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ISG15-Induced IL-10 Is a Novel Anti-Inflammatory Myeloid
Axis Disrupted during Active Tuberculosis

Paula Fernandes dos Santos,* Johan Van Weyenbergh,” Murilo Delgobo,*
Daniel de Oliveira Patricio,* Brian J. Fergusonfk Rodrigo Guabiraba,§ Tim Dierckx,Jr
Soraya Maria Menezes,” André Bifica,* and Daniel Santos Mansur*!

IFN-stimulated gene 15 (ISG15) deficiency in humans leads to severe IFNopathies and mycobacterial disease, the latter being pre-
viously attributed to its extracellular cytokine-like activity. In this study, we demonstrate a novel role for secreted ISG15 as an IL-10
inducer, unique to primary human monocytes. A balanced ISG15-induced monocyte/IL-10 versus lymphoid/IFN-y expression,
correlating with p38 MAPK and PI3K signaling, was found using targeted in vitro and ex vivo systems analysis of human
transcriptomic datasets. The specificity and MAPK/PI3K-dependence of ISG15-induced monocyte IL-10 production was con-
firmed in vitro using CRISPR/Cas9 knockout and pharmacological inhibitors. Moreover, this ISG15/IL-10 axis was amplified in
leprosy but disrupted in human active tuberculosis (TB) patients. Importantly, ISG15 strongly correlated with inflammation and
disease severity during active TB, suggesting its potential use as a biomarker, awaiting clinical validation. In conclusion, this study
identifies a novel anti-inflammatory ISG15/IL-10 myeloid axis that is disrupted in active TB. The Journal of Immunology, 2018,

200: 1434-1442.

ype I IFNs (IFN-I) exert most of their functions by in-
ducing the expression of IFN-stimulated genes (ISGs). To
date, over 300 ISGs have been described (1, 2) and ISG15,
which is 15 KDa, is prominently expressed in response to infection, in
autoimmune diseases, cancer, and physiological processes such as
pregnancy (3-8). ISG1S5 is synthesized as a 17 KDa precursor that is
cleaved in the C-terminal region, producing a mature form of 15 KDa.
Also called ubiquitin cross-reactive protein, ISG15 was the first
ubiquitin-like protein to be described and it can be covalently linked to
other proteins in a process called ISGylation (3, 9-11). ISGylation is
important for cell intrinsic immunity against several viruses including
influenza A, vaccinia, Ebola, HIV, and hepatitis C virus (9, 12, 13).
In addition to its intracellular ISGylation-mediated processes, the
mature form of ISG1S5 can be secreted and possesses cytokine-like
activities that modulate leukocyte functions (3, 14). For instance, solu-
ble ISG15 was found to enhance production of IFN-y by lymphocytes
and NK cells (15, 16), and to stimulate NK cell proliferation (16) as well

as neutrophil migration (17). Importantly, ISG15 deficiency in humans
is associated with a severe Mendelian susceptibility to mycobacterial
disease (15) and cells from patients with a non-sense mutation or a
frame-shift in isg/5 are deficient in IFN-y—mediated immunity. This
activity is attributed to the effects of extracellular ISG15 in NK cells and
possibly occurs through an unknown receptor (15). Furthermore, hu-
mans lacking ISG15 also develop exacerbated IFN-I-induced immu-
nopathology (18). This evidence suggests that extracellular or free
ISG15, especially in humans (19), may regulate multiple aspects of the
host immune response to pathogens and implicates this protein as an
important component induced during infection and inflammatory
processes involving IFN-I signaling. However, despite its ability to
induce proinflammatory mediators, IFN-I may also exert anti-
inflammatory effects (20-22), and whether soluble extracellular
ISG15 modulates anti-inflammatory responses has not been reported.
This study demonstrates that ISG15 induces IL-10 synthesis in
human primary monocytes through MAPK- and PI3K-dependent
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pathways. Additionally, analysis of human transcriptome datasets
identified a myeloid ISG15/IL-10 axis present in homeostasis. In
contrast, the ISGI5/IL-10 axis is disrupted during active tuber-
culosis (TB) and ISGI5 mRNA levels strongly correlate with
inflammatory and disease severity markers. These data suggest
ISG15 may play a role in the cross-talk between IFNI/II and IL-10
and reveal ISG/5 mRNA levels as potentially useful biomarker in
human active TB.

Materials and Methods

Reagents

ISG15 was purchased from Boston Biochem and tested for endotoxins
by R&D Systems (endotoxin value for lot DBHF0614021 is <0.00394
EU/wg). Limulus amebocyte lysate assay (Lonza) was performed according
to the manufacturer’s instructions and the endotoxin level of recombinant
ISG15 was below the detection threshold. Pro-ISG15 (UL-615) was also
purchased from Boston Biochem. Escherichia coli LPS (strain O111:B4)
(InvivoGen) was used as a positive control for IL-10 production in human
PBMCs and monocytes. P38 kinase inhibitors SB203580 and SB220025
(Calbiochem) were used at 10 uM, MEK1/2 inhibitor U0126 (Cell Sig-
naling) at 50 wM, and PI3K inhibitor Ly294002 (Cell Signaling) was at
50 uM. Solvent (DMSO, medium) was used as negative control and
chloroquine (5 ng/ml; Sigma-Aldrich), a DNA-PKC/TLR endosomal
signaling inhibitor, was used as an additional negative control.

Primary human cells

Human PBMCs were separated from healthy individuals using Ficoll-Paque
(GE) according to the manufacturer’s instructions. Briefly, blood was
collected in heparin-containing tubes, and gently mixed 1:1 with saline
solution before being added over one volume of Ficoll-Paque reagent. The
gradient was centrifuged for 35 min at 400 X g, 18°C. PBMCs were
harvested and washed once with 45 ml of saline solution for 10 min at
400 X g, 18°C. Subsequently, the cell pellet was suspended and washed
twice with 5 ml of saline solution for 10 min at 200 X g, 18°C to remove
platelets. The remaining cell pellet was suspended to the desired density in
RPMI 1640 (Life Technologies) supplemented with 5% FCS (Hyclone),
2 mM L-glutamine (Life Technologies), 1 mM sodium pyruvate (Life
Technologies), 25 mM HEPES (Life Technologies), 100 U/ml penicillin,
and 100 pg/ml streptomycin (Life Technologies). Cells were plated as
described in each experiment. Human primary monocytes (CD14" cells)
were separated from PBMCs using CD14 microbeads (Miltenyi Biotec)
according to the manufacturer’s instructions with the exception of the
MACS buffer, which was prepared using 3% FCS. Monocyte enrichment
varied between 73 and 92% between experiments. The use of PBMCs from
healthy donors was previously approved by the Universidade de Santa
Catarina ethical committee (Institutional Review Board 283/08).

Generation of isgl5 knockout cell lines

A549 lung epithelial cells were cotransfected with three gRNA/Cas9/GFP
plasmids (provided by Horizon) targeting the ISGI5 locus using
JetPEI (PolyPlus Transfection). The guide RNAs used were 5'-
GGCTGTGGGCTGTGGGCTGT-3', 5'-GGTAAGGCAGATGTCA-
CAGG-3' and 5'-TGGAGCTGCTCAGGGACACC-3'. Then 72 h after
transfection, cells were sorted for GFP fluorescence then separated by
limiting dilution. Single-cell derived clones were selected for ISG15 ex-
pression (Supplemental Fig. 1B).

A549: CD14" coculture

A549 wild type (WT) or ISG15 knockout (KO) cells were seeded at 2 X 10°
cells per ml in 24-well plates. Cells rested in the incubator for 6 h before
ISG15 KO cells were transfected with ISG15-pCEP4 plasmid using Fuge-
neHD reagent (Promega) according to the manufacturer’s instructions. Cells
were then washed and LPS was added 18 h after transfection and immedi-
ately prior to the addition of a 2 X 10°> CD14" cell overlay. Following 24 h of
coculture, supernatants were harvested for IL-10 quantification.

Immunoblotting

Next, 1 X 10° CD14" cells were added to a 96-well plate and left to rest
overnight. Cells were stimulated with ISG15 (1 wg/ml) and, after 15 min,
spun at 4°C, supernatant was removed, and M-PER lysis buffer (Thermo
Fisher Scientific) containing protease inhibitors (Complete, Mini Protease
Inhibitor Tablets, Roche) and phosphatase inhibitors (#524625;
Calbiochem) was added. Protein separation was performed according to
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the M-PER manufacturer’s instructions. Abs concentrations for detection
of p38 (9212; Cell Signaling) and p-p38 (9211; Cell Signaling), ISG15
(Cat: A600; R&D Systems), and anti—a-Tubulin (clone DM1A; Millipore)
were those suggested by the manufacturers. For Western blots, at least 20
ng of total protein were separated and transferred to a polyvinylidene
difluoride 0.22 pwm blotting membrane. Membrane was blocked for at least
1 h with 1X TBST with 5% w/v nonfat dry milk and subsequently washed
three times with TBST for 5 min each wash. Membrane was incubated
with primary Abs diluted in 5% w/v BSA, 1 X TBS, 0.1% Tween 20 at 4°C
with gentle shaking overnight. Membrane was washed three times for
5 min each with TBST and then incubated with the appropriate secondary
HRP-linked Ab for 1 h at room temperature. Membrane was washed three
times, 5 min each with TBST before detection with ECL chemilumines-
cent substrate (Pierce).

P38 MAPK and PI3K signaling pathway inhibition

Next, 1 X 10° CD14" cells were added to a 96-well plate and left to rest
overnight. Inhibitors were added to cells for 1 h prior to ISG15 treatment.
Then 24 h after treatment, cells were spun at 4°C, supernatant was har-
vested, and IL-10 was quantified by ELISA.

Cytokine quantification

For exploratory experiments, IL-1(, IL-6, IL-10, IL-12p70, and TNF were
quantified in supernatants by human inflammatory cytokine cytometric
beads array kit (BD Biosciences). IL-10 and IFN-y were quantified using a
Human IL-10 DuoSet ELISA kit (R&D Systems) or Human IFN-y mini kit
(Thermo Fisher Scientific) according to the manufacturer’s instructions.

Flow cytometry assays

PBMCs were seeded at a density of 5 X 10° cells per well in 150 wl of
medium. After 8 h of resting at 37°C with 5% CO,, cells were treated with
ISG15 (2 pg/ml) or LPS (1 wg/ml), unless indicated otherwise. Golgi Plug
protein transport inhibitor (BD Biosciences) was added 1 h posttreatment,
according to the manufacturer’s instructions. Then, 12 h posttreatment,
growth medium was removed and cold 1X HBSS (Life Technologies) with
2.5 mM EDTA was added to each well. The tissue culture dish was kept at
4°C for 30 min and cells were suspended and transferred to 1.5 ml tubes.
Cells were washed in a final volume of 1 ml cold 1X HBSS (Life Tech-
nologies) with 2.5 mM EDTA at 300 X g and 4°C for 5 min. Supernatant
was removed and cells were suspended in FACS buffer (1% BSA, 1%
sodium azide in 1X PBS). Anti-human Ab mix containing anti-CD4
allophycocyanin-Cy7 (clone OKTI1) (BioLegend), anti-CD8 PE-Cy7
(clone SK1) (BioLegend), anti-CD14 PerCP-Cy5.5 (clone M5E2) (Bio-
Legend), and anti-CD56 FITC (clone NCAM 16.2) (BD Biosciences) was
added to the cell suspension for 40 min at 4°C in the presence of 10% AB
blood-type human serum to block Fc receptors. Afterwards, cells were
washed once with 1 ml of 1X PBS at 300 X g, 4°C, for 5 min, and 1 ml of
fixation buffer (1% paraformaldehyde in 1X PBS) was added to the cells.
Tubes were kept in the dark at room temperature for 15 min and then
centrifuged at 300 X g, 4°C, for 10 min to remove supernatant. Then, 1 ml
of permeabilization buffer (0.5% saponin in FACS buffer) was added to the
cells and tubes were centrifuged at 300 X g, 4°C for 10 min. Intracellular
stain with anti—IL-10-PE (clone JES3-9D7) (BioLegend) was carried out
for 30 min in the dark at room temperature. Cells were washed with
permeabilization buffer at 300 X g, 4°C, 5 min, supernatant was removed,
and cells were suspended in FACS buffer prior to acquisition of 1 X 10°
events or more. For analysis, all acquired events displayed as forward
scatter (FSC) and side scatter parameters were selected. After that, single-
cell events were selected using FSC area and height parameters (FSC-A X
FSC-H) and autofluorescence was excluded using allophycocyanin as an
open channel. Intracellular IL-10 was then quantified in monocytes
(CD14"IL-10"), NK cells (CD56'IL-10"), CD4 (CD4™EML-10%), and CD8
T cells (CD8™ML-10%). Gates were set according to unstained PBMC
sample and controls. All samples were acquired on a Becton-Dickinson
Verse flow cytometer using BD FACSuite software. To analyze cell death,
5 X 10° PBMC per well were treated with ISG15 2 pg/ml or staurosporine
(Sigma-Aldrich) 1 uM for 24 h. Cells were then harvested, washed with
1 ml of PBS at 300 X g, room temperature, 5 min, then supernatant was
removed and cells were washed once in 1 ml of 1X annexin binding buffer
(eBioscience). Cells were resuspended at 10° cells per ml in 1X annexin
binding buffer and FITC conjugated annexin V (eBioscience) was added to
the cell suspension for 15 min, room temperature, according to the man-
ufacturer’s instruction. Following incubation period, cells were washed
with 1 ml of 1X annexin binding buffer, 300 X g, room temperature,
5 min, and resuspended in 200 wl of 1X annexin binding buffer. Propidium
iodide (BD Pharmingen) was added at 0.25 pg/ml to the cell suspension
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prior to sample acquisition. Samples were acquired on a Becton-Dickinson
Canto II flow cytometer using BD FACSDiva software.

Real-time quantitative PCR

For relative quantification of /L-10 gene expression, total RNA was extracted
from PBMCs treated or not with ISG15. RNA was extracted after 6, 12, 24, or
48 h of treatment using an RNeasy RNA extraction kit (Qiagen). Using 400
ng of RNA, cDNA was produced with a High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems) and 2 pl of the product was used for
the quantitative PCR reaction in a final volume of 10 wl. Quantitative PCR
reactions were performed using the primers forward 5'-GAG ATC TCC GAG
ATG CCT TCA G-3'and reverse 5'-CAA GGA CTC CTT TAA CAA CAA
GTT GT-3' (23). Fold-increase in IL-10 gene expression was determined by
relative quantification using hypoxanthine phosphoribosyltransferase (HPRT)
as endogenous control. Primers forward and reverse for HPRT were 5'-
CCTGCTGGATTACATCAAAGCACTG-3" and 5'-TCCAACACTTCGTG-
GGGTCCT-3', respectively, and were used at 250 nM each.

Microarray analysis

Curated and annotated publicly available datasets (24-29) (GXB, ImmuCo,
ImmuSort, BioGPS, GEO) were obtained from large, established cohorts of
healthy controls, latent, and active TB patients, comprising ex vivo and
in vitro whole blood, total PBMCs, purified leukocyte subsets, nonleukocyte
human primary cells, and skin biopsies (leprosy patients, healthy controls,
and cutaneous leishmaniasis as nonmycobacterial infectious control). Novel
datasets were generated for both whole blood and PBMCs from healthy
controls and individuals infected with another nonmycobacterial intracellular
pathogen (Leishmania braziliensis). Data from the healthy controls were
used in this study. PBMCs were isolated as above and immediately frozen in
Trizol to preserve RNA integrity. Following Trizol extraction, total RNA was
further purified using an RNeasy kit according to the manufacturer’s pro-
tocol (Qiagen, Venlo, the Netherlands). Affymetrix Whole Genome micro-
array analysis was performed by the VIB Nucleomics Facility (Leuven,
Belgium) using a GeneChip Human Gene 1.0 ST Array with the WT PLUS
reagent kit (Affymetrix, Santa Clara, CA) according to the manufacturer’s
specifications. Data preprocessing (RMA) was performed using the Bio-
conductor xps package. All microarray raw data are available at Gene Ex-
pression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/) under series
accession number GSE80008.

Enrichment analysis

The Ingenuity Pathway Analysis program was used to perform the initial
pathway and function level analysis on genes determined to be differentially
expressed in the microarray analysis (Ingenuity Systems, Red Wood City,
CA). Uncorrected p values and absolute fold-changes were used with cutoffs
of p < 0.05. Based on a scientific literature database, the genes were sorted
into gene networks and canonical pathways, and significantly overrepre-
sented pathways were identified. Further enrichment analysis was performed,
including Gene Ontology term enrichment using the WEB-based GEne SeT
AnaLysis Toolkit (WebGestalt), KEGG pathway enrichment using the
pathway database from the Kyoto Encyclopedia of Genes and Genomes, and
transcription factor target enrichment using data from the Broad Institute
Molecular Signatures Database (MSigDB). Genesets from the Gene Ontol-
ogy, KEGG pathways, WikiPathways, and Pathway Commons databases, as
well as transcription factors, were considered overrepresented if their
corrected p value was smaller than 0.05. Principal component analysis,
correlation matrices (Spearman), and unsupervised hierarchical (Euclidian
distance) clustering were performed using XLSTAT, and visualized using
MORPHEUS (https://software.broadinstitute.org/morpheus/).

Data processing and statistical analyses

Data derived from in vitro experiments was processed using GraphPad
Prism 6 and analyzed using an unpaired Student 7 test unless stated
otherwise. Statistical significance is expressed as follows: *p < 0.05,
##p < 0.01, ***p < 0.001, ****p < 0.0001. In all cases, data shown are
representative from at least two independent experiments. Data from
experiments performed in triplicate are expressed as mean = SEM.

Results
ISG15 induces IL-10 production in human PBMCs

Extracellular ISG15 stimulates IFN-y production by human NK
cells (15), so to investigate whether ISG15 regulates synthesis of
other inflammatory cytokines, PBMCs were exposed to soluble
ISG15 and 24 h cell culture supernatants assayed for several

ISG15 DRIVES A MONOCYTE/IL-10 AXIS DISRUPTED IN TB

cytokines by cytometric bead array. Of this panel, only IL-10 and
IL-6 were induced by ISG15 (Supplemental Fig. 1A). IL-10 is a
key immune-regulatory cytokine that exerts opposing effects to
IFN-v, hence this result was further assessed by treating PBMCs
with different concentrations of pro- or mature ISG15 indicating a
concentration-dependent response (Fig. 1A). Following intracel-
lular processing of pro-ISG15, its C-terminal LRLRGG domain is
exposed and the protein becomes mature, a necessary requirement
for ISGylation (11, 30-32). Both pro- and mature ISG15 induced
IL-10 secretion in human PBMCs in a similar manner (Fig. 1A),
indicating that LRLRGG sequence does not need to be exposed
for ISG15-mediated IL-10 production. Exogenous ISG15 stimu-
lated IL-10 synthesis by PBMCs from most of the healthy donors
tested (Fig. 1B). Control experiments showed that heat-denatured
ISG15 did not promote IL-10 synthesis, demonstrating this protein
requires its correctly folded structure to induce cell signaling (Fig.
1B). Kinetic analysis of ISG15 stimulation in human PBMCs
showed a peak of IL-10 mRNA and protein synthesis after 6 and
12 h respectively (Fig. 1C, 1D). In contrast, other ISGs such as
IFN-a and CCLS did not induce IL-10 production by human
PBMCs (Supplemental Fig. 1C-F). Interestingly, this response
was found to be specific for primary cells as a library of human
cell lines (NKL, NK92, THP-1, Karpas, U937, and Jurkat) treated
with ISG15 did not produce IL-10 (data not shown). Additionally,
ISG15 treatment did not induce cell death by means of annexin V
expression and propidium iodide incorporation (Fig. 1E-G),
suggesting IL-10 was actively secreted, not released from nor
induced by apoptotic or necrotic cells. Together, these data show
that ISG15 induces IL-10 synthesis and secretion by primary
human PBMCs, independent of cell death.

CDI14* cells are the main producers of ISG15-induced IL-10

ISG1S5 can act on different cell types (15-17, 33), hence intracellular
cytokine staining was used to identify the source of ISG15-induced
IL-10 in PBMC subpopulations. These experiments indicated that
CD14" cells are the main source of IL-10 (Fig. 2A) with an average
2.5-fold increase of CD14*IL-10" cells as compared with unstimulated
cultures (Fig. 2B). Next, PBMCs were separated into CD14" and
CD14" populations and both groups were exposed to soluble ISG15.
Quantification of IL-10 and IFN-y 24 h poststimulation confirmed the
CD14" population to be the main producers of IL-10 (Fig. 2C) and we
corroborated previous work showing the CD14 " population to be the
source of ISG15-induced IFN-y (Fig. 2D) (15, 16). Additionally, these
data indicate that recombinant ISG15-induced IL-10 synthesis by
CD14" populations does not require the presence of CD14™ cells.
To test whether endogenously produced ISG15 stimulates IL-10
synthesis, a coculture experiment was set up using a lung epithelial
cell line, A549, as a source of ISG15 (34). For these assays, an
ISG15-KO AS549 cell line was generated using CRISPR/Cas9
technology (Supplemental Fig. 1B, clone 3). WT or ISGI5-KO
A549 cells were then cocultured with purified human primary
CD147 cells or stimulated with LPS as a positive control. In this
setup, A549-monocyte cocultures led to a consistent production of
IL-10, an outcome completely abrogated when ISG15-KO A549
cells were used. This effect could be rescued by reintroduction of
the ISG15 gene into the KO cells (Fig. 2E), thus demonstrating the
specificity of epithelial cell-derived ISG15 for the induction IL-10.
To study coregulation of ISGI5/IL-10/IFNG pathways in dif-
ferent cell types ex vivo, we next examined transcriptome datasets
of purified major human leukocyte subsets (ImmuCo, ImmuSort)
(28, 29). Expression levels of ISGI5 and IL-10 are positively
correlated in total PBMCs, purified monocytes, and macrophages,
but not neutrophils and T cells (Fig. 2F-J). Although neutrophils
display the highest ISG15/IL-10 expression ratio, monocytes are the
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main ex vivo IL-10—expressing cell type (60.19% of cells with explained by the inactive chromatin configuration of the /L-10
1L-10 transcripts above detection limit, versus 17.33% in PBMCs locus in these cells. Together, this set of results suggests a role for
and 5.97% in neutrophils, Fig. 2K), thus corroborating our in vitro extracellular rather than intracellular ISG15 as a paracrine inducer
results (Fig. 2A-D). Consistent with a previous study (35), low or of monocyte-derived IL-10 (shown by this study) and NK-derived
undetectable /L-10 transcripts in human neutrophils (Fig. 2K) are IFN-vy (15). Because the unique susceptibility of ISG15-deficient
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children to low-virulence mycobacteria has underscored a role for
extracellular ISG15 (15), we performed a systems analysis ap-
proach to gain insight in the possible influence of ISG15/IL-10
axis during mycobacterial exposure in humans.

IL-10 production in response to ISG15 requires MAPK-PI3K
signaling pathways

MAPK and PI3K signaling pathways have been shown to participate
in /L-10 transcription in human monocytes and macrophages. For
instance, p38, ERK1/2, and PI3K are crucial for IL-10 synthesis
during microbial stimuli such as LPS and Mycobacterium (36, 37).
Thus, we analyzed a published transcriptome dataset of latent TB
using WebGEstalt and Ingenuity Pathway Analysis. MAPK and
PI3K signaling pathways were significantly enriched in latent TB
transcriptomes, as compared with healthy uninfected controls
(Supplemental Table I). We next investigated whether ISG15, IL-10,
IFNG, and members of the MAPK and PI3K signaling families
displayed divergent expression patterns between latent and active
TB. In keeping with our hypothesis, an anti-inflammatory IL-10
monocyte axis (ISG15/IL-10/CD14 and downstream STAT3) was
significantly unregulated, and a protective IFNG axis (CD8/NK and
upstream STAT4) was significantly downregulated in active TB,
whereas the opposite effect was observed in latent TB (Fig. 3A).
Likewise, MAPK3 and PIK3CA (PI3Kalpha) levels were unregu-
lated in active TB and downregulated in latent TB. Interestingly,
MAPK14 was unregulated in both latent and active TB (Fig. 3A). In
this scenario, MAPK14 (p38) expression levels were significantly
and positively correlated to ISG15 levels ex vivo (Fig. 3B). Addi-
tionally, MAPK3 (MAP3K/ERK1) levels were positively correlated
to IL-10 (Fig. 3C) and negatively correlated to /FNG transcript
levels (Fig. 3D). Finally, PIK3CA and PIK3CB (PI3Kbeta)

A
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transcripts were negatively correlated to IL-10 expression levels
(Fig. 3E). These data suggested that ISG15/IL-10 as well as MAPK/
PI3K-associated transcripts are coregulated during mycobacterial
stimulation in vivo and raised the possibility that MAPK/PI3K
pathway is involved in ISG15-induced IL-10 responses in mono-
cytes. Indeed, following exposure of CD14" cells to ISG15, in-
creased phosphorylation of p38 MAPK was observed (Fig. 3F).
More importantly, the use of two distinct inhibitors for p38 (Fig. 3G,
3H) as well as inhibitors for MEK1/2 (Fig. 3I) and PI3K (Fig. 3J)
abrogated IL-10 production in ISG15-stimulated monocytes. In
contrast, chloroquine, an inhibitor targeting DNA-PKCs/TLRY/
endosome signaling pathways, did not affect IL-10 synthesis in-
duced by ISG15 (Fig. 3J). These results suggest a central role for p38
activation and MAPK as well as PI3K signaling in ISG15-induced
IL-10 production by primary monocytes.

An ISG15/IL-10/IFNG cluster in healthy controls is disrupted
during active TB

Altogether, our data indicated that ISG15 is associated with im-
munoregulatory responses and could have an important role in
mycobacterial-induced inflammation. To test this concept, publicly
available transcriptome datasets from established cohorts of healthy
controls and patients with leprosy as well as latent or active TB were
examined. Positive and negative correlations (Spearman Rho) were
calculated between normalized transcript levels of MAPK/PI3K/
STAT signaling family members, established myeloid lineage
markers (CDI4, CD16 = FCGR3A/FCGR3B, ITGAM, ITGAX), and
lymphoid lineage markers (CD4, CDS, CD56 = NCAM1, ITGAL)
plus ISG15, IL-10 and IFNG transcripts. Unsupervised hierarchical
clustering of these transcripts was then performed, based on the
resulting correlation matrices. In healthy controls (Fig. 4A), ISG15
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FIGURE 4. An anti-inflammatory ISG15/IL-10 myeloid axis is amplified in human leprosy and disrupted in human TB, revealing a novel clinical
biomarker. (A—C) Heatmaps representing positive (red) and negative (blue) correlation matrix of selected genes (see text) classified by unsupervised
hierarchical clustering (Euclidian distance). (A) Healthy controls (GSE80008), (B) leprosy patients (GSE17763), (C) TB cohort (GSE28623).
(D) Significantly enriched network (Ingenuity Pathway Analysis) showing p38 MAPK as highly interconnected in the monocyte transcriptome of TB
patients. (E and F) ISGI5 transcript correlates with IL-10 transcript level in leprosy patients, but not in patients with active TB. (G and H) ISG15
transcript level correlates with established inflammatory metrics [erythrocyte sedimentation rate (ESR), C-reactive protein (CRP)], (I) tissue damage
(Modal X-ray grade), as well as (J-L) systemic clinical parameters (neutrophil count, hemoglobin, and globulin serum concentration) in patients with
active TB.
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mRNA strongly clusters with [L-10, and to a lesser extent with
IFNG, indicating the existence of a regulatory balance between pro-
and anti-inflammatory effects under homeostatic conditions. Lep-
rosy lesions have been shown to express both IFN-I and IL-10, a
scenario that leads to suppression of IFN-y effector activities (27).
An unsupervised hierarchical cluster analysis of the cohort pub-
lished by Teles et al. shows the myeloid anti-inflammatory ISG15/
IL-10 axis was maintained in leprosy lesions (Fig. 4B), demon-
strated by a single expression cluster comprised of ISG15, IL-10 and
monocyte (CD14) and myeloid markers (CD64 = FCGRI, CD11c =
ITGAX, PU.1 = SPII, CD16 = FCGR3). Consistent with previous
data (27), this disease cluster was negatively correlated to a
protective CDS8/IFNG/STAT4 cluster, which is associated with
milder (borderline tuberculoid/paucibacillary) clinical form, whereas
the ISGIS5/IL-10/CDI4 cluster was associated with the severe
(lepromatous/multibacillary) disease form. Surprisingly, the
ISG15/1L-10 axis was disrupted in whole blood transcriptomes of
active TB (Fig. 4C). However, ISG15 (but not IL-10 or IFNG)
retained its association with disease status and monocyte/myeloid
markers (CD14, FCGRI). Because TB disease signature in the
whole blood is predominated by neutrophils (24) and monocytes
only make up a minor fraction in these samples, we next inves-
tigated whether components of the ISG15/IL-10 signaling pathway
might be overexpressed in purified monocytes from TB patients,
as compared with control monocytes. Indeed, Ingenuity Pathway
Analysis identified MAPK signaling as significantly enriched in
monocytes from TB patients (data not shown), and p38 MAPK
was significantly interconnected with several TB signature genes
(FCGRI, IL-27, SIGLEC6) in a disease network (Fig. 4D). To-
gether, these results show the ISG15/IL-10 axis is disrupted during
active TB.

To further investigate the possible connection between ISG15
and M. tuberculosis-mediated immunopathology, we examined the
expression of this gene in an independent large cohort in which
both detailed clinical parameters and corresponding transcriptome
data are available (24). Expression levels of ISG15 were signifi-
cantly correlated with established inflammatory biomarkers such
as erythrocyte sedimentation rate, C-reactive protein, tissue
damage (Modal X-ray grade) as well as systemic clinical pa-
rameters (neutrophil count, hemoglobin, and globulin serum
concentration) (Fig. 4G-L). These results suggest ISG15 may be a
biomarker of disease severity in active TB patients.

Discussion

Unconjugated ISG15 was shown previously to induce a variety of
responses in different cells and contexts (3). Humans lacking ISG15
present severe mycobacterial disease and IFNopathy (15, 18), and it
is interesting to notice that both phenotypes are possibly linked to
this form of the protein and not due to ISGylation (19). Studies
performed in mice lacking ISG15 or UbE1L, E1 enzyme necessary
for most ISGylation processes (38), show a mild phenotype after M.
tuberculosis infection (39), pointing to a contrasting role of ISG15
in mice and humans. This is reinforced by the fact that ISG15
deficiency in humans is not linked to a higher susceptibility to viral
infections, as seen in mice (18, 40-43).

Exploring its extracellular role, we show that ISG15 induces
IL-10 production in monocytes via a MAPK- and PI3K-dependent
pathway. Activation of both of these pathways has been shown
previously to be involved in /L-10 transcription (44). Interestingly,
it has been shown that IFN-y production by NK cells, the main
IFN-v producers upon stimulation with ISG15, can also be me-
diated by MAPK and PI3K (45). This suggests that the ISG15
receptor, if common to both monocytes and NK cells, might use
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these common downstream signal transducers to exert its activi-
ties. This merits further investigation.

Although ISGI1S5 is critical for IFN-vy production by cells from
vaccine strain bacillus Calmette-Guérin—infected patients (15),
this protein has a synergistic effect when combined with IL-12
(15), an important inducer of IFN-y (46, 47). Furthermore, IL-10
inhibits production of IL-12 and, consequently, of IFN-y by
PBMCs (48), pointing to a pleiotropic effect for ISG15. Cell type-
and context-dependent effects of ISG15 could explain these di-
verse activities. This work and others (15) suggest that, despite
ubiquitous expression in different cell types, neutrophils are a
major source of secreted ISG15. Additionally, M. tuberculosis—
infected macrophages can release microparticles containing
ISG15 in vitro (49). Although we have not tested this directly, we
speculate that soluble phagocyte-derived ISG15 is important to the
orchestration of immune responses in vivo, driving the production
of at least two major cytokines, IL-10 and IFN-vy. Interestingly, the
intra- and extracellular location of ISG15 and its ability to induce
a plethora of effects in distinct cells resembles the function of an
alarmin (50). As shown in Fig. 4, ISG15’s function is context
dependent, varying from a driver of an anti-inflammatory
monocytic/IL-10 axis (present in homeostasis and amplified in
M. leprae infection) to a strong proinflammatory IFN-y-biased
scenario during active TB. Additionally, because ISG15 and IL-10
lack correlation in active M. tuberculosis infection, it is possible
that IL-10 is controlled by signals other than ISG15 during dis-
ease. Whether virulent M. tuberculosis hijacks the ISG15/IL-10
axis contributing to induction of tissue pathology remains to be
determined.

In conclusion, these findings confirm and extend previous work
characterizing soluble extracellular ISG15 as a pleiotropic cytokine
(or alarmin) that induces both pro- and anti-inflammatory effects in
a variety of cell types. Moreover, the combined ex vivo and in vitro
approach uncovers a novel myeloid ISG15/IL-10 p38-mediated
anti-inflammatory signaling cascade, which is preserved in hu-
man leprosy but disrupted in active TB. Strikingly, our data in-
dicate ISG15 mRNA as a novel potential biomarker of disease
severity during active TB that merits further investigation
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