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ABSTRACT The innate immune system is the body’s first line of defense against
pathogens and its protection against infectious diseases. On the surface of host mye-
loid cells, Toll-like receptor 4 (TLR4) senses lipopolysaccharide (LPS), the major outer
membrane component of Gram-negative bacteria. Intracellularly, LPS is recognized
by caspase 11 through the noncanonical inflammasome to induce pyroptosis—an
inflammatory form of lytic cell death. While TLR4-mediated signaling perturbations
result in secretion of cytokines and chemokines that help clear infection and facili-
tate adaptive immunity, caspase 11-mediated pyroptosis leads to the release of dam-
age-associated molecular patterns and inflammatory mediators. Although the core
signaling events and many associated proteins in the TLR4 signaling pathway are
known, the complex signaling events and protein networks within the noncanonical
inflammasome pathway remain obscure. Moreover, there is mounting evidence for
pathogen-specific innate immune tuning. We characterized the major LPS structures
from two different pathogens, modeled their binding to the surface receptors, sys-
tematically examined macrophage inflammatory responses to these LPS molecules,
and surveyed the temporal differences in global protein secretion resulting from
TLR4 and caspase 11 activation in macrophages using mass spectrometry (MS)-based
quantitative proteomics. This integrated strategy, spanning functional activity assays,
top-down structural elucidation of endotoxins, and secretome analysis of stimulated
macrophages, allowed us to identify crucial differences in TLR4- and caspase 11-
mediated protein secretion in response to two Gram-negative bacterial endotoxins.

IMPORTANCE Macrophages and monocytes are innate immune cells playing an im-
portant role in orchestrating the initial innate immune response to bacterial infection
and the tissue damage. This response is facilitated by specific receptors on the cell
surface and intracellularly. One of the bacterial molecules recognized is a Gram-neg-
ative bacteria cell wall component, lipopolysaccharide (LPS). The structure of LPS dif-
fers between different species. We have characterized the innate immune responses
to the LPS molecules from two bacteria, Escherichia coli and Bordetella pertussis,
administered either extracellularly or intracellularly, whose structures we first deter-
mined. We observed marked differences in the temporal dynamics and amounts of
proteins secreted by the innate immune cells stimulated by any of these molecules
and routes. This suggests that there is specificity in the first line of response to
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different Gram-negative bacteria that can be explored to tailor specific therapeutic
interventions.

KEYWORDS infection, lipopolysaccharide, Toll-like receptors, caspase 11, site
identification by ligand competitive saturation, SILCS, caspases, cytokines, host
response, host-pathogen interactions, inflammasome, innate immunity, macrophages,
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The innate immune system responds rapidly to invading pathogens, sterile infec-
tion, and tissue damage and upregulates adaptive immunity (1). This immediate

response against pathogens is facilitated by pattern recognition receptors (PRRs) that
recognize pathogens’ conserved molecular signatures, termed pathogen-associated
molecular patterns (PAMPs) (2). To sense different microbial PAMPs, humans and mice
genetically encode 11 and 13 Toll-like receptors (TLRs), respectively. On the host mye-
loid cells, Toll-like receptor 4 (TLR4) recognizes extracellular Gram-negative bacteria by
their outer membrane component, the saccharolipid lipopolysaccharide (LPS) (3, 4),
and subsequently activates the NF-kB and mitogen-activated protein kinase (MAPK)
signaling pathways to mount the host cellular defense machinery (5, 6). Intracellularly,
LPS is sensed and sampled, independently of TLR4, by caspase 4 and 5 (caspase 4/5) in
humans and caspase 11 in mice via the noncanonical inflammasome machinery (7–9).
Intracellular LPS induces an inflammatory form of programmed cellular death (pyropto-
sis) that is correlated with the maturation and secretion of the proinflammatory cyto-
kines interleukin 1a (IL-1a), IL-1b , and IL-18 (9, 10).

LPS is generally classified into two distinct types, “smooth LPS” and “rough LPS” (also
known as lipooligosaccharide or LOS), which lacks the O-antigen moiety. Lipid A, the
membrane anchor of LPS, is the minimum structural unit required for PRR recognition
and activation of the host immune machinery. Lipid A structures are highly diverse
between different Gram-negative bacteria, which may potentially possess a wide range
of immune system agonists and antagonists that affect the host immune response (11).
The number, length, and degree of unsaturation of fatty acyl chains, as well as the num-
ber of phosphate groups and their modifications, can enable, diminish, or block host
immune activities (12). Mass spectrometry (MS)-based LPS structural characterization
and immunoproteomics have been used to reveal how the LPS structure affects its func-
tion and to understand the molecular basis of bacterial pathogenesis (11).

Ideally, immune cells interpret the type of PAMPs they encounter and induce an appro-
priate inflammatory response designed to eradicate an infection without overproduction
of inflammatory mediators—a threshold which, if surpassed, could potentially lead to sep-
tic shock (13). Proteins released from macrophages in response to an invading pathogen
play pivotal roles in shaping immune cell communication and coordination to trigger an
appropriate inflammatory response. These secreted proteins make up a subproteome,
referred to as the secretome, and are released through various secretory mechanisms,
including classical, nonclassical, and exosome-mediated secretory pathways, as well as
membrane shedding (14–16). Recent studies of secretomes from LPS-stimulated macro-
phages have deepened our understanding of endotoxin recognition and function (11, 15,
17–21). The signaling events downstream from TLR4 have been studied extensively, but
detailed structural and mechanistic aspects of noncanonical inflammasome-mediated LPS
recognition still lack comprehensive elucidation. Identifying the secreted factors that regu-
late, coordinate, and propagate immune signaling is essential in order to fully decode the
events specific to TLR4- and caspase 11-mediated endotoxin sensing and signaling, thus
revealing the immune pathways stimulated by extracellular and/or intracellular bacteria. A
better understanding of these signaling cascades is expected to facilitate rational design
of vaccine adjuvants, vaccines, and immunotherapeutics against immune system dysregu-
lation, such as for treatment of autoimmune diseases. Systems biology studies of endo-
toxin sensing in macrophages have been performed using transcriptomics and systems
immunoproteomics approaches (reviewed in references 11 and 22). Secretome studies
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provided a great deal of information about immune sensing and about the autocrine and
paracrine cellular communications that shape an overall immune response to LPS (11, 15,
17, 19). MS-based strategies were used to reveal downstream substrates of the immuno-
caspases and their phosphorylation status (23–26). Based upon these initial proteomics
data, the executor of pyroptosis, gasdermin D (GSDMD), was identified (10, 23).
Nevertheless, a direct comparison between TLR4 and caspase 11 secretomes was lacking.
A global systematic secretome analysis of TLR4- and caspase 11-mediated signaling could
determine cellular components that orchestrate proper immune responses and elucidate
the differences in the immune responses to extracellular and intracellular bacteria.

In this study, we first performed an MS-based structural characterization of the en-
dotoxin present in two commercially available LPS extracts and then compared the
macrophage responses to these two different bacterial endotoxins through TLR4- and
caspase 11-mediated signaling pathways (Fig. 1). This integrative analysis resulted in
an unbiased quantification and characterization of the protein secretory changes in
response to extracellular versus intracellular endotoxin stimulation.

RESULTS
Structural profiles of Escherichia coli and Bordetella pertussis LPS. For commer-

cially available LPS extracts, mass spectra obtained from different vendors indicated
differences in mixture composition (27). This could explain why results from biological
experiments using different reagents can provide confounding results. Given that such

FIG 1 Experimental design used to identify and quantify secreted proteins in response to TLR4 and noncanonical
inflammasome (caspase 11)-mediated endotoxin sensing and macrophage stimulation. (A). Left, extracellular LPS activates
the TLR pathway through TLR4, leading to the release of proinflammatory cytokines and type I interferons. Right,
cytosolic LPS causes activation of caspase 11, resulting in noncanonical inflammasome activation. (B) Experimental design
of the SILAC-labeled-secretome analysis.
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extracts are predominantly mixtures of LPS molecules, the activities of which are not
individually characterized, it is difficult to know how much of a specific LPS structure is
present in each mixture without characterization. It should be noted that most com-
mercial LPS mixtures are used in biological assays without characterization of the com-
ponents present in the milieu. However, it is clear that these can be different and that
these extracts are functionally different. To try to avoid this uncertainty, we first charac-
terized the LPS mixtures used in the subsequent biological experiments.

We have previously described a method to release abundant product ions corresponding
to lipid A in the gas phase by analyzing intact rough-type LPS in a top-down fashion (27). The
product ions for lipid A can subsequently be fragmented using collision-induced dissociation
(CID) to generate MS3 product ions: using gas phase decomposition, the characteristic tan-
dem mass spectra can provide complete lipid A dissociation information and primary struc-
tural coverage that aid lipid A structure determination. Figure 2 shows MS3 mass spectra for
E. coli and Bordetella pertussis lipid A moieties where each produces characteristic loss of
O-linked acyl chains. The MS3 analysis of E. coli m/z 1,796 and B. pertussis m/z 789 [M2 2H]22

(-HPO3) lipid A ions confirmed that the major E. coli lipid A is hexa-acylated and bis-phospho-
rylated and that the major B. pertussis lipid A is penta-acylated and bis-phosphorylated.

This initial experiment will allow future data mining to explain possible experimen-
tal differences. It also allows a more direct structure-function analysis, rather than rely-
ing on LPS structures found in the scientific literature or inferred from nucleic acid
data, as well as reducing the risk of error propagation. To date, there have been very
few comprehensive analyses of LPS mixtures published (28–32). Doing so will allow the
community to develop a database of a priori knowledge of LPS reagents, further mak-
ing it possible to compare data from different studies, which has not been previously
feasible due to a lack of quality control of LPS reagents used in experiments.

E. coli and B. pertussis LPS bind MD2-TLR4 with different affinities. Chemical
fragment cosolvent sampling techniques like the site identification by ligand competitive
saturation (SILCS) method are being widely adopted to investigate ligand binding predic-
tion in computer-aided drug design (33–35). In addition to estimating overall binding affin-
ities in the form of ligand grid free energy (LGFE) scores, SILCS provides the binding affinity
contributions of individual functional groups in lipid A. Accordingly, SILCS was used to
compare the strengths of interaction of the two lipid A structures we characterized from
two bacterial species with the cell surface receptor TLR4 and the coreceptor MD2 (Fig. 3).
The analysis of data presented in Table 1 shows the substructure GFE (ssGFE) contributions
of different fatty acid tails (39, 39R, 29, 29R, 3, and 2) and phosphate groups (49P and 1-P) to

FIG 2 Top-down MS analysis of endotoxins. MS3 analysis of E. coli m/z 1,796 (A) and B. pertussis m/z 789 [M 2 2H]22 (B) lipid A
ions. MS/MS product ions from endotoxins were generated by collision-induced dissociation (CID) to confirm lipid A structural
inferences as described in our recent work (27) (the data were collected across different mass ranges according to the precursor
ion masses for E. coli J5 and B. pertussis 165 lipid A m/z).
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the overall binding affinity, where the more negative values (kcal mol21) of the tail moi-
eties indicate that they make more favorable contributions than the phosphate moieties.
Tail 39 makes the largest contribution to overall binding of lipid A with MD2-TLR4 receptor
compared to the other moieties; additionally, 49P makes a more favorable contribution to
binding than 1-P. As suggested by the overall LGFE score, hexa-acylated bis-phosphoryl-
ated E. coli J5 strain lipid A interacts with MD2-TLR4 with an average LGFE score of
232.65 kcal/mol, a stronger interaction than that of the penta-acylated bis-phosphorylated
B. pertussis 165 strain lipid A, whose average LGFE score is 229.98 kcal/mol. (Table 1).
This more favorable binding of hexa-acylated lipid A with MD2-TLR4 may partially explain

FIG 3 (A) FragMaps obtained from the site identification by ligand competitive saturation (SILCS) simulation. FragMaps representing the functional group
types as polar (green), hydrogen bond acceptor (red) and donor (blue), positive (cyan), and negative (orange) overlaid on the TL4R-MD2 crystal structure
(PDB ID 3FXI) (77) shown in cartoon representation. (B) E. coli J5 lipid A with marked substructures. Substructures of lipid A used in the SILCS ssGFE
analysis are boxed in red. Fatty acyl tails of lipid A are marked as 39, 39R, 29, 29R, 3, and 2, while phosphate groups are marked as 49P and 1-P. Note that
tail 39R is not present in the B. pertussis 165 LPS.

TABLE 1 ssGFEs and LGFEs of lipid A from E. coli J5 and B. pertussis 165 in the dimer MD2-
TLR4 receptor complex, respectively

Substructure

ssGFE or LGFE (kcal mol21) fora:

E. coli J5 B. pertussis 165

Site A Site B Avg Site A Site B Avg
39 24.34 23.85 24.10 24.78 24.36 24.57
39R 22.23 22.50 22.37 NP NP NP
29 22.89 22.93 22.91 22.66 22.99 22.83
29R 22.46 22.51 22.49 21.38 22.37 21.88
3 22.89 22.90 22.90 22.15 23.28 22.72
2 22.70 22.50 22.60 23.78 23.55 23.67
49P 22.62 22.10 22.36 21.98 20.94 21.46
1-P 0.16 0.62 0.39 0.16 0.42 0.29

Sum of tailsb 217.51 217.19 217.35 214.75 216.55 215.65

LGFE 233.30 232.00 232.65 228.75 231.21 229.98
assGFE, substructure grid free energy; LGFE, ligand GFE; NP, 39R is not present in B. pertussis 165 lipid A.
bSum of tails is the summation over the fatty acid tails 39, 39R, 29, 29R, 3, and 2.
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why E. coli LPS induces stronger proinflammatory responses and more robust secretion of
cytokines than the penta-acylated B. pertussis 165 LPS, as presented below.

E. coli and B. pertussis LPS have different immunostimulatory potentials. Since
LPS extracts are usually heterogeneous mixtures of compounds with various activities,
the immune activity output is the result of the cumulative action of all LPS and other
molecules present in an extract, such as ubiquitous phospholipids (27). We have com-
pared the immunostimulatory potentials of the two commercially available LPS species
extracted from E. coli J5 strain and B. pertussis 165 strain used in this study, whose
dominant molecular structures we characterized (Fig. 2 and 3). While the MS data can
only infer relative abundances of observed components, we observed dose- and struc-
ture-dependent tumor necrosis factor (TNF) secretion and expression for both LPS
extracts in response to TLR4 stimulation. As expected, the response was species spe-
cific, or in other words, structure dependent.

The LPS extracted from E. coli J5 strain induced greater and faster TNF secretion in
RAW264.7 cells (Fig. 4A) at all concentrations tested (Fig. 4B) and had elevated transcrip-
tional potential in the TNF reporter THP-1 cell line (Fig. 4C) relative to LPS extracted from
B. pertussis. These data indicate that TLR4 signaling is dependent on the endotoxin struc-
tures. In addition, we found that primary mouse bone marrow-derived macrophages
(BMDM) were more responsive to the B. pertussis LPS (Fig. 4D) than the human TNF re-
porter THP-1 cell line was, although the potency of the B. pertussis LPS was still lower
than that of E. coli J5 LPS. As expected, TNF secretion was not detected in response to
stimulation by either LPS species when TLR4 was knocked out in tlr42/2 BMDM (Fig. S2A
in the supplemental material), and IL-1a secretion was lower (Fig. S2B).

Despite the differences observed at the transcription activation level, we found that
the two major LPS species present in the mixtures used here could induce similar NF-
kB activities at the two highest concentrations in RAW264.7 cells transfected with an
NF-kB reporter vector (Fig. 4E). We noted that the E. coli J5 LPS showed greater po-
tency, as the lower LPS concentrations induced NF-kB activity better than the B. pertus-
sis LPS (Fig. 4E). Interestingly, the B. pertussis LPS did not activate type I IFN secretion at
any of the concentrations tested, contrary to the dose-dependent response attained in
the presence of the E. coli J5 LPS (Fig. 4F). Due to the lack of type I IFN measured in
response to B. pertussis LPS, we also measured IL-6 secretion, and we found that B. per-
tussis LPS induced significantly lower levels of IL-6 than the E. coli J5 LPS did (Fig. 4G).

Following characterization of the TLR4-stimulatory properties of the LPS molecules
present in the commercial preparations, we analyzed their noncanonical inflammasome
activity potentials in response to cytosolic LPS. To do so, we applied the prime-trigger
assay as follows: we first primed RAW264.7 cells or BMDM with the TLR2 agonist
Pam3CSK (P3C) and then triggered the response by transfecting the cells with 100ng
ml21 of the LPS molecules for 24 h. Control (untreated) cells or those that were only
primed did not secrete IL-1a, whereas P3C-primed and LPS-triggered macrophages
secreted IL-1a after noncanonical inflammasome activation. The LPS concentration cho-
sen for the secretome study (100 ng ml21) stimulates macrophages sufficiently through
TLR4 (Fig. 4A and B). IL-1a secretion was observed in primed and triggered RAW264.7
cells (Fig. 4H) and BMDM (Fig. 4I), with E. coli J5 LPS eliciting a slightly stronger response
in RAW264.7 macrophages. TNF was not significantly reduced (Fig. S2C), but IL-1a was
attenuated in the absence of caspase 11 when Caspase1/112/2 BMDM were primed and
triggered (Fig. S2D). NLRP3 inflammasome-dependent IL-1b secretion can be measured
only in BMDM due to insufficient expression of the ASC adaptor in RAW264.7 cells.
BMDM displayed similar IL-1b secretion levels in response to the two LPS strains
(Fig. 4J). Prime-trigger induces pyroptosis in RAW264.7 cells via the caspase 11 inflamma-
some, as shown both by lactate dehydrogenase (LDH) release in the pyroptosis assay
(Fig. 4K) and GSDMD cleavage (Fig. S2E). These results demonstrate that the LPS from
both Gram-negative bacteria can activate the TLR4 signaling pathway and the intracellu-
lar caspase 11 pathway, although with different response characteristics (intensity and
dynamics).
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TLR4 and caspase 11 stimulation using E. coli and B. pertussis LPS results in
distinct secretome profiles. To investigate the global changes in protein secretion
when macrophages encounter different LPS molecules extra- and intracellularly, we
performed MS-based secretome analysis (Fig. 1). We first generated a data set for pro-
teins responding to stimuli by using label-free quantitative (LFQ) proteomics of

FIG 4 TLR4- and caspase 11-mediated endotoxin recognition and macrophage stimulation. Lipid A fatty acyl variations
or modifications on glucosamine phosphates determine the inflammatory potential of endotoxins in macrophages. (A,
B) RAW264.7 cells were stimulated with E. coli or B. pertussis LPS at the indicated concentrations for 24 h (A) or up to
24 h (B). Secreted TNF was measured by ELISA. (C) TNF reporter THP-1 cells differentiated with phorbol myristate
acetate (PMA) for 3 days were stimulated with E. coli or B. pertussis LPS at the indicated concentrations for 24 h.
Luciferase reporter data were normalized against renilla luciferase activity and divided by the value for unstimulated
control cells. (D) BMDM were treated with E. coli J5 LPS or B. pertussis LPS at the indicated concentrations for 24 h.
Secreted TNF was measured by ELISA. (E, F) RAW264.7 cells transfected with NF-kB–luciferase reporter (E) or type I IFN
reporter THP-1 cells (F) were stimulated with E. coli or B. pertussis LPS at the indicated concentrations for 24 h.
Luciferase reporter data were normalized against renilla luciferase activity and divided by the values for unstimulated
control cells. (G to K) RAW264.7 cells (G, H, K) and BMDM (I, J) were primed with 100 nM or 1mg ml21 P3C
(respectively) for 6 h and triggered by E. coli or B. pertussis LPS transfection for 24 h. Secreted IL-6 (G), IL-1a (H, I), and
IL-1b (J) and released LDH (K) were measured by ELISA. (A to K) Data are representative of three independent
experiments and expressed as mean values 6 standard deviations (SD) (n= 3). Statistical analysis was performed with
two-way ANOVA followed by Sidak’s multiple-comparison test (A to F) and one-way ANOVA followed by Tukey’s
multiple-comparison test (G to K). **, P, 0.01; ****, P, 0.0001; ns, not significant.
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secretome samples induced solely by LPS from the E. coli J5 strain after 24 h of stimula-
tion by activating either (i) the TLR4 pathway by extracellular LPS or (ii) the caspase 11
pathway by cytosolic LPS using the prime-trigger assay. For secretome experiments,
RAW264.7 macrophage cells were chosen to distinguish noncanonical inflammasome
activity from the NLRP3 canonical inflammasome, as it has been shown that caspase
11 activation leads to NLRP3 inflammasome activation as well (8). Also, to induce spe-
cific protein secretion, we treated the cells with LPS (either extracellular or cytosolic)
for 6 h before changing the medium to serum free for an additional 18 h, thus allowing
the cells to respond normally for 6 h before removing the fetal bovine serum (FBS), a
necessary step for secretome analysis. Cell death induced by the FBS removal was neg-
ligible during that time, as we demonstrated for the method previously (15), and ATP
levels were assessed using the CellTiter-Glo assay to assure cell survival over the 18-h
time period (Fig. S2F).

In order to normalize the prime-trigger-induced secretome to the priming-induced
secretome, we additionally measured the secreted proteins following TLR2 priming alone.
From this experiment, 2,506 proteins were detected, of which the relative abundance lev-
els of 489 were changed significantly (analysis of variance [ANOVA]) (Table S4) in the LFQ
data. Comparing the different stimuli, we observed 131 proteins common to LPS (TLR4)
and P3C (TLR2) priming whose secretion was elevated at least 2-fold over the basal secre-
tion (Fig. 5A). To detect those proteins whose LFQ expression levels were induced by
prime-trigger alone, the values were computed by subtraction of those responding to the
overarching priming and triggering with cytosolic LPS. As expected, the majority of the
proteins were not shared between the cytosolic LPS and extracellular TLR-induced secre-
tome (Fig. 5A). The top prime-trigger-specific secretome list is shown in Fig. 5B. Two of
these proteins are heat shock proteins (HSPs) (10-kDa HSP [HSPE1] and 105-kDa HSP
[HSPH1]), both of which are known to be secreted in response to necrotic cell death and
have been previously implicated as having immunomodulatory functions in the extracellu-
lar space. While HSPs were previously defined as danger-associated molecular patterns,
they are now considered to promote immune homeostasis (36) Extracellular HSPH1 has
been reported to be a ligand of the scavenger receptors SREC-I and SREC-II, as it may be
an antigen chaperone, and it was shown to play a role in cancer development (37–41).
Extracellular HSPE1 was suggested to have anti-inflammatory functions in the immune
response (42); however, the authors were not able to recapitulate this phenotype (T. Zor,
Tel-Aviv University, personal communication). Figure 5C features the comparison between
the prime-induced secretome and the prime-trigger-specific released proteins, highlight-
ing the expected IL-1a cytokine, as well as HSPs (HSPE1, HSPH1, and DnaJb11) and 60S ri-
bosomal protein L38. Interestingly, in the prime-trigger-induced secretome, we detected
caspase 8, which has been shown to directly cleave IL-1b (43, 44) and mediate cross talk
between different kinds of cell death (45). V-type proton ATPase subunits D and E
(Atp6v1d and Atp6v1e) were identified as well. These proteins are parts of the ATPases
controlling lysosome acidification used to restrict pathogens (46, 47). The classically LPS-
induced nitric oxide synthase 2 (NOS2) was also secreted as part of the protection against
invading pathogens. Interestingly, the second most secreted protein specific for cytosolic
LPS was the Ca21-binding protein reticulocalbin-2, which has been suggested to have on-
cogenic characteristics (48) and has been shown to be elevated in type 2 diabetes (49).
Additionally, the dual-specific protein phosphatase 3 (Dusp3), known to regulate TNF pro-
duction intracellularly (50), was found to be secreted in response to cytosolic LPS and may
function as a danger-associated molecule extracellularly.

The hierarchical clustering analysis, including the 489 proteins whose LFQ data
proved statistically significant, shows differences between different types of stimulation
with E. coli LPS that are enriched in Gene Ontology (GO) annotations (Fig. 5D, Table S5).
There is a marked difference between the CASP11 treatment and the primed-only (TLR2)
and LPS (TLR4) samples. For all the GO ontologies in the lower 60% of the heatmap,
those proteins are lower in all ligand treatments than in untreated samples. The induced
enrichments in the top 40% are the expected cytokine/inflammation response for the
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FIG 5 Label-free TLR4- and caspase 11-mediated secretome analysis. (A) A Venn diagram representing ANOVA-significant proteins
whose secretion increased at least 2-fold in response to TLR4 and TLR2 activation or compared to priming (TLR2) in the case of
cytosolic LPS trigger-specific secretion. TLR4- or TLR2-induced secretion: RAW264.7 cells were treated with 100 ng ml21 E. coli J5 LPS
or 100 nM P3C for 6 h before medium was replaced with serum-free medium for an additional 18 h. Cytosolic LPS-specific induced

(Continued on next page)
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TLR4- and TLR2-stimulated samples and cellular homeostasis and the endoplasmic retic-
ulum (ER) stress response for the CASP11-induced inflammasome.

The LFQ analysis indicated that there are marked differences elicited by intracellular
and extracellular LPS stimulations. The principal-component analysis mostly separated
treated from untreated samples within principal components 1 and 2 (Fig. S3A, left)
and partially separated the different treatments (Fig. S3A, right). To determine how
strain-specific structural LPS differences influenced these two types of responses, we
performed a comparative analysis of proteins secreted from cells stimulated by LPS
from both bacterial strains, using stable isotope labeling with amino acids in cell cul-
ture (SILAC) to provide precise relative quantification. This analysis detected 2,231 pro-
teins from all data sets obtained in biological triplicates for TLR4- and caspase 11-medi-
ated macrophage stimulations with two different LPS molecules for 6 h and 24 h
(Table S6). A total of 1,226 proteins were analyzed for their significant differential
changes in expression by SILAC. Of those, 634 were found to be significant by ANOVA
(q , 0.05) (ANOVA-significant proteins) and were used for further bioinformatics analy-
ses. The z-scored hierarchical clustering of the 634 ANOVA-significant proteins shows
separation in the secretory profiles of TLR4- and caspase 11-mediated macrophage
stimulations (Fig. 6, Table S5). Clusters of the ANOVA-significant proteins showing

FIG 6 Hierarchical clustering analysis of the TLR4- and caspase 11-stimulated SILAC data set. The
differential expression levels of the ANOVA-significant proteins (633) are depicted (blue and red
indicate down- and upregulation, respectively). The most statistically enriched GO gene annotations
are depicted for each cluster. B, B. pertussis 165; E, E. coli J5.

FIG 5 Legend (Continued)
secretion: RAW264.7 cells were treated with 100 nM P3C for 6 h, following 100 ng ml21 E. coli J5 LPS transfection for 6 h, before
medium was replaced with serum-free medium for an additional 18 h. (B) Heat map highlighting the top trigger-specific proteins
secreted in response to cytosolic LPS. (C) Scatterplot comparing trigger-specific induced secretome and priming-induced
secretome, highlighting proteins of interest discussed in the text. Quadrant labels: bottom right, priming-induced secretion; top
left, prime-trigger-induced secretion; top right, priming- and prime-trigger-induced secretion; bottom left, downregulated secretion
compared to control/UT. (D) HCA of the 489 ANOVA-significant proteins of the LFQ data set. The most statistically enriched GO
gene annotations within each cluster are depicted. Black bars at the bottom indicate the treatment groups. From top: untreated;
primed with P3C (TLR2 response); LPS stimulated (TLR4 response); primed and triggered (CASP11 response).
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expression changes indicate that TLR4 and caspase 11 mediate distinct secretion pat-
terns within each pathway. Proteins are clustered into early and late groups of secreted
proteins, indicating independent processes leading to the observed patterns of protein
release. Principal-component analysis of the SILAC data showed clustering dependent
on the time and type of treatment (Fig. S3B). As expected, within the top five proteins
showing the strongest secretion fold changes for expression in response to TLR4 signaling,
three were the cytokine and chemokines TNF, CXCL2, and CSF3 (Table 2), which aided valida-
tion of the secretome data. While the two LPS species show high correlation in the secre-
tomes associated with TLR4 activation either at the early or late secretion phase (Fig. 7A and
B), we detected several secreted proteins specific to only one LPS source (Fig. 7C).

TABLE 2 Selected immune system-related proteins secreted upon TLR4- and caspase 11-mediated stimulation

Protein Gene

Fold change in:

TLR4 set Caspase 11 set

6 h 24 h 6 h 24 h

BP EC BP EC BP EC BP EC
Matrix metalloproteinase 9 Mmp9 11.64 4.14 36.59 14.88 0.66 0.35 0.33 0.24
Leucine-rich repeat transmembrane protein FLRT2 Flrt2 2.82 2.29 2.84 2.60 0.80 ND 0.43 ND
Vascular endothelial growth factor receptor 1 Flt1 3.40 2.52 3.98 3.48 0.84 0.70 0.21 0.17
Tumor necrosis factor Tnf 840.30 931.11 264.21 270.69 2.72 1.65 0.45 0.41
CD44 antigen Cd44 3.28 1.60 3.03 2.69 0.55 0.46 0.39 0.27
Laminin subunit gamma-1 Lamc1 2.25 2.34 2.22 2.40 0.85 0.41 0.31 0.29
Semaphorin 4D Sema4d 3.53 3.52 2.38 1.88 1.23 0.76 0.45 0.36
Complement C3 C3 1.36 2.30 4.54 5.78 0.83 0.44 0.47 0.33
Transforming growth factor beta-1 Tgfb1 4.22 4.12 3.83 3.36 0.36 0.45 0.29 0.28
Protein disulfide-isomerase P4hb 1.66 1.92 2.46 2.15 0.60 0.44 1.44 1.04
Superoxide dismutase Sod2 2.38 3.27 2.03 2.22 1.22 0.99 1.41 1.58
Granulocyte colony-stimulating factor Csf3 23.20 13.23 89.66 47.25 0.57 0.37 0.44 0.37
Monocyte differentiation antigen CD14 CD14 1.40 1.16 2.65 2.33 0.51 0.36 0.31 0.33
C-X-C motif chemokine 2 Cxcl2 144.37 104.04 195.51 143.55 1.27 0.77 0.41 0.39
Neutrophil gelatinase-associated lipocalin Lcn2 11.49 11.17 166.78 242.91 0.74 0.59 0.38 0.58
Integrin beta-2 Itgb2 2.58 2.05 2.72 2.55 0.69 0.32 0.16 0.19
Amyloid beta A4 protein App 1.88 1.96 1.68 1.69 0.33 0.19 0.06 0.05
Intercellular adhesion molecule 1 Icam1 1.70 2.54 1.57 1.59 1.16 0.62 0.33 0.28
Serglycin Srgn 5.65 4.54 10.13 6.34 0.55 0.19 0.06 0.05
Heme oxygenase 1 Hmox1 1.76 2.04 2.59 2.48 1.12 0.65 0.82 0.84
78 kDa glucose-regulated protein Hspa5 3.02 2.73 3.85 4.34 0.53 0.27 1.15 0.85
Plasminogen activator inhibitor 1 Serpine1 11.53 12.00 8.02 6.04 1.27 0.71 0.79 0.93
Low-density lipoprotein receptor Ldlr 3.59 3.84 4.23 3.60 0.43 0.23 0.21 0.20
60S ribosomal protein L12 Rpl12 2.65 2.61 1.50 1.75 0.69 0.84 0.73 0.54
C-C motif chemokine 9 Ccl9 4.73 4.86 2.88 2.88 0.91 0.92 0.31 0.41
Protein disulfide-isomerase A6 Pdia6 2.12 2.55 2.79 3.65 0.77 0.56 1.57 1.22
Ubiquitin-like protein ISG15 Isg15 3.12 3.91 5.56 4.73 0.42 0.41 0.91 1.05
10-kDa heat shock protein Hspe1 5.31 6.02 1.87 1.54 1.87 1.58 2.31 3.79
Pleckstrin Plek 1.91 4.52 3.25 3.43 1.61 0.87 1.51 1.09
Leukocyte Ig-like receptor subfamily B member 4 Lilrb4 3.02 2.93 1.88 1.39 0.77 0.67 0.30 0.31
Endothelial protein C receptor Procr 3.86 2.44 9.77 7.58 0.45 0.22 0.33 0.40
Syndecan 4 Sdc4 13.22 21.38 5.23 6.00 0.58 ND 0.18 ND
Disintegrin and metalloproteinase
domain-containing protein 10

Adam10 1.27 1.42 0.53 0.65 ND ND ND ND

Disintegrin and metalloproteinase
domain-containing protein 17

Adam17 2.24 3.11 1.16 1.37 ND ND ND ND

Sialidase 1 Neu1 1.83 1.30 0.76 0.53 ND ND ND ND
Mesencephalic astrocyte-derived neurotrophic factor Manf 4.26 3.43 1.42 1.30 1.86 1.54 1.23 1.08
Cathepsin D Ctsd 1.05 0.90 1.08 0.82 0.61 0.48 0.30 0.32
Cathepsin K Ctsk 2.26 2.25 1.35 1.23 1.03 0.96 0.35 0.29
Cathepsin Z Ctsz 1.33 1.61 1.19 0.99 0.59 0.46 0.19 0.21
Galectin 3 Lgals3 0.77 0.89 1.25 1.33 0.46 0.62 0.76 0.96
Lysosomal protective protein Ctsa 0.99 0.90 0.84 0.65 0.61 0.36 0.21 0.20
aThe fold changes are calculated SILAC quantification ratios from LPS-stimulated samples. BP, B. pertussis LPS-stimulated samples; EC, E. coli LPS-stimulated samples; ND, not
detected.
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Notably, the elevated secretion profiles of the proteins associated with the TLR4 signal-
ing pathway and the caspase 11 pathway are largely distinct (Fig. 7D). The significantly
affected proteins of the LFQ and SILAC data sets were compared to each other, and
roughly half of each data set was common to both data sets (Fig. S1B). Also, both of these
data sets were compared to a mouse macrophage intracellular proteome data set from

FIG 7 SILAC-labeled comparison of the E. coli and B. pertussis LPS-induced secretomes. (A, B) Pearson
correlation calculation of TLR4-mediated secretion of ANOVA-significant proteins induced by 100 ng ml21 E. coli
J5 LPS compared to B. pertussis 165 LPS at 6 h (A) and 24h (B). (C) Venn diagram representing ANOVA-
significant proteins whose secretion increased at least 2-fold compared to the results for untreated cells in
TLR4-induced secretion after 24 h stimulation with 100 ng ml21 E. coli J5 or B. pertussis 165 LPS. (D) Venn
diagram representing ANOVA-significant proteins whose secretion increased at least 2-fold compared to the
results for untreated cells in LPS-mediated TLR4 secretion versus prime-trigger-induced secretion at 6 and 24 h
combined. (E) Analysis of Lcn-2 and Sdc4 secretion in response to 100 ng ml21 E. coli J5 or B. pertussis LPS at
6 h and 24h, normalized to the values for untreated cells. (F) Secretion levels of four selected proteins showing
significant differences between TLR4- and caspase 11-activated pathways. HK-1, hexokinase 1; Rbm3, RNA
binding motif protein 3; Sfpq, splicing factor proline- and glutamine-rich.
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our previous study (15) that identified proteins significantly affected by LPS or P3C stimula-
tion. Only ;10% of the LFQ and SILAC data sets was also present in the intracellular pro-
teome data set (Fig. S1B), suggesting that intracellular protein abundance changes did not
significantly affect the secretome. Among the top five proteins whose secretion was ele-
vated exclusively in response to TLR4 pathway activation by the two LPS strains were the
tolerance-promoting lipocalin 2 (Lcn2) (51) and Sdc4, which has been shown to induce
immune cell chemotaxis in an LPS-induced sepsis model (Fig. 7E) (52). On the other hand,
pyroptosis-mediated secretion leads to pore formation on the cell membrane and to the
release of proteins normally localized to the intracellular space. Highly secreted proteins
induced by the caspase 11 pathway are highlighted in Fig. 7F. We observed secreted cyto-
solic proteins including hexokinase 1 (HK-1) and creatine kinase B, nuclear RNA binding
proteins (Rbm3 and FUS) and splicing factors (Sfpq and Lsm2), and mitochondrial proteins
like cytochrome c oxidase and cytochrome b5 (Fig. 7F). A STRING database analysis
(Fig. S4) performed using all the significantly affected proteins from both the LFQ and the
SILAC data sets shows the protein-protein interactions that were affected by TLR and/or
CASP11 activation in the secretome. The analysis of the secretion mechanisms summarized
in Fig. S1A indicated that about half of the detected proteins were predicted to be
secreted either by classical or nonclassical secretory pathways. The proteins not defined as
secreted may have exited the cells through pores created as a result of the inflammatory
pathway activation, organelle damage, or other mechanisms, as suggested by a recently
published study by Phulphagar et al. (53).

DISCUSSION

LPS extracts are heterogeneous mixtures of biosynthetic precursors and products that pro-
duce heterogeneous mass spectra. Activity is generally associated with a given dominant
structure from such extracts, but the overall apparent biological activity of endotoxin treat-
ment of cells is, in fact, the sum of the activities of different molecules in these mixtures that
can contain an array of TLR4 complete/full agonists and antagonists. We have earlier shown
the inherent heterogeneity of LPS extracts (27), and therefore, we here used two different puri-
fied Gram-negative bacterial LPS extracts, as vendor-to-vendor and species-to-species hetero-
geneity can be present in LPS extracts that in turn can affect the experimental results obtained
from treated cells.

SILCS molecular modeling indicated that bis-phosphorylated hexa-acylated lipid A mol-
ecules, such as in E. coli J5 strain, bind to MD2-TLR4 more efficiently than the bis-phospho-
rylated penta-acylated B. pertussis 165 strain lipid A. The apparent favorable binding of
hexa-acylated lipid A with MD2-TLR4 may partially explain why E. coli LPS induced stron-
ger proinflammatory responses and more robust secretion of cytokines than the penta-
acylated B. pertussis 165 LPS. In vitro macrophage activation showed endotoxin dose-,
time-, and structure-dependent activities of TLR4- and caspase 11-mediated secretion.
Endotoxin sensing through TLR4 and caspase 11 leads to macrophage stimulation, where
stimulated cells secrete characteristic PAMP-specific proteins. TLR4 activation (by extracel-
lular LPS, similar to when the cell encounters the Gram-negative bacteria in vivo) is known
to induce the secretion of the inflammatory mediators cytokines and chemokines, while
caspase 11 activation by cytosolic LPS leads to pyroptotic cell death and the secretion of
damage-associated molecular patterns. We introduced the LPS into the cells by transfec-
tion, a method introduced by others (9), mimicking the LPS found in cytosol either from
cytosolic Gram-negative bacteria, such as Burkholderia spp., which escape the phagosome
(7), or possibly released from the endosome (the precise mechanism of LPS release into
the cytosol during infection is still unclear) (54, 55). To delineate the differences between
the two pathways and the two LPS structures, we used TNF-a secretion as a readout for
TLR4 activation, whereas IL-1a was specifically secreted through noncanonical inflamma-
some activation. As expected, we found that the LPS structure could affect the intensity of
the macrophage response, as E. coli LPS elicited a stronger response than B. pertussis LPS.

Differentially secreted proteins exhibited temporal secretion differences for early (6 h)
versus late (24 h) secretion for both TLR4- and caspase 11-stimulated macrophages. The
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heatmap clustering visible in the LFQ data set also confirms the emerging theme for
many inflammasome triggers that they induce significant cell stress, visible as the ER
stress that activates the pyroptotic response, disrupting the cellular homeostasis.

Several proteins related to immune function, immunomodulation, pathogen clear-
ance, and antimicrobial response were detected. For instance, the chemokine CXCL2 is
critical and TNF secretion exacerbates inflammation; these factors were overexpressed
and secreted in greater relative amounts from TLR4-stimulated cells than from the cells
stimulated through caspase 11. Earlier secretome studies demonstrated that ADAM-10
and ADAM-17 secretion in LPS-stimulated macrophages correlated with overall cyto-
kine secretion (e.g., TNF), which was secreted in caspase 11-independent fashion (56).
We also detected elevated secretion of ADAM-17, MMP9, and TNF in stimulated macro-
phages. CSF3 induces LPS sensitization via upregulation of LPS binding protein (57)
and was oversecreted in the late (24 h) phase of TLR4-stimulated cells. Cathepsins,
which fine tune immune responses, are implicated in the pathogenesis of numerous
diseases (58). Deficiency of Ctsk has been associated with decreased expression of
TLR4, TLR5, and TLR9 and cytokine secretion (59). Like caspases, cathepsins are also
involved with cell death and immune response (58). Both TLR4- and caspase 11-stimu-
lated macrophages secreted cathepsins in response to LPS stimulation; the secretion
of cathepsins in TLR4-mediated LPS-stimulated macrophages was sustained even in
the latest phase (24 h). Another protein of interest, mesencephalic astrocyte-derived
neurotrophic factor (MANF), a negative regulator of LPS-mediated inflammation,
attenuates the inflammatory process by modulating the phosphorylation of p38 mito-
gen-activated protein kinases (MAPKs) and activation of the NF-kB pathway (60).
MANF levels were higher under both conditions in the early phase (6 h) and were
diminished at the latest time point (24 h). This suggests that MANF secretion is tempo-
rally regulated to fine tune LPS-mediated inflammation.

In macrophages, NF-kB is activated by low LPS concentrations, while MAPK pathway acti-
vation requires passing a specific threshold in LPS concentration to exhibit distinct, divergent
stimulations in response to LPS (61). Additionally, the LPS concentration determines the overall
caspase activation, subsequent IL-18 and IL-1b secretion, and stimulation of immune cells by
LPS, so the dysregulation or overactivation of these processes may lead to endotoxic shock
(62, 63). However, it should be noted that we have not investigated the complete immune
secretome profiles for different LPS concentrations here. Our work, like most of the LPS pro-
teomics and secretomics studies published to date, employed a final concentration of 100ng
ml21 for secretome profiling. Notably, our reporter-based assays indicated that for every type
of LPS, the response is dose dependent. This highlights the importance of the signal specificity:
the combination of the PAMP concentration and structure will change the time of receptor li-
gation, ensuring the appropriate immune response. The SILAC data clustering demonstrates
that the structure of the LPS (pathogen species specificity) leads to a difference in the signaling
through TLR4, but the CASP11 inflammasome signaling, very distinct from the TLR4 response,
is not species specific. Our results suggest that the inflammatory response dynamics may dis-
tinguish not only between Gram-negative and Gram-positive infection (64) but also fine-tune
the responses to different extracellular Gram-negative pathogens. The host component is
equally important. We observed major amplitude differences between E. coli and B. pertussis
LPS, especially in the human reporter cells (type I IFN and TNF reporter assays). When mouse
cells were used, either cell line or primary, the dissimilarities between the two LPS species
were observed mainly in the lower range of LPS concentrations. Those are probably host spe-
cies specific, which reinforces the need to use a host model that would be most appropriate
for the study goal; for example, basic pathway elucidation studies may be performed in the
mouse model, but the direct search for therapeutics is best achieved using the human model.
Future studies using primary macrophages specific to the most common site of infection (E.
coli, gastrointestinal tract; B. pertussis, lung tissue) may reveal whether the trends we observed
are indeed integral to the infections with these pathogens.

Secretome studies are emerging as a powerful tool facilitating both discovery (hy-
pothesis-generating) and hypothesis-driven research in endotoxin biology. Our study,
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integrating structural, reporter-based, and proteomics methods, uncouples the TLR4- and
caspase 11-mediated secretion post-LPS sensing in macrophages and provides insights into
the differences in the inflammatory responses to two types of Gram-negative-pathogen cell
wall components.

MATERIALS ANDMETHODS
Top-down lipopolysaccharide structural analysis using multistage MS (MS/MS and MS3). To

determine the structures and validate the purity of different rough-type LPS preparations, top-down LPS
structural elucidation was performed as described previously (27). Highly purified LPS of Bordetella pertus-
sis 165 strain and Escherichia coli J5 strain were obtained from List Biological Laboratories, Inc. (Campbell,
CA). LPS samples were dissolved at an approximate concentration of 20mg ml21 in 2-propanol/water
(50:50 [vol/vol]). These solutions were infused using a syringe pump at 5ml min21 directly into a home-
built nanoscale electrospray ionization (nESI) source of a linear ion trap (linear trap quadrupole; LTQ) mass
spectrometer (Thermo Fisher Scientific, San Jose, CA). To increase ion transmission efficiency, the LTQ MS
was modified with Pacific Northwest National Laboratory (PNNL)-style ion funnel optics prior to these
experiments. The mass spectrometer was operated in the negative polarity mode with a capillary potential
of22.3 kV, and tandem MS (MS/MS) experiments were performed in the ion trap with ultrapure helium as
the collision gas. For top-down sequencing, MS3 was carried out on LPS product ions that corresponded
to lipid A and core oligosaccharides using stepped normalized collision energies. The MS data obtained
were processed in Xcalibur version 3.0.63 (Thermo Fisher Scientific), and peak picking was performed using
mMass version 5.5 (http://www.mmass.org) (65). Processed data were plotted using QtiPlot version 0.9.8.9,
and figures were generated in Inkscape version 0.91 (https://inkscape.org).

Cell culture and stable isotope labeling with amino acids in cell culture (SILAC). The murine
monocyte-macrophage cell line RAW264.7 (American Type Culture Collection [ATCC], Manassas, VA) was
grown in Dulbecco’s modified Eagle’s medium (DMEM) at 37°C with 5% CO2 in a humidified incubator
and passaged every 2 to 3 days on sterile tissue culture-treated plates. “Culture medium” was DMEM
supplemented with 10% fetal bovine serum (FBS; Gemini Bio-Products, West Sacramento, CA), 2mM
L-glutamine (Lonza, Walkersville, MD), and 20mM HEPES buffer (Lonza, Walkersville, MD).

Stable isotope labeling with amino acids in cell culture (SILAC) of RAW264.7 cells was performed as
described previously (66). Briefly, DMEM lacking L-lysine and L-arginine (Cambridge Isotope Laboratories,
Tewksbury, MA) was supplemented with 0.398mM L-arginine, 0.798mM L-lysine (unlabeled or isotopi-
cally labeled), 2mM glutamine, and 20mM HEPES. For light-, medium-, and heavy-SILAC medium,
DMEM lacking L-lysine and L-arginine was supplemented with light Arg/Lys (L-arginine [Arg0] and L-lysine
[Lys0]), medium Arg/Lys (L-[13C6]arginine [Arg6] and L-[2D4]lysine [Lys4]), or heavy Arg/Lys (L-[

13C6,
15N4]ar-

ginine [Arg10] and L-[13C6,
15N2]lysine [Lys8]), respectively. Cells were passaged in SILAC medium for at

least five passages before stimulation.
TLR4 and noncanonical inflammasome stimulations. (i) TLR4 stimulation. RAW264.7 cells were

treated with 100 ng ml21 LPS from Bordetella pertussis 165 or Escherichia coli J5 (List Biological
Laboratories, Inc., Campbell, CA) for the times indicated in the text and figures.

(ii) Caspase 11 stimulation. RAW264.7 cells were primed with 100 nM Pam3CysSerLys4 (P3C;
InvivoGen, San Diego, CA) and then triggered by transfecting with 100 ng ml21 LPS from Bordetella per-
tussis 165 or Escherichia coli J5 using TransIT-TKO transfection reagent (Mirus Bio LLC, Madison, WI) and
optiMEM (Gibco, Gaithersburg, MD) for the indicated times. Similarly, BMDM were primed with 1mg
ml21 P3C and triggered by transfecting with 100 ng ml21 LPS using RNAiMax (Thermo Fisher Scientific)
and optiMEM for the indicated times. Untreated (UT) cells were not treated with LPS but were otherwise
handled identically to the treated cells.

Cytokine measurement. TNF, IL-1b , and IL-1a secretion were measured using the mouse DuoSet
enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems, Minneapolis, MN) according to the man-
ufacturer’s instructions.

Cell death and pyroptosis assays. Cellular cytotoxicity was assayed by quantifying released lactate
dehydrogenase (LDH) (67) using an LDH cytotoxicity assay kit (Pierce Biotechnology, Rockford, IL)
according to the manufacturer’s instructions. GSDMD cleavage was measured by Western blotting using
an Abcam antibody against GSDMD (catalog number ab228005).

Preparation of the secretome samples for liquid chromatography (LC)-MS/MS analysis.
RAW264.7 cells (light-, medium-, or heavy-SILAC labeled) were plated in 12-well dishes at 5� 105 cells
per well and incubated overnight at 37°C in 5% CO2 in a humidified incubator. Prior to LPS stimulation
(i.e., prior to extracellular or cytosolic LPS stimulation), FBS-containing culture medium was removed,
the cells were washed once with FBS-free culture medium, and the cells were incubated in FBS-free cul-
ture medium during the TLR4 and CASP11 stimulations.

For the extracellular LPS (i.e., TLR4) stimulations, the light-SILAC cells were untreated for 24 h, the
medium-SILAC cells were untreated for 18 h and then stimulated for 6 h with 100 ng ml21 LPS, and the
heavy-SILAC cells were stimulated for 24 h with 100 ng ml21 LPS (Fig. 1A, left).

For the intracellular LPS (i.e., CASP11) stimulations, the light-, medium-, and heavy-SILAC cells were primed
using 100nM P3C for 6h. Subsequently, the primed light-SILAC cells were not treated further for 24h, the primed
medium-SILAC cells were untreated for 18h and then transfected and incubated for 6h with 100ng ml21 LPS,
and the primed heavy-SILAC cells were transfected and incubated for 24h with 100ng ml21 LPS (Fig. 1A, right).

In addition to the SILAC-labeled cells, non-SILAC-labeled cells were also used for secretomics analy-
ses using label-free quantitative (LFQ) proteomics. TLR4 stimulation was performed by stimulating
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RAW264.7 macrophages with 100 ng ml21 LPS (Escherichia coli J5 LPS) for 6 h in culture medium, fol-
lowed by washing and medium replacement with serum-free culture medium for an additional 18 h.
Caspase 11 stimulation was performed by transfecting primed RAW264.7 cells with 100 ng ml21 LPS for
6 h in culture medium, followed by washing and medium replacement with serum-free medium for an
additional 18 h. Priming was performed by incubating RAW264.7 cells for 6 h with 100 nM P3C.

At the designated endpoints, 450ml of conditioned medium was removed and filtered to remove any
dead cells using centrifugal filters (0.22-mm pore size; EMD Millipore, Tullagreen, Ireland), flash-frozen in liq-
uid nitrogen, and stored at 280°C. For the SILAC samples, 250-ml amounts of untreated (light), 6-h-stimu-
lated (medium), and 24-h-stimulated (heavy) samples were combined at a 1:1:1 ratio (vol/vol/vol) and then
concentrated by vacuum centrifugation. Samples were then separated on one-dimensional SDS-PAGE. All
LFQ and SILAC stimulations were performed in biological duplicates and triplicates, respectively (Fig. 1B).

Sample fractionation using SDS-PAGE, in-gel trypsin digestion, and LC-MS analysis. The secre-
tome samples were fractionated by one-dimensional SDS-PAGE on NuPage midi 10% Bis-Tris gels (Invitrogen,
Carlsbad, CA) with NuPage SDS MES (morpholineethanesulfonic acid) running buffer and then stained with
colloidal Coomassie blue (SimplyBlue SafeStain; Life Technologies, Carlsbad, CA) (68). After destaining, each
gel lane was cut into 3 (unlabeled samples) or 5 (SILAC samples) bands and the gel samples were dehydrated
with acetonitrile. Dehydrated samples were reduced with 10mM dithiothreitol in 100mM ammonium bicar-
bonate for 30min at 56°C. The gel samples were dehydrated with acetonitrile and then alkylated with 55mM
iodoacetamide in 100mM ammonium bicarbonate for 20min in the dark at room temperature. Reduced and
alkylated samples were digested overnight with 13ngml21 trypsin in 10mM ammonium bicarbonate contain-
ing 10% (vol/vol) acetonitrile, as described previously (68). Peptides were extracted from the gel samples using
water/acetonitrile (95:5 [vol/vol]) with 0.1% trifluoroacetic acid, followed by water/acetonitrile (40:60 [vol/vol])
with 0.1% trifluoroacetic acid. Collected solutions were dried in a vacuum centrifuge and then resuspended in
0.1% (vol/vol) formic acid, 2% acetonitrile for MS/MS analysis.

Peptide sequencing by MS/MS, protein identification, and quantification. All LC-MS/MS analyses
were performed in data-dependent acquisition (DDA) mode using an UltiMate 3000 nanoscale LC
(nanoLC) system (Thermo Fisher Scientific, Inc., Bremen, Germany) directly coupled to an LTQ Orbitrap
Velos pro mass spectrometer (Thermo Fisher Scientific, Inc., Bremen, Germany) that automatically cycled
between Orbitrap full-scan MS and LTQ MS/MS using a top 18 method for a 180-min linear gradient (for
SILAC samples) or a top 10 method for a 100-min linear gradient (for LFQ samples). The raw mass spec-
trometry data were analyzed using MaxQuant version 1.6.10.43, and the Andromeda search engine was
run against the mouse UniProt sequence database (downloaded December 2019) (69, 70) using the fol-
lowing parameters: (i) for trypsin digestion, a maximum of two missed cleavages were allowed, (ii) the
maximum mass deviations for the monoisotopic precursor ions and fragment ions were set to 6.0 ppm
and 0.5Da, respectively, (iii) N-terminal acetylation and methionine oxidation were set as variable modi-
fications, (iv) cysteine carbamidomethylation was set as a fixed modification, (v) requantification and
match between runs functionalities were enabled, (vi) protein identification required at least one
unique1razor peptide per protein group, (vii) the data were then filtered by setting a 1% false discovery
rate (FDR) at both the peptide-spectrum-match and protein levels and protein abundance ratios were
calculated for 6-h and 24-h treatments versus untreated (SILAC data set), and (viii) SILAC ratios were
used to determine fold changes for the TLR4- and caspase 11-stimulated samples (68–70).

Bioinformatic analysis and quality control. For the LFQ analysis, the MaxQuant “LFQ intensity” val-
ues were used for the protein abundance values. The data were further filtered by requiring that at least
two unique peptides were identified for each protein identification, and the protein abundance values
were Log2 transformed. Missing values were imputed using Perseus version 1.6.10.0 (normal distribution,
width = 0.3, downshift = 1.8) (71).

For the SILAC analysis, the data were filtered by requiring that each of the proteins was identified by
at least two unique peptides. These data were further filtered by requiring that each of the proteins was
successfully quantified in at least three biological replicates within at least one experimental condition.
Protein abundance ratios (LPS/control) were Log2 transformed. The log-ratio values were globally nor-
malized using the median value (i.e., “median centered”) to correct for unequal sample mixing for each
time point using Perseus version 1.6.10.0 (71).

For the LFQ and SILAC data, quantified proteins were further analyzed for their differential expression
and statistical significance using analysis of variance (ANOVA) tests using Perseus (a q value of#0.05 was
required). Hierarchical clustering analyses (HCAs) were performed using Genesis version 1.8.1 (72) (z-scores
were first calculated for each protein across the LFQ samples; distance = Kendall’s Tau [LFQ] and Euclidean
distance [SILAC]; linkage = Ward linkage). Panther version 16.0 (http://www.pantherdb.org/) (73) was used to
perform Gene Ontology (GO) term enrichment analyses for each HCA cluster (the reference gene set was all
the identified proteins; LFQ and SILAC were kept separate). The LFQ ANOVAs tested for effects resulting
from the experimental condition and for batch effects. Coefficients of variation (CVs) were calculated across
the biological replicates using the raw data (i.e., no log transformation, no imputation, no normalization, and
no ANOVA). The CV data are included in Tables S1 and S2. Overall, the mean CVs across the biological repli-
cates were 26.8% (LFQ data set) and 22.8% (SILAC data set). We noted that the mean CVs of the two 24-h
TLR4 SILAC samples were 10.5% and 11.2%, indicating that biological variability was a major source of var-
iance in general and that our sample preparation and LC-MS were highly reproducible. Principal-component
analyses were performed using Perseus.

The secretory mechanisms were determined using SignalP 4.1 (74) and SecretomeP 2.0 (75). All of
the proteins that were confidently identified in the LFQ and SILAC secretome samples were analyzed
using SignalP version 5.0 (http://www.cbs.dtu.dk/services/SignalP/) (76) to predict proteins secreted via
classical (signal peptide-mediated) secretion (Fig. S1A, Table S3). In addition, these proteins were also
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analyzed using SecretomeP version 2.0 (http://www.cbs.dtu.dk/services/SecretomeP/) (75) to predict
proteins secreted via nonclassical secretion (Fig. S1A, Table S3).

SILCS-based molecular-modeling analysis of lipid A analog binding to the MD2/TLR4 complex.
Following previously described procedures (33), the site identification by ligand competitive saturation
(SILCS) simulations were performed on the dimer structure of MD2-TLR4 (PDB ID 3FXI) (77) after removal
of lipid A and solvation of the complex by water and by eight solutes that represent different chemical
functionalities, including benzene, propane, acetaldehyde, methanol, formamide, imidazole, acetate, and
methylammonium. From the SILCS simulations, three-dimensional (3-D) probability maps of the functional
groups in the solutes, termed FragMaps, were calculated. The FragMaps are normalized based on their
concentrations in aqueous solution such that they account for functional group-protein interactions, func-
tional group and protein desolvation, and protein flexibility. The FragMaps are then converted to grid free
energy (GFE) FragMaps through a Boltzmann transformation (34). The GFE FragMaps allow quantitative
evaluation of the binding orientations and affinities of ligands in the binding site. To determine the bind-
ing affinities of lipid A in MD2-TLR4, lipid A structures were docked into both sites in the dimer (denoted
as site A and site B) of MD2-TLR4 via the SILCS-MC (Monte Carlo) conformational sampling method based
on the most favorable ligand GFE (LGFE) scores as described in previous works (34, 77, 78). The corre-
sponding atom-based GFE scores were then summed over different substructures (i.e., contributions of dif-
ferent fatty acyl tails [39, 39R, 29, 29R, 3, and 2] and phosphate groups [49P and 1-P]), from which the sub-
structure GFE (ssGFE) contributions to the overall LGFE score of lipid A were obtained (Table 1).

Data availability. The mass spectrometry proteomics data have been deposited to the
ProteomeXChange Consortium via the PRIDE (79) partner repository with the data set identifier
PXD024692.
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