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In spite of adjuvant chemotherapy, a significant fraction of patients with localized breast cancer (BC) relapse after
optimal treatment. We determined the occurrence of cytoplasmic MAP1LC3B/LC3B (microtubule-associated protein 1
light chain 3B)-positive puncta, as well as the presence of nuclear HMGB1 (high mobility group box 1) in cancer cells
within surgical BC specimens by immunohistochemistry, first in a test cohort (152 patients) and then in a validation
cohort of localized BC patients who all received adjuvant anthracycline-based chemotherapy (1646 patients).
Cytoplasmic LC3B" puncta inversely correlated with the intensity of SQSTM1 staining, suggesting that a high
percentage cells of LC3B™ puncta reflects increased autophagic flux. After setting optimal thresholds in the test cohort,
cytoplasmic LC3B™ puncta and nuclear HMGB1 were scored as positive in 27.2% and 28.6% of the tumors, respectively,
in the validation cohort, while 8.7% were considered as double positive. LC3B™" puncta or HMGB1 expression alone did
not constitute independent prognostic factors for metastasis-free survival (MFS) in multivariate analyses. However, the
combined positivity for LC3B puncta and nuclear HMGB1 constituted an independent prognostic factor significantly
associated with prolonged MFS (hazard ratio: 0.49 95% confidence interval [0.26-0.89]; P = 0.02), and improved breast
cancer specific survival (hazard ratio: 0.21 95% confidence interval [0.05-0.85]; P = 0.029). Subgroup analyses revealed
that within patients with poor-prognosis BC, HMGB1" LC3B™ double-positive tumors had a better prognosis than BC
that lacked one or both of these markers. Altogether, these results suggest that the combined positivity for LC3B™
puncta and nuclear HMGB1 is a positive predictor for longer BC survival.

Introduction that >75% to 80% of BC patients are expected to be cured now-

adays. However, there is still a significant fraction of patients

Major advances have been achieved in the management of who eventually succumb to their disease due to distant relapse.
early breast cancer (BC) during recent decades. Chemotherapy = Therefore, it is important to identify patients with a high likeli-
and endocrine therapy have improved BC survival to the point  hood of metastatic relapse with the scope of enrolling them in
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clinical trials that combine molecular diagnosis with targeted
therapies. Conversely, the identification of patients with low risk
of relapse could allow for the avoidance of toxic adjuvant chemo-
therapies. Hence, the prediction of the residual risk of relapse is
considered as an urgent unmet medical need, as emphasized at
the 2013 Saint Gallen Consensus conference.' BC is a heteroge-
neous malignancy that has been subjected to subclassification
over the past decade, based on gene expression analyses.”” To
date, 4 clinically distinct BC subtypes have been consistently
described according to their hormonal status and HER2 onco-
gene ampliﬁcation.5 However, within each disease entity, signifi-
cant differences in clinical outcome exist, prompting the search
for additional biometrics.®

Autophagy has been linked to BC pathogenesis, since the first
publication of a report that the gene coding for the essential autoph-
agy-related protein BECN1/BECLIN 1 is often subjected to loss of
heterozygosity in BC.” Indeed, mice that are haploinsufficient for
Becnl (genotype: Becnl™™) exhibit an autophagy defect and are
more prone to develop a variety of cancers including BC than
autophagy-competent control animals.*'® Low expression of the
mRNA coding for BECNI is also a negative prognostic marker in
BC patients.'' These data indicate that autophagy may act as a tumor
suppressor mechanism in BC, as it also has been reported for Kras-
induced pancreas and lung cancers.''? A recent study has demon-
strated that HMGB1 (high mobility group box 1), one of the most
abundant nonhistone chromatin-binding proteins, can regulate
autophagy if it is released from the nucleus by disrupting the auto-
phagy-inhibitory interaction between BECN1 and BCL2.'*"
HMGBI is also a ligand of TLR4 (toll-like receptor 4) and stimulates
anticancer immune responses.'® Importantly, a loss-of-function allele
of TLR4 has a negative prognostic impact on BC.'® Similarly,
autophagy has been linked to the release of ATP from stressed and
dying tumor cells,'”*'® allowing this factor to interact with purinergic
receptors (in particular with P2RX7 [purinergic receptor P2X,
ligand-gated ion channel 7]), which is also involved in anticancer
immunosurveillance.” Loss-of-function alleles of both 7LR4 and
P2RX7 both negatively affect the prognosis of BC patients treated
with adjuvant chemotherapy and interact epistatically,'®"® providing
yet another possible functional link between autophagy-related ATP
release and extracellular HMGB1. Both pathways, may affect BC
prognosis by affecting immunosurveillance.

Here, we explored the clinical implications of the relationship
between HMGB1 and LC3B by using previously validated
immunohistochemical methods.”**" We determined the pres-
ence of nuclear HMGBI and cytoplasmic LC3B puncta in 2
cohorts of BC patients, establishing that both markers do not
correlate among each other, but can still predict the fate of
women affected by BC.

Results
Prognostic significance of HMGB1 and LC3B in the
training cohort

Validated immunohistochemical methods for the detection of
LC3B* and HMGBI1?' revealed major heterogeneity among
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distinct BC samples (Fig. 1A-F), as first determined on the train-
ing cohort of 152 BC treated with adjuvant anthracycline-based
chemotherapy (for patient characteristics see Table S1). The
antibody directed against the N-terminal domain of the human
LC3B isoform yielded a specific signal predominantly localized
in the cytoplasm.”**> The number of cytoplasmic LC3B™
puncta per cell was increased in tumors, relative to surrounding
healthy tissues (Fig. 1A). Within the tumor beds, tumor infiltrat-
ing lymphocytes and stromal cells could also exhibit cytoplasmic
LC3B™ dots.”® We concentrated our analysis on malignant cells
only, quantifying the percentage of cancer cells with clearly visi-
ble cytoplasmic LC3B™ puncta (see Fig. 1A—C for representative
images, Fig. 2A for frequency distributions). The intensity of the
diffuse cytoplasmic LC3B staining was also heterogeneous in dis-
tinct tumors (Fig. S1 and S2).

Theoretically, LC3B puncta can increase in number because
more autophagic material is sequestered in autophagosomes
(increased autophagic flux) or because autophagosomes fail to be
degraded after their fusion with lysosomes (decreased autophagic
flux). To discriminate between these 2 possibilities, we stained
the training cohort of BC samples with an antibody specific for
SQSTMI1 (sequestosome 1), followed by quantification of the
frequency of cancer cells with absent, weak, moderate, or strong
cytoplasmic staining for SQSTM1 (Fig. S3A). SQSTMI is a
well-characterized autophagic substrate the abundance of which
decreases when autophagic flux increases.”* We observed that the
amount of LC3B puncta inversely correlated with the intensity
of the SQSTM1 staining in BC tissues (Fig. S3B and C). There-
fore, we conclude that a high number of LC3B puncta indeed
reflects an elevated autophagic flux in this pathology. In contrast,
no correlation was found between HMGB1 status and SQSTM 1
staining (Fig. S3B-D).

The anti-HMGBI1 antibody strongly labeled nuclei from
healthy epithelial, immune, and stromal cells, as well as from
most in situ adenocarcinomas in a rather homogeneous manner
across tissue sections.’’ However, the mean percentage of
HMGBI nuclear expression was much lower in larger tumors
(see Fig. 1D-F for representative images). We determined the
percentage of cancer cells exhibiting clear positivity for nuclear
HMGBI for each sample (see Fig. 2B for frequency distribu-
tions). There was no correlation between the frequency of cells
with HMGB1™ nuclei and that of cells with LC3B™ puncta
(Pearson correlation coefficient = 0.179) (Fig. 2C), indicating
that these 2 variables can be considered independently from each
other. Next, we calculated the optimal cut-off point for LC3B
and HGMBI1 positivity that would allow for patient survival
stratification, as 10% and 50%, respectively (Fig. S4).

Based on the log-rank outcome approach, any cutpoint in the
range of 37% to 67% for HMGBI and 8% to 15% for LC3B
reached significance levels of 0.001 and 0.05, respectively. To
limit the risks associated to the selection of a cutpoint close to the
borders of the above ranges and for the sake of simplicity, we set
the cut-off points at 50% and 10% for HMGB1 and LC3,
respectively. Our choice is encouraged by the examination of the
martingale plots where the chosen cutpoints fell in the middle of
the steepest slope indicative of an optimal cutpoint model. As a
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Figure 1. Patterns of LC3B and HMGB1 immunohistochemical staining of breast adenocarcinomas in the training cohort. (A) LC3B puncta in a breast ade-
nocarcinoma: nonmalignant breast gland (red arrow) staining negatively for LC3B, in the proximity of tumor cells with intense LC3B positivity. (B) Repre-
sentative aspect of a breast adenocarcinoma without any detectable cytoplasmic LC3B puncta. (C) Cytoplasmic LC3B puncta in a breast adenocarcinoma
that was considered as positive for LC3B staining. (D) Representative strong nuclear HMGB1 staining in normal mammary glands. (E) Representative
aspect of a breast adenocarcinoma without any detectable nuclear staining (tumor considered as negative for nuclear HMGB1 expression). (F) Homoge-
neous nuclear HMGBT1 staining in a breast adenocarcinoma considered as positive for HMGB1 nuclear expression.

result, we considered tumors as LC3B™ if they contained >10%
malignant cells with LC3B* puncta. HMGB1™ tumors were
defined as those containing >50% cancer cells with HMGB1™*
nuclei.

Importantly, the correlation between the intensity of the dif-
fuse cytoplasmic LC3B staining and the presence of LC3B
puncta was poor (Fig. S5). Moreover, based on the same statisti-
cal methods for adequate cutoff determination, we did not find a
meaningful cutpoint value for LC3B intensity that would allow
for BC risk stratification (Fig. S6). For this reason, we only eval-
uated the presence of LC3B puncta (rather than LC3B intensity)
as a prognostic factor in the validation cohort.

The presence of LC3B puncta (which was found in 37% of
the cases) was associated with prolonged metastasis free survival
(MFS) in univariate (P = 0.007) but not in multivariate (P =
0.157) analyses (Fig. 3A, Table 1). Forty-six percent of BC in
the training cohort were scored as HMGB1™ and exhibited a
favorable outcome, as determined by univariate analysis (Fig. 3B,
P < 0.0001) (Table 1). In contrast, 22% of BC were considered
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double-positive (LC3B* HMGB1™") and exhibited a rather good
prognosis with regard to MFS and OS (Fig. 3C, P = 0.0014,
Fig. 3D, P = 0.0096). Based on these results, we postulated that
the combined analysis of LC3B and HMGB1 might allow for
risk stratification of BC patients, and we tested this hypothesis
on an independent, larger cohort.

Prognostic significance of HMGB1 and LC3B in the
validation cohort

The validation cohort involved tissue microarrays that were
stained for the detection of LC3B and HMGBI (for representa-
tive images see Fig. §7), making it possible to obtain quantitative
data from 1581 patients that had been included in a prospective
clinical trial evaluating different regimens of anthracyline-based
adjuvant chemotherapy (see Patients and Methods). The median
follow-up was 4.95 y (95% confidence interval [CI] = [4.93;
4.97] y). MES events were observed in 253 patients (16%), and
140 (8.8%) had died, among whom 119 deaths were from BC.
Within this cohort, we defined a subgroup of patients with poor
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Figure 2. LC3B and HMGBT1 staining quantitative analysis in the training cohort. (A) Distribution frequencies of percent of breast cancer cells harboring
LC3B cytoplasmic puncta in the training cohort. (B) Distribution frequencies of percent of breast cancer cells with HMGB1-positive nuclei in the training
cohort. (C) Correlation between percent of breast cancer cells with LC3B puncta, and percent of breast cancer cells with HMGB1 nuclear staining in each

prognosis (with tumor diameters of >2 cm, >3 cancer cell-
involved axillary lymph nodes, an SBR score of IIl, and triple-
negative tumors), following established criteria.”®

Using the same criterion for LC3B positivity as for the train-
ing cohort, 430 tumors (27.2%) were considered as positive for
LCB puncta (LC3B™). These LC3B™ breast tumors were more
frequent in HER2-overexpressing BC (P = 0.005, Table 2).
LC3B positivity was associated with a lower risk of death from
BC in univariate analysis: (BC-specific survival [BCSS]: HR =
0.61 [0.39-0.97], logrank test 2 = 0.035), but not with signifi-
cantly improved MFS (HR = 0.76 [0.56-1.02], logrank test
P =0.07) (Fig. 4A, B). Moreover, this marker could be consid-
ered as an independent prognostic factor of improved MFS (HR:
0.74 [0.55-1] P = 0.049) and BCSS (HR = 0.60 [0.38-0.96]
P = 0.035), as determined by multivariate analysis (Table 3).
Considering MFS, we did not find any significant interaction
between trastuzumab treatment and LC3B status (interaction test
P =0.36). Moreover, in patients bearing HER2" tumors, trastu-
zumab administration was well balanced between tumors that
were evaluated as positive or negative for LC3B puncta
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(interaction test: P = 0.368). As a result, we believe that trastuzu-
mab treatment did not influence the results concerning the status
of LC3B puncta.

Using the same criterion for HMGB1 positivity as for the
training set, 453 patients (28.6%) harbored HMGB1" tumors.
Positivity for HMGB1 was associated with a lower risk of meta-
static relapse or death from BC in univariate analysis (MFS: HR
= 0.73 [0.55-0.98], logrank test P = 0.035), and BCSS: HR =
0.52 [0.32-0.84], logrank test P = 0.006) (Fig. 4C, D).
HMGBI negativity was significantly associated with characteris-
tics of poor prognosis at diagnosis, such as larger tumor size (P =
0.003), higher tumor grade (” < 0.0001), and aggressive molec-
ular subtype (such as HER2-overexpressing or triple-negative
tumors) (P < 0.0001) (Table 2). Thus, HMGBI1 positivity did
not constitute an independent prognostic factor either, as con-
firmed by multivariate Cox regression analyses (MFS: HR =
0.85 [0.63-1.15], P = 0.29, and BCSS: HR = 0.67 [0.41-1.08]
P=0.102).

Double positivity for LC3B and HMGB1 was observed in
8.7% of samples. No interaction between HMGB1 and

1881
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Figure 3. Kaplan-Meier survival plots of the training cohort. Metastasis-free survival (MFS) in the training cohort according to (A) cytoplasmic LC3B
puncta in breast cancer cells (>10% = positive, or <10% = negative), (B) nuclear HMGB1 expression in breast cancer cells (>50% = positive, or <50%
= negative). Breast cancer-specific survival (BCSS) in the PACSO04 trial according to (B) cytoplasmic LC3B puncta and (D) nuclear HMGB1 expression.

LC3B staining, and molecular subtype was observed (interac-
tion test, 2 = 1.00). The LC3B"™ HMGB1™ status was asso-
ciated with a lower rate of metastatic relapse or death
(Fig. 5A, B) both in univariate (MFS: HR = 0.48 [0.26—
0.88], logrank test P = 0.018, BCSS: HR = 0.19 [0.05-
0.77], logrank test 2 = 0.02) or multivariate analysis (MFS:
HR = 0.49 [0.26-0.89] P = 0.02), BCSS: HR = 0.21
[0.05-0.85] P = 0.029). The 4-y MFS were 95.3% and
85.1% in patients with HMGB1™ and LC3B™ tumors and
in the other patients group, respectively.

To further assess the potential utility of LC3B and HMGBL1
as biomarkers, we explored whether dual positivity could comple-
ment currently used prognostication tools. The subgroup of
patients with good prognosis (tumor size <2 cm, N+ <3, posi-
tive hormone receptors with tumor grade <III) was associated
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with a low risk of metastatic relapse, irrespective of the expression
of LC3B and HMGBI1 (Fig. 6A). However, although double
positivity for LC3B and HMGB1 appeared to be associated with
better MES, independently from clinical prognostic factors
(Fig. 6B), within the subgroup of patients with poor prognosis,
double positivity for LC3B and HMGB1 constituted a useful
tool of stratification (Fig. 6A). Within this subgroup, patients
with LC3BTHMGB1™" tumors had an excellent outcome (HR =
0.50 [0.27-0.95] P = 0.034) with 4-year MES of 94.24%
[86.71%; 97.56%] vs. 81.41% [78.83%; 83.7%] for all other
patients with poor prognosis.

Within the limitations of the size of the cohort and the length
of the follow-up, these results validate the working hypothesis
that positivity for LC3B and HMGBI constitutes a positive
prognostic biomarker.

Volume 11 Issue 10



Table 1. Univariate and multivariate (incorporating LC3 or HMGB1) analysis (Cox regression) for factors associated with MFS in the training cohort

Univariate analysis

Multivariate analysis (LC3)

Multivariate analysis (HMGB1)

Event/n Event/n Event/n
60/151 HR I1C95%  p-value 60/151 HR  IC95% p-value 60/151 HR 1C95% p-value
HMGB1 HMGB1
Negative 43/79 1 <0.0001 Negative 43/79 1 0.001
Positive 14/67 0.28 [0.15;0.53] Positive 14/67 0.33 [0.17;0.64]
LC3 LC3
Negative 43/89 1 0.007 Negative 43/89 1 0.157
Positive 12/53 0.41 [0.22;0.78] Positive  12/53 0.61 [0.31;1.21]
pT stage pT stage pT stage
T 32/88 1 03569 T1 27/80 1 0.8775 T 30/84 1 0.4852
T2 23/56 1.32 [0.77;2.28] T2 23/55 1.07 [0.58;1.96] T2 23/56  0.69 [0.37;1.29]
T3 2/3 1.95 [0.47;8.2] T3 2/3 1.39 [0.3;6.55] T3 2/3 1.67 [0.35;7.99]
T4 3/4 246 [0.75;8.11] T4 3/4 1.67 [0.45;6.16] T4 2/3 147 [0.3;7.19]
pN stage pN stage pN stage
NO 14/42 1 0.0094 NO 12/40 1 0.0764 NO 13/41 1 0.0037
N1 30/85  0.95 [0.5;1.81] N1 29/81 1.56 [0.75;3.26] N1 28/81 1.39 [0.66;2.92]
N2 12/19 1.79 [0.82;3.88] N2 11/17 2.27 [0.91;5.7] N2 12/19 2.7 [1.08;6.73]
N3 4/5 4.84 [1.57;14.94] N3 3/4 6.56 [1.46;29.51] N3 4/5 9.78 [2.51;38.1]
Tumor grade Tumor grade Tumor grade
1-2 24/80 1 <0.0001  1-2 22/75 0.003 1-2 22/77 1 0.001
3 36/70 2.69 [1.58;4.57] 3 33/67 2.81 [1.43;5.53] 3 35/69 3.14 [1.59;6.19]
Luminal Luminal Luminal
No 17/38 1 0.101 No 16/37 0.688 No 17/38 1 0.668
Yes 43/113  0.62 [0.35;1.1] Yes 39/105 0.87 [0.44;1.73] Yes 40/108 1.16 [0.58;2.33]
Discussion observed that the intensity of LC3B did not correlate with the

Here, we demonstrate the potential clinical utility of quantify-
ing cytoplasmic LC3B puncta and nuclear HMGB1 expression.
Patients that lack both markers below a critical threshold (<10%
cells with LC3B™ puncta; <50% cells with nuclear HMGBI)
have a particularly poor prognosis, especially if they fall into the
group of patients that are considered to have a bad prognosis,
based on classical histopathological criteria. These findings have
been obtained on a training cohort allowing to determine opti-
mal cut-off levels that distinguish positive and negative groups
and then confirmed on a much larger cohort.

A number of studies have addressed LC3B staining patterns in
BC. LC3B staining is reported to be generally higher in tumor tis-
sues than in normal tissues.””"*® In estrogen receptor-negative BC,
no association has been found between LC3B expression and
androgen receptor expression and HER2 positivity.” LC3B stain-
ing is particularly intense in BC that already have metastasized
into lymph nodes as compared to tumors that have not yet dissem-
inated.?® Moreover, LC3B staining is correlated with the expres-
sion of the proliferation marker MKI67/Ki-67.%”%° In a cohort of
patients with locally advanced BC that received neoadjuvant che-
motherapy, a high intensity of LC3B staining was described as a
(negative) independent prognostic factor for relapse-free and over-
all survival,”” in particular in triple-negative cancers.’! A recent
meta-analysis confirmed that high expression of LC3B predicts
adverse OS in BC.?> However, none of the aforementioned stud-
ies was based on the quantification of LC3B™ puncta, and rather
scored the overall expression level of LC3B, meaning that the eval-
uation criteria was rather different from those reported here. We
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presence of LC3B™ puncta. Importantly, the presence of LC3B™
puncta did correlate with a reduction in the abundance of cyto-
plasmic SQSTM1 expression, suggesting that negativity for
LC3B™ puncta does reflect reduced autophagic flux.

HMGBI has also been evaluated in BC in previous studies
showing that more advanced tumors tend to reduce HMGBI
expression.”! Indeed, cancers that are transplanted into mice are
HMGB1" when they are small and their HMGBI1 expression
level is reduced as they grow.”' The molecular mechanisms of
this phenomenon are still elusive. After neoadjuvant chemother-
apy with epirubicin and docetaxel, HMGBI levels in the plasma
increase, especially in those patients that reached a pathological
complete response.’®?* These results are in apparent accordance
with our present observation that patients with low HMGB1
expression in their cancer exhibit a worse outcome than patients
with high HMGB1 expression.”' Tt will be interesting and neces-
sary to combine the analysis of HMGB1 expression with that of
TLR4 (which must be expressed on dendritic cells to mediate
HMGBI1-elicited anticancer immune responses).w If extracellu-
lar HMGBI truly acts via TLR4 to stimulate immunosurveil-
lance, both factors (as well as loss-of-function alleles of TLR4)
would be expected to be epistatic with respect to patient
prognosis.

It is noteworthy that nuclear HMGBI1 expression and LC3B™
puncta did not correlate among each other, in spite of prior
observations that the release of HMGB1 from the nucleus into
the cytoplasm may favor autophagy.'®'> This discrepancy might
be explained by the pronounced biological heterogeneity of dis-
tinct tumors, each of which is genetically distinct. Alternatively,
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Table 2. Patients and tumor characteristics in PACS04 trial (N = 1581) according to HMGB1 and LC3 tumor status

HMGB1 LC3
p value p-value
Negative Positive Chi? Negative Positive Chi?
Treatment arm
6 FEC 564 (50%) 220 (48.6%) 0.606 568 (49.3%) 225 (52.3%) 0.285
6 ED 564 (50%) 233 (51.4%) 584 (50.7%) 205 (47.7%)
Age (years)
<50 522 (46.3%) 187 (41.3%) 0.071 520 (45.1%) 193 (44.9%) 0.928
>=150 606 (53.7%) 266 (58.7%) 632 (54.9%) 237 (55.1%)
Menopausal status
Premenopausal 454 (51.1%) 163 (48.1%) 0.349 441 (49.7%) 174 (52.7%) 0.342
Post menopausal 435 (48.9%) 176 (51.9%) 447 (50.3%) 156 (47.3%)
Tumor size (mm)
<=20 mm 527 (47.1%) 255 (56.7%) 0.003 573 (50%) 211 (49.7%) 0.904
20-50 mm 518 (46.3%) 170 (37.8%) 501 (43.8%) 185 (43.5%)
>50 mm 74 (6.6%) 25 (5.6%) 71 (6.2%) 29 (6.8%)
Involved lymph nodes
N1:1-3 769 (68.2%) 311 (68.7%) 0.549 778 (67.5%) 299 (69.5%) 0.739
N2:4-9 272 (24.1%) 114 (25.2%) 291 (25.3%) 101 (23.5%)
N3:>=10 87 (7.7%) 28 (6.2%) 83 (7.2%) 30 (7%)
Tumor grade
1/2 618 (56.3%) 308 (69.1%) <0.0001 674 (59.8%) 235 (56.1%) 0.187
3 479 (43.7%) 138 (30.9%) 453 (40.2%) 184 (43.9%)
ER
Negative 280 (24.8%) 65 (14.4%) <0.0001 262 (22.7%) 86 (20%) 0.241
Positive 848 (75.2%) 388 (85.7%) 890 (77.3%) 344 (80%)
PR
Negative 376 (36.7%) 107 (24.9%) <0.0001 351 (33.3%) 139 (34.8%) 0.573
Positive 648 (63.3%) 322 (75.1%) 704 (66.7%) 260 (65.2%)
HER2T+
No 884 (78.4%) 382 (84.3%) 0.007 939 (81.5%) 323 (75.1%) 0.005
Yes 244 (21.6%) 71 (15.7%) 213 (18.5%) 107 (24.9%)
BC molecular subtype
N 244 (21.7%) 71 (15.7%) <0.0001 213 (18.5%) 107 (24.9%) 0.016
HER2*H 130 (11.6%) 25 (5.5%) 118 (10.3%) 36 (8.4%)
Luminal 752 (66.8%) 357 (78.8%) 819 (71.2%) 287 (66.7%)

the functional interaction between HMGBI and autophagy
might be restricted to certain cell types, as this has been suggested
by a recent work showing that HMGBI is dispensable for
autophagy to occur in hepatocytes and cardiomyocytes in vivo.>
We must emphasize that the absent correlation between nuclear
HMGBI staining and cytoplasmic LC3B™ puncta that we report
here does not invalidate the possibility that HMGBI regulates
autophagy in specific tissues.

Irrespective of these considerations, it appears clear that
HMGBI1 and LC3B can be considered as independent bio-
markers that, if analyzed together, allow for an improved risk
stratification of BC patients, especially in poor prognosis
patients. One of the limitations of this approach, though, is the
rather low proportion of BC patients that are double positive for
nuclear HMGB1 and cytoplasmic L3C3B™ puncta. It will be
important to further evaluate the likely immunological impact of
these parameters by correlating double positivity with the com-
position of the immune infiltrate, and to evaluate these parame-
ters (as well as their evolution) with regard to the sensitivity of
BC xenografts to chemotherapy. This kind of approach
will finally allow to weigh the relative contribution of
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cell-autonomous and immunological factors determining patient
prognosis. In addition, therapeutic measures designed to com-
pensate for defective HMGBI expression by providing synthetic
ligands of TLR4 are in preclinical development.21 Along the
same line, it will be interesting to investigate whether pharmaco-

36,37

logical agents that induce autophagy in vivo may improve

therapeutic responses in BC.

Patients and Methods

Training cohort of patients

The training cohort included 152 patients treated at Georges
Frangois Leclerc Cancer Center (Dijon, France) for localized
HER?2-negative BC between 1998 and 2007. All patients received
6 cycles of anthracyclines-based adjuvant chemotherapy (FEC100:
epirubicin 100 mg/mz, cyclophosphamide 500 mg/mz, and
5-fluorouracil 500 mg/m?). After adjuvant chemotherapy, all
patients with hormone receptor-positive disease received endo-
crine therapy for 5 y. Radiation therapy was given to all patients
treated with conservative surgery and was performed after
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Figure 4. Kaplan-Meier survival plots for the validation cohort after analysis of LC3B and HMGB1. Metastasis-free survival (MFS) of BC patients included in
the PACSO04 trial after stratification of patients according to (A) cytoplasmic LC3B puncta in BC cells (>10% = positive, or<10% = negative), or (C) nuclear
HMGB1 expression in breast cancer cells (>50% = positive, or <50% = negative). Breast cancer-specific survival (BCSS) in the PACS04 trial according to
(B) cytoplasmic LC3B puncta and (D) nuclear HMGB1 expression. P values were calculated using the log-rank test.

mastectomy if recommended according to the local risk of relapse.
For each patient formalin-fixed paraffin-embedded (FFPE) dssue
blocks of BC surgical specimen were retrieved from the depart-
ment of pathology, and 4-pum-thick slides were stained for hema-
toxylin, as well as for LC3B and HMGBI. The study was
approved by the local ethics committee, and all patients gave writ-
ten informed consent at the time of the diagnosis for the use of
tumor samples for research purposes (national French authoriza-
tion number: AC-2008-69).

Design of the working hypothesis

We filed the working hypothesis that HMGB1 and LC3B
may be valuable factors predicting the residual risk of relapse at
the Win tumor biomarker registery (http://win.biomarkerregis-
try.org/study.jsp?2id=505 on October 24, 2012). To prospec-
tively validate the prognostic significance of these immunogenic
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cell death (ICD) markers in determining the residual risk of
relapse in localized BC, we analyzed 1581 tissue microarrays
from patients with node-positive LBC enrolled in the PACS04
Phase III trial (clinicaltrials.gov NCT 00054587).

Validation cohort of patients

The PACS04 trial included 3,010 patients with nonmetastatic
node-positive BC between 2001 and 2004. This randomized
phase III trial compared 6 cycles of FEC100 with 6 cycles of
ED75 (epirubicin + docetaxel, each at 75 mg/m?). Radiotherapy
was prescribed after conservative surgery, and according to local
guidelines. Adjuvant hormone therapy was prescribed to patients
with tumors that were positive for hormone receptors. Patients
overexpressing HER2 (19% of patients) were randomized to
either one year of trastuzumab, or placebo. From the 3,010 par-
ticipants enrolled in the PACS04 trial, 1836 patients gave written
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Table 3. Multivariate analyses (Cox regression, including LC3 variable) for factors associated with MFS and BCSS in the validation cohort

MFS BCSS
Event/n Death/n
242/1532 HR 1C 95% p-value 113/1532 HR 1C 95% p-value
LC3
Negative 186/1118 1 0.049 91/1118 1 0.035
Positive 56/414 0.74 [0.55;1] 22/414 0.6 [0.38;0.96]
Treatment arm
6 FEC 124/769 1 0.294 55/769 1 0.969
6 ED 118/763 0.87 [0.68;1.13] 58/763 1.01 [0.69;1.46]
Tumor size (mm)
<=20 mm 85/768 1 <0.0001 41/768 1 0.1383
20-50 mm 123/671 1.28 [0.97;1.7] 59/671 1.14 [0.76;1.72]
>50 mm 34/93 261 [1.74;3.92] 13/93 1.91 [1.01;3.62]
Involved lymph nodes
N1:1-3 99/1047 1 <0.0001 45/1047 1 <0.0001
N2:4-9 91/375 2.38 [1.78;3.18] 43/375 2.39 [1.56;3.65]
N3:>=10 52/110 5.19 [3.67;7.35] 25/110 5.01 [3.01;8.33]
Tumor grade
1/2 97/899 1 0.001 35/899 1 0.001
3 145/633 1.62 [1.2,2.17] 78/633 217 [1.37;3.43]
BC molecular subtype
TN 38/152 1 0.0014 28/152 1 <0.0001
HER2*++ 77/316 0.81 [0.54;1.2] 36/316 047 [0.29;0.79]
Luminal 127/1064 0.52 [0.35;0.77] 49/1064 0.3 [0.18;0.5]

consent for parallel biomarker studies on tumor blocks. These
surgical specimens were centrally available at the UNICANCER
tumor bank (Department of Pathology of Jean Perrin Cancer
Center, Clermont-Ferrand, France). Tumor tissue was identified
within the surgical specimen, and processed for their inclusion in
tissue microarrays for 1836 patients included in the trial. For
255 patients, material processing did not result in sufficient can-
cer tissue, so that HMGB1 and LC3B expression was finally eval-
uated in 1581 tumors only.

Construction of tissue microarrays

FFPE tissue blocks from BC surgical specimen were retrieved
from the UNICANCER tumor bank. Hematoxylin/eosin-
stained slides from each block were reviewed by a pathologist to
identify tumor areas. Tissue microarrays (TMAs) were con-
structed with 0.6 mm diameter tissue cores from representative
tumor areas from FFPE blocks. Cores were taken from viable
representative tumor areas (only on breast surgical specimen) and

A Metastasis-free survival
100 e
= -“I—.-
x-
90 .
P
£
e 80
E P=0.015
g 70
ﬂ- s
60 HMGBL1 and LC3 positive
Other cases
50 T T T T T T T |
0 1 2 3 4 5 6 T 8
Time from diagnosis [years]
N at risk
Other 1392 1352 1273 1163 995 524 226 59 0
Pos/pos 132 131 128 118 102 41 20 2 0

B Breast cancer-specific survival
100 Sl O ——
90
g
< 80
2 P =0.009
o —
8 70
D' g
60 - HMGB1 and LC3 positive
Other cases
50 T T T T T T T 1
0 1 2 3 4 5 6 7 8
Time from diagnosis [years]
N at risk
Other 1392 1372 1340 1261 1089 573 243 62 0
Pos/pos 132 131 129 119 103 45 22 3 0

cells. P values were calculated using the log-rank test.

Figure 5. Kaplan-Meier curves for the validation cohort stratified after combined analysis of LC3B and HMGB1. Metastasis-free survival (A) and breast-
cancer specific survival (B) in the PACSO04 trial according to positivity for both cytoplasmic LC3B puncta and nuclear HMGB1expression in breast cancer
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(DAKO, S2001) for 10 min. Sections
were then saturated 20 min with Protein
Block Serum Free (DAKO, X0909).
Without washing, the primary antibody,
a polyclonal rabbit and HMGBI anti-
body (Thermo Fisher Scientific, Pierce,
PA1-16926), was incubated overnight,
followed by the secondary antibody
(EnVision-Rabbit, DAKO K4011) for
30 min, and streptavidin-horseradish
peroxidase (DAKO, P0397) was added
for an additional 30 min. Peroxidase
activity was revealed by means of dami-
nobenzidine substrate (DAB, DAKO,
K3468), and the sections were counter-
stained with  Mayer
(DAKO, $3309).”!

hematoxylin

Immunohistochemical detection of

LC3B

We previously described a validated
immunohistochemical protocol for the

A Metastasis-free survival
100 1
90
z
= 80
c
2
<
2
° L P <0.0001
a
60 1o : 2 x
HMGB1 & LC3 positive/good prognosis HMGB1 & LC3 positive/poor prognosis
Other cases/good prognosis Other cases/poor prognosis
50 T T T T T T T 1
0 1 2 3 4 5 6 F 8
- Time from diagnosis [years
N at risk g ly 1
Pos/Pos-GP 40 39 39 36 30 14 10 0 0
Pos/Pos-BP 90 90 87 80 71 27 10 2 0
Other-GP 363 363 356 339 291 158 64 13 0
Other-BP 1017 977 906 813 693 364 162 46 0
B
Univariate Multivariate
Event/n HR IC 95% p-value HR 1c:95% p-value
LC3/HMGB1
Other cases 230/1380 1 0.018 1 0.017
Positive/positive 11130 048 [0.260.89] 0.48 [0.26;0.88]
Treatment
Arm
6 FEC 1201750 1 0.874 1 0.752
6ET 121/760 098  [0.76;1.26] 0.96 [0.75;1.24]
HER2*
Negative 166/1208 1 <0.0001 1 0.0002
Positive 750302 1.98 [1.51:2.6] 1.69 [1.28;2.23]
Clinical prognosis
Good 20403 1 <0.0001 1 <0.0001
Poor 22111107 4.46 [2.8;7.14] 4.05 [2.56;6.43]

detection of LC3B puncta in human
FFPE Briefly,

immunohistochemical staining of cancer

cancer  specimens.”’
tissue sections was performed using the
Novolink kit (Menarini Diagnostics,
RE7140-K). Deparaffinized and heated
tissue sections (as above) were allowed to
cool down (45 min, room temperature)
and mounted on Shandon Sequenza
coverplates (Thermo Fisher Scientific,
72-199-50) in distilled water, and then
washed twice for 5 min with 0.1%

Tween 20 (Sigma-Aldrich, P1379) v/v

good prognosis; BP, bad prognosis.

Figure 6. LC3B and HMGB1 double positivity as a complement to current prognostication tools. (A)
Kaplan-Meier curves for metastasis-free survival (MFS) in the PACS04 trial stratified according to the
presence of both cytoplasmic LC3B puncta and nuclear HMGB1 in breast cancer cells, as well as clini-
cal prognostic status (good or poor). P values were calculated using the log-rank test. (B) Univariate
and multivariate analyses (by Cox regression) of factors associated with MFS in the PACS04 trial. GP,

in phosphate-buffered saline (PBS, Life
Technologies 10010-023). Thereafter,
sections were incubated for 5 min with

the Peroxidase Block reagent (Novolink
kit, Menarini Diagnostics, RE7140-K),

then transferred to a paraffin block using a semiautomated tissue
array instrument. Triplicate tissue cores were taken from each
specimen, resulting in a composite TMA blocks. Control tissues
from normal breast were also included. Multiple 4-pm-thick sec-
tions were cut for staining.

Immunohistochemical detection of HMGB1

Formalin-fixed, paraffin-embedded cancer tissue sections were
deparaffinized with 3 successive passages through xylene, and
rehydrated through decreasing concentrations (100%, 95%,
80%, 70% and 50%) of ethanol. Antigen retrieval was carried
out by heating slides for 20 min in pH 6.0 citrate buffer (10 mM
Sodium Citrate, 0.05% Tween 20) at 98°C. Endogenous peroxi-
dase activity was inhibited with 3% hydrogen peroxidase

www.tandfonline.com
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and subsequently washed twice for
5 min with 0.1% Tween 20 (v/v in
PBS). Following a 5-min-long incubation at room temperature
with the Protein Block reagent (Novolink kit, Menarini Diagnos-
tics, RE7140-K), tissue sections were washed twice for 5 min
with 0.1% Tween 20 (v/v in PBS), and then incubated overnight
at 4°C with a primary antibody specific for LC3B (clone 5F10,
Nanotools, 0231-100), dissolved in 1% bovine serum albumin
(Sigma Aldrich, A2058) w/v in tris-buffered saline (TBS, Sigma-
Aldrich, T5912) at the final concentration of 25 pg/mL. This
antibody recognizes both the soluble (LC3-I) and the mem-
brane-bound (LC3-II) form of LC3B. After 2 washes in 0.1%
Tween 20 (v/v in PBS), sections were incubated for 30 min with
the Post Primary Block reagent (Novolink kit, Menarini Diag-
nostics, RE7140-K), washed again as before and incubated for
30 min with secondary antibodies coupled to horseradish
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Table 4. Univariate and multivariate” analysis (Cox regression) for factors associated with MFS

Univariate analysis

Multivariate analysis

Event/n HR 1C 95% p-value Event/n HR 1C 95% p-value
241/1524 232/1476
HMGB1 & LC3
Other cases 230/1392 1 0.018 221/1348 1 0.02
Positive / Positive 11/132 0.48 [0.26;0.88] 11/128 0.49 [0.26;0.89]
Treatment arm
6 FEC 120/758 1 0.907 117/736 1 1 0.897
6 ED 121/766 0.99 [0.77;1.27] 115/740 0.9 [0.69;1.16]
Age (years)
<50 105/687 1 0.739
>=50 136/837 1.04 [0.81;1.35]
Menopausal status
Premenopausal 77/594 1 0.696
Post menopausal 81/586 1.06 [0.78;1.45]
Tumor size (mm)
<=20 mm 86/753 1 <0.0001 83/737 1 0.0001
20-50 mm 119/667 1.64 [1.24;2.16] 117/653 1.23 [0.92;1.63]
>50 mm 35/93 3.64 [2.46;5.4] 32/86 2.54 [1.67;3.85]
Involved lymph nodes
N1:1-3 95/1037 1 <0.0001 94/1009 1 <0.0001
N2:4-9 95/377 2.98 [2.25;3.97] 88/360 243 [1.81;3.27]
N3:>=10 51/110 6.3 [4.49;8.86] 50/107 4.96 [3.48;7.07]
Tumor grade
1/2 94/884 1 <0.0001 93/875 1 0.001
3 140/605 245 [1.89;3.18] 139/601 1.69 [1.25;2.28]
ER
Negative 77/331 1 <0.0001
Positive 164/1193 0.54 [0.41;0.7]
PR
Negative 104/466 1 <0.0001
Positive 118/932 0.52 [0.4;0.68]
HER2*+
No 166/1222 1 <0.0001
Yes 75/302 2 [1.52;2.63]
BC molecular subtype
TN 36/148 1 <0.0001 35/146 1 0.0051
HER2**+ 75/302 1 [0.67;1.49] 74/298 0.91 [0.6;1.36]
Luminal 129/1072 0.44 [0.3;0.63] 123/1032 0.58 [0.38;0.87]

*including HMGB1/LC3 combined variable

peroxidase. Upon 2 additional washes, secondary antibodies were
revealed with the liquid DAB Substrate Chromogen system
(Novolink kit, Menarini Diagnostics, RE7140-K) with 10 min
treatment. Finally, slides were washed in distilled water, and
counterstained with hematoxylin.

Immunohistochemical detection of SQSTM1

Immunoperoxidase staining for SQSTM1 (guinea pig poly-
clonal antibody, Progen Biotechnik, GP62-C) was performed
using the Ventana Benchmark XT automated slide preparation
system.”® Briefly, tissue sections (4 to 5-mm thickness) were
deparaffinized (EZ-Prep, Ventana Medical Systems, 950-102) at
75°C followed by antigen retrieval (Cell Conditioning 1, Ven-
tana Medical Systems, 950-124) at 95 to 100°C. Antibodies
were incubated at room temperature for 2 h, at a 1:400 dilution.
Antibody staining was developed using the UltraView Universal
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DAB detection system (Ventana Medical Systems, 760-500),

and counterstained with hematoxylin.

Pathological assessment

For HMGBI staining, the pattern of expression (nuclear or
not) was evaluated in tumor cells: strong nuclear staining of at
least 50% of the tumor cells was considered positive for HMGBI
tumor expression (see Results and Fig. S1). The intensity of dif-
fuse cytoplasmic LC3B staining was evaluated in the training
cohort on the basis of the proportion of stained cells.>” The pro-
portion of stained cells was evaluated (from 0 to 100%), and
immunostaining intensity was graded as 0 (negative), 1 (weak), 2
(moderate), or 3 (strong). Moreover, the presence of LC3B
puncta in tumor cells and the percentage of tumor cells with
detectable LC3B puncta were assessed, independently of the
intensity of diffuse cytoplasmic staining (Fig. S1). The correla-
tion between LC3B diffuse cytoplasmic staining intensity and
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percent of tumor cells with puncta was evaluated. Adequate cut-
off values, were determined both for diffuse cytoplasmic, and
puncta staining in order to determine the best prognostic factor.
For the training cohort, considering the possibility of tumor het-
erogeneity, all these LC3B pathological evaluations were done on
the whole tumor area and at least 15 high-power fields (x20). For
the validation cohort (TMA), pathological evaluations were per-
formed on the whole tumor area on each TMA spot. HMGBL1
and LC3B expressions were independently assessed by a trained
histologist (SL) and a trained BC-pathologist (FPL), both
blinded for clinicopathological data. Discrepancies between the 2
observers were reviewed jointly with a second trained BC pathol-
ogist (LA) to reach consensus. HMGBI expression and LC3B
expression were evaluated separately and correlated with clinico-
pathological parameters assessed on surgical specimen, and long-
term outcome. Positive hormone receptor (HR) status was
defined as 10% of tumor cells expressing either estrogen or pro-
gesterone receptor. Positive HER2 status was defined by immu-
nohistochemistry or by fluorescent in situ hybridization.

Statistical analysis

The association between HMGB1 expression, LC3B puncta
detection, and disease characteristics was examined using the
Chi2 test, the Fisher exact probability test, or Mann-Whitney
test, as appropriate. MFS was defined as the time elapsed from
the date of randomization to the date of the first distant recur-
rence, or death from any cause, whichever occurred first. BCSS
was defined as the time elapsed from the date of randomization
until death from BC. Patients who were alive and relapse-free at
the last contact were censored at the last follow-up date. Overall
survival (OS) was defined as the time from date of randomization
until death from any cause. Survivors or patients that were lost to
follow-up were censored at the last follow-up date. Median fol-
low-up and 95% CI was calculated using the reverse Kaplan-
Meier method. The Kaplan-Meier method was used to calculate
survival probabilities according to HMGB1 and/or LC3B tumor
status. The log-rank test was used for comparison of survival
curves. The Cox proportional hazards regression was used for
univariate and multivariate analyses of disease-free survival,
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