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Key Points 27 

 PI3Kγ has unique non-redundant functions in malignant B cell migration and adhesion to 28 

stromal cells 29 

 30 

 Targeting both PI3Kγ and PI3Kδ can have a greater impact on chemokine-dependent 31 

responses than targeting either isoform alone 32 

 33 

 34 

 35 

  36 
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Abstract 37 

The PI 3-kinases (PI3K) are essential mediators of chemokine receptor signaling necessary for 38 

migration of chronic lymphocytic leukemia (CLL) cells and their interaction with tissue-resident 39 

stromal cells.  While the PI3Kδ-specific inhibitor idelalisib shows efficacy in treatment of CLL 40 

and other B cell malignancies, the function of PI3Kγ has not been extensively studied in B cells. 41 

Here we assess whether PI3Kγ has non-redundant functions in CLL migration and adhesion to 42 

stromal cells. We observed that pharmaceutical PI3Kγ inhibition with CZC24832 significantly 43 

impaired CLL migration, while dual PI3Kδ/γ inhibitor duvelisib had a greater impact than single 44 

isoform-selective inhibitors. Knockdown of PI3Kγ reduced migration of primary CLL cells and 45 

cell lines. Expression of the PI3Kγ subunits increased in CLL cells in response to CD40L/IL-4, 46 

whereas BCR cross-linking had no effect. Overexpression of PI3Kγ subunits enhanced cell 47 

migration in response to SDF1α/CXCL12, with the strongest effect observed within ZAP70
+
 48 

CLL samples. Microscopic tracking of cell migration within chemokine gradients revealed that 49 

PI3Kγ functions in gradient sensing and impacts cell morphology and F-actin polarization. 50 

PI3Kγ inhibition also reduced CLL adhesion to stromal cells to a similar extent as idelalisib.  51 

These findings provide the first evidence that PI3Kγ has unique functions in malignant B cells.  52 

  53 
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Introduction 54 

Chronic Lymphocytic Leukemia (CLL) is a prevalent hematologic malignancy affecting adults 55 

in the West. CLL cells rely on chronic activation triggered via the B-cell receptor (BCR) to 56 

potentiate their survival (1). Within lymphoid tissues, CLL cells interact with and shape a 57 

microenvironment favourable to their survival and proliferation (2). They migrate to favourable 58 

niches in response to chemotactic factors, such as the chemokine stromal-derived factor 1 59 

(SDF1α).They interact with resident stromal cells that provide them with survival and 60 

proliferative stimuli through cell-cell contact and soluble factors (3-5). The protective 61 

microenvironment shields CLL cells from the effects of therapeutics, conferring a resistant 62 

phenotype. 63 

 64 

CLL varies from indolent to progressive forms according to the expression of several 65 

biomarkers, immunoglobulin variable heavy chain (IgVH) mutation, and chromosomal 66 

abnormalities (6, 7). One such biomarker is the expression of zeta-chain T-cell receptor-67 

associated protein kinase 70 kDa (ZAP70) (8, 9). We and others have shown that ZAP70 68 

expression can alter CLL adhesion and migration (10-12); however, the mechanisms for this 69 

remain unclear.   70 

 71 

The phosphoinositide-3 kinase (PI3K) signaling pathway has been implicated in numerous 72 

malignancies (13-17). PI3K enzymes phosphorylate the 3’ hydroxyl group of the inositol ring of 73 

phosphoinositide lipids. PI3K has established functions in normal and malignant B cell 74 

signaling, and the p110specific inhibitor idelalisib has been effective in CLL treatment (18, 75 
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19).  Inhibition of PI3K affects multiple aspects of CLL biology including cell adhesion and 76 

migration in response to chemokines (20, 21).   77 

 78 

PI3Kγ consists of a catalytic subunit (p110γ) and one of two regulatory subunits (p84 or p101) 79 

which bind to p110γ and have different effects on p110γ activity in terms of cellular migration 80 

(22, 23). PI3Kγ is recruited to activated chemokine receptors via p101-dependent binding to 81 

Gsubunits (24-26), whereas the mechanism of PI3Kactivation by chemokines is unclear. 82 

PI3Kγ has well-established functions in T lymphocyte and neutrophil chemokine receptor 83 

signaling, but has not been extensively studied in B lymphocytes (27, 28).  In fact, the limited 84 

data available on B cell function in PI3K-deficient mice indicate that this enzyme is not 85 

essential for B cell activation or migration (29, 30).  Despite this, PI3K inhibitors are now in 86 

clinical development for B cell malignancies (31).    87 

 88 

In this study, we present our novel findings that PI3Kand PI3Kγ have unique, non-redundant 89 

functions in CLL cell migration and adhesion to stromal cells. These findings indicate that 90 

targeting PI3Kγ alone or in combination with PI3Kmay have a unique impact on CLL biology 91 

with potential therapeutic benefit.   92 

93 
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Materials and Methods   94 

CLL cells and cell lines 95 

CLL cells were isolated from peripheral blood samples using RosetteSep Human B Cell 96 

Enrichment Cocktail (StemCell Technologies) at CancerCare Manitoba with the approval of the 97 

Research Ethics Board at the University of Manitoba.  ZAP-70 and IgVH mutation status were 98 

determined as previously described (32). Patient characteristics are described in Table S1.  in 99 

CLL-derived JVM3 and Burkitt lymphoma Ramos cells were obtained from DSMZ, Germany. 100 

HS-5 human bone marrow-derived stromal cells were obtained from ATCC.  All cells were 101 

grown in RPMI1640 media supplemented with 10% fetal bovine serum and 1% penicillin-102 

streptomycin (GIBCO). 103 

Chemicals and Reagents 104 

PI3K inhibitors CZC24832, GS-1101/idelalisib, IPI-145/duvelisib, and GDC-0980/apitolisib 105 

(Selleck Chemicals) were reconstituted in DMSO (Sigma) and used at a final concentration of 2 106 

μM (CZC24832) and 1 μM (idelalisib, duvelisib, GDC-0980). CZC24832 has greater than 10-107 

fold selectivity over PI3K and greater than 100 selectivity over PI3K and PI3K (33).  α-IgM 108 

F(ab’)2 (Southern Biotech) was used at 10 μg/ml and CD40 ligand and interleukin 4 (R&D 109 

systems) were used at 50 ng/ml each. Anti-p110γ antibody (R&D systems), anti-GAPDH 110 

antibody (Cell Signaling), and Mini-PROTEAN TGX precast gels (Bio-Rad) were used for 111 

Western blot analysis. SDF1α (Peprotech) was used at 100 ng/ml. Alexa Fluor® 488 Phalloidin 112 

(Life Technologies) was used at 33 nM for F-actin staining. Superscript VILO cDNA mix 113 
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(Invitrogen) was used for RT-qPCR. DAPI, trypsin-EDTA (Sigma), and anti CD19-FITC 114 

antibody (BD Biosciences) were used for the cell adhesion assay. 115 

Western blotting 116 

The experiments were performed as previously described (34). Membranes were incubated 117 

overnight at 4ᵒ C with anti-p110γ and anti-p101 antibodies (1:1000 dilution). GAPDH served as 118 

a loading control (1:10,000 dilution). HRP-conjugated anti-rabbit (Cell Signaling) and anti-119 

mouse (Jackson Immunoresearch) secondary antibodies (1:5000 dilution) were used for 120 

chemiluminescent detection. 121 

Real-time Quantitative PCR 122 

The experiments were performed as previously described (35). Briefly, 5 million CLL cells per 123 

treatment group were stimulated for 24 hours with α-IgM or CD40L/IL-4, collected in TRIzol, 124 

and total RNA was isolated and purified using the Purelink RNA kit (Thermo Fisher). qPCR was 125 

performed using a LightCycler 96 PCR instrument (Roche Diagnostics) and Power SYBR green 126 

(Applied Biosystems). All reactions were run in duplicates (primer sequences available in Fig 127 

S1A).  128 

Plasmid constructs 129 

Expression vectors for p110γ-GFP or p101-GFP used the pLenti-GIII-CMV-GFP-2A-Puro 130 

backbone (Applied Biological Materials). The expression vector for dCas9-GFP is pLV-hUbc-131 

dCas9-T2A-GFP (Addgene #53191).  Guide RNA expression cassettes targeting the p110γ gene 132 

were designed based on a CRISPRi optimized gRNA sequence library (36) and synthesized by 133 

Integrated DNA Technologies (sequences in Fig S1B).  gRNA cassettes were cloned into the 134 
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XbaI/XhoI sites of vector pU6-sgRNA EF1Alpha-puro-T2A-BFP (Addgene #60955) for use in 135 

CRISPRi (Fig S1B). For CRISPRi experiments, the two p110γ gRNA plasmid vectors were 136 

mixed with dCas9-GFP plasmid at a 3:1 ratio (gRNA:dCas9) for transfection.  137 

Cell transfection 138 

For cell lines, 5x10
5
 cells were transfected with each plasmid (1 μg) using the Neon Transfection 139 

system (Invitrogen), using the following condition: JVM3 1200 V, 20 ms, 2 pulses; Ramos 1600 140 

V, 20 ms, 1 pulse.  For primary CLL cells, 1x10
6
 cells were transfected with each plasmid (2.5 141 

μg) using 2250 V, 20 ms, 1 pulse. Transfection efficiency was 20-30% for cell lines and 8-12% 142 

for primary CLL as assessed by GFP expression.  143 

Transwell Migration and Adhesion Assays 144 

The experiments were performed as previously described (32, 37). Migration assays used 145 

Corning transwell plates containing 5x10
5
 cells and 8 μm insert (cell lines) and 1x10

6
 cells and 5 146 

μm insert (CLL), and SDF1α (3h). Adhesion assays used 5x10
4
 HS-5 cells/well and 5x10

6
 147 

primary CLL cells/well (24h).  Migrated/non-migrated fractions and adhered/non-adhered 148 

fractions were collected and counted by flow cytometry gating on live B cells. 149 

Microscopy-based Chemokinesis and Chemotaxis Assays 150 

For chemokinesis assays, μ-Slide 8 well chamber slides (Ibidi) were coated with 1 µg/ml 151 

VCAM-1 at 4°C overnight and washed with warm RPMI1640. 1×10
5
 Ramos cells were added to 152 

allow adhesion (0.5h), then incubated with the inhibitors (0.5h) in serum-free medium. After 153 

adding SDF1α, migration was assessed by time-lapse imaging. For chemotaxis assays, μ-Slide 154 

Chemotaxis
3D

 chambers were pre-warmed to 37°C prior to addition of cell/collagen mixtures. 155 
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Collagen gel mixtures (1.7 mg/ml) were made using PureCol Bovine Collagen (Advanced 156 

Biomatrix) and kept on ice (38).  JVM3 cells (3×10
6
/mL) and inhibitors were added, and the 157 

mixture was loaded into chambers. Cell migration was recorded by Zeiss AxioObserver confocal 158 

microscope equipped with environmental control (37°C, 5% CO2). 159 

Cell Tracking and Data Analysis 160 

Movement of individual cells, tracked using IMARIS 8.0 software, was quantitatively evaluated 161 

by (1) Chemotactic Index [ratio of the displacement of cells toward the chemokine gradient (∆y) 162 

to the total migration distance (d) using the equation C.I. = ∆y/d, presented as the average value 163 

± standard error of the mean (SEM)]; (2) average cell migration speed (d/∆t; average value ± 164 

SEM of all cells). (3) Magnitude of velocity (track displacement/∆t). (4) Mean Square 165 

Displacement plots cell displacement as a function of time as a measure of migration persistence.    166 

Intracellular Staining, Morphological Scoring and Confocal Microscopy 167 

Ramos cells were added to VCAM-1-coated chamber slides to allow adhesion (0.5h) then 168 

incubated with the inhibitors (0.5h) in serum-free medium.  Cells were then stimulated (SDF1α) 169 

for the indicated time, fixed (2% PFA), permeabilized (0.5% saponin), washed and stained for F-170 

actin using Alexa Fluor 488 phalloidin (Life Technology). Images were taken by Zeiss 171 

AxioObserver confocal microscope under 63× magnification.  172 

Statistical Analysis 173 

Unless indicated otherwise, Student’s t test was used to calculate statistical significance (*p 174 

<0.05, ** p <0.01, ***p <0.001). Error bars represent SEM. 175 
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  176 
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Results 177 

 178 

Inhibition of PI3Kγ impairs cell migration to a similar extent as PI3Kδ inhibition. 179 

Inhibition of PI3Kδ impairs malignant B cell adhesion and migration (32, 39); however, the role 180 

of PI3Kγ in this context is unknown.  To assess the roles of each PI3K isoform in the regulation 181 

of CLL cell migration, we have used isoform-specific inhibitors CZC24832 (PI3Kγ-specific), 182 

GS-1101/idelalisib (PI3Kδ-specific), and dual PI3Kδ/PI3Kγ inhibitor IPI-145/duvelisib. Pan-183 

PI3K inhibitor GDC-0980/apitolisib was used as a positive control. JVM3 cells, maintained in 184 

medium or stimulated for 24 hours with CD40L/IL-4, were pre-incubated (1h) with CZC24832, 185 

idelalisib, duvelisib, or GDC-0980. Migration capacity was assessed using a transwell chambers 186 

containing SDF1α in the bottom chamber and the inhibitors in both top and bottom chambers to 187 

ensure continued inhibition during the assay. We found that PI3Kγ inhibition significantly 188 

reduced the migration of stimulated JVM3 cells to similar extent as PI3Kδ inhibition (Fig 1A). 189 

Dual PI3Kδ/PI3Kγ inhibition further decreased JVM3 cell migration to a level comparable to 190 

pan-PI3K inhibition (Fig 1A).  Western blot analysis revealed that CZC24832 reduced SDF1α-191 

induced phosphorylation of Akt in a dose-dependent manner (Fig 1B).  192 

We then assessed the sensitivity of CLL cell migration to these inhibitors under the same 193 

conditions and observed that PI3Kγ inhibition alone is sufficient to significantly decrease CLL 194 

cell migration, with or without CD40L/IL-4 pre-stimulation (Fig 2A-C). PI3Kγ or PI3Kδ 195 

inhibitors reduced CLL migration to a similar extent, whereas dual inhibition with duvelisib had 196 

a significantly greater impact on migration than PI3Kγ inhibition alone (Fig 2A-B). Moreover, 197 

the combination of CZC24832 and idelalisib had a significantly greater effect on CLL migration 198 

that either inhibitor alone (Fig 2C). Grouping CLL patients based on major prognostic markers 199 
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showed that PI3Kγ inhibition sensitivity was similar in progressive and indolent disease groups 200 

defined by ZAP70 or IgVH mutation status (Fig S2). Consistent with these functional data, 201 

PI3Kγ inhibition reduced phosphorylation of Akt and its downstream targets GSK3β and S6 202 

kinase in CLL cells and greater inhibition was observed with dual PI3Kδ/PI3Kγ inhibition (Fig 203 

S3A).  Inhibitor treatments did not affect relative expression of different PI3K isoforms (Fig 204 

S3B) or cell viability (Fig S4). Migration of normal human B cells was also significantly 205 

impaired by idelalisib, duvelisib and GDC-0980, whereas PI3Kγ inhibitor had a relatively small 206 

effect which did not reach statistical significance (Fig S5). Together these results provide the 207 

first demonstration that PI3Kγ has a non-redundant role in CLL cell migration, and suggest that 208 

combined PI3Kγ and PI3K targeting may in some contexts have a greater impact than targeting 209 

either isoform alone. 210 

 211 

Knockdown of p110γ significantly reduced CLL cell migration. 212 

 213 

We employed CRISPRi technology to provide an independent means of assessing the importance 214 

of PI3Kγ in CLL cell migration. Two guide RNAs were designed targeting different sites of the 215 

p110γ gene, and co-expressed with dCas9-GFP in malignant B cell lines Ramos and JVM3. This 216 

method was sufficient to significantly and specifically reduce p110γ expression as determined by 217 

qPCR analysis of p110 subunit expression (Fig 3A and Fig S6A). Following a 48h recovery 218 

period, transfected cells were assessed for migration using a transwell assay. We observed that 219 

p110γ downregulation significantly reduced cell migration compared to control cells (Fig 3B). 220 

Moreover, knockdown of p110γ in primary CLL cells significantly reduced their migration 221 

independently of IgVH mutation status (Fig 3C) and ZAP70 expression (Fig S6B), without 222 
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compromising cell viability (Fig S4B).  These results are consistent with those seen with PI3Kγ 223 

inhibition, and confirm that PI3Kγ has an independent and essential function in malignant B cell 224 

migration. 225 

 226 

Expression of PI3Kγ in CLL is enhanced in response to CD40L/IL-4 stimulation 227 

independently of ZAP70 status or IgVH mutation.  228 

We examined the expression of PI3Kγ subunits in CLL prognostic groups and determined 229 

whether PI3Kγ expression is influenced by BCR cross-linking or stimulation with T cell-derived 230 

factors.  Purified CLL cells were stimulated (24 h) with α-IgM or CD40L/IL-4 and mRNA 231 

abundance of p110γ and p101 were determined. We observed that the expression of p110γ 232 

mRNA was significantly upregulated after CD40L/IL-4 stimulation, but not after α-IgM 233 

stimulation, regardless of ZAP70 or IgVH mutation status (Fig 4A and Fig S7A). Both α-IgM 234 

and CD40L/IL-4 stimulation were able to activate the PI3K kinase signaling pathway in CLL 235 

(Fig S8).  Expression of p101 was highly heterogeneous, but the majority of CLL patients 236 

showed increased p101 expression after CD40L/IL-4 stimulation (Fig 4B and Fig S7B).  237 

Interestingly, a few patients who expressed p101 at high levels without stimulation showed the 238 

reverse trend (Fig S7B), suggesting that distinct mechanisms may maintain high p101 expression 239 

in these patients.  Examination of p110γ and p101 protein expression also indicated 240 

heterogeneity and a trend of increased expression after CD40L/IL-4 stimulation (Fig 4C).  241 

Analysis of microarray data generated from leukemic B cells isolated from CLL patient 242 

peripheral blood or lymph nodes [GEO dataset GDS4176; (40)] revealed that both p110γ and 243 

p101 are more highly expressed in lymph node than peripheral blood (Fig S9).  Together these 244 
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results indicate that CLL cells express PI3K and its expression can be modulated by factors 245 

present in the lymphoid tissue microenvironment. 246 

 247 

Overexpression of PI3Kγ enhances chemokine-induced cell migration. 248 

To determine whether increased PI3K expression can impact the migration of CLL cells, p110γ 249 

or p101 subunits were each expressed in JVM3 cells.  After transfection with either p110γ-GFP 250 

or p101-GFP expression plasmids, overexpression was confirmed by qPCR (Fig 5A). Migration 251 

of the transfected cells was measured using the transwell assay. We found that chemokine-252 

induced migration of JVM3 cells is significantly increased by overexpression of either p110γ or 253 

p101 (Fig. 5B). We further determined the impact of PI3Kγ subunits on migration of CLL cells.  254 

While expression of p101 did not increase CLL migration, expression of p110γ resulted in 255 

significant but variable increases in migration (Fig 5C).  Co-expression of both p110γ and p101 256 

significantly increased migration in the majority of CLL patient samples, and had a significantly 257 

greater impact than expression of p110γ alone (Fig 5C).  Together these data support the 258 

importance of PI3K in CLL migration and suggest that its expression level is an important 259 

factor determining cellular migration capacity.  260 

 261 

Impact of PI3Kγ or PI3Kδ inhibition on migration behavior within chemokine gradients  262 

Unlike PI3Kδ, PI3Kγ is known to directly associate with G-protein coupled receptors via binding 263 

to activated Gβ/γ subunits (25, 41) and can mediate directional migration within chemokine 264 

gradients (29, 30, 42).  To determine whether PI3Kγ and PI3Kδ may affect distinct migration 265 

behaviors, cells were observed by video microscopy and migration analyzed by cell tracking 266 

software.  We first measured migration of Ramos cells plated on a VCAM-1-coated glass surface 267 
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and stimulated with SDF1α and found that inhibition of either PI3Kγ or PI3Kδ impair migration 268 

velocity (Fig S10A) and mean squared displacement (33), a measure of directional migration 269 

persistence (Fig S10B).  We then assessed migration within a microfluidic device containing an 270 

SDF1α  gradient within a collagen gel to allow determination of the chemotactic index, a 271 

measure of directional migration reflecting the ability of cells to detect the chemokine gradient 272 

(43).  Analyses of JVM3 cell migration tracks within this gradient system (Fig 6A) revealed that 273 

either PI3Kδ or PI3Kγ inhibition were sufficient to reduce the chemotactic index (Fig 6B) and 274 

migration velocity (Fig 6C) under these conditions, with PI3Kγ inhibition showing the strongest 275 

effect. 276 

 277 

PI3Kγ or PI3Kδ inhibition differentially affect cytoskeletal remodeling and cell 278 

morphology  279 

We noted that PI3Kγ inhibitor-treated cells frequently show abnormal morphologies after SDF1α 280 

stimulation, including dynamic multiple protrusions that fail to develop into fully polarized 281 

leading edges (Fig 7A).  We microscopically scored cells exhibiting round, elongated, polarized 282 

or multi-protrusion morphologies by fixing cells after one minute of SDF1α stimulation and 283 

staining the F-actin cytoskeleton (Fig 7B).  It was found that either PI3Kδ or PI3Kγ inhibition 284 

was sufficient to reduce the proportion of fully polarized cells and increase the proportion of 285 

elongated or multi-protrusion morphologies; however, PI3Kγ inhibition decreased polarization 286 

and increased multi-protrusion morphologies to a greater extent than PI3Kδ inhibition (Fig. 7C).  287 

Together these results indicate a unique and non-redundant role for PI3Kγ in mediating 288 

chemokine-induced alterations in the cytoskeleton and chemokine gradient sensing.  289 

 290 
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Inhibition of either PI3Kγ or PI3Kδ significantly decreases the adhesion of CLL cells to 291 

bone marrow-derived stromal cells 292 

Adhesion of CLL cells to stromal cells is driven by chemokines such as SDF1α and promotes 293 

their retention and interaction with other cell types present in the lymphoid tissue 294 

microenvironment (2, 32). To determine the roles of PI3Kγ and PI3Kδ in the interaction of CLL 295 

cells and stromal cells, we co-cultured CLL cells with human stromal cell line HS-5 with or 296 

without specific PI3K inhibitors. After 24h, the non-adhered CLL cells were collected and then 297 

adhered cells along with the stromal cells were removed using trypsin. CD19-expressing cells in 298 

the adhered and non-adhered fractions were counted by flow cytometry and the adhesion index 299 

was calculated accordingly. We found that PI3Kγ inhibition significantly reduced binding to 300 

stromal cells, and dual inhibition of PI3Kγ and PI3K had a stronger effect than PI3Kγ inhibition 301 

alone (Fig 8A). While basal adhesion to stromal cells was higher in ZAP70
+
 CLL cells as 302 

expected, the inhibition of either PI3Kγ or PI3Kδ significantly decreased CLL cell adhesion in 303 

both ZAP70+ and ZAP70- groups (Fig 8B).  In both patient groups, Duvelisib had a stronger 304 

effect than either single isoform inhibitor (Fig 8B).  These differences in response to the 305 

inhibitors were not due to differences in cell viability as we did not see noticeable effect of the 306 

inhibitors on CLL cell survival under these conditions (Fig S4).  These results indicate that 307 

PI3Kγ also contributes to chemokine- and integrin-dependent adhesion of CLL to stromal cells. 308 

 309 

  310 



 17 

Discussion 311 

The PI 3-kinases  and  collectively regulate major signaling pathways promoting CLL 312 

cell chemotaxis, cytoskeletal rearrangement, and CLL cell interaction with the 313 

microenvironment. A recent addition to CLL therapy is the PI3Kδ-specific inhibitor idelalisib 314 

that has shown significant activity in this disease (44). Idelalisib deprives CLL cells of essential 315 

survival and proliferative stimuli received from the resident cells of the microenvironment, thus 316 

reducing lymphadenopathy and causing egress of CLL cells into peripheral blood.  Upon egress, 317 

CLL cells may be more vulnerable to the conventional therapeutics used in CLL treatment. We 318 

and others have shown that idelalisib can significantly reduce malignant B cell migration in 319 

response to chemotactic stimuli (39, 45). Idelalisib was found to affect CLL cell adhesion (32, 320 

46) and may also affect tissue-resident cells capacity for cell-cell interaction and secretion of 321 

soluble factors (39).    322 

 323 

Unlike protein kinases, all four class I PI3Ks phosphorylate the same target molecules and 324 

generate identical D3 phosphoinositide products; thus they are expected to exhibit some 325 

functional redundancy. Some level of redundancy may be important to ensure robust activation 326 

and fine-tuning of this pathway. One way in which PI3Ks may exhibit unique functions is via 327 

differential expression amongst cell types.  PI3Kδ and PI3Kγ subunits are expressed most 328 

abundantly in hematologic cells. It was estimated that PI3Kδ contributes approximately 50% of 329 

the total PI3K activity in lymphocytes (47); thus targeting PI3Kδ has a significant impact on 330 

lymphocyte functions which are highly dependent on D3 phosphoinositides (48). In contrast, the 331 

contributions of PI3Kγ have only been clearly defined in T cells and myeloid cells (29, 30, 49). 332 

PI3Kγ-deficient mice have defective antibody responses upon immunization (30), but this may 333 
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reflect impaired T cell and myeloid cell function.  Moreover, PI3Kγ-deficient mouse B cells 334 

exhibited normal migration to chemokines in transwell assays and did not show altered homing 335 

to tissues when transferred to normal hosts (29), leading to the conclusion that PI3Kγ has a 336 

minimal role in B cell migration in mice.   337 

 338 

To delineate the respective influence of PI3Kδ and PI3Kγ in the context of human B cell 339 

malignancy, we compared idelalisib to a highly selective PI3Kγ inhibitor CZC24832 (33).  Both 340 

inhibitors were able to significantly reduce CLL migration and adhesion. As these compounds 341 

may have differing specificity, potency and stability, we used several approaches to confirm 342 

selective effects under the conditions of our experiments.  A pan-PI3K inhibitor GDC-0980 was 343 

found to have stronger effects on both migration and phosphorylation of Akt and its downstream 344 

targets than either PI3K, PI3K or dual PI3Kinhibitors. This is consistent with a 345 

contribution from PI3K isoforms which is not effectively blocked by PI3Kinhibitors 346 

under the conditions of our experiments.  We have also observed that pan-PI3K inhibitor but not 347 

PI3K inhibitor can block Akt phosphorylation in stromal cells that do not express PI3K, further 348 

confirming specificity (data not shown).  Importantly, we also confirm the key conclusion of the 349 

paper regarding PI3K and CLL migration using the completely independent approach of genetic 350 

silencing by CRISPRi.   351 

 352 

PI3Kγ inhibition had a particularly strong effect on directional migration within collagen gels 353 

containing an SDF1α gradient.  This suggests an important role of PI3Kγ in chemokine sensing 354 

and cell polarization towards the chemokine gradient, consistent with findings in neutrophils (23, 355 

50, 51). We also found that PI3Kγ inhibition had a stronger impact on cell morphology than 356 
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PI3Kδ inhibition, and led to a reduction in polarization and an increase in abnormal multipolar 357 

morphologies upon exposure to chemokine.  We hypothesize that the direct linkage between 358 

PI3Kγ and chemokine receptors, via direct p101–G interactions, provides a unique and 359 

indispensable contribution to efficient chemotaxis, perhaps by controlling spatial gradients of 360 

phosphoinositides within the plasma membrane.  Together these results provide the first 361 

demonstration that PI3Kγ has unique non-redundant functions in chemokine-mediated responses 362 

in human B cell malignancies. 363 

 364 

PI3Kγ has two unique adaptor subunits p84 and p101, distinct from the p85 adaptor used by 365 

PI3Kδ (52). Whereas p84 specifically couples PI3Kγ to signaling pathways controlling oxidative 366 

burst in neutrophils (23, 50), p101 can directly couple PI3Kγ to Gsubunits generated by 367 

ligand-activated chemokine receptors (53, 54).  We found that CLL cells express p101 but not 368 

p84 (data not shown).  Both p101 and p110 catalytic subunits showed increased expression 369 

upon activation by CD40L/IL-4 in most CLL patient samples. Consistent with these in vitro data, 370 

examination of p101 and p110 expression in a well annotated microarray dataset (40) showed 371 

that CLL cells isolated from lymph node express higher levels of PI3Kγ subunits than CLL cells 372 

isolated from blood of the same patients.  Moreover, over-expression of p101 and p110 together 373 

significantly enhanced CLL migration, suggesting that CLL cell expression of functional PI3Kγ 374 

can be modulated by microenvironmental signals and can functionally impact chemokine 375 

receptor-mediated responses.   376 

 377 

Studies in mouse and human have revealed multiple roles of PI3Kγ in immune functions.  378 

Animals genetically deficient in PI3Kγ do not show obvious defects in B cell function, however 379 
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these mice may have developed compensatory mechanisms such as increased expression of other 380 

PI3K isoforms that obscure changes in B cell functions. Moreover, B1 and marginal zone B cells, 381 

considered as possible normal counterparts of CLL cells, were not examined in PI3Kγ-deficient 382 

mice.  It remains possible that human B cells are more dependent on PI3Kγ than mouse B cells, 383 

or that our findings here may reflect unique properties of B cell malignancies.  It is established 384 

that PI3Kγ plays essential roles in normal T, NK and myeloid cell functions in mice (55).  As a 385 

result, PI3Kγ inhibition or dual PI3Kδ and PI3Kγ inhibition had anti-inflammatory activities in 386 

several diesease models in mice, attributed to inhibition of cell migration into inflammed tissues 387 

(55, 56).  Since one of the major hurdles in clinical use of idelalisib is T cell-mediated toxicities 388 

(57, 58), its tempting to speculate that dual inhibition of PI3Kδ and PI3Kγ may partly mitigate 389 

these toxicities by impairing T cell migration into sites of inflammation such as colon, lung or 390 

liver. 391 

 392 

Dual inhibition of PI3Kδ and PI3Kγ has been proposed to have potential benefit for CLL 393 

treatment and is currently in clinical trials (39, 59-60).  However a direct comparison of the 394 

relative effectiveness of dual versus single inhibition has not been reported.  We find that dual 395 

inhibition has a stronger effect on PI3K/Akt pathway activity, chemokine-dependent migration 396 

and adhesion than either PI3Kδ or PI3Kγ inhibitors.  While our findings do not exclude the 397 

contribution of other PI3K isoforms, they do provide the first demonstration of a distinct 398 

biological function of PI3Kγ in B cells. Additional blockade PI3Kγ may thus improve clinical 399 

benefits via increased anti-leukemic activity and reduced T cell-mediated toxicities. 400 

  401 
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Figure Legends 585 

 586 

Figure 1: Inhibition of PI3K impairs Akt phosphorylation and B cell migration in 587 

transwell assay. 588 

(A) Inhibition of PI3Kγ or PI3Kδ significantly decreased the migration of JVM3 cells. JVM3 589 

cells were cultured in medium or stimulated for 24h with CD40L/IL-4 and then incubated with 590 

the PI3Kγ-specific inhibitor CZC24832 (2 µM), the PI3Kδ-specific inhibitor idelalisib (1 µM), 591 

dual PI3Kδ/γ inhibitor duvelisib (1 µM), or the PI3K pan inhibitor GDC0980 (1 µM) and 592 

subjected to a transwell migration assay. DMSO served as the vehicle control for the inhibitors 593 

while SDF1α (100 ng/ml) served as the chemoattractant (n=7). (B)  Effect of PI3Kγ inhibitor on 594 

Akt phosphorylation.  JVM3 cells were pre-incubated with indicated concentrations of CZC4832 595 

(in M) and then stimulated with SDF1α for 10 min. Akt Ser473 phosphorylation and total Akt 596 

levels were assessed by Western blot.  597 

 598 

Figure 2: Inhibition of PI3K or PI3K impairs CLL cell migration. 599 

(A) Effect of PI3Kγ inhibitor on CLL migration.  CLL cells were cultured in medium or 600 

stimulated with CD40L+IL-4 for 24h and subjected to a transwell migration assay. Graphs 601 

represent migration of individual CLL patient samples with or without addition of PI3Kγ 602 

inhibitor CZC24832, connected by lines.   (B) Inhibition of PI3Kγ or PI3Kδ decreases the 603 

migration of CLL cells to a similar extent, while dual PI3Kγ/δ inhibition using duvelisib has 604 

significantly greater effect than PI3Kγ inhibitor alone. (C) Combination of PI3Kγ inhibitor and 605 

PI3Kδ inhibitor decreases the migration of CLL cells to a greater extent than either inhibitor 606 

alone.  Lines connect individual patient migration responses in the presence of the indicated 607 
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inhibitors.  Note all inhibitor-treated groups were significantly different than the control 608 

untreated group, whereas the CZC24832+idelalisib combination was not significantly different 609 

than duvelisib.   Significance was determined as determined using paired T-tests *p <0.05, ** p 610 

<0.01, ***p <0.001. 611 

 612 

Figure 3: The effect of CRISPRi knockdown of p110γ on the migration of malignant B cell 613 

lines and CLL cells. 614 

(A) Confirmation of p110γ CRISPRi knockdown specificity. JVM3 cells were transfected with 615 

either dCas-GFP expression vector alone (Control) or co-transfected with dCas9-GFP plus 616 

vectors expressing p110γ-targeting guide RNAs (at a 1:3 ratio). After 24h, p110 isoform 617 

expression within sorted GFP+ transfectants was assessed by qPCR. (B) p110γ knockdown 618 

significantly impaired the migration of JVM3 and Ramos cells. Cells were transfected as above 619 

and then subjected to a transwell migration assay. Data represent average fold change in 620 

migration of GFP+ cells (n = 3).  (C) p110γ knockdown significantly reduced the migration of 621 

primary CLL cells regardless of their IgVH mutation status. CLL cells were transfected with 622 

either dCas-GFP expression vector or dCas9-GFP plus vectors expressing p110γ-targeting guide 623 

RNAs then assessed 48h later using a transwell migration assay.  Percent of cells migrating 624 

toward SDF1α was determined by flow cytometry counting of live GFP-expressing cells present 625 

in upper and lower chambers after 3h.  626 

 627 

Figure 4: Expression of PI3K subunits in malignant B cell lines and CLL patient samples. 628 

(A/B) CLL cells were stimulated with F(ab’)2 α-IgM (10 µg/ml) or CD40L/IL-4 (50 ng/ml each) 629 

and harvested 24h later for RNA extraction and RT-qPCR analysis. mRNA expression of (A) 630 
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p110γ and (B) p101 were determined, and expression levels were normalized against expression 631 

of TATA box binding protein (TBP).  Patients were divided into indolent versus progressive 632 

groups based on IgVH mutation status. (C) Protein expression of p110γ and p101 in CLL 633 

samples in response to BCR stimulation or CD40L/IL-4 stimulation. Data are representative of 9 634 

patients analyzed. 635 

 636 

Figure 5: Over-expression of PI3Ksubunits affects the migration of malignant B cells. 637 

(A) Confirmation of p110γ-GFP and p101-GFP overexpression in JVM3 cells. JVM3 cells were 638 

transfected with either p101-GFP or p110γ-GFP plasmids. 24h post transfection, RNA was 639 

harvested and expression of p101 or p110γ was determined by RT-qPCR analysis. (B) 640 

Overexpression of p110γ or p101 enhances the migration of JVM3 in response to the chemokine 641 

SDF1α. 24h after transfection with p101-GFP plasmid or p110γ-GFP, migration of live GFP-642 

expressing cells in response to SDF1α (100 ng/ml) was assessed using a transwell migration 643 

assay. The graph shows the mean and SEM of four experiments. (C) Overexpression of PI3Kγ 644 

subunits enhances CLL cell migration. p110γ-GFP, p101-GFP, or both together were over-645 

expressed in CLL cells.  After 48 h, migration of live GFP+ cells was assessed by transwell 646 

assay as above.  Results are expressed as fold change in migration relative to the control 647 

transfection of the same patient sample. 648 

 649 

Figure 6:  Impact of PI3K or PI3K inhibition on directional migration behavior.  650 

JVM3 cells were seeded into a collagen gel and treated with indicated inhibitors for 60 minutes. 651 

After establishing the SDF1α gradient, time-lapse imaging was performed and cell migration 652 

tracks were analyzed using IMARIS software. (A) Plots illustrate cell tracks from a single 653 
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representative experiment, overlaid to the same origin. Note that cells treated with CZC24843 654 

show visibly impaired chemotaxis towards the higher SDF1α concentration (right half of the 655 

graphs). (B-C) Quantitative analysis of cell tracks showing that both PI3K and PI3K inhibition 656 

reduced the chemotactic index (B) and migration velocity (C). Mann-Whitney test, **p < 0.01; 657 

***p < 0.001. 658 

 659 

Figure 7: PI3K and PI3K inhibitors differentially affect cytoskeletal remodeling and cell 660 

morphology. 661 

(A) Time-lapse images of CZC24832-treated Ramos cells migrating within SDF1α gradient, 662 

showing the dynamic formation and retraction of multiple protrusions and failure to form stable 663 

polarized morphology. Note that all three cells in this field exhibit multiple protrusions at one of 664 

the time points (indicated by arrows) and failed to migrate significantly in the direction of the 665 

SDF1 gradient.  (B) Morphological scoring demonstrating the differential impact of PI3Kδ and 666 

PI3Kγ inhibitors on Ramos cell polarization. Ramos cells were pretreated with inhibitors, 667 

stimulated with 100 ng/ml SDF1α for 1 min, then fixed and F-actin stained using Alexa-488 668 

phalloidin. Representative CZC24832-treated cells exhibiting the four major observed 669 

morphologies are shown. (C) Frequency of cells exhibiting each morphology within control and 670 

inhibitor-treated groups.  Data are based on 3 independent experiments scoring over 200 cells per 671 

treatment group in total.  Paired T test, * denotes significance comparing drug-treated to control, 672 

+ denotes significance comparing CZC24832 to Idelalisib. 673 

 674 

Figure 8: Inhibition of either PI3Kγ or PI3Kδ significantly decreases the adhesion of CLL 675 

cells to stromal cells without affecting CLL cell survival 676 
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CLL cells were incubated for 24h with established monolayers of human stromal cell line HS-5 677 

in the presence of the indicated inhibitors. The adhered and non-adhered CLL cell fractions were 678 

counted by flow cytometry, gating on the live cell population expressing CD19, to determine the 679 

percent adhesion (A) Impact of PI3Kγ or PI3Kγ/PI3Kδ dual inhibitors on stromal cell binding.  680 

The graph displays percent adhesion of individual CLL patient samples under different inhibitor 681 

treatment conditions. Inhibition of PI3Kγ or PI3Kδ significantly decreased the adhesion of CLL 682 

cells regardless of (B) ZAP70 status or (C) IgVH mutation status. 683 
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