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KEY PO INT S

• The treatment options 
for patients with 
relapsed or refractory 
PTCL are dwindling, 
given the paucity of 
drugs available for 
these patients.

• Leveraging a novel 
polymer nanochemistry 
platform, we 
synthesized a new 

epigenetic modulator 
with superior features 
in T-cell malignancies.

Histone deacetylase inhibitors (HDACis) are valued treatment options for patients with 
T-cell malignancies. Romidepsin is a selective class I HDACi initially approved for patients 
with relapsed or refractory cutaneous and peripheral T-cell lymphomas (PTCLs). Romi-
depsin was withdrawn from its PTCL indication following a negative randomized phase 4 
study (romidepsin-CHOP [cyclophosphamide, doxorubicin hydrochloride (hydroxy-
daunorubicin), vincristine sulfate (Oncovin), and prednisone]) that showed no benefit 
over CHOP alone, further diminishing options for patients. Herein, we describe the 
development of, to our knowledge, a first-in-class polymer nanoparticle (PNP) of romi-
depsin using an innovative amphiphilic diblock copolymer–based nanochemistry plat-
form. Nanoromidepsin exhibited superior pharmacologic properties with improved 
tolerability and safety in murine models of T-cell lymphoma (TCL). The PNP also exhibited 
superior antitumor efficacy in multiple models, including in vitro TCL cell lines, ex vivo 
samples from patients with large granular lymphocyte (LGL) leukemia, and murine TCL 
xenografts. Nanoromidepsin demonstrated greater accumulation in tumors and a sta-
tistically significant improvement in overall survival compared with romidepsin in murine 

xenograft models. These findings justify the clinical development of nanoromidepsin in patients with T-cell
malignancies.

Introduction
The histone deacetylase inhibitors (HDACis) are important 
drugs for the treatment of T-cell lymphoma (TCL). Four HDACis 
have been approved globally for patients with relapsed/ 
refractory (R/R) cutaneous and peripheral T-cell lymphomas 
(PTCLs). Although HDACis induce cytotoxicity across many 
types of malignant disease, clinically their benefits have been 
confined to patients with TCL. HDACs catalyze the deacetyla-
tion of histone and nonhistone proteins. Deacetylation of his-
tone leads to the condensation of chromatin (heterochromatin) 
and transcriptional repression. 1 HDACis prevent deacetylation 
of histones such as histone-3 (H3) and H4, promoting open 
chromatin (euchromatin) and transcriptional activation.

There are 11 isoforms of HDAC, classified as I, IIA, IIB, III, and 
IV. Class III HDACs are not affected by any of the available 
HDACis and are referred to as sirtuins, which are known to 
deacetylate p53. Romidepsin exhibits nanomolar potency

against class I HDACs, whereas most other HDACi would be 
considered pan-HDACis. 2 Although the dissociation constant 
(K d ) of any HDACis against a particular isoform may vary, it is 
clear that the profiles of genes activated or repressed by 
the different HDACis can vary significantly as a function of the 
HDACi, its concentration, its duration of exposure, and the 
disease-specific context. Efforts to ascribe inhibition of a 
particular HDAC isoform to clinical outcomes have been largely 
unsuccessful. As a result, these drugs are often considered 
pleiotropic as they induce a broad spectrum of cellular effects. 
Complicating this pharmacology is the recognition that HDACs 
can also deacetylate a host of nonhistone proteins such as B-
cell lymphoma 6 (Bcl-6). 3 The implications of these effects in 
any given disease are presently unclear.

Despite the reproducible activity of these drugs in patients 
with R/R PTCL, a recent phase 3 trial of romidepsin-
CHOP (cyclophosphamide, doxorubicin hydrochloride 
[hydroxydaunorubicin], vincristine sulfate [Oncovin], and
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prednisone) vs CHOP reported no difference in progression-
free survival (PFS) or overall survival (OS) between the arms, 
resulting in withdrawal of the PTCL indication. 4 This, coupled 
with the recognition that other drugs for R/R PTCLs are in 
regulatory jeopardy, has created legitimate concerns over 
future management options.

Nanoparticle-based drug design offers the prospect of 
improved pharmacologic properties, tumor penetration, and 
intertumoral drug retention with reduced degradation and tox-
icities. 5 In particular, the development of amphiphilic block 
copolymer nanoparticles (PNPs) has expanded the repertoire of 
drugs that can leverage the advantages of nanotherapeutics. 6 

We sought to overcome historic liabilities associated with 
romidepsin, while capitalizing on the benefits of a novel nano-
chemistry platform. To our knowledge, we report the develop-
ment of the first PNP of romidepsin and demonstrate the 
superior safety, targeted delivery, and efficacy of the PNP.

Materials and methods
Fabrication of nanoromidepsin
We adopted a tandem parallel synthesis to achieve optimal 
nanoromidepsin physicochemical properties (>500 μg/mL 
romidepsin, <100 nm particle size, and <0.2 polydispersity 
index [PDI]) using a versatile nanoprecipitation method. We 
explored the influence of selected parameters of the nano-
precipitation method, including solvent-to-antisolvent ratio 
and drug-to-polymer ratio, to produce romidepsin-loaded 
nanoparticles meeting the predetermined criteria. For bio-
distribution studies, we coloaded nanoromidepsin and the 
fluorescent tracer 3,3’-Dioctadecyloxacarbocyanine perchlo-
rate (DiO) into PNPs as previously described (see supplemental 
Materials and methods, available on the Blood website, for 
details).

Single- and multiple-dose in vivo toxicity study
For single-dose maximum tolerated dose (MTD) studies, BALB/ 
c mice (n = 5) received nanoromidepsin or romidepsin 
via a single intraperitoneal (IP) or IV dose (1-10 mg/kg), with 14-
day monitoring. For repeat-dose studies, NOD.Cg-
Prkdc scid Il2rg tm1Wjl /SzJ (NSG) mice engrafted with a TCL cell 
line expressing dTomato and luciferase (H9-dTomato-Luc) cells 
were treated with ghost PNP, romidepsin, or nanoromidepsin 
using various IV dosing regimens (supplemental Methods). 
Toxicity was assessed by tracking weight loss and clinical 
scores over time.

Pharmacokinetic (PK) study
Five- to seven-week-old female BALB/c mice were treated with 
IV or IP nanoromidepsin or romidepsin. Animals (n = 21) 
received a single dose of one-half MTD as defined by the 
single-dose toxicity study (2.5 mg/kg body weight) of nano-
romidepsin or romidepsin. Mice were euthanized (n = 3 per 
time point) at 1, 3, 6, 18, 24, 48, and 72 hours after the treat-
ment. Collection of plasma and quantification of romidepsin is 
described in the supplemental Methods.

Biodistribution study
Biodistribution of nanoromidepsin was evaluated in H9-
dTomato-Luc xenograft. Tumor-bearing NSG mice were

randomly assigned into 2 groups (n = 3) and injected IV with 
nanoromidepsin coloaded with DiO or free DiO at an equiva-
lent dose (3.7 mg/kg). Whole-body fluorescence imaging was 
performed on a cryogenically cooled Lago X (Spectral Instru-
ments Imaging system). Three mice from each group were 
killed after 72 hours. Tumors and vital organs were harvested 
for ex vivo imaging.

Survival and efficacy study
H9-dTomato-Luc engrafted mice were randomized to 4 treat-
ment groups of 9 mice each: (1) phosphate buffered saline 
(PBS) control, (2) ghost PNP, (3) romidepsin (3.5 mg/kg), or (4) 
nanoromidepsin (3.5 mg/kg) after the minimum tumor lumi-
nescence reached 10 6 bioluminescence imaging intensity (BLI; 
photons per second per square centimeter per steradian). All 
drugs were administered by tail vein once a week. Baseline BLI 
was completed for all mice the day before the first treatment. 
In vivo BLI analysis was conducted on Lago X (Spectral Instru-
ments Imaging system). A second efficacy/survival study was 
performed using similar methods with groups with 4 mg/kg 
(n = 9).

Statistical analysis
Results are presented as the mean ± standard deviation, unless 
indicated otherwise. Statistical significance was determined by 
1-way analysis of variance or 2-tailed Student t test or log-rank 
test, unless specified otherwise, using GraphPad Prism soft-
ware, and a P value of <.05 was considered statistically 
significant.

Results
Engineering of nanoromidepsin-loaded PNP
Different PNPs of romidepsin were synthesized using generally 
regarded as safe amphiphilic diblock copolymers or US Food 
and Drug Administration–approved lipids for liposomes. 
Liposomes did not achieve romidepsin encapsulation and were 
not pursued further. PNPs were synthesized using methoxy 
poly (ethylene glycol)-b-poly (D, L-lactide) (mPEG-PDLLA) and 
methoxy poly (ethylene glycol)-b-poly (lactide-co-glycolide) 
(mPEG-PLGA), and the surfactant poloxamer-188 using a sol-
vent displacement or nanoprecipitation technique. Liquid 
chromatography-mass spectrometry (LC-MS) confirmed an 
average romidepsin concentration in optimized PNPs of >500 
μg/mL (Figure 1A). mPEG-PDLLA nanoparticles exhibited 
higher drug concentrations (~540 μg/mL) with an average drug 
encapsulation efficiency of 48%. Cryo-electron microscopy 
(cryo-EM) revealed that both ghost and romidepsin-loaded 
PNPs exhibited uniform spherical morphology and homoge-
neous size with no agglomeration (Figure 1B). Dynamic light 
scattering revealed a unimodal distribution of particles with an 
average size of 46.25 nm and a PDI of 0.145 (Figure 1C-D).

The concentration-response relationship for each PNP was 
compared with romidepsin across a panel of TCL lines and a 
reference solid tumor cell line (Figure 1E). All 3 PNPs of romi-
depsin reduced cell viability in a concentration-dependent 
manner (Figure 1E), though the 50% inhibitory concentration 
(IC 50 ) values for different PNPs varied across lines (Figure 1F). 
At 60 hours, most cell lines were consistently sensitive to 
nanoromidepsin mPEG-PDLLA H 2 O (IC 50 = 0.7-1.9 nM), which
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Figure 1. Romidepsin nanoparticle synthesis, physicochemical characterization, and drug activity analysis in PTCL cells in vitro. (A) Carrier selection screening. 
Romidepsin encapsulation quantified by LC-MS. (B) Cryo-EM of different analogs of nanoromidepsin to identify the size and morphology of PNPs synthesized in different 
solvents; (i) Ghost in H 2 O, (ii) nanoromidepsin in H 2 O, (iii) nanoromidepsin in PBS. (C) Dynamic light scattering (DLS) graphs (top) and ZP (bottom) spectra of nanoromidepsin 
in H 2 O. (D) DLS and ZP data of nanoromidepsin ghost and nanoromidepsin in H 2 O. (E) HH and H9 (cutaneous TCL [CTCL]), SUPM2 (anaplastic lymphoma kinase positive 
anaplastic large cell lymphoma [ALK + ALCL]) TL-1 (LGL leukemia), NKL, FM3-29 (melanoma) were treated with romidepsin and different analogs of nanoromidepsin (mPEG-
PDLLA nanoromidepsin H 2 O, mPEG-PDLLA nanoromidepsin PBS, and mPEG-PLGA nanoromidepsin H 2 O) to explore the impact on the cell viability of different
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was similar to romidepsin (IC 50 = 0.6-1.9 nM; Figure 1F). Both 
nanoromidepsin mPEG-PDLLA PBS (IC 50 = 1.3-7.5 nM) and 
nanoromidepsin mPEG-PLGA H 2 O (IC 50 = 1.1-5.5 nM) were 
slightly less potent. There was no growth inhibition of any cell 
line with the corresponding ghost PNP lacking romidepsin 
(supplemental Figure 1). We used flow cytometry to identify 
early chromatin remodeling events and apoptosis, and western 
blotting to assess later-stage pathway alterations. Flow 
cytometry and western blotting demonstrated that treatment 
with all 3 romidepsin PNPs induced apoptosis similar to romi-
depsin as shown by increased levels of cleaved poly(ADP-
ribose) polymerase (PARP) (Figure 1H-I).

A concentration-dependent increase in H3/H4 acetylation was 
observed by flow cytometry with romidepsin or 1 of the 3 
romidepsin PNPs (Figure 1G). Among the 3 PNPs, the nano-
romidepsin mPEG-PDLLA–H 2 O PNP was comparable to romi-
depsin in its pattern of histone acetylation. Western blot 
analysis demonstrated increased H3/H4 acetylation after 
exposure to romidepsin or nanoromidepsin mPEG-PDLLA H 2 O 
at 24 hours (Figure 1I-J). Acetylation of H3 and H4 were four-
fold and 1.5-fold higher in cells treated with 30 nM nano-
romidepsin compared with romidepsin (24 hours).

Between nanoromidepsin mPEG-PLGA and mPEG-PDLLA, 
nanoromidepsin mPEG-PDLLA exhibited superior physico-
chemical properties (size, PDI, and encapsulation efficiency), 
the lowest IC 50 , and comparable histone acetylation and PARP 
cleavage compared with romidepsin (Figure 1E-J). This 
prompted further optimization, scale up, physicochemical 
characterization, and interrogation of its in vitro activity 
(supplemental Figure 2A-C,E-G).

Nanoromidepsin exhibited superior cytotoxicity 
against primary LGL leukemia samples
Although romidepsin has not been clinically used in large 
granular lymphocyte (LGL) leukemia, this disease model serves 
to explore nanoromidepsin’s effects across T-cell malignancies. 
Romidepsin and nanoromidepsin were compared using sam-
ples from patients with LGL leukemia. Nanoromidepsin 
demonstrated superior cytotoxicity in TL-1 (a T-cell LGL) and 
NKL (a natural killer–cell LGL) cell lines (supplemental 
Figure 3E). An ex vivo cytotoxicity assay performed on
peripheral blood mononuclear cells (PBMC) from patients with 
LGL leukemia demonstrated that nanoromidepsin exhibited a 
statistically greater potency, (IC 50 , 3.1 ± 1.7 nM vs IC 50 , 9.06 ± 
5.7 nM; P = .0057; Figure 2A-B). As whole PBMC samples also
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contain a small proportion of nonleukemic cells, we designed a 
multicolor flow cytometry–based functional assay 7 to quantify 
apoptosis in CD3 + /CD8 + CD57 + or CD3 + /CD8 + CD57 − cell 
populations (CD8 + T-cell markers) of patients with LGL leuke-
mia (Figure 2C). The percentage of CD3 + /CD8 + CD57 − and 
CD3 + /CD8 + CD57 + cells positive for cleaved PARP was similar 
for nanoromidepsin- and romidepsin-treated PBMC samples. 
However, the percentage of dead cells (viability dye positive) in 
CD3 + /CD8 + CD57 + and CD3 + /CD8 + CD57 − populations was 
quantitatively higher in the nanoromidepsin-treated samples. 
Although the difference was not statistically significant (P = .59 
and .46, respectively; Figure 2D-E).

Nanoromidepsin demonstrates superior PK 
parameters and biodistribution compared with 
romidepsin
The PK profiles of nanoromidepsin and romidepsin were 
compared in BALB/c mice by quantifying plasma romidepsin 
concentrations after IV or IP administration. Irrespective of the 
route of administration, the plasma concentration of free 
romidepsin rapidly declined after 6 hours (Figure 3A). Nano-
romidepsin exhibited a higher area under the curve (AUC) of 
exposure 48 hours after treatment, irrespective of the route of 
administration. After IV administration, the peak concentration 
(C max ), half-life, and AUC for nanoromidepsin were 10-, 1.5-, 
and 25-fold higher compared with free romidepsin, respec-
tively (Table 1). The PK analyses suggested that the clearance 
of romidepsin was faster after IV compared with IP adminis-
tration. The peak concentrations achieved after IP administra-
tion of nanoromidepsin and romidepsin were 804 and 218 nM, 
respectively. After IV administration, the peak concentrations 
of nanoromidepsin and romidepsin were 425 and 38 nM, 
respectively. Based on the in vitro data across the TCL cell lines 
studied, the IC 50 of nanoromidepsin PDLLA was around 2 to 8 
nM (supplemental Figure 2F). Collectively, these data suggest 
that nanoromidepsin achieves a concentration 50- to 400-fold 
greater than the IC 50 of romidepsin with a dose that was only 
one-half of the MTD of nanoromidepsin (Figure 3A).

To characterize the biodistribution of nanoromidepsin, time-
dependent tissue and tumor uptake studies were performed. 
H9-dTomato-Luc xenograft mice were administered with 
nanoromidepsin coencapsulated with DiO (supplemental 
Figure 2D). Whole-body fluorescence imaging demonstrated 
that the fluorescence signal of nanoromidepsin-DiO–treated 
mice was greater compared with the free DiO-treated mice 
(Figure 3B-C). Ex vivo imaging of the organs showed that 
nanoromidepsin selectively accumulated in the tumor at 72 
hours after administration. Modest uptake was observed in the 
liver only in free DiO-treated mice (Figure 3D). Quantification 
of fluorescent signal in harvested organs showed a significant 
(P < .05) accumulation of nanoromidepsin-DiO in the tumor 
compared with the free DiO (Figure 3E). In a complementary

assay, H9-dTomato-Luc engrafted mice were injected with 4 
mg/kg romidepsin or nanoromidepsin. Quantitation of romi-
depsin in the tumor at 24 hours after administration revealed 
an intratumoral concentration of romidepsin in the romidepsin-
and nanoromidepsin-treated groups of 3.57 and 45.8 ng/mg of 
protein, respectively. These data demonstrate a substantially 
greater accumulation of the romidepsin in tumor tissue of 
nanoromidepsin-treated animals (Figure 3F). Increased accu-
mulation was observed in the liver, spleen, and lungs after 
nanoromidepsin administration, consistent with clearance via 
the mononuclear phagocyte system, with no drug detected in 
the heart. Importantly, no evidence of organ-specific toxicity 
was observed (supplemental Figure 7).

Nanoromidepsin exhibits superior tolerability 
compared with romidepsin in vivo
The safety and tolerability of nanoromidepsin were determined 
in a single-dose toxicity study with escalating doses of nano-
romidepsin or romidepsin (IP and IV) to identify the MTD in 
BALB/c mice. Changes in body weight and clinical score were 
assessed as a function of time and dose. Although mice in both 
treatment cohorts experienced weight loss after treatment, 
body weight returned to pretreatment levels in most animals 
after 15 days (Figure 4A-B; supplemental Figure 3). Mice 
treated with 8 mg/kg IP of either romidepsin or nano-
romidepsin met criteria for euthanasia 3 days after treatment. 
At this level, 80% of the mice treated with romidepsin were 
dead 3 days after treatment, compared with 40% with nano-
romidepsin. This established the MTD for both drugs by IP (5 
mg/kg). In the IV cohorts, 10 mg/kg was the highest dose 
explored for both drugs. Mice lost ~15% body weight within 3 
days after treatment with either drug, although all mice in both 
treatment groups recovered after 15 days. Escalation beyond 
10 mg/kg was technically not feasible given the volume of 
the IV dose required at the available nanoromidepsin 
concentration.

Although the AUC and C max of nanoromidepsin were consid-
erably higher when drug was administered IP vs IV (Figure 3A), 
a study in H9-dTomato-Luc xenograft confirmed that the IP 
administration route for nanoromidepsin induced unaccept-
ably high toxicity (supplemental Figure 4). These findings were 
consistent with the literature suggesting that many nano-
particles cannot be administered safely by the IP route given 
the association with peritonitis likely due to the physical fea-
tures of the particle. 8 For these reasons, all subsequent in vivo 
studies used only the IV route.

Multidose studies were conducted in H9-dTomato-Luc 
xenograft-containing NSG mice (supplemental Table 1; 
supplemental Figures 5 and 6), approximating the single-agent 
dose intensity and corresponding to one-fourth, one-half, and 
three-fourths of the MTD for nanoromidepsin. Repeat dosing

Figure 2. Effect of nanoromidepsin on PBMC samples from patients with primary LGL leukemia. (A) Freshly frozen PBMCs from patients with LGL leukemia were 
treated with indicated doses of romidepsin (solid line) or nanoromidepsin (dotted line) for 48 hours. (B) IC 50 (nanomolar) for romidepsin and nanoromidepsin for 10 patients 
with LGL leukemia at 48 hours. (C) PBMCs from patients with LGL leukemia and healthy donor as a control were screened by flow cytometry. The lymphocyte and singlet cell 
gating were performed as described earlier. The CD3 + /CD8 + CD57 +/− cells were gated from singlet lymphocyte population as indicated. The cleaved PARP or viability dye 
staining was analyzed in CD3 + /CD8 + CD57 + or CD3 + /CD8 + CD57 − cells as indicated. The flow images were generated from a representative PBMC sample from a patient 
with LGL (patient 03), treated with DMSO or romidepsin (10 nM). Ghost or nanoromidepsin-treated samples were similarly analyzed. (D) Cleaved PARP (apoptosis) and (E) 
live-dead dye staining (cell viability) after the incubation with romidepsin and nanoromidepsin for 48 hours. Data presented as percentage CD3 + /CD8 + CD57 + (more 
differentiated LGL) or CD3 + /CD8 + CD57 − (less differentiated LGL) cells positive for cleaved PARP or live-dead dye staining. The data presented after subtracting spon-
taneous apoptosis or cell viability values from the DMSO-treated controls. CI PARP, cleaved PARP; DMSO, dimethyl sulfoxide; NEG, negative; POS, positive.

NANOROMIDEPSIN INHIBITS T-CELL MALIGNANCIES 4 DECEMBER 2025 | VOLUME 146, NUMBER 23 2799



A
IV route

Time (h)

Free Romidepsin Nanoromidepsin

0
0 5 10 20 40 60 80

600

400

200

Intraperitoneal route

Time (h)

Co
nc

en
tra

tio
n 

of
 ro

m
id

ep
sin

 
in

 p
la

sm
a (

ng
/m

L)

600 Free Romidepsin Nanoromidepsin

400

200

0
0 5 10 20 40 60 80

E

Ph
ot

on
s/s

/cm
2 /sr

Li
ve

r

K
id

ne
y

Lu
ng

s

H
ea

rt

Sp
le

en

Tu
m

o
r

2×108
*

1.5×108

1×108

5×107

Free DiO NanoromiDiO

0

F

ng
/m

g 
pr

ot
ei

n

Li
ve

r

K
id

ne
y

Lu
ng

H
ea

rt

Sp
le

en

Tu
m

o
r

200
***

150

100

50

0

********
Romidepsin Nanoromidepsin

B

Free DiO/
NanoromiDiO

5m 1h 6h
Whole body fluorescent imaging

Ex vivo fluorescent imaging

24h 48h 72h

D

N
an

o
ro

m
i

D
iO

Fr
ee

 
D

iO

Li
ve

r

K
id

ne
y

Lu
ng

s

H
ea

rt

Sp
le

en

Tu
m

o
r

C

W
it

h 
ha

ir
W

it
ho

ut
 h

ai
r

N
an

o
ro

m
iD

iO
Fr

ee
 D

iO

5mControl
(PBS)

1h 6h 24h 48h 72h

Figure 3. PKs and tissue distribution of nanoromidepsin in vivo. (A) Plasma concentration-time dependence plot of romidepsin concentration in plasma after IP or IV 
administration of a single treatment with romidepsin or nanoromidepsin. (B) Diagram representing experimental time points associated with nanoromidepsin coloaded with 
a fluorescent dye DiO or free DiO administration, fluorescent images evaluation, and organs collection. (C) Fluorescence images of H9-dTomato-Luc tumor-bearing mice 
taken at different time points after IV injection of free DiO or DiO and romidepsin-encapsulated nanoparticle (NanoromiDiO). Ex vivo fluorescence images (D) and
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studies revealed that romidepsin produced a higher degree of 
weight loss (>10%) and clinical score (>3) compared with 
nanoromidepsin at equivalent dose. The most tolerated dose 
and schedule of nanoromidepsin was identified to be 4 mg/kg 
once weekly for 3 weeks (Figure 4C-D). Romidepsin at a dose of
8 mg/kg demonstrated acute toxicity leading to death of all 
mice (thus lethel dose, 50% [LD50] is significantly less than 8 
mg/kg) within 4 days, whereas 8 mg/kg nanoromidepsin was 
lethal in only 50% of mice, representing the LD50 of nano-
romidepsin (Figure 4E-F).

To assess tissue-specific toxicity, liver and tumor were assessed 
for histopathology (Figure 4G). Liver sections from all cohorts 
exhibited normal microarchitecture without any indication of 
inflammation or necrosis. Although there were no signs of 
drug-induced toxicity in the liver sections of either treatment 
cohort, the LC-MS quantification confirmed that the concen-
trations of romidepsin in the liver were substantially less with 
nanoromidepsin compared with romidepsin (13.18 and 46.68 
ng/mg of protein, respectively; P < .0009; Figure 4H). Tumor 
sections from the mice treated with the ghost PNP revealed 
sheet-like infiltrates of large, atypical lymphocytes with pleo-
morphic nuclei, distinct nucleoli, and amphophilic cytoplasm, 
consistent with viable tumor. The romidepsin- and 
nanoromidepsin-treated tumor sections showed varying 
degrees of treatment-related necrosis, with no substantial dif-
ference in histopathology between the treatment groups. The 
mean plasma concentrations of romidepsin at 1 and 24 hours 
following 3 consecutive treatments of romidepsin (weekly 
doses for 3 weeks) were 51 and 4.9 ng/mL (Figure 4I). These 
data indicate a rapid decline in mean plasma concentration, 
implying a rapid clearance of romidepsin from the blood. In 
contrast, the mean plasma concentrations of romidepsin in the 
plasma collected at 1 and 24 hours following the same dose of 
nanoromidepsin were 120.3 and 40.7 ng/mL (2.3- and 8.3-fold 
greater than the free romidepsin).

Nanoromidepsin shows superior activity and a 
survival advantage in murine xenograft models
To determine differences in efficacy, H9-dTomato-Luc 
xenograft-engrafted mice were treated with 3.5 mg/kg weekly

for 3 weeks with romidepsin or nanoromidepsin (Figure 5A). 
After 3 treatments, the cohort receiving romidepsin exhibited 
moderate antitumor activity, with tumor growth inhibition 
assessed by BLI of 54% and 57% compared with the vehicle 
and ghost PNP cohorts, respectively (P = .0315 vs vehicle; 
P = .04 vs ghost PNP). Nanoromidepsin inhibited tumor growth 
by 90% and 91% compared with the vehicle and ghost PNP 
cohorts, respectively (P = .0003 vs vehicle; P = .0019 vs ghost 
PNP). Although there was no statistically significant difference 
in the growth delay observed between romidepsin and nano-
romidepsin (P = .6665), the nanoromidepsin cohort demon-
strated greater tumor reduction by BLI compared with 
romidepsin after 3 weeks of treatment (Figure 5B). The tumor 
BLI signal was reduced 1 week after the first treatment, which 
held constant for the next 3 weeks for both treatment cohorts 
(Figure 5B,D-E), supporting nanoromidepsin’s superiority. Mice 
treated with nanoromidepsin or romidepsin showed no statis-
tically significant survival benefit at this dose, which may be 
due to cytokinetic failures resulting from compromised dose 
intensity (Figure 5C).

In response to the insignificant survival benefit as observed in 
Figure 5 likely due to the low dose and short treatment time, 
we administered both drugs on a 35-day cycle at 4 mg/kg per 
week for 4 consecutive weeks (Figure 6A). Significant toxicity 
was noted after 1 cycle with romidepsin. A consistent increase 
in the BLI was observed in the PBS, ghost PNP, and 
romidepsin-treated mice cohort until day 24 (Figure 6B-C). A 
growth delay was observed in the nanoromidepsin cohort. 
Moreover, 33% of mice died after 3 weeks of treatment with 
romidepsin, whereas treatment with nanoromidepsin resulted 
in no deaths (Figure 6C). Nanoromidepsin resulted in a statis-
tically significant prolongation in OS compared with romidep-
sin (Figure 6D). The OS in the control, ghost PNP, and 
romidepsin-treated mice was 38 days (for all 3 groups), 
compared with 53 days with nanoromidepsin (P < .001). We 
did observe some toxicity after the third treatment in cycle 2, 
suggesting that perhaps a lower maintenance dose might be 
worth exploring in the future. These data demonstrate superior 
biological activity, efficacy, and survival benefit of nano-
romidepsin compared with romidepsin.

Figure 3 (continued) corresponding fluorescence intensity (E) of tumor and major organs (tumor, liver, spleen, kidney, heart, and lung, respectively) dissected at 72 hours 
after injection. Statistical significance was determined by using Student t test (Mann-Whitney): *P < .05; **P < .01; ***P < .001. (F) Mice bearing H9-dTomato-Luc xenograft 
were treated with 4 mg/kg romidepsin and nanoromidepsin. After 24 hours, tumors (n = 6) were collected for LC-MS–based quantification of romidepsin in tumor tissue.

Table 1. PK parameters of romidepsin and nanoromidepsin after IP and IV route of administration

Route of 
administration IP IV

Parameter Unit
Free

romidepsin Nanoromidepsin
Fold change 
(nano/free)

Free
romidepsin Nanoromidepsin

Fold change 
(nano/free)

T 1/2 h 9.8 11.6 1.2 5.2 7.6 1.5

T max h 6.0 3.00 2 1.00 1.00

C max ng/mL 119.9 434.7 3.6 21.3 231.0 10.8

AUC 0-t ng*h/mL 1918.9 6939.9 3.6 99.2 2532.1 25.5

AUC 0-t , the AUC up to the last quantifiable time point; C max , maximum plasma concentration; nano, nanoromidepsin; nano/free, nanoromidepsin/free romidepsin; T max , time to maximum 
plasma concentration; T 1/2 , half-life.
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Discussion
The dwindling options to treat patients with R/R PTCL has 
created an urgent need to rethink how we develop new drugs 
for challenging orphan diseases. In the United States, prala-
trexate and belinostat are the only drugs still approved for 
patients with R/R PTCL, albeit they are not full approvals. Loss 
of the romidepsin indication in R/R PTCL has put physicians 
and patients in a challenging position. With few new 
drugs emerging, improving existing treatments or developing 
new ones through combinatorial regimens offers a relatively 
low-risk way to advance care.

Romidepsin in combination with other epigenetically targeted 
drugs such as the DNA methyltransferase (DNMT) inhibitor 
5-azacytidine appears to produce the best overall response 
rate and PFS data of any drug or drug combination to date in 
this population. 9,10 These clinical and preclinical experiences 
suggest that combinations with an HDACi, romidepsin being 
among the most potent, may represent 1 straightforward path 
to create new treatment platforms for this population. 11,12 

Although preclinical data highlight romidepsin’s superior 
potency compared with other HDACis clinically, romidepsin 
produces an overall response rate of 25%, a PFS of 3 to 4 
months, and a median response duration >1 year, all disap-
pointing results given the preclinical findings. This discrepancy 
may stem from its suboptimal pharmacologic properties, 
including high protein binding (92%-94%), a short half-life (3.8 
hours), and limited volume of distribution (Vd; 44.5 L), which 
constrain its effects on transcriptional activation. 13,14

Pharmacologic optimization offers a path to overcome the 
intrinsic limitations of therapeutic agents, and PNPs offer the 
prospect of resolving the liabilities associated with sub-
optimized drugs. 15 The amphiphilic diblock lactides used to 
make PNP are considered biocompatible, biodegradable, and 
nontoxic, which enhances their elimination, improves their 
tolerability, and reduces their immunogenicity. 16 The inclusion 
of the PEG chain to the PNP has been shown to reduce the 
elimination of the particles via the host immune system, 
maximizing circulation time. 17 An attractive feature of this 
platform is that hydrophobic drugs can be readily incorporated 
and even conjugated to the polymer. 18-20 In our case, PEGy-
lation likely protects romidepsin by forming a hydrophilic bar-
rier that blocks external reducing agents such as glutathione 
and serum thiols, stabilizing romidepsin’s oxidized disulfide 
state while preventing premature reduction. In addition, PNPs 
typically have a size of <100 nm, which aids in improving 
the Vd, allowing for a bioconcentration of drug in tissue, 
particularly tumor. Herein, we exploited the unique physico-
chemical properties of a tailored PNP, including optimal size 
and surface properties, enhanced Vd, and augmented tumor

bioavailability, in an effort to address the limitations of “naked” 
romidepsin. The goal was to enhance the epigenetic effects of 
the drug deploying a scalable translational approach. 21-23 We 
designed our PNPs to be ~50 nm, which has been suggested 
to be a feature that favors bioconcentration in the tumor 
microenvironment. 24 The bioluminescent in vivo assay that 
deployed a PNP containing both romidepsin and DiO clearly 
established a predilection for the PNP to bioaccumulate in the 
tumor microenvironment. Although several mechanisms can 
explain this, porous and leaky vasculature have been advanced 
as one of the major explanations. 25-30

In patients with PTCL, administration of romidepsin (14 mg/m 2 

IV over 4 hours on days 1, 8, and 15 of a 28-day cycle) yields a 
C max and total AUC (AUC 0-∞ ) of 377 ng/mL and 1549 ng*h/mL, 
respectively. In rats, single slow IV bolus of romidepsin 
administration (0.33 and 0.67 mg/kg) achieved a mean AUC ∞ 
of 10.3 and 18.1 ng*h/mL, respectively. 31 After a single IV dose 
of romidepsin and nanoromidepsin, the C max in BALB/c mice 
was 21.3 and 231.0 ng/mL, respectively. Another major dif-
ference was seen in the AUC, which was 99.2 and 2532.1 ng*h/ 
mL for romidepsin and nanoromidepsin, respectively. Nano-
romidepsin exhibited a 1.5-fold increase in half-life compared 
with romidepsin, indicating prolonged availability in plasma. 
Recognizing all the cross-species differences, these data sug-
gest that nanoromidepsin in these murine models approxi-
mated or dramatically exceeded those PK parameters 
established in humans, which is also supported by our bio-
distribution study, in which PNP was shown to preferentially 
bioaccumulate in tumor. Some conventional polymeric nano-
particles have been shown to accumulate in organs such as the 
spleen, liver, and kidneys, potentially limiting their therapeutic 
potential. 17 This is important as we observed similar findings 
after a short-term treatment, though the BLI imaging confirmed 
selective bioaccumulation of nanoromidepsin at later time 
points in tumor. These findings are concordant with previous 
studies indicating that a PNP tailored for the active pharma-
ceutical ingredient can improve bioavailability, thereby opti-
mizing mechanism of action, 32,33 a factor that may be 
especially important for drugs targeting the epigenome.

The improvement in the PK parameters raises concerns about 
incrementally worse tolerability. In a series of comprehensive 
single- and repeat-dose toxicity studies, nanoromidepsin was 
found to be substantially safer than romidepsin, even at the 
highest doses studied. These data have established a sound 
basis to identify the MTD, optimal route of administration, and 
acceptable dosing schedule prior to the efficacy studies. Our 
in vivo toxicity assays affirmed that nanoromidepsin was safer 
compared with romidepsin, and exhibited less accumulation in 
the liver as shown in biodistribution studies and as supported

Figure 4. Tolerability of romidepsin and nanoromidepsin in vivo. BALB/c mice were administered a single dose of romidepsin or nanoromidepsin IP (A) and IV (B). 
Tolerability was assessed by monitoring body weight and overall health conditions. X represents dead mice; H9-dTomato-Luc xenograft-bearing NSG mice were 
administered 4 mg/kg of romidepsin or nanoromidepsin by IV or IP for arrow indicated days (1, 8, and 15 days). (C) Percentage of body weight changes as function of starting 
weights (±standard error of the mean [SEM]) are shown; (D) clinical score. H9-dTomato-Luc xenograft-bearing NSG mice administered with 8 mg/kg of romidepsin or 
nanoromidepsin by IV for arrow indicated days. Depicted are percentage of body weight changes as function of starting weights (±SEM) (E); clinical score (F). (G) Liver and 
tumor were harvested, fixed in formalin for pathological analysis after hematoxylin and eosin (H&E) staining, and processed for LC-MS–based quantification of romidepsin. 
H&E staining of hepatic parenchyma from ghost, romidepsin-, and nanoromidepsin-treated mice (original magnifications ×200). Soft tissue tumors from ghost-treated mice 
showed pleomorphic nuclei and brisk mitosis (original magnification ×1000). Romidepsin- and nanoromidepsin-treated tumors associated with varying treatment-related 
necrosis (original magnifications ×1000). Red and black arrows indicate mitotic figures and necrosis/apoptosis. (H) LC-MS–based quantification from liver. (I) Blood was 
collected by submandibular bleeding after 1 and 24 hours after the last treatment with 4 mg/kg romidepsin and nanoromidepsin in the repeat-dose study. Plasma was 
collected and the romidepsin was quantified. LC-MS–based quantification of plasma collected from the experiment described in panel C after 1 and 24 hours. Statistical 
significance was determined by using Student t test (Mann-Whitney): *P < .05; **P < .01; ***P < .001.
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by the histopathology and LC-MS–based quantification of drug 
in vital organs. In the xenograft models, nanoromidepsin 
exhibited an LD50 value of 8 mg/kg, compared with 5 mg/kg 
for romidepsin (Figure 4E; supplemental Figure 6). The direct 
comparison of body weight loss and clinical toxicity scores in 
mice confirmed the superior safety profile of nanoromidepsin 
at all doses and schedules studied.

Across all efficacy studies, nanoromidepsin dosed at 4 mg/kg 
weekly for 4 consecutive weeks followed by retreatment pro-
duced substantially superior growth delay, and an OS advan-
tage compared with romidepsin. An OS advantage is based on 
the depth of a complete remission. In clinical practice, durable 
remissions are often achieved with multiple cycles of combi-
nation therapy. The improved tolerability and efficacy of 
nanoromidepsin would suggest that combinations of drugs

with nanoromidepsin will further deepen the complete remis-
sion, likely translating into improved outcomes for patients with 
PTCL.

In summary, we have pioneered the development of a unique 
epigenetically targeted PNP, which exhibits superior PK fea-
tures, tolerability, and efficacy compared with the historically 
approved drug. This study represents the first to interrogate 
the merits of a PNP platform into the pharmacology of an 
epigenetically targeted drug for these diseases. Future studies 
will address the mechanisms that account for the bio-
accumulation of the romidepsin PNP in the tumor microenvi-
ronment, as well as the differences in gene expression and how 
this might explain the potent efficacy advantage for nano-
romidepsin. We believe the platform has created an opportu-
nity to reconfigure the traditional treatment paradigms for
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ghost NP, and control mice (n = 9 per group). The arrows indicate treatment days. Statistical significance was determined by using log-rank test: *P < .05; **P < .01; 
***P < .001.
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patients with PTCL, as we now poise this drug for future clinical 
studies.
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