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Abstract 51 

Immunogenic cell death (ICD), an immune-priming form of cell death, has been shown to be induced by 52 

several different anti-cancer therapies. Despite being the first and one of the most successful antibody-53 

drug conjugates (ADCs) approved for refractory HER2-positive breast cancer, little is known if response 54 

and resistance to trastuzumab emtansine (T-DM1) involves ICD modulation that can be leveraged to 55 

enhance T-DM1 response. Here, we report that T-DM1 induces spindle assembly checkpoint (SAC)-56 

dependent ICD in sensitive cells by inducing eIF2α phosphorylation, surface exposure of calreticulin, 57 

ATP and HMGB1 release, and secretion of ICD-related cytokines, all of which are lost in resistance. 58 

Accordingly, an ICD-related gene signature correlates with clinical response to T-DM1-containing 59 

therapy. We found that transforming acidic coiled-coil containing 3 (TACC3) is overexpressed in T-DM1 60 

resistant cells, and that T-DM1 responsive patients have reduced TACC3 protein while the non-61 

responders exhibited increased TACC3 expression during T-DM1 treatment. Notably, genetic or 62 

pharmacological inhibition of TACC3 revives T-DM1-induced SAC activation and induction of ICD 63 

markers in vitro. Finally, TACC3 inhibition elicits ICD in vivo shown by vaccination assay, and it 64 

potentiates T-DM1 by inducing dendritic cell (DC) maturation and enhancing infiltration of cytotoxic T 65 

cells in the human HER2-overexpressing MMTV.f.huHER2#5 (Fo5) transgenic model. Together, our 66 

results show that ICD is a key mechanism of action of T-DM1 which is lost in resistance, and that 67 

targeting TACC3 restores T-DM1-mediated ICD and overcomes resistance. 68 

 69 

Statement of Significance 70 

Immunogenic cell death (ICD) is a novel mechanism of T-DM1 cytotoxicity that is lost upon T-DM1 71 

resistance. Targeting TACC3 reinstates T-DM1-induced ICD, thus representing an attractive strategy to 72 

overcome T-DM1 resistance. 73 

 74 

 75 

 76 
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Introduction 77 

Immunogenic cell death (ICD) is a specific form of cell death that is characterized by the release of 78 

antigenic molecules from tumors, e.g., danger-associated molecular patterns (DAMPs), such as cell 79 

surface exposure of calreticulin, ATP and HMGB1 release. This, in turn, leads to secretion of pro-80 

inflammatory cytokines that altogether evoke anti-tumor immune responses upon dendritic cell (DC) 81 

maturation and cytotoxic T-cell activation1,2. Although ICD has been shown to be a key mechanism of 82 

cell death for several different chemotherapies3,4 or targeted therapy agents5, little is known if loss of ICD 83 

can trigger resistance to anti-cancer therapies and if there are therapeutic opportunities to revive ICD and 84 

restore drug sensitivity. 85 

Antibody-drug conjugates (ADC) are immunoconjugates containing a monoclonal antibody that 86 

is bound to a cytotoxic drug, a so-called payload, with a chemical linker6. ADCs are highly effective 87 

agents and successfully used in treating many different cancers, including breast cancer. Ado-trastuzumab 88 

emtansine (T-DM1) is an FDA-approved iconic ADC of a HER2-targeting antibody (trastuzumab) 89 

conjugated to a maytansine derivative (DM1) which depolymerizes microtubules. It is the first and one of 90 

the most successful ADCs approved for the treatment of aggressive HER2+ breast cancer with refractory 91 

disease7,8. Despite its initial clinical success, resistance is common. Resistance to ADCs may involve 92 

alterations in the internalization or recycling of the targeted tumor antigen, e.g., HER2, in case of T-DM1, 93 

changes in payload efficacy, such as enhanced drug efflux or activation of specific survival mechanisms, 94 

as demonstrated by us and others9-12. However, it is still not fully uncovered (i) if response to ADCs may 95 

involve activation of ICD, (ii) if resistance to ADCs may be driven by loss of ICD, and (iii) if there are 96 

specific molecular targets that may be inhibited to reinstate ICD and thus achieve a much stronger and 97 

more durable response. 98 

Transforming acidic coiled-coil containing 3 (TACC3) is upregulated in solid tumors and 99 

hematologic malignancies and is strongly associated with worse prognosis in several different cancers13-
100 

19. It is localized to centrosomes as well as microtubules to control spindle stability and microtubule 101 

nucleation20. We previously showed that TACC3 forms distinct functional interactomes regulating 102 
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different processes in mitosis and interphase to ensure proliferation and survival of cancer cells with 103 

centrosome amplification21. Despite its roles in tumor growth of highly aggressive cancers, little is known 104 

about the role of TACC3 in regulating the immunogenicity of tumors or in driving resistance to anti-105 

cancer therapies.  106 

In this study, we demonstrated, for the first time, that the T-DM1-induced activation of spindle 107 

assembly checkpoint (SAC) triggers ICD and contributes to T-DM1 cytotoxicity, while T-DM1 resistance 108 

is characterized by lack of ICD induction. Notably, an ICD-related gene signature correlates with clinical 109 

response to T-DM1-containing therapy. We further demonstrated that TACC3 is overexpressed in T-DM1 110 

resistant models and the increase in TACC3 protein after T-DM1 therapy is associated with clinical T-111 

DM1 resistance in neo-adjuvant settings. Targeting TACC3 not only restores T-DM1-induced SAC 112 

activation and mitotic cell death, but it also activates ICD hallmarks and leads to secretion of pro-113 

inflammatory cytokines in T-DM1 resistant cells. This ultimately results in DC maturation and infiltration 114 

of cytotoxic T cells enhancing T-DM1 response in vivo. 115 

 116 

Materials and Methods 117 

Cell lines, drugs, and culture conditions  118 

Human breast cancer cell lines, SK-BR-3 and BT-474 and murine mammary tumor cell line, EMT6 were 119 

obtained from ATCC (Manassas, VA, USA). T-DM1 resistant (T-DM1R) SK-BR-3 and BT-474 cells 120 

were generated previously9. EMT6.huHER2 cells were generated from the EMT6 cell line by stable 121 

overexpression of human HER2. All the cells were cultured in Dulbecco Modified Eagle Medium 122 

(Corning, NY, USA) supplemented with 50 U/ml penicillin/streptomycin, 1% non-essential amino acids 123 

and 10% fetal bovine serum (Gibco, MT, USA). Cells were routinely tested for mycoplasma 124 

contamination using MycoAlert detection kit (Lonza, NJ, USA) and were authenticated by STR 125 

sequencing. 126 

 127 

HER2+ human tumor samples 128 
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To analyze the association between TACC3 protein expression and response to T-DM1, IHC staining of 129 

TACC3 was performed in matched primary tumor samples from 16 female HER2+ breast cancer patients 130 

collected before and after therapy. The patients were categorized as responders if they survived longer 131 

than 3 years after diagnosis vs. non-responders if they died within 3 years after diagnosis22,23, and the 132 

change in TACC3 protein expression as fold change was calculated. The patients were diagnosed between 133 

2010 and 2019 at Hacettepe University School of Medicine, Ankara, Turkey. The study was approved by 134 

the Non�Interventional Clinical Research Ethics Committee of Hacettepe University (approval no: 135 

2020/02-40). Informed consent was obtained from all patients. 136 

 137 

Transient transfection with siRNAs and overexpression vectors 138 

siRNAs were purchased from Dharmacon (Lafayette, CO, USA), and the sequences are provided in 139 

Supplementary Table S1. For cell viability, BT-474 T-DM1R (8x103 cells/well) and SK-BR-3 T-DM1R 140 

(6x103 cells/well) cells were seeded in 96-well plates with their growth medium without P/S. Twenty-four 141 

hours later, cells were transfected with three different siRNAs targeting TACC3 (Dharmacon, CO, USA) 142 

at a final concentration of 20 nM (siTACC3#1: D-004155-03, siTACC3#2: D-004155-02, and 143 

siTACC3#3: D-004155-04-0005) using Lipofectamine 2000TM (Invitrogen, CA, USA) transfection 144 

reagent as described previously24. Twenty-four hours after transfections, BT-474 and SK-BR-3 T-DM1R 145 

cells were treated with 15 and 0.06 μg/ml of T-DM1, respectively. Cell viability was measured with 146 

Sulforhodamine B (SRB) assay 72 hours after T-DM1 treatment. Empty or TACC3 overexpression vector 147 

was given 12 hours before T-DM1 treatment with an amount of 100 ng/well. 72 hours following 148 

transfection, cell viability was measured with SRB assay. For immunofluorescence experiments, BT-474 149 

T-DM1R cells (3.5x105 cells/well) and SK-BR-3 T-DM1R cells (3x105 cells/well) were seeded into 6-150 

well plates, and next day transfected with siRNAs targeting TACC3 at a final concentration of 40 nM.  151 

 152 

Isolation of bone marrow-derived cells (BMDCs) 153 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 14, 2023. ; https://doi.org/10.1101/2023.09.12.557273doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.12.557273
http://creativecommons.org/licenses/by-nd/4.0/


7 
 

To obtain bone marrow-derived cells, 6-8 weeks old BALB/c mice were euthanized, and the femur and 154 

tibia were dissected, cleaned, and placed in a 6-well dish containing IMDM culture media. A mortar was 155 

used to crush the bones, releasing the bone marrow contents into the culture media. The bone marrow 156 

cells were plated in a 6-well plate at a seeding density of 1 million cells/mL (5 mL total per well). The 157 

cells were cultured for 7 days with 10 ng/ml GM-CSF and 10 ng/ml IL-4. Dendritic cell phenotype was 158 

confirmed by flow cytometry using CD11c positivity.  159 

 160 

DC maturation and T cell activation assays   161 

The DCs were cultured in conditioned media from EMT6.huHER2 cells treated with T-DM1 alone or in 162 

combination with BO-264 for a week, and the expression of maturation markers CD80 and CD86 were 163 

analyzed by flow cytometry. For the co-culture experiments, DCs were cultured in the conditioned media 164 

from EMT6.huHER2 cells treated with T-DM1 alone or in combination with BO-264 for overnight in the 165 

presence of gp100 peptide (1 ug/mL). The next day, CD3+ T cells isolated from gp100 T cell receptor 166 

bearing Pmel-1 transgenic mice were labeled with CellTrace Violet (Thermo Fisher, MA, USA) and 167 

added to the wells containing gp100-loaded DCs at a ratio of 1:10 (DC:T cell). After 5 days in culture, T 168 

cells were collected and analyzed for markers of activation and proliferation. Supernatant from the co-169 

culture was collected and sent for multiplex cytokine analysis (Eve Technologies, Alberta, Canada). 170 

 171 

Flow cytometry 172 

To analyze the expression of DC maturation and T cell markers, the DCs and T cells were trypsinized and 173 

fixed with 4% PFA. Staining for cell surface markers was performed by incubating cells with conjugated 174 

primary antibodies (Supplementary Table S2) diluted at 1:200 ratio in FACS buffer (0.1% BSA in PBS) 175 

for 30 min at 4°C. Samples were then processed using LSRFortessa and analyzed with FlowJo software 176 

(v10.8.1) (Tree Star, OR, USA). 177 

 178 

ATP secretion and HMGB1 release assays 179 
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To measure ATP secretion and HMGB1 release, ENLITEN® ATP assay system and LUMIT™ HMGB11 180 

immunoassay (Promega, WI, USA) were utilized, respectively. Cells were seeded in 96 well plate and 181 

treated with drugs for 48 hours. Supernatant was transferred into opaque 96 well plates and analyzed 182 

according to the manufacturer’s instruction. The luminescence signal was measured using SpectraMax® 183 

i3x (Molecular Devices, CA, USA) microplate reader. 184 

 185 

Cytokine array 186 

Human Cytokine Array C5 (RayBiotech, GA, USA) was performed according to the manufacturer’s 187 

instructions. Briefly, BT-474 and SK-BR-3 WT cells or SK-BR-3 T-DM1R cells were treated with T-188 

DM1 only or in combination with BO-264, respectively for 48 hours. Then, supernatants were collected 189 

and incubated with the antibody-coated membranes overnight. Next day, they were incubated with 190 

biotinylated Ab and labeled with streptavidin. The chemiluminescence imaging was performed using 191 

iBright Imaging system (Thermo Fisher, MA, USA), and iBright Analysis software (v(5.1.0)) were used 192 

for data analysis. 193 

 194 

In vivo studies  195 

Six-to-eight-week-old female BALB/c or FVB mice were housed with a temperature-controlled and 12-196 

hour light/12-hour dark cycle environment. All the in vivo studies were carried out in accordance with the 197 

Institutional Animal Care and Use Committee of the University of South Carolina and Medical University 198 

of South Carolina. The human HER2-expressing MMTV.f.huHER2#5 (Fo5) transgenic model was 199 

obtained from Genentech under a material transfer agreement (OM-217137 and OR-224086B). Tumor 200 

pieces of 2x2 mm in size were transplanted near the MFP of female 6-8 weeks old immunocompetent 201 

FVB mice. After the mean tumor volume reached 100 mm3, mice were randomly allocated to treatment 202 

groups. T-DM1 was given once at a dose of 5 mg/kg, by intravenous (i.v.) injection, while BO-264 was 203 

given at a dose of 50 mg/kg, daily, via oral gavage. For testing the effects of combination therapy on 204 

tumor growth, mice were treated for 2 weeks, and all mice were sacrificed, and tumors were collected for 205 
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Western blotting. To analyze immune cell infiltration and serum cytokine profiling, a separate cohort of 206 

mice were treated for a week, and then sacrificed and serum samples and tumors were collected. Tumors 207 

were processed for multiplex IHC staining while serum samples were sent for multiplex cytokine analysis 208 

(Eve Technologies, Alberta, Canada). There was no blinding during in vivo experiments. Sample sizes 209 

were determined based on previous studies13,25.  210 

 The vaccination assay was done by using combination treated EMT6.huHER2 cells. Briefly, cells 211 

were treated with T-DM1 (5 ug/ml), BO-264 (500 nM) or their combination for 72 hours followed by 212 

collecting dying cells, washing twice with PBS and injection into the flank region of BALB/c mice with 213 

5-7 mice per group. After a week, 1 million alive EMT6.huHER2 cells were injected into the opposite 214 

flank. Tumor formation was monitored, and % of tumor-free mice was recorded. 215 

 216 

Bioinformatics and statistical analyses 217 

The microarray data set, GSE19404026 was download from the GEO database27. The ICD gene signature 218 

was retrieved from28. The expression levels of the genes in the T-DM1+pertuzumab-treated patients from 219 

GSE194040 were represented as a heat map using Morpheus software from Broad Institute, 220 

https://software.broadinstitute.org/morpheus. The significance between the number of responders vs. non-221 

responders among low vs high ICD score expressers were determined using Chi-square testing. The 222 

significance between TACC3 protein expression in responder vs. non-responder patients upon T-DM1 223 

treatment from the Hacettepe cohort was calculated using one sample Wilcoxon signed-rank test.  All the 224 

results are represented as mean�±�standard deviation (SD) or mean�±�standard error of the mean 225 

(SEM), as indicated in the figure legends. All statistical analyses were performed in GraphPad Prism 226 

Software (v10.0.0 (153)) (San Diego, CA, USA). Comparisons between two groups were done using 227 

unpaired two-sided Student’s t-test. Tumor volumes between combination groups vs. single agent or 228 

vehicle-treated groups were compared using two-way ANOVA with the integration of Dunnett’s multiple 229 

comparison test. Survival curves for the vaccination assay were generated using Kaplan-Meier method, 230 
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and significance between groups was calculated by Log-rank test. Experiments were repeated two to three 231 

times independently with similar results. 232 

 All other methods, including Western blotting, inhibitor treatments, CRISPR/Cas9-mediated gene 233 

knockout and stable overexpression, immunofluorescence staining, multiplex IHC staining, and multiplex 234 

cytokine array are provided in Supplementary Methods. 235 

 236 

Ethical approval 237 

The use of human tissues from Hacettepe University was approved by the Non�Interventional Clinical 238 

Research Ethics Committee of Hacettepe University (approval no: 2020/02-40). The animal experiments 239 

were approved by the Institutional Animal Care and Use Committee of the University of South Carolina 240 

and Medical University of South Carolina. 241 

 242 

Data availability 243 

Gene expression data were downloaded from the NCBI Gene Expression Omnibus database under 244 

GSE19404026.  245 

 246 

Results 247 

T-DM1 induces ICD markers in T-DM1 sensitive breast cancer cells in a mitotic arrest-dependent 248 

manner and ICD correlates with T-DM1 sensitivity in patients 249 

To test if immunogenic cell death (ICD) is a mechanism of T-DM1 sensitivity, we first analyzed the 250 

phosphorylation of eIF2α, one of the major hallmarks of ICD29 upon T-DM1 treatment, and observed a 251 

prominent increase in p-eIF2α (S51) along with microtubule disassembly, mitotic arrest and apoptosis in 252 

two different HER2+ cell lines, SK-BR-3 and BT-474 (Fig. 1A and Supplementary Fig. S1A). This 253 

prompted us to test if T-DM1 would activate also other ICD-related DAMPs that are indispensable for 254 

induction of ICD. We observed that upon T-DM1 treatment, there was a significant increase in ATP 255 

secretion (Fig. 1B), HMGB1 release (Fig. 1C) and calreticulin cell surface exposure (Fig. 1D, 256 
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Supplementary Fig. S1B) in both cell lines. We then assessed the cytokine profiles secreted from 257 

sensitive cells upon T-DM1 treatment and observed significant induction of IFN-gamma, IL12-p40, 258 

RANTES (CCL-5), IL-2 IL-13, IL-15, MCP-1 (CCL-2) and MCP-2 (CCL-7) (Fig. 1E and 259 

Supplementary Fig. S1C), which are well-established cytokines involved in ICD30-33. These results show 260 

that T-DM1-induced mitotic arrest and apoptosis are accompanied by increased eIF2α phosphorylation, 261 

induction of DAMPs and cytokines, indicative of ICD induction.  262 

To further test the clinical relevance of ICD in determining response to T-DM1, we analyzed the 263 

GSE19404026 patient dataset, containing gene expression profiling data from pre-treated HER2+ tumors 264 

of patients with clinical information on the status of pathologic complete response (pCR) or non-pCR 265 

after T-DM1+pertuzumab therapy (Fig. 1F). We generated a heatmap of genes found in an ICD-related 266 

gene signature28 (Fig. 1G) and correlated its levels with pCR. We showed that genes of the ICD score 267 

were expressed at higher levels in sensitive patients, while resistant patients were enriched in low ICD 268 

score expressers (Fig. 1H). These data suggest that ICD is a novel and clinically relevant mechanism of 269 

action of T-DM1 that correlates with clinical T-DM1 response. 270 

To test if the T-DM1-induced release of DAMPs is dependent on mitotic arrest and activation of 271 

SAC, which are known to induce apoptosis under T-DM1 treatment11,12, we inhibited Mps1, one of the 272 

major regulators of SAC activation34, with TC Mps1 in T-DM1-treated SK-BR-3 cells. We observed that 273 

T-DM1 induced growth inhibition (Fig. 1I and Supplementary Fig. S1D), eIF2α phosphorylation (Fig. 274 

1J), ATP release (Fig. 1K), HMGB1 release (Fig. 1L, Supplementary Fig. S1E) as well as cell surface 275 

exposure of calreticulin (Supplementary Fig. S1F) were all reversed upon SAC inhibition. To test if the 276 

observed induction of ICD markers is due to the antibody or the payload component of T-DM1, we tested 277 

the effect of trastuzumab, the antibody component of T-DM1, and showed that trastuzumab used at the 278 

same dose and duration as T-DM1 was not able to elicit the induction of eIF2α phosphorylation, ATP 279 

release or calreticulin surface exposure (Supplementary Fig. S2A-D), suggesting that T-DM1 induced 280 

ICD markers are due to its payload. Overall, our data show that T-DM1 induces mitotic cell death and 281 

activation of ICD markers in a SAC-dependent manner.  282 
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 283 

ICD-related factors are lost in T-DM1 resistance upon TACC3 overexpression, TACC3 correlates 284 

with clinical T-DM1 resistance, and its inhibition overcomes T-DM1 resistance and restores ICD 285 

markers in vitro.  286 

It is unclear if the loss of ICD is a mechanism of drug resistance. Therefore, we first examined the 287 

markers of mitotic arrest, apoptosis and ICD in our previously published acquired resistant models of T-288 

DM1 (BT-474 T-DM1R and SK-BR-3 T-DM1R)9. We observed that while T-DM1 induced mitotic 289 

arrest, apoptosis and eIF2α phosphorylation in wild-type (WT) (i.e., sensitive) cells, none of these 290 

markers were induced in T-DM1R cells (Fig. 2A). Supporting these data, T-DM1 was not able to elicit 291 

the induction of DAMPs (e.g., ATP release and HMGB1 release) in T-DM1R cell lines (Supplementary 292 

Fig. S3A-B). To identify the mediators of T-DM1 resistance that suppress the prolonged mitosis and 293 

ICD-related markers, which are induced in sensitive cells upon T-DM1 treatment, we examined the 294 

changes in mitosis genes upon T-DM1 resistance by re-analyzing our RNA-Seq data of BT-474 T-DM1R 295 

and SK-BR-3 T-DM1R cell lines compared to their WT counterparts (Fig. 2B). 21 genes were 296 

differentially expressed only in BT-474 T-DM1R cells while 35 genes were differentially expressed only 297 

in SK-BR-3 T-DM1R cells. 11 genes were deregulated in both cell lines in the same direction, among 298 

which TACC3 was significantly upregulated in the T-DM1R versions of both cell lines (Fig. 2B). We 299 

validated the increased expression of TACC3 in T-DM1 resistant cells also at protein level (Fig. 2C). To 300 

further test the clinical relevance of TACC3 protein expression in terms of its correlation with T-DM1 301 

response, we stained TACC3 protein in tumor samples of HER2+ breast cancer patients with variable 302 

clinical outcome, having been collected before and after T-DM1 therapy in neo-adjuvant settings. While 303 

patients who responded to T-DM1 treatment have reduced TACC3 protein during T-DM1 treatment, the 304 

non-responders exhibited increased TACC3 expression over time (Fig. 2D, E), validating the association 305 

of TACC3 expression in clinical resistance to T-DM1.  306 

To determine the causal role of TACC3 overexpression in mediating T-DM1 resistance, we tested 307 

if targeting TACC3 overcomes T-DM1 resistance in our acquired T-DM1 resistant models. Inhibition of 308 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 14, 2023. ; https://doi.org/10.1101/2023.09.12.557273doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.12.557273
http://creativecommons.org/licenses/by-nd/4.0/


13 
 

TACC3 either with three different siRNAs (Fig. 2F, Supplementary Fig. S4A) or with pharmacological 309 

inhibitors BO-26413 (Fig. 2G, Supplementary Fig. S4B) or SPL-B35 (Supplementary Fig. S4C) 310 

overcame resistance in both T-DM1R cell lines. TACC3 inhibition in combination with T-DM1 disrupted 311 

microtubule dynamics (Supplementary Fig. S4D), inhibited microtubule polymerization 312 

(Supplementary Fig. S4E) and caused mitotic arrest and apoptosis (Fig. 2H, I, Supplementary Fig. 313 

S4F). Notably inhibiting the SAC kinase, Mps1 using TC Mps1 reversed the TACC3 inhibition-mediated 314 

T-DM1 sensitization (Supplementary Fig. S4G), suggesting that SAC activation is also crucial for 315 

restoration of T-DM1 sensitivity by TACC3 targeting. Furthermore, combination treatment increased 316 

eIF2α phosphorylation (Fig. 2H, I, Supplementary Fig. S4F), ATP release (Fig. 2J, Supplementary 317 

Fig. S5A-C), HMGB1 release (Fig. 2K, Supplementary Fig. S5D) and calreticulin surface exposure in 318 

these T-DM1R cell lines (Supplementary Fig. S5E-K). It also induced secretion of pro-inflammatory 319 

cytokines (Supplementary Fig. S5L). Notably, overexpression of TACC3 in T-DM1 sensitive cells 320 

conferred T-DM1 resistance (Fig. 2L), abrogated T-DM1 induced mitotic arrest, apoptosis, eIF2α 321 

phosphorylation (Fig. 2M) and decreased ATP release (Fig. 2N). Overall, our data show that T-DM1 322 

resistance is characterized by loss of ICD markers, and targeting TACC3 overcomes T-DM1 resistance in 323 

a SAC-dependent manner and restores the induction of T-DM1-induced ICD markers in vitro. 324 

 325 

Targeting TACC3 in combination with T-DM1 in human HER2-expressing murine cells induces 326 

ICD markers and leads to ex vivo DC maturation and T cell activation 327 

To test the effects of TACC3 inhibition in combination with T-DM1 in a syngeneic T-DM1 resistant 328 

setting that will allow us to assess the changes in the immunogenicity of the cells, we first developed the 329 

human HER2-overexpressing derivative of the murine EMT6 mammary tumor cells; EMT6.huHER2. We 330 

demonstrated that these cells are resistant to T-DM1, in line with the literature36, and inhibiting TACC3 331 

with BO-264 reversed resistance by reducing cell viability in a dose-dependent manner (Fig. 3A). 332 

Furthermore, we validated our results by knocking out TACC3 using CRISPR/Cas9 system. Both 333 

sgTACC3 constructs effectively reduced TACC3 expression (Fig. 3B) and mediated T-DM1 sensitization 334 
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(Fig. 3C). Notably, combination of TACC3 knockout or its pharmacologic inhibition with T-DM1 335 

induced mitotic arrest, eIF2α phosphorylation, and apoptosis (Fig. 3D, E and Supplementary Fig. S6) 336 

and activated the ICD markers; ATP release (Fig. 3F, G) and calreticulin cell surface exposure (Fig. 3H, 337 

I) in the T-DM1 resistant EMT6.huHER2 cells.  338 

It has been shown that ICD induction is followed by DC maturation that further results in T cell 339 

activation37,38. To test whether the combination of TACC3 inhibition with T-DM1 induces DC maturation 340 

and T cell activation, we isolated bone marrow-derived DCs from BALB/c mice (the strain EMT6 cells 341 

were originated from) (Fig. 4A). Incubation of DCs with conditioned media (CM) collected from 342 

combination treated EMT6.huHER2 cells resulted in increased expression of the DC maturation markers, 343 

CD80 and CD86 (Fig. 4B, D, Supplementary Fig. S7A). Furthermore, co-culturing these maturated DCs 344 

with T cells increased T cell activation as shown by CD8 and CD25 staining (Fig. 4E, G, 345 

Supplementary Fig. S7B). These results were also recapitulated using CRISPR-Cas9-mediated knockout 346 

of TACC3 (Fig. 4C, D, F, G). We profiled the secreted cytokines/chemokines using multiplex cytokine 347 

analysis, and observed that proinflammatory markers IL-1β, IL-2, IL-6, IL-17, MIP-1α, MIP-1β and 348 

TNF-α were all increased in combination treated samples (Fig. 4H). Overall, these data suggest that 349 

inhibition of TACC3 in combination with T-DM1 induces ICD markers and leads to ex vivo DC 350 

maturation and T cell activation in EMT6.huHER2 murine mammary tumor model. 351 

 352 

Targeting TACC3 induces ICD, leads to immune cell infiltration and potentiates T-DM1 response 353 

in vivo 354 

To assess the effects of the combination of T-DM1 with TACC3 inhibition on ICD induction in vivo, we 355 

performed the so-called vaccination assay using the T-DM1 resistant EMT6.huHER2 cells39. Cells were 356 

treated with T-DM1 or BO-264 alone or in combination for 72 hours, and the dying cells were injected 357 

into the flank of BALB/c mice, followed by injection of living cells to the opposite flank after a week, 358 

and monitoring of tumor formation (Fig. 5A). Vaccinating mice with dying cells treated with our 359 

combination therapy significantly improved tumor-free survival compared to control or single-agent 360 
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treated groups, demonstrating that our combination therapy elicits ICD in vivo to inhibit tumor formation 361 

(Fig. 5B).  362 

To test the effects of TACC3 inhibition on enhancing T-DM1 response in the first-line settings, 363 

we utilized the relatively T-DM1 responsive human HER2-overexpressing MMTV.f.huHER2#5 (Fo5) 364 

transgenic model8,40. Combination treatment completely blocked tumor growth as compared to single 365 

agent T-DM1 (5 mg/kg, i.v., once) or BO-264 (50 mg/kg, oral gavage, daily) treatments (Fig. 5C-E), 366 

without affecting body weight (Fig. 5F). Importantly, combination-treated Fo5 tumors exhibited the 367 

highest levels of p-eIF2α, the canonical marker of ICD (Fig. 5G, H). To analyze changes in tumor 368 

infiltrated lymphocytes (TIL) and tumor infiltrated DCs (TIDCs) upon combination treatment, we treated 369 

the Fo5 tumor-bearing mice with T-DM1 alone or in combination with BO-264 for a week and performed 370 

multiplex IHC staining of DCs and T cells in the collected tumors. As a result, we observed that the 371 

infiltration of CD11c+CD86+ mature DCs (Fig. 5I, J) and CD8+CD25+ activated cytotoxic T cells (Fig. 372 

5K, L) were significantly increased in tumor samples treated with the combination therapy. Notably, 373 

there was a trend towards a decrease in T-DM1-induced infiltration of tumor promoting Foxp3+/CD4+ 374 

regulatory T (Treg) cells, while NK1.1+/CD27+ NK cells that are responsible for trastuzumab-mediated 375 

antibody dependent cellular cytotoxicity (ADCC), underwent a slight, albeit not significant, decrease in 376 

combination therapy (Supplementary Fig. S8). We further analyzed the serum levels of cytokines 377 

collected from treated mice and observed an increase in the pro-inflammatory cytokines (IL-1α, IL-2, 378 

RANTES (CCL5), MIP-3α and LIX (CXCL5)) (Fig. 5M). Altogether, these data demonstrate that 379 

TACC3 inhibition restores T-DM1-induced ICD and increases the infiltration of anti-tumor DCs and 380 

cytotoxic T cells without triggering the infiltration of pro-tumorigenic Tregs, thus leading to stronger 381 

growth inhibition of human HER2-expressing tumors. 382 

  383 

Discussion 384 

ICD is a unique form of cell death that can activate anti-tumor immune response and has been shown to 385 

be induced by several different anti-cancer therapies. Despite being the first and one of the most 386 
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successful antibody-drug conjugates (ADCs) approved for refractory HER2-positive breast cancer, little is 387 

known if response and resistance to trastuzumab emtansine (T-DM1) involves ICD modulation that can 388 

be leveraged to enhance T-DM1 response. Here, we demonstrate, for the first time, that the iconic ADC, 389 

T-DM1 can elicit all the hallmarks of ICD, i.e., eIF2α phosphorylation, ATP secretion, HMGB1 release 390 

and calreticulin surface exposure in a SAC-dependent manner in drug sensitive models (Fig. 6A). In T-391 

DM1 resistance, TACC3 is upregulated and inhibits T-DM1-induced SAC activation, thus blocking eIF2α 392 

phosphorylation and DAMPs, which ultimately results in cell survival (Fig. 6B). Inhibiting TACC3 in T-393 

DM1 resistant tumors restores T-DM1-induced SAC activation, mitotic cell death, eIF2α phosphorylation 394 

and elevated levels of DAMPs, i.e., the hallmarks of ICD. TACC3 inhibition in combination with T-DM1 395 

further induces pro-inflammatory cytokine secretion, DC maturation and T cell activation, eventually 396 

causing inhibition of tumor growth (Fig. 6C).  397 

In recent years, it has been increasingly recognized that anti-tumor immune activation is an 398 

integral part of response to anti-cancer therapies. To evoke a cytotoxic immune response, these therapies 399 

trigger an immunogenic form of cell death that is characterized by secretion of the so called ‘eat me’ 400 

signals, i.e., DAMPs from the dying cancer cells. These DAMPs then lead to infiltration and activation of 401 

anti-tumor immune cells, leading to tumor shrinkage. Along these lines, a higher level of tumor 402 

infiltrating lymphocytes (TILs) usually indicates better response to therapy41. Recently, an open-label, 403 

phase III study (KRISTINE) has reported an association of TIL infiltration with T-DM1 response42. In T-404 

DM1+pertuzumab-treated patients, those expressing higher HER2 and immune marker levels exhibited 405 

higher pCR rates42, suggesting a potential involvement of anti-tumor immune activation in T-DM1 406 

sensitivity in the patients. Association of TILs with clinical response has also been tested for other ADCs, 407 

e.g., trastuzumab deruxtecan and a positive correlation between number of TILs and drug sensitivity was 408 

observed43,44. However, it has yet to be determined whether the potential link between the clinical 409 

response to T-DM1 or other ADCs and TILs is molecularly mediated by elicitation of ICD. Here, we 410 

demonstrated, for the first time, that ICD induction is one of the mechanisms of T-DM1 sensitivity in 411 

vitro and in vivo. Importantly, we showed that an ICD-related gene signature positively correlates with 412 
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response to T-DM1 containing therapies in patients, suggesting that the observed association between 413 

TILs and T-DM1 sensitivity in the clinic may, in part, stem from ICD induction. Therefore, our data 414 

encourages future clinical studies investigating the association between sensitivity to ADCs, including T-415 

DM1 and ICD hallmarks. 416 

 Anti-microtubule agents, such as taxanes are among the most commonly used chemotherapeutics 417 

in cancer and their major mechanism of action involves mitotic cell death via disruption of microtubule 418 

dynamics. Intriguingly, recent studies have suggested that the clinical success of microtubule-targeting 419 

agents is not only a result of mitotic cell death but potentially involves novel mechanisms that lead to 420 

activation of a strong anti-tumor immune response45-47. For instance, paclitaxel, one of the most widely 421 

used taxanes was shown to promote a proinflammatory response by activation of innate immunity46,48. 422 

Paclitaxel may also improve the efficacy of PD-L1 blockade therapy in animal models by causing tumor 423 

eradication, metastasis suppression, and preventing recurrence49. Furthermore, paclitaxel has recently 424 

been shown to activate ICD in ovarian cancer cells50. Despite these preliminary evidence on the potential 425 

roles of microtubule targeting agents on activating anti-tumor immunity, a mechanistic connection 426 

between mitotic arrest, SAC activation and the induction of ICD markers has not been tested before. In 427 

this study, we demonstrated that the T-DM1-induced mitotic arrest and SAC activation are required for 428 

the induction of ICD hallmarks, identifying SAC activation as a potentially novel way to induce ICD. 429 

However, given that ICD induction is, in part, dictated by the structure of the drug in addition to its 430 

molecular mechanisms of action, it has yet to be determined whether other inducers of SAC activation or 431 

mitotic arrest could also activate the hallmarks of ICD and elicit immune responses.  432 

TACC3 is a microtubule and centrosome-associated protein playing key roles in mitotic 433 

progression20,51. TACC3 inhibition was shown to cause formation of multipolar spindles, mitotic arrest 434 

and apoptosis13,21,35. In recent years, novel non-canonical roles of TACC3 in tumor progression are also 435 

emerging. For instance, an in silico analysis in kidney renal cell carcinoma demonstrated that TACC3 436 

expression correlates with several different types of immune cells, including follicular helper T cells and 437 

Tregs52. Infiltration of the immune suppressive Tregs into tumors may promote tumor growth via 438 
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blocking anti-tumor immune responses53. For instance, a combination of T-DM1 with immune checkpoint 439 

blockers showed efficacy in animal models; however, the infiltration of tumor-promoting Foxp3+/CD4+ 440 

Tregs was shown to be increased as well30. Along these lines, although a trend is observed towards higher 441 

progression-free survival in PDL1+ patients upon combination of T-DM1 with the immune checkpoint 442 

inhibitor, atezolizumab, the difference in survival was not statistically meaningful with more adverse 443 

events54. These findings underlie the necessity to identify novel therapeutic strategies to achieve potent 444 

and durable immunogenic responses without activating tumor promoting immune subsets in larger patient 445 

subpopulations. Our data demonstrating the secretion of pro-inflammatory cytokines, DC maturation and 446 

increased infiltration of cytotoxic effector T cells upon inhibiting TACC3 in combination with T-DM1 447 

without an increase in the infiltration of Foxp3+ Tregs suggest that TACC3 inhibition could be a superior 448 

therapeutic strategy to boost the immunogenicity of the tumors without activating tumor-promoting 449 

factors.  450 

It has been demonstrated that T-DM1 treatment increases tumor infiltrating NK cells that are 451 

responsible for trastuzumab-induced ADCC55,56 in the absence or presence of immunotherapy30. 452 

Interestingly, we did not observe a significant change in the infiltration of NK cells upon T-DM1 453 

treatment or upon treatment with the combination of T-DM1 and TACC3 inhibitor. The lack of NK cell 454 

infiltration even in T-DM1 monotherapy group is probably due to lower T-DM1 dose used in our study, 455 

i.e., 5 mg/kg compared to 15 mg/kg dose used in Muller et al30. Nonetheless, the strong tumor growth 456 

inhibition that we observed upon combination therapy with no NK cell infiltration suggest that TACC3 457 

inhibition-mediated T-DM1 potentiation does not likely involve trastuzumab-mediated ADCC. Overall, 458 

our data encourages testing the combination of TACC3 inhibitors with other ADCs beyond T-DM1 or 459 

even with immune checkpoint blockers to achieve superior and durable responses. 460 

Overall, we showed that ICD induction upon SAC-induced mitotic cell death is a novel 461 

mechanism of T-DM1 sensitivity and activates T cell-mediated anti-tumor immunity, while T-DM1 462 

resistance is characterized by loss of ICD. We further identified TACC3 as a novel resistance mediator 463 

whose inhibition restores the induction of ICD hallmarks and increases the infiltration of cytotoxic 464 
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effector T cells into tumors. These data provide preclinical evidence for targeting TACC3 to revive tumor 465 

immunogenicity driven by ICD-related DAMPs in T-DM1 refractory HER2+ breast cancer that may 466 

ultimately result in improved clinical outcome. 467 
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 649 

Figures Legends 650 

Figure 1. T-DM1 induces ICD markers in T-DM1 sensitive breast cancer cells in a mitotic arrest-651 

dependent manner and ICD correlates with T-DM1 sensitivity in patients. A Western blot analysis of 652 

mitotic arrest, apoptosis and ICD markers in T-DM1-treated SK-BR-3 WT (left) and BT-474 WT (right) 653 

cells. B, C Relative ATP release (B) and HMGB1 release (C) from T-DM1-treated SK-BR-3 WT and BT-654 

474 WT cells (n=3, 4). D IF cell surface staining of calreticulin (green) in T-DM1 treated SK-BR-3 WT 655 

cells. Scale bar=10 µm. DAPI was used to stain the nucleus. Its quantification is provided on the right. E 656 

Cytokine array blot analysis showing the differentially secreted cytokines in T-DM1-treated SK-BR-3 657 

WT cells. F. Schematic summary of the treatment scheme and the sample collection timeline in 658 

GSE19404026. This figure was drawn using Biorender.com. G. Heatmap of ICD-related genes found in 659 

the ICD gene signature score28 and their correlation with pCR in T-DM1+pertuzumab-treated patients 660 

from GSE194040. pCR: 1, sensitive; pCR: 0, resistant. H. Chi-square analysis of sensitive vs. resistant 661 

tumors expressing low vs. high ICD score from G. I Percent growth inhibition in SK-BR-3 WT cells 662 

treated with T-DM1 alone or in combination with 1 µM TC Mps1 (Mps1 inhibitor) (n=4). J Western blot 663 

analysis of p-H3 and p-eIF2α in SK-BR-3 WT cells treated with T-DM1 alone or in combination with 1 664 

µM TC Mps1. Actin is used as a loading control.  K, L Relative ATP (K) and HMGB1 (L) release in SK-665 
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BR-3 WT cells treated with T-DM1 alone or in combination with 1 µM TC Mps1 (n=3). Data correspond 666 

to mean values�±�standard deviation (SD). P-values for the bar graphs were calculated with the 667 

unpaired, two-tailed Student’s t test. Significance for the Chi-square analysis was calculated with Chi-668 

square testing. **, P<0.01. 669 

 670 

Figure 2. ICD-related factors are lost in T-DM1 resistance upon TACC3 overexpression, TACC3 671 

correlates with clinical T-DM1 resistance, and its inhibition overcomes T-DM1 resistance and 672 

restores ICD markers in vitro. A Western blot analysis of mitotic arrest, apoptosis, and ICD markers in 673 

SK-BR-3 WT and T-DM1 resistant (T-DM1R) cells treated with 0.05 µg/mL T-DM1 in a time-dependent 674 

manner. B The log fold change of the mitotic genes differentially expressed only in BT-474, SK-BR-3 or 675 

both T-DM1R cells compared to WT counterparts in RNA-seq analysis. C Western blot analysis of 676 

TACC3 protein expression in BT-474 and SK-BR-3 WT vs. T-DM1R cells. Actin is used as a loading 677 

control. D Bar graphs showing relative protein expression of TACC3 in the T-DM1-treated tumors of 678 

responder vs. non-responder patients before and after treatment (n=6-10). E Representative TACC3 IHC 679 

and H&E staining in the tumor tissues of patients from D. Scale bar=100 µm. F Percent growth inhibition 680 

in SK-BR-3 T-DM1R cells transfected with siTACC3 and treated with 0.03 µM T-DM1 (n=4-6). G 681 

Percent growth inhibition in SK-BR-3 T-DM1R cells treated with T-DM1 alone or in combination with 1 682 

µM TACC3 inhibitor (BO-264) (n=4-6). H Western blot analysis of mitotic arrest, apoptosis, and ICD 683 

markers in BT-474 T-DM1R cells transfected with siTACC3 and treated with T-DM1. Actin is used as a 684 

loading control.  I Western blot analysis of mitotic arrest, apoptosis, and ICD markers in SK-BR-3 T-685 

DM1R cells treated with T-DM1 alone or in combination with BO-264. Actin is used as a loading control. 686 

J Relative ATP release from SK-BR-3 T-DM1R cells treated with T-DM1 alone or in combination with 687 

BO-264 (n=3, 4). K Relative HMGB1 release from SK-BR-3 T-DM1R cells treated with T-DM1 alone or 688 

in combination with BO-264 (n=3). L Percent growth inhibition in SK-BR-3 WT cells overexpressing 689 

TACC3 and treated with T-DM1 (n=3). M Western blot analysis of mitotic arrest, apoptosis and ICD 690 

markers in SK-BR-3 WT cells overexpressing TACC3 and treated with T-DM1. Actin is used as a 691 
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loading control.  N Relative ATP release from SK-BR-3 WT cells overexpressing TACC3 and treated 692 

with T-DM1 (n=3). Data correspond to mean values�±�standard deviation (SD). Significance for D was 693 

calculated with one way Wilcoxon signed-rank test. P-values for other subfigures were calculated with 694 

the unpaired, two-tailed Student’s t test. *, P<0.05; **, P<0.01. 695 

 696 

Figure 3. Targeting TACC3 sensitizes the human HER2-expressing EMT6.huHER2 cells to T-DM1 697 

and induces ICD markers. A Cell viability assay in EMT6.huHER2 cells treated with increasing doses 698 

of T-DM1 alone or combination with different dose of BO-264 for 3 days (n=4). B Validation of TACC3 699 

knockout in EMT6.huHER2 cells obtained using CRISPR/Cas9 system. C Cell viability assay in 700 

EMT6.huHER2.sgTACC3 vs. sgControl cells treated with increasing doses of T-DM1 for 3 days (n=4). D 701 

Western blot analysis of mitotic arrest, apoptosis and ICD markers in EMT6.huHER2 cells treated with 702 

T-DM1 alone or in combination with BO-264. Actin is used as a loading control. E. Western blot analysis 703 

of TACC3, mitotic arrest, apoptosis, and ICD markers in EMT6.huHER2.sgTACC3 vs. sgControl cells 704 

treated with T-DM1. Actin is used as a loading control. F Relative ATP release from EMT6.huHER2 705 

cells treated with T-DM1 alone or in combination with BO-264 (n=3). G Relative ATP release from 706 

EMT6.huHER2.sgTACC3 vs. sgControl cells treated with T-DM1 (n=3, 4). H IF cell surface staining of 707 

calreticulin (green) in EMT6.huHER2 cells treated with T-DM1 alone or in combination with BO-264. Its 708 

quantification is provided on the right. I IF cell surface staining of calreticulin (green) in 709 

EMT6.huHER2.sgTACC3 vs. sgControl cells treated with T-DM1. Its quantification is provided on the 710 

right. Data correspond to mean values�±�standard deviation (SD). P-values were calculated with the 711 

unpaired, two-tailed Student’s t test. **, P<0.01.  712 

 713 

Figure 4. Inhibition of TACC3 in combination with T-DM1 leads to ex vivo DC maturation, T cell 714 

activation, and release of ICD related pro-inflammatory cytokines. A Schematic representation of the 715 

experimental workflow for DC maturation, T cell activation and cytokine profiling experiments, drawn 716 

using Biorender.com. B, C Flow cytometry analysis of DC maturation markers in DC cells incubated 717 
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with the conditioned media collected from EMT6.huHER2 cells treated with 7.5 µg/ml T-DM1 and 500 718 

nM BO-264, alone or in combination (B) or in EMT6.huHER2.sgControl vs. sgTACC3 cells treated with 719 

7.5 µg/ml T-DM1 (C). D Quantification of CD80+/CD86+ cells from B and C (n=2). E, F Flow 720 

cytometry analysis of T cell activation marker, CD25 in CD8+ T cells co-cultured with DCs from B and 721 

C. G Quantification of the CD25 mean fluorescence intensity (MFI) from E and F (n=2). H Levels of pro-722 

inflammatory cytokines in the media collected from DC-T cell co-cultures from E, F. Data correspond to 723 

mean values�±�standard deviation (SD). P-values were calculated with the unpaired, two-tailed 724 

Student’s t test. **, P<0.01. 725 

 726 

Figure 5. TACC3 inhibition elicits ICD in vivo and potentiates TDM1 response via increasing the 727 

infiltration of anti-tumor immune cells in vivo. A Schematic representation of the in vivo vaccination 728 

assay drawn using Biorender.com. B Tumor-free survival curves of BALB/c mice vaccinated with PBS or 729 

single agent or combination treated EMT6.huHER2 cells (n=5-7). C Tumor growth of the 730 

MMTV.f.huHER2#5 model under low dose T-DM1 (5 mg/kg, once) in combination with BO-264 (50 731 

mg/kg, daily) (n=6, 7). D Tumor weights of the mice in C after 14 days of treatment. E, F Representative 732 

resected tumor pictures (E) and body weights (F) from mice in C. G Western blot analysis of p-eIF2α and 733 

eIF2α protein expression levels in tumors from C. Actin is used as a loading control. H Relative band 734 

density graphs for p-eIF2α normalized to eIF2α from G (n=3). I, J Multiplex IF staining of CD11c/CD86 735 

and CD25/CD8 in short-term-treated MMTV.f.huHER2#5 tumors and its quantification (n=3).  K, L 736 

Multiplex IF staining of CD11c/CD86 and CD25/CD8 in short-term-treated MMTV.f.huHER2#5 tumors 737 

and its quantification (n=3). Scale bar=100 µm. M Levels of the cytokines in the serums of the mice with 738 

short-term-treated MMTV.f.huHER2#5 tumors (n=3). Data for the bar graphs and box plots correspond to 739 

mean values�±SD, while data for the tumor volume and body weight graphs correspond to mean 740 

values�± standard error of the mean (SEM). End-point criteria for mice in C and F are treatment for 14 741 

days or until reaching ethical tumor size cut-off. P-values for the bar graphs and box plots were calculated 742 
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with the unpaired, two-tailed Student’s t test. Significance for the tumor volume graph and multiplex IHC 743 

quantification was calculated with two-way and one-way ANOVA, respectively. *, P<0.05; **, P<0.01.  744 

 745 

Figure 6. Schematic summary of the proposed model of T-DM1 sensitivity, resistance and targeting 746 

T-DM1 resistance. A In T-DM1 sensitive tumors, the activation of spindle assembly checkpoint (SAC) 747 

and mitotic arrest lead to apoptosis and activation of ICD markers, e.g., eIF2α phosphorylation, ATP 748 

secretion, calreticulin surface exposure, and HMGB1 release, leading to DC maturation and cytotoxic T 749 

cell, culminating in tumor growth inhibition. B In T-DM1 resistant tumors, overexpression of TACC3 750 

prevents activation of SAC, mitotic cell death and ICD, thus promoting cell survival.  C Inhibition of 751 

TACC3 in combination with T-DM1 in the resistant tumors restores SAC activation and mitotic arrest, 752 

leading to apoptosis and ICD induction, thereby increasing the infiltration of DCs and T cells, thus 753 

restoring T-DM1 sensitivity. This figure was drawn using Biorender.com. 754 
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