotherapy in both neoadjuvant and adjuvant settings fared better than
those with surgery alone, with patients who had front-line surgery followed by chemotherapy having the longest 0S.*"**
A Phase II prospective trial showed the combination of fluorouracil and recombinant interferon alfa-2b (rIFNalpha2b)
obtained a median OS of 23.1 months where one patient had a complete response and four patients had partial response.
Thus this indicates an improved efficacy for chemotherapy by synergistically combining other therapeutic agents.*® With
the addition of nivolumab, the overall objective response reached 50% and had a median progression-free survival (PFS)
of 9 months.** Further large, prospective clinical trials are warranted, and several studies are currently investigating
different combinations of chemotherapy in patients with FLC (Table 1).

Radiation/Locoregional Therapy

Radiation to the liver or metastatic lesions has been used for FLC patients who are not eligible for surgical resection or
liver transplantation.”® Recent development in stereotactic body radiotherapy has been shown to be effective and a well
tolerated therapeutic tool for inoperable liver malignancies,”' suggesting that this form of therapy can be extended to
FLC patients. Moreover, radiation can also be combined with other modalities to better treat FLC. In a 2000-2016
observational study from SEER (Surveillance, epidemiology, end results registry), 3.0% of FLC patients underwent triple
therapy (surgery, radiation, and chemotherapy).” Other locoregional therapies have been used as either a strategy for
definitive local control or a bridge to surgical resection. One such option for unresectable FLC is transarterial radio-
embolization with yttrium-90 (TARE-Y90)>* >* and has been reported to have a median survival of 4 months with some
patients undergoing multiple rounds of treatment.’® Another option is transarterial chemoembolization (TACE), which is
one of the mainstream treatments for conventional HCC, and it has been reported to be used in combination with other

treatment modalities in patients with FLC.>*>*
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Table | Currently Recruiting Clinical Trials for Fibrolamellar Carcinoma

Trial Title Phase Trial Drugs Estimated Primary Objective
Enrollment
Patient No.

DNAJBI-PRKACA fusion kinase peptide vaccine | |I. DNAJBI-PRKACA 12 Safety and interferon-producing DNAJBI -
combined with nivolumab and ipilimumab for peptide vaccine PRKACA-specific T-cell response at 10 weeks
patients with fibrolamellar hepatocellular 2. Nivolumab
carcinoma (NCT04248569) 3. Ipilimumab
Nivolumab, 5-Fluorouracil and Interferon-o2b 172 I. Fluorouracil 15 Safety
for the treatment of unresectable fibrolamellar 2. Nivolumab
carcinoma (NCT04380545) 3. Recombinant

Interferon Alpha 2b-

like protein
Pediatric Hepatic Malignancy International 3 I. Carboplatin 450 Event-free survival
Therapeutic Trial (PHITT) (NCT03017326) 2. Cisplatin

3. Doxorubicin

4. Etoposide

5. Flourouracil

6. Gemcitabine

7. Irinotecan

8. Oxaliplatin

9. Sorafenib

10. Vincristine Sulfate
Fc-engineering anti-CTLA-4 monoclonal | |. Botensilimab 195 Incidence of treatment-emergent adverse
antibody in advanced cancer (NCT03860272) 2. Balstilimab events, dose-limited toxicity of

botensilimab, recommended Phase 2 dose
of botensilimab

Safety and efficacy of cyclophosphamide, 172 I. Atezolizumab 64 Recommended phase 2 dose,
sorafenib, bevacizumab, and atezolizumab in 2. Sorafenib pharmacokinetics of sorafenib, response
pediatric solid tumor patients (NCT05468359) 3. Bevacizumab rate, intratumoral T cell infiltration of CD8

4. Cyclophosphamide +CD45RO+ cells
Checkpoint inhibition in pediatric hepatocellular 2 Pembrolizumab 18 Immune-related best overall response
carcinoma (NCTO04134559)
A study of DT2216 in Relapsed/Refractory | DT2216 24 Safety and dose limiting toxicity
Malignancies (NCT04886622)

Note: Data gathered from clinicaltrials.gov.

Immunotherapy

Although there are limited clear immunological features in FLC, immunotherapy remains a promising avenue for
treatment of this rare liver malignancy.”” The earliest active immune agent used in FLC treatment regimens was
rIFNalpha2b combined with chemotherapy,*® which showed promising efficacy. However, the addition of nivolumab
to this combination failed to elicit any additional benefits.** Recently, atezolizumab and bevacizumab were approved for
the treatment of unresectable HCC based on the IMBravel50 trial, which demonstrated that this combination greatly
improved patient survival when compared to sorafenib.”> FLC patients were excluded from this trial. The combination of
atezolizumab and bevacizumab was used in two Arab patients with advanced FLC. Unfortunately, the treatment did not
show any clinical benefits.’® Several case reports have shown the potential efficacy of immunotherapy in FLC, either
with pembrolizumab,’’ nivolumab monotherapy,®® or combining nivolumab and ipilimumab.>® There was a retrospective
cohort study of patients with FLC identified using the Johns Hopkins Liver Cancer Database, the UT Southwestern
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Medical Center Liver Cancer Database, and the Fibrolamellar Registry. This study was designed to test safety and
efficacy of immune checkpoint inhibitors (ICIs) in FLC. Among the 19 patients who met the eligibility criteria, the
objective response rate of ICI treatment in FLC was 15.8% and median PFS and OS were 5.5 and 26.0 months,
respectively. Though the data indicate treatment of FLC with ICIs produces modest efficacy, this study suggests that ICIs
do have single agent activity in the context of FLC with durable partial responses observed in 2/15 (13.3%) patients who
received ICIs alone. The limited response of ICIs-alone treatments described in this study was thought to be likely due to
the intrinsic tumor characteristics of FLC, which include low immunogenicity due to low TMB and negative to low PD-
L1 expression status, and other undefined immunosuppressive features. Additional combinations are needed and may
enhance the antitumor response (Table 1).

Targeted Therapy

Small molecule inhibitors have been increasingly approved in the treatment of various cancers, either alone or in
combination with other therapeutic modalities. However, the trials focusing on FLC treated with targeting agents have
been largely unsuccessful, which included mTOR inhibitors with/without estrogen derivation therapy,®® anti-Aurora
kinase A ENMD-2076 monotherapy,®’ and EGFR inhibitor neratinib monotherapy.®? Further research is needed to
develop efficacious targeted therapeutic options. Several potential targets have been studied in FLC, eg, BCL-XL and
PRKACA, and the list of these targets is expanding.®’

DNAJBI-PRKACA

Given the observed increased protein kinase A activity in FLC which is triggered by the DNAJB1-PRKACA fusion
protein, protein kinase inhibitors, especially inhibition of cAMP-activated catalytic subunit alpha (PRKACA), have been
of great interest to treat FLC. A recent study demonstrated antitumor activity in an FLC preclinical model treated with
synthesized DS89002333, a novel PRKACA inhibitor.”* DS89002333 showed potent PRKACA inhibitor activity and
inhibited fusion protein-dependent cell growth both in vitro and in vivo. In an FLC patient-derived xenograft model
expressing the DNAJBI-PRKACA fusion gene, the inhibitor also showed antitumor activity, suggesting that
DS89002333 may be an effective treatment for FLC patients (Table 1). Another study showed that use of short hairpin
RNAs (shRNA) has minimal effects on the wildtype DNAJB1 or PRKACA but is able to inhibit the chimeric transcript
and protein.®> Knockdown of the chimera though this SIRNA resulted in cell death of FLC cells in vitro and in vivo, but
this was not found to be successful in an HCC model that artificially expressed the chimera protein. Furthermore,
vaccination of an FLA patient using HLA-presented neoantigens specific for DNAJBI-PRKACA fusion transcript
reached a durable response and relapse-free survival for more than 21 months post-vaccination. This study suggest
that DNAJB1-PRKACA is a promising therapeutic target, and a new clinical trial with the vaccine is currently under
clinical investigation (NCT04248569) (Table 1).

BCL-XI

Previous studies have found that BCL-XL transcripts were increased 83% compared to adjacent normal liver tissue in
FLC. Some treatment-resistant patient-derived xenografts showed increased BCL-XL expression of up to 160% when
compared to adjacent normal liver tissue. This finding has led to reprocessing of drug screens and identified dual
inhibition of TOPO1 with irinotecan and BCL-XL with DT2216 as applicable options to treat FLC.°® DT2216 synergizes
with HDAC inhibitors fimepinostat and panobinostat as well as the TOPOI inhibitor SN38. The preclinical study
investigating this combination has shown durable tumor control. It was anticipated that possible predictive biomarkers of
this response to this combination treatment could be tumoral levels of UGT1A1 and BCL-XL. Currently, there is an
ongoing clinical trial to test the therapeutic modality in FLC patients (NCT04886622) (Table 1).

Future Direction

FLC is a rare liver malignancy, with many distinguishing features that set it apart from conventional HCC. Given the lack
of treatment options, the survival rate of FLC is poor, though certain patients have been shown to significantly benefit
from surgical resection and liver transplantation. Studies focusing on traditional chemotherapy, targeted therapy, and
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immunotherapy have been discouraging, however, combinational approaches have been met with more success.
Nevertheless, with established preclinical screening platforms and the discovery of multiple potential agents,63 further
future testing/prospective clinical trials are warranted,® and stratification of the patient population in such trials would be
beneficial. Lastly, recent developments in single cell RNA sequencing and omics technology can provide novel insight
into FLC tumor biology and tumor microenvironment, while simultaneously exploring potential targets.
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