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Advances in human genetics have dramatically expanded our
understanding of complex heritable diseases. Genome-wide associ-
ation studies have identified an allelic series of CARD9 variants as-
sociated with increased risk of or protection from inflammatory
bowel disease (IBD). The predisposing variant of CARD9 is associated
with increased NF-κB–mediated cytokine production. Conversely, the
protective variant lacks a functional C-terminal domain and is unable
to recruit the E3 ubiquitin ligase TRIM62. Here, we used biochemical
insights into CARD9 variant proteins to create a blueprint for IBD
therapeutics and recapitulated the mechanism of the CARD9 protec-
tive variant using small molecules. We developed a multiplexed
bead-based technology to screen compounds for disruption of the
CARD9–TRIM62 interaction. We identified compounds that directly
and selectively bind CARD9, disrupt TRIM62 recruitment, inhibit
TRIM62-mediated ubiquitinylation of CARD9, and demonstrate cellu-
lar activity and selectivity in CARD9-dependent pathways. Taken
together, small molecules targeting CARD9 illustrate a path toward
improved IBD therapeutics.
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Genome-wide association studies (GWAS) have provided in-
formation on thousands of common single nucleotide poly-

morphisms (SNPs) associated with multifactorial diseases such as
inflammatory bowel disease (IBD) (1–5), rheumatoid arthritis (6),
type-2 diabetes, schizophrenia, and many other heritable traits
associated with disease (7). A major challenge remains to translate
genetic associations into a deeper understanding of disease path-
ogenesis and to guide drug discovery (7). Recent approaches
combining GWAS data with genomic and biological datasets point
to disease genes, pathways, or protein networks (6), but this wealth
of human genetic information has yet to be fully exploited for
widespread clinical and therapeutic use. However, a few seminal
examples have demonstrated success. Discovery of the human
CCR5-d32 variant, which conveys resistance to HIV infection, led
to development of HIV-entry inhibitors targeting CCR5 (mar-
aviroc) (8). In cardiovascular disease, gain- (9) and loss-of-function
PCSK9 variants were shown to dramatically impact low-density li-
poprotein cholesterol (LDLc) levels (10). These findings guided the
discovery of targeted PCSK9 therapeutics (alirocumab and evolo-
cumab) that were approved by the Food and Drug Administration
in 2015 for reducing LDLc and risk for myocardial infarction.
The genetic architecture of IBD risk has been mapped in

detail and suggests potential therapeutic targets. In particular,
the field has benefitted from GWAS (2, 4, 11, 12) followed by
deep exome resequencing analyses (3, 5). However, the trans-
lation of genetics to therapeutics has not yet been achieved, and
IBD patients (2 million in the United States alone) (7) have
limited treatment options. In the present work, we aim to bridge

the gap between genetic knowledge in IBD and its therapeutic
potential by focusing on protective variants that both reveal the
mechanisms of disease pathogenesis and suggest safe and effec-
tive therapeutic strategies.
In exome-sequencing studies,CARD9 variants were shown to have

significant risk as well as protective associations with IBD (3, 5).
CARD9 plays a key role in mediating innate immune signaling from
C-type lectin receptors, such as Dectin-1 and Mincle, which are re-
sponsible for recognition of fungi and mycobacteria (13–17) in my-
eloid cells (18, 19). Ligand engagement and activation of these
receptors induces recruitment of Syk kinase (20), leading to activa-
tion of PKCδ (21) and assembly of the CARD9–BCL10–MALT1
ternary complex (CBM signalosome). In the CBM signalosome, the
CARD9 N-terminal CARD domain interacts with the CARD do-
main of BCL10 and triggers downstream IKK phosphorylation,
subsequent IKα and IKβ degradation, followed by NF-κB trans-
location and transcriptional activation (15). NF-κB–dependent cy-
tokine production, including such proinflammatory cytokines as
TNFα and IL-6, culminates in the regulation of adaptive immune
responses by promoting Th1 and Th17 polarization (22–27).
The protective variant CARD9Δ11, despite having an intact

N-terminal sequence, lacks activity and exerts a dominant negative
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affect on CBM signaling. We previously reported the protective
mechanism of CARD9Δ11 and discovered that the E3 ubiquitin
ligase TRIM62 specifically interacts with WT CARD9 C-terminal
domain (CTD) and activates CARD9 via K27 ubiquitinylation. In
stark contrast, CARD9Δ11 is incapable of recruiting TRIM62 and
exhibits impaired NF-κB activation (28). These findings suggest
that small molecules causing CARD9 to lose its interaction with
TRIM62 may mimic the protective actions of CARD9Δ11 in IBD.
Here we use a bead-based system for reliable high-throughput
detection of the CARD9–TRIM62 interaction in vitro, perform a
high-throughput small-molecule screen for selective disruptors of
the CARD9–TRIM62 protein–protein interaction (PPI) and
identify small-molecule compounds that mimic the behavior of the
protective variant CARD9Δ11 by inhibiting the TRIM62-mediated
activation step in CBM assembly.

Results
A Highly Sensitive Bead-Based ELISA Reveals the Key Determinants of
CARD9–TRIM62 Protein–Protein Interaction. The rare protective vari-
ant CARD9Δ11 is a splice-site mutation and is predicted to result
in a frameshift, premature termination, and truncation of the
protein (3, 5) (Fig. 1A and Fig. S1A), which ablates TRIM62
binding and inhibits cytokine production in dendritic cells (28).
Thus, we sought to define the CARD9 site of interaction required
for TRIM62 binding. First, we developed a bead-based modified
ELISA that uses color-coded magnetic beads (up to 500 different
spectral sets of beads; Luminex technology). The beads are con-
jugated to anti-Myc antibodies for surface capture of Myc-tagged
TRIM62 (Fig. 1B). Flag-tagged CARD9 is then added, allowing
coassociation of both proteins, which is then measured by the in-
tensity of the fluorescence signal of phycoerythrin (PE)-conjugated
anti-Flag antibody associated with the bead. This bead-based for-
mat increased the signal window dramatically relative to traditional
plate-based ELISA (Fig. S1B) and enabled sensitive detection of

CARD9–TRIM62 PPI. Every bead in the experimental well is
independently quantified by a flow-based technology, enabling a
robust measure of median fluorescence intensity from multiple,
aggregated measurements (Fig. 1 C and D).
To validate the specificity of the observed signal, we used

recombinant purified CTD of CARD9 (amino acids 416–536),
which successfully competed with formation of the TRIM62–
CARD9 complex (Fig. 1 C and D), with an IC50 of 0.2 μM (Fig.
S1C). As expected, the recombinant purified CARD domain of
CARD9 did not affect CARD9–TRIM62 interaction (Fig. S1B).
Importantly, the behavior of CARD9Δ11, incapable of engaging
TRIM62 in PPI, is faithfully recapitulated by the complete ab-
rogation of PE signal (Fig. 1D and Fig. S1B).
We used this assay system to interrogate the molecular deter-

minants of the CARD9–TRIM62 interaction. TRIM62 contains an
N-terminal B-box/RING domain, an intermediate coiled coil do-
main, and a C-terminal B30.2/SPRY domain. B30.2/SPRY do-
mains are common protein–protein interaction domains in immune
signaling pathways and are the substrate specificity determinants
for a significant subset of TRIM E3 ligases (29). We therefore
tested the effects of recombinant purified B30.2/SPRY domain of
TRIM62 in a competition assay with full-length CARD9–TRIM62
binding. Indeed, purified recombinant B30.2/SPRY domain of
TRIM62 competed with full-length TRIM62 for CARD9 binding
(Fig. S1D), documenting the key involvement of B30.2/SPRY
in CARD9 recognition.
CARD9 CTD does not possess conserved homology with

known protein domain sequences and is predicted to possess a
relatively high degree of disorder and a partially folded structure
by modeling (PsiPred) (30). To identify the TRIM62-interacting
region of CTD, we used recombinant purified CTD constructs
with sequential C-terminal truncations [CTD416–536 (full length),
CTD416–516, CTD416–496, or CTD416–476] and evaluated their
ability to compete with full-length CARD9 for TRIM62 binding.
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Fig. 1. A highly sensitive bead-based ELISA reveals
the key determinants of CARD9–TRIM62 interaction.
(A) The CARD9Δ11 protective variant encodes a G-to-C
substitution resulting in disruption of a splice site and
exon 11 skipping. WT CARD9 consists of CARD domain
(interacts with BCL10), coiled coil domain, and C-ter-
minal domain (CTD) (binds TRIM62 during CARD9 ac-
tivation, disrupted in the protective variant). (B) Bead-
based assay designed to detect CARD9–TRIM62 PPI
in vitro. (C) Histogram of fluorescence intensity of each
bead for CARD9 and TRIM62 (red), CARD9, and TRIM62
in the presence of CTD (156 nM, light blue; 625 nM, dark
blue), or CARD9 alone in the absence of TRIM62 (black).
(D) Median fluorescence intensity is taken from inte-
grated signals of all individual beads in a well and pro-
vides a robust measure of CARD9–TRIM62 PPI disruption,
as evidenced by a dose-dependent CTD competition.
CARD9Δ11 is unable to bind TRIM62. (E) CARD9–TRIM62
disruption by four truncated CTD constructs (CTD416–536,
CTD416–516, CTD416–496, or CTD416–476). (F) Mutational
mapping of key CARD9 residues responsible for TRIM62
binding. (G) Human variant CARD9Δ504–508 precisely
corresponds to the key TRIM62-interacting residues and
results in disrupted CARD9 signaling, as measured by
Dectin-1–triggered NF-κB–driven luciferase activity in
THP-1 cells. Western blot confirms equivalent protein
expression. RLU, relative light units; r.u., relative units.
Data in Fig. 1 are mean ± SD for at least triplicates.
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Full-length CTD416–536 and CTD416–516 were potent, however
further truncation (CTD416–496) dramatically decreased the po-
tency of CTD as a competitor (Fig. 1E), suggesting that key
binding interface residues are situated between amino acids
496 and 516 of CARD9. Among a panel of peptides representing
different portions of the CTD, the 20-mer peptide corresponding
to this sequence (497–516, amino acid sequence ESFE-
NYRRKRALRKMQKGWR) was the only one capable of dose-
dependent CARD9–TRIM62 PPI inhibition (Fig. S1E). This
peptide directly binds TRIM62, as supported by the streptavidin
bead affinity precipitation of biotinylated peptide and myc-
TRIM62 in cellular lysates (Fig. S1E).
A corresponding alanine scan of this region in full-length

CARD9 revealed the requirement of key residues (499–504) for
mediating CARD9–TRIM62 interaction, as their alanine substi-
tutions abrogated binding (Fig. 1F). We recently identified a
naturally occurring human CARD9 variant in a pooled human
monocyte cDNA library, CARD9Δ504–508, that has a deletion in
precisely this region (28) (Fig. 1G). Indeed, when reconstituted in
CARD9 KO THP-1 monocytes, CARD9Δ504–508 was unable to
mediate signal transduction from Dectin-1 activation by whole
glucan particles (WGPs). In these experiments, CARD9Δ504–
508 failed to activate a reporter gene comprising the NF-κB re-
sponse element driving luciferase expression (Fig. 1G). Taken
together, we identified critical amino acids lacking in CARD9Δ11
that are required for TRIM62 binding. Having a greater un-
derstanding of the CARD9–TRIM62 complex, we next pursued
identifying inhibitors of this interaction.

A Multiplexed High-Throughput Screen Identifies Inhibitors of CARD9–
TRIM62 Protein–Protein Interaction. To increase the throughput of
the bead-based ELISA, we introduced a multiplexing step, taking
advantage of the Luminex technology that includes multiple
color-coded beads that distinguishes the color-coded beads by
their spectral signature during the flow-based readout. Each
PPI reaction is arrayed in a 384-well format such that each of
10 plates contains a distinct color-coded bead set. Compound
treatments are coded by well position, and plate identity is coded
by bead fluorescence. Each compound treatment can be in-
dividually quantified after pooling multiple plates for detection

and readout steps (Fig. 2A). Importantly, each bead behaves
individually, and PPIs do not reequilibrate between individual
beads when mixed. Titration of CARD9 C-terminal domain (pos-
itive control) matched precisely when measured in independent
bead sets that were pooled after CTD exposure (Fig. S2A). This
unique advantage enables measurement of multiple small-mole-
cules’ effects independently in one well while avoiding the pitfalls of
pooled small-molecule screens such as high total small-molecule
concentration and need for pool deconvolution, while also short-
ening the readout times by a factor of >10.
We collected a set of 132,813 small molecules from commer-

cial vendors and diversity-oriented synthesis (DOS) (31) per-
formed at the Broad Institute. Compounds were screened in
duplicate at 20-μM concentration (Fig. 2B, light blue data
points), using DMSO as a neutral control (yellow data points)
and purified recombinant CTD of CARD9 as a positive control
(red data points). From the top-ranked hits of the primary screen
(dark blue data points, 449 hits, 0.3% hit rate), a subset of
228 was available for resupply. We verified the purity of all
obtained compounds by liquid chromatography (LC)-MS analy-
sis. Upon retest, a family of four structurally related compounds
emerged as effective dose-dependent CARD9–TRIM62 PPI in-
hibitors: BRD5529, 8.6 μM; BRD4203, 3.5 μM; BRD8991,
6.6 μM; and BRD4098, 6.1 μM (Fig. 2C), all of which compare
favorably with CTD competitive inhibition. The molecular struc-
tures of this series of compounds comprised a 2,5-diaminonicotinic
acid core with various benzoyl (R1) and aliphatic quaternary car-
bon-containing (R2) groups (Fig. 2C).
To demonstrate compound specificity, we developed a CARD9–

BCL10 bead-based ELISA, analogous to that used for CARD9–
TRIM62 detection, by using Myc-BCL10 and Flag-CARD9. BCL10
interaction with CARD9 occurs via binding of their respective
N-terminal CARD domains, and as such should not be influenced
by inhibitors of the C-terminal interactions between CARD9 and
TRIM62. As expected, purified CARD domain of CARD9
competitively disrupted the signal in the BCL10–CARD9 bead-
based ELISA, while CARD9 CTD had no effect (Fig. S2B).
Small-molecule CARD9–TRIM62 inhibitors did not interfere with
CARD9–BCL10 interaction at up to 80 μM of the tested dose (Fig.
2C, black lines).

BRD 4203

BRD 5529

BRD 8991

BRD 4098

B

0.1 1 10 100
0

20

40

60

80

100

120

0.1 1 10 1000

20

40

60

80

100

120

0.1 1 10 100

0.1 1 10 100
BRD 4203 concentration, μM

%
 fl

uo
re

sc
en

ce
 s

ig
na

l

0

20

40

60

80

100

120

0

20

40

60

80

100

120

100

10080

80

6040200

60

40

20

0

120

140

120 140

R
ep

lic
at

e 
1

Replicate 2

%
 fl

uo
re

sc
en

ce
 s

ig
na

l
%

 fl
uo

re
sc

en
ce

 s
ig

na
l

%
 fl

uo
re

sc
en

ce
 s

ig
na

l

BRD 5529 concentration, μM

BRD 8991 concentration, μM

BRD 4098 concentration, μM

A

IC   =6.1±1.2 μM

IC   =8.6±0.8 μM

IC   =3.5±0.4 μM

IC   =6.6±0.8 μM

CARD9 + TRIM62

CARD9 + BCL10

CARD9 + BCL10

CARD9 + BCL10

CARD9 + BCL10

CARD9 + TRIM62

CARD9 + TRIM62

CARD9 + TRIM62

                                                              

Plate wells

inactive compound
hit 

compound

10 X
Combined 

C

BRD 4098

BRD 8991

BRD 4203
BRD 5529

inactive
compound

multiplexing

50

50

50

50

R1

R2
(PPI intact)

(PPI intact)

(PPI disrupted)

% signal of median

%
 s

ig
n

a
l o

f 
m

e
d

ia
n

DMSO control
CTD inhibition control

Compounds tested in the screen
Hit compounds 

plate

(CARD9-TRIM62 inhibitors)

Fig. 2. A high-throughput screen identifies selective
CARD9–TRIM62 PPI inhibitors. (A) Color-coded beads
are plated and incubated with compounds in indi-
vidual wells in the presence of CARD9 and TRIM62.
After a wash step, beads are then combined for an-
tibody staining and detection steps. (B) Replicate
1 vs. replicate 2 plot for all of the compounds
(132,813) screened in duplicate in the CARD9–
TRIM62 disruption assay. Yellow, neutral controls
(DMSO); red, positive control (purified CTD, 5 μM);
light blue, screened compounds (20 μM); dark blue,
hits selected for followup investigation. Axis units
are median PE fluorescence per bead within sample,
normalized with respect to CTD positive control (0%)
and DMSO negative control (100%). (C) Structural
family of hit compounds are potent dose-dependent
inhibitors in the CARD9–TRIM62 PPI assay (colored
lines and data points) and inactive in the CARD9–
BCL10 PPI assay (black lines and data points). Data
are mean of percent Luminex signal (100% =median
PE fluorescence per bead with DMSO control) ± SD
of at least triplicates.
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Small-Molecule Screening Hits Directly Bind CARD9. We next in-
vestigated whether the hit compounds directly bind CARD9 or
TRIM62, or score as positives by indirect means, by biophysical
binding experiments. Differential scanning fluorimetry (DSF)
revealed a right shift of the purified CARD9 protein melting
temperature (Tm) in the presence of all four small-molecule
inhibitors identified above (Fig. 3A), suggesting the compounds
directly bind and stabilize the protein. Moreover, BRD5529
did not produce a detectable Tm shift when incubated with
CARD9Δ11 in DSF (Fig. S3A), suggesting that C terminus of
CARD9, responsible for TRIM62 interaction, also engages in
the compound binding. No detectable Tm shift was observed for
compounds incubated with purified TRIM62ΔRING (full-length
TRIM62 protein was refractory to high-yield expression required
for biophysical assays). We verified these findings in an orthog-
onal nonfluorimetric and label-free assay by performing satura-
tion transfer difference NMR (STD NMR) experiments (32–35).
This technique requires direct association of a protein and small
molecule to observe the small molecule’s NMRs. For all four
compounds in the series, addition of CARD9–TRIM62 inhibitors
(200 μM) to purified CARD9 protein (5 μM) induced significant
STD signals (Fig. 3B), whereas the STD signals were not detect-
able in the presence of TRIM62ΔRING (5 μM) under identical
conditions. The compounds did not exhibit “self” STD signals in
the absence of protein, which suggests against the possibility of
false positives due to nonspecific aggregation. Collectively, these
data are consistent with a direct, TRIM62-mutually exclusive in-
teraction between compounds in the series and CARD9.

CARD9-Targeting Molecules Inhibit Functional TRIM62-Mediated
CARD9 Ubiquitinylation in Vitro. The functional consequence of
TRIM62 association with CARD9, upon ligand recognition by
C-type lectin receptors, is the engagement of the E1 and E2 ubiq-
uitinylation machinery and subsequent CARD9 ubiquitinylation
(28). To determine whether disruption of the CARD9–TRIM62

interaction via direct binding to CARD9 protein results in a
functional response, we reconstituted the E1, E2, and E3
(UBE1–UBE2D2–TRIM62) (36, 37) complex in vitro. To de-
tect and quantify CARD9 ubiquitinylation in plate-based for-
mat, we used AlphaLISA donor and acceptor beads. Successful
polyubiquitinylation allows affinity reagents to bring into prox-
imity donor beads (affinity for polyubiquitin) and acceptor
beads (affinity to Flag-tagged CARD9). This proximity pro-
duces luminescence proportional to the extent of CARD9
ubiquitinylation (Fig. 3C). We confirmed that the signal is
specific to the conditions when WT CARD9 and WT TRIM62
are both present in the reaction and is not observed when cat-
alytically dead TRIM62 C11A was substituted for WT TRIM62
(Fig. S3B). Accordingly, CARD9Δ11 or CARD9K125R (with
TRIM62-targeted lysine 125 mutated to arginine) were inactive
as well (Fig. S3B). Using this system, we observed that com-
pounds in the series produce dose-dependent inhibition of
TRIM62-mediated CARD9 ubiquitinylation in vitro (Fig. 3C,
BRD5529, 8.9 μM; BRD4203, 7.3 μM; BRD8991, 15.6 μM; and
BRD4098, 18.0 μM), consistent with the effects on CARD9–
TRIM62 PPI disruption. Importantly, nonspecific inhibition of
AlphaLISA signal was not observed, as assessed by the Alpha-
LISA Truhit control kit (Fig. S3C). To additionally confirm the
activity of compounds, we performed TRIM62-mediated ubiq-
uitinylation assay coupled with Western blot detection (Fig.
S3D), which corroborated our alphaLISA findings.
To understand the activity determinants of the small-molecule

hits, we performed a round of structure–activity relationship (SAR)
studies (Fig. S4). In the primary series, we observed that CARD9-
targeting compounds tolerate substitutions in the aromatic ring
at −R1 (phenyl in BRD4203; p-toluyl in BRD5529; m-chloro-
phenyl in BRD8991; and p-chloro-phenyl in BRD4098). Consistent
with these findings, examination of an expanded series of R1 group
analogs (green circles) revealed that changes in the R1 group
mostly maintained activity (green bars in Fig. S4 compared with
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Fig. 3. CARD9–TRIM62 PPI inhibitors directly bind
CARD9, but not TRIM62, and disrupt its ubiq-
uitinylation in vitro. (A) Differential scanning fluo-
rimetry (DSF) profiles of CARD9 and TRIM62ΔRING
(labeled as TRIM62ΔR) in the presence or absence of
the hit compounds. DMSO was used as neutral con-
trol. x axis, temperature, degrees Celsius; y axis,
−dRn/dT (negative first derivative of fluorescence
intensity, normalized). Data represent the mean ±
SD of triplicates. (B) STD NMR spectra for mixtures of
CARD9 with compound, TRIM62ΔRING with com-
pound, and compound alone. x axis, chemical shift
change [Δ] ppm (parts per million); y axis, relative
signal intensity. (C) An alphaLISA assay was designed
to detect polyubiquitinylation of CARD9 in the
presence of reconstituted E1–E2–E3 TRIM62 complex.
Data represent percent AlphaLISA signal (100% =
mean AlphaLISA signal with DMSO control).
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black bars for the parental series). We also determined that
modification of the 2,5-aminonicotinic acid core was not tolerated
and analogs with an altered core lost activity completely (blue
circles and blue bars, Fig. S4). Substitutions in the aliphatic part
(R2, orange circles and orange bars, Fig. S4), including the qua-
ternary carbon center, differentially affected competitive CARD9
binding and may be amenable for future optimizations.

BRD5529 Inhibits CARD9-Dependent Signaling in Innate Immune Cells.
We next investigated whether the CARD9-binding compounds
could attenuate CARD9-dependent signaling in a cellular context.
We selected BRD5529 based on its potency and complete in-
hibition of CARD9 ubiquitinylation in vitro, as well as for its fa-
vorable solubility. We used primary bone marrow-derived dendritic
cells (BMDCs) and assessed phosphorylation of IKK, the imme-
diate downstream event of CARD9 signalosome formation (15).
We employed stimulation of Dectin-1 by scleroglucan, a highly
specific ligand, more potent than other Dectin-1 ligands, such as
depleted zymosan whole glucan particles (WGPs) (Fig. S5A),
curdlan, and schyzophyllan, which enabled a sufficient dynamic
range to detect the IKK phosphorylation. Upon stimulation of
BMDCs with scleroglucan (Dectin-1 ligand), we observed a time-
dependent increase in IKK phosphorylation. When treated with
BRD5529, our selected lead compound, IKK phosphorylation was
significantly reduced in the context of Dectin-1 activation (scle-
roglucan treatment), but was not affected upon LPS-triggered
CARD9-independent TLR4 activation (Fig. 4A). These findings
suggest that BRD5529 functions in a CARD9-specific manner. We
further conducted a series of assays that probe transcriptional ef-
fects of CARD9 signaling downstream of IKK activation by using
THP-1 monocytes transduced with an NF-κB–driven luciferase
reporter. Notably, BRD5529 attenuated activation of the NF-κB
reporter in THP-1 monocytes treated with scleroglucan (Fig. 4B)
or WGPs (Fig. S5B) but had no effect on LPS-driven CARD9-
independent NF-κB activation (Fig. 4B).
Taken together, we propose that the discovered “BRD” small

molecules directly bind CARD9 in vitro and inhibit its association
with TRIM62, while also inhibiting functional ubiquitinylation and
activation of CARD9. When applied to innate immune cells,
CARD9-targeting molecule BRD5529 selectively inhibits Dectin-1–
mediated CARD9 activation, while leaving LPS-activated signaling
intact, supporting the concept of targeting CARD9 with small
molecules to attenuate its activity in proinflammatory settings.

Discussion
IBD includes Crohn’s disease (CD) and ulcerative colitis (UC), two
chronic inflammatory conditions associated with overly aggressive
immune responses to otherwise commensal bacteria in the gut. IBD
affects ∼2 million people in the United States (38), and there is
urgent need for effective and targeted treatments. Immunosup-
pressants and biological agents are often the best options; however,
therapy is limited by loss of efficacy, underscoring the unmet clinical
need for further therapeutic development. In the present work,
human genetic data generated by exome sequencing, biochemical
analyses of variant proteins, and cellular functional genomics in-
spired a precision approach to therapeutic intervention.
IBD is a classic example of a multifactorial genetic disease, which

is provoked by a combination of disparate factors (e.g., environ-
mental exposure and diet) including a significant genetic compo-
nent (38). In such cases, genome-wide association studies are
among the most powerful tools for deciphering the genetic basis of
disease risk and related pathological mechanisms. Among IBD risk
genes, CARD9 is unique in that both risk and protective variants
have been identified. A common risk allele (40% of the population)
encodes an amino acid substitution S12N in the CARD9 protein
that is associated with heightened CARD9 activation, although the
mechanistic basis for this phenotype remains to be defined con-
clusively (1, 4). The rare protective variant CARD9Δ11 is a splice

site mutation that results in premature CARD9 truncation (Fig. 1
A and B) and loss of key C-terminal functions, despite having an
intact N terminus involved in the canonical CARD9–BCL10–
MALT1 signalosome interactions. Even with the risk allele also
present, this truncation of CARD9 strongly protects against IBD
[odds ratio (OR) = 0.29, P < 10−16]. These findings suggest that
decreased CARD9 signaling may be beneficial in IBD treatment;
however, persons completely deficient in CARD9 function via
missense or early stop codon mutations are immunocompromised
and susceptible to life-threatening fungal infections (22, 39–43).
Thus, we hypothesized that the safe and effective targeting ap-
proach may be to mimic precisely the protective CARD9Δ11
mechanism rather than completely ablating CARD9 activity.
We have previously characterized the protective CARD9Δ11

variant and its interaction with TRIM62, and in this current work,
aimed to develop small molecules that mimic the phenotype of
CARD9Δ11. Such CARD9 domain-specific small-molecule inhib-
itors must target and disrupt CARD9–TRIM62 interaction, which
occurs in neutral and/or risk alleles of CARD9, but is disrupted in
CARD9Δ11. Protein–protein interactions, despite the fact that they
are frequently impacted by genetic variants associated with disease
(44), are challenging therapeutic targets and have been classified as
“undruggable” (45). Moreover, the CARD9 C-terminal domain
likely possesses an only partially folded structure, as predicted by
structural modeling, increasing the challenge of finding molecules
that directly bind this domain of CARD9.
To address the challenge of measuring PPI disruption by com-

pounds in a high-throughput format, we developed a multiplexed
method with a bead-based readout and simple relative quantifi-
cation. We applied this technology to enable a high-throughput
PPI disruption screen that yielded small molecules that disrupt
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Fig. 4. BRD5529 attenuates CARD9 signaling in a stimulus-dependent
manner. (A) Phosphorylation of IKK in primary BMDCs was assessed by flow
cytometry. Cells were treated with the indicated stimuli (Dectin-1, scle-
roglucan; TLR4 control, LPS) in the presence or absence of 200 μM BRD5529.
y axis, percent IKK phosphorylation compared with maximum phospho-IKK
within experimental series. Data are represented as mean of at least
triplicate ± SD. (B) NF-κB activation in THP-1 cells reconstituted with Dectin-
1 and NF-κB–driven luciferase reporter. Cells were stimulated with scle-
roglucan (Left, blue bars) or LPS (Right, green bars) ± 200 μM BRD5529 for
2 h or 4 h. RLU, relative light units. Data are mean ± SD of at least qua-
druplicates. P values were calculated by Student’s t test. n.s., nonsignificant.
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CARD9–TRIM62 interactions in a manner that mimics the CARD9
protective variant. We report the discovery of structurally related
compounds that specifically and directly bind CARD9, potently in-
hibit its association with TRIM62, but not with the N-terminal
binding partner BCL10, and effectively inhibit functional TRIM62-
mediated CARD9 ubiquitination in cells. We further show that
the lead compound in this series selectively modulates CARD9-
dependent signaling in the context of innate immune activation
both in a monocytic cell line THP-1 and primary immune cells
(BMDCs), thus recapitulating the behavior of CARD9Δ11 and
providing an example of an approach of precision immunomod-
ulatory intervention rather than broad immunosuppression. As the
selective effect appeared moderate in magnitude, we employed
expression of CTD of CARD9 as an estimate of the maximum
possible effect of CARD9–TRIM62 inhibition and obtained a
similar decrease in NF-κB activity (Fig. S5C), with the caveat that
the CTD (which binds TRIM62) slightly differs in its mechanism
of action from CARD9-targeting compounds.
The present work continues a thread from genetics (5),

through functional biology (28) to therapeutic discovery. By us-
ing a human genetics-informed strategy and combining it with a
state-of-the-art screening technology, we develop small-molecule

probes that directly engage a target lacking enzymatic activity—a
common goal of many therapeutic projects guided by human
genetics.

Materials and Methods
Flag-StrepII-CARD9 and TRIM62 were purified as described (28). TRIM62ΔRING
and B30.2/SPRY were expressed in Sf9 cells in pFastBac as His8 fusion. For
Luminex assay, HEK293F cells were transfected with 3XMyc-TRIM62 in pCMV and
separately with Flag-CARD9 in pcDNA4/TO. Anti-Myc tag antibody (9E10) was
conjugated to the beads and used for TRIM62 affinity capture from cleared ly-
sates. Following the incubation with compounds, Flag-CARD9 lysate was added;
after a series of washes and secondary PE-conjugated antibody incubation,
readout was performed on MagPlex instruments. Extended experimental details
on Luminex bead-based ELISA, screening libraries, DSF and STD NMR assays,
ubiquitinylation assays, cell culture, phospho-IKK FACS, CARD9 rescue in THP-
1 cells, and NF-κB assay are provided in Supporting Information.
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