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Abstract

Inflammasomes are increasingly implicated in regulating immunity, but how their activation
relates to function of human dendritic cells (DCs) is unknown. Here we show that DC maturation
stimuli lead to rapid activation of caspase-1 in human monocyte-derived DCs. RNAi mediated
inhibition of the inflammasome component ASC leads to marked inhibition of the capacity of
lipopolysachharide (LPS)-matured DCs to stimulate antigen-specific T cells. RNAi mediated
inhibition of Cathepsin B (CatB) also similarly inhibits the capacity of human DCs to stimulate
immunity. The defective ability of ASC or CatB deficient DCs to stimulate T cells is independent
of inflammasome-mediated processing of inflammatory cytokines and also includes DCs loaded
with pre-processed peptide. Gene expression profiles of ASC or CatB deficient human DCs show
marked overlap with downregulation of genes implicated in DC function. These data demonstrate
an important role for ASC and CatB in regulating function of human DCs with overlapping effects
On gene expression.
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1.0. Introduction

Dendritic cells are potent antigen presenting cells (APCs) that provide a critical link between
innate and adaptive immunity[1]. DCs can integrate diverse signals from pathogens or
cellular damage leading to DC maturation, wherein they acquire capacity to serve as potent
APCs[1].

Proteins of the NOD like receptor(NLR) family form a complex termed the inflammasome
involved in the processing of inflammatory cytokines (particularly IL1f8 and IL18)[2].
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Activation of inflammasomes is thought to involve an initial priming phase leading to the
expression of inflammasome components and cytokine precursors, followed by activation
phase, which leads to processing of mature cytokines[2]. Several models have been
postulated to help explain inflammasome activation including potassium efflux, activation of
reactive oxygen species (ROS), as well as release of cathepsinB (CatB) into the cytosol [2].

An important feature of DC maturation is the activation of lysosomes and enhanced
lysosomal acidification, leading to enhanced activity of cysteine proteases, including
cathepsins[3]. Maturation-associated lysosome activation likely activates several proteases
[4, 5] but whether a single cathepsin plays a major role in regulating human DC function is
not known.

Recent studies have implicated inflammasomes in the mechanism of action of chemical
adjuvants, adaptive immunity to pathogens and tumors, as well as in autoimmunity [6-10].
In view of the central role of DCs in adaptive immunity, it is critical to understand how
inflammasome activation relates to DC maturation in humans. Differentiation of DCs from
monocytes serves as a useful model for inflammation associated DCs in both humans and
mice [11]. Here we have examined the role of a key inflammasome component, apoptosis-
associated speck-like protein containing CARD (ASC) and CatB (a protease implicated in
inflammasome activation) in regulation of maturation and function of human monocyte-
derived DCs.

2.0. Materials and Methods

2.1. Generation of DCs

Blood samples were obtained from healthy donors following informed consent approved by
Yale IRB. DCs were generated from CD14+ monocytes cultured in the presence of GM-
CSF and 1L4 as described [12]. On day 5, immature DCs were used directly or matured
overnight by either an inflammatory cytokine cocktail (IL-1p3, IL-6, TNF-a and
prostaglandin E2; Cyt-DCs) or 50ng/ml ultra-pure LPS (Sigma, St Louis, MO), as described
[12]. Phenotype of DCs was assayed by flow cytometry after staining with antibodies
against CD80, CD83 and CD86 (all from BD). Data were analyzed with Flowjo software
(Tree Star, Ashland, OR).

2.2. Detection of activated Caspase-1

Activation of Caspase-1 was assayed with the FAM-YVAD-FMK Caspase-1 Detection Kit
(Cell Technology Inc, Mountain View, CA). FAM-YVAD-FMK was added to the culture
for 1 hr as per manufacturers protocol, washed twice with caspase-1 kit wash buffer, and
detected using flow cytometry.

2.3. RNAIi mediated inhibition of ASC and cathepsin B in dendritic cells

ON-TARGETplus SMARTpool SiRNAs (Dhamacon, Lafayette, CO) were used to inhibit
human ASC (Human PYCARD, NM_145183) or CatB (HumanCTSB, NM_001908).
CD14+ cells separated from magnetic column were resuspended at 105 cells per pl in phenol
red free Opti-MEM® reduced-serum medium (Invitrogen, Carlsbad, CA). Cells were
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electroporated with 20 ng SiRNA in 0.4mm gap electroporation cuvettes using BTX
ECM830 (Harvard Apparatus, Holliston, MA) at 500v, 2 pulses of 500ms. Inhibition of
target genes was confirmed by western blot.

2.4. Detection of IL-1 B

For activation of the inflalmmasome, DCs were stimulated with 50 ng/ml LPS for 4 hours,
then with 1 mM ATP for 15 minutes. Cell culture supernatant was assayed using the
luminex system. For Luminex assay IL-1f antibody conjugated beads were used with the
MILLIPLEX MAP Kit (Millipore, Billerica, MA) using LUMINEX1% System (Luminex
Corporation, Austin, TX).

2.5. Allogeneic mixed lymphocyte reaction

CFSE labeled T cells were co-cultured with allogeneic DCs at T:DC ratio of 30:1 and the T
cell proliferation was assayed 5-7 days later using flow cytometry.

2.6. Activation of influenza specific T cells

DCs from HLA-A2+ donors were infected with influenza virus (Influenza X-31, Charles
River) or pulsed with HLA-A2-restricted flu-matrix peptide (Flu-MP) GILGFVFTLsg_gg (5
ug/ml) prior to use as APCs for stimulation of influenza specific T cells at APC:T cell ratio
of 1:30. IL2 (20 U/ml) was added on day 4 of culture. After 7-10 days of culture, the
proliferation of flu virus specific T cells was analyzed by FACS using PE conjugated flu-
matrix peptide GILGFVFTL bound HLA-AZ2 tetramer (Beckman Coulter, Brea, CA) and
antibodies to CD8, CD3 and CDA4.

2.7. SDS-PAGE and Western blotting

Cells were lysed in RIPA lysis buffer (Millipore, Temecula, CA), proteins were separated on
NUPAGE 4-12% Bis-Tris gel (Invitrogen, Carlshad, CA) and transferred to 0.45um pore
size Immobilon-P PVDF membrane (Millipore, Billerica, Massachusetts) using the Mini-
PROTEAN Tetra System(Bio-Rad, Hercules, CA). The target proteins were then detected
with HyGLO quick spray Chemiluminescent HRP antibody detection reagents (Denville
scientific inc, Metuchen, NJ) and imaged with Bio-Rad ChemDoc XRS western blot
detection system (Bio-Rad, Hercules, CA). The primary antibodies used were: rabbit
polyclonal anti-human CatB and ASC (Santa Cruz Biotechnology, Santa Cruz, CA), rabbit
monoclonal anti-human cleaved IL-1p and -Actin (Cell Signaling Technology, Danvers,
MA), mouse monoclonal anti-human pro IL-18 (R&D, Minneapolis, MN). Secondary
antibodies used include donkey anti-mouse 1gG-HRP (Santa Cruz Biotechnology, Santa
Cruz, CA) and Anti-rabbit IgG HRP-linked Antibody (Cell Signaling Technology, Danvers,
MA).

2.8. Gene expression profiling

CD14+ monocytes were electroporated with either non targeting (NT) control, ASC or CatB
RNAI and then cultured with GMCSF and 1L4 to generate immature DCs. Day 5 DCs were

harvested and RNA was analyzed for gene expression profile using U133 plus 2 Affymetrix
microarrays. Analysis of microarray data was carried out using Partek Genomics Suite.
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RNA normalization was used to normalize the raw expression data. We excluded the genes
with fold change less than 1.5 fold and the expression less than 100 in one of the
experimental conditions in each comparison to identify common differentially expressed
genes to the comparisons between ASC vs. NT and CAT vs. NT. Genes with p values <0.05
for fold change compared to NT treated DCs were selected.

2.9. Statistical analysis

Data for treatment and control groups were compared using Student t test and p values lower
than 0.05 were considered significant.

3.0. Results

3.1. Maturation induced activation of caspase-1

Exposure of monocyte-derived DCs (Mo-DCs) to both TLR ligands and inflammatory
cytokines leads to DC maturation. Treatment of immature DCs (iDCs) with either LPS or
cytokines led to a rapid but transient increase in activated caspase-1 detectable within 2
hours (Figure 1a), but returning to baseline by 24 hours (Figure 1b). Together these data
show that transient activation of caspase-1 is an early feature of DC maturation.

3.2. Deficient T cell stimulation by ASC deficient DCs

The temporal association between DC maturation and caspase-1 activation suggested that
early activation of the inflammasome may play a role in DC function. Therefore we
analyzed the effect of inhibition of ASC, an integral inflammasome component, on DC
maturation. As expected, RNAI mediated knockdown of ASC inhibited IL1p (but not pro-
IL1B) in response to LPS, indicating inhibition of the inflammasome (Figure 2a, 2b). Similar
reduction in IL1J was observed in influenza infected DCs (Figure 2c). ASC deficiency did
not alter LPS-induced upregulation of HLADR, CD80/86 and CD83 (Figure 2d), suggesting
that ASC is not required for these phenotypic changes observed with DC maturation.
However ASC inhibition led to clear decline in stimulation of influenza matrix peptide
(MP)-specific CD8+ T cells by influenza-infected DCs (Figure 2e). ASC-deficient DCs are
also less efficient at inducing stimulation of allogeneic T cells in a MLR (Fig 2f). Therefore
these data show that ASC deficiency leads to inhibition of the capacity of human DCs to
stimulate T cell immunity.

3.3. Deficient T cell stimulation by CatB deficient DCs

Prior studies have suggested a role for lysosomal injury and cytosolic release of cathepsin B
(CatB) in some models of inflammasome activation [13]. As lysosomal acidification and
protease activation are common features of DC maturation, we reasoned that CatB may be
involved in this process. RNAI mediated inhibition of CatB led to partial reduction in IL1J3
production in response to LPS/ATP (Figure 3a, 3b), which is consistent with the finding in
other studies that CatB deficient macrophages express IL1f in response to particulate
NLRP3 agonists[14, 15]. CatB deficiency also led to partial reduction in IL13 production by
influenza infected DCs (Figure 3c). As with ASC deficient DCs, inhibition of CatB did not
inhibit LPS induced up regulation of HLADR, CD80/CD86 and CD83 (Figure 3d). However
following influenza infection, CatB deficient DCs also had reduced capacity to stimulate
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influenza MP-specific CD8+ T cells (Figure 3e). Taken together, these data suggest that as
with ASC, CatB deficient DCs are also defective in their capacity to stimulate antigen-
specific T cells.

3.4. Mechanism of altered DC function in ASC and CatB deficient DCs

In order to test whether the reduced capacity of ASC and CatB-deficient DCs to stimulate T
cell responses was related to altered processing of antigen, we tested the capacity of these
DCs to stimulate Flu-MP specific T cells after pulsing with exogenously loaded MP peptide.
However, both ASC and CatB deficient DCs were still defective in their ability to expand
MP-specific T cells (Fig 4a), suggesting that this defect is not related to alteration of
antigen-processing. The reduced capacity of ASC or CatB deficient DCs to stimulate T cell
immunity can also not be ascribed to alteration in maturation-associated phenotypic
remodeling, as there were no differences in LPS-induced expression of MHC and
costimulatory molecules (HLA-DR, CD80, CD86) in these DCs (Figure 2c and 3c).
Defective function of ASC or CatB-deficient DCs was also not explained by altered viability
of these DCs (not shown). One of the best studied roles for ASC is as a component of the
inflammasome, which is required for processing of inflammatory cytokines. ASC and CatB-
deficient DCs upregulated HLADR, CD80/CD86 and CD83 in response to exogenous
inflammatory cytokines (Fig 4b). However these DCs still exhibited reduced capacity for
stimulation of MP-specific T cells following influenza infection (Fig 4c). ASC or CatB-
deficient peptide pulsed Cyt-DCs were also deficient at stimulating T cells (Fig 4d),
indicating that the reduced capacity of ASC and CatB deficient DCs is at least in part
independent of phenotypic remodeling induced by inflammatory cytokines. Taken together,
these data point to deficient antigen presentation in CatB or ASC-deficient DCs as opposed
to defects in antigen processing, or maturation-associated phenotypic remodeling.

3.5. Changes in gene expression in ASC and CatB-deficient DCs

As the effect of ASC and CatB deficiency on DC function appeared to be independent of
best known roles of these proteins in the cytosol, we explored an alternate possibility that
roles of ASC as well as CatB in the nucleus and changes in gene expression may be
important [16-18]. RNAi-mediated inhibition of both ASC and CatB was specific for that
gene without cross inhibition (Fig 5a). Knockdown of both ASC as well as CatB led to
inhibition of only a small number of genes. Interestingly, there was a marked overlap
between genes altered in the setting of ASC and CatB-deficiency. 8 of 13 genes (61%)
significantly altered in ASC-deficient DCs were also decreased in CatB-deficient DCs (Fig
5b). Furthermore, the degree of change in these shared genes is very similar between ASC
and CatB deficient DCs (Fig 5c¢). This list of shared genes included genes such as CCR7 and
LAMP3 which have been previously shown to be important for DC function and homing
[19, 20]. Ippagunta et al recently described similar reduction of only a limited set of genes in
ASC-deficient murine DCs to a similar degree as in our studies. One of these genes (Dock?2)
was then implicated in defective actin polymerization [21]. However none of the genes
found to be altered in ASC-deficient murine DCs, including Dock2 were altered in ASC or
CatB-deficient human DCs (Fig 5d). We were also unable to document differences in actin
polymerization by phalloidin staining following DC maturation or differences in phagocytic
uptake of fluorescently labeled ovalbumin or E.coli in these DCs (data not shown).
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Together, these data demonstrate that the changes in gene expression surprisingly overlap
between ASC and CatB-deficient human DCs. While ASC-deficient DCs are functionally
defective in both mouse and humans, the specific genes or mechanisms involved may differ
between the two species.

4.0. Discussion

These data provide the first direct evidence that ASC and CatB play an important role in the
regulation of APC function of human Mo-DCs. These findings therefore demonstrate an
overlap between pathways that regulate DC function and activation of the inflammasome,
and have implications for regulation of adaptive immunity in humans.

Several recent studies in mice have implicated a role for inflammasome activation in
adaptive immunity to pathogens, mechanism of action of adjuvants, as well as models of
autoimmunity [2, 10]. Some of the recent studies relating to the role of inflammasome in
cell-mediated immunity however have yielded conflicting results, due in part to specific
experimental conditions or mouse models used[22]. For example, Ichinohe et al.
demonstrated impaired T cell responses to influenza in ASC and caspase-1 deficient but not
NLRP3-deficient mice[7]. However other studies did not observe a difference in influenza
specific adaptive immunity in NLRP3 or caspase-1 deficient mice [23, 24]. Differences in
adaptive immunity observed by Ichinohe et al were attributed to effects of IL15 on T cell
function[7]. However our data, suggest that primary defects in DC function may also
underlie the impaired capacity of ASC deficient mice to induce protective T cell responses.
Deficient function of ASC-deficient DCs is not restored by exogenous cytokines suggesting
an inflammasome-independent effect. Inflammasome independent effects of ASC were
recently described in murine models of arthritis and autoimmune encephalomyelitis[25-27].

These data also suggest an important role for CatB in APC function of human DCs. One of
the challenges in understanding the role of specific cathepsins in human cells is that peptide
inhibitors often used to inhibit them can have significant off target effects[14, 15]. For
example, proteome analysis of DCs treated with the commonly utilized CatB inhibitor
CAO074Me shows alteration in several proteins (unpublished data). Therefore we have
explored RNAI mediated inhibition, which lacks this caveat. It is notable that the effects of
CatB-deficiency were not solely due to defects in lysosomal antigen degradation, as even
peptide-pulsed DCs were deficient at T cell stimulation. The role of CatB in activation of
inflammasomes was initially proposed primarily in the context of particulate antigens such
as silica or alum, leading to lysosomal destabilization and activation of NLRP3
inflammasome[2]. However, more recent studies have now implicated CatB in the activation
of the inflammasome in response to several pathogens including bacteria[28-30], suggesting
that the link between CatB and inflammasomes might not be restricted to particulate
antigens or NLRP3.

Further studies are needed to better understand the mechanisms underlying the dysfunction
induced by ASC or CatB deficiency in human DCs. The roles of these proteins in the cytosol
(inflammasome activation and lysosomal proteolysis, respectively) have been extensively
studied. Both cathepsins and ASC have recently also been localized to the nucleus, wherein
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they may regulate gene expression by altering mRNA stability [21], or proteolysis of nuclear
transcription factors [17, 18]. Ippagunta et al recently described a inflammasome-
independent effect of ASC on murine DCs by inhibiting Dock?2 expression and actin
polymerization [21]. We were able to detect ASC in the DC nuclei (data not shown), but
were unable to detect changes in Dock-2 expression or actin polymerization. Both studies
suggest that the effects of ASC on DC function may at least in part be inflammasome-
independent. It is notable that some of the genes such as CCR7 altered in ASC-deficient
human DCs may also play a role in homing [20], which can only be tested in vivo. Another
novel finding in our study is that the effects of ASC and CatB-inhibition on gene expression
in DCs are highly overlapping, suggesting that these proteins may share targets or substrates
in the nucleus, which may contribute to the effects of these proteins.

In summary, we have shown for the first time that CatB and ASC have a major impact on
the capacity of human DCs to stimulate antigen-specific T cell responses in culture. Both of
these proteins may therefore be important targets of DC-mediated regulation of adaptive
immunity in humans.
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Figure 1. Activation of caspase 1 with maturation of human Mo-DCs
Monocyte derived immature DCs were cultured alone (Medium) or in the presence of

lypopolysaccharide (LPS) or inflammatory cytokines (Cyt). Induction of activated caspase-1

was detecte

d using flow cytometry.

—— Medium
— | PS

> Activated caspase-1

a. Figure shows induction of activated caspase-1 in DCs at 2 hrs after treatment with both
LPS as well as inflammatory cytokines.
b. Figure shows induction of activated caspase-1 in DCs at 2 and 24 hrs after treatment with

LPS.
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Figure 2. Effect of RNAI mediated inhibition of ASC on maturation and function of human Mo-

DCs

HLA A2.1+ CD14+ monocytes obtained from peripheral blood were electroporated using
ASC siRNA or a control non-targeting (NT) siRNA. The cells were cultured in 1% plasma

supplemented with 1L4 and GMCSF. On day 5, DCs were matured as indicated.

a. NT or ASC siRNA treated DCs were cultured alone or in the presence of LPS and ATP.
The cells were examined for the presence of ASC and pro- IL1J protein.p-actin was used as
loading control. The cell supernatant was examined for the presence of 17KD active form of

IL-1B

b. Some of the supernatant as in Figure 2a was also examined for the presence of IL1f by

luminex.

c. Day 5 immature NT or ASC siRNA treated DCs were infected with influenza virus for
one hour and matured overnight using LPS. Cell culture supernatants were harvested at 24

hrs and assayed for the presence of IL1p using the luminex assay.
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d. NT or ASC siRNA treated DCs were cultured in medium alone (iDC) or in the presence
of LPS (LPS). After 24 hours, the expression of CD80, CD83, CD86 and HLADR was
monitored using flow cytometry. Figure is representative of 5 similar experiments.

e. NT or ASC siRNA treated DCs were infected with influenza virus, matured with LPS and
then used to stimulate autologous T cells. Some T cells were cultured with uninfected
autologus DCs (DC alone). The presence of Flu MP specific CD8+ T cells was examined
using the HLA A2.1 specific Flu MP tetramer by flow cytometry. The numbers in the figure
represent tetramer positive CD3+ T cells. The figure is representative of 3 different donors.
f. NT or ASC siRNA treated day 5 iDCs were co-cultured with CFSE labeled allogenic T
cells at a ratio of 1:30. 5 days later proliferating CD3+ T cells were enumerated using flow
cytometry analysis of the CFSE diluting CD3+ T cells. Figure shows the ability of ASC
SiRNA treated DCs to stimulate Allo-MLR as compared to those treated with control NT
siRNA. Figure represents 4 different experiments. * p<0.05
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Figure 3. Effect of RNAI mediated inhibition of Cathepsin B on maturation and function of
human Mo-DCs
HLA A2.1+ CD14+ monocytes were electroporated with either Cathepsin B (CatB) or

control NT siRNA. The cells were cultured in 1% plasma supplemented with 1L4 and
GMCSF. On day 5, DCs were matured as indicated.

a. NT or Cathepsin B (CatB) siRNA treated DCs were cultured alone or in the presence of
LPS and ATP. The cells were examined for the presence of cathepsin B and pro- IL1j
protein. p-actin was used as loading control. The cell supernatant was examined for the
presence of 17KD active form of IL-1

b. Some of the supernatant as in Figure 3a was also examined for the presence of IL1f by
luminex.
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c. Day 5 immature NT or CatB siRNA treated DCs were infected with influenza virus for
one hour and matured overnight using LPS. Cell culture supernatants were harvested at 24
hrs and assayed for the presence of IL1f using the luminex assay.

d. NT or CatB siRNA treated DCs were cultured in medium alone (iDC) or in the presence
of LPS (LPS). After 24 hours, the expression of CD80, CD83, CD86 and HLADR was
monitored using flow cytometry. Figure is representative of 4 similar experiments.

e. NT or CatB siRNA treated DCs were infected with influenza virus, matured with LPS and
then used to stimulate autologous T cells. The presence of Flu MP specific CD8+ T cells
was examined using the HLA A2.1 specific Flu MP tetramer using flow cytometry. The
numbers in the figure represent tetramer positive CD3+ T cells. The figure is representative
of 3 different donors.
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Figure 4. Effect of exogenous IL1B on the maturation and function of ASC and CatB RNAI
treated DCs
HLA A2.1 positive CD14+ monocytes were electroporated with either ASC, CathepsinB

(CatB) or non targeting control (NT) siRNA. The cells were cultured in 1% plasma
supplemented with 1L4 and GMCSF and used for the following experiments on day 5 of
culture.

a. NT, ASC or CatB electroporated day 5 immature DCs were matured using LPS. After 24
hrs in culture, the DCs were loaded with the HLA A2.1 specific influenza matrix peptide
and used to stimulate autologous T cells at a 1:30 ratio. After 10 days in culture in the
presence of IL2, the expansion of the Flu MP specific T cells was examined using the Flu
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MP tetramer using flowcytometry. The numbers in the figure represent tetramer positive
CD3+ T cells. Figure represents 3 different donors *p<0.05 compared to NT treated DCs.

b. NT, ASC or CatB siRNA treated immature DCs were cultured alone or in the presence of
inflammatory cytokine cocktail (IL1B, TNFa, PGE2 and IL6). After 24 hours the DCs were
examined for their expression of CD83, CD80, CD86 and HLADR using flowcytometry.
The figure is representative of 4 similar experiments.

c. NT, ASC or CatB siRNA treated DCs were infected with influenza virus, matured with
inflammatory cytokines and then used to stimulate autologous T cells. The presence of Flu
MP specific CD8+ T cells was examined using a HLA A2.1 Flu MP specific tetramer by
flow cytometry. The figure is representative of 3 different donors. *p<0.05 compared to NT
treated DCs.

d. NT, ASC or CatB siRNA treated Day5 immature DCs were matured using inflammatory
cytokines. After overnight culture, the DCs were loaded with the A2.1 fluMP peptide and
then cocultured with autologus T cells. The presence of Flu specific T cells was examined
using the FIuMP tetramer using flowcytometry. The figure is representative of 3 different
donors.*p<0.05 compared to NT treated DCs.
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Figure 5. SIRNA inhibition of ASC as well as Cathepsin B lead to changes in the gene expression
of the treated DCs
CD14+ monocytes were treated with either ASC, Cathepsin B or non targeting control (NT)

SiIRNA. The CD14+ cells were cultured in 1% plasma supplemented with 1L4 and GMCSF.
On day 5 the DCs were harvested, RNA extracted and analyzed using the affymetrix U133
plus 2 chips. The experiments shown in figure 5 were done using two different donors.

a. Expression of ASC and CatB in DCs treated with NT, ASC or CatB siRNA.

b. Figure shows overlap between genes affected by treatment with ASC siRNA and those
affected by treatment with CatB siRNA.

c. Expression of genes that are affected by both ASC as well as CatB siRNA treatment.

d. Expression in our data set of genes previously shown to be affected in ASC knockout
mice in a study by Ippagunta et al[21].
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