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ABSTRACT

To better understand the expression pattern of programmed death-ligand 1 (PD-L1) expression in different
breast cancer types, we characterized PD-L1 expression in tumor and tumor-infiltrating immune cells, in
relation to mutation rate, BRCAT-like status and survival. We analyzed 410 primary treatment-naive breast
tumors comprising 162 estrogen receptor-positive (ER+) and HER2—, 101 HER2+ and 147 triple-negative (TN)
cancers. Pathologists quantified tumor-infiltrating lymphocytes (TILs) and PD-L1 expression in tumor cells and
TILs using whole slides and tissue microarray. Mutation rate was assessed by DNA sequencing, BRCAT-like
status using multiplex ligation-dependent probe amplification, and immune landscape by multiplex image
analyses of CD4, CD68, CD8, FOXP3, cytokeratin, and PD-L1. Half of PD-L1 scores evaluated by tissue microarray
were false negatives compared to whole slide evaluations. We observed at least 1% of PD-L1-positive (PD-L1+)
cells in 53.1% of ER+HER2—, 73.3% of HER2+, and 84.4% of TN tumors. PD-L1 expression was higher in ductal
compared to lobular carcinomas, also within ER+HER2— tumors (p = 0.04). High PD-L1+ TILs score (> 50%) was
independently associated with better outcome in TN tumors (HR = 0.27; 95%CI = 0.10-0.69). Within TN tumors,
PD-L1 and TIL scores showed a modest but significant positive association with the number of silent mutations,
but no association with BRCAT-like status. Multiplex image analyses indicated that PD-L1 is expressed on
multiple immune cells (CD68+ macrophages, CD4+, FOXP3+, and CD8+ T cells) in the breast tumor micro-
environment, independent of the PD-L1 status of the tumor cells. We found no evidence that levels of PD-L1
+ TILs in TN breast cancer are driven by high mutation rate or BRCA1-like status.
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Introduction Programmed cell death 1 (PD-1), a transmembrane pro-
tein, plays an important role in down-regulating the
immune system.* One of the PD-1 ligands, programmed
death-ligand 1 (PD-L1), can be expressed on tumor and
immune cells.” PD-L1/PD-1 binding physiologically pro-
motes immune-tolerance in peripheral tissues.*” This sig-
naling pathway is used by tumor cells to inhibit antitumor
immunity.*” Various cancer types express PD-L1 at differ-
ent levels.*’

The presence of tumor-infiltrating lymphocytes (TILs) has
been associated with favorable clinical outcomes in triple-
negative (TN) and human epidermal growth factor recep-
tor 2 positive (HER2+) breast cancer’, but not in estrogen
receptor (ER) positive breast cancer.” TIL density and
composition show considerable heterogeneity between
and within tumors, but the factors that determine this
variation are unknown.’
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Immunomodulatory agents blocking the PD-1/PD-L1
axis have shown effectiveness in melanoma, lung, and
other cancer types, including breast.'”'* However, the
response to anti-PD-1/PD-L1 therapy varies significantly
among patients.'”'*  According to clinical studies,
response rates to anti-PD-1/PD-L1 therapy range between
5 to 23% within advanced TN breast cancer patients.'
Higher response rates are linked with PD-L1 positivity."
However, not all PD-Ll-positive (PD-L1+) tumors
respond to anti-PD-1/PD-L1 therapy.

In breast cancer, previous studies reported high TIL
density, PD-L1 expression and mutation rate in TN
tumors, compared with other subtypes.'®>° However, it
is still unknown whether the mutation rate of breast
tumor cells contributes to the tumor infiltration of
immune cells and PD-L1 expression.”' Moreover, the
association between PD-L1 expression and prognosis of
breast cancer remains controversial.>*'®** Thus, further
studies on PD-L1 expression and other potential biomar-
kers, such as but not limited to TIL density and CD8
expression, are clearly needed.'"* Moreover, most observa-
tional studies have measured PD-L1 expression in breast
cancer using tissue microarrays (TMAs) potentially limit-
ing their conclusions.'®*’

The overall aim of this study was to perform a compre-
hensive evaluation of PD-L1 expression in breast tumor
cells and tumor-associated immune cells. We also com-
pared PD-L1 scoring on whole slide sections versus
TMAs. To address this aim, we measured PD-L1 expression
in various tumor-infiltrated immune cell types using an
immunofluorescent multiplex approach; we investigated if
TIL density or PD-L1 expression in TN tumors varies
according to somatic mutation rate or surrogate homolo-
gous recombination deficiency status (BRCAI-like status);
and we examined whether levels of TIL density and PD-L1
expression are associated with survival within different
breast cancer subtypes (ER+HER2-, HER2+, and TN).

Results
Underestimation of PD-L1 positivity using TMAs

Initially, we examined whether PD-L1 expression analysis
using TMAs would satisfactorily represent the extent of PD-
L1 expression of whole tumor sections. Each TMA consisted
of tumor cores measuring 1.4 mm in diameter; with 3 to 6
cores per tumor. PD-L1 scores of 118 tumors from the
ONCOPOOL cohort were used to compare TMA with
whole slide observations, which showed that 49% of the
TMA tumor results were false negatives. Generally, scores
obtained by TMA did not reflect those obtained by whole
slides (figures 1A-C, ICCpp.p14tis = 0.27; 95%CI = 0.13-
0.40). It appeared that often the TMA cores were not taken
close enough to the invasive tumor front, where PD-L1 posi-
tivity was more frequently detected (figures 1D-H and sup-
plementary figure 1). Therefore, in this study, TIL density and
PD-L1 expression for further analyses were based on mea-
surements using whole slides.

Variation in PD-L1 expression among tumors is related to
the extent of the presence of TiLs

In total, 410 breast tumors were scored for TIL density and PD-
L1 expression (clone E1L3N XP?, Cell Signaling; see supplemen-
tary materials and methods). Consistent with other studies,-
L2161932 T, density was higher in TN tumors than in other
tumor subtypes (p < 0.0001; figure 2A). We observed at least 1%
of PD-L1-positive (immune or tumor) cells in 53.1% of ER
+HER2-, 73.3% of HER2+, and 84.4% of TN tumors (Table 1).
Tumors with < 5% TILs were negative for PD-L1+ TILs (figure
2B and 3A). Overall, TIL density and PD-L1+ TILs score showed
strong correlation (Spearman’s coefficient: r = 0.83; supplemen-
tary figure 2). We found that PD-L1 positivity in tumor cells was
mainly detected when the tumor cells were surrounded by PD-
L1+ TILs (figure 3B). On the other hand, most of the tumors (or
tumor areas) containing PD-L1+ TILs did not contain any PD-
L1+ tumor cells. PD-L1+ tumor cells were present in 11.1% of
ER+HER2-, 31.7% of HER2+, and 38.1% of TN tumors.
However, most of these tumors exhibited PD-L1+ tumor cells
in less than 25% of the observed area (figure 2C).

The intensity of the PD-L1 staining and its spatial location
were also associated with the percentage of PD-L1 positivity
(figure 2D and 2E). We observed three main immune infiltration
patterns based on TIL density, PD-L1 expression, and histologi-
cal organization: (i) tumors containing focal PD-L1+ TILs
showed predominant weak to mild intensity of PD-LI staining
in the stroma with no PD-L1+ tumor cells (3C and 3D); (ii) PD-
L1+ TILs located predominantly near the invasive tumor front,
with no or very focal PD-L1+ tumor cells (3E and 3F); and (iii)
tumors classified as containing high PD-L1+ TILs showed mild
to strong intensity of a diffuse intratumoral PD-L1 staining
(including few PD-L1+ tumor cells), located at the invasive
tumor front and within the tumor margins (3G and 3D).

Tumor features are associated with PD-L1 expression

We investigated which tumor characteristics were associated with
PD-L1 expression, in addition to the lack of ER, PR and HER2
expression (Table 1 and supplementary figure 3A). Invasive lobu-
lar carcinomas had lower PD-L1 expression compared with inva-
sive breast carcinomas of no special type, previously known and
further referred to as invasive ductal carcinomas (p < 0.0001; figure
2F) with an odds ratio (OR) from multivariable logistic regression
analysis of 0.43; 95%CI = 0.18-0.97, supplementary figure 3A).
Results were similar in ER+HER2— tumors (p = 0.042; Table 1 and
ORgr+HER2-/lobular = 0.35; 95%CI = 0.13-0.90, supplementary
figure 3B). Consistent with previous publications,®'”"*"*>** poor
tumor grade was strongly associated with PD-L1 expression in
HER2+ and TN tumors (figure 2G, Table 1 and supplementary
figure 3A, C and D). In contrast, we did not observe an association
between grade and PD-L1 expression in the ER+HER2— group
(Table 1 and supplementary figure 3B).

The same PD-L1 and TIL analyses using whole slides of
tumor sections from an independent cohort (n = 144)
from Canada (OFBCR) showed similar expression profiles
and associations as observed in the Dutch cohorts (sup-
plementary Table 1 and supplementary figure 4).
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Figure 1. High number of PD-L1 negative scores were detected using TMAs. In total, 118 tumors from the ONCOPOOL cohort were scored using TMA and whole
slides. A) Around 85% of the tumor contributed with 2 or 3 cores of 0.6 mm for the scores using TMA. B) The scores of PDL1+ TILs generated using TMA showed poor
correlation with those generated by whole slides observation. C) Comparison of the scores of PD-L1+tumor cells generated by TMA and whole slides also showed
poor correlation. D) Example of false negative score obtained by TMA analysis. TMA cores were negative for PD-L1 staining using immunohistochemistry assays (E, F
and G); however, the PD-L1 positive cells were located away from the area where the cores were taken for TMA construction. Area of PD-L1+TILs detailed in H.
Calculation: intraclass correlation coefficient (ICC) and Spearman correlation (r). Lines in B and C represent the linear correlation; the gray area around the line
represents the standard error. Abbreviations: tissue microarray (TMA), PD-L1+tumorinfiltrating lymphocytes (PD-L1+TILs).

Breast tumor associated-lymphocytes and macrophages
exhibit PD-L1 expression

TILs are composed of several types of lymphocytes and are
surrounded by other immune cells present in the tumor
microenvironment.'®?? Using multiplex IF staining, we
investigated if a specific immune cell type would demon-
strate a predominant proportion of PD-LI+ cells more

than other immune cell types. We applied image analysis
on the immune-infiltrate areas of seven ER-negative
tumors representing examples of three types of immune
infiltration patterns (based on TIL organization and PD-L1
expression levels as described above; figure 3). One pathol-
ogist (HH) chose five areas from each tumor, including
tumor cells and the adjacent microenvironment (supple-
mentary table 2).



€1509820-4 M.

SOBRAL-LEITE ET AL.

A all patients (a =410) B all patieats (a = 410) C all patients (a=410)
100+ p <0.0001 100 4 p < 0.0001 100 p < 0.0001
L . ®
* ar
754 L 1Y 75 » 754
e = ] 2
S =
g | $ o| o ) . _
\; % ° = Fd = n ‘sums
= E S « high TiLs >50%
5 50 * 501 2 504 lowe TILs 5-50%
2 ,'E: 3 b « noTiLs <6%
g o ¥
E = ;! . PD-L1+TIL status:
g « high >50%
25{ o 25 254 . - o i
o 1 | L 4 ® N oo* - focal <5%
o ° L
PN & * PD-L1+tumor cells:
o) N o] o SEE ° 0 -‘-ﬁm -
- negative
ER+HER2- HER2+ TN noTILs low TiLs high TiLs focal moderate high

subgroups TIL status PD-L1+TIL status
D &- T — F complete data(n=376) G complete data (n =387)
g O weak @mild m swong 1004 p<00001' 1004 p < 0.0001
Ss p=00209
Sg
£ °°
= 754 754 .
&1 2 2 .
S S °
o = = oo
focal moderate high & * = e®
f = ~ 504 =~ 504
E = location of PD-L1+TiLs =2 =
O tumor margin ja) [a]
~ 81 W border and within A o
X
s =00107
g8 254 254
s
294
e
o J 04 * 04 —
focal moderate high ductal  lobular  others 1 2 3

PD-L1+TILs status

tumor morphology

tumor grade

Figure 2. PD-L1 expression is associated with specific breast tumor characteristics. A) Tumorinfiltrating lymphocyte (TIL) density was higher in TN tumors. B)
PD-L1+TIL score increased according to the higher status of TILs. C) PD-L1+tumor cells were more frequent in tumors with high PD-L1+TILs. Tumors classified as high
PD-L1+TILs had a stronger intensity of staining (D) and were predominantly located at the border and within the tumor margins (E), compared with tumors classified
as focal and moderate PD-L1+TILs. F) Lobular carcinomas had lower levels of PD-L1+TILs compared with ductal carcinomas. G) Tumor-infiltration of PD-L1
+lymphocytes were more extensive in high grade tumors. The average mean of each distribution is represented by a lozenge. Comparisons of means were tested
by ANOVA. (*) Comparison between the means of ductal and lobular groups by Student's t-test. Categorical levels of each score are defined in the legend and
represented by degrees of green (%TIL density), blue (%PD-L1+TILs) or red (%PDL1+ tumor cells). Abbreviations: estrogen receptor (ER), tumor-infiltrating

lymphocytes (TILs).

We analyzed two tumors (pattern i) containing dense aggregates
of TILs exhibiting focal PD-L1 expression and surrounded by well-
delimitated area of tumor cells (figure 4A). We detected CD4+,
CD8+ and FOXP3+ T lymphocytes, and few macrophages CD68+
(figure 4B). Image analysis showed weak PD-L1 expression (figure
4C) in a small percentage of these immune cells (0.1-4.7%; supple-
mentary table 2). PD-L1+ immune cells were located in the stroma
and away from any PD-L1+ tumor cells (figure 4A and B).

Another typical pattern of lymphocytic infiltration (ii) is very
often observed at the invasive tumor front (figure 4D). We
identified a diverse immune-cell type composition at the interface
between tumor cells and regions of dense stromal TILs (figure
4E), where moderate to strong PD-L1 staining in tumor and
immune cells was observed (figure 4F). Image analysis of three
tumors containing this particular pattern revealed PD-L1 positiv-
ity in a proportion of the lymphocytes (5.5-14.6%), macrophages
(6.2%) and tumor cells (13.6%; supplementary table 2).

The analyses of two tumors containing abundant lym-
phocytic infiltration in the stroma and in the intratumoral
compartments (pattern iii) showed intense and diffuse PD-
L1 staining (figure 4G). These tumors showed a mixed
immune cell composition not only in the stroma, but also
in the intratumoral compartment (figure 4H). We detected
a high proportion of intense PD-L1 expression among all
cell types (18.8-45.7% of lymphocytes, 26.8% of macro-
phages and 75.5% of tumor cells; supplementary table 2
and figure 4I).

Taking together, these analyses suggest that a proportion
of various types of lymphocytes, e.g. CD4+, CD8+ and
FOXP3+ T cells; as well as CD68+ macrophages express
PD-L1 (figure 4). The data also indicated that the tumors
with a diffuse/intratumoral immune pattern also have the
highest proportion of PD-L1 positive (immune and tumor)
cells (supplementary table 2).
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Table 1. Comparison of patient and tumor characteristics, and PD-L1 status in each breast cancer subgroup.

PD-L1 PD-L1 PD-L1 PD-L1 PD-L1 PD-L1
negative positive negative positive negative positive
n % n % n % n % n % n %
Clinical and pathological characteristics 76 469 86  53.1 Pvalue 27 267 74 733 Pvalue 23 156 124 844 P value
TiLs < 0.001 < 0.001 < 0.001
< 5% 44 1000 O 0.0 20 1000 O 0.0 19 1000 O 0.0
5-50% 32 302 74 69.8 7 119 52 88.1 4 5.1 74 94.9
> 50% 0 00 12 100.0 0 0.0 22 100.0 0 0.0 50 100.0
Morphology type 0.042 0.066 0.176
ductal 56 427 75 57.3 24 258 69 74.2 12 136 76 86.4
lobular 18 69.2 8 30.8 3 750 1 25.0 1 333 2 66.7
others 2 400 3 60.0 0 00 4 1000 0 00 12 100.0
unknown 10 227 34 773
Tumor grade 0.763 < 0.001 0.002
grade 1 23 46.0 27 54.0 8 727 3 27.3 1 50.0 1 50.0
grade 2 34 507 33 493 12 462 14 538 8 381 13 61.9
grade 3 18 439 23 56.1 6 109 49 89.1 12 10.5 102 89.5
unknown 1 250 3 75.0 1 1.1 8 88.9 2 200 8 80.0
Tumor size 0.280 0.067 0.277
< 2cm 45 433 59 567 19 352 35 648 14 192 59 80.8
> 2cm 31 534 27 46.6 8 170 39 83.0 8 113 63 88.7
unknown
Lymph node status 0.722 0.012 0.718
pNO 44 458 52 54.2 21 375 35 62.5 16 16.7 80 83.3
pN1 32 500 32 500 6 133 39 867 6 128 41 87.2
unknown 0 00 2 1000
ER status 0.172
ER- 12 20.7 46 79.3
ER+ 15 349 28 65.1
PR status 0.636 0.190
PR- 7 389 1 61.1 17 22.7 58 77.3
PR+ 69 479 75 521 10 385 16 615
Chemotherapy 0.592 0.321 0.423
no 66 482 71 51.8 21 304 48 69.6 16 182 72 81.8
yes 10 400 15 60.0 6 188 26 813 7 1.9 52 88.1
Endocrine therapy* 0.574 0.549
yes 25 431 33 569 16 302 37 698
no 51 490 53 51.0 " 229 37 771
Radiotherapy 0.237 0.994 1.000
yes 18 581 13 419 8 286 20 714 6 150 34 85.0
no 58 443 73 55.7 19 260 54 74.0 17 159 90 84.1
Study 0.195
ONCOPOOL 13 126 90 87.4
RATHER 10 227 34 77.3

PD-L1 negative tumors classified as: absence of immune and tumor cells expressing PD-L1; and PD-L1 positive group classified as: presence of at least 1% of the
immune or tumor cells showing PD-L1 expression. P value of the comparison between PD-L1 negative and PD-L1 positive groups using the Chi-square test or
Fisher's exact test when table cells were smaller than 7. Unknown status of the variables was not included in the P value calculations; Note: (*) Endocrine therapy
was still prescribed regardless the ER status in the period this cohort has been treated (1990-1999). Abbreviations: estrogen receptor (ER), progesterone receptor

(PR), tumor-infiltrating lymphocytes (TILs).

PD-L1 expression is associated with improved prognosis
in TN breast cancer

We analyzed whether TIL status and/or PD-LI levels (in TILs or
tumor cells) are related with breast cancer specific survival (BCSS),
across the three breast tumor subtypes. No associations were
found in the group of ER+HER2—- and HER2+ tumors (figure
5A-F). As expected,”* TIL status was significantly associated with
BCSS in TN tumors (multivariable model: HRpigh 1115 = 0.21; 95%
CI = 0.06-0.66; figure 5G and supplementary figure 5A). In TN
tumors, the presence of high PD-L1+ TILs (> 50%) was also
independently associated with better survival: HRpighpp-r1
+riLs = 0.27; 95%CI = 0.10-0.69; figure 5H and supplementary
figure 5B). Accordingly, the presence of PD-L1+ tumor-cells was
associated with improved survival, but it was not statistically
significant (figure 5I and supplementary figure 5C). Analyses
using distant-metastasis free survival (DMFS) as an endpoint
reflected the same directions of associations as seen in the BCSS
analyses (supplementary figure 6). Kaplan-Meier curves

comparing DMFS between PD-L1-low (< 50%) and PD-L1-high
(> 50%) patients, within the groups classified either as low-TILs
(£ 50%) or high-TILs (> 50%) tumors, suggested no difference in
survival (data not shown).

To further explore the association of PD-L1 expression and
prognosis, we analyzed the RNA expression levels of genes
encoding PD-L1 and PD-1 according to the MammaPrint risk
classification. This prognostic tool is commonly used in the
clinic to support clinical decisions especially in ER-positive
breast cancer.”” In total, we analyzed 547 breast tumors from
patients included in trials in which data on the MammaPrint
gene signature was collected (supplementary material and
methods). The expression levels of CD274 (PD-L1) and
PDCD1I (PD-1) were compared among high and low risk of
recurrence, assessed by the MammaPrint gene expression
assay,”® and stratified by breast cancer molecular subtype,
using BluePrint gene profile.’”” Among the luminal tumors
(n = 490), no difference on CD274 expression was found
between high or low risk patients (supplementary figure
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Figure 3. Representative examples of the expression of PD-L1 in primary breast tumors: A) immune desert tumor; B) PD-L1+tumor-infiltrating lymphocytes
(PD-L1+TILs) surrounded by few tumor cells with membranous PD-L1 staining. C) Tumor showing lymphocytes aggregated in the stroma, exhibiting focal PD-L1+TILs
(i); detailed in D. E) Tumor showing moderate PD-L1 expression in TILs nearby the tumor invasive edge, but without PD-L1+tumor cells (ii); detailed in F. G) Example
of extensive immune infiltration (stromal and intratumoral), diffuse and intense PD-L1 expression in TILs and few tumor cells (iii); detailed in H.

7A). However, PDCDI expression was slightly higher in
patients with MammaPrint high risk scores, compared with
MammaPrint low risk patients (p-value< 0.0001; supplemen-
tary figure 7B). This adds evidence that PD-L1 expression has
no prognostic value in ER-positive breast cancer.

PD-L1 status in TN breast cancer is not significantly
associated with total mutation rate

In order to better describe the factors that could underlie the
presence of high TILs and PD-L1 expression in TN breast cancer,
we assessed the somatic mutational status of 613 cancer-related
genes and BRCA I-like status in 56 TN tumors from the RATHER
cohort. The average number of somatic mutations, of all 613 genes
together, showed a trend to be increased in tumors with high TIL
density or PD-L1 expression (supplementary figure 8A, 8C).

Although we observed a weak significant correlation between
the number of silent somatic mutations and the increment of the
scores of TILs (r = 0.280; p = 0.033; figure 6C), PD-L1+ TILs
(r = 0296; p = 0.024; figure 6D), and PD-L1+ tumor cells
(r = 0.363; p = 0.005; supplementary figure 8E), the number of
non-silent somatic mutations (that could potentially result in
neoantigens) did not show a correlation with TILs and PD-L1
scores (figure 6A, 6B and supplementary figure 8D).

These 56 TN breast tumors were previously classified in terms
of BRCA I-like status,”®* a surrogate for homologous recombina-
tion deficiency status.’®** TIL density and PD-L1 expression levels
did not show significant differences according to BRCAI-like
status, or according to BRCAI or BRCA2 somatic mutation status
(figure 6E-G and supplementary figure 9A-F). We also did not
find any specific gene in which the mutation status was associated
with TIL density or PD-L1 expression levels (data not shown).
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Figure 4. Distribution of PD-L1 expression among the immune cell types. Bright field images of PD-L1 immunofluorescent staining of three different immune
infiltration patterns and PD-L1+TIL status were selected: i) lymphocytic aggregates/focal PD-L1+TILs in A), ii) stromal PD-L1+TILs at the invasive margins in D) and iii)
diffuse/intratumoral PD-L1+TIL infiltration in G). Areas containing tumor cells and adjacent microenvironment were detailed. Color-based maps of these areas
revealed the single-cell phenotype in the image generated by imaging analysis software (C, F and H): tumor cells (white); CD4 (green), CD8 (red), FOXP3 (cyan), CD68
(magenta), and other cells (blue). Distribution of the quantitative immunofluorescence (QIF) of PD-L1 expression, per cell phenotype, revealed the proportion of PD-L1
+cells in each tumor. Orange lines correspond to the threshold for PD-L1 classification as negative (QIF < 7) or positive (QIF > 7). Violin plots show the distribution
and mean of PD-L1 QIF scores per cell phenotype. Cells classified as ‘others’ represent other cell types in the stroma compartment that could not be phenotype due

the lack of specific markers.

Discussion

The present study examines PD-L1 expression profiles and their
associations with pathological variables, genetic features, and clin-
ical outcome across the main breast cancer subtypes of breast
cancers by analyzing whole tissue sections. In order to better
understand the immune biology components of PD-L1 and TIL
organization in breast tumors, we performed per cell image phe-
notyping and measured the proportion of PD-L1+ cells in each
phenotype. We demonstrated that a proportion of CD4+ helper T
cells, CD8+ cytotoxic T cells, FOXP3+ T regulatory cells and
CD68+ macrophages, co-express PD-L1, regardless of the pattern
of immune infiltration (e.g. focal or diffuse/intratumoral PD-L1
+ TILs: figure 4 and supplementary table 2). These co-expression

findings in human tumors are supported by other studies using in
vitro or other methods.*>'**’ Accordingly, our data suggest that
PD-L1 expression is increased in all of these immune cell types
when the immune infiltration is extensive. These data are consis-
tent with previous studies suggesting that the PD-L1/PD-1 path-
way plays a major role in the induction and maintenance of
immunological ~ exhaustion in  the  breast  tumor
microenvironment.**'*'7** Further development of image ana-
lysis using larger sample sets is crucial to better dissect the com-
position of the infiltrates, which may lead to the identification of
signatures reflecting the immune recognition status of breast
tumor cells.

We studied the association of PD-L1 expression with the
number of mutations and BRCAI-like status in the TN



€1509820-8 M. SOBRAL-LEITE ET AL.

A scss (ER+HER2-) B scss (ER+HER2-) C scss (ER+HER2-)
1.00] == 1.004 —*—ﬁ 1.00
_H‘_‘._‘_" £ > -
| e
0.751 0.754 0.75
0501 0.501 050
| TiLs: HR; 05%CD PD-L14TILs: HR; @5%C) PD-L1-sturmior colle: HR; 5%CD
0251 wpm<5%: ref:1.0 0.257 mm<5%: ref: 1.0 025 == neg: ref-1.0
5-50%: 234 ;(0.75 - 7.32) 5-50%: 0.96;(0.31-3) _._pog' 061 1044 =535
50% : 1.79;(0.28 —11.61 50%: 1.39;(033-5.82 o e
000] > i ) 000] * L ) 0.00
0.0 25 50 75 100 0.0 25 5.0 75 10.0 00 25 50 75 100
years years years
numbers &t risk numbers at risk numbers at risk
— 44 43 42 40 36 — 111 106 100 20 79 — | 143 136 128 114 101
106 100 94 80 69 40 38 36 30 27
— 12 12 i 10 9 | — 1 1 i 10 8 — e » 18 15 2
00 25 50 75 100 00 25 50 75 10.0 00 25 50 75 100
years years years
D BCSS (HER2+) E BCSS (HER2+) F BCSS (HER2+)
1.001 = 1.004 1.00
0.751 0.754 0.75
0501 050 050
TiLs: HR; (95%CD PD-L14TILs: HR; (95%CD P12 -
)| umor celis: H
0257 mpm<5%: ref:1.0 0251 mim<b%: ref:10 0351 : ref: 1.0 ’
5-50%: 3.26;(0.7-1521) i 5-50%: 1.71;(0.75 -3.9) ""“eg‘v'om 0562
| w=50% : 202 ;(0.87 -11.01) e >50%: 0.69 ;(0.23 —209) == pos : 0.87 ( =2)
0001 0.00 0,00
0.0 25 50 75 10.0 0.0 25 50 75 100 00 25 50 75 100
years years years
numbers at risk numbers =t risk : numbers at risk
— | 20 17 16 16 15 | w— 42 3% 33 28 24 — | 69 % 45 » 34
59 46 37 29 25 38 28 20 17 16
— | 22 18 15 12 8 | | 24 17 15 12 8 — 2 2 2 8 14
00 25 50 75 100 0.0 25 50 75 100 00 25 50 75 100
years years years
G BCSS (TN) H BCSS (TN) | BCSS (TN)
e ‘_.‘—'—H—n_.m N 7
0.75 | — 0.751 0.75
050 050 050+
TiLs: HR; (95%CD PD-L1+TILs: HR; (95%CD
| PD-L1+tumor cells: HR; (85%CD
0257 mm<5%: ref:1.0 0257 mpm<5%: ref: 1.0 0259 )
== negative: ref: 1.0
= 5-50%: 0.65 (0.27 —1.61) ==550% :058 (0.28-1.19) i posiive: 0,65 1651 ~i66)
50% : 021 (0.06 —0.66 == 50% : 027 (0.1-0.69 s DA
000] T ( ) 000{ ( ) 000
0.0 25 50 75 100 00 25 50 75 10.0 00 25 50 75 10.0
years years . years
numbers at risk numbers at risk numbers &t risk
— 19 12 11 8 6 | | 35 2% 19 14 12 — | o1 7% &1 a2 a4
77 67 51 36 29 . 61 56 45 30 23
— | 50 a7 4 35 26 | | 51 45 42 35 2% — e 1 5 i e
0.0 25 50 75 100 00 25 50 75 100 00 25 50 75 100
years years years

Figure 5. Association between PD-L1 expression and breast cancer specific survival (BCSS). Kaplan—Meier curves, the numbers at risk and adjusted hazard ratios
(HR) of the categories of tumorinfiltrating lymphocytes (TILs), PD-L1+TILs, and PD-L1+tumor cells in ER+HER2—- (A, B and C), HER2+ (D, E and F), and triple-negative
(TN) tumors (G, H, ). HR based on Cox multivariable regression models were adjusted for: age at diagnosis, pathological features and adjuvant treatments (as
described in the methods). Abbreviations: breast cancer specific survival (BCSS), hazard ratios (HR), 95% confidence interval (95%Cl), estrogen receptor (ER), triple-

negative (TN) and tumor-infiltrating lymphocytes (TILs).

tumors. There is an urgent need to understand how non-
synonymous mutations in tumors could influence the anti-
tumor immune response."*>*! Here we explored the TIL
density and PD-L1 expression according to the number of
somatic mutations of a 613 gene panel. No strong association
was found between TIL density, PD-L1 expression and high
mutation rate (supplementary figure 8A-C). Luen et al

reported similar results in a study in all breast tumor
subtypes.”’ They also did not find a significant association
between the number of somatic genomic/exomic single
nucleotide variants and TIL density.”’ Increased levels of
tumor immune-infiltration might be related to specific gene
mutation signatures*' or mutant-specific neoantigens,** which
we were unable to uncover using our specific gene set. Despite
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and tumor-infiltrating lymphocytes (TILs).

the limited sample size and selected gene sequencing cover-
age, based on our results we did not find that levels of TILs
and PD-L1 expression in TN breast cancer are related to high
somatic mutation rate per se. Extensive research on potential
drivers of tumor-specific immune response and the character-
ization of such immune profiles is needed.

PD-L1 was most significantly associated with the TN high-
grade tumor subtype. But our data did not reveal a significant
association between PD-L1 or TIL scores and BRCA I-like status,
BRCA1, or BRCA2 mutation status in TN tumors (figure 6E,
Fand supplementary figure 9). In contrast to our results, Nolan
et al found that BRCAI-mutated TN breast cancers (n = 29)

contained a higher number of TILs compared to wild-type breast
cancers (n = 64), using data from The Cancer Genome Atlas
(TCGA).*® However, in line with our findings, Turajlic et al did
not observe a correlation between TIL density and BRCAI
mutation status within TN breast tumors.** Solinas et al ana-
lyzed TN tumors of 44 patients with BRCAI or BRCA2 germline
mutations and 41 patients with BRCA-wild-type breast cancers
and did not observe differences in TIL density and PD-L1
expression according to BRCAI or BRCA2-mutation status.*’
These results suggest that other mechanisms different from, or in
addition to, high mutation rate and BRCAI-deficiency may
regulate immune infiltration in TN breast cancer.
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We observed a lower level of TILs and PD-L1 expression in
lobular carcinomas compared with ductal carcinomas, regardless
of other pathological variables and also within the ER+HER2-
group. This finding is consistent with previous descriptions in
human breast cancers'®** and leads us to conclude that lobular
carcinomas might have a distinct pattern of TIL composition and
PD-L1 activation compared with ductal carcinomas.*** Perhaps,
patients diagnosed with lobular carcinoma should be allocated in
specific immunotherapy trails designed apart from the ductal,
given the wunique morphology of their breast tumor
microenvironment.

We did not identify PD-L1 expression as a factor asso-
ciated with survival in patients with ER+HER2- tumors.
Nevertheless, in order to verify if PD-L1 expression would
have a prognostic value, we analyzed the gene expression
levels of PD-L1 and PD-1 according to the MammaPrint
risk classification. This prognostic tool is commonly used in
the clinic to support clinical decisions especially in ER-posi-
tive breast cancer. We did not detect differences of CD274
(PD-L1) gene expression according to the MammaPrint risk
classification in luminal tumors. These results are consistent
with clinical studies in which immune infiltration in ER-
positive tumors has not been found to have a strong prog-
nostic value.'”> Lee et al showed that within HER2+ tumors,
TILs might predict adjuvant-trastuzumab benefit only in the
hormone receptor-negative/HER2+ subgroup.”” However, the
group of HER2+ tumors in our study was of limited sample
size and none of the patients received trastuzumab during the
period of diagnosis of our study. Within TN tumors, high PD-
L1+ TIL status was significantly associated with improved
BCSS and DMFS (figure 5 and supplementary figure 5 and
6). In this case, the prognostic value of PD-L1 expression
reflects the strong positive correlation between PD-L1 posi-
tivity and TIL density (figure 2B and supplementary figure 2),
which has been reported in many studies.®®!®!71%-21,22:26:48
TIL score is already considered to be a validated marker for
prognosis in TN breast cancer.”” Further studies should test if
the combination of TIL evaluation and PD-L1 expression
would provide additional prognostic or predictive value.

In general, some cohort studies on breast cancer indicated
that PD-L1 expression is associated with reduced survival.'"®!
Other studies detected a link with better outcome in ER-
negative or TN tumors,””>*** but this was not always statis-
tically significant; while others reported no clear association.-
*7?% Controversial conclusions and large variability of the
proportion of PD-L1 positivity in breast cancer may be related
to the diversity of assessment methods and patient selection.
Most of these studies relied on RNA levels or immunohisto-
chemistry (IHC) using TMAs to assess PD-L1 expression. In
the present study, we demonstrated the unreliability of a TMA
approach (with a limited number of small cores) for PD-L1
studies in breast cancer. Consequently, our data collected by
whole slide observation showed a higher percentage of PD-L1
positive breast tumors compared with studies that applied the
TMA approach.'®'>?****?7 Similarly, if PD-L1 expression is
assessed by core-biopsies, false negative results might occur as
a consequence of the heterogeneous distribution of PD-L1

expression in the tumor area.*” It is important to mention
that the archived TMAs used in this study were constructed
for a different purpose than TIL evaluation. Even so, it is clear
that TMAs need proper design and validation of the mini-
mum representative area required to precisely assess tumor
microenvironment features.>

Intriguingly, the link between high PD-L1 expression and
improved survival may appear contradictory since high PD-
L1 expression and TIL density are also associated with ER-
negativity and tumor grade 3, which are pathological features
linked with poor prognosis."®'®!7?!*>2® Here we describe an
independent association between tumor grade and PD-LI
expression within TN tumors. These two associations might
suggest that PD-L1 protein expression may reflect the extent
of anticancer immune response in one tumor.*®

Ultimately, there is an urgent need for the development of
an international guide for the immune-phenotypes defini-
tion. Results of our study and emerging data">>" point to
distinct breast cancer groups or phenotypes classified accord-
ing the immune infiltration profile: tumors lacking stromal
immune cells (immune-desert phenotype); tumors sur-
rounded by focal aggregates or stromal nests of immune
cells around the margins (focal/immune-excluded pheno-
type), and tumors containing diffuse and intratumoral infil-
tration of immune cells (hot/inflamed phenotype). This
characterization might eventually help guide precision med-
icine strategies to enhance clinical response and reduce over-
treatment (supplementary figure 10).

Conclusion

PD-L1 can be present in CD68+ macrophages, CD4+, FOXP3
+ and CD8 + T cells of the breast tumor microenvironment.
High levels of PD-L1+ TILs in TN tumors are associated with
favorable prognosis. We did not find evidence that non-
synonymous mutations or BRCAI-like status are associated
with immune infiltration or PD-L1 expression in TN tumors.
Immunotherapy studies in breast cancer should deal with the
fact that TMAs might not provide sufficient representation of
the PD-L1 status of tumors. Our data indicates that PD-L1
expression is related to the breast tumor immune infiltration.
Future studies should focus on the appropriate selection of
patients for anti-PD-1/PD-L1 therapy rather than focus on
specific subtypes of breast cancer (e.g.TN).

Materials and methods

All work was conducted with the formal approval of the appro-
priate Institutional Review Boards, i.e. the Institutional Review
Board of the Netherlands Cancer Institute-Antoni van
Leeuwenhoek Hospital®>*>** and the research ethics boards of
Mount Sinai Hospital and the University Health Network,
Toronto, Canada.>* All participants of this study have given
written consent, to the inclusion of material pertaining to
them; acknowledged that they cannot be identified; and that
data was fully anonymized. All participants of the studies had
either given written consent, or secondary use of their data and



biospecimens was covered by Dutch opt-out regulations, includ-
ing the National Federa-COREON Codes of Conduct: https://
www.federa.org/gedragscodes. All patients included in the
Agendia database also completed the informed consent process
and were governed by central and/or local Institutional Review
Boards of studies registered in Europe and USA.

Study populations and samples

Two cohorts of patients diagnosed at the Netherlands Cancer
Institute-Antoni van Leeuwenhoek hospital (AVL), Amsterdam,
The Netherlands, were used in this study (supplementary materi-
als and methods). First, we included AVL patients from the
ONCOPOOL cohort (n = 1,318), a retrospectively compiled data-
base of primary operable invasive breast cancers diagnosed
between 1990 and 1999.”>>* Inclusion criteria: women with pri-
mary operable invasive breast cancers, age at diagnosis 70 years or
less. Secondly, we added AVL patients from a cohort of TN breast
cancers (n = 76) that has been described previously as part of the
RATHER Project (Rational Therapy for Breast Cancer, www.
ratherproject.com).” Patients were entered when sufficient frozen
tissue for DNA, RNA and protein isolation were available in the
tissue bank. For this current study we included patients diagnosed
between 1985 and 2007.

Both cohorts are composed of patients who received primary
loco-regional treatment with or without systemic adjuvant ther-
apy. We aimed to perform PD-L1 staining on tumors of TN
RATHER patients, all ER-negative patients from ONCOPOOL
and a representative selection of a third of ER-positive
ONCOPOOL patients. In the analyses, patients were classified
by the common breast cancer subtypes: ER+HER2— (n = 162),
HER2+ (n = 101) and TN (n = 147; supplementary materials and
methods). Description of data collection, TMA constructions and
other details of the cohorts are provided in the supplementary
materials and methods.

A selection of primary breast tumor material from female
patients from the Ontario Familial Breast Cancer Registry
(OFBCR),” the Ontario site of the Breast Cancer Family
Registry (BCFR),”* diagnosed between 1996-2005, was used as
an independent cohort to validate the association between the
scores and pathological variables. In total, 144 tumors from dif-
ferent subtypes were stained for PD-L1 and analyzed according to
histopathological variables (supplementary materials and
methods).

We assessed gene expression data from 547 breast tumors from
patients included in several clinical studies across Europe and
USA, in which MammaPrint gene profile data was collected and
stored at Agendia. All breast cancer samples were processed at
Agendia central laboratories and were treatment-naive when the
MammaPrint assay was performed. Molecular breast cancer sub-
types were classified as luminal, HER2-like and basal using the
BluePrint gene profile. MammaPrint and BluePrint were per-
formed using RNA isolated from formalin-fixed, paraffin-
embedded material and their indices of classification were calcu-
lated as previously described.’**”*® Description of the gene
expression assays is available in the supplementary materials and
methods.
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PD-L1 immunohistochemistry and TIL evaluation

IHC assays were performed using rabbit anti-human PD-L1
antibody, clone E1L3N XP® (Cell Signaling). Detailed experi-
mental procedures are described in supplementary materials
and methods.

Certified pathologists (KVdV, JS and ACM) performed the
evaluation of TILs on full whole slide sections of the PD-L1
IHC or hematoxylin & eosin stain. Scoring was based on the
recommended methodology of the International TILs
Working Group.’ Briefly, the percentage of stromal TILs
was determined by the area occupied by mononuclear inflam-
matory cells over total intratumoral stromal area within the
borders of the invasive tumor (including the invasive tumor
front). Tutorials and training-modules to train pathologists to
score TILs are available on-line: https://www.tilsinbreastcan
cer.org. The density of stromal TILs was recorded as a con-
tinuous percentage and categorized for analyses as: none or
focal TILs if < 5%, low in between 5-50%, and high if > 50%.

A dedicated breast and immuno-pathologist (KvdV) scored
PD-L1 expression in whole slides and TMAs. The percentage
of PD-LI-positive tumor cells (PD-L1+ tumor-cells) exhibit-
ing membrane staining over the entire tumor was recorded as
a continuous variable (0 - 100%) and categorized for analyses
as: negative if < 1% and positive if > 1%. The percentage of
PD-L1-positive tumor-infiltrating lymphocytes (PD-L1
+ TILs) was based on the percentage of the area occupied by
stromal TILs exhibiting PD-L1 staining over the total area
occupied by stromal TILs (0 - 90%; as continuous variable). It
was categorized as: negative or focal if < 5%, moderate in
between 5-50%, and high if > 50%. Further details of the
validation of the scoring methodology are provided in the
supplementary materials and methods.

Multiplex automated image acquisition and analysis

Multispectral images were generated using the Perkin
Elmer Vectra 3.0 microscope (PerkinElmer, Hopkinton,
MA) based on immunofluorescence (IF) staining of multi-
ple markers: CD4, CD68, CD8, pan-cytokeratin (CK),
FOXP3, DAPI and PD-L1 (antibodies and staining meth-
ods detailed in the supplementary materials and methods).
Multispectral image cubes (8-bit) were acquired with 20x
objective lens (0.5 micron/pixel). Each image consisted of
an area around 1.7 x 10° um”. A self-learning algorithm
built by inForm Advanced Image Analysis software
(Perkin Elmer) was used to quantify the cells of each
image, quantify the intensity of the markers per cell, and
phenotype each of the cells as CD4+ (T helper; FOXP3-),
CD68+ (macrophages), CD8+ (T cytotoxic), FOXP3+ (T
regulatory; co-expressing CD4), or tumor (CK+) cells.
Stromal cells without any immune marker or CK expres-
sion were classified as other cells (only DAPI+). The per-
centage of PD-Ll-positive cells was measured using a
threshold on the PD-L1 spectral intensity captured by the
image analysis [negative if quantitative immunofluores-
cence (QIF) < 7 or positive if QIF > 7]. Certified pathol-
ogists (KVdV and HH) and immune-pathologist (EH)
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supervised all the steps of the image analysis process.
Further details of the validation of the phenotype classifi-
cation are provided in the supplementary materials and
methods.

BRCA1-like classification

We retrieved previously published data on BRCAI-like
classification™ and tumor mutation analysis’' from the TN
tumors from RATHER cohort (n = 56). DNA had been
isolated from frozen tumors (30 x 30 um sections) using the
DNeasy kit for purification of total DNA (Qiagen). Tumor
DNA had been used to access BRCAI-like classification using
MLPA (multiplex ligation-dependent probe amplification),
detailed in previous publications®®>® and in the supplemen-
tary materials and methods.

Tumor mutation analysis

Instructions about sequencing of the RATHER cohort sam-
ples have been detailed in Michaut et al.’’. In short, DNA
sequencing was performed on an Illumina HiSeq 2000 plat-
form. For each sample, Illumina TruSeq index libraries were
constructed according to manufacturer’s instructions before
being enriched by capture with a biotinylated RNA probe set
targeting 613 genes: 518 protein kinases and 95 additional
cancer genes, including BRCAI and BRCA2 (Agilent
Technologies, 3.2 Mb), listed in the supplementary materials
and methods. We split the set of all candidate somatic variants
into 2 categories: non-silent somatic mutations (protein-alter-
ing) and silent somatic mutations (not-protein-altering).

Statistical analyses

Comparisons of means between two groups were examined by
Student’s t-test and between 3 or more groups by ANOVA.
Degree of association between pathological scores and muta-
tion levels were analyzed by Spearman’s rank correlation test.
The intraclass correlation coefficient (ICC) was used to quan-
tify the degree to which immune scores from different obser-
vers agree with each other, assuming two-way random single
measures’ . Associations between PD-L1 positivity and histo-
pathological variables were evaluated by the Chi-square test.
Odds ratios (OR) with their respective 95% confidence inter-
vals (95% CI) were calculated using binomial logistic regres-
sion models adjusted for the following independent clinical
variables: age at diagnosis (per year); tumor grade (grade 1
and 2 versus grade 3); tumor size (per cm); lymph node
metastasis (per number of involved lymph nodes); and, if
applicable, ER and PR status (negative versus positive) or
the study of origin (ONCOPOOL versus RATHER).
Morphology (ductal, lobular or other types) was added as an
independent clinical variable only in ER+HER2—, due the
large proportion of ductal type in the ER-negative group
(HER2+ and TN).

Breast cancer specific survival (BCSS) time was calculated
from the date of diagnosis. End of follow up was defined as
the date of death caused by breast cancer progression or
treatment related, last or 10-years follow up (censoring),

whatever came first. Hazard ratios (HRs) were estimated
using Cox regression models and stratified by studies when
applicable. For distant metastasis-free survival (DMFS) time
was calculated from the date of diagnosis. End of follow up
was defined as the date of the diagnosis of metastatic breast
tumor cells in another organ, last follow up or death or
10 years time (censoring), whatever came first.

Multivariable Cox models were fitted including age at diag-
nosis (per year); tumor grade (grade 1 plus 2 versus grade 3);
tumor size (per cm); lymph node metastasis (per number of
involved lymph nodes), and the adjuvant treatment variables:
chemotherapy, endocrine therapy and radiotherapy (classified
by the categories: not treated versus treated). Morphology type
(ductal, lobular or other types), ER and PR status (negative
versus positive) were included as co-variables in the analyses
of ER+HER2- and HER2+ groups. All results were obtained
from complete case analysis. All P-values reported are from
two-sided tests and the threshold for significance was set at
p = 0.05. All statistical analyses were performed using RStudio
version 3.2.3 (RStudio Team, 2015).
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