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Glycocalyx Engineering with a Recycling Glycopolymer that Increases

Cell Survival In Vivo

Elliot C. Woods, Nathan A. Yee, Jeff Shen, and Carolyn R. Bertozzi*

Abstract: Synthetic glycopolymers that emulate cell-surface
mucins have been used to elucidate the role of mucin over-
expression in cancer. However, because they are internalized
within hours, these glycopolymers could not be employed to
probe processes that occur on longer time scales. In this work,
we tested a panel of glycopolymers bearing a variety of lipids to
identify those that persist on cell membranes. Strikingly, we
found that cholesterylamine (CholA) anchored glycopolymers
are internalized into vesicles that serve as depots for delivery
back to the cell surface, allowing for the display of cell-surface
glycopolymers for at least ten days, even while the cells are
dividing. As with native mucins, the cell-surface display of
CholA-anchored glycopolymers influenced the focal adhesion
distribution. Furthermore,
enhance the survival of nonmalignant cells in a zebrafish
model of metastasis. CholA-anchored glycopolymers therefore
expand the application of glycocalyx engineering in glycobi-
ology.

we show that these mimetics

Global changes in glycosylation can accompany inflamma-
tion, microbial infection, and tumorigenesis.[” For example,
heavily glycosylated mucin glycoproteins have long been
known to be upregulated in epithelial carcinomas, though
until recently their contribution to oncogenesis remained
largely mysterious.”) Mucins are membrane-associated glyco-
proteins with densely glycosylated ectodomains; their glycans
often comprise >50% of the mass of the molecule.”! Tt was
recently shown that the biophysical bulk of mucins may
actually bolster the adhesion of tumor cells in minimal
adhesion settings, such as the metastatic niche.”! Further-
more, broad upregulation of certain glycan motifs, such as
sialic acid, can play an important role in how the tumor and
the host immune system interact.”

These and other studies of glycobiology have benefitted
from chemical approaches, such as the display of synthetic
glycoconjugates on live cells by chemical glycocalyx engineer-
ing! One of the most straightforward methods to control

[*] E. C. Woods
Department of Bioengineering, University of California
Berkeley, CA 94720 (USA)
N. A. Yee, ). Shen, Prof. C. R. Bertozzi
Department of Chemistry, Stanford University
Stanford, CA 94305-4401 (USA)
E-mail: bertozzi@stanford.edu
Prof. C. R. Bertozzi
Howard Hughes Medical Institute (USA)
@® Supporting information and ORCID(s) from the author(s) for this
article are available on the WWW under http://dx.doi.org/10.1002/
anie.201508783.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

cell-surface glycan display is through the passive insertion of
lipid-anchored glycopolymers into the plasma mem-
brane.’" "I This strategy offers many advantages over other
techniques, such as the covalent attachment of glycoconju-
gates to engineered cell-surface molecules.'"'? As lipid-
anchored glycopolymers will insert into any plasma mem-
brane, any naive cell type can be used, including primary cells
and those not amenable to genetic manipulation. However,
previously reported lipid-conjugated glycopolymers, includ-
ing those functionalized with dipalmitoyl phosphatidyletha-
nolamine based anchors (DPPE, 1; Figure 1a), are constitu-
tively internalized by cells.’! As a consequence, their plasma
membrane residence half-lives are only 5-6 hours, which
limits their application to studies of biological processes
occurring on short time scales."'¥ Many events of interest,
such as tumor growth and metastasis, unfold on much longer
timescales. At present, the role of glycosylation in such
processes cannot be addressed by lipid-insertion-based gly-
cocalyx engineering.

Herein, we report the synthesis and cell-trafficking
behavior of a panel of lipid anchors engineered to improve
the plasma membrane residence times of glycopolymers. We
show that cholesterylamine (CholA), a lipid known to recycle
back to the cell surface after internalization,'*!* is capable of
shuttling glycopolymers through this pathway continuously
for up to ten days, resulting in the persistent display of
glycopolymers on the plasma membrane. Moreover, cells
incubated with CholA-anchored glycopolymers internalize
a certain amount into a reservoir that serves as a depot for
continuous cell-surface delivery, even in daughter cells
derived from a labeled mother cell. Once resident on cells,
the CholA-anchored glycopolymers replicate known effects
of mucins on the focal adhesion distribution and cell survival,
both in cell cultures and in a zebrafish model of tumor cell
metastasis.

Although the mechanisms underlying native lipid traf-
ficking throughout a cell are not well understood, small
changes in lipid structure can have a profound effect on
internalization kinetics and pathways.['"®!”) With little basis for
rational design, we synthesized a panel of phosphoglyceroli-
pids that varied in length (dimyristoyl, DMPC (5) and
distearoyl, DSPC (6)), regiochemistry (1,3-DMPC (7)),
unsaturation (dioleyl, DOPC (8)), or the linkage type to
glycerol (e.g., diether lipid DEPC (9)) in the hope of
improving the cell-surface half-life relative to DPPE (Fig-
ure 1a). To integrate these lipids into glycopolymers, we
crafted the synthetic approach outlined in Figure 1b. The
lipids were outfitted with clickable alkyne groups (see the
Supporting Information, Scheme S1) for conjugation to an
azide-functionalized chain-transfer agent (CTA; 10) capable
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Figure 1. Synthesis of a panel of lipid-anchored glycopolymers. a) Structure and representation of our glycopolymers with different alkynyl lipids, R.

b) Synthesis of dual end-functionalized glycopolymers.

of reversible addition—fragmentation chain transfer (RAFT)
polymerization."¥! Furthermore, we prepared the two sterol
derivatives cholesteryl succinic acid propargylamide (Chol
(3)™ and N-propargyl 3p-cholesterylamine (CholA (4))
using the procedure described in Figure S2. Notably, Peterson
and co-workers discovered that CholA and various CholA/
small-molecule conjugates have the unique ability to persist
on cell surfaces by virtue of continuous recycling from an
endocytic compartment.['+20-22]

After clicking the alkynyl lipids to azide-CTA 10, we
generated end-functionalized glycopolymers using an
approach similar to that in our previous work.*! Briefly, we
performed RAFT polymerization with methyl vinyl ketone
(MVK) to generate lipid-anchored poly(MVK) polymers of
specified lengths (ca. 200 DP) and low polydispersity (PDIs of
1.1-1.66; see the Supporting Information for details). The
terminal trithiocarbonate was cleaved, and the free thiol was
alkylated with a maleimide probe (either Alexa Fluor 488
(AF488) or biotin). Finally, the ketone groups were con-
densed with aminooxy-N-acetylgalactosamine (GalNAc) to
form hydrolytically stable oxime-conjugated glycopoly-
mers.*"

Using AF488-labeled polymers, we sought to measure the
efficiency with which each glycopolymer was incorporated
into cell membranes. We incubated Jurkat cells (10’ mL ™
serum-free media) for one hour at room temperature with
10 um lipid-conjugated glycopolymer, washed the cells, and
then measured their fluorescence by flow cytometry (Fig-
ure 2a). For each lipid tested, we observed saturation kinetics,
with the amount of glycopolymer displayed on the membrane
increasing as a function of the loading concentration (see
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Figure S3). The polymers with the highest levels of incorpo-
ration were the phosphocholine derivatives with shorter fatty
acids (DMPC and 1,3-DMPC) and the sterols (Chol and
CholA).

To quantitate the persistence time of the glycopolymers
on the cell surface, we used biotin-capped polymers that could
be detected with a membrane-impermeant AF488-labeled
anti-biotin antibody. After incubation with the glycopolymers,
the cells were washed and incubated in complete media at
37°C until a given time point, when the cells were washed and
cell-surface-labeled for flow cytometry analysis. By compar-
ing the mean fluorescence intensity with that obtained
immediately after glycopolymer loading, the fraction of
polymers remaining on the cell surface could be calculated
(Figure 2b). All of the glycopolymers underwent a significant
decrease in cell-surface abundance during the first hour after
loading.

However, analysis of later time points revealed that
CholA-anchored glycopolymers exhibited double exponen-
tial kinetics rather than the single exponential function
observed for other lipids. After an initially rapid decline, the
surface population of CholA-anchored glycopolymers stabi-
lized and remained steady for days, at levels that were orders
of magnitude higher than for DPPE (Figure 2¢). We were
able to observe the presence of glycopolymers on cell surfaces
up to ten days after labeling (Figure S4). To the best of our
knowledge, these are the most persistent synthetic glycocon-
jugates ever displayed on a cell surface. As an equilibrium
between solution-phase and cell-surface glycopolymers could
develop, we tried washing polymer-loaded cells every day and
found that we were able to deplete the polymers over time
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Figure 2. Glycopolymers with different lipid anchors have different cell-surface kinetics. a) Fluorescence of Jurkat cells incubated with 10 um of
AF488-capped polymers with the given lipid anchor. b) Fractional cell-surface retention of biotin-capped polymers relative to the levels measured
immediately after polymer loading. c) Absolute cell-surface abundance of biotin-capped CholA-anchored glycopolymers on long time scales.

d) Effect of CholA-anchored glycopolymers on the fluorescence of cells labeled with a cytosolic cell-tracking dye over time. All values are given as

the mean =+ standard deviation of three replicate experiments.

(Figure S5); therefore, the labeling is reversible when driven
by mass action.

Labeling cells with a cytoplasmic tracking dye along with
biotin-capped CholA-anchored glycopolymers allowed us to
monitor the fate of glycopolymers in a population of dividing
cells. We found that whereas the cells show a marked
deceleration in their loss of cell-surface polymers after day 1
(Figure 2c¢), they actually continued to divide up to day 3 and
beyond (Figure 2d). Importantly, the polymers are passed
down uniformly from mother cells to daughter cells as
reflected in a stable unimodal distribution of labeling (Fig-
ure S6).

An analysis of the temperature dependence of the cell-
surface residence time suggested that the rapid initial loss of
CholA-anchored glycopolymers is due to endocytosis (Fig-
ure S7). Microscopy analysis of our AF488-capped CholA-
anchored polymers revealed that indeed, the initially rapid
internalization yields dense reservoirs of glycopolymer within
the cell (Figures3a and S8). By contrast, DPPE-anchored
glycopolymers formed diffuse internal puncta. Based on
Peterson’s reports on the recycling capability of cholesteryl-
amine conjugates, we speculated that CholA was mediating

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the continuous recycling of our glycopolymers from these
reservoirs to the cell surface.!"*!>>!

The endocytic recycling compartment (ERC) is an
organelle that is responsible for replenishing membrane-
associated proteins and lipids once they have been depleted
by endocytosis.""! The plasma protein transferrin is a known
marker of the ERC.") We observed that AF647-labeled
transferrin colocalized with the reservoirs of CholA-anchored
glycopolymers (Figure 3b). To visualize the recycling of the
glycopolymer from internal reservoirs back to the cell surface,
we first quenched those AF488-capped glycopolymers pres-
ent on the cell surface with an anti-AF488 antibody®”! and
observed the loss of cell-surface labeling as expected (Fig-
ure 3¢). Next, we either let these cells warm for two hours at
37°C or kept them on ice, then imaged them again. Only the
warmed cells were able to replenish their cell-surface
population of AF488-capped glycopolymers, ostensibly via
recycling from internal compartments (Figure 3¢). We now
have a model for the mechanism by which CholA-anchored
glycopolymers could utilize recycling to replenish the cell
surface, resulting in apparent cell-surface persistence (Fig-
ure 3d).
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Figure 3. CholA-anchored glycopolymers are recycled from reservoirs inside the cell to the cell surface.

a) Jurkat cells were labeled with 5 um AF488-capped glycopolymers. b) Jurkat cells loaded with CholA
glycopolymers and incubated with AF647-transferrin. c) Jurkat cells that were loaded with CholA-anchored
glycopolymers, then treated with anti-AF488 antibody to quench cell-surface fluorescence, and finally allowed
to incubate at the indicated temperature. d) A model for the trafficking of CholA-anchored glycopolymers.

Scale bars: 10 pm.

Having identified glycopolymers that stably populate the
cell surface, we next sought to determine whether they impart
biological effects on cells similar to those of native mucins. It
was recently discovered that bulky cell-surface mucins can,
counterintuitively, promote the adhesion of cells in minimal
adhesion settings.! By obscuring the majority of binding
between integrins and their ligands in the extracellular
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matrix, a bulky glycocalyx
actually drives integrin clus-
tering by a kinetic funnel
wherein new bonds are
more likely to be made
near established ones (Fig-
ure 4a). This clustering
activates integrins and pro-
motes signaling and cell sur-
vival, which can overcome
the adhesion-mediated pro-
grammed cell death (i.e.,
anoikis) that healthy cells
normally undergo.?=!
After confirming that
our CholA-anchored glyco-
polymers are themselves
nontoxic (Figure S9), that
polymer length does not
affect cell-surface persis-
tence  (Figures S10  and
S11), and that our polymers
are long-lived on MCF-10A
breast epithelial cells (Fig-
ure S12), we tested our poly-
mers for their ability to
improve the survival of non-
malignant cells in a model of
the minimal adhesion set-
ting. Soft polyacrylamide
gels (140 Pa) functionalized
with fibronectin are non-
ideal substrates for cell
growth, and roughly a third
of nonmalignant breast epi-

CholA 2 hours

4 °C for 2 hours

4
L4

CholA-anchored glycopoly-
mers (DP: 719, PDI: 1.1, ca.
90 nm in length) that are

much longer than the
height of the integrins on
the cell surface (ca.

20 nm)®? prevented more
than two thirds of this apop-
tosis. In control experi-
ments, CholA-anchored gly-
copolymers that are much
shorter than the integrins
(DP: 36, PDI: 1.20, ca.
3 nm) were shown to offer
no significant protection from anoikis (Figure 4b).

We hypothesize that the increased survival of cells painted
with long glycopolymers results from clustering of integrins
driven by segregation from glycopolymer-rich zones, a phe-
nomenon we sought to visualize directly by total internal
reflection fluorescence (TIRF) microscopy. MCF-10A cells
expressing the fluorescent/focal adhesion protein fusion
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Figure 4. CholA-anchored glycopolymers are excluded from sites of focal adhesion formation and drive a resistance to anchorage-dependent cell
death. a) A kinetic funnel model for glycocalyx-driven integrin clustering. b) Effect of polymers on the viability of MCF-10A cells plated on soft
substrates. Error bars are the standard error of the mean (SEM) for at least three independent experiments. c) TIRF imaging of mCherry—paxillin
expressing MCF-10A breast epithelial cells incubated with biotin-capped CholA polymers and stained with AF488-labeled anti-biotin. Scale bars:
5 um. d) Manders’ colocalization coefficients for the coincidence of mCherry—paxillin with AF488-labeled anti-biotin antibodies for cells treated as
in (c). Error bars are the SEM for at least five cells quantified from at least two independent experiments. **p < 0.01, ***p <0.001.

mCherry—paxillin were incubated with biotin-capped CholA-
anchored glycopolymers, plated on fibronectin-functionalized
coverslips, and allowed to adhere, then fixed and stained with
AF488-labeled anti-biotin antibody. As shown in Figure 4c,
TIRF microscopy analysis revealed that long CholA-anch-
ored glycopolymers are excluded from the sites of adhesion
formation, while the short ones are not, which is consistent
with the biophysical model for integrin clustering.

To quantify this effect, we calculated the Manders’
colocalization coefficients (MCCs) for mCherry—paxillin in
cells loaded with either long or short glycopolymers. This
metric determines the fraction of red pixels that are colocal-
ized with green pixels. In essence, it seeks to answer the
question as to what percentage of the focal adhesion area is
also occupied by glycopolymers. With short glycopolymers
(3 nm), we calculated a high degree of overlap; 86% of
paxillin is coincident with the polymer. With long glycopol-
ymers (90 nm), on the other hand, a dramatic segregation was
seen; less than 20% of the paxillin was coincident with the
polymers (Figure 4d). Further image analysis showed that the
average area per adhesion for cells treated with long CholA-
anchored glycopolymers was almost twice that observed on
cells treated with short glycopolymers (Figure S13). These
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metrics confirm that like the natural mucin MUC1,* the long
CholA-anchored glycopolymers are excluded from areas of
adhesion and thus likely drive integrin clustering by a kinetic
funnel effect.

The ability to evade anoikis is a hallmark of malignancy
and a prerequisite for tumor metastasis. It has been postulated
that mucin overexpression promotes these processes by the
mechanism outlined above. To determine whether CholA-
anchored glycopolymers can similarly promote cell survival
and dissemination in vivo, we turned to a zebrafish model of
metastasis.”” Zebrafish embryos 48 hours post-fertilization
(hpf) were injected with MCF-10A cells constitutively
expressing the green fluorescent protein/histone H2B fusion
(GFP-H2B). MCF-10A cells were first incubated with either
long CholA-anchored glycopolymers, short CholA-anchored
glycopolymers, or PBS alone. The cells were allowed to
disseminate throughout the fish for three hours, at which
point images were acquired and the number of MCF-10A
cells present at day 0 was quantified by their fluorescent
nuclei. 24 Hours later, images were taken again of the same
live fish (Figures 5a and S14). The MCF-10A cells that were
still viable maintained their fluorescent nuclei.* As in the
in vitro model, cells coated with long CholA-anchored
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Figure 5. Long CholA-anchored glycopolymers protect previously nonmalignant cells from apoptosis in vivo. a) Zebrafish embryos, 48 hpf, were
injected with GFP-H2B expressing MCF-10A cells loaded with either long (90 nm) or short (3 nm) CholA-anchored glycopolymers and imaged at
the indicated time points. b) Effect of polymers on the viability of cells injected as in (a) after 27 hours. Scale bars: 100 pm. Error bars are the

SEM of five biological replicates. **p <0.01.

glycopolymers showed almost twice the survival rate of cells
with short glycopolymers or no polymers at all (Figure 5b).
Thus, CholA-anchored glycopolymers have allowed us to test
the effects of a bulky glycocalyx on cell survival over a period
of 27 hours in vivo.

In conclusion, CholA-anchored glycopolymers enable the
long-lived glycocalyx engineering of naive cells and provide
approaches to answer questions hereto unapproachable. We
also envision the utilization of these reagents for translational
applications, such as the protection of precious or vulnerable
cells (e.g., stem cells) from hostile environments (e.g., the
immune system) or the tailored homing of engineered cells to
target tissues.
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