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Abstract: Prodrugs engineered for preferential activation in diseased versus normal tissues offer immense 

potential to improve the therapeutic index of preclinical and clinical-stage active pharmaceutical ingredients 

that either cannot be developed otherwise or whose efficacy or tolerability it is highly desirable to improve. 

Such approaches, however, often suffer from trial-and-error design, precluding predictive design and 

optimization. Here, using BET bromodomain inhibitors (BETi)—a class of epigenetic regulators with 

proven anti-cancer activity but clinical development hindered by systemic adverse effects–– we introduce 

a platform that overcomes these challenges. Through tuning of traceless linkers appended to a “brush 

prodrug” scaffold, we demonstrate that it is possible to correlate in vitro prodrug activation kinetics with in 

vivo tumor pharmacokinetics, leading to novel BETi prodrugs with enhanced anti-tumor efficacy and 

devoid of dose-limiting toxicities. This work has immediate clinical implications, introducing principles 

for the predictive design of prodrugs and potentially overcoming hurdles in drug development. 

Significance: Prodrugs can be designed to modify essential biopharmaceutical properties and thus 

improve dependent absorption, distribution, metabolism, excretion, and toxicity (ADMET) of 

challenging-to-develop drug molecules. However, in conventional drug development programs, 

prodrug versions of lead compounds are often explored as a last option, after significant amounts 
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of resources and precious time have already been unsuccessfully invested. We demonstrate that 

prodrugs can be designed to improve the therapeutic efficacy and tolerability of drug molecules 

held back in the clinical development by their narrow therapeutic windows. Importantly, we 

demonstrate that, if used early in development, prodrugs can enable rapid access to proof of 

concept in vivo experiments, thus promising accelerated translational timelines and more efficient 

use of resources.  

Main Text: An essential part of drug discovery is medicinal chemistry optimization to deliver a drug 

candidate for clinical testing and ultimate regulatory approval (1-3). This process, which often fails, is 

typically costly and time consuming and follows trial-and-error optimization, leading to a trade-off between 

orthogonally-trending properties such as target potency, solubility, metabolic stability, and toxicity (4, 5). 

For example, BETis have been the subject of intense medicinal chemistry efforts, displaying broad 

preclinical efficacy (6) in vivo, as well as clinical activity in various cancers, including notably 

myelofibrosis (7, 8). BETi treatment has been shown to cause drug-dependent decreases in the expression 

of oncogenes such as c-MYC (9-11) and cyclin-dependent kinases (12-14). To date, at least 23 structurally 

distinct BETi have been evaluated in >46 human clinical trials demonstrating clinical efficacy of this class 

of drugs, despite severe dose-limiting toxicities. A review of www.clinicaltrials.gov from January 2017 to 

May 2020 indicates that most of these programs report protracted phase I/II development times and reduced 

patient enrollment targets due to severe dose-limiting toxicities (DLTs) (Supplementary Table 1). For 

example, the prototypical benzodiazepine BETi OTX-015 (MK-8628, Merck) (15-17)  causes 

thrombocytopenia (96%), anemia (91%), and neutropenia (51%), with additional gastro-intestinal adverse 

events (diarrhea, vomiting and mucositis) (18). Similar treatment-related adverse effects have been reported 

for the bivalent BETi, AZD5153 (19, 20). Given the promising clinical activity of this drug class, we 

envisioned that a rational prodrug approach to improve the TI of existing clinical and preclinical BETi 

could be an immediately actionable strategy to enable their successful clinical development. 

The development of covalent drug-delivery systems, or prodrugs, often also involves trial-and-error 

design due to unpredictable active pharmaceutical ingredient (API) carrier interactions, limited synthetic 

scalability and modularity, and unpredictable or poorly controlled prodrug activation profiles (21, 22). Here, 

we introduce a modular, scalable, stoichiometrically-defined bottle brush prodrug (BPD) platform that 

overcome these challenges. Through the synthesis of BETi-BPDs carrying either OTX-015 or a bivalent 

BETi “T-API” conjugated through molecularly optimized, traceless linkers, we exemplify an accelerated 

method to improve the TI of BETi as demonstrated using orthotopically implanted, immune-competent 

tumor-bearing mice. This work establishes BPDs as a promising, widely applicable solution for small 

molecule API delivery to overcome DLTs and improve the safety profile for compounds with proven 
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clinical activity (as demonstrated for OTX-015) and for the accelerated development of novel lead 

candidates (as demonstrated using T-API). 

Results. Downregulation of the c-Myc oncogene and subsequent cell cycle arrest has been proposed as a 

major mechanism for BETi-mediated tumor growth inhibition (9, 23, 24); however, downregulation of c-

Myc in normal tissues, including gut and hematopoietic precursors in bone marrow result in clinically 

observed on-target DLTs (8, 11). We hypothesized that improved delivery of BETi-BPDs to tumors 

combined with the design of linkers with favorable API release in cancer compared to normal tissues would 

be key parameters to improve the TI. To test this hypothesis, OTX-015 offered an attractive starting point 

for BETi-BPD development, given the inferior TI of this compound that has hindered its successful clinical 

development.  

Optimization of API release rates through rational traceless linker editing. OTX-015 contains a 

phenolic substituent suitable for direct conjugation to our polyethylene glycol (PEG)-branch-alkyne 

macromonomers (MMs) that constitute the basic building blocks of the BPD platform (Fig. 1a). Four 

different azido acids were used to prepare four OTX-015-conjugated macromonomers (MMs) with in vitro 

half-lives of OTX-015 release (t1/2,MM) of 5 h (MM B1) to 6 d (MM B4) in phosphate-buffered saline at 37 

°C (Fig. 1b,c). BETi-BPDs B1–B4 were prepared through ring-opening metathesis polymerization (ROMP) 

(25-28) of each MM at a target degree of polymerization (DP) of 10. Trace amounts (1 mol %) of Cy7.5 

fluorophore-labeled MM (29)  were included in all ROMP reactions to enable downstream in vivo tissue 

imaging studies to supplement our quantitative pharmacokinetics (PK) analyses for accurate biodistribution 

(BD) assessment. Near complete conversions of MM to BETi-BPD were observed for each MM (Fig. S1). 

The ROMP reaction parameters were adjusted so that the hydrodynamic diameter (Dh) of B4 was tuned in 

at 13 nm as determined by dynamic light scattering (DLS) (Fig. S2). This size range is comparable to 

therapeutic antibodies and ADCs, offering a clinically proven BD, PK, and disease tissue penetration. In 

support of the scalability of this approach, 4 g of BETi-BPDs were readily prepared for subsequent 

biological studies (Fig. S3). As expected for BPDs were the APIs are shielded by hydrophilic PEG, the 

half-maximal inhibitory concentrations (IC50) for B1–B4 were approximately one order-of-magnitude 

higher compared to the parent API based on in vitro viability assays using either bone marrow CD34+ 

progenitor cells (erythroid, megakaryocyte, and myeloid), human aortic endothelial cells, lymphoma (SU-

DHL-2) or breast cancer (4T1) cells (Fig. S4,5) 

To assess the pharmacological properties of BETi-BPDs in vivo, we dosed BALB/c mice orthotopically 

implanted with syngenic 4T1 tumors with B2–B4 and collected blood samples at multiple time points for 

PK analysis by mass spectrometry (MS). As shown in Fig. 1d, B4 was relatively stable with minimal free 

peak drug blood concentration detected systemically 30 min after administration, which is significantly 



lower than the peak concentrations at 2 and 3 h post dosing of maximally tolerated doses (MTD) of OTX-

015. In contrast, B2 and B3 displayed 2–3 times higher concentrations of free OTX-015 in serum. B1 was 

not evaluated in vivo due to its rapid API release in buffer (Fig. 1c). In parallel to the blood analyses, the 

tumor tissue concentrations of free OTX-015 were quantified 72 h post dose (Fig. 1e). The tumor API levels 

released from B4 at 72 h were comparable with the tumor drug concentrations at 2 to 3 h after oral 

administration (Fig. 1e). Thus, B4 exhibits a long-term, depot-like release of therapeutically relevant drug 

concentrations at least up to 72 h.  

 

 

Figure 1. Design, synthesis, and OTX-015 release profiles for BETi-BPDs B1–B4. a, Design and synthesis of OTX-015-based brush 
prodrugs B1–B4. Azido-acids (shown in blue) are used to form ester or carbonate conjugates with OTX-015. Cu-catalyzed azide-
alkyne cycloaddition to a PEG-alkyne macromonomer (MM) generates B1–B4 MMs. Ring-opening metathesis polymerization 
(ROMP) of each MM in the presence of a Cy7.5-labeled MM (1 mol %) generates BETi-BPDs B1–B4. b, Careful linker design enables 
rational modulation of OTX-015 release half-lives. c, Release of BET inhibitors in vitro (saline buffer, 37 °C). d, Linker chemistry 
modulates serum stability. Blood levels of free OTX-015 drug released from B4 at peak concentration (0.5 h post administration) 
is lower than the peak concentrations observed after equivalent doses of B2, B3, and lower compared to the maximum tolerated 
p.o. dose of OTX-015 at 2 or 3 h. e, B4 displays higher levels of released OTX-015 in tumor tissue compared to B2 and B3, 72 hours 
after last dose of brush prodrugs. Statistical analysis performed using unpaired t test. Any p-values not shown are n.s.; * p<0.05, 
*** p<0.001; error bars represent SD. 



To further confirm that the different tumor concentrations of released API from the similar-sized B2, 

B3, and B4 are primarily due to their linker design rather than differences in the overall biodistribution, ex 

vivo near-infrared fluorescence imaging of tissue samples was conducted to determine the amount of Cy7.5 

fluorophore-labeled prodrug present. All three BETi-BPDs (B2, B3, and B4) showed similar accumulation 

in tumor tissue based on whole tumor analysis (Fig. S6). Importantly, fluorescence imaging of intact tumors 

and organs and of homogenized tissues showed preferential distribution of BETi-BPDs to orthotopic tumors 

and only negligible levels of Cy7.5 in bone marrow and the gut—organs associated with the DLTs of OTX-

015 (Fig. 2a,b). These results, combined with the in vitro release kinetics for B4, demonstrate that it is 

possible to chemically fine-tune both the BD of, and API release from, BETi-BPDs to minimize systemic 

exposure while maintaining, or even improving, tumor exposure of the active drug. 

Superior anti-tumor efficacy of B4 in vivo. We next evaluated the anti-tumor efficacy of B4 in the 

aggressive 4T1 syngeneic, orthotopic model, which recapitulates many features of late stage triple-negative 

breast cancer (TNBC) in humans. These mice have a functioning adaptive immune system and therefore 

also provide an opportunity to study potential treatment-related immunosuppressive adverse effects. A dose 

escalation study using B4 was conducted in randomized, tumor-bearing BALB/c mice dosed with 

equivalents of OTX-015 at 15, 30, or 60 mg/kg twice per week for two weeks for a total of 4 doses, or at 

60 mg/kg three times per week for two weeks for a total of 6 doses (Fig. 2c). Two separate control cohorts 

were dosed for 14 days with free OTX-015 twice a day by oral gavage (bid; po) at 100 or 200 mg/kg, 

respectively, mimicking the clinical route of administration.  

A dose-proportional anti-tumor efficacy was observed for mice administered B4, with highly effective 

tumor growth inhibition at higher doses (Fig. 2d). At the 60 mg/kg OTX-015 equivalent dose of B4, both 

the 4× and 6× regimens showed superior anti-tumor efficacy compared with the highest daily tolerated dose 

of OTX-015 (100 mg/kg bid). Notably, the total amount of OTX-015 in the group that received the highest 

dose of B4 was ~360 mg/kg, which is >7-fold less than that of the group given OTX-015 at 100 mg/kg bid 

(2800 mg/kg after two weeks) (Fig. 2d). We attribute the enhanced efficacy with less dosage-equivalent of 

API to the linker-optimized depot effect, wherein B4 accumulates in tumor tissue and releases 

therapeutically relevant concentrations of OTX-015 over longer time periods than what is achievable with 

OTX-015, even when dosed twice daily. To support this concept, MS analyses of homogenized tumor 

samples (Fig. 2e) revealed high levels (~100 µg/g) of B4 (BETi-BPD) and ~3 orders-of-magnitude lower 

levels of released API (free OTX-015 ~1500 ng/g). Moreover, the amount of B4 and released API in tumor 

samples scaled proportionally with dosage (Fig. 2e). Notably, the concentration of free OTX-015 72 h after 

B4 injection is still almost 50% of the peak concentration in tumors achieved from non-tolerated orally 

dosed OTX-015 obtained at 2 h post dosing and much greater than the concentration of oral OTX-015 at 

MTD, which is cleared from the tumor tissue and cannot be detected after 24 h (Fig. 2e). As a direct 



consequence of the optimal BD and API release from B4 in tumor versus other tissues, no weight loss was 

observed in any of the groups receiving B4, while the group receiving free OTX-015 at 200 mg/kg had to 

be sacrificed early due to severe weight loss (>20%); the group receiving the highest tolerated dose of API 

at 100 mg/kg experienced diarrhea and modest (~5%) weight loss after 2 weeks of chronic dosing (Fig. 2f).  



 

Figure 2. Tissue imaging and PK/PD/Efficacy studies of BETi-BPDs releasing OTX-015. a, Representative whole organ fluorescent 
imaging of Cy7.5-labled B4 in tumor and indicated organs (Cy7.5 IVIS; 𝜆ex/em = 745/800 nm). b, Biodistribution of B4 quantified 



using fluorescence signal (n=5) in homogenized tissue samples normalized by tissue weight; gut and bone marrow labeled in red 
font to highlight their low biodistribution; error bars represent SE. c,d, Anti-tumor efficacy in 4T1 orthotopic breast carcinoma 
model (Balb/C mice). B4 was dosed i.v. with equivalents of OTX-015 at 15 mg/kg, 30 mg/kg, or 60 mg/kg, twice per week for two 
weeks for a total of 4 doses, or at 60 mg/kg every other day for two weeks for a total of 6 doses to mice (n=5 pr group) randomized 
with pre-treatment tumor sizes of 100 mm³ (BPDs contain ~12% wt. of OTX-015; 500 mg/kg dose BPD is 60 mg/kg API equivalent). 
OTX-015 was dosed twice daily by oral gavage (bid; po). e, Tumor PK of B4 prodrug. BETi-BPD provides sustained release of API 
at the tumor site, and the levels of free OTX-015 at 72 h after injection are close to 50% of the peak concentration of the parent 
drug OTX-015 2 h are an oral dosage of 200 mg/kg bid. f, No weight loss was observed in any of the B4 regimens, while the 
maximum tolerated dose of API (100 mg/kg) caused diarrhea and some weight loss. #: The OTX-015 200-mg/kg bid cohort was 
taken down after eleven days due severe weight loss. g, Analysis of blood cell populations demonstrates that unlike the parent 
free OTX-015 drug, the B4 prodrug does not cause the systemic toxicity associated with BET inhibition. No reduction in platelet, 
reticulocyte, neutrophil, and lymphocyte levels were detected (n=5) at doses resulting in superior anti-tumor efficacy of B4 
compared to free API; error bars represent SD. h,i, B4 causes only minimal intestinal toxicity compared to OTX-015 as evidenced 
by in situ protein expression of c-Myc, a PD biomarker for BET inhibition, in the base of crypts and preserved colonic villus 
epithelial surface morphology. Anti-tumor efficacy of B4 prodrug is comparable to free OTX-015 as shown by modulation of PD 
markers c-Myc, HEXIM1, and CD180 levels in extracted tumors. Statistical analysis performed using unpaired t test for tumor 
volumes and c-Myc expression and using Welch’s t test for assessment of hematologic toxicity; all groups compared to the vehicle 
group except where indicated otherwise. Any p-values not shown are n.s.; * p<0.05, ** p<0.01, *** p<0.001, **** p<0.001. Scale 
bars: 300 µm. 

 

BETi-BPDs releasing OTX-015 exhibit enhanced anti-tumor efficacy without dose-limiting bone 

marrow and intestinal toxicities. Detailed analyses of cell populations in terminal blood and bone marrow 

collected from the above efficacy study demonstrated that animals dosed with B4 were spared from the 

systemic DLTs normally associated with clinical BET inhibition (Fig. 2g, Fig. S7). Specifically, platelet, 

reticulocyte, neutrophil, and lymphocyte levels were not affected in mice treated with B4 compared to the 

group treated with OTX-015. Moreover, tissue samples from gut and tumors were collected for 

immunohistochemical analyses (Fig. 2h,i). B4 induced minimal intestinal toxicity compared to OTX-015, 

as evidenced by preserved colonic villus epithelial cell surface morphology and in situ expression of c-Myc 

in the base of crypts. Consistent with the anti-tumor efficacy of B4, a robust modulation of known 

pharmacodynamic (PD) markers was observed in tumor tissue, with downregulation of c-Myc and CD180 

and upregulation of HEXIM1 (30) (Fig. 2i, Fig. S8). In conclusion, B4 represents a promising BETi prodrug 

with an expanded TI and improved efficacy following infrequent dosing.  

The BPD platform applied to preclinical (triazolopyridizine-based) bivalent BETi. We next turned our 

attention to testing the ability of our platform to expedite the optimization of a different BETi. AstraZeneca 

reported a triazolopyridazine (20) class of potent BETi that are structurally distinct from OTX-015, 

comprising bivalent ligands that engage both of the bromodomains (31) of the BET family of proteins and 

displaying higher potencies in cell-based assays compared to many of the other small-molecule inhibitors 

derived from the benzodiazepine scaffold. AZD5153, a bivalent BETi with optimized PK properties, is 

currently undergoing clinical trials (19). For our study, we selected an AZD5153 derivative “T-API” (Fig. 

3a), which features a trifluoromethyl substituent in place of a methoxy group. While T-API has similar in 

vitro potency compared to AZD5153 (Fig. S5, S9) (IC50 < 100 nM) against the multiple myeloma (MM1.S) 

cell line, it suffers from poor physicochemical properties such as low aqueous solubility (<0.05 mg/mL), 



high lipophilicity (log D7.4 > 4.2), and inadequate hepatocyte stability (70 heps Clint mL/min/106 cells) (20), 

all of which are largely prohibitive for activity in vivo (Fig. S10). We found that blood levels of T-API in 

BALB/c mice (n = 3) were significantly lower compared to AZD5153 (1000 ng/mL vs. 5000 ng/mL) 2 h 

after 10 mg/kg i.v. administration and the exposure dropped to negligible levels within 4 h (Fig. S11a), 

most likely due to rapid metabolism in liver (20) (Fig. S12). Having already demonstrated that our BPD 

platform provides for both favorable delivery of BETi-BPDs and subsequent API release in tumor tissues, 

we next evaluated whether we could improve the efficacy of T-API with low metabolic stability and rapid 

clearance. 

 

Figure 3. Phenyl ester traceless linker editing for optimized T-API release. a, Drug release mechanism via 1,6-elimination from 
triazolopyridazinium salts conjugates in T-series brush prodrugs. b, Modulation of release kinetics of the T-API via linker 
chemistry. c, Release of T-API inhibitor in vitro (saline buffer, 37 °C). d, Released T-API in tumors 72 h after the last dose in 60 
mg/kg × 4 treatment groups (n=5). Concentration of released T-API at the tumor site is finely tuned via linker chemistry; error 



bars represent SD. e, Ratios of released T-API in the tumor relative to whole blood. Brush prodrugs offer favorable accumulation 
and differential release in the tumor. a: below limit of quantification.  

Unlike OTX-015, T-API (Fig. 3a; black structure) does not offer an obvious synthetic handle for BPD 

conjugation. To address this challenge, and inspired by recent amide-based linkers for N-containing drugs 

(32, 33), we developed a new class of phenyl ester linkers based on the quaternization of nitrogen-

containing heterocycles using benzyl iodides (Fig. 3a; blue structure). For these linkers, prodrug activation 

is dependent on the rate-determining cleavage of a para-aryl ester, which can be tuned through rational 

modifications to the ester, followed by a 1,6-elimination cascade (34), releasing the drug via N-

debenzylation (Fig. 3a). The desired T-API-based triazolopyridazinium salts were synthesized in 50–70% 

isolated yields following optimized benzylation procedures (see Supplementary Materials for details; Fig. 

S13, S14). Their structures were unambiguously determined by 2D NMR spectroscopy (Materials and 

Methods); regardless of linker used, quaternization was observed to occur on the same nitrogen atom of the 

1,2,4-triazole of T-API (Fig. 3a). The T-API conjugates were converted to MMs and later to their 

corresponding BETi-BPDs via ROMP (Fig. S1); the Dh of T2 was 7 nm as determined by DLS (Fig. S2).  

Using this novel conjugation chemistry and rational design of linker steric and electronic properties, 

we initially prepared four different T-API-conjugated MMs with t1/2,MM tuned from hours (T1) to days (T2) 

to months (T3 and T4) (Fig. 3b) as confirmed by in vitro drug release assays (saline buffer, 37 °C) (Fig. 

3c). For each linker, free T-API was observed to be the sole species released upon hydrolysis (Fig. S15), 

suggesting 1,6-elimination occurs rapidly under physiologically relevant conditions. Following i.v. 

administration (60 mg/kg × 4 of T-API equivalent) to mice bearing 4T1 tumors, T3 and T4 showed 

negligible to low levels of free T-API in tumor tissues (Fig. 3d), presumably due to the slow hydrolysis of 

their linkers. In contrast, T2 released therapeutically relevant concentrations of T-API in tumor tissue 

resulting in an attractive tumor-to-blood ratio of 2:1 (Fig. 3e), suggesting this to be the preferred linker of 

this series (note: T1 was not studied in vivo due to its very rapid release kinetics). Notably, for the in vivo 

studies, the clinical candidate AZD5153 was selected as the benchmark for T-API prodrug since the poor 

ADMET properties of T-API is not compatible with in vivo efficacy studies (Fig. S11, S12). Consistent 

with the clinical dosing schedule (daily or twice daily) for AZD5153 (19), this API was not detectable 24 

h after administration (Fig. S11b). By contrast, the PK profile in blood following a single dose of T2 (15 

mg/kg T-API equivalent, i.v.) demonstrated that this BETi-BPD released only very low levels of T-API in 

blood with a peak concentration significantly lower than that of the rapidly cleared AZD5153 (Fig. S11b). 



 

Figure 4. Tissue imaging and PK/PD/Efficacy studies of BETi-BPDs releasing the AZD5153-derivative T-API. a, Representative 
whole organ Cy7.5 fluorescent imaging showing favorable accumulation of the T2 prodrug in tumor. b, Biodistribution of the T2 



quantified using fluorescence signal (n=5) in homogenized tissue samples normalized by tissue weight; gut and bone marrow 
labeled in red font to highlight their low biodistribution; error bars represent SE. c,d, Efficacy in 4T1 orthotopic breast carcinoma 
model in Balb/C mice. T2 was dosed with T-API equivalents at 15 mg/kg, 30 mg/kg, or 60 mg/kg, twice per week for two weeks 
for a total of 4 doses, or at 60 mg/kg every other day for two weeks for a total of 6 doses to mice randomized with tumor sizes of 
100 mm³ (BPDs contain ~12% wt. of T-API; 500 mg/kg dose BPD is 60 mg/kg API equivalent). AZD5153 was dosed qd as a PO 
bolus. e, Tumor pharmacokinetics of T2 Brush prodrug. Brush provides sustained release of T-API at the tumor site, and the levels 
of free active drug at 72h after injection are comparable to the peak concentration of tumor AZD5153 (at 2 h post dosing) at the 
non-tolerated dosage of 20 mg/kg qd. f, No significant weight loss was observed in any of the T2 regimens, while the highest 
tolerated dose of API at 10 mg/kg caused diarrhea and showed some weight loss.  #: AZD5153 20-mg/kg cohort was taken down 
after ten days due severe weight loss. g, Analysis of blood cell populations demonstrates that, unlike free AZD5153, T2 Brush 
prodrug does not cause systemic toxicity normally associated with BET inhibition in bone marrow. No reduction in platelet, 
reticulocyte, neutrophil, and lymphocyte levels were detected (n=5) at doses resulting in superior anti-tumor efficacy of T2 
compared to free AZD5153; error bars represent SD. h,i, T2 causes only minimal intestinal toxicity compared to OTX-015 as 
evidenced by in situ protein expression of c-Myc, biomarker for BET inhibition, in the base of crypts and preserved colonic villus 
epithelial surface morphology. Anti-tumor efficacy of T2 prodrug is comparable to free AZD5153 as shown by modulation of PD 
markers c-Myc, HEXIM1, and CD180 levels in extracted tumors. Statistical analysis performed using unpaired t test for tumor 
volumes and c-Myc expression and using Welch’s t test for assessment of hematologic toxicity;  all groups compared to the vehicle 
group except where indicated otherwise. Any p-values not shown are n.s.; * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
Scale bars: 300 µm. 

 

Similar to the OTX-015 derived BETi-BPD B4, T2 displayed favorable tumor accumulation based on 

Cy7.5 imaging (Fig. 4a,b). Additionally, T2 (dosed i.v. with equivalent of T-API at 60 mg/kg × 6, 360 

mg/kg cumulative dose) showed better anti-tumor efficacy compared with maximum tolerated daily dose 

(qd) of AZD5153 (10 mg/kg, p.o. 130 mg/kg cumulative dose; Fig. 4c and 4d), which is notable given that 

the latter compound underwent extensive medicinal chemistry optimization. To further validate the critical 

nature of the T2 linker, prodrugs T3 and T4 (60 mg/kg × 4) were also tested in the same tumor model. 

These constructs displayed no antitumor efficacy (Fig. S16), consistent with MS analysis of extracted 

tumors showing minimal release of free T-API despite similar levels of T3 and T4 prodrugs in tumor 

compared to T2 (Fig. S17). In contrast, T2 generated therapeutically relevant and superior concentrations 

of T-API that remained at high concentrations (~10× more) in tumor tissue 72 h following administration. 

Again, negligible levels of AZD5153 were detectable in tumor tissue after 24 h (Fig. 4e). Importantly, mice 

administered the high dose of T2 (60 mg/kg × 6) displayed no weight loss (Fig. 4f). While AZD5153 also 

achieved objective tumor responses when dosed at 5–20 mg/kg (po, qd; 65–360 mg/kg cumulative doses), 

these animals experienced significant body weight loss and the group receiving 20 mg/kg had to be taken 

down before the end of the study. In contrast to the MTD dose group (10 mg/kg po qd of AZD5153), which 

led to significant reductions in white blood cell, platelet, and reticulocyte counts, dosing with T2 displayed 

no discernible blood toxicity (Fig. 4g). Moreover, detailed analysis of gut and tumor samples demonstrated 

that T2 lowers c-Myc levels in tumors but not in the gut, while AZD5153 displayed PD biomarker 

modulation in both tumor and gut epithelial tissue (Fig. 4h,i). Overall, these results for T2 mirror those of 

B4 yet with a structurally different BETi, validating the drug agnostic nature of our platform and showing 

its potential for accelerating the development of APIs with poor ADMET without protracted medicinal 

chemistry optimization.  



Closer analysis of the tumor PK data for B4 and T2 (Fig. 2e and 4e, respectively) revealed much less 

T2 and free T-API 72 h after administration compared to B4 and free OTX-015, suggesting that the rate of 

linker cleavage for T2 may be unnecessarily high despite its excellent in vivo efficacy. Seeking to further 

improve this system, we rationally designed and synthesized two new variants of T2 with electron donating 

ortho-methoxy (T2-OMe) and ortho-methyl (T2-Me) substituents (Fig. 3b) that are expected to slow the 

rate of ester hydrolysis. Accordingly, in vitro release assays revealed a doubling of the t1/2,MM values to ~5 

and ~6 days for T2-OMe and T2-Me, respectively (Fig. 3c), confirming that such rational design can be 

used to fine tune T-API release in this system. Moreover, tumor and blood PK studies showed further 

improved T-API release (Fig. 3d) and higher tumor:blood ratios (up to ~5 compared to ~2 for T2, Fig. 3e) 

for these constructs compared to T2. In agreement with these improved tumor PK results, lower doses of 

T2-OMe (60 mg/kg x 4) and T2-Me (60 mg/kg x 4) compared to T2 (60 mg/kg x 6) led to improved or 

similar tumor growth inhibition (Fig. 5a,b), respectively and no gross toxicity (Fig. 5c) compared to high 

daily dose (10 mg/kg qd, 130 mg/kg cumulative dose) of AZD5153.  

 

Figure 5. a,b, Brush prodrugs T2-OMe and T2-Me display improved tumor growth inhibition after fewer doses compared to 
AZD5153. BPDs were dosed at 60 mg/kg equivalent of T-API twice per week for two weeks for a total of 4 doses to Balb/C mice 
bearing 4T1 orthotopic tumors; AZD5153 was dosed at 10 mg/kg qd as a PO bolus. c, No significant weight loss was observed in 
any of the T2-Ome and T2-Me regimens, while the highest tolerated dose of API at 10 mg/kg caused diarrhea and showed some 
weight loss. Error bars represent SD. Statistical analysis performed using unpaired t test; * p<0.05, ** p<0.01. 

CONCLUSION 

Prodrugs with improved biodistribution and preferential release of API in the diseased tissue offer great 

potential across all stages of drug development (35, 36). In principle, advanced assets with demonstrated 

clinical activity but whose development has been hindered by too narrow TI should be possible to 

successfully develop as optimized prodrugs (37). In the case of drug classes, like BETi, that have been 

tested in a vast number of clinical trials the health-economic and drug development cost implications are 

immense. Moreover, optimized prodrug versions of APIs can be generated preclinically to overcome 

ADMET challenges and provide a rapid route to proof-of-concept in vivo testing and potentially an 

accelerated translation to the clinic of drugs with significantly improved properties through such rational 

design.  



In this work, we introduce a versatile and modular prodrug platform widely applicable to APIs and 

demonstrate the ability to significantly enhance the TI of both a clinical asset and a preclinical compound. 

Specifically, we overcome the narrow TI of BET inhibitors by rationally designing a series of 

macromolecular prodrugs based on a novel bottlebrush polymer platform. BET inhibitors have shown great 

potential as anti-cancer agents with durable tumor responses observed in some patients. Despite great 

interest from pharmaceutical companies, no BET inhibitor has advanced to late-stage trials due to reported 

high-grade side effects in patients. A notable exception to this trend is the BETi CPI-0610, which is being 

advanced in the clinic for myelofibrosis, hence leveraging the otherwise non-desirable activity in the bone 

marrow (NCT02158858). Similarly, many other promising drug candidates are often hindered from 

entering clinical practice by undesired toxicity to healthy cells, with 24% of drugs failing in clinical trials 

due to an inadequate clinical safety (38). Here, we were able to conjugate and deliver two structurally 

different BET inhibitors, optimizing linker chemistries for enhanced antitumor efficacies and improved TI.  

Furthermore, we demonstrate that by molecular tuning of traceless linkers it is possible to achieve 

differential release of an API with limited release in blood and normal tissues, and yet favorable, sustained 

release at efficacious concentrations in the disease tissues. This approach stands in contrast to the use of 

targeting ligands to achieve tissue-selective therapy; through careful linker design, combined with size 

control of our BPDs for optimal biodistribution (see further below), improved TIs can be achieved even 

without tissue-targeting ligand engineering. Currently, we use optimized ester linkers that exhibit 

significant cleavage in tumor tissue, consistent with studies reporting generally increased activity of 

esterases, in particular carboxylesterases of the serine hydrolase superfamily, in tumors (39). We further 

developed a novel conjugation protocol with phenyl ester benzyl iodides via quaternary ammonium salt 

formation. We anticipate that our optimized procedure with good yields and high purity for synthesis of 

such prodrug conjugates with desirable properties will be widely applicable beyond the BETi drug class, 

while merger with additional targeting strategies may even further improve upon these systems in the future.  

We are also able to fine-tune the size of our BETi-BPD prodrugs and have found preferential accumulation 

with ~10 nm hydrodynamic diameters, a size regime that is comparable to ADCs, in tumor tissue, achieving 

a drug depot-like accumulation in tumor tissues while at the same time minimizing drug exposure to nascent 

cell populations in bone marrow and gut, further improving their therapeutic window. Importantly, this 

work establishes practicality of decoupling of the physicochemical properties of an API from its biological 

activity. For example, we demonstrate how inherent poor physicochemical properties and rapid clearance 

of T-API can be turned into an advantage, minimizing the toxicity of the drug molecules escaping into 

systemic circulation. A related strategy for managing cytopenia was evaluated using INCB054329 (40). a 

small molecule BET inhibitor reported to have a short half-life, but without a means to selectively target 

the drug into tumors, interpatient variability prevented identification of an effective dosing regimen and the 



trial was terminated. Collectively, our data suggest that the properties of BETi-BPDs warrant further 

investigation to enable translation into the clinic and that our BPD platform is widely applicable across 

APIs to generate prodrugs with significantly improved TI. 
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