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ABSTRACT: Tolvaptan is an effective drug for the treatment of
autosomal dominant polycystic kidney disease, but its use is
associated with a significant risk of liver injury in a small number of
patients. Herein we describe the presence of tolvaptan- and
tolvaptan-metabolite-responsive T cell clones within the peripheral
circulation of patients with liver injury. Drug treatment of the
clones resulted in a proliferative response and secretion of IFN-γ,
IL-13, and the cytolytic molecule granzyme B. Future work should
explore pathways of tolvaptan driven T cell activation and the role
of T cells in the disease pathogenesis.

Tolvaptan-associated liver injury was first detected in two
prospective, randomized, phase 3 clinical trials investigat-

ing its use in the treatment of autosomal dominant polycystic
kidney disease: Tolvaptan Efficacy and Safety in Management
of Autosomal Dominant Polycystic Kidney Disease and Its
Outcomes (TEMPO) 3:4 (NCT00428948) and the open-label
follow-on trial TEMPO 4:4 (NCT01214421).1 An independ-
ent, blinded, expert Hepatic Adjudication Committee (HAC)
reviewed characteristics of positively adjudicated cases and
proposed a potential signature pattern of the observed events.
A delayed onset of liver injury was observed between 3 and 18
months after the start of tolvaptan treatment, along with rapid
recurrence of symptoms following rechallenge, which is a
hallmark feature of an adaptive immune mediated patho-
genesis.1 Corroborating this notion are data generated from a
genetically diverse mouse population and a human hepatocyte
study that indicated immunological perturbation by tolvap-
tan,2,3 leading to speculation about the role of the adaptive
immune response in the etiology of tolvaptan-associated liver
injury. Drug-responsive T cells have recently been identified in
blood of patients with other forms of drug-induced liver injury
(e.g., flucloxacillin, amoxicillin clavulanate),4,5 and in the case
of flucloxacillin, T cell infiltrates were identified in a liver
biopsy.6 Thus, in this study we utilized peripheral blood
mononuclear cells (PBMCs) from patients with tolvaptan-
associated liver injury to explore whether drug-responsive T
cells are detectable and, if so, to define the nature of the
chemical entity that stimulates the immune cells.
Blood was collected from nine subjects with autosomal

dominant polycystic kidney disease who experienced liver

injury in the TEMPO 3:4 or TEMPO 4:4 trial. Subjects were
retrospectively enrolled in a specimen collection clinical trial.
Informed written consent was obtained from the study
subjects. Lymphocyte transformation tests were performed as
previously described with tolvaptan (1−60 μM) and two
metabolites (structures shown in Figure 1), an oxybutyric acid
derivative (DM-4103; 5−90 μM) and a hydroxybutyric acid
derivative (DM-4107; 10−500 μM), with tetanus toxoid as a
positive control.7 Drug concentrations were selected by
inhibition of mitogen-induced proliferation. Bulk cultures
were generated through 14 day culture of PBMCs (2 × 106

cells/well; 1 mL) in the presence of each compound. On days
6 and 9, cultures were supplemented with 200 IU/mL of IL-2.
T cell clones (TCCs) were isolated via limiting dilution and
expanded through mitogen stimulation.7 TCC specificity was
assessed by culturing 5 × 104 TCCs and 1 × 104 autologous
irradiated EBV-transformed B-cells (antigen-presenting cells
(APCs)) per well incubated with the relevant compound for
48 h. [3H]thymidine (0.5 μCi/well) was added for 16 h, and
compound-specific proliferation was assessed. TCCs with
stimulation indices (SIs) (proliferation in the presence of
compound/proliferation in control wells) above 1.5 at this
stage were deemed compound-responsive and were subjected
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to cross-reactivity assessment and analysis of cytokine secretion
using ELIspot.
Causality assessment of tolvaptan in trial subjects was

determined through the expert opinion of the HAC (the gold
standard for causality assessment of drug-induced liver injury).
For all trial subjects recruited to this study, the role of
tolvaptan in the manifestation of liver injury was adjudicated as
at least “probable” (the preponderance of evidence supports a
link between the drug and the liver injury) by the HAC (Table
1). All patients exhibited a positive dechallenge, that is, the
liver injury was resolved with the cessation of tolvaptan

Figure 1. Elevated hepatic enzymes from trial subjects and specificity
testing of TCC. (A) Liver function over the study period for a trial
subject that was rechallenged at a lower dose. Alkaline phosphatase
(ALP), alanine aminotransferase (ALT), aspartate aminotransferase
(AST), and total bilirubin (BILI) are indicated by traces in the upper
compartment. The dose regimen is depicted in the lower compart-
ment. (B) TCC specificity screens of one trial subject (three are
shown in Supplementary Figure 1). TCCs (0.5 × 105) were cultured
with tolvaptan, DM-4103, or DM-4107 and EBV-transformed B-cells
(APCs) (0.1 × 105) for 48 h at 37 °C, 5% CO2. [

3H]thymidine (0.5
μCi/well) was added for the last 16 h of incubation before plates were
harvested and proliferation was measured.
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treatment. A recurrence of injury was observed in the two
subjects rechallenged with tolvaptan, with a more rapid onset.
Monitoring of drug-induced liver injury was conducted
through the temporal use of liver function tests, depicted as
time-course plots superimposed over the dosage regimen. A
plot from one of the rechallenged patients is depicted in Figure
1A. Although five subjects of Asian origin and four of non-
Asian origin were included in our study, to date there has been
no evidence of susceptibility to tolvaptan-related liver injury
based on ethnicity or race.
PBMCs from the trial patients were not stimulated to

proliferate with tolvaptan, DM-4103, or DM-4107. Prolifer-
ative responses were detected with tetanus toxoid, confirming
the viability of PBMC recall responses. The lymphocyte
transformation test is known to possesses limited application
with certain cutaneous manifestations such as SJS/TEN
despite the fact that drug-responsive T cells are readily
detectable in inflamed skin.8 Likewise, inconsistent results have
been reported in PBMCs from flucloxacillin liver injury
patients, an occurrence previously attributed to a low
circulating precursor frequency of flucloxacillin-specific T
cells.4 Thus, the circulating precursor frequency need not
(and often does not) correlate with the severity of the
iatrogenic disease. Upon limiting dilution and cloning from
PBMC bulk cultures, tolvaptan-, DM-4103-, and DM-4107-
responsive TCCs were detectable in (6/8) trial subjects and
were predominantly of the CD4+ phenotype. Figure 1B shows
initial testing data using TCCs from one patient. Dose-
dependent proliferation and IFN-γ, IL-13, and granzyme B
release from a DM-4107-responsive TCC is shown in Figure 2.
Low cross-reactivity with tolvaptan and DM-4103 was
observed. Unfortunately, despite repeated attempts, long-
term culture and expansion of TCCs from the subjects of
the TEMPO trials was not possible, and therefore, further
characterization was not feasible.
The data from our study as well as the clinical pattern of

liver injury in subjects with autosomal dominant polycystic
kidney disease from the TEMPO clinical trials provide
supportive evidence for the role of the adaptive immune
system in tolvaptan-associated liver injury. Secretion of IFN-γ,
IL-22, and granzyme B is a common feature of T cells from
patients with other forms of drug-induced liver injury.4,5 Thus,
additional studies should explore why IL-22 secretion was not
detected from the DM-4107 clones. Activation of the clones
was observed at greater than 10-fold higher concentrations
than patient plasma concentrations. The reason for this is not
known but may be that in vitro culture conditions do not
accurately mimic physiological conditions. Alternatively,
hepatocellular accumulation of drugs, metabolites, or protein
adducts may be a critical factor in the determination of T cell
activation in patients.
The pathogenesis of liver injury associated with tolvaptan

(and drugs that have a similar pattern of injury) is regarded as
multifaceted, with convergence of multiple risk factors
cumulatively increasing the chance that a given compound
will precipitate such an adverse event in an individual. Thus,
while adaptive immune attack upon the liver is putatively the
ultimate cause of liver injury associated with tolvaptan, the
sequence of events leading up to an immune response may well
be multifactorial and/or be exacerbated by autosomal
dominant polycystic kidney disease etiology. The principal
mechanisms proposed to date for tolvaptan and its major
metabolites have been hepatocyte bile acid transporter

inhibition, mitochondrial dysfunction, and oxidative stress.2,3

It has been proposed that these early events may be more
widespread but lead to overt injury only in individuals with
underlying susceptibility to direct toxicity (e.g., impaired
mitochondrial function) and/or harboring genetic risk factors
(e.g., specific HLA alleles). In ongoing studies we are utilizing
PBMCs from HLA-typed tolvaptan naive healthy donors to
investigate the chemical entity that primes naive T cells and to
determine pathways of drug-specific T cell activation.
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