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indicating that increasing VCR proximity in the cluster led to more effective signaling. This proximity
effect was also observed when examining activation-mediated IL-2 production (Figure 2C).

To characterize how the ligand valency affects receptor activity, we further probed valency parameters
using different DNA origami shapes, including I-DNA (valency = 2), Y-DNA (valency = 3), and X-DNA
(valency = 4), all of which were conjugated with biotin (Figure 2D). Across three orders of ligand
concentration, Y- and X-DNA generated comparable T cell activation and were both superior to I-
DNA, which was also observed in a Jurkat NFAT-GFP reporter cell line (Figure 2E-F). We next asked
if these design principles were also true in primary human T cells. In two different donors’ T cells
expressing mSA-VCR, both Y- and X-DNA outperformed I-DNA (Figure 2G). These experiments
indicated that VCL designs should have a valency greater than 2. Furthermore, VCR design rules that
are developed in cell lines are translatable to primary human cells.

Figure 2: DNA origami enables characterization of VCR-ligand interaction for T cell activation. A) The Y-DNA
structure origami was leveraged to create trivalent JQ1 and FITC to induce T cell activation in Jurkat cells for VCRs
containing an extracellular BRD4 (with JQ1 Y-DNA), an FIuA anticalin (with FITC Y-DNA), and a FITC scFv (with FITC Y-
DNA). In the presence of cognate ligand, we observed activation of T cells measured by %CD69* population. B) DNA
origami can be programmed to create Y-DNA with increasing biotin valency and probe its effects on VCR-mediated T cell
activation. Increased valency leads to a higher percentage of CD69* activated T cells. C) Closer proximity between biotins
in the Y-DNA structure (20 bp vs 36 bp for the Y-DNA scaffold arm) increases T cell activation, as quantified by percentage
of CD69* population (left) or IL-2 production (right). D) DNA origami is programmed to create I-DNA (bivalent), Y-DNA
(trivalent), or X-DNA (tetravalent) scaffolds for biotin. E-F) Jurkat cells expressing mSA-VCR are dosed with I-DNA, Y-DNA,
or X-DNA origami. T cell activation is comparable for using X- and Y-DNA and higher than using I-DNA as measured
by %CD69* cells and NFAT signaling. G) Activation of two donors of primary human T cells are observed using X- and Y-
DNA but not for I-DNA.
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Development of programmable multivalent small molecule drugs to control VCRs

We next sought to translate the multivalent DNA origami ligands into drug molecules. To convert a
customized drug into a multivalent format that recapitulates the DNA origami design, we utilized
dendrimer scaffold chemistry. While both the 3- and 4-valency designs performed similarly in our DNA
system, the X design is more accessible via commercially available chemical scaffolds. We used
peptide coupling chemistry to covalently conjugate biotin to a generation 0 PAMAM dendrimer and
generated a lead multivalent small molecule, termed 4° Bio VCL (Figure 3A). We confirmed that 4°
Bio VCL cab effectively activate the NFAT pathway in mSA-VCR Jurkat reporter cells (Figure 3B).

Clinically relevant CAR designs contain other costimulatory signaling domains in addition to the CD28
domain. To determine if the VCR system could activate receptors containing a 4-1BB costimulatory
domain, we generated and tested a VCR-BBC( receptor in both NFAT and NFkB reporter Jurkat cells.
We observed that while VCR-28C induced strong NFAT signaling in the presence of 4° Bio VCL drug
(Figure 3C), the VCR-BBC induced strong NFkB signaling (Figure 3D). Additionally, VCRs without a
costimulatory domain can also activate NFAT signaling but to a much lesser extent.

To extend the utility of the VCR platform, we generated VCRs containing only the 4-1BB signaling
domain. The 4° Bio VCL-mediated clustering of VCR-BB effectively induced NFkB signaling and
synergized with antibody-mediated CD3 signaling (Figure 3E). This indicates the potential for the
VCR platform to control costimulatory signaling for applications beyond CAR T cells, for example, in
combination with TCR T cell therapies.
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Figure 3: Development of multivalent small molecule ligands to modulate VCR T cell activation. A) Using a generation
0 PAMAM dendrimer scaffold, a tetravalent biotin compound was synthesized to create a small molecule version of the
biotin X-DNA (4° Bio). B) 4° Bio VCL induced NFAT signaling in VCR engineered NFAT-GFP Jurkat reporter cell lines. C-D)
VCRs containing a CD28 costimulatory domain and dosed with 4° Bio activates NFAT signaling, while VCRs containing a
4-1BB costimulatory domain and dosed with 4° Bio activates NFkB signaling.

Higher valency-mediated super-clustering of VCR amplifies T cell signaling
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The 1gG4 hinge and CD28 transmembrane domains used in the VCR system contain cysteine
residues and hydrophobic residues with the ability to form S-S bonds and 1r-11 stacking interactions,
respectively. These interactions lead to the formation of dimeric VCRs on the surface of the cell
creating the possibility that the VCL is not simply creating small clusters of VCRs based on ligand
valency (clusters of four VCRs when treated with 4° Bio VCL), but instead is inducing “daisy-chaining”
of many VCRs into larger clusters (Figure 4A).

To probe this hypothesis, we expressed an mSA-VCR fused to a fluorescent protein (mSA-VCR-GFP)
in HEK293T cells and performed confocal microscopy to visualize the formation of receptor clusters
upon treatment with 4° Bio VCL. After 30 minutes of VCL treatment, diffused GFP membrane signals
formed large puncta at the cell surface, indicating the formation of large receptor clusters (Figure 4B).

To further investigate whether this potential super-clustering affected T cell signaling, we engineered
a monomeric version of mMSA-VCR by mutating the cysteine residues in the hinge domain and the
transmembrane domain residues responsible for hydrophobic interactions. When treated with 4° Bio
VCL we observed increased NFAT activity by the dimeric VCR compared to the monomeric VCR
(Figure 4C). However, in the presence of a bivalent biotin (2° Bio VCL), the monomeric VCR lost all
signaling capacity while the dimeric VCR was still able to respond (Figure 4D). This suggests that the
cluster size of monomeric VCRs is dictated by VCL valency, but this is not the case for dimeric VCRs.
Taking data together, we conclude that VCR architectures containing cysteine residues and
hydrophobic residues can form large super-clusters via daisy chaining, leading to enhanced T cell
signaling akin to TCR-based clustering.
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Figure 4: Higher valency-mediated super-clustering of VCR amplifies T cell signaling. A) The hinge and
transmembrane domains are mutated to create a monomeric version of VCR by disrupting C-C disulfide bonds and
transmembrane interactions. Monomeric VCRs presumably generate receptor clusters that are dictated by the valency of
the drug. The original dimeric VCRs can create larger clusters through drug-mediated daisy chaining of multiple clusters. B)
Confocal microscopy images of HEK293T cells expressing mSA-VCR fused to GFP with and without tetravalent 4° Bio drug
for 30 minutes. Green, receptor; red, cell membrane. C-D) Using the tetravalent 4° Bio VCL, the monomeric VCR performed
worse than dimeric VCR. However, using a bivalent ligand, the monomeric VCR fails to signal, indicating that the drug can
induce VCR super-clustering via daisy chaining.

Development of 2D VCR by incorporating VCR into CAR designs for drug-inducible T cell
signaling

We next incorporated a CD19 scFv by fusing FMC63 to the N-terminal end of mSA-VCR (FMC-mSA-
VCR) to develop a 2D VCR system. To test whether VCR-mediated signaling synergizes with tumor
antigen-induced T cell activation signaling, we co-cultured VCR-19BB( Jurkat cells with CD19* Nalm6
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leukemia cells with and without 4° Bio VCL (Figure 5A). We observed that VCR-mediated clustering
synergized with CD19 antigen-induced NFAT activity, resulting in a two-fold enhancement of T cell
activation in the presence of VCL. This enhancement was also observed when targeting clinically
relevant solid tumor antigens, including human epidermal growth factor receptor 2 (HER2). When we
co-cultured VCR-HER2BBC with HER2® Nalmé cells, we observed similar VCR-mediated
enhancement of T cell activity, which demonstrates the modularity of the system relative to tumor
antigens (Figure 5B).

Using live cell microscopy, we tracked GFP-expressing CD19+ Nalmé cells co-cultured with human
primary T cells engineered with VCR-19BBC and quantified the abundance of tumor GFP signal
(integrated intensity) with and without 4° Bio VCL for every 2 hours over 60 hours (Figure 5C). VCL-
induced VCR clustering increased the cytotoxicity of VCR-19BB( T cells, as demonstrated by the
tumor GFP signal remaining at 60 hours for using two different donors’ T cells (Figure 5D). Similarly,
we co-cultured VCR-HER2BBC T cells with a HER2+ 143B osteosarcoma spheroid model. We
observed increased Killing activity by VCR-HER2BBC( T cells over a 72-hr period when treated with
VCL (Figure 5E). These data suggest that incorporating drug-mediated horizontal signaling into the
CAR signaling domains as a 2D VCR system significantly enhances tumor killing in vitro.
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Figure 5: 2D VCR receptors show synergistic antigen-binding activity with VCL-mediated VCR clustering. A) VCR
fused to a CD19-targeted scFv (VCR-19BBz) activates NFAT signaling in Jurkat reporter cells in the presence of CD19*
Nalm6 cells and is enhanced by 4° Bio VCL treatment. B) HER2 targeted 2D VCR T cells (VCR-HER2BBz) activate NFAT
signaling in the presence of HER* Nalm6 cells and are enhanced by treatment with 4° Bio VCL. C) Real-time live cell
microscopy imaging of the co-culture of VCR-19BBz-engineered primary human T cells with CD19* Nalm6 cells (1:1 E:T
ratio) showed enhanced tumor killing, by comparing cultures treated with 4° Bio VCL (blue) or no treatment (black). D)
Final tumor cell densities (at 60 hours) were consistently reduced with VCR-19BBz-engineered primary T cells across
different donors. E) VCR-HER2BBz-engineered primary T cells (red) exhibited greatly improved cytotoxicity against
HER2+ 143B bone osteosarcoma spheroids (green).

Tumor GFP (60 hr)

Lead VCL drug optimization enables 2D VCR-mediated cytotoxicity in vivo

To translate the VCL-VCR concept into a therapy, we next designed a series of small molecules
(PBFO01~PBF004) by varying the linker and measured their half-life in vivo (Figure 6A). We tested
this series of designed VCL drugs and determined the half-life of PBF002 and PBF004 to be
approximately 4 hours, while PBFO01 and PBF003 were less than 15 minutes. We quantified VCL-
induced T cell activation using the in vitro VCR-NFAT reporter system. PBF004 performed
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significantly better at low concentrations (pM to sub-nM) compared to PBF001 or PBF002 and was
chosen for further efficacy testing in vivo (Figure 6B).

We analyzed plasma concentration of PBFO04 after a 10 mg/kg intraperitoneal injection (i.p.) in
wildtype mice and confirmed that PBF004 was in the effective range of drug concentration over a 24
h period (Figure 6C), which suggested that a drug dosing schedule of 10 mg/kg per day could be
sufficient for in vivo 2D VCR activation. We next tested VCR-19BBC T cell activity in vivo. We injected
1x10° luciferase-expressing CD19* Nalmé cells by tail vein injection into a NOD/SCID mouse and
3x108 2D VCR-CAR+ T cells intravenously by tail vein 4 days later (Figure 6D). Mice were dosed with
PBF004 at 10 mg/kg (i.p.) every day for a total of 21 days and tumor burden was measured by
bioluminescence imaging (BLI) three times a week. BLI measurements were continued for 14 days
after completion of the 21-day VCL treatment for a total of 40 days. This allowed for observation of
VCR-19BB( T cell reversibility when drug treatment is stopped. Mice treated with a combination of
VCR-19BBC( T cells and PBF004 had significantly reduced tumor burden compared to mock and VCR-
19BBC T cell without VCL groups (Figure 6E-F). Importantly, VCL drug treatment conferred a strong
survival benefit (Figure 6G).
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the animal experiment. 1x 10® CD19* Nalm6 cells are i.v. injected into mice and 4 days later, 3 x 108 T cells (mock) or 3 x
108 VCR-19BBz-engineered T cells are i.v. injected. One group of mice are dosed by i.p. injection with PBF004 daily for 21
days and tumor burden is measured by BLI thrice weekly. E) BLI images showing groups of mice injected with mock T cells,
VCR-19BBz-engineered T cells without VCL, and VCR-19BBz-engineered T cells with VCL, over time. F) Characterization
of tumor burden (photon/s) for VCL-dosed mice carrying 2D VCR T cells (red), non-treated mice carrying 2D VCR T cells
(blue), and control (black). G) Viability curve for VCL-dosed mice carrying 2D VCR T cells (red), non-treated mice carrying
2D VCR T cells (blue), and control (black).

2D VCR sensitizes T cells to low antigen cancers

A common escape mechanism for CD19+ cancers targeted by CAR T cells is decreased surface
expression of CD19. Our data showing enhanced cytotoxicity of drug activated 2D VCR T cells toward
the HER2+ 143B osteosarcoma model (a low HER2-expressing model) suggested that programmable
receptor clustering by our VCR platform could potentially sensitize CAR T cells to low antigen density
tumors. To further test this hypothesis, we co-cultured VCR-19BB( T cells with a recently developed
CD19w Nalm6 tumor model (22). VCR-19BBC T cells from different donors with VCL treatment vastly
outperformed cells without VCL treatment, suggesting low antigen tumor recognition can be greatly
enhanced when inducing higher receptor valency (Figure 7A). To determine if 2D VCR T cells can
enhance low antigen tumor killing in vivo, we generated a CD19,, Nalm6 model which has been
shown in previous studies to be difficult to control using current CAR designs (22). We used the same
in vivo experimental design shown in Figure 6D, with daily PBF004 injection at 10 mg/kg (i.p.) for 21
days and BLI measurement 3 times per week for 40 days. Mice treated with VCR-19BB( T cells and
PBF004 displayed significantly reduced tumor burden compared to the mock and VCR-19BB( T cells
without VCL groups (Figure 7B-C). Additionally, mice that were dosed with PBF004 showed a
significant survival advantage, while all mice not dosed with PBF004 performed only marginally better
than mock and still succumbed to the cancer (Figure 7D). Taken together, the data suggests the 2D
VCR T cells offers a drug-inducible enhancement of targeting low antigen tumors.
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Figure 7: Multivalent drug induces 2D VCR T cells to kill low antigen cancer. A) Characterization of tumor GFP signal
using real-time live cell microscopy for two different donors, primary T cells engineered with VCR-19BBz and co-cultured
with CD19w or CD19high Nalm6 cells, with and without 10nM 4° Bio VCL. B) BLI images showing groups of mice injected
with mock T cells, VCR-19BBz-engineered T cells without VCL, and VCR-19BBz-engineered T cells with VCL, over time,
all injected with CD19i0w Nalmé cells. C) Characterization of CD19w Nalm6 tumor burden (photon/s) for VCL-dosed mice

10


https://doi.org/10.1101/2023.01.04.522664

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.04.522664; this version posted January 4, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

carrying 2D VCR T cells (red), non-treated mice carrying 2D VCR T cells (blue), and control (black). D) Viability curve for
VCL-dosed mice carrying 2D VCR T cells (red), non-treated mice carrying 2D VCR T cells (blue), and control (black).

DISCUSSION

In this study, we generated a novel valency-controlled receptor platform termed VCR by mimicking
the horizontal signaling capabilities of the TCR via a drug-induced valency control mechanism. We
utilized DNA origami as a high-throughput and quantitative method to explore parameters that affect
drug-receptor interaction. By leveraging the programmability of DNA origami, we developed multiple
drug-receptor pairs and characterized both receptor (i.e., cluster size and proximity) and ligand (i.e.,
valency and concentration) parameters for T cell activation, without the need to perform sophisticated
medicinal chemistry. With this knowledge, we designed and synthesized a series of multivalent small
molecule drugs that enabled dose-dependent control of VCR T cell activity in vitro. We incorporated
the identified VCR into the CD19-CAR architecture and demonstrated that addition of a drug molecule
could boost VCR T cell cytotoxicity against B cell cancer in vivo, resulting is significant control of tumor
burden when dosed with drug. We further demonstrated that VCR- CAR T cell activity could be tuned
for targeting a low antigen B cell cancer in vivo. Treating mice with both 2D VCR T cells and drug
provided a significant survival advantage compared to no-drug groups.

For cancer immunotherapy applications, the ability to precisely tune CAR activity in vivo during patient
treatment using customized drugs has a major impact on clinical outcomes. However, current CAR
designs do not allow for this level of in vivo control. The VCR platform can be modularly engineered
into the CAR architecture to create additional parameter space to enhance and precisely amplify CAR
activity in vivo. VCR incorporation adds a new dimension of cluster signaling to the CAR architecture.
While excessive CAR signaling due to uncontrollable clustering can lead to T cell dysfunction,
incorporation of drug-inducible VCR into a CAR provides controllable clustering only in the presence
of a paired small molecule drug (47, 48). In addition, other drug-inducible CAR controls could be
incorporated with the VCR platform including methods to control receptor expression (e.g., degron-
mediated decay and promoter-mediated expression) or safety switches (e.g., SNIP and CRASH-IT)
to enhance efficacy and limit toxicities (49-52). Furthermore, the VCR platform could be incorporated
into SynNotch systems for AND-gating (53). While other drug-inducible systems are often designed
around a single drug molecule with limited pharmacokinetic properties (e.g., requirements to
penetrate the cell membrane), the VCR platform provides a unique system for the rapid identification
and programmable design of customized multivalent drugs without the need to enter cells (54-57). It
is conceivable that many clinically relevant drugs can be converted into a multivalent format to
modulate VCR activity in vivo, which greatly expands the repertoire of small molecules that can be
repurposed for controlling in vivo cell therapy. Furthermore, our design of 2D VCR-CAR system has
minimal changes (addition of ~1kb) to the current CAR design and is fully compatible with the CAR T
manufacture process using a single lentivirus or retrovirus.

By integrating customized small molecule drug control into T cell therapy, the VCR platform enables
clinicians to make decisions on the timing and potency of the therapy, thus creating novel avenues
for safer and more effective treatments for a myriad of cancers and other diseases. In a future clinical
setting using VCR T cells, the drug dosing schedule could be modified as tumor cells undergo
reduction of antigen expression. Additionally, dosing schedules could be tested to limit potential side-
effects and increase safety by reducing or stopping drug treatment. Moreover, tumor localized drugs
(e.g., conjugated to an antibody that binds to tumor antigens) could be explored to ensure T cells are
only activated at the site of cancer, reducing the off-target effects often seen in solid tumor CAR T
cells (58, 59). As our understanding deepens on how to induce VCR T cells in vivo, more complex
dosing schedules could be leveraged such as oscillatory regiments that could help overcome T cell
dysfunction (50, 60, 61).

It is possible that the VCR platform can be generalized to other receptor systems beyond CARs. For
example, by incorporating VCR into FGFR-mediated signaling, customizable drugs can be used to
modulate pluripotency and proliferation of stem cells both in vitro and in vivo. This would further extend
the application of VCR beyond cancer therapy to areas such as stem cell therapy or tissue
regeneration. The development of the VCR system expands our synthetic biology arsenal to address
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key bottlenecks faced by cell therapies, thus representing a further step forward towards safer and
more controllable cell therapies using medicinal chemistry.
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