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Abstract

Toll-like receptors (TLRs) are a major class of pattern recognition receptors, which mediate the 

response of innate immune cells to microbial stimuli. To systematically determine the roles of 

gene products in canonical TLR signaling pathways, we conducted an RNA interference (RNAi)-

based screen in human and mouse macrophages. We observed a pattern of conserved signaling 

module dependencies across species, but found notable species-specific requirements at the level 

of individual gene products. Among these, we identified unexpected differences in interleukin 1 

†Corresponding author. fraseri@niaid.nih.gov.
*Current address: Inflammation Division, Walter and Eliza Hall Institute, Parkville, Victoria, 3052, Australia.

Author contributions: J.S., N.L., and I.D.C.F. designed the study; J.S. and N.L. performed the siRNA screen; B.D., J.S., N.L. and 
I.D.C.F. analyzed the siRNA screen data; J.S. performed all aspects of the IRAK studies; K.O. performed immunoprecipitation of TLR 
signaling components; S.J.V. performed high-content imaging analysis of TLR pathway components; B.L. performed qRT-PCR 
analysis of siRNA-mediated knockdowns; T.S.E. and V.H. generated the THP1 IRAK KO cell lines; D.D. and E.L. generated the 
mouse IRAK4 rescue cell lines; J.D. acquired and processed the IRAK4-deficient patient samples; R.B. and C.P. acquired and 
processed the IRAK1 and IRAK2 KO BMDMs; N.W.L. and B.D. performed the analysis of IRAK expression in the GEO data; J.S. 
and I.D.C.F. wrote the paper; and all authors commented on the manuscript.

Competing interests: The authors declare that they have no competing interests.

HHS Public Access
Author manuscript
Sci Signal. Author manuscript; available in PMC 2017 April 05.

Published in final edited form as:
Sci Signal. ; 9(409): ra3. doi:10.1126/scisignal.aab2191.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



receptor-associated kinase (IRAK) protein use between the human and mouse TLR pathways. 

Whereas TLR signaling in mouse macrophages depended primarily on IRAK4 and IRAK2, with 

little or no role for IRAK1, TLR signaling and proinflammatory cytokine production in human 

macrophages were highly dependent on IRAK1 and were less affected by perturbations of IRAK4 

or IRAK2. The differential sensitivity of human and mouse cells to the loss of IRAK4 was 

reflected in the inability of the IRAK4 orthologs to rescue signaling in IRAK4-deficient 

macrophages from the other species, and in a mouse-specific requirement for the kinase activity of 

IRAK4 in TLR responses in macrophages. Our study also identified a critical role for IRAK1 in 

TLR signaling in humans, which could potentially explain the association of IRAK1 with several 

autoimmune diseases. Furthermore, we demonstrated how systematic screening can be used to 

identify important characteristics of innate immune responses across species and more optimal 

therapeutic targets for regulating human TLR-dependent outputs.

INTRODUCTION

The mammalian innate immune system plays a vital role in host defense because it 

continually engages microbial, viral, and parasitic stimuli. This engagement is mediated 

through the recognition of invariant pathogen-associated molecular patterns (PAMPs) by a 

range of pattern recognition receptors (PRRs) expressed by the host cell (1–5). Toll-like 

receptors (TLRs) are a major class of PRRs, which respond to a range of PAMPs to induce a 

complex signaling response and the transcription of hundreds of genes required for an 

effective immune response (6–8). TLRs are found in multiple host cell types that encounter 

PAMPs, and consequently, knowledge of the canonical components that constitute TLR 

signaling pathways has been derived from studies encompassing different cells in different 

contexts (9). To date, there has been no systematic study to evaluate the contributions of the 

primary TLR pathway components to different ligands in a single cell type, no less in critical 

cells of the innate immune system, such as macrophages. RNA interference (RNAi) is a 

valuable research tool with which to systematically evaluate gene product contributions in a 

given biological system through the targeted inhibition of gene expression (10, 11). 

However, there are substantial challenges in the use of this technology in innate immune 

cells, including the efficient delivery of small RNAs into cells and the occurrence of 

nonspecific immune responses to double-stranded RNA (dsRNA) (12), particularly small 

interfering RNA (siRNA) (13, 14). The difficulty of siRNA delivery can be circumvented by 

the viral expression of short hairpin RNAs (shRNAs), and this approach has been used in 

primary dendritic cells to identify important roles for transcriptional regulators and signaling 

proteins whose production is induced by TLR stimulation (15, 16). However, there are very 

few reports of siRNA-based screens in innate immune cells, as opposed to the more easily 

used fibroblast or mesenchymal cell lines, which do not have the same crucial roles in host 

defense as those of hematopoietic cells, such as macrophages.

Beyond this lack of comprehensive analyses of the TLR pathway in a single, highly relevant 

cell type, a substantial proportion of our understanding of pathway architecture has come 

from mouse studies; knockout mice have been described for almost all of the components in 

the TLR pathway that were identified by in vitro studies with isolated cells (17, 18). This has 

shed considerable light on the similarities and differences in the response to different 
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PAMPs engaging distinct TLRs, as well as on the broader role of TLR responses in the 

immune response to pathogen infection (19). Human patients deficient in several TLR 

pathway components have been described (20), and although the cellular response 

phenotypes of these patients generally support the pathway structure established from mouse 

studies, the broader immune phenotypes of these human patients often show considerable 

differences to the corresponding knockout mouse model, which suggests that there is 

possible divergence between the species in the regulation of TLR-dependent immune 

outputs at the physiological level. A direct comparison of TLR signaling responses in human 

and mouse innate immune cells could provide important insight into the comparative 

dependencies of the two species on specific pathway components. Moreover, reports have 

debated the question of whether mice provide a good model for human physiology or 

disease, especially with respect to innate immunity (21, 22). In this regard, a careful 

comparison of individual gene contributions at the cellular pathway level has a very 

important role in addressing this issue.

We previously developed a highly optimized platform for the siRNA-based screening of 

pathogen responses in human and mouse macrophages, with stably expressed reporters that 

provide dynamic readouts for activation of the transcription factor nuclear factor κB (NF-

κB) and expression from the TNF-α promoter (23). In this study, we used this platform to 

interrogate the similarities and differences in the responses of human and mouse 

macrophages to different TLR ligands. We screened 126 canonical components of the 

human and mouse TLR pathways with six independent siRNAs per gene, and assessed 

signaling and inflammatory cytokine responses. We observed both conserved and distinct 

patterns of pathway component use for different TLR ligands within each species. Moreover, 

the comparison of pathway dependencies between human and mouse macrophages suggests 

conservation at the level of signaling modules, but substantial divergence at the level of 

individual signaling proteins. Through investigation of the usage patterns for different 

interleukin 1 receptor-associated kinase (IRAK) family members, we identified considerable 

differences in how human and mouse macrophages signal through IRAKs in the response to 

individual TLR ligands, which may have important consequences for studies of human 

diseases that are influenced by this protein family.

RESULTS

Targeting the canonical TLR pathway in human and mouse macrophages with a 
comprehensive siRNA library leads to low false-positive rates

We previously developed an assay platform for the high-throughput analysis of human and 

mouse macrophage activation (23). Using lentiviral constructs containing dual expression 

cassettes, we generated a mouse RAW264.7–derived cell line (RAW G9 cells) that had a 

green fluorescent protein (GFP)-tagged reporter of the nuclear translocation of the p65 

subunit of NF-κB (also known as RelA) and an mCherry-based red fluorescent reporter of 

the activity of the mouse Tnf promoter (fig. S1A). Both of these reporters showed 

comparable responsiveness to multiple TLR ligands (fig. S1, B and C). Using a similar 

approach, we also generated a human THP1-derived cell line (THP1 B5 cells) that had a 

dual luciferase reporter for activation of the human TNF promoter (fig. S1D) and that was 
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also responsive to TLR ligand activation (fig. S1E). We previously showed that these stably 

expressed reporter genes can be used as targets to develop highly optimized siRNA delivery 

protocols to achieve maximal gene silencing with minimal nonspecific activation of the 

dsRNA-stimulated interferon response in macrophages (23). This cell system provides a 

platform for systematic functional testing of putatively canonical components of the TLR 

signaling pathways in a relevant innate immune cell type.

As a first step towards a future full genome-wide screen of the effects of siRNA-mediated 

knockdown of signaling pathway components on the responses of macrophages to TLR 

ligands, we curated the published literature and innate immune databases to identify a 

comprehensive set of 126 genes whose products have reported function in TLR signaling 

pathways, either as direct signal propagation components or as feedback modulators (Fig. 

1A). Inclusion in this list was irrespective of the cell type in which the original identification 

of involvement in the TLR response was made or of the species origin of the cells involved. 

The key goals of the present study of these putatively canonical components of TLR 

pathways were to determine which of these molecules were functionally important for the 

TLR response in a key innate immune cell type and to examine whether mouse and human 

macrophages required the same pathway proteins for their responses.

Target gene products could be grouped into various classes and broadly classified as either 

initial signal encoders, mediators of signal transmission, or regulators of signal decoding at 

the transcriptional and feedback levels (Fig. 1A). This gene set was targeted with six 

independent siRNA sequences per gene, which were acquired from different commercial 

vendors (table S1), with previously described and optimized siRNA delivery protocols (23). 

Studies have shown that off-target effects in siRNA screening can be mitigated by the use of 

at least three individual siRNAs per gene (24, 25). Our use of six individual siRNAs in this 

screen thus greatly reduced the probability of off-target phenotypes and led to a more 

reliable evaluation of the relative contribution of each of the 126 gene products to the TLR 

response (Fig. 1B). To address false positive and negative rates arising from assay variability 

in the screens, we used data from the control siRNAs included on each screening plate (Fig. 

1B and see Materials and Methods). Comparing the mouse and human assay readouts, we 

calculated a false positive rate in both screens of less than 5% for TLR signal propagators 

with z-scores of < −1.0 (Fig. 1C). This suggests that genes with median z-scores below this 

threshold had a high probability of being true hits (table S2). Calculation of false negative 

rates from the z-scores of positive control siRNAs showed that TLR pathway gene products 

with a median siRNA score above −0.75 had a < 2% likelihood of being false negatives in 

either the mouse or human screens (Fig. 1D), providing an important validation of the 

macrophage reporter cell lines and the RNAi screening platform.

To evaluate the relative contribution of the 126 TLR pathway gene products in both human 

and mouse macrophages, species-specific siRNA libraries were used. To assess the 

responses to different TLR ligands, the THP1 B5 and RAW G9 reporter cells were 

stimulated with ligands from the following group and the reporter assay readouts measured: 

lipopolysaccharide (LPS, for TLR4), Pam3CSK4 (P3C, for TLR1/TLR2), Pam2CSK4 (P2C, 

for TLR2/TLR6), peptidoglycan (PGN, for TLR2/TLR6), flagellin (FLG, for TLR5), and 

resiquimod 848 (R848, for TLR7 or TLR8). Data from replicate screens were averaged for 
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each single siRNA, and z-scores were calculated from the median value of the six individual 

siRNAs tested for each of the 126 genes (Fig. 1B, table S2, and see Materials and Methods).

Human and mouse TLR pathways show common dependencies in modules required for 
signal propagation

The receptor dependency of the response to the tested TLR ligands showed the expected 

phenotypic patterns in the human THP1 macrophage cell line, with knockdown of TLR4, 

TLR2 or TLR1, TLR8, TLR2, TLR2 or TLR6, and TLR5 showing specific perturbation of 

TNF-α reporter activation by LPS, P3C, R848, P2C, PGN, and FLG, respectively (Fig. 2, A 

and B). Beyond this anticipated outcome of TLR knockdown on the TNF-α reporter 

response, the strongest siRNA-mediated effects resulted from the perturbation of 

components in receptor-proximal signaling, including NF-κB, mitogen-activated protein 

kinase (MAPK), and transcription factor modules (Fig. 2A and fig. S2A). As expected, 

many components played important roles in responses to most of the TLR ligands tested, 

consistent with a broadly shared pathway structure downstream of the different TLRs (6, 9). 

To develop a metric for identifying the most conserved pathway dependencies across the 

TLR ligand set in human macrophages, we ranked the genes based on their TNF-α reporter 

perturbation effect for each ligand, and then summed the ranks for each gene (table S3). The 

top four genes (lowest summed rank values) that emerged from this analysis (Fig. 2C) 

encode products that are all from the proximal signaling module (TRAF6, MAP3K7, 
IRAK1, and TAB1), followed by genes whose products are from the MAPK (MAP3K8 and 

MAPK14), NF-κB (NFKBIE and RELA), and transcription factor (EGR1 and ELF4) 

modules.

We then assessed the effects of perturbing the same 126-gene set in mouse macrophages 

using the RAW G9 reporter clone. In these cells, we tested three TLR ligands, LPS, P3C, 

and R848, and measured two downstream readouts: the initial activation of NF-κB by 

measurement of the nuclear translocation of RelA and the subsequent activation of the 

murine Tnf promoter (Fig. 2D and fig. S1, B and C). The TLR-specificity of the responses to 

the different ligands in mouse macrophages showed the expected inhibition of the LPS 

response with Tlr4 knockdown and of the R848 response with Tlr7 knockdown (Fig. 2E). 

The effect of knockdown of Tlr7 was in contrast to what occurred in human macrophages, 

which respond to R848 through TLR8 (Fig. 2B), and is consistent with previous studies (26, 

27). Knockdown of Tlr2 reduced the NF-κB response to P3C; however, unexpectedly, we 

did not see a strong Tlr2 dependence for the TNF-α response to P3C, despite using the same 

siRNA set that gave a strong NF-κB reporter effect. This is suggestive of some possible 

redundancy in the murine TNF-α response to this ligand or to there being different 

quantitative requirements for NF-κB activation vs. Tnf transcription. Among nonreceptor 

targets, the greatest effects on the NF-κB reporter were found upstream of NF-κB activation 

in the receptor-proximal signaling modules and in components of the NF-κB family itself 

(Fig. 2D, top, and fig. S2B). The greatest perturbations of the mouse macrophage TNF-α 
reporter response were observed from knockdown of receptor-proximal signaling 

components and transcription factors (Fig. 2D, bottom, and fig. S2C).
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As described earlier for the human genes, we calculated ranks for the 126 mouse genes from 

the effects of their knockdown on the response to each of the three TLR ligands tested for 

both the the early NF-κB readout and the later TNF-α readout, and then we calculated the 

average rank across the TLR ligands for each output (table S3, Fig. 2, F and G). We found 

that the products of half of the top 10 ranked genes that controlled the mouse NF-κB 

response were in the receptor-proximal signaling module (Traf6, Irak4, Cd14, Irak2 and 

Myd88), whereas genes encoding NF-κB (Nfkbia and Ikbkg) and PI3K pathway members 

(Akt1 and Pik3r1) also ranked highly (Fig. 2F). The ranking of those genes with the most 

influence on the mouse TNF-α response across the different TLR ligands (Fig. 2G) 

confirmed the enrichment of genes encoding products in the proximal signaling module 

(Irak4, Irak2, Cd14 and Myd88) and key transcription factors for Tnf expression (Egr2, Sp1, 
Elk1, Crebbp and Egr1). This pattern is similar to that observed in the human macrophage 

reporter cells and is consistent with a pathway architecture in which single gene 

perturbations have the greatest effect either before the signaling system branches out through 

multiple modules (NF-κB, MAPK, and PI3K-Akt) or after the branches converge on the 

components of the Tnf transcriptional enhanceosome.

Human and mouse TLR pathways show distinct gene requirements within signaling 
modules

Whereas we observed similar requirements in signaling pathway modules in our analysis of 

human and mouse TLR pathway dependencies, we also found that the specific genes whose 

knockdown resulted in the strongest phenotypes were often different between macrophage 

cells from the two species. For example, although genes encoding proximal TLR signaling 

components and transcription factors were both strongly enriched among the top 10 ranked 

genes in human and mouse TNF-α activation by TLR ligands, only one gene, EGR1, which 

encodes the transcription factor EGR1, ranked highly in the screens for both species (Fig. 2, 

C and E). Thus, although the overall findings of the screen confirmed the expected roles of 

many molecules in responses to multiple TLR ligands within a species, a number of 

unexpected cross-species differences were discovered through this systematic analysis.

To further analyze the degree of overlap between the human and mouse macrophage 

responses to TLR stimulation, we compared the pathway components required for TNF-α 
reporter activation by the three TLR ligands that were tested in both human and mouse cells 

(LPS, P3C, and R848). Hierarchical clustering of the gene perturbation effects across the 

three TLR ligands in the two cell types showed that the gene dependencies often clustered 

separately for human and mouse cells (Fig. 3A and fig. S3). Whereas there were a group of 

shared genes required for human and mouse responses to all three TLR ligands, we 

identified distinct clusters of genes with stronger requirements for human or for mouse TLR 

signaling. Furthermore, within each species, the P3C and R848 gene dependencies were 

more similar, with a separate cluster of genes showing specificity for the LPS response (Fig. 

3A).

To assess these species-specific patterns in the context of the canonical TLR pathway, we 

took the median value of the z-scores for each gene across the three TLR ligands, and 

calculated the median score difference between human and mouse cells (table S4, ‘Median 
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hTNF-mTNF’). We overlaid these differences onto the KEGG TLR pathway to highlight 

pathway nodes that showed a bias towards greater signaling dependency in a particular 

species (Fig. 3B). This analysis highlighted several patterns. Mouse cells were more 

sensitive than were human cells to the knockdown of CD14, IRAK4, PI3K signaling 

components, IKKb, MEK1, and MEK2. Human cells were more sensitive to the knockdown 

of IRAK1, TRAF6, components of the TAK1/TAB complex, and Tpl2, among others. 

Because the KEGG pathway does not contain all of the individual genes tested in our screen, 

we highlighted the 15 gene products with the strongest differential dependencies in the 

human and mouse TLR pathways (Fig. 3C). To assess whether the observed differences 

could simply be a result of variation in the efficiency of knockdown, we tested the 

expression of each of the 15 genes in the mouse and human macrophage reporter cells after 

they were transfected with the appropriate siRNAs (Fig. 3, D and E). The similar degrees of 

knockdown observed across the 15-gene panel in both human and mouse cells suggest that 

differential knockdown efficiency is unlikely to be the primary cause of the phenotypic 

differences observed in the screen.

Of the differences between human and mouse cells that we emphasized here, we considered 

one of the most striking patterns to be the apparently differential usage of IRAK family 

proteins in the two species. Mouse cells showed a strong requirement for Irak2 and Irak4, 

but a weaker requirement for Irak1 (particularly in the TNF-α readout), whereas the human 

TNF-α readout had a very strong IRAK1 requirement, but showed very little phenotype 

when either IRAK2 or IRAK4 was knocked down (Fig. 3C). Given that these findings 

suggest a very different view of the participation of IRAKs in the TLR responses of mouse 

and human cells than is presently thought, we focused further efforts on this specific aspect 

of the overall screen findings.

IRAK4 is essential for both mouse and human TLR signaling, but the human and mouse 
proteins are not functionally interchangeable

Previous studies showed that upon ligand activation, TLR signaling pathways that depend on 

the adaptor protein myeloid differentiation primary response gene 88 (MyD88) initially 

recruit IRAK4, which binds to MyD88 through death domain (DD) interactions (28, 29). 

This complex then requires either IRAK1 or IRAK2 to signal to TRAF6 (TNF receptor–

associated factor 6), because IRAK4 lacks the TRAF6-binding domain that is present in 

both IRAK1 and IRAK2 (30). In light of the apparently essential requirement for IRAK4 to 

form the initial contact with MyD88, the weak phenotype exhibited by IRAK4 knockdown 

cells in our human screen data was unexpected, especially considering the strong 

dependence on IRAK4 in the mouse dataset (Fig. 3C). We assessed whether this difference 

was a result of the more efficient knockdown of IRAK4 in the mouse cell line, but we found 

that the knockdown of IRAK4 was comparable in the THP1 and RAW264.7 reporter cell 

lines (Fig. 4, A and B). Furthermore, we saw a similarly weak effect of the knockdown of 

IRAK4 in primary human monocyte-derived macrophages (hMDMs) (Fig. 4C), despite there 

being a robust knockdown of IRAK mRNA and protein in these cells (Fig. 4, A and B).

Human patients with IRAK4 deficiency have been previously described (31), and various 

immune cell types from these patients have defective TLR-induced cytokine responses, 
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which are comparable to those of IRAK4-deficient mouse cells (32). We sought to determine 

whether hMDMs from an IRAK4-deficient patient might retain some level of TLR signaling 

response in light of the lack of phenotype observed in IRAK4-depleted human macrophages 

in our siRNA screen. However, consistent with previous studies, we found an almost 

complete loss of TLR-induced cytokine secretion in peripheral blood mononuclear cells 

(PBMCs) isolated from an IRAK4-deficient patient (fig. S4, A to C). We then tested the 

TLR response of MDMs from the same patient, but found a similar lack of TLR ligand–

induced cytokine secretion in these cells (Fig. 4, D to F). These data suggest that human 

macrophages require IRAK4 to propagate a signal through the TLR pathways, but that they 

are less sensitive than mouse cells to IRAK4 depletion, because both THP1 cells and 

primary hMDMs still signaled effectively through TLR pathways when IRAK4 was depleted 

to <20% of its normal quantity (Fig. 4, A to C). It is possible that low amounts of human 

IRAK4 are simply required for the recruitment of IRAK1, which then assumes the primary 

function of downstream signal transduction.

To assess whether the different sensitivities of mouse and human IRAK4 to perturbation 

might indicate functional differences between these IRAK4 orthologs, we attempted to 

rescue the TLR response in IRAK4-deficient immortalized mouse macrophages (IMM) by 

retroviral expression of either mouse or human IRAK4. Although expression of mouse 

IRAK4 in these cells restored TLR-stimulated cytokine secretion to an extent similar to that 

of wild-type cells, human IRAK4 was completely unable to rescue the cytokine response 

(Fig. 4G), despite there being similar amounts of mouse Irak4 and human IRAK4 mRNA in 

the cells (fig. S5A). To assess whether this pattern of selective rescue of signaling was also 

observed in human cells, we used CRISR/Cas9-mediated genome editing to generate a 

THP1 cell line deficient in human IRAK4 (fig. S5, B and C), and we retrovirally expressed 

either human or mouse IRAK4 in this cell line (fig. S5, D and E). We found that expression 

of human IRAK4 fully restored TLR-stimulated TNF-α secretion, whereas the expression of 

mouse IRAK4 had no effect (Fig. 4H).

To further investigate the failure of the human and mouse IRAK4 protein orthologs to rescue 

signaling in macrophages from the other species, we immunoprecipitated endogenous 

Myd88 from lysates of mouse and human macrophages expressing different IRAK4 proteins 

and that were stimulated with LPS for various times. In mouse macrophages, mouse IRAK4 

formed a sustained interaction with Myd88 for several hours (Fig. 5A), whereas human 

IRAK4 showed no detectable interaction with mouse Myd88 (Fig. 5B). In contrast, Myd88 

immunoprecipitated from LPS-stimulated human macrophages had little detectable 

association with mouse IRAK4 (Fig. 5C), but clearly associated with human IRAK4 (Fig. 

5D). We also observed different kinetics of Myd88 association with IRAK4 in mouse and 

human macrophages, with the association reaching a maximal extent at 30 min in mouse 

cells, but at 2 hours in human cells (Fig. 5, A and D). We then evaluated downstream 

signaling through the MAPK-dependent phosphorylation and nuclear accumulation of the 

AP1 transcription factor ATF2 in the mouse and human IRAK4 rescue cell lines. We found 

that in mouse macrophages, human IRAK4 was unable to restore the TLR-dependent 

phosphorylation of ATF2 (Fig. 5E), whereas in human macrophages, mouse IRAK4 was 

unable restore TLR-dependent ATF2 phosphorylation (Fig. 5F).
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The data described earlier suggest that the differential sensitivity to IRAK4 depletion that we 

observed in our screen of the responses of human and mouse cells to TLR signaling might 

be a result of specific properties of the IRAK4 protein that are not conserved between the 

species, which could underlie the failure of the human and mouse IRAK4 orthologs to 

rescue function in IRAK4 knockout (KO) cells from the other species. Previous studies 

suggested that the kinase activity of IRAK4 is required for TLR responses in mouse, but not 

human, fibroblasts (33, 34). To determine whether macrophages from the two species 

exhibited a differential dependence on the kinase activity of IRAK4, we expressed kinase-

deficient mutants (Kin−) of mouse (35) and human (36) IRAK4 in their respective KO 

macrophage cells (fig. S6). We found that the kinase-deficient mutant mouse IRAK4 was 

unable to restore TLR-activated cytokine secretion in IRAK4 KO mouse macrophages (Fig. 

5G), whereas the kinase-deficient human IRAK4 fully restored the cytokine response in 

IRAK4-deficient human macrophages (Fig. 5H).

Mouse and human primary macrophages replicate the different IRAK1 and IRAK2 
dependencies identified through siRNA screening

We next sought to determine whether the different patterns of IRAK1 and IRAK2 

dependency that were exhibited by the human and mouse macrophage reporter cell lines 

used in our screen were observed in primary cells. We first tested bone marrow–derived 

macrophages (BMDMs) from different IRAK KO mice (37–41). We compared the cytokine 

responses of BMDMs from wild-type (WT), IRAK1 KO, and IRAK2 KO mice to a range of 

TLR ligands. We observed an almost complete loss of TNF-α and IL-6 secretion in response 

to P3C, PGN, or R848 in IRAK2-deficient BMDMs, with a partial reduction in the response 

to LPS, consistent with the expected IRAK independence of LPS-induced TRIF (Toll-IL-1 

receptor domain-containing adaptor inducing interferon-β) signaling (Fig. 6, A and B) (42–

44). In contrast, we observed no substantial reduction in single TLR ligand–induced TNF-α 
and IL-6 secretion by IRAK1-deficient mouse BMDMs (Fig. 6, A and B). The marked effect 

of IRAK2 deficiency on TLR-induced cytokine secretion by mouse macrophages was 

demonstrated previously (39), and is partly a result of the role of IRAK2 in stabilizing pro-

inflammatory cytokine transcripts (40). These data emphasize that in response to single TLR 

ligands, mouse macrophages show little dependence on IRAK1, as compared to IRAK2, for 

TNF-α and IL-6 secretion. These data mirror the effects of IRAK1 and IRAK2 depletion in 

the mouse macrophage reporter cell line in our siRNA screen (Fig. 3C), and validate our 

mouse macrophage siRNA screening platform.

To examine further the dependency on IRAK1 that we observed in the human macrophage 

reporter-based siRNA screen, we first tested the effect of depletion of IRAK1 or IRAK2 on 

the secretion of TNF-α by the THP1 B5 reporter cell line. TNF-α secretion induced by LPS 

(Fig. 6C) or P2C, P3C, or PGN (fig. S7A) was markedly reduced by IRAK1 knockdown 

cells, but IRAK2 depletion had little effect, which is consistent with the effects observed in 

the siRNA screen with the TNF-α transcriptional reporter. We tested whether differential 

extents of gene knockdown might contribute to the different IRAK effects observed in the 

human cells; however, we observed substantial and comparable reductions in the amounts of 

mRNAs and proteins of both IRAKs in the knockdown cells (fig. S7, B and C).
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To determine whether the greater requirement for IRAK1 for TLR signaling in THP1 cells 

was also observed in human primary cells, we prepared hMDMs from peripheral blood and 

transfected them with IRAK1- or IRAK2-specific siRNAs by nucleofection. We again found 

that the secretion of TNF-α in response to a range of TLR ligands depended mostly on 

IRAK1, with much less dependence on IRAK2 (Fig. 6D). We further validated this observed 

pattern in hMDMs with independent siRNA sequences against IRAK1 or IRAK2 (fig. S7D) 

and we also confirmed that that the amount of knockdown of IRAK1 and IRAK2 mRNAs 

and proteins in the siRNA-treated hMDMs were similar (fig. S7, E and F). These data 

confirm that the pattern of IRAK1 and IRAK2 dependency that we observed in our screen 

was also found in primary human macrophages, and they further indicate that our analysis of 

the human and mouse TLR pathways identified substantial differences in how human and 

mouse macrophages decode bacterial PAMPs.

IRAK1 and IRAK2 have different functionalities in the human and mouse macrophage TLR 
signaling pathways

As described earlier, signaling through the MyD88-dependent TLR pathway requires the 

TRAF6-binding property of either IRAK1 or IRAK2 to propagate signals downstream to the 

NF-κB and MAPK signal transmission modules (Fig. 1A) (30). Previous studies in mouse 

macrophages suggested that IRAK1 is required for early signaling through the MyD88-

dependent pathway, whereas IRAK2 is thought to be required for sustained signaling (39, 

40, 45). Data from our screen suggested that the early NF-κB response to P3C and R848 at 

40 min after stimulation was reduced slightly in IRAK1-depleted mouse cells, whereas the 

TNF-α reporter response at 16 hours was unaffected by IRAK1 perturbation (Fig. 3C). In 

contrast, IRAK2-depleted mouse cells had markedly reduced TNF-α reporter activity at 16 

hours after stimulation, consistent with an important role for IRAK2 in sustained activation. 

However, we also found that knockdown of IRAK2 had a more substantial effect on LPS- 

and R848-induced early NF-κB activation than did knockdown of IRAK1 (Fig. 3C), 

suggesting a dominant role for IRAK2 in both initial and sustained responses to these TLR 

ligands in mouse cells.

To determine whether IRAK1 and IRAK2 contributed differently to the initial and sustained 

responses of human macrophages, we used CRISR/Cas9-mediated genome editing to 

generate THP1 cell lines deficient in human IRAK1 or IRAK2 (Fig. 7A and fig. S8). We 

first measured the effects of the loss of IRAK1 and IRAK2 on TLR ligand–induced TNF-α 
secretion by the different IRAK KO THP1 cell lines. We found that there was a marked 

reduction in cytokine secretion by the IRAK1 KO cells, but there was a much lesser effect of 

IRAK2 KO (Fig. 7B). We then tested the NF-κB and MAPK phosphoprotein responses to 

P3C in the IRAK KO cells by phosphoflow cytometry and saw a similarly marked reduction 

in signaling in the IRAK1 KO cells, but again minimal effects in the IRAK2 KO cells (Fig. 

7C). This perturbation of early TLR signaling in human macrophages lacking IRAK1 was in 

stark contrast to the behavior of IRAK1 KO mouse macrophages, which showed relatively 

normal MAPK and NF-κB phosphoprotein responses to TLR stimulation (Fig. 7D).

We next determined the effect of loss of human IRAK1 and IRAK2 on the expression of 

genes that show different LPS response kinetics, namely early-transient (Nfkbiz), early-
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intermediate (Tnf), and late-sustained (Il6) expression. We found that the loss of human 

IRAK2 had no effect on the initial response kinetics of the expression of any of the three 

genes; however, IRAK2 was required to maintain mRNA amounts at times greater than 2 

hours after LPS stimulation (Fig. 7E). This finding is consistent with a previously reported 

role for IRAK2 in maintaining the stability of cytokine mRNAs in both mouse and human 

macrophages (40, 46), which suggests that this is a conserved function of IRAK2 between 

the two species. In contrast, the loss of IRAK1 had a substantial effect on the induction of all 

gene classes in human macrophages (Fig. 7E), consistent with a major role for IRAK1 in the 

human TLR response; however, the loss of IRAK1 had little effect on the induction of the 

same genes in mouse macrophages (Fig. 7F). These data suggest a previously unappreciated 

major difference in the use of IRAK1 between human and mouse TLR signaling pathways.

To determine whether the differential effects of IRAK KO on the TLR-dependent responses 

of human and mouse macrophages were also observed when these cells encountered an 

intact pathogen, we infected cells with the gram-negative bacterium Burkholderia 
cenocepacia, and measured the resulting cytokine responses. We observed a similar pattern 

to the effects seen with individual TLR ligands, with defective cytokine secretion observed 

in mouse macrophages lacking IRAK2 or IRAK4 (Fig. 8A) and in human macrophages 

lacking IRAK1 or IRAK4 (Fig. 8B). To further assess whether the dependencies of mouse 

macrophages on IRAK2 and of human macrophages on IRAK1 were reflected in the 

signaling complexes formed after the cells were stimulated with TLR ligands, we 

immunoprecipitated Myd88 from both cell types after they were treated with LPS. We 

observed the LPS-dependent co-immunoprecipitation of IRAK2 with Myd88 in mouse 

IMMs throughout a 3-hour time course, with only weak and transient co-

immunoprecipitation of Myd88 with IRAK1 (Fig. 8C). In contrast, we did not observe any 

IRAK2 in Myd88 immunoprecipitates from human THP1 cells stimulated with LPS for 3 

hours, but we detected human IRAK1 in Myd88 immunoprecipitates throughout the same 

time course (Fig. 8D).

Finally, we sought to determine whether the apparent species-specific preferences in IRAK 

use were reflected in the extent of expression of these genes in human and mouse cells. We 

used the numerous expression datasets available in GEO to determine whether there were 

any species-specific trends in the abundances of IRAK1, IRAK2, and IRAK4 mRNAs. We 

used data from the Illumina platforms GPL6884 (Illumina HumanWG-6 v3.0 expression 

beadchip) and GPL6885 (Illumina MouseRef-8 v2.0 expression beadchip) because they used 

the same beadchip technology. We downloaded all available normalized gene expression 

data for these platforms (>6000 samples for human, >8000 samples for mouse) and 

calculated the expression distribution for the IRAK probes (fig. S9). We observed that 

IRAK1 was expressed to a greater extent than was IRAK2 in human cells, whereas in mouse 

cells, the trend was reversed. The expression of human IRAK1 and mouse Irak2 also shows 

greater variability (higher standard deviation) across the thousands of mRNA expression 

datasets available in GEO. This finding suggests that the expression of human IRAK1 and 

mouse Irak2 is specifically regulated across different cell types, which may be related to the 

species-specific roles in TLR signaling of their products that we have described in this study.
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DISCUSSION

We previously described the development of an assay platform in human and mouse 

macrophages for the high-throughput, siRNA-based screening of responses to pathogenic 

stimuli (23). As a first step towards genome-wide screens, we described here the targeting of 

putatively canonical pathway components to assess TLR response requirements in a key 

innate immune cell type, and we also compared human and mouse pathway dependencies. 

Although the screen may have identified some characteristics that are distinct to the 

transformed macrophage cell lines used, we demonstrated validation of the findings from 

these cell line screens in primary human and mouse cells. Moreover, the broad use of the 

RAW264.7 and THP1 cell lines as model systems for the study of mouse and human 

macrophage biology make the presented data set a valuable resource for future studies.

At the level of signaling modules used by the TLR pathway, we observed considerable 

conservation between mouse and human cells in the modules containing the strongest 

phenotypes, namely the ligand-specific receptors, proximal signaling proteins, and the 

regulators of human TNF and mouse Tnf transcription. The slightly weaker phenotypes 

observed after branching of the pathway into the NF-κB, MAPK, and PI3K-Akt modules 

would suggest a degree of redundancy in the routing of TLR signals that may provide 

robustness to individual gene perturbations or to competition for these widely used signaling 

components from other pathways. One unexpected outcome in the screen was the relative 

lack of increased signals observed among the module of negative regulators. The assay 

system was capable of identifying known negative regulatory components, such as the 

protein TANK in the TRIF module (fig. S2); however, aside from a few cases of increased 

reporter output through the knockdown of the genes encoding A20, Cyld, and Mkp1 

(Dusp1), we observed few strong negative regulator hits. Because many of these regulators 

operate through a delayed feedback mechanism that requires their transcriptional induction, 

it may be that our screen readouts of NF-κB activation and primary gene response were 

measured too early to fully capture the effect of perturbing these feedback regulators.

In comparing the hits for the different TLR ligands, we observed that the strongest hits 

tended to be common across all of the ligands tested, suggesting a number of nonredundant, 

shared TLR pathway components downstream of the different receptors; however, there 

were also numerous instances of gene knockdowns with ligand-selective effects. This 

suggests that although different TLR pathways may use a number of shared core 

components, there is a preferred use of certain signaling proteins in the pathways engaged 

by individual TLR ligands, which may lead to the activation of transcriptional programs and 

macrophage responses that are customized to the PAMPs presented by different pathogens. 

Clustering analysis showed that P3C and R848 were more similar to each other in their 

pathway component requirements than they were to LPS, which is likely reflective of their 

signaling exclusively through MyD88, whereas LPS signals through both MyD88 and TRIF. 

This is supported by the presence of TRIF in the gene phenotype cluster that was shared by 

human and mouse cell lines in response to LPS (fig. S3).

Beyond the species conservation of strongest hit enrichment among the TLR receptors, 

proximal signaling proteins, and human TNF/mouse Tnf transcription modules, we observed 
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substantial cross-species differences in the individual gene requirements for TLR signal 

propagation in our human and mouse macrophage screens. In addition to the selectivity for 

the IRAK family that we have highlighted in this study, notable additional findings include a 

strong requirement in mouse cells for CD14, for IκB kinase β (IKKβ), and for the 

transcriptional regulating complex CBP/p300. Human cells appeared to be more sensitive to 

knockdown of TAK1, Tpl2, and ERK1, and they had an unexpected positive regulatory role 

for the NF-κB inhibitory protein IκBε. This latter observation may warrant further 

investigation, because we also found that knockdown of this protein rendered THP1 cells 

more sensitive to infection by gram-negative bacteria. The specific gene dependencies for 

human and mouse TLR pathways identified in this study may provide insight to facilitate 

future systematic analyses of these pathways.

Our in-depth study of the different patterns of IRAK dependency in human and mouse TLR 

signaling, in addition to identifying a clear difference in pathway architecture between 

species, also validated our screening platform for systematic analysis of macrophage 

responses to pathogens. We showed that the responsiveness of primary macrophages from 

IRAK KO mice to TLR ligands was in broad agreement with the results of our screen, and 

the effects of knockdown of the human IRAKs in blood-derived primary cells were also 

consistent with the effects that we observed in the human screen. Although we found that 

both primary human macrophages and THP1 cells were resistant to substantial depletion of 

IRAK4, human cells with a complete IRAK4 deficiency showed a loss of responsiveness to 

TLR ligands. This was in contrast to mouse cells in which siRNA-mediated IRAK4 

knockdown led to a strong defect in responsiveness. The difference in sensitivity to IRAK4 

knockdown may therefore reflect different species-specific properties of the human and 

mouse IRAK4 proteins, which is supported by our finding that both human and mouse 

IRAK4 were unable to rescue TLR responses in IRAK4-deficient cells from the other 

species. Previous studies demonstrated that kinase-inactive mouse IRAK4 cannot rescue 

IL-1 or TLR signaling in IRAK4-deficient mouse fibroblasts (34) or macrophages (47) 

respectively, but that kinase-inactive human IRAK4 can rescue IL-1 signaling in IRAK4-

deficient human fibroblasts (33), and inhibition of the kinase activity of IRAK1 and IRAK4 

has a minimal effect on TLR responses in several human immune cell types (48). We 

confirmed that kinase-inactive human IRAK4 rescued TLR responses in THP1 cells (Fig. 

5H), which suggests that the function of IRAK4 in humans might be limited to its ability to 

recruit IRAK1 and that the kinase activity of IRAK1 and its TRAF6-recruitment domain 

may play a much more critical role in TLR signaling in human cells than in mouse cells. In 

light of our siRNA screen findings, the greater dependence of mouse cells on the kinase 

activity of IRAK4 may render them more sensitive to the depletion of this protein, whereas 

human cells may tolerate substantial reductions in the abundance of IRAK4 protein, because 

they are less reliant on this property. Furthermore, studies of mouse IRAK4 have suggested 

that it has important scaffolding functions for the establishment of a myddossome structure 

after TLR activation (28). Our data suggest the possibility that human IRAK1 compensates 

for a substantial depletion of IRAK4 in the human myddosome, but that mouse IRAK1 or 

IRAK2 are unable to similarly compensate for the depletion of mouse IRAK4.

Our data also demonstrate that the relative roles of IRAK1 and IRAK2 in the primary 

propagation of the TLR signal may be different between human and mouse, with there being 
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a much stronger requirement for IRAK1 in human cells. We used the CRISPR/Cas9 genome 

editing technology to make human THP1 cells completely deficient in IRAK1 or IRAK2, 

and we showed that the initial signaling, transcriptional, and cytokine responses to TLR 

ligands and intact bacteria were particularly dependent on IRAK1 in those cells. Consistent 

with previous studies, human IRAK2 has an important role in maintaining TLR-induced 

gene transcription beyond 2 hours after ligand stimulation (46).

It has been known for some time that the TLR-induced cytokine response of IRAK1 KO 

mice is comparable to wild-type, in contrast to the dramatically reduced response observed 

in IRAK2 KO mice (38, 39, 41). Our cytokine data confirm that responses to individual TLR 

ligands and to intact bacteria in mouse IRAK1 KO cells remained relatively intact, in stark 

contrast to those in cells lacking IRAK2, which showed almost no cytokine secretion. 

Moreover, NF-κB and MAPK signaling and early transcriptional responses in TLR2-

stimulated mouse macrophages were minimally affected by IRAK1 deficiency. Previous 

studies showed that mouse IRAK1 plays a critical role in interferon responses to endosomal 

TLR ligands in plasmacytoid dendritic cells (49), and mouse IRAK1 facilitates the rapid, 

TLR ligand–dependent priming of the NLRP3 (NLR family, pyrin domain containing 3) 

inflammasome (50, 51). Although these functions of IRAK1 have not been carefully 

compared in mouse and human cells, they suggest that mouse and human macrophages 

could have evolved different functions for IRAK1 that are tuned to the differential innate 

immune challenges faced by each organism. It is also noteworthy that among the human 

IRAKs, polymorphisms in IRAK1 in particular have been linked with susceptibility to a 

range of immune disorders (52–54), supporting an especially important role for this IRAK 

family member in human cells. Furthermore, in mouse models of human diseases in which 

IRAK1 polymorphisms are implicated, there are examples in which experimentally induced 

autoimmunity is defective when mouse IRAK1 is absent (55, 56); however, there are no 

examples in which the expression of a human IRAK1 variant that is implicated in a disease 

can drive disease in a mouse model. Our study establishes a critical role for IRAK1 in 

human TLR signal transduction that may help explain the immune consequences of genetic 

alterations at the IRAK1 locus. In addition, human IRAK1 is ubiquitously expressed, 

whereas mouse IRAK1 shows a more selective expression pattern (57, 58), again supporting 

a more prominent role for IRAK1 in human cells.

Other studies have compared gene expression datasets from inflammatory disease states in 

humans and mice and have arrived at contradictory conclusions as to how accurately mouse 

models can mimic human disease (21, 22). Of note, one aspect in which both of these 

studies agree is in the observation that genes and pathways regulating the innate immune 

response, such as the TLR signaling pathway, are highly enriched during responses to 

trauma, burns, or sepsis in both species. Despite this pathway enrichment, these studies 

conclude that individual gene expression changes within a pathway are often not predictive 

of a corresponding change in the orthologous gene in the other species, and it is proposed 

that the failure of numerous anti-inflammatory drugs in clinical trials can often be attributed 

to the targeting of an individual gene product that does not show the same behavior between 

human and animal models. The findings from our siRNA screens are broadly supportive of 

these prior studies, because we observed enrichment within the same TLR pathway modules 

in human and mouse cells, but relatively poor conservation in dependencies at the individual 
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gene level. Comprehensive genetic screening of individual gene contributions between 

human and mouse innate immune cells thus provides important insight to this gene-level 

variation, and could identify more optimal anti-inflammatory drug targets in human cells.

In summary, we have performed a comprehensive siRNA-based screen of the canonical TLR 

pathway in human and mouse macrophages to generate a valuable resource dataset that 

systematically identified those proteins that are most required for the response to different 

TLR ligands in a key innate immune cell type. Beyond the species-conserved use of certain 

ligand-specific receptors and core signaling modules, we report considerable differences in 

human and mouse TLR pathway dependencies at the levels of individual genes and their 

products. In particular, we identified and experimentally validated a previously 

unappreciated difference in IRAK family use between mouse and human macrophages, 

which may have relevance for ongoing clinical efforts to target this kinase family to regulate 

TLR-dependent inflammatory responses, or for the development of therapeutics for 

autoimmune disorders that are influenced by polymorphisms in IRAK family genes.

MATERIALS AND METHODS

Cell culture and stimulation with TLR ligands

RAW264.7 G9 cells and immortalized mouse macrophages (IMMs) derived from wild-type 

(WT), Irak1−/−, and Irak4−/− mice were maintained in Dulbecco’s Modified Eagle medium 

(DMEM; 4.5 g/l glucose), 10% fetal bovine serum (FBS), 20 mM Hepes, and 2 mM 

glutamine. BMDMs from WT, Irak1−/−, and Irak2−/− mice were prepared by differentiation 

for 6 days in the same culture medium containing macrophage colony-stimulating factor (M-

CSF, 60 ng/ml, R&D). THP1 B5 and the various THP1 IRAK KO cell lines were maintained 

in RPMI 1640, 10% FBS, and 2 mM glutamine (containing 500 μg/ml G418 for the THP1 

B5 cells). After written informed consent was provided, normal donor and IRAK4-deficient 

patient blood was obtained at the NIH under IRB-approved protocols. The IRAK4-deficient 

patient has a heterozygous C to T mutation at nucleotide 877 in the IRAK4 coding sequence, 

which causes premature termination at Gln293. cDNA sequence analysis showed that only 

the mutant allele is expressed. PBMCs were prepared by a 1:1 dilution of a human blood 

sample with Hank’s balanced salt solution (HBSS) and layering onto the surface of 

lymphocyte separation medium (MP Biomedicals, LLC, 50494) at a 2:1 ratio. After 

centrifugation at 625 × g for 10 min, mononuclear cells were recovered from the opaque 

interface, erythrocytes were lysed with ACK lysing buffer (Quality Biological, 

118-156-721), and the remaining cells were washed with HBSS to provide purified PBMCs. 

Human monocyte-derived macrophages (hMDMs) were derived from PBMCs cultured in 

cRPMI (RPMI-1640 medium containing 10% FBS, 10 mM Hepes, 0.1% β-mercaptoethanol 

and 2 mM glutamine) with granulocyte macrophage colony-stimulating factor (GM-CSF, 10 

ng/ml, R&D, Cat#: 215-GM-010) for 7 days. LPS was from Alexis Biochemicals 

(Salmonella minnesota R595 TLRgrade, Cat. No. ALX-581-008-L002), Pam3CSK4 was 

from InvivoGen (P3C, Cat. No. tlrl-pms) ; peptidoglycan (PGN) was from Sigma 

(Staphylococcus aureus PGN, Cat. No. 77140); R848 was from InvivoGen (Cat. No. tlrl-

r848) Pam2CSK4 was from EMC Microcollections (P2C, Cat. No. L2020); Flagellin was 

from Invivogen, (FLA-ST ultrapure, Cat. No. tlrl-epstfla).

Sun et al. Page 15

Sci Signal. Author manuscript; available in PMC 2017 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Dual luciferase assays in THP1 B5 cells

The THP1 B5 cell clone was generated as described previously (23). Cells were 

differentiated into a macrophage-like state with phorbol-12-myristate-13-acetate (PMA, 5 

ng/ml, Sigma, P1585) for 72 hours. The differentiated cells were treated with TLR ligands 

for activation or with culture medium as a control. After stimulation, firefly and renilla 

luciferase activities in the cell lysates were determined with the Dual-Luciferase Reporter 

Assay System (Promega, E1960) and the firefly:renilla luminescence ratio was calculated to 

reflect the response of the cells to stimulation.

High-content imaging of RAW G9 cells

The RAW G9 clone was generated as described previously (23, 59). The GFP-p65 and Tnf 
promoter-mCherry reporters in RAW G9 cells were imaged with a BD Pathway 855 

bioimager (BD biosciences). BD AttoVision software was used to automatically identify and 

quantify nuclei stained with Hoechst 33342 (Invitrogen, H3570), GFP-p65, and mCherry 

fluorescence. GFP located within the area of nuclear staining (eroded by 2 pixels) was 

defined as nuclear NF-κB, whereas GFP within a 2-pixel-wide ring around the area of 

nuclear staining was defined as cytosolic NF-κB. To determine the extent of nuclear 

translocation of NF-κB after ligand stimulation, the ratio of the intensities of nuclear to 

cytoplasmic GFP-p65 was calculated with BD Image Data Explorer software. For mCherry 

expression, nuclear mCherry was quantified with the same method that was used for NF-κB. 

Background red fluorescence was subtracted and the average intensity was used as a 

measure of Tnf promoter activity.

siRNA screen

The TLR pathway 126-gene set (Fig. 1A) was targeted with six unique siRNA sequences 

(three each from Ambion and Qiagen) per gene (table S1), and individual siRNAs were 

arrayed in separate regions of 384-well plates (Fig. 1B). Three central columns in each plate 

contained replicate wells of negative controls [nontargeting siRNA; NTC#2, 3, and 5 

(Dharmacon), lipid only and cells only] and positive controls (Mouse: Myd88, Irak4 and 

Ikbkg; Human: TLR4/TLR8, TIRAP and IKBKG). To control for cell passage variability, 

reporter cells were always thawed from a common stock 2 weeks before transfection. After 

the cells were transfected with siRNAs according to previously described optimized 

protocols (23), THP1 B5 cells were stimulated with TLR ligands for 4 hours and then were 

subjected to dual luciferase assays. Duplicate siRNA plates were run for RAW G9 cells to 

enable one plate set to be treated with TLR ligand for 40 min (for NF-κB readout) and the 

second plate set to be treated for 16 hours (for TNF-α reporter readout). RAW G9 cells were 

fixed in 4% paraformaldehyde (Polyscience, Inc), and nuclei were stained with 600 nM 

DAPI (Invitrogen) before high-content imaging was performed. Replicates were run for all 

screens with separate batches of reporter cells. Raw data from each reporter assay were 

normalized by the following intra-plate median/ MAD (median absolute deviation) 

calculation: (sample - median (all samples))/ MAD (all samples). Plate comparisons 

between replicates all showed Spearman correlations > 0.7. Robust z-scores relative to 

negative controls were calculated, and average values from replicates were calculated for 

each single siRNA (see table S2). The median z-score of the six individual siRNAs for each 
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of the 126 screened genes was used as the readout for specific gene effects on the response 

to each TLR ligand (table S2). Estimations of false-positive and false-negative rates in the 

human and mouse siRNA screens were calculated with negative and positive siRNA controls 

that were reproducible between experiments and showed a reliable signal perturbation 

phenotype. Because false positive and negative rates are dependent on the selection of the 

screen score threshold, we estimated them over a wide range of thresholds. In this screen, we 

expected that the positive control wells would have high negative z-scores. Hence, the false 

negative rate can be calculated as the percentage of individual positive control wells with 

scores greater than the chosen threshold (ranging from −0.5 to −3), that is, not passing the 

threshold. We used negative control well scores for estimating the false positive rates. 

Because the screen siRNA scores were normalized to the negative controls, we expected that 

the individual negative control wells would have both positive and negative values (with a 

median value of 0), so false positive rates were estimated in both directions. The percentage 

of wells with scores deviating from 0 beyond a threshold (ranging from −0.5 to −3 and 0.5 to 

3) were used to estimate false positive rates. The following individual human IRAK-specific 

siRNAs were used in post-screen experiments (all from Ambion): IRAK1 (s323 and s322), 

IRAK2 (s7497 and s7495), and IRAK4 (s27527 and s27528).

Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted with the RNeasy Micro Kit (Qiagen, 74004) and RNeasy Mini Kit 

(Qiagen, 74106). Complementary DNA (cDNA) was synthesized from the extracted RNA 

with the iScript cDNA Synthesis Kit (Bio-rad, 170-8891). Quantitative reverse transcription 

polymerase chain reaction (qRT-PCR) assays were performed with Thermo Scientific 

Solaris qPCR Rox Master Mix (AB-4351/C) or with Power SYBR green PCR Master Mix 

(Applied biosystems, Cat. No. 43091655) with a Mastercycler realplex4 real-time PCR 

detection system (Eppendorf), according to the manufacturers’ protocols. The abundances of 

the mRNAs of interest in each sample were normalized to that of ACTB/Actb or HPRT1/
Hprt mRNA, and fold-changes in the abundances of target mRNAs relative to their basal 

abundances were calculated with the 2−ΔΔCt method. The primers and probes for human and 

mouse IRAK1/Irak1, MAP3K7/Map3k7, TAB2/Tab2, NFKBIE/Nfkbie, MAP3K8/Map3k8, 
MAPK3/Mapk3, MAPK14/Mapk14, IRF9/Irf9, IRAK2/Irak2, IRAK4/Irak4, CD14/Cd14, 
IKBKB/Ikbkb, MAPK1/Mapk1, CREBBP/Crebbp, EP300/Ep300, TNF/Tnf, NFKBIZ/
Nfkbiz, and IL6/Il6 were purchased from GE Healthcare, Dharmacon (Solaris Mouse or 

Human qPCR Gene Expression Assay).

Cytokine ELISA

2 × 105/ml BMDMs, IMMs, hMDMs, or differentiated THP1 cells were treated with the 

appropriate TLR ligands, the cell culture medium was collected, and the concentrations of 

TNF-α or IL-6 secreted by the cells were determined by ELISA. The mouse TNF-α ELISA 

kit was purchased from R&D Systems (DY410), whereas the mouse IL-6 (555240) and 

human TNF-α (555212) kits were purchased from BD Biosciences.

Cytokine Bioplex

PBMCs were plated into a 96-well plate at 1 × 106 cell/ml and stimulated with the 

appropriate TLR ligands for 16 hours before cell culture medium was collected. 1 × 107 
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PBMCs from the patient or a healthy control were cultured in 10 ml of cRPMI containing 

GM-CSF (10 ng/ml, R&D Systems, 215-GM-010) for 7 days to induce the generation of 

hMDMs. The hMDMs were then plated at 1.5 × 105 cell/ml and stimulated with the 

appropriate TLR ligands for 16 hours before the cell culture medium was collected. The 

amounts of secreted TNF-α, IL-6, MIP-1α, and IL-8 were determined with the Bioplex 

assay (Bio-rad).

Western blotting

RAW cells, THP1 cells, or hMDMs were lysed in RIPA (Radioimmunoprecipitation assay) 

buffer (Sigma, R0278) containing a protease inhibitor cocktail (Roche). Cell lysates were 

quantified by protein assay (Biorad) and equal protein amounts were resolved with a 4 to 

12% Bis-tris Gel/MOPS running buffer system (Invitrogen) and transferred to nitrocellulose 

membranes. The membranes were analyzed by Western blotting with the following 

antibodies: rabbit anti-IRAK1 (Cell Signaling, 4504S), rabbit anti-IRAK4 (abcam, ab13685 

or ab32511), rabbit anti-IRAK2 (abcam, ab62419, and ProSci, 3595), rabbit anti-Rho-GDI 

(Sigma, R3025), and horseradish peroxidase (HRP)-conjugated donkey anti-rabbit 

secondary antibody (GE Healthcare).

Expression of mouse or human IRAK4 fluorescent protein fusions in IRAK4 KO IMMs and 
THP1 cells

The pR-IRAK4-mCitrine and pR-IRAK4(Kin−)-mCitrine retroviral plasmids, which express 

WT or kinase-deficient (35) murine IRAK4, respectively, with an mCitrine fusion at the C 

terminus, were generated by amplifying the cDNA encoding murine IRAK4 from expression 

vectors with the following specific primers: Forward: 5′-

TTTCGCGCGCGATGAACAAGCCGTTGACACCATC-3′; reverse: 5′-

AAACTCGAGAGCAGACATCTCTTGTAGCAGC-3′. The resulting PCR product was 

digested with Mau BI and Xho I and subcloned in-frame into the corresponding sites of the 

pR-mCitrine retroviral vector. Entry vectors containing the human WT IRAK4 sequence 

(Addgene #23749: pDONR223-IRAK4) or the human IRAK4 kinase-deficient mutant (36) 

were recombined with pDS-FBhyg_X-mCH by Gateway cloning to generate retroviral 

plasmids that expressed either WT or kinase-deficient (Kin-) human IRAK4 with an 

mCherry fusion at the C terminus. A control retrovirus was also generated that expressed 

mCherry alone. Immortalized IRAK4 KO mouse macrophages or human IRAK4 KO THP1 

cells expressing murine IRAK4-mCitrine (either WT and or Kin-), human IRAK4-mCherry 

(either WT and or Kin-), or mCherry alone were generated by retroviral transduction as 

previously described (60). Cells were sorted based on positive expression of mCitrine or 

were selected with Hygromycin B (Clontech), and then single-cell clones were expanded in 

96-well tissue culture plates by limiting dilution and were functionally tested by ELISA for 

reconstitution of cytokine secretion in response to TLR activation. The abundances of the 

murine IRAK4-mCitrine and human IRAK4-mCherry fusion proteins were determined 

either by flow cytometric analysis or by qRT-PCR assays with the following primer pairs: 

Mouse Irak4 forward: TGCATGAGAAGAAAAACAGACG; mCitrine reverse: 

GGACACGCTGAACTTGTGG; human IRAK4 forward: 

GACATTAAGAAGGTTCAACAGC; mCherry reverse: GCCATGTTATCCTCCTCG.
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Generation of THP1 CRISPR/Cas9 knockout lines

THP-1 cells were plated at a density of 2 × 105/ml. After 24 hours, 2.5 × 106 cells were 

resuspended in 250 μl of Opti-MEM, mixed with 5 μg CRISPR/Cas plasmid DNA, and 

electroporated in a 4-mm cuvette with an exponential pulse at 250 V and 950 mF with a 

Gene Pulser electroporating device (Bio-Rad Laboratories). We used a plasmid encoding a 

CMV-mCherry-Cas9 expression cassette and a human IRAK-specific gRNA (fig. S6) driven 

by the U6 promoter (61). Critical exons of the IRAK genes were targeted with the following 

gRNA constructs. IRAK1: 5′- GCTGAGGATGGCAACTTCCGGGG-3′; IRAK2: 5′-

GCAGGGTGTGAGCATCACGCGGG-3′; IRAK4: 5′-

GATGAACGACCCATTTCTGTTGG-3′. Cells were allowed to recover for 2 days in 6-well 

plates filled with 4 ml of medium per well before being FACS-sorted for mCherry-

expression with a BD FACSAria III sorting device (BD Biosciences). For subsequent 

limiting dilution cloning, cells were plated at a density of 5, 10, or 20 cells per well in nine 

round-bottomed 96-well plates and cultured for 2 weeks. Plates were scanned for absorption 

at 600 nm, and growing clones were identified with customized software and were picked 

and duplicated by a Biomek FXp (Beckman Coulter) liquid handling system. One duplicate 

was used to recover gDNA and characterize the gene editing as previously described (62).

Immunoprecipitation of TLR signaling complexes

For immunoprecipitation experiments, whole-cell extracts from 1 × 107 cells per condition 

were prepared in 600 μl of cell lysis buffer containing 1% NP-40, 50 mM Tris-HCl (pH 7.5), 

and 150 mM NaCl. Lysates were centrifuged at 18,000g for 10 min at 4°C. The cleared 

supernatants were collected, and 50 μl of the supernatant was saved as the input sample. 1 μg 

of anti-MyD88 antibody (R&D; AF3109, goat) for immunoprecipitation from mouse IMMs 

or 10 μl of anti-MyD88 antibody (CST; 3699, Rabbit) for immunoprecipitation from human 

THP1 cells were added to 50 μl of Dynabeads protein G (Novex, 10003D) or Dynabeads 

protein A (Novex, 10001D) in 200 μl of phosphate-buffered saline (PBS) containing 0.1 % 

Tween-20 (PBST) for 20 min at room temperature to form bead-antibody complexes. The 

remaining cell lysate supernatants (around 550 μl) were added to the bead-antibody 

complexes and incubated with rotation overnight at 4°C. The beads were washed three times 

with PBST and then the immunoprecipitated complexes were eluted in 25 μl of a 1:1 

dilution of Elution buffer (Invitrogen) and 2× SDS buffer (Quality biological, Cat : 

351-082-661) by heating at 70°C for 10 min. Twenty microliters of eluted protein complexes 

were resolved with a 10% Bis-tris Gel/MOPS running buffer system (Invitrogen) and 

visualized by Western blotting analysis with the following antibodies. Rabbit anti-IRAK1 

(Cell Signaling, 4504S), mouse anti-IRAK4 (Pierce, MA5-15883), rabbit anti-IRAK2 

(abcam #ab62419 or ProSci #3595), mouse anti-MyD88 (Santa Cruz, sc-74532), rabbit anti-

Rho-GDI (Sigma, R3025) and HRP-conjugated ECL anti-rabbit immunoglobulin G (IgG) or 

anti-mouse IgG secondary antibody (GE Healthcare).

Imaging of the TLR-activated phosphorylated ATF2 response in IMMs and THP1 cells

IMMs were seeded in 96-well plates 24 hours before they were treated with TLR ligands. 

THP1 cells were differentiated with PMA in 96-well plates 3 days before they were treated 

with ligands. After treatment with 500 nM P3C, the cells were fixed in 4% 
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paraformaldehyde (PFA), and blocked with PBST containing 5% (w/v) bovine serum 

albumin (BSA). The fixed cells were treated with primary mouse antibody against pATF2 

(1:200 dilution, Santa Cruz Biotechnology, sc-8398) followed by Alexa Fluor 647–

conjugated goat anti-mouse IgG secondary antibody (1:1000 dilution, Life Technologies 

Catalog No. A-21235) or Alexa Fluor 700–conjugated goat anti-mouse IgG secondary 

antibody (1:1000 dilution, Life Technologies Catalog No. A-21036). The cells were imaged 

either on a Thermo Scientific CellInsight NXT or a Leica SP8.

Phosphoflow cytometry

THP1 cells or IMMs were treated with 0.5 mM Pam3CSK4 (InvivoGen, Cat. No. tlrl-pms) 

for the times indicated in the figure legends. The cells were fixed with 1% PFA, detached, 

and permeabilized with ice-cold methanol. The cell suspensions were incubated with 

purified rat anti-mouse CD16/CD32 (BD Biosciences, mouse BD Fc Block, clone 2.4G2, 

Cat. No. 553141) to block nonspecific binding and stained with Alexa Fluor 555–conjugated 

anti-phosphorylated p38 MAPK (Cell Signaling, 9836S), Alexa Fluor 647–conjugated anti-

phosphorylated p65 NF-κB (Cell Signaling, 4887S), or Alexa Fluor 488–conjugated anti-

phosphorylated p65 NF-κB (BD bioscience, 558421) in PBS containing 1% FCS, 2 mM 

EDTA.

Bacterial infection of macrophages

Infection of both THP1 cells and IMM cell lines with B. cenocepacia was performed with 

the infection protocol described previously (63). After incubation of cells with the bacteria, 

the cell culture medium was collected, and the amounts of secreted cytokines were measured 

by ELISA as described earlier.

Calculation of expression distributions from GEO datasets

All available normalized gene expression data for platforms GPL6884 (Illumina 

HumanWG-6 v3.0 expression beadchip, >6000 samples) and GPL6885 (Illumina 

MouseRef-8 v2.0 expression beadchip, >8000 samples) were downloaded from GEO (http://

www.ncbi.nlm.nih.gov/geo/). To make the samples comparable and eliminate potential batch 

effects, expression data from each sample were transformed by calculating the robust z-score 

from the median and MAD) of individual samples. Expression z-scores for probes from all 

available samples corresponding to human IRAK1, IRAK2, and IRAK4 and mouse Irak1, 
Irak2, and Irak4 were binned into 500 equal bins between −10 and 10 to generate probability 

distributions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. A comprehensive siRNA screen of the TLR pathway in human and mouse macrophages
(A) Schematic of signal flow in the TLR pathway from initial signal encoding by TLR 

receptors, through complexes of TIR adaptor proteins, IRAKs, and TRAFs, to signal 

transmission through NF-κB, MAPK, and PI3K modules, and then signal decoding through 

gene transcription, cytokine secretion, and feedback regulation. Right: The 126 gene 

transcripts targeted in the screen by siRNAs. (B) Workflow for the RNAi screen using six 

siRNA sequences per gene distributed in separate regions of a 384-well plate. Red circles 

show examples of siRNA locations for a single gene. The blue region of the plate shows the 

locations of gene-specific siRNAs, whereas the orange region shows the positions of control 

siRNAs. Forty-eight to 72 hours after they were reverse-transfected with siRNAs, the mouse 

(RAW G9) and human (THP1 B5) reporter cell lines were assayed for their responses to 
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simulation with different TLR ligands, and the effects of individual gene perturbations were 

measured (see fig. S1 and Materials and Methods for further details). (C and D) Calculation 

of false positive rates (C) and false negative rates (D) from negative and positive control 

siRNAs, respectively, in the mouse and human macrophage siRNA screens (see Materials 

and Methods). Data in (C) and (D) are presented as median z-scores from six siRNAs per 

gene. Individual siRNA scores were averaged from two (C) or three (D) independent 

experiments (see Materials and Methods for details).
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Fig. 2. Effects of siRNA gene perturbations across the human and mouse TLR pathways
(A to G) Analysis of the effects of gene perturbations on TLR signaling. TLR pathway gene 

perturbation effects on (A) the TNF promoter–driven transcriptional response of the human 

THP1 cell line to LPS (10 ng/ml), 100 nM P3C, R848 (10 μg/ml), 1 nM P2C, 1 PGN (10 μg/

ml), or FLG (10 ng/ml) and (D) on the NF-κB and Tnf promoter–dependent responses of the 

mouse RAW264.7 cell line to LPS (10 ng/ml), 100 nM P3C, or R848 (10 μg/ml). (B and E) 

Effects of the siRNA-mediated knockdown of the indicated TLRs on (B) the TNF promoter-

dependent transcriptional response of the human THP1 cell line and (E) the NF-κB– and Tnf 
promoter–dependent responses of the mouse RAW264.7 cell line to the indicated TLR 
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ligands. The top 10 genes with the most substantial effects on (C) the human TNF promoter–

dependent response, (F) the mouse NF-κB response, and (G) the mouse Tnf promoter-driven 

response across all tested TLR ligands. Rankings for individual TLR ligands are shown, with 

overall gene order determined by the average rank calculated over all ligands (the full 126-

gene ranking scores are shown in table S3). Data in (A), (B), (D), and (E) are presented as 

median z-scores from six siRNAs per gene. Individual siRNA scores were averaged from 

three (for A and B) or two (for D and E) independent experiments (see Materials and 

Methods).
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Fig. 3. Human and mouse macrophages show both shared and distinct gene product 
dependencies in TLR signaling
(A) Hierarchical clustering analysis (Pearson uncentered, average linkage) of the TNF/Tnf 
promoter–driven responses to LPS, P3C, and R848 in human THP1 cells and mouse RAW 

cells. (B) Average z-scores calculated from the responses to the three TLR ligands shown in 

(A) were compared between the human and mouse reporter cell lines (see table S4). The z-

score differences between the species were overlaid onto the canonical TLR pathway from 

KEGG. (C) Genes whose perturbation had the most substantial effects on the human and 
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mouse TLR pathways. (D and E) The relative abundances of the mRNAs corresponding to 

the genes shown in (C) in human THP1 B5 cells (D) or mouse RAW G9 cells (E) after 

siRNA-mediated knockdown. Data in (D) and (E) are means ± SD from two independent 

experiments. Data in (A) and (C) are presented as median z-scores from six siRNAs for each 

gene. Individual siRNA z-scores were averaged from three (for the human TNF-α readout) 

or two (for the mouse NF-κB and TNF-α readouts) independent experiments (see Materials 

and Methods).
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Fig. 4. IRAK4 is required for human TLR responses, but the human and mouse IRAK4 proteins 
are not functionally interchangeable
(A and B) Analysis of the relative abundances of IRAK4 mRNA (A) and protein (B) in 

RAW G9 cells, THP1 B5 cells, and hMDMs transfected with control or IRAK4-specific 

siRNAs. The relative fractions of IRAK4 protein abundance in cells treated with IRAK4-

specific siRNA compared to that in control cells were as follows: 0.30 ± 0.07 for RAW G9 

cells (P < 0.001); 0.28 ± 0.10 for THP1 B5 cells (P < 0.01); and 0.49 ± 0.06 for hMDMs (P 
< 0.01). Statistical analysis was by two-tailed t test. Western blots are representative of three 

independent experiments. (C) hMDMs transfected with control siRNA or IRAK4-specific 

siRNA were stimulated with LPS (10 ng/ml), 100 nM P3C, PGN (10 μg/ml), R848 (10 μg/

ml), or FLG (10 ng/ml) for 24 hours and the amounts of TNF-α secreted by the cells were 

measured by ELISA. (D to F) hMDMs isolated from control and IRAK4-deficient patients 

were left untreated (Unt) or were stimulated with LPS (10 ng/ml), 100 nM P3C, PGN (10 

μg/ml), R848 (10 μg/ml), or FLG (10 ng/ml) for 24 hours. The amounts of TNF-α (D), IL-6 

(E), and IL-8 (F) secreted by the cells were measured by Bioplex assay. (G) Immortalized 
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bone marrow–derived mouse macrophages (IMM) from IRAK4 KO mice were stably 

transduced with retrovirus expressing either mouse IRAK4-mCitrine or human IRAK4-

mCherry. The cells were then stimulated for 24 hours with LPS (10 ng/ml), 100 nM P3C, 

PGN (30 μg/ml), or R848 (10 μg/ml) before the amount of TNF-α secreted by the cells was 

measured by ELISA. (H) IRAK4 KO THP1 cells were stably transduced with retrovirus 

expressing either human IRAK4-mCherry or mouse IRAK4-mCitrine. The cells were then 

stimulated for 24 hours with LPS (10 ng/ml) before the amount of TNF-α that they secreted 

was measured by ELISA. Data are means ± SD of two representative experiments for (A), 

(C), (G), and (H) or are means ± SD of two independent biological replicates from one set of 

patient blood samples for (D) to (F). **P < 0.01, ***P < 0.001, ****P < 0.0001 by two-

tailed t test.
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Fig. 5. Differential characteristics of human and mouse IRAK4 signaling properties
(A and B) Mouse IRAK4 KO IMMs were stably transduced with retrovirus expressing either 

(A) mouse IRAK4-mCitrine or (B) human IRAK4-mCherry before being treated with LPS 

(10 ng/ml) for the indicated times. Cell lysates were then subjected to immunoprecipitation 

(IP) with an antibody against Myd88 and samples were analyzed by Western blotting (IB) 

with antibody specific for IRAK4. RhoGDI was used as an input control for the Myd88 

immunoprecipitation. (C and D) Human IRAK4 KO THP1 cells were stably transduced with 

retrovirus expressing either (C) mouse IRAK4-mCitrine or (D) human IRAK4-mCherry 

Sun et al. Page 33

Sci Signal. Author manuscript; available in PMC 2017 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



before being treated with LPS (10 ng/ml) for the indicated times. Cell lysates were then 

subjected to immunoprecipitation with an antibody specific for Myd88 and analyzed by 

Western blotting with antibody specific for IRAK4. Myd88 was used as an input control for 

the immunoprecipitation. (E and F) The nuclear intensity of phosphorylated ATF2 (pATF2) 

was measured by high-content imaging in either (E) mouse IRAK4 KO IMMs or (F) human 

IRAK4 KO THP1 cells stably transduced with retrovirus expressing either mouse IRAK4-

mCitrine or human IRAK4-mCherry. Cells were left untreated or were stimulated for 20 

(IMM) or 60 min (THP1) with 500 nM P3C. Data are shown for the central 98th percentile 

of cells. (G) IRAK4 KO IMMs were stably transduced with retrovirus expressing either 

wild-type (WT) or kinase-deficient (Kin−) mouse IRAK4. Cells were stimulated with LPS 

(10 ng/ml) for 24 hours and the amount of TNF-α secreted was measured by ELISA. (H) 

IRAK4 KO THP1 cells were stably transduced with retrovirus expressing either WT or 

kinase-deficient (Kin−) human IRAK4. Cells were stimulated with LPS (10 ng/ml) for 24 

hours and the amount of TNF-α secreted by the cells was measured by ELISA. Western 

blots in (A) to (D) are representative of at least two independent experiments. Single-cell 

data in (E) and (F) are representative of two independent experiments (100 to 500 cells 

imaged per condition, error bars indicate mean ± 95% CI). Data in (G) and (H) are means ± 

SD of two independent experiments. **P < 0.01, ***P < 0.001 by Kolmogorov-Smirnov test 

(for E and F) or by two-tailed t test (for G and H).
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Fig. 6. Differences in IRAK1 and IRAK2 protein use in mouse and human TLR responses in 
primary macrophages
(A and B) Bone marrow-derived macrophages (BMDMs) from WT, IRAK1 KO, and IRAK2 

KO mice were stimulated with LPS (10 ng/ml), 100 nM P3C, PGN (30 μg/ml), or R848 (10 

μg/ml) for 24 hours before the amounts of TNF-α (A) and IL-6 (B) that were secreted by 

the cells were measured by ELISA. (C) THP1 cells transfected with control, IRAK1-

specific, or IRAK2-specific siRNAs were stimulated with LPS (10 ng/ml) for 24 hours 

before the amounts of TNF-α that they secreted were measured by ELISA. (D) hMDMs 

transfected with control, IRAK1-specific, or IRAK2-specific siRNAs were stimulated with 

LPS (10 ng/ml), 100 nM P3C, PGN (10 μg/ml), R848 (10 μg/ml), or FLG (10 ng/ml) for 24 

hours before the amounts of TNF-α that they secreted were measured by ELISA. Data are 

means ± SD of four (for A and B) or three experiments (for C and D). *P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001 by two-tailed t test.
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Fig. 7. IRAK1 and IRAK2 have different functionalities in the human and mouse macrophage 
TLR signaling pathways
(A) The WT and indicated IRAK1 KO and IRAK2 KO THP1 cell lines were analyzed by 

Western blotting with antibody against IRAK proteins. RhoGDI was used as a loading 

control. Western blots are representative of two independent experiments. (B) The indicated 

control and IRAK KO THP1 cell lines were stimulated for 4 hours with LPS (10 ng/ml) 

before the amounts of TNF-α that they secreted were measured by ELISA. (C and D) The 

WT and indicated IRAK KO THP1 cell lines (C) and mouse IMMs (D) were stimulated with 

500 nM P3C for the indicated times before the relative abundances of phosphorylated p38α 
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MAPK (left) and p65 (right) were measured by phosphoflow cytometry. (E and F) The WT 

and indicated IRAK KO THP1 cell lines (E) and mouse IMMs (F) were stimulated with 500 

nM P3C for the indicated times before the relative abundances of Nfkbiz (left), Tnf 
(middle), and Il6 (right) mRNAs were measured by qRT-PCR analysis. Data in (B) to (F) are 

means ± SD of two independent experiments. **P < 0.01, ***P < 0.001, ****P < 0.0001 by 

two-tailed t test.
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Fig. 8. Differential human and mouse IRAK dependencies are reflected in responses to gram-
negative bacterial infection and in ligand-induced signaling complexes
(A and B) IMMs from WT mice and the indicated IRAK KO mice (A) and the WT and 

indicated IRAK KO THP1 cell lines (B) were infected with B. cenocepacia at an MOI of 1. 

Twenty hours later, the amounts of IL-6 secreted by the cells were measured by ELISA. (C 
and D) IMMs from IRAK4 KO mice (C) and IRAK4 KO THP1 cells (D) were stably 

transduced with retrovirus expressing either mouse IRAK4-mCitrine or human IRAK4-

mCherry, respectively. The cells were then treated with LPS (10 ng/ml) for the indicated 

times before cell lysates were subjected to immunoprecipitation (IP) with antibodies against 

Myd88 and analyzed by Western blotting (IB) with antibodies against either IRAK1 or 

IRAK2. RhoGDI is shown as an input control for the Myd88 immunoprecipitation. Western 

blots are representative of three independent experiments. Data in (A) and (B) are means ± 

SD of two independent experiments. ***P < 0.001 by two-tailed t test.
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