
Regular Article

LYMPHOID NEOPLASIA

Tonic B-cell receptor signaling in diffuse large B-cell lymphoma
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Key Points

• The GCB subtype of DLBCL
relies exclusively on tonic BCR
signaling via CD79A Y188.

• PTEN protein expression
and BCR surface density
determine the contribution of
tonic BCR signaling to AKT
activity in GCB-DLBCL.

We used clustered regularly interspaced short palindromic repeats/Cas9-mediated genomic

modification to investigate B-cell receptor (BCR) signaling in cell lines of diffuse large B-cell

lymphoma (DLBCL). Three manipulations that altered BCR genes without affecting surface

BCR levels showed that BCR signaling differs between the germinal center B-cell (GCB)

subtype, which is insensitive to Bruton tyrosine kinase inhibition by ibrutinib, and the

activatedB-cell (ABC)subtype.Replacingantigen-bindingBCRregionshadnoeffect onBCR

signaling inGCB-DLBCL lines, reflecting this subtype’s exclusiveuseof tonicBCRsignaling.

Conversely,Y188Fmutation in the immunoreceptor tyrosine-basedactivationmotif ofCD79A

inhibited tonic BCR signaling in GCB-DLBCL lines but did not affect their calcium flux

after BCR cross-linking or the proliferation of otherwise-unmodified ABC-DLBCL lines.

CD79A-GFP fusion showed BCR clustering or diffuse distribution, respectively, in lines of

ABC and GCB subtypes. Tonic BCR signaling acts principally to activate AKT, and forced

activation of AKT rescued GCB-DLBCL lines from knockout (KO) of the BCR or 2mediators of tonic BCR signaling, SYK and CD19. The

magnitude and importance of tonic BCR signaling to proliferation and size of GCB-DLBCL lines, shown by the effect of BCR KO, was

highly variable; in contrast, pan-AKTKOwasuniformly toxic. This discrepancywasexplainedby finding thatBCRKO–inducedchanges

inAKTactivity (measuredbygeneexpression,CXCR4 level, and a fluorescent reporter) correlatedwithchanges inproliferation andwith

baseline BCR surface density. PTEN protein expression and BCR surface density may influence clinical response to therapeutic

inhibition of tonic BCR signaling in DLBCL. (Blood. 2017;130(8):995-1006)

Introduction

Signals generated by the B-cell receptor (BCR), transmitted through
cytoplasmic tails of its CD79A and CD79B subunits, govern
development, persistence, and function of normal B cells. Binding of
cognate antigen by hypervariable regions (HVRs) of BCR immuno-
globulin chains initiates one type of BCR signaling, which proceeds
throughwell-characterizedmediators andmolecular events,1 including
phosphorylation by Bruton tyrosine kinase (BTK). The BTK inhibitor
ibrutinib is clinically effective against several types of B-cell neo-
plasms, adding to evidence that they use antigen-drivenBCRsignaling.
One of those is diffuse large B-cell lymphoma (DLBCL), whose
“activated B-cell” (ABC) subtype was named for its similarity in gene
expression tonormalBcells activatedbyBCRcross-linking.2Cell lines
representing ABC-DLBCL depend on BCR signaling with antigen-
driven features, and most are sensitive to ibrutinib,3 which was
clinically effective in;40% of ABC-DLBCL patients.4

Most cell lines of the “germinal center B-cell” (GCB) DLBCL
subtype possess aBCR that canbe stimulatedby cross-linking tomimic
antigen-driven signaling; however, most GCB-DLBCL lines and
primary tumors are resistant to ibrutinib3,4 and lack NF-kB pathway
activity, a consequence of antigen-driven BCR signaling highly
characteristic of ABC-DLBCL.5 Because GCB-DLBCL lines depend

on SYK6 and its AKT-driven downstream effects,7,8 it has been
suggested that GCB-DLBCL utilizes the “tonic,” antigen-independent
type of BCR signaling, which is transmitted via SYK and serves
principally to activate the phosphatidylinositol 3-kinase (PI3K)/AKT/
MTOR pathway.9 However, single-agent clinical trials of the SYK
inhibitor fostamatinib in relapsed/refractory DLBCL patients have
shown low response rates, even in the GCB subtype.10,11

We present results from genomic modification studies of DLBCL
lines that prove that GCB-DLBCL lines exclusively use tonic BCR
signaling and show that its magnitude and importance are proportional
to BCR surface density and contingent on PTEN protein expression.
We also show that tonic BCR signaling (but not antigen-driven BCR
signaling) requires specific phosphorylation of CD79A. These findings
have implications for targeted therapy of DLBCL.

Methods

Complete descriptions are provided in the supplemental Methods (available on
the BloodWeb site).
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Genomic modification

Transfection was performed by Neon electroporation (Thermo Fisher). Gene
targeting used chimeric plasmids (Addgene) pX330-U6-Chimeric_BB-CBh-
hSpCas9 and pX335-U6-Chimeric_BB-CBh-hSpCas9n(D10A) for respective
expressionofwild-typeorD10A“nickase”Cas9.GuideRNA(gRNA)sequences
were designed with the online CRISPR (clustered regularly interspaced short
palindromic repeats) Design Tool (http://crispr.mit.edu/). For knock-in, 1 or
more Cas9/gRNA plasmids was coelectroporated with a homologous recom-
bination donor plasmid containing silent mutations to prevent targeting of
the donor plasmid ormodified genomic locus. Homology arms and sequences
for insertion by homologous recombination were ordered as gBlocks
Gene Fragments (Integrated DNA Technologies) and captured via the
StrataClone Ultra Blunt PCR Cloning Kit (Agilent) for complete assembly in
a plasmid.

Superresolution microscopy

Superresolution images were obtained using a DeltaVision OMX Blaze V4
Microscope (GE Healthcare) with UPLSAPO 1003 objective (Olympus),
N51.514 immersionoil, anda488-nm laserwith528/48filter forGFPdetection
and a 642-nm laserwith 683/40filter for CellMaskDeepRed PlasmaMembrane
Stain detection. Z stack images were taken at the plane of contact between cells
and cover glass 6 1.5 mm using sequential structured illumination mode with
dual electronmultiplied charge-coupleddevice (EMCCD)cameras at 5MHzand
170 gain, 512 3 512 image resolution, and 0.125-mm section spacing. Raw
images were processed in softWoRx software (GE Healthcare) using the OMX
structured illumination reconstruction algorithm. Videos with three-dimensional
projections were generated with softWoRx.

Förster resonance energy transfer (FRET)

The FRET-based AKT activity reporter AktAR2 (Addgene)12 was modified by
N-terminal addition of the 10 N-terminal amino acids (AA) from Lyn kinase.13

Adjuncts to FRET determination included constructs expressing the following:
Cerulean3 alone; cpVenus[E172] alone; C3-cpV (Cerulean3-cpVenus[E172]),
fused without a linker, as a maximum FRET control; C3-spacer-cpV, in which
the FoxO1 phosphorylation site was replacedwith a 230-AATRAF2-derived
spacer, as a low-FRET control14; and a “Dead” Lyn-AktAR2, in which the
FoxO1 Thr-24 was changed to a similar but unphosphorylatable residue
(Val), serving as a baseline FRET control. Cells were stably transfected to
express the FRET constructs using Sleeping Beauty transposon plasmids
(Addgene).15

Measurement of FRET efficiency (E) on the OMX Blaze V4 microscope
used “3-filter cube”methodology16 with a 603TIRF oil objective (Olympus) in
wide-fieldmixed-FRETmodewithEMCCDcamerasoperatedwithoutEMCCD
gain. A 445-nm laser with 478/35 filter was used for donor fluorescence with
donor excitation (IDD, donor channel); 445-nm laser with 541/22 filter, for
acceptor emission with donor excitation (IDA, FRET channel); and 514-nm
laser with 541/22 filter, for acceptor emission with acceptor excitation (IAA,
acceptor channel).Meanfluorescent intensities for each cell and channelwere
calculated with softWoRx. cpVenus[E172] and Cerulean3 single-color
constructs were used for a and d channel cross-talk coefficients, respectively.
The C3-cpV construct was used to calculate the G factor by acceptor
photobleaching.16

LSR Fortessa flow cytometer (BDBiosciences) settings for E determination
were as follows: 405-nm laser with 450/50 filter for IDD, 405-nm laser with 525/
50 filter for IDA, and 488-nm laser with 530/30 filter for IAA. Cells expressing
cpVenus[E172] alone were used for a and b coefficients, and cells expressing
Cerulean3 alone were used for c and d coefficients; only cells in the higher
half of fluorescence intensity were used, and coefficients were calculated by
linear regression. Similarly, cells with higher expression of the C3-cpV and
C3-spacer-cpV constructs, containing identical fluorophores but differing
highly in FRET efficiency, were used to determine average values of
sensitized acceptor emissions (Fc) and corrected IDD and IAA intensities for
calculation of the G factor.17 All constants were separately measured for each
experiment.

Results

BCR knockout (KO) variably reduces proliferation in

GCB-DLBCL lines

To investigate the BCR’s role in GCB-DLBCL, we used CRISPR
methods to knock out immunoglobulin genes in GCB-DLBCL lines.
Electroporation delivering plasmids expressing Cas9 protein and a
gRNA produced a subpopulation of cells with reduced surface BCR
levels (Figure 1A) that declined toundetectablewithin 7days in all lines
(Figure 1B; supplemental Figure 1). Effects were similar between
targeting immunoglobulin heavy (IgH) or light (IgL) chain genes, and
between targeting an immunoglobulin chain’s cell line–specific HVR
or one of its constant exons (data not shown). The proportion of BCR-
KOcells in electroporated cultures also declined over time (Figure 1B),
but the rate of decline varied greatly between GCB-DLBCL lines
(Figure 1C), for both IgH isotypes.Absolute growth curves showed that
the relative decline of BCR-KO cells was largely because of slower
proliferation (Figure 1D), confirmed by lower proportions of BCR-KO
cells in S andG21Mphases (supplemental Figure 2A-B). SomeBCR-
KO cells in the most sensitive lines also had sub-G1 DNA content, and
apoptosis induction was confirmed by increased caspase-3 activity
(supplemental Figure 2C).

As a control, we also targeted CXCR4, another surface receptor in
GCB-DLBCL lines that signals in response to specific ligand. CXCR4
KO did not affect the growth of GCB-DLBCL lines, although it did
abrogate their chemotaxis to CXCL12 (supplemental Figure 3),
showing that the effects of BCR KO were not simply because of loss
of a surface receptor and suggesting that the BCR in GCB-DLBCL
lines may be signaling in the absence of cognate antigen.

BCR KO reduces AKT activity in GCB-DLBCL lines

We hypothesized that changes in proliferation caused by BCR KO in
different GCB-DLBCL lineswould be proportional to changes in other
factors regulated byBCR signaling. To quantify theBCRKO–induced
change in proliferation, independent of differences between GCB-
DLBCL lines in baseline growth rates, we calculated “relative pro-
liferation” as the ratio of slopes of absolute growth curves (BCR-KO/
BCR replete; supplemental Table 1). Proportionality of effects was
confirmedby strong correlationbetween relative proliferation andBCR
KO–induced reduction in cell size, assessed by forward-angle light
scatter in FCM or bright-field area in image cytometry (supplemental
Figure 4).

We then sought BCR KO–induced differences in gene expression
that correlated with relative proliferation. HRK, previously implicated in
apoptosis caused by SYK inhibition and FOXO1 activation in GCB-
DLBCL lines,7,8 was upregulated most in lines with the greatest re-
duction in proliferation byBCRKO (Figure 2A). To discover pathways
regulated byBCR signaling inGCB-DLBCL lines, we ranked genes by
ametric of correlation betweenBCRKO–induced changes in expression
and relative proliferation. Gene set enrichment analysis of this rank
(supplemental Figure 5A-G) found high enrichment for 3 largely
nonoverlapping sets of genes upregulated in neoplastic B-cell lines by
manipulations inhibiting AKT or 2 of its known consequences: forced
expression of PTEN (a negative regulator of AKT activation) in HT, a
GCB-DLBCL line lacking PTEN protein18; expression of a FOXO1
mutant, able to resist negative regulation by AKT, in the pre-BCR-
expressing cell line RCH-ACV19; and treatment of Burkitt lymphoma
cell lines, in which AKT is believed to be activated by tonic BCR
signaling, with rapamycin, an inhibitor of AKT-activated MTOR.20
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Genes downregulated by rapamycin in Burkitt lymphoma cell lines
were also highly enriched, in the opposite direction, in the rank (sup-
plemental Figure 5H-I). These results indicated strong correlation in
GCB-DLBCL lines between BCR KO–induced decreases in prolif-
eration and AKT activity.

To support the implication that BCR signaling promotes AKT
activity inGCB-DLBCL lines, we used a reporter construct to measure
the effect of BCR KO on AKT activity directly. AktAR2 contains
variants of cyan fluorescent protein (CFP: Cerulean3) and yellow fluo-
rescent protein (YFP: cpVenus[E172]) separated by a linker containing
an AKT phosphorylation target sequence of FOXO1 (supplemental
Figure 6A); reporter phosphorylation increases its FRET.12 We used
FCM to measure FRET efficiency (E) in thousands of cells expressing
membrane-targeted AktAR2 (Lyn-AktAR2),13 to determine precisely
the difference in AKT activity between unmodified and BCR-KO cells
(supplemental Figure 6B-E).Across a spectrumofGCB-DLBCL lines,
spanning the range of dependence on BCR signaling for proliferation,

BCR KO–induced reductions in AKT activity correlated well with
proliferation reduction by BCR KO (Figure 2B). Fluorescence
microscopy confirmed the reduction in E of Lyn-AktAR2 by BCR
KO(supplemental Figure 6F-G).BCRKO–induced reductions inAKT
activity determined by FCM and Lyn-AktAR2 also correlated gener-
ally with the lines’ sensitivity to a clinically tested small-molecule
SYK inhibitor (P505-15, PRT062607) or a U.S. Food and Drug
Administration–approved inhibitor (idelalisib) of the PI3K p110d
isoform (supplemental Figure 7A-B). These inhibitors also reduced
AKT activity in GCB-DLBCL lines in a dose-responsive manner
(supplemental Figure 7C-E).

Phosphorylation of AKT Ser473 or pThr308 are commonly used
as surrogate measures of AKT activity. By western blotting, BCR
KO reduced pSer473 across a spectrum of GCB-DLBCL lines, but the
degree of reduction correlated poorly with the lines’ sensitivity to BCR
KO (supplemental Figure 8A); this was confirmed by electro-
chemiluminescence assays for AKT pSer473 or pThr308 in lysates
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Figure 1. CRISPR/Cas9 targeting of immunoglobulin genes eliminates BCR surface expression and reduces proliferation of GCB-DLBCL lines. (A) Surface levels of

IgM and Igk of OCI-Ly19 cells, measured by flow cytometry (FCM) 5 days after electroporation with a Cas9/gRNA plasmid targeting their IgH HVR. (B) Histogram of IgM

surface levels in OCI-Ly19 cells over time (D 5 days after electroporation), indicating the proportion and BCR surface level of BCR-KO cells (*). (C) Proportion over time of

BCR-KO cells (made by IgH targeting) in DLBCL lines, normalized to the initial value determined 3 days after electroporation. Cell lines with names in black express IgM; those

in red, an IgG isotype. (D) Absolute growth curves for BCR-replete and BCR-KO cells of representative GCB-DLBCL lines, relative to the starting point 3 days after

electroporation. Panels C and D display the mean of results from 3 biological replicates, each using a different IgH-targeting gRNA, with error bars showing 6 standard

deviation (SD).
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from unmodified and BCR-KO cells (supplemental Figure 8B-C).
However, upregulation of CXCR4 surface levels by BCR KO
correlated well with relative proliferation in GCB-DLBCL lines
(supplemental Figure 9A-B). Because CXCR4 expression is promoted
by FOXO1,21 it provides an inverse measure of AKT activity, and its
upregulation supports AKT inhibition as a consequence of BCR KO
that determines its effect on proliferation. Overall, these findings
indicate thatBCRsignalingmakes avariable but important contribution
to AKT activity in GCB-DLBCL lines.

AKT activity reduction determines the effect of BCR KO on

GCB-DLBCL lines

Toaddresswhether thevariable response toBCRKOwasbecauseof its
proportional effect onAKT activity, vs a variable dependence of GCB-

DLBCL lines on AKT activity, we performed simultaneous KO of
all 3 AKT genes expressed in DLBCL lines.22 This produced a
subpopulation of cells with reduced pan-AKT antibody staining and
CXCR4 upregulation (supplemental Figure 10A), whose proportion
declined rapidly over time in GCB-DLBCL lines, even those little
affected by BCR KO (Figure 2C). Specificity of pan-AKT targeting
was confirmed by rescuing AKT-KO cells by transient expression of
constitutively active (myristoylated) murine AKT1 (MyrAKT; sup-
plemental Figure 10B). These results indicated thatGCB-DLBCL lines
uniformly depend on AKT activity, to which BCR signaling makes a
variable contribution.

To establish the importance of the contribution of BCR signaling to
AKT activity in GCB-DLBCL lines, we used KO of PTEN, a negative
regulator of AKT activation, to maintain AKT activity after BCR KO.
Targeting PTEN (supplemental Figure 10C) yielded GFP1 cells
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lacking PTEN protein (supplemental Figure 10D), which were
viably sorted to purity and expanded. PTEN KO protected GCB-
DLBCL lines from proliferation reduction by subsequent BCRKO,
completely or partially (Figure 2D), and reduced their sensitivity to
P505-15 or idelalisib (supplemental Figure 10E). In contrast,
PTENKO did not protect the ABC-DLBCL line HBL-1 from BCR
KO, consistent with PI3K/AKT not being the sole critical pathway
activated by the BCR in ABC-DLBCL (Figure 2D). MyrAKT also
rescued GCB-DLBCL lines from proliferation reduction by BCR
KO (supplemental Figure 10F-G), further implicating AKT activa-
tion as the principal consequence of BCR signaling in GCB-
DLBCL lines.

BCR signal transmission in GCB-DLBCL lines is consistent

with tonic BCR signaling

Because forced AKT activation can rescue normal mouse B cells from
conditional BCRdeletion,9we investigated other features of tonicBCR
signaling inGCB-DLBCL lines. The response of normalmouseB cells
to BCR KO is replicated by inactivation of SYK23,24 or CD19.25,26

Consistent with tonic BCR signaling, SYK phosphorylation at acti-
vating (Y352) and autophosphorylation (Y525/Y526) siteswas reduced
by BCR KO in GCB-DLBCL lines (supplemental Figures 8A and 11).
The relative decline in GCB-DLBCL lines caused by KO of SYK or
CD19 was generally similar to that produced by BCR KO (supple-
mental Figure 12A-B) and was rescued by PTEN KO (supplemental
Figure 12C).

Transgenic CD79Amutations inmice, deleting its immunoreceptor
tyrosine-based activation motif (ITAM) or mutating ITAM tyrosines,
maintain surface BCR levels but affect B cells similarly to IgH
interruption.27-29 To determine whether BCR signaling in GCB-
DLBCL lines requires CD79A ITAM tyrosines for transmission,
we used knock-in to insert Y.F mutations of both ITAM tyrosines,
marked by fusion of GFP via a flexible linker30 (Figure 3A). Tyrosine-
mutated and unmutated-control CD79A forms equivalently maintained
surface BCR expression (Figure 3B) and BCR cross-linking–
induced calcium flux (Figure 3C) in GCB-DLBCL lines. However,
although the unmutated construct did not affect growth, CD79A
mutation had a strong proliferation-reducing effect (Figure 3D).
Additional experiments showed that the effect of CD79A ITAM
mutations was largely attributable to Y188F alone (Figure 3E; sup-
plemental Figure 13A-B). In contrast, CD79A ITAM mutations did
not reduce proliferation in otherwise-unmodified ABC-DLBCL lines
(supplemental Figure 13C-D). Similar resultswere also obtained using
FLAG peptide as a marker of CD79A ITAM deletion (supplemental
Figure 14).

BCR signaling in GCB-DLBCL lines is antigen independent

Because conditional BCR deletion affects all mouse B cells equally,31

tonic BCR signaling is presumed to be antigen-independent. We
investigated the antigen dependence of BCR signaling in GCB-
DLBCL lines bymaking their BCRs specific for tetanus toxoid (TTox),
and therefore presumably not antigen–stimulated in standard cultures.
To do this, we knocked in the complementary DNA of a fluorescent
protein (GFP for IgH, the CFP variant mTurquoise2 for IgL) at the
translation start site of the expressed immunoglobulin allele, followed
by sequences encoding a 2A peptide, a signal peptide, and an HVR
(supplemental Figure 15A). Replacing the IgH HVR (H-HVR) alone
suggested a requirement for compatibility between IgH and IgL
HVRs (supplemental Figure 15B-C), as reported for early B-cell
development32; this was confirmed by “mixing studies” using various

combinations of IgH and IgL HVRs from other GCB-DLBCL lines
(supplemental Figure 16A-C).

Simultaneous replacement with paired IgH and IgLHVRs from the
sameB-cell sourcewas therefore both feasible andnecessary to achieve
equivalent BCR levels for different HVR pairs, as shown by gating on
GFP1/CFP1/BCR1 cells (supplemental Figure 15D-E) and to fairly
evaluate HVR-specific effects on GCB-DLBCL lines. Dual replace-
ment with HVR pairs from isolated TTox-reactive B cells33 produced
BCRs that were expressed at levels similar to those of endogenous
HVRs (supplemental Figure 17A), functional, and antigen-specific:
anti-IgM cross-linking triggered calcium flux in dual HVR-replaced
cells, for both endogenous and TTox-reactive HVRs, but TTox
triggered calcium flux only in cells with TTox-reactive HVRs
(Figure 4A). Similar effects were observed with OVA peptide and
OVA-reactive HVRs (supplemental Figure 17B-C).

Absolute growth rates of dual HVR-replaced cells were the same
for endogenous and TTox-reactive HVRs in all 4 GCB-DLBCL lines
tested (Figure 4B), indicating that BCR signaling in GCB-DLBCL
is HVR independent and, therefore, antigen independent. In contrast,
dual replacement with TTox-reactive HVRs in the ABC-DLBCL line
U2932 (which lacks PTEN protein) caused growth reduction similar to
BCR KO (Figure 4C), despite producing surface BCR levels higher
than did endogenous HVRs (supplemental Figure 17D). This is con-
sistent with BCR knockdown and complementation experiments in
ABC-DLBCL lines that showed a similar dependence on endogenous
HVR sequences, indicating that their BCR signaling is driven by self-
antigen.34 Similar proliferation reduction was caused by reverting
somatic mutations of the predicted V, D, and J exons of the endogenous
U2932 HVRs to their predicted postrecombination naive state (Figure
4C). In otherwise unmodified cells of the ABC-DLBCL line HBL-1
(which expresses PTEN protein), TTox-reactive HVR pairs either
slowed growth less than did BCR KO or, if expressed more highly
than BCRs with endogenous HVRs, supported proliferation equi-
valent to endogenous HVRs (Figure 4D; supplemental Figure 17E).
However, in HBL-1 cells already modified by double- or single-Tyr
mutation of the CD79A ITAM, which by itself was not growth
retarding (supplemental Figure 13C-D), TTox-reactive HVRs re-
sembled BCR KO in reducing proliferation (Figure 4D; supple-
mental Figure 13E). These findings confirm that ABC-DLBCL lines
use antigen-dependent BCR signaling34 but also show that they may
use compensatory tonic BCR signaling to maintain proliferation,
depending on BCR level and PTEN status. Furthermore, they add
to evidence that the contribution of tonic BCR signaling to AKT
activation is only needed when PTEN is present: PTEN-deficient
SUDHL-10 is the GCB-DLBCL line least affected by BCRKO, and
restoration of BCR expression in the PTEN-deficient, BCR-negative
GCB-DLBCL line HT had no effect on growth (supplemental
Figure 18).

BCR distribution reflects BCR signaling type in DLBCL lines

Previous studies using lipid bilayers, Fab’ anti-BCR staining, and total
internal reflectance fluorescence microscopy showed constitutive
clustering of BCR units at the cell surface in lines and primary tumor
cells of ABC-DLBCL, but not GCB-DLBCL.3 We used structured
illumination superresolution microscopy to image BCR units, marked
by GFP-fused unmutated CD79A, of live DLBCL lines on poly-L-
lysine coated chamber slides. Also using a red lipid dye to define
the cell membrane, we confirmed that BCR units were inhomoge-
neously distributed (clustered) at the cell surface of ABC-DLBCL
lines, consistent with antigen binding, but diffusely distributed
in the cell membrane of GCB-DLBCL lines, including villous

BLOOD, 24 AUGUST 2017 x VOLUME 130, NUMBER 8 TONIC B-CELL RECEPTOR SIGNALING IN LYMPHOMA 999

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/130/8/995/1404876/blood747303.pdf by guest on 21 M

ay 2024



projections (Figure 5A; supplemental Figure 19 and supplemental
Videos 1 and 2). BCR units remained clustered after endogenous
HVR replacement in the ABC-DLBCL line HBL-1 but were

dispersed by TTox-reactive HVRs (Figure 5B), implying that
constitutive BCR engagement by cognate self-antigen drives BCR
clustering in ABC-DLBCL.
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BCR surface density determines the magnitude of BCR

signaling in GCB-DLBCL lines

Because BCR signaling in GCB-DLBCL lines is HVR independent
(Figure 4B), and its loss (via BCRKO) produces correlated reductions
in proliferation andAKT activity (Figure 2B), we hypothesized that the
magnitude of tonic BCR signaling in a GCB-DLBCL line would be
proportional to the density of BCR units at the cell surface. We tested
this by using a doxycycline-inducible expression vector to manipulate
IgH levels in 2GCB-DLBCL lines that had also undergoneKOof their
endogenous IgH. The surface density of BCR units was estimated by

dividing the surface IgH staining intensity by the square of each
cell’s forward scatter value, which is proportional to surface area
(supplemental Figure 20). For each line, varying the IgH expres-
sion level produced a proportional change in BCR surface density
(Figure 6A) and absolute growth rates (Figure 6B), and BCR surface
density was strongly correlated with proliferation (Figure 6C), size
(Figure 6D), andAKT activity (Figure 6E). This system for inducible
IgH expression also enabled us to test the effect of IgH isotype in
these lines, which naturally expressed either IgG4 (SUDHL-4) or
IgM (OCI-Ly19). In each line, maximally induced IgG4 produced
a higher BCR level than did IgM, as shown by staining for their
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common k IgL isotype, although less than the apparent difference
from staining for the respective IgH isotypes (supplemental Figure
21A). The growth rate was higher for IgG4 in both lines (sup-
plemental Figure 21B-C), perhaps partly because of differences in
surface BCR level, but there was not an obligate dependence on the
naturally expressed isotype.

To determine whether correlation between BCR surface density (at
its unmanipulated level) and the magnitude of tonic BCR signaling (as
determined from effects of BCR KO) was consistent across GCB-
DLBCL lines, we examined cells in which GFP had been fused by
knock-in (withoutmutation) to CD79A, the rate-limiting component of
the BCR complex,35 as an isotype- and antibody staining–independent
measure of each cell’s surfaceBCR level. The reliability of thismeasure
was indicated by CD79A-GFP’s localization at the cell membrane
(supplemental Videos 1 and 2), colocalization with surface BCR
(supplemental Figure 22), clustering according to DLBCL subtype
and HVR engagement (Figure 5), and correlation with surface BCR
level (Figure 3B). It was also shown with the system for inducible
IgH expression in lines that also had knock-in ofWTCD79A-GFP;
as IgH expressionwas varied, surfaceBCR levels andCD79A-GFP
fluorescence varied in concert (supplemental Figure 23). Across the
spectrum of GCB-DLBCL lines, the unmanipulated level of BCR
surface density (calculated from CD79A-GFP fluorescence) cor-
related highly with BCRKO–induced growth retardation (Figure 7A)
or reduction in AKT activity (Figure 7B). BCR surface density also
correlated with proliferation reduction caused by P505-15 at a
concentration at which its effects were similar to those of BCR KO
(supplemental Figure 24).

These results imply that BCR surface density, if measured in
primaryGCB-DLBCL tumor cells via some practical technique, would

have potential for development into a biomarker predictive of clinical
response to inhibition of tonic BCR signaling. Antibody staining for
surface CD79Bwas an obvious candidate technique, but we found that
BCR surface density based on CD79B staining did not correlate
uniformly with BCR surface density based on CD79A-GFP fluores-
cence, or with effects of BCR KO or sensitivity to P505-15, largely
because of outliers like the IgG-expressing GCB-DLBCL line DB
(supplemental Figure 25). We found that DB had a small amount of
residual surface CD79B after IgH KO, and a large amount of residual
surface IgH after CD79B KO, as compared with other GCB-DLBCL
lines (supplemental Figure 26A-B, top panels). This implied a degree of
independence between BCR components in their surface expression in
DB, which was supported by per cell measurements (supplemental
Figure 26C). We also found that CD79A-GFP accelerated the rate of
turnover of surface IgH (supplemental Figure26D),whichwe speculate
may be related to the reduction of residual surface CD79B or IgH
in DB cells with CD79A-GFP (supplemental Figure 26A-B, bottom
panels). Together with some surface CD79B being IgH independent,
this may cause CD79A-GFP to reflect fully assembled and functional
BCR units more consistently than CD79B.

Discussion

The importanceofBCRsignaling toB-cell lymphomashas been shown
by functional studies in cell lines and mouse models,36 and by clinical
responses to small-molecule inhibitors of kinases mediating trans-
duction of BCR-generated signals. However, these studies and clinical
approaches have generally not addressed variation in the type (antigen
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driven and/or tonic) and magnitude (or importance) of BCR signaling
used by individual B-cell tumors. In this study, we used precise
genomic manipulations that modified the BCR without changing its
surface expression in DLBCL lines: dual HVR replacement, CD79A
ITAM tyrosine mutation, and CD79A-GFP fusion. These revealed
the clear distinction between DLBCL subtypes in the type of BCR
signaling used constitutively: antigen–driven by ABC-DLBCL; tonic
by GCB-DLBCL. Several additional features confirmed that the BCR
signaling used by GCB-DLBCL lines corresponds to tonic BCR
signaling in normal B cells and contributes to their essential need
for AKT activity. Tonic BCR signaling also characterizes Burkitt
lymphoma, which lacks NF-kB activity but depends on CD79A and
SYK20; mutations in ID3 and/or TCF3 are highly frequent, upregulat-
ing transcription of immunoglobulin genes and suppressing the BCR
signaling-inhibitory phosphatase PTPN6.20

However, we also found large variation between GCB-DLBCL
lines in their dependence on BCR signaling and provided mechanistic
reasons for this: (1) the magnitude of BCR signaling is determined by
BCR surface density, which varies highly; (2) AKTmust not be solely
dependent for activation on the BCR, whose surface expression is low
or absent in some GCB-DLBCL lines; and (3) loss of the negative
AKT regulator PTEN can compensate for loss (or low levels) of BCR
signaling. The importance of tonic BCR signaling toAKT activation in
GCB-DLBCL is therefore heavily influenced by BCR surface density
and PTEN protein expression, as shown in the model of supplemental
Figure 27. This model provides a potential explanation for why the
SYK inhibitor fostamatinib showed low overall efficacy in DLBCL
patients, even (and exclusively) in those with the GCB subtype.10,11

The uniform susceptibility of GCB-DLBCL lines to pan-AKT KO
suggests that GCB-DLBCL tumors unlikely to respond to inhibitors of
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tonicBCR signalingmay still be responsive to inhibitors of otherAKT-
activating pathways or to inhibition of AKT at downstream points.

Whether PTEN and BCR surface density can ultimately be
biomarkers to predict the clinical response of GCB-DLBCL patients
to inhibition of tonic BCR signaling remains to be determined, but
those factors do vary significantly in primaryGCB-DLBCL tumors, as
in GCB-DLBCL cell lines: surface IgH level varies highly in primary
GCB-DLBCL tumors,37 with ;20% of cases lacking BCR surface
expression,38 and PTEN protein expression is absent in ;50% of
cases.18 PTEN protein can be assessed by immunohistochemistry
of tumor histologic sections,39 but a predictive assay based on BCR
surface density, or another biomarker reflecting it, would require
development and validation in clinical trials of tonic BCR signaling
inhibitors. BCR surface density is a continuous variable, which
would require the setting of thresholds, and staining intensity differs
between immunoglobulin isotypes, suggesting that perhaps there
would need to be isotype-specific assays.

The correlations that we found between BCR surface density and
the effects of BCRKO on AKT activity (and proliferation) were based
on measuring BCR surface density by CD79A-GFP fluorescence and
AKT activity with the Lyn-AktAR2 reporter; both of these techniques
are valid but only usable in engineered cell lines.Alternative techniques
applicable to primary samples, surface CD79B staining or detection of
AKT phosphorylation, unfortunately did not provide similar uniform
correlations. Surface CD79B independent of IgH has been observed in
normal mouse B cells40 and cell lines41,42 after BCR cross-linking or
cognate antigen encounter, and IgG (but not IgM) can be present on
the surface of cells lacking the CD79A/B heterodimer.43,44 These
precedents raise the possibility that some fraction of surface CD79B in
someGCB-DLBCL lines may not be part of a complete BCR unit, and
that surface CD79B staining may overestimate the amount of surface
BCR that is generating tonic signals. Although phosphorylation of
AKT sites Ser473 or Thr308 is widely used as a surrogate for AKT
activity, the reliability of pSer473 in particular has been questioned (eg,
for discordance with pThr30845 or for being rendered unnecessary
by phosphorylation of S477 and T47946). Regulation of AKT activity
has been reported for several sites of tyrosine phosphorylation,47,48

including at Y315/Y326 by Src family tyrosine kinases (although
not previously linked to BCR signaling),49 or by nonphosphorylating

factors,50 and AKT phosphorylation may have negative regula-
tory effects by promoting AKT ubiquitination and proteasomal
degradation.51

Factors determining BCR surface density in GCB-DLBCL lines
are unknown, although variation after dual-HVR replacement (supple-
mental Figure 16D) suggests that BCR surface density is affected
by both cellular context and HVR sequence. GCB-DLBCL was
named for similarity to centroblasts of the germinal center, which
functions to select B-cell clones with high BCR affinity to antigen,
a process involving upregulation of BCR surface levels.52,53 The
type of BCR signaling (tonic, antigen–induced, or both) enhanced
by higher BCR levels in centroblasts is unknown, but the 2 types
may be somewhat merged in GC B cells, whose response to BCR
ligation, as compared with that of non-GC mouse B cells, is less
activating of NF-kB.54

Our results from CD79A modification are consistent with those in
mouseBcells bearingCD79A-modifiedcompleteBCRcomplexes,27-29

or artificial proteins containing CD79A and/or CD79B cytoplasmic
tails (which can drive the development of follicular B cells in BCR-
deficient mice),55,56 but differ in identifying Y188 as the ITAM
tyrosine most involved in tonic BCR signaling. Our results suggest
that inhibiting Y188 phosphorylation may be a specific therapeutic
approach to target tonic BCR signaling in GCB-DLBCL. CD79A
ITAM mutations also reduced proliferation of the ABC-DLBCL
line HBL-1 when combined with HVR replacement; this suggests
that inhibition of tonic BCR signaling may enhance the therapeutic
effect of inhibiting antigen-driven BCR signaling in ABC-DLBCL,
consistent with observations that ibrutinib synergizes with inhibitors
of PI3K, AKT, or MTOR in ABC-DLBCL lines.57

Our finding that phosphorylation of the CD79A ITAM has little
or no participation in antigen-induced BCR signaling by DLBCL cell
lines, as shown by the lack of effect of CD79A modification on
proliferationofotherwise-unmodifiedABC-DLBCLlines (supplemental
Figure 13C-D) or BCR ligation-induced calcium flux in GCB-DLBCL
lines (Figure 3C; supplemental Figure 13A), is also consistent with
thoseprior studies.27-29,55,56However, our results differ strikingly from
frequently cited studies using non-BCRchimericmolecules containing
CD79A cytoplasmic tails alone, in which tyrosine phosphorylation
of the chimericmolecules after cross-linkingwas predominantly (if not
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completely) restricted to the proximal ITAM tyrosine, corresponding
to humanCD79AY188.58,59 This discordancemight be because of the
absence of a CD79B cytoplasmic tail in the chimeric molecules,
but studies using a complete BCR reconstituted in a mouse myeloma
cell line also found that both CD79A ITAM tyrosines were required
for normal tyrosine phosphorylation of other proteins after BCR
ligation.58 The ability of CRISPR/Cas9 methods to modify genomic
alleles of BCR components, notably immunoglobulin HVRs and
the ITAMdomains ofCD79AandCD79B(data not shown),will enable
highly physiologic future studies to elucidate molecular events in
BCR signaling.
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