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ABSTRACT
◥

Trastuzumab emtansine (T-DM1) was the first and one of the
most successful antibody–drug conjugates (ADC) approved for
treating refractory HER2-positive breast cancer. Despite its initial
clinical efficacy, resistance is unfortunately common, necessitating
approaches to improve response. Here, we found that in sensitive
cells, T-DM1 induced spindle assembly checkpoint (SAC)-depen-
dent immunogenic cell death (ICD), an immune-priming form of
cell death. The payload of T-DM1mediated ICD by inducing eIF2a
phosphorylation, surface exposure of calreticulin, ATP and
HMGB1 release, and secretion of ICD-related cytokines, all of
which were lost in resistance. Accordingly, ICD-related gene sig-
natures in pretreatment samples correlated with clinical response to
T-DM1–containing therapy, and increased infiltration of antitumor
CD8þ T cells in posttreatment samples was correlated with better
T-DM1 response. Transforming acidic coiled-coil containing 3
(TACC3) was overexpressed in T-DM1–resistant cells, and T-DM1
responsive patients had reduced TACC3 protein expression where-
as nonresponders exhibited increased TACC3 expression during
T-DM1 treatment. Notably, genetic or pharmacologic inhibition of
TACC3 restored T-DM1–induced SAC activation and induction of
ICDmarkers in vitro. Finally, TACC3 inhibition in vivo elicited ICD
in a vaccination assay and potentiated the antitumor efficacy of
T-DM1 by inducing dendritic cell maturation and enhancing
intratumoral infiltration of cytotoxic T cells. Together, these results
illustrate that ICD is a key mechanism of action of T-DM1 that is
lost in resistance and that targeting TACC3 can restore T-DM1–
mediated ICD and overcome resistance.

Significance: Loss of induction of immunogenic cell death in
response to T-DM1 leads to resistance that can be overcome by
targeting TACC3, providing an attractive strategy to improve the
efficacy of T-DM1.

Introduction
Immunogenic cell death (ICD) is a specific form of cell death that is

characterized by the release of danger-associated molecular patterns
(DAMP), such as cell-surface exposure of calreticulin, ATP, and

HMGB1 release. This, in turn, leads to secretion of proinflammatory
cytokines that altogether evoke antitumor immune responses upon
dendritic cell (DC) maturation and cytotoxic T-cell activation (1, 2).
Although ICD has been shown to be a key mechanism of cell death for
several different chemotherapies (3, 4) or targeted therapy agents (5),
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little is known if loss of ICD can trigger resistance to anticancer
therapies and if there are therapeutic opportunities to revive ICD and
restore drug sensitivity.

Antibody–drug conjugates (ADC) are immunoconjugates contain-
ing amonoclonal antibody that is bound to a cytotoxic drug, a so-called
payload, with a chemical linker (6). ADCs are highly effective agents
and are successfully used in treating many different cancers, including
breast cancer. Ado-trastuzumab emtansine (T-DM1) is an FDA-
approved iconic ADC of a HER2-targeting antibody (trastuzumab)
conjugated to a maytansine derivative (DM1), which is a microtubule
depolymerizing agent. It is the first and one of the most successful
ADCs approved for the treatment of aggressive HER2þ breast cancer
with refractory disease (7, 8). Despite its initial clinical success,
resistance is common. Resistance to ADCs may involve alterations
in the internalization or recycling of the targeted tumor antigen, e.g.,
HER2, in the case of T-DM1, changes in payload efficacy, such as
enhanced drug efflux or activation of specific survival mechanisms, as
demonstrated by us and others (9–11). However, it is still not fully
uncovered (i) if response to ADCsmay involve activation of ICD, (ii) if
resistance to ADCs may be driven by loss of ICD, and (iii) if there are
specific molecular targets that may be inhibited to reinstate ICD and
thus achieve a much stronger and more durable response.

Transforming acidic coiled-coil containing 3 (TACC3) is upregu-
lated in solid tumors and hematologic malignancies and is strongly
associated with worse prognosis in several different cancers (12–14). It
is localized to centrosomes as well as microtubules to control spindle
stability and microtubule nucleation (15, 16). We previously showed
that TACC3 forms distinct functional interactomes regulating differ-
ent processes in mitosis and interphase to ensure the proliferation and
survival of cancer cells with centrosome amplification (13). Despite its
roles in tumor growth of highly aggressive cancers, little is known
about the role of TACC3 in regulating the immunogenicity of tumors
or in driving resistance to anticancer therapies.

In this study, we demonstrated, for the first time, that the T-DM1–
induced activation of spindle assembly checkpoint (SAC) triggers ICD,
mediated by its payload, DM1, and contributes to T-DM1 cytotoxicity,
whereas T-DM1 resistance is characterized by lack of ICD induction.
Notably, an ICD-related gene signature correlates with clinical
response to T-DM1–containing therapy. We further demonstrated
that TACC3 is overexpressed in T-DM1 resistant models and the
increase in TACC3 protein after T-DM1 therapy is associated with
clinical T-DM1 resistance. Targeting TACC3 not only restores
T-DM1–induced SAC activation and mitotic cell death, but it also
activates ICD hallmarks and leads to secretion of proinflammatory
cytokines in T-DM1 resistant cells. This ultimately results in DC
maturation and infiltration of cytotoxic T cells enhancing T-DM1
response in vivo.

Materials and Methods
Cell lines, drugs, and culture conditions

Human HER2þ breast cancer cell lines, SK-BR-3, BT-474, and AU-
565, humanHER2� breast cancer cell lines, MDA-MB-231 andMDA-
MB-157, and murine mammary tumor cell line, EMT6 were obtained
from ATCC. T-DM1–resistant (T-DM1R) SK-BR-3 and BT-474 cells
were generated previously (11). Meantime, wild-type (WT) cells with
no drug incubation were cultured side by side. EMT6.huHER2 cells
were generated from the EMT6 cell line by stable overexpression of
human HER2. All the cells, except AU-565, were cultured in Dulbecco
Modified EagleMedium supplemented with 50U/mL penicillin/strep-
tomycin, 1% nonessential amino acids, and 10% fetal bovine serum

(Gibco). AU-565 cell line is cultured inRPMI-1640medium (Corning)
supplemented with 50 U/mL penicillin/streptomycin, 1% nonessential
amino acids, and 10% fetal bovine serum (Gibco). Cells were routinely
tested for Mycoplasma contamination using MycoAlert detection
kit (Lonza) and were authenticated by STR sequencing. Except for
WT and resistant cell lines, other cells were cultured for less than 20
passages.

HER2þ human tumor samples
To analyze the association between TACC3 protein expression,

levels of immune cell infiltration, and response to T-DM1, IHC
staining of TACC3, CD3, CD8, and CD4 was performed in 71 HER2þ

tumor samples collected before or after T-DM1 therapy from 57
HER2þ breast cancer patients. To separate patients as sensitive versus
resistant, we utilized the overall survival status following T-DM1
treatment, and assigned patients who survived uponT-DM1 treatment
as sensitive, and those who died as resistant (17). The patients were
diagnosed between 2010 and 2019 at Hacettepe University School of
Medicine, Ankara, Turkey. The primary tumor specimens were most
commonly diagnostic primary breast biopsies or surgical specimens.
Post-T-DM1 samples were collected from patients who progressed on
T-DM1 treatment or after T-DM1 treatment. These specimens were
collected mostly frommetastasectomy or rebiopsies to confirmmetas-
tases, hormone receptor status or HER2 status. The available patient
characteristics are provided in Supplementary Table S1. Written
informed consent was obtained from all patients. The use of human
tissues from Hacettepe University was conducted in accordance with
the Declaration of Helsinki and approved by the Non-Interventional
Clinical Research Ethics Committee ofHacettepeUniversity (approval
no: 2020/02-40). The animal experiments were approved by the
Institutional Animal Care and Use Committee of the University of
South Carolina and the Medical University of South Carolina.

Transient transfection with siRNAs and overexpression vectors
siRNAs were purchased from Dharmacon, and the sequences are

provided in Supplementary Table S2. For cell viability, BT-474
T-DM1R (8�103 cells/well) and SK-BR-3 T-DM1R (6�103 cells/well)
cells were seeded in 96-well plates with their growth medium without
P/S. Twenty-four hours later, cells were transfectedwith three different
siRNAs targeting TACC3 (Dharmacon) at a final concentration of
20 nmol/L (siTACC3#1:D-004155-03, siTACC3#2:D-004155-02, and
siTACC3#3: D-004155-04) or two different siRNAs targeting CDC20
(Dharmacon) at a final concentration of 40 nmol/L (siCDC20#1:
D-003225-10, siCDC20#2: D-003225-12) using Lipofectamine 2000
(Invitrogen) transfection reagent as described previously (18).
Twenty-four hours after transfections, BT-474 and SK-BR-3
T-DM1R cells were treated with 15 and 0.06 mg/mL of T-DM1,
respectively. Cell viability was measured with sulforhodamine B
(SRB) assay 72 hours after T-DM1 treatment. Empty or TACC3
overexpression vectors were given 12 hours before T-DM1 treat-
ment with an amount of 100 ng/well. 72 hours following trans-
fection, cell viability was measured with SRB assay.

Isolation of bone marrow–derived cells
To obtain bone marrow–derived cells (BMDC), 6- to 8-week-old

BALB/c mice were euthanized, and the femur and tibia were dissected,
cleaned, and placed in a 6-well dish containing IMDM culture media.
A mortar was used to crush the bones, releasing the bone marrow
contents into the culturemedia. The bonemarrow cells were plated in a
6-well plate at a seeding density of 1 million cells/mL (5 mL total per
well). The cells were cultured for 7 days with 10 ng/mL GM-CSF and
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10 ng/mL IL4. Dendritic cell phenotype was confirmed by flow
cytometry using CD11c positivity.

DC maturation and T-cell activation assays
The DCs were cultured in conditioned media from EMT6.huHER2

cells treated with T-DM1 alone or in combination with BO-264 for a
week, and the expression ofmaturationmarkers CD80 andCD86were
analyzed by flow cytometry. For the coculture experiments, DCs were
cultured in the conditioned media from EMT6.huHER2 cells treated
with T-DM1 alone or in combination with BO-264 overnight in the
presence of gp100 peptide (1 mg/mL). The next day, CD3þ T cells
isolated from gp100 T-cell receptor bearing Pmel-1 transgenic mice
were labeled with CellTrace Violet (Thermo Fisher) and added to the
wells containing gp100-loadedDCs at a ratio of 1:10 (DC:T-cell). After
5 days in culture, T cells were collected and analyzed for markers of
activation and proliferation. Supernatant from the coculture was
collected and sent for multiplex cytokine analysis (Eve Technologies).

Flow cytometry
To analyze the expression of DCmaturation and T-cell markers, the

DCs and T cells were trypsinized and fixed with 4% PFA. Staining for
cell-surface markers was performed by incubating cells with conju-
gated primary antibodies (Supplementary Table S3) diluted at a 1:200
ratio in FACS buffer (0.1%BSA in PBS) for 30minutes at 4�C. Samples
were then processed using LSRFortessa and analyzed with FlowJo
software (v10.8.1; Tree Star).

ATP secretion and HMGB1 release assays
To measure ATP secretion and HMGB1 release, ENLITEN ATP

assay system and LUMIT HMGB1 immunoassay (Promega) were
utilized, respectively. Cells were seeded in a 96-well plate and treated
with drugs for 48 hours. The supernatant was transferred into opaque
96-well plates and analyzed according to the manufacturer’s instruc-
tions. The luminescence signal was measured using a SpectraMax i3x
(Molecular Devices) microplate reader.

Cytokine array
Human Cytokine Array C5 (RayBiotech) was performed according

to the manufacturer’s instructions. Briefly, BT-474 and SK-BR-3 WT
cells or SK-BR-3 T-DM1R cells were treated with T-DM1 only or in
combination with BO-264, respectively for 48 hours. Then, super-
natants were collected and incubated with the antibody-coated mem-
branes overnight. The next day, they were incubated with biotinylated
Ab and labeled with streptavidin. The chemiluminescence imaging
was performed using the iBright Imaging system (Thermo Fisher), and
iBright Analysis software [v(5.1.0)] was used for data analysis.

In vivo studies
Six- to 8-week-old female BALB/c or FVB mice were housed in a

temperature-controlled and 12-hour light/12-hour dark cycle envi-
ronment. All the in vivo studies were carried out in accordancewith the
Institutional Animal Care and Use Committee of the University of
South Carolina and the Medical University of South Carolina. The
human HER2-expressing MMTV.f.huHER2#5 (Fo5) transgenic mod-
el was obtained from Genentech under a material transfer agreement
(OM-217137 andOR-224086B). Tumor pieces of 2�2mm in sizewere
transplanted near the MFP of female 6- to 8-week-old immunocom-
petent FVB mice. After the mean tumor volume reached 100 mm3,
mice were andomly allocated to treatment groups. T-DM1 was given
once at a dose of 5 mg/kg, by intravenous (i.v.) injection, whereas BO-
264 was given at a dose of 50 mg/kg, daily, via oral gavage. For testing

the effects of combination therapy on tumor growth, mice were treated
for 2 weeks, and all mice were sacrificed, and tumors were collected for
Western blotting. To analyze immune cell infiltration and serum
cytokine profiling, a separate cohort of mice were treated for a week,
and then sacrificed and serum samples and tumors were collected.
Tumors were processed for multiplex IHC staining, whereas serum
samples were sent for multiplex cytokine analysis (Eve Technologies).
There was no blinding during in vivo experiments. Sample sizes were
determined based on previous studies (19, 20).

The vaccination assay was done by using combination-treated
EMT6.huHER2 cells. Briefly, cellswere treatedwithT-DM1(5mg/mL),
BO-264 (500 nmol/L) or their combination for 72 hours. During the
vaccination assay, 3�105 cells treated with the single agent or com-
bination therapies were collected as amixture of attached (correspond-
ing to living) and floating (corresponding to dying) cells, washed twice
with PBS, and injected into the flank region of BALB/c mice (with 5–7
mice per group) after assessing the apoptotic fraction byAnnexin V/PI
staining, which showed around 60% apoptosis in the combination-
treated group. One week later, the same mice were rechallenged by
injecting 1�106 alive (i.e., growing) EMT6.huHER2 cells to the
opposite flank as previously described (21).

Bioinformatics and statistical analyses
Themicroarray data set, GSE194040 (22), was downloaded from the

GEOdatabase (23). Themetagene and breast cancer-specific ICD gene
signatures that were preclinically validated, and shown to be prog-
nostic were retrieved from (24). The expression levels of the ICD-
related genes in the T-DM1 þ pertuzumab-treated patients from
GSE194040 were represented as a heat map using Morpheus software
from Broad Institute, https://software.broadinstitute.org/morpheus.
The patients were categorized as low versus high ICD score expressers
by performing K-means clustering with Euclidean distance metric
using the Morpheus tool from Broad Institute (https://software.broad
institute.org/morpheus/). The significance between the number of
responders versus nonresponders among low versus high ICD score
expressers was determined using Chi-square testing. To analyze the
association of T-DM1 response with the presence of immune cell types
in GSE194040, we utilized the CIBERSORTx tool by running the cell
fractions module (https://cibersortx.stanford.edu/). This tool decon-
volutes the bulk RNA-seq data using signature genes derived from
either single-cell transcriptomes or sorted cell populations.We utilized
three different immune cell signatures, one derived from microarray
data (25) and two of them derived from single-cell RNA-seq (scRNA-
seq) data (26, 27), and compared their levels in low versus high ICD-
expressers using the Mann–Whitney test. The significance of the
percentage of tumors expressing different markers in different groups
was calculated using Chi-square testing. All the results are represented
as mean� SD or mean� SEM, as indicated in the figure legends. All
statistical analyses were performed in GraphPad Prism Software
[v10.0.0 (153)]. Comparisons between the two groups were done
using unpaired two-sided Student t test. Tumor volumes between
combination groups versus single agent or vehicle-treated groups were
compared using two-way ANOVA with the integration of Dunnett
multiple comparison test. Survival curves for the vaccination assay
were generated using the Kaplan–Meier method, and significance
between groups was calculated by the log-rank test. Experiments were
repeated two to three times independently with similar results.

All other methods, including Western blotting, inhibitor treatments,
CRISPR/Cas9-mediated gene knockout and stable overexpression,
immunofluorescence staining, IHC staining, multiplex IHC staining,
and multiplex cytokine array are provided in Supplementary Methods.
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Ethical approval
The use of human tissues fromHacettepe University was conducted

in accordance with the Declaration of Helsinki and approved by the
Non-Interventional Clinical Research Ethics Committee of Hacettepe
University (approval no: 2020/02-40). Written informed consent was
obtained from all patients. The animal experiments were approved by
the Institutional Animal Care and Use Committee of the University of
South Carolina and the Medical University of South Carolina.

Data availability
The RNA-seq data of WT and T-DM1R cells were uploaded to

the Sequence Read Archive (SRA) database under the BioProject
accession number PRJNA1048320 (https://www.ncbi.nlm.nih.gov/
bioproject/PRJNA1048320). Gene expression data were downloaded
from the NCBI Gene Expression Omnibus database under GSE194040
(22). All other raw data generated in this study are available upon
request from the corresponding author.

Results
T-DM1 induces ICD markers in T-DM1–sensitive breast cancer
cells and ICD signature correlates with T-DM1 sensitivity in
patients

To test if ICD is a mechanism of T-DM1 sensitivity, we first
analyzed the phosphorylation of eIF2a, one of the major hallmarks
of ICD (28) upon T-DM1 treatment, and observed a prominent
increase in p-eIF2a (S51) along withmicrotubule disassembly, mitotic
arrest [as shown by p-Histone H3 (S10)] and apoptosis (as shown by
cleaved caspase-3 and PARP) in two different HER2þ cell lines, SK-
BR-3 and BT-474 (Fig. 1A; Supplementary Fig. S1A). This prompted
us to test if T-DM1would activate also other ICD-related DAMPs that
are indispensable for induction of ICD. We observed that upon
T-DM1 treatment, there was a significant increase in ATP secretion
(Fig. 1B), HMGB1 release (Fig. 1C), and calreticulin cell-surface
exposure (Fig. 1D; Supplementary Fig. S1B) in both cell lines. We
then assessed the cytokine profiles secreted from sensitive cells upon
T-DM1 treatment and observed significant induction of IFNg , IL12-
p40, RANTES (CCL5), IL15, MCP-1 (CCL2), and MCP-2
(CCL8; Fig. 1E; Supplementary Fig. S1C), which are well-
established cytokines involved in ICD (29–32). These results show
that T-DM1–inducedmitotic arrest and apoptosis are accompanied by
increased eIF2a phosphorylation, induction of DAMPs and cytokines,
indicative of ICD induction.

To further test the clinical relevance of ICD in determining response
to T-DM1, we analyzed the GSE194040 (22) patient data set, contain-
ing gene expression profiling data from pretreated HER2þ tumors of
patients with clinical information on the status of pathologic complete
response (pCR) or non-pCR after T-DM1 þ pertuzumab therapy
(Fig. 1F). We generated a heatmap of genes found in a preclinically

validated, and prognostic ICD-related gene signature (Fig. 1G,
top; ref. 33) and correlated its levels with pCR. We showed that genes
of the ICD score were expressed at higher levels in sensitive patients,
whereas resistant patients were enriched in low ICD score expressers
(Fig. 1G, bottom). We further validated these data using a breast
cancer-specific ICD signature (Supplementary Fig. S2A and S2B).
Notably, the high ICD score-expressing patients showed no enrich-
ment of three different sets of tissue-derived immune cell signatures
generated using microarray (25) or scRNA-seq (26, 27) data (Sup-
plementary Fig. S2C, as determined by Mann–Whitney test). These
data suggest that higher pretreatment levels of ICD-related genes, but
not immune cell types, may predict response to T-DM1 therapy. To
further support these findings, we analyzed our own cohort of 57
HER2þ breast cancer patients with variable clinical outcomes, and
with available tumor samples having been collected before and after
T-DM1 therapy (Hacettepe cohort, Supplementary Table S1).
Although the percentage of CD8-high tumors was similar between
sensitive versus resistant patients in the pretreatment settings, it was
significantly higher in sensitive patients compared with resistant ones
after treatment with T-DM1 (75% vs. 43%; Fig. 1H and I). Of note,
there was no change in the levels of CD3þ and CD4þ cells based on
T-DM1 sensitivity in either pretreatment or posttreatment settings
(Supplementary Fig. S2D–S2F). Overall, these data demonstrate that
ICD is a novel mechanism of action of T-DM1, expression of ICD-
related genes correlates with T-DM1 response in pretreatment sam-
ples, and increased infiltration of antitumor CD8þ T cells is correlated
with better T-DM1 response in posttreatment samples.

T-DM1–induced ICD is driven by SAC-dependent mitotic arrest
induced by the payload, DM1

To test if the T-DM1–induced release of DAMPs is dependent on
mitotic arrest and activation of SAC, which are known to induce
apoptosis under T-DM1 treatment (9, 10), we inhibited Mps1, one of
themajor regulators of SAC activation (34), with TCMps1 in T-DM1–
treated SK-BR-3 and BT-474 cells. We observed that T-DM1 induced
growth inhibition (Fig. 2A; Supplementary Fig. S3A), eIF2a phos-
phorylation (Fig. 2B), ATP release (Fig. 2C),HMGB1 release (Fig. 2D;
Supplementary Fig. S3B) as well as cell-surface exposure of calreticulin
(Fig. 2E and F) were all reversed upon SAC inhibition. We also
validated these results using a third HER2þ cell line, AU-565, having
high sensitivity to T-DM1 in terms of growth inhibition, and SAC-
dependent ICD induction (Supplementary Figs. S3C–S3G). To test if
the observed induction of ICD markers is due to the antibody or the
payload component of T-DM1, we tested the effect of trastuzumab, the
antibody component of T-DM1, and showed that trastuzumab used at
the same dose and duration as T-DM1 was not able to elicit the
induction of eIF2a phosphorylation, ATP release or calreticulin
surface exposure in none of the HER2þ cell lines (Supplementary
Fig. S4A–S4F), suggesting that T-DM1 induced ICD markers are due

Figure 1.
T-DM1 induces ICDmarkers in T-DM1–sensitive breast cancer cells and ICD correlateswith T-DM1 sensitivity in patients.A,Westernblot analysis ofmitotic arrest [p-H3
(S10)], apoptosis (cleaved caspase-3 and PARP), and ICDmarker [p-eIF2a (S51)] in T-DM1–treated SK-BR-3WT (left) and BT-474WT (right) cells. B and C, Relative
ATP release (B) and HMGB1 release (C) from T-DM1–treated SK-BR-3WT and BT-474WT cells (n¼ 3, 4).D, Immunofluorescence cell-surface staining of calreticulin
(green) in T-DM1–treated SK-BR-3 WT cells. Scale bar, 10 mm. DAPI was used to stain the nucleus. Its quantification is provided on the right. E, Cytokine array blot
analysis showing the differentially secreted cytokines in T-DM1–treated SK-BR-3WT cells. F, Schematic summary of the treatment scheme and the sample collection
timeline in GSE194040 (22). G, Heatmap of ICD-related genes found in the ICD gene signature score (33) and their correlation with pCR in T-DM1 þ pertuzumab-
treatedpatients fromGSE194040. pCR: 1, sensitive; pCR:0, resistant. Chi-square analysis of sensitive vs. resistant tumors expressing lowvs. high ICD score is provided
below.H, Percentage of CD8þ cells in sensitive (sens) vs. resistant (res) tumors collected pre- (n¼ 40) and post-T-DM1 (n¼ 18) treatment. Tables of the percentages
of CD8-low or CD8-high tumors (based on average levels of CD8þ cells in each group) are given below and significance was calculated using Chi-square test. I, The
representative images from H. Scale bar, 150 mm. Data correspond to mean values� SD. P values for the bar graphs were calculated with the unpaired, two-tailed
Student t test. Significance for the Chi-square analysis was calculated with the Chi-square test. �� , P < 0.01. (F, Created with BioRender.com.)
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to its payload. Indeed, treatment of both HER2þ and HER2� breast
cancer cell lines (Supplementary Fig. S3C) with the payload, DM1 at
the corresponding dose caused a SAC-dependent activation of ICD
markers (Fig. 2G–L; Supplementary Fig. S5). Overall, our data show
that T-DM1 induces mitotic cell death and activation of ICD markers
in a SAC-dependent manner via its payload DM1.

ICD-related factors are lost in T-DM1 resistance upon
TACC3 overexpression, TACC3 correlates with clinical T-DM1
resistance, and its inhibition overcomes T-DM1 resistance
and restores ICD markers in vitro

It is unclear if the loss of ICD is a mechanism of drug resistance.
Therefore, we first examined the markers of mitotic arrest, apoptosis,
and ICD in our previously published acquired resistant models of
T-DM1 (BT-474 T-DM1R and SK-BR-3 T-DM1R; ref. 11). We
observed that whereas the induction of p-eIF2a (an indispensable
marker of ICD induction) upon T-DM1 treatment was accompanied
by the induction of mitotic arrest and apoptosis in sensitive cells, none
of these markers were induced in T-DM1R cells (Fig. 3A), suggesting
that genes involved inmitotic progression likely control ICD. Support-
ing these data, T-DM1 was not able to elicit the induction of DAMPs
(e.g., ATP release and HMGB1 release) in T-DM1R cell lines (Sup-
plementary Fig. S6A and S6B). To identify the mediators of T-DM1
resistance that suppress the prolonged mitosis and ICD-related mar-
kers, which are induced in sensitive cells upon T-DM1 treatment, we
examined the changes inmitosis genes (using the gene set “mitotic cell-
cycle transition” from Gene Ontology) upon T-DM1 resistance by
reanalyzing our RNA-seq data of BT-474 T-DM1R and SK-BR-3
T-DM1R cell lines compared with their WT counterparts (Fig. 3B).
21 genes were differentially expressed only in BT-474 T-DM1R cells
whereas 35 genes were differentially expressed only in SK-BR-3
T-DM1R cells. 11 genes were deregulated in both cell lines in the
same direction (CDKN1A, UBE2S, TACC3,UBE2C, PLK1, CHMP4B,
CCNB2, ZPR1, NFIA, CCNO, and ID4). Among those, TACC3 had
the third highest fold change (upregulated in the T-DM1R cells). It is a
spindle and centrosome-associated protein, maintaining microtubule
dynamics and driving mitotic progression, and it is also druggable
(Fig. 3B). We validated the increased expression of TACC3 in
T-DM1–resistant cells also at protein level (Fig. 3C). To further test
the clinical relevance of TACC3 protein expression in terms of its
correlation with T-DM1 response, we stained TACC3 protein in
our Hacettepe cohort. We observed that there is downregulation of
the percentage of TACC3-high tumors in posttreatment setting as
compared with pretreatment within sensitive patients (from 53% to
17%), whereas there is upregulation of the percentage of TACC3-high
tumors in posttreatment setting as comparedwith pretreatment within
resistant patients (from 48% to 64%; Fig. 3D and E). Notably, in
posttreatment settings, where we observed higher TACC3 levels in
resistant patients, the percentage of Ki67-high cells was higher in
resistant tumors compared with sensitive ones (57% vs. 33%; Supple-
mentary Fig. S6C and S6D), similar to TACC3 levels (Fig. 3D). This
demonstrates the association between TACC3 and proliferative capac-
ity under T-DM1 therapy, and it also confirms the resistance status
of the tumors. Overall, these data suggest that higher TACC3
protein expression upon T-DM1 treatment may be associated
with increased proliferative capacity and resistance to T-DM1 in
clinical samples. Interestingly, the downregulation of TACC3 pro-
tein upon T-DM1 or DM1 treatment in a sensitive setting was also
observed in vitro in sensitive cell lines (Supplementary Fig. S7A and
S7B). To determine the mechanisms of TACC3 protein down-
regulation, we tested whether the mitotic ubiquitin ligase, the

anaphase-promoting complex (APC/C) could trigger TACC3 deg-
radation. Silencing the activator of the APC/C complex, CDC20
reversed the T-DM1–induced TACC3 downregulation, suggesting
that APC/C complex in part mediates TACC3 degradation (Sup-
plementary Fig. S7C–S7E).

To determine the causal role of TACC3 overexpression in mediat-
ing T-DM1 resistance, we tested if targeting TACC3 overcomes
T-DM1 resistance in our acquired T-DM1–resistant models. Inhibi-
tion of TACC3 either with three different siRNAs (Fig. 3F; Supple-
mentary Fig. S8A; ref. 19) or with pharmacologic inhibitors BO-264
(Fig. 3G; Supplementary Fig. S8B) or SPL-B (Supplementary Fig. S8C;
ref. 35) overcame resistance in both T-DM1R cell lines. TACC3
inhibition in combination with T-DM1 disrupted microtubule
dynamics (Supplementary Fig. S8D), inhibited microtubule polymer-
ization (Supplementary Fig. S8E) and caused mitotic arrest and
apoptosis (Fig. 3H and I; Supplementary Fig. S8F). Notably inhibiting
the SAC kinase, Mps1 using TCMps1 reversed the TACC3 inhibition-
mediated T-DM1 sensitization (Supplementary Fig. S8G), suggesting
that SAC activation is also crucial for restoration of T-DM1 sensitivity
by TACC3 targeting. Furthermore, combination treatment increased
eIF2a phosphorylation (Fig. 3H and I; Supplementary Fig. S8F), ATP
release (Fig. 3J; Supplementary Fig. S9A–S9C), HMGB1 release
(Fig. 3K; Supplementary Fig. S9D) and calreticulin surface exposure
in these T-DM1R cell lines (Supplementary Fig. S9E–S9K). It also
induced the secretion of proinflammatory cytokines (Supplementary
Fig. S9L). Notably, overexpression of TACC3 in T-DM1 sensitive cells
abrogated T-DM1–induced mitotic arrest, apoptosis, eIF2a phos-
phorylation (Fig. 3L), and decreased ATP release (Fig. 3M), thus
conferring T-DM1 resistance (Fig. 3N). Overall, our data show that
T-DM1 resistance is characterized by loss of ICD markers, and
targeting TACC3 overcomes T-DM1 resistance in a SAC-
dependent manner and restores the induction of T-DM1–induced
ICD markers in vitro.

Targeting TACC3 in combination with T-DM1 in human
HER2-expressing murine cells induces ICD markers and leads
to ex vivo DC maturation and T-cell activation

To test the effects of TACC3 inhibition in combinationwithT-DM1
in a syngeneic T-DM1–resistant setting that will allow us to assess the
changes in the immunogenicity of the cells, we first developed the
human HER2-overexpressing derivative of the murine EMT6 mam-
mary tumor cells; EMT6.huHER2. We demonstrated that these cells
are resistant to T-DM1, in line with the literature (36), and inhibiting
TACC3 with BO-264 reversed resistance by reducing cell viability in a
dose-dependent manner (Fig. 4A). Furthermore, we validated our
results by knocking out TACC3 using CRISPR/Cas9 system. Both
sgTACC3 constructs effectively reduced TACC3 expression (Fig. 4B)
and mediated T-DM1 sensitization (Fig. 4C), similar to TACC3
inhibitors. Notably, combination of TACC3 knockout or its pharma-
cologic inhibition with T-DM1 induced mitotic arrest, eIF2a phos-
phorylation, and apoptosis (Fig. 4D and E; Supplementary Fig. S10A
and S10B) and activated the ICDmarkers; ATP release (Fig. 4F andG)
and calreticulin cell-surface exposure (Fig. 4H and I) in the T-DM1–
resistant EMT6.huHER2 cells.

It has been shown that ICD induction is followed byDCmaturation
that further results in T-cell activation (37, 38). To test whether the
combination of TACC3 inhibition with T-DM1 induces DC mat-
uration and T-cell activation, we isolated bone marrow–derived
DCs from BALB/c mice (the strain EMT6 cells were originated
from; Fig. 5A). Incubation of DCs with conditioned media (CM)
collected from T-DM1 þ BO-264–treated EMT6.huHER2 cells
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resulted in increased expression of the DC maturation markers,
CD80 and CD86 (Fig. 5B; Supplementary Fig. S10C). These results
were also recapitulated using CRISPR-Cas9-mediated knockout of
TACC3 (Fig. 5C and D). Furthermore, coculturing these maturated
DCs with T cells increased T-cell activation as shown by CD8 and
CD25 staining (Fig. 5E-G; Supplementary Fig. S10D). We profiled
the secreted cytokines/chemokines using multiplex cytokine anal-
ysis, and observed that proinflammatory markers IL1b, IL2, IL6,
IL17, MIP-1a, MIP-1b, and TNFa were all increased in combina-

tion-treated samples (Fig. 5H). Overall, these data suggest that
inhibition of TACC3 in combination with T-DM1 induces ICD
markers and leads to ex vivo DC maturation and T-cell activation in
the EMT6.huHER2 murine mammary tumor model.

Targeting TACC3 induces ICD markers, leading to immune cell
infiltration and potentiating T-DM1 response in vivo

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

Figure 2.

T-DM1–induced ICD is driven by SAC-dependent mitotic arrest induced by the payload, DM1. A, Percent growth inhibition in SK-BR-3 WT cells treated with
T-DM1 alone or in combination with 1 mmol/L TC Mps1 (Mps1 inhibitor; n ¼ 4). B, Western blot analysis of p-H3 and p-eIF2a in SK-BR-3 WT cells treated with
T-DM1 alone or in combination with 1 mmol/L TC Mps1. Actin was used as a loading control. C and D, Relative ATP (C) and HMGB1 (D) release in SK-BR-3 WT
cells treated with T-DM1 alone or in combination with 1 mmol/L TC Mps1 (n ¼ 3). E, Immunofluorescence cell-surface staining of calreticulin (green) in SK-BR-3
WT cells treated with T-DM1 alone or in combination with 1 mmol/L TC Mps1. Scale bar, 10 mm. F, The quantification graph of E. G, Western blot analysis of
mitotic arrest, apoptosis, and the ICD marker, p-eIF2a (S51), in BT-474 cells treated with two different doses of DM1 (150 and 300 nmol/L) with or without
TC Mps1. Actin was used as the loading control. H and I, Relative ATP (H) and HMGB1 (I) release in SK-BR-3 cells treated with DM1 (15 nmol/L) with or
without TC Mps1 (n ¼ 3). J and K, Relative ATP (J) and HMGB1 (K) release in BT-474 cells treated with DM1 (150 nmol/L) with or without TC Mps1 (n ¼ 3).
L, Surface calreticulin staining of SK-BR-3 and BT-474 cells treated with DM1 (15 nmol/L for SK-BR-3 and 150 nmol/L for BT-474) with or without TC Mps1.
Data correspond to mean values� SD. P values were calculated with the unpaired, two-tailed Student t test. ��, P < 0.01.
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Figure 3.

ICD-related factors are lost in T-DM1 resistance upon TACC3 overexpression, TACC3 correlates with clinical T-DM1 resistance, and its inhibition overcomes T-DM1
resistance and restores ICDmarkers in vitro.A,Western blot analysis ofmitotic arrest, apoptosis, and ICDmarkers in SK-BR-3WT and T-DM1–resistant (T-DM1R) cells
treated with 0.05 mg/mL T-DM1 in a time-dependent manner. B, The log-fold change of the mitotic genes differentially expressed only in BT-474, SK-BR-3, or both
T-DM1R cells compared with WT counterparts in RNA-seq analysis. (Continued on the following page.)
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vaccination assay using the T-DM1–resistant EMT6.huHER2
cells (21). Cells were treated with T-DM1 or BO-264 alone or in
combination for 48 hours, and the treated cell population (which
harbors around 60% apoptotic cells, Supplementary Fig. S10A and
S10B) were injected into the flank of BALB/c mice, followed by
injection of living cells to the opposite flank after a week, and
monitoring of tumor formation (Fig. 6A). Vaccinating mice with
combination-treated andmostly apoptotic cells significantly improved
tumor-free survival compared with control or single-agent treated
groups, demonstrating that our combination therapy elicits ICD
in vivo to inhibit tumor formation (Fig. 6B).

To test the effects of TACC3 inhibition on enhancing T-DM1
response in the first-line settings, we utilized the relatively T-DM1
responsive human HER2-overexpressing MMTV.f.huHER2#5 (Fo5)
transgenic model (8, 39). Combination treatment completely blocked
tumor growth as compared with single-agent T-DM1 (5 mg/kg, i.v.,
once) or BO-264 (50mg/kg, oral gavage, daily) treatments (Fig. 6C–E),
without affecting body weight (Fig. 6F). Importantly, combination-
treated Fo5 tumors exhibited the highest levels of p-eIF2a, the
canonical marker of ICD (Fig. 6G and H). To analyze changes in
tumor-infiltrated lymphocytes (TIL) and tumor-infiltrated DCs
(TIDC) upon combination treatment, we treated the Fo5 tumor-
bearing mice with T-DM1 alone or in combination with BO-264 for
a week and performedmultiplex IHC staining ofDCs and T cells in the
collected tumors. As a result, we observed that the infiltration of
CD11cþCD86þ mature DCs (Fig. 6I and J) and CD8þCD25þ acti-
vated cytotoxic T cells (Fig. 6K and L) was significantly increased in
tumor samples treated with the combination therapy. Notably, at the
sites ofDC andT-cell infiltrates, the levels of the ICDmarkers, p-eIF2a
and HMGB1 were also higher (Supplementary Fig. S11A–S11C),
suggesting that the induction of ICD following treatment with
T-DM1/BO-264 combination is likely involved in the recruitment of
antitumor immune cells. Furthermore, there was a trend toward a
decrease in T-DM1–induced infiltration of tumor-promoting
Foxp3þ/CD4þ regulatory T (Treg) cells, whereas NK1.1þ/CD27þNK
cells that are responsible for trastuzumab-mediated antibody-
dependent cellular cytotoxicity (ADCC), underwent a slight, albeit
not significant, decrease in combination therapy (Supplementary
Fig. S11D and S11E).We further analyzed the serum levels of cytokines
collected from treated mice and observed an increase in the proin-
flammatory cytokines [IL1a, IL2, RANTES (CCL5), MIP-3a, and LIX
(CXCL5)] under combination therapy (Fig. 6M). Altogether, these
data demonstrate that TACC3 inhibition restores T-DM1–induced
ICD and increases the infiltration of antitumor DCs and cytotoxic T
cells without triggering the infiltration of protumorigenic Tregs, thus
leading to stronger growth inhibition of human HER2-expressing
tumors.

Discussion
ICD is a unique form of cell death that can activate antitumor

immune response and has been shown to be induced by several
different anticancer therapies. Despite being the first and one of the
most successful ADCs approved for refractory HER2-positive breast
cancer, little is known if response and resistance to T-DM1 involves
ICD modulation that can be leveraged to enhance T-DM1 response.
Here, we demonstrate, for the first time, that the iconic ADC, T-DM1
can elicit all the hallmarks of ICD, i.e., eIF2a phosphorylation, ATP
secretion, HMGB1 release, and calreticulin surface exposure via its
payload DM1, and in a SAC-dependent manner in drug sensitive
models (Fig. 7A). In T-DM1 resistance, TACC3 is upregulated and
inhibits T-DM1–induced SAC activation, thus blocking eIF2a phos-
phorylation and DAMPs, which ultimately results in cell survival
(Fig. 7B). Inhibiting TACC3 in T-DM1–resistant tumors restores
T-DM1–induced SAC activation, mitotic cell death, eIF2a phosphor-
ylation and elevated levels of DAMPs, i.e., the hallmarks of ICD.
TACC3 inhibition in combination with T-DM1 further induces ICD
markers, proinflammatory cytokine secretion, DC maturation, and T-
cell activation, eventually causing inhibition of tumor growth (Fig. 7C).

In recent years, it has been increasingly recognized that antitumor
immune activation is an integral part of response to anticancer
therapies. To evoke a cytotoxic immune response, these therapies
trigger an immunogenic form of cell death that is characterized by
secretion of the so-called eat-me signals, i.e., DAMPs from the dying
cancer cells. It has been postulated that levels of DAMPs have
prognostic and predictive value in different types of cancers (40).
Along these lines, monitoring the levels of DAMPs in the pretreated
tumor samples was proposed to have a predictive value by enabling the
identification of patients who are intrinsically capable or incapable of
responding to ICD-inducing treatment, and for providing novel
combinatorial strategies aiming to restore ICD induction in resistant
tumors (41). Upon treatment with ICD-inducing single/combina-
tion therapies, these DAMPs then lead to infiltration and activation
of antitumor immune cells, leading to tumor shrinkage. Along these
lines, a higher level of TILs usually indicates a better response to
therapy (42). In the context of T-DM1, there were two trials that
support our findings that showed an association of T-DM1 response
with higher immune cell infiltration, only after T-DM1 therapy. A
recent study published the results from the KATHERINE trial
showed that levels of predefined immune signatures before T-DM1
therapy showed no association with T-DM1 response in adjuvant
settings (43). On the other hand, in an open-label, phase III study
(KRISTINE), it was reported that higher levels of immune markers
after neoadjuvant T-DM1–containing therapy are associated with
higher pCR rates (44). These studies along with our data suggest

(Continued.) C,Western blot analysis of TACC3 protein expression in BT-474 and SK-BR-3 WT vs. T-DM1R cells. Actin was used as a loading control. D, TACC3 IHC
score in Hacettepe cohort patients before and after treatmentwith T-DM1who are sensitive (left) vs. resistant (right) to T-DM1. The percentages of patientswho have
TACC3-low or -high tumors in the pre- and posttreatment groups are given below, and significance was calculated using the Chi-square test. E, Representative
TACC3 IHC and hematoxylin and eosin (H&E) staining in the tumor tissues of patients fromD. Scale bar, 100 mm. F, Percent growth inhibition in SK-BR-3 T-DM1R cells
transfected with siTACC3 and treated with 0.03 mmol/L T-DM1 (n ¼ 4–6). G, Percent growth inhibition in SK-BR-3 T-DM1R cells treated with T-DM1 alone or in
combination with 1 mmol/L TACC3 inhibitor (BO-264; n ¼ 4–6). H, Western blot analysis of mitotic arrest, apoptosis, and ICD markers in BT-474 T-DM1R cells
transfectedwith siTACC3 and treatedwith T-DM1. Actinwas used as a loading control. I,Western blot analysis ofmitotic arrest, apoptosis, and ICDmarkers in SK-BR-
3 T-DM1R cells treated with T-DM1 alone or in combination with BO-264. Actin was used as a loading control. J, Relative ATP release from SK-BR-3 T-DM1R cells
treatedwith T-DM1 alone or in combinationwith BO-264 (n¼ 3, 4).K,Relative HMGB1 release from SK-BR-3 T-DM1R cells treatedwith T-DM1 alone or in combination
with BO-264 (n¼ 3). L,Western blot analysis ofmitotic arrest, apoptosis, and ICDmarkers in SK-BR-3WT cells overexpressing TACC3 and treatedwith T-DM1. Actin
was used as a loading control.M, Relative ATP release from SK-BR-3WT cells overexpressing TACC3 and treated with T-DM1 (n¼ 3).N, Percent growth inhibition in
SK-BR-3 WT cells overexpressing TACC3 and treated with T-DM1 (n ¼ 3). Data correspond to mean values� SD. Significance for D was calculated with one-way
Wilcoxon signed-rank test. P values for other subfigures were calculated with the unpaired, two-tailed Student t test. �, P < 0.05; �� , P < 0.01.
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that expression of ICD-related genes may predict better response
to T-DM1, which may further induce antitumor immune activation
in sensitive patients. Nevertheless, our study still has limitations
due to the lack of availability of a cohort of a larger number of

patients with available pre- and posttherapy samples and gene
expression profiling.

Association of TILs with clinical response has also been tested for
other ADCs, e.g., trastuzumab deruxtecan, and a positive correlation

Figure 4.

Targeting TACC3 sensitizes the human HER2-expressing EMT6.huHER2 cells to T-DM1 and induces ICDmarkers. A, Cell viability assay in EMT6.huHER2 cells treated
with increasing doses of T-DM1 alone or combination with different doses of BO-264 for 3 days (n ¼ 4). B, Validation of TACC3 knockout in EMT6.huHER2 cells
obtained using CRISPR/Cas9 system. C, Cell viability assay in EMT6.huHER2.sgTACC3 vs. sgControl cells treated with increasing doses of T-DM1 for 3 days (n¼ 4).
D,Western blot analysis of mitotic arrest, apoptosis, and ICDmarkers in EMT6.huHER2 cells treated with T-DM1 alone or in combinationwith BO-264. Actin was used
as a loading control. E,Western blot analysis of TACC3, mitotic arrest, apoptosis, and ICDmarkers in EMT6.huHER2.sgTACC3 vs. sgControl cells treated with T-DM1.
Actinwas used as a loading control. F,Relative ATP release fromEMT6.huHER2 cells treatedwith T-DM1 alone or in combinationwith BO-264 (n¼ 3).G,Relative ATP
release from EMT6.huHER2.sgTACC3 vs. sgControl cells treated with T-DM1 (n¼ 3, 4). H, Immunofluorescence cell-surface staining of calreticulin (green) in EMT6.
huHER2 cells treated with T-DM1 alone or in combination with BO-264. Its quantification is provided on the right. I, Immunofluorescence cell-surface staining of
calreticulin (green) in EMT6.huHER2.sgTACC3 vs. sgControl cells treatedwith T-DM1. Its quantification is provided on the right. Data correspond tomean values� SD.
P values were calculated with the unpaired, two-tailed Student t test. �� , P < 0.01.
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Figure 5.

Inhibition of TACC3 in combinationwith T-DM1 leads to ex vivoDCmaturation, T-cell activation, and release of ICD-related proinflammatory cytokines.A, Schematic
representation of the experimental workflow for DC maturation, T-cell activation, and cytokine profiling experiments. B and C, Flow cytometry analysis of DC
maturation markers in DC cells incubated with the CM collected from EMT6.huHER2 cells treated with 7.5 mg/mL T-DM1 and 500 nmol/L BO-264, alone or in
combination (B) or in EMT6.huHER2.sgControl vs. sgTACC3 cells treated with 7.5 mg/mL T-DM1 (C). D, Quantification of CD80þ/CD86þ cells from B and C (n ¼ 2).
E and F, Flow cytometry analysis of T-cell activationmarker, CD25 in CD8þ T cells coculturedwith DCs fromB andC.G,Quantification of the CD25mean fluorescence
intensity (MFI) from E and F (n ¼ 2). H, Levels of proinflammatory cytokines in the media collected from DC-T-cell cocultures from E. Data correspond to mean
values� SD. P values were calculated with the unpaired, two-tailed Student t test. �� , P < 0.01. (A, Created with BioRender.com.)
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Figure 6.

TACC3 inhibition elicits ICD in vivo and potentiates TDM1 response via increasing the infiltration of antitumor immune cells in vivo. A, Schematic representation
of the in vivo vaccination assay. B, Tumor-free survival curves of BALB/c mice vaccinated with PBS or single agent or combination-treated EMT6.huHER2 cells
(n ¼ 5–7). C, Tumor growth of the MMTV.f.huHER2#5 model under low dose T-DM1 (5 mg/kg, once) in combination with BO-264 (50 mg/kg, daily; n ¼ 6, 7).
D, Tumor weights of the mice in C after 14 days of treatment. E and F, Representative resected tumor pictures (E) and body weights (F) from mice in
C. G, Western blot analysis of p-eIF2a and eIF2a protein expression levels in tumors from C. Actin was used as a loading control. H, Relative band density
graphs for p-eIF2a normalized to eIF2a from G (n ¼ 3). I and J, Multiplex immunofluorescence staining of CD11c/CD86 in short-term-treated MMTV.f.
huHER2#5 tumors and its quantification (n ¼ 3). K and L, Multiplex immunofluorescence staining of CD25/CD8 in short-term-treated MMTV.f.huHER2#5
tumors and its quantification (n¼ 3). Scale bar, 50 mm.M, Levels of the cytokines in the serums of the mice with short-term–treated MMTV.f.huHER2#5 tumors
(n ¼ 3). Data for the bar graphs and box plots correspond to mean values� SD, whereas data for the tumor volume and body weight graphs correspond
to mean values� SEM. Endpoint criteria for mice in C and F are treatment for 14 days or until reaching ethical tumor size cutoff. P values for the bar graphs
and box plots were calculated with the unpaired, two-tailed Student t test. The significance for the tumor volume graph and multiplex IHC quantification was
calculated with two-way and one-way ANOVA, respectively. � , P < 0.05; �� , P < 0.01. (A, Created with BioRender.com.)
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between number of TILs and drug sensitivity was observed (45, 46). In
line with the emerging preclinical and clinical data on the immune
modulatory effects of ADCs, promising data have been gathered in
recent years that support the potential benefits of combining ADCs
with immune-oncology drugs. It has been demonstrated that com-
bining ADCs with immune checkpoint inhibitors enhances the hom-
ing and activation of immune effector cells, thus leading to stronger
therapy responses (47). Therefore, a combination of ADCs with
immune-checkpoint blockers, and other immune-oncology drugs are
currently in clinical trials in both hematologic malignancies and solid
tumors. For instance, Enfortumab vedotin, an ADC of a Nectin-4–
directed antibody conjugated to MMAE, a microtubule inhibitor
blocking tubulin polymerization, belonging to the same class as DM1,
has recently been approved by the FDA as the first ADC to be
combined with a PD-1 inhibitor (48). Furthermore, the preliminary
results of the combination ofDato-DXd (TROP2-directed deruxtecan)
and the PD-L1 antibody durvalumab at the first-line settings for
advanced or metastatic TNBC (NCT03742102) demonstrated that
79% of patients had confirmed objective responses, with 10% having
complete response, and 69% having partial response (49). Further-
more, the combination therapy was well-tolerated with manageable

side effects (49). Here, we demonstrated, for the first time, that ICD
induction is one of the mechanisms of T-DM1 sensitivity in vitro and
in vivo. Importantly, we showed that tumors from sensitive patients
have higher CD8þ T-cell infiltration upon T-DM1 treatment, and
combination of T-DM1 with TACC3 inhibition potentiates the induc-
tion of ICD markers to induce antitumor immune cell infiltration
in vivo in the HER2þ Fo5 transgenic mouse model. These results
further encourage testing of the potential of ADCs other than T-DM1
to induce ICD, and investigating the association between sensitivity to
ADCs, includingT-DM1or their combinationwith immune-oncology
drugs and ICD hallmarks.

Antimicrotubule agents, such as taxanes, are among the most
commonly used chemotherapeutics in cancer and their major
mechanism of action involves mitotic cell death via disruption of
microtubule dynamics. Intriguingly, recent studies have suggested
that the clinical success of microtubule-targeting agents is not
only a result of mitotic cell death but potentially involves novel
mechanisms that lead to the activation of a strong antitumor
immune response (50–52). For instance, paclitaxel, one of the most
widely used taxanes was shown to promote a proinflammatory
response by activation of innate immunity (51, 53). Paclitaxel may

Figure 7.

Schematic summary of the proposedmodel of T-DM1 sensitivity, resistance, and targeting T-DM1 resistance. A, In T-DM1–sensitive tumors, the activation of SAC and
mitotic arrest lead to apoptosis and activationof ICDmarkers, e.g., eIF2aphosphorylation,ATP secretion, calreticulin surface exposure, andHMGB1 release, leading to
DC maturation and cytotoxic T-cell, culminating in tumor growth inhibition. B, In T-DM1–resistant tumors, overexpression of TACC3 prevents activation of SAC,
mitotic cell death, and ICD, thus promoting cell survival. C, Inhibition of TACC3 in combinationwith T-DM1 in the resistant tumors restores SAC activation andmitotic
arrest, leading to apoptosis, induction of ICD hallmarks, and secretion of proinflammatory cytokines, thereby increasing the infiltration of DCs and T cells, thus
restoring T-DM1 sensitivity. (Created with BioRender.com.)
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also improve the efficacy of PD-L1 blockade therapy in animal
models by causing tumor eradication, metastasis suppression, and
preventing recurrence (54). Furthermore, paclitaxel has recently
been shown to activate ICD in ovarian cancer cells (55). Despite
this preliminary evidence on the potential roles of microtubule-
targeting agents on activating antitumor immunity, a mechanistic
connection between mitotic arrest, SAC activation, and the induc-
tion of ICD markers has not been tested before. In this study, we
demonstrated that the T-DM1–induced mitotic arrest and SAC
activation are required for the induction of ICD hallmarks, iden-
tifying SAC activation as a potentially novel way to induce ICD.
However, given that ICD induction is, in part, dictated by the
structure of the drug in addition to its molecular mechanisms of
action, it has yet to be determined whether other inducers of SAC
activation or mitotic arrest could also activate the hallmarks of
ICD and elicit immune responses.

TACC3 is a microtubule and centrosome-associated protein
playing key roles in mitotic progression (56, 57). TACC3 inhibition
was shown to cause formation of multipolar spindles, mitotic
arrest, and apoptosis (13, 19, 35). In recent years, novel nonca-
nonical roles of TACC3 in tumor progression are also emerging.
Here, we showed that TACC3 inhibition in combination with
T-DM1 revives ICD to activate antitumor immune cells. The lack
of a profound increase in T-cell activation markers, CD25/CD8 in
T-DM1þBO-264/sgTACC3 groups compared with T-DM1 alone
(Fig. 5G) might potentially be due to reaching the saturation limit
of detecting T-cell activity, which showed certain level of increase
in single-agent T-DM1 group as well, due to slightly higher
CD80/CD86 (Fig. 5D). Of note, although results of sgRNA-
mediated knockout of TACC3 was highly similar to BO-264
treatment, we do not rule out any potential off-target effects of
BO-264. An in silico analysis in kidney renal cell carcinoma
demonstrated that TACC3 expression correlates with several dif-
ferent types of immune cells, including follicular helper T cells and
Tregs (58). Infiltration of the immune-suppressive Tregs into
tumors may promote tumor growth via blocking antitumor
immune responses (59). For instance, combination of T-DM1 with
immune-checkpoint blockers showed efficacy in animal models;
however, the infiltration of tumor-promoting Foxp3þ/CD4þ Tregs
was shown to be increased as well (29). Along these lines, although
a trend is observed toward higher progression-free survival in
PDL1þ patients upon a combination of T-DM1 with the
immune-checkpoint inhibitor, atezolizumab, the difference in
survival was not clinically meaningful with more adverse
events (60). These findings underlie the necessity to identify novel
therapeutic strategies to achieve potent and durable immunogenic
responses without activating tumor-promoting immune subsets in
larger patient subpopulations. Our data demonstrating the secre-
tion of proinflammatory cytokines, DC maturation, and increased
infiltration of cytotoxic effector T cells upon inhibiting TACC3 in
combination with T-DM1 without an increase in the infiltration of
Foxp3þ Tregs suggest that TACC3 inhibition could be a superior
therapeutic strategy to boost the immunogenicity of the tumors
without activating tumor-promoting factors.

It has been demonstrated that T-DM1 treatment increases tumor-
infiltrating NK cells that are responsible for trastuzumab-induced
ADCC (61, 62) in the absence or presence of immunotherapy (29).
Interestingly, we did not observe a significant change in the infiltration
of NK cells upon T-DM1 treatment or upon treatment with the
combination of T-DM1 and TACC3 inhibitors. The lack of NK cell
infiltration even in the T-DM1monotherapy group is probably due to

the lower T-DM1 dose used in our study, i.e., 5 mg/kg compared with
15 mg/kg dose used in Muller and colleagues (29). Nonetheless, the
strong tumor growth inhibition that we observed upon combination
therapy with no NK cell infiltration suggests that TACC3 inhibi-
tion-mediated T-DM1 potentiation does not likely involve trastu-
zumab-mediated ADCC. Overall, our data encourages testing the
combination of TACC3 inhibitors with other ADCs beyond T-DM1
or even with immune-checkpoint blockers to achieve superior and
durable responses.

Overall, we showed that ICD induction upon SAC-induced mitotic
cell death is a novel mechanism of T-DM1 sensitivity and activates
T-cell–mediated antitumor immunity, whereas T-DM1 resistance is
characterized by loss of ICD. We further identified TACC3 as a novel
resistance mediator whose inhibition restores the induction of ICD
hallmarks and increases the infiltration of cytotoxic effector T cells into
tumors. These data provide preclinical evidence for targeting TACC3
to revive tumor immunogenicity driven by ICD-related DAMPs in
T-DM1 refractory HER2þ breast cancer that may ultimately result in
improved clinical outcomes.
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