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                                                                                                                        Abstract

                                                            Central nervous system infiltration and relapse are poorly understood in childhood acute lymphoblastic leukemia. We examined the role of zeta-chain-associated protein kinase 70 in preclinical models of central nervous system leukemia and performed correlative studies in patients. Zeta-chain-associated protein kinase 70 expression in acute lymphoblastic leukemia cells was modulated using short hairpin ribonucleic acid-mediated knockdown or ectopic expression. We show that zeta-chain-associated protein kinase 70 regulates CCR7/CXCR4 via activation of extracellular signal-regulated kinases. High expression of zeta-chain-associated protein kinase 70 in acute lymphoblastic leukemia cells resulted in a higher proportion of central nervous system leukemia in xenografts as compared to zeta-chain-associated protein kinase 70 low expressing counterparts. High zeta-chain-associated protein kinase 70 also enhanced the migration potential towards CCL19/CXCL12 gradients in vitro. CCR7 blockade almost abrogated homing of acute lymphoblastic leukemia cells to the central nervous system in xenografts. In 130 B-cell precursor acute lymphoblastic leukemia and 117 T-cell acute lymphoblastic leukemia patients, zeta-chain-associated protein kinase 70 and CCR7/CXCR4 expression levels were significantly correlated. Zeta-chain-associated protein kinase 70 expression correlated with central nervous system disease in B-cell precursor acute lymphoblastic leukemia, and CCR7/CXCR4 correlated with central nervous system involvement in T-cell acute lymphoblastic leukemia patients. In multivariate analysis, zeta-chain-associated protein kinase 70 expression levels in the upper third and fourth quartiles were associated with central nervous system involvement in B-cell precursor acute lymphoblastic leukemia (odds ratio=7.48, 95% confidence interval, 2.06–27.17; odds ratio=6.86, 95% confidence interval, 1.86–25.26, respectively). CCR7 expression in the upper fourth quartile correlated with central nervous system positivity in T-cell acute lymphoblastic leukemia (odds ratio=11.00, 95% confidence interval, 2.00–60.62). We propose zeta-chain-associated protein kinase 70, CCR7 and CXCR4 as markers of central nervous system infiltration in acute lymphoblastic leukemia warranting prospective investigation.
                                                            
                                                            Introduction
Diagnosis and treatment of central nervous system (CNS) infiltration and/or CNS relapse in childhood acute lymphoblastic leukemia (ALL) remain challenging.21 CNS leukemia is mainly a leptomeningeal disease, but leukemic cells may be detectable in the cerebrospinal fluid.3 Survival and homing mechanisms of leukemic cells into the CNS remain largely unclear. Factors associated with CNS involvement are peripheral hyperleukocytosis, a pro-B- or T-cell immunophenotype,54 and certain cytogenetics (e. g., BCR-ABL in B-cell precursor ALL (BCP-ALL)).64 Additionally, the E2A-PBX1 fusion (t(1;19)(q23;p13)) has been associated with an increased risk of CNS relapses in BCP-ALL,7 and we recently identified the MER tyrosine kinase as a marker for CNS involvement in that entity.8 Most chemotherapeutic drugs applied for ALL treatment poorly penetrate the blood-brain barrier. Accordingly, current pediatric treatment protocols advocate extensive intrathecal and systemic chemotherapy,119 which has been associated with long-term neurologic sequelae.1211 Thus, more precise diagnostic and prognostic markers for CNS involvement in ALL are needed, not only to control CNS infiltration but also to avoid systemic overtreatment.
Zeta-chain-associated protein kinase 70 (ZAP70), a tyrosine kinase mainly expressed in T cells and natural killer (NK) cells, is also found to be expressed at low levels in B cells.13 The role of ZAP70 in BCP-ALL is poorly described. Few reports have shown that ZAP70 is expressed in some ALL cell lines and in a report of 5 patients with the E2A-PBX1 fusion.1614 ZAP70 has been shown to be overexpressed in B-cell chronic lymphocytic leukemia (B-CLL), indicating an aggressive course of the disease.17 ZAP70 expression and phosphorylation have been associated with B-cell receptor (BCR) signaling in B-CLL.1918 Further, ZAP70 may function as an adaptor protein and enhance BCR signaling independently of its kinase activity.20 ZAP70 has been shown to enhance the migration of malignant B cells to the bone marrow (BM) by upregulating adhesion molecules and chemokine receptors (CCRs),2221 and is also required for C-X-C motif chemokine ligand 12 (CXCL12)-mediated T-cell transendothelial migration.2423 In T-cell acute lymphoblastic leukemia (T-ALL), the chemokine receptors CCR7 and CXCR4 have been associated with an increased capability of T-ALL cells to enter the CNS, mainly in cell line models.2625
We hypothesized that ZAP70 mediates the infiltration and the survival of ALL cells in the CNS. Downregulating ZAP70 in ALL cell lines resulted in a reduced CCR7/CXCR4 expression and an impaired CNS infiltration in NSG mice via the regulation of ERK. In contrast, up-regulating ZAP70 caused an enhanced CCR7/CXCR4 expression and an improved migratory capacity towards chemokine ligand 19 (CCL19) and CXCL12 gradients. Blocking CCR7 with a monoclonal antibody resulted in a decreased homing capacity of ALL cells in vivo, including the CNS. High ZAP70 expression in patient samples correlated with CNS infiltration in xenografts. Furthermore, patient CNS-positivity correlated with a high ZAP70 expression in BCP-ALL, and with a high CCR7/CXCR4 expression in T-ALL patients. Multivariate analysis confirmed that a high expression of ZAP70 and CCR7 conferred an increased risk for CNS involvement in these patients. Our data suggest an important role of these mechanisms for homing and survival of ALL cells in the CNS niche.
Methods
Cell lines, antibodies
REH and 697 (EU-3) cell lines were purchased from DSMZ. JURKAT cells were provided by Dr. Renate Burger (University of Kiel, Germany). Cell viability was measured using trypan blue. CD19, CD3ε, hCD45, mCD45, CCR7, CXCR4 and ZAP70 antibodies were purchased from eBioscience or Santa Cruz Biotechnology, p-ERK/ERK and β-tubulin antibodies from Cell Signaling Technology, anti-Immunoglobulin M (IgM) F(ab)2 from SouthernBiotech, and U0126 from LC Laboratories.
Patients
130 BCP-ALL and 117 T-ALL patients were treated according to the Berlin-Frankfurt-Münster (BFM) ALL 2000 or 2009 protocols. Informed consent was obtained according to institutional regulations, in accordance with the Declaration of Helsinki.
Xenografts
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) and NOD/SCID mice were purchased from Charles River Laboratories and bred. The mice were maintained as approved by the governmental animal care and use committees. Eight to twelve week old female mice were injected intrafemorally with 1 × 10 ALL cells from patient BM (>90% blasts), or intravenously with 1 × 10 – 1 × 10 ALL cells from cell lines.278 Animals were sacrificed upon detection of >75% leukemic blasts or clinical leukemia (weight or activity loss, organomegaly, hind limb paralysis). CNS-leukemic cells were recovered from meninges and separated on 30% percoll.28
Expression assays
Western blotting was performed as described.27 Mouse heads were decalcified, paraffin-embedded and cut. CNS infiltration was scored negative (−), intermediate (+) and high (++) as described.8 Quantitative real-time polymerase chain reaction (qRT-PCR) analyses were performed on an ABI7900HT using QuantiTect primer assays (Qiagen) and real-time quantitative PCR value (RQ) (2^-DCCT) was calculated.
Knockdown and upregulation of ZAP70
A short hairpin ribonucleic acid (shRNA) against ZAP70 (TRCN0000000438) was cloned into pSicoR-Ef1a-mCh (Addgene vector 31847). pSicoR-Ef1a-mCh expressing an shRNA against green fluorescent protein (GFP) was used as control (Addgene vector 31849). 697, REH and JURKAT cells were transduced with viruses and sorted for mCherry-positivity.278 pMIG or pMIG-ZAP70 vectors, provided by Prof. Michael Reth (University of Freiburg, Germany), were used to transduce leukemic cells.29
Chemotaxis
Chemotaxis was measured as described.21 5 × 10 cells were added to the top chamber of a transwell culture insert (Corning) and allowed to migrate toward media containing 2 μg/ml CCL19 or 0.1 μg/ml CXCL12 (ImmunoTools) for 16 h. The cell number in the lower chamber was determined.
Antibody treatment in vivo
NSG mice were injected with 10,000 697 or JURKAT cells/animal (day 0). 1 mg/kg of anti-CCR7 antibody (clone 150503, R&D Systems) was applied on day +1, +3 and +7. All mice were sacrificed when control animals showed signs of leukemia. Leukemic infiltration was assayed by FACS or histology.
Statistical analysis
Statistical tests are indicated in the Figure legends. A P-value of <0.05 was considered significant. For the in vivo histology (Figures 1 and 2) one-sided testing was chosen, since death rates at a time point in the control groups were known and we aimed to detect a difference in one direction. In vitro panels are representative of at least 2 independent experiments. Densitometry was performed using ImageJ.30 The association between gene expression and CNS status was examined by unconditional logistic regression to calculate odds ratios (ORs) and 95% confidence intervals (CIs).
[image: ]

Figure 1.ZAP70 expression is associated with CNS infiltration in vivo. A: Efficiency of ZAP70 knockdown by shRNA, as determined by qRT-PCR. RQ=2^-DDCT. B: Semi-quantitative measurement of CNS infiltration as described in Methods. Hematoxylin and Eosin staining of a negative (−, left), an intermediate (+, middle), and a high (++, right) sample as examples for the scoring method, 200× magnification. * signifies leukemic infiltration. C: Mice were xenografted with 697 (n=10 per group), REH (n=8 per group) and JURKAT (n=10 per group) cells bearing an shRNA against ZAP70 (shZAP70) or a control (shGFP). Mice were sacrificed upon appearance of hind limb paralysis, and semi-quantitative scoring of the xenograft CNS is shown in the table (Fisher´s exact test, one-sided P-values. *P is significant). In the 697-shZAP70 group, 1 cage containing 3 mice was accidentally eliminated from the experiment on day +2. These animals were not included in the statistical analysis. D: Number of leukemic blasts recovered from the CNS of mice xenografted with either JURKAT-shGFP (n=4) or JURKAT-shZAP70 (n=3) (unpaired t-test, one-sided *P-value 0.041). E: 1×105 REH-shGFP or REH-shZAP70 cells/mouse were xenografted into 10 NOD/SCID mice/group by tail vein injection, xenograft survival (Kaplan-Meier log-rank test, **P=0.0021). F: 10 primary samples of pediatric BCP-ALL patients chosen according to ZAP70 expression (5 ZAP70lo and 5 ZAP70hi) were xenografted into duplicate NSG-mice. Mice were sacrificed when leukemic symptoms were visible and semi-quantitative scoring of the CNS was performed. Patient and xenograft characteristics are depicted in the Online Supplementary Table S1. *P<0.05; **P<0.01. CSF: cerebrospinal fluid; DM: dura mater; CNS: central nervous system; BCP-ALL: B-cell precursor acute lymphoblastic leukemia; Xeno: xenograft; shGFP: shRNA against GFP(green fluorescent protein); shZAP70: shRNA targeting ZAP70 (zeta-chain-associated protein kinase 70).
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Figure 2.ZAP70 regulates CCR7 and CXCR4 expression, and CCR7 inhibition is relevant for homing processes. A: CCR7 and CXCR4 expression in 697-shZAP70 in comparison to 697-shGFP cells as measured by qRT-PCR (left) and by extracellular FACS staining (right), black: isotype, red: 697-shGFP and blue: 697-shZAP70. Unpaired t-test, two-sided P-value. B: ZAP70, CCR7 and CXCR4 expression in 697 cells transduced with either pMIG or pMIG-ZAP70, unpaired t-test, two-sided P-value. C: 697-shGFP or -shZAP70 cells were subjected to a migration assay toward CCL19 or CXCL12. Cells in the lower chamber were counted by flow cytometry or trypan blue. The migration index is defined as the number of transmigrating cells in the presence of the chemokine divided by the number of transmigrating cells to control medium. Results are shown as the mean ± SEM of 4 independent experiments (unpaired t-test, two-sided P-value). D: Migration assay of 697-pMIG and 697-pMIG-ZAP70 toward CCL19 or CXCL12 (unpaired t-test, two-sided P-value). E: 697 or JURKAT cells were injected into NSG mice, 5 mice were treated with 1 mg/kg anti-CCR7 antibody on day +1, +3 and +7, 5 mice were treated with vehicle alone. Spleen volume as assessed by the formula longest length × highest height × broadest width (unpaired t-test, two-sided P-value). F: Spleen and BM infiltration by human leukemic blasts in control and treated animals (unpaired t-test, two-sided P-value). G: Semi-quantitative CNS scoring of control and treated animals (Fisher´s exact test, one-sided P-value. *P is significant). *P<0.05; **P<0.01, ***P<0.001, n.s. = not significant. BM: bone marrow; CNS: central nervous system; Sp: spleen; shGFP: shRNA against GFP(green fluorescent protein); shZAP70: shRNA targeting ZAP70 (zeta-chain-associated protein kinase 70).
Results
ZAP70 expression influences CNS infiltration in vivo
First, we studied the effects of ZAP70 downregulation in ALL cell lines known to infiltrate the CNS of NSG and NOD/SCID mice. 697 and REH BCP-ALL and JURKAT T-ALL cells were transduced with a non-targeting shRNA (shGFP) or with an shRNA targeting ZAP70 (shZAP70). ZAP70 messenger RNA (mRNA) expression was reduced by >70% in all shZAP700 cells (Figure 1A). 697- and JURKAT-shGFP and -shZAP70 cells were then injected into NSG and REH-shGFP and -shZAP70 cells into NOD/SCID mice, a model for an almost isolated CNS leukemia with this cell line. Mice were sacrificed when hind limb paralysis as a symptom of CNS leukemia was visible. Median BM infiltration in shZAP70 xenografts was not different from shGFP controls in any cell line (Online Supplementary Figure S1A). For 697 and JURKAT, both groups had a similar median survival (Online Supplementary Figures S1B and S1C). For 697, the survival difference between 697-shGFP and 697-shZAP70 was statistically significant but small (median 28 vs. 26 days, Online Supplementary Figure S1B). Standardized histological semi-quantitative scoring of CNS infiltration8 (Figure 1B) revealed that 9/10 animals (90%) in the 697-shGFP group were CNS++ or CNS+, and only 2/7 animals (29%) in the 697-shZAP70 group showed a CNS-positive status in the xenografts (Figure 1C). In the REH-shGFP controls, 8/8 animals (100%) were CNS-positive as compared to 4/8 (50%) in the REH-shZAP70 test group (Figure 1C). For JURKAT, scoring was not significantly different in JURKAT-shGFP vs. JURKAT-shZAP70 cells (Figure 1C), however, the total number of blasts recovered from the CNS of xenografts in controls was significantly higher than those from JURKAT-shZAP70 (Figure 1D). For REH cells, ZAP70 knockdown significantly prolonged the median xenograft survival by 25 days in the REH-shZAP70 group as compared to REH-shGFP (104 vs. 79 days, Figure 1E). These data suggest that despite a similar leukemic burden in the periphery, knockdown of ZAP70 hampers the infiltration of 697 and REH BCP-ALL cells into the CNS. In the REH NOD/SCID model, CNS leukemia outweighs peripheral leukemia and mice show low levels of blood, BM and splenic engraftment, but massive CNS infiltration. Our data show that knockdown of ZAP70 in REH cells delays CNS infiltration as a cause of xenograft death in vivo. The data also suggest that knockdown of ZAP70 is not sufficient to prevent CNS infiltration in xenografts bearing JURKAT cells.
We next investigated if ZAP70 influences the ability of primary patient cells to infiltrate the CNS of NSG mice. ZAP70 mRNA levels were measured in pediatric BCP-ALL patients. Patients with ZAP70 expression levels higher than the median were considered as ZAP70, and the remaining patients as ZAP70. 1 × 10 primary cells (>90% blasts) of 5 ZAP70 and 5 ZAP70 patients were injected into replicate NSG mice. The clinical characteristics of these patients are shown in the Online Supplementary Table S1. Interestingly, 7/10 (70%) mice injected with ZAP70 primary cells showed CNS++ or CNS+ phenotypes by histology, whereas only 1/10 (10%) mice bearing ZAP70 patient cells were CNS positive (Figure 1F, Online Supplementary Table S1). These data suggest that ZAP70 expression levels play a role for the homing and/or the survival of primary patient BCP-ALL cells in the CNS, and corroborate our cell line data.
ZAP70 regulates CCR7 and CXCR4
ZAP70 was shown to upregulate the expression of adhesion molecules and chemokine receptors in B-CLL.2421 Chemokine receptors CCR7 and CXCR4 in turn have been associated with an increased capability of T-ALL cells to enter the CNS.2625 We hypothesized that ZAP70 mediated upregulation of CCR7 and CXCR4 may enhance the homing and the survival of CNS-prone BCP-ALL cells in the CNS niche. Downregulation of ZAP70 in 697 cells resulted in a reduced CCR7 and CXCR4 mRNA expression and a reduction of the proteins on the cell surface (Figure 2A). On the other hand, ectopic overexpression of ZAP70 in 697 cells resulted in a 3-fold upregulation of CCR7 and CXCR4 mRNA levels (Figure 2B). In order to test if ZAP70 mediates the migration of ALL cells via CCR7, we performed transwell assays with or without CCL19 or CXCL12, which are known ligands of CCR7 and CXCR4. The migratory capacity of 697-shZAP70 cells was reduced by ≈50% as compared to controls with CCL19, and by ≈80% with CXCL12 (Figure 2C). Similarly, 697 cells expressing pMIG-ZAP70 showed a ≈2-fold higher migration index toward these cytokines (Figure 2D). These data show that CCR7 and CXCR4 expression, in this cell line, are ZAP70 dependent, which correlates with migratory properties. In order to exemplify that CCR7 is required for CNS homing, we injected 697 and JURKAT cells into NSG mice (day 0). Treatment with 1 mg/kg of anti-CCR7 antibody on day +1, +3 and +7 was then initiated in the test group. On day +23 3/5 (60%) of the 697 mice had developed signs of CNS-leukemia, and on day +35 2/5 (40%) of the JURKAT control mice had developed signs of CNS-leukemia; all mice in both groups were sacrificed. Interestingly, spleens from control mice were enlarged, whereas spleen volumes in the treatment group were normal (Figure 2E). Mice from both groups showed leukemic engraftment, however median blast percentages in the spleen and BM were lower in the anti-CCR7 groups (8.6% vs. 12.7% and 13.6% vs. 32.2% for 697 and 39.8% vs. 65.8% and 81.8% vs. 92.9% for JURKAT, respectively, Figure 2F). The difference in BM engraftment for JURKAT was not statistically significant, suggesting that leukemic burden at the end of the experiment was equal in both groups. Most importantly, CNS histology showed that 5/5 (100%) control mice (both 697 and JURKAT) were CNS++/+ as compared to 1/5 (20%) in both treatment groups (Figure 2G). These data suggest that CCR7 inhibition in 697 and JURKAT cells reduces the homing to hematopoietic organs, including CNS infiltration.
ZAP70 regulates CCR7 and CXCR4 via ERK
CNS infiltration in BCP-ALL has been associated with Ras-mutations activating mitogen-activated protein kinase (MAPK) pathways.31 ZAP70 was shown to enhance the migration of B-CLL cells via ERK1/2 activation.21 Furthermore, ERK1/2 is required for the migration of naïve T lymphocytes toward CCL21, another ligand of CCR7.32 We hypothesized that ZAP70 activates MAPK pathways to regulate CCR7 and CXCR4 and to mediate CCL19- and CXCL12-induced migration. In order to examine ZAP70 expression and ERK activation, we analyzed 9 patient xenografts by western blotting (Figure 3A, left). ZAP70 expression correlated with ERK1/2 phosphorylation (Figure 3A, right). To examine the role of ERK1/2 in response to CCL19, ALL cells were stimulated with CCL19 (Figure 3B). In order to mimic pre-BCR and pre-T-cell receptor (TCR) activation as controls, 697 cells were additionally stimulated with anti-IgM F(ab)2 and JURKAT cells with anti-CD3 (Figure 3B). Upon stimulation with CCL19, 697 cells displayed an increase in p-ERK1/2 as compared to unstimulated cells, but to a lesser extent than in response to anti-IgM F(ab)2 (Figure 3B, left). Similarly, JURKAT cells showed an increase in p-ERK after 5 min of CCL19 stimulation (Figure 3B, right), which declined after 30 min (data not shown). In BCP-ALL primary xenograft cells, p-ERK1/2 was also enhanced by 30 min of CCL19 stimulation in most samples (Figure 3C, Online Supplementary Figure S2A). p-ERK was also induced by CXCL12 in 697 and JURKAT cells (Online Supplementary Figure S2B) as well as in BCP-ALL primary xenograft cells (Online Supplementary Figure S2C). These data suggest that CCL19/CCR7 and CXCL12/CXCR4 activate ERK in 697, JURKAT and BCP-ALL primary cells. In order to examine p-ERK in the context of ZAP70 downregulation, we analyzed p-ERK in 697-shZAP70 and JURKAT-shZAP70 cells. Both cell lines bearing shZAP70 showed a reduction in basal p-ERK (Figure 3D). Furthermore, the induction of p-ERK by CCL19 and CXCL12 was entirely abrogated (Figure 3E). The treatment of 697 and JURKAT cells with the MAPK kinase (MEK) inhibitor U0126, thereby abrogating ERK activation, resulted in a ≈2-fold downregulation of CCR7 mRNA in 697 and JURKAT cells, and a >2-fold downregulation of CXCR4 mRNA (Figure 3F). Additionally, 697 and JURKAT cells treated with U0126 showed significantly reduced migration indices towards both cytokines, as compared to cells treated with vehicle alone (Figure 3G). Our data show that high expression of ZAP70 correlates with ERK activation. Furthermore, CCL19 and CXCL12 induce p-ERK. Finally, the inhibition of ZAP70 reduces p-ERK, and MEK inhibition results in a downregulation of CCR7 and CXCR4 and impaired migration towards CCL19 and CXCL12. The data suggest that ERK may be a missing link between ZAP70 and CCR7/CXCR4.
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Figure 3.ZAP70 regulates CCR7 and CXCR4 via ERK. A: Bone marrow cells from initial diagnosis from 9 BCP-ALL patients were xenografted into NSG mice, and leukemic blasts from xenograft spleens were analyzed by western blotting for ZAP70, p-ERK, ERK and β-Tubulin (left). The ZAP70/p-ERK ratios were calculated using Image J software for each individual lane (Spearman’s rank correlation). B: 697 (left) and JURKAT cells (right) were serum starved for 30 min, then left without treatment or stimulated with one or more of the following: CCL19 1 μg/ml, anti-IgM F(ab)2 10μg/ml, and anti-CD3 10μg/ml for 5 or 30 min. Samples were analyzed by western blotting for p-ERK, ERK and β-Tubulin. Densitometry was performed using ImageJ software. C: Primary leukemic blasts from xenograft spleens were treated and analyzed as the cell lines in Panel B. Densitometry was performed using ImageJ software. D: 697-shGFP and 697-shZAP70 cells (left) and JURKA-shGFP and JURKAT-ZAP70 cells (right) were lysed and studied by western blotting for the indicated proteins. E: 697-shGFP and 697-shZAP70 cells were stimulated with CCL19 or CXCL12 as indicated. Cells were then lysed and studied by western blotting for the indicated proteins. F: CCR7 and CXCR4 expression was quantified via qRT-PCR of 697 and JURKAT cells in the presence or absence of U1026 (20μM) for 48 h. G: Cells were treated with U1026 (20μM) for 1 h, then subjected to a migration assay for 16 h toward CCL19 or CXCL12 and cells in the lower chamber were counted by FACS or trypan blue. *P<0.05. Xen: xenograft; RQ: real-time quantitative PCR value; AU: arbitrary unit; IgM: immunoglobulin M; PV: pervanadate, positive control; nt: shGFP (shRNA against GFP(green fluorescent protein)); kd: shZAP70 (shRNA targeting ZAP70 (zeta-chain-associated protein kinase 70)).
Association of ZAP70 and CCR7 with CNS involvement in ALL patients
To test whether ZAP70/CCR7/CXCR4 is associated with CNS involvement in patients, we analyzed the mRNA levels of these markers in diagnostic BM samples of patients with BCP-ALL and T-ALL. ZAP70 mRNA expression correlated with protein levels in 9 patient xenografts tested as examples (Spearman r=0.5667, Online Supplementary Figure S3), however the P-value did not reach statistical significance (P=0.0603). The cohort of 130 BCP-ALL patients (Online Supplementary Table S2, top) was selected to contain 46 patients that were initially CNS-positive and developed no CNS relapse (CNS positive/no relapse), 18 patients that were CNS-negative at diagnosis but developed CNS relapse (CNS negative/relapse) as well as 2 patients that were CNS-positive at diagnosis and developed CNS relapse (CNS positive/relapse), matched to 64 CNS-negative patients that developed no CNS relapse at all (CNS negative/no relapse). The cohort of 117 T-ALL patients (Online Supplementary Table S2, bottom) included 24 CNS positive/no relapse, 6 CNS negative/relapse, 3 CNS positive/relapse and 84 CNS negative/no relapse patients. There were no statistical differences in sex, age, prednisone response or cytogenetics between the CNS negative/no relapse, CNS positive/no relapse and CNS negative/relapse groups. CNS positive/relapse patients were not included in the analysis due to low numbers. However, in the T-ALL CNS positive/no relapse group, patients had a significantly higher initial white blood cell (WBC) count as compared to CNS negative/no relapse control patients. In BCP-ALL patients, there were a significantly higher number of patients in the CNS negative/relapse group stratified into the minimal residual disease (MRD) intermediate-risk (IR) group than in CNS negative/no relapse control patients. These data confirm the importance of hyperleukocytosis as a risk factor for CNS involvement in T-ALL, and show that outcomes in the MRD-IR group are difficult to predict.
ZAP70 expression levels in patient samples were correlated with CCR7 expression levels in the BCP-ALL cohort as well as in the T-ALL cohort, but to a lesser extent in the latter cohort (Figure 4A). ZAP70 also correlated with CXCR4 in both cohorts, however, more markedly in T-ALL (Figure 4B). Importantly, ZAP70 expression was found to be significantly elevated in CNS positive/no relapse as compared to CNS negative/no relapse BCP-ALL, but not T-ALL patients (Figure 4C, Online Supplementary Figure S4A). CNS positive/no relapse T-ALL patients showed a significantly higher CCR7 expression as compared to CNS negative/no relapse patients, which was not detectable in BCP-ALL patients (Figure 4D, Online Supplementary Figure S4B). Similarly, CXCR4 expression was higher in CNS positive/no relapse T-ALL in comparison to CNS negative/no relapse patients (Figure 4E). Again, this difference was not detectable in BCP-ALL (Online Supplementary Figure S4C). ZAP70 may thus be important for CNS infiltration in BCP-ALL, and the upregulation of chemokine receptors may be more relevant in T-ALL patients, which matches the discrepancies seen in our in vivo experiments between BCP-ALL and T-ALL cells. CNS negative/relapse patients showed no elevations in ZAP70 or CCR7 mRNA levels as compared to CNS negative/no relapse patients, neither in BCP-ALL nor in T-ALL (Figure 4C,D, Online Supplementary Figure S4A,S4B). In fact, CNS negative/relapse BCP-ALL patients had significantly lower ZAP70 mRNA expression levels than CNS negative/no relapse patients (Figure 4C). This suggests that ZAP70/CCR7 expression in ALL blasts may be relevant as a homing/survival mechanism initially, and not as a predictor of CNS relapse in the course of the disease. For CXCR4, CNS negative/relapse T-ALL patients showed significantly higher levels than CNS negative/no relapse patients (Figure 4E). Interestingly, the 2 CNS positive/relapse BCP-ALL patients showed the highest expression levels of both ZAP70 and CCR7 (Figure 4C, Online Supplementary Figure S4B), however, evaluation of more patients is needed before conclusions can be drawn.
[image: ]

Figure 4.Correlation of ZAP70, CCR7 and CXCR4 with CNS status in ALL patients. Correlation of ZAP70, CCR7 and CXCR4 with CNS status in ALL patients. ZAP70, CCR7 and CXCR4 expression levels were determined with qRT-PCR in 130 pediatric BCP-ALL and 117 pediatric T-ALL patients. Correlation analysis between ZAP70 and CCR7 (A) and ZAP70 and CXCR4 (B) for BCP-ALL (left) and T-ALL (right) patients. Correlation between ZAP70 in BCP-ALL (C) and CCR7 (D)/CXCR4 (E) in T-ALL patients and CNS group (CNS negative/no relapse, CNS positive/no relapse, CNS negative/relapse, CNS positive/relapse). Further definitions are provided in the Online Supplementary Table S2. BCP-ALL: B-cell precursor acute lymphoblastic leukemia; T-ALL: T-cell acute lymphoblastic leukemia; CNS: central nervous system; n.s: not significant; neg: negative; pos: positive; rel: relapse; RQ: real-time quantitative PCR value; ZAP70: zeta-chain-associated protein kinase 70.
In order to evaluate the independent impact of high ZAP70 and CCR7/CXCR4 mRNA levels on CNS status, we performed a binary logistic regression analysis controlling for age, WBC and the presence of certain cytogenetics (BCR-ABL or TEL-AML1) in BCP-ALL with CNS infiltration at the initial diagnosis (yes/no) as the dependent variable. In BCP-ALL patients, ZAP70 expression levels in the upper two quartiles conferred a ≈7-fold increased risk of CNS-positivity compared with the lowest expression quartile (OR=7.48, 95% CI 2.06–27.17, P=0.002 and OR=6.86, 95% CI 1.86–25.26, P=0.004, respectively) (Table 1). Similarly, in T-ALL patients, CCR7 expression levels in the highest quartile conferred an 11-fold increased risk of CNS3 status compared with the lowest quartile (OR=11.00, 95% CI 2.00–60.62, P=0.006) (Table 1). In T-ALL patients, CXCR4 expression levels in the highest quartile conferred a ≈4-fold increased risk of CNS3 status compared with the lowest quartile in univariate analysis (OR=4.41, 95% CI 1.22–16.00, P=0.024), however, this effect did not hold up in multivariate testing (P=0.070, Table 1). Taken together, these data suggest that the expression of ZAP70 is higher in leukemic cells from diagnostic BM samples of BCP-ALL with overt CNS involvement, and that the same is true for CCR7 and CXCR4 in T-ALL. Also, ZAP70 has an independent predictive impact on the CNS status in BCP-ALL and CCR7 in T-ALL.
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Table 1.Univariate and multivariate associations for ZAP70 expression quartiles and CNS status in 130 childhood BCP-ALL patients, and for CCR7 or CXCR4 expression quartiles and CNS status in 117 childhood T-ALL patients, as indicated.
Discussion
CNS involvement in ALL is linked to leukemic relapses in the CNS. The ability of some ALL blasts to penetrate the blood brain barrier exposes these cells to suboptimal levels of chemotherapeutic drugs, contributing to their survival in a protected niche.3433 We hypothesized that ZAP70 regulates CNS-leukemia. ZAP70 and SYK, the two members of the Syk kinase family, exert overlapping and distinct functions in lymphocytes. The ZAP70 tyrosine kinase, constitutively expressed in T cells and NK cells, mediates signals downstream of the pre-TCR and mature TCR.35 ZAP70 is involved in early B-lymphocyte development and activation,13 and is also important for B-cell signaling. A recent report identified a subset of ALLs that depend on tonic pre-BCR signaling and is selectively sensitive to the inhibition of SYK and SRC downstream of the pre-BCR.36 In the same study, ZAP70 was shown to be a target of the E2A-PBX1 fusion.36 An upregulation of ZAP70 in E2A-PBX1 positive BCP-ALL has been observed.3716 Downregulating the expression of ZAP70 in the E2A-PBX1-positive 697 cell line reduced CNS-positivity in xenografts (Figure 1C). This also applied to REH BCP-ALL cells bearing the TEL-AML1 translocation. Similarly, t(1;19) xenografts bearing ZAP70 patients exhibited a pronounced CNS-positive phenotype as compared to ZAP70 patients (Figure 1F). The reduction in ZAP70 expression did not alter the migration of ALL cells to the BM, but rather to the CNS. This observation differs from the situation in B-CLL, where cells with lower ZAP70 expression showed a reduced BM homing.2221 In JURKAT T-ALL cells, downregulation of ZAP70 did not prevent CNS infiltration; however, it was associated with a reduction in CNS blasts recovered from xenografts (Figure 1D). Downregulating ZAP70 in JURKAT cells did not prolong xenograft survival. On the other hand, animals bearing 697-shZAP70 lived slightly longer and REH-shZAP70 xenografts lived considerably longer than controls (Figure 1E, Online Supplementary Figure S1B,S1C). This may be explained by the REH-model, which causes an almost isolated CNS leukemia in NOD/SCID mice.
To investigate how ZAP70 facilitates the migration of ALL cells to the CNS, we hypothesized that ZAP70 regulates chemokine receptors. Chemokines control leukocyte homing into organs, including the CNS.3938 ALL cells upregulate chemokine receptors, such as CXCR4, CCR3, CCR4 and CCR7,414025 and ZAP70 was shown to enhance the migration of lymphocytes towards chemokines, e.g., CXCL12, CCL21 or CCL19.242321 Herein we show that CCR7/CXCR4 expression was reduced in 697-shZAP70 cells, which impaired their migration toward CCL19/CXCL12. Similarly, enforced ZAP70 expression in 697 cells increased the expression of CCR7/CXCR4 and subsequent migration toward their ligand (Figure 2). Importantly, CCR7 blockade resulted in a reduction in homing processes in vivo analogous to B-CLL42 and, importantly, a reduction in CNS infiltration (Figure 2E–G), which is an extremely rare event in B-CLL.43 Stimulating cells with CCL19/CXCL12 increased p-ERK in 697, JURKAT and BCP-ALL primary cells. Also, basal and CXCL19/CXCL12-inducible p-ERK was reduced in cells bearing a ZAP70 knockdown. CCR7/CXCR4 expression and in vitro migration toward CCL19/CXCL12 were reduced when cells were pre-treated with a MEK inhibitor (Figure 3F,G). The RAS/RAF/MEK/ERK cascade is essential for many cancer cells,44 and hyper-activation of this pathway is common in malignancies due to genetic alterations in the RAS pathway45 and oncogenic tyrosine kinases.46 The use of MEK inhibitors reduced RAS-mutated CNS leukemia in xenografts.31 On the other hand, ERK negative feedback is also a mechanism of leukemia progression in ALL.47 We propose that ZAP70 functions as a regulator of CNS leukemia in ALL via CCR7/CXCR4 and ERK in preclinical in vitro and in vivo models. In addition to providing a chemotactic stimulus, this may confer a niche-specific survival advantage.
Most notably, we demonstrated an importance of these markers in large exploratory patient cohorts (Online Supplementary Table S2). We found a correlation between ZAP70 and CCR7/CXCR4 expression (Figure 4A,B) and showed that CNS positive/no relapse BCP-ALL patients expressed higher levels of ZAP70 (Figure 4C). Similarly, CNS positive/no relapse T-ALL patients expressed higher levels of CCR7/CXCR4 (Figure 4D,E). However, there were no significant correlations between CCR7/CXCR4 expression and CNS-positivity in BCP-ALL, and ZAP70 expression and CNS-positivity in T-ALL patients (Online Supplementary Figure S4). Even though we demonstrated a ZAP70-mediated regulation of CCR7/CXCR4 in pre-clinical models, the situation in patients differs. In T-ALL, CCR7/CXCR4 may be regulated by additional mechanisms. In BCP-ALL, the activation of pre-BCR signaling by ZAP70 may be more important than a regulation of chemokine receptors. It is critical to emphasize that a correlation between ZAP70 and CCR7/CXCR4 was observed for all patients, regardless of the immunophenotype. Furthermore, ZAP70 in BCP-ALL and CCR7 in T-ALL hold up in multivariate analyses, suggesting that high marker expression predicts initial CNS infiltration (Table 1). In contrast to recent experimental findings,48 our data suggest that chemokine receptors and their regulation are relevant in CNS leukemia. As our analysis is limited by patient selection in order to analyze sufficient numbers of CNS-positive cases, prospective validation will be important.
We conclude that ZAP70 plays a role for the homing to and/or the survival of ALL cells in the CNS and that ZAP70 may represent a therapeutic target. Furthermore, targeting CCR7/CXCR4 may be particularly promising in treating T-ALL.5049
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