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Abstract

Romidepsin is a histone deacetylase inhibitor (HDI), approved by the US FDA for the treatment of
cutaneous T-cell lymphoma (CTCL). Although various mechanisms have been proposed for the
activity of HDIs, including induction of genes controlling cell cycle, acetylation of cytoplasmic
proteins and direct induction of apoptosis, the mechanism underlying activity of romidepsin and
other HDIs in CTCL is not known. Romidepsin induces long-lasting responses. The side-effect
profile is similar to that of other HDIs, causing fatigue, nausea and thrombocytopenia.
Management of the CTCL population requires vigilence to prevent infection with skin
contaminants, and monitoring of potassium and magnesium, electrolytes found to be low ina large
proportion of patients. Electrocardiographic (ECG) changes are common but are not associated
with myocardial damage. When molecular end points were evaluated in 61 patients enrolled on a
Phase I1 trial with romidepsin, response was associated with persistence of acetylated histone H3,
suggesting that drug exposure is important in effective therapy with romidepsin. Future studies
will endeavor to identify combination strategies to increase the efficacy both in resistant CTCL
and in solid tumors and to identify biomarkers of response that will allow selection of patients
most likely to benefit from the therapy.
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Romidepsin (Istodax®, formerly depsipeptide, NSC 630176, FR 901228, FK228), a histone
deactylase inhibitor (HDI), is among a novel class of anticancer drugs being evaluated for
the treatment of cancer. Romidepsin and vorinostat (Zolinza®) were the first agents in this
class to receive US FDA approval for treatment of cutaneous T-cell lymphoma (CTCL).
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The histone deacetylase (HDAC) enzymes are believed to be the major target of the HDIs
and are grouped into four different classes based on their similarity to known yeast HDACSs
[1,2]. The current HDIs target class | (HDACs 1, 2, 3 and 8 — isoenzymes homologous to the
yeast RPD3 protein), class Il (HDACs 4, 5, 6, 7, 9 and 10 — isoenzymes homologous to the
yeast HDA1) and HDAC 11 (generally considered class V) enzymes to varying degrees.
Class 1l HDACs are orthologs of yeast Sir2 [1,2]. Class | and Il enzymes are zinc dependent
and can be inhibited by zinc chelators [3]. Class | HDACs have ubiquitous tissue expression
and localize to the nucleus, while class 1l HDACs are found in both the nucleus and
cytoplasm of various tissues [1].

Histone deacetylase enzymes may play a role in transformation by keeping genes involved
in differentiation, apoptosis and cell cycle arrest, in a transcriptionally silent state [4].
Histone acetyl transferase (HAT) enzymes function in opposition to the HDACS, increasing
transcriptional activity. Molecular alterations that diminish or dampen HAT activity or shift
the balance towards HDAC activity have been noted in a number of different cancers. /n
vitro, HDIs were found to be effective cytotoxic agents by causing growth arrest, cellular
differentiation and apoptosis. Whereas their traditional anti-tumour effect was purported to
be due to the increased acetylation of lysine residues on histone proteins comprising the core
nucleosomic histones, further investigation has identified a number of intriguing potential
mechanisms, which suggest acetylation of nonhistone proteins may be more important.

Pharmacology

Chemical structure

Romidepsin, (1S,4S,7Z,10S,16E,21R)-7-ethylidene-4,21-bis (1-methyletheyl)-2-oxa-12,13-
dithia-5,8,20,23-tetraazabicyclo[8.7.6] tricos-16-ene-3,6,9,19,22-pentone is a bicyclic
peptide (Figure 1). Isolated from the fermentation broth of Chromobacterium violaceum
[5,6], romidepsin was identified as a molecule of interest based on its ability to revert H-ras-
transformed NIH 3T3 cells; it was later shown to be a potent HDI [5-8]. Laboratory studies
revealed it to be a substrate of P-glycoprotein [9]. As an HDI, romidepsin is relatively
unique in that it is a prodrug. The disulfide bond of romidepsin is reduced inside the cell to
yield the drug’s active form (Figure 1). This active form is then capable of preferentially
interacting with the zinc in the active site of the class | and | HDAC enzymes. Romidepsin is
a potent inhibitor of class | HDACs, and its ability to inhibit class Il enzymes at higher
concentrations suggests that, in certain contexts, it could act as a broad-spectrum HDI
[10,11].

Pharmacokinetics

Based on preclinical studies, a 4-h intravenous infusion was selected for development. Phase
| studies testing two different schedules determined maximum tolerated doses of 14 mg/m?
on days 1, 8 and 15; and 17.8 mg/m?2 on days 1 and 5, of a 21-day schedule [12,13]. Most
subsequent Phase 11 trials adopted the former schedule, and it is this schedule that was
approved by the FDA. Dose-limiting toxicities consisted of fatigue, along with nausea,
vomiting and thrombocytopenia. Romidepsin pharmacokinetic parameters over each of the
eight doses levels explored (1-24 mg/m?2), from either noncompartmental or two-
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compartmental analysis, were comparable. [13]. Furthermore, romidepsin pharmacokinetics
were not significantly different when comparing the first cycle of a dose level to a
subsequent cycle of the same dose [13]. A separate Phase I study in pediatric patients
showed similar pharmacokinetic parameters as adults when adjusting the dose to body
surface area, with a comparable recommended Phase 11 dose of 17 mg/m? [14].

The pharmacokinetics of romidepsin in patients with CTCL, enrolled on the NCI Phase Il
study, have been described. Using a noncompartmental analysis for the first dose, the half-
life (mean value: 2.95 h) and observed clearance (9.6 I/h/m?) at dose levels 14 or 18 mg/m?
were comparable with previously reported parameters in the Phase | studies [13,15,16]. A
mean concentration-time profile for 60 patients with CTCL receiving 14 mg/m? as a 4-h
intravenous infusion is shown in Figure 2_ It should be noted that terminal elimination rates
(k) could not be calculated for many patients, owing to rapid distribution and/or clearance
resulting in plasma concentrations below the limit of quantitation. As expected, increased
dose (14 and 18 mg/m2) led to increased Cp,ax (Mean values: 360 and 722 ng/ml), AUCast,
(mean value: 1214 and 2571 h ng/ml), AUCj,s (mean value: 1456 and 2583 h ng/ml), with
decreased pheerved terminal volume of distribution (mean value: 41 and 25 1/m?) [16]. Woo
et al. used a two-compartment population modeling of the previous data to evaluate
differences in first-cycle romidepsin pharmacokinetics based on genetic polymorphisms
involved in romidepsin metabolism and transport (CYP3A4, CYP3A5 and ABCBI). No
statistical differences in romidepsin pharmacokinetic parameters were found between
patients with wild-type genes and those with polymorphisms [17].

Romidepsin is administered in its oxidized (disulfide bond intact) prodrug form, and is
thought to be activated by reduction of the disulfide bond [10]. The inactive prodrug is
thought to be reduced intraellularly by glutathione, where it can then bind HDAC enzymes
(Figure 1) [10]. It is metabolized to at least ten metabolites by cytochrome P450 (CYP)
enzymes, predominantly CYP3A4, with contributions from CYP3AS5, 1A1, 2B6 and 2C19.
CYP3AG5 accounts for 16.8% of the metabolism, and the rest combine for 8% [18]. Drug-
drug interactions to be considered when administering romidepsin include any strong
CYP3A4 or CYP3AS inhibitors, such as ketoconazole, which has been shown to
significantly lower romidepsin metabolism /7 vitro [18]. Other prescription drugs that are
CYP3A4 substrates that patients might be taking for noncancer therapy might interact with
romidepsin; these include alprazolam, atorvastatin, carbamazepine, dexamethasone,
erythromycin, sildenafil and simvastatin [19]. While there are no data to support this, there is
potential for an interaction with grapefruit juice, which is known to inhibit CYP3A4 [19].

Pharmacodynamic data

The most direct assay of HDAC inhibition is the extent of histone acetylation. Previously,
studies have shown that increased histone acetylation is observed in patients’ peripheral
blood mononuclear cells (PBMCs) following treatment with HDIs [20-24]. Increased
histone acetylation has also been reported in post-treatment biopsies. Increased acetylation
has been observed in PBMCs from patients treated with romidepsin [25].

As part of the Phase |1 trial with romidepsin in T-cell lymphoma, a comprehensive
biomarker study was performed [25]. Four types of molecular end points were assessed in
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61 patients enrolled on the trial: histone acetylation in PBMCs, ABCBI gene expression in
PBMCs, ABCBI gene expression in biopsy samples obtained from patients and blood fetal
hemoglobin levels (HbF). Increased global histone acetylation was noted in 73% of PBMC
samples within 4 h of treatment and, in approximately 40% of patients, lasted from 24 to 48
h after a single dose [25]. A somewhat lower proportion of patients demonstrated increased
ABCBI1 expression in PBMCs, with 56% of patients having ABCBI levels twofold or higher
than the baseline at 4 h, but only 30% with levels twofold or higher at 48 h [25]. When each
surrogate was evaluated for association with either PK parameters or disease response, it was
noted that the fold increase in histone acetylation measured in PBMCs at 24 h correlated
with Crhax and area under the curve (AUC) and inversely correlated with clearance. In
addition, histone acetylation in PBMCs at the 24-h time point appeared to correlate with
response, despite the lack of a statistically significant correlation between PK parameters
and response [25]. There was no correlation between the levels of ABCBZ induction and
pharmacokinetic parameters, nor was there an association between induction of ABCBI in
biopsy specimens and disease response. In total, 60% of patients also had a greater than
fourfold increase in circulating HbF detected in blood [25]. Although this was correlated
with response, it was also associated with increased time on study. Taken together, these data
suggest that for romidepsin, drug exposure -which is based on drug clearance and in the case
of romidepsin, drug activation — is an important determinant of response.

Gene-expression profiling using patient-derived samples has been incorporated in some
studies. Genes involved in apoptosis, cell proliferation, immune regulation and angiogenesis
are altered as early as 4h after drug administration [24,26,27].

Mechanism of action

The HDIs, including romidepsin, act directly by inhibiting to various extents, members of
the family of HDACSs, thus allowing unrestrained HAT activity. While this much is clear, the
downstream effects of this loss of balance of acetylation and deacetylation vary across
model systems. This is, in part, owing to different cellular contexts, levels of expression of
the HDAC isoenzymes, and affinities of the HDIs for the HDAC isoenzymes. As discussed
earlier, the traditional mechanism of action considered to underlie the antineoplastic activity
of romidepsin and other HDIs, has been thought to be increased acetylation of lysine
residues of histones forming the octomeric chromatin core. However, more recent studies
have recognized that HDIs have multiple potential mechanisms of action [28]. These
include:

. Histone acetylation with alterations in gene expression that effect cell cycle
arrest and limit cell growth, including the upregulation of genes, such as p27,
p27and other genetic markers of differentiation, and downregulation of genes
involved in growth, such as cyclin D [29-31];

. Acetylation of nonhistone proteins, such as p53, HIF-la, pRb, STAT-3, Rel
AJp65 or estrogen receptor that may impair their function and, thereby, influence
cell growth or survival [32-34];
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. Acetylation of Hsp90, with its attendant loss of ability to chaperone client
proteins resulting in their ubiquitinylation and proteasomal degradation [35,36];

. Cell cycle arrest in prometaphase, which results from reduced premitotic
phosphorylation of pericentromeric histone H3 and disruption of kinetochore
assembly [37];

. Antiangiogenic effects potentially mediated by impairing hypoxia-inducible
factor (HIF)-1 stability [38];

. Direct activation of apoptotic pathways through reduction of antiapoptotic
proteins, such as Bcl-2, and increased expression of proapoptotic proteins, such
as BAX and BAK [39,40];

. Enhanced production of reactive oxygen species [41,42] along with increased
thioredoxin levels [43];

. Disruption of aggresome formation through acetylation of tubulin [44];

. Enhanced antitumor immunity through enhancement of TRAIL, or upregulation
of antigen expression, which could facilitate cancer cell recognition [45-48];

. Disruption of DNA repair through acetylation, or downregulation of proteins,
such as Ku70, Ku86, BRCA1 and RAD51 [49-51];

. Altered cellular glycolysis by inhibiting the glucose transporter GLUT1, as well
as hexokinase activity [52];

. Other cellular activities of HDAC inhibitors may also contribute to antitumor
activity, such as altered expression of genes promoting or suppressing metastasis
[53].

While an array of potential mechanisms of action are described, in fact, the number cited
only highlights what we do not know. Two possibilities can be considered. The first
possibility is that there is a unifying mechanism of action — perhaps a hierarchy of events
that leads to cell death depending upon the proclivity to apoptosis. The poor activity of
romidepsin as single-agent therapy in solid tumors would support this model. The cell to cell
type variability in gene-expression profiles that results from romidepsin exposure argues
somewhat against this, although the possibility exists that it is the totality of dysregulated
gene expression that the cell finds intolerable. The second possibility is that the mechanism
depends upon cellular context. A T-cell lymphoma cell may find gene induction of death
receptors intolerable and undergo rapid apoptosis. A cell with amplification of ErbB2, or
mutation and activation of the EGF pathway, will be more sensitive to the loss of Hsp90
chaperone function and client protein degradation than a cell without it [54,55]. A myeloma
cell filled with paraproteins may be more sensitive to the loss of HDAC6-mediated transport
to the aggresome [56]. The impact of varying mechanism of action could offer almost
limitless possibilities for the use of romidepsin and the HDIs in the clinic.
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Clinical activity

Based on dramatic responses observed in patients with T-cell lymphoma during Phase |
testing reported by Piekarz et al. in 2001 [57], romidepsin entered Phase Il testing in that
disease. In 2009, the FDA approved romidepsin for the treatment of patients with CTCL
who have received at least one prior systemic treatment. Vorinostat was approved for this
indication in 2006; the activity in CTCL appears to bea class effect with several other HDIs
also demonstrating activity [24,58,59]. Romidepsin has also demonstrated significant
activity in patients with peripheral T-cell lymphoma (PTCL), a class of T-cell lymphoma
with a poor overall prognosis [60].

While preclinical evidence exists for activity in both solid malignancies and hematological
disorders, romidepsin has demonstrated clinical efficacy mainly in lymphomas and
hematological malignancies [61]. Success in solid malignancies has remained elusive, with
observed responses uncommon in monotherapy trials conducted to date [62-64].

The FDA approved romidepsin in patients with CTCL who have received at least one prior
systemic therapy. The approved dose is 14 mg/m? on days 1, 8, and 15 of a 28-day cycle.
Results from 71 patients with CTCL, 62 with stage 11B or higher disease presentations, were
recently reported [16]. Within this patient cohort, four patients achieved a complete
response, and an additional 20 patients a partial response, for an overall response rate of
34% with complete responses noted in patients with Sézary syndrome [16]. The median
duration of response was 13.7 months. In an independent international trial, of the 96
patients enrolled, six patients achieved a complete response and 27 patients a partial
response for an overall response rate of 34% and a median duration of response of 15
months [65]. Responses have also been noted in patients with PTCL, with seven patients
achieving a complete response, and an additional 11 patients achieving partial response, for
an overall response rate of 38% [60]. Responses were noted in patients previously treated
with a stem cell transplant. The median duration of response was 10.3 months, including a
patient with ongoing complete response extending over 72 months [60]. In a trial of
romidepsin in acute myeloid leukemia (AML), although no responses were noted,
antileukemia effects were demonstrated in five patients, including clearance of blasts from
the bone marrow in two patients and a greater than 50% decrease in bone marrow blasts in
three patients [66]. There were some responses observed in patients in an additional trial in
AML [67]. A limited trial in chronic lymphocytic leukemia did not observe any responses
[68]. A Phase Il trial was initiated for patients with renal cell carcinoma based on an
observed partial response in a patient during Phase | testing [13]. Of the 29 evaluable
patients, one complete response and one partial response were noted [64]. While intriguing,
the single-agent activity in renal cell cancer was not sufficient to pursue romidepsin as a
monotherapy. In a Phase Il trial of 35 patients with metastatic castration-resistant prostate
cancer, two patients had partial responses by Response Evaluation Criteria In Solid Tumors
(RECIST) criteria [69]. Little or no response was noted in several other Phase Il trials for
patients with solid tumors. These include trials for patients with colorectal [70] and lung
cancer [26].
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Toxicities described for romidepsin have been mainly gastrointestinal and constitutional, and
are different than those typically seen for traditional chemotherapeutic agents.

Common romidepsin side effects

Gastrointestinal—Anorexia, dysgeusia, nausea and vomiting are commonly seen in
patients receiving romidepsin therapy [13,20,22,71,72]. As a majority of patients receiving
these agents will experience nausea when treated at the maximum tolerated dose, antiemetic
prophylaxis is recommended. Mild elevations in liver function enzymes have also been
noted [13,22,71,73,74]. The National Cancer Institute (NCI) antiemetic routine has been to
administer 1 mg granisetron intravenously prior to romidepsin, followed by 1 mg orally
every 12 h for 3 days. With this schedule, only 7% of patients have nausea greater than or
equal to grade 3 at some point in therapy with romidepsin. Some patients required a change
in the antiemetic regimen to include lorazepam, metoclopramide or prochlorperazine; with
lorazepam notably effective in this regard. Aprepitant, a CYP3A4 inhibitor, was avoided.
Palonosetron (Aloxi®) an agent with a long halflife that can prolong the QT interval, was
also avoided. No patient discontinued therapy because of nausea. A complaint of dysgeusia,
or taste change, is also associated with nausea, and was noted in 38% of patients on the NCI
trial.

Constitutional—Fatigue and occasional fever have been observed with romidepsin
(13,20,22,72]. A cytokine mechanism has been postulated for the fever and fatigue
associated with HDI therapy [72]. Anecdotally, intravenous hydration has been of some
benefit in patients with recurrent fever. Although no fever of grade 3 or higher was reported
in the NCI romidepsin Phase Il study, 25% of patients were noted to have grade 1 or 2
pyrexia.

Hematologic—Significant bone marrow suppression at 10-21 days, as occurs following
cytotoxic therapy, has not been observed. The leukopenia, granulocytopenia and
thrombocytopenia observed after treatment are transient and rapidly reversible. Furthermore,
treatment with romidepsin appears to not affect the colony-forming units from bone marrow
cells and bone marrow biopsies performed in patients treated with romidepsin do not
demonstrate significant myelosuppression. Figure 3 demonstrates the platelet profiles of four
patients on treatment with romidepsin whose counts were documented to fall into the grade
3 range. No evidence of cumulative thrombocytopenia was observed and no major bleeding
disorders have been reported.

Cardiac—Electrocardiography changes have been reported in clinical trials with
romidepsin and a number of the other HDIs and may be considered a class effect [75-80].
The ECG changes, primarily ST-and T-wave flattening, and ST segment depression,
prompted evaluation following HDI administration to exclude myocardial damage or
dysfunction. A thorough cardiac assessment of 42 patients with T-cell lymphomas receiving
romidepsin demonstrated no impact on myocardial wall motion, by echocardiography, and
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no impact on left ventricular ejection fraction [81]. Furthermore, there were no clinically
significant rises in serum troponin [82].

A related question is the effect on the QT interval; increases have been reported in
association with HDI therapy [22,72,74,81,83,84]. There was increased concern with HDIs
after a report of torsades de pointes in a patient treated with dacinostat [75] and after several
sudden deaths were reported following romidepsin [81,85]. QT interval prolongation is
regarded as a signal for depolarization delay that could lead to ventricular tachyarrhythmias
[86]. However, it should be noted there are multiple causes of QT prolongation, including
electrolyte disturbances often found in patient populations with complicated medical
problems [86]. Furthermore, there are inter-individual differences such that some patients
without congenital long QT syndrome begin therapy with an elevated QT interval of
unknown significance. Importantly, the QT interval can be difficult to measure, particularly
in patients with T-wave flattening, and it is well established that standard QT interval
correction formulae perform poorly, as the heart rate moves away from 60 beats per min.

The ICH E14 regulatory guidance recommends specific assessment of the potential for QT
prolongation as part of the FDA approval process [87,88]. For romidepsin, an independent
cardiology review of 4910 ECGs in 135 patients determined a 5.0 £ 13.9 ms QT
prolongation (including the effect of antiemetics) following infusion. As the small effect on
QT appears to be a class effect, the mechanism may be an effect of HDIs on hERG channel
trafficking, not a direct blockade of the channel. Mechanism notwithstanding, it appears the
QT prolonging effect of the HDIs is in the same range as that of other drugs known to have
slight and occasional effects on the QT interval. Vigilance to avoid concomitant use of
agents that significantly prolong the QT (e.g., antiarrhythmics, such as amiodarone) is,
therefore, prudent.

While careful studies have not definitively shown a clinically significant QT prolongation,
indirect effects of HDIs could increase myocardial electrical instability in patients with
underlying heart disease. Clinically insignificant arrhythmias, including supraventricular
tachycardias, such as atrial fibrillation, and nonsustained ventricular tachycardias, have been
seen following the HDIs [74,81,85]; atrial fibrillation has been reported as a dose-limiting
toxicity in Phase | studies of romidepsin, dacinostat and belinostat [13,22,64,72,89]. Some
of this may be the patient population; prestudy ambulatory monitoring demonstrated
significant ectopy in patients with T-cell lymphoma [81]. In addition, observed events were
generally noted in patients with uncorrected low potassium or magnesium. Except for atrial
fibrillation, these arrhythmias have been asymptomatic, have not required treatment and
have not been recurrent.

Sudden death occurred in six patients across several Phase |1 trials of romidepsin. When
these deaths were reviewed, it was recognized that all patients had comorbidities that were
pre-existing risk factors for sudden death (16,64,81,85]. Entry criteria for romidepsin
clinical trials were altered to exclude patients with known heart disease or pre-existing risk
factors for sudden death (refer to the sample exclusion criteria in Box 1). In addition,
potassium and magnesium were monitored prior to drug administration to ensure levels
remained in the high normal range for patients receiving romidepsin. With these safeguards,
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romidepsin development continued through to its approval by the FDA. Of note, sudden
death has also been reported in patients receiving other HDIs [73,83,90,91]. Although
infrequent, cardiac arrhythmias including both atrial fibrillation and ventricular tachycardia,
have been regularly reported in association with anticancer chemotherapy [92]. Magnesium
and potassium replacement is routine in critical care settings [93], and monitoring of these
electrolytes should be part of good medical management in the oncologic setting as well.
Both the vorinostat and romidepsin package inserts recommend monitoring of potassium
and magnesium; the romidepsin insert includes the precaution that physicians should ensure
that potassium and magnesium are within the normal range before administration.
Particularly in a patient population with active skin disease, or following multiple systemic
therapies, low magnesium and potassium levels are common [74,94]. Plots of potassium and
magnesium levels in patients presenting for romidepsin dosing are shown in Figure 4. While
there was some improvement in the need for electrolyte replacement over time, when the
data were analyzed cumulatively, 50% of patients required some form of electrolyte
replacement when presenting for day 1 therapy — 13% required both potassium and
magnesium, 12% potassium alone and 25% magnesium alone. This analysis suggests
electrolytes should be monitored in patients on romidepsin therapy. Electrolyte-replacement
guidelines incorporated in the NCI 1312 romidepsin clinical trial are included in Box 2.

Infections—Infections are a common problem in CTCL and are likely to be caused by both
impaired immunity and loss of skin integrity. Patients are colonized with Staphylococcus
aureus and insertion of indwelling catheters increases the risk for line infections and sepsis
[95]. On the NCI 1312 trial, where patients with advanced CTCL were enrolled, such
infections were common. Overall, 52% of patients experienced an infection at some point
during therapy. In 28% of patients, infections were reported as serious adverse events, with
37% of patients having infections that were grade 3 or higher. All reported staphylococcal
infections were in patients with CTCL. During initial cycles of therapy, in which skin lesions
are most active and most subject to bacterial colonization, administration of romidepsin by
peripheral intravenous infusion is recommended. In patients with extensive skin
involvement, whirlpool baths with antibacterial solutions may reduce bacterial levels.
Indwelling catheters should be avoided in patients with erythroderma or with open skin
lesions. If a temporary venous access device must be placed in such patients to allow
initiation of therapy with romidepsin, a dose of prophylactic antibiotics should be
administered while the line is in place, and the device should be removed after each dose. In
patients with notable clearing of the skin, subcutaneous cathethers (Port-a-caths) can be
safely placed and used, even in those in partial remission, with careful antiseptic preparation
of the skin before catheter access.

Less common HDI side effects

Renal dysfunction in the form of benign elevations in serum creatinine have been reported,
along with hypoalbuminemia, hypocalcemia, hypomagnesemia and hypophosphatemia.
Increased liver enzymes have been reported, including serum glutamic oxaloacetic
transaminase, serum glutamic pyruvic transaminase and bilirubin. Furthermore, laboratory
studies have suggested viral activation could occur in response to the chromatin effects of
the HDIs, and in the NCI study, viral reactivation may have occurred in three patients. Thus,
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patients with HIV, hepatitis, or Epstein—Barr virus, related illness should be treated with
close monitoring or on an experimental study [96,97].

General comments

With the approval of romidepsin, it is important to think about its use in the general
population. Romidepsin should not be administered in pregnancy. For a subset of patients
with comorbidities, the safety of romidepsin has not yet been proven. It will be important to
complete studies in patients with pre-existing liver or renal dysfunction and romidepsin or
any HDI should only be used with caution in such patients until further data are available.
With regard to cardiac dysfunction, clinical trials have excluded patients with pre-existing
cardiac disorders, long QT syndrome, or other risk factors for sudden death. Until more
experience is gained with romidepsin, use in this patient population should continue to be
avoided or carefully monitored.

Expert commentary

The observation that romidepsin was active in T-cell lymphomas (Figure 5), launched a
decade of effort that concluded in its FDA approval for treatment of CTCL in 2009. As
highlighted in the previous paragraphs, many questions remain for active investigation. A
submission for the PTCL indication is planned for 2010. For these rare lymphomas, this
class of drugs offers a new strategy for therapy. As with any new class of agents, the
challenge is to use the drugs wisely, to increase their activity, and to develop and extend their
indications for use. Increasing the activity of the HDIs will likely require combination with
other active therapies. Identifying subsets of tumors in which HDIs have the potential to be
effective may allow translation into the difficult to treat solid tumors.

The pharmacology of romidepsin has been studied — the Cpax,, is 361 ng/ml (range: 313-
416 ng/ml) and the half-life is 2.95 h, with a range of 2.49-3.49 h — but factors influencing
interpatient variation remain to be determined. As discussed earlier, the activity in T-cell
lymphoma and general toxicities of the HDIs appear to be a class effect, but underlying
mechanisms have yet to be elucidated. Major toxicities are fatigue, nausea and
thrombocytopenia. ECG changes are common, but not indicative of cardiac damage. At this
time, electrolyte replacement must be considered a routine part of the management of
patients being treated with this agent, particularly patients with CTCL who are prone to
electrolyte imbalance. The infectious complications of CTCL require special attention in
patients afflicted with this disease.

Understanding why some lymphomas are so sensitive may help in the design of therapies to
overcome resistance. We need to understand what combination strategies would be most
effective to increase the overall response rate in T-cell lymphomas, and in what dose and
schedule. Furthermore, combinations with cytotoxic therapy, synergy and also some
examples of antagonism between agents, have been reported [98-101]. The cell cycle arrest
that follows HDI exposure could impair sensitivity to other therapies, allowing time for
repair. On the other hand, a marked increase in radiation sensitivity has been noted, despite a
pro-found G1 arrest, resulting from HDI pretreatment [102]. Multiple investigators have
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noted radiosensitization by HDIs, and this is emerging as an important avenue to investigate.
The ability of HDIs to reduce levels or impair the function of DNA repair proteins is a likely
mechanism for the radiosensitization [102-104].

The second major category of investigation is to identify ways to exploit the unique
activities of HDIs for therapy in solid tumors. This could include exploiting genes
upregulated or downregulated by the ‘differentiating’ effects of HDIs. Since markers of
differentiation occur in a cell-type specific manner, there are potentially unique
combinations. For example, induction of the sodium iodide symporter occurs in thyroid
cancer cells (105). Patients with thyroid cancer may be treated with HDIs to increase
expression of the sodium—iodine symporter in their tumors, with the goal of increasing
effectiveness of radioiodine therapy. In T-cell lymphomas, the induction of CD25 as a
marker of differentiation offers the potential to combine an HDI with denileukin—diftitox or
CD25-targeted antibody [106,107]. Alternatively, thymidylate synthase can be
downregulated, which has the potential to increase the activity of 5-fluorouracil or
capecitabine [108]. The increased acetylation of Hsp90 that follows HDI exposure promotes
loss of mutant EGF receptor or HER2, for example, and should allow synergy in
combination with gefitinib or trastuzumab in diseases in which those drugs are active [55].

Several combination strategies have already been translated to the clinic. Synergy based on
epigenetic modification has been demonstrated /n vitro and needs clinical exploration
[109,110]. Trials in combination with DNA methyltransferase inhibitors are already
underway [61]. Combinations with other targeted therapies offer nontoxic therapeutic
approaches. Both vorinostat and romidepsin have been used in combination with
bortezomib, with clinical trials ongoing, providing a potential new strategy for improving
outcome in multiple myeloma [111-114].

The addition of the HDIs to the cancer armamentarium brings a multiplicity of new avenues
of investigation. The challenge will be to approach these somewhat systematically, because
there are so many possibilities. It is critical that combination trials determine whether the
molecular effect hypothesized to create synergy between two agents has actually occurred.
To this end, laboratory correlates will be an essential component of future clinical trials.
Indeed, it can be argued that a clinical trial incorporating a HDI should not be conducted
without a translational component that determines whether p21 is induced, a DNA repair
protein is acetylated or HER?2 is lost. Without this translational component, the science
behind trials with these agents cannot truly progress.

Five-year view

Romidepsin represents an exciting addition to the anticancer armamentarium. The second
HDI to receive FDA approval for the treatment of CTCL, romidepsin, has a 34% response
rate and 11-15 month duration of response. Side effects are manageable and characteristic
for this drug class. Concerns regarding cardiac toxicity have largely abated, although
treatment of patients with significant heart disease or patients receiving agents that pro-long
the QT interval must be viewed with caution. Electrolytes should be monitored and replaced
appropriately. Going forward, combination studies are needed to identify strategies to
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increase efficacy in difficult to treat tumors. Multiple candidate combinations have been
proposed; the goal is to select the best combinations to exploit romidepsin’s unique
activities. Findings that persistent histone H3 acetylation correlates with response suggests
that drug exposure is important, but confirmation is needed to determine potential clinical
utility. Biomarkers are needed to identify which patients will benefit from therapy and from
which combinations.
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Box 1.

Typical cardiac exclusion list from an histone deactylase inhibitor clinical
trial.

Uncontrolled hypertension
Impaired cardiac function, including any one of the following:

. QTc >450 ms on screening ECG

. Congenital long QT syndrome

. History or presence of sustained ventricular tachycardia

. History of ventricular fibrillation or torsades de pointes

. Bradycardia, defined as <50 beats per min (patients with a pacemaker and

heart rate 250 beats per min are eligible)

. New York Heart Association class I11-1V congestive heart failure
. Right bundle-branch block and left anterior hemiblock (bifascicular block)
. Myocardial infarction or unstable angina within the past 6 months
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Box 2.
Guidelines for electrolyte administration in the NCI 1312 romidepsin
protocol.
. Serum K* <3.5 mmol/l: 80 mEq of potassium divided 40 mEq intravenously
and 40 mEq orally
. Serum K* <4.0 mmol/l: 40 mEq potassium administered by oral and/or

intravenous routes

. Serum Mg?2* <0.85 mmol/l: 1 g MgSQy,, intravenously (8.12 mEq) for every
0.05 below 0.85 mmol/l, maximum of 4 g (32.48 mEq)

Electrolytes were rechecked within 8 h of administration of romidepsin and confirmed to
be above the guidelines before administration

Data from [16].
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Key issues

Romidepsin is effective as monotherapy for the treatment of cutaneous T-cell
lymphoma (CTCL) and peripheral T-cell lymphoma.

The US FDA approved romidepsin in November 2009, administered
intravenously at a dose of 14 mg/m? on days 1, 8 and 15 of a 28-day cycle in
patients who have received at least one prior systemic therapy for CTCL.

Preclinical data have suggested a diverse range of mechanism of action; the
precise mechanism of action in T-cell lymphoma is not known.

Toxicities of romidepsin include fatigue, nausea and transient
thrombocytopenia. Unique problems in the CTCL patient population include
infection and low potassium and magnesium levels. Indwelling lines should
be avoided in patients with active skin disease. Particular attention should be
paid to maintaining normal to high levels of potassium and magnesium in this
patient population.

Electrocardiographic (ECG) changes, including T-wave flattening, are
frequently observed. A small increase in QT interval in some patients
suggests that concomitant treatment with QT-prolonging agents should be
avoided. The mechanism underlying ECG changes has not been determined.

Histone acetylation is observed in peripheral blood mononuclear cells
following romidepsin dosing and persists for 24—-48 h. Gene induction in
biopsy samples is observed, confirming epigenetic effects on chromatin.

A large number of combination therapies are suggested by the diverse
biological activities of histone deacetylase inhibitors. Combinations will be
needed to effectively translate histone deacetylase inhibitors into successful
therapies for solid tumors.

Development of combination therapies should be accompanied by
development of biomarkers to confirm the presence of the biological effect
underlying the rationale for the combination.
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Figure 1. Romidepsin.
Romidepsin is a bicyclic depsipeptide with a disulfide bond that is converted by cellular

reducing activity to yield a free sulfhydryl moiety that is thought to bind to the zinc in the
HDAC active site pocket.
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Figure 2. Mean concentration—time profile for 60 patients after receiving romidepsin 14 mg/m2
as a 4-h infusion.

Each circle represents the mean concentration of romidepsin, at the mean collection time. X
and Y error bars represent the standard deviation for concentration and sample collection
time, respectively.
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Figure 3. Graphs showing platelet counts (K/ul) over time in four patients who developed grade 3

thrombocytopenia.
Arrows indicate days when treatment was administered.
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Figure 4. Serum magnesium and potassium (mmol/l) recorded at the time patients presented for
romidepsin dosing on days 1, 8 and 15 of treatment.

Per protocol, thresholds for electrolyte replacement were 0.85 mmol/l for magnesium and
4.0 mmol/I for potassium (denoted by quadrants).
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Pre-C1 7 months

Figure 5. Patient with cutaneous T-cell lymphoma who presented with extensive erythematous
skin nodules.

Prior therapy had included Psoralen + UVA, deoxycoformycin, Doxil®, and denileukin
diftitox. Complete response noted after 7 months on romidepsin, maintained another 18
months. Developed minimal patch disease, and no therapy was required for an additional 4
years after discontinuation of romidepsin.
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