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ABSTRACT

Triple-negative breast cancer (TNBC) is a heterogeneous subtype with varying disease outcomes. Tumor-
infiltrating lymphocytes (TILs) are frequent in TNBC and have been shown to correlate with outcome,
suggesting an immunogenic component in this subtype. However, other factors intrinsic to the cancer cells
may also influence outcome. To identify proteins and molecular pathways associated with recurrence in
TNBC, 34 formalin-fixed paraffin-embedded (FFPE) primary TNBC tumors were investigated by global
proteomic profiling using mass spectrometry. Approximately, half of the patients were lymph node-
negative and remained free of local or distant metastasis within 10 y follow-up, while the other half
developed distant metastasis. Proteomic profiling identified >4,000 proteins, of which 63 exhibited altered
expression in primary tumors of recurrence versus recurrence-free patients. Importantly, downregulation of
proteins in the major histocompatibility complex (MHC) class | antigen presentation pathways were
enriched, including TAP1, TAP2, CALR, HLA-A, ERAP1 and TAPBP, and were associated with significantly
shorter recurrence-free and overall survival. In addition, proteins involved in cancer cell proliferation and
growth, including GBP1, RAD23B, WARS and STAT1, also exhibited altered expression in primary tumors of
recurrence versus recurrence-free patients. The association between the antigen-presentation pathway and
outcome were validated in a second sample set of 10 primary TNBC tumors and corresponding metastases
using proteomics and in a large public gene expression database of 249 TNBC and 580 basal-like breast
cancer cases. Our study demonstrates that downregulation of antigen presentation is a key mechanism for
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TNBC cells to avoid immune surveillance, allowing continued growth and spread.

Introduction

Triple-negative breast cancer (TNBC), defined by lack of
estrogen receptor (ER) and progesterone receptor (PR)
expression as well as no HER2 amplification, is an aggres-
sive subtype frequently affecting younger women.'> TNBC
displays higher early recurrence rates than other breast
cancer subtypes, resulting in decreased disease-free sur-
vival (DFS), with approximately 30% of patients
experiencing recurrence within 5 y of diagnosis.*® Gene
expression profiling studies of breast cancer tumors
revealed that basal-like breast cancers significantly over-
lapped with the immunohistochemistry (IHC)-defined
TNBC subtype.””” Basal-like breast cancers are classified as
having high proliferation, grade, epidermal growth factor
receptor (EGFR) expression, hormone receptor cluster
under-expression and expression of cytokeratin 5, 14 and
17, ' but as gene expression profiling is not yet stan-
dard clinical practice, the TNBC subtype is used as a clin-
ical surrogate.” '

Increasing amounts of tumor-infiltrating lymphocytes
(TILs), especially CD8" cells, in different types of cancer,
including ovarian, colorectal and non-small cell lung cancer,
has been shown to be associated with a better prognosis.”>'® In
breast cancer, the prognostic value of CD8" and total lympho-
cyte count TILs seems to depend on the breast cancer subtype.
A recent study of breast cancer patients demonstrated that
CD8" cells were significantly associated with longer survival
and disease-free intervals in patients with ER—, but not ER+
tumors.'” Another study showed that total lymphocyte count
was an independent prognostic marker and survival was
improved in women with ER— tumors when intraepithelial,
stromal and total lymphocyte counts were high.'® Further,
another study found that the favorable prognostic effect of
CD8* TILs was significant only in the TNBCs that expressed
markers associated with the basal-like subtype, and not in
TNBCs that lacked expression of those markers or in the other
intrinsic subtypes.'” Both stromal®® and intra-tumoral*" TILs
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have been reported as positive prognostic markers in TNBC
patients.”” Together, these studies strongly indicate an immune
involvement in the prognosis of patients with TNBC.

Liquid Chromatography-tandem mass spectrometry (LC-
MS/MS) is a widely used technique in proteomic investigations
allowing global analyses of samples of multiple biologic types
and disease states, including cancer.”>** MS offers the ability to
directly investigate altered signaling pathways and biologic
anomalies found in the tumors. Generally, the utility of MS in
the analysis of clinical tissue samples has been limited by the
requirement for fresh or frozen samples, whereas the largest
clinical resource of such tissues is in the form of archival tissues
stored as formalin-fixed, paraffin-embedded (FFPE) blocks in
biobanks.>>*° More recently, several proteomic studies using
both reverse-phase protein arrays (RPPA)*"2° and MS*>**%°
have unequivocally shown the feasibility of using these FFPE
samples for global and targeted proteomics. High concordance
in identifiable proteins from fresh-frozen and FFPE samples in
multiple studies underscores the minimal impact of formalin-
fixation on MS-based analysis.***¢>°

In this study, we sought to identify proteins within cancer cells
of primary tumors that were significantly associated with recur-
rence of TNBC. Laser microdissected tumor cells of archival
FFPE primary tumors from a cohort of well-characterized TNBC
patients that did or did not experience recurrence in a 10-y fol-
low-up were analyzed by quantitative MS-based proteomics. The
analysis identified several differentially altered proteins associated
with the MHC class I antigen-presentation machinery, a finding
that was recapitulated in an independent, second cohort of pri-
mary tumors and corresponding metastases. The identification of
tumors that not only lack TILs, but also exhibit downregulation
of MHC class I antigen-presentation machinery proteins, may
have important clinical implications when identifying patients
not suited for immunotherapy, such as checkpoint inhibitors.

Results
Patient characteristics

To identify proteins and molecular pathways in cancer cells of
primary tumors associated with recurrence in TNBC patients,
we used laser microdissection (LCM) to collect highly enriched
cancer cell preparations from archival FFPE primary tumors of
TNBC patients who subsequently did or did not experience
recurrence. Prior to laser microdissection, cancer cell-rich areas
(>80%) were identified on an adjacent hematoxylin and eosin
stained tissue section in collaboration with a skilled pathologist.
Two to nine slides were used, with 5,000,000 xm? deemed the
minimum required sample. Microscale amounts of protein (5-
10 pug each) extracted from the cancer cell enriched samples
were differentially labeled with isobaric reagents (Tandem
Mass Tags (TMT)), pooled, fractionated by hydrophilic interac-
tion chromatography (HILIC), and analyzed on a high-
resolution hybrid quadrupole-Orbitrap mass spectrometer
(Q-Exactive). Thirty-four patients of a cohort of 233 were
selected for inclusion in the discovery cohort based on rigorous
selection criteria to ensure maximum homogeneity of patient
groups, (Table 1). Approximately, half of these patients were
lymph node-negative (N—) and remained free of local or

Table 1. Clinicopathological characteristics at time of surgery for patients in the
proteomic study.

Second cohort
n=20
Primary tumors,
corresponding

Discovery cohort
n=34

Primary tumors metastases
Age (years) median 55 (25-66) 54 (45-72)
[min-max]
Pre-menopausal (%) 21 (62) 2 (20)
Post-menopausal (%) 13 (38) 8 (80)
Recurrence status Recurrence  Recurrence-free Primary
15 (44.1) 19 (55.9)
Tumor size
T1 (<20 mm) 8 10 6
T2 (>20 mm but 6 9 4
<50 mm)
T3 (>50 mm) 1 0 0
T4 0 0 0
Tumor grade
G1 0 0 0
G2 1 1 4
G3 14 18 4
NA 0 0 2
Lymph node status
Negative 4 19 1
Positive 1 0 9
Treatment
CEF 9 10 1
CMF 6 9 0
CE + Tax 0 0 1
EC 4 Tax 0 0 5
@) 0 0 1
None 0 0 1
Type of surgery
Mastectomy 6 1
Lumpectomy 9 8 3
Lumpectomy + 0 0 1
Mastectomy

distant metastasis for 10 y follow-up (n = 19), while the other
half developed distant metastasis (n = 15) within the same
period. The median time to recurrence was 1,036 d (range:
402-1,861) from time of diagnosis, and 14 of the 15 patients
that recurred died within the 10-y follow-up. Clinical data for
the patients were updated in January 2014. The amount of TILs
was determined by microscopic analysis of hematoxylin-eosin
stained tumor sections, and the amount of CD8" TILs was
determined by IHC. Primarily tumors with no or minimal
TILs, including CD8" cells, were selected for MS analysis to
focus the study on intrinsic factors within the cancer cells that
influenced outcome (Fig. 1). A second cohort consisting of 20
paired primary TNBC samples and corresponding distant
metastasis were also analyzed by TMT-HILIC-LC-MS/MS
(Table 1). The median time to recurrence in the second cohort
was 1,223 d (range = 552-3,017), and all patients died within
the follow-up period. All included TNBC tumors were verified
by IHC, and were grade 2 or higher. All patients received
post-surgical chemotherapy (anthracycline- or antifolate-
based) and none received neo-adjuvant chemotherapy.

Hierarchical clustering analysis reveals protein clusters
associated with recurrence in TNBC

The quantitative MS-based proteomic analysis of the 34 TNBC
FFPE identified a total of 4,163 proteins, of which 2,564
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Figure 1. Bar diagram showing the percentage of TNBC tissue samples exhibiting
high amount (IHC-score 3), intermediate (IHC-score 2), low (IHC-score 1), no (IHC-
score 0) CD8+- TILs in the entire TNBC cohort (TMA cohort) and the discovery mass
spectrometry TNBC cohort (Cohort 1).

proteins were identified by at least two unique peptides
(Table S1). Of these, 1,088 proteins had quantifiable expression
in all samples (Table S2), and 63 were found to be significantly
altered (p < 0.05) between the recurrence and recurrence-free
patient groups (Table S3). Using the expression values for these
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63 proteins, we built an unsupervised hierarchical cluster and
all but four patients stratified correctly according to their clini-
cal outcome (Fig. 2).

Network analysis

To elucidate the biologic pathways and disease functions asso-
ciated with the significantly altered proteins, the 63 altered pro-
teins were analyzed using Ingenuity Pathway Analysis (IPA,
Qiagen), which stratifies significantly regulated proteins to dif-
ferent Diseases and Biofunctions. “Migration of cells,” “cell
movement” and “angiogenesis” were identified as activated in
the primary tumors in recurrent patients, whereas “apoptosis,”
“necrosis of epithelial tissue” and “cell death of epithelial cells”
were identified as activated in the primary tumors of patients
that did not recur (Fig. 3). The underlying protein expression
data for the different Diseases and Biofunctions exhibited high
prediction confidence, with most proteins exhibiting the
expected altered abundance (up/down) for the predicted dis-
ease functions (Fig. S1).

The top IPA network of differentially regulated proteins
between the recurrence and recurrence-free TNBC groups was
found to be associated with cell cycle, growth, proliferation, cell
death and survival (Fig. 4, Network 1), and the key nodes in the
network were the NF«B complex, P38 MAPK and ERK1/2.
Signal transducer and activator of transcription 1-«/8 (STAT1)
and antigen peptide transporter 1 (TAP1) were found to be sig-
nificantly less abundant in recurrence versus recurrence-free
patients (—1.2 and —1.3-fold, respectively), directly linking to

i

XNCOCTLA N0
B O

ERTN LR TN
ATe Y

LAY
LG

BT
[N

. =T

;

A AL OISO BN O )
DBIIXI~ (AL DENKD LD ORI

G

No Rec
No Rec
No Rec
No Rec
No Rec
No Rec
No Rec

Rec
No Rec

Rec

No Rec
No Rec
No Rec
No Rec
No Rec
No Rec
No Rec
No Rec
No Rec

Figure 2. Hierarchical cluster of proteins differentially expressed (p < 0.05) between recurrence and recurrence-free patients with an FDR < 1% identified by Student’s t-
test. Red = high expression in recurrence-free vs. recurrence patients; Green = low expression in recurrence-free vs. recurrence patients.
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Figure 3. The proteins exhibiting significantly altered average protein expression
(p < 0.05) in the recurrence and recurrence-free group was examined by compara-
tive analysis using IPA (Ingenuity Pathway Analysis). Diseases and Bio Functions
revealed activation z-scores for patients with recurrence in “migration of cells,”
“invasion of cells” and “proliferation of cells” compared with recurrence-free
patients. Recurrence-free patients exhibited higher activation of “apoptosis” and
“cell death” compared with patients with recurrence.

the NF«B complex and ERK1/2 with STAT1 also interacting
with P38 MAPK. We found that ezrin (EZR), which has been
implicated in breast cancer metastasis and cancer progres-
sion*”** and shows a direct interaction with Erk1/2 in Network
1, was elevated in recurrence versus recurrence-free patients
(1.2-fold).

Network 2 was also associated with cellular growth, prolifer-
ation, cell death and survival. The key nodes of the network
were the tumor suppressor protein 53 (TP53) and caspase 3
(CASP3). The UV excision repair protein RAD23 homolog B
(RAD23B), a member of the nucleotide excision repair system,
was elevated in recurrence versus recurrence-free (1.14-fold)
patients (Fig. 4, Network 2). In the same network, we observed
SERPINBS5, a member of the serine protease inhibitor family
known to be differentially expressed in cancers, with nucleus
localization representing a favorable prognosis in breast can-
cer,”> to be diminished in recurrence versus recurrence-free
patients (1.7-fold. Fig. 4, Network 2). The heat shock protein
HSPBI, a known factor involved in preventing apoptosis** and
tumor progression,*> was found to interact with both major key
nodes in Network 2 and elevated recurrence versus recurrence-
free patients (1.4-fold)(Fig. 4, Network 2).

Network 3 was found to be associated with biologic func-
tions such as survival, cell cycle progression and cancer.
Numerous nodes were present in the network, with estrogen
receptor (ESRI), myc proto-oncogene protein (MYC) and
mitogen-activated protein kinase 1 (MAPK1) being three of the
major nodes (Fig. 4, Network 3).

When examining the significantly regulated proteins
between recurrence and recurrence-free patients and allowing
for missing values, a network associated with antigen presenta-
tion, protein synthesis and antimicrobial response was identi-
fied (Fig. 5). The key nodes in the network were STAT1, MHC
class I (complex) and interferon gamma-associated protein
(IFNy). The network of antigen presentation-associated pro-
teins were diminished in recurrence versus recurrence-free

TNBC patients, as was STAT1, which is known to interact with
TAP1.*

Correlation between expression levels in primary tumors
and patient outcome

To evaluate the clinical relevance of some of the 63 differen-
tially abundant proteins central to our network analysis, we
evaluated their prognostic significance in cohorts of 249 TNBC
and 580 basal-like breast cancer patients using the publicly
available gene expression survival tool KMplotter (www.
kmplot.com). Evaluating recurrence-free survival (RFS) and
overall survival (OS), five candidates exhibited significant
expression differences using the stringent cutoff of p <0.005,
including guanylate binding protein 1 (GBP1), RAD23B,
TAP1, STAT1 and tryptophan-tRNA ligase (WARS). Low lev-
els of TAP1 and STAT1 exhibited the most significant associa-
tion with recurrence in TNBC patients (p'*"' = 2.3E—06,
p*TAT = 1E—05; Figs. 6A and B). Likewise, low expression of
WARS and GBP1 was associated with a poor RFS (p"A® =
6.2E—05, p°PP! = 2,0E—03; Figs. 6C and D). Conversely, high
expression of RAD23B correlated with a poor outcome in
TNBC patients (p"*P**® = 1.7E—03; Fig. 6E). We observed
similar correlation between gene expression of TAP1, STATI,
WARS and GBP1 with RFS and OS in the basal-like breast can-
cer patient cohort, while only correlation with RFS, and not
OS, were significant for RAD23B in the basal-like breast cancer
patient group (Fig. S2). All five proteins displayed similar
expression characteristics between gene expression in KMplot-
ter and protein levels by MS, i.e., high gene expression levels in
KMplotter = high protein expression levels in MS, with high
TAP1, STAT1, GBP1 and WARS expression correlating with a
significantly better RFS in the discovery MS data set (Fig. S3).
Conversely, high RAD23B expression levels correlated with a
significantly worse RFS in the discovery cohort (Fig. S3).

Detailing the prognostic value of TAP1 in TNBC and basal-
like breast cancer patients

As indicated, high TAP1 levels in the TNBC and basal-like
breast cancer cohort correlated with a significantly better
RFS (Basal-like: p = 7.6E—09, Fig. 7A). This correlation
was independent of lymph node status, with both lymph
node-positive (N+) and lymph node-negative (N—) TNBC
patients showing highly favorable outcome with high TAP1
expression (pN" = 7.9E04, pN~ = 5.8E—05, Figs. 7B and
C). Similarly, both N+ and N— basal-like breast cancer
patients showed significantly better RFS with high TAP1
expression (p~" = 0.00017, vs. pN~ = 1.9E—06, Figs. 7D
and E). To ensure that the prognostic value of TAPI as
measured at the mRNA level likely would be similar if mea-
sured at the protein level, 10 of the patient samples used for
our MS discovery analysis (6 recurrence and 4 recurrence-
free patients) were analyzed by RT-PCR using a non-opti-
mized median cutoff value. In agreement with the TAP1
proteome data, we found a significant correlation between
high TAP1 gene expression and longer RFS in the 10
TNBC samples (p = 0.027, Fig. 7F).
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Figure 4. Network analysis obtained from Ingenuity Pathway Analysis (IPA) of aberrantly (p < 0.05) regulated proteins between recurrence (R) and recurrence-free (RF)
patients. Official gene symbols and relative expression values for each protein are depicted. For detailed information on aberrantly regulated proteins see Table S3.

Downregulation of antigen-processing pathway proteins
in the primary tumors of poor outcome patients and in
metastatic lesions

Since TAP1 is an important protein in antigen presentation, we
explored whether the expression of other key proteins involved
in TAP1-associated antigen-presentation via the classical MHC
class I pathway, including class I histocompatibility antigens
(o chain) (HLA-A), CALR, TAPBP, ERAPI1 and TAP2, were
associated with recurrence.’** We analyzed the expression
status of the proteins in both MS cohorts and the association
between gene expression of the six proteins and RFS and OS in
TNBC and basal-like breast cancer patients. Low gene expres-
sion of all six genes correlated with a significantly worse RFS in
both TNBC and basal-like breast cancer (Figs. 7A and B and

Fig. S4) as well as shorter OS in basal-like breast cancer patients
for all (Fig. S5), as assessed by KMplotter. In contrast, MHC
class II proteins did not exhibit altered expression.

In agreement with the observation that TAP1 was downre-
gulated in primary tumors of patients with recurrence relative
to recurrence-free patients in the discovery cohort (p = 0.023,
Fig. 8A), TAP1 was also downregulated in our second proteo-
mic cohort consisting of 10 primary (Pri) TNBC tumors and
their corresponding metastasis (Met) (Fig. 8B). This determina-
tion was possible because the same reference was used in the
analysis of both proteomics cohorts. HLA-A was also downre-
gulated in recurrence versus recurrence-free patients from the
discovery cohort, and in the primary tumor and corresponding
metastasis groups of the second cohort (p = 0.045, Figs. 8C and
D). The same trend was observed for CALR, with lower
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Figure 5. Network analysis obtained from IPA of differentially regulated proteins (p < 0.05) between recurrence (R) and recurrence-free (RF) patients. Official gene sym-
bols and relative expression values (recurrence-free vs. recurrence) for each protein are depicted.

expression in recurrence vs. recurrence-free patients, although
the difference did not reach significance (p = 0.58, Figs. 8E and
F). TAPBP were also downregulated in recurrence versus recur-
rence-free patients from the discovery cohort, and in the pri-
mary tumor and corresponding metastasis groups of the
second cohort (p = 0.004, Figs. 8G and H). In contrast, TAP2
did not exhibit altered expression between recurrence and
recurrence-free patients (p = 0.31, Fig. 8I), however, TAP2 was
strongly downregulated in both the primary tumor and corre-
sponding metastasis groups in the second cohort (Fig. 8J).
ERAPI, a protein involved in N-terminal trimming of TAP1
transported peptides in the endoplasmatic reticulum, was only
identified in three recurrence patients and in two recurrence-
free patients with a tendency toward lower expression in the
recurrence versus recurrence-free group and in eight primary
patient tumors and their corresponding metastatic lesions in
the second cohort (p = 0.68, Figs. 8K and L).

Discussion

Significant differences in outcome of TNBC patients highlight
the need for delineating the factors within the cancer that give
rise to these prognostic differences as well as biomarkers for
clinical stratification and treatment regimens. Proteomic profil-
ing of FFPE TNBC samples and online gene expression analysis
showed that downregulation of several key molecules in the
MHC-class I antigen-presentation machinery correlate with a
significantly shorter recurrence-free and OS in TNBC and
basal-like breast cancer patients. Previous studies demonstrated
an association between outcome and the amount of TILs and

expression levels of different components of the antigen-pre-
sentation machinery,”° but a systematic global analysis has
not been performed. Liu and coworkers reported lower expres-
sion of TAP1 in primary breast cancer tumors of different sub-
types with known brain metastasis compared with primary
tumors of patients without known brain metastasis.”" Although
their study was performed with an unselected patient cohort,
their findings are in agreement with our observations in
selected cohorts of TNBC patients with low amount of TILs
and strongly implicate the role of the antigen-presentation
machinery proteins in breast cancer prognosis. Downregulation
of TAP transporter complex reduces diversity of cell surface
antigens, leading to ineffective recognition by cytotoxic T lym-
phocytes (CTLs).> Further, studies in squamous cell carcinoma
cell lines showed that lowering TAP1 and TAPBP expression
resulted in reduced CTL-mediated killing of the cells.”® The
correlation observed between TILs and good outcome indicates
an important function of the immune response in the progres-
sion of TNBC disease.”® Forero and coworkers demonstrated
that TNBC patients exhibiting good prognosis had extensive
TILs and high expression of molecules in the MHC class II
pathway.” Although we did not observe downregulation of
MHC class II, but only class I, our data compliments their find-
ings and potentially explains the poor outcome in a subset of
TNBC patients, those tumors that lack TILs. We show for the
first time in a systemic fashion and using a label-free approach
on FFPE TNBC samples that the cancer cells in these tumors
from poor outcome patients lack or have low levels of MHC
class I antigen-presentation machinery proteins, resulting in
deficient presentation of a diverse set of tumor-specific
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Figure 6. Kaplan-Meier survival curves showing strong association between expression of selected gene and recurrence-free survival (RFS) of TNBC patients. (A) TAP1, (B)
STAT1, (C) WARS, (D) GBP1 and (F) RAD23B. Plots were generated using KMplotter®® with optimal cutoff values and 10-y follow-up period.

neoantigens on the cell surface and subsequent lower activation
of cytotoxic CD8" T cells. This finding may have important
practical and clinical implications for stratifying patients
according to whether their tumors are immune responsive or
unresponsive, thus identifying patients suited for immunother-
apy. For example, checkpoint inhibitors are currently under
evaluation as a potentially potent treatment option for TNBC.
Currently, the only biomarker in extensive clinical development
for PD1/PDL1 antibody therapy is the expression level of PDL1
on cancer cells. However, our and other studies suggest that
administration of PD1/PDL1 antibodies to all TNBC patients
with highly PDLI1-expressing tumors is unlikely to benefit
patients whose tumors lack MHC class I or II expression, sug-
gesting MHC class I or II expression should be included in the
biomarker panel when examining the tumors.

Pathways associated with cell cycle, survival and growth (cell
proliferation), was also found activated in recurrence versus
recurrence-free patients. A causal relationship between
increased cell survival and proliferation and MHC-class I anti-
gen-presentation machinery downregulation cannot be made
based on our data, but it is plausible that the lack of immune
surveillance in some of the TNBCs allow the tumor cells to pro-
liferate more readily. In the most significant network associated
with cycle, survival and growth, we found STAT1, TAP1, GBP1
and EZR to be key nodes surrounding functional nodes such as
P38 MAPK, NFkB and ERK1/2. STAT1 has been found to
modulate the activity of TAPI in squamous cell carcinoma of
the head and neck in an IFNy-inducible pathway mediating
CTL response in this cancer type.*® As a mediator of IFNy sig-
naling, STAT1 exerts an anti-tumorigenic effect via numerous



€1305531-8 M. H. PEDERSEN ET AL.

A TAP1/Basal

100;
804

= 60/

i

£ 40

201 = 7.6e-09, HR = 0.45, CI = 0.34-0.60
A |Cutoff = 2469, range = 100-15933
"0 20 40 60 80 100 120
Time (months)
Number at risk
Low 298 193 133 99 70 47 30

High 282 232 179 132 96 64 37

B TAP1/TNBC/N+

100,
80

£ 60

£ 40]
20

p = 7.9e-04, HR = 0.38, Cl = 0.21-0.68
0 Culof\‘l= 1210.' range.= 368—!?609 . -
0 20 40 60 80 100 120
Time (Months)
Number at risk
Low 26 16 7 4 1 1 0

High 80 59 39 28 16 7 0

c TAP1/TNBC/N-
100,
804
£ 60
(%]
& 404
20
p =5.8e-05, HR = 0.13, Cl = 0.04-0.42
nlCutoff = 2719, range = 219-10662

0 20 40 60 80 100 120
Time (Months)
Number at risk
Low 89 70 49 23 14 8 6

High 51 49 34 19 13 8 4

TAP1/Basal/N+

100,
80

& 60/

2

& 40

1 p=1.7e-04, HR =0.24, Cl = 0.11-0.54

|Cutoff = 3716, range = 483-13502

20 40 60 80 100 120
Time (Months)

Number at risk

m

TAP1/Basal/N-
100

80

RFS (%)
P
e o

20
p = 1.9e-06, HR = 0.39, Cl = 0.26-0.58

Cutoff = 1728, range = 209-15933
0 20 40 60 80 100 120
Time (Months)
Number at risk

Low 98 61 34 21 14 11 4 Low 101 74 46 32 21 14 9
High 46 40 31 17 12 5 1 High 190 164 127 93 71 53 35
F TAP1/gPCR
100-—l
80- 1
£ 604
(2]
& 40+
p=0.027
20+ HR=0.15
Cl=0.028-0.81
0 T T T g
0 1000 2000 3000 4000
Time (Days)

Figure 7. Kaplan-Meier curves showing association between TAP1 gene expression and recurrence-free survival (RFS) of different patient subgroups. Strong association
between TAP1 expression and RFS in (A) basal-like breast cancer patients, TNBC patients with (B) lymph node-positive (N+) and (C) lymph node-negative (N—) status,
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at 10 y or median cutoff value (F).
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Figure 8. Relative quantile normalized expression ratios for MHC class-l-associated proteins in patient samples from the discovery and second cohorts. TAP1 shows differ-
ential regulation between (A) recurrence and recurrence-free patients and overall downregulation in (B) Pri and Met samples. HLA-A displays the same tendency as TAP1
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patients respectively and a clear downregulation in (J) Pri and Met patient samples. ERAP1 display a tendency of differential regulation in (K) recurrence and recurrence-
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mechanisms involving both immunosurveillance®® and angio-
genetic inhibition.”” Very recent data support the notion that
IFNy signaling changes how tumor cells epigenetically respond
to in vivo signals. STAT1 occupancy appears to associate with
these epigenomic differences and is responsible for elevated
expression of cancer-related interferon-stimulated genes and
multiple T cell inhibitory receptor ligands on resistant tumors.
Interestingly, STAT1 has been shown to increase after persis-
tent IFN stimulation to maintain a subset of interferon stimu-
lated genes.”® Like STAT1 and TAP1, GBPI is inducible by
IFNy and has been shown to act as tumor suppressor in colo-
rectal cancer cells.” Taken together, this indicates a higher
IFNy active state in the recurrence-free group, which has been
shown to potentiate the effect of anthracycline-based chemo-
therapy.®' The tryptophan aminoacyl synthetase WARS was
likewise found to be downregulated in poor outcome samples.

This observation confirms the findings of a recent publication
by Campone and colleagues that high expression of WARS
confers a good prognosis in TNBC patients using a nearly iden-
tical methodological setup as described here.* Aside from syn-
thesizing tryptophan tRNA, WARS can also function as an
angiostatic cytokine through alternative splicing of the N-ter-
minal with loss of the first 47 amino acids.*>**

Our proteomic analysis identified >4,000 proteins in the
discovery cohort and >5,000 proteins in the second cohort,
which is quite remarkable for a label-based quantification
approach of FFPE tissue, particularly when only microscale
amounts of protein extract (5-10 pg) from LCM-enriched can-
cer cells were examined. By comparison, chemical-label-based
studies of FFPE samples have identified 170-730 proteins, usu-
ally from a much larger sample amount.”>®® The notably
higher protein identification in our analysis is likely a result of
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low sample manipulation, since protein extraction and diges-
tion occurred in the same microcentrifuge tube without the
need for membrane washing steps. Furthermore, the referred
studies are between 3 and 6 y older and thereby run on older
instruments. Recently, Yin and coworkers reported the identifi-
cation of 6,294 proteins from colorectal cancer FFPE tumor tis-
sue by iTRAQ LC-MS/MS; however, their study was performed
on whole-tissue slides without using LCM.*” Although LCM
offers the opportunity of specifically enriching for a particular
cell type, such as cancer cells in our study, it is implicit in this
strategy that stromal cells and cell types of the tumor microen-
vironment are disregarded. Enrichment of proteins from FFPE
tissue is likewise potentially biased for certain types of proteins,
e.g., low molecular weight and basic proteins.’® Nuclear mem-
brane proteins may be underrepresented in FFPE tissue, while
membrane and mitochondrion proteins are common,”® as also
observed in our data set.

Our study demonstrates a clear relationship between down-
regulation of MHC class I antigen presentation proteins and
poor outcome in TNBC patients as analyzed at both the protein
and gene levels. Further, MHC-class I antigen-presentation
machinery downregulation was also observed in TNBC metas-
tasis, suggesting that the spreading cancer cells maintain the
phenotype of the primary tumor and thus the ability to evade
immune surveillance.

In conclusion, we found a significant correlation between
TNBC recurrence and low levels of MHC class I antigen-
presentation machinery proteins, including TAP1, HLA-A
and TAPBP. Our results strongly indicate that TNBC tumors
lacking or exhibiting low levels of MHC class I antigen-pre-
sentation machinery proteins exhibit deficient presentation of
a diverse set of tumor-specific neoantigens on the cell surface
and subsequent lower activation of cytotoxic CD8" T cells
allowing the tumors to be undetected by the immune system
and continuously grow and spread. Novel biomarker tests
measuring the expression levels of MHC class I antigen-pre-
sentation machinery proteins could likely effectively predict
recurrence risk in TNBC patients and influence therapeutic
strategy. The results warrant further testing in a larger TNBC
cohort both at the transcriptomic and proteomic level. Fur-
thermore, therapeutic strategies for re-inducing the expression
of MHC class I antigen-presentation machinery proteins in
low expression tumors could increase tumor neo-antigens on
the surface, potentially increasing the efficacy of
immunotherapy.

Materials and methods
Patient tissue samples

FFPE TNBC tissues from two patient cohorts (N =34 and N =
20) were included in the proteomic study. The discovery cohort
consisted of 34 primary TNBC tumors diagnosed and treated
between 1997 and 2005 at Odense University Hospital. Inclu-
sion criteria were verified TNBC status, <70 y at diagnosis, at
least 10 y of follow-up after surgery, no lymph node metastasis
in the recurrence-free patient subgroup, and grade 2 tumors or
higher. Re-evaluation of ER and HER2 receptor status post-
LC-MS/MS revealed 5 ER and/or HER?2 positive patients in the

discovery cohort that were excluded in the quantitative analysis
of the data. The second cohort consisted of 10 primary TNBC
tumors and their corresponding paired metastases. All primary
tumors in the second cohort were diagnosed and initially
treated at Odense University Hospital, while post-metastatic
treatment was performed at different hospitals in Denmark.
Inclusion criteria for this cohort were verified TNBC status,
allowable local recurrence in the axillary lymph nodes, grade 2
or higher tumors and no distant metastasis at diagnosis. Carci-
nomas were categorized according to the SNOMED™ criteria
and graded via the Bloom and Richardson’s histological grad-
ing system. Fresh-frozen tissue from 10 patients (6 recurrence
and 4 recurrence-free) included in the discovery cohort was
obtained from the pathology department for RNA isolation.
Clinicopathological data, including time to recurrence, age at
diagnosis, tumor size and adjuvant treatment status, were
obtained from the Danish Breast Cancer Group. The study was
approved by the Regional Scientific Ethical Committee of
Southern Denmark (S-20080115).

Laser capture microdissection and protein extraction

Between 2 and 9 sections (7 um), depending on cancer cell
content, were cut from each FFPE breast cancer block, on a
microtome, mounted on 1.5 um PEN membrane slides
(Olympus, Ballerup, Denmark) and air-dried. Slides were
deparaffinized in xylene (3x5 min) followed by hydration in
three alcohol gradients (100%, 96% and 70%) and H,O for 3,
2, 1 and 1 min, respectively. Sections were stained with
Mayer’s hematoxylin and Eosin for 15 and 5 sec, respectively,
rinsed with water, 96% and absolute ethanol and air-dried.
Dissection was performed on a Cell Cut Plus instrument
(MMI AG, Glattbrugg, Switzerland). Areas of interest for laser
capture microdissection (LCM) were marked on a touchscreen
using a 10x objective and dissected under optimized cutting
conditions. Dissected tissue was collected on adhesive Isola-
tionCaps (MMI AG, Glattbrugg, Switzerland). The minimum
required sample was 5,000,000 pm? corresponding to 5 ug
protein. Microdissected tissue was lysed in a buffer consisting
of 80 uL 0.1 M NH,HCO;, pH 7.63 and 20% ACN at 95 °C
in a heating block for 1 h, followed by heating at 65 °C for
2 h with agitation (650 rpm). Porcine sequencing grade
trypsin (Promega) was added to the samples at a 1:50 enzyme:
protein ratio. Samples were incubated at 37 °C overnight.
Thereafter, samples were frozen at —80 °C and lyophilized on
a vacuum centrifuge until dry. Samples were stored at —80 °C
until further processing.

TMT labeling of peptides

Lyophilized peptide samples were resuspended in 30 uL
100 mM TEAB (Sigma-Aldrich). Five uL was extracted for
protein concentration measurement by BCA according to the
manufacturer’s protocol (Pierce™ BCA Protein Assay Kit,
ThermoFisher Scientific, San Jose, CA). TMT labeling reagent
(TMTsixplex™, ThermoFisher Scientific, San Jose, CA) was
equilibrated to room temperature and 41 ©L anhydrous aceto-
nitrile was added, followed by brief vortexing. An internal
standard master mix was created by combining proteins from



each patient sample. Briefly, equal amounts of protein was
taken out from each sample and transferred to an Eppendorf-
tube. Labeling reagent (8 uL) was added to each of the peptide
samples followed by incubation for 1 h at ambient tempera-
ture. The internal standard mix was labeled with the TMT-
126 reporter-ion. Reaction was quenched by addition
of 2 uL, 5 % hydroxylamine for 15 minutes. Samples were
combined in a I1:1 ratio, frozen at —80 °C and lyophilized to
completion.

Hydrophilic interaction liquid chromatography (HILIC)

Samples were re-dissolved in 0.4 uL of 10% TFA, followed by
addition of 3.6 uL of H,O and subsequently 36 uL of ACN
(final volume of 40 L peptides in 90% ACN, 0.1% TFA). The
samples were injected onto an in-house-packed TSKgel Amide-
80 HILIC 320 um x 170 mm capillary HPLC column using an
Agilent 1200 capillary HPLC system (Agilent Technologies,
Santa Clara, USA). The peptides were eluted using a 54 min
gradient from 90% ACN, 0.1% TFA to 60% ACN, 0.1% TFA at
a flow rate of 6 uL/min. The fractions were automatically
collected in a micro-well plate at 1 min intervals after UV
detection at 210 nm, and the fractions were pooled according
to UV detection to a total of seven fractions. The fractions were
dried by vacuum centrifugation.

Tandem mass spectrometry (LC-MS/MS)

HILIC fractions were resuspended in 30 uL of 25 mM
NH,HCO; (Sigma Aldrich, St. Louis, MO) and analyzed in
duplicate by LC-MS/MS on a nanoflow LC system (Easy-nLC
1000, ThermoFisher Scientific, San Jose, CA) coupled online
with a Q-Exactive MS (ThermoFisher Scientific). Samples
were resolved on a 100 um LD. x 360 um O.D. x 20 cm
long capillary column (Polymicro Technologies, Phoenix, AZ),
which was slurry packed in house with 5 ym, 100A pore size
C-18 silica-bonded stationary phase (Magic C18AQ, Bruker).
Following pre- and analytical column equilibration, each sam-
ple was loaded onto a 2-cm reversed-phase (C-18) pre-column
(ThermoFisher Scientific) at 3 uL/min at 3x the injection vol-
ume with mobile phase A (0.1% formic acid in water). Pepti-
des were eluted at a constant flow rate of 200 nL/min by
development of a linear gradient of 0.33% mobile phase B
(0.1% formic acid in ACN) per min for 80 min and then to
95% mobile phase B for an additional 10 min. The columns
were washed for 15 min at 95% mobile phase B and then
quickly brought to 100% mobile phase A for the next sample
injection. The MS was configured to collect broadband mass
spectra (m/z 375-1800) in profile mode using the lock mass
feature for the polydimethylcyclosiloxane (PCM) ion gener-
ated in the electrospray process (m/z 445.12003). MS condi-
tions were set as follows: electrospray voltage, 1.7 kV; no
sheath and auxiliary gas flow; capillary temperature, 250°C;
S-Lens RF level, 60%; resolution, 70,000 at m/z 200. The ion
selection threshold for the broadband scan was set at 1E6
with a maximum ion accumulation time of 50 ms. The 10
most abundant ions were selected for MS/MS with the follow-
ing settings: ion threshold, 1E6; intensity threshold, 5E3; max-
imum jon accumulation time, 200 ms; resolution, 17,500 at
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m/z 200; isolation window, 3 m/z; and dynamic exclusion,
40 s. Data for the TMT labeled samples were collected in pro-
file mode and also had the following settings: fixed first mass,
m/z 115; normalized collision energy (NCE), 30.

Quantitative protein expression analysis

All Q-Exactive raw data files were processed and quantified
using Proteome Discoverer version 1.4.0.288 (Thermo Scien-
tific). The Sequest and Mascot search algorithms (v. 2.2.3),
both integrated with Proteome Discoverer, were used to search
the data with the following criteria: SwissProt protein database
(downloaded 5th October 2012, 452,768 entries) and restricted
to humans. Fixed search parameters included trypsin, two
missed cleavages allowed, and TMT labeling at lysine and N-
terminal amines, while methionine oxidation and deamidation
were set as dynamic. Precursor mass tolerance was set to 8 ppm
and fragment mass tolerance was set to 0.05 Da. Peptide data
were extracted using Mascot significance threshold 0.05 and
minimum peptide length 6. A minimum of two peptides were
used for protein identification, and a minimum of two unique
peptides were used for protein quantitation. False discovery
rate (FDR) was calculated using a decoy database search and
only high confidence peptide identifications (FDR < 1 %) were
included. Protein expression data was log2 transformed and
quantile normalized. Fold changes between recurrence and
recurrence-free patients were determined by taking the differ-
ence (x = recurrence/recurrence-free) and raising two to the
power of x (2%).

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository with
the data set identifier PXD005544.

Online gene expression validation of significant proteins

We used a previously established Kaplan-Meier (KM) plotter
analysis platform® to analyze significant (p < 0.05) proteins
from the MS data in published gene expression data sets. The
online tool (http://www.kmplotter.com/breast) contains 4,142
breast cancer patients curated from 26 GEO gene expression
data sets, of which 3,557 have RFS data. Of the 3,557 breast
cancer patients, 249 are confirmed TNBC patients by IHC.
Each percentile between the lower and upper quartiles was
computed for each analyzed gene expression and the best-
performing threshold was used as cutoff in the Cox regression
analysis.®” KMplotter then generated survival plots with hazard
ratios, 95% confidence intervals and log rank p value for each
selected gene probe (the best JetSet gene probe was always
selected). Basal-like breast cancer patients in the database were
identified by low expression of ER and HER2 using Affymetrix
HGU133A or HGU133plus2 arrays with cutoff values of 500
and 4,800, respectively.”' 7>

Quantitative real-time PCR

RNA from frozen TNBC patient tumors was isolated using
TRIzol® followed by reverse transcription to cDNA using ran-
dom hexamer oligonucleotide primers (Thermo Scientific).
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Relative quantification of TAP1 gene expression was performed
in duplicate using QuantiTect SYBR Green PCR kit (Qiagen;
Applied Biosystems StepOnePlus) and primers: TAPI:
QT00057288, PUM1: QT00029421, ACTB: QT0009531 (Qia-
gen). The relative median expression was normalized using
PUMI1 and ACTB as reference genes. Expression was shown as
fold change relative to a random recurrence-free patient.

Statistical analysis

RStudio 3.2.0 and GraphPad Prism 5.01 were used for statistical
analysis. All p-value calculations were two-sided and homosce-
dastic and p < 0.05 was considered statistically significant. Net-
work analysis was performed in IPA (Ingenuity, Qiagen). DFS
and OS curves were generated by Kaplan-Meier survival analy-
sis in GraphPad Prism 5. Hazard ratio (HR) and p-values were
calculated via log-rank tests. Unsupervised cluster analysis was
performed in RStudio 3.2.0 using the Heatmap.2 function in
the gplots 3.0.1 package.
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