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Abstract

Cell-cell interactions and communication are crucial to the proper function of complex 

mammalian physiology including neurocognitive and immune system functions. While many tools 

are available for observing and perturbing intracellular processes, relatively few exist to probe 

intercellular processes. Current techniques for studying interactions often rely on direct protein 

contact and few can manipulate diverse, functional outputs with tunable protein expression. To 

address these limitations, we have developed a small-molecule approach based on a trimethoprim 

prodrug-enzyme pair capable of reporting the presence of two different engineered cell 

populations with programable protein outputs. The approach relies on bacterial nitroreductase 

enzyme catalysis, which is orthogonal to normal mammalian biology, and diffusion of 

trimethoprim from “activator” cells to “receiver” cells. We test this strategy, which can 

theoretically regulate many different types of proteins, using biochemical and in vitro culture 

assays with optical and cytokine protein readouts. This describes the first small-molecule approach 

capable to detecting and controlling engineered cell-cell outputs, and we anticipate future 

applications especially relevant to the field of immuno-oncology.
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Introduction:

Cell-cell interactions underpin many physiological processes such as neuronal signaling1, 

immune responses to infection2, and tissue patterning during development3. Several tools 

have been developed to report and characterize cell interactions, often using fluorescent 

proteins. An example is complementary split-GFP fragments to delineate synaptic partners 

in the central nervous system4. Another example, LIPSTIC5, is used in an antigen 

presentation model where a membrane bound bacterial enzyme tags an interacting cell with 

a fluorophore. Finally, Synthetic Notch or SynNotch6 are chimeric receptors that rely on 

peptide-based recognition of epitope binding on cognate cells which drive a programmable 

genetic/protein output. However, most of these newer technologies rely on direct protein 

contact to elicit signal. A small-molecule based platform that uses passive diffusion from 

one cell to another may allow signaling over greater distance and over a longer period of 

time. Other groups have developed platforms where a small molecule’s native functionality 

is hindered by chemical appendages such that they conditionally report cell interactions. For 

example, quenched fluorescein esters could not fluoresce unless an orthogonal esterase 

removed the ester7 in specific cells of interest. In another instance, D-luciferin was modified 

with a galactose sugar molecule, preventing binding to firefly luciferase enzyme, unless 

activated by a beta-galactosidase in a nearby cell8. Yet these small-molecule technologies 

only report interactions optically and using fluorescence and bioluminescence respectively, 

and thus are not geared to drive programmable protein outputs.

Here we report a strategy using the small-molecule antibiotic trimethoprim to control protein 

expression when two cell populations of interest are present in co-culture, thus creating a 

cellular “AND gate”. Our system uses the synthetic antibiotic trimethoprim (TMP), which is 

biologically inert in mammalian systems as it has over 10,000-fold selectivity for the E. coli 
dihydrofolate reductase (eDHFR) over the mammalian homologue9. Furthermore, the 

structure activity relationship of TMP is well characterized, as several studies have shown 

that the primary amines on the pyrimidine ring are crucial for high affinity binding10–12. To 

abrogate binding to eDHFR and develop a TMP prodrug, we derivatized the 2-position 

amine with a protecting group labile to enzymatic cleavage by orthogonal E. coli 

Jacome et al. Page 2

ACS Chem Biol. Author manuscript; available in PMC 2021 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nitroreductase (NTR) expressed in “activator” cells. Moreover, we fused reporters, 

thermostable luciferase (tsLuc)13, yellow fluorescent protein (YFP), and interleukin-2 (IL-2) 

to a destabilized-domain (DD) eDHFR14 that is constitutively degraded unless bound to 

TMP ligand in a population of “receiver” cells. Therefore, our system conditionally returns 

signal only when activator- and receiver-cells are both present (Figure 1A-B).

Results and Discussion:

The common peptide protecting group, para-nitrobenzyl carbamate15 (pNZ), was selected to 

derivatize TMP using a facile, one step synthesis to produce pNZ-TMP (30% purified yield, 

Figure 1C and S1–3). The prodrug was confirmed by LC-MS to release native TMP by 

chemical reduction using known conditions15 (Figure S4). Three types of receiver-cells were 

generated. One expressed a luminescent reporter using a thermostable firefly luciferase 

(tsLuc) construct, the second expressed a YFP14, and the third expressed IL-2. All were 

fused to a C-terminal destabilizing domain (DD), eDHFR, resulting in tsLuc-DD-eDHFR, 

YFP-DD-eDHFR, and IL-2-DD-eDHFR, respectively. The genetic constructs were 

transduced into HEK-293 or HCT-116 cells using retro or lentivirus and sorted by FACS. 

Activator-cells were prepared in a similar fashion using hemagglutinin (HA) tagged E. coli 
nitroreductase (nfsB).

The first objective was to determine if the steric pNZ cage prevented binding of the prodrug 

to eDHFR. For a dose response assay, luminescent receiver-cells were administered pNZ-

TMP or TMP for 24-hour incubation. The results showed that TMP has a characteristic 

induction profile with ~5 nM EC50, which is similar to the known KD with E. coli DHFR16. 

Conversely, pNZ-TMP showed a right-shifted, flattened luminescent-induction curve with 

~27-fold worse EC50 (EC50 139 nM, Figure 2A) that did not reach saturation. Dose response 

studies showed with YFP and IL-2 receiver cells also exhibited a flattened, right shifted 

profile when incubated with pNZ-TMP (Figure 2B–C). Time course assays with the 

fluorescent receiver-cells show differences, between TMP and pNZ-TMP abilities to bind 

and stabilize the DD-DHFR, in as little as 3 hours and suggest the overall serum stability of 

the pNZ caging group in complete media with cells (Figure 2D). Thus, derivatizing the 2-

position amine with a pNZ moiety significantly hampers the ability of TMP to stabilize the 

DD.

Activator-cell protein expression of NTR was confirmed by western blot (Figure 3A) and 

function was assessed by testing their sensitivity to CB1954, a nitroreductase-activatable 

cytotoxic prodrug17. Comparison of HCT-116 wild-type (WT) and HCT-116 activator-cells 

incubated in the presence of CB1954 showed that activator-cells were significantly more 

sensitive to CB1954 cytotoxicity (Figure S6). To determine if pNZ-TMP could be uncaged 

by NTR, we performed a media transfer experiment, where pNZ-TMP was incubated with 

HCT-116 activator-cells or WT cells. After various incubation lengths (0–7 hours), the 

media was carefully removed, ensuring no cells were detached, and transferred to a plate 

containing HCT-116 receiver-cells. The receiver-cells were incubated with transferred media 

for 24 hours, at which point their luminescent intensity was measured (Figure 3B). 

Increasing exposure time of pNZ-TMP to NTR expressing activator-cells resulted in 

increasing luminescence (blue). Conversely, increasing incubation time of pNZ-TMP with 
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WT cells that do not express NTR had no effect on luminescence (green). The media 

transfer experiment was then performed with HCT-116 IL-2-DD-eDHFR receiver cells 

(Figure 3C). Here, drugs were incubated for 48 hours with activator cells. Similar to 

luminescence experiments, high IL-2 expression was observed when pNZ-TMP was 

incubated with activator cells but not with WT cells.

Lastly, a co-culture experiment was performed where activator or WT cells were plated 

together with receiver-cells (Figure 4A&C) to determine if the system could report 

interaction of two cell populations of interest in real-time. The ratio of activator- to receiver-

cells was varied by changing the number of activator or WT cells while keeping the number 

of receiver-cells constant. Co-culture of WT with receiver-cells resulted in low-level 

background luminescent stabilization when pNZ-TMP was administered, but the ratio 

between the two cell types had no effect (purple curve) on luminescence. However, 

increasing the number of activator-cells in the co-culture resulted in increased luminescent 

output when pNZ-TMP was administered (blue curve) to the point of matching native TMP 

positive controls. Luminescence was not affected by WT or activator-cells when TMP was 

administered. Similar results were observed with IL-2 receiver cells, though the activated 

pNZ-TMP condition did not match the TMP positive control. A time course experiment with 

co-culture of WT/receiver-cells or activator/receiver-cells (Figure 4B) showed similar 

results. pNZ-TMP incubated with activator- and receiver-cells showed increasing 

luminescence over time, matching native TMP controls; WT and receiver-cell co-culture 

with pNZ-TMP administration showed low luminescence over multiple time points.

Through genomic, proteomic, single cell analyses and other technical advances, a broad 

spectra of cell types with incredible diversity have been uncovered within tissues that were 

thought to be relatively homogeneous18. Untangling these network level interactions 

between cells will facilitate understanding of fundamental biology as well as disease 

pathophysiology. Of particular value are tools capable of tracking and manipulating specific 

cell populations of interest. To that end, we have developed a small-molecule strategy 

capable of discerning presence of two cell populations of interest. We have synthesized a 

sterically “caged” TMP with 27-fold reduced binding affinity for reporter-DD protein 

fusions in dose response assays. The “caged” prodrug is enzymatically liberated by an 

activator-cell, restoring high affinity for the protein target, and can diffuse into the 

surrounding medium as shown by a media transfer experiment. If the liberated drug reaches 

a nearby receiver-cell in sufficient concentration, it can stabilize DD fusion proteins eliciting 

a protein signal output, thereby reporting an interaction. This process was demonstrated in 

our co-culture assays, as high luminescent or cytokine signal required an activator- and 

receiver-cell to interact.

We used NTR as an uncaging enzyme orthogonal to mammalian nitroreductases. This 

rendered the TMP prodrug silent in a native mammalian system. However, other orthogonal 

enzymes such as beta-galactosidase8 or beta-lactamase19 have been used to conditionally 

unmask reporter systems. Moreover, a larger beta-lactam moiety or galactose sugar molecule 

might reduce the background DD stabilization we observed with pNZ-TMP in our dose-

response and co-culture assays. Beta-lactamases and beta-galactosidases also have the added 

benefit of typically higher Kcat values for their substrates than bacterial nitroreductase20–22.
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While we used optical proteins and a cytokine as our readout, the destabilizing system is 

capable of conditionally regulating many therapeutically relevant proteins including 

membrane or other secreted proteins. As cell-based therapies, such as CAR-T cells, mature 

and become more sophisticated, protein regulatory and gated control systems are likely to be 

routinely considered as adjunct, supporting technologies with great potential impact. With 

our system, researchers could use a gated approach targeting two antigens, which is a 

growing area of interest23,24. For example, one CAR-T cell bearing an activating enzyme 

could turn on protein expression in a second CAR-T cell targeting a less specific expressed 

antigen. This gated process would only occur in the presence of both CAR T populations, 

thus reducing the potential for individual CAR T cell “on-target/off-tumor” toxicity. 

Furthermore, use of activating enzyme that is tumor intrinsic and cognate small molecule 

cage could add another layer of regulation and/or safety. Many solid tumors use matrix 

metalloproteinases (MMPs)-2 and −9 in their metastatic processes. Previously, these 

enzymes have been leveraged in a prodrug strategy by conjugating their known peptide 

substrates to cytotoxic drugs such as doxorubcin25,26. With this system, it may be possible to 

use these or other natively expressed MMPs as activating enzymes to regulate therapeutic 

cell systems.
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Figure 1. 
Schematic and synthesis of a chemical approach for programmable protein outputs based on 

engineered cells. (A) The system is composed of two cell types: an activator-cell population, 

bearing the bacterial nitroreductase enzyme, and a receiver-cell population, bearing a 

reporter-destabilizing domain fusion. In the ON-state, sterically “caged” prodrug, pNZ-TMP, 

is un-caged in activator-cells and diffuses out creating a local pool of free TMP. The free 

TMP diffuses into receiver-cells, binds to the destabilized domain, and prevents degradation 

of the entire Reporter-DD fusion. In the OFF-state, a receiver-cell population not in the 

presence of nitroreductase positive cells, is not exposed to free TMP resulting in constitutive 

degradation of the Reporter-DD. (B) Genetic constructs used for creation of activator- and 

receiver-cells. (C) One step synthesis of pNZ-TMP (D) Proposed uncaging mechanism of 

pNZ-TMP requiring complete reduction of the nitro substituent to the primary amine. The 

amine can then donate electrons into the aromatic ring, resulting in the cleavage of the 

carbamate linker, yielding TMP.
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Figure 2. 
Prodrug binding assays. (A) Luminescent output of HCT-116 receiver-cells with varying 

doses of either TMP or pNZ-TMP. TMP shows an EC50 of 5 nM while pNZ has 

significantly reduced affinity. (B) Dose response assay with TMP and pNZ-TMP using 

destabilized YFP as reporter protein. (C) Dose response assay with TMP and pNZ-TMP 

using destabilized IL-2 as reporter protein. (D) Time course assay of reporter protein 

stabilization in fluorescent receiver-cells, with either TMP or pNZ-TMP, shows differences 

in fluorescence as early as 3 hours. Each experiment was repeated 3 times. Data is from a 

representative experiment; error bars represent S.D. for n = 6, 3, 4, and 4 technical 

replicates, respectively (A, B, C, & D).
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Figure 3. 
Selective activation of pNZ-TMP. (A) Western blot for HA tag on NTR in activator and WT 

control cells. Tubulin used as loading control. (B) Media transfer experiment where pNZ-

TMP or TMP was incubated in the media of either activator or WT control cells for varying 

lengths of time before media was transferred to receiver-cells and incubated for another 24 

hours. Receiver-cells cultured with pNZ-TMP containing media from activator-cells showed 

a time dependent increase in luminescent stabilization (blue). Conversely, receiver-cells 

cultured in pNZ-TMP containing media from WT cells showed consistently low luminescent 

stabilization (green). (C) Media Transfer experiment where pNZ-TMP or TMP was 

incubated in the media of either activator or WT control cells for 48 hours. The media was 

then transferred to IL-2-DD receiver cells and incubated for 24 hours before IL-2 was 

measured via ELISA. The experiments were repeated a total of three 3 times. Data are from 

a representative experiment; error bars represent S.D. for n = 4 technical replicates (B & C).
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Figure 4. 
Co-culture experiments show specific uncaging and output stabilization over time and 

activator cell concentration. (A) Co-culture of WT and receiver-cells with pNZ-TMP shows 

low background luminescent stabilization (purple). Co-culture of activator- and receiver-

cells with pNZ TMP shows increasing luminescence (blue) as the number of activator-cells 

increases until parity with TMP positive control (red). (B) Co-culture of activator- and 

receiver-cells with either pNZ-TMP or TMP (blue & red) shows increasing luminescent 

stabilization over time, while WT and receiver co-culture with pNZ-TMP (purple) remains 

near drug-free control levels. (C) Co-culture of activator or WT cells with IL-2-DD receiver 

cells with pNZ-TMP shows higher IL-2 concentrations when the activator and receiver cell 

pair are cultured together. Each experiment was repeated a total of 3 times. Data is from a 
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representative experiment; error bars represent S.D. for n = 4 (A & C) and n = 5 (B) 

technical replicates.

Jacome et al. Page 12

ACS Chem Biol. Author manuscript; available in PMC 2021 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	Introduction:
	Results and Discussion:
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.

