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Several serine proteases have been linked to autoimmune disorders and tumour initiation
although the mechanisms are not fully understood. Activation of the kynurenine pathway
enzyme indoleamine-2,3-dioxygenase (IDO1) modulates cellular activity in the brain,
tolerogenesis in the immune system and is a major checkpoint in cancer development.
We now report that IDO1mRNA and IDO1 protein expression (generating kynurenine) are
induced in human monocyte-derived macrophages by several chymotryptic serine
proteases with direct links to tumorigenesis, including Prostate Specific Antigen (PSA),
CD26 (Dipeptidyl-peptidase-4, CD26/DPP-4), High Temperature Requirement protein-A
(HtrA), and the bacterial virulence factor subtilisin. These proteases also induce expression
of the pro-inflammatory cytokine genes IL1B and IL6. Other serine proteases tested:
bacterial glu-C endopeptidase and mammalian Pro-protein Convertase Subtilase-Kexin-3
(PCSK3, furin), urokinase plasminogen activator (uPA), cathepsin G or neutrophil elastase,
did not induce IDO1, indicating that the reported effects are not a general property of all
serine proteases. The results represent a novel mechanism of activating
immunosuppressive IDO1 and inducing kynurenine generation which, together with the
production of inflammatory cytokines, would contribute to tumour initiation and
progression, providing a new target for drug development. In addition, the proteasomal
S20 serine protease inhibitor carfilzomib, used in the treatment of myeloma, prevented the
induction of IDO1 and cytokine gene expression, potentially contributing to its clinical anti-
cancer activity.
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INTRODUCTION

The kynurenine pathway, especially the initiating enzyme
indoleamine-2,3-dioxygenase-1 (IDO1), is induced in antigen-
presenting cells by pro-inflammatory mediators such as
interferon-g (IFN-g) and bacterial lipopolysaccharides (LPS)
(1–3). The pathway has been widely linked to inflammatory
and autoimmune disorders (4–9), immune tolerogenesis (10–12)
and tumour initiation or maintenance (8, 13–17). IDO1 activity
is an important contributor to the prevention and suppression of
autoimmune dysfunction since it promotes the differentiation of
regulatory T cells (Tregs) and inhibits effector cell function; it is
also a major factor in defence against invading micro-organisms
and tumour cells (18, 19).

Serine protease activity has similarly been linked with
inflammatory and autoimmune disorders including arthritic
conditions (20–24) and with the initiation, development,
progression and metastasis of a wide range of cancers (25–29).
The precise molecular mechanisms underlying these associations
remain unclear in most cases although a series of chymotryptic
serine proteases down-regulate the tumour suppressor
dependence receptors Deleted in Colorectal Cancer, neogenin
and unco-ordinated-5 (unc5) (30), leading to a partial epithelial-
mesenchymal transition and increased cell migration (31, 32).

In view of these links between serine proteases, kynurenines,
inflammation and tumour development, we have examined several
proteases for possible interactions with the kynurenine pathway.
Representative enzymes from several families of serine proteases
were found to play an unexpected role in inducing IDO1 expression.
This is of particular interest because bacterial chymotryptic serine
proteases often function as virulence factors which reinforce their
proliferative and invasive potential by suppressing the host immune
system, in addition to breaking down tissue barriers and cell
adhesion molecules. Subtilisin (from Bacillus subtilis and other
species) has been tested as a bacterial class representative of the
large serine protease Clan SB, family S8. Other serine protease
virulence factors included glu-C endopeptidase (Glu-C; glutamyl
endopeptidase) and High Temperature Requirement protein A
(HtrA) although the latter is also produced by mammalian cells.
In addition, the mammalian transmembrane T cell activator CD26,
which exhibits dipeptidyl-peptidase-4 (DPP-4) serine protease
activity and is expressed by many cell types, and Prostate Specific
Antigen (PSA) were examined.

The results reveal that IDO1 gene expression is induced by
several tumour-related serine proteases, a phenomenon which may
contribute to the suppression of host immunity, the facilitation of
bacterial invasion, and oncogenesis. Chymotryptic serine proteases
have also been linked with the ability of some viruses to invade host
cells, including most recently the SARS-CoV-2 virus (33).
MATERIALS AND METHODS

Reagents
Antibodies
Human anti-IDO1 antibody (Clone D5J4E, #86630, Cell
Signalling Technology); anti-b-actin antibody (Clone AC-74,
Frontiers in Immunology | www.frontiersin.org 2
#A5316, Sigma); Proteome Profiler Human NFkB Pathway
Array (#ARY029, R&D Systems).

Proteases
Subtilisin (Type VIII from Bacillus licheniformis, #5380, Sigma),
human neutrophil elastase (#324681, Sigma), recombinant
human CD26/DPP4 (#P1572, Biovision), prostate specific
antigen (PSA, #539832, Merck), cathepsin G (#BML-SE283,
Enzo Life Sciences Ltd), High Temperature Requirement
Protein A (recombinant E.coli HtrA, #1670-SE, R&D Systems),
cathepsin L (#1515-CY, R&D Systems), chymotrypsin (#7538,
Caltag Medsystems Ltd), endopeptidase GluC (Staph. aureus V8,
#P8100S New England Biolabs).

Inhibitors
N-p-tosyl-L-phenylalanine chloromethyl ketone (TPCK, #
T4376), N-a-tosyl-L-lysine chloromethyl ketone hydrochloride
(TLCK, #90182), suberoylanilide hydroxamic acid (SAHA,
#SML0061), anacardic acid (#A7236), decitabine (#A3656),
lipopolysaccharide (LPS from Escherichia coli O111:B4,
#L4391) were purchased from Sigma-Aldrich. Carfilzomib
(#S2853) and tocilizumab (#A2012) were purchased from
Selleckchem. Ro-106-9920 (#1178), TPCA-1 (#2559), PS1145
(#4569), Bay11-7082 (#1744), Ruxolinitib (#7048) and Stattic
(#2798) were purchased from TOCRIS bioscience. TAK-242 (#
614316) was purchased from Millipore. Etanercept was supplied
by Pfizer.

Monocyte-Derived Macrophages
Human apheresis cones were obtained with informed consent from
the National Health Service Blood Service (REC: 11/H0711/7).
Peripheral Blood Mononuclear Cells (PBMCs) were isolated as
previously described (34) using density separation (Lympholyte®,
Cedarlane). Monocytes were isolated by positive immunomagnetic
selection (Miltenyi) according to the manufacturer’s instructions
(35). Monocytes (106 per mL) were cultured in 10 cm dishes for up
to 7 days in complete RPMI 10% with FBS 1%. Penicillin/
Streptomycin supplemented with 50 ng/mL of human M-CSF
(Peprotech) to generate monocyte derived macrophages (MDMs).

Protease and Inhibitor Treatment
MDMs were detached by gentle scraping and 5 x 105/mL cells
were re-plated in tissue culture plates overnight. For protease
treatments, MDMs were treated with vehicle, LPS (10 ng/mL),
subtilisin (20 nM), Prostate specific antigen (PSA, 100 nM),
CD26/DPP4 (10 nM), HtrA (10 nM), Neutrophil elastase
(25 mg/mL), Cathepsin G (25 mg/mL), Cathepsin L (25 mg/mL),
Chymotrypsin (25 mg/mL) or Endopeptidase Glu-C, all of which
were re-suspended according to the manufacturers’ instructions to
the highest suggested concentration, then diluted in culture
medium before use.

For inhibitor treatments, MDMs were treated with proteases
and inhibitors simultaneously overnight. TPCK (30 or 100 mM),
TLCK (100 mM) or carfilzomib (20 nM) were added after the
proteases whereas SAHA (10 mM), anacardic acid (10 mM),
decitabine (2 mM), TAK-242 (10 mM), PS1145 (200 mM),
March 2022 | Volume 13 | Article 832989
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Ro-106-9920 (10 mM), Bay11-7082 (10 mM), TPCA-1 (10 mM),
ruxolitinib (20 mM), stattic (10 mM), tocilizumab (20 mg/mL) and
etanercept (20 mg/mL) were added before proteases. After
treatment, the RNA and protein lysates were extracted for gene
and protein expression analysis.

Gene Expression
RNA extraction was completed according to manufacturer’s
instructions (RNeasy Mini Kit, Qiagen). A total of 500 ng of
RNA was reverse transcribed to cDNA according to the
manufacturer’s instructions (High Capacity cDNA Reverse
Transcription Kit, Applied Biosystems) and diluted to 120 µL
(36). Expression of target genes was determined using TaqMan
gene expression assays (ThermoFischer Scientific) in duplicate
using 2.4 mL of cDNA. Gene expression was calculated relative
to the housekeeper gene (HPRT1) using the ddCT
approximation method.

Protein Expression
Protein lysates were prepared using ice-cold RIPA buffer (Sigma-
Aldrich). Cells were washed to remove culture medium and cells
lysed on ice for 20 min, vortexed and then centrifuged at 17,000 g
at 4°C for 20 min. Supernatant was collected and protein
concentration measured (BCA protein assay, Pierce) (6, 37).
IDO1 protein expression was determined after protein gel
electrophoresis (NuPAGE Bis-Tris MOPS system, Invitrogen) of
10-30 mg of lysate which had been heated to 85°C for 10 min in
SDS loading buffer. Proteins were transferred onto PVDF (0.45
mM, Millipore) and blocked (5% skim milk powder in 0.05%
Tween20/PBS) overnight at 4°C. Blots were stained for hIDO-1
(D5J4E™) or b-actin (AC-74) and detected with HRP conjugated
secondary antibodies (P0448 and P0260, Dako); after the addition
of peroxidase substrate, blots were imaged (G-Box, Syngene).
Intracellular signalling in response to subtilisin and LPS was
determined using a Proteome Profiler™ Array (R&D Systems)
according to the manufacturer’s instructions.

Protease Activity Assay
The activity of proteases was by determined by co-incubation
with a substrate (bovine type 2 collagen [bCII] isolated in-house)
and then visualised on a protein gel. Briefly, subtilisin was
incubated at different concentrations (0-10 mM in 1 mL) or
after heating (0-2 h at 70°C) with 5 mg of bCII (5 µL at 1 mg/
mL); 4µL of RPMI was added to make a total of 10 µL. After
incubation overnight, 2 µL of 6x laemli buffer (Alfa Aesar) was
added and the digest heated for 5 min at 95°C. After
electrophoretic separation of proteins, the gel was washed with
de-ionised water and stained with PageBlue™ staining solution
(Thermo Fisher Scientific) for 1 hr, de-stained overnight and
digitally imaged (ImageScanner III, General Electric).

LAL Assay
Protease solutions were prepared with and without LPS and, with
or without heating (1 hr at 70°C), were assayed according to
manufacturer’s instructions (Lonza); the final concentration of
exogenous LPS was 10 ng/mL.
Frontiers in Immunology | www.frontiersin.org 3
Kynurenine Assay
Kynurenine was measured in cell culture medium as previously
described (38). Briefly, samples and standards were added to 30%
trichloroacetic acid (T6399, Sigma) at a 2:1 ratio, vortexed, then
centrifuged at 700 g for 20 min. Supernatant was added to
an equal volume of Ehrlich’s reagent (20 mg/mL p-
dimethylaminobenzaldehyde (D2004, Sigma) dissolved in glacial
acetic acid) and absorbance read at 492 nm (SPECTROstar Nano,
BMG Labtech).

Statistics
Vehicle controls were included for all experiments, except
Figure 2I proteases vs. LPS and Figures 5C, D normal vs.
heated. One-way ANOVA with Tukey’s multiple comparison
test with a single pooled variance was performed for statistical
comparisons of Figure 1, Figure 2, Figures 3A–C and Figure 4.
Two-way ANOVA with Tukey’s or Sidak’s multiple comparison
test was used for statistical comparisons of Figures 5C, D,
Figures 3D–F, Figure 6 and Figure 7, as appropriate. All
calculations were performed using GraphPad Prism 7 software.
A ‘P’ value less than 0.05 was considered significant
RESULTS

Serine Proteases Induce IDO1
When human monocyte-derived macrophages were exposed for
24 h to LPS (10 ng/mL) the expression of IDO1 was increased
compared with unstimulated cells (Figure 1). At a concentration
of only 20 nM (60 ng/mL), the bacterial protease subtilisin
induced IDO1 expression to a similar extent (Figure 1). Both
agents also induced IL1B and IL6 expression, although subtilisin
was 5-fold more potent on IL1B (Figure 1) and 5-fold less potent
on IL6 (Figure 1). Both ligands induced the expression of IDO2
(Figure 1) and TNF (Figure 1E), although the latter was induced
to a much lesser degree (<10-fold). No significant induction of
TDO was observed (Figure 1F).

To assess whether the induction of IDO1 was translated into
protein expression,Western blots were performed onmacrophage
extracts. Exposure to subtilisin at 1 nMand 20 nMwas sufficient to
generate a marked, concentration-related expression of IDO1
protein (Figure 1G). When repeated to compare subtilisin with
LPS andCD26/DPP4, a strong inductionof IDO1wasproducedby
LPS and subtilisin, while CD26/DPP4 also induced a clear IDO1
protein signal, although weaker in intensity (Figure 1H). PSA also
induced IDO1 as reported below (Figures 5C, D).

An examination of the time course indicated a maximal
response of IDO1 to LPS or subtilisin after 8 h (Figure 2A). A
more rapid time course, peaking at or before 4h was observed for
IL1B (Figure 2B), IL6 (Figure 2C) and TNF (Figure 2D)
although the latter was relatively transient and declined to
control levels by 20 h.

In view of the marked induction of IDO1 by subtilisin, the
experiments were extended to a number of chymotryptic serine
proteases related to subtilisin and some of which have been
associated with the induction of tumour properties in cells.
March 2022 | Volume 13 | Article 832989
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Figure 2 shows the similar degree of induction of IDO1
expression by subtilisin and CD26/DPP4 but shows a
comparable activity by PSA and HtrA, a membrane serine
protease expressed by mammalian cells and by bacteria as a
potent virulence factor. In contrast, several other serine proteases
were not active relative to controls, including neutrophil elastase,
Frontiers in Immunology | www.frontiersin.org 4
cathepsin G, cathepsin L, chymotrypsin and the bacterial
virulence factor glu-C endopeptidase (Glu-C) (Figure 2E). A
similar pattern was seen on cytokine induction where subtilisin,
CD26/DPP4, PSA and HtrA induced large increases in IL1B
(Figure 2F) and IL6 (Figure 2G) with lower, but statistically
significant expression of TNF (Figure 2H).
A B

D E F

G

H

C

FIGURE 1 | Gene induction by subtilisin. LPS (10 ng/mL) and subtilisin (20 nM; 60 ng/mL) induce the expression of IDO1 (A), IL1B (B), IL6 (C), IDO2 (D), TNF (E)
and TDO2 (F) in human monocyte-derived macrophages (MDMs) (logarithmic scale). (G) Western blots of MDMs from three different donors shows the expression of
IDO1 protein is also induced at 1 nM or 20 nM subtilisin; the bar chart shows the quantified blot density as the ratio of IDO1 to b-actin. (H) CD26/DPP4 induces
IDO1 but to a lesser extent than LPS or subtilisin; the bar chart shows the quantified blot density as the ratio of IDO1 to b-actin. Charts show the mean ± s.e.m. for
(n ≧ 3 donors). The number of experiments (n) was 3 except panels A (n = 18), B (n = 15), C (n = 12) and F (n = 6). *P < 0.05, **P < 0.01; ***P < 0.001.
March 2022 | Volume 13 | Article 832989
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Kynurenine Production
Todeterminewhether the IDO1gene inductionwas translated into
IDO1 protein with enzymic activity, cells were incubated with
vehicle, LPS, subtilisin, CD26/DPP4 or PSA. No kynurenine was
detected in the unstimulated culture supernatants, but the results
Frontiers in Immunology | www.frontiersin.org 5
clearly show an increase in kynurenine production by the proteases
as shown as Figure 2I. The generation of kynurenine broadly
reflected the levels of IDO1protein expression,with subtilisin being
the most active protease, CD26/DPP4 being the least active (see
Figure 1H) and with intermediate activity of PSA (see Figure 5D).
A

B

D

E

F

G

H

I

C

FIGURE 2 | Time course and activity of serine proteases on human MDMs. The left-side panels (logarithmic scales) illustrate (A) the apparent maximal induction of
IDO1 after 8 h incubation with LPS (10 ng/mL) or subtilisin (20 nM); (B) peak induction before 4 h of IL1B and (C) IL6; (D) a relatively rapid induction of TNF
expression with a maximum before 4 h declining to baseline by 20 h. The right-side panels indicate the effects of proteases on (E) IDO1 (F) IL1B, (G) IL6 and
(H) TNF expression by vehicle, LPS (10 ng/mL), subtilisin (20 nM), PSA (100 nM), CD26/DPP4 (10 nM), HtrA (10 nM), neutrophil elastase (25 mg/mL), cathepsin G
(25 mg/mL), cathepsin L (25 mg/mL), chymotrypsin (25 mg/mL) and glu-C (10 nM). Panel (I) shows the concentration of kynurenine in the culture supernatant of cells
exposed to LPS, subtilisin, PSA and CD26/DPP4. Charts show the mean ± s.e.m. (n ≧ 3 donors). The number of experiments (n) was 3 (for A-D) or n ≧ 3 (for E-I).
*P < 0.05, **P < 0.01; ***P < 0.001.
March 2022 | Volume 13 | Article 832989
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Elimination of Endotoxin Contamination as
a Cause of IDO Induction
In view of the potency of the active proteases, experiments were
designed to exclude the possibility of contamination. Firstly,
samples of the active enzymes subtilisin, PSA, CD26/DPP4 and
HtrA were subjected to the Limulus Amoebocyte Lysate (LAL)
test (Figure 5A). Subtilisin gave a signal equivalent to ~1% that
of 10 ng/mL of LPS, a concentration commonly used to induce
maximal gene expression of inflammatory mediators. Even lower
signals were obtained for PSA or CD26/DPP4 and none in HtrA.

Secondly, subtilisin was heated at 70°C for between 0.5 and 3 h
before testing for enzymicactivity.Figure5B shows that0.1mMhad
clear enzymic activity (reducing collagen concentration),
supporting the routine use of concentrations up to that level. It
was also shown that heating for 0.5h was sufficient to substantially
inhibit the activity of subtilisin at the tested concentration of 1 mM,
with complete inhibition measured after 1 h heat inactivation. The
ability of PSA to induce IDO1 was also reduced by heating
(Figure 5D). Quantifying similar experiments for LPS, subtilisin,
PSA and CD26/DPP-4 confirmed that across the three genes LPS
activity was unaffected by heating (Figure 5C), subtilisin activity
was reduced by 65-75%, while PSA activity was almost abolished
(Figure 5C). The limited inhibition of subtilisin on gene expression
may reflects its resistance to heating, as some forms of subtilisin
retain activity after 95°Cheat (39) and showoptimal activity at 65°C
(40). The effect of heating LPS using the same temperatures as used
for proteases had little effect on measurement by LAL assay
(Figure 5A), supporting its stability under the test conditions and
that it couldnot havebeen responsible for the activity of subtilisinor
PSA. In order to eliminate the possibility that these results could
Frontiers in Immunology | www.frontiersin.org 6
have been caused by the serine proteases interfering with the assay
(for example, bymetabolising the proteins involved), we combined
the test enzymes with LPS, showing that the LPS signal was no
different from its control level (Figure 5A).

Surprisingly, gene induction by CD26/DPP-4 was not
changed significantly by heating (Figure 5C). However,
previous studies of its thermostability have placed this protein
among those which are relatively heat-resistant; indeed, the
optimal temperature for CD26/DPP4 activity is approximately
50°C with around 35% of activity remaining after 60°C (41–43).

Thirdly, theproteaseswere tested in thepresence of the selective
chymotryptic serine protease inhibitor N-alpha-tosyl-L-
phenylalanyl chloromethylketone (TPCK). At the widely used
concentration of 100 mM this compound had no effect on IDO1
induction by LPS, but prevented induction by subtilisin
(Figure 3A). The related compound N-alpha-p-tosyl-L-lysine
chloromethyl ketone (TLCK, 100 mM), which acts primarily on
enzymes with a more trypsin-like substrate specificity also had no
effect on the induction of IDO1 by LPS and only partially
(approximately 50%) inhibited subtilisin (Figure 3A). This was
consistent with the view that subtilisin is primarily a chymotryptic
protease with some overlap in its substrate specificity. A similar
overall profile of inhibitory activity was observed for IL1B
expression (Figure 3B). TPCK also fully inhibited the effect of
subtilisin on IL6 induction, with no effect on the response to LPS,
(Figure 3C). TLCKwas again less effective thanTPCKbut reduced
subtilisin-induced IL6 expression by an order of magnitude
(Figure 3C), consistent with subtilisin acting independently of
LPS. Partly to clarify this result andpartly to extend the experiment,
this work was repeated using a lower concentration of TPCK
A B

D E F

C

FIGURE 3 | Inhibition of serine protease activity. (A–C) The charts illustrate the expression relative to baseline (logarithmic scale) of (A) IDO1, (B) IL1B, (C) IL6 and
the effects of vehicle (open bars), 10 ng/mL LPS (black bars) or 20 nM subtilisin (red/shaded bars). The inhibitors tested were TPCK (100 mM), TLCK (100 mM) and
carfilzomib 20 nM (Carf). (D–F) The charts show a comparison of the effects of TPCK (30 mM) on the induction of IDO1 (D), IL1B (E) and IL6 (F) by LPS (10 ng/mL),
subtilisin (20 nM), PSA (100 nM), CD26/DPP4 (10 nM) and HtrA (10 nM). Expression is shown for vehicle (open bars) and TPCK (30 mM) (red/shaded bars)
treatments. Charts show the mean ± s.e.m. (n ≧ 3 donors). *P < 0.05, **P < 0.01; ***P < 0.001.
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(30mM)and comparing LPSwith subtilisin, PSA,CD26/DPP4 and
HtrA (Figure 3D). While reduction of the serine protease
induction of IDO1 was correspondingly less than observed
previously with 100 mM, TPCK at 30 mM still reduced serine
protease activity by 2-3 orders of magnitude (Figure 3D).
Importantly, the effect of LPS was unaffected at that
concentration. Induction of IL1B behaved similarly to IDO1
(Figure 3E), while IL6 expression by the proteases was more
sensitive to TPCK (Figure 3F). The absence of any effect of
TPCK on LPS suggests that there were no issues with non-
specific or toxic actions of the chloromethylketones. Overall, this
extended experiment fully confirmed the predominant role of
serine protease activity in the induction of IDO1, IL1B and IL6
by subtilisin, PSA, CD26/DPP4 and HtrA.

Proteasomal Serine Protease Inhibitor
Carfilzomib Blocks IDO1 Induction
Carfilzomib is an inhibitor of the S20 chymotryptic module of
the ubiquitin-related proteasome, a selectivity which underlies its
use in the treatment of multiple myeloma (44). Carfilzomib was
included, therefore, in the expectation that it would not affect the
panel of serine proteases used in this work. However, carfilzomib
(20 nM) was able to substantially reduce the induction of IDO1
by subtilisin (Figure 3A), with a small but significant reduction
of IL1B expression (Figure 3B) but no effect on IL6 expression
(Figure 3C). The same pattern was observed using LPS, with
carfilzomib inhibiting the induction of IDO1 (Figure 3A), a
small effect on IL1B (Figure 3B) but not IL6 (Figure 3C). The
cytokine results are consistent with their differential sensitivity to
a systemic and proteasomal inhibitor, while the IDO1 induction
strongly suggests a greater pharmacological overlap between the
Frontiers in Immunology | www.frontiersin.org 7
proteasomal chymotryptic activity and that of a bacterial serine
protease such as subtilisin. The suppression of IDO1 induction
by carfilzomib could enhance its therapeutic activity in myeloma,
a problem potentially exacerbated by the apparent ability of
carfilzomib alone to induce some IL1B and IL6 expression
(Figures 3B, C).

Mechanisms of Action: Epigenetic Factor
Are Not Involved
In order to determine the mechanism of IDO1 induction by
serine proteases we considered the possible proteolytic removal
of a transcription inhibitor affecting methylation or acetylation.
Gene expression can be optimised by the arrangement of
associated histone proteins, acetylation of which (by histone
acetylase, HAC) maintains their normal organisation. Histone
deacetylases (HDAC) remove this stabilisation and inhibit gene
expression, so inhibitors of HDAC would maintain acetylation
and promote IDO1 expression. Incubation with the HDAC
inhibitor SAHA did not significantly affect the expression of
IDO1 (Figure 4A), IL1B (Figure 4B) or IL6 (Figure 4C).
Anacardic acid (an inhibitor of HAC) had no significant effect
on the induction by subtilisin of IDO1 (Figure 4A) IL1B
(Figure 4B) or IL6 (Figure 4C).

Proteolytic interferencewithDNAmethyltransferase (DNMT),
reducing DNA methylation, can increase IDO1 gene expression
(6). However, when macrophages were exposed to decitabine, an
inhibitor ofDNMT, therewas no change in the expression of IDO1
(Figure 4A), IL1B (Figure 4B) or IL6 (Figure 4C) in cells exposed
to LPS or subtilisin. As an alternative approach to examine the
possible involvement of methylation, expression of the TET (Ten-
Eleven-Translocation) enzymes were examined, since they
A B

D E F

C

FIGURE 4 | Epigenetic modulators and gene expression. (A–C) Charts of the gene expression (logarithmic axis) relative to baseline of (A) IDO1, (B) IL1B and (C) IL6
in MDMs exposed to vehicle (open bars), 10 ng/mL LPS (black bars) or 20 nM subtilisin (red/shaded bars). The data shows the effects of 10 mM SAHA (an inhibitor
of histone deacetylase), 10 mM anacardic acid (an inhibitor of histone acetylase) and 2 mM decitabine (an inhibitor or DNA methyltransferase). (D–F) Logarithmic
expression relative to baseline of TET1 (D), TET2 (E) and TET3 (F) in cells exposed to vehicle (open bars), 10 ng/mL LPS (black bars) or 20 nM subtilisin (red/shaded
bars). Charts show the mean ± s.e.m. (n ≧ 3 donors). *P < 0.05, **P < 0.01; ***P < 0.001.
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promote oxidation of methyl-cytosine, facilitating both active and
passive gene demethylation. The expression of TET1 increased
progressively in control cells up to 20 h of incubation (Figure 4D).
Neither LPS nor subtilisin had any effect on baseline levels but
TET1 expression at all subsequent time points was substantially
Frontiers in Immunology | www.frontiersin.org 8
reduced to very low levels comparedwith the controls (Figure 4D).
TET2 expression showed no significant changes, with only a
limited trend to increase (Figure 4E). The expression of TET3
exhibited only a limited but significant inhibition of expression at
4 h (Figure 4F).
A

B

C

D

FIGURE 5 | LPS concentrations and the effects of heating on gene expression. (A). Samples of the four active serine proteases were analysed for endotoxin
contamination. In bars 1-4, when compared against LPS 10 ng/mL, subtilisin (20 nM) is associated with < 1% LPS, while PSA (100 nM), CD26/DPP4 (10 nM) and
HtrA (10 nM) have even lower amounts. Bars 5-8 show that the serine proteases do not affect the LPS signal, confirming that they do not interfere with the assay
procedure. Bars 9-12 and 13-16 reveal that heating the proteases at 70°C for 1 h did not alter the protease signals (9–12) or the combined protease and LPS
signals (13–16), confirming that LPS was not affected by the heat treatment and was still not affected by the proteases. This conclusion is strengthened by the
absence of heat on LPS alone (bars 17-18). Bars 19-23 show a calibration for the absolute concentration of LPS in this assay. (B) A Coomassie Blue stained gel of
collagen in two separate experiments shows that the undigested protein in the absence of subtilisin (0 mM) is reduced at 0.1 mM and abolished at 1 and 10 mM. After
heating subtilisin at 70°C for 0.5 h or longer, protease activity has been substantially reduced and is not able to degrade the collagen. (C) Quantified data for the
heating experiments. Bar charts show the relative expression of genes IDO1, IL1B and IL6 by LPS (10 ng/mL), subtilisin (20 nM), PSA (100 nM) and CD26/DPP4 (10
nM) under normal experimental conditions (open bars) and after heating at 70°C for 1 h (red/shaded bars). Heating removes much of the activity of subtilisin and PSA
on all three genes. (D) Representative Western blot shows that the more heat-sensitive proteases (20 nM subtilisin and 100 nM PSA) induce less IDO1 protein when
heated at 70°C for 1 h. The bar chart shows the quantified ratio of IDO1 to b-actin density. Charts show the mean ± s.e.m. (n ≧ 3 donors). *P < 0.05, **P < 0.01;
***P < 0.001.
March 2022 | Volume 13 | Article 832989

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Clanchy et al. IDO Induction by Serine Proteases
A

B

D

E

F
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FIGURE 6 | Transduction pathways affected by serine proteases. The logarithmic relative expression of IDO1, IL1B and IL6 induced by vehicle, LPS (10 ng/mL),
subtilisin (20 nM), PSA (100 nM) and CD26/DPP4 (10 nM) in the presence of vehicle (open bars) or test agents (red/shaded bars): (A) TAK-242 (10 mM), (B) PS1145
(200 mM), (C) Ro-106-9920 (10 mM), (D) Bay11-7082 (10 mM) or (E) TPCA-1 (10 mM). Charts show the mean ± s.e.m. (n ≧ 3 donors). *P < 0.05, **P < 0.01; ***P <
0.001. (F) illustrates a proteomics array based on NFkB transduction pathways exposed to vehicle, LPS (10 ng/mL) or subtilisin (20 nM) for 0.5 h. LPS and subtilisin
induced a loss of B19 and B20 corresponding to IkBe. Bars show the mean ± s.e.m. (n ≧ 3). *P < 0.05, **P < 0.01; ***P < 0.001.
Frontiers in Immunology | www.frontiersin.org March 2022 | Volume 13 | Article 8329899

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Clanchy et al. IDO Induction by Serine Proteases
Mechanisms of Action: IDO1 Induction Is
via a TLR4 Pathway
LPS is thought to exert most of its activity through Toll-Like
Receptor-4 (TLR4) (45) and TAK-242 (CLI-095) has been
reported to be a selective inhibitor (46). Inductions of IDO1,
IL1B and IL6 by the proteases were all reduced significantly by
TAK-242 (Figure 6A), consistent with an involvement of TLR4
in the induction of all these genes.

It is known that IDO1 can be induced via the JAK/STAT1/3
pathway and NFkB. The direct NFkB inhibitor PS1145 (N-(6-
chloro-9 H-b-carbolin-8-yl) nicotinamide b-carboline; 200 mM)
Frontiers in Immunology | www.frontiersin.org 10
reduced the gene induction by LPS and serine proteases,
although the effects of LPS were least affected (Figure 6B). As
LPS stimulation leads to NFkB signalling, the variation in these
results was surprising and additional, selective inhibitors were
examined. Both Ro-106-9920 (10 mM) (Figure 6C) and BAY11-
7082 (10 mM) (Figure 6D) were able to suppress very clearly the
responses to LPS in addition to subtilisin, PSA and CD26/DPP4.
Involvement of the NFkB system was further supported by the
use of TPCA-1 (2-(amino-carbonyl)-amino-5-(4-fluorophenyl)-
3-thiophenecarboxamide), an inhibitor of IkB-kinases, key
regulators of NFkB activation. At a concentration of 10 mM
A

B

D

C

FIGURE 7 | Transduction pathways affected by serine proteases. The logarithmic expression of IDO1, IL1B and IL6 induced by vehicle, LPS (10 ng/mL), subtilisin
(20 nM), PSA (100 nM) and CD26/DPP4 (10 nM) in the presence of vehicle (open bars) or test agents (red/shaded bars): (A) Ruxolitinib (20 mM), (B) stattic (10 mM),
(C) tocilizumab (20 mg/mL), (D) etanercept (20 mg/mL). Bars show the mean ± s.e.m. The number of experiments (n) was 3 in all cases except panels C and D,
where n = 6. *P < 0.05, **P < 0.01; ***P < 0.001.
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this compound reduced the induction of IDO1 by all the test
agents, including LPS, subtilisin, PSA and CD26/DPP4 by
between 25-50% (Figure 6E). In view of these results a
proteomics array was used covering 100 molecules associated
with NFkB activation to examine possible changes induced by
exposure to LPS or subtilisin (10 nM) for 30 min. This procedure
affected the expression of only one of the assayed compounds,
IkBe, with no other changes being detected (Figure 6F, spots
B19, B20). Since IkBe is a component of the pathways regulating
NFkB activity, this result is entirely consistent with the inhibitory
effects of the direct NFkB inhibitors, while indicating the
involvement of a specific element of those pathways with no
change in the more commonly affected IkBa and IkBb.

Ruxolitinib (10 mM) is an inhibitor of JAK1/2 but had variable
activity, inhibiting induction of IDO1 by subtilisin and PSA, but
not CD26/DPP4 (Figure 7A). In direct contrast, only CD26/
DPP4 was prevented from inducing IL1B, while the induction of
IL6 by LPS and all the proteases was blocked by ruxolitinib
(Figure 7A). Finally the STAT3 inhibitor stattic (10 mM)
produced a substantial inhibition of IDO1, IL1B and IL6
induction by LPS, subtilisin and PSA (Figure 7B).

Overall, the results indicated clearly that the serine protease
induction of IDO1 and cytokines involved the activation of
NFkB, at least partly via IkBe and STAT3. However, the
induction of IL1B and IL6 raised the possibility that these, and
other, cytokines, once released into the medium, could have
acted in an autocrine or paracrine fashion on those cells and
affected their sensitivity to the test ligands and their interaction
with NFkB. This was deemed unlikely since inclusion of the IL-6
receptor antibody tocilizumab at 5 or 20 mg/mL (Figure 7C) had
no effect on the results although the anti-TNF compound
etanercept (20 mg/mL) did reduce the effects of the proteases
on IDO1 and IL1B induction, with no change of IL6 expression
(Figure 7D). This suggests that TNF may act as an intermediary
contributing to the activation of IkBe and STAT3 in this work.
DISCUSSION

The results of this study show that several mammalian and
bacterial enzymes with serine protease activity induce IDO1 in
monocyte-derived human macrophages. These are among the
first cells of the innate immune system to detect invading
microorganisms or cells which might lead to tumour initiation
(31, 34, 44). Serine proteases are a normal product of leucocyte
activity, inactivating and destroying foreign, damaged or
mutated cells. They are often released from cancer cells to
promote tumour progression and metastasis by suppressing
host immune responses (47–49). Conversely a number of
serine protease inhibitors, including TPCK and TLCK used
here, suppress tumour development, cell migration and
metastasis (49–51). The levels of endogenous serine protease
inhibitors are often subnormal in cancer development and
progression (52).

The kynurenine pathway (1, 3, 53) functions as an important
regulator of immune system activity (12, 14, 18, 54, 55) generally
Frontiers in Immunology | www.frontiersin.org 11
suppressing inflammatory activity. This is achieved by
promoting Treg production partly by activation of General
Controller Non-derepressible-2, producing inhibition of cell
proliferation (56) and partly by generating kynurenine and 3-
hydroxyanthranilic acid (3HAA) (25, 57, 58). Kynurenine
regulates the balance between Th17 effector and Treg cells
(59), via aryl hydrocarbon receptors (AHRs) and their
induction of IDO and TDO (15). This establishes a positive
feedback generation of kynurenine which induces expression of
the Treg -generating transcription factor FoxP3 and inhibits the
Th17 inducer Retinoic Acid Receptor-related Orphan Receptor-
gt (15, 60, 61). The downstream metabolite 3HAA shifts the pro-
inflammatory and anti-inflammatory balance directly by
inhibiting Th1 cell differentiation and function (58) and may
also influence the expression of nuclear transcription co-
activators (61). Microbial invasion and tumour aggression are
therefore facilitated by the expression of IDO1 and its
suppression of host immune surveillance and cell destruction
(62, 63), coupled with suppression of the differentiation and
activity of effector T cells and NK cells (16, 19, 64–66).

Prostate Specific Antigen (PSA) has been used as a biomarker
for prostate cancer since its blood levels are often elevated in
affected patients. Its use is limited by the large variance in these
concentrations and the high rates of false positive or negative
results. Nevertheless, PSA alone can be a reliable marker of
specific aspects of disease progression or recurrence (67). In
addition, modified measurements such as free and total PSA, or
the rate of change over time are more useful. The levels of PSA
together with metabolically related molecules such as kallikreins,
or endogenous derivatives and complexes of PSA have also
proved more reliable than PSA alone. The development of PSA
as the basis of imaging and the development of algorithms for
integrating features of selectivity, tumour stage and time course,
can provide substantial improvements in diagnosis and
assessment (68–71).

CD26 exhibits DPP-4 serine protease activity and is a member
of the Type2-transmembrane protease family. Cytotoxic T-
lymphocytes are the primary source of soluble CD26 (sCD26),
and their activation promotes CD26/DPP-4 translocation to the
cell surface from where it is released (72). It is widely expressed in
myeloid derived cells (72–74) somatic muscle cells, adipocytes,
epithelial and endothelial cells where it can act as a plasminogen
receptor (75). CD26/DPP-4 is targeted by inhibitors for the
treatment of type-2 diabetes mellitus (76), Crohn’s disease (77)
andother inflammatoryor autoimmune conditions (72, 73, 76, 78–
81) and has been implicated in a wide variety of cancers (82–85).
The induction of IDO1 by CD26/DPP-4 demonstrated here may
contribute to many of these disorders.

TheHtrA serine proteases aremajormicrobial virulence factors
which break down host extracellular and adhesion molecules to
increasemigration rate and tissue invasion (86–89). HtrA is one of
themost important products ofHelicobacter pylori, causing severe
inflammation, damage to the gastric mucosa (90) and gastric
cancer in around 3% of infected patients (91). Expression of
HtrA proteins is associated with tumour initiation (92–94) and
the induction of IDO1 reported here may contribute to these
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actions, a result which may be linked to the induction of HtrA1 by
TGF-b, a prominent inducer of IDO expression. Expression of
HtrA1 is also increased in experimental arthritis and may be
involved in this condition (95).

Subtilisin is released as a virulence factor by B. subtilis and
other species and is used widely in commercial and domestic
cleaning products as well as in the tenderising of meats and other
processed food products. The ability of subtilisin to induce IDO
at low nanomolar concentrations may therefore be relevant to
the effects of environmental activity and diet in promoting
susceptibility to oncogenesis.

Although the emphasis in this study has been on gene
induction, the increase in IDO1 expression was translated into
IDO1 protein. It was demonstrated that the protein was
enzymically active by the production of kynurenine measured
in the culture supernatant. This is important since IDO1 can also
have non-enzymatic activity which contributes to the regulation
of T cell tolerance via the recruitment of Transforming Growth
Factor-b (11, 96).

In explaining the mechanisms for the serine protease
induction of IDO1, the potential role of histone acetylation in
the kynurenine pathway is indicated by the finding that histone
deacetylase Hst1 regulates the de novo synthesis of NAD, the
final product of the pathway. Incubation with the HDAC
inhibitor SAHA reduced the expression of IDO1 and IL6 in
resting, untreated cells (97), although it also tended to increase
expression of IL1B by LPS or subtilisin. However, anacardic acid,
an inhibitor of HAC, reduced the induction of IDO1 by subtilisin
as would be predicted from reduced acetylation. Overall, the
pattern of results is not consistent with a clear, simplistic role of
histone acetylation in the induction of IDO1 by serine proteases.
Different roles of histone acetylation may apply to different
stages in IDO1 induction or may differentially involve STAT1/
3 activity (98, 99). Butyrate may reduce IDO expression partly by
inhibiting STAT1 and partly by inhibiting HDAC (100, 101).

The results suggest that the canonical NFkB activation
pathway is involved in the serine protease activity, as the
NFkB inhibitors PS1145, Ro-106-9920 and BAY11-7082
inhibited their activity, as did the JAK1/2 inhibitor ruxolitinib.
Furthermore, TPCA1 and stattic STAT3 were highly effective
inhibitors. This raised the possibility that a canonical pathway
might be involved in the protease actions, a view supported by
the loss of IkBe expression, a prominent component of canonical
activation of NFkB. The activation of a non-canonical pathway
to NFkB has been invoked previously to explain some effects of
IDO1 induction (102).

An important additional conclusion from the proteomics
analysis is that the serine proteases did not induce a
widespread alteration of cell signalling, consistent with the
serine proteases having a selectivity of action on IDO1
expression rather than, for example, inducing a generalised
change in cell proliferation or phenotypic differentiation.

Carfilzomib alone induced the expression of IL1B and IL6, a
result which may indicate inhibition of a proteasomal enzyme
capable of modulating gene expression. More surprising was its
inhibition of IDO1 and IL1B induction by LPS or subtilisin, the
Frontiers in Immunology | www.frontiersin.org 12
IDO1 suppression being very marked with changes of 1 to 2
orders of magnitude. It is possible that carfilzomib is inhibiting
the generation of a protease-dependent intermediate factor,
which contributes to the induction of IDO1. An example from
this study might be TNF, blockade of which reduces IDO1
induction, and the soluble form of which is itself generated by
proteolytic activity of TNF Alpha Converting Enzyme.
Carfilzomib is a second generation, irreversible inhibitor of
chymotrypsin-like activity in the 20S proteasome in most cells
(103, 104) and is used in the treatment of multiple myeloma
(105). It is generally considered that there is little substrate or
inhibitor overlap between non-proteasomal and S20
chymotryptic enzymes, although these do enter the circulation
after cell damage where levels are positively correlated with the
symptoms of multiple myeloma and with the disease stage (106).
Therefore, it is possible that part of the therapeutic success of
carfilzomib lies in its ability to reach all cell types in the blood
and tissues where it may inhibit IDO1 expression, contributing to
its anti-cancer efficacy.

The profile of cytokine induction is different for the various
enzymes. While TLR4 is in important mediator of serine
protease activity we suggest that the results reveal the ability of
different ligands to induce distinct transduction routes from a
common receptor, a phenomenon originally postulated for the
bacterial protein tenascin-C and its fragments, also acting on
TLR4 (107, 108). Factors affecting this conclusion might include
the different balance of extracellular and intracellular penetration
and activity, and the selective, or relative, binding to components
of the receptors, since TLR4 is dependent on the associated CD14
and MD-2 co-receptors. In principle this conclusion raises the
important concept that drugs interfering with different epitopes
on a receptor may have quite different clinical relevance and
therapeutic potential. Overall, however, the induction of IDO1
and pro-inflammatory cytokines by pro-carcinogenic serine
proteases may represent a novel, additional mechanism of
immunosuppression by invading microbes and tumour cells,
raising the possibility that they should be considered targets for
new drug development.
CONCLUSION

Our data indicate that four serine proteases associated with
carcinogenesis can act on TLR4 to induce the expression of IDO1
and pro-inflammatory cytokine genes. The receptor-activated
pathways are not the same as those entrained by LPS, although
there are common features. Since IDO1 is a key factor in immune
system tolerogenesis and immune privilege, and high levels of
IDO1 activity are associated with a poor prognosis for many
cancers, especially solid tumours, its induction by serine
proteases may contribute to the suppression of host immunity,
the facilitation of bacterial invasion and carcinogenesis. This is
clearly important for host genes such as PSA and CD26/DPP4, but
prokaryotic serine proteases such as subtilisin are present in soil
and are frequently used in cleaning materials, meat tenderisation
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and foodprocessing.Theremay thereforebewider implications for
the relationship between environment and health.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by National Health Service Blood Service (REC: 11/
H0711/7). The patients/participants provided their written
informed consent to participate in this study.
Frontiers in Immunology | www.frontiersin.org 13
AUTHOR CONTRIBUTIONS

FC, TS, and RW initiated the project and designed the study. Y-
SH and FC conducted the experimental work. All authors (TS,
RW, FC, Y-SH, JO, and LD) contributed to writing and
reviewing the manuscript. All authors contributed to the article
and approved the submitted version.
FUNDING

This project was supported in part by funding from the CRUK
Oxford Centre (CRUKDF 0318-FC) and Epsom Medical
Research (EMR2018), with support from AstraZeneca, who
were not involved in the study design, collection, analysis,
interpretation of data, the writing of this article or the decision
to submit it for publication.
REFERENCES

1. Badawy AAB. Kynurenine Pathway of Tryptophan Metabolism: Regulatory
and Functional Aspects. Intern J Tryptophan Res (2017) 10:AR11786469
17691938. doi: 10.1177/1178646917691938

2. Badawy AAB. Kynurenic and Quinolinic Acids: The Main Players of the
Kynurenine Pathway and Opponents in Inflammatory Disease.Med Hypoth
(2018) 118:129–38. doi: 10.1016/j.mehy.2018.06.021

3. Stone TW, Darlington LG. Endogenous Kynurenines as Targets for Drug
Discovery and Development. Nat Rev Drug Disc (2002) 1:609–20. doi:
10.1038/nrd870

4. Cribbs AP, Kennedy A, Penn H, Read JE, Amjadi P, Green P, et al. Treg Cell
Function in Rheumatoid Arthritis is Compromised by CTLA-4 Promoter
Methylation Resulting in a Failure to Activate the Indoleamine 2,3-
Dioxygenase Pathway. Arthritis Rheumatol (2014) 66:2344–54. doi:
10.1002/art.38715

5. Huang YS, Ogbechi J, Clanchy F, Williams RO, Stone TW. Kynurenine
Metabolites in Peripheral Disorders and Neuroinflammation. Front
Immunol (2020) 11:art.388:art.388. doi: 10.3389/fimmu.2020.00388

6. Huang YS, Tseng WY, Clanchy F, Topping LM, Ogbechi J, McNamee K,
et al. Pharmacological Modulation of T Cell Immunity Results in Long-
Term Remission of Autoimmune Arthritis. Proc Nat Acad Sci USA (2021)
118:e2100939118. doi: 10.1073/pnas.2100939118

7. Baumgartner R, Forteza MJ, Ketelhuth DFJ. The Interplay Between
Cytokines and the Kynurenine Pathway in Inflammation and
Atherosclerosis. Cytokine (2019) 122:SI AR 154148. doi: 10.1016/j.cyto.
2017.09.004

8. Sforzini L, Nettis MA,Mondelli V, Pariante CM. Inflammation in Cancer and
Depression:AStarringRole for theKynureninePathway.Psychopharmacology
(2011) 236:SI 2997–3011. doi: 10.1007/s00213-019-05200-8

9. Tanaka M, Toldi J, Vecsei L. Exploring the Etiological Links Behind
Neurodegenerative Diseases: Inflammatory Cytokines and Bioactive
Kynurenines. Intern J Molec Sci (2020) 21:AR 2431. doi: 10.3390/
ijms21072431

10. Mellor AL, Munn DH. Immunology at the Maternal-Fetal Interface: Lessons
for T Cell Tolerance and Suppression. Ann Rev Immunol (2000) 18:367–
391. doi: 10.1146/annurev.immunol.18.1.367

11. Belladonna ML, Orabona C, Grohmann U, Puccetti P. TGF-Beta and
Kynurenines as the Key to Infectious Tolerance. Trends Mol Med (2009)
15:41– 49. doi: 10.1016/j.molmed.2008.11.006

12. Grohmann U, Fallarino F, Puccetti P. Tolerance, DCs and Tryptophan:
Much Ado About IDO. Trends Immunol (2003) 24:242–8. doi: 10.1016/
S1471-4906(03)00072-3
13. Prendergast GC. Immune Escape as a Fundamental Trait of Cancer: Focus
on IDO. Oncogene (2008) 27:3889–900. doi: 10.1038/onc.2008.35

14. Prendergast GC, Mondal A, Dey S, Laury-Kleintop LD, Muller AJ.
Inflammatory Reprogramming With IDO1 Inhibitors: Turning
Immunologically Unresponsive ‘Cold’ Tumors ‘Hot’. Trends Cancer
(2018) 4:38–58. doi: 10.1016/j.trecan.2017.11.005

15. Opitz CA, Litzenburger UM, Sahm F, Ott M, Tritschler I, Trump S, et al. An
Endogenous Tumour-Promoting Ligand of the Human Aryl Hydrocarbon
Receptor. Nature (2011) 478:197–203. doi: 10.1038/nature10491

16. Zhai L, Bell A, Ladomersky E, Lauing KL, Bollu L, Sosman JA, et al.
Immunosuppressive IDO in Cancer: Mechanisms of Action, Animal
Models, and Targeting Strategies. Front Immunol (2020) 11:1185.
doi: 10.3389/fimmu.2020.01185

17. Munn DH, Mellor AL. IDO in the Tumor Microenvironment:
Inflammation, Counter-Regulation, and Tolerance. Trends Immunol
(2016) 37:193–207. doi: 10.1016/j.it.2016.01.002

18. Hornyak L, Dobos N, Koncz G, Karanyi Z, Pall D, Szabo Z, et al. The Role of
Indoleamine-2,3-Dioxygenase in Cancer Development, Diagnostics, and
Therapy. Front Immunol (2018) 9:151. doi: 10.3389/fimmu.2018.00151

19. Cheong JE, Sun L. Targeting the IDO1/TDO2-KYN-AhR Pathway for
Cancer Immunotherapy - Challenges and Opportunities. Trends
Pharmacol Sci (2018) 39:307–25. doi: 10.1007/s00213-019-05200-8

20. Kriaa A, Jablaoui A, Mkaouar H, Akermi N, Maguin E, Rhimi M. Serine
Proteases at the Cutting Edge of IBD: Focus on Gastrointestinal
Inflammation. FASEB J (2020) 34:7270–82. doi: 10.1096/fj.202000031RR

21. Margheri F, Laurenzana A, Giani T, Maggi L, Cosmi L, Annunziato F, et al.
The Protease Systems and Their Pathogenic Role in Juvenile Idiopathic
Arthritis. Autoimmun Rev (2019) 18:761–6. doi: 10.1016/j.autrev.2019.
06.010

22. Soualmia F, El Amri C. Serine Protease Inhibitors to Treat Inflammation: A
Patent Review 2011-2016. Expert Opin Therap Patents (2018) 28:93–110.
doi: 10.1080/13543776.2018.1406478

23. Gordon SM, Remaley AT. High Density Lipoproteins are Modulators of
Protease Activity: Implications in Inflammation, Complement Activation,
and Atherothrombosis. Atherosclerosis (2017) 259:104–13. doi: 10.1016/
j.atherosclerosis.2016.11.015

24. Milner JM, Patel A, Rowan AD. Emerging Roles of Serine Proteinases in
Tissue Turnover in Arthritis. Arthrit Rheumatism (2008) 58:3644–56.
doi: 10.1002/art.24046

25. Netzel-Arnett S, Hooper JD, Szabo R, Madison EL, Quigley JP, Bugge TH,
et al. Membrane-Anchored Serine Proteases: A Rapidly Expanding Group of
Cell Surface Proteolytic Enzymes With Potential Roles in Cancer. Cancer
Metastasis Rev (2003) 22:237–58. doi: 10.1023/A:1023003616848
March 2022 | Volume 13 | Article 832989

https://doi.org/10.1177/1178646917691938
https://doi.org/10.1016/j.mehy.2018.06.021
https://doi.org/10.1038/nrd870
https://doi.org/10.1002/art.38715
https://doi.org/10.3389/fimmu.2020.00388
https://doi.org/10.1073/pnas.2100939118
https://doi.org/10.1016/j.cyto.2017.09.004
https://doi.org/10.1016/j.cyto.2017.09.004
https://doi.org/10.1007/s00213-019-05200-8
https://doi.org/10.3390/ijms21072431
https://doi.org/10.3390/ijms21072431
https://doi.org/10.1146/annurev.immunol.18.1.367
https://doi.org/10.1016/j.molmed.2008.11.006
https://doi.org/10.1016/S1471-4906(03)00072-3
https://doi.org/10.1016/S1471-4906(03)00072-3
https://doi.org/10.1038/onc.2008.35
https://doi.org/10.1016/j.trecan.2017.11.005
https://doi.org/10.1038/nature10491
https://doi.org/10.3389/fimmu.2020.01185
https://doi.org/10.1016/j.it.2016.01.002
https://doi.org/10.3389/fimmu.2018.00151
https://doi.org/10.1007/s00213-019-05200-8
https://doi.org/10.1096/fj.202000031RR
https://doi.org/10.1016/j.autrev.2019.06.010
https://doi.org/10.1016/j.autrev.2019.06.010
https://doi.org/10.1080/13543776.2018.1406478
https://doi.org/10.1016/j.atherosclerosis.2016.11.015
https://doi.org/10.1016/j.atherosclerosis.2016.11.015
https://doi.org/10.1002/art.24046
https://doi.org/10.1023/A:1023003616848
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Clanchy et al. IDO Induction by Serine Proteases
26. Tanabe LM, List K. The Role of Type II Transmembrane Serine Protease-
Mediated Signalling in Cancer. FEBS J (2017) 284:1421–36. doi: 10.1111/
febs.13971

27. Murray AS, Hyland TE, Sala-Hamrick KE, Mackinder JR, Martin CE,
Tanabe LM. The Cell-Surface Anchored Serine Protease TMPRSS13
Promotes Breast Cancer Progression and Resistance to Chemotherapy.
Oncogene (2020) 39:6421–36. doi: 10.1038/s41388-020-01436-3

28. Martin CE, List K. Cell Surface-Anchored Serine Proteases in Cancer
Progression and Metastasis. Cancer Metastasis Rev (2019) 38:357–87.
doi: 10.1007/s10555-019-09811-7

29. Wang JY, Jin X, Li XF. Knockdown of TMPRSS3, a Transmembrane Serine
Protease, Inhibits Proliferation, Migration, and Invasion in Human
Nasopharyngeal Carcinoma Cells. Oncol Res (2018) 26:95–101.
doi: 10.3727/096504017X14920318811695

30. Forrest CM, McNair K, Vincenten MC, Darlington LG, Stone TW. Selective
Depletion of Tumour Suppressors Deleted in Colorectal Cancer (DCC) and
Neogenin by Environmental and Endogenous Serine Proteases: Linking Diet
and Cancer. BMC Cancer (2016) 16:art.772. doi: 10.1186/s12885-016-2795-y

31. McNair K, Forrest CM, Vincenten M, Darlington LG, Stone TW. Serine
Protease Modulation of Dependence Receptors and EMT Protein
Expression. Cancer Biol Therap (2019) 20:349–67. doi: 10.1080/
15384047.2018.1529109

32. Stone TW. Dependence and Guidance Receptors - DCC and Neogenin - in
Partial EMT and the Actions of Serine Proteases. Front Oncol (2020) 10:art
94:art 94. doi: 10.3389/fonc.2020.00094

33. Khan SA, Zia K, Ashraf S, Uddin R, Ul-Haq Z. Identification of
Chymotrypsin-Like Protease Inhibitors of SARS-CoV-2viaintegrated
Computational Approach. J Biomolec Struct Dynamics (2021) 39:2607–16.
doi: 10.1080/07391102.2020.1751298

34. Clanchy FIL, Williams RO. Ibudilast Inhibits Chemokine Expression in
Rheumatoid Arthritis Synovial Fibroblasts and Exhibits Immunomodulatory
Activity in Experimental Arthritis. Arthritis Rheumatol (2019) 71:703–11.
doi: 10.1002/art.40787

35. Clanchy FIL, Borghese F, Bystrom J, Balog A, Penn H, Hull DN, et al. TLR
Expression Profiles are a Function of Disease Status in Rheumatoid Arthritis
and Experimental Arthritis. J Autoimmun (2021) 118:art.102597.
doi: 10.1016/j.jaut.2021.102597

36. Arshad M, Bhatti A, John P, Jalil F, Borghese F, Kawalkowsk JZ, et al. T Cell
Activation Rho GTPase Activating Protein (&ITTAGAP&IT) is Upregulated
in Clinical and Experimental Arthritis. Cytokine (2018) 104:130–5.
doi: 10.1016/j.cyto.2017.10.002

37. Smith PK, Kroh RI, Hermanson GT, Mallia AK, Gartner FH, Provenzano
MD, et al. Measurement of Protein Using Bicinchonic Acid. Anal Biochem
(1985) 150:76–85. doi: 10.1016/0003-2697(85)90442-7

38. Grant RS, Naif H, Thuruthyil SJ, Nasr N, Littlejohn T, Takikawa O, et al.
Induction of Indolamine 2,3-Dioxygenase in Primary Human Macrophages
by Human Immunodeficiency Virus Type 1 is Strain Dependent. J Virol
(2000) 74:4110–5. doi: 10.1128/jvi.74.9.4110-4115.2000

39. Mechri S, Bouacem K, Jabeur F, Mohamed S, Addou NA, Dab A, et al.
Purification and Biochemical Characterization of a Novel Thermostable and
Halotolerant Subtilisin SAPN, a Serine Protease From Melghiribacillus
Thermohalophilus Nari2A(T) for Chitin Extraction From Crab and
Shrimp Shell by-Products. Extremophiles (2021) 23:529–47. doi: 10.1007/
s00792-019-01105-8

40. Pagan M, Sola RJ, Griebenow K. On the Role of Protein Structural Dynamics
in the Catalytic Activity and Thermostability of Serine Protease Subtilisin
Carlsberg. Biotechnol Bioeng (2009) 103:77–84. doi: 10.1002/bit.22221

41. Wagner L, Naude RJ, Oelofsen W, Naganuma T, Muramoto K. Isolation and
Partial Characterization of Dipeptidyl Peptidase IV From Ostrich Kidney.
Enzyme Microb Technol (2020) 25:576–83. doi: 10.1016/S0141-0229(99)
00081-2

42. Kumar D, Hamse VK, Neema KN, Shubha PB, Chetan DM, Shivananju NS.
Purification and Biochemical Characterization of a Novel Secretory
Dipeptidyl Peptidase IV From Porcine Serum. Molec Cell Biochem (2020)
471:71–80. doi: 10.1007/s11010-020-03766-y

43. Mittal A, Khurana S, Singh H, Kamboj RC. Characterization of
Dipeptidylpeptidase IV (DPP IV) Immobilized in Ca Alginate Beads.
Enzyme Microb Technol (2005) 37:318–23. doi: 10.1186/s12885-016-2795-y
Frontiers in Immunology | www.frontiersin.org 14
44. Kuhn DJ, Chen Q, Voorhees PM, Strader JS, Shenk KD, Sun CM, et al.
Potent Activity of Carfilzomib, a Novel, Irreversible Inhibitor of the
Ubiquitin-Proteasome Pathway, Against Preclinical Models of Multiple
Myeloma. Blood (2007) 110:3281–90. doi: 10.1182/blood-2007-01-065888

45. Clanchy FIL, Sacre SM. Modulation of Toll-Like Receptor Function has
Therapeutic Potential in Autoimmune Disease. Expert Opin Biol Therap
(2010) 10:1703–16. doi: 10.1517/14712598.2010.534080

46. Ii M, Matsunaga N, Hazeki K, Nakamura K, Takashima K, Seya T, et al. A
Novel Cyclohexene Derivative, Ethyl (6R)-6-[N-(2-Chloro-4-
Fluorophenyl)-Sulfamoyl]Cyclohex-1-Ene-1-Carboxylate (TAK-242),
Selectively Inhibits Toll-Like Receptor 4-Mediated Cytokine Production
Through Suppression of Intracellular Signalling. Mol Pharmacol (2006)
69:1288–95. doi: 10.1124/mol.105.019695

47. Choi SY, Bertram S, Glowacka I, Park YW, Poehlmann S. Type II
Transmembrane Serine Proteases in Cancer and Viral Infections. Trends
Molec Med (2009) 15:303–12. doi: 10.1016/j.molmed.2009.05.003

48. Luostari K, Hartikainen JM, Tengstrom M, Palvimo JJ, Kataja V,
Mannermaa A, et al. Type II Transmembrane Serine Protease Gene
Variants Associate With Breast Cancer. PloS One (2014) 9:AR e102519.
doi: 10.1371/journal.pone.0102519

49. Kim S, Kang HY, Nam EH, Choi MS, Zhao XF, Hong CS, et al. TMPRSS4
Induces Invasion and Epithelial-Mesenchymal Transition Through
Upregulation of Integrin Alpha 5 and its Signaling Pathways.
Carcinogenesis (2010) 31:597–606. doi: 10.1093/carcin/bgq024

50. Homma S, Hayashi K, Yoshida K, Sagawa Y, Kamata Y, Ito M. Nafamostat
Mesilate, a Serine Protease Inhibitor, Suppresses Interferon Gamma-
Induced Up-Regulation of Programmed Cell Death Ligand-1 in Human
Cancer Cells. Internat Immunopharmacol (2018) 54:39–45. doi: 10.1016/
j.intimp.2017.10.016

51. Shadrin N, Shapira MG, Khalfin B, Uppalapati L, Parola AH, Nathan I.
Serine Protease Inhibitors Interact With IFN-Gamma Through Up-
Regulation of FasR; a Novel Therapeutic Strategy Against Cancer. Exp Cell
Res (2015) 330:233–9. doi: 10.1016/j.yexcr.2014.11.005

52. Peng S, Du T, Wu W, Chen X, Lai Y, Zhu D, et al. Decreased Expression of
Serine Protease Inhibitor Family G1 (SERPING1) in Prostate Cancer can
Help Distinguish High-Risk Prostate Cancer and Predicts Malignant
Progression. Urol Oncol Semin Orig Invest (2018) 36:AR 366. doi: 10.1016/
j.urolonc.2018.05.021

53. Stone TW. The Neuropharmacology of Quinolinic and Kynurenic Acids.
Pharmacol Revs (1993) 45:309–79.

54. Mandi Y, Vecsei L. The Kynurenine System and Immunoregulation.
J Neural Transm (2012) 119:197–209. doi: 10.1007/s00702-011-0681-y

55. Platten M, Nollen EAA, Rohrig UF, Fallarino F. Opitz CA Tryptophan
Metabolism as a Common Therapeutic Target in Cancer, Neurodegeneration
and Beyond. Nat Rev Drug Disc (2019) 18:379–401. doi: 10.1038/s41573-019-
0016-5

56. Fougeray S, Bertho G, Beaune P, Thervet E, Pallet N. Tryptophan Depletion
and the Kinase GCN2 Mediate IFN-Gamma-Induced Autophagy.
J Immunol (2012) 189:2954–64. doi: 10.4049/jimmunol.1201214

57. DarlingtonLG,ForrestCM,MackayGM,StoyN, SmithRA, SmithAJ, et al.On
the Biological Significance of the 3-Hydroxyanthranilic Acid:Anthranilic Acid
Ratio. Internat J Tryptophan Res (2010) 3:51–9. doi: 10.4137/IJTR.S4282

58. Fallarino I, Grohmann U, Vacca C, Bianchi R, Orabona C, Spreca A, et al. T
Cell Apoptosis by Tryptophan Catabolism. Cell Death Differentiation (2002)
9:1069–77. doi: 10.1038/sj.cdd.4401073

59. Ogbechi J, Clanchy FI, Huang Y-S, Stone TW,Williams RO. IDO Activation,
Inflammation and Musculoskeletal Disease. Exp Gerontol (2020) 131:
art.110820. doi: 10.1016/j.exger.2019.110820

60. Li Q, Harden JL, Anderson CD, Egilmez NK. Tolerogenic Phenotype of IFN-
Gamma-Induced IDO+ Dendritic Cells is Maintained via an Autocrine
IDO-Kynurenine/AhR-IDO Loop. J Immunol (2016) 197:962–70.
doi: 10.4049/jimmunol.1502615

61. Litzenburger UM, Opitz CA, Sahm F, Rauschenbach KJ, Trump S, Winter
M, et al. Constitutive IDO Expression in Human Cancer is Sustained by an
Autocrine Signaling Loop Involving IL-6, STAT3 and the AHR. Oncotarget
(2014) 5:1038–51. doi: 10.18632/oncotarget.1637

62. Gargaro M, Manni G, Scalisi G, Puccetti P, Fallarino F. Tryptophan
Metabolites at the Crossroad of Immune-Cell Interaction via the Aryl
March 2022 | Volume 13 | Article 832989

https://doi.org/10.1111/febs.13971
https://doi.org/10.1111/febs.13971
https://doi.org/10.1038/s41388-020-01436-3
https://doi.org/10.1007/s10555-019-09811-7
https://doi.org/10.3727/096504017X14920318811695
https://doi.org/10.1186/s12885-016-2795-y
https://doi.org/10.1080/15384047.2018.1529109
https://doi.org/10.1080/15384047.2018.1529109
https://doi.org/10.3389/fonc.2020.00094
https://doi.org/10.1080/07391102.2020.1751298
https://doi.org/10.1002/art.40787
https://doi.org/10.1016/j.jaut.2021.102597
https://doi.org/10.1016/j.cyto.2017.10.002
https://doi.org/10.1016/0003-2697(85)90442-7
https://doi.org/10.1128/jvi.74.9.4110-4115.2000
https://doi.org/10.1007/s00792-019-01105-8
https://doi.org/10.1007/s00792-019-01105-8
https://doi.org/10.1002/bit.22221
https://doi.org/10.1016/S0141-0229(99)00081-2
https://doi.org/10.1016/S0141-0229(99)00081-2
https://doi.org/10.1007/s11010-020-03766-y
https://doi.org/10.1186/s12885-016-2795-y
https://doi.org/10.1182/blood-2007-01-065888
https://doi.org/10.1517/14712598.2010.534080
https://doi.org/10.1124/mol.105.019695
https://doi.org/10.1016/j.molmed.2009.05.003
https://doi.org/10.1371/journal.pone.0102519
https://doi.org/10.1093/carcin/bgq024
https://doi.org/10.1016/j.intimp.2017.10.016
https://doi.org/10.1016/j.intimp.2017.10.016
https://doi.org/10.1016/j.yexcr.2014.11.005
https://doi.org/10.1016/j.urolonc.2018.05.021
https://doi.org/10.1016/j.urolonc.2018.05.021
https://doi.org/10.1007/s00702-011-0681-y
https://doi.org/10.1038/s41573-019-0016-5
https://doi.org/10.1038/s41573-019-0016-5
https://doi.org/10.4049/jimmunol.1201214
https://doi.org/10.4137/IJTR.S4282
https://doi.org/10.1038/sj.cdd.4401073
https://doi.org/10.1016/j.exger.2019.110820
https://doi.org/10.4049/jimmunol.1502615
https://doi.org/10.18632/oncotarget.1637
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Clanchy et al. IDO Induction by Serine Proteases
Hydrocarbon Receptor: Implications for Tumor Immunotherapy. Intern J
Molec Sci (2021) 22:AR 4644. doi: 10.3390/ijms22094644

63. Wang G, Cao K, Liu K, Xue Y, Roberts AI, Li F, et al. Kynurenic Acid, an
IDO Metabolite, Controls TSG-6-Mediated Immunosuppression of Human
Mesenchymal Stem Cells. Cell Death Differentiation (2018) 25:1209–23.
doi: 10.1038/s41418-017-0006-2

64. Labadie BW, Bao R, Luke JJ. Reimagining IDO Pathway Inhibition in Cancer
Immunotherapy via Downstream Focus on the Tryptophan-Kynurenine-
Aryl Hydrocarbon Axis. Clin Cancer Res (2019) 25:1462–71. doi: 10.1158/
1078-0432.CCR-18-2882

65. Boros FA, Vecsei L. Immunomodulatory Effects of Genetic Alterations
Affecting the Kynurenine Pathway. Front Immunol (2019) 10:2570.
doi: 10.3389/fimmu.2019.02570

66. Wirthgen E, Hoeflich A, Rebl A, Guenther J. Kynurenic Acid: The Janus-
Faced Role of an Immunomodulatory Tryptophan Metabolite and its Link to
Pathological Conditions. Front Immunol (2018) 8:1957. doi: 10.3389/
fimmu.2017.01957

67. Vigna-Taglianti R, Boriano A, Gianello L, Melano A, Bergesio F, Merlotti
AM, et al. Predictive Value of Prostate Specific Antigen Variations in the
Last Week of Salvage Radiotherapy for Biochemical Recurrence of Prostate
Cancer After Surgery: A Practical Approach. Cancer Rep (2020) 3:AR.e1285.
doi: 10.1002/cnr2.1285

68. Darst BF, Chou A, Wan P, Pooler L, Sheng X, Vertosick EA, et al. The Four-
Kallikrein Panel is Effective in Identifying Aggressive Prostate Cancer in a
Multi-Ethnic Population. Cancer Epidemiol Biomarkers Prev (2020)
29:1381–8. doi: 10.1158/1055-9965.EPI-19-1560

69. Stojadinovic M, Trifunovic T, Jankovic S. Adaptation of the Prostate Biopsy
Collaborative Group Risk Calculator in Patients With PSA Less Than 10 Ng/
Ml Improves its Performance. Intern Urol Nephrol (2020) 11:324–8. doi:
10.1007/s11255-020-02517-8

70. Ideo H, Kondo J, Nomura T, Nonomura N, Inoue M, Amano J. Study of
Glycosylation of Prostate-Specific Antigen Secreted by Cancer Tissue-
Originated Spheroids Reveals New Candidates for Prostate Cancer
Detection. Sci Rep (2020) 10:AR 2708. doi: 10.1038/s41598-020-59622-y

71. Oto J, Fernandez-Pardo A, Royo M, Hervas D, Martos L, Vera-Donoso CD,
et al. A Predictive Model for Prostate Cancer Incorporating PSA Molecular
Forms and Age. Sci Rep (2020) 10:AR 2463. doi: 10.1038/s41598-020-58836-4

72. Durinx C, Lambeir AM, Bosmans E, Falmagne JB, Berghmans R, Haemers
A, et al. Molecular Characterization of Dipeptidyl Peptidase Activity in
Serum - Soluble CD26/dipeptidyl Peptidase IV is Responsible for the Release
of X-Pro Dipeptides. Europ J Biochem (2000) 267:5608–13. doi: 10.1046/
j.1432-1327.2000.01634.x

73. Lambeir AM, Durinx C, Scharpe S, De Meester I. Dipeptidyl-Peptidase IV
From Bench to Bedside: An Update on Structural Properties, Functions, and
Clinical Aspects of the Enzyme DPP Iv. Crit Rev Clin Lab Sci (2003) 40:209–
19. doi: 10.1080/713609354

74. Waumans Y, Baerts L, Kehoe K, Lambeir AM, De Meester I. The Dipeptidyl
Peptidase Family, Prolyl Oligopeptidase, and Prolyl Carboxypeptidase in the
Immune System and Inflammatory Disease, Including Atherosclerosis.
Front Immunol (2015) 6:387. doi: 10.3389/fimmu.2015.00387

75. Casrouge A, Sauer AV, da Silva RB, Tejera-Alhambra M, Sanchez-Ramon S,
Cancrini C, et al. Lymphocytes are a Major Source of Circulating Soluble
Dipeptidylpeptidase-4. Clin Exp Immunol (2018) 194:166–79. doi: 10.1111/
cei.13163

76. Aroor A, McKarns S, Nistala R, DeMarco V, Gardner M, Garcia-Touza M,
et al. DPP-4 Inhibitors as Therapeutic Modulators of Immune Cell Function
and Associated Cardiovascular and Renal Insulin Resistance in Obesity and
Diabetes. Cardiorenal Med (2013) 3:48–56. doi: 10.1159/000348756

77. Buljevic S, Detel D, Pugel EP, Varljen J. The Effect of CD26-Deficiency on
Dipeptidyl Peptidase 8 and 9 Expression Profiles in a Mouse Model of
Crohn’s Disease. J Cell Biochem (2018) 119:6743–55. doi: 10.1002/jcb.26867

78. Roehrborn D, Brueckner J, Sell H, Eckel J. Reduced DPP4 Activity Improves
Insulin Signaling in Primary Human Adipocytes. Biochem Biophy Res
Commun (2016) 471:348–54. doi: 10.1016/j.bbrc.2016.02.019

79. Kuo CS, Chen JS, Lin LY, Schmid-Schonbein GW, Chien S, Huang PH, et al.
Inhibition of Serine Protease Activity Protects Against High Fat Diet-
Induced Inflammation and Insulin Resistance. Sci Rep (2020) 10:AR 1725.
doi: 10.1038/s41598-020-58361-4
Frontiers in Immunology | www.frontiersin.org 15
80. Ohnuma K, Takahashi N, Yamochi T, Hosono O, Dang NH, Morimoto C.
Role of CD26/dipeptidyl Peptidase IV in Human T Cell Activation and
Function. Front Biosci Landmark (2008) 13:2299–310. doi: 10.2741/2844

81. Solau-Gervais E, Zerimech F, Lemaire R, Fontaine C, Huet G, Flipo R-M.
Cysteine and Serine Proteases of Synovial Tissue in Rheumatoid Arthritis
and Osteoarthritis. Scand J Rheumatol (2007) 36:373–7. doi: 10.1080/
03009740701340172

82. Enz N, Vliegen G, De Meester I, Jungraithmayr W. CD26/DPP4-A Potential
Biomarker and Target for Cancer Therapy. Pharmacol Therap (2019)
198:135–59. doi: 10.1016/j.pharmthera.2019.02.015

83. Okamoto T, Yamazaki H, Hatano R, Yamada T, Kaneko Y, Xu CW, et al.
Targeting CD26 Suppresses Proliferation of Malignant Mesothelioma Cell
via Downmodulation of Ubiquitin-Specific Protease 22. Biochem Biophy Res
Commun (2018) 504:491– 498. doi: 10.1111/cmi.12845

84. Zhang M, Xu L, Wang X, Sun B, Ding J. Expression Levels of Seprase/FAP
and DPPIV/CD26 in Epithelial Ovarian Carcinoma. Oncol Lett (2015)
10:34– 42. doi: 10.3892/ol.2015.3151

85. Javidroozi M, Zucker S, Chen WT. Plasma Seprase and DPP4 Levels as
Markers of Disease and Prognosis in Cancer. Dis Markers (2012) 32:309–20.
doi: 10.1155/2012/706745

86. Wessler S, Schneider G, Backert S. Bacterial Serine Protease HtrA as a
Promising New Target for Antimicrobial Therapy? Cell Commun Signaling
(2017) 15:AR 4. doi: 10.1186/s12964-017-0162-5

87. Backert S, Bernegger S, Skorko-Glonek J, Wessler S. Extracellular HtrA
Serine Proteases: An Emerging New Strategy in Bacterial Pathogenesis. Cell
Microbiol (2018) 20:6 AR e12845. doi: 10.1111/cmi.12845

88. Harrer A, Buecker R, Boehm M, Zarzecka U, Tegtmeyer N, Sticht H, et al.
Campylobacter Jejuni Enters Gut Epithelial Cells and Impairs Intestinal
Barrier Function Through Cleavage of Occludin by Serine Protease HtrA.
Gut Pathog (2019) 11:AR 4. doi: 10.1186/s13099-019-0283-z

89. Boehm M, Lind J, Backert S, Tegtmeyer N. Campylobacter Jejuni Serine
Protease Htra Plays an Important Role in Heat Tolerance, Oxygen
Resistance, Host Cell Adhesion, Invasion, and Transmigration. Europ J
Microbiol Immunol (2015) 5:68–80. doi: 10.1556/EuJMI-D-15-00003

90. Zarzecka U, Harrer A, Zawilak-Pawlik A, Skorko-Glonek J, Backert S.
Chaperone Activity of Serine Protease HtrA of Helicobacter Pylori as a
Crucial Survival Factor Under Stress Conditions. Cell Commun Signal (2019)
17:AR 161. doi: 10.1186/s12964-019-0481-9

91. Wroblewski LE, Peek RM, Wilson KT. Helicobacter Pylori and Gastric
Cancer: Factors That Modulate Disease Risk. Clin Microbiol Rev (2010)
23:713–39. doi: 10.4049/jimmunol.1201214

92. Chien J, Campioni M, Shridhar V, Baldi A. HtrA Serine Proteases as
Potential Therapeutic Targets in Cancer. Curr Cancer Drug Targets (2009)
9:451–68. doi: 10.2174/156800909788486704

93. Bowden MA, Drummond AE, Fuller PJ, Salamonsen LA, Findlay JK, Nie G.
High-Temperature Requirement Factor A3 (Htra3): A Novel Serine Protease
and its Potential Role in Ovarian Function and Ovarian Cancers. Molec Cell
Endocrin (2010) 327:13–8. doi: 10.1016/j.mce.2010.06.001

94. Klose R, Adam MG, Weis EM, Moll I, Wustehube-Lausch J, Tetzlaff F, et al.
Inactivation of the Serine Protease HTRA1 Inhibits Tumor Growth by
Deregulating Angiogenesis. Oncogene (2018) 37:4260–72. doi: 10.1038/
s41388-018-0258-4

95. Xu L, Li Y. A Molecular Cascade Underlying Articular Cartilage
Degeneration. Curr Drug Targets (2020) 21:838–48. doi: 10.2174/1389450
121666200214121323

96. Fallarino F, Grohmann U, Puccetti P. Indoleamine 2,3-Dioxygenase: From
Catalyst to Signalling Function. Europ J Immunol (2012) 42:1932–7.
doi: 10.1002/eji.201242572

97. Zhang P, Jiang G, Gao J, Li L, Du J, Jiao X. SAHA Down-Regulates the
Expression of Indoleamine 2,3-Dioxygenase via Inhibition of the JAK/
STAT1 Signaling Pathway in Gallbladder Carcinoma Cells. Oncol Rep
(2013) 29:269–75. doi: 10.3892/or.2012.2073

98. Choi SW, Gatza E, Hou G, Sun Y, Whitfield J, Song Y, et al. Histone
Deacetylase Inhibition Regulates Inflammation and Enhances Tregs After
Allogeneic Hematopoietic Cell Transplantation in Humans. Blood (2015)
125:815–9. doi: 10.1182/blood-2014-10-605238

99. Reddy P, Sun Y, Toubai T, Duran-Struuck R, Clouthier SG, Weisiger E, et al.
Histone Deacetylase Inhibition Modulates Indoleamine 2,3-Dioxygenase-
March 2022 | Volume 13 | Article 832989

https://doi.org/10.3390/ijms22094644
https://doi.org/10.1038/s41418-017-0006-2
https://doi.org/10.1158/1078-0432.CCR-18-2882
https://doi.org/10.1158/1078-0432.CCR-18-2882
https://doi.org/10.3389/fimmu.2019.02570
https://doi.org/10.3389/fimmu.2017.01957
https://doi.org/10.3389/fimmu.2017.01957
https://doi.org/10.1002/cnr2.1285
https://doi.org/10.1158/1055-9965.EPI-19-1560
https://doi.org/10.1007/s11255-020-02517-8
https://doi.org/10.1038/s41598-020-59622-y
https://doi.org/10.1038/s41598-020-58836-4
https://doi.org/10.1046/j.1432-1327.2000.01634.x
https://doi.org/10.1046/j.1432-1327.2000.01634.x
https://doi.org/10.1080/713609354
https://doi.org/10.3389/fimmu.2015.00387
https://doi.org/10.1111/cei.13163
https://doi.org/10.1111/cei.13163
https://doi.org/10.1159/000348756
https://doi.org/10.1002/jcb.26867
https://doi.org/10.1016/j.bbrc.2016.02.019
https://doi.org/10.1038/s41598-020-58361-4
https://doi.org/10.2741/2844
https://doi.org/10.1080/03009740701340172
https://doi.org/10.1080/03009740701340172
https://doi.org/10.1016/j.pharmthera.2019.02.015
https://doi.org/10.1111/cmi.12845
https://doi.org/10.3892/ol.2015.3151
https://doi.org/10.1155/2012/706745
https://doi.org/10.1186/s12964-017-0162-5
https://doi.org/10.1111/cmi.12845
https://doi.org/10.1186/s13099-019-0283-z
https://doi.org/10.1556/EuJMI-D-15-00003
https://doi.org/10.1186/s12964-019-0481-9
https://doi.org/10.4049/jimmunol.1201214
https://doi.org/10.2174/156800909788486704
https://doi.org/10.1016/j.mce.2010.06.001
https://doi.org/10.1038/s41388-018-0258-4
https://doi.org/10.1038/s41388-018-0258-4
https://doi.org/10.2174/1389450121666200214121323
https://doi.org/10.2174/1389450121666200214121323
https://doi.org/10.1002/eji.201242572
https://doi.org/10.3892/or.2012.2073
https://doi.org/10.1182/blood-2014-10-605238
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Clanchy et al. IDO Induction by Serine Proteases
Dependent DC Functions and Regulates Experimental Graft-Versus-
Host Disease in Mice. J Clin Invest (2008) 118:2562–73. doi: 10.1172/
JCI34712

100. He YW, Wang HS, Zeng J, Fang X, Chen HY, Du J, et al. Sodium Butyrate
Inhibits Interferon-Gamma Induced Indoleamine 2,3-Dioxygenase
Expression via STAT1 in Nasopharyngeal Carcinoma Cells. Life Sci (2013)
93:509–15. doi: 10.1016/j.lfs.2013.07.028

101. Martin-Gallausiaux C, Larraufie P, Jarry A, Beguet-Crespel F, Marinelli L,
Ledue F, et al. Butyrate Produced by Commensal Bacteria Down-Regulates
Indolamine 2,3-Dioxygenase 1 (IDO1) Expression via a Dual Mechanism in
Human Intestinal Epithelial Cells. Front Immunol (2018) 9:2838.
doi: 10.3389/fimmu.2018.02838

102. Puccetti P, Grohmann U. IDO and Regulatory T Cells: A Role for Reverse
Signalling and Non-Canonical NF-Kappa B Activation. Nat Rev Immunol
(2007) 7:817–23. doi: 10.1038/nri2163

103. Parlati F, Lee SJ, Aujay M, Suzuki E, Levitsky K, Lorens JB, et al. Carfilzomib
can Induce Tumor Cell Death Through Selective Inhibition of the
Chymotrypsin-Like Activity of the Proteasome. Blood (2009) 114:3439–47.
doi: 10.1182/blood-2009-05-223677

104. Teicher BA, Tomaszewski JE. Proteasome Inhibitors: Commentary. Biochem
Pharmacol (2015) 96:1–9. doi: 10.1016/j.bcp.2015.04.008

105. Ziogas DC, Terpos E, Kastritis E. Dimopoulos MA An Overview of the Role
of Carfilzomib in the Treatment of Multiple Myeloma. Expert Opin
Pharmacother (2017) 18:1883–97. doi: 10.1080/14656566.2017.1404575

106. Manasanch E, Orlowski RZ. Proteasome Inhibitors in Cancer Therapy. Nat
Rev Clin Oncol (2017) 14:417–33. doi: 10.1038/nrclinonc.2016.206
Frontiers in Immunology | www.frontiersin.org 16
107. Midwood K, Sacre S, Piccinini AM, Inglis J, Trebaul A, Chan E, et al.
Tenascin-C is an Endogenous Activator of Toll-Like Receptor 4 That is
Essential for Maintaining Inflammation in Arthritic Joint Disease. Nat Med
(2009) 15:774–80. doi: 10.1038/nm.1987

108. Piccinini AM, Zuliani-Alvarez L, Lim JMP, Midwood KS. Distinct Micro-
Environmental Cues Stimulate Divergent TLR4-Mediated Signaling
Pathways in Macrophages. Sci Signaling (2016) 9:art.ra86. doi: 10.1126/
scisignal.aaf3596

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Clanchy, Huang, Ogbechi, Darlington, Williams and Stone. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
March 2022 | Volume 13 | Article 832989

https://doi.org/10.1172/JCI34712
https://doi.org/10.1172/JCI34712
https://doi.org/10.1016/j.lfs.2013.07.028
https://doi.org/10.3389/fimmu.2018.02838
https://doi.org/10.1038/nri2163
https://doi.org/10.1182/blood-2009-05-223677
https://doi.org/10.1016/j.bcp.2015.04.008
https://doi.org/10.1080/14656566.2017.1404575
https://doi.org/10.1038/nrclinonc.2016.206
https://doi.org/10.1038/nm.1987
https://doi.org/10.1126/scisignal.aaf3596
https://doi.org/10.1126/scisignal.aaf3596
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Induction of IDO1 and Kynurenine by Serine Proteases Subtilisin, Prostate Specific Antigen, CD26 and HtrA: A New Form of Immunosuppression?
	Introduction
	Materials and Methods
	Reagents
	Inhibitors

	Monocyte-Derived Macrophages
	Protease and Inhibitor Treatment
	Gene Expression
	Protein Expression
	Protease Activity Assay
	LAL Assay
	Kynurenine Assay
	Statistics

	Results
	Serine Proteases Induce IDO1
	Kynurenine Production
	Elimination of Endotoxin Contamination as a Cause of IDO Induction
	Proteasomal Serine Protease Inhibitor Carfilzomib Blocks IDO1 Induction
	Mechanisms of Action: Epigenetic Factor Are Not Involved
	Mechanisms of Action: IDO1 Induction Is via a TLR4 Pathway

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


