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ABSTRACT  

Acute lymphoblastic leukaemia (ALL) is a haematological malignancy that is 

characterized by the uncontrolled proliferation of immature lymphocytes. 80 % of cases 

occur in children where ALL is well understood and treated. However it has a devastating 

affects on adults, where multi-agent chemotherapy is the standard of care with allogeneic 

stem cell transplantation for those who are eligible. Immunotherapy has the potential to 

kill B-ALL lymphoblasts and improve survival rates.  

We used sero-profiling to compare thirteen sera samples from nine presentation adult B-

ALL patients with age- and sex-matched healthy volunteer (HV) sera and identified 69 

differentially sero-recognised antigens (p≤0.02; fold change >1.5) including 19 that were 

preferentially recognised by patients sera. Three antigens bone marrow tyrosine kinase on 

chromosome X (BMX), dCTP pyrophosphatase 1 (DCTPP1) and vestigial like 4 

(VGLL4) were chosen for further analysis based on existing literature and STRING 

analysis. BMX plays a crucial role in the Bruton’s Tyrosine Kinase (Btk) pathway which 

is targetted by ibrutinib.  In clinical trials for relapsed/refractory B-cell disorders such as 

chronic lymphocytic leukaemia (CLL) and mantle cell lymphoma, Ibrutinib shows no 

dose limiting toxicity and high response rates, even as a single agent, suggesting adult B-

ALL would also be a worthy target patient group for future clinical trials using ibrutinib. 

Each antigen was examined for their association with disease stage, cytogenetics and 

survival. 12 of 19 showed statistically significantly associations including cyclin G 

associated kinase (GAK) and TOX high mobility group box family member 2 (TOX2) 

transcript variant 3 , whose above median expression were associated with 5-year overall 

survival.   

For the first time, we have used proto-array analysis to identify antigens recognised by 

antibodies in adult B-ALL sera at disease diagnosis. These antigens have provided novel 

insights into B-ALL and identified a new target patient population for existing, and 

seemingly effective, immunotherapy treatment.  
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INTRODUCTION 

B-cell acute lymphoblastic leukaemia (B-ALL) is a clonal malignant disease that is 

characterised by the accumulation of genetically damaged precursors of B lineage 

lymphocytes. This lineage of ALL affects immature B-cells, suppressing normal 

haematopoiesis and affecting the ability of healthy immature B-cells to differentiate and 

mature into functional B and plasma cells. Like all leukaemias, ALL rapidly spreads 

throughout the body making localised treatments of little benefit. In addition, most ALL 

patients will achieve first remission but experience high relapse rates with long term 

disease free survival ranging from 15 – 45%1 depending on patient age.  

Immunotherapy is currently used to treat ALL patients through allogeneic haematopoietic 

stem cell transplant and can improve overall survival for patients to 27-65%.2-4 To boost 

the graft versus host effect and maximise the chances of successful transplantation of the 

donor stem cells, patients are given donor leukocyte infusions to support the graft. 

However, over one third of patients will still relapse and the mortality rates associated 

with SCTs remain high. Additional immunotherapy strategies for B-ALL include those 

targeting CD20, a surface marker of B-lineage lymphocytes present in 25% of patients 

with pre-B ALL and nearly all mature ALL cells.5 Rituximab, a humanized anti-CD20 

antibody,6 was replaced by second-generation anti-CD20 mAbs, Ofatumumab and 

Obinutuzumab, to overcome its limitations.5 The ubiquitous B-cell marker, CD19 is 

unsuitable as a target for naked mAbs because it internalizes upon binding5 however 

antibody-drug conjugates including SAR3419, which fuses a humanized anti-CD19 

antibody and maytansin and subsequently SGN-CD19A (Denintuzumab) have shown 

promise.5 CD22 is expressed on leukemic blasts in 90% of patients with pre-B ALL and 

mature ALL. Inotuzumab ozogamicin is an antibody-drug conjugate developed to target 

CD22 and couples an engineered humanized monoclonal immunoglobulin G4 antibody 

against CD22 conjugated to  calicheamicin.5,7  

Bispecific T cell engagers (also known as BiTEs) conjugate the antigen binding domains 

of two monoclonal antibodies recognizing leukaemic cells and cytotoxic T cells, a CD3- 

and a CD19-binding part, to direct cytotoxic T cells against malignant B cells. 

Blinatumomab was the first clinically approved bispecific T cell engagers for use in ALL 

- reviewed recently by Hathaway et al.8 Cellular immunotherapy has gained considerable 
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attention with the development of chimeric antigen receptor (CAR) T cells. These are T-

cells that have been genetically modified to express a T-cell receptor (TCR) with a 

specific antigen binding site by fusing  a specific monoclonal antibody single-chain 

variant fragment (scFV), a hinge domain, transmembrane domain and intracellular T cell 

activation domains often in combination with costimulatory domains.5,7,9 Although, they 

all differ in design, trials have shown similar positive results5,10-12 albeit that on-tumour 

off-target effects caused by CD19 expression on both normal and malignant B-

lymphocytes mean that CAR T cells do not distinguish between tumour and healthy 

cells.5   

Despite the potential of existing therapies, new treatments targets are needed to further 

enhance survival rates for patients with adult B-ALL. These have the potential to improve 

existing therapeutic strategies through enhanced sensitivity and specificity for adult B-

ALL and identify biomakers to personalised therapies that are applicable to a wider range 

of patients, and by enhancing our understanding of the disease process provide more 

effective treatments to enhance patient survival. For the first time we used human protein 

microrrays (proto-arrays) that contain over 9,000 individally purified human proteins to 

determine the preferential recognition of antigens by antibodies in adult B-ALL patient 

sera. This has helped determine which antigens are frequently recognised by patients 

compared with age- and sex-matched healthy volunteers (HV) samples and as such would 

make good targets for immunotherapies.  

 

MATERIALS AND METHODS 

Patient samples. Adult B-ALL samples were collected from patients, attending the 

Departments of Haematology at Southampton University Hospitals Trust, Portsmouth 

Hospitals NHS Trust and the Royal Devon and Exeter Foundation Trust, following 

informed consent and local ethical approval (REC 07/H0606/88). Leukaemic blasts, 

mononuclear cells and sera were isolated from bone marrow or peripheral blood and were 

collected in EDTA or from clotted blood. Sera and white blood cells were also isolated 

from age and sex-matched HV samples following informed consent and local ethical 

approval (LREC 228/02/T), or provided by the North London Blood Transfusion Centre 

(NLBTC) and all samples were stored at -80oC for later use. Red blood cells were lysed 
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using red cell lysis buffer, the cells were washed in phosphate buffered saline (PBS) and 

either 2.5 x 104 spotted onto two sites on glass slides and allowed to dry for 4-16 h prior 

to being double wrapped in cling film and stored at -20oC for ICC or snap-frozen as 

pellets at 105-106 cells per tube at -80oC.  

Cell culture. Cell lines were obtained from and cultured as per ATCC instructions. Cell 

lines were cultured in RPMI 1640 (K562) or DMEM (Hek293T, MDA-MB-231 and 

MDA-MB-468), 10% foetal calf serum, 1% penicillin/streptomycin (all Sigma-Aldrich 

Co. Ltd, Dorset, U.K.) 

Serum profiling using protein arrays and ALL-patient sera. We performed antibody 

profiling on 13 samples from nine B-ALL patients, eight of which were prior to 

treatment, as well as nine age and sex-matched HV samples (Table 1). Each ProtoArray - 

Human Protein Microarray v5.0 (Life Technologies) slide was immunoscreened with a 

single serum sample while one ProtoArrayR Control Microarray (Life Technologies) was 

used with control protein and one slide was assayed with secondary antibody alone. 

Signals from all peptides were analysed on the ProScanArray (PerkinElmer) using 

ProtoArray® Prospector v5.2 software (Life Technologies).  

Prioritisation of B-ALL antigens. To determine which genes warranted further 

investigation, we examined the antigens that were more frequently recognised by 

antibodies in sera from adult B-ALL than age- and sex-matched HV samples (at a p value 

of ≤0.02) using a systematic peer review process. We used Scopus and NCBI, and the 

search terms used were, where X represents each protein individually, ‘X’, ‘X AND 

cancer’, ‘X AND leukaemia’, ‘X AND ‘acute lymphoblastic leukaemia’’, ‘X AND 

function’; where available appropriate aliases were also searched in the same manner. In 

addition we performed STRING analysis (https://string-db.org/) to identify the processes 

these antigens engage in that are involved in cancer. 

cDNA preparation from human samples. To evaluate the expression of the most 

promising antigens in HV and B-ALL cells, we isolated RNA from BM and peripheral 

blood (PB) samples using QIAGEN RNeasy® Plus mini kit (QIAGEN Ltd.) according to 

the manufacturer’s protocol. cDNA was prepared using the MBI Fermentas RevertAid 

First Strand cDNA synthesis kit (MBI Fermentas Ltd, Helena BioSciences Ltd, 

Sunderland, U.K.) which was DNase I treated (Roche Products Ltd, Herts, U.K.), cleaned 
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using a RNeasy kit (Qiagen), checked on a 1% agarose-TBE gel and quantified using a 

NanoDrop™ Lite Spectrophotometer (Thermo Scientific, UK).  

Quantitative–Polymerase Chain Reaction (qPCR) analysis. QPCR was performed using 

QuantinovaTM SYBR® Green kit and  QuantiTect Primers (all Qiagen). Glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) and TATA-box binding protein (TBP) were used 

as reference genes, chosen based on previous publications13 and in keeping with MIQE 

guidelines.14,15 Each primer was tested on at least one human cancer cell line that was 

known to express that antigen of interest (Table 2).  

To control for gDNA contamination within the qPCR reagents, a no cDNA control was 

included on every qPCR plate whereby cDNA was replaced by RNase-free H2O. In 

addition, each sample was analysed in triplicate on the 96-well qPCR plate (Applied 

Biosystems, USA). The reaction volumes were 10 µL 2X QuantiNova SYBR green PCR 

Mix, 2 µL QN ROX reference dye, 2 µL QuantiTect primer assay and 5 µL RNase-free 

H2O, making a total volume of 19 µL added to each well in the 96-well plate. In 1 µL 

final volume, ≤100 ng of template cDNA was added to achieve a final volume of 20 µl. 

The plate was then loaded into the thermocycler (StepOne Plus Real-Time PCR system, 

Applied Biosystems).  

The cycle was 2 minutes at 95°C, then 40 cycles of 5 s at 95°C followed by 10 s at 60°C. 

This was immediately followed by a melt curve stage of 15 s at 95°C, 1 min at 60°C and 

15 s at 95°C, to verify the specificity of the amplification. Data was compared using 

StepOne software v2.0 (Applied Biosystems) and the comparative CT method.16 We used 

the relative quantification (also comparative CT) method to analyse the qPCR data. 

Immunocytochemistry. Immunocytochemistry was performed as described previously17 

using the antibodies detailed (Supplementary Table A1). Actin was used as a positive 

control for the successful performance of ICC while isotype, no primary and no 

secondary antibody immunolabelling acted as negative controls, used to detect non-

specific staining. Lillies-Mayer Haematoxylin was used as a counterstain. 

Staining intensities were scored according to a five-tiered scale described originally by 

Biesterfeld et al18 as follows:- 0: no staining; 1: background; 2: weak staining; 3: 

moderate staining; 4: strong staining. The percentage of positively stained cells was 
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based on the cell count of stained cells per microscopic view, and represented on a five-

tiered scale (0: 0%; 1: 1-10%; 2: 11-50%; 3: 51-80%; 4: > 80%). The final 

immunoreactivity score was obtained by multiplication of the percentage of positive 

stained cells per microscopic view by the value for staining intensity (0 = negative, 1-29 

= weak, 30-143 = moderate, 144-228 = high and > 228 = very high staining).19  

Microarray analysis of gene expression and clinical parameters. Finally we analysed a 

publically available microarray expression data (GSE38403)20 which encompassed 215 

adult B-cell ALL and 12 pre-B samples (CD19+ and VpreB+) isolated from the bone 

marrows of HVs.  For microarray analysis, the files were imported from GEO in the 

Partek Genomic Suite, normalised and subjected to ANOVA analysis. 

 

RESULTS 

Immunoprofiling of adult B-ALL patient sera using proto-arrays. The intensity values 

were used to undertake a per chip / per gene normalisation process and then ANOVA was 

performed on the 3,998 proteins, that had showed differences in recognition by HV and 

patient sera, across the 22 samples analysed (excluding the control).  ANOVA analysis 

identified 69 significant genes that had a p<0.05 in terms of their recognition by ALL 

versus HV sera (Supplementary Table A2). The mean value and standard deviation of 

each signal was calculated to produce a z-score and showed that 19 proteins were more 

frequently recognised (Supplementary Table A2i) and 50 proteins were less frequently 

recognised by antibodies in B-ALL (Supplementary Table A2ii) compared with HV 

sera. Two proteins that had fold changes of less than 1.5 (POLK3K and RAB2IL1) were 

included as they were significantly different in their recognition by ALL versus HV sera. 

However, we focussed on antigens that were more frequently recognised by antibodies in 

B-ALL than HV sera because of our interest in identifying antigenic targets for 

immunotherapy.  

Hierarchical cluster analysis was performed using Wards method (Figure 1A) and 

showed that B-ALL patients could be differentiated from HVs on the basis of protein 

recognition by sera. Principal component analysis (PCA)(Figure 1B) showed that apart 

from one HV sample, there was a good cluster distinction between the proteins 
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recognised significantly more or less frequently by ALL compared with HV sera.   

Interestingly, the ALL cluster in the PCA plot is “tighter” than the HV cluster probably 

reflecting the homogeneity of the proteins uniquely recognised by B-ALL sera and the 

relative heterogeneity of the proteins recognised by antibodies in the HV samples.  

Prioritisation of proto-array identified antigens. Through a systematic review of the 

literature, 21 we identified bone marrow tyrosine kinase on chromosome X (BMX) also 

known as epithelial and endothelial tyrosine kinase (Ekt), dCTP pyrophosphatase 1 

(DCTPP1) also known as XTP3-transactivated protein A (XTP3TPA) and vestigial like 4 

(VGLL4) for further expression analysis. Each antigen was investigated by STRING 

analysis and shown to have pathways associated with subverted processes in cancer 

(Figure 2A). These three antigens were then analysed for their expression in samples 

from adult B-ALL and HVs by qPCR and ICC.  

qPCR analysis of antigen expression in B-ALL and HV samples. We determined the 

relative expression of transcripts encoding the antigens of interest in the following cell 

lines that we used as controls (K562, HEK293T, MDA-MB-231 and MD-MB-

468)(Table 2). We included survivin in this study based on the promising results we had 

observed with this antigen, in terms of expression, in B-ALL compared with HV samples 

previously.22 All cell lines expressed all housekeeping genes as well as the four antigens 

under investigation except BMX which was not expressed in any of the cells lines, 

despite previous reports of its expression in Hek293T by Western Blotting.23   

All samples from B-ALL patients and HVs, except for HV025, showed convincing 

GAPDH expression (Table 3) and all antigens tested (BMX, DCTTP1, Survivin and 

VGLL4) were expressed at lower levels than GAPDH, as expected. Survivin was 

expressed at higher levels than TBP in all cell lines, and DCTPP1 and VGLL4 were 

expressed at higher levels than TBP in K562 and Hek293T. TBP was recommended as a 

housekeeping gene for qPCR by other studies however we found TBP expression was not 

consistent between the samples. The differences between the HV samples were much 

smaller, after excluding HV025 from our analysis.  

Patients ALL005 and ALL019 were not found to express detectable levels of any of the 

antigens studied (BMX, DCTPP1, survivin and VGLL4)(Figure 2B) while ALL020 

expressed all four antigens. Of B-ALL patient samples analysed, two had detectable 
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BMX expression (ALL003 and ALL020 PB), three patients expressed DCTPP1 

(ALL002, ALL003 and ALL020 BM) and three patients expressed VGLL4 and survivin 

(ALL002, ALL003 and ALL020 PB and BM). ALL002 and ALL003 had also been 

examined by Boullosa et al22 and while ALL002 was found to have detectable survivin 

transcripts in both studies, ALL003 was negative for detectable survivin transcripts in 

this study. None of the HVs had consistently detectable levels of BMX, while all 

expressed DCTPP1 and VGLL4. In contrast to our previous findings, where four of five 

HVs did not express detectable levels of survivin,22 in this study transcripts were detected 

in three of four HVs (whom we had not analysed previously). 

Immunolabelling of antigen expression in B-ALL using immunocytochemistry. We used 

actin as a positive control for immunolabelling and found it, as expected, to be present in 

all four control cell lines at high levels (Table 2), while the negative controls for this 

experiment (cells only, no primary antibody and isotype control) were all negative. 

HEK293T cell line was used to demonstrate we could immunolabel BMX and VGLL4, 

but only showed a moderate cytoplasmic expression of BMX and were negative for 

VGLL4; weak immunolabelling of survivin was also detected. The K562 cell line was 

used to demonstrate the immunolabelling of DCTPP1 and survivin, and showed moderate 

cytoplasmic levels of both. MDA-MB-231 cell line was used to demonstrate we could 

immunolabel DCTPP1, while MDA-MB-468 was chosen as an immunolabelling control 

for VGLL4 expression, but both were negative for the detection of these antigens. Of 

note VGLL4 was not found in any cell line, MDA-MB-231 and MDA-MB-468 did not 

express DCTPP1 or survivin, while each had transcripts from these antigens that were 

detectable by qPCR. In contrast BMX was detectable in Hek293T by ICC in agreement 

with previously published Western blotting data.23 

Each antigen was found at moderate to high levels in patient samples (BMX - 4 of 6; 

DCTPP1 – 2 of 2; survivin - 1 of 2 and VGLL4 - 1 of 2) while each antigen was only 

found at low levels in HV samples (n=7)(Table 4; Figure 3). Of note ALL005 had also 

been examined for survivin expression in our previous paper 22 and was found to be 

positive by ICC in this study also. 

Gene expression microarray analysis.  The antigens that were significantly more 

frequently recognised by B-ALL than HV sera (p≤0.02) and were present in the 
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microarray database (GSE38403)20 was examined for their association with above and 

below median levels of expression at disease diagnosis, and overall patient survival in the 

following 5 years post-diagnosis. Only cyclin G associated kinase (GAK) and high 

mobility group box family member 2 (TOX2) showed a significant association between 

above median expression at disease diagnosis and 5-year overall survival (p=0.024 and 

p=0.0056  LogRank and p=0.056 and p= 0.028 by Wilcoxon-Gehan, repectively; Figure 

4A). When we analysed the levels of expression, segregated into quartiles, we found that 

only expression of TOX2 in the third quartile (Q3 - above median-low) was associated 

with 5 year survival while expression in the top quartile (Q4 - above median-high) was 

not (Figure 4B). 

In addition a number of clinical features (stage and cytogenetic abnormalities) were 

found to be significantly associated with above or below median antigen expression at 

disease diagnosis (Supplementary Table A3). Of particular note was the high level of 

statistical significance (p<0.001) for the following antigens and gender (BMX), stage 

(APOBEC3A, DCTPP1, MUC20, SEPT9, TOX2 and WARS), early pre-B versus mature 

B-ALL (WARS), early pre-B versus early Pro-B (DCTPP1, MUC20, SEPT9, TOX2), 

early pre-B versus transitional Pre-B (VGLL4), mature B-ALL versus Pro-B 

(APOBEC3A), pre-B-ALL versus pro-B (MUC20), MLL mutation (DCTTP1, MUC20 

and TOX2), BCR-ABL (DCTTP1, IGLL1, LMX1a, TOX2 and VGLL-4), other 

cytogenetic abnormalities (LMX1A), no cytogenetic abnormalities (IGLL1 and TOX2)  

and CD25 positivity (CDCA3, IGLL1, and TOX2).  

 

 

DISCUSSION 

Despite the recent development of a number of strategies for the treatment of adult B-

ALL, survival rates remain low. This is mostly due to the toxicity of treatment to older 

adult B-ALL patients, the absence of B-ALL cell specific therapies, co-morbidities 

associated with the level of fitness of patients, treatment related toxicities and death due 

to disease recurrence. The circumvention of relapse due to improved treatments including 

matched unrelated stem cell transfusions, donor lymphocyte infusions and more recent 
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immunotherapy strategies have had significant impacts on patient survival but they still 

have associated toxicity and antibody based therapies, especially, can be expensive.24 As 

part of the effort to identify new targets for immunotherapy, that can help delay if not 

prevent relapse after first remission, and to help us better understand the biological basis 

of adult B-ALL, we sero-profiled adult B-ALL patients and age and sex-matched HV 

sera. We identified 19 antigens that were significantly more frequently recognised by 

patient sera compared with HV sera and then prioritised these antigens based on literature 

searches. We identified three antigens that had been shown to play a significant role in 

cancer(s) and examined their expression in patient samples and HVs by qPCR in 

comparsion to survivin. We have previously shown that survivin has significantly higher 

expression in the B-ALL samples compared with healthy controls by qPCR analysis 

(p=0.015) and gene expression analysis (p = 0.013)22.  However there was no statistically 

significant differences between the expression of the four antigens (BMX, DCTPP1, 

survivin or VGLL4) in patient samples compared with HVs by qPCR. Gene expression 

array analysis indicated that BMX, DCTPP1, survivin and VGLL4 transcript levels were 

each significantly decreased in B-ALL patients compared with healthy donors, while ICC 

analysis showed elevated protein levels in patients compared with healthy donors.  

The discordance between detection of transcripts by qPCR and immunolabelling of 

antigens by ICC has been observed by scientists in other fields of research.  It appears 

that there is a linear relationship between gene transcription and protein levels in 

Drosophila,58 that uncouples with evolutionary complexity, maximising in  chimpanzees 

and humans59 and is partially explained by post-transcriptional regulation and differences 

in mRNA and protein turnover rates. Although qPCR is often used to semi-quantitate 

gene expression, we used gene expression arrays to examine transcript levels and found 

that protein levels, the ultimate target of immunotherapy strategies, are a more 

convincing indicator of the presence of an antigen in a cell. The finding of BMX, 

DCTPP1, survivin and VGLL4 at moderate levels in B-ALL samples and at low levels in 

HV samples, our systematic literature review (data not shown) and STRING analysis 

suggest that these proteins are worthy of further investigation as targets for the treatment 

of adult B-ALL.  
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BMX was more frequently recognised by B-ALL patient compared to HV sera (p=0.035) 

and is a particularly appealing target for immunotherapy, in accordance with the National 

Cancer Institute (NCI) priority list,25 by virtue of it’s location on the X chromosome. In 

addition, BMX has been shown to play a central role in the immune response, 

inflammation and cytokine signalling by regulating TNF-dependent signalling at a central 

node, that affects the efferent signalling branches of JNK, p38 MAPK and NK-kappa-

B.26-28 BMX has been reported to regulate multiple proteins27-31 and this was also 

apparent from the STRING analysis we performed. BMX is implicated in signal 

transduction pathways and the regulation of biological processes including apoptosis, cell 

migration, differentiation, proliferation and tumorigenesis.32-35 Aberrant BMX expression 

has been reported in a number of cancer types, including acute myeloid leukaemia,a and 

non-oncological diseases, such as rheumatoid arthritis, ischemia-mediated arteriogenesis 

and lymphangiogenesis.23,26-28,32,36-41  

As a tyrosine kinase BMX is a a target for inhibitors including CI-1033, an epidermal 

growth factor receptor (EGFR) inhibitor, BMX-IN-144 and CTN0645 a small molecule 

dual inhibitor of BMX and BTK, the latter shown to be effective in autophagy and 

apoptosis induction, as well as the inhibition of the growth and migration of prostate 

cancer cells.  But it is the potential to target BMX by ibrutinib, an immunotherapy 

strategy that is being used with promise in mature B-cell malignancies including 

relapsed/refractory chronic lymphocytic leukaemia 46-48, small lymphocytic lymphoma 46, 

and mantle cell lymphoma 49 that provides the most promise, especially in light of a 

recent study showing the ability of ibrutinib to target pre-BCR signalling in B-ALL.50  

DCTPP1 acts as an intracellular regulator of 5-methyl-dCTP metabolism, which has been 

associated with DNA hypermethylation and gene silencing.51 This make DCTPP1 an 

interesting target for drug-resistant research, because of its association with DNA 

hypermethylation. DCTPP1 is downregulated when the PI3K/AKT/mTOR pathway is 

activated and autophagy activity is suppressed, and vice versa.52 Studies have shown the 

involvement of DCTPP1 in poor prognosis and lower overall survival of cancer patients, 

including breast cancer, gastric cancer, lung cancer, prostate cancer51-54 while DCTPP1 

has also been shown to increase chemotherapy resistance in gastric cancer suggesting that 

it could potentially be an indicative biomarker of chemoresistance in patients.55  
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VGLL4 is a tumour suppressor gene located on 3p25.3-3p25.2 for further investigation 

because of it’s demonstrated roles in proliferation, migration and cell death in a number 

of cancer types.56 VGLL4 is a co-factor for TEA domain-containing transcription factors 

(TEADs)57 and this association was re-itterated by our STRING analysis (Figure 2A).  

It was also notable that WWOX appeared as one of the antigens that were less frequently 

recognised by patient than HV sera and this correlated with previous findings that 

WWOX was partially expressed or absent in over half of haematopoietic malignancies 

tested.60,61 Indeed WWOX transcripts were reduced in ALL patient samples and 

methylation frequency increased when compared to healthy donors.62 Some debate 

remains as to whether WWOX is affected in leukaemias by virtue of it’s location on 

16q23.3-24.1 in FRA16D, a region of . However recent studies that have returned 

WWOX expression to leukaemia cells have shown repressed proliferation and increased 

rates of apoptosis.63  

Due to the relative rarity of adult B-ALL64 the most effective way to determine 

expression of the antigens, we had identified, and their association with survival, stage 

and cytogenetics in a large cohort study, was to use a database of gene expression 

microarray analysis (GSE38403)20.  We identified statistically significant correlations 

between the expression of 12 of the 19 antigens identified as more frequently recognised 

by adult B-ALL patients sera and a number of features of adult B-ALL disease. These 

features include gender, stage and cytogenetic abnormalities. Only two antigens, GAK 

and TOX2, had above median expression at disease diagnosis that significantly correlated 

with improved overall survival. We have seen similar results previously in acute myeloid 

leukaemia (AML) at disease presentation with SSX2IP, RHAMM and Survivin65 and 

reasoned that the elevated antigen expression could induce enhanced anti-tumour 

responses in patients following conventional treatment. We propose that as dead and 

dying leukaemia cells are mopped up by immune cells and their peptide contents 

presented on MHC in the context of ‘danger’ (inflammation) this could lead to more 

effective anti-tumour responses.  However this isn’t always the case with antigens such as 

PRAME which shows a Goldilocks effect in terms of both very high and very low 

expression being associated poor survival for myelodysplastic syndome patients,66 
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probably reflecting the impact of high PRAME expression on the tumourigenicity of the 

affected cells, and low levels enabling immune evasion following conventional treatment.  

In summary, we have used sero-profiling for the first time to characterise the recognition 

of antigens by antibodies in adult B-ALL sera, in direct comparison to age and sex-

matched HV sera. We have identified new targets for treatment (BMX), provided new 

insights into the the biology underlying this rare and difficult to treat disease (loss of 

WWOX antigen recognition in adult B-ALL) and new biomarkers for survival (GAK, 

TOX2).  
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ABBREVIATIONS  

B-ALL: B-cell acute lymphoblastic leukaemia; BMX: bone marrow tyrosine kinase on 

chromosome X; CAR: chimeric antigen receptor; DCTPP1: dCTP pyrophosphatase 1; 

GAK: cyclin G associated kinase; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; 

HV: healthy volunteer; PB: peripheral blood; PCA: Principal component analysis; qPCR: 

quantitative polymerase chain reaction; TBP: TATA-box binding protein; TEAD: TEA 

domain-containing transcription factors; TOX2: TOX high mobility group box family 

member 2 (TOX2) variant 3; VGLL4: vestigial like 4. 
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