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Abstract

Membrane-engineered cells displaying antigen-targeting ligands are useful as both scientific tools
and clinical therapeutics. While genetically-encoded artificial receptors have proven efficacious,
their scope remains limited as this approach is not amenable to all cell types and the modification
is often permanent. Our group has developed a non-genetic method to rapidly, stably, and
reversibly modify any cell membrane with a chemically self-assembled nanoring (CSAN) that can
function as a prosthetic receptor. Bifunctional CSANs displaying epithelial cell adhesion molecule
(EpCAM)-targeted fibronectin domains were installed on the cell membrane through hydrophobic
insertion and remained stably bound for =72 h jn vitro. These CSAN-labeled cells were capable of
recognizing EpCAM-expressing target cells, forming intercellular interactions that were
subsequently reversed by disassembling the nanoring with the FDA-approved antibiotic,
trimethoprim. This study demonstrates the use of this system to engineer cell surfaces with
prosthetic receptors capable of directing specific and reversible cell-cell interactions.
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INTRODUCTION

The ability to direct cell-cell interactions has tremendous value across numerous fields —
including tissue engineering,! 2 regenerative medicine,3 4 and adoptive immunotherapy®: ¢ —
and as a tool for elucidating fundamental biology.’- & To this end, several approaches for
modifying cell surfaces have been developed, perhaps the most notable being that of
chimeric antigen receptor (CAR) T cells.® Though clinically efficacious, the genetic
engineering underlying the CAR T cell platform makes it irreversible and yields several
limitations that hinder its use for alternative applications.10 Specifically, not all cell types —
such as regenerative stem cells!! — are readily amenable to such modification, and the
permanence of the genetically encoded receptor has led to significant adverse events in the
clinic, including B cell aplasia,12 solid organ damage, ! and neurotoxicity.14

To address these limitations and expand the use of cell-directing therapies, many groups
have sought non-genetic approaches to introduce artificial receptors and targeting elements
to the cell surface. Liposome fusion has been used to integrate bioorthogonal functional
groups into the cell membrane, which can either be paired with complementarily modified
cells or reacted with appropriately-conjugated targeting ligands.15: 18 Reactive groups can be
introduced to the cell surface through metabolic engineering, wherein cells are grown in
media supplemented with chemically-functionalized sugar analogs that get incorporated into
membrane glycoproteins; similarly, these functional groups can then be conjugated to
antigen targeting elements.1: > Others have taken advantage of naturally existing cell-surface
amines (primarily lysine side chains) to bind activated esters tethered to a variety of species
to the cell surface nonspecifically.* 17 Finally, various alkyl-, lipid-, and
glycophosphatidylinositol (GPI)-tagged species have been hydrophobically inserted and
anchored into the cell membrane.18-21

While many of these non-genetic approaches have demonstrated the ability to direct specific
cell-cell interactions, relatively few do so in a reversible fashion. Additionally, reversal
mechanisms employed thus far — including irradiation with ultraviolet (UV) light,> 22
changes in electrochemical redox potential 23 alterations in temperature,2* 25 and enzymatic
cleavage of the tethering species?® — are largely unfit for /n vivo applications, especially
when surface-modified cells are distributed throughout an organism.

Expanding upon this body of prior work, we designed a cell membrane engineering
methodology that would be broadly applicable to a variety of cell types and possess a
reversal mechanism suitable for /n vivo use. To accomplish this, we utilized a protein
scaffold developed by our lab called the chemically self-assembled nanoring (CSAN; Figure
1A).27 CSANs are formed when bivalent dihydrofolate reductase (DHFR?) fusion proteins
are spontaneously oligomerized by a chemical dimerizer, bis-methotrexate (bisMTX).27
CSANSs can be further functionalized by fusing various binding entities to the DHFR?
subunits28: 29 — in this case, either a monovalent streptavidin (mSA30) unit or a fibronectin
(Fn3) domain with engineered specificity for epithelial cell adhesion molecule (EpCAM)
was fused.3! Similarly, the bisMTX moiety can be chemically modified to incorporate a
bioorthogonal ligation handle, such as an azide group.2% 32 Using stoichiometric
combinations of the fusion proteins and the bisMTX, one can form multivalent,
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heterobifunctional CSANSs capable of targeting multiple distinct antigens.33 Importantly, the
CSAN scaffold can be disassembled through exposure to the FDA-approved antibiotic
trimethoprim, providing a pharmacologic mechanism for removing the targeting ligands
from the cell surface.5: 3233

Consistent with the aim to develop a surface engineering approach that would be applicable
to multiple cell types, we devised a system based upon the spontaneous hydrophobic
insertion of commercially available phospholipid conjugates (Figure 1B-C). Using either
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-{biotinyl(polyethylene glycol)-2000}
(DSPE-PEGyqqo-biatin) or 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
{dibenzocyclooctyl(polyethylene glycol)-2000} (DSPE-PEGp09-DBCO), cell surfaces can
be decorated with biotin and DBCO moieties, respectively. Targeted CSANS are then
attached to the lipid-modified cells via a non-covalent biotin/mSA interaction or a copper-
free, strain-promoted alkyne/azide cycloaddition (SPAAC) involving the DBCO/azide
groups, thereby functionalizing the cell with the EpCAM-binding domains. As demonstrated
herein, the CSAN-functionalized cells are capable of interacting with EpCAM+ target cells,
and these intercellular interactions are readily reversed with trimethoprim.

As such, this study details a non-genetic, two-component strategy to functionalize cells with
antigen-binding ligands capable of directing targeted cell-cell interactions in a
pharmacologically reversible fashion.

RESULTS AND DISCUSSION

Functionalized Phospholipids Hydrophobically Insert into Cell Membranes

The spontaneous membrane insertion of hydrophobic species — including alkyl chains,
phospholipids, and GPI-conjugated proteins — has been demonstrated in numerous cell
types,34-36 including mesenchymal stem cells (MSCs).3: 18 37 These results have shown that
this insertion is innocuous to the modified cell, having no effect on cell viability,
proliferation, or differentiation. Furthermore, this approach is facile, requiring no specialized
reagents or techniques, and is universally applicable to essentially any cell type. Therefore,
we decided to use hydrophobic insertion to tether our CSANS to the cell surface (Figure 1B-
C).

The commercially available phospholipid conjugates DSPE-PEGqqg-biotin and DSPE-
PEG2gpo-DBCO were selected for this study. These species were chosen because we
hypothesized that the hydrophobic lipid would enable membrane insertion while the long,
flexible PEG linker would improve the accessibility of the biotin and DBCO groups. We
also envisioned two approaches to labeling the cells with the phospholipids: (1)
resuspending the cells ex vitro in buffer supplemented with the phospholipids; and (2)
actively culturing the cells /n vitro in phospholipid-supplemented media. Importantly, cell
viability was not affected by either lipid-modification approach, even when concentrations
of up to 100 pM of DSPE-PEGyqqg-biotin or DSPE-PEGp09-DBCO were used (Figure S1).
This was true for both of the model cell lines, adherent MCF-7 and suspensive Raji cells.
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To simultaneously assess the membrane insertion of phospholipids and ensure that the biotin
and DBCO groups were accessible, cells were analyzed via flow cytometry using
streptavidin- and azide-conjugated fluorophores, respectively. Both MCF-7 and Raji cells
were modified with increasing concentrations of DSPE-PEGqqg-biotin or DSPE-PEGqq0-
DBCO through both the buffer (ex vitro) and culture (/n vitro) methods. In all instances, the
biotin and DBCO moieties were readily detected on the cell surface after lipid modification,
indicating both successful membrane insertion and availability of the functional groups for
subsequent labeling (Figure 2 and S2). Furthermore, the extent of the modification could be
easily modulated by varying the concentration of the phospholipid conjugate that was used.

Seemingly, the DSPE-PEG,qgg-biotin species affords a more tunable modification than
DSPE-PEG,qg9-DBCO (Figure 2). However, this observation is likely an artifact of the
relatively short time (1 hour) and low temperature (4 °C) for which the lipid-modified cells
were incubated with the secondary reagent, as the biotin/streptavidin interaction forms more
rapidly38 than the slower azide/alkyne ligation3° necessary to detect the DBCO species.
Indeed, extending this incubation time to =3 h and raising the temperature to 37 °C enhances
conjugation to surface DBCO groups (Figure S3). Therefore, it is possible that both DSPE-
PEG>qqgg-biotin and DSPE-PEG;ggp-DBCO insert into the cell membrane to a similar extent,
and that the discrepancies between the labeling observed in Figures 2 and S2 are due to the
inherent differences between the subsequent binding and ligation efficiencies. Additionally,
the hydrophobicity of the DBCO group itself may enable it to interact with hydrophaobic
membrane components, further slowing the azide ligation reaction.

Lastly, the Raji cells appear to become saturated with DSPE-PEGyqqg-biotin following
incubation with 10 yuM of the phospholipid, as incubation with 100 uM does not afford an
increase in the fluorescent signal. Across the concentration range tested, no such saturation
was observed for the MCF-7 cells. This observation is most likely explained by the
difference in size between the two cell types — the Raji cells are smaller and thus their
membranes cannot support the same quantity of the DSPE-PEGyggp-biotin as the larger
MCF-7 cells.

Collectively, this data shows that a variety of cell types can be effectively modified with
phospholipid conjugates via hydrophobic insertion into the cell membrane without effecting
cell viability. These results are consistent with those obtained by others performing similar
hydrophobic insertions and further validates this approach as a universal method for cell
surface modification.3: 4. 18, 34-37

Production and Characterization of Cell-Binding CSANs

EpCAM is a cell surface antigen that is overexpressed by numerous carcinomas and several
cancer stem cells.*0 We previously reported the development of EpCAM-binding Fn3
ligands, based upon the human tenth type 111 fibronectin domain.3! To impart EpCAM-
targeting capabilities to our CSANSs, we fused Fn3 clone C5 (Kg = 17 £ 1 nM) to the C-
terminus of our DHFR? fusion proteins. When these DHFR2-Fn3 monomers were exposed
to a molar excess of the chemical dimerizer, bisMTX, they rapidly and completely
oligomerized into Fn3 CSANSs, as demonstrated by size exclusion chromatography (Figure
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S4A-B). Importantly, the Fn3 CSANs continued to bind to EpCAM-expressing MCF-7 cells
with high affinity (apparent K4 = 21 + 6 nM and selectivity (Figures S5A-B).

We next sought to develop methods for binding these Fn3 CSANS to cells that had been
modified with DSPE-PEGyggg-biotin or DSPE-PEGyqq9-DBCO. To recognize the biotin-
decorated cells, we fused a monovalent streptavidin domain (mSA) to the A-terminus of the
DHFR?2 fusion proteins. In the presence of bisMTX, these mSA-DHFR? monomers readily
oligomerized into biotin-binding CSANSs (Figure S4C). Furthermore, equimolar mixtures of
the mSA- and Fn3-fused monomers could be co-assembled into CSANs with bispecificty for
both biotin and cellular EpCAM (Figure S4D). Importantly, these bispecific mSA/Fn3
CSAN:S retained their apparent affinity for EpCAM+ cells (apparent Ky = 24 + 6 nM; Figure
S5A).

Our group has previously reported the synthesis and use of a bisMTX analog that
incorporates a free amine suitable for further conjugation and additional functionalization.
29,32 To produce CSANSs capable of binding to the DBCO-decorated cells, we coupled a
PEG;-azide moiety to this amine via A-hydroxysuccinimide (NHS) chemistry, generating an
azide-bisMTX analog that contains a free azide group (Figure S6). As with the parent
bisMTX dimerizer, DHFR2-Fn3 fusion proteins exposed to azide-bisMTX oligomerized into
azide/Fn3-CSANs (Figure S4B).

We further verified the formation of the mSA, Fn3, and mSA/Fn3 bispecific CSAN species
via cryo-electron microscopy (cryo-EM). Nanoring structures were readily visualized for all
three species (Figures 3A-C, respectively), and analysis of multiple samples indicated
similar sizes for the mSA (18 £ 3 nm), Fn3 (19 + 4 nm), and mSA/Fn3 bispecific (19 £ 4
nm) CSANSs (Figure 3D). These diameters are in close agreement to dynamic light scattering
(DLS) measurements of the hydrodynamic radii of these species (Figure S7).

CSANs are Readily Installed on Cells Modified with Phospholipid Conjugates

After confirming the membrane insertion of the phospholipid conjugates, we sought to use
the associated functional groups as handles for the attachment of our nanoring platform.
Cells were first modified with DSPE-PEGyggg-biotin or DSPE-PEG5gp0-DBCO ex vitro.
They were subsequently incubated with CSANS of various functionalities at 4 °C for 1 h, or
in the case of the Fn3 CSANSs oligomerized with azide-bisMTX, 37 °C for 3 h. Specifically:
(1) mSA CSANSs were successfully bound to biotin-modified MCF-7 cells (Figure 4A); (2)
Fn3 CSANSs oligomerized with azide-bisMTX were conjugated to DBCO-modified Raji
cells (Figure 4B); and (3) Fn3 CSANs were bound to EpCAM-expressing MCF-7 cells
(Figure 4C). Additionally, mSA/Fn3 bispecific CSANSs could be installed on both biotin-
modified Raji cells (Figure 4D) and unmodified MCF-7 cells (Figure 4E), demonstrating the
retained bifunctionality of these co-assembled CSANSs. These experiments also verified the
presence of both the mSA-DHFR? and DHFR2-Fn3 subunits within a single CSAN, as the
analyzed events were positive for both the FLAG and MY C epitope tags present on the
respective fusion proteins (Figure S8A). Finally, in preparation for future cell-targeting
experiments, the optimal labeling concentration of mSA/Fn3 CSANSs on Raji cells modified
with DSPE-PEGyggg-biotin was assayed by flow cytometry and found to be 100 nM (Figure
S8B).
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In Vitro Stability of Phospholipid-Anchored CSANs

While the insertion of hydrophobic anchors into the lipid bilayer is an energetically
favorable process,19 it is typically a transient modification with a half-life on the order of
hours for cells in active culture.® 3% Additionally, because the lipids can insert into
essentially any cell membrane, it was conceivable that a lipid-anchored species could
dissociate from the membrane into which it was principally installed and subsequently label
a neighboring cell, essentially “hopping” from the intended cell to a bystander cell.
However, we hypothesized that by engaging multiple lipid anchors per nanoring, the
multivalency of the CSAN would afford an improved surface stability relative to single lipid
species and keep the CSANSs localized to the principally modified cell.

To test both the surface stability of lipid-anchored CSANs and their potential to transfer
amongst cells, two populations of Raji cells were differentially labeled. The first population
was labeled only with CellTrace Violet (CTV) dye. The second population was modified
with DSPE-PEGygqq-biotin in vitro and then labeled with “reduced valency” mSA CSANS.
To more accurately recapitulate the valency of mSA domains that would be present in a
bifunctional mSA/targeted CSAN, the CSANSs used in this study were co-assembled with an
equal ratio of mMSA-DHFR2 monomers and non-targeted DHFR2 monomers. In this manner,
the reduced valency CSANSs used in this experiment serve as a surrogate for any bispecific
mSA/targeted CSAN, including the mSA/Fn3 CSANS previously introduced.

The CTV-labeled and CSAN-Ilabeled Raji cell populations were combined and co-cultured
for 72 h; every 24 h, the culture media was refreshed (to partially simulate the effect of
clearance) and a sample of the pooled population was analyzed for CTV and CSAN
presence by flow cytometry. For comparison, the same analysis was performed for a mixed
population of CTV-labeled Raji cells and Raji cells only modified with the DSPE-PEGqqo-
biotin (no CSANS). As shown in Figure 5A, the lipid-anchored CSANSs remained stably
bound to the cell surface for =72 h. In contrast, significant loss of the monomeric
phospholipid conjugates was observed over this same time frame (p<0.0025). This indicates
that, through the engagement of multiple phospholipid conjugates, the multivalent CSANs
possess an increased avidity for the cell surface and thus an enhanced surface stability
relative to species that are anchored by only a single lipid. Furthermore, the CSANs
exhibited a surface half-life of approximately 24 h when incubated in mouse plasma (Figure
S9), making them considerably more stable than previously-reported phospholipid-anchored
constructs and thus potentially useful for future /n vivo applications. Furthermore, Figure 5C
demonstrates that there is minimal migration of a lipid-anchored CSAN from one cell to
another. Specifically, the percentage of CTV+/CSAN+ Raji cells in the population increases
only marginally over the course of three days, from 0.9 + 0.3% of the population on day zero
to 2.9 + 0.9% on day three; this correlates to a decrease in the number of CTV+/CSAN-
Raji cells from 27.1 £ 0.9% to 24.5 + 0.4% over the same time period. A similar effect is
observed for the monomeric DSPE-PEG,qgo-biotin moieties (Figure 5D), with an increase in
the number of CTV+/lipid+ cells from 0.6 + 0.6% to 4.1 + 0.8% and a corresponding
decrease in the number of CTV+/lipid- cells from 26.9 + 0.5% to 23.3 + 0.5% over three
days. This data suggests that, while the phospholipid conjugates and their tethered cargo can
dissociate from the cell surface, very few of the dissociated species re-insert themselves into
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the membranes of neighboring cells. This is likely due to the low concentration of the
dissociated species in the media and the frequent refreshing of the cell media (every 24 h),
thus reducing the accumulation of free phospholipid conjugates.

Trimethoprim Removes Targeting Elements from the Cell Surface

To date, relatively few cell surface engineering approaches — either genetic or non-genetic in
origin — possess mechanisms for removing the artificial receptors from the cell surface.
Furthermore, many of those reversal stimuli are not currently suited for /n vivo applications.
22-26 Accordingly, we sought to utilize the trimethoprim-induced disassembly of the CSAN
scaffold as a pharmacologic mechanism for removing the targeting ligands from the surface
of a CSAN-functionalized cell. To demonstrate this, Raji cells were sequentially modified
with DSPE-PEGqqg-biotin /n vitro and labeled with mSA/Fn3 bispecific CSANs. The
CSAN-functionalized Raji cells were then resuspended in culture media supplemented with
a clinically-relevant concentration of trimethoprim (2 uM; serum concentrations of
trimethoprim have been shown to reach peak concentrations of ~6-15 uM within 2 h of oral
dosing# 42) and incubated at 37 °C for up to 2 h. An aliquot of cells was analyzed by flow
cytometry at 0, 1, and 2 h. As shown in Figure 5B, the targeting ligands were dissociated
from the cell surface in a time-dependent manner, with 95% of the EpCAM-targeted Fn3
domains removed within 2 h.

CSANSs Direct Reversible Cell-Cell Interactions In Vitro

The ability of CSANSs to direct reversible intercellular interactions /n vitro was assessed by
fluorescence microscopy (Figure 6A-C). CFSE-labeled Raji cells were sequentially modified
with DSPE-PEGyggg-biotin, labeled with mSA/Fn3 bispecific CSANSs, and then incubated
with a monolayer of EpCAM-expressing target cells (MCF-7) adhered to glass coverslips.
The CSAN-functionalized Raji cells readily bound to the monolayer of target cells (Figure
6B), and these cell-cell interactions were readily reversed via a brief (1 h) exposure to
trimethoprim (Figure 6C). Importantly, phospholipid-modified cells that were not
functionalized with the mSA/Fn3 CSANs were not able to interact with the target cells
(Figure 6A), indicating that the observed interactions were induced by the CSANs and not
non-specific adherence.

A similar experiment was conducted via flow cytometry. In this case, CTV-labeled Raji cells
were again modified with DSPE-PEGqg-biotin and labeled with mSA/Fn3 bispecific
CSANSs. They were then combined with detached, CFSE-labeled MCF-7 cells and incubated
together on a rotating platform for 1 h. Samples were subsequently resuspended in either
standard culture media or media supplemented with 2 uM trimethoprim. After another 1 h
incubation with rotation, samples were thoroughly washed and analyzed on a flow
cytometer. Similar to the microscopy results, very few non-specific cell-cell interactions are
observed in the absence of the CSANs (Figure 6D). However, the CSAN-functionalized Raji
cells were able to form targeted cell clusters with the MCF-7 cells (Figure 6E); again, nearly
all of the targeted interactions were dissociated with trimethoprim treatment (Figure 6F).
Even under the high-flow conditions of the cytometer (an instrument designed for single cell
analyses), the CSAN-functionalized Raji cells were able to form significantly more
interactions with the MCF-7 cells relative to the non-functionalized Raji cells (7.3 + 1.1%
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vs. 0.8 + 0.1%; p<0.001). Brief exposure to trimethoprim drove significant dissociation of
these clusters (p<0.01), returning nearly the baseline number of non-specific interactions
(1.9 + 0.3%). As demonstrated above, the trimethoprim-induced dissociation of the CSAN
scaffold is time-dependent; therefore, it is conceivable that prolonging the trimethoprim
incubation in this experiment beyond 1 h would drive further reversal of the cell-cell
interactions.

Bioorthogonal CSANs Enable Formation of Multicellular Interactions

Taking advantage of the modular nature of the CSAN platform, we sought to use a
combination of multifunctional CSANs to induce controlled interactions between three
different model cell populations (Figure 7). MCF-7 cells were again adhered to glass
coverslips to form a monolayer of EpCAM-positive target cells. Then, CFSE-labeled Raji
cells that had been sequentially modified with DSPE-PEGyggg-biotin and mSA/Fn3 CSANSs
were bound to the MCF-7 cells, as before. To introduce a third cell population, a separate
aliquot of Raji cells was labeled with CellTrace Far Red, modified with DSPE-PEGqq0-
DBCO, and functionalized with azide/mSA bispecific CSANSs capable of targeting the
unoccupied biotin moieties on the surface of the preceding CFSE-labeled Raji population.
After washing the cell layer to remove unbound CFSE-Raji cells, the functionalized FarRed-
Raji cell population was added and incubated in an analogous fashion. After washing,
fixation, and mounting on glass slides using DAPI-containing mountant, the coverslips were
analyzed by fluorescence microscopy. In the absence of CSANS, we again observed that the
phospholipid-modified Raji cells were unable to interact with the MCF-7 cells (Figure 7A).
However, the CSAN-functionalized Raji cells were able to form targeted cell arrangements,
adhering to the monolayer of EpCAM-expressing cells and to each other (Figure 7B). Many
of these interactions were reversed after a 1 h incubation in trimethoprim-containing media
(Figure 7C). Finally, when the FarRed-Raji cells that had been functionalized with the
azide/mSA CSANs were incubated with just the primary MCF-7 cell layer, they were not
able to adhere as these cells did not express the target “antigen”, in this case, biotin (Figure
7D). These results indicate that by exchanging the various targeting domains utilized in the
CSAN platform, diverse cell populations can be driven to interact with one another in a
controlled and pharmacologically reversible fashion.

CONCLUSIONS

In conclusion, the CSAN platform offers a modular approach for reversibly functionalizing
cell membranes with targeting ligands. Through the spontaneous membrane insertion of
phospholipids conjugated to biotin and DBCO groups, CSANSs can be installed on
essentially any cell surface and function as prosthetic receptors. In contrast to genetic
engineering approaches, which require both manipulation of the target cell’s genome and
extensive culturing to expand the modified cells, the method described here is rapid, scalable
to large cell numbers, and broadly applicable to diverse cell types.

Once installed on cell surfaces, EpCAM-targeting CSANSs were capable of inducing specific
intercellular interactions between the CSAN-functionalized cells and EpCAM-expressing
target cells /n vitro. Due to the modularity of the CSAN platform, this approach was further
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expanded to direct targeted interactions between three different cell populations.
Additionally, these interactions were rapidly reversed through exposure to trimethoprim.

The capacity to remove CSAN-based surface modifications pharmacologically with
trimethoprim makes them distinct from other reversal approaches developed thus far. While
photoirradiation, enzymatic degradation, and changes in redox potential or temperature have
all been demonstrated, none of these mechanisms are currently applicable in an /n vivo
setting, especially when the modified cells are broadly distributed throughout an organism
(as would be the case for immunotherapy and some regenerative medicine applications).
Because trimethoprim is an FDA-approved antibiotic that is used systemically, CSAN-
directed cell-cell interactions could conceivably be readily reversed /n vivo via trimethoprim
administration, providing a safe mechanism for deactivating the targeted cells in the case of
adverse events or initiating processes dependent on the loss of intercellular interactions.
Ultimately, this work demonstrates that lipid-anchored prosthetic receptors provide a
broadly applicable approach to cell surface engineering that could be used to expand the
formation of targeted, reversible cell-cell interactions across diverse fields.

MATERIALS & METHODS

Cells and Cell Culture

The MCF-7, U-87 MG, and Raji cell lines were previously purchased from the American
Type Culture Collection (ATCC). MCF-7 and U-87 MG cells were grown at 37 °C in a
humidified atmosphere with 5% CO- in Dulbecco’s Modified Eagle’s Medium (DMEM)
with 4.5 g/L glucose, L-glutamine, and supplemented with 10% fetal bovine serum (FBS),
100 U/mL penicillin, and 100 pg/mL streptomycin. Raji cells were grown at 37 °C ina
humidified atmosphere with 5% CO5 in Roswell Park Memorial Institute (RPMI) media
with L-glutamine and supplemented with 10% FBS, 100 U/mL penicillin, and 100 pg/mL
streptomycin. When needed for passaging or harvesting, adherent cell lines MCF-7 and
U-87 MG were detached via trypsin. Cell count and viability was determined via trypan blue
staining/exclusion using a Bio Rad TC20 automated cell counter (Bio Rad Laboratories,
Inc.).

Expression Plasmids

gBlock Gene Fragments coding for the DHFR2-Fn3 and mSA-DHFR? fusion proteins were
ordered from Integrated DNA Technologies (IDT) and cloned into the Novagen pET28a(+)
vector (EMD Millipore, Cat: 69864-3) via Ncol/ and Xhol restriction sites. Notably, the
DHFR2-Fn3 fusion proteins contain an Aterminal MYC epitope tag and C-terminal
polyhistidine tag to facilitate detection via flow cytometry and purification via immobilized
metal affinity chromatography (IMAC), respectively. Similarly, the mSA-DHFRZ fusion
proteins contain a C-terminal FLAG epitope tag to enable flow cytometric detection.

Protein Expression and Purification

The DHFR2-Fn3 fusion proteins were produced in Escherichia coli (E. coli) and purified
from the soluble fraction of the cell lysates by IMAC according to the methods previously
reported for the parent Fn3 clones.3! The mSA-DHFR? fusion proteins produced in £. coli
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and purified from the insoluble inclusion bodies of the cell lysates according to our
previously reported refolding methods.8: 43 Purified proteins were analyzed by SEC on a
Superdex 200 Increase 10/300 gel filtration column (GE Healthcare Life Sciences, Cat:
28990944) in phosphate buffered saline (PBS, pH 7.4) running buffer (Figure S4). Fusion
protein retention times were compared to those of commercial molecular weight standards
(Sigma Aldrich, Cat: MWGF1000-1KT).

CSAN Formation and Characterization

CSANs were formed by adding a 1.1-3.0 fold molar excess of the desired chemical
dimerizer — either bisMTX or aizde-bisMTX — to a solution of targeted DHFRZ fusion
protein monomers in PBS. Consistent with our previous studies, CSAN oligomerization
occurs within minutes of adding the dimerizer.2” Cryo-EM samples were prepared using a
Vitrobot Mark IV (FEI). Briefly, 3 uL of CSANs in PBS was applied to a lacey formvar/
carbon grid (Ted Pella, Inc.; Cat: 01883) in a humidified chamber, blotted, and plunged into
liquid ethane for vitrification. Grids were imaged on a Tecnai Spirit G2 BioTWIN (FEI)
equipped with an Eagle 2k CCD camera (FEI) under a high tension of 120 kV. Images were
analyzed in ImageJ and, for the size distribution analysis, only nanoparticles with >70%
circularity were included. For DLS, 60 L of CSANs in PBS was loaded into a cuvette and
analyzed on a Punk DLS unit (Unchained Labs). Hydrodynamic diameter values represent
the mean + standard deviation of at least three measurements.

Affinity Determination of Fn3 and mSA/Fn3 CSANs

The apparent affinity and selectivity of the Fn3 and mSA/Fn3 CSANSs was determined by
flow cytometry, as previously described.3! Briefly, EpCAM-expressing MCF-7 cells and
EpCAM-negative U-87 MG cells were cultured to approximately 80% confluency, detached,
and counted, as described above. Aliquots of 5x10* cells were washed with PBSA (PBS
with 0.1% w/v bovine serum albumin) and labeled with varying concentrations of Fn3 or
MSA/Fn3 CSANSs for 290 min at 4 °C. Cells were then pelleted (500g, 5 min, 4 °C) and
resuspended in 50 pL anti-MYC (clone 9E10) Alexa Fluor 647 conjugate (Thermo Fisher
Scientific, Cat: MA1-980-A647; 5 ug/mL in PBSA). After incubating at 4 °C for =230 min in
the dark, cells were again pelleted and washed thrice with 1 mL cold PBSA before the
fluorescence was analyzed on an LSR |1 flow cytometer (BD Biosciences).

Hydrophobic Insertion of Phospholipid Conjugates

DSPE-PEG;qgg-biotin and DSPE-PEG,q0-DBCO were purchased from Avanti Polar Lipids
(Cat: 880129P and 880229P, respectively) and resuspended in PBS at pH 7.4. Cells were
modified with DSPE-PEGqgg-biotin and DSPE-PEG,qgp-DBCO via one of two methods:
(1) through resuspension in phospholipid-containing PBS (ex vitro), or (2) through active
culture in media supplemented with the phospholipid (/n vitro).

For the ex vitro (buffer) method, cells were harvested from culture, pelleted at 300g for 5
min, and washed with 1 mL PBS. Cells were then resuspended in PBS containing the
desired concentration of phospholipid (0-100 pM) at a ratio of 2.5x108 cells/mL. The cell
suspension was then placed on a rotating platform and incubated at room temperature for 1
h. Cells were then pelleted at 300g for 5 min, and washed thrice with 1 mL cold PBS to
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remove uninserted DSPE-PEGyggp-biotin or DSPE-PEGq0p-DBCO. Cells were then used
directly for subsequent applications.

For the /n vitro (culture) method, cells were grown in culture media (DMEM or RPMI, as
above) supplemented with the desired concentration (0-100 pM) of DSPE-PEGyggp-biotin or
DSPE-PEG,qg9-DBCO for 24-48 h. Cells were then harvested from culture (adherent cells
were detached with trypsin), pelleted at 300g for 5 min, and washed thrice with 1 mL cold
PBS to remove uninserted DSPE-PEGqgg-biotin or DSPE-PEG,q9-DBCO. Cells were then
used directly for subsequent applications.

Following each modification, flow cytometry was used to determine whether the DSPE-
PEGyggg-biotin or DSPE-PEG,g9-DBCO conjugates had inserted into the cell membrane.
To probe for the biotin and DBCO moieties on the cell surface, the phospholipid-modified
cells were washed as above and resuspended in 50 uL of either streptavidin Alexa Fluor 488
conjugate (Thermo Fisher Scientific, Cat: S32354; 10 ug/mL in PBS) or azide Alexa Fluor
488 conjugate (Thermo Fisher Scientific, Cat: A10266; 5 UM in PBS), respectively. After
incubating at 4 °C for 1 h, the cells were pelleted (500g, 5 min, 4 °C) and washed thrice with
1 mL cold PBS before the fluorescence was analyzed on an LSR Il flow cytometer (BD
Biosciences). For data analysis, the maximum mean fluorescence intensity (MFI) obtained
within each experimental series is normalized to 1.0, with the other samples in that series
scaled relative to this value.

Functionalizing Phospholipid-Modified Cells with CSANs

Cells were cultured, harvested, and modified with 10 puM of either DSPE-PEGqqg-biotin or
DSPE-PEG2000-DBCO ex vitro, as described above. Generally, 0.5x106 cells were then
labeled with 500 pL of 100 nM CSANSs of the desired functionality (Figure 5) in PBS at 4°C
for 1 h. However, to install the Fn3 CSANSs formed with azide-bisMTX onto DBCO-
modified Raji cells, 100 pL of 500 nM CSANSs in PBS was used and the cells were
incubated at 37 °C for 3 h. After the primary incubation, cells were washed once with 1 mL
cold PBS to remove unbound CSANSs. The cells were then resuspended in 50 pL of either
anti-MYC (clone 9E10) Alexa Fluor 647 conjugate (Thermo Fisher Scientific, Cat:
MA1-980-A647; 5 ug/mL in PBS) or anti-FLAG PE conjugate (Biolegend, Cat: 637309; 1
Hg/mL in PBS) to probe for the MYC epitope tag present on the DHFR2-Fn3 subunits or the
FLAG epitope tag present on the mSA-DHFR?Z subunits, respectively. After incubating at

4 °C for 1 h, the cells were pelleted (500g, 5 min, 4 °C) and washed thrice with 1 mL cold
PBS before the fluorescence was analyzed on an LSR |1 flow cytometer.

Stability Studies

The Jn vitro longevity of the phospholipid-anchored CSANSs on the cell surface was assessed
by flow cytometry. Briefly, Raji cells were modified with 10 uM DSPE-PEGqgg-biotin /n
vitro, labeled with 100 nM “reduced-avidity” mSA CSANs (CSANs formed with a 1:1 ratio
of mSA-DHFR? subunits and non-targeted DHFRZ subunits), and then returned to culture
for 0-72 h. At 24 h intervals, an aliquot of 0.5x108cells was taken, labeled with an anti-
FLAG PE conjugate (1 pg/mL in PBS) to detect cell surface CSANSs, and analyzed on an
LSR 1l flow cytometer, as described above. To compare the surface longevity of the CSANs
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to that of the individual DSPE-PEGqqg-biotin moieties themselves, a separate population of
Raji cells was modified with only 10 uM DSPE-PEGyggg-biotin /in vitro (no CSANSs) and
returned to culture for 0-72 h. An aliquot of these cells was taken, labeled with streptavidin
Alexa Fluor 488 conjugate (10 pg/mL in PBS) to detect cell surface biotin moieties, and
analyzed on an LSR Il flow cytometer in parallel with the CSAN-labeled samples. To
determine the number of cell divisions over the course of the experiment, a third aliquot of
Raji cells was labeled with CellTrace Violet (CTV; Thermo Fisher Scientific, Cat: C34571)
according to the manufacturer’s instructions and cultured/analyzed in parallel with the
CSAN and phospholipid samples. For data analysis, the MFI of the samples at t=0 was
normalized to 1.0, representing maximum labeling, and the MFI on subsequent days was
scaled relative to this value. Because cell division reduces the MFI value through dilution of
the CSANSs/phospholipids across daughter cell membranes and not due to loss of the
constructs, the MFI values of subsequent analyses were corrected for the number of cell
divisions, as determined by the CTV labeling.

To ascertain whether the phospholipid-anchored CSANSs could “migrate” from the
principally modified cell to an unmodified neighbor cell, two populations of Raji cells were
prepared. The first population was labeled only with CTV. The second population was
modified with 10 uM DSPE-PEG»gg-biotin /n vitro and then labeled with “reduced
valency” mSA CSANSs (see above). The CTV-labeled and CSAN-labeled Raji cell
populations were combined at a 3:7 ratio and co-cultured in RPMI for 72 h; every 24 h, the
culture media was refreshed (to partially simulate the effect of clearance) and a 0.5x10°6 cell
sample of the pooled population was analyzed for CTV and CSAN presence by flow
cytometry. CSANs were detected by labeling the cells with anti-FLAG PE conjugate (1
ug/mL in PBS), as above. At each time point, the percentage of CTV+/CSAN- (original
CTV-modified population), CTV+/CSAN+ (CTV cells that had acquired a “migrating”
CSAN), CTV-/CSAN+ (original CSAN-functionalized population), and CTV-/CSAN- (cell
that has lost their CSAN functionalization) cells was quantified by flow cytometry. For
comparison, the same analysis was performed for a mixed population of CTV-labeled Raji
cells and Raji cells modified with only the 10 uM DSPE-PEGqgg-biotin (no CSANS).

Trimethoprim-Induced CSAN Dissociation

Raji cells (0.5x10%) were modified with 10 uM DSPE-PEG.qpo-biotin ex vitroand then
labeled with 100 nM mSA/Fn3 CSANS, as above. The CSAN-Iabeled cells were then
divided into two equal aliquots, one of which was resuspended in 200 pL of RPMI and the
other in 200 uL of RPMI supplemented with 2 uM trimethoprim (Fisher Scientific, Cat:
AAJB6646MD). Cells were then incubated at 37 °C for 1-2 h, labeled with anti-FLAG PE
conjugate (1 pg/mL in PBS) to detect cell surface CSANS, and analyzed on an LSR |1 flow
cytometer, as described above. For data analysis, the MFI of the samples in plain RPMI was
normalized to 1.0, representing maximum labeling, and the MFI of the samples in RPMI
with was scaled relative to this value.

Formation of Intercellular Interactions

To form intercellular interactions between two cell types (Figure 6), a monolayer of MCF-7
cells was adhered to glass coverslips (Thermo Scientific, Cat: 12-541-B) via overnight
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culture in a 6-well plate. Separately, a population of Raji cells was labeled with CFSE
(Biolegend, Cat: 423801) according to the manufacturer’s protocol and returned to culture
overnight. The following day, the CFSE-labeled Raji cells were sequentially modified with
10 UM DSPE-PEGqqg-biotin ex vitroand 100 nM mSA/Fn3 CSANSs, as above. The CSAN-
functionalized, and thus EpCAM-targeted, Raji cells were then washed once in 1 mL PBS,
resuspended in 1 mL DMEM, and added to the wells containing the MCF-7 cells on the
coverslips. The two cell populations were then incubated static at 4 °C for 1 h. Media and
unbound cells were then removed via aspiration, and the cell layers were washed thrice with
1 mL PBS. Then, 1 mL of DMEM with or without 2 pM trimethoprim was added to the
wells and the cell layers were incubated for another 1 h at 4 °C. Media and unbound cells
were again removed via aspiration, and the cell layers were washed thrice with 1 mL PBS.
The cell layers were then fixed in 4% paraformaldehyde in PBS at room temperature for 15
min before washing thrice with 1 mL PBS. Coverslips were then rinsed twice in ultrapure
water, blotted to remove excess liquid, and mounted on glass coverslips using ProLong Gold
Antifade Reagent with DAPI (Thermo Fisher Scientific, Cat: P36935). After curing for >24
h in the dark, slides were imaged on an Eclipse Ti-E Wide Field Deconvolution Inverted
Microscope (Nikon Instruments, Inc.).

Intercellular interactions between three different cell populations (Figure 7) were formed
similarly; however, the CFSE-labeled Raji cells were modified with only 50 nM mSA/Fn3
CSANSs instead of 100 nM. Then, a third cell population was prepared by sequentially
labeling Raji cells with CellTrace Far Red (Thermo Fisher Scientific, Cat: 34572) according
to the manufacturer’s protocols, 100 pM DSPE-PEGqg9-DBCO ex vitro, and 500 nM mSA
CSANSs oligomerized with azide-bisMTX, as above. This population of Raji cells — now
capable of targeting the unoccupied biotin moieties on the CFSE-labeled Raji cell layer —
was added to the wells after the incubation with the CFSE-labeled Raji cells (but before the
addition of the DMEM with trimethoprim). After incubating the cell layers with this third
cell population at 4 °C for 1 h, the coverslips were washed, fixed, mounted, and imaged on
an Eclipse Ti-E Wide Field Deconvolution Inverted Microscope, as above.

For the flow cytometry analysis of cell pairing, target MCF-7 cells were labeled with CFSE,
cultured for 24 h, and detached, as above. Separately, a population of Raji cells were
sequentially labeled with CTV, cultured for 24 h, modified with 10 uM DSPE-PEGyqqo-
biotin, and functionalized with mSA/Fn3 CSANSs, as above. The two cell populations were
resuspended in PBS, combined at a 1:1 ratio, and incubated at 4 °C in the dark with rotation
for 1 h. Cells were then pelleted (500 g, 5 min, 4 °C), washed once with 1 mL cold PBS, and
resuspended in PBS with or without 2 M trimethoprim. After incubating at 4 °C in the dark
with rotation for 1 h, the cells were washed thrice with PBS and analyzed on an LSR |1 flow
cytometer to ascertain the number of CTV+/CFSE+ cell clusters. As controls, unmodified
Raji cells, unmodified MCF-7 cells, CTV-labeled Raji cells, CFSE-labeled MCF-7 cells, and
CTV-Raji cells modified with only 10 uM DSPE-PEGyggp-biotin (no CSANS) plus CFSE-
MCEF-7 cells were all prepared and analyzed in parallel.
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Statistical Considerations

Unless otherwise stated, experiments were performed in triplicate and data is presented as
the mean + standard deviation of three independent trials. Differences between means are
compared using a two-tailed Student’s t-test, and a p-value <0.05 is denoted in graphics with
an (*), p<0.01 is denoted with (**), and p<0.001 is denoted with (***).

Safety Considerations

No unexpected or unusually high safety hazards were encountered.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CFSE carboxyfluorescein succinimidyl ester
CSAN chemically self-assembled nanoring
CTV CellTrace Violet

DBCO dibencocyclooctyne
DHFR dihydrofolate reductase
DSPE 1,2-distearoyl-sn-glycero-3-phosphoethanolamine

EpCAM epithelial cell adhesion molecule

Fn3 tenth type 111 fibronectin domain
MFI mean fluorescence intensity
mSA monovalent streptavidin domain
MTX methotrexate

PEG polyethylene glycol

SEC size exclusion chromatography
TMP trimethoprim
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Figure 1. Cell Surface Engineering with Chemically Self-Assembled Nanorings (CSANS)
(A) CSANSs are composed of targeted-DHFR? fusion proteins that are spontaneously

oligomerized by the chemical dimerizer, bisMTX; they can be pharmacologically
disassembled by the FDA-approved antibiotic trimethoprim. (B) DSPE-PEG3qpo-DBCO
moieties spontaneously insert into cell membranes and are stabilized in the lipid bilayer by
the hydrophobic effect.(19) EpCAM-targeted Fn3 CSANSs oligomerized with an azide-
bisMTX dimerizer are then installed on the cell surface through a copper-free, strain-
promoted alkyne/azide cycloaddition. The CSAN-functionalized cells can then form targeted
interactions with EpCAM+ cells, and these interactions can be reversed with trimethoprim.
(C) Similarly, cells modified with DSPE-PEGqgg-biotin moieties can be functionalized with
bispecific mSA/Fn3 CSANS, enabling recognition of EpCAM+ target cells. Trimethoprim-
induced disassembly of the CSAN reverses the intercellular interactions.
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Figure 2. Phospholipid Conjugates Hydrophobically Insert into Cell Membranes
Cells were modified with increasing concentrations of either DSPE-PEGggp-biotin or

DSPE-PEGqg0-DBCO through one of two methods: (1) resuspension in phospholipid-
containing buffer (ex vitro), or (2) active culture in phospholipid-containing media (in vitro).
Cells were subsequently analyzed by flow cytometry using streptavidin- or azide-conjugated
Alexa Fluor 488 to assess the presence of biotin and DBCO moieties, respectively, on the
cell surface. Both adherent MCF-7 cells and suspensive Raji cells can be successfully
modified with DSPE-PEGygqg-biotin or DSPE-PEGqq0-DBCO through both the ex vitro
and in vitro approaches. While insertion experiments were performed in triplicate, a
representative trial of each condition is shown here. A quantitative analysis of the triplicate
data is presented in Figure S2 of the Supporting Information.
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Figure 3. Cryo-EM Characterization of CSAN Species
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The formation of (A) MSA CSANs, (B) Fn3 CSANSs, and (C) bispecific mSA/Fn3 CSANs
was demonstrated by cryo-EM. The values in parentheses represent the mean diameter +
standard deviation of n=29, 40, and 39 nanorings, respectively. (D) The size distribution of

mSA, Fn3, and mSA/Fn3 CSANSs as assessed by cryo-EM.
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Figure 4. CSANsare Readily Installed on Cells M odified with Phospholipid Conjugates
For all panels, cells were labeled with CSANSs through one of several methods and then

analyzed by flow cytometry with staining for surface-bound nanorings via either an anti-
FLAG phycoerythrin or anti-MY C Alexa Fluor 647 conjugate. The non-specific binding of
the antibody-fluorophore conjugate is shown in grey, while the specific detection of the
indicated CSAN is shown in color. (A) mSA CSANSs bind to MCF-7 cells modified with
DSPE-PEG;qgo-biotin. (B) Fn3 CSANs formed with azide-bisMTX are conjugated to Raji
cells modified with DSPE-PEG,g0p-DBCO. (C) Fn3 CSANSs bind to unmodified, EpCAM+
MCEF-7 cells. (D) Bispecific mSA/Fn3 CSANs bind to Raji cells modified with DSPE-
PEGygqg-biotin. (E) Bispecific mSA/Fn3 CSANs bind to unmodified, EpCAM+ MCF-7
cells. All experiments were performed in triplicate, with a representative histogram shown
for each scenario.
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Figure 5. Membrane Stability and Controlled Dissociation of Phospholipid-Anchored CSANs
(A) Biotin-modified Raji cells were labeled with reduced-avidity mSA CSANSs and analyzed

by flow cytometry every 24 h, staining for either the CSANSs (black) or, in the case of the
lipid-only control (grey), for biotin. For this analysis, the mean fluorescence intensity (MFI)
values are corrected for the number of cell divisions (as determined by CellTrace Violet
labeling) and scaled relative to the MFI values obtained at t = 0 h. (B) Biotin-modified Raji
cells were labeled with mSA/Fn3 CSANSs and then resuspended in culture media with or
without 2 uM trimethoprim for 1-2 h at 37 °C. Cells were then analyzed by flow cytometry
to detect the surface-bound CSANSs. (C) Biotin-modified Raji cells labeled with reduced-
avidity mSA CSANs were pooled with CTV-labeled Raji cells at a 7:3 ratio and co-cultured
for 72 h. Cells were analyzed by flow cytometry every 24 h to ascertain whether the lipid-
anchored CSANs had migrated onto the membranes of the CTV+ Raji cells. (D) Raji cells
modified with only DSPE-PEGqgo-biotin (no CSANS) were pooled with CTV-labeled Raji
cells at a 7:3 ratio and co-cultured for 72 h. Cells were analyzed by flow cytometry every 24
h to ascertain whether the phospholipid conjugates had migrated onto the membranes of the
CTV+ Raji cells. For all panels, data is presented as the mean + standard deviation of at least
three trials.
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Figure 6. CSANsDirect Reversible Cell-Cell I nteractions
For the fluorescence microscopy experiment (top row), Raji cells were sequentially labeled

with CFSE, DSPE-PEG»qgg-biotin and with or without mSA/Fn3 CSANS; they were then
incubated with a monolayer of EpCAM+ MCF-7 cells. (A) In the absence of CSANSs, the
phospholipid-modified Raji cells are unable to interact with the MCF-7 cells. (B) When
functionalized with the mSA/Fn3 CSANSs, the EpCAM-targeted Raji cells adhere to the
MCEF-7 cell monolayer. (C) The EpCAM-targeted Raji cells can be dissociated from the
MCEF-7 cell monolayer by disassembling the CSAN with trimethoprim (TMP). Scale bars in
(a-c) represent 100 um. For the flow cytometry experiment (bottom row), the target MCF-7
cells were labeled with CFSE while the Raji cells were labeled with CTV. Raji cells were
again modified with DSPE-PEGyqqg-biotin and labeled with or without mSA/Fn3 CSANS.
(D) In the absence of CSANSs, the phospholipid-modified Raji cells are unable to interact
with the MCF-7 cells. (E) When functionalized with the mSA/Fn3 CSANSs, the EpCAM-
targeted Raji cells formed stable clusters with the MCF-7 cells. (F) The Raji/MCF-7 cell
clusters were readily dissociated with trimethoprim. Data are representative of replicate (n =
3) experiments.
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Figure 7. Bioorthogonal CSANs Enable Formation of Multicellular Interactions
For this experiment, three populations of cells were used: (1) EpCAM+ MCF-7 cells

adhered to glass coverslips; (2) CFSE-labeled Raji cells sequentially modified with DSPE-
PEGyggg-biotin and mSA/Fn3 CSANS; and (3) a second population of Raiji cells labeled with
CellTrace Far Red, DSPE-PEG00-DBCO, and mSA CSANSs oligomerized with azide-
bisMTX, granting them the ability to target unoccupied biotin moieties on the CFSE-labeled
Raji cells. (A) In the absence of CSANS, neither Raji cell population is able to adhere to the
MCEF-7 cell monolayer. (B) When functionalized with the CSANS, the two Raji cell
populations are able to interact with each other and with the MCF-7 cell monolayer. (C) The
cell-cell interactions are largely reversed when the CSAN scaffold is disassembled with
trimethoprim. (D) As the Far Red-labeled Raji cells only have the capability of targeting
biotin, they are unable to adhere to the MCF-7 cell monolayer in the absence of the CFSE-
labeled Raji cells that were modified with DSPE-PEGyggg-biotin. Scale bars represent 100
pm.
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