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Engineering reversible cell—-cell interactions using
enzymatically lipidated chemically self-assembled
nanoringsf

Yiao Wang, ©2 Ozgun Kilic, ©° Clifford M. Csizmar, ©° Sudhat Ashok, @ ¢
James L. Hougland, © ¢ Mark D. Distefano & *2® and Carston R. Wagner & *2°

Multicellular biology is dependent on the control of cell-cell interactions. These concepts have begun to be
exploited for engineering of cell-based therapies. Herein, we detail the use of a multivalent lipidated scaffold
for the rapid and reversible manipulation of cell-cell interactions. Chemically self-assembled nanorings
(CSANS) are formed via the oligomerization of bivalent dihydrofolate reductase (DHFR?) fusion proteins
using a chemical dimerizer, bis-methotrexate. With targeting proteins fused onto the DHFR? monomers,
the CSANs can target specific cellular antigens. Here, anti-EGFR or anti-EpCAM fibronectin-DHFR?
monomers incorporating a CAAX-box sequence were enzymatically prenylated, then assembled into the
corresponding CSANs. Both farnesylated and geranylgeranylated CSANs efficiently modified the cell
surface of lymphocytes and remained bound to the cell surface with a half-life of >3 days. Co-
localization studies revealed a preference for the prenylated nanorings to associate with lipid rafts. The
presence of antigen targeting elements in these bifunctional constructs enabled them to specifically
interact with target cells while treatment with trimethoprim resulted in rapid CSAN disassembly and
termination of the cell-cell interactions. Hence, we were able to determine that activated PBMCs
modified with the prenylated CSANs caused irreversible selective cytotoxicity toward EGFR-expressing
cells within 2 hours without direct engagement of CD3. The ability to disassemble these nanostructures
in a temporally controlled manner provides a unique platform for studying cell-cell interactions and T
cell-mediated cytotoxicity. Overall, antigen-targeted prenylated CSANs provide a general approach for
the regulation of specific cell-cell interactions and will be valuable for a plethora of fundamental and
therapeutic applications.

receptors (CARs), non-genetic cell surface modification is an
attractive alternative since the cell surface can be directly

Cell-based therapies have demonstrated notable therapeutic
success when applied to tissue engineering, regenerative
medicine, and cancer immunotherapy.’® These recent
advances have highlighted the significance of controlling the
fate and function of therapeutic cells. Typically, the efficacy of
therapeutic cells is dependent on their ability to interact directly
with other cells. Therefore, techniques that can efficiently
regulate cell-cell interactions are regarded as valuable tools for
cell-based therapies.**®

While the engineering of cell-cell interactions has been
dominated by genetic methodologies such as chimeric antigen
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modified without the need for genomic alterations or optimi-
zation of transfection efficiencies.” Existing cell surface anti-
gens are commonly utilized as handles for subsequent surface
modification. For instance, bispecific T cell engagers are well-
studied scaffolds that generally decorate the cancer cell
surface with antigen-targeting scFvs that can also bind the pan-
T cell antigen, CD3.*** While highly successful, the induced
cell-cell interactions by bispecific antibodies are restricted to
the binding specificity of the incorporated antibodies. While
metabolic labeling can universally incorporate novel functional
groups into the plasma membrane, the requisite cell culture
steps and bio-orthogonal reactions are time-consuming.'
Finally, some one-step lipid insertion methods can directly
anchor targeting molecules on the cell surface through hydro-
phobic interactions with membrane lipids; however, the
modifications are usually stable for mere hours*** and, in some
cases, both cell types must be modified.™

To address these issues, our lab has developed a multivalent
protein scaffold referred to as chemically self-assembled
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nanorings (CSANs)."” We have previously demonstrated that
CSANs can be engineered to stably associate with cell
membranes and mediate reversible cell-cell interactions.'®"
CSANs are prepared by the oligomerization of bivalent dihy-
drofolate reductase (DHFR?) fusion proteins using a chemical
dimerizer, bis-methotrexate (bisMTX). This results in the
formation of a predominantly octameric nanoring structure
with uniform size distribution.*®'® Importantly, the nanorings
can be disassembled by treatment with the FDA-approved
antibiotic, trimethoprim, thereby rendering ring formation
reversible."”

Antibody-derived ligands are widely used scaffolds for cell
targeting and cell-cell interaction studies. However, their
biophysical properties make them less than optimal for many
fundamental and clinical applications.’ As an alternative, our
lab has evolved human tenth type III fibronectin (Fn3) domains
capable of binding to epidermal growth factor receptor (EGFR)
or epithelial cell adhesion molecule (EpCAM)." When these Fn3
domains were recombinantly tethered to the DHFR® fusion
proteins, the resultant monomers were assembled into CSANs
capable of binding to cells that overexpress these carcinoma
antigens.**

Previously, we demonstrated that bifunctional CSANs can be
installed on cell membranes via hydrophobic insertion using
either of two approaches: (1) employing a phospholipid-bisMTX
conjugate to form lipid-modified CSANs; or (2) first modifying
the cell surface with biotinylated or clickable phospholipids,
and then treating these cells with CSANs fused to monovalent
streptavidin (mSA) or CSANs formed with trivalent azide-
bisMTX, respectively.>®** Nevertheless, these methods have
significant limitations, as the first approach poses the synthetic
challenge of preparing pure phospholipid-bisMTX, while the
second approach requires a multi-step process and leaves
residual conjugates on the cell surface. Therefore, the devel-
opment of targeted CSANs that can be enzymatically lipidated
would significantly streamline their preparation and hence
dramatically expand their utility in engineering cell-cell
interactions.

Protein prenyltransferases catalyze the addition of C15 (far-
nesyl) and C20 (geranylgeranyl) lipids to proteins containing C-
terminal CAAX-motifs.***® Following lipid modification, these
prenylated proteins translocate to cellular membranes.”” Since
the CAAX-box sequence is the only requirement for prenyl-
transferase recognition, essentially any protein can be lipidated
by genetic fusion of a CAAX-box onto the C-terminus of the
protein of interest.”®** Hence, we envisioned that the fusion of
a functionalized DHFR* with such a sequence (CVIA) would
facilitate the preparation of lipidated proteins suitable for CSAN
assembly. This enzymatic process allows lipidation to be
accomplished in a single step and is much more efficient than
chemical conjugation reactions.”®** Therefore, the resulting
prenylated CSANs could directly modify any mammalian cell
membrane with multivalent targeting elements through
hydrophobic interactions between the isoprenoids and
membrane phospholipids (Fig. 1). Moreover, the multivalency
of these prenylated CSANs would make them more stable on the
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cell membrane than other monomeric
constructs.*>*>

In this study, we prepared three distinct DHFR> fusion
proteins, all of which include the CAAX-box sequence CVIA
appended at their C-terminus. Two of these proteins also
incorporate an Fn3-based targeting domain at their N-terminus,
while the third lacks a targeting ligand and thereby remains
agnostic (DHFR*-CVIA). One of the targeted entities utilizes an
EGFR-targeting Fn3 (E1-DHFR>-CVIA) and the other uses an
EpCAM:-targeting Fn3 (Ep-DHFR*-CVIA). We demonstrate that
both farnesyl transferase and geranylgeranyl transferase are
able to efficiently and quantitatively generate lipid-modified E1-
DHFR>-CVIA and Ep-DHFR?*-CVIA proteins, and that these
monomers easily assemble into nanorings that can modify cell
surface membranes in a single step. The modification is stable
for days and can direct specific, antigen-targeted cell-cell
interactions that can be reversed using trimethoprim. This
system was also used to demonstrate that activated T cells
modified with prenylated anti-EGFR CSANs will fully initiate cell
killing within two hours. Those results highlight the unique
ensemble of properties including simplicity, tunability and
reversibility that make prenylated CSANs particularly suitable
for studying cell-cell interactions.

lipid-modified

Results

Anti-EGFR and anti-EpCAM Fn3 proteins were previously
generated based on the human tenth type III fibronectin
domain."** Here, the Fn3 proteins were genetically fused to the
N-terminus of DHFR” fusion proteins, while a CVIA sequence
was appended to the C-terminus to generate the E1-DHFR>-
CVIA and Ep-DHFR’-CVIA fusion proteins (ESI Note 11). The
proteins were expressed in soluble form in E. coli and charac-
terized by gel electrophoresis (Fig. 2a). The CVIA-tagged
proteins were shown to be substrates for both farnesyl trans-
ferase and geranylgeranyl transferase, which modify the C-
terminal cysteine with either a farnesyl group or a geranylger-
anyl group, respectively. In this manner, the farnesylated
DHFR® proteins (E1-DHFR*-Far, Ep-DHFR>-Far, and DHFR>-
Far) and geranylgeranylated DHFR® proteins (E1-DHFR*-GG,
Ep-DHFR*GG, and DHFR?-GG) were generated, with modifica-
tions confirmed via LC-MS (Fig. 2b and S17).

Upon the addition of a molar excess of the chemical
dimerizer, bisMTX, the monomeric DHFR® fusion proteins
rapidly self-assembled into ring structures that were similar to
previously reported CSANs,** which was demonstrated by size
exclusion chromatography (SEC; Fig. S2). The hydrodynamic
diameter of the nanorings was measured by dynamic light
scattering (DLS) (Fig. 2d and S3t). The sizes of both the E1-
DHFR?-CVIA CSANs and Ep-DHFR>-CVIA CSANs were found to
be similar (24-25 nm) and somewhat larger than the simple
DHFR?-CVIA rings (18 nm, Fig. $31), which lack the added Fn3
targeting domain. Both farnesylated and geranylgeranylated
CSANSs were found to be modestly larger (33-35 nm) than their
non-prenylated counterparts. Cryo-transmission electron
microscopy (cryo-TEM) imaging analysis revealed that the
morphology and the size of the anti-EGFR and anti-EpCAM

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Approach to directing cell-cell interactions with prenylated CSANSs. (a) Components of prenylated CSANS. (b) Anti-EGFR-DHFR?-CVIA
(E1-DHFR2-CVIA) or anti-EpCAM-DHFR?-CVIA (Ep-DHFR?-CVIA) proteins can be farnesylated or geranylgeranylated, and these prenylated
proteins can form multivalent CSANs in the presence of bisMTX. The prenylated nanorings can modify cell surfaces through hydrophobic
interactions with the plasma membrane and then target the modified cells to EGFR* or EpCAM™* cells to form cell-cell interactions. (c) Similarly,
hybrid prenylated CSANs can be constructed from E1-DHFR2-CVIA (or Ep-DHFR?-CVIA) protein that is not prenylated and pre-prenylated but
non-targeted DHFR?-CVIA protein. The hybrid CSANs can mediate cell—cell interactions and can be disassembled on the cell surface using
clinically relevant concentrations of trimethoprim, thereby terminating the CSAN-mediated cell-cell interactions.

CSANSs were consistent with the results obtained via DLS studies
(Fig. 2c and S4t).

The B-cell leukemia cell line, Raji, epidermoid carcinoma
cell line, A431, and the breast cancer cell line, MCF-7, were used
as models to assess the ability of the prenylated CSANs to
modify mammalian cell membranes. The CVIA-tagged fusion
proteins were farnesylated or geranylgeranylated by farnesyl
transferase or geranylgeranyl transferase, respectively and oli-
gomerized into CSANs using bisMTX (Fig. 2c and S$47).
Accordingly, Raji cells, A431 cells, and MCF-7 cells were each
incubated with prenylated CSANs at room temperature for 1 h
and after washing, the membrane-bound CSANs were quanti-
fied using the anti-FLAG-PE antibody via flow cytometry. As
shown, both farnesylated and geranylgeranylated CSANs effec-
tively modified each of the cell surfaces (Fig. 3a).

To gain further insight into the nature of the interaction
between prenylated CSANs and cell membranes, confocal
microscopy studies were carried out with FITC labeled CSANs
(Fig. 3b). Prenylated CSANs (2.5 pM) were shown to modify the
surface of Raji cells in semi-discrete areas. Staining with the
lipid raft specific agent, Alexa Fluor 594-conjugated cholera
toxin subunit B, revealed co-localization of CSANs and lipid

© 2021 The Author(s). Published by the Royal Society of Chemistry

rafts. Consistent with these findings, previous studies have
shown that farnesylation can target H-Ras to lipid rafts on the
cytoplasmic membrane.?® Importantly, neither of the prenylated
CSAN species were found to be toxic to Raji or MCF-7 cells at
concentrations as high as 6 uM (Fig. S57).

The ability of targeted CSANSs to bind to antigen-expressing
cell lines was assessed by flow cytometry. The anti-EGFR
CSANs bound selectively to the EGFR" cell line, A431, and the
anti-EpCAM CSANs bound selectively to the EpCAM" cell line,
MCF-7 (Fig. 3c). The binding affinity of the anti-EpCAM and
anti-EGFR CSANs towards EpCAM" MCF-7 cells or EGFR" MDA-
MB-231 cells, respectively, was also assessed by flow cytometry
(Fig. 3d and S67). The CSANs were shown to bind to their target
cells with high affinity (anti-EpCAM CSANSs: apparent K4 = 31 +
11 nM; anti-EGFR CSANs: apparent Ky = 16 + 2.4 nM). These
results are comparable to our previous studies of these
fibronectin-based targeting scaffolds.***3*

We have previously demonstrated that the apparent affinity
of a targeted CSAN can be modulated by mixing different ratios
of a targeting monomer with a non-targeting monomer, thereby
tuning the valency of the scaffold.*® Accordingly, we chose to
explore the effect of various prenylation valencies on

Chem. Sci., 2021, 12, 331-340 | 333
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Fig.2 Characterization of prenylated CSANSs. (a) SDS-PAGE gel of DHFR2-CVIA (1), Ep-DHFR?-CVIA (2), and E1-DHFR2-CVIA (3) proteins. (b) LC-
MS of E1-DHFR2-CVIA, farnesylated E1-DHFR2-CVIA (E1-DHFR?-Far) and geranylgeranylated E1-DHFR2-CVIA (E1-DHFR?-GG) proteins. Ring
formation was confirmed by (c) cryo-TEM imaging of anti-EGFR nanorings (scale bar, 10 nm). (d) Hydrodynamic diameter analysis of anti-EGFR
nanorings using dynamic light scattering. The E1-DHFR?-CVIA nanorings have a Dy of 25 4+ 16 nm and prenylated nanorings have Dy, values of 33
+ 11 nm and 34 + 13 nm, as shown.

farnesylated and geranylgeranylated CSANs' ability to insert or DHFR®-GG) with unprenylated DHFR>-CVIA at different
into Raji cell membranes (Fig. 4a). Hybrid CSANs were prepared molar ratios, including 8 : 0, 4 : 4 and 2 : 6. As such, the resul-
by oligomerizing prenylated DHFR>-CVIA protein (DHFR>-Far tant CSANs contain different numbers of isoprenoids groups in
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Fig. 3 Prenylated CSANSs insert into cell membranes and bind to their target antigens. (a) Flow cytometry demonstrates that prenylated CSANs
hydrophobically insert into the cell membrane of Raji, A431, and MCF-7 cells. (b) Fluorescent microscopy shows the prenylated CSANs localized
on the plasma membrane of Raji cells. Co-staining demonstrated that the prenylated CSANs localize to membrane lipid rafts, as shown (scale bar,
10 pum). (c) EGFR- and EpCAM-targeted CSANSs bind selectively to EGFR* A431 cells and EpCAM* MCF-7 cells, respectively, via flow cytometry.
Raji cells were used as the EGFR™/EpCAM™ cell line for both assays. (d) The apparent affinity of anti-EGFR (16.3 + 2.4 nM) and anti-EpCAM CSANs
(31.1 & 11 nM) was assessed by flow cytometry using EGFR* MDA-MB-231 cells and EpCAM* MCF-7 cells, respectively.
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each nanoring, with overall valencies ranging from 8-2. Cells
were treated with the hybrid prenylated CSANs and incubated
for 1 h at room temperature. The membrane insertion of the
prenylated CSANs was then characterized by flow cytometry
(Fig. S71), and the K4 for each type of CSANs determined
(Fig. 4b, ¢ and Table S1f). In each case, CSANs composed of
100% prenylated monomers exhibited the highest membrane
binding affinity, with geranylgeranylated CSANs exhibiting
a higher membrane affinity (48 £ 22 nM) than farnesylated
CSANs (150 + 6.2 nM). As can be seen from Table S1,f
a reduction in valency directly corresponded to a proportional
reduction in the apparent affinity. Thus, although geranylger-
anylated CSANs exhibited greater binding affinity, the cumula-
tive cost per lipid loss on membrane binding was similar. It is
noteworthy that the relationship between the apparent Ky
values of prenylated CSANs and the prenylation valency (N)
follows the equation:

Kd.l

Apparent Kyy = —————
valency

in which Ky ; represents the binding affinity of the monomeric
ligand (Fig. 4d). This relationship between valency and affinity
is consistent with previous analyses of multivalent CSANs and
the relationship between binding affinity, ligand valency, and
antigen expression.*

Previously, we that
phospholipid-based CSANs are stable on the cell membrane for

have demonstrated octameric

a b

View Article Online

Chemical Science

>72 h.”*** To assess the cell surface stability of prenylated
CSANSs, we stained Raji cells with CellTrace Violet (CTV) and
then treated them with farnesylated or geranylgeranylated
CSAN s prepared from prenylated DHFR?>-CVIA monomers. The
CSAN-modified cells were then returned to culture for 0-72 h.
Every 24 h, an aliquot of cells was taken for analysis, and the
remaining culture media was refreshed to partially stimulate
physiologic clearance. Samples were stained using an anti-
FLAG-PE antibody to label remaining cell surface CSANs
before analysis by flow cytometry. The quantification of surface-
bound CSANs was corrected for the dilution effect of cell divi-
sion over this time period, as dictated by the CTV labeling. The
results revealed that, similar to the studies utilizing phospho-
lipid attachment, the half-life for the association of the farne-
sylated and geranylgeranylated CSANs was >72 h (Fig. 4e).
Within this extended time frame, farnesylated CSANs appear to
dissociate from the cell membrane more rapidly than the ger-
anylgeranylated counterparts. Indeed, this difference in
membrane longevity was more pronounced when comparing
the farnesylated and geranylgeranylated DHFR>-CVIA mono-
mers (Fig. 4e).

As previously reported, the treatment of CSANs with the FDA-
approved antibiotic and DHFR antagonist, trimethoprim,
results in rapid CSANs disassembly and a corresponding
decrease in their cell membrane stability.”*** To demonstrate
this, Raji cells modified with CSANs were treated with a 20-fold
molar excess of trimethoprim. Within 24 h, greater than 60% of

C
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plasma membrane varies directly with isoprenoid valency, as demonstrated by flow cytometry. (d) The apparent K4 values of the prenylated
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vitro. (f) The membrane residence half-life of the farnesylated CSANs decreases significantly (<20 hours) upon scaffold disassembly with
trimethoprim. Significance in (e) (data on Day 3) was tested using a two-tailed, unpaired t-test. And is indicated as ***P < 0.001. Data in panels (b),
(c), (e), and (f), are represented as the mean + standard deviation from n = 3 independent trials. For panel (d), data are shown as the mean Ky =
standard error (from n = 3 independent samples). In some instances, small error bars are obscured by the symbols denoting the mean value.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2021, 12, 331-340 | 335


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc03194a

Open Access Article. Published on 26 October 2020. Downloaded on 12/4/2025 8:36:45 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Edge Article

PBS E1-DHFR2-CVIA CSANs
PBS E1-DHFR2-CVIA CSANs k- E k =
* 0.25% o 0.45%
0 @7 02 @
o'y o4 Q3 o'y Q4 @3
S - — e .
sk R
2. 2|
IR EEAE R Far G5k DHFR?-GG CSANs DHFR2-Far CSANs
0.69% ﬁ 0.36%)
B .
o'y Q4 @ a3 'y Q4 @:: @3
; - i A
ELIFER -GS GaARe ELDHER-Fap Qe E1-DHFR2.GG CSANs E1-DHFRZ-Far CSANs
D) &)
- - v ) ) :
g . ‘ S = o @
o' o4 (<] o'y Q4 Q3
b y ik P i ot
Pacific Blue-A ' Pacific Blue-A
e
E1-DHFR2-GG/E1-DHFR2-CVIA| E1-DHFR2-GG/DHFR?-GG E1-DHFR?-GG/E1-DHFR?-CVIA  E1-DHFR?-GG/DHFR2-GG
CSANs CSANs CSANs CSANs
g Q:.os% ) : 6.59%
o'y Q4 "0 @3 ! o4 Q3
B P T
c f
E1-DHFR2-CVIAIDHFR.-GG | E1-DHFR2-CVIA/IDHFR?-GG E1-DHFR2CVIAIDHFR-GG  E1-DHFR?-CVIA/DHFR2-GG
CSANs CSANs + TMP CSANs CSANs + TMP
) .4.05% ’ o 1.02%

Pacific Blue-A Pacific Ehue-A

Fig. 5 Prenylated CSANs mediate reversible cell-cell interactions. (a) Fluorescent microscopy demonstrates that prenylated anti-EGFR CSANs
can mediate reversible cell-cell interactions in the fluorescent microscopy imaging experiment (scale bar, 100 um). Raji cells were stained by
CFSE, while EGFR* A431 cells were plated on the coverslips and stained by CellTrace Violet (CTV). The E1-DHFR?-GG CSANs and E1-DHFR2-Far
CSANs maintained the cell-cell interactions, which were shown by the remaining green Raji cells on the coverslip after PBS wash, while the
CSANs without targeting elements or isoprenoids groups (E1-DHFR?-CVIA, DHFR®-GG and DHFR?-Far CSANs) failed to mediate cell-cell
interactions. (b) The hybrid CSANs with 50% molar isoprenoids groups (E1-DHFR?-GG/E1-DHFR?-CVIA CSANSs) or 50% molar anti-EGFR domains
(E1-DHFR?-GG/DHFR?-GG CSANs) were able to mediate cell-cell interactions (scale bar, 100 pm). (c) The cell—cell interactions were shown to
be dissociated by the disassembly of the hybrid prenylated anti-EGFR CSANs (E1-DHFR?-CVIA/DHFR?-GG CSANSs) through TMP treatment (scale
bar, 100 um). (d) The cell-cell interactions were also investigated using flow cytometry, where the CFSE-stained Raji cells were modified with
CSANs and incubated with CTV-stained A431 cells. The resulting CFSE*/CTV™* cell pairs were then quantified by flow cytometry. Both prenylated
and geranylgeranylated CSANs induced cell-cell interactions, though the latter was more efficient. (e) Reduction of isoprenoids groups or EGFR-
targeting domains by 50% in the CSANs diminished cell-cell interactions. (f) TMP was shown to significantly interrupt the cell-cell interactions
mediated by E1-DHFR?-CVIA/DHFR?-GG CSANS.
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Fig. 6 Prenylated CSANs enhance cytotoxicity towards EGFR™ target cells. The cytotoxicity of PBMCs against EGFR* A431 cells after modifi-
cation with (a) farnesylated anti-EGFR CSANs (E1-DHFR2-Far CSANs) or (b) geranylgeranylated anti-EGFR CSANs (E1-DHFR?-GG CSANSs) was
studied using an LDH release assay. Both prenylated CSANs enhanced the cytotoxicity of PBMCs in a concentration-dependent manner. (c) The
impact of different effector : target (E/T) ratios on the cytotoxicity of CSAN-modified PBMCs was also assessed using an LDH release assay. (d)
Kinetic study of CSAN disassembly on cell surface. Raji cells were modified with the hybrid E1-DHFR?-CVIA/DHFR?-GG CSANSs, and the E1-
DHFR2-CVIA protein was disassociated from the cell surface using trimethoprim. The remaining E1-DHFR2-CVIA protein was then quantified via
flow cytometry. The half-life of CSAN disassembly is 3.5 min. (e) CSAN disassembly was shown to significantly reduce the cytotoxicity of PBMCs
modified with the hybrid E1-DHFR?-CVIA/DHFR?-GG CSANSs, as expected. (f) The E1-DHFR?-CVIA/DHFR?-GG CSANs were disassembled at
different time points (0 h, 2 h, 4 h, 8 h, 20 h) during the co-culture of CSAN-modified PBMCs and A431 cells, and the cytotoxicity of the PBMCs
was studied after the CSANs disassembly. Significance in (a), (b), (c), (e) and (f) was tested using a two-tailed, unpaired t-test. And is indicated as
**P < 0.01 or *P < 0.05. For panel (d), data are shown as the mean + standard deviation from n = 3 independent samples. Error bars in (a), (b), (c),

(e) and (f) denote the standard error calculated from n = 3 independent trials and each trial has n = 3 independent samples.

the farnesylated CSANs had been lost from the cell surface, with
the presumed monomeric species exhibiting similar stability on
the cell membrane as the parental monomeric farnesylated
DHFR?-CVIA (Fig. 4f). Thus, these observations confirm that the
stability of the CSANs and their multivalent nature can be
pharmacologically altered on the cell membrane by treatment
with trimethoprim.

To study the cell-cell interactions mediated by prenylated
CSANSs, CFSE-stained Raji cells were modified with prenylated
anti-EGFR CSANSs or incubated with control solutions and then
co-cultured with CTV-stained A431 cells that were plated on
glass coverslips. After washing off unbound Raji cells, the cells
were fixed and imaged via fluorescence microscopy. Both far-
nesylated and geranylgeranylated anti-EGFR CSANs were able to
efficiently mediate cell-cell interactions, as shown by the
adherence of CFSE-labeled Raji cells to the CTV-labeled A431
cells (Fig. 5a, b and S8at). In contrast, the prenylated DHFR’-
CVIA CSANs or unprenylated E1-DHFR>*-CVIA CSANs that lack
the targeting moiety or the prenyl group, respectively, were
unable to induce cell-cell interactions and did not significantly
differ from the PBS control group (Fig. 5a). As illustrated in
Fig. 1c, the disassembly of the hybrid prenylated anti-EGFR
CSANs was expected to completely terminate the CSANs-
mediated cell-cell interactions. Treatment of the co-cultures

© 2021 The Author(s). Published by the Royal Society of Chemistry

with trimethoprim (TMP) for 1 h was shown to significantly
reduce the amount of cell-cell interactions induced by the
hybrid anti-EGFR CSANs constructed from prenylated DHFR*-
CVIA and unprenylated E1-DHFR*-CVIA protein (Fig. 5c¢ and
S8bt), consistent with the disassembly of the CSANs by TMP.
To quantitatively characterize the cell-cell interactions
mediated by the prenylated anti-EGFR CSANs, CFSE-stained
Raji cells were labeled with CSANs and incubated with EGFR"
A431 cells in PBS, followed by flow cytometry analysis. The
CFSE'/CTV" double-positive cell population, which represents
induced Raji/A431 cell clusters, was quantified as the indicator
of cell-cell interactions. Specifically, both prenylated anti-EGFR
CSANs induced cell-cell interactions, though the geranylger-
anylated anti-EGFR CSANs were shown to induce 44% more
cell-cell interactions than comparable farnesylated CSANs
(Fig. 5d). When hybrid CSANs formed from a 1:1 molar
mixture of E1-DHFR®-CVIA and prenylated E1-DHFR*-CVIA
were used, a 50% decrease in the percentage cell-cell interac-
tions was observed (Fig. 5e and S9at). Consistent with these
observations, the hybrid CSANs prepared from a 1:1 molar
mixture of prenylated E1-DHFR>-CVIA and prenylated DHFR>-
CVIA also exhibited a reduction in the percentage of cell-cell
interactions (Fig. 5e and S9at). Moreover, the cell clusters
induced by the hybrid prenylated anti-EGFR CSANs, whether
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geranylgeranylated or farnesylated, were greatly reduced in
number after treatment with trimethoprim (Fig. 5f and S9bf).
Thus, this data indicates that these strong and reversible cell-
cell interactions are mediated by prenylated anti-EGFR CSANSs.

Finally, as an alternative antigen, the cell-cell interactions
mediated by prenylated anti-EpCAM CSANs were also investi-
gated through analogous imaging and flow cytometry experi-
ments using EpCAM" MCF-7 cells as the target cells. Consistent
with our observations described above for the prenylated anti-
EGFR CSANs, both types of prenylated anti-EpCAM CSANs
efficiently mediated the cell-cell interactions, with the ger-
anylgeranylated CSANs again providing more robust interac-
tions (Fig. S10 and S117).

We next assessed the ability of prenylated CSANs to direct
PBMC-mediated lysis of target cells using a lactate-
dehydrogenase (LDH) release assay. Activated PBMCs were
modified with prenylated anti-EGFR CSANs (E1-DHFR*-Far or
E1-DHFR>-GG CSANs) and incubated with EGFR" A431 cells.
The CSAN-functionalized PBMCs exhibited dose-dependent
lysis of the target cells that was significantly higher than the
cytotoxicity observed for unmodified control PBMCs (Fig. 6a
and b). In addition, the prenylated anti-EGFR CSANs failed to
enhance the cell lysis of EGFR-MCF-7 cells, by CSAN-modified
PBMCs, further demonstrating the specificity of the preny-
lated anti-cancer CSANs (Fig. S127). Consistent with the cell-cell
interactions and membrane stability studies, geranylgerany-
lated anti-EGFR CSANs induced a significantly greater amount
of cellular toxicity than farnesylated anti-EGFR CSANSs, even at
effector/target cell ratios (E/T) as high as 20 : 1 (Fig. 6c).

As was demonstrated above, treatment with trimethoprim
can disassemble prenylated CSANS, resulting in their loss from
the cell surface. When Raji cells modified with geranylgerany-
lated anti-EGFR CSANs were treated with a 20-fold excess of
trimethoprim, approximately 80% of the nanorings were dis-
assembled on the cellular membrane within 10 min, yielding
a half-life of 3.5 min (Fig. 6d). To facilitate complete dissocia-
tion of the lipidated subunit from the targeting ligand, thereby
ensuring that no cross-links between the cells would remain
upon scaffold disassembly, we prepared geranylgeranylated
anti-EGFR CSANs from E1-DHFR>-CVIA (unprenylated) and
non-targeted geranylgeranylated DHFR>-CVIA. Treatment with
trimethoprim at time zero (right after mixing between CSAN-
modified PBMCs and A431 cells) was shown to abolish the
ability of the modified PBMCs to induce target cell cytotoxicity
(Fig. 6e).

To further study the effects of CSANs disassembly timing on
induced cytotoxicity, PBMCs were modified with the hybrid
geranylgeranylated anti-EGFR CSANs (E1-DHFR>-CVIA/DHFR?-
GG CSANs), mixed with target A431 cells, and then treated with
trimethoprim at various time points. The level of targeted
cytotoxicity was then determined at the end of 20 h for each
time point. As can be seen from Fig. 6f, cytotoxicity is initiated
within the first few minutes with maximum cytotoxicity
observed after at least 2 h. Thus, the initiation of target tumor
cell apoptosis and likely necrosis can be abolished if inter-
rupted early but is irreversible past this time point.
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Discussion

Cell-cell interactions play vital roles in many aspects of physi-
ological and pathological processes; therefore, the ability to
manipulate such interactions is valuable for fundamental
studies of cellular biology and for potential therapeutic appli-
cations. To streamline the preparation of CSANs designed to
bind to membranes via non-covalent interactions, we explored
here the use of enzymatic methods to append naturally occur-
ring lipids onto the desired nanostructured targets. An impor-
tant advantage of such an approach is that it capitalizes on the
catalytic efficiency afforded by enzymatic conjugation. Such
methods allow protein attachment to occur with high conver-
sion even at low concentrations driven by the formation of an
energetically favorable enzyme-substrate complex. Moreover,
the use of natural substrates obviates the need for complex
synthetic methods, thus enhancing the ease of implementation.

Accordingly, we explored the potential of enzymatically
labeling the monomeric protein component of the CSANs to
directly install a natural C15 or C20 lipid, which upon multi-
valent display, would result in high-affinity membrane binding.
We designed DHFR>*-CVIA monomers that would be substrates
for either farnesyl transferase or geranylgeranyl transferase,
thus allowing enzymatic lipidation with either farnesyl or ger-
anylgeranyl moieties, respectively. The DHFR>-CVIA monomers
were easily expressed in E. coli and quantitatively enzymatically
labeled with either farnesyl or geranylgeranyl groups. Despite
being prenylated, the rings did not aggregate and were found to
be stable for days in solution. Moreover, the prenylated CSANs
quickly and stably (T4/, > 72 h) labeled the cell membrane, with
longer geranylgeranyl modifications exhibiting significantly
more longevity than the shorter farnesyl groups. Since the
number of displayed isoprenoids groups on the rings can be
tuned by varying the ratio of prenylated to non-prenylated
protein components prior to oligomerization, we were able to
demonstrate that both fully farnesylated and geranylgerany-
lated CSANs yielded the highest membrane binding affinity.
The appending of an anti-EGFR or anti-EpCAM fibronectin
targeting domain did not affect membrane binding and allowed
labeled cells to form direct contact with EGFR-expressing or
EpCAM-expressing cells respectively in vitro.

In addition, significant differences were observed between
the ability of fully farnesylated or geranylgeranylated CSANs to
promote targeted cell-cell interactions, with geranylgeranylated
CSANs forming significantly more cell-cell interactions than
the farnesylated counterparts. When the valency of either iso-
prenoid groups or targeting ligands incorporated into the CSAN
was reduced, a corresponding reduction of cell-cell interactions
was observed. Consistent with previously reported CSANs, each
construct was readily disassembled by treatment with a non-
toxic excess of trimethoprim. Given the lower affinity of the
farnesylated DHFR> monomers, there may be an advantage to
employing the farnesylated CSANs over geranylgeranylated
CSANSs, since dissociation of the resulting farnesylated mono-
mers from the cell surface is likely to be faster than ger-
anylgeranylated monomers due to the lower affinity of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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shorter lipid for the membrane. Interestingly, similar to
observations for prenylated proteins on the cytoplasmic
membrane, the prenylated CSANs were shown to preferentially
concentrate in lipid rafts. The differences in the ability of, for
example, A431 and MCF-7 cells to bind to the prenylated CSANs
may reflect differences in their lipid raft composition. Further
studies with a range of cell lines and well characterized level of
lipid rafts should shed light on the selectivity of prenylated
CSANSs to associate with lipid rafts over other regions of the cell
membrane.

The T cell receptor in complexation with CD3, CD4, and CD8
has been found to be highly associated with and dependent on
lipid rafts for the propagation of Lck based signaling.’”?*
Consequently, we evaluated the ability of prenylated anti-EGFR
CSANs, to direct T cell-targeted Kkilling of an EGFR-
overexpressing epidermoid carcinoma line, A431 cells. Acti-
vated PBMCs, which are 90% T cells, were treated with ger-
anylgeranylated anti-EGFR CSANs. The modified T cells were
shown to induce targeted killing of A431 cells. Given that we
were employing activated T cells and that trimethoprim treat-
ment can lead to rapid disassembly of the CSANs, we chose to
investigate the time frame within which T cell killing is initiated
once the targeted tumor cells have been engaged by dosing with
excess trimethoprim at various time points and measuring the
amount of induced cytotoxicity that occurred prior to CSAN
abrogation. Our results indicate that similar to CAR-T cells at
a similar E : T ratio, cytotoxicity is induced within the first two
hours, after which removal of the CSANs has no effect on the
targeted cytotoxicity.** Whether the structure of the cytotoxic
immune synapse is similar to CAR-T cells or BiTes remains to be
determined, since there is no direct binding or engagement of
CD3.**** Given the complex order and processes engaged by
TCRs through the immune synapse, it is surprising that simply
associating the T cell surface with the target cell through the
prenylated CSANs results in T cell induced cytotoxicity. On-
going studies of the engineering of interactions between the T
cells and the target cells by prenylated CSANs should expand
our understanding of the constraints or lack of constraints
governing T cell-mediated cytotoxicity. The ability to study the
time-dependence of T cell target engagement highlights the
utility of the lipidated CSANs described here. The unique
reversibility and tunability of the CSAN-based constructs
described here make them particularly versatile tools for the
study of cell-cell interactions in general. Given the complex
order and processes engaged by TCRs through the immune
synapse, it is interesting that the prenylated anti-EGFR CSANs
are able to induce T cell-targeted cell killing.

Conclusions

In summary, we developed the multivalent prenylated chemi-
cally self-assembled nanorings (CSANs) for mediating reversible
cell-cell interactions. Prenylated CSANs offer a facile one-step
approach for the stable membrane labeling of virtually any
cell type, providing accessible and pharmacologically reversible
cell-cell interactions for a range of fundamental scientific and
therapeutic applications.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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