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ABSTRACT

Adipocytes play a critical role in energy storage and endocrine signaling and are associated with
various diseases such as cancer and diabetes. Facile strategies to engineer adipocytes have long
been pursued for elucidating adipocyte biology and developing adipocyte-based therapies. Here
we report metabolic glycan labeling of adipocytes and subsequent targeted modulation of
adipocytes via click chemistry. We show that azido tags expressed on the surface of adipocytes
can persist for over 4 days. By conjugating dibenzocyclooctyne (DBCO)-cargos onto azido-
labeled adipocytes via click chemistry, the cargos can retain on adipocyte membrane for over 12
hours. We further show that signaling molecules including adiponectin, calreticulin, mannose-
binding lectin 2, and milk fat globule-EGF factor 8 protein can be conjugated to adipocytes to
orchestrate their phagocytosis by macrophages. The azido-labeled adipocytes grafted into mice
can also mediate targeted conjugation of DBCO-cargos in vivo. This adipocyte labeling and
targeting technology will facilitate the development of adipocyte-based therapies and provides a

new platform for manipulating the interaction between adipocytes and other types of cells.
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INTRODUCTION

Adipocytes play a critical role in energy storage and endocrine signaling and are often associated
with diseases such as cancer and diabetes.!** For example, cancer-associated adipocytes could
contribute to the growth, metastasis, and drug resistance of tumor cells.>”” White adipocytes rich
in fatty acids are also a key target of obesity-control measures and diabetes therapies.®® While
current approaches focus on eliminating or transforming adipocytes to facilitate disease control,
the potential of adipocytes themselves for therapy has not been well explored. Adipocytes are
abundant in the body, can be easily identified and isolated, and are lowly immunogenic, providing
an ideal source of biocompatible materials for drug delivery and transplantation applications.!%-!
Indeed, adipose tissue transplantation has been used in the context of breast cancer surgery in the
clinic as a means to facilitate breast reconstruction post-surgery.'>!3 Adipocyte-based cell
therapies for controlling obesity and treating type-1 diabetes are also actively pursued.'* !> These
applications often necessitate the surface engineering of adipocytes or the incorporation of cargos

into adipocytes, but are limited by the lack of facile methods to functionalize adipocytes.

Metabolic glycan labeling, by taking advantage of glycoengineering processes of unnatural sugars,
provides a powerful tool to label cell-surface glycoproteins and glycolipids with unique chemical
tags (e.g., azido groups),'6-2! for subsequent targeted conjugation of dibenzocyclooctyne (DBCO)-
bearing agents via efficient click chemistry.?>>* While metabolic glycan labeling of cancer cells,
bacteria, and immune cells has been extensively studied and has enabled the development of
various cell-targeted diagnostics and therapies,?-3? metabolic glycan labeling of adipocytes with a
low proliferative ability and distinct metabolism remains poorly understood. Here we carefully
examined the metabolic glycan labeling kinetics of adipocytes and the stability of expressed
chemical tags (e.g., azido groups) over time. The targeting efficiency of DBCO-agents towards
azido-labeled adipocytes as well as the retention time of the conjugated agents on the surface of
adipocytes have also been studied. This adipocyte labeling and targeting technology provides a
facile approach to engineering adipocytes, and holds tremendous promise for targeted delivery of

diagnostic and therapeutic agents to adoptively transferred adipocytes in vivo.

The interactions between adipocytes and immune cells such as macrophages are deemed crucial

for the homeostasis of adipose tissues and other tissues. For example, macrophages can infiltrate
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adipose tissues, recognize and bind to apoptotic adipocytes, and eventually phagocytose and break
down the dead or dying adipocytes. In healthy individuals, the phagocytosis of adipocytes by
macrophages is considered a normal homeostatic process that aids in maintaining adipose tissue
integrity and function.3-3¢ In the context of obesity and metabolic disorders, the excessive
phagocytosis of adipocytes by macrophages could result in the release of pro-inflammatory
cytokines to exacerbate adipose tissue inflammation and insulin resistance.3”-3? Extensive research
has been performed to date to uncover and further modulate the phagocytotic process of adipocytes
by macrophages, and has suggested the important role of various types of cytokines and cell-
surface signaling molecules (e.g., CD47, calreticulin, and adiponectin) during macrophage-
adipocyte interactions.***> However, facile strategies to manipulate macrophage-mediated
phagocytosis of adipocytes are still lacking.*® We envision the metabolic labeling and targeting
technology enables the conjugation of signaling molecules onto the surface of adipocytes for the
orchestration of adipocyte-macrophage interactions. We demonstrate that through conjugating
signaling molecules, including adiponectin (ACRP), calreticulin (CRT), mannose-binding lectin 2
(MBL-2), milk fat globule-EGF factor 8 protein (MFG-ES), onto the surfaces of adipocytes, the
phagocytosis of adipocytes by macrophages can be tuned.

RESULTS AND DISCUSSION

In vitro metabolic glycan labeling of adipocytes

We first studied whether tetraacetyl-N-azidoacetylmannosmaine (Ac;ManNAz), a commonly used
labeling agent, can metabolically label adipocytes in vitro. Adipocytes were differentiated from
3T3-L1 fibroblasts and exhibited the expected morphology and lipid droplet structures (Fig. S1).
Fluorescence imaging of Nile Red-stained 3T3-L1 differentiated adipocytes also confirmed the
lipid droplet structures (Fig. S2). Adipocytes were then incubated with maintenance medium
supplemented with or without Ac;ManNAz for three days, followed by the detection of cell-
surface azido groups via DBCO-CyS5 (Fig. 1a). Compared to control adipocytes, adipocytes treated
with AcsManNAz showed significantly enhanced Cy5 fluorescence signal on the cell membrane
(Fig. 1b), indicating the successful metabolic labeling of cells with azido groups. Flow cytometry
analysis confirmed the much higher Cy5 fluorescence intensity of AcsManNAz-treated adipocytes
than control adipocytes (Fig. 1c-e). In addition, the labeling efficiency increased with the
concentration of Ac;ManNAz (Fig. 1d-e). It is noteworthy that 3-day incubation with 50 uM
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AcsManNAz did not induce any noticeable cytotoxicity towards 3T3-L1-differentiated adipocytes
(Fig. S3).

To further confirm the metabolic tagging of cell-surface glycoproteins, we performed western blot
analysis of adipocytes pretreated with or without Ac;ManNAz for three days. Azido-labeled
proteins in cell lysates were biotinylated by reacting with biotin-PEG4-Phosphine and then
detected by the Streptavidin-Horseradish Peroxidase (HRP) conjugate. As a result, adipocytes
treated with Acy;ManNAz showed significantly higher protein signals than cells without
AcsManNAz treatment (Fig. 1f), demonstrating the successful azido tagging of proteins. To better
understand the metabolic labeling kinetics, we incubated 3T3-L1-differentiated adipocytes with
AcsManNAz for24, 48, and 72 h, respectively, and detected the cell-surface azido groups using
DBCO-CyS5 at each time point. A noticeable amount of azido groups were already expressed by
adipocytes within 24 h, with a negligible difference between 24 h and 48 h. At 72 h, a slightly
increased expression of azido groups by adipocytes was detected (Fig. 1g). These experiments
demonstrated that Ac;ManNAz can metabolically label adipocytes with azido groups in a
concentration dependent manner, and a noticeable amount of azido groups can be expressed within

24 h.

Stability of cell-surface azido tags

We next studied the stability of expressed azido groups. After incubating adipocytes with
AcsManNAz for three days, cells were transferred to fresh media without AcsManNAz and
cultured for 24, 48, and 96 h, respectively, followed by the detection of surface azido groups via
DBCO-Cy5. The density of cell-surface azido groups showed a significant reduction at 24 h but
was well maintained from 24 h to 96 h (Fig. 2a-c). At 96 h, a ~3.6-fold Cy5 signal was still
observed in Ac;ManNAz-treated adipocytes, in comparison with control adipocytes (Fig. 2¢). This
aligns with the proliferation rate of 3T3-L1-differentiated adipocytes and supports our hypothesis
that lowly-proliferative adipocytes can maintain the level of expressed azido groups over an

extended time compared to highly-proliferative cancer cells and immune cells.

Conjugation and membrane retention of DBCO-cargo
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Azido-labeled adipocytes enable conjugation of DBCO-molecules via click chemistry, but the
membrane retention and cell uptake rate of conjugated molecules remain elusive. Using DBCO-
Cy5 as a model compound, we monitored the cellular internalization of DBCO-Cy5 by azido-
labeled adipocytes via live cell fluorescence imaging (Fig. 3a). Adipocytes were pretreated with
AcsManNAz for three days, conjugated with DBCO-CyS5, and transferred to fresh media for live
cell imaging. A clear and uniform CyS5 signal was observed on the cell membrane at 0 h (Fig. 3a).
Over time, cell-surface Cy5 gradually entered cells (Fig. 3a). To better compare the cellular micro-
distribution of Cy5 at different times, we averaged and plotted the fluorescence pixels from the
surface to the center of at least 50 adipocytes per time point, which indicates that Cy5 signal was
mainly located on the cell membrane at 0 h and gradually shifted to the cell center over time (Fig.
3b). Further quantification of membrane-bound Cy5 (0-2 um) and internalized Cy5 (2-7 pum)
indicates that the conjugated Cy5 stayed close to the membrane for at least 5 h (Fig. 3¢). At 12 h,
the percentage of surface Cy5 (~40%) only showed a slight drop from that of the initial time point
(~50% at 0 h) (Fig. 3¢), demonstrating the long membrane retention of conjugated Cy5. This could

be attributed to the low endocytic and metabolic activities of mature adipocytes.

In vivo targeting of azido-labeled adipocytes

We next studied whether azido-labeled adipocytes can mediate targeted conjugation of DBCO-
cargo via click chemistry in vivo. Azido-labeled adipocytes, as obtained via in vitro incubation of
3T3-L1 differentiated adipocytes with AcsManNAz, were inoculated into the left mammary fat
pad of mice. Control adipocytes without Ac;ManNAz treatment were inoculated into the right
mammary fat pad. After 48 h, DBCO-Cy5 was intravenously injected (Fig. 4a). In vivo imaging
of the live mice at 24 h post-injection of DBCO-Cy5 showed a significantly higher Cy5
accumulation in AcsManNAz-pretreated adipocytes than control adipocytes (Fig. 4b-d).
Subsequent ex vivo imaging also showed a much higher Cy5 signal in Ac;JManNAz-pretreated
adipocytes than control adipocytes, with ~3-fold difference in Cy5 fluorescence intensity (Fig. 4e-
g). Flow cytometry analysis of retrieved adipocytes showed a significantly higher fraction of Cy5*
population in Acy;ManNAz-pretreated adipocytes than in control adipocytes (Fig. 4h). Confocal
imaging of isolated adipocytes also showed enhanced Cy5 signal in Ac;ManNAz-pretreated
adipocytes than control adipocytes (Fig. 4i). These experiments demonstrated that azido-labeled

adipocytes enable in vivo targeted conjugation of DBCO-cargos via efficient click chemistry.
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Modulation of adipocyte-macrophage interaction
We next explored whether signaling molecules including ACRP, CRT, MBL-2, and MFG-E8 can
be covalently conjugated onto azido-labeled adipocytes to manipulate adipocyte-macrophage

interactions (Fig. 5a). Prior to that, we first confirmed the ability of bone marrow-derived

macrophages (BMDMs), which were differentiated from murine bone marrow cells for 6 days (Fig.

S4), to phagocytose adipocytes via two methods. In one method, adipocytes were pretreated with
or without Ac;ManNAz, incubated with DBCO-Cy5, and then co-incubated with BMDMs for 16
h. Compared to control adipocytes, AcsManNAz-pretreated adipocytes resulted in a higher Cy5
fluorescence intensity of BMDMSs (Fig. 5b), demonstrating the successful azido labeling of
adipocytes, conjugation of DBCO-Cy5, and phagocytosis of Cy5-conjugated adipocytes by
BMDMs. In another method, adipocytes were pre-stained with Nile Red and then incubated with
BMDMs. Both Ac;ManNAz-pretreated adipocytes (i.e., azido-labeled adipocytes) and unlabeled
adipocytes managed to be internalized by BMDMs (Fig. 5c¢).

We next synthesized DBCO-functionalized ACRP, CRT, MBL-2, and MFG-E8 via amine-
carboxyl chemistry. Matrix-assisted laser desorption/ionization (MALDI) spectrometry confirmed
the successful synthesis of DBCO-ACRP (Fig. S5), DBCO-CRT (Fig. S6), DBCO-MBL-2 (Fig.
S7), and DBCO-MFG-ES (Fig. S8). To study whether the conjugation of these signaling molecules
can tune the phagocytosis of adipocytes by macrophages, 3T3-L1-differentiated adipocytes were
treated with Ac;ManNAz or PBS, conjugated with DBCO-ACRP, DBCO-CRT, DBCO-MBL-2,
and DBCO-MFG-ES8, respectively, stained with Nile Red, and co-incubated with BMDMs.
Compared to BMDMs treated with PBS or adipocytes alone, BMDMs treated with ACRP-
conjugated adipocytes showed enhanced Nile Red fluorescence intensity, indicating an enhanced
phagocytosis (Fig. 5d). Compared to the mixture of adipocytes and ACRP, ACRP-conjugated
adipocytes also induced an enhanced phagocytosis by BMDMs (Fig. Sd). Compared to adipocytes
alone, CRT-conjugated adipocytes also resulted in an improved phagocytosis by BMDMs (Fig.
5e). The surface conjugation of MBL-2, though, did not enhance the phagocytosis of adipocytes
by macrophages (Fig. 5f). The surface conjugation of MFG-ES to adipocytes managed to improve
the phagocytosis of adipocytes by BMDMs (Fig. 5g). These experiments demonstrated the

promise of conjugating signaling molecules to adipocytes, via the metabolic labeling and targeting
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approach, for the orchestration of adipocyte-macrophage interactions. It is noteworthy that
different signaling molecules may exhibit varied effects on the modulation of macrophage
phagocytotic activities. For example, adiponectin has been reported to modulate the phagocytic
activity of macrophages differently. While it was shown that adiponectin promotes the
phagocytosis of early apoptotic bodies by macrophages,*’ other findings suggest that adiponectin
reduces the phagocytic activity of mature macrophages, possibly playing a role in its protective
effect against inflammation.*®4° Nevertheless, our metabolic labeling and conjugation method
provides a unique approach to displaying phagocytotic modulators on the surface of target cells

and probing the interaction between macrophages and the target cells.

CONCLUSION

To summarize, we have reported the successful metabolic glycan labeling of adipocytes,
elucidated the metabolic labeling kinetics of adipocytes, understood the membrane retention time
of DBCO-molecules covalently conjugated to azido-labeled adipocytes, demonstrated the in vivo
targeting of adipocytes via click chemistry, and validated the feasibility to orchestrate adipocyte-
macrophage interactions via the surface conjugation of signaling molecules onto adipocytes. This
adipocyte tagging and targeting technology not only will greatly facilitate the development of
adipocyte-based cell therapies, but will also enable the probing of the interactions between

adipocytes and other cells in the context of cancer, diabetes, and many other diseases.

METHODS

Materials and Instrumentation. D-Mannosamine hydrochloride, DBCO-Cy5, sodium azide,
chloroacetic anhydride, acetic anhydride, cisplatin, DBCO-sulfo-amine, L-luciferin potassium,
octyl isocyanate, MTT, CCK-8 kit, and other chemical reagents are purchased from Sigma Aldrich
(St. Louis, MO, USA) unless otherwise noted. High-performance liquid chromatography (HPLC)
analysis was performed on a Shimadzu CBM-20A system (Shimadzu, Kyoto, Japan) equipped
with an SPD-20A PDA detector (190-800 nm), an RF-20A fluorescence detector, and an analytical
C18 column (Shimadzu, 3 pm, 50 x 4.6 mm, Kyoto, Japan). Preparative HPLC was performed on
a CombiFlash®Rf system (Teledyne ISCO, Lincoln, NE, USA) equipped with a RediSep®Rf HP
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C18 column (Teledyne ISCO, 30 g, Lincoln, NE, USA). Lyophilization was conducted in a
Labconco FreeZone lyophilizer (Kansas City, MO, USA). Nuclear Magnetic Resonance (NMR)
spectra were recorded on a Varian U500 (500 MHz) or VXRS500 (500 MHz), or a Bruker Carver
B500 (500 MHz) spectrometer. Electrospray ionization (ESI) mass spectra were obtained from a
Waters ZMD Quadrupole Instrument (Waters, Milford, MA, USA). Confocal laser scanning
microscopy (CLSM) images were taken by using a Zeiss LSM 700 or LSM 880 Confocal
Microscope (Carl Zeiss, Thornwood, NY, USA). Western blotting protein bands were imaged on
an ImageQuant LAS 4000 gel imaging system (GE, Pittsburgh, PA, USA). In vivo and ex vivo
images of animals and tissues were taken on a Bruker In Vivo Imaging System (Bruker, Billerica,
MA, USA). Frozen tumor tissues were embedded with optimum cutting temperature (OCT)
compound (Sakura Finetek USA, Torrance, CA, USA), sectioned by a Leica CM3050S Cryostat,
and mounted onto glass slides. DBCO-Sulfo-NHS, Ac;ManNAz, DBCO-Cy5, DMSO, Nile Red
(Invitrogen™ N1142), signaling molecule, 3T3 differentiation kit (abcam ab287843). Flow
cytometry analysis was conducted on an Attune NxT flow cytometer and analyzed on FlowJo
V10.8.1. Matrix-Assisted Laser Desorption Ionization (MALDI) was obtained from Bruker
Daltonics UltrafleXtreme MALDI TOFTOF.

Cell line and animals. 3T3-L1 cell line was purchased from the American Type Culture

Collection (Manassas, VA, USA). 3T3-L1 cells were cultured in DMEM/F12 media containing 10%

bovine calf serum (Gibco), 100 units/mL Penicillin G and 100 pg/mL streptomycin (Invitrogen,
Carlsbad, CA, USA) at 37 °C in 5% CO, humidified incubator. Female C57BL/6 mice Balb/c mice
were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). Feed and water were
available ad libitum. Artificial light was provided in a 12 h/12 h cycle. All procedures involving
animals were done in compliance with the National Institutes of Health and Institutional guidelines
with approval from the Institutional Animal Care and Use Committee at the University of Illinois

at Urbana-Champaign.

Synthesis of AcsManNAz. To a solution of D-mannosamine hydrochloride (1.00 g, 4.64 mmol)
in methanol (10 mL) was dropwise added 0.5 N sodium methoxide in methonal (9.3 mL, 4.64
mmol) at 0°C. The mixture was stirred at room temperature for 30 min. Triethylamine (0.47 g,

4.64 mmol) and chloroacetic anhydride (0.95 g, 5.57 mmol, 95%) were then added. The reaction
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mixture was stirred overnight, followed by the addition of H,O (3 mL) and sodium azide (1.21g,
18.56 mmol). After stirred overnight at 65 °C, the precipitate was filtered out and the filtrate was
concentrated. The residue was suspended in pyridine (15 mL), followed by the addition of 4-
dimethylaminopyridine (56.8 mg, 0.47 mmol) and acetic anhydride (3.79 g, 37.12 mmol). The
mixture was stirred overnight at room temperature, and then quenched with methanol. After the
removal of solvents, the residue was dissolved in ethyl acetate and washed successively with HCI
(1 M), brine, and satured NaHCO; (aq). The organic layer was dried over Na,SO, and filtered. The
filtrate was concentrated, and the crude product was purified by slica gel column chromatography
to yield a white foam (1.40 g, 70% yield). LRMS (ESI) m/z: calculated for C;sH,,N400Na
[M+Na]" 453.1, found 453.1. "TH NMR (CDCls, 500 MHz): & (ppm) 6.66&6.60 (d, J=9.0 Hz, 1H,
C(O)NHCH), 6.04&6.04 (d, 1H, J=1.9 Hz, NHCHCHO), 5.32-5.35&5.04-5.07 (dd, J=10.2, 4.2
Hz, 1H, CH,CHCHCH), 5.22&5.16 (t, /=9.9 Hz, 1H, CH,CHCHCH), 4.60-4.63&4.71-4.74 (m,
1H, NHCHCHO), 4.10-4.27 (m, 2H, CH,CHCHCH), 4.07 (m, 2H, C(O)CH;N3), 3.80-4.04 (m,
1H, CH,CHCHCH), 2.00-2.18 (s, 12H, CH;C(0)). 3C NMR (CDCls, 500 MHz): 3 (ppm) 170.7,
170.4,170.3, 169.8, 168.6, 168.3, 167.5, 166.9, 91.5, 90.5, 73.6, 71.7, 70.5, 69.1, 65.3, 65.1, 62.0,
61.9, 52.8,52.6,49.9,49.5,21.1, 21.0, 21.0, 20.9, 20.9, 20.9, 20.8.

Differentiation and Characterization of 3T3-L1 cells. 3T3-L1 cells were cultured and
differentiated following the 3T3-L1 Differentiation Kit protocol (ab287843). Briefly, cells were
cultured to 70% confluency in full DMEM/F12 media in 12 well plate. The medium was replaced
and cells were cultured for another 48 hours. Then medium was changed to differentiation medium
(full DMEM/F12 with differentiation cocktail). Cells were incubated for 72 h. After removing the
differentiation medium, maintenance media (10 pg/mL insulin in full DMEM/F12) was added.
Cells were incubated for another 4-7 days. Medium was changed every 48 h. Lipid droplet
structures were visualized under light microscopy, confirming the maturation of adipocytes. In
addition, Nile Red staining of the lipid content was performed. Briefly, Nile Red stock solution (1
mg/mL in DMSO) was diluted with the culture medium to an optimal working concentration of
10 pg/mL before experiment. Adipocytes were incubated with 10 pg/mL Nile Red for 15 min at
37°C and then washed twice with PBS. Fluorescence images of Nile Red stained adipocytes were

then taken under a fluorescence microscope with the RFP channel.
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Flow cytometry analysis of adipocytes. 3T3-L1-differentiated adipocytes were incubated with
AcsManNAz (50 uM) at 37°C for 24, 48, or 72 h. After washing with PBS for three times, cells
were incubated with DBCO-Cy5 (20 uM) for 30 min. Cells were then lifted with trypsin,
resuspended in FACS buffer, and analyzed by a flow cytometer.

Viability test of adipocytes. 3T3-L1-differentiated adipocytes were incubated with AcsManNAz
of different concentrations (0, 20, 50, 100 and 200 uM) at 37°C for 72 h. After washing with PBS
for three times, cells were lifted, stained with Fixable Viability Dye according to manufacturer’s

suggestion, and analyzed on a flow cytometer.

Stability of cell-surface azido groups. 3T3-L1-differentiated adipocytes were incubated with
AcsManNAz (50 uM) at 37°C for 72 h. After washing with PBS three times, cells were cultured
in fresh blank media for 24 h, 48 h, and 96 h, respectively, and then incubated with DBCO-Cy5
(20 uM) for 30 min. Cells were then lifted with trypsin, suspended in FACS buffer, and analyzed

by a flow cytometer.

Cell uptake of conjugated DBCO-CyS. 3T3-L1-differentiated adipocytes were incubated with
Acs;ManNAz (50 uM) at 37°C for 72 h. After washing with PBS three times, cells were incubated
with DBCO-Cy5 (20 uM) for 30 min, and cell nuclei were stained with Hoechst 33342. After
washing, cells were imaged under a fluorescence microscope to monitor the cellular internalization

of conjugated DBCO-CyS5.

Western blot analysis of azido-labeled adipocytes. The metabolic glycan labeling procedure is
described above. After washing with PBS, cells were lysed with lysis buffer (50 mM Tris-HCI, 1%
SDS, pH 7.4), and the lysate was incubated at 4°C for 30 min. Following debris removal by
centrifugation at 10,000 rpm, the protein concentration of cell lysates was quantified with a
standard BCA assay. After adjusting the amount of proteins, iodoacetamide was added to the
lysates and incubated at 37°C for 1 h to block the free thiol groups. DBCO-PEGy-biotin was then
added to the mixture and incubated overnight at 37°C. The protein mixture was mixed with sample
buffer, heated at 95°C for 10 min, subjected to electrophoresis on a 4-20% gel (MiniPROTEAN
TGX precast gel, Bio-Rad), and then transferred to the PVDF membrane using a Trans-Blot

Page 10 of 23



Page 11 of 23

Biomaterials Science

Turbo™ Transfer System (Bio-Rad). The protein concentration was confirmed by reversible
Ponceau S staining (Sigma-Aldrich, P7170). The membrane was incubated with streptavidin-HRP
(Invitrogen) at room temperature for 1 h and washed with TBST buffer. The blots were developed
with ECL Western Blotting substrate and imaged with the LAS 4010 Luminescent image analyzer.

In vivo targeting of 3T3-L1-differentiated adipocytes. 3T3-L1-differentiated adipocytes were
incubated with Ac;ManNAz (50 uM) or PBS for 3 days. Cells were rinsed with PBS three times
and then lifted with trypsin. 107 azido-labeled adipocytes was inoculated into the fat pad under the
mammary gland at the left flank of female C57BL/6 mice. Unlabeled adipocytes were inoculated
into the right flank as the control. After 48 h, DBCO-Cy5 (5 mg/kg) was intravenously
administrated. Mice were imaged with the IVIS Imaging System with an excitation/emission filter
of 640/700 nm. After euthanizing the mice, major organs including the fat tissue with grafted
adipocytes were harvested and imaged ex vivo. Fluorescence intensity at selected ROIs was

quantified using the IVIS imaging software.

Synthesis of DBCO-proteins. ACRP, CRT, MBL-2, or MFG-E8 was mixed with DBCO-sulfo-
NHS in an Eppendorf tube and shaken at 4°C for overnight. The mixture was then ultracentrifuged
via an Amicon filter (3.5 k Da MWCO) and washed with deionized water for at least three times.
Aliquots of the purified proteins were analyzed via matrix-assisted laser desorption/ionization

(MALDI) spectrometry.

Conjugation of signaling molecules onto adipocytes. 3T3-L1-differentiated adipocytes were
treated with Ac;ManNAz (50 uM) for 72 h during the last three days of culture period. Cells were
then washed three times with PBS. Maintenance medium containing 10 pg/ml of DBCO-signaling
was added and cells were incubated for 2 h. Nile red was added into the medium 30 min before
the end of conjugation to label the lipid (final concentration 2 uM). Adipocytes were then washed

two times with PBS before being used.

Differentiation of bone marrow derived macrophages (BMDMs). Bone marrow was isolated
from the tibia and femur of C57BL/6 mice (6-8 weeks old). Bone marrow cells were counted after

red blood cell lysis and seeded with 1x10° cells/mL in BMDM media (DMEM/F12 supplemented
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with 10% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin, 20 ng/ml M-CSF). On day 3,
Additional BMDM medium (half of the original volume) was added to the plate. On day 6,
BMDMs were collected for use.

Coculture of adipocytes and BMDMs. After conjugation of a signaling molecule, adipocytes
were lifted with Trypsin, centrifuged, and then resuspended in maintenance medium. Adipocytes
were then stained with Nile Red and added on top of BMDMs at a ratio of 1:1. The cells were
cocultured for 24 hours in the maintenance medium. At the end of coculture, cells were washed
with PBS and excessive adipocytes were removed by pipetting with PBS. The adherent
macrophages were then lifted by gentle scraping. The macrophages were then washed and stained

with antibodies for flow analysis.

Confocal imaging of adipocyte-macrophages. Macrophages were grown on coverslips
pretreated with poly-D-lysine in 6-well plates. Adipocytes with or without metabolic labeling were
stained with Nile Red before being added into the macrophage culture dish. After 16 h of coculture,
the un-phagocytosed adipocytes were washed off by flushing with PBS at least three times, the
remaining adherent macrophages were stained with Hoechst 33342 and CellMask Far Red Plasma
Membrane Stain according to manufacturer’s protocol. After washing with PBS for 2-3 times,
macrophages were transferred to 4% PFA solution and fixed for 15 min under room temperature.
PFA was then removed, followed by PBS wash. Then coverslips with macrophages were mounted

onto confocal slides using antifade mounting medium.

Statistical analysis. Statistical analysis was performed using GraphPad Prism v6 and v8. Sample
variance was tested using the F test. For samples with equal variance, the significance between the
groups was analyzed by a two-tailed student's t-test. For samples with unequal variance, a two-
tailed Welch's t-test was performed. For multiple comparisons, a one-way analysis of variance
(ANOVA) with a post hoc Fisher's LSD test was used. The results were deemed significant at 0.01
< *P <0.05, 0.001 < **P < 0.01, highly significant at *** 0.01 < P < 0.001, and extremely
significant at ****P < (0.0001.
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Figure 1. In vitro metabolic glycan labeling of adipocytes. (a) Schematic illustration of
metabolic labeling of adipocytes and subsequent detection of expressed azido groups via click
chemistry. (b) CLSM images of adipocytes treated with Ac;ManNAz or PBS for three days and
then incubated with DBCO-Cy5 for 30 min. The cell membrane and nucleus were stained with
Cell Mask Orange (organge) and Hoechst 33342 (blue), respectively. Scale bar, 20 pum. (c)
Representative flow cytometry histograms of adipocytes. (d) Percentage of azide* adipocytes after
3-day incubation with AcsManNAz (N>8). (e) Mean Cy5 fluorescence intensity of adipocytes in
(d) (N>8). (f) Western blot analysis of adipocytes pretreated with Ac;ManNAz or PBS for three
days. Azido-tagged proteins were biotinylated and then detected by streptavidin-horseradish
peroxidase conjugate. (g) Percentage of Cy5" adipocytes after treatment with 50 uM AcsManNAz
for 24, 48, and 72 h, respectively and incubation with DBCO-Cy5 for 30 min (N=3). All the
numerical data are presented as mean = SD (0.01 <*P <0.05; 0.001 <**P <0.01; 0.0001 < ***pP
<0.001, ****P <0.0001).
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Figure 2. Azido groups expressed on adipocytes are maintained for over 96 h. (a-c)
Adipocytes were pretreated with AcysManNAz for 3 days and then transferred to fresh blank media.
At 0, 24, 48, or 96 h post-AcsManNAz removal, cell-surface azido groups were detected by
DBCO-Cy5. Adipocytes pretreated with PBS and incubated with DBCO-Cy5 were used as
negative controls. (a) Representative Cy5 histograms of adipocytes at 0, 24, 48, and 96 h,
respectively. (b) Percentage of Cy5" adipocytes at different times (N=4). (¢) Cy5 fluorescence
intensity ratios (versus PBS group) at different times (N=4). (0.01 < *P < 0.05; 0.001 < **P <
0.01; 0.0001 < ***P <(.001, ****P <(0.0001).
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Figure 3. Conjugated cargo retains well on adipocyte membrane. (a-c) Adipocytes were
pretreated with Ac;ManNAz for 3 days and then incubated with DBCO-Cy5 for 30 min. After
removing DBCO-CyS5, the cells were monitored by fluorescence imaging. (a) Representative
CLSM images of adipocytes at different times post the removal of DBCO-CyS5. Cell nuclei were
stained with Hoechst 33342 (cyan). Scale bar: 50 pm. (b) Averaged Cy5 fluorescence intensity
distribution over the longitudinal axis of cells from (a). (c) Percentage of membrane-bound Cy5 at
different times post the removal of DBCO-CyS5, which is calculated by dividing the Cy5
fluorescence counts of 0-2 pm by the total fluorescence counts (0-7 um) (N=4). All the numerical
data are presented as mean £ SD (0.01 <*P <0.05; 0.001 <**P <0.01; 0.0001 < ***P <0.001,

w54 P < 0,0001).
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Figure 4. Azido-labeled adipocytes can mediate targeted conjugation of DBCO-cargo in vivo.
(a) Timeframe of in vivo adipocyte targeting study. 3T3-LI-differentiated adipocytes were
pretreated with AcsManNAz for three days and injected into the left mammary fat pad of mice,
while control adipocytes without azido labeling were injected into the right mammary fat pad.
After 48 h, DBCO-Cy5 was intravenously injected. (b) Representative in vivo fluorescence
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imaging of mice at 24 h post-injection of DBCO-Cy5. (¢) Cy5 fluorescence intensity of azido-
labeled adipocytes or control adipocytes extracted from the in vivo whole-body imaging (N=5).
(d) Ratio of Cy5 fluorescence intensity from (c) (N=5). (e) Representative ex vivo fluorescence
imaging of harvested tissues. (f) Cy5 fluorescence intensity of harvested fat tissues containing
azido-labeled adipocytes or control adipocytes (N=3). (g) Ratio of Cy5 fluorescence intensity from
() (N=3). (h) Percentage of Cy5" cells isolated from fat tissues containing azido-labeled
adipocytes or control adipocytes, as determined by flow cytometry (N=3). (i) CLSM image of
harvested fat tissues containing azido-labeled adipocytes. Cell nuclei were stained with Hoechst
33342 (blue). Scale bar: 20 um. All the numerical data are presented as mean + SD (0.01 < *P <
0.05; 0.001 <**P <0.01; 0.0001 < ***P <0.001, ****P <0.0001).
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Figure 5. Modulation of macrophage-mediated phagocytosis of adipocytes. (a) Schematic
illustration of adipocytes conjugated with DBCO-proteins (signaling molecules) being
phagocytosed by macrophages. (b) Cy5 MFI of macrophages after cocultured with adipocytes that
were treated with AcsManNAz or PBS and incubated with DBCO-CyS5. (¢) Fluorescence images
of macrophages cocultured with adipo-N; or adipo. Cells were stained with CellMask (cell
membrane) and Hoechst 33342 (nucleus). Adipocytes were pre-stained with Nile Red. Scale bar:
150 um. (d) Nile Red MFI of macrophages after cocultured with ACRP-conjugated adipocytes,
the mixture of adipo-N3 and ACRP, adipo-N3, or PBS (N=4). Adipocytes were pre-stained with
Nile Red. (e) Nile Red MFI of macrophages after cocultured with calreticulin-conjugated
adipocytes, adipo-Nj3, or PBS (N=4). Adipocytes were pre-stained with Nile Red. (f) Nile Red MFI
of macrophages after cocultured with MBL-2-conjugated adipocytes, adipo-N;, or PBS.
Adipocytes were pre-stained with Nile Red (N=4). (g) Nile Red MFI of macrophages after
cocultured with MFG-E8-conjugated adipocytes, adipo-N3, or PBS (N=4). Adipocytes were pre-
stained with Nile Red. All the numerical data are presented as mean + SD (0.01 <*P <0.05; 0.001
<**¥P<0.01;0.0001 <***P <0.001, ****P <0.0001).
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Data Availability. Raw data can be accessed upon request and will be published at Illinois Data
Bank upon the acceptance of the manuscript.



