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Abstract
Triple-negative breast cancer (TNBC) is an aggressive subtype characterized by limited targeted therapies and high recurrence 
rates. While immune checkpoint inhibitors (ICIs) have shown promise, their efficacy as monotherapy is limited. Clinically, 
ICIs demonstrate significant benefit primarily when combined with chemotherapy, particularly in the neoadjuvant setting for 
early-stage TNBC, which yields superior outcomes compared to adjuvant therapy. This review elucidates the tumor immuno-
logical principles underlying these observations. We discussed how the suppressive tumor microenvironment (TME), progres-
sive T cell exhaustion, and associated epigenetic scarring constrain ICI monotherapy effectiveness. Crucially, we highlight 
the immunological advantages of the neoadjuvant approach: the presence of the primary tumor provides abundant antigens, 
and intact tumor-draining lymph nodes (TDLNs) act as critical sites for ICI-mediated priming and expansion of naïve and 
precursor exhausted T cells. This robust activation within TDLNs enhances systemic anti-tumor immunity and expands the 
T cell repertoire, a process less effectively achieved in the adjuvant setting after tumor resection. These mechanisms pro-
vide a strong rationale for the improved pathological complete response (pCR) rates and event-free survival observed with 
neoadjuvant chemoimmunotherapy, as demonstrated in trials like KEYNOTE-522. We further explore the implications for 
adjuvant therapy decisions based on treatment response, the challenges of ICI resistance, the need for predictive biomark-
ers, management of immune-related adverse events (irAEs), and future therapeutic directions. Understanding the dynamic 
interplay between chemotherapy, ICIs, T cells, and the TME, particularly the role of TDLNs in the neoadjuvant context, is 
essential for optimizing immunotherapy strategies and improving outcomes for patients with TNBC.
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Introduction

Triple-negative breast cancer (TNBC) is an aggressive 
subtype lacking targeted therapies due to the absence of 
estrogen receptor (ER), progesterone receptor, and human 

epidermal growth factor receptor 2 (HER2) expression [1]. 
Accounting for approximately 15–20% of all breast cancers, 
TNBC is characterized by early onset, high recurrence risk, 
and limited therapeutic options [2]. Recent advancements in 
immunotherapy, particularly immune checkpoint inhibitors 
(ICIs), have shown promise in TNBC treatment [1, 3].

However, the efficacy of ICI monotherapy remains lim-
ited. For instance, KEYNOTE-086 trial (cohort A) evalu-
ating pembrolizumab monotherapy in advanced TNBC 
showed an objective response rate (ORR) of only 5.3% 
[4]. Moreover, KEYNOTE-119 trial showed no significant 
improvement in overall survival (OS) compared to chemo-
therapy [5]. Consequently, ICI monotherapy is not estab-
lished as standard treatment for advanced TNBC. Currently, 
ICIs are approved only in combination with chemotherapy, 
where clinical benefit has been demonstrated. In contrast, 
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in early-stage TNBC, neoadjuvant (preoperative) ICI-based 
therapy—such as in KEYNOTE-522 and IMpassion031 tri-
als—has gained attention due to superior clinical efficacy 
compared to adjuvant (postoperative) therapy [6–9]. Nota-
bly, only a subset of patients responds to ICI-based thera-
pies, highlighting the need for predictive biomarkers and a 
deeper understanding of resistance mechanisms.

This review elucidates, from a tumor immunological 
perspective, the mechanisms underlying limited ICI mon-
otherapy efficacy in TNBC, the rationale for combination 
strategies with chemotherapy, and factors contributing to the 
enhanced effectiveness of neoadjuvant ICI-based regimens, 
drawing on insights from basic and clinical research.

Fundamentals of tumor immunology

What is cancer immunotherapy?

Cancer immunotherapy harnesses the patient's immune sys-
tem to attack cancer cells. Unlike conventional therapies, 
immunotherapy aims to eliminate cancer cells by activat-
ing immune cells, particularly T cells, that recognize and 
kill tumor cells [10]. Various modalities exist, including 
ICIs, chimeric antigen receptor (CAR)-T cell therapy, T cell 
receptor (TCR)-T cell therapy, cancer vaccines, and adjuvant 
therapies. These approaches rely on the effector function 
of T cells recognizing and targeting tumors[11–14]. Recent 
research has expanded beyond activating T cells to include 
strategies involving breaking immune tolerance, remode-
ling the tumor microenvironment (TME), activating innate 
immune cells (e.g., natural killer [NK] cells, macrophages, 
dendritic cells [DCs]), and normalizing tumor vasculature 
to promote immune cell infiltration [15].

Immune checkpoint inhibitors and tumor‑specific T 
cells

ICIs restore T cell anti-tumor activity by blocking immune 
checkpoint molecules suppressing T cell activation [10]. 
The presence of tumor-specific T cells is essential for ICI 
effectiveness [10, 11]. These T cells recognize cancer anti-
gens (e.g., neoantigens, cancer-testis antigens, differentia-
tion antigens) and can specifically attack cancer cells [11]. 
Neoantigens, novel antigens from cancer-specific mutations, 
can potentially elicit personalized immune responses. ICIs 
enhance anti-tumor effects by restoring function and promot-
ing proliferation of these tumor-specific T cells. Combina-
tions of ICIs with neoantigen vaccines or adjuvant therapies 
are under investigation to improve ICI efficacy [16, 17].

T cell function and differentiation

T cells are classified into subsets based on function and dif-
ferentiation state, including naïve T cells, effector T cells 
(Teff), memory T cells (Tm), exhausted T cells (Tex), and 
tissue-resident memory T (Trm) cells [18–20].

•	 Naïve T cells: T cells yet to encounter antigen. Reside 
in secondary lymphoid organs (lymph nodes) awaiting 
stimulation from antigen-presenting cells (APCs).

•	 Teff: T cells activated by antigen recognition, possess-
ing the ability to attack tumor cells. Includes cytotoxic T 
lymphocytes and helper T cells.

•	 Tm: T cells that previously responded to antigen. Medi-
ate long-term immunological memory and mount rapid, 
robust responses upon re-exposure.

•	 Trm-like cells: Trm cells are memory T cells residing 
in tissues providing local immune protection. In tumors, 
a similar population expressing Trm markers (CD69, 
CD103) exists. These "Trm-like cells" face chronic tumor 
antigen exposure and often express exhaustion markers 
like programmed cell death (PD)-1 and T-cell immuno-
globulin and mucin domain (TIM)-3, indicating potential 
functional impairment.

•	 Tex: T cells found in chronic viral infections and tumors. 
Become dysfunctional due to persistent antigen stimu-
lation and suppressive TME factors. Highly express 
immune checkpoints like PD-1.

Each subset has distinct characteristics and roles, func-
tioning coordinately in anti-tumor immune responses.

PD‑1 expression and function

PD-1 is an immune checkpoint molecule on activated T 
cells. Binding PD-1 to its ligands, PD-L1 and PD-L2, inhib-
its TCR signaling, regulating excessive T cell activation 
[21]. Excessive activation of T cells can induce activation-
induced cell death (AICD). PD-1 is necessary for appro-
priate immune responses by modulating TCR signaling of 
antigen-stimulated T cells, thereby suppressing AICD. PD-1 
signaling also suppresses activation of self-reactive T cells, 
preventing autoimmune diseases [21]. Therefore, PD-1 is 
not only an exhaustion marker or inhibitory molecule but 
also a key regulator fine-tuning T cell activation, maintain-
ing immune balance, and preventing excessive responses.

The association between PD-L1 expression and ICI thera-
peutic effect varies by cancer type. In non-small cell lung 
cancer and malignant melanoma, higher PD-L1 expression 
is associated with higher ICI efficacy [22]. Conversely, in 
breast cancer, especially TNBC, the PD-L1/ICI effect asso-
ciation is inconsistent; ICIs can be effective regardless of 
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PD-L1 expression in early-stage TNBC [6]. Tumor cell 
PD-L1 expression can be induced by interferon (IFN)-γ, 
suggesting tumor-infiltrating lymphocyte (TIL) presence 
[21]. However, PD-L1 expression is controlled by complex 
pathways (gene mutations, transcription, mRNA stability, 
oncogenes, protein stability) and does not necessarily cor-
relate with anti-tumor CD8+ T cell responses [23]. Further-
more, PD-L1 expression in the TME changes dynamically, 
influenced by intrinsic factors and external stimuli. Thus, 
predicting ICI therapeutic effect solely on pre-treatment 
PD-L1 expression is difficult. Comprehensive evaluation 
combining PD-L1 with additional biomarkers and immune 
profiling is required to select suitable patients for ICI [22].

T cell exhaustion and TME

The TME comprises cancer cells, immune cells, blood ves-
sels, fibroblasts, extracellular matrix, and other components, 
significantly influencing immune responses [24]. Within 
the tumor, tumor-specific T cells face persistent antigen 
stimulation and suppressive factors (tumor growth factor 
[TGF]-β, IL-10, vascular endothelial growth factor [VEGF], 
hypoxia, nutrient deprivation), leading to progressive dys-
function, termed T cell exhaustion [19]. T cell dysfunction 
involves stepwise differentiation from precursor-exhausted 
T (Texpre) cells to terminally exhausted T (Texterm) cells [25, 
26] (Fig. 1 and Table 1). Progenitor-exhausted T (Texprog) 
cells (TCF-1+PD-1intTIM3−Slamf6+) are abundant in lymph 
nodes, have self-renewal capacity but weak anti-tumor effec-
tor activity. Activated T cells acquire effector function, dif-
ferentiate into intermediate exhausted T (Texint) cells, and 

Fig. 1   Progressive differentiation of exhausted T cell lineage subsets. 
Naïve CD8+ T cells gradually become exhausted within TME. This 
process progresses from stem cell-like Texpre to Texprog, Texint, and 
Texterm. As exhaustion progresses, T cell function and proliferative 
capacity gradually decline, and eventually, excessive stimulation can 
lead to cell death. In particular, proliferative capacity and anti-tumor 
effector activity are inversely related: high proliferative capacity is 
associated with low effector activity, while high effector activity cor-
responds to reduced proliferative capacity. The effect of anti-PD-(L)1 
antibody therapy is exerted by inhibiting the interaction between DCs 

and precursor exhausted CD8+ T cells in TDLNs. TCR, T cell recep-
tor; DC, dendritic cell; PD-(L)1, programmed cell death- (ligand)1; 
TCF-1,T-cell factor 1; TOX; thymocyte selection-associated high 
mobility group box; EOMES, eomesodermin; TIM-3, T cell immu-
noglobulin and mucin domain-containing-3; slamf6, signaling lym-
phocyte activation molecule family  member 6; TME, tumor micro-
environment; Texpre, precursor exhausted T cells; Texpro, progenitor 
exhausted T cells; Texint, intermediate exhausted T cells; Texterm, ter-
minally exhausted T cells; TDLNs, tumor-draining lymph nodes
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infiltrate the tumor. Within the tumor, effector activity even-
tually declines, and Texterm cells in the terminal differentia-
tion stage with low self-renewal capacity are generated [25].

Mechanism of action of ICIs and the importance 
of tumor draining lymph nodes

ICIs exert anti-tumor effects by relieving TME immuno-
suppression and promoting tumor-specific T cell activation 
and proliferation. By blocking checkpoints like PD-1 and 
cytotoxic T lymphocyte antigen (CTLA)-4, ICIs restore Tex 
cell anti-tumor activity. This effect is important in tumor tis-
sue and lymph nodes [19, 25]. CTLA-4 inhibitors primarily 
enhance T cell activation by promoting APC-T cell interac-
tions in lymph nodes. In contrast, anti-PD-(L)1 antibodies, 
initially thought to restore exhausted T cell function within 
the TME, are now known to largely mediate their effect 
by disrupting interactions between DCs and CD8+ Texpre 
cells in TDLNs. PD-1 inhibitors promote Texpre and Texprog 
activation and proliferation in lymph nodes, enhancing T 
cell infiltration into the tumor [27]. Furthermore, Texprog 
acquires anti-tumor effector activity upon tumor infiltration 
and differentiation to Texint. Texpre and Texprog are essen-
tial for amplifying tumor-specific T cells [25, 26]. Lymph 
nodes play a crucial role in initiating and regulating immune 
responses by serving as sites for naïve T cell activation and 
Texpre/Texprog proliferation. This immunological function 
provides a strong rationale for the superiority of neoadjuvant 
therapy. Nevertheless, lymph node dissection can reduce the 
number of immune cells present, potentially impairing the 
efficacy of immunotherapy [28]. To mitigate this risk, less 
invasive procedures such as sentinel lymph node biopsy are 
recommended [29]. Furthermore, both the extent of lymph 

node metastasis and the immune cell composition within the 
nodes may influence the therapeutic outcomes of immune 
checkpoint inhibitors (ICIs) [30].

Epigenetic scarring in T cell exhaustion and its 
impact on immunotherapy

While ICIs target inhibitory receptors like PD-1 to pro-
mote Tex cell functional recovery, recent studies suggest 
epigenetic fixation limits this recovery. Epigenetic scarring, 
including accumulation of repressive histone modifications 
(e.g., H3K27me3), altered DNA methylation patterns, and 
decreased chromatin accessibility in effector gene regions 
is a contributing factor [31] (Fig. 2). These changes cause 
Tex cells to lose activation responsiveness, making complete 
functional recovery difficult even after checkpoint inhibi-
tion. Whether this epigenetic scar is reversible upon removal 
of persistent antigen stimulation or is irreversible remains 
unclear. Studies of antiviral therapy for hepatitis C virus 
reported that Tex function does not fully recover even after 
virus elimination, and epigenetic scars remain [32, 33]. Sim-
ilarly, chronic stimulation by tumor antigens has been shown 
to induce T cell exhaustion, which is associated with epige-
netic changes, particularly alterations in chromatin acces-
sibility. Notably, these epigenetic modifications persist even 
after immune checkpoint blockade therapy, limiting the full 
functional recovery of exhausted T cells. ATAC-seq analy-
sis demonstrated that the epigenetic profile of exhausted 
T cells remains largely unchanged following PD-1 block-
ade, resulting in only partial restoration of function [34]. 
These findings suggest the significance of postoperative 
adjuvant therapy. Even if pCR is achieved with neoadjuvant 
therapy, Tex function may not be fully restored; appropriate 

Table 1   Characteristics of exhausted CD8⁺ T cell subsets

TCF1, T cell factor 1; PD-1, programmed cell death-1; EOMES, eomesodermin; TIM-3, T-cell immunoglobulin and mucin domain 3; slamf6, 
signaling lymphocyte activation molecule family member 6; TOX; thymocyte selection-associated high mobility group box; TME, tumor micro-
environment

Feature Precursor Exhausted T
(Texpre)

Progenitor Exhausted T
(Texprog)

Intermediate Exhausted T
(Texint)

Terminally Exhausted T
(Texterm)

Key surface markers PD-1+, TIM-3-, 
Slamf6+

PD-1+, TIM-3⁻, 
Slamf6+

PD-1++TIM-3-, Slamf6-, 
CD39+,

PD-1++, TIM-3⁺, Slamf6-, 
CD39++

Transcription factor profile TCF1, EOMES, TCF1,TOX, EOMES TOX, Loss of TCF1 High TOX, 
Functional characteristics Early exhaustion; 

retains differentiation 
potential

Stem-like; self-renewing 
and gives rise to 
downstream subsets

Transitional; declining effec-
tor function

Fixed phenotype; poor 
cytokine production; high 
inhibitory receptor expres-
sion

Proliferative capacity Moderate High Low Very low
Responsiveness to ICB 

therapy
Responsive Highly responsive Partially responsive Non-responsive

Remarks Transitional from naïve/
memory state

Key subset for antitumor 
immunity and thera-
peutic efficacy

May migrate from lymph 
nodes or blood to TME

Terminally differentiated; 
unlikely to be repro-
grammed
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postoperative ICI therapy might be required to prevent recur-
rence and maintain long-term immune surveillance. Other 
strategies to restore Tex function, such as therapies targeting 
epigenetic reprogramming, should also be considered [35]. 
Future research needs to clarify the reversibility of Tex cell 
epigenetic fixation and establish optimal treatment strategies 
based on it.

Immunotherapy for TNBC

Immunological features of TNBC

In normal breast tissue, immune cells are generally sparse. 
However, in breast cancer, TNBC tends to have higher 
TIL density compared to other subtypes [36]. Abundant 
TILs generally indicate that Teff, Tm, and Trm-like cells 
are actively present in the TME, and the immune system 
is actively recognizing and attempting to fight the tumor. 
Breast cancer has moderate tumor mutation burden (TMB) 
compared to other cancers, but TNBC often exhibits 
higher TMB than other subtypes [37]. High TMB contrib-
utes to neoantigen generation, recognizable by the immune 

system, thereby increasing the likelihood of an immune 
response in TNBC. As activated TILs release cytokines, 
particularly IFN-γ, PD-L1 expression is higher in TNBC, 
leading to higher ICI response rates.

In contrast, ER-positive breast cancer typically has 
lower TIL levels, less PD-L1 positivity, and lower TMB. 
Recent studies reported associations between ER signaling 
and immune suppression. For example, ERα signaling in 
tumor-associated macrophages contributed to an immune-
suppressive TME state by promoting CD8+ T cell dys-
function and exhaustion [38]. Another study reported that 
hormone signaling can suppress the immune system by 
decreasing immune cell infiltration [39]. As TNBC lacks 
hormone-driven immune suppression, the immune sys-
tem can play a more active role in tumor recognition and 
attack. For these reasons, breast cancer immunotherapy 
has primarily focused on and developed for TNBC.

Metastatic TNBC

Advances in tumor immunology and molecular targeted 
therapy have dramatically evolved metastatic TNBC treat-
ment strategy. Metastatic TNBC treatment requires a mul-
tifaceted approach tailored to patient's tumor biology and 

Fig. 2   Epigenetic regulation of T cell exhaustion and epigenetic scar-
ring after antigen removal. Persistent TCR stimulation is considered 
a major factor in T cell exhaustion. Dynamic changes occur in the 
epigenome during the process of differentiation of precursor CD8+ 
T cells into an exhausted state. Specifically, chromatin accessibility 
increases in effector genes and exhaustion-related genes, while chro-
matin accessibility decreases in genes related to stem cell properties. 
These epigenetic changes are mediated by changes in DNA methyla-
tion and histone modifications. When chronic antigen stimulation is 
removed, Tex rapidly convert to a less exhausted, memory-like phe-

notype. Molecular profiling of these recovered Tex cells confirmed 
that chromatin accessibility of stem cell-related genes such as IL-7R 
was partially restored. However, epigenetically accessible "scars" 
remain in exhaustion-related regions, which may prevent recov-
ered Tex cells from being completely reprogrammed into functional 
memory T cells. TCR, T cell receptor; Texpro, progenitor exhausted 
T cells; Texterm, terminally exhausted T cells; H3, histone H3; me3, 
trimethylation; Tcf7, T cell factor 7; Bcl6, B-cell/CLL lymphoma 6; 
Id3, inhibitor differentiation3; 1L-7R, interleukine-7 receptor
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history. Conventional chemotherapies aim for rapid tumor 
shrinkage, but resistance and side effects necessitate balanc-
ing long-term sustainability with quality of life. For the sec-
ond line and beyond, poly(ADP-ribose) polymerase (PARP) 
inhibitors (e.g., olaparib, talazoparib) exploit DNA repair 
deficiencies to effectively control tumor growth, extending 
progression-free survival (PFS) and representing personal-
ized treatment in BRCA1/2-mutated TNBC. Antibody drug 
conjugates (ADCs) link cytotoxic drugs to tumor-targeting 
antibodies such as trastuzumab deruxtecan (HER2-positive 
or HER2-low) [40]and sacituzumab govitecan (TNBC) 
[41] improved objective response rates (ORR) and progres-
sion-free survival (PFS) compared to chemotherapy.

As the first-line treatment, ICIs (e.g., pembrolizumab, ate-
zolizumab) combined with chemotherapy achieve excellent 
clinical outcomes, particularly in PD-L1-positive TNBC. 
Both KEYNOTE‑355 (using pembrolizumab with one of 
three chemotherapy regimens: nab‑paclitaxel, paclitaxel, 
or gemcitabine plus carboplatin) and IMpassion130 (using 
atezolizumab with nab‑paclitaxel) reported significant 
improvements in progression‑free survival (PFS). [42, 43]. 
Pembrolizumab also provided significant OS benefit [44]. 
Based on the results of these clinical trials, pembrolizumab 
(or atezolizumab if available) with chemotherapy is now the 
standard of care for PD-L1-positive metastatic TNBC.

In contrast, IMpassion131 (using atezolizumab with 
paclitaxel) showed no significant benefits [45]. Reasons 
for differing results remain unclear but likely stem from 
interconnected factors. Subtle differences in patient clini-
cal characteristics (age, prior treatment, PD-L1 status) 
might exist. Prior treatments/conditions may affect the 
immune system/TME, influencing atezolizumab efficacy. 
Chemotherapy agent choice may be critical. Nab-paclitaxel 
(IMpassion130) is albumin-bound, not requiring corticos-
teroid premedication, whereas paclitaxel (IMpassion131) 
does. Corticosteroids, necessary for paclitaxel hypersensi-
tivity prevention, can suppress immune function, potentially 
diminishing PD-L1 blockade's essential immune activation. 
Moreover, nab-paclitaxel reportedly exerts a more favorable 
immunomodulatory profile (enhancing antigen presentation, 
preserving T-cell function, boosting mast cells), leading to 
more robust anti-tumor responses [46]. Differences in drug 
delivery/penetration between paclitaxel and nab-paclitaxel 
may also cause distinct TME effects.

Early‑stage TNBC

Immunotherapy in the neoadjuvant setting is now the stand-
ard of care for early-stage TNBC. The KEYNOTE-522 trial 
examined neoadjuvant pembrolizumab plus chemotherapy 
(including platinum) followed by adjuvant pembrolizumab 
in high-risk early TNBC. Pembrolizumab significantly 
improved pathological complete response (pCR) rate, 

prolonged event-free survival (EFS) and OS. In contrast, in 
IMpassion031, adding atezolizumab to chemotherapy sig-
nificantly improved pCR and showed a trend toward better 
prognosis, although the prognosis improvement was not sta-
tistically significant [9]. In KEYNOTE-522, pembrolizumab 
was given both before and after surgery, which helped 
sustain immune activation whereas IMpassion031 used 
atezolizumab only as neoadjuvant therapy, possibly limit-
ing the long-term immune benefit. Pembrolizumab, a PD-1 
inhibitor, blocks immune suppression more broadly and 
can activate a more robust, sustained antitumor response. 
Atezolizumab, a PD-L1 inhibitor, might provide only a 
transient boost in immunity. Differences in the chemother-
apy regimens (KEYNOTE522: carboplatin/paclitaxel then 
anthracycline/cyclophosphamide [AC]; IMpassion031: nab-
paclitaxel then AC) may influence immune activation and 
its synergy with immunotherapy. These differences likely 
explain why KEYNOTE-522 showed improvements in both 
short- and long-term outcomes, while IMpassion031 only 
showed a significant pCR improvement.

In the ALEXANDRA/IMpassion030 trial, early-stage 
TNBC patients received adjuvant chemotherapy (paclitaxel 
then dose-dense AC) with or without atezolizumab, then 
maintenance atezolizumab. However, atezolizumab did not 
enhance the effect of adjuvant chemotherapy [47]. IMpas-
sion030 used adjuvant (postoperative) immunotherapy only, 
whereas KEYNOTE‐522 and IMpassion031 applied the 
checkpoint inhibitors in a neoadjuvant setting (or both neo-
adjuvant and adjuvant in KEYNOTE-522). From an immu-
nological perspective, the timing of immunotherapy appears 
critical. In neoadjuvant settings, the presence of the primary 
tumor provides a continuous source of tumor antigens, ena-
bling effective priming of naïve T cells through DC presen-
tation. This not only reactivates pre-existing Tex—many of 
which express PD-1—but also promotes the generation of 
new T cell clones, thereby broadening the T cell repertoire 
and enhancing anti-tumor responses [48, 49]. These immu-
nological events occur both within the tumor and TDLNs, 
maximizing the immune activation window. In contrast, 
adjuvant immunotherapy is administered after tumor resec-
tion, when the source of tumor antigens is largely eliminated. 
This limits new T cell priming and may reduce the overall 
efficacy of ICIs. Accordingly, neoadjuvant immunotherapy 
may offer superior anti-tumor effects in early-stage TNBC 
by harnessing a more diverse and robust T cell response [50]

The need for adjuvant Immunotherapy in pCR cases

The KEYNOTE-522 was designed to administer adjuvant 
pembrolizumab regardless of the response to neoadjuvant 
immunotherapy. As patients achieving pCR demonstrated 
excellent clinical outcomes, it remains to be determined 
whether this adjuvant treatment provides extra benefits for 



682	 Breast Cancer (2025) 32:676–688

all patients. In GeparNuevo trial [51], while EFS improved 
with preoperative durvalumab and chemotherapy, no postop-
erative therapy was given. This suggests long-term benefits 
might be achievable with preoperative ICI alone. Notably, 
patients achieving pCR showed 100% three-year distant 
disease-free survival and OS. We do not clearly know if 
adjuvant ICI is required for patients achieving pCR.

In pCR cases (tumor completely absent at surgery), 
tumor-specific T cell function is likely preserved, suggest-
ing potentially limited need for adjuvant immunotherapy. 
However, since pCR is determined pathologically, minimal 
residual disease (MRD) undetectable by imaging/diagnos-
tics cannot be entirely excluded. Although pCR is a favora-
ble prognostic indicator, recent studies have highlighted 
its limitations as a surrogate marker for complete immune 
eradication of tumor cells. Detection of circulating tumor 
DNA (ctDNA) in patients with pCR suggests the presence of 
MRD, which may lead to future recurrence if not addressed 
[52]. Supporting this, ctDNA levels were significantly lower 
in patients who achieved pCR after neoadjuvant immuno-
therapy compared to non-pCR patients, yet still detectable 
in some cases [53]. Therefore, adjuvant immunotherapy 
might help eliminate systemic minimal residual disease by 

enhancing the activity and persistence of circulating mem-
ory T cells, potentially contributing to long-term suppres-
sion of distant recurrence. In parallel, at the surgical site, 
the re-activation of pre-existing Trm-like cells may play a 
central role in preventing local tumor relapse [54] (Fig. 3). 
Conversely, a cautious approach is warranted due to poten-
tial irreversible irAE risks [55, 56]. Since recurrence risk 
in pCR patients is low, adjuvant immunotherapy benefits 
may not outweigh irAE harms. Medical economics are also 
important; ICI is expensive, and post-surgery administration 
adds significant burden. Currently, based on KEYNOTE-522 
protocol, maintaining adjuvant pembrolizumab after sur-
gery is considered reasonable for TNBC patients. However, 
when patients achieve pCR, the treatment plan should com-
prehensively consider their condition, irAE risk, and eco-
nomic toxicity. The OptimICE-PCR trial (NCT05812807) 
is planned to investigate whether adjuvant immunotherapy 
can be omitted after pCR. It randomizes patients achiev-
ing pCR (with ≥ 6 cycles neoadjuvant pembrolizumab) to 
observation or continued pembrolizumab. OptimICE-PCR 
results are expected to provide a definitive answer regarding 
adjuvant immunotherapy necessity in pCR cases.

Fig. 3   Perioperative immunotherapy and tumor dynamics. Neoadju-
vant immunotherapy can efficiently activate pre-existing effector T 
cells and expand tumor-specific T cell clones. These activated T cells 
infiltrate the tumor and differentiate into tissue-resident memory-like 
T cells (Trm-like cells), which localize and persist within the tumor 
bed. During the neoadjuvant phase, such localized immune activation 
contributes to significant tumor shrinkage. Importantly, Trm-like cells 
remain stationed at the former tumor site after surgery. If residual 
cancer cells begin to re-grow locally, these Trm-like cells can rapidly 
recognize them and initiate a robust, site-specific immune response, 
thereby preventing local recurrence. However, even in cases where 
pCR is achieved, ctDNA may still be detectable, indicating the pres-
ence of MRD elsewhere in the body. In the adjuvant phase, systemic 

administration of immune checkpoint inhibitors (ICIs) can stimu-
late a broader population of memory T cells—including circulating 
or lymphoid-residing memory T cells—that can detect and targeting 
MRD throughout the body. By supporting both the maintenance of 
Trm-like cells in the surgical bed and enhancing systemic memory T 
cell responses, ICIs can help maintain tumor dormancy. Nonetheless, 
if this immune surveillance network is disrupted, tumor cells may 
escape immunological control, leading to renewed proliferation and 
recurrence as distant macro-metastases. Trm-like cell, resident mem-
ory-like T cells; pCR, pathological complete response; MRD, mini-
mal residual disease; ctDNA, circulating tumor DNA
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Adjuvant immunotherapy for residual disease 
after neoadjuvant immunotherapy

According to KEYNOTE-522 data, patients with residual 
cancer burden (RCB)-I demonstrated outcomes as favorable 
as RCB-0 (equivalent to pCR), suggesting minimal need for 
adjuvant pembrolizumab. Patients with RCB-II exhibited the 
greatest EFS improvement (hazard ratio [HR] 0.52) among 
RCB categories [57]. RCB‐II represents an intermediate-risk 
group in which a complete response was not achieved, yet a 
partial response to neoadjuvant chemo- and immunotherapy 
was observed. In this group, the presence of residual tumor 
may lead to the release of tumor antigens and an increase 
in immunogenicity, thereby potentially re-educating or 
boosting the immune response. On the other hand, RCB-III 
prognosis remains poor (HR 1.24), with limited benefit from 
adjuvant pembrolizumab. RCB‐III represents a group that 
shows primary resistance to neoadjuvant therapy, suggesting 
a high degree of resistance to both chemo- and immunother-
apy. Thus, relying solely on adjuvant pembrolizumab may be 
insufficient, and alternative treatment strategies are needed. 
Indeed, few physicians consider pembrolizumab alone suf-
ficient for non-pCR patients; administration of capecit-
abine or olaparib (for BRCA​-mutated TNBC) is becoming 
widespread. Furthermore, ADCs showing excellent effects 
against breast cancer have been developed. OptimICE-RD 
trial (sacituzumab govitecan + pembrolizumab) [58] and 
TROPION-Breast03 trial (datopotamab deruxtecan + dur-
valumab) [59] are currently underway. These trial results are 
expected to further optimize the adjuvant treatment strategy 
for TNBC [60].

Challenges and countermeasures 
in immunotherapy

Immune‑related adverse events

ICIs can cause irAEs due to excessive immune system acti-
vation [55, 56]. irAEs can occur in various organs; severe 
cases may necessitate treatment discontinuation. For irAEs, 
early detection and treatment by a multidisciplinary team 
(oncology, specialists, nurses, pharmacists) is important. 
Patient education encouraging self-management is also cru-
cial for early detection. Compliance with irAE diagnosis and 
treatment guidelines [61, 62] is important for appropriate 
management. Depending on severity, steroids or immuno-
suppressants may be necessary. Research is progressing on 
biomarkers predicting irAE risk and treatments preventing 
irAE [63].

Biomarker discovery

Discovering biomarkers predicting immunotherapy efficacy 
is an important challenge [64]. TILs are considered promis-
ing predictors. As mentioned, TIL density and constituent 
immune cell types may affect ICI efficacy. T cell differentia-
tion status and functional analysis are also important. Recent 
advances in single-cell and spatial profiling technologies 
led to proposals of novel biomarkers based on intratumoral 
immune responses. Bassez et al. conducted comprehensive 
single-cell transcriptome, TCR repertoire, and proteome 
analysis in tumor samples pre/post-neoadjuvant anti-PD-1 
therapy (ER-positive or TNBC) [65]. Findings revealed 
clonal expansion of tumor PD-1-expressing T cells post-
therapy. Presence of specific immune populations (PD-L1+ 
immunoregulatory DCs, CCR2+ or MMP9+ macrophages, 
MHC class I/II+ cancer cells) positively correlated with T 
cell expansion. Conversely, undifferentiated precursor/mem-
ory T cells (TCF-1+, GZMK+) and immunosuppressive mac-
rophages (CX3CR1+, C3+) negatively correlated. Notably, 
pre-treatment PD-1 expression levels, Tex cell abundance, 
and T cell clonality/richness predicted T cell expansion 
more accurately than traditional biomarkers like TIL scores 
or TMB. Additionally, diverse NK cell subsets, intratumoral 
epithelial heterogeneity, and intercellular interactions were 
suggested to influence ICI therapeutic response [66]. While 
single-cell analyses provide detailed functional insights, 
spatial transcriptomics enables integrating spatial context 
with gene expression, offering more comprehensive TME 
understanding. Using high-resolution spatial transcriptom-
ics, Wang et al. characterized complex TNBC intratumoral 
heterogeneity, identifying nine distinct spatial archetypes 
reflecting tumor/stromal spatial organization and tertiary 
lymphoid structure molecular features [67]. These findings 
hold promise for patient stratification, prognostication, and 
developing personalized therapeutic strategies, including 
immunotherapy. Taken together, these findings underscore 
the importance of comprehensive, high-resolution breast 
cancer TME analyses—capturing cellular composition and 
spatial organization—for identifying novel predictive bio-
markers and therapeutic targets.

Resistance to ICIs and future perspectives

Although a decade has passed since ICI introduction, a con-
siderable number of patients still exhibit resistance [68]. To 
further optimize immunotherapy, unraveling complex TME 
immunosuppressive mechanisms and promoting compre-
hensive research from multiple perspectives is essential. 
Mechanisms underlying ICI resistance are summarized in 
Table 2 (due to space constraints) In addition, several excel-
lent reviews have comprehensively discussed the mecha-
nisms of resistance to ICIs in TNBC. Readers interested in 
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more detailed information are encouraged to refer to these 
publications.

Future challenges in TNBC immunotherapy involve 
addressing current treatment limitations and developing 
more effective, personalized approaches (Table 3) to over-
come ICI resistance. While ICIs show promise, a signifi-
cant proportion do not respond to monotherapy, highlighting 
the urgent need for novel strategies. Development of new 
drugs for ICI combination is active, including ADCs, anti-
angiogenic agents, PARP inhibitors, and phosphatidylino-
sitol-3 kinase (PI3K) inhibitors. In TNBC, overexpression 
of LDHA leads to excessive lactate accumulation and acidi-
fication of the tumor microenvironment, which suppresses 
antitumor immune responses and contributes to resistance 
to ICIs. These findings highlight the need for therapeutic 
strategies that incorporate metabolic reprogramming to over-
come ICI resistance in TNBC[69]. EZH2, a histone methyl-
transferase and core component of the Polycomb Repressive 
Complex 2 (PRC2), is a key epigenetic regulator frequently 
overexpressed in invasive breast cancer and closely associ-
ated with tumor progression and metastasis [70]. By repress-
ing immune-related genes such as CXCL9/CXCL10, MHC 

class I molecules, and interferon-stimulated genes, EZH2 
contributes to immune evasion through reduced T cell 
recruitment and impaired antigen presentation [71]. It also 
shapes the tumor microenvironment by promoting regulatory 
T cell (Treg) activity and myeloid-derived suppressor cell 
(MDSC) development and alters tumor metabolism by sup-
pressing lactate and IDO expression, thereby preserving T 
cell function. Given these immunosuppressive roles, EZH2 
inhibition is being explored in combination with immune 
checkpoint inhibitors to enhance antitumor immunity and 
overcome therapeutic resistance in breast cancer [72].

Combining ICIs with cell-based therapies (CAR-T, TCR-
T) is expected to further enhance efficacy. Other promising 
approaches include combination with radiation therapy and 
modulating the immune environment via gut microbiota reg-
ulation. In basic research, elucidating ICI resistance mecha-
nisms, gaining deeper insights into lymph node immunologi-
cal roles, and developing therapeutic strategies accounting 
for TME heterogeneity are essential. To optimize treatment, 
efforts should focus on identifying predictive biomarkers, 
managing irAEs, alleviating cost burden, and maintaining 
patient quality of life. For tumors with low TMB or impaired 

Table 2   Mechanisms of resistance to ICIs in TNBC

ICI, immune checkpoint inhibitor; TNBC, triple-negative breast cancer; TME, tumor microenvironment; CAF, cancer-associated fibroblast; 
TAM, tumor-associated macrophage; TGF-β tumor growth factor-β; IL-10, interleukin-10; PD-(L)1, programmed cell death-(ligand) 1; TMB, 
tumor mutation burden; MSI, microsatellite instability; MHC-I, major histocompatibility complex- class I; LAG-3, lymphocyte activation gene-
3; TIM-3, T-cell immunoglobulin and mucin domain-3; TIGIT, T cell immunoreceptor with Ig and ITIM domains; MDSC, myeloid-derived 
suppressor cell; ROS, reactive oxygen species; IDO, indoleamine 2,3 dioxygenase; VISTA, V-domain Ig suppressor of T cell activation; IFN, 
interferon; JAK/STAT, Janus kinase/signal transducers and activators of transcription; CXCL, chemokine (C-X-C motif) ligand

Mechanism Description Reference

Immunosuppressive TME CAF and TAM-derived TGF-β, IL-10 promote an immu-
nosuppressive TME that impairs T cell activation

Said et al. [73]

Heterogeneous and dynamic PD-L1 expression PD-L1 expression is spatially and temporally variable, 
influenced by inflammation and sampling site

Assay variability and expression dynamics limit the 
predictive power of PD-L1 testing

Li et al. [74]

Low TMB and MSI TNBC has intermediate TMB and low MSI frequency, 
limiting neoantigen availability and immune recognition

O'Meara et al. [75], 
Chalmers et al. [76]

Defective antigen presentation (MHC-I loss/heterogene-
ity)

Loss or downregulation of MHC-I disrupts antigen pres-
entation and contributes to ICI resistance

Taylor et al. [77]

Insufficient T cell infiltration (immune desert/exclusion) T cells may be absent or trapped in stroma, preventing 
effective tumor infiltration and immune attack

So et al. [78]

T cell exhaustion (expression of multiple checkpoints) Chronic antigen exposure leads to exhausted T cells 
expressing PD-1, LAG-3, TIM-3, TIGIT, etc

Serrano Garcia et al. [79]

Accumulation of suppressive immune cells (Treg, 
MDSC, TAM)

Treg, MDSC, and M2-TAM inhibit effector T cells via 
cytokines, nutrient depletion, ROS, and IDO

Serrano Garcia et al. [79]

Alternative immune checkpoints (LAG-3, VISTA, 
B7-H4)

Non-PD-1 checkpoints can compensate, reducing the 
efficacy of PD-1/PD-L1 blockade alone

Serrano Garcia et al. [79]

Defective IFN signaling (JAK/STAT mutations) Mutations in IFN pathways hinder MHC-I induction and 
anti-tumor immunity, driving resistance

Taylor et al. [77]

Immunosuppressive tumor metabolism (lactate, adeno-
sine)

Tumor-produced lactate and adenosine suppress T cells 
through metabolic stress and A2A signaling

Serrano Garcia et al. [79]

Disrupted chemokine expression (low CXCL9/10, high 
CXCL1/2)

Low CXCL9/10 limits effector cell trafficking; high 
CXCL1/2 attracts suppressive cells like MDSCs

Serrano Garcia et al. [79]
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antigen presentation, CAR-T cell therapies targeting tumor-
specific surface antigens represent a promising alternative. 
Moreover, converting immunologically "cold" tumors into 
"hot" tumors using cancer vaccines and adjuvant therapies 
(TLR agonists, STING agonists) is an active investigation 
area. Ultimately, integrating these diverse therapeutic strate-
gies and building robust clinical evidence will be essential 
for improving outcomes and achieving personalized TNBC 
treatment.

Conclusion

Immunotherapy with ICIs has revolutionized TNBC treat-
ment, showing promising efficacy in neoadjuvant and met-
astatic settings. Understanding T cell exhaustion, TME, 
and resistance mechanisms, such as epigenetic scarring, 
is crucial for optimizing treatment strategies. Notably, T 
cell activation and priming within tumor-draining lymph 
nodes represent a critical step in initiating and sustaining 
effective anti-tumor immune responses. T cells undergo 
dynamic activation and differentiation migrating across 
distinct anatomical sites, shaping their effector functions 
and memory potential. Future research should focus on 
overcoming resistance, minimizing irAEs, and refin-
ing personalized therapies, including biomarker-driven 
immunotherapy, to enhance the durability of anti-tumor 
responses in patients with TNBC.

Author contributions  Both authors contributed to the study conception 
and design. Kazuhiro Kakimi wrote the immunological section, while 
Tomoharu Sugie composed the clinical section. Both authors reviewed 
and approved the final version of the manuscript.

Data availability  Not applicable.

Declarations 

Conflict of interest  TS reports research funding from Chugai/Roche, 
Eisai and honoraria from Chugai/Roche, Merck Sharp & Dohme 
(MSD), Astra Zeneca, Pfizer, Eli Lilly, Taiho, Daiichi Sankyo and Ei-
sai. K.K. declares no conflicts of interest related to this manuscript.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Zagami P, Carey LA. Triple negative breast cancer: pitfalls and 
progress. NPJ Breast Cancer. 2022;8:95. https://​doi.​org/​10.​
1038/​s41523-​022-​00468-0.

Table 3   Future challenges to be 
addressed

TME, tumor microenvironment; ICI, immune checkpoint inhibitor; irAE, immune-related adverse event; 
CAR-T, chimeric antigen cell receptor T cell; TCR, T cell receptor; TLR, Toll-like receptor; STING, stimu-
lator of interferon genes; NK, natural killer, DCs, dendritic cells

Basic research
Elucidation and overcoming of resistance mechanisms
Deeper understanding of the immunological role of lymph nodes
Establishment of therapeutic strategies considering the diversity of TME
Optimization of treatment
Establishment of optimal combination strategies of ICI in preoperative and postoperative settings
Development of systems for early detection and management of irAEs
Establishment of treatment strategies that consider patients' Quality of Life (QOL)
Identification of predictive biomarkers for ICI efficacy and realization of personalized medicine
Promotion of immune cell infiltration through normalization of tumor vasculature
Improvement of immune response through regulation of gut microbiota and nutritional metabolism
Development of novel therapies
Development of therapies targeting novel immune checkpoint molecules
Clinical application of T-cell transfer therapies (CAR-T cell therapy, TCR-T cell therapy)
Development and clinical application of cancer vaccines
Clinical application of adjuvant therapies (e.g., TLR agonists, STING agonists)
Development of immunotherapies that activate innate immune cells (e.g., NK cells, macrophages, DCs)

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41523-022-00468-0
https://doi.org/10.1038/s41523-022-00468-0


686	 Breast Cancer (2025) 32:676–688

	 2.	 Kumar N, et al. The unique risk factor profile of triple-negative 
breast cancer: a comprehensive meta-analysis. J Natl Cancer 
Inst. 2024;116:1210–9. https://​doi.​org/​10.​1093/​jnci/​djae0​56.

	 3.	 Pont M, Marques M, Sorolla A. Latest therapeutical approaches 
for triple-negative breast cancer: from preclinical to clinical 
research. Int J Mol Sci. 2024;25:13518. https://​doi.​org/​10.​3390/​
ijms2​52413​518.

	 4.	 Adams S, et al. Pembrolizumab monotherapy for previously 
treated metastatic triple-negative breast cancer: cohort A of the 
phase II KEYNOTE-086 study. Ann Oncol. 2019;30:397–404. 
https://​doi.​org/​10.​1093/​annonc/​mdy517.

	 5.	 Winer EP, et  al. Pembrolizumab versus investigator-choice 
chemotherapy for metastatic triple-negative breast cancer 
(KEYNOTE-119): a randomised, open-label, phase 3 trial. Lan-
cet Oncol. 2021;22:499–511. https://​doi.​org/​10.​1016/​S1470-​
2045(20)​30754-3.

	 6.	 Schmid P, et al. Pembrolizumab for early triple-negative breast 
cancer. N Engl J Med. 2020;382:810–21. https://​doi.​org/​10.​
1056/​NEJMo​a1910​549.

	 7.	 Schmid P, et al. Event-free survival with pembrolizumab in early 
triple-negative breast cancer. N Engl J Med. 2022;386:556–67. 
https://​doi.​org/​10.​1056/​NEJMo​a2112​651.

	 8.	 Schmid P, et  al. Overall survival with pembrolizumab in 
early-stage triple-negative breast cancer. N Engl J Med. 
2024;391:1981–91. https://​doi.​org/​10.​1056/​NEJMo​a2409​932.

	 9.	 Mittendorf EA, et al. Neoadjuvant atezolizumab in combina-
tion with sequential nab-paclitaxel and anthracycline-based 
chemotherapy versus placebo and chemotherapy in patients with 
early-stage triple-negative breast cancer (IMpassion031): a ran-
domised, double-blind, phase 3 trial. Lancet. 2020;396:1090–
100. https://​doi.​org/​10.​1016/​S0140-​6736(20)​31953-X.

	10.	 Topalian SL, Drake CG, Pardoll DM. Immune checkpoint block-
ade: a common denominator approach to cancer therapy. Cancer 
Cell. 2015;27:450–61. https://​doi.​org/​10.​1016/j.​ccell.​2015.​03.​
001.

	11.	 Schumacher TN, Schreiber RD. Neoantigens in cancer immuno-
therapy. Science. 2015;348:69–74. https://​doi.​org/​10.​1126/​scien​
ce.​aaa49​71.

	12.	 June CH, Sadelain M. Chimeric antigen receptor therapy. N Engl 
J Med. 2018;379:64–73. https://​doi.​org/​10.​1056/​NEJMr​a1706​169.

	13.	 Rosenberg SA, Restifo NP. Adoptive cell transfer as personal-
ized immunotherapy for human cancer. Science. 2015;348:62–8. 
https://​doi.​org/​10.​1126/​scien​ce.​aaa49​67.

	14.	 Tran E, Robbins PF, Rosenberg SA. “Final common pathway” of 
human cancer immunotherapy: targeting random somatic muta-
tions. Nat Immunol. 2017;18:255–62. https://​doi.​org/​10.​1038/​ni.​
3682.

	15.	 Cao LL, Kagan JC. Targeting innate immune pathways for cancer 
immunotherapy. Immunity. 2023;56:2206–17. https://​doi.​org/​10.​
1016/j.​immuni.​2023.​07.​018.

	16.	 Rojas LA, et al. Personalized RNA neoantigen vaccines stimulate 
T cells in pancreatic cancer. Nature. 2023;618:144–50. https://​doi.​
org/​10.​1038/​s41586-​023-​06063-y.

	17.	 Weber JS, et al. Individualised neoantigen therapy mRNA-4157 
(V940) plus pembrolizumab versus pembrolizumab monotherapy 
in resected melanoma (KEYNOTE-942): a randomised, phase 2b 
study. Lancet. 2024;403:632–44. https://​doi.​org/​10.​1016/​S0140-​
6736(23)​02268-7.

	18.	 Wherry EJ, Kurachi M. Molecular and cellular insights into T cell 
exhaustion. Nat Rev Immunol. 2015;15:486–99. https://​doi.​org/​
10.​1038/​nri38​62.

	19.	 van der Leun AM, Thommen DS, Schumacher TN. CD8(+) 
T cell states in human cancer: insights from single-cell analy-
sis. Nat Rev Cancer. 2020;20:218–32. https://​doi.​org/​10.​1038/​
s41568-​019-​0235-4.

	20.	 Byrne A, et al. Tissue-resident memory T cells in breast can-
cer control and immunotherapy responses. Nat Rev Clin Oncol. 
2020;17:341–8. https://​doi.​org/​10.​1038/​s41571-​020-​0333-y.

	21.	 Sharpe AH, Pauken KE. The diverse functions of the PD1 inhibi-
tory pathway. Nat Rev Immunol. 2018;18:153–67. https://​doi.​org/​
10.​1038/​nri.​2017.​108.

	22.	 Doroshow DB, et  al. PD-L1 as a biomarker of response to 
immune-checkpoint inhibitors. Nat Rev Clin Oncol. 2021;18:345–
62. https://​doi.​org/​10.​1038/​s41571-​021-​00473-5.

	23.	 Cha JH, Chan LC, Li CW, Hsu JL, Hung MC. Mechanisms con-
trolling PD-L1 expression in cancer. Mol Cell. 2019;76:359–70. 
https://​doi.​org/​10.​1016/j.​molcel.​2019.​09.​030.

	24.	 Anderson KG, Stromnes IM, greenberg PD. Obstacles posed by 
the tumor microenvironment to T cell activity: a case for syner-
gistic therapies. Cancer Cell. 2017;31:311–25. https://​doi.​org/​10.​
1016/j.​ccell.​2017.​02.​008.

	25.	 Chow A, Perica K, Klebanoff CA, Wolchok JD. Clinical impli-
cations of T cell exhaustion for cancer immunotherapy. Nat 
Rev Clin Oncol. 2022;19:775–90. https://​doi.​org/​10.​1038/​
s41571-​022-​00689-z.

	26.	 Baessler A, Vignali DAA. T cell exhaustion. Annu Rev Immu-
nol. 2024;42:179–206. https://​doi.​org/​10.​1146/​annur​ev-​immun​
ol-​090222-​110914.

	27.	 Wei SC, et al. Distinct cellular mechanisms underlie anti-CTLA-4 
and anti-PD-1 checkpoint blockade. Cell. 2017;170(1120–
1133):e1117. https://​doi.​org/​10.​1016/j.​cell.​2017.​07.​024.

	28.	 Chamoto K, et al. Mitochondrial activation chemicals synergize 
with surface receptor PD-1 blockade for T cell-dependent anti-
tumor activity. Proc Natl Acad Sci U S A. 2017;114:E761–70. 
https://​doi.​org/​10.​1073/​pnas.​16204​33114.

	29.	 Jatoi I, Benson JR, Toi M. De-escalation of axillary surgery in 
early breast cancer. Lancet Oncol. 2016;17:e430–41. https://​doi.​
org/​10.​1016/​S1470-​2045(16)​30311-4.

	30.	 Dammeijer F, et  al. The PD-1/PD-L1-checkpoint restrains T 
cell immunity in tumor-draining lymph nodes. Cancer Cell. 
2020;38(685–700):e688. https://​doi.​org/​10.​1016/j.​ccell.​2020.​09.​
001.

	31.	 Belk JA, Daniel B, Satpathy AT. Epigenetic regulation of T cell 
exhaustion. Nat Immunol. 2022;23:848–60. https://​doi.​org/​10.​
1038/​s41590-​022-​01224-z.

	32.	 Hensel N, et  al. Memory-like HCV-specific CD8(+) T cells 
retain a molecular scar after cure of chronic HCV infec-
tion. Nat Immunol. 2021;22:229–39. https://​doi.​org/​10.​1038/​
s41590-​020-​00817-w.

	33.	 Yates KB, et al. Epigenetic scars of CD8(+) T cell exhaustion 
persist after cure of chronic infection in humans. Nat Immunol. 
2021;22:1020–9. https://​doi.​org/​10.​1038/​s41590-​021-​00979-1.

	34.	 Philip M, et al. Chromatin states define tumour-specific T cell 
dysfunction and reprogramming. Nature. 2017;545:452–6. https://​
doi.​org/​10.​1038/​natur​e22367.

	35.	 Ford BR, Poholek AC. Regulation and immunotherapeutic tar-
geting of the epigenome in exhausted CD8 T cell responses. J 
Immunol. 2023;210:869–79. https://​doi.​org/​10.​4049/​jimmu​nol.​
22006​81.

	36.	 Loi S, et al. Prognostic and predictive value of tumor-infiltrating 
lymphocytes in a phase III randomized adjuvant breast cancer 
trial in node-positive breast cancer comparing the addition of doc-
etaxel to doxorubicin with doxorubicin-based chemotherapy: BIG 
02–98. J Clin Oncol. 2013;31:860–7. https://​doi.​org/​10.​1200/​JCO.​
2011.​41.​0902.

	37.	 Stephens PJ, et al. Complex landscapes of somatic rearrangement 
in human breast cancer genomes. Nature. 2009;462:1005–10. 
https://​doi.​org/​10.​1038/​natur​e08645.

	38.	 Chakraborty B, et al. Inhibition of estrogen signaling in myeloid 
cells increases tumor immunity in melanoma. J Clin Invest. 2021. 
https://​doi.​org/​10.​1172/​JCI15​1347.

https://doi.org/10.1093/jnci/djae056
https://doi.org/10.3390/ijms252413518
https://doi.org/10.3390/ijms252413518
https://doi.org/10.1093/annonc/mdy517
https://doi.org/10.1016/S1470-2045(20)30754-3
https://doi.org/10.1016/S1470-2045(20)30754-3
https://doi.org/10.1056/NEJMoa1910549
https://doi.org/10.1056/NEJMoa1910549
https://doi.org/10.1056/NEJMoa2112651
https://doi.org/10.1056/NEJMoa2409932
https://doi.org/10.1016/S0140-6736(20)31953-X
https://doi.org/10.1016/j.ccell.2015.03.001
https://doi.org/10.1016/j.ccell.2015.03.001
https://doi.org/10.1126/science.aaa4971
https://doi.org/10.1126/science.aaa4971
https://doi.org/10.1056/NEJMra1706169
https://doi.org/10.1126/science.aaa4967
https://doi.org/10.1038/ni.3682
https://doi.org/10.1038/ni.3682
https://doi.org/10.1016/j.immuni.2023.07.018
https://doi.org/10.1016/j.immuni.2023.07.018
https://doi.org/10.1038/s41586-023-06063-y
https://doi.org/10.1038/s41586-023-06063-y
https://doi.org/10.1016/S0140-6736(23)02268-7
https://doi.org/10.1016/S0140-6736(23)02268-7
https://doi.org/10.1038/nri3862
https://doi.org/10.1038/nri3862
https://doi.org/10.1038/s41568-019-0235-4
https://doi.org/10.1038/s41568-019-0235-4
https://doi.org/10.1038/s41571-020-0333-y
https://doi.org/10.1038/nri.2017.108
https://doi.org/10.1038/nri.2017.108
https://doi.org/10.1038/s41571-021-00473-5
https://doi.org/10.1016/j.molcel.2019.09.030
https://doi.org/10.1016/j.ccell.2017.02.008
https://doi.org/10.1016/j.ccell.2017.02.008
https://doi.org/10.1038/s41571-022-00689-z
https://doi.org/10.1038/s41571-022-00689-z
https://doi.org/10.1146/annurev-immunol-090222-110914
https://doi.org/10.1146/annurev-immunol-090222-110914
https://doi.org/10.1016/j.cell.2017.07.024
https://doi.org/10.1073/pnas.1620433114
https://doi.org/10.1016/S1470-2045(16)30311-4
https://doi.org/10.1016/S1470-2045(16)30311-4
https://doi.org/10.1016/j.ccell.2020.09.001
https://doi.org/10.1016/j.ccell.2020.09.001
https://doi.org/10.1038/s41590-022-01224-z
https://doi.org/10.1038/s41590-022-01224-z
https://doi.org/10.1038/s41590-020-00817-w
https://doi.org/10.1038/s41590-020-00817-w
https://doi.org/10.1038/s41590-021-00979-1
https://doi.org/10.1038/nature22367
https://doi.org/10.1038/nature22367
https://doi.org/10.4049/jimmunol.2200681
https://doi.org/10.4049/jimmunol.2200681
https://doi.org/10.1200/JCO.2011.41.0902
https://doi.org/10.1200/JCO.2011.41.0902
https://doi.org/10.1038/nature08645
https://doi.org/10.1172/JCI151347


687Breast Cancer (2025) 32:676–688	

	39.	 Hanamura T, et al. Expression of hormone receptors is associated 
with specific immunological profiles of the breast cancer micro-
environment. Breast Cancer Res. 2023;25:13. https://​doi.​org/​10.​
1186/​s13058-​023-​01606-7.

	40.	 Modi S, et al. Trastuzumab deruxtecan in previously treated 
HER2-low advanced breast cancer. N Engl J Med. 2022;387:9–20. 
https://​doi.​org/​10.​1056/​NEJMo​a2203​690.

	41.	 Bardia A, et al. Sacituzumab govitecan in metastatic triple-nega-
tive breast cancer. N Engl J Med. 2021;384:1529–41. https://​doi.​
org/​10.​1056/​NEJMo​a2028​485.

	42.	 Cortes J, et al. Pembrolizumab plus chemotherapy versus pla-
cebo plus chemotherapy for previously untreated locally recur-
rent inoperable or metastatic triple-negative breast cancer (KEY-
NOTE-355): a randomised, placebo-controlled, double-blind, 
phase 3 clinical trial. Lancet. 2020;396:1817–28. https://​doi.​org/​
10.​1016/​S0140-​6736(20)​32531-9.

	43.	 Emens LA, et al. First-line atezolizumab plus nab-paclitaxel for 
unresectable, locally advanced, or metastatic triple-negative breast 
cancer: IMpassion130 final overall survival analysis. Ann Oncol. 
2021;32:983–93. https://​doi.​org/​10.​1016/j.​annonc.​2021.​05.​355.

	44.	 Cortes J, et al. Pembrolizumab plus chemotherapy in advanced 
triple-negative breast cancer. N Engl J Med. 2022;387:217–26. 
https://​doi.​org/​10.​1056/​NEJMo​a2202​809.

	45.	 Miles D, et al. Primary results from IMpassion131, a double-
blind, placebo-controlled, randomised phase III trial of first-line 
paclitaxel with or without atezolizumab for unresectable locally 
advanced/metastatic triple-negative breast cancer. Ann Oncol. 
2021;32:994–1004. https://​doi.​org/​10.​1016/j.​annonc.​2021.​05.​801.

	46.	 Zhang Y, et al. Distinct cellular mechanisms underlie chemothera-
pies and PD-L1 blockade combinations in triple-negative breast 
cancer. Cancer Cell. 2025;43(446–463): e447. https://​doi.​org/​10.​
1016/j.​ccell.​2025.​01.​007.

	47.	 Ignatiadis M, et al. Adjuvant atezolizumab for early triple-nega-
tive breast cancer: the ALEXANDRA/IMpassion030 randomized 
clinical trial. JAMA. 2025;333:1150–60. https://​doi.​org/​10.​1001/​
jama.​2024.​26886.

	48.	 Topalian SL, Taube JM, Pardoll DM. Neoadjuvant checkpoint 
blockade for cancer immunotherapy. Science. 2020. https://​doi.​
org/​10.​1126/​scien​ce.​aax01​82.

	49.	 Yost KE, et al. Clonal replacement of tumor-specific T cells fol-
lowing PD-1 blockade. Nat Med. 2019;25:1251–9. https://​doi.​org/​
10.​1038/​s41591-​019-​0522-3.

	50.	 Versluis JM, Long GV, Blank CU. Learning from clinical trials 
of neoadjuvant checkpoint blockade. Nat Med. 2020;26:475–84. 
https://​doi.​org/​10.​1038/​s41591-​020-​0829-0.

	51.	 Loibl S, et al. Neoadjuvant durvalumab improves survival in early 
triple-negative breast cancer independent of pathological com-
plete response. Ann Oncol. 2022;33:1149–58. https://​doi.​org/​10.​
1016/j.​annonc.​2022.​07.​1940.

	52.	 Cailleux F, et al. Circulating tumor DNA after neoadjuvant chem-
otherapy in breast cancer is associated with disease relapse. JCO 
Precis Oncol. 2022;6:e2200148. https://​doi.​org/​10.​1200/​PO.​22.​
00148.

	53.	 McDonald BR, et al. Personalized circulating tumor DNA analy-
sis to detect residual disease after neoadjuvant therapy in breast 
cancer. Sci Transl Med. 2019. https://​doi.​org/​10.​1126/​scitr​anslm​
ed.​aax73​92.

	54.	 Virassamy B, et al. Intratumoral CD8(+) T cells with a tissue-
resident memory phenotype mediate local immunity and immune 
checkpoint responses in breast cancer. Cancer Cell. 2023;41(585–
601):e588. https://​doi.​org/​10.​1016/j.​ccell.​2023.​01.​004.

	55.	 Postow MA, Sidlow R, Hellmann MD. Immune-related adverse 
events associated with immune checkpoint blockade. N Engl J 
Med. 2018;378:158–68. https://​doi.​org/​10.​1056/​NEJMr​a1703​481.

	56.	 Jayathilaka B, Mian F, Franchini F, Au-Yeung G, Maarten IJ. 
Cancer and treatment specific incidence rates of immune-related 

adverse events induced by immune checkpoint inhibitors: a sys-
tematic review. Br J Cancer. 2025;132:51–7. https://​doi.​org/​10.​
1038/​s41416-​024-​02887-1.

	57.	 Pusztai L, et al. Event-free survival by residual cancer burden with 
pembrolizumab in early-stage TNBC: exploratory analysis from 
KEYNOTE-522. Ann Oncol. 2024;35:429–36. https://​doi.​org/​10.​
1016/j.​annonc.​2024.​02.​002.

	58.	 Tolaney SM, et  al. OptimICE-RD: sacituzumab govitecan + 
pembrolizumab vs pembrolizumab (+/- capecitabine) for resid-
ual triple-negative breast cancer. Future Oncol. 2024;20:2343–55. 
https://​doi.​org/​10.​1080/​14796​694.​2024.​23575​34.

	59.	 Bardia A, et al. TROPION-Breast03: a randomized phase III 
global trial of datopotamab deruxtecan +/- durvalumab in patients 
with triple-negative breast cancer and residual invasive disease 
at surgical resection after neoadjuvant therapy. Ther Adv Med 
Oncol. 2024;16:17588359241248336. https://​doi.​org/​10.​1177/​
17588​35924​12483​36.

	60.	 Schlam I, Corti C, Sammons S, Mittendorf EA, Tolaney SM. 
Checkpoint inhibition for early-stage hormone receptor-positive 
breast cancer. Expert Opin Biol Ther. 2024;24:511–20. https://​
doi.​org/​10.​1080/​14712​598.​2024.​23703​95.

	61.	 Schneider BJ, et al. Management of immune-related adverse 
events in patients treated with immune checkpoint inhibitor ther-
apy: ASCO guideline update. J Clin Oncol. 2021;39:4073–126. 
https://​doi.​org/​10.​1200/​JCO.​21.​01440.

	62.	 Haanen J, et al. Management of toxicities from immunotherapy: 
ESMO clinical practice guideline for diagnosis, treatment and fol-
low-up. Ann Oncol. 2022;33:1217–38. https://​doi.​org/​10.​1016/j.​
annonc.​2022.​10.​001.

	63.	 Reschke R, et al. Targeting molecular pathways to control immune 
checkpoint inhibitor toxicities. Trends Immunol. 2025;46:61–73. 
https://​doi.​org/​10.​1016/j.​it.​2024.​11.​014.

	64.	 Litchfield K, et al. Meta-analysis of tumor- and T cell-intrinsic 
mechanisms of sensitization to checkpoint inhibition. Cell. 
2021;184(596–614):e514. https://​doi.​org/​10.​1016/j.​cell.​2021.​
01.​002.

	65.	 Bassez A, et al. A single-cell map of intratumoral changes dur-
ing anti-PD1 treatment of patients with breast cancer. Nat Med. 
2021;27:820–32. https://​doi.​org/​10.​1038/​s41591-​021-​01323-8.

	66.	 Xu L, et al. A comprehensive single-cell breast tumor atlas defines 
epithelial and immune heterogeneity and interactions predict-
ing anti-PD-1 therapy response. Cell Rep Med. 2024;5:101511. 
https://​doi.​org/​10.​1016/j.​xcrm.​2024.​101511.

	67.	 Wang X, et al. Spatial transcriptomics reveals substantial het-
erogeneity in triple-negative breast cancer with potential clinical 
implications. Nat Commun. 2024;15:10232. https://​doi.​org/​10.​
1038/​s41467-​024-​54145-w.

	68.	 Vesely MD, Zhang T, Chen L. Resistance mechanisms to anti-
PD cancer immunotherapy. Annu Rev Immunol. 2022;40:45–74. 
https://​doi.​org/​10.​1146/​annur​ev-​immun​ol-​070621-​030155.

	69.	 Li Z, Cui J. Targeting the lactic acid metabolic pathway for anti-
tumor therapy. Mol Ther Oncolytics. 2023;31:100740. https://​doi.​
org/​10.​1016/j.​omto.​2023.​100740.

	70.	 Kleer CG, et al. EZH2 is a marker of aggressive breast cancer 
and promotes neoplastic transformation of breast epithelial cells. 
Proc Natl Acad Sci U S A. 2003;100:11606–11. https://​doi.​org/​
10.​1073/​pnas.​19337​44100.

	71.	 Peng D, et al. Epigenetic silencing of TH1-type chemokines shapes 
tumour immunity and immunotherapy. Nature. 2015;527:249–53. 
https://​doi.​org/​10.​1038/​natur​e15520.

	72.	 Zhou L, Yu CW. Epigenetic modulations in triple-negative breast 
cancer: therapeutic implications for tumor microenvironment. 
Pharmacol Res. 2024;204:107205. https://​doi.​org/​10.​1016/j.​phrs.​
2024.​107205.

	73.	 Said SS, Ibrahim WN. Breaking barriers: the promise and chal-
lenges of immune checkpoint inhibitors in triple-negative breast 

https://doi.org/10.1186/s13058-023-01606-7
https://doi.org/10.1186/s13058-023-01606-7
https://doi.org/10.1056/NEJMoa2203690
https://doi.org/10.1056/NEJMoa2028485
https://doi.org/10.1056/NEJMoa2028485
https://doi.org/10.1016/S0140-6736(20)32531-9
https://doi.org/10.1016/S0140-6736(20)32531-9
https://doi.org/10.1016/j.annonc.2021.05.355
https://doi.org/10.1056/NEJMoa2202809
https://doi.org/10.1016/j.annonc.2021.05.801
https://doi.org/10.1016/j.ccell.2025.01.007
https://doi.org/10.1016/j.ccell.2025.01.007
https://doi.org/10.1001/jama.2024.26886
https://doi.org/10.1001/jama.2024.26886
https://doi.org/10.1126/science.aax0182
https://doi.org/10.1126/science.aax0182
https://doi.org/10.1038/s41591-019-0522-3
https://doi.org/10.1038/s41591-019-0522-3
https://doi.org/10.1038/s41591-020-0829-0
https://doi.org/10.1016/j.annonc.2022.07.1940
https://doi.org/10.1016/j.annonc.2022.07.1940
https://doi.org/10.1200/PO.22.00148
https://doi.org/10.1200/PO.22.00148
https://doi.org/10.1126/scitranslmed.aax7392
https://doi.org/10.1126/scitranslmed.aax7392
https://doi.org/10.1016/j.ccell.2023.01.004
https://doi.org/10.1056/NEJMra1703481
https://doi.org/10.1038/s41416-024-02887-1
https://doi.org/10.1038/s41416-024-02887-1
https://doi.org/10.1016/j.annonc.2024.02.002
https://doi.org/10.1016/j.annonc.2024.02.002
https://doi.org/10.1080/14796694.2024.2357534
https://doi.org/10.1177/17588359241248336
https://doi.org/10.1177/17588359241248336
https://doi.org/10.1080/14712598.2024.2370395
https://doi.org/10.1080/14712598.2024.2370395
https://doi.org/10.1200/JCO.21.01440
https://doi.org/10.1016/j.annonc.2022.10.001
https://doi.org/10.1016/j.annonc.2022.10.001
https://doi.org/10.1016/j.it.2024.11.014
https://doi.org/10.1016/j.cell.2021.01.002
https://doi.org/10.1016/j.cell.2021.01.002
https://doi.org/10.1038/s41591-021-01323-8
https://doi.org/10.1016/j.xcrm.2024.101511
https://doi.org/10.1038/s41467-024-54145-w
https://doi.org/10.1038/s41467-024-54145-w
https://doi.org/10.1146/annurev-immunol-070621-030155
https://doi.org/10.1016/j.omto.2023.100740
https://doi.org/10.1016/j.omto.2023.100740
https://doi.org/10.1073/pnas.1933744100
https://doi.org/10.1073/pnas.1933744100
https://doi.org/10.1038/nature15520
https://doi.org/10.1016/j.phrs.2024.107205
https://doi.org/10.1016/j.phrs.2024.107205


688	 Breast Cancer (2025) 32:676–688

cancer. Biomedicines. 2024. https://​doi.​org/​10.​3390/​biome​dicin​
es120​20369.

	74.	 Li M, et  al. Heterogeneity of PD-L1 expression in primary 
tumors and paired lymph node metastases of triple negative 
breast cancer. BMC Cancer. 2018;18:4. https://​doi.​org/​10.​1186/​
s12885-​017-​3916-y.

	75.	 Meara TA, Tolaney SM. Tumor mutational burden as a predic-
tor of immunotherapy response in breast cancer. Oncotarget. 
2021;12:394–400. https://​doi.​org/​10.​18632/​oncot​arget.​27877.

	76.	 Chalmers ZR, et al. Analysis of 100,000 human cancer genomes 
reveals the landscape of tumor mutational burden. Genome Med. 
2017;9:34. https://​doi.​org/​10.​1186/​s13073-​017-​0424-2.

	77.	 Taylor BC, et al. NKG2A is a therapeutic vulnerability in immu-
notherapy resistant MHC-I heterogeneous triple-negative breast 
cancer. Cancer Discov. 2024;14:290–307. https://​doi.​org/​10.​1158/​
2159-​8290.​CD-​23-​0519.

	78.	 So JY, Ohm J, Lipkowitz S, Yang L. Triple negative breast cancer 
(TNBC): Non-genetic tumor heterogeneity and immune micro-
environment: emerging treatment options. Pharmacol Ther. 
2022;237:108253. https://​doi.​org/​10.​1016/j.​pharm​thera.​2022.​
108253.

	79.	 Serrano-Garcia L, et al. Patterns of immune evasion in triple-neg-
ative breast cancer and new potential therapeutic targets: a review. 
Front Immunol. 2024;15:1513421. https://​doi.​org/​10.​3389/​fimmu.​
2024.​15134​21.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.3390/biomedicines12020369
https://doi.org/10.3390/biomedicines12020369
https://doi.org/10.1186/s12885-017-3916-y
https://doi.org/10.1186/s12885-017-3916-y
https://doi.org/10.18632/oncotarget.27877
https://doi.org/10.1186/s13073-017-0424-2
https://doi.org/10.1158/2159-8290.CD-23-0519
https://doi.org/10.1158/2159-8290.CD-23-0519
https://doi.org/10.1016/j.pharmthera.2022.108253
https://doi.org/10.1016/j.pharmthera.2022.108253
https://doi.org/10.3389/fimmu.2024.1513421
https://doi.org/10.3389/fimmu.2024.1513421

	Why combine and why neoadjuvant? Tumor immunological perspectives on chemoimmunotherapy in triple-negative breast cancer
	Abstract
	Introduction
	Fundamentals of tumor immunology
	What is cancer immunotherapy?
	Immune checkpoint inhibitors and tumor-specific T cells
	T cell function and differentiation
	PD-1 expression and function
	T cell exhaustion and TME
	Mechanism of action of ICIs and the importance of tumor draining lymph nodes
	Epigenetic scarring in T cell exhaustion and its impact on immunotherapy

	Immunotherapy for TNBC
	Immunological features of TNBC
	Metastatic TNBC
	Early-stage TNBC
	The need for adjuvant Immunotherapy in pCR cases
	Adjuvant immunotherapy for residual disease after neoadjuvant immunotherapy

	Challenges and countermeasures in immunotherapy
	Immune-related adverse events
	Biomarker discovery
	Resistance to ICIs and future perspectives

	Conclusion
	References




