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Murine NLR family, apoptosis inhibitory protein
(Naip)1, Naip2, and Naip5/6 are host sensors that de-
tect the cytosolic presence of needle and rod proteins
from bacterial type III secretion systems and flagellin,
respectively. Previous studies using human-derived
macrophage-like cell lines indicate that human macro-
phages sense the cytosolic needle protein, but not bacte-
rial flagellin. In this study, we show that primary human
macrophages readily sense cytosolic flagellin. Infection of
primary human macrophages with Salmonella elicits ro-
bust cell death and IL-1b secretion that is dependent
on flagellin. We show that flagellin detection requires
a full-length isoform of human Naip. This full-length
Naip isoform is robustly expressed in primary macro-
phages from healthy human donors, but it is drastically
reduced in monocytic tumor cells, THP-1, and U937,
rendering them insensitive to cytosolic flagellin. How-
ever, ectopic expression of full-length Naip rescues the
ability of U937 cells to sense flagellin. In conclusion,
human Naip functions to activate the inflammasome in
response to flagellin, similar to murine Naip5/6. The
Journal of Immunology, 2015, 195: 815–819.

W
hereas certain aspects of innate immunity can be
regarded as nonspecific, multicellular organisms
have evolved specific recognition mechanisms as

part of their defense system to respond to conserved bacterial
structures and facilitate the clearance of invading pathogens
(1). Flagella are surface appendages that facilitate bacte-
rial motility and are required for the facultative intracellu-
lar pathogens Salmonella enterica serovars Typhimurium
(S. Typhimurium) and Typhi (S. Typhi) to target host cells
in the intestinal epithelium (2). During bacterial infections,
conserved structures of the flagella-forming protein flagellin
are recognized by several host pattern recognition receptors
(1). Extracellular flagellin is recognized by the cell-surface

sensor TLR5 (3), which promotes the activation of NF-kB
and subsequent secretion of IL-8 (2). Flagellin monomers
are also translocated into the host cell cytosol by a mecha-
nism that requires bacterial secretion systems. For example,
during Salmonella infections, flagellin is translocated into the
host cell cytosol by the Salmonella pathogenicity island 1
(SPI-1) type III secretion system (T3SS) (4). In mice, this
triggers the formation of the NLR family CARD domain–
containing protein (NLRC)4 inflammasome (5, 6), which
promotes two major caspase-1–dependent events: release of
the proinflammatory cytokines IL-1b and IL-18, and the
induction of a proinflammatory form of cell death termed
pyroptosis (7). The NLRC4 inflammasome can also detect
the rod (PrgJ) and needle (PrgI) proteins of the SPI-1 T3SS
apparatus (8, 9).
The ability of mice to sense flagellin and components of the

T3SS is facilitated by a group of receptors termed NLR family,
apoptosis inhibitory proteins (Naips) that act functionally
upstream of NLRC4. Mice use Naip1, Naip2, and Naip5/6 to
detect the PrgI needle, the PrgJ rod subunit, and flagellin,
respectively (10–12). There is evidence for direct interactions
of Naip5 with the conserved N- and C-terminal helices of
flagellin (13), and chimera studies of the Naip5 sensor revealed an
∼300-aa stretch as being important for oligomerization in re-
sponse to flagellin (14). In contrast to mice, the human genome
encodes a single genetic locus for Naip (15). Previous studies
indicate that human Naip detects the PrgI needle protein, but
does not detect flagellin (11, 12, 16).
In this study, we show that primary human macrophages

respond rapidly to intracellular flagellin during Salmonella
infection or when flagellin is delivered to the cytosol. This
response to cytosolic flagellin is dependent on expression of
a full-length Naip isoform. We demonstrate that the human
monocytic tumor cells, U937, have a 30-fold reduction in
levels of this full-length Naip transcript compared with pri-
mary human macrophages. These results reveal that the dif-
ferential response to cytosolic flagellin between U937 cells
and primary macrophages can be explained by the expression
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of full-length Naip. Therefore, primary macrophages that
express this transcript are equipped with enhanced defense
mechanisms.

Materials and Methods
Bacterial strains

Bacterial wild-type (WT) strains include S. Typhimurium SL1344 and
S. Typhi Ty2. Salmonella mutant strains were generated via l red recombi-
nation as described (17) and include the S. Typhimurium mutant DFla (fliC::
Cm, fljAB::Kan) (18) and the S. Typhi mutants DFla (fliC::Kan, this study),
DprgJ (prgJ::Kan, this study), and DprgI (prgI::Kan, this study).

Tissue culture infections and cytosolic delivery of flagellin and needle
protein

Human primary monocyte–derived macrophages (MDM) were prepared by
adherence from whole-blood buffy coat fractions from healthy donors. Pri-
mary monocytes were cultured in RPMI 1640 with 10% FBS and treated
with 30 ng/ml human M-CSF for 6 d. Human U937 monocytes were dif-
ferentiated in RPMI 1640 with 10% FBS and 50 ng/ml PMA for 48 h.
Salmonella infections were carried out under SPI-1–inducing conditions (18),
centrifuged for 15 min at 1500 rpm, and placed at 37˚C, 5% CO2 for 1 h (30
min for bacterial entry assay). Recombinant and endotoxin-free Bacillus
anthracis lethal factor–coupled proteins (LFn-FlaA, LFn-FliC, LFn-PrgI,
LFn-FlaAAAA, LFn-FliCAAA) or the LFn domain alone were generated and
purified from Escherichia coli as previously described (19). B. anthracis pro-
tective Ag (PA, 1 mg/ml; EMD Millipore) in macrophage medium was used
with 4 mg/ml B. anthracis lethal factor–coupled protein for 5 h to induce
IL-1b release and cell death, respectively.

Cytokine measurement and cell death assay

IL-1b (R&D Systems) was measured by ELISA. Cell death was calculated
from lactate dehydrogenase activity in the supernatant via the CytoTox 96
assay (Promega).

Immunoblotting

Protein extracts were separated by SDS-PAGE andmembranes were exposed to
goat anti-human caspase-1 (R&D Systems, AF6215) or goat anti–b-actin
(R&D Systems, AF-201-NA) and subsequently incubated with horseradish-
coupled secondary Ab (Promega). Proteins were detected using ECL films
(Amersham Hyperfilm, Fisher Scientific).

Real-time quantitative PCR analysis

Total RNA was isolated from MDM, THP-1, or U937 cells using an RNeasy
mini kit (Qiagen) on column DNase treated (Promega) and reverse transcribed
using Invitrogen’s SuperScript III First Strand Synthesis System. Quantitative
PCR was performed using FastStart Universal SYBR Green Master mix
(Roche). The following primers were used: Naip*, forward, 59-CTG GAT
AAG TTC CTG TGC CTG A-39, reverse, 59-AGG ATC ATA CTC AGC
TGA AAT TTG G-39; GAPDH, forward, 59-TGC ACC ACC AAC TGC
TTA GC-39, reverse, 59-GGC ATG GAC TGT GGT CAT GAG-39. The
amounts of mRNA analyzed were normalized to GAPDH.

Transient transfections

U937 cells were transfected with empty vector control or the human Naip
cDNA (in this study, Naip*, BIRC1 isoform 1, NM_004536.2) in pCMV6-
XL5 (OriGene) using Lipofectamine 2000 (Invitrogen) according to the
manufacturers’ instructions.

Stable short hairpin RNA knockdown

The plasmid pLKO.1_puro (Addgene) harboring a human Naip-specific short
hairpin RNA (shRNA; TRCN0000063733) upstream of a puromycin-resistant
cassette was transduced into U937 cells by lentiviral infection. Puromycinr

U937 cells were differentiated for functional analysis.

Statistical analysis

Prism 6.0 (GraphPad Software) was used for statistical analysis and significance
was determined as indicated in the figure legends.

Results and Discussion
Salmonella flagellin triggers inflammasome activation in primary
human macrophages

Mouse bone marrow–derived macrophages sense flagellin via the
intracellular Naip5-NLRC4 sensor apparatus (10, 11). Humans
encode a single Naip gene, previously shown to detect the T3SS
needle protein, PrgI, but not flagellin (11, 12, 16). This seems
counterintuitive, as flagellin is a very potent trigger of acute in-
flammatory processes (20) and the human host is routinely
challenged with flagellated pathogens. We predicted that human
primary MDM from healthy donors could have a more effec-
tive molecular sensor arsenal to detect cytosolic flagellin than
macrophage-like immortalized cell lines. To test this notion, we
infected primary MDM from healthy donors with WT and
nonflagellated S. Typhimurium and S. Typhi (DFla) strains.
Importantly, infection conditions were chosen such that pri-
mary MDM were infected with identical levels of intracellular
S. Typhimurium or S. Typhi (Supplemental Fig. 1A). WT
S. Typhimurium and S. Typhi strains induced a significant in-
crease in IL-1b secretion by MDM compared with flagellin-
deficient strains and uninfected control cells (Fig. 1A). How-
ever, IL-6 release was not affected by the presence of flagellin
(Supplemental Fig. 1B). Additionally, WT S. Typhimurium and
S. Typhi induced significantly more death of infected MDM
compared with the isogenic flagellin-deficient strains (Fig. 1B).
S. Typhi has more effective immune evasion strategies, which
explains the reduction in pyroptosis during its infection (21).
Pyroptosis and IL-1b release is characterized by activation

of the protease caspase-1 (7). As previously published, we
observed processing of pro–caspase-1 upon infection with
S. Typhimurium as determined by Western blotting for the
caspase-1 p20 subunit in the culture supernatant (Fig. 1C).
The extent of caspase-1 processing correlated with the level of
MDM cell death. However, when macrophages were infected
with nonflagellated strains, the caspase-1 p20 subunit was not
detected (Fig. 1C). We have previously published that in-
fection of primary bone marrow–derived macrophages with
WT S. Typhimurium induces the formation of a single cyto-
plasmic focus of the adaptor molecule ASC (22). We investi-
gated whether ASC structures might form in primary MDM
infected with the human-specific pathogen S. Typhi. Impor-
tantly, primary MDM infected with WT S. Typhi contained
.20-fold more ASC foci compared with cells infected with the
flagellin-deficient strain (Supplemental Fig. 1C).
To selectively activate a flagellin-sensing NLRC4 in-

flammasome, we delivered Legionella pneumophila and
S. Typhimurium flagellin bound to the N-terminal domain of
B. anthracis lethal factor (LFn-FlaA and LFn-FliC, respectively)
(11, 19) to the cytosol via the anthrax PA channel. Delivery of
Legionella and Salmonella flagellin into the cytosol triggered
robust IL-1b secretion and cell death in primary human
macrophages (Fig. 1D, 1E). The S. Typhimurium PrgI needle
protein (LFn-PrgI) also triggered IL-1b secretion and cell
death in MDM, similar to what was previously described for
monocytic U937 and THP-1 cells (11, 16). Delivery of the
N-terminal B. anthracis lethal factor domain alone had no
impact on IL-1b secretion or cell death (Fig. 1D, 1E). Ad-
ditionally, we show that a Salmonella mutant that expresses
PrgI but not flagellin stimulates inflammasome activation in
MDM at later time points (e.g., 8–24 h) compared with
strains that express flagellin (Supplemental Fig. 1E–G). Full
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activation of the murine Naip5-NLRC4 inflammasome requires
three C-terminal leucine residues (5). Alanine substitution of
these residues (LFn-FlaAAAA and LFn-FliCAAA) significantly
abolished the ability of both intracellular Legionella and
Salmonella flagellin to induce IL-1b release and cell death in
primary human macrophages (Fig. 1D, 1E). The different LFn
fusion proteins did not affect IL-6 secretion (Supplemental Fig.
1D). This indicates that intracellular flagellin is detected with
high specificity in both murine cells and primary human
macrophages and that the intracellular receptors detect the same
conserved region of flagellin, suggesting that they may function
by a similar mechanism.

The abundance of a human Naip isoform in primary macrophages and
macrophage-like cells reflects differences in Salmonella-induced cell
death

Our data indicate that during a Salmonella infection human
macrophages rapidly detect flagellin, which induces caspase-
1–dependent pyroptosis and secretion of IL-1b. Why has the
inflammasome-activating potential of flagellin in human
macrophages not been demonstrated previously? One possi-
bility is that primary human MDM are better equipped to

detect flagellin than previously tested macrophage-like cell
lines. Interestingly, the human Naip gene has several anno-
tated transcript variants that encode unique NAIP isoforms.
One transcript encodes an isoform used in previous studies
(Naip) (11, 16) with 65% protein identity to murine Naip5
(Supplemental Fig. 2A). A second full-length transcript en-
codes an isoform with slightly higher identity to murine
Naip5. Naip transcript variant 1 (Naip*) has 68% protein
identity to the mouse flagellin sensor Naip5 (Supplemental
Fig. 2A). The NAIP* transcript variant contains a nucleotide
sequence (nt 3990–4160) that is absent in NAIP mRNA,
allowing us to measure specific expression of this isoform in
MDM and U937 cells (Supplemental Fig. 2B). With the
exception of this internal deletion, the encoded amino acid
sequence of NAIP and NAIP* is identical. Fully differentiated
MDM contain ∼30-fold more intracellular NAIP* than do
differentiated U937 macrophage-like cells (Fig. 2A). These
differences in NAIP* mRNA expression correlated with the
levels of flagellin-dependent cell death in MDM compared
with U937 cells and suggest that human macrophages de-
tect Salmonella flagellin with Naip* (Fig. 2B). Surprisingly,
S. Typhimurium infection elicited high amounts of IL-1b
secretion in both MDM and U937 cells (Fig. 2C). Recent
single-cell analysis of caspase-1 dynamics revealed that dead
macrophages are the main source of IL-1b secretion within
cell populations (23). In contrast to MDM, U937 cells have
a prolonged increase in IL-1 gene transcription in response to
LPS with a gradual accumulation of cytosolic IL-1 gene prod-
ucts, including IL-1b (24), which explains the high IL-1b se-
cretion despite reduced cell death. However, we decided to also
test the monocytic THP-1 cell line for a correlation of NAIP*
abundance and inflammasome activation (Supplemental Fig.
2C–E). Similar to U937 cells, THP-1 cells harbor signif-
icantly less NAIP* transcript with a direct effect on cell death
(.50% reduction compared with MDM) and IL-1b release
(.5-fold reduction compared with MDM) after infection with
S. Typhimurium. An alternative primer sequence has been used
previously to determine intracellular transcript levels of the al-
ready described human Naip isoform (11). Quantitative PCR
analysis using the respective oligonucleotides revealed that
MDM contain significantly more NAIP transcript than do

FIGURE 1. Flagellin stimulates inflammasome activation in primary human

macrophages. Human MDM were primed with 100 ng/ml LPS and infected

with log phase WT Serovars S. Typhimurium (Stm) and S. Typhi (St) or the
respective nonflagellated (DFla) variant (multiplicity of infection of 50). IL-

1b secretion (A) and cytotoxicity (B) were determined 1 h after infection. (C)

Activation of pyroptotic caspase-1 (Casp1) processing was visualized by im-

munoblotting (kDa). (D and E) IL-1b secretion and cell death caused by

lethal factor–coupled protein variants were tested as described above for (A)

and (B). Graphs show mean and SD of six replicate wells and are represen-

tative of at least three independent experiments. Significance was calculated

using an unpaired Student t test. ****p , 0.0001. ns, p = 0.1–0.9999.

FIGURE 2. Flagellin-dependent inflammasome activation correlates with

the expression level of a human Naip isoform. (A) Quantitative RT-PCR was

performed to assess the amounts of transcript isoform NAIP* expressed in

primary macrophages (MDM) and differentiated U937 cells and normalized

to GAPDH. (B and C) MDM and differentiated U937 cells were tested for

their ability to undergo Salmonella-induced cell death and secretion of IL-1b

(as described). Results are representative of at least two or more independent

experiments. Significance was determined using an unpaired Student t test.
**p , 0.05, ***p , 0.001, ****p , 0.0001.
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THP-1 or U937 cells (Supplemental Fig. 2F). The significantly
reduced steady-state levels of NLRC4 transcript in THP-1 and
U937 cells compared with MDM also reflects this trend and
suggests an overall deficiency of human monocytic cell lines in
inflammasome sensor molecules (Supplemental Fig. 2F).

Complementation with Naip* isoform in U937 monocytes increases
cell death during Salmonella infection

Our data suggest a correlation between high levels of in-
tracellular human Naip transcript (NAIP*) and increased
flagellin-induced cell death in human macrophages. NAIP* is
poorly expressed in U937 cells as determined by quantitative
PCR analysis (Fig. 2A). Thus, we hypothesized that U937
cells expressing increased levels of NAIP* would restore the
ability of this cell line to undergo cell death in response to
Salmonella flagellin. Indeed, transfection of undifferentiated
U937 cells with a vector ectopically expressing Naip* signif-
icantly enhanced cell death induced by WT S. Typhimurium
and S. Typhi (Fig. 3, Supplemental Fig. 2G). Importantly,
and in agreement with our previous results, enhanced death in
the presence of Naip* was only triggered by infection with
WT S. Typhimurium and S. Typhi but not after infection
with the respective DFla mutant strains (Fig. 3, Supplemental
Fig. 2G). Similarly, deletion of the T3SS components PrgI or
PrgJ resembled the phenotype of a flagellin-deficient strain
(Supplemental Fig. 2G). To ensure that similar levels of bac-
teria invaded both cell types, we quantified intracellular inva-
sion at the time of infection and found that S. Typhimurium
and S. Typhi DFla variants as well as the corresponding iso-
genic WT strains invaded MDM and U937 cells to the same
extent (Supplemental Fig. 1A).

Depleting cells of human Naip isoform reduced flagellin-dependent
inflammasome activation

As described earlier, U937 cells express lower amounts of
NAIP* transcript compared with primary MDM. However,
the level of Naip* sensor in the U937 cells was still sufficient
to cause inflammasome activation in a flagellin-dependent
manner (Fig. 2B, 2C). We tested whether U937 cells that are
selectively depleted of Naip* would be impaired in their ability
to detect cytoplasmic flagellin. We knocked down Naip ex-
pression in U937 cells by stably expressing a Naip-directed
shRNA (Supplemental Fig. 2H) followed by treatment with the
lethal factor–coupled fusions as described earlier (Fig. 1D, 1E).

Strikingly, the depletion of human NAIP* dramatically reduced
inflammasome activation in response to intracellular flagellin
delivered via the anthrax PA pore and resulted in significantly
reduced release of IL-1b (Fig. 4A). As expected, U937 control
cells expressing a nonfunctional shRNA treated with PA plus
LFn-FlaA or LFn-FliC secreted robust amounts of IL-1b (Fig.
4A). Consistent with what we saw in primary MDM (Fig. 1D,
1E), the mutant flagellin constructs that are lacking the C-
terminal leucine residues did not activate the inflammasome
(Fig. 4A). In good agreement with previously published data
(11, 16), the U937 control cells released IL-1b after treatment
with the LFn-PrgI fusion. Furthermore, LFn-PrgI but not LFn-
FlaA or LFn-FliC induced robust cell death in U937 cells
expressing the control shRNA (Fig. 4B). One possible expla-
nation for the differences in PrgI- and flagellin-dependent
inflammasome activation could be due to differences in the
amounts of PrgI needle (80 aa) delivered through the PA pore
compared with the amounts of flagellin fusion proteins (FlaA,
475 aa; FliC, 494 aa) delivered into the cytosol. Finally,
knockdown of NAIP* resulted in drastic loss of PrgI-induced
IL-1b release and cell death (Fig. 4), which is similar to pre-
viously published data (16). Collectively, our findings reveal
that human-derived cells are able to sense both cytosolic fla-
gellin and needle protein from pathogens and that intracellular
detection in human cells requires a full-length isoform of the
Naip sensor. We show that the full-length Naip* isoform as
well as the NLRC4 sensor are abundant in primary MDM
from healthy donors but are dramatically reduced in monocytic
U937 and THP-1 cells, rendering them less sensitive to bac-
terial flagellin. Resembling their murine counterparts (5), the
human Naip-NLRC4 sensor complex targets leucine residues
in the C-terminal region of flagellin. This raises further inter-
esting questions about the evolution of the inflammasome in
different mammalian hosts. The cytosolic pathogen recognition
system in mice is based on a division of labor by four Naip

FIGURE 3. Expression of human Naip isoform that responds to flagellin in

U937 monocytes increases cell death during Salmonella infection. Undiffer-

entiated U937 cells were transfected with either an empty vehicle (V) or

a construct containing the Naip* isoform (Naip*) under control of a CMV

promoter. Twenty-four hours later the cells were infected with log phase

S. Typhimurium (Stm) variants as indicated and the amount of cell death was

determined by lactate dehydrogenase assay. Statistics were done using an

unpaired Student t test. ***p , 0.001, ****p , 0.0001.

FIGURE 4. Depletion of the human Naip sensor decreases inflammasome

activation in response to flagellin. Fully differentiated U937 cells stably

expressing either a scrambled control shRNA or Naip-specific shRNA were

treated with either PA alone (2) or in combination with LFn-fusion proteins

as indicated. IL-1b secretion (A) and cell death (B) were determined fol-

lowing each stimulus. Results are representative of at least two or more in-

dependent experiments. Statistics were done using an unpaired Student t test.
****p , 0.0001. C, control shRNA; N, Naip-specific shRNA.
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proteins expressed from four different genes (10–12). It is tan-
talizing to speculate that the human cytosolic-sensor toolbox is
based on receptor variations made from a single gene. Indeed, the
human Naip gene acquired multiple tissue-specific promoters by
recruitment of endogenous retroviral elements and has undergone
extensive genomic rearrangements resulting in expression of sev-
eral Naip paralogs (25). There is also evidence of increased Naip
gene duplications in populations with high exposure to flagellated
pathogens (26). In the future, it will be important to investigate
how the constant exposure to flagellated pathogens shaped the
genomic context of the human Naip sensor and which Naip
isoforms are specialized in detection of specific bacterial agonists.
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