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CANCER

CD4"FOXP3Exon2™ regulatory T cell frequency predicts
breast cancer prognosis and survival
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CD4*FOXP3* regulatory T cells (Tregs) Suppress immune responses to tumors, and their accumulation in the tumor
microenvironment (TME) correlates with poor clinical outcome in several cancers, including breast cancer (BC).
However, the properties of intratumoral Tegs remain largely unknown. Here, we found that a functionally distinct
subpopulation of Tregs, expressing the FOXP3 Exon2 splicing variants, is prominent in patients with hormone
receptor-positive BC with poor prognosis. Notably, a comprehensive examination of the TCGA validated FOXP3E2
as an independent prognostic marker in all other BC subtypes. We found that FOXP3E2 expression underlies BCs
with defective mismatch repair and a stem-like signature and highlights pathways involved in tumor survival.
Last, we found that the TME induces FOXP3E2 through the CXCL12/CXCR4 axis and confirmed the higher immuno-
suppressive capacity of FOXP3E2™* Tregs derived from patients with BC. Our study suggests that FOXP3E2™* Tregs
might be used as an independent biomarker to predict BC prognosis and survival and to develop super-targeted
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immunotherapies.

INTRODUCTION

Immune surveillance against cancer is an important strategy for trac-
ing, identifying, and eliminating growing tumor cells (1-4). None-
theless, the immune system can shape tumor genomes by selecting
neoantigen-depleted clones (i.e., immune editing) or promoting the
accumulation of clones with an immune evasion strategy (i.e., im-
mune escape), representing one of the main drivers of relapse (5, 6).
Breast cancer (BC) is more resistant to immunotherapies than other
solid tumors (7, 8), with a large window of recurrence spanning from
months to decades after surgery (9, 10). Although the exact cause of
this unusual recurrence pattern is still unknown, patients with lumi-
nal cancer typically have a better prognosis, whereas basal-like and
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human epidermal growth factor receptor 2 (HER2)-enriched pa-
tients experience early relapses (within the first 5 years after diagno-
sis) (11, 12). However, the risk of late recurrence ranges from 10 to
41% in all BC subgroups, based on their primary tumor classification
system [e.g., tumor-node-metastasis (TNM)] (13), population-based
data, and occasionally primary tumor gene expression profiles (14).
Although the highest cumulative incidence has been observed among
estrogen receptor (ER)-positive patients, late recurrences also occur
among those with ER-negative tumors (15, 16). It is, therefore, of
paramount importance to identify prognostic biomarkers alongside
with the causes of recurrence (17).

The interaction between tumor, stromal, and immune cells may
promote metastatic progression and immune escape, challenging
cancer immunotherapy efficacy (5, 18). Antitumor-specific T cell
responses arise in patients with BC but are halted by suppressive
mechanisms established in the TME during tumor progression (19).
CD4*CD25* regulatory T cells (Treg) expressing the Forkhead-box-p3
(FOXP3) transcription factor are enriched in the tumor microenvi-
ronment (TME) and associate with an invasive phenotype as well as
reduced relapse-free and overall survival in several cancers (20),
consistent with their role in suppressing effector cells. Transient de-
pletion of Tregs via CD25, CTLA4, or CCR4 blockade results in im-
proved clinical outcomes and increased antitumor-specific immune
responses (19). FOXP3* Thregs variably infiltrate human BC and mainly
correlate with reduced survival and poor prognosis (1, 21-26). Al-
though their central function in tumor escape (27) and their role as
therapeutic targets of immune checkpoint (IC) inhibitors, the prop-
erties of intratumoral Tregs remain largely unknown, and they are
not a good prognostic marker for BC (23, 28). Published transcrip-
tomic profiles indicate that tumor-infiltrating Ty constitute a het-
erogeneous population (29, 30). Whether the tumor milieu imprints
unique functional and transcriptional features to Treg or whether
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distinct subsets of peripheral blood (PB) Ty are differentially re-
cruited within the tumor is still unclear (31, 32). Characterizing
tumor-infiltrating Treg will, therefore, be key to find biomarkers and
develop therapies that precisely target cells that block antitumor re-
sponse without altering peripheral self-tolerance.

In humans, the master regulator of T development and function
is FOXP3 gene. It comprises 12 exons encoding multiple transcript
variants, among which four are co-expressed at different levels in cir-
culating Treg, including the full-length (FOXP3FL) and those lack-
ing Exon2 (FOXP3A2), which are generally more abundant (33, 34).
Several reports uncover indispensable functions of the 105-base pair
region constituting FOXP3 Exon2 (FOXPE2), thus highlighting a
possible role for this region in regulating a transcriptional program
that maintains Tyeg stability and immune homeostasis (34-37). In
patients with autoimmunity, we reported a selective reduction of
FOXP3E?2 splicing variants associated with impaired Ty suppressive
function (35). Here, we study the distribution and function of
FOXP3E2" Tregss both in the TME and PB of patients with BC to
explore their connection with the molecular landscape of the pri-
mary tumor and patient prognosis.

RESULTS

FOXP3E2* Tregs are enriched in the tumor infiltrate and PB of
patients with HR* BC

High infiltration of FOXP3* Tregs is expected to be associated
with an unfavorable outcome in several cancers, but studies of
BC have led to highly discrepant findings (38). Here, we aimed at
dissecting whether Tiegs expressing different FOXP3 variants could
have a dominant role in BC immune evasion (Fig. 1A). We analyzed
the frequency of FOXP3" (all FOXP3 transcript variants) and
FOXP3E2* Tregs (FOXP3 variants retaining Exon2) in the PB and
tumor-infiltrating lymphocytes (TILs) from two different cohorts of
patients with newly diagnosed, untreated ER"PR*[hormone recep-
tor-positive (HR*)]-HER2™ breast cancer (BC) and nonmalignant
breast fibroadenoma (BF) (table S1). Freshly resected breast tissue
was mechanically dissociated into a single-cell homogenate to en-
rich TILs (39). Flow cytometric analysis revealed a dominance of
CD4" T cells in BC, also confirmed by a lower CD8*/CD4" ratio
compared to that in BF tissue (0.86 versus 2.51) (Fig. 1B). In addi-
tion, BC tissue shows a more abundant infiltrate of FOXP3" Tiegs as
compared to BF tissue, and a higher frequency of Ty is detected
within the tissues as compared to PB from both patients with BC
and BF (Fig. 1C). We detected a significant enrichment of FOXP3E2"
Thregs in BC tissue (i.e., TIL-FOXP3E2*) compared to that in BF and
PB (both from patients with BC and BF) (Fig. 1D). To estimate the
relative frequency of FOXP3E2* compared to the overall T;ez com-
partment, we measured the FOXP3E2"/FOXP3* ratio (E2 ratio)
and found that FOXP3E2* Tregs were more abundant both in the
TME and PB of patients with BC compared to those of patients with
BF (Fig. 1E). Furthermore, we compared the percentage and ratio of
FOXP3E2"* and FOXP3" Tye in the TIL and PB of our BC cohort.
The percentage of TIL-FOXP3E2+ Tregs Was, on average, 8.33%, and
the TIL-FOXP3* represented 14.75% (fig. S1A). The percentage
of PB-derived FOXP3E2" Tiee (PB-FOXP3E2") and PB-FOXP3"
were, instead, 2.57 and 5.27% of the total CD4* T cells, respectively
(fig. S1A). Notably, the ratio between FOXP3E2" and total Tregs in
patients with BC was significantly higher in TIL compartment as
compared to that in PB lymphocytes, suggesting that FOXP3E2"
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Thregs preferentially accumulate in the TME (mean E2 ratio is equal
to 0.64 in TIL and 0.54 in PB) (Fig. 1E and fig. S1B). Notably, the
CD8+/Treg ratio was significantly lower in BC (both in PB and TIL)
and inversely correlated with the percentage of TIL-FOXP3E2* in
the TME [correlation coefficient (r) = —0.603, P = 0.001] (Fig. 1, F
and G), while no correlation was observed with the TIL-FOXP3*
(not shown). As the CD8+/Treg ratio is considered a reliable marker
of antitumor-specific T cell response (34), our data suggest that the
FOXP3E2* T,g subset mainly accounts for the suppression of the
immune response to cancer. Immunohistochemical (IHC) staining
and digital quantitative image analysis confirmed the higher infiltra-
tion of FOXP3" and FOXP3E2" Tregs in BC tissue compared to that
in BF (Fig. 1, H to O). Our results unveil a distinct prevalence of
FOXP3E2" Thregs in human BC that is not observed in nonmalignant
forms of breast tumors (i.e., BF) and inversely correlates with antitu-
mor immune response.

FOXP3E2 transcript levels in BC tissue mark an immune
landscape that correlates with reduced overall survival
To determine whether the increased percentage of FOXP3E2" Thregs
is associated with BC prognosis in general, we examined RNA se-
quencing (RNA-seq) data from about 1000 participants (990 BC tissues
and 112 tumor-adjacent normal tissues) in the TCGA (The Cancer
Genome Atlas) Splicing Variant Database (TSVdb) that includes in-
formation on alternative splicing (40). We found that primary BCs
(69.2% HR'HER2™, 12.6% HR*HER2", and 18.2% HR"HER2") ex-
pressed higher levels of FOXP3 transcripts compared to normal
breast tissue (NT) (64.00 versus 13.40) (Fig. 2A). However, FOXP3
transcript levels did not correlate with patient overall survival when
patients with BC were stratified either on their median value (Q2) or
on their upper quartile range (Q3) (Fig. 2, B and C, and fig. S1, C
and D). Thus, we measured the expression of the five different
FOXP3 isoforms [schematically represented in fig. S1E and reported
in the University of California Santa Cruz (UCSC) bank; (33)], and
we found that four of them were up-regulated in BC tissue com-
pared to that in NT (fig. S2, A to D), but none correlated with overall
survival (fig. S2, E to L). Then, we estimated the ratio of FOXP3
Exon2-containing transcripts relative to the other variants, and
patients with BC were stratified into low (<Q3 = 0.09)- and high
(>Q3 = 0.29)-E2 ratio groups (Fig. 2, D and E). This analysis clear-
ly shows that the difference in FOXP3E2 expression between the
two groups was inversely correlated with patient overall survival
(log-rank P =0.01, x2 = 6.2) (Fig. 2, F and G). No difference in total
FOXP3 expression between the two groups was observed (fig. S3A);
also, we did not find correlation when patients with BC were strati-
fied on the median value of the E2 ratio (fig. S3, B to D). Notably,
TCGA also included HER2" as well as the most aggressive triple-
negative tumors, thus suggesting a general association between the
enrichment of FOXP3E2" Thregs within the tumor and BC prognosis.
To gain insights into the nature of the local TME (41, 42), we
characterized gene expression patterns of high- and low-FOXP3E2*/
FOXP3* (E2) ratio BC groups. Analysis of differentially expressed
genes (DEGs) identified 702 DEGs (523 down-regulated and 179
up-regulated genes) (Fig. 2H). Gene Ontology (GO) revealed a sig-
nificant enrichment of genes belonging to immunoregulatory pathways
in the BC group showing high E2 ratio. These immunoregulatory
genes included humoral immune response, complement activation,
and antigen receptor-mediated signaling (Fig. 2I). Among all, the
up-regulation of BTNIAI, FCRLI, CXCR5, AIRE, and ZAP70 was
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Fig. 1. Characterization of the immune infiltrate in PB and primary tissue from patients with BC and BF. (A) Schematic representation of FOXP3* and FOXP3E2* Tregs
in tumor immune escape. (B) CD8*/CD4* ratio, % of (C) FOXP3* and (D) FOXP3E2™ cells (gated on CD4*), (E) FOXP3E2*/FOXP3™ ratio (E2 ratio), and (F) CD8*/T,eq ratio in
peripheral blood (PB; dots) and tumor-infiltrating lymphocytes (TILs; triangles) from patients with BF (white empty) and BC (red empty). In (B) to (F), represented data are
for BF atleast n =7 and n = 15 and for BC at least n = 15 and n = 24 (respectively, for TILs and PB). (G) Correlation between % of FOXP3E2* and CD8+/T,eg ratio in TILs from
patients with BC (n = 24). (H) Representative immunohistochemical (IHC) staining of primary BC and BF tissue showing CD3*, CD8", FOXP3*, and FOXP3E2" cells.
Immunohistochemistry-based quantification of (I) % of CD3*, (J) CD8™, (K) FOXP3*, (L) FOXP3E2* cells, (M) CD8*/CD3" ratio, (N) FOXP3*/CD3* ratio, and (O) FOXP3E2*/
CD3" ratio [respectively, white dots (n = 6) for BF and red triangles (n = 23) for patients with BC]. Data are presented as median values. Each data point represents a differ-
ent individual (i.e., independent biological samples) [(G) and (1) to (O)] or experimental replicates [(B) to (F)]. Statistical analyses were performed by using Mann-Whitney
U test (two tails) [(B) to (F) and (1) to (O)] and Spearman r correlation test (G). *P < 0.05; **P < 0.01; *##P < 0.005; ****P < 0.0001.
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Fig. 2. FOXP3E2 transcript analysis from primary BC tissues delineates a subgroup of patients with poor prognosis and a distinctive gene expression profile.
(A) FOXP3 transcripts in normal (n = 112) and primary BC (n = 990) tissues. Data represent normalized RNA-seq by expectation maximization (RSEM) value obtained by
RNA-seq analysis of datasets in the TCGA database. (B and C) Kaplan-Meier survival curve of patients with BC stratified into low- and high—-FOXP3 expression levels
within the primary tumor based on its Q2 (n = 495 and 495) or Q3 (n = 742 and 248) value. (D) Interquartile distribution of the FOXP3E2/FOXP3 ratio calculated in the
primary BC tissue (n = 990). (E) Patients with BC were stratified into low (n = 741) and high (n = 249) FOXP3E2/FOXP3 ratio (E2 ratio) according to the Q3 value cutoff.
(F) Hazard ratio (= 1.8, confidence interval of 1.1 to 2.8, Cox P = 0.014) and (G) Kaplan-Meier survival curve of patients with BC with low (n = 741) and high (n = 249) E2
ratios according to Q3 value cutoff. AIC, Akaike's Information Criterion. (H) Volcano plot of differentially expressed genes (DEGs) obtained by applying a threshold of log,
fold change > +0.05 (x axis) and a P adj. < 0.001 (y axis) in the two groups of patients with BC. Dots represented single genes: 179 up-regulated (red) and 523 down-
regulated (green) in the high-ratio BC group. (I) Circular composition overview plot for selected Gene Ontology (GO) pathways (represented in different colors) overrep-
resented among DEGs in high- versus low-FOXP3E2/FOXP3 ratio BC groups. GO analysis was performed by DAVID database. Gene color scale indicates the relevant fold
change values (red, up-regulated; and green, down-regulated). Data are presented as median values [(A) and (E)]. Statistical analyses were performed by using Mann-
Whitney U test (two tails) [(A) and (E)], Multivariate Cox regression model reference [(B), (C), and (G)] and log-rank test (F). **¥#*P < 0.0001.
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noteworthy (Fig. 2I), indicating a dominant immunological signa-
ture (43, 44). Consistently, gene set enrichment analysis (GSEA)-
Kyoto Encyclopedia of Genes and Genomes analysis showed five
sub-gene sets activated in the high—E2 ratio BC group [chemokine
signaling, hematopoietic cell lineage, glycerolipid metabolism, cy-
clic adenosine 3',5'-monophosphate signaling, and neuroactive
ligand-receptor interaction; (45)] (fig. S4A). Up-regulation of
WNT3a, ESRG, NANOGPI, and NEFL, instead, suggested the
acquisition of stem cell-like features (fig. S4B) (46-49). Overall,
these analyses reveal that FOXP3E2 marks a distinctive group of
patients with BC characterized by worst clinical outcomes (i.e.,
lower survival) and likely associated with increased immunoregu-
lation and stemness.

Breast tumors with a high FOXP3E2 ratio show greater
clonal selection

To better understand the relationship between high E2 ratio and
poor BC clinical outcome, we investigated mutations in cancer driver
genes. To this aim, we first characterized genome variants in the
high- and low-E2 ratio BC groups. We observed comparable tumor
mutational burden in the two groups (fig. S5, A and B), with
PIK3CA and TP53 mutations dominating the landscape (fig. S5, C
to F) consistently with previous reports (50). Other genes, however,
harbored coding mutations in at least 6% of the samples: CDH],
MAP3KI1, KMT2C, GATA3, RYR?2, and FLG (fig. S5, C to F). Well-
known germline mutations in BRCA1 and BRCA2 were identified in
less than 5% of patients with BC of both groups (fig. S6). We then
examined pairwise associations between somatic events to explore
co-mutations and found mutual exclusivity between TP53, PIK3CA,
and CDHI mutations in patients with BC of both groups (Fig. 3, A
and B). The phosphatidylinositol 3-kinase (PI3K)/Akt mutation
marked specifically the high—-FOXP3E2 ratio BC group [false dis-
covery rate (FDR) < 0.05] (Fig. 3, A and B), further suggesting
increased cancer stem-like features and cell survival (51, 52). Further-
more, we detected a lower frequency of co-mutations in the high-
FOXP3E2 ratio BC group despite the comparable tumor mutational
burden (Fig. 3, A to D, and fig S5, A and B). Last, we used the nor-
malized ratio of nonsynonymous to synonymous somatic mutations
(dN/dS ratio) across all variants (as well as on a per gene basis) to
distinguish genes and specific mutations under purifying, neutral,
and positive selection (53). We observed three common driver genes
in both groups of patients (i.e., TP53, PI3K, and CDH1), while
KMT2C and PTEN were found only in the low-FOXP3E2 ratio BC
group (Fig. 3, C and D). In-depth analysis of these driver genes
shows a mutual exclusivity only in the high-FOXP3E2 ratio BC
group (Fig. 3, C and D). In addition, clonal evolutional analysis re-
vealed a lower frequency of allelic variants in the high-FOXP3E2
ratio BC group (Fig. 3E). Overall, this suggests a stronger selection
of tumors with a high FOXP3E2 ratio possibly related to immu-
noediting (4, 54).

BC tumors with a high FOXP3E2 ratio show mutational
signatures associated with dMMR and a dominant

immune landscape

The sub-clonal nature of the high-E2 ratio BC group suggests a
tumor evolution and selection (55, 56), which implies different
molecular mechanisms including spontaneous and enzymatic de-
amination of the cytosine base (57, 58). To gain insights into the
dynamics of the mutational signature that shapes both BC groups,
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we interrogated COSMIC mutational signatures that have been as-
sociated with specific pathways (30). Signatures associated with
spontaneous deamination of 5-methylcytosine and APOBEC cyti-
dine deaminase were detected in both the high- and low-E2 ratio
BC groups (fig. S7, A and B). Enrichment analysis of APOBEC mo-
tif, characterized by C-to-T transitions and C-to-G transversions in
tCw motifs (W = A or T), in the high- and low-FOXP3E2 ratio BC
groups showed a similar prevalence of tCw mutations (34% APOBEC
versus 9% non-APOBEC in the low-E2 ratio BC group and 38%
APOBEC versus 9% non-APOBEC in the high-E2 ratio BC group)
(fig. S7, C and D), with no change in the global DNA methylation
(fig. S7E). Defects in polymerase POLE, which occur in ultra-
hypermutators, have instead been observed only in the low-E2 ratio
BC group (Fig. 4A); however, we did not find difference in tumor
mutational burden (fig. S5, A and B) and number of neoantigens
(fig. S7F). Notably, the signature associated with defective DNA
mismatch repair (IMMR) was specific for the high-E2 ratio BC
group (Fig. 4B). MMR is a fundamental DNA repair pathway essen-
tial to maintain genome stability during cellular replication (59),
and defects have been considered driver of endocrine treatment re-
sistance in 15 to 17% of patients with ER"/HER2™ BC (60, 61). To
better dissect this pathway, we evaluated gene and protein expres-
sion of MMR-associated factors. We did not observe changes in
MMR gene expression (e.g., MLH1, MLH3, MSH2, MSH3, MSHG6,
and PMS2) (fig. S8A). However, analysis of reverse-phase protein
array (RPPA) showed, instead, high levels of ATM, ATM_pS1981,
UVRAG, and XPA and low levels of BRCA2, CHK2, DDR1, DDR1_
pY513, DNA PolG, MSH2, MSH6, Weel, X53BP1, and DNMT1 in
patients with BC with a high FOXP3E2 ratio (Fig. 4C), suggesting
that DNA damage response (DDR) might be specifically dysregu-
lated in these patients with cancer. Notably, patients with BC with a
high FOXP3E2 ratio also showed higher expression of immune-
related signatures as compared with the low-E2 ratio group (i.e.,
CD20, CD38, CD4, CD45, IL6, JAG1, and ZAP70) (Fig. 4D). This
increase in immune pathways was also confirmed by enrichment
analysis of the differentially expressed probes using Metascape (Fig.
4D) (62). Notably, immune cell deconvolution shows only a slight
increase in the number of endothelial cells between the two sub-
groups with no difference in the immune cell compartments (fig.
S8B). Together, our analyses unveil that FOXP3E2 marks a subgroup
of breast tumors characterized by defective DNA damage repair and
a dominant immunomodulatory signature.

Increased IC expression and stronger suppressive capability
is associated with FOXP3E2 expression in T,eqs of HR" BC
Asboth our ex vivo analyses of patients with HR* BC and TCGA data
mining suggest an association between FOXP3E2* Tregs and immune
modulation in the TME, we evaluated their immunosuppressive
function. To this aim, we initially checked the expression of a range of
co-inhibitory molecules, known to modulate tumor immune re-
sponses and up-regulated in tumor-infiltrating Tyegs (15, 21, 22, 63)
(e.g., ICs, such as CTLA-4, PD-1, and TIGIT), in TIL- and PB-derived
CD4* T cells from patients with BC (Fig. 5 and fig. S9). We found that
TIL-FOXP3E2* Thregs have increased percentage of Helios and CCR8
and higher levels of Helios and CTLA-4 than TIL-FOXP3* Thregs.
Moreover, when compared to PB, TIL-FOXP3E2* Tregs show
increased expression of Helios, inducible costimulator (ICOS),
CTLA-4, PD-1, TIGIT, and CCR8 and higher proliferative capacity,
as pointed out by Ki67" frequency (Fig. 5 and fig. S9). Co-expression
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Fig. 3. Reduced co-mutation frequency and co-occurrence characterizes the BC group with a high FOXP3E2/FOXP3 ratio. (A and B) Somatic interaction analysis
between gene pairs showing that co-occurring mutations (green squares) and mutually exclusive mutations (brown squares) were detected using somaticlnteractions
function of Maftools (v.2.12.0), which performs pair-wise Fisher’s exact tests to detect significant [Benjamini-Hochberg false discovery rate (FDR) < 0.1] pairs of genes. The
intensity of the color is proportionate to the —logs (P value). (C and D) Diagram reporting the cancer network of patients with BC separated into low and high FOXP3E2/
FOXP3 ratios, including nodes (driver genes) and edges (co-occurrences), obtained by WES analysis from TCGA. Red circles represent driver genes, and blue circles repre-
sent all occurrences found. The solid black links represent the key links found by the co-occurrence analysis. Genes were considered to have evidence of positive selection
(driver gene) if the reported dN/dS ratio qglobal_cv was <0.05 for missense mutations, truncating variants, all substitutions, or indels. (E) Variant allele frequency (%)
showing the mean of variant clusters across groups. ClonEvol was used to infer consensus clonal evolution models using the variant clusters generated by the Maftools R
package. Statistical analyses were performed by using by Benjamini-Hochberg multiple testing correction.
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Fig. 4. dMMR and specific mutational signatures in patients with BC with a high FOXP3E2/FOXP3 ratio. (A and B) Mutational signatures identified in patients with
BC with low and high FOXP3E2/FOXP3 ratios, respectively. The y axis indicates exposure of 96 trinucleotide motifs to overall signature. In each plot, we report the best
match against validated COSMIC signatures (COSMIC v.2) and cosine similarity value alongside the proposed etiology. (C) Supervised hierarchical clustering analysis of
TCGA-BC reverse-phase protein array (RPPA) results using an analysis of variance (ANOVA) FDR P-value threshold lower than 0.05. On the basis of this threshold, 81 probes
were differentially altered in the high-E2 ratio group, with 40 probes up-regulated (red bar) and 41 down-regulated (green bar). (D) Enrichment analysis of the differently
expressed probes using Metascape. Statistical analyses were performed by using Cophenetic correlation. GTPases, guanosine triphosphatases.

of CTLA-4 and PD-1 or TIGIT and CCRS8 was higher in TIL-
FOXP3E2* than that in PB-FOXP3E2* Tregs (Fig. 5), thus suggest-
ing that this T,z subpopulation exerts a dominant role in cancer
evasion/immunosuppression. This is particularly relevant as ele-
vated CCR8 expression in TIL-T'eg is related to poor prognosis in
several cancer types (19, 64). Moreover, the increased expression of

Fusco etal., Sci. Adv. 11, eadr7934 (2025) 15 January 2025

Helios and ICOS revealed that FOXP3E2" T, infiltrating the tu-
mor had a hyper-activated phenotype. In addition, the evidence
that pS6 levels, reflecting mammalian target of rapamycin (mTOR)
kinase activity, were reduced specifically in TIL-FOXP3E2" com-
pared to that in the PB counterpart suggests a detrimental role for
the mTOR pathway in the suppression of antitumor response.
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Fig. 5. Highly immunosuppressive FOXP3E2" T,eqs preferentially accumulate in TILs of patients with newly diagnosed HR* BC. Cumulative data of flow cytometry
analysis showing cell percentage and mean fluorescence intensity (MFI) of Helios*, pS6* CCR8™, TIGIT*, ICOS*, CTLA-4*, PD-1%, and Ki67* cells (gated on CD4*FOXP3* and
CD4*FOXP3E2") in freshly isolated TILs (at least n = 4, BCTIL) and PB (at least n = 9, BC PB) from patients with BC. Data are presented as median values. Statistical analysis
was performed by using Wilcoxon and Mann-Whitney U test (two tails); *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.0001.

Overall, the increased expression of Helios and IC in the FOXP3E2*
Thregs proposes that they might have a higher immunosuppressive ca-
pacity in cancer.

We tested this hypothesis through an in vitro carboxyfluores-
cein diacetate succinimidyl ester (CFSE)-based suppression assay
by culturing blood-derived conventional T cells (Tconys) with autolo-
gous Ty from patients with BC. Tregs from patients with BC show
stronger suppressive capacity compared to Tyegs from age-matched
female healthy donors (HDs) (Fig. 6A). When compared to HDs,
patients with BC displayed increased E2 PB ratio (0.54 versus 0.49)
(Fig. 6B) and higher frequency of TIGIT, CCR8™, TIGIT/CCRS,
and CTLA-4/PD-1 double-positive PB-FOXP3E2" Tregs (Fig. 6C
and fig. S10A). As ICOS levels were higher in TIL-FOXP3E2" Tieg,
compared to that in the PB, this suggested a preferential recruitment
of ICOSTFOXP3E2" T, in the TME (Figs. 5 and 6C). Notably, the
median of the E2 PB ratio within the BC cohort (Q2 = 0.545)
represents a “hub value” almost coincident with that correspond-
ing to the Q3 value of HDs (Q3 = 0.546) (Fig. 6D), suggesting
that E2 PB ratio might as well be associated with stronger im-
mune suppression.

Fusco etal., Sci. Adv. 11, eadr7934 (2025) 15 January 2025

Breast tumor-derived supernatants promote FOXP3E2"* iTreg
generation through the CXCL12/CXCR4 axis

FOXP3* Tregs support tumor tolerance (1), but how their generation
and recruitment are regulated in the TME remains largely unknown.
To understand whether T, generation could be greater in patients
with BC, we stimulated freshly isolated T¢onys from HDs and pa-
tients with HR* BC via T cell receptor (TCR) to measure the ex-
pression of FOXP3 during the in vitro generation of inducible Theg
(iTregs) (35). Western blot analyses showed that both FOXP3 and
FOXP3E2 isoforms were significantly greater in BC compared to
those in HDs at 24 hours (Fig. 7, A to C). To explore the contribu-
tion of the TME, we added 30% of supernatants derived from hu-
man NT and BC cell lines (i.e., MCF10 and MCEF?7, respectively) to
the culture medium of HD-derived T onys during their differentia-
tion into iTyeg. We found that the addition of supernatants from the
BC cell line MCF7 selectively promoted the induction of FOXP3E2
in iT eqs measured at 24 hours by fluorescence-activated cell sorting
(FACS) analysis (fig. S10, B and C). Because MCF7 cell lines repre-
sent a reductive model of study, we directly assessed the contribu-
tion of the intratumoral milieu from breast tumor biopsies in iTeq
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Fig. 6. Higher IC expression in T,egs from patients with HR* BC correlates with increased FOXP3E2*/FOXP3™ ratio and peripheral T,eg suppressive function.
(A) Percentage of suppression of Tregs in coculture with carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled Teonys at different proportions of Tregs/Tconvs, purified
from HDs (n = 20) and patients with BC (n = 16). (B) FOXP3E2 PB ratio (E2 PB ratio) calculated by flow cytometry quantification of the ratio of CD4*FOXP3E2*/CD4*FOXP3™"
Tregs from PB of HDs (n = 38) and patients with BC (n = 33). (C) Percentage of TIGIT*, CCR8*, TIGIT*/CCR8", CTLA-4", CTLA-4*/PD-1%, Helios*, and ICOS* T,eqs and MFI of
1COS, CCR8, CTLA-4, and Helios on CD4TFOXP3* and CD4*FOXP3E2* Tregs from PB of HDs (at least n = 25) and patients with BC (at least n = 22). (D) Box plot representation
of the E2 PB ratio (median, minimum to maximum values, and quartiles) from patients with BC (n = 33) and HDs (n = 38). Each symbol shows independent biological
samples [(B) to (D)] or experimental replicates (A). Data are presented as median values. Statistical analysis was performed by using Wilcoxon and Mann-Whitney U test
(two tails); *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.0001.
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Fig. 7. Breast TS-derived CXCL12 induces FOXP3E2 in iT;gs of HR* BC. (A) Representative immunoblot and (B and C) densitometry of FOXP3 (all splicing variants) and
FOXP3E2 in Teonys from HD (white columns) and BC (red columns) stimulated in vitro for 24 and 36 hours (h) with anti-CD3/anti-CD28 mAbs (0.1 bead per cell) to obtain
inducible Tregs (iTregs). FOXP3 and FOXP3E2 were normalized to total extracellular signal-regulated kinase 1/2 (ERK 1/2) and presented relative to results obtained for 24-hour
TCR-stimulated HD-Tconys. Data were from n = 3 independent experiments from four HDs and six patients with HR* BC [(B) and (C)]. (D) Representative immunoblot and
(E to H) densitometry of FOXP3 (all splicing variants) and FOXP3E2 in Tconys from patients with BC after 24 [(E) and (F)] and 36 [(G) and (H)] hours of in vitro TCR stimulation,
in the presence of 5% of TS, alone or in combination with AMD3100 (50 pM). FOXP3 and FOXP3E2 were normalized to total ERK 1/2 and presented relative to results ob-
tained for 24 [(E) and (F)]- and 36 [(G) and (H)]-hour TCR-stimulated BC-Tconys (in medium alone). Data were from n = 5 independent experiments from at least four patients
with BC, presented as means + SEM. Statistical analyses were performed by using the Mann-Whitney U test (two tails). *P < 0.05; **P < 0.01; ****P < 0.0001. h, hours.
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generation. To this, we performed an unbiased measurement of
cytokines/chemokines/growth factors of tumor supernatants (T'Ss)
derived from freshly resected HR* breast tumor biopsies by multiplex
enzyme-linked immunosorbent assay system. Among all, we detected
a large amount of CXCL12/SDF1 (Table 1), a cancer-associated
fibroblast (CAF)-derived chemokine known to trigger the accumu-
lation of Tregs in the TME (I). To understand the functional role of
CXCL12 in Tyeg induction, we added 5% of TSs derived from breast
tumor biopsies of patients with HR* BC to the culture medium of
autologous T onys to follow their in vitro conversion into iTyeg, With
or without CXCL12 antagonist (AMD3100) (65-67). Data derived
from Western blot analyses showed that TS supplementation selec-
tively fostered the expression of FOXP3E2 splicing variants and
CXCL12/SDF1 likely mediated this effect as the induction was not
observed in the presence of its antagonist (Fig. 7, D to H). This is in
agreement with recent findings, suggesting that Tyegs in human BC
derive from antigen-experienced Topnys converting into secondary
iTregs via intratumoral activation (68). These data pinpoint CXCL12
as a key factor enforcing the generation of highly immunosuppres-
sive FOXP3E2* Tregs in HR* BC and provide evidence for the con-
tribution of the TME in tumor tolerance.

Blood-derived FOXP3E2 ratio reflects poor prognosis in
patients with HR* BC, and tumor-derived FOXP3E2 predicts
survival also in other human cancers
We observed that Tyeg peripheral suppression in patients with BC
directly correlated with the FOXP3E2 (E2) TIL ratio (r = 0.66,
P =0.021) (Fig. 8A). Specifically, patients with BC with a high E2
TIL ratio (>0.64) showed higher peripheral T4 suppression than
the ones with alow ratio (<0.64) (Fig. 8B). The more TIL-FOXP3E2*
Tregs they had, the greater the peripheral suppressive capacity. We
observed that the E2 PB ratio strictly mirrored the E2 TIL ratio, as
patients with BC with a high E2 TIL ratio also exhibited higher E2
PB ratio (Fig. 8C). Consistently, Tregs from patients with BC with a
higher E2 PB ratio showed increased suppressive activity compared
to the low-E2 PB ratio group (Fig. 8D). Furthermore, FOXP3E2*
Tregs from the high-E2 PB ratio BC group displayed an immune
phenotype distinct from the FOXP3* Thregs» with enhanced expres-
sion of Helios, ICOS, CTLA-4, and CCR8 and co-expression of
CTLA-4/PD-1 and TIGIT/CCRS (Fig. 8E and fig. S11A), thus mir-
roring the hyperactivated phenotype observed in TIL-FOXP3E2"
Tregs (Fig. 5). Notably, FOXP3E2" Tregs from the high-E2 PB ratio
group expressed low pS6 levels compared to FOXP3E2" T, from
the low-E2 PB ratio group (Fig. 8E), according to what previously
observed in TIL-FOXP3E2" versus TIL-FOXP3* (Fig. 5). This could
further support that mTOR activity perturbs the suppression of
antitumor-specific immune response. Overall, our data indicate that
the E2 ratio in the PB reflects the infiltration of highly immunosup-
pressive FOXP3E2* Tregs in the TME.

As our findings uncovered a direct connection between periph-
eral- and tumor-infiltrating FOXP3E2* Tregs» We assessed whether
their peripheral frequency correlated with the clinical parameters of
our BC cohorts, which have been stratified on the basis of histo-
pathological analyses (TNM) into luminal A and B tumors with dif-
ferent survival periods (69). First, we evaluated one of the main
prognostic markers in BC, the intratumoral Ki67 expression (70).
We found that the percentage of intratumoral Ki67 was significantly
higher in the high- compared to that in the low-E2 PB ratio BC
group (20% versus 10%, P = 0.022) (Fig. 9A). Furthermore, 74% of

Fusco etal., Sci. Adv. 11, eadr7934 (2025) 15 January 2025

Table 1. Chemokine and cytokine levels in TSs derived from freshly
resected BC biopsy. Supernatants derived from at least five freshly
resected BC biopsies of patients with BC were tested using the human
Bio-Plex multiplex chemokines assay kit (see Materials and Methods for
details). Data were presented as median [interquartile range (IQR)]. nd
not detectable.
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the patients with BC with a low E2 PB ratio belonged to the luminal
A subgroup [which has a better prognosis than luminal B; (69)],
while only 43% of patients with BC with a high E2 PB ratio fell in
that subgroup (Fig. 9B). Moreover, patients with luminal B BC
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Fig. 8. Increased peripheral T,eq suppressive function and IC expression in Teqs from patients with BC with a high FOXP3E2 TIL and PB ratio. (A) Correlation be-
tween the FOXP3E2 TIL ratio (E2 TIL ratio, calculated by flow cytometry quantification of the ratio of CD4"FOXP3E2*/CD4*FOXP3™ Tegs from TILs of patients with BC) and
the percentage of T,eq peripheral suppression from patients with BC (n = 10). (B) Percentage of suppression of T,eqs from patients with BC with high (n = 6) and low (n = 6)
E2TIL ratios at different proportions of Tregs/Tconvs: (C) E2 PB ratio from patients with BC with low (n = 24) and high (n = 18) E2 TIL ratios. (D) Percentage of T,eg suppression
in patients with BC divided into low (n = 10) and high (n = 7) E2 PB ratio. (E) Cumulative data calculated by flow cytometry quantification showing the percentage of
Helios*, CTLA-4*, CCR8*, CTLA-4*PD-1*, TIGIT*CCR8*, and pS6™ cells and MFI (ICOS, CTLA-4, CCR8, pS6, and Helios) gated on CD4"FOXP3* and CD4*FOXP3E2* Tyegs from
PB of patients with BC with low (at least n = 13) and high (at least n = 11) E2 PB ratios. Each symbol shows independent biological samples [(A) to (C) and (E)] or experi-
mental replicates [(B) and (D)]. Data are presented as median values. Statistical analysis was performed by using Wilcoxon and Mann-Whitney U test (two tails); *P < 0.05;

**P <0.01; #*¥*P < 0.005; ****P < 0.0001.

showed higher PB ratio compared to the luminal A group, and this
correlated with stronger suppressive activity (Fig. 9, C and D). Last,
we stratified our BC cohort in two clinical-pathological groups with
different prognosis (71), and we found that E2 PB ratio strictly re-
flected the overall BC status, as it was significantly increased in the
poor-prognosis BC group (0.56 versus 0.51) (Fig. 9E). We show a
stronger immunosuppression of peripheral Teonys from Tieg of the
poor-prognosis BC group (Fig. 9F), thus suggesting that an in-
creased percentage of FOXP3E2* Tregs is associated with an en-
hanced peripheral suppressive function and worse prognosis. Last,
we verified the value of FOXP3E2 as prognostic marker in other hu-
man cancers and found that, among 26 different cancer types, a
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high E2 ratio was a prognostic marker associated with lower patient
survival for kidney renal papillary cell carcinoma (KIRP), squamous
cell carcinoma of the cervix (CESC), and lung adenocarcinoma
(LUAD), suggesting a specificity depending on the type of tumor
(Fig. 9, G to I, and fig. S12, A to W). Together, our findings suggest
that FOXP3E2 might be used as an innovative prognostic marker for
BC (Fig. 9)).

DISCUSSION
Women with early-stage BC have an independent risk of recurrence
and mortality for at least 20 years after the initial diagnosis with the
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Fig. 9. High blood-derived FOXP3E2*/FOXP3" ratio associates with worse prognosis and greater immune suppression in patients with HR*BC, and intratu-
moral FOXP3E2 predicts poor prognosis in KIRP-, CESC-, and LUAD cancer-affected patients. (A) Intratumoral Ki67 evaluated in patients with BC with low (n = 19)
and high (n = 21) FOXP3E2 PB ratios. (B) Luminal A and luminal B (average proportion) in the low- and high FOXP3E2 PB ratio BC groups. (C) FOXP3E2 PB ratio in luminal
A (n =57) and luminal B (n = 35) BC groups. (D) Percentage of suppression in PB-derived Tyegys isolated from patients with luminal A (n = 12) and luminal B (n = 6) BC.
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Fusco etal., Sci. Adv. 11, eadr7934 (2025) 15 January 2025 13 0f 20



SCIENCE ADVANCES | RESEARCH ARTICLE

greatest impact demonstrated in HR™ disease, even after 5 years of
adjuvant endocrine treatment. To improve survival of patients with
BC, an accurate classification of subtypes and the identification of
prognostic markers that can predict the course of the disease (e.g.,
relapse, mortality, and therapeutic response) are needed, alongside
with the identification of the underlying molecular pathways.

Thregs that express the transcription factor FOXP3 are crucial for
maintaining immunological self-tolerance and suppressing the anti-
cancer immune response. The role of distinct Tyg subpopulations
and their respective functions and interactions within the complex
network of the TME have, however, not been fully elucidated (I).
The composition of intratumoral FOXP3* Thregs is characterized by a
subpopulation of highly immune suppressive cells having a distinct
gene expression profile, possibly due to the hyperstimulation by
tumor-associated antigens (19, 31, 32). It has been previously re-
ported that, among all FOXP3* Thregs> those expressing the isoforms
retaining Exon2 (FOXP3E2" T,,) display stronger suppressive
function and increased lineage stability (34, 37). Notably, although
the role of FOXP3 as a master regulator of T, differentiation and
stability is conserved in mouse (33, 72), Foxp3 gene does not have
splicing variants in mouse, making human studies essential to char-
acterize Tregs and their function. To date, whether FOXP3E2* Tregs
are preferentially enriched within the TME or the PB of patients
with cancer and how they correlate with the clinical outcome is still
completely unknown.

Here, we investigated the role of T, in two independent cohorts
of patients with newly diagnosed ER"PR*HER2™ (HR)* BC and
nonmalignant BF (i.e., 57 patients). Our analyses revealed a differ-
ent composition of tumor-infiltrating immune cells in BC and non-
malignant tumors, with BC being characterized by a lower CD8"/
CD4" ratio and a higher frequency of FOXP3" Tig. Notably, we
showed that the FOXP3E2* Treg subpopulation is increased in the
TME of patients with BC compared to that of patients with BE and
a similar enrichment is detected in the PB as well. We further associ-
ated FOXP3E2* Treg enrichment with worst BC prognosis in a wider
published cohort of 990 patients with BC (from the TCGA) that also
includes HER2" and triple-negative BC. This was also validated in
other human cancers (KIRP, CESC, and LUAD). Overall, our data
suggest that FOXP3E2 ratio might be used to develop a blood-based
test predictive of prognosis in all BC tumor subtypes and, perhaps,
of susceptibility to specific therapies.

The origin of intra-tumoral Trgs and their relationship with
those circulating in PB remains unclear. Nonetheless, comparing
intra-tumoral FOXP3E2"* Thregs with those circulating in the PB, we
found that both overexpress Helios, a transcription factor that regu-
lates Ty function and stability, suggesting that it might be involved
specifically in the differentiation/function of the T\, subset express-
ing the FOXP3E2 splicing variants. Notably, BC tumors with a high
FOXP3E2 ratio showed greater levels of cancer stem cell genes (e.g.,
WNT3a, NANOGPI1, and ESRG) suggesting that this Ty, subset
might shape the TME to foster cancer stem cell growth or mainte-
nance or vice versa. Notably, some studies have shown that overex-
pression of WNT3a, ESRG, NANOGP1, NEFL, and PI3K/Akt,
which we found in the high-E2 ratio breast tumors, associates with
the acquisition of stem cell-like features (46-48, 73, 74), suggesting
that there might be an enrichment of CSCs. This is consistent with
literature showing that Tregs are known to promote cancer stemness
(75, 76). It is, therefore, tempting to speculate that a specific
cross-talk in-between the tumor and the FOXP3E2" Tregs exists.
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Gene expression, mutational signature, and clonal evolution analy-
ses showed that FOXP3E2 marks tumors with stronger clonal selec-
tion, persistent DNA damage (only ATM-dependent), increased cell
survival, and metabolic rewiring induced by hyperactive oncogenic
signaling (as PI3K/Akt) (49, 77). Moreover, the lower number of
driver genes and the reduced frequency of co-mutations and allelic
variants suggest a robust tumor shaping in the high-FOXP3E2 ratio
BC group, which could favor the selection of clones associated with
increased aggressiveness and drug resistance in cancer (as TP53,
PIK3CA, and CDH1) (4, 62, 78-81). Note that chemotherapy and
radiation-induced mutagenesis may be accelerated in patients with
BC having a deficiency in the DNA MMR system (82). Some novel
mutated genes may be cancer-driver genes, which means that MMR
inactivation can lead to disease progression and therapeutic re-
sistance (23). TGCA data mining collectively demonstrates that
FOX3E2 expression in the TME is associated with defects in MMR
and PI3K/Akt mutations and with lower co-mutation occurrence
suggesting higher clonal selection. In addition, FOXP3E2 is associ-
ated with stemness and immunomodulatory signatures, suggesting
that immune system might contribute to select those stem-like
clones evading tumor responses, thus accounting for BC immunologi-
cal quiescence [minimal response to immunotherapy; (5, 50, 83)].

Last, our data suggest that FOXP3E2* Tregs may account for
higher immunosuppressive function. Notably, we showed that Teg
from patients with HR* BC with increased FOXP3E2 levels provide
stronger suppression of effector cells during functional assays. This
is consistent with the increased expression of Helios, ICOS, and IC
receptors by T\, immunophenotyping and with the enrichment of a
dominant immune gene signature in the patients with BC with a
high FOXP3E2 ratio. In addition, known markers of antitumor T
cell response (e.g., CDSJ’/Treg ratio or CCR8 expression) strongly
suggest that this FOXP3E2" T, subset is associated with tumor im-
mune escape. Of note, the increased expression of ICOS and lower
levels of pS6 suggest that T\, function might be tuned by the mTOR
metabolic pathway.

Our overall data suggest that the FOXP3E2" T, subpopulation
might have a dominant role in cancer evasion/immunosuppression.
This might, at least, in part, be mediated by the increased expression
of IC co-stimulatory receptors (e.g., CTLA4, PD1, and TIGIT), which
represent the targets of currently available immunotherapies that are
effective against several malignancies, including BC (e.g., ipilimumab
and pembrolizumab) (1, 84-88). Notably, the levels of CCR8 are also
increased in TIL-FOXP3E2* Thregs. As elevated CCRS levels in TIL-
Thregs associate with poor prognosis in several cancer types (19, 64),
this could further contribute to FOXP3E2* Theg retention within the
tumor thus amplifying the immunosuppression. In parallel, the TME
reinforces the generation of FOXP3E2* Tregs through the release of a
CAF-derived chemokine, CXCL12 (89, 90). Intriguingly, CXCL12
has been assigned functions related to epithelial-to-mesenchymal
transition, cancer cell stemness, angiogenesis, and immunosuppres-
sion (91). Moreover, its antagonist, AMD3100, has been shown to
inhibit tumor growth and prevent immunosuppression via a selective
reduction in the recruitment of FOXP3* Tregs (65-67). Our results
add another piece in the puzzle of the CXCL12/CXCR4 pathway that
plays a multifaceted role in the development of highly-specialized
niches for stemness, immunosuppression, and other key biological
programs contributing to the “metastatic cascade” in the TME (91).
Overall, our findings led us to hypothesize a central role of the
TME that, on one side, promotes cancer stemness to escape immune
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surveillance (for example, via hypoxia, inflammation, and DNA dam-
age), whereas, on the other side, promotes immune suppression by
inducing highly suppressive FOXP3E2* Tie. Disentangling the
functional interaction between Treg and CSCs will be key in the fu-
ture to develop novel therapeutic strategies.

Together, our results highlight the importance of considering
TIL-FOXP3E2* Thregs as a unique target for improving the actual BC
immunotherapeutic strategies. We hypothesized that BC cells may
induce (and/or increase recruitment/retention) of FOXP3E2" Tregs
through the establishment of a highly immunosuppressive milieu
(fig. S13). To this aim, unraveling the specific pathways involved in
FOXP3E2" Treg induction will be instrumental to restrain their gen-
eration restoring the tumor-immune responses.

In conclusion, we showed that a high FOXP3E2t/FOXP3* (E2)
ratio in the PB of patients with BC reflects stronger immunosuppres-
sion at the tumor site and associates with poor prognosis. Because
the accumulation of Tregs represents an essential mechanism for can-
cer immune evasion and a critical barrier to antitumor immunity and
immunotherapy, our findings may represent a vital jigsaw piece in
the early detection of the BC prognosis puzzle. Furthermore, these
results might offer a novel paradigm for developing a “super-targeted”
approach that selectively restrains tumor-promoting Tregs while pre-
serving a proper peripheral tolerance.

MATERIALS AND METHODS

Participants and study design

The clinical and demographic characteristics of the study cohorts were
shown in table S1. Female participants were enrolled after obtaining in-
formed consent. The study has been approved by the Institutional Re-
view Board of the University of Naples “Federico II” (Protocol n.
269/15/ES01). Biological samples were collected by clinicians at the Na-
tional Cancer Institute - IRCCS “G. Pascale” Foundation (Clinical and
Experimental or Oncological Surgery of Senology) and at the Depart-
ment of General, Oncological, Bariatric and Endocrine-Metabolic Sur-
gery, University of Naples “Federico II,” Naples. Patients with BC were
naive to treatment and with definite clinicopathological parameters,
including age, TNM stage, histological type and grade [according to
World Health Organization (WHO) 2012-2019 and (92, 93)], Ki67 in-
dex, ER, progesterone receptor, and HER2 status. For each participant,
a detailed past medical history was recorded to exclude intake of gluco-
corticoids and/or antihistamine drugs in the 2 months preceding the
enrolment and previous diagnosis of chronic inflammatory, autoim-
mune, or other neoplastic diseases. Participants underwent breast sur-
gery or core needle biopsies, collected with ultrasound guidance. Tissue
and blood samples were collected before chemotherapy, radiotherapy,
endocrine therapy, or any other treatment. Enrolled participants were
classified into immunohistochemically defined surrogate molecular
subtypes, according to the American Society of Clinical Oncology/
College of American Pathologists 2013-2018. Female HDs were
matched for age and body mass index and had no history of inflamma-
tion, endocrine, or autoimmune disease. The ethnic distribution among
the groups was comparable, with all participants being white.

BC and fibroadenoma tissue sample preparation

For the preparation of tissue microarray (TMA) and histologic re-
view, 5-pm sections from each formalin-fixed paraffin-embedded
tissue block were stained with hematoxylin and eosin for the identi-
fication of tumor areas. IHC analysis was performed on TMA with
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up to four 1.5-mm cores from primarily the invasive tumor front
from each tumor. A review of histologic subtype and grade was per-
formed according to the WHO guidelines (92). The diagnosis of
ductal carcinoma with medullary characteristics was designated for
high-grade tumors with pushing margins and syncytial growth pat-
terns in >75% of the tumor in association with a pronounced lym-
phoplasmacytic infiltrate (92).

Immunohistochemistry

IHC staining was performed on slides from formalin-fixed paraffin-
embedded tissues to evaluate the expression of CD3, CD8, FOXP3,
and FOXP3E2 markers in BF (n = 6) and cancer (n = 23) tissues.
Paraffin slides were de-paraffinized in xylene and rehydrated through
graded alcohols. Antigen retrieval was performed with slides heated
in 0.01 M citrate buffer (pH 6.0) in a bath for 20 min at 97°C. After
antigen retrieval, the slides allow to cool. The endogenous peroxidase
was inactivated with 3% hydrogen. After protein block (5% bovine
serum albumin in 1X phosphate-buffered saline), slides were incu-
bated with specific primary antibodies: human anti-CD3 (2GV6)
dilution 1:100 (Ventana), human anti-CD8 (CAL66) dilution 1:100
(Roche), human anti-FOXP3 (D2W8E) dilution 1:125 (Cell Signal-
ing Technology), and anti-human FOXP3E2 (150D) dilution 1:125
(BioLegend). The sections were incubated for 1 hour with Novocas-
tra biotinylated secondary antibody (horseradish peroxidase conju-
gated) and visualized with 3,3’-diaminobenzidine chromogen. Last,
the sections were counterstained with hematoxylin and mounted.
CD3-, CD8-, FOXP3-, and FOXP3E2-positive nuclei were counted
evaluating at least five fields at X400 magnification. All sections were
evaluated in a blinded fashion by two investigators. For each marker,
a mean value of up to five cores for each patient was calculated, rep-
resenting the overall expression of the specific marker.

Breast tissue preparation and cell purification

For the isolation of TILs, dissected tissue fragments from freshly
isolated biopsies were transferred in GentleMACS C tubes (Miltenyi
Biotec) containing Hanks’ balanced salt solution (HBSS) with calci-
um, magnesium, and sodium bicarbonate and without phenol red
(Aurogene) supplemented with collagenase IV (0.5 mg/ml; Sigma-
Aldrich), deoxyribonuclease I (50 ng/ml; Worthington), 2% fetal
bovine serum (Gibco), and 10% bovine serum albumin (Sigma-
Aldrich). Tissue dissociation was made on a GentleMACS Dissocia-
tor (Miltenyi Biotec) by using the “h_tumor 01_03” program. Single-cell
suspensions were obtained by disrupting the fragments with a sy-
ringe plunger over a cell strainer (100 pm) and washing with cold
HBSS. Cell suspension was centrifuged at 2700 rpm for 5 min to
remove debris, and the cell pellet was resuspended in RPMI 1640
medium for successive evaluations. PB mononuclear cells (PBMCs)
from patients with BF and BC and HDs were isolated from blood
samples after Ficoll-Hypaque gradient centrifugation (GE Health-
care). Tregs (CD4TCD25'CD1277) and Teonys (CD4TCD257) were
purified (90 to 95% pure) by using the human CD4*CD25"CD127
dim’™ Regulatory T Cell Isolation Kit I (Miltenyi Biotec).

Flow cytometry, proliferation, and CFSE staining

Freshly isolated PBMCs and TILs from patients with BF and BC and
female HDs were surface stained with the following monoclonal an-
tibodies (mAbs): allophycocyanin (APC)-H7-conjugated anti-
human CD45 (2D1), V500-conjugated anti-human CD4 (RPA-T4),
APC-H7-conjugated anti-human CD4 (RPA-T4), phycoerythrin
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(PE)-cyanine 7 (Cy7)-conjugated anti-human CD8 (RPA-T8),
BV421-conjugated anti-human CD279/PD-1 (EH12.1), and BV421-
conjugated anti-human CD198/CCR8 (4333H) (all from BD Biosci-
ences) and PE-Cy7-conjugated anti-human TIGIT (MBCA43)
(eBioscience). Thereafter, cells were washed, fixed, and permeabi-
lized (anti-human FOXP3 Staining Set PE; eBioscience) and stained
with following mAbs: PE-conjugated anti-human FOXP3 from
eBioscience (PCH101, which recognizes all splicing variants
through an epitope of the amino terminus of FOXP3), PE-conjugated
anti-human FOXP3 from eBioscience (150D/E4, which recognizes
FOXP3E2 variants through an epitope present in Exon2 only), APC-
conjugated anti-human CD152/CTLA-4 (BNI3) (BD Biosciences),
Alexa Fluor 488-conjugated anti-human Helios (22F6), and BV510-
conjugated anti-human Ki67 (B56). Cells were analyzed with
FACSCanto II (BD Biosciences) and FlowJo software (Tree Star). For
T cell proliferation and suppression assays, Tconys (2 X 10* cells
per well) were stained with the fluorescent dye CFSE at 1 pg/ml
(Invitrogen). Flow cytometry analyzing CFSE dilution was per-
formed by gating on CFSE* cells stimulated for 72 hours in round-
bottomed 96-well plates (Corning Falcon) with anti-CD3/anti-CD28
mAb-coated beads (0.2 beads per cell; Thermo Fisher Scientific) alone
or cultured with Tyeg from patients with BC and HDs, respectively.

TS collection and in vitro iT .y generation

TSs were obtained from freshly resected BC tissue biopsies and from
MCF10 and MCF?7 cell lines. More in detail, single-cell suspensions
from BC biopsies were maintained in X-VIVO cell culture medium
(X-VIVO 15 Serum-free Hematopoietic Cell Medium, Lonza) for
16 hours, after tissue dissociation (previously described), and, then,
TS was collected and used for iT e, generation. Human BC cell lines,
MCF10 and MCF7 (CRL-10317 and HTB-22, respectively; ATCC),
were grown in Dulbecco’s modified Eagle’s medium supplemented
with penicillin (100 UI/ml), streptomycin (100 pg/ml; Life Technol-
ogies), and 10% FBS (Gibco). After 24 hours, TS was collected and
used for iT ., generation. To generate iTyeqs, HD- and BC-T onys Were
stimulated with Dynabeads coated with mAb to CD3 plus mAb to
CD28 (Invitrogen) at a density of 0.1 bead per cell for 24 to 36 hours,
as previously described (35). Briefly, Tconys were cultured (2 X 10° cells/
ml) in 96-well plates (Becton-Dickinson, Falcon) with RPMI 1640
medium supplemented with penicillin (100 Ul/ml), streptomycin
(100 pg/ml; Life Technologies), and either 5% autologous or AB se-
rum (Invitrogen) at a density of 0.1 bead per cell, in the presence or
the absence of TS (derived either from freshly resected BC biopsies,
MCF10 or MCF7 cell lines). T convs were then harvested and used for
immunoblotting or FACS analyses after staining with the following
mAbs: APC-H7-conjugated anti-human CD4 (RPA-T4), PE-
indodicarbocyanine (Cy5)-conjugated anti-human CD25 (M-A251),
PE-conjugated anti-human FOXP3 from eBioscience (PCH101), and
PE-conjugated anti-human FOXP3 from eBioscience (150D/E4).

Immunoblot analysis

To generate iTyeg, HD- and BC-Tconys were stimulated with anti-
CD3/anti-CD28 mAbs (0.1 beads per cell) for 24 to 36 hours, as
previously described (35). Total cell lysates were obtained incubat-
ing cells for 20 min at 4°C in radioimmunoprecipitation assay buffer
(R0278; Sigma-Aldrich) plus SSIGMAFAST Protease Inhibitor (58820,
Sigma-Aldrich) and Sigma Phosphatase Inhibitor (P5726; Sigma-
Aldrich), and immunoblot analyses were performed as described
(35). The mADs used were the following: anti-FOXP3 (clone PCH101),
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anti-FOXP3E2 (clone 150D/E4) (1:500 dilution; all from Thermo
Fisher Scientific), and anti-extracellular signal-regulated kinase 1/2
(ERK 1/2) (H72) (1:1000 dilution; Santa Cruz Biotechnology) to
normalize the amount of loaded protein. All filters were quantified
by densitometry using Image] software (National Institutes of Health).
We scanned at least two films with different exposures for each pro-
tein detected. Results were calculated and normalized to densitom-
etry of ERK 1/2 and are presented relative to the results obtained for
24- and 36-hour TCR-stimulated T conys.

Human chemokine and cytokine assay

TSs were collected from BC biopsies and screened for 6Ckine/
CCL21, BCA-1/CXCL13, CTACK/CCL27, ENA-78/CXCL5, Eotaxin/
CCL11, Eotaxin-2/CCL24, Eotaxin-3/CCL26, Fractalkine/CX3CL1,
GCP-2/CXCLe6, granulocyte-macrophage colony-stimulating factor
(GM-CSF), Gro-o/CXCL1, Gro-p/CXCL2,1-309/CCL1, interferon-y
(IFN-y), interleukin-1p (IL-1p), IL-2, IL-4, IL-6, IL-8/CXCLS, IL-
10, IL-16, IP-10/CXCL10, I-TAC/CXCL11, MCP-1/CCL2, MCP-2/
CCL8, MCP-3/CCL7, MCP-4/CCL13, MDC/CCL22, migration in-
hibition factor (MIF), MIG/CXCL9 MIP-1a/CCL3, MIP-18/CCL15,
MIP-3a/CCL20, MIP-38/CCL19, MPIF-1/CCL23, SCYB16/CXCL16,
SDF-1a*p/CXCL12, TARC/CCL17, TECK/CCL25, and tumor necro-
sis factor-at (TNF-a) using the Bio-Plex multiplex Human Chemokine
40-plex Panel (Bio-Rad) according to the manufacturer’s protocol.

Systematic transcript variant analysis in public databases
The FOXP3-spliced variant sequences were assessed in UCSC
Genome Browser on Human (GRCh37/hgl9) (94) databases. The
schematic diagram of the FOXP3 variant structures is reported
in fig. S1E.

TCGA database analyses

FOXP3 splicing variant expression data are derived from TSVdb
web tool (www.tsvdb.com) and are reported as normalized RNA-seq
by expectation maximization (RSEM) values. Samples with unre-
ported and/or missing clinical data were removed. The FOXP3E2/
FOXP3 ratio was calculated using GRCh37/hgl9 coordinates
chrX:49,114,121-49,114,225 and chrX:49,109,587-49,109,663 that
recognize, respectively, the FOXP3 splicing variants containing Exon2
and Exon9 (being this last common to all transcripts).

Kaplan-Meier survival plot

Overall survival analysis was conducted using only patients with
survival and gene expression data from TSVdb. Samples were cate-
gorized using Cox proportional hazards regression into two groups
on the basis of either on the mean RSEM value (high expression > Q2
and low expression < Q2) or on the upper quartile RSEM value (high
expression > Q3 and low expression < Q3). The Kaplan-Meier sur-
vival plots were generated using R packages: “survival and survminer”
The survival curves of samples with high and low gene expression
were compared by log-rank test, and data groups with a P value of
<0.05 were considered statistically significant.

TCGA RNA-seq analysis

Primary BC (n = 990) and NT (n = 112) RNA-seq data counts
were downloaded from the TCGA-BRCA project (available online
at https://portal.gdc.cancer.gov/projects/TCGA-BRCA). Further
analysis and visualizations of the processed data were performed
in R and Bioconductor. For differential expression analyses between
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high (n = 248)- and low (n = 742)-ratio BC groups, counts were
normalized using the size factor normalization technique available
in DESeq2 and an absolute log, fold change > 0.5 and P adj. of <
0.001. We used the online tools RDAVIDWebService (95) and
GOplot (96) to identify GO Biological Processes overrepresented
and to prepare circular composition overview. We performed a sta-
tistical overrepresentation test using default parameters. GO terms
were considered overrepresented only if FDR-corrected P values
were below <0.05. Then, ClusterProfiler v.4.6 and Enrichplot
v.1.19.0.01 were used for GSEA and plotting (49, 97). DNA MMR
gene expressions were obtained by comparing the low (n = 742)-
and high (n = 248)-ratio BC groups and filtering the normalized
count matrix.

Tumor immune microenvironment cell composition analysis
Immune and stroma composition analysis of patients with BC with
low (n = 735) and high (n = 248) FOXP3E2 ratios (tumor immune
microenvironment deconvolution) was performed using the online
tool TimeDB (61) on the basis of DEGs obtained from TCGA-BRCA
RNA-seq analysis.

Mutation enrichment analysis

Variants were obtained from TCGA-BRCA whole exome sequenc-
ing (WES) using the TCGAbiolinks R package (98) to identify dif-
ferentially mutated genes in low (1 = 650)- and high (n = 211)-ratio
BC groups. Analysis (variants number, somatic interactions, tumor
mutational burden, APOBEC enrichments, and signatures detec-
tion) and visualization of mutations were performed using the
Maftools R package (99). Contributions of mutational signatures in
COSMIC (100) were determined in each sample using nonnegative
matrix factorization provided by the NMF v1.8.0 R package (101)
using a P value of <0.001. The contributions of identified COSMIC
mutational signatures were confirmed using the “mutSignatures” R
package. The variant allelic frequency of low- and high-FOXP3E2
ratio groups was compared using the ClonEvol tool in R (https://
github.com/hdng/clonevol) using default settings. Each point in
a different color represents an independent variant across clusters
and groups.

dN/dS analysis of mutations

dN/dS analysis was performed using the dNdScv function from the
R package “dNdScv” (https://github.com/im3sanger/dndscv) using
default settings except for the following arguments: max_muts_per_
gene_per_sample = Inf, use_indel_sites = T, and max_coding_
muts_per_sample = Inf. Genes were considered to have evidence of
positive selection if the reported dN/dS q value was <0.05 for mis-
sense mutations, truncating variants, all substitutions, or indels.
Network analysis was carried out using the igraph package in R and
co-occurrence genes from Maftools with a P value of <0.05.

Neoantigen analysis

Neoantigen counts are available from Thorsson et al. (102) (supple-
mentary files: TCGA_PCA.mc3.v0.2.8. CONTROLLED filtered.sample_
neoantigens.10062017.tsv, gdc.cancer.gov/about-data/publications/
panimmune).

Differentially methylated regions
Differentially methylated regions were calculated using the normal-
ized beta values (methylation values ranging from 0.0 to 1.0) obtained
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from TCGA-BRCA Illumina Human Methylation 450 downloaded
through TCGAbiolinks R package. To compare low (n = 524)- and
high (n = 194)-ratio BC groups, we used the Wilcoxon test with the
adjusted Benjamini-Hochberg method. The default parameters were
set to require a minimum absolute beta-value difference of 0.2 and a
P value adjusted of <0.01.

RPPA analysis

Proteomic analyses were performed using level 4 (log, trans-
formed with loading and batch corrected) RPPA dataset from the
TCGA-BRCA study downloaded from The Cancer Proteome Atlas
portal (https://tcpaportal.org/tcpa/). For differential protein expres-
sion analysis between high (n = 248)- and low (n = 742)-ratio
BC groups, RPPA relative fluorescence intensity (RFI) values were
compared using an analysis of variance (ANOVA) FDR P-value
threshold of less than 0.05. The data were then scaled on the basis of
average RFI threshold for each protein to extract up-regulated (red)
and down-regulated (green) probes of the high-ratio BC group.
Metascape was used to perform the enrichment analysis of the
differentially expressed probes. The data were displayed as me-
dian values.

Statistical analysis

Statistical analyses were performed using GraphPad program
(Abacus Concepts) and R packages. Results were expressed as
median and interquartile range. The nonparametric Mann-Whitney
U test, the Wilcoxon matched-pairs signed-rank test, and the ¢ test
were used. Correlations were computed with a nonparametric Spear-
man r correlation test, overall survival with a log-rank test, and
hazard ratio with multivariate Cox regression model reference. A
two-tailed P value of <0.05 was considered statistically significant.

Supplementary Materials
This PDF file includes:

Figs.S1to S13
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