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Key points:

e Contrasting patterns of basal phosphorylation levels and anti-BCR-induced signaling between CLL
and MCL tumors

e Direct association between BCR-induced signaling strength and CD79B level, but inverse
association with efficacy of BTK- and SYK inhibitors

Abstract

Kinases downstream of B-cell antigen receptor (BCR) represent attractive targets for therapy in non-
Hodgkins” lymphoma (NHL). As clinical responses vary, improved knowledge regarding activation and
regulation of BCR signaling in individual patients is needed. Here, using phospho-specific flow cytometry
to obtain signaling profiles of malignant B cells from 95 patients representing 4 types of NHL, revealed a
striking contrast between chronic lymphocytic leukemia (CLL) and mantle cell lymphoma (MCL) tumors.
Lymphoma cells from diffuse large B-cell ymphoma patients had high basal phosphorylation levels of
most of the measured signaling nodes, whereas follicular lymphoma cells represented the opposite
pattern with no or very low basal levels. MCL showed large interpatient variability in basal levels, and
elevated levels for phospho (p)-AKT, p-ERK, p-p38, p-STAT1 and p-STAT5 were associated with poor
outcome. CLL tumors had elevated basal levels of BCR-signaling nodes (p-SFK, p-SYK, p-PLCY), but had
low anti-BCR-induced signaling. This contrasted MCL tumors, where anti-BCR-induced signaling was
variable, but significantly potentiated as compared to the other types. Overexpression of CD79B,
combined with a gating strategy whereby signaling output was directly quantified per cell as a function
of CD79B levels, confirmed a direct relationship between surface CD79B, IgM and IgM-induced signaling
levels. Furthermore, anti-BCR-induced signaling strength was variable across patient samples and
correlated with BCR subunit CD79B expression, but was inversely correlated with susceptibility to BTK-
and SYK inhibitors in MCL. These individual differences in BCR levels and signaling might relate to

differences in therapy responses to BCR pathway inhibitors.
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Introduction

Non-Hodgkin’s lymphoma (NHL) is a diverse group of malignancies originating from mature B cells, most
commonly germinal center (GC) B cells."* Diffuse large B-cell lymphoma (DLBCL) and follicular lymphoma
(FL) are the most frequent types, whereas mantle cell lymphoma (MCL) is less frequent, but remains
more challenging to treat. The B-cell antigen receptor (BCR) is commonly maintained in malignant B
cells,® and its’ expression and downstream signaling is increasingly implicated in the pathogenesis of
NHL. The BCR consists of the antigen-binding immunoglobulin heavy (IgH) and light (IgL) chains coupled
to a heterodimer of the signaling subunits CD79A (Iga) and CD79B (IgB).* Although BCR signaling is
thought to depend on ligand-induced aggregation, continuous BCR expression is needed for survival of

healthy B cells,®” and signal to maintain survival in the absence of receptor engagement.”®

Crosslinking of BCR by antigen triggers the phosphorylation of tyrosines within the Immunoreceptor
tyrosine based activation motifs (ITAMs) of CD79A and CD79B by Src protein tyrosine kinases (SFKs) such
as Lyn and by SYK, and provides a docking site for SYK. Activation of SYK is central in the propagation of
BCR signaling, and initiates formation of the ‘signalosome’ complex, composed of multiple tyrosine
kinases and adaptor molecules including B-cell linker protein (BLNK), PLCy2 and Bruton Tyrosine Kinase
(BTK).”™ The result of proximal BCR signaling is the activation of NF-kB, PI3K, mitogen-activated protein
kinase (MAPK), nuclear factor of activated T cells (NFAT) and RAS pathways, altering gene expression

that directs fate decisions in normal and malignant B cells."***

Activation of BCR by auto-antigen is thought to be an initial driving force for some NHL, and several auto-
antigens have been identified in chronic lymphocytic leukemia (CLL),"> marginal zone lymphoma (MZL),*®
FL*"™ and DLBCL.*>** In other lymphoma types, BCR signaling nodes are frequently altered by recurrent
mutations. In the ABC subtype of DLBCL, mutations of CD79B, CARD11 and the negative regulator of NF-
kB TNFAIP3/A20 occur in about 21%, 11% and 30% of cases, respectively.zz'24 The functional importance
of BCR signaling in malignant B cells makes this pathway an attractive target for therapy with small
molecule inhibitors. In particular, the BTK inhibitor Ibrutinib has shown overall response rates of 71%
and durable responses in CLL and an overall response rate of 68% in MCL,”>”® whereas the response
rates in FL and DLBCL have been lower.”® Therefore, BCR signaling differences in malignant B-cells,

caused by auto-antigens, mutations or other abnormalities, may shape treatment responses.
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We previously used phospho-flow cytometry to obtain clinically relevant signaling profiles of acute

myeloid leukemia and lymphoma tumors®*>*

and to explore patients’ individual intratumor T cell
signaling.>* Here, we investigate basal- and activation-induced phosphorylation levels in lymphoma cells
across different types of NHL malignancies using the same approach, and explored the mechanisms

behind variability in anti-BCR-induced signaling capacity and relationship with BCR-pathway inhibitors.
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Methods

Human samples

All specimens were obtained with informed consent in accordance with the Declaration of Helsinki from
either Stanford University Medical Center or from the Norwegian Radium Hospital, Oslo, Norway.
Tonsils and autologous peripheral blood samples were obtained from children undergoing tonsillectomy
at Stanford Hospital. All samples were processed to mononuclear cells (MNC) by Ficoll gradient
centrifugation (Ficoll-Paque™ PLUS, GE Healthcare, NJ, USA), and cryopreserved in liquid nitrogen. An
overview of the non-Hodgkin’s lymphoma patient samples is given in Table S1. The FL cases were the
same as in the test cohort previously described.*® Lymphoma cell line Granta 519 was from DSMZ (ACC
342), and was maintained in RPMI 1640 (PAA) supplemented with antibiotics penicillin and streptomycin
(Sigma) and 10% Fetal calf serum (FCS, HyClone).

Reagents

Signaling inputs included recombinant human (rh) Interleukin-4 (IL-4), rh IL-7, rh IL-10, and rh IL-21
(Bioscience) at 20 ng/mL; IFN-y (R&D Systems) at 20 ng/mL; BCR crosslinking (a-BCR) by anti-IlgM F(ab’,)
and anti-IgG F(ab’,) from Life Technologies (Invitrogen-Biosource) at 10 ug/mL each; a soluble trimer of
CD40ligand (CD40L, Amgen-Immunex) at 100 ng/mL; a TLR9 agonist, CpG 7909 (Pfizer Inc) at 10 pug/mL;
Phorbol 12-myristate 13-acetate (PMA) and ionomycin (Sigma-Aldrich) at 1.0 ug/mL each. The following
small molecule inhibitors were used: Fostamatinib (R406, Selleckchem) used at 2.5 UM or as specified;
Ibrutinib (PCI-32765 from Selleckchem or from Pharmacyclics) used at 2.0 M or as specified. The
following antibodies were from Becton Dickinson (BD; San lose, CA) were used to detect expression of
CD5, CD3, CD20, BCL2, CD79B, phosphorylated (p)-STAT1 (Y701), p-STAT3 (Y705), p-STATS (Y694), p-
STAT6 (Y641), p-Zap70/p-SYK (Y319/Y352), pSFK/p-Lck (Y705), p-PLCY (Y759), p-p65 NF kB (5529), p-BTK
(Y223), p-BLNK (Y84), p-ERK (T202/Y204), whereas p-S6 (5235/5236), p-AKT (S473) and total IkBat (L35A5)
were from Cell Signaling Technologies (details in Supplemental Table 3). Anti-IgM, anti-IgG, anti-Ig
lambda and anti-lg kappa were from Invitrogen. Pacific Blue and Pacific Orange used for fluorescent

barcoding of cells were from Life Technologies (Life Technologies, Molecular probes).

Activation of signaling and phospho-specific fluorescent flow cytometry
Activation of signaling and detection of phospho-proteins were performed as previously described.****°

Briefly, the samples were thawed, and 1-5 million cells were used for flow cytometry based live/dead
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discrimination and immunophenotyping. Signaling was analyzed in the remaining sample that were
allowed to rest for 30 minutes at 37°C in RPMI 1640, supplemented with 10% FCS, before redistribution
at 200 pL per well into v-bottomed 96 well plates and given another 20 minutes rest. In experiments
using inhibitors, these were added 60 minutes prior to adding a-BCR. Signaling was activated by a-BCR
for 4 min or 45 min, CD40L, IL-4, IL-7, IL-10, IL-21 or IFN-y for 15 minutes, or CpG for 45 min.
Paraformaldehyde (PFA) at a final concentration of 1.6 % was added to stop signaling and incubated for 5
minutes at RT, followed by permeabilization in > 90% freezer-cold methanol. At this point, the samples
could be stored at -80 °C, before further processing. After rehydrating the cells by washing by
centrifugation 2 times in PBS, the cells were stained with antibodies, or the cells were “barcoded” prior
to staining with antibodies as previously described,* see Supplemental Figure 1 for details. The samples
were then collected on a LSR Il flow cytometer (Becton Dickinson, CA, USA). Data was analyzed using

Cytobank Software (www.Cytobank.org), as previously described,® see details in Supplemental Methods.

Hierarchical cluster analysis of arcsinh transformed data (in rows, each column represented a patient
sample) was performed by Cluster 3.0, and the rows were clustered using complete linkage, for visual

clarity. Java Treeview 3.0 was used for visualization.

Overexpression of CD79B by retroviral transduction

The CD79B coding sequence was isolated from tonsillar B cells using the primers
CACCATGGCCAGGCTGGCGTTGTC and CTCTCTTGGCTCTCTCCTGGCCTGGGTGCTCAC. This amplicon was
then linked to GFP via a Picornavirus 2A sequence using the primers AGAGCCAAGAGAGGCAGCGGCG and
CTCGAGTTACTTGTACAGCTCGTCCATGCCGAG, to generate equimolar amount of CD79B and GFP, as
previously described for other genes.*® The fusion PCR was performed using the primers in italic. The
product was subcloned into pENTR vector, sequenced (Eurofins, Germany) and recombined into the
modified retroviral vector pMP71.%” Granta 519 was transduced by spinoculation on Retronectin (Takara,

Japan) and expanded for 10 days before use.

Classification of DLBCL
DLBCL cases were classified based on immunohistochemical staining of FFPE tissue sections by the Hans

algorithm and the Choi algorithm as previously described.*®**° Results were 100% concordant.
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Results

Basal phosphorylation levels distinguish lymphoma types

To investigate basal phosphorylation levels across B-NHL, we included patient samples from DLBCL, FL,
MCL and CLL (Supplemental Table 1), as well as samples from healthy donors (tonsils and peripheral
blood). All samples were acquired prior to therapy. The levels of 12 different phosphorylated kinases
relevant for BCR, CD40, Toll-like receptor (TLR) and cytokine signaling pathways were detected by
phospho-specific flow cytometry (Supplemental Figure 1). This revealed that MCL tumor cells had
elevated levels of p-SYK, p-PLCy and p-AKT (Figure 1A). Our approach for detection of basal levels was
sensitive and robust, as pretreatment with the SYK-inhibitor Fostamatinib reduced the tumor cell levels
of p-SYK and p-PLCy (Figure 1B). A heatmap of phospho-protein levels across NHL types revealed that
DLBCL cells had elevated levels of many of the measured signaling nodes, and significantly higher levels
of p-STATS5, p-AKT, and p-p65 NF-kB than the other NHL types (Figure 1C-D, Supplemental Figure 2). In
contrast, FL tumors had no or very low basal levels, similar to healthy donor B cells. A distinct feature of
CLL cells was elevated levels of BCR signaling nodes, including p-SFK, p-SYK and p-PLCy, but low levels of
p-AKT and p-p65 NF-kB (Figure 1C-D, Supplemental Figure 2). MCL tumors had variable expression levels
across patient samples, with no clear pattern. Together, these data revealed lymphoma type-specific

differences in basal phosphorylation levels but also great interpatient variability among MCL tumors.

Potentiated a-BCR-induced signaling in MCL cells

To obtain activation-induced signaling profiles, tumor samples were left unstimulated or were activated
with CD40L, CpG, BCR engagement (a-BCR), IL-4, IL-7, IL-10 or IL-21, and the levels of phosphorylated
kinases were determined by phospho-specific flow cytometry. Comparison of signaling profiles of
intratumor T cells and lymphoma cells within the same sample provided distinct cell-type specific profiles
as expected (Supplemental Figure 3). Crosslinking of BCR (a-BCR) induced robust upregulation of p-SYK in
MCL cells but not in CLL cells, whereas CD40L induced strong p-p65 NF-kB in both cases (Figure 2A-B).
Furthermore, comparing signaling in lymphoma cells to healthy donor B cells revealed that the overall
signhaling pattern was similar; for example, the same kinases were phosphorylated upon specific
stimulus, but the signaling strength varied (Figure 2B). In a MCL patient sample with detectable normal
(CD20+CD5-BCL2-) and malignant (CD20+CD5+BCL2+) B cells, the malignant B cells demonstrated highly
potentiated a-BCR-induced signaling (Figure 2C). Heatmap visualization of the major activation-induced

phosphorylation events across B-NHL patient samples revealed that CLL tumors overall had very low a-
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BCR-induced p-SFK, p-SYK and p-PLCy levels (Figure 2D). In contrast, a-BCR-induced signaling was highly
variable between patient samples in the FL, DLBCL and MCL cohorts, but frequently higher than in CLL
cells and healthy donor B cells (Figure 2D). Importantly, activation-induced signaling was not always low
in CLL cells, as demonstrated by high IL-4-induced p-STAT6, IL-10-induced p-STAT3 and CD40L-induced p-
p65 NF-kB in these tumors (Supplemental Figure 4). BCR signaling in CLL is known to be heterogeneous,
with CLL cells bearing unmutated /IGVH (U-CLL) being more responsive than mutated CLL (M-CLL).***
However, our CLL cohort represented few cases and separation into U-CLL and M-CLL provided no

significant differences (Supplemental Figure 5A-C). Similarly, GCB was not significantly different from

non-GCB (Supplemental Figure 5D-E).

Strikingly, MCL contrasted the other NHL types by overall high levels of both BCR proximal {p-SFK, p-SYK,
p-PLCy) and more distal signaling nodes (p-AKT, p-ERK and p-STATS5), all significantly higher than in CLL
and FL patients (p<0,001, Figure 2E). Compared to DLBCL, only a-BCR-induced p-SYK and p-ERK were
significantly higher in MCL. On average, a-BCR-induced p-SYK relative to unstimulated cells was 1.16 in
MCL cells as compared to 0.67, 0.36, and 0.27 in DLBCL, FL and CLL, respectively, and 0.40 and 0.48 in
healthy donor tonsillar and PBMC B cells (Figure 2E). The levels of BCR proximal readouts in MCL cells
were strongly correlated, as demonstrated by a-BCR-induced p-SYK vs. p-PLCy (p<0.0001, r=0.96), and
shown as a heatmap of 6 different signaling nodes across MCL cases (Supplemental Figure 6). Low a-BCR-
induced signaling in some MCL tumors could be due to higher basal phosphorylation levels; however, no
relationship was found for basal- vs. a-BCR-induced phosphorylation levels of SFK, SYK or PLCy
(Supplemental Figure 7). For CLL, the tissue of origin is important, as demonstrated by stronger a-BCR-
induced signaling and BCR gene signature score in LN vs. peripheral blood.*’ As the MCL cohort
contained LN and PBMC samples, central results from Figure 1 and 2 were reanalyzed with LN samples
only and provided similar results (compare Figures 1, 2 and Supplemental Figure 8). Overall, these data
demonstrated heterogeneous a-BCR-induced signaling responses in lymphoma cells from DLBCL, FL and

MCL, which contrasted the low signaling responses in the malignant B cells from CLL patients.

a-BCR-induced signaling strength in MCL cells is correlated to surface expression of BCR subunits

The interpatient variability in a-BCR-induced signaling strength for DLBCL, FL and MCL could be due to
variable surface expression levels of BCR subunits. To explore this relationship, we determined the
surface expression of CD79B, IgG, 1gM, Igk and IgA in lymphoma cells. As expected from the signaling

results, surface expression of CD79B was low in CLL cells, and highly variable in DLBCL, FL and MCL cases
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(Figure 3A-B). Furthermore, there was a strong association between a-BCR-induced p-PLCy and surface
expression of CD79B for MCL patients (p<0.0001, r=0.70) and for DLBCL patients (p<0.01, r=0.70) but not
for FL patients (Figure 3C). a-BCR-induced p-PLCy was strongly correlated with surface expression of IgM
in MCL patients (p<0.0005, r=0.52), but this association was less significant for DLBCL and FL (IgM or 1gG
heavy chain expression, Figure 3D). Similar results were found for a-BCR-induced p-SYK vs. CD79B or
IgM/18G expression, and for a-BCR-induced p-PLCy vs. IgM (Supplemental Figure 9). In one of our MCL
cases, we discovered two distinct lymphoma subclones based on different expression levels of CD5,
CD20, Igx, CD79B and IgM (Figure 3E). The lymphoma subclone which possessed the highest expression
of CD79B also had the strongest a-BCR-induced signaling response (Figure 3E, Supplemental Figure 9). In
ABC DLBCL, CD79B surface expression levels can be upregulated due to mutations.” Sanger sequencing
of CD79B was performed for 5 of the MCL cases, but no mutations were detected (not shown).
Furthermore, exome sequencing of patient samples from our MCL cohort did not reveal mutations in
CD79B. Hence, increased expression of CD79B in MCL cells is likely not due to mutations in the coding

regions.

To test if BCR-induced signaling per cell could be directly associated with surface expression of CD79B,
we first measured a-lgM-induced signaling in an IgM" MCL cell line, Granta 519, with highly
heterogeneous expression of CD79B. A gating strategy to identify lymphoma cells with low, intermediate
and high CD79B clearly demonstrated a direct relationship with the level of a-IgM-induced signaling
(Figure 4A). To further study the impact of CD798B for regulating the strength of a-BCR-induced signaling,
Granta 519 cells were transduced with bicistronic retroviral vector containing CD79B and GFP, or control
vector containing GFP. The expression of GFP was then used to identify cells with an integrated vector.
Introduction of CD79B led to higher and more homogeneous expression levels of CD79B in the GFP*
population (Figure 4B). Furthermore, cells overexpressing CD79B also exhibited higher levels of IgM. The
introduction of GFP did not alter the a-lgM-induced signaling response, as this was equivalent in GFP" vs.
GFP’ cells for GFP control vector transduced cells (Figure 4B-C). In contrast, the introduction of CD79B
greatly enhanced a-IgM-induced p-SYK, p-PLCy and p-BLNK across a broad spectrum of a-lgM
concentrations (Figure 4C). In these experiments, total CD79B protein was detected as the cells were
stained post permeabilization. However, the a-IgM-induced signaling pattern for distinct levels of CD79B
gave similar results independent of method for CD79B detection (surface vs. total; Supplemental Figure
10). Together, these results demonstrate a direct relationship between the per-cell level of CD79B, IgM

and a-lIgM-induced signaling strength in MCL cells.
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Efficacy of BCR pathway drugs to suppress a-lgM-induced signaling depends on signaling strength

The strength of a-lgM-induced signaling in MCL could potentially affect the suppressing efficacy of BCR
signaling inhibitors. To test this, Granta 519 cells overexpressing CD79B were preincubated with
Fostamatinib or Ibrutinib at different concentrations or were left untreated for 60 min before activation
with a-IgM for 4 min. Visualization using dot-plots for CD79B expression vs. p-BTK or p-PLCy showed a
direct relationship between CD79B level and efficacy of lbrutinib to suppress a-lgM-induced
phosphorylation (Figure 5A). Again, a gating strategy was used to measure signaling in cells expressing
distinct levels of CD79B, from low to high (L1 to L6), to test how different levels of CD79B affected the
efficacy of the drugs. This approach revealed a direct dose-response relationship between the level of
CD79B and efficacy of Ibrutinib (Figure 5B). Here, high levels of CD79B expression (L5, L6) corresponding
to strong o-lgM-induced signaling required much higher concentration of lbrutinib for efficient
suppression as compared to cells with low CD79B expression and corresponding low IgM-induced
signaling (Figure 5B, C). A similar relationship between the levels of CD79B/a-IgM induced signaling and

efficacy of Fostamatinib was observed (Figure 5D).

To test if the relationship between a-IgM signaling strength upon in vitro activation and efficacy of BCR
signaling inhibitors also was relevant for lymphoma cells from MCL patients, the efficacy of Fostamatinib
was tested in 13 MCL tumors. As shown for the MCL cell line, MCL cells from patients showed an inverse
correlation between a-lgM-induced phosphorylation levels and drug-induced suppression (Figure 6A-B).
The correlation was strongest for phosphorylation of BTK (r=0.68, p<0.01) and PLCy (r=0.56, p<0.05). A
similar association was also found between basal phosphorylation levels and influence of Fostamatinib
(Supplemental Figure 11). Hence, the BCR-signaling capacity might confound the efficacy of BCR pathway

inhibitory drugs.

Elevated basal levels are associated with shorter survival in MCL

In FL, we previously demonstrated a pivotal role for a-BCR-induced signaling, as patients who harbored a
large fraction of a-BCR-insensitive lymphoma cells were shown to have an inferior outcome.*® Therefore,
basal- as well as activation-induced phosphorylation levels with highest variance across the MCL
patients, which represented the largest cohort, were identified (Figure 7A, Supplemental Table 2). Even
though many of the activation-induced p-proteins showed high variance, including a-BCR-induced p-SYK

and p-PLCy, none of these reached statistical significance, using log-rank test. In contrast, elevated levels
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of basal p-STAT1, p-p38, p-AKT and p-ERK were significantly associated with shorter survival (p<0.05,
Figure 7B). Cox proportional hazard regression confirmed that these, in addition to p-STAT5, were
continues variables (Figure 7B). Grouping of patients based on a single phosho-protein value is likely to
be less robust due to smaller differences than grouping of patients based on a combination of several p-
proteins. Grouping the patients based on the combined sum of all significant basal levels from the Cox
regression (p-AKT, p-ERK, p-p38, p-STAT1 and p-STAT5) into low, intermediate and high levels, translated
into different overall survival (p<0.0032), with median survival of 7.4, 5.3 and 1.9 years, respectively
(Figure 7C-D). MIPI was available for a subset of patients, and was only weakly associated with the
significant basal phospho-proteins (r from -0.01 to -0.25). Also, the statistical significance of the
phospho-proteins was not changed upon inclusion of MIPI in multiparameter Cox regression. These
results will require validation with an independent data set, but suggests that measurements of basal

phosphorylation levels are clinically relevant in MCL.
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Discussion

The BCR signaling pathway represents an attractive target in therapy for several types of B-cell
lymphoma, and there is intensive search for surrogate markers that can serve as predictors of response
and to understand the molecular basis for differential responses seen after treatment with BCR pathway
inhibitors. We performed single-cell signaling profiling of malignant B cells from MCL, FL, DLBCL and CLL,
with main focus on MCL which represented our largest cohort. The smaller size of DLBCL and CLL cohorts
prevented meaningful comparison of the subcategories of these, but this has been well described in

previous reports, 222440424446

Taking an overall averaged view of these categories, we discovered striking
differences in basal phosphorylation levels as well as activation-induced signaling across the lymphoma
types. MCL cells showed highly variable a-BCR-induced signaling responses but in general had highly
potentiated signaling as compared to the other lymphoma types. The potentiated a-BCR-induced
signaling in MCL was strongly associated with surface expression of BCR subunits (IgM and CD79B). In
contrast, CLL tumors differed from the other NHL by having very low a-BCR-induced signaling,

corresponding well with overall low surface expression of CD79B in this lymphoma type.

By comparing per cell level of a-IgM-induced signaling across distinct IgM expression levels in a MCL cell
line that possessed highly heterogeneous expression of CD79B and IgM, a direct relationship was
demonstrated between surface CD79B, IgM and a-lgM-induced signaling levels. Similarly, overexpression
of CD79B further enhanced the surface expression of IgM and potentiated a-lgM-induced signaling,
confirming a direct relationship between surface CD79B, IgM and a-lgM-induced signaling levels.
Interestingly, there seems to be a stronger correlation between surface expression of CD79B and IgM as
compared to CD79B and I1gG. For IgM surface expression to occur, both CD79A and CD79B must be
present.”’ The cytoplasmic tail of IgM contains only 3 amino acids, and the heterodimeric complex of
CD79A and CD79B is required to bring IgM to the plasma membrane. In contrast, 1gG has a longer
cytoplasmic tail and can pair with CD79A, and is thus less dependent on CD79B for proper surface
expression.*® Furthermore, targeted mutation of CD79B in mice prevented expression of pu heavy chain,
but not CD79A, and produced a complete block in B cell development at the immature B-cell stage.*’ The
underlying cause for CD79B overexpression in MCL is not known, but the expression levels seen in MCL
cells are within the range of healthy donor mature B cells. The CD79B gene is mutated in about 20% of
the ABC subtype of DLBCL with hotspot mutation in the first ITAM tyrosine (Y196).>>* Several of the
mutated variants result in increased surface expression of CD79B/Ig and formation of micro-clustering of

BCR*®, similar to BCRs in antigen-stimulated normal B cells; however, these mutations have not been
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found in MCL.>>** In CLL, some early reports identified mutations in CD79B exons 5 and 6°%, but this has

53,54

not been confirmed in recent exome sequencing studies. However, CD79B surface expression in CLL

is commonly downregulated,”>® but can be upregulated upon IL-4 signaling.>”®

The overall higher
surface expression of CD79B in MCL, but not in CLL, suggests it may be a better target for therapy in
MCL. Indeed, a recent clinical trial using anti-CD79B antibody conjugate as a single agent or combined
with Rituximab had no clinical effect in CLL, but had an objective response in 14 of 24 DLBCL patients,

and 6 of 7 patients with MCL.>®

The difference between CLL and MCL for a-BCR-induced signaling is striking, given that MCL and CLL are

b.2?8 |brutinib

the two types of B-cell malignancies that respond clinically to the BTK inhibitor Ibrutini
might work in CLL by downregulating the constitutive BCR signaling that seems important for survival of
CLL cells, whereas Ibrutinib may work in MCL by inhibiting the potentiated BCR signaling characteristic of
this malignancy. In MCL patients treated with Ibrutinib, the BCR- and NF-kB gene signatures were
efficiently downregulated as early as 2 days after treatment initiation.®® A pathogenic role of BCR
signaling in MCL was further demonstrated by poor clinical outcome for patients with high LN BCR
signature scores.® In addition to its central role in BCR signal propagation, BTK kinase is activated upon
ligation of crucial co-receptors such as CD40 and BAFFR, as well as toll-like receptors and chemokine

62,63
receptors.™

Hence, BTK-inhibitors can have a profound effect by targeting multiple signaling pathways.
Another important facet of lbrutinib is its immune modulating effects. lbrutinib has been shown to
inhibit the highly homologous kinase ITK. ITK is expressed by Th2 cells, and lbrutinib has been shown to
shift the balance from Th2 cells towards Th1 cells which produce interferon gamma (IFNy) and thereby

enhancing anti-tumor responses."“"65

In FL, we previously identified a lymphoma subset that was unresponsive to a-BCR-induced signaling, of
which high prevalence was associated with inferior outcome.*® A similar relationship was not found in
our MCL cohort, despite large interpatient difference in a-BCR-induced signaling. Instead, elevated basal
levels of p-AKT, p-ERK, p-STAT1, pSTAT5 and p-p38 were associated with shorter survival. These results
will require validation with an independent data set, but suggests that measurements of basal
phosphorylation levels are clinically relevant in MCL. Furthermore, our findings suggest that the
lymphoma cells’ basal phosphorylation levels and BCR-signaling capacity might confound the efficacy of
BCR pathway inhibitory drugs. Differences in the phosphorylation levels of signaling molecules between

different NHL, as well as heterogeneity within each entity, might help us understand therapy responses
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to small molecular inhibitors. As the lymphoma cell level of CD79B was strongly correlated with a-BCR-
induced signaling, measurement of CD79B may turn out to be the biomarker of the future. Such
measurements can easily be implemented in clinical trials with BCR-pathway inhibitory drugs and
warrants further investigation. Going forward, combinations of high dimensional single cell approaches,
such as mass cytometry, and machine learning computational analysis tools are expected to

systematically reveal and characterize clinically relevant alterations in cancer cell signaling.®®®®
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Figure legends

Figure 1

Elevated basal phosphorylation levels in subgroups of lymphoma patients.

Single cell suspensions from lymphoma patients or healthy donors were thawed and rested for 90 min
before fixation, permeabilization and staining with a combination of phospho-specific and lineage-
marker-specific antibodies, followed by fluorescent flow cytometric measurements. Tumor cells were
identified as CD20+BCL2+CD5-CD3- cells (FL, DLBCL) or CD20+BCL2+CD5+CD3- cells (MCL, CLL), normal B
cells as CD20+CD5-CD3- and T cells as CD20-CD5+CD3+. (A) Histogram overlays of basal (untreated)
phosphorylation levels in MCL cells, relative to the basal level in healthy donor PBMC B cells. (B) Patient
samples were left untreated or treated with the SYK inhibitor Fostamatinib (SYK-i, 2.5 uM) for 1 hour.
Shown are histogram overlays of phosphorylation levels in unstimulated and Fostamatinib-treated MCL
cells, as compared to the level in unstimulated intratumor T cells. (C) Heatmap of basal phosphorylation
levels across different types of NHLs. Each column represents a patient sample, and the rows were
clustered for visual clarity (dendrogram not shown). Samples were annotated for tissue (grey, LN; black,
peripheral blood), DLBCL subtype (grey, GCB; black, non-GCB; white, n.d.), IGHV status (grey, unmutated:
<2% change in IGHV gene sequence compared with germ line; black, mutated; white, n.d.) and Ig heavy
chain (grey, IgM; black, 1gG). (D) Shown is scatter plots of basal p-AKT, p-SYK and p-p65 NF-kB in
lymphoma cells, relative to healthy donor control PBMC B cells. Each dot represents one patient sample.
In (A,C,D), phosphorylation levels are calculated relative to B-cells in a healthy donor control sample,
using arcsinh transformation. In (B), phosphorylation is calculated relative to intratumor T cells. DLBCL:
n=12, FL: n=27, CLL: n=14, MCL: n=42, Healthy donor controls: tonsillar B cells: n=4 and PBMC B-cells:
n=5. Statistical difference between NHL types was calculated using Mann-Whitney non-parametric test,

*%%n<0.0001, **p<0.005.

Figure 2

Activation-induced signaling reveals contrasting differences between NHL subtypes, and potentiated a-
BCR-induced signaling in MCL.

Patient samples and control samples were thawed and rested for 20 min before activation with CD40L,
IL-4, IL-7, IL-10, I1L-21 or IFN-g for 15 min, CpG for 45 min, BCR engagement with F(ab’), anti-IgM and anti-
IgG (a-BCR) for 4 min or 45 min, or left untreated (unstim), see Supplemental Figure 1. Tumor cells were

identified as described in Figure 1. (A) Histogram overlays of a-BCR- or CD40L-induced p-SYK and p-p65
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NF-kB in CLL and MCL cells, shown relative to unstimulated cells. (B) Typical activation-induced signaling
profiles shown as heatmaps of lymphoma cells from CLL and MCL patient samples as compared to
healthy donor PBMC B cells. (C) Gating on lymphoma cells (CD20+BCL2+CD5+CD3-) and non-malignant B
cells (CD20+BCL2-CD5-CD3-) within same patient sample revealed potentiated signaling in malignant B
cells. (D) Heatmap of major activation-induced phosphorylation levels in lymphoma cells, across different
types of NHLs. Each column represents a patient sample, and the rows were clustered for visual clarity
(dendrogram not shown). Samples were annotated for tissue (grey, LN; black, peripheral blood), DLBCL
subtype (grey, GCB; black, non-GCB; white, n.d.), IGHV status (grey, unmutated; black, mutated; white,
n.d.) and Ig heavy chain (grey, IgM; black, 1gG). (E) Scatter plots of a-BCR-induced phosphorylation levels
in lymphoma cells, relative to unstimulated cells. Each dot represents a single patient sample.
Phosphorylation levels are relative to unstimulated lymphoma cells from the same patient. DLBCL: n=12,
FL: n=27, CLL: n=14, MCL: n=42. Healthy donor controls: tonsillar B cells: n=4 and PBMC B-cells: n=8.
Statistical difference was calculated using Mann-Whitney non-parametric test, ***p<0.0001, **p<0.005,

*p<0.05.

Figure 3

a-BCR-induced signaling in MCL cells is associated with increased surface expression of BCR subunits
CD79B and IgM. (A) Contour plots of CD20 expression vs. CD79B or IgM expression in CLL, MCL and
healthy donor PBMC sample, respectively. (B) Expression of CD79B in lymphoma cells relative to T-cells
present in same sample in DLBCL, FL, CLL, MCL and healthy donor tonsil and PBMC samples. (C)
Association between a-BCR-induced p-PLCy and CD79B surface expression in DLBCL, FL and MCL. Each
dot represents a patient sample. (D) Association between a-BCR-induced p-PLCyand tumor heavy chain
expression (1gG or IgM for DLBCL, FL, and IgM for MCL). (E) The presence of two distinct lymphoma
subclones in a MCL patient (MCL-R001), based on expression of CD5 and CD20, demonstrates
potentiated a-BCR-induced phosphorylation events in the CD5"CD20" subclone. The CD20"CD5" cells
are CD79B", as compared to CD20*CD5* lymphoma cells (see Supplemental Figure 9E). DLBCL: n=12, FL:
n=27, CLL: n=14, MCL: n=42. Healthy donor controls: tonsillar B cells: n=4 and PBMC B-cells: n=5. Note
that surface protein expression of CD79B and IgM were obtained as separate immunophenotypic
staining, and not included in the signaling assay. Statistical difference was calculated using Mann-
Whitney non-parametric test, ***p<0.0001, **p<0.005, and correlation was calculated by Spearman

rank test.
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Figure 4

Expression of CD79B determines a-BCR-induced signaling strength.

The MCL cell line Granta 519 was left unstimulated or was activated with different concentrations of a-
IgM Abs for 4 min. (A) Cells were stained with anti-CD79B Ab, together with phospho-specific Abs. This
strategy allowed gating on distinct levels of CD79B and mapping of a-BCR-induced signaling specifically
to the distinct CD79B expression levels, from low to high. a-BCR-induced signaling is shown as heatmaps,
where phosphorylation levels are relative to unstimulated cells within the same level of CD79B
expression. (B) Overexpression of CD79B WT by retroviral transduction further enhances a-BCR-induced
signaling. a-BCR-induced signaling assay was performed as in (A). One representative experiment is

shown, and (C) mean = SEM, n=3.

Figure 5
Higher concentrations of Ibrutinib and Fostamatinib are required to efficiently suppress a-BCR-induced

low

signaling in CD79B" cells as compared to CD79B™" cells.

Granta 519 cells overexpressing CD79B were left untreated or treated with different concentrations of
Ibrutinib (BTK-i, 0.016-10.0 uM) or Fostamatinib (SYK-i, 0.004-2.5 uM) for 1 h, prior to a-lgM Ab
stimulation for 4 min. The cells were stained with Abs as described in Figure 4. (A) Contour plots for
CD79B expression vs. p-BTK or p-PLCy in cells treated with various concentrations of Ibrutinib. (B) Same
gating strategy was used to study a-BCR-induced signaling in cells with distinct expression levels of
CD79B, from L1-L6 (low-high). The effect of Ibrutinib on a-IgM induced phosphorylation is shown as

heatmaps, relative to unstimulated cells. (C) Dose-response for Ibrutinib per CD79B expression level,

mean t SEM, n=3. (D) Dose-response for Fostamatinib per CD79B level, mean + SEM, n=3.

Figure 6

Efficacy of SYK-inhibitor fostamatinib to suppress a-BCR-induced signaling depends on BCR signaling
strength in MCL tumors.

Samples from 13 MCL patients were left untreated or were treated with the SYK-inhibitor Fostamatinib
(SYK-i, 2.5 uM) for 1 h, prior to a-BCR stimulation for 4 min. The cells were stained with lineage-specific
markers and phospho-specific Abs as earlier described. (A) Histogram overlays of p-SYK, p-BTK, p-

PLCy and p-AKT for lymphoma cells treated with Fostamatinib, a-IgM or a-IgM + Fostamatinib, relative to

unstimulated (untreated) cells. (B) Scatter plots of a-lgM-induced phosphorylation vs. percent of
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Fostamatinib suppression of a-lgM-induced phosphorylation levels for SYK, PLCy, BTK (Y223) and AKT.

Each dot represents a MCL patient sample, n=13. Correlations were calculated by Spearman rank test.

Figure 7

Associations of signaling nodes and overall survival in MCL.

(A) Identification of the basal- and activation-induced signaling nodes with largest variance across MCL
samples. (B) For all individual signaling nodes above a variance threshold set to 0.025, the patients were
divided into two groups, with measurements greater than or less than the cohorts median value, and
association with patient overall survival were tested with log-rank test. Shown are histograms of p values
using Log-rank test or Cox regression analysis of the same variable. (C) Distribution of the sum of the 5
significant basal levels as determined by Cox regression (p-AKT, p-ERK, p-STAT1, p-STAT5 and p-p38)
across MCL patients. (D) Kaplan Meier analysis of overall survival, based on the three groups identified in

(C). n=42, p<0.0032.
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