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Thermally Triggered, Cell-Specific Cell-Specific Potentiation of
Glyco-Editing

ABSTRACT: In situ glyco-editing on the cell surface can endow cellular
glycoforms with new structures and properties; however, the lack of cell
specificity and dependence on cells’ endogenous functions plague the
revelation of cellular glycan recognition properties and hamper the
application of glyco-editing in complicated authentic biosystems. Herein,
we develop a thermally triggered, cell-specific glyco-editing method for
regulation of lectin recognition on target live cells in both single- and
cocultured settings. The method relies on the aptamer-mediated anchoring of i, L, o NonTargeted gpe— NKCell
microgel-encapsulated neuraminidase on target cells and subsequent P S ey N cel %
thermally triggered enzyme release for localized sialic acid (Sia) trimming,

This temperature-based enzyme accessibility modulation strategy exempts genetic or metabolic engineering operations and, thus for
the first time, enables tumor-specific desialylation on complicated tissue slices. The proposed method also provides an
unprecedented opportunity to potentiate the innate immune response of natural killer cells toward target tumor cells through
thermally triggered cell-specific desialylation, which paves the way for in vivo glycoimmune-checkpoint-targeted cancer therapeutic
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B INTRODUCTION

Cell surface glycans are the key components that mediate
ligand—receptor recognition, cell—cell communications, intra-
cellular signaling and so forth in a variety of physiological and
pathological processes.”” Thus, editing of cell surface glycan
chains (ie., glyco-editing), including the trimming, trans-
formation, and addition of carbohydrates, allows for elaborate
modulation of cell functions and interactions,”* which fosters
the deep understanding of the relationship between glycan
structures and biological effects. For example, Engle et al
reconstituted glycan sialyl-Lewis® in mice using genetic
engineering and revealed the role of this glycan antigen in
pancreatic disease pathogenesis.” More importantly, consider-
ing the roles glycans play in immune evasion,” just as in the
case of sialylated glycans on tumor cells for inhibiting the
activation of natural killer (NK) cells through engagement with
sialic acid-binding Ig-like lectins (Siglec) receptors,’™” glyco-
editing brings breakthroughs to cancer therapy by breaking
glyco-immune checkpoint axis to relieve immunosuppres-
sion."?

To manually edit cell surface glycans, the widely used
approaches are genetic engineering,”'' metabolic oligosac-
charide engineering (MOE),"””'® and chemoenzymatic
methods.¥'7 %! Despite much progress, these methods suffer
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from one or more drawbacks: (1) complicated technical
requirements (especially for manipulation of glycosyltransfer-
ase gene expression);~ (2) stretched time course (eg, for
MOE, 24-72 h is needed);''® (3) ill-defined editing
specificity and limited editing efficiency; (4) potential
detrimental effects, both of which are common problems for
methods depending on cellular activities or endogenous
functions;”"**™>* and (§) lack of selectivity over cell types.
These issues have plagued the in situ revelation of glycan
recognition properties and hampered the application of glyco-
editing in complicated bona fide biosystems. In particular,
when deploying glyco-editing platforms in the scenario of
cancer-immune intervention, side effects from glyco-editing on
nontumor tissues during editing motif delivery stage should be
avoided. Thus, development of in situ, cell-specific glyco-
editing tools while exempting the dependence on cellular
“internal” pathways is in urgent need.”'
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Scheme 1. Principle of Thermally Triggered, Cell-Specific Enzymatic Glyco-Editing; Schematic Illustration for Preparation of
Neu@MG@Apt (a); Schemes Showing Neu@MG@Apt-Based Sia Trimming for Cell-Specific Regulation of Lectin
Recognition (b) and Potentiation of the Innate Immune Response (c)
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To meet the challenge, one needs to (1) directly edit cell
surface glycans from the “outside” of cells and, in this regard, in
situ glyco-editing using glyco-editing enzymes is a favorable
choice, owing to the highly efficient and noninvasive
features;¥'"~>"?*” (2) localize the editing events to the
cells of interest and, therefore, precision spatiotemporal control
of enzyme activity is an undoubted necessity. During the
preparation of the article, a glyco-editing enzyme lacking lectin
domains was fused with an antibody for selectively stripping
sialoglycans from breast cancer cells;*® however, this method
relies on the availability of specifically structured enzymes, and
is therefore not a predictably effective strategy in general.
Different from this, our solution is endowing glyco-editing
enzymes with cell recognition capability and triggering the
enzymes to function only after the enzymes reach the target
cells. Owing to the high specificity and affinity toward cells,
aptamers are desirable motifs for guiding enzymes to the target
cells.””*” When it comes to switching on enzyme activity, it is
beneficial to modulate the accessibility of enzymatic catalytic
center rather than direct disturbing enzymatic activity.””’"
This modulation can be implemented through encapsulation of
enzymes, followed by stimuli-trigged release, with several types
of stimuli as candidate triggers, including chemical (pH
variation, chelating agents, bond-cleaving agents, etc.) and
physical (light, temperature, etc.) handles.””*>** We have
encapsulated glyco-editing enzymes in a metal—organic
framework and used EDTA to trigger enzyme release.”’
However, the cytotoxicity issue of EDTA (0.5 M) limits its
application in authentic biosystems. In this context, temper-
ature-based trigger offers an ideal solution in terms of easy
operation and excellent biocompatibility.>***

Herein, we develop a thermally triggered, cell-specific glyco-
editing strategy for in situ regulation of cellular recognition and
potentiation of the innate immune response on target cells.
The achievement of precision spatiotemporal control of editing
events relies on the orchestration of glycan remodeling
capability of a glyco-editing enzyme and cell recognition
specificity of an aptamer with a thermally sensitive intelligent
microgel (MG) (Scheme 1). Sialic acid (Sia), a key
monosaccharide building block that terminates glycan chains
and participates many critical cellular processes,””” is selected
as the editing object, because of the promising prospect for
modulating antitumor immunity.7_9 a2-3,6,8,9 Neuraminidase
A (Neu) with specific Sia cleavage capability”® is thus utilized
as the model glyco-editing enzyme. MDA-MB-231 cells, a
triple negative, tumorigenic human breast epithelial cell line,
are chosen as the target cells, and correspondingly, an aptamer
with high affinity toward MDA-MB-231 cells, LXL-1-A
(abbreviated as Apt),*” is used to direct the enzyme to the
target cells. Neu can be encapsulated into MG by swelling at 4
°C, followed by assembly of Apt on the MG surface (Scheme
1a). The yielded probe can be specifically guided to the target
cells by aptamer at 4 °C, with enzyme catalytic center blocked
by the gel (inaccessible state); while upon increasing
temperature to 37 °C, MG shrinkage occurs, leading to fast
release of the encapsulated Neu (accessible state, Scheme 1b).
Because of the slow diffusion rate of the enzyme and high
effective local enzyme concentration,””***" the released Neu
performed localized Sia trimming on the target cells, thus
achieving cell-specific glyco-editing. This operation specifically
alters the binding extent of the target cells toward a Sia-
recognizing lectin, Sambucus nigra agglutinin (SNA), in both
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single- and cocultured cell conditions (Scheme 1b). Owing to
the exemption of the dependence on intracellular functions,
tumor-specific glyco-editing is also achieved, for the first time,
on tissue slices. We are also intrigued by the prospect of
performing thermally triggered glyco-editing on a given type of
tumor cells to boost the immune response. After executing cell-
specific Sia trimming on cultured cells, enhanced killing activity
is observed for NK cells toward target cells rather than
nontargeted cells (Scheme 1c), underlining the opportunity of
exploiting our method to potentiate innate antitumor
immunity while avoiding perturbation of glycans on other cells.

B EXPERIMENTAL SECTION

Synthesis of MG..**** A total of 60 g of dry Pluronic F127
(F127), 4.1 g of L-lactide, and 90 mg of tin-2-ethylhexanoate were
placed into a 500 mL flask under a N, atmosphere. The mixture was
stirred at 200 °C for 2 h and 160 °C for 4 h and then cooled to room
temperature. The obtained Pluronic F127-co-oligo(L-lactic acid)
copolymer (F127-LA) was purified by the following steps three
times: initial dissolution in dichloromethane, subsequent precipitation
in anhydrous ether, and final centrifugation at 6000 rpm for 10 min.
Then, the F127-LA was dried at 60 °C under vacuum for 1 day.

The as-prepared F127-LA (30 g) was dissolved in 300 mL of
dichloromethane in a 500 mL flask and cooled to 0 °C in an ice bath.
Then, 1.31 mL of triethylamine and 1.58 mL of acryloyl chloride were
added to the flask, and the mixture was stirred for 12 h at 0 °C and 12
h at room temperature. After filtering the mixture, Pluronic F127-co-
oligo (v-lactic acid) diacrylate macromer (F127-LA-DA) was obtained
by pouring the filtrate into a large excess of anhydrous ether. The
product was purified by the following steps three times: initial
dissolution in dichloromethane, subsequent precipitation in hexane,
and final centrifugation at 6000 rpm for 10 min. Finally, it was dried at
70 °C under vacuum for 1 day.

MG was prepared by inverse suspension polymerization in a N,
atmosphere in a 250 mL four-neck flask fitted with a reflux condenser
and a mechanical Teflon stirrer. Heptane (120 mL) and 4.2 g of Span
60, as the continuous phase, were added to the flask. After heating the
flask to 70 °C using an oil bath, the freshly mixed dispersed phase,
containing S mL of F127-LA-DA aqueous solution (14.7% w/w) with
ammonium persulfate (APS) and ascorbic acid (AA) (3 wt % APS
and 2.3 wt % AA of the macromer), was added dropwise at a rate of 1
drop/s into the flask. The reaction was allowed to proceed for 1 hata
stirring speed of 500 rpm. The resulting MG was separated from the
solvent by centrifugation at 8000 rpm for S min and washed by the
following steps three times: initial dissolution in acetone, subsequent
precipitation in deionized water, and final filtration. After being dried
at 4 °C, the MG was preserved in a desiccator at 4 °C.

Preparation of Neu@MG and Neu@MG@Apt. To load Neu
into MG, 15 mg of dried MG was added to 2 mL of PBS containing
Neu of 200 U/mL, and the mixture was stirred at 800 rpm for 72 h at
4 °C. The Neu@MG was separated by centrifugation at 8000 rpm for
3 min at 4 °C and washed with S mL of PBS at 4 °C five times to
remove the proteins adsorbed on the surface of MG.

To assemble Apt on Neu@MG, 10 uL of 100 uM TR-Apt was
added to 100 uL of PBS containing Neu@MG of 40 U/mL in
equivalent Neu unit. The mixture was incubated at 4 °C on a constant
temperature mixer with a speed of 800 rpm for 4 h. The product
Neu@MG@Apt was collected by centrifugation at 10,000 rpm for 10
min at 4 °C, washed with PBS three times, redispersed in 100 uL of
PBS, and then stored at 4 °C. The Neu@MG@Apt in aqueous
solution at 4 °C was characterized by confocal laser scanning
microscopy (CLSM), and the Neu@MG@Apt after drying at 37 °C
for 2 h was characterized by scanning electron microscopy (SEM).

Analysis of the Neu Loading Efficiency. The amount of Neu
encapsulated in Neu@MG was determined using the Micro BCA
Protein Assay Kit. The Neu loading efficiency was calculated by
dividing the Neu amount with the total Neu amount added for probe
preparation.

Demonstration of Temperature-Sensitive Particle Size
Change for MG, Neu@MG, and Neu@MG@Apt. A batch of
centrifuge tubes were prepared by adding 10 4L of MG (or Neu@MG
or Neu@MG@Apt) and 3 mL of H,O to each tube in a thermostat
water bath of 4 °C. Then, the temperature was gradually increased by
maintaining at each temperature point (4, 10, 15, 20, 25, 27, 29, 31,
33, 35, 37, 39, 41, 45, 50 °C) for 30 min. At the end of each period,
three tubes were taken out and subjected to dynamic light scattering
(DLS) analysis.

Analysis of Released Neu Concentration from Neu@MG
and Neu@MG@Apt with Increasing Temperature. A batch of
centrifuge tubes were prepared at 4 °C by adding 210 uL of MG (0.05
mg/mL) or Neu@MG or Neu@MG@Apt (28 ug/mL in equivalent
Neu concentration) to each tube. Then, the tubes were incubated at
different temperatures (4, 10, 15, 20, 25, 27, 29, 31, 33, 35, 37, 39, 41,
45, 50 °C) for 30 min with three tubes for each temperature. The
supernatants were collected from tubes by centrifugation at 10,000
rpm for 1 min at 4 °C and measured by Micro BCA Protein Assay Kit.
The absorbance value at 562 nm was recorded using a Varioskan
Flash spectral scanning multimode reader.

Demonstration of Blocked Neu Accessibility in Neu@MG
and Neu@MG@Apt at 4 °C. To each well on 96-well plates, 100 uL
of Neu, Neu@MG, or Neu@MG@Apt (40 U/mL in equivalent Neu
unit) and 0.05 mg/mL MG in PBS were added and mixed with 100
uL of working solution from Amplex Red Neuraminidase (Sialidase)
Assay Kit. After incubation of the plates at 4 and 37 °C for 1 h, the
562 nm absorbance was recorded using the spectral scanning
multimode reader.

Analysis of Catalytic Activity of Released Neu from Neu@
MG and Neu@MG@Apt with Time Extension. A batch of
centrifuge tubes were prepared at 4 °C by adding 210 uL of MG (0.0S
mg/mL) or Neu@MG or Neu@MG@Apt (28 pg/mL in equivalent
Neu concentration) to each tube. Then, the tubes were incubated at
37 °C for different periods of time (1,2, 3,4, S, 6,7, 8,9, 10, 11, 12,
13, 14, 15, 20 and 30 min) with three tubes for each period. After
centrifugation at 10,000 rpm for 1 min at 4 °C, the supernatants were
collected and subjected to incubation with 100 yL of the working
solution from Amplex Red Neuraminidase (Sialidase) Assay Kit at 37
°C for 1 h. Then, the 562 nm absorbance was recorded using the
spectral scanning multimode reader.

Thermally Triggered Non-Cell-Specific Sia Trimming. MDA-
MB-231 (or MCF-7) cells were seeded on four-well confocal dishes
and cultured in a 5% CO, incubator at 37 °C for 12 h. After
discarding the culture medium, the cells were blocked with PBS
containing 10% goat serum at 37 °C for 30 min and washed with PBS
three times. Then, the cells were, respectively, incubated with Neu
(0.5 U/mL) or Neu@MG (0.5 U/mL in equivalent Neu unit) at 4 or
37 °C for 30 min. As a control, cells without treatment were
incubated in PBS at 37 °C for 30 min. After washing with PBS three
times, the cells were allowed to incubate with 100 yL of Fluorescein
isothiocyanate-labeled SNA (SNA-FITC) (0.02 mg/mL) at 4 °C for
30 min. After washing with PBS, the cells were immediately imaged by
CLSM.

Verification of Cell-Specific Recognition of Neu@MG@Apt.
MDA-MB-231 (Apt binding +) and MCF-7 cells (Apt binding —)
were separately seeded, blocked, and washed. Then, the cells were
allowed to incubate in 100 L of PBS containing TR-Apt (1 uM),
TR-Ran (1 uM), Neu@MG@TR-Apt (0.5 U/mL in equivalent Neu
unit), and Neu@MG@TR-Ran (0.5 U/mL in equivalent Neu unit) at
4 °C for 30 min. After washing with PBS, the fluorescence of TR on
the cell surface was imaged with CLSM. The emission signal from 605
to 685 nm was collected under 594 nm excitation.

Thermally Triggered Cell-Specific Sia Trimming by Neu@
MG@Apt. After seeding, blocking, and washing, MDA-MB-231 or
MCEF-7 cells were subjected to Ist-incubation with Neu@MG@Apt
solution of 0.5 U/mL (in equivalent Neu unit) at 4 °C for 30 min.
After washing three times with PBS, the cells were subjected to 2nd-
incubation at 4 or 37 °C for 30 min. After washing with PBS three
times, the cells were subjected to SNA-FITC incubation and CLSM
imaging.

https://dx.doi.org/10.1021/acsami.0c15212
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Demonstration of Sia Trimming Specificity of Neu@MG@
Apt. After seeding, blocking, and washing, MDA-MB-231 cells were
subjected to incubation with Neu@MG@Apt of 0.5 U/mL (in
equivalent Neu unit) at 4 °C for 30 min. After washing three times
with PBS, the cells were allowed to incubate in 100 uL of PBS
containing poly-2,8-N-acetylneuraminic acid sodium salt (PSia) of 20
mg/mL at 37 °C for 30 min. After washing with PBS three times, the
cells were subjected to SNA-FITC incubation and CLSM imaging.

Cell-Specific Regulation of Lectin Binding in Cocultured
Cell Setting. After trypsin digestion and centrifugation, MDA-MB-
231 and MCF-7 cells were separately incubated in RPMI-1640
medium. The cell number was determined using a Countess II FL
Automated Cell Counter. Then, the two types of cell suspensions
were mixed with a cell concentration ratio of 1:1. The mixed cell
suspension was seeded at a density of 4 X 10° cells/mL and
cocultured in RPMI-1640 medium for 12 h. After blocking and
washing, the wells were divided into four groups. Group 1 (control
group): The cells were incubated in PBS at 37 °C for 30 min. Group
2: The cells were incubated in 0.5 U/mL Neu at 37 °C for 30 min.
Group 3: The cells were incubated in Neu@MG solution of 0.5 U/
mL (in equivalent Neu unit) at 37 °C for 30 min. Group 4: The cells
were subjected to 1*-incubation with Neu@MG@Apt solution of 0.5
U/mL (in equivalent Neu unit) at 4 °C for 30 min. After washing
three times with PBS, the cells were subjected to 2™-incubation at 37
°C for 30 min. After washing with PBS three times, the cells from all
groups were subjected to SNA-FITC incubation. The cells in groups 1
and 2 were further incubated with TR-Apt at 4 °C for 30 min for
identification of target MDA-MB-231 cells. Then, cells were carefully
washed and imaged with CLSM. The emission signals were collected
from 515 to 564 nm and from 605 to 685 nm under 495 nm and 594
nm excitation, respectively.

To validate the CLSM results by flow cytometry, MDA-MB-231
cells were prestained using S uM DiD at 4 °C for 10 min. The cell
seeding, coculturing and probe treatment procedures were performed
as described above. Then, the cells were subjected to incubation with
0.04 mg/mL SNA-FITC at 4 °C for 1 h. After washing with PBS two
times, the cells were measured by Attune NxT Acoustic Focusing
Cytometer using BL-1 and RL-1 channels.

Tumor-Specific Glyco-Editing on Tissue Slices. Six female
BALB/c nude mice, four- to six-week-old, 18—20 g in weight, were
purchased from KeyGen Biotech Co., Ltd. (China). All animal
experiments were preformed according to the Institutional Animal
Care and Use Regulations (no. IACUC-003-3) approved by
Experimental Animal Ethics Committee of KeyGen Biotech Co,,
Ltd. (China). A mouse MDA-MB-231 tumor xenograft model was
established by subcutaneous injection of MDA-MB-231 cells (1 X
10°) into the selected positions of nude mice. When the volume of the
subcutaneous tumor reached 100 cm?®, the mice were sacrificed, and
the subcutaneous tumors with marginal normal tissues and the normal
breast tissues were both harvested. After performing standard fixing
operation, the tissue samples were embedded in histological paraffin
and cut into 4 pm-thick slices. Three types of slices were obtained:
tumor tissue slices, tumor edge tissue slices, and normal tissue slices.
The slices were stained with hematoxylin—eosin (H&E) through
standard steps.

After dewaxing in xylene for 2 h, the tissue slices were sequentially
hydrated in ethanol baths of decreasing concentrations (100, 95, 90,
80, 75, 70, and 50%) for 3 min/bath. After being immersed in H,O
three times (3 min each), the tissue slices were blocked with 5%
bovine serum albumin (BSA) at 37 °C for 1 h and washed three times
by PBS immersion (3 min each). Then, the tissue slices were
subjected to incubation with Neu@MG@Apt or PBS at 4 °C for 1 h,
followed by three-time washing with PBS (5 min each) and
incubation at 37 °C for 2 h. After washing three times with PBS
for S min each, the tissue slices were incubated with 0.04 mg/mL
SNA-FITC at 4 °C for S h. Then, the tissue slices were washed with
PBS three times (S min each) and stained with DAPI at room
temperature for 20 min, followed by PBS washing three times (S min
each). Then, the tissue slices were dehydrated in ethanol baths of
increasing concentrations (50, 70, 80, 90, 95, and 100%) for 3 min/

bath, transferred to xylene, and further immersed for 12 min to make
the tissue slices transparent. Finally, the tissue slices were sealed with
neutral resin and imaged with CLSM. The emission signals were
collected from 415 to 500 nm and S15 to 564 nm under 405 nm and
49S nm excitation, respectively.

For tumor edge tissue slices, anti-integrin @ f; antibody was used
to indicate tumor cells. Thus, the experimental procedure was similar
to that for tumor/normal tissue slices except for two additional
operations: (1) before blocking with BSA, the slices were hydrated in
Improved Citrate Antigen Retrieval Solution bath at 95 °C for 10 min,
followed by immersion in H,0, three times (3 min each); (2) before
SNA-FITC staining, the tissue slices, after being washed three times
with PBS for 5 min each, were incubated with 1 ug/mL integrin o, f;
(23C6) at 4 °C for 10 h, followed by washing three times with PBS
for 5 min each and incubation with Goat Polyclonal Secondary
Antibody to Mouse IgG-H&L (Alexa Fluor 647) with a dilution ratio
of 1:1000, at 37 °C for 1 h. Finally, for CLSM imaging of antibody
staining, the emission signals were collected from 680 to 730 nm
under excitation at 647 nm.

Demonstration of Cell-Specific Potentiation of NK Cell
Cytotoxicity with CCK-8 Assay. MDA-MB-231 (or MCF-7) cells
in RPMI-1640 medium (100 uL) were pipetted into the wells of a 96-
well plate with a cell density of ~10,000 cells per well. The plate was
then incubated at 37 °C for 24 h in 5% CO, atmosphere. After
removal of the medium, the cells were divided into eight groups.
Groups 1 and 5: incubation in PBS at 4 °C for 30 min and then 37 °C
for 30 min; groups 2 and 6: incubation with Neu (0.5 U/mL, 100 uL
per well) at 37 °C for 30 min; groups 3 and 7: incubation with Neu@
MG (0.5 U/mL in equivalent Neu unit, 100 yL per well) at 37 °C for
30 min; groups 4 and 8: incubation with Neu@MG@Apt (0.5 U/mL
in equivalent Neu unit, 100 uL per well) at 4 °C for 30 min, followed
by three-time washing with PBS, and incubation at 37 °C for 30 min.
After washing with PBS three times, all the groups were subjected to
trypsin treatment followed by removal of the trypsin. It should be
noted that the purpose of trypsin treatment is to ensure a similar NK-
tumor cell contact condition for single- and cocultured cell settings
(vide infra), considering a 20-fold higher cell seeding density in single-
cultured cell setting compared with that in cocultured cell setting.
Then, to each well of groups 5—8 and 1—4, 100 L of the RPMI-1640
medium with and without 10,000 NK cells was added, respectively,
and the plate was incubated at 37 °C for 8 h. After removal of the
medium and washing with PBS three times, 100 L of the RPMI-1640
medium containing 10 4L of CCK-8 reagent was added to each well,
and the plate was incubated at 37 °C for 4 h. Then, the absorbance at
450 nm was recorded using the spectral scanning multimode reader.

Demonstration of Cell-Specific Potentiation of NK Cell
Cytotoxicity in Cocultured Cell Setting. MDA-MB-231 and
MCE-7 cells were each seeded at a density of 2 X 10° cells/mL and
cocultured in RPMI-1640 medium for 12 h. After blocking and
washing, the dishes were divided to the same eight groups as in the
above NK cell cytotoxicity analysis by the CCK-8 assay. After
incubation with different probes or PBS, 100 uL of the RPMI-1640
medium with and without 4 X 10° NK cells was, respectively, added
to wells in groups 5—8 and 1—4 and incubated at 37 °C for 8 h. After
washing with PBS three times, 100 uL of 2 uM calcein-AM reagent
was added to each well and incubated at 37 °C for 30 min. Then, the
cells in groups 1—3 and 5—7 were further incubated with TR-Apt at 4
°C for 30 min for identification of target MDA-MB-231 cells. The
cells were then carefully washed and imaged with CLSM. The
emission signals were collected from 500 to 540 nm and 605 to 685
nm under 488 nm and 594 nm excitation, respectively. The CLSM
results were also validated by flow cytometry using DiD staining to
indicate MDA-MB-231 cells.

Statistical Analysis. All data were representative results from at
least three independent experiments and average + standard deviation
were shown. Statistical analysis was performed using unpaired two-
tailed Student’s t-test unless noted otherwise. *p < 0.0S, **p < 0.005,
*#%p < 0.0005 were considered statistically significant, and p > 0.0S
was considered statistically not significant (NS).
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Figure 1. Characterization of Neu@MG@Apt. (a) FTIR spectra of Neu, MG, and Neu@MG. Inset in (a): magnified figure for the region between
1500-1700 cm™". (b) Zeta potentials of MG, Neu@MG, and Neu@MG@Apt. Mean + s.d. of three independent experiments are presented.
Particle size analysis of MG (c), Neu@MG (d) and Neu@MG@Apt (e) with increasing temperature by DLS. Mean + s.d. of three independent
experiments are presented. (f) SEM image and optical micrograph (inset) of Neu@ MG@Apt after drying at 37 °C and dispersing in PBS at 4 °C,

respectively.

B RESULTS AND DISCUSSION
Synthesis and Characterization of Neu@MG@Apt. To

implement controllable enzyme encapsulation and release
while minimizing influence on enzyme activity, a biocompat-
ible, negatively thermally sensitive MG is chosen and prepared
by inverse suspension polymerization from a macromer,
Pluronic F127-co-oligo(L-lactic acid) diacrylate (F127-LA-
DA, Figure S1), according to a literature with slight
modifications.*”** Owing to the swelling property of MG at
4 °C, direct mixing dried MG (15 mg) with Neu (279 ug) in
PBS leads to facile loading of Neu into MG, yielding Neu@
MG with a loading efficiency of 70%, which is obtained by
dividing the encapsulated amount of Neu, determined by
bicinchoninic acid (BCA) assay, with the total amount of Neu
added. The successful encapsulation is confirmed by Fourier
transform infrared spectroscopy (FTIR) characterization of
Neu@MG after extensive washing. The peaks at 1644 and
1515 ecm™ can be, respectively, attributed to C=0 stretching
and N—H bending vibrations of the protein (Figure 1a).* To
endow cell binding specificity to Neu@MG, Apt, with Texas
Red (TR) labeled at the S’-end to indicate cell binding, is
incorporated by adsorption on Neu@MG to form the final
probe, Neu@MG@Apt. This assembly step leads to a variation
of Zeta potential from 1 to —15 mV (Figure 1b).

With the probe successfully prepared, the thermally
responsive modulation of Neu release (accessibility) is
systematically evaluated. We first investigate the volume
change of MG, Neu@MG and Neu@MG@Apt upon temper-
ature increasing from 4 to 50 °C by DLS. The MG is swollen
at 4 °C, and exhibits a substantial decrease of diameter at
temperature higher than 27 °C (Figure 1lc), which is the
volume phase transition temperature (VPTT). The plateau
diameter, obtained at 37 °C, is about one-third of the average
diameter at 4 °C. The Neu@MG (Figure 1d) and Neu@
MG@Apt (Figure le) display trends similar to those of MG.
The morphology of Neu@MG@Apt at 4 and 37 °C is
observed by optical microscopy and SEM. The probe shows a
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diameter of 0.95—1.32 ym with a spherical morphology at 4 °C
(Figure 1f, inset), while after drying at 37 °C for 2 h, the
diameter decreases to 220—334 nm (Figure 1f).

Demonstration of Thermally Triggered Modulation
of Neu Accessibility. The thermally triggered, protein release
concentration from Neu@MG (Figure 2a) and Neu@MG@
Apt (Figure 2b) along with increasing temperature is
monitored. After incubation of probes at each temperature
for 30 min followed by centrifugation, the supernatants are
collected and subjected to BCA protein quantification assay. At
temperature below VPTT, both types of probes release
negligible amount of protein, suggesting excellent encapsula-
tion of Neu by MG. Whereas at temperature higher than
VPTT, a significant protein release is observed with a maximal
release percentage, 70% for Neu@MG and 68% for Neu@
MG@Apt of the encapsulated amount, obtained at 37 °C. The
influence of MG after incubation at different temperatures for
30 min on protein quantification can be ignored as evidenced
by the indiscernible protein signal (Figure S2a).

The blocking of Neu activity by MG during probe delivery
stage is a precondition for minimizing non-specific editing.
Thus, we use Amplex Red Neuraminidase (Sialidase) Assay Kit
with fetuin as the enzymatic substrate to evaluate the Neu
activity of the probes by direct incubation of probes with the
working solution of the Kit. The influence from MG on Neu
activity analysis is first excluded (Figures 2c and S2b). Both
Neu@MG and Neu@MG@Apt exhibit indiscernible Sia
cleavage activity at 4 °C, while free Neu of the encapsulated
amount displays an obvious cleavage activity at this temper-
ature (72% of that at 37 °C, Figures 2c and S3), suggesting
efficient blocking of Neu accessibility and thus activity by MG
at 4 °C. However, after incubation at 37 °C for 1 h, these
probes display substantial catalytic activities, which are 61% for
Neu@MG and 57% for Neu@MG@Apt of that for free Neu of
the encapsulated amount (Figure 2c). The agreement of these
data with the protein release percentages obtained by BCA
assay (Figure 2ab) provides proof for the largely unaffected
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Figure 2. Demonstration of the thermally triggered release of Neu for
modulation of enzymatic accessibility. Concentration of released Neu
from Neu@MG (a) and Neu@MG@Apt (b) after incubation at
different temperatures for 30 min. (c) Neu inaccessibility at 4 °C but
accessibility at 37 °C in Neu@MG or Neu@MG@Apt as measured
by enzyme activity analysis using free Neu of encapsulated amount as
the control. The influence from MG on Neu activity analysis at
different temperatures is excluded. Enzyme activity analysis of
released Neu from Neu@MG (d) and Neu@MG@Apt (e) after
incubation at 37 °C for different periods of time. (f) Demonstration
of the stability of Neu@MG@Apt. Percentage of released Neu from
Neu@MG@Apt of encapsulated amount after incubation at 4 °C for
different periods of time. Mean + s.d. of three independent
experiments are presented.

Neu activity during enzyme encapsulation and release
operations.

The time courses of Neu release at 37 °C from Neu@MG
and Neu@MG@Apt are also tracked. To avoid continuous
release of Neu during activity detection process, released Neu
for each time period should be collected by centrifugation
prior to measurement with the Kit. A fast release is observed
for Neu@MG, with the arrival of 50% and full plateau activity
value at 1.6 and 11 min, respectively (Figure 2d). The
assembly of Apt does not affect Neu release kinetics (Figure
2e). The fast release of Neu ensures the efficiency of
subsequent Sia trimming in live cell settings.

Evaluation of the Stability and Cytocompatibility of
Neu@MG@Apt. With in vitro thermally triggered Neu release
demonstrated, the feasibility of utilizing the probes on live cells
is next assessed. The stability of Neu@MG@Apt in PBS at 4
°C is first examined by recording protein release percentage
(Figure 2f); the Neu release is negligible in the initial 10 days.
The subsequent gradual leaching out of Neu might be because
of the degradation of MG by hydrolysis of labile ester bonds.**
The excellent biocompatibility of different MG-based probes
and intermediate species is evidenced by high cell viabilities

(>92%) through CCK-8 assay using MDA-MB-231 and MCEF-
7 cells as the model (Figure S4).*” The effects of the involved
components, including Pluronic F127 (F127), Pluronic F127-
co-oligo(L-lactic acid) copolymer (F127-LA), F127-LA-DA,
and MG, on Neu activity are also examined on live cells.
Fluorescein isothiocyanate-labeled SNA (SNA-FITC) is
utilized to indicate the cell surface sialylation level.”* Upon
Neu treatment, similar degree of fluorescence decrease on the
cell surface as a result of Sia trimming is observed by CLSM
imaging, regardless of the addition of these components
(Figure SS), thus excluding the influence.

Thermally Triggered Sia Trimming on Live Cells.
Thermally triggered, in situ Sia trimming is then performed
using Neu@MG on MDA-MB-231 and MCEF-7 cells, and the
effects of this operation on SNA-FITC binding are evaluated.
The 4 °C-incubation of Neu@MG with either type of cells for
30 min does not affect SNA-FITC binding signal as compared
with the control cells (Figure 3a,c—e), while incubation with
free Neu at the same temperature leads to substantial cleavage
of Sia as evidenced by the negligible SNA-FITC binding on
cell surface (Figure 3b,c), suggesting effective blocking of Neu
accessibility by MG in live cell settings. In contrast, treatment
of cells with Neu@MG at 37 °C for 30 min dramatically
reduces lectin binding extent, as reflected by the indiscernible
fluorescence on the cell periphery (Figure 3d,e).

The cleavage extent is comparable to cells undergoing free
Neu treatment at 37 °C (Figure 3b,c). Thus, the decrease of
lectin binding for Neu@MG-treated cells at high temperature
can be attributed to efficient cleavage of cell surface Sia by
released Neu from Neu@MG upon thermal trigger. To further
support this claim, the influence of temperature on enzymatic
activity is excluded by the observation of only slightly
decreased cleavage activity of Neu at 4 °C compared with
that at 37 °C (Figures 2c and 3b,c).

Thermally Triggered, Cell-Specific Sia Trimming.
Having verified thermally triggered Sia trimming on live
cells, we then proceed to endow this operation with cell
specificity by using Neu@MG@Apt. To this end, we first
demonstrate the specific recognition of Neu@MG@Apt
toward MDA-MB-231 cells by observation of bright cell
periphery fluorescence from Apt (with TR labeled), using
MCEF-7 cells as the negative control (Figure $6).* The cell
binding capability is lost on either the target or the control
cells, when we displace Apt with a random sequence in the
probe.

Then, we perform cell-specific Sia trimming using Neu@
MG@Apt and assess the feasibility of specific regulation of
lectin recognition on target cells (Figure 3f,g). To ensure
precision spatiotemporal control of the editing event, the
probe delivery (4 °C) and enzyme catalysis (37 °C) steps need
to be stringently separated; thus, a two-step incubation
operation (referred to hereafter as Neu@MG@Apt-based Sia
trimming) is needed. After Ist-incubation of cells with Neu@
MG@Apt at an optimal concentration of 0.5 U/mL for 30 min
(Figure S7) at 4 °C for probe anchoring, the cells are washed
to remove the unbound probe and subjected to 2nd-incubation
at 37 °C for 30 min, followed by SNA-FITC incubation and
CLSM imaging. To demonstrate the role of thermal triggering,
a group of cells are administrated to 2nd-incubation at 4 °C for
30 min with other conditions unchanged. For these cells, a
lectin binding signal is observed similar to that on the control
cells, again suggesting the blocking effect of MG at low
temperature. However, for cells undergoing 2nd-incubation at
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Figure 3. Demonstration of the effects of thermally triggered non-cell-specific and cell-specific Sia trimming on lectin recognition. (a) SNA-FITC
staining of MDA-MB-231 and MCF-7 cells after incubation in PBS at 37 °C for 30 min. (b, d) SNA-FITC staining of MDA-MB-231 and MCF-7
cells after treatment with Neu (b) or Neu@MG (d) at 4 or 37 °C for 30 min. (f) SNA-FITC staining of MDA-MB-231 and MCF-7 cells after 1st-
incubation with Neu@MG@Apt at 4 °C, washing, and subsequent 2nd-incubation at 4 or 37 °C. To demonstrate Sia trimming specificity, after 1st-
incubation of cells with Neu@MG@Apt and subsequent washing, PSia is added during 2nd-incubation. Scale bar: 10 ym. (a,b,d,f) Representative
results of three independent experiments. (c,e,g) Plots of SNA-FITC FI obtained from CLSM images at the periphery of MDA-MB-231 and MCF-
7 cells from (a,b,d,f). Mean + s.d. of three independent experiments are presented, measuring 10 cells each time.

37 °C, indiscernible lectin binding signal, indicating the
occurrence of desialylation, can be observed only on MDA-
MB-231 rather than MCF-7 cells (Figure 3f,g). This is because
after the Ist-incubation and washing steps, only on MDA-MB-
231 cells can the probe bind and then release Neu upon
temperature trigger. These results demonstrate the necessity of
Apt recognition for achievement of cell-specific glyco-editing.
The released Neu during 2nd-incubation is estimated to be
equivalent to 1.6 X 1075 U per cell (Figure S8). An advantage
of the proposed method is the short operation timeframe,
which is about 90 min, much shorter than frequently used
MOE-based glycan labeling methods (1—3 days).'>'® The
glyco-specificity of the method is validated by adding poly-2,8-
N-acetylneuraminic acid (PSia) in the 2nd-incubation step,
which leads to remarkably elevated lectin binding signal
(Figure 3f,g) because of the competition between PSia and cell
surface-linked sialylated glycans toward released Neu.
Cell-Specific Regulation of Lectin Binding in MDA-
MB-231 and MCF-7 Cell Cocultured Setting. The cell
specificity of the proposed method is further assessed in a more
challenging experimental setting with MDA-MB-231 and

MCEF-7 cells cocultured. TR labeled on Apt, either additionally
added or in Neu@MG@Apt, is used to indicate target MDA-
MB-231 cells by red fluorescence. After performing in situ
Neu@MG@Apt-based Sia trimming, only the cells with red
staining, that is, MDA-MB-231 cells, display obvious decrease
of green fluorescence from SNA-FITC binding, whereas MCE-
7 cells show virtually unchanged lectin binding signals (Figure
4a, bottom, and Figure 4b). In contrast, treatment by free Neu
or Neu@MG results in indiscriminate trimming of Sia on both
types of cells, as reflected by the similar decrease extents of
green fluorescence (Figure 4). The CLSM results are also
manifested by flow cytometry (Figure S9). The achievement of
cell-specific regulation of SNA-FITC binding here is due to the
high effective local molarity of released enzyme as these high-
molecular-weight protein species possess slow diffusion
rates."”*! Although this cell specificity might gradually lose
with stretched 2nd-incubation time, in our case, 30 min
trimming time can ensure excellent cell specificity while
efficient target-cell trimming as evidenced by the unaffected
SNA-FITC fluorescence intensity (FI) on MCF-7 cells and
almost disappearance of lectin binding on MDA-MB-231 cells
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Figure 4. Cell-specific regulation of SNA-FITC binding in cocultured
cell setting. (a) SNA-FITC staining of cocultured MDA-MB-231 and
MCEF-7 cells after Neu-, Neu@MG-, or Neu@MG@Apt-based Sia
trimming. Cells without treatment are used as the control. Scale bar:
10 um. (a) Representative results of three independent experiments.
(b) FI of SNA-FITC at the periphery of MDA-MB-231 and MCF-7
cells from (a). Mean + s.d. of three independent experiments are
presented, measuring 10 cells each time. ***p < 0.0005 (p =
0.0000000054) (MDA-MB-231); NS, p = 0.57 (MCE-7).

(Figure 4b). A weak binding of the probe on MCF-7 cells can
be also observed, which likely resulted from slightly
compromised Apt binding specificity in complex cocultured
cellular environment (Figure 4a, bottom); however, the low

local Neu concentration is incompetent to exert effective
trimming activity, again reflected by the negligible change of
FITC fluorescence on MCEF-7 cells compared to that on
control cells (Figure 4b).

Tumor-Specific Glyco-Editing on Tissue Slices. The
application expansion of glyco-editing technique from live cells
to more authentic biosystems, such as tissue slices, is always
considered an unsolved task because of the dependence on
cellular endogenous functions of most glyco-editing strategies.
Thus, the cell-function-independent editing feature of our
method motivates us to perform tumor-specific glyco-editing
on tissue slices. To this end, tumor and normal tissue slices are
collected from paraffin-embedded tissue sections from MDA-
MB-231 subcutaneous tumor xenografts and normal breast,
respectively, in BALB/c nude mice. The histological differ-
ences between tumor and normal tissue slices are confirmed by
hematoxylin and eosin (H&E) staining (Figure S10a, right)
and a marked SNA-FITC binding to tumor tissues compared
with normal tissues can be observed, because of the
overexpression of Sia on the tumor cell surface.***” Then,
we perform thermally triggered Neu@MG@Apt-based Sia
trimming on the two types of tissue slices. The tumor tissue
slices display an obviously lower binding of SNA-FITC after
glyco-editing, as reflected by weaker green fluorescence,
compared with tumor tissue slices without editing (Figure
S10a, top, and Figure S10b), which can be largely attributed to
the Sia trimming on MDA-MB-231 cells by Neu@MG@Apt
treatment. While on normal tissue slices, there are indiscernible
change of lectin binding after editing operation (Figure S10a,
bottom, and Figure S10c). The tumor-specific desialylation is
also demonstrated on slices from the edge of the tumor tissues
(Figure 5). Using anti-integrin a,f; antibody to indicate tumor
tissues,” after Neu@MG@Apt-based Sia trimming, the
regions with bright antibody binding signal (i.e., tumor cells)
display a substantially decreased binding of SNA-FITC. To
further verify the cell specificity of Sia trimming by our
method, tissue slices from bladder tumor are also collected,
which display high Sia expression but should not be
desialylated. After performing Neu@MG@Apt-based Sia
trimming, negligible change of the SNA-FITC signal can be
observed because of the incompetent binding of Neu@MG@
Apt toward bladder tumor tissues (Figure S11). These data
suggest the realization of tumor-specific glyco-editing on bona
fide tissue slices for the first time, which represents an
important step in the field of glyco-editing.

SNA-FITC Anti-Integrin a B,
g "

Control

Neu@MG@Apt

DAPI

Figure S. Glyco-editing on tumor edge tissue slices from subcutaneous MDA-MB-231 xenograft. SNA-FITC staining of tumor edge slices with and
without Neu@MG@Apt-based Sia trimming treatment. Anti-integrin «a,f; antibody staining indicates tumor tissues. The histological
photomicrograph for the tumor edge slices is also shown. Scale bars: 50 ym. The images are representative results from >3 slices per section,
n = 6 mice.
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(a) Cell viability of separately cultured MDA-MB-231 and MCF-7 cells after PBS incubation, Neu treatment, Neu@MG treatment, or Neu@MG@
Apt-based Sia trimming with and without combination of NK cell incubation, assessed by CCK-8 assay. Cytotoxicity is evaluated at a 1:1 effector/
target (E/T) ratio. Mean + s.d. of three independent experiments are presented. **p = 0.0027 (MDA-MB-231); NS, p = 0.79 (MCF-7). (b)
CLSM images of cocultured MDA-MB-231 and MCF-7 cells after PBS incubation, Neu treatment, Neu@MG treatment, or Neu@MG@Apt-based
Sia trimming with and without combination of NK cell incubation (1:1 E/T ratio). Cells with arrow indicated are target MDA-MB-231 cells. Scale
bar: 10 yum. Images are representative of three independent experiments. (c) Plot of normalized Calcein-AM fluorescence intensity (FI/FI,) at the
periphery of MDA-MB-231 and MCF-7 cells from (b). FI, fluorescence intensity obtained from CLSM images; FI,, fluorescence intensity on
control cells. Mean =+ s.d. of three independent experiments are presented, measuring 10 cells each time. ***p < 0.0005 (p = 0.000024) (MDA-

MB-231); NS, p = 0.29 (MCE-7).

Potentiation of Innate Immune Response toward
Target Cells. The achievement of cell-specific regulation of
lectin binding by our method provides an unprecedented
opportunity for precision modulation of the immune response
toward live cells. It is well known that Sia is overexpressed in
many tumor types’®*’ and exploited by tumor cells for
inhibition of NK cell activation via the engagement of sialic
acid-binding immunoglobulin-like lectin 7 (Siglec-7).° Thus,
targeting the Sia—Siglec axis (glyco-immune checkpoint),
either by cleaving Sia on tumor cells or blocking Sia—Siglec
interactions, is a promising therapeutic strategy,”  which has
been carried out in preclinical models.”® Among them,
neuraminidase treatment of cancer cells, capable of removing
the Siglec ligands, represents an easier way to enhance NK cell
killing.”® However, its in wvivo feasibility remains to be
ambiguous because of the concern regarding the side effects
from desialylation during probe delivery stage.” Thus, to push
forward Sia-Siglec-axis-targeted cancer immunological ther-

apeutic intervention, we exploit our method to promote the
immune response on a given type of cultured tumor cells. NK
cells are purified from peripheral blood mononuclear cells
(PBMCs), that are separated from peripheral blood of healthy
people, and verified by flow cytometry (Figure S12).** The
incubation of NK cells with separately cultured MDA-MB-231
and MCEF-7 cells for 8 h leads to a cytolysis ratio of 65% and
64%, respectively, as measured by CCK-8 assay (Figure 6a).
Longer NK cell incubation time renders a further higher
cytotoxicity (Figure S13). The comparable cytolysis between
the two cell types has also been reported by previous
studies,”’ ™ which might be related to the complicated
interactions between tumor cell surface ligands with the
activating and inhibitory receptors on NK cells.”” On both
types of tumor cells, pretreatment with Neu (or Neu@MG)
prior to NK cell incubation leads to a higher cytotoxicity
without cell type bias, verifying the boost effect of tumor cell
desialyation on NK cell killing activity. However, sequential
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performing Neu@MG@Apt-based Sia trimming and NK cell
incubation can only generate an enhanced cytotoxicity toward
MDA-MB-231 cells rather than MCEF-7 cells, demonstrating
the achievement of cell-specific potentiation of the NK cell
immune response by the proposed glyco-editing method.

To mimic real complex environment, live MDA-MB-231
and MCEF-7 cells are cocultured and subjected to Neu, Neu@
MG, or Neu@MG@Apt-based desialylation, followed by NK
cell incubation. The cell viability is indicated by calcein-AM
(green fluorescence), and the target cells are labeled by TR of
Neu@MG@Apt or Apt (red fluorescence). Desialylation
treatment without NK cell incubation causes little influence
on calcein-AM fluorescence (Figure 6b,c), while just NK cell
incubation leads to an obvious decrease of cell viability
regardless of cell type. In good agreement with the results
obtained in single-cultured cell setting, pretreatment by Neu or
Neu@MG prior to NK cell treatment causes a further impaired
cell viability on both cell types. However, the cells undergoing
Neu@MG@Apt-based Sia trimming and then NK cell
incubation (Neu@MG@Apt + NK) can be divided into two
classes: the cells with red fluorescence (i, MDA-MB-231
cells) display an even weaker green fluorescence compared
with those solely treated by NK cells; in contrast, the cells
without red fluorescence (i.e, MCF-7 cells) show negligible
change. The observation results are also verified by flow
cytometry (Figure S14). Taken together, these data demon-
strate the feasibility of using the proposed method for cell-
specific promotion of antitumor immunity of NK cells and also
highlight the opportunity to avoid unnecessary influence on
glycans during probe delivery in future in vivo study.

B CONCLUSIONS

A thermally triggered, in situ cell-specific glyco-editing method
is developed for regulation of lectin recognition and immune
response against target cells. The method realizes spatiotem-
poral control of glyco-editing event from the outside of cells by
two means: (1) specific recognition between Apt and target
cells for guiding glyco-editing enzyme to the given cell surface;
(2) thermally sensitive modulation of the accessibility of glyco-
editing enzyme by a cell-compatible, intelligent MG. The
thermal regulatory handle endows the strategy with easy
operation, excellent cytocompatibility, and more importantly,
flexibility for different application scenarios. To afford a
research tool for glycan functions (e.g,, recognition) on cellular
level, just as in this work, the VPTT of the MG (27 °C)
ensures the efficient release of the glyco-editing enzyme at 37
°C, which is the most convenient temperature for researchers
to perform cultured cell-based experiments. As expected, using
cell surface Sia as the trimming object, cell-specific regulation
of lectin binding is realized on live target cells in both single-
and cocultured settings. This highlights the capability of our
method for not only revelation of the functional roles of
glycans on a given type of cells in complex biological
environments but also modulation of cell recognition behaviors
in a cell-specific manner. Our method is also applicable to
tissue slices that tumor-specific glyco-editing is achieved, for
the first time, on these more representative samples. Inspired
by these results, we further demonstrate the feasibility of
performing cell-specific Sia trimming to boost the immune
response of NK cells against a given type of cultured tumor
cells. Thus, our method provides a potentially viable solution
for avoiding disturbance from glyco-editing before probe
reaching tumor sites. Through optimization of the macromer

54396

constitution to adjust VPTT beyond 37 °C°"** and
combination with photothermal nanomaterials,>>** the
method could be further updated for tumor-targeted glyco-
editing and immunosuppression relief in vivo using light
stimulus to increase local temperature and trigger Neu release.
The proposed method could be readily adapted for other
glyco-editing enzymes, thus enabling versatile tailoring of cell
surface glycans. Thus, this work will contribute to a deep
understanding of cellular glycan recognition of chemical and
biological relevance and also pave the way for in wvivo
glycoimmune-checkpoint-targeted precision cancer therapy.
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