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Abstract  

Tumor associated macrophages (TAMs) support tumor development and have emerged as important regulators 

of therapeutic response to cytostatic agents. To target TAMs, we have developed a novel drug delivery approach 

which induces drug release in response to inhibition of pro-tumor cysteine cathepsin activity. Such inhibitory 

prodrug (IPD) establishes a self-regulated delivery system where drug release stops after all cysteine cathepsins 

are inhibited. This could improve the therapeutic window for drugs with severe side effects. We demonstrate 

this self-regulation concept with a fluorogenic IPD model. We have applied our IPD strategy to two cytotoxic 

agents, doxorubicin and monomethyl auristatin E, which could be efficiently released from the IPD scaffold to 

induce concentration dependent toxicity in RAW macrophages. Lastly, by taking advantage of the increased 

cathepsin activity in TAM-like M2 polarized bone marrow derived macrophages, we show that IPD Dox 

selectively eliminates M2 over M1 macrophages. This demonstrates the potential of our IPD strategy for 

selective drug delivery and modulation of the tumor microenvironment. 

Main text  

Chemotherapy remains the first line of defense against cancer. However, most anticancer drugs suffer from 

dose-limiting adverse effects. For instance, the use of doxorubicin is restricted by dose-accumulating 

cardiotoxicity.1,2 Selective delivery of cytotoxic drugs is an attractive strategy to improve the therapeutic 

window. Substrate prodrugs employ tumor-overexpressed enzymes to locally trigger drug activation. Cysteine 

cathepsins (cCTSs) are highly upregulated in cancer and support tumor development in all stages of disease.3 

cCTSs cleave the extracellular matrix and cell adherence molecules paving the way for invading tumor cells.3–7 



 

 

Moreover, they are involved in activating growth factors and angiogenesis.3,8,9 In the tumor microenvironment 

(TME), cCTS activity is predominantly localized in tumor-associated macrophages (TAMs).10,11 TAMs can make 

up a significant portion of the tumor mass (up to >30%) and support tumor development into malignancy.12,13 

They display an M2-like phenotype, hallmarked by immunosuppressive factors (e.g. interleukin 10, programmed 

death ligand 1, transforming growth factor beta), increased excretion of angiogenic molecules (e.g. 

adrenomedullin and vascular epithelial growth factors) and an increase in matrix metalloprotease- and 

cCTS-activity.14  TAMs have emerged as important regulators of therapeutic response to cytostatic agents and 

present an immunosuppressive barrier for effector functions of T lymphocytes and NK cells.12–14 Therefore, cCTS 

activity in TAMs presents an attractive target for cancer treatment.  

Several cathepsin-targeted prodrugs have been developed aimed at selective delivery to the TME.15–18 However, 

these approaches allow cCTS-activity to continue along with the associated tumor-promoting processes. 

Inhibition of cCTSs has been demonstrated to reduce tumor malignancy in preclinical models and exhibits 

synergistic effects with cytostatic agents such as cyclophosphamide and doxorubicin.19,20 Therefore, we designed 

a single molecule prodrug approach that simultaneously inhibits cCTSs as it induces drug release, through the 

development of a self-immolative warhead (figure 1). This design, dubbed inhibitory prodrug (IPD), establishes 

a self-regulated system where drug release stops after all cCTSs are inhibited. This will potentially broaden the 

therapeutic window for drugs with severe side effects. Furthermore, this form of drug delivery could intrinsically 

synergize cCTS inhibition and cytotoxic agents by targeting TAMs in two distinct manners. That is, invasion, 

metastasis and angiogenesis are reduced by cCTS inhibition, after which the cytotoxic agent can eliminate 

immunosuppressive TAMs and could potentially kill adjacent tumor cells through the bystander effect. 

 

Figure 1. The mechanism of action of the self-immolative warhead and structures of IPD-AMC (1), IPD-MMAE (2), and IPD-Dox (3). In 
short, nucleophilic attack on the phenoxymethyl ketone results in cathepsin inhibition followed by self-immolation and payload release. 

As a proof-of-concept we designed and synthesized a model IPD (1, IPD-AMC) containing a latent fluorophore, 

7-amino-4-methylcoumarin (AMC) (Figures 1 and Scheme S1). This fluorophore remains quenched until it is 

released from the IPD, with a quenching efficiency of >99% for intact IPD-AMC (Figure S2A). To examine the 

inhibitory potency we performed a competitive activity-based protein profiling (cABPP) experiment in which 

intact RAW 264.7 macrophages (mouse monocytic leukemic macrophage cell line) or RAW lysate were treated 

with a titration of IPD-AMC and the residual cathepsin activity was determined with pan-reactive probe BMV109 

(Figure 2A).10 This demonstrated complete cathepsin inhibition at approximately 1 µM IPD-AMC in both lysate 

and live cells, which is in the same order of magnitude as the pentafluoro-phenoxymethyl ketone (PMK) inhibitor 

FJD005 (Figure S7). This shows that IPD-AMC is efficiently internalized by cells and that attachment of the 



 

 

molecular cargo at the prime site does not interfere with cathepsin binding. To determine whether this inhibition 

also resulted in release of the fluorogenic cargo, we measured fluorogenic activation of AMC upon exposure of 

RAW lysate to 2.5 µM IPD-AMC for 1 hour (Figure 2B). This produced AMC fluorescence corresponding to some 

50 nM (~15 AU), which was reduced to background levels either by denaturing the proteins in the lysate or by 

pretreatment with cathepsin inhibitor FJD005, indicating that AMC release is controlled by cathepsin activity. 

Because cargo release proceeds in two steps (nucleophilic displacement of the phenol by the active-site cysteine, 

followed by self-immolation and AMC release), we investigated the correlation between cCTS inhibition- and 

AMC fluorescent activation-kinetics with a tandem cABPP and AMC release experiment (Figures 2C and S2F). 

This demonstrated that AMC activation and cathepsin inhibition both plateau after 30 min, indicating that AMC 

is released in a concerted action upon target inhibition (at the investigated time-scale). This assures that drug 

activation will remain localized in cells or environments with high cathepsin activity. This AMC release plateau is 

stable for over 6 hours, confirming the stability of the IPD (Figure S2D).  

 

Figure 2. Cathepsin inhibition and AMC release by IPC-AMC. A) RAW lysate (corresponding to 2e5 cells) or live RAW cells (2e5 cells) were 
incubated with indicated concentration of IPD-AMC (1 h, 37 °C) after which residual cathepsin activity was labeled with BMV109 (1 µM, 1 h, 
37 °C). Cells were lysed and proteo-mes were separated by SDS PAGE. Cathepsin labeling was visualized by in-gel fluorescence scanning. B) 
AMC release from IPD-AMC (2.5 µM) in RAW lysate is blocked after deactivating the lysate by denaturation (5 min, 95 °C) or inhibition of 
cCTSs by inhibitor FJD005 (10 µM, 5 min, 37 °C) (n = 3). C) AMC release correlates with cathepsin inhibition over time as determined by in 
tandem competitive labeling with BMV109. This indicates immediate AMC release following cathepsin inhibition at the observed time-scale 
(n = 3).  

An important consequence of our IPD design is the release of equimolar amounts of drug cargo relative to the 

concentration of active cCTSs. Therefore, the inherent toxicity of the payload needs to be carefully considered 

to obtain the required IPD potency and selectivity. We chose two cytotoxic drugs with different toxicities: 

monomethyl auristatin E (MMAE) with 1-10 nanomolar toxicity and doxorubicin (Dox) in the 10-100 nanomolar 

range. We synthesized the corresponding IPD-MMAE (2) and IPD-Dox (3) (Figure 1 and Scheme S2). Subsequent 

competitive labelling in live RAW macrophages demonstrated similar inhibitory potency as IPD-AMC (Figure 3A). 

To measure IPD toxicity we treated RAWs with cytostatic agents or corresponding IPDs for three days and 

assayed cell viability with an MTT assay (Figure 3B,C). This resulted in a half-maximal effective concentration 

(EC50) of 7.3 nM for MMAE and 43 nM for Dox, where the IPDs displayed efficient activation for both cytotoxic 

payloads, namely 32 nM and 125 nM for IPD-MMAE and IPD-Dox, respectively (Figure 3B,C and Table S1). This 

3-fold reduction in toxicity is probably a result of the inhibitory nature of the delivery system, where payload 



 

 

release is directly coupled to the concentration of active cathepsins. To determine whether toxicity is dependent 

on drug activation, we synthesized a control IPD (IPD-Ctrl), containing a non-immolative PMK warhead to 

prevent the release of active Dox (Figure S4 and Scheme S3). This indeed increased the EC50 in RAW 

macrophages two orders of magnitude (to >10 µM, Figure 3C).  

Subsequently, we attempted to determine the cathepsin dependency of IPD toxicity by inhibiting cCTSs prior to 

treatment, by preincubation with FJD005. However, this preinhibition could not rescue cell viability (Figure S5). 

Instead, we noticed sensitization to further treatment, indicating possible synergy between the PMK warhead 

and cytotoxic agents. This sensitization by FJD005 might be the result of NPLR3 inflammasome activation 

through inhibition of GAPDH or α-enolase as described by Sanman et al.22 To avoid these potential off-target 

effects we next tried preinhibition with epoxysuccinate WL898 (reported as R14Et).21 However, this had no 

noticeable effect on IPD toxicity (Figure S6). To explain this unaltered toxicity, we looked at the dynamics of 

cathepsin activity following preinhibition, by labeling with BMV109 (Figure S7). This revealed that soon after 

initial inhibition, replenishment of cathepsin activity is apparent and complete recovery is observed after 24 

hours. In an attempt to counter this replenished cathepsin activity we added WL898 every 8 hours. This still did 

not alter the toxicity profile of the IPDs (Figure S8). When we labelled the cathepsin activity under these 

optimized conditions, we again see a replenishment of cathepsin activity within 24 hours, albeit reduced to 

about 10% of baseline activity (Figure S9). Whether this recurring cathepsin activity is responsible for the largely 

unaltered toxicity profile is difficult to conclude. Interestingly, target preinhibition toxicity experiments are rarely 

reported in prodrug literature. Instead, other control experiments are performed (Table S2). This might suggest 

that sustained on-target inhibition is difficult to attain. Alternatively, the cytotoxic agent could be released by 

off-target activity (not detectable with BMV109) or the IPD is unstable in the cell culture conditions. To exclude 

the latter, we assayed IPD stability in serum-containing medium at 37 °C, which displayed >95% stability for all 

three IPDs up to 72 hours (Figure S10).  

The most commonly reported validation of targeted drug release is the comparison of induced toxicity between 

cell types with differential cCTS expression. As outlined above, the majority of cCTS activity in the TME is localized 

in TAMs with an M2-like phenotype.10,11 When we compared cathepsin activity in M1- and M2-polarized mouse 

bone marrow-derived macrophages (BMDMs) in vitro, M2s have a two-fold cCTS activity compared to M1s 

(Figure 3D and Figure S11). Thus, we exposed M1 and M2 BMDMs to cytotoxic drugs or IPDs and established 

EC50s with an MTT assay (Figure 3E). This revealed that M2 macrophages are 4.6-fold more sensitive to Dox 

alone compared to M1s (EC50: M2 = 86 nM vs M1 = 392 nM). As observed in RAW macrophages (Figure 3C), the 

toxicity of IPD-Dox in M2s was reduced some 3-fold relative to free Dox. This reduction in toxicity was more than 

10-fold for M1 BMDMs, increasing IPD-Dox selectivity for M2s to about 18-fold (EC50: M2 = 229 nM vs M1 = 

4.17 µM). Moreover, the increased cathepsin activity in M2s creates a selectivity window between M2 and M1 

BMDMs, as IPD-Dox can selectively eliminate M2 macrophages at 1 µM, while Dox alone hits both M2 and M1 

at this concentration (Figure 3F). Because LPS-treated M1 macrophages are reported to have an increased 

activity of α-enolase and GAPDH (two possible off-targets of the PMK warhead) compared to M2 

macrophages,22,24,25 this cannot explain the observed selectivity window. Thus, taken together we conclude that 

the predominant mechanism of action of IPD-Dox selectivity for M2 macrophages is due to the increased 

cathepsin activity compared to M1 macrophages. MMAE only displays a limited response in BMDMs, with M2s 

being more sensitive to MMAE and IPD-MMAE (Figure S12). As MMAE is strictly antimitotic, through inhibition 

of tubulin polymerization, it has limited activity in non-proliferating cells, such as terminally differentiated 

primary cells. 



 

 

 

Figure 3. Inhibitory profile and cell killing of cytotoxic IPDs IPD-MMAE and IPD-Dox. A) Live RAW cells were incubated with indicated 
concentration of IPD-MMAE and IPD-Dox (1 h, 37 °C), followed by labeling with BMV109 (1 µM, 1 h, 37 °C). Proteomes were separated by 
SDS PAGE and visualized by in-gel fluorescence scanning (n=2). B, C) RAWs were treated with indicated concentration of cytostatic drug or 
IPD for 3 days, after which cell viability was assessed by MTT assay (N=3, n=2). D) Bone marrow-derived macrophages were polarized into 
M1 or M2 subsets and relative cathepsin activity was determined by labeling with BMV109 (1 µM, 1h, 37 °C) (n=6). E) M1 and M2 BMDMs 
were treated with indicated concentrations of doxorubicin or IPD-Dox for 3 days, after which cell viability was assessed by MTT assay. M2 
macrophages display higher sensitivity toward doxorubicin (some 4-fold) com-pared to M1 macrophages and IPD-mediated delivery 
increases this selectivity (some 18-fold) (n=6). F) M2-selective killing can be achieved at 1 µM concentration in vitro (n=6). 

In conclusion, we have designed a novel self-limiting IPD strategy to simultaneously inhibit cathepsin activity 

and direct drug release to cells or environments with high cathepsin activity. The designed IPDs show effective 

release in in vitro models, whereas a warhead in which the leaving group is a non-immolative Dox conjugate 

rescues cell viability. Lastly, by leveraging the increased cathepsin activity in TAM-like M2-polarized BMDMs, we 

show that this strategy allows selective elimination of M2 over M1 macrophages. This drug delivery approach 

could be expanded to other cysteine proteases by substitution of the dipeptide target recognition motif. 

Switching the payload to small molecule immunostimulants could facilitate repolarization of TAMs into an 

anti-tumor M1-like state. Together, our results demonstrate the potential of the IPD strategy for modulation of 

the immunosuppressive TME.
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