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Abstract

Cysteine cathepsins are lysosomal proteases subject to dynamic regulation

within antigen-presenting cells during the immune response and associated

diseases. To investigate the regulation of cathepsin X, a carboxy-mono-

exopeptidase, during maturation of dendritic cells (DCs), we exposed

immortalized mouse DCs to various Toll-like receptor agonists. Using a

cathepsin X-selective activity-based probe, sCy5-Nle-SY, we observed a

significant increase in cathepsin X activation upon TLR-9 agonism with CpG,

and to a lesser extent with Pam3 (TLR1/2), FSL-1 (TLR2/6) and LPS (TLR4).

Despite clear maturation of DCs in response to Poly I:C (TLR3), cathepsin X

activity was only slightly increased by this agonist, suggesting differential

regulation of cathepsin X downstream of TLR activation. We demonstrated

that cathepsin X was upregulated at the transcriptional level in response to

CpG. This occurred at late time points and was not dampened by NF-jB
inhibition. Factors secreted from CpG-treated cells were able to provoke

cathepsin X upregulation when applied to na€ıve cells. Among these factors was

IL-6, which on its own was sufficient to induce transcriptional upregulation

and activation of cathepsin X. IL-6 is highly secreted by DCs in response to

CpG but much less so in response to poly I:C, and inhibition of the IL-6

receptor subunit glycoprotein 130 prevented CpG-mediated cathepsin X

upregulation. Collectively, these results demonstrate that cathepsin X is

differentially transcribed during DC maturation in response to diverse stimuli,

and that secreted IL-6 is critical for its dynamic regulation.

INTRODUCTION

Cysteine cathepsin proteases are highly expressed by

antigen-presenting cells, including macrophages and

dendritic cells (DCs), where they govern innate

and adaptive immunity in diverse ways. They regulate

antigen uptake,1 contribute to processing of antigenic

peptides,2–7 and cleave invariant chain to promote MHC

II maturation and antigen presentation.2,8 They also

cleave and activate Toll-like receptors (TLRs),9–11

regulate cytokine secretion12 and can promote

inflammasome-mediated cell death when released into the

cytosol.13,14 The expression of cathepsins in macrophages,

especially in the context of a tumor microenvironment, is

provoked by the TH2-associated cytokines interleukin-4,

-6, -10 and -13, which act synergistically to promote

STAT3- and 6-dependent transcription.15–17

Cathepsin X (also cathepsin Z/P; gene name Ctsz) is a

unique member of the cysteine cathepsin family,

exhibiting strict carboxy-mono-exopeptidase activity.18 In

DCs differentiated from peripheral blood of healthy

volunteers, cathepsin X was shown to play important

roles during maturation, adhesion, migration and

cytokine secretion.19 In murine bone marrow-derived

DCs, cathepsin X promotes inflammasome activation

independent of its catalytic mechanism.20,21 In microglial

cells, cathepsin X is secreted in response to the TLR

agonists LPS and Poly I:C, where it may promote

cytokine secretion and neuroinflammation.22
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We have previously shown that cathepsin X is active to

a similar extent in cDC1 and cDC2 subtypes isolated

from murine spleen.23 Whether and how cathepsin X is

regulated during DC maturation has not been previously

investigated in detail. Using Mutu DCs, an immortalized

murine DC line,24 we therefore set out to profile

cathepsin X activation in response to various TLR

agonists and to examine the signaling mechanisms that

regulate its expression. We demonstrate that cathepsin X

is significantly upregulated in response to TLR9 agonism,

and that this is governed by IL-6 secreted from

mature DCs.

RESULTS

Cathepsin X is differentially regulated by TLR agonists

during dendritic cell maturation

To study the regulation of cathepsin X activity

during DC maturation, we used an activity-based probe,

sCy5-Nle-SY (Supplementary figure 1a, b),25 in Mutu

DCs. As we reported previously in RAW264.7

macrophages, sCy5-Nle-SY covalently labels two proteases

in Mutu DCs, as shown by in-gel fluorescence

(Figure 1a). The identity of these species was verified to

be cathepsin X (35 kDa) and cathepsin S (25 kDa) by

immunoprecipitation of probe-labeled lysates with

specific antibodies (Supplementary figure 1c). We

demonstrated previously that the 35 kDa band is

completely absent in cathepsin X-deficient Mutu DCs or

cells only expressing catalytically dead cathepsin X,

further validating its identity.26 Moreover, pretreatment

of the cells with MDV-590,27 a cathepsin S-specific

inhibitor, led to the complete loss of cathepsin S labeling

(Supplementary figure 1d).

To investigate the impact of DC maturation on

cathepsin activation, we stimulated Mutu DCs with six

different TLR agonists, including Pam3 (TLR1/2), FSL-1

(TLR2/6), Poly I:C (TLR3), LPS (TLR4), R848 (TLR7/8)

and CpG (TLR9). Cell surface expression of CD86 was

measured by flow cytometry as an indicator of

maturation (Supplementary figure 2a, b). The cells

strongly responded to Pam3, FSL-1, Poly I:C and CpG.

As observed previously,24 Mutu DCs partially responded

to LPS treatment, but not R848.

Compared with na€ıve DCs, CpG-treated cells exhibited

significantly increased cathepsin X activity (11.2-fold,

P = 0.039), while Pam3 and FSL-1 treatment increased

cathepsin X activity to a lesser extent (4.7-fold,

P = 0.0009 and 7.0-fold, P = 0.026, respectively).

Although Poly I:C treatment induced DC maturation to a

similar extent to CpG, Pam3 and FS-1, it

had comparatively little impact on cathepsin X activity

(2.6-fold, P = 0.0028). In agreement with LPS only

partially inducing DC maturation, this agonist slightly

increased cathepsin X activity (2.3-fold, P = 0.007)

(Figure 1a, b). Labeling of cathepsin S was only slightly

increased by CpG (1.8-fold, P = 0.0012), but not by the

other agonists (Figure 1c).

We next measured the total cathepsin X levels by

immunoblotting with a cathepsin X-specific antibody,

which showed a similar pattern to active cathepsin X

(Figure 1a, d). These results suggest that cathepsin X is

differentially regulated at the expression level upon

TLR-induced DC maturation. Accordingly, mRNA

expression of cathepsin X was significantly increased after

CpG-treatment, as measured by RT-PCR (4.2-fold,

P = 0.0007; Figure 1e). CpG treatment of primary

CD11c+ DCs isolated from mouse spleen also provoked

an increase (2.2-fold, P = 0.001) in total cathepsin X

protein, mirroring the effect in Mutu DCs

(Supplementary figure 3a–c).

CpG treatment upregulates both intracellular and

secreted cathepsin X

By immunofluorescence, we examined the localization of

cathepsin X in na€ıve and CpG-activated DCs. In

agreement with the immunoblot, total cathepsin X levels

were increased after maturation. In both na€ıve and

CpG-treated cells, cathepsin X exhibited a punctate

cytoplasmic distribution consistent with endolysosomal

localization (Figure 2a). Previous studies have suggested a

redistribution of cathepsin X to the membrane during

maturation of pDCs.19 We did not observe this

translocation in Mutu DCs; however, we did observe

increased cathepsin X secretion upon CpG treatment

(3.2-fold, P = 0.0011). In both na€ıve and mature DCs,

cathepsin X was secreted primarily in the zymogen form,

and thus minimal labeling by sCy5-Nle-SY was observed

(Figure 2b).

We next demonstrated that the effect of CpG on active

and total cathepsin X in Mutu DCs is concentration-

dependent, with significant upregulation occurring as low

as 0.04 lM and plateauing by 0.2 lM (Supplementary

figure 4a). We also investigated the timing of cathepsin X

regulation by CpG. Cathepsin X was not significantly

increased after 8 h, but reached maximal levels at 24 and

32 h, and declined by 48 h (Figure 2c).

Lysosomal cysteine proteases and cystatin C are

differentially regulated in response to TLR9 activation

We next aimed to examine whether upregulation in

response to CpG treatment was specific to cathepsin X or

a general feature of cysteine proteases. After live-cell
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Figure 1. Cathepsin activation during dendritic cell maturation. (a) Mutu DCs were pre-treated with TLR agonists for 24 h, followed by live

labeling with sCy5-Nle-SY and analysis by in-gel fluorescence. Total cathepsin X protein was examined by immunoblot. Actin blot and Ponceau

stain were used to assess protein loading. Densitometry of active cathepsin X bands (b) and cathepsin S bands (c) displayed as the

average intensity normalized to the average intensity of the na€ıve samples (fold change). Statistical analysis was performed using unpaired

Student’s t-tests. Three technical replicates of stimulated cells are shown, representative of > 3 separate experiments. (d) Densitometry of total

cathepsin X bands displayed as the average intensity normalized to the average intensity of the na€ıve samples (fold change). Statistical analysis

was performed using unpaired Student’s t-tests. Three technical replicates of stimulated cells are shown, representative of > 3 separate

experiments. (e) Quantitative PCR analysis of cathepsin X mRNA normalized to mouse GAPDH in na€ıve and CpG-treated Mutu DCs, reported as

fold-change compared with na€ıve. Statistics were performed using the unpaired Student’s t-test. Three technical replicates of stimulated cells are

shown. Error bars represent SEM. ns P > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. #This band may be a mixture of cathepsin S and another

protease.
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Figure 2. Alterations in cathepsin X levels during DC maturation. (a) Intracellular cathepsin X in na€ıve and CpG-treated Mutu DCs as shown by

immunofluorescence. Scale bar = 5 lm. (b) Comparison of intracellular and secreted cathepsin X in na€ıve and CpG-treated DCs as shown by in-

gel fluorescence of sCy5-Nle-SY (active) and immunoblot (total). Densitometry of secreted pro-cathepsin X bands displayed as the average

intensity for all na€ıve and treated cells relative to na€ıve cells (fold-change). Statistical analysis was performed using unpaired Student’s t-tests.

Three technical replicates of stimulated cells are shown, representative of > 3 separate experiments. (c) Time course of CpG-dependent cathepsin

X upregulation, as shown by sCy5-Nle-SY labeling and immunoblotting. Actin and Ponceau stain were used to assess protein loading.

Densitometry of active and total cathepsin X bands displayed as the average intensity for all na€ıve and treated cells, normalized to na€ıve (fold

change). Statistical analysis was performed using Brown–Forsythe and Welch ANOVA tests. Three technical replicates of stimulated cells are

shown, representative of two separate experiments. Error bars represent SEM. ns P > 0.05, *P ≤ 0.05, **P ≤ 0.01.#This band may be a mixture

of cathepsin S and another protease.
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labeling with a pan-cysteine cathepsin ABP BMV109,28,29

which targets cathepsin B, L, S and X, we again observed

increased levels of cathepsin X upon CpG treatment.

Labeling of cathepsin B was much lower than cathepsin X

and S in DCs, and cathepsin L was not consistently

labeled by BMV109 (Figure 3a). By immunoblot, mature

DCs showed increased pro- (~37 kDa) and single-chain

cathepsin B (~30 kDa) upon CpG treatment (1.8-

fold, P = 0.0009 and 2.2-fold, P = 0.0014, respectively).

Pro- (~35 kDa) and single-chain cathepsin L (~27 kDa)

also increased after CpG treatment (2.9-fold, P = 0.0026

and 5.4-fold, P = 0.0011, respectively). However, the

heavy chain form of both cathepsin B and

L remained unchanged (Figure 3a). Interestingly,

cathepsin S activity detected by BMV109 was significantly

decreased (0.48-fold, P = 0.0001) upon maturation, and

this correlated with a decrease in total cathepsin S levels

(0.41-fold, P = 0.0004) (Figure 3a). This is in direct

contrast to the 25 kDa band labeled by sCy5-Nle-SY,

which was slightly increased upon CpG treatment

(Figure 1a). This suggests that there may be another

protease labeled by sCy5-Nle-SY that both co-migrates

with cathepsin S and binds to the cathepsin S-specific

inhibitor. We have not yet successfully purified this

species, which has precluded definitive proteomic

identification. Alternatively, it is also possible that the

two probes concentrate in different subcellular

compartments, but this needs further investigation.

FY01,30 a cathepsin C-selective probe, labeled multiple

species in DCs, but we did not observe significant

changes between na€ıve and CpG-treated cells. Total

cathepsin C levels were also unchanged (Figure 3b).

Using LE28, we measured the activity of another

lysosomal cysteine protease legumain (asparaginyl

endopeptidase).31 While legumain activity and total

mature legumain remained unchanged, we observed

increased pro-legumain (3.32-fold, P = 0.0002,

Figure 3c). Finally, we examined the levels of cystatin C,

an endogenous inhibitor of both cathepsins and

legumain. In agreement with previous reports,32 cystatin

C expression was strongly downregulated upon DC

maturation (0.17-fold, P = 0.016, Figure 3d). Collectively,

these data suggest that lysosomal cysteine proteases are

differentially regulated by TLR9 agonism, with cathepsin

X being the only protease exhibiting strong upregulation

in both total and active levels.

Cathepsin X upregulation by CpG is not a direct result

of NF-jB activation or IFN activation

Having demonstrated that CpG treatment leads to robust

upregulation of cathepsin X transcription in DCs, we

next sought to determine the mechanisms that govern its

expression.

Activation of TLR9 leads to the translocation of NF-jB
into the nucleus, where it acts as a transcription factor to

promote the expression of inflammatory genes.33 As the

cathepsin X gene promoter contains a putative NF-jB
binding site,34 we queried whether cathepsin X

transcription in DCs was NF-jB-dependent. We used

increasing concentrations of 6-amino-4-(4-

phenoxyphenylethylamino) quinazoline to inhibit NF-jB
activation.35 This inhibitor reduced the secretion of IL-6

(0.71-fold, P = 0.0123), IL-10 (0.38-fold, P < 0.0001) and

TNFa (0.41-fold, P < 0.0001), indicating effective

dampening of NF-jB activity (Supplementary figure 5). It

had no effect, however, on the upregulation of cathepsin

X in response to CpG treatment (Figure 4a), suggesting

that NF-jB is not likely to be responsible for directly

promoting cathepsin X transcription. This is in

agreement with the observation that cathepsin X

expression is induced at late time points (24 h;

Figure 2c), whereas an NF-jB-mediated transcriptional

response would occur much earlier.36–38

TLR9 signaling also leads to the activation of

interferon regulatory factors (IRFs) and the expression

of type I interferons, including IFN-a and IFN-b.39 To

investigate whether type I interferons could induce

upregulation of cathepsin X, we stimulated DCs with

IFN-a or IFN-b. We did not, however, observe significant

changes between na€ıve cells and those treated with IFN-a
or IFN-b (Figure 4b). Interestingly, we found that the

type II interferon IFN-c prevented the upregulation of

cathepsin X by CpG (Figure 4c), despite the cells being

more mature with the co-treatment than CpG alone.24

Cathepsin X upregulation by CpG is IL-6-dependent

We next hypothesized that the factors secreted by DCs

during CpG-mediated maturation function to promote

cathepsin X expression. To test this hypothesis, we pulsed

DCs with CpG for 3 h and then changed the media to

wash out CpG. After 24 h, we collected the conditioned

media containing secreted factors and applied it to na€ıve

DCs for 24 h (Figure 5a). Active and total cathepsin X

levels were significantly elevated in the cells treated with

conditioned media compared with na€ıve cells (3.2-fold,

P = 0.0009 and 1.5-fold, P = 0.0457, respectively;

Figure 5b). This suggests that factors secreted from DCs

downstream of CpG activation may be responsible for

inducing cathepsin X expression.

Using a cytometric bead array, we quantified the major

cytokines secreted by DCs during maturation. Upon CpG

treatment for 24 h, the conditioned media contained high

levels of TNF-a and IL-6 and a detectable level of IL-10
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Figure 3. Cysteine proteases and cystatin C are differentially regulated during DC maturation. Mutu DCs were stimulated with CpG for 24 h,

followed by BMV109 labeling and cathepsin B/L/S immunoblotting (a), FY01 labeling and cathepsin C immunoblotting (b), LE28 labeling and

legumain immunoblotting (c) and cystatin C immunoblotting (d). Actin and Ponceau stain were used to assess protein loading. Densitometry of

the indicated bands were displayed as the average intensity for all na€ıve and treated cells, relative to na€ıve (fold change). Statistical analysis was

performed using unpaired Student’s t-tests. Three technical replicates of stimulated cells are shown, representative of > 3 separate experiments.

Error bars represent SEM. ns P > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.
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Figure 4. Effect of NF-jB inhibition and IFN treatment on cathepsin X upregulation. (a) Mutu DCs were pre-treated with the indicated

concentration of NF-jB activation inhibitor for 4 h and CpG (0.5 lM) activation for 24 h, followed live labeling with sCy5-Nle-SY and analysis of

in-gel fluorescence and cathepsin X immunoblotting. Ponceau stain was used to assess loading. (b) Mutu DCs were treated with CpG, IFN-a or

IFN-b for 24 h, followed by sCy5-Nle-SY labeling and cathepsin X immunoblotting. Densitometry of active and total cathepsin X bands displayed

as the average intensity for all na€ıve and treated cells relative to na€ıve cells (fold-change). Statistical analysis was performed using

unpaired Student’s t-tests. Three technical replicates of stimulated cells are shown, representative of > 3 separate experiments. (c) Mutu DCs

were pre-treated with CpG, IFN-c or a combination of CpG and IFN-c for 24 h, followed by sCy5-Nle-SY labeling and cathepsin

X immunoblotting. Ponceau stain was used to assess loading. Densitometry of active and total cathepsin X displayed as the average intensity for

all na€ıve and treated cells relative to na€ıve cells (fold-change). Statistics were performed using unpaired Student’s t-tests. Three technical

replicates of stimulated cells are shown, representative of > 3 separate experiments. Error bars represent SEM. ns P > 0.05, *P ≤ 0.05,

**P ≤ 0.01. #This band may be a mixture of cathepsin S and another protease.
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Figure 5. Il-6 secreted by DCs in response to TLR9 activation promotes cathepsin X upregulation. (a, b) Experimental set-up and subsequent analysis.

Na€ıve Mutu DCs were treated with CpG for 3 h and washed. Conditioned media was collected for 24 h and applied to na€ıve cells for a further 24 h.

After live labeling with sCy5-Nle-SY, protein was analyzed by in-gel fluorescence followed by cathepsin X immunoblotting. Actin and Ponceau stain

were used to assess loading. Densitometry of active and total cathepsin X displayed as the average intensity for all na€ıve and treated cells relative to

na€ıve cells (fold-change). Statistical analysis was performed using unpaired Student’s t-tests. Three technical replicates of stimulated cells are shown,

representative of > 3 separate experiments. (c) Mutu DCs were treated with CpG for 24 h, and the concentration of IL-12 p70, TNFa, IFN-ϒ, MCP-1,

IL-10 and IL-6 in conditioned media was analyzed with the BD� Cytometric Bead Array. (d) Mutu DCs were treated with IL-6, IL-10, CpG or a

combination of IL-6 and IL-10 for 24 h, followed by sCy5-Nle-SY labeling and cathepsin X immunoblotting. Ponceau stain was used to assess loading.

Densitometry of active and total cathepsin X displayed as the average intensity for all na€ıve and treated cells relative to na€ıve cells (fold-change).

Statistical analysis was performed using unpaired Student’s t-tests. Three technical replicates of stimulated cells are shown, representative of > 3

separate experiments. (e) Quantitative PCR analysis of cathepsin X mRNA normalized to mouse GAPDH in na€ıve and IL-6-treated Mutu DCs, reported

as fold-change compared with na€ıve. Statistical analysis was performed using unpaired Student’s t-tests. Three technical replicates of stimulated cells

are shown, representative of two separate experiments. (f) Time course of IL-6 secretion by Mutu DCs stimulated with CpG. Statistical analysis was

performed using the Brown–Forsythe and Welch ANOVA tests. Three technical replicates of stimulated cells are shown. (g) Secretion of IL-6 by Mutu

DCs stimulated with CpG, Poly I:C or PAM3 for 24 h. Statistical analysis was performed using Student’s t-test. Three technical replicates of stimulated

cells are shown, representative of two separate experiments. (h) Na€ıve or CpG-stimulated Mutu DCs were treated with LMT-28 or DMSO vehicle for

8 h prior to stimulation with CpG for 16 h and subsequent analysis of cathepsin X activity and expression by immunoblotting. Ponceau stain was used

to assess loading. Densitometry of active and total cathepsin X displayed as the average intensity for all cells relative to na€ıve cells (fold-change).

Statistical analysis was performed using unpaired Student’s t-tests. Three technical replicates of stimulated cells are shown, representative of three

separate experiments. Error bars represent SEM. ns P > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. #This band may be a mixture of

cathepsin S and another protease.
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(Figure 5c). Secretion of IFN-c, MCP-1 and IL-12 was

negligible. IL-10 and IL-6, as well as IL-4 and IL-13, are

known to promote STAT3/6-dependent expression of

several cathepsins in macrophages.15 We tested whether

these cytokines could similarly affect cathepsin X

expression in DCs. Treatment with IL-6, but not IL-4 or

IL-10, significantly increased active and total cathepsin X

(2.4-fold, P = 0.0002 and 1.7-fold, P = 0.0383)

(Figure 5d; Supplementary figure 6). By quantitative

PCR, we observed that IL-6 provoked cathepsin X mRNA

expression in a time-dependent manner, with significant

increases detected after 8 h (1.5-fold, P = 0.0014) and

24 h (2.3-fold, P = 0.0002), but not as early as 4 h

(Figure 5e). Secretion of IL-6 was increased at 4 h

post-CpG administration and peaked at 8 h (Figure 5f),

suggesting that IL-6 secretion precedes cathepsin X

upregulation. As Poly I:C and PAM3 treatments did not

elicit a robust increase in cathepsin X (Figure 1a–c), we
compared the level of IL-6 secretion between CpG-, Poly

I:C- and PAM3-treated DCs. Cells treated with CpG

secreted significantly more IL-6 compared with Poly I:C

or PAM3 (20.1-fold, P = 0.0088 and 12.3-fold,

P = 0.0094, respectively) (Figure 5g). As such, IL-6 and

cathepsin X levels correlate across these three agonists.

Finally, to investigate whether IL-6 was the factor

responsible for provoking cathepsin X expression upon

CpG-induced DC maturation, we treated na€ıve or

CpG-activated Mutu DCs with a small-molecule inhibitor

of IL-6 signaling, LMT-28, which binds to the IL-6

receptor b subunit, glycoprotein 130 (gp130), to suppress

STAT3 phosphorylation.40 Strikingly, LMT-28 treatment

completely prevented the CpG-mediated upregulation of

cathepsin X. In fact, co-treated DCs exhibited slightly less

cathepsin X activity than na€ıve DCs (0.6-fold,

P = 0.0067), as opposed to the 2.2-fold increase observed

with CpG alone (P = 0.0007), suggesting IL-6 may

impact basal cathepsin X expression. Collectively, these

results demonstrate a critical role for IL-6 in regulating

cathepsin X expression during TLR9-induced DC

maturation.

DISCUSSION

We have demonstrated that cathepsin X is upregulated to

different extents during the maturation of Mutu DCs in

response to different TLR agonists. We observed that

total and active cathepsin X levels were increased by

some agonists, but this was not directly proportional to

the DC maturation status indicated by cell surface CD86

levels. CpG, Pam3, FSL-1 and Poly I:C all stimulated

Mutu DCs to a similar extent; however, upregulation of

cathepsin X activity varied widely (11.2-, 4.7-, 7.0- and

2.6-fold, respectively). We hypothesize that the

discrepancy in cathepsin X expression may be due to

differences in signaling nodes activated downstream of

TLR agonists. TLR1/2 (Pam3), TLR 2/6 (FSL-1) and TLR

9 (CpG) all engage the MyD88 adaptor protein, while

TLR 3 (Poly I:C) recruits TRIF.39 MyD88 and

TRIF-dependent signaling pathways ultimately activate

two transcription factors: NF-jB and IRFs.

The MyD88-dependent signaling cascade is inclined to

NF-jB activation and, subsequently, the transcription of

pro-inflammatory genes such as interleukins. The

TRIF-dependent pathway, however, is skewed towards

IRF activation and triggers the expression of type I

interferons (e.g. IFN-b).41 We aimed to explore the

signaling mechanisms underpinning the differential

cathepsin X responses downstream of TLR agonism.

Upregulation of cathepsin X was observed well after

CpG stimulation (24 h), while NF-jB-dependent
cytokine secretion was detected as early as 4 h post-CpG

treatment. As a result, we speculated that upregulation of

cathepsin X was not the direct result of NF-jB-mediated

transcription. In support of this, treatment of Mutu DCs

with an NF-jB inhibitor had no impact on cathepsin X

upregulation in response to CpG, despite it being able to

reduce cytokine production by 29–62%.

As inflammatory cytokines are known to increase the

expression of multiple lysosomal proteases in

macrophages through STAT3- and STAT6-dependent

mechanisms,15 we hypothesized that cytokines secreted by

DCs in response to CpG might be the drivers of

cathepsin X expression. Indeed, factors produced by cells

pulsed with CpG for only 3 h provoked an increase

in cathepsin X expression. We found that IL-6, but not

IL-4, IL-10, IFN-a or IFN-b, promoted the expression of

both cathepsin X mRNA and protein. These results

suggest that cathepsin X upregulation was not directly

due to TLR agonism but rather a secondary effect

provoked by secreted IL-6. In support of this, blockade of

IL-6 receptor signaling was able to completely reverse

CpG-dependent increase in cathepsin X. In fact,

inhibition of this pathway reduced cathepsin X to below

the levels of na€ıve cells, suggesting that even very low

levels of IL-6 can provoke cathepsin X expression. This

potency may explain why the observed 30% decrease in

IL-6 after NF-jB inhibition had no effect on cathepsin X.

Compared with CpG-activated DCs, Poly I:C and PAM3

treatment led to significantly less IL-6 secretion, which

mirrored cathepsin X levels. Collectively, these data

demonstrate that IL-6 levels govern the extent of

cathepsin X expression in response to these agonists.

In macrophages, co-treatment of IL-6 and IL-10 led to

a synergistic increase in cathepsin X expression

compared with either cytokine alone.15 In Mutu DCs,

however, IL-10 secretion was very low, and treatment
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with recombinant IL-10, alone or in combination with

IL-6, had no effect on cathepsin X expression. As CpG

treatment is known to provoke IL-6 secretion in

macrophages,42 we predict that cathepsin X activity will

be similarly induced in these cells, although this is an

area for further investigation.

TH2-associated cytokines such as IL-6 also provoke

Ire1a-dependent cathepsin secretion in macrophages. In

Mutu DCs, we observed a CpG-mediated increase

in cathepsin X secretion. Whether this is due to the

overall increase in cathepsin X transcription or to

activation of secretion pathways downstream of IL-6, via

IRE1a or otherwise, will require future investigation.

Under normal cell culture conditions, extracellular

cathepsin X is present mainly in its inactive zymogen

form. Cathepsin X requires an acidic environment to be

active and may not be capable of cleaving extracellular

substrates in normal physiological conditions. In the

context of an acidic cancer microenvironment, it is

anticipated that extracellular cathepsin X may be

activated to cleave substrates,43 although evidence of this

is currently limited. The pro-peptide sequence of

cathepsin X contains an RGD motif that likely signals

independent of its proteolytic functions. The RGD motif

can bind to b2 integrin receptors to promote cell

proliferation and to a5 integrin receptors to facilitate

NLRP3-dependent inflammasome activation.21,44 Whether

or not the RGD motif contributes to DC function is not

currently known, although cleavage of the Mac-1 integrin

receptor by cathepsin X has been implicated in DC

adhesion and migration.19

In addition to cathepsin X, we investigated the active

and total levels of other lysosomal proteases in CpG-

mediated DC maturation. We used a pan-cysteine

cathepsin probe BMV109 to measure the active level of

cathepsin B, L, S and X. We observed inconsistencies in

the labeling of cathepsin B and L between experiments;

however, when they were observed, they were always

labeled at much lower levels than cathepsin X and S. By

immunoblotting, we found that the pro- and single-chain

forms of cathepsin B and L were significantly elevated,

while the mature double chain forms of cathepsin B and

L were unchanged. Labeling of cathepsin S by BMV109

was reduced after CpG treatment, while sCy5-Nle-SY

labeling was conversely increased. Further investigation

by immunoblot revealed that the level of mature

cathepsin S was decreased. We speculate that the 25 kDa

band arising from sCy5-Nle-SY labeling consists of

cathepsin S and additional protease(s) exhibiting the

same size and MDV-590 reactivity. Alternatively, the two

probes may traffic to different compartments within the

cells, which could affect the labeling profiles. This

inconsistency will need to be addressed in future with

chemical proteomics and microscopy-based approaches.

We are confident that the 35 kDa band labeled by

sCy5-Nle-SY is cathepsin X, due to the complete

immunoprecipitation of this species with a cathepsin X

antibody and the observation that this species is

completely absent in cathepsin X-deficient Mutu DCs.26

The function of cathepsin X within different DC

subsets, and why it might be differentially regulated in

response to different pathogen-associated molecular

patterns, is still an open question. Only a few substrates

for cathepsin X have been identified to date, and many of

them have not been verified under physiological

conditions. A more complete understanding of its

function will require systematic identification of

substrates that are cleaved by cathepsin X in situ, whether

in the lysosome, cytosol or outside the cell. IL-6 is

produced by many types of immune cells including

T cells, monocytes, macrophages, as well as tumor cells.

In addition to its cell intrinsic effects, it will also be

important to examine the paracrine regulation of

cathepsin X by IL-6 within DCs, and how its substrate

profile changes in the context of infection and disease.

METHODS

Cell culture

Mutu DCs24 were cultured in Iscove’s Modified Dulbecco’s
Medium (IMDM; Gibco; Scoresby, Australia)
supplemented with 10% (v/v) fetal bovine serum (FBS),
60 lg mL�1 penicillin, 100 lg mL�1 streptomycin and
100 lM b-mercaptoethanol.24,45 For passaging, the cells were
lifted from the flask using ethylenediaminetetraacetic acid-
balanced salt solution (EDTA-BSS; 150 mM sodium chloride,
4 mM potassium chloride, 24 lM disodium hydrogen
orthophosphate, 12 lM sodium dihydrogen orthophosphate,
15 mM HEPES and 5 mM EDTA (The Peter Doherty Institute
for Infection and Immunity media preparation unit [MPU];
Melbourne, Australia) supplemented with 2% (v/v) FBS).

Mice

All experiments involving animals were conducted under the
guidelines for using laboratory animals in research and
protocols approved by the University of Melbourne Animal
Ethics Committee. C57BL/6 mice were obtained from the
Melbourne Bioresources Platform at Bio21 Molecular Science
and Biotechnology Institute.

Dendritic cell stimulation

1 9 106 Mutu DCs were plated in 6-well plates overnight
followed by the addition of stimuli for 24 h (or otherwise
indicated): 0.5 lM CpG (Bioneer; Kew East, Australia),
1 lg mL�1 LPS (14 011, Cell Signaling; Notting Hill,
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Australia), 100 lg mL�1 Poly I:C (INV-tlrl-pic, Invivogen; San

Diego, USA), 500 ng mL�1 Pam3CSK4 (tlrl-pms, Invivogen),

500 ng mL�1 FSL-1 (tlrl-fsl, Invivogen), 2 lg mL�1 R848

(tlrl-r848, Invivogen), 20 ng mL�1 IL-4 (214-14-20, Peprotech;

Norwest, Australia), 20 ng mL�1 IL-6 (406-ML-005, R&D

Systems), 20 ng mL�1 IL-10 (RMIL105 Invitrogen; Scoresby,

Australia), 5000 U mL�1 IFN-a (121001, Invitrogen),

50 ng mL�1 IFN-b (8234-MB/CF, R&D Systems; Minneapolis,

USA) and 50 ng mL�1 IFN-c (315-05-100, Peprotech).

Inhibition of NF-jB or IL-6R activation

NF-jB Activation Inhibitor, 6-amino-4-(4-

phenoxyphenylethylamino) quinazoline (481406, Calbiochem�;

Bayswater, Australia) was reconstituted in DMSO with an

initial concentration of 50 mM. NF-jB Activation Inhibitor

was diluted from 10009 DMSO stock and administered

directly into cell culture (0.1% final DMSO) 4 h before the

addition of CpG. The final concentration used is indicated in

the relevant section. IL-6R inhibitor, LMT-28 (HY-102084,

MedChemExpress; Monmouth Junction, USA) was

reconstituted in DMSO. LMT-28 (100 lM) was diluted from

10009 DMSO stock and administered directly into cell culture

(0.1% final DMSO) 8 h before the addition of CpG.

Detection of protease activity using activity-based

probes and in-gel fluorescence

The following activity-based probes were dissolved in DMSO

and added to the cell media 4 h before harvesting (final

concentration 1 lM, 0.1% DMSO): sCy5-Nle-SY (cathepsin

X and S selective),25 BMV109 (cathepsin X, B, S, L),28,29

FY01 (cathepsin C)30 or LE28 (legumain).31 Where indicated,

the cells were pre-treated with the cathepsin S inhibitor

MDV-59027 for 24 h before probe addition. Cells were

collected, washed with PBS to remove excess probe and serum,

and lysed with PBS containing 0.1% Triton X-100. The cell

lysates were cleared of debris by centrifugation at max speed

for 7 min, and the supernatants were transferred to a new

tube. A BCA assay (Thermo Fisher; Scoresby, Australia) was

used to determine the total protein concentration using

FLUOstar� (BMG LABTECH; Mornington, Australia). Sample

buffer (19: 10% glycerol, 50 mM Tris-Cl, pH 6.8, 2% SDS,

0.01% bromophenol blue, 1.25% beta-mercaptoethanol) was

added to each sample from a 59 stock, followed by heating

for 5 min at 95°C. Equal protein amounts (in general 80 lg)
were resolved on 15% SDS-PAGE gels poured in-house. The

gels were scanned for Cy5 fluorescence using a Typhoon 5

(GE Healthcare; Parramatta, Australia).

Analysis of conditioned media

The cells were washed with and plated in serum-free

media (1 9 106 cells/well in 6-well plates) and media was

conditioned for 24 h. Conditioned media (CM) was collected,

centrifuged at 300 g for 5 min to remove cell debris, and

concentrated using Amicon� Ultra 0.5 mL 3 kDa centrifugal

filters (Millipore; Bayswater, Australia) according to the

manufacturer’s instructions. A BCA assay was used to

determine the total protein concentration using FLUOstar�

(BMG LABTECH). A total of ~80 lg protein was resolved by

SDS-PAGE as above.

Immunoblotting

Proteins were transferred from gels to nitrocellulose

membranes using a Trans-Blot Turbo Transfer System

(BioRad; South Granville, Australia) in transfer buffer (19

Trans-Blot� TurboTM Transfer Buffer [BioRad] containing 20%

ethanol). Membranes were incubated in primary antibodies

overnight at 4°C: cathepsin X (AF1033, R&D Systems),

cathepsin S (AF1183, R&D Systems), cathepsin B (AF965,

R&D Systems;), cathepsin L (AF1515, R&D Systems),

cathepsin C (AF1034, R&D Systems), legumain (AF2058, R&D

Systems) and cystatin C (AF1238, R&D Systems), all diluted at

1:1000. b-Actin (MA5-15739, Life Technologies; Mulgrave,

Australia) was diluted at 1:10 000. The membranes were

washed with PBS containing 0.05% Tween-20 (PBST) three

times followed by incubation with secondary antibody on an

orbital shaker for 1 h at room temperature: donkey anti-goat

HRP (A15999, Invitrogen) and donkey anti-rabbit IRDye

800CW (92632213, Licor; Lincoln, USA), all diluted at

1:10 000. Membranes were then washed three times using

PBST and once with PBS. IR800 immunoblots were scanned

using Typhoon 5 (GE Healthcare). HRP labeling was

visualized on a ChemiDoc� MP imager (BioRad; South

Granville, Australia) using Pierce ECL Western blotting

reagents (Thermo Fisher).

Immunofluorescence

Chamber slides (80826, Ibidi; Gr€afelfing, Germany) were

washed twice with 250 lL PBS and once with 250 lL IMDM.

Cells (25 000) were added to each chamber in 250 lL media

and incubated overnight. The attached cells were washed twice

with 150 lL PBS and fixed with 150 lL 4% paraformaldehyde

in PBS at room temperature for 10 min. The cells were then

permeabilized with 150 lL 0.1% Triton X-100 at room

temperature for 3 min, washed with PBS, and blocked with

10% normal horse serum (NHS) in PBS at room temperature

for 30 min. Primary antibody diluted in 150 lL blocking

buffer (1:200) was added to each chamber and incubated at

4°C overnight. Cells were washed twice with 150 lL 0.1%

Triton X-100 in PBS followed by the addition of secondary

antibody (donkey anti-goat 568, A-11057, Thermo Fisher;

diluted 1:1000 in blocking buffer) at room temperature

for 1 h. The cells were washed twice with 150 lL 0.1 Triton

X-100 in PBS and nuclei were stained with DAPI in PBS

(1 lg mL�1) at room temperature for 5 min. After washing

with PBS 3 times, the cells were stored in mounting buffer

(90% glycerol in PBS) and imaged using the Leica SP8

Confocal Microscope (Leica; Macquarie Park, Australia) with a

639/1.40 oil objective.
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RNA isolation, cDNA synthesis and quantitative real-

time PCR

Cathepsin X mRNA expression was analyzed as described

previously.26 Briefly, total RNA was extracted using Trizol, and

genomic DNA was removed using DNase (Thermo Scientific,
EN0521). cDNA was synthesized using a kit (Promega, A5001;

Alexandria, Australia). All primers were designed using Primer 3

(National Center for Biotechnology Information) and verified

by Primer Blast (NIH). GAPDH (F, 50-GGTGCTGAGTATGT
CGTGGA-30; R, 50-CGGAGATGATGACCCTTTTG-30) was

used as a housekeeping gene control; cathepsin X (F, 50-
GGATTGTCCGAAATTCATGG-30; R, 50-ACTCTCGATGGC
AAGGTTGT-30) was amplified with the QuantStudioTM 6
system (Thermo Fisher) using the following PCR

conditions: 95°C for 3 min; 45 cycles of 95°C for 15 s and

60°C for 20 s. All mRNA levels were presented relative to

GAPDH.

Cytokine quantification

1 9 106 Mutu DCs were plated in a 6-well plate and cultured
overnight for attaching. The cells were then treated with CpG

for the indicated time. Conditioned media was then collected

and briefly centrifuged to remove cell debris. The conditioned

media was subsequently analyzed with BDTM Cytometric Bead
Array (CBA). The Mouse Inflammation Kit (BD, 552364;

Mulgrave, Australia) was used according to the manufacturer’s

instructions.

Immunoprecipitation

Cells were live labeled with 1 lM sCy5-Nle-SY and lysates

were prepared. Total protein (40 lg) was aliquoted into input

and pulldown samples. The pulldown samples were diluted in
IP buffer (PBS [pH 7.4], 0.5% NP-40 (v/v), 1 mM EDTA).

Goat anti-cathepsin X (1:100, AF1033, R&D Systems) or goat

anti-cathepsin S (1:50, AF1183, R&D Systems) was added

along with a slurry of pre-washed Protein A/G agarose beads
(Santa Cruz; Dallas, USA). Samples were rotated overnight at

4°C. After washing four times with IP buffer and once with

0.9% NaCl (w/v), the beads were resuspended in 29 sample

buffer and boiled. The pulldown supernatants, along with the
input samples, were analyzed by in-gel fluorescence as above.

Harvesting primary splenic dendritic cells

Splenic DCs were harvested as described by Vremec.46 Briefly,

spleens from na€ıve C57BL/6 mice were digested with

1 mg mL�1 DNase I (Boehringer Mannheim; North Ryde,

Australia) and 7 mg mL�1 Collagenase Type III (Worthington,
Lakewood, USA) for 20 min at room temperature in KDS-

RPMI-FBS (potassium dodecyl sulphate Roswell Park

Memorial Institute; RPMI 1640 containing 33.6 mM HEPES,

1 mM sodium pyruvate, 24 mM NaHCO3, 2% (v/v) FBS).
Cell clumps were separated with 100 mM EDTA treatment for

5 min at room temperature. DCs were purified from blood

cells by density gradient centrifugation in 1.977 g cm�3

Nycodenz (Nycomed Pharma; Macquarie Park, Australia). The

DC populations were selected using a negative selection

method by anti-rat-IgG-coupled magnetic beads (BioRad) and

surface molecule antibodies (anti-mouse CD3, 1:100; anti-

mouse CD90, 1:50; anti-mouse erythroid lineage, 1:10; anti-

mouse Ly6G & Ly6C, 1:50; anti-mouse CD45R/B220, 1:100,

WEHI antibody factory facility). To assess purity, the cells

were stained with CD11c antibody (PE561, 1:400, BioLegend;

Wangara, Australia) in the dark on ice for 20 min. Cells were

washed with EDTA-BSS twice to remove excess antibodies,

followed by propidium iodide (PI) staining (0.5 lg mL�1,

Calbiochem) to distinguish live/dead cells. Sample acquisition

was carried out on LSR Fortessa (BD Bioscience). Cell

populations were identified based on their forward and side

scatter, with cell viability determined by negative staining with

PI. The DC purity assessed by CD11c staining was above 90%.

Primary cells were cultured at 37°C and 10% CO2 in RPMI

1640 supplied with 33.6 mM HEPES, 24 mM sodium

bicarbonate (NaHCO3), 60 lg mL�1 penicillin, 100 lg mL�1

streptomycin and 100 lM b-mercaptoethanol. Primary splenic

DCs (1 9 106 cells mL�1 density) were stimulated with CpG

(5 lM) for 24 h.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 8.

Unpaired t-tests were performed to analyze differences

between two groups. Ordinary one-way ANOVA followed by

Dunnett’s multiple comparisons test was used to compare

more than two groups where indicated. Mean data points are

expressed as mean � SEM. P < 0.05 was considered

significant.
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