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In the intestine, epithelial factors condition incoming immune cells including monocytes
to adapt their threshold of activation and prevent undesired inflammation. Colonic epithe-
lial cells express Secretory Leukocyte Protease Inhibitor (SLPI), an inhibitor of NF kappa
light chain enhancer of activated B cells (NF-κB) that mediates epithelial hyporesponsive-
ness to microbial stimuli. Uptake of extracellular SLPI by monocytes has been proposed
to inhibit monocyte activation. We questioned whether monocytes can produce SLPI and
whether endogenous SLPI can inhibit monocyte activation. We demonstrate that human
THP-1 monocytic cells produce SLPI and that CD68+ SLPI-producing cells can be detected
in human intestinal lamina propria.Knockdown of SLPI in humanTHP-1 cells significantly
increased NF-κB activation and subsequent C-X-C motif chemokine ligand 8 (CXCL8) and
TNF-α production in response to microbial stimulation. Reconstitution of SLPI-deficient
cells with either full-length SLPI or SLPI lacking its signal peptide rescued inhibition of
NF-κB activation and cytokine production, demonstrating that endogenous SLPI inhibits
monocytic cell activation. Unexpectedly, exogenous SLPI did not inhibit CXCL8 or TNF-α
production, despite efficient uptake. Our data argue that endogenous SLPI can regulate
the threshold of activation in monocytes, thereby preventing activation by commensal
bacteria in mucosal tissues.
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� Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

Secretory leukocyte protease inhibitor (SLPI) is a protein pro-
duced by human epithelial cells [1, 2], human neutrophils [3,
4], human macrophages [5], human mast cells [6], and human
fibroblasts [7]. SLPI is an inhibitor of nuclear factor kappa light
chain enhancer of activated B cells (NF-κB) signaling [8, 9] and an
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inhibitor of serine proteases including neutrophil elastase [10]. In
addition, SLPI has broad antimicrobial properties [11–13]. SLPI
suppresses the microbiota-induced production of proinflamma-
tory cytokines by human epithelial cells and human dendritic cells
via inhibition of NF-κB signaling [14–16]. Moreover, SLPI expres-
sion in dendritic cells indirectly regulates CD4+ T cells in mucosa-
draining lymph nodes in vivo [15]. In consequence, Slpi knockout
mice are more sensitive to loss of oral tolerance after feeding
harmless antigens in the presence of lipopolysaccharide (LPS)
compared to wild-type littermates [15]. In addition, Slpi knock-
out mice are more susceptible to LPS-induced endotoxin shock
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compared to wild-type littermates [17]. Thus, SLPI is an inhibitor
of pro-inflammatory immune responses to microbial signals.

Murine macrophages have been shown to produce SLPI in
response to stimulation with LPS, leading to hyporesponsiveness
to LPS [18]. Whether SLPI is produced by human monocytes or
human macrophages is unclear. It has been reported that SLPI
protein cannot be detected in untreated human myelomonocytic
U937 cells and peripheral blood monocytes [9]. Instead, it was
demonstrated that exogenous SLPI produced by other cell types
can inhibit human monocyte activation [9]. Recombinant human
SLPI binds to LPS extracellularly, preventing LPS-CD14 complex
formation and blocking the uptake of LPS by macrophages [19].
Moreover, exogenous recombinant human SLPI binds to mono-
cytes with high affinity and accesses the cytoplasm and nucleus
after uptake [9, 20]. Once in the cytoplasm recombinant human
SLPI can prevent LPS-induced degradation of the NF-κB inhibitor
alpha (IκBα) in U937 cells without affecting its phosphorylation
or ubiquitination [8]. The subsequent inhibition of NF-κB activa-
tion leads to attenuated TLR2 and TLR4 signaling [21]. In the
nucleus, recombinant human SLPI competes with NF-κB p65 for
NF-κB consensus-binding sites within the C-X-C motif chemokine
ligand 8 (CXCL8) and TNF-α promoters in U937 cells [9]. As such,
SLPI is thought to directly prevent NF-κB p65 from binding to the
NF-κB- binding sites resulting in decreased LPS-induced CXCL8
and TNF-α production [9]. Thus, uptake of exogenous SLPI by
monocytes from the tissue microenvironment can regulate human
monocyte function.

Upon migration from the bloodstream into the intestine,
monocytes adapt to the local environment to either maintain
homeostasis or promote inflammation [22]. In the non-inflamed
intestine, monocytes become hyporesponsive to microbial signals,
thereby preventing pathogenic inflammatory responses to the
commensal bacteria residing in close proximity [23, 24]. In the
human and murine gastrointestinal tract, SLPI expression is abun-
dant in epithelial cells [16, 25, 26]. Previously, we showed that
repetitive microbial stimulation drives SLPI expression and medi-
ates the acquisition and maintenance of hyporesponsiveness to
microbial signals in buccal and intestinal epithelial cells [16]. Also
in vivo colonization of germ-free mice with commensal micro-
biota elicits SLPI expression and suppresses chemokine release by
colonic epithelial cells [16]. In line with the dense colonization in
the colon, SLPI protein expression is higher in the colonic epithe-
lium compared to small intestinal epithelium in both humans and
mice [16, 26]. Conversely, in the small intestine, SLPI protein
expression is more dominant in cells in the lamina propria [16].
Therefore, the presence of SLPI protein in small intestinal lamina
propria cells cannot solely be explained by uptake of exogenous
SLPI released by epithelial cells. This prompted us to question
whether human monocytes also produce SLPI. As SLPI regulates
proinflammatory cytokine and chemokine production, we hypoth-
esized that microbial signals induce SLPI expression in monocytes
and that this endogenous SLPI regulates subsequent monocyte
function in mucosal tissues.

Here we show that SLPI is expressed in human small intesti-
nal and colonic mononuclear cells, amongst which CD68+ mono-

cytes or macrophages, from both pediatric controls and pedi-
atric Crohn’s disease patients. Using the human monocytic cell
line THP-1, we show that monocytes produce SLPI which sup-
presses endogenous LPS-induced CXCL8 and TNF-α production
via inhibition of NF-κB signaling. In contrast, exogenous recombi-
nant human SLPI was unable to inhibit CXCL8 and TNF-α pro-
duction by activated THP-1 cells, despite detectable uptake in
the nucleus and cytoplasm. In conclusion, we demonstrate that
endogenous SLPI significantly inhibits monocyte activation upon
microbial stimulation.

Results

SLPI is produced by human monocytes

To assess whether human monocytes express SLPI, we searched
for SLPI mRNA expression in single-cell data available from the
Human Protein Atlas project [27, 28] and from the database
of immune cell expression, expression quantitative trait loci,
and epigenomics (DICE) project [29]. These single-cell RNA-
sequencing data show that SLPI mRNA is expressed by peripheral
blood classical- and non-classical- monocytes, by monocytes in
the pancreas, and by the monocytic cell line THP-1. We therefore
measured SLPI mRNA expression in THP-1 cells and confirmed
that unstimulated THP-1 cells express SLPI mRNA (Figure 1a). In
addition, we detected substantial amounts of SLPI protein in the
nucleus, cytoplasm, and supernatant of unstimulated THP-1 cells
after 24 h of culture (Figure 1b).

SLPI is a known potent inhibitor of NF-κB signaling [8, 9,
21]. Therefore, we hypothesized that endogenous SLPI regulates
monocyte function via NF-κB inhibition. In order to gain insight in
the relative contribution of SLPI as an inhibitor of NF-κB, we mea-
sured mRNA expression of the other known NF-κB inhibitors TNF-
α-induced protein 3 (TNFAIP3), single Ig and TIR domain contain-
ing (SIGIRR) and Toll-interacting protein (TOLLIP) in THP-1 cells.
SLPI mRNA expression was significantly higher than the expres-
sion of the other NF-κB inhibitors in THP-1 cells, suggesting a
possible role for endogenous SLPI in regulating NF-κB signaling
in monocytic cells (Figure 1a).

Previously, we detected SLPI expression in cells in the lam-
ina propria of the murine small intestine [16]. Therefore, we
questioned whether immune cells in the human intestine also
express SLPI. Using immunohistochemistry, we detected SLPI pro-
tein expression in the cytoplasm and the nucleus of mononuclear
cells in the lamina propria of colonic tissue from both patients
without inflammatory bowel disease (11 out of 15 patients tested)
and patients with Crohn’s disease (10 out of 15 patients tested)
(Fig. 1c-h). A double staining for SLPI and CD68 indicated that
these SLPI-positive cells are monocytes or macrophages (Fig. 1c-
h). Together, these data show that monocytes can express SLPI
in health and disease and led us to hypothesize that endoge-
nous SLPI expression regulates the responsiveness of monocytes
to microbial signals in the intestine.
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Figure 1. SLPI is produced by THP-1 cells and is expressed by mononuclear cells in the human intestinal lamina propria. (a) mRNA expression
of NF-κB inhibitors TNFAIP3, SIGIRR, TOLLIP, and SLPI was measured by qPCR in wild-type THP-1 cells after 24 h of culture without stimulation.
P-values were calculated using the Wilcoxon rank sum test. The graph combines data from two experiments and each datapoint represents a
mean of two technical duplicates. Grey bars represent the mean of seven datapoints in each respective group. (b) SLPI protein expression was
measured by ELISA in the cytoplasmic and nuclear fractions of wild-type THP-1 cells harvested in their exponential growth phase (black dots), and
in supernatant of wild-type THP-1 cells 4 or 24 hours after refreshing medium (black squares and triangles respectively) without stimulation. The
graph combines data from four experiments and each datapoint represents a single measurement for one culture well. Grey bars represent the
geometric mean of four to seven datapoints in each respective group. (c–h) SLPI protein expression was detected in lamina propria of biopsies from
11 of 15 pediatric patientswithout inflammatory bowel disease (IBD-negative) (c and d) and in resectionmaterial of 10 of 15 pediatric Crohn’s disease
(CD) patients (e–h; left panels) using immunohistochemistry, with a hematoxylin counterstain. Representative images are shown. In addition, SLPI
protein expression (brown) and CD68 protein expression (indigo) were simultaneously detected in the same resection material from the pediatric
CD patients in the next serial section using immunohistochemistry, with a methyl green counterstain (e–h; middle and right panels). Scale bars
represent 100 μm (c - h). The isotype control and conjugate control for the double staining are shown in Figure S1a and b.
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Endogenous SLPI regulates LPS-induced CXCL8 and
TNF-α production by THP-1 cells

To assess whether endogenous SLPI inhibits monocyte function,
we knocked down SLPI expression in THP-1 cells by retroviral
transduction of short hairpin RNA. Knockdown of SLPI effectively
inhibited SLPI mRNA expression and protein production (Fig-
ure 2a and b). SLPI-deficient THP-1 cells were more activated as
demonstrated by significantly increased LPS-induced CXCL8 and
TNF-α production in the supernatant of SLPI-deficient THP-1 cells
compared to wild-type THP-1 cells (Figure 2c and d; Figure S2a
and b). In addition, pre-incubation with IFN-γ, which upregulates
TLR expression, and subsequent LPS-stimulation increased CXCL8
and TNF-α production up to sixfold in SLPI-deficient THP-1 cells
compared to wild-type control (Figure 2c and d; Figure S2a and
b). These data demonstrate that endogenous SLPI regulates pro-
inflammatory chemokine and cytokine production by monocytic
cells after microbial contact.

To investigate how endogenous SLPI suppresses CXCL8 and
TNF-α production in monocytic cells, we investigated the NF-
κB signaling pathway in the nuclear and cytoplasmic fraction of
THP-1 cells after stimulation with LPS. SLPI has been reported
to suppress TLR-induced phosphorylated NF-κB accumulation in
the nucleus [8, 16]. In the cytoplasm, SLPI inhibits TLR-induced
degradation of non-phosphorylated IκBα but does not inhibit
IκBα phosphorylation [8, 16]. Therefore, we anticipate that SLPI-
deficient THP-1 cells should have both increased nuclear phos-
phorylated NF-κB and cytoplasmic phosphorylated IκBα, resulting
in enhanced NF-κB activation. In wild-type THP-1 cells, LPS stim-
ulation increased phosphorylated NF-κB in the nucleus and phos-
phorylated IκBα levels in the cytoplasm after 15 min (Figure 2e
and f). In line with their increased activation, SLPI-deficient THP-
1 cells had higher levels of phosphorylated NF-κB in the nucleus
and increased phosphorylated IκBα levels in the cytoplasm after
15 minutes of LPS stimulation (Figure 2e and f). These data show
that endogenous SLPI inhibits NF-κB signaling in monocytic cells
in response to microbial signals.

To demonstrate that the increased CXCL8 production by SLPI-
deficient THP-1 cells is a direct result of lack of SLPI protein, we
reconstituted the cells with SLPI. Native SLPI can have two forms:
a secreted form with a signal peptide and a truncated form that
lacks the signal peptide and is thought to stay intracellularly [18,
30]. To assess whether both forms of SLPI are able to reconsti-
tute inhibition of CXCL8 production in SLPI-deficient THP-1 cells,
we transduced the cells with a retroviral vector containing either
truncated or full-length SLPI. We detected SLPI protein in the
nucleus, the cytoplasm, and in the supernatant after reconstitu-
tion with either truncated or full-length SLPI, suggesting that the
signal peptide is not required for transport across the cell mem-
brane of human monocytes (Figure 3a; Figure S3a and b). SLPI
protein levels were lower after reconstitution with full-length SLPI
compared to truncated SLPI, which may be due to a lower trans-
duction efficiency of the full-length SLPI compared to the trun-
cated SLPI. However, expression of SLPI after reconstitution with
full-length SLPI was sufficient to suppress LPS-induced CXCL8

production to wild-type levels, confirming that SLPI directly sup-
presses CXCL8 production in THP-1 cells (Figure 3b; Figure S3c).
Similarly, reconstitution with truncated SLPI also decreased LPS-
induced CXCL8 production to wild-type levels, demonstrating that
the signal peptide is not necessary for endogenous SLPI to inhibit
chemokine and cytokine production in monocytic cells. In line
with the inhibition of CXCL8 production, reconstitution of SLPI-
deficient THP-1 cells with either truncated or full-length SLPI sig-
nificantly reduced the amounts of phosphorylated NF-κB in the
nucleus at 15 and 45 min after LPS stimulation (Figure 3c and d),
demonstrating that SLPI suppresses CXCL8 production via inhi-
bition of NF-κB signaling. The effect of SLPI reconstitution on
IκBα phosphorylation was less clear. While, as expected, reconsti-
tution with full-length SLPI reduced phosphorylated IκBα in the
cytoplasm at 15 min after LPS stimulation, we could not detect
reduced IκBα phosphorylation after reconstitution with truncated
SLPI in multiple experiments (Figure 3c and d). It is unclear why
truncated SLPI has less effect on abundance of phosphorylated
IκBα as high concentrations of truncated SLPI are detected in the
cytoplasm. A possible explanation is that truncated SLPI, which is
abundant in the nuclear fraction, also acts directly in the nucleus
by binding to the NF-κB consensus-binding sites within the CXCL8
promoter [9]. However, we did not assess this in these experi-
ments. In conclusion, we show that endogenous SLPI expression
in monocytic cells suppresses microbiota-induced cellular activa-
tion. Deficiency of SLPI in THP-1 cells results in an increased reac-
tivity to microbial stimulation and reconstitution with either trun-
cated or full-length SLPI is able to suppress this activation via
inhibition of NF-κB signaling.

Exogenous SLPI does not regulate LPS-induced CXCL8
production by THP-1 cells

In the intestine, SLPI is produced in high quantities by epithe-
lial cells [1, 2]. Previously, it has been postulated that exogenous
SLPI uptake would provide a predominant mechanism of mono-
cyte inhibition [8, 9, 21, 31]. However, we found that endoge-
nous SLPI is also able to suppress chemokine and cytokine pro-
duction in THP-1 cells. This led us to compare the relative contri-
bution of exogenous and endogenous SLPI in inhibition of mono-
cyte activation. Thereto, we cultured SLPI-deficient THP-1 cells
in the presence of recombinant human SLPI (without signal pep-
tide) at 10 μg/mL, the concentration also used by others [8, 9,
21]. After culture with the recombinant protein, we detected SLPI
in both the nucleus and the cytoplasm of SLPI-deficient THP-1
cells at concentrations comparable to those of endogenous SLPI
in wild-type THP-1 cells (Figures 1b and 4a). This demonstrates
that recombinant SLPI is taken up by SLPI-deficient THP-1 cells.
Next, we examined the effect of exogenous SLPI on LPS-induced
CXCL8 production by wild-type THP-1 cells and SLPI-deficient
THP-1 cells. CXCL8 release was detectable at 3 hours and 24 hours
after LPS stimulation and was further increased by pretreatment
with IFN-γ in both wild-type THP-1 cells and SLPI-deficient THP-1
cells (Figure 4b and c). However, LPS stimulation in the presence
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Figure 2. Knockdown of SLPI in THP-1 cells increases CXCL8 and TNF-α production via NF-κB signaling in response to microbial stimulation.
THP-1 cells transduced with virus supernatant containing an empty LZRS-IRES-EGFP vector (wild-type, WT) or an empty LZRS-IRES-EGFP vector
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of exogenous recombinant SLPI did not inhibit CXCL8 release in
wild-type or SLPI knockdown THP-1 cells at either of the time-
points, suggesting that exogenous SLPI is unable to inhibit THP-
1 cell activation despite reaching the nucleus and the cytoplasm
(Figure 4b and c). To assess whether this also accounted for TNF-α
production, SLPI-deficient THP-1 cells were pretreated with IFN-
γ and subsequently stimulated with LPS during 6 hours of cul-
ture (Figure 4d). Again, the addition of recombinant SLPI did
not inhibit TNF-α production in SLPI-deficient THP-1 cells (Fig-
ure 4d). These data argue that endogenous, but not exogenous
SLPI regulates LPS-induced activation in THP-1 cells.

Discussion

Monocytes need to adapt their threshold of activation to the
local tissue environment upon exudation from the blood into the
tissue. Here we show that monocytic cells can self-regulate their
activation upon microbial stimulation via upregulation of SLPI
and that monocytes may thus not be fully dependent on SLPI
production by other cell types such as epithelial cells. This implies
that in mucosal tissues, contact between micro-organisms and the
epithelium may not be required for the regulation of monocytes
that have recently migrated from the blood. By regulating their
own threshold of activation via SLPI, monocytes may be able
to adjust to their environment independent of epithelial cell
function, thereby preventing tissue damage during inflammation.

We demonstrate that CD68-expressing cells in the human
intestinal lamina propria of both IBD-negative patients and
patients with Crohn’s disease express SLPI. Although this
appears to be a small population of SLPI-positive monocytes or
macrophages, we detected these cells in the majority of intestinal
biopsies from IBD-negative patients (11 out of 15) and Crohn’s
disease (10 of 15), demonstrating that SLPI-expressing mono-
cytes or macrophages are present both in health and disease.
Whether the number of SLPI-producing monocytic cells is differ-
ent between IBD-negative and Crohn’s disease is difficult to quan-
titate as positive cells in Crohn’s disease are often found in small
foci, sometimes in areas with crypt loss, while in IBD-negative
biopsies the cells appear more evenly dispersed. Hence, the pat-

tern of where SLPI expressing CD68 expressing cells are located
might be more relevant to their function in intestinal immune
responses.

Endogenous SLPI almost ablates TNF-α and CXCL8 produc-
tion, as demonstrated by our knock-down and reconstitution
experiments, demonstrating that other NF-κB inhibitors including
TOLLIP cannot compensate for the loss of SLPI. As the functional
analyses were performed with the monocytic cell-line THP-1, we
have not yet demonstrated that SLPI inhibits NF-κB-mediated
cytokine production in CD68 expressing monocytes/macrophages
with equal potency. It was not possible to use primary monocytes
as SLPI expression in peripheral blood monocytes is highly vari-
able from individual to individual and knockdown experiments
require high numbers of cells. However, the THP-1 monocytic
cell line is a well-known model and the cells have maintained
many monocytic functions [32]. Therefore, our data suggest that
endogenous SLPI inhibits microbial-induced activation of human
monocytes in vivo.

Our finding that exogenous SLPI does not regulate LPS-
induced monocyte activation is in contrast to the previously
reported inhibitory effect of recombinant human SLPI in the
human myelomonocytic cell line U937 [9]. It can be questioned
whether the differential effect of recombinant SLPI is due to a
different mechanism of uptake in THP-1 cells compared to U937
cells. SLPI has been shown to bind to the phospholipid scram-
blase 1 (PLSCR1) and 4 (PLSCR4), membrane proteins that regu-
late the movement of phospholipids between the inner and the
outer plasma membrane [33]. In addition, PLSCR1 modulates
phagocytosis and can be detected in fully internalized phago-
somes [33, 34]. However, mRNA expression of PLSCR1 is approx-
imately equal in unstimulated THP-1 cells and U937 cells and
PLSCR4 is absent in both cell lines (source: the Human Protein
Atlas project [27, 28]). Therefore, differences in PLSCR1 expres-
sion are not expected to explain the discrepancy between our
findings and those of others. However, it remains possible that
localization and intracellular trafficking of endogenous SLPI is dif-
ferent from that of exogenous SLPI, particularly as we observe
that endogenous SLPI, but not exogenous SLPI, is able to inhibit
NF-κB signaling in THP-1 cells.

It is unknown which factors induce SLPI expression in mono-
cytes. In human epithelial cells, SLPI expression is upregulated by

�
and shRNA specific for SLPI in a pRSC vector (knockdown, KD) were cultured and stimulated with 1–10 μg/mL LPS or left untreated. (a) SLPI mRNA
expression was measured by qPCR after 24 h of culture. SLPI mRNA expression values relative to GAPDH are plotted as percentage of the relative
expression in unstimulated WT THP-1. The graph combines data from three experiments and each datapoint represents the mean of two culture
wells. Grey bars represent the mean of seven datapoints in each respective group. (b) SLPI protein production in the supernatant was measured by
ELISA after 24 h of culture. SLPI protein abundance is plotted as percentage of the mean SLPI protein in the supernatant of unstimulatedWT THP-1
(unstimulatedWT THP-1 cells produced SLPI in the range of 281–4390 pg/mL). The graph combines data from four experiments and each datapoint
represents a single measurement for one culture well. Grey bars represent the mean of eight or nine datapoints in each respective group. P-values
were calculated using the Wilcoxon rank sum test (a + b). WT THP-1 cells and KD THP-1 cells were cultured without stimulation or stimulated
overnight with 500 U/mL IFN-γ and subsequently cultured with or without 1 μg/mL or 5 μg/mL LPS (c + d + e + f). (c) Supernatant was collected
after 3 h of culture for measurement of CXCL8 protein production by ELISA. (d) Supernatant was collected after 6 h of culture for measurement
of TNF-α protein production by ELISA. The graphs show one representative experiment out of two experiments performed (c + d, see also Figure
S1a and b). Each datapoint represents a single measurement for one culture well (c + d). Grey bars represent the mean of three datapoints in each
respective group (c + d).Western blot of phosphorylated NF-κB (pNF-κB) in the nuclear fraction and phosphorylated IκBα (pIκBα) in the cytoplasmic
fraction of THP-1 cells transduced with virus supernatant containing an empty LZRS-IRES-EGFP vector (wild-type, WT) or shRNA specific for SLPI
in a pRSC vector (knockdown, KD) after stimulation with 7.5 μg/mL LPS for 0, 15, or 45 min (e + f). Images of the blots (e) and densitometry of the
protein bands relative to loading controls (f) are shown.
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Figure 3. Reconstitution of truncated
or full length SLPI in THP-1 cells
rescues chemokine inhibition in
response to microbial stimulation.
THP-1 cells were transduced with
virus supernatant containing either
an empty LZRS-IRES-EGFP vector
(wild-type,WT), or shRNA specific for
SLPI in a pRSC vector and an empty
LZRS-IRES-EGFP vector (knockdown,
KD), or shRNA specific for SLPI in
a pRSC vector and truncated SLPI
in a LZRS-IRES-EGFP vector (KD +
truncated SLPI), or shRNA specific
for SLPI in a pRSC vector and full-
length SLPI in a LZRS-IRES-EGFP
vector (KD + full-length SLPI). (a)
The supernatant was collected after
24 hours of culture with or without
1μg/mL LPS for measurement of
SLPI protein production by ELISA.
The graph combines data from three
experiments and each datapoint
represents a single measurement for
one culture well. Grey bars represent
the mean of five or seven datapoints
in each respective group. P-values
were calculated using the Wilcoxon
rank sum test. (b) Supernatant was
collected after 24 hours of culture
with or without 1μg/mL LPS for
measurement of CXCL8 protein pro-
duction by ELISA. The graph shows
one representative experiment out
of two experiments performed (b,
see also Figure S3c). Each datapoint
represents a single measurement for
one culture well. Grey bars represent
the mean of two datapoints in each
respective group. Western blot of
phosphorylated NF-κB (pNF-κB) in
the nuclear fraction and phosphory-
lated IκBα (pIκBα) in the cytoplasmic
fraction of THP-1 cells transduced
with virus supernatant containing
shRNA specific for SLPI in a pRSC
vector and either an empty LZRS-
IRES-EGFP vector (knockdown, KD),
or a LZRS-IRES-EGFP vector contain-
ing truncated SLPI (KD + truncated
SLPI), or a LZRS-IRES-EGFP vector
containing full-length SLPI (KD +
full-length SLPI) after stimulation
with 7.5 μg/mL LPS for 0, 15, or 45
min (c + d). Images of the blots (c)
and densitometry of the protein
bands relative to loading controls are
shown (d). n.d. = not detectable.

a range of TLR ligands and cytokines including TNF-α and IL-1β

[2, 16, 26]. In murine macrophages, SLPI expression is induced
by LPS and suppressed by IFN-γ [18]. However, in our hands SLPI
expression in freshly isolated peripheral blood monocytes could
not be upregulated by direct incubation with a range of TLR
ligands even after pre-incubation with IFN-γ (data not shown).
Possibly, extravasation into the tissue, encounter of local tissue

cytokines, and environmental factors stimulate SLPI expression in
monocytes in a manner specifically tailored to residency in each
tissue. As SLPI inhibits LPS-induced chemokine and cytokine pro-
duction by monocytes, we speculate that regulation of monocyte
activation by SLPI is especially important in tissues where tight
control of the microbiota-host interaction is crucial for homeosta-
sis, such as the intestines and the lungs.

© 2022 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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A

B

C D

Figure 4. Exogenous SLPI does not regulate LPS-induced CXCL8 production by THP-1 cells. Recombinant human SLPI (10 μg/mL) was added to
the culture of THP-1 cells transduced with virus supernatant containing shRNA specific for SLPI in a pRSC vector (SLPI knockdown). (a) SLPI protein
was measured by ELISA in the nuclear fraction and cytoplasmic fraction of unstimulated SLPI knockdown THP-1 cells after 1 hour of culture. The
total protein concentration measured in the nuclear fraction was 2.9–3.7 mg/mL and in the cytoplasmic fraction 5.9–8.5 mg/mL (data not shown).
Wild-type THP-1 cells and THP-1 cells transduced with virus supernatant containing shRNA specific for SLPI in a pRSC vector (SLPI knockdown)
were cultured without stimulation, or stimulated with 0.1 μg/mL LPS or stimulated overnight with 500 U/mL IFN-γ and subsequently stimulated
with 1 μg/mL LPS (b + c + d). Recombinant human SLPI (10 μg/mL) was added to the culture 1 h before stimulation with LPS (b + c + d). Supernatant

© 2022 The Authors. European Journal of Immunology published by
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Materials and methods

Collection of human intestinal tissue

Resection material was collected during surgery from pediatric
Crohn’s disease (CD) patients from a longitudinal IBD cohort. For
IBD-negative controls, biopsies were collected during diagnostic
endoscopy from pediatric patients suspected of having inflam-
matory bowel disease (IBD) but negative diagnosis as part of
the PIBD Network for Safety, Efficacy, Treatment and Quality
improvement of care (PIBD-SETQuality) study [35]. Patients were
patients <18 years old. Both the surgeries and the endoscopies
took place at the Erasmus Medical Center in Rotterdam, The
Netherlands. Tissues were formalin-fixed and paraffin-embedded
and 4-micrometer-thick sections were cut and mounted on poly-
sine adhesion glass slides (Thermo Fisher Scientific, Waltham,
Massachusetts, USA).

Detection of human SLPI protein and CD68 protein in
intestinal tissue by immunohistochemistry

A single staining was performed for SLPI and a double stain-
ing was performed for SLPI and CD68, expressed by mono-
cytes/macrophages. Sections were deparaffinized in xylene and
rehydrated in ethanol. Subsequently, sections were incubated in
3% H2O2 in PBS for 20 min to quench endogenous peroxidase
activity. Antigen retrieval was performed by microwave treatment
in citrate buffer (10 mM, pH 6.0). Sections were blocked in Tris
buffer (10 mM, pH 8.0) containing 5 mM EDTA (pH 8.0), 0.15 M
NaCl, 0.25% gelatin, 0.05% Tween-20, and 10% normal human
serum (AB serum; Sanquin, Amsterdam, The Netherlands) plus
10% normal rabbit serum (Jackson ImmunoResearch, West Grove,
PA, USA) and for the double staining also with 10% normal horse
serum (Biowest, Nuaillé, France) for one hour at room tempera-
ture. For the double staining, sections were also blocked in BLOX-
ALL (Vector Laboratories, Burlingame, CA, USA) for 10 min to
inactivate endogenous alkaline phosphatase. For both the single
staining and the double staining sections were stained with a poly-
clonal anti-human-SLPI antibody (1 μg/mL, goat IgG, BAF1274;
R&D Systems/Bio-Techne, Minneapolis, MN, USA), and only for
the double staining sections were also stained with a monoclonal
anti-human-CD68 antibody (0.2 mg/mL, mouse IgG1κ, clone KP1,
LS-B2862; LSBio, Seattle, WA, in PBS overnight at 4°C. As con-
trol, one section was stained with isotypes (for SLPI goat IgG,
AB-108-C; R&D Systems/Bio-Techne and for CD68 mouse IgG1,
HI1016; Hycult Biotech, Uden, The Netherlands) instead of pri-
mary antibodies (Figure S1a) and one section was incubated with
PBS (Figure S1b: conjugate control). For the double staining, sec-

tions were incubated the next day with an alkaline phosphatase
horse-anti-mouse antibody using the ImmPRESS-AP Horse Anti-
Mouse IgG Polymer Detection Kit (Vector Laboratories) for
30 min at room temperature. Subsequently, an alkaline phos-
phatase substrate, BCIP/NBT (Vector Laboratories) was used to
detect the alkaline phosphatase antibodies. For both the single
staining and the double staining SLPI was detected with a biotiny-
lated secondary rabbit-anti-goat antibody (1:500, Vector Labora-
tories) for one hour at room temperature followed by a com-
plex of avidin and biotin (Vectastain ABC Elite Kit, Vector Lab-
oratories) and 3,3’-diaminobenzidine tetrahydrochloride (Sigma-
Aldrich, Zwijndrecht, The Netherlands). For the single staining
sections were counterstained with hematoxylin (Vector Labora-
tories) for 5 seconds and for the double staining sections were
counterstained with methyl green (Vector Laboratories) at 60°C
for 1 min. Subsequently, sections were dehydrated and immersed
in xylene and mounted in EntallanTM (Sigma–Aldrich). Images
of stained sections were digitally captured on a Leica DM5500B
microscope equipped with a Leica DFC420C camera using a 20×
brightfield lens (Leica 506503) and a 63× brightfield lens (Leica
506223).

Culture of THP-1 cells

THP-1 cells (ATCC® TIB-202TM, Manassas, Virginia, USA)
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM,
GibcoTM, Thermo Fisher Scientific) supplemented with 10% heat-
inactivated fetal calf serum (FCS, Bodinco BV, Alkmaar, the
Netherlands), 1x non-essential amino acid solution (GibcoTM,
Thermo Fisher Scientific) and 25 U/mL penicillin-streptomycin
(GibcoTM, Thermo Fisher Scientific), according to manufacturer’s
instructions. Stimulation of THP-1 cells with lipopolysaccharide
(LPS, Sigma-Aldrich), phorbol 12-myristate 13-acetate (PMA,
Sigma–Aldrich), recombinant human IFN-γ (Immunotools GmbH,
Friesoythe, Germany) and recombinant human SLPI (R&D; cat-
alog number 1274-PI) was performed at concentrations as
described in the figure legends.

Knockdown and reconstitution of SLPI in the human
monocytic cell line THP-1 using shRNA

SLPI was knocked down in THP-1 cells using retroviral vector-
based short hairpin RNA (shRNA). RNA interference was achieved
using short interfering RNAs targeted against human SLPI
(SMARTpool; Dharmacon RNA Technologies, Lafayette, Colorado,
USA). Short interfering RNAs were subcloned into a pRSC DNA
construct (a kind gift from prof. dr. R. Bernards, The Netherlands

�
was collected after 3 hours of culture (b) or 24 h of culture (c) for measurement of CXCL8 protein by ELISA. Supernatant was collected after 6 h of
culture for measurement of TNF-α protein by ELISA (d). TNF-α protein was not detectable in the supernatant of wild-type THP-1 cells after 6 hours
of culture when unstimulated or stimulated with IFN-γ and LPS, with or without recombinant SLPI (data not shown). The graphs show data from
one experiment and each datapoint represents a single measurement for one culture well (a + b + c + d). Grey bars represent the mean of two (a)
or three (b + c + d) datapoints in each respective group. n.d. = not detectable.
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Cancer Institute, Amsterdam, The Netherlands) for stable RNA
interference as described previously [16]. The pRSC vector is a
modification of the pRETRO-SUPER [36]. THP-1 cells were trans-
duced with virus supernatant containing shRNA specific for SLPI
in the pRSC vector.

To rescue silencing of the SLPI gene, cells were transfected
with a construct containing either full-length SLPI (construct from
Open Biosystems, Inc. Huntsville, Alabama, USA) or truncated
SLPI. Truncated SLPI lacks the 75-nucleotide sequence for its sig-
nal peptide (25 amino acids) as described by others [18, 30].
The DNA encoding full-length SLPI or truncated SLPI was sub-
cloned into an LZRS-IRES-EGFP DNA construct. These constructs
were transfected into THP-1 cells not containing any vector or
already containing the pRSC constructs for SLPI RNA interference
by retroviral transduction.

Cell lines:

Construct

THP-1 + empty LZRS-IRES-EGFP
THP-1 + pRSC-shRNA[anti-SLPI]
THP-1 + pRSC-shRNA[anti-SLPI] + empty LZRS-IRES-EGFP
THP-1 + pRSC-shRNA[anti-SLPI] + LZRS-IRES-EGFP-truncated
SLPI

THP-1 + pRSC-shRNA[anti-SLPI] + LZRS-IRES-EGFP-full
length SLPI

Sequences:
siRNAs to silence SLPI:
AGTCTGTCCTCCTAAGAAA + TTTCTTAGGAGGACAGACT
full-length SLPI:
ATGAAGTCCAGCGGCCTCTTCCCCTTCCTGGTGCTGCTTGCC

CTGGGAACTCTGGCACCTTGGGCTGTGGAAGGCTCTGGAAAGTC
CTTCAAAGCTGGAGTCTGTCCTCCTAAGAAATCTGCCCAGTGCCT
TAGATACAAGAAACCTGAGTGCCAGAGTGACTGGCAGTGTCCAGG
GAAGAAGAGATGTTGTCCTGACACTTGTGGCATCAAATGCCTGGA
TCCTGTTGACACCCCAAACCCAACAAGGAGGAAGCCTGGGAAGT
GCCCAGTGACTTATGGCCAATGTTTGATGCTTAACCCCCCCAATTT
CTGTGAGATGGATGGCCAGTGCAAGCGTGACTTGAAGTGTTGCA
TGGGCATGTGTGGGAAATCCTGCGTTTCCCCTGTGAAAGCTTGAT
TCCTGCCATATGGAGGAGGCTCTGGAGTCCTGCTCTGTGTGGTCC
AGGTCCTTTCCACCCTGAGACTTGGCTCCACCACTGATATCCTCC
TTTGGGGAAAGGCTTGGCACACAGCAGGCTTTCAAGAAGTGCCA
GTTGATCAATGAATAAATAAACGAGCCTATTTCTCTTTGCA

truncated SLPI:
TCTGGAAAGTCCTTCAAAGCTGGAGTCTGTCCTCCTAAGAAAT

CTGCCCAGTGCCTTAGATACAAGAAACCTGAGTGCCAGAGTGACT
GGCAGTGTCCAGGGAAGAAGAGATGTTGTCCTGACACTTGTGGC
ATCAAATGCCTGGATCCTGTTGACACCCCAAACCCAACAAGGAGG
AAGCCTGGGAAGTGCCCAGTGACTTATGGCCAATGTTTGATGCTT
AACCCCCCCAATTTCTGTGAGATGGATGGCCAGTGCAAGCGTGAC
TTGAAGTGTTGCATGGGCATGTGTGGGAAATCCTGCGTTTCCCCT
GTGAAAGCTTGATTCCTGCCATATGGAGGAGGCTCTGGAGTCCTG
CTCTGTGTGGTCCAGGTCCTTTCCACCCTGAGACTTGGCTCCACC
ACTGATATCCTCCTTTGGGGAAAGGCTTGGCACACAGCAGGCTTT
CAAGAAGTGCCAGTTGATCAATGAATAAATAAACGAGCCTATTTCT
CTTTGCA

Retroviral transduction

To produce retrovirus, the Phoenix-AMPHO packaging cell line
(a kind gift from dr. J. Meijerink, Princess Maxima center for
Pediatric Oncology, Utrecht, The Netherlands) was transfected
with 10 μg of either pRSC empty vector (mock control) or pRSC
shSLPI DNA constructs by standard calcium phosphate transfec-
tion. Supernatant-containing virus was harvested after 48 h and
filtered before infection. THP-1 cells were cultured to a maximum
of 800,000 cells per milliliter at the moment of infection. Cells
and virus were spun down in a flat bottom plate for 45 min at
1000 × g at room temperature and cultured at 37°C for 2 h. This
infection cycle was repeated three times. Stable transduction with
pRSC constructs was achieved by culturing cells under increasing
Puromycin (GibcoTM, Thermo Fisher Scientific) pressure by grad-
ually increasing the concentration of Puromycin to reach a maxi-
mum of 1 μg/mL in 21 days. Subsequently, cell lines were trans-
duced with LZRS-IRES-EGFP empty vector or LZRS-IRES-EGFP-
truncated SLPI or LZRS-IRES-EGFP-full length SLPI constructs,
after which cells were FACS-sorted for EGFP expression multiple
times until at least 90% of the cells was EGFP positive.

Validation

SLPI mRNA knockdown and subsequent reconstitution were vali-
dated by quantitative real-time PCR as described below. In addi-
tion, SLPI knockdown and subsequent reconstitution were vali-
dated at protein level by detection of SLPI in the cell supernatant
by Enzyme-Linked Immuno Sorbent Assay (ELISA) as described
below.

RNA extraction and cDNA synthesis

Total RNA of THP-1 cells was extracted from cells using the
NucleoSpin RNA extraction kit (Macherey-Nagel GmbH & Co.
KG, Dueren, Germany) for isolation of RNA according to man-
ufacturer’s instructions. Quantity and purity of extracted RNA
was assessed using a DeNovix DS-11 spectrophotometer (DeNovix
Inc., DE, USA). A maximum of 1 μg mRNA was used to synthesize
cDNA. cDNA was synthesized using the SensiFAST cDNA Synthe-
sis Kit (Bioline, London, United Kingdom).

Quantitative PCR

Real-time quantitative PCR (qPCR) was performed on a CFX96
Touch Real-Time PCR Detection System (Bio-Rad, Veenendaal,
The Netherlands) using the SensiMixTM SYBR® Hi-ROX Kit
(Bioline). Gene expression was analyzed in duplicate and nor-
malized using housekeeping gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). Relative expression was calculated as
2−(Ct value GAPDH– Ct value gene of interest). Primers used are shown below.
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Human
gene

Forward primer Reverse primer

GAPDH GTCGGAGTCAACGGATT AAGCTTCCCGTTCTCAG
SLPI TCCAGGGAAGAAGAGA

TGT
TGCCCATGCAACACTT

TNFAIP3 TGGCACAACTCATCTC
ATC

CCCTGCTCGCTGTTTT

SIGIRR GCAGACCCATCTTCATCA ACTCGGCCTCGAAGAA
TOLLIP AGGGCGTTGGCTATGT CACCTCCTGGTCCATGT

Isolation of nuclear and cytoplasmic fractions

The nuclear and cytoplasmic fractions of THP-1 cells were
extracted by a high-salt extraction method using the Nuclear
Extract Kit (Active Motif, La Hulpe, Belgium) according to man-
ufacturer’s instructions. In short, cells were collected in ice-cold
PBS with phosphatase inhibitors to limit further protein modifi-
cations. Subsequently, cells were lysed using a hypotonic buffer
and detergent. The supernatant containing the cytoplasmic frac-
tion was collected. Subsequently, in order to collect the nuclear
fraction, the nuclei in the pellet were lysed and solubilized.

For detection of SLPI in nuclear and cytoplasmic fractions after
addition of recombinant human SLPI, nuclear and cytoplasmic
fractions were isolated according to the method described by
Taggart et al. [8], with the following adjustments. For isolation
of the cytoplasmic fraction, lysis was performed for 20 min. In
addition, for isolation of the nuclear fraction, 50 μg/mL deoxyri-
bonuclease (Sigma–Aldrich) was added to the lysis buffer and
lysis was performed for 15 min at 37°C and subsequently deac-
tivated with 0.05 M EDTA. SLPI protein was measured by ELISA
as described below. Total protein concentrations were measured
using the Bradford method [37].

Detection of SLPI, CXCL8, and TNF-α protein

For detection of SLPI protein, a 96-wells high binding surface
flat-bottom plate (Corning®; 9018) was coated with 0.5 μg/mL
monoclonal anti-human SLPI antibody (R&D; MAB1274, clone
20409,) in PBS overnight at 4°C. Washing was performed with
0.05% TWEEN 20 (Sigma–Aldrich) in PBS. The plate was blocked
with 10% FCS (Bodinco B.V.) in PBS for 1 h at room temperature.
Subsequently, samples were incubated for 2 h at room tempera-
ture. Recombinant human SLPI (R&D; 1274-PI) was used to gen-
erate a standard curve. To detect SLPI, the plate was incubated
with 0.4 μg/mL biotinylated polyclonal goat antibody against
human SLPI (R&D, BAF1274) for 1 h at room temperature and
subsequently incubated with 1:5000 HRP-conjugated streptavidin
(BD Biosciences; 554066) in the dark at room temperature for
approximately 1 h. 3, 3′,5,5′-Tetramethylbenzidine Liquid Sub-
strate (Sigma–Aldrich; T4444) was used for detection of the HRP.
The reaction was stopped using 1 M H3PO4. Signal was detected
at 450+570 nanometer on a VersaMax reader (Molecular Devices,
San Jose, CA, USA).

Human CXCL8 and TNF-α protein were detected using a BD
OptEIATM set (BD Biosciences, San Jose, California, USA; catalog
numbers 555244 and 555212 respectively) according to manufac-
turer’s instructions.

Detection of phosphorylated NF-κB and
phosphorylated IκBα

Phosphorylated NF-κB was detected in the nuclear fraction and
phosphorylated IκBα in the cytoplasmic fraction of THP-1 cells
by western blot. As loading controls, human Origin Recognition
Complex subunit 2 (ORC2) was detected in the nuclear fraction
and human β-tubulin in the cytoplasmic fraction. Proteins were
separated by 12.5% SDS-PAGE and transferred to a 0.2 μm
nitrocellulose membrane. TBS with 0.1% TWEEN 20 (Sigma–
Aldrich) and 5% non-fat dry milk or 5% BSA for the detection
of phosphorylated NF-κB was used as blocking buffer. Primary
and secondary antibodies used for detection are shown below.
Incubation with the primary antibody was performed overnight
at 4°C with rotation. Incubation with the secondary antibody
was performed for 1 hour at room temperature with rotation
in the dark. Signal was detected using an Odyssey infrared
imaging system (LI-COR Biotechnology GmbH, Bad Homburg,
Germany). The intensity of the bands was quantified using the
Odyssey Application Software. Plotted intensities are relative to
the intensity of the corresponding loading controls.

Human protein Primary antibody Secondary
antibody

Phosphorylated
NF-κB

1:500 rabbit
anti-phospho-NF-κB
p65 (Ser536)
polyclonal antibody
(Cell Signaling
Technology Europe,
B.V., Leiden, The
Netherlands; 3031)

Goat-anti-rabbit
IRDye® 800CW
(LI-COR;
926–32211)

ORC2 1:2000 rabbit anti-ORC2
polyclonal antibody
(BD PharmingenTM,
BD Biosciences;
559266)

Goat-anti-rabbit
IRDye® 680RD
(LI-COR;
926–68071)

Phosphorylated
IκBα

1:500 mouse
monoclonal
anti-phospho-IκBα

(Ser32/36) antibody
(Cell signaling
Technology Europe
B.V.; 9246)

Goat-anti-mouse
IRDye® 800CW
(LI-COR;
926–32210)

β-Tubulin 1:200 rabbit β-tubulin
polyclonal antibody
(H-235) (Santa Cruz
Biotechnology, Dallas,
Texas, USA; sc9104)

Goat-anti-rabbit
IRDye® 680RD
(LI-COR;
926–68071)
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Statistical analyses

Mean expression was compared between groups using the
Wilcoxon rank sum test. Experiments representative for a num-
ber of experiments are shown, as indicated in the figure legends.
All statistical analyses and visualization were performed using R
version 3.5.1 [38]. The package ggplot2 [39] was employed for
visualization.
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