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ABSTRACT
◥

Purpose:To identify potential immune targets in post-neoadjuvant
chemotherapy (NAC)–resistant triple-negative breast cancer (TNBC)
and ERþHER2– breast cancer disease.

Experimental Design: Following pathology review, 153 patients
were identified as having residual cancer burden (RCB) II/III disease
(TNBC n¼ 80; ERþHER2– n¼ 73). Baseline pre-NAC samples were
available for evaluation for 32 of 80 TNBC and 36 of 73 ERþHER2–

cases. Bright-field hematoxylin and eosin assessment allowed for
tumor-infiltrating lymphocyte (TIL) evaluation in all cases. Multi-
plexed immunofluorescence was used to identify the abundance and
distribution of immune cell subsets. Levels of checkpoints including
PD-1/PD-L1 expression were also quantified. Findings were then
validated using expression profiling of cancer and immune-related
genes. Cytometry by time-of-flight characterized the dynamic changes
in circulating immune cells with NAC.

Results: RCB II/III TNBC and ERþHER2– breast cancer were
immunologically “cold” at baseline and end of NAC. Although

the distribution of immune cell subsets across subtypes was
similar, the mRNA expression profiles were both subtype- and
chemotherapy-specific. TNBC RCB II/III disease was enriched
with genes related to neutrophil degranulation, and displayed
strong interplay across immune and cancer pathways. We
observed similarities in the dynamic changes in B-cell biology
following NAC irrespective of subtype. However, NAC induced
changes in the local and circulating tumor immune microenvi-
ronment (TIME) that varied by subtype and response. Specif-
ically, in TNBC residual disease, we observed downregulation of
stimulatory (CD40/OX40L) and inhibitory (PD-L1/PD-1)
receptor expression and an increase in NK cell populations
(especially non-cytolytic, exhausted CD56dimCD16–) within
both the local TIME and peripheral white cell populations.

Conclusions: This study identifies several potential immuno-
logic pathways in residual disease, which may be targeted to benefit
high-risk patients.

Introduction
Increasing evidence supports the hypothesis that breast cancer

progression is influenced by the type and functionality of immune
cells present within the tumor immune microenvironment (TIME).
A focus on infiltrating T cells (TIL) has shown the presence of CD8þ

T cells to be prognostic of ongoing remission, driven via IFNg-
dependent mechanisms (1). Similarly, CD4þ T helper-type 1 (Th1)
lymphocytes activate and regulate the adaptive immune response (1, 2);
and the presence of innate-like gd T cells is associated with improved
survival, likely via their capacity for tissue stress surveillance (3, 4).
By contrast, FOXP3þ regulatory T lymphocytes (Treg) play key
roles in inhibiting antitumor immune responses and promote
disease progression (5, 6).

In highly proliferative breast tumors, e.g., triple-negative breast
cancers (TNBC) and human epidermal growth factor receptor-2
(HER2)–positive breast cancers (7–11), which form the majority of
reports investigating the nature of immune infiltrates and localization
within the TIME, TILs are frequently observed. However, more recent
studies of luminal estrogen (ER)–positive, HER2-negative breast
cancers reported the presence of TILs as an adverse prognostic factor
for survival, suggesting differences in the biology and prognostic
significance of immunologic infiltrates across subtypes (12–14).

TNBC and HER2-positive breast cancers with high levels of TILs
(>50%), often referred to as “hot”/lymphocyte-predominant breast
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cancers (LPBC), aremore likely to be associated with increased rates of
pathologic complete response (pCR) following neoadjuvant chemo-
therapy (NAC) and improved overall survival (OS), independent of
other prognostic factors (7–9, 11, 15). The increased chemosensitivity
of these breast cancers has been proposed to result from the ability of
chemotherapy to support antitumor immunity by either (i) acquiring
somatic mutations that produce new tumor-associated antigens rec-
ognized by TILs, (ii) modifying the TIME to enhance trafficking of
effector immune cells, or (iii) expulsion of immunosuppressive cells,
highlighting these breast cancer subtypes as targets for immunother-
apeutic interventions (reviewed in ref. 16). In contrast, the immune cell
populations and their functions within post-NAC chemotherapy-
resistant disease [residual cancer burden, moderate (RCB II) or
extensive (RCB III)] are underexplored. Studies in TNBC residual
disease have demonstrated that an increase in TILs after NAC,
compared with their pretherapeutic score, is associated with improved
prognosis (17, 18), adding independent and additional prognostic
information for these high-risk metastatic patients (19). In contrasting
reports, an immune infiltrate characterized by high CD3þ T cells and
also CD68þmacrophages within post-NAC residual disease was asso-
ciated with a worse disease-free survival (20). These differing observa-
tions highlight the need to better understand the immune contexture
of “immune cold” tumors and how they evolve in response to
chemotherapy.

We hypothesized that the prognosis of patients with residual
disease whose immune infiltrate changes following NAC (low-to-
high TILs) may depend on the overall net effect of pro- versus
antitumor immune responses. Similarly, tumors that remain cold
(low TILs) after NAC may represent tumors that have maintained/
undergone immune escape, resulting in high metastatic risk dis-
ease. Thus, characterization of the TIME in these patients could
identify potential immune targets that could be explored within the
context of strategies for treating post-NAC chemotherapy-resistant
disease.

To test this, we performed an in-depth immunopathologic char-
acterization of chemotherapy-resistant disease (focusing primarily on
high-risk RCB II and RCB III disease) following neoadjuvant sequen-
tial anthracycline and taxane (AC-T) therapy with or without plati-
num therapy to understand the immune drivers of TNBC and
ERþHER2– residual tumors. In parallel, we performed peripheral
immuno-phenotyping using cytometry by time-of-flight (CyTOF) to
assess the feasibility of monitoring tumor immune dynamics longi-

tudinally during NAC to help predict therapeutic response early, and
potentially allow for tailoring of treatment for chemotherapy-resistant
disease prior to definitive surgery.

Materials and Methods
Study cohorts
Retrospective data sets

A series of 298 TNBC and ERþHER2– consecutive breast cancer
patient samples treated with NAC for primary breast cancer treated at
the Royal Marsden Hospital, Guy’s & St Thomas’ NHS trust, and The
Netherlands Cancer Institute (NKI) biobank were available for eval-
uation. All patients were treated with sequential anthracyclines and
taxane chemotherapy. For patients with TNBC, a small cohort had also
received taxaneswith platinum chemotherapy. Patientswere identified
retrospectively from prospectively maintained hospital research data-
bases. Patients with stage IV disease were excluded, as were those
without appropriate consent, or with insufficient pathologic material
available for review. Following pathology review of slides and original
pathology reports, 153 patients were classified as high risk with RCB II
or RCB III disease (TNBC n ¼ 80; ERþHER2– n ¼ 73) and were
included in the final data set. Additional information on the study
cohort is provided in the results (Table 1).

Prospective data set for peripheral blood mononuclear cell
(PBMC) collection

Peripheral blood samples were collected from patients with TNBC
undergoing NAC treatment at Guy’s and St Thomas’ Hospitals,
London, after written informed consent as part of a non-
interventional clinical trial (BTBC study: REC No: 13/LO/1248, IRAS
ID 131133). Healthy women were recruited randomly as a control
group. This study had local research ethics committee approval and
was conducted adhering to the principles of the Declaration of
Helsinki. Four cycles of intravenous (i.v.) epirubicin and cyclophos-
phamide (EC) every 2 to 3 weeks, followed by 12weeks of i.v. paclitaxel
or four cycles of i.v. docetaxel with carboplatinwere administered prior
to surgery. The study was initially designed to collect samples at
baseline and every 3 weeks prior to a new cycle of treatment. However,
as this study was carried out at the start of a global pandemic
(Coronavirus disease 19, or COVID-19), research teams were unable
to capture blood for each patient after every cycle. Therefore, the blood
samples collected were grouped as baseline [time point 1 (TP1)],
defined as blood captured just before the first EC administration,
before any treatment; mid-treatment (TP2), defined as blood captured
during the first four cycles of EC chemotherapy; post-NAC presurgical
(TP3), defined as just after the last NAC administration; and finally
post-surgical (TP4), including all samples taken after surgery, up to
8 weeks after surgery.

Manual stromal TIL evaluation
All assessments were conducted by experienced breast pathologists

(YR andRS) and a trainedpathology research scientist (PG).One of the
pathologists (RS) is the founding member of a five-step standardized
scoring system developed by the International Immuno-oncology
Biomarker Working Group (21), along with modifications specific to
the post neoadjuvant residual disease setting (22). First, we assessed
RCB scores on surgical specimens of non-pCR patients using the
Web-based MD Anderson RCB calculator (23). All available hema-
toxylin and eosin (H&E) tissue–stained sections were digitized using
Hamamatsu (Nanozoomer HT) scanner, and images were used to
assess the degree of lymphocytic infiltration associated with tumor

Translational Relevance

Neoadjuvant chemotherapy (NAC) is now considered the stan-
dard of care inmany early breast cancers, and obtaining a complete
pathologic response has been clearly shown to improve overall
survival. Conversely, cells remaining after NAC are likely to
represent the cancer cell population intrinsically resistant to che-
motherapy that leads to subsequent metastatic presentation. This
study identifies several potential immune pathways in patients with
residual disease which may be targeted. These high-risk patients
might therefore benefit from immunomodulatory approaches
in future clinical trials. Additionally, we show that longitudinal
monitoring of tumor immune dynamics during chemotherapy is
feasible and may help to predict therapeutic response early and
potentially allow for tailoring of treatment prior to definitive
surgery.
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stroma as per the above-mentioned internationally recognized
guidelines (21) and as in previous studies of residual disease (9, 17).
In brief, stromal TIL scores were defined as the percentage of the
tumor–stroma area that was occupied by mononuclear inflamma-
tory cells. TILs in tumor areas with crush artifacts and necrosis were
excluded. The percentage of stromal TILs was considered a con-
tinuous parameter indicating how much of the demarcated stromal
area exhibits dense mononuclear infiltrates. The mean values of the
histopathologic evaluation by RS and YR were used for the analyses
presented.

Multiplex IHC staining protocol
Multiplex immunofluorescent staining technology was used for

simultaneous antibody-based detection and quantification of the
expression of 10 protein markers and DAPI in two staining panels.
Panel 1 consisted of CD8, CD4, FOXp3, PD-1, and pCK antibodies;
panel 2 consisted of CD68, CD20, CD56, PD-L1 (clone E1L3N),
and pCK antibodies. Formalin-fixed, paraffin-embedded (FFPE)
tumor full face and core biopsy sections were sectioned at 4 mm
and subjected to the staining protocol. Details are included in
Supplementary Table S1. PD-1 and PD-L1 expression was assessed
(i) within invasive tumor areas and (ii) in tumor-associated stroma.
It was defined as a percentage of invasive tumor/stromal areas,
respectively, occupied by immunostained cells, as recommended
by the International Immuno-Oncology Biomarker Working Group
on Breast Cancer (TIL-WG) for quantifying tumor-infiltrating
lymphocytes.

Microscopy and quantitative analysis of multiplex IHC
The H&E sections were examined by a pathologist, and regions

where TILs were present (“immune hotspots”) were identified. The

entire section was imaged on the Vectra system under low mag-
nification to reveal an overarching immune context including the
assessment of TIL density and distribution. Select high-powered
fields (HPF) were imaged to reveal details of the immune context
with resolution sufficient to describe immune subsets and precise
tissue location of individual cells. Composite images were analyzed
using TissueQuest to define cells as either tumor cell (CKþ), T cells
subsets (CD4þ, CD8þ, CD4þFoxP3þ (Tregs), B cell (CD20þ),
tumor-associated macrophages (CD68þ), and natural killer
(CD56þ) across both TNBC and ERþHER2– breast cancers. For
quantitative analysis, digital images were obtained using the Vectra
3.0 Quantitative Pathology Imaging System (PerkinElmer). HPF
along the tumor–stroma interface enriched in immune cells (“hot-
spots”) were chosen for analysis in each specimen. Cells expressing
immune biomarkers from panels 1 and 2 were quantified using
the TissueQuest cytometer, an image analysis software (TQ 4.0
TissueQuest Software, TissueGnostics). This is a multicolor tissue
cytometry software permitting multicolor analysis of single cells
within tissue sections similar to flow cytometry (24). The DAPI
channel is the master marker used for the identification of all the
immune cells. Extranuclear or nuclear masks were used as appro-
priate to measure staining intensity in each of the other channels.
Cutoff values for all the channels were defined according to negative
controls. Expressions were depicted in scattergrams of normalized
gray values. The numbers of single-positive and double-positive
cells were calculated as cells per mm2.

Protein digital spatial profiling (DSP) and analysis
FFPE 4-mm thick tissue sections were strategically placed onto glass

slides according to the DSP protocol. The DSP workflow was carried
out by NanoString Technologies as previously described (25). Briefly,
FFPE tissue slides were incubated with cocktails of up to 44 unique
oligonucleotide-conjugated antibodies. The compartments were iden-
tified with fluorescent imaging with antibodies targeting pan-
cytokeratin (CK) to detect breast tumor compartment, CD45 for
leukocyte detection, and DAPI for nuclear detection. The regions of
interest (ROI) were molecularly defined using a fluorescence image of
the same slide for CD45 cells. Per patient 12 ROIs were selected in TIL
rich areas where possible. Areas of 600 mm in diameter were placed.
Once the 12 ROIs were processed, indexing oligos were hybridized to
NanoString optical barcodes for digital counting on the nCounter.
Digital counts from barcodes corresponding to protein probes were
then normalized to ERCC controls counts and CD45 counts. Nor-
malized counts were log2 transformed and tested for differential
protein abundance using the ROI counts for each patient separately.
Differential abundance analysis was performed using the Welch t test
in the R statistical environment (v3.6.1). P values from each analysis
(per patient comparison between post- and pre-NAC ROIs) were
combined using the Fisher method resulting in meta-P, which were
subsequently adjusted for multiple comparisons using the Benjamini
and Hochberg method.

Nucleic acid extraction for NanosSring nCounter profiling and
analysis

Total RNA extraction was performed using an miRNeasy FFPE
Kit Qiagen (cat no./ID: 217504). Procedures were performed
according to the manufacturer’s protocols. The quality and quantity
of extracted RNA were assessed with the Bioanalyzer 6000 RNA
Nano Kit (Agilent Technology; cat. #5067-1511) and purity of the
sample using the NanoDrop Spectrophotometric method. The
FFPE tumor tissue was sectioned at 10 mm (�3–5) and subjected

Table 1. Comparison of clinicopathologic characteristics of TNBC
and ERþHER2–RCB II/III patients whose tumorswere assessed for
immune infiltrates.

TNBC (n ¼ 80) ERþHER2– (n ¼ 73)

Age (median, range) 51 (26–78) 50 (33–75)
Grade (% n)

1 2.5 (n ¼ 2) 5.5 (n ¼ 4)
2 25 (n ¼ 20) 64.5 (n ¼ 47)
3 72.5 (n ¼ 58) 30 (n ¼ 22)

Pre-NAC tumor stage (% n)
1 5 (n ¼ 4) 4.11 (n ¼ 3)
2 52.5 (n ¼ 42) 61.64 (n ¼ 45)
3 22.5 (n ¼ 18) 21.92 (n ¼ 16)
4 20 (n ¼ 16) 12.33 (n ¼ 9)

Pre-NAC nodal stage (% n)
N0 46.25 (n ¼ 37) 54.79 (n ¼ 40)
N1 45 (n ¼ 36) 41.1 (n ¼ 30)
N2 2.5 (n ¼ 2) 1.37 (n ¼ 1)
N3 6.25 (n ¼ 5) 2.74 (n ¼ 2)

Pre-NAC stage (% n)
2a 25 (n ¼ 20) 45.2 (n ¼ 33)
2b 40 (n ¼ 32) 26.0 (n ¼ 19)
3a 11.2(n ¼ 9) 12.3 (n ¼ 9)
3b 15 (n ¼ 12) 12.3 (n ¼ 9)
3c 8.8 (n ¼ 7) 4.1 (n ¼ 3)

Post-NAC RCB score (% n)
RCB II 68.2 (n ¼ 54) 62.9 (n ¼ 45)
RCB III 31.8 (n ¼ 25) 37.1 (n ¼ 27)

Gazinska et al.
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to the extraction protocol. Raw NanoString data were preprocessed
using R package NanoStringNorm (v1.2.1; ref. 26). Differential
mRNA abundance analysis was performed using voom (TMM
normalization), with R package limma (v3.40.6; ref. 27). Genes
with an absolute log2 fold change of > 1 and FDR-adjusted P value
of <0.1 were considered significant unless stated otherwise. Pathway
scores were estimated using the singular value decompositions
(SVD) on scaled data of constituent genes in each pathway. Anal-
yses were performed in the R statistical environment (v3.6.1).

RNA-seq validation in melanoma samples
Preprocessed RNA-seq profiles of pretreatment melanoma samples

(PubMed ID: 26997480) were downloaded from Gene Expression
Omnibus ID: GSE78220. Differential gene abundance for selected NK
cell marker genes was performed using an unpaired nonparametric
Wilcox rank-sum test between the anti–PD-1 nonresponders [patients
with progressive disease (PD)] and responders [patients with complete
or partial response (C/PR)].

Peripheral blood sample processing
PBMCs were isolated by density centrifugation using Ficoll-Paque

(Sigma-Aldrich, #17-1440-03) at 750 � g for 30 minutes at room
temperature (RT). The blood mononuclear cell portion was recovered
and washed three times in phosphate-buffered saline (PBS). Cells were
counted and resuspended in FBSþ 10% DMSO for storage at�80�C,
at a density of 10� 106 PBMCs/mL. In order to minimize run-to-run
variation and to facilitate the comparison of cellular profiles over time,
PBMCs were processed and cryopreserved upon collection and sam-
ples from each patient were analyzed simultaneously by CyTOF in the
same run.

CyTOF staining
Cells were thawed rapidly at 37�C and resuspended in RPMI. Cells

were incubated with nuclease (Thermo Fisher Scientific, #88701) for
10 minutes at RT, before washing with RPMI and incubation at 37�C
for 2 hours at a concentration of 2 � 106 cells/mL. PBMCs were
stained with 35 metal conjugated antibodies based on the Maxpar
Human Immune Monitoring Panel Kit Cell Staining (Fluidigm,
#201324; Supplementary Table S2), according to the manufacturer’s
instructions. For viability staining, cells were washed in PBS and
stained with cisplatin (Fluidigm, #201064) in serum-free RPMI at a
final concentration of 5 mmol/L for 5 minutes at RT. Cells were
washed in serum-containing RPMI and then Maxpar Cell Staining
Buffer (Fluidigm, #201068), followed by blocking with Human
TruStain FcX (FcX) block (BioLegend, #422301) in Maxpar Cell
Staining Buffer at 1:11 for 10 minutes at RT. The CyTOF panel was
then added as a preprepared antibody cocktail and incubated at RT
for 30 minutes. Cells were washed in Maxpar Cell Staining Buffer
and fixed in 1.6% PFA (Thermo Scientific, # 28906) diluted in
Maxpar PBS (Fluidigm, # 201058) for 10 minutes at RT. Fixed cells
were then pelleted and resuspended in 125 nmol/L Cell-ID Inter-
calator-Ir (Fluidigm, # 201192A), diluted in Maxpar Fix and Perm
Buffer (Fluidigm, # 201067) for 1 hour at RT. Cells were then
washed with Maxpar Cell Staining Buffer and resuspended in 10%
DMSO/FBS and stored at –80�C.

Cells were analyzed using the Helios mass cytometer (Fluidigm).
Directly before analysis, cells were washed in Maxpar Cell Acqui-
sition Solution (CAS; Fluidigm, #201240) and then resuspended in
CAS containing 0.1X EQ calibration beads (Fluidigm, #201078).
Cells were diluted to a concentration of 0.5�106 cells/mL for
analysis.

CyTOF data analysis
Cytobank (www.cytobank.org) was used for the initial manual

gating of live, CD45þ, CD66b�, single cells. High-dimensional CyTOF
data analysis was performed using R version 3.6.0 (28) and library
“flowCore” (package version 1.52.1; ref. 29). The pipeline implemented
and used was a customized version of the workflow described in ref. 30
and included the following analytical steps.

Sample selection
Samples were assigned to four different groups defined by the

treatment timescale, namely, baseline, mid-treatment, post-NAC pre-
surgical, and post-surgery. If multiple samples of a patient were
assigned to the same group, only the one taken at the latest time
point was included in the analysis, to avoid sample bias. This filtering
procedure removed six samples on treatment and three samples from
post-surgery.

Diagnostic and cell events subsampling
Sample diagnostic analysis revealed that the range of cell events

varied across samples and that three samples had less than a thousand
events recorded. To maximize the statistical power and to avoid
possible sample size biases, a subsampling procedurewas implemented
to extract 450 random cell events from each available sample. To verify
the robustness of this approach, the entire pipeline analysis was run
multiple times using four different seeds of the pseudorandomnumber
generator.

In principle, this approach presented the disadvantage of being
prone to low sensitivity of immune cell quantification due to the finite
number of the events subsampled. However, the results obtained
showed good agreement even for proportions of immune cell types
making around 5% of the overall population fraction. Beyond possible
biases due to differences in sample sizes, this approach had the
additional advantage to allow for cell population discovery using all
samples combined across treatment phases and to apply dimension-
ality reduction algorithms using all data available (see sections below).

Data processing
The pipeline analysis was carried out in parallel on two comple-

mentary subsets of data: the first set included 24 samples from 8
patients with TNBC for whom baseline, on-treatment, and post-
surgical time points were collected; the second set included 28 samples
from 14 TNBC patients at baseline and at post-surgical.

Raw CyTOF marker intensities of 26 markers were imported using
the read.flowSet function and then transformed using the hyperbolic
inverse sine functionwith cofactor 5 (31, 32) to obtainmore symmetric
distributions across the samples and to map them to comparable
ranges of expression.

To test that marker intensities were valid features, the t-distributed
stochastic neighbor embedding (t-SNE) algorithm (33) was used to
project all cell events from each set of samples into two-dimensional
maps and color the points by marker intensity. The distributions of
expression of each marker were scaled between 0 and 1 using 1% and
99% percentiles as the boundaries and plotted for a visual diagnostic
assessment.

Cell population identification
Cell population identification was conducted with a combination of

hierarchical clustering and consensus clustering. Scaled intensities of
markers were used to hierarchically cluster all cell events from sample
subsets (14-patient analysis or 8-patient analysis) into 25 clusters using
an extension of Ward’s minimum variance method (34). This choice
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allowed us to unbiasedly obtain a level of overclustering necessary to
separate rare cell types and residual debris from the main populations.
The final clusters were then annotated by visual inspection of the
markers’ expression distributions associated with each cluster popu-
lation and assigned to one of six cell populations of interest.

Visualization of immune cell populations
All cell events from selected sample subsets (8-patient analysis or

14-patient analysis) were visualized using t-SNE (DOI: 10.5281/
zenodo.5206664) via dimensionality reduction of their associated
marker intensity profiles and colored according to the annotated
immune cell populations. The two-dimensional maps were then
stratified according to patient groups (RD and pCR) and to treatment
stage (baseline and post-surgery in the 14-sample analysis; baseline, on
treatment, and post-surgery in the 8-sample analysis). Because cell
population identification was carried out by pooling samples together
across different treatment phases, the abundance of the populations
was immediately comparable between maps associated with different
treatment stages and/or patient groups.

Differential abundance analysis
Differential abundance analysis of defined cell populations between

patient groups (RD vs. pCR) at each time point was performed using
the empirical Bayes moderated t test implemented in the package
LIMMA (27) on the log-transformed cell event counts csi associated
with cell type/family i in sample s in that time point:

xsi ¼ log2 csi þ 1
� �

:

This transformation was needed to obtain Gaussian-like distribu-
tions of cell counts.

For testing the significance of DA of populations within the same
group of patients between different time points (midtreatment vs.
baseline and postoperation vs. baseline), a paired-samples version of
the LIMMA test was used.

Data availability statement
Data are available from the authors upon reasonable request. Details

of open access data are provided in DOI: 10.5281/zenodo.5206664.

Results
TNBC and ERþHER2– breast cancers with RCB II/III are
immunologically “cold” at baseline and at the end of NAC

To characterize the immune microenvironment of chemotherapy-
resistant breast cancers, we profiled the TIME in both posttreatment
residual disease and treatment-na€�ve breast cancer, where available,
combining bright-field H&E imaging and multiplexed IHC. In addi-
tion, we used digital spatial profiling to further characterize the
expression of canonical costimulatory and inhibitory molecules on
stromal TILs. Finally, we measured the expression of 1,330 cancer and
immune-related genes within resected RCB II/III tumors and the
baseline biopsies (Fig. 1A). A series of 298 TNBC and ERþHER2–

consecutive breast cancer patient samples treated with NAC were
available for evaluation. Given the primary aim of this study was to
identify potential immune targets that could be further explored
within the context of post-NAC chemotherapy-resistant disease,
pathology review was carried out to exclude any patients who had
achieved pCR/RCB I disease, known to have an excellent long-term
outcome. Following the pathology review of slides and original
pathology reports, 153 patients were classified as having RCB II or
RCB III disease (TNBC n ¼ 80; ERþHER2– n ¼ 73; Fig. 1B) and

were included in the final data set. Patient characteristics are
summarized in Table 1. Of note, 19 cases of residual disease from
patients with TNBC had also received platinum chemotherapy as
part of their sequential NAC regimen. Baseline pre-NAC samples
were available for evaluation for 32 of 80 TNBC and 36 of 73 and
ERþHER2– cases. Consistent with previous findings (19), RCB
scores were prognostic for progression-free survival (PFS) and
long-term survival after NAC in both phenotypic subsets of breast
cancers (Fig. 1C and D).

We first assessed H&E slides of resected post-NAC ERþHER2–

and TNBC residual disease and matched pre-NAC core biopsies
via bright-field microscopy for stromal lymphocytic infiltration
(Fig. 1E). TILs were scored in 153 cases of residual disease where
tissue was available. We found that most chemotherapy-resistant
ERþHER2– and TNBC breast cancers were immune “cold” at baseline
with comparably low mean stromal TIL (sTIL) scores of 4.2% (SD
6.27) and 6.9% (SD 7.98), respectively (Fig. 1F). By contrast, post-
NAC sTILs in TNBC RCB II/III disease were significantly higher than
those in ERþHER2– RCB II/III disease [median 14% (SD 16.9) vs.
5.1% (SD 6.86), respectively]. In the 36 of 73 ERþ/HER2� tumors and
32 of 80 TNBC tumors where we had paired pre-NAC biopsies, there
was no significant change in the sTIL counts following NAC (Fig. 1G
and H).

Next, we assessed the prognostic influence of the level of immune
infiltrates in the residual disease. Kaplan–Meier analysis was per-
formed using the median value for RD sTILs in ERþHER2– (3%) and
TNBC (8.8%) residual disease to dichotomize groups, and therewas no
significant difference in either PFS or OS between patients based on
median RD sTILs in either breast cancer subtypes (Supplementary
Fig. S1A and S1B). A TIL cutoff of 10% is considered to be clinically
relevant and recently proposed to define “immune-enriched” breast
cancers (35). We, therefore, hypothesized there might be a smaller
subpopulation of patients with high TILs scores that have a differential
outcome. To test this, we performed Kaplan–Meier analyses by
dichotomizing TILs scores at the value of 10% in the ERþHER2–

patient population for both PFS (Fig. 1Ii) and OS (Fig. 1Iii). Tumors
with stromal TILS >10% had a significantly poorer PFS (log-rank
P ¼ 0.0013; median 4.183 vs. undefined years; Fig. 1Ii) and OS (log-
rankP¼ 0.0042;median 10.13 vs. 5.811years; Fig. 1Iii) comparedwith
tumors with stromal TILs <10%. This did not hold true for TNBC
residual cancers at cutoffs of 10% (Fig. 1Ji and ii).

Chemotherapy-resistant residual breast cancers are
characterized by low B-cell infiltrates and downregulation of
immune-checkpoint receptor expression

Given the different prognostic implications of sTILs between breast
cancer subtypes with residual cancers, we hypothesized that the
immune cell compositions of TNBCandERþHER2–RCB II/III disease
are also likely to be qualitatively different. We used H&E and multi-
plexed immunofluorescence panels to further characterize immune
TIME of RCB II and RCB III residual disease and its matched baseline
pre-NAC cores (Fig. 2A). Cells were classified using canonical surface
markers as either tumor cells (CKþ), T-cell subsets [CD4þ, CD8þ,
CD4þFoxP3þ (Tregs)], B cells (CD20þ), tumor-associated macro-
phages (CD68þ), or natural killer cells (CD56þ). Although no signif-
icant difference in the distribution of these immune cell subsets
between TNBC and ERþHER2– residual disease (Fig. 2B) was
observed, a significant decrease in B cells was detected in ERþHER2–

residual disease compared with pre-NAC biopsies (Fig. 2Ci). This
was further supported by a significant decrease in total immune
cell infiltrate seen in ERþ/HER2� residual disease (Supplementary
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Fig. S2Ai). Likewise, a significant decrease in B cells was apparent in
TNBC residual disease compared with pre-NAC biopsies (Fig. 2Cii).
This was also accompanied by increased NK cell infiltration in post-
NAC samples (Fig. 2Cii); however, there was no overall change in total

immune cell infiltrates after NAC in TNBCs (Supplementary
Fig. S2Aii). It is also noteworthy that in TNBC RCB II/III disease, a
trend for decrease in immunosuppressive Tregs but an increase in the
CD68þ tumor-associated macrophages was observed.
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Figure 1.

Histopathologic evaluation of the TIME of pretreatment and residual chemotherapy-resistant samples.A, Schematic representing the four-step strategy for evaluation
of immune TIME within pre- and post-NAC residual cancers. B, Flow chart of the study population selection. C, Kaplan–Meier curves for PFS in ERþHER2– and TNBC
patientswithRCB II and III.D,Kaplan–Meier curves forOS inERþHER2– andTNBCpatientswithRCB II and III disease.E,RepresentativeH&E imagesdepicting increasing
stromal lymphocytic infiltration within residual cancers. F, sTIL levels in pre- (baseline) and posttreatment (RCB II/III) samples within ERþHER2– and TNBC cancers.
Statistical significance was calculated using the nonparametric Mann–Whitney U test. The percentage of stromal TILs is the area of stromal tissue (area occupied by
mononuclear inflammatory cells over total intratumoral stromal area). G and H, Changes in stromal lymphocytic infiltration in matched pretreatment and residual
disease samples. P values from two-tailed paired t tests are shown. I, Kaplan–Meier curves for (i) PFS and (ii) OS in ERþHER2– patients stratified according to sTIL
infiltration (cutoff 10%). J, Kaplan–Meier curves for (i) PFS and (ii) OS in patients with TNBC stratified according to sTIL infiltration (cutoff 10%).
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Figure 2.

Immune context of immunologically cold chemotherapy-resistant ERþHER2– and TNBC breast cancers. A, Representative multiplexed IHC images showing staining
of key lineage markers and immune-checkpoint expression in tissue sections. B, Bar charts showing immune composition of ERþHER2– (n ¼ 16, blue) and TNBC
(n ¼ 15, red) residual disease samples. Statistical analysis to compare immune composition between subtypes was performed using the two-stage Mann–Whitney
test.C, Log2 FC in immune cell types in residual disease samples comparedwith pretreatment samples in (i) ERþHER2– disease (n¼ 10matched-paired samples) and
(ii) TNBC (n ¼ 10 matched paired samples; Wilcoxon matched-pairs signed rank test; �, P ≤ 0.05; �� , P ≤ 0.01). D (i–ii), Percentage of tumoral and stromal PD-L1
expressionwithin the TIME of TNBCRCB II/III disease.D (iii–iv), Percentage of PD-1 expression on immune cells foundwithin the invasive tumor (iii) and tumor stroma
(iv) in TNBC RCB II/III disease (Mann–Whitney test; � , P ≤ 0.05; �� , P ≤ 0.01; ���� , P ≤ 0.0001). E, Representative image of a selected ROI for digital spatial profiling
based on CD45 staining. Per patient 12 ROIs were selected in TIL-rich areas where possible. Areas of 600 mm in diameter were placed. F and G, Quantification of
protein expression of immune cell lineage markers and immune checkpoints in selected ROIs from ERþHER2– and TNBC residual disease samples. H, Heatmap
showing differential protein expression of significantly upregulated or downregulated immune-checkpoint markers within TNBC RCB II/III tumors compared with
pre-NACbaseline samples. Only those immune-checkpoint receptorswhere theywere significant in at least 2 of 3 patientswith FC in the same direction are indicated
(P < 0.05; see also Supplementary Table S3).
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The recent FDA approval of pembrolizumab (anti–PD-L1) immu-
notherapy in combination with chemotherapy for high-risk early
TNBC highlights the need to understand the role of chemotherapy
in modulating the PD-1/PD-L1 axis (36), especially in chemotherapy-
refractory disease where immunotherapies may play a vital role. We
therefore also evaluated the expression of PD-L1 (cutoff for positivity
≥1%) on both tumor (tumoral PD-L1) and immune cells (stromal
PD-L1) in pre-NAC biopsies (baseline) and post-NAC RCB II/III
disease. The majority of the TNBC and ERþHER2– residual tumors
were PD-L1-negative (Supplementary Fig. S2B). For TNBC, this
represented a significant decrease in the tumoral and stromal PD-L1
expression following NAC in RCB II/III disease when compared with
baseline samples (Fig. 2Di and ii). This was specific to TNBC, as no
change was detected in ERþHER2– RCB II/III disease from baseline
(Supplementary Fig. S2Ci and ii). We also evaluated the expression of
PD-1 on immune infiltrates within the invasive tumor and those
within the tumor stroma (Fig. 2Diii and iv; Supplementary Fig. S2Ciii
and iv). Aswith PD-L1, a significant decrease in the PD-1 expression in
TNBC residual disease was measured, whereas no significant change
was observed in ERþHER2– RCB II/III disease (Fig. 2Diii–iv; Sup-
plementary Fig. S2Cii and iv).

To validate these findings and further characterize the expression of
costimulatory and inhibitory immune checkpoints within chemother-
apy-resistant disease, we used the NanoString DSP technology
(Fig. 2E) on a subset of samples. In keeping with immunofluorescence
findings (Fig. 2B), DSP confirmed a similar distribution of canonical
immune cell markers across both TNBC and ERþHER2– RCB II/III
disease, with markers of CD4 and CD8 T cells and monocyte/macro-
phages (CD14/CD68/CD163) beingmost abundant and those of Tregs
(CD25/FOXP3) and NK cells (CD56) being the least abundant
(Fig. 2F). Immune-checkpoint receptor expression was also mirrored
across TNBC and ERþHER2– RCB II/III disease (Fig. 2G). In TNBC
cancers, stimulatory and inhibitory immune-checkpoint receptors
including CD86 and OX40L were significantly downregulated in
post-NAC residual disease compared with pre-NAC core biopsies
(FDR-adjusted P < 0.05; Fig. 2H; Supplementary Table S3 and DOI:
10.5281/zenodo.5206664). These data highlight the complexity of
immune regulatory networks, and careful dissection of the stimulatory
and inhibitory pathways activated following NAC will be required for
the design of strategies to overcome resistance, relapses, and to
improve response rates.

Circulating immune cell phenotype dynamics within patients
with TNBC are comparable to the post-NAC RCB II/III TIME

Peripheral blood immune parameters such as circulating T-cell
repertoire, proliferation, expansion, and immune-checkpoint exp-
ression are well-known correlates of chemotherapy and immunother-
apy response (37–40). We, therefore, asked whether NAC-induced
changes in the TIME of TNBC residual disease could be detected in the
peripheral blood. We prospectively recruited 14 patients with TNBC
and profiled their PBMCs before, during, and after NAC treatment
usingCyTOF (Fig. 3A). Of these, 7 patients achieved a pCRorminimal
disease burden after NAC (RCB I), whereas 7 had poor response with
RCB II/III disease (Table 2). Samples were collected from all 14
patients at baseline and post-surgery and, of these, 8 patients (4 with
residual disease and 4 with pCR) had blood captured during NAC
treatment. Across both outcome groups, patients had tumors of
comparable size and stage before starting NAC and were treated with
a combination of anthracycline–cyclophosphamide and taxane-based
chemotherapy, although a higher proportion of patients who achieved
pCR were treated with additional platinum-based therapy (Table 2).

We carried out high-dimensional analysis to first identify relevant
lineage markers (CD3, CD4, CD8, CD56, CD19, and CD11c; Fig. 3Bi;
Supplementary Tables S4 and S5; DOI: 10.5281/zenodo.5206664).
Mirroring the depletion of B cells observed at the site of residual
disease (Fig. 2C), a significant reduction in the proportion of circu-
lating B cells on treatment could be detected in both outcome groups
(Fig. 3Bii and iii; on-treatment green bars). Utilizing an unsupervised
clustering approach (t-SNE), 16 distinct immune cell clusters were
identified (Supplementary Fig. S3A; DOI: 10.5281/zenodo.5206664).
Adeeper analysis of theB-cell clusters confirmed a decrease inmemory
B cells following NAC across all patient groups (Supplementary
Fig. S3B). These findings are consistent with other recent studies (41)
reporting on the selective influence of chemotherapy on the B-cell
subsets.

Specific to patients with TNBC with RCB II/III disease, and not
observed in patients with TNBC who achieved pCR to NAC, we
observed an increase in the proportion of peripheral NK cells following
treatment (Fig. 3Biii). This was comparable with the observation in
TNBC post-NAC RCB II/III TIME in situ (Fig. 2C). In fact, NK cells
represented the only population with significant temporal changes on
chemotherapy or following resection between the two outcome groups
(pCR/RCB I vs. RCB II/III disease; Fig. 3Biv and v).

CD16þ NK cells possess potent cytolytic capacity, a function often
associated with effective tumor rejection (42). Analysis of the NK cell
cluster revealed that patients who achieved a complete response/
minimal residual disease with NAC had significantly more circulating
CD16þ NK cells at baseline compared with those patients who had
RCB II/III (Fig. 3C). Moreover, analysis of the CD16þ and CD16–NK
cells in the 8 patients with available on-treatment samples revealed
higher proportions of cytotoxic CD16þNK cells in patients on track to
achieve a pCR (Fig. 3D). This was in stark contrast to patients on RCB
II/III disease trajectory at surgery, who instead exhibited higher
proportions of CD16– NK cells pre- and- on-treatment (Fig. 3D).
Thus, a lack of cytotoxic NK cells prior to NAC may contribute to
chemotherapy resistance.

Since NK cells were enriched in both the TIME and periphery of
patients with high-risk resistant disease, we further investigated the
NK cell phenotypes, based on the expression of CD16 and CD56
(Fig. 3E; refs. 43, 44). CD56brightCD16�cells exhibit superior cytokine
production, whereas CD56dimCD16þ cells primarily demonstrate
enhanced cytotoxicity. It has been demonstrated that upon activation,
CD56dimCD16þ NK cells lose the expression of CD16 through metal-
loprotease-mediated shedding and become CD56dimCD16� (referred
to as activation-induced shedding; ref. 45). Here, patients destined to
achieve a complete response had baseline profiles of NK cell subsets
comparable with healthy controls (Fig. 3F). In contrast, patients with
residual tumor at surgery had significantly lower proportions of cyto-
toxic peripheral NK cells (CD56dimCD16þ) at baseline (Fig. 3F). We
observed a further decrease in this subset among the residual disease
patient group during NAC (Fig. 3G). This was accompanied by an
enrichment of CD56dimCD16–NK cells, which became the dominant
subtype in high-risk residual disease patients. Following removal of
the residual disease, circulating NK phenotypes were comparable
across both patient groups (Fig. 3H), supporting the notion that
tumor cells directly alter the NK cell phenotype as opposed to the
other way around.

Subtype- and chemotherapy-specific immune profiles exist in
post-NAC chemotherapy-resistant ERþHER2– and TNBCs

To further characterize immune and cancer pathways active inTNBC
and ERþHER2– RCB II/III disease following NAC, we quantified bulk
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Figure 3.

Longitudinal CyTOF profiling of patient PBMCs reveals NAC-induced enrichment of NK cell populations associated with clinical response. A, Schematic of CyTOF
study. B (i), t-SNE analysis of matched PBMC samples from patients with RD (n ¼ 4) and pCR (n ¼ 4) at baseline, on-treatment, and post-surgery showing the
identification of major immune cell families. B (ii and iii), Log2 FC in the abundance of each cell population on treatment (n¼ 8) and post-surgery (n¼ 14), compared
with baseline, amongpatientswithB (ii) pCR andB (iii) RCB II/III disease; LIMMA test.P values represent thosewhich showed statistical significance in at least 3 of the
4 seeds tested, with a |log2 fold change (FC)| > 1.5.B (iv) andB (v), Log2FC in proportions of major immune cell families on-treatment [B (iv); n¼ 8] and post-surgery
[(B (v); n¼ 14], normalized to baseline proportions (LIMMA).C, Proportion of CD16þ and CD16- NK cell clusters at baseline among patientswith RD and pCR (n¼ 14).
LIMMA test. D, Proportion of CD16þ and CD16– NK cell clusters on-treatment among patients with RD and pCR (n ¼ 14). LIMMA test. E, FACS gating strategy of
manually gated CD3– CD19–CD123–CD56þ NK cells showing identification of 4 NK cell subsets based on CD56 and CD16 expression. F, Baseline peripheral NK cell
subsets among patients who went on to achieve pCR or RD after NAC and healthy donors (Mann–Whitney U test; ��� , P ≤ 0.0001). G, Peripheral NK cell subsets
at “on-treatment” time point from patients who went on to achieve pCR or RD after NAC (Mann–Whitney U test; � , P ≤ 0.05). H, Peripheral NK cell subsets at the
“post-surgical” timepoint among patients who achieved pCR or RD after NAC (Mann–Whitney U test; ns P > 0.05).
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mRNA expression using the NanoString nCounter immunology and
pancancer panels. Ninety-five immune genes were significantly differ-
entially expressed [DE; FDR-adjustedP< 0.1 and |log2 fold change (FC)|
of >1] across TNBC and ERþHER2– residual disease (41 upregulated
and 54 downregulated in TNBC disease; Fig. 4A; Supplementary Tables
S6 and S7). Additionally, from 730 genes in the PanCancer Pathway set,
132 genes were found to be significantly DE (FDR-adjusted P < 0.1 and |
log2FC| of >1) across TNBC and ERþHER2– residual disease samples
(Fig. 4B; Supplementary Tables S8 and S9). Interestingly, in line with
previous reports (46, 47), the most significantly DE immune genes in
TNBC residual disease (defined as having a log2FC >2 with an FDR-
adjusted P < 0.1) were enriched for pathways related to neutrophil
degranulation and IL17 signaling (LCN2, CCL23, SI00A8, S100A7, and
S100B;Fig. 4A; SupplementaryTable S6). By contrast, the enrichment of
genes involved in extracellular matrix organization (CTSG, TPSAB1,
CXCL14, and CCL14) was seen in ERþHER2– disease (Fig. 4A; Sup-
plementary Table S7).

In addition to being subtype specific, the post-NAC profiles of RCB
disease were also chemotherapy specific (Fig. 4C; Supplementary
Fig. S4A; Supplementary Table S10). TNBC samples treated with the
addition of carboplatin exhibited 41 DE genes [18 immune (Fig. 4C)
and 23 pan-cancer (Supplementary Fig. S4A)]. Specifically, we
observed that in carboplatin-treated residual disease, the GZMM,
GZMA, and KLRC2 genes, all related to innate effector cells such as
NK�, CD8, or gd T cells, were downregulated compared with residual
disease treated with sequential anthracyclines and taxanes alone
(Fig. 4C).

Next, we evaluated if specific changes in the immune pathways
were correlated with changes in pan-cancer pathways. We observed
a weak to modest correlation between immune and cancer path-
ways in ERþHER2– RCB II/III disease, except macrophage func-
tions (Fig. 4D). By contrast, a strong correlation between immune
and cancer pathways existed in TNBC residual disease for both

AC-T–treated and AC-T– and carboplatin-treated cancers (Fig. 4Ei
and ii), consistent with a greater degree of tumor–immune cross-talk
within TNBCs.

Immune gene-expression changes after chemotherapy in
ERþHER2– and TNBC RCB II/III disease

Next, we evaluated the changes in the gene-expression profiles
(cancer and immune) of ERþHER2– and TNBC RCB II/III disease
comparedwith theirmatched pre-NAC baseline tumor tissue. It is well
recognized that immunosuppressive cells such as Tregs, M2 macro-
phages, and myeloid-derived suppressor cells can support protumoral
immunity within the TIME. We therefore specifically looked at how
genes known to be markers of suppressor cells changed with NAC in
chemotherapy-refractory disease (Supplementary Table S11). We did
not identify any significant hits; however, consistent with previous
reports (48), we noted upregulation in several genes associatedwith the
MAPK pathway in both ERþHER2– and TNBC residual cancers
(Supplementary Fig. S4B and S4C). Specifically, immune profiling
revealed significant changes in 30 and 41 immune genes in ERþHER2–

and TNBC RCB II/II disease, respectively (FDR-adjusted P < 0.1 and
|log2FC| > 1; Fig. 5A and B). The majority of genes were upregulated
following NAC in both subtypes; however, minimal overlapping DE
genes were observed between ERþHER2– and TNBC, indicating
subtype-specific responses (Fig. 5C). Consistent with earlier find-
ings (Figs. 2C and 3B), the “top” downregulated genes in residual
tumors irrespective of the subtype were related to B-cell biology
(CD19, CD79B, TNF, MS4A1, PAX5, and CD22; Fig. 5D and E).
Note that in TNBC RCB II/III disease, downregulation of CD209, a
marker of dendritic cells, was one of the “top” hits, potentially
providing another mechanism through which resistant tumors
promote a tolerogenic TIME phenotype. Additionally, the increased
NK cell count seen in TNBC RCB II/III disease (Figs. 2C and 3B)
was further validated; many of the upregulated genes were associ-
ated with NK cell biology (KLRC1, KLRC2, KIR3DL3, KLRD1, and
EOMES; Fig. 5F) and were particularly associated with NK cell
inhibition or exhaustion (49).

To bring all our data together, we summarized that the post-NAC
chemotherapy-refractory TNBC tumors are PD-1/PD-L1 low (Fig. 2D
andH), but also show enrichment for an exhausted NK cell phenotype
both locally and peripherally (Figs. 2C, 3D, 3E, and 5F). To investigate
if this post-NAC chemotherapy-refractory disease could benefit from
an immunomodulatory approach, we interrogated a publicly available
data set of PD-1/PD-L1–low melanoma tumors with pretreatment
biopsies identifying factors that may influence innate sensitivity or
resistance to anti–PD-1 therapy (50). We first identified all marker
genes that are expressed stably and specifically in NK cells within the
immune profiling panel, as per the method described by Danaher and
colleagues (51). These act as reference genes specific to individual cell
types, as they are expressed only in their nominal cell type. Within the
melanoma cohort, we identified 13 patients (8 nonresponders and 5
responders) with extremely low expression of PD-1/PD-L1 tumors
(defined as having log2 mRNA abundance of ≤1). Within these 13
patients, we examined the expression of the above-mentioned NK-
related genes (RRAD, PLA2G6, ZNF205, BCL2, NCR1, MPPED1,
GZMB, FOXJ1, GTF3C1, IL21R, and FUT5) between the nonrespon-
ders (NR) and those who exhibited a complete or partial response (R)
to anti–PD-1 therapy (Fig. 5G). Although we observed no statistically
significant differences in the expression of these genes across Rs orNRs
in PD-1/PD-L1–low tumors, several markers (PLA2G6, ZNF205,
BCL2, GZMB, and GTF3C1) are moderately expressed in these
tumors. It is plausible that checkpoint inhibition with antagonistic

Table 2. Comparison of clinicopathologic characteristics of
patients with TNBC achieving pCR/RCB I or RCD II/III after NAC
whose peripheral blood was analyzed by liquid CyTOF.

pCR/RCB I (n¼7) RCB II/III (n¼ 7)

Age (median, range) 46 (37–66) 50 (32–57)
Grade at consent (n)

2 1 1
3 5 6
Unknown 1 0

Stage at consent (n)
IA 2 1
IIA 4 3
IIB 1 1
IIIA 0 1
IIIB 0 1

Nodes (n)
Positive 2 2
Negative 5 5

Pre-NAC tumor size (mm)
Median 38 25
Range 21–64 8–50

Chemotherapy (n)
Anthracycline–
ccyclophosphamide

6 7

Platinum 5 1
Taxane 5 7
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antibodies (e.g., anti-KIR mAbs targeting KIR2DL3) could potentially
rescue NK cell exhaustion (as observed in Fig. 4) and thereby generate
an antitumor capacity.

Discussion
Immune cells constitute an important component of the tumor

microenvironment, and a strong association between lymphocytic
infiltrate and chemotherapy response in early breast cancers has been
described (23). Here, we present multidimensional immunologic
characterization of chemotherapy-resistant (defined as RCB II and
RCB III) disease following neoadjuvant sequential anthracycline and
taxane therapy with or without platinum therapy and begin to

understand some of the immune drivers of subtype-specific differences
observed in TNBC and ERþHER2– residual tumors.We were also able
to identify associations between circulating immune cells, particularly
NK populations, and response to NAC in patients with early triple-
negative disease.

Consistent with the correlation between high immune infiltrates
and pCR, we found that irrespective of breast cancer subtype, RCB II
and III tumors were predominantly immunologically cold (non-
LPBCs) at baseline and end of NAC. This suggested a poor immune
cell engagement that was not enhanced by chemotherapy via mechan-
isms such as chemotherapy-induced immunogenic death response.
Previous studies have described heterogeneous post-NAC immune
responses in residual cancer tissue, with one study reporting that 48%
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Figure 4.

Subtype- and chemotherapy-specific immune
profiles observed in post-NAC chemotherapy-
resistant breast cancers. A, Heatmap showing
expression of immune profiling gene set in
ERþHER2–andTNBCresidual disease samples.
DE genes with FDR-adjusted P < 0.1 and a
|log2FC| of >2 are highlighted in the heatmap.
Red represents genes that are highly enriched
in TNBC residual disease, and blue represents
genes highly enriched in ERþHER2– disease.
B, Heatmap showing expression of the pan-
cancer profiling gene set in ERþHER2– and
TNBC residual disease samples. C, GZMM,
GZMA, and KLRC2 represent downregulated
genes in carboplatin-treated residual disease.
D, Heatmap showing Spearman rank correla-
tion coefficient between pan-cancer and
immune-related genes in ERþHER2– residual
disease samples. E, Heatmap showing Spear-
man rank correlation coefficient between pan-
cancer and immune-related genes in TNBC
residual disease samples from patients who
received AC-T only (i) or with (ii) additional
platinum-based chemotherapy.
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of patients showed an increase in the level of TILs in residual disease
and 47% experienced a decrease (52). We focused specifically on the
high metastatic risk RCB II and III disease, where no significant
increase in TILs scores in matched pre- and post-NAC cases in ERþ

HER2– and TNBC disease was observed. TILs are increasingly being
recognized as a continuous variable, obviating the need to determine
binary cutoffs (21). We observed that even within defined immuno-
logic cold tumors, TNBCRCB II/III disease was associated with higher
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Changes in immune gene expression after chemotherapy in ERþHER2– and TNBC RCB II/III disease. A, Heatmap showing expression of immune profiling gene set in
matched pretreatment and residual disease ERþHER2– samples. B, Heatmap showing expression of the immune profiling gene set in matched pretreatment and
residual disease TNBC samples. C, Venn diagram showing upregulated or downregulated genes after chemotherapy treatment in ERþHER2– and TNBC samples.
D, STRING analysis of known interactions between hit genes downregulated in ERþHER2– residual disease samples, comparedwith pretreatment. E, STRING analysis
of known interactions between hit genes downregulated in TNBC residual disease samples, compared with pretreatment. F, STRING analysis of known interactions
between hit genes upregulated in TNBC residual disease samples, compared with pretreatment. G, Expression of NK-related marker genes in PD-L1/PD-1–low
melanoma tumors stratified by response to anti–PD-1 therapy.
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levels of immune infiltration compared with ERþHER2– residual
disease. However, the immunophenotyping of TIME of these “cold”
TNBC and ERþHER2– RCB II and III disease revealed no significant
differences in the distribution of the immune infiltrates, or the
immune-checkpoint receptor expression across the differing subtypes.
Importantly, residual disease across subtypes was associated with high
proportions of CD68þmacrophages and CD4þ and CD8þ T cells, and
an improved understanding of their mechanistic role in tumoricidal or
protumoral functions within high metastatic risk cancers will be
crucial for therapeutic manipulation of the TIME.

Although we acknowledge that the immunophenotyping of the
TIME lacked comparative samples frompatients achieving pCR/RCB I
or all four IHC breast cancer subtypes, we had intentionally designed
the study to understand the immune drivers of TNBC RCB II/III
disease representing the worst prognostic subgroup following NAC.
ERþHER2– residual cancers represent the other extreme of the prog-
nostic spectrum. Longitudinal studies with on-treatment biopsies to
better understand dynamic changes in the TIME over the course of
NAC are currently planned.

In this study, deeper immunophenotyping through gene-expression
profiling and assessment of changes in the immune profiles within
matched cases revealed subtype-specific profiles of TNBC and
ERþHER2– residual disease. These are in line with other studies (53).
Broadly speaking, we found that residual disease after NAC in TNBC
demonstrated a strong interplay between immune and cancer path-
ways as comparedwith ERþHER2– residual cancers.We speculate that
cancer cell–specific mechanisms primarily drive progression in
ERþHER2– disease as opposed to TNBC, where the interplay between
cancer cells and the immune infiltrate is active and can influence long-
term outcomes. These data support the notion that immune modu-
lation is likely to have only minimal efficacy in ERþHER2– chemo-
therapy-resistant disease, and these strategiesmay bemoremeaningful
in TNBC RCB II/III disease.

More specifically, our analyses identified several findings that
require further investigation in the post-NAC residual disease setting.
First, we observed downregulation of several stimulatory and inhib-
itory immune-checkpoint receptor expression (including PD-L1 and
PD-1) in post-NAC TNBC RCB II/III disease, highlighting the com-
plexity of therapeutic interventional with immunotherapies in the
post-NAC adjuvant setting. Second, we observed an enrichment of
neutrophil-attracting chemokines in post-NAC residual disease in
TNBC. Tumor-infiltrating neutrophils are known to possess both
tumor-promoting and antitumor immune functions (N1 vs. N2;
ref. 54). Moreover, CD62Ldim neutrophils have been implicated in
the development of lung metastasis, specifically within TNBC via
release of tumor-derived HMGB1 (55). Given that HMGB1 is also
released in response to chemotherapy treatment (56), further explo-
ration of this pathway and neutrophil recruitment in chemotherapy-
resistant TNBC iswarranted. Third, we observed an increase inNK cell
populations in patients with post-NAC residual disease in TNBC
within both the local tumor microenvironment and peripheral white
cell populations. Breast cancers have been shown to evade NK cell–
mediated antitumor activity by decreasing the NK cell cytotoxic
potential (57). NK cells present in the breast TIME are predominantly
nonfunctional and immature, with enrichment of the CD56dimCD16–

and CD56brightCD16– subsets (44, 57), and, consistent with this, we
observed CD56dimCD16– as the dominant subtype in circulation
during NAC in high-risk residual disease patients. Interestingly,
following removal of the residual disease, the NK phenotypes were
once again comparable across those patients with pCR and residual
disease, supporting the notion that tumor cells directly alter theNK cell

phenotype in situ. The increase in the NK cell population in the TIME
of TNBC-resistant cancers may represent expansion/infiltration of
these nonfunctional cells, and follow-up studies on the functional
characterization of the NK cell population within TNBC residual
tumors are indicated.

Finally, assessment of the peripheral immune response has the
potential to provide valuable longitudinal information in a minimally
invasive manner in clinical practice. Other recent work has identified
cytotoxic gene signatures detectable in peripheral blood that are
associated with residual disease after NAC (37). We show here that
chemotherapy-induced changes in the tumor microenvironment of
TNBC residual disease, namely the depletion of B cells and enrichment
of NK cells, are also reflected in the peripheral blood. Our work has
further identified features of peripheral immunity at baseline that are
related to clinical outcomes after NAC treatment. Importantly, at
baseline, patients with TNBC destined for a poor response to chemo-
therapy (RCB II/III at surgery) were found to have lower levels of the
cytotoxic CD16þ NK cell population, which continued to remain
depleted during chemotherapy. Given the specific effects of NAC on
NK cell phenotype, our observations support further investigations
into the potential for effects of an additive NK cell–dependent immu-
notherapy for patients with chemotherapy-resistant TNBCs evidenced
by the presence of RCB II/III residual disease.

Taken together, we present a detailed assessment of chemotherapy-
resistant, immunologically cold TNBC and ERþHER2– cancers iden-
tifying a number of potential immunologic targets that require further
exploration within this context, as these high-risk patients might
benefit from immunomodulatory approaches that could be tested in
future clinical trials. Additionally, monitoring of tumor immune
dynamics longitudinally during chemotherapy is feasible and mirrors
events within the tumor, and thereforemay help to predict therapeutic
response early, and potentially allow for tailoring of treatment prior to
definitive surgery.
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