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Statement of translational relevance 35 

B cell receptor (BCR) kinase inhibitors are revolutionising the treatment of patients with chronic 36 

lymphocytic leukemia (CLL). However resistance to the BCR-kinase inhibitor ibrutinib, is already 37 

emerging through mutations in BTK and PLCγ2 or by other as yet unknown reasons.  We recently 38 

demonstrated this resistance may be mediated by interleukin-4 (IL4), which can prevent inhibition of 39 

the BCR-signalling pathway by ibrutinib in CLL cells. Importantly treatment with a JAK3-inhibitor 40 

tofacitinib can reverse IL-4-induced effects. Herein we demonstrated that cerdulatinib, the first dual 41 

Syk/JAK inhibitor, induced apoptosis of CLL cells following inhibition of the BCR/IL-4 signalling 42 

pathways and overcame nurse-like cell or anti-IgM/CD40L+IL-4-mediated protection at concentrations 43 

achievable in patients. Finally combination studies with cerdulatinib and the Bcl-2-inhibitor venetoclax 44 

synergised to augment apoptosis. These results provide compelling evidence for the use of 45 

cerdulatinib as a single agent or in combination with Bcl-2 inhibitors to more effectively treat patients 46 

with CLL. 47 

 48 

 49 

 50 

 51 

 52 

 53 

 54 

 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 

 66 

 67 

 68 



3 | P a g e  
 

 69 

Abstract  70 

Purpose: B-cell receptor (BCR)-associated kinase inhibitors such as ibrutinib have revolutionised the 71 

treatment of chronic lymphocytic leukemia (CLL). However, these agents are not curative and 72 

resistance is already emerging in a proportion of patients. Interleukin-4 (IL-4), expressed in CLL lymph 73 

nodes, can augment BCR-signalling and reduce the effectiveness of BCR-kinase inhibitors. Therefore 74 

simultaneous targeting of the IL-4- and BCR-signalling pathways by cerdulatinib, a novel dual Syk/JAK 75 

inhibitor currently in clinical trials (NCT01994382), may improve treatment responses in patients.  76 

Experimental Design: PBMCs from CLL patients were treated with cerdulatinib alone or in 77 

combination with venetoclax.   Cell death, chemokine and cell signalling assay were performed and 78 

analysed by flow cytometry, immunoblotting, Q-PCR and ELISA as indicated.   79 

Results: At concentrations achievable in patients, cerdulatinib inhibited BCR- and IL-4-induced 80 

downstream signalling in CLL cells using multiple read-outs and prevented anti-IgM- and nurse-like 81 

cell (NLC)-mediated CCL3/CCL4 production. Cerdulatinib induced apoptosis of CLL cells, in a time- and 82 

concentration-dependent manner, and particularly in IGHV unmutated samples with greater BCR-83 

signalling capacity and response to IL-4, or samples expressing higher levels of sIgM, CD49d+ or 84 

ZAP70+. Cerdulatinib overcame anti-IgM, IL-4/CD40L or NLC-mediated protection by preventing 85 

upregulation of MCL-1- and BCL-XL, however BCL-2 expression was unaffected. Furthermore in 86 

samples treated with IL-4/CD40L, cerdulatinib synergised with venetoclax in vitro to induce greater 87 

apoptosis than either drug alone.  88 

Conclusion: Cerdulatinib is a promising therapeutic for the treatment of CLL either alone or in 89 

combination with venetoclax, with the potential to target critical survival pathways in this currently 90 

incurable disease. 91 

 92 

 93 
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 103 

Introduction 104 

The importance of B-cell receptor (BCR) mediated signalling in the pathogenesis of chronic 105 

lymphocytic leukemia (CLL) has become even more apparent in recent years(1), and drugs which 106 

target kinases associated with this pathway are revolutionising the treatment of this disease(2-4). 107 

Recently approved agents for relapsed/refractory CLL include ibrutinib (BTK inhibitor) and idelalisib 108 

(PI3Kδ inhibitor)(5, 6). To date these compounds have not proved curative, which may in part be due 109 

to protection of the tumour by the microenvironment(7). Importantly, a proportion of patients are 110 

developing resistance to these new agents. Mechanisms include mutations in BTK or PLCγ for 111 

ibrutinib(8) or through as yet unknown factors(9). Spleen tyrosine kinase (Syk) belongs to the 112 

Syk/ZAP70 family of non-receptor kinases and plays a central role in the transmission of activating 113 

signals downstream of the BCR, and chemokine and integrin receptors within B cells(10). Indeed Syk 114 

inhibition has been used in treatment strategies for B-cell malignancies and autoimmune disease(10). 115 

Fostamatinib (R788), one of the first oral inhibitors of Syk, reduced CLL cell migration, chemokine 116 

secretion and BCR signalling in vitro(11), and induced a number of partial responses in patients with 117 

relapsed disease(12). More recently inhibition of Syk with entospletinib (GS-9973) was shown to 118 

overcome resistance to ibrutinib in vitro(13), indicating that inhibition of Syk maybe a promising 119 

therapeutic strategy for the treatment of patients with CLL, particularly following emergence of 120 

resistance to ibrutinib. Entospletinib alone has demonstrated an acceptable safety profile and clinical 121 

activity in patients with CLL(14) and a phase II clinical trial of this drug in CLL is currently ongoing 122 

(NCT01799889). 123 

 124 

CLL cells are dependent upon various signals from the lymph node microenvironment for their 125 

survival(10). Using gene set enrichment analysis we recently identified an IL-4 gene signature which 126 

was enriched in lymph node tissue compared with matched blood and bone marrow(7). IL-4 signals in 127 

lymphocytes predominantly through the type 1 IL-4 receptor (IL-4R) via Janus protein tyrosine kinases 128 

JAK1 and JAK3 resulting in phosphorylation of STAT6 (pSTAT6)(15). IL-4 signaling is known to promote 129 

tumor survival and protect against therapy-induced cell death(7, 16), and is produced by T cells from 130 

CLL patients(17). Patients with progressive CLL have been reported to have greater numbers of T cells 131 

which spontaneously produce IL-4(18) and their tumor cells express significantly higher IL-4R levels 132 

compared to normal B cells, which correlates with increased signaling to IL-4(19, 20). We recently 133 

showed that IL-4 increased surface IgM (sIgM) expression on CLL cells in vitro and potentiated BCR-134 

mediated signaling(7). Furthermore, the ability of idelalisib or ibrutinib to inhibit BCR-mediated 135 

signalling was significantly impaired following IL-4 treatment(7).  136 
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 137 

The pharmacological targeting of JAK/STAT signalling has proved therapeutically useful in patients 138 

with autoimmune disorders, exemplified by approval of the JAK inhibitor tofacitinib for treatment of 139 

rheumatoid arthritis(21). Moreover, results from a phase II clinical trial using the JAK1/2 inhibitor 140 

ruxolitinib in 13 CLL patients showed rapid but transient decreases in lymphadenopathy and increased 141 

lymphocytosis(22). Together these data highlight a potential strategy for simultaneous inhibition of 142 

Syk and JAK in CLL.   143 

 144 

Cerdulatinib (also termed PRT062070) is a novel dual Syk/JAK inhibitor which is currently in phase 145 

1/2A clinical trials for CLL as well as other B-cell Non Hodgkin lymphomas (NCT01994382), with first in 146 

man clinical trial data and therapeutic responses in patients resistant to ibrutinib already reported(23). 147 

It is a novel reversible ATP-competitive dual Syk/JAK inhibitor that has been shown to inhibit anti-Ig 148 

and IL-4 signalling in vitro in normal human lymphocytes and to inhibit BCR-induced B-cell activation 149 

and splenomegaly in vivo in mice(24). Cerdulatinib also induced apoptosis in primary diffuse large B-150 

cell lymphoma (DLBCL) cell lines in vitro and inhibited BCR-mediated signalling(25). Cerdulatinib 151 

treatment with once daily administration at 45mg dosing, achieved a Cmax of ~2μM (23). Here we 152 

show in vitro that primary CLL samples are sensitive to cerdulatinib, at concentrations achievable in 153 

patients. Cerdulatinib inhibited IL-4 and BCR-mediated signalling which resulted in apoptosis, 154 

particularly in samples with markers of progressive disease, and synergised with venetoclax (ABT-199) 155 

in vitro. These data suggest that cerdulatinib is a promising therapeutic strategy for the treatment of 156 

CLL, with the potential to target critical pro-survival signalling pathways and supports ongoing clinical 157 

trials.  158 

 159 

Methods 160 

CLL Patient samples acquisition 161 

Peripheral blood samples were obtained from patients diagnosed with CLL according to the IWCLL-162 

NCI 2008 criteria(26) in the Hematology department at the University of Southampton (n=53) and 163 

Leukemia Department at MD Anderson Cancer Center (n=24). Patient consent was obtained in 164 

accordance with the Declaration of Helsinki on protocols that were reviewed and approved by 165 

institutional review boards at both centers. Peripheral blood mononuclear cells were isolated via 166 

density gradient centrifugation over Ficoll-Paque (GE Healthcare, Waukesha, WI, USA). Samples were 167 

used fresh or were placed into fetal bovine serum (FBS) (BD Biosciences, San Diego, CA, USA) plus 10% 168 

dimethylsulfoxide (Sigma- Aldrich, St Louis, MO, USA) for viable frozen storage in liquid nitrogen as 169 

previously described(27). 170 
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 171 

Reagents 172 

Tissue culture materials were from ThermoFisherScientific (Paisley, UK). Idelalisib, ABT-199, ibrutinib 173 

and SYK inhibitors fostamatinib and P505-15 were from Selleckchem (Stratech Scientific Ltd, UK). IL-4 174 

and CD40L were from R&D Systems (Abingdon, UK). Cerdulatinib was provided under MTA by Portola 175 

Pharmaceuticals, USA.  176 

 177 

Phosflow 178 

Antibodies obtained from BD Biosciences (San Jose, CA) include mouse anti-human CD19 peridinin-179 

chlorophyll protein, CD5 alexafluor 700, CD20 phycoerythrin cyanine 7, CD14 allophycocyanin, CD3 180 

phycoerythrin cyanine fluorescent 594, STAT6 tyrosine 641 phycoerythrin, and pAKTS473 phycoerythrin 181 

cyanine fluorescent 594.  SYKY525/526 phycoerythrin and ERKY204 allophycocyanin were obtained from 182 

Cell Signaling Technologies (Danvers, MA).  Goat anti-human IgD (Bethyl Laboratories, Montgomery, 183 

TX), donkey anti-human IgM (Jackson Immunoresearch, (West Grove, PA) and recombinant human IL-184 

4 (R&D Systems, Minneapolis, MN) were used for whole blood stimulations. Phosphate buffered saline 185 

(PBS), bovine serum albumin (BSA), and methanol were obtained from Sigma-Aldrich (St. Louis, MO).  186 

FACS/Lyse solution was obtained from BD Biosciences. 187 

 188 

CLL cell culture, anti-IgM/D stimulation and protein extraction 189 

Primary human CLL cells were cultured and protein extracted as previously described(27). Soluble anti-190 

IgM or IgD F(ab’)2 was used at the indicated concentrations and bead bound immobilised anti-IgM 191 

F(ab’)2 was used at a 2:1 ratio, bead:CLL cell as previously described(27). 192 

 193 

Flow Cytometry and calcium flux analysis 194 

Cells were labelled with antibodies conjugated to various fluorochromes. All mean fluorescence 195 

intensity (MFI) were measured relative to an isotype control. Detection of intracellular calcium was 196 

assessed as previously described(7). 1µM Ionomycin (Sigma) was added as a positive control and all 197 

analysis was performed using Flowjo v10 software.  198 

 199 

Immunoblotting 200 

Proteins were separated on 10% or 12% polyacrylamide gels (ThermoFisherScientific, Paisley, 201 

Scotland), transferred to nitrocellulose membranes (GE Healthcare, Buckinghamshire, UK) and probed 202 

with anti-HSC70 (Santa Cruz, CA) as loading control. All antibodies were from Cell Signaling Technology 203 

(Hitchin, UK). Proteins were detected following incubation with HRP-linked secondary antibodies 204 
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(Dako, UK), enhanced chemiluminescence reagents (Thermo Scientific, Rockford, IL) and visualised 205 

using the ChemiDoc-It imaging system (UVP). Band intensities were quantified using ImageJ and 206 

normalised to HSC70. 207 

 208 

Viability assay 209 

CLL cells were treated as indicated for 24, 48 or 72 hours and viability assessed by annexin V-FITC or 210 

annexin V-APC and propidium iodide (PI) negativity or PI/DiOC6 positivity using flow cytometry.  211 

 212 

CCL3, CCL4 and CXCL13 enzyme-linked immunosorbent assays 213 

To study the effects of cerdulatinib on BCR- or Nurse like cell (NLC)-dependent secretion of CCL3, CCL4 214 

and CXCL13, CLL cells were treated with 10 µg/ml anti-IgM, bead immobilised anti-IgM or by NLC-co-215 

culture for 24h. Followed by the quantification of the respective chemokines in the supernatant via 216 

enzyme-linked immunosorbent assays in accordance with the supplier’s instructions (R&D, Abingdon 217 

UK and Minneapolis, MN). NLC co-culture were performed as previously described(28). 218 

 219 

RT-PCR 220 

Total RNA was isolated with the RNeasy mini kit (Qiagen, UK) as described by the manufacturer. Total 221 

RNA was reverse-transcribed with M-MLV enzyme (Promega, UK). Real time PCR was performed on 222 

an ABI-7500 (Applied Biosystems, UK) using Mcl-1 and Bcl-XL taqman probes (ThermoFisher, UK). Each 223 

sample was analysed in duplicate with B2M as a house-keeping control. The relative gene expression 224 

was calculated by the 2-ΔΔCT method. Each sample was normalized to its non-treated matched sample. 225 

 226 

Statistical analysis 227 

The normal distribution of the samples was tested by D'Agostino-Pearson test. Statistical differences 228 

between groups were evaluated by paired or unpaired students T test when samples were normally 229 

distributed or by the Mann-Whitney U test when samples were not. Statistical analysis was performed 230 

using GraphPad Prism v6 (GraphPad Software Inc). Additive and synergistic drug interactions were 231 

assessed as previously described(7, 29, 30). Basically observed survival was plotted against expected 232 

survival ((cerdulatinib×ABT-199)/100). XY line indicates observed survival equals expected survival. 233 

Samples beneath the line indicate synergistic interactions whereby observed survival is less than 234 

expected survival. Samples above the line indicate additive interactions whereby observed survival is 235 

less than expected survival but greater than survival for the most active drug alone. Antagonistic 236 

interactions whereby observed survival is less than the most active single drug alone were not 237 

observed in this study for any patient. 238 
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 239 

Results 240 

Cerdulatinib inhibits BCR-induced signalling 241 

Here we demonstrated by immunoblotting that CLL cells treated with soluble or bead immobilised (BI) 242 

anti-IgM (Figure 1A-B) or anti-IgD (Figure 1C-D) induced phosphorylation (p) of pAKTS473, pS6KT389, pS6 243 

ribosomal subunitS235/236, pERKT202/Y204 and pAKTT308 (BI anti-Ig only). We demonstrate for the first time  244 

that these BCR-induced signals were inhibited by cerdulatinib in a dose dependent manner and most 245 

strongly between 0.3-1μM, with small but variable sensitivities to the drug between patient samples 246 

(Supplementary Figures 1-4). These results are consistent and comparable to idelalisib and ibrutinib 247 

used here as controls to inhibit BCR signalling (Figure 1A-B, 1C-D). To confirm our findings were 248 

specific for B cells from CLL PBMCs, we performed flow cytometry for pSYKY525/526, pERKY204 and 249 

pAKTS473 and calcium flux analysis in CD19+ samples. Cerdulatinib inhibited anti-IgM or anti-IgD-250 

induced signalling of pSYKY525/526, pERKY204 and pAKTS473 by flow cytometry at drug concentrations 251 

equivalent to that shown by immunoblotting (Figure 1E, Supplementary Figure 5A) and strongly 252 

inhibited BCR-induced calcium flux at 1µM (Figure 1F-G, Supplementary Figure 5B-C). Together these 253 

data confirm inhibition of BCR signalling in vitro by cerdulatinib at concentrations achievable in 254 

patients. 255 

 256 

Cerdulatinib inhibits chemokine secretion in response to BCR ligation and NLC co-culture 257 

CLL cells are known to secrete chemokines such as CCL3 and CCL4 in order to recruit T cells and 258 

monocytes into the lymph node(31). CLL cells treated with soluble anti-IgM (Figure 2A), BI anti-IgM 259 

(Figure 2B-C) or in co-culture with NLC (Figure 2D) secreted CCL3 and CCL4 at similar concentrations 260 

to that shown previously(11, 28). However at concentrations achievable in patients, cerdulatinib 261 

markedly reduced chemokine production by CLL cells with all stimuli, indicating that cerdulatinib may 262 

affect T-cell/monocyte recruitment by CLL cells into the lymph node.  In addition we demonstrated 263 

that CLL cells co-cultured with NLC increased secretion of the chemokine CXCL13, but this was 264 

significantly inhibited by cerdulatinib compared to the vehicle control (Figure 2D). However, 265 

compared to basal expression of CXCL13 by CLL cells cultured alone, chemokine levels remained 266 

elevated even in the presence of cerdulatinib and was in contrast to NLC-induced CCL3 and CCL4 267 

production, where their expression was reduced below basal levels following drug treatment.   268 

 269 

IL-4 mediated signalling and increased IgM expression are inhibited by cerdulatinib 270 

Next we demonstrated that ibrutinib, idelalisib (Figure 3A-B), and fostamatinib and P505-15 271 

(PRT062607) (Figure 3C) were unable to inhibit phosphorylation of STAT6 (pSTAT6) following 272 
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treatment with IL-4 (10ng/ml). In contrast, treatment with cerdulatinib abrogated IL-4-induced 273 

pSTAT6 expression in a concentration dependent manner, equivalent to that demonstrated with the 274 

specific JAK3 inhibitor tofacitinib,  with ~40% and ~90% of the IL-4 signal inhibited by 0.3µM and 1µM 275 

of the drug respectively by immunoblotting, shown in a representative sample (Figure 3A) and 276 

summarised (n=8) (Figure 3B). Cerdulatinib inhibited equivalent pSTAT6 signalling in CLL B cells, T cells 277 

and monocytes (Supplementary Figure 6A-C) in response to IL-4 in whole blood assays by flow 278 

cytometry, with >58% and >80% pSTAT6 inhibition with 1µM and 3µM of the drug respectively. Next, 279 

we examined the effect of cerdulatinib upon IL-4-induced expression of surface markers CD69 and 280 

CD25. Compared to the vehicle control, cerdulatinib significantly inhibited IL-4-induced expression of 281 

CD69 and CD25 in whole blood assays in a dose dependent manner, with >50% and >80% inhibition in 282 

primary CLL samples at 1µM and 3µM respectively (Supplementary Figure 6B & 6D). Notably in vitro, 283 

higher concentrations of cerdulatinib were required to show full target inhibition in whole blood 284 

assays compared to experiments performed in 10% FCS, due to plasma protein binding of the drug. 285 

 286 

Since we previously demonstrated that IL-4 augments sIgM and inhibits CXCR4 expression in CLL 287 

cells(7), and that treatment with the JAK1/3 inhibitor tofacitinib prevented these cytokine-mediated 288 

effects(7), we investigated whether cerdulatinib modulated expression of these receptors. Similarly, 289 

cerdulatinib prevented IL-4-mediated increases in sIgM (Figure 3D) and decreases in CXCR4 on CLL 290 

cells (Figure 3E), to the same extent as tofacitinib (CP) alone. In contrast, idelalisib and ibrutinib had 291 

no effect on IL-4 induced IgM expression (data not shown).  292 

 293 

Cerdulatinib reduces CLL cell viability in a concentration, time and caspase dependent manner 294 

Pharmacological inhibition of Syk by fostamatinib, P505-15 and entospletinib in CLL cells has 295 

previously been shown to be cytotoxic in vitro(32-34). Therefore we examined the effect of 296 

cerdulatinib (0.003-3µM) on 24 different CLL cases (12 U-CLL and 12 M-CLL) at 24, 48 and 72 hours 297 

using an annexin V/PI cell viability assay by flow cytometry. Cerdulatinib reduced CLL cell viability (cells 298 

negative for PI and Annexin V) by 30-50%, in a concentration and time dependent manner (Figure 4A), 299 

increased expression of the catalytically active cleaved caspase 3 subunit and induced PARP cleavage 300 

(Figure 4B). Drug-induced cell death appeared to be caspase dependent since co-incubation with the 301 

caspase inhibitor ZVAD significantly reduced CLL cell apoptosis (Figure 4B-C). Since CLL cells have a 302 

highly heterogeneous clinical course we assessed the ability of cerdulatinib to induce apoptosis 303 

between samples with different prognostic markers at 48h (in line with other BCR-kinase inhibitors in 304 

vitro). Indeed, IGHV unmutated CLL samples with a greater BCR-signalling capacity and response to IL-305 

4, or samples expressing higher levels of CD49d+ or ZAP70+, were more sensitive to drug-induced 306 
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killing (Figure 4D-F), compared to samples with mutated-IGHV genes, or which were CD49d or ZAP-70 307 

negative. Interestingly, cerdulatinib also induced greater levels of cell death in samples expressing 308 

higher levels of sIgM (MFI >50) (Figure 4G). Therefore cerdulatinib may achieve superior responses in 309 

samples with a greater signalling capacity, since sIgM expression correlates with the ability of the CLL 310 

cell to flux calcium(35).   311 

 312 

Cerdulatinib reduces cell viability in the presence of microenvironmental support  313 

BCR signalling following anti-IgM engagement(36, 37), treatment with CD40L(31) and IL-4(16, 31) or 314 

co-culture with NLC(31) are known to protect CLL cells from basal and therapy induced killing and 315 

mimic pro-survival signals within the lymph node. Therefore, we evaluated CLL samples treated with 316 

soluble or BI anti-IgM (Figure 5A-B, Supplementary Figures 7A), co-cultured with NLC (Figure 5C) or 317 

with a combination of CD40L (300ng/ml) and IL-4 (10ng/ml) (Supplementary Figure 7B-C) prior to 318 

treatment with cerdulatinib. Using propidium iodide (PI)/DiOC6 (soluble anti-IgM) or annexin V/PI and 319 

PARP cleavage (BI anti-IgM) viability assays, we demonstrated that treatment with both soluble and 320 

BI anti-IgM increased CLL viability at 24 and 48h (Figure 5A-B, Supplementary Figure 7A). However 321 

treatment with cerdulatinib significantly impaired this BCR-induced survival and promoted further 322 

reductions in CLL viability compared to unstimulated CLL cells. In comparison to the untreated controls, 323 

treatment with cerdulatinib also overcame NLC-mediated protection and induced greater levels of CLL 324 

cell apoptosis in a time dependent manner (24-72h) (Figure 5C). Subsequently we treated CLL samples 325 

with IL-4/CD40L to study the effect of cerdulatinib in a more controlled setting and to replicate signals 326 

produced by T-cells. We identified that IL-4/CD40L promoted CLL survival in line with previous 327 

observations(38), in contrast treatment with cerdulatinib (1-3µM) reversed the protection conferred 328 

by these growth factors (Supplementary Figure 7B-C). Overall these data suggest cerdulatinib can 329 

induce CLL cell death in vitro irrespective of key pro-survival signals.  330 

 331 

In line with previously published data(32, 36, 38), BI anti-IgM and IL-4/CD40L treatment induced 332 

expression of anti-apoptotic proteins MCL-1 and BCL-XL, shown by immunoblotting in a representative 333 

sample (Figure 5D-E) and summarised (n=8) (Supplementary Figure 8A-G). Simultaneous inhibition of 334 

Syk and JAK by cerdulatinib (1 and 3µM) significantly decreased BI anti-IgM and IL-4/CD40L-induced 335 

MCL-1 and BCL-XL protein expression, but had no discernible effect on Bcl-2. At the RNA level, only 336 

BCL-XL expression was induced following IL-4/CD40L treatment, although to a lesser extent than that 337 

at the protein level, similar to previous published findings with Mcl-1 (36) (Supplementary Figure 9A-338 

D). Treatment with cerdulatinib showed no reproducible inhibition of basal MCL-1 or BCL-XL protein 339 

or RNA expression (Supplementary Figure 8 & 9), however in 2/7 samples where basal MCL-1 and 340 
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BCL-XL protein expression was higher (Patient 276D and 674C), cerdulatinib treatment reduced their 341 

expression (Figure 5D).  342 

 343 

Cerdulatinib and venetoclax synergise to induces substantial apoptosis in the presence of IL-344 

4/CD40L 345 

It has recently been proposed that the BCR-kinase inhibitor ibrutinib may be beneficially combined 346 

with the BCL-2 inhibitor venetoclax (ABT-199) in CLL(39), and resistance to venetoclax in non-Hodgkin 347 

lymphoma cell lines can be overcome by simultaneous treatment with idelalisib in vitro(40). Since we 348 

have shown that cerdulatinib could inhibit MCL-1 and BCL-XL expression induced by IL-4/CD40L and 349 

anti-IgM ligation, but not BCL-2, we investigated whether cerdulatinib would synergise with 350 

venetoclax in vitro to augment CLL cell killing. CLL cells were treated with IL-4/CD40L for 6hr and then 351 

incubated with either venetoclax or cerdulatinib alone or in combination for a further 24h. Venetoclax 352 

significantly reduced CLL cell viability in the absence of IL-4/CD40L compared with the vehicle control. 353 

However treatment with IL-4/CD40L substantially protected CLL cells against venetoclax induced 354 

apoptosis (Figure 6A). In contrast, CLL cells treated with IL-4/CD40L and a combination of venetoclax 355 

and cerdulatinib, reduced CLL cell viability to a greater extent than with either drug alone (Figure 6A-356 

B). Since cerdulatinib (1µM) alone did not reproducibly induce cell death >50%, we were unable to 357 

use conventional combination indices (CI) analysis to evaluate synergy between the drugs. 358 

Consequently we used the fractional 2-drug analysis method previously described for CLL(29, 30, 38) 359 

to evaluate the synergistic interaction between cerdulatinib and venetoclax (Figure 6C). Values above 360 

the diagonal line represent additive interaction whilst those under the line are synergistic. In the 361 

presence of IL-4/CD40L, a synergistic relationship was observed with cerdulatinib (1µM) in 362 

combination with either 10nM or 100nM venetoclax in the majority of samples (n=8/9) (Figure 6C), 363 

indicating that cerdulatinib in combination with BCL-2 inhibitors may be a useful strategy for targeting 364 

cells within the protective lymph node niche. 365 

   366 

 367 

 368 

 369 

 370 

Discussion 371 

BCR-mediated signalling is crucial for the pathogenesis of CLL, promoting survival and reducing the 372 

effectiveness of therapy(1, 32, 36, 37). BCR-kinase inhibitors ibrutinib and idelalisib have transformed 373 

the treatment landscape for CLL patients, with profound clinical responses(3, 9, 41), however there is 374 
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limited clinical follow-up (idelalisib ~45 months(9) and ibrutinib ~42 months(3)). Therefore, whether 375 

patients will still tolerate these BCR-kinase inhibitors when they have been continually treated for 376 

longer periods of time, or whether we will see greater incidence of Richters transformation, or a larger 377 

proportion of patients developing drug resistance, remains to be seen. Indeed, patients who 378 

discontinued ibrutinib in one study had an extremely poor median survival of only 3.1 months(42), 379 

although these patients were heavily pre-treated and may not be representative of outcomes in 380 

patients after ibrutinib as an initial therapy. Novel therapies or treatment strategies are therefore 381 

required once resistance develops. Importantly, the Syk inhibitor entospletinib was shown in vitro to 382 

inhibit BCR-signalling and induce apoptosis irrespective of the samples sensitivity to ibrutinib(13).  Syk 383 

is the apical kinase downstream of the BCR and its inhibition prevents anti-IgM downstream signalling 384 

pathways, as indicated by the Syk inhibitors fostamatinib(11, 32) and P505-15(33). To examine the 385 

extremes of the BCR-signalling response, we treated CLL cells with soluble and bead immobilised (BI) 386 

anti-IgM or –IgD. Soluble anti-IgM signalling is curtailed within 0.5-1 hour, following endocytosis of its 387 

receptor, in contrast BI anti-IgM was sustained up to 8h, possibly due to its inability to be 388 

endocytosed(43). Consequently, BI anti-IgM induces a stronger and prolonged signal compared to 389 

soluble antibody, theoretically replicating more closely antigen presentation by a cell(43). The Syk/JAK 390 

inhibitor cerdulatinib was able to overcome both soluble and immobilised anti-IgM and for the first 391 

time anti-IgD-induced signalling.  392 

 393 

Recent investigation by our group demonstrated that IL-4 can protect against ibrutinib and idelalisib 394 

induced apoptosis(7), in line with previous publications(44, 45), and reduce the effectiveness of 395 

idelalisib and ibrutinib to inhibit BCR-signalling(7). Importantly, these effects could be reversed 396 

following JAK1/3 inhibition by tofacitinib(7). Intriguingly the JAK inhibitor ruxolitinib (n=13), decreased 397 

lymphadenopathy and increased lymphocytosis in CLL patients(22),  suggesting a role for JAK-398 

inhibition in regulating egress or preventing influx of tumor cell into the lymph node. These effects 399 

appeared transient and for that reason the authors hypothesized that a combination of ruxolitinib 400 

with BCR-kinase inhibitors may achieve superior results(22). Therefore preventing cytokine- and BCR-401 

mediated signalling by JAK and Syk inhibition respectively may produce therapeutically greater 402 

responses in patients compared to suppression of either pathway alone. Indeed, combining 403 

established BCR-kinase inhibitors with JAK inhibitors or utilising antibodies which block the cytokine 404 

receptor may be a useful strategy to achieve this goal. Moreover, these therapeutic strategies are not 405 

limited to CLL and could be transferable to follicular lymphoma (FL) where there is greater evidence 406 

for IL-4 signalling in its biology. This may be particularly useful in cases of FL, where the recently 407 
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identified STAT6 mutation at amino acid residue 419 conferred heightened IL-4-induced activation of 408 

target genes(46).   409 

 410 

The phase I dose escalation study with cerdulatinib in patients with relapsed/refractory B cell 411 

malignancies has completed enrolment, with no dose limiting toxicities observed to date(23). A phase 412 

II dose (35mg twice daily) has been established which achieved a steady-state Cmin of 1μM, and is 413 

demonstrating effective anti-tumor activity.  Lymphocytosis was also evident, complementing data 414 

shown with other BCR-kinase inhibitors. In this study cerdulatinib was not studied in mouse models 415 

due to substantial differences in the pharmacokinetics between mice and humans, where the half-life 416 

of the drug was 30min and 14h respectively, making comparisons between mice and humans treated 417 

with cerdulatinib difficult. Here we demonstrated that in contrast to ibrutinib, idelalisib, fostamatinib 418 

or P505-15, cerdulatinib inhibited IL-4-induced signalling in CLL samples using multiple readouts. This 419 

is in contrast to previous reports which identified ibrutinib as an inhibitor of JAK3 in a kinase assay(47) 420 

and therefore would be predicted to inhibit IL-4-induced pSTAT6 expression. Idelalisib and ibrutinib 421 

could not prevent IL-4 induced IgM expression which has recently been described to enhance BCR 422 

signaling in CLL (7). In contrast, treatment with cerdulatinib prevented IL-4-induced sIgM expression 423 

and IL-4-suppression of CXCR4, which was consistent with the JAK1/3 inhibitor tofacitinib(7). This 424 

highlights a role for cerdulatinib in the suppression of anti-IgM and CXCL12 pro-survival signalling 425 

within the CLL lymph node and in overcoming IL-4-mediated resistance to ibrutinib and idelalisib(7).  426 

 427 

In whole blood assays we observed a reduced inhibition of anti-IgM and IL-4 signalling, this is because 428 

plasma protein binding for cerdulatinib is ~78%, so higher amounts of drug are required to show full 429 

target inhibition in whole blood assays compared to experiments performed in 10% FCS. Moreover, 430 

the inhibition of BCR and IL-4 mediated signalling post oral cerdulatinib administration in whole blood 431 

from patient samples has been published in poster format (Flinn et al, ASCO, 2015) (23).   Whereby 432 

40mg cerdulatinib inhibited BCR-induced phosphorylated of pERK and pSYK and IL-4-induced pSTAT6 433 

between 80-90% in circulating lymphocytes as a consequence of repeated dosing of the patient.    434 

 435 

Cerdulatinib induced CLL cell apoptosis in a time, concentration and caspase dependent manner, 436 

consistent with previously published data using SYK(32-34), BTK and PI3Kδ(44, 45) inhibitors. 437 

Inhibition of JAK1/3 by tofacitinib alone did not induce apoptosis (data not shown), in agreement with 438 

previous studies(16), and may suggest that CLL cell apoptosis by cerdulatinib is largely dependent on 439 

its inhibition of Syk. Importantly, Coffey et al demonstrated cerdulatinib did not induce apoptosis of 440 

normal B cells(24) and patients tolerate the drug extremely well(23).  441 
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  442 

High plasma concentrations of CCL3 and CCL4 are associated with an inferior clinical outcome(48) and 443 

their expression is induced following treatment with anti-IgM or in co-culture with NLC(28). 444 

Cerdulatinib inhibited anti-IgM and NLC-induced CCL3 and CCL4 secretion by CLL cells, in agreement 445 

with that shown for Syk inhibitors PRT318, P505-15(33) and R406(11). Consequently cerdulatinib may 446 

reduce T cell and monocyte recruitment by these chemokines into the lymph node where these cells 447 

are known to play a role in promoting tumor survival, and warrants further investigation in patients.  448 

 449 

Cerdulatinib overcame protection conferred by anti-IgM signalling, co-culture with NLC or treatment 450 

with IL-4 and CD40L. Treatment with anti-IgM or IL-4 and CD40L induced expression of MCL-1 and BCL-451 

XL. Longo et al suggested that MCL-1 expression was pivotal for CLL cell survival since siRNA 452 

knockdown of the gene resulted in rapid tumor apoptosis, in contrast BCL-XL siRNA knockdown had 453 

no effect on apoptosis(36). However, our previous studies demonstrated simultaneous inhibition of 454 

MCL-1 and BCL-XL was required in vitro, following IL-4/CD40L treatment, to obtained optimal 455 

apoptosis(38).  Here we demonstrated cerdulatinib significantly inhibits BI anti-IgM- and IL-4/CD40L-456 

induced MCL-1 and BCL-XL protein expression. Although MCL-1 protein levels were reduced to a lesser 457 

extent following IL-4/CD40L activation compared to anti-IgM treatment, this may simply reflect a 458 

reduced ability by cerdulatinib to completely inhibit CD40L-induced signalling.  459 

 460 

Since cerdulatinib reduced MCL-1 and BCL-XL expression but had no effect on BCL-2 expression, we 461 

hypothesized that cerdulatinib in combination with the BCL-2 inhibitor venetoclax may achieve 462 

greater cell death. Indeed, cerdulatinib in combination with venetoclax synergised to produce greater 463 

levels of CLL apoptosis than either drug alone following treatment with IL-4/CD40L. This is important 464 

because venetoclax has recently been approved for the treatment of CLL patients with 17p del(49) 465 

and rapidly clears CLL cells from the blood(50). However signals within the tumor microenvironment 466 

(IL-4/CD40L and anti-IgM) are known to protect CLL cells from venetoclax-induced killing by 467 

augmenting MCL-1 expression(37, 38, 51).  These data indicate that cerdulatinib in combination with 468 

venetoclax may overcome these microenvironmental signals, providing a promising clinical strategy. 469 

In conclusion, this study demonstrates the advantages for dual Syk/JAK inhibition in CLL and supports 470 

ongoing clinical trials using cerdulatinib for haematological malignancies alone and in combination 471 

with venetoclax. 472 

 473 

 474 

 475 
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Figure Legends 658 
 659 
Figure 1. Regulation of Anti-IgM and Anti-IgD induced signaling by cerdulatinib.   660 
CLL cells were treated with cerdulatinib, idelalisib (Idel) or ibrutinib (Ibr) at the stated concentrations 661 
for 1h and stimulated with; (A-D) bead immobilised (BI) (A) anti-IgM or (C) anti-IgD for 1.5hr or (B) 662 
soluble anti-IgM or (D) anti-IgD for 15min or 5min respectively. Levels of phosphorylated AKT (pAKT 663 
Ser473), ERK (pERK Thr202/Tyr204), S6kinase (pS6K Thr389) and S6 ribosomal subunit (pS6 664 
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Ser235/236) were assessed by immunoblotting. (E) CLL whole blood was treated in the presence or 665 
absence of increasing concentrations of cerdulatinib prior to activation with soluble anti-IgM and anti-666 
IgD. Phosphorylated (p)ERK Y204, pSYK Y525/526 and pAKT S473 were assessed in CD19+ cells via 667 
phospho-specific flow cytometry. (F-G) CD19+ B cells from a CLL patient were treated with cerdulatinib 668 
for 60 minutes and stimulated with (F) soluble anti-IgM or (G) soluble anti-IgD and calcium flux 669 
assessed using flow cytometry as previously described. Bar graphs depict means ± SEM 670 
 671 
Figure 2. Regulation of chemokine expression by cerdulatinib 672 
CLL cells were stimulated with (A) soluble (n=5) or (B-C) immobilised (n=8) anti-IgM in the presence 673 
or absence of cerdulatinib (A, 2μM, B, 1μM ) or ibrutinib (1μM) for 24h. CCL3 and CCL4 levels were 674 
quantified in the supernatant by enzyme-linked immunosorbant assays (ELISA). (D) CLL cells in co-675 
culture with NLC were treated with cerdulatinib (2µM) for 24h followed by the quantification of 676 
CCL3/4 and CXCL13 in the culture supernatants (n=5). Bar graphs depict means ± SEM. 677 
 678 

Figure 3. Regulation of STAT6 phosphorylation, and sIgM and CXCR4 expression by IL-4 and 679 
cerdulatinib 680 
CLL cells were treated with cerdulatinib, idelalisib (Idel) or ibrutinib (Ibr) at the stated concentrations 681 
for 60mins then stimulated with IL-4 (10ng/ml) for a further 60mins. (A) Phosphorylated STAT6 682 
(pSTAT6), STAT6 and actin were assessed using immunoblotting in a representative sample and (B) 683 
summarised (n=8). (C) CLL cells were treated with tofacitinib (JAK3 inhibitor) (CP), and SYK inhibitors 684 
fostamatinib (R406) and P505-15 (PRT) prior to IL-4 treatment and immunoblotting performed for 685 
pSTAT6, STAT6 and HSC70 in a representative sample. (D,E) CLL cells were incubated with cerdulatinib 686 
(1µM) or the JAK1/3 inhibitor tofacitinib (CP) (1µM) for 60mins then with IL-4 (10ng/ml) for a further 687 
23hr. (D) Surface IgM and (E) surface CXCR4 were assessed using flow cytometry. Bar graphs depict 688 
means ± SEM 689 
 690 

Figure 4. Cerdulatinib induces apoptosis in a concentration, time and caspase dependent manner  691 
(A) CLL cells from 24 different patients were treated with cerdulatinib as indicated for 24, 48 and 72hrs 692 
and apoptosis assessed using PI/Annexin V by flow cytometry. Data is % of control (PI/Annexin V 693 
negative cells). (B-C) CLL cells were treated with cerdulatinib at the indicated concentrations in the 694 
presence or absence of 100µM pan caspase inhibitor ZVAD for 24hr and assessed for (B) PARP and 695 
caspase 3 cleavage by immunoblotting or (C) annexin V /PI analysis by flow cytometry. (D-G) Samples 696 
were characterised from analysis in (A) by; (D) IGHV mutational status, (E) ZAP-70, (F) CD49d and (G) 697 
IgM expression. Bar graphs depict means ± SEM 698 
 699 

Figure 5. Cerdulatinib overcomes the protection of CLL cells by conditions which mimic the tumour 700 
microenvironment 701 
(A) CLL cells were treated with cerdulatinib (2µM) for 24-48h in the presence or absence of soluble 702 
anti-IgM (10µg/ml). Cell viability was determined by propidium iodide and DiOC6 double staining by 703 
flow cytometry (n=12) (B) CLL cells were treated with bead immobilised (imm) anti-IgM in the 704 
presence or absence of 1 & 3µM cerdulatinib. Viability was assessed by PI/Annexin V staining using 705 
flow cytometry (n=8). (C) CLL cells were treated and assessed as indicated in (A) but in the presence 706 
or absence of nurse-like cells (NLC) (n=6). (D-E) CLL cells were treated with cerdulatinib or venetoclax 707 
in the presence or absence of (D) immobilised anti-IgM or (E) IL-4 (10ng/ml) and CD40L (300ng/ml) for 708 
24h and protein expression of Bcl-XL, Mcl-1, pSTAT6, HSC70 and Bcl-2 expression evaluated by 709 
immunoblotting. Bar graphs depict means ± SEM 710 
 711 

Figure 6. Cerdulatinib synergises with Venetoclax  to kill CLL cells 712 
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CLL cells were incubated with IL-4 (10ng/ml) and CD40L (300ng/ml) for 6h then treated with 713 
cerdulatinib and/or venetoclax (ABT-199) as indicated for a further 24hr. Viability was assessed using 714 
(A) flow cytometry (PI/Annexin V negative cells) and a representative flow cytometry plot is shown 715 
and (B) summarised (n=9) showing % of control (PI/Annexin V negative cells). (C) Synergistic 716 
interactions between cerdulatinib and venetoclax were evaluated as indicated and described in the 717 
Methods. XY line indicates observed survival=expected survival. Points beneath the line indicate 718 
synergistic interactions and points above the line indicate additive interactions. 719 
 720 
 721 
 722 
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