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ABSTRACT
Antibody–drug conjugates (ADCs) are used to target cancer cells by means of antibodies directed to 
tumor-associated antigens, causing the incorporation of a cytotoxic payload into target cells. Here, we 
characterized the mode of action of ADC costing of a TWEAKR-specific monoclonal antibody conjugated 
to a small molecule kinesin spindle protein (KSP) inhibitor (KSPi). These TWEAKR-KSPi-ADCs showed 
strong efficacy in a TWEAKR expressing CT26 colon cancer model in mice. TWEAKR-KSPi-ADCs controlled 
the growth of CT26 colon cancers in immunodeficient as well as in immunocompetent mice. However, 
when treated with suboptimal doses, TWEAKR-KSPi-ADCs were still active in immunocompetent but not 
in immunodeficient mice, indicating that TWEAKR-KSPi-ADCs act – in addition to the cytotoxic mode of 
action – through an immunological mechanism. Indeed, in vitro experiments performed with a cell- 
permeable small molecule KSPi closely related to the active payload released from the TWEAKR-KSPi-ADCs 
revealed that KSPi was capable of stimulating several hallmarks of immunogenic cell death (ICD) on three 
different human cancer cell lines: cellular release of adenosine triphosphate (ATP) and high mobility group 
B1 protein (HMGB1), exposure of calreticulin on the cell surface as well as a transcriptional type-I 
interferon response. Further, in vivo experiments confirmed that treatment with TWEAKR-KSPi-ADCs 
activated immune responses via enhancing the infiltration of CD4+ and CD8+ T lymphocytes in tumors 
and the local production of interferon-γ, interleukin-2, and tumor necrosis factor-α. In conclusion, the 
antineoplastic effects of TWEAKR-KSPi-ADCs can partly be attributed to its ICD-stimulatory properties.
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Introduction

It is well established that anticancer agents mediate their effects 
in vivo through a dual mode of action, namely, direct cytostatic 
or cytotoxic effects on malignant cells and indirect effects 
mediated by the immune system.1,2 Such indirect effects can 
be explained by the capacity of some antineoplastic agents to 
kill tumor cells in a fashion that makes them recognizable to 
the immune system. This “immunogenic cell death” (ICD) 
stimulates an anticancer immune response that allows the 
host to control residual tumor cells.3–5 Cancer cell death trig
gered by “immunogenic chemotherapeutics” comprises 
a specific combination of pre-mortem stress responses and 
postmortem alterations that together is used to characterize 
ICD.6,7

ICD is typically preceded by endoplasmic reticulum (ER) 
stress and autophagy. The process occurs as a spatiotemporal 
sequence of events with pre-mortem ER stress underlying the 
exposure of the usually ER sessile protein calreticulin (CALR) 
on the cell surface and pre-mortem autophagy facilitating the 

release of adenosine triphosphate (ATP) from the cells.8–13 

ATP is actively secreted from the intracellular pool to the 
extracellular space where it acts on purinergic receptors 
expressed by immune cells. Immunogenic cell death is further 
characterized by the release of high mobility group box 1 
protein (HMGB1) from the nucleus into the extracellular 
space as the plasma membrane becomes permeable.14–16 

Furthermore, type-I interferon (IFN) signaling has been iden
tified as a requirement for ICD. Thus, cancer cells respond to 
an ICD inducer by expressing and releasing type-I IFNs, acti
vating autocrine/paracrine type-I IFN signaling, and secreting 
chemokine (C-X-C motif) ligand 10 (CXCL10) and additional 
proteins for local immune stimulation.17,18 These alterations 
together constitute the aforementioned ICD characteristics and 
can be measured in vitro to identify anticancer agents with 
immunostimulatory properties.19,20

Only a few FDA approved chemotherapeutics are known 
that are able to induce immunogenic cell death (ICD).21 These 
chemotherapeutics (like anthracyclines, oxaliplatin and 
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a variety of microtubule poisons) are of particular interest for 
combination treatments with immune checkpoint 
inhibitors.1,6,22,23 Cancer cells that are undergoing ICD can 
vaccinate immunocompetent mice against a subsequent chal
lenge with living cells of the same kind.24–26

One strategy to reduce systemic toxicity of cytotoxic drugs 
consists in coupling them to monoclonal antibodies recogniz
ing tumor-associated antigens expressed on the surface of 
malignant cells. If appropriately engineered, such antibody– 
drug conjugates (ADCs) will release the cytotoxic payload 
upon their internalization, thus causing the selective death of 
the target population while sparing nonmalignant cells includ
ing immune effectors.27 In this context, it appears important to 
choose a payload that has ICD-inducing properties. Indeed, 
some ADC payloads such as maytansinoids and auristatins, 
which are microtubule inhibitors, and pyrrolobenzodiazepines, 
which are DNA-alkylating agents as well as the anthracycline 
derivate T-PNU have been described to induce ICD.28–30 

Moreover, recently, the FDA approved belantamab mafodotin, 
an ADC that targets B-cell maturation antigen (BCMA) on 
multiple myeloma cells using monomethyl auristatin 
F (MMAF) as a payload, based on its capacity to trigger 
ICD.31,32

Here, we characterized TWEAKR-KSPi-ADC1 and -ADC2 
that consist of an antibody specific for fibroblast growth factor- 
inducible 14 (Fn14, best known as the receptor for tumor 
necrosis factor-like weak inducer of apoptosis, TWEAKR/ 
TNFRSF12A)33 and a small molecule inhibitor of kinesin 
family member 11 (KIF11, kinesin-5, BimC, Eg5, best known 
as KSP) and just differ in the way how they are linked to the 
antibody. Targeting of TWEAKR for cancer therapy either by 
anti-TWEAKR antibodies34 or anti-TWEAKR 
immunoconjugates33 has been explored in preclinical 
studies.35,36 KSP inhibitors induce monoaster formation37 

and several distinct chemical classes of KSP inhibitors have 
entered clinical trials.38,39 However, side effects such 
a neutropenia and mucositis most probably precluded escala
tion of these pure small molecules to efficacious doses in the 
clinical trials in monotherapy.

Several TWEAKR-KSPi-ADCs have been built on the ratio
nale that TWEAKR is overexpressed on multiple human can
cers including glioblastoma40 as well as breast,41,42 lung,43 

ovarian,44 endometrial,45 and colorectal cancer46 (https:// 
www.proteinatlas.org) and KSPi may specifically inhibit pro
liferating as well as hyperploid cells.47

We here assessed the immunological effects of TWEAKR-KSPi 
-ADCs in suitable mouse models and characterized the induction 
of immunogenic cell death by a small molecule KSPi in vitro.

Results and discussion

Design of TWEAKR-KSPi-ADCs

We previously explored a pyrrole-based, potent subclass KSPi 
as a novel payload class in ADCs35 and have shown strong 
efficacy of KSPi-ADCs addressing different targets with both, 
cleavable and non-cleavable linkers.35,36,48 From a variety of 
ADCs with KSPi payloads, we selected the TWEAKR-KSPi- 
ADC1 shown in Figure 1a with the agonistic, mouse-cross- 

reactive TWEAKR antibody BAY-356,49 previously described 
as ADC 6c*36 to investigate potential ICD properties. 
Furthermore, we here also investigated TWEAKR-KSPi- 
ADC2 shown in Figure 1b, differing from ADC1 solely in the 
linkage to the antibody. Upon legumain-mediated cleavage in 
the lysosomal compartment, the same active metabolite 
(Figure 1c) is formed.36 This metabolite had been optimized 
for low cellular permeability to achieve an accumulation inside 
the tumor cells upon release from the ADC. Due to its poor 
membrane permeability which hampers cell-based in vitro 
studies, we selected a closely related, cell-permeable small 
molecule KSPi for investigation of ICD in in vitro studies 
(Figure 1d). TWEAKR-KSPi-ADC1 and ADC2 have been 
shown to be equipotent in inducing cell death in cell culture 
models, namely, human colon carcinoma LoVo, human pan
creatic cancer BxPC-3 and human lung cancer NCI-H292 cells 
(Supplemental Figure S1A-C, Supplemental Table S1).

Immune cell-dependent effects of TWEAKR-KSPi-ADC

As it has been shown by us and others that signaling via an 
agonistic anti-TWEAKR antibody can induce recruitment of 
immune effector cells and immune-modulation via secretion of 
cytokine such as IL-8,49,50 anti-tumor efficacy studies were per
formed in immunocompetent mice bearing CT26 tumors in order 
to analyze at which dose agonistic effects of the anti-TWEAKR 
antibody BAY-356 can be observed. These studies demonstrated 
an efficacy of the unconjugated TWEAKR antibody at 10 mg/kg 
biweekly but not at 5 mg/kg biweekly (data not shown). To exclude 
anti-tumor effects based on the agonistic activity of the anti- 
TWEAKR antibody, a maximum dose of 5 mg/kg biweekly was 
chosen for investigating the anti-tumor activity of TWEAKR-KSPi 
-ADC1 in mice bearing CT26 tumors. In a second model, using 
MC38 tumor bearing immunocompetent mice, the anti- 
TWEAKR antibody BAY-356 did not show any anti-tumor activ
ity at 10 mg/kg biweekly (data not shown). Regardless of this, also 
for the MC38 model, a maximum dose of 5 mg/kg biweekly of the 
TWEAKR-KSPi-ADC1 was chosen.

The immunomodulatory effects of the TWEAKR-KSPi- 
ADC1 and TWEAKR-KSPi-ADC2 were investigated in immu
nocompetent BALB/c or C57Bl/6 mice bearing subcutaneous 
TWEAKR positive CT26 or MC38 colon cancers as well as 
TWEAKR positive LLC lung cancer (Figure 2a,b; Supplemental 
Figure S2A,B and S3A), respectively, and in immunodeficient 
NOD.Cg-Prkdcscid/J (best known as NOD-SCID) mice bearing 
the same tumor. After establishment of palpable tumors, the 
mice received biweekly intraperitoneal (i.p.) injections of vehi
cle, TWEAKR-KSPi-ADC or a monoclonal antibody (mAb) 
blocking CTLA-4.

At a dose level of 5 mg/kg biweekly, the TWEAKR-KSPi- 
ADC2 was equally efficacious in controlling tumor growth in 
immunocompetent and immunodeficient mice bearing MC38 
tumors (Supplemental Figure S2C-E; Table 1), demonstrating 
the cytotoxic component of the ADC activity. As expected, 
CTLA-4 blockade was not efficacious in immunodeficient 
mice (Supplemental Figure S2E).

However, when reducing the dose of the TWEAKR-KSPi- 
ADC1 to 2.5 mg/kg applied as a single dose, TWEAKR-KSPi- 
ADC1 and CTLA-4 blockade were equally efficacious in 
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controlling tumor growth in immunocompetent mice 
(Figure 2c,d, Table 1), but at this low single dose of 2.5 mg/ 
kg TWEAKR-KSPi-ADC1 did not show any anti-tumor activ
ity in immunodeficient mice (Figure 2e). In conclusion, it 
appears that the antineoplastic effect of TWEAKR-KSPi- 
ADC1 induces ICD in vivo and partly relies on the immune 
system.

KSPi induces immunogenic cell death

Since the active metabolite (Figure 1c) released from the 
TWEAKR-KSPi-ADC1 and -ADC2 (Figure 1a,B) is not cell- 
permeable, we investigated a cell-permeable variant, the small 
molecule KSP inhibitor (Figure 1d) for induction of ICD. We 

took advantage of a predictive artificial intelligence tool to calculate 
ICD scores for each compound from the NCI60 collection and to 
compare their distribution with the one of the small molecule 
KSPi. In this approach, the small molecule KSPi had a predictive 
ICD score similar to the one of the prototype ICD inducer MTX 
(Figure 3) spurring our interest in further characterizing its poten
tial in vitro. We thus validated the prediction by means of 
a phenotypic in vitro screening platform that combines the use 
of biosensors for the detection of ICD hallmarks with 
a fluorescence-based data acquisition operating in a high- 
throughput format.19 The biosensors that we used included quina
crine, a small molecule that accesses the intracellular space and 
interacts with ATP in an acidic environment (mostly lysosomes) 
to emit a green fluorescence, meaning that the decrease of the 

Figure 1. Scheme of TWEAKR-KSPi-ADCs, its metabolite and the small molecule KSPi. The tumor necrosis factor-like weak inducer of apoptosis (TWEAKR) targeting, 
agonistic antibody BAY-356, which is cross-reactive to human and murine TWEAKR, is conjugated via a protease-cleavable linker with a small molecule inhibitor of 
kinesin family member 11 (KIF11, kinesin-5, BimC, Eg5, best known as KSP). The resulting TWEAKR-KSPi-ADCs are depicted as TWEAKR-KSPi-ADC1 (a) linked via lysine 
residues to the antibody and TWEAKR-KSPi-ADC2 (b) linked via cysteine residues to the antibody. Thus, TWEAKR-KSPi-ADC1 and TWEAKR-KSPi-ADC2 differ solely in how 
the linker-payload is attached to the antibody BAY-356. Upon legumain-mediated cleavage in the lysosomal compartment, the active metabolite (c) is formed, which 
shows poor cellular permeability. The cell-permeable small molecule KSPi (d) was used for investigation of ICD in in vitro studies.
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intracellular fluorescent signal can be interpreted as a surrogate 
marker of ATP release (Figure 4). We also stably transfected cells 
with a green fluorescent protein (GFP) under the control of the 
type-I interferon-induced GTP-binding protein MX1, meaning 
that such cells constitute biosensors of type-I interferon responses 
(Figure 4). Alternatively, cancer cells were engineered to express 
an HMGB1-GFP fusion protein, allowing to monitor the release of 
HMGB1 from the nucleus (Figure 4). Finally, cells were equipped 
with a CALR-GFP fusion protein to follow the translocation of 
CALR from the ER to the cell periphery (Figure 4a,b). These 
biosensor experiments were calibrated in a way that mitoxantrone 
(MTX), an established ICD inducer, would induce all hallmarks of 
ICD (Figure 4). Of note, we found that the small molecule KSPi 
was as efficient as MTX in inducing the four ICD hallmarks in 
a time- and dose-dependent fashion in HT29 colorectal adeno
carcinoma biosensor cells (Figure 4c, Supplemental Fig. S4) and 

two additional cell lines different in origin, namely, NCI-H929 
myeloma and HCC70 mammary carcinoma (Supplemental Fig. 
S5–7). In conclusion, the small molecule KSPi can efficiently 
induce ICD.

TWEAKR-KSPi-ADCs trigger an anticancer immune 
response

In the final step of our analysis, we compared the local immune 
effects of TWEAKR-KSPi-ADC2 (B) and CTLA-4 blockade on 
CT26 tumors evolving on immunocompetent hosts (Figure 5a,b; 
Table 1). While TWEAKR-KSPi-ADC2 was more efficacious than 
CTLA-4-targeting immunotherapy in inducing an increase in 
tumor-infiltrating CD45+ leukocytes (Figure 5c) and more speci
fically CD4+ and CD8+ T lymphocytes (Figure 5d,e), while only 

Figure 2. TWEAKR-KSPi-ADC controls tumor growth in an immune-dependent fashion in TWEAKR expressing CT26. (a,b) Murine colon cancer CT26 cells were inoculated 
into Balb/c mice. Palpable subcutaneous tumors were resected and immunohistochemistry employing an anti-TWEAKR antibody was conducted. Size bars indicate 
2 mm (top), 500 μm (middle) and 100 μm (bottom). (c) Murine colon cancer CT26 cells were inoculated into Balb/c (d) or NOD-SCID (e) mice. Mice bearing palpable 
subcutaneous tumors were treated with a single dose of either 2.5 mg/kg of TWEAKR-KSPi-ADC1 or 5 mg/kg of the anti-CTLA-4 antibody via i.p. injection. The vehicle 
PBS was applied with a volume of 5 ml/kg. TWEAKR-KSPi-ADC1 showed a significant (p < .0001) tumor growth inhibition comparable to the effect of the anti-CTLA-4 
antibody in the immunocompetent mice, yet had no effect in immunodeficient NOD-SCID mice. Statistics were performed by One-Way ANOVA using log-transformed 
final tumor volumes followed by a Dunnett’s multiple comparisons test. P-values equal * p < 0,05; ** p < 0,01; *** p < 0,001; n = 8–10).
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a minor effect on FoxP3+ regulatory T cells was observed 
(Figure 5f). Moreover, TWEAKR-KSPi-ADC2 and CTLA-4 
blockade were equally potent in enhancing the local production 
of interferon-γ (Figure 5g), interleukin-2 (Figure 5h), and tumor 
necrosis factor-α (Figure 5i). Altogether, it appears that 
TWEAKR-KSPi-ADC2 mobilizes T cell effectors against the 
tumors.

We were interested in understanding the anti-tumor activity 
of TWEAKR-targeted ADCs with the KSP inhibitor as payload 
and performed anti-tumor activity experiments in 

immunocompetent mouse models. For the in vivo studies in 
immunocompetent mouse models, we used the anti-TWEAKR 
antibody BAY-356 cross-reactive with murine TWEAKR. The 
naked antibody BAY-356 had no anti-tumor activity at doses 
and in models used in this study. TWEAKR-KSPi-ADC1 
applied as single dose of 2.5 mg/kg was equally efficacious to 
CTLA-4 blockade in controlling tumor growth in immuno
competent mice. In contrast, a single dose of 2.5 mg/kg 
TWEAKR-KSPi-ADC1 did not show any anti-tumor activity 
in immunodeficient mice. In conclusion, it appears that at least 
part of the antitumor efficacy of TWEAKR-KSPi-ADC1 relies 
on a contribution of the immune system. This was further 
supported by studies using closely related TWEAKR-KSPi- 
ADC2. This ADC showed monotherapy efficacy in immuno
competent mice and induced an increase in tumor-infiltrating 
CD45+ leukocytes as well as an increase of the pro- 
inflammatory cytokines IFNγ, IL-2, and TNFα. In summary, 
the KSPi payload for which induction of ICD has been demon
strated may contribute to the induction of therapy-relevant 
anti-tumor activity of TWEAKR-KSPi-ADCs.

The results provided in this paper indicate that the KSP 
inhibitor payloads of specific ADCs designed to target various 
TWEAKR-overexpressing cancers, may act by inducing immu
nogenic cell death and enhancing T cell infiltration and cyto
kine secretion in addition to their cytotoxic mode of action. To 
our knowledge, this is the first time that a KSP inhibitor was 
investigated in the context of ICD. Besides the induction of 
ICD, the KSPi-induced apoptosis of KSPi-ADCs may enhance 
the release of tumor-associated antigens such further potentiat
ing an adaptive immune response.48

These results have been obtained on human cell lines as well 
as in mouse models, meaning that they require future confir
mation in clinical trials. Based on preclinical results, we firmly 
recommend that immune-monitoring should be incorporated 
into the trial design of KSPi-ADCs as one of the secondary 
endpoints. Indeed, signs of a specific immune response may be 
considered as surrogate markers of therapeutic efficacy and 
may guide toward the design of therapeutic schedules combin
ing TWEAKR-KSPi-ADCs with established immune check
point inhibitors targeting CTLA-4 or PD-1/PD-L1. Several 
recent preclinical and clinical studies point to the possibility 
of advantageously combining ICD inducers with such check
point blockers.52,53

The pro-ICD activity of the payload of the TWEAKR-KSPi- 
ADCs requires future mechanistic exploration. TWEAKR is 
a member of the TNF receptor family, and prior work supports 
the idea that direct activation of the extrinsic pathway of apopto
sis by the activation of such receptors is sufficient to stimulate 
caspase-8-dependent ICD.54,55 Ligation of TWEAKR by its ligand 
TWEAK can activate this pathway, and some TWEAKR-specific 
antibodies have similar effects,56–58 spurring the launch of clinical 
trials using anti-TWEAKR antibodies without a payload.46,50 

KSPi acts as a mitotic inhibitor and as such might perturb cellular 
physiology in a similar fashion as do microtubule inhibitors.47,59 

However, this conjecture needs further exploration. Altogether, 
efficient ICD induction by TWEAKR-KSPi-ADCs might involve 
the antibody moiety, the payload or the combination of both. 
Irrespective of this incognita, it appears obvious that TWEAKR- 
KSPi-ADCs deserve further clinical characterization.

Table 1. In vivo treatment schedule and outcome.

Tumor model; 
mouse strain

TWEAKR- 
KSPi-ADC

Dose 
(mg/kg) Schedule

T/Cvol 

(final) Note

CT26; Balb/c ADC1 2.5 Single 
dose

0.25 Figure 2d

CT26; NOD/SCID ADC1 2.5 Single 
dose

0.89 Figure 2e

CT26; Balb/c ADC2 5 Biweekly 0.08 Figure 5b
MC38; C57Bl/6 ADC2 5 Biweekly 0.31 Fig. S1D
MC38; NOD/SCID ADC2 5 Biweekly 0.38 Fig. S1E

Murine colon carcinoma CT26 and MC38 cells were inoculated in the flank of 
syngeneic Balb/c and C57Bl/6 mice, respectively. Alternatively, CT26 or MC38 
cells were inoculated in immunodeficient NOD/SCID mice. When subcutaneous 
tumors became palpable animals were treated via intraperitoneal (i.p.) injections 
either with a single dose of 2.5 mg/kg TWEAKR-KSPi-ADC1 or with biweekly 
5 mg/kg TWEAKR-KSPi-ADC2 for two weeks, respectively. The tumor area was 
measured by calipers three times per week followed by calculation of the tumor 
volume (Tvol = 0.5 x length x width2). T/Cvol served as a parameter describing 
the ratio of mean tumor volumes of treated mice compared to the volume of 
vehicle control treated mice.

Figure 3. Prediction of the potential of KSPi to induce immunogenic cell death. 
The immunogenic cell death (ICD) scores were predicted for each compound from 
the NCI60 collection together with the KSPi used in this study by means of the 
ICDPred package (https://github.com/kroemerlab/ICDpred).19,51 The distribution 
of ICD scores was plotted (dashed lines indicate quantiles) showing that the KSPi 
and the prototype ICD inducer mitoxantrone (MTX) belong to the 20% and 10% 
highest scores, respectively.
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Materials and methods

Cell culture

Mitoxantrone was purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Culture media were from Gibco- 
Invitrogen (Carlsbad, CA, USA). Human colon carcinoma 
HT-29, human multiple myeloma NCI-H929, human 
breast cancer HCC70, human colon carcinoma LoVo, 
human pancreatic cancer BxPC-3 and human lung cancer 
NCI-H292 and murine colon carcinoma CT26 cells were 

obtained from the American Type Culture Collection 
(ATCC), and murine colon carcinoma MC38 cells were 
obtained from NCI. Cell lines were cultured under stan
dard cell culture conditions (5% CO2, 37°C) in a water 
saturated atmosphere in a cell culture incubator 
(HeraCell, Heraeus, Germany). HT-29 were cultured in 
McCoy’s 5A media supplemented with 10% FCS, Lovo 
were cultured in F-12 K media supplement with 10% 
FCS and BxPC-3, NCI-H292, HCC70, and NCI-H929 as 
well as murine colon carcinoma CT26 and MC38 cells 

Figure 4. Biosensor cells for the immunogenic cell death fingerprinting (a-c) Human colorectal adenocarcinomas HT29 cells were either stained with quinacrine to assess 
ATP release, or were genetically modified to express CALR-GFP as surrogate marker for CALR exposure, HMGB1-GFP to measure nuclear HMGB1 exodus or GFP 
expression under the control of the type-I interferon-induced GTP-binding protein MX1 promoter to measure type-I interferon responses in a high throughput fashion. 
A schematic representation is depicted in (a) and representative images of HT29 cells untreated (CTRL) or treated with the KSPi or mitoxantrone are shown in (b). Size 
bar equals 10 µm. (c) To assess ICD fingerprints, HT29 cells were treated with the indicated concentrations of KSPi. Mitoxantrone and recombinant IFNα at the indicated 
concentrations were used as positive controls. The data is plotted together with solvent controls (vehicle) in form of a heatmap. White boxes indicate: “data not 
available”. Hallmarks of ICD were measured by means of biosensors on a fluorescence-based phenotypic screening platform as described above. Altogether the KSPi was 
as efficient as MTX in inducing the four measured ICD hallmarks in a dose- and time-dependent fashion.
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were cultured in RPMI 1640 GlutaMax supplemented 
with 10% FCS. Media for culture of LoVo, NCI-H292, 
and NCI-H929 were supplemented with 50 µM beta- 
mercaptoethanol.

Generation of recombinant reporter cell lines

Mycoplasma-free human colon carcinoma HT-29, human 
breast carcinoma HCC70, and human multiple myeloma NCI- 
H929 cells obtained from the ATCC were stably transfected 

Figure 5. TWEAKR-KSPi-ADC triggers anticancer immune responses. Murine colon carcinoma CT26 cells were inoculated in the flank of syngeneic Balb/c mice. When 
subcutaneous tumors were palpable animals were treated twice per week with either 5 mg/kg TWEAKR-KSPi-ADC2 or corresponding isotype control KSPi-ADC, or 5 mg/ 
kg anti-CTLA-4 via intraperitoneal (i.p.) injections for two weeks. (a) TWEAKR-KSP-ADC2 showed a significant (p < .0001) tumor growth inhibition with a final T/Cvol of 
0.08, even stronger than anti-CTLA-4 mAb (T/Cvol 0.28; p < .0001). Isotype- control KSPi-ADC had no significant effect on tumor growth (b). Statistics were performed by 
One-Way ANOVA using log-transformed final tumor volumes followed by a Dunnett’s multiple comparisons test. P-values equal * p < 0,05; ** p < 0,01; *** p < 0,001 
(n = 8–10). Ex vivo flow cytometry of CT26 tumors treated with TWEAKR-KSPi-ADC2: Ex vivo analysis of CT26 tumor samples via flow cytometry demonstrated an 
increase of CD45+ leukocyte frequency (c) in TWEAKR-KSPi-ADC2 treated mice as well as an increase of CD4+ and CD8+ T cell frequency, which was increased compared 
to treatment with anti-CTLA-4 (d,e). Moreover, the frequency of immunosuppressive CD4+CD25+FoxP3+ Treg cells was reduced by TWEAKR-KSPi-ADC2 (f). In line with 
the flow cytometry results, the proinflammatory cytokines IFNγ, IL-2, and TNFα were found to be enhanced in tumor samples of TWEAKR-KSPi-ADC2 treated mice on the 
last day of the experiment (g–i).
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with cDNA expression vectors that code for CALR-green fluor
escent protein (GFP) or HMGB1-GFP or GFP under the con
trol of the promoter of the type-I interferon response gene 
MX1, respectively. Subsequently, stable expressing cells were 
selected by means of appropriate selection antibiotics and 
clones were obtained by single cell sorting using a FACS 
DIVA (Becton Dickinson). Monoclonal reporter cell lines 
were propagated in the presence of respective selection 
antibiotics.

Automated image acquisition and analysis

One day prior to the experiment, 5 × 103 cancer cells were 
seeded in the tissue culture treated 96-well µClear imaging 
plates (Greiner BioOne) and incubated under standard tissue 
culture conditions at 37°C 5% CO2 in a water saturated atmo
sphere in a cell culture incubator (HeraCell). The 
following day, the cells were treated with the indicated com
pounds. The treatment duration for each cell line was adapted 
to the course of cell death. Thus, after incubation for 8, 16, 32, 
and 48 h for NCI-H929; 16, 32, 72, and 96 h for HCC70; and 8, 
16, 32, and 72 h for HT-29, respectively, the cells were fixed 
with 3.7% formaldehyde solution containing 2 µg/ml Hoechst 
33342 for 20 min at RT. The fixative was changed to PBS and 
the plates were subjected to automated image analysis. MX1 
expression in NCI-H929 and HCC70 in response to type-I 
interferon was detected by immunofluorescence utilizing an 
MX1-specific antibody (Origene; TA308496) and automated 
image analysis. For the detection of ATP containing vesicles, 
the cells were labeled after 4, 8, 16, or 32 hours of incubation 
with quinacrine. In short, cells were labeled with 5 µm quina
crine and 2 µg/ml Hoechst 33342 in Krebs-Ringer solution 
(125 mM NaCl, 5 mM KCl, 1 mM MgSO4, 0,7 mM KH2PO4, 
2 mM CaCl2, 6 mM glucose, and 25 mM Hepes, pH 7.4) for 
30 minutes at 37°C. Thereafter, cells were rinsed with Krebs- 
Ringer and living cells were microscopically examined. 
Automated fluorescence microscopy was conducted with 
a robot-assisted Molecular Devices IXM XL BioImager 
(Molecular Devices, Sunnyvale, CA, USA) equipped with Sola 
light sources (Lumencor, Beaverton, OR, USA), adequate exci
tation and emission filters (Semrock, Rochester, NY, USA) and 
a 16-bit monochromes sCMOS PCO.edge 5.5 camera (PCO 
Kelheim, Germany) and a 20× PlanAPO objective (Nikon, 
Tokyo, Japan) was used to acquire at least six fields, followed 
by image processing with the custom module editor within the 
MetaXpress software (Molecular Devices). Dependent on the 
utilized biosensor cell line, the primary region of interest (ROI) 
was defined by a polygon mask around the nucleus allowing for 
the enumeration of cells, the detection of morphological altera
tions of the nucleus and nuclear fluorescence intensity. Cellular 
debris was excluded from the analysis and secondary cytoplas
mic ROIs were used for the quantification of CALR-GFP or 
quinacrine containing vesicles. For the latter, the images were 
segmented and analyzed for GFP granularity by comparing the 
standard deviation of the mean fluorescence intensity of 
groups of adjacent pixels (coefficient of variation) within the 
cytoplasm of each cell to the mean fluorescence intensity in the 
same ROI using the MetaXpress software (Molecular Devices).

In vivo treatment in mice

Murine colon carcinoma cell lines CT26 and MC38 cells 
expressing the TWEAK receptor (TWEAKR) were subcuta
neously inoculated in the flank of immunocompetent female 
Balb/c (for CT26) or C57Bl/6 (for MC38) mice provided by 
Envigo Netherlands or Charles River, Germany, respectively. 
For comparison with immunodeficient mice, female NOD- 
SCID mice provided by Charles River, Germany were used. 
First, 5 × 105 cells were detached from the cell culture flasks, 
centrifuged and re-suspended in a mix of medium and 
Matrigel (1:1). This cell suspension was then injected subcuta
neously and tumors established within 3–5 days. Treatment 
started at a mean tumor volume of 100 mm3 by intraperitoneal 
injection of the ADCs or antibodies formulated in PBS in 
a volume of 5 ml/kg. Each group consisted of 8–10 mice. The 
mice were treated either with a single dose or twice per week 
and tumor area was measured by means of a caliper (length, 
width) three times per week followed by calculation of the 
tumor volume (Tvol = 0.5 x length x width2). T/Cvol served as 
parameter describing the ratio of mean tumor volumes of 
treated mice compared to the volume of vehicle control treated 
mice. All animal studies were performed in the facilities of 
Bayer AG, Berlin, Germany and conducted according to the 
Animal Welfare Guidelines under the approved regulation 
A0089/17.

Ex vivo immune infiltrate analysis

At the end of the study, dissected tumors were freshly 
dissociated using a gentleMACS Octo instrument 
(Miltenyi) and single-cell suspensions were investigated 
for immune-antigen expression by flow cytometry (FACS 
Canto II, Becton Dickinson) after Fc-blocking. For the 
antibody Set #1, cells were permeabilized to investigate 
intracellular FoxP3. 

Antibody Fluorochrome Company REF No. Dilution

Set #1
CD45 APC-Cy7 BD Pharmingen 557659 1:200
CD4 eFluor450 eBioscience 48-0042-82 1:100
CD8a APC BD Pharmingen 553035 1:100
CD25 Alexa Fluor 488 eBioscience 53-0251-82 1:100
NKp46 PE-Cy7 BioLegend 137618 1:200
Ki-67 PerCP-eFluor710 eBioscience 46-5698-82 1:200
FoxP3 PE eBioscience 12-5773-82 1:100

Set #2
CD45 APC-Cy7 BD Pharmingen 557659 1:200
CD11b eF450 eBioscience 48-0112-82 1:300
GR 1 APC Miltenyi 130-102-838 1:300
MHC II PerCP BioLegend 107624 1:200
CD11c PE-Cy7 BioLegend 117318 1:200
F4/80 PE eBioscience 12-4801-82 1:200
CD206 FITC BioLegend 141704 1:200

Additional tumor samples (used either as fresh tissue or 
snap-frozen) were analyzed for cytokines or chemokines by 
a sandwich ELISA on the Mesoscale (MSD) platform. The 
following murine cytokines and chemokines were investigated: 
IL-1β, IL-12p70, IFN-γ, IL-2, IP-10, IL-17A, VEGF, MCP-1, 
IL-33, and TNF-α (mouse U-Plex Biomarker Group 1 
Assay Kit).
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Anti-TWEAKR IHC of murine colon cancer models CT26 and 
MC38

Cryosections of CT26 and MC38 murine colon tumors from 
vehicle control groups were subjected to acetone fixation, 
dried, washed with TBS-T wash buffer (tris buffered saline 
buffer from ProTaqs (biocyc GmbH &Co. KG, Luckenwalde, 
Germany) with 0.05% Tween-80), followed by peroxidase 
block (#S2023, Dako), protein block (#Y0909, Dako) and incu
bated for 65 min with recombinant rabbit anti-TWEAKR 
monoclonal antibody (EPR3179, #ab109365, abcam) or rabbit 
immunoglobulin fraction (solid phase absorbed) as control 
(#X0936, rabbit IgG, Dako) at 0,5 µg/ml. After TBS-T wash, 
the sections were incubated with horseradish peroxidase- 
coupled rabbit EnVision (#K4011, Dako) for 35 min and 
stained for 10 min with the DAB peroxidase detection kit 
(#K3953, Dako) and counterstained with hematoxylin 
(#53275, Sigma). After dehydration with increasing ethanol 
concentrations, isopropanol, and xylol, the sections were 
mounted using Cytoseal Xyl medium (Thermo Scientific 
#8312-4).

Statistical procedures

Unless otherwise specified, in vitro experiments were per
formed in quadruplicate instances. Data were analyzed with 
the freely available software R (https://www.r-project.org) or 
GraphPad PRISM. Significances were calculated using 
a Welch’s student t-test, followed by p values adjustment 
using Bonferroni correction. Thresholds for each assay were 
applied according to the cell-based distribution of positive and 
negative controls. In vivo experiments were conducted on 8–10 
mice per group. Statistics were performed by One-Way 
ANOVA using log-transformed final tumor volumes followed 
by a Dunnett’s multiple comparisons test. P-values equal *0,05; 
**0,01; ***0,001.

Abbreviations

ADC antibody–drug conjugate
ATP adenosine triphosphate
CALR calreticulin
ER endoplasmic reticulum
GFP green fluorescent protein
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