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Abstract 

Developing a Cellular DNA-Encoded Library Screening Platform 

by 

Jessica Jenna Su 

Master of Science in Pharmacological Sciences 

University of California, Irvine 2021 

Professor Brian M. Paegel, Chair 

 

 

DNA-encoded library (DEL) technology is a powerful next-generation drug 

discovery engine. DELs permit the design and synthesis of large, customized 

molecular libraries, which can be mined for new ligands by affinity selection. More 

advanced screening technology has emerged that enables direct activity-based DEL 

screening, but to date, this is limited to biochemical activity assays. Cellular assays, 

which are vital for discovering physiologically relevant novel chemical matter, are still 

incompatible with DEL. Here, I describe a prospective workflow that renders DEL 

compatible with cellular activity assays. Cells are grown directly on DEL beads, which 

effectively serve as microcarriers. The cells are engineered to secrete a reporter upon 

stimulation with an agonist, which is liberated from the DEL bead via photocleavage. 

The microcarrier is functionalized with affinity tag ligands, which capture the affinity-

tagged secreted reporter. Toward this goal, I have engineered cell lines that secrete 

HaloTag-labeled fluorescent protein reporters, shown that reporter cell lines can grow 

and signal on microcarriers, and explored photocleavage conditions that permit 



 vi 

efficient photochemistry while preserving cell viability. Additional studies were 

conducted to identify appropriate positive control ligands of a model cellular target, 

STING (stimulator of interferon genes). This thesis lays the groundwork for a DEL-

compatible cellular assay paradigm that can be adapted to an array of cell-based 

assay strategies.
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Introduction: Laying the Groundwork for Cellular DNA-Encoded Library-Based 

Screening Platforms 

Efficient screening of large compound libraries is critical for early-stage drug 

discovery. High-throughput screening (HTS), the conventional method for discovering 

new drug leads, is an automated platform1 that allows screening of ~106 compounds – 

each stored in a well of a microtiter plate – against diverse assays of bioactivity, from 

purified proteins2,3,4 to whole cells5,6,7 and tissues8,9,10. DNA-encoded libraries (DELs), 

which result from encoded combinatorial synthesis, are a widely implemented and 

complementary source of chemical diversity. DELs contain millions of unique small 

molecules with a DNA sequence encoding the molecule’s synthetic makeup11. DELs 

are analyzed strictly by affinity selection of library members that bind a protein target of 

interest. I will discuss the successes and limitations of DEL affinity selection, the 

emergence of activity-based DEL technology, and progress toward adapting DEL to 

cell-based assays. 

Hit finding using conventional DEL technology occurs via affinity selection. In an 

affinity selection, the DEL is incubated with a protein target, bound DEL members are 

isolated, and the DNA encoding tags of the bound fraction are sequenced and 

decoded to ascertain the novel ligand structures. Affinity selection can evaluate billions 

of compounds in a single binding assay. While the technique has led to the discovery 

of ligands for various target classes12 such as kinases13,14,15,16,17, hydrolases18,19, 

aminotransferases20, cell-surface receptors21,22,23,24,25, and protein-protein 

interactions26,27,28, the approach is not generally amenable to ion channels, transcription 
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factors, protein complexes, and signal transduction pathways. The protein of interest 

generally must fold and express well, exhibit minimal intrinsic disorder, and not 

promiscuously bind nucleic acids (among other constraints)29. 

            Our lab has pioneered an activity-based DEL screening platform, which opens 

the door to investigating complex targets outside the scope of affinity selection. Using 

a droplet-based microfluidic circuit, Cochrane et al. screened solid-phase DELs for 

inhibitors of the phosphodiesterase autotaxin11. The device encapsulates DEL beads 

into microfluidic droplets of activity assay reagent, photocleaves the DEL member from 

its bead, incubates the assay, and reads the assay endpoint in each droplet, sorting for 

collection those droplets with an appropriately high (or low) assay signal. The approach 

allows one to identify active DEL members directly using standard biochemical HTS 

assay technology: here, an enzyme turning over a fluorogenic substrate to yield a 

fluorescent product (Fig 1). 

            Cell-based assays, which are also of interest, generally follow similar assay 

development protocols. Cells are seeded onto well plates, treated with a compound, 

and then analyzed30 (Fig 2A). If they secrete a reporter, the media is collected, 

incubated with a substrate, and enzymatic readout is measured with a fluorescence 

microplate reader30 (Fig 2B). In a cytotoxicity assay, cells are stained for viability, which 

is quantified by flow cytometry31. Advanced imaging technology such as imaging 

cytometry can produce phenotypic readouts for single-cell analysis of cell 

morphology32. 

We have chosen to work with the cyclic GAMP synthase – stimulator of 
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Figure 1. Activity-based DEL circuit 

A schematic of activity-based DNA-encoded library (DEL) screening for autotaxin 

inhibitors. Droplets encapsulate autotaxin, DEL members, and fluorophore (F) and 

quencher (Q) bound by a phosphodiester bond. Fluorophore photon emission is 

neutralized by the proximate quencher molecule. Autotaxin cleaves the phosphodiester 

bond between fluorophore and quencher to yield fluorescent fluorophore photon 

emission, turning the droplets green for sorting. “Hit” DEL members inhibit autotaxin 

activity, yielding dark droplets that can be sorted. Adapted from Cochrane et al. ACS 

Combinatorial Science (2019). 
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Figure 2. General cell-based assay schematic 

A general schematic of a cell-based assay. A Cells are grown in a 24-well plate and 

treated with an agonist. B Cells secrete enzyme into the media, which is collected for 

assaying. C Cell-secreted enzyme and substrate are added to a 384-well plate, and the 

fluorescence signal from the enzymatic reaction converting fluorescein diphosphate to 

fluorescein is quantified by a fluorescence microplate reader. 
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interferon genes (cGAS-STING) pathway as a model system for technology 

development. The cGAS-STING pathway is a component of the innate immune 

response, which detects pathogen activity and other signs of cellular stress33. cGAS-

STING also an emerging oncology target because improper signaling can lead to 

cancer progression and metastasis34. cGAS is the primary sensor of the pathway. It 

binds cytosolic dsDNA and becomes activated, catalyzing the coupling of ATP and 

GTP to form cGAMP (Fig 3). cGAMP then binds to STING, which, as it trafficks from 

the endoplasmic reticulum to the Golgi apparatus, activates the kinase TBK1 to 

phosphorylate IRF3 and the kinase IKK to phosphorylate IkB. Phospho-IKK releases 

NF-kB when degraded by the ubiquitin-proteasome pathway33. STING activation 

ultimately results in expression of type I interferons and proinflammatory cytokines. In a 

commercial STING signaling reporter cell line, phospho-IRF3 leads to the production of 

the secreted embryonic alkaline phosphatase (SEAP) reporter, and NF-kB drives 

expression of a luciferase reporter. 

Cell-based assays are an important tool in the HTS-based early discovery tool 

box, but they are not amenable to microfluidic DEL screening. Most cell lines are 

adherent and will not grow in droplets because they are anchorage-dependent35. Cell 

viability during long incubations in droplets is challenging as well since agitation is 

required for adequate gas exchange36. The straightforward approach of forming 

droplets with DEL beads and cells using water-in-oil flow focusing droplet generation 

will result in empty droplets, droplets with multiple cells or DEL beads, and no method 

for ensuring that negative control cells are in every droplet. We need an approach that 
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Figure 3. cGAS-STING pathway 

The commercial hSTING A162 and hSTING R232 HEK293T cell lines utilize the cGAS-

STING pathway of cytosolic DNA sensing. cGAS is activated by cytosolic double-

stranded DNA from damaged mitochondria, dead cells, bacteria, and viruses, and 

synthesizes cGAMP, the endogenous ligand for STING, from ATP and GTP. In the 

engineered construct, agonists bind to STING, leading to NF-kB and IRF3 

phosphorylation. A SEAP reporter gene is inserted downstream of the 5X-ISRE 

transcription factor binding site, and phospho IRF3 produces SEAP expression. 

Adapted from Chen et al. Nature Immunology (2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 9 

 

Created with BioRender.com 



 10 

controls for the inherently higher variance of cell-based assays37 and is compatible with 

adherent cell growth. 

Microcarriers are a method to transform adherent cell culture into suspension 

culture. Microcarriers are microbeads that are slightly denser than water to support cell 

attachment and growth38. The high surface area to volume ratio of microcarriers allows 

high cell density in culture required by medical applications such as cell therapy, tissue 

engineering, and protein production38. Microcarrier technology also allows for 3D cell 

culture with adhesion, proliferation, and interactions mimicking the in vivo 

microenvironment39. The applications for microcarriers in cell culture are vast, and we 

propose here to expand this form of tissue culture to DEL screening. 

To incorporate cell-based assays, our proposed workflow uses DEL beads as 

tissue culture microcarriers. We synthesized DEL compounds on photocleavable 

linkers (Fig 4A), and transformed the DEL bead into a substrate that promotes cell 

adhesion and growth in tissue culture. Compounds are photocleaved with UV 

irradiation, resulting in proximity-driven stimulation of cell signaling. Hit compounds 

and positive control agonists induce STING signaling and SEAP reporter secretion, 

which are quantified with fluorescein diphosphate substrate to produce fluorescein 

product (Fig 4B). Microcarrier beads are functionalized to capture affinity-tagged 

fluorescent product, resulting in labeling of the microcarrier (Fig 4C). This approach 

solves many of the issues that arise with introducing cells to droplet-based DEL 

screening. 
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Figure 4. Proposed cellular DEL screening workflow 

Cellular assay workflow for DEL screening using DEL beads as tissue culture 

microcarriers. A The positive control agonist, and eventually every compound in the 

library, is attached to a photocleavable linker on a solid phase resin. Each compound 

will also have a unique DNA tag. B Photocleavable compound release results in 

proximity-driven cell signaling. Cells are grown on hydrogel microcarriers 

encompassing the DEL bead. UV irradiation liberates the agonist, which induces cell 

signaling. Our commercial cell line expresses secreted embryonic alkaline phosphatase 

(SEAP), which will react with the substrate fluorescein diphosphate (FDP) to generate 

fluorescein dye (FAM). C Our workflow involves seeding cells onto hydrogel 

microcarriers, liberating DEL bead compounds with UV irradiation, capturing cellular 

signal with functionalized microcarriers, and sorting “hit” microcarriers by FACS. 
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Demonstrating Cell Viability and Signaling on Commercial Microcarriers 

            Microcarrier culture is essential for cellular DEL screening assays. Adherent 

cells are averse to suspension growth in droplets due to the cytotoxicity of detergents 

and difficulty facilitating nutrient exchange. A solid surface for cell adhesion and 

proliferation is necessary. As a proof-of-concept, we began cell culture with 

commercial Cytodex I dextran microcarriers before proceeding to customized 

microcarriers that are amenable to use with DELs. After conditions were optimized for 

robust, even seeding, we demonstrated viability and detectable signaling from cells 

grown on Cytodex I microcarriers. These data established a foundation to build the 

cellular DEL screening platform. 

            We sought to find appropriate seeding conditions for even growth on 

microcarriers. We initially seeded HEK293 cells on Cytodex I microcarriers and used 

micro stir bars in 24-well plates to agitate the microcarriers and media both 

continuously (20 rpm) and intermittently (5 min on, 5 min off, 20 rpm), which yielded 

less than 50% seeding on microcarriers. After seeding cells onto microcarriers and 

leaving them overnight without agitation, we saw even cell seeding on 95% of 

microcarriers in each well. HEK293 cells grew to confluence on commercial Cytodex 1 

microcarriers (Fig 5). With seeding conditions optimized, we moved forward with 

demonstrating cell viability. 

We qualitatively and quantitatively showed that cells grown on Cytodex I 

microcarriers are viable. Cell viability was measured using live cell stain, cells were 

imaged with fluorescence microscopy, and live and dead cell stains were used in 

conjunction with flow cytometry analysis. Cells on Cytodex 1 microcarriers stained with 
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Figure 5. HEK293 cells on commercial microcarriers 

HEK293 reporter cells adhere to and grow on commercial Cytodex 1 control 

microcarriers. Ideal conditions for robust, even seeding in a well plate are static rather 

than stirred with micro stir bars. 
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Calcein AM, a live cell imaging dye (fluorescing green), were analyzed using 

fluorescence microscopy (Fig 6A). The cells exhibited green fluorescence, indicating 

that they were viable. Flow cytometry analysis of cell viability on commercial 

microcarriers, with live cells stained with Calcein AM and dead cells stained with Live-

or-Dye, showed that the fluorescence signal of the cell population on microcarriers 

agreed with the higher green fluorescence signal of live cells and not with the higher 

red fluorescence signal of dead cells (Fig 6B-C). The green fluorescence signal of the 

live cell control and cells on microcarriers was 100-fold higher than that of the dead 

cell control (Fig 6B). Meanwhile, the red fluorescence signal of the dead cell control 

was 100-fold higher than that of the live cell control and cells on microcarrier.  

Cell viability on microcarriers was established with two different assays that 

measure distinct cellular characteristics. The Calcein AM stain is an enzymatic live cell 

dye where intracellular esterases cleave the acetoxymethyl (AM) ester to produce 

Calcein, a fluorescent dye impermeable to the cell membrane40. Dead cells do not 

retain Calcein due to their compromised cell membranes. The Live-or-Dye viability 

stain is an amine-reactive dye that does not permeate live cells with intact membranes. 

However, the dye permeates dead cells with compromised membranes and covalently 

labels free amines on intracellular proteins41. The live cell control and microcarrier 

culture assay results reflected their difference in viability from the dead cell control. 

Because the fluorescence signal of the live cell control and cells on microcarriers were 

overlapping and distinct from that of the dead cell control, we can conclude that cells 

on microcarriers are viable. 

            Establishing robust cell signaling from cells grown on microcarriers is essential  
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Figure 6. Cell viability on commercial microcarriers 

A Fluorescence microscopy images of HEK293 cells grown on commercial Cytodex 1 

dextran microcarriers and stained with Calcein AM (live cells) yields green fluorescent 

cells, indicating that cells are viable. B Cells are stained with Calcein AM, which will 

indicate live cells through green fluorescence. Live cells and cells on microcarriers 

have a 100-fold higher green fluorescence signal than dead cells and blank 

microcarriers, suggesting that cells on microcarriers are viable. C Cells are stained with 

Live-or-Dye, which indicates dead cells through red fluorescence. Dead cells and blank 

microcarriers have a 100-fold higher red fluorescence signal than live cells and cells on 

microcarriers, suggesting that cells on microcarriers are not dead. 
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for our proof-of-concept. Cells (105) were seeded and grown in a 24-well plate, either 

on the bottom surface of the well or on microcarriers in the well, and treated with 

positive control STING agonist DMXAA. Media was then collected and assayed for cell 

signaling by detecting SEAP activity. Cells grown on microcarriers and treated with 

DMXAA have detectable cell signaling compared to cells grown and treated in a 24-

well plate (Fig 7). Although 24 h DMXAA treatment produced barely detectable signal 

compared to DMSO treatment in cells grown on microcarriers, 48 h DMXAA treatment 

of cells grown on microcarriers produced signal that was 34% of that seen from cells 

grown in a well and treated for 24 h. 

Culturing cells on microcarriers does not compromise their ability to signal in 

response to agonist treatment. The cells were seeded at the same density in the 

bottom of the well plate or on microcarriers, therefore we expected comparable levels 

of signaling. However, signaling from cells cultured on microcarriers was distinctly 

lower than signaling from cells cultured in a well plate. This may be due to cells 

reaching confluency on microcarriers sooner than in the well plate, leading to 

decreased cell proliferation on microcarriers and a lower final cell count. Cell exposure 

to compound is also limited in microcarrier culture compared to well plate culture, 

which may have been a factor in the lower cell signal. Nonetheless, cells cultured on 

microcarriers still produced detectable SEAP signal, thus we conclude that 

microcarrier culture is not intrinsically incompatible with a model cell-based assay. This 

result was a critical proof of concept moving toward our hypothetical microcarrier DEL 

screening paradigm. 
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Figure 7. Cell signaling on commercial microcarriers 

Cells on microcarriers signal by producing the SEAP reporter gene when stimulated 

with positive control agonist DMXAA (100 µM). SEAP activity is detected with substrate 

fluorescein diphosphate (FDP). A Cells grown on microcarriers produce detectable 

signal compared to cells grown on a well plate when treated with DMXAA. B Cells 

grown on microcarriers and treated with DMXAA for 24 h produce a barely detectable 

signal compared to cells with DMSO treatment. 48 h DMXAA treatment of cells on 

microcarriers produces a more robust signal, 34% of the signal from cells grown in a 

well plate. Treatment groups are reproduced in triplicate (n=3). Error bars indicate 

standard deviation of the mean. 
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Finding the Optimal Positive Control Agonist 

            Selecting an appropriate positive control compound is important for any assay 

development project. In our proposed workflow, cells must signal in response to a 

photocleaved compound as a model for a cell-based DEL screening paradigm that is 

analogous to our lab’s biochemical activity-based DEL screening strategy11. As an 

added constraint, photocleavage must not be cytotoxic or induce photochemistry in 

the control compound. Further, photocleaved compound must permeate the cell and 

initiate signaling before diffusing away into the bulk culture media. These constraints 

guided agonist selection in investigations of compound photostability and dosing 

kinetics. 

The first positive control agonist we examined was the murine STING agonist, 

DMXAA. Cells were plated in a 24-well plate, and media was collected 24 h post 

treatment. Cell signaling after DMXAA pulse dose treatment (100 µM) for various 

dosing times (20 min, 1 h, 2 h) was compared to 24 h treatment (Fig 8A). Treatment for 

20 min yielded 25% of signal, and treatment for 1 h yielded 50% signal, compared to 

treatment for 24 h (Fig 8B). DMXAA treatment for 20 min produced a detectable cell 

signal, but not as robust signaling as 24 h treatment. 

The pulsed dosing experiments were designed to test the hypothesis that even 

transient exposure to DMXAA would result in durable changes to the cells’ 

transcriptional programming, resulting in SEAP signaling. DMXAA treatment induced 

acceptable cell signal even at lower dosing timepoints. Although DMXAA is a murine 

STING ligand, our commercial hSTING A162 cell line expresses a modified STING 

variant that DMXAA agonizes42. Because treatment with lower dosing times still  



 23 

Figure 8. DMXAA-induced cell signaling 

hSTING A162 cells were treated with agonist DMXAA (100 µM) for varying times to 

simulate photodosing conditions. A Cells were treated with DMXAA for 20 min, 1 h, 2 

h, and 24 h and media was collected and assayed 24 h after initial treatment begins. 

SEAP activity was assayed with FDP, and reaction progress curves are shown. B 

Endpoints of SEAP activity assays are plotted with error bars indicating the standard 

deviation of the mean. Treatment groups were reproduced in triplicate (n=3. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 24 

A 
 

 

 

 

 

 

 

 

 

 

B  

   
   

   
   

 F
lu

or
es

ce
nc

e 
(R

FU
 x

 1
08

, λ
ex

/λ
em

 =
 4

83
/5

30
) 

Fl
uo

re
sc

en
ce

 (R
FU

 x
 1

08
, λ

ex
/λ

em
 =

 4
83

/5
30

) 

      0 

    1 

    2 

    3 

 0 

1 

2 

3 



 25 

produced detectable signal, DMXAA was plausible positive control ligand for our 

workflow. 

We next sought to study the photochemical stability of DMXAA under conditions 

of photocleavage. Micrographs suggested that DMXAA crystallized upon UV irradiation 

(360 nm, 1 h) in both cell culture and in blank media (Fig 9A). LCMS analysis of DMXAA 

standard and DMXAA in media without UV treatment yielded the same extracted ion 

chromatogram (XIC) profile and UV absorbance (283 m/z, 243 nm), but LCMS analysis 

of DMXAA in media with subsequent UV irradiation (360 nm) revealed the presence of a 

new species with m/z = 239, but otherwise identical 243 nm absorbance maximum (Fig 

9B). 

The LCMS analysis of the UV-irradiated DMXAA sample strongly suggested that 

a photochemical reaction occurred. The most parsimonious explanation of the -44 m/z 

shift is photochemical decarboxylation. The photoproduct appeared to be insoluble, 

also in agreement with a decarboxylation, which would yield a much less water-soluble 

product. Finally, the xanthone chromophore would have remained intact, preserving 

UV absorbance. Prior structure-activity relationship studies43 showed that the 

carboxylic acid is needed to bind and activate STING, therefore these results 

suggested that DMXAA would likely be unusable as our positive control agonist. 

We next turned to SR-71744 as a possible agonist. Signaling was not observed 

using the hSTING A162 cell line, so another STING isoform with the wild-type hSTING 

R232 was used45. Cell signaling after SR-717 pulse dose treatments (100 µM) for 

several different times (20 min, 1 h, 2 h, 24 h) was compared (Fig 10A), normalizing to  
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Figure 9. DMXAA photochemistry 

A DMXAA (100 µM) was added to HEK293 cell culture and blank media in 24-well 

plates and treated with UV irradiation (365 nm) for 1 h. After UV irradiation of DMXAA in 

both cell culture and blank media, black crystals were observed in brightfield 

microscopy micrographs. B LC-MS analysis was conducted on the DMXAA stock and 

on DMXAA solutions in media with and without UV irradiation. Extracted ion 

chromatograms (XIC) and absorbance detection (243 nm) were used to monitor eluent. 
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Figure 10. SR-717-induced cell signaling 

hSTING R232 cells were treated with SR-717 (100 µM) for varying times to simulate 

photodosing conditions. A Cells were treated with SR-717 for 1 h, 2 h, and 24 h and 

media was collected and assayed 24 h after initial treatment begins. SEAP activity was 

assayed with FDP, and reaction progress curves are shown. B Endpoints of SEAP 

activity assays are plotted with error bars indicating the standard deviation of the 

mean. Treatment groups are reproduced in triplicate (n=3). 
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signaling observed after 24 h SR-717 treatment. SR-717 treatment for 1 h produced 

20% cell signal, treatment for 2 h produced 31% cell signal, and treatment for 20 min 

produced no detectable signal (Fig 10B). 

SR-717 was an attractive option for our positive control agonist. It would be 

easily synthesized as a DEL-like compound using commercially available Fmoc-

protected amino acid and carboxylic acid building blocks. Importantly, SR-717 is a 

human (not murine) STING agonist, allowing the use of the human STING target for 

screening. Also, given its structure, it would be unlikely to undergo spurious 

photochemistry. However, SR-717 was not a robust agonist. Higher concentrations of 

SR-717 and longer treatment times (1 h) were required to detect STING signaling. With 

no detectable signal at 20 min treatment, this agonist would have made microcarrier 

dosing experiments more difficult. Thus, SR-717 was not an ideal candidate for our 

tool compound although it will make an excellent positive control in a first DEL and 

generally serves as good inspiration for DEL design. 

We finally examined MSA-246 as a potential positive control agonist. MSA-2 

treatment at 10 and 30 µM for 24 h produced comparable, high levels of SEAP signal 

(Fig 11A) compared to 100 µM MSA-2 treatment for 24 h. Treatment with 10 µM MSA-

2 produced 100% cell signal, and 30 µM MSA-2 treatment produced 108% cell signal 

(Fig 11B). 

We also explored pulsed MSA-2 dosing to simulate DEL photocleavage-based 

dosing as described previously. MSA-2 treatment (100 µM, 20 min) produced 

comparable cell signal to treatment for 24 h (Fig 12A). Treatment for 1 and 2 h 

produced a higher signal than treatment for 24 h. Cell signaling from MSA-2 treatment  
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Figure 11. MSA-2-induced cell signaling at varying 

concentrations 

hSTING R232 cells were treated with MSA-2 for 24 h at varying concentrations to 

determine efficacy of compound in signaling induction. A Cells were treated with 10, 

30, and 100 µM MSA-2 for 24 h and media is collected and assayed 24 h after initial 

treatment begins. SEAP activity was assayed with FDP, and reaction progress curves 

are shown. B Endpoints of SEAP activity assays are plotted with error bars indicating 

the standard deviation of the mean. Treatment groups are reproduced in triplicate 

(n=3). 
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Figure 12. MSA-2-induced cell signaling at varying 

treatment times 

hSTING R232 cells were treated with MSA-2 (100 µM) for varying times to simulate 

photodosing conditions. Transient stimulation (20 min) with MSA-2 induces robust 

STING signaling. A Cells were treated with 100 µM MSA-2 for 20 min, 1 h, 2 h, and 24 

h and media was collected and assayed 24 h after initial treatment begins. SEAP 

activity was assayed with FDP, and reaction progress curves are shown. B Endpoints 

of SEAP activity assays are plotted with error bars indicating the standard deviation of 

the mean. Treatment groups are reproduced in triplicate (n=3). 
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for 20 min was 77% of the signal seen with 24 h dosing, and cell signal from treatment 

for 1 and 2 h was 115 and 129% of the signal from treatment for 24 h, respectively (Fig 

12B). 

MSA-2 potently agonized STING in both dose-escalation and pulsed dosing 

experiments. MSA-2 treatment produced strong signal even at shorter treatment times 

and at lower concentration, ideal pharmacological properties for our proposed 

workflow. Like DMXAA and SR-717, MSA-2 also contains a carboxylic acid, making it 

very straightforward to prepare photocleavable MSA-2 beads. MSA-2 was ultimately 

found to be the best tool compound to progress into photodosing studies on 

microcarriers. Moving forward, we must test MSA-2 for photostability. It is possible 

that its structure will also absorb UV, though the ethyl linker makes decarboxylation 

unlikely. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 36 

Assessing Cell Viability from Photocleavage Conditions 

Cell viability in compound photocleavage conditions is an important 

consideration for our workflow. We intend to grow cells on microcarriers that also 

display photocleavable tool compound, which will be liberated using UV light to 

stimulate the cells on the microcarrier. UV exposure can be cytotoxic depending on 

wavelength and exposure time47. Thus, we set out to explore these parameters in the 

context of cell viability assays. 

We first investigated whether irradiation using our UV source, Analytik Jena’s 

UVP crosslinker oven (365 nm), would elicit a cytotoxic response. Cells were irradiated 

for 20 min and 1 h. Live cells were stained with Calcein AM, dead cells were stained 

with Live-or-Dye, and populations were quantified via flow cytometry. Treatment for 1 h 

in the oven completely compromised cell viability, while treatment for 20 min reduced 

viability 50% compared to the live cell control (Fig 13). 

We further investigated whether the cytotoxic response was related to 

irradiation or heating. Encasing the cells in foil before UV exposure preserved 100% 

viability compared to that of control live cells (Fig 14A). Placing the cells on ice during 

UV exposure nearly completely compromised viability compared to that of control live 

cells (Fig 14B). Quantitatively, cells protected with foil during UV irradiation were as 

viable as control live cells, and cells placed on ice during irradiation were almost 

completely nonviable compared to control live cells. 

UV irradiation using our crosslinking oven adversely affected cell viability. 

Covering the cells in foil during UV exposure protects against cytotoxicity entirely, 

although the results are confounded for our investigation of whether cytotoxicity was  
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Figure 13. Cell viability assays of 365-nm UV 

irradiation 

Cell viability was assayed with Live-or-Dye fixable viability stain after 1-h treatment in 

365 nm UV oven. A The UV source was a UV oven from Analytik Jena: UVP Crosslinker 

CL - 1000L 365 nm. B Cells cultured in a 6-well plate were treated with UV irradiation 

for 20 min and 1 h or left outside the incubator at room temperature for 1 h. Cells were 

stained with Live-or-Dye 24 h after treatment and analyzed by flow cytometry. 

Percentage of viable cells compared to the live cell control are plotted with error bars 

indicating the standard deviation of the mean. Treatment groups are reproduced in 

duplicate (n=2). 

 

 

 

 

 

 

 

 

 

 

 

 



 38 

A 

 

 

 

 

 

 

 

B 

 



 39 

Figure 14. Cell viability of various UV oven 

photocleavage conditions 

Cell viability was assayed with Live-or-Dye fixable viability stain after 1-h treatment in 

365 nm UV oven with foil coverage or ice treatment to assess whether heat from UV 

oven or UV exposure led to cytotoxicity. A Cells cultured in a 6-well plate were 

wrapped in foil and treated with UV irradiation for 1 h. Cells were stained with Live-or-

Dye 24 h after treatment and analyzed by flow cytometry. Percentage of viable cells 

compared to the live cell control are plotted with error bars indicating the standard 

deviation of the mean. Treatment groups are reproduced in duplicate (n=2). B Cells 

cultured in a 6-well plate were placed on ice and treated with UV irradiation for 1 h. 

Cells were stained with Live-or-Dye 24 h after treatment and analyzed by flow 

cytometry. Percentage of viable cells compared to the live cell control are plotted with 

error bars indicating the standard deviation of the mean. Treatment groups are 

reproduced in duplicate (n=2). 
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due to irradiation or heating because foil both blocks UV and acts as a heat sink. 

However, placing the cells on ice to moderate the temperature during irradiation was 

not protective against cytotoxicity. Thus, we concluded that UV irradiation was 

responsible for cytotoxicity, not heating. 

We next investigated higher wavelength sources of irradiation, suspecting this 

might preserve cell viability. Commercial UV LED light strips (385-400 nm) were placed 

in the incubator (Fig 15A). Cell viability after LED irradiation for 1 h was 95% of control 

live cell viability, whereas viability after 365 nm irradiation was 20% of control live cell 

viability (Fig 15b). LED irradiation did not significantly affect viability compared to that 

of live cell controls. 

To validate the UV-LED photocleavage condition, we generated photocleavable 

MSA-2 microcarriers and tested whether HEK293 hSTING R232 dual reporter cells 

signaled in response to photocleaved MSA-2. Cells were grown on the PC-MSA-2 

microcarriers and exposed to UV LED treatment for 1 hour, and media was collected 

and assayed 24 h later for SEAP activity. There was robust cell signal from the UV-

treated photocleavable compound group, comparable to the signal from the positive 

control, and no cell signal was observed in the non-UV-treated group (Fig 16A). Signal 

from the PC-MSA-2 group with UV exposure was 75% of the signal from the positive 

control (Fig 16B). 

These experiments demonstrated the feasibility of using a photocleaved STING 

agonist to induce signaling in cells growing on agonist-displaying microcarriers. 

Importantly, the compound remained stable on the photolinker and did not induce cell 

signaling without photocleavage. Furthermore, expanding on earlier findings, cells grew  
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Figure 15. Cell viability assays of UV-LED exposure 

Cell viability assayed with Live-or-Dye fixable viability stain after 1 h treatment with 390 

nm UV LED strips. A The UV source was UV-LED strips from Ciyoyo, model LED02, 

36W 385-400 nm. B Cells cultured in a 6-well plate were wrapped in UV-LED strips 

and treated with UV irradiation for 1 h. Cells were stained with Live-or-Dye 24 h after 

treatment and analyzed by flow cytometry. Percentage of viable cells compared to the 

live cell control are plotted with error bars indicating the standard deviation of the 

mean. Treatment groups are reproduced in duplicate (n=2). 
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Figure 16. Cell signaling from photodosed PC-MSA-2 

beads 

UV LED irradiation of PC-MSA-2 tool beads induces signaling in HEK293 hSTING R232 

reporter cells. A Cells grown on PC-MSA-2 beads were treated with UV-LED irradiation 

for 1 h. Media was collected and assayed 24 h after initial treatment begins. SEAP 

activity was assayed with FDP, and reaction progress curves are shown. B Endpoints 

of SEAP activity assays are plotted with error bars indicating the standard deviation of 

the mean. Treatment groups are reproduced in triplicate (n=3). 
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and signaled properly when grown on chemically functionalized microcarrier beads. 

These studies do not yet confirm that MSA-2 liberated from a microcarrier bead only 

induced signaling in cells attached to the same microcarrier. Those critical experiments 

require an IRF3-inducible reporter line compatible with our reporter capture strategy. 

Viability studies of photocleavage conditions highlighted the numerous 

obstacles to adapting the solid-phase DEL screening to cells. We were able to 

preserve HEK293 cell viability and maintain compound photorelease efficacy using a 

different UV source. More sensitive cell lines may require greater care. We set up the 

UV LEDs in an incubator, allowing controlled temperature and CO₂ levels. Additional 

experiments are now necessary to determine the generality of this approach for other 

adherent cell lines and whether non-adherent cell types can be used. 
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Engineering Secreted Protein Reporter Lines with CRISPR/Cas9 

With the proof-of-concept assays complete, we turned to evaluating reporter 

detection in our platform. Our original workflow involved immobilizing SEAP substrates 

in the hydrogel microcarriers. We considered engineering an affinity-tagged SEAP 

reporter cell line, but the difficulties of capturing the FDP substrate prompted 

exploration of alternative approaches. We adapted the proposed workflow by shifting 

from an enzymatic reporter to a secreted fluorescent protein reporter. In the revised 

workflow, a cell line would be engineered to secrete a HaloTag-labeled GFP (GFP-

Halo48) and this line would be cultured on photocleavable tool bead microcarriers 

displaying the cognate ligand of HaloTag (Fig 17). UV irradiation would liberate the tool 

compound and induce cell signaling in the form of GFP-Halo secretion, and the 

secreted reporters would be covalently captured, labeling the microcarrier as a positive 

“hit” that is sortable by FACS. 

We first engineered the required constitutive secreted GFP-Halo reporter cells. 

The constitutive expression cassette structure for stable cell line generation included 

several key elements (Fig 18). The chromatin insulator prevents transcriptional 

silencing of the vector, and the CAG promoter induces strong, constitutive 

expression49. The WPRE element increases vector expression, and the P2A peptide is 

a cleavage site that liberates the antibiotic resistance marker from the secreted protein. 

The cassette is designed to be inserted via CRISPR/Cas9 genome editing50 into the 

AAVS1 “safe harbor” locus, a region in the human genome where edits do not affect 

normal gene expression51. 
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Figure 17. GFP-Halo reporter workflow 

Proposed cellular DEL screening workflow. Engineered GFP-Halo secreting reporter 

cells will be grown on tool bead microcarriers encasing the photocleavable compound. 

Photodosing will result in liberation of the bead compound and induction of cell 

signaling in the form of reporter secretion. Microcarriers will be functionalized with 

HaloTag ligand for covalent capture of secreted GFP-Halo protein. Positive “hit” 

microcarriers will fluoresce green, becoming sortable by FACS. 
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Figure 18. Stable cell line reporter expression cassette 

Constitutive expression cassette structure for stable cell line generation. Elements 

include chromatin insulator, CAG promoter, WPRE element, and P2A peptide. The 

cassette is inserted into the AAVS1 “safe harbor” locus. 
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Reporter: GFP-Halo or sfCherry-Halo 
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We generated a GFP-Halo secreted reporter cell line using HEK293T and HeLa 

cells. In confocal fluorescence microscopy imaging analysis of the stably transfected 

HEK293T cells constitutively expressing secreted GFP-Halo, nearly all the cells were 

fluorescent (Fig 19A). Media fluorescence of the secreted GFP-Halo HEK293T cell lines 

after two days of culture was 22 times higher than the background media fluorescence 

of wild-type HEK293T cells (Fig 19B). When the fluorescence signal of the engineered 

secreted GFP-Halo cell lines was quantified by flow cytometry, both the HEK293T and 

HeLa cell lines have a 100-fold higher fluorescence signal than wild-type HEK293T 

cells (Fig 19C). 

Microscopy, flow cytometry, and media fluorimetry data collectively supported 

the conclusion that HEK293T and HeLa cells were successfully transformed with the 

secreted GFP-Halo. The high fluorescence of engineered cells in confocal microscopy 

images indicated strong GFP protein expression. Flow cytometry data corroborated 

that conclusion. Finally, the much higher fluorescence of media from engineered cells 

compared to that of media from wild-type cells indicated that GFP was efficiently 

secreted from the cell into the media surroundings. The analyses did not include an 

assay of HaloTag function, but the data collectively indicated successful generation of 

the desired new reporter lines. 

We also generated a second color reporter comprising an sfCherry-Halo cell line 

in HEK293T cells using CRISPR/Cas9. The engineered HEK293T cells were highly 

fluorescent in confocal fluorescence microscopy imaging analysis (Fig 20A). Media 

fluorescence after two days of culture was 25 times higher than the background media 

fluorescence of wild-type HEK293T cells (Fig 20C). The secreted Cherry-Halo  
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Figure 19. Constitutive GFP reporter 

A Constitutive GFP reporter line was imaged with the Leica Stellaris 8 confocal 

microscope. B Media fluorescence was measured after 2 day culture for both 

transfected and wild-type cells. C Transfected and wild-type cells were analyzed by 

flow cytometry. 
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Figure 20. Constitutive sfCherry reporter 

A Constitutive sfCherry reporter line imaged with the Leica Stellaris 8 confocal 

microscope. B Media fluorescence was measured after 2 day culture for both 

transfected and wild-type cells. C Transfected and wild-type cells were analyzed by 

flow cytometry. 
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HEK293T cell line fluorescence signal was 100-fold higher than wild-type HEK293T cell 

fluorescence by flow cytometry (Fig 20B). The engineered cells lines differed from wild-

type in that they were more fluorescent under confocal microscopy and flow 

cytometry, correlating with media fluorescence measurements. 

Multiple analytical approaches collectively substantiated the successful 

generation of a second color reporter line. Media fluorimetry, flow cytometry, and 

microscopy data all agreed. The Cherry-Halo cell line was significantly more 

fluorescent than wild-type cells in all analyses. Furthermore, the red-shifted Cherry 

fluorescence is potentially advantageous moving forward with cellular assay design. 

Background media fluorescence and microcarrier bead autofluorescence was generally 

lower at the Cherry emission wavelength. Like the GFP-Halo line analysis, HaloTag 

function must still be confirmed. 

The importance of having GFP-Halo and Cherry-Halo as dual reporters stems 

from needing to verify that there is no crosstalk between cells on different 

microcarriers. Ideally, after compound photorelease from the microcarriers that the 

cells are grown on, the compound would only stimulate cells that are on the immediate 

microcarrier and not cells on neighboring microcarriers. Furthermore, once cells 

secrete reporter protein, it is important that only the microcarrier they are grown on 

captures the reporter, and not neighboring microcarriers. If substantial signaling is 

observed on beads that do not display the photocleavable control compound, this 

would result in false positive “hits” in our DEL compound screen. With these 

engineered dual reporter cell lines, the stage is set to determine whether cells are only 

induced by compound released from and secreting reporter that is only captured by 
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the compound-displaying microcarrier on which they grow. 
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Conclusion: The Future of Cellular DNA-Encoded Library Screening Platforms 

            We have laid the groundwork for cellular DEL-based screening. We showed 

that cells grown on microcarriers were viable qualitatively and quantitatively and 

produced detectable signal. We found a robust positive control agonist with which 

novel compound hits will be compared. We demonstrated that UV irradiation at 365 nm 

was cytotoxic, but photodosing at 385-400 nm was amenable to cell viability and 

compound photorelease to induce cell signaling. Finally, we engineered a cell reporter 

whose readout would be more amenable to high-throughput screening. Moving 

forward, HaloTag function must be confirmed. From there, the constitutively 

expressing lines will be used to confirm that a secreted, affinity-tagged reporter can be 

captured on a ligand-functionalizing microcarrier. Finally, inducible lines must be 

generated to complete proof-of-concept studies. These critical experiments will 

collectively establish the feasibility of measuring cellular signaling induced by a DEL 

member and detectable as selective host microcarrier labeling in flow cytometry. In so 

doing, we will have rendered DEL technology compatible with conventional cellular 

assays in a format that is highly accessible to most drug discovery groups. 
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