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Abstract

The resistance of breast cancer cells to therapeutic antibodies such as anti-HER2 trastuzumab
can be overcome by engaging natural killer (NK) cells for killing antibody-binding tumor
cells via antibody-dependent cellular cytotoxicity (ADCC). Here, we investigated how au-
tophagy modulation affects trastuzumab-mediated ADCC in HER2-positive JIMT1 breast
cancer cells and NK cells. Autophagy inducers (rapamycin and resveratrol) had no signif-
icant impact, but the inhibitor bafilomycin nearly abolished ADCC. Protection occurred
when either cancer or NK cells were pretreated, indicating dual effects. Bafilomycin reduced
phosphatidylserine externalization, the loss of plasma membrane integrity, caspase-3/7
activity, and DNA fragmentation. It downregulated pro-apoptotic BAK1 and BAX without
altering BCL-2. Additionally, bafilomycin decreased HER2 surface expression, impairing
trastuzumab binding, and modulated immune regulators (STAT1, CD95, and PD-L1) in
NK and/or in the cancer cells. Bafilomycin disrupted HER2 trafficking and induced HER2
internalization, leading to its accumulation in cytoplasmic vesicles. These findings show
that autophagy inhibition by bafilomycin confers ADCC resistance by altering apopto-
sis, immune signaling, and HER2 dynamics. The study underscores autophagy’s role in
antibody-based cancer therapy efficacy.

Keywords: natural killer cell; trastuzumab; antibody dependent cell-mediated cytotoxicity;
apoptosis; autophagy

1. Introduction
In women, breast cancer is the most common type of malignant tumor, with 1–2% of

cases occurring in men [1]. While ductal carcinoma, accounting for 80% of cases, forms
in the breast’s milk ducts, lobular carcinoma (~10% of cases) arises from lobular cells of
the milk-producing glands [2]. The World Health Organization estimates that this disease
takes the lives of over 700,000 women annually and results in more than 2 million new
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cases being diagnosed [3]. Standard treatment approaches include the surgical excision of
the tumor, radiotherapy, and cytotoxic chemotherapy. Additionally, treatment options like
hormone therapy and monoclonal antibody therapy can enhance outcomes, based on the
tumor’s cancer marker profile, particularly regarding hormone (estrogen and progesterone)
receptor expression and the overexpression of the HER2 oncogene [3–8].

The importance of tumor stromal cells in determining tumor behavior, tumor cell
proliferation, and treatment resistance is becoming more and more obvious [9]. Important
elements of the tumor stroma and different immune cells from the innate and adaptive
immune systems can influence disease outcomes in both positive and negative ways [10–13].
The innate immune response, which serves as the body’s first line of defense, includes
macrophages, dendritic cells, granulocytes, mast cells, NK cells, and NKT cells. In contrast,
the adaptive immune system features CD8+ T lymphocytes, B-lymphocytes, and CD4+ T
cells that help regulate both aspects of adaptive immunity, forming a critical part of the
immune network associated with tumors [14–16].

By facilitating the destruction of cancer cells via immune effector cells, antibody-
dependent cell-mediated cytotoxicity (ADCC) is essential to the antitumor immune re-
sponse [17]. The main mediators of this process are antibodies, which attach to tumor
antigens and label them for immune cells like macrophages and natural killer (NK) cells to
recognize and eliminate. NK cells, for instance, have been shown to destroy breast cancer
cells by ADCC when the therapeutic antibody trastuzumab binds to the tumor cells’ surface
epidermal growth factor receptor HER2 [18].

Enhancing the direct or ADCC-mediated tumor cell killing of immune cells could
provide therapeutic benefit for cancer patients. Despite the multiple mechanisms of action,
some tumors show primary or acquired resistance to trastuzumab therapy, which is not
related to decreased HER2 expression in tumor cells. Therefore, several novel strategies
have been explored to enhance ADCC. These strategies include the supplementation of
cytokines, manipulation of the effector cells, and modification of the therapeutic anti-
bodies [19]. ADCC was shown to be enhanced by altering the Fc portion of the mAb
by site-directed mutagenesis [20], changing the glycosylation of the Fc domain [21,22],
or removing Fc domain fucosylation [23]. Additionally, asymmetrical engineering of
the Fc portion [24] was also demonstrated to increase binding affinity to the activating
FcγRIIIA. NK cell engagers have been designed for enhanced and prolonged NK cell-
mediated responses by targeting different activating NK cell receptors [25]. Novel engagers
include tetravalent, bispecific innate cell engagers, bi-/trispecific NK cell engagers, and
multi-specific antibody-based constructs. A novel approach is nanoliposomes loaded with
immunopotentiators that enhance the ADCC effect in HER2-positive breast cancer [26,27].
Here, we set out to investigate if autophagy modulators could modify ADCC efficiency.
Autophagy is a cellular degradation and recycling process that plays a dual role in cancer
progression and therapy resistance. It can act as a tumor suppressor by removing damaged
cellular components and as a survival mechanism that encourages tumor growth under
stressful circumstances [28]. This duality is crucial for understanding how autophagy
contributes to cancer progression and therapy resistance. In our present study, we aimed to
investigate the effect of autophagy modulator compounds in ADCC.

2. Results
2.1. Bafilomycin A1 Inhibits Antibody-Dependent Cellular Cytotoxicity

First, we set up an in vitro ADCC model as previously described. In this model,
HER2+ human JIMT1 breast carcinoma cells were treated with the anti-HER2 monoclonal
antibody trastuzumab and co-incubated with NK cells. Trastuzumab bridges the two cell
types, triggering ADCC.
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To evaluate the role of autophagy in ADCC, we tested the effects of the autophagy
modulator compounds rapamycin, bafilomycin, and resveratrol. While rapamycin and
resveratrol induce autophagy, bafilomycin inhibits the process as summarized in Table 1.

Table 1. Pharmacological effects of autophagy modulator compounds used in this study.

Compound Effect on Autophagy Key Molecular Mechanism(s)

Rapamycin Inducer Inhibits mTORC1 → relieves inhibition of ULK1 → activates autophagy initiation.

Bafilomycin Inhibitor Inhibits V-ATPase → blocks lysosomal acidification and autophagosome-lysosome fusion.

Resveratrol Inducer Activates AMPK and SIRT1 → inhibits mTORC1 and deacetylates autophagy-related proteins.

In accordance with our previous findings [29–31], we observed that ADCC was very
effective in our model, resulting in >50% target cell death in 3 h (Figure 1A,B). Moreover,
we found that while the autophagy inducers rapamycin and resveratrol had no effect on
ADCC, the autophagy inhibitor bafilomycin provided almost complete protection from
ADCC-mediated breast cancer cell death (Figure 1). This effect could be observed in two
different setups, i.e., when only the cancer cells but not the NK cells or when only the NK
cells but not the cancer cells were pretreated with the drugs (Figure 1A,B). In addition to
the visual inspection of microscopic pictures, images were also quantitatively analyzed
by determining the microplate surface area occupied by the JIMT1 cancer cells. From this
experiment, we concluded that autophagy induction by rapamycin and resveratrol has no
effect on either the ADCC co-cultures or on any of their cellular components. Bafilomycin,
on the other hand, appeared to exert its ADCC inhibitory effect by acting both on the
effector and the target cells. It is important to note that both rapamycin and bafilomycin
A1 are nontoxic to JIMT1 and NK cells at the concentrations used. In contrast, resveratrol
caused a slight reduction in cell numbers after 24 h (Figure S1C).

2.2. Bafilomycin A1 Decreases Annexin V Binding, Csapase 3/7 Activity and Membrane
Permeability in JIMT1 Cells During ADCC

ADCC-mediated cell death is a complex cell death modality dominated by apoptotic
and necroptotic features [32,33]. We set out to investigate how bafilomycin affects vari-
ous cell death parameters. First, we stained JIMT1 cultures (with or without bafilomycin
treatment) with cell tracker blue to visualize cells. We also performed Annexin V stain-
ing to detect phosphatidylserine externalization (from the inner to the outer layer of the
plasma membrane), which is a common feature in apoptotic cell death. Our data show that
Annexin V staining is reduced in bafilomycin-treated JIMT1 cells (Figure 2A,B). Similarly,
bafilomycin also reduced SYTOX green staining of the cells, which is used as a measure
of plasma membrane integrity (a sign of necroptosis) (Figure 2A,B). In addition to im-
munofluorescent staining, we also measured the activity of apoptosis-executing enzymes
caspase-3/7. Bafilomycin treatment significantly decreased caspase activity in JIMT1 cells
in ADCC (Figure 3A).

2.3. Bafilomycin A1 Modifies the Expression of BCL-2 Family Genes in JIMT1 Cells and Reduces
DNA Fragmentation in ADCC

Since apoptosis is the predominant cell death modality triggered by ADCC [34], we
hypothesized that bafilomycin may interfere with key apoptosis regulatory mechanisms.
Caspase-3 is the main executioner enzyme in apoptosis, and caspase-3 activity was reduced
in bafilomycin-treated JIMT1 cells (Figure 3A). We determined the expression levels of
BAK, BAX, and BCL-2 genes. BAK and BAX are pro-apoptotic proteins. They promote
apoptosis by permeabilizing the mitochondrial outer membrane, leading to the release
of cytochrome c and other pro-apoptotic factors that activate caspases and initiate cell
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death. On the other hand, BCL-2 is an anti-apoptotic protein. It inhibits apoptosis by
binding to and neutralizing BAK and BAX, preventing mitochondrial outer membrane
permeabilization and thus blocking the release of cytochrome c. The balance between these
proteins determines cell fate: when BAK and BAX activity outweighs BCL-2 inhibition,
apoptosis is triggered; when BCL-2 dominates, cell survival is promoted. Their interplay is
crucial for maintaining cellular homeostasis and responding to stress or damage.

Figure 1. Bafilomycin A1 effectively inhibits antibody-dependent cellular cytotoxicity. Live cell
imaging of JIMT1 cells in ADCC with NK92CD16 cells at a 2:1 effector–target ratio for 3 h. (A) JIMT1
cells in 96-well HCS plates were pretreated with 500 nM rapamycin, 500 nM bafilomycin A1, or
50 µM resveratrol for 20 h, then stained with Calcein-AM. NK cells were added in the presence of
trastuzumab, and images were taken immediately after NK addition (0 h) and 3 h later. (Green:
Calcein-AM staining of JIMT1 cells). (B) JIMT1 cells were seeded into 96-well HCS plates. NK92CD16
cells were pretreated with 500 nM rapamycin, 500 nM bafilomycin A1, or 50 µM resveratrol for 20 h.
JIMT1 cells were stained with Calcein-AM before NK cells and trastuzumab were added, and images
were taken immediately after NK addition (0 h) and 3 h later. (Green: Calcein-AM staining of JIMT1
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cells). (C) JIMT1 cells were pretreated with autophagy modulators and cell confluence was determined
by image analysis at 0 h and 3 h of ADCC. (D) NK cells were pretreated with autophagy modulators
and JIMT1 cell confluence was determined by image analysis at 0 h and 3 h of ADCC. All plots
represent at least three independent experiments; values are given as mean ± SD (*** p < 0.001) (scale
bar is 200 µm).

Figure 2. Bafilomycin A1 pretreatment of JIMT1 cells prevents apoptotic cell death and decreases
membrane permeability in ADCC. (A) Annexin V—SYTOX Green staining of JIMT1 cells after 3 h
ADCC. JIMT1 cells were stained with CellTracker Blue and pretreated with 500 nM bafilomycin A1 or
vehicle for 20 h. After 3 h of ADCC, cells were stained with Annexin V—Alexa 647 (red) and SYTOX
Green. (B) Image analysis and evaluation of Annexin V binding and SYTOX Green staining in JIMT1
cells. Alexa 647 and SYTOX Green intensity values are normalized to JIMT1 cell region area. All plots
represent three independent experiments; values are given as mean ± SD (*** p < 0.001) (scale bar is
200 µm).

We found that bafilomycin reduced BAK1 and BAX expression while BCL-2 expression
was left unaffected (Figure 3B). The main mechanism in ADCC is the release of perforins
and granzymes from effector cell granules. Perforins create pores in the cell membrane
that facilitate granzyme B entry into the target cell, resulting in DNA fragmentation and
apoptosis. DNA strand breaks detected in JIMT1 cells after 3 h of ADCC using the indirect
TUNEL method are significantly reduced by bafilomycin pretreatment (Figure 3C).

2.4. Bafilomycin A1 Decreases Cell Surface HER2 Expression and Trastuzumab Binding in
JIMT1 Cells

To further investigate the mechanism of bafilomycin-induced ADCC resistance, we
determined the expression levels of HER2 in JIMT1 cells. We hypothesized that bafilomycin
may reduce surface expression of HER2, the target protein of trastuzumab. Indeed, our flow
cytometry data indicate that—as a measure of HER2 expression—trastuzumab binding
was reduced in bafilomycin-treated cells (Figure 4A). The effect required a long (24 h)
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incubation but also could be observed at the earlier (3 h) timepoint. Binding of the antibody
to NK cells, however, was unaffected by the autophagy inhibitor compound (Figure 4B).

Figure 3. Effect of bafilomycin A1 on caspase activation and the expression of BCL-2 family genes
in JIMT1 cells. (A) Evaluation of caspase 3/7 activity by live cell imaging in JIMT1 cells during
ADCC. JIMT1 cells in 96-well HCS plates were stained with CellTracker Blue and pretreated with
500 nM bafilomycin A1 or vehicle for 20 h. Apoptotic cells were labelled with CellEvent Caspase-3/7
Green and images were taken after 3 h ADCC. The intensity of the fluorescent caspase substrate
was evaluated with image analysis. (B) JIMT1 cells were treated with 500 nM bafilomycin A1 or
vehicle for 24 h. mRNA expression levels of BCL-2 family genes in JIMT1 cells were determined
by RT-qPCR. Expression levels were normalized to cyclophilin A and GAPDH and presented as fold
change compared to control. All plots represent three independent experiments; values are given
as mean ± SD (*** p < 0.001; ns = not significant). (C) DNA strand breaks were detected in ADCC
cultures with indirect TUNEL method. JIMT1 cells were treated with 500 nM bafilomycin A1 or
vehicle for 20 h before NK cells were added in the presence of trastuzumab for 3 h (at 2:1 effector–
target ratio). TUNEL-positive area ratio was determined by image analysis. Plots represent three
independent experiments; values are given as mean ± SD (*** p < 0.001) (scale bar is 100 µm).

2.5. Bafilomycin A1 Modulates the Expression of Genes Involved in ADCC

ADCC involves the activation of NK cells by antibodies that bind to Fc receptors.
The most characterized Fc receptor on the NK cell membrane is CD16 or Fc
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are involved in NK cell cancer cell interactions [36]. Death receptor-induced apoptosis
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is a perforin-independent mechanism by which NK cells lyse target cells. Fas (CD95) is
expressed on a wide variety of tissues, but Fas ligand (CD95L) expression is restricted
to activated NK cells and cytotoxic T lymphocytes. Fas cross-linking induces changes
such as membrane blebbing, nuclear condensation, and caspase activation. Fas is down-
regulated in a variety of cancers during tumor progression [37,38]. Moreover, the Signal
Transducer and Activator of Transcription 1 (STAT1) protein is also crucial in the context
of trastuzumab-mediated ADCC as it enhances the cytotoxic activity of NK cells through
interferon signaling. By promoting the transcription of genes involved in NK cell function
and upregulating effector molecules, STAT1 helps to amplify the immune response against
HER2-positive cancer cells, thereby contributing to the therapeutic efficacy of trastuzumab.
Therefore, we investigated whether bafilomycin has any effect on the expression of these
key-tumor immunity-regulating proteins. Our results show that expression of STAT-1 was
reduced in the NK cells (Figure 5). In JIMT-1 cells, bafilomycin suppressed STAT1, PD-1L,
and CD95 expression (Figure 5).

Figure 4. Bafilomycin A1 decreases cell surface HER2 expression and trastuzumab binding in JIMT1
cells. Trastuzumab (Tr) binding of JIMT1 and NK cells was analyzed by flow cytometry. (A) JIMT1
cells were treated with 500 nM bafilomycin A1 or vehicle for 24 h (upper) or for the indicated times
(lower) and labelled with Alexa 488-conjugated trastuzumab. (B) NK cells were treated with 500 nM
bafilomycin A1 or vehicle for 24 h and labelled with Alexa 488-conjugated trastuzumab. Alexa
488 intensity median values are presented as fold change compared to control. All plots represent
three independent experiments; values are given as mean ± SD (** p < 0.01; *** p < 0.001; ns = not
significant).
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Figure 5. Bafilomycin A1 modulates the expression of genes involved in ADCC. JIMT1 and NK cells
were treated with 500 nM bafilomycin A1 or vehicle for 24 h. mRNA levels of genes involved in NK
cell function were determined by RT-qPCR. Expression levels were normalized to cyclophilin A and
GAPDH and presented as fold change compared to control. All plots represent three independent
experiments; values are given as mean ± SD. (* p < 0.05, *** p < 0.001, ns = not significant).

2.6. Bafilomycin A1 Reduces HER2 Surface Expression in JIMT1 Cells

Intracellular trafficking plays a crucial role in the cell surface appearance of cell
membrane proteins, such as HER2. This process ensures that proteins like HER2 are
synthesized, modified, sorted, and transported to their correct locations within the cell,
including the plasma membrane.

Although autophagy primarily targets damaged organelles and misfolded proteins, it
can also affect the trafficking and localization of cell membrane proteins. Thus, we hypoth-
esized that the perturbed trafficking of HER2 may be one of the molecular mechanisms
underlying the cytoprotective effect of bafilomycin in our ADCC model. Indeed, our data
show that the cell surface expression of HER2 is reduced in bafilomycin-treated JIMT-1
cells (Figure 6) and the protein is retained in cytoplasmic vesicles (Figure 6). Quantitative
high-content analysis of fluorescent HER2 images confirmed this observation (Figure 6).

2.7. Bafilomycin A1 Induces HER-2 Internalization in JIMT1 Cells

Besides disrupted intracellular trafficking, receptor internalization likely plays a signif-
icant role in the reduced cell surface expression of the HER2 receptor and its accumulation
in cytoplasmic vesicles. To investigate how bafilomycin affects receptor internalization,
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we set up a live-cell assay using the fluorescently labeled HER2 antibody. Our results
demonstrate that HER2 internalization occurred within 3 h of bafilomycin treatment. By
24 h, anti-HER2 was almost completely internalized in bafilomycin-treated cells, while
internalization could not be observed in control cells (Figure 7).

Figure 6. Bafilomycin A1 reduces HER2 surface expression by blocking HER2 intracellular trafficking.
(A) Confocal microscopic images of HER2 staining in JIMT1 cells. JIMT1 cells in 96-well HCS plates
were treated with 500 nM bafilomycin A1 or vehicle for 24 h. Cells were fixed and stained with
FITC-labelled anti-HER2 antibody, and DAPI. Confocal images were taken with the Opera Phenix
HCA equipment. (B) Image analysis and evaluation of HER2 localization in JIMT1 cells. FITC
intensity values were analyzed in the membrane region and cytoplasmic region. The number of
HER2+ cytoplasmic vesicles indicates altered intracellular trafficking. (C) Image analysis of nuclear
morphology of JIMT1 cells. All plots represent three independent experiments; values are given as
mean ± SD (*** p < 0.001; ns = not significant) (scale bar is 50 µm).

Figure 7. Cont.
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Figure 7. Bafilomycin A1 induces HER-2 internalization. (A) Confocal microscopic images were
obtained to visualize HER2 live staining in JIMT1 cells. JIMT1 cells seeded in 96-well HCS plates
were stained with DRAQ5 Fluorescent Probe. After washing, FITC-labelled anti-HER2 antibody was
added to the cells, either with 500 nM bafilomycin A1 or vehicle and incubated for 24 h. Confocal
images were taken using the Opera Phenix HCA equipment immediately after treatment, as well as
3 h and 24 h post-treatment. (B) Image analysis was used to evaluate HER2 localization in JIMT1
cells. FITC-stained spots were analyzed in the cytoplasmic region of cells. HER2-containing vesicles
were observable after 3 h in bafilomycin A1-treated cells. Notably, 24 h bafilomycin A1 treatment
dramatically increased the number of HER2-FITC-containing vesicles, indicating that HER2 was
internalized. All plots represent three independent experiments; values are given as mean ± SD
(** p < 0.01, *** p < 0.001) (scale bar is 50 µm).

3. Discussion
Cancer immunotherapies revolutionized oncology, providing hope for patients with

chemo- and/or radiation-resistant cancers. These immunotherapies include immune check-
point inhibitors (e.g., PD-1/PD-L1, CTLA-4 inhibitors) that enhance T-cell activity, cancer
vaccines (e.g., HPV vaccine, personalized neoantigen vaccines) that stimulate immune
responses, and cytokine therapy (e.g., IL-2, IFN-α) that boosts immune cell function or
the use of genetically modified T cells expressing chimeric antigen receptors (CAR-T Cell
Therapy) [39]. Moreover, anticancer antibodies such as bispecific antibodies engaging
immune cells and cancer cells simultaneously and antibody–drug conjugates that deliver
toxic agents directly to cancer cells (e.g., trastuzumab emtansine) also represent powerful
weapons in the anticancer armament [40]. In our study, we focused on the monoclonal
antibody (trastuzumab) that targets HER2 in breast cancer. It has previously been shown
that ADCC is a key effector mechanism in the therapeutic action of trastuzumab [41].

Using autophagy modulator compounds, we aimed to explore the role of autophagy in
trastuzumab-mediated ADCC. Autophagy has been implicated in tumor progression and
therapy resistance. Autophagy supports tumor growth by providing energy and nutrients,
especially under conditions of metabolic stress, which are common in rapidly growing tu-
mors [42]. The process helps maintain cellular homeostasis and prevents the accumulation
of damaged proteins and organelles, which could otherwise lead to genomic instability
and cancer progression [43]. Cancer cells exploit autophagy to survive chemotherapy and
other treatments by managing stress and maintaining energy production [42]. It has been
suggested that targeting the autophagy pathway, including its regulators like SIRT1 and
miRNAs, presents a promising strategy to overcome therapy resistance and improve cancer
treatment outcomes [44,45]. Inhibiting autophagy has shown potential in preclinical studies
to restore chemotherapeutic sensitivity and increase cancer cell mortality [42].

Most studies have focused on the role of autophagy in chemosensitivity and chemore-
sistance, while relatively little attention has been paid to the role of autophagy in im-
munotherapies. Investigations into the role of autophagy in the antitumor actions of T cells
suggested that inhibiting autophagy in tumor cells can sensitize them to T cell-mediated
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killing and enhance the efficacy of immunotherapies. On the other hand, promoting
autophagy in T cells can improve their anti-tumor activity and persistence, potentially
enhancing adoptive T-cell therapies (e.g., CAR-T cells). Our findings with rapamycin
and resveratrol suggest that inducing autophagy may not affect the ADCC sensitivity of
HER2+ breast cancer cells. Somewhat surprisingly, the autophagy inhibitor compound
bafilomycin conferred almost complete protection to JIMT1 cells from trastuzumab and NK
cell-mediated ADCC.

Cancer cell killing by ADCC relies mostly on the apoptotic pathway triggered by
granzyme release from NK cells [34]. Apoptotic parameters (phosphatidylserine external-
ization and caspase activity) were decreased by bafilomycin, suggesting that the compound
interferes with this cell death route. Activated NK cells also release perforins, which create
pores in the membranes of cancer cells, leading to cell lysis and death by disrupting osmotic
balance and facilitating the entry of pro-apoptotic molecules. Permeabilization of the target
cell membrane was indicated by the uptake of the cell-impermeable SYTOX Green dye, and
this cell death parameter was also decreased by bafilomycin. Fas-FasL binding also plays
a role in ADCC by contributing to the cytotoxic mechanisms of NK cells [46]. When NK
cells recognize the antibody-coated cells via Fc receptors, NK cells can induce apoptosis
through Fas–FasL interactions. FasL on the NK cells binds to Fas receptors on target cells,
triggering the extrinsic apoptotic pathway. This enhances the overall cytotoxic effect of
ADCC, complementing other mechanisms like perforin/granzyme release.

The question arises as to the mechanism by which bafilomycin might inhibit ADCC.
In many cases, tumor cells manage to survive chemo- and/or radiotherapy by activating
autophagy. Based on these observations, it has been proposed that autophagy inhibi-
tion may sensitize cancer cells to these therapies. The autophagy inhibitor compound
bafilomycin, however, provided protection to JIMT1 tumor cells from trastuzumab-induced
NK cell-dependent cytotoxicity. These observations suggest that in this model, autophagy
supports the apoptotic machinery of the target cells. One possible mechanism for the
death-promoting role of autophagy may involve Fas ligand signaling. It has been shown
that cells with a high autophagic flux are more sensitive to Fas ligand-induced apopto-
sis [47]. Therefore, in such situations, autophagy inhibition can be cytoprotective. Of
note, Fas receptor expression was significantly lower in bafilomycin-treated JIMT1 cells,
providing support for this hypothesis. A protein that could possibly link autophagy and
Fas-mediated apoptosis could be the protein phosphatase Fap-1, whose degradation by
autophagy enhances Fas-mediated apoptotic signaling [47].

The autophagy inhibitor compound bafilomycin also affected the expression of many
genes involved in the regulation of cell death. For example, the expression of STAT-1
was reduced in the NK cells, while in JIMT-1 cells, bafilomycin suppressed BAK1, BAX,
STAT1, and PD-1L expression (Figures 3 and 5). Several mechanisms may be involved in
the crosstalk between gene expression and autophagy [48,49]. These include the stability of
transcription factors (e.g., transcription factor EB, FOXO, or NF-κB), the modulation of epi-
genetic mechanisms, the degradation of signaling molecules (e.g., p62 or inhibitor of kappa
B kinase), the activation of stress response pathways (e.g., the unfolded protein response),
and many others [49–54]. Whether or not and how these effects of bafilomycin on gene
expression contribute to autophagy/cell death inhibition requires further investigation.

A key mechanism underlying the tumor cell-protecting effect of bafilomycin in our
ADCC model may be the reduction in cell-surface HER2 expression. In bafilomycin-treated
JIMT1 cells, HER2 could be found in cytoplasmic vesicles, indicating impaired trafficking
to the plasma membrane. Several mechanisms have previously been put forward to explain
how autophagy can interfere with the trafficking of receptors to the membrane. These
include the direct degradation of receptors, the degradation of trafficking machinery, altered
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endosomal sorting, the disruption of membrane dynamics, the regulation of signaling
pathways, and selective autophagy of receptor complexes [55,56]. Moreover, as an inhibitor
of the vacuolar proton pump, bafilomycin may also directly block trafficking through
early and late endosomes [57]. Determining which of these possible scenarios explains our
findings requires further investigation.

The effectiveness of therapeutic antibodies and antibody–drug conjugates largely
depends on receptor internalization. The overexpression of HER2 by certain tumor cells
can provide therapeutic advantages, but receptor internalization and lysosomal traffick-
ing significantly influence the efficiency of various therapeutic approaches. Different
HER2 antibodies have been shown to internalize with varying efficiencies. For instance,
trastuzumab, the standard treatment for HER2-positive breast cancer, was shown to in-
duce HER2 internalization to a small extent and with very slow kinetics [58]. In contrast,
polyclonal anti-HER2 antibodies and bispecific antibodies facilitate rapid receptor inter-
nalization and degradation [58,59]. Our study indicates that treatment with bafilomycin
significantly enhances HER2 internalization, which might slow down tumor growth. How-
ever, it also significantly decreases the efficiency of antibody-based treatments such as
antibody-dependent cellular cytotoxicity. Our findings are in line with previous studies
where bafilomycin was shown to interfere with transferrin receptor externalization [60].

While autophagy contributes to cancer progression and therapy resistance, it also
offers potential therapeutic targets. The complexity of its regulatory networks, involving
miRNAs, m6A modifications, and proteins like SIRT1, underscores the need for further
research to develop effective cancer therapies that manipulate autophagy pathways. Our
present findings highlight the importance of testing the effects of autophagy modulator
drugs in disease- and therapy-specific research models to identify the model-specific roles
of autophagy inducers and inhibitors. Based on our findings, bafilomycin significantly
increases the rate of HER2 receptor internalization and may alter intracellular trafficking,
ultimately leading to a disruption of receptor turnover in JIMT1 cells. Although our
study primarily focused on the impact of bafilomycin on JIMT1 cells, gene expression
analyses revealed the intriguing possibility that bafilomycin A1 may also compromise the
functionality of natural killer (NK) cells. Notably, we observed a marked reduction in STAT1
expression levels within NK cells, suggesting that bafilomycin disrupts the mechanisms
underlying NK cell-mediated tumor surveillance. This interference could hinder the ability
of NK cells to effectively identify and eliminate tumor cells, thereby impacting overall
immune responses.

Our in vitro model demonstrated that bafilomycin A1 induces the internalization of
HER2 in JIMT1 breast cancer cells. Since bafilomycin A1 inhibits lysosomal acidification, it
prevents the degradation of internalized HER2. We hypothesize that the internalized HER2
receptors accumulate in recycling endosomes, as bafilomycin A1 may interfere with the nor-
mal endosomal sorting mechanisms, potentially leading to the impaired recycling of HER2
to the surface of JIMT1 cells. These findings need to be validated using patient-derived
xenografts or in vivo models. This validation is essential to predict resistance to HER2-
targeted therapies, assess treatment responsiveness, select suitable treatment combinations,
and ultimately develop more effective HER2-targeted therapies. Considering the effects
on HER2 receptor internalization and its degradation, bafilomycin A1 can potentially con-
tribute to acquired trastuzumab resistance of breast cancer cells. Bafilomycin treatment may
lead to HER2 accumulation in locations that are less accessible to trastuzumab, reducing
its efficacy.

As autophagy inhibitors are currently being investigated in anticancer clinical trials,
it is important to consider how they may affect other therapeutic approaches. Our data
indicate that the autophagy inhibitor bafilomycin A1 could interfere with immunotherapies
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by reducing the availability of HER2 on the cell surface. This reduction may limit the
binding of trastuzumab and hinder essential immune mechanisms. Therefore, treatment
strategies that involve bafilomycin A1 or other V-ATPase inhibitors should be approached
with caution, as they may disrupt critical functions of HER2-targeted immunotherapy.

4. Materials and Methods
4.1. Cell Lines

JIMT-1 breast cancer cells were cultured in DMEM/F-12 medium (L0092, Biowest,
Bradenton, FL, USA) supplemented with 10% fetal bovine serum (FB-1090, Biosera, Cholet,
France), 10 µg/mL insulin (HI0219, Humulin R 100 NE/mL, Eli Lilly Nederland B.V.,
Utrecht, The Netherlands), 1% L-glutamine (GLN-B, Capricorn Scientific, Ebsdorfergrund,
Germany), and 1% penicillin-streptomycin (LM-A4118, Biosera, France). The CD16.176
V.NK-92 cell line was a kind gift from Prof. Dr. György Vereb (Department of Biophysics and
Cell Biology, Debrecen, Hungary). NK cells were maintained in MEM Alpha (LM-E1148,
Biosera, France) supplemented with 20% FBS, 1% MEM-NEAA (11140-050, Gibco, Jenks,
OK, USA), 1% odium pyruvate (NPY-B, Capricorn Scientific, Germany), 1% L-glutamine, 1%
penicillin-streptomycin, and 20 ng/mL human IL-2 (SRP3085, Sigma-Aldrich, Taufkirchen,
Germany). Both cell lines were cultured at 37 ◦C in a humidified atmosphere containing
5% CO2 and were routinely checked for the absence of mycoplasma contamination.

4.2. Live Cell Imaging in ADCC

Our high-content screening (HCS)-based assay protocol is discussed in our previous
publications [29–31]. Briefly, JIMT1 cells (104 cells per well) were seeded in 96-well HCS
plates (Cell Carrier Ultra HCS microplates, PerkinElmer, Waltham, MA, USA), while JIMT1
or NK cells were pretreated with 500 nM rapamycin (553210, Merck KGaA, Darmstadt,
Germany), 500 nM bafilomycin A1 (11038, Cayman Chemical, Ann Arbor, MI, USA), or
50 µM resveratrol (70675, Cayman Chemical, Ann Arbor, MI, USA) for 20 h before inducing
antibody-dependent cellular cytotoxicity (ADCC). DMSO (02610-101-340, Molar Chemicals,
Halásztelek, Hungary) was used as a vehicle control. JIMT1 cells were stained with 1 µM
Calcein-AM (206700, Merck KGaA, Germany) for 1 h. After washing JIMT1 cells with cell
culture media, NK cells were added in the presence of 1 µg/mL trastuzumab (LM134405-
CA001, Herzuma®, humanized anti-HER2 monoclonal antibody, Celltrion Healthcare
Hungary, Budapest, Hungary) in a 2:1 effector-to-target ratio. Images were captured imme-
diately after NK addition (0 h) and 3 h later with an Opera Phenix High-Content Analysis
system (PerkinElmer, Waltham, MA, USA) using a 10× air objective in non-confocal mode.
Images were captured in brightfield and fluorescence channels (ex 488/em 500–550 for
Calcein-AM). To test the effect of each compound on cell viability, we established control
groups without ADCC that were pretreated with rapamycin, bafilomycin, or resveratrol.
The trastuzumab-containing NK medium was then added without NK cells. The ADCC
efficiency and JIMT1 image region areas were determined after image analysis with the
Harmony Analysis Software v.4.9 (Perkin Elmer). For all steps of the image analysis se-
quence, the built-in modules of the Harmony software were used. A total of 156 images
were analyzed for each condition.

4.3. Annexin V—Alexa 647 and SYTOX Green Staining

JIMT1 cells (104 cells per well) were seeded in 96-well HCS plates (Cell Carrier Ul-
tra HCS microplates, PerkinElmer, Waltham, MA, USA) and pretreated with 500 nM
bafilomycin A1 (11038, Cayman Chemical, Ann Arbor, MI, USA) or vehicle for 20 h before
inducing antibody-dependent cellular cytotoxicity (ADCC). JIMT1 cells were stained with
10 µM CellTrackerTM Blue CMAC (C2110, Invitrogen, Life Technologies Corporation, Eu-



Int. J. Mol. Sci. 2025, 26, 6273 14 of 19

gene, OR, USA) for 1 h. After washing JIMT1 cells with cell culture media, NK cells were
added in the presence of 1 µg/mL trastuzumab (LM134405-CA001, Herzuma®, humanized
anti-HER2 monoclonal antibody, Celltrion Healthcare Hungary) in a 2:1 effector-to-target
ratio and the co-culture was incubated for 3 h. Cells were then incubated with Annexin V—
Alexa Fluor 647TM conjugate (in 1:100) (A23204, Invitrogen, Life Technologies Corporation,
Eugene, OR, USA) and 5 µM SYTOXTM Green Nucleic Acid Stain (S7020, Invitrogen, Life
Technologies Corporation, Eugene, OR, USA), and images were captured with the Opera
Phenix High-Content Analysis system (PerkinElmer, Waltham, MA, USA) using a 10×
air objective in non-confocal mode (ex 405/em 435–480 for CellTracker Blue; ex 488/em
500–550 for SYTOX Green; ex 640/em 650–760 for Alexa 647). Images were analyzed
with the Harmony software (Perkin Elmer) to select CellTracker Blue-stained JIMT1 cells
and calculate Alexa 647 and SYTOX Green intensity. For all steps of the image analysis
sequence, the built-in modules of the Harmony software were used. A total of 156 images
were analyzed for each condition.

4.4. Caspase 3/7 Activity

JIMT1 cells (104 cells per well) were seeded in 96-well HCS plates (Cell Carrier Ul-
tra HCS microplates, PerkinElmer, Waltham, MA, USA) and pretreated with 500 nM
bafilomycin A1 or vehicle for 20 h before inducing antibody-dependent cellular cytotox-
icity (ADCC). JIMT1 cells were stained with 10 µM CellTrackerTM Blue CMAC (C2110,
Invitrogen, Life Technologies Corporation, Eugene, OR, USA) for 1 h. After washing
JIMT1 cells with cell culture media, NK cells were added in the presence of 1 µg/mL
trastuzumab (LM134405-CA001, Herzuma®, humanized anti-HER2 monoclonal antibody,
Celltrion Healthcare Hungary) in a 2:1 effector-to-target ratio. CellEventTM Caspase-3/7
Green (C10423, Invitrogen, Life Technologies Corporation, Eugene, OR, USA) fluorescent
caspase substrate was added to the co-cultures in a 1:500 ratio at the beginning of ADCC.
Images were captured after 3 h ADCC with the Opera Phenix High-Content Analysis
system (PerkinElmer, Waltham, MA, USA) using a 10× air objective in non-confocal mode
(ex 405/em 435–480 for CellTracker Blue; ex 488/em 500–550 for CellEvent Caspase-3/7).
Images were analyzed with the Harmony software (Perkin Elmer) to select CellTracker
Blue-stained JIMT1 cells and calculate intensity values for the fluorescent caspase substrate.
For all steps of the image analysis sequence, the built-in modules of the Harmony software
were used. A total of 156 images were analyzed for each condition.

4.5. RT-qPCR

Gene expression levels were analyzed by RT-qPCR. Cells were homogenized in Tri
Reagent (TR118, Molecular Research Center, Cincinnati, OH, USA), while total RNA was
isolated by the phenol/chloroform method. RNA concentration was measured using
Nanodrop, and 2 µg of RNA from each sample was reverse-transcribed to cDNA with the
High-Capacity cDNA Reverse Transcription Kit (4368813, Applied Biosystems, Thermo
Fisher Scientific, Vilnius, Lithuania). All PCR reactions were carried out using the Xceed
SyGreen Mix Lo-ROX (LPCR10605L, Institute of Applied Biotechnologies, Prague, Czech
Republic) in a LightCycler© 480 II thermocycler (Roche Diagnostics, Mannheim, Germany)
for 40 cycles. Relative gene expression was determined by the 2−∆∆Ct method. Cyclophilin
A and GAPDH were used as internal controls, and gene expression values were normalized
to the geometric mean of the housekeeping genes. Sequence of gene-specific primers is
given in Table 2.

4.6. Flow Cytometry Analysis of Trastuzumab Binding

JIMT1 and NK cells were treated with 500 nM bafilomycin A1 or the vehicle for the
indicated time intervals. Following the trypsinization of JIMT1, cells were centrifuged
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and resuspended in cell culture media. Cells were incubated with Alexa 488-conjugated
trastuzumab (kind gift from Prof. Dr. György Vereb, Department of Biophysics and Cell Bi-
ology, Debrecen, Hungary) or FITC-IgG1 κ isotype standard (1:1000) (03004C, Pharmingen,
NJ, USA) for 1 h. The Alexa 488 intensity of cell-bound trastuzumab was analyzed by the
Novocyte 3000 flow cytometer (Accela, Prague, Czech Republic).

Table 2. Sequence of the gene-specific primers.

Forward Primer Reverse Primer

BAK1 TTACCGCCATCAGCAGGAACAG GGAACTCTGAGTCATAGCGTCG

BAX TCAGGATGCGTCCACCAAGAAG TGTGTCCACGGCGGCAATCATC

Bcl2 ATCGCCCTGTGGATGACTGAGT GCCAGGAGAAATCAAACAGAGGC

CD16 GGTGACTTGTCCACTCCAGTGT ACCATTGAGGCTCCAGGAACAC

CD95 GGACCCAGAATACCAAGTGCAG GTTGCTGGTGAGTGTGCATTCC

CD95L GGTTCTGGTTGCCTTGGTAGGA CTGTGTGCATCTGGCTGGTAGA

HER2 GGAAGTACACGATGCGGAGACT ACCTTCCTCAGCTCCGTCTCTT

PD-1 TGCCTGTGTTCTCTGTGGAC GAGCAGTGTCCATCCTCAGG

PD-L1 GTTGAAGGACCAGCTCTCCC TCCAGATGACTTCGGCCTTG

STAT1 ATGGCAGTCTGGCGGCTGAATT CCAAACCAGGCTGGCACAATTG

4.7. Immunocytochemistry

JIMT1 cells (104 cells per well) were seeded in 96-well HCS plates (Cell Carrier Ultra
HCS microplates, PerkinElmer, Waltham, MA, USA) and treated with 500 nM bafilomycin
A1 or the vehicle for 24 h. Cells were fixed with 4% formaldehyde (03300-101-340, Molar
Chemicals, Hungary) for 15 min, permeabilized and blocked with 1% BSA (421501J, VWR
Life Science, Leuven, Belgium), and dissolved in PBS containing 0.1% Triton X-100 (3.20150,
Spektrum 3D, Debrecen, Hungary) for 1 h at room temperature. Cells were then incubated
with the anti-human HER2/FITC antibody (BMS120FI, Invitrogen, Bender MedSystems
GmbH, Vienna, Austria) diluted in PBS in a 1:100 ratio. Cell nuclei were then stained with
1 µg/mL DAPI (D-1306, Molecular Probes, Eugene, OR, USA), and F-actin was labelled
with Texas Red-X Phalloidin (1:500) (T7471, Invitrogen, Life Technologies Corporation,
Eugene, OR, USA). Images were captured with the Opera Phenix High-Content Analysis
system (PerkinElmer, Waltham, MA, USA) using a 63× water objective in confocal mode
(ex 405/em 435–480 for DAPI; ex 488/em 500–550 for HER2-FITC; ex 488/em 570–630 for
Texas Red). Images were analyzed with the Harmony software (Perkin Elmer) to select
JIMT1 cells and determine the membrane and cytoplasmic regions of cells. The distribution
of HER2-FITC within the cells was evaluated, and the parameters for cytoplasmic green
fluorescent plots were also determined. Nuclear morphology was evaluated based on
DAPI staining. For all steps of the image analysis sequence, the built-in modules of the
Harmony software were used. A total of 864 images were analyzed for each condition.

4.8. In Situ Apoptosis Detection by the Indirect TUNEL Method

JIMT1 cells (104 cells per well) were seeded in 96-well HCS plates (Cell Carrier Ultra
HCS microplates, PerkinElmer, Waltham, MA, USA) and treated with 500 nM bafilomycin
A1 or the vehicle for 20 h before inducing antibody-dependent cellular cytotoxicity (ADCC).
NK cells were then added in the presence of 1 µg/mL trastuzumab (LM134405-CA001,
Herzuma®, humanized anti-HER2 monoclonal antibody, Celltrion Healthcare Hungary)
in a 2:1 effector-to-target ratio, and the co-culture was incubated for 3 h. Apoptotic cells
were detected by labeling DNA strand breaks using the indirect TUNEL method using the
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ApopTag® Plus Peroxidase In Situ Apoptosis Kit (S7101, Sigma-Aldrich, Germany) accord-
ing to the manufacturer’s instructions. Briefly, cells were first fixed in 1% paraformaldehyde
in PBS, pH 7.4, for 10 min at RT, then washed twice with PBS and post-fixed in precooled
ethanol–acetic acid 2:1 for 5 min at −20 ◦C. After washing twice with PBS, endogenous
peroxidase activity was quenched with 3.0% hydrogen peroxide in PBS for 5 min at RT,
followed by two washes with PBS and the addition of equilibration buffer. Cells were then
incubated with the TdT (terminal deoxynucleotidyl transferase) enzyme at 37 ◦C for 1 h
to label the free 3′OH DNA termini in situ with digoxigenin-conjugated nucleotides. The
stop/wash buffer was added for 10 min to deactivate the enzyme and stop the reaction.
After washing three times with PBS, the anti-digoxigenin peroxidase conjugate was added
for 30 min at RT, and DNA fragments, which were labeled with the digoxigenin-nucleotide,
were allowed to bind to an anti-digoxigenin antibody. Cells were washed four times with
PBS before being incubated with DAB peroxidase substrate for 6 min at room tempera-
ture, followed by three washes with water. Brightfield images were captured using the
Opera Phenix High-Content Analysis system (PerkinElmer, Waltham, MA, USA) with a
40× water objective in nonconfocal mode. Image analysis was conducted using ImageJ
software (https://imagej.net; access date 26 November 2021). The total area of all cells
and TUNEL-positive regions was determined based on the histogram of pixel intensities.
Individual objects were identified by an automated thresholding procedure. The Minimum
method was used to detect TUNEL-positive regions, and the Triangle method was used to
identify cells. A total of 60 images were analyzed for each condition.

4.9. HER2 Internalization

A receptor-mediated antibody internalization live-cell assay was established to mon-
itor HER2 turnover. JIMT1 cells (104 cells per well) were cultured in 96-well HCS plates
(Cell Carrier Ultra HCS microplates, PerkinElmer, Waltham, MA, USA) and stained with
the DRAQ5 Fluorescent Probe (62251, Thermo Fisher Scientific, Waltham, MA, USA) for
30 min at 37 ◦C. After washing twice with cell culture media, the FITC-labelled anti-HER2
antibody (BMS120FI, Invitrogen, Bender MedSystems GmbH, Austria) was added to the
cells at a dilution of 1:100, either with 500 nM bafilomycin A1 or a vehicle, and incubated
for 24 h. Confocal images were acquired using the Opera Phenix HCA equipment with a
63× water objective (ex 488/em 500–550 for HER2-FITC; ex 640/em 650–760 for DRAQ5)
immediately after treatment, as well as 3 h and 24 h post-treatment. Images were analyzed
with the Harmony software (Perkin Elmer) to identify JIMT1 cells and define the membrane
and cytoplasmic regions. The distribution of HER2-FITC within the cells was evaluated,
and parameters for cytoplasmic green fluorescent spots were also determined. A total of
444 images were analyzed for each condition.

4.10. Statistical Analysis

Statistical analysis was performed with GraphPad Prism 8.0.1 (GraphPad Software
Inc., San Diego, CA, USA). Data were analyzed with One-way ANOVA. All plots represent
three independent experiments, with values given as mean ± SD.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms26136273/s1.

Author Contributions: Conceptualization, K.K., C.H., E.K. and L.V.; methodology/investigation,
K.K., Á.M.B., C.V., Z.P., C.H. and G.F.; writing—original draft preparation, K.K., Á.M.B., C.V., Z.P.,
G.F., C.H., E.K. and L.V.; writing—review and editing, K.K., Á.M.B., C.V., Z.P., G.F., E.K. and L.V.;
visualization, K.K. and Á.M.B.; supervision, C.H., E.K. and L.V.; project administration, K.K. and
L.V.; funding acquisition, L.V. All authors have read and agreed to the published version of the
manuscript.

https://imagej.net
https://www.mdpi.com/article/10.3390/ijms26136273/s1
https://www.mdpi.com/article/10.3390/ijms26136273/s1


Int. J. Mol. Sci. 2025, 26, 6273 17 of 19

Funding: L.V. received funding from the National Research, Development, and Innovation Office
grants OTKA K147482. This project received funding from the HUN-REN Hungarian Research
Network to L.V.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author [lvirag@med.unideb.hu] upon reasonable request.

Acknowledgments: The authors are grateful for the expert technical assistance provided by Andrea
Farkas. Á.B. and C.V. are grateful for the career development and support provided by the National
Academy of Scientist Education program.

Conflicts of Interest: All authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Bray, F.; Laversanne, M.; Sung, H.; Ferlay, J.; Siegel, R.L.; Soerjomataram, I.; Jemal, A. Global cancer statistics 2022: GLOBOCAN

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2024, 74, 229–263. [CrossRef]
2. Makki, J. Diversity of Breast Carcinoma: Histological Subtypes and Clinical Relevance. Clin. Med. Insights Pathol. 2015, 8, 23–31.

[CrossRef] [PubMed]
3. Lukasiewicz, S.; Czeczelewski, M.; Forma, A.; Baj, J.; Sitarz, R.; Stanislawek, A. Breast Cancer-Epidemiology, Risk Factors,

Classification, Prognostic Markers, and Current Treatment Strategies—An Updated Review. Cancers 2021, 13, 4287. [CrossRef]
[PubMed]

4. Cardoso, F.; Kyriakides, S.; Ohno, S.; Penault-Llorca, F.; Poortmans, P.; Rubio, I.T.; Zackrisson, S.; Senkus, E. Early breast cancer:
ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-updagger. Ann. Oncol. 2019, 30, 1194–1220. [CrossRef]
[PubMed]

5. Rouzier, R.; Perou, C.M.; Symmans, W.F.; Ibrahim, N.; Cristofanilli, M.; Anderson, K.; Hess, K.R.; Stec, J.; Ayers, M.; Wagner, P.;
et al. Breast cancer molecular subtypes respond differently to preoperative chemotherapy. Clin. Cancer Res. 2005, 11, 5678–5685.
[CrossRef]

6. Yang, T.J.; Ho, A.Y. Radiation therapy in the management of breast cancer. Surg. Clin. N. Am. 2013, 93, 455–471. [CrossRef]
7. Draganescu, M.; Carmocan, C. Hormone Therapy in Breast Cancer. Chirurgia 2017, 112, 413–417. [CrossRef]
8. Tarantino, P.; Morganti, S.; Curigliano, G. Biologic therapy for advanced breast cancer: Recent advances and future directions.

Expert. Opin. Biol. Ther. 2020, 20, 1009–1024. [CrossRef]
9. Ugel, S.; Cane, S.; De Sanctis, F.; Bronte, V. Monocytes in the Tumor Microenvironment. Annu. Rev. Pathol. 2021, 16, 93–122.

[CrossRef]
10. Akinsipe, T.; Mohamedelhassan, R.; Akinpelu, A.; Pondugula, S.R.; Mistriotis, P.; Avila, L.A.; Suryawanshi, A. Cellular interactions

in tumor microenvironment during breast cancer progression: New frontiers and implications for novel therapeutics. Front.
Immunol. 2024, 15, 1302587. [CrossRef]

11. Mehraj, U.; Dar, A.H.; Wani, N.A.; Mir, M.A. Tumor microenvironment promotes breast cancer chemoresistance. Cancer Chemother.
Pharmacol. 2021, 87, 147–158. [CrossRef] [PubMed]

12. Risom, T.; Glass, D.R.; Averbukh, I.; Liu, C.C.; Baranski, A.; Kagel, A.; McCaffrey, E.F.; Greenwald, N.F.; Rivero-Gutierrez, B.;
Strand, S.H.; et al. Transition to invasive breast cancer is associated with progressive changes in the structure and composition of
tumor stroma. Cell 2022, 185, 299–310.e18. [CrossRef]

13. Tsuyada, A.; Chow, A.; Wu, J.; Somlo, G.; Chu, P.; Loera, S.; Luu, T.; Li, A.X.; Wu, X.; Ye, W.; et al. CCL2 mediates cross-talk
between cancer cells and stromal fibroblasts that regulates breast cancer stem cells. Cancer Res. 2012, 72, 2768–2779. [CrossRef]
[PubMed]

14. Hu, A.; Sun, L.; Lin, H.; Liao, Y.; Yang, H.; Mao, Y. Harnessing innate immune pathways for therapeutic advancement in cancer.
Signal Transduct. Target. Ther. 2024, 9, 68. [CrossRef]

15. Liu, Y.; Zeng, G. Cancer and innate immune system interactions: Translational potentials for cancer immunotherapy. J. Immunother.
2012, 35, 299–308. [CrossRef]

16. Pruneri, G.; Vingiani, A.; Denkert, C. Tumor infiltrating lymphocytes in early breast cancer. Breast 2018, 37, 207–214. [CrossRef]
17. Lo Nigro, C.; Macagno, M.; Sangiolo, D.; Bertolaccini, L.; Aglietta, M.; Merlano, M.C. NK-mediated antibody-dependent cell-

mediated cytotoxicity in solid tumors: Biological evidence and clinical perspectives. Ann. Transl. Med. 2019, 7, 105. [CrossRef]
[PubMed]

https://doi.org/10.3322/caac.21834
https://doi.org/10.4137/CPath.S31563
https://www.ncbi.nlm.nih.gov/pubmed/26740749
https://doi.org/10.3390/cancers13174287
https://www.ncbi.nlm.nih.gov/pubmed/34503097
https://doi.org/10.1093/annonc/mdz173
https://www.ncbi.nlm.nih.gov/pubmed/31161190
https://doi.org/10.1158/1078-0432.CCR-04-2421
https://doi.org/10.1016/j.suc.2013.01.002
https://doi.org/10.21614/chirurgia.112.4.413
https://doi.org/10.1080/14712598.2020.1752176
https://doi.org/10.1146/annurev-pathmechdis-012418-013058
https://doi.org/10.3389/fimmu.2024.1302587
https://doi.org/10.1007/s00280-020-04222-w
https://www.ncbi.nlm.nih.gov/pubmed/33420940
https://doi.org/10.1016/j.cell.2021.12.023
https://doi.org/10.1158/0008-5472.CAN-11-3567
https://www.ncbi.nlm.nih.gov/pubmed/22472119
https://doi.org/10.1038/s41392-024-01765-9
https://doi.org/10.1097/CJI.0b013e3182518e83
https://doi.org/10.1016/j.breast.2017.03.010
https://doi.org/10.21037/atm.2019.01.42
https://www.ncbi.nlm.nih.gov/pubmed/31019955


Int. J. Mol. Sci. 2025, 26, 6273 18 of 19

18. Collins, D.M.; O’Donovan, N.; McGowan, P.M.; O’Sullivan, F.; Duffy, M.J.; Crown, J. Trastuzumab induces antibody-dependent
cell-mediated cytotoxicity (ADCC) in HER-2-non-amplified breast cancer cell lines. Ann. Oncol. 2012, 23, 1788–1795. [CrossRef]

19. Zahavi, D.; AlDeghaither, D.; O’Connell, A.; Weiner, L.M. Enhancing antibody-dependent cell-mediated cytotoxicity: A strategy
for improving antibody-based immunotherapy. Antib. Ther. 2018, 1, 7–12. [CrossRef]

20. Shields, R.L.; Namenuk, A.K.; Hong, K.; Meng, Y.G.; Rae, J.; Briggs, J.; Xie, D.; Lai, J.; Stadlen, A.; Li, B.; et al. High resolution
mapping of the binding site on human IgG1 for Fc gamma RI, Fc gamma RII, Fc gamma RIII, and FcRn and design of IgG1
variants with improved binding to the Fc gamma R. J. Biol. Chem. 2001, 276, 6591–6604. [CrossRef]

21. Umana, P.; Jean-Mairet, J.; Moudry, R.; Amstutz, H.; Bailey, J.E. Engineered glycoforms of an antineuroblastoma IgG1 with
optimized antibody-dependent cellular cytotoxic activity. Nat. Biotechnol. 1999, 17, 176–180. [CrossRef] [PubMed]

22. Davies, J.; Jiang, L.; Pan, L.Z.; LaBarre, M.J.; Anderson, D.; Reff, M. Expression of GnTIII in a recombinant anti-CD20 CHO
production cell line: Expression of antibodies with altered glycoforms leads to an increase in ADCC through higher affinity for
FC gamma RIII. Biotechnol. Bioeng. 2001, 74, 288–294. [CrossRef] [PubMed]

23. Junttila, T.T.; Parsons, K.; Olsson, C.; Lu, Y.; Xin, Y.; Theriault, J.; Crocker, L.; Pabonan, O.; Baginski, T.; Meng, G.; et al. Superior
in vivo efficacy of afucosylated trastuzumab in the treatment of HER2-amplified breast cancer. Cancer Res. 2010, 70, 4481–4489.
[CrossRef]

24. Liu, Z.; Gunasekaran, K.; Wang, W.; Razinkov, V.; Sekirov, L.; Leng, E.; Sweet, H.; Foltz, I.; Howard, M.; Rousseau, A.M.; et al.
Asymmetrical Fc engineering greatly enhances antibody-dependent cellular cytotoxicity (ADCC) effector function and stability of
the modified antibodies. J. Biol. Chem. 2014, 289, 3571–3590. [CrossRef]

25. Pinto, S.; Pahl, J.; Schottelius, A.; Carter, P.J.; Koch, J. Reimagining antibody-dependent cellular cytotoxicity in cancer: The
potential of natural killer cell engagers. Trends Immunol. 2022, 43, 932–946. [CrossRef] [PubMed]

26. Du, R.; Cao, C.; Fan, D.; Li, G.; Pu, S.; Xu, X.; Liu, M.; Shi, G.; Wu, Y.; Hao, Q.; et al. NK cell immunopotentiators-loaded
nanoliposomes enhance ADCC effect for targeted therapy against HER2-positive breast cancer. Cell Commun. Signal 2025, 23, 106.
[CrossRef]

27. Shams, F.; Golchin, A.; Azari, A.; Mohammadi Amirabad, L.; Zarein, F.; Khosravi, A.; Ardeshirylajimi, A. Nanotechnology-based
products for cancer immunotherapy. Mol. Biol. Rep. 2022, 49, 1389–1412. [CrossRef]

28. Yun, C.W.; Jeon, J.; Go, G.; Lee, J.H.; Lee, S.H. The Dual Role of Autophagy in Cancer Development and a Therapeutic Strategy
for Cancer by Targeting Autophagy. Int. J. Mol. Sci. 2020, 22, 179. [CrossRef]

29. Guti, E.; Bede, A.M.; Varoczy, C.; Hegedus, C.; Demeny, M.A.; Virag, L. High-Content Screening Assay for the Identification of
Antibody-Dependent Cellular Cytotoxicity Modifying Compounds. J. Vis. Exp. 2023, 198, e64485. [CrossRef]

30. Guti, E.; Regdon, Z.; Sturniolo, I.; Kiss, A.; Kovacs, K.; Demeny, M.; Szoor, A.; Vereb, G.; Szollosi, J.; Hegedus, C.; et al. The
multitargeted receptor tyrosine kinase inhibitor sunitinib induces resistance of HER2 positive breast cancer cells to trastuzumab-
mediated ADCC. Cancer Immunol. Immunother. 2022, 71, 2151–2168. [CrossRef]

31. Sturniolo, I.; Varoczy, C.; Bede, A.M.; Hegedus, C.; Demeny, M.A.; Virag, L. Quantifying Antibody-Dependent Cellular Cytotoxic-
ity in a Tumor Spheroid Model: Application for Drug Discovery. J. Vis. Exp. 2024, 206, e65922. [CrossRef]

32. Sung, M.W.; Nagashima, S.; Johnson, J.T.; Van Dongen, G.A.; Whiteside, T.L. The role of apoptosis in antibody-dependent
cell-mediated cytotoxicity against monolayers of human squamous cell carcinoma of the head and neck targets. Cell Immunol.
1996, 171, 20–29. [CrossRef] [PubMed]

33. Khar, A.; Pardhasaradhi, B.V.; Varalakshmi, C.; Ali, A.M.; Kumari, A.L. Natural killer cell as the effector which mediates in vivo
apoptosis in AK-5 tumor cells. Cell Immunol. 1997, 177, 86–92. [CrossRef] [PubMed]

34. Prager, I.; Watzl, C. Mechanisms of natural killer cell-mediated cellular cytotoxicity. J. Leukoc. Biol. 2019, 105, 1319–1329. [CrossRef]
[PubMed]

35. Mando, P.; Rivero, S.G.; Rizzo, M.M.; Pinkasz, M.; Levy, E.M. Targeting ADCC: A different approach to HER2 breast cancer in the
immunotherapy era. Breast 2021, 60, 15–25. [CrossRef]

36. Hsu, J.; Hodgins, J.J.; Marathe, M.; Nicolai, C.J.; Bourgeois-Daigneault, M.C.; Trevino, T.N.; Azimi, C.S.; Scheer, A.K.; Randolph,
H.E.; Thompson, T.W.; et al. Contribution of NK cells to immunotherapy mediated by PD-1/PD-L1 blockade. J. Clin. Investig.
2018, 128, 4654–4668. [CrossRef]

37. Chester, C.; Fritsch, K.; Kohrt, H.E. Natural Killer Cell Immunomodulation: Targeting Activating, Inhibitory, and Co-stimulatory
Receptor Signaling for Cancer Immunotherapy. Front. Immunol. 2015, 6, 601. [CrossRef]

38. Ramirez-Labrada, A.; Pesini, C.; Santiago, L.; Hidalgo, S.; Calvo-Perez, A.; Onate, C.; Andres-Tovar, A.; Garzon-Tituana, M.;
Uranga-Murillo, I.; Arias, M.A.; et al. All About (NK Cell-Mediated) Death in Two Acts and an Unexpected Encore: Initiation,
Execution and Activation of Adaptive Immunity. Front. Immunol. 2022, 13, 896228. [CrossRef]

39. Maccagno, M.; Tapparo, M.; Saccu, G.; Rumiano, L.; Kholia, S.; Silengo, L.; Herrera Sanchez, M.B. Emerging Cancer Immunother-
apies: Cutting-Edge Advances and Innovations in Development. Med. Sci. 2024, 12, 43. [CrossRef]

40. Ross, J.S.; Gray, K.; Gray, G.S.; Worland, P.J.; Rolfe, M. Anticancer antibodies. Am. J. Clin. Pathol. 2003, 119, 472–485. [CrossRef]

https://doi.org/10.1093/annonc/mdr484
https://doi.org/10.1093/abt/tby002
https://doi.org/10.1074/jbc.M009483200
https://doi.org/10.1038/6179
https://www.ncbi.nlm.nih.gov/pubmed/10052355
https://doi.org/10.1002/bit.1119
https://www.ncbi.nlm.nih.gov/pubmed/11410853
https://doi.org/10.1158/0008-5472.CAN-09-3704
https://doi.org/10.1074/jbc.M113.513366
https://doi.org/10.1016/j.it.2022.09.007
https://www.ncbi.nlm.nih.gov/pubmed/36306739
https://doi.org/10.1186/s12964-024-02023-9
https://doi.org/10.1007/s11033-021-06876-y
https://doi.org/10.3390/ijms22010179
https://doi.org/10.3791/64485
https://doi.org/10.1007/s00262-022-03146-z
https://doi.org/10.3791/65922
https://doi.org/10.1006/cimm.1996.0168
https://www.ncbi.nlm.nih.gov/pubmed/8660833
https://doi.org/10.1006/cimm.1997.1095
https://www.ncbi.nlm.nih.gov/pubmed/9140099
https://doi.org/10.1002/JLB.MR0718-269R
https://www.ncbi.nlm.nih.gov/pubmed/31107565
https://doi.org/10.1016/j.breast.2021.08.007
https://doi.org/10.1172/JCI99317
https://doi.org/10.3389/fimmu.2015.00601
https://doi.org/10.3389/fimmu.2022.896228
https://doi.org/10.3390/medsci12030043
https://doi.org/10.1309/Y6LPC0LR726L9DX9


Int. J. Mol. Sci. 2025, 26, 6273 19 of 19

41. Barok, M.; Isola, J.; Palyi-Krekk, Z.; Nagy, P.; Juhasz, I.; Vereb, G.; Kauraniemi, P.; Kapanen, A.; Tanner, M.; Vereb, G.; et al.
Trastuzumab causes antibody-dependent cellular cytotoxicity-mediated growth inhibition of submacroscopic JIMT-1 breast
cancer xenografts despite intrinsic drug resistance. Mol. Cancer Ther. 2007, 6, 2065–2072. [CrossRef] [PubMed]

42. Meena, D.; Jha, S. Autophagy in glioblastoma: A mechanistic perspective. Int. J. Cancer 2024, 155, 605–617. [CrossRef] [PubMed]
43. Pimentel, J.M.; Zhou, J.Y.; Wu, G.S. Autophagy and cancer therapy. Cancer Lett. 2024, 605, 217285. [CrossRef]
44. Tang, Y.; Ju, W.; Liu, Y.; Deng, Q. The role of SIRT1 in autophagy and drug resistance: Unveiling new targets and potential

biomarkers in cancer therapy. Front. Pharmacol. 2024, 15, 1469830. [CrossRef]
45. Wei, J.; Wang, X.; Yu, D.; Tu, Y.; Yu, Y. MicroRNA-mediated autophagy and drug resistance in cancer: Mechanisms and therapeutic

strategies. Discov. Oncol. 2024, 15, 662. [CrossRef] [PubMed]
46. Oshimi, Y.; Oda, S.; Honda, Y.; Nagata, S.; Miyazaki, S. Involvement of Fas ligand and Fas-mediated pathway in the cytotoxicity

of human natural killer cells. J. Immunol. 1996, 157, 2909–2915. [CrossRef]
47. Gump, J.M.; Staskiewicz, L.; Morgan, M.J.; Bamberg, A.; Riches, D.W.; Thorburn, A. Autophagy variation within a cell population

determines cell fate through selective degradation of Fap-1. Nat. Cell Biol. 2014, 16, 47–54. [CrossRef]
48. Choi, A.M.; Ryter, S.W.; Levine, B. Autophagy in human health and disease. N. Engl. J. Med. 2013, 368, 651–662. [CrossRef]
49. Kroemer, G.; Marino, G.; Levine, B. Autophagy and the integrated stress response. Mol. Cell 2010, 40, 280–293. [CrossRef]
50. Martina, J.A.; Chen, Y.; Gucek, M.; Puertollano, R. MTORC1 functions as a transcriptional regulator of autophagy by preventing

nuclear transport of TFEB. Autophagy 2012, 8, 903–914. [CrossRef]
51. Zhao, J.; Brault, J.J.; Schild, A.; Cao, P.; Sandri, M.; Schiaffino, S.; Lecker, S.H.; Goldberg, A.L. FoxO3 coordinately activates protein

degradation by the autophagic/lysosomal and proteasomal pathways in atrophying muscle cells. Cell Metab. 2007, 6, 472–483.
[CrossRef]

52. Park, G.; Tan, J.; Garcia, G.; Kang, Y.; Salvesen, G.; Zhang, Z. Regulation of Histone Acetylation by Autophagy in Parkinson
Disease. J. Biol. Chem. 2016, 291, 3531–3540. [CrossRef] [PubMed]

53. Baek, S.H.; Kim, K.I. Epigenetic Control of Autophagy: Nuclear Events Gain More Attention. Mol. Cell 2017, 65, 781–785.
[CrossRef] [PubMed]

54. Moscat, J.; Diaz-Meco, M.T. p62 at the crossroads of autophagy, apoptosis, and cancer. Cell 2009, 137, 1001–1004. [CrossRef]
[PubMed]

55. Soreng, K.; Neufeld, T.P.; Simonsen, A. Membrane Trafficking in Autophagy. Int. Rev. Cell Mol. Biol. 2018, 336, 1–92. [CrossRef]
56. Fraser, J.; Simpson, J.; Fontana, R.; Kishi-Itakura, C.; Ktistakis, N.T.; Gammoh, N. Targeting of early endosomes by autophagy

facilitates EGFR recycling and signalling. EMBO Rep. 2019, 20, e47734. [CrossRef]
57. van Weert, A.W.; Dunn, K.W.; Geuze, H.J.; Maxfield, F.R.; Stoorvogel, W. Transport from late endosomes to lysosomes, but not

sorting of integral membrane proteins in endosomes, depends on the vacuolar proton pump. J. Cell Biol. 1995, 130, 821–834.
[CrossRef]

58. Austin, C.D.; De Maziere, A.M.; Pisacane, P.I.; van Dijk, S.M.; Eigenbrot, C.; Sliwkowski, M.X.; Klumperman, J.; Scheller, R.H.
Endocytosis and sorting of ErbB2 and the site of action of cancer therapeutics trastuzumab and geldanamycin. Mol. Biol. Cell
2004, 15, 5268–5282. [CrossRef]

59. Cheng, J.; Liang, M.; Carvalho, M.F.; Tigue, N.; Faggioni, R.; Roskos, L.K.; Vainshtein, I. Molecular Mechanism of HER2 Rapid
Internalization and Redirected Trafficking Induced by Anti-HER2 Biparatopic Antibody. Antibodies 2020, 9, 49. [CrossRef]

60. Johnson, L.S.; Dunn, K.W.; Pytowski, B.; McGraw, T.E. Endosome acidification and receptor trafficking: Bafilomycin A1 slows
receptor externalization by a mechanism involving the receptor’s internalization motif. Mol. Biol. Cell 1993, 4, 1251–1266.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1158/1535-7163.MCT-06-0766
https://www.ncbi.nlm.nih.gov/pubmed/17620435
https://doi.org/10.1002/ijc.34991
https://www.ncbi.nlm.nih.gov/pubmed/38716809
https://doi.org/10.1016/j.canlet.2024.217285
https://doi.org/10.3389/fphar.2024.1469830
https://doi.org/10.1007/s12672-024-01525-9
https://www.ncbi.nlm.nih.gov/pubmed/39549162
https://doi.org/10.4049/jimmunol.157.7.2909
https://doi.org/10.1038/ncb2886
https://doi.org/10.1056/NEJMra1205406
https://doi.org/10.1016/j.molcel.2010.09.023
https://doi.org/10.4161/auto.19653
https://doi.org/10.1016/j.cmet.2007.11.004
https://doi.org/10.1074/jbc.M115.675488
https://www.ncbi.nlm.nih.gov/pubmed/26699403
https://doi.org/10.1016/j.molcel.2016.12.027
https://www.ncbi.nlm.nih.gov/pubmed/28257699
https://doi.org/10.1016/j.cell.2009.05.023
https://www.ncbi.nlm.nih.gov/pubmed/19524504
https://doi.org/10.1016/bs.ircmb.2017.07.001
https://doi.org/10.15252/embr.201947734
https://doi.org/10.1083/jcb.130.4.821
https://doi.org/10.1091/mbc.e04-07-0591
https://doi.org/10.3390/antib9030049
https://doi.org/10.1091/mbc.4.12.1251

	Introduction 
	Results 
	Bafilomycin A1 Inhibits Antibody-Dependent Cellular Cytotoxicity 
	Bafilomycin A1 Decreases Annexin V Binding, Csapase 3/7 Activity and Membrane Permeability in JIMT1 Cells During ADCC 
	Bafilomycin A1 Modifies the Expression of BCL-2 Family Genes in JIMT1 Cells and Reduces DNA Fragmentation in ADCC 
	Bafilomycin A1 Decreases Cell Surface HER2 Expression and Trastuzumab Binding in JIMT1 Cells 
	Bafilomycin A1 Modulates the Expression of Genes Involved in ADCC 
	Bafilomycin A1 Reduces HER2 Surface Expression in JIMT1 Cells 
	Bafilomycin A1 Induces HER-2 Internalization in JIMT1 Cells 

	Discussion 
	Materials and Methods 
	Cell Lines 
	Live Cell Imaging in ADCC 
	Annexin V—Alexa 647 and SYTOX Green Staining 
	Caspase 3/7 Activity 
	RT-qPCR 
	Flow Cytometry Analysis of Trastuzumab Binding 
	Immunocytochemistry 
	In Situ Apoptosis Detection by the Indirect TUNEL Method 
	HER2 Internalization 
	Statistical Analysis 

	References

