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Cell surface glycans form various “glycan patterns” consisting of different
types of glycan molecules, thus enabling strong and selective cell-to-cell
recognition. We previously conjugated different N-glycans to human serum
albumin to construct glycoalbumins mimicking natural glycan patterns that
could selectively recognize target cells or control excretion pathways in mice.
Here, we develop an innovative glycoalbumin capable of undergoing trans-
formation and remodeling of its glycan pattern in vivo, which induces its
translocation from the initial target to a second one. Replacing «(2,3)-sialy-
lated N-glycans on glycoalbumin with galactosylated glycans induces the
translocation of the glycoalbumin from blood or tumors to the intestine in
mice. Such “in vivo glycan pattern remodeling” strategy can be used as a drug
delivery system to promote excretion of a drug or medical radionuclide from
the tumor after treatment, thereby preventing prolonged exposure leading to
adverse effects. Alternatively, this study provides a potential strategy for using
a single glycoalbumin for the simultaneous treatment of multiple diseases in a

patient.

Glycoproteins, glycolipids, and proteoglycans on the cell surface play
important roles in mediating cell-to-cell recognition, which is parti-
cularly relevant for immune systems'*. Because the interaction
between a monovalent glycan and the corresponding lectin is rela-
tively weak (at millimolar Kp, level), the formation of glycan clusters on
the cell surface enables high-avidity interactions through a muilti-
valency effect (Fig. 1a)*®. Cluster formation by different types of nat-
ural glycan molecules results in distinct “glycan patterns” (Fig. 1b).
These glycan patterns facilitate selective cell recognition, i.e., glycan
pattern recognition, which plays important roles in several biological
processes’ 2,

In previous work from our group, different asparagine-linked
glycans (N-glycans) were conjugated to human serum albumin to
mimic the glycan pattern on albumin (Fig. 1c)”". The RIKEN click
reaction, which was developed by our group'®?, was used to introduce
various large N-glycans onto albumin to synthesize glycoalbumins with
different glycan patterns, including heterogeneous glycoalbumins

with two different types of N-glycans. The data indicated that small
changes in glycan patterns on albumin significantly alter cancer-
targeting selectivity (Fig. 1c-i). Moreover, the in vivo kinetics and dis-
section analysis showed that the dynamics of these glycoalbumins are
largely dependent on glycan pattern recognition in mice'*", As shown
in Fig. 1c-ii, compared with unmodified albumin, which is distributed
over the whole body, the introduction of 10 molecules of a(2,3)-sia-
lylated N-glycan on albumin improves blood stabilization and extends
blood circulatory residence®?*, and the glycoalbumin is gradually
excreted via the urinary bladder. By contrast, galactosylated gly-
coalbumin preferentially translocates to the intestinal excretion; the
galactose-terminated N-glycan interacts with the asialoglycoprotein
receptor (ASGPR) of hepatocytes® %, and is then taken up by liver and
eventually excreted through intestine. The results suggest that cell-
targeting selectivity and in vivo biodistributions can be precisely
controlled by glycan pattern recognition, which serves to elicit specific
biological responses. These findings led us to hypothesize that
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(c) Artificial glycoalbumins with various targeting properties depending on glycan pattern recognition
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Fig. 1| Concept of glycan pattern recognition. a Individual lectin-glycan inter-
actions are generally weak and reversible (at mM K, levels). However, in the pre-

sence of glycocluster structures, they can exhibit strong cell interactions. In the
presence of matching glycan patterns and lectin expression, glycoclusters can

exhibit strong and selective cell interactions. b The glycocluster with various gly-

cans would be selective for cell A (exactly matching glycan pattern) over cell B
(partially matching glycan pattern) and cell C (mismatching glycan pattern). Gly-
cans and lectins of the same color interact with each other. BIO-template: cell,
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antibody, and protein. ¢ Artificial glycoalbumins were prepared by conjugating N-
glycans to human serum albumins. As indicated in (I), a(2,3)-sialylated glycoalbu-
min targeted SW620 colon cancer cells, a(2,3)-/a(2,6)-sialylated glycoalbumin
targeted Hela cervical cancer cells, and «(2,3)-sialylated/hybrid glycoalbumin
targeted A549 lung cancer cells. In the in vivo biodistribution in mice (II), a(2,3)-
sialylated glycoalbumin showed preferential urinary excretion, whereas the
galactosylated glycoalbumin was translocated to the intestinal excretion.
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transforming and remodeling the glycan pattern of a glycoalbumin
in vivo may allow translocation of the glycoalbumin from one target to
another one (Fig. 2a).

In this work, we design a method to translocate glycosylated
albumin from blood to intestine by remodeling the «(2,3)-sialylated
glycan pattern into a galactosylated pattern on albumin via a bioor-
thogonal chemical reaction (Fig. 2b). Alternatively, the a(2,3)-sialylated
glycoalbumin shows a strong interaction with human colon cancer
SW620 cells'®*3°, Therefore, we examine whether «(2,3)-sialylated
glycoalbumin bound to SW620 tumors could be translocated to the
intestine using the same in vivo remodeling strategy.

Results and discussion

Design and synthesis of a translocating glycoalbumin in mice
In order to efficiently achieve the remodeling of the glycan pattern
recognition in vivo, we focused on the click-to-release reaction
reported by Robillard et al.>*, In this reaction, the inverse electron-
demand Diels-Alder reaction (IEDDA) between trans-cyclooctene
(TCO) and tetrazine (Tz) is followed by the release of payload mole-
cules from the TCO group®. The use of the click-to-release method
in cancer therapy for releasing anticancer drugs as the payload has
been investigated in mouse experiments and in clinical trials®**, and it
was therefore explored in this study. On the basis of the click-to-
release mechanism, a TCO derivative was bound to albumin and linked
to a(2,3)-sialylated N-glycan through a self-immolative carbamate
group (Fig. 2¢). Following the IEDDA with a galactosylated N-glycan
bearing Tz, the glycan pattern on albumin was remodeled to galacto-
sylated albumin through the release of the a(2,3)-sialylated glycan
from the TCO moiety. This reaction performed in vivo should result in
the translocation of the glycoalbumin from the bloodstream or SW620
tumors to the liver, which results in the intestinal excretion (Fig. 2b).

We designed the unsaturated aldehyde probe 1 containing the
TCO motif (Fig. 3). On the basis of the “in vivo glycan pattern remo-
deling” depicted in Fig. 2b, c, the «(2,3)-sialylated glycan (to be
released by the click-to-release reaction) was conjugated to the TCO
moiety via a carbamate linker (Fig. 3). N-glycan structures, such as
sialylated compounds, are hydrophilic, complex, and large, and con-
jugating other hydrophobic molecules such as the aldehyde probe 1 is
challenging. We therefore explored the use of the strain-promoted
azide-alkyne click reaction (SPAAC)* for the conjugation of TCO and
N-glycans. The unsaturated ester-aldehyde function of probe 1 is
essential for conjugation with the lysine residues of albumin via the
RIKEN click reaction, i.e., 6T-azaelectrocyclization of the unsaturated
imines, which was developed earlier by our group'® %

The synthesis of compound 1 is shown in Fig. 3. To efficiently
introduce the anilino amino group in 7* to the TCO 3*, the sterically
hindered carboxylic acid of 3 was initially elongated by a glycine
methyl ester linker to yield 4 at 88%. After the allylic alcohol of 4 was
activated to 4-nitrophenyl carbonate, the reaction with 5’ yielded the
cyclooctyne/TCO 6 at 78% in two steps. Following hydrolysis of the
methyl ester group of 6, compound 8 was obtained by amidation with
7 through an acyl chloride intermediate at 52% in two steps. After the
allylic alcohol in 8 was oxidized by Dess-Martin periodinane at 60%,
the resultant aldehyde 1 was conjugated with azide-functionalized
«(2,3)-sialylated glycan 2 (Fig. 3) via the SPAAC reaction, providing the
desired glycan aldehyde 9 at a quantitative yield. Alternatively, the
galactosylated Tz (Gal-Tz) could be prepared from the activated ester
of Tz 11 and the galactosylated glycan 10 at 52%.

Examination of “glycan pattern remodeling” by click-to-release
chemistry

Glycoalbumin-I was efficiently generated using the RIKEN click reac-
tion, which consisted of treating albumin with 15 equivalents of the
glycan-aldehyde probe 9 at 37 °C for 3.5 h (Fig. 4a). Small molecules
were filtered by Amicon centrifugation, and the number of conjugated

glycans was evaluated by MALDI-TOF mass spectroscopy. As shown in
Fig. 4b, the average molecular weight of glycoalbumin-I was 108 kDa
(blue line), whereas that of unmodified albumin was 66.5kDa (red),
indicating that approximately 12 molecules of probe 9 were intro-
duced into albumin. Because of the high reactivity of the RIKEN click
reaction, approximately 80% of probe 9 reacted with the albumin
surface to form the a(2,3)-sialylation.

To test the “glycan pattern remodeling” on albumin (Fig. 4a),
glycoalbumin-l was reacted with an excess amount (60 equivalents) of
Gal-Tz at 37°C, and the process of replacement of o(2,3)-sialylated
glycans with galactosylated ones was evaluated by real-time monitor-
ing of the molecular weight of the glycoalbumins (Fig. 4c). The mole-
cular weight of glycoalbumin-l increased rapidly to 128kDa for
5-10 min (Fig. 4c-ii, c-iii), indicating that approximately 10 molecules
of Gal-Tz were conjugated to glycoalbumin-I via the IEDDA. The aver-
age molecular weight gradually decreased to 112 kDa over 4 h (Fig. 4c-
vii) and eventually to 110 kDa after 16 h (Fig. 4c-viii), indicating that six
molecules of «a(2,3)-sialylated glycan were released from
glycoalbumin-l. As a result, the glycan pattern of the “remodeled”
glycoalbumin-Il consisted of 6 molecules of «(2,3)-sialylated glycan
and 10 molecules of galactosylated glycan. This in vitro outcome
demonstrated that the chemistry-based “glycan pattern remodeling”
of albumin was feasible.

In vitro cell interaction with glycoalbumins

ASGPR is expressed on the plasma membrane of hepatocytes (and
highly expressed in liver cancer cells such as HepG2 cells), and it binds
preferentially to galactosylated glycans. The main function of ASGPR is
to maintain serum glycoprotein homeostasis through endocytosis of
desialylated glycoproteins with terminal galactose residues™ 7. In the
next stage of this study, we used HepG2 as the target cells for inves-
tigating whether “glycan pattern remodeling” of albumin could alter
cell binding selectivity. Both TAMRA-labeled glycoalbumin-I and -II
were incubated with HepG2 cells at 37°C for 3h (Fig. 5a, c). After
washing with PBS to remove nonspecifically bound glycoalbumins, cell
fluorescence imaging was performed. The galactosylated pattern on
glycoalbumin-Il showed a higher interaction with HepG2 cells than the
sialylated pattern on glycoalbumin-I (Fig. 5a, c, e). Following the same
incubation conditions, in the co-treatment of TAMRA-labeled gly-
coalbumin-l and Gal-Tz with HepG2 cells, the TAMRA fluorescence
displayed a similar intensity to that in the treatment of TAMRA-labeled
glycoalbumin-Il only (Fig. 5b, c, e). This result indicated that the
remodeling of the a(2,3)-sialylated glycan pattern on glycoalbumin-I
into the galactosylated glycan pattern by the click-to-release reaction,
resulting in the increased binding to HepG2 cells. To confirm if the
ASGPR involves binding to glycoalbumin-ll, a competitive ligand-
binding assay was conducted by incubating HepG2 cells with a mixture
of TAMRA-labeled glycoalbumin-Il and excess galactose (Fig. 5d). As a
result, the significantly weakened interaction of glycoalbumin-Il
against HepG?2 illustrated that the ASGPR bound with the galactosy-
lated glycan pattern of glycoalbumin-Il (Fig. 5e). Moreover, the con-
focal fluorescence images in Fig. 5f showed that the ASGPR-mediated
endocytosis transported glycoalbumin-Il into the intracellular com-
partments of HepG2. In addition, we previously showed that galacto-
sylated albumin is translocated to the intestine of mice through liver
uptake'. Given these data in Fig. 5, in a mouse model, the chemistry-
based remodeling of the a(2,3)-sialylated glycan pattern on
glycoalbumin-I leads to the uptake of the remodeled galactosylated
glycoalbumin-Il by ASGPR in hepatocytes, which results in the intest-
inal excretion.

Because «(2,3)-sialylated glycoalbumin binds to human colon
cancer SW620 cells'***7°, we will explore using the same in vivo glycan
remodeling strategy for weakening the interaction of glycoalbumin-I
against SW620 tumors to examine whether this eventually results in its
movement to the intestine. Before moving onto animal experiments,
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the interactions of glycoalbumin-l and -l against SW620 cells were glycoalbumin-I and -l (Fig. 6b, d) clearly showed that the a(2,3)-sialy-
investigated. The experiment result of SW620 cells incubated with lated pattern on glycoalbumin-I displayed a stronger interaction with
TAMRA-labeled albumin as a control (Fig. 6a), TAMRA-labeled SW620 cells than the galactosylated glycan pattern on glycoalbumin-II

(a) Chemistry-driven translocation of glycoalbumin in mice

Remodeling
glycan pattern

X Glycan

g Gchan
Human
Q serum
albumln

Glycoalbumin-1 Glycoalbumin-2

o /_ \? Translocating
s to the second target
Initial target
/ /|

Target 1

(b) In vivo translocation of glycoalbumin by remodeling glycan pattern recognition ¢ 9
Biorth I _
a(2,3)-Sialylated I?ea;?;nna Galactosylated o=
albumin o albumin

7 a(2,3)-Sialylated
% fj% Blood N-glycan
% " vessel
0%
O =

6 @)
Urine Intestine
Galactosylated
L <J eV Rgif s v
-_— %o tumor
8% > - =

Biorthogonal
reaction partners

(c) Remodeling of glycan pattern on albumin by utilizing click-to-release chemistry

a(2,3)- Introducing Releasing the Remodeling the
Sialylated Q galactosylated glycan a(2,3)-sialylated glycan glycan pattern
. 4 Inverse n Galactosylated
L electron
N9 demand
trans- Sw - letrazine  Diels-Alder
Cyclooctene P>= NY"V ==l (T2) (IEDDA) \:
(TCO) R —_— 7
R
Fig. 2 | Concept of chemistry-driven translocation of glycoalbumin in mice. of the a(2,3)-sialylated glycan pattern to a galactosylated pattern on albumin by

a Schematic showing the proposed strategy based on remodeling the glycan pat-  using a bioorthogonal chemical reaction, leading to the translocation of the gly-
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tions with target 1, and resulting in the translocation of the remodeled glycan chemistry was used to remodel the glycan pattern on albumin in mice.

pattern of glycoalbumin-2 to the second target. b Schematic of in vivo remodeling
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(Fig. 6e). In comparison with TAMRA-labeled glycoalbumin-I (Fig. 6b),
the interaction of TAMRA-labeled glycoalbumin-I against SW620 cells
was significantly reduced by co-treating Gal-Tz as the result of the
click-to-release reaction (Fig. 6¢, e). The confocal fluorescence images
in Fig. 6f showed that glycoalbumin-l mainly bound to SW620 cells on
the cell surface, indicating that the remodeling of the a(2,3)-sialylated
glycan pattern to the galactosylated glycan pattern on glycoalbumin-I
was possible on the cell surface. These outcomes in Fig. 6 illustrated
that translocation of glycoalbumin-lI from the SW620 tumors to the
intestine by using the glycan pattern remodeling will be feasible.

Glycoalbumin translocation through glycan pattern remodeling
in mice

On the basis of in vitro data in Fig. 5, “in vivo glycan pattern remo-
deling” triggered by the click-to-release reaction was examined in
animal studies (Fig. 7). Glycoalbumin-I and -Il were labeled with the
near-infrared fluorophore, HiLyte Fluor 750%, to analyze the in vivo
kinetics and organ-specific translocation by molecular imaging. As
shown in Fig. 7a, three groups of mice received the indicated gly-
coalbumins (glycoalbumin-l, co-injection of glycoalbumin-I with Gal-
Tz, and glycoalbumin-Il) via intravenous injection. «(2,3)-Sialylated
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Fig. 4 | In vitro investigation of glycan remodeling on glycoalnumins. a The
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pattern consisting of 6 a(2,3)-sialylated glycans and 10 galactosylated glycans via
click-to-release. b The molecular weight change of glycoalbumin-I was measured
by MALDI-TOF-MS. ¢ The real-time molecular weight changes of glycoalbumin-I

during the glycan pattern remodeling process were monitored by MALDI-TOF-MS.

glycoalbumin-l or galactosylated glycoalbumin-ll was used as the
control. The “in vivo glycan pattern remodeling” experimental group
received glycoalbumin-I followed by Gal-Tz. After 3 h, the mice were
dissected, and the fluorescence intensity (ROI) of the whole abdominal
cavity and the collected intestine, blood, and urine was measured.
Mice treated with «(2,3)-sialylated glycoalbumin-1 showed weak
fluorescence signals in the intestinal tract (Fig. 7b-i), whereas mice
treated with glycoalbumin-II (Fig. 7b-iii), which corresponded to the
galactosylated glycan pattern, showed obvious fluorescence activity in
the intestine. In the group co-injected with glycoalbumin-I and Gal-Tz
(Fig. 7b-ii), fluorescence activity in the intestine was similar to that in
the control glycoalbumin-Il group. These results indicate that the click-
to-release reaction caused remodeling of the a(2,3)-sialylated glycan
pattern on glycoalbumin-l into the galactosylated glycan pattern in
mice, resulting in intestinal translocation. This was confirmed by
quantification of the fluorescence intensity in the intestine, urine, and
blood and comparison of the groups receiving glycoalbumin-I, co-

injection of glycoalbumin-I with Gal-Tz, and glycoalbumin-II (Fig. 7b,
c-e). As shown in Fig. 7c, fluorescence intensity in the intestine was
3-fold higher in the groups receiving single administration of
glycoalbumin-Il and co-injection of glycoalbumin-I with Gal-Tz than in
the group injected with glycoalbumin-I. Consistent with the longer
circulatory residence in blood of a(2,3)-sialylated glycoalbumin, i.e.,
glycoalbumin-l, and its eventual excretion via the urinary bladder, the
group injected with glycoalbumin-I showed notably higher fluores-
cence activity in the urine (Fig. 7b-i, d) and blood (Fig. 7b-i) than the
other groups, in which intestinal excretion (Supplementary Fig. 52) was
induced.

With the promising cell experiment data in Fig. 6, we finally
explored the translocation of glycoalbumin-I, which was initially
targeted to SW620 cancer-xenografted mice, to the intestinal tract
using a similar strategy. As shown in Fig. 8a, the three groups of mice
received the indicated compounds (glycoalbumin-l, co-injection of
glycoalbumin-I followed by Gal-Tz after 10 min, and glycoalbumin-II)
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Data are presented as the mean + SD. Each data point indicated an independent

experiment (n = 3). Significance p values were determined by two-way ANOVA.
*p =0.0038 (glycoalbumin-I with Gal-Tz vs. glycoalbumin-II); ***p < 0.0001
(glycoalbuin-I vs. glycoalbumin-I with Gal-Tz and glycoalbuin-I vs. glycoalbumin-
11). f Confocal microscopy fluorescence images of HepG2 cells incubated with
galactosylated glycoalbumin-II (1 pM) at 37 °C for 3 h. The shown images
obtained at x60 magnification via Hoechst fluorescence (cell nuclei staining),
TAMRA fluorescence (glycoalbumins), and the combined Overlay. Three
experiment was done in three biological replicates (n=3). The scale bar corre-
sponds to 50 pm.
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via intratumoral administration. The time-dependent confocal
fluorescence images (Supplementary Fig. 37) showed that
glycoalbumin-I bound with the cell surface of SW620 within 30 min
and was slowly taken up intracellularly after 3 h. Therefore, a 10-min
interval was set up between the co-injection of glycoalbumin-I and
Gal-Tz before SW620 tumor completely took up glycoalbumin-l
intratumorally. After 5h, the mice were dissected, and the

fluorescence intensity of the collected intestine, urine, and blood was
measured (Fig. 8b-e).

Because the a(2,3)-sialylated glycan pattern shows high affinity for
SW620 tumors, direct intratumoral injection of glycoalbumin-l into
the cancer region caused notable tumor accumulation (Fig. 8a and
Supplementary Fig. 45), and intestinal translocation was not observed
(Fig. 8b-i). By contrast, the group co-injected with glycoalbumin-I and
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Fig. 6 | Interactions of glycoalbumins against SW620 cells. Image results of
SW620 cells incubated with a albumin (5 pM), b «(2,3)-sialylated glycoalbumin-I
(5 uM), ¢ a mixture of «(2,3)-sialylated glycoalbumin-I (5 uM) and Gal-Tz (300 pM),
or d galactosylated glycoalbumin-II (5 uM) at 37 °C for 30 min. The shown images of
a-d were obtained at x40 magnification via Hoechst fluorescence (cell nuclei
staining), TAMRA fluorescence (glycoalbumins), brightfield, and the combined
overlay. e Comparison of the TAMRA fluorescence intensity per cell of the images in
a-d. Data are presented as the mean + SD. Each data point indicated an

independent experiment (n = 3). Significance p values were determined by two-way
ANOVA. *p =0.0268 (lactalbumin-1 vs. lactalbumin-l with Gal-Tz); **p = 0.0075
(lactalbumin-I with Gal-Tz vs. lactalbumin-II); **p = 0.0004 (lactalbumin-I vs. lac-
talbumin-II). f Confocal microscopy images of SW620 cells incubated with a(2,3)-
sialylated lactalbumin-I (5 pM) at 37 °C for 30 min. The shown images obtained at
x60 magnification via Hoechst fluorescence (cell nuclei staining), TAMRA fluores-
cence (glycoalbumins), and the combined Overlay. Three experiment was done in
three biological replicates (n =3). The scale bar corresponds to 50 pum.

Gal-Tz showed fluorescence activity in the intestine, similar to the
showed lower fluorescence intensity in urine (Fig. 8d) and blood
(Fig. 8e). These results indicate that in vivo remodeling of the glycan
pattern in sialylated glycoalbumin-l weakened the interaction with
SW620 tumors, which promoted movement into blood vessels, trap-
ping by hepatocytes, and secretion via the intestine.

Thus, the results of mouse experiments shown in Figs. 7 and 8
demonstrate that the chemistry-based glycan remodeling from the
«(2,3)-sialylated glycan pattern (which binds to tumors and/or
increases stability in blood and leads to urinary excretion) to the
galactosylated glycan pattern (which causes a shift from urinary to
rapid intestinal excretion) was successfully induced in mice, resulting
in the translocation of the glycosylated proteins.

In summary, we developed a unique glycoalbumin capable of
undergoing transformation and remodeling of its glycan pattern
in vivo through the bioorthogonal click-to-release reaction. A single
glycoalbumin was successfully translocated from the initial target to a
second target. Thus, replacing «(2,3)-sialylated N-glycans on gly-
coalbumin with galactosylated glycans induced the translocation of
glycoalbumin from the blood or tumor region to the intestine in mice.
Through testing in vitro and in vivo experiments, a limitation of the
“in vivo glycan pattern remodeling” strategy was noted. The efficiency
of remodeling the glycan pattern on albumin was not so prompt since
the glycan release process took over 4 h. This limitation may result in
the inefficient translocation of proteins of interest to the target organs
in vivo. Conceivable approaches to overcome this limitation could be
to modify the structure of glycan aldehyde probe and the glycan-
tetrazine to increase the reactivity of the click-to-release reaction on
albumin.

Such “in vivo glycan pattern remodeling” strategy could be used
as an innovative drug delivery system to promote excretion of drugs
and/or radionuclide medicines from the tumor after treatment,
thereby preventing unnecessarily prolonged exposure, which may
lead to adverse effects. Alternatively, this study provides a possible
strategy for the use of a single glycoalbumin for the simultaneous
treatment of multiple diseases in a patient through combination
treatment with albumin-based biocompatible artificial metalloen-
zymes (ArMs)*s-4,

Methods

General information

Reagents and buffer components were purchased from Sigma-Aldrich,
Fisher Scientific, TCI, Wako Chemicals without further purification. All
N-glycans were supplied from Glytech, Inc. Human serum albumin,
lyophilized powder (Product no. A1653-5G), was purchased from
Sigma-Aldrich. HiLyte™ Fluor 750 succinimidyl ester (Product no. AS-
81266) was purchased from Anaspec. Inc. 5-(and-6)-Carboxyte-
tramethylrhodamine succinimidyl ester (5(6)-TAMRA, SE) (Product no.
ABD-371-100) was purchased from AAT Bioquest, Inc. Compound 11
(Product no. CP-6117-100MG) was purchased from Conju-Probe, LLC.
DMEM medium (Product no. 044-29765) and Leivovitz’s L-15 medium
(Product no. 128-06075) were purchased from Wako Chemicals. Fetal
Bovine Serum (Mexico origin, Product no.173012) was purchased from
Sigma-Aldrich. 1% penicillin-streptomycin (Product no. 15140-122) was
purchased from Gibco. Amicon Ultra Centrifugal Filters (10 kDa) were

purchased from Merck Millipore. All experiments dealing with air and
moisture-sensitive compounds were conducted under an atmosphere
of argon. Anhydrous solvents were used in this study, which were
acquired from Kanto Chemical Co., Inc., including dichloromethane,
dimethylformamide, dimethyl sulfoxide, and acetonitrile. Thin layer
chromatography (TLC) analyses (F-254) were performed with 60A
silica gel from Merck. MALDI-TOF-MS data in Fig. 4b, c were plotted on
software Microsoft Excel (Version 16.87) according to the raw data.
Graphs in Figs. 5e, 6e, 7c-e, 8c-e and kinetic data in Supplementary
Fig. 10 were plotted on a software Graphpad prism (Version 8.0.2)
according to the raw data.

Nuclear magnetic resonance (NMR) spectroscopy. 'H- and *C-NMR
characterizations were done using a Bruker Avance Ill NMR (400 MHz)
instrument with the solvent peaks as internal standard 6H 7.26 and 6C
77.0 for CDCl3, 6H 5.32 and 6C 53.8 for CD,Cl,. Multiplicities are
reported using the following abbreviations: s =singlet, d =doublet,
t=triplet, q = quartet, m = multiplet, br = broad. /= coupling constant
values are expressed in Hertz. NMR spectroscopy was analyzed using
MestReNova (Version 14.21).

HPLC analysis. To identify compounds from reaction mixtures,
reverse-phase HPLC was used with a Shimadzu system consisting of
two LC-20AP pumps, an SPD-20AV photodiode array detector. The
column was an analytical 4.6 x 250 mm Cosmosil 5C18-AR-300 from
Nacalai Tesque. Samples were eluted using a combination of mobile
phases A (H,O with or w/o 0.1% TFA) and B (acetonitrile with or w/
0 0.1% TFA).

For absorbance, the detector was set to 220 and 254 nm. Product
peaks are identified by retention times and mass spectrometry (MS)
analysis. HPLC data was analyzed on LabSolutions Postrun Analysis
(version 5.81 SP1).

Mass spectrometry. For chemical synthesis, mass spectra were col-
lected using Bruker Daltonics Hystar version 3.2 SR4 software on a
Bruker Daltonics MicroTOF-QIIl spectrometer by electron spray
ionization time-of-flight (ESI-TOF-MS). The data was analyzed by
Bruker Daltonics Compass Data Analysis (version 4.2). Sample pre-
parations of synthetic compounds used MeOH as a solvent. The mass
spectra were analyzed on Bruker Daltonics Compass DataAnalysis
version 4.2 (Build 383.1). High weight mass characterizations (i.e.,
albumin and glycoalbumin) were done using matrix-assisted laser
desorption ionization MS (MALDI-TOF-MS) analysis on a Shimadzu
Benchtop Linear MALDI-8020 mass spectrometer. The data was
analyzed by Shimadzu MALDI Solutions (Version 2.6.0). Sample
preparations of albumins and glycoalbumins used sinapic acid as a
matrix. MALDI-TOF spectrometry data was analyzed by Shimadzu
MALDI Solutions (Version 2.6.0).

Preparation of compounds
The related compounds used in this study were prepared as described
in the supplementary information.

Synthesis of glycan aldehyde 9
The synthesis was performed in the dark because of the light-labile
character of aldehydes 1 and 9. To a solution of a(2,3)-disialoglycan-
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azide 2 (1.25 mg, 500 mol) in DMSO (150 pL) was added the solution of
aldehyde 1 (0.26 mg, 300 nmol) in MeCN (300 pl). The resulting mix-
ture was reacted for 3 h at 70 °C and monitored by ESI-TOF-MS and
HPLC (solvent A: H,O + 0.1% TFA; solvent B: MeCN + 0.1% TFA; gra-
dient: from 10% B/90% A to 100% B over 30 min). The retention time of
glycan aldehyde 9 was observed at 18.0 min. After 3 h, the mixture was
cooled down to room temperature, followed by the removal of MeCN

under vacuum to give a 5.0 mM stock solution in DMSO without fur-
ther purification.

General protocol for preparation of glycoalbumin-I and
fluorophore-labeled glycoalbumin-I

The glycan aldehyde 9 solution (75 nmol, 15 pl from 5.0 mM stock
solution in DMSO) was added to either of albumin (5 nmol), TAMRA-
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Fig. 7 | Glycoalbumin translocation from blood to intestine via glycan pattern
remodeling. a In vivo fluorescence imaging of glycoalbumin-I, co-injection of
glycoalbumin-I and Gal-Tz, and glycoalbumin-II: Translocation of glycoalbumin-I
from the bloodstream to the intestine induced by treatment with Gal-Tz for glycan
pattern remodeling in mice. The indicated compounds were injected intravenously
into 10-week-old BALB/cAJcl-nu/nu mice (n=>5). Control groups received
glycoalbumin-I (1.5 nmol in 200 pL saline) or glycoalbumin-II (1.5 nmol in 200 pL
saline) alone. The “in vivo glycan pattern remodeling” experimental group received
glycoalbumin-I (1.5 nmol in 100 pL saline) followed by Gal-Tz (500 nmol in 100 pL
saline, 333 equivalents relative to glycoalbumin-I) after 10 min. The mice were then
anesthetized with isoflurane and placed in a fluorescence imager. Abdominal

images were acquired at 1-h intervals. After 3 h of observation, the mice were
sacrificed and b fluorescence images of the whole abdominal cavity and the
intestine, blood, and urine were obtained. Fluorescence intensity from the dis-
sected intestine (c), collected urine (d), and blood (e) after 3 h is shown. Each data
point indicated an independent experiment (n =5). Fluorescence intensity was
calculated within an arbitrarily defined region of interest (ROI). Data are presented
as the mean + SD. Significance p values were determined by two-way ANOVA.

¢ *p=0.0015 (glycoalbumin-I vs. glycoalbumin-I with Gal-Tz); ***p = 0.0004 (gly-
coalbumin-l vs. glycoalbumin-II). d *p = 0.0277 (glycoalbumin-I vs. glycoalbumin-I
with Gal-Tz); *p = 0.0354 (glycoalbumin-I vs. glycoalbumin-II).

labeled albumin (5 nmol, Supplementary Fig. 19), or FL750-labeled
albumin (5 nmol, Supplementary Fig. 23) in milli-Q water (135 pl). The
resulting solution was mildly mixed and incubated for 3.5h at 37 °C in
the dark. To remove the unreacted 9, the solution was concentrated
and washed with milli-Q water using Amicon 10 K® ultra centrifugal
filters (10 kDa cut-off). The solution of glycoalbumin-I or fluorophore-
labeled glycoalbumin-l was then diluted in milli-Q water to necessary
volumes as required: 100 pl to obtain 50 pM. To confirm formation of
glycoalbumins, MALDI-TOF-MS was done. Analysis under positive
mode, as for glycoalbumin-l, an average molecular weight of 108 kDa
was detected, which indicated 12.4 molecules of a(2,3)-sialylated gly-
can are conjugated per albumin. As for TAMRA-labeled glycoalbumin-I,
an average molecular weight of 109.9 kDa was detected, which indi-
cated 12.7 molecules of «(2,3)-sialylated glycan are conjugated per
albumin (Supplementary Fig. 20). As for FL750-labeled glycoalbumin-I,
an average molecular weight of 99.2kDa was detected, which indi-
cated 9.3 molecules of a(2,3)-sialylated glycan are conjugated per
albumin (Supplementary Fig. 24).

A protocol for preparation of glycoalbumin-II by glycan
remodeling

To a solution of glycoalbumin-I (4.0 nmol) in milli-Q water (216 pl) was
added by the Gal-Tz (240 nmol) solution in DMSO (24 pl). The resulting
mixture was mildly mixed and incubated for 16 h at 37 °C. To monitor
the process of replacing a(2,3)-sialylated glycans with galactosylated
ones, a portion (1/40) of the mixture solution was washed with milli-Q
water using Amicon 10 K® ultra centrifugal filters (10 kDa cut-off), fol-
lowed by measurement using MALDI-TOF-MS for a specific time (5, 10,
and 30 min, 1.5, 3.0, 4.0 and 16.0 h). The measured data were pre-
sented in Fig. 4c. After 16 h, the solution was concentrated and washed
with milli-Q water using Amicon 10 K® ultra centrifugal filters (10 kDa
cut-off) to remove the unreacted Gal-Tz to afford glycoalbumin-II,
which consisted of 6 molecules of «(2,3)-sialylated glycan and 10
molecules of galactosylated glycan.

General protocol for preparation of fluorophore-labeled gly-
coalbumin-II by glycan remodeling

To a solution of fluorophore-labeled glycoalbumin-I (4.0 nmol) in milli-
Q water (216 pl) was added by the Gal-Tz (240 nmol) solution in DMSO
(24 p). The resulting mixture was mildly mixed and incubated for 16 h
at 37 °C. To monitor the process of replacing «(2,3)-sialylated glycans
with galactosylated ones, a portion (1/40) of the mixture solution was
washed with milli-Q water using Amicon 10 K® ultra centrifugal filters
(10 kDa cut-off), followed by measurement using MALDI-TOF-MS for a
specific time (30 min and 16.0 h). The measured data were presented
in Supplementary Figs. 21-22 and 25-26. After 16 h, the solution was
concentrated and washed with milli-Q water using Amicon 10 K® ultra
centrifugal filters (10 kDa cut-off) to remove the unreacted Gal-Tz to
afford fluorophore-labeled glycoalbumin-ll. The TAMRA-labeled gly-
coalbumin-II consisted of 8.1 molecules of a(2,3)-sialylated glycan and
7.6 molecules of galactosylated glycan. The FL750-labeled glycoalbu-
min-Il consisted of 5.7 molecules of «(2,3)-sialylated glycan and 5.8
molecules of galactosylated glycan.

Cell culture

HepG2 cell line (Human hepatocellular carcinoma cells) was obtained
from RIKEN Cell Bank (RCB1648). SW620 cell line (human colon cancer
cells) was obtained from American Type Culture Collection (ATCC)
(CCL-227). Cell lines were typically incubated at 37 °C with a 5% CO,
humidified environment. HepG2 cancer cell line and SW620 were
cultured in DMEM medium with supplemented with 10% FBS and 1%
penicillin-streptomycin.

Cell imaging studies

To determine the degree of interactions of «2,3-sialylated
glycoalbumin-I or glycan-remodeled glycoalbumin-II against HepG2
or SW620 cells, fluorescent imaging studies were performed. HepG2
or SW620 cells were plated onto 96-well clear-bottomed plates at a
density of 2 x 10* cells per well and grown. After 2 days, the medium
was then removed, followed by treatment with the indicated com-
pound solutions. As for treating HepG2 cells, TAMRA-labeled gly-
coalbumin-l (1 uM), co-treatment of TAMRA-labeled glycoalbumin-I
(1 M) and Gal-Tz (100 uM), TAMRA-labeled glycoalbumin-II (1 uM),
and co-treatment of TAMRA-labeled glycoalbumin-Il (1pM) and
galactose (50 mM) in DMEM medium with 10% FBS were used. As for
treating SW620 cells, TAMRA-labeled albumin (5uM), TAMRA-
labeled glycoalbumin-I (5 M), co-treatment of TAMRA-labeled gly-
coalbumin-l (5pM) and Gal-Tz (300 pM), and TAMRA-labeled gly-
coalbumin-Il (5uM) in DMEM medium with 10% FBS were used.
HepG2 cells were incubated for 3h at 37 °C and SW620 cells were
incubated for 30 min at 37 °C. After the medium was removed, cells
were washed (3x) with PBS buffer, followed by the addition of 200 pl
nuclear staining agent hoechst (20,000x diluted solution by PBS
buffer). Following an incubation period of 15 min at room tempera-
ture, cells were washed (2x) with PBS buffer 200 pl and fixed to the
plates using a 4% paraformaldehyde, and then prepared for micro-
scopy imaging using a Keyence BZ-X710 all-in-one fluorescence
microscope with a software BZ-X Analyzer (Version 1.4.0.1). For
TAMRA dye observation, fluorescence was measured at Agx = 545 nm/
Aem =605 nm, while for Hoechst-dye observation, fluorescence was
measured at Agx =360 nm/Agy =460 nm. Cell fluorescence images
were obtained at x40 magnification. Bright field images were
obtained at a 1/500s exposure setting, Hoechst images were
obtained at a 1/10 s exposure setting, TAMRA images were obtained
at a 2 s exposure setting for SW620 or a 3s exposure setting for
HepG2. The obtained TAMRA images were proceeded with black
balance on a software BZ-X Analyzer (Version 1.4.0.1). The obtained
TAMRA and Hoechst images were analyzed on a free software Image)
(Version 1.54). For TAMRA images, fluorescent regions were specified
by Threshold, and the brightness value of the region was measured
and designated as the fluorescence intensity; for Hoechst images, the
number of nuclei in the image was manually counted and designated
as the number of cells. In Figs. 5e and 6e, the fluorescence intensity
per cell was presented. Cell confocal microscopy images were
obtained at x60 magnification using an Olympus Fluoview FV3000RS
confocal laser scanning microscope. Cell confocal microscopy was
analyzed on a software FV31S-SW (Version 2.4.1).
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Animal experiments

All animal experiments were carried out with approval by RIKEN’s
Animal Ethics Committee (W2019-2-049). The maximal tumour
size/burden permitted by RIKEN’s Animal Ethics Committee is
10% of body weight, which corresponds to a tumor volume of
2000 mm? in adult nude mice (-20 g). The maximal tumour size/

burden was not exceeded in any experiment of this study. In
general, mice were anesthetized with 2.5% isoflurane in oxygen at
a flow rate of 2.5-3.0 L/min. Mice were housed in a facility with
controlled temperature (24-26°C), controlled humidity
(30-60%), aeration, ad libitum access to food and water, and a
regular 12-h light-dark cycle.
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Fig. 8 | Glycoalbumin translocation from tumor to intestine via glycan pattern
remodeling. a In vivo fluorescence imaging of glycoalbumin-I, co-injection of
glycoalbumin-I and Gal-Tz, and glycoalbumin-II: translocation of glycoalbumin-I
from the SW620 tumor to the intestine induced by Gal-Tz treatment for glycan
pattern remodeling in mice. The indicated compounds were injected into 10-week-
old BALB/cAJcl-nu/nu mice bearing SW620 tumors via intratumoral injection
(n=35). The control groups received glycoalbumin-I (0.5 nmol in 20 pL saline) or
glycoalbumin-II (0.5 nmol in 20 pL saline) alone. The “in vivo glycan pattern
remodeling” experimental group was injected with glycoalbumin-1 (0.5 nmol in
10 pL saline) followed by Gal-Tz (200 nmol in 10 pL saline, 400 equivalents relative
to glycoalbumin-I) after 10 min. The mice were then anesthetized with isoflurane

and placed in a fluorescence imager. Abdominal images were acquired at 1-h
intervals. After 5 h of observation, the mice were sacrificed and b fluorescence
images of the whole abdominal cavity and the collected intestine, blood, and urine
were obtained. Fluorescence intensity in the dissected intestine (c), collected urine
(d), and blood (e) after 5 h is shown. Each data point indicated an independent
experiment (n = 5). Fluorescence was calculated within an arbitrarily defined region
of interest (ROI). Data are presented as the mean + SD. Significance p values were
determined by two-way ANOVA. ¢ *p = 0.0387 (glycoalbumin-I vs. glycoalbumin-l
with Gal-Tz); *p = 0.0116 (glycoalbumin-I vs. glycoalbumin-II). d *p = 0.0347 (gly-
coalbumin-l vs. glycoalbumin-I with Gal-Tz); *p = 0.0293 (glycoalbumin-I vs. gly-
coalbumin-II).

Intravenous injection of FL750-linked glycoalbumin-1 and Gal-Tz
into mice

10-week-old female nude mice (BALB/cAjcl-nu/nu) were randomly
divided into 3 groups; FL750-linked glycoalbumin-I only (group 1,
n =35); co-injection of FL750-linked glycoalbumin-I and Gal-Tz (group 2,
n=35); FL750-linked glycoalbumin-II only (group 3, n=5). The FL750-
linked glycoalbumin-l and -Il were prepared at a concentration of
1.5 nmol/100 pl stock solution in saline. The Gal-Tz was prepared at a
concentration of 500 nmol/100 pl stock solution in saline. For each
mouse, total injection volume was adjusted to 200 pl. By intravenous
administration, each mouse in group 1 received FL750-linked gly-
coalbumin-I (100 pl stock solution), followed by 100 pl saline 10 min
later; each mouse in group 2 received FL750-linked glycoalbumin-I
(100 pl stock solution), followed by Gal-Tz (100 pul stock solution)
10 min later; each mouse in group 3 received FL750-linked glycoalbu-
min-Il (100 pl stock solution), followed by 100 pl saline 10 min later.
After treatment, fluorescence whole body imaging of mice (dorsal
side) by using a Clairvivo OPT kinetics fluorescence imager (Shimadzu,
Japan) with a software Clairvivo OPT measurement/viewer (Version
2.6.0.0) was immediately performed. The mice were exposed at the
same shooting time and intensity. To image the mice, the excitation
and emission wavelengths of fluorescence were adjusted to 785 and
849 nm, respectively and a 5-s exposure setting was used. After 3 h
from treatment, fluorescence imaging with the abdomen of the mouse
split open was performed. Then, mice were sacrificed, and fluores-
cence imaging of each organ was performed. Fluorescence was cal-
culated within an arbitrarily defined region of interest (ROI) on a
software Clairvivo OPT measurement/viewer (Version 2.6.0.0).

SW620 bearing mice xenograft models

The SW620 cancer xenograft tumors were established in 6-week-old
female nude mice (BALB/cAJcl-nu/nu) by subcutaneous injection of
cells (-1.1x10° cells in 100 pl of cold 50% Matrigel in unnourished
DEME) into the right shoulder. Tumor growth was monitored while
mice were housed in a facility with controlled temperature (24-26 °C),
controlled humidity (30-60%), aeration, ad libitum access to food and
water, and a regular 12-h light-dark cycle. When SW620 tumors
reached 700-1100 mm?®, the mice were ready to be used for the
experiment of translocating a «(2,3)sialyled-glycoalbumin from the
tumor to the intestine.

Intratumoral injection of FL750-linked glycoalbumin-I and Gal-
Tz into SW620 tumor-bearing mice

SW620 bearing mice were randomly divided into 3 groups; FL750-
linked glycoalbumin-l only (group 1, n =5); co-injection of FL750-linked
glycoalbumin-l and Gal-Tz (group 2, n = 5); FL750-linked glycoalbumin-
Il only (group 3, n=35). The FL750-linked glycoalbumin-I and -1l were
prepared at a concentration of 0.5 nmol/10 pl stock solution in saline.
The Gal-Tz was prepared at a concentration of 200 nmol/10 pl stock
solution in saline. For each mouse, total injection volume was adjusted
to 20 pl. By intratumoral administration, each mouse in group 1
received FL750-linked glycoalbumin-I (10 pl stock solution), followed
by 10 pl saline 10 min later; each mouse in group 2 received FL750-

linked glycoalbumin-I (10 pl stock solution), followed by Gal-Tz (10 pl
stock solution) 10 min later; each mouse in group 3 received FL750-
linked glycoalbumin-II (10 pl stock solution), followed by 10 pl saline
10 min later. After treatment, fluorescence whole body imaging of
mice (dorsal side) by using a Clairvivo OPT kinetics fluorescence
imager (Shimadzu, Japan) with a software Clairvivo OPT measurement/
viewer (Version 2.6.0.0) was immediately performed. The mice were
exposed at the same shooting time and intensity. To image the mice,
the excitation and emission wavelengths of fluorescence were adjus-
ted to 785 and 849 nm, respectively and a 5-s exposure setting was
used. After 5 h from treatment, mice were sacrificed, and fluorescence
imaging of each organ was performed. Fluorescence was calculated
within an arbitrarily defined ROI on a software Clairvivo OPT mea-
surement/viewer (Version 2.6.0.0)

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data on synthetic compounds, cell-based experiments, and ani-
mals generated in this study are provided in the Supplementary
Information/Source Data file and can also be obtained from the cor-
responding author upon request. The source data underlying Figs. 4b,
c; 5, 6;7b, ¢, and 8, Supplementary Figs. 6-10, and 27-53 are provided
as a Source Data file. Source data are provided with this paper.
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