B-cell signaling networks reveal a negative
prognostic human lymphoma cell subset that
emerges during tumor progression
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Human tumors contain populations of both cancerous and host
immune cells whose malignant signaling interactions may define
each patient’s disease trajectory. We used multiplexed phospho-
flow cytometry to profile single cells within human follicular lym-
phoma tumors and discovered a subpopulation of lymphoma cells
with impaired B cell antigen receptor (BCR) signaling. The abun-
dance of BCR-insensitive cells in each tumor negatively correlated
with overall patient survival. These lymphoma negative prognos-
tic (LNP) cells increased as tumors relapsed following chemother-
apy. Loss of antigen receptor expression did not explain the
absence of BCR signaling in LNP tumor cells, and other signaling
responses were intact in these cells. Furthermore, BCR signaling
responses could be reactivated in LNP cells, indicating that BCR
signaling is not missing but rather specifically suppressed. LNP
cells were also associated with changes to signaling interactions
in the tumor microenvironment. Lower IL-7 signaling in tumor in-
filtrating T cells was observed in tumors with high LNP cell counts.
The strength of signaling through T cell mediator of B cell function
CD40 also stratified patient survival, particularly for those whose
tumors contained few LNP cells. Thus, analysis of cell-cell interac-
tions in heterogeneous primary tumors using signaling network
profiles can identify and mechanistically define new populations
of rare and clinically significant cells. Both the existence of these
LNP cells and their aberrant signaling profiles provide targets for
new therapies for follicular lymphoma.
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Signaling governs both intrinsic and extrinsic functions of cells,
arbitrating decisions at checkpoints throughout development
and directing a cell’s behavior as it responds to events in its
environment. In cancer, mutations and epigenetic events confer
upon cells attributes required for aggressive growth, malignancy,
and therapeutic resistance. These changes impact the cell sig-
naling network architecture and create signature signaling pro-
files that can be associated at the single cell level with clinical
features of each patient’s disease (1, 2). It is becoming clear that
the heterogeneity inherent in tumor cell populations creates
a need to understand how diverse populations of tumor cells
continuously interact with each other and surrounding non-
malignant cells before and during therapy. Single cell analysis of
signaling has significant potential for understanding disease
course at these junctures, as cell subpopulations within a primary
human tumor—such as tumor initiating stem cells and in-
filtrating immune cells—can be identified on the basis of surface
markers and further distinguished by their phenotypic signaling
potential and biological response profiles (3, 4).

Follicular lymphoma (FL) is an indolent human malignancy
that is currently incurable in the vast majority of cases, and patient
clinical outcomes are markedly heterogeneous. FL is also often
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a precursor of aggressive lymphoma, such as diffuse large B cell
lymphoma (DLBCL), an important cause of disease-related death
(5). Understanding biological features that distinguish patients’
tumors is critical in developing treatments to improve clinical
outcomes. For instance, during FL tumor progression, selection
likely expands cancer cell subsets with signaling features that
enable cell survival in the context of treatment and immune sur-
veillance (4, 6, 7). It may also be critical to understand how the
tumor microenvironment contributes to FL clinical outcomes (8,
9). A singular feature of B cell FL is the B cell receptor (BCR),
a complex of proteins poised to activate several attendant
downstream signaling pathways and deliver signaling necessary
for cell division and survival in lymphoma (10-12). BCR signaling
has been implicated in other B cell lymphomas (13-16), and
carbohydrate modifications to the BCR may alter signaling
interactions of FL cells (17). Because BCR activation can initiate
signals resulting in either survival or apoptosis of B cells (18-21),
this pathway provides many opportunities for selective pressure to
elicit the emergence of lymphoma subsets.

We combined immunophenotyping and potentiated phospho-
specific cytometry of cellular responses to provide a detailed
individual cell view of signaling networks in both cancer cells and
patient immune effector cells. Ultimately, this single-cell view
revealed the outgrowth of a subpopulation of lymphoma cells
whose signaling profile differed from the bulk tumor in patients
with a negative clinical outcome. The network level view allowed
visualization of this key population of cells over time in patients’
tumors and revealed how signals these cells might expect to see
in their microenvironment relate to clinically significant changes
in cell signaling networks. The single-cell approach provided for
a refined prognostic model based on signaling in a tumor cell
subset that stratified overall survival as well as suggested mech-
anisms by which such tumors escape therapies and the immune
system. Notably, although BCR signaling prominently correlated
with clinical outcomes, CD40 activation as well as infiltrating T
cell signaling attributes were also prognostic, albeit to a lesser
degree. This suggests a systems view of tumor biology wherein
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multiple elements of intracellular networks as well as intercellular
interactions compel clinical outcomes—provoking an approach
to FL that accounts for these multiple attributes to inspire new
treatment strategies.

Results

Signaling Profiles of Lymphoma B Cells and Tumor-Infiltrating T Cells.
Tumor samples were profiled by a surface immunophenotyping
panel and their pathway dependent functional phenotypes were
determined by phospho-specific flow cytometry (Fig. 14). Live
tumor cells were split for stimulation by signaling inputs and then
fixed at given time points to prevent signaling from proceeding.
Cells were then permeabilized for intracellular antibody staining
and stained by antibody panels that measured per-cell phospho-
protein levels and lineage markers for lymphoma B cells, tumor
infiltrating T cells, and nontumor B cells.

In FL, tumors contain a large number of lymphoma B cells
and a variable but significant amount of nonmalignant tumor-
infiltrating T cells (22). Expression of B cell antigen CD20 and
T cell antigens CD5 and CD3 distinguished B and T cell pop-
ulations within FL patient samples (Fig. 1B). FL tumors were also
characterized by 20 markers of nontumor B cells, natural killer
cells, and myeloid lineage cells (SI Materials and Methods). Tumor-
infiltrating nonmalignant cells other than CD5* CD3* T cells were
rare. BCR isotype restriction is a hallmark of FL cells, and lymphoma
B cells expressed a single Ig light chain isotype (Fig. 1B). Detection of
the nontumor light chain isotype distinguished rare nonmalignant B
cells, (Fig. 1B, kappa™ cells). In addition to isotype restriction, a fea-
ture of FL is the 14;18 translocation, which results in B cell CLL/
lymphoma 2 (BCL2) overexpression (23). BCR light chain isotype
restriction and BCL2 overexpression clearly distinguished lym-
phoma B cell identity.

To profile signaling in B and T cells simultaneously, we de-
veloped a panel of 12 stimulation conditions targeting B and
T cells and combined this panel with 12 matching phospho-protein
readouts. Stimuli included CD40 ligand (CD40L), B cell antigen
receptor engagement by F(ab’), (a-BCR), IL-2, IL-4, IL-7,
IL-13,IL-15, IFN type I, and IFN-y (Fig. 1B). Signaling responses
were gauged by measuring phosphorylation of the associated
phospho-proteins in the signaling network, which included Src
family kinases (SFKs), SYK, BTK, BLNK, PLCy, AKT, ribo-
somal protein S6 (S6), ERK, p38, STAT1, STAT3, STATS,
STAT6, NF-xB p65, and CBL (Fig. 1B and SI Materials and
Methods). Square color intensity represents fold increase in me-
dian phosphorylation of stimulated cells, relative to the level in
unstimulated cells (arcsinh scale, +1.75 ~ 10-fold). As an addi-
tional receptor-independent probe of signaling effectors, phorbol
12-myristate 13-acetate plus ionomycin (PMA + iono) was used to
induce calcium flux and activate PKC upstream of ERK and p38 in
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B and T cells. These signaling readouts provided a network-level
analysis of cell signaling by measuring signal transduction path-
ways known to play a role in cancer and capturing responses of
key cancer-associated effectors for the stimuli in the panel
(24-30). An initial panel of 12 stimuli x 12 readouts resulted in
288 signaling measurements per patient when examined in
both lymphoma B cells and tumor-infiltrating T cells (Fig. 1). Data
management and analysis of signaling profiles was simplified by
open-source Cytobank software developed for this project.

In addition to the example signaling profile shown (Fig. 1B), 23
FL patients and six healthy donors were initially collected (Fig.
S1). For each individual, signaling in lymphoma B cells and tumor-
infiltrating T cells was examined first using multidimensional flow
cytometry plots and then summarized using the population me-
dian, represented in a heat map (Fig. 1B). We first examined
median signaling in FL because median signaling stratified clinical
outcome in our prior studies (1). Signaling features in which no
significant activity was observed in tumor or healthy cells appear
black in heat maps.

In lymphoma cells, reliable BCR pathway phospho-protein
readouts included SFK, SYK, AKT, and ERK (Fig. 1B and Fig.
S1). In addition to a-BCR, PMA + iono and CD40L stimulated
a shared set of phospho-proteins in lymphoma B cells and pro-
vided controls for pathway specificity and mechanism, used later.
BCR signaling, IL-4, and CD40L play important roles in healthy
B cell survival, proliferation, and specialization for antibody
production. a-BCR, PMA + iono, CD40L, and IL-4 stimulated
phosphorylation of their respective phospho-protein readouts in
lymphoma B cells and were selective (Fig. 1B).

Overall, signaling in tumor-infiltrating T cells contrasted sig-
nificantly with signaling in lymphoma B cells. The cytokines IL-2,
IL-7, and IL-15 normally stimulate proliferation and specializa-
tion of healthy T cells by binding receptors including a shared
common Yy chain. In tumor-infiltrating T cells, IL-2, IL-7, and
IL-15 led to specific phosphorylation of STATS (Fig. 1B and
Fig. S1). This STATS phosphorylation was significant, as other
signaling responses expected in healthy T cells were absent in
tumor-infiltrating T cells (Fig. S1). For example, IL-4 and IL-
10 were expected to phosphorylate STAT6 and STAT3, re-
spectively, in all B and T cells, but instead led to only weak
phosphorylation in tumor-infiltrating T cells (Fig. 1B).

Signaling features were analyzed according to physiological
relevance superimposed upon their utility as classifiers of clinical
outcome (Fig. S24). From the set of all possible signaling fea-
tures (input stimuli X phospho-protein readouts x cell types),
features that significantly differed among patients were identified
(Fig. S2B). Those features with no significant differences among
FL patients Fig. S2B, black bars) were excluded from subsequent
analysis and those which remained (Fig. S2B, gold bars) were
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Fig. 2. Identification of a lymphoma cell subpopulation. (A)
3D plots of cells measured by flow cytometry show BCL2,
CD20, and p-ERK following a-BCR in 4,000 lymphoma B cells
from two FL tumors (LP-JO19 and LP-J023). (B) Cell number
(contour plots) and median ERK or AKT phosphorylation fol-
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carried forward in the analysis. Notably, basal phosphorylation of
signaling proteins in FL B cells was comparable to the level
observed in tumor-infiltrating T cells and healthy B and T lym-
phocytes, and no significant differences in basal signaling were
observed across the cohort of lymphoma patients (Fig. S2B).

The representation of signaling provided by median fold change
summarized signaling in the FL patient cohort and identified ele-
ments of lymphoma signaling networks that displayed variation
across the cohort (Fig. S24). Although median fold change was
useful at a comprehensive level, per-cell analysis was next used to
step beyond this summary view of signaling and explore intratumor
signaling heterogeneity among individual cells.

BCR Signaling Defined Lymphoma Cell Subpopulation in Human
Patients. Per-cell phospho-flow signaling data provided an op-
portunity to refine the signaling model specifically in the case of
a-BCR stimulation. We observed several cases, such as with LP-
J023, wherein it was apparent that the lymphoma B cell pop-
ulation was heterogeneous in both a-BCR signaling response and
expression of CD20 or BCL2 (Fig. 24) compared with other
cohort samples. In the plots shown, tumor cells were grouped into
three populations: CD20™ FL cells that responded to a-BCR
stimulation (green), CD20™ FL cells that did not respond to
a-BCR (blue), and CD20" FL cells that did not respond to
a-BCR stimulation (gold). Although in both LP-J019 and LP-
J023 the response to a-BCR stimulation was heterogeneous
across the z axis (in this case p-ERK), LP-J023 was distinguished
from LP-JO19 by the population of CD20' cells lacking a re-
sponse to a-BCR (Fig. 2, gold arrows) through several down-
stream kinases and phospho-epitopes (p-ERK is shown, but
similar response patterns were observed with p-SFK, p-SYK, and
p-AKT; Fig. 2B and Fig. S2C).

To identify and quantify this distinguishing lymphoma cell
subpopulation, the phospho-protein response to o-BCR was
plotted as a function of CD20 and BCL2 expression (Fig. 2B). In
this plot, peak height indicates the degree of a-BCR stimulation
of p-AKT or p-ERK. For LP-J023, a low plateau in the CD20"
area (gold outline) and a small peak in the CD20™ area were
apparent (Fig. 2B). The low plateau indicates a population of
cells with no phosphorylation of ERK following a-BCR. The
population of cells in this plateau region is the same as the gold-
colored population of cells in the 3D plot (Fig. 24). The small
peak indicates there was some signaling response to a-BCR.
Notably, within the small peak is a mixture of responding and
nonresponding CD20" cells (Fig. 24). In contrast, for LP-J019
we see one roughly symmetrical peak and no significant plateau
region because a-BCR responsive and nonresponsive cells have
similar CD20 and BCL2 expression. The height of the peak (i.e.,
degree of phosphorylated protein) for LP-J019 is also higher
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lowing a-BCR (mountain plots) was compared across BCL2 and
CD20 in lymphoma B cells from LP-J019 and LP-J023. Flow
cytometry plots highlighted a subpopulation of cells within
LP-J023 that did not phosphorylate AKT or ERK following
a-BCR (gold arrow). (C) Models summarize two common FL
signaling profiles.

than the peak for LP-J023 (Fig. 2B) because more of the cells
within the population were responsive to stimulation (Fig. 24).
Examination of multiple phospho-protein readouts indicated
that the cell population that was colored gold in Fig. 24 dis-
played no significant phosphorylation of any of the measured
signaling molecules following o-BCR, including SFK, SYK,
AKT, and ERK (Fig. 2B and Fig. S2C).

Patients generally were grouped into one of two classes, termed
profile 1 and profile 2 (Fig. 2C). Samples may have contained
a subpopulation of lymphoma B cells characterized by impaired
BCR signaling and differential CD20 or BCL2 expression (Fig.
2C). Cells within the subpopulation specific to profile 2 displayed
no significant phosphorylation of measured signaling proteins
following a-BCR. Hence, the abundance of the lymphoma cell
subset specific to profile 2 was included in subsequent compar-
isons with clinical outcome.

Tumor and Immune Signaling Features Stratify FL Patient Survival.
Following the Fig. S24 workflow, signaling features were next
examined in a training set derived from 56 FL tumor samples
collected before any therapy from patients who received uniform
initial chemotherapy consisting of a combination of cyclophos-
phamide, vincristine, and prednisone (CVP) (31). The 56 patients
were split into two sets of 28 samples balanced for other features
associated with FL clinical outcome, including age, sex, and the
clinical prognostic score termed FL International Prognostic In-
dex (FLIPI) (32). The remaining 28 samples formed a testing set
that was set aside for validation of significant features identified
in the training set.

Signaling features were ranked in terms of how well they strat-
ified overall survival of patients in the training set (Fig. 34). For
each stimulation condition in each cell type, all phospho-protein
readouts and combinations were examined in the training set
(Fig. 34). In cases in which multiple combinations of stimuli and
readouts were available, the features that best stratified over-
all survival are listed. For each feature, patients were divided into
groups using the upper and lower 50th percentile of each signaling
feature and then overall survival of the two groups was compared
by using the Kaplan-Meier method. For signaling features that
provided a promising stratification of overall survival, we identified
the breakpoint that produced two groups with the best stratifica-
tion of survival in this training set. In the case of PMA + iono in the
tumor B cells, increased p-ERK and decreased p-NFxB p65 each
stratified outcome and were thus treated as separate predictors
(Fig. 34). Unexpectedly, the IL-7 and IL-15 signaling in the tumor-
infiltrating T cells also significantly stratified outcome in the train-
ing set as well as most individual attributes of potentiated signaling
in the tumor cells themselves (as described later). However, pres-
ence of the lymphoma cell subset in profile 2 (Fig. 2, gold arrow) as
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demarcated by a combination of surface marker, BCL2 expression
and lack of activatable BCR-dependent signaling was considerably
better at stratifying clinical outcome than measurements of median
signaling (Fig. 34) by two orders of magnitude in probability.

The signaling profile was then refined to focus on those sig-
naling inputs listed in Fig. 3A. We included additional antibodies
against phospho-protein effectors of BCR signaling to provide
further insight into midlevel and downstream BCR signaling
events. These included phosphorylated B cell linker protein
(p-BLNK), 1-phosphatidylinositol-4,5-bisphosphate phosphodi-
esterase y (p-PLCy), and S6. Prior studies highlighted the im-
portance of PLCy (33) and BLNK (34) in healthy and lymphoma
B cells. p-BLNK, p-PLCy, and p-S6 displayed a large dynamic
range of phosphorylation and similar patterns of BCR signaling
in lymphoma cell subsets as other readouts, including p-SFK
and p-ERK.

Validation of the LNP Subset Model. The lymphoma cell subset in
profile 2 provided a negative prognostic in the training set (Fig.
3A). These cells were therefore termed lymphoma negative prog-
nostic (LNP) cells. The LNP cell fraction varied widely among
lymphoma specimens (Fig. 3B). Within the training set, we iden-
tified a breakpoint in the distribution at approximately 40%, and
subdivision according to at least 40% LNP cells stratified patients
for overall survival (Fig. 3C). This result was then examined as
a hypothesis in the testing set. Researchers were blinded to clinical
outcomes until all samples had been scored for percentage of
LNP cells. A similar distribution of scores was observed in the
testing set (Fig. 3D) and overall survival was again significantly
worse for patients with at least 40% LNP cells than for patients
with fewer than 40% LNP cells (Fig. 3E). Thus, the testing set of
patients validated the LNP cell hypothesis.

Notably, percent LNP cells was independent of other factors
known to affect outcome, such as the clinical FLIPI score and its
subcomponents, including age (Table S1 and Fig. S3). Summa-
ries of clinical features, LNP cell scores, and biological features
for all samples and patients studied are available in Table S2. It
might be the case that LNP cell frequency is a continuous vari-
able associated with poor outcome instead of the threshold
suggested by an “at least 40% LNP cells” model. Examination of
percent LNP cells as a continuous variable in the combined
training and testing datasets, shown in Fig. S4, indicated that
each 1% increase in LNP cells increased the annual risk of death
on average by 2.5%. (P < 0.000005; z-score, 4.68). The results

strongly suggest that the LNP subset is not effectively addressed
by CVP therapy (Fig. S4B). Taken together, these results in-
dicate that new therapies targeting the LNP cell subset might
be needed.

As multiple downstream events from BCR signaling were
prognostic of outcome, and because these might vary somewhat
from patient to patient, we determined whether an aggregate
statistic of BCR signaling gave better stratifying value. Indeed,
median BCR signaling stratified outcome in the training set (Fig.
3A4) or testing set (Fig. S5). Classification by median BCR sig-
naling was optimal when just considering PLCy phosphorylation,
a particularly robust readout for BCR signaling (P = 0.005; Table
S3). However, although median BCR signaling was sufficient to
stratify overall survival, stratifications by median BCR signaling
were weaker than the stratification of overall survival provided by
the LNP cell subset model. Approximately 18% of patients were
misclassified when using median BCR signaling (5 of 28 patients;
Fig. S5). The simpler median-based model performed less well
because it could not distinguish cases in which BCR signaling was
impaired in a distinct subpopulation from cases in which low BCR
signaling was observed in the whole population. Notably, ex-
pression of CD20 or BCL2 on their own was not sufficient to
stratify patient clinical outcomes (Table S3). The distinctive CD20
or BCL2 expression of LNP cells may represent the expansion of
a cell whose CD20 or BCL2 expression is skewed relative to the
average expression of each protein in the bulk tumor. In contrast,
the association of median BCR signaling with overall survival and
the consistent lack of BCR signaling response in the LNP cells
suggests that a “hit” to BCR signaling provides a crucial selective
advantage that generates the LNP subset.

Emergence and Outgrowth of LNP Cells After Therapy and Progression.
The close and continuous association between BCR-insensitive
LNP cells and increased risk of death suggested that the LNP cells
are closely linked to a patient’s poor clinical outcome. If this is the
case, paired tumors taken over time from the same individual
should relate whether the LNP subset changes in abundance
within the tumor and should, in fact, show an increase over time
after therapy. Six pairs of serial tumor samples obtained from
individual patients were available (Fig. 44). For each pair, the
initial sample was obtained before therapy and the subsequent
sample obtained after intervening therapies and disease pro-
gression. The percentage of LNP cells within the tumor increased
in five of these six cases (Fig. 44). The fraction of cells with intact
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shown for all FL signaling features. (B) LNP cells were quantified as a percentage of the lymphoma B cells in a training set of 28 FL tumor specimens taken
before any therapy (S/ Materials and Methods). (C) Overall survival of patients whose tumors contained at least 40% LNP cells and fewer than 40% LNP cells
was compared in the training set and found to be significantly lower in the group with at least 40% LNP cells. (D) The LNP cell population was quantified in an
independent, balanced testing set of FL patients. (E) The testing set validated the finding from B that patients whose tumor contained at least 40% LNP cells
had inferior overall survival. Patients in the training and testing sets were treated with uniform initial chemotherapy.
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BCR signaling at each phospho-protein was compared (Fig. 4C
and Fig. S6B). At the time of diagnosis, more cells displayed
phosphorylation of upstream BCR signaling components, such
as SFKs, PLCy, BLNK, and AKT. Only a small fraction of the
tumor cells showed intact phosphorylation of ERK or S6 follow-
ing a-BCR. In the posttherapy samples, impaired signaling was
commensurate for all phospho-protein signaling readouts and
BCR-mediated phosphorylation of ERK and S6 had been lost in
all the tumor cells (Fig. S6). This is in agreement with the pre-
therapy studies in the training study above.

These results indicate that LNP cells have a selective advan-
tage, compared with the bulk tumor B cell population and, to-
gether with the direct relationship to risk of death, strongly
suggest that the LNP cells are malignant, therapy-insensitive cells.
In LNP cells, BCR signaling was compromised at several points
throughout the BCR signaling network, including upstream pro-
teins SFK, SYK, BLNK, and PLCy and downstream proteins
ERK, AKT, and p38 (Figs. 2 and 4 and Fig. S2C). This extensive
abrogation of BCR signaling suggested a change at the apex of
the signaling cascade had occurred. One mechanism for such
a change might have been loss of Ig or CD79, the signaling subunit
of the B cell antigen receptor. However, subunits of the BCR are
not typically lost in FL (35). Furthermore, under the selection
pressure of antibody therapy directed against lymphoma BCR
idiotype, resistance in FL occurs most often by mutation of the
target BCR idiotype rather than loss of BCR expression (36),
again in accordance with the view that some aspect of a functional
BCR signaling complex is required for lymphoma cell survival,
similar to the requirement in mature healthy B cells (18, 19).

We determined Ig heavy chain, Ig light chain, and CD798
expression over time in the paired samples and found that ex-
pression did not typically decrease, despite increases in LNP cells
(Fig. 4 and Fig. S6). For example, LP-J039 maintained equiva-
lent levels of per-cell expression of Ig whereas the LNP cell
subset increased in abundance (Fig. 4). While in some cases,
LNP cells displayed lower expression of tumor isotype heavy
chain, overall, heavy chain expression did not correlate with the
prevalence of LNP cells (+* = 0.31). Thus, lower antigen receptor
subunit expression was not sufficient to explain impaired BCR
signaling in LNP cells. A more complete explanation for im-
paired BCR signaling was needed for the majority of cases in
which antigen receptor expression was preserved. Notably, the Ig
heavy and light chain isotype of the LNP cells was shared with
the other lymphoma B cells for all studied lymphoma cases, and
did not change over time in the paired samples examined. This
observation suggests that, in addition to the requirement for
a functional BCR, LNP cells likely share a common clonal origin
with the bulk tumor population.

Having ruled out loss of BCR as a simple explanation for the
BCR-insensitive LNP cell phenotype, we next examined the bio-
chemistry of this pathway through further study of the heteroge-
neous primary lymphoma tumor specimens. Strikingly, stimulation
of lymphoma cells by CD40L or PMA + iono bypassed the ap-
parent BCR signaling defect and activated p38, NFkB, and ERK
in LNP cells (Fig. 5). In the representative example shown, more
than 40% of the lymphoma B cells displayed no phosphorylation
of ERK, p38, NF-kB, or any other phospho-protein following
a-BCR and were thus considered LNP cells (Fig. 5, gold arrows).
In contrast, stimulation of the same tumor specimen by PMA +
iono or CD40L led to phosphorylation of ERK, p38, and NF-kB in
both the LNP cell population and the remainder of the tumor
(Fig. 5, blue arrows), indicating that through alternative pathways
this signaling axis could be activated. In particular, phosphoryla-
tion of NFkB was especially robust and took place in all tumor
cell subsets. These results indicated that BCR signaling was spe-
cifically impaired in LNP cells and localized the signaling change
to membrane-proximal components of the pathway upstream of
PKC (Fig. 5).
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Fig. 4. BCR-insensitive LNP cells increase in abundance after therapy and
progression. (A) Percent LNP cells and expression of Ig heavy chain was ex-
amined over time in paired samples. Four samples contained at least 40%
LNP cells before therapy (dashed lines). (B) Expression of tumor isotype
heavy chain and CD20 is shown for samples taken before therapy and after
therapy for two patients from A. (C) Changes in the signaling profile of
patient LP-J039 over time are shown with flow cytometry contour plots and
mountain plots that compare PLCy and SYK phosphorylation across BCL2 and
CD20 following a-BCR stimulation.

Phosphatase Inactivation Reverses the BCR Insensitive Phenotype of LNP
Cells. Potential mechanisms of lowering BCR signaling responses
in LNP cells might include high constitutive signaling, increased
negative regulation, or loss-of-function mutation of an “upstream”
kinase, such as SYK or SFK. Differences in basal phosphorylation
were small within lymphoma B cell subpopulations and between
patients, compared with differences in BCR signaling response
(Fig. 6B). This result suggested suppression of signaling in FL.
occurred through loss of kinase function or increased negative
regulation.

When the pattern of signaling in LNP cells was mapped onto
a network diagram (Fig. S6), it suggested one explanation for
impaired BCR signaling would be increased upstream regulation
of signaling. This hypothesis is consistent with the observation
that signals that bypass upstream negative regulation of BCR
signaling were intact within the LNP cell subset (Fig. 5). If an
increase in negative regulation was responsible for impaired
BCR signaling in LNP cells, this signaling defect might be re-
versed by inhibiting tyrosine phosphatases that fine-tune BCR
signaling, such as CD45, CD22-associated SHP-1, or PTPROt
(22, 37-40). In contrast, if BCR signaling were impaired through
loss of kinase function, signaling in LNP cells would not be re-
stored by phosphatase inhibition. Classically, phosphatases that
control antigen receptor signaling have been inhibited by the
strong oxidant pervanadate or the mechanistically similar milder
oxidant H,O, (38). Healthy B cells naturally produce H,O, to
control the strength of antigen receptor signaling (39). We have
previously used H,O, as a reversible method of inhibiting
phosphatases and potentially other molecules that control BCR
signaling in healthy B cells (37), so we determined whether sig-
naling in LNP cells could be restored by engaging the BCR in the
presence of H,O, (Fig. 6). As an additional control, we used the
SYK inhibitor R406 (13, 41) in these experiments.

Strikingly, inhibition of BCR signaling in the LNP cell subset
was significantly reversed when BCR was engaged in the pres-
ence of H,O, (Fig. 6 A and B). Phosphorylation of ERK and p38
following a-BCR and H,O, was blocked by the SYK inhibitor
R406 (Fig. 6 C and D)—thus, mapping the inhibitory effect
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upstream of SYK. In contrast, PKC mediated phosphorylation of
ERK in response to PMA was unaffected by R406 (Fig. S6). In
this experimental series, activation of PKC signaling again served
as a positive control, as PKC activity is independent of SYK
activation (i.e., PKC is “downstream” from SYK in the BCR
signaling network, as shown in Fig. 5). H,O, alone triggers no
significant signaling in FL (22). Stimulation by a-BCR and H,0,
triggered signaling in LNP cells that was sustained long after the
initial stimulation (Fig. 6D and Fig. S2C). We can therefore
conclude that BCR mediated SYK-dependent phosphorylation
of ERK and p38 could be reactivated in the LNP cell subset,
indicating that the framework for BCR-dependent signaling
remained intact in these cells.

Taken together, these results indicate that BCR signaling was
not permanently lost (Figs. 5 and 6), kinetically delayed (Fig.
S2C), or fixed at a high constitutive level in LNP cells (Fig. 6B
and Figs. S1 and S2). BCR signaling responses in LNP cells were
specifically attenuated, in contrast to PMA and CD40L signaling
responses (Fig. 5), and this attenuation was reversible (Fig. 6),
indicating BCR signaling molecules are intact in the BCR-
insensitive population.

Intercellular CD40 Signaling and Tumor-Infiltrating T Cells as
Arbitrators of Disease Status. Additional factors other than BCR
signaling are likely to drive the aggressiveness of tumor growth.
For instance, B cell costimulatory molecules are important for B
cell maintenance and activate critical signaling for proliferation
and functional specialization. In addition, the microenvironment
of the tumor—composed of stromal and immune cells that
support B cell survival through provision of ligands or growth
niches—is likely to modulate tumor progression (8).

The CD40 receptor interaction with T helper cells via CD154
(CD40 ligand) is a known key costimulatory event in B cell survival
and class switch (42). CD40 signaling can lower the threshold for
antigen responses and modulate the resulting signal (43, 44), and
downstream effector signaling pathways are shared between BCR
and CD40 (Fig. 5). As shown in Fig. 34, CD40L mediated NF-xB
phosphorylation was a highly predictive signaling feature related to
outcome in the training set, and it might be expected that changes
to CD40 signaling were related to changes in BCR signaling in the
LNP cell subset. However, when the combined training and testing
sets of patients were stratified according to the LNP cell model, it
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Fig. 5. Signaling proximal to the antigen receptor is specifically impaired in
LNP cells. (A) Flow cytometry mountain plots compare phosphorylation of ERK,
NF-xB, and p38 across BCL2 and CD20 following a-BCR, PMA + iono, and CD40L.
LNP cells (gold arrows), by definition, did not display phosphorylation following
a-BCR. Following stimulation with PMA + iono or CD40L, phosphorylation of
the same BCR pathway proteins was measured in LNP cells. (B) A signaling net-
work model graphs the results for all measured phospho-proteins. Pie shading
indicates the percentage of lymphoma B cells in which phosphorylation of that
protein was observed following a-BCR (blue) or PMA + iono or CD40L (orange).
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was surprisingly apparent that the predictive power of CD40L was
restricted to those cases that lack a significant LNP cell subset
(Fig. S3). CD40L signaling did not stratify survival for cases with
at least 40% LNP cells, whereas it did stratify survival for patients
in the with fewer than 40% LNP cells (P = 0.05). Notably, there was
no direct relationship between the degree of CD40 signaling and
the percentage of LNP cells (* < 0.1), although there were fewer
cases with at least 40% LNP cells that displayed strong CD40 sig-
naling (Fig. S3).

Combined with the result that CD40 signaling was intact within
the BCR-insensitive LNP cell subset (Fig. 5), these data provided
further evidence that altered CD40 signaling might support tumor
maintenance in patients wherein outcome was not determined by
LNP levels alone. Thus, although CD40 signaling was not as pow-
erful a prognostic indicator as LNP cells, CD40 signaling provided
a potential differential diagnostic via a binary decision tree for
those patients whose tumor did not contain a significant LNP cell
population and suggested that, within this patient cohort, addi-
tional regulatory events acting upon CD40 signaling might com-
plicate clinical outcomes.

As CD40L is expressed on T cells, it could be that altered
function of T cells in these patients was additionally stratifying
in the same population of patients as CD40 ligand—dependent
activation. As shownin Fig. S3, indeed T cell signaling through IL-7
activation of STATS significantly stratified outcomes. However,
unlike CD40 signaling, IL-7 was not independent of the LNP cell
subset (Fig. S3). This relationship between LNP cells and defective
IL-7 signaling in tumor-infiltrating T cells suggests it will be of
interest in future studies to investigate whether development of
the LNP cell subset affects signaling in infiltrating T cells or other
tumor microenvironment cells.

Discussion

This study identifies a negative prognostic FL cell subset with
impaired BCR signaling in human lymphoma patients. Identifi-
cation of the LNP cell subset enabled us to track the expansion
of these cells over time following successive therapies and tumor
progression, showing that LNP cells have a survival or pro-
liferative advantage. In accord with this pattern of expansion, the
LNP subset’s abundance was negatively associated with patient
survival. These results reveal that, as the tumor grows, cancer cell
subsets diverge under selective pressure and competing sub-
populations arise that can be visualized by distinct patterns of
signaling. Interrogating or perturbing cells with an input stimulus
and following induced phosphorylation was especially revealing,
as a key feature of this lymphoma population was the specific
suppression of BCR signaling responses. Thus, LNP cells would
have been overlooked in analysis of surface markers or basal
signaling alone, underscoring the value of surveying the function
of activated or perturbed signaling pathways rather than ho-
meostatic states of such pathways.

The variable presence of LNP cells at diagnosis informs us
about the fundamental biology of the malignancy and may explain
why FL patient clinical outcomes are so diverse. Going forward, of
significant interest would be therapies that target and kill LNP
cells. A uniform feature of LNP cells in those patients with poor
outcomes was suppressed antigen receptor signaling (Figs. 5 and
6). However, this lack of BCR signaling could be overcome (Figs.
5 and 6). As in previous studies of FL (22), our results here
showed a consistent lack of tonic BCR signaling in FL, both in
LNP cells and in the bulk tumor (Fig. 6 B-D and Figs. S1 and S2).
Tonic BCR signaling has been previously observed for DLBCL
(34, 40). Selective pressure for BCR may still exist in vivo, as BCR
expression was maintained on LNP cells (Fig. 4).

A simplified version of the LNP cell model could now be used
in early-phase clinical trials to stratify patient risk, identify
patients who might benefit from the trial, balance treatment
arms, and measure changes in the LNP cells over time as a cor-
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Fig. 6. Impaired BCR signaling in LNP cells is reversed by phosphatase in-
hibition. (A) Mountain flow cytometry plots compare phosphorylation of AKT
and PLCy across BCL2 and CD20 within lymphoma B cells from two tumors that
contained LNP cells. Cells were stimulated with a-BCR alone or by a-BCR + H,0,.
(B) Median basal and BCR-mediated phosphorylation of PLCy was measured in
all lymphoma B cells from patient samples with and without at least 40% LNP
cells. No significant difference in basal signaling was observed. Following a-BCR,
samples containing at least 40% LNP cells showed significantly lower phos-
phorylation of PLCy (P = 0.005). This difference between patient groups was
eliminated when samples were stimulated by a-BCR + H,0,. (C) Contour plots
compare phosphorylation of ERK and p38 and expression of BCL2 in lymphoma
B cells in the unstimulated basal state, following a-BCR + H,0,, and following 30
min of preincubation with SYK inhibitor R406 before a-BCR + H,0, stimulation
(LP-JO11). R406 was used at 2.5 pM to block signaling induced by a-BCR + H,0,
and demonstrate that H,O, specifically potentiated SYK dependent BCR-
mediated signaling. (D) Median fluorescence intensity of phosphorylated ERK
and phosphorylated p38 is shown for lymphoma B cells from seven cases of FL.
Signaling was measured at 4, 15, and 45 min following a-BCR, a-BCR + H,0,, and
o-BCR + H,0, + R406, as in C.

ollary end point. Detection of LNP cells could be simplified greatly
in future studies because LNP cells are defined as negative for all
phospho-protein readouts and phospho-protein readouts can be
combined for measurement on a single cytometer channel. Thus,
the assay shown here might be simplified to a test that could be
conducted in a few hours using standard two-laser four-color flow
cytometers found in most hospitals and research facilities. The
CVP chemotherapy used during the time these samples were
collected is no longer the standard of care. The monoclonal anti-
body rituximab (45) is now used with current chemotherapy
strategies (46, 47). CD20, the rituximab target, tends to be
underexpressed on the LNP cells (Fig. 2), and studies of DLBCL
recently suggested that low CD20 correlates with inferior outcome
(48). Although detection of LNP cells for routine patient decision
making must await a validation trial in rituximab-treated patients,
these reasons suggest the correlation of LNP cells to clinical out-
come will prove robust. The work presented here focuses attention
on how this signaling subset can most readily be used as a prog-
nostic tool to guide individualized decisions in FL patient care,
such as the decision to “watch and wait” or treat the disease.
The question now arises as to the relationship between the LNP
cells and the bulk tumor. The tumor might originate as a homo-
geneous population of cells and, in accordance with an acquired
features model (6), undergo mutation that creates an expansive
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LNP cell subclone. Alternatively, the cancer might originate as
a small population of LNP cells that produce, through asymmet-
ric cell division or differentiation, the other populations of lym-
phoma B cells. Over time, immune surveillance and therapy might
not eliminate LNP cells, or the LNP cells could be more prone
or receptive to mutational events. In this latter model, LNP cells
could be considered a cancer stem cell (3, 4). It is likely that LNP
cells and other lymphoma B cell populations possess genetic
indicators that would shed light on their evolutionary history and
perhaps indicate whether one population evolves to become in-
dependent of antigenic signals (49-51). CD20 expression was
lower on LNP cells compared with other BCR-responsive lym-
phoma B cells within the same sample, and LNP cells appeared to
have restructured their dependence on antigen receptor. Lack of
CD20 expression and differences in BCR dependence distinguish
both early B lineage cells and terminally differentiated plasma
cells from mature B cells. It would be of significant interest in
subsequent studies to genotype sorted lymphoma subpopulations
and determine whether LNP cells are clonal parents or daughters
of the BCR-responsive cells that predominate at early diagnosis.

Regardless of what model ultimately explains the origin of the
LNP cells, it is clear that the LNP cells must be eliminated for
therapy to be more effective. To clinically address such intratumor
signaling heterogeneity, therapies with new mechanisms of action
will need to be combined with existing modalities. Potentiated
single cell analysis of signaling responses proves here to be
a valuable approach to delineate cells that should be acted upon
during clinical trials of such therapies, simultaneously linking di-
agnostic utility to therapeutic action. As is becoming clear with
other cancer classes, a combination of therapy modalities will
likely be most effective against the heterogeneous populations of
lymphoma cells found within each patient’s tumor.

Materials and Methods

FL tumor samples were acquired before any therapy from newly diagnosed
patients. All patients received the same initial therapy of CVP (31) according
to our standard institutional protocol, and all patients were managed clin-
ically by a small group of physicians at Stanford Medical Center. Biopsies
were processed into single-cell suspension and stored as live cells in liquid
nitrogen. Training and testing patient cohorts were generated by randomly
selecting patients to form two sets balanced for age, sex, FLIPI (32), BCR
isotype of Igy or Igy, and overall survival (Table S2). Investigators were blind
to the clinical outcome of patients while quantifying LNP cells in the testing
set. Sample collection date and cryopreservation time were equivalent in
training and testing sets and were not related to overall survival or bi-
ological groupings described. Additional tumor samples studied outside of
training and testing sets included posttherapy biopsy specimens (Table S2).
All specimens were obtained with informed consent in accordance with the
Declaration of Helsinki and this study was approved by Stanford University’s
Administrative Panels on Human Subjects in Medical Research.

After thawing a sample, 5 million cells were used for flow cytometry-based
live/dead discrimination and immunophenotyping (Fig. 1 and Table S3).
Signaling was analyzed in the remaining sample using phospho-specific flow
cytometry signaling profiles, as outlined in Fig. 1 and as previously described
(1, 22, 37). A list of signaling inputs, antibodies, and a detailed protocol are
included in S/ Materials and Methods. Basal levels of signaling were used to
examine constitutive or tonic BCR signaling. The BCR signaling response was
calculated as fold induction of signaling over basal level. Estimates of sur-
vival were calculated using the Kaplan-Meier method with a log-rank test
of significance. Analysis of LNP cells as a continuous variable used Cox
proportional-hazards regression to model annual average risk of death.
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