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Synopsis: WTX 124 is an inducible IL 2 pro-drug that is selectively activated in the tumor 

microenvironment. Administration of WTX-124 generates potent antitumor immunity by activating 

tumor-infiltrating lymphocytes while preventing the toxicity associated with systemic, high dose IL-2 

treatment.   
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Abstract  

Interleukin-2 (IL-2) is a cytokine clinically approved for the treatment of melanoma and renal cell 

carcinoma. Unfortunately, its clinical utility is hindered by serious side effects driven by the systemic 

activity of the cytokine. Here, we describe the design and characterization of a conditionally activated IL-

2 prodrug, WTX-124, that takes advantage of the dysregulated protease milieu of tumors. WTX-124 was 

engineered as a single molecule containing an inactivation domain and a half-life extension domain that 

are tethered to a fully active IL-2, by protease-cleavable linkers. We show that the inactivation domain 

prevented IL-2 from binding to its receptors in non-tumor tissues, thereby minimizing the toxicity 

associated with systemic exposure to IL-2. The half-life extension element improves the 

pharmacokinetic profile of WTX-124 over free IL-2, allowing for greater exposure. WTX-124 was 

preferentially activated in tumor tissue by tumor-associated proteases, releasing active IL-2 in the tumor 

microenvironment. In vitro assays confirmed that the activity of WTX-124 was dependent on proteolytic 

activation, and in vivo WTX-124 treatment resulted in complete rejection of established tumors in a 

cleavage-dependent manner. Mechanistically, WTX-124 treatment triggered the activation of T cells and 

natural killer cells, and markedly shifted the immune activation profile of the tumor microenvironment, 

resulting in significant inhibition of tumor growth in syngeneic tumor models. Collectively, these data 

demonstrate that WTX-124 minimizes the toxicity of IL-2 treatment in the periphery while retaining the 

full pharmacology of IL-2 in the tumor microenvironment, supporting its further development as a 

cancer immunotherapy treatment. 
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Introduction  

Cancer immunotherapy has rapidly established itself as the fourth pillar of cancer treatment largely 

owing to the clinical success of checkpoint inhibitors (1-3). Despite the durable responses achieved by 

some patients using these new therapies, the proportion of responders is still relatively low and 

restricted to only some cancer types. Tumor mutational burden, the presence or absence of T-cell 

infiltration, and the overall immunosuppressive microenvironment of tumors greatly influences the 

response to immunotherapies. Although immune checkpoint blockade can prevent the physiological 

stop-signal that arises in response to immune activation, other approaches can be used to positively 

stimulate the antitumor immune response. One approach involves the use of immune-activating 

cytokines. Numerous preclinical and clinical studies have demonstrated the promise of cytokine therapy 

to increase antitumor immunity. In fact, these were some of the first cancer immunotherapies approved 

for clinical use.  However, systemic toxicity and poor pharmacokinetic profiles have limited their clinical 

application (4). 

Interleukin (IL)-2 is a critical cytokine driving the immune-mediated killing of cancer cells. Its mechanism 

of action includes stimulation of both innate and adaptive immune cells. The IL-2 receptor (IL-2R) is 

composed of three subunits: CD25 (IL-2R), CD122 (IL-2R), and CD132 (IL-2R). Signal transduction is 

mediated through a heterodimer of CD122 and CD132. Together, these molecules form the IL-2 

medium-affinity receptor, which is expressed on natural killer (NK) cells, monocytes, macrophages, and 

resting CD4+ and CD8+ T cells. The trimeric IL-2 high-affinity receptor (CD25/CD122/CD132) is present on 

activated T and NK cells and constitutively expressed on CD4+FoxP3+ regulatory T cells (Tregs). IL-2 

increases the proliferation and activation of T cells and NK cells and induces the differentiation of CD8+ T 

cells into effector and memory cells (5,6). Recombinant human IL-2 (proleukin) is approved for clinical 

use in metastatic melanoma and renal cell carcinoma as a high-dose therapy, but this treatment is 

associated with serious side effects, including vascular leakage syndrome (VLS) and hypotension, limiting 

its practical use (5,7). 

To address the limitations of IL-2 high-dose therapy, several approaches have been pursued to develop 

next-generation IL-2 molecules that only bind the medium-affinity receptor (CD122/CD132) in the hope 

of alleviating toxicities and reducing the activation of Tregs (7-10). However, many of these molecules 

still activate IL-2 receptors on non-tumor specific immune cells located in healthy tissues and therefore, 

may not minimize toxicities associated with systemic IL-2 signaling. Molecules that block IL-2 signaling in 

the periphery while delivering a fully active native IL-2 in the tumor microenvironment may be a more 
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appropriate approach to achieve the full potential of IL-2 antitumor activity with minimal systemic 

toxicities.  

WTX-124 is composed of a conditionally activated IL-2 molecule, referred to as an IL-2 INDUKINE™ 

protein, which utilizes the dysfunctional protease microenvironment in the tumor (11,12). This molecule 

was designed to be an inactive cytokine prodrug that is conditionally activated in the tumor 

microenvironment to release IL-2. The WTX-124 protein was engineered as a single molecule that 

contains IL-2, an inactivation domain, and a half-life extension domain. We found that the inactivation 

domain blocked the binding of WTX-124 to IL-2 receptors in circulation and normal tissues. The half-life 

extension domain supported infrequent systemic administration and enabled biologically relevant 

exposures in tumor tissue. The inactivation and half-life extension domains are linked to IL-2 via a tumor 

protease-sensitive linker. The linker sequence for WTX-124 was selected by a screen utilizing a diverse 

set of primary human tumor samples to deliver a sequence that was processed by the majority of the 

tumor types screened but was not proteolytically cleaved by normal primary human cells. We found that 

once WTX-124 reached the tumor, tumor-associated proteases cleaved the linkers and released the fully 

active IL-2 selectively in the tumor microenvironment.  

WTX-124 contains a native, wild-type IL-2 that retains binding to the high-affinity IL-2 receptor. 

Therefore, delivery of fully potent IL-2 locally to the tumor microenvironment is expected to fully 

activate and amplify target effector T-cell populations. This might be an important antitumor strategy, 

as suggested by an analysis of the clonal content and activation state of CD8+ T cells in patients with 

basal cell carcinoma. After a positive response to anti-programmed cell death 1 (PD-1) therapy, the basal 

cell carcinoma tumors went through clonal replacement, where most of the activated/exhausted T cells 

found after treatment were newly identified clones that were absent prior to treatment (13). These new 

key effector cells will transiently express the IL-2 high-affinity receptor (CD25/CD122/CD132) during 

expansion and will benefit from the presence of fully active IL-2 to overcome a naturally suppressive 

tumor microenvironment. The selective release of IL-2 in the tumor by WTX-124 has the potential to 

transform the suppressive microenvironment and tip the balance towards an antitumor immune 

response while avoiding systemic toxicities. 
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Materials and Methods 

Cell lines  

All cell lines were grown and maintained by Charles River Laboratories (Morrisville, NC and Worcester, 

MA) according to ATCC guidelines and kept in culture for no longer than 2 weeks. The MC38 cell line was 

obtained from the NCI Fredrick Cancer DCT Tumor Repository in 2012 and the B16-F10 cell line was 

purchased from ATCC in May of 2019. Both cell lines were tested for mycoplasma every two months and 

have not been reauthenticated within the past year. Frozen MC38 or B16-F10 cells were thawed and 

maintained for 1–3 passages before implantation. B16-F10 was cultured in RPMI-1640 with L-Glutamine 

(Gibco, 11875-085) with 10% heat-inactivated fetal calf serum (Gibco, 35-015-CV) whereas MC38 was 

cultured in Dulbecco's Modified Eagle Medium (Gibco, 1966-025) supplemented with 10% heat-

inactivated fetal calf serum (Gibco, 16000-044). Prior to tumor implantation, cells were washed twice 

with PBS and counted.  

 

Mice, tumor implantations, and in vivo dosing  

All mouse in vivo work was performed in accordance with current regulations and standards of the U.S. 

Department of Agriculture and the NIH at Charles River Laboratories (Morrisville, NC and Worcester, 

MA) with the approval of an Institutional Animal Care and Use Committee (IACUC). Female, 6–8 week-

old C57Bl/6 mice from Charles River Laboratories were shaved on their flank 1 day prior to tumor cell 

implantation. A total of 5 x 105 MC38 or 1 x 105 B16-F10 cells were injected subcutaneously and 

monitored for tumor growth. Extra mice were implanted in order to have sufficiently sized tumors for 

randomization. Tumor volume was monitored until the group average was 100–150 mm3, and mice 

were randomized into treatment groups on Day 0. Mice receiving any INDUKINE™ proteins were dosed 

twice a week. INDUKINE™ proteins used in these studies included WTX-124, WW0177, and WW0057. 

WW0177 is a variant of WTX-124 that does not include the inactivation domain, whereas WW0057 is a 

variant of WTX124 that does not contain the half-life extension domain. Mice receiving recombinant 

human IL-2 (rhIL-2 or WW0196) were dosed twice a day for 5 days before receiving a 2-day break (5/2 

regimen) and the cycle was repeated. rhIL-2 was produced in house (WW0196). The doses of the 

INDUKINE™ proteins or rhIL-2 (WW0196) used in these studies are specified in the manuscript and in the 

individual figure legends. In studies where PD-1 blockade was used, mice were dosed with anti–PD-1 

(200 μg/dose, clone RMP1-14, BioXCell) on a twice-weekly schedule. In studies using FTY720 (Sigma-

Aldritch, SML0700-25MG), mice were initially dosed with 25 μg on the first dose, then treated daily with 
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10 μg per dose throughout the course of the experiment. All treatments were administered by 

intraperitoneal injection, and mice were dosed for 2 weeks unless otherwise noted. Body weight and 

tumor volume were both measured twice weekly for the duration of the study. Tumors were measured 

in two dimensions using calipers, and volume was calculated using the formula: Tumor volume (mm3) = 

[(w2 x l) / 2] where w = width and l = length, in mm, of a tumor. Mice were kept on study until tumors 

reached 1500 mm3, or the study reached the termination point at Day 45. In some instances, mice with 

complete regressions were saved for later memory experiments.  

 

Murine Vascular Leak Syndrome Model 

Murine VLS experiments were performed in accordance with current regulations and standards of the 

U.S. Department of Agriculture and the NIH at Biomodels LLC (Waltham, MA). Female, 8–10 week-old 

C57Bl/6 mice were dosed with equimolar amounts of either rhIL-2 (100 μg/dose, given 7 times over four 

days), WW0177 (given twice on D0 and D3 at 30 μg per dose), or an IL-2 INDUKINE™ molecule (given 

twice on D0 and D3, at 59 μg per dose) by intraperitoneal injection. On Day 3, animals were given 

intravenous injections of Evan’s Blue dye (Sigma Aldrich, E2129-10G), and animals were perfused thirty 

minutes later with 50 mL of saline with heparin at a rate of 10 mL/minute. Lungs were harvested and 

placed in formamide at 37⁰C for 24 hours. After 24 hours, Evan’s Blue extravasation into the lungs was 

assessed by measuring the absorbance at 620 nm and 650 nm using a Spectra Max M2 

Spectrophotometer (Molecular Devices) and comparing the absorbance values to a freshly prepared 

standard curve of Evan’s Blue dye.  

 

INDUKINE™ protein production, protease activation, and SDS page analysis  

WTX-124, rhIL-2, and WTX-124-NC were produced at Werewolf Therapeutics. WTX-124 consists of 

native human IL-2 linked to a proprietary inactivation domain and half-life extension domain by a 

proprietary linker sequence. The inactivation domain consists of a FAB antibody, whereas the half-life 

extension domain consists of a single domain antibody targeting human (and murine) albumin, both of 

which were discovered by Werewolf Therapeutics. For additional details on INDUKINE™ designs please 

refer to patent #10,696,724. The proteins were expressed using the Expi293 expression system from Life 

Technologies (A14635) according to the manufacturer’s protocol. On Day 4 post-transfection, the 

cultures were spun down, filtered with 0.2 μm bottle top filters, and left to rotate overnight in the 

presence of MabSelect resin (GE Healthcare, 17519902). The following day, the culture/resin mixture 
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was applied to a gravity column and the resin was washed with PBS (TEKNOVA, endotoxin tested). 

Proteins were eluted with 200 mM acetic acid pH 3.5, 50 mM NaCl and neutralized with 1 M Tris pH 8. 

Elutions were pooled, dialyzed, concentrated, aliquoted and stored for future use at -80°C. WTX-124 

was dialyzed into 20 mM histidine pH 6, 150 mM NaCl, whereas rhIL-2 and WW0177 were dialyzed 

against 1x PBS. Extinction coefficients were determined for each protein theoretically using SnapGene (v 

5.0.7) and protein concentration was determined by A280. For SDS page gels, 3 μg of protein was loaded 

on a 16% Tris-Glycine gel (ThermoFisher) under non-reducing conditions. In experiments where 

protease activated INDUKINE™ proteins were used, INDUKINE™ protein was incubated with Cathepsin L 

(R&D Systems, 952-CY) at room temperature for ten minutes, then frozen for later use. Intact 

INDUKINE™ was also incubated at room temperature without enzyme, then frozen as a control. 

 

HEK-Blue IL-2 reporter assay 

The HEK-Blue IL-2 reporter cell assay was performed according to the manufacturer’s protocol 

(Invivogen, hkb-IL-2). On assay Day 1, the cells were rinsed, resuspended in media containing 1.5% 

human serum albumin and plated at a concentration of 5 x 104 cells per well in a 96-well flat bottom 

plate. Titrated amounts of intact and protease-activated (cleaved) INDUKINE™ proteins or rhIL-2 were 

added to the cells to generate a full dose-response curve. On Day 2, secreted embryonic alkaline 

phosphatase (SEAP) levels were measured using a Synergy HTX multi-mode plate reader (Biotek) at 620 

nM according to the manufacturer’s protocol.  

 

Human and murine primary cell assays  

Human PBMCs were isolated from whole blood (BioIVT) using Ficoll-Paque Plus (GE Healthcare, GE17-

1440-03) according to the manufacturer’s protocol and frozen in Recovery Cell Culture Freezing Media 

(Gibco, 12648010) for later use. To generate activated T cells (Tblasts), PBMCs were thawed, counted, 

and stimulated with 5 μg/mL of PHA (Sigma-Aldrich, L1668-5MG) for 72 hours before being frozen for 

later use. To measure intact or protease-activated (cleaved) INDUKINE™ protein activity, Tblasts were 

plated in a 96-well round bottom plate, and titrated amounts of intact or protease-activated (cleaved) 

INDUKINE™ proteins or rhIL-2 were added to the cells to generate a full dose-response curve. After 72 

hours, proliferation was measured using Cell Titer glow reagent (Promega, G7570) according to the 

manufacturer’s protocol. Luminescence was measured using a Perkin Elmer Enspire Αlpha Reader with 

Enspire Manager Software (V4.13.3005.1482).  
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For murine Tblast experiments, previously frozen splenocytes from naïve C57Bl/6 mice (Jackson Labs) 

were thawed, washed, and stimulated with 2 μg/mL of Concanavalin A (Sigma-Aldrich, C2575) for 72 

hours before being frozen in Recovery Cell Culture Freezing Media (Gibco). T-cell activation was 

performed in complete media (RPMI-1640 media (Gibco, 11875-093) supplemented with 10% heat 

inactivated FBS (Gibco, 10082-142), 100 units/mL of penicillin (Gibco, 15140-122), 100 µg/mL 

streptomycin (Gibco, 15140-122) and 0.1 % 2-mercaptoethanol (Gibco, 21985023)). To measure 

INDUKINE™ protein activity, murine Tblasts were plated in a 96-well round bottom plate. Titrated 

amounts of intact or protease-activated (cleaved) INDUKINE™ protein or rhIL-2 were added to the cells 

to generate a full dose-response curve. After 72 hours, proliferation was measured using Cell Titer glow 

reagent (Promega) according to the manufacturer’s protocol. 

 

WTX-124 stability in murine plasma and human serum 

Whole blood from 6–8 week-old female C57Bl/6 mice was used to generate plasma. Human serum was 

purchased from BioIVT. On Day 1 of the assay, WTX-124 was added to either the murine plasma or 

human serum before the samples were mixed and divided into three aliquots, which were incubated at 

37°C for the indicated times before being frozen for later analysis. To assess the enzymatic processing of 

WTX-124, samples were thawed, and WTX-124 cleavage was assessed using western blot analysis 

against human IL-2. Intact and protease-activated WTX-124 were included as positive and negative 

controls. 

Western blot analysis was performed using the JESS system (Protein Simple) according to the 

manufacturer’s protocol. The primary anti-human IL-2 was purchased from R&D Systems (AF-202-NA) 

and the anti-goat secondary was purchased from Jackson Labs (AB_2338513). Samples and antibodies 

were loaded into a 12–230 kDA Jess separation module and run using a Jess system set to the standard 

settings for chemiluminescence. Analysis of the resulting western blot was performed using Compass for 

Simple Western Software (v4.1.0). 

 

Pharmacokinetic analysis 

In experiments where pharmacokinetic analysis was performed on MC38 tumor–bearing mice dosed 

with WTX-124, tumors were implanted and WTX-124 was dosed as described above, with dosing 

specified in the respective figure legend. Plasma and tumor samples were collected at indicated time 

points by Charles River Laboratories (Morrisville, North Carolina) and shipped on dry ice to Werewolf 
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Therapeutics where they were stored at –80oC. MC38 tumor lysates were generated by homogenizing 

each tumor with a Qiagen TissueRuptor homogenizer with disposable probes (Qiagen) in ice cold Lysis 

Buffer (1X Tris Buffered Saline (Sigma-Aldrich, T5912-1L), 1 mM EDTA (Sigma-Aldrich, 3690-100mL), 1 % 

Triton X-100 (Sigma-Aldrich, X100-1000mL), with protease inhibitors (Sigma-Aldrich, P8340-1L) in diH2O). 

Plasma and tumor lysates were analyzed using the BioLegend IL-2 ELISA (431804), which detects both 

intact WTX-124 as well as free IL-2, as per the manufacturer’s instructions and analyzed using Biotek 

Synergy Plate Reader using Gen 5 Software (Version 3.10). Intact WTX-124 was used to generate a 12-

point standard curve. To specifically analyze the level of free IL-2, samples were measured using an IL-2 

AlphaLISA (PerkinElmer, AL221C), which detects free human IL-2 but not intact WTX-124 due to 

competition with the inactivation domain. All AlphaLISAs were performed according to manufacturer’s 

instructions and analyzed using a Perkin Elmer Enspire reader and Enspire Manager Software 

(V4.13.3005.1482).  

 

Tumor Digestions and NanoString Analysis 

MC38 and B16-F10 tumors were chopped into small pieces (< 5 mm3) in phenol-free RPMI-1640 

(Thermofisher) before being enzymatically digested with Collagenase IV (3 mg/mL, Gibco, 17104019) at 

37°C for 35 minutes while shaking. After digestion, tumor samples were mechanically dissociated 

through a 70 μM cell strainer. Single cell suspensions were then counted and analyzed by flow 

cytometry. For NanoString analysis, 5 x 105 cells were frozen in 100 μL of RLT Lysis buffer (Qiagen, 

1053393). RNA samples were shipped to LakePharma and analyzed using the nCounter Mouse 

PanCancer Immune Profiling Codeset Panel with the nCounter FLEX analysis system. NanoString analysis 

was performed using nSolverTM Software with the Advanced Analysis module installed.  

 

Flow cytometry  

All cell staining was performed in 96-well round bottom plates using FACs Buffer (PBS + 0.5 % BSA) or 1x 

Permeabilization Buffer (eBioscience, 00-5223-56) where appropriate. Cells were first treated with FC 

block (BioLegend, 101320) at room temperature before tetramer staining was performed for 20 minutes 

at room temperature. After tetramer staining, cells were washed and then stained with a master mix of 

extracellular antibodies for 20 minutes at 4°C. Cells were then washed and fixed/permeabilized 

overnight using the eBioscience™ Foxp3 Transcription Factor Staining Buffer Set according to the 

manufacturer’s protocol. The next day, samples were washed with Perm Buffer and stained with 
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intracellular markers for 20 minutes at 4°C. Cells were then washed and analyzed on a Cytek Aurora 

system. Fluorescence minus one (FMO) and single stain controls were included for all stains. In some 

instances, OneComp ebeadsTM (Thermofisher, 01-1111-42) were stained alongside cells to act as single 

stain controls. When flow cytometry was used to assess effector cytokine production, cells were 

restimulated with PMA (50ng/mL, Sigma-Aldrich, P1585) and Ionomycin (1μg/mL, Sigma-Aldrich, IO634-

1MG) in the presence of 1x Brefeldin A (Thermofisher Scientific, 00-4506-51) for 4 hours in complete 

media at 37⁰C prior to staining. 

Flow cytometry fluorescent dye–conjugated antibodies specific for the following proteins were 

purchased from Biolegend: CD8α APC, clone 53-67; CD4 BV650, clone RM4-5; CD3 AF700, clone 17A2; 

CD45 BV605, clone 30-F11; CD49b APC/Cy7, clone DX5; CD25 BV421, clone PC61; CD25 APC/Fire 750, 

clone PC61; Ki67 PeCy7, clone 16A8; Ki67 AF700, clone 16A8; granzyme B FITC, clone GB11; IFNγ PE, 

clone XMG1.2; F4/80 Pe/Dazzle 594, clone BM8; CD3 Complex PeCy7, clone 17A2; FC Block, clone 93. 

Flow cytometry fluorescent dye–conjugated antibodies specific for the following proteins were 

purchased from eBioscience: CD45 BUV395, clon30-F11; CD4 BUV496, clone GK1.5; CD8 BUV563, 53.6-7; 

TNF BV750, clone MP6-XT22; CD49B Pe-Cy5, clone DX5, FoxP3 AF488, clone FJK-16s; FoxP3 eFlour450, 

clone FJK-16s. The fluorescent dye–conjugated tetramer against the MulV p15E peptide KSPWFTTL was 

purchased from ThermoFisher Scientific (50-168-9385). The Live/Dead Blue Dye was also purchased 

from ThermoFisher Scientific (L23105). 

 

Ex vivo INDUKINE™ protein processing assay 

Primary human healthy cells were purchased from either ATCC, Lonza, or Zen-Bio, and cultured 

according to the manufacturers’ protocols. Dissociated human tumor samples were purchased from 

Discovery Life Sciences and included samples from the following indications: bladder cancer, breast 

cancer, cervical cancer, colorectal cancer, endometrial cancer, gastric cancer, head and neck cancer, 

kidney cancer, melanoma, and non-small cell lung cancer (adenocarcinoma and squamous). These 

samples are generated from primary human tumor samples that were surgically removed and 

enzymatically digested on site prior to being frozen. All purchased samples were shipped to Werewolf 

Therapeutics on dry ice and were stored in a liquid nitrogen freezer.  

To examine INDUKINE™ protein processing, samples were thawed, washed, and counted. Cells were 

then resuspended in media containing either intact WTX-124, WTX-124-NC, or pre-cut WTX-124. 

INDUKINE™ proteins were incubated with cells for 48 hours before cell culture supernatants were 
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collected and frozen for later analysis. The IL-2 Bioassay, which utilizes thaw-and-use IL-2 reporter cells, 

was used to assess the amount of free IL-2 in the cell culture supernatants (Promega, JA2201/JA2205). 

This bioassay was used according to the manufacturer’s protocol and analyzed using a Perkin Elmer 

Enspire reader and Enspire Manager Software (V4.13.3005.1482). Relative luminescence unit (RLU) 

values were translated into percent full activity using the following equation: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑜𝑓 𝐹𝑢𝑙𝑙 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = (1 −
(𝑆𝑎𝑚𝑝𝑙𝑒 − 𝑈𝑛𝑐𝑙𝑒𝑎𝑣𝑎𝑣𝑏𝑙𝑒 𝐶𝑡𝑟𝑙)

(𝐶𝑙𝑒𝑎𝑣𝑒𝑑 𝐶𝑡𝑟𝑙 − 𝑈𝑛𝑐𝑙𝑒𝑎𝑣𝑎𝑏𝑙𝑒 𝐶𝑡𝑟𝑙)
) ∗ 100 

 

Data representation and statistics 

For murine tumor experiments, mice were implanted with the respective tumor cell lines such that each 

group had at least n = 8 mice per group at the time of randomization and the initiation of dosing. In 

order to have sufficient animals to appropriately randomize based on tumor size, the total number of 

mice implanted was calculated by adding 30% to the total number of animals needed on study. Sample 

size was determined by previous experience with this model, and tumor measurements were made in 

an unblinded fashion. Flow cytometry plots were generated with FlowJo Software (v10.5.30) and are 

representative samples. All the quantitative plots were generated using GraphPad Prism 8 Software for 

Windows (64-Bit) (San Diego, CA). For in vitro activity assays, data were analyzed using a non-linear 

sigmoidal, 4PL curve fit model without constraints. Statistical analysis was also performed using 

GraphPad Prism software (San Diego, CA). Two sample comparisons used a student’s t-test while 

comparisons of more than two groups used an analysis of variance (ANOVA) test with multiple 

comparisons. Antitumor effects over time were analyzed by using a mixed-effects model. For the 

NanoString dataset, statistical analysis was performed using nSolverTM software with the Advanced 

Analysis Module installed. 

 

Data availability 

The nanostring data generated in this study are available upon reasonable request from the 

corresponding author with appropriate legal agreements in place. Other data generated in this study are 

available within the article and its supplementary data files. 

 

Results  
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WTX-124 signaling and activity is dependent on proteolytic activation  

WTX-124, an IL-2 containing INDUKINE™ protein, was designed to enhance the clinical profile of rhIL-2 

treatment by facilitating less frequent systemic delivery, increasing the tumor exposure of the molecule, 

and decreasing the toxicity associated with high-dose IL-2. WTX-124 includes native human IL-2, a Fab 

antibody fragment that prevents IL-2 from binding to the medium-affinity IL-2 receptor (IL-2Rβ/γ), 

thereby acting as an inactivation domain, and an anti–human serum albumin single-domain antibody, 

which acts as a half-life extension domain (Fig. 1A). These two domains are linked to the IL-2 payload via 

a protease-cleavable linker sequence. WTX-124 in the prodrug state is half-life extended, and the 

activity of IL-2 is inhibited because the binding of the molecule to the IL-2 receptors is blocked by the 

Fab antibody fragment. When the linkers are enzymatically cleaved in tumor tissue, the half-life 

extension and inactivation domains are removed, and native IL-2 is released (Fig. 1B).  

To measure the difference in activity between intact and protease-cleaved WTX-124, HEK-Blue IL-2 

reporter cells were incubated with either rhIL-2, intact WTX-124, or protease-activated (cleaved) WTX-

124 and then IL-2 signaling was measured. In this assay, intact WTX-124 had approximately 100-fold less 

activity than either rhIL-2 or cleaved WTX-124 (Fig. 1C). Additionally, human PBMCs were stimulated 

with PHA to form Tblasts, which express the high-affinity IL-2 receptor (CD25/CD122/CD132) 

(Supplementary Fig. S1A–B) and respond to IL-2 signaling by proliferating. Human Tblasts from multiple 

donors were exposed to rhIL-2, intact WTX-124, or cleaved WTX-124 for 72 hours and then Tblast 

proliferation was measured. In this system, intact WTX-124 had less activity than either cleaved WTX-

124 or rhIL-2 across multiple donors (Fig. 1D, Supplementary Fig. S1C). More specifically, intact 

WTX-124 had approximately 23-fold less activity in terms of an increased half maximal effective 

concentration (EC50) and plateaued at only ~40% of the maximum activity seen with either cleaved 

WTX-124 or rhIL-2.   

The activity of intact and cleaved WTX-124 was also characterized in a mouse primary Tblast assay. 

Although cleaved WTX-124 and rhIL-2 induced similar proliferation by murine Tblasts, intact WTX-124 

had almost no measurable activity in cells isolated from multiple mice (Fig. 1E, Supplementary Fig. S1D). 

To confirm that the activity of cleaved WTX-124 was dependent on linker cleavage and not an unknown 

processing event, a non-cleavable variant of WTX-124 (WTX-124-NC) was generated by replacing the 

linker sequence with a non-cleavable glycine/serine sequence. As a control, WTX-124-NC was treated to 

the same enzymatic digestion as WTX-124 before being tested in human Tblasts. No difference in 
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activity was seen between the intact and “cleaved” forms of WTX-124-NC, demonstrating the necessity 

for linker cleavage for fully active IL-2 to be released from the WTX-124 prodrug (Fig. 1F).    

 

WTX-124 treatment controls tumor growth in a cleavage-dependent manner and prevents the toxicity 

associated with systemic IL-2 administration  

To test whether WTX-124 treatment could inhibit tumor growth, mice were implanted with MC38 tumor 

cells and randomized into treatment groups when the tumors were between 100–150 mm3. Mice were 

then treated twice a week with vehicle (PBS) or titrated amounts of WTX-124 for a total of four doses. In 

this model, even the lowest dose of WTX-124 (25 μg) resulted in statistically significant tumor growth 

inhibition (Fig 2A-B, Supplementary Fig. S2A). Furthermore, doses of 100 μg, 150 μg, or 300 μg were all 

highly efficacious. Of the 24 mice in those dosing groups, 23 had complete responses with no 

measurable tumor remaining at the end of the study (Fig. 2A, Supplementary Fig. S2A). All dose levels 

were well tolerated by the mice, with no signs of body weight loss (Supplementary Fig. S2B). 

Additionally, some mice were dosed with a variant of WTX-124 that did not contain the half-life 

extension domain (WW0057). This molecule failed to generate antitumor immunity, even when given at 

10-fold the fully efficacious dose of the parent INDUKINE™ molecule (Supplementary Fig. S2C). To 

confirm that the in vivo processing of the protease cleavable linkers was critical for the activity of 

WTX-124, some MC38 tumor–bearing mice were dosed with WTX-124-NC. Since WTX-124 retains some 

residual activity when tested at a high concentration in vitro (Figure 1C-E), WTX-124-NC acts as a control 

for the level of in vivo activity derived specifically from intact WTX-124, and not from the proteolytic 

processing and subsequent release of fully active IL-2. In contrast to WTX-124, even when WTX-124-NC 

was administered at the highest tested dose (300 μg), it had limited effects on tumor growth, and none 

of the treated animals had complete responses (Figure 2A). These data demonstrate that the antitumor 

activity of WTX-124 is dependent on in vivo enzymatic cleavage of its linkers.  

In order to assess how well the inactivation domain of WTX-124 prevented the toxicity derived from 

signaling in peripheral (non-tumor) tissues, an unblocked variant of WTX-124 was created. WW0177 

differs from WTX-124 in that it contains a non-cleavable linker sequence between the half-life extension 

domain and the fully active IL-2, and it does not have an inactivation domain, thereby representing the 

level of toxicity that should be expected if the inactivation domain of WTX-124 was not functioning 

properly. MC38 tumor–bearing mice were dosed with either WW0177 or WTX-124, and their weight 

was monitored over time (Fig. 2C). After only two doses of WW0177, dosing had to be halted due to 
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body weight loss, and only 2/7 mice survived. In contrast, mice treated with four doses of WTX-124 had 

no evidence of weight loss, despite being given approximately 26-times the molar amount of IL-2 that 

was administered to the group receiving WW0177. Although weight loss is a useful surrogate to monitor 

overall toxicity in regard to immunotherapies, it was also important to investigate the effects of IL-2 

INDUKINE™ molecules on known organ-specific toxicity associated with IL-2 in the clinic. VLS is a major 

dose-limiting toxicity associated with high dose IL-2 treatment and is defined as an increase in vascular 

permeability that leads to the extravasation of fluids and eventual organ failure in patients. In mice, VLS 

can be assessed by measuring the amount of Evan’s Blue dye that leaks into the lungs following 

intravenous administration of the dye. In agreement with the overall toxicity data, when rhIL-2, 

WW0177, or the IL-2 INDUKINE™ protein were administered in equimolar amounts, only rhIL-2 and 

WW0177 resulted in detectable levels of Evans Blue leaking into the lungs; the IL-2 INDUKINE™ molecule 

did not (Supplementary Fig. S2D). Together, these data demonstrate that the inactivation domain of 

WTX-124 effectively blocks the activity of IL-2 in non-tumor tissues and prevents the induction of VLS 

compared to permanently active IL-2 molecules. 

Although the inactivation domain of WTX-124 is highly effective, the efficiency of this domain is 

dependent on the blocker remaining linked to the IL-2 molecule (Fig. 1). To examine the stability of 

WTX-124 in the periphery, WTX-124 was incubated in murine plasma from either naïve or MC38 tumor–

bearing mice for 24, 48, or 72 hours before the level of intact WTX-124 was measured by western blot. 

In agreement with the tolerability of the molecule, there was no evidence of WTX-124 cleavage across 

all tested timepoints (Fig. 2D).  

In addition to managing peripheral toxicity, WTX-124 was designed to facilitate less frequent, systemic 

delivery of the treatment without sacrificing the antitumor activity of high dose IL-2. Therefore, it was 

important to directly compare the activity of WTX-124 with native IL-2. MC38 tumor–bearing mice were 

treated with titrated amounts of either WTX-124 as before (twice weekly for 2 weeks) or rhIL-2 dosed 

twice a day for 2 weeks (dosing regimen: 5 days dosing, 2 days rest repeated for 2 weeks). The 

differences in the dosing schedules reflects the poor in vivo pharmacokinetic properties of rhIL-2 in both 

humans (14) and mice (15) and mimics the dosing of patients with high-dose IL-2 in the clinic. Since the 

two treatments are delivered on different dosing regimens, the treatment groups were compared using 

the total amount of IL-2 delivered during the dosing period. MC38 tumor–bearing mice treated with a 

total of 5.04 μM of WTX-124 resulted in 8/8 mice showing complete tumor rejection. In contrast, 

treatment with 15.5 μM of native IL-2 (three times the total amount of IL-2 dosed with WTX-124) had 

only 5/8 mice completely rejecting the tumors (Fig. 2E).  
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As noted previously, the poor pharmacokinetic profile (half-life [t1/2] < 1 hour) of proleukin treatment 

results in an impractical dosing regimen, with many patients receiving a high dose every 8 hours for up 

to 15 doses (16). Likewise, in mice, rhIL-2 is rapidly cleared from circulation (15). We hypothesized that 

the increased activity of WTX-124 compared with native IL-2 is due to its extended half-life and 

improved pharmacokinetic profile. To confirm this, MC38 tumor–bearing mice were dosed once on Day 

0 and once on Day 4, and the drug exposure was measured in the plasma and within the tumor at 

various timepoints. In contrast to rhIL-2, WTX-124 dosing resulted in extended exposure in the plasma, 

with a half-life of approximately 20 hours, and exposure maintained over the course of 4 days (Fig. 2F). 

Additionally, intraperitoneal dosing of WTX-124 resulted in prolonged drug exposure within the tumor 

itself, demonstrating tissue penetrance by WTX-124 (Fig. 2G). Total WTX-124 levels reached a peak 

concentration (Cmax) at 6 hours post-dosing in the plasma and 12 hours post-dosing in the tumor.  

To examine whether systemic dosing of WTX-124 resulted in localized delivery of human IL-2 into the 

tumor, plasma and tumor samples were collected at various timepoints after dosing and were analyzed 

for the presence of free human IL-2 (i.e., not bound to the inactivation domain) released due to the 

enzymatic processing. To specifically measure human IL-2 released from the INDUKINE construct by 

proteolytic processing, we identified an ELISA kit that was specific for human IL-2 (Supplementary Fig. 

S2E), where the inactivation domain of WTX-124 prevented the binding of the ELISA detection reagents 

(Supplementary Fig. S2F). This allowed us to assess the level of free, human IL-2 present in the tumor 

and in the plasma, which could only be generated by the in vivo processing of WTX-124. Systemic dosing 

with WTX-124 resulted in almost no detectable free human IL-2 in the plasma (Fig. 2H). In contrast, 

systemic dosing with WTX-124 resulted in prolonged levels of detectable free human IL-2 in the tumor 

(Fig. 2I), demonstrating that tumor-dependent processing continually releases fully active IL-2 in the 

tumor following systemic WTX-124 delivery. 

To better quantify the differences between plasma and tumor in terms of WTX-124 processing, the area 

under the exposure curves was measured (Fig. 2F–I, Supplementary Table S1). Although the amount of 

total WTX-124 in the plasma was about 18-fold greater than in the tumor, the amount of free IL-2 in the 

tumor was still over 5-fold greater than that detected in the plasma, which suggests an approximately 

93-fold increase in INDUKINE™ protein processing in the tumor compared with the plasma.  

The therapeutic window (TW) of a treatment is defined as the ratio of the maximum tolerated dose and 

the lowest efficacious dose, thereby measuring the distance between clinical activity and serious 

adverse events. In the clinic, the TW for proleukin is relatively small. Similarly, the TW of rhIL-2 in MC8 

D
ow

nloaded from
 http://aacrjournals.org/cancerim

m
unolres/article-pdf/doi/10.1158/2326-6066.C

IR
-21-0831/3055506/cir-21-0831.pdf by guest on 16 M

arch 2022



tumor–bearing mice was calculated to be less than 4-fold in our model (Supplementary Fig. S2G). By 

comparison, since the half-life extension element of WW0177 resulted in greater IL-2 exposure in vivo, 

less WW0177 was required to reach full efficacy compared to rhIL-2. However, due to its permanently 

active state, WW0177 also has a lower maximum tolerated dose, resulting in a TW similar to that of rhIL-

2 (<2, Supplementary Fig. S2G). In contrast, the engineering of WTX-124 resulted in significantly greater 

activity than equimolar amounts of rhIL-2 (Fig. 2E) and allowed for selective activation in the TME, 

thereby preventing the toxicity associated with exposure to half-life extended IL-2 molecules (Fig. 2C). 

Indeed, no toxicity was seen in MC38 tumor-bearing mice dosed with up to 960 μg/dose of WTX-124, 

resulting in the TW of WTX-124 in this model being greater than 20 at a minimum, representing at least 

a 5-fold improvement over rhIL-2 (Supplementary Fig. S2G). These data demonstrate that WTX-124 is 

not simply a half-life extended, attenuated IL-2 molecule, but instead a unique, selectively inducible IL-2 

pro-drug that enhances the activity of the payload while restricting its systemic activity. 

 

WTX-124 treatment of MC38 tumor–bearing mice results in immunological memory 

One hallmark of immunological rejection of a tumor is the development of protective memory against 

subsequent tumor re-challenge. To test whether WTX-124 treatment resulted in tumor-specific memory 

following tumor rejection, mice were implanted with MC38 tumor cells and randomized into vehicle or 

WTX-124 treatment groups, and tumor growth was measured. As with previous studies, WTX-124 

treatment resulted in tumor rejection, whereas the control tumors continued to grow. To examine 

whether tumor rejection in WTX-124-treated mice resulted in immunological memory, spleens from 

mice were examined for the presence of tumor-specific memory CD8+ T cells 6 months after the initial 

MC38 implantation (MC38 CR mice) (Fig. 3A). Previous studies have identified that a peptide derived 

from Murine Leukemia Virus envelope protein (KSPWFTTL) is an antigen presented by MC38 tumors and 

that T cells specific for this antigen can be identified using fluorescently labeled MHC–peptide 

complexes known as tetramers (17). Spleens from MC38 CR mice had a higher overall frequency of 

tetramer-positive CD8+ T cells than age-matched tumor-naïve mice (Fig. 3A–B). Furthermore, although 

the tetramer-positive cells from tumor-naïve mice largely maintained a naïve phenotype, cells from 

MC38 CR mice were predominantly of an effector memory phenotype (CD44hiCD62Llow) (Fig. 3C–D). 

Furthermore, upon re-stimulation, tetramer-positive cells from MC38 CR mice secreted more of the 

effector cytokines tumor necrosis factor (TNF) and interferon gamma (IFNγ) (Fig. 3E–F). Co-expression of 

two or more effector cytokines is known as polyfunctionality, and it is associated with greater cytolytic 
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activity in T cells (18,19). WTX-124–induced MC38 CR mice also had a significantly increased frequency 

of polyfunctional tetramer-positive CD8+ T cells following re-stimulation (Fig. 3G). These data are 

consistent with the idea that WTX-124 treatment results in immune-mediated tumor rejection which 

then translates into immunological memory.  

Nevertheless, the ultimate test of a memory response is protection against rechallenge. Therefore, IL-2 

INDUKINE™-induced MC38 CR mice were re-challenged with MC38 tumor cells 60 days after the initial 

implantation (Fig. 3H). No treatment was administered during the rechallenge. Unlike the tumor-naïve 

mice, none of the MC38 CR mice developed tumors (Fig. 3I), demonstrating that WTX-124–induced 

tumor rejection results in immunological memory and protection against subsequent tumor rechallenge. 

 

WTX-124 treatment amplifies MC38 tumor infiltration and induces immune cell activation     

To better understand the mechanism by which WTX-124 treatment induces antitumor immunity, MC38 

tumor–bearing mice were randomized into treatment groups on Day 0 and treated with either vehicle or 

WTX-124 on Day 1 and Day 4. Tumors were harvested 24 hours after the second dose. Total RNA was 

extracted from the single-cell suspensions and analyzed using the NanoString nCounter® PanCancer 

Mouse Immune Profiling Panel. WTX-124 treatment resulted in a clear shift in the transcriptional profile, 

with 437/770 genes in the panel having statistically significant differences in expression compared with 

the control group (Fig. 4A–B). NanoString nSolver™ pathway analysis of this dataset revealed a series of 

immune activation–related pathways that were upregulated by WTX-124 treatment, including both 

broad immune activation signatures such as adaptive immunity and inflammation, as well as more 

specific signatures such as leukocyte function, NK-cell function, and T-cell function (Fig. 4C). The 

expression of several transcripts associated with immune checkpoint proteins also increased following 

WTX-124 treatment, including PD-1, TIGIT, and CTLA-4 (Fig. 4D). This likely reflects the overall increase 

in immune cell activation among the tumor-infiltrating lymphocytes (TILs), as many checkpoint proteins 

are upregulated during a typical immune response.  

In addition to the NanoString analysis, immune cell profiling by flow cytometry was also performed, 

using the gating strategy found in Supplementary Figure 3A. As soon as 5 days after the initial dose, 

WTX-124 treatment resulted in a large increase in the density of infiltrating immune cells, including 

tumor-specific tetramer-positive CD8+ T cells (~19.8-fold increase) and to a lesser extent Tregs (~2.5-fold 

increase) (Fig. 4E). Therefore, although intratumoral Tregs did expand in response to the local release of 

native IL-2 from the processing of WTX-124, the expansion of the tumor-infiltrating, tetramer-positive 
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CD8+ T cells was much larger, resulting in a significant increase in the tetramer-positive CD8+/Treg ratio 

after WTX-124 treatment (Fig. 4F). 

To assess the activation state of the tumor-infiltrating T cells, samples from the TILS were re-stimulated, 

and the production of IFNγ, TNF, and granzyme B was assessed. WTX-124 treatment significantly 

increased the frequency of tetramer-positive CD8+ T cells producing IFNγ (Fig. 4G–H), TNF 

(Supplementary Fig. 3B), and granzyme B (Supplementary Fig. 3C). WTX-124 treatment also significantly 

increased the polyfunctionality of the tumor-infiltrating tetramer-positive CD8+ T cells, with over 60% of 

the cells from WTX-124–treated animals producing either two or all three of these effector cytokines 

compared with only 23% in the control group (Fig. 4I).  

Recent data have demonstrated that under certain circumstances, Tregs can also produce effector 

cytokines such as TNF and IFNγ, in a phenomenon known as “Treg Fragility” (20). The production of 

effector cytokines by Tregs is associated with the loss of their suppressive activity. We found that 

although very few Tregs from the control tumors produced either IFNγ or TNF, a subpopulation of Tregs 

from the WTX-124–treated tumors produced both these effector cytokines (Fig. 4J–M). Together, these 

data demonstrate that WTX-124 treatment increases tumor infiltration, activates tumor-specific CD8+ T 

cells, and causes phenotypic instability of Tregs.  

 

Tumor-specific activation of immune cells by WTX-124 is sufficient to generate tumor rejection     

To confirm that the effects of systemic WTX-124 treatment are selective for the tumor 

microenvironment, effector cytokine production by T cells derived from the tumor, spleen, peripheral 

blood, and draining lymph node were compared after WTX-124 treatment, using the same treatment 

schedule as previously described. Since the tetramer-positive population is selectively enriched among 

CD8+ T cells within the tumor, the inclusion of these cells in the analysis could bias the comparison 

across different sites. Therefore, tetramer-negative CD8+ T cells were specifically examined across the 

various tissues. As with the previous data, WTX-124 induced a significantly higher frequency of IFNγ-

producing CD8+ T cells and CD4+ non-Tregs within the tumor, compared with relatively minor levels of 

activity seen in the examined peripheral tissues (Fig. 5A-B). Together with the earlier toxicity data, these 

data demonstrate that WTX-124 treatment does not result in widespread, peripheral T-cell activation. 

While the peripheral CD8+ T-cell activation seen with WTX-124 treatment was limited, it remained 

possible that this low level of peripheral activity was still playing a role in generating the antitumor 

immunity in this model. To test whether tumor-specific IL-2 activity was sufficient to generate antitumor 
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immunity, mice were implanted with MC38 tumors that grew to around 100–150 mm3 before some 

mice were treated with FTY720, or Fingolimod. FTY720 is a small molecule that blocks the sphingosine-1-

phosphate receptors, thereby preventing lymphocyte egress from the thymus and secondary lymphoid 

tissues (21). Therefore, any antitumor activity seen in FTY720-treated mice is derived from the immune 

cells that have already infiltrated the tumor at the start of treatment, and not from the activation and 

subsequent trafficking of additional lymphocytes from secondary immune tissues. Daily FTY720 

treatment had no effect on the antitumor activity of WTX-124 (Fig. 5C) demonstrating that tumor-

specific delivery of IL-2 alone was sufficient to reject MC38 tumors. Together, these data demonstrate 

that systemic administration of WTX-124 to tumor-bearing animals results in tumor processing of the 

INDUKINE™ molecule and preferential activation of tumor-infiltrating immune cells that is sufficient to 

generate potent antitumor immunity.  

 

WTX-124 treatment increases immune cell activation in a less immunogenic tumor model    

In patients, the presence of a pre-existing TIL population, termed a “hot” tumor, correlates with 

responses to immunotherapy, and the lack of a pre-existing TIL population, known as a “cold” tumor, 

has the opposite correlation. Murine syngeneic tumor models vary in their baseline immune infiltration 

as well as their responses to immunotherapy. For example, in MC38 tumors, approximately 20% of the 

TILs are CD8+ T cells compared with only 2.5% in B16-F10 tumors (Supplementary Fig. S4).  

To test the activity of WTX-124 in a less immunogenic tumor model, mice were injected subcutaneously 

with B16-F10 melanoma cells. Tumors were allowed to grow to an average volume of 100 mm3 before 

mice were randomized to receive either PBS or various doses of WTX-124, using the same dosing 

schedule as before. WTX-124 treatment slowed tumor growth in a dose-dependent manner (Fig. 6A-B, 

Supplementary Fig. S5A) whereas anti–PD-1 treatment alone was ineffective in this model. Combining 

the lower dose of WTX-124 with PD-1 blockade demonstrated combinatorial activity. However, no 

additional benefit of PD-1 blockade was seen with a higher dose of WTX-124.  

To further explore the mechanism of tumor growth inhibition, total tumor RNA was extracted from mice 

treated with WTX-124, 24 hours after the second dose, and analyzed using the NanoString nCounter® 

PanCancer Mouse Immune Profiling Panel. WTX-124 treatment resulted in a large transcriptional shift, 

with 184/770 examined transcripts having a statistically significant difference in expression after WTX-

124 treatment (Fig. 6C). Immune profiling by flow cytometry of the B16-F10 TILs did not reveal the large 

increase in immune cells observed in the MC38 tumors after WTX-124 treatment, which may explain the 
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differences in antitumor efficacy between these two models at this dose. However, WTX-124 treatment 

did induce proliferation and granzyme B production by tumor-infiltrating tetramer-positive CD8+ T cells 

(Fig. 6D–E) and NK cells (Fig. 6F–G). Furthermore, WTX-124 induced greater TIL activation than rhIL-2 in 

this model, likely due to its increased exposure (Supplementary Fig. S5B-C). Lastly, just as in the MC38 

model, WTX-124 treatment of B16-F10 tumor–bearing mice resulted in a small subset of tumor-

infiltrating FoxP3+ Tregs producing inflammatory cytokines such as TNF and IFNγ (Fig. 6H–I), suggesting 

that WTX-124 treatment induces Treg fragility in this model as well. Together, these data demonstrate 

that WTX-124 treatment can induce TIL activation and inhibition of tumor growth in less inflamed, 

“colder” tumor models.  

 

WTX-124 is stable in human serum and is processed by human tumors    

Human tumor samples are heterogeneous in nature and display different degrees of protease 

dysregulation and expression (11). Therefore, it was important to confirm that WTX-124 was efficiently 

and selectively processed by a set of primary human tumor samples. As a test of WTX-124 peripheral 

stability, the protein was incubated with human serum from healthy donors (n = 3) for up to 72 hours 

before processing and measured by western blot. In agreement with the murine plasma experiments, 

WTX-124 was not processed by human serum in any of the tested donors (Fig. 7A).  

To test whether WTX-124 was efficiently processed by human tumor samples, an ex vivo processing 

assay was developed. Briefly, dissociated human tumor samples were incubated with WTX-124 or 

control proteins for 48 hours before IL-2 activity was measured. Using WTX-124-NC as a proxy for the 

baseline activity of the intact WTX-124 prodrug, and pre-cut WTX-124 as representative of a fully 

activated molecule, the activity induced by incubation of WTX-124 with the dissociated human tumor 

samples was normalized to a range of 0–100% activation. In some instances, the primary human tumor 

samples also contained viable TILs, which have the capacity to consume some of the free IL-2 in the pre-

cut WTX-124 positive control group. This may result in the activity of the positive control being 

artificially depressed in certain samples, which allows for the possibility of some samples recording over 

100% activity compared to the positive control. Despite this issue, this assay is sufficient to be used as a 

binary analysis of whether or not WTX-124 is being processed by primary human tumor samples. To 

examine how well WTX-124 was processed by various tissue samples, healthy primary human cells (n = 

13) and primary human tumor samples (n = 97) were examined for the capacity to cleave WTX-124. The 

healthy primary cells were derived from various tissues, and the tumor samples covered a wide range of 
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tumor types and stages. Importantly, exposure of WTX-124 to the healthy primary cells did not result in 

any evidence of cleavage, once again suggesting that this protein will be stable in the periphery in 

patients (Fig. 7B). In contrast, the majority of the tumor samples tested were able to process WTX-124. 

These data suggest that WTX-124 is stable when exposed to human serum or healthy primary cells but is 

efficiently and selectively activated by most human tumor samples, supporting its further development 

as an immunotherapy for patients with cancer. 
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Discussion 

High-dose IL-2 therapy was initially approved for patients with metastatic renal cell carcinoma in 1992 

and for patients with advanced melanoma in 1998 (4). Before the advent of the modern field of 

immuno-oncology, high-dose IL-2 stood out as a treatment associated with complete responses, albeit 

in a minority of patients. However, the antitumor potential of proinflammatory cytokines, like IL-2, has 

been hindered by the serious toxicities linked to their systemic delivery and the engagement of target 

cells outside the tumor microenvironment (4). In the case of IL-2, several pharmaceutical and 

biotechnology companies have tried to minimize this problem by creating less-active forms of IL-2 

(known as non-alpha molecules) that avoid activation of the IL-2 high-affinity receptor (7-10). However, 

these molecular variants still systemically activate cells carrying the medium-affinity receptor 

(CD122/CD132 subunits), which is responsible for the signal transduction of the cytokine, and they 

encounter toxicity problems similar to fully active IL-2 at the doses required to see efficacy in preclinical 

models. As we observed with half-life extended IL-2 (WW0177), the non-α approach to IL-2 therapy may 

end up simply shifting the TW rather than improving it. Furthermore, newly activated CD8+ T cells 

upregulate CD25 to form the high-affinity receptor, which is then required for their sustained expansion 

in the presence of antigens. This was demonstrated in a publication using a viral infection model, where 

CD8+ T cells lacking CD25 failed to expand in infected tissues, despite expression of the medium-affinity 

receptor (22).  

The design of WTX-124 addresses the challenges associated with rhIL-2 therapy. WTX-124 contains a 

native IL-2 to realize the full pharmacological potential of this cytokine in driving antitumor immunity. 

The molecule is engineered as a prodrug to minimize the systemic toxicity and is conditionally activated 

to release IL-2 selectively in the tumor microenvironment. The activity of WTX-124 was highly inducible 

in vitro in a human reporter cell assay as well as in human and mouse primary cells. Likewise, WTX-124 

was efficacious in mouse syngeneic models and this efficacy was dependent on tumor-specific 

processing. The half-life extension domain is required for the full efficacy of this molecule and provides 

the opportunity for better drug exposure with less frequent dosing compared with the traditional dosing 

schedule for high-dose IL-2 therapy (proleukin). Furthermore, despite delivering detectable levels of 

fully active human IL-2 into the TME, WTX-124 did not induce the VLS that was observed with equimolar 

amounts of either recombinant or half-life extended cytokine, demonstrating that the engineering of 

WTX-124 effectively blocked the systemic activity of its IL-2 component. Indeed, the peripheral 

inactivation provided by the IL-2 inactivation domain allowed for the safe administration of this IL-2 

prodrug to mice at doses > 20-fold higher than the dose required for potent efficacy but without any 
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obvious signs of toxicity. Between the increased efficacy and decreased toxicity, WTX-124 has a 

significantly wider TW than the previously described TW for high-dose IL-2. 

The data reported in this publication demonstrate that WTX-124 efficacy is driven by the expansion and 

activation of effector cells in the tumor (both T cells and NK cells), which can produce effector cytokines 

such as TNF, granzyme B and IFN. Indeed, activation of the tumor-infiltrating immune cells was 

sufficient to generate potent antitumor responses. Additionally, WTX-124 treatment increased the 

frequency of tumor-infiltrating polyfunctional CD8+ T cells, which are associated with greater cytolytic 

activity in viral models (18,19). One of the concerns expressed by proponents of non-α IL-2 therapies is 

that CD25 is highly expressed on Tregs, and therefore Treg expansion will inhibit antitumor immunity 

generated in response to wild-type IL-2. Although WTX-124 treatment did result in a slight Treg 

expansion, the expansion of CD8+ T cells far outpaced that of the Tregs, resulting in a favorable CD8/Treg 

ratio after treatment. Furthermore, WTX-124 treatment significantly increased the expression of IFN by 

effector cells in a tumor-specific manner. IFNis a fundamental effector cytokine that drives antitumor 

efficacy by amplifying the cellular immune component of the response and skewing CD4+ T cells towards 

a TH1 phenotype. Also, more recently, it has been shown that IFNdirects the mechanistic fragility of 

Tregs (20). This phenomenon was observed upon treatment with WTX-124, as the intratumoral Tregs 

began to produce cytokines traditionally associated with effector T cells, and it may contribute to the 

overall efficacy of WTX-124. 

An important feature of WTX-124 is the selective processing of the prodrug in the tumor, allowing for 

systemic delivery, prolonged exposure, and activation of the prodrug to release fully active IL-2 in the 

tumor microenvironment. Indeed, WTX-124 was highly stable while in circulation, as shown in mice, as 

well as when WTX-124 was exposed to healthy primary human cells or plasma. In contrast, WTX-124 

was reliably processed by primary human dissociated tumor samples from a wide variety of different 

cancer types, demonstrating the potential for systemically administered WTX-124 to selectively deliver 

IL-2 to the site of the disease and positively contribute to the development of an effective immune 

response.  

One limitation to the data presented in this study is the reliance on two murine syngeneic tumor 

models, with the majority of the experiments occurring in the MC38 model. Our goal in selecting these 

models was not to fully examine the total range of possible responses to WTX-124 treatment, but 

instead to analyze models representative of “more immunogenic” and “less immunogenic” tumors. 

Although additional models could be explored to further examine this molecule in mice, none of the 
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currently available murine models can accurately predict whether or not a new treatment will be 

effective in the clinic. Instead, these models simply provide bio-plausibility to support additional clinical 

development. Ultimately, the clinical benefits and safety of WTX-124 treatment will be examined in an 

upcoming Phase I trial, subject to FDA clearance, testing WTX-124 either alone or in combination with 

the anti-PD-1 therapy pembrolizumab. In summary, this work presents the design features and 

mechanistic characteristics of WTX-124, a conditionally activated IL-2 prodrug that utilizes the 

dysregulated protease expression of the tumor microenvironment to selectively deliver full potency IL-2 

to the tumor microenvironment following systemic administration, and to preferentially activate tumor-

infiltrating immune cells to facilitate tumor rejection.  
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Figures Legends 

Figure 1. Design and development of the selectively active IL-2 INDUKINE™ protein WTX-124 

A) Diagram of the components of WTX-124. The yellow section represents IL-2, the blue section 

represents the half-life extending HSA-specific single-domain antibody, the teal section represents the 

activity blocking Fab, and the red sections represent the protease-cleavable linkers. B) Non-reduced 

SDS-PAGE comparing intact and protease-cleaved WTX-124 (IL-2, anti-HSA half-life extension domain, 

and the Fab inactivation domain). C) In vitro activity of WTX-124 in the HEK-Blue IL-2 reporter assay 

comparing intact (blue), and protease-activated (cleaved) WTX-124 (red) to rhIL-2 (black). In vitro 

activity of intact (blue) and cleaved (red) WTX-124 in D) primary human or E) murine Tblasts compared 

with rhIL-2 (black). F) In vitro activity of intact (blue) and “cleaved” (red) WTX-124-NC in primary human 

Tblasts compared with rhIL-2 (black). C–F) Curves are representative of at least duplicate wells and 

depict the mean ± SD for individual points; data are representative of at least two experiments. HEK, 

human embryonic kidney; HSA, human serum albumin; OD, optical density; RLU, relative luminescence 

units; . 

 

Figure 2. WTX-124 treatment induces tumor regression in a cleavage-dependent manner 

MC38 tumor cells were implanted and allowed to grow to an average volume of 100–150 mm3 before 

mice were randomized into treatment groups. Mice were dosed twice a week with INDUKINE™ proteins, 

or twice a day for 5 days followed by 2 rest days with rhIL-2. Mice were dosed for 2 weeks unless 

otherwise noted. A) Mice were treated with either various doses of WTX-124, WTX-124-NC (non-

cleavable control), or vehicle, and tumor volume was measured over time. Spider plots for individual 

mice are reported (dashed lines), and the average tumor volume for the group is in bold. B) Tumor 

volume on Day 18. C) Mice were treated with either WTX-124 or WW0177 (a WTX-124 variant lacking 

the inactivation domain). Body weight and survival from individual mice over time is shown. Dosing of 

WW0177 was halted after 2 doses due to excessive toxicity, whereas mice receiving WTX-124 were 

given all four doses. D) WTX-124 was diluted in murine plasma from either wild-type or MC38 tumor–

bearing mice and incubated at 37°C for 24, 48, or 72 hours before WTX-124 processing was measured by 

western blot analysis for IL-2. Intact and cleaved controls were prepared in vitro. Data are 

representative of n = 3 mice. E) Mice were treated with efficacious amounts of either WTX-124 (5.04 M 

total) or rhIL-2 (15.5 M total), and tumor volume was measured over time. Spider plots for individual 

mice are reported. F,H) Plasma and G,I) tumor samples from tumor-bearing mice were analyzed at 
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various timepoints for either the presence of the F,G) total INDUKINE™ protein using an ELISA that 

detects both intact WTX-124 as well as free IL-2, or H,I) free human IL-2 using an AlphaLISA specific for 

unblocked human IL-2. Mice received only two doses, and the timing of the doses is indicated by the red 

arrows on the figure. F–I) Data are presented as the mean ± SD, and area under the curve 

measurements were calculated using GraphPad Prism software. P values are derived from a one-way 

ANOVA followed by Dunnett multiple comparisons comparing each sample to the vehicle control (****, 

P < 0.0001). ANOVA, analysis of variance; LLOQ, lower limit of quantification; MC, murine colon. 

 

Figure 3. WTX-124 treatment induces an anti-tumor memory response 

MC38 tumor cells were implanted and allowed to grow to an average volume of 100–150 mm3 before 

mice were randomized into treatment groups. Mice were dosed twice a week with varying doses of 

WTX-124 (50–300μg/dose) for a total of four treatments (Fig. 2A). Spleens from any mice that rejected 

the MC38 tumors (MC38 CR) were examined 6 months after the initial implantation and compared to 

age-matched, tumor-naïve mice. Splenocytes were assessed for A,B) the frequency of tetramer-positive 

CD8+ T cells and C, D) the expression of the memory cell markers CD62L and CD44 on tetramer-positive 

CD8+ T cells, as well as for E,F) the frequency of tetramer-positive CD8+ T cells producing TNF or IFNγ. G) 

Analysis of polyfunctional tetramer-positive CD8+ T cells co-expressing IFNγ and TNF. H,I) Naïve mice or 

mice that had previously rejected MC38 tumors after IL-2 INDUKINE™ treatment were re-challenged with 

MC38 tumor cells 60 days following the initial implantation. No treatment was administered to these 

mice during the re-challenge. I) Tumor volume from MC38 CR (n = 15) or naïve (n = 33) mice was 

measured over time and is represented as the mean +/- SEM. Remaining data are presented as mean ± 

SD for quantification plots, with P values derived from t tests (**, P < 0.01; ****, P < 0.0001).  

 

Figure 4. WTX-124 treatment increases immune cell activation and infiltration of MC38 tumors 

MC38 tumor cells were implanted and allowed to grow to an average volume of 100–150 mm3 before 

mice were randomized into treatment groups. Mice were dosed twice a week with WTX-124 (100 μg) or 

PBS. Tumors were collected 24 hours after the second dose and dissociated for further analysis. A,B) 

RNA from each tumor was isolated and subjected to immune profiling with the NanoString PanCancer 

Mouse Immune Profiling Panel. A) Heatmap of transcripts with statistically significant differences in 

expression between the two treatments. Transcripts were excluded from the heat map if they had 

average normalized counts below 50. Each lane represents an individual animal. B) Volcano plot of 
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transcripts differentially expressed between WTX-124 and vehicle-treated mice. C) Specific pathway 

scores for WTX-124 or vehicle-treated mice. P values are derived from a 2-way ANOVA with multiple 

comparisons (***, P < 0.001; ****, P < 0.0001). D) Normalized gene counts from selected immune 

checkpoint genes. E) Flow cytometry analysis of TIL density of various immune populations, including 

fold change information between the vehicle- and WTX-124-treated groups F) The ratio of total CD8+ T 

cells or tetramer-positive CD8+ T cells to Tregs within the TILs, including fold change information 

between the vehicle and WTX-124 treated groups. G,H) The frequency of tetramer positive CD8+ T cells 

producing IFNγ after re-stimulation with PMA/Ionomycin. I) The frequency of polyfunctional tetramer 

positive CD8+ T cells by examining co-expression of IFNγ, TNF, and granzyme B after PMA/Ionomycin 

restimulation. The frequency tumor infiltrating FoxP3+ Tregs producing J,K) IFNγ or L,M) TNF after 

PMA/Ionomycin restimulation. Unless otherwise stated, data are presented as the mean ± SD, and P 

values are derived from t tests (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). CTLA-4, 

cytotoxic T-lymphocyte-associated protein 4; LAG-3, lymphocyte-activation gene 3; Tet, tetramer; TIGIT, 

T cell immunoglobulin and ITIM (immunoreceptor tyrosine-based inhibitory motif) domain; TIM-3, T cell 

immunoglobulin and mucin domain-containing protein 3. 

 

Figure 5. Systemic WTX-124 treatment preferentially activates tumor-infiltrating T cells 

MC38 tumor cells were implanted and allowed to grow to an average volume of 100–150 mm3 before 

mice were randomized into treatment groups. Mice were dosed twice a week with WTX-124 (100 μg) or 

vehicle. Tumors, spleens, DLNs, non-DLNs, and peripheral blood samples were collected 24 hours after 

the second dose. Graphs show the frequency of either A) tetramer negative CD8+ T cells or B) CD4+ non-

Tregs producing IFNγ after re-stimulation with PMA/Ionomycin. C) Mice were treated with either vehicle 

(n = 10), WTX-124 alone (n = 10), or WTX-124 with daily FTY720 (n = 10) treatment. FTY720 dosing was 

initiated 24 hours prior to starting WTX-124 treatment (25 μg dose) and maintained daily (10 μg dose) 

throughout the experiment. Tumor volume (mean ± SEM) was measured over time. Unless otherwise 

stated, data are presented as the mean ± SD, and P values are derived from t tests (*, P < 0.05; **, P < 

0.01; ****, P < 0.0001). DLN, draining lymph node. 

 

Figure 6. WTX-124 treatment increases CD8+ T-cell activation and Treg fragility in B16-F10 Tumors 

B16-F10 tumors were implanted and allowed to grow to an average volume of 100–150 mm3 before 

mice were randomized into treatment groups. Mice were dosed twice a week with either PBS or with 
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various doses of WTX-124. Some mice also received PD-1 blockade in addition to WTX-124 treatment. A) 

Tumor volume was measured over time. Data from individual mice (dashed lines) are depicted with the 

group average presented in bold. B) Tumor volume on Day 12. C-I) Tumors from mice treated with 

either the vehicle or WTX-124 (200 μg/dose) were harvested 24 hours after the second dose. C) RNA 

from each tumor was isolated and subjected to immune profiling with the NanoString nCounter® 

PanCancer Mouse Immune Profiling panel. Heatmap of transcripts with statistically significant 

differences in expression between the two treatments. Transcripts were excluded from the heat map if 

they had average normalized counts below 50. Each lane represents an individual animal. D-I) TILs were 

re-stimulated with PMA/Ionomycin and examined for effector cytokine production and proliferation. D-

E) The frequency of tumor infiltrating tetramer positive CD8+ T cells producing granzyme B or expressing 

Ki67. The tetramer used in these experiments was the same tetramer from Figure 4. F-G) The frequency 

of tumor infiltrating NK cells producing granzyme B or expressing Ki67. H-I) The frequency of tumor 

infiltrating CD4+ Tregs producing IFNγ or TNF. In plots comparing only two groups, P values are derived 

from t tests (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). In plots comparing multiple 

groups, P values are derived from a one-way ANOVA followed by Dunnett multiple comparisons 

comparing each sample to the vehicle control (*, P < 0.05; ***, P < 0.001; ****, P < 0.0001). 

 

Figure 7. WTX-124 is stable in human serum and selectively processed by primary human tumor cells 

A) WTX-124 was diluted into healthy human serum from n = 3 donors and incubated at 37°C for 24 or 72 

hours before WTX-124 processing was measured by western blot analysis for IL-2. B) WTX-124 was 

exposed to primary human tumor samples (n = 97) or primary human healthy cells (n = 13) for 48 hours 

before INDUKINE™ protein cleavage was measured. Box plots represent the 25th and 75th percentile, 

while the line represents the median value for each indication. Whiskers represent the minimum and 

maximum values within a given indication. Ad, adenocarcinoma; NSCLC, non-small cell lung cancer; Sq, 

squamous; T, time in hours. 
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