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SUMMARY
Biologically active small molecules can impart modulatory effects, in some cases providing extended long-
term memory. In a screen of biologically active small molecules for regulators of tumor necrosis factor (TNF)
induction, we identify several compounds with the ability to induce training effects on human macrophages.
Rutaecarpine shows acute and long-term modulation, enhancing lipopolysaccharide (LPS)-induced pro-in-
flammatory cytokine secretion and relieving LPS tolerance in human macrophages. Rutaecarpine inhibits
b-glucan-induced H3K4Me3 marks at the promoters of several pro-inflammatory cytokines, highlighting
the potential of this molecule to modulate chromosomal topology. Syk kinase inhibitor (SYKi IV), another
screen hit, promotes an enhanced response to LPS similar to that previously reported for b-glucan-induced
training. Macrophages trained with SYKi IV show a high degree of resistance to influenza A, multiple variants
of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), and OC43 coronavirus infection, high-
lighting a potential application of this molecule and other SYKis as prophylactic treatments for viral suscep-
tibility.
INTRODUCTION

The innate immune system establishes a barrier to pathogen in-

vasion through multiple mechanisms (Gasteiger et al., 2017).

Though innate immune defenses in mammals encompass

most tissues and cells, specialized myeloid cells initiate and

exert a program of immune activation in response to tissue dam-

age, infection, or genotoxic stress (Mosser and Edwards, 2008).

Macrophages, a key myeloid cell lineage, detect danger and in-

fectious signals through a range of pattern recognition receptors,

leading to the secretion of pro-inflammatory cytokines such as

tumor necrosis factor (TNF), interleukin-6 (IL-6), and IL-1b (Ara-

ngo Duque and Descoteaux, 2014). A tight regulation of the im-

mune response is essential to avoid sustained or prolonged acti-

vation of the immune system, which, if not controlled

appropriately, disrupts immunological homeostasis and can

lead to acute or chronic inflammatory disease (Yoshimura
This is an open access article under the CC BY-N
et al., 2018). Biologics that modulate TNF, a primary effector of

macrophage-driven inflammation, have shown the potential to

treat many inflammatory conditions (Croft et al., 2013; Kalliolias

and Ivashkiv, 2016). Small-molecule modulators of the innate im-

mune response therefore have considerable potential both in

treating immune diseases (Song and Buchwald, 2015; Savvides

and Elewaut, 2020) and enhancing immunogenicity as vaccine

adjuvants (Lacey, 2019).

Some microbial molecules that activate innate immune re-

sponses have been shown to rearrange the host cell chromatin to-

pology and metabolic state in ways that can escalate the immune

response to a second stimulus, a phenomenon termed ‘‘trained

immunity’’ (Mantovani and Netea, 2020). Stimulation with such

‘‘innate immune training’’ molecules imparts an epigenetic mem-

ory on the promoters and enhancers of pro-inflammatory cyto-

kines (Quintin et al., 2012; Netea et al., 2016; Mulder et al., 2019).

Histone modifications such as H3K4 trimethylation (H3K4Me3),
Cell Reports 41, 111441, October 4, 2022 ª 2022 The Authors. 1
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H3K27Ac (acetylation), and H3K4M1 (mono-methylation) have

been shown to correlate with Bacille-Guerin (BCG)-induced and

b-glucan-induced trained immunity (Mulder et al., 2019; Saeed

et al., 2014; Novakovic et al., 2016). Though monocytes only

have a life span of a few days (Patel et al., 2017), trained immunity

has been observed in these cells for many months to years in pa-

tients (Kleinnijenhuis et al., 2014). Further studies have also

demonstrated that consumption of a ‘‘Western’’ diet drives a

low-grade inflammatory response that can establish a detrimental

innate immune trained state in myeloid cells (Christ et al., 2018).

Such long-term training ismediated through epigenetic andmeta-

bolic changes in hematopoietic stem and progenitor cells

(HSPCs), potentially through the action of the pro-inflammatory

cytokine IL-1 (Mulder et al., 2019; Moorlag et al., 2020). Studies

have also shown that trained HSPCs enter into the circulation,

live longer, and re-engraft into bone marrow niches, thus promot-

ing long-term innate immune memory (Wright et al., 2001). BCG-

trained HSPCs generate epigenetically modified macrophages

that provide significantly better protection against virulent M.

tuberculosis infection than naive macrophages (Kaufmann et al.,

2018). Identifying biologics that modulate macrophage-driven

inflammationand innate immune trainingwould thereforebeofsig-

nificant therapeutic potential. Targeting host immunity rather than

a specific pathogen for therapeutic development has the added

advantage of protecting the host against multiple infectious

agents, and newly evolving variants, through a single intervention.

In addition to microbial ligands, endogenous biomolecules

such as uric acid, lipoprotein A, and oxidized low-density lipo-

protein (oxLDL) have been shown to induce trained immunity

(Bekkering et al., 2014; Crisan et al., 2016). A common feature

among the molecules that induce innate immune training is

that they activate signaling pathways leading to transcription of

immune effector genes (Bekkering et al., 2016; van der Heijden

et al., 2018). Molecules that induce innate immune training

have several putative applications (Mourits et al., 2018; Mulder

et al., 2019). For example, immunotolerant states in sepsis and

cancer could possibly be reversed by inducing trained immunity

(Mourits et al., 2018). On the other hand, inhibiting trained immu-

nity could dampen hyperinflammatory conditions such as

atherosclerosis (Mourits et al., 2018). Despite considerable prog-

ress in the characterization of trained innate immunity, few

studies have attempted to identify and characterize small-mole-

cule modulators of this process. To address this gap, we opti-

mized a previously described human macrophage TNF reporter

system (Li et al., 2015) for screening in 1,536-well format to iden-

tify innate immune modulators that can also impart trained im-

munity.We identify both Syk kinase inhibitors and the compound

rutaecarpine (RUT) as promising molecules for therapeutic regu-

lation of macrophage training and inflammatory output.

RESULTS

A screen of pharmacologically active molecule library
identifies both inhibitors and activators of TNF in human
macrophage cells
TNF is a cytokine that is induced multifold in response to infec-

tion through the activation of pattern recognition receptor

signaling pathways (Johnston and Conly, 2006). We have previ-
2 Cell Reports 41, 111441, October 4, 2022
ously reported the creation and utilization of a human macro-

phage TNF reporter cell system in THP1 cells for use in genetic

perturbation screens (John et al., 2018; Li et al., 2015). To adopt

this cell line for small-molecule screening (Figure 1A), we first

titrated the optimal cell number to attain a robust lipopolysac-

charide (LPS)-induced TNF response in 1,536-well plate format

(Figure S1A). Using a chosen plating of 6,000 cells per well, we

then tested three known inhibitors of the TLR4 pathway, SB

203580 (a MAPK [p38] inhibitor), Bay 11-7082 (an inhibitor of I-

kB kinase [IKK]), and IRAK1/4 inhibitor I (Pubchem: 11983295).

The half-maximal inhibitory concentration (IC50) values of 2,

354, and 272 nM, respectively, were within the expected range

(Figure S1B), with low toxicity over a broad concentration range

(Figure S1C).

We then screened the Sigma LOPAC1280 pharmacologically

active molecule library in a serial dilution format with concentra-

tions ranging from 10 mM to 100 pM (Figure 1A). Compounds

were added 30 min prior to stimulation with LPS for 4 h, and

those with modulatory effects were classified based on previ-

ously described ‘‘curve classes’’ (Inglese et al., 2006) (Figure 1B).

We identified 17 inhibitors with curve class response (CCR)

scores of �1.1 or �1.2 and 39 activators with scores of +1.1

or +1.2 in the primary screen (Figures 1B, S1D, and S1E). Of

the 1,280 compounds we screened, 192 and 195 compounds

showed inhibitory or activatory effects on TNF, respectively

(Figures 1C and 1D).

Modulators of the TNF transcriptional reporter regulate
TNF and IL-6 secretion from primary macrophage cells
The most potent compounds (11 inhibitors and 20 activators)

were chosen for follow up screening in primary human macro-

phages. We first evaluated primary macrophage viability in

response to these molecules and those that were cytotoxic at

higher concentrations were omitted from further analysis (Fig-

ure S2). Most inhibitors identified in the THP1 cell line TNF re-

porter screen also led to inhibition of secretion of both TNF

and IL-6 from primary human macrophages (Figures 2A and

2B), an important primary cell validation of the initial THP1 cell

line screen.

In contrast to the inhibitory compounds from the primary

screen, we found that few of the compounds that activated the

TNF transcriptional reporter in THP1 cells had a comparable

activating effect on TNF secretion from primary macrophages

(Figure 2A; Table S1). Some of the compounds showed a slight

activation of IL-6 secretion, but these effects were modest and

isolated to a few compounds (Figure 2B; Table S1). The com-

pound that most significantly upregulated both TNF and IL-6

was RUT (15892), and its effects were strongest after extended

treatment of macrophages up to 24 h (Figures 2A and 2B).

Wash and rest protocol uncovers long-term modulatory
effects of select compounds
While the initial screen identified acute modulators of TNF

expression, we noted the stronger effects of several compounds

after longer incubations with primary cells. We therefore tested

their ability to sustain their effects after a washout and 3 day

rest period. Most inhibitors from the primary screen lost their

inhibitory effect when the cells were treated for a day, washed,
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Figure 1. Identification of bioactive modulators of the innate immune response

(A) Schematic of the reporter human macrophage cell line and assay protocol for the bioactive molecule screen. Matched plates were prepared for both the TNF

reporter assay and cytotoxicity measurement.

(B) Schematic of hit compound classification from the primary screen based on phenotypic activity curve classes (see STAR Methods).

(C) Percentage of compounds identified from the primary screen classified as inhibitors and activators.

(D) Number of compounds in different curve sub classes.

Data in (C) and (D) show representative data from a screen performed over a broad range of compound doses.
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and rested for 3 days (Figures 2C and 2D). However, several

compounds, including 94419 and 186039, which are inhibitors

of cysteine proteases and Syk kinase, respectively, showed

increased secretion of both TNF and IL-6 (Figures 2C and 2D).

Themost substantial enhancement was observed with the inhib-

itor of Syk kinase (186039, SYKi IV).
We then evaluated the effect of SYKi IV treatment for a day and

resting for 3 days on the transcriptional response to LPS in hu-

man primary macrophages (Figures 3A and 3B). SYKi IV pre-

treatment followed by resting led to an enhanced LPS response

for many genes (Figures 3A and 3B), with an enrichment for in-

flammatory cytokines, antiviral genes, and host responses to
Cell Reports 41, 111441, October 4, 2022 3



Figure 2. Inhibitors and activators differentially modulate secretion of TNF and IL-6 in LPS-stimulated primary macrophages

Non-cytotoxic compounds scoring in curve classes +1.1 and �1.1 were chosen to assay for effects on cytokine secretion in primary human macrophages.

(A and B) Cells were pre-treated with 10 mM compounds for 0.5, 4, and 24 h before challenge with 100 ng/mL LPS. TNF (A) and IL-6 (B) secretion were measured

by ELISA at 4 and 24 h post-LPS.

(C and D) Screen to identify training molecules. Cells were pre-treated with 10 mM compounds for 24 h, then washed and rested for 3 days before challenge with

100 ng/mL LPS. TNF (C) and IL-6 (D) secretion were measured by ELISA at 4 and 24 h post-LPS. Average of 3 replicates was normalized to the respective DMSO

control. p values for each compound were calculated in comparison to the DMSO control and are shown on the right side of each treatment.

(E) Schematic summarizing the primary cell validation screens performed for acute modulators of cytokine secretion (in A and B) and for long-term modulators

(training molecules) of cytokine secretion (in C and D).
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infection (Figures S3A and S3B). Both qPCR and ELISA analysis

from SYKi IV treated and rested cells confirmed significant upre-

gulation of both IL-6 and TNF (Figures 3C and 3D). Consistent

with the upregulated antiviral genes in the SYKi IV-treated cells,

the LPS-induced expression of IFNB1 was also elevated by this

compound (Figure 3C). We tested another inhibitor of Syk ki-

nase, R406, which is the active component of fostamatinib, an

FDA-approved drug for use in adult patients with chronic im-

mune thrombocytopenia (Mullard, 2018). Similar to SYKi IV treat-

ment, R406 also produced similar upregulation of inflammatory

cytokines upon treatment of macrophages for a day and resting

for 3 days (Figure S3C). These data suggest that Syk kinase inhi-

bition, followed by a resting phase, leads to an enhancedmacro-

phage inflammatory cytokine response to LPS.

The long-term modulatory effect of Syk inhibition resembles

the recently described phenomenon of innate immune training,

where macrophages are primed to respond more robustly to a

secondary infectious challenge (Netea et al., 2016). Molecules

that alter innate immune training have potential applications in

disease states such as hyperinflammation and immune-paraly-

sis (Mourits et al., 2018). Syk kinase is known to regulate proteins

in the Toll-like receptor (TLR signaling pathway, including the

TLR receptors and the MAPKs ERK and JNK (Yi et al., 2014).

We therefore tested TLR pathway activation in SYKi IV pre-

treated cells compared with the pro-typical innate training

stimulus b-glucan (van der Meer et al., 2015). SYKi IV or b-glucan

pre-treatment led to no significant change in phosphorylation of

p65/nuclear factor kB (NF-kB) or p38 MAPK; however, ERK

phosphorylation was significantly enhanced in the SYKi IV pre-

treated cells at 20–60 min post-LPS stimulation, while b-glucan

pre-treated cells showed a pattern of sustained ERK activation

(Figure S3D). These data suggest that enhanced ERK activation

may contribute to the enhanced cytokine response observed in

SYKi IV- and b-glucan-treated macrophages.

SYKi IV treatment leads to nuclear localization of NFAT2
in human macrophage cells and enhanced H3K4Me3
marks at the promoters of immune genes
Nuclear factor of activated T cells (NFAT) has been proposed to

mediate b-glucan-driven innate immune training by upregulating

immune gene-priming long non-coding RNAs (IP-lncRNAs),

which increases levels of H3K4me3 at the promoters of trained

genes (Fanucchi et al., 2019; Quintin et al., 2012). Upon
Figure 3. SYKi IV treatment followed by resting trains human macroph
Primary human macrophages were pre-treated ±10 mM SYK IV for 24 h and rest

(A and B) RNA-seq analysis after 4 and 24 h LPS.

(A) Heatmap of 1,985 genes induced >1.0 (log2) by 4 h LPS are shown for all con

(B) Volcano plot comparing differentially expressed genes in SYKi IV + LPS vers

(C) qPCR analysis of TNF, IL6, and IFNB1 mRNA.

(D) ELISA assay of secreted TNF and IL-6.

(E) Western blot analysis of NFAT2 in the cytosolic (GAPDH-enriched) and nuclear

Quantitation of the band intensity is shown below as the normalized value to the

(F) Quantification of NFAT2 nuclear intensity in THP1 cells following addition of S

(G) U937 cells were treatedwith DMSOor SYKi IV for 24 h and rested for 3 days, an

IL-6, and IL-1b.

(H) Schematic of experimental design for data in (A)–(G).

Data in (A)–(G) are representative of three independent experiments. Experiments

(C and D) Area expressed as mean ± SD; **p < 0.01, ***p < 0.001 (two-way ANO
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Dectin-1 binding by b-glucan, NFAT is dephosphorylated,

exposing the nuclear localization signal, which leads to nuclear

translocation (Hogan et al., 2003; Okamura et al., 2000). Phos-

phorylated NFAT proteins are maintained in the cytoplasm by

the coordinated action of three kinases: casein kinase 1 (CK1),

glycogen synthase kinase 3 (GSK3), and dual specificity tyrosine

phosphorylation regulated kinase (DYRK) (Arron et al., 2006;

Gwack et al., 2006; Okamura et al., 2000, 2004). Syk inhibition

has been reported to reduce GSK3 activity (Paris et al., 2014).

We therefore tested the effect of long term (>1 h) Syk inhibition

on nuclear localization of the predominant macrophage NFAT

isoform NFAT2 in THP1-differentiated macrophages. We

observed enhanced nuclear presence of NFAT2 at 1 and 2 h

post-SYKi IV treatment (Figure 3E). To further validate this obser-

vation, we performed confocal imaging and found that the nu-

clear intensity of NFAT2 was significantly enhanced upon treat-

ment with SYKi IV, peaking at 1 h and remaining elevated

thereafter (Figures 3F, left, and S3E). A similar pattern of nuclear

enhancement of NFAT2 was also observed in SYKi IV-treated

primary macrophages (Figure 3F, right).

We then tested if SYKi IV treatment/resting leads to epigenetic

chromosomal alterations. One of the hallmarks of innate immune

training is the deposition of H3K4Me3 marks at the promoters of

trained genes prior to any PRR activation (Saeed et al., 2014).We

performed chromatin immunoprecipitation (ChIP)-PCR analysis

for H3K4Me3 enrichment at the TNF, IL-6, and IL-1b promoters

in PMA-differentiated U937macrophages, a commonly used hu-

man macrophage cell line employed for innate immune training

studies. Consistent with previous innate immune training reports

(Quintin et al., 2012), H3K4Me3 was significantly elevated at all

three gene loci after training with SYKi IV alone in the absence

of LPS challenge (Figure 3G). These data suggested that SYKi

IV treatment and resting leads to epigenetic rewiring and innate

immune training in macrophage cells.

RUT reduces the b-glucan-mediated training in
macrophage cells andH3K4Me3marks at the promoters
of TNF and IL-6
To further investigate whether the molecules identified in our

initial screen could modulate macrophage behavior, we

sought to test their effect on the enhanced response that is

observed in b-glucan-trained cells. First, we optimized the

b-glucan training protocol for screening in TNF reporter
ages for enhanced responses to LPS
ed for 3 days prior to 100 ng/mL LPS challenge.

ditions.

us LPS alone at 4 h.

(hnRNPL-enriched) fractions of SYKi IV- (10 mM) or DMSO-treated THP1 cells.

loading controls, GAPDH for cytosol and hnRNPL for nuclear samples.

YKi IV (10 mM) from imaging data in Figure S3E.

dH3K4Me3 enrichment wasmeasured byChIP-qPCR at the promoters of TNF,

in (F) are mean ± SD of 10 fields imaged in each of 3 independent experiments.

VA followed by Sidak’s multiple comparison test).
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Figure 4. RUT inhibits b-glucan-induced training in differentiated THP1 cells

(A) Assay design to test modulation of b-glucan-induced innate immune training. TNF reporter THP1 cells were treated with 5 ng/mL b-glucan during 10 ng/mL

PMA differentiation, then compounds at 10 mM before challenge with 100 ng/mL LPS.

(B) TNF reporter luciferase readings were normalized to the b-glucan + LPS control.

(C) ChIP-qPCR analysis from THP1 cells treated as in (A) with 10 mM RUT at the compound step. Nuclear lysates were immunoprecipitated with H3K4Me3

antibody before qPCR with TNF and IL-6 promoter-specific primers.

(D) THP1 cells were trained with 10 mM RUT for 24 h, washed, and rested for 3 days before 5 h challenge with 100 ng/mL LPS. Nuclear lysates were immu-

noprecipitated with H3K4Me3 antibody before qPCR with TNF and IL-6 promoter-specific primers.

Data in (B) are averaged from three replicates. Data in (C and D) are representative of three independent experiments expressed as mean ± SD; *p < 0.05,

**p < 0.01, ***p < 0.001 (two-way ANOVA followed by Tukey’s, C, and Sidak’s, D, multiple comparison test).
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THP1 cells, demonstrating a signal to background ratio of 4.2

and a Z value of 0.29 (Figures 4A and S4A). Six inhibitors and

20 activators from the initial screen were tested for their ability

to modulate b-glucan-induced training (Figure 4A). We identi-

fied several compounds enhancing or inhibiting the b-glucan-

mediated training effect (Figure 4B). The compounds 25125

and 15892 had the most substantial inhibitory effects, with

15892 (RUT) showing the most potent reversal of b-glucan-

induced training (Figures 4B and S4B). This inhibitory effect

was also observed when RUT was added together with

b-glucan (Figure S4C).
b-Glucan-treated and rested THP1 cells showed elevated

H3K4Me3 marks at the promoters of both TNF and IL-6, with

further increases upon LPS stimulation (Figure 4C). When RUT

was added 1 h prior to LPS stimulation, the H3K4Me3 marks

were diminished at the promoters of TNF and IL-6 both before

and after LPS stimulation (Figure 4C). This is consistent with

the inhibitory effect of RUT on b-glucan training in the screen

and shows its ability tomodulate H3K4Me3marking in innate im-

mune cells. We also evaluated the effects of RUT on LPS-

induced H3K4Me3 deposition in the absence of b-glucan and

observed a RUT-mediated increase in H3K4Me3 marks at the
Cell Reports 41, 111441, October 4, 2022 7
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promoters of both TNF and IL-6 (Figure 4D). This suggests that

while RUT can interfere with b-glucan-induced epigenetic modi-

fication associated with training, it may itself have some innate

immune training capacity.

RUT upregulates transcriptional activation of
inflammatory cytokines and shows characteristics of
other innate immune training molecules
Since RUT was identified as an acute activator of LPS-induced

TNF transcription in our initial compound screen, we assessed

its effect on LPS signaling responses. We found that when

primary macrophages were pre-treated with RUT prior to LPS

stimulation, there was no significant change in the activation of

NF-kB p65 or p38 MAPK phosphorylation (Figure 5A). This sug-

gested that the augmented transcriptional response observed

with RUT pre-treatment is not due to enhanced signaling activa-

tion upstream of NF-kB and MAPK. We also tested TNF mRNA

transcription in the presence of RUT by real-time qPCR. Consis-

tent with the screen reporter assay, we found that RUT pre-treat-

ment leads to enhanced LPS-induced transcription of TNF

mRNA in primary macrophages (Figure 5B). To assess globally

which genes are differentially activated in RUT-treated cells,

we performed an RNA sequencing (RNA-seq) analysis in primary

macrophages treated with RUT or LPS alone for 4 and 24 h.

While LPS induced a much more robust transcriptional

response, a number of LPS-induced genes were also induced

by RUT, including TNF and IL1B (Figures 5C and S5A). Pathway

analysis of RUT-induced genes showed enrichment for chemo-

taxis at 4 h and cytokine-cytokine receptor interaction at 24 h

(Figure S5B).

We next tested whether RUT has any effect on TLR4 signaling

in treated and rested cells. Similar to the acute treatment data

(Figure 5A), RUT pre-treatment/resting did not substantially alter

the LPS-induced activation of NF-kB or p38 MAPK (Figure S5D).

RNA-seq analysis showed that while RUT pre-treatment/resting

had a modest overall effect on the LPS-induced gene program

(Figure 5D), several inflammatory genes, including TNF, were

enhanced (Figure S5E). This pattern was reflected at the secre-

tion level for the cytokines TNF, IL-6, and IL-12 p40 (Figure 5E).

Pathway analysis of LPS-induced genes enhanced by RUT

showed enrichment for cell adhesion and cellular response to

IL-1 at 4 h LPS and genes associated with leukocyte migration

at 24 h LPS (Figure S5C). Conversely, a diverse set of LPS-

induced genes were downregulated in RUT-treated and rested

cells associated with pathways for cytokine-cytokine interaction

and responses to interferon gamma (Figure S5F). This observa-

tion may relate to previously reported anti-inflammatory func-

tions of RUT (Choi et al., 2006).

SinceRUT treatment and resting led to the enhanced transcrip-

tion of established inflammatory genes (Figure S5E), and an in-

crease in the innate training-associated histone marker deposi-

tion at the TNF and IL-6 promoters (Figure 4D), we analyzed the

RNA-seq data for enhanced expression of lncRNAs, another

characteristic feature of innate immune training (Fanucchi et al.,

2019). We identified several lncRNAs that were preferentially ex-

pressed upon RUT treatment (Table S2), providing putative can-

didates for future study. We further compared the RUT-induced

gene expression profile with BCG (https://www.ncbi.nlm.nih.
8 Cell Reports 41, 111441, October 4, 2022
gov/geo/query/acc.cgi?acc=GSE162729), another established

immune training agent (Netea et al., 2016). We used both IPA

and MAGIC analyses to predict enriched transcription factor

binding motifs and found that 12 and 15 transcription factors

(TFs) were common between the two stimuli from IPA and

MAGIC analyses, respectively (Table S3). Among these TFs,

FOSL2, SMARCA4, and STAT3 were enriched by both analysis

methods. This suggests that RUT treatment promotes activation

of a transcriptional response with features common to previously

characterized immune training activators.

Since innate immune training stimuli have been shown to

reverse LPS tolerance through epigenetic rewiring of macro-

phage cells (Novakovic et al., 2016), we sought to test the effect

of RUT on this phenomenon. We tolerized primary human

macrophage cells with 100 ng/mL LPS for 24 h, then treated

±RUT for 24 h prior to LPS re-stimulation for 4 h. RUT substan-

tially reduced LPS tolerance in primary human macrophages

asmeasured by TNFmRNA induction and protein secretion (Fig-

ure 5F), consistent with previous studies using b-glucan (Nova-

kovic et al., 2016).

RUT and SYKi IV treatment and resting leads to
inhibition of SARS-CoV-2, OC43 coronavirus, and
influenza A viral replication in human macrophages
Trained immunity has the potential for reducing host susceptibil-

ity to viral infection and disease severity (Netea et al., 2020b). The

human coronavirus strain OC43 (HCoV-OC43) along with 3 other

coronaviruses, HcoV-229E, HcoV-NL63, andHcoV-HKU1, cause

approximately 15% of common cold infections acquired globally

each year (Sariol and Perlman, 2020). HcoV-OC43 and HcoV-

HKU1 belong to the b coronavirus subgroup, which also includes

more pathogenic coronaviruses such as SARS-CoV-2, the agent

responsible for the ongoing COVID-19 pandemic (Devarakonda

et al., 2020). Considering the augmented innate immune

response in macrophages pre-treated with RUT or SYKi IV, we

evaluated their effect on viral infection both in acute and rested

conditions in THP1-differentiated macrophage cells. In the acute

regime of 1 h pre-treatment, SYKi IV had no effect on OC43 coro-

navirus infection, while RUT reduced infection at concentrations

>3 mM (Figures 6A and 6B). RUT was also more effective than

SYKi IV in limiting influenza infection in an acute pre-treatment

regime (Figures S6A and S6B). In contrast, when THP1 macro-

phages were treated and rested for 3 days, we found that both

OC43 and influenza virus infection were strongly attenuated by

SYKi IV pre-treatment (Figures 6C, 6D, S6C, and S6D). RUT

pre-treatment and resting also protected against both viruses,

although to a lesser extent than SYKi IV (Figures 6C, 6D, S6C,

and S6D). These results may reflect augmented cytokine re-

sponses in macrophages trained by SYKi IV and RUT, and the

more potent effect of SYKi IV is consistent with more robust im-

mune effector enhancement in these cells (Figures 3A–3D).

In contrast to OC43 coronavirus and influenza virus, SARS-

CoV-2 does not productively infect macrophage cells, with

ACE2-expressing epithelial cells considered to be the primary

target (Garcia-Nicolaset al., 2021).Toassess the impactofmacro-

phage training on SARS-CoV-2 epithelial infection, we developed

a co-culture system of primary humanmacrophages with hACE2-

expressing A549 epithelial cells (Figure 7A). The D614G and UK

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE162729
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE162729
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Figure 5. RUT selectively enhances tran-

scription and secretion of pro-inflammatory

cytokines in primary macrophages

(A and B) Primary human macrophages were pre-

treated with 10 mM RUT prior to 100 ng/mL LPS

challenge.

(A) Western blot analysis of phosphorylated p65/

NF-kB and p38/MAPK. Quantitation of the band in-

tensity is shown below as the normalized value to

the loading control, GAPDH.

(B) qPCR analysis of TNF mRNA.

(C) RNA-seq analysis of primary human macro-

phages treated with 100 ng/mL LPS or 10 mM RUT

for the indicated times.

(D) RNA-seq analysis of primary human macro-

phages treated with 100 ng/mL LPS ±10 mM RUT.

RUT+ cells were treated and rested for 3 days prior

to LPS challenge.

For (C) and (D), 1,572 genes induced >1.0 (log2) by

4 h LPS are shown.

(E) Secreted cytokine measurements from primary

human macrophages treated with 100 ng/mL

LPS ±10 mM RUT. RUT+ cells were treated and

rested for 3 days prior to LPS challenge.

(F) RUT releases the tolerance induced by LPS.

qPCR (left) and ELISA (right) analysis of LPS-

tolerant human primary macrophages upon treat-

ment with RUT. Primary human macrophages were

treated ±100 ng/mL LPS for 24 h (I), rested for

24 h, then treated ±10 mM RUT for 24 h before the

second ±100 ng/mL LPS challenge (II) for 4 h.

Data in (B), (F), and (G) are representative of three

independent experiments, expressed as mean ±

SD; *p < 0.05, **p < 0.01, ***p < 0.001 (two-way

ANOVA followed by Sidak’s multiple comparison

test). Data in (C) and (E) are average of 3 replicates

normalized to an untreated control.
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Figure 6. SYKi IV-induced macrophage training can restrict coro-

navirus infection

(A) Percentage infection of OC43 in differentiated THP1 cells treated ±SYKi IV

or RUT in a dose range of 25 mM to 3 nM 1 h prior to infection with OC43

coronavirus for 24 h.

(B) Representative images of the OC43 infection at 6.25 mM SYKi IV and RUT

from (A).

(C) Percentage infection of OC43 in differentiated THP1 cells treated ±SYKi IV

or RUT in a dose range of 25 mM to 3 nM for 24 h and rested for 3 days prior to

infection with OC43 coronavirus for 24 h.

(D) Representative image of the OC43 infection at 6.25 mM SYKi IV and RUT

from (C).

Images in (B) and (D) show representative data from 48 imaged fields. Quan-

tified data in (A) and (C) are representative of three independent experiments,

expressed as mean + SD. p values are shown as *p < 0.05, **p < 0.01,

***p < 0.001 (ordinary two-way ANOVA).
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variants of SARS-CoV-2 productively infected A549-hACE2 cells

with distinct syncytia formation (Figures 7B–7D, left panels).

Macrophage training with RUT showed a slight reduction of

SARS-CoV-2 infection of A549-hACE2 (Figures 7B–7D). In

contrast, A549-hACE2 cells co-cultured with macrophages that
10 Cell Reports 41, 111441, October 4, 2022
were trained with either SYKi IV or R406 showed substantially

reduced infection with SARS-CoV-2 with no syncytia formation

(Figures 7B–7D, right panels). To further assess the specificity of

Syk inhibition leading to the training and inhibition of SARS-CoV-

2 infection, we tested 7 additional Syk inhibitors (Table S4) in the

co-culture assay. Aside from Piceatannol, all Syk inhibitors tested

significantly reduced SARS-CoV-2 infection in the co-culture sys-

tem for both the D614G and UK variants (Figures S7A–S7C).

DISCUSSION

Innate immune cells like macrophages play a key role in control-

ling microbial infections and are also implicated in eliciting auto-

immune and other inflammatory diseases (Atri et al., 2018; Ma

et al., 2019). Recent discoveries that innate immune cells can

exhibit a sustained trained state after exposure to certain stimuli

have opened up new potential therapeutic opportunities for both

infectious and immune-related diseases. Here, we have used a

small-molecule screening strategy to identify modulators of the

macrophage inflammatory state. Among the compounds identi-

fied, Syk kinase inhibitors and RUT exhibited an ability to estab-

lish long-term modulatory effects similar to previously reported

innate immune training stimuli.

Syk kinase has been targeted for the development of therapeu-

tics in several diseases including inflammatory diseases and can-

cer (Geahlen, 2014). R406 (fostamatinib), a highly potent inhibitor

of Syk kinase, was recently approved by the FDA to treat chronic

immune thrombocytopenia (Mullard, 2018). Our studies suggest

another potential use for the Syk inhibitor SYKi IV in combating

viral infection. In a treatment/resting protocol, SYKi IV promoted

substantial inhibition of both coronavirus and influenza A virus

infection of macrophages. Syk is highly expressed in several he-

matopoietic cells and can regulate pattern recognition receptor

(PRR) pathways activated by innate training stimuli such as TLR

ligands, b-glucan derived from yeast or bacterial cell walls, and

the anti-mycobacterial vaccine BCG (Lee et al., 2009; Rogers

et al., 2005; Villasenor et al., 2019; Yanagi et al., 1995, 2001).

We show that SYKi IV treatment followed by resting leads to the

elevated activation of ERK, which may contribute to enhanced

TLR4 signaling and subsequent cytokine induction in the trained

macrophages. We also observe upregulation of IFNB1 in SYKi

IV-trained cells, which, together with the enhanced cytokine

expression, may contribute to the observed inhibition of viral

replication.

Syk inhibition with R406 was also recently shown to activate

genes involved in amino acid metabolism, leading to metabolic

reprograming of pluripotent stem cells (Wang et al., 2021). Innate

immune training is associated with metabolic reprogramming

and elevated amino acid synthesis (Ferreira et al., 2022), sug-

gesting another possible basis for the observed training effect

of Syk inhibition on the macrophage response. Accordingly,

we show that NFAT2, which has been implicated as a key TF

in the gene program promoting the aforementioned metabolic

reprogramming (Wang et al., 2021), undergoes nuclear translo-

cation in macrophages treated with SYKi IV. Nuclear enrichment

of NFAT2, and the enhanced training-specific epigenetic marks

observed at the SYKi IV-treated immune gene promoters, sug-

gests that Syk inhibition can lead to activation of NFAT2 and
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Figure 7. SYKi IV-induced macrophage

training restricts SARS-CoV-2 infection in

co-culture system of A549-hACE2 and mac-

rophages

(A) Schematic of the co-culture system for SARS-

CoV-2 infection. Primary human macrophages

were treated ±6.25 mM compounds for 24 h and

rested for 3 days before plating with A549-hACE2

cells for 16 h prior to infection with SARS-CoV-2

variants at a multiplicity of infection (MOI) 1.0 for

24 h.

(B) Percentage of cells infected with SARS-CoV-2 in

co-culture of A549 cells together with macrophages

trained with SYKi IV, RUT, and R406 at 6.25 mM.

(C and D) Representative images of SARS-CoV-2

variants D614G (C) and UK (D) infection from

experiment in (B).

Images in (C) and (D) show representative data from

48 imaged fields. Quantified data in (B) are repre-

sentative of three independent experiments, ex-

pressed as mean + SD. p values for significant

changes are shown as *p < 0.05, **p < 0.01,

***p < 0.001 (ordinary two-way ANOVA).
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generation of an innate immune training state similar to that

induced by classic stimuli such as b-glucan and BCG (Saeed

et al., 2014). While additional studies will be required to fully

elucidate the mechanism by which Syk kinase inhibition medi-

ates its macrophage training effect, targeting of this kinase is

emerging as a promising therapeutic approach in a number of

diseases.

RUT has previously been characterized as an anti-inflamma-

tory molecule where intraperitoneal injection reduced sepsis-

induced peritoneal macrophage recruitment and inflammation

(Li et al., 2019). Consistent with this previous observation, our

studies find that several genes in inflammatory pathways such

as ‘‘regulation of chemokine production’’ were substantially

downregulated when primary macrophages were treated with

RUT prior to LPS challenge. In contrast, our global analysis of

gene expression found that RUT could also induce certain pro-

inflammatory genes directly while also boosting the LPS activa-

tion of major pro-inflammatory cytokines such as TNF, IL-6, and

IL12 p40. While these findings demonstrate that RUT treatment

has a complex modulatory effect on the expression of immune

response genes, the net effect of RUT appears similar to a typical

innate immune training stimulus, as RUT was able to reduce viral
C

infection of macrophages in a dose-

dependent manner. Further characteristic

features of innate immune training induced

by RUT include H3K4Me3 deposition at

cytokine promoters, increased lncRNA

expression, and upregulation of IL1B (a

key player in innate immune training)

(Moorlag et al., 2020). In addition, analysis

of TF enrichment among differentially ex-

pressed genes induced by RUT and the

established training stimulus BCG (GEO:

GSE162729) found substantial overlap,

including the SMARCA4 component of
the SWI/SNF nucleosome remodeler complex (Wilson and Rob-

erts, 2011). The role of SWI/SNF in inducing innate immune

training is actively under investigation (Kar and Joosten, 2020).

A somewhat counterintuitive observation was that RUT inhibited

b-glucan-induced H3K4Me3 deposition at the promoters of IL-6

and TNF. However, this is not without precedent, as training

induced by BCG, measles, smallpox, and oral polio vaccines

can be reversed if followed by administration of a non-live vac-

cine (Netea et al., 2020a; Aaby et al., 2003; Blok et al., 2020).

Molecules that enhance immune responses have the potential

to be developed as vaccine adjuvants and therapeutics for infec-

tious diseases. We have shown that both RUT and SYKi IV can

impart long-term modulatory effects on human macrophages.

These effects emerged following a treatment and resting regime

and showed features characteristic of established innate im-

mune training molecules. ChIP-PCR analysis showed that RUT

has potential as an epigenetic modifier to train certain gene

loci and to modulate epigenetic marks, with potential applica-

tions in relieving endotoxin tolerance, immune paralysis, or other

immunotolerant states. SYKi IV treatment and resting led to a

more robust enhancement of both transcription and secretion

of inflammatory cytokines and effectively controlled the
ell Reports 41, 111441, October 4, 2022 11
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replication of both influenza and coronaviruses. Syk kinase inhi-

bition may therefore have the potential to be developed as a pan

prophylactic therapeutic against infectious agents, including

different variants of the SARS-CoV-2 coronavirus, the pathogen

responsible for the ongoing COVID-19 pandemic.

Trained immunity, and the associated enhanced immune re-

sponses, can also be beneficial in immunotolerant states occur-

ring in sepsis or cancer (Mourits et al., 2018). In sepsis-induced

tolerance, macrophages have been shown to have altered

epigenetic and metabolic states (Cheng et al., 2014; Saeed

et al., 2014). Studies have shown that training molecules like

b-glucan can reverse the tolerized state in ex vivo analysis of

monocytes from volunteers with experimental endotoxemia,

leading to the reversal of histone modifications and enhanced

expression of previously tolerized immune effector genes (Nova-

kovic et al., 2016). Moreover, since tumor-associated macro-

phages have well-known immunosuppressive effects such as in-

hibition of CD8+ cytotoxic cells (Chanmee et al., 2014),

screening strategies on a larger scale than those employed

here could be used to identify training molecules that could

polarize tumor-associated macrophages into a more inflamma-

tory and immune activatory state.

Limitations of the study
Here, we first used a screen to identify acute modulators of

macrophage cytokine activation, then a follow-up screen was

conducted to identify training molecules that have longer-term

effects. Though this approach identified two potent training mol-

ecules, future studies that directly screen for training molecules

in the primary screen have the potential to identify many more

therapeutic candidates. We believe our study highlights strate-

gies to identify training molecules with potentially broad applica-

tions in the medical sciences.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-H3K4Me3 Abcam ab8580; RRID:AB_306649

Anti-Influenza A Abcam ab128193; RRID:AB_11143769

Anti-Coronavirus Millipore MAB9013; RRID:AB_95425

Anti-mouse-Alexa 488 Invitrogen A21202; PRID: AB_141607

Anti-NFAT-2 Santa Cruz sc7294; RRID:AB_2152503

Anti-rabbit -Alexa 488 Cell Signaling 4412; RRID:AB_1904025

Anti-SARS CoV-2 Spike GeneTex GTX632604; RRID:AB_2864418

Anti-phospho-p38 Cell Signaling 4511S; RRID:AB_2139682

Anti-phospho-p65 Cell Signaling 3033S; RRID:AB_331284

Anti-GAPDH Cell Signaling 97166; RRID:AB_2756824

Anti-phospho-ERK Cell Signaling 4370; RRID:AB_2315112

Anti-hnRNPL Santa Cruz sc-32317; RRID:AB_627736

Anti-mouse-HRP Invitrogen A16011; RRID:AB_2534685

Anti-rabbit-HRP Invitrogen A16023; RRID:AB_2534697

Bacterial and virus strains

OC43 Coronavirus ATCC VR-1558

Influenza A (Texas/36/91) Gift from Dr. Ronald Germain, NIAID N/A

SARS CoV2 (D614G) NIAID SARS Corona Virus Core Lab N/A

SARS CoV2 (U.K) NIAID SARS Corona Virus Core Lab N/A

Chemicals, peptides, and recombinant proteins

LOPAC library Sigma 200-664-3

Phorbol 12-myristate 13-acetate Sigma P8139

GM-CSF R&D Systems 215-GM-050/CF

Hygromycin B Thermofisher Scientific 10687010

LPS from Salmonella Enzo Life Sciences ALX-581-008-L002

DMSO Sigma D2650-100ML

Rutaecarpine Sigma R3277-5MG

Syk inhibitor IV Sigma 574714-2MG

b-glucan David Williams East Tennessee State University

TaqManTM Gene Expression Master Mix Thermofisher Scientific 4369016

Paraformaldehyde (Formaldehyde) Aqueous Solutio Electron Microscopy Sciences 15714-S

Protease Inhibitor Cocktail powder Sigma P2714-1BTL

PierceTM Protein A/G Agarose Thermofisher Scientific 20421

Proteinase K Solution Thermofisher Scientific 25530049

UltraPureTM Phenol:Chloroform:Isoamyl Alcohol Thermofisher Scientific 15593031

Critical commercial assays

West Dura Extended Duration Substrate reagents Thermofisher Scientific 34076

Luciferase Assay System Promega E1500

Dual-Luciferase� Reporter Assay System Promega E1960

CellTiter-Glo� Luminescent Cell Viability Assay Promega G7570

RNeasy Plus Mini Kit Qiagen 74134

iScriptTM Reverse Transcription Supermix for RT-qPCR Bio-rad 1708841

Human TNF ELISA Set BD Biosciences 555212

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Human IL-6 ELISA Set BD Biosciences 555220

Human IL-12/IL-23p40 Flex BD Biosciences 560154

NE-PERTM Nuclear and Cytoplasmic Extraction Reagents Thermofisher Scientific 78833

Deposited data

RNA Sequencing Data GEO GSE210476

Experimental models: Cell lines

THP1 monocytes ATCC TIB-202

U937 monocytes ATCC CRL-1593.2

THP1 B5 reporter cells Home (Li et al., 2015)

Primary monocytes NIH blood bank NIH

A549-hACE2 Dr. Jonathan Yewdell, NIAID, NIH

Oligonucleotides

TNF Promoter forward primer-ChIP qPCR IDTDNA ACACACAAATCAGTCAGTGG

TNF Promoter reverse primer-ChIP qPCR IDTDNA CTTCTGTCTCGGTTTCTTCTC

IL6 Promoter forward primer- ChIP qPCR IDTDNA GGAGCAGTGGCTTCGTTTCA

IL6 Promoter reverse primer- ChIP qPCR IDTDNA CGGTGGGATTCTTTGGTGTG

IL1B Promoter forward primer-ChIP qPCR IDTDNA AAAGAAGTGAATGAAGAAAAGT

IL1B Promoter reverse primer-ChIP qPCR IDTDNA AGTTGATGTCCACATTAAAATA

IL6 reverse-qPCR IDTDNA GCAACTGGACCGAAGGC

IL6 forward-qPCR IDTDNA AAGCTCTATCTCCCCTCCAGGA

IL6 PROBE IDTDNA 56-FAMCTTCTCCAC/ZEN/

AAGGGCCT

HPRT forward-qPCR IDTDNA CTGGAAAGAATGTCTTGA

TTGTGG

HPRT reverse-qPCR IDTDNA CTTGCGACCTTGACCATCTT

HPRT probe-qPCR IDTDNA 56-FAM/AGACTTTGCTT/ZEN/

TCCTTGGTCAGGCA

TNF forward-qPCR IDTDNA CCAGGGACCTCTCTCTAATCA

TNF reverse-qPCR IDTDNA TCAGCTTGAGGGTTTGCTAC

TNF PROBE IDTDNA 56-FAM/AGTGACAAG/ZEN/

CCTGTAGCCCA

IFNB1 forward- qPCR IDTDNA TGAGCAGTCTGCACCTGAA

IFNB1 reverse-qPCR IDTDNA ACAGTGACTGTACTCCTTGG

Human IFNB1 PROBE IDTDNA 56-FAM/ATTCTGCAT/ZEN/

TACCTGAAG

Software and algorithms

Graphpad Prism v9 GraphPad https://www.graphpad.com

Bioconductor tool Bioconductor.org https://bioconductor.org/

packages/release/bioc/html/

EnhancedVolcano.html
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Sinu P.

John (sinu.john@nih.gov).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data generated or analyzed during this study are included in this article, supplemental information, and source data files.
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This paper does not report original code.

The raw NGS data have been deposited to the Gene Expression Omnibus (GEO) and are publicly available (GSE210476).

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL METHODS AND DETAILS

Cell culture and stimulation
THP1monocytes (ATCC), U937monocytes (ATCC), THP1B5 reporter cells (Li et al., 2015) and human blood derivedmonocyteswere

propagated in RPMI media with 10% FBS, 10 mM HEPES, and b-mercaptoethanol in 5% CO2 at 37�C. Human peripheral blood

monocyte samples from screened, healthy donors were obtained under the NIH Clinical Center IRB-approved protocol 99-CC-

0168 from the NIH Department of Transfusion Medicine. THP1 and U937 cells were differentiated into a macrophage-like state

with 10 ng/mL PMA (Sigma) for three days. Human primary monocytes were differentiated into macrophages with 10 ng/ml GM-

CSF (R&D) for 7 days. A549-hACE2 cells were a generous gift from Dr. Jonathan Yewdell, NIAID, NIH and were maintained in

DMEM 10% FBS+ 250 mg/mL hygromycin (ThermoFisher, Cat# 10687010). Hygromycin was omitted during viral infection.

Compound library
LOPAC library (Sigma Aldrich) was used, which is a collection of 1280 pharmacologically active compounds consisting of biologically

annotated collection of inhibitors, receptor ligands, pharma-developed tools, and approved drugs impacting most signaling path-

ways and covering all major drug target classes.

Primary screen
Primary screen was performed at the high throughput screening facility at NCATS, NIH. THP1 cells expressing TNF promoter-driven

firefly luciferase were batch differentiated in T150 flasks for 3 days. Cells were lifted using cell strip buffer and scraping, counted and

plated into 1536 well plates (catalog # 789173-F) using a small cassette and a Multidrop Combi dispenser (Thermo Fisher Scientific

Inc.,Waltham, MA) in 4 mL volume/well at a density of 6,000 cells per well. Following overnight incubation, compounds were added

using a Kalypsys pintool (Columns 5–48) in serial dilution over a 7-point dose range. After 30 min, cells were stimulated with LPS

(100 ng/mL) for 4 h at 37�C, 5%CO2, 95% humidity covered with low evaporation stainless steel lids from Kalypsys. Cells were lysed

in 5 mL of lysis buffer (Promega) following LPS stimulation and firefly luciferase reading wasmeasured by the luciferase assay system

(Promega) with a ViewLux (PerkinElmer) containing a luminescent filter following the manufacturers’s methods.

Relative luminescence units (RLU) for each well were normalized to the median RLUs from the control wells with LPS stimulation

(Col 2) as 100% signal and median RLUs from wells without LPS (Col 1) as 0% signal. Data was analyzed using a curve class clas-

sification algorithmwhich classifies dose responses in four categories (Class 1, 2, 3 and 4) based on the quality of curve fit to the data

(r2), the magnitude of the response (efficacy), and the number of asymptotes to the calculated curve classes’ (Inglese et al., 2006).

Compounds with a curve class of either�1.1,�1.2, +1.1, +1.2 in the primary assay were chosen for follow up studies. Compounds in

class 1a curves were well fit (r 2R 0.9), showing a full dose response (efficacy >80%), exhibiting both upper and lower asymptotes.

Class 1b curves were the same as Class 1a except with a lower efficacy value (30–80%) and a shallow curve. Class 2 curves were

incomplete and contained only one asymptote that were divided into two subclasses. Class 2a had a good fit (r 2 R 0.9) and a suf-

ficient response (efficacy >80%) to calculate an inflection point, whereas Class 2b characterized a weaker response (efficacy <80%

and r 2 < 0.9).

Dual luciferase secondary screen
The human THP1 B5 cell clone (Li et al., 2015) was differentiated into a macrophage-like state. Compounds were added 30 min

before stimulating with LPS (100 ng/mL) as described above. Firefly and renilla luciferase activity in the cell lysates was determined

using the Dual-Luciferase Reporter Assay System (Promega, E1960), following the manufacturers protocol, and the ratio of firefly

luminescence to renilla luminescence was used to reflect the cell response to LPS stimulation.

Cell titer glow for viability assay
Differentiated primary macrophage cells were plated in 384 well plates at a density of 5000 cells per well. Compounds were added in

a 2 fold serial dilution starting from 10 mM concentration in DMSO in a total of 25 mL volume. After 24h LPS stimulation, 25 mL cell titer

glow reagent (Promega) was added, the plates were incubated for 15min at room temperature, and the luminescence wasmeasured

following the manufacture’s protocol using a ViewLux (PerkinElmer) containing a luminescent filter. Relative luminescence units

(RLU) for each well were normalized to the median RLUs from the DMSO control wells.

TLR ligands
LPS derived from Salmonella was from ENZO Life Sciences, Minnesota. 100 ng/mL LPS was used in all the experiments. Cells were

plated and differentiated in 12-well plates for ELISA, qPCR and RNA seq experiments. Ligands were diluted in culture media and

added onto differentiated cells at the respective time points.
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Quantitative PCR
Total RNA was extracted with the RNeasy Plus Mini Kit (QIAGEN). cDNA was reverse transcribed from 1 mg RNA using the iScript

Reverse Transcription kit (Bio-rad). For qPCR, 200 ng RNA equivalent of cDNA was used per reaction with gene specific primers

and FAM conjugated probes (IDT DNA) and qPCR Solaris mix (Thermofisher Scientific). PCR reactions were performed in an Quant-

studio6 (Thermofisher Sci) with the following thermal cycles: 95�C for 15 min, (95�C for 15 s, 60�C for 60 s)3 40 cycles. The Ct values

were analyzed with Quant studio 6 software.

Measurement of cytokine secretion
For secondary screening cytokine assays, differentiated primary macrophages were plated in 384-well plate at a density of 5000

cells/well. Compounds were added at 10 mM final concentration in DMSO 0.5 h, 4 h or 24 h prior to LPS stimulation for either 4 h

or 24h. Supernatants were collected for assaying the secreted cytokines IL-6 and TNF. For follow up assays on the long term effect

of RUT and SYKi IV, differentiated primary macrophage cells were treated with either RUT, SYKi IV or DMSO in 6-well plates for the

corresponding longer incubations (24 h, or 24 h followed by wash and resting for 3 days) and lifted by scrapping and replated at a

density of 20,000 cells per well into 96-well plate or 33 105 cells/well into 12-well plates the day prior to assay. After LPS treatment,

the supernatants were collected and the concentration of TNF-a or IL-6 was quantitated by ELISA and IL-12 p40 by CBA assay.

ELISA kits (OptEIA) and CBA assay were purchased from BD bioscience and performed according to the manufacture protocol.

Macrophage training
Macrophage cells were trained with b-glucan by treating cells with b-glucan 5 mg/mL for a day, followed bymedia change and rest for

3 days. THP1 cells were first differentiated with PMA prior to training with b-glucan. Training of THP1 cells with SYKI IV or RUT were

done together with PMA (20 ng/mL) for a day followed by changingmedia and resting for 3 days. Human primary blood derivedmono-

cytes were first GM-CSF differentiated prior to training with either, b-glucan, RUT or SYKi IV. Cells were treated with SYKi IV or RUT at

10 mM for a day, washed and rested for 3 days prior to stimulation or infection with LPS or viruses. Supernatant were collected for

ELISA andCBAmeasurement of secreted cytokines and cells were lyzed in RLT buffer for total RNA isolation for RNA sequencing and

qPCR.

RNA sequencing analysis
Differentiated primary macrophage cells (4.53105 per well) were plated in 12-well plates. Cells were treated with SYKi IV, RUT or

DMSO for 24 h followed by resting for 3 days or treated with RUT alone for 0h, 4 h or 24 h. Rested cells were then stimulated with

100 ng/mL LPS for 0 h, 4 h, and 24 h. RNA was isolated with an RNeasy Mini Kit (QIAGEN) following the manufacturer’s protocol

and eluted in RNase free TE buffer.

RNAseq libraries were created in triplicate for all cell types using Illumina TruSeq Stranded mRNA Library Prep, pooled, and

sequenced on a NextSeq producing paired-end 75 base-pair reads. RNA-seq data was processed using the Pipeliner workflow

(https://github.com/CCBR/Pipeliner). Readswere trimmed using cutadapt v1.18 (Martin, 2011). and aligned to the human hg38 refer-

ence genome andGencode release28 using STAR v2.5.2b (Dobin et al., 2013). RSEM v1.3.0 (Li and Dewey, 2011) was used for gene-

level expression quantification, and limma v 3.40 (Ritchie et al., 2015) was used for voomquantile normalization and paired differential

expression analysis. Genes induced >1.0 (log2) normalized to the untreated by 4 h LPS are shown for all the heatmaps. Volcano plots

were generated using the Bioconductor tool, https://bioconductor.org/packages/release/bioc/html/EnhancedVolcano.html.

Chromatin immunoprecipitation-PCR (ChIP-PCR)
THP1 or U937 cells were treated with PMA together with RUT, SYKi IV or b-glucan for a day and rested for 3 days. After LPS stim-

ulation, cells were fixed in 0.8%PFA (final) for 10 min at 37�C and quenched with 125mM (final) glycine for 10min at 37�C. Cells were

lysed in 1mL Lysis buffer (1%SDS, 10mMEDTA, 50mMTris-HCl pH 8.1 and protease inhibitors (Sigma)). Lysate was then sonicated

ten times for 30 s (with 30 s breaks) at 4�C and centrifuged at 20,0003g for 10min at 4�C to remove cell debris. A fraction of the lysate

was used to quantitate chromatin DNA. Lysates were diluted in Dilution Buffer to 250 ug chromatin/mL (0.01% SDS, 1.1% Triton

X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl pH 8.1, 167 mM NaCl 1 and protease inhibitors). Lysates were precleared with Protein

A/G Dynabeads (Life Technologies) for 1 h at 4�C. 4 mL of anti-H3K4Me3 (Abcam, ab8580) was used to bind Dyna Beads (80 mL

per sample) in Dilution Buffer for 1 h at RT. Beads were then washed three times with 1 mL Dilution Buffer and incubated with the

lysate overnight at 4�C. After incubation, beads were washed 2 times in 500 mL each of, Low Salt Buffer (0.1% SDS, 1% Triton

X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8, 150 mM NaCl), High Salt Buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM

Tris-HCl pH 8.1, 500 mM NaCl), LiCl Buffer (0.25 M LiCl, 1% NP-40,1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCl pH 8.1), and

1X TE Buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8). The beads were then suspended in 400 mL elution buffer (1% SDS, 10 mM

Tris-HCL pH 8., EDTA 5 mM, 300 mM NaCl) and incubated with 20 U Proteinase K at 65�C overnight. For normalization, 50 mL input

sample was mixed with 350 mL elution buffer. DNA was extracted from both input and ChIP elution samples with

Phenol:Chloroform:Amyl alcohol (Life Technology) followed by ethanol precipitation. PCR primers were designed based on known

promoter sequences (https://epd.vital-it.ch/human/human_database.php and http://www.ag-rehli.de/NGSdata.htm). qPCR reac-

tions on the precipitated DNA were performed with Sybr green dye and the following primers:

TNF forward primer (ACACACAAATCAGTCAGTGG).
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TNF reverse primer (CTTCTGTCTCGGTTTCTTCTC).

IL6 forward primer (GGAGCAGTGGCTTCGTTTCA).

IL6 reverse primer (CGGTGGGATTCTTTGGTGTG).

IL1B forward primer (AAAGAAGTGAATGAAGAAAAGT).

IL1B reverse primer (AGTTGATGTCCACATTAAAATA).

Viral assay
For rested cells, THP1 cells were co-differentiated with PMA (20 ng/mL) and RUT or SYKi IV (10 mM) dissolved in DMSO for a day

followed by washing and resting for three days. For acute treatment, cells were first differentiated for 3 days in PMA (10 ng/mL)

and incubated with RUT or SYKi IV one hour prior to infection. Cells were infected with Influenza A virus (Texas/36/91 strain, obtained

from Dr. Ronald Germain, (Brandes et al., 2013) and Coronavirus OC43 (ATCC) diluted in RPMI media in a serial dilution starting with

an MOI of 1.0 for 24 h. 16 h (Influenza A) and 24h (OC43) post infection, cells were washed with PBS and fixed in 50 mL 4% PFA for

10 min and washed, permeabilized in 0.25% Triton X-100, blocked in BSA and stained with anti influenza (Abcam: ab128193) or co-

ronavirus (Millipore:MAB9013) antibody at 1:1000 dilution in 1%BSA followed by anti-mouse antibody coupled with Alexa 488 flour-

ophore (Invitrogen, A21202).

Confocal imaging
Primary macrophages and PMA-differentiated THP1 cells were plated in 96-well plates at a density of 33104 cells/well. Where indi-

cated, SYKi IV was added to cells at a concentration of 10 mM for the indicated duration. Cells were fixed with 4% formaldehyde,

permeabilized in 0.5% Triton X-100 for 15 min at RT, and blocked with 4% BSA for 1 h at RT. Cells were then incubated overnight

at 4�C with an anti-NFAT-2 antibody (Santa Cruz, sc7294) at 1:250 dilution. Cells were washed in PBST three times and probed with

secondary (anti-rabbit) antibody coupled with Alexa 488 flourophor (Cell Signaling, 4412) for 1 h at 1:1000 dilution, followed by

washing with PBST and nuclear staining with Hoechst 33,342 (Sigma, 14,533). Images were acquired on a Leica SP8 confocal mi-

croscope equipped with a 63X/1.4NA oil objective, an Argon 488 nm laser and a 405 nm diode laser, as well as HyD detectors. Four

fields of viewwere collected for each sample with a voxel size of approximately 360 nm. The fields collected encompassedmore than

30 cells. Nuclear co-localization of NFAT-2 was calculated based on the mean fluorescent intensity in the nucleus using the software

Imaris (Bitplane).

Nuclear and cytoplasmic fractionation
Nuclear and cytosolic fractions were isolated from cells using NE-PER nuclear and cytosolic fractionation kit (Thermo Fisher, 78,833).

THP1 cells (73106 cells per sample) were PMA differentiated for three days and treated with DMSO control and SYKi IV for the indi-

cated duration. Fractionation was conducted following the manufacturer’s protocol.

Co-culture system and assay for SARS CoV-2
Human primary macrophage cells (5000 cells/well) in 384-well plates were treated with DMSO, SYKi IV or R406 at 10 mM for 24h fol-

lowed by changing media and resting for 3 days. A549-hACE2 cells (5000 cells/well) were plated onto the primary macrophages in

RPMI (10%FBS +HEPES) 16 h prior to infection with SARSCoV-2 variants at anMOI of 0.5 for 24h. Infections with SARSCoV-2were

performed at the SARSCoV-2 core laboratory of NIAID following the approved BSL-3 standard operating procedures. Cells were 4%

PFA fixed for 20 min at RT, permeabilized with 0.1% Triton X-100 for 10 min and blocked in 5% BSA for 1 h. SARS CoV-2 infection

wasmeasured by staining with anti-Spike antibody (GeneTex, GTX632604) at 1:1000 over-night at 4�C followed by incubation of anti-

mouse antibody coupled with Alexaflour 488 (Invitrogen, A21202) at 1:1000 dilutions for 1 h and Hoechst (Life technology, H21492) at

1:10,000 dilutions for 10 min at RT.

Image quantitation of viral infections
Images were captured on a CellInsight CX7 high content imager (Thermo Fisher Scientific) at 20Xmagnification. In channel 1, nuclear

stained objects were identified to establish amask identifying single cells. In channel 2, the viral protein antibody stained intensity was

measured. The channel 2 intensity minimum threshold was set at the median of uninfected cells. Infected cells were scored on the

basis of significant channel 2 intensity in a 2 pixel wide ring region drawn around each nuclei from channel 1. Percentage of infected

cells were calculated based on the ratio of the number of objects that were scored above the intensity threshold in channel 2 to total

number of objects (cell nuclei) in channel 1. Images were captured from 16 different fields of 4 replicate wells done in 2–3 independent

experiments.

Western blotting
Differentiated primary human macrophages or THP1 cells at a density of 33 105 cells/well were plated in 12-well plates and treated

with small molecules and/or LPS as described in figure legends. Cells after treatment were lyzed in 1X SDS-PAGE loading buffer with

protease and phosphatase inhibitor cocktails (Roche). Samples were resolved on a 4%–20% gradient SDS-PAGE gel. Following

transfer of the proteins, the nitrocellulose membrane was blocked in 5% milk for 1 h and probed with the following antibodies over-

night at 4�C: Rabbit anti-phospho-p38 (Cell Signaling, 4511S), Rabbit anti-phospho-p65 (Cell Signaling, 3033S), Mouse anti-GAPDH
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(Cell Signaling, 97,166), Rabbit anti-phospho-ERK (Cell Signaling, 4370), Mouse anti-NFAT2 (Santa Cruz, sc7294), Mouse anti-

hnRNPL (Santa Cruz, sc-32317). Western blots were incubated with respective HRP-conjugated secondary antibodies (anti

mouse-HRP, Invitrogen, A16011 and anti-rabbit-HRP, Invitrogen, A16023) and visualized using SuperSignal West Dura Extended

Duration Substrate reagents (Thermo Fisher Scientific) in Chemidoc MP gelimager (Bio-rad).

Identification of transcription factors
Transcriptional factors potentially responsible for the observed gene expression changes were identified by two complimentary

methods, IPA (The Ingenuity Pathway Analysis software, Qiagen, Redwood City, CA, USA) (Kramer et al., 2014) and MAGIC (Mining

Algorithm for Genetic Controllers) (Roopra, 2020). IPA identifies TFs by querying the differentially expressed genes (DEGs) against

experimentally validated TF-gene interactions in the Ingenuity Knowledge Base. MAGIC uses data derived from ChIP-seq tracks

archived at ENCODE to decipher which TFs are most likely to preferentially bind lists of DEGs. The reference genome used for

MAGIC analysis included 19,328 protein-coding genes downloaded from HGNC (2020-11-09, https://www.genenames.org/). The

results were compared, and the common TFs identified by both methods were given higher priorities for further verification analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Prism software version 9.0 for Mac OS X (GraphPad Software). For PCR, infection and

ELISA experiments, relative values were compared either by a paired t test or by two-way ANOVA followed by Sidak’s multiple com-

parison test or Tukey’s multiple comparison test. All the statistical details of experiments, including the statistical tests used, are

listed within each figure legend. Data presented are representative of three or more independent experiments, unless otherwise

stated in the figure legend, and are expressed as mean ± SD *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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