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While breast cancer treatments have advanced significantly nowadays, yet
metastatic, especially triple-negative breast cancer (TNBC), remains challenging
with low survival. Cancer immunotherapy, a promising approach for HER2-positive
and TNBC, still faces resistance hurdles. Recently, numerous studies have set their
sights on the resistance of immunotherapy for breast cancer. Our study provides a
thorough comprehension of the current research landscape, hotspots, and
emerging breakthroughs in this critical area through a meticulous bibliometric
analysis. As of March 26, 2024, a total of 1341 articles on immunology resistance in
breast cancer have been gathered from Web of Science Core Collection, including
765 articles and 576 reviews. Bibliometrix, CiteSpace and VOSviewer software were
utilized to examine publications and citations per year, prolific countries,
contributive institutions, high-level journals and scholars, as well as highly cited
articles, references and keywords. The research of immunotherapy resistance in
breast cancer has witnessed a remarkable surge over the past seven years. The
United States and China have made significant contributions, with Harvard Medical
School being the most prolific institution and actively engaging in collaborations.
The most contributive author is Curigliano, G from the European Institute of
Oncology in ltaly, while Wucherpfennig, K. W. from the Dana-Farber Cancer
Institute in the USA, had the highest citations. Journals highly productive
primarily focus on clinical, immunology and oncology research. Common
keywords include “resistance”, “expression”, “tumor microenvironment”, “cancer”,
‘T cell", “therapy”, “chemotherapy” and “cell”. Current research endeavors to
unravel the mechanisms of immune resistance in breast cancer through
the integration of bioinformatics, basic experiments, and clinical trials. Efforts are
underway to develop strategies that improve the effectiveness of immunotherapy,
including the exploration of combination therapies and advancements in drug
delivery systems. Additionally, there is a strong focus on identifying novel
biomarkers that can predict patient response to immunology. This study will
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provide researchers with an up-to-date overview of the present knowledge in drug
resistance of immunology for breast cancer, serving as a valuable resource for
informed decision-making and further research on innovative approaches to
address immunotherapy resistance.

KEYWORDS

immunotherapy resistance, breast cancer, bibliometric analysis, VOSviewer, CiteSpace,
mechanisms, tumor microenvironment

1 Introduction

In 2022, breast cancer continues to be the leading type of cancer
affecting women worldwide as indicated by the latest GLOBOCAN
estimates from International Agency for Research on Cancer (IARC)
with 2,308,897 new cases worldwide, representing 11.6% of all female
cancer cases, resulting in 665,684 deaths, accounting for 6.9% of all
cancer-related fatalities, as the fourth most common cause of cancer
deaths among women globally (1). For non-metastatic breast cancer,
traditional treatment strategies encompass radical mastectomy or
breast-conserving surgery for tumour removal, complemented by
preoperative neoadjuvant or postoperative systemic therapies (2).
Since 2000, breast cancer has been categorized into distinct molecular
types based on the expression levels of estrogen receptor (ER),
progesterone receptor (PR) and human epidermal growth factor
receptor 2 (HER2), which is ER-positive/luminal-like, Erb-B2
positive, basal-like, normal breast-like and claudin-low, paving the
way for personalized, effective and safe treatments (3-6). Targeted
drugs, such as endocrine therapy for hormone receptor-positive
breast cancer and anti-HER2 therapy for HER2-positive breast
cancer have come to the fore (7, 8). Before the advent of HER2-
targeted therapies, HER2-enriched breast cancer, which accounts for
10 to 15% of breast cancers, had the lowest 5-year survival rate among
all subtypes (9). These advancements have significantly improved
breast cancer prognosis, leading to an encouraging 5-year survival
rate of 90.3% overall. However, for metastatic breast cancer, the 5-
year survival rate significantly declines to 29% and further plummets
to 12% for metastatic triple-negative breast cancer (TNBC) (10).
Representing around 20% of breast cancers, TNBC is recognized as
the most aggressive one now and has the bleakest prognosis owing to
the absence of precisely targeted therapy options and a higher
susceptibility to developing drug resistance to conventional
treatments (11-13). In spite of the availability of diverse treatment
modalities, the recurrence and metastasis of breast cancer remain
formidable challenges for patient survival (14-17). Additionally, the
development of resistance to chemotherapy, endocrine therapy and
targeted therapy in certain individuals poses a significant obstacle as
well (18-20).

In recent years, cancer immunotherapy, involving passive, active
and adoptive immunotherapy, has come into view as a cutting-edge
anti-tumor strategy (21). While most breast cancers were
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traditionally considered immunologically “cold” tumors with
limited responsiveness to immunotherapy, TNBC, the most
immunogenic subtype, demonstrates a notable response (22).
Harnessing immune checkpoint inhibitors to target the PD-1/PD-
L1 axis has exhibited noteworthy anti-tumor ability in TNBC
patients, leading to potential long-term survival benefits and
improved prognosis (23). Monotherapy studies with immune
checkpoint inhibitors such as pembrolizumab and atezolizumab in
metastatic TNBC have yielded objective response rates (ORRs)
ranging from 4% to 23% (24, 25). Moreover, some HER2-positive
breast cancer patients may also be eligible for immunotherapy (26).
Combining immunotherapy with HER2-targeted therapy has
emerged as a promising approach, particularly in patients with PD-
L1 positivity and/or high levels of tumor infiltrating lymphocytes
(TILs). For instance, the combination of pembrolizumab and
trastuzumab has shown objective responses in HER2-positive and
PD-L1-positive metastatic breast cancer patients who experienced
progression on trastuzumab treatment (27). Furthermore, adding
atezolizumab to T-DM1 for patients with locally advanced or
metastatic HER2-positive breast cancer who had previously
undergone treatment with trastuzumab and paclitaxel-based
therapy, led to improved progression-free survival (PFS) in PD-L1-
positive patients exhibiting TILs of at least 5% (28). Despite
significant advancements in immunotherapy, it is crucial to
recognize that many breast cancer patients still have limited
response and are susceptible to disease progression or recurrence,
known as immunotherapy resistance (29). The immunosuppressive
tumor microenvironment poses a significant challenge to the
effectiveness of immunotherapy, especially in aggressive breast
cancer subtypes like HER2-positive and TNBC (30). Understanding
the specific mechanisms that drive breast cancer immunotherapy
resistance is essential for enhancing treatment efficacy.

Bibliometric analysis is an invaluable research methodology
that utilizes statistical methods and visualization tools to quantify
and interpret scholarly publications, providing researchers with a
comprehensive understanding of the research landscape and trends
within a specific field over a defined period (31). Despite the
extensive exploration of immunotherapy resistance in breast
cancer in numerous studies, there is currently a dearth of
bibliometric analyses that systematically sort and examine the
prevailing research trends and hotspots within this domain. To
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bridge this gap, we carried out a meticulous bibliometric analysis of
documents on immunotherapy resistance in breast cancer
published on Web of Science database in 2003-2024 using
relevant scientometric softwares such as Bibliometrix, CiteSpace,
and VOSviewer to analyze the annual publications output,
productive countries, institutions, journals and authors involved
in the field. Cooperative networks and knowledge graphs were
constructed to visualize the results. Additionally, citation analysis
of publications, keyword co-occurrence analysis and identification
of citation bursts were performed to identify significant concerns of
scholars. The objective of this study is to present the development
context of drug resistance in immunotherapy for breast cancer,
clarify the research trend and grasp the hot spots and research gaps
to carry out follow-up comprehensive and in-depth research.

2 Materials and methods
2.1 Data collection and search strategy

Using editions including SCI-EXPANDED, SSCI, AHCI, ESCI,
CCR-EXPANDED and IC of Web of Science Core Collection, the
research was undertaken on March 26, 2024, to retrieve documents
related to drug resistance in immunotherapy for breast cancer in the
period from 2003 to the date of searching. The MeSh terms and
entry terms of “breast cancer” and “immunotherapy resistance”
were captured as search strategies, which are following: #1, TS=
(“breast cancer$”) OR TS=(“breast carcinoma$”) OR TS=
(“mammary cancer$”) OR TS=(“mammary carcinoma$”) OR
TS=(“breast malignant tumor$”) OR TS=(“breast malignant
neoplasm$”); #2, TS=(Immunotherap*);#3, TS=(resistan*); #4,
“#1” and “#2” and “#3”. “TS” represents topic and “*” represents
0 or more characters. Primarily, a result of 2084 documents was
retrieved. The inclusion criteria are articles or reviews in English
language. Therefore, 28 documents which are not articles or review
and 9 non-English documents were excluded. Then 2 retracted and
1 duplicated publication were also cut out. To ensure that the
retrieved articles are in line with our research topic, 703 documents
uninvolved in breast cancer immunotherapy resistance were
removed as well. Finally, 1341 publications totally, including 765
articles and 576 reviews were incorporated into the scientometric
analysis. The plain text files of these publications were downloaded
in the format “full record and cited references”.

2.2 Data analysis

The bibliometric analysis tools used in this study were
Biblioshiny (Bibliometrix web interface) based on R version 4.3.1,
VOSviewer software (version 1.6.18) and CiteSpace software
(version 6.3.R1). Pajek software (version 5.18) was also used to
adjust the clustering to make the images clearer.

Bibliometrix is an R package that offers statistical analysis
techniques and a toolkit for network construction and
visualization (32). VOSviewer, a Java-based software co-developed
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by Eck and Waltman, facilitates analysis of coupling, collaboration,
co-occurrence, and co-citation analysis, and generates visual maps
to help researchers quickly identify core literature and research
hotspots within a specific field (33). Citespace software, also based
on Java, was created by Dr. Chaomei Chen, a Chinese-American,
utilizing citation analysis theory, which enables the visualization of
the evolution and research frontiers within an academic field (34).

In this study, we initially generated a line chart using Excel 2024
to illustrate the publication outputs and citation trends of drug
resistance in immunotherapy for breast cancer from 2003 to 2024.
Using VOSviewer software, we identified the leading countries and
institutions in the field and created a world map to visualize the
distribution of productive countries. Bibliometrix was employed to
map popular journals and their dynamic contributions. VOSviewer
provided a list of the most productive and highly cited scholars. We
assessed the quality of authors’ publications based on the number of
publications and citations in the field and utilized journal impact
factors from Journal Citation Report in 2019. Furthermore, we
utilized CiteSpace to create a dual-map illustrating the relationship
between cited journals and co-cited journals. VOSviewer and
CiteSpace were employed for citation analysis of highly cited
articles, co-citation analysis of references, and co-occurrence
analysis of keywords. These analyses were presented in network
diagrams and overlay maps. Additionally, Citespace software was
employed to identify references and keyword citation bursts. Detailed
explanations of the specific functions and operations can be found on
the respective software’s websites, operation manuals or relevant
literature. Figure 1 presents a flowchart depicting the retrieval
strategy, data collection and analysis process employed in this study.

3 Results

3.1 Publication and citation trends of
breast cancer immunotherapy resistance

Figure 2 presents the annual trends in breast cancer
immunotherapy resistance research. It includes a bar chart
illustrating the number of publications (Figure 2A) or citations
(Figure 2B), a line chart depicting the average growth rate, which is
calculated using the formula: Average Growth Rate = [(Ending
Value/Starting Value)”(1/Number of Periods)]-1 Equation 1 (35),
and a stacked chart representing the cumulative value of
publications or citations over time. In Figure 2A, a generally
upward trend was observed from 2003 to 2016, with fluctuations
in the annual growth rate. However, starting from 2017, the annual
growth rate consistently remained high, reaching its peak in 2021 at
51.26%. Notably, 285 articles were published in 2021, indicating a
substantial research output of that year. The past 7 years (2017-
2023) have been pivotal for the development of this field, as
evidenced by a sustained high level of annual publications, despite
a slight decrease in the past three years. Noteworthy increases in
publication numbers occurred in 2011, 2015, 2017 and 2021,
suggesting the presence of potentially significant discoveries
during these periods that warrant attention.
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FIGURE 1

Flowchart of scientometric analysis process in breast cancer immunotherapy resistance study

Average Growth Rate:

Average Growth Rate

= [(EndingValue/StartingValue) (1/Number of Periods))

-1
(1)

As shown in Figure 2B, the number of annual citations in the
field of breast cancer immunotherapy resistance experienced a
sharp increase in 2018 but declined in 2023. The period spanning
from 2018 to 2022 witnessed widespread citation of articles in this
field, aligning with the upward trend observed in annual publication
numbers. This further supports the notion that the past 7 years have
been a golden period of development. Additionally, notable spikes
in citation numbers occurred in 2005, 2007, 2009, 2015, 2017 and
2018, indicating significant research findings that garnered
increased attention within the field.

3.2 Leading countries and organizations

In total, 70 countries actively participated in this field. The
geographical distribution of these countries is visualized in Figure 3,
where every circle symbolizes a unique country. The size of each
circle corresponds to the quantity of documents published by that
country, while the connections between circles indicate the strength
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of collaborations. As depicted in Figure 3A, the United States takes
the lead with 517 articles, followed by China with 415 articles. Italy
contributed 106 articles, while Germany, France, the United
Kingdom, Canada, Australia, India and South Korea contributed
65, 62, 60, 54, 42, 41 and 40 documents respectively. Figure 3B
highlights the recent contributions of countries with nodes closer to
red indicating a more recent average publication year and nodes
closer to blue suggesting relatively older work. The countries with
the highest productivity levels have consistently shown activity in
this field over the past five years. Additionally, China, Egypt, Greece
and Turkey have made significant contributions in the last three
years, as reflected by the increasing intensity of red shading.
Regarding international collaboration, the United States stands
out with the strongest ties to other countries, as indicated by a
total link strength of 328. However, China (total link strength=143),
the United Kingdom (total link strength=93), France (total link
strength=92) and Italy (total link strength=92) lag behind. This
highlights the importance of enhancing and fostering international
collaboration among countries.

Table 1 lists the top 11 institutions with highest number of
publications output from 2003 to 2024. Harvard Medical School
emerges as the leading institution with the most publications (47
papers) and citations (n=5668) and the strongest collaboration with
other institutions (total link strength=110). University of Texas MD
Anderson Cancer Center follows with 34 publications, indicating
potential for further collaboration (total link strength=44). Dana-
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Annual publications, citations and respective cumulative values in the field of breast cancer immunotherapy resistance from 2003 to 2024.

(A) Annual publications. (B) Annual citations (AGR, Annual growth rate).
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Farber Cancer Institute ranks third with 29 articles but excels in
collaboration with other institutions (total link strength=77) and
receives the second-highest number of citations (n=4867), which
highlights its significant contributions towards advancing the
development of this area. Among the top 11 institutions, five are
from the United States, four from China, while the remaining two are
from Italy and Singapore. This underscores the substantial research
efforts from both the United States and China. However, it also
emphasizes the need for China to strengthen collaboration with other
countries to foster a broader international research network.

3.3 Prominent Journals and authors

In the ranking of journal publications output (Table 2), Cancers
stands out by publishing 89 papers. Following closely are Frontiers in
Immunology and Frontiers in Oncology, which have published 69 and
47 papers respectively. Tied at the fourth position, both International
Journal of Molecular Sciences and Journal for Immunotherapy of
Cancer have contributed significantly with 29 papers each. Figure 4
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demonstrates that Cancer Immunology Immunotherapy, Cancer
Research and Cancer Letters have consistently made notable
contributions to the field throughout the entire period from 2003
to 2024. Interestingly, the top 5 journals in terms of publications
output began to gain prominence around 5-8 years ago and have
quickly surpassed their counterparts. Based on citation count, Nature
Medicine leads with 2430 citations, closely followed by Nature
Reviews Cancer, which has accumulated 2201 citations. In the next
positions, Cancer Discovery (n=1542), Frontiers in Immunology
(n=1469) and Clinical Cancer Research (n=1432) have also received
significant citations in their publications. Figure 5 illustrates a
dual-map of journals from citing documents to cited references.
The citing journals are primarily from the fields of medicine, clinical
research, and immunology, while the cited journals are
predominantly from the fields of molecules, biology, and genetics.
As shown in Table 3, Curigliano, G has contributed the most
significantly to the field, publishing a total of 12 relevant articles,
followed by Tolaney, S. M. (n=11), Cavallo, F (n=8), Chouaib, S
(n=8), Conti, L (n=8), De Lorenzo, C (n=8) and Mittendorf, E
(n=8). Barroso-Sousa, R, Janji, B, Wang, ] and Zhang, Y each
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Distribution of countries and collaboration in immunotherapy resistance research for breast cancer treatment. (A) world map of productive
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TABLE 1 Top 11 institutions with the highest publication outputs published 7 articles, sharing the fourth position. From Table 4,
investigating resistance to immunotherapy in breast cancer from 2003 Wucherpfennig, K. W. has garnered the highest citations in the field
to 2024.

(total citations=2586), followed by Liu, J (total citations=2580),

Total Jiang, P (total citations=2557), Liu, X. S. (total citations=2536) and
Rank Institution Publications Citations link Li, B (total citations=2441), despite their lower publication count
strength (2-4 papers). Mittendorf, E. A. and Tolaney, S. M. rank highest in

total link strength, indicating their higher level of collaboration

1 leflaer(‘iij 47 5668 209 with other authors. However, overall, the level of collaboration
School among researchers appears limited, suggesting a lack of effective
University of cooperation within the academic community.
2 Texas MD 34 1798 91
Anderson

Cancer Center

3.4 Extensively cited literature and co-
cited references

Dana-Farber

3 Cancer 29 4867 140
Institute
Zhejiang Top 10 most cited publications shed light on various aspects of
University 26 1289 44 this field (Table 5). Ranking first is an article published by Jiang
Sun Yat et al. in 2018 in Nature Medicine (the most cited journal), which
un Ya
5 Sen University 2 1168 56 introduced the Tumor Immune Dysfunction and Exclusion model
to effectively simulate the mechanisms of tumour immune evasion.
6 Sichuan 23 479 13 Th h predicted th f multipl
University e research predicted the response of multiple cancer types,
including breast cancer to immune checkpoint blockade (ICB)
Chinese therapy, and highlighted the significance of a novel ICB resistance
7 Academy 22 1248 65
of Sciences modulator. The second most cited publication is a review by Hegde
Universit et al. published in Immunity, which discussed the top 10 challenges
niverst
8 ofMilany 21 577 83 in cancer immunotherapy, emphasizing the complexity and
modulation of the immune system in the context of cancer
Brigham & . . .
0 Women’s 20 2386 97 treatment. The article by Lee et al.,, ranking the third, explored
Hospital the impact of radiotherapy on the immune microenvironment of
National breast cancer and put forward the notion of combining
10 University 20 1300 102 radiotherapy and ICB as a potential strategy to overcome
of Singapore immune resistance in breast cancer cells. In 2018, Tokunaga et al.
National discovered the role of the CXCL9, CXCL10, CXCL11/CXCR3 axis
. Cancer 2 614 . in immune cell migration, differentiation and activation. Their
“(‘Stitu)te study suggests that the levels of CXCL9 and CXCL10 expression
NCI

in breast cancer tissues is correlated with prognosis and tumor-
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TABLE 2 Top 10 journals with the most publications output related to
breast cancer immunotherapy resistance in 2003-2024.

Publica- e
Journal . Citations JCR
tions
1 Cancers 89 1351
Frontiers
2 . 69 1469
in Immunology
Frontiers
3 . 47 848
in Oncology
International
al of
4 Jounal o 29 383
Molecular
Sciences
Journal for
5 Immunotherapy 29 652
of Cancer
6 Oncoimmunology 27 875
Cancer
7 Immunology 19 576
Immunotherapy
8 Cancer Research 19 1327
Nat
9 ature. 17 636
Communications
10 Cancer Letters 14 618

infiltrating lymphocytes, which may influence immunotherapy
response and also discussed the crosstalk between this axis and
other immune pathways, such as the PD-1/PD-L1 axis. Another
review, ranking the fifth in citations, summarizes various resistance
mechanisms associated with breast cancer treatment, some of which
are linked to immunotherapy resistance. The review highlights
strategies to overcome resistance, such as using non-cross-
resistant combination drugs, altering drug delivery methods and
developing targeted therapies against signalling and apoptosis
pathways. It emphasizes the importance of continued research on

Sources' Production over Time

Cumulate occurrences

10.3389/fimmu.2024.1452303

resistance mechanisms in breast cancer immunotherapy, with the
integration of genomics and proteomics technologies.

Among the co-cited references in Figure 6, the highest in terms
of citation count is the article by Schmid et al., published in the New
England Journal of Medicine in 2018. This article has been cited for
a total of 160 times, indicating the ability of the combination of
atezolizumab and nab-paclitaxel to prolong progression-free
survival in patients with advanced triple-negative breast cancer,
particularly in the PD-L1 positive subgroup. Figure 6A is a network
graph created by VOSviewer, where different colors represent
different clusters of co-cited references, circle size represents the
number of citations and the number of lines and distance between
two circles represent the degree of connection. They can be roughly
divided into four clusters, of which the red cluster is closely related
to the blue and green clusters. Figure 6B drawn by CiteSpace
software divides the references into seven clusters according to
keywords, including: #0 adaptive, #1 tnbc, #2 checkpoints, #3
myeloid-derived suppressor cells, #4 monoclonal-antibody, #5
prognostic signature, #13 combination therapy. The lower the
serial number, the greater the number of citations encompassed
within that cluster. The nodes marked in red represents strong
citation bursts and the larger the purple outer of the nodes, the
stronger its intermediary centrality. The most cited reference also
has the highest intermediary centrality (0.16), suggesting its
significant bridging role in this field. Ranking second is the review
by Sharma et al., published in Cell in 2017 with 126 citations,
exploring the potential factors contributing to immunotherapy
resistance, such as the tumor immune microenvironment, tumor
antigen expression and adaptive resistance of tumors to immune
attacks. It also proposes strategies to improve the effectiveness of
immunotherapy by targeting tumor-associated macrophages
(TAMs) and modulating tumor microenvironment. The article by
Hanahan et al., ranks third with 114 citations. In 2012, the article by
Pardoll et al. followed closely in fourth place with 103 citations.
Ranking fifth is the study by Nanda et al., published in Journal of
Clinical Oncology with 82 citations. Tumeh et al.’s article published
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FIGURE 4

Source production on breast cancer immunotherapeutic resistance over time.
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FIGURE 5
Dual-map of journals from citing documents to cited references.

in Nature in 2014, achieved the highest burst strength (14.9),
maintaining its heat from 2015 to 2018. The article by Rizvi et al.
published in 2015, exhibited the longest duration of burst with a
burst strength of 11.61, extending from 2015 to 2020. It also holds
an intermediary centrality of 0.15, indicating a significant bridging
role and widespread citation in this field.

3.5 Topic evolution of popular keywords

A total of 493 out of 5,330 keywords appeared at least five times,
forming the network graph of Figure 7A. The node size represents the
frequency of keywords’ occurrence, while the distance between

TABLE 3 Most prolific authors contributing to immunotherapy
resistance research for breast cancer.

Number Number Total
Authors (o} s link
publications @) CLELENS strength

Curigliano, G 12 323 62
Tolaney, S. M. 11 353 120
Cavallo, F 8 232 70
Chouaib, S 8 1160 78
Conti, L 8 232 70
De Lorenzo, C 8 151 51
Mittendorf, E. A. 8 506 132
Barroso-Sousa, R 7 239 79
Janji, B 7 892 72
Wang, | 7 176 79
Zhang, Y 7 210 56
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nodes indicates the strength of keywords’ connections. Top 10
keywords, ranked by frequency of occurrence, are “breast cancer”,
“immunotherapy”, “resistance”, “expression”, “tumor
microenvironment”, “cancer”, “T cell”, “therapy”, “chemotherapy”
and “cell”. They are grouped into five clusters as shown below:
Cluster 1 (in red) includes “breast cancer”, “resistance”,

» o« » o«

“expression”, “cell”, “triple negative breast cancer” and so on. This
cluster focuses on exploring the mechanisms of immune evasion in
breast cancer through bioinformatics methods and investigating the
interplay between immunotherapy and other treatment modalities
such as endocrine therapy and chemotherapy. It also involves

studying strategies for precise and personalized cancer management.

Cluster 2 (in green) comprises the keywords such as “tumor
microenvironment”, “cancer”, “metastasis”, “suppressor-cells” and
“drug resistance”. They investigate various signaling molecules and
cells related to immune therapy resistance in breast cancer, such as
cancer-associated fibroblasts, tumor stem cells, extracellular matrix
and epithelial-mesenchymal transition. They also explore the role of
combining techniques like photodynamic therapy, anti-angiogenic
therapy, radiotherapy, and nanotechnology in enhancing
immune efficacy.

» «

Cluster 3 (in blue) includes “immunotherapy”, “chemotherapy”,
“regulatory T cells”, “immune checkpoint inhibitor”, “tumor
infiltrating lymphocytes” and so on. This cluster primarily focuses
on evaluating the impact of immune checkpoint inhibitors on
breast cancer prognosis through clinical research design.

» o«

Cluster 4 (in yellow) including “T cell”, “therapy”, “dendritic

» o«

cell”, “cancer immunotherapy”, “receptor” and so on, investigates
the role of immune cell-mediated cytotoxic responses in anti-tumor
immune reactions through animal experiments.

Cluster 5 (in purple) includes the keywords “trastuzumab”,
“growth”, “open-label”, “HER2” and “targeted therapy”, exploring
clinical trials related to HER2-positive breast cancer treatment, such

as antibody-drug conjugates, tyrosine kinase inhibitors and HER2-
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TABLE 4 Most cited authors contributing to immunotherapy resistance
research for breast cancer.

Number Total
of link

Number

AT of citations

publications strength
Woucherpfennig, 2586 5 55
K w.
Liu, J 2580 2 42
Jiang, P 2557 4 52
Liu, X. S. 2536 3 36
Li, B 2441 3 21
Freeman, G. J. 2423 4 62
Bu, X 2409 2 14
Brown, M. A. 2409 1 25
Fu, JX 2409 1 14
Gu, SQ 2409 1 14
Hu, XH 2409 1 14
Li, ZY 2409 1 14
Pan, D 2409 1 14
Sahu, A 2409 1 14
Traugh, N 2409 1 14

10.3389/fimmu.2024.1452303

targeted monoclonal antibodies. It also involves cancer vaccines,
CAR-T cell therapy and other approaches.

As shown in Figure 7B, Clusters 1-3 represent the most prominent
areas of interest in the last five years. Representative keywords in these

» <

clusters include “roles”,

» » o«

immune landscape”, “infiltration”, “glucose-
metabolism” and “single-cell”, showing a focus on deeper
understanding the biological mechanisms underlying immune
therapy resistance in breast cancer through bioinformatics
techniques, developing new biomarkers and treatment approaches to
predict and manage patient prognosis. Figure 7C further illustrates the
time trends of keywords within each cluster. Recent research hotspots
include “infiltration”, “promotes” and “metabolism” in Cluster 1,
“endoplasmic-reticulum stress”, “cancer-associated fibroblasts” and
“tumor microenvironment” in Cluster 2, “glucose-metabolism”,
“pembrolizumab plus chemotherapy” and “high-risk” in Cluster 3,
“immunotherapy resistance”, “stat3” and “delivery” in Cluster 4, and
“patients pts” and “open-label” in Cluster 5. These findings highlight
the focus on molecular biological mechanisms related to immune
therapy resistance, such as endoplasmic reticulum stress, cancer-
associated fibroblasts and tumor microenvironment, as well as the
impact of combined therapies and drug delivery systems on breast
cancer immune therapy efficacy in recent years.

Using CiteSpace for citation burst detection of keywords has
indeed contributed to identifying suddenly and widely recognized
keywords, known as burst keywords, which are crucial metrics of
research trends in the field (Figure 7D). The 25 keywords exhibiting the

TABLE 5 Top 10 most global cited documents in the field of breast cancer immunotherapy resistance from 2003 to 2024.

First Total
Documents Journal o
author citations
. Signatures of T ce-ll dysfunction and exclusion predict cancer 2018 Jiang P Nature Medicine 10.1038/s41591-018- 2409
immunotherapy response 0136-1

2 Top 10 Challenges in Cancer Immunothera 2020 Hegde PS Immunit 10.1016/ 1018

P 8 Py 6 Y j.immuni.2019.12.011
3 Therapeufic effects of ab%ative radia.tion on local tumor require 2009 Lee Y] Blood 10.1182/blood-2009- 1003

CD8" T cells: changing strategies for cancer treatment 02-206870
4 CXCL9, CXCL10, CXCL11/CXCR3 axis for immune activation - 2018 Tokunaga R Cancer ' ' 10.1016/ 743
A target for novel cancer therapy Treatment Reviews j.ctrv.2017.11.007
i X X . . X Advances in

Overview of resistance to systemic therapy in patients with Gonzalez- . . 10.1007/978-0-387-

5 2007 Experimental Medicine 703
breast cancer Angulo AM i 74039-3_1
and Biology
6 Sphingolipid metabolism in cancer signalling and therapy 2018 | Ogretmen B Nature Reviews Cancer 10.1038/nrc.2017.96 671
. Tumorigenic and Im'munosuppress.ive Effects of Endoplasmic 2017 Cub'illos— Cell ' 10.1016/ 47
Reticulum Stress in Cancer Ruiz JR j.cell.2016.12.004
. . . . . . . 10.1016/
8 Microenvironmental regulation of therapeutic response in cancer =~ 2015 Klemm F Trends in Cell Biology . 509
j-tcb.2014.11.006

5 Combined antiar-lgiogen.ic and anti-PD-L1 theraPY stimulates 2017 Allen E ?cience N ' 10.1126/ 505

tumor immunity through HEV formation Translational Medicine scitranslmed.aak9679

10.1158/1078-

10 Breast C I th : Facts and H 2018 E LA Clinical C R h 495

reast Cancer Immunotherapy: Facts and Hopes mens inical Cancer Researc 0432.CCR-16-3001
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of co-cited references.

most significant citation bursts were divided into three categories:
immune cells, antigens, and antibodies involved in the immune
microenvironment; in vitro and in vivo experimental studies on
immune resistance mechanisms; immune-related treatment methods
and drugs. The keyword “adoptive immunotherapy” gained the earliest
and most sustained attention, with a burst period from 2003 to 2016.
“Monoclonal antibody” achieved the highest burst strength of 14.19,
with a burst period from 2005 to 2017. Recently highlighted burst

>

keywords include “drug delivery”, “heterogeneity”, “pembrolizumab
plus chemotherapy” and “promotes”, emphasizing the focus on
tumour heterogeneity, immune therapy resistance, the impact of
drug delivery systems and combination therapies on immune

therapy efficacy.
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4 Discussion

4.1 Current landscape of research on drug
resistance in immunotherapy for
breast cancer

While immunotherapy has garnered widespread recognition in
the field of breast cancer treatment, demonstrating remarkable
therapeutic effects and enhancements in survival rates, only a
portion of patients exhibits a favorable response to this approach
(36). There are cases where patients develop resistance to
immunotherapy, posing a challenge in achieving optimal outcomes
for all individuals. To further advance drug development and
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metastatic breast cancer 2010 7.012014 2019 =
blockade 2017 5842017 2020 e
drug delivery 2020 5192020 2021 =
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breast cancer cells 2005 5142015 2018 o —
receptor 2010 5112010 2017 ——
immune checkpoints 2018 5.042018 2020 —
pembrolizumab plus chemotherapy 2022 4.972022 2024 P,
promotes 2022 4972022 2024 o
adoptive immunotherapy 2003 4672003 2015 eom—
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trastuzumab resistance 2013 4232013 2017 e
mice 2009 3.972009 2017 ——
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cancer 2006 3.932006 2013 omm—
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Cluster analysis and topic evolution of hot topics. (A) Network map of keywords occurring more than 5 times. (B, C) Overlay map of keywords based
on average publication year. (D) Top 25 keywords with the strongest citation bursts.

improve the effectiveness of clinical trials, it is crucial to understand
the progression of immunotherapy resistance in breast cancer
treatment. This study is the first to examine the literature available
in this area from 2003 to 2024, displaying trends in yearly
publications and citations, participation of countries, organizations
and authors, high-impact journals, core publications, key references,
and hot keywords to elucidate the evolution of this significant area.

There has been a notable increase in the last 20 years in the realm
of breast cancer immunotherapy resistance, from 5 documents at the
beginning to 1341 at the end. The past seven years have been a period
of rapid development marked by numerous significant discoveries
that account for 82% of the total publications. Regarding country
distribution, the United States and China have made significant
contributions, with Harvard Medical School in the United States
being not only the most prolific institution but also the most
collaborative. Notably, the United States maintains its forefront
position, boasting the highest number of clinical trials and
immunotherapy drugs in development, while China and India have
rapidly ascended in recent times. Analyzing highly cited publications
and research focus reveals that China is intently engaged in
developing predictive indicators and models for breast cancer
immunotherapy response, alongside enhancing T-cell targeting
efficacy (37-39). The United States, on the other hand, is deeply
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invested in unraveling the mechanisms of immune resistance and
exploring strategies to overcome it (40, 41). India’s focus lies in the
tumor microenvironment, delving into immune escape mechanisms
of immune and stromal cells, and investigating the potential of
nanotechnology in targeting cancer stem cells (42-44). Israel
displays a keen interest in HER2 monoclonal antibodies and
possesses robust research and development capabilities in
innovative immunotherapy technologies (45). Likewise, Europe
conducted numerous clinical trials in the past decade, and
demonstrates a high level of activity in the approval and utilization
of immune checkpoint inhibitors (46-49). However, the interaction
and cooperation among other countries, including China, is relatively
limited, indicating that enhanced collaboration could improve the
quality of research efforts. The journals publishing these studies are
mainly focused on clinical, immunological, and oncological aspects,
indicating the need for further research on molecular biology and
other basic medical sciences to provide a more profound
comprehension of the underlying molecular processes.

The top three most productive authors are Curigliano, G,
Tolaney, S. M. and Cavallo, F, coming from the European
Institute of Oncology in Italy, Dana-Farber Cancer Institute in
the United States, and the University of Torino in Italy, respectively.
Curigliano, G has shown a keen interest in the mechanisms of
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immune escape in HER2-positive breast cancer and triple-negative
breast cancer (TNBC), potential targets for immunotherapy,
identification of tumor-associated antigens, and the application of
biomarkers in immunotherapy, with a particular emphasis on
immune checkpoint inhibitors (ICIs) (50-53). Tumor Mutational
Burden (TMB) is a key focus of Tolaney, S. M.’s research, as it is
linked to the load of tumor neoantigens, T cell infiltration, and
response to ICIs (54). Additionally, he has also focused on hormone
receptor-positive (HR+) breast cancer, which typically shows lower
tumor-invasive lymphocytes and less responsiveness to ICIs
compared to TNBC (55). Cavallo, F paid closed attention to
“cancer stem cells” (CSCs), which are known to be resistant to
traditional treatments, but eliminated by immunotherapy (56, 57).
Wucherpfennig, K. W. from Dana-Farber Cancer Institute located
in the United States accumulated the most cited instances and
contributed mainly to the past five years. His first article published
in 2018 gained the most citations (58). He also conducted a
transcriptomic analysis collaborating with Tolaney, S. M (59).
However, there is still a noticeable lack of connection among
authors, highlighting the need for strengthening future
collaboration and communication among them.

4.2 Advancements and
promising directions

References provide the research background and development
context of the field, serving as the cornerstone of this area. Prominent
papers and keywords offer a wealth of knowledge on cutting-edge
areas. Over the past two decades, popular terms included “resistance”,
“expression”, “tumor microenvironment”, “cancer”, “T cell”,

» o«

“therapy”, “chemotherapy” and “cell”. Three striking areas that
have emerged as focal points in this field are immune escape
mechanisms, biomarkers for predicting immunotherapy efficacy,
and strategies to enhance the effectiveness of immunotherapy.
Present research endeavors to comprehend the mechanisms of
immune evasion in breast cancer through bioinformatics, basic
experiments, and clinical trials and develop strategies to improve
immunotherapy efficacy, including combination therapies and drug
delivery system improvement as well as identify novel biomarkers to
predict patient response. Extensive focus has been directed towards
tumor microenvironment (TME) and tumor heterogeneity in
immune resistance mechanisms.

The conceptual advancements achieved in the past decade have
introduced two emerging features to the original six hallmarks of
cancer: the reprogramming of energy metabolism and the evasion of
immune destruction (60). In addition to cancer cells, tumors possess
another layer of complexity known as the “tumor microenvironment”.
This realization has spurred extensive research into understanding the
relationship between TME and immune resistance (61). Tumor
immune microenvironment encompasses a diverse array of
components, including extracellular matrix, signaling molecules,
immune cells, tumor cells, blood vessels and lymphatic vessels (62).
Investigating and comprehending the roles and interactions of these
elements have emerged as recent research hotspots.
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4.2.1 Mechanisms of immunotherapy resistance
in breast cancer

Immune cells in the tumor microenvironment can be classified
into tumor-promoting immune cells and anti-tumor immune cells.
Tumor-promoting immune cells contribute to primary and/or
adaptive drug resistance by suppressing anti-tumor immune
responses (63). As one of the key immune cells in TME of HER2-
positive breast cancer and TNBC, tumor-infiltrating lymphocytes
(TILs), primarily consisting of CD8+ cytotoxic T cells, CD4+ helper
T cells, regulatory T cells (Tregs) and NK cells, etc., indicates a
better prognosis (64-67).

Tregs have attracted significant attention for their
immunosuppressive effects in TNBC, serving a dual role of
protecting against autoimmune diseases and inducing an
immunosuppressive phenotype in TME (68-71). Treg/Th17 cell
axis may play a crucial role in breast cancer development by
suppressing the polarization of Thl cells and eftector CD8+ T cells
toward inhibitory T cells. Manipulating the TME through
therapeutics targeting the Treg/Th17 cell axis, such as monoclonal
antibodies against TGF-B and IL-2, tyrosine kinase inhibitors like
dasatinib, immunosuppressants such as tacrolimus, oncomicroRNA-
based therapeutics and immune checkpoint inhibitors, holds promise
for breast cancer immunotherapy (72). Tregs undergo metabolic
reprogramming and express various chemokine receptors, such as
CCR2, CCR4, CCR5, CCR6 and CCRS8, which contribute to their
intratumoral migration (73, 74). Strategies for targeting Tregs include
monoclonal antibodies, small molecule inhibitors, chemotherapy,
and natural therapeutics like curcumin and resveratrol, which may
improve the prognosis of TNBC (75, 76). Hypoxia, common in solid
tumors, promotes immune suppression and protects tumor cells
(77). Hypoxia-inducible factor lo. (HIF-la) increases Treg
abundance by inducing FOXP3 (78). Blocking adenosine receptor
A2AR expressed on tumor cells can reduce Treg infiltration and
facilitate CD8+ T cells’ anti-tumor ability through debilitating
hypoxic HIF-1a signaling (79). Overexpression of lymphocyte
activating gene 3 (LAG-3) in Tregs, produce immunosuppressive
cytokines and are linked to tumor progression and unfavorable
outcomes (80). Comprehensive understanding of Tregs in the
tumor microenvironment and the functional pathways of Tregs is
crucial for their use as diagnostic and prognostic markers in TNBC.
Future research application will focus on targeting Tregs-mediated
immunosuppression. Another hot keyword, “Dendritic cells (DCs)”
are specialized antigen-presenting cells, crucial for activating CD8+ T
cells and promoting immune response in tumors (81). However,
factors released by cancer cells that suppress the immune response,
such as TGF-B, VEGF and IL-10, inhibit the maturation of DCs (82).
Strategies like radiotherapy, endocrine therapy, combination
therapies like chemotherapy with PD-1/PD-L1 inhibitors and DC-
based vaccines aim to activate and mature DCs, enhancing immune
response. Efforts have been made to restore the crosstalk between
DCs and CD4+ T cells by promoting DC maturation, which has
shown promising results in conferring potent immunity in breast
cancer with CDK4/6 inhibitors (CDK4/6i) and immune checkpoint
blockade (ICB) therapy (83, 84). The combination vaccine of HER2/
neu-loaded bone marrow-derived dendritic cells (BM-DC) plus QS-
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21 and anti-PD-L1 monoclonal antibody has demonstrated
synergistic antitumor activity and immune response against HER2-
positive breast cancer in mice (85). Additionally, oncolytic
nanohybrids combined with non-transgenic virus and immune
checkpoint inhibitors have shown the ability to effectively stimulate
DCs and macrophages in both in vitro and in vivo settings (86). These
approaches hold potential as next-generation personalized
anti-tumor immunotherapies, offering alternatives to inhibit tumor
metastasis and recurrence. Future research will focus on personalized
vaccines, improving DC targeting, enhancing T cell affinity and
identifying prognostic biomarkers. Combining DC vaccines with
other treatments holds promise as an effective strategy.

In addition to immune cells, cancer-associated fibroblasts (CAFs)
are a significant component of TME and have gained attention in
recent years. CAFs actively promote cancer invasion and treatment
resistance by regulating processes such as angiogenesis, chronic
inflammation, extracellular matrix remodeling (87). They control
immune cells’ function in TME through cytokine/chemokine
secretion and direct cell-cell interactions, as well as metabolism
effects like supporting malignant cell growth through alanine
secretion (88). CAFs can activate signaling pathways like Wnt/B-
catenin and Notch, which contribute to maintaining breast cancer cell
stemness. In turn, cancer stem cells (CSCs) modulate CAF activity
through the Hedgehog signaling pathway (89). Heterogeneous
subsets of CAFs, such as the CAF-S1 subset, foster a context that
inhibits immune responses by drawing in and maintaining CD4
+/CD25+ T lymphocytes and enhancing regulatory T cell
differentiation while inhibiting T effector cell proliferation (90).
Targeting CAFs through inhibitors of the Wnt/B-catenin, Notch or
Hedgehog signaling pathways may offer therapeutic opportunities for
breast cancer. However, it’s important to note that anti-tumor
therapies can activate fibroblasts, leading to altered phenotypes and
treatment resistance (91). Therefore, strategies that combine
traditional anti-tumor drugs with agents targeting CAFs need to be
developed. The diversity of CAFs across various breast cancer
subtypes necessitates the selection of specific CAF-targeted
therapies based on subtype-specific marker expression patterns
(92). Future research should develop more precise targeted therapy
strategies based on addressing the heterogeneity of CAFs.

Otherwise, recent studies have focused on epithelial-
mesenchymal transition (EMT), vascular structures, chemokines
and signaling molecules, endoplasmic reticulum (ER) stress, tumor
surface antigens and intratumoral microbiomes in breast cancer
immunotherapy resistance. Understanding these factors is crucial
for deeper insights into immunotherapy resistance.

Epithelial-to-Mesenchymal Transition (EMT) is a crucial process
in embryonic development, and its occurrence in epithelial
carcinomas can lead to increased stemness, treatment resistance,
and evasion of immune surveillance (93). Reversing EMT to
overcome immune resistance holds promise as a therapeutic
strategy. The migration of lymphocytes to tumor sites is essential
for immune surveillance, and therapies that enhance lymphocyte
adhesion and infiltration, such as combinations of anti-VEGFR2 and
anti-PD-L1 antibodies, which activate lymphotoxin-beta receptor
(LTbR) signaling and lead to the formation of high endothelial
venules (HEVs), are being studied for their ability to boost the
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tumor immune response (94, 95). The recruitment of lymphocytes
is directed by specific adhesion molecules and chemokines, with the
CXCL9, -10, and -11/CXCR3 axis being particularly important, and is
a determinant of anti-PD-1 therapy efficacy (94, 96). The presence of
neoantigens due to genetic mutations can influence the
immunogenicity of tumor cells, but a lack of these antigens can
lead to resistance to ICIs (97). The MAL2 protein may also play a role
in immune evasion by reducing antigen presentation on tumor cells
(98). Increasing activation of “Signal transducer and activator of
transcription 3 (STAT3)”, another key molecule in immune
modulation, is linked to immunosuppression and drug resistance.
Certain platinum (IV) complexes have shown potential in inhibiting
the JAK2-STAT3 pathway, suggesting their value in overcoming
resistance to immunotherapy (99). In addition, immune
checkpoints like CTLA-4 (cytotoxic T-lymphocyte-associated
protein 4) and PD-1 (programmed cell death protein 1) are critical
for immune response regulation, and their upregulation on tumor
cells can lead to adaptive immune resistance. The expression of PD-
L1 has emerged as a significant biomarker for predicting responses to
immunotherapy, as seen in clinical trials with PD-1 inhibitors (24,
100-103). The regression of tumors after therapeutic PD-1 blockade
requires pre-existing CD8+ T cells, which are negatively regulated by
PD-1/PD-L1-mediated adaptive immune resistance, suggesting that
the level of tumor infiltration by CD8+ T cells may serve as a
predictive indicator for the response to immunotherapy (102). In
addition to the PD-1/PD-L1 pathway, there are several other immune
checkpoint receptors and ligands, such as B7-H3 and B7-H4, whose
upregulation on tumor cells or tumor-infiltrating cells may influence
breast cancer immune escape (104). The dual role of endoplasmic
reticulum (ER) stress in TME has been the subject of extensive
research. Disruption of ER homeostasis results in the accumulation
of misfolded proteins, triggering ER stress (105). While the
endoplasmic reticulum stress response can inhibit the anti-cancer
immune response by affecting the function of bone marrow cells in
TME, causing tumor cells to release soluble factors, it can also
trigger immunogenic cell death and promote an anti-tumor
immune response, which inspired the idea of using endoplasmic
reticulum stress to enhance the efficacy of standard chemotherapy
and evolving cancer immunotherapies (106). Immune-related
intratumoral microbiomes, such as Acidobillus, Succinomonas,
Clostridium aminura and Pseudobacterium, function on breast
cancer prognosis, abundance of tumor-infiltrating immune cells,
and immunotherapy efficacy, emerging as an area of interest (107).
However, additional research is required to investigate the
relationship between microbial microbiota and breast
cancer immunotherapy.

Increasing evidence suggests that metabolic dysregulation in
cancer cells and TME holds significant importance in cancer
progression, recurrence and metastasis and treatment response
(108). Glucose deficiency can hinder immune cell glycolysis,
leading to reduced IFN-y production and cytotoxic T lymphocyte
(CTL) function (109). High lactate levels contribute to immune
evasion and poor prognosis in breast cancer. TME lactic acidosis,
caused by nutrient depletion during tumor progression, can alter the
function of anti-tumor immune cells and become a major driver of
immune evasion in TNBC (110). Fatty acid metabolism has also been

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1452303
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al.

implicated in immunotherapy resistance, with high fatty acid
metabolic index associated with an immunosuppressive TME in
breast cancer (111). Sphingolipids, a class of lipids involved in cell
signaling and membrane structure, can modulate immune cell
activation, proliferation, migration and survival. Alterations in
sphingolipid metabolism can affect the immune response against
cancer cells and consequently impact the effectiveness of cancer
immunotherapy (112). Studies have explored the impact of
pyrimidine metabolism on immune checkpoints, tumor-infiltrating
immune cells and cytokine levels. Pyrimidine metabolism index
(PMI) has been proposed to predict the immunotherapy response
of breast cancer patients (113). The NAD metabolic pathway is also
implicated in the immune microenvironment of breast cancer, and
NAD+ supplementation has shown potential in enhancing the anti-
tumor effect of T cell-based immunotherapy (99). Long non-coding
RNAs (IncRNAs) play a role in metabolic reprogramming and
immune microenvironment remodeling, contributing to breast
cancer resistance to immunotherapy. LncRNAs such as GATA3-
AS1 and TINCR have been implicated in tumor progression, immune
evasion and resistance to PD-L1 inhibitors (114). However, further
clinical studies are needed to establish the relationship between
IncRNAs and immunotherapy response.

Exploring these factors and developing targeted therapeutic
strategies hold promise for improving treatment efficacy and
overcoming drug resistance. There is significant heterogeneity in
the immune composition across breast cancer subtypes and
patients. Immune subtyping based on immune cell abundance
and phenotype has identified subtypes that respond differently to
immunotherapy. Stromal heterogeneity and cancer stem cells also
contribute to the immunosuppressive microenvironment and
treatment resistance (115). Understanding tumor heterogeneity
and leveraging it for personalized treatments will require
comprehensive analysis and machine learning approaches.

4.2.2 Biomarkers for predicting immunotherapy
efficacy to breast cancer

Several potential biological targets have been identified to predict a
patient’s response to breast cancer immunotherapy. These targets
include tumor-infiltrating lymphocytes (TILs), programmed death
ligand protein-1 (PD-L1) expression levels, tumor mutational burden
(TMB), microsatellite instability (MSI), IFN 7y signature, B cell
infiltration, as well as liquid biopsy markers like circulating tumor
cells (CTCs) and cell-free DNA (cfDNA) (116-122). Specific genetic
alterations such as JAK mutations, beta-2 microglobulin (B2M)
mutations, PTEN deletion, and activation of the Wnt-f-catenin
signaling pathway have also been investigated (123-126). These
biomarkers reflect the immunogenicity of the tumor and the
activation status of T cells, providing insights into a breast cancer
patient’s potential response to immunotherapy. For instance, tumors
with high TMB tend to have more neoantigens that can be recognized
by the immune system (127). Additionally, the immunophenotype of
the tumor, such as being inflammatory, immune-rejected, or immune-
desert, plays a critical role in predicting treatment response (97).
Standardized evaluation criteria for these biomarkers are currently
lacking, and further research is needed to establish their clinical value.
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Future research directions involve the development and
validation of immunogene signatures, exploration of liquid biopsy
markers and the establishment of predictive models that
incorporate multiple biomarkers to improve the precision of
predicting immunotherapy response. The relationship between
the gut microbiome and breast cancer may emerge as another
novel area for developing effective biomarkers.

4.2.3 Improve the efficacy of breast
cancer immunotherapy

The immunosuppressive tumor microenvironment presents a
formidable hurdle for breast cancer immunotherapy, yet ongoing
research endeavors relentlessly to explore multifaceted strategies to
breach this barrier. One promising avenue involves augmenting T cell
infiltration. Another strategy revolves around enhancing chemokine
expression, either via chemotherapy-induced chemokines or by
manipulating adhesion molecules such as integrins and selectins.
Depletion or inhibition of regulatory T cells (Tregs) aims to mitigate
their immunosuppressive influence, while bolstering dendritic cell
function and CD4+ T cell help optimizes T cell priming and
infiltration (128). Additionally, scientists are investigating methods
to enhance the function of CAR-T cells, such as co-expression of
costimulatory molecules, combination with immune checkpoint
inhibitors, and the use of small molecule drugs and biochemicals
(129, 130).

Combination therapies have been widely studied in recent years
and offer a holistic approach to overcoming multiple obstacles
within the tumor microenvironment, involving immune
checkpoint inhibitors with other treatments like chemotherapy,
radiotherapy, and targeted therapy, tumor vaccines, MEK
inhibitors, CDK4/6 inhibitors, PARP inhibitors, IDO inhibitors,
anti-angiogenic therapy and epigenetic therapy, which may
overcome tumor immune escape and control metastases by
enhancing or inducing new anti-tumor immune responses. For
instance, the combination of atezolizumab and nab-paclitaxel has
demonstrated the ability to prolong progression-free survival in
patients with metastatic triple-negative breast cancer. Trastuzumab
is shown to activate MyD88-dependent Toll-like receptor (TLR)
signaling, leading to the release of type I IFNs and priming of
adaptive IFN-y-producing CD8+ T cells. When exposed to
IFN-vy, tumor cells additionally exhibit the expression of the
immunosuppressive ligand PD-L1, enabling the blockage of the
PD-L1/PD-1 interaction as a strategy to harness the immune-
mediated responses elicited by trastuzumab. That may be the
reason why the combination of trastuzumab and pembrolizumab
may have a synergistic effect in HER2-positive and PD-L1-positive
metastatic breast cancer patients (27). Triple therapy, involving
radiotherapy alongside anti-CTLA-4 and anti-PD-L1 antibodies,
has exhibited notable effectiveness in breast cancer treatment, in
which radiotherapy enhances the impact of immune checkpoint
inhibitors. Furthermore, the integration of photodynamic therapy
(PDT) and photothermal therapy (PTT) with immunotherapy can
augment both local and systemic immune responses, ultimately
improving tumor control. An illustrative example is the utilization
of gold nanoparticles for PTT, which, when combined with
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immune checkpoint inhibitors, can amplify T-cell infiltration and
activity (131-137). Anti-angiogenic drugs can improve immune
penetration of the tumor microenvironment, thus enhancing the
efficacy of immunotherapy (95). The PI3K-AKT-mTOR pathway,
in addition to its direct effect on tumor cells, is involved in creating
an immunosuppressive tumor microenvironment. Combining
PI3K inhibitors with immunotherapy may enhance T cell-
mediated tumor killing by increasing the CD8+/Treg ratios (138).
Further understanding of the PI3K signaling pathway and its
interactions with related pathways, as well as patient stratification
and selection strategies, are important for the clinical development
of PI3K inhibitors and their combination with immunotherapy.

Targeting specific immune escape mechanisms, such as the TGF
B and Wnt/B-catenin signaling pathways, is another important
approach (139). By intervening in altered metabolic pathways
between immune cells and tumor cells, a more favorable
environment for immune cells can be created (140). Synthetic
immune methods like CAR-T cells and CD3 bispecific antibodies,
which bind T cells to cancer cells, can trigger robust immune
responses (141, 142). Considering the initiation and activation of
immune cells, cytotoxic activity, the formation of memory
responses, optimizing treatment sequencing and schedules is
another avenue to explore. Targeting specific cell types such as
CAFs and TAMs or cytokines such as IL-6 and TGF-f§ in TME can
improve immune cell function (143). Personalized vaccines based
on a patient’s unique tumor neoantigens can enhance the immune
system’s recognition of the tumor (144). Complex biomarkers can
be utilized to customize personalized treatment plans for each
patient. Understanding the mechanisms of immunotoxicity and
optimizing management, such as the use of corticosteroids and
immunosuppressants, is crucial for balancing treatment efficacy
and toxicity.

Estrogen, acting as an immunosuppressive factor, promotes tumor
development in breast cancer. Anti-estrogen therapies not only directly
kill cancer cells but also boost the immunogenicity of breast cancer cells
and improve the infiltration and function of anti-tumor immune cells
(145). Various endocrine therapy strategies, including SERD, SERM,
Al, GnRHa, and inhibitors of PI3K, AKT, mTOR, and CDK4/6, are
being explored to enhance the immune response in breast cancer (146).
However, the potential therapeutic benefits of combining
immunotherapy drugs with standard anti-estrogen therapy must be
carefully weighed against the risk of toxicity. It is crucial to understand
the immunosuppressive characteristics of luminal breast cancer and
developing personalized treatment plans for different breast
cancer subtypes.

Epigenetic modifications play a role in cancer progression and
resistance to immunotherapy by altering cellular phenotypes and
remodeling the tumor microenvironment (147). LSD1, a histone
demethylase, is involved in various cellular processes in cancer and
can enable tumor cells to overcome immune surveillance. Clinical
trials of LSD1 inhibitors are underway, primarily in small cell
lung cancer and acute myeloid leukemia, but their application in
solid malignancies, including breast cancer, is limited (148-150).
LSD1 may serve as a potential therapeutic target to overcome
immunotherapy resistance, and further research is needed to
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understand its function in cancer epigenetics and its role in
regulating tumor immunogenicity.

Drug delivery systems, particularly utilizing nanoparticles, plays a
vital role in breast cancer immunotherapy (151). Surface-modified
nanoparticles can enhance tumor cell targeting, increase local drug
concentrations, reduce damage to normal cells, and minimize the
development of drug resistance. The utilization of advanced
nanoparticles, encompassing liposomes and polymeric nanoparticles,
facilitates the precise and sustained liberation of antigens and
adjuvants, thereby eliciting robust immune responses (152, 153).
Furthermore, nanotechnology harnesses the potential to manipulate
the immunosuppressive microenvironment within tumors,
transforming ‘cold’ tumors into highly receptive ‘hot’ tumors that are
more amenable to immunotherapy. Preclinical studies are yielding
promising results from innovative strategies such as in situ gene
delivery and the employment of extracellular matrix peptides for
targeted antibody delivery (154). Nanocarriers can also activate
immune cells, such as dendritic cells, to increase immunogenic cell
death and enhance the immune system’s recognition and attack on
tumors (155). Nanotechnology can regulate gene expression and
enhance the synergistic effects of drugs and genes. Moreover, the
integration of nanotechnology with traditional therapeutic modalities
like chemotherapy, radiotherapy, and photodynamic therapy
demonstrates a synergistic effect, resulting in intensified immune
responses and superior treatment outcomes (151, 156, 157).
Nanovaccines can be developed to stimulate specific immune
responses against breast cancer by delivering tumor antigens and
immune adjuvants (158). The realm of nano-immunoimaging is
being actively explored, leveraging superparamagnetic iron oxide
nanoparticles for the non-invasive and real-time monitoring of
immune cells within living organisms, further advancing the
precision and effectiveness of immunological interventions (154).
Despite the tremendous potential of nanotechnology in breast cancer
treatment, several research gaps persist, for example, assessing the long-
term safety and biocompatibility of nanoparticles. Additionally,
designing personalized nanotherapy protocols based on individual
patient conditions and overcoming the challenge of translating
laboratory findings into industrial production are current obstacles.
Bridging these gaps is crucial for advancing nanotechnology in breast
cancer treatment and necessitates interdisciplinary collaboration and
innovative approaches.

While TIL therapy emerges as a promising frontier in breast
cancer immunotherapy, harnessing the patient’s own T cells to
specifically target and eliminate tumor cells, this innovative
approach confronts several formidable obstacles, including
intricate manufacturing protocols, substantial financial burdens,
the imperative for individualization, the immunosuppressive nature
of the tumor microenvironment, and uncertainties surrounding
treatment outcomes’ predictability. Furthermore, meticulous
monitoring of TIL therapy’s toxicity and side effects is crucial
(65). Future research directions encompass the exploration of
novel and distinctive targets, enhancing the migration and
penetration of effector cells into tumor sites, improving the
persistence and anti-tumor response of effector cells through cell
engineering, and conducting additional clinical trials to validate
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laboratory research findings and assess the safety and efficacy of
emerging therapies in actual patients.

4.3 Limitations

It is undeniable that there are certain flaws in this bibliometric
analysis. Firstly, due to technical limitations and challenges in
integrating results from different databases with varying formats,
we were only able to download the necessary documents from Web
of Science. Furthermore, our inclusion criteria focused solely on
English-language documents, potentially omitting relevant studies
from other languages and leading to incomplete coverage. However,
we implemented a rigorous filtering process to ensure the inclusion
of articles closely aligned with the research topic. Bibliometrix
cannot accurately distinguish between authors with the same
abbreviated name, which hinders our presenting the publication
trend of individual authors over time. However, we attempted to
compensate for this limitation by utilizing VOSviewer to provide a
general overview of the period during which each author made
significant contributions. Additionally, a small proportion of
references and keywords may be missing, but this is unlikely to
have a significant impact on the overall results. It is worth noting
that the impact of recently published high-quality articles may be
underestimated due to the continuous updating of the Web of
Science Core Collection database, as these articles may not have
accumulated enough citations at the time of analysis. As the
evaluation of literature quality in bibliometric analysis is not as
rigorous as in systematic reviews, there may be a potential
misestimation of the impact of certain articles. Nevertheless, this
paper aims to provide a broad overview of the research field and can
serve as a guiding and generalizing resource.

5 Conclusions

The past two decades witnessed an escalating attention to
immunotherapy resistance in breast cancer research, with a
significant surge in the last seven years. The United States and China
have emerged as major contributors, with Harvard Medical School
leading the way as the most prolific institution. Influential authors such
as Curigliano, G and Wucherpfennig, K. W. have made notable
contributions. However, there is still a need for stronger connections
and collaboration among countries and authors to enhance the quality
of research. Cancers stands out as the most active journal in this area.
Key topics of interest include understanding the mechanisms of
immune escape in breast cancer through bioinformatics, basic
experiments and clinical trials. Developing strategies to improve
immunotherapy efficacy and identifying new biomarkers to predict
patient response are also prominent areas of investigation. Overcoming
resistance to immunotherapy in breast cancer and providing better
treatment options for patients are crucial areas for future research
and development.
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Glossary
TNBC triple-negative breast cancers
HER2 human epidermal growth factor receptor 2
IARC International Agency for Research on Cancer
ER estrogen receptor
PR progesterone receptor
ORRs objective response rates
TILs tumor infiltrating lymphocytes
PFS progression-free survival
oS overall survival
SCI- Science Citation Index Expanded
EXPANDED
SSCI Social Sciences Citation Index
AHCI Arts & Humanities Citation Index
ESCI Emerging Sources Citation Index
CCR- Current Chemical Reactions
EXPANDED
IC Index Chemicus
Mesh Medical subject headings
AGR average growth rate
ICB immune checkpoint blockade
TAMs tumor-associated macrophages
CAR-T Chimeric Antigen Receptor T-cell
ICIs immune checkpoint inhibitors
TMB tumor mutational burden
HR+ hormone receptor-positive
Tregs regulatory T cells
MDSCs myeloid-derived suppressor cells
NK natural killer
DCs dendritic cells
CSCs cancer stem cells
TME tumor microenvironment
HIF-1ou hypoxia-inducible factor 1ot
BM-DC bone marrow-derived dendritic cells
CAFs cancer-associated fibroblasts
EMT Epithelial-mesenchymal transition
ER endoplasmic reticulum
VEGF vascular endothelial growth factor
LTbR lymphotoxin-beta receptor
HEV high endothelial venules

(Continued)
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Continued
STAT3 signal transducer and activator of transcription 3
CTLA-4 cytotoxic T-lymphocyte-associated protein 4
PD-1 programmed cell death protein 1
CTL cytotoxic T lymphocyte
PMI Pyrimidine metabolism index
IncRNAs Long non-coding RNAs
MSI microsatellite instability
CTCs circulating tumor cells
fDNA cell-free DNA
B2M beta-2 microglobulin
AKT Protein Kinase B
mTOR mammalian Target of Rapamycin
SERD selective estrogen receptor degrader
SERM selective estrogen receptor modulator
CDK4/6 Cyclin-dependent kinases 4 and 6
PI3K Phosphatidylinositol-3-kinase
PDT photodynamic therapy
PTT photothermal therapy
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