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ABSTRACT

Breast cancer is the most common malignancy in women worldwide and a highly heterogeneous disease.
Four different subtypes are described that differ in the expression of hormone receptors as well as the
growth factor receptor HER2. Treatment modalities and survival rate depend on the subtype of breast
cancer. However, it is still not clear which patients benefit from immunotherapeutic approaches such as
checkpoint blockade. Thus, we aimed to decipher the immune cell signature of the different breast cancer
subtypes based on high-dimensional flow cytometry followed by unbiased approaches. Here, we show
that the frequency of NK cells is reduced in Luminal A and B as well as triple negative breast cancer and
that the phenotype of residual NK cells is changed toward regulatory CD11b"CD16~ NK cells. Further, we
found higher frequencies of PD-1" CD4* and CD8" T cells in triple negative breast cancer. Moreover, while
Luminal A-type breast cancer was enriched for CD14* cDC2 (named type 3 DC (DC3)), CD14~ ¢cDC2 (named
DC2) were more frequent in triple negative breast cancer. In contrast, HER2-enriched breast cancer did not
show major alterations in the composition of the immune cell compartment in the tumor microenviron-
ment. These findings suggest that patients with Luminal A- and B-type as well as triple negative breast
cancer might benefit from immunotherapeutic approaches targeting NK cells.
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Introduction lymphocytes reduces the risk of relapse and death®. Further, the

Breast cancer (BC) is the most common malignancy in women
worldwide. Four different subtypes of BC are differentiated based
on the expression of the hormone receptor (HR), estrogen recep-
tor (ER), progesterone receptor (PR), status of human epidermal
growth factor receptor 2 (HER2) as well as grading. These are
Luminal A (HRY; HER2™, G1/2) and B (HR"; HER2™, G3), HER2-
enriched (HR*; HER2"), and triple negative BC (TNBC; HR™;
HER2")"2. The subtype of breast cancer is associated with overall
survival of the patients: While patients with Luminal A-type BC
have a more favorable prognosis, patients with TNBC have a worse
prognosis™*. Irrespective of the molecular subtype of BC, lympho-
cyte infiltration is a prognostic factor for disease-free survival and
pathological complete response (pCR)*~”. On average, 20% of TN
and 16% of HER2-enriched BC show lymphocyte-predominant
BC (>50% infiltrating lymphocytes), whereas this is less frequent
in HR™ BC®’. Moreover, an increase of 10% of infiltrating

type of infiltrating lymphocytes is associated either with favorable
or worse prognosis'>'": Infiltration with CD8" cytotoxic T cells is
beneficial, while infiltration with FOXP3" regulatory T cells is
accompanied with a poor prognosis®'*~'*. Here as well, the mole-
cular subtypes of BC differ, as TN and HER2" BC show higher
infiltration with both CD8" as well as regulatory T cells compared
to HR* BC®. In addition, presence of NK cells and recruitment of
conventional dendritic cells (¢<DC) type 1 (cDC1) have been shown
to be beneficial for overall survival in breast cancer'®!”. However,
most studies phenotyping immune cell infiltration in breast cancer
either rely on immunohistochemical analysis of patient samples,
which only allow for the analysis of few markers or bulk RNA-
sequencing of cancer tissue not enabling single-cell
resolution™'*"*, Therefore, differentiation of rather complex
cell populations is difficult as it requires several markers stained
simultaneously. Thus, we aimed to develop a workflow using high-
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dimensional flow cytometry to identify changes in the immune cell
signature of breast cancer subtypes. Using unbiased approaches,
we identified clusters of immune cells that changed between
unaffected and breast cancer tissue as well as specifically in certain
subtypes of breast cancer. Thereby, we could show that especially
the phenotype of NK cells is altered in Luminal A-type as well as in
TNBC toward regulatory NK cells. Our data further revealed an
enrichment of PD-1* CD4" and CD8" T cells in TNBC.

Material and methods
Patient selection

Between February 2017 and May 2020, a total of 43 breast cancer
patients were selected for tissue sampling with a clinical tumor
size of cT2 or higher to get adequate tissue for routine diagnostic

and further analysis. All patients took part in the iMODE-B
study (“Imaging and Molecular Detection of Breast Cancer”)
which was approved by the Ethikkommission der Friedrich-
Alexander-Universitit Erlangen-Niirnberg (#325_19 B). After
signature of written informed consent in accordance with the
Declaration of Helsinki, patients underwent breast conserving
surgery or mastectomy (Figure 1). The interval between initial
biopsies for diagnostics and biopsies during surgery was 30 d
(x16) for patients without neoadjuvant therapy and 169 d (+59
d) for patients with neoadjuvant therapy.

Processing of breast cancer and surrounding unaffected
tissue

Biopsies of breast cancer patients were taken after breast con-
serving surgery or mastectomy at the Department of

BIG-Thera participants are a 100% subpopulation of the i-MODE-B study

l
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l
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unbiased analysis > Validation of results

Figure 1. Overview of procedures for inclusion of participants for BIG-Thera study.




Gynecology and Obstetrics of the University Hospital Erlangen
by a pathologist (Institute of Pathology, University Hospital
Erlangen) before formalin fixation and stored in 1x PBS at 4-
8°C until further examination. Due to the size of the samples
and the expected cell yield, 14 samples were excluded from flow
cytometric analysis. These samples were embedded in O.C.
T. and stored at -80°C as described before (Figure 1).

For flow cytometric analysis, single-cell suspensions of the
tissue of the remaining 29 patients were prepared (Table 1).
Therefore, tissue was minced using scalpel and forceps into
small cubes, transferred to a 50 ml tube and incubated in 5 ml
RPMI with 2% human sera, 150 U/ml Collagenase D and 20
pg/ml DNAse I for 20 min at 37°C. After grinding over a 100
um cell strainer using a pestle to increase the cell yield, the
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sample was centrifuged with 520 x g for 5min at 4°C. After
resuspension in 10 ml of RPMI, cells were again filtered over
a 100 um cell strainer. Subsequently, single-cell suspensions
were used for flow cytometric analysis.

Flow cytometric analysis

Up to 5 x 10° cells were transferred into a well of a 96-well plate
(V-bottom). The cells were centrifuged for 5 min with 520 x
g at 4°C. After washing with PBS + 2% human serum (FACS
buffer), cells were stained with fluorochrome-coupled antibo-
dies diluted in FACS buffer according to Table 2 (initial
cohort) or Table S1 (validation cohort). Cells were resuspended
in 100 pl of the antibody staining mix and incubated for 30 min

Table 1. Cohort of patients analyzed for immune cell populations in breast cancer and surrounding unaffected tissue.

All (N=29) Initial (N=14) Validation (N=15)
mean (sd) or n (%) mean (sd) or n (%) mean (sd) or n (%)
age 64 (15.5) 64 (15.0) 64 (16.4)
T 2 22 (75.9%) 11 (78.6%) 11 (73.3%)
3 1 (3.4%) 0 (0%) 1 (6.7%)
4 6 (20.7%) 3 (21.4%) 3 (20.0%)
N 0 20 (69%) 10 (71.4%) 10 (66.7%)
1 9 (31%) 4 (28.6%) 5(33.3%)
M 0 23 (79.3%) 11 (78.6%) 12 (80.0%)
1 1 (3.4%) 0 (0%) 1 (6.7%)
X 5(17.2%) 3 (21.4%) 2 (13.3%)
G 1/2 16 (55.2%) 9 (64.3%) 7 (46.7%)
3 12 (41.4%) 5 (35.7%) 7 (46.7%)
ER positive 21 (72.4%) 10 (71.4%) 11 (73.3%)
negative 8 (27.6%) 4 (28.6%) 4 (26.7%)
PR positive 17 (58.6%) 7 (50%) 8 (53.3%)
negative 12 (41.4%) 7 (50%) 7 (46.7%)
HER2 positive 4 (13.8%) 3 (21.4%) 1 (6.7%)
negative 25 (86.2%) 1 (78.6%) 14 (93.3%)
Molecular-like subtype LumA 15 (51.7%) 8 (57.4%) 7 (46.7%)
LumB 4 (13.8%) 0 (0%) 4 (26.7%)
HER2+ 4 (13.8%) 3 (21.4%) 1 (6.7%)
TNBC 6 (20.7%) 3 (21.4%) 3 (20.0%)
Pretreat-ment Chemotherapy (CT) 4 (13.8%) 1(7.1%) 3 (20.0%)
anti-HER2+CT 3 (10.3%) 2 (14.3%) 1 (6.7%)
others 1 (3.4%) 0 (0%) 1 (6.7%)
no 21 (72.4%) 1 (78.6%) 10 (66.7%)

T: Tumor size; N: Lymph node spreading; M: Metastasis; G: Grading

Table 2. Antibody staining panel for identification of immune cells in breast cancer and surrounding unaffected tissue.

Fluorochrome Antigen Clone Isotype Dilution
BUV395 CD3 UCHT1 Mouse IgGT, k 1:50
BUV737 cD8 SK1 Mouse 19GT1, k 1:100
BV421 CD56 5.1H11 Mouse I1gG1, k 1:100
BV421 NKp46 9E2 Mouse 19GT1, k 1:100
BV510 CD45 HI30 Mouse IgGT, k 1:50
BV570 D16 3G8 Mouse IgG1, k 1:50
BV605 D19 SJ25C1 Mouse 1gG1, k 1:100
BV605 D20 2H7 Mouse 1gG2b, 1:100
BV650 CD123 6H6 Mouse IgGT, k 1:100
BV711 D141 1A4 Mouse IgG1, k 1:100
A488 CD279 (PD-1) EH12.2H7 Mouse IgG1, 1:100
PerCP/Cy5.5 CD303 201A Mouse 1gG2a, k 1:100
PE CD4 RPA-T4 Mouse IgG1, k 1:100
PE-CF594 HLA-DR G46-6 Mouse IgG2a, k 1:200
PE/Cy5 CD11b M1/70 Rat IgG2b, k 1:1,000
PE/Cy7 CD11c 39 Mouse 1gG1, k 1:100
A647 CD1c L161 Mouse IgGT, k 1:100
A700 D14 HCD14 Mouse IgG1, k 1:100
APC/Cy7 (D324 (E-Cadherin) 67A4 Mouse 19G1, k 1:100
APC/Cy7 (D326 (EpCAM) G8.8 Rat IgG2a, k 1:100
APC/Cy7 CD340 (erbB2/HER-2) 24D2 Mouse IgGT, k 1:100
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on ice. After washing twice with 100 ul FACS buffer, cells were
resuspended in DAPI-containing FACS buffer (1:10,000) and
samples acquired using a BD LSRFortessa. After acquisition,
samples were analyzed using FlowJo (BD Biosciences, V10). To
allow for an unbiased analysis, all flow cytometry samples were
merged using the concatenate function. The retrieved file con-
taining all data was analyzed using the UMAP algorithm to
reduce the complexity of the data set and to cluster the cells in
a two-dimensional spacezl. Then, X-shift was used to identify
cell clusters based on KNN density estimation®”. Statistical
analysis was performed with GraphPad Prism (Two-group
comparisons: Student’s t test; Multi-group comparisons: One-
way ANOVA with Dunnett’s multiple-comparison test). As for
unbiased analysis using UMAP, samples have to be acquired
during a short amount of time using the same LOTs for
different antibodies to reduce variety based on the flow cyt-
ometer itself, the received biopsies were classified into an initial
cohort (14 patients between February and July 2018; see
Table 1) and a validation cohort (15 patients; see Table 1).

Results

Breast cancer consists of different intrinsic molecular subtypes
that differentially respond to therapy as well as show differences
in overall and recurrence free survival*>**, As this might also be
influenced by the immune cell compartment present in the
tumor microenvironment, we were interested in differences in
the immune cell signatures of different subtypes of breast cancer.
Therefore, we received samples of breast cancer as well as sur-
rounding unaffected tissue from patients undergoing surgery at
the University Hospital Erlangen in order to analyze the com-
position of the immune cell compartment (Figure S1, Table 1).
Biopsies received between February and July 2018 were used for
unbiased analysis of the immune cell compartment using high-
dimensional flow cytometry (Initial cohort, Table 1).

Single-cell suspensions were stained with a panel of 21 fluor-
ochrome-coupled antibodies covering a multitude of immune
cell populations (Table 2). After flow cytometric acquisition of
the samples, we first identified immune cells by gating for CD45"
cells, which were alive and negative for tumor cell markers
(Figure 2a). Overall, we observed that immune cells were sig-
nificantly enriched in the BC microenvironment compared to
unaffected surrounding tissue (Figure 2b). In order to perform
the unbiased analysis, we merged the samples using the conca-
tenate function and used the UMAP algorithm to reduce the
complexity of the data set and to cluster the cells in a two-
dimensional space (Figure 2c). Due to merging of the samples
into one file, we retrieved one UMAP allowing the direct com-
parison of all samples. Using X-shift, we identified 22 cell clus-
ters based on KNN density estimation, which were present both
in unaffected and breast cancer tissue (Figure 2¢,d).

In order to analyze changes between unaffected and breast
cancer tissue, we determined changes in the composition of the
identified clusters between unaffected and breast cancer tissue
(Figure 2e and Figure S2). We found that four clusters showed
significant changes between unaffected and breast cancer tissue
with cluster 1, 3, and 7 being enriched in breast cancer tissue,
while cluster 21 was decreased compared to unaffected tissue
(Figure 2e). As some of the patients were pretreated with

neoadjuvant chemotherapy (CT) prior to surgery, we also
tested whether the chemotherapy had an influence on the
composition of the immune cell compartment in breast cancer
tissue (Figure 2f and Figure S3). Indeed, cluster 11 and 21 were
enriched in breast cancer tissue of patients treated with neoad-
juvant CT (+ Trastuzumab, Pertuzumab), while cluster 22 was
decreased (Figure 2f). Thus, our unbiased analysis was able to
identify changes in the immune cell compartment in BC tissue
as well as in patients treated with chemotherapy compared to
untreated patients.

In addition to general differences in the immune cell com-
partment, we were also interested in BC-subtype specific
alterations. Therefore, we determined which clusters were
changed in HER2-enriched, Luminal A-type, and TNBC as
well as whether CD45" immune cells were enriched in BC
tissue (Figure 3a,b). Overlaying representative samples with
the identified clusters showed strong differences in the
immune cell compartment, especially in TNBC (Figure 3a).
Further, TNBC showed a strong increase in CD45" immune
cells (Figure 3b). While immune cells in Luminal A-type BC
were not enriched compared to the unaffected tissue of all
patients, they were significantly enriched when a paired com-
parison of BC and unaffected tissue in the same patient was
performed (Figure 3b). Comparing the frequency of the differ-
ent clusters between unaffected tissue and the different sub-
types showed that clusters 2, 5, and 6 were enriched in TNBC
(Figure 3c and Figure S3). Further, Luminal A-type BC showed
an increase in cluster 7, 10, and 19, while cluster 21 was
significantly decreased in Luminal A-type BC (Figure 3c).
Thus, especially TNBC and Luminal A-type BC show differ-
ences in frequency and composition of the immune cells in the
tumor microenvironment, which might influence their
response to therapies.

In order to determine which cell types were altered in
the BC microenvironment, we used ClusterExplorer to analyze
the different clusters in more detail (Figure 4). Based on the
relative expression of these markers, we assigned each cluster
to a certain immune cell population (Figure 4). Cluster 1,
enriched in breast cancer tissue, represented NK cells as they
expressed CD56 and/or NKp46 but were negative for CD3%".
However, they were negative for CD16, an important effector
molecule expressed on NK cells (Figure 4). Cluster 3 (enriched
in BC) contained y§ or DN T cells expressing CD3 (T cells) but
lacking the expression of both CD4 and CD8 as well as of CD56
and/or NKp46. Cluster 5 and 6, which were overrepresented in
TNBC, showed enhanced expression of CD3, PD-1 as well as
CD8 and CD4, respectively. Thus, these cells showed
a phenotype of exhausted CD8" (Cluster 5) or CD4"
(Cluster 6) T cells (Figure 4). Cluster 7, which was enriched
in Luminal A-type BC, displayed high expression of CDlc,
CD11c, and HLA-DR, which corresponds to the dendritic cell
(DC) subpopulation ¢cDC2 (Figure 4). Cluster 10 was also
enriched in Luminal A-type BC and represented B cells based
on the expression of CD19/CD20 as well as HLA-DR
(Figure 4). Further, Cluster 19 (enriched in Luminal A) exhib-
ited marker expression reminiscent of CD8" T cells, while
Cluster 21 (overall decreased in BC as well as in Luminal
A-type BC) consisted of NK cells expressing both CD11b and
CD16 (Figure 4). Thus, our unbiased analysis revealed that
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Figure 2. High-dimensional analysis of the immune cell signature in breast cancer tissue using unbiased approaches. Single cell suspensions of breast cancer samples
and unaffected tissue of the same patients were stained with a panel of 21 fluorochrome-coupled monoclonal antibodies. Cells were acquired using a BD LSRFortessa
and analyzed using FlowJo (version 10, BD Biosciences). a) Gating strategy to identify CD45" immune cells in the samples of breast cancer patients. After gating for the
morphology of cells (FSC-A/SSC-A), doublets (FSC-A/FSC-H), dead cells (DAPI*) and cancer cells (CD324/CD326/CD340%) were excluded. Then, CD45" immune cells were
selected and the frequency among all viable cells determined. b) Scatter plot shows frequency of CD45* immune cells among all viable cells for all breast cancer samples
as well as unaffected surrounding tissue of the same patient (Student’s t-test; * p < 0.05, ** p < 0.01). ¢) UMAP analysis and overlay with cell clusters identified using
X-Shift are shown as dot plot for merged sample. d) The merged samples were split up into unaffected and breast cancer tissue. Dot plots show the results of the UMAP
analysis overlaid with the identified clusters using X-Shift. e) Frequency of each cluster among the CD45" immune cells was determined. Scatter plots show clusters that
differ significantly between unaffected and breast cancer tissue (Student’s t-test; * p < 0.05, ** p < 0.01). f) Breast cancer samples were grouped into untreated and
chemotherapy (CT)-treated samples. Scatter plots show clusters that differ significantly between treated and untreated breast cancer samples (Student’s t-test; * p <

0.05, ** p < 0.01).

mainly frequencies of NK cells, T cells, B cells, and DCs are
altered in BC.

In order to verify the unbiased results of our initial cohort of
patients, we included further samples of BC patients
(Validation cohort, Table 1). We then analyzed immune cell
populations showing alterations in the unbiased approach,
such as NK cells, T cells, B cells, and DCs, by using established
gating strategies. First, for the analysis of NK cells, we excluded
cells expressing T cell (CD3) as well as B cell (CD19 and CD20)
markers (Figure S5A). In the remaining cells, we selected cells
expressing the pan-NK cell markers CD56 and/or NKp46,
which were negative for the myeloid cell marker CD14
(Figure S5A). Then, we determined the frequency of (CD56/
NKp46)" NK cells among all CD45" immune cells (Figure 5a)
as well as analyzed the expression of CD11b and CD16 on the
identified NK cells as these were differentially expressed on the
cells present in clusters 1 and 21, which were altered in BC
tissue compared to the unaffected surrounding tissue (Figures
2-4). The frequency of NK cells among CD45" immune cells

was significantly decreased in Luminal A- and B-type BC as
well as in TNBC (Figure 5a). When we analyzed the phenotype
of the NK cells present in unaffected surrounding tissue, they
were primarily double-positive for CD16 as well as CD11b
(Figure 5b). In contrast, CD11b*CD16" NK cells were signifi-
cantly decreased in Luminal A-type and HER2-enriched BC as
well as in TNBC (Figure 5b). Further, CD11b"CD16~ NK cells
were enriched in Luminal A-type and TNBC (Figure 5b).

As the unbiased analysis revealed changes in the T cell
compartment (cluster 2, 3, 5, 6, and 19), we also performed
conventional gating for T cell subsets (Figure S5B). Among the
CD45"* immune cells, we selected CD3*(CD19/CD20)™ T cells,
which were divided into (CD56/NKp46)™ NKT cells as well as
in (CD56/NKp46)~ conventional T cells. Among the (CD56/
NKp46)™ T cells, cells were divided into CD4™ T cells, CD8"
T cells as well as in CD4"CD8™ (DN) T cells (Figure S5B). The
frequency of T cells as well as the different subtypes among
CD45" immune cells were not altered in BC compared to
unaffected surrounding tissue (Figure 5¢,d), but TNBC showed
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Figure 3. Identification of subtype-specific immune cell alterations in breast cancer samples. a) Merged samples from Figure 2 were split up into the original files after
UMAP and X-Shift analysis. Dot plots show a representative donor for unaffected tissue, Luminal A-type BC, HER2-enriched (HER2+) BC, and TNBC. Dot plots were
overlaid with the identified clusters by X-Shift and color-coded according to Figure 2. b) Scatter plot shows the frequency of CD45" immune cells among all viable cells
(determined for each sample as in Figure 2a; one-way ANOVA with Dunnett’s multiple comparison test; * p < 0.05, ** p < 0.01, *** p <0.001, **** p < 0.0001). c)
Frequency of each cluster among CD45* immune cells in each tissue sample were determined and plotted as scatter plot. Shown are clusters displaying significant
differences between unaffected tissue and one of the analyzed BC subtypes (one-way ANOVA with Dunnett’s multiple comparison test; * p < 0.05, ** p < 0.01, *** p <

0.001, **** p < 0.0001).

lower infiltration with CD8" T cells compared to HER2-
enriched BC (Figure 5d). As cluster 19, which was enriched
in Luminal A-type BC, showed an expression profile of
CD11c"CD8" T cells (Figure 4), we determined the frequency
of CD11c"CD8" T cells (Figure 5e). Indeed, we could verify
that CD11¢"CD8" T cells were enriched in Luminal A-type BC

compared to unaffected tissue (Figure 5e). Further, specifically
in TNBC, CD4" and CD8" T cells showed enhanced expression
of PD-1 (Figure 5f) and a higher frequency of CD4" and CD8"
T cells were positive for PD-1 compared to unaffected sur-
rounding tissue (Figure 5g). As with Cluster 10 also B cells were
affected in Luminal A-type BC, we further determined
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Figure 4. |dentification of immune cell phenotype in X-Shift clusters using ClusterExplorer. Cells contained in the 22 clusters identified by X-Shift analysis in the merged
file containing all 14 BC and 14 unaffected tissue samples were analyzed for the expression of the stained markers using the FlowJo plugin ClusterExplorer and plotted
as heatmap. Heatmap depicts the expression of the 17 markers used for the identification of the X-Shift clusters. Dependent on the expression pattern, cells were
assigned to the indicated cell populations on the right side of the heatmap. Signal intensity is color coded from blue (low expression) to red (high expression).

frequency of (CD19/CD20)"HLA-DR" B cells in our cohort.
Indeed, the tumor microenvironment of Luminal A-type BC
showed an enrichment for B cells compared to unaffected
surrounding tissue (Figure 5h).

Lastly, we attempted to validate the changes in the DC
compartment by gating for cDC2 (Figure S5C). In the CD45"
immune cell compartment, we selected CD3™(CD19/CD20)~
cells followed by gating for HLA-DR"(CD56/CD335) ™ antigen-

presenting cells (APCs). In the APC compartment, we gated
for CD1c"CD11c" ¢DC2 (Figure S5C). As DCs are rather
scarce, we included only samples with a final cell count for
¢DC2 >50 into the analysis. Here, we could not observe sig-
nificant differences between unaffected surrounding tissue and
Luminal A-type or TNBC (Figure 5i). However, it was recently
reported that cDC2 can be differentiated into subpopulations
called DC2 and DC3, which differ in the expression of CD5,
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Figure 5. Validation of the identified alterations in the NK cell, T cell, B cell, and cDC2 compartment using a second cohort of BC patients. In order to validate the
identified alterations using the unbiased approach, NK cells, T cells, B cells, and <DC2 were analyzed in the samples of the first cohort and in additional donors of
a second cohort. Cells were gated according to Figure S5. a) Frequency of NK cells among CD45" immune cells was determined. b) NK cells were analyzed for expression
of CD16 as well as CD11b and distinguished into CD16"CD11b™ cells, CD16*CD11b~ cells, CD16 CD11b* cells, and CD16 CD11b™ cells. ¢) Frequency of CD3* T cells
among CD45" immune cells was determined. d) CD3™ T cells were distinguished into CD4", CD8*, and DN T cells and frequency among T cells was determined. e) Shown
is the frequency of CD11c* cells among CD8™ T cells. f) MFI value for PD-1 expression and g) percentage of PD-1* cells was determined for each T cell population. h) the
frequency of B cells was determined for each sample. i) The frequency of cDC2 among all CD45" immune cells was determined for each sample with more than 50 cDC2
in the final gate (Figure S5C) as well as j) the phenotype based on CD14 expression. a-j) the frequency or MFI value were plotted as scatter plot (one-way ANOVA with
Dunnett’s multiple comparison test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

CD36, CD163, or CD14 dependent on the study®*>'. As
CD14" cDC2, corresponding to DC3, are reported to be
enriched in tumor patients, we divided cDC2 into CD14" and
CD14™ ¢cDC2 (Figure S5C). Notably, the phenotype of cDC2
differed between Luminal A-type and TNBC as CD14" ¢cDC2
were enriched in Luminal A-type BC, while TNBC showed an
enrichment of CD14™ ¢DC2 (Figure 5j).

Overall, we determined specific immune cell signatures for
different subtypes of BC by using high-dimensional flow cyto-
metry followed by UMAP and X-Shift clustering. Thereby, we
could identify a reduction in CD11b"CD16" NK cells in
Luminal A- and B-type BC as well as in TNBC. Further,
TNBC showed a specific expression of the exhaustion marker
PD-1 on CD4" and CD8" T cells. Lastly, Luminal A-type and



TNBC differed in the composition of the cDC2 subsets DC2
and DC3.

Discussion

BC is a highly heterogenous disease as several molecular sub-
types exist***% It is widely accepted that infiltrating lympho-
cytes are positively associated with pathological complete
response (pCR) as well as overall survival>*. While analysis of
lymphocyte infiltration or even large cell populations, such as
T cells, is possible by standardized methods such as immuno-
histochemistry, quantitative real-time PCR, or bulk RNA-
sequencing, identification of complex cell populations is hardly
possible. Here, we presented a workflow for the analysis of the
immune cell compartment in BC samples to identify changes
in the immune cell signature which might have an influence on
the response to immunotherapies such as blockade of check-
point molecules (e.g. PD-1)*. Thereby, we determined sub-
type-specific changes in the frequency and the phenotype of
T cells, NK cells, B cells, and in the DC compartment
(Figure 5). However, we cannot exclude that inflammation
and wound healing processes induced by the diagnostic biopsy
prior to the surgery might have influenced the immune cell
signature determined in our study, which relied on tumor
material removed during surgery. Due to the small size of the
pre-surgery biopsy, high-dimensional flow cytometric analysis
was only possible with larger specimens obtained during sur-
gery. However, the infiltration of the tumor tissue with CD45"
immune cells was comparable to published data on TILs deter-
mined in pre-surgery diagnostic biopsies™>®.

NK cells are crucial effector cells for the killing of tumor cells
and presence of NK cells in the tumor is associated with good
prognosis in BC'*'7***°, However, our data revealed that the
ratio of NK cells was significantly lower in BC tissue compared
to surrounding unaffected breast tissue, and they showed mark-
edly lower expression of CD11b and CD16 (Figure 3-5). In
general, CD11b* and CD16" NK cells represent cytotoxic NK
cells, while CD11b™ and CD16™ rather resemble regulatory NK
cells’”. In accordance with our data, others also found
CD56™#"'CD16!°" NK cells in solid tumors, such as BC®%°,
As the tumor seems to evade NK cell responses, it might be
beneficial for patients to prevent immunosuppression of NK
cells by the tumor. As shown in Figure 2, our data revealed
that neoadjuvant chemotherapy increased the percentage of
cytotoxic CD11b"CD16" NK cells compared to untreated BC
patients. Due to the small size of pre-surgery core biopsies, we
could not verify the changes in the same patient but had to
compare treated with untreated BC patients. In accordance with
our data, Ladoire et al. showed similar positive effects of neoad-
juvant chemotherapy on the infiltration of breast cancer with
Th1 cells*'. Several pathways have been shown to suppress NK
cells in the tumor microenvironment, such as TGFp produced
by tumor cells***’, COX-2-dependent production of PGE,"®,
and expression of HLA-G and HLA-I molecules on BC cells**~
“. Thus, interfering with these pathways might boost NK cell-
mediated anti-tumor responses. Additional pathways might
exist how tumors such as BC interfere with NK cells.
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Therefore, further research needs to be done to uncover these
pathways in order to develop new treatment strategies for BC.
We also observed changes in the DC compartment in
Luminal A-type and TNBC (Figures 3-5). While TNBC har-
bored rather CD14~ ¢DC2, also termed DC2, Luminal
A-type BC was enriched for CD14" ¢DC2, also termed DC3
(Figure 5). Thus, Luminal A-type and TNBC differed in the
composition of the DC compartment, which might be involved
in the worse prognosis of TNBC™*. CD14" DC3 were first
identified in melanomas and shown to overexpress PD-L1
and to only weakly induce T cell proliferation®. In Luminal
breast cancer, the frequency of DC3 was positively associated
with the presence of CD69" tissue-resident memory CD8"
T cells, which might be responsible for the better prognosis
of Luminal A-type BC patients®’. However, in a human orga-
notypic melanoma culture model, melanoma cells induced
differentiation of CD14~ ¢DC2 into pro-tumorigenic CD14"
DC3 expressing lower level of co-stimulatory molecules but
higher amounts of PD-L1 and markers of tumor-associated
macrophages*’. Further studies need to clarify the functional
properties of DC subpopulations in different BC subtypes. In
this regard, Michea et al. performed RNA-seq analysis of
enriched or purified DC subpopulations of Luminal and
TNBC*. Their data suggest that DCs in TNBC display an
enrichment for genes of the interferon pathway implying an
activated phenotype of DCs in TNBC*®. However, enrichment
for the signature of ¢cDC2 in bulk RNA-seq data of breast
cancer patients was only associated with longer disease-free
survival in Luminal but not in TNBC*. In addition, functional
as well as correlation data demonstrate that the presence of
¢DCl in BC and other solid tumors is important for improved
survival of the patients as they are directly recruited by NK
cells'®'”. In contrast to cDC2, presence of cDC1 was shown in
both Luminal and TNBC to be positively associated with dis-
ease-free survival of the patients*®. In addition, we observed
that B cells were enriched in Luminal A-type BC (Figure 3 and
5). In HER2-enriched BC, higher numbers of B cells are asso-
ciated with decreased survival*®, while proliferative response of
B cells in TNBC under ICB is a predictor for pCR*®. Whether
B cells are involved in the general good prognosis of Luminal
A-type BC is unclear and has to be tested in future studies.
While we did not observe general differences in the T cell
compartment in BC compared to unaffected surrounding
tissue, we detected specific expression of PD-1 on CD4"
and CD8" T cells in TNBC (Figures 3-5). PD-1 is described
as a marker for exhausted T cells and contributes to immune
evasion by different mechanisms. On the one hand, PD-1
leads to TCR internalization on T cells, reduction of cytokine
secretion and cytotoxicity as well as induction of apoptosis in
T cells® % On the other hand, PD-L1 expression on tumor
cells is pro-tumorigenic as it prevents IFN-induced
cytotoxicity™®. In addition to PD-1, Wu et al. observed
LAG-3 expression on CD8" T cells in TNBC by performing
CITE-seq®. In accordance with our data, PD-L1 is over-
expressed especially on BC cells in TNBC'. Interestingly,
overexpression of PD-1 on T cells in TNBC is associated
with improved disease-free survival’””®, However, it is not
fully understood how exhausted T cells positively influence
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survival of the patients, yet. Recently, PD-1" Tcfl™ CD8"
stem-like T cells were described that were the main respon-
ders to checkpoint therapy and resulted in differentiation
into tumor-reactive effector cells’”*’. Whether the observed
PD-1" T cells in TNBC correspond to these stem-like T cells
has to be tested in future studies. Further, we observed
enrichment of CD11¢"CD8" T cells in Luminal A-type BC.
CD11c¢*CD8" T cells were identified both in mice and
men®' "%, However, their function seems to depend on the
environment as they were described both as regulatory as
well as with high effector functions. Further studies are
needed to elucidate the function of the identified
CD11c¢"CD8" T cells in Luminal A-type BC and to determine
whether they are involved in the beneficial prognosis of
Luminal A-type BC compared to HER2-enriched as well as
TNBC.
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