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Viktória Temesfőia,b, Kinga Molnára, Péter Kalteneckerc, Barbara Régera, Árpád Szomord,
Zoltán Horváth-Szalaia, Hussain Alizadehd, Béla Kajtáre, Tamás Kőszegia,b, Attila Misetaa,
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Abstract.
BACKGROUND: Recent studies proved that metabolic changes in malignant disorders have an impact on protein glycosylation,
however, only a few attempts have been made so far to use O-GlcNAc analysis as a prognostic tool. Glucose metabolism is
reported to be altered in hematological malignancies thus, we hypothesized that monitoring intracellular O-GlcNAc levels in Rai
stage 0-I (Binet A) CLL patients could give deeper insights regarding subtle metabolic changes of progression which are not
completely detected by the routine follow-up procedures.
OBJECTIVE: In this proof of concept study we established a flow cytometric detection method for the assessment of O-
GlcNAcylation as a possible prognostic marker in CLL malignancy which was supported by fluorescence microscopy.
METHODS: Healthy volunteers and CLL patients were recruited for this study. Lymphocytes were isolated, fixed and perme-
abilised by various methods to find the optimal experimental condition for O-GlcNAc detection by flow cytometry. O-GlcNAc
levels were measured and compared to lymphocyte count and various blood parameters including plasma glucose level.
RESULTS: The protocol we developed includes red blood cell lysis, formalin fixation, 0.1% Tween 20 permeabilisation and
employs standardized cell number per sample and unstained controls. We have found significant correlation between O-GlcNAc
levels and WBC (R2 = 0.8535, p < 0.0029) and lymphocyte count (R2 = 0.9225, p < 0.0006) in CLL patients. Interestingly,
there was no such correlation in healthy individuals (R2 = 0.05664 for O-GlcNAc vs WBC and R2 = 0.04379 for O-GlcNAc vs
lymphocytes).
CONCLUSION: Analyzing O-GlcNAc changes in malignant disorders, specifically in malignant hematologic diseases such as
CLL, could be a useful tool to monitor the progression of the disease.
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1. Introduction1

Chronic lymphocytic leukemia (CLL) is the most2

common type of leukemia in adulthood. The inci-3

dence rate in Europe varies from 3.6/100,000 to 6.9/4

100,000 [1], while in Hungary the prevalence is 40–5

50/100,000 with an incidence rate of 4–5/100,000 new6

case/year (personal communication with the Advisory7

Board of the Hungarian Society of Hematology and8

Transfusiology). The disease is basically characterized9

by an indolent course, slow progression and long term10

survival, however, in some patients the course is rapidly11

progressing [2]. The current diagnostic procedure and12

staging of CLL involves the evaluation of routine bio-13

chemical, hematological and genetic parameters such14

as serum beta-2-microglobulin, lactate dehydrogenase,15

white blood cell count, lymphocytosis, mutation status16

and immunophenotyping. Also, bone marrow sample17

evaluation is recommended [2,3]. Although obtained18

data are exact, the current staging systems cannot effec-19

tively predict the progression. Determination of some20

crucial points such as lymph node involvement, are21

largely subjective and in some cases not specific to22

the disease. In the peripheral blood, clonally accumu-23

lated B cells seem to be quite homogenous resulting24

that changes of the disease cannot be timely and sensi-25

tively detected by laboratory findings. Therefore, in the26

follow-up of CLL it would be helpful to find an early27

and cost-effective marker that could decipher subtle28

changes in the disease status. Based on its regulatory29

role in immune cell homeostasis and activation, mea-30

suring O-GlcNAcylation, a metabolic activity-related31

marker, could be a promising possibility [4,5].32

Uncontrolled proliferation in malignancies requires33

nutrient supply in a different rate compared to normally34

functioning cells. Most types of tumors shift their en-35

ergy metabolism towards glycolytic activity even un-36

der aerobic conditions which results in elevated lac-37

tate production and lower pyruvate transmission to the38

mitochondria. In order to compensate the less efficient39

production of adenosine-triphosphate (ATP) neoplas-40

tic cells upregulate glucose transporter (GLUT) ex-41

pression to increase glucose uptake [6]. The activity42

of tumor suppressors and oncogenes which influence43

the response capability of the cells e.g. towards pro-44

liferation control are in a mutual relationship with the45

glycolytic rate and glycosyl modifications of specific46

proteins [7,8].47

The assessment of altered metabolism has diagnostic48

and prognostic values in several diseases.49

O-GlcNAcylation is proven to be altered in cer-50

tain conditions, such as type 2 diabetes mellitus [9],51

Alzheimer’s disease [10] and in cancer [11–14]. 52

Leukemic B cells have been reported to differ from 53

healthy B lymphocytes both in terms of overall intracel- 54

lular glycosylation and O-GlcNAcylation of certain pro- 55

teins as well [11,15]. Cellular metabolic preferences are 56

associated with drug sensitivity and glycolytic activity 57

seem to be connected to overall survival in CLL [16]. 58

Glucose and glutamine uptake and breakdown are 59

facilitated by the upregulation of oncogenic signal- 60

ing leading to the increased production of intermedi- 61

ates which fuel various biosynthetic routes. Expanded 62

flux through the hexosamine biosynthetic pathway 63

(HBP) causes elevated uridine-diphosphate (UDP)- 64

GlcNac production thus, positively affects the O- 65

GlcNAcylation level [17,18]. O-glycosylation is a 66

common post-translational modification on proteins 67

which occurs on the serine and threonine side chains 68

through the hydroxyl oxygen by the addition of a N- 69

acetyl-galactosamine (GalNAc) or O-mannose and β- 70

N-acetyl-glucosamine (GlcNAc). A large percentage 71

of the glucose flux through the HBP is fueling stable 72

protein-glycosylation while O-GlcNAc modifications 73

carried out by glycosyltransferase and glycosidase en- 74

zymes are dynamically regulated by intrinsic and ex- 75

trinsic factors [8,19–21]. 76

Our focus was set on the prognostic opportunities 77

of O-GlcNAcylation in CLL which is fundamentally 78

related to the general metabolic status and activity of 79

the cells. Various approaches can be found in the liter- 80

ature regarding the measurement of O-GlcNAcylation 81

using flow cytometry [22–24]. We tested the use of the 82

RL2 antibody clone to establish a simple and reliable 83

protocol to detect the intracellular O-GlcNAcylation 84

in lymphocytes. RL2 is a monoclonal, IgG1 isotype 85

antibody which detects O-linked glycoproteins in the 86

cytoplasm and nucleus [25]. 87

Assessing the O-GlcNAcylation level of the trans- 88

formed B cells of CLL patients may give us an in- 89

sight how intracellular O-GlcNAcylation can be re- 90

lated to disease development in the early phases where 91

clinical classification cannot detect the subtle changes 92

in progression yet. In our study, we examined the O- 93

GlcNAcylation level of lymphocytes of healthy vol- 94

unteers and CLL patients by flow cytometry and mi- 95

croscopy using the anti-O-GlcNAcylation antibody 96

clone RL2 in order to find the differences between 97

normal and malignant cells and the correlation of O- 98

GlcNAcylation level with hematological and biochemi- 99

cal factors in the two groups. 100
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2. Materials and methods101

2.1. Subjects of the study102

In each case 2 × 3 mL venous blood was drawn103

into BD Vacutainer K2E (K-EDTA) tubes at the same104

timing after overnight fasting from healthy individu-105

als (n = 7) and CLL patients (n = 7) of Rai stage106

0-I which is part of stage ‘A’ in Binet classification.107

Patients were included on the basis that their progres-108

sion was slow. The followings were defined as exclu-109

sion criteria: receiving any treatment related to the in-110

vestigated disease, having previous history of diabetes111

or other metabolic disorders. Experiments were per-112

formed using red blood cell lysed whole blood. Selected113

biochemical and hematological parameters were mea-114

sured of each individual (white blood cell and lympho-115

cyte count, plasma glucose, lactate, serum total protein,116

albumin) at the accredited laboratory of the Depart-117

ment of Laboratory Medicine, Clinical Center, Univer-118

sity of Pécs, Hungary using a Cobas Integra 400 plus119

(Roche Gmbh, Mannheim, Germany) automated chem-120

ical analyzer and a Sysmex XN 9000 (Sysmex Cor-121

poration, Kobe, Japan) automated blood cell counter122

system. Immunoglobulin heavy-chain variable region123

(IGHV) gene mutation analysis was performed at the124

Department of Pathology, Clinical Center, University of125

Pécs, Hungary, by Sanger sequencing using leader (L)126

or framework region I (FRI) and JH consensus primers.127

Laboratory and patient data are listed in Supplemen-128

tary Table 1. The study was approved by the Regional129

Ethics Committee of the Medical School, University of130

Pécs in accordance with the Helsinki declaration (no.131

7753-PTE2019). Healthy volunteers and patients were132

fully informed and written consent was signed by each133

participant.134

2.2. Reagents135

Red blood cell lysis was performed using BD136

FACS Lysing Solution (Becton, Dickinson and Com-137

pany, Franklin Lakes, NJ, USA). 10% buffered for-138

malin (Sigma-Aldrich, Darmstadt, Germany) was used139

to fix the samples. Ammonium chloride (NH4Cl),140

methanol, Triton-X100 and Tween 20, RPMI, BSA,141

N-acetyl-D-glucosamine and PUGNAc were purchased142

from Sigma-Aldrich (Darmstadt, Germany). BD Phos-143

flow Perm Buffer III and BD FACS Lysing Solution144

were from Becton, Dickinson and Company, Alexa145

Fluor (AF) 488 labeled anti-O-GlcNAcylation antibody146

(clone: RL2) and isotype control (IgG1) were from147

Novus Biologicals, Alexa Fluor (AF) 546 conjugated 148

Phalloidine (Pha) and 4′, 6-diamidino-2-phenylindole 149

(DAPI) were purchased from Thermo Fisher (Waltham, 150

MA, USA). 151

2.3. Staining protocol and flow cytometry 152

White blood cell and lymphocyte counts were deter- 153

mined from the original blood sample tube on a Sys- 154

mex XN 9000 hematology analyzer (Sysmex Corpora- 155

tion, Kobe, Japan). Based on the quantitative data whole 156

blood volume was calculated in order to get the nec- 157

essary number of lymphocytes in each sample and ex- 158

periment following red blood cell lysis. In experiments 159

where PUGNAc was applied as a positive control to fuel 160

O-GlcNAcylation, cells were kept in RPMI contain- 161

ing 50 µM PUGNAc for 1 hour at 37◦C and 5% CO2 162

in a humidified incubator. Fixation was performed for 163

20 min using 10% formalin solution which is equivalent 164

approximately to 4% formaldehyde. The residual fixa- 165

tive in the samples was quenched by 10 min incubation 166

in 10 mM buffered NH4Cl in phosphate buffered saline 167

(PBS). 300 µL of the tested permeabilisation reagents 168

(0.1% Triton X-100 or 0.1% Tween 20 or 90% methanol 169

or BD PhosFlow Perm Buffer III) were kept on the 170

sedimented cells for 20 minutes. Blocking was applied 171

using 5% BSA dissolved in phosphate buffered saline 172

(PBS). Samples were washed between each step with 173

2 ml PBS solution and centrifuged at 600 g for 5 min. 174

Labeling was performed either with RL2 antibody or 175

in certain experiments with isotype control for 60 min 176

at room temperature. Antibodies were used at 1 µg/mL 177

working concentration in each experiment. In the speci- 178

ficity evaluation experiments as a negative control, RL2 179

antibodies were incubated for 30 min in 20 mM N- 180

acetyl-D-glucosamine prior adding them to the cells. 181

Following the staining procedure samples were washed 182

with permeabilisation reagent containing PBS to pre- 183

vent the unbound antibodies from being trapped within 184

the cells [26]. During optimization processes experi- 185

ments were measured in three technical replicates. A 186

minimum of 10.000 events were collected from each 187

sample. Measurements were carried out on a BD FACS 188

Canto II instrument (Becton, Dickinson and Company, 189

Franklin Lakes, NJ, USA). Flow cytometry gating strat- 190

egy included a time gate in which flow stability was 191

checked. Doublet discrimination was performed based 192

on forward scatter height and area (FSC-H/FSC-A). 193

Lymphocyte population was identified in a side scat- 194

ter/forward scatter area (SSC-A/FSC-A) gate. Gating 195

strategy is demonstrated in Supplementary Fig. 1. Me- 196
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Fig. 1. Summary of the protocol validation of anti-O-GlcNAcylation staining using RL2 antibody clone. A. Blocking and specificity. Cells were
fixed with 10% formalin for 20 min, permeabilised using 0.1% Tween 20 for 20 min, RL2 concentration was 1 µg/mL (60 min staining). For
positive control we used PUGNAc treatment (50 µg/mL, 1-hour incubation), N-acetyl-D-glucosamine served as negative control. Median intensity
(± SD) values included are normalized to the autofluorescent control. Ordinary one-way ANOVA, Tukey’s post hoc test, three technical replicates.
B. Comparison of the permeabilisation reagents. Cells were fixed with 10% formalin for 20 min, we tested 90% methanol, BD PhosFlow Perm
Buffer, 0.1% Tween 20 and 0.1% Triton X-100 reagents for permeabilisation (20 minutes). RL2 and isotype control concentration was 1 µg/mL
(60 min staining). Bars represent ratios of median intensities of different samples. Two-way ANOVA, Tukey’s multiple comparison test, replicates
represent six different individuals. C. Optimization of the lymphocyte number. Cells were fixed with 10% formalin for 20 min, permeabilised
using 0.1% Tween 20 for 20 min, RL2 concentration was 1 µg/mL (60 min staining). Median intensity values included are normalized to the
autofluorescent control. One-way ANOVA, Tukey’s post hoc test, three technical replicates. D. Representative figure of the permeabilisation with
each reagent. Plots and histograms are generated from the fluorescent intensity of RL2-AF488 in the lymphocyte population. Cells were fixed with
10% formalin for 20 min, permeabilised using 90% methanol, BD PhosFlow Perm Buffer, 0.1% Tween 20 or 0.1% Triton X-100 for 20 min, RL2
concentration was 1 µg/mL (60 min staining). E. Confocal microscopic visualization of the performance of the finalized protocol. Blue color
shows DAPI staining, RL2-AF488 is green, red color indicates Pha-AF546 staining. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

dian intensity values of the AF488 conjugated antibod-197

ies measured on the fluorescein isothiocyanate (FITC)198

channel were exported from the analysis software. Val-199

ues were normalized to the unstained autofluorescent200

control of each individual, which went through the same201

procedures as the labeled samples, but the antibody202

was omitted from the staining solution. Analysis was203

carried out using FlowJo software version 10 (Becton, 204

Dickinson and Company, Franklin Lakes, NJ, USA). 205

2.4. Microscopy 206

In the microscopic experiments we used the same 207

staining protocol as for the flow cytometry regarding the 208
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Fig. 2. Correlation of O-GlcNAcylation with white blood cell count, absolute lymphocyte number and plasma glucose level in CLL patients.
Pearson correlation and simple linear regression, alpha = 0.05, p (two-tailed), n = 7.

O-GlcNAcylation (10% formalin fixation, 0.1% Tween 209

20 permeabilisation buffer, blocking with 5% BSA,210

1 µg/mL concentration of the RL2 antibody, 60 min211

staining). In addition, filamentous actin cytoskeleton212

was labeled by Pha-AF546 and nuclei were stained with213

DAPI [27]. Confocal images of lymphocytes were cap-214

tured on an Olympus IX83 inverted microscope with215

the CSU-W1 Spinning Disk Imaging System, equipped216

with Zyla sCMOS cameras (Visitron Systems GmbH,217

Puchheim, Germany). Representative images were se-218

lected, and brightness/contrast levels of the channels219

were set by using ImageJ software.220

2.5. Analysis and software221

In order to compare the effect of permeabilisation222

reagents and initial cell number on the staining and to223

assess antibody specificity and blocking efficiency in224

the setup phase, we used ordinary one- and two-way225

ANOVA with Tukey’s multiple comparisons test. To226

reveal the relationship between laboratory parameters227

and the level of O-GlcNAcylation of the lymphocyte228

population we performed Pearson correlation analysis229

(due to parametric data) and simple linear and binary230

logistic regression. Overall lymphocyte glycosylation231

level of the healthy and the CLL group was compared232

using unpaired t test with Welch’s correction. Statistical233

analysis was carried out in Prism 8 (GraphPad Software,234

San Diego, CA, USA).235

3. Results236

3.1. Validation of the experimental protocol237

First we investigated RL2 antibody specificity and238

blocking efficiency of bovine serum albumin (BSA)239

(Fig. 1A). We chose to inhibit antibody binding by N-240

acetyl-D-glucosamine for negative control and O-(2-241

Acetamido-2-deoxy-D-glucopyranosylidenamino) N- 242

phenylcarbamate (PUGNAc) treatment for positive con- 243

trol. Using BSA we detected a slight decrease in inten- 244

sity compared to the replicates where no blocking was 245

applied. Addition of PUGNAc resulted in significant 246

elevation of O-GlcNAcylation. Comparing PUGNAc 247

treated cells with the replicates where RL2 antibod- 248

ies were bound by N-acetyl-D-glucosamine prior to la- 249

beling, the median fluorescence intensity of RL2 was 250

almost half of the PUGNAc supplemented cells. 251

Various permeabilisation reagents were tested to as- 252

sess the effect of permeabilisation on non-specific bind- 253

ing. We compared 90% methanol, BD PhosFlow Perm 254

Buffer III, 0.1% Tween-20 and 0.1% Triton X-100 255

(Fig. 1B and D). Although 90% methanol seems to work 256

with RL2 staining, it turned out to be too harsh on CLL 257

samples and lowered the final cell number at least by 258

40–60% by damaging the lymphocytes (Supplementary 259

Fig. 2). The intensity ratio of RL2/unstained (UNST) 260

samples permeabilised with BD PhosFlow Perm Buffer 261

III was 2.302 with a standard deviation (SD) of 1.461. In 262

contrast, 0.1% Triton X-100 or 0.1% Tween 20 showed 263

a significantly higher intensity ratio (4.020 ± 0.602 and 264

6.786 ± 2.774, respectively). Since there was no sig- 265

nificant difference between the RL2 versus UNST and 266

RL2 versus isotype control (iso) samples and iso/UNST 267

ratio was lower (1.295 ± 0.1475) than using 0.1% Tri- 268

ton X-100 (2.190 ± 0.6906) we chose to proceed with 269

0.1% Tween 20 subsequently. 270

As a next step, the effect of antibody concentration 271

per lymphocyte number was tested (Fig. 1C). Instead 272

of increasing the RL2 antibody concentration on a con- 273

stant cell number we applied a less concentrated dilu- 274

tion of the antibody, optimized the conditions regarding 275

blocking and permeabilisation and titrated the initial 276

lymphocyte number using the same RL2 concentration 277

(1 µg/mL in 50 µL volume). Under these conditions the 278
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Fig. 3. Correlation of O-GlcNAcylation with white blood cell count, absolute lymphocyte number and plasma glucose level in healthy individuals.
Pearson correlation and simple linear regression, alpha = 0.05, p (two-tailed), n = 7.

highest RL2 fluorescence intensity was achieved when 279

the lymphocyte number was 105.280

In order to check the intracellular localization of the281

RL2 antibody, immunofluorescence analysis was per-282

formed using the same, flow cytometry-optimized stain-283

ing conditions detailed above. Additionally, Pha-AF546284

staining was used to label the actin cytoskeleton as a285

cell body marker and nucleus was visualized by DAPI286

dye (Fig. 1E). The confocal cross-section images show287

the intracellular distribution of RL2. The antibody is288

highly enriched in the cytoplasm, while a weaker, un-289

even signal is seen in the nucleus.290

3.2. O-GlcNAcylation level of lymphocyte population291

correlates with absolute white blood cell and292

lymphocyte count in early phases of CLL293

A well-known characteristic of CLL is the elevation294

of lymphocyte number caused by the clonal expansion295

of neoplastic B cells over time. We found that the nor-296

malized intensity of RL2 antibody and consequently the297

level of O-GlcNAcylation is in positive correlation with298

lymphocyte and total white blood cell count in CLL.299

We have also found that it is not associated with the300

actual plasma glucose level of the patient (Fig. 2). An301

important addition to our finding is that this positive302

correlation is observed within stage Rai 0-I (Binet ‘A’),303

which suggests that the level of O-GlcNAcylation may304

indicate the progression of the disease while the clinical305

classification still remains unaltered. We could not find306

any relationship between O-GlcNAcylation of lympho-307

cytes and the level of plasma lactate, serum total protein308

and albumin, age of the patient and elapsed years since309

diagnosis (Supplementary Fig. 3).310

In healthy individuals, no such association could be311

revealed regarding total white blood cell and lympho-312

cyte count (Fig. 3). Fasting glucose level was found to313

be also unrelated to O-GlcNAcylation, however it seems314

Fig. 4. Comparison of O-GlcNAcylation level of lymphocytes in
healthy individuals and in CLL patients of Rai stage 0 and I (Binet
A). Bars represent normalized median intensity (± SD). Unpaired t
test with Welch’s correction, p (two tailed) = 0.0457, n = 14. SD of
CLL patients = 7.595, SD of healthy individuals = 0.6748.

that in this group there is a trend that higher plasma glu-315

cose concentration is accompanied with slightly higher 316

level of intracellular O-GlcNAcylation without statis- 317

tical significance (Fig. 3). No further association was 318

revealed regarding the included hematological and bio- 319

chemical parameters in the healthy control group (Sup- 320

plementary Fig. 4). 321

CLL patients showed significantly higher O-GlcNA- 322

cylation rate of the lymphocyte population compared 323

to healthy individuals and standard deviation (SD) was 324

also higher in this group (Fig. 4). Patients with more 325

advanced lymphocyte proliferation within stage Rai 0-I 326

turned out to have elevated O-GlcNAcylation level. We 327

found a linear relationship between the white blood cell, 328

lymphocyte count and O-GlcNAcylation. The higher 329

the number of white blood cells, lymphocytes; the 330

higher the level of O-GlcNAcylation. 331

4. Discussion 332

Given the recent therapeutic improvements and the 333

discovery of independent prognostic markers, the tradi- 334
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tional clinical staging systems of CLL tend to be insuffi- 335

cient in defining more than three prognostic groups [3].336

Unlike most of the neoplastic diseases, patients with337

low risk CLL do not benefit from early therapeutic in-338

terventions [2,3], however our expanding knowledge339

about immunometabolism gives the opportunity to look340

deeper into the ongoing processes, resulting in discov-341

ering the prognostic and therapeutic role of metabolism342

related markers.343

A useful biomarker in any diagnostic considerations344

requires two criteria; the first is that it is present (i.e.345

detectable) in a certain condition and only in this con-346

dition. In other words, high or at least acceptable sensi-347

tivity and specificity. The second is that it should pre-348

cede the particular condition. Our data are promising349

in respect to the first criteria and we expect that O-350

GlcNAc elevation precedes the progression of CLL in351

the early stages. Findings in previous studies indicate352

that metabolic alterations and consequently O-GlcNAc353

changes are indeed part of the progress and are asso-354

ciated with worse prognosis [7,8]. In our study we in-355

tended to test whether the measurement of the overall356

cellular level of O-GlcNAcylation can be integrated into357

the routine follow-up of CLL.358

Accurate sensitivity and specificity calculations re-359

garding O-GlcNAcylation as a potential biomarker can360

only be done when the cut-off values for WBCs/lymph-361

ocytes are set correctly based on the results of a large362

cohort study. Since it is possible that O-GlcNAcylation363

is elevated in some physiological conditions as well, not364

tested here, and development of the disease, see later365

stages of CLL in the study of Shi and colleagues [11],366

may also influence the level, it would be wise to set up367

group-specific cut-offs and evaluate the data separately368

for each group. Obviously, prospective clinical studies369

are needed to be performed to evaluate the predictive370

value of O-GlcNAc analysis.371

Mass spectrometry has been the main approach to372

identify O-GlcNAc modification sites and to reveal the373

stoichiometric features so far. Although large proteome374

datasets are available with valuable information on the375

mapping sites of glycosyl side chains, more functional376

analyses are needed which can be easily integrated into377

the clinical diagnostics as well [10]. Western blot is378

a technical approach which has been implemented so379

far in the detection of post-translational modifications,380

although it is not an optimal workflow to be included in381

clinical procedures [28]. Immunohistochemistry, flow382

cytometry or other fluorescence based methods serve as383

a good basis to rapid diagnostics [29].384

In order to employ O-GlcNAc detection in clini-385

cal laboratory diagnostics, a rapid and high through-386

put method has to be developed. Taking into account387

the methodological considerations, such as rapidity and 388

accuracy and the specific requirements of intracellular 389

labeling, flow cytometry may be an optimal approach to 390

be included into the routine procedures [30]. However, 391

some main points have to be acknowledged when inves- 392

tigating such a dynamically changing post-translational 393

modification. Performing the experiments, we paid spe- 394

cial attention to several factors which could influence 395

the level of O-GlcNAcylation during the pre-analytical 396

and analytical phases. Samples were processed imme- 397

diately, within approx. 10 min following blood collec- 398

tion. Steps before formalin fixation were carried out at 399

4◦C and on ice to prevent ex vivo metabolic changes 400

in the cells. Red blood cell lysis was chosen over the 401

sucrose gradient based lymphocyte separation method 402

so the cells got into the fixative as soon as possible. We 403

normalized intensity values of O-GlcNAc fluorescence 404

to the values of the same channel measured from the 405

fluorescence minus one (FMO) control. In our case un- 406

stained cells which were treated the same way as the 407

labeled samples, except antibody staining, served as 408

FMO controls. Although isotype control is a separate 409

experimental configuration than a relevant control for 410

unspecific binding, in these circumstances we decided 411

to trust the ratios calculated with isotype intensity to be 412

part of the estimation of antibody adherence and to test 413

whether intracellular adherence could be influenced by 414

the permeabilisation. 415

We chose patients with favorable conditions who 416

have slowly developing disease and have not got any 417

treatment yet. With our flow cytometric method we 418

could demonstrate significant differences between the 419

O-GlcNAc levels of lymphocytes of healthy controls 420

and CLL patients. 421

Our results complete the findings of Shi and col- 422

leagues who examined the level of O-GlcNAcylated 423

proteins in CLL cells and normal peripheral blood 424

mononuclear cells (PBMC) with immunoblotting [11]. 425

Additionally, in our study O-GlcNAcylation turned out 426

to be positively correlating with lymphocyte and total 427

white blood cell count in CLL patients. However, it 428

should be noted that cases only from the Rai 0-I stages 429

(Binet ‘A’) were included and patients from later stages 430

were not investigated. Results also showed that CLL pa- 431

tients have lower general O-GlcNAcylation in the lym- 432

phocyte population when lymphocyte count falls within 433

or approaches the normal range. This raises the possi- 434

bility that an increase in O-GlcNAcylation of specific 435

proteins is associated with active proliferation [31,32]. 436

O-GlcNAcylation is considered to be a nutrient sens- 437

ing mechanism which has regulatory role in epigenetic 438
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and genetic processes [21]. Whereas the clonal expan- 439

sion in CLL requires active proliferation, circulating440

cells seem to have an immunologically quiescent phe-441

notype which comes with resistance to apoptotic sig-442

nals. For example, hyper-O-glycosylation of the NF-KB443

transcription factor family prevents the tumor cells from444

apoptosis by keeping the transcription of target genes445

constitutively active [16]. From another point of view,446

since hyper-O-GlcNAcylation of apoptotic pathways447

is reported to elevate their activity [31,32], it is also448

possible that increased proliferation in the early stages449

is associated with increased apoptosis thus, elevating450

cell number does not necessarily mean the absence of451

any control and the current condition of the disease can452

be maintained for a long time without any intervention453

(watchful waiting) [33].454

O-GlcNAcylation has been also reported to reflect455

the disease severity in leukemia through stages. Devel-456

oping high-risk cytogenetic abnormalities or reaching457

an advanced condition which requires therapeutic in-458

tervention resulted in the decrease of O-GlcNAc modi-459

fications in the later stages (Rai II-IV) in the study of460

Shi and colleagues [11]. Our findings might give an461

addition to the prognostic use of O-GlcNAcylation in462

the early phases (Rai 0-I).463

There may be several reasons to elucidate why O-464

GlcNAcylation increases in direct proportion to cell465

number in the first period of the disease and then de-466

creases in later stages regardless of clonal expansion.467

Studies using next generation sequencing revealed the468

genetic complexity of CLL which include several mu-469

tations and copy number alterations which are accu-470

mulated during progression [34] and are related to471

metabolic regulation, such as TP53 [35] and ATM or the472

IGHV mutation status itself [16]. Besides the overall473

alterations, changes of O-GlcNAcylation in the course474

of the disease may involve specific proteins of certain475

signaling routes [15,36,37].476

The requirements of our developed protocol is com-477

parable with routinely used phenotyping procedures for478

flow cytometry. Using our method, we could demon-479

strate significant differences between O-GlcNAcylation480

levels of lymphocytes of healthy control persons and481

CLL patients and revealed the correlation between lym-482

phocyte count and lymphocyte O-GlcNAcylation in the483

early stages of CLL.484

Although we cannot rule out that elevation of case485

number would affect the results, the fact that correla-486

tion of O-GlcNAcylation and lymphocyte number was487

proven within a homogenous IGHV mutated group,488

suggests that glycosylation as a marker for disease pro-489

gression may be used in the mutated group or inde-490

pendently from mutation status where disease course is 491

less severe and it is challenging to obtain information 492

about the progression. Including metabolic parameters 493

of the tumor cells into the diagnostic and follow-up 494

processes of CLL could be a great advantage regarding 495

the estimation of drug sensitivity as well [16]. Given 496

its link to the glycolytic activity of the cells, monitor- 497

ing the changes of O-GlcNAcylation during progres- 498

sion could have an impact on the choice of therapeutic 499

intervention by completing our knowledge about the 500

behavior of the neoplastic cells, besides the already 501

used markers such as lymphocyte doubling time, CD38 502

and ZAP-70 expression [38]. Since glycolytic activity 503

contributes to drug resistance in CLL [16], measuring 504

O-GlcNAcylation could help estimate the potential vul- 505

nerability of the patient to drugs having association with 506

metabolic activities in CLL. 507

5. Conclusions 508

Our proof of concept study demonstrated for the first 509

time that O-GlcNAcylation of the lymphocyte popula- 510

tion in the early stages of CLL (Rai 0-I) is in correlation 511

with total white blood cell and lymphocyte count. We 512

have also shown that detection of this post-translational 513

modification seems to be a potential candidate to be 514

included into the routine follow-up procedures of this 515

disease. 516
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