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ABSTRACT
Immune checkpoints are intensively investigated as targets in cancer therapy. T-cell immunoreceptor
with immunoglobulin (Ig) and ITIM domains (TIGIT) and its ligand poliovirus receptor (PVR) are recently
emerging as novel promising targets in immunotherapy. Here, we show that high expression of PVR
represents an independent prognostic marker being associated with poor outcome for breast cancer
patients. Furthermore, PVR mRNA, as well as protein expression, is associated with more aggressive
breast cancer subtypes such as HER2 positive and triple-negative breast cancer. In vitro, blocking TIGIT or
PVR resulted in enhanced immune cell-mediated lysis of breast cancer cell lines SKBR-3, MDA-MB-231,
MDA-MB-468, and BT549 and additionally increased the cytotoxic effects of a bispecific T cell engager
BiTE® antibody construct targeting EGFR. Taken together, our data identify the immune checkpoint
factor PVR as a novel prognostic marker in breast cancer and indicate that blocking the TIGIT-PVR axis
might represent a novel therapeutic option for the treatment of breast cancer patients.
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Introduction

Escape of neoplastic cells from destruction mediated by the
immune system represents one of the hallmarks of cancer.1

One mechanism of immune escape is the induction of an
exhausted phenotype in effector lymphocytes and thereby
prevention of an efficient tumor rejection.2,3 The inhibition
of T-cell activation is regulated by several receptor/ligand
systems involved in checkpoint control of T-cell effector func-
tions and the concept of inhibiting these immune checkpoints
to reactivate the cytotoxic phenotype has revolutionized the
field of cancer immunotherapy. Recently, antibodies blocking
the negative immune checkpoint molecules cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4), programmed
cell death protein 1 (PD-1) or PD-1 ligand 1 (PD-L1) were
approved by the FDA for the treatment of various cancer
entities due to remarkable survival benefits.4–6 But only
a subset of cancer patients benefits from the treatment with
blocking antibodies against the PD-1, PD-L1 or CTLA-4
immune checkpoint axis.7 Therefore, much effort is being
directed to the therapeutic evaluation of additional immune
checkpoints.8

T cell immunoreceptor with Ig and ITIM domains (TIGIT)
and its ligand PVR (poliovirus receptor, CD155) have recently
emerged as promising targets in immunotherapy.9 TIGIT is
a type I transmembrane protein with an Ig-like variable extra-
cellular domain expressed on activated and memory T cells,

regulatory T cells, as well as natural killer (NK) and natural
killer T cells (NKT).10,11

Initially, PVR has been identified as entry mediator for the
poliovirus.12 Furthermore, as nectin-like molecule PVR partici-
pates in cell-cell adhesion via heterophilic and homophilic trans
interactions in adherence junctions.13 In the immunologic con-
text, on the one hand, PVR binds to the co-stimulatory receptor
DNAX accessory molecule-1 (DNAM-1) resulting in an acti-
vated immune response. But, on the other hand, PVR’s binding
affinity to the inhibitory receptor TIGIT is much higher and
therefore TIGIT outcompetes the positive receptor DNAM-1 for
its ligand PVR.14,15 Upon binding of PVR to TIGIT, TIGIT
suppresses the immune response through its cytosolic immuno-
globulin tail tyrosine-like phosphorylation motif and immunor-
eceptor tyrosine-based inhibitory motif.16 High expression of
PVR could be associated with a poor survival in several cancer
entities and the blockade of the TIGIT/PVR axis resulted in anti-
tumor activity in a number of preclinical models.17–23 Based on
those promising observations, the clinical evaluation of blocking
TIGIT was initiated (NCT02794571, NCT03119428,
NCT02913313).

Breast cancer (BC) was always considered to be a less
immunogenic entity. Nevertheless, BC is a heterogeneous dis-
ease comprising several molecular subtypes and among them,
triple-negative breast cancer (TNBC) has been shown to be
the most sensitive to immune therapeutic intervention.24–27
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But so far, only one phase III study in first-line treatment of
triple-negative metastatic breast cancer showed a benefit for
the checkpoint inhibitor atezolizumab.28 Based on these data,
atezolizumab was recently approved by the FDA for TNBC
patients. The majority of other clinical trials in pretreated
patients have reported low response rates.29,30

In the present investigation, we explored the therapeutic
potential of blocking the immune checkpoint receptor TIGIT
or its ligand PVR in breast cancer. We show that a high
expression of PVR is associated with a poor outcome for
breast cancer patients. Blocking of TIGIT or PVR resulted in
enhanced immune cell-mediated lysis of breast cancer cells
and could additionally augment the cytotoxic effects of
a bispecific T cell engager (BiTE®) antibody construct target-
ing EGFR.

Results

PVR is associated with the triple-negative breast cancer
molecular subtype and poor survival in breast cancer
patients

PVRmRNA levels were evaluated in 197 tumor samples of breast
cancer patients using microarray data. Four different probesets
(32699_s_at, 214443_at, 214444_s_at and 212662_at) corre-
sponding to PVR were analyzed. Additionally, the mean value
of all four probesets was calculated and included in further
analyses. As mentioned in the Material and Methods section,
for eachprobeset and themean value, the cohort was divided into
quartiles (Q) of similar size, representing low, moderate-low,
moderate-high and high PVR levels. Correlations between PVR
mRNA levels and clinicopathological factors showed
a significant association of high PVR expression with higher

grading (in 2 of 4 probesets), ER- (in all probesets and the
mean value), PR-negativity (in 2 of 4 probesets and the mean
value) and nodal involvement (2 of 4 probesets), whereas no
correlation between PVR and stage, or HER2 status was found
(supplementary table 1). Further, PVR mRNA levels from all
probesets and the mean values were significantly associated with
shorter overall survival (OS) (supplementary table 1), while only
probesets 32699_s_at, 212662_at and the mean value correlated
significantly with shorter recurrence-free interval (RFI) using
cox regressions with the continuous data (p < .001 and p < .001,
and p = .017, respectively; supplementary table 1). Here, in
multivariate Cox regression analyses including clinical stage,
nodal involvement, and molecular subtype, PVR remained an
independent prognostic factor for overall survival (in 3 of 4
probesets and the mean value) and recurrence-free survival (in
2 of 4 probesets and the mean value). The mean PVR level could
be also identified as an independent prognostic marker for the
overall survival and recurrence-free interval in Cox regression
analyses using quartiles (p= .004;HR 1.426, 95%CI 1.11–1.82 for
OS and p = .037; HR 1.251; 95% CI 1.01–1.54 for RFI).

For probeset 32699_s_at, which showed the highest correla-
tion with the PVR protein level as described in the next section,
additional analyses were carried out and are represented in
Figure 1. Here, cases with PVR levels lower than the median
(Q1 and Q2) compared to those in Q3 and Q4 behaved similarly
in survival analysis and were therefore combined. PVR mRNA
levels were significantly higher in ER and PR negative (Figure 1
(a, b); p < .001 and p = .01, respectively), tumors with over-
expression of HER2 (Figure 1(c); p = .04) and poor histological
differentiation (grading) (Figure 1(e), p = .002). Consequently,
HER2 positive and triple-negative tumors, which represent the
most aggressive BC subtypes, showed higher PVR mRNA levels
in comparison with the luminal subtypes (Figure 1(d); p = .001).

Figure 1. PVR mRNA levels in breast cancer tumor tissue. Correlation analyses of probeset 32699_s_at showed a significant association of high PVR mRNA levels with
ER- and PR-negativity (a,b) and HER2 status (c). Furthermore, HER2 positive and triple-negative tumors representing the most aggressive breast cancer subtypes
showed higher PVR mRNA levels in comparison with the luminal subtypes (d) and high PVR mRNA levels were associated with a higher grading (e). Kaplan-Meier
analysis and Log-rank tests showing a significant correlation of high PVR mRNA levels with shorter overall survival (f) and recurrence-free interval (g); PVR levels <
median are shown in light gray, PVR levels > median are shown in dark gray.
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Kaplan-Meier analyses revealed a significant association of high
PVR mRNA levels with shorter overall survival (p = .003) and
shorter recurrence-free interval (p < .001) for the entire cohort
(Figure 1(f,g), respectively). Further, in a multivariate Cox
regression including clinical stage, nodal involvement, and mole-
cular subtype, PVR remained an independent prognostic factor
for recurrence-free survival (p = .004; HR 2.040; 95% CI
1.26–3.3) and overall survival (p = .033, HR 1.822, 95% CI
1.05–3.161).

The negative impact of a high PVR expression could be
verified using two independent and publicly available breast
cancer patient cohorts (Gene Expression Omnibus datasets
GSE1456 and GSE42568, n = 156 and n = 104 patients,
respectively) accessible at the PROGgeneV2 prognostic
database.31 When analyzing low vs. high PVR expressors by
separating the cohort using the median expression value as
cutoff, high PVR expression levels were associated with
a poorer overall survival as well as recurrence-free interval
in both datasets (GSE1456: p = .02 for OS and p = .009 for
RFI; GSE42568: p = .002 for OS and p = .008 for RFI; see
supplemental figure S1 for Kaplan-Meier survival curves).

PVR mRNA levels correlate with protein levels in breast
cancer samples

In order to test for the correlation of PVR mRNA and protein
level, we analyzed PVR protein expression in a subgroup of
breast cancer samples (n = 30) included in the microarray
cohort using western blot analysis. Expression of PVR in the
AML cell line MV4-11 was used as a reference and set to
100%.32 In the PVR-specific Western blot of the breast cancer
samples, we detected a band of varying intensity with a mean
expression level after densitometry of 23.6% and a range from
0% to 128.4% (Figure 2(a)). A positive correlation between
PVR mRNA level and protein expression was found, with
a Spearman correlation coefficient of 0.488 (p = .006) for

probeset 32699_s_at. Similar to the results obtained from the
microarray data, we observed a higher PVR protein expres-
sion in samples with higher grading (p = .334), ER- and PR-
negativity (p = .008 and p = .02, respectively) as well as in
HER2-positive and TNBC subtypes compared with luminal
breast cancer samples (p = .012) (Figure 2(b–d)).

Immune checkpoint blockade of the TIGIT-PVR axis
increases the specific lysis of breast cancer cell lines and
augments the cytotoxic effects of an EGFR-specific BiTE®
antibody construct

We analyzed eight different breast cancer cell lines for the
expression of PVR. All analyzed cell lines showed cell surface
expression of PVR on their cellular membrane. The observed
varying median fluorescence intensity of PVR staining com-
pared to the isotype control suggests differences in the protein
expression intensity on different breast cancer cell lines
(Figure 3). Moreover, PVR expression is high across cell
lines of several different breast cancer subtypes, including
luminal A (MCF-7 and T47D), HER2 positive (AU565,
HCC1954, and SKBR-3), triple-negative basal B (BT549 and
MDA-MB-231) and triple-negative basal A (MDA-MB-468).33

Next, we investigated whether interference with the
TIGIT-PVR axis could be utilized as a novel therapeutic
approach for the treatment of breast cancer. Therefore, we
evaluated the impact of antibody blockade of PVR on
breast cancer cells or the corresponding receptor TIGIT
on allogenic immune cells isolated from healthy donor
peripheral blood mononuclear cells (HD-PBMCs) in
in vitro cytotoxicity assays. The specific lysis of breast
cancer cells by immune cells was normalized to the respec-
tive sample with an isotype control (IgG1 or IgG2a for anti-
PVR or anti-TIGIT antibody, respectively). Additionally, we
examined whether the lysis of breast cancer cells induced
by a BiTE® antibody construct, which is a bispecific T-cell

Figure 2. PVR protein levels in breast cancer samples. (a) Western blot results showing PVR expression in 30 breast cancer samples. Protein extract from the cell line
MV4-11 was included in each gel as an internal control and β-actin was used as a loading control. (b–d) Box plots showing PVR protein expression in G1 – G3 breast
cancer samples (b), HER2 positive, luminal and TNBC (c) as well in tumors with negative vs. positive ER status (d). Expression values are relative to the MV4-11 control
which was set as 100%.
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recruiting antibody binding to EGFR and CD3, could be
enhanced by blocking PVR or TIGIT. A BiTE® antibody
construct specific for an irrelevant target antigen served as
control. The cytotoxic effect of immune cells was non-
significantly, but measurably enhanced by the addition of
blocking PVR or TIGIT antibodies in the triple-negative
cell lines MDA-MB-231 (basal B), MDA-MB-468 (basal A)
and BT549 (basal B) as well as for the HER2-positive cell
line SKBR-3. Furthermore, the cytotoxic effect of the
EGFR-specific BiTE® antibody construct was clearly
increased by the addition of PVR or TIGIT blocking anti-
bodies for all analyzed cell lines (Figure 4). Cytokine-
induced killer cells (CIKs) are ex vivo stimulated natural
killer-like T lymphocytes that represent a promising option
as adoptive immunotherapy to fight cancer.34 In analogy to
the assays using HD-PBMCs as effector cells, we generated
CIKs from HD-PBMCs and analyzed the impact of block-
ing the TIGIT-PVR axis using the cell lines MDA-MB-231,
BT549 and SKBR-3. Here, we also observed an enhanced
immune cell-mediated lysis of breast cancer cells by the
addition of blocking PVR and TIGIT antibodies alone or
in combination with an EGFR-specific BiTE® antibody con-
struct (Figure 5).

To further characterize the cytotoxic potential of
immune cells after blocking the TIGIT-PVR axis, we ana-
lyzed the granzyme B levels in the supernatant of killing
assays using HD-PBMCs and the cell lines SKBR-3, MDA-
MB-231 and MDA-MB-468 using an enzyme-linked immu-
nosorbent assay (ELISA). A clear increase in granzyme
B secretion could be demonstrated for the combination of
the PVR and the TIGIT blocking antibodies, respectively,
with the EGFR-specific BiTE® antibody construct compared
to control antibodies (Figure 6). We also analyzed the
granzyme B secretion of CIKs in killing assays using the
cell line SKBR-3. Using CIKs as effector cells, an increase of
granzyme B concentration in the supernatant by blocking
PVR or TIGIT compared to the isotype controls could be
detected in the control BiTE® setting, which was further
enhanced with the EGFR-CD3-BiTE® antibody construct
(supplemental figure S2).

Discussion

Although the overall survival has increased during the last dec-
ades, breast cancer remains one of the leading causes of death as
the survival rates for metastatic breast cancer are still low with
a median 5-year and 10-year survival of only 27% and 13%,
respectively.35,36 Therefore, numerous novel therapeutic
approaches including immunotherapy are investigated to
improve the patients’ outcome. Only a few phase I and phase
II trials with immune checkpoint inhibitors targeting PD-1, PD-
L1 or CTLA-4 have been conducted so far in metastatic breast
cancer. The overall response rates were only moderate, but as
observed in other cancer entities, those patients who responded
had durable remissions.37–39 These observations could indicate
that different immune checkpoint axes other than PD-1 or
CTLA-4 may be more relevant and therefore better targets in
breast cancer.40 Our present study provides strong evidence that
the PVR-TIGIT axis may represent a promising therapeutic
target for breast cancer patients.

We could show that high mRNA levels of the TIGIT
ligand PVR were significantly associated with a poor overall
and recurrence-free survival in a cohort of 197 breast can-
cer patients analyzed by microarray gene expression.
Furthermore, high PVR expression was related to more
aggressive breast cancer subtypes as high PVR levels were
especially observed in HER2 positive and triple-negative
breast cancer patients. To our knowledge, this is the first
study proving that high PVR mRNA levels represent an
independent negative prognostic marker in a large cohort
of breast cancer patients. Furthermore, we could verify our
findings using the mRNA expression data of two public
available independent breast cancer patient cohorts.31 In
two recently published studies, the authors analyzed the
PVR protein expression by immunohistochemistry in large
cohorts of breast cancer patients. In both studies, high PVR
expression was associated with poor patients’ outcome41,42

supporting our findings. Moreover, these observations are
in line with the correlation between PVR mRNA and pro-
tein levels that we found in our patient cohort.
Furthermore, Johnston and colleagues attempted to

Figure 3. Breast cancer cell lines show a high expression of PVR across several different subtypes. All analyzed cell lines are positive for PVR expression. The
expression intensities vary between cell lines as depicted by the median fluorescence intensity (MFI) ratio but nevertheless all cell lines show very high PVR
expression intensities.
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determine the expression of TIGIT on tumor-associated
T cells using Cancer Genome Atlas Networks. They found
a strong correlation between TIGIT and CD3ε in several
solid tumor entities including breast cancer.17 Compared to
normal matched tissue samples, the TIGIT:CD3ε expression
ratio was significantly increased in the majority of analyzed
tumor entities indicating that TIGIT is upregulated by
T cells in a broad range of solid tumors.17 Conversely,
another PVR binding T-cell antigen DNAM-1 is the main
costimulatory counterpart of TIGIT and often downregu-
lated on cancer patients’ immune cells.21,22,43,44 Due to high
TIGIT and low DNAM-1 expression in cancer and the fact
that TIGIT has a significantly higher binding affinity for
PVR compared to DNAM-1,10,45 it seems reasonable to
assume that high expression of PVR on tumor cells is
associated with an immunosuppressive phenotype and con-
sequently a poor prognosis.

Figure 4. Blocking of the TIGIT-PVR axis increased the lysis of breast cancer cell
lines by HD-PBMCs alone or in combination with an EGFR-specific BiTE® antibody
construct. The specific lysis for the triple-negative breast cancer cell lines MDA-
MB-231 ((a,b); n = 6), MDA-MB-468 ((c,d); n = 4/3) and BT549 ((e,f); n = 3) as
well as for the HER2-positive cell line SKBR-3 ((g,h); n = 4) was measured after 24
h of incubation with healthy donor peripheral mononuclear cells in presence or
absence of blocking antibodies against PVR on breast cancer cells or TIGIT on
immune cells and the EGFR-specific BiTE® antibody construct PL-38112 (b). As
controls for the blocking and bispecific antibodies, respective isotype controls
and a non-binding control BiTE® (cB) were used. Results are depicted as the
mean ± SD fold changes of dead target cells, relative to the sample with control
BiTE® and blocking antibody isotype control. For statistical analysis paired T-tests
were performed (*p ≤ 0.05). cB = control BiTE® antibody construct, B = EGFR
BiTE® antibody contruct, IgG1 = IgG1 isotype control antibody, IgG2a = IgG2a
isotype control antibody.

Figure 5. Blocking of the TIGIT-PVR axis increased the lysis of breast cancer cell
lines by CIKs alone or in combination with an EGFR-specific BiTE® antibody
construct. As described in Figure 4, we analyzed the effects of blocking PVR
on the triple-negative breast cancer luminal B cell line MDA-MB-231 ((a,b), n = 6)
and BT549 ((c,d), n = 3) as well as on the HER2-positive cell line SKBR-3 ((e,f);
n = 3) or TIGIT on cytokine-induced killer cells (CIKs) produced from healthy
donors. Results are depicted as the mean ± SD fold changes (FC) of dead target
cells, relative to the sample with control BiTE® and blocking antibody isotype
control. For statistical analysis paired T-tests were performed (*p ≤ 0.05). cB =
control BiTE® antibody construct, B = EGFR BiTE® antibody contruct, IgG1 = IgG1
isotype control antibody, IgG2a = IgG2a isotype control antibody.
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To test the therapeutic potential of blocking the TIGIT-
PVR axis, we performed in vitro cytotoxicity assays using
breast cancer cell lines and allogeneic immune cells. The
blockade of TIGIT on immune effector cells or PVR on the
cancer cells using blocking antibodies enhanced the cytotoxic
effects. For the majority of analyzed cell lines, the effects of
blocking TIGIT or PVR alone were only modest. However,
the effects were more pronounced when combining TIGIT or
PVR inhibition with an EGFR targeting BiTE® antibody con-
struct. Furthermore, this enhanced cytotoxicity of immune
cells was accompanied by increased release of granzyme
B confirming a functional response in immune effector cells.

In support of our findings, Xu et al. recently published that
the addition of anti-PVR antibodies to trastuzumab enhanced
the cytotoxicity of NK cells against HER2-positive breast
cancer cell lines in vitro.23

Bispecific T-cell engagers (BiTE®) are antibodies possessing
binding sites for CD3 on T cells and for tumor antigens,
bringing neoplastic cells and T cells in close contact to induce
the cytolytic action. BiTE® antibody constructs are investi-
gated in a wide variety of solid and hematopoietic malignan-
cies with Blinatumomab, a CD19-specific BiTE® antibody
construct, representing the most advanced member in this
class being FDA and EMA approved for the treatment of
acute lymphoblastic leukemia.46 EGFR overexpression is
observed in all subtypes of breast cancer but especially pro-
nounced in triple-negative breast cancer. Hence, EGFR was
evaluated as a therapeutic target in several studies using
monoclonal antibodies such as cetuximab and panitumumab.
However, so far results have been disappointing.47–51

A recently published study revealed that PD-L1 expression
on tumor cells contributed to the resistance against EGFR
tyrosine kinase inhibitors among patients with non-small
cell lung cancer.52 Up-regulation of immune checkpoint
ligands on cancer cells as a resistance mechanism has been
described in several studies including up-regulation of PD-L1

in response to treatment with Blinatumomab in acute lym-
phoblastic leukemia.53–56 In another study, up-regulation of
PD-L1 was observed in colorectal cancer patients treated with
chemotherapy.56 Xia et al. described an activating EGFR
receptor mutation as an acquired resistance mechanism to
the PD-1 antibody nivolumab in a lung cancer patient.57

These data underline the rationale to combine immune check-
point inhibitors with other targeted therapies such as bispe-
cific T-cell engagers to evade resistance mechanisms and
enhance the therapeutic efficacy.

The combination of blocking the TIGIT-PVR axis with other
immune therapeutic approaches was analyzed in a number of
studies. Chauvin et al. observed enhanced proliferation, cytokine
production and degranulation of CD8+ tumor-infiltrating lym-
phocytes from melanoma patients upon combined blockade of
TIGIT and PD-1.21 In a different study, the inhibition of both
TIGIT and PD-1 resulted in significantly reduced tumor growth
in a murine breast as well as a colon cancer model. Furthermore,
the authors observed the induction of a protective antigen-
specific immune response, as mice in which the tumor had
completely been cleared by combined antibody treatment, were
resistant to a re-challenge.17 In aWilms tumor protein-1 (WT1)-
targeted dendritic cell vaccination study in patients with gastric
cancer, upregulation of TIGIT and other immune checkpoint
molecules such as PD-1 and Tim3 on cytotoxic T cells was
observed. Indeed, the TIGIT+PD-1+Tim3+ population repre-
sented the most dysfunctional subset of WT1-specific CTLs
and the triple blockade of TIGIT, PD-1 and Tim3 enhanced
the proliferation and cytokine production of CTLs in vitro.58

In a different study, the addition of a blocking anti-PVR anti-
body to a co-culture of melanoma cells and antigen-specific
cytotoxic T cells led to increased interferon-gamma production
by the immune cells.20

In our present study, the cytotoxicity assays were per-
formed in an allogeneic setting with breast cancer cell lines
and healthy donor-derived immune cells. This approach dif-
fers from the situation in patients due to the lack of tumor-
primed specific immune cells, on the one hand, as well as
exhausted immune cells due to tumor-mediated immunosup-
pressive effects, on the other hand. Further studies should,
therefore, include the TIGIT blockade in an autologous set-
ting using primary breast cancer cells and the corresponding
tumor-infiltrating lymphocytes.

Taken together, our preclinical data identify the immune
checkpoint molecule PVR as a novel prognostic marker in breast
cancer and indicate that blocking the TIGIT-PVR axis alone or
in combination with, e.g. BiTE® antibody constructs might repre-
sent a novel promising therapeutic option for the treatment of
breast cancer patients that should be further explored.

Patients and methods

Patient cohort and microarray data

We analyzed the PVR mRNA levels using microarray data
(Affymetrix HG-U133A) from a cohort of 197 mammary carci-
noma patients enrolled at the department of Gynecology at the
University Medical Center Hamburg-Eppendorf between 1991
and 2002. The clinical and histological characteristics of this

Figure 6. The blocking of the TIGIT-PVR axis resulted in increased granzyme
B secretion of immune cells. Breast cancer cell lines SKBR-3, MDA-MB-231, and
MDA-MB-468 were incubated with healthy donor peripheral mononuclear cells
in the presence or absence of PVR and TIGIT blocking antibodies and the EGFR-
specific BiTE® antibody construct. The supernatants of these cytotoxicity assays
were harvested after 24 h. The increase of granzyme B concentration measured
by ELISA between isotype control antibody and blocking antibody from several
different experiments is visualized. B = EGFR BiTE® antibody contruct, IgG1 =
IgG1 isotype control antibody, IgG2a = IgG2a isotype control antibody.
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cohort as well as the technical details have been described
elsewhere.59

Informed consent for the scientific use of tissue materials,
which was approved by the local ethics committees (Ethik-
Kommission der Ärztekammer Hamburg, #OB/V/03) was
obtained from all patients. The study was performed in accor-
dance with the principles of the declaration of Helsinki and
REMARK criteria.60

The mRNA data of five probesets (32699_s_at, 214443_at,
214444_s_at, 216283_s_at, and 212662_at) corresponding to
PVR were available. Only probeset 216283_s_at showed low
mRNA levels in our samples and was excluded from further
analysis. Additionally, the mean value of the four probesets
mentioned was calculated and included in further analyses.
According to the PVR mRNA values of each probeset and the
mean value, the cohort was divided into quartiles of similar
size, representing low, moderate-low, moderate-high and
high PVR levels. Correlations between PVR mRNA levels
(quartiles) and clinicopathological factors such as histological
grading, stage, lymph node involvement, estrogen, and pro-
gesterone receptor status (ER, PR) were statistically examined
by χ2-tests. Correlation between PVR mRNA levels (contin-
uous data) and overall survival or progression-free interval
was calculated using Cox regression analyses. Multivariate
Cox regression analysis (with continuous data or quartiles)
including the clinical stage, nodal involvement, and molecular
subtype was performed for all probe sets and the PVR mean
value. Here, a backward analysis with stepwise removal of
insignificant terms was used. Additionally, the correlation
between PVR mRNA levels and overall survival or progres-
sion-free interval was analyzed by Kaplan-Meier analysis and
Log-Rank-Tests as well. Probability values less than 0.05 were
regarded as statistically significant. All statistical analyses
were conducted using SPSS software Version 23 (SPSS Inc.,
Chicago, IL, USA). The PROGgeneV2 database was used to
verify our findings.31 We chose only breast cancer patient
cohorts for our analysis for which overall survival, as well as
recurrence-free interval data, was available. Furthermore, we
have excluded datasets with restricted cohorts such as those
with only nodal negative or ER-positive patients or with less
than 100 patients. The median PVR expression was chosen as
cutoff for the division into PVR low vs. high expressors.

Cell lines and cell culture

All breast cancer cell lines were cultured at 37°C and 5% CO2

in a humidified atmosphere and were tested for mycoplasma
contamination (MycoAlert, Lonza) regularly. MDA-MB-231,
MDA-MB-468, BT549, and MCF-7 were cultured in DMEM
(Gibco) supplemented with 10% fetal bovine serum (FBS
Superior, Biochrom), SKBR-3 were cultured in McCoy’s 5A
(PromoCell) supplemented with 20% FBS and all other cell
lines used in this study were cultured in RPMI 1640 (Gibco)
supplemented with 10% FBS.

Western blot analysis

Thirty breast cancer samples included in the microarray analysis
were analyzed by western blotting. The characteristics of this

cohort are given in supplementary table S2. Western blot was
performed as described previously.61,62 Briefly, 20 µg protein
lysate of each sample was loaded per well. The protein lysate
from the cell line MV4-11 was used as a reference and internal
control in all blots.18 After electrophoresis and blotting to PVDF
membranes, PVR was detected using the monoclonal anti-PVR
antibody L95.63 Equal loading was verified by immunoblotting
with anti-β-actin antibody (sc-47778, Santa Cruz
Biotechnology). Horseradish peroxidase-conjugated rabbit anti-
mouse antibody (Cell Signaling) was used as the secondary
antibody. After visualization by a chemiluminescence reagent
(SuperSignal West Pico kit, Pierce) band intensities were quan-
tified by densitometry (Imaging Densitometer GS-700, BioRad)
and calculated as percent intensity of the specific control sample.

Flow cytometry

To examine the expression of PVR on breast cancer cell lines,
0.2 × 106 cells were incubated with an APC-conjugated anti-
PVR antibody (Clone SKII.4, BioLegend) or the correspond-
ing isotype control. Flow cytometric data were acquired using
a BD FACSCalibur (BD Biosciences) and analyzed using
FlowingSoftware (Version 2.5.1). The median fluorescence
intensity (MFI) ratio (MFI target divided by MFI isotype
control) was calculated as a measure of expression intensity.

Cytotoxicity assays

To analyze the specific lysis of breast cancer cells, target cells
were labeled with 70 nM CellTracker™ Green CMFDA Dye
(Thermo Fisher). Healthy donor peripheral blood mononuc-
lear cells (HD-PBMCs) were isolated using density-gradient
centrifugation of buffy coats from cytomegalovirus seronega-
tive, anonymous donors kindly provided from the blood bank
of the University Medical Center Hamburg-Eppendorf
(Germany). For the generation of cytokine-induced killer
cells (CIKs), PBMCs were stimulated for 7 days with IFN-y
(1000 U/mL; Peprotech), IL-2 (600 U/mL, Peprotech) and
anti-CD3 antibody (5 ng/mL, clone OKT3; Biolegend).
Labeled target cells were mixed with HD-PBMCs or CIKs at
1 × 106 cells/ml in a ratio of 6:1 or 2:1, respectively, in the cell
culture medium used to cultivate the target cell line. Two
hundred microliter of cell suspension was plated in triplicates
in 96-well plates and incubated for 24 h with antibodies
against PVR (4 µg/ml, clone D171, NeoMarkers) or TIGIT
(50 µg/ml, clone #A15153G, Biolegend) in the presence of the
EGFR-specific BiTE® antibody construct PL-38112 (AMGEN
Inc.). The EGFR BiTE® antibody construct concentrations of
0.1 ng/ml for the cell lines MDA-MB-231, MDA-MB-468 and
BT549 or 1.0 ng/ml for the cell line SKBR-3 were selected
based on pilot experiments defining BiTE® antibody construct
concentrations eliciting suboptimal cytotoxicity in order to be
able to demonstrate additional effects of combined treatment.
As controls, we used IgG1 or IgG2a isotype control antibodies
for the PVR and TIGIT antibodies, respectively, and a non-
binding control BiTE® antibody construct at equal concentra-
tions, respectively. Assessment of specific lysis of target cells
was performed after 24 h of incubation by measuring the
7AAD (BD Biosciences) staining of gated CMFDA positive
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cells in flow cytometry. All experiments were performed at
least three times.

Granzyme B ELISA

To determine the degree of immune cell activation, the gran-
zyme B concentration in supernatants of cytotoxicity assays
was measured using the human granzyme B DuoSet ELISA
(R&D Systems), according to manufacturer’s instructions.
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