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ABSTRACT

Chronic lymphocytic leukemia (CLL) is the most common
leukemia in adults. Emerging data suggest that CLL-cells
efficiently evade immunosurveillance. T-cell deficiencies
in CLL include immuno(metabolic) exhaustion that is
achieved by inhibitory molecules, with programmed cell
death 1/programmed cell death ligand 1 (PD-L1) signaling
emerging as a major underlying mechanism. Moreover,
CLL-cells are characterized by a close and recurrent
interaction with their stromal niches in the bone marrow
and lymph nodes. Here, they receive nurturing signals
within a well-protected environment. We could previously
show that the interaction of CLL-cells with stroma leads to

c-Myc activation that is followed by metabolic adaptations.

Recent data indicate that c-Myc also controls expression
of the immune checkpoint molecule PD-L1. Therefore, we
sought out to determine the role of stromal contact for
the CLL-cells’ PD-L1 expression and thus their immuno-
evasive phenotype.

To do so, we analyzed PD-L1 expression on CLL cell
(subsets) in untreated patients and on healthy donor-
derived B-cells. Impact of stromal contact on PD-L1
expression on CLL-cells and the underlying signaling
pathways were assessed in well-established in vitro niche
models. Ex vivo and in vitro findings were validated in the
Ep-TCL1 transgenic CLL mouse model.

We found increased PD-L1 expression on CLL-cells as
compared with B-cells that was further enhanced in

a cell-to-cell contact-dependent manner by stromal

cells. In fact, circulating recent stromal-niche emigrants
displayed higher PD-L1 levels than long-time circulating
CLL-cells. Using our in vitro niche model, we show that a
novel Notch-c-Myc-enhancer of zeste homolog 2 (EZH2)
signaling axis controls PD-L1 upregulation. Ultimately,
elevated PD-L1 levels conferred increased resistance
towards activated autologous T-cells.

In summary, our findings support the notion that the CLL
microenvironment contributes to immune escape variants.
In addition, several targetable molecules (eg, Notch or
EZH2) could be exploited in view of improving immune
responses in patients with CLL, which warrants further
in-depth investigation.

INTRODUCTION

Chronic lymphocytic leukemia (CLL) is
the leukemia with the highest incidence
among adults in the Western world. Clonally
expanded CD5" B-lymphocytes accumulate
in the peripheral blood (PB), lymph nodes
(LN) and bone marrow (BM).! The disease
is associated with immune defects that lead
to an increased susceptibility towards infec-
tious complications and prevent mounting
of an efficient antitumor immunity.2 Those
dysfunctions mainly affect the T-cell compart-
ment and coincide with an increased expres-
sion of the programmed cell death ligand
1 (PD-L1) on CLL-cells and of its cognate
receptor programmed cell death 1 (PD-1)
on CLIL-derived T-cells.® Blockade of PD-1/
PD-L1 ligation restored T-cell function
and yielded superior disease control in the
Ep-TCL1 transgenic CLL model." Current
studies across various malignant entities
have unveiled mechanisms of cellular PD-L1
control that include oncogenic signaling,
transcriptional ~ regulation  and  post-
translational modifications (as reviewed in
Shen et al’). However, information regarding
PD-L1 control in CLL remains rather limited,
with two recent reports pointing towards an
involvement of the BCR-STAT3 and CD84-
AktmTOR signaling axes.®”

CLL-cells are highly dependent on a recur-
rent interaction with their microenviron-
ment. Stromal crosstalk can protect CLL-cells
from spontaneous and drug-induced apop-
tosis and shifts their bioenergetic pheno-
type towards aerobic glycolysis by triggering
among others the Notch pathway.®? However,
it remains unknown whether stromal contact
promotes immune escape variants of CLL-
cells, especially in view of several recently
identified oncogenes such as c-Myc (that are

BM)
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responsive towards microenvironmental activation)? as
regulators of PD-L1."” Therefore, we sought out to inves-
tigate whether stromal cells control PD-L1 expression in
CLL-cells and to identify the underlying signaling axes.

Here, we report for the first time that stromal contact
drives oncogenic (Notch-c-Myc-EZH2) signaling in CLL-
cells, which among other effects controls expression of
the immunological checkpoint PD-L1. Our findings are
in accordance with the emerging concept of oncogenic
drivers as promoters of an immunosuppressive environ-
ment and could be therapeutically exploited.

MATERIALS AND METHODS
Patient samples

Cells

Blood samples from untreated patients (online supple-
mental table 1) and healthy donors were collected and
peripheral blood mononuclear cells (PBMCs) were
obtained using Ficoll-Paque (GE Healthcare). The HS-5
human bone marrow stromal cell line was purchased from
American Type Culture Collection (Manassas, Virginia,
USA). CLL cell lines Mec-1 and Eheb were purchased
from DSMZ (Braunschweig, Germany). Mesenchymal
stromal cells (MSCs) were isolated from iliac crest BM
aspirates taken from healthy donors and expanded as
previously detailed while fulfilling uniformly minimal
MSC criteria."!

Antibodies and flow cytometry

Cells were stained according to the manufacturer’s recom-
mendations using fluorochrome-coupled antibodies
(online supplemental table 2). Samples were analyzed
using a FACSCanto II cytometer (BD Biosciences) and
the FlowJo V.9.5 and V.10 software (Flow]Jo). Cell sorting
was performed on MoFlo Astrios EQ devices (Beckman
Coulter) by the Core Unit of the Friedrich-Alexander-
University Erlangen-Nuremberg.

Statistical analyses
Outliers were determined using the ROUT (robust regres-
sion with outlier removal) test. Differences in means were
evaluated with parametric (paired/unpaired t-test, one-
way analysis of variance) or non-parametric (unpaired
Mann-Whitney U test, paired Wilcoxon, unpaired Kruskal-
Wallis) tests based on the number of comparisons (two
or more than two) and distribution levels (as determined
by the Shapiro-Wilk and Kolmogorov-Smirnov test). All
statistical analyses were performed using GraphPad Prism
V.7 or V.8 (GraphPad Prism Software) at a significance
level of p<0.05.

For more details, see
information.

the online supplemental

RESULTS

Stromal cells promote PD-L1 expression on CLL-cells

First, we analyzed PD-LI expression of circulating CLL-
cells retrieved from untreated patients by FACS. In line
with previous studies evaluating clinical’ and preclinical4
CLL samples, we measured significantly higher PD-L1
levels on malignant cells as compared with healthy donor-
derived B-cells (figure 1A). This observation could be
recapitulated in the murine Ep-TCL1 CLL model (online
supplemental figure 1).

Studies on compartmental trafficking suggest that
CLL-cells that proliferate within the BM-niche/LN-niche
upregulate CD5 and internalize CXCR4, thereby forming
a CD5"'CXCR4" recent stromal-niche emigrant (RSE)
subset. After migrating into the PB, CLL-cells eventually
turn quiescent and reduce proliferative activity (online
supplemental figure 2). Moreover, they downregulate
CD5 and renew the CXCR4 expression as CD5'°CXCR4"
long-term circulating cells (LTCs)." Analyzing PD-L1
expression on RSEs and LTGs, respectively, revealed a
significantly stronger PD-L1 density on RSEs that had
been recently exposed to microenvironmental stimuli
(figure 1B,C). As activation of the c-Myc oncoprotein
within the CLL microenvironment has been previously
reported, while recent data advocate its involvement in
the transcriptional and translational control of PD-LI,
we compared c-Myc expression in LTCs and RSEs. As
anticipated, PD-L1" RSEs displayed a superior c-Myc
expression (figure 1D). The notion that stromal contact
might promote both ¢-Myc and PD-L1 in CLL-cells was
further corroborated when analyzing matched-paired PB
and BM samples from patients with CLL. In fact, PD-L1/
CD274 and c-Myc where found significantly increased
on mRNA and protein level in the BM-derived CLL-cells
(figure 1E,F). We confirmed those observations when
we comparatively assessed PB-derived and BM-derived
CLL-cells from the murine Ep-TCL1 CLL model (online
supplemental figure 3). To demonstrate the impact of
PD-1/PD-L1 interaction, we stimulated T-cells using anti-
CD2/anti-CD3/anti-CD28 beads in presence of autolo-
gous CLL-cells while co-applying an anti-PD-L1 blocking
antibody. Interfering with the PD-1/PD-L1 binding led
to a significantly enhanced upregulation of several T-cell
activation markers and cytokines. Physiologically, T-cell
receptor (TCR) engagement yields a metabolic switch
towards aerobic glycolysis, which is found compromised
in CLL-T-cells. Anti-PD-L1 treatment re-established glyco-
Iytic activity in CLL-T-cells as indicated by an enhanced
mobilization of glucose transporter 1 to the cell surface
together with an increased glucose uptake following TCR
triggering (online supplemental figure 4A). To test if the
anti-PD-L1 blocking approach was potentially affected
by a self-inhibiting loop of T-cells expressing both PD-1
and PD-L1, we repeated the experimental setup using
magnetic bead-isolated CLL patient-derived T-cells in
absence of CLL-cells. To this end, we could not detect
any significant effect by blocking the PD-1/PD-L1 axis on
T-cells, further corroborating the notion that CLL-cells
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Figure 1 Stroma cells promote programmed cell death ligand 1 (PD-L1) expression in chronic lymphocytic leukemia (CLL)-
cells. (A) Peripheral blood mononuclear cells (PBMCs) from healthy donors (HD) and patients with CLL were analyzed ex vivo
for the expression of PD-L1 on the surface of CD19* lymphocytes. The left histogram shows one representative example and
the right graph summarizes the values of HD (n=8) and CLL (n=19) cases. (B) Representative density plot showing the ex vivo
CD5/CXCR4 distribution on human PB-derived CLL-cells defining recent stromal-niche emigrants (RSE, green) and long-term
circulating (LTC, red) subsets. (C, D) Protein levels of surface PD-L1 (C, n=28) and intracellular c-Myc (D, n=23) were semi-
quantified ex vivo in LTCs and RSEs by flow cytometry. (E) Total RNA was prepared from CD19" lymphocytes isolated from
matched-pairs of human CLL peripheral blood (PB) and bone marrow (BM) (n=7). Relative gene expression of CD274 and MYC
were quantified by real-time PCR and are depicted as the fold-change (FC) between BM and PB. (F) Surface expression of PD-
L1 (left, n=9) and intracellular levels of c-Myc (right, n=7) were analyzed by flow cytometry in CD19* lymphocytes in matched-
pairs of PB and BM from patients with CLL. (G) CLL PBMCs were cultured over 6 days on a confluent layer of the human BM
stroma cell line HS-5. CLL-cells were repurified, RNA was prepared, and gene expression of MYC (n=9-10) and CD274 (n=5-10)
was quantified by real-time PCR. Relative expression is depicted as the FC in absence (-) or presence (+) of HS-5. (H) CLL
PBMCs were cultured in absence/presence of HS-5 for 3 days. Protein levels of surface PD-L1 (left, n=40) and intracellular Myc
(right, n=20) were analyzed by flow cytometry. Values are depicted as the FC between presence (+) and absence (-) of stroma.
(I) Protein levels of PD-L1 and Myc as determined by flow cytometry (based on the median fluorescence intensity (MdFI)) were
subjected to a Pearson’s correlation analysis of CLL-cells cultured in absence (w/o, white circles, n=24) or presence (w/, gray
circles, n=22) HS-5 stroma cells for 3 days. (J) CLL PBMCs were analyzed ex vivo for their Myc content in CD19* lymphocytes
by flow cytometry. Samples were gated on the 15% lowest (black) and 15% highest (red) Myc expressing cells (as shown on
the upper left). Within these gates, surface levels of PD-L1 were semi-quantified as representatively shown on the lower left
(numbers indicate the MdFI) and summarized on the right (n=10). Error bars depict the SEM. *p<0.05, **p<0.01, **p<0.001; ns,

not significant.

represent the primary source of PD-Ll-mediated T-cell
suppression (online supplemental figure 4B).

To mimic the BM-niche, we cultured patient-derived
CLL-cells on a monolayer of HS-5 cells, a human BM-de-
rived stromal cell line, and of primary BM-MSCs. CLL-cells
co-cultured with stromal cells displayed a pronounced
PD-L1/CD274 expression (at the protein and mRNA

level), which was paralleled by rising c-Myc (figure 1G,H,
online supplemental figure 5). Equivalent results were
obtained when co-culturing murine CLL-cells with a
murine BM-derived stromal cell line (online supple-
mental figure 6). The impact of the stromal component
was highlighted by the fact that in vitro we could only
detect a significant correlation between the c-Myc and
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PD-L1 levels, when the CLL-cells were cultured on HS-5 Stroma cell-educated CLL-cells harbor enhanced T-cell-

cells (figure 1I). suppressive properties
In line with our observations, re-assessing publicly avail- ~ Next, we were interested in whether contact to stromal
able transcriptome data'’ by gene set enrichment anal-  cells (leading to PD-L1 upregulation) endows CLL-cells

yses revealed a significant enrichment of c-Mycregulated ~ with enhanced T-cell suppressive capabilities. To do so,
genes in the BM-derived as compared with PB-derived  we isolated patient-derived T-cells and CLL-cells. Primary
CLL-cells (online supplemental figure 7). The posi-  CLL-cells were cultured in presence or absence of HS-5
tive interrelation between PD-L1/CD274 and c-Myc was cells, and on repurification co-cultured with autologous
further confirmed in a larger cohort of PB-derived CLL-  T-cells stimulated by anti-CD2/anti-CD3/anti-CD28 beads

cells"* (online supplemental figure 8), which we validated (figure 2A). In line with their enhanced PD-L1 expression,
when comparing PD-L1 expression in C-Mychl and c-MyclO suppression of T-cell activation and of T-cell proliferation
circulating CLL-cells (figure 1]). by HS-5-educated CLL-cells was stronger. At the same
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Figure 2 Stroma-educated chronic lymphocytic leukemia (CLL)-cells harbor enhanced T-cell suppressive properties via
programmed cell death ligand 1 (PD-L1). (A) T-cells and CLL-cells were isolated from CLL peripheral blood (PB). CLL-cells
were cultured in absence (-HS5) or presence (+HS5) of human BM stroma for 3 days and repurified by magnetic beads. T-
cells were then co-cultured with repurified CLL-cells in an autologous setup at a ratio of 1:1 in presence of anti-CD2/anti-CD3/
anti-CD28-coated microbeads including an anti-PD-L1 antibody in selected cases for 48 hours. (B) T-cells were then analyzed
for their activation based on CD25 (n=10), CD69 (n=4) and CD137 (n=6) surface expression. (C) Similarly, murine CLL-cells
isolated from spleens of Eu-Tcl1 transgenic mice were cultured for 3 days in absence or presence of M2-10B4 stroma cells and,
after repurification, co-cultured with autologous lymph node-derived T-cells. T-cell activation was assessed by the frequency
of CD25" (n=5), CD69" (n=6) and CD137* (n=4) T-cells. (D) Additionally, human T-cells co-cultured with HS-5 pre-educated
CLL-cells were maintained in absence (-) or presence (+) of a PD-L1 blocking antibody and surface levels of CD25, CD69 and
CD137 were measured (n=4-5). Error bars depict the SEM. *p<0.05, **p<0.01.

4 Bottcher M, et al. J Immunother Cancer 2021;9:¢001889. doi:10.1136/jitc-2020-001889


https://dx.doi.org/10.1136/jitc-2020-001889
https://dx.doi.org/10.1136/jitc-2020-001889

time, HS-5-educated CLL-cells exhibited an increased
persistence under T-cell-mediated immunological pres-
sure suggesting the stromal promotion of an immuno-
evasive CLL-phenotype (figure 2B, online supplemental
figure 9A). Similarly, inhibition of T-cell activation as
well as persistence of CLL-cells was stronger with stroma-
educated as compared with non-educated CLL-cells of
the murine Ep-TCL1 model (figure 2C, online supple-
mental figure 9B). Moreover, blocking PD-L1 in a co-cul-
ture of patient-derived CLL T-cells with stroma-educated
autologous CLL-cells partially but significantly restored
T-cell activation and attenuated CLL-cell persistence
(figure 2D, online supplemental figure 9C).

Notch-c-Myec signaling axis controls stroma-mediated PD-L1
induction

Intercellular communication involves cell contact-
dependent as well as contact-independent mecha-
nisms. Therefore, we tested promotion of PD-L1 and
c-Myc by HS-5-conditioned medium and in co-cultures
with a semipermeable membrane separating CLL-cells
from HS-5 cells. In fact, cell contact was indispens-
able for both PD-L1 and c-Myc upregulation (online
supplemental figure 10).

Based on our observations (figure 1C,D) and
current literature,'” we reasoned that c-Myc might be
directly involved in stroma-mediated PD-L1 upregula-
tion in CLL-cells. Therefore, we tested the occupancy
of the PD-L1 promoter region for presence of c-Myc
using chromatin immuno-precipitation in both CLL-
cell lines and primary CLL-cells. In fact, we found a
clear signal for PD-L1 DNA when precipitating with
an anti-c-Myc antibody (figure 3A). As anticipated,
blocking c-Myc in CLL-cells by 10058-F4 abolished
both c¢-Myc and PD-L1 upregulation on stromal
contact (figure 3B).

In line with our previous observations that stromal
cells activate via cell-to-cell contact the Notch-c-Myc
axis (together with PD-L1 expression) in CLL-cells,’
we detected upregulation of both Notch (HESI) and
c-Myc (LDHA, CCNB1, HK?2) target genes in CLL-cells
following stromal crosstalk (figure 3C and online
supplemental figure 11). In order to confirm the
emerging notion that stroma promotes Notch-c-Myc
signaling, which in turn positively regulates PD-LI,
we blocked the intracellular Notch pathway using the
pharmacological y-secretase inhibitor BMS-708163.
Indeed, BMS-708163 fully abolished the induction of
c¢-Myc and PD-L1 by stromal cells (figure 3D).

Treatment of patient-derived CLL-cells with the
recombinant human Notch ligands Jagged-1, Jagged-2,
DLLI1 and DLL4, respectively lead to a moderate but
significant induction of both c¢-Myc and PD-LI in
all cases additionally confirming the existence of a
Notch/c-Myc/PD-L1 axis (online supplemental figure
12).

Immunemodulatory drugs (IMiDs) such as lenalid-
omide display clinical efficacy in patients with CLL

and hold the potential to restore immune dysfunc-
tions. Furthermore, recent studies suggest that lena-
lidomide suppresses expression of Notch ligands on
BM-derived mesenchymal stromal cells.'” Accordingly,
treating HS-5 cells with different types of IMiDs in
non-cytotoxic dosages (online supplemental figure
13) resulted in a significant downregulation of the
tested Notch ligands jJagged 1 (JAGI) and delta-like
canonical notch ligand (DLL1) 1 and 3 (figure 3E).
Next, we pretreated HS-5 cells with lenalidomide for
24 hours, washed them thoroughly, and co-cultured
them with CLL-cells. On co-culture with lenalidomide-
pretreated HS-5 cells we documented less c-Myc
activation and less PD-L1 upregulation in CLL-cells
(figure 3F), thus revealing a potentially novel IMiD-
mechanism of interfering with stromal triggering of
oncogene-driven PD-L1 expression in CLL.

Notch-c-Myc-facilitated PD-L1 induction requires EZH2
When we further analyzed compartmental differences
in oncogenic pathways using publicly available tran-
scriptome data (GSE21029'%), we detected an enrich-
ment of target genes of the histone methyltransferase
enhancer of zeste homolog 2 (EZH2) within the
BM-derived CLL-cells (online supplemental figure
14). We also found an increased EZH2 gene and
protein expression in patient CLL-cells from the BM
as compared with PB in matched-pair samples (online
supplemental figure 15). Remarkably, EZH2 is linked
to a more aggressive CLL phenotype,'® is positively
regulated by c-Myc'” and correlates with PD-L1 expres-
sion in lung cancer.'® Previous work already points
towards an EZH2 induction by stromal contact.'” Ex
vivo we detected significantly higher EZH2 levels in
circulating RSEs as compared with LTCs (figure 4A).
Appropriately, RSEs were overrepresented in a
c-Myc"8"/EZH2"E" subset of CLL-cells (figure 4B).
Accordingly, this c-Myc"¢"/EZH2"" population was
found increased in BM-derived CLL-cells as compared
with PB in ex vivo analyses (online supplemental
figure 16). Co-culturing human or murine CLL-cells
together with the stromal cell lines increased their
EZH2 transcription and translation (figure 4C, online
supplemental figure 17). Again, the role of the stromal
component was highlighted by the fact that in vitro
we could only detect a significant correlation between
c-Myc and EZH2, when the CLL-cells were cultured on
HS-5 cells (online supplemental figure 18).

Previous studies have shown that c-Myc promotes
EZH2 expression by inhibiting two EZH2-repressing
micro-RNAs miR26a%" and miR101.2! Moreover, EZH2
content was highest in the c-Myc™®" population of
circulating CLL-cells (online supplemental figure
19). When co-culturing CLL-cells in presence of HS-5
cells, we observed a significant downregulation of
both miR26a and miR101 (figure 4D). EZH2 can be
very well integrated into the Notch-c-Myc signaling
cascade, as both inhibition of Notch (by BMS-708163)

Béttcher M, et al. J Immunother Cancer 2021;9:e001889. doi:10.1136/jitc-2020-001889

5


https://dx.doi.org/10.1136/jitc-2020-001889
https://dx.doi.org/10.1136/jitc-2020-001889
https://dx.doi.org/10.1136/jitc-2020-001889
https://dx.doi.org/10.1136/jitc-2020-001889
https://dx.doi.org/10.1136/jitc-2020-001889
https://dx.doi.org/10.1136/jitc-2020-001889
https://dx.doi.org/10.1136/jitc-2020-001889
https://dx.doi.org/10.1136/jitc-2020-001889
https://dx.doi.org/10.1136/jitc-2020-001889
https://dx.doi.org/10.1136/jitc-2020-001889
https://dx.doi.org/10.1136/jitc-2020-001889
https://dx.doi.org/10.1136/jitc-2020-001889
https://dx.doi.org/10.1136/jitc-2020-001889
https://dx.doi.org/10.1136/jitc-2020-001889
https://dx.doi.org/10.1136/jitc-2020-001889
https://dx.doi.org/10.1136/jitc-2020-001889
https://dx.doi.org/10.1136/jitc-2020-001889
https://dx.doi.org/10.1136/jitc-2020-001889
https://dx.doi.org/10.1136/jitc-2020-001889
https://dx.doi.org/10.1136/jitc-2020-001889
https://dx.doi.org/10.1136/jitc-2020-001889
https://dx.doi.org/10.1136/jitc-2020-001889
https://dx.doi.org/10.1136/jitc-2020-001889
https://dx.doi.org/10.1136/jitc-2020-001889

Open access 8

cell lines Myc PDL1
aMycF] 257 .., 25-
Hkk E E *k
'9G S 2.0 S 2.0 —‘
I T T 1 T 1 - -
00 01 02 03 04 05 2 5 @ 15
; ¥ 107 F 107
PD-L1 [%input] ° °
(2] (<2
pCLL S 1.0 £ 1.0
< L
3} (3]
aMyc ]m o 0.5 < 0.5
19G L L
I T T 1 0.0- 0.0-
0 2 4 6 -+ -+
PD-L1 [%input] 10058-F4 10058-F4
Cm HEST LDHA D Myc PDL1
£ 60 £ 15+ . 2.5+ 2.5
e e o} i ol
% B £ E >
: : 8 207 g 201
o 40 o 10 ns ¢ ?
<)) <)) bkl F 1.5 F 1.5
& ] g g
S ns S £ 1.0 2 1.0-
T 20+ T 54 2 2
o [¥]
i ﬁ ° 0.5 kel 0.5
Z Z L L
°E‘ 0- % 0- 0.0- 0.0-
24 48 72 24 48 72 -+ -
time [h] time [h] BMS-708163 BMS-708163
E JAG1 DLL1 DLL3 F o °
1.0 L L L 87 &1
[a] 0 <
Z 0.6 uu 8- °':|. of =
= . S g
2 = 8 =8 |
P . T2 g5l oy
© 0.6+ - = 3§ 2s ‘\-
< ** = o - 7
Z 0.4 Hoxk o o 4 N
x - > O 0
£ - s « E g
w 2| Lenalidomide =4 ST *a
2‘ *“ |m@ Pomalidomide =
0.0- [ Thalidomide o o
- o+ -+
pre-Lena pre-Lena

Figure 3 Stromal programmed cell death ligand 1 (PD-L1) induction in chronic lymphocytic leukemia (CLL)-cells is mediated
by Notch-c-Myc signaling. (A) CLL cell lines (Mec-1/Eheb, top, n=16) and primary human CLL-cells (bottom, n=11) were
subjected to chromatin immunoprecipitation using either an anti-Myc antibody (aMyc) or control immunoglobulin (IgG).
Precipitated DNA was analyzed for sequences at the PD-L1 promoter using specific primer pairs and quantitative real-time
PCR. (B) CLL peripheral blood mononuclear cells (PBMCs) were cultured on stroma (HS-5) for 3 days in absence (gray) or
presence (red) of the Myc inhibitor 10058-F4 (50 uM). Protein levels of intracellular Myc (left, n=9) and surface PD-L1 (right,
n=12) were analyzed by flow cytometry and are depicted as the fold-change+stroma. (C) Total RNA was extracted from CLL-
cells cultured in absence/presence of HS-5 stroma cells after indicated times and quantified for HES1 (n=3-6) and LDHA
(n=3-6) gene expression by real-time PCR. Relative gene expression values are depicted as the fold-change+stroma. (D) CLL
PBMCs were cultured on stroma (HS-5) for 3 days in absence (gray) or presence (red) of the y-secretase inhibitor BMS-708163
(8 uM). Protein levels of intracellular Myc (left, n=5) and surface PD-L1 (right, n=11) were analyzed by flow cytometry and are
depicted as the fold-change+stroma. (E) The human BM stroma cell line HS-5 was cultured for 24 hours in absence or presence
of immunomodulatory drugs (IMiD as indicated, 5 uM each inhibitor). Total RNA was extracted and quantified for the gene
expression of Notch ligands JAG7 (n=3-10), DLL7 (n=3-13) and DLL3 (n=3-9). Relative gene expression values are depicted
as the fold-change (FC)£IMiD. (F) CLL PBMCs were cultured on HS-5 BM stroma that was either untreated () or pretreated

(+) for 24 hours with 5 uM lenalidomide (Lena). Protein levels of intracellular Myc (left, n=6) and surface PD-L1 (right, n=4) were
analyzed by flow cytometry and are depicted as median fluorescence intensity (MdFI). Error bars depict the SEM. *p<0.05,
**p<0.01, **p<0.001; ns, not significant.

or c-Myc (by 10058-F4), diminished EZH2 induction  figure 18), we could only detect a significant correla-
triggered by stromal contact (figure 4E,F). tion between EZH2 and PD-L1 in in vitro cultured CLL-

Finally, PD-L1 expression was superior in c-Myc"8"/ cells, when CLL-cells were maintained on a stromal
EZH2"8" PB CLL-cells (figure 4G). Similar to our  monolayer (figure 4H). Ultimately, pharmacological
previous findings (figure 1I, online supplemental  interference with EZH2 in CLL-cells using DZNep
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Figure 4 Notch-c-Myc-induced programmed cell death ligand 1 (PD-L1) upregulation is enhancer of zeste homolog 2 (EZH2)-
dependent. (A) EZH2 protein levels were determined ex vivo in long-term circulating (LTC) and recent stromal-niche emigrant
(RSE) subsets (see figure 1B) of chronic lymphocytic leukemia (CLL) peripheral blood mononuclear cells (PBMCs) (n=17). (B)
Frequencies of Myc/EZH2"" expressing CD19* lymphocytes in LTC and RSE subsets as representatively shown on the left
were semi-quantified by flow cytometry in 19 human CLL PBMC specimen ex vivo (right). (C) EZH2 mRNA (left, n=8) and protein
(right, n=20) level were determined in CLL-cells cultured in absence/presence of HS-5 BM stroma for 3 days by quantitative
real-time PCR and flow cytometry, respectively. Values are depicted as the fold-change (FC)+stroma. (D) Total small RNAs
were extracted from human CLL-cells cultured in absence/presence of HS-5 BM stroma for 3 days after repurification. Relative
abundance of miR26a and miR1071 was analyzed by quantitative real-time PCR and is depicted as the fold-changexstroma.

(E, F) CLL PBMCs were cultured on HS-5 BM stroma for 3 days in absence (gray) or presence (red) of the y-secretase inhibitor
BMS-708163 (E, n=7, 8 uM) or the Myc inhibitor 10058-F4 (F, n=6, 50 uM). Protein levels of intracellular EZH2 were analyzed
by flow cytometry and are depicted as the fold-change+stroma. (G) CLL PBMCs were analyzed ex vivo for the surface
expression on CD19* lymphocytes comparing Myc/EZH2" (light gray) and Myc/EZH2" (dark gray) subset based on the median
fluorescence intensity (n=15). (H) Protein levels of PD-L1 and EZH2 as determined by flow cytometry (based on the median
fluorescence intensity (MdFI)) were subjected to a Pearson’s correlation analysis of CLL-cells cultured in absence (w/o, white
circles, n=13) or presence (w/, gray circles, n=13) HS-5 BM stroma cells for 3 days. (I) CLL PBMCs were cultured on HS-5 BM
stroma for 3 days in absence (gray) or presence (red) of the EZH2 inhibitors DZNep (10 uM) and EPZ011989 (50 pM). Protein
levels of surface PD-L1 were analyzed by flow cytometry and are depicted as the fold-changexstroma. Error bars depict the
SEM. *P<0.05, **p<0.01, **p<0.001.

or EPZ011989 prevented stroma-mediated PD-LI
induction (figure 4I, online supplemental figure 20).
Notably, EZH2 was recently shown to be capable to
augment c-Myc transcriptional activity regardless

of its methyl transferase activity.”* In fact, analyzing
public data (GSE115772%) and datasets from the

ENCODE database we also found a clear signal of
EZH2 in the PD-L1 promoter region but without the
characteristic trimethylated lysine 27 on histone 3
(H3K27me3) as well as signals for c-Myc in the same
areas (online supplemental figure 21) suggesting a
cooperative regulation of PD-L1 expression by c-Myc
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and EZH2 that does not involve the methyltransferase
activity of the latter one and which warrants further
investigations.

Taken together, we show for the first time in the
context of CLL that the stromal niche contributes to a
PD-L1"8" immunoevasive phenotype by triggering an
oncogenic Notch-c-Myc-EZH2 loop.

DISCUSSION

The immune system plays a key role in recognizing and
eradicating malignant cells. Furthermore, immune-based
approaches such as chimeric antigen receptor-carrying
T-cells have heralded a new era in cancer treatment.
However, tumor cells employ a plethora of mechanisms
to evade immunosurveillance including expression of
immune checkpoint inhibitors. PD-L1 represents a bona
fide example for inhibitory molecules and interferes with
function of innate and adaptive immunity cells by binding
to its cognate receptor PD-1. Blocking the PD-L1/PD-1
interaction has been successful in preclinical CLL models
but has failed to produce meaningful results in clinical
studies.?*¢ Therefore, it is inevitable to better understand
mechanisms that control PD-L1 expression and that
might contribute to primary and/or secondary resistance
towards immunotherapies.

CLL-cells are characterized by a recurrent close interac-
tion with their stromal niches within the BM and LNs.**
Here, we show for the first time that the stromal compart-
ment provides nurturing signals and protection from
chemotherapy-induced cell death and promotes a PD-L-
1"¢" CLL-cell phenotype with superior T-cell regulatory
properties. Interfering with the crosstalk between CLL-
cells and the stroma might assist in preventing the emer-
gence of immune escape variants, thus further improving
the efficacy of immune based therapies. We identified
binding of stromal Notch ligands on their respective
receptors on CLL-cells as the mechanism responsible
for PD-L1 upregulation. In fact, developing agents that
interfere with the ligand-receptor binding and/or the
Notch downstream signaling has been a great impetus,
particularly for Notch mutated patients with CLL. As of
to date, none of the Notch-targeted approaches has been
clinically approved and several roadblocks associated
with, for example, off-target toxicities need to be over-
come. Interestingly, we observed that IMiDs that exert
pleiotropic (partially not fully understood) effects and
that are already preclinically and clinically exploited® in
CLL downmodulate the expression of Notch ligands on
stroma cells.

Downstream of Notch-signaling c-Myc and EZH2 facil-
itated the upregulation of PD-L1 on CLL-cells. One of
the common features of Notch, c-Myc and EZH?2 is their
(context-dependent) function as oncogenes.'® ** An
enhanced activity of their pathways is linked to a more
aggressive disease biology in CLL. This finding is in line
with the current concept of tumor-intrinsic signaling
playing a key role in regulating a tolerogenic tumor

microenvironmentand tumor immune escape.24 Canceris
caused by oncogenic mutations that lead to uncontrolled
proliferation and consecutively to progressive disease. A
critical step for developing malignancies is the escape
from the immunological control. Emerging evidence
suggests that aberrant oncogenic signaling in cancer cells
may limit host immunity by among others regulating
immune checkpoints. Indeed, it could be demonstrated
that targeting oncogenic signaling can foster the efficacy
of immunotherapies in preclinical models and clinical
studies.”* In addition to this cell-autonomous process,
we describe how stromal cells contribute oncogenic
signals in CLL-cells that in turn mediate immune escape.
In this case, three oncogenic pathways are triggered by
stromal contact cooperatively leading to a PD-L1 upreg-
ulation. Furthermore, they represent potential targetable
sites within the regulatory framework of PD-LI and are
currently investigated, although not primarily within the
immunotherapeutical context, which we present here.***’

Taken together, our study reveals that the stromal micro-
environment controls PD-L1 expression in CLL-cells by
activating oncogenic Notch-c-Myc-EZH2 signaling. Inter-
fering with those cooperating pathways could enhance
the efficacy of immunotherapy against CLL and needs to
be further investigated.
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