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Abstract

Clitocybe nebularis lectin (CNL) is a GaINAcf1-4GlcNAc-binding lectin that ex-
hibits an antiproliferative effect exclusively on the Jurkat leukemic T cell line by
provoking homotypic aggregation and dose-dependent cell death. Cell death of
Jurkat cells exhibited typical features of early apoptosis, but lacked the activa-
tion of initiating and executing caspases. None of the features of CNL-induced
cell death were effectively blocked with the pan-caspase inhibitor or different
cysteine peptidase inhibitors. Furthermore, CNL binding induced Jurkat cells
to release the endogenous damage-associated molecular pattern molecule high-
mobility group box 1 (HMGBI1). A plant lectin with similar glycan-binding speci-
ficity, Wisteria floribunda agglutinin (WFA) showed less selective toxicity and
induced cell death in Jurkat, Tall-104, and Hut-87 cell lines. HMGBI1 release was
also detected when Jurkat cells were treated with WFA. We identified the CD45
and CD43 cell surface glycoproteins on Jurkat cells as the main targets for CNL
binding. However, the blockade of CD45 phosphatase activity failed to block ei-
ther CNL-induced homotypic agglutination or cell death. Overall, our results in-
dicate that CNL triggers atypical cell death selectively on Jurkat cells, suggesting
the potential applicability of CNL in novel strategies for treating and/or detecting
acute T cell leukemia.
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1 | INTRODUCTION

Cell surface glycans play important roles in numerous
biological processes. Specific surface glycosylation pat-
terns are distinctive for certain cell types'? but can also
vary, depending on the environment and functional state
of the cells.>* Changes in glycan expression actively di-
rect a variety of biological processes.**> Neoplastic
transformation is accompanied by profound alterations
in both N- and O-glycosylation in healthy cells, leading
to the overexpression of specific glycans.® For example,
the aberrant O-glycans expressed on cancer cell surfaces
occur as saccharide components of membrane-bound N-
acetylgalactosamine (O-GalNAc) glycoproteins (T and Tn
antigen) and glycolipids (Lewis a and Lewis x). Mucin, a
heavily O-GalNAc-glycosylated protein, is overexpressed
and subsequently secreted by cancer cells, especially at
the last stages of malignant progression. Certain glyco-
sylation patterns are often specific to the type and stage
of cancer and they are actively investigated as targets for
immunotherapy and diagnostics.”®

Lectins are non-catalytic proteins that specifically bind
distinct glycan structures. Lectins with known glycan-
binding specificities are powerful tools for detecting
changes in the carbohydrate structures of cellular gly-
coproteins and glycolipids.” Furthermore, most lectins
contain more than one carbohydrate-binding site and can
cross-link cell surface carbohydrates.*’ In this way, they
participate in various cellular processes, including cell
adhesion, migration, differentiation, apoptosis, and pro-
liferation as well as intracellular trafficking, intercellular
interactions, and recognition processes, especially in the
immune system.’ However, the binding of a glycan tar-
get is only the initial step, and the associated downstream
events must be scrutinized for a deeper understanding
of the mechanism of lectin action that is still largely
unknown.

In the past decade, in addition to antibodies, lectins
of mostly plant origin have been used for diagnostic pur-
poses, i.e., for identifying malignant or premalignant cells
or as targeting vectors, due to their capacity to specifically
recognize and distinguish subtle alterations in glycans on
the cell surface."®! One such lectin is Wisteria floribunda
agglutinin (WFA) which binds N-acetylgalactosaminides,
particularly those with LacdiNAc. LacdiNAc is a unique
N-glycan structure found in N- and O-glycans in verte-
brates; however, it is rarely present in mammalian glyco-
proteins.'>!* In humans, the disaccharide group is only
found on N-glycans and has been shown to play an import-
ant role in regulating the half-life of the circulating pitu-
itary glycohormone lutropin in the blood.'* Interestingly,
LacdiNAc levels on the non-reducing termini of N-glycans
of cell surface glycoproteins are changed according to the

progression stages of human cancers, making LacdiNAc
a potentially useful biomarker for cancer progression.'>’
Due to its high specificity, several recent studies have
promoted the use of WFA for detecting overexpressed
LacdiNAc or terminal GalNAc during cancer progression
and growth.'’ Not only did the abundance of LacdiNAc
structures increase in certain cancers, but LacdiNAc was
shown to regulate cancer behavior via modulating protein
functions and signaling pathways in cells.'®

We have previously isolated and biochemically
characterized a lectin from the basidiomycete mush-
room Clitocybe nebularis, designated C. nebularis lectin
(CNL).'>! CNL is a p-trefoil-type lectin that forms ho-
modimers of 15.9 kDa subunits.'® This lectin specifi-
cally recognizes non-reducing N-acetylgalactosamine
(Gal-NAc)-containing carbohydrates including N,N’-
diacetyllactosediamine (GalNAcp1-4GIlcNAc, LacdiNAc)
and human blood group A determinant GalNAcal-
3(Fucal-2) GalB-containing car]:rohydra.tes.19 In this
study, we used recombinant CNL,% which exhibits more
restricted specificity for LacdiNAc than that of its natural
counterpart, to obtain more specific and reproducible re-
sults. We explored the binding and mechanism of action
of CNL on various human cell lines and found that it pro-
voked homotypic aggregation and dose-dependent cell
death selectively in Jurkat cells. Furthermore, we com-
pared the effect of CNL to that of the plant lectin WFA
with similar glycan-binding specificity and also identified
the cell surface glycoproteins on Jurkat cells that are tar-
gets for CNL.

2 | MATERIALS AND METHODS

2.1 | Lectins

Recombinant fungal lectin CNL and the carbohydrate-
binding mutants D20R-CNL (0-CNL) and N110D/L54R-
CNL (Mono2R-CNL) were expressed in Escherichia coli
and purified as described.”> WFA was purchased from
Vector laboratories (L-1350-5), and fluorescein isothio-
cyanate (FITC)-conjugated WFA was purchased from
Hycultec (F-3101-2).

2.2 | Cell cultures

The following cell lines were used: non-differentiated his-
tiocytic lymphoma cells (U937, American Type Culture
Collection (ATCC), Manassas, VA, USA, CRL-1593.2),
malignant non-Hodgkin lymphoma (NK-92, ATCC,
CRL-2407), Burkitt's lymphoma (Raji, ATCC, CCL-86),
acute T cell leukemia (Jurkat, ATCC, TIB-152), acute
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lymphoblastic leukemia (Tall-104, ATCC, CRL-11386),
hairy cell leukemia (Mo T, ATCC, CRL-8066), cutaneous
T cell lymphoma (Hut-87, ATCC, TIB-161), acute promye-
locytic leukemia (HL-60, ATCC, CCL-240), acute mono-
cytic leukemia (THP-1, ATCC, TIB-202), myelogenous
leukemia cells (K-562 ATCC, CCL-243), hepatocellular
carcinoma cells (HepG2, ATCC, HB-8065), colorectal ad-
enocarcinoma (CaCo-2, ATCC, HTB-37), neuroblastoma
cells (SH-SY5Y, ATCC, CRL-2266), cervical cancer cells
(HeLa, ATCC, CCL-2), glioblastoma astrocytoma (U251,
formerly known as U-373 MG, ATCC, HTB-14), likely glio-
blastoma (U87MG, ATCC, HTB-14), prostatic carcinoma
cell line (PC3, ATCC, CRL-1435), and Ras-transformed
human breast epithelial cell line (MCF10A neo T derived
from the MCF-10 cell line, ATCC, CRL-10317). The cells
were grown under ATCC recommended culture condi-
tions; heat-inactivated FBS and 1% penicillin/streptomy-
cin were obtained from Gibco, USA. MCF10A neo T cells
were grown in DMEM/F12 (1:1) medium supplemented
with 5% (v/v) fetal bovine serum (HyClone), 1 pg/ml in-
sulin, 0.5 pg/ml hydrocortisone, 50 ng/ml epidermal
growth factor, 2 mM L-glutamine, 50 U/ml penicillin, and
50 pg/ml streptomycin (Sigma). Human Peripheral Blood
Mononuclear Cells (PBMCs) healthy volunteers were
provided by the Blood Transfusion Centre of Slovenia
(Ljubljana, Slovenia). The cells were maintained at 37°C
in a humidified atmosphere containing 95% air and 5%
CO,.

2.3 | Cell viability assay

The viability of different human cell lines following the
addition of lectins was assessed using the MTS assay
CellTiter 96 AQueous One Solution Cell Proliferation
Assay (Promega, Madison, WI, USA) according to the
manufacturer’s instructions. The following human cell
lines were used: U937, HL-60, NK-92, Jurkat, Tall-104, K-
562, CaCo-2, SH-SY5Y, HeLa, PC3, U251, and MCF10A
neo T. For the MTS cell viability assay, the number of
seeded cells/well varied (0.7 X 10*-6 x 104), depending
on the cell type used. Cells were maintained in the ap-
propriate culture media. Recombinant CNL (100 pg/ml)
was added to the cells in 96-well plates, and cell viability
was assessed after 48 h. For Jurkat cells, CNL in differ-
ent concentrations (5-100 pg/ml) was added to the cells
in 96-well plates, and cell viability was assessed after 48 h.
When required, CA-074, CA-074Me, E64, and E64d inhib-
itors (5 pM, Bachem), lactose (0.1 M final concentration,
Sigma), dasatinib (20 and 50 mM, Sigma), staurosporine
(20 and 50 nM, Sigma), and NH,CI (10 mM) were added to
the culture medium 1 h before the addition of lectin, and
cell viability was assessed after the time points indicated.
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Afterward, the assay was conducted according to the
manufacturer's instructions, and absorbance was meas-
ured at 490 nm on the microplate reader Infinite M1000
(Tecan). The results are presented as percentages of the
corresponding control cells.

2.4 | Cell death detection with
flow cytometry

24.1 | Propidium iodide (PI) staining

The cytotoxicity of CNL was confirmed by flow cytometry
analysis using PI (BD Bioscience). PI does not cross the
cell membrane and only stains DNA in cells when the cell
membrane is disintegrated. Cells were seeded in duplicate
into a 24-well culture plate (6 x 10° cells/well for Tall-104
cells and 2 x 10° cells/well for other cell lines) and treated
with CNL (50 pg/ml). When required, Z-VAD-FMK in-
hibitor (50 pM) was added to the culture medium 1 h
before CNL treatment. After 4 h and 24 h of incubation,
cells were washed with pre-warmed phosphate-buffered
saline (PBS) and further stained with PI solution (30 pM)
for 15 min at 37°C. Cells were then analyzed for cytotoxic-
ity by flow cytometry with FACS Calibur (BD Bioscience,
San Jose, CA, USA). The percentage of Pl+cells was
evaluated using FlowJo software (FlowJO, Ashland, OR,
USA). The results are presented as relative fold increases
of PI+compared to the corresponding control cells.

24.2 | Annexin V/PIstaining

Apoptosis was detected and quantified using a FITC
Annexin V Apoptosis Detection Kit I (BD Bioscience), in
accordance with the manufacturer's instructions. Jurkat
and Tall-104 cells were cultured in a 24-well plate (2 x 10°
cells/well for Jurkat; 6 X 10° cells/well for Tall-104 cells)
and treated with the recombinant lectins CNL, Mono2R-
CNL,and 0-CNL (50 pg/ml)for4 hand 24 h. Untreated cells
were used as control. All experiments were performed in
triplicate. When required, Kp7-6 antagonist (50 uM), lac-
tose (0.1 M final concentration), or necrostatin-1 (30 uM/
ml, Bachem) were added to the culture medium 1 h be-
fore the addition of lectin. After treatment, cells were
washed with cold PBS and resuspended in 500 pl of bind-
ing buffer. FITC-labeled Annexin V (5 pl) and PI (5 pl)
were added to the cells and incubated for 15 min in the
dark. Cell apoptosis was analyzed using a FACS Calibur
flow cytometer (BD Bioscience). The percentage of apop-
totic cells (Annexin V+/PI—) was evaluated using FlowJo
software, and the results were presented as the percent-
age of Annexin V+ (Annexin V+/PI-) and necrotic PI+
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(Annexin V—/PI+ and Annexin V+/PI+) cells. The total
number of events for each experiment was 20,000.

2.4.3 | YO-PRO-1and PI staining

YO-PRO-1 (YP1) is a nuclear marker that binds to the
DNA of dying cells® because its relatively large size
(630 Da) prevents it from penetrating the intact plasma
membrane of living cells. Apoptotic processes jeopardize
membrane integrity and thus allow YP1 to enter cells. YP1
is a very sensitive marker of early cellular events reflect-
ing an early and widespread plasma membrane injury
that allows YP1 penetration into the cells. Apoptotic cells
become permeant to YP1 but remain impermeant to PI,
a dead cell stain. Different cell lines (Jurkat, MoT, THP-
1, U87, Tall-104, NK-92, and U937) and human periph-
eral blood monocytes were seeded into a 24-well culture
plate (2 X 10° cells/well) and treated with CNL (50 pg/
ml) for 4 h and 24 h. Cells were then washed with PBS
and stained with YP1 (YO-PRO-1 Iodide, Thermo Fisher
Scientific) according to the manufacturer's instructions
and analyzed with a FACS Calibur flow cytometer. Where
indicated, the cells were treated with protein tyrosine
phosphatase (PTP) CD45 inhibitor (50 uM, Sigma) 1 h be-
fore the addition of CNL.

2.4.4 | Determination of the reduction of
mitochondrial membrane potential (Adm)

The reduction of mitochondrial membrane potential
(Aym) was determined by staining cells with tetrameth-
ylrhodamine, methyl ester (TMRM) (Thermo Fisher
Scientific), a cell-permeant dye that accumulates in active
mitochondria with intact membrane potentials. Jurkat
cells were seeded into a 24-well culture plate (2 X 10°
cells/well) and treated with CNL (50 pg/ml) for 4 h and
24 h. Cells were then washed with PBS and stained with
TMRM according to the manufacturer's instructions and
analyzed with a FACS Calibur flow cytometer. The inten-
sity of red fluorescence of the cells serves as a measure of
Awym. Data were analyzed with FlowJo software, and the
results are presented as a percentage of Aym relative to
the control (set to 100% Aym).

2.5 | Apoptosis analysis using
ImageStreamX

For apoptosis analysis, 1 X 10° Jurkat or TALL-104 cells
were seeded into 12-well plates and incubated with CNL
or WFA at 50 pg/ml for 4 h and 24 h. After incubation, the

cells were washed with PBS and the nuclei were labeled
with 5 pg/ml Hoechst 33342 (Thermo Fisher Scientific)
in PBS for 5 min. The cells were then washed once in PBS
and resuspended at a cell density of 1-2 x 107 cells/ml in
PBS containing 0.1 M lactose. Cell images of 20,000 cells
were acquired with the ImageStreamX MKII imaging
flow cytometer (AMNIS), and apoptosis analysis was per-
formed using the apoptosis wizard in the IDEAS software
(AMNIS).

2.6 | Measurement of Reactive Oxygen
Species (ROS) production in Jurkat cells

Jurkat cells were cultured in a 24-well plate (2 x 10°
cells/well) and pretreated with 0.5 mM N-acetyl-L-
cysteine (NAC, Sigma) and 5 mM Ferrostatin-1 (Sigma)
for 4 h and 16 h before the addition of lectins. After pre-
treatment, cells were washed with Dulbecco’s phosphate-
buffered saline (DPBS, Invitrogen) and stained with 1 pM
5-(and-6-)-chloromethyl- 2’,7'-dichlorohydrofluorescein
diacetate (CM-H2DCFDA, Invitrogen) for 30 min in
Hanks’ balanced salt solution (HBSS, Invitrogen) at 37°C.
The cells were then incubated for 4 h in phenol red-free
RPMI-1640 medium containing 10% FBS (recovery pe-
riod), in the presence or absence of CNL (50 pg/ml), WFA
(50 pg/ml) or 500 uM H,0, (Life Technologies). Cells were
centrifuged once and resuspended in HBSS. At least 2 X
10* cells per sample were analyzed by flow cytometry. The
data were collected from triplicates Jurkat cell cultures.
Untreated cells were used as control.

2.7 | Measurement of intracellular
pH changes

Intracellular pH was measured using pHrodo Green AM
Intracellular pH Indicator (Thermo Fisher Scientific Inc.)
in accordance with the manufacturer's guidelines. This
reagent can quantify cellular cytosolic pH in the range
of pH 9 to pH 4. Jurkat cells were cultured in a 24-well
plate (2 X 10 cells/well) and pre-treated with 0.5 mM N-
acetyl-L-cysteine (NAC, Sigma) and 0.5 mM N-Acetyl-L-
alanine (NAA, Sigma) for 1 h and 16 h before the addition
of lectins. After pre-treatment, cells were washed with
Dulbecco’s phosphate-buffered saline (DPBS, Invitrogen),
then 10 pl pHrodo™ Green AM was mixed with 100 pl of
PowerLoad™ concentrate and added to the cells in HBSS
for 30 min at 37°C in accordance with the manufacturer’s
guidelines. Subsequently, the cells were plated to a 96-well
plate (4 X 10* cells/well) and treated with CNL (50 pg/
ml), WFA (50 pg/ml) for 4 h. Fluorescence was measured
using the fluorescence microplate reader Infinite M1000
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(Tecan) at an excitation wavelength of 509 nm and an
emission wavelength of 533 nm. The data were collected
from triplicates. Untreated cells were used as control.

2.8 | Measurement of intracellular
calcium level

To measure the intracellular calcium level, we used Fluo-4
Calcium Imaging Kit. This reagent becomes fluorescent
only after its entry into the cell. Jurkat cells (10° cells/
well) in 0.5-ml HBSS were pre-loaded with Fluo-4 (1 uM)
diluted in PowerLoad™ Concentrate and incubated at
37°C for 30 min. The cells were washed with HBSS, resus-
pended in phenol red-free RPMI-1640 medium containing
10% FBS and treated with CNL (50 pg/ml), WFA (50 pg/
ml) or phorbol-12-myristate-13-acetate (PMA) (10 ng/
ml)/ionomycin (calcium ionophore) (500 ng/ml). After
1 min or 1 h incubation, the cells were analyzed using a
FACS Calibur flow cytometer (BD Bioscience). At least 2
x 10* cells per sample were analyzed by flow cytometry.
The data were collected from triplicates of Jurkat cell cul-
tures. Untreated cells were used as control.

2.9 | Caspase activity assay

The activities of caspase-1, -3/7, and -6/8 were meas-
ured in total cell lysates of Jurkat cells (1 X 10° cells/ ml)
treated with CNL (20 pg/ml) or staurosporine (1 uM) for
4 h and 24 using the appropriate fluorescent substrates
(from Bachem): YVAD-AFC, Ac-DEVD-AFC, and Ac-
IETD-AFC for caspase-1, -3/7, and -6/8, respectively.
Fluorescence was monitored continuously for 30 min
using the fluorescence microplate reader Infinite M1000
(Tecan) at an excitation wavelength of 405 nm and emis-
sion wavelength of 535 nm. Results are presented as
changes in fluorescence as functions of time.

2.10 | Western blot analysis of proteins

For the detection of proteins in cell lysates, cells were
seeded into 12-well culture plates (1 X 10° cells/well).
After treatment with or without 50 ug/ml CNL, cells
(Jurkat, U937, K562, Mo T, Tall-104, and NK-92) were
washed with ice-cold PBS and lysed in cell lysis buffer
(50 mM Tri/HCI, pH=8.0, 150 mM NaCl, 1% Triton X-100,
0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA) sup-
plemented with a cocktail of proteases and phosphatases
for 30 min on ice. Lysates were centrifuged at 14,000 g at
4°C for 15 min. Protein concentrations were determined
with the DC Protein Assay (Bio-Rad). Equal aliquots of
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the protein were resolved by SDS/PAGE (12% gels). For
high-mobility group box 1 (HMGB1) analysis, Jurkat and
Tall-104 cells were cultured in a 24-well plate (6 x 10°
cells/well) in FreeStyle 293 Expression Medium (Thermo
Fisher Scientific) and treated with CNL and WFA (50 pg/
ml) for the time points indicated. Heat-induced (56°C
for 5 min and ice for 10 min) and H,0,-induced (0.5 M
for 24 h) necrosis served as a positive control, and treat-
ment with staurosporine (1 uM for 4 h) served as a nega-
tive control. Proteins from 100 ml of cell culture media
were precipitated using the methanol/chloroform proto-
col® and subsequently resolved using SDS/PAGE. The
proteins were transferred to the nitrocellulose membrane.
Subsequently, membranes were incubated with 5% non-
fat dried milk powder in PBS at room temperature for 1 h
to block non-specific binding. Designated proteins were
detected by incubating the membranes overnight at 4°C
with primary antibodies in PBS with 5% non-fat dried
milk powder. The following antibodies were used: poly-
clonal rabbit anti-CNL (BioGenes), monoclonal mouse
anti-human CD45 (MAB1430, R&D system), and mouse
monoclonal anti-human HMGB1 (MAB1690, R&D sys-
tem). The membranes were washed four times for 10 min
in PBS with 1% Tween and then incubated for 1 h with
HRP-conjugated secondary antibodies (Jackson Immuno
Research, West Grove, PA, USA). Finally, the membrane
was washed four times for 5 min with PBS with 1% Tween.
Membranes were re-probed with the primary antibodies
anti-GABDH (Protein tech, 60004-1-1G) and secondary
antibodies conjugated with the fluorescent dyes DyLight
650 or DyLight 550 (Thermo Fischer Scientific). The im-
munoreactive bands were visualized using chemilumines-
cence detection using Clarity Western ECL Substrate and
ChemiDoc Imaging System (Bio-Rad).

211 | Immunofluorescence staining

Immunofluorescence staining was used to assess CNL
localization in cells. For colocalization analyses, Jurkat
and Tall-104 cells were treated with FITC-conjugated
CNL or WFA (both at 100 pg/ml) for 30 min and
180 min. After incubation, the cells were washed in PBS
and cytocentrifuged (Stat Spin Cytofuge, Iris) onto glass
slides. Cells were fixed with 4% paraformaldehyde in
PBS for 15 min at room temperature, washed three times
in PBS, and permeabilized with 0.1% Triton-X in PBS
for 10 min at room temperature. The slides were then
blocked with 3% bovine serum albumin in PBS for 1 h
and incubated with primary antibodies for 1 h. The fol-
lowing primary antibodies were used: affinity-purified
polyclonal rabbit anti-CNL (BioGenes), mouse mono-
clonal anti-human CD45, and CD43 (R&D systems).
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Slides were washed three times in PBS and incubated
for 1 h with the following Alexa-labeled secondary anti-
bodies: goat anti-rabbit Alexa Fluor 488 (CST) and don-
key anti-goat Alexa Fluor 647 (Invitrogen). Nuclei were
stained with Hoechst 33342 (Thermo Fisher Scientific),
and slides were mounted with Prolong Gold mounting
media (Thermo Fisher Scientific).

Membranes were labeled with a membrane-embedded
palmitoylated green fluorescent protein, coded by the
pCAG-GFP plasmid (Addgene, MA, USA). Transfection
of cells was performed one day in advance with
Lipofectamine 2000 Reagent (Life Technologies), follow-
ing the manufacturer’s instructions.

The inhibition of lectin binding and/or its internaliza-
tion was achieved by pre-incubation of CNL (10 pg/ml)
for 30 min at 37°C in a growth medium containing lactose
(0.1 M final concentration). All inhibitors were added to
the cells 1 h prior to CNL treatment.

Immunostained cells were visualized with an LSM-710
confocal microscope (Carl Zeiss, Germany) equipped with
UV (405 nm), Argon (488 nm and 514 nm), and HeNe
(543 nm and 633 nm) lasers and under 63X magnification.
The images were acquired and processed using ZEN soft-
ware (Carl Zeiss).

212 | Membrane protein isolation,
co-immunoprecipitation, and mass
spectrometry

Jurkat cells were grown in appropriate media and har-
vested. Cells were centrifuged and washed two times in
cold PBS. Cells were resuspended in fractionation buffer
(250 mM sucrose, 20 mM HEPES, 10 mM KCI, 1.5 mM
MgCl,, 1 mM EDTA (Serva), 1 mM EGTA (Fluka), 1 mM
dithiothreitol (DTT), pH 7.4) with protease inhibitor
cocktail cOmplete™ ULTRA Tablets, Mini, EDTA-free
(Roche). All subsequent steps were performed at 4°C.
Cells were passed through a 27-gauge needle 10 times and
then lysed in a Dounce homogenizer with 5 pestle strokes.
The cell lysate was incubated for 20 min before centrifu-
gation (5 min, 720 X g). The pellet was washed with fresh
fractionation buffer, passed through the 27-gauge needle
10 times, and centrifuged again (10 min, 720 X g). The two
supernatants were combined and centrifuged (20 min,
12,000 x g). The resulting supernatant was subjected to
centrifugation in a Centrikon T-2070 ultracentrifuge
(Kontron Instruments, Germany) in a TST 28.38 rotor for
45 min at 100,000 X g. The pellet was resuspended, passed
through a 27-gauge needle 10 times, and centrifuged again
(45 min, 100,000 X g). The pellet was dissolved in lysis
buffer (50 mM HEPES, 250 mM NaCl, 0.1% (v/v) NP-40
(Igepal CA-630, Sigma), pH 7.0).

Membrane protein samples (50 pl) were then in-
cubated with CNL (2 pg) in lysis buffer with or with-
out lactose (0.05 M). CNL-target complexes were
co-immunoprecipitated with the magnetic nanoparti-
cles Dynabeads Protein G (Invitrogen) according to the
manufacturer’s instructions. Empty nanoparticles (25 pl)
were labeled with 6 pg of affinity-purified rabbit anti-
CNL (Biogenes) for isolation of CNL complexes. Labeled
nanoparticles were added to mixtures of membrane pro-
tein samples pre-incubated with lectin and incubated for
30 min on a tube rotator. Nanoparticles were heated for
10 min at 95°C in SDS sample buffer with 20 mM DTT,
and the proteins were resolved on precast 8% Precise™
Tris-Glycine gels (Thermo Fischer Scientific). Gels were
silver-stained, individual bands were excised, following in-
gel trypsin digestion, and identified by mass spectroscopy
fingerprinting using an Orbitrap linear trap quadrupole
Velos mass spectrometer coupled to a Proxeon nano-LC
HPLC unit (Thermo Fisher Scientific). Results were an-
alyzed using Scaffold MS software (Proteome Software).

213 | Aggregation

Jurkat, Tall-104 or HL-60 cells (2 x 10* cells in 150 ul
complete media) were seeded into flat-bottom 96-well
plates. Recombinant CNL, CNL mono, CNL-0, or WFA
were added at 50 pg/ml, and lactose was added at 0.1 M.
When required, dasatinib inhibitor (50 pM) or tunicamy-
cin (1 pM, Sigma) were added to the culture medium 1 h
(dasatinib) or 24 h (tunicamycin) before the addition of
lectin. Transmission images of Jurkat and Tall-104 cells
were acquired with the Axio observer (Carl Zeiss) under
10X magnification.

2.14 | Expression analysis of
B4GalNAcT3 and p4GalNAcT4 with
real-time quantitative PCR (qPCR)

Total RNA was extracted from the selected cell lines using
TRIzol reagent (Life Technologies, USA) according to
the manufacturer's instructions and quantified using a
NanoDrop Spectrophotometer (Thermo Fisher Scientific).
First-strand cDNA was synthesized from 1 pg of RNA
using the High-Capacity cDNA Reverse Transcription
Kit with RNase Inhibitor (Thermo Fisher Scientific) and
random primers, according to the manufacturer's instruc-
tions. qPCR reactions were carried out for p4GalNAcT3
and p4GalNAcT4 coding genes and two reference genes
(GAPDH and SF3Al, PrimerDesign, Southampton,
UK) in each sample using FastStart Universal SYBR
Green Master (Rox) (Roche Applied Science, Germany)
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chemistry on a StepOnePlus Real-Time PCR System
(Applied Biosystems, USA). All reactions were per-
formed in a total volume of 10 pl and contained 10-ng
RNA equivalent cDNA and 200 nM of the coding gene
set of sense and antisense primers or 250 nM of the refer-
ence gene primer mix. Previously published primers for
p4GalNACT3 (5'-CTACAGCGCATTGTGAACGT-3’ with
5'-TGGTTCTTCACAGGCACGAC-3")*” and p4GalNAcT4
(5'-CTGGCGTTTTTAACAGTGGC-3" with 5-ATCCTC
GTTGAGCTGGAGTT -3')*® were used. Thermal cycles
were set at 95°C for 10 min, followed by 45 cycles of 95°C
for 10 s, 62°C for 20 s, and 72°C for 20 s, followed by the
melt curve analysis. No template control reactions were
included in the assays. PCR efficiencies were at least 80%
for all primer pairs, and a single melting peak was ob-
served for each primer pair. Relative gene expression was
calculated upon normalization to two reference genes and
corrected for primer-specific PCR efficiency as described
p]‘e\n'ou's.ly.ﬁg

2.15 | Statistical analyses

The results shown are representative of at least two in-
dependent experiments, each performed at least in du-
plicate, and are presented as means + SD. The student'’s
t-test was used for statistical evaluation when two sets of
values were compared. For comparison of three sets of
values, one-way analysis of variance (ANOVA) was used,
followed by Tukey's HSD test for post hoc comparisons;
p < .05 was considered statistically significant.

3 | RESULTS

3.1 | CNL selectively kills Jurkat cells

CNL treatment for 4 h significantly reduced Jurkat cell vi-
ability in a concentration-dependent manner (Figure 1A).
In accordance with our previous results,” the number of
viable Jurkat cells was significantly reduced after incuba-
tion with CNL at concentrations as low as 5 pg/ml, and
100 pg/ml CNL decreased the number of detected live cells
by >80% (Figure 1A). To identify other cell lines suscep-
tible to CNL cytotoxicity, we incubated several different
myeloid (HL-60, U937, K562), lymphoid (Tall-104, NK-92,
Hut-87), and several cancer cell lines of non-immune ori-
gin (CaCo,, U251, SH-SY5Y, HeLa, MCF-10A neoT, PC3)
with the highest used concentration of CNL (100 ug/ml)
for 48 h. However, no significant changes in their viability
were detected (Figures 1B and S5). Moreover, PI staining
and subsequent flow cytometry analysis of T cell leukemia
cell lines (Mo T, Tall-104), an acute monocytic leukemia
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cell line (THP-1), myeloid leukemia cell lines (K562,
U937), lymphoma cell line (NK-92), a glioblastoma cell
line (U87), and PBMCs showed no cytotoxicity after 4 h
and 24 h of treatment with 100 pg/ml CNL (Figures 1C and
S1). Furthermore, no effect on the homotypic aggregation
of myeloid (HL-60) and lymphoid (Tall-104, Hut-87) cells
was detected after 4 h of treatment with 50 pg/ml CNL
(Figures 1D and S5). In contrast, 4 h incubations with dif-
ferent CNL concentrations showed a dose-dependent ho-
motypic aggregation of Jurkat cells (Figure 1E). However,
pretreatment with 0.1 M lactose, which binds to and
blocks the carbohydrate-binding sites of CNL, abolished
the agglutinating effect of CNL (Figure 1E).

3.2 | CNL induces apoptosis-like cell
death without activation of major caspases

To examine the mode of cell death that CNL induces in
Jurkat cells, we initially analyzed the changes in the cell
mitochondrial membrane potential (ym) using TMRM.
Flow cytometry analysis of TMRM staining of the cells in-
cubated with CNL (50 pg/ml) for 4 h and 24 h revealed a
significant increase in the percentage of TMRM-negative
cells only within the Jurkat cells. The percentage of
TMRM-negative Jurkat cells did not significantly increase
with prolonged CNL incubations (Figure 2A).

CNL-treated cells displayed reductions in cell size,
as measured by forward scattering as well as increased
binding of Annexin V (Figures 2B and S2). Together with
simultaneous PI staining, this sensitive method detects
early events that occur during apoptosis and distinguishes
between apoptotic cells displaying externalization of phos-
pholipid phosphatidylserine on the cell surface (Annexin
V+) and dead cells that have already progressed to a loss
of plasma membrane integrity (PI+).*! Incubation with
50 pg/ml of CNL for 4 h resulted in approximately ~30%
of apoptotic (Annexin V+/PI-) and ~40% of (primary or
secondary) necrotic Jurkat cells (PI+). After 24 h of in-
cubation, the percentage of Annexin V+ apoptotic cells
decreased to <20%, and the percentage of necrotic cells
(PI+) increased (Figures 2B and S2). Overall cell death
increased after prolonged incubation with CNL, indicat-
ing also a time dependency of its cytotoxic effects. The
increase in the ratio of Annexin V+ to PI+cells suggests
that primary apoptotic cells transitioned to late apoptotic
(secondary necrotic) cells, implying apoptosis as a mode
of cell death induced by CNL. Furthermore, pretreatment
with 0.1 M lactose abolished the cytotoxic effects of CNL.
As previously published,” both the non-glycan-binding
mutant 0-CNL (CNLO) and the non-dimerizing CNL mu-
tant Mono2R-CNL (CNL mono) showed no toxicity to
Jurkat cells, even at 50 pug/ml (Figure 2B).
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CNL binding induced a typical apoptotic morphology of
the cell nuclei. Using Hoechst 33342 membrane-permeable
dye and imaging flow cytometer AMNIS, we performed

apoptosis analysis and showed clearly condensed DNA
after 4 h and 24 h treatment with CNL, typical for cell
apoptosis but not for cell necrosis (Figure 2C).
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FIGURE 1 The effects of Clitocybe nebularis lectin (CNL) on different human cell lines. (A) The effects of 4 h of incubation with
different CNL concentrations on Jurkat cells. Asterisks above bars indicate statistically significant differences (*p < .05; **p < .01) between
the viability of control and CNL-treated cells. (B) The viability of different cell lines after 48 h of incubation with 100 pg/ml of CNL (grey
bars). Bars represent means + SD of the percentage of control cells (white bars), each assessed in three independent experiments. (C) The
effects of 4 h (grey bars) and 24 h (black bars) of incubation with 100 pg/ml of CNL on different human cell lines. The data were analyzed
using one-way analysis of variance (ANOVA) where ***(p < .001) indicates a significant difference in comparison with the untreated (white
bars) control group. (D) Brightfield images of HL-60 and Tall-104 cells incubated with 50 pg/ml of CNL for 4 h. (E) Brightfield images of
homotypic aggregation of Jurkat cells after 4 h of incubation with different concentrations of CNL (upper panel). Pre-incubation with 0.1 M
lactose (for 1 h) completely abrogated the homotypic aggregation of Jurkat cells after 4 h and 24 h of incubation with 50 ug/ml of CNL

(lower panel). Images were acquired at 10x magnification

The extrinsic pathway of apoptosis is triggered by the
binding of ligands to their cognate death receptors, such
as Fas/FasL. Therefore, the ability of CNL to induce cell
death by association with death receptors was investi-
gated. Jurkat cells were pretreated with Fas/FasL antag-
onist Kp7-6 (0.5 mM) for 1 h and then treated with CNL
(50 pg/ml) for an additional 4 h and 24 h. The Fas/FasL
antagonist had no significant impact on the percentage of
apoptotic (Annexin V+) or necrotic (PI+) Jurkat cells at
both time points examined (Figure 2D).

Caspases are vital mediators of apoptosis. To examine
the activation of the caspase cascade, we first pretreated
cells with Z-VAD-FMK (50 pM), a broad-spectrum irre-
versible inhibitor of the caspase family, and incubated the
cells with CNL (50 pg/ml) for an additional 4 h and 24 h
(Figure 2D). Pretreatment with Z-VAD-FMK did not sig-
nificantly alter the cytotoxicity of CNL at both time points
examined, indicating that caspases do not participate
in the execution of cell death initiated by CNL binding
(Figure 2D). To confirm this assumption, the enzymatic
activity of the main activator (caspase-8) and effector
(caspases-3/7) caspases was measured 2 h and 4 h after
the addition of CNL (50 pg/ml). Staurosporine (1 pM)-
treated Jurkat cells served as positive controls. At both
time points, caspase-3/7 and caspase-8/6 activities did not
increase in CNL-treated Jurkat cells, whereas their activi-
ties were significantly increased upon staurosporine treat-
ment (Figure 2E).

3.3 | CNL induces programmed
necrosis-like cell death

Recent studies indicate that some forms of necrotic cell
death are regulated and controlled by inducer-specific
cellular factors and susceptible to distinct inhibitors.
However, contrary to a multistep cascade driving apop-
totic cell death, only single, inducer-specific events have
been associated with some types of programmed necrosis.
For the best-studied form of necrotic cell death, pyropto-
sis, caspase-1 activation has been shown to be the key in-
ducer. Caspase-1, a member of the family of inflammatory

caspases, is also known as the IL-1f-converting enzyme.
However, no caspase-1 activation occurred 2 h or 4 h
after CNL treatment (Figure 2F). Lysosomal proteolytic
enzymes, particularly lysosomal cathepsins, were shown
to be involved in another form of programmed necrosis,
termed lysosome-mediated necrosis. To determine the
role of lysosomal proteases in CNL-induced cell death,
we used cathepsin inhibitors and the lysosomotropic
agent NH,CL Jurkat cells were pre-incubated for 1 h with
each of the irreversible protease inhibitors, and the cells
were incubated for an additional 4 h or 24 h with CNL
(Figure 2G). Our results showed no significant decrease
in CNL cell toxicity in Jurkat cells pre-incubated with
broad-spectrum cysteine protease inhibitor E64 (5 pM)
or its cell-permeant form E64d (5 pM). Furthermore, pre-
incubation with CA-074 (5 pM), a known cathepsin B in-
hibitor, and its methylated form CA-074-Me (5 pM), the
only inhibitor known to block all forms of programmed
necrotic cell death,”>* did not significantly decrease the
cytotoxic effect of CNL on Jurkat cells. The cathepsin
L-specific inhibitor II (10 nM) also exerted no effects on
Jurkat cell viability upon the addition of CNL. Finally, we
found that the lysosomotropic agent NH,CI (500 uM) did
not affect CNL cytotoxicity at either of the time points an-
alyzed (Figure 2G). Taken together, our findings suggest
that lysosomal (pH-dependent) proteases are not critically
involved in the CNL-induced cell death pathway.

Finally, while apoptotic cells retain their intracellu-
lar content, a form of necrotic cell death termed necro-
ptosis is characterized by the release of intracellular
danger-associated molecular patterns (DAMP) such as
HMGBI. This form of necrotic cell death is induced by
specific death receptors, such as TNF-a, TRAIL, or poly-
I:C, in the absence of caspase activation. HMGBI is one
of the most extensively studied DAMPs and is involved
in the pathogenesis of many inflammatory diseases.
HMGBI1 may be passively released into the extracellular
space as a prototypical DAMP from dying cells or actively
secreted by stressed or activated cells present in any tis-
sue.?* Western blot analysis showed that HMGB1 was re-
leased into the cell culture medium as early as 2 h after
the addition of CNL, increasing further with incubation
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FIGURE 2 Clitocybe nebularis lectin (CNL) kills Jurkat cells through apoptosis-like and necrosis-like cell death. (A) Mitochondrial
membrane (TMRM) staining of different cell lines incubated for 4 h (grey bars) and 24 h (black bars) with 50 pg/ml of CNL. White bars
represent untreated control cells. The data were analyzed using one-way analysis of variance (ANOVA) where ***(p < .001) indicates
significant difference in comparison with the untreated (control) group. (B) Annexin V/PI staining of Jurkat cells incubated with non-
dimerizing CNL mutant Mono2R-CNL (CNL mono), non-glycan-binding mutant CNLO, and recombinant CNL. Stacked bars represent the
percentage of Annexin V+ (white bars) and PI+ (grey bars). Jurkat cells after 4 h (left) and 24 h (right) of incubation with 50 pg/ml of CNL or
its mutant forms. Asterisks above bars indicate statistically significant differences (**p < .01; ***p < .001) between the control and CNL-treated
cells. (C) Apoptosis analysis of Jurkat cells using Hoechst 33342 after 4 h (grey bar) and 24 h (black bar) of incubation with CNL. Control

cell staining is represented with the white bar. Inserts show Hoechst 33342 staining of representative control cell (top) and a cell treated with
CNL for 4 h (bottom). The data were analyzed using one-way ANOVA where ***(p < .001) indicates significant difference in comparison with
the untreated (control) group; “(p < .05) indicates significant difference in comparison with the 4 h treated group. (D) Annexin V/PI staining
of Jurkat cells pre-incubated with Fas/FasL (left) antagonist for 1 h prior to incubation with CNL. Stacked bars represent the percentage of
Annexin V+ (white bars) and PI+ (grey bars) cells after 4 h and 24 h of incubation with 50 pg/ml of CNL. PI staining of cells pre-incubated
with caspase inhibitor Z-VAD-FMK (right) for 1 h prior to 4 h (white superimposed bars) or 24 h (grey superimposed bars) of incubation with
50 pg/ml of CNL. The data were analyzed using one-way analysis of variance (ANOVA) where *(p < .05); **(p < .01); ***(p < .001) indicate
significant difference in comparison with the untreated (control) group. (E) The activity of caspase-3/7 and caspase-6/8 in Jurkat cell lysates

2 h (white superimposed bars) and 4 h (grey superimposed bars) after the addition of CNL (50 pg/ml) or staurosporine (1 pM). The data were
analyzed using one-way ANOVA where ***(p < .001) indicates significant difference in comparison with the untreated (control) group; "*(p
< .001) indicates significant difference in comparison with the 2 h treated group. (F) The activity of caspase-1 in Jurkat cell lysates 2 h (white
superimposed bars) and 4 h (grey superimposed bars) after the addition of 50 pug/ml of CNL or staurosporine (1 pM). The data were analyzed
using one-way ANOVA where ***(p < .001) indicates a significant difference in comparison with the untreated (control) group; ""*(p < .001)
indicates a significant difference in comparison with the 2 h treated group. (G) Jurkat cells after 4 h and 24 h of incubation with 50 pg/ml of
CNL. The viability of Jurkat cells after 1 h of pretreatment with different protease inhibitors and lysosomotropic agent NH,Cl followed by

4 h (white bars) and 24 h (grey bars) of incubation with 50 pg/ml of CNL. (H) Western blot analysis of the release of high-mobility group box
1 (HMGB1) into the cell culture medium after the induction of necrosis (by H,0, and heat stress), apoptosis (1 pM staurosporine), and the
addition of CNL at indicated time points (left). Annexin V/PI staining of Jurkat cells pre-incubated with necrostatin-1 (30 pM/ml) for 1 h prior
to incubation with CNL (right). Stacked bars represent the percentage of Annexin V+ (white bars) and PI+ (grey bars). Asterisks above bars
indicate statistically significant differences (**p < .01; ***p < .001) between the control and CNL-treated cells
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time. In the cell culture medium of control cells and cells
incubated with staurosporine, which at 1 pM induces
apoptosis of Jurkat cells, HMGB1 remained below the
detection level (Figure 2H). Receptor-interacting serine/
threonine-protein kinase 3 (RIPK3) and mixed lineage ki-
nase domain-like pseudokinase were identified as essen-
tial key players in this process, which is often associated
with the initiation of an inflammatory immune response.
However, when the necrostatin-1-specific inhibitor of
RIPK3 was added before the addition of CNL, no sig-
nificant differences were observed in the percentage of
Annexin V+ or Pl+cells compared with CNL-treated
cells (Figure 2H).

3.4 | CNL binds to the surface proteins of
Jurkat cells but is not internalized

Confocal microscopy showed that CNL binds to the
cell surface of Jurkat cells 5 min upon addition, and the
overall pattern of its localization does not change even
after 3 h of incubation (Figure S3). Experiments with
the mutant forms of CNL showed that the bivalency of
the dimer-forming CNL is required for binding to the
cell surface (Figures 3A and S3). After 1 h, 0-CNL (non-
binding mutant of CNL) or Mono2R-CNL (monovalent
non-dimerizing mutant of CNL) did not bind to Jurkat
cells. As in the previous experiments, the 30 min pre-
incubation of CNL with the competitive inhibitor lactose
(0.1 M) completely abolished CNL binding to the cell sur-
face of Jurkat cells (Figure 3A). Despite permeabilization
during staining with anti-rCNL antibodies, the immuno-
cytochemical analysis showed CNL staining only on the
cell surface of U937 and Jurkat cells (Figure S3). Further
analysis of Jurkat and HeLa cells showed that CNL co-
localizes with membrane-embedded palmitoylated GFP
(Figure 3B). The co-localization of mutant forms of CNL,
0-CNL, and Mono2R-CNL in Jurkat and HeLa cells could
not be detected due to low binding and consequent low
fluorescence intensity.

Flow cytometry analysis showed that CNL binds to al-
most all Jurkat cells, whereas it binds to only a fraction
of NK-92, Tall-104, and K562 cells. The binding of CNL
to Mo T and U937 cells was negligible (Figure 3C). The
percentage of Jurkat cells that bind CNL did not change
even after 24 h, whereas the percentage of Tall-104 cells
that bind CNL increased after 24 h.

Western blot analysis of cell lysates after 24 h of incu-
bation with CNL showed several immunoreactive bands.
In the Jurkat cell lysate, the most pronounced bands were
approximately 130 kDa; these were also present, although
much less pronounced, in the cell lysates of Mo T, Tall-
104, and NK-92 cells (Figure S4).

FASEB.......

3.5 | CNL binds to a restricted set of cell
surface glycoproteins on Jurkat cells

Jurkat cell membrane proteins were isolated, incu-
bated with CNL, and the complexes were isolated by
co-immunoprecipitation to determine CNL target pro-
teins. By mass spectrometry analysis and comparison of
co-immunoprecipitation in the absence or presence of
lactose, two membrane glycosylated proteins and three
proteins with non-membrane localization were identified
as targets of CNL (Table 1). The best peptide coverage was
obtained for glycosylated protein tyrosine phosphatase
receptor type C or CD45 antigen (25 and 21 unique pep-
tides). Leukosialin (also known as sialophorin, gp115,
or CD43) was the second membrane-bound glycosylated
target (3 peptides). CD43 is a large sialoglycoprotein that
is abundantly expressed by cells of hematopoietic origin,
including both CD4+ and CD8+ T cells.”” Low coverage
was obtained for glycosylated lysosomal/secreted protease
cathepsin D (4 peptides). Cytoplasmic heat shock protein
HSP90-beta (3 peptides) and importin subunit beta-1
found in the nuclear envelope (4 peptides) are presumably
contaminants from the membrane purification protocol.

In Jurkat and Tall-104 cells, CNL colocalized with
both CD45 and CD43 (Figure 4A,B) after 30 min and 3 h.
CNL exhibited stronger colocalization with CD45, and
CNL staining was much more pronounced on Jurkat cells
compared to Tall-104 and its localization did not change
throughout the duration of the experiment.

The CD45 (leukocyte common) antigen is one of the
most abundant cell surface glycoproteins, comprising
up to 10% of the cell surface area, on all hematopoietic
cells and their precursors, except for mature erythrocytes
and platelets.” Immune system neoplasia, including
rapidly proliferating lymphomas and leukemias, ubig-
uitously expresses CD45 and is dependent on its PTP
activity.”” Multiple CD45 isoforms can be generated by
complex alternative splicing of exons in the extracellu-
lar domain. The expression of different CD45 isoforms
is cell type-specific and dependent on the differentiation
and activation state of the cells.”® However, the expres-
sion patterns for a given population are not absolute, and
a single cell type can express multiple CD45 isoforms.”
Our western blot analysis showed that both NK-92 and
Tall-104 cells exhibit higher CD45 expression than Jurkat
cells (Figure 5A). CD45 expression was low in U937 cell
lysates and below the detection level in K562 and glio-
blastoma U251 and U87 cell lysates. Analysis of the ex-
pression of different CD45 isoforms showed that Jurkat
cells expressed different CD45 isoforms, with CD45RA as
the predominant form. InTall-104 cells, the CD45R0O was
the predominant form (Figure 5B). CD45 has an intrin-
sic tyrosine phosphatase activity and has been implicated
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FIGURE 3 The intensity of Clitocybe nebularis lectin (CNL) binding to different cell lines and its localization upon binding. (A) The
localization of CNL and the mutants 0-CNL and Mono2R-CNL in the absence or presence of 0.1 M lactose in Jurkat cells after 60 min of
incubation. Cells were stained with rabbit polyclonal anti-rCNL antibodies and secondary goat anti-rabbit antibodies conjugated with Alexa
Fluor 488. Images were acquired at 63X magnification. (B) The localization of CNL, 0-CNL, and Mono2R-CNL 3 h after the addition to
Jurkat (left) and HeLa (right) cells transfected with the pCAG-mGFP plasmid for membrane labeling. For CNL labeling, cells were stained
with rabbit anti-CNL antibodies and secondary goat anti-rabbit antibodies conjugated with Alexa Fluor 555. DAPI staining was used to label
nuclei (blue). Images were taken at 63X magnification. Co-localization analysis was performed with ZEN software and the threshold values
were determined using single-stained controls. Pixels with significant intensity levels of both labels are shown in white. (C) Flow cytometry
analysis of CNL binding to different cell lines after 4 h (white bars) and 24 h (grey bars)

TABLE 1 Identification of Clitocybe nebularis lectin targets by peptide mass fingerprinting

Number of unique peptides

Cellular
Protein (UniProt) Identified protein (gene) Glycoprotein localization SampleCNL1 SampleCNL 2
Q92729 Protein tyrosine N-glycosylated Membrane 25 21
phosphatase receptor
type C—CD45 (PTPRU)
P16150 Leukosialin—CD43 (SPN) O-glycosylated Membrane
P07339 Cathepsin D (CTSD) N-glycosylated Lysosome,
Secreted
Q14974 Importin subunit beta-1 No Cytoplasm, 4
(KPNB1) Nucleus
envelope
P08238 Heat shock HSP 90-beta Predicted Cytoplasm 3

(HSP90ABI1)

in cell proliferation, signaling, and differentiation, and
is associated with the B cell receptor during signaling.*
As CD45 phosphatase activity modulates the threshold
of T-cell receptor signaling and activates numerous in-
hibitory factors, it plays a critical role for T-cell prolifer-
ation and survival by regulating the Src family tyrosine
kinases, such as lymphocyte-specific protein tyrosine
kinase and the proto-oncogene protein tyrosine kinases

O-glycosylated

Fyn (p59-FYN) and Lyn. Therefore, we examined whether
the inhibitor of CD45-associated PTP can abolish the cy-
totoxic effects of CNL on Jurkat cells. Flow cytometric
analysis after staining with YO-PRO-1 (YP1), a nuclear
marker that binds to the DNA of dying cells showed that
the pre-treatment of cells with PTP CD45 inhibitor did
not significantly alter the percentage of YO-PRO-1 +,
dying Jurkat cells after treatment with CNL (Figure 5C).
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FIGURE 4 Co-localization of Clitocybe nebularis lectin (CNL) with its target glycoproteins on Jurkat and Tall-104 cells. Jurkat (A) and
Tall-104 (B) cells incubated with CNL for 30 min and 3 h and labeled with antibodies against CNL (green) together with CD45 (red) or CD43
(red). Images were acquired at 63X magnification. Control staining of Jurkat and Tall-104 cells with anti-CNL antibodies in the absence of

CNL is shown in Figure S7

Furthermore, since it was shown that pre-incubation
with protein kinase inhibitors blocks anti-CD45 antibody-
induced cell aggregation®' and death,*> we pre-incubated
Jurkat cells with dasatinib, a small molecule inhibitor
of Abl and Src family tyrosine kinases, including the
lymphocyte-specific protein tyrosine kinase p56Lck, and
low doses of staurosporine, a nonselective protein kinase
C inhibitor before the addition of CNL. However, we
failed to detect significant changes in either homotypic
aggregation (not shown) or viability of Jurkat cells pre-
treated with protein kinase inhibitors after 24 h of incuba-
tion with CNL (Figure 5D). Treatment with tunicamycin,
a well-known inhibitor of N-glycosylation did not affect
CNL-mediated cell aggregation (Figure 5E). Furthermore,
since CD45 tyrosine phosphatase activity was shown to be
regulated by O-glycosylation and sialylation,” we com-
pared the expression of enzymes involved in LacdiNAc
synthesis in these cell lines. The enzymes that transfer
GalNAc from UDP-GalNAc to the non-reduced terminal
N-acetylglucosamine (GlcNAc) of N- and O-glycans in a
p-1,4-linkage are P4-N-acetylgalactosaminyltransferases
(p4GalNACTs), p4GalNACT3 (f4GalNAcT3, GeneBank
ABO089940), and p4GalNAcT4 (f4GalNAcT4, GeneBank
AB089939)."* They show different tissue distribution in
humans, in which the p4GalNAcT3 gene is expressed
abundantly in the stomach, colon, and testis, while the
B4GalNACT4 gene is expressed in the ovary and brain.'**
Furthermore, f4GalNAcTs expression has been shown to
be closely associated with tumor formation, whereas the
expression levels of p4GalNAcT3, p4GalNAcT4, and the

LacdiNAc groups are differentially regulated in individ-
ual tumors.' Our results show different expression lev-
els of these enzymes in different cell lines, with Tall-104
cells showing the highest expression of both enzymes.
Compared to Jurkat cells, p4GalNAcT3 expression was
significantly lower in Raji, K562, and HL-60 cells and
higher in NK-92 and Tall-104 cells. Compared to Jurkat
cells, p4GalNAcT4 expression was lower only in Raji cells
and higher in NK-92 and Tall-104 cells (Figure 5F).

3.6 | WFA is cytotoxic for Jurkat,
Tall-104, and Hut-87 cells

The only other well-characterized lectin that specifically
binds to the LacDiNac disaccharide is WFA, which be-
longs to the leguminous lectin family and shares the Jelly
Roll fold with the well-known plant lectin Concanavalin
A %% Different WFA concentrations (5 ug/ml for Jurkat
(Figure 6A), 25 pg/ml for Tall-104 (Figure 6F), and 50 ug/
ml for Hut-87 (Figure S5A) significantly decreased cell vi-
ability. Flow cytometry analysis showed a significant in-
crease in Annexin V+ cells after 4 h of incubation with
WFA which did not significantly increase at the longer
incubation time point (24 h) for all cell lines tested.
However, the percentage of PI+, i.e., primary/secondary
necrotic, cells was approximately 80% in all cell lines and
remained unchanged after 24 h, implying that WFA in-
duces necrotic-like cell death very quickly (Figures 6B,G
and S5B). For all cell lines, it was shown that the 4 h
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FIGURE 5 The binding of Clitocybe nebularis lectin (CNL) to CD45 in different cell lines. (A) Western blot analysis of CD45 expression
in different cell lines. (B) Flow cytometry analysis of the expression of two different isoforms of CD45 (CD45RA and CD45RO0) in different
cell lines. (C) Flow cytometry analysis of the viability of Jurkat, NK-92, Tall-104, and U937 cells after 24 h of incubation with CNL in the
presence or absence of a specific inhibitor of CD45-associated protein tyrosine phosphatase (PTP) (10 uM). Asterisks above bars indicate
statistically significant differences (**p < .01; ¥***p < .001) between the control and CNL-treated cells. (D) The viability of Jurkat cells after

1 h of pretreatment with dasatinib and staurosporine followed by 24 h of incubation with (grey bars) or without (white bars) 50 pg/ml

of CNL. (E) Brightfield images of Jurkat cells treated with tunicamycin for 24 h and with (right) or without (left) 50 pg/ml of CNL for an
additional 4 h. (F) The relative expression levels of p4GalNAcT3 and p4GalNAcT4 in different cell lines were determined by qPCR. Data
from three independent experiments are presented as mean + standard deviation
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incubation with WFA induces homotypic aggregation of
cells, which increases after 24 h (Figures 6D,H and S5C).
Both homotypic aggregation and the cytotoxic effect of
WFA were blocked by pre-incubating cells with 0.1 M
lactose (Figure 6D,H). Western blot analysis of Jurkat cell
culture medium revealed a significant release of HMGB1
that increased with longer incubation periods (Figure 6C).
Strong colocalization of WFA with the CD45 was detected
in both Jurkat and Tall-104 cells, whereas co-localization
with CD43 was less pronounced (Figure 6E,I).

4 | DISCUSSION

In the past decade, fungal lectins have attracted growing
interest due to their antitumor activities. Several lectins
isolated from edible mushrooms have shown antiprolif-
erative activity against different human cell lines.**™’
However, that antitumor ability stems from the induction
of programmed cell death has so far only been demon-
strated for the lectins isolated from the Kurokawa mush-
room® and Agrocybe aegerita (AAL).*' Our testing on
multiple tumor cell lines of immune and non-immune
origin showed that CNL induces atypical cell death selec-
tively on Jurkat cells. This distinguishes CNL from most of
the fungal lectins described thus far that has been shown
to be toxic on multiple human cell lines.***?

Many of the biological activities of lectins are based on
multivalent lectin carbohydrate interactions, as shown for
human homodimeric galectin-1, which induces apoptosis
of human T cells by cross-linking and segregating specific
receptors on the cell surface.** Although CNL possesses
only one carbohydrate-binding site per monomer, it is, as
a homodimeric structure, bivalent.'>?” Dimerization and
carbohydrate-binding were shown to be necessary for
CNL interaction with Jurkat cells.”” Similar results were
obtained for NK-92 and Tall-104 cells (data not shown).
Furthermore, the cytotoxic effect on Jurkat cells was not
detected upon incubation with either the non-dimerizing
CNL mutant or preincubation with lactose.”’ Among
mushroom lectins, the requirement for dimerization and
bivalent carbohydrate-binding for cytotoxicity has so far
only been shown for the A. aegerita lectin.*'

In this study, CNL bound to the cell surface almost
immediately and was still detected on the cell surface
after 48 h. Unlike galectin-1 and A. aegerita lectin, which
were shown to exert their cytotoxic function by invading
cells upon binding," CNL internalization was not de-
tected even after 18 h of incubation, implying that it rec-
ognizes and cross-links specific glycan ligands on Jurkat
cells, which leads to signal transduction and subsequent
cytotoxic effects. The same functional pathway was
shown for three other p-trefoil-type lectins: Rhizoctonia

FASEB.......

solani agglutinin (RSA), Sclerotinia sclerotiorum aggluti-
nin (SSA), and Coprinopsis cinerea lectin 2 (CCL2) that
induced apoptosis of their respective target cells without
cell internalization.'”> However, for another p-trefoil-fold
lectin, Boletus edulis lectin (BEL) carbohydrate-binding
and internalization into cells were shown to be important
for its antiproliferative effect.** Interestingly, another rep-
resentative of the p-trefoil-type lectins, Macrolepiota proc-
era lectin, was shown to be non-toxic for different human
cell lines,*® implying different functional pathways among
structurally similar p-trefoil-fold lectins.

Similarly, to galectin-1 binding to Jurkat cells, CNL
binding stimulates the cell surface expression of phos-
phatidylserine, an early indicator of apoptosis*® re-
viewed in Ref. [32]. Furthermore, galectin-1-mediated
ligation of CD45 was shown to be necessary for this pro-
cess in Jurkat cells. However, unlike galectin-1-induced
cell death,gz‘% CNL-induced cell death was not inhibited
by the pan-caspase inhibitor. In addition, whereas kifu-
nensine (which blocks the formation of complex-type
N-glycans) inhibited phosphatidylserine exposure on the
cell membrane of Jurkat cells treated with recombinant
human galectin-1,” tunicamycin (an inhibitor of the
initial step of protein N-glycosylation) did not affect the
induction of phosphatidylserine (not shown) nor homo-
typic aggregation of CNL-treated Jurkat cells. This sug-
gests that these effects are mediated through binding to
O-linked glycans.

CNL also causes chromatin condensation and mem-
brane and mitochondrial hallmarks of apoptosis, which
occur without the activation of caspase-3.* To better un-
derstand the signaling pathways involved in CNL-induced
cell death, we attempted to block cell death with inhibitors
that have been shown to block lymphocyte apoptosis and
different forms of programmed necrosis. The Fas-FasL
pathway exhibited no involvement in CNL-induced cell
death. Furthermore, the inhibition of RIPK3 and a wide
range of lysosomal protease inhibitors that have been
shown to block several types of programmed necrosis™
failed to significantly affect the cytotoxic effects of CNL.
We have shown that CNL induces the time-dependent
release of HMGB1, which exhibits proangiogenic® as
well as chemotactic activity on several types of immune
cells, including monocytes, macrophages, neutrophils,
dendritic cells,***° enterocytes, smooth muscle cells, and
endothelial cells.**>' Moreover, ferrostatin-1, an inhibitor
of ferroptosis, an iron-dependent form of regulated necro-
sis,”* had no effect on CNL cytotoxicity and CNL did not
induce alkaliptosis, a pH-dependent form of cell death™
(Figure S6).

Our study to identify CNL-interacting molecules
points to the heavily glycosylated external domains of
CD43 and CD45 as major CNL targets on the membrane
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of Jurkat cells. These are the most abundant glycopro-
teins on the lymphocyte cell surface that are involved in
many cell functions.”*** The binding of CNL to the car-
bohydrate part of CD43 and CD45 could be inhibited by

lactose, as detected by the lack of signal obtained from
the solubilized Jurkat membrane preparations when lac-
tose was added before CNL binding. It is well established
that CD45 surface expression alone does not render cells
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FIGURE 6 The effects of Wisteria floribunda agglutinin (WFA) on Jurkat and Tall-104 cells. The viability of Jurkat (A) and Tall-104 (F)
cells after 4 h incubation with different WFA concentrations. Asterisks above bars indicate statistically significant differences (***p < .001)
between the control and WFA-treated cells. Flow cytometric analysis of Annexin V/PI-stained Jurkat (B) and Tall-104 (G) cells after 4 h and
24 h of incubation with 50 pg/ml of WFA. Bars represent means + SD of the percentage of control cells (white bars). The data were analyzed
using one-way analysis of variance (ANOVA) where *(p < .05); **(p < .01); **(p < .001) indicate significant difference in comparison with
the untreated (control) group; “(p < .05) indicates significant difference in comparison with the 4 h treated group. (C) Western blot analysis
of high-mobility group box 1 (HMGB1) release into the cell culture medium at indicated time points after the addition of Clitocybe nebularis
lectin (CNL), WFA, and staurosporine. Brightfield images of Jurkat (D) and Tall-104 (H) cells after 4 h and 24 h treatment with 100 pg/ml
of WFA in the presence or absence of 0.1 M lactose. Images were acquired at 10x magnification. Jurkat (E) and Tall-104 (I) cells incubated
with FITC-conjugated WFA (green) for 30 min and 3 h and labeled with antibodies against CD45 and CD43 and secondary goat anti-rabbit

antibodies conjugated with Alexa Fluor 555 (red). Images were acquired at 63X magnification

sensitive to CD45-mediated cell death.*> However, the use
of mAbs for specific CD45 epitopes provides unequivocal
evidence that cross-linking of CD45, alone or with acti-
vating signals, can initiate cell death.”* CNL-induced cell
death displays several similarities with CD45-ligation-
induced cell death. First, it appears to be independent of
CD45 phosphatase activity, as the inhibition of phospha-
tase did not block the cytotoxic effects of CNL. Studies
showed that a CD45 mutant molecule lacking the func-
tional phosphatase domain can mediate the effects of
mAbs leading to cell death.*? Second, the CNL-induced
apoptotic process, although showing hallmarks of apopto-
sis such as decreased mitochondrial membrane potential
and phosphatidylserine translocation, does not result in
caspase activation, which is also a prominent feature of
CD45-ligation-induced apoptosis.*? Third, CNL-mediated
cell death is very rapid, with approximately 60% of cells
dying within the first 4 h of the treatment. Similarly,
CD45-mediated cell death was shown to be very rapid,
displaying maximum effects within 6-8 h. However, con-
trary to previous studies showing efficient blockade of
CD45-mediated cell death with tyrosine kinase inhibitors,
such as protein kinase C inhibitor, sphingosine, and her-
bimycin A,*? we were not able to demonstrate inhibition
of CNL-induced cell death using dasatinib and low doses
of staurosporine. Therefore, although cell death via CNL
displays morphological similarities to apoptosis via CD45,
the latter mode of cell death is considered to be a cyto-
plasmic, non-inflammatory cell death, generating signals
sufficient to induce phagocytosis.

CNL-induced cell death is characterized by the conden-
sation of nuclear chromatin, exposure of phosphatidylser-
ine without the activation of caspases, and leakage of the
nuclear protein HMGBI into the cell culture medium—
features that collectively suggest an atypical form of cell
death. Some examples of the successful killing of neoplas-
tic cells by alternative cell death pathways have already
been reported in the literature. For instance, CD47 liga-
tion by thrombospondin or by specific antibodies has been
shown to induce caspase-independent cell death in B-cell
lymphocytic leukemia cells isolated from patients.*

Although the expression of different CD45 isoforms
changes with the maturation and activation status of T
cells, direct cross-linking of specific isoforms is likely not
the case, as isoform-specific mAbs are less efficient in in-
ducing apoptosis.”® The susceptibility of certain cells to
CD45-induced cell death could be, however, increased by
the spontaneous homodimerization of CD45 molecules
as well as their interaction with cis-interacting partners
at the cell surface, such as CD2, CD7, CD26, and CD90,
or subcellular localization into specialized lipid micro-
domains that could allow the transmission of death sig-
nals. The extracellular and transmembrane domains of
CD45 were shown to mediate lateral associations with
other cell-surface proteins such as T-cell receptor CD4,
CD2, CD7,CDY0, and lymphocyte function-associated an-
tigen (LFA)—I.SE' Finally, apart from CD45, the effects of
CNL on Jurkat cells could be a consequence of its binding
to CD43 receptors, as a number of studies have shown that
CD43 engagement induces apoptosis of T cells and hema-
topoietic progenitor cells.’’ %

Homotypic aggregation of Jurkat cells was almost in-
stant upon the addition of CNL and increased with longer
incubation times. This can be partially attributed to CD45
binding, as CD45 has been shown to regulate adhesion
mediated by the binding of integrin LFA-1 to intercellular
adhesion molecule (ICAM)-1 and ICAM-3 and to induce
homotypic interactions in activated human T cells* and
thymocytes.”® In addition, CD43 is thought to mediate
antiadhesive effects due to the physical barrier formed
by its highly negatively charged and rigid rod-like struc-
ture. Accordingly, one study has demonstrated that CD43-
deficient T cells have increased adhesive properties.®'
Upon the addition of anti-CD43 mAbs, the aggregation
process starts within minutes and reaches a maximum
level after 6-18 h. Therefore, the aggregation of Jurkat
cells upon CNL addition could be a consequence of CD43
cross-linking and masking of an antiadhesive process. In
U937 cells, the serine/threonine phosphorylation pathway
and activation of protein kinase C act as a negative reg-
ulatory mechanism of CD43-induced aggregation, as the
nonselective protein kinase C inhibitor staurosporine did
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not inhibit but even augmented CD43-induced homotypic
aggregation.®” In line with this data, dasatinib (a protein
tyrosine kinase inhibitor targeting the Src family tyrosine
kinases and Abl family kinases) and staurosporine failed
to abolish CNL-induced homotypic aggregation of Jurkat
cells. It is worth noting that cell glycolipids as potential tar-
gets were also studied by lectin blot analysis on thin layer
chromatography-resolved glycolipids as described®*; how-
ever, no apparent targets of CNL binding were observed.

In normal PBMCs, no CNL binding or cytotoxicity was
detected. This is similar to the case of the already well-
studied Agaricus bisporus lectin (ABL), which selectively
inhibits the proliferation of human malignant epithelial
cell lines without toxicity for normal cells.*® The selectiv-
ity of the ABL derives from its binding to the Thomsen-
Friedenreich antigen (the T-antigen or disaccharide
Galp1-3GalNAc), which is bound to either serines or thre-
onines in glycoproteins and exposed on the surface of neo-
plastic cells.® Similarly, the presence of the disaccharide
LacDiNac motif, upregulated mostly on neoplastic cells,
is required for CNL binding.” The expression of the en-
zymes that are required for LacdiNAc synthesis was not
significantly higher in Jurkat cells compared to other cells
used in the study in which CNL showed no toxicity, in-
dicating that glycosylation alone is not the cause of CNL
selectivity. The same specificity for LacdiNAc is shared
only with WFA.® Both CNL and WFA form hydrogen
bonds exclusively with the GalNAc moiety. GalNAc forms
six hydrogen bonds with CNL and seven hydrogen bonds
with WFA; WFA also forms a larger buried surface area
to the GIcNAc moiety than CNL.° Both lectins have been
shown to bind to Jurkat cells, induce DNA condensation
and phosphatidylserine exposure on cell surfaces, and
trigger HMGBI release. However, we have shown that, in
addition to Jurkat cells, WFA is cytotoxic to Tall-104 and
Hut-87 cells as well. This difference in selectivity may be
attributed to the size, fold, and quaternary structure of
the active forms of CNL compared with WFA. The mo-
lecular mass of the CNL dimer is 32 kDa, while that of
the WFA tetramer is 110 kDa. Another difference is prob-
ably in the secondary glycan-binding specificity of these
lectins that specifically binds LacdiNAc. However, CNL
also shows specificity for GalNAcal-3[Fucal-2]Galp-
terminating glycans,'>?’ while WFA binds to GalNAc- and
Gal-terminating glycans.*

In conclusion, our results indicate that CNL binds to
several types of leukemia cells but specifically kills only
one type of cancer cell line that is representative of acute T
cell leukemia (Jurkat cells) through a mechanism distinct
from the other forms of programmed cell death reported
to date. This selective targeting of Jurkat T cells may re-
flect the potential applicability of CNL in novel strategies
for treating and/or detecting acute T cell leukemia.
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