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a b s t r a c t 

The solid tumor microenvironment (TME) suppresses immune responses. Three alterations in the TME converge 

on a pathway triggered by elevated cyclic AMP (cAMP) that suppresses T cell receptor (TCR) signaling. We devel- 

oped a phenotypic assay to screen for small molecules that interfere with this pathway using TALL-104 human 

leukemic cytotoxic T lymphocytes pretreated with prostaglandin E2 to elevate cAMP. Beads coated with anti- 

CD3 antibodies stimulate lytic granule exocytosis, which is detected via binding of an antibody against lysosome 

associated membrane protein 1 (LAMP-1) measured with flow cytometry. Confirming that the assay can find 

compounds with desired activity, treating cells with a phorbol ester restores exocytosis. The assay behaves well 

in 96-well format and we screened a collection of compounds expected to have effects on epigenetic regulatory 

proteins. Compounds in this collection affected lytic granule exocytosis after 24-hour treatment, but none pre- 

vented cAMP from suppressing lytic granule exocytosis. We used a fully automated 384-well version of the assay 

to screen the Prestwick Compound Library but obtained no confirmed hits. Analyzing this assay’s performance re- 

veals two points of interest. First, cytometry offers multiple ways to quantify signals. Z’ was higher using percent 

positive cells than mean fluorescence because the relationship between the two measures saturates, but using 

percent positive could make it harder to find hits in some assays. Second, variance was higher in positive con- 

trols than in negative controls in this assay, which degrades assay performance less than if variance was higher 

in negative controls. 

Introduction 

Solid tumors create an environment that suppresses anti-tumor im- 

mune responses (see [ 1 , 2 ] for reviews). Overcoming this will be vital for 

future advances in cancer treatments. Three major immune-suppressing 

factors generated in the tumor environment- PGE 2 [3] , adenosine [ 4 , 5 ] 

and tumor associated regulatory T cells (T regs ) [ 6,7 ] act at least in part 

by increasing intracellular cAMP in effector T (T eff) and natural killer 

(NK) cells, triggering an intracellular signaling cascade that suppresses 

their tumoricidal activity. PGE2 is produced as a result of COX2 activity 

upregulated in multiple cell types, including tumor cells themselves, fi- 

broblasts, epithelial cells and infiltrating lymphocytes, including T regs 
8 . 

Extracellular ATP released into the tumor milieu is converted to adeno- 

sine by CD39 and CD73, which are expressed together or singly on tumor 

cells, fibroblasts, and T cells, including T regs , and mesenchymal stem 
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cells [ 4 , 9 ] T regs are present in the tumor microenvironment in large 

numbers as a result of chemokines, cytokines and PGE2 [ 6 , 7 ]. PGE2 

and adenosine can then activate EP2 and EP4 or A2 G-protein coupled 

receptors, respectively, stimulating adenylyl cyclase (AC) in T eff cells, 

while T regs can directly transfer cAMP into the cytoplasm of T eff cells via 

gap junctions [6] . Each of the steps described represents a point of in- 

tervention that could be exploited to block immunosuppression [ 5 , 7 , 8 ]. 

A problem, though, is that blocking any one of them would spare the 

others, so function would still be suppressed. 

Once elevated in T eff cells, cAMP activates cAMP-dependent pro- 

tein kinase (PKA), which in turn phosphorylates and activates csk, a 

tyrosine kinase with homology to src-dependent protein kinases (We- 

hbi and Taskén, 2016). Csk binds to a number of scaffold proteins that 

reside in lipid rafts in a complex and dynamic fashion. Upon phospho- 

rylation by PKA, csk interactions with scaffolds are weakened, and it 
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binds to and phosphorylates the src-family tyrosine kinase lck, inac- 

tivating it and thus inhibiting signaling mediated by T cell receptors 

(TCRs). Unlike interventions aimed at the upstream pathways, block- 

ing this effector cell-intrinsic pathway offers the possibility of disabling 

the three upstream pathways at a common point. Results in cells ex- 

pressing genetically-engineered csk mutants that can be inhibited with 

3-iodo-PP1 [11] demonstrate desired downstream effects of ablating this 

pathway pharmacologically. This provides support for the idea that tar- 

geting it with small molecules could produce useful phenotypic effects. 

Unfortunately, the components identified to date are not attractive drug 

targets. Efforts to develop selective small molecule inhibitors of PKA and 

AC have so far not been notably successful, and blocking them would 

likely have a wide range of effects on heart, brain and kidneys (see e.g. 

[12] .). Csk is very similar in sequence and structure to src kinases, so 

it is unlikely that small molecule csk inhibitors could be developed that 

do also not block T cell activation. 

Here, we describe a screen for compounds that prevent cAMP- 

mediated immunosuppression. The screen is based on TALL-104 

leukemic human T cells [13] and high throughout flow cytometry 

(HTFC) [ 14 , 15 ], a system we have used for several previous screens for 

immunomodulatory small molecules [ 16 , 17 ]. We measure lytic gran- 

ule exocytosis, which is stimulated by polystyrene beads coated with 

anti-CD3 antibodies mimicking activation through the TCR, by detecting 

binding of a fluorescently-labeled antibody against the lysosomal pro- 

tein CD107a/ LAMP-1. We treat cells so as to elevate cAMP, suppressing 

responses through the TCR and then screen for compounds that restore 

responses. We believe that, since the proteins known to be involved are 

unlikely to be good drug targets, this assay might be a good way to 

identify compounds that work by currently-unknown mechanism. 

Materials and methods 

Cells and reagents- TALL-104 cells were from the ATCC and grown 

as described previously [ 16 ]. TCS, Bw5147 cells stably transfected with 

an anti-CD3 sc-FV [ 24 ], were a gift of Dr. Peter Steinberger (Medical 

University of Vienna). Prostaglandin E2 was from Sigma. Phorbol 12- 

myristate 13-acetate (PMA) was from Alexis Biochemical. Thapsigargin 

(TG) was from adipoGEN. Anti-LAMP antibody Alexa Fluor 647 conju- 

gate was purchased in bulk from: Biolegend. CD3 and CD8 Dynabeads, 

Calcein red-orange AM, Celltrace CFSE, and DAPI were from Thermo 

Fisher. The collection of compounds purported to alter epigenetic regu- 

lation (Item #: 11,076_0446183) was from Cayman Chemical and was 

a gift from Dr. Charles Giardina, UConn Department of Molecular and 

Cell Biology. 

Flow cytometry for detection of lytic granule exocytosis and 96-well 

screening of the epigenetic compound library- Flow cytometry was used to 

measure exocytosis in TALL-104 cells. All experiments were performed 

on a BD Fortessa X20 equipped with an autosampler at the University 

of Connecticut’s COR2E Flow Cytometry Facility and analyzed using 

FlowJo Software (version 9 or 10). To assess effects of agents that el- 

evate cAMP, cells were plated at a density of 2 × 10 6 /ml in complete 

medium and pretreated with 10 μM prostaglandin E2, forskolin, 8-B- 

cAMP (all in DMSO) or vehicle alone for 30 min at 37C, then stimu- 

lated by adding anti-CD3 coated Dynabeads together with anti-LAMP 

antibody. Cells were incubated for two hours at room temperature with 

rotation prior to acquisition. Anti-CD8 coated Dynabeads were used as 

a negative control. 

A set of 80 compounds (plate 1) from the Cayman Chemical Epi- 

genetic screening library was screened for activity in three assays. 1) 

To test for effects on TCR-independent lytic granule exocytosis, TALL- 

104 cells were plated in 100 μL at a density of 2 × 10 6 /mL with 1 μL 

10 mM compound at a final concentration of 10 μM and incubated at 

37C for 24 h in a CO2 incubator. Cells were stimulated with TG and 

PMA at final concentrations of 1 μM and 50 nM, respectively, in the 

presence of anti-LAMP antibody and were incubated for 2 h. 2) To test 

for effects on TCR-dependent lytic granule exocytosis, TALL-104 cells 

were plated in 100 μL at a density of 2 × 10 6 / ml with compounds at a 

final concentration of 10 μM and incubated at 37C for 1 hour then stim- 

ulated by adding solution containing anti-CD3 coated Dynabeads, and 

anti-LAMP antibody for two hours at room temperature with rotation. 

Anti-CD8 coated Dynabeads were used as a negative control. 3) To test 

for prevention/ reversal of PGE2-mediated immunosuppression, TALL- 

104 cells were pretreated with 10 μM prostaglandin E2 for 30 min at 

37C prior to treatment as in (2) above. 

Simultaneous measurement of target cell killing and granule exocytosis- 

TALL-104 cells were incubated in culture media with calcein red-orange 

AM at a final concentration of 1 μM for 10 min and then washed. 

They were then treated with DMSO, PGE2, or PMA for 30 min. TCS 

cells were washed and resuspended in PBS at a cell concentration of 

2 × 10 6 cells/ml containing Celltrace CFSE at 1 μL/ ml. After 20 min, 

the dye was quenched with media and the cells were washed and resus- 

pended. Cells were then mixed and co-incubated for a total of 3 h. Each 

sample contained 5 × 10 4 TCS in 200 μl, with TALL-104 cells added to 

achieve the desired effector to target ratio. After two hours, labeled anti- 

LAMP antibody was added to the solution, and DAPI was added 45 min 

later. To test the ability of PMA to restore responses, 50 nM PMA was 

added when the coincubation started, and the effector to target: ratio 

was 1:1. 

384-well screening of the Prestwick Compound Library- Translating this 

assay to 384-well plates required using two plates: an assay plate and 

a reagent plate. A diagram outlining the assay is shown in Fig. 1 . As- 

say plates were created first. Compounds were delivered by acoustic 

dispensing (LabCyte Echo 555; 20 nL of 10 mM stock) from library 

plates that were stored frozen. Then, 10 μL of assay medium was added 

to columns 1 and 2 using a BioTek dispenser, and 10 μl of complete 

medium + 20 μM PGE2 was added to columns 3–23. Column 24 served 

as a wash column and received 20 μl of complete medium. Plates were 

then mixed for 1 min at 1200 RPM. Ficoll-purified TALL-104 cells were 

resuspended to 2 × 10 6 /ml in complete medium. Then, using the BioTek 

dispenser, cells were added to columns 1–23 (5 μL/well at a starting 

density of 2 × 10 6 /ml) resulting in a final concentration of 10,000 

cells/well. Reagent plates were created while cells were incubating with 

compounds and PGE2. The required volume of anti-CD3 or anti-CD8 

Dynabeads was washed twice with buffer (3 min, 2500 RPM using 

normal Ringers). Once beads were washed, they were resuspended to 

4.8 × 10 6 /ml in normal Ringer’s that also contained a 1/80 dilution of 

Alexa Fluor 647-labeled anti-LAMP-1 antibody stock and dispensed us- 

ing the BioTek dispenser. For the 4 plate test of the Prestwick Chemical 

Library, the reagent plate contained 16 μL of beads with 2 μL excess left 

as dead volume. An Agilent Biocel was then used to transfer 4 μl from 

wells of the reagent plate to each assay plate well to mix beads and 

antibody with dispensed cells. The final assay wells contained 10,000 

cells at 0.5 × 10 6 /ml, compounds at a final concentration of 12.5 μM, 

PGE2 at a final concentration of 13.3 μM and total DMSO at ∼0.12%. 

Covered plates were incubated and protected from light for 4 h at 20 

C. Assay wells were sampled with a Gilson peristaltic pump and GX274 

sampler. Approximately 1.5 μL was collected from each well. This re- 

sulted in acquisition (from Plate 1 of the run) of 2415 + /- 1033 (mean 

+ /- SD) total events, of which 1029 + /- 455 were single cells bound to 

a single bead. Data were acquired with either a Beckman Coulter Cyan 

Adap or BD Accuri cytometer as a single file that was then parsed into 

the corresponding 368 sampled wells using HyperSip and HyperView 

software, which identifies individual sample wells, tabulates cytometric 

data, and merges chemical library files with cytometer-derived fluores- 

cence values. 

Analysis of assay performance- Assay performance was simulated es- 

sentially as described previously [18] using R software [19] . R.app GUI 

1.77 (7985 High Sierra build) was used. For these simulations, the com- 

pound collection was assumed to contain 200,000 compounds. 99,900 

were completely inactive, 100,000 were exponentially distributed from 

no activity to completely active (activity = 100), and two additional 

compounds (100 total) were added to each activity level bin from 51 
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Fig. 1. Schematic illustrating HTS of Prestwick 

compound library in 384-well plates. The reagent 

plate contains LAMP1 antibody as well as anti- 

CD3 and anti-CD8 beads. This plate is transferred 

to the assay plate, which contains TALL-104 cells 

treated or untreated with PGE2, and the compound 

library. The final assay plate is incubated for 4 h 

at RT before analyzed using high-throughput flow 

cytometry. This figure was created with Bioren- 

der.com. 

to 100. 788 virtual compounds had activity > 50%. Simulations were 

averaged 10 times to smooth the results. 

Results 

Increasing cAMP inhibits TCR-stimulated lytic granule exocytosis in 

TALL-104 human leukemic CTLs- TALL-104 cells release lytic granules 

in response to beads coated with anti-CD3 antibodies, which can be de- 

tected by increased binding to cells of fluorescently-labeled antibodies 

against LAMP-1/ CD107a [20] . We reasoned that if responses were to be 

inhibited by treatments that elevate cAMP, this could serve as the basis 

for a phenotypic screen for compounds that reverse cAMP-mediated im- 

munosuppression. We tested the effects of several agents expected to ele- 

vate cAMP, including the membrane permeant cAMP analog 8-Br-cAMP 

[21] , forskolin [22] and prostaglandin E2 (PGE2) [23] , on exocytosis. 

All substantially reduced responses ( Fig. 2 A). PGE2 produced the most 

robust suppression, which we thought would be important for obtain- 

ing well-separated responses in screening. The two relevant PGE2 re- 

ceptor isoforms expressed on lymphocytes are the prostanoid receptors 

EP2 and EP4, and we detected expression of both proteins in TALL-104 

cells using immunocytochemistry ( Fig. 2 B). We confirmed that treating 

TALL-104 cells with PGE2 results in elevated intracellular cAMP using 

a luminescence-based detection kit (Supplemental Figure 1). Consistent 

with the effects on exocytosis, the increase in cAMP stimulated by PGE2 

was larger than that triggered by forskolin. Immunoblotting could have 

provided additional evidence for EP2/ EP4 receptors. However, since 1) 

PGE2’s only known actions are mediated by cAMP, 2) PGE2 potently el- 

evates cAMP in TALL-104 cells and 3) PGE2 and two other cAMP elevat- 

ing treatments all inhibit lytic granule exocytosis, we believe that there 

is sufficient evidence to support using PGE2 as the most robust means of 

elevating cAMP for further experiments. To confirm that effects on lytic 

granule exocytosis are due to downregulation of TCR signaling rather 

than effects on lytic granule exocytosis itself, we assessed the effects of 

PGE2 on responses stimulated by the combination of TG + PMA, soluble 

chemicals that act downstream of the TCR to trigger granule exocytosis. 

Exocytosis was only affected by treatment of cells with PGE2 at treat- 

ment times of at least 24 h (data not shown), consistent with the that 

inhibition of TCR stimulated responses seen after 30 min pretreatment 

is due to suppression of TCR signaling. 

To test whether effects detected via decreases in anti-LAMP-1 

antibody binding are physiologically relevant, we measured effects on 

target cell killing and granule exocytosis simultaneously ( Fig. 2 C). We 

used a murine thymoma that has been engineered to express a single- 

chain anti-CD3 (scFv anti-CD3), referred to as T cell stimulators ((TCS) 

[ 24 ], as target cells in these experiments. TCS should bind to TALL-104 

cells and stimulate lytic granule exocytosis like anti-CD3 coated beads. 

We labeled TCS with the amine-reactive dye CSFE so that membrane 

permeabilization due to perforin pore formation would not result in dye 

loss, and we labeled TALL-104 cells with calcein red-orange. After coin- 

cubation for four hours we added DAPI as a means of identifying target 

cells with compromised membrane integrity, along with anti-LAMP-1 

antibody to allow measurement of TALL-104 granule exocytosis. To 

analyze responses, a very broad scatter gate was first applied to exclude 

the many small particles that are present after coincubation of the two 

cell types, as the large number of these particles (which likely represent 

debris) would compromise attempts to quantify the percentage of target 

cells that have been killed. We then applied gates based on CFSE and 

calcein red-orange fluorescence to identify TCS and TALL-104 cells, 

computed the percentage of DAPI-positive TCS to estimate target cell 

killing, and computed the percentage of anti-LAMP positive TALL-104 

cells as a measure of lytic granule exocytosis. In the absence of TALL- 

104 cells, ∼10% of TCS were DAPI + after incubation, likely reflecting 

baseline cell death. Adding increasing numbers of TALL-104 cells results 

in an increasing percentage of DAPI + TCS. At effector: target ratios 

of only 2.5:1 ∼90% of TCS were DAPI + . Furthermore, the TALL-104 

cells that were coincubated with TCS were stained with anti-LAMP-1 

antibody, as expected. When TALL-104 cells were pretreated with PGE2 

for 30 min and then coincubated with TCS in the continued presence 

of PGE2, killing was reduced by ∼50% and staining of TALL-104 cells 

with anti-LAMP antibody was also reduced. TALL-104 cells can also use 

NK receptors to trigger lytic granule exocytosis and kill NK sensitive 

targets such as K562 cells, which PGE2 suppresses as well (data not 

shown). We wanted to be certain that killing of TCS was due to the 

targeting scFv anti-CD3 acting via TCRs. We coincubated cells in the 

presence of an excess of soluble anti-CD3, which we reasoned would 

compete with the scFv anti-CD3. Both killing and granule exocytosis 

were substantially reduced in the presence of soluble anti-CD3. 

As mentioned above, we view the best use of this assay as screening 

for compounds that work by unknown mechanism rather than by in- 

hibiting any of the proteins we already know to be involved (EP2/EP4, 

AC, PKA, etc.), as these are unlikely to be suitable targets due to their 

broad expression and involvement in multiple fundamental processes. 

To make sure that restoring responses in PGE2-treated cells is possible, 

we reasoned that PMA, which does not cause exocytosis in TALL-104 

cells on its own, might synergize with residual signaling through the 

TCR as was shown to be the case for ingenol, another PKC-activating 

compound, in T cell exhaustion [25] . We first tested this idea using anti 

CD3-bead stimulation. In four independent experiments, we observed a 

near-doubling of responses from the PGE2- suppressed level when cells 

were also treated with PMA (data not shown). We then examined PMA’s 

effects using our method for monitoring killing and exocytosis at the 

same time (data for lytic granule exocytosis are shown in Fig. 2 D). Al- 

though PGE2-inhibited lytic granule exocytosis was enhanced by PMA 

as expected based on the results with anti-CD3 beads, target cell killing 

was not restored (data not shown). 

An assay for compounds that prevent cAMP-mediated 

immunosuppression- Building on the results described above, we 

designed a straightforward 96-well plate assay for compounds that 

prevent cAMP-stimulated downregulation of T cell activation. We 

add PGE2 to DMSO- or compound-treated TALL-104 cells to elevate 
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Fig. 2. PGE2 suppresses lytic granule exocytosis and target cell killing in TALL-104 human leukemic CTLs. A) Lytic granule exocytosis in cells bound to 

anti-CD3 beads is inhibited by elevating cAMP. Histograms of anti-LAMP-1 staining for cells bound to beads coated with anti-CD8 (dashed lines) or anti-CD3 (solid 

lines) are shown for cells pretreated as indicated. B) TALL-104 cells express EP2 and EP4 receptors. (i) Cells were stained with a fluorescently-labeled anti-EP2 

monoclonal antibody (red) or not stained (blue). (ii) Cells were incubated with an anti-EP4 antibody followed by a fluorescent secondary antibody (red), stained 

with the secondary antibody alone (blue), or left unstained (green). C) Target cell killing is inhibited by PGE2. i) Plot of FS vs. SSC showing the gate that was used 

to exclude very small debris. ii-iv) Plots of DAPI vs. CFSE fluorescence when TALL-104 cells (CFSE-) were incubated with TCS (CFSE + ) at an effector: target ratio 

of 2.5:1 under the conditions indicated. v) Histograms of anti-LAMP fluorescence from the CFSE- populations (TALL-104 cells) shown in ii (red), iii (blue) and iv 

(green). vi) Percent target cell killing calculated from data like that shown in ii-iv at different effector: target ratios in the presence of DMSO (red) or 10 μM PGE2 

(blue). D) Histograms of anti-LAMP fluorescence from TALL-104 cells that were treated with and without PGE2 or PMA, mixed with TCS as in Fig. 2 C. 

cAMP, then stimulate them by adding anti-CD3 beads. We then select 

cells bound to a single bead by gating on scatter and fluorescence, 

and quantify signals using one of two metrics that are available in 

flow cytometry. The first is simply the geometric mean fluorescence 

intensity of the cells. The second is the percentage of positive cells, 

measured by setting a threshold on an unstimulated sample and then 

applying that threshold to determine the relative number of cells 

with fluorescence exceeding that value. To test whether our assay 

is robust enough for screening, we first laid out 96-well plates with 

alternating columns of DMSO- and PGE2- treated cells ( Table 1 ). In 

this experiment, DMSO serves as the positive control, generating a 

high signal, while PGE2 (dissolved in DMSO) serves as a negative 

control, giving a low signal. Z’ was routinely > 0.5 when either measure 

was used to quantify lytic granule exocytosis indicating, based on 

the criteria originally defined by Zhang et al., that the assay is in 

the category considered “excellent ” [26] . We next screened a set 

of compounds selected for putative effects on epigenetic regulatory 

mechanisms, hoping that after 24-hour treatment they might produce 

changes in global protein networks that could weaken or inactivate the 

response to cAMP, generating an increase in the anti-LAMP signal in 

PGE2-treated samples. To confirm that these compounds have relevant 

biological activities, we tested their effects in two other assays using 

TALL-104 cells. In the first, cells were stimulated with the soluble 

chemicals TG + PMA, which act downstream of the TCR ( Fig. 3 A, B), 

while in the second, cells were stimulated with anti-CD3 beads but not 

pretreated with PGE2 ( Fig. 3 C). In both assays, numerous compounds 

inhibited responses. Notably, when signals measured using percent 

positive were plotted against geometric mean fluorescence intensity, 

pronounced saturation behavior was evident in the assay conducted 

with TG + PMA. As a result, compounds that inhibited substantially 
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Table 1 

Performance of the Assay in 96-well Format. 

Negative Control Positive Control Z’ 

G.M. % Pos G.M. % Pos G.M. % Pos 

Plate 1 2687 (183) 15.3 (2.0) 14,383 (1802) 62 (4) 0.49 0.61 

Plate 2 2022 (124) 5.2 (0.8) 7813 (757) 30 (2.4) 0.54 0.61 

Plate 3 2726 (143) 2.3 (0.3) 12,085 (1277) 58 (3.7) 0.54 0.78 

Values are the mean and SD (in parenthesis) of 41 and 42 values for negative and 

positive controls, respectively, for Plate 1, and 48 values for both controls for the 

other plates. 

The phosphodiesterase inhibitor IBMX (0.5 mM) was used with PGE2 in Plate 3. 

Fig. 3. Screening a collection of compounds that affect epigenetic regulators in 96-well plates. A) Histograms of anti-LAMP fluorescence for i) unstimulated 

cells, ii) cells stimulated with TG + PMA and iii) stimulated cells treated with one of the compounds from the epigenetic regulator set. Gates used to set thresholds 

for computing percent positive cells are shown, with the percentage of cells that responded indicated. B) Plots of data from the experiment shown in (A) analyzed 

by i) computing the geometric mean fluorescence intensity or ii) computing the percent positive cells. The two measures are plotted against each other in (iii). 

Blue circles are DMSO-treated positive controls, red circles are TG + PMA stimulated negative controls and open squares are compound-treated cells, except the 

compound-containing well shown in A, which is represented by a filled square. C) Plot of percent positive cells vs. geometric mean fluorescence for cells incubated 

with the epigenetic regulator set then stimulated with anti-CD3 beads. Data are displayed as described for (B). D) As in C, except cells were treated with PGE2 after 

incubation with the epigenetic regulator compounds. 

when measured using geometric mean appeared to be considerably less 

effective when measured using percent positive. Unfortunately, none 

of the compounds tested reversed the effects of PGE2 treatment on 

lytic granule exocytosis ( Fig. 3 D), although we note that compounds 

that substantially inhibited responses stimulated by anti-CD3 beads 

might not be able to restore PGE2-inhibited responses even if they did 

interfere with cAMP’s actions. The pronounced inhibitory effects of 

compounds in this set on lytic granule exocytosis might be interesting 

to investigate further. 

A 384-well format of the assay- We next developed a 384-well for- 

mat of the assay using entirely automated cell and reagent handling 

and used it to screen the Prestwick Compound Library ( Fig. 4 ). We were 

able to perform a single successful run of the Prestwick Compound Li- 

brary, which we analyzed to gain insights into assay performance. When 

we analyzed data by computing the geometric mean of the anti-LAMP 

fluorescence intensity, after excluding outliers Z’ for the four plates was 

0.3, 0.5, 0.0 and 0.4 If all points were included Z’ computed over all four 

plates was 0, which has come to be generally regarded as inadequate to 

proceed with screening- in the terminology defined by Zhang et al. this 

would be a “yes-no ” assay. Using percent positive to quantify fluores- 

cence improved the apparent performance of the assay- the four plates 

had Z’ of 0.7, 0.8, 0.6 and 0.6, and Z’ computed over the four plates 

was 0.6 when all points were included. Plotting data for the four plates 

using the two measures against each other shows why this is the case. 

As expected from the results in Fig. 3 , the relationship between the two 

measures saturates at high signal levels. This means that variance rela- 

318 



D. Barrett, M. Wyatt, H. Bar et al. SLAS Discovery 27 (2022) 314–322 

Fig. 4. Screening the Prestwick Compound Library in 384-well plates. 

A) Data from the four plates of the collection analyzed by calculating geo- 

metric mean fluorescence intensity. Blue circles are the PGE2-treated neg- 

ative controls, red circles are the DMSO-treated positive controls and open 

squares are the compound-treated samples. B) Same as in (A), except the 

data were analyzed by setting a threshold and computing percent positive 

cells. C) Plot of the data from (A) against the data in (B). 

tive to signal amplitude in the positive control population is lower using 

percent positive compared to when geometric mean is used and since Z’ 

is directly proportional to variance the result is that Z’ is lower. Several 

compounds that appeared to enhance PGE2-stimulated responses were 

found in this single screen of PCL, but as of yet we have not had the 

opportunity to retest them to confirm their activity. Based on our previ- 

ous experience with this collection, many are likely fluorescent artifacts 

generating spurious actives. 

In the current assay, variance is higher for positive controls than 

negative controls, which is opposite to cases we previously simulated 

[18] (and likely also opposite to the case in most assays for inhibitors). 

This makes a big difference to assay performance. We recently devel- 

oped a simulation approach to assessing assay performance [18] , and 

we have applied it to the 384-well version of the assay ( Fig. 5 ). For these 

simulations, we assumed a slightly different underlying library compo- 

sition than in our previous work. The simulated collection here contains 
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Fig. 5. Analyzing the performance of the 384-well assay. A) Histogram of the assumed actual distribution of activity in the compound collection. B) Histogram 

of the apparent distribution of activity when SD in the inactive compounds is 9 and decreases linearly to a value of 3 for the most active compounds as indicated 

above the plots in this and subsequent panels. C) Histogram of apparent activity when SD is 3 in the inactive compounds and increases linearly to 9 for the most 

active. D) Plots of the total number of compounds found (blue), the number of compounds that really inhibit > 50% found (red) and the number of totally inactive 

compounds found (black dotted) as a function of apparent activity for the data in (B). E) as in (D), but for the data in (C). F) Histogram of apparent activity when 

SD is 28 for the inactive compounds and decreases linearly to 4 for the most active. G) Histogram of apparent activity when SD is 4 for the inactive compounds and 

increases linearly to 28 for the most active. H) As in (D) for the data in (F). As in (D) for the data in (G). 
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200,000 compounds. 99,900 are completely inactive (i.e. have zero ef- 

fect). 100,000 are exponentially distributed from 0 effect to completely 

(100%) effective. Finally, 2 compounds have been added to each effect 

level bin between 51 and 100. The total number of compounds > 50% 

effective in the collection was 788. Using the Z’ values and distributions 

of noise observed in the 384-well version of our assay reveals the fol- 

lowing. Using percent positive as the metric, the assay has a Z’ of ∼ 0.6. 

Whether noise is higher in the positive controls (as it is in this assay) or 

in the negative controls, performance is similar. For both, if a threshold 

of ∼50% effect is chosen, ∼1000 compounds will be selected as active, 

and ∼700 of those should really inhibit by 50% or more. However, when 

Z’ is 0, as it is if geometric mean fluorescence is used to quantify signals, 

the way in which variance changes becomes very important. An assay 

in which variance is higher in the negative control population will find 

1000 apparently active compounds at a threshold of ∼80%, but only 

200 of those will really be > 50% active. At thresholds ⟨80%, increasing 

numbers of completely inactive compounds tend to be misidentified as 

active. In contrast, when Z’ = 0 and variance is higher in the positive 

control population, the assay behaves reasonably well, and does a good 

job of finding compounds. If a threshold of ∼55% effect is chosen, 1000 

compounds will be selected, and almost 600 of them will in reality be ⟩

50% effective. 

Discussion 

We have previously developed several assays based on TALL-104 

lytic granule exocytosis, including a multiple treatment-time assay in 

which TALL-104 cells bar-coded with calcein-AM and treated with 

compounds for different times were stimulated with anti-CD3 beads 

[16] . The assay reported here was the most difficult to adapt to fully 

automated 384-well format because of the multiple combinations of 

different beads (anti-CD3 and anti-CD8) and the need to add PGE2 to 

some but not all wells. We solved this by creating a separate reagent 

plate from which aliquots of beads and antibody could be transferred 

to assay plates (see Fig. 1 ). One limitation of this approach is that cells 

are exposed to compound and PGE2 at the same time, which may not 

be optimal as pretreatment with compound prior to exposure to PGE2 

might be more likely to abrogate immunosuppression. Including treat- 

ment with compounds prior to PGE2 would complicate the assay since 

it is necessary to preincubate cells with PGE2 before adding anti-CD3 

beads to allow time for suppression, but this could likely be solved if 

necessary. Our assay is in some ways similar to that of Marro et al. [25] , 

who generated exhaustion in transgenic mouse CTLs by infecting them 

with lymphocytic choriomeningitis virus (LCMV) and then screened 

for compounds that restored expression of YFP driven by an IFN- 𝛾

promoter- in both cases, a phenotypic state of interest related to the tu- 

mor microenvironment was induced in cells in order to then screen for 

inhibitors. 

As mentioned, we believe the best use of this assay would be to try to 

identify compounds that interfere with cell-intrinsic pathways of cAMP- 

mediated immunosuppression by currently-unknown mechanism, since 

the molecules already known to participate are not particularly attrac- 

tive drug targets. To do so, it would be necessary to identify and exclude 

hits that work by blocking known targets- EP2/ EP4, G 𝛼s, adenylyl cy- 

clase, and PKA- so that these can be excluded. It is possible to test effects 

on each of these individually, but the quickest approach might be to 

measure effects on substrate phosphorylation by PKA using antibodies 

specific for phosphorylated PKA substrates, since inhibition of any one 

of the components listed would block PKA activity in response to PGE2. 

Hits could interfere with currently-unknown components of the path- 

way, including interactions that localize csk to rafts [27] and/or AKAPs 

that anchor PKA [10] ( Fig. 6 ). Protein-protein interactions are difficult 

targets, but there have been some notable successes [28] . Alternatively, 

hits could enhance residual signaling that persists after lck downregu- 

lation, as was found recently to be the case for the PKC-activating com- 

Fig. 6. Overview of potential mechanisms of hit compounds. Disruption 

of cAMP mediated immune suppression can occur through action on a num- 

ber of targets proximal to TCR signaling that are impacted by elevated cAMP. 

Compounds could reduce signals upstream of the TCR via (1) disruption of PKA 

membrane anchoring or (2) disruption of csk raft localization (raft lipids are in- 

dicated in orange). Compounds could also act downstream of the TCR to enhance 

(3) activity of PLC, (4) calcium signaling, (5) activity of PKC, or (6) activity of 

ERK. This figure was created with Biorender.com. 

pound ingenol in a model of T cell exhaustion [25] and as we showed 

for PMA in TCR-stimulated lytic granule exocytosis. In our hands, PMA 

did not restore target cell killing, likely because its actions are not cor- 

rectly spatially localized to the point of contact with the target where 

an immunological synapse is known to form. Hits that restore exocytosis 

but do not enhance target cell killing may still be of some use provided 

they restore other T cell functions like cytokine production that are also 

suppressed by cAMP in the tumor microenvironment. 

We previously investigated the significance of the commonly-used 

assay metric Z’, concluding that it did not provide a particularly useful 

descriptor of assay performance [18] . Our examination of the perfor- 

mance of the 384-well version of our assay reinforces the notion that 

assay development should not simply be a matter of seeking to maxi- 

mize Z’. First, there are multiple ways to quantify signals in flow cy- 

tometry. Computing the percentage of positive cells can yield higher Z’ 

than measuring mean fluorescence intensity because of the saturating 

relationship between the two measures. This effect is not unique to this 

assay, we have also observed it in other antibody-binding assays and in 

assays based on fluorescent protein expression (data not shown). While 

it might seem that since a measure like the percentage of positive cells 

cannot be normally distributed it would be improper to use it to com- 

pute Z’, there is in fact no real statistical grounding for Z’ so this is not 

a problem. However, the percentage of positive cells should not be the 

default way of analyzing flow cytometry screening data even though it 

can yield lower Z’. In a screen for enhancement like this one the range 

in which signals are of interest occurs on a linear portion of the relation- 

ship between percentage of positive cells and geometric mean so it is on 

balance advantageous to use percent positive. However, in a screen for 

inhibitors, apparent activity could be substantially reduced for weaker 

hits if the percentage of positive cells rather than the geometric mean is 

used (see Fig. 3 A-C) which might cause those hits to be missed. There- 

fore, the choice between geometric mean and percent positive should 

be made after careful consideration of the controls and how a possi- 

ble distribution of compounds of interest would appear relative to those 

controls. Second, the results reinforce something we noted before: as- 

says can have the same Z’ but behave very differently depending on 

how noise is distributed. Based on considerations like these, researchers 

should put less emphasis on “optimizing ” assays by simply maximiz- 

ing Z’. Our simulation approach shows that basic considerations of the 

properties of an assay can greatly alter how the assay performs at find- 

ing compounds of interest. We hope tools like our simulation approach 

can help make this kind of analysis routine. 
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