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ABSTRACT: Alterations in glycosylation cause the emergence of tumor-associated carbohydrate antigens (TACAs) during
tumorigenesis. Truncation of O-glycans reveals the Thomsen nouveau (Tn) antigen, an N-acetylgalactosamine (GalNAc) frequently
attached to serine or threonine amino acids, that is accessible on the surface of cancer cells but not on healthy cells. Interestingly,
GalNac can be recognized by macrophage galactose lectin (MGL), a type C lectin receptor expressed in immune cells. In this study,
recombinant MGL fragments were tested in vitro for their cancer cell-targeting efficiency by flow cytometry and confocal microscopy
and in vivo after administration of fluorescent MGL to tumor-bearing mice. Our results demonstrate the ability of MGL to target Tn-
positive human tumors without inducing toxicity. This outcome makes MGL, a fragment of a normal human protein, the first vector
candidate for in vivo diagnosis and imaging of human tumors and, possibly, for therapeutic applications.
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■ INTRODUCTION

The external surface of prokaryotic and eukaryotic cells is
typically covered by a dense and diversified array of glycans1

resulting from complex enzymatic processes that generate
polymeric sugars covalently linked to proteins or lipids;2 these
processes are frequently altered during oncogenic trans-
formation, which leads to the appearance of tumor-associated
carbohydrate antigens (TACAs) on cancer cells.3 Common
alterations are increased amounts of sialylated Lewis antigen
and sialylated and polysialylated glycosylation, ectopic
fucosylation leading to abnormal glycoconjugate levels, altered
branching of N-glycans, and truncated O-glycans.4,5

The appearance of N-acetylgalactosamine (GalNAc) on the
surface of cancer cells results from altered glycosylation.6 The
principal antigen harboring terminal GalNAc is the Thomsen
nouveau (Tn) antigen (GalNAcαO-Ser/Thr), which is
frequently detected in cancers (90% of carcinomas) but is
not present or is masked on healthy cells.7,8 The presence of
this Tn antigen is caused by a mutation in the tumor-expressed
Cosmc gene, which has been correlated with metastasis
formation and poor prognosis.9,10

The role of the Tn antigen is not fully understood, but it is
known that it can be recognized by macrophage galactose
lectin (MGL) expressed in dendritic cells and macrophages.
This recognition by immune cells can lead to immunosup-

pressive effects and may allow tumors to escape the
surveillance of the immune system.11−13

Antibodies targeting the Tn antigen have been developed,
but their specificity remains questionable,14−16 and there are
no ongoing clinical studies using these antibodies, to the best
of our knowledge.15 It is thus necessary to develop Tn-
targeting molecules that can eventually be injected in patients.
The high selectivity and specificity of lectins, constituting a

family of proteins capable of specifically and reversibly binding
to certain carbohydrates without modifying them, makes them
good candidates for cancer diagnostics, especially since most
validated cancer biomarkers are glycoproteins.17 Some lectins
are currently used in vitro to detect altered glycosylation in
cancers, such as Lens culinaris lectin and Vicia villosa lectin,
which are both extracted from plants and validated by the
FDA,18,19 but because of their nonhuman origins, these lectins
cannot be administered in humans.
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In 1988, K. Drickamer’s team20 used the term C-type lectin
to identify calcium (Ca2+)-dependent lectin receptors.21 These
lectins bind to sugars via a highly conserved carbohydrate
recognition domain (CRD) and can be either soluble or
membrane-bound. Membrane-bound lectins are composed of a
cytoplasmic domain, a transmembrane region, and an
extracellular domain (ECD), which includes the CRD and
often an oligomerization domain (also called a neck).
Macrophage galactose lectin (MGL, also named CLEC10A
and CD301) is a receptor expressed on the surface of some
dendritic cells (DCs) and macrophages.22 Among C-type lectin
receptors on immune cells, the canonic isoform of MGL
recognizes N-acetylgalactosamine (GalNAc) with high affin-
ity,11 while different splice variants of MGL can more broadly
recognize ligands.23 The other unique example of a specific
lectin for GalNAc is the asialoglycoprotein receptor (ASGPR),
which is specifically expressed in liver cells.24

In this study, we generated and characterized recombinant
MGL fragments and tested them first in vitro for their Tn-
specific cell targeting efficiency. We then investigated the
ability of MGL to diffuse inside three-dimensional (3D)
cultured spheroids. Finally, we demonstrated the specific
labeling of tumors engrafted in mice after intravenous
administration of a near-infrared fluorescent MGL.

■ MATERIALS AND METHODS
Production of MGL Constructs. The extracellular domain

(ECD) of MGL, residues 61−292, was produced as previously
described.25

The MGL carbohydrate recognition domain (CRD) was
based on the smaller sequence corresponding to residues 156
to 292 only inserted in pET30b with an N-terminal His-Tag
followed by a TEV proteolytic site. MGL CRD was expressed
in Escherichia coliBL21(DE3) in 1 L of Luria broth (LB)
medium supplemented with 50 μg/mL kanamycin at 37 °C.
Expression was induced for 3 h with 1 mM isopropyl 1-thio-D-
galactopyranoside (IPTG) when the culture reached an
OD600 nm of 1.2−1.5. The protein was expressed in the
cytoplasm as inclusion bodies. Cells were pelleted by a 20 min
centrifugation at 2000g at 4 °C. The pellet was resuspended in
30 mL of buffer 25 mM Tris−HCl pH 8, 150 mM NaCl, 4 mM
CaCl2, and one antiprotease tablet (cOmplete, ethylenediami-
netetraacetic acid (EDTA) free Protease inhibitor cocktail,
Roche). Bacteria were disrupted by sonication, and cell debris
was eliminated by centrifugation at 100 000g for 1 h at 4 °C.
The pellet was resuspended, washed, and recovered by
centrifugation (100 000g for 30 min at 4 °C) two times
using successively 30 mL of buffer 25 mM Tris−HCl pH 8,
150 mM NaCl, 2 mM urea, and 1% Triton and then 30 mL of
buffer A with 0.01% β-mercaptoethanol.
Then the resulting inclusion body pellet was finally

solubilized with 2 M ammonium hydroxide. The sample was
centrifugated at 100 000g for 30 min at 4 °C and the MGL
concentration adjusted at 2 mg/mL with 2 M ammonia, using
MGL ECD ε(280) = 63 430 M−1 cm−1. The refolding is
conducted by a global 10-fold dilution by a drop-by-drop
addition within buffer 25 mM Tris−HCl pH 7.5, 500 mM
NaCl, 25 mM CaCl2. The protein solution is then dialyzed
against 10 volumes of C buffer exchanged three times.
Insoluble proteins were eliminated by centrifugation at
100 000g for 1 h at 4 °C. The protein was purified on
HisTrap HP column GE Healthcare, eluted with buffer 25 mM
Tris pH 8, 150 mM NaCl, 4 mM CaCl2, 200 mM imidazole.

Fractions containing the protein of interest were selected and
dialyzed against buffer 25 mM Tris pH 8, 4 mM CaCl2 and at
the same time, the poly-histidine tag was cleaved off with TEV
protease (1 mg for 6 mg of protein at 4 °C). Protein was
further purified onto ion-exchange chromatography column
(Mono Q 5/50 GL, GE-Healthcare), eluted within a 20 mL
linear gradient of NaCl between A buffer 25 mM Tris pH 8, 4
mM CaCl2 and B buffer 25 mM Tris pH 8, 4 mM CaCl2, 1 M
NaCl, from 0 to 100% of B. Active protein was selected with a
GalNAc-Agarose affinity column (Sigma) and eluted with
buffer 25 mM Tris−HCl pH 8, 150 mM NaCl, 10 mM EDTA.
The protein pool containing protein of interest was then
loaded onto a 125 mL Toyopearl HW-50S size exclusion
column (Tosoh Bioscience) equilibrated in buffer 25 mM
Tris−HCl pH 8, 150 mM NaCl, 4 mM CaCl2. Eluted fractions
were analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) (12%), and fractions containing
ECD were pooled and concentrated using a 5 kDa molecular
weight cutoff (MWCO) ultrafiltration membrane.

Characterization of ECD and CRD Affinity by Surface
Plasmon Resonance (SPR). SPR experiments were per-
formed on a Biacore T200 using a CM3 series S sensor chip.
Flow cells were activated as previously described.26 Flow cell 1
was functionalized with bovine serum albumin (BSA), blocked
with ethanolamine, and subsequently used as a control surface.
Flow cells 2 and 3 were functionalized with 30 μL of BSA-
GalNAc (60 μg/mL) in 10 mM NaOAc pH 4 and blocked
with ethanolamine. The final densities on flow cells 2 and 3
were about 2900 RU. MGL ECD was injected at different
concentrations ranging from 9 μM to 1.2 nM. Injections were
performed at 20 μL/min using 25 mM Tris−HCl pH 8, 150
mM NaCl, 4 mM CaCl2, 0.05% P20 surfactant as running
buffer. Association time was 250 s, and dissociation time was
150 s. The surface was regenerated by the injection of 50 mM
EDTA for 10 s at 100 μL/min. The data were analyzed with
Biacore BIAevaluation software using a steady-state affinity
model for Kd determination.

Analytical Ultracentrifugation. Sedimentation velocity
experiments were performed at 42 000 rpm (130 000g) and 4
°C, on an analytical ultracentrifuge XLI, with a rotor Anti-60
(Beckman Coulter, Brea) and double-sector cells of optical
path-length 0.15 or 1.2 cm equipped of Sapphire windows
(Nanolytics, Potsdam, DE). The reference buffer was 25 mM
Tris pH 8, 150 mM NaCl, 4 mM CaCl2. Acquisitions were
made using absorbance at 280 nm, and interference (655 nm)
optics. Data were processed with REDATE v1.0.1 and then
analyzed with SEDFIT v16.1 for c(s) analysis.27,28 Data
resulting from SEDFIT analysis were exported to GUSSI v
1.3.2 for integration and figures.29 The Svedberg equation was
used to analyze the values of the sedimentation coefficient, s

ρ= − ̅s M v N phR(1 )/ 6A H

with M the molar mass, ρ and η the buffer density and
viscosity, respectively, NA Avogadro’s number, and RH = R0 f/f 0
the hydrodynamic radius, where R0 is the radius of the
anhydrous volume and f/f 0 is the frictional ratio.
Buffer density (1.007 g/mL) and viscosity (1.601 cP) were

calculated with SEDNTERP v 20130813 β.30 For MGL ECD,
M = 23160 Da and v̅ = 0.706 mL/g were calculated from
sequence with SEDFIT.

Labeling of MGL ECD with Alexa Fluor 680.MGL ECD
was dialyzed against 20 mM 4-(2-hydroxyethyl)-1-piperazinee-
thanesulfonic acid (HEPES) pH 8, 150 mM NaCl, 4 mM
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CaCl2 to eliminate Tris. MGL ECD at 5.3 mg/mL was labeled
with Alexa Fluor 680 NHS Ester (succinimidyl ester) (Thermo
Fisher Scientific) at 0.5 mg/mL for 2 h at room temperature
and 4 h at 4 °C. After labeling, the mixture was dialyzed against
20 mM HEPES pH 7.4, 150 mM NaCl, 4 mM CaCl2 to
discard the excess of Alexa Fluor 680. The degree of labeling of
the protein was calculated to 0.8 using the following formula

ε
=

[ ] ×
A

degree of labelling
protein

680nm

dye

The labeled protein was purified from the reaction mixture by
size exclusion chromatography on a Toyopearl HW-50S
column (Tosoh Bioscience) and eluted with 20 mM HEPES
pH 7.4, NaCl 150 mM, 4 mM CaCl2.
Cell Lines and 2D Cell Culture Conditions. HT29 is an

epithelial cell line of human colon cancer (ATCC HTB-38).
The cells were maintained in McCoy’s 5A (GibcoLife
Technologies) medium supplemented with 10% of inactivated
fetal bovine serum (FBS) (Dutscher) and kept at 37 °C in a
5% CO2 humidified atmosphere.
A549 (epithelial cell line of carcinoma lung cancer (ATCC

CCL-185)) and H322 (bronchioalveolar carcinoma, non-small
cell lung cancer, ATCC CRL-5806) cell lines were maintained
in RPMI medium (GibcoLife Technologies) supplemented
with 10% of inactivated FBS and kept at 37 °C in 5% CO2
humidified atmosphere.
3D Culture of Spheroids. HT29 spheroids were created

by plating HT29 (25 000 cells/well) cells into 96-well round-
bottom ultra-low attachment spheroid microplates (Corning,
Tewksbury, MA). The spheroid culture was maintained in
McCoy’s 5A medium with 10% FBS in a humidified
atmosphere with 5% CO2. Spheroid growth was monitored
by microscopic examination with an inverted microscope.
Evaluation of Tn Expression by Flow Cytometry. Cells

were grown and harvested at 70% confluency. The cells were
washed with phosphate-buffered saline (PBS) 1× (Gibco
Life Technologies) and resuspended with Trypsin-EDTA
(GibcoLife Technologies). A total of 1 million cells were
rinsed in PBS + 10% FBS and then incubated with an anti-
CD175 mouse monoclonal antibody (Bric111, Thermo Fisher
Scientific) with a 1/50 dilution for 1 h at room temperature.
After rinsing in PBS, the cells were incubated with a secondary
anti-mouse Ig1 antibody conjugated with Alexa Fluor 488 with
a 1/250 dilution for 1 h at room temperature. Then, the cells
were washed with PBS and analyzed by flow cytometry (Accuri
C6 BD).
For HPA staining, cells were grown and harvested as

previously described. Resuspended cells were washed with PBS
1× and labeled with different concentrations of HPA-Alexa
Fluor 647 (Thermo Fisher Scientific) (0; 0.005; 0.001; 0.005;
0.01 μM) for 30 min at room temperature. The cells were
washed with PBS 1× and analyzed by flow cytometry (Accuri
C6, BD).
Labeling of Cells by MGL for Flow Cytometry and

Microscopy. Cells were grown and harvested as previously
described. Resuspended cells were washed with buffer 20 mM
HEPES pH 7.4, 137 mM NaCl, 2 mM CaCl2, 4 mM KCl and
labeled with different concentrations of MGL ECD-Alexa
Fluor 680 (0; 0.01; 0.05; 0.1; 0.5 μM) for 30 min at room
temperature. The cells were washed with buffer 20 mM
HEPES pH 7.4, 137 mM NaCl, 2 mM CaCl2, 4 mM KCl and
analyzed by flow cytometry (Accurry C6 BD).

For confocal microscopy, 500 000 H322 cells and 125 000
HT29 or A549 cells per well were plated in a four-well Nunc
Lab-Tek II chambered coverglass (Thermo Fisher Scientific)
for 24 h at 37 °C and then incubated with MGL ECD-Alexa
Fluor 680 at different concentrations (0.05; 0.1; 0.5 μM) in 1
× PBS with 2 mM CaCl2 for 30 min at room temperature.
After rinsing, the cell nuclei were labeled with 20 μM Hoescht
33342 for 15 min at room temperature and washed with PBS.
The cells were then observed immediately or after 2 h using a
confocal microscope LSM710 NLO (Zeiss AxioObserver Z1)
with a 63×/1.4 oil immersion objective.

Confocal Microscopy on Spheroids. The spheroids were
labeled with MGL ECD-Alexa Fluor 680 for 0.5, 2, and 24 h at
room temperature at different concentrations (0.1; 0.5; 1.0;
and 5.0 μM). After three washes with TBST, the spheroids
were fixed in 4% paraformaldehyde, included in Tissue-Tek
optimum cutting temperature (O.C.T.), and cut with a cryostat
(Leica) in 7 μm slices. Slices were washed with TBST, labeled
with 5 μM Hoescht 33 342, and prepared under a coverslip
with a drop of mounting medium (ROTIMount FluorCare,
Roth). Spheroids were observed using a confocal microscope
LSM710 NLO (Zeiss Axiovert Z1) and a 20× objective.

Labeling of Subcutaneous Tumor in Mice. All animal
studies were performed in accordance with the European
Economic Community guidelines and the “principles of
laboratory animal care” and were approved by the institutional
guidelines and the European Community (EU Directive 2010/
63/EU) for the use of experimental animals (authorization for
the experiment: APAFIS).
Six-week-old female NMRI nude mice (Janvier Labs, Le

Genest-Saint Isle, France) were anesthetized using 4%
isoflurane/air for anesthesia induction and 1.5−2% to maintain
anesthesia. HT29 cells (5 million) were implanted subcuta-
neously in 250 μL PBS 1×. Tumor size was measured three
times a week using a caliper, and the tumor volume was
calculated as follows

× ×lenght (width) 0.42

After 35 days, the mice were injected in the tail vein with 200
μL MGL ECD-Alexa Fluor 680 at 50 μM in HEPES buffer and
were imaged using the LI-COR Pearl small animal imaging
system at 700 nm.

Histology of Tumors. Tumors were removed and frozen
in liquid nitrogen in the presence of optical coherence
tomography (OCT). Frozen sections (7 μm) were fixed with
4% paraformaldehyde pH 7 for 5 min, washed three times in
TBST, and then incubated in PBS + 5% goat serum for 30 min.
After rinsing, the slices were labeled with a rat anti-mouse
CD31 diluted 500 times (Pharmingen) for 24 h at 4 °C in a
humidified atmosphere. They were then washed with TBST
three times and incubated with a goat anti-rat IgG antibody
conjugated with Alexa Fluor 488 (Invitrogen) for 1 h at room
temperature. After two washes, tumors were counterstained
with 1 μg/mL Hoescht 33 342 and mounted. The tumors were
observed using a confocal microscope LSM510 NLO (Zeiss
Axiovert Z1) and a 20x objective.

Statistical Analyses. All statistical analyses were pro-
ceeded with Statistica (StatSoft, Europe, Hamburg). Results of
flow cytometry were expressed as mean ± standard deviation
(SD). These data were analyzed for the 3 cell lines (HT29,
A549, H322), for 5 MGL ECD concentrations (0, 0.01, 0.05,
0.1, and 0.5 μM), by repeated-measures analysis of variance
(ANOVA).
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Competition data were analyzed, using a range of 7 GalNAc
concentrations (0, 0.01, 0.05, 0.1, 0.5, 5 μM, and negative
control), by repeated-measures ANOVA. Post hoc compar-
isons were performed using pairwise t-tests between critical
conditions (α = 0.05, two-tailed).

■ RESULTS
Production and Characterization of hMGL Recombi-

nant Constructs. There are two isoforms of human MGL,

which are results of alternative splicing. The most studied
isoform is isoform 2, which was initially identified in
macrophages.31 In MGL isoforms 1 to 2, the carbohydrate
recognition domain is identical, and no difference in
carbohydrate specificity is thus anticipated. Differences
between isoforms include a size difference of the oligomeriza-
tion domain, with isoform 2 being shorter. Since isoform 2 is
the better-characterized variant, we first studied this isoform.
We cloned both the MGL carbohydrate recognition domain

Figure 1. Expression, purification, and characterization of MGL. (a) Presentation of two different forms of MGL, CRD: carbohydrate recognition
domain; ECD: extracellular domain (CRD + neck). (b) SDS-PAGE analysis of purified ECD and CRD. Lane 1: a unique band at ∼15 kDa
corresponding to pure CRD is observed. Lane 2: a unique band at ∼28 kDa corresponding to pure ECD is observed. M: PAGE-ruler unstained
protein ladder (fermentas). (c) Analytical ultracentrifugation analysis: superposition of selected experimental and fitted sedimentation velocity
profiles (top), and residuals of the fit (bottom), obtained, in absorbance at 280 nm, every 10 min, and up to 8 h, at 130 000g and 4 °C. (d)
Analytical ultracentrifugation analysis: Normalized c(s), in absorbance for MGL ECD at 4 μM (red), 40 μM (blue), and 80 μM (green). (e, f)
Surface plasmon resonance characterization of MGL constructs binding properties. (e) MGL ECD titration (threefold dilution series between
0.0013 and 8.9 μM) over a BSA-GalNAc Surface (2886 RU) reference surface-corrected sensograms. (f) Plots of MGL ECD binding responses as a
function of their concentration by steady-state affinity model (black circles). (g) MGL CRD titration (threefold dilution series between 0.02 and
400 μM) over a BSA-GalNAc Surface (2886 RU) reference surface-corrected sensograms. (h) Plots of MGL CRD binding responses as a function
of their concentration by steady-state affinity model (black circles).
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(CRD) and MGL extracellular domain (ECD) (Figure 1a).
These two constructs were expressed in E. coli as inclusion
bodies. They were refolded and purified as described in the
experimental section. While the MGL CRD consists of a 15
kDa monomer (Figure 1b), the MGL ECD is larger (28 kDa)
and can oligomerize due to its coiled−coiled oligomerization
domain, providing an important avidity effect.32 Sedimentation
velocity-analytical ultracentrifugation (SV-AUC) was per-
formed to determine the oligomerization status of MGL
ECD. The sedimentation profiles obtained at 4, 40, and 80 μM
showed the main contribution at s20w = 4.8 S. Noninteracting
species (NIS) appeared at a molar mass (M) of 79 ± 6 kDa.
Combining the s-value and the molar mass from the NIS
analysis, MGL ECD was identified as an elongated trimer ( f/
fmin =1.59) (Figure 1c,d). In the rest of the study, we will use
the term MGL ECD to define the trimer. To characterize the
affinity of both the CRD and MGL ECD constructs, we used
surface plasmon resonance (SPR). Surfaces were function-
alized with BSA-GalNAc, and a range of MGL ECD and MGL
CRD concentrations were injected (Figure 1e−h). We
observed that the signal increased with increasing concen-
tration of MGL (Figure 1e,g) and was abolished in the
presence of EDTA. To determine the dissociation constant
(Kd), we plotted the data using a steady-state model (Figure
1f−h), and an apparent Kd of 50 μM was obtained for the
MGL CRD, while an apparent Kd,app of 316 nM was estimated
for the MGL ECD construct. This difference between both
constructs (by a factor greater than 150-fold) reflects the
avidity effect generated by the trimerization within the MGL
ECD and encouraged us to use this construct to target the Tn
antigen directly on cells.
Tn Antigen Recognition on Whole Cells Using MGL ECD.

To perform these experiments, we labeled the MGL ECD with
Alexa Fluor 680. Considering previous work from Lescar et
al.33 and using Helix pomatia lectin (HPA), which recognizes
the Tn antigen, we selected three cell lines expressing different
Tn antigen levels. These cell lines, HT29, A549, and H322,
presented high, low, and no Tn antigen on their surfaces,
respectively (Table 1); this finding is consistent with that

described in the literature with respect to HT29.34,35 All FACS
analyses were performed in parallel with the fluorescent anti-
Tn antibody Bric111 and HPA to validate MGL staining.
As expected, important labeling was achieved with the

positive HT29 cell line using three staining methods. A549
cells provided weak signals with the Bric111 antibody stain and
MGL ECD-Alexa Fluor 680, while no detectable labeling was
obtained with HPA. For the H322 cell line, no signal was
detected for the three markers, as expected. The labeling of
cells with MGL ECD-Alexa Fluor 680 is slightly enhanced with
increasing concentrations of calcium (data not shown). Thus,

the results obtained with the MGL ECD construct were as
efficient as those obtained with the Bric111 antibody.
The cell lines were then labeled with increasing doses of

MGL ECD-Alexa Fluor 680 and analyzed by flow cytometry.
As shown in Figure 2a, the positive labeling of HT29 and A549

cells increased with increasing MGL ECD-Alexa Fluor 680
concentration, without no saturation effect up to the highest
tested concentration (0.5 μM). In addition, no labeling was
detected on the H322 negative control cells except for a very
weak signal obtained at the highest tested concentration (0.5
μM). These results were confirmed using confocal microscopy
(Figure 2b). The HT29 cells were intensely labeled on the cell
membrane and in the cytoplasm after 2 h of incubation with
antibody, and the A549 staining was less intense. This finding
suggested progressive intracellular accumulation of the bound
MGL ECD-Alexa Fluor 680 constructs during the 2 h of
incubation. Testing the H322 cell line, we found that MGL
ECD-Alexa Fluor 680 binding was negligibly detectable.
To complete this experiment, we performed a competition

assay. Fluorescent MGL ECD-Alexa Fluor 680 (0.05 μM) was

Table 1. Labeling of Different Cancer Cell Lines by
Different Proteins (Antibody against CD175 (Tn), MGL
ECD, and Helix pomotia Lectin)

cell
lines origin

antibody
bric111

MGL
ECD HPA

HT29 human colon cancer +++ +++ +++
A549 human non-small cell lung

cancer
+/− +/− −

H322 human non-small cell lung
cancer

− − −

Figure 2. Labeling of three cancer cell lines by MGL ECD-Alexa
Fluor 680. (a) Histogram of median of fluorescence ± SD in flow
cytometry (n = 3). Stars on the histograms show the significance in
relation to the concentration 0. Stars on the braces show a significant
difference in cell lineage. *: p < 0,05; **: p < 0,001; ***: p < 10−5.
(b) Observation of HT29, A549, and H322 after MGL ECD-Alexa
Fluor 680 labeling (0.5 μM, 2 h) by confocal microscopy. Red: Alexa
Fluor 680 fluorescence; blue: Hoechst 33342 staining of nuclei. Scale
bar: 10 μm.
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incubated with HT29 cells in the presence of increasing
concentrations of soluble GalNAc (Figure 3). The increase in

GalNAc concentration resulted in a dose-dependent decrease
in the median fluorescence of MGL ECD-Alexa Fluor 680.
This competitive effect demonstrated that the MGL ECD
binds to the cells through its carbohydrate recognition site,
confirming its Tn-mediated cell surface recognition.

Detection of the Tn Antigen in HT29 Spheroids. We then
investigated the capacity of MGL to penetrate deep cell layers
by diffusion by evaluating whether it reached the center of 3D
spheroids formed by HT29 cells. When live spheroids were
incubated with MGL ECD-Alexa Fluor 680, the staining was
intensely positive on the sphere periphery, and although some
positive cells were also detected within the spheroids (Figure
4a), MGL ECD-Alexa Fluor 680 showed poor diffusion
capacity through the HT29 cell layers. Interestingly, we can see
that the Tn antigen was abundant and homogeneously
distributed throughout the spheroids since the staining was
homogeneously detected when the MGL ECD-Alexa Fluor
680 was incubated on thin sections of the spheroids (Figure
4b) rather than on the intact 3D structures (Figure 4a).

In Vivo Detection of Tumors. These encouraging in vitro
results inspired us to investigate the capacity of MGL ECD-
Alexa Fluor 680 to target subcutaneous tumors after
intravenous injection in mice.
Before administration of MGL ECD-Alexa Fluor 680 in vivo,

we first verified that MGL ECD-Alexa Fluor 680 did not bind
to mouse blood cells and that it remained in the plasma
(Supporting Figure S1). Moreover, after intravenous admin-
istration of MGL ECD-Alexa Fluor 680 (10 nmol in 200 μL),
5% of the injected dose remained in the plasma after 5 h,
demonstrating very good bioavailability in solution (Support-
ing Figure S2). Furthermore, no sign of acute toxicity, such as
pain, changes in skin and fur, loss of weight, or behavioral
changes, was detected in any of the treated mice.

Figure 3. Competition assay. HT29 cells were incubated with MGL
ECD-Alexa Fluor 680 in the presence of increasing concentrations of
free GalNAc and analyzed by flow cytometry. Results are expressed as
the median of fluorescence ± SD (n = 3). The statistical significance
is indicated compared to the results obtained in the absence of
GalNAc. *: p < 0,05; **: p < 0,01.

Figure 4. Labeling of HT29 spheroids with MGL ECD-Alexa Fluor 680. (a) Live spheroids were stained with MGL ECD-Alexa Fluor 680 before
their fixation and sectioning. (b) HT29 spheroids were stained using MGL ECD-Alexa Fluor 680 after their sectioning, demonstrating the
homogeneous presence of the Tn antigen throughout the spheroids. Left column (blue): images obtained using 5μMHoechst 33342 staining of the
DNA; middle column (magenta): Tn antigen detection using MGL-Alexa Fluor 680 staining; right column: overlay of the two colors.
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MGL ECD-Alexa Fluor 680 was then administered intra-
venously in the tail vein of mice bearing HT29 subcutaneous
tumors, and the fluorescence signal was followed in real time in
live animals by fluorescence reflectance imaging. As shown in
Figure 5, the fluorescence signal was distributed quite
homogeneously in the body and started to accumulate in the
subcutaneous tumors as well as in the kidneys and liver within
30 min of the injection. This fluorescence was then eliminated
more rapidly from normal tissue (including skin) than from
tumors, as indicated by the labeling intensity (Figure 5b),
providing a tumor/skin ratio of >3 at 24 h (Figure 3c). Three
mice were sacrificed after 5 h, and three others were sacrificed
after 24 h; the fluorescence levels were measured in the organs
extracted from these mice (Figure 6).
This result confirms the greater persistence of the

fluorescent probe in the tumor tissues, as described above,
than in normal tissues. Indeed, the fluorescence signal
decreased more rapidly in all organs than in tumors. At 24
h, the subcutaneous tumors were the most fluorescent tissues,
second to organs such as the liver and kidneys, indicating the
detoxification of blood and elimination of the injected probe.
To rule out the possibility that the signal was caused solely

by the passive enhanced permeability and retention (EPR)
effect, not by active targeting, we injected purified bovine

serum albumin (BSA) labeled with Alexa Fluor 680 into mice
with HT29 tumors. We had previously shown that HT29
tumors can be classified as EPR-positive tumors36 and that
MGL ECD-Alexa Fluor 680 could thus significantly accumu-
late passively in tumors. As shown in Supporting Figure S3, the
tumor/skin ratio was always lower than 2 with BSA,
implicating the passive EPR effect only, but it was higher
than 3 when MGL ECD-Alexa Fluor 680 was used. Since BSA
and MGL ECD have similar MWs (60 and 90 kDa,
respectively) and are both bioavailable for long periods after
IV administration, we can thus assume that MGL ECD-Alexa
Fluor 680 accumulation in tumors is efficient and involves
active targeting.
To confirm the active targeting of tumor cells by MGL

ECD-Alexa Fluor 680, HT29 tumor sections were examined by
confocal microscopy after colabeling of vascular endothelial
cells using an anti-CD31 antibody and Hoechst 33342 staining
of nuclei (Figure 7).
We observed that MGL ECD-Alexa Fluor 680 (magenta)

did not stain CD31+ endothelial cells in contact with blood, as
expected.37 In contrast, MGL ECD-Alexa Fluor 680 accumu-
lated on tumor cells, particularly those forming the first layers
of a tumor immediately under the endothelium, confirming the
active targeting of tumor cells.

Figure 5. Representative fluorescence images of nude mice bearing HT29 subcutaneous tumors after intravenous injection of MGL ECD-Alexa
Fluor 680 (10 nmol). (a) Images were recorded using 2D-fluorescence reflectance optical imaging (FRI) at 700 nm at different times after injection
(min-max: dorsal view: 0.0759-19.5; side view: 0.0748-22.7). (b) Red line shows the mean ± SD fluorescence signal of tumor ROI, and blue line
shows the mean ± SD non-specific signal present in the skin (n = 6). (c) Black line shows the mean ± SD tumor/skin fluorescence ratios. *: p <
0,05; **: p < 0,001; ***: p < 10-5 (n = 9).
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■ DISCUSSION

The development of efficient tumor-targeting compounds that
can deliver contrast agents for diagnostics or drugs for
therapeutic applications is still a major field of investigation.
After cloning and expressing the MGL extracellular domain

(ECD) in E. coli, we showed the high avidity of MGL ECD for
GalNAc (316 nM) using SPR. This avidity was strong enough
to enable the detection of the Tn antigen expressed at low
concentrations on A549 human lung cancer cells or at higher
concentrations on HT29 human colon cancer cells. Impor-
tantly, no unspecific labeling was observed with Tn-negative
tumor cells, such as H322 cells, a human lung cancer cell line.
Using flow cytometry, we found that MGL ECD-Alexa Fluor
680 performs as well as the Bric111 anti-Tn antibody and
seems to be slightly more sensitive than HPA, another lectin.
Its specificity for GalNAc was confirmed using a competition
assay in the presence of soluble GalNAc. Indeed, when the
GalNAc concentration was increased, cell labeling by MGL
ECD-Alexa Fluor 680 was decreased. This outcome demon-
strates that the purified MGL ECD-Alexa Fluor 680 construct
recognized Tn-positive tumor cells and GalNAc through the
same recognition site.
In addition to its specific binding, MGL ECD-Alexa Fluor

680 diffused within the HT29 cell layers in spheroids, as
indicated by some labeling found in the center of the 3D cell
structures after 24 h of incubation. However, because of its
preferential and strong binding on the first layers of HT29

cells, the fluorescent label was predominantly detected on the
surface of the spheroids, even when the Tn antigen was
homogeneously expressed by all of the cells. This result is in
good agreement with our in vivo data showing that MGL
efficiently labels Tn-positive tumor cells after passing passively
through the leaky and Tn-negative tumor-induced neo-
endothelial cell layer.
MGL ECD-Alexa Fluor 680 plasma distribution and its low

molecular weight (84 kDa), which is smaller than antibodies,
were expected to contribute to its passive accumulation in
tumors via the EPR effect, even without active targeting due to
its recognition of Tn-positive cells. However, after intravenous
injection of MGL ECD-Alexa Fluor 680, the tumor/skin ratio
was clearly higher than that of a nontargeted protein such as
BSA, confirming that MGL ECD-Alexa Fluor 680 is actively
and specifically capable of tumor targeting in vivo. Notably, no
particular toxicity was observed during the 24 h experiment
time, and importantly, it did not bind to red blood cells.
The ex vivo results obtained with tumor sections confirmed

the fluorescence reflectance imaging (FRI) analysis. A strong
signal was found in the liver and kidneys, which indicated that
MGL ECD-Alexa Fluor 680 was rapidly eliminated, partic-
ularly via hepatic filtration, but in addition to these two
detoxification organs, the strongest signal was measured in
tumors and, in particular, in the first layers composed of tumor
cells in contact with blood vessels. No particular staining was
detected by confocal microscopy in neoangiogenic or other
blood vessels in tumor sections.

Figure 6. Fluorescence images were obtained on isolated organs 5 and 24 h after intravenous injection of MGL ECD-Alexa Fluor 680. (a)
Representative fluorescence images of organs extracted from injected mice (min-max: 0.0748-12). (b) ROI was defined on the extracted organs to
semiquantify the number of photons detected per pixel. The results are expressed as the mean ± SD in HT29 tumor-bearing mice (n = 3/time).
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Current tumor-targeting ligands are usually directed against
proteins overexpressed in cancer, such as integrins, the EGF
receptor, and folate receptors.38 In addition to these proteins,
tumor-associated carbohydrate antigens (TACAs) are attract-
ing increasing interest as possible targets, particularly the Tn
antigen that can be overexpressed in cancer cells;10,35 this
antigen is currently recognized as a target for immunotherapy
based on CAR T cells.39

The Tn antigen is recognized by antigen-presenting cells
(dendritic cells and macrophages),40 leading to the activation
of complex immune responses. On the one hand, the
administration of glycan-based therapies has been suggested
for anticancer vaccination.41,42 On the other hand, recognition
of Tn-positive tumor cells by immune cells may result in
immunosuppression,43,44 by promoting Treg cell differentia-
tion and favoring suppression of T cell activation. Exogenously
administered purified MGL could thus be used to compete and
reduce the binding of dendritic cells on the Tn-expressing
tumor cells, and thus reducing tumor escape. In this aim,
monoclonal anti-Tn antibodies are under development, but to
date, most of the Tn-recognizing molecules are plant
lectins.45,46 Because of their plant origin, these lectins cannot
be administered directly into humans without causing strong
immune reactions. Our MGL ECD fragment should thus be
considered a possible alternative for biomedical applications
directed against the Tn antigen because of its human origin,
physicochemical properties, bioavailability, and failure to
induce acute toxicity. However, since our MGL is produced
by E. coli without glycosylation, it will be necessary to verify its
lack of immunogenicity. Should its lack of immunogenicity be

confirmed, the MGL ECD fragment can be produced using
mammalian cells.11

In conclusion, our study demonstrates the ability of MGL
ECD to specifically target human tumors via the multivalent
recognition of the Tn antigen frequently overexpressed in
human tumors. This MGL ECD fragment extracted from a
normal human protein presents an interesting tumor-targeting
capacity, induces no acute toxicity, and is rapidly eliminated.
Because of its human origin, it is not expected to induce a
particular immune reaction. Altogether, MGL ECD is thus a
vector candidate for the diagnosis and imaging of human
tumors and, possibly, for targeted drug delivery.
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