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Abstract

~

Background: Paclitaxel is one of the most widely used chemotherapeutic agents for breast cancer treatment. Natural killer
(NK) cells play an important role in targeting tumor cells.

Objectives: This study aimed to identify paclitaxel doses that, while exerting lethal effects on tumor cells, cause the fewest side
effects on NK cells, which constitute a first line of defense against tumor cells.

Methods: NK cells from patients with breast cancer were isolated using the MACS method and co-cultured with SKBR-3/MDA-
MB-231 cells. The cells were treated with different doses of paclitaxel (0.15 pM, 0.3 uM, and 0.6 uM). Apoptosis was assessed using
FITC-Annexin V. Natural killer group 2, member D (NKG2D) expression was quantified using qPCR, and NK cytotoxicity was
evaluated using the AlamarBlue colorimetric assay.

Results: NKG2D expression in paclitaxel-treated NK cells increased significantly in a dose-dependent manner. In contrast,
apoptosis in NK, MDA-MB-231, and SKBR-3 cells increased with increasing paclitaxel doses. NK cytotoxicity against SKBR-3 and
MDA-MB-231 increased at all doses; however, the intensity of this activity decreased in a dose-dependent manner, and
cytotoxicity was lowest at 0.6 1M paclitaxel. Based on the viability/apoptosis results, the 0.3 uM paclitaxel dose yielded a higher
proportion of active NK cells. Moreover, cytotoxicity against MDA-MB-231 and SKBR-3 was higher at 0.3 uM than at 0.6 pM, further
supporting the selection of 0.3 nM and avoidance of 0.6 pM.

Conclusions: These results indicate the need to adjust chemotherapy dosing according to the average cytotoxic effects on
cancer cells and to support the immune system. Further studies in this field may help to develop improved treatment protocols
for patients with cancer.
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1. Background

Cancer remains one of the world’s most pressing
health concerns and continues to rank among the
leading causes of mortality. According to recent
estimates from the American Cancer Society, nearly 20

million individuals were newly diagnosed with cancer
in 2022, and approximately 9.7 million people died from
the disease during the same period (1). Future
epidemiological models predict a marked rise in cancer
incidence, with annual cases projected to surpass 34
million by 2070, an increase expected to weigh most
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heavily on developing countries (2, 3). This expanding
burden reflects the complex biology of oncogenesis,
which arises from disruptions in regulatory pathways
that normally restrict uncontrolled cell proliferation (4,
5). Ultimately, metastatic spread—an advanced stage
driven by coordinated molecular changes that enable
tumor cells to invade and thrive in distant tissues—
accounts for the vast majority of cancer-related deaths
(6).

Breast cancer continues to be the most frequently
diagnosed malignancy among women worldwide.
Although genetic susceptibility contributes to disease
onset, accumulating evidence suggests that
environmental and lifestyle factors are implicated in
20% - 30% of cases (7). Within this spectrum, triple-
negative breast cancer (TNBC) presents a major clinical
challenge. The absence of hormone receptor and HER2
expression results in a subtype characterized by rapid
progression, therapeutic resistance, and distinct
microenvironmental features. In TNBC, interactions
among  malignant  cells, immunosuppressive
components, and a remodeled extracellular matrix
collectively promote aggressive behavior and poor
clinical outcomes (8-10).

Natural killer (NK) cells represent a central arm of
innate immune defense against malignancies.

Identified by their CD56*CD3" phenotype, these cells can
detect and eliminate transformed or stressed cells
without prior antigen priming (11-13). Their effector
activity is governed by a balance of signals received
through activating and inhibitory receptors, among
which the C-type lectin-like receptor NKG2D plays a
pivotal role (14, 15). This receptor recognizes stress-
induced ligands, such as MICA/B and ULBP family
members, which are frequently upregulated on tumor
cells but largely absent from healthy tissues (16-18).
However, tumors can evade NK-cell surveillance through
mechanisms such as proteolytic shedding of these
ligands, thereby reducing their surface availability and
weakening immune activation (19, 20). Tumor-
associated macrophages may also influence the efficacy
of paclitaxel in brain metastases, which is pertinent to
understanding its effects in breast cancer.

Paclitaxel (PTX), a microtubule-stabilizing taxane,
remains an essential component of chemotherapy for
several solid tumors, including breast cancer (21, 22).
Although its cytotoxic action is primarily mediated by
disruption of mitotic spindle formation, recent research
has highlighted additional immunomodulatory
properties that influence NK-cell function. Notably,
these immune-related effects appear to vary with drug
concentration and treatment duration, creating

uncertainty regarding optimal dosing (23, 24).
Balancing the potent antitumor activity of PTX with
preservation of key immune functions is therefore an
important consideration in modern oncology. The
apoptotic effects of steviol glycoside on MCF-7 and A2780
cell lines have been examined, potentially linking these
findings to immunological responses affected by
paclitaxel treatment.

2. Objectives

In light of these complexities, this study investigated
how clinically relevant concentrations of PTX (0.15 pM,
0.3 pM, and 0.6 pM) affect NKG2D receptor expression
and the cytotoxic capacity of NK cells derived from
breast cancer settings. By delineating dose-dependent
trends, this work aimed to identify therapeutic windows
that preserve immune competence while maximizing
antitumor efficacy, an essential step toward optimizing
combination treatment strategies.

3.Methods

3.1. Cell Lines

The MDA-MB-231 and SK-BR-3 human breast cancer
cell lines used in this study were obtained from the
American Type Culture Collection (ATCC, Manassas, VA,
USA; ATCC numbers: HTB-26 and HTB-30, respectively).
The cell lines were free of mycoplasma, bacteria, and
fungi (25-27). MDA-MB-231 cells were maintained in RPMI-
1640 medium (Gibco, Thermo Fisher Scientific, USA),
whereas SKBR-3 cells were cultured in Dulbecco's
Modified Eagle Medium (DMEM; Gibco). Each growth
medium was supplemented with 10% fetal calf serum
(FCS; Integro, The Netherlands), penicillin (100 U/mL),
streptomycin (100 pg/mL), 0.3 mg/mL L-glutamine
(Gibco), and 0.05 nM B-mercaptoethanol (Merck, USA).
All cultures were incubated under standard conditions
(37°C, 5% CO,) and were routinely monitored to ensure

cell viability and contamination-free growth.

3.2. Peripheral Blood Mononuclear Cell Isolation and NK Cell
Purification

Peripheral blood samples were collected from three
patients with newly diagnosed breast cancer at
Ganjavian Hospital (DUMSc, Dezful). None of the
patients had received chemotherapy, radiotherapy, or
hormonal treatment before sampling. The demographic
and clinical characteristics of the participants are
summarized in Table 1. The study protocol adhered to
the ethical standards of the Declaration of Helsinki and
was approved by the relevant ethics committee
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Table 1. Baseline Clinical Characteristics of Breast Cancer Patients

Patient Age Sex BMI ER/PR/HER2 Expression Stage Treatment

Patient1 47 Female 27.6 TNBC 11 No treatment
Patient 2 39 Female 25.2 TNBC 11 No treatment
Patient 3 42 Female 293 TNBC 11 No treatment

(IR.DUMS.REC.1403.006).  All participants
written informed consent before enrollment.

PBMCs were isolated immediately after blood
collection using Ficoll-Hypaque density-gradient
centrifugation. NK cells were then enriched from PBMC
suspensions by magnetic negative selection (Miltenyi
Biotec, Germany; Cat. No.130 - 092 - 657) according to the
manufacturer's instructions (28). The purity of the

isolated CD3'CD56" NK population exceeded 95% based
on flow cytometry. After separation, NK cells were
cultured in RPMI-1640 supplemented with 10% FBS and
recombinant human IL-2 (100 U/mL; Novartis,
Switzerland) before functional evaluation.

provided

3.3. Assessment of Paclitaxel Effects on Cell Viability and NK
Cytotoxicity

To evaluate the influence of PTX on NK-cell
cytotoxicity, NK cells were co-cultured with MDA-MB-231
or SKBR-3 target cells in sterile 96-well plates. Each well
contained 2000 target cells and 100000 NK cells.
Experimental groups were treated overnight with the
designated PTX concentrations. The following day,
culture supernatants were removed, and 100 uL of fresh
medium was added to each well. Cell metabolic activity
was quantified by adding 10 pL of AlamarBlue solution
(29) to each well and incubating the plates for 4 hours at
37°C. Fluorescence was measured at excitation/emission
wavelengths of 560/590 nm, and the percentage of
cytotoxicity was calculated relative to wuntreated
controls.

For viability assays, NK cells or tumor cell lines were
seeded separately into 96-well plates (2000 target cells
or 100000 NK cells per well) (30). Cells were exposed
overnight to PTX doses of 2.5 uM, 1.25 pM, 0.6 pM, 0.3 pM,
015 pM, or 0.0 pM (control). After incubation,
AlamarBlue reagent was added, and fluorescence was
recorded as described above. Relative cell viability (%)
was determined using the following formula: % Cell
Viability = [(PTX treated cells) - (PTX media) | (Cells
alone) - (media alone)] x 100%.

3.4. RNA Extraction and Quantitative Real-Time PCR

] Adv Immunopharmacol. 2025; 5(1): e171655

NK cells, either cultured alone or co-cultured with
tumor cells, were treated with the PTX concentrations
shown in Table 2 for 24 hours. Total RNA was isolated
using TRIzol reagent (Invitrogen) (31), and cDNA was
synthesized using the PrimeScript RT kit (TaKaRa, Japan).
Quantitative PCR was performed on a Roche LightCycler
480 using SYBR Green Master Mix (Thermo Fisher
Scientific). The NKG2D primers were as follows: forward,
5'-CCTCTCTGAGCAGGAATCC-3'; and reverse, 5'-
GGACATCTTTGCTTTTGCC-3'. B-actin served as the
internal housekeeping gene, with the following
primers: forward, 5-GAGCATCCCCCAAAGTTCAC-3’; and
reverse, 5-GGGACTTCCTGTAACAACGC-3'. Relative

expression levels were calculated using the yAACt
method. All PCR reactions were performed in triplicate,
and mean fold changes with standard deviations were
reported.

Table 2. Paclitaxel-Treated Experimental Groups

Group Treatment

1 NK cell control

2 NK cell + 0.6 pM PTX

3 NK cell + 0.3 pM PTX

4 NK cell + 0.15 uM PTX

5 NK cell + MDA-MB-231 control

6 NK cell + MDA-MB-231+ 0.6 uM PTX
7 NK cell + MDA-MB-231+ 0.3 uM PTX
8 NK cell + MDA-MB-231+ 0.15 pM PTX
9 NK cell + SKBR-3 control

10 NK cell + SKBR-3 + 0.6 uM PTX

1 NK cell + SKBR-3 + 0.3 uM PTX

12 NK cell + SKBR-3 + 0.15 pM PTX

3.5. Flow Cytometric Detection of Apoptosis and Necrosis

After 24-hour exposure to PTX, adherent tumor cells
were detached using trypsin-EDTA, neutralized with
complete medium, and collected by centrifugation
(1000 g, 5 minutes). NK cells were washed and harvested
similarly. Cell pellets were resuspended in Annexin V-
FITC binding buffer, and staining was performed with 1
pL of Annexin V-FITC followed by 1 pL of propidium
iodide (PI). Samples were incubated in the dark at room
temperature and analyzed on an Attune NxT flow
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Figure 1. The AlamarBlue colorimetric assay demonstrated the cytotoxic effect of PTX on NK cells, MDA-MB-231 cells, and SKBR-3 cells, resulting in a reduction in viable cells.
Statistical analysis was performed using 1-way ANOVA with Tukey post hoc test in GraphPad Prism software to compare the treatment groups with the control. Data are
presented as the mean + SEM of 3 independent experiments performed in triplicate. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. Abbreviation: NS, nonsignificant.

cytometer (Life Technologies, USA). All apoptosis assays
were independently repeated three times.

3.6. Statistical Analysis

All experiments were performed in triplicate. Data
were analyzed using SPSS version 26 and GraphPad
Prism version 9.1.0 (GraphPad Software, USA). Results are
expressed as mean + standard error. Group differences
were assessed using 1-way ANOVA with a Tukey multiple-
comparison test. A P value < 0.05 was considered
statistically significant.

4.Results

As shown in Figure 1, PTX exerted a dose-dependent
cytotoxic effect on NK cells and the MDA-MB-231 and
SKBR-3 cell lines. The difference in viability between
untreated control cells and PTX-treated cells was
statistically significant. PTX doses > 0.6 uM reduced NK-
cell viability by more than 50%. Therefore, because of
their pronounced cytotoxic effects on NK cells, the 2.5
and 125 pM paclitaxel doses were excluded from
subsequent experiments. Instead, 0.6, 0.3, and 0.15 uM
doses were used to investigate the effects of the drug on
NKG2D gene expression and other outcomes.

According to Table 2, NKG2D expression in NK cells
was measured by real-time qPCR in three groups: the NK
cells alone group, the NK + MDA-MB-231 group, and the
NK + SKBR-3 group. As shown in Figure 2, NKG2D
expression in PTX-treated NK cells increased
significantly in a dose-dependent manner. The
upregulation of NKG2D expression in the NK + MDA-MB-

231 (P =0.66) and NK + SKBR-3 (P = 0.827) groups was not
significant between the 0.5 and 030 puM doses.
However, it became statistically significant when the
PTX dose was increased from 0.30 to 0.6 pM in the NK +
MDA-MB-231 and NK + SKBR-3 groups (P = 0.0003 and P =
0.0001, respectively).

The effect of paclitaxel on cell death induction in the
MDA-MB-231 and SKBR-3 cancer cell lines, as well as in NK
cells, was investigated using flow cytometry with
Annexin V-FITC and PI staining. Annexin V binds to
phosphatidylserine exposed on the outer membrane of
apoptotic cells, whereas PI enters cells and intercalates
with DNA only after a loss of membrane integrity,
indicating necrosis.

The data depicted in Figure 3 demonstrate that PTX

significantly induced apoptosis in all three cell types in
a dose-dependent manner, as evidenced by increased

Annexin V*|PI" (early apoptosis) and Annexin V*[PI* (late
apoptosis or secondary necrosis) populations. Apoptosis
induction at 0.6 uM was not significantly greater than
that at 0.3 pM PTX, at least in the SKBR-3 cell line (P =
0.37). The difference in apoptosis induction between 0.15
and 0.3 pM PTX was not significant in NK cells (P =
0.074), MDA-MB-231 cells (P = 0.158), or SKBR-3 cells (P =
0.532). Therefore, the increase in NK-cell apoptosis with
PTX doses from 0.15 to 0.3 uM is not a concern.

In contrast, the lowest necrosis rate (Annexin V[PI*
population) in the MDA-MB-231 and SKBR-3 cell lines was
observed at the 0.3 uM PTX dose. Furthermore, no
significant difference in necrosis was detected in NK
cells between the 0.3 and 0.15 uM PTX doses. The highest
necrosis rate in both cell lines and NK cells occurred at
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Figure 2. Real-time qPCR analysis showed the effects of PTX treatment on NKG2D expression in NK cells. Statistical analysis was performed using 1-way ANOVA with Tukey post
hoc test in GraphPad Prism software to compare the treatment groups with the control and to compare different treatment doses with each other. Data are presented as the
mean + SEM of 3 independent experiments performed in triplicate. * P < 0.05, ***P < 0.001, **** P < 0.0001. Abbreviation: NS, nonsignificant.

the 0.6 uM PTX dose, which differed significantly from
that at the 0.3 uM PTX dose.

These findings suggest that PTX primarily triggers
cancer cell death through apoptotic pathways but may
also lead to necrosis at higher concentrations or with
prolonged exposure. The differential responses of MDA-
MB-231, SKBR-3, and NK cells to PTX likely stem from
variations in apoptosis-related gene expression and
drug-resistance mechanisms among these cell types.

In the NK cytotoxicity assay against MDA-MB-231 and
SKBR-3 targets, Figure 4 indicates that 0.15 pM PIX
increased NK cytotoxicity to the highest level compared
with the other doses. Although NK-cell cytotoxicity
against MDA-MB-231 target cells at the 0.6 uM dose was
higher than that in the control group without
paclitaxel, it was the lowest compared with that at the
0.3 and 0.15 uM PTX doses.

5. Discussion

This study demonstrates a dose-dependent dual
effect of PTX on natural killer cells and the breast cancer
cell lines MDA-MB-231 and SKBR-3. MDA-MB-231 is widely
recognized as a representative TNBC and highly invasive
breast cancer cell line, whereas SKBR-3 is a standard
model of HER2-positive breast cancer. These well-
established and biologically distinct phenotypes were

] Adv Immunopharmacol. 2025; 5(1): e171655

essential to the experimental design and scientific
rationale of the present work.

Although higher concentrations of PTX (eg, 0.6 pM)
effectively induced apoptosis in cancer cells, they also
significantly compromised NK-cell viability and
cytotoxicity. In contrast, the 0.3 uM dose of PTX provided
a more favorable therapeutic window by maintaining
relatively high NKG2D expression, preserving NK-cell
cytotoxicity, and minimizing necrosis in both NK and
cancer cells.

Our findings are consistent with previous reports
indicating that PTX exerts immunomodulatory effects
on NK cells (18). For instance, Kubo et al. (32) reported
that low-dose PTX enhances NK-cell cytotoxicity and
increases perforin secretion against the BT474 and K562
cell lines, supporting the concept of
immunopotentiation at subtoxic doses. In addition,
Hong et al. (33) developed TNBC preclinical models in
athymic nude and NOD/SCID mice. They demonstrated
that combining intratumoral NK-cell therapy with PTX
chemotherapy produced additive effects, resulting in
greater tumor growth inhibition and increased
apoptosis.

Our observation of increased NKG2D expression at
0.3 pM PTX supports these findings and reinforces the
concept that PTX, beyond its cytostatic function, may
prime immune effector mechanisms when used at
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Figure 3. The effect of different paclitaxel doses on apoptosis and necrosis in SKBR-3 (A), MDA-MB-231 (B), and NK (C) cell lines. The treatment period was 24 hours. Statistical
analysis was performed using 1-way ANOVA with Tukey post hoc test in GraphPad Prism software to compare the treatment groups with the control and to compare different
treatment doses with each other. Data are presented as the mean + SEM of 3 independent experiments performed in triplicate. * P < 0.05, * P < 0.01, *** P < 0.001, **** P < 0.0001.
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Figure 4. The effect of different paclitaxel doses on NK-cell activity against MDA-MB-231 and SKBR-3 targets using the AlamarBlue method. Statistical analysis was performed
using 1-way ANOVA with Tukey post hoc test in GraphPad Prism software to compare the treatment groups with the control. Data are presented as the mean + SEM of 3
independent experiments performed in triplicate. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. Abbreviation: NS, nonsignificant.

optimized concentrations. However, other studies have
cautioned about the potential for paclitaxel-induced
immunosuppression. For example, Markasz et al. (34)
found that treatment of human NK cells with paclitaxel
effectively inhibits NK-cell-mediated killing of K562
human erythroleukemia target cells in vitro without
affecting NK-cell viability.

Consistently, we observed a significant decrease in
NK-cell viability and an increase in NK-cell necrosis at
0.6 pM PTX, indicating a potential immunotoxic

threshold. Furthermore, Samanta et al. (35) reported
that paclitaxel at high doses may promote tumor
immune escape by inducing regulatory T cells. They
implanted 4T1 cells into the mammary fat pads of
female BALB/c mice. The mice were then treated with
PTX (10 mg/kg) every 5 days. Analysis of 4T1 orthotopic
tumors 3 days after the final paclitaxel dose revealed a
significantly higher percentage of regulatory T cells
than in tumors from vehicle-treated control mice (35).

] Adv Immunopharmacol. 2025; 5(1): e171655
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This dichotomy underscores the importance of
optimizing chemotherapy dosage to balance direct
cytotoxicity against tumor cells with the preservation of
innate immune effectors. Our results suggest that 0.3
M PTX may be a preferable concentration for ex vivo or
combination immunotherapeutic protocols,
maintaining NK function while exerting antitumor
effects. These data are particularly relevant for TNBC, in
which NK cells play a pivotal role in immune
surveillance and the tumor microenvironment is often
profoundly immunosuppressive (36).

5.1. Limitations

This study has several limitations. Although the in
vitro co-culture system provides valuable insights, it
cannot fully recapitulate the complexity of the tumor
microenvironment. The use of a fixed effector-to-target
ratio may not reflect physiological conditions, and a 24-
hour treatment period captures only acute responses,
leaving longer-term effects unexplored. To enhance
translational relevance, future work should validate
these findings in patient-derived organoids or in vivo
models. In addition, extending the treatment duration
and incorporating diverse immune cell populations,
such as macrophages and T cells, would provide a more
comprehensive  understanding of how  these
interactions influence therapeutic outcomes.

5.2. Conclusions

These findings challenge the conventional "more is
better" paradigm of chemotherapy, suggesting that
dose de-escalation may improve treatment outcomes by
harnessing innate immunity. Future studies should
validate these results in animal models and explore
synergistic combinations with NK-cell-boosting agents,
such as IL-15 or checkpoint inhibitors. In addition,
further investigation is needed to elucidate the
molecular mechanisms through which paclitaxel
modulates NK-cell phenotype and function, potentially
involving the mTOR, JAK[STAT, or PI3K/AKT pathways.
This refined dosing strategy could represent a
significant advancement toward immunologically
optimized cancer therapies.

Acknowledgements

We acknowledge Imam Hasan Mojtaba Hospital,
Dezful University of Medical Sciences, for its support in
this research.

Footnotes

] Adv Immunopharmacol. 2025; 5(1): e171655

Al Use Disclosure: The authors declare that no
generative Al tools were used in the creation of this
article.

Authors' Contribution: All authors analyzed the
literature, read the manuscript, and approved the final
version for publication. AS., N.Bag, and M.RS.
contributed to the conceptualization of the study. EG.,
M.S., N.Bah., EC., M.A,, AMa., A.Mo., A.Sa., M.R.S,, and A.S.
contributed to the methodology. EG., M.S., AMa., and
AS. contributed to software. EG., M.S., N.Bag., and A.S.
performed the investigation. M.S., A.S., N.Bag., EG., and
M.R.S. provided resources. A.S. N.Bag., and M.RS.
curated the data. AS. and EG. prepared the original
draft. A.S. and M.R.S. reviewed, edited, and revised the
manuscript. A.S., N.Bag., and M.R.S. supervised the study.
A.S. and N.Bag. handled project administration. A.S., EG.,
and N.Bag. acquired funding.

Conflict of Interests Statement: The authors declare
that they have no competing interests.

Data Availability: The dataset presented in the study
is available on request from the corresponding author
during submission or after publication.

Ethical Approval: The present study was approved by
the code IR DUMS.REC.1403.006.

Funding/Support: This work was supported by a grant
number IRDUMS.REC.1403.006 awarded to FE
Ghezelbash from Dezful University of Medical Sciences,
Dezful, Iran and a grant number
IR.SKUMS.MED.REC.1402.006 awarded to N. Bagheri
from Cellular and Molecular Research Center, Basic
Health Sciences Institute, Shahrekord University of
Medical Sciences, Shahrekord, Iran.

Informed Consent: The three patients were enrolled
in this study after obtaining written informed consent
at DUMSc (Ganjavian Hospital, Dezful).

References

1. Nair R, Paul P, Maji I, Gupta U, Mahajan S, Aalhate M, et al. Exploring
the current landscape of chitosan-based hybrid nanoplatforms as
cancer theragnostic. Carbohydr Polym. 2024;326. 121644. [PubMed ID:
38142105]. https:[/doi.org/10.1016[j.carbpol.2023.121644.

2. SungH, Ferlay ], Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et
al. Global Cancer Statistics 2020: GLOBOCAN estimates of incidence
and mortality worldwide for 36 cancers in 185 countries. CA Cancer |
Clin. 2021;71(3):209-249. [PubMed ID: 33538338].
https://doi.org/10.3322/caac.21660.

3. BrayF, Jemal A, Grey N, Ferlay |, Forman D. Global cancer transitions
according to the Human Development Index (2008 - 2030): A
population-based study. Lancet Oncol. 2012;13(8):790-801. [PubMed ID:
22658655]. https://doi.org[10.1016/S1470-2045(12)70211-5.


https://brieflands.com/journals/jai/articles/171655
http://www.ncbi.nlm.nih.gov/pubmed/38142105
https://doi.org/10.1016/j.carbpol.2023.121644
http://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/22658655
https://doi.org/10.1016/S1470-2045(12)70211-5

Ghezelbash Fet al.

Brieflands

10.

12.

13.

14.

15.

16.

17.

Hanahan D, Weinberg RA. Hallmarks of cancer: The next generation.
Cell. 2011;144(5):646-674. [PubMed ID: 21376230].
https://doi.org/10.1016/j.cell.2011.02.013.

Adelipour M, Allameh A, Sheikhi A, Ranjbaran M, Naghashpour M,
Nazeri Z, et al. Role of the mesenchymal stem cells derived from
adipose tissue in changing the rate of breast cancer cell proliferation
and autophagy, in vitro and in vivo. Iranian Journal of Basic Medical
Sciences. 2021;24(1):98-107. [PubMed ID: 33643577]. [PubMed Central
ID: PMC7894629]. https:|/doi.org/10.22038/ijbms.2020.51461.11678.

Gupta GP, Massagué ]. Cancer metastasis: Building a framework. Cell.
2006;127(4):679-695. [PubMed ID: 17110329].
https:[/doi.org[10.1016/j.cell.2006.11.001.

Colditz GA, Bohlke K. Priorities for the primary prevention of breast
cancer. CA Cancer | Clin. 2014;64(3):186-194. [PubMed ID: 24647877].
https:[/doi.org[10.3322/caac.21225.

Junttila MR, de Sauvage FJ. Influence of tumour micro-environment
heterogeneity on therapeutic response. Nature. 2013;501(7467):346-
354. [PubMed ID: 24048067|. [PubMed Central ID: PMC12448390].
https://doi.org/10.1038/nature12626.

Quail DF, Joyce JA. Microenvironmental regulation of tumor
progression and metastasis. Nat Med. 2013;19(11):1423-1437. [PubMed
ID: 24202395]. [PubMed Central ID: PM(C3954707].
https://doi.org[10.1038/nm.3394.

Binnewies M, Roberts EW, Kersten K, Chan V, Fearon DF, Merad M, et
al. Understanding the tumor immune microenvironment (TIME) for
effective therapy. Nat Med. 2018;24(5):541-550. [PubMed ID:
29686425]. [PubMed Central ID: PMC5998822].
https://doi.org/10.1038/541591-018-0014-X.

Vivier E, Tomasello E, Baratin M, Walzer T, Ugolini S. Functions of
natural killer cells. Nat Immunol. 2008;9(5):503-510. [PubMed ID:
18425107]. https://doi.org/10.1038/ni1582.

Freud AG, Mundy-Bosse BL, Yu ], Caligiuri MA. The broad spectrum of
human natural killer cell diversity. Immunity. 2017;47(5):820-833.
[PubMed ID: 29166586]. [PubMed Central ID: PMC5728700].
https:[/doi.org[10.1016/j.immuni.2017.10.008.

Marcenaro E, Notarangelo LD, Orange ]S, Vivier E. Editorial: NK cell
subsets in health and disease: New developments. Front Immunol.
2017;8. 1363. [PubMed ID: 29093717). [PubMed Central ID:
PMC5651263]. https:[/doi.org/10.3389/fimmu.2017.01363.

Long EO, Sik Kim H, Liu D, Peterson ME, Rajagopalan S. Controlling
natural killer cell responses: Integration of signals for activation and
inhibition. Annu Rev Immunol. 2013;31(1):227-258. [PubMed ID:
23516982]. [PubMed Central ID: PMC3868343].
https://doi.org/10.1146/annurev-immunol-020711-075005.

Chiossone L, Dumas PY, Vienne M, Vivier E. Natural killer cells and
other innate lymphoid cells in cancer. Nat Rev Immunol.
2018;18(11):671—688. [PubMed ID: 30209347].
https://doi.org[10.1038/5s41577-018-0077-4.

Raulet DH, Gasser S, Gowen BG, Deng W, Jung H. Regulation of
ligands for the NKG2D activating receptor. Annu Rev Immunol.
2013;31(1):413-441. [PubMed ID: 23298206]. [PubMed Central ID:
PM(C4244079]. https://doi.org[10.1146/annurev-immunol-032712-
095951.

Lanier LL. NKG2D receptor and its ligands in host defense. Cancer
Immunol Res. 2015;3(6):575-582. [PubMed ID: 26041808]. [PubMed
Central ID: PMC4457299]. https://doi.org[10.1158/2326-6066.CIR-15-
0098.

Sheikhi A, Saadati K, Salmani R, Yahaghi N, Sheikhi A, Siemens DR. in
vitro modulation of natural killer activity of human peripheral
blood mononuclear cells against prostate tumor cell line.
Immunopharmacol Immunotoxicol. 2011;33(4):700-708. [PubMed ID:
21425925]. https://doi.org/10.3109/08923973.2011.561437.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Champsaur M, Lanier LL. Effect of NKG2D ligand expression on host
immune responses. Immunol Rev. 2010;235(1):267-285. [PubMed ID:
20536569]. [PubMed Central ID: PMC2885032].
https://doi.org/10.1111/§.0105-2896.2010.00893 X.

McGilvray RW, Eagle RA, Watson NFS, Al-Attar A, Ball G, Jafferji [, et al.
NKG2D ligand expression in human colorectal cancer reveals
associations with prognosis and evidence for immunoediting. Clin
Cancer Res. 2009;15(22):6993-7002. [PubMed ID: 19861434]. [PubMed
Central ID: PMC2778653]. https://doi.org/10.1158/1078-0432.CCR-09-
0991.

Weaver BA. How Taxol/paclitaxel kills cancer cells. Mol Biol Cell.
2014;25(18):2677-2681. [PubMed ID: 25213191]. [PubMed Central ID:
PMC4161504]. https://doi.org[10.1091/mbc.e14-04-0916.

Rowinsky, MD EK. The development and clinical utility of the taxane
class of antimicrotubule chemotherapy agents. Annu Rev Med.
1997;48(1):353-374. [PubMed ID: 9046968).
https:[/doi.org[10.1146/annurev.med.48.1.353.

van Luijk IF, Smith SM, Marte Ojeda MC, Oei AL, Kenter GG, Jordanova
ES. A review of the effects of cervical cancer standard treatment on
immune parameters in peripheral blood, tumor draining lymph
nodes, and local tumor microenvironment. | Clin Med.
2022;11(9):2277. [PubMed ID: 35566403]). [PubMed Central ID:
PM(C9102821]. https://doi.org[10.3390/jcm11092277.

Chan OTM, Yang LX. The immunological effects of taxanes. Cancer
Immunol Immunother. 2000;49(4 - 5):181-185. [PubMed ID: 10941900].
[PubMed Central ID: PMC11036938].
https://doi.org[10.1007/s002620000122.

Brinkley BR, Beall PT, Wible L], Mace ML, Turner DS, Cailleau RM.
Variations in cell form and cytoskeleton in human breast carcinoma
cells in vitro. Cancer Res.1980;40(9):3118-3129.

Fogh J. Human tumor cells in vitro. New York: Plenum Press; 1975.
https://doi.org/10.1007/978-1-4757-1647-4.

Trempe GL. Human breast cancer in culture. Recent Results Cancer Res.
1976;(57):33-41. [PubMed ID: 1013510]. https://doi.org/10.1007/978-3-642-
81043-5_5.

Toffoli EC, Sheikhi A, Lameris R, King LA, van Vliet A, Walcheck B, et al.
Enhancement of NK cell antitumor effector functions using a
bispecific single domain antibody targeting CD16 and the epidermal
growth factor receptor. Cancers (Basel). 2021;13(21):5446. [PubMed ID:
34771609]. [PubMed Central ID: PMC8582566].
https://doi.org[10.3390/cancers13215446.

Sheikhi A, Baghaie L, Rahbarizadeh F, Safarzadeh Kozani P, Moradian
C, Davidi M, et al. Novel sACE2-anti-CD16VHH fusion protein
surreptitiously inhibits SARS-CoV-2 variant spike proteins and
macrophage cytokines, and activates natural killer cell cytotoxicity.
Vaccines (Basel). 2025;13(2):199. [PubMed ID: 40006745]. [PubMed
Central ID: PMC11860277]. https:|/doi.org/10.3390/vaccines13020199.

Cruz EMS, Concato VM, de Morais JMB, Silva TF, Inoue FSR, de Souza
Cremer M, et al. Melatonin modulates the Warburg effect and alters
the morphology of hepatocellular carcinoma cell line resulting in
reduced viability and migratory potential. Life Sci. 2023;319. 121530.
[PubMed ID: 36863486]. https://doi.org[10.1016/j.1fs.2023.121530.

Zheng W, Tasselli L, Li TM, Chua KE. Mammalian SIRT6 represses
invasive cancer cell phenotypes through ATP citrate lyase (ACLY)-
dependent histone acetylation. Genes (Basel). 2021;12(9):1460.
[PubMed ID: 34573442]. [PubMed Central ID: PMC8466468].
https://doi.org/10.3390/genes12091460.

Kubo M, Morisaki T, Matsumoto K, Tasaki A, Yamanaka N, Nakashima
H, et al. Paclitaxel probably enhances cytotoxicity of natural killer
cells against breast carcinoma cells by increasing perforin
production. Cancer Immunol Immunother. 2005;54(5):468-476.
[PubMed ID: 15592829]. [PubMed Central ID: PMCIi1033023].
https://doi.org[10.1007/s00262-004-0617-6.

] Adv Immunopharmacol. 2025; 5(1): e171655


https://brieflands.com/journals/jai/articles/171655
http://www.ncbi.nlm.nih.gov/pubmed/21376230
https://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/33643577
https://www.ncbi.nlm.nih.gov/pmc/PMC7894629
https://doi.org/10.22038/ijbms.2020.51461.11678
http://www.ncbi.nlm.nih.gov/pubmed/17110329
https://doi.org/10.1016/j.cell.2006.11.001
http://www.ncbi.nlm.nih.gov/pubmed/24647877
https://doi.org/10.3322/caac.21225
http://www.ncbi.nlm.nih.gov/pubmed/24048067
https://www.ncbi.nlm.nih.gov/pmc/PMC12448390
https://doi.org/10.1038/nature12626
http://www.ncbi.nlm.nih.gov/pubmed/24202395
https://www.ncbi.nlm.nih.gov/pmc/PMC3954707
https://doi.org/10.1038/nm.3394
http://www.ncbi.nlm.nih.gov/pubmed/29686425
https://www.ncbi.nlm.nih.gov/pmc/PMC5998822
https://doi.org/10.1038/s41591-018-0014-x
http://www.ncbi.nlm.nih.gov/pubmed/18425107
https://doi.org/10.1038/ni1582
http://www.ncbi.nlm.nih.gov/pubmed/29166586
https://www.ncbi.nlm.nih.gov/pmc/PMC5728700
https://doi.org/10.1016/j.immuni.2017.10.008
http://www.ncbi.nlm.nih.gov/pubmed/29093717
https://www.ncbi.nlm.nih.gov/pmc/PMC5651263
https://doi.org/10.3389/fimmu.2017.01363
http://www.ncbi.nlm.nih.gov/pubmed/23516982
https://www.ncbi.nlm.nih.gov/pmc/PMC3868343
https://doi.org/10.1146/annurev-immunol-020711-075005
http://www.ncbi.nlm.nih.gov/pubmed/30209347
https://doi.org/10.1038/s41577-018-0077-4
http://www.ncbi.nlm.nih.gov/pubmed/23298206
https://www.ncbi.nlm.nih.gov/pmc/PMC4244079
https://doi.org/10.1146/annurev-immunol-032712-095951
https://doi.org/10.1146/annurev-immunol-032712-095951
http://www.ncbi.nlm.nih.gov/pubmed/26041808
https://www.ncbi.nlm.nih.gov/pmc/PMC4457299
https://doi.org/10.1158/2326-6066.CIR-15-0098
https://doi.org/10.1158/2326-6066.CIR-15-0098
http://www.ncbi.nlm.nih.gov/pubmed/21425925
https://doi.org/10.3109/08923973.2011.561437
http://www.ncbi.nlm.nih.gov/pubmed/20536569
https://www.ncbi.nlm.nih.gov/pmc/PMC2885032
https://doi.org/10.1111/j.0105-2896.2010.00893.x
http://www.ncbi.nlm.nih.gov/pubmed/19861434
https://www.ncbi.nlm.nih.gov/pmc/PMC2778653
https://doi.org/10.1158/1078-0432.CCR-09-0991
https://doi.org/10.1158/1078-0432.CCR-09-0991
http://www.ncbi.nlm.nih.gov/pubmed/25213191
https://www.ncbi.nlm.nih.gov/pmc/PMC4161504
https://doi.org/10.1091/mbc.e14-04-0916
http://www.ncbi.nlm.nih.gov/pubmed/9046968
https://doi.org/10.1146/annurev.med.48.1.353
http://www.ncbi.nlm.nih.gov/pubmed/35566403
https://www.ncbi.nlm.nih.gov/pmc/PMC9102821
https://doi.org/10.3390/jcm11092277
http://www.ncbi.nlm.nih.gov/pubmed/10941900
https://www.ncbi.nlm.nih.gov/pmc/PMC11036938
https://doi.org/10.1007/s002620000122
https://doi.org/10.1007/978-1-4757-1647-4
http://www.ncbi.nlm.nih.gov/pubmed/1013510
https://doi.org/10.1007/978-3-642-81043-5_5
https://doi.org/10.1007/978-3-642-81043-5_5
http://www.ncbi.nlm.nih.gov/pubmed/34771609
https://www.ncbi.nlm.nih.gov/pmc/PMC8582566
https://doi.org/10.3390/cancers13215446
http://www.ncbi.nlm.nih.gov/pubmed/40006745
https://www.ncbi.nlm.nih.gov/pmc/PMC11860277
https://doi.org/10.3390/vaccines13020199
http://www.ncbi.nlm.nih.gov/pubmed/36863486
https://doi.org/10.1016/j.lfs.2023.121530
http://www.ncbi.nlm.nih.gov/pubmed/34573442
https://www.ncbi.nlm.nih.gov/pmc/PMC8466468
https://doi.org/10.3390/genes12091460
http://www.ncbi.nlm.nih.gov/pubmed/15592829
https://www.ncbi.nlm.nih.gov/pmc/PMC11033023
https://doi.org/10.1007/s00262-004-0617-6

Ghezelbash F et al.

Brieflands

33.

34.

Hong SD, Kang MS, Katuwal NB, Ghosh M, Park N, Cho YB, et al.
Intratumoral injection of allogeneic NK cell with chemotherapy in a
triple-negative breast cancer preclinical model. Anticancer Res.
2025;45(6):2669-2688. [PubMed ID: 40425335].
https://doi.org[10.21873/anticanres.17638.

Markasz L, Stuber G, Vanherberghen B, Flaberg E, Olah E, Carbone E,
et al. Effect of frequently used chemotherapeutic drugs on the
cytotoxic activity of human natural killer cells. Mol Cancer Ther.
2007;6(2):644-654. [PubMed ID:17308061]. https://doi.org/10.1158/1535-
7163.MCT-06-0358.

] Adv Immunopharmacol. 2025; 5(1): e171655

35.

36.

Samanta D, Park Y, Ni X, Li H, Zahnow CA, Gabrielson E, et al.
Chemotherapy induces enrichment of CD47(+)/CD73(+)/PDL1(+)
immune evasive triple-negative breast cancer cells. Proc Natl Acad Sci
U S A. 2018;115(6):E1239-E1248. [PubMed ID: 29367423]. [PubMed
Central ID: PMC5819443]. https://doi.org/10.1073/pnas.1718197115.

Ben-Shmuel A, Gruper Y, Halperin C, Levi-Galibov O, Rosenberg-Fogler
H, Barki D, et al. Cancer-associated fibroblasts serve as decoys to
suppress NK cell anticancer cytotoxicity in breast cancer. Cancer
Discov. 2025;15(6):1247-1269. [PubMed ID: 40052789].
https://doi.org/10.1158/2159-8290.CD-24-0131.


https://brieflands.com/journals/jai/articles/171655
http://www.ncbi.nlm.nih.gov/pubmed/40425335
https://doi.org/10.21873/anticanres.17638
http://www.ncbi.nlm.nih.gov/pubmed/17308061
https://doi.org/10.1158/1535-7163.MCT-06-0358
https://doi.org/10.1158/1535-7163.MCT-06-0358
http://www.ncbi.nlm.nih.gov/pubmed/29367423
https://www.ncbi.nlm.nih.gov/pmc/PMC5819443
https://doi.org/10.1073/pnas.1718197115
http://www.ncbi.nlm.nih.gov/pubmed/40052789
https://doi.org/10.1158/2159-8290.CD-24-0131

