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Background: Profiling residual disease after neoadjuvant chemotherapy (NAC) might identify molecular target and 
tumor microenvironmental features to guide adjuvant therapy. We explored the characteristics of residual triple- 
negative breast cancer (TNBC) in the prospective MIRINAE trial (KCSG-BR18-21), a phase II study evaluating 
adjuvant atezolizumab plus capecitabine versus capecitabine in TNBC without pathological complete response after 
NAC (NCT03756298) through multi-omics analyses. 
Materials and methods: Residual TNBC samples were analyzed for tumor-infiltrating lymphocytes (TILs), programmed 
death-ligand 1 (PD-L1) immunohistochemistry (IHC), and Lunit SCOPE IO immune phenotype (IP). Mutations were 
assessed by FoundationOne®CDx, and RNAseq was conducted for molecular subtyping and gene expression analyses. 
Results: Three hundred and five patients were analyzed, and ypTNM (post-neoadjuvant pathological tumor—node 
—metastasis) stages were stage I (28.0%), II (48.7%), and III (23.3%). High TILs were observed in 27.1% and PD-L1 
IHC was positive in 39.5%. Pathogenic alterations in TP53, phosphatidylinositol 3-kinase (PI3K)/protein kinase B 
(AKT), and homologous recombination repair (HRR) pathways were observed in 86.3%, 27.1%, and 11.9%. Most 
patients were basal-like (51.1%) by PAM50, and mesenchymal (MES; 36.7%) or basal-like immune suppressed (BLIS; 
30.3%) by TNBC molecular classification. TIL-high group was enriched with the basal-like immune-activated (BLIA) 
subtype (37.5%), with up-regulation of immune response-related gene sets. Nineteen patients (6.2%) recurred 
within 6 months of surgery (6.2%), mostly being basal-like (85.7%) or BLIS (64.3%), with low TILs and desert IP. 
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Up-regulations of CCNE1, CD44, and BRD4 along with DNA replication-related gene sets were associated with early 
recurrence.
Conclusion: Residual TNBCs after standard NAC were predominantly basal-like or MES/BLIS subtypes with variable 
tumor microenvironment (TME). Early recurrence was associated with immune-cold TME, and further analyses on 
each treatment arm will provide deeper insights into the role of adjuvant immunotherapy.
Key words: triple-negative breast cancer, tumor-infiltrating lymphocyte, PD-L1, targeted sequencing, RNAseq

INTRODUCTION

Triple-negative breast cancer (TNBC) accounts for ∼15%- 
20% of all breast cancers and is characterized by the 
absence of estrogen receptor, progesterone receptor, and 
human epidermal growth factor receptor 2 (HER2) 
expression.1 TNBC is known for its aggressive behavior, 
including a higher metastatic potential, early recurrence, 
and a lack of druggable targets. However, advancements in 
next-generation sequencing technologies have uncovered 
key characteristics of TNBC that may serve as potential 
targets for systemic treatment. Notably, the intratumoral 
heterogeneity of TNBC can be classified into distinct sub
types, some of which are associated with immune cell 
enrichment and are amenable to immunotherapy.2,3 Addi
tionally, BRCA1/2 mutations and homologous recombina
tion deficiency (HRD) in TNBC contribute to unique tumor 
microenvironment (TME) modulation, and targeting HRD 
with agents such as poly (ADP-ribose) polymerase in
hibitors may modulate TME to recruit active immune cells.4

These insights have provoked ongoing investigations aimed 
at improving treatment strategies for TNBC patients.

For patients with stage II/III TNBC, neoadjuvant chemo
therapy (NAC) is the preferred approach, offering both 
therapeutic benefits and prognostic information. Achieving 
pathological complete response (pCR) is associated with 
favorable long-term outcomes, whereas residual disease 
(RD) correlates with a high risk of recurrence and poor 
survival.5 Consequently, the development of NAC regimens 
to increase pCR rates has been a key focus of TNBC treat
ment. Until recently, standard NAC regimens, combining 
anthracycline, taxane, and platinum agents, achieve pCR 
rates of ∼30%-50%.6 In addition to this, the KEYNOTE-522 
clinical trial demonstrated that adding pembrolizumab, an 
immune checkpoint inhibitor (ICI), to NAC significantly 
increased pCR rates to 64.8% and improved event-free 
survival and overall survival, leading to the integration of 
NAC plus ICIs as a standard treatment for early-stage 
TNBC.7-9

Despite these advancements, a significant proportion of 
patients fail to achieve pCR and require effective post- 
surgical treatment strategies. The CREATE-X trial estab
lished that adjuvant capecitabine significantly improved 
disease-free survival in patients without pCR after NAC.10

However, the role of adjuvant immunotherapy in the post- 
NAC setting remains unclear, as most clinical trials investi
gating adjuvant ICIs, such as the ALEXANDRA/IMpassion030 
trial, have focused on TNBC patients who did not receive 
NAC, making their results less directly applicable to the 

post-NAC RD setting.11 This highlights the need for further 
investigation into the biology of residual TNBC to guide the 
development of optimal adjuvant strategies.

The MIRINAE trial (KCSG-BR18-21) is a randomized 
phase II prospective multicenter trial evaluating the effi
cacy and safety of adjuvant atezolizumab plus capecitabine 
versus capecitabine in TNBC patients who do not achieve 
pCR after NAC without immunotherapy (NCT03756298). 
While the clinical outcomes of the MIRINAE trial will be 
reported upon reaching the pre-defined statistical analysis 
point, understanding the molecular characteristics of 
residual TNBC remains a critical unmet need. Therefore, in 
parallel with the clinical trial, we conducted a compre
hensive translational biomarker study to characterize 
residual TNBC using multi-omics analyses, including TME 
profiling and genomic characterization. Through this study, 
we aim to identify predictive and prognostic biomarkers 
associated with treatment efficacy, providing insights that 
may inform future therapeutic strategies for high-risk 
TNBC patients.

MATERIALS AND METHODS

Study scheme

Patients with TNBC who received anthracycline and taxane- 
based NAC followed by curative surgical resection were 
screened, and those found to have residual invasive carci
noma measuring ≥1.0 cm, with or without regional lymph 
node metastases, were enrolled.

Adjuvant atezolizumab (1200 mg every 3 weeks) for 1 
year in addition to capecitabine (1000 mg/m2 twice a day 
for 14 days, every 3 weeks, eight cycles) was compared 
with standard-of-care capecitabine monotherapy (1250 
mg/m2 twice a day for 14 days, every 3 weeks, eight cycles) 
(Figure 1).

This prospective clinical trial protocol was approved by 
the Korean Cancer Study Group protocol review committee 
(KCSG-BR18-21) and by the Ministry of Food and Drug 
Safety on 12 November 2018. Additional review and 
approval process by the institutional review boards in each 
institution was carried out.

Histopathological examination

The breast pathologists in each participating institution in 
the MIRINAE trial were asked to select and submit the most 
representative tumor bed section for tumor-infiltrating 
lymphocyte (TIL) assessment. A central review was then 
carried out by a dedicated breast pathologist (A. Lee), who 
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evaluated the TILs strictly according to the International 
TILs Working Group 2015 guidelines.12 A 30% cut-off was 
used to classify samples into TIL-high and TIL-low groups. 
Programmed death-ligand 1 (PD-L1) immunohistochemistry 
(IHC) was carried out using the clone SP142 (Ventana 
Medical Systems, Tucson, AZ). PD-L1 positivity was defined 
as PD-L1 expression in tumor cells or immune cells at a 
level of at least 1%.

Artificial intelligence-guided digital pathology analysis

We applied Lunit SCOPE IO (Lunit, Seoul, Republic of Ko
rea), a deep learning-based system, to categorize the TME 
into three immune phenotypes (IPs). Representative 
hematoxylin—eosin (H&E)-stained whole-slide images 
(WSI) were collected for artificial intelligence-based tissue 
segmentation and cell detection as previously described.13

Convolutional neural networks were used for semantic 
segmentation of cancer areas (CA) and cancer stroma (CS) 
and for cell detection, identifying tumor cells and TILs. For 
IP classification, each WSI was divided into 0.25 mm2 grids, 
and TIL densities were assessed on the whole section, 
regardless of invasive margin or the tumor center. Inflamed 
IP was assigned if TIL density in the CA was ≥130/mm2. 
Immune-excluded IP was defined if TIL density in CA was 
<130/mm2 but >260/mm2 in the CS. Immune-desert IP 
was assigned when TIL densities in both CA and CS were 
below their respective thresholds. WSI-level phenotypes 
were determined using a 33.3% cut-off for inflamed and 
immune-excluded scores.14

Targeted DNA sequencing

Formalin-fixed paraffin-embedded (FFPE) tissue samples 
from the surgical resection were collected for translational 
studies. Using the representative FFPE blocks of residual 
tumors, at least ten 4- to 5-μm-thick unstained sections 
were taken for targeted sequencing. DNA extraction, library 
preparation, sequencing, and bioinformatic analyses were 
carried out in Foundation Medicine Inc. (Cambridge, MA) 
using the FoundationOne CDx assay, as previously 
described.15 A bioinformatician (K. Park) and a molecular 
pathologist (J. Koh) reviewed the sequencing reports.

RNAseq

Pathologists determined tumor purity by reviewing tumor 
specimens, and samples with low tumor purity (cut-off, 
20%) were excluded from sequencing. Total RNA from FFPE 
tissues was extracted using ReliaPrep™ FFPE Total RNA 
Miniprep System (Promega, Madison, WI) according to the 
manufacturer’s instructions. The quality and quantity of 
extracted nucleic acids were evaluated using NanoDrop™

8000 UV—Vis spectrometer (NanoDrop Technologies Inc., 
Wilmington, DE), Qubit® 3.0 Fluorometer (Life Technolo
gies, Inc., Carlsbad, CA), and 4200 TapeStation (Agilent 
Technologies, Santa Clara, CA).

Sequencing libraries were prepared using the Illumina 
TruSeq ACCESS kit (Illumina Inc., San Diego, CA) from 
resected FFPE specimens following the manufacturer’s 
protocols. Paired-end sequencing of the RNA libraries was 
carried out on a HiSeq 2500 sequencing platform (Illumina, 
Inc.) at the Samsung Genome Institute (Seoul, Republic of 
Korea). After trimming poor-quality bases from the FASTQ 
files, reads were aligned to the human reference genome 
(hg19) with STAR v2.5.2b,16 and estimated gene expression 
was calculated in terms of transcripts per million using 
RSEM v1.3.17

Molecular subtyping was conducted in terms of intrinsic 
subtype PAM50 via the genefu (v2.36.0) R package.18

Additional TNBC subtyping into basal-like immune-acti
vated (BLIA), basal-like immune suppressed (BLIS), mesen
chymal (MES), and luminal androgen receptor (LAR) was 
carried out.3 We also categorized TME subtypes into IE/F 
(immune-enriched/fibrotic), IE (immune-enriched/ non- 
fibrotic), F (fibrotic), and D (immune-depleted).19 Immune 
cell deconvolution was carried out using CIBERSORT,20 and 
comparative analyses were subsequently conducted to 
evaluate the proportions of individual immune cell subsets. 
Differentially expressed genes (DEGs) were identified using 
the glmFit function in the edgeR package (v4.2.1), with 
significance set at false-discovery rate (FDR) <0.01 and 
logCPM ≥2 or ≤− 2. Gene set enrichment analyses (GSEA) 
were carried out using the ClusterProfiler (v4.12.6) and 
msigdbr (v7.5.1) R packages, with significance at FDR 
<0.05.

Atezolizumab 1200 mg
i.v.q3w

Capecitabine 1250 mg/m2

p.o. b.i.d. for 14 days q3w
Capecitabine 1000 mg/m2

p.o. b.i.d. for 14 days q3w

TNBC

Residual invasive
breast cancer ≥ 1cm 

and/or

Positive LN (≥ ypN1)

After neoadjuvant
chemotherapy

Arm A

Arm B

Cycle 1 Cycle 8 Cycle 18

1 : 1

Cycle 1

Figure 1. The scheme of the MIRINAE trial. Triple-negative breast cancer patients with residual tumors at least 1.0 cm and/or positive lymph nodes after standard 
neoadjuvant chemotherapy were eligible in the MIRINAE trial. 
i.v., intravenous; LN, lymph node; p.o., per os; TNBC, triple-negative breast cancer.
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Statistical analysis

Categorical variables were analyzed by the chi-square test 
or Fisher’s exact test, as appropriate. Continuous variables 
were analyzed by the Wilcoxon rank-sum or Kruskal—Wallis 
tests, and adjustment for multiple comparisons was carried 
out by the Bonferroni method. A cut-off of P <0.05 was 
used for defining statistical significance. All statistical ana
lyses were carried out with R version 4.4.2 (R Core Team, 
2024).

RESULTS

Patient characteristics

A total of 305 patients were included in the translational 
analyses (Figure 2, Supplementary Table S1, available at 
https://doi.org/10.1016/j.esmoop.2025.105804). The me
dian age was 48 years (range 28-74 years), and 59.0% of 
the patients were ≤50 years old. ypTNM (post-neoadjuvant 
pathological tumor—node—metastasis) stages were stage I 
(26.2%), II (47.9%), and III (23.3%), and HER2 IHC status was 
retrieved from the pathology reports from 254 patients 
(83.3%), where HER2-negative, 1+, and 2+ accounted for 
59.1%, 29.9%, and 11.0%, respectively. PD-L1 IHC was 
available in 271 patients (88.9%), and 39.5% (107/271) 
were positive.

Genomic mutational profile and molecular subtypes

Multi-omics analyses were carried out on surgically resec
ted residual tumors after NAC (Figure 2). We tested 277 
(90.8%) samples for mutational profiling using Foundatio
nOne®CDx, achieving a mean exon coverage of 871×
(range 305×—1293×). A total of 590 oncogenic or likely 
oncogenic mutations were found in 108 genes. The most 
frequently mutated genes were TP53 (86.3%), PIK3CA 
(18.4%), BRCA1 (7.9%), and PTEN (5.8%), which was in line 

with the similar real-world data of Korean patients with 
TNBC.21 Pathogenic alterations in the PI3K/AKT pathway 
(PIK3CA, PTEN, AKT1, and PIK3R1) were observed in 27.1%, 
and deleterious mutations in HRR-related genes (BRCA1, 
BRCA2, and PALB2) were found in 11.9%.

None of the tumors were classified as microsatellite 
instability-high and tumor mutational burden (TMB) ranged 
from 0 to 12.07 (median 3.62), with TMB-high (≥10 mu
tations per megabase pairs) observed in 2.2%.

RNAseq was completed for 221 patients (72.5%), 
achieving an average sequencing depth of 84×. RNAseq- 
based molecular subtyping was carried out to determine 
the intrinsic subtype via PAM50 and for TNBC and TME 
subtypes. RNAseq-based PAM50 classification revealed 
that 51.1% of patients were basal-like subtype, followed by 
luminal A (19.0%), HER2-enriched (14.0%), normal-like 
(10.9%), and luminal B (5.0%). According to TNBC subtyp
ing, 36.7% of tumors were categorized as MES, followed by 
BLIS (30.3%), BLIA (20.8%), and LAR (12.2%). Regarding the 
TME, immunosuppressive subtypes D (38.1%) and F 
(24.4%) were predominant, followed by IE (20.8%) and a 
mixed IE/F type (16.7%).

We compared the genomic mutational features with 
RNAseq-based subtypes (Supplementary Figure S1, avail
able at https://doi.org/10.1016/j.esmoop.2025.105804). 
Tumors with PI3K/AKT pathway alterations were more likely 
to be luminal A (34.5% versus 12.8% in non-altered, P <
0.001) or HER2-enriched (27.6% versus 8.1% in non-altered, 
P < 0.001) and less likely to be PAM50 basal-like subtype 
(25.9% versus 62.4% in non-altered, P < 0.001). LAR-type 
tumors were significantly more frequent in those with 
mutations in the PI3K/AKT pathway (41.4% versus 0.7% in 
non-altered; P < 0.001). Of interest, BLIS subtypes were 
enriched in tumors without mutations in the PI3K/AKT 
pathway or HRR-related genes, compared with the rest (P 
< 0.001 and P = 0.021, respectively).

≤50 years >50 years

Figure 2. Genomic, transcriptomic, and histopathological features of the study population. Multi-omic profiles of 305 patients in the MIRINAE trial are shown. 
HER2, human epidermal growth factor receptor 2; IP, immune phenotype; NA, not assessed; PD-L1, programmed death-ligand 1; TIL, tumor-infiltrating lymphocyte; 
TME, tumor microenvironment.
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Transcriptomic features according to tumor 
microenvironment

Surgical RD specimens available for H&E-based stromal TIL 
assessment were 299 (96.1%), with 27.1% being classified 
as TIL-high. PD-L1-positive tumors were infiltrated with a 
greater amount of TILs compared with PD-L1-negative tu
mors (Supplementary Figure S2, available at https://doi. 
org/10.1016/j.esmoop.2025.105804). Both RNAseq and 
TIL data were available in 213 patients (69.2%). The dis
tribution of molecular subtypes varied relative to TIL infil
tration levels (Figure 3). Although small in number, luminal 
B-type tumors were associated with significantly higher 
infiltration of TILs compared with luminal A or HER2- 
enriched types. The TIL-high group was significantly 
enriched with the BLIA subtype (37.5%; P < 0.001) and also 
in IE (45.3%) and mixed IE/F (31.3%) TME subtypes. In 
contrast, TIL-low tumors were predominantly associated 
with immune-suppressive subtypes D (49.7%) and F 
(29.5%) (P < 0.001).

To consider the spatial context of TME, we applied Lunit 
SCOPE IO to classify TME into three IPs: desert, excluded, 
and inflamed (Figure 4A). The levels of TILs were the lowest 
in the desert IP, and the inflamed IP had significantly more 
infiltration of TILs compared with the excluded IP 
(Figure 4B). Notably, BLIA and immune-enriched TME 

subtypes (IE and IE/F) were significantly enriched in the 
inflamed IP, suggesting spatially distinct immune profiles 
compared with the immune-excluded setting (Figure 4C).

Specific immune subsets were significantly enriched in 
the TIL-high group. CIBERSORT immune cell deconvolution 
analysis enabled us to see the different relative proportions 
of each immune subset. In TIL-high tumors, greater pro
portions of plasma cells, CD8+ T cells, CD4+ memory 
resting T cells, follicular helper T cells, activated natural 
killer (NK cells), and M1 macrophages were observed (all 
adjusted P < 0.01; Supplementary Figure S3, available at 
https://doi.org/10.1016/j.esmoop.2025.105804). Further
more, the proportions of these six immune subsets were 
significantly higher in inflamed IP compared with the 
excluded IP (Supplementary Figure S4, available at https:// 
doi.org/10.1016/j.esmoop.2025.105804).

We also carried out DEG analyses (Figure 4D), where TIL- 
high samples showed up-regulation of immune cell-related 
genes (CD3D, CD4, CD8A, CD38, IRF4, MZB1, and GZMK). 
Chemokine and immune checkpoint genes (CXCL9, CXCL13, 
and LAG3) were also higher in TIL-high. In contrast, VEGFA, 
BRD4, CDK4, and IRS4 were highly expressed in TIL-low (all 
adjusted P < 0.01). According to GSEA, gene sets related to 
immune response and interferon-gamma response were 
significantly enriched in the TIL-high group. TIL-low tumors 
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Figure 3. Tumor-infiltrating lymphocytes and PD-L1 expression according to molecular subtypes. (A, B) Luminal B by PAM50, BLIA type by TNBC classification, and 
IE/F or IE types by TME subtyping were associated with high TILs. 
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showed enrichment for hypoxia-related gene sets (all 
adjusted P < 0.05).

Molecular features of patients with early recurrence

To gain insights into the molecular features of residual 
tumors in association with the prognosis, we assessed the 
genomic, transcriptomic, and TME features of tumors with 
early recurrence, which represent primary resistance to 
NAC. Among the study population, 6.2% (19/305) of the 
patients experienced disease recurrence within 6 months 
after curative surgery. Characteristics of these tumors with 
early relapse are described in Supplementary Table S1, 
available at https://doi.org/10.1016/j.esmoop.2025. 
105804. Notably, the vast majority of these early recur
rent tumors exhibited a basal-like (85.7%), BLIS (64.3%), 
and desert TME subtypes (71.4%) with statistical signifi
cance (P = 0.011, 0.007, and 0.010, respectively; 
Figure 5A). Furthermore, up to 71.4% of the early recurrent 
tumors appeared to be immune-desert IP by Lunit SCOPE 
IO, in contrast to 29.6% among the relapse-free group (P =
0.002).

Consistent with these findings, TME of the early recur
rent tumors exhibited significantly lower levels of TILs (P =
0.007; Figure 5B). Although PD-L1 negativity was numeri
cally higher among recurrent tumors (76.9% versus 55.9%), 
the difference did not reach statistical significance. Further 
immune cell deconvolution analysis (Figure 5C and 
Supplementary Figure S5, available at https://doi.org/10. 
1016/j.esmoop.2025.105804) revealed that early recur
rent tumors were associated with lower proportions of 
CD4-positive naive T cells, CD4-positive memory/activated 
T cells (P < 0.001), and plasma cells (P < 0.05).

A total of 32 DEGs were found when comparing the early 
recurrent tumors to others, and early recurrent tumors 
showed significantly higher expression of CCNE1, CD44, 
SMARCA4, and BRD4. The expression of several immune 
function-related genes, including CXCL12, IGLL5, CCL21, and 
CD79A was reduced in early recurrent tumors (Figure 5D). 
Enrichment of gene sets representing DNA replication and 
MYC targets was notable in early recurrent tumors.

Taken together, our results suggest that basal-like tumors 
and those with less inflamed TME are more likely to relapse 
early during the adjuvant treatment, which warrants 
further in-depth clinical analyses on these tumors in each 
treatment arms.

DISCUSSION

In this translational study of the MIRINAE trial, we carried 
out histopathological examination, targeted DNA 
sequencing, and RNAseq followed by downstream analyses 
using residual TNBC samples after anthracycline and 
taxane-based NAC. We found that certain molecular sub
types were more prevalent in these tumors and charac
terized the molecular features of histopathologically 
immune-hot TNBC tumors.

The proportion of each subtype in TNBC varies across 
studies. For example, Lehmann et al. reported a distribu
tion of 35% basal-like 1 (BL1), 22% basal-like 2 (BL2), and 
25% mesenchymal (M) using TNBC type 4 subtypes.22 In 
contrast, Burstein et al.3 reported 27.3% BLIA, 30.3% BLIS, 
and 23.7% MES tumors. Similarly, Jiang et al.23 reported a 
distribution of 24% immunomodulatory (IM), 39% BLIS, and 
15% MES subtypes. Compared with these previous studies 
which were mostly based on primary TNBC not exposed to 
certain treatment, our analyses were carried out using the 
post-NAC residual TNBC samples. This may explain the 
unique features of our cohort, demonstrating a trend to
ward higher MES and BLIS subtypes and lower BLIA. This 
difference may be attributed to the clinical characteristics 
of our cohort, which consisted exclusively of non-pCR pa
tients, representing a higher-risk population. For example, 
the immune-active BL1 subtype at baseline is reported to 
have the highest pCR rate compared with other subtypes,24

which may explain why our cohort showed reduced prev
alence of BLIA. Additionally, the distribution of subtypes in 
our cohort may reflect molecular subtype changes during 
NAC, for it is well known that significant dynamic changes 
occur following cytotoxic chemotherapy.25,26 This trend in 
molecular subtypes is even more pronounced in early 
recurrent tumors, where the BLIS subtype is particularly 
elevated. Consequently, our cohort is enriched with tumors 
exhibiting a high-risk TME.

To see which types of immune subsets are more pre
dominant in TME of TIL-high tumors, we carried out 
CIBERSORT immune cell virtual deconvolution and found 
higher proportions of plasma cells, CD8+ T cells, CD4+
memory resting T cells, follicular helper T cells, activated 
NK cells, and M1 macrophages. Interestingly, these six 
immune subsets were significantly more abundant in the 
immune-inflamed IP compared with the immune-excluded 
IP, suggesting the role of these immune subsets in the 
proximity of tumor cells.

The residual tumors of the patients who relapsed 
within 6 months of disease-free survival had lower levels 
of TIL infiltration and were enriched with immune-desert 
IP by the Lunit SCOPE IO classification. Furthermore, 
these tumors were enriched with basal-like, BLIS, and 
desert TME subtypes. Although additional clinical data 
and length of survival should be taken into investigation, 
our current data suggest that tumors having histopath
ologically immune-cold features harbor a greater risk of 
early recurrence, and that gene expression-based mo
lecular subtyping can also aid in prognostication of these 
patients.

A limitation of this study is that patients in the MIRINAE trial 
did not receive pembrolizumab as part of NAC, which has now 
become a standard of care per KEYNOTE-522.7 Thus, our 
findings may not fully reflect TME changes induced by neo
adjuvant immunotherapy. However, given global variability in 
NAC regimens, characterizing residual TNBC in non-ICI-treated 
patients remains clinically relevant. Identifying shared 
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molecular features between NAC-ICI and non-ICI-treated TNBC 
may provide insights for optimizing adjuvant strategies. Future 
studies should compare residual TNBC across NAC regimens to 
refine risk stratification and identify predictive biomarkers for 
recurrence and therapy response.

Conclusion

In this study, we presented genomic, transcriptomic, and 
histopathological characteristics of residual TNBC tumors 
treated with standard NAC in the prospective, multicenter, 
phase II MIRINAE trial. Residual invasive tumors were 
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predominantly basal-like or MES/BLIS subtypes with TME 
features toward less immune response. Early recurrence 
was associated with immune-cold TME, which suggests the 
crucial need for advanced therapeutic strategies in these 
tumors. Ongoing analyses of each treatment arm along 
with the complete clinicopathological data will provide 
deeper insights into the role of ICI as an adjuvant 
treatment.
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