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ABSTRACT
The T-cell inhibitory molecule PD-L1 is expressed on a fraction of breast cancer cells. The distribution of
PD-L1 on the different subpopulations of breast cancer cells is not well-defined. Our aim was to study
the expression level of PD-L1 on breast cancer stem-like (CSC-like) cells and their differentiated-like
counterparts. We used multi-parametric flow cytometry to measure PD-L1 expression in different
subpopulations of breast cancer cells. Pathway inhibitors, quantitative immunofluorescence, cell sorting,
and western blot were used to investigate the underlying mechanism of PD-L1 upregulation in CSC-like
cells. Specifically, PD-L1 was overexpressed up to three folds on breast CSC-like cells compared with
more differentiated-like cancer cells. Functional in vitro and in vivo assays show higher stemness of PD-
L1hi as compared with PD-L1lo cells. Among different pathways examined, PD-L1 expression on CSCs was
partly dependant on Notch, and/or PI3K/AKT pathway activation. The effect of Notch inhibitors on PD-L1
overexpression in CSCs was completely abrogated upon mTOR knockdown. Specific knockdown of
different Notch receptors shows Notch3 as a mediator for PD-L1 overexpression on CSCs and important
for maintaining their stemness. Indeed, Notch3 was found to be overexpressed on PD-L1hi cells and
specific knockdown of Notch3 abolished the effect of notch inhibitors and ligands on PD-L1 expression
as well as mTOR activation. Our data demonstrated that overexpression of PD-L1 on CSCs is partly
mediated by the notch pathway through Notch3/mTOR axis. We propose that these findings will help in
a better design of anti-PD-L1 combination therapies to treat breast cancer effectively.
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Background

Breast cancer is the most common malignant disease and
the second leading cause of death in women around the
world.1 Recent years have witnessed significant advances in
the treatment of breast cancer. However, mortality remains
high mainly in the subtype that lacks the expression of estro-
gen, progesterone, and Her2/neu receptors and thus it is
called triple-negative breast cancer (TNBC).

Immunotherapy is one of the most promising modality to
treat TNBC. Recently, high enthusiasm is generated with the
initial success of the anti-PD-L1 therapy, in combination with
chemotherapy.2 However, like most Immuno-oncology ther-
apeutic agents, only a fraction of patients benefits from treat-
ment. Failure of treatment is likely due to a subpopulation of
resistant tumor cells. Which cancer cell subset specifically
express or overexpress PD-L1 and what is the best combina-
tion to target these cells is not well-defined.

TNBC cells are enriched with a subset of cells that have the
ability of self-new, a feature of stem cells, thus called Cancer
Stem Cells (CSCs). Furthermore, CSCs are therapy-resistant,
and are able to re-grow and metastasize, (Reviewed in3). CSCs
can be generated via a process called epithelial-to-mesenchymal
transition (EMT) whereby epithelial cells lose their cell-to-cell
junctions and gain features of mesenchymal cells.4 There is
evidence that CSCs are not just resistant to chemotherapy but

also immunotherapy.5,6 This is consistent with the evidence that
EMT promote the immune escape of breast cancer cells.7–8 We
have shown previously that PD-L1 expression is specifically
upregulated upon EMT induction,9 which suggests a link
between PD-L1 and CSCs. In a subsequent study, we have
demonstrated the association between PD-L1 expression and
CSCs maintenance via upregulation of the embryonic self-
renewal factors: OCT4 and Nanog.10 However, how PD-L1 is
maintained specifically on CSCs is not well-defined yet.

In this report, we have found that CSCs upregulate PD-L1
on their cell surface as compared to their differentiated coun-
terparts. PD-L1 upregulation on CSCs was partially due to
higher activity of Notch3 on mTOR signaling pathway.
Combinations targeting PD-L1 and notch3 molecules could
be a promising therapeutic approach.

Results

Breast CSCs overexpress PD-L1

The association between CSCs and PD-L1 expression has
been described by our group and others.10 However, how
CSCs upregulate PD-L1 on their surface is not well-
described. To investigate this further, we used several breast
cancer cell lines (all TNBC) available in our laboratory that
express PD-L1. Multi-parametric flow cytometry was used to
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check for the expression of PD-L1 on the surface of cells
having CSCs phenotype (called here as CSC-like cells) and
their differentiated counterparts (supplementary Figure 1).
PD-L1 was overexpressed 2–3 folds on cells having the com-
mon CSCs phenotype (CD44high/CD24low/Ep-CAM+/high)
compared with more-differentiated-like cells (Figure 1a).
Similar results were obtained when CD90, another stem-cell
maker,11 was used to identify CSC-like cells. CD90high/Ep-
CAM+/high cells expressed around two fold higher PD-L1
than their differentiated-like counterparts (Figure 1b).

We sorted PD-L1hi and PD-L1lo from breast cancer cell
lines using at least 3 times difference in PD-L1 expression
level between the two subpopulations (supplementary
Figure 2). qPCR was used to assess the expression of CD44
and CD24 in sorted cells and the expression of PD-L1 was
used as a control for the quality/specificity of cell sorting
(Figure 2a). Expression of stem-cell-related genes (CD44 &
CD24) confirmed that PD-L1hi cells have significantly higher
expression of CD44, with the exception of BT-549, and lower
expression of CD24 molecules. As expected, PD-L1 expression

Figure 1. PD-L1 is overexpressed in CSCs subpopulation of breast cancer cells. PD-L1 expression level in both CSC-like subpopulation and their differentiated-like
counterparts in five breast cancer cell lines as identified by phenotype using two different sets of markers: a) commonly used CSCs set of markers: EP-CAM
+/CD44high/CD24low to identify CSC-like cells and CD44low/CD24high for differentiated-like cells and b) the alternative phenotype Ep-CAM+/CD90high to identify CSC-
like and CD90low for differentiated-like cells. Results are displayed as the average of Mean florescence intensity (MFI) of four independent experiments ± SEM. *
indicates statistical significance (p < .05).

Figure 2. PD-L1hi cells have stem-like features Stemness features of PD-L1hi and PD-L1lo cells sorted MDA-MB-231 cells were assessed by qPCR (a) using CD44 and
CD24 expression levels as markers of CSCs and PD-L1 was used as a control for the cell sorting, or functionally by either (B&C) tumorsphere formation ability in vitro
or (d) tumor formation and growth in Nude mice. In A, B & C results were normalized on PD-L1lo cells. Experiments were conducted at least three times and displayed
as mean ± SEM. *,** indicates statistical significance * = p value <.05, ** = p value <.001. For limiting dilution tumor formation assay (D), three different cell dilutions
(5,100,500) of sorted PD-L1hi and PD-L1lo cells were injected into Nude mice. After injection, both tumor formation and tumor sizes were monitored for 9 weeks
starting from week5, when the tumor became noticeable.
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was higher in PD-L1hi and vice versa in PD-L1lo cells con-
firming the accuracy of cell sorting. Results of Ep-CAM were
not consistent between cell lines (supplementary figure 3).
PD-L1hi fraction had a higher expression level of Ep-CAM
in SUM149 cells and lower in MDA-MB-231 cells while BT-
549 cells showed no significant difference in Ep-CAM expres-
sion between PD-L1hi and PD-L1lo fractions. Altogether,
based on CD44 and CD24 expression, results indicate that
PD-L1hi cells have CSC-like phenotype, while PD-L1lo cells
have differentiated-like phenotype in breast cancer cells.

To functionally test the stemness of PD-L1hi cells, we
examined their ability to grow in an anchorage-
independent fashion and form tumorspheres, an in vitro
feature of CSCs. PD-L1hi cells formed significantly higher
tumorspheres than their PD-L1lo counterparts (Figure 2b).
Due to heterogeneity of CSCs, we assumed that not all CSC-
like cells (based on the phenotype) are CSCs. Therefore, we
have further fractionated CSC-like or differentiated-like cell
populations into PD-L1hi and PD-L1lo cells. Even within
CSC-like, PD-L1hi cells formed more tumorspheres than
the PD-L1lo cells (Figure 3c and Supplementary figure 4).
Similar trend of increased tumorsphere formation by PD-
L1hi cells was seen in the differentiated-like cell population.

We validated stemness of PD-L1hi cells in vivo by injecting
sorted PD-L1hi and PD-L1lo MDA-MB-231 breast cancer cells at

different inoculation densities (5, 100, and 500 cells/mice) in 6
mice for each injection group. Results show that PD-L1hi cells
formed larger tumors than their PD-L1lo counterparts indicating
their relative enrichment with CSCs (Figure 2d). ELDA test
shows a two-fold enrichment of CSCs in PD-L1hi group com-
pared to PD-L1lo cells, although it did not reach to statistical
significance (Table 1). Altogether, the above data show that cells
with CSCs phenotype have a higher level of PD-L1 expression.

From this point, we used the MDA-MB-231 cell line for
further analysis as they had a high differential expression of
PD-L1 between CSC-like cells and their differentiated-like
counterparts, and higher level of PD-L1 expression (measured
as mean fluorescence intensity in flow cytometry (Figure 1a).

The overexpression of PD-L1 on CSC-like cells is partially
mediated through the activation of the notch pathway

To gain insight into the mechanism of PD-L1 upregulation
selectively on CSCs, PD-L1 expression was measured in CSC-
like cells or their differentiated-like counterparts upon treatment
of MDA-MB-231 breast cancer cells with different inhibitors for
pathways known to regulate stemness of CSCs or PD-L1 expres-
sion in general. Notch, MAPK/ERK, and PI3K/AKT pathway
inhibitors were the only tested agents that significantly down-
regulated PD-L1 on CSC-like cells (Figure 3a). For Notch and

Figure 3. PD-L1 is overexpressed in breast cancer cells though Notch, MAPK/ERK, and/or PI3K/AKT pathways. a) PD-L1 expression level, as measured by flow
cytometry, in CSC-like cell subpopulation and their differentiated-like counterparts of MDA-MB-231 breast cancer cells upon treatment with specific inhibitors for
stem cell-related pathways. Results are displayed as the mean MFI of, at least, five independent experiments (Mean± SEM) of PD-L1 expression after 24-h incubation
with pathway inhibitors. *,** indicates statistical significance * = p value <.05, ** = p value <.001. Significance was tested using paired student T-test for difference in
PD-L1 expression upon treatment with pathway inhibitors as compared with untreated cells. b) PD-L1 expression in CSC-like cell subpopulation and their
differentiated-like counterparts upon treatment with notch inhibitor in two additional breast cancer cell lines: SUM149 and HCC1937 as well as normal-like
human mammary luminal (HMLE) cells. c) Tumorsphere formation assay for sorted PD-L1hi and PD-L1lo upon treatment with notch inhibitor as compared with
untreated control. d&e) PD-L1 expression level, as measured by flow cytometry after treatment with notch pathway inhibitor II (RO4929097) (d) or treatment with
specific notch ligands (DLL-1, 1500 nM or Jag1, 1 µg/mL) (e) as compared with untreated control. Results in b, c, d & e are displayed as the mean of at least three
independent experiments (Mean± SEM) of PD-L1 expression after 24-h incubation with inhibitor. * = p value <.05. Significance was tested for difference in PD-L1
expression in CSC-like subpopulations upon treatment as compared with untreated cells.
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MAPK/ERK, the effect was significant on both CSC-like cells
and their differentiated-like cells. However, the notch inhibitor
had the highest differential effect on CSC-like cells as compared
to differentiated-like cells.

Addition of MAPK/ERK or PI3K/AKT inhibitor to notch
inhibitor did not further downregulate PD-L1 on CSCs as
compared to Notch inhibitor alone (data not shown) suggest-
ing a degree of interaction between these pathways.

To validate the role of Notch pathway on PD-L1 expres-
sion in CSC-like cells, we used two other breast cancer cells
lines, SUM149, and HCC1937. Similar to the effect on
MDA-MB-231, Notch pathway inhibition suppressed PD-
L1 expression on CSC-like cells of SUM149 and HCC1937
breast cancer cell lines (Figure 3b). Interestingly, notch
inhibition had no significant effect on PD-L1 expression
in stem-like cells of the normal-like, human mammary
luminal epithelial cells (HMLE).

To functionally test the critical role of Notch pathway on
PD-L1 expression in CSC-like cells, tumorsphere formation
ability was performed on sorted PD-L1hi cells after treat-
ment with Notch Inhibitor. Treated as well as untreated
MDA-MB-231 cells were sorted into PD-L1hi and PD-L1lo

subpopulation. Results show that the differential expression
of PD-L1 on CSC-like as compared to differentiated-like
cells was totally abrogated when Notch inhibitor was used
(Figure 3c).

To confirm the dose-dependent effect of notch pathway
inhibitor on PD-L1, we tested the effect of suboptimal doses
of the notch inhibitor on CSC-like cell expression level of
PD-L1. Indeed, there was a dose-dependent effect of the
Notch pathway inhibitor on PD-L1 expression on CSC-like
cells but not their differentiated counterparts except at
20 µM where there was a significant effect on differentiated-
like cells, albeit relatively minor (Supplementary figure 5).

We then used another notch inhibitor (Notch Inhibitor II,
RO4929097) to confirm the effect of notch pathway on PD-L1
expression in CSC-like cells. Similar to the previously used
(notch inhibitor, FLI-06), notch inhibitor II also inhibited
PD-L1 expression in CSCs-like cells with minor effects on
PD-L1 expression in differentiated-like cells (Figure 3d).

On the other hand, triggering the Notch pathway with
specific ligands (DLL1 and Jag1) increased PD-L1 expression
in CSC-like cells (Figure 3e).

Canonical notch pathway activation is known to pro-
mote the expression of several downstream target genes of
HES/HEY family. We examined the gene expression of
some of these key downstream targets. There was no sig-
nificant difference in notch downstream targets between
PD-L1hi and PD-L1lo cells (supplementary figure 6).

Altogether, results indicate that non-canonical notch pathway
activation is involved in the overexpression of PD-L1 on CSC-like
cells.

Notch3 partially mediates PD-L1 expression on CSC-like
cells

Notch has multiple receptors (Notch 1, 2, 3 and 4). Initially,
we checked for the expression of these notch receptors in PD-
L1hi and PD-L1lo cells. Notch3 was overexpressed in PD-L1hi

compared to PD-L1lo cells (Figure 4a). Notch4 expression was
barely detectable in MDA-MB-231 cells and therefore was not
investigated further. To screen which of these receptors med-
iates the Notch-dependent upregulation of PD-L1, we
knocked down each of these receptors using specific SiRNA.
Only Notch 3 knockdown significantly decreased PD-L1
expressed in MDA-MB-231 breast CSC-like cells by 20%
(Figure 4b). When normalizing with a transfection efficiency
of ~ 57% (based on knocking down PDL1 using specific
SiRNA, data not shown), knocking Notch3 could decrease
PDL1 by up to ~37%.

To further confirm the role of Notch3 on PD-L1 over-
expression on CSC-like cells, we tested the effect of Notch3
expression in the presence or absence of Jag1, a notch ligand,
or notch inhibitor II. Indeed, while Jag1 increased the PD-L1
expression in CSC-like cells, its effect on PD-L1 expression
was abrogated upon Notch3 knockdown (Figure 4c). In con-
sistence, the effect of notch inhibitor II or Jag1 was totally
abrogated upon notch3 knockdown suggesting that Notch
inhibitor indeed is downregulating PD-L1 in CSCs by inhibit-
ing the activity of notch3. To visualize the overexpression and
activation of Notch3 in PD-L1hi cells, we sorted PD-L1hi and
PD-L1lo cells of MDA-MB-231 cells and measured notch3
expression by western blot. Indeed, both total and cleaved
notch3 were overexpressed in PD-L1hi cells (Figure 4d). We
further measured the level of the notch3 ligand, Jag1 in PD-
L1hi and PD-L1lo cells. Indeed, Jag1 expression was higher in
PD-L1hi subpopulation of MDA-MB-231 cells as compared
with PD-L1lo cells (supplementary figure 7).

We then asked whether the overexpression of Notch3 in
MDA-MB-231 would increase PD-L1 expression. We used
a GFP tagged Notch3 to track cells overexpressing Notch3.

We gated on GFP low/medium rather than GFP high cells
as high notch3 tagged GFP cells were unstable and tended to
disappear in continuous culture as compared with the control
in consistence with previously reported data.12

GFP positive cells had a higher level of PD-L1 as compared
with control-transfected cells (GFP tagged vector lackingNotch3
(EV)) (Figure 4e and Supplementary figure 8). Interestingly, this
increase in PD-L1 expression upon Notch3 transfection was also
seen in CSC-like gated cells comparedwith the control but not in
differentiated-like cell population. Interestingly, the Notch3
overexpressing cells weremainly of CD44high/CD24low, the CSC-
like phenotype (Supplementary figure 8), further supporting the
effect of notch3 on CSCs.

Altogether, Notch3 overexpression in CSC-like cells is at
least partially accountable for PD-L1 overexpression in CSC-
like cells.

To test the relevance of notch3 to CSC-like cells, we tested
the effect of notch3 expression on the stemness of breast
cancer cells. To this end, we measured the tumorsphere form-
ing ability of MDA-MB-231 breast cancer cells upon Notch3
knockdown. Indeed, Notch3 knockdown dramatically

Table 1. Cancer stem cell-related pathways inhibitors.

Cells Seeded 5 100 500 frequency of CSCs* P Value♣

PD-L1hi 0/6 3/6 4/6 1 in 318 cells 0.213
PD-L1lo 1/6 0/6 3/6 1 in 697 cells

* Estimated as per ELDA calculating website.
♣ Confidence choice entered was 0.95
♦ Overall test for differences in stem cell frequencies between the two groups
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decreased the ability of MDA-MB-231 cells to form tumor-
sphere indicating its essential role in maintaining the stem-
ness of these cells (Supplementary figure 9). Altogether, we
concluded that Notch3 expression on CSCs upregulates PD-
L1 expression while maintaining their stemness as well.

Notch pathway upregulates PD-L1 through mTOR
pathway

We then explored the mechanism by which notch3 regulates
PD-L1 expression on CSC-like cells. Notch is not known to
bind PD-L1 promoter and therefore we hypothesized that
notch can modulate PD-L1 expression indirectly. There is
evidence that Notch can regulate c-Myc, Stat3 and mTOR,
all of which are known to regulate PD-L1 expression.13–15 We
thus theorized that one of these factors might be the link
between notch and PD-L1 expression. To check if any of
these factors actually regulate PD-L1 expression in MDA-
MB-231 cells, we used specific and validated SiRNA (supple-
mentary figure 10) to knockdown the expression of these
factors. While knocking down STAT3 and c-Myc had no
significant inhibitory effect on PD-L1 expression in either
CSC-like or differentiated-like cells, knocking down mTOR
downregulated PD-L1 expression in both CSC-like and differ-
entiated-like cells (Figure 5a). To further confirm that c-Myc
and STAT3 expression had no effect on PD-L1 expression in

CSC-like cells, we knocked down c-Myc and STAT3 using
validated and specific shRNA (supplementary figure 11) tar-
geting c-Myc and STAT3 expression. Consistent with SiRNA
results, ShRNA showed no significant effect of c-Myc or
STAT3 knockdown on PD-L1 expression in CSC-like cells
in MDA-MB-231 cells.

To examine if notch inhibitors can modulate mTOR in
MDA-MB-231 breast cancer cells, we checked for mTOR
phosphorylation while using the MAPK/ERK and PI3K/
AKT pathway inhibitors as controls. Indeed, the notch
inhibitor decreased the phosphorylation of mTOR signifi-
cantly in a similar fashion to the PI3K/AKT inhibitor
(Figure 5b). We further checked for the phosphorylation
of the mTOR downstream targets 4E-BP1 and S6 by wes-
tern blot. Indeed, notch inhibitor downregulated 4E-BP1
and S6 phosphorylation in a similar fashion to the PI3K/
AKT inhibitor. MAPK/ERK inhibitor had a minor effect on
S6 phosphorylation and no effect on 4E-BP1 phosphoryla-
tion (Figure 5c). As a control, MAPK/ERK inhibitor and to
a lesser extent PI3K/AKT inhibitor downregulated phos-
phorylation of ERK as expected. To further confirm that
the dependence of PD-L1 expression on Notch activation is
mediated through mTOR, we treated mTOR knockdown
MDA-MB-231 cells with notch inhibitor. Indeed, the effect
of notch inhibitor was completely abrogated, upon mTOR
knockdown, in CSC-like cells (Figure 5d). Altogether, the

Figure 4. PD-L1 is expressed on CSC-like cells through Notch3 activation. a) Expression levels of Notch 1, 2 and 3 in PD-L1hi and PD-L1lo sorted fractions of MDA-MB
-231 cells as measured by qPCR. Results are from at least two independent sortings, error bars represent mean ± SEM. b&c) PD-L1 expression in different cell
subpopulations of MDA-MB-231 upon knockdown of different notch receptors using specific SiRNA (b) or knockdown of notch3 (c) in the presence/absence of the
notch ligand Jag1 or notch II inhibitor. Significance was tested for a difference in PD-L1 expression in CSC-like subpopulations as compared with untreated control
cells (Si Cont). d) Western blot showing Notch3 expression in PD-L1hi and PD-L1lo sorted MDA-MB-231 cells. Cells were collected from multiple sortings to generate
a blot. Results are displayed as the mean of six independent experiments (Mean± SEM). E) PD-L1 expression in subpopulations of MDA-MB-231 cells transfected
either with GFP-tagged notch3 ORF or GFP tag empty vector (EV). Data are displayed as means of five different experiments ± SEM. * = p value <.05 and indicated
statistical significance. Representative dotplots for one of the experiments are presented in supplementary figure 8.
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Notch pathway modulates PD-L1 overexpression through
mTOR activity.

Since Notch3 was the only receptor that modulated PD-L1
expression we tested whether notch3 specifically could mod-
ulate mTOR activity. Therefore, the phosphorylation of the
mTOR downstream target (S6) was tested upon notch3
knockdown in the presence or absence of notch inhibitor.
Indeed, there was a decrease in S6 phosphorylation with
Notch3 knockdown or treatment with a notch inhibitor. The
effect of notch inhibitor was totally abrogated in notch3
knockdown cells (Figure 6a&b).

Altogether, Notch3 activation that is important for main-
taining the stemness of CSC-like cells, upregulates PD-L1
expression by modulating mTOR activity (Figure 6c).

Discussion

It is believed that resistance to therapy and tumor reoccurrence is
due to the presence of a subpopulation of cells within the tumor
known as CSCs. PD-L1 expression on CSCs and other different
subpopulations of breast cancer cells has not been well-studied.
Results in this study showed for the first time that PD-L1 is
overexpressed in breast CSCs as compared to their differentiated

counterparts. PD-L1 overexpression on CSCs was partly due to
Notch3/mTOR signaling pathway activation.

Several studies have showed PD-L1 overexpression in
CSCs. PD-L1 is overexpressed on CD44 positive cells in
head and neck squamous cell carcinoma,16 while Yupeng
et al. group has also showed PD-L1 overexpression on gastric
CSCs.17 In prior studies, PD-L1 has been shown to be over-
expressed on melanoma and glioma CSCs.18,19 Just very
recently PD-L1 expression in breast CSCs has got such atten-
tion. To this end, we have studied PD-L1 expression in the
different subpopulations of unmanipulated breast cancer cells.
Our results show that while Notch and PI3K/AKT pathways
regulate PD-L1 on CSCs, MAPK/ERK pathway regulate PD-
L1 expression on both CSCs and differentiated-like cells with
a more pronounced effect on differentiated-like cells.

There are multiple demonstrated markers for breast CSCs.
We have shown that PD-L1 correlated with Ep-CAM
+/CD44high/CD24low20 as well as Ep-CAM+/CD90+ CSC-like
cells.11 While ALDHhi cells are commonly used to enrich for
breast CSCs,21 we did not see a significant increase in PD-L1
expression in ALDHhi cells (data not shown). Recently, it has
been proposed that CSCs are heterogeneous with multiple types
and different EMT status.22,23 Our results suggested that PD-L1
correlate with more mesenchymal-like CSCs rather than

Figure 5. Notch upregulates PD-L1 through mTOR pathway. a) PD-L1 expression assessed by flow cytometry (MFI) in different cell subpopulation of MDA-MB-231
cells upon STAT3, c-Myc or mTOR knockdown using specific SiRNA. B&C) mTOR pathway activation upon treatment with notch inhibitor, MAPK/ERK inhibitor or PI3K/
AKT inhibitor measured by: b) quantitative immunofluorescence of phosphorylated mTOR with representing images on top. c) phosphorylated and total 4E-BP1, S6 or
ERK proteins as measured by western blot (left) with quantification (mean ± SEM) of blots from 3 different experiments (right). d) PD-L1 expression in different cell
subpopulations of mTOR knocked down MDA-MB-231 breast cancer cells (Si-mTOR) compared with the scrambled ShRNA control (Sh-CONT) cells in the presence or
absence of notch inhibitor.
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epithelial-like CSCs. This is consistent with lack of correlation
with Ep-CAM expression and previous findings, including ours,
showing PD-L1 upregulation upon EMT.8,9

Several CSC related pathways have been proposed to main-
tain the stemness and self-renewability of breast cancer cells
including Notch, Wnt, and hedgehog pathways. It is well-
established that the notch pathway activation contribute to
the stemness of breast CSCs.24–26 Based on our findings, such
activation drives PD-L1 expression and maintains the stem-
ness of these cells. Similar relationship between Notch path-
way and PD-1, a receptor for PD-L1 on lymphocytes, has been
reported previously in septic shock patients, where inhibition
of Notch pathway significantly decreased PD-1 expressions.27

Moreover, it has been shown that Notch is required for PD-1
upregulation during CD8 + T-cell activation.28 Likewise, PD-
L1 was upregulated through a notch in human primary
monocytes.29 In this study, we showed for the first time that
Notch signaling pathway is critical for PD-L1 expression on
breast CSCs.

While writing this manuscript, Castagnoli et al.30 and Hsu
et al.31 reported a role for Wnt signaling in regulating PD-L1
expression on breast CSCs. We did not see such an effect of
the Wnt pathway on PD-L1 expression in our model of CSCs
when we used the inhibitor ICG-001, which is supposed to

block the Wnt pathway downstream by preventing the CBP/
β-catenin activation. It is possible that PD-L1 is regulated by
non-CBP regulated β-catenin mediated Wnt pathway activa-
tion as knocking down beta-catenin in these cells did not alter
PD-L1 expression (data not shown).

Notch pathway has four receptors, Notch1, Notch2,
Notch3, and Notch4 expressed on “receiver” cells, which
bind to ligands (DLL1, DLL3, DLL4, Jagged1, or Jagged2) on
adjacent “sender” cells. Activation of different Notch recep-
tors could have different downstream effects.32 Our results
showed that only downregulating the expression of Notch3
decrease the expression of PD-L1 in breast cancer cells.
Interestingly, both Notch3 and PD-L1 are associated with
higher cell proliferation33-35 as well as interaction with
PI3K/AKT/mTOR pathway.10,36

There is strong evidence for notch3 relationship with stem-
ness. In the human breast, Notch3 expression was found in
highly clonogenic as well as transiently quiescent mammary
luminal progenitor cells.37 Moreover, Notch3 was found to
control the self-renewal of mammosphere forming stem/pro-
genitor cells.38 In breast cancer, Notch3 expression controls
the self-renewal and therapy resistance of metastatic breast
cancer cells. Our results are consistent with above-mentioned
studies and showed a decrease in tumorsphere forming ability

Figure 6. Notch3 upregulates PD-L1 through mTOR pathway. a) Bar graph showing the expression level (measured as MFI) of phosphorylated (S235/236) ribosomal
protein S6 of MDA-MB-231 cells upon treatment with notch inhibitor II (RO4929097) in Notch3 knockdown (Si-Notch3) or scrambled control SiRNA (Si-Cont) as
measured by immunofluorescence and quantified using BD pathway 855 system. b) Representative immunofluorescence images of cells (at x200 magnification) from
one of the replicates in A.
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upon notch3 knockdown (supplementary figure 9). Clinically,
aberrant Notch3 expression is linked to shorter overall survi-
val in claudin-low breast cancer.39 In addition, there is emer-
ging evidence that Notch signaling blockage is necessary in
combination with PI3K/AKT or EGR pathway inhibitors for
better eradication of CSCs and avoidance of therapy
resistance.40,41 Multiple Notch targeting therapeutic agents
are available including Tarextumab, which targets both
Notch2 and Notch3.42 However, Notch2 has a positive anti-
tumor immune-boosting effect in CD8 T-cells43 and its
expression on dendritic cells is important for their
survival.44 On the other hand, Notch3 induces regulatory
T-cell generation44 and therefore it is possible that agents
able to selectively target Notch3 would be more successful in
the treatment of cancer.

Non-canonical Notch signaling has been well described in
cancer and immunity, to trigger cascades like PI3K/AKT/
mTOR pathway (Reviewed in45). Our findings that notch
activity is dependent on active mTOR is consistent with
several types of cancers, where notch signals were demon-
strated to go through the mTOR pathway. For instance, it has
been shown that notch signals positively regulate activity of
mTOR in T-cell leukemia.18 This study is consistent with our
findings showing decreased mTOR signaling with Notch inhi-
bitor (Figure 5B,C). More specifically, mTOR was inhibited
when notch3 was silenced. Notch3 has been shown to drive
the development and progression of cholangiocarcinoma
through PI3/AKT/mTOR pathway.46 In breast cancer,
notch3 plays a crucial role in the proliferation of Her2/neu
negative breast cancer cells.33,35 On the other hand, our data is
consistent with Hsu et al.31 in terms of PD-L1 expression on
CSCs being regulated through posttranscriptional regulation.
Indeed, mTOR is well known to regulate the expression of
PD-L1 on posttranscriptional level.15

Previous data shows Jag1 being an important ligand for
notch3 signaling in breast cancer,35 which is consistent with
our observed increase in Jag1 in PD-L1hi compared to PD-L1lo

breast cancer cells. Indeed, there is evidence that Jag1 activation
of notch3 upregulates Jag1 expression to reinforce further notch
signaling.47 Moreover, notch induced upregulation of Jag1, but
not DLL, leads to the formation of cells that works as both sender
and receiver (S/R hybrid) leading to the expansion of CSCs in
non-cell autonomous manner.48 This is consistent with our
finding showing both notch3 and Jag1 to be upregulated in PD-
L1hi cell population. In fact, among notch ligands, Jag1 is
believed to be a target for anti-tumor therapy as it maintains
CSCs, promote cell survival, metastasis and indirectly affects
tumor microenvironment (Reviewed in Li et al.49).

How Notch3 specifically modulate mTOR activity is still
not clear. In Leukemia, Notch1 modules PI3K/AKT/mTOR
through PTEN.18 In breast cancer, Notch 1&3 can regulate
mTOR through IL-6/JAK/STAT-3 pathway.50 In our study,
silencing either IL-6 or STAT-3 did not inhibit PD-L1 expres-
sion in MDA-MB-231 (data not shown and Figure 5a, respec-
tively). In cholangiocarcinoma, notch3 can module mTOR
through its effect on PI3K/AKT pathway.46 Importantly, in
the current study only Notch3 upregulated PD-L1 expression
in CSC-like cells, while Notch1 did not have any significant
effect. Therefore, it is likely that a mechanism unique to

Notch3 is involved in PD-L1 upregulation in breast cancer
cells.

In conclusion, this report shows that PD-L1 is overex-
pressed on CSCs through Notch3/mTOR pathway which is
also important for maintaining the stemness of these cells.
This finding open the door for combinatorial targeting of PD-
L1 and notch/mTOR axis for better treatment outcome.

Methods and materials

Cell culture and treatments

Cells lines were obtained from ATCC (USA) except
SUM149PT (SUM149), which was obtained from Asterand
(USA). MDA-MB-231 cells were cultured in DMEM medium
while Hs578T, BT-549 and SUM-149 breast cancer cell lines
were maintained in DMEM/F12 medium. Culture media were
supplemented with 10% fetal bovine serum (FBS) and 1%
Anti-biotic Anti-mycotic (ABM) (all from Invitrogen). For
SUM149 cells, the medium was further supplemented with
5 μg/ml insulin and 500ng/ml hydrocortisone (Sigma).
Regular mycoplasma screening was performed using a PCR-
based kit (iNtRON, Korea) on each cell line to ensure that
they were mycoplasma-free.

Inhibition of CSC related pathways was conducted using
several established pathway inhibitors (Table2).

Gene knockdown or overexpression

Notch3, c-Myc, STAT3, mTOR, and PD-L1 were knocked
down using specific SiRNA (supplementary Table 1) and the
transfection reagent Lipofectamine RNAiMAX reagent (Life
technologies, USA) as per manufacturer’s instructions. Briefly,
cells were plated 1 day before transfection in regular medium.
Transfection was done in Optimum medium (Life technolo-
gies, USA) serum-free. Medium was supplemented with 8%
serum 48 h after transfection. Cells were harvested 72 h after
transfection.

STAT3 and c-Myc were also downregulated using specific
ShRNA from OriGene (USA) in lentiviral vectors, (TL301348V,
and TL311323V, respectively, using pGFP-C-ShLenti vector) as
previously described9 (supplementary Table 2). Among the four
plasmids (A, B, C, and D) provided by the company for each
gene knockdown, plasmids (B) were the most effective in

Table 2. Cancer stem cell-related pathways inhibitors.

Inhibitor name
Final
Conc Source Cat#

Notch Inhibitor (Gamma secretase
inhibitor, FLI-06)

20μM Selleckchem, USA S7399

Notch Inhibitor II (Gamma secretase
inhibitor, RO4929097)

20μM Selleckchem, USA S1575

NF-κB signaling pathway inhibitor (NF-
κB Activation Inhibitor)

25nM Calbiochem, USA 481407

MAPK/ERK inhibitor (U0126) 3μM Calbiochem, USA 662005
PI3K/AKT inhibitor (LY294002) 40μM Calbiochem, USA 440202
Wnt/β-catenin pathway inhibitor (ICG-
001)

3μM Selleckchem, USA S2662

TGF-β signaling pathway inhibitor
(SB431542)

10μM Calbiochem, USA 616461

RHO/ROCK signaling pathway inhibitor
(Y-27632)

25nM STEMCELL
Technologies, USA

07172
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downregulating c-Myc and STAT3 in MDA-MB-231 cells (sup-
plementary figure 11).

Notch3 was overexpressed by transfection with GFP-
tagged Notch3 ORF in pCMV6-AC-GFP plasmid (cat#
RG224711) obtained from Origene (Rochville, MD, USA).
pCMV6-AC-GFP plasmid lacking the ORF (empty
vector = EV) was used as a transfection control.
Transfection was done using Lipofectamine LTX (Invitrogen,
USA) and selection was done with G418 (Sigma, USA).

Flow cytometry and cell sorting

Breast cancer cell lines were harvested by trypsinization,
washed with PBS and incubated for 30 min at 4°C with
directly labeled antibodies (supplementary table 3). The CSC-
like cell subpopulation was identified by gating initially on
Ep-CAM+ cells followed by subgating on CD44high/CD24low

cells.51,52 Differentiated-like cells were identified as CD44low/
CD24low cells (Supplementary Figure 1). Alternatively,
CD90high/Ep-CAM+ was used as an alternative phenotype
for CSC-like cells and CD90low for differentiated-like cells.
The level of PD-L1 in CSC-like cells was analyzed using LSR
II flow cytometer and BD FACSDiva operating software
(Becton Dickinson, Mountain View, CA).

PD-L1hi and PD-L1lo cells were sorted based on their PD-L1
expression (at least three times difference in fluorescence
between the two populations) after gating for single viable cells
using dapi (supplementary Figure 2). Cell sorting was performed
using FACSAria (Becton Dickinson, Mountain View, CA).

Intracellular staining for Jag1 was done as per the manu-
facturer’s instructions (Cell signaling). Briefly, cells were fixed
with formaldehyde for 15 min followed by permeabilization
with ice-cold methanol for 10 min before washing with per-
meabilization buffer (ebioscience, USA) three times. Primary
antibody was incubated for 1 h on ice followed by pacific blue
labeled goat anti-rabbit antibody (Molecular Probes, USA).

RNA extraction, cdna synthesis, and real time-PCR

Sorted cells (PD-L1hi and PD-L1lo) were washed in 1 ml PBS
by centrifugation (12,000 RPM) for 5 min at 4°C. RNA was
then extracted from sorted cells using Qiagen RNeasy kit.
Measuring PD-L1 mRNA level was performed to validate
the sorting results. Gene expression measured by qPCR was
performed using Predesigned TaqMan™ assays (supplemen-
tary table 4) and Applied Biosystems 7500 Fast detection
system. The mRNA relative expression was measured relative
to GAPDH, analyzed using 2−ΔΔCT equation and normalized
against the control sample (PD-L1lo).53

Tumorsphere formation assay

Cells were seeded in ultra-low attachment 96 well plates (flat
bottom) at a density of 1000 cells/well in MEBM medium
supplemented with 1% ABM, 2% B27, 20 ng/mL EGF, 500 ng/
ml hydrocortisone and 5µg/ml insulin as previously described by
Dontu et al.54 Cells were then incubated at 37°C, CO2 incubator
for 7 to 10 days. Tumorspheres were counted using digital
inverted microscope (EVOS XL, Life Technologies, USA).

Western blotting

Western blotting was done as previously reported.55 Briefly,
30–50 μg of protein was loaded on 10% SDS-PAGE gel. The
Trans-Blot® Turbo™ transfer system was used to transfer pro-
teins on a PVDF membrane (Bio-Rad®). Membrane was
blocked in 5% skimmed milk prepared in 0.05% PBS-
Tween20 for 45 min at room temperature. Membrane was
washed and incubated with the desired primary antibody (all
obtained from Cell Signaling) diluted in PBS-Tween-20 over-
night at 4°C followed by HRP-conjugated secondary antibody,
diluted in 1% skimmed milk and incubated for 1 h at room
temperature. Chemiluminescence was used to detect the
developed bands and images were detected using
ImageQuant LAS 4000. Bands were quantified and analyzed
using Quantity One Software.

Immunofluorescence

Immunofluorescence labeling was done as per the antibody
provider instructions (cell signaling) as previously described in
details.10 Briefly, cytospin attached cells were air-dried and cells
were fixed in 4% paraformaldehyde. Primary antibody was added
overnight at 4ºC, followed by an appropriate Alexa conjugated
secondary antibody. Cells were imaged using Zeiss Axioimager
Z2 (Zeiss, Germany) before immunofluorescence quantitation
using BD pathway 855 image analyzer (Becton Dickenson, USA).

Quantification of fluorescence intensity was done using BD
pathway 855 system and a 20X objective (Olympus, NA 0.75)
as previously described in details.10 Briefly, pre-defined ana-
lysis protocols (macros) were formed using a montage of 3 × 3
which had at least 2000 cells per montaged image.

Mouse xenotransplantation studies

Animal work, including anesthesia and euthanasia, was done
in accordance with protocols and ethics approved by the
institutional animal care and use committee (IACUC). MDA-
MB-231 breast cancer cells were sorted into PD-L1hi and PD-
L1lo then injected into nude (NU/J) mice at three different
dilutions 5, 100 and 500. Mice were monitored weekly for
tumor formation or signs of weakness before they were sacri-
ficed after 9 weeks of injection. Tumor volume was calculated
as ½ (length × width2).

Statistical analysis

Student t-test was used to assess significance. * = p value <.05,
** = p value <.001. Error bars represented SEM.

Abbreviations

PD-L1: programmed death ligand-1; CSC-like: Cancer stem cell-like cells
(identified by phenotype), CSCs: cancer stem cell
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