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SUMMARY

Protein- and cell-based immunotherapeutic agents
have revolutionized cancer treatment. However,
small-molecule immunomodulators with favorable
pharmacological properties for reaching intracellular
targets remain to be developed. To explore the vast
chemical space, a robust method that recapitulates
the complex cancer-immune microenvironment in a
high-throughput format is essential. To address this
critical gap, we developed a high-throughput immu-
nomodulator phenotypic screening platform, HTiP,
which integrates the immune and cancer cell co-cul-
ture system with imaging- and biochemical-based
multiplexed readouts. Using the HTiP platform, we
have demonstrated its capability in modeling an
oncogenic KRAS mutation-driven immunosuppres-
sive phenotype. From a bioactive chemical library,
multiple structurally distinct compounds were identi-
fied, all of which target the same class of proteins,
inhibitor of apoptosis protein (IAP). IAP has demon-
strated roles in cancer immunity. Identification of
IAP antagonists as potent anti-tumor immune en-
hancers provides strong validating evidence for the
use of the HTiP platform to discover small-molecule
immunomodulators.

INTRODUCTION

Protein- and cell-based cancer immunotherapy has led to a

paradigm shift in cancer treatment through modulating the im-

mune system using immune checkpoint blocking antibodies

and engineered chimeric antigen receptor T cells (Fesnak

et al., 2016; Postow et al., 2015). Despite the clinical success

of current immunotherapies for some cancers, the limitations

of these therapies have come to light, such as the emerging

clinical observation of limited response, the enormous eco-

nomic burden of production and delivery, the complexity of

pharmacokinetics, and the potential safety issue of immuno-
Cell Chem
genicity (Chames et al., 2009; Fesnak et al., 2016; Sadelain

et al., 2017).

To complement and potentially synergize with the immuno-

therapeutic antibodies and engineered immune cells, alternative

therapeutic agents such as small-molecule immunomodulators

remain to be developed (Dhanak et al., 2017). Small molecules

offer a number of advantages, including improved bioavailability,

enhanced tissue penetration, and the capability to reach intra-

cellular targets of both immune and cancer cells. Moreover,

small molecules could also serve as chemical probes for inves-

tigating mechanisms involved in anti-tumor immunity. Although

there is an emerging effort in target-based screenings to identify

small molecules that modulate a specific protein target (Dhanak

et al., 2017; Huxley et al., 2004; Skalniak et al., 2017), phenotypic

screenings reflecting the complex immune response network for

large-scale high-throughput small-molecule immunomodulator

discovery are highly challenging and remain to be established.

To address this critical gap in chemical immunomodulator dis-

covery, we report a high-throughput immunomodulator pheno-

typic screening platform, HTiP, which integrates an immune

and cancer cell co-culture system with imaging- and cell

viability-based multiplexed readouts in a miniaturized format.

As a proof of concept, we screened a focused chemical library

of clinical and pre-clinical bioactive compounds and identified

a group of inhibitor of apoptosis protein (IAP) antagonists as

potent inducers of anti-tumor immunity that selectively suppress

the growth of cancer cells with an oncogenic KRAS mutation.

RESULTS

Design and Development of the HTiP Screening
Platform
To accelerate the discovery of small-molecule immunomodula-

tors, a sensitive and scalable high-throughput technology plat-

form that models the tumor microenvironment with human

immune components in a high-density plate format is essential.

Toward the goal of modeling the human cancer-immune interac-

tions for high-throughput screening, we examined the feasibility

of an in vitro co-culture system with both immune and cancer

cells and tested it in a miniaturized 384-well plate format (Fig-

ure 1A). The co-culture system consists of label-free native hu-

man peripheral blood mononuclear cells (PBMCs) and cancer
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cells with oncogenic alterations. Human PBMCs containing a

mixture of lymphocytes, monocytes, and dendritic cells were

used to recapitulate the complexity of the immune system. The

growth phenotype of cancer cells was monitored by an imaging

system based on their differential sizes (Figure 1B). For the same

well, cell viability was measured using a biochemical readout of

the fluorescence intensity of resofurin produced in viable cells

(Figure 1C). These dual readouts from the same well provide

orthogonal cancer cell growth status that is designed to help

triage potential false positives due to intrinsic artifacts of each

method. For example, the artifacts from uneven cell distribution

or clustering-induced biased image acquisition, and shade-off

and halo-hindered automated phase-contrast image segmenta-

tion, and fluorescent compound interference may lead to false

discovery for image-based high-content and fluorescence-

based high-throughput screenings, respectively. The simplicity

and dual readouts of the design enable the screening of large

chemical libraries to identify compounds that stimulate or poten-

tiate immune cells to attack cancer cells (Figure 1D).

The HTiP Platform Captures the Oncogenic KRAS-
Induced Immune Suppression Phenotype
To examine whether the in vitro co-culture system canmodel the

in vivo cancer immune surveillance mechanism, we first tested

its capability to capture oncogene-induced immunosuppressive

phenotypes. As a proof of principle, we selected cancer cell lines

with an engineered KRAS G12V mutation to examine their

growth phenotype under immune surveillance conditions using

the in vitro co-culture system. Cancer cells carrying KRASmuta-

tions have been reported to exert an immunosuppression

phenotype via various molecular mechanisms (Chen et al.,

2017; Kortlever et al., 2017; Zdanov et al., 2016).

Three pairs of isogenic cell lines, parental SW48, LIM1215, and

NCI-H838 cells with KRASwild-type (WT), and their correspond-

ing genetically engineered KRAS G12V knockin cells with

defined and matched genetic backgrounds, were subjected to

the test. Native non-labeled human PBMCs were added to

reconstitute the immune component, and the growth pheno-

types of cancer cells were monitored. With the increasing num-

ber of immune cells, a dose-dependent PBMC-induced growth

inhibition of KRAS WT cells was observed, whereas the effect

was significantly attenuated in cells with KRAS G12V (Figures

1E and 1F), capturing the reported immunosuppressive pheno-

type of cancer cells with a KRAS mutation. In agreement with

the image-based cell proliferation readout, the biochemical-

based orthogonal cell viability measurement showed signifi-

cantly more viable cells with G12V than with the WT KRAS with

the same PBMC treatment (Figures 1E and 1F). These results
Figure 1. Development of Phenotypic Small-Molecule Immunomodula

(A) The 384-well plate-based immune and cancer cell co-culture system to mod

(B) Image-based readout for monitoring cancer cell proliferation.

(C) Biochemical-based readout for measuring cell viability using fluorescent sign

(D) Principle for screening of small molecules with capability to induce immune c

(E) PBMC-dose-dependent killing curves for KRAS WT and G12V isogenic SW

experiments.

(F) Area under the curve (AUC) analysis of PBMC-dose-dependent killing curves o

line and the horizontal lines indicate the mean. *p < 0.05, **p < 0.01.

See also Figures S1 and S2.
altogether indicate that the oncogenic KRAS mutation-induced

immune escape phenotype could be recapitulated using both

readouts.

HTiP Screening Reveals Potential Anti-tumor Inducers
To examine the utility of the co-culture system to discover

chemical immunomodulators, we collected and screened the

Emory Enriched Bioactive Library (EEBL), a library of 2,036

bioactive compounds, including U.S. FDA-approved drugs

with the potential for repurposing the existing drugs. For the pri-

mary screening, we utilized the SW48-G12V cell line and

selected the 90% maximal effective concentration (EC90) condi-

tion with a PBMC/cancer cell ratio of 5, which was based on our

assessment of the assay window and robustness in both im-

age-based cell growth measurement and biochemical-based

cell viability readout (Figure S1).

Using this established condition for SW48-G12V, we per-

formed primary parallel screenings in the presence or absence

of PBMCs to assess the immune-mediated anti-cancer effects

of small-molecule compounds. The parallel screenings exhibited

robust performance, with signal-to-background (S/B) > 10 and Z0

> 0.5 from both readouts (Figure S1). The immune killing selec-

tivity index, which was defined as the ratio of percentage inhibi-

tion of cancer cell growth with immune cells to that without im-

mune cells, was established for each compound to prioritize

potential hits based on the potency of immune cell-dependent

inhibition of cancer cell growth (Figure 2A). Based on the ranking

of ‘‘immune killing selectivity’’ index of >1.5-fold and the inhibi-

tory effect of <20% on SW48-G12V cancer cells in the absence

of PBMCs from both readouts, the top ten hit compounds with

double-positive readouts were prioritized for dose-response

studies (Figure 2B).

Through the dose-response confirmatory assay with cherry-

picked and newly purchased compounds, three of ten primary

hits were validated with significant and reproducible effect in

inducing immune cell-dependent inhibition of cell growth and

viability (Figures 2C–2F). The other seven primary hits were tri-

aged due to their low potency or lack of consistent effect (data

not shown).

Multiple Small-Molecule Anti-cancer Immune
Enhancers Target IAP Proteins
Among the positive-hit compounds, birinapant (Figure 2C), a

second mitochondrial-derived activator of caspase (SMAC)-

mimetic, small-molecule antagonist of IAP family proteins,

showed a high immune killing selectivity index of >3 from the

primary screening. In the dose-response study, birinapant

exhibited a potent effect on immune cell-dependent inhibition
tor Discovery Platform

el the human cancer-immune microenvironment.

al of resofurin from viable cells.

ell-mediated killing of cancer cells.

48 cell lines. The data are presented as mean ± SEM from four independent

f 3 pairs of KRASWT and G12V isogenic cell lines. Each dot represents one cell
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of cell growth and viability (Figure 2D) with desired selectivity.

Birinapant showed little effect on the proliferation of SW48-

G12V cells in the absence of PBMCs, while it exhibited a highly

potent inhibitory effect on these cells in the presence of PBMCs,

with a half-maximal inhibitory concentration (IC50) of 0.7 ± 1.2 nM

(Figure 2D). In agreement with the image-based readout, the

biochemical-based cell viability readout recaptured the specific

immune cell-dependent inhibition induced by birinapant, with an

IC50 of 0.5 ± 0.2 nM. Interestingly, two structurally distinct posi-

tive hits identified from the screening, BV-6 and GDC0152, also

belong to the class of IAP antagonists (Figure 2C). Both BV-6 and

GDC0152 were confirmed in dose-response experiments,

showing potent effects and selectivity in suppression of SW48-

G12V cells, with an IC50 in the low nanomolar range (IC50 of

2.1 ± 1.3 and 7.0 ± 1.3 nM for BV-6 and GDC0152, respectively,

in image-based assay; IC50 of 0.7 ± 1.1 and 2.5 ± 1.3 nM for BV-6

and GDC0152, respectively, in viability assay) (Figures 2E and

2F). These data support a general immune modulation function

of these IAP antagonists, demonstrating the utility of our

in vitro co-culture system in the high-throughput discovery of

small-molecule immunomodulators.

To further support the specific impact of targeting IAP for im-

munomodulation, we purchased three additional IAP inhibitors,

AT406, AZD5582, and LCL161, and tested their effects using

the HTiP platform. In support of this notion, we found that these

three IAP inhibitors induced immune cell-dependent selective

killing of cancer cells with potencies in the nanomolar range

(Figures 2D–2G and S2). In contrast, embelin, a promiscuous

compound with IAP inhibitory effect in the micromolar range

(Nikolovska-Coleska et al., 2004), failed to induce cancer cell

death regardless of the presence of immune cells at 2 mM in

the primary HTiP screening. Such convergent immunoregulatory

effects from structurally divergent IAP inhibitors further reinforce

the function of IAP in shaping anti-tumor immunity.

To evaluate the immune cell dependency of cancer cell selec-

tivity for the identified IAP antagonists, we first used the isogenic

WT and G12V SW48 cell lines to test their response to varying

levels of immune cells upon compound treatment. Birinapant

was used due to its potent immunomodulatory effect (Figure 2D).

The PBMC dose-dependent cell growth inhibition curves were

profiled in the presence of birinapant or with DMSO. As shown

in Figures 1E and 1F, SW48-G12V showed reduced sensitivity

to PBMC compared with SW48 WT. Birinapant treatment

reversed such a resistance phenotype, showing significantly

enhanced PBMC-dependent growth inhibition of KRAS G12V-

mutation cells compared with the DMSO control (Figures 2H
Figure 2. Identification of IAP Inhibitors as Potential Small-Molecule Im

(A) Selectivity of 2,036 compounds in immune cell-dependent killing of SW48-G1

(B) Venn diagram of top-ranked compounds identified from image-based cell pr

(C) Chemical structure of three small-molecule IAP inhibitors.

(D–F) Dose-dependent curves of (D) birinapant, (E) BV-6, and (F) GDC0152 for in

(G) AUC analysis of six IAP inhibitors’ dose-dependent growth and viability inhib

(H and I) PBMC dose-dependent killing curves for KRAS WT and G12V isogeni

proliferation and (I) biochemical-based cell viability readouts.

The data in D–I are presented as mean ± SEM from four independent experimen

(J) AUC analysis of birinapant-induced PBMC-dependent killing curves of six pat

LIM1215, and SW48. G12V: SW403, SW480, and SW620. Each dot represents o

(K and L) (K) Time-dependent SW48-G12V cell proliferation curves and (L) time-l

The data are presented as mean ± SEM from four replicates from a representati
and 2I). In contrast, this compound failed to show enhanced im-

mune cell killing of KRAS WT cells, exhibiting its cancer cell

selectivity. In addition to the human engineered exogenous

KRAS isogenic cell line model, patient-derived cancer cell lines

with differential KRAS mutation status were tested for their

sensitivity to birinapant in the HTiP assay (Figure S3). As shown

in Figure 2J, human colorectal carcinoma cell lines carrying

oncogenic KRAS mutations exhibited increased sensitivity to

birinapant-triggered immune-dependent killing compared with

those cells without KRAS mutations. Birinapant appears to syn-

ergize with immune cells to suppress the growth of KRAS muta-

tion-carrying cells.

To visualize the compound-induced immune cell-dependent

inhibition of cancer cell growth over time, time-lapse videos of

SW48-G12V cell growth were recorded in the presence of birina-

pant. Phase-contrast images revealed that cancer cells exhibit

regular polygonal epithelial-like shape with comparable prolifer-

ation rates among control groups with PBMCs or birinapant

alone, or under untreated cell culture conditions (Figures 2K

and 2L; Video S1). In contrast, cancer cells underwent morpho-

logical changes, with rounding, shrinkage, and loss of adherent

phenotype, upon attack by immune cells in the presence of bir-

inapant within the initial 30 hr, and thereafter no significant cell

proliferation was observed (Figures 2K and 2L; Video S1). These

results demonstrate the effects of IAP-inhibitor-induced immune

cell-dependent killing of cancer cells, and support the potential

action of birinapant on immune cells to enhance their anti-cancer

activity.

T and Natural Killer Cells Are Involved in the Birinapant-
Induced Immune-Dependent Killing Effect
To determine the potential mechanism underlying the immuno-

modulatory effect of IAP inhibitors, we began to deconvolute

the effective immune cell subtypes that might be involved in

the birinapant-induced immune-dependent inhibition of cancer

cell growth. Since interleukin-2 (IL-2) and anti-CD3 antibody

were used in theHTiP assay as generic immune activators (Tsou-

kas et al., 1985), we first tested the immune selective killing effect

induced by birinapant in the absence of these activators. Under

the condition in which immune cells were left unstimulated,

birinapant exhibited significantly reduced effect in inducing im-

mune-dependent killing of cancer cells compared with the con-

dition with IL-2 and anti-CD3 stimulation (Figure 3A). Given the

well-documented role of IL-2 and anti-CD3 in activating T cells

and natural killer (NK) cells (Bryceson et al., 2006; Smith-Garvin

et al., 2009) and the potential role of IAPs in modulating T and NK
munomodulators

2V cells.

oliferation (in black) and biochemical-based cell viability (in red) readouts.

hibiting SW48-G12V cell growth with or without PBMCs.

ition curves.

c SW48 cell lines with or without birinapant (1 nM) from (H) image-based cell

ts. *p < 0.05.

ient-derived colorectal cancer cell lines from cell viability readout. WT: Caco-2,

ne cell line and the data are presented as mean ± SD. *p < 0.05.

apse images of SW48-G12V cell growth under the conditions as indicated.

ve experiment. See also Figures S1–S3.
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Figure 3. Identification of Effective Immune Subtypes and

Cytokines Involved in Birinapant-Induced Anti-tumor

Immunity

(A and B) Bar graphs showing the IC50 values calculated from

birinapant dose-response inhibition curve (A) with (+) or without (�)

immune activation using IL-2 and anti-CD3 antibody and (B) with

PBMCs or depletion of immune subtypes as indicated.

(C) Dose- and time-dependent curves of TNF-a production upon

birinapant stimulation.

(D) Bar graph showing the IC50 values calculated from birinapant

dose-response inhibition curves with TNF-a neutralization using

anti-TNF-a antibody.

(E) Dose- and time-dependent curves of IFN-g production upon

birinapant stimulation.

(F) Bar graph showing the IC50 values calculated from birinapant

dose-response inhibition curves under conditions as indicated.

The data are presented as mean ± SD from three independent

experiments. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant.
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cell activity (Dougan et al., 2010; Fischer et al., 2017), it is

possible that T and NK cells might contribute to the IAP inhibi-

tor-mediated anti-tumor immunity. Thus, we next examined the

requirement of immune cell subtypes from the PBMCs for medi-

ating birinapant-induced immunomodulation. The potency of

birinapant was evaluated in the HTiP co-culture assay using

PBMCswith certain immune cell subtypes depleted bymagnetic

beads coated with the corresponding anti-CD marker antibody.

The depletion of CD3+ T cells and CD56+ NK cells, but not CD19+

B cells, significantly increased the IC50 of birinapant compared

with the control with intact PBMCs (Figure 3B). These results

demonstrate that T and NK cells are required for the birina-

pant-induced effect in the immune-cancer cell interaction

system.

TNF-a and IFN-g Contribute to the Birinapant-Induced
PBMC-Dependent Killing Effect
Various IAP antagonists (SMAC mimetics) have been shown to

produce a synergistic effect with tumor necrosis factor alpha

(TNF-a) in inducing cancer cell death (Petersen et al., 2007; Vince

et al., 2007). Since we have demonstrated that the birinapant-

induced immunomodulatory effects are partially mediated

through the T and NK cells, and given that these cells are able

to secret TNF-a (Dinarello, 2007), we next tested whether TNF-

a is one of the effective cytokines in this scenario. First, we

measured the TNF-a secretion from the immune and cancer

cell co-culture system. Upon birinapant treatment, we observed

a dose- and time-dependent increase in TNF-a concentration in

the conditioned medium from the co-cultures (Figure 3C). In

addition, depletion of TNF-a using 50 ng/mL TNF-a neutralizing

antibody significantly attenuated the birinapant-induced PBMC-

dependent inhibition of cancer cell growth (Figure 3D). These

results suggested that birinapant-induced TNF-a secretion

contributes to the observed immune-dependent killing of cancer

cells.

In addition to TNF-a, another important immune cytokine that

can be produced from T and NK cells is type II interferon (IFN-g)

(Dinarello, 2007), which has also been demonstrated to coop-

erate with IAP antagonists in activating cell necroptosis (Cekay

et al., 2017; Tanzer et al., 2017). Similarly, we first detected a

dose- and time-dependent increase in IFN-g secretion from

the co-cultures (Figure 3E). In support of this notion, inhibition

of the IFN-g signaling pathway by using IFN-g neutralizing anti-

body (5 mg/mL) significantly decreased the birinapant-induced

immune cell killing effect (Figure 3F). These results suggest the

importance of IFN-g in the birinapant-induced anti-tumor im-

mune response. In addition, depletion of both TNF-a and IFN-g

together further attenuated the immunomodulatory effect of

birinapant (Figure 3F). Collectively, our results suggest that

TNF-a and IFN-g are two of the effective cytokines that are

important in mediating immune-dependent cancer cell death

induced by an IAP antagonist.

DISCUSSION

The vast chemical space has been extensively explored to

discover inhibitors of cancer cells using a variety of molecular,

cellular, or phenotypic assays with tumor populations alone. It

has been challenging to screen large chemical libraries using
clinically relevant tumor models, particularly those with the

complexity of cancer and immune system interactions. Our

in vitro cancer and immune cell co-culture system provides a

simple and scalable platform that enables its application for sys-

tematic profiling of large chemical libraries using immune cell-

dependent inhibition of cancer cell growth as a phenotypic

readout. The use of non-labeled native cancer and immune cells

with the imaging system avoids artificial tagging-associated arti-

facts. The design of a built-in orthogonal detection step with the

biochemical-based measurement from the same well is ex-

pected to enhance the screening efficiency and quality for hit pri-

oritization. Promising results from the current HTiP platform that

utilizes PBMCs as a source of immune cells support further

development that will incorporate defined subtypes and engi-

neered tumor antigen-specific T cells for directed screening

campaigns.

Using theHTiPplatform,we tested2,036bioactive compounds

and identified three IAP antagonists as potential immunomodula-

tors that selectively enhance the immune cell-dependent inhibi-

tion of KRAS-mutation cells. Our screening strongly supports

that our co-culture HTiP platform can be applied to identify novel

small-molecule immunomodulators. These IAPantagonists could

serve as the first-in-class immunomodulators identified from the

high-throughput screening setting and as benchmark com-

pounds for future small-molecule immunomodulator campaigns.

Meanwhile, the streamlined assay platform could be rapidly

adapted and extended to a broad range of epithelial cancer

cells with a wide variety of specific immune cell subtypes, such

as ‘‘exhausted’’ T cells, CD8+ cytotoxic T lymphocytes, or NK

cells, or other cytotoxic organisms, such as bacteria or viruses.

In addition to IAP antagonists, it is possible that other hits

might be identified if we relaxed the selection criteria. Indeed,

ten different primary hits were revealed with selectivity index

>1.5 but with an inhibitory effect >20% on cancer cells alone.

Among these potential hits, one compound, batimastat, a matrix

metalloproteinase inhibitor (Botos et al., 1996), showed immune

selectivity in the dose-response study (Figure S2). This com-

pound requires further examination with additional orthogonal

assays for validation.

Because the chemical library employed contains compounds

with known activities, it may offer opportunities to evaluate the

performance of the screening, i.e., to assess the capture rate

of known immunomodulatory compounds. However, it is chal-

lenging to define compounds with tumor-directed immunosti-

mulatory activities among those known compounds at this stage

due to limited knowledge in this area. Our efforts through chemo-

informatics analysis did reveal (1) a known immunostimulant and

(2) compounds that target proteins that are involved in immuno-

modulation. Pidotimod is a synthetic dipeptide with immuno-

modulatory properties and a demonstrated role in both innate

and adaptive immunity (Ferrario et al., 2015). However, pidoti-

mod showed <20% cancer cell killing effect in our primary

screening. It needs additional experimental studies to under-

stand whether pidotimod has tumor-directed immunogenic cell

death activity. To expand the definition of the expected hits,

we included compounds that are primarily not classified as

immunomodulators, but act on protein targets implicated in

regulating the immune response. The IAP family of proteins be-

longs to this class, with recently demonstrated roles in regulating
Cell Chemical Biology 26, 331–339, March 21, 2019 337



both innate and adaptive immunity, in addition to its established

apoptosis inhibition function (Dougan and Dougan, 2018). In this

case, IAP inhibitors could be the expected hits and indeed were

identified from the HTiP platform. Other protein targets, such as

phosphatidylinositol 3-kinase (PI3K) and mammalian target of

rapamycin (mTOR), have been implicated in regulating immune

cell fate (Koyasu, 2003; Powell et al., 2012); their corresponding

compounds were not identified as hits. It should be noted that

PI3K and mTOR have a broad range of biological activities,

from the regulation of cell survival to protein translation. Thus,

it is possible that the HTiP platform may allow the identification

of compounds that target pathways selective for specific onco-

genic lesions.

IAP antagonists, also known as SMAC mimetics, have been

extensively studied as potential anti-cancer therapeutics in the

last decade (Cheung et al., 2009; Lu et al., 2008; Petersen

et al., 2007; Vince et al., 2007). However, the dramatic differ-

ences in their activities between in vitro 2D cell culture systems

and in vivo human and murine cancer models when used as a

single agent remain puzzling (Cheung et al., 2010; Dineen

et al., 2010; Krepler et al., 2013; Lecis et al., 2013; Probst

et al., 2010). The use of IAP antagonists has indicated the impor-

tance of IAP in modulating the TNF-a/nuclear factor kB-medi-

ated inflammatory responses (Vince et al., 2007). Moreover,

the significant synergistic effects between IAP inhibitors and

inflammatory cytokines, such as TNF-a, IL-1b, or IFN-g, in inhib-

iting cancer cell growth have implicated a potential combination

strategy of using these compounds and immune stimuli to

promote tumor death (Cekay et al., 2017; Cheung et al., 2010; Di-

neen et al., 2010; Dougan et al., 2010; Krepler et al., 2013; Lecis

et al., 2013; Probst et al., 2010; Vince et al., 2007). In addition,

several IAP inhibitors have recently been shown to target the im-

mune system to evoke anti-tumor immunity in various cancer

types (Beug et al., 2017; Chesi et al., 2016; Dougan et al.,

2010). Our unbiased screening independently revealed three

structurally distinct IAP inhibitors as potent inducers of anti-

tumor immunity from our in vitro co-culture system, in support

of the reported role of IAPs in suppression of anti-tumor immune

response pathways (Dougan et al., 2010; Estornes and Bertrand,

2015; Sharma et al., 2017). The unraveling of three IAP antago-

nists/SMAC mimetics from our HTiP screening illustrates the

power of the HTiP platform in recapitulating the complex in vivo

immune-cancer microenvironment for the discovery of small-

molecule anti-tumor immunity enhancers. The immune cell de-

pendency of the cancer cell killing effect of these IAP antagonists

strongly supports their action on the immune cell population to

reverse the immune resistance of cancer cells.

SIGNIFICANCE

Wehave developed anHTiP platform that employs an in vitro

immune and cancer cell co-culture system using an image-

based phenotypic readout and a built-in orthogonal viability

readout tomonitor cancer cell growth status for accelerated

discovery of small-molecule immunomodulators. The identi-

fication of multiple IAP antagonists/SMAC mimetics, with

demonstrated roles as anti-tumor immunity enhancers, sup-

ports the validity of the HTiP system for the accelerated dis-

covery of small-molecule anti-cancer immune-enhancing
338 Cell Chemical Biology 26, 331–339, March 21, 2019
compounds. This platform could be readily adapted to a

wide range of immune and cancer cell types with various ge-

netic backgrounds for the identification of small-molecule

immunomodulators or studying immune surveillance mech-

anisms toward personalized immunotherapy.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-b-Actin antibody Sigma-Aldrich Cat# A2228; RRID: AB_476697

Rabbit polyclonal anti-KRAS antibody Proteintech Cat# 12063-1-AP; RRID: AB_878040

Rabbit monoclonal anti-KRAS (G12V specific) antibody Cell signaling Cat# 14412S; RRID: AB_2714031

Human TNFa neutralization mouse monoclonal antibody R&D Systems Cat# MAB201-100

Human IFNg neutralization mouse monoclonal antibody Thermo Fisher Cat# 14-7318-81; RRID: AB_468475

Mouse IgG1 isotype control Thermo Fisher Cat# 02-6100; RRID: AB_2532935

CD3 monoclonal antibody (OKT3) Thermo Fisher Cat# 16-0037-81; RRID: AB_468854

Chemicals, Peptides, and Recombinant Proteins

Human recombinant IL-2 PeproTech Cat# 200-02

Birinapant Selleckchem Cat# S7015

BV-6 Selleckchem Cat# S7597

GDC0152 Selleckchem Cat# S7010

AZD5582 Selleckchem Cat# S7362

LCL161 Selleckchem Cat# S7009

AT406 Selleckchem Cat# S2754

EEBL Emory ECBDC N/A

Batimastat Selleckchem Cat# S7155

Critical Commercial Assays

CellTiter-Blue� Cell Viability Assay Promega Cat# G8081

TNFa Human ELISA Kit Thermo Fisher Cat# KHC3011

IFNg Human ELISA Kit Thermo Fisher Cat# EHIFNG

Experimental Models: Cell Lines

Human KRAS (G12V/+) SW48 Cell Lines Horizon Discovery Cat# HD 103-007

Human KRAS (G12V/+) LIM1215 Cell Lines Horizon Discovery Cat# HD 116-006

Human KRAS (G12V/+9n) NCI-H838 Cell Line Horizon Discovery Cat# HD 114-003

Caco-2 ATCC Cat# HTB-37

SW403 ATCC Cat# CCL-230

SW480 ATCC Cat# CCL-228

SW620 ATCC Cat# CCL-227

Peripheral Blood Mononuclear Cells, Human, Normal ATCC Cat# PCS-800-011

Software and Algorithms

Graphpad Prism Graphpad; v7 https://www.graphpad.com/scientific-software/prism/

IncuCyte S3 software Essen BioScience; S3 https://www.essenbioscience.com/en/products/

software/incucyte-s3-software-v2018b/

Final Cut Pro X Apple https://www.apple.com/final-cut-pro/

Other

Dynabeads� CD3 Thermo Fisher Cat# 11151D

MagniSort� Human CD56 Positive Selection Kit Thermo Fisher Cat# 8802-6835-74

Dynabeads� CD19 Pan B Thermo Fisher Cat# 11143D
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Haian Fu

(hfu@emory.edu).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

All cells were grown at 37�C and 5% CO2. The X-MAN� KRAS isogenic cell lines, including two human colorectal adenocarcinoma

cells SW48 (female) and LIM1215 (male) and one human lung adenocarcinoma cell NCI-H838 (male) and their corresponding

genomic engineered counterparts with the heterozygous knockin of KRAS G12V activating mutation, were from Horizon Discovery

(Cambridge, UK) and maintained according to manufacturer’s protocol. Four additional patient-derived human colorectal adenocar-

cinoma cell lines, including Caco-2 (male), SW403 (female), SW480 (male) and SW620 (male), were purchased from the American

Type Culture Collection (ATCC). The authenticity of these cell lines was verified by western blot using KRAS-G12V specific antibody

(Cell Signaling #14412S) (Figure S3). The primary Peripheral Blood Mononuclear Cells (PBMC) from healthy donor (ATCC PCS-800-

011�) were recovered from liquid nitrogen and were used immediately for co-culturing with cancer cells in T cell medium, which is

Roswell Park Memorial Institute (RPMI) 1640 medium containing L-glutamine (CORNING Cat# 10-040) supplemented with 10% fetal

bovine serum and 100 units/ml of penicillin/streptomycin.

METHOD DETAILS

Immune and Tumor Cell Co-culture Assay
PBMCs as effector immune cells and KRAS isogenic cancer cells as target cells were used for co-culture assays. Tumor cells were

seeded at specific density in 384-well cell culture plate (Corning #3764). Twenty-four hours later, PBMCs were then thawed and

co-cultured in T-cell medium with tumor cells in a dose dependent manner for four days. CD3 monoclonal antibody (100 ng/mL,

OKT3, ThermoFisher) and human recombinant interleukin-2 (10 ng/mL, PeproTech) were used as activation cocktail to activate

immune cells.

Cell Proliferation Measurement
The co-culture assay plates were imaged using the IncuCyte� S3 Live-Cell Analysis System (Essen Biosciences). The cancer cell

proliferation wasmonitored and characterized as the percentage of confluence using the IncuCyte� basic analysis module. Because

of the size distinction between effector immune cells and target cancer cells, the area filter of >400 mm2 was used to select cancer

cells that are larger in size.

Cell Viability Measurement
Cell Titer Blue (Promega, G8081) was added to each well. The plates were incubated for desired time at 37�C to allow the generation

of sufficient signal within the linear range. The fluorescence intensity of each well was read using an PHERAstar FSXmulti-mode plate

reader (Ex 545 nm, Em 615 nm; BMG LABTECH). Cells containing medium or immune cells alone were used as blank control for

background correction.

The Emory Enriched Bioactive Library and Other Chemicals
The Emory Enriched Bioactive Library (EEBL) consists of a collection of 2036 diverse small molecules with validated biological and

pharmacological activities, including 1018 FDA approved compounds (Selleckchem). These molecules are focused on over two

hundred targets that are part of more than twenty signaling pathways, including survival and apoptosis pathways. The selected

primary hits were re-ordered from Selleckchem for validation studies. Additional IAP inhibitors, AT406, AZD5582 and LCL161,

were purchased from Selleckchem.

HTiP Method for Small Molecule Immunomodulator Discovery
For the primary screening, SW48-G12V cells were seeded in 384-well cell culture plate (1,000 cells/well in 40 ml medium; Corning,

Cat#3764) using a Multidrop Combi Reagent Dispenser (ThermoScientific). The last column was used as a medium or PBMCs

only control (blk). The next day, PBMCs were dispensed at 5,000 cells/well in 10 ml media containing the activation cocktail. Subse-

quently, the 2036 Emory Enriched Bioactive Library (EEBL) compounds (100 nl) were added into wells in each plate using Biomek

NXP Automated Workstation (Beckman) from a compound stock plate to give the final concentration of 2 mM. The final DMSO

concentration was 0.2% (v/v) in samples with compound treatment. Each sample was tested with single point. A parallel screening

was performedwith SW48-G12V cells alone (1000 cells/well) in 50 ml medium containing the same amount of activation cocktail in the

absence of PBMCs. After 4 days of incubation, image-based cell proliferation readouts followed by biochemical-based cell viability

measurements were used to examine the compound effect on cancer cell growth. Z’ factor was calculated as

Z0 = 1� 33 ðSDpositive +SDblankÞ
Spositive � Sblank

Where SDpositive and SDblank are the standard deviations, and Spositive and Sblank are the corresponding average of the cell confluence

or fluorescence intensity for wells with DMSO containing PBMCs/medium only or plus cancer cells, respectively. A Z’ factor be-

tween 0.5 and 1.0 indicates that the assay is suitable for HTS (Zhang et al., 1999). The percentage of control (%C) was calculated

using the equation 100X(Scompound-Sblank)/(Spositive-Sblank). The immune killing selectivity index was calculated using the equation

log10(%C-PBMC/%C+PBMC).
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Time-Lapse Video for Cell Proliferation Kinetics
SW48-G12V cells were plated in 96-well IncuCyte� ImageLock plates (Essen Biosciences, #4379) at 6,000 cells per wells. Twenty-

four hours later, cells were treated with various conditions as indicated and imaged with time-lapse setting using the IncuCyte� S3

Live-Cell Analysis System (Essen Biosciences). PBMCswere added at 30,000 cells/well containing the activation cocktail. Birinapant

with final concentration of 5 nM was used with the final DMSO concentration of 0.1% (v/v). The time-lapse video was composed by

displaying images at 6 frames per second using Final Cut Pro X software.

Immune Cell Subtype and Cytokine Depletion Assays
PBMCs depleted with CD3+ T cells, CD56+ NK cells, or CD19+ B cells were obtained by incubating the primary PBMCswith magnetic

beads coated with anti-CD3, CD56 or CD19 antibody (ThermoFisher Scientific), respectively, according to the manufacturer’s

instruction. The human TNFa neutralization mouse monoclonal antibody was purchased from R&D Systems (#MAB210-100). The

human IFNg neutralization mouse monoclonal antibody and mouse IgG1 isotype control were purchased from ThermoFisher. For

Enzyme-linked immunosorbent assay (ELISA) assay, the conditioned medium from the co-culture assay upon the treatment with

compound or controls was collected and centrifuged to remove any cells or debris. Then the supernatant was analyzed for the

TNFa and IFNg amount using the TNF alpha and IFN gamma Human ELISA Kit (ThermoFisher Scientific), respectively, according

to manufacturer’s protocol.

QUATIFICATION AND STATISTICAL ANALYSIS

The dose-dependent PBMC-induced or small molecule induced cancer cell growth inhibition curve was established using GraphPad

Prism based on the Sigmoidal dose-response (variable slope) equation. For quantitative analysis of the dose response, the area

under the curve (AUC) was computed as a measurement of cancer growth signal, as AUC integrates both the amplitude and shape

of the growth curve. The student’s t-test was used for statistics and P-value of 0.05 or less were considered statistically significant.
e3 Cell Chemical Biology 26, 331–339.e1–e3, March 21, 2019
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Figure S1. Assay and screening performance evaluation, related to Figure 1 and 2. 

(A-B) S/B and Z’ calculated at PBMC/cancer cell ratio of 5 from (A) image- and (B) 

biochemical-based readouts. The data are presented as mean ± SD from 4 replicate wells. 

(C-F) S/B and Z’ calculated from six independent assay plates in the presence (C and D) 

or the absence (E and F) of PBMC using the image-based cell proliferation readouts (C 

and E) or the biochemical-based cell viability readouts (D and F). The data are presented 

as mean ± SD from 16 replicate wells. For dots that show no error bar, the error bar was 

smaller than the dot. 
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Figure S2. Dose-response curves of batimastat and three additional IAP 

antagonists in HTiP assay, related to Figure 2. (A) Chemical structure of the 

compounds as indicated. (B-C) The corresponding dose-dependent inhibition curves of 

SW48-G12V cell growth from (B) image-based cell proliferation and (C) biochemical-

based cell viability readouts. The data are presented as mean ± SEM from four replicate 

wells. 
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Figure S3. Cell line authentication, related to Figure 1 and 2. The authenticity of the 

genomic-engineered KRAS-G12V isogenic cell lines and patient-derived colorectal 

cancer cell lines was experimentally verified by western blotting of the cell lysates using 

KRAS-G12V or pan-KRAS antibody. 
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